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Abstract: Lipidomics provides an overview of lipid profiles in biological systems. Although blood
is commonly used for lipid profiling, cerebrospinal fluid (CSF) is more suitable for exploring lipid
homeostasis in brain diseases. However, whether an individual’s background affects the CSF
lipid profile remains unclear, and the association between CSF and plasma lipid profiles in heathy
individuals has not yet been defined. Herein, lipidomics approaches were employed to analyze CSF
and plasma samples obtained from 114 healthy Japanese subjects. Results showed that the global
lipid profiles differed significantly between CSF and plasma, with only 13 of 114 lipids found to
be significantly correlated between the two matrices. Additionally, the CSF total protein content
was the primary factor associated with CSF lipids. In the CSF, the levels of major lipids, namely,
phosphatidylcholines, sphingomyelins, and cholesterolesters, correlated with CSF total protein levels.
These findings indicate that CSF lipidomics can be applied to explore changes in lipid homeostasis in
patients with brain diseases.

Keywords: cerebrospinal fluid; lipidomics; lipid profiling; mass spectrometry; plasma lipid

1. Introduction

Lipidomics provide an overview of lipid profiles in biofluids and tissues [1–3]. The
biological functions of lipids are diverse and are associated with multiple processes, includ-
ing apoptosis, inflammation, proliferation, and differentiation [4–6]; thus, lipid profiling is
a potential strategy to better understand disease pathophysiology and explore biomarkers.
Indeed, blood lipid profiling is used to assess several diseases, including cancer, diabetes,
and Alzheimer’s disease [7–9]. Although blood, in the form of plasma and/or serum, is
commonly used for lipid profiling in humans, cerebrospinal fluid (CSF) is the biological
fluid with the closest association with the brain, containing molecules of neural cell ori-
gin. Hence, the CSF reflects the overall status and activity of the brain and is, therefore,
particularly attractive for those investigating biomarkers of brain diseases [10,11]. There
are several CSF biomarkers for brain disorders, for example, tau, phosphorylated tau, and
Aβ42 can be used for the diagnosis of Alzheimer’s disease with a high (~90%) sensitivity
and accuracy [12]. Meanwhile, anti-N-methyl-d-aspartate (NMDA) receptor encephalitis,
which often causes psychosis resembling schizophrenia, can be diagnosed by the presence
of anti-NMDA receptor antibodies in the CSF [13]. Thus, CSF provides a more suitable
matrix for exploring lipid homeostasis in patients with brain diseases.
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CSF lipid profiling can provide insights into the pathophysiology of brain diseases,
such as multiple sclerosis, Alzheimer’s disease, and amyotrophic lateral sclerosis, as well
as to screen for biomarkers for such diseases. High levels of CSF ceramides are associated
with multiple sclerosis [14], elevated diacylglycerols and phosphatidylethanolamines (PEs),
as well as decreased plasmalogen-type phosphatidylethanolamines (PEps) were detected in
Alzheimer’s patients [15], while high levels of ceramides and glucosylceramides (CerG1s)
were found in patients with amyotrophic lateral sclerosis [16]. Therefore, fundamental in-
formation regarding CSF lipid profiles must be disseminated. Although plasma lipid levels
are known to differ based on different factors, such as sex, age, body mass index (BMI), and
diet, it remains unclear whether the overall individual background of each person affects
the CSF lipid profile. For example, plasma sphingomyelins (SMs) are higher in females
than in males, whereas plasma triacylglycerols (TGs) are higher in older females than in
young females [17]. Another study, which demonstrated that plasma SM levels are higher
in females, also showed that cholesterolesters (ChEs) and TGs are positively associated
with BMI, whereas lysophospholipids are negatively associated [18]. Moreover, the plasma
levels of several phosphatidylcholines (PCs) are associated with dietary carbohydrate-fat
ratios [19]. In addition to each person’s individual background, specific molecular proper-
ties are critical for CSF–plasma correlations. For instance, the close correlation of substance
P levels between CSF and plasma can enable the evaluation of headaches associated with
varying plasma substance P levels [20]. In contrast, plasma and CSF tau levels are poorly
correlated in Alzheimer’s disease [21]. Nevertheless, the association between CSF–plasma
and lipid profiles in healthy individuals is yet to be evaluated.

