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Abstract

Cholesteryl esters (CE) are sterols comprising various fatty acyl chains attached to a
cholesterol hydroxyl moiety. CEs are often considered plasma biomarkers of liver function;
however, their absolute concentrations in the plasma of Japanese preadolescents have not been
well explored. This study aimed to determine the plasma CE levels in Japanese preadolescents
of different sexes, ages, and body weights living in Hokkaido, Japan using targeted liquid
chromatography/tandem mass spectrometry. The analysis was performed on the non-fasting
plasma of preadolescents aged 9—12 years (n = 339 healthy volunteers; 178 boys and 161 girls)
from Sapporo, Hokkaido, Japan. The analysis results showed that the total CE levels in boys
and girls were 871 £ 153 and 862 + 96 pmol/uL, respectively. CE 18:2 (41 + 2.9%) was found
to be the most abundant species followed by CE 18:1 (16 + 1.5%) and CE 16:0 (13 + 1.1%).
The »-3 fatty acid-containing CEs such as CE 18:3 and CE 20:5 were significantly lower in
girls than in boys. Despite the different ages, CEs were tightly regulated in the plasma of
children's, and the total CEs ranged between 844 and 906 pmol/uL in boys and 824 and 875
pmol/uL in girls. The participants were further classified into three groups based on their body
mass index underweight (n = 237), normal weight (n = 94), and overweight (n = 8). Most of
the quantified CEs were accumulated in the overweight group. Interestingly, CE 18:3 was
significantly upregulated in the overweight group compared to that in the normal range, and
the area under the receiver operating characteristic curve was 0.73, suggesting that it could be
a possible marker for obesity. This study marks the initial investigation of absolute CE levels
in the plasma of children and can help elucidate the relationship between CEs and childhood

obesity.
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1. Introduction

Cholesterol is a major sterol lipid in mammals and an important structural component
of cell membranes. It plays a crucial role in the maintenance of various cellular activities via
its metabolism to various derivatives [1]. Cholesterol metabolism plays a crucial role in the
regulation of its circulating levels, which in turn has a significant impact on human heart health.
Free cholesterol accumulates in proteins, and is, involved in signal transduction and
intercellular transport [2]. Cholesterol in the blood is transformed into cholesteryl ester (CE)
by lecithin cholesterol acyltransferase (LCAT) [3]. CE comprises various long-chain fatty acids
linked to the hydroxyl group of the cholesterol moiety. Both cholesterol and CEs in plasma are
integrated into circulating lipoproteins, and abnormalities in their metabolism are linked to

several diseases [4].

CE is a type of lipid used for storage and transport, and 70-80% of cholesterol in blood
exists in an ester form [3,5]. In humans, the normal plasma concentrations of cholesterol + CE
were determined to be in the range of 1.3-2.6 g/L. CEs are the primary components of high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) particles [6,7]. LDL transfers
CEs to the peripheral tissues for storage whereas HDL transports CEs from peripheral cells to
the liver for excretion [8]. Increased plasma concentrations of CE are important risk factors for
cardiovascular diseases [9]. Thus, a decrease in the plasma concentrations of CE owing to
LCAT deficiency can cause severe liver damage. Hence, monitoring of blood CE is very

important because it plays a significant role as a biomarker for various diseases [10].

CEs are often measured by using enzymatic, gas chromatography (GC) and liquid-
chromatography/mass spectrometry (LC/MS) based methods [11-13]. Efforts have been made
to determine blood CE levels in both adults and children. In our previous study, we applied the
targeted LC/MS method to determine the CE levels in the serum samples of healthy Japanese
volunteers [57 £+ 14 yrs., mean age + standard deviation (SD)] and patients with renal disease
(49 males and 15 females; 54 + 17 years, mean age + SD). In both groups, CE 18:2 (1.57 +
0.32 mmol/L, mean + SD) was found to be the most abundant in the serum samples followed
by CE 18:1 (1.17+0.23 mmol/L) and CE 16:0 (0.68 +0.16 mmol/L) [13]. In a study involving
Japanese adults from Hokkaido (n = 545, aged 35-79 years), serum analysis revealed similar
abundances: CE 18:2 (1.04 + 0.38 pmol/L) > CE 18:1 (0.79 £ 0.31 umol/L) > CE 16:0 (0.61 =
0.24 pmol/L) [12].

