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A B S T R A C T

Background: Altered lipid metabolism in early life has been associated with subsequent weight gain and predict-
ing this could aid in obesity prevention and risk management. Here, a lipidomic approach was used to identify
circulating markers for future obesity risk in translational murine models and validate in a human infant cohort.
Methods: Lipidomics was performed on the plasma of APOE*3 Leiden, Ldlr-/-.Leiden, and the wild-type
C57BL/6J mice to capture candidate biomarkers predicting subsequent obesity parameters after exposure
to high-fat diet. The identified candidate biomarkers were mapped onto corresponding lipid metabolism
pathways and were investigated in the Cambridge Baby Growth Study. Infants’ growth and adiposity were
measured at 0-24 months. Capillary dried blood spots were sampled at 3 months for lipid profiling analysis.
Findings: From the mouse models, cholesteryl esters were correlated with subsequent weight gain and other
obesity parameters after HFD period (Spearman’s r�0.5, FDR p values <0.05) among APOE*3 Leiden and
Ldlr-/-.Leiden mice, but not among the wild-type C57BL/6J. Pathway analysis showed that those identified
cholesteryl esters were educts or products of desaturases activities: stearoyl-CoA desaturase-1 (SCD1) and
fatty acid desaturase (FADS) 1 and 2. In the human cohort, lipid ratios affected by SCD1 at 3 months was
inversely associated with 3-12 months weight gain (B§SE=-0.31§0.14, p=0.027), but positively with 12-24
months weight and adiposity gains (0.17§0.07, p=0.02 and 0.17§0.07, 0.53§0.26, p=0.04, respectively). Lipid
ratios affected by SCD1 and FADS2 were inversely associated with adiposity gain but positively with height
gain between 3-12 months.
Interpretation: From murine models to human setting, the ratios of circulating lipid species indicating key
desaturase activities in lipid metabolism were associated with subsequent body size increase, providing a
potential tool to predict early life weight gain.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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1. INTRODUCTION

Early life growth and nutrition significantly contribute to the risk
of developing metabolic diseases later in life, especially obesity, type
2 diabetes (T2D) and cardiovascular diseases [1]. The Avon Longitudi-
nal Study of Pregnancy and Childhood (ALSPAC) showed that infants
with rapid weight gain between 0-24 months had higher weight and
body fat percentage at the age of 5 years [2]. Further projected into
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Fig. 1. Schematic overview of the ApoE3L mice experiment
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later life, excessive weight-for-length gain during the first 3 months
postnatally has been associated with increased metabolic risks in
early adult life (21 years of age) [3].

While weight gain can be attributed to the imbalance between
energy consumption and energy expenditure [4], there are still many
other unexplained metabolic pathways affecting basal energy expen-
diture and/or satiety, leading to variations in weight gain. Better
understanding of individual susceptibility to excessive weight gain,
especially in early life, can provide a window of opportunity for better
weight management and reducing the risk of metabolic disease [5].

In human, variation in lipid metabolism during infancy has been
associated with subsequent weight gain [6]. Specific lipid species as
well as key enzymes influencing their metabolism are involved,
although the underlying mechanisms are still unclear.

In the present study, we used an unbiased lipidomics approach to
identify candidate lipid biomarkers associated with early weight gain
and other obesity-related parameters. First, we performed diet-
induced obesity experiments in mice to identify circulating lipids in
early-life plasma that could potentially predict future obesity risk.
We used mouse models with established translational characteristics
of human lipid metabolism and dyslipidaemia, including ApoE*3Lei-
den (E3L) and Ldlr-/-.Leiden mice [7,8]. The findings from the mouse
models would then be verified in an infant population from the
Cambridge Baby Growth Study (CBGS), a large birth cohort in the UK
setting [9], by associating candidate lipid biomarkers to weight gain
in infants up to 24 months.

2. METHODS

2.1. Mouse studies

2.1.1. Experimental design
Three animal experiments were included in this study. First,

inbred male mice of the heterozygous E3L strain were kept under
specific-pathogen-free conditions (TNO, Leiden, The Netherlands;
n=40). E3L mouse is the wildtype C57BL/6J mouse with a knocked-in
mutated human apolipoprotein E3 gene (APOE3). This mutation
caused reduced protein binding capacity to the low-density lipopro-
tein receptor (LDLr) leading to slower cholesterol clearance [10]. Ani-
mals were housed in Makrolon cages at a relative humidity of 50-60%
and temperature at around 21°C under a 12:12 light/dark cycle with
the light on at 7 am. Food and acidified tap water were available ad
libitum. All mice were fed with standard lab chow (Ssniff-R, Uden,
The Netherlands) until 12 weeks of age. Ten mice were sacrificed at
12 weeks of age to serve as a baseline reference group. Following
that, the remaining 30 mice received 24% w/w lard and sucrose-con-
taining energy-dense high-fat diet (HFD; #D12451, Research Diets,
New Brunswick, NJ) between 12-20 weeks of age to induce obesity as
illustrated in Figure 1. Diet and macronutrient composition are
described in detail elsewhere [11]. Bodyweight and caloric intake
were monitored regularly. Tail blood was sampled after 4 hours of
fasting at 12 weeks (before HFD intervention) and 16 and 20 weeks
for lipidomic analyses. At 20 weeks, the remaining mice were
sacrificed and the subcutaneous, epidydimal, and mesenteric adipose
tissue depots were isolated.

