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Abstract (242 words)

Background: Lysophosphatidylethanolamines (lyso-PEs) are the partial hydrolysis products of

phosphatidylethanolamine. Although lyso-PEs are important biomarkers in various diseases, their

determination is limited by the lack of simple and efficient quantification methods. This study aims

to develop an improved quantitative method for the determination of lyso-PEs and its application to

an epidemiological study.

Methods: Single reaction monitoring channels by collision-induced dissociation for seven lyso-PEs

were established using liquid chromatography-tandem mass spectrometry. Plasma lyso-PEs were

extracted with a single-phase method using an isotopically labeled internal standard for quantification.

The proposed method was adopted to define lyso-PEs in plasma samples of children aged 9-12 years

living in Sapporo, Japan.

Results: The limit of detection and limit of quantification for each lyso-PE ranged between 0.001—

0.015 and 0.002—-0.031 pmol/uL, respectively. Recoveries were found to be > 91% for all the species.

The analysis results of children’s plasma showed that the total lyso-PE concentrations in boys (n =

181) and girls (n = 161) were 11.53 and 11.00 pmol/uL. (median), respectively. Participants were

further classified by the percentage of overweight and subgrouped as underweight (n = 12), normal

range (n = 292), or overweight (n = 38). Interestingly, the reduction of lyso-PE 16:0 and increased

5
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lyso-PE 22:6 were observed in overweight children compared with normal range (Fold change: 0.909

and 1.174, respectively).

Conclusions: This study successfully established a simple quantitative method to determine lyso-PE

concentrations. Furthermore, our method revealed the possible relation between plasma lyso-PEs and

overweight status.

Keywords

Childhood obesity, Lysophosphatidylethanolamine, Lysophospholipid, plasma, Liquid

chromatography, mass spectrometry, Single-phase extraction.
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1. Introduction

Lysophospholipids (lyso-PLs) are partially deacylated products of phospholipids produced

by phospholipases A1 and A2 '. There are several types of lyso-PLs, such as lysophosphatidic acid,

lysophosphatidylcholine (lyso-PC), lysophosphatidylethanolamine (lyso-PE),

lysophosphatidylglycerol, lysophosphatidylinositol, and lysophosphatidylserine based on their head

groups® 3. Lyso-PLs are widely distributed in the human body and mediate various physiological

functions, including cell signaling, proliferation, and migration* °. Lyso-PE is the predominant type

of lyso-PL following lyso-PC®. Lyso-PE has been reported to have bioactivities, such as stimulation

of intracellular Ca>" concentrations’, neurite outgrowth stimulation®, activation of mitogen-activated
g g

protein kinase signaling’, and anti-inflammatory effects by inhibiting M1 macrophage polarization'

11, Moreover, our previous study suggested that lyso-PE was associated with metabolic dysfunction

in the liver'. There are several reports on the relation between lyso-PEs and various diseases. Lyso-

PE concentrations were decreased in the serum of patients with non-alcoholic fatty liver disease

(NAFLD) and non-alcoholic steatohepatitis (NASH) than in healthy individuals'*!*. In addition,

several lyso-PE species were decreased and increased in the serum of patients with type 2 diabetes

(T2D)'>1¢, Lyso-PLs, such as lyso-PC and lyso-PE, seem to be associated with glucose-mediated

insulin secretion in diabetes targeting tissues'’. Higher concentrations of these lyso-PLs may induce

7
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insulin resistance and islet dysfunction'®. The relation between the alternation of lyso-PEs and

diseases has been controversial. However, these findings suggest that lyso-PE is a potential biomarker

for lifestyle-related diseases.

To date, semi-quantitative methods have been used for the quantification of lyso-PEs

owing to the lack of authentic standards'® ?°. In a previous study, we developed an absolute

quantitative method for the determination of lyso-PE species using liquid chromatography-tandem

mass spectrometry (LC-MS/MS), enabling the detection of small amounts of lyso-PE species in

clinical samples'*. However, this method is time-consuming for largescale studies due to its complex

extraction process, and the odd-chain internal standard used for quantification may overlap with

endogenous species. Herein, we developed an improved quantitative method for seven major lyso-

PE species (lyso-PE 16:0, 18:0, 18:1, 18:2, 20:4, 20:5, and 22:6) using LC-MS/MS with modifications

to our previous method'. The isotopically labeled internal standard, lyso-PE 18:1 (d7), was used for

quantification.

Dysregulated lipid metabolism in childhood obesity is known to cause various lifestyle-

related diseases, such as T2D and NAFLD?'*>*, The prevention and treatment of childhood obesity

are essential for reducing the risk of various diseases in adults. This requires a whole-system approach

based on the mechanisms underlying childhood obesity development®*. Moreover, its elucidation

8
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needs to reveal the lipid profiles in healthy pediatric plasma. However, the absolute concentrations of

lipids, such as lyso-PE, in pediatric plasma have not been explored. Hence, after validation, the

proposed method was applied to plasma samples from healthy preadolescent children living in

Sapporo, Hokkaido, Japan.

2. Material and Methods

2.1. Materials

LC-MS-grade methanol (MeOH) and acetonitrile were purchased from Kanto Chemical Co.

Inc. (Tokyo, Japan). LC-MS-grade isopropanol and CHCI; were purchased from FUJIFILM Wako

Pure Chemical Corporation (Osaka, Japan) and Nacalai Tesque Inc. (Kyoto, Japan), respectively.

Ammonium acetate (1 mol/L solution) and ethylenediaminetetraacetic acid were obtained from

Sigma-Aldrich (St. Louis, MO, USA). 2,6-di-tert-butyl-p-cresol was purchased from Tokyo Chemical

Industry Co., Ltd. (Tokyo, Japan). Deuterated lyso-PE (lyso-PE 18:1[d7]), used as the internal

standard, was purchased from Avanti Polar Lipids, Inc. (AL, USA). The lyso-PE standards analyzed

in this study included 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (lyso-PE 16:0), 1-

stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (lyso-PE 18:0), 1-oleoyl-2-hydroxy-sn-

glycero-3-phosphoethanolamine (lyso-PE 18:1), 1-linoleoyl-2-hydroxy-sn-glycero-3-
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phosphoethanolamine (lyso-PE 18:2), 1-arachidonyl-2-hydroxy-sn-glycero-3-phosphoethanolamine

(lyso-PE 20:4), 1-eicosapentaenoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (lyso-PE 20:5),

and 1-docosahexaenoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (lyso-PE 22:6). Lyso-PE

16:0, 18:0, and 18:1 were purchased from Avanti Polar Lipids, Inc. (AL, USA), while other lyso-PE

species were synthesized in-house!*.