Plasma CEs were measured in 3- and 12- year-old Finnish children (n = 226) using

GC, and the authors found an abundance of CE 18:2 (49.2%), CE 18:1 (22:6%), CE 16:0
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(10.9%), and CE 20:4 (5.4%); however, their absolute levels were not reported in the study
[14]. In a German study involving 115 healthy subjects aged 1 to 26 years, the plasma CEs
were analyzed by using GC, and CE 18:1 was found to be the most abundant in the plasma at
birth (28.01%) but which decreased to 20.28 % in 20 to 26-year-old adults(In contrast, CE 18:2
(6.82% at birth) drastically increased with age as follows: 1 to 5 years (47.04%), 5 to 10 years
(50.34 %), 10 to 15 years (49.06 %), and 20 to 26 years (50.44 %) respectively [15]. Efforts
were also made to measure the variation in CEs in Finnish infants (n = 591; 7- and 13-months
old) with various dietary interventions, and CE 18:2 was found to be the most abundant
followed by CE 18:1. Formula-fed infants exhibited significantly higher CE 18:2 levels than
breastfed infants. [16, 17].

Although several studies being conducted to determine CE levels in adults and children
of different populations, to the best of our knowledge, no studies on Japanese children have
been reported. Moreover, a study involving Japanese children aged 6-15 years showed that
plasma. CE transfer activity was significantly increased in obese children compared to normal-
weight children [18]. Therefore, it is important to determine the absolute levels of CE in
Japanese children. In this study, we aim to obtain the absolute amounts of eight molecular
species of CEs in the plasma of the general population from a birth cohort study of
preadolescents aged 9-12 years using targeted LC/MS and compare the variations in the values

with respect to sex, age, and body weight.

2. Materials and methods

2.1. Samples

Participants were selected and plasma samples from non-fasting individuals were obtained
from the Hokkaido birth cohort study on environment and children’s health (The Hokkaido
study), and stored at -80 °C [19-24]. The study included 339 preadolescents (178 boys and
161 girls) from the general population of Sapporo City, Hokkaido, Japan. These children were
aged of 9-12 years and were part of a birth cohort study conducted from 2017 to 2019. This
study was approved by the ethical review board (ERB 16 |71, 2017, Sept 27). The height and
weight of the children were measured at pediatric clinics on the same day as blood collection.
The research objectives and methods were explained to the participants, and a written informed

consent was obtained from the parents, as well as from all children.

2.2. Statistical analysis
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GraphPad Prism 8.0.1 (GraphPad Software Inc., La Jolla, CA, USA) was used for the statistical
analysis. The Student’s ¢-test was used to comprehensively analyze the CE levels in boys and
girls. A one-way analysis of variance (ANOVA) with Tuckey’s multiple comparison test or
Dunnett’s test was used for comparisons involving three or more groups. Statistical

significance was set as p < 0.05. All results were expressed as mean = SD.
2.3. Analytical methods

LC/MS-grade methanol (MeOH) and hexane were purchased from Kanto Chemical Co, Inc.
(Tokyo, Japan). Ammonium acetate (1M) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Cholesteryl palmitate (CE 16:0), cholesteryl stearate (CE18:0), cholesteryl oleate (CE
18:1), cholesteryl linoleate (CE 18:2), cholesteryl linolenate (CE 18:3), cholesteryl
arachidonate (CE 20:4), cholesteryl eicosapentacnoate (CE 20:5), cholesteryl
docosahexaenoate (CE22:6) and their 2H3 substituted analogs were synthesized in our
laboratory [25]. The quantification method for the CEs in the serum, urinary supernatant, and
urinary sediment of patients with renal disease has been published previously by our research
group [13]. A TSQ Quantum Access MAX mass spectrometer (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and an ultra-high-performance LC system (Shimadzu, Kyoto, Japan)
were used for quantification. The Accucore C18 column (50 x 2.1 mm ID, 2.6 pm particle
size; Thermo Fisher Scientific Inc., Waltham, MA, USA) was used for the separation, and the
column over was set at 40 °C. The mobile-phase gradients were 5 mM ammonium acetate in
methanol/water = 1/1 (pump A) and isopropanol (pump B). The gradients at were set as
follows: 0-1 min (65% A, 35% B); 1-3 min (gradually changed to 35 % A, and 65% B); 3-5
min (10% A, 90% B); 5-7 min (gradually changed to 35 % A, 65% B); and 7-10 min (65% A,
35% B) at a flow rate of 0.2 mL/min. Ionization was performed using atmospheric pressure
chemical ionization and detected by selective reaction monitoring. Method validation has been
previously published [13]. To evaluate the linearity of this method, a series of diluted CE
standard solutions were prepared with final concentrations of 0.005, 0.05, 0.5, 1, 5, and 10
pmol/uL using a respective deuterated internal standard; (final concentration: 0.05 pmol). The

