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Pediatric obesity is a progressive, chronic disease that can lead to serious
cardiometabolic complications. Here we investigated the peripheral
lipidome in 958 children and adolescents with overweight or obesity and
373 withnormal weight, in a cross-sectional study. We also implemented
afamily-based, personalized program to assess the effects of obesity
management on 186 children and adolescents in a clinical setting.

Using mass spectrometry-based lipidomics, we reportanincreasein
ceramides, alongside a decrease in lysophospholipids and omega-3 fatty
acids with obesity metabolism. Ceramides, phosphatidylethanolamines
and phosphatidylinositols were associated with insulin resistance and

cardiometabolic risk, whereas sphingomyelins showed inverse associations.
Additionally, a panel of three lipids predicted hepatic steatosis as effectively
asliver enzymes. Lipids partially mediated the association between obesity

and cardiometabolic traits. The nonpharmacological management reduced

levels of ceramides, phospholipids and triglycerides, indicating that
lowering the degree of obesity could partially restore a healthy lipid profile
in children and adolescents.

Obesity, defined as an abnormal or excessive accumulation of fat mass
that may impair health’, canlead to serious cardiometabolic complica-
tions. The global prevalence of obesity in children and adolescents is
ontherise, with projectionsindicating over 250 million will be affected
by 2030 (ref. 2). While environmental changes are major contributors
tothisincrease, geneticfactorsalso play asignificant role, with studies
indicating a heritability rate of up to 67% (refs. 3,4). Obesity isnot merely
about excess fat accumulation; it leads to serious cardiometabolic
complications. Increased body weight in childrenand adolescents can
alsoresultin prediabetes or diabetes, increased blood pressure of up to
25% among children with obesity and metabolic dysfunction-associated

steatotic liver disease (MASLD), estimated to be 40% in children with
body mass index (BMI) at or above 95th percentile’. Another critical
aspect of obesity is the accumulation of adipose tissue and dyslipi-
demia, which is clinically manifested through altered lipid profiles
such asincreased cholesterol, low-density lipoprotein, triglycerides
(TGs) and decreased high-density lipoprotein®’. While these lipids are
clinically validated, the number of lipid molecules in the human body
is several orders of magnitude higher®.

Lipid metabolism has been studied for decades with the aim to
map their chemical diversity and functionality®'®. Recent advance-
ments in mass spectrometry (MS) have enabled mapping of single
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molecular structures'. In obesity, the lipidome profile is signifi-
cantly altered and recent studies reported that sphingolipids and
phosphatidylethanolamines (PE) are key drivers of cardiometabolic
complications''. Despite these findings, there remains a gap in
research specifically addressing pediatric health and the lipid profiles
inchildren and adolescents with obesity.

Here, we performed MS-based plasmalipidomics and deep clinical
phenotypingin children from the HOLBAEK study. This cross-sectional
study includes 1,331 children and adolescents with normal weight,
overweight or obesity'*". Furthermore, the intervention study includes
186 children with overweight or obesity receiving the Holbaek obesity
treatment, which is afamily-based, individual-centered, comprehen-
sive, nonpharmacological management with follow-up visits at the
Children’s Obesity Clinic, Holbaek Hospital, Denmark™. Our goal was
tounderstand therole of lipid classes in pediatric obesity and to study
single lipid associations of cardiometabolic risk profiles, including
hepatic steatosis, dyslipidemia, insulin resistance, hyperglycemia
and hypertension.

In our analysis, we identified plasma lipid signatures through
227 annotated lipids. These, when tested against cardiometabolic
risk features such as hepatic steatosis, dyslipidemia, insulin resist-
ance and cardiometabolic traits, related to liver function and glucose
metabolism, indicating distinct class-wide lipid dynamics. Specifically,
we observed that higher levels of ceramides (Cers), PE and phos-
phatidylinositols (Pls) were associated with worsened cardiometa-
bolic risk profiles, whereas sphingomyelins (SMs) were protective
and associated with reduced cardiometabolic risks. The mechanism
behind the Cer production in the body is highly dependent on SM
and fatty acids (FA)". Moreover, SM depletion has been found to
correlate withinflammation'>and Cer in recent years has been linked
with future development of cardiovascular disease (CVD)". Therisein
inflammatory cytokines and Cerin the circulationis proposed as akey
mechanisminthe development of atherosclerosis. Moreover, recent
research has linked lipids from the PE and PI classes with conditions
such astype 2 diabetes (T2D), CVD and steatotic liver disease, under-
scoring their significance in disease progression and potential treat-
ment monitoring'®%, Our observations of the associations between
these lipid species and cardiometabolic risk profiles in children and
adolescents suggests that the impact of these lipids on metabolic
disturbances emerges early in life.

The analysis of individual species demonstrated that children
decreasing their degree of obesity exhibited decreased levels of TG,
Cer, PE and Pl species. Our findings suggest that specific lipids partly
mediated cardiometabolic complications from obesity. Understanding
which lipid molecules to target is key for potential interventions and
treatments, thereby preventing the progression of pediatric obesity
into severe complications.

Results

Study design and participant characteristics

The study population consisted of children and adolescents from the
HOLBAEK study, previously known as the Danish Childhood Obesity
Biobank™", including an obesity clinic cohort, in which children
and adolescents with a BMI > 90th percentile (BMI standard devia-
tion score (SDS) >1.28) according to a Danish ref. 23 participated
in a multidisciplinary nonpharmacological obesity management
program at the Children’s Obesity Clinic, Holbaek Hospital; and a
population-based cohort, recruited from schools across 11 munici-
palities in Zealand, Denmark.

Anthropometry, whole-body dual-energy X-ray absorptiometry
(DXA) scan®, proton magnetic resonance spectroscopy ("H-MRS)* and
blood parameters®>? were assessed as described previously. Untar-
geted lipidomic profiling was performed on1,363 childrenand adoles-
cents who had baseline examinations, as well as 186 participants who
received obesity management at baseline and had amedian follow-up

duration of1.1years. We performed a cross-sectional analysis on1,331
participants divided into normal weight (n=373) and overweight/
obesity groups (n=958) and a longitudinal analysis on 186 children
and adolescents with overweight or obesity. A schematic study design
isshowninFig.1.

In the cross-sectional study, the overweight/obesity and normal
weight groups differed significantly in anthropometrics and cardio-
metabolicrisk profiles except for sex, lactate dehydrogenase (LDH) and
hemoglobin Alc (HbAlc). Specifically, the overweight/obesity group
had higher BMISDS, waist, waist/hip ratio (WHR), body fat %, liver fat %
and elevated levels of liver enzymes such as alanine transaminase (ALT),
aspartate transaminase (AST) and y-glutamyl transferase (GGT). They
also exhibited elevated levels of traditional lipids, including low-density
lipoprotein cholesterol (LDL-C), total cholesterol (TC) and TG, as well
as higher glycemic parameters, including glucose, insulin, C-peptide
and homeostasis model assessment of insulin resistance (HOMA-IR).
Other notable differencesincluded higher high-sensitivity C-reactive
protein (hs-CRP), leptin, leptin/adiponectin ratio, glucagon, total
glucagon-like peptide-1 (GLP-1), systolic blood pressure (SBP) SDS
and diastolic blood pressure (DBP) SDS. They also had lower levels of
high-density lipoprotein cholesterol (HDL-C) and adiponectin (Table1).
In comparison to the normal weight group, the overweight/obesity
group exhibited a higher prevalence of hepatic steatosis defined as
liver fat >5.0 % (15.6% versus 0%), high ALT (38.7% versus 12.6%), dyslipi-
demia (38.0% versus 10.8%), hyperglycemia (14.0% versus 8.6%), insulin
resistance (35.0% versus 5.6%) and hypertension (15.9% versus 3.0%)
(allP<0.05).

Associations of lipid species with overweight or obesity
Differentially abundant lipids revealed a gradual change among
the three weight statuses (normal weight, overweight and obesity),
after adjusting for age and sex. Among 227 annotated lipid species,
142 exhibited significant differences across normal weight, overweight
and obesity (P < 5% false discovery rate (FDR)). The pairwise compari-
sons revealed 121 lipids significantly differed between normal weight
and obesity, 43 between overweight and normal weight and 60 between
overweight and obesity (Fig. 2a).