2.2. Lyso-PE extraction

150 uL. of MeOH and 50 uL of internal standard (lyso-PE 18:1[d7], 0.42 umol/L) in MeOH

were added to 10 4L of plasma in a 1.5 mL Eppendorf. Subsequently, 100 4L of CHCIs and 20 uL of

Milli-Q (ultrapure) were added to the mixture and vortexed at 3,500 rpm for 10 min (MSV-3500,

Funakoshi Co., Ltd., Tokyo, Japan). After centrifugation at 15,000 rpm at 4°C for 10 min (Tabletop

Micro Refrigerated Centrifuge Model 3520, KUBOTA Co., Ltd., Tokyo, Japan), the single-phase

centrifuge was transferred to a new vial and evaporated under vacuum at 4°C with a centrifugal

concentrator (CVE-3000, EYELA Co., Ltd., Tokyo, Japan). The dried lipid extracts were redissolved

in 100 uL of MeOH and vortexed for 1 min. Following that, the extracts were centrifuged at 15,000

rpm at 4°C for 10 min to remove any insoluble compounds and then transferred to LC-MS vials. All

MeOH used for the extraction contained 0.001% 2,6-di-tert-butyl-p-cresol to prevent lipid oxidation.
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2.3. Analysis of lyso-PE species by targeted LC-MS/MS

The LC-MS/MS analysis was performed using a modified version of our previously

described method'. Single reaction monitoring channels by collision-induced dissociation for each

lyso-PE species were established using a TSQ Quantum Access mass spectrometer (Thermo Fisher

Scientific, Inc., Waltham, MA, USA) in the electrospray ionization negative ion mode. The optimized

ion source parameters were set as follows: spray voltage: 3,000 V; vaporizer temperature: 300°C;

capillary temperature: 200°C; sheath gas (nitrogen) pressure: 30 psi; ion sweep gas (nitrogen)

pressure: 4 psi; auxiliary gas (nitrogen) pressure: 35 psi. The single reaction monitoring channels

obtained for each lyso-PE species are presented in Supplemental Information Table S1.

The high-performance liquid chromatography system (Shimadzu, Kyoto, Japan) with a

Hypersil GOLD column (50 x 2.1 mm, 5.0 um, Thermo Fisher Scientific Inc., MA, USA) was used

for lyso-PE separation. The oven temperature was maintained at 45°C, and the sample tray was kept

at 4°C. Briefly, 5 uL of the sample was injected into the equipment. Chromatographic separation was

performed using a mobile phase consisting of 60% Milli-Q, 20% MeOH, and 20% acetonitrile with

5 mmol/L aqueous ammonium acetate containing 500 nmol/L EDTA (A), and isopropanol (B). The

gradient at a flow rate of 0.4 mL/min was set as follows: 0—1 min (80% A, 20% B); 1-3 min (gradually
11
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changed to 40% A, 60% B); 3—5 min (40% A, 60% B); 5—-6 min (gradually changed to 0% A, 100%

B); 6-7 min (0% A, 100% B); 7-10 min (80% A, 20% B).

2.4. Method validation

To evaluate the linearity of this method, a series of diluted lyso-PE standard solutions were

prepared at final concentrations of 0.001, 0.002, 0.004, 0.007, 0.015, 0.031, 0.063, 0.125, 0.25, 0.5,

1, and 2 pmol/uL with a constant amount of internal standard (lyso-PE 18:1[d7]; final concentration:

0.21 umol/L). The limits of detection (LOD) and limits of quantification (LOQ) were evaluated at

signal-to-noise ratios of 3 and 10, respectively. The recovery and matrix effect of the method were

confirmed by spiking the known concentration of lyso-PE standards (Low: 0.5 pmol/uL; Medium:

1.0 pmol/uL; High: 2.0 pmol/xL) into 10 uL human plasma (n = 6 replicates). Recovery was

calculated as the ratio of the area of (spiked sample) to the area of (spiked extract). The matrix effect

was calculated as the ratio of the area of (spiked extract) to the area of (standard).

2.5. Field validation

Plasma samples from non-fasting individuals were provided by the participants of the

Hokkaido Study on Environment and Children’s Health, the Hokkaido Cohort**® and stored at -80°C.
12
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Selection of the participants to collect samples was written elsewhere®- *°. The participants were

healthy preadolescent children aged 9-12 years (n = 342 volunteers, boys = 181, girls = 161) living

in Sapporo City in Hokkaido, Japan. The height and weight of the children were measured at pediatric

clinics on the same day of blood collection. The research objectives and methods were explained to

the participants, and written informed consent was obtained from all parents, as well as an informed

accent from all children.

GraphPad Prism 8.0.1 (GraphPad Software Inc., La Jolla, CA, USA) was used as the

software for all statistical analysis. Nonparametric Mann—Whitney U-test was used for the

comprehensive analysis of lyso-PE concentration between boys and girls. For comparison involving

three or more groups, the nonparametric Kruskal-Wallis test was used. Statistical significance was set

at p <0.05. The results of lyso-PE concentrations were expressed as median (interquartile range).

2.6. Definitions

Body mass index (BMI) was calculated as weight (kg) / height squared (m?). Under BMI,

underweight, normal range, and overweight were defined (according to the cut-off points) as less than

18.5 kg/m?, 18.5-25.0 kg/m?, and more than 25.0 kg/m?, respectively®'. Percentage of overweight

(POW) is based on age- and sex-specific standard body weight for height and is used to define
13
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childhood obesity in Japan®>. POW was calculated as [measured weight (kg) — standard weight (kg) /

standard weight (kg)] x 100*. According to POW, children with POW < -20% and children with

POW = +20% were classified as underweight and overweight, respectively. Children with POW

between these cutoff points were classified as a normal range®* 3. In this study, obesity was included

in overweight.