The current study collected demographic information, as well as CSF and plasma
samples, from 114 healthy subjects, and a lipidomics platform was used to analyze their
lipid profiles. First, the CSF and plasma lipid profiles were compared and potential
correlations were examined. Subsequently, the effects of CSF properties and background of
the subjects on CSF lipids were evaluated. This study provides fundamental information
regarding CSF lipid profiles, and on changes in CSF lipids due to the CSF condition and
the individual background of each person. Cumulatively, these findings may represent a
guideline for future CSF application for biomarker screening via lipidomics.

2. Results
2.1. CSF Profiles in Human Subjects

The present study enrolled 114 healthy subjects, from whom CSF and plasma lipid
profiles were obtained (n = 114 and 99, respectively). The CSF properties assessed included:
neutrophil, lymphocyte, and red blood cell counts, as well as protein, glucose, and chloride
concentrations. The information regarding subjects was not limited to age and sex, but also
included allergies, smoking and alcohol drinking habits, postprandial time, height, and
BMI, although some of these data were missing for some of the participants. Demographic
and lifestyle-related information of the participants is shown in Tables S1 and S2. Briefly,
the age range was from 19 to 75 years (median 40 years) and a slight majority of the
participants were male (54%). CSF protein concentration ranged between 20 to 72 mg/dL
(median 36 mg/dL). A total of 19 of 58 participants reported an allergic experience, 11 of
83 were smokers, and 41 of 58 had the habit of drinking alcohol. The range of postprandial
time (n = 93) was 0.5 to 18 h (median 2.33 h), the height range (n = 63) was from 146.6 to
180.1 cm (median 165 cm), and the BMI range (n = 63) was 17.72 to 32.46 (median 21.65).

Lipidomic analysis resulted in quantification of 133 and 720 lipids in CSF and plasma,
respectively (Table S1). The estimated concentrations of PCs and ether-type PCs (PCes),
which also included plasmalogen-type PCs (PCps), as well as of PEs and ether-type PEs
(PEes), including plasmalogen-type PEs (PEps), in the CSF and plasma, were determined.
In addition, other arbitrary lipid units normalized using PC internal standards were
assessed. The composition of individual lipid numbers within classes of phosphoglyc-
erolipids, sphingolipids, and neutral, as well as other lipids are illustrated in Figure 1a. In
the case of phosphoglycerolipids, the lysophosphatidyl glycerolipids, such as lysophos-
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phatidylcholines, lysophosphatidylethanolamines, and phosphatidylinositols, had a lower
composition ratio in CSF than in plasma. For sphingolipids, the composition ratios of
CerG1 and oxidized CerG1 (CerG1+O) were higher, whereas those of oxidized SMs (SM+O),
ceramides, and ganglioside GM3s were lower in CSF than in plasma. For neutral and other
lipids, the composition ratio of ChEs was higher, whereas those of diacylglycerols and
TGs were lower in CSF than in plasma. In addition, the sum concentrations of PCs, PCes,
PEs, and PEes were 234-, 332-, 147-, and 84-fold lower, respectively, in CSF than in plasma
(Figure 1b). When the mol% ratios of PCs (the most abundant lipid class in the CSF) were
compared, the estimated concentrations of the top five major PCs were clearly different
between CSF and plasma (Figure 1c). The major PC in CSF was PC(34:1), which accounted
for 44% of all PCs, followed by PC(36:1), PC(32:0), PC(38:4), and PC(34:2). In contrast, the
major PC in the plasma was PC(34:2), which accounted for 18% of all PCs, followed by
PC(36:2), PC(34:1), PC(36:4), and PC(38:6). Determination of each fatty acid side chain
in PCs by fragment analysis showed that the fatty acids (FA)(16:0) and FA(18:1) in PCs
were abundant in CSF, whereas the FA(18:2), FA(20:3), FA(20:5), and FA(22:6) were scarce
(Figure 1d). Since plasmalogens, PCps and PEps, are lipids well-known to be associated
with brain function [22], PCes and PEes were classified into actual ether-types (PCes and
PEes) and plasmalogen-types (PCps and PEps). The mol% ratio of PCps was much higher
in the CSF than in the plasma and accounted for more than 60% of the PCes (Figure 1e). In
contrast, PEps were more predominant than PEes in both CSF and plasma, and did not
significantly differ between the samples.