Logistic regression analyses for normal weight versus over-
weight/obesity revealed 87 significant lipid speciesin 13 lipid classes,
of which 52 were positively and 35 were negatively associated, inde-
pendent of age and sex (P < 5% FDR). Notably, 20% measured Cers
(3 0f 15), 33% measured SMs (5 of 15), 47% TGs (25 of 53), all diacyl-
glyceride (DG) (2 of 2) and 40% FAs (2 of 5) were positively associ-
ated, whereas the majority of glycerophospholipids, including 33% N,
N-dimethyl-phosphatidylethanolamine (dMePE) (10f3),30% lysophos-
phatidylcholine (LPC) (7 of 23) and 60% lysophosphatidyethanolamine
(LPE) (3 of 5) displayed negative associations and PCs, PEs and Pls
showed more divergent trends in associations:14% and 20% PCs (9 and
13 of 64), 25% and 17% PEs (3 and 2 of 12) and 12% and 38% PIs (1and 3
of 8) had significant positive and negative associations (Fig. 2b,
Extended Data Fig.1and Supplementary Table1).

Theinteraction of obesity with age related lipid species

A partial least squares-discriminant analysis (PLS-DA) score plot of
lipids between three age groups in normal weight and overweight/
obesity groups is shown in Fig. 3a,b. Three age groups (age group 1,
girls aged <9 years and boys aged <10 years; age group 2, girls aged
9-15years and boys aged 10-16 years; age group 3, girls aged >15 years
and boys aged >16 years) were defined according to the approximate
pubertal development®. Compared to the more pronounced sepa-
ration between age groups 1and 2 (larger than between age groups
2 and 3) in the normal weight group, age group 1 did not yield such
aclear separation in the overweight/obesity group. We, therefore,
assessed whether weight status modifies the association between
continuous age and lipid species by including an interaction term
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Fig.1|Schematic study design. Lipidomic profiles were measured in

373 children and adolescents with normal weight and 958 with overweight or
obesity. We investigated lipid dysregulationin relation to overweight/obesity,
cardiometabolic risk profiles, known CVD-related and inflammatory markers,
and the predictive ability to detect hepatic steatosis. In addition, lipidomic

profiles were measured in a subset of children and adolescents who received
nonpharmacological obesity treatment. The lipidome response to BMISDS
reduction and longitudinal associations between lipids and cardiometabolic
traits were examined. Mediation and sensitivity analyses were conducted.
Created with BioRender.com.

((overweight/obesity versus normal weight) x age) for each lipid
species, adjusting for sex. Significant interactions (P < 0.05) were
detectedin26 lipid species, with lysophospholipids showing the most
pronounced increase with age in the normal weight group compared
to the overweight/obesity group, including lysodimethylphosphati-
dylethanolamine (LdMePE) (0:0 and 16:0) (8 = 0.40 in normal weight
versus = 0.23 in overweight/obesity, P=0.005), LdMePE (16:0 and
0:0) (8=0.33 versus $=0.19, P=0.016), LPC (0:0 and 16:0) (8=10.39
versus f=0.24,P=0.007),LPC(16:0 and 0:0) (8= 0.38 versus = 0.20,
P=0.001) (Fig. 3¢, Extended Data Fig. 2 and Supplementary Table 2).
Two polyunsaturated FAs, FA(20:4) and FA(22:6), were decreased with
age only in the overweight/obesity group. We detected statistically
significant lower levels of these five lysophospholipids in age group
3 when comparing participants with normal weight to participants
with overweight or obesity (Fig. 3d).

Considering the age gap between the overweight/obesity and
normal weight groups, we matched individuals in the obesity group
to the normal weight group by age and sex. The subanalysis confirmed

asignificant obesity interaction onlysophospholipids (Supplemen-
tary Fig.1).

Associations of lipid species with cardiometabolic risk
Atotal of 135lipids had at least one significant association (P < 5% FDR)
with cardiometabolicrisk feature after adjusting for age, sexand BMI
SDS (Extended Data Fig. 3a and Supplementary Table 3). Seventeen
sphingolipids, including 9 Cers, were associated with higher prevalence
of hepaticsteatosis, dyslipidemiaand insulin resistance, whereas 8 SMs
were associated with lower prevalence. Nine PEs and eight Pls were
shownto have positive associations with hepatic steatosis, dyslipidemia
and insulin resistance (Fig. 4a).

In total, 207 lipids had at least one significant association
(P < 5% FDR) with cardiometabolic trait after adjusting for age, sex
and BMISDS (Extended Data Fig. 3b and Supplementary Table 4). We
explored potential sex differences in the associations between lipid
species and cardiometabolic traits, identifying 13 lipid species that
demonstrated significant sex interactions (P < 5% FDR) with eight
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Table 1| Characteristics of children and adolescents in the cross-sectional study

Group n Normal weight n Overweight/obesity P

Sex, boys, n (%) 373 180 (48.3) 958 426 (44.5) 0.236
Age, years 373 8.35(6.87-12.42) 958 11.90 (9.83-14.12) <0.001
Age group, n (%) 373 958 <0.001
Age group 1 207 (55.5) 212 (22.1)

Age group 2 126 (33.8) 612 (63.9)

Age group 3 40 (10.7) 134 (14.0)

BMI SDS 373 0.01(-0.50-0.51) 958 2.87(2.44-3.30) <0.001
Body fat, % 93 24.34(21.00-28.81) 745 43.90 (40.36-46.96) <0.001
Waist, cm 263 62.90 (58.00-69.00) 884 91.50 (82.00-102.50) <0.001
WHR 263 0.84 (0.80-0.89) 882 0.94 (0.90-0.99) <0.001
Cardiometabolic traits

Liver fat, % 32 0.50 (0.50-0.50) 454 1.00 (0.50-2.00) <0.001
Plasma ALT, UL 373 20.00 (17.00-24.00) 957 25.00 (20.00-32.00) <0.001
Plasma AST, UL" 331 30.00 (25.00-35.00) 932 24.00 (20.00-30.00) <0.001
Plasma GGT, Ul 373 15.00 (12.00-17.00) 956 17.00 (15.00-21.00) <0.001
Plasma LDH, UL™ 342 225.00 (193.00-252.00) 939 224.00 (193.00-254.50) 0.51
Plasma bilirubin, umoll™ 373 7.00 (5.00-9.00) 956 7.00 (6.00-10.00) <0.001
Plasma HDL-C, mmoll™ 372 1.50 (1.30-1.70) 957 1.20 (1.00-1.40) <0.001
Plasma LDL-C, mmoll™ 372 2.0 (1.80-2.50) 956 2.40 (2.00-2.80) <0.001
Plasma TG, mmoll” 372 0.60 (0.40-0.70) 957 0.90 (0.70-1.30) <0.001
Plasma TC, mmoll” 372 3.90 (3.50-4.40) 957 410 (3.60-4.60) <0.001
Serum C-peptide, nmoll™ 331 0.41(0.31-0.54) 920 0.77 (0.57-1.01) <0.001
HOMA-IR, miUL™ 212 1.06 (0.66-1.57) 934 3.13(2.08-4.71) <0.001
Serum insulin, pmol ™ 366 3915 (24.63-59.33) 946 83.72 (56.85-126.70) <0.001
Plasma glucose, mmoll™ 213 4.80 (4.50-5.00) 944 5.00 (4.80-5.30) <0.001
Whole blood HbA1c, mmolmol™ 372 34.00 (32.00-35.25) 953 34.00 (32.00-36.00) 0.35
Serum hs-CRP, mgl™ 335 0.7 (0.06-0.49) 801 1.46 (0.50-3.91) <0.001
Serum leptin, ngl™ 334 4.96 (2.27-11.03) 812 29.54 (1718-49.96) <0.001
Serum adiponectin, pgl-' 351 5.74 (3.50-9.01) 843 3.49(2.36-5.21) <0.001
Leptin:adiponectin ratio 334 0.90(0.40, 2.50) 812 8.48 (4.37,15.64) <0.001
Plasma glucagon, pmoll™ 366 5.98 (4.08-8.37) 939 8.47 (5.91-11.65) <0.001
Plasma total GLP-1, pmol ™ 367 2.81(212-4.02) 946 3.07 (2.22-4.18) 0.028
SBP SDS 370 013 (-0.39-0.68) 891 0.73(0.14-1.35) <0.001
DBP SDS 370 -0.16 (-0.51-0.27) 891 0.27 (-015-0.71) <0.001
Cardiometabolic risk features