3. Results

3.1. Method validation (linearity, sensitivity, separation, and extraction of lyso-PEs)

Under optimized conditions, the linearity, LOD, and LOQ of each lyso-PE species were

evaluated (Supplemental Information Table S2). For all lyso-PE standards, the R? was > 0.9936,

indicating good linearity. The LOD and LOQ for lyso-PEs ranged from 0.001 to 0.015 pmol/uL and

0.002 to 0.031 pmol/uL, respectively.

Lyso-PEs in plasma samples were extracted using a single-phase extraction method, as

shown in Figure la. Separation of the lyso-PE species was achieved in approximately 4 min under

optimized conditions. Symmetrical peaks were obtained for each lyso-PE species in both standard

and plasma samples (Figure 1b). All lyso-PE standards were spiked into the plasma, and the recovery,

matrix effects, and reproducibility were evaluated (Supplemental Information Table S3). The

14
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recoveries of all lyso-PE species ranged from 91.2% to 120.3%, with coefficients of variation (CVs)

within 10%, except for lyso-PE 20:5 (approximately 16.9%). The matrix effect for all lyso-PE species

ranged from 61.6% to 96.5%, with CVs within 15%. The CVs of intra-day and inter-day assays for

most lyso-PE species at different concentrations were within 15%.

3.2. Determination of plasma lyso-PE concentrations in preadolescent children

After validating the method, it was applied to determine the plasma lyso-PE concentrations

in preadolescent children. The participants’ characteristics are shown in Table 1. The mean height,

weight, BMI, and POW were depicted according to sex and age. The mean BMI of boys and girls

ranged from 17.4 +2.5t0 19.4 + 3.3 kg/m? and from 16.2 £ 2.2 to 18.4 + 2.6 kg/m?, respectively. The

mean POW of boys and girls ranged from 1.40 + 13.56 to 5.12 + 17.81% and from -6.83 = 10.05 to

0.07 + 14.04%, respectively. Regarding boys, both the BMI and POW increased with age. The number

of children categorized according to BMI and POW is shown in Table 2. The number of overweight

children classified by BMI was small in both boys and girls (boys, n = 6; girls, n = 2), whereas the

number of underweight children was the largest among the three categories (boys, n = 119; girls, n =

120). In contrast, the number of children classified as normal range by POW was large for both boys

and girls (boys: n = 150; girls: n = 142).
15
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The proposed method detected seven lyso-PE species in children’s plasma samples except

for lyso-PE 20:5. Regarding lyso-PE 20:5, it was not detected in 48 out of 342 samples (detection

percentage above LOD: 86.0%). The plasma lyso-PE concentrations were compared between boys

and girls (Table 3). The concentrations of lyso-PE species in boys and girls ranged from 0.91 to 3.64

pmol/uL and from 0.82 to 3.24 pmol/uL, respectively. The total lyso-PE represents the combined

lyso-PE concentrations of the seven species. The total lyso-PE concentrations for boys and girls were

11.53 pmol/uL and 11.00 pmol/uL, respectively. The concentrations of lyso-PE 20:4, 20:5, and 22:6

were significantly higher in boys than in girls.

Diftferences in lyso-PE concentrations according to age were also evaluated (Figure 2). The

total lyso-PE concentrations in all children of each age (9, 10, 11, 12 years old) were 11.05 (8.60—

13.48) pmol/uL, 11.69 (9.38-13.32) pmol/uL, 11.59 (9.88-13.75) pmol/uL, and 10.47 (8.40-13.15)

pmol/uL, respectively. Results are expressed as median (interquartile range). There were no

significant differences in the concentrations of any of the lyso-PE species according to age.

The relative abundance of lyso-PE species in plasma samples from children was confirmed

(Figure 3). Lyso-PE 18:2 was the most abundant species in plasma samples from children. Lyso-PE

18:2 accounted for 30.1 £ 5.5%, followed by lyso-PE 20:4 of 14.5 + 2.9%, lyso-PE 22:6 of 13.6 £+

3.7%, lyso-PE 18:1 of 12.5 + 2.9%, lyso-PE 16:0 of 11.3 £ 2.2%, lyso-PE 18:0 of 10.9 + 2.1%, and
16
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lyso-PE 20:5 of 7.2 + 5.3% (mean =+ standard deviation).

To explore the relation between plasma lyso-PE concentrations and childhood obesity, the

differences in lyso-PE concentrations among the subgroups (underweight, normal range, and

overweight) according to POW were confirmed. The total lyso-PE concentration in the plasma

samples was found to be 11.26 (9.44—13.27) pmol/uL in underweight, 11.30 (8.97-13.67) pmol/uL in

normal range, 10.69 (8.29-12.71) pmol/uL in overweight children (Figure 4). There were no

significant differences in almost all lyso-PE concentrations, including total lyso-PE concentrations,

among the groups. In addition, no significant correlation was observed between lyso-PE

concentrations and POW (data not shown). However, the plasma lyso-PE 16:0 concentrations were

significantly lower in overweight children than in normal range children (p = 0.048). The

concentrations of lyso-PE 16:0 in underweight, normal range, and overweight children were 1.40

(1.07-1.62) pmol/uL, 1.22 (1.02-1.48) pmol/uL, and 1.11 (0.90-1.30) pmol/uL, respectively.

Moreover, lyso-PE 22:6 was increased in overweight children compared with normal range children

(»=0.034). The concentration of lyso-PE 22:6 in underweight, normal range, and overweight children

were 1.60 (1.09-1.69) pmol/uL, 1.45 (1.12—1.78) pmol/uL, 1.70 (1.33—1.92) pmol/uL, respectively.

4. Discussion

17
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In this study, we developed a simple and sensitive method for the quantitative determination

of lyso-PE species by modifying a previously reported method'*. We improved the recovery and

sensitivity of our method by modifying the extraction method and changing the internal standard. In

our previous study, odd-chain lyso-PE (lyso-PE 15:0) was used as an internal standard for

uantification'®. However, odd-chain fatty acids can exist endogenously in human plasma at low
q y g y p

concentrations and may significantly interfere with analysis®®. In this method, deuterated lyso-PE

(lyso-PE 18:1[d7]) was used as an internal standard to quantitate the analytes with higher accuracy

and precision. For lipid extraction, we modified the previous method to a simpler one using a single-

phase method. In this method, the extraction efficiency was improved by introducing a single-phase

extraction technique and reducing the extraction time by approximately half compared with our

previous method'*. The recovery rate for all lyso-PE species was greater than 90% with low CVs, and

the matrix effect ranged from 61.6% to 96.5% (Supplemental Information Table S3), suggesting that

our methodology is suitable for minimizing the ion suppression and enhancement by matrix effects.