CE concentrations in the sample were calculated from the constructed linearity curves.
3. Results and discussion

In the Hokkaido study, a total of 339 children participated 178 boys and 161 girls. A
comparison of the preadolescents’ characteristics in terms of height, weight, and body mass

index (BMI) was performed according to sex and age (Table 1). The results are expressed as
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mean + SD. Individuals were further classified into three groups based on their BMI [which
was calculated as weight (kg) divided by height squared (m?)]: underweight = <18.5 kg/m?,
normal weight =18.5 — 25.0 kg/m?, and overweight = >25.0 kg/m? [18]. The mean BMI of
boys ranged from 17.4 = 2.5 to 19.0 £ 3.3, whereas, that of girls, ranged from 16. 2 + 2.2 to
18.4 + 2.6. In the case of both boys and girls, a slight increase in the BMI was observed in 9-
and 12-year-old children. The number of underweight children was the highest (boys (n=117,
34.5%) and girls (n = 120, 35.3%)), whereas that of overweight children was the lowest [boys
(n=16 1.8 %) and girls (n = 2, 0.6%)].

The mean concentrations of individual CEs and total CE levels in the plasma of
children of different sexes and ages are shown in Table 2. The concentration ranges for the
plasma of children (irrespective of sex and age) were: 109-121 pmol/uL for CE 16:0, 14.4-
16.9 pmol/uL for CE 18:0 , 137-141 pmol/uL for CE 18:1, 343-375 pmol/uL for CE 18:2,
61.8-79.2 pmol/uL for CE 18:3,17.3-18.2 pmol/uL for CE 20:4), 32.1-41.9 pmol/uL for CE
20:5, and 106-113 pmol/uLfor CE22:6. A comparison of these results with the CE levels
measured in the serum samples of 23 adults’ (57 + 14 years) revealed significantly higher
levels in the adult's serum samples (CE 16:0, 680 pmol/uL; CE 18:0, 40 pmol/uL; CE 18:1,
1170 pmol/uL; CE 18:2, 1570 pmol/uL; CE 18:3, 70 pmol/uL; CE 20:4, 250 pmol/uL; and CE
22:6, 50 pmol/uL). Notably, increased plasma concentration of CE is an important risk factor

for cardiovascular diseases [9].

The CE data clearly showed that although a small variation was observed at the
molecular species level between different age groups, the total CE levels were tightly regulated
in the plasma. The total CEs ranged from 844-906 pmol/uL in boys and from 824-875 pmol/uL
in girls. The percentage distribution of the CE molecular species in the plasma of children is
represented using a pie chart, as shown in Figure 1. All eight targeted CEs were detected in
the plasma samples of the children; the results showed that CE 18:2 was the most predominant
species which contributed 41% to the total CEs, followed by CE 18:1 with a contribution of
approximately 16%. CE 18:0 was the least abundant molecular species in the children’s
plasma. In the 1980s, a study was conducted in Finland to determine the plasma CEs in 407
children aged 3-12 years, and the results showed an abundance of CE 18:2 (approximately
49-51%), which is consistent with our results [14]. Further, the authors reported a positive
correlation between the dietary polyunsaturated fatty acid to saturated fatty acid ratio and the
high levels of plasma CE 18:2. A clinical study involving the determination of CEs in serum

samples of 566 volunteers (aged 19-79 years) from Beijing, China also revealed the abundance
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of CE 18:2 with a mean percentage of more than 50%. However, CE 20:5 and CE 22:6 were
reported to be the minor species, which is contradictory to our results. This possibly could be

due to the lower consumption of fish in their diet [26].