Liver fat 2 1.5%, n (%) 32 1(3.1) 454 148 (32.6) 0.001
Liver fat > 5.0%, n (%) 32 0(0.0) 454 71(15.6) 0.031
High ALT, n (%) 373 47 (12.6) 957 370 (38.7) <0.001
Dyslipidemia, n (%) 372 40 (10.8) 957 364 (38.0) <0.001
Hyperglycemia, n (%) 221 19 (8.6) 942 132 (14.0) 0.041
Insulin resistance, n (%) 180 10 (5.6) 919 322 (35.0) <0.001
Hypertension, n (%) 370 11(3.0) 891 142 (15.9) <0.001

Data are expressed as median (IQR) or frequencies, n (%). Differences between the two groups were tested with the two-sided Wilcoxon rank-sum test or chi-squared test.

cardiometabolic traits (Supplementary Fig. 2). Sex-specific effect
estimates are provided in Supplementary Table 5.

The associations between the 34 cardiometabolic risk feature-
associated Cers, SMs, PEs and PlIs with continuous cardiometabolic
traits are shown (Fig. 4a). Specific Cers were positively associated with
liver-related traits (liver fat %, ALT, AST and GGT), traditional lipids

(LDL-C, TC and TG) and glycemic traits (C-peptide, HOMA-IR, insulin
and glucose), glucagon and GLP-1, but not with hs-CRP or blood pres-
sure. SMs showed negative associations with TG, liver and glycemic
traits, leptin:adiponectin ratioand GLP-1. Furthermore, Plsand PEswere
positively associated with liver and glycemic traits, leptin:adiponectin
ratio and GLP-1. PIs were also linked to higher levels of hs-CRP,
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overweight/obesity compared to normal weight tested by logistic regression
adjusted for age and sex (n =958 and 373, P < 5% FDR). Bubble plot showing the
odds ratio (OR) with error bars representing the 95% Cl of lipid species in each
lipid class. Gray circles denote nonsignificant associations. The proportion of
significant associations (P < 5% FDR, orange denotes positive and blue denotes
negative) in each lipid class are shown.

glucagon and DBP SDS. In a sensitivity analysis, further adjustment
for TC and TG attenuated certain associations between lipids and
liver and glycemic traits; however, the majority of distinct associations
persisted (Supplementary Fig. 3)

We further tested the effect of weight status on the associations
between the above-mentioned 34 Cers, SMs, PEs and Pls with cardio-
metabolic traits, adjusting for age and sex. Significant interactions
were detected between 25 lipids with 14 traits (P < 5% FDR) (Extended
DataFig.4 and Supplementary Table 6). In particular, significant asso-
ciations were observed between Cers, SMs, PEs and Pls with ALT and
GGT, SMs withinsulin and PIs with hs-CRP, leptin, glucagon, GLP-1and

DBP SDS; a larger effect size in children and adolescents with over-
weight or obesity compared to participants with normal weight.

Predictive performance of lipids to detect hepatic steatosis

Given their clinical relevance, we explored the predictive potential
of cardiometabolic-associated lipids for detecting hepatic steatosis,
defined as liver fatabove 5%. Employing feature selection techniques,
we identified a three-lipid panel comprising PI1(32:1), PE(36:1) and
Cer(d42:0). This panel demonstrated amean cross-validated receiver
operating characteristic (ROC) area under the curve (AUC) of 0.79
(95% C10.77-0.81) through fivefold cross-validation repeated ten

Nature Medicine


http://www.nature.com/naturemedicine

https://doi.org/10.1038/s41591-024-03279-x

a ‘ c
101 | dMePE(34:2) - 4 e
i LdMePE(0:0/16:0) e
I Normal weight LdMePE(16:0/0:0) — L=
< Do R P! Age group 1 LPC(0:0/16:0) 1 | e
§ “e e C ) LPC(14:0) - o8
s R oi. 7 ek BEEEEEEE R ) LPC(16:0/0:0) - e —e—
:\T .:_.A:‘:*A 2&:‘: : 4 i | ge group 4 LPE(16:0) :%
& NS vl ! A s |5 PC(34:2) e 8-
ey . ; e gro ] gl
e [ gegrotp 3 PC(36:2) &6 P value
! g PC(42:7) Cm =
! &| PC(O-30:1)/PC(P-30:0) {  —@ = * NS
01 ‘ ; ‘ ‘ | PC(P-34:1)/PC(O-34:2A | @& —o @ < 5% FOR
-10 -5 0 5 10 PC(P-34:2)/PC(0-34:3) 1 —&—&— |
P1(4.55%) PC(P-36:4)/PC(O-36:5)A e
’ PC(P-36:4)/PC(O-36:5)B cek
b PC(P-36:5)/PC(0-36:6) - @ Group
PC(P-38:6)/PC(0-38:7) { ~&—&— ! ® Normal weight
' L PE(36:4) - —— 8 obes
Overweight/obesity — ® Overweight/obesity
- 2 Cer(d34:1) 4 —@——
g '+ Agegroup1l g Cer(d40:1) — e
2 = 5 SM(d42:3) | @ —te—
o I [ Agegroup2
& L= DG(36:2) !
| - ,Agegroup3 | £ FA(20:4) + e
L= 5 FA(22:6) —@—e—
5 TG(54:1) —e—e-
TG(56:5) —e-@-
- T T T T T
-0.4 -0.2 (0] 0.2 0.5
P1(6.29%) B (95% Cl) per s.d. unit age
d LdMePE(0:0/16:0) LdMePE(16:0/0:0) LPC(0:0/16:0) LPC(16:0/0:0) LPC(14:0)
NS NS * NS NS . 25 1 NS, NS * 3 * NS * NS 'NS *
. M ! . . . .
1] o| B 5 T o e %%
o4
>
k2 b 0 A 01
é 01 ‘ % I ’
£ . . ! S
3 A . . : N .
S -2 . . -25 : 31 8 . .
£ : ’ : P,
S : .t . : .
Z 44 . : ] . -8 1
A -0 504 8 L e -6 .
64 . s . . . .
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Age group

Group ENormalweight EOverweight/obesity
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overweight/obesity group, respectively.

times (Fig. 4b). Furthermore, integration of this lipid panel with three
liver enzymes (ALT, AST and GGT) significantly increased the AUC from
0.78 (95% C10.76-0.8) to 0.82 (95% C1 0.81-0.84) (as determined by
DeLong’s test, P<0.05).

Correlations of lipids with CVD and inflammatory markers

Correlation between the 34 cardiometabolic-associated Cers, SMs,
PEs and PIs withmarkers from CVD and INF panels revealed significant
correlations between nine sphingolipids and ten CVD markers and
Cer(d42:0) with inflammatory marker CDCP1. Additionally, 10 PEs
and PIs correlated with 15 CVD markers and 6 PEs and Pls correlated

with 6 inflammatory markers (Spearman correlationr > 0.2and P < 5%
FDR) (Fig. 4c and Supplementary Table 7). Positive correlations were
detected between Cers, PEsand Pls with CVD markers, including FGF21,
PRSS8, SPON2, HAOXI1, LEP and ADM, whereas SMs were negatively
correlated. PEs and PlIs also correlated with inflammatory markers,
including VEGFA, IL-18R1 and HGF, among others (Fig. 4d).