On the other hand, our previous method with the more complex pretreatment shows that the recoveries

for all the lyso-PE range from 87.3 to 111.1%, of CVs within 6.4%'*. It is suggested that our new

extraction method is non-inferior to the previous one regardless of a simple single-phase method. The

CVs of the method were less than 15% when evaluated with authentic standards. We also monitored
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LC-MS system conditions by injecting lyso-PE standards before and after injecting plasma samples.

However, between the sample batches, the quality controls were not injected, which is one of the

limitations of this study. The data of LOD and LOQ (0.001-0.015 pmol/uL, 0.002—0.031 pmol/uL,

respectively) showed that the proposed method had high sensitivity enough to detect a small amount

of lyso-PE species in human plasma samples. There are several reports on the alternation of

serum/plasma lyso-PE concentrations in several diseases using LC-MS'* ', However, semi-

quantitative analysis was utilized in most of them except for our present and previous reports'* (Table

4). Our proposed quantitative method for lyso-PE species could be useful to elucidate the relation

between lyso-PE concentrations and diseases.

We established LC-MS/MS conditions to separate the lyso-PE species but not the

regioisomers. Lyso-PEs have one acyl chain attached to either the sn-1 or sn-2 position of glycerol.

Research on the fatty acid distribution of lyso-PLs revealed that saturated fatty acids were found

mainly at the sn-1 position, and polyunsaturated fatty acids were detected mainly at the sn-2 position®.

However, both saturated fatty acid-containing lyso-PEs and polyunsaturated fatty acid-containing

lyso-PEs have an acyl chain at the sn-1 position in the plasma and serum, because sxn-2 types of lyso-

6, 36

PEs are quickly converted to more stable sn-1 types of lyso-PEs in an aqueous environment

Therefore, we established a targeted LC-MS/MS method using sn-1 lyso-PE standards that did not
19
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distinguish sn-1 from sn-2 in the samples. Under LC-MS/MS conditions, a single sharp peak was

observed for each lyso-PE species in both the standard and plasma samples (Figure 1b), showing

clean separation. However, it is necessary for the quantification to consider the natural isotopes

because the retention time was similar among the species whose m/z were close, such as lyso-PE 18:0,

18:1, and 18:2. Theoretically, one lyso-PE species has several natural isotopes because it can be

replaced by a rare stable isotope. Our method with the triple quadrupole mass spectrometer can reduce

the interference of a natural isotope with the detection of another species, but cannot eliminate it.

However, our results indicated that the proposed method has a high sensitivity for each lyso-PE

species in clinical samples in which there is a less natural isotope.

We revealed the profiling of plasma lyso-PE concentrations in preadolescent children using

a newly established method. First, we confirmed the difference in lyso-PE concentrations between

boy and girl participants. The concentrations of several lyso-PE species were significantly higher in

boys than in girls (Table 3), indicating that plasma lyso-PE concentrations are associated with sex. To

date, there have been no reports comparing plasma lyso-PE concentrations in boys and girls. To the

best of our knowledge, this is the first study to reveal sex-related differences in lyso-PE concentrations.

The association between the bioactivities of lyso-PEs and sex differences needs to be investigated in

the future.
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Second, we confirmed differences in the concentrations and composition of lyso-PEs

according to age. As shown in Figure 2, there was no significant difference in lyso-PE concentrations

among all age groups. In a previous study, we determined the composition of serum lyso-PEs in

adults®”. The relative abundance of lyso-PE in plasma samples from children was evaluated and

compared with that in adults (Figure 3). Our previous research revealed that lyso-PE 18:2 accounted

for 24.1 £ 5.2%, followed by lyso-PE 20:4, lyso-PE 18:0, lyso-PE 22:6, lyso-PE 16:0, lyso-PE 18:1,

and lyso-PE 20:5%". Compared with that in adults, the concentration of lyso-PE 18:2 was slightly

higher in children (30.1 £ 5.5%). Lyso-PE 18:2 and lyso-PE 20:4 were the dominant species, and

lyso-PE 20:5 was the least abundant among all the lyso-PE species in both children and adults. These

results suggest that the concentrations and composition of lyso-PE species in children are similar to

those in adults. However, the data about the lyso-PE concentration in adults and children was obtained

from different methods. Further research on plasma lyso-PE in adults using the new method are

needed to reveal the appropriate difference between adults and children.

Finally, we explored the association between lyso-PEs and obesity. The children were

classified by two cut-offs, BMI and POW, and the concentrations of lyso-PEs in the plasma were

compared among the subgroups (underweight, normal range, and overweight). In the previous

research, lyso-PE concentrations were inversely associated with BMI in the plasma of adult
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participants®®, However, in this study, no significant correlation was observed between the lyso-PE

concentrations and BMI in preadolescent children (data not shown). It was difficult to compare the

three groups using statistical analysis because of the small sample size of overweight children

categorized by BMI. We evaluated the difference in lyso-PE concentration according to age within

the same BMI groups, but there was no significant difference (Supplemental Information Table S4).

To date, there is no gold standard for evaluating childhood obesity*®. Although BMI is used for the

definition of childhood obesity?*, it has not reached a consensus. In Japan, POW is used to define

overweight children®?. Several reports suggest that POW seems to be more appropriate than BMI for

the evaluation of childhood obesity because BMI dynamically changes in childhood®* *. In addition,

it is suggested that POW is associated with biochemical parameters related to childhood obesity, such

as hypertension*! and the reduced high-density lipoprotein-cholesterol concentration*?. Therefore, we

also confirmed the relation between the lyso-PE concentrations and POW. As shown in Figure 4, lyso-

PE 16:0 was significantly lower in overweight children than in normal range (Fold change: 0.909),

whereas lyso-PE 22:6 was significantly higher in overweight compared with normal range (Fold

change: 1.174). Reports have revealed that serum lyso-PE concentrations are lower in patients with

