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BACKGROUND: Glycerophosphocholine (GPC) metabolites modulate 
atherosclerosis and thus risk for cardiovascular disease (CVD). Preclinical 
CVD may start during adolescence. Here, we used targeted serum 
lipidomics to identify a new panel of GPCs, and tested whether any of these 
GPCs are associated, in adolescence, with classical risk factors of CVD, 
namely excess visceral fat (VF), elevated blood pressure, insulin resistance, 
and atherogenic dyslipidemia.

METHODS: We studied a population-based sample of 990 adolescents 
(12–18 years, 48% male), as part of the Saguenay Youth Study. Using 
liquid chromatography-electrospray ionization-mass spectrometry, we 
identified 69 serum GPCs within the 450 to 680 m/z range. We measured 
VF with MRI.

RESULTS: We identified several novel GPCs that were associated with 
multiple CVD risk factors. Most significantly, PC16:0/2:0 was negatively 
associated with VF (P=1.4×10–19), blood pressure (P=7.7×10–5), and 
fasting triacylglycerols (P=9.0×10–5), and PC14:1/0:0 was positively 
associated with VF (P=3.0×10–7), fasting insulin (P=5.4×10–32), and 
triacylglycerols (P=1.4×10–29). The Sobel test of mediation revealed that 
both GPCs mediated their respective relations between VF (as a potential 
primary exposure) and CVD risk factors (as outcomes, P values<1.3×10–3). 
Furthermore, a GPC shown recently to predict incident coronary heart 
disease in older adults, PC18:2/0:0, was associated with several CVD risk 
factors in adolescents; these associations were less strong than those with 
the newly identified GPCs.

CONCLUSIONS: We identified novel GPCs strongly associated with 
multiple CVD risk factors in adolescents. These GPCs may be sensitive 
indicators of obesity-related risk for CVD outcomes in adults, and may 
improve biological understanding of CVD risk.
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Cardiovascular disease (CVD) is a leading cause of 
death, disability, and loss of productivity world-
wide.1 Obesity and its cardiometabolic sequelae, 

namely elevated blood pressure (BP), insulin resistance, 
and atherogenic dyslipidemia, are major risk factors for 
CVD.2,3 It is well established that CVD has a long preclini-
cal phase, which may start as early as during childhood 
and adolescence.4

Obesity, defined by excess body fat, promotes the 
development of CVD through endocrine/paracrine ef-
fects of expanding adipose tissue.5 These effects may 
vary by the predilection site of body fat deposition; indi-
viduals who accumulate excess fat viscerally rather than 
subcutaneously are at a higher risk for CVD.6–12

One of the key cardiometabolic sequelae of obesity 
is atherogenic dyslipidemia; it is traditionally assessed 
with high-abundance lipids, such as cholesterols and 
triacylglycerols, which circulate at millimolar blood lev-
els. Current advancements in mass spectrometry (MS) 

now allow the discovery and study of new low-abundance 
lipids, which circulate at micro- or nanomolar blood lev-
els.13–16 Recent research in older individuals suggests 
that some of these low-abundance lipids, eg, glycero-
phosphocholine (GPC) metabolites, may improve the pre-
diction of CVD outcomes.17–20 These lipids have not been 
studied in youth.

GPC metabolites include lysophosphocholines (LPCs) 
and platelet-activating factors (PAFs), which are groups 
of lipids that modulate systemic oxidative stress and 
inflammation.21–23 Both LPCs and PAFs were thought 
to consist of a handful of lipid species, but recent MS 
advancements revealed that they may each comprise 
many more different lipid species.15 Structurally, LPCs 
and PAFs consist of a glycerol backbone to which (1) 
1 fatty acid moiety is attached at the sn-1 position, (2) 
another fatty acid moiety is attached at the sn-2 position 
(only in non-lyso species), and (3) a phosphocholine head 
is attached at the sn-3 position.24 Individual LPCs and 
PAFs differ by the length and the degree of saturation of 
the fatty acid moieties, and by the type of linkage these 
moieties are attached with to the glycerol backbone. 
Experimental studies demonstrate that these relatively 
subtle structural differences lead to profound functional 
differences.21,22 For the most part, however, structure-
function relations of individual LPCs and PAFs remain to 
be investigated.

Given the above, the present study was aimed at ex-
amining a new panel of LPCs and PAFs, in adolescence, 
for their association with classical CVD risk factors, 
namely excess visceral fat (VF), elevated BP, insulin re-
sistance, and atherogenic dyslipidemia.2 We performed 
this study in a population-based sample of 990 adoles-
cents who have undergone high-fidelity phenotyping, in-
cluding the identification of the novel panel of LPCs and 
PAFs with state-of-the-art MS (ie, liquid chromatography-
electrospray ionization-mass spectrometry [LC-ESI-MS]) 
and VF quantification with MRI.25

Methods
Cohort
Adolescent participants (n=1028; age 12–18 years) were 
recruited from the Saguenay Lac St. Jean region of Quebec, 
Canada, as part of the SYS (Saguenay Youth Study).25 The SYS 
is a cross-sectional study of adolescents and their parents 
aimed at investigating the etiology and early stages of com-
mon cardiometabolic and brain diseases.25 The SYS includes 
486 nuclear families. Written consent (parents) and assent 
(adolescents) were obtained in accordance with the research 
ethics committees of the Chicoutimi Hospital (Chicoutimi, 
QC, Canada) and the Hospital for Sick Children (Toronto, ON, 
Canada). Targeted serum lipidomics was completed in 990 
(479 males and 511 females) of the 1028 participants, from 
476 of the 486 families (an average of 2 adolescents per 
family), and these were the adolescents investigated in the 
present study.

Clinical Perspective

What Is New?
•	 This is the first adolescent study of serum glyc-

erophosphocholine (GPC) metabolites, some of 
which are involved in systemic oxidative stress and 
inflammation.

•	 We used targeted serum lipidomics to identify a new 
panel of GPCs, including previously nonstudied GPCs.