The differences in the CE levels according to sex are evaluated as shown in Figure 2.
The CE levels in boys and girls ranged from 15 + 3 pmol/uL to 359 + 34 pmol/uL and from
15 + 3 pmol/uL to 358 + 61 pmol/uL, respectively. The total CE represents the sum of the
concentrations of each CE species analyzed in this study. The total CE levels for boys and girls
were 871 £ 153 pmol/uL and 862 + 96 pmol/uL, respectively. A significant difference was
observed in the levels of CE 18:3, CE 20:5, and the total CEs for boys and girls, with a lower
level observed in girls. No significant sex-specific differences were observed in the levels of
CE 18:2, CE 16:0, CE 18:0, CE 18:1, CE 20:4, and CE 22:6 molecular species. Although there
is a lack of data in the literature regarding the sex-specific differences in the plasma CE levels,
a Finns study on adults showed no difference between the serum CEs of men and women [27].
Another Finns study involving 3- and 12-year-old children showed a sex-specific difference in
plasma CEs [14]. These results are consistent with our findings in the case of Japanese

preadolescents.

The differences in CE levels according to age are shown in Figure 3. The total CE levels
in all children belonging to the each age groups 9, 10, 11, and 12 years were 894 + 104 , 876 +
107 , 840 + 71 , and 855 + 98 pmol/uL, respectively. Significant differences were observed in
the CE 18:0 and CE 18:3 levels of children aged 9, 10, and 12 years, with a slight decrease
observed for those aged 12 years. The CE 18:2 and total CE levels exhibited significant
differences in children aged between 9 and 11 years, with a slight decrease in those aged 11
years. The remaining species exhibited no significant differences in the different age groups.
The living area and age-dependent changes in the plasma CE concentrations of Finnish
children were investigated, and mixed variations among each CE species were observed. For
example, CE 18:2 increased in the plasma of 12-year-old children’s compared to that in 3-year-
old children [14]. A German study involving 116 healthy subjects aged 1 to 26 years old
showed clear evidence of age-specific changes in the plasma CE levels [15]. Although the
variations observed were different for different CE molecular species an increased CE 18:2
level was observed at an early age (47.04% in children aged 1 to 5 years ) compared to the at

birth level (15.2%).

The relationship between the plasma CEs levels and childhood obesity is shown in

Figure 4A. Children were characterized as underweight, normal weight, or overweight based
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on their BMI. The total CE level in the plasma samples was found to be 2108 + 799 pmol/uL
in underweight children, 2578 £ 962 pmol/uL in normal weight children, and 1940 + 615
pmol/uL in overweight children. CE 18:3 and CE 20:4 exhibited a significant (p < 0.05)
increase in the plasma levels of overweight children compared to those in underweight children.
The area under the curve (AUC) obtained from the receiver operating characteristic (ROC)
curve for CE 18:3 of normal and overweight children was 0.73 (Figure 4B), suggesting that CE
18:3 could be a possible marker for obesity. The total CEs were significantly lower in the
plasma of underweight children ’s than that in normal-weight children. In a Norwegian study,
it was revealed that maternal prenatal cholesterol levels are important in predicting the
offspring’s weight trajectories during childhood [28]. A previous study suggested that 75% of
obese children maintain or face an increase in their obesity in adult life, and lipids including

CEs are positively associated with obesity in children [29].

In a Finnish study involving 444 children aged 6-9 years (232 girls and, 247 boys), the
total saturated fatty acid and mono-unsaturated CEs in the plasma were higher in
overweight/obese children; however, the total polyunsaturated fatty acid CEs were lower [30].
Another clinical study involving adult Tunisian volunteers showed accumulation of CEs in
adipose cells, suggesting that increased CEs are a phenotype of obesity. Moreover, increased
serum CEs are also associated with the risk of high blood pressure and cardiovascular disease
[31]. In a study involving Japanese children aged 6-15 years (31 obese children; 14 boys and17
girls) and normal-weight children (12 boys and 9 girls), it was observed that the plasma CE

transfer activity was increased significantly in obese children [18].