In the second study, the findings from the E3L experiment were
subsequently validated in 12-week-old Ldlr-/-.Leiden and C57BL/6J
mice. The Ldlr-/-.Leiden mouse is the wildtype C57BL/6J with a
knocked-out LDLr gene to mimic humans with LDLR-defective muta-
tions. These two types of mice are 94% genetically similar and the
wildtype C57BL/6J is the most common strain used to study obesity.
To induce obesity, the same HFD was fed to the Ldlr-/-.Leiden mice
and wildtype C57BL/6J8 for 21 and 24 weeks, respectively.

Finally, to evaluate whether the identified candidate biomarkers
were apparent at earlier ages, another lipidomic analysis of plasma of
E3L mice collected at the age of 4 weeks was performed. In this study,
animals were supplemented with arachidonic acid/docosahexaenoic
acid (ARA/DHA) from 4-12 weeks of age. Lipid concentrations reflect-
ing desaturase activities were analysed against 4-12 weeks weight
gain between mice treated with ARA/DHA or placebo (n=15 each)
[12].

All animal care and experimental procedures were approved by
the Ethical Committee on Animal Care and Experimentation (Zeist,
the Netherlands; approval reference numbers DEC-3117, -3076,
-3260 and -3277) and were performed in compliance with ARRIVE
guidelines and the European Community specifications regarding the
use of laboratory animals.

2.1.2. Obesity endpoints and adipose tissue analyses
During the HFD feeding period, mice were weighed regularly to

record delta weight gain as the primary obesity endpoint. Additional
obesity endpoints included final absolute body weight after complet-
ing HFD, overall adiposity (i.e. the total mass of all adipose tissue
depots), and absolute mass of specific adipose tissue depots. Histolog-
ical analysis of subcutaneous, epidydimal, and mesenteric adipose
tissue depots allowed determination of the average adipocyte cell
size, a determinant of white adipose tissue (WAT) quality [13].

2.1.3. Lipidomics on mouse plasma
Lipids were analysed as described elsewhere [14] with electrospray

and atmospheric pressure chemical ionization (APCI) ultra-high per-
formance liquid chromatography/high-resolution mass spectrometry
(ESI-UHPLC-HRMS; Thermo Accela and LTQ OrbitrapTM). The method
is explained in more detail in the supplementary materials.

2.2. Human study

The lipid ratios that were associated with the desaturases activities
in animal study were also examined in lipidomics data from an infant
cohort, in order to verify the associations between lipid ratios associ-
ated with desaturase enzyme activity and weight gain in humans.

2.2.1. Study population
The experiment built upon the methodology employed in our pre-

vious studies [6,15,16]. The Cambridge Baby Growth Cohort Study
(CBGS) is a UK prospective observational cohort, with longitudinal
infancy anthropometric measures and collection of detailed demo-
graphics and infant feeding [9]. Mother-infant pairs were recruited
from a single maternity unit in Cambridge, UK. Inclusion criteria
included singleton, term, and healthy infants with normal birth
weight and no significant comorbidities during pregnancy. Infants
with a genetic or syndromal disease were excluded from the analy-
ses. Studies were approved by National Research Ethics Service
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Cambridgeshire 2 Research Ethics Committee (REC) with REC refer-
ence 00/325, and all mothers gave informed written consent. This
study involved a subgroup of CBGS (total n=201) with available dried
capillary blood spots samples. Subjects were recruited between 02/
10/2003 and 29/08/2009.

2.2.2. Growth and adiposity measurement
Birth weight was obtained from hospital records. Other birth and

subsequent (3, 12, and 24 months) anthropometry measures were
performed by three trained paediatric research nurses. Weight was
measured to the nearest 1 g using a Seca 757 electronic baby scale
and length was measured to the nearest 0.1 cm using an Infantome-
ter (SECA 416). Skinfold thickness was measured in triplicate at four
sites (triceps, subscapular, flank, and quadriceps) on the left side
of the body using a Holtain Tanner/Whitehouse Skinfold Caliper
(Holtain Ltd).

2.2.3. Sample collection
Blood samples from capillary heel-prick sampling were collected

at 3 months of age. Blood was dropped onto filtered paper cards, air-
dried at ambient room temperature overnight, and stored in Ziploc
bags at -80°C. A single spot with diameter 3.2 mm was punched from
the card for analysis.

2.2.4. Lipidomics on human dried blood spots
Blood spots samples were extracted by adapting a protocol

described previously [6]. Bloods/analytes were placed in the wells of
glass coated 2.4 ml deep well plate and added with 100 ml of MilliQ
H2O, 250 ml of methanol, and 500 ml of methyl tertiary butyl ether to
partition the lipids. The plates were then centrifuged for 10 minutes
at 6,000 rpm after being shaken for 10 minutes at 600 rpm. The
organic layer on top of the aqueous phase was transferred, dried
down, reconstituted, and used for lipid analysis by direct infusion
high-resolution untargeted mass spectrometry (HRMS), as previously
described [6,15]. Additional lipid identification was done by LC-MS/
MS. Selected masses were isolated, and all spectra were recorded [6].
Only the signals of (CE(16:1), CE(16:0), PC(32:1), PC(32:0) PC(38:4),
PC(38:3) TG(54:4), TG(54:3), PC(36:3), PC(36:2), TG(50:3) and TG
(50:2) were used to calculate the desaturase activities yielding 6 val-
ues of lipid ratios (Table 3).