•	 Levels of PC18:2/0:0, recently shown to predict car-
diovascular disease (CVD) outcomes in older adults, 
were associated with CVD risk factors already in 
adolescents.

•	 Newly identified GPCs, PC16:0/2:0 and PC14:1/0:0, 
demonstrated even stronger associations with mul-
tiple CVD risk factors.

•	 Mediation analyses reveal that the former may medi-
ate the relation between excess visceral fat and 
blood pressure, whereas the latter may mediate the 
relations between excess visceral fat and both fast-
ing insulin and triacylglycerols.

What Are the Clinical Implications?
•	 Recent research in older individuals suggests that 

some GPC metabolites may improve the prediction 
of CVD outcomes in older adults.

•	 The newly identified GPCs in this study, associated 
with CVD risk factors already in adolescents, warrant 
further investigation in prospective adult studies.

•	 The development of a lipidomics signature that could 
facilitate early intervention or treatment of those at 
risk for CVD, and monitor response to interventions, 
could help triage limited healthcare resources.

•	 Further research on GPCs associated with CVD risk 
might improve biological understanding of disease 
and identify potential drug targets to impede CVD.
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Measurements
Targeted Serum Lipidomics 
Sera from fasting blood samples were used to identify and quantify 
GPC species within the 450 to 680 m/z range using LC-ESI-MS.14 
We chose the 450 to 680 m/z range, because it was expected 
to contain LPCs and PAFs.14 LC-ESI-MS is the method of choice 
for identification of new lipid species with low abundance.13 A 
total of 69 distinct serum GPC species were identified and quanti-
fied (online-only Data Supplement Table I). As mentioned above, 
GPCs consist of a glycerol backbone to which a phosphocholine 
head and 1 or 2 fatty acid moieties are attached. The nomen-
clature of GPCs, as adopted by the LIPID MAPS consortium,24 
is based on their structure, with the head group being specified 
first and the individual fatty acid moieties specified second. The 
head group of GPCs is always a phosphocholine, abbreviated as 
PC. Individual fatty acid moieties are defined by their length (the 
first number) and degree of saturation (the second number), with 
the absence of a prefix implying an acyl linkage, whereas the O 
and P prefixes indicate alkyl and vinyl linkages, respectively. For 
example, PC 18:2/0:0 has a fatty acid moiety with 18 carbons 
and 2 unsaturated bonds attached with an acyl linkage at the 
sn-1 position, and no fatty acid moiety attached at the sn-2 posi-
tion. PC O-16:0/2:0, in contrast, has a fatty acid moiety with 16 
carbons and 0 unsaturated bonds attached with an alkyl linkage 
at the sn-1 position, and a 2-carbon acetate attached by an acyl 
linkage at the sn-2 position.

Visceral Adiposity 
Visceral adiposity was assessed as a volume of VF measured 
from T1-weighted MRIs acquired on a 1.0 T scanner (Gyroscan 
NT; Philips Healthcare) using a semiautomatic method 
described previously26; for this purpose, a 10-mm axial slice 
(with in-plane resolution 1.56×1.56 mm2) at the level of the 
umbilicus was used.

Blood Pressure 
Beat-by-beat brachial systolic BP and diastolic BP were mea-
sured using Finometer (FMS Finapres). The Finometer is a reli-
able device for tracking BP in adults and children >6 years 
of age.27,28 BP was averaged over a 5-minute period after 
participants had been seated at rest for 5 minutes. Because 
(1) systolic rather than diastolic hypertension is predominant 
among obese children29 and young adults,30 and (2) population 
variance in systolic BP vastly exceeds that in diastolic BP,31 
we chose to study systolic BP and not diastolic BP, as 1 of 
the 5 main outcomes. Nevertheless, data with diastolic BP are 
shown in online-only Data Supplement Figure.

Insulin Resistance and Dyslipidemia 
Blood samples drawn between 8:00 am and 10:00 am following 
an overnight fast were used to measure serum concentrations 
of insulin (as an index of insulin resistance) and both triacyl-
glycerols (TGs) and high-density lipoprotein cholesterol (HDL-
cholesterol) (as indices of atherosclerotic dyslipidemia2). These 
measurements were made in the Biochemistry Department of 
Chicoutimi Hospital (Chicoutimi, QC, Canada).

Dietary Intake 
Dietary intake was assessed with a 24-hour recall, which is a 
well-established means of assessing diet; it has been used, for 
example, in the US National Health and Nutrition Examination 

Surveys, which are the only nationally representative dietary 
surveys in the United States.32,33 All participants underwent the 
24-hour recall on a Saturday; it was conducted as an in-person 
interview by a trained nutritionist.34 This instrument has been 
validated for youth in Quebec.35 The data on total fat (g), satu-
rated fat (% of total) and polyunsaturated fat (% of total), total 
fiber (g), and total carbohydrate (g) intake were analyzed in the 
present study.

Physical Activity 
Physical activity was assessed with a questionnaire as the 
number of days per week that the participant engaged in an 
exercise session lasting at least 20 minutes. This instrument 
has been validated for youth in Quebec.35