2.2. CSF–Plasma Correlations of Lipids

Following the comparison of lipid profiles of CSF and plasma, the correlation between
lipids of the CSF and plasma in healthy human subjects was evaluated next. Of the 133 CSF
lipids, 114 were also quantified in plasma and subjected to analysis. The list of lipids and
their correlation coefficient (r) and statistical values (p and false discovery rate (FDR)) are
summarized in Table S3. As a result, 13 lipids were defined as CSF–plasma correlated lipids
(|r| > 0.4; FDR < 0.1), of which 10 contained highly polyunsaturated FA; FA(20:5), FA(22:5),
or FA(22:6) (Figure 2a). The correlations of representative lipids, PC(36:5; 16:0/20:5) and
TG(56:7; 16:0/18:1/22:6) between CSF and plasma are shown in Figure 2b. Along with the
correlation in the total subjects, the effect of age and gender on the correlation between CSF
and plasma lipids were also assessed. To compare the age-associated correlation between
CSF and plasma lipids, the subjects were divided into two groups: ≤40 years (younger
group) and >40 years (older groups) (median split). The subjects in the two groups
presented similar trends in the correlation between CSF and plasma lipids (Figure 2c).
Clustering of lipids defined as CSF–plasma correlated lipids of all, younger and older
subjects demonstrated that nine and five were specific to the younger and older group,
respectively (Figure 2d). Of the CSF–plasma correlated lipids specific to the younger
group, six demonstrated delta r values over 0.4 (Table S3). The delta r was calculated
by subtracting the r in the younger group from the r in the older group. In addition,
all six lipids were PCps and PEps, of which five contained FA(20:4). The correlation of
representative lipids, PC(38:5e; 18:0p/20:4) and PE(36:5; 16:0p/20:4), is shown in Figure 2e.
Female and male subjects also presented a similar trend in the correlation between CSF
and plasma lipids, but males showed a higher coefficient (Figure 2f). Clustering of lipids
defined as CSF–plasma correlated lipids in all, female and male subjects demonstrated
that two and 10 were specific for females and males, respectively (Figure 2g). Of the CSF–
plasma correlated lipids specific for males and females, only one (SM(d42:4)) in females
and four (PC(36:3; 18:1/18:2), PC(38:3; 18:0/20:3), PC(38:5e; 18:0p/20:4), and PE(38:5e;
16:0p/22:4) in males demonstrated delta r values over 0.4 (Table S3). The correlation of
representative lipids, PC(38:5e; 18:0p/20:4) and SM(d42:4), is shown in Figure 2h.
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Figure 1. Cerebrospinal fluid (CSF) and plasma lipid profiles in healthy human subjects. (a) Diagram of the ratio of each lipid
class calculated using the number of individual lipids within the class in phosphoglycerolipids, sphingolipids, and neutral
lipids. (b) Estimated total concentration of phosphatidylcholine (PC), ether-type PCs (PCe), phosphatidylethanolamine
(PE), and ether-type PEs (PEe) in CSF and plasma. (c) Diagram of the molar ratio of PCs calculated using the estimated
concentrations of individual PCs within the total PC concentrations. (d) Fatty acid levels within PCs. Abundance of each
fatty acid as percentage of all side chains, calculated as the ratio of the sum of concentrations containing the fatty acid to
2× the sum of peak heights of all PCs. (e) Compositions of ether-type and plasmalogen-type within PCes and PEes. The
molar ratios of ether-type and plasmalogen-type were calculated using the estimated sum concentrations of ether-type and
plasmalogen-type within the total PCe or PEe concentrations. Data are shown mean ± standard deviation.
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Figure 2. Cerebrospinal fluid (CSF)–plasma correlations of lipids in healthy human subjects. (a) Individual lipid plot of false
discovery rate (FDR) and correlation coefficients (r) in all subjects. (b) Individual plot of representative lipids correlated
among CSF and plasma. (c) Individual lipid plot of FDR and correlation coefficients in ≤40 (younger group) and >40 (older
group) years-old subjects. (d) Venn diagram of correlated lipids in all, younger, and older subjects. (e) Individual plot of
age-specific representative lipids correlated among CSF and plasma. (f) Individual lipid plot of FDR and r in female and
male subjects. (g) Venn diagram of correlated lipids in all, female, and male subjects. (h) Individual plot of sex-specific
representative lipids correlated among CSF and plasma.