Mediation effect of lipids on cardiometabolic traits

We conducted mediation analysis to explore the role of 87 obesity-
associated lipids on cardiometabolic traits, adjusting for age and
sex. Overall, 83 lipids significantly mediated the effect of obesity on
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19 cardiometabolic traits, with a median mediation proportion of 5%
(Extended Data Fig. 5 and Supplementary Table 8). Notably, certain
PCsand TGs exhibited particularly substantial mediation proportions,
surpassing20% in traditional lipid profiles. Specifically, TG(52:1) dem-
onstrated partial mediation effects across cardiometabolic traits. Addi-
tionally, SMs, LPEs and LPCs were found to exert a negative mediation
effect on the association between obesity and glycemic traits, with
mediation proportions ranging from 5% to 23% for glucose.

The effect of personalized obesity management

A subset 0of 186 children and adolescents with overweight or obe-
sity, comprising 84 boys and with a median age of 11.6 years (inter-
quartile range (IQR) 9.9-13.7), underwent obesity management for
amedian duration of 1.1 years (IQR 1.0-1.2). Among them, 154 par-
ticipants experienced a decrease in BMISDS, whereas 32 maintained
orincreased their BMISDS. Across all participants, there was amedian
reductionin BMISDS of -0.39 (IQR -0.76 to —0.07) from baseline to
follow-up, accompanied by a median decrease in body fat content
of -2.85 (IQR -6.53 to -0.38) (P < 0.001). Furthermore, significant
improvements were observedin WHR, LDH, TC, HDL-C, LDL-C, HbAlc
and DBP SDS (all P < 0.001) (Extended Data Table 1). Liver enzymes
(ALT, AST, GGT and bilirubin) and glycemic traits (C-peptide, insulin
and glucose) did not show significant improvements in all partici-
pants or the subgroup with decreased BMISDS, but worsened in those
who increased BMISDS.

Before investigating the lipidome response to obesity manage-
ment, we examined the baseline associations of BMI SDS with lipids
and how these associations evolved with BMISDS reduction. Utilizing
the baseline data from the intervention study as a replication set, we
found that 25 of 58 lipids associated with BMI SDS in children with
overweight/obesity fromthe cross-sectional study (P < 5% FDR, n=958)
also exhibited significant and consistent associations at baselinein the
interventionstudy (P <5%FDR, n=186). Additionally, 24 lipids showed
directionally consistent trends but did not reach statistical significance
(Supplementary Fig. 4).

A comparison of lipid profiles before and after obesity manage-
ment revealed significant changes. Among the 145 lipids examined,
significant increases were observed in 44 lipids, including PCs, LPCs
and LPEs (P < 5% FDR). In contrast, 23 lipids, including Cers, SM and
TGs were significantly decreased (Extended Data Fig. 6 and Supple-
mentary Table 9).

Furthermore, we investigated the lipidome changesinresponse to
continuous BMISDS reduction and their associations with cardiometa-
bolictraits. A total of 62 lipid species demonstrated significant associa-
tions with BMI SDS reduction, out of which 45 were also significantly
associated with BMISDS at baseline (P < 5% FDR). Of note, TGs exhibited
the greatest reduction following BMISDS reduction. Additionally, nine
sphingolipidsincluding Cers and SMs and four glycerophospholipids,
including PEs and Pls were significantly decreased (Fig. 5a, Extended
DataFig.7 and Supplementary Table 10).

Longitudinal analyses revealed associations between changes
in Cers, SMs, PEs and PlIs families with changes in cardiometabolic
traitsthat wereindependent of age, sex, treatment duration, baseline
BMI SDS and change in BMI SDS at nominal significance (P < 0.05)

(Fig.5b, Extended Data Fig. 8 and Supplementary Table 11). Changes
inthese cardiometabolic-associated lipid profiles were significantly
associated with changesin traditional lipids. Changesin Cer(d42:0)
and Cer(d42:1) were positively associated with changes in ALT at a
nominal significance level. Changes in SM(d36:1) and SM(d36:2)
were associated with changes in bilirubin and negatively associ-
ated with changes in HOMA-IR and glucose. Longitudinal positive
associations were observed between certain PEs and Pls with ALT,
HOMA-IR and glucose.

Mediation effect of lipid changes on cardiometabolic traits
Weinvestigated whether changesin lipid species potentially mediate
therelationship betweenreductionsin BMISDS and changes in cardio-
metabolic traits. A reduction in BMISDS was associated with changes
in1lcardiometabolic traits and changesin 70 lipids. Out of 253 tested
paths, 216 paths exhibited a significant indirect effect, with a median
proportion of23% (Extended Data Fig. 9 and Supplementary Table 12).
Changesin 65 lipids significantly mediated the association of BMISDS
reduction and changes in traditional lipids, with mediation propor-
tions ranging from 7% to 60%. Furthermore, changes in Cer(d42:0)
mediated an 18% reduction in ALT, while some PCs and TGs mediated
improvements in HOMA-IR and insulin levels, with proportions rang-
ing from 9% to 26%.

To consolidate the intervention results a subset of lipids (n = 25)
from seven lipid classes replicated with baseline BMI SDS using data
from overweight/obesity group in the cross-sectional and base-
line data from children with obesity in the intervention study were
selected. Twenty-two of these lipids in six lipid classes were signif-
icantly (P < 5% FDR) decreased with BMI SDS reduction. Of these,
21 lipids mediated changes in cardiometabolic traits (Fig. 5¢c and
Supplementary Table 13).

Discussion

Obesity impacts multiple organs®. In our study, children and adoles-
centswith overweight or obesity were heavily burdened by cardiometa-
bolic risk. Nearly 38% had dyslipidemia, over 30% displayed hepatic
steatosis and over 15% exhibited hypertension.

We found elevated plasma concentrations of Cer and TG in chil-
drenand adolescents with overweight or obesity. Cer lipid molecules,
emerging as early biomarkers for CVD*, play crucial roles in cellular
stress, inflammation signaling and apoptosis®**. Large TG, particularly
those containing 54 and 56 carbons and little FA unsaturation, were
elevated; however, more evidence is needed to understand specific
TG biological function in obesity?®.

Our investigation also explored lipidome variations across age
inchildren and adolescents with obesity compared to normal-weight
individuals. The main driver in age-stratification was phospholipid
metabolism. We observed reductions in the levels of LdMePE(16:0),
LPC(16:0) and LPC(14:0). Whilelittle is known about specific FA chains
in lysophospholipids, these are active lipids involved in FA transport
in the brain®. Furthermore, children with obesity had depleted lev-
els of omega-3 FAs, such as docosahexaenoic acid, indicating a diet
poor inessential FAs*® and potentially impacting availability of doco-
sahexaenoicacidinthebrain. Theimplications of these alterations for

Fig. 4| Associations of lipid species with cardiometabolicrisk. a, The 34 lipids
including Cer, SM, PE and Pl species having at least one significant association
withone cardiometabolic risk feature (P < 5% FDR). Logistic regression analysis
was performed adjusting for age, sex and BMISDS. Their associations with
cardiometabolic traits tested by linear regression are shown in parallel.

b, The discriminant accuracy of three lipids and liver enzymes for diagnosing
hepatic steatosis, defined as liver fat >5.0%. The analysis includes data from

479 participants, among whom 71 cases of hepatic steatosis were identified.