Statistical Methods
The main aim of the present study was to examine whether 
any of the 69 identified GPCs are associated with 5 primary 
outcome variables: (1) VF (as an index of abdominal adiposity); 
(2) BP (as a measure of elevated BP); (3) fasting insulin (as an 
index of insulin resistance); (4) TG; and (5) HDL-cholesterol, as 
indices of atherogenic dyslipidemia.2 Before these analyses, 
statistical outliers (values >3 or <3 standard deviations from 
the mean) were excluded for all outcome measures, resulting 
in <1% of available data being removed (average of 0.5%). 
Skewed data were log transformed. Linear mixed regression 
modeling assessed the associations between GPCs and the 5 
primary outcome variables. All models were adjusted for sex, 
age, height, and family relatedness. The latter was performed 
by adding family-specific random intercepts and representing 
the within-family correlations using the compound symmetry 
covariance structure of residuals.36 To examine potentially con-
founding effects of diet and physical activity, further models 
adjusted additionally for dietary intake of total fat (g), saturated 
fat (% of total fat) and polyunsaturated fat (% of total fat), total 
fiber (g), and total carbohydrates (g), and for physical activity 
(number of sessions [per week] lasting at least 20 minutes), 
as well. Statistical analyses were performed by using the lme4 
package37 in R.38 P<1.4×10–4 was considered significant after 
Bonferroni correction for multiple comparisons (345 com-
parisons=5 primary outcomes×69 GPCs). The Sobel test of 
mediation39 was used to determine whether selected GPCs 
mediated the directed relations between VF (as a potential 
primary exposure) and other CVD risk factors (as outcomes). 
This test assumes normalcy of product distribution, which is 
a requirement usually met with a sample size >500. Although 
our sample size was >500 (n=990), we further assessed the 
significance of mediation effect with Monte Carlo–based confi-
dence intervals.40,41

RESULTS
Basic Characteristics of the Studied Sample of 
Adolescents
The sample included 990 adolescents (12–18 years, 
48% male, Table). The prevalences of overweight (15%) 
and obesity (12%) were similar to those in the Canadi-
an adolescent population at large.42 In this sample, VF 
was associated positively with BP (P=7.8×10–4), insu-
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lin (P=3.3×10–47), and TG (P=2.7×10–23), and was as-
sociated negatively with HDL-cholesterol (P=3.8×10–12, 
online-only Data Supplement Table II).

Serum Lipidomics of GPCs
LC-ESI-MS identified a total of 69 serum GPC species 
within the 450 to 680 m/z range14; these included 30 
LPCs, 19 PAFs, 7 lyso-PAFs, 6 acyl-PAFs, 5 diacyl-GPCs, 
1 plasmenyl-PAF, and 1 lyso-plasmalogen (online-only Data 
Supplement Table I). The LPCs and PAFs contributed the 
most to the total GPC concentration (74.7% and 23.6%, re-
spectively). GPCs with the highest contributions were LPC 
16:0, LPC 18:0, LPC 18:1, and LPC 18:2 (11.9%–17.0%), 
and PAF 14:0 (6.9%, online-only Data Supplement Table I).

GPCs and CVD Risk Factors
All associations between GPCs and CVD risk factors 
described below survived Bonferroni correction for mul-
tiple comparisons (P<1.4×10–4; 345 comparisons=69 
GPCs×5 CVD risk factors).

Visceral Adiposity 
Two GPCs were associated positively and 4 GPCs were 
associated negatively with VF (Figure). The GPC with 
the strongest positive association was PC 14:1/0:0 
(P=3.0×10–7), and the GPC with the strongest negative 
association was PC 16:0/2:0 (P=1.4×10–19, Figure).

Blood Pressure 
Only 1 GPC was associated with systolic BP, and this 
association was negative (Figure). The associated GPC 
was PC 16:0/2:0, which was the GPC also most strongly 
negatively associated with VF (P=7.7×10–5, Figure). As-
sociations with diastolic BP were similar to those with 
systolic BP (online-only Data Supplement Figure).

Insulin Resistance 
A total of 5 GPCs were associated with fasting insu-
lin, and all these associations were positive (Figure). 
The most strongly associated GPC was PC 14:1/0:0 
(P=5.4×10–32), which was the GPC also most strongly 
positively associated with VF (Figure).

Atherogenic Dyslipidemia 
Six GPCs were associated positively and 8 GPCs were 
associated negatively with fasting TG (Figure). The 
strongest association was observed with PC 14:1/0:0 
(P=1.4×10–29, Figure), which was the GPC also most 
strongly positively associated with VF and fasting insu-
lin; as with VF and fasting insulin, the association with 
TG was positive. Regarding HDL-cholesterol, 8 GPCs 
were associated positively and no GPC was associated 
negatively. The strongest association was seen with PC 
15:1/0:0 (P=1.1×10–7); it was not associated with other 
CVD risk factors (Figure).

Taken together, in the present sample of adolescents, 
we observed a total of 34 significant associations be-
tween the tested GPCs and CVD risk factors; 21 GPCs 
were associated with at least 1 CVD risk factor, and 9 of 
these GPCs were associated with 2 or 3 CVD risk factors 
(Figure). The GPCs demonstrating the strongest associa-
tions with multiple CVD risk factors were PC 16:0/2:0, 
which showed the strongest negative associations with 
VF and BP, and PC 14:1/0:0, which showed the strongest 
positive associations with VF, insulin, and TG (Figure). The 
associations of these 2 GPCs were robust; they remained 
virtually unchanged after additional adjusting for dietary 
intake of total fat, polyunsaturated fat, saturated fat, to-
tal fiber or total carbohydrates, or for physical activity 
(online-only Data Supplement Tables III and IV).

Last, PC 18:2/0:0, which is a GPC that was recently 
shown to be associated with CVD risk factors in older 
adults,17 was also associated with CVD risk factors in 
the current sample of adolescents. Similarly to the older 
adults, this GPC was associated negatively with fasting 
TG (P=2.5×10–5) and VF (P=2.0×10–3), and it was as-
sociated positively with HDL-cholesterol (P=7.4×10–3). 
As such, these results in adolescents replicate previous 
results in older adults.17

GPCs May Mediate the Relations Between VF and 
Other CVD Risk Factors
Excess visceral adiposity promotes the development of 
other CVD risk factors, including elevated BP, insulin resis-
tance, and atherogenic dyslipidemia.8–12 Here, we tested 
the possibility that the GPCs identified as being strongly 
associated with VF and BP (PC 16:0/2:0) and with VF, in-
sulin, and TG (PC 14:1/0:0) could mediate the relations 
between VF and the other CVD risk factors. The Sobel test 
of mediation, which we used for this purpose, showed that 
PC 16:0/2:0 did mediate the directed relation between VF 