2.3. CSF–Plasma Correlations of Lipids

Next, the effect of CSF properties (such as CSF neutrophil, lymphocyte, red blood
cell count, total protein, glucose, and chloride levels) on CSF lipid levels were examined.
None of the combinations of these CSF properties were correlated (|r| < 0.4) (Table S4).
Therefore, each property was evaluated as an individual parameter. To evaluate the
complex effects of multiple factors, the multiple regression model was used, and beta, p,
and FDR were estimated (Table S5). Of the total quantitated CSF lipids, 124 (93.2%) were
linearly associated with CSF total protein levels (Figure 3a; FDR < 0.1), whereas no lipid
exhibited an FDR < 0.1 for all other CSF properties. Interestingly, all lipids that were not
associated with CSF total protein levels were PEs and PEes. The plot of the correlation
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coefficients for CSF protein and lipid levels clearly demonstrated such a trend (Figure 3b).
Although 28 lipids, including three PCs, eight PEs, 11 PEes, three CerG1s, one ChE, one
ChE(C28), and one TG, were not defined as being correlated with CSF total protein levels
(|r| < 0.4), only four PEs and five PEes exhibited an FDR > 0.1 (Table S6). Individual
plots of lipids in PEs and PEes also showed trends of contained FA side chains with the
correlation of CSF protein and lipid levels (Figure 3c). PEs containing FA(18:0), such as
PE(38:4; 18:0/20:4) and PE(40:6; 18:0/22:6), showed lower correlation coefficients and a
higher FDR than others, such as PE(40:7; 18:2/22:6) and PE(38:6; 16:0/22:6). In contrast,
PEes containing FA(22:4), such as PE(40:5e; 18:0p/22:4) and PE(38:5e; 16:0p/22:4), followed
by FA(22:6), showed lower correlation coefficients and a higher FDR than others, such as
PE(38:6e; 18:1p/20:4) and PE(38:6e; 18:0p/20:5).
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Figure 3. Effects of cerebrospinal fluid (CSF) properties on CSF lipids. (a) Individual lipid plot of
false discovery rate (FDR) and estimated beta corresponding to 10 mg/mL of CSF total protein levels.
(b) Individual lipid plot of correlation coefficients to CSF total protein levels. (c) Extracted individual
lipid plot of FDR and correlation coefficients of phosphatidylethanolamine (PEs) and ether-type
PEs (PEes).