2.2.5. Statistical analyses
In the mouse models the natural variation in response to HFD

feeding was used to establish correlations between plasma lipids and
specified obesity endpoints as was reported in Wopereis et al [14].
Correlations and corresponding p-values were calculated in R version
3.6.3 using Spearman’s tests. The resulting p-values were corrected
for multiple testing by calculating the false discovery rate (FDR) using
the Benjamini Hochberg method. Graphs were produced using
GraphPad Prism version 8.4.2.

Infancy age- and sex-appropriate standard deviation scores (SDS)
were calculated for weight and length measurements, (with adjust-
ment for gestational age at birth and 3 months), by comparison to
the UK 1990 growth reference using LMSgrowth software [17]. Inter-
nally-derived SDS were calculated for each individual skinfolds,
adjusted for infant sex, GA, and exact age at visit. Growth gains were
derived from delta weight, height, and mean skinfolds SDS between
3-12 and 12-24 months. Maternal BMI was derived from self-
reported pre-pregnancy weight divided by the square of measured
height (kg/m2).

Unless otherwise stated, all descriptive data are presented as
means§standard deviations (SD) for continuous variables or as a per-
centage (%) for categorical variables. Multiple linear regression was
used to investigate associations between lipid ratios separately at
3 months of age with weight, height, and skinfolds (reflecting adipos-
ity) gains during both 3-12 and 12-24 months. For weight and height
SDS, models were adjusted for maternal parity, maternal pre-preg-
nancy BMI, and infant feeding history. For mean skinfold, models
were adjusted for infant sex, gestational age, postnatal age at mea-
surement, and feeding history, as well as maternal pre-pregnancy
BMI and parity. For linear regression models, assumptions of normal-
ity, linearity, homoscedasticity, and absence of multicollinearity had
been evaluated and nonewere violated. Since there were only 6 varia-
bles/lipid ratios in the regression models, statistical significance was
achieved if p values<0.05. Statistical analyses were carried out using
SPSS version 25.0 (IBM) and R version 1.0.136.

2.3. Role of the funding source

The funders of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. The
corresponding author had full access to all the data in the study and
had final responsibility for the decision to submit for publication.

3. RESULTS

3.1. Identification of candidate obesity biomarkers in mouse cohorts

Obesity was induced in standard chow-fed E3L mice at age 12
weeks by exposing them to HFD for 8 weeks (n=30). The average
body weight at baseline was 26.0§1.7 g and mice weight gain ranged
between 3.1 and 11.8 g (Supplementary Figure 1A-C). A similar inter-
individual variation was observed for other obesity endpoints,
including body fat percentage; epidydimal, mesenteric and subcuta-
neous WAT mass; and adipocyte cell size of major WAT depots (Sup-
plementary Figure 1D-J).

Lipidomic analysis was performed on plasma collected prior to
HFD feeding, involving more than 200 lipids of all major lipid classes.
This allowed for identification of specific circulating lipids that corre-
lated with weight-gain as our primary obesity endpoint and other
obesity-related parameters after HFD. At 12 weeks, the circulating
relative concentration of four lipids, the cholesteryl esters (CEs), CE
(20:2), CE(20:3), CE(22:4), and CE(22:5), was significantly correlated
with weight-gain during HFD feeding (FDR<0.05; Figure 2; complete
analyte results in Supplementary Table 1). Moreover, when measured
at 20 weeks, all four CEs showed significant and stronger correlations
with delta weight gain during the HFD period (Figure 2E).

An overview of all lipids that significantly correlated with one or
more obesity endpoints is displayed in Table 1, showing the number
of correlations and which obesity-related endpoints were predicted
by each analyte. Most lipids that correlated with 3 or more obesity
endpoints were CEs. Half of the remaining lipids that correlated with
�2 obesity endpoints belonged to the phosphatidylcholine (PC)
group. Of note, CEs are components of lipoproteins, while PCs are
essential elements of biological membranes. If significant correlations
were only observed between lipids and 1-2 obesity endpoints, the
endpoint would usually reflect the quality of adipose tissue, e.g. mass
and size of specific WAT depots.

To verify if the identified 4 CEs could be predictive for obesity
endpoints, lipidomics analyses were performed in two different inde-
pendent HFD-induced obesity mice experiments. The first experi-
ment was carried out with mice that displayed a human-like
lipoprotein profile with elevated relative concentration of apolipo-
protein B-containing lipoproteins (Ldlr-/-.Leiden mice). The second
experiment was conducted on mice in which those lipoproteins are
rapidly cleared from the circulation (C57BL/6J mice). In Ldlr-/-.Leiden
mice, plasma concentrations of all 4 CEs at 9 weeks of age strongly
correlated with mice body weight after completing 21 weeks of HFD
(data not shown): CE(20:3) (Spearman’s r=0.727), CE(20:4) (r=0.735),
CE(22:4) (r=0.817), and CE(22:5) (r=0.787). On the contrary, in
C57BL/6J mice, a model without a humanised lipoprotein profile,
those CEs did not correlate with weight gain, except for CE(16:1).



Fig. 2. (a-d) Correlations between plasma concentrations of four CEs at 12 weeks with subsequent weight gain after 8 weeks of HFD feeding (1 mouse was excluded due to technical
error, total n=29, r=Spearman‘s correlation coefficient; FDR-corrected p <0.05). (e) Correlations between mice body weight gain from 12-20 weeks during HFD feeding and each CE
level over time (each cell denotes Spearman’s correlation coefficient, increased red intensity indicates stronger correlation (FDR-corrected p <0.05).
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This particular CE also predicted WAT weight and adipocyte size in
the E3L cohort (data not shown).