This evidence suggest that increased CEs levels in plasma have a negative impact on
health. It is important to monitor plasma levels in children from an early age. This study was
limited to eight CE molecular species, and the influence of diet and physical exercise on CEs
was not monitored. Overall, this was the first investigation of plasma CEs in Japanese
preadolescents using LC/MS. Age, sex, and BMI-related changes in the plasma CE levels of
children were measured and compared. Although girls exhibited lower total CEs than boys,
most CEs were tightly regulated in the plasma, with CE 18:2 as the most abundant species.
Increased plasma levels of CE 18:3 and CE 20:4 in overweight children may also be associated
with childhood obesity. This study highlights the significance of monitoring CEs from an early

age for controlling lifestyle-associated disorders.

4. Conclusions
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Cholesterol and CEs are believed to be linked to cardiovascular diseases because of their
abundance in biological systems and important roles in cell structure and function. This study
investigated the absolute levels of CE in the plasma of Japanese children and their variations
according to concerning sex, age, and BMI. The predominant species in the plasma of children's
plasma was CE 18:2, followed by CE 18:1, and the total CE levels were significantly lower in
the plasma of underweight children's than in the normal-weight children. No significant
differences were observed in the CE molecular species of CE between different ages, groups,
or sexes. Increased CE 18:3 levels in overweight children may be a promising marker of
childhood obesity. This study revealed the plasma CE levels in Japanese preadolescents. Future

studies should explore the role of CE in various lifestyle-associated diseases.

Acknowledgments

The authors thank the Central Research Laboratory, Faculty of Health Sciences, Hokkaido
University for kindly providing the workspace and apparatus. We thank the Center for
Environmental and Health Sciences, Hokkaido University, for providing the plasma samples.

We would like to express our appreciation to all participants of the Hokkaido Study.

Authors contributions

Conceptualization: D.G., S.G.B.G., A.L., H.C, and S.-P.H.; methodology: D.G., validation:
D.G.; formal analysis: D.G.; investigation: D.G.; and S.G.B.G., and resources: D.G., S.G.B.G.,
Al, Y.AB., RMK. RK. H.C, and S.-P.H.; data curation: D.G., and S.G.B.G.; writing-
original draft preparation: D.G., and S.G.B.G.; writing-review and editing: D.G., S.G.B.G.,
AL, Y.AB., RMK,, RXK., H.C, and S.-P.H.; supervision: S.G.B.G., A.l.,, H.C, and S.-P.H_;
funding acquisition: D.G., S.G.B.G., A.I,, and S.-P.H. All authors have read and agreed to the

published version of the manuscript.

Data availability:

Data will be available from the corresponding author upon a request made.

Funding
This study was supported by KAKENHI (grant numbers: 21K14812, 21H04843, 23K06861,
and 22K 1485002)

Declaration of competing interests

The authors declare no conflict of interest relevant to this article.



278
279
280
281
282

283

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

Ethics approval
This study was approved by the review board of the Faculty of Health Sciences. Hokkaido
University (approval number: 22-23) and Center for Environmental Science and Health

Sciences, Hokkaido University (approval number: 21-136).

References

[1] Ma H, Shieh K-J. Cholesterol and human health. The Journal of American Science
2006;2:46-50.

[2] Simons K, Ehehalt R. Cholesterol, lipid rafts, and disease. The Journal of Clinical
Investigation 2002;110:597-603.

[3] Kuivenhoven J, Pritchard H, Hill J, Frohlich J, Assmann G, Kastelein J. The molecular
pathology of lecithin: cholesterol acyltransferase (LCAT) deficiency syndromes. Journal
of Lipid Research 1997;38:191-205.

[4] Wang J, Liu X, Cao P, Li S, Hu B, Jia S, et al. Qualitative Distribution of Endogenous
Cholesteryl Esters in Plasma of Humans and Three Rodent Species Using Stepwise
UPLC-Q-Exactive-MS. Current Medical Science 2022;42:692-701.