2.4. Effects of Subject Background on CSF Lipids

Next, the effects of age and sex, which are major factors affecting lipid levels in plasma,
on CSF lipids were evaluated. No correlation was found (|r| < 0.4) between CSF total
protein levels, age, and sex (Table S7). CSF total protein levels, age, and sex were evaluated
independently, using a multiple regression model and estimated beta, p, and FDR for these
three factors (Table S8). Of the total quantitated CSF lipids, 33 and two (24.8% and 1.5%,
respectively) were associated with age and sex, respectively (Figure 4a; FDR < 0.1). Ten
lipids were positively associated with age, eight of which contained the highly unsaturated
FA; FA(20:5), FA(22:5), or FA(22:6). In contrast, 23 lipids were negatively associated with
age, with 15 of them being PCes and PEes, and of those nine were PCps and PEps. The
representative correlation plot of lipids TG(58:6; 16:0/18:1/22:6) and PE(38:5e; 16:0p/22:4),
adjusted for the other two factors, are shown in Figure 4b. The lipids associated with
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sex were both SMs with odd numbered carbon chains, namely SM(d39:1) and SM(d41:2;
d18:2/23:0). The individual plot of these lipids, adjusted for the other two factors, are
shown in Figure 4c.
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After adjustment for CSF total protein levels, age, and sex, the effects of subject
background on CSF lipid levels were determined. Since the information regarding the
other subject backgrounds was random in some subjects, these factors were examined
individually. Each categorical parameter was evaluated using effect size, whereas each nu-
merical parameter was evaluated using correlation coefficients. Only three lipids, SM(d40:2;
d18:1/24:1), SM(d42:1) for allergy, and PE(38:6e; 18:0p/20:5) for alcohol habit, were defined
as being associated with the other subject backgrounds (Figure 5a). The individual plot of
these lipids with adjustment are shown in Figure 5b. No significant association of any CSF
lipid with smoking, postprandial effect, height, or BMI was found.

3. Discussion

The current study comprehensively demonstrated the profiles of CSF lipids and their
association with plasma lipids in healthy subjects. A key finding of the present study
was revealed in the comparison of CSF and plasma lipid profiles of the same subjects.
The levels of CSF lipids were found to be far less than those of plasma lipids, and the
composition of CSF lipids was clearly different from that of plasma lipids. For example,
the FA side chains of PCs differed between CSF and plasma, wherein PCps were found
in much higher abundance in the CSF than in plasma. In addition, only a limited number
of lipids of the CSF and plasma were correlated; some of these were specific for age and
sex. FA(22:6), corresponding to docosahexaenoic acid (DHA), and FA(20:5), correspond-
ing to eicosapentaenoic acid (EPA), containing lipids were generally correlated, whereas
correlations of several plasmalogens were specific for younger group subjects and males.
Furthermore, the factors associated with CSF lipid levels were characterized. CSF total
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protein level was found to be the dominant factor regulating CSF lipid levels, except for
several PEs and PEes, with over 90% of CSF lipid levels being associated with CSF total
protein levels. Age was also a major factor regulating CSF lipid levels. DHA and EPA
containing lipids were positively associated with age, whereas ether lipids, including
plasmalogens, were negatively associated with age. Other factors, such as sex and allergy,
were not associated with most CSF lipids, although several SMs were enriched in female
and allergy-negative subjects.
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DHA is highly enriched in the brain and is essential for brain development and
function [23,24]. EPA, a polyunsaturated fatty acid present at lower levels in the brain, has
similar influence. Evidently, DHA and EPA deficiencies are associated with the emergence
of neurological diseases [25]; therefore, DHA and EPA play critical roles in brain function.
To date, several mechanisms have been proposed as responsible for transporting DHA
from the plasma to the brain, of which one major mechanism is the Mfsd2a-dependent
transport using lysophosphatidylcholine incorporated DHA [26,27]. In the present study,
DHA and EPA containing lipids, such as PC(36:5; 16:0/20:5) and TG(56:7; 16:0/18:1/22:6),
of the CSF and plasma were associated, and such an association was not affected by age
or sex. Since CSF is in close contact with the brain and contains molecules of neural cell
origin, these results suggest that the underlying mechanism transporting DHA and EPA
containing lipids from the plasma to the brain is active in healthy individuals and maintains
brain function regardless of age and sex. In addition to CSF–plasma correlation, a positive
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correlation of DHA and EPA containing lipids in plasma with age was reported [17],
which was confirmed in the present study (Figure S1). Thus, age-associated differences
in levels of DHA and EPA containing lipids in CSF could be attributed to the plasma-CSF
transport mechanism.