Each curve is accompanied by its corresponding 95% Cl, depicted as ashaded
area. The mean AUC values with their respective 95% Cl are also provided for each

ROC curve. ¢, Correlations of these cardiometabolic-associated lipid species with
CVD and inflammation (INF)-related protein biomarkers were calculated using
two-sided Spearman correlation. The size of the link represents the number of
significant correlations (Spearman r > 0.2 and P < 5% FDR). Nine sphingolipids
correlated with ten CVD markers, one sphingolipid correlated with one INF
marker. Ten PEs and Pls correlated with 15 CVD markers and six PEs and Pls
correlated with six INF markers. d, Two-sided Spearman correlations are shown.
“P<5%FDR;*P<2.2 x10™. The sample size (n) for each feature/traitis listed in
Table 1; the maximum observed is 1,330.
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Fig. 5| The effect of nonpharmacological obesity management. a, BMISDS
reduction was associated with changes in 62 lipids tested by linear regression,
adjusting for age, sex and treatment duration (n =186, P < 5% FDR). The
B-coefficients with error bars representing 95% Cl are shown. b, Changes in Cers,
SMs, PEs and PIs were associated with changes in cardiometabolic traits tested
by linear regression, adjusting for age, sex, treatment duration, baseline BMI
SDS and change in BMISDS (P < 5% FDR). BMISDS reduction was calculated as
the difference between BMISDS at baseline and BMISDS at follow-up. Changes
inlipid profiles and cardiometabolic traits were calculated as the difference
between the values at follow-up and those at baseline. *P < 0.05; *P < 5% FDR.

c, Alluvial plot toillustrate the overall lipid class inter cohort validation, response
to weight loss and proportion of mediation links: 25 validated lipids in seven
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lipid classes associated with baseline BMI SDS using data from overweight/
obesity group in the cross-sectional (n = 958) and baseline data from children
with obesity (n=186) in the intervention study (left). Twenty-two of these
lipids in six classes were significantly (P < 5% FDR) decreased with BMISDS
reduction (middle). The significant mediator role of changes in these lipids in
the association between changes in BMISDS and changes in cardiometabolic
traits (right, n =21). The colors of curved lines represent different lipid classes.
NAindicates that three lipids, which did not significantly change with BMISDS
reduction, were not applicable for mediation effect. NS, nonsignificant indirect
effect from mediation analysis. The sample size (n) for each traitis listed in
Supplementary Table 9; the maximum observed is 185.

developmental outcomes like puberty onset and cognitive develop-
mentwarrant further dedicated research**%

Integration of lipidomics with cardiometabolic risk profiles
revealed that increased Cer and decreased SM were associated with
dyslipidemiaand insulin resistance. C-peptide, HOMA-IR, insulinand

glucoselevels, correlated with Cer level and negatively with SM. SM and
Cerareclosely linked metabolically and elevated Cerinblood s linked
toarisk of developing T2D*, hepatic steatosis** and CVD*. Although
the mechanisms aresstill elusive, general inflammatory signals such as
cytokines are thought to upregulate Cer synthesis*®. Cer also correlated
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with FGF21, areported CVD biomarker* and the inflammatory cytokine
CDCP1, which has been linked with myocardial infarction and nonal-
coholic steatohepatitis***.

Increased levels of specific Pls and PEs were associated with
hepaticsteatosis in childrenand adolescents. Notably, P1(32:1) showed
a strong association with liver traits and inflammatory cytokines.
A previous study involving 42 children with obesity reported links
between hepatic steatosis and elevated levels of PEs*’, as have adult
MASLD studies®*%. We therefore compared the diagnostic accuracy
of athree-lipid panel with that of liver enzymes (ALT, AST and GGT) in
assessing hepatic steatosis in children. Thelipid panel performance was
inline with liver enzymes, and integrating enzymes and lipids yielded
82% overall diagnostic accuracy, highlighting the potential for routine
clinical evaluations.

We examined the mediating effects of lipids on the association
between obesity and cardiometabolic outcomes and found that
most lipids demonstrated partial effects on cardiometabolic traits.
Notably, certain TGs mediated effects across glycemic and liver traits,
whereas SMs exhibited a negative mediation effect on glycemic traits,
by lowering glucose levels. These findings suggest that SMs, LPEs and
LPCs may play a protective role in regulating glucose homeostasis
inchildren.

Our intervention study aimed to reduce the degree of obesity
and cardiometabolic risk, with 83% of participants reducing their BMI
SDS. The clinical profile improved, including decreases in total body
and liver fat, circulating lipoproteins and blood pressure; however,
circulating total TG did not change, though specific TGs investigated
with lipidomics did. Approximately 17% participants did not reduce
their BMISDS and this group exhibited increased circulating C-peptide
levels and potential prediabetes risk®..

Dietary and exercise interventions have long been recognized
as tools to improve dyslipidemia in obesity™. In our study, the overall
lipidome changes were clear: BMISDS reduction was associated with
reductions in all lipid classes. TGs were drastically reduced, while
cardiometabolic-associated Cer, PE and Pl also decreased with BMI
SDSreduction. Particularly Cer(42:0) and Cer(40:1), linked to all-cause
mortality in adults with diabetes*, decreased in response to BMISDS
reduction. Changes in Cer were associated with changes in ALT levels
after adjusting for baseline BMISDS and change in BMISDS, indicating
improved liver function. Changesin PE(40:1) and PI(36:1) were associ-
ated with changesin HOMA-IR and insulinlevels, suggesting a potential
rolein modulating insulin resistance.

Mediation analysis revealed that changes in 66 lipids partially
affected cardiometabolic traits, with an average mediation propor-
tion of 23%. Changes in Cer(d42:0) partially mediated reduced ALT
levels, whereas changes in phosphatidylcholine (PC) and TG medi-
atedimprovementsin HOMA-IR and insulinlevels; however, given the
smaller cohort size of the intervention group, we acknowledge the
limitations of relying on nominal significance.

Overall, our findings emphasize that lipid dysregulation and
potential lipid-mediated damage can be reversed through personal-
ized, clinically based obesity managementin children and adolescents.
However, given the heterogeneous nature of obesity, pharmacological
interventions might be necessary for specific lipids if lifestyle manage-
mentisineffective, as seenwithliraglutide lowering Cer(42:1) indepen-
dently of weight loss in adults®.

Limitations of this study include the lack of ethnic diversity, as it
was conducted in a majority white pediatric population. Genetic fac-
tors, diet and exercise likelyimpacted the baseline lipidome. The stea-
tosis liver predictor was calculated in 71 cases and a larger diagnostic
group isneeded for validation. Notably, without a control group it was
not possible to definitively attribute changesin lipid species solely to
obesity management. A strength of this study was the inclusion of two
large cohorts of deeply phenotyped children and adolescents from a
population-based study.

In conclusion, lipidomics profiling has highlighted lipids poten-
tiallyinvolved in the disease pathology of childhood obesity and asso-
ciated with cardiometabolic complications. Personalized obesity
management can beneficially modify the overall lipidome in children
and adolescents.
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Methods

Ethics

According to the Declaration of Helsinki, written informed consent
was obtained from all participants. Aninformed oral assent was given
by the participant if the participant was younger than 18 and then the
parents gave informed written consent. The study was approved by
the Ethics Committee of Region Zealand, Denmark (SJ-104) and by the
Danish Data Protection Agency (REG-043-2013). The HOLBAEK study
isregistered at ClinicalTrials.gov (NCT00928473).

Study population

Both cohorts from the HOLBAEK study were enrolled between Janu-
ary 2009 and April 2019. Among 1,363 children and adolescents with
available lipidome profiles in the cross-sectional study, participants
were excluded based on diagnosed type 1 diabetes mellitus or T2D
(n=3); intake of medications including statins, insulin, metformin
and liraglutide (n =3); meeting T2D criteria based on blood sample
(fasting plasmaglucose > 7.0 mmol I and/or HbAlc > 48 mmol mol™)
(n=2);theinterval between visitand blood sample collection >90 days
(n=12); underweight (BMI < 5th percentile (BMISDS < -1.64)) (n=12).
As aresult, 1,331 participants were included in the cross-sectional
analysis and divided into normal weight (BMI > 5th and BMI < 90th
percentile (BMISDS > -1.64 and <1.28), n = 373) and overweight/obesity
(BMI = 90th percentile (BMISDS >1.28), n = 958) groups. Participants
with obesity (BMI = 99th percentile (BMI SDS >2.33), n = 766) were
further stratified as indicated.

Children and adolescents with overweight or obesity (BMI
SDS >1.28) enrolled in the multidisciplinary, family-based and
individual-centered obesity clinic cohort received comprehensive man-
agement using an evidence-based treatment protocol which comprises
arange of recommendations on nutrition, including meal exercises,
picky eating, exercise, inactivity, border setting promoting growth,
development and improved physical, mental and social thriving, as
previously described™. The intervention study included 186 children
and adolescents with overweight or obesity, who were followed for a
median of1.1years (IQR1.0-1.2). Their lipidomic profiles were available
atboth baseline and follow-up.