Table.   Characteristics of Studied Adolescents

 Median
Interquartile 

Range

Age, y 14.8 13.4–16.3

Height, cm 162.8 156.3–170.0

Weight, kg 56.5 48.5–65.8

Waist circumference, cm 71.3 66–78

Body mass index, kg/m2 20.9 18.8–23.6

Visceral fat, cm3 15.8 10.8–26.3

Total body fat, kg 10.7 6.4–16.4

Systolic blood pressure, mm Hg 120.7 113.5–130.4

Diastolic blood pressure, mm Hg 77.9 71.8–83.3

Fasting insulin, pmol/L 61.0 42.0–84.0

Triacylglycerols, mmol/L 0.91 0.67–1.24

High-density lipoprotein cholesterol, 
mmol/L

1.37 1.18–1.58
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(as a potential primary exposure) and BP (as an outcome, 
P=1.3×10–4, online-only Data Supplement Table V), and 
that PC 14:1/0:0 did mediate the directed relations be-
tween VF (as a potential primary exposure) and each fasting 
insulin and TG (as outcomes P=3.9×10–6 and 4.6×10–6,  
respectively, online-only Data Supplement Table V).

DISCUSSION
The present study of a population-based sample of 
≈1000 adolescents identified 2 novel lipid species that 
were associated with multiple CVD risk factors, namely, 
excess VF, elevated BP, insulin resistance, and athero-
genic dyslipidemia. Mediation analyses suggested that 
1 of these species may mediate the relation between 

excess VF and elevated BP, whereas the other species 
may mediate the relations between excess VF and both 
insulin resistance and raised serum TG.

The 2 identified lipid species, ie, PC 16:0/2:0 (an ac-
yl-PAF) and PC 14:1/0:0 (an LPC), have not been studied 
previously. Current advancements in MS now enable the 
identification and quantification of new, low abundance, 
lipid species, such as the studied LPCs and PAFs.21 Tar-
geted LC-ESI-MS used in the present study is an appro-
priate technique for this purpose, because it is of both 
high sensitivity and high specificity.13,14 This technique 
enables not only the identification of individual fatty acid 
moieties, but also the elucidation of the type of linkage 
with which these moieties are attached to the glycerol 
backbone.14 This is in contrast with other MS techniques, 

Figure. Associations of 69 identified GPCs with VF, BP, insulin, TGs, and HDL-cholesterol.  
Statistical strengths of associations (t values) of individual GPCs with VF, BP, insulin, TG, and HDL-cholesterol were assessed 
with linear mixed regression modeling that adjusted for sex, age, height, and family relatedness. The dotted lines indicate the 
boundaries of statistical significance after Bonferroni correction for multiple comparisons (P<1.4×10–4, 5 primary outcomes×69 
GPC species=345 comparisons); stars indicate the most significant positive and negative associations for each main outcome. 
Bottom 2 boxes highlight the 2 GPCs that were associated with multiple CVD risk factors in the present study (PC 14:1/0:0 and 
PC 16:0/2:0) and the top box highlights a GPC (PC 18:2/0:0) associated with CVD risk factors in adults in a previous study.17 
GPCs are ordered according to the length and degree of saturation of fatty acid moieties at sn-1 and sn-2; with gray and white 
bands indicating different groups of GPCs on the basis of these features. Associations of GPCs with BP in this figure are shown 
for systolic BP; those with diastolic BP are presented in online-only Data Supplement Figure. BP indicates blood pressure; CVD, 
cardiovascular disease; GPC, glycerophosphocholine; HDL, high-density lipoprotein; TG, triacylglycerol; and VF, visceral fat.
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such as direct MS, which provide only the total number 
of carbons and double bonds across attached fatty acid 
moieties.15 Thus, using targeted LC-ESI-MS, we were able 
to distinguish individual lipid species (1) with the same 
total number of carbons and double bonds but different 
fatty acid moieties (eg, PC 16:0/2:0 [palmitic acid] and 
PC 18:0/0:0 [stearic acid]), or (2) with the same fatty 
acid moieties but different linkages these moieties are 
attached with to the glycerol backbone (eg, PC 16:0/2:0 
[ester linkage] and PC O-16:0/2:0 [ether linkage]). Im-
portantly, such structural variations lead to functional 
differences.21,22 In the present study, PC 16:0/2:0 was 
strongly associated with VF and BP, whereas the above 
structural homologs, PC 18:0/0:0 and PC O-16:0/2:0, 
were not associated with any CVD risk factors (Figure).

LPCs and PAFs have been profiled previously but not 
at the same levels of detail and extent as in the pres-
ent study.18,19,43,44 Here we identified and quantified a 
total of 30 LPCs, 19 PAFs, 7 lyso-PAFs, 6 acyl-PAFs, 5 
diacyl-GPCs, 1 plasmenyl-PAF, and 1 lyso-plasmalogen in 
≈1000 individuals. One of the profiled species was LPC 
18:2 (PC 18:2/0:0). In a previous prospective study of 
older adults, circulating levels of this species predicted 
CVD outcomes and were associated with preclinical CVD 
risk factors.17 Specifically, lower circulating levels of LPC 
18:2 were associated with higher risk of developing myo-
cardial infarction or unstable angina over a 4- to 10-year 
period (inverse association); they were also associated 
with higher adiposity and fasting serum TG.17 Similarly, 
in our cohort of adolescents, lower circulating levels of 
LPC 18:2 were associated with higher VF (P=2.0×10–3) 
and fasting serum TG (P=2.5×10–5); these associations, 
however, were less strong than those we observed with 
the newly identified GPCs (Figure).