Plasmalogens represent another class of important lipids required for brain func-
tion [22,28]. Decreased plasma plasmalogen levels were reported in brain diseases such as
Alzheimer’s disease, depression, and bipolar disease [15,29,30]. The current study demon-
strated that, unlike DHA and EPA containing lipids, several correlated plasmalogens in
the CSF and plasma, such as PC(38:5e; 18:0p/20:4) and PE(36:5e; 16:0p/20:4), were spe-
cific to younger subjects and, partly, to males. This finding suggests that the mechanism
underlying the transport of plasmalogens from the plasma to the brain is more active
in young individuals and in some males. This may be relevant to the fact that elderly
individuals, and particularly females, have a higher risk for Alzheimer’s disease [31]. Thus,
plasmalogen transport from the plasma to the brain may be one of the factors regulating
the development of plasmalogen-dependent brain diseases. The age-dependent lower
levels of CSF plasmalogens, such as PE(38:5e; 16:0p/22:4) and PE(40:6e; p), are associ-
ated with a decrease in the supply of plasmalogens to the brain in the elderly. Currently,
the underlying mechanism remains to be fully characterized, although the low-density
lipoprotein receptor-mediated transcytosis pathway was suggested to be involved [32].
Therefore, characterization of the main mechanism underlying the correlation between
several plasmalogens of the CSF and plasma may provide a good clinical target for the
treatment of plasmalogen-dependent brain diseases.

The characterization of CSF total protein levels as the dominant factor of CSF lipid
levels is another feature of the present study. Levels of global classes of lipids, except
for several PEs and PEes, are positively associated with CSF protein levels. The major
CSF protein reported in healthy subjects was serum albumin, which accounts for over
50% of all proteins [10,33]. Reportedly, serum albumin forms complexes with PCs and
lysophosphatidylcholines [34,35]. Thus, CSF total protein levels associated with lipids, at
least in part, form complexes with albumin and are, therefore, associated with albumin
levels in healthy subjects. The present study also demonstrated that CSF protein levels in
healthy subjects varied 3.6-fold (20–76 mg/dL) and were not correlated with age and sex.
These findings also suggest that CSF total protein levels should be taken into considera-
tion when screening for CSF biomarkers using lipidomics, although brain diseases were
shown to modulate the composition of CSF total protein levels [36,37], thereby implying
that the association trend among protein and lipid levels may not be consistent among
healthy subjects and patients with brain diseases. In addition, brain diseases, such as
multiple sclerosis and glioma, were found to increase CSF total protein levels [38,39], which
were believed to be associated with greater permeability of the blood-brain-barrier by its
disruption. In fact, it is widely accepted as the gold standard that blood-brain-barrier per-
meability is evaluated by calculation of the CSF-serum albumin quotient [40,41]. Therefore,
it is also possible that the levels of global classes of CSF lipids are strongly affected by
blood-brain-barrier permeability.

The present study has several limitations. First, although self-reported healthy subjects
who had not taken any medication prior to at least one week before study start were
recruited, asymptomatic disease was inevitable. In addition, the diet of the participant
was not controlled, which may have affected the plasma and CSF lipid levels, although
the limited postprandial effect on CSF lipids was in agreement with a previous study [42].
Furthermore, certain aspects of information related to the background of some subjects,
such as allergies and smoking habits were lacking, making such data unsuitable for multiple
regression analysis with CSF protein levels, age, and sex. Therefore, the effects of CSF
total protein levels, age, and sex were adjusted to examine the effect of such data on CSF
lipid levels. This approach may have resulted in false positives or negatives, although
the subjects included in each comparison numbered over 50 in total. Lastly, we applied
40 years of age as the median split to examine age-associated differences, despite the age
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of onset of amyloid-beta accumulation in Alzheimer’s disease and that of degenerative
brain diseases occurring after 40 years [43,44]. In the literature, the menopausal effect
of plasma lipid profiles has been previously demonstrated [45,46]. However, although
the menopausal effect on the CSF lipid profile is also an interesting point, we could not
conduct the analysis because of a dearth of menopausal information from the participants.
In addition, a larger scale study is warranted to verify the findings of the present study.