Anthropometric measurements

Inthe obesity clinic cohort, anthropometrics were obtained at clinical
examinations, whereas the population-based group was assessed ina
mobile laboratory by medical professionals®. Weight, height, waist and
WHR were measured. BMISDS was calculated based on a Danish ref. 23.
For SBP and DBP, mean values for the last two measurements of blood
pressure were calculated and converted to blood pressure SDS based
on age-, sex- and height-specific reference values from the American
Academy of Pediatrics™.

Lipidomics

EDTA plasma or serum sample preparation for lipidomic analysis has
been described previously®. In brief, 10 pl plasma was mixed with
10 pl 0.9% w/v NaCl(aq) and internal standards containing 120 pl
chloroform:methanol (2:1) mixture. The lipid containing chloroform
was analyzed using ultra-high-performance liquid chromatography
coupled with quadrupole time-of-flight MS (Agilent LC-Q-TOF 6200
with MassHunter Data Acquisition v.B.09.00). Samples were analyzed
in arandomized order with quality control pooled plasma samples
at regular intervals throughout the run. The lipidomics data were
pre-processed with MZmine2 (ref. 56) and lipid features were normal-
ized to internal standards and log transformed. The data were cross
matched with anin-house library where 227 lipid features from 16 dif-
ferentlipid classes wereidentified atlevel 1and 2 (ref. 57). We excluded
lipids with >20% missing dataacross all samples and relative standard
deviation (RSD) values >20% across quality control samples. Serum lipi-
domicsrawfiles fromtheintervention study were pre-processed with

Skylinev.22.2.0.351 (ref. 58), where alist of targets were generated from
thein-house library applied to the first study. Lipids were normalized
to internal standards and log transformed. Features with RSD >20%
were excluded and only 145 lipids found in the cross-sectional study
were considered in the intervention analysis.

Theidentified lipids fromboth studies were standardized to have
ameanofOands.d. of 1. Lipids were classified into classes: cholesteryl
ester (CE), Cer, DG, dMePE, FA, hexosylceramides (HexCer), LdMePE,
LPC, LPE, PC, PE, alkyl or alkenyl ether PEs (PE-O/P), phosphatidylg-
lycerol (PG), PI, SM and TG. In particular, lipid species were classified
into three major classes: sphingolipids (Cer, HexCer and SM), glycer-
ophospholipids (dMePE, LdMePE, LPC, LPE, PC, PE, PE-O/P, PG and PI)
and other lipids (CE, DG, TG and FA).

DXA examination

Whole-body DXA scans were performed and total body fat percentage
was quantified in the overweight/obesity (n = 745), normal weight
(n=93) groups and 125 children and adolescents with overweight
or obesity who received the obesity management, using a GE Lunar
Prodigy (DF+10031, GE Healthcare) until October 2009 and thereafter
using a GE Lunar iDXA (ME+200179, GE Healthcare)*.

'H-MRS examination

Liver fat content was quantified in the overweight/obesity (n = 454)
and normal weight (n=32) groups and 100 children and adolescents
with overweight or obesity received obesity management, using a 3T
Achieva MR imaging system (Philips Medical Systems), as previously
described®. Data postprocessing was performed by an experienced
senior magnetic resonance physicist.

Biochemical analyses

Venous blood samples were collected after overnight fasting. Fasting
biochemical measurements including in plasma: ALT, AST, GGT, LDH
andbilirubin?, HDL-C, LDL-C, TC, TG?, glucose”, glucagon**and GLP-1
(ref. 31), in serum: insulin, C-peptide”, hs-CRP*, leptin, adiponectin,
leptin:adiponectin ratio®® and in whole blood HbAlc¥, as previously
described.

Defining cardiometabolicrisk features

Hepatic steatosis was defined using two cutoffs of liver fat: >5.0%, cutoff
used in adults histological*’; and >1.5%, a cutoff used by our group that
has shownto represent more accurately the upper normallimit of liver
fat content in children and adolescents®. We also defined high ALT
(above24.5U 1 ingirlsand above 31.5 U I inboys), which was found to
be the optimal cutoff for diagnosing hepatic steatosis (liver fat > 1.5%)
by our group®. Hyperglycemia was defined as fasting plasma glucose
>5.6-6.9 mmol I and/or HbAlc > 39-47 mmol mol™, according to the
American Diabetes Association guidelines for prediabetes®. Insulin
resistance was defined based on HOMA-IR value above the 90th per-
centile of previously published age- and sex-specific population-based
reference values from our group”. HOMA-IR was calculated as (insu-
lin mU I x glucose mM)/22.5. Dyslipidemia was defined as values
above the 95th percentile according to pediatric guidelines, corre-
sponding to TC =200 mg dI™ (5.2 mM), LDL-C =130 mg dI™* (3.4 mM),
TG =100 mg dI™* (1.1 mM) for 0-9 years or =130 mg dI™* (1.5 mM) for
10-19 years or HDL-C < 40 mg dI” (1.0 mM)®". Hypertension was defined
asaSBPand/or DBP above the 95th percentile for age, height and sex®.

CVD-related and inflammatory markers

A proximity extension assay was performed using the Target 96 Car-
diovascular Il (CVDII) and Target 96 Inflammation (INF) panels from
Olink Proteomics on EDTA plasma, as previously described®. Proximity
extension assay technology uses nucleic acid labeling of antibodiesin
combination with qPCR, producing normalized protein expression
values as an arbitrary unit on a log, scale. Overall, 85 markers from
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CVDII and 64 markers from INF were included as >80% of individuals
were above the detection limit.

Statistical analyses

Statistical analyses were performed using R software v.4.2.2 (ref. 64).
Data are expressed as median (IQR) for continuous variables or fre-
quencies and percentages for categorical variables. The Wilcoxon
rank-sum test (for continuous variables) and the chi-squared test
(for categorical variables) were used to test differences in character-
istics between two groups.

Differential expression analysis was applied to weight status (nor-
mal weight, overweight and obesity) using ANOVA adjusting for age and
sex, followed by a Tukey’s honestly significant difference (Tukey’s HSD)
post hoc test for pairwise comparisons. Logistic regression was used
to examine the association of each lipid individually with overweight/
obesity versus normal weight adjusted for age and sex. PLS-DA was
performed to examine the lipidomes differences between the three
age groups, separately for obesity/overweight and normal weight
groups using roplsv.1.30.0 package®. Tenfold cross-validationand 300
permutations were used. The first two component scores were plotted
inascore plot, where each point represents anindividual.

The effect of obesity on the association between continuous age
andindividuallipid species was tested by a corresponding interaction
modelincludinganinteraction term (age x overweight/obesity versus
normal weight) adjusting for sex. Cardiometabolic traits were log
transformed except for BMI SDS, SBP SDS and DBP SDS. The associa-
tions of lipids with cardiometabolicrisk features and cardiometabolic
traits were examined using multiple logistic and linear regressions
adjusted for age, sex and BMI SDS when pooling the normal weight
and overweight/obesity groups. The interaction between sex and
lipid species (lipid x sex) was examined in linear regression models
for cardiometabolic traits, adjusted for age and BMISDS. The obesity
interaction (lipid x overweight/obesity versus normal weight) was
alsotested in the linear regression models for cardiometabolic traits.
The reported estimates (8 or OR) are based on al-s.d. unitincrease in
independent variables. Spearman correlations between lipids with CVD
andinflammatory markers were tested and the correlation coefficients
and the P values were obtained using the rcorr function in the Hmisc
v.4.7.2 package®®. Multiple testing correction was performed based on
FDR at 5% and a stringent Bonferroniadjusted P < 2.2 x 107 (0.05 0f 227
lipids tested), separately for each outcome. P < 5% FDR was considered
statistically significant. In all figures, only those lipids with at least
one outcome association reaching FDR significance were included.
Changes in lipid profiles before and after obesity management were
assessed while adjusting for age and sex. Linear mixed models were
employed using the gls function from the nlme package v.3.1.160 in
RY. The effects of BMI SDS reduction on lipid profiles were analyzed
using linear regressions controlling for age, sex and treatment dura-
tion. The associations between changesin lipid profiles and changesin
continuous cardiometabolic traits were examined using linear regres-
sions controlling for age, sex, treatment duration, baseline BMISDS and
changein BMISDS. BMISDS reductionwas calculated as the difference
between BMI SDS at baseline and BMI SDS at follow-up. Changes in
lipid profiles and cardiometabolic traits were calculated as the differ-
ence between the values at follow-up and those at baseline. The chord
diagram and heatmaps were created using the circlize v.0.4.15 (ref. 68)
and ComplexHeatmap v.2.14.0 (ref. 69) R packages.