Sobel tests of mediation suggested the identified lipid 
species might mediate the observed relations between 
VF and BP (acyl-PAF 16:0), and between VF and fasting 
insulin (LPC 14:1). This is consistent with a large body 
of research indicating that excess body fat (and visceral 
fat, in particular) promotes BP elevation, insulin resis-
tance, and atherogenic dyslipidemia through the action 
of fat tissue–produced adipocytokines that can enhance 
insulin resistance and induce systemic inflammation and 
oxidative stress.5–12,45 The specific biological functions 
of the 2 identified lipid species are not known at present, 
but experimental research suggests that LPCs and PAFs 
are modulators of systemic inflammation and oxidative 
stress.23,46,47

The current study has some limitations. It is an obser-
vational study, and, as such, it cannot infer causality or 
directionality of observed relations. Nevertheless, it is a 
large-scale study investigating ≈1000 individuals with ad-
vanced lipidomics profiling (LC-ESI-MS). Further strengths 
of the current study are the facts that (1) all lipidomics 
analyses were performed with fasting blood samples 
and (2) visceral adiposity was assessed with MRI.

In the present study, adjusting for lifestyle factors, 
such as diet and physical activity, did not alter the 
observed associations between GPCs and CVD risk 
factors. These results indicate that diet and physical 
activity do not confound these associations, but they 
do not indicate that altering CVD risk factors (eg, vis-
ceral adiposity with exercise) would not change circu-
lating levels of relevant GPCs. In the current study, for 
example, lower exercise is associated with higher VF 
(t=–3.96 P=7.5×10–5) and lower PC 16:0/2:0 (t=3.0, 
P=2.3×10–3), but adjusting for exercise does not affect 
the association between VF and PC 16:0/2:0 (online-
only Data Supplement Table III).

In summary, we identified novel lipid species strongly 
associated with multiple CVD risk factors in adolescents. 
Whether these GPCs may serve as novel biomarkers of 
preclinical CVD requires further investigation in prospec-
tive studies. The development of a lipidomics signature 
that could facilitate early intervention or treatment of 
those at risk for CVD, and monitor response to inter-
ventions, could help triage limited healthcare resources. 
Our results are relevant to preclinical CVD, because CVD 
pathology can be seen already during childhood and 
adolescence and can be reversed if addressed appro-
priately.4,48
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Supplemental	Tables		

Table	S1:	Serum	concentrations	of	identified	glycerophosphocholines	

Type	 ID	by	mass	 ID	by	composition	 Median	 IQR	 %	Type	 %	Total	

Acyl-PAF	 538.3a	 PC(16:0/2:0)	 9.55E-02	 (6.85E-02	-	1.26E-01)	 15.39	 0.06	

Acyl-PAF	 536.4b	 PC(16:1/2:0)	 7.11E-02	 (5.05E-02	-	1.03E-01)	 11.47	 0.05	

Acyl-PAF	 566.4a	 PC(18:0/2:0)	 1.99E-02	 (1.01E-02	-	4.27E-02)	 3.20	 0.01	

Acyl-PAF	 508.3d	 PC(14:1/2:0)	 1.48E-01	 (1.12E-01	-	2.03E-01)	 23.80	 0.10	

Acyl-PAF	 594.3a	 PC(20:0/2:0)	 2.17E-01	 (1.48E-01	-	3.42E-01)	 34.96	 0.15	

Acyl-PAF	 610.3a	 PC(22:6/2:0)	 6.94E-02	 (4.87E-02	-	1.11E-01)	 11.18	 0.05	

TOTAL	Acyl-PAF	 	 6.20E-01	 	 100.00	 0.42	

Diacyl-GPC	 570.3a	 PC(20:5/1:0)	 4.03E-02	 (2.38E-02	-	7.65E-02)	 3.63	 0.03	

Diacyl-GPC	 580.4a	 PC(20:0/1:0)	 1.32E-01	 (8.97E-02	-	2.07E-01)	 11.89	 0.09	

Diacyl-GPC	 572.3a	 PC(20:4/1:0)	 3.98E-01	 (2.52E-01	-	6.09E-01)	 35.84	 0.27	

Diacyl-GPC	 548.4a	 PC(18:2/1:0)	 4.36E-01	 (2.93E-01	-	6.59E-01)	 39.30	 0.30	

Diacyl-GPC	 550.4a	 PC(18:1/1:0)	 1.04E-01	 (6.60E-02	-	1.62E-01)	 9.34	 0.07	
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Type	 ID	by	mass	 ID	by	composition	 Median	 IQR	 %	Type	 %	Total	

TOTAL	Diacyl-GPC	 	 1.11E+00	 	 100.00	 0.75	

LPC	 512.4b	 PC(18:6/0:0)	 1.19E+00	 (9.30E-01	-	1.54E+00)	 1.08	 0.80	

LPC	 540.4b	 PC(20:6/0:0)	 2.16E-01	 (1.55E-01	-	2.78E-01)	 0.20	 0.15	

LPC	 536.4c	 PC(19:1/0:0)	 1.23E-01	 (5.38E-02	-	1.95E-01)	 0.11	 0.08	

LPC	 440.4b	 PC(12:0/0:0)	 5.64E-02	 (3.86E-02	-	8.52E-02)	 0.05	 0.04	

LPC	 480.4a	 PC(15:1/0:0)	 8.62E-03	 (5.79E-03	-	1.26E-02)	 0.01	 0.01	

LPC	 466.3a	 PC(14:1/0:0)	 3.60E-02	 (2.51E-02	-	5.16E-02)	 0.03	 0.02	

LPC	 468.3b	 PC(14:0/0:0)	 1.81E+00	 (1.36E+00	-	2.41E+00)	 1.64	 1.23	

LPC	 542.3c	 PC(20:5/0:0)	 7.66E-01	 (5.15E-01	-	1.08E+00)	 0.70	 0.52	

LPC	 518.4c	 PC(18:3/0:0)	 1.32E+00	 (9.38E-01	-	1.85E+00)	 1.20	 0.90	

LPC	 552.4f	 PC(20:0/0:0)	 3.52E-01	 (2.53E-01	-	5.19E-01)	 0.32	 0.24	

LPC	 550.4c	 PC(20:1/0:0)	 4.12E-01	 (3.00E-01	-	5.59E-01)	 0.37	 0.28	

LPC	 538.3c	 PC(19:0/0:0)	 1.68E-01	 (1.21E-01	-	2.29E-01)	 0.15	 0.11	

LPC	 510.4a	 PC(17:0/0:0)	 1.93E+00	 (1.44E+00	-	2.57E+00)	 1.75	 1.31	
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Type	 ID	by	mass	 ID	by	composition	 Median	 IQR	 %	Type	 %	Total	