4. Materials and Methods
4.1. Subjects and Sample Collection

Subjects were recruited at the National Center of Neurology and Psychiatry, Tokyo,
Japan, through a local free magazine or our website announcement. All participants were
biologically-unrelated Japanese individuals and underwent a structured interview using
the Mini-International Neuropsychiatric Interview, Japanese version [47,48], administered
by trained psychologists or psychiatrists. Individuals with current or a history of major
psychiatric illness, history of central nervous system disease, severe head injury, substance
abuse, with severe medical illness, or expectant women were excluded from the study.

CSF samples were obtained by lumbar puncture as described previously [48]. Briefly,
following neurologic examinations, each participant received local skin anesthesia followed
by a lumbar puncture at L3–4 or L4–5 using an atraumatic pencil point needle (Unilever
22G, 75 mm, Unisis Corp., Tokyo, Japan). The initial 2 mL of CSF obtained was used for
laboratory tests, including cell counts, and total protein and glucose concentrations. The
next 8–10 mL of CSF was collected into a low-protein adsorption tube (PROTEOSAVE SS
15 mL conical tube, Sumitomo Bakelite Co., Tokyo, Japan) and immediately chilled on
ice. The CSF was centrifuged (4000× g, 10 min, 4 ◦C) and the supernatant was dispensed
into 0.5 mL aliquots in low-protein adsorption tubes (PROTEOSAVE SS 1.5 mL Slimtube,
Sumitomo Bakelite Co.) and stored in a deep freezer (−80 ◦C). For lipidomics, the samples
were thawed once and re-dispensed into 120 µL aliquots in smaller low-protein adsorption
tubes (PROTEOSAVE SS 0.5 mL Slimtube, Sumitomo Bakelite Co.) and stored in a deep
freezer (−80 ◦C) before use.

Simultaneously, blood samples were collected via venipuncture into 7 mL EDTA-2Na-
containing vacuum blood collection tubes (VENOJECT II, Terumo, Tokyo, Japan). The
samples were immediately centrifuged (2500 × g, 10 min, 4 ◦C), dispensed in screw-capped
polypropylene tubes (96 Jacket Tubes 1.3 mL internal type, FCR&Bio Co., Ltd., Japan),
and stored in a deep freezer (−80 ◦C). For lipidomics, the samples were thawed once and
re-dispensed into 120 µL aliquots in polypropylene tubes (96 Jacket Tubes 1.3 mL internal
type, FCR&Bio Co.) and stored at −80 ◦C before use.

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of the National Center of Neurology and Psychiatry (no.
A2019-092) and the National Institute of Health Sciences (no. 278). Written informed
consent was obtained from all participants.