Prediction model. We performed feature selection for hepatic stea-
tosis, defined as liver fat above 5%, using the maximum relevance and
minimum redundancy method’®, implemented in the njab Python
package (https://njab.readthedocs.io/en/stable/). Through fivefold
cross-validation repeated tentimes, this analysis identified a three-lipid
panel that achieved the highest mean ROC AUC. Furthermore, we
evaluated the discriminative performance of three clinical used liver

enzymes (ALT, AST and GGT), both individually and in combination
with the lipid panel using the same cross-validation method. To miti-
gate imbalanced class distribution, a downsampling approach was
applied to the majority class within each cross-validation fold. The
statistical comparison of AUCs was conducted using DeLong’s test.
These analyses were performed using the caret v.6.0.94 (ref. 71) and
pROCv.1.18.0 R package’.

Mediation analysis. In the cross-sectional study, mediation analysis
was performed to explore the mediating role of obesity-associated
lipids on cardiometabolic traits. Bootstrapping with 1,000 iterations
was employed to estimate direct, indirect and total effects across
obesity-lipid-traittriangles adjusted for age and sex. We examined 518
potential paths identifying significant associations between obesity
> lipid - traits at a significance level of P < 5% FDR. The proportion of
the effect mediated from obesity through the lipid was determined
by dividing its indirect effect by the total effect. In the intervention
study, mediation analysis was performed to examine the mediation
effect of lipid changes on the association between BMISDS reduction
and changesin cardiometabolic traits adjusting for age, sex and treat-
mentduration. We tested 253 possible paths (BMISDS reduction - lipid
change - trait change associations at nominal significance P < 0.05).
Bootstrap confidence intervals were used to assess the statistical sig-
nificance of the mediation effects. Mediation analyses were performed
using the mediation v.4.5.0 R package”.

Sensitivity analyses. We matched individualsin the obesity group to
those in the normal weight group by age and sex using the Matchlt R
package. The matched obesity group hasamedianage 0f9.10 (IQR7.53—
10.18) (n = 373,175 boys), while the normal weight group has amedian
age 0f 8.35(6.87-12.42) (n=373,180 boys). We performed a subanalysis
to investigate the interaction between obesity and the association of
age with 26 previously identified lipids using age- and sex-matched
overweight/obesity and normal weight groups (n =373 versus n=373).
Toexploretheimpact of TC and TG onlipid-trait association, we tested
the association between 34 cardiometabolic-associated lipids and
traits adjusted for age, sex, BMI SDS, TC and TG. To identify common
lipids associated with BMISDS in both the cross-sectional and interven-
tion studies, we performed linear regression analyses between BMI
SDS and lipid species adjusting for age and sex. These analyses utilized
data from the overweight/obesity group in the cross-sectional study
and baseline data from the intervention study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Allresults from statistical and bioinformatics analysis are providedin
Supplementary Tables1-13. Mean levels of lipids have been deposited
in the GitHub repository at https://github.com/yunhuanghy/Lipid-
omic/tree/main/average_data. In line with the current regulation of
General Data Protection Regulation (https://gdpr-info.eu/) to maintain
patient confidentiality, individual-level clinical and lipidomics data
generated in this study cannot be made publicly available. Lipidomics
datasets are available from the authors uponrequest by contacting T.H.
at torben.hansen@sund.ku.dk. The obesity management protocol is
availableuponrequestto].-C.H. atjhom@regionsjaelland.dk. Access to
the datacanbe granted through the Danish Data Protection Agency and
the ethics committee for the Region Zealand of Denmark by obtaining
proper approvals andinaccordance with patient information and pro-
cessing agreements. The time frame for response to requests from the
authorsiswithinl month. When applying and processing data, restric-
tions apply: (1) a data-processing agreement must be signed between
the data controller and processor; (2) data must not be processed for
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purposes other than statistical and scientific studies; (3) personal data
must be deleted, anonymized and destroyed at the end of investigation;
and (4) data must not be passed on to a third party or individuals who
arenot authorized to access the data.

Code availability
The code used for data analysis is available on GitHub: https://github.
com/yunhuanghy/Lipidomic.
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Extended Data Fig. 3| Associations between lipid species and cardio-
metabolicrisk. a, 135 lipids have at least one significant association (P < 5% FDR)
with onerisk feature tested by logistic regression, adjusting for age, sex and BMI
SDS. b, 207 lipids have at least one significant association (P < 5% FDR) with one

trait tested by linear regression, adjusting for age, sex and BMI SDS. An asterisk
indicates P < 5% FDR; a hash indicates P < 2.2 x 10™*. The sample size (n) for each
featureislisted in Table 1, the maximum observed is 1,330.
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Extended Data Table 1| Changes in participants characteristics after nonpharmacological obesity management

Al Decreased BMI SDS Increased BMI SDS
Outcome n Change P n Change P n Change P
BMISDS 186 -0.39[-0.76,-0.07] <0.001 154 -0.47[-0.81,-0.23] <0.001 32 0.13[0.08, 0.27] <0.001
Body fat, % 125 -2.85[-6.53,-0.38] <0.001 106 -3.23[-6.79,-1.55] <0.001 19 0.56[-0.75, 2.22] 0.169
Waist, cm 124 -1.00 [-7.00, 4.02] 0.193 105 -3.00 [-7.00, 3.00] 0.003 19 6.50[2.60, 11.85] 0.001
WHR 124 -0.02[-0.07,0.02] 0.003 105 -0.02[-0.07,0.02] 0.002 19 0.01[-0.05, 0.03] 0.891
Liver fat, % 100 0.00 [-1.42, 0.00] 0.021 81 0.00 [-1.60, 0.00] <0.001 19 0.30[0.00, 1.35] 0.078
Plasma ALT, U/L 185 -1.00 [-6.00, 5.00] 0.115 153 -1.00 [-7.00, 4.00] 0.018 32 2.00[-4.50, 9.00] 0.181
Plasma AST, U/L 180 -2.00 [-7.00, 4.00] 0.071 149 -2.00 [-7.00, 4.00] 0.099 31 -2.00[-6.50, 3.50] 0.44
Plasma GGT, U/L 185 0.00 [-3.00, 2.00] 0.841 153 -1.00 [-3.00, 2.00] 0.071 32 2.50[0.00,4.25] 0.005
Plasma LDH, U/L 181 -12.00 [-33.00, 5.00] <0.001 151 -12.00 [-33.00, 2.00] <0.001 30 -14.00 [-27.00, 11.50] 0.082
Plasma bilirubin, umol/L 185 -0.30[-2.00, 1.00] 0.013 153 -0.30[-2.00, 1.00] 0.028 32 0.00 [-2.25, 1.00] 0.261
Plasma TG, mmol/L 185 0.00[-0.30, 0.20] 0.37 153 0.00 [-0.30, 0.20] 0.132 32 0.10[-0.13, 0.30] 0.264
Plasma TC, mmol/L 185 -0.10[-0.50, 0.20] <0.001 153 -0.20[-0.50, 0.20] <0.001 32 -0.05[-0.42, 0.40] 0.688
Plasma HDL-C, mmol/L 185 0.10[0.00, 0.30] <0.001 153 0.10[0.00, 0.30] <0.001 32 0.05[-0.10, 0.20] 0.418
Plasma LDL-C, mmol/L 185 -0.20[-0.60, 0.10] <0.001 153 -0.20[-0.60, 0.10] <0.001 32 -0.15[-0.40, 0.20] 0.239
Serum C-peptide, nmol/L 144 0.03[-0.13,0.18] 0.112 119 0.02[-0.15,0.15] 0.883 25 0.16[0.019,0.32] 0.001
HOMA-IR, miU/L 182 0.34[-5.79,6.72] 0.518 150 -0.44[-6.52,5.98] 0.626 32 4.32[-1.85, 13.75] 0.017
Serum insulin, pmol/L 184 1.10[-24.93,29.91] 0.573 152 -3.05[-26.00, 22.41] 0.554 32 17.92 [-10.56, 57.52] 0.015
Plasma glucose, mmol/L 184 0.10[-0.20, 0.30] 0.011 152 0.10[-0.20, 0.30] 0.016 32 0.10[-0.13, 0.30] 0.356
Whole blood HbA1c, mmol/mol 184 -1.00 [-2.00, 1.00] <0.001 152 -1.00 [-2.00, 1.00] <0.001 32 -0.50 [-2.00, 1.00] 0.431
SBP SDS 122 -0.28 [-0.92, 0.48] 0.011 104 -0.38[-0.95, 0.44] 0.001 18 -0.05[-0.49, 1.01] 0.369
DBP SDS 122 -0.30[-0.73,0.02] <0.001 104 -0.29[-0.69, -0.00] <0.001 18 -0.35[-0.73, 0.26] 0.13