LPC	 522.4b	 PC(18:1/0:0)	 1.75E+01	 (1.37E+01	-	2.25E+01)	 15.87	 11.85	

LPC	 572.3c	 PC(22:4/0:0)	 1.41E-01	 (1.01E-01	-	2.01E-01)	 0.13	 0.10	

LPC	 548.4c	 PC(20:2/0:0)	 3.37E-01	 (2.54E-01	-	4.63E-01)	 0.31	 0.23	

LPC	 580.4c	 PC(22:0/0:0)	 1.08E-01	 (7.61E-02	-	1.60E-01)	 0.10	 0.07	

LPC	 608.5c	 PC(24:0/0:0)	 4.01E-01	 (2.79E-01	-	5.70E-01)	 0.36	 0.27	

LPC	 578.3b	 PC(22:1/0:0)	 4.71E-02	 (3.26E-02	-	7.18E-02)	 0.04	 0.03	

LPC	 520.3b	 PC(18:2/0:0)	 1.97E+01	 (1.55E+01	-	2.43E+01)	 17.86	 13.34	

LPC	 524.4b	 PC(18:0/0:0)	 2.14E+01	 (1.72E+01	-	2.80E+01)	 19.49	 14.56	

LPC	 622.4b	 PC(25:0/0:0)	 1.72E-01	 (1.11E-01	-	3.06E-01)	 0.16	 0.12	

LPC	 496.3b	 PC(16:0/0:0)	 2.50E+01	 (1.99E+01	-	3.04E+01)	 22.69	 16.95	

LPC	 568.4b	 PC(22:6/0:0)	 1.52E+00	 (1.10E+00	-	2.04E+00)	 1.38	 1.03	

LPC	 544.4b	 PC(20:4/0:0)	 7.46E+00	 (5.62E+00	-	9.79E+00)	 6.78	 5.06	

LPC	 546.3c	 PC(20:3/0:0)	 2.22E+00	 (1.71E+00	-	2.97E+00)	 2.02	 1.51	

LPC	 570.3c	 PC(22:5/0:0)	 5.88E-01	 (4.15E-01	-	8.16E-01)	 0.53	 0.40	

LPC	 482.4b	 PC(15:0/0:0)	 9.25E-01	 (7.27E-01	-	1.16E+00)	 0.84	 0.63	
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Type	 ID	by	mass	 ID	by	composition	 Median	 IQR	 %	Type	 %	Total	

LPC	 494.3b	 PC(16:1/0:0)	 4.17E+00	 (3.21E+00	-	5.35E+00)	 3.79	 2.83	

LPC	 508.3b	 PC(17:1/0:0)	 3.44E-02	 (2.49E-02	-	4.72E-02)	 0.03	 0.02	

TOTAL	LPC	 	 	 1.10E+02	 	 100.00	 74.70	

Lyso-PAF	 554.4a	 PC(O-22:6/0:0)	 8.10E-02	 (2.44E-02	-	1.46E-01)	 16.65	 0.06	

Lyso-PAF	 582.4a	 PC(O-24:6/0:0)	 1.60E-02	 (9.62E-03	-	3.05E-02)	 3.30	 0.01	

Lyso-PAF	 480.4b	 PC(O-16:1/0:0)	 1.86E-02	 (1.32E-02	-	2.52E-02)	 3.82	 0.01	

Lyso-PAF	 510.4b	 PC(O-18:0/0:0)	 9.18E-02	 (6.80E-02	-	1.31E-01)	 18.87	 0.06	

Lyso-PAF	 482.4c	 PC(O-16:0/0:0)	 1.82E-01	 (1.41E-01	-	2.43E-01)	 37.44	 0.12	

Lyso-PAF	 536.4d	 PC(O-20:1/0:0)	 9.69E-02	 (7.11E-02	-	1.35E-01)	 19.92	 0.07	

TOTAL	Lyso-PAF	 	 4.86E-01	 	 100.00	 0.33	

Lyso-Plasmalogen	 480.4c	 PC(P-16:0/0:0)	 9.54E-02	 (6.40E-02	-	1.31E-01)	 100.00	 0.06	

TOTAL	Lyso-Plasmalogen	 9.54E-02	 	 100	 0.06	

PAF	 512.4a	 PC(O-16:6/2:0)	 3.38E-01	 (2.50E-01	-	4.55E-01)	 0.98	 0.23	

PAF	 578.3a	 PC(O-20:1/2:0)	 4.06E-02	 (1.69E-02	-	7.26E-02)	 0.12	 0.03	
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Type	 ID	by	mass	 ID	by	composition	 Median	 IQR	 %	Type	 %	Total	

