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Abstract

Context: Weight gain during adulthood increases cardiometabolic disease risk, possibly
through adipocyte hypertrophy.

Objective: We aimed to study the specific metabolomic profile of adult weight gain, and
to examine its association with adipocyte volume.

Methods: Nuclear magnetic resonance-based metabolomics were measured in the
Netherlands Epidemiology of Obesity (NEO) study (n = 6347, discovery) and Oxford Biobank
(n=6317, replication). Adult weight gain was calculated as the absolute difference between
body mass index (BMI) at middle age and recalled BMI at age 20 years. We performed
linear regression analyses with both exposures BMI at age 20 years and weight gain, and
separately with BMI at middle age in relation to 149 serum metabolomic measures, adjusted
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for age, sex, and multiple testing. Additionally, subcutaneous abdominal adipocyte biopsies
were collected in a subset of the Oxford Biobank (n = 114) to estimate adipocyte volume.
Results: Mean (SD) weight gain was 4.5 (3.7) kg/m? in the NEO study and 3.6 (3.7) kg/m?
in the Oxford Biobank. Weight gain, and not BMI at age 20 nor middle age, was associated
with concentrations of 7 metabolomic measures after successful replication, which
included polyunsaturated fatty acids, small to medium low-density lipoproteins, and
total intermediate-density lipoprotein. One SD weight gain was associated with 386 um3
(95% CI, 143-629) higher median adipocyte volume. Adipocyte volume was associated
with lipoprotein particles specific for adult weight gain.

Conclusion: Adult weight gain is associated with specific metabolomic alterations of
which the higher lipoprotein concentrations were likely contributed by larger adipocyte

volumes, presumably linking weight gain to cardiometabolic disease.

Key Words: weight gain, body mass index, metabolomics, metabolic profile, cohort study, adipocyte volume

It is well established that weight gain during adulthood,
as a result of an increase in body fat mass, is associated
with a higher risk of type 2 diabetes, coronary artery dis-
ease, and (all-cause) mortality (1-3). Although there is a
constant turnover of adipocytes throughout life, adipocyte
number remains fixed during adulthood, and therefore the
expansion of adipose tissue (AT) in response to weight
gain in adults is due to an increase in adipocyte volume
(4, 5). Previous studies have shown that adipocyte expan-
sion, also known as adipocyte hypertrophy, is associated
with increased systemic insulin resistance, and thereby a
worsening metabolic profile (6-8).

According to the “lipid overflow” or “AT expandability”
hypothesis, AT becomes dysfunctional when the capacity of
hypertrophic adipocytes to expand is exceeded (9, 10). This
in turn, leads to “lipid overflow” and the accumulation of
triglycerides in visceral AT and ectopic fat deposition in
normally lean organs such as the heart, skeletal muscles,
pancreas, and liver (9-11). Compared to subcutaneous adi-
pocytes, adipocytes in the visceral depot have a high se-
cretion rate of nonesterified fatty acids, very low-density
lipoproteins (VLDL), and cytokines, such as interleukin-6
and tumor necrosis factor-o, thereby inducing a systemic
low-grade inflammatory state and oxidative stress (11-14).
Finally, intracellular nonesterified fatty acid accumulation
in non-ATs leads to impaired insulin signaling and insulin
resistance (15).

We previously demonstrated in the Netherlands
Epidemiology of Obesity (NEO) cohort that middle-aged
individuals who gained body weight during adulthood had
relatively more visceral fat and liver fat than weight-stable
individuals (16). Additionally, participants with adult-onset
weight gain were more insulin resistant, which was partly
mediated by fat deposition in the visceral area and in the
liver (17). Furthermore, body mass index (BMI) in adult-
hood has been associated with higher circulating very-low

density lipoprotein, monounsaturated fatty acids, saturated
fatty acids, and branched-chain amino acid levels, as well
as lower plasma large high-density lipoprotein concentra-
tions (18, 19). While studies have described the metabolic
changes after short-term weight loss interventions (20, 21),
the metabolomic profile associated with long-term adult
weight gain has not been defined, but can produce detailed
novel insights linking body weight at different stages over
the life course, adult weight gain, and the development of
cardiometabolic disease.

Here, we aimed to study the concentrations of
metabolomic measures at middle age that were specifically
associated with adult weight gain, as opposed to those as-
sociated with BMI at age 20 or BMI at middle age, in the
NEO study (discovery) (22) and to replicate these findings
in the Oxford Biobank (OBB) (23). Additionally, we aimed
to examine the relation between adult weight gain and its
specific metabolomic measures with abdominal adipocyte
volume in a subpopulation of the OBB.

Materials and Methods
Study Design and Study Population

Netherlands Epidemiology of Obesity Study

(discovery cohort)

The NEO study is a population-based cohort study of
6671 individuals aged 45 to 65 years, with an oversam-
pling of individuals with BMI greater than or equal to
27, living in the greater area of Leiden (in the West of
the Netherlands). All inhabitants aged between 45 and
65 years from one municipality (Leiderdorp) were invited
to participate irrespective of their BMI, allowing for a ref-
erence distribution of BMI. The study design and popu-
lation are described in detail elsewhere (22) and in the
supplementary methods (24). The medical ethical com-
mittee of the Leiden University Medical Center approved
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the NEO study. All participants provided written in-

formed consent.