Changes from baseline to follow-up are expressed as median (interquartile range), with significance determined using the two-sided Wilcoxon signed rank test. Abbreviations: BMI, body mass
index; SDS, standard deviation score; WHR, waist-to-hip ratio; ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, gamma-glutamyl transferase; LDH, lactate dehydrogenase;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; HOMA-IR, homeostasis model assessment of insulin resistance;
HbA1c, hemoglobin Alc; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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Data collection  We used MassHunter (Agilent), MassHunter Workstation Software LC/MS Data Aquasition for 6200 series TOF/6500 series Q-TOF, Version
B.09.00. MZMine 2.0 for lipidomics data.

Data analysis We used R software version 4.2.2 for data analysis (main packages: ropls v1.30.0, circlize v0.4.15, Hmisc v4.7.2, ComplexHeatmap v2.14.0,

caret v6.0.94, pROC v1.18.0, nlme v3.1.160, mediation v4.5.0). The code is available at https://github.com/yunhuanghy/Lipidomic
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Average levels of lipids have been deposited in the GitHub repository: https://github.com/yunhuanghy/Lipidomic/tree/main/average_data. In line with the current
regulation of General Data Protection Regulation (https://gdpr-info.eu/) to maintain patient confidentiality, individual-level clinical and lipidomics data generated in
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this study cannot be made publicly available. Lipidomics datasets are available from the authors upon request by contacting Prof. Torben Hansen at
torben.hansen@sund.ku.dk. The obesity management protocol is available upon request to Jens-Christian Holm at jhom@regionsjaelland.dk. Access to the data can
be granted through the Danish Data Protection Agency and the ethics committee for the Region Zealand of Denmark by obtaining proper approvals and in
accordance with patient information, and processing agreements. The time frame for response to requests from the authors is within a 1-month period. When
applying and processing data, restrictions apply: (1) a data processing agreement must be signed between the data controller and processor; (2) data must not be
processed for purposes other than statistical and scientific studies; and (3) personal data must be deleted, anonymized and destroyed at the end of investigation
and (4) must not be passed on to a third party or individuals who are not authorized to access the data.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We always use sex for the biological separation of boys and girls. We include sex as a covariate in most of our analyses. We
explored potential sex differences in the associations between lipid species and cardiometabolic traits. Sex-specific effect
estimates were provided.

Reporting on race, ethnicity, or ' The study was conducted in a majority Caucasian pediatric population, with ethnicity determined through self-reporting by

other socially relevant participants.
groupings
Population characteristics In the cross-sectional study, the normal weight group consisted of 373 participants with a median age of 8.3 years

(interquartile range [IQR]: 6.9-12.4), of whom 48% were boys. The overweight/obesity group included 958 participants, with
a median age of 11.9 years (IQR: 9.8-14.1) and 44% boys. The intervention study included 186 participants with a median age
of 11.6 years (IQR: 9.9-13.7) and 45% boys.

Recruitment The study population consisted of a random sample of children and adolescents from The HOLBAEK Study, previously known
as The Danish Childhood Obesity Biobank. Participants in the obesity clinic cohort were recruited from the Children's Obesity
Clinic, which provides the multidisciplinary childhood obesity management program at the Children's Obesity Clinic,
Department of Pediatrics, Holbaek Hospital. Eligibility criteria was a BMI SDS above the 90th percentile according to Danish
reference values. Participants in a population-based cohort were recruited from schools across 11 municipalities in Zealand,
Denmark. Both cohorts were enrolled between January 2009 and April 2019.
There is potential self-selection bias in the obesity clinic cohort and the population-based cohort. Families attending the
obesity clinic may have a higher awareness of obesity, and those who consented to participate may differ in socioeconomic
profiles, health awareness, and other factors from those who declined. Moreover, the recruitment is based on the Zealand
region in Denmark. These factors might potentially affect the generalizability of the findings.

Ethics oversight According to the Declaration of Helsinki, written informed consent was obtained from all participants. An informed oral
assent was given by the participant if the participant was younger than 18, and then the parents gave informed written
consent. The study was approved by the Ethics Committee of Region Zealand, Denmark (SJ-104) and by the Danish Data
Protection Agency (REG-043-2013). The HOLBAEK Study are registered at ClinicalTrials.gov (NCT00928473).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 958 children and adolescents with overweight or obesity and 373 with normal-weight were included in the cross-sectional study, and 186
within the intervention study, where blood samples underwent lipidomics analysis. No sample size calculation was performed. Cross-sectional
dataset has been previously used in other publications, mainly focused on clinical outputs. There we could see that the sample size was
sufficient to provide statistical significance. The intervention study was restricted to the feasibility criteria, driven by clinical time and budget
available, as omics study always requieres high number of participants.

Data exclusions  Participants were excluded based on: diagnosed type 1 diabetes mellitus or T2D (n=3); intake of medications including statins, insulin,
metformin, and liraglutide (n=3); meeting T2D criteria based on blood sample (fasting plasma glucose > 7.0 mmol/L and/or HbAlc > 48 mmol/
mol) (n=2); the interval between baseline visit and blood sample collection> 90 days (n=12); underweight (BMI < 5th percentile [BMI SDS <
-1.64]) (n=12).

Replication We did not perform technical or biological replication of the samples within lipidomics analysis. However, in the intervention study we could
observe a replicated patterns of obesity-associated lipids.

Randomization  Samples within each cohort were randomised for the lipidomics experiments. Other clinical tests did not require a randomization, as data
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Randomization  collection happened at the same time as the clinical visit. We do not present here a randomized clinical trial.

Blinding Scientists performing the lipidomics analysis were blinded with no access to the clinical data of the individuals. For experiments other than
lipdidomics and proteomics, blinding was not relevant, since first cohort was a cross-sectional study and second was intervention, where all
participants were under the same type of weight management.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  ClinicalTrials.gov registration number: NCT00928473

Study protocol The study protocol was approved by the ethics committee for the Region Zealand (protocol no. SJ-104) and available upon request by
contacting Prof. Torben Hansen at torben.hansen@sund.ku.dk. This information was also stated in the manuscript

Data collection Participants in The HOLBAEK Study were enrolled between January 2009 and April 2019. Clinical data were collected at the
participants’ baseline visit at The Children's Obesity Clinic, Department of Paediatrics, Holbaek Hospital in Denmark.

Outcomes In the cross-sectional study, the primary outcome was the identification of lipid species associated with obesity, achieved by
comparing the lipid profiles of children and adolescents with overweight or obesity, defined as a BMI SDS above 1.28, to those of
normal weight. Secondly, we examined the association between lipid species and cardiometabolic risk profiles.

In the intervention study, the primary outcome focused on the changes in lipid species associated with reductions in BMI SDS. The
secondary outcome involved assessing the changes in lipid species in relation to cardiometabolic risk profiles.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

Authentication Bg:((;/ﬁl]félggy authentication procedtres for-each-seed stock-tised-ornovel-genotype-generated.-bDescribe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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