In an attempt to delineate putative mechanistic relationships
between the identified lipid biomarkers, their fatty acids (FA) moie-
ties were plotted in the lipid pathways relevant for FA elongation and
desaturation detailing n-3, n-6 and n-9 FA pathways (Figure 3). Ana-
lysing this mechanistic framework provided evidence that the FA
moieties of the identified CEs are educts or products of desaturase
activity and their ratios are often used as biomarkers for these
enzyme acitivities. This suggests that three key enzyme activities in
early-life of mice, FADS1/D5-FA desaturase, FADS2/D6-FA desaturase,
and SCD-1/D9-FA desaturase, are critical for later body weight gain
and obesity endpoints. Among the E3L mice in the first animal study,
C16:1/C16:0 ratio (a marker of SCD-1 activity) was positively corre-
lated with bodyweight gain (r=0.59, FDR<0.05) and subcutaneous adi-
pocyte cell size (r=0.54; FDR<0.05). Interestingly, among the lipids
that correlated with obesity endpoints in mice (Table 1), there were
several lipids typically used to estimate FADS1, FADS2, and SCD-1
activity in human, including in our infant cohort in the following sec-
tion (Table 4), e.g. CE(16:1), PC(32:1), PC(38:3), PC(38:4), and PC(36:3).

To test if the mapping of lipid ratios to corresponding desaturase
activities within this mechanistic framework already applies early in
life, lipidomics was conducted on the plasma of 4-week-old E3L
mice. Lipid concentrations were used to calculate product/educt
ratios of desaturase-mediated enzymatic reactions or desaturase
indices/activities. As shown in Figure 4, the calculated SCD1 and
FADS1 activities correlated with the subsequent weight gain from 4-
12 weeks after being exposed to HFD. As opposed to the previous
experiment (Figure 2 and Table 1), SCD-1 was inversely associated
with subsequent weight gain. In addition, this experiment also dem-
onstrated that ARA/DHA supplementation could modulate CE circu-
lating levels and desaturase activities corresponding to obesity
endpoints (Supplementary Figure 2, obesity endpoints have been
reported elsewhere [12]).
3.2. Validation of candidate obesity biomarkers in human infants

To translate the findings from murine experiments to the human
context, lipidomics data from a subgroup of the CBGS cohort were
analysed. In particular, associations between lipid ratios affected by
desaturase enzyme activities identified from the animal models and
growth gains in infancy were explored. The baseline characteristics
of the cohort are shown in Table 2. All infants were born at term
from healthy mothers, had normal birth weight, were mostly of
Caucasian descent, with equal proportion in sex and birth order.
The characteristics shown in Table 2 did not differ significantly with
the whole group of normal birth weight infants in the CBGS (data not
displayed).

The desaturases activities have been classically assessed by the
ratios of specific FA, measured by gas chromatography [18,19]. From
the lipid profiling data on dried blood spots in our previous studies,
hydrolysed FA were unavailable, rather, the data exhibited intact lip-
ids containing those specific acids. From our detailed lipid analysis
published previously [6,15], particular lipids could be identified as
suitable proxies for the FA necessary to assess the desaturase activi-
ties. Lipid ratios at age 3 months indicating SCD1, FADS1, and FADS2
activities that were examined in this study are listed in Table 3 and
each corresponding molecular mass in Supplementary table 1.

Linear regression models were employed to demonstrate the
associations between lipid ratios representing enzyme activities with
growth gains during infancy, with early (3-12 months) and late
infancy (12-24 months) being analysed separately. In these analyses,
first models were unadjusted while the second models were adjusted
for significant confounding factors observed from our previous stud-
ies [6,20], including maternal parity, maternal pre-pregnancy BMI,
and 0-3 months infant feeding history.

In the fully adjusted models, PC ratio reflecting SCD1 activity was
positively associated with weight gain between 3-12 months of age
(p=0.012, Table 3a). Meanwhile, CE ratio reflecting SCD1 activity



Table 1
Correlation between each lipid species and obesity-related endpoints (Spearman’s r�0.50, FDR-corrected p<0.05) in ApoE3L mice

Lipid species Number of
correlations

Correlation coefficient (r) per obesity endpoint

1 CE(20:2) 8 BW gain (0.68), omental fat mass (0.56), subcutaneous fat mass (0.69), perirenal fat mass (0.64), total fat mass (0.64),
body fat percentage (0.63), subcutaneous adipocyte size (0.53)

2 CE(20:3) 6 BW gain (0.59), omental fat mass (0.58), subcutaneous fat mass (0.65), body fat percentage (0.61), omental adipocyte size
(0.53), subcutaneous adipocyte size (0.66)

3 CE(22:5) 6 BW gain (0.57), omental fat mass (0.57), subcutaneous fat mass (0.63), body fat percentage (0.61), omental adipocyte size
(0.57), subcutaneous adipocyte size (0.66)

4 CE(20:4) 5 Omental fat mass (0.57), subcutaneous fat mass (0.63), body fat percentage (0.6), omental adipocyte size (0.5),
subcutaneous adipocyte size (0.66)