Oxford Biobank (replication cohort) and abdominal
adipose tissue biopsies

The OBB is a population-based cohort study of randomly
selected healthy men and women living in Oxfordshire, UK.
The study includes 71835 individuals aged 29 to 56 years. The
exclusion criteria for the OBB were history of myocardial in-
farction, diabetes mellitus type 1 or 2, heart failure, untreated
malignancy, other ongoing systemic diseases, or ongoing
pregnancy. Study recruitment criteria and population char-
acteristics are described in detail elsewhere (23) and in the
supplementary methods (24). The OBB protocol is approved
by the Oxfordshire Clinical Research Ethics Committee and
all participants have provided informed consent.

In a subset of 114 participants in the OBB with data
on recalled body weight at age 20 and metabolomic meas-
ures, subcutaneous abdominal AT biopsies were performed
originally for purposes other than described in the present
study, and were collected after the baseline assessment. All
participants within the subset were recalled based on their
genotype (25-27) and were matched for sex, age, and BML.
The subset and the subcutaneous abdominal AT biopsies,
which were used to calculate adipocyte volume and adipo-
cyte weight (28), are described in more detail in the supple-
mentary methods (24).

Weight Change During Adulthood

In the NEO study, height without shoes was measured with
a vertically fixed, calibrated tape measure. Body weight
was measured and percentage of body fat was estimated
by the Tanita bio impedance balance (TBF-310, Tanita
International Division) without shoes, and 1 kg was sub-
tracted to correct for weight of clothing. BMI at baseline
was calculated by dividing the weight in kilograms by the
height in meters squared.

Recalled body weight at age 20 years was based on
self-report. The general questionnaire included the ques-
tion “How much did you weigh (approximately) when you
were 20 years old?” BMI at age 20 years was calculated by
dividing body weight at age 20 in kilograms by the height
in meters squared at middle age with the assumption that
height did not majorly change during adulthood. Weight
gain was calculated by subtracting recalled BMI at age
20 years from BMI at middle age. As a sensitivity analysis,
we also calculated relative weight gain as (body weight at
middle age [kg] — body weight at age 20 years [kg])/body
weight at age 20 years [kg] * 100.

In the OBB, height and body weight were measured at
study inclusion. Information on recalled body weight at

age 20 was obtained using questionnaires, similar as in
the NEO study, which was used to calculate BMI at age
20 years and adult weight gain.

Metabolomic Measures in the Netherlands
Epidemiology of Obesity Study and the
Oxford Biobank

Both in the NEO study and the OBB, a high-throughput
proton nuclear magnetic resonance (NMR) metabolomics
platform (29) (Nightingale Health Ltd) was used to quan-
tify 149 lipid and metabolomic measures in blood plasma
samples. Details of the experimentation and applications
of the NMR metabolomics platform have been described
previously (29), as well as coefficients of variation for the
metabolomic measures (30), and can be found in the sup-
plementary methods (24).

Statistical Analyses

In the NEO study, individuals with a BMI of 27 or higher
are oversampled. To correctly represent associations for the
general population, adjustments for the oversampling of
participants with a BMI greater than or equal to 27 were
made. This was achieved by weighting individuals toward
the BMI distribution of participants from the Leiderdorp
municipality (31), whose BMI distribution was similar
to the BMI distribution of the general Dutch population
(32). Consequently, the results from all analyses apply to a
population-based study without oversampling of individ-
uals with a high BMI. Baseline characteristics of the NEO
study (discovery cohort) and the OBB (replication cohort)
are presented as mean (SD), median (interquartile range),
or proportion (%). We calculated Pearson correlations co-
efficients between adult weight gain, BMI at age 20, and
BMI at middle age.

For the analyses in the discovery cohort using the
metabolomic measures as outcome, we used a hypothesis-
free approach. To correct for multiple testing, an a that
has been corrected for the number of independent tests/
metabolomic measures was used, obtained by considering
the correlation matrix between the NMR metabolomic
measures (33). In the present study, 37 out of the 149 meta-
bolic measures were independent and therefore the a value
was corrected by dividing 0.05 by 37 (o=1.34 x 107).
We used multivariable-adjusted linear regression models
to examine the associations of adult weight gain with all
NMR metabolomic measures adjusted for confounders. All
concentrations were standardized to a mean of 0 and SD
of 1. Linear regression modeling was performed with adult
weight gain and BMI at age 20 years as exposure vari-
ables and the metabolomic measures as outcome variable,
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adjusted for sex and age. Adult weight gain and BMI at age
20 years were included in the same model, as adult weight
gain since age 20 years is dependent on initial BMI at age
20 years. A second model was additionally adjusted for the
considered confounders use of glucose-lowering medica-
tion, including both oral medication and insulin, and statins
and fibrates. Other covariates (eg, food intake, physical ac-
tivity) were considered as possible mediators and therefore
not included. In addition, we performed linear regression
analyses with the exposure BMI at middle age and the
levels of metabolomic measures as the outcome, adjusted
for sex and age. Finally, we repeated the linear regression
analyses of adult weight gain and metabolomic measures
separately for men and women, because we expected there
could be differences in the concentrations of metabolomic
measures between