[5] Sales S, Graessler J, Ciucci S, Al-Atrib R, Vihervaara T, Schuhmann K, et al. Gender,
Contraceptives and Individual Metabolic Predisposition Shape a Healthy Plasma
Lipidome. Scientific Reports 2016;6:27710. https://doi.org/10.1038/srep27710.

[6] Tammi A, Ronnemaa T, Gylling H, Rask-Nissild L, Viikari J, Tuominen J, et al. Plant
stanol ester margarine lowers serum total and low-density lipoprotein cholesterol
concentrations of healthy children: The STRIP project. The Journal of Pediatrics
2000;136:503—10. https://doi.org/10.1016/S0022-3476(00)90014-3.

[7] Nicholls SJ, Ray KK, Nelson AJ, Kastelein JJ. Can we revive CETP-inhibitors for the
prevention of cardiovascular disease? Current Opinion in Lipidology 2022;33:319-25.

[8] McMullan JE, Yeates AJ, Allsopp PJ, Mulhern MS, Strain JJ, Wijngaarden E van, et al.
Fish consumption and its lipid modifying effects — A review of intervention studies.
NeuroToxicology 2023;99:82-96. https://doi.org/10.1016/j.neuro.2023.10.003.

[9] Davis RA, Vance JE. Chapter 17 - Structure, assembly and secretion of lipoproteins. In:
Vance DE, Vance JE, editors. Biochemistry of Lipids, Lipoproteins and Membranes, vol.
31, Elsevier; 1996, p. 473-93. https://doi.org/10.1016/S0167-7306(08)60524-4.

[10] Vaziri ND, Liang K, Parks JS. Down-regulation of hepatic lecithin: cholesterol
acyltransferase gene expression in chronic renal failure. Kidney International
2001;59:2192-6.

[11] Viitasalo A, Agren J, Venildinen T, Pihlajamiki J, Jadskeldinen J, Korkmaz A, et al.
Association of plasma fatty acid composition with plasma irisin levels in normal weight
and overweight/obese children. Pediatr Obes 2016;11:299-305.
https://doi.org/10.1111/ijp0.12062.

[12] Chen Y, Hui S-P, Miura Y, Kato S, Sakurai T, Chen Z, et al. Multivariate Analysis for
Molecular Species of Cholesteryl Ester in the Human Serum. Anal Sci 2020;36:373-8.
https://doi.org/10.2116/analsci. 19P321.

[13] Miura Y, Furukawa T, Kobayashi M, Shrestha R, Takahashi R, Shimizu C, et al. Absolute
quantification of cholesteryl esters using liquid chromatography-tandem mass
spectrometry uncovers novel diagnostic potential of urinary sediment. Steroids
2017;123:43-9.

10



323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
392
353
354
355
396
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

[14] Moilanen T, Nikkari T, Résdnen L, Viikari J, Akerblom HK, Ahola M, et al. Plasma
cholesteryl ester fatty acids in 3- and 12-year-old Finnish children. Atherosclerosis
1983;48:49-56. https://doi.org/10.1016/0021-9150(83)90016-3.

[15] Decsi T, Koletzko B. Fatty acid composition of plasma lipid classes in healthy subjects
from birth to young adulthood. Eur J Pediatr  1994;153:520-5.
https://doi.org/10.1007/BF01957009.

[16] Salo P, Viikari J, Himéldinen M, Lapinleimu H, Routi T, Rénnemaa T, et al. Serum
cholesterol ester fatty acids in 7- and 13-month-old children in a prospective randomized
trial of a low-saturated fat, low-cholesterol diet: the STRIP baby project. Special Turku
coronary Risk factor Intervention Project for children. Acta Paediatr 1999;88:505—12.
https://doi.org/10.1080/08035259950169503.

[17] Van Biervliet JP, Vinaimont N, Vercaemst R, Rosseneu M. Serum cholesterol, cholesteryl
ester, and high-density lipoprotein development in newborn infants: response to formulas
supplemented with cholesterol and gamma-linolenic acid. J Pediatr 1992;120:S101-108.
https://doi.org/10.1016/s0022-3476(05)81243-0.

[18] Hayashibe H, Asayama K, Nakane T, Uchida N, Kawada Y, Nakazawa S. Increased
plasma cholesteryl ester transfer activity in obese children. Atherosclerosis 1997;129:53—
8. https://doi.org/10.1016/s0021-9150(96)06014-5.