5 CE(22:4) 4 BW gain (0.66), subcutaneous fat mass (0.64), body fat percentage (0.59), subcutaneous adipocyte size (0.6)

6 CE(16:1) 4 Omental fat mass (0.65), subcutaneous fat mass (0.57), omental adipocyte size (0.52), subcutaneous adipocyte size (0.53)
7 SM(16:1) 4 Omental fat mass (0.57), subcutaneous fat mass (0.57), omental adipocyte size (0.55), subcutaneous adipocyte size (0.5)
8 CE(18:2) 3 Omental fat mass (0.63), subcutaneous fat mass (0.59), subcutaneous adipocyte size (0.51)
9 PC(32:2) 3 Omental fat mass (0.58), omental adipocyte size (0.61), subcutaneous adipocyte size (0.56)

10 PC(34:3) 3 Omental fat mass (0.58), omental adipocyte size (0.6), subcutaneous adipocyte size (0.54)
11 CE(22:6) 3 Omental fat mass (0.54), subcutaneous fat mass (0.56), subcutaneous adipocyte size (0.61)
12 PC(32:1) 2 Omental fat mass (0.58), omental adipocyte size (0.55)
13 PC(36:5) 2 Omental adipocyte size (0.62), subcutaneous adipocyte size (0.61)
14 C20:5n3 2 Omental adipocyte size (0.56), subcutaneous adipocyte size (0.61)
15 C20:4n3 2 Omental adipocyte size (0.55), subcutaneous adipocyte size (0.53)
16 C22:6n3 2 Omental adipocyte size (0.56), subcutaneous adipocyte size (0.57)
17 CE(20:5) 2 Omental adipocyte size (0.56), subcutaneous adipocyte size (0.63)
18 PC(38:3) 2 Omental adipocyte size (0.55), subcutaneous adipocyte size (0.5)
19 PC(38:6) 2 Omental adipocyte size (0.54), subcutaneous adipocyte size (0.52)
21 C20:4n6 2 Omental adipocyte size (0.53), subcutaneous adipocyte size (0.55)
22 PC(40:7) 2 Omental adipocyte size (0.53), subcutaneous adipocyte size (0.5)
23 PC(36:4) 2 Omental adipocyte size (0.52), subcutaneous adipocyte size (0.57)
24 PC(38:5) 2 Omental adipocyte size (0.52), subcutaneous adipocyte size (0.54)
25 CE(14:0) 1 Omental fat mass (0.6)
26 SM(23:1) 1 Omental fat mass (0.54)
27 C24:0 1 Omental fat mass (0.53)
28 LPC sn2(18:0) 1 Subcutaneous adipocyte size (0.52)
29 PC(38:4) 1 Subcutaneous adipocyte size (0.5)
30 PC(38:3) 1 Subcutaneous adipocyte size (0.5)
31 C22:5n3 1 Omental adipocyte size (0.55)
32 LPC sn1(16:1) 1 Omental adipocyte size (0.52)
33 PC(36:3) 1 Omental adipocyte size (0.53)
34 C20:3n9 1 Omental adipocyte size (0.5)
35 C20:3n3 1 Omental adipocyte size (0.5)
36 PC(36:5) 1 Omental adipocyte size (0.5)

BW=body weight
The four identified CEs that correlated with weight gain are highlighted in grey (no 1, 2, 3, and 5).
CE=cholesteryl esters, PC=phosphatidylcholine, LPC=lysophosphatidylcholine, SM=sphingomyelins, TG=triglycerides
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showed negative associations with 3-12 months weight and BMI
gains (p=0.027 and 0.033, respectively, Table 3a and c). The associa-
tion between SCD1 activity represented by CEs and growth gains
became positive at 12-24 months (fully adjusted, p=0.02 with weight
and p=0.009 with height, Table 3a and b). Similarly, SCD1 PC ratio
was also positively associated with 12-24 month-skinfolds gain
reflecting adiposity (Table 3d). FADS1 PC ratio was inversely-, while
FADS2 PC ratio was positively associated with subsequent 3-12
months height gain. The latter lipid ratio was inversely associated
with adiposity gain from 3-12 months.

4. DISCUSSION

Here, we present a translational framework for the identification
of lipid species, lipid ratios and potentially related enzyme activities
associated with growth and adiposity outcomes during early life. The
identified lipids and corresponding ratios might serve as predictive
biomarkers to provide insights into individual susceptibility for obe-
sity risk. The enzyme activities, as suggested by the lipid ratios, may
offer opportunities for potential dietary interventions to modulate
this risk, highlighting a window of opportunity early in life.

In our previous study, we reported that breastfeeding-related cir-
culating lipids in infants could predict subsequent weight gain early
in life [6]. However, that study was strictly observational and there-
fore had limited scope to provide direct insight into the mechanisms
driving these associations. In light of this limitation, animal experi-
ments can help in identifying robust candidate lipids to predict
excessive weight-gain susceptibility. This is mainly because animal
models allow for rigid control of diet and handling procedures, exclu-
sion of genetic and environmental confounding factors, and accessi-
bility of tissues that is impossible in humans. Extrapolation of results
from animal studies has to take species-unique lipid metabolism and
relative nutrient density per body weight into consideration [21] but
can also benefit from additional insights based on specific lipid
metabolism characteristics compared in particular strains. However,
animal studies with translatable information on the link between
lipid metabolism and growth are still scarce, with only a few geneti-
cally modified transgenic mouse models to mimic human lipid
metabolism [7].