NAFLD and NASH than in healthy individuals'* '*. We also found that lyso-PE concentrations were

decreased in the livers of NASH mice*. Furthermore, lyso-PE 18:2 concentration was decreased in
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patients with T2D'3, whereas lyso-PE 16:0, 18:0, and 20:1 were increased in patients with T2D and

diabetes nephropathy'. Lyso-PEs have also been reported to be potential biomarkers of other

diseases** % (Table 4). Both NAFLD and T2D are often accompanied by metabolic syndromes,

including obesity*’. Overweight in children, especially in adolescence, leads to metabolic disorders,

such as increased fasting glucose, impaired glucose tolerance, T2D, and NAFLD?*'"** when they

become adults. Our findings suggest that reduced plasma lyso-PE 16:0 and increased lyso-PE 22:6

concentrations in overweight children may be associated with lifestyle-related diseases, such as T2D

and NAFLD, in adults. So far, the study of plasma lipid profiling in children has been limited because

it is difficult to collect the samples from healthy children. In the previous research, several lyso-PE

concentrations positively correlated with age in Alstrém syndrome/Bardot-Biedl syndrome patients*.

However, significant correlations were not observed between lyso-PE concentrations and age in

healthy preadolescent children. Further research on plasma lyso-PE concentrations in different ages,

such as infants and geriatric participants, is required to reveal the correlations between lyso-PEs and

age. The understanding of the changes associated with growth and senescence in lyso-PE

concentrations could contribute to finding new insight into the bioactivities of lyso-PEs. Our research

on the absolute plasma lyso-PE concentrations in preadolescent children may lead to the prediction

of lifestyle-related disease onset in adults and new treatment approaches in the future.
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This study had some limitations. Although we have improved our sample pre-treatment

procedure, we have not performed a comparative investigation with other complex pretreatment

procedures but only compared the previous pre-treatment method. The LC-MS system conditions

were monitored by injecting but lyso-PE standards not the quality controls during the measurement.

The interference of the natural isotope of lyso-PEs with the triple quadrupole mass spectrometer could

not eliminated. The association between plasma lyso-PE concentrations and overweight status was

evaluated without adjustment for confounding factors, including age, and sex. We measured the

concentrations of lyso-PE species in non-fasting plasma samples. Moreover, the number of

overweight children was small in this study. Further investigation is required to confirm the relation

between lyso-PE species and food intake using fasting plasma samples with more sample number of

overweight participants.

5. Conclusions

We developed a more robust, simple, and sensitive quantitative method for the

determination of lyso-PE species using LC-MS/MS than that used in our previous method. The

proposed method was applied to plasma samples from healthy preadolescent children and it revealed

that the concentrations of several lyso-PE species were significantly higher in boys than in girls. In
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addition, our findings suggest that plasma lyso-PE concentrations are associated with overweight

status. A further investigation targeting a larger number of overweight children is required to

determine the association between lyso-PEs and obesity. To the best of our knowledge, this is the first

study to reveal the profile of plasma lyso-PE concentrations in Japanese preadolescent children. This

study may contribute to the elucidation of the relation between lyso-PEs and childhood obesity.

25



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

References

Pukanovi¢ N, Obradovi¢ S, Zdravkovi¢ M, Purasevi¢ S, Stojkovic M, Tosti T, Jasni¢ N,

Dordevi¢ J, and Todorovi¢ Z (2021) Lipids and antiplatelet therapy: important considerations

and future perspectives. Int J Mol Sci. 22(6):3180.

Makide K, Kitamura H, Sato Y, Okutani M, and Aoki J (2009) Emerging lysophospholipid

mediators, lysophosphatidylserine, lysophospha-tidylthreonine, lysophosphatidylethanolamine

and lysophosphatidylglycerol. Prostaglandins Other Lipid Mediat. 89(3-4):135-9.

Makide K, Uwamizu A, Shinjo Y, Ishiguro J, Okutani M, Inoue A, and Aoki J (2014) Novel

lysophospholipid receptors: their structure and function. J Lipid Res. 55(10):1986-95.

Tsukahara T, Matsuda Y, and Haniu H (2017) Lysophospholipid-related diseases and

PPARgamma signaling pathway. Int J Mol Sci. 18(12):2730.

Li Y-F, Li R-S, Samuel SB, Cueto R, Li X-Y, Wang H, and Yang X-F (2016) Lysophospholipids

and their G protein-coupled receptors in atherosclerosis. Front Biosci (Landmark Ed). 21(1):70—

88.

Koistinen KM, Suoniemi M, Simolin H, and Ekroos K (2015) Quantitative

lysophospholipidomics in human plasma and skin by LC-MS/MS. Anal Bioanal Chem.

407(17):5091-9.
26



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

10.

11.

Park KS, Lee HY, Lee SY, Kim M-K, Kim SD, Kim JM, Yun J, Im D-S, and Bae Y-S (2007)

Lysophosphatidylethanolamine stimulates chemotactic migration and cellular invasion in SK-

OV3 human ovarian cancer cells: involvement of pertussis toxin-sensitive G-protein coupled

receptor. FEBS Lett. 581(23):4411-6.

Hisano K, Yoshida H, Kawase S, Mimura T, Haniu H, Tsukahara T, Kurihara T, Matsuda Y, Saito

N, and Uemura T (2021) Abundant oleoyl-lysophosphatidylethanolamine in brain stimulates

neurite outgrowth and protects against glutamate toxicity in cultured cortical neurons. J Biochem.

170(3):327-36.

Nishina A, Kimura H, Sekiguchi A, Fukumoto R-H, Nakajima S, and Furukawa S (2006)

Lysophosphatidylethanolamine in Grifola frondosa as a neurotrophic activator via activation of

MAPK. J Lipid Res. 47(7):1434-43.

Hung ND, Kim MR, and Sok D-E (2011) 2-polyunsaturated acyl lysophosphatidylethanolamine

attenuates inflammatory response in zymosan A-induced peritonitis in mice. Lipids. 46(10):893—

906.

Park S-J and Im D-S (2021) 2-arachidonyl-lysophosphatidylethanolamine induces anti-

inflammatory effects on macrophages and in carrageenan-induced paw edema. Int J Mol Sci.

22(9):4865.
27



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

12.

13.

14.

15.

16.

17.