PAF	 598.4a	 PC(O-22:5/2:0)	 1.05E-02	 (6.68E-03	-	1.95E-02)	 0.03	 0.01	

PAF	 542.3b	 PC(O-18:5/2:0)	 2.49E-01	 (1.66E-01	-	3.71E-01)	 0.72	 0.17	

PAF	 518.4b	 PC(O-16:3/2:0)	 1.82E-01	 (1.23E-01	-	2.59E-01)	 0.52	 0.12	

PAF	 468.3a	 PC(O-12:0/2:0)	 3.68E-01	 (2.52E-01	-	5.43E-01)	 1.06	 0.25	

PAF	 494.3a	 PC(O-14:1/2:0)	 5.82E-01	 (4.40E-01	-	7.73E-01)	 1.68	 0.40	

PAF	 524.4a	 PC(O-16:0/2:0)	 4.10E+00	 (2.94E+00	-	5.56E+00)	 11.82	 2.78	

PAF	 552.4e	 PC(O-18:0/2:0)	 4.49E-02	 (3.32E-02	-	6.31E-02)	 0.13	 0.03	

PAF	 496.3a	 PC(O-14:0/2:0)	 1.01E+01	 (8.43E+00	-	1.23E+01)	 29.22	 6.88	

PAF	 580.4b	 PC(O-20:0/2:0)	 2.67E-02	 (1.72E-02	-	4.37E-02)	 0.08	 0.02	

PAF	 622.4c	 PC(O-26:0/0:0)	 6.35E-02	 (4.26E-02	-	9.48E-02)	 0.18	 0.04	

PAF	 568.4a	 PC(O-20:6/2:0)	 6.02E-01	 (4.03E-01	-	9.28E-01)	 1.74	 0.41	

PAF	 544.4a	 PC(O-18:4/2:0)	 3.51E+00	 (2.43E+00	-	5.10E+00)	 10.13	 2.39	

PAF	 570.3b	 PC(O-20:5/2:0)	 3.08E-01	 (2.13E-01	-	4.63E-01)	 0.89	 0.21	

PAF	 572.3b	 PC(O-20:4/2:0)	 1.28E-01	 (7.80E-02	-	2.19E-01)	 0.37	 0.09	

PAF	 546.3b	 PC(O-18:3/2:0)	 9.42E-01	 (6.86E-01	-	1.33E+00)	 2.71	 0.64	
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Type	 ID	by	mass	 ID	by	composition	 Median	 IQR	 %	Type	 %	Total	

PAF	 522.4a	 PC(O-16:1/2:0)	 4.09E+00	 (3.02E+00	-	5.92E+00)	 11.79	 2.78	

PAF	 520.3a	 PC(O-16:2/2:0)	 8.63E+00	 (6.72E+00	-	1.09E+01)	 24.87	 5.86	

PAF	 482.4a	 PC(O-13:0/2:0)	 3.33E-01	 (2.48E-01	-	4.43E-01)	 0.96	 0.23	

TOTAL	PAF	 	 	 3.47E+01	 	 100.00	 23.55	

Plasmenyl-PAF	 512.4d	 PC(P-16:5/2:0)	 2.69E-01	 (2.09E-01	-	3.55E-01)	 100.00	 0.18	

TOTAL	Plasmenyl-PAF	 2.69E-01	 	 100.00	 0.18	

Identified	GPCs	are	grouped	by	type	of	GPC.	Median	and	inter-quartile	ranges	of	concentrations	are	reported,	along	with	the	%	of	

the	GPC	class	and	the	%	of	the	total	GPC	concentration	that	each	lipid	species	contributed.	Concentrations	expressed	as	pmol-

equivalents	of	PC	13:0/0:0.	
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Table	S2:	Associations	of	CVD-risk	factors	with	visceral	fat	

CVD-risk	factor	 Estimate	(S.E.)	 P-value	

Systolic	blood	pressure	 4.3	(1.4)	 2.4x10-3	

Insulin		 0.32	(0.02)	 3.3x10-47	

Triacylglycerols		 0.21	(0.02)	 2.7x10-23	

HDL-cholesterol	 -0.07	(0.01)	 3.8x10-12	

The	associations	of	cardiometabolic	risk	factors	with	visceral	fat	were	assessed	using	linear	

mixed	effects	modeling	that	adjusted	for	age,	sex,	height,	and	family	relatedness.		
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Table	S3:	Associations	of	PC	16:0/2:0	with	CVD-risk	factors:	additional	adjusting	for	diet	and	

physical	activity	

CVD-risk	factor	 Variables	added	to	model	 Estimate	(S.E.)	 P-value	

Visceral	fat	 Basic	Model	 -0.20	(0.02)	 1.4x10-19	

Dietary	total	fat	 -0.19	(0.02)	 2.0x10-18	

Dietary	polyunsaturated	fat	 -0.19	(0.02)	 1.6x10-18	

Dietary	saturated	fat	 -0.19	(0.02)	 5.0x10-19	

Dietary	fiber		 -0.19	(0.02)	 2.0x10-18	

Dietary	total	carbohydrates	 -0.18	(0.02)	 2.9x10-16	

Physical	activity		 -0.19	(0.02)	 2.4x10-18	

Blood	pressure	 Basic	Model	 -0.0021	(0.0005)	 7.7x10-5	

Dietary	fat		 -0.0018	(0.0006)	 1.3x10-3	

Dietary	polyunsaturated	fat	 -0.0018	(0.0006)	 1.3x10-3	

Dietary	saturated	fat	 -0.0018	(0.0005)	 1.0x10-3	

Dietary	fiber		 -0.0020	(0.0005)	 1.4x10-4	

Dietary	total	carbohydrates	 -0.0020	(0.0005)	 1.8x10-4	

Physical	activity	 -0.0022	(0.0005)	 5.4x10-4	

Associations	were	assessed	using	linear	mixed	effects	modeling	that	adjusted	for	age,	sex,	

height,	and	family	relatedness	in	a	“Basic	Model”,	as	well	as	for	dietary	intake	of	total	fat	[g],	

polyunsaturated	fat	[%	of	total	fat]	and	saturated	fat	[%	of	total	fat]),	fiber	(g),	and	
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carbohydrates	(g),	and	for	physical	activity	(number	of	days	per	week	that	the	participant	

engaged	in	an	exercise	session	of	at	least	20	minutes	in	duration)	in	additional	models.	Blood	

pressure	indicates	systolic	blood	pressure.	
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Table	S4:	Associations	of	PC	14:1/0:0	with	CVD-risk	factors:	additional	adjusting	for	diet	and	