In this study, we used mouse models with established transla-
tional characteristics of human lipid metabolism and dyslipidaemia
including E3L and Ldlr-/-.Leiden mice [7,8]. Independent diet-
induced obesity experiments involving large cohorts of mice were
set out to identify detectable circulating lipids in early-life plasma
that could potentially predict future obesity risk. In these experi-
ments, standardisation of genetic and environmental factors was
implemented to minimise their confounding effects. This included
(1) using male-only mice with identically-modified genetic back-
ground and (2) applying uniform nutrients provision, fasting period,
age when commencing the energy-dense diet, and plasma sampling



Fig. 3. Schematic diagram of identified lipid biomarkers and their relation to the activities of desaturase enzymes, showing FA of the n-3, n-6 and n-9 pathways that are converted
by elongases and desaturases. The reactions catalysed by desaturases FADS1, FADS2 and SCD-1 are shown with each corresponding coloured line. The FA moieties of the biomarkers
shown in Table 1 are highlighted in green. Only lipids with single distinct FA moiety are displayed whereas complex lipids (e.g. PC with multiple FA) are omitted. SCD= stearoyl Co-
A desaturase, FADS= fatty acid desaturase.
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methods. Obesity was determined by various endpoints, such as body
weight, adiposity, visceral and subcutaneous fat depots.

From the first E3L experiment, several lipids were noted to correlate
with subsequent weight gain and other obesity parameters after
Fig. 4. Correlation between desaturases activities measured at 4 weeks and subsequent body
and FADS2 activities were estimated using lipid concentrations from lipidomics as those enzy
8 weeks of HFD exposure, mainly classified as CEs and PCs. The 4
best correlating CEs also displayed significant correlations with sub-
sequent weight gain after HFD among Ldlr-/- mice, but not among
the wild-type C57BL/6J. From lipid metabolism pathways, those CEs
weight gain between 4-12 weeks among HFD-fed E3L mice (n=10). The SCD-1, FADS1,
mes mediate specific FA conversions as shown in Figure 3.



Table 2
CBGS baseline characteristics

Characteristics N Mean§SD or N (%)

Maternal characteristics
Age at delivery, year 201 33.42§4.5
Pre-pregnancy BMI, kg/m2 168 23.5§4.37
Height, cm 176 166.37§6.99
Ethnicity (N (%) of European descent) 179 168(93.9%)
Parity (N (%) of primiparous) 201 91(45.3%)
Smoking history (N (%) of smoking mothers) 201 8(4%)
Birth and infantcharacteristics
Sex (N(%) of male infants) 201 88(43.8%)
Gestational age at delivery, weeks 201 39.85§1.44
Delivery methods (N(%) of vaginal delivery) 194 140(72.2%)
Birth weighta, kg 201 3.42§0.55
Birth weight-SDSa 201 -0.05§1.04
Birth lengthb, cm 195 51.07§2.3
Birth length-SDSb 195 -0.02§0.97
Birth head circumferenceb, cm 196 34.86§1.48
Birth head circumference-SDS 196 -0.24§1.05
BMI at birthb, kg/m2 195 13.15§1.88
BMI-SDSb 195 -0.15§1.65
Mean skinfolds at birthb,c, cm 196 5.88§1.42
LGA, % 201 7(3.5%)
Exclusively breastfed until 3 months, % 199 87(43.7%)
0-3 months catch-up weight gaind, % 200 53(26.5%)
3-12 months catch-up weight gaind, % 200 42(21%)
12-24 months catch-up weight gaind, % 200 31(15.5%)

SDS values are based on UK 1990 growth reference, adjusted for sex, gesta-
tional (only for birth measurement) and postnatal age at measurement.
LGA=large-for-gestational age, if birth weight SDS�2 SD.
Values represent mean§SD or %.
aData taken from hospital records
bMeasured in �8 days after birth
cTaken from 4 sites: triceps, subscapular, flank, and quadriceps
dCatch-up is defined if delta growth between 2 times �0.67 SD
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were identified to be educts or products of desaturases activities:
SCD1, FADS1, and FADS2. Finally, the circulating level of these iden-
tified CEs at 4 weeks correlated with subsequent weight gain among
E3L mice, suggesting their potentials to be early life candidate bio-
markers (CBM) to predict later obesity in mice. Interestingly, circu-
lating levels could be modulated by early life dietary intervention
with ARA/DHA. We then attempted to translate the findings from
our animal studies into the human setting via measuring lipid abun-
dance from infants at 3 months of age.

Our findings on lipid ratios potentially related to SCD1, FADS1 and
FADS2 activities are in line with recent human studies that have asso-
ciated polyunsaturated fatty acids (PUFA) intake and the related
enzyme activities, SCD1, FADS1, and FADS2, with childhood meta-
bolic parameters [22]. For example, Wolters et al reported that a
FADS1 polymorphism influenced blood pressure and body mass
index (BMI) in a multinational European study involving children
aged 2-10 years [23]. Another study from the same group reported
positive associations between fatty acid ratios representing SCD1 and
FADS2 activities at baseline with BMI and TG levels both at baseline
and 2 years later [24]. In contrast, FADS1 activity measured by fatty
acid ratios at baseline was inversely associated with both measures
at both time points [24]. Similar to this particular study, we also
discovered a positive association between SCD1 indices level at
3 months with later adiposity gain between 12-24 months, as well
as with weight and height gains (Table 4). There was also a con-
temporaneous positive association between FADS2 activity and
infant BMI at 3 months (B§SE=3.74§1.61, p=0.021, data not
shown), and a positive association with height gain between 3-12
months (Table 3b). Meanwhile, a negative association between
FADS1 was not observed with adiposity but with height gain
between 3-12 months with PC ratio. As shown in the summary
table 4, from all lipid ratios employed as proxies of enzyme activi-
ties, SCD1 activity appeared to be the most significant marker of
growth and adiposity development during early life.
SCD1 plays a pivotal role in fat storage, lipid homeostasis, and
energy metabolism. This enzyme is involved in monounsaturated
fatty acids (MUFA) biosynthesis via introduction of a double bond
into saturated fatty acids that can come from lipogenesis or from the
diet. Increased hepatic SCD1 activity, measured as fatty acid ratio has
been linked to obesity and its comorbidities, both in animals and
humans [25,26]. In a population study involving more than 1800
elderly participants, Vinkness reported positive associations between
plasma SCD1 indices, CE 16:1/16:0 and 18:1/18:0, and adiposity
parameters, including BMI and body fat mass measured by dual X-ray
absorptiometry (DXA). In contrast, those markers showed inverse
associations with polyunsaturated fatty acids (PUFA) and exercise [25].