Yamamoto Y, Sakurai T, Chen Z, Inoue N, Chiba H, and Hui S-P (2022)

Lysophosphatidylethanolamine affects lipid accumulation and metabolism in a human liver-

derived cell line. Nutrients. 14(3):579.

Tiwari-Heckler S, Gan-Schreier H, Stremmel W, Chamulitrat W, and Pathil A (2018) Circulating

phospholipid patterns in NAFLD patients associated with a combination of metabolic risk

factors. Nutrients. 10(5):649.

Yamamoto Y, Sakurai T, Chen Z, Furukawa T, Gowda SGB, Wu Y, Nouso K, Fujii Y, Yoshikawa

Y, Chiba H, and Hui S-P (2021) Analysis of serum lysophosphatidylethanolamine levels in

patients with non-alcoholic fatty liver disease by liquid chromatography-tandem mass

spectrometry. Anal Bioanal Chem. 413(1):245-54.

Garcia-Fontana B, Morales-Santana S, Navarro CD, Rozas-Moreno P, Genilloud O, Pérez FV,

Palacio JP, and Muiioz-Torres M (2016) Metabolomic profile related to cardiovascular disease

in patients with type 2 diabetes mellitus: a pilot study. Talanta. 148:135-43.

Xu T, Xu X, Zhang L, Zhang K, Wei Q, Zhu L, Yu Y, Xiao L, Lin L, Qian W, Wang J, Ke M, An

X, and Liu S (2021) Lipidomics reveals serum specific lipid alterations in diabetic nephropathy.

Front Endocrinol (Lausanne). 12:781417.

Zeng Y, Mtintsilana A, Goedecke JH, Micklesfield LK, Olsson T, and Chorell E (2019)
28



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

18.

19.

20.

21.

22.

Alterations in the metabolism of phospholipids, bile acids and branched-chain amino acids

predicts development of type 2 diabetes in black South African women: a prospective cohort

study. Metabolism. 95:57—64.

Cornall LM, Mathai ML, Hryciw DH, Simcocks AC, O'Brien PE, Wentworth JM, and McAinch

AJ (2013) GPR119 regulates genetic markers of fatty acid oxidation in cultured skeletal muscle

myotubes. Mol Cell Endocrinol. 365(1):108—18.

Kurano M, Kano K, Hara M, Tsukamoto K, Aoki J, and Yatomi Y (2019) Regulation of plasma

glycero-lysophospholipid levels by lipoprotein metabolism. Biochem J. 476(23):3565-81.

Ren C, Liu J, Zhou J, Liang H, Wang Y, Sun Y, Ma B, and Yin Y (2018) Lipidomic analysis of

serum samples from migraine patients. Lipids Health Dis. 17(1):22.

Daniels SR, Arnett DK, Eckel RH, Gidding SS, Hayman LL, Kumanyika S, Robinson TN, Scott

BJ, Jeor SS, and Williams CL (2005) Overweight in children and adolescents: pathophysiology,

consequences, prevention, and treatment. Circulation. 111(15):1999-2012.

Cioana M, Deng J, Nadarajah A, Hou M, Qiu Y, Chen SSJ, Rivas A, Banfield L, Toor PP, Zhou

F, Guven A, Alfaraidi H, Alotaibi A, Thabane L, and Samaan MC (2022) The prevalence of

obesity among children with type 2 diabetes: a systematic review and meta-analysis. JAMA Netw

Open. 5(12):¢2247186.
29



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

23.

24.

25.

26.

27.

28.

Gepstein V and Weiss R (2019) Obesity as the main risk factor for metabolic syndrome in

children. Front Endocrinol (Lausanne). 10:568.

Lister NB, Baur LA, Felix JF, Hill AJ, Marcus C, Reinehr T, Summerbell C, and Wabitsch M

(2023) Child and adolescent obesity. Nat Rev Dis Primers. 9(1):24.

Kishi R, Sasaki S, Yoshioka E, Yuasa M, Sata F, Saijo Y, Kurahashi N, Tamaki J, Endo T,

Sengoku K, Nonomura K, and Minakami H (2011) Cohort profile: the Hokkaido study on

environment and children’s health in Japan. Int J Epidemiol. 40(3):611-8.

Kishi R, Kobayashi S, Ikeno T, Araki A, Miyashita C, Itoh S, Sasaki S, Okada E, Kobayashi S,

Kashino I, Itoh K, and Nakajima S (2013) Ten years of progress in the Hokkaido birth cohort

study on environment and children’s health: cohort profile—updated 2013. Environ Health Prev

Med. 18(6):429-50.

Kishi R, Araki A, Minatoya M, Hanaoka T, Miyashita C, Itoh S, Kobayashi S, Bamai YA,

Yamazaki K, Miura R, Tamura N, Ito K, and Goudarzi H (2017) The Hokkaido birth cohort study

on environment and children's health: cohort profile-updated 2017. Environ Health Prev Med.

22(1):46.

Kishi R, Ikeda-Araki A, Miyashita C, Itoh S, Kobayashi S, Bamai YA, Yamazaki K, Tamura N,

Minatoya M, Ketema RM, Poudel K, Miura R, Masuda H, Itoh M, Yamaguchi T, Fukunaga H,
30



492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

29.

30.

31.

32.

33.

Ito K, and Goudarzi H (2021) Hokkaido birth cohort study on environment and children’s health:

cohort profile 2021. Environ Health Prev Med. 26(1):59.

Goudarzi H, Ikeda-Araki A, Bamai YA, Ito S, Inao T, Yokota I, Miyashita C, Kishi R, and Konno

S (2023) Potential determinants of T helper 2 markers and their distribution in school-aged

children. Allergol Int. 72(1):100—6.

Zeng Y, Goudarzi H, Bamai YA, Ketema RM, Roggeman M, Ouden F, Gys C, Miyashita C, Ito

S, Konno S, Covaci A, Kishi R, and Ikeda-Araki A (2023) Exposure to organophosphate flame

retardants and plasticizers is positively associated with wheeze and FeNO and eosinophil levels

among school-aged children: The Hokkaido study. Environ Int. 181:108278.

Cole TJ, Bellizzi MC, Flegal KM, and Dietz WH (2000) Establishing a standard definition for

child overweight and obesity worldwide: international survey. BMJ. 320(7244):1240-3.