[19] Kishi R, Sasaki S, Yoshioka E, Yuasa M, Sata F, Saijo Y, et al. Cohort profile: the
Hokkaido study on environment and children’s health in Japan. International Journal of
Epidemiology 2011;40:611-8.

[20] Kishi R, Kobayashi S, Ikeno T, Araki A, Miyashita C, Itoh S, et al. Ten years of progress
in the Hokkaido birth cohort study on environment and children’s health: cohort profile—
updated 2013. Environmental Health and Preventive Medicine 2013;18:429-50.

[21] Kishi R, Araki A, Minatoya M, Hanaoka T, Miyashita C, Itoh S, et al. The Hokkaido birth
cohort study on environment and children’s health: cohort profile—updated 2017.
Environmental Health and Preventive Medicine 2017;22:1-16.

[22] Kishi R, Ikeda-Araki A, Miyashita C, Itoh S, Kobayashi S, Ait Bamai Y, et al. Hokkaido
birth cohort study on environment and children’s health: cohort profile 2021.
Environmental Health and Preventive Medicine 2021;26:59.

[23] Goudarzi H, Ikeda-Araki A, Bamai YA, Ito S, Inao T, Yokota I, et al. Potential
determinants of T helper 2 markers and their distribution in school-aged children.
Allergology International 2023;72:100-6.

[24] Zeng Y, Goudarzi H, Bamai YA, Ketema RM, Roggeman M, den Ouden F, et al.
Exposure to organophosphate flame retardants and plasticizers is positively associated
with wheeze and FeNO and eosinophil levels among school-aged children: The Hokkaido
study. Environment International 2023;181:108278.

[25] Miura Y, Hui S-P, Shrestha R, Hiruma T, Takeda S, Fuda H, et al. Synthesis of (23, 3a,
6-2H3) cholesteryl linoleate and cholesteryl oleate as internal standards for mass
spectrometry. Steroids 2016;107:1-9.

[26] Yu S, Dong J, Zhou W, Yang R, Li H, Zhao H, et al. A rapid and precise method for
quantification of fatty acids in human serum cholesteryl esters by liquid chromatography
and tandem mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci
2014;960:222-9. https://doi.org/10.1016/j.jchromb.2014.04.040.

[27] Kaikkonen JE, Jula A, Mikkild V, Viikari JS, Moilanen T, Nikkari T, et al. Childhood
serum cholesterol ester fatty acids are associated with blood pressure 27 y later in the
Cardiovascular Risk in Young Finns Study. Am J Clin Nutr 2012;95:1422-31.
https://doi.org/10.3945/ajcn.111.030387.

[28] Oyri LKL, Christensen JJ, Sebert S, Thoresen M, Michelsen TM, Ulven SM, et al.
Maternal prenatal cholesterol levels predict offspring weight trajectories during childhood

11



373 in the Norwegian Mother, Father and Child Cohort Study. BMC Med 2023;21:43.

374 https://doi.org/10.1186/s12916-023-02742-9.
375  [29] Kuroshima A, Kawarabayashi T, Nakata H, Ohno T. Relationship of Plasma Lipids and
376 B-lipoproteins to Obesity in Children. Nippon Eiseigaku Zasshi (Japanese Journal of
377 Hygiene) 1969;24:368-74.
378  [30] Viitasalo A, Agren J, Venildinen T, Pihlajamiki J, Jaiskeldinen J, Korkmaz A, et al.
379 Association of plasma fatty acid composition with plasma irisin levels in normal weight
380 and overweight/obese children. Pediatr Obes 2016;11:299-305.
381 https://doi.org/10.1111/ijpo0.12062.
382  [31] Wolters M, Pala V, Russo P, Ris¢ P, Moreno LA, De Henauw S, et al. Associations of
383 whole blood n-3 and n-6 polyunsaturated fatty acids with blood pressure in children and
384 adolescents—results from the IDEFICS/I. Family cohort. PLoS One 2016;11:¢0165981.
385
386
387
388
389
390
391
392
393
Age Height Weight BMI Und 1\113 MI (?) 0
(yearsold (n)) | (cm) (Kg) (Kg/m?) nder ) Norma ver

weight | weight | weight

9(n=68) | 134+50 | 31861 | 174£25

10 (n=60) 139+6.4 | 35.0+83 17.9+3.3

]3_01%58 117 55 6
(=178) | 11 (n=20) | 148+6.5 | 41.8+8.1 | 19.0+3.3
12(n=30) | 15094 | 442498 | 19.4+33
9(n=46) | 136+£57 | 302+59 | 162+22
: 10(n=70) | 140+£7.0 | 34.6+8.1 | 17.4+2.8
Girls 120 39 2