The rationale for translating results on lipid-related outcomes
from animal models to humans is supported by specific similarities
in lipid physiology observed across mammals. This includes compara-
ble roles of lipids in supporting cellular, nuclear, and organelles
membranes, lipoprotein, and the use of triglycerides (TGs) as storage
molecules. Consistent with this, the potential biomarkers identified
in this study belong to lipid classes that exert roles in storage and
transport (cholesteryl esters) or as membrane lipids (phosphatidyl-
choline). Of note, lipid clearance and packaging, which influence lipid
homeostasis, differ betweenmammals. Different lipid molecules might
possibly be observed in the circulation due to species-dependent char-
acteristics such as, e.g. diet, and lipid processing, e.g. enzymes involved
in very-low-density lipoprotein (VLDL) assembly and secretion, lipoly-
sis, lipoprotein clearance. Nonetheless, it is plausible to hypothesise
that the pathways and enzymatic processes involved in lipid metabo-
lism affecting an individual’s susceptibility to rapid weight gain are
analogous across species. The main rationale for this is that lipid
metabolism orchestrating enzymes and their transcriptional regulators
are evolutionarily conserved [27].

The predominant lipoproteins in human are apolipoprotein B-
containing (V)LDL particles that are formed and released by the liver
to transport lipids to the peripheral organs. In wild-type mice such as
C57BL/6J mice, the (V)LDL concentrations in the circulation are
extremely low because of rapid LDL receptor-mediated clearance of
(V)LDL particles by the liver. Hence, in this study, HDL particles pre-
vailed in the circulation of wild-type C57BL/6J mice whereas in E3L
mice and LDLr-/-.Leiden mice, VLDL/LDL particles were abundantly
present, similar to what would be observed in humans [28,29]. Many
of the biomarkers identified in E3L mice that were confirmed in the
independent experiment in LDLr-/-.Leiden mice belong to the class of
CEs, which are constituents of (V)LDL particles. Of these CEs, only the
lipid CE(16:1) could be recapitulated in C57BL/6J, possibly because
oleic acid (C16:1) is one of the most abundant FA in the circulation,
even among the wild-type mice [13]. The observation that all identi-
fied potential biomarkers with exception of CE(16:1) could be con-
firmed in LDLr-/-.Leiden mice but not in C57BL/6J mice indicates that
the potential biomarkers are confined to lipoproteins.

Figure 3 displays the relationship between the identified lipid bio-
markers and desaturases activities. While elongases mediate the
elongation of the FA backbones, the fatty acid desaturases catalyse
the synthesis of (poly)unsaturated fatty acids (PUFA) by introducing
double carbon bonds. The ratio between saturated FA and PUFA influ-
ences the composition of phospholipids in cell membranes and
affects membrane fluidity. Differences in lipid ratios reflecting desa-
turase activity have previously been associated with obesity and the
metabolic syndrome [26].

It is interesting to speculate on the origin of the identified lipids
and the underlying mechanism for their predictive value for obesity
later in life. In infants, the demand for PUFA is different from adults.
Moreover, the genetic makeup may contribute to differences in
plasma lipid profiles, since single nucleotide polymorphisms (SNPs)
in FADS genes can modulate desaturase activity [30]. Furthermore,
pre- (maternal) and postnatal feeding could influence circulating
desaturase activity markers. In mice, genetic and environmental



8 L. Olga et al. / EBioMedicine 63 (2021) 103198
factors can be excluded as confounding factors. Therefore, the predic-
tive value of desaturase activity markers for obesity development in
genetically identical mice suggests that the markers reflect a meta-
bolic set point, possibly established via epigenetic mechanisms [31].

Gene expression of the desaturase enzymes FADS1, FADS2 and
SCD1 is regulated by the lipogenic transcription factors SREBP1c and
peroxisome proliferator-activated receptors (PPARs), predominantly
in the liver [32], but also in adipose tissue [33]. Interestingly, studies
focusing on mechanisms of metabolic programming have implicated
PPARs as candidate gatekeeper pathway of developmental program-
ming [34] and adipose tissue expansion during obesity development
Table 3
Regression models associating lipid ratios at 3 months and subsequent growth
[8]. Notably, the PPARa gene has shown sensitivity for epigenetic
changes [35], which may account for long-term changes in PPARa
and its target genes. Future research may shed light on whether mod-
ulation of PPARs in early life (e.g. by PUFAs as endogenous ligands),
could be an interesting opportunity to modulate the metabolic
setpoint, measured by lipid ratios reflecting desaturase activity, as
shown in our previously reported animal study (Supplementary
Figure 2) [12].