Asayama K, Ozeki T, Sugihara S, Ito K, Okada T, Tamai H, Takaya R, Hanaki K, and Murata M

(2003) Criteria for medical intervention in obese children: a new definition of ‘obesity disease’

in Japanese children. Pediatr Int. 45(5):642—6.

Kubo T, Furujo M, Ueda Y, Imai K, Tsukahara K, Morita H, Ogura K, Kimura T, Shimizu J,

Fukuhara S, Koyama T, Kanadani T, and Shiraga H (2008) Predicting obesity in early adulthood

in Japanese women. J Paediatr Child Health. 44(1-2):33-7.
31



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

34.

35.

36.

37.

38.

39.

Shirasawa T, Ochiai H, Nanri H, Nishimura R, Ohtsu T, Hoshino H, Tajima N, and Kokaze A

(2015) Trends of underweight and overweight/obesity among Japanese schoolchildren from

2003 to 2012, defined by body mass index and percentage overweight cutoffs. J Epidemiol.

25(7):482-8.

Jenkins B, West JA, and Koulman A (2015) A review of odd-chain fatty acid metabolism and the

role of pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0) in health and disease.

Molecules. 20(2):2425-44.

Okudaira M, Inoue A, Shuto A, Nakanaga K, Kano K, Makide K, Saigusa D, Tomioka Y, and

Aoki J (2014) Separation and quantification of 2-acyl-1-lysophospholipids and 1-acyl-2-

lysophospholipids in biological samples by LC-MS/MS. J Lipid Res. 55(10):2178-92.

Inoue N, Sakurai T, Yamamoto Y, Chiba H, and Hui S-P (2022) Profiling of

lysophosphatidylethanolamine molecular species in human serum and in silico prediction of the

binding site on albumin. Biofactors. 48(5):1076-88.

Ho JE, Larson MG, Ghorbani A, Cheng S, Chen M-H, Keyes M, Rhee EP, Clish CB, Vasan RS,

Gerszten RE, and Wang TJ (2016) Metabolomic profiles of body mass index in the framingham

heart study reveal distinct cardiometabolic phenotypes. PLoS One. 11(2):¢0148361.

Masubuchi R, Noda M, Yoshida S, and Kawakami K (2022) Longitudinal study of body mass
32



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

40.

41.

42.

43.

44.

45.

index and percentage of overweight in Japanese children grouped by maturity. Endocr J.

69(4):451-61.

Dobashi K (2016) Evaluation of obesity in school-age children. J Atheroscler Thromb. 23(1):32—

Okuda M, Sugiyama S, Kunitsugu I, Hinoda Y, Okuda Y, Shirabe K, Yoshitake N, and Hobara

T (2010) Use of body mass index and percentage overweight cutoffs to screen Japanese children

and adolescents for obesity-related risk factors. J Epidemiol. 20(1):46-53.

Maeda M, Maeda T, and Thara K (2022) Secular trends in obesity and serum lipid values among

children in Oita city, Japan, during a 27-year period. J Atheroscler Thromb. 29(12):1709-26.

Furukawa T, Fuda H, Miyanaga S, Watanabe C, Chiba H, and Hui S-P (2016) Rapid tin-mediated

access to a lysophosphatidylethanolamine (LPE) library: application to positional LC/MS

analysis for hepatic LPEs in non-alcoholic steatohepatitis model mice. Chem Phys Lipids.

200:133-8.

Wawrzyniak R, Biesemans M, Kugacka-Dabrowska A, Lewicka E, Bartoszewski R, and

Markuszewski MJ (2023) Plasma untargeted metabolomics with proteinase K discloses

phospholipid signature associated with pulmonary arterial hypertension. Sci Rep. 13(1):15280.

Kierath E, Ryan M, Holmes E, Nicholson JK, Fear MW, Wood FM, Whiley L, and Gray N
33



543

544

545

546

547

548

549

550

551

46.

47.

(2023) Plasma lipidomics reveal systemic changes persistent throughout early life following a

childhood burn injury. Burns Trauma. 11:tkad044.

Fabbrini E, Sullivan S, and Klein S (2010) Obesity and nonalcoholic fatty liver disease:

biochemical, metabolic, and clinical implications. Hepatology. 51(2):679-89.

Jeziorny K, Pietrowska K, Sieminska J, Zmyslowska-Polakowska E, Kretowski A, Ciborowski

M, and Zmyslowska A (2023) Serum metabolomics identified specific lipid compounds which

may serve as markers of disease progression in patients with Alstrom and Bardet-Biedl

syndromes. Front Mol Biosci. 10:1251905.

34



Table 1. Characteristics of participants.

Age Height Weight ‘BMI "POW
(years old) (cm) (kg) (kg/mz) (%)
Boys 9 (n=68) 134.9+5.0 31.8+6.1 17.4+£2.5 1.40 £ 13.56
(n=181) 10 (n=63) 139.0+ 6.4 35.0+8.3 17.9+3.3 2.31+£16.90
11 (n=20) 1483+ 6.5 41.8 8.1 19.0+3.3 2.69 £ 18.54
12 (n=30) 150.6 +£9.4 442+9.8 19.4+33 5.12+17.81
Girls 9 (n =46) 136.1 £5.7 30.2+£5.9 16.2+2.2 -5.18 £11.72
(n=161) 10 (n=70) 140.4+7.0 34.6 8.1 17.4+2.8 0.07 + 14.04
11 (n=16) 151.0+£5.0 39.5+5.8 17.3£2.0 -6.83 £10.05
12 (n =29) 151.5£6.5 42.6 + 8.4 18.4+2.6 275+ 12.69

552 Results are expressed as mean + standard deviation. “BMI, body mass index; "POW, percentage of

553  overweight.

554
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Boys (n=181)

Table 2. The number of children categorized by BMI and POW.

Age ‘BMI *POW
(years old) Underweight Normal Range Overweight Underweight Normal Range Overweight
9 49 19 0 2 57 9
10 45 15 3 0 53 10
11 11 8 1 0 16 4
12 14 14 2 1 24 5
Girls (n=161)
Age BMI POW
(years old) Underweight Normal Range Overweight Underweight Normal Range Overweight
9 41 5 0 3 42 1
10 52 17 1 3 60 7
11 12 4 0 2 14 0
12 15 13 1 1 26 2
555  *BMI, body mass index; "POW, percentage of overweight. Underweight: Children with POW < -20%;
556  Normal range: Children with POW between -20% and 20%; Overweight: Children with POW =
557  +20%.
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559
560

Table 3. Comparison of lyso-PE concentrations between boys and girls.