4.2. Lipidomics

Lipid extraction was performed using a Microlab NIMBUS workstation (Hamilton, Bi-
naduz, Switzerland). CSF samples were mixed with 1 volume of methanol containing 2 µM
of an internal standard (PC[1 2:0/12:0] and PE[12:0/12:0]), followed by 3 volumes of 1%
formic acid in water. The mixed samples were then subjected to solid phase extraction with
FastRemover C18 (GL Science, Tokyo, Japan) and MPE2 unit (Hamilton). The preparations
were washed with water and 50% methanol, and then subjected to elution with methanol
and isopropanol. The resulting lipid-containing solution was evaporated and reconstituted
with 30 µL of methanol for lipidomics. Plasma samples were mixed with 9 volumes of
methanol:isopropanol (1:1) containing 2 µM of internal standard (PC[12:0/12:0]). Mixed
samples were filtered with FastRemover Protein (GL Science) using an MPE2 unit. The
resulting lipid-containing solution was directly subjected to lipidomics.
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To obtain lipidomic data, we performed reversed-phase liquid chromatography (Ul-
timate 3000, Thermo Fisher Scientific, Waltham, MA, USA) and MS (Orbitrap Fusion,
Thermo Fisher Scientific), following a recently established lipidomics platform [49]. An
InertSustainSwift C18 column (3 µm, 2.1 × 250 mm [P]; GL Science) was used and the tem-
peratures of the column oven and sample tray were set to 55 and 4.5 ◦C, respectively. The
mobile phase was pumped at a flow rate of 250 µL/min. Mobile phase A was composed of
water:methanol:acetonitrile (21:20:60 [v:v:v]) with 0.1% formic acid and 10 mM ammonium
formate, and the mobile phase B was composed of water:acetonitrile:isopropanol (1:10:90
[v:v:v]) with 0.1% formic acid and 10 mM ammonium formate. A multistep gradient was
used as follows: the gradient was initiated at 10% solvent B and subsequently increased
to 40% solvent B over 5 min. The mobile phase was further increased to 50% solvent
B between 5 and 10 min, and finally changed to 100% between 10 and 18 min, prior to
maintaining it at 100% mobile phase B for further 4 min. The column was equilibrated with
10% mobile phase B for 5 min before the next sample was injected.

Compound Discoverer 2.0 (CD 2.0; Thermo Fisher Scientific) was used with the raw
data for peak extraction, annotation, identification, and lipid quantification, as described
previously [50]. Full MS data were used for quantification, and MS2 and MS3 data were
used for qualification of lipids. Lipid annotation by CD 2.0 was determined using a
mass list of monoisotopic ion mass calculated with a formula. Identification of annotated
lipids was conducted using our internal library that was developed by comparison with
standards or specific MS2/MS3 fragments, as per our previous reports [49]. If isomers
were identified (same annotation of class, carbon length, and number of double bonds), a
distinct letter was placed after the class of each lipid molecule to distinguish the isomers.
The quantified raw data were normalized to internal standards. Since the reverse phased
lipidomics platform demonstrated similar ionization efficacy among lipid classes regardless
of fatty acid side chains, the concentrations of different PCs classes, including PC, PCe, and
lysophosphatidylcholines, were determined using PC(12:0/12:0) as internal standard, while
concentrations of PEs classes, including PE, PEe, and lysophosphatidylethanolamines, were
determined using PE(12:0/12:0) as internal standard. The processed data for the lipid
levels are presented in Table S1.

4.3. Statistical Analysis

Significant differences in individual lipid levels between groups were assessed using
FDR, except for the effect of allergy, alcohol consumption, smoking, postprandial effect,
height, or BMI, which were assessed by p-values of unpaired Student’s t-test. FDR was
calculated using p-values of Student’s t-tests for comparisons between groups and p-values
of multiple regression model. The multiple regression analysis was conducted using R
3.6.0 software (R Foundation for Statistical Computing, Vienna, Austria). In this study, a
lipid level was considered significantly different if its FDR was <0.1.

5. Conclusions

The current study revealed and characterized detailed fundamental lipid profile
of CSF in humans. As CSF is the biofluid with the closest association with the brain,
this information is useful for exploring changes in lipid homeostasis in patients with
neuropsychiatric disorders.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo11050268/s1, Figure S1: Individual plot of representative plasma lipids correlated
with age, Table S1: Demographic and lipidomics data set obtained in the present study, Table S2:
Summarized demographic information of subjects recruited in the present study, Table S3: CSF–
plasma correlation of lipids in healthy human subjects, Table S4: Correlations of CSF properties
used in the present study, Table S5: Calculated beta and p-values of CSF properties in multiple
linear regression model, Table S6: Correlation of CSF lipids and CSF protein levels in healthy human
subjects, Table S7: Correlations of CSF protein, sex, and age, Table S8: Calculated beta and p-values
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of CSF protein, sex, and age in multiple linear regression model, Table S9: Statistical values of the
effects of subjects’ background on CSF lipid levels.
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