(m=161) | 11 (n=16) | 15150 | 39.5+58 | 17.3£2.0

12(n=29) | 151+6.5 | 42.6+84 | 184+26

394
395  Table 1: Characteristics of preadolescents aged 9-12 years.
396
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397

398
399
400
Molecules 9 years 10 years 11 years 12 years
Boys Girls Boys Girls Boys Girls Boys Girls
CE16:0 | 121 +19.8 120 £ 18.1 119+ 184 119 +19.7 112+133 109+12.9 | 114+£20.1 112+ 154
CE18:0 | 169+5.1 159+3.20 | 16.5+3.2 16.7+5.3 153+2.50 | 15.1£2.10 | 15.1£2.20 144 +2.0
CE 18:1 140+ 7.4 140 + 6.90 141+7.4 139+ 6.6 138 £6.30 137+4.50 | 139+£6.90 138 +5.7
CE 18:2 | 375+43.0 | 364+30.3 357+£42.9 | 357+42.6 355+223 343 +£19.8 | 357.8+£24.9 358 £19.1
CE18:3 | 79.2+218 | 70.5£20.5 | 77.7+£229 | 72.1+£20.2 | 684+214 | 63.1+£164 | 69.7+20.6 61.8+252
CE20:4 | 182+1.3 18.1+1.20 | 18.1+1.9 17.7+14 176 +130 | 17.3+140 | 17.6+1.40 17.8+ 1.6
CE20:5 |41.24+19.7 | 33.1+15.7 |41.9+£21.0 | 343+£17.0 | 36.8+17.6 | 32.1+£13.6 | 35.8+15.5 342+17.2
CE22:6 | 112+24.0 111 £21.5 113 +£26.1 109 +24.3 107+21.3 106159 | 112+£21.3 110 +20.9
Total CE | 906 + 108 875+£93.6 | 8444216 867 + 104 852+ 68.0 | 824+72.3 | 861 £95.0 847+ 82.0
401
402  Table 2: Average concentration of the CE molecules in the plasma of preadolescents
403  (pmol/uL, values are expressed as mean = SD).
404
405
406
407
408
409
410
411
412
413 CE 22:6 /CE 16:0
414 12+18% 13+ 1.1%
415 HECE16:0
CE 20:5 CE 20:4
Y% mce1so 4121.7% 2020.2%
417 CE 18:0
mCE 18:1 1.8 +0.4%
418
OCE 182
419 CE 18:3 CE 18:1
BCE183 g4+199% 16+15%
420
mCE 20:4
421
BECE 20:5
422
BCE 22:6
423 CE18:2 /
41129%
424
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425  Fig 1. Relative abundance (concentrations) of CE species in the plasma of preadolescents.
426  Results are expressed as mean + SD (n = 339)
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429  Fig 2. Violin plots of each CE level in the plasma of preadolescent girls and boys according to
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sex; t-test, n.s., = not significant; * p <0.5; and **p < 0.005.
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Fig 3. Violin plots of each CE level in the plasma of preadolescents aged 9-12 years old
according to age. One-way ANOVA using the multiple comparisons test, n.s.; * p <0.05; and

% p < 0.005.
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Fig 4. A) Box plots for each CE level in the plasma of preadolescents according to the BMI.
BMI < 18 = underweight (n = 237);, BMI =18.1 25 = normal weight (n = 94), and BMI > 2.5
= overweight (n = 8). One-way ANOVA using the multiple comparisons test, n.s.; * p < 0.05
and; ** p < 0.005. B) ROC curve analysis of CE 18:3 of normal-weight and overweight
children.
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