Species

Boys
(pmol/uL)

Girls
(pmol/uL)

P value

Lyso-PE 16:0
Lyso-PE 18:0
Lyso-PE 18:1
Lyso-PE 18:2
Lyso-PE 20:4
Lyso-PE 20:5
Lyso-PE 22:6
Total lyso-PE

1.21 (1.05-1.49)
1.19 (1.00-1.41)
1.45 (1.05-1.98)
3.64 (2.60-4.55)
1.61 (1.32-2.03)
0.91 (0.68-1.24)
1.54 (1.24-1.89)

11.53 (9.46-14.15)

1.19 (0.96-1.43)
1.18 (0.98-1.36)
1.32 (0.90-1.83)
3.24 (2.43-4.35)
1.50 (1.25-1.84)
0.82 (0.00-1.10)
1.38 (1.03-1.70)

11.00 (8.56-12.59)

n.s.
n.s.
n.s.
n.s.
0.027
0.014
0.002
0.010

Results are expressed as median (interquartile range). Nonparametric Mann—Whitney U-test was used

for data comparisons. n.s. not significant.

37



Tabbé #. Alternation of serum/plasma *lyso-PE concentrations in several diseases measured by LC-MS.

Authors Disease Age n Calibration Specified Fold change
(reference) (years old) lyso-PE (Disease/Control)
Yamamoto et "NASH Control: 22.8 £ 1.7 8 Lyso-PE 15:0 Lyso-PE 16:0  Total lyso-PE
al., 2021 °SS NASH: 65.1 £ 14.0 27  Internal standard Lyso-PE 18:0 NASH: 0.305
SS:42.8+16.4 9 Lyso-PE 18:1 SS:0.270
Lyso-PE 18:2
Lyso-PE 20:4
Lyso-PE 20:5
Lyso-PE 22:6
Tiwari-Heckler ~ INAFL Control; 39.4 £ 2.6 28  "Lyso-PC17:0  notspecified  Total lyso-PE
etal., 2018" NASH NAFL: 46.4£2.9 25  PC 14:0/14:0 NAFL: down
NASH: 43.7+2.2 42 JPE 12:0/12:0 (p <0.05)
Ceramide 17:0 NASH: down
Internal standard (p<0.05)
Garcia-Fontana  °T2D Control: 57+ 5 10 - not specified Lyso-PE 18:2
etal., 2016% T2D+E.CVD: 58 + 4 10 T2D+CVD: 0.505
T2D-CVD: 55+8 10 T2D-CVD: 0.664
Xu et al., 2021'  T2D Control: 34.47+9.2 59 - not specified ~ Lyso-PE 16:0: 1.580
T2D: 56.65 +£10.9 60 Lyso-PE 18:0: 2.006
Lyso-PE 20:1: 2.927
Wawrzyniak et ‘PAH Control: 44.0 + 16.4 36  1-(4- not specified Lyso-PE 22:6: 0.29
al., 2023% PAH: 46 + 18 43 fluorobenzyl)-5- Lyso-PE 18:2: 0.06
oxoproline Lyso-PE 18:0: 0.19
Internal standard Lyso-PE 20:4: 0.07
Lyso-PE 20:1: 0.08
Lyso-PE 20:0: 0.08
Kierath et al., Childhood  Control (boys): 6.1 £0.9 8 lyso-PE not specified Lyso-PE 18:1: 1.704
2023% burn injury  Control (girls): 6.0+ 1.0 13 18:1(d7) Lyso-PE 18:0: 1.455
Burn (boys): 6.2 + 1.0 15  Internal standard
Burn (girls): 5.7+ 0.9 18

562  “Lyso-PE, lysophosphatidylethanolamine; "NASH, non-alcoholic steatohepatitis; °SS, simple
563 steatosis; “NAFL, non-alcoholic fatty liver; °T2D, type 2 diabetes; ‘PAH, pulmonary arterial

564  hypertension; 8CVD, cardiovascular disease; "Lyso-PC: lysophosphatidylcholine; ‘PC:

565  phosphatidylcholine; JPE: phosphatidylethanolamine. Results are expressed as mean =+ standard

566 deviation.
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(a)

Collect supernatant 100 pl MeOH*
10 uL Plasma 100 yL CHCI, m *
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| 50uLis (0.42 ymoir) Vortex Evaporation Vortex
in MeOH Centrifuge
Centrifuge Transfer supernatant 5 plL injection
MeQOH*: 0.001% BHT containing MeOH o
BHT: 2,6-Di-tert-butyl-p-cresol Targeted LC-MS/MS
(b) Standard Plasma
100+ 3o 100, ast
o] IS: Lyso-PE 18:1(d7) o] IS: Lyso-PE 18:1(d7)
o o e -
| Lyso-PE 16:0 ] Lyso-PE 16:0
50 50
e Ko 58
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567  Figure 1. Workflow of the proposed method from sample preparations to liquid chromatography-
568  tandem mass spectrometry analysis. (a) Lipid extraction by single-phase method. (b) Single reaction
569  monitoring chromatograms of internal standard (IS) and lysophosphatidylethanolamine (lyso-PE)

570  standards in a standard and plasma sample.
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571  Figure 2. Box plots of each lysophosphatidylethanolamine concentration in the plasma of
572 preadolescent children aged from 9 to 12 years old. n.s., not significant; Lyso-PE,
573  Lysophosphatidylethanolamine.

574
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575  Figure 3. Relative abundance of lysophosphatidylethanolamine species in plasma samples of

576  preadolescent children (n = 342). Lyso-PE, Lysophosphatidylethanolamine.
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Figure 4. Box plots of each lysophosphatidylethanolamine concentration in the plasma of

preadolescent children according to percentage of overweight (POW). Underweight: Children with
POW < -20%; Normal range: Children with POW between -20% and 20%; Overweight: Children
with POW = +20%. Nonparametric Kruskal-Wallis test with Dunn’s multiple comparisons test, *p

< 0.05, n.s. not significant. Lyso-PE, Lysophosphatidylethanolamine.
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