physical	activity	

CVD-risk	factor	 Variables	added	to	model	 Estimate	(S.E.)	 P-value	

Visceral	fat	 Basic	Model	 0.14	(0.03)	 3.0x	10-7	

Dietary	total	fat		 0.16	(0.03)	 3.3x10-8	

Dietary	polyunsaturated	fat	 0.16	(0.03)	 3.4x10-8	

Dietary	saturated	fat	 0.16	(0.03)	 3.3x10-8	

Dietary	fiber	 0.16	(0.03)	 2.2x10-8	

Dietary	total	carbohydrates		 0.17	(0.03)	 2.3x10-9	

Physical	activity		 0.14	(0.03)	 1.2x10-6	

Insulin	 Basic	Model	 0.41	(0.03)	 5.4x10-32	

Dietary	total	fat		 0.41	(0.03)	 2.1x10-32	

Dietary	polyunsaturated	fat	 0.42	(0.03)	 1.3x10-33	

Dietary	saturated	fat	 0.42	(0.03)	 5.6x10-33	

Dietary	fiber	 0.42	(0.04)	 3.4x10-33	

Dietary	total	carbohydrates	 0.42	(0.03)	 4.9x10-34	

Physical	activity		 0.41	(0.03)	 4.5x10-32	

Triacylglycerols	 Basic	Model	 0.43	(0.04)	 1.4x10-29	

Dietary	total	fat	 0.43	(0.04)	 4.3x10-29	
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Dietary	polyunsaturated	fat	 0.43	(0.04)	 3.0x10-28	

Dietary	saturated	fat	 0.43	(0.04)	 5.4x10-29	

Dietary	fiber	 0.43	(0.04)	 7.5x10-29	

Dietary	total	carbohydrates	 0.44	(0.04)	 1.2x10-30	

Physical	activity			 0.44(0.04)	 1.8x10-30	

Associations	were	assessed	using	linear	mixed	effects	modeling	that	adjusted	for	age,	sex,	

height,	and	family	relatedness	in	a	“Basic	Model”,	as	well	as	for	dietary	intake	of	total	fat	[g],	

polyunsaturated	fat	[%	of	total	fat]	and	saturated	fat	[%	of	total	fat]),	fiber	(g),	and	

carbohydrates	(g),	and	for	physical	activity	(number	of	days	per	week	that	the	participant	

engaged	in	an	exercise	session	of	at	least	20	minutes	in	duration)	in	additional	models.		
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Table	S5:	Details	of	mediation	analyses  

 c-path:	
VF->outcome	(total) 

c'-path:	
VF->outcome	(direct) 

b-path:	
GPC->outcome 

a-path:	
VF->GPC Sobel's	test Monte	Carlo	CI 

Mediation	model	 
Estimate	

(SE) P 
Estimate	

(SE) P 
Estimate	

(SE) P 
Estimate	

(SE) P 
z-

value P 
95%	CI	of	

Indirect	Effect§ 
VF	->	PC16:0/2:0	->	
SBP 

4.86	
(1.44) 7.47E-04 3.32	

(1.50) 2.68E-02 -7.35	
(2.13) 5.76E-04 -0.21	

(0.02) 2.39E-20 3.23 1.26E-03 1.55	
(0.65	-	2.56) 

VF	->	PC14:1/0:0	->	
Insulin 

0.32	
(0.02) 6.58E-47 0.28	

(0.02) 5.98E-40 0.25	
(0.02) 3.10E-24 0.15	

(0.03) 1.98E-07 4.63 3.66E-06 0.04	
(0.02	-	0.05) 

VF	->	PC14:1/0:0	->	
Triacylglycerols 

0.21	
(0.02) 8.68E-23 0.18	

(0.02) 9.19E-18 0.24	
(0.02) 2.72E-23 0.14	

(0.03) 2.23E-07 4.59 4.37E-06 0.03	
(0.02	-	0.05) 

For	all	mediation	models,	we	used	linear	mixed	effects	models	with	family-level	random	intercept	(1|fam_id).		

For	c-path:	Outcome	~	c*logVF	+	age	+	sex	+	height	+	(1|fam_id).		

For	c’	and	b-paths:	Outcome	~	c’*logVF	+	b*GPC	+	age	+	sex	+	height	+	(1|fam_id).	

For	a-path:	GPC	~	a*logVF	+	age	+	sex	+	height	+	(1|fam_id)	

§Obtained	based	on	20,000	simulated	parameter	sets	(a,	b),	using	R-based	tool1:	Selig,	J.	P.,	&	Preacher,	K.	J.	(2008,	June).	Monte	

Carlo	method	for	assessing	mediation:	An	interactive	tool	for	creating	confidence	intervals	for	indirect	effects.	Available	from	

http://quantpsy.org/	
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Supplemental	Figure	

	

Figure	S.	Associations	of	the	identified	69	GPCs	with	diastolic	blood	pressure		

Statistical	strengths	of	associations	(t-values)	of	individual	GPCs	with	diastolic	blood	

pressure	were	assessed	with	linear	mixed	regression	modeling	that	adjusted	for	sex,	age,	height	
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and	family	relatedness.	For	the	ease	of	comparison	with	Figure	from	the	main	text,	we	indicate	

in	this	Figure	S1	the	boundaries	of	statistical	significance	after	Bonferroni	correction	for	multiple	

comparisons	(dotted	lines;	P<1.4x10-4,	5	primary	outcomes	x	69	GPC	species	=	345	

comparisons).	Star	indicates	the	most	significant	negative	association	with	diastolic	blood	

pressure.	Red	boxes	highlight	the	2	GPCs	that	were	associated	with	multiple	CVD-risk	factors	in	

the	present	study	(PC	14:1/0:0	and	PC	16:0/2:0)	and	grey	box	highlights	a	GPC	(PC	18:2/0:0)	

associated	with	CVD-risk	factors	in	adults	in	a	previous	study2.	GPCs	are	ordered	according	to	

the	length	and	degree	of	saturation	of	fatty	acid	moieties	at	sn-1	and	sn-2,	with	grey	and	white	

bands	indicating	different	groups	of	GPCs	based	on	these	features.	 	
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