In our mouse studies, ratios of CE lipids as proxies for FADS1,
FADS2 or SCD1 activity were associated with subsequent weight
gain. However, the identified CE lipids were not present in the



Table 3
(Continued)

B: unstandardized beta, 95% CI: 95% confidence interval (lower bound, upper bound) for the unstandardized beta
All lipid ratios are log-transformed
Weight, height, BMI SDS values are based on UK 1990 growth reference, adjusted for sex, gestational age (at 3 months only), and postnatal age at measurement.
Skinfolds SDS values are internally-derived, adjusted for sex, gestational age, and postnatal age at measurement.
Age at visit is limited to 70-112 days for 3 months, 337-393 days for 12 months, and 702-758 days for 24 months visits
aModel 2 is adjusted for maternal parity (primiparous vs non), maternal pre-pregnancy BMI, and infant feeding history at 3 months
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Table 4
Summary of results of the association analyses between infant growth/adiposity outcomes and desaturase activities

m=months
(+) in green blocked boxes reflects positive associations while (-) in red blocked boxes reflects negative associations
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existing CBGS lipidomics database. This is mainly because these par-
ticular CEs are of low abundance and not consistently detected in all
of the studied infants. The lipidomics data were obtained from only a
3.2 mm disc of blood spot material from heel prick sample per infant,
which limited the depth of lipid profiling analysis. Moreover, as lipids
are apolar and can stick to other non-charged molecules, large par-
ticles such as VLDL and LDL are relatively difficult to dissolve once
the blood is dried. Moreover, the method of detection is also less sen-
sitive for apolar lipids. Therefore, desaturase activities were derived
from analyses of other lipids in the CBGS lipidomics database.

From the CBGS data, of all 3 enzymes activities measured as lipid
ratios, only SCD1 differed between 0-3 months infant feeding history,
with breastfed infants had higher levels of CE and PC ratios (both
p values<0.0005). The differences in direction of the associations
between lipid ratios and growth parameters in the early (3-12
months) versus late infancy period (12-24 months) demonstrate how
dynamic lipid metabolism is and thus affecting its potential use as
candidate biomarkers. This difference could also be observed in the
mice study; SCD1 (CE16:1)/CE(16:0) ratio level was inversely associ-
ated with subsequent weight gain between 4-12 weeks (Figure 4),
but positively with 12-20 weeks weight gain, both after HFD expo-
sure (Figure 2 and Table 1). Of note, studies with adult participants
have shown that the activity of those enzymes is strongly driven by
FA composition in diet [36]. Therefore, the effects of FA enzymatic
activity on growth and metabolism might also change with the large
variations in diet over time in infants.

A major strength of our work is the ability to align the lipid and
weight gain results of gender- and diet-controlled E3L and LDLr-/-
mouse models with lipid data from a human infant cohort. There are
very few birth cohorts that have both detailed weight, growth and
body composition data combined with lipid profiling data, which
makes this approach unique. The regression models were also con-
trolled for feeding history, therefore, the associations between the
identified lipid ratios and growth parameters were independent on
how the infants were fed. Furthermore, lipid profiling approaches
were independent between the model system and the human birth
cohort study, which emphasises the robustness of translated results.
The translational approach also allowed us to use a hypothesis based
analysis of specific lipid ratios, rather than a data-driven multivariate
approach, which at best could only generate hypotheses.

There are important limitations to note. First, lipid metabolism in
mice is inherently different to lipid metabolism of humans. The use
of the E3L and LDLr-/-.Leiden mouse models allowed us to study lipid
metabolism that is closer to humans then it would be the case if wild
type mice were used. This is because apolipoprotein B-containing
particles are the predominant circulating lipoproteins in both trans-
genic mice models. Despite similarities in lipid handling and metabo-
lome [7,37], mice do not fully represent human lipid metabolism
because they lack, for instance, cholesterylester transfer protein. Sec-
ondly, the dietary context differed between the mouse studies and
the early life situation in humans: at three months infants are only
consuming breast milk or formula, and it is possible that we would
have identified other lipids or lipid ratios if the dietary condition
could have been mimicked better. Third, the use of lipid ratios is only
a proxy to estimate an enzyme activity. Desaturases are expressed in
multiple tissues among which liver and adipose tissue, and lipids
measured in the plasma compartment may reflect the net activity of
desaturases in one or more of these tissues. Assessing the molecular
causes that underlie the observed lipid differences between infants
requires a lot of futher work, including mRNA and protein expression
studies as well as lipid profiling of tissue biopsies and lipid flux studies.
Fourth, the lipid profiling technology used between the mouse models
and the human cohorts limited our ability to directly compare the
exact same lipids, or very specific lipid ratios that could have improved
the sensitivity to pick up relationships between desaturase activities
and weight gain. Despite rapid development of lipidomics technolo-
gies, it is not ideal to repeat lipidomic analysis on precious and hard-
to-obtain biological samples, such as infant’s blood. Hence, re-analyse
the samples using more recent technology was not feasible.

In conclusion, lipid ratios potentially reflecting SCD1, FADS1, and
FADS2 activities were identified in this study and they were associated
with subsequent body size, first in murine models and subsequently
validated in an infant human cohort. While these lipids are promising
as candidate biomarkers, further longitudinal investigations are
required to confirm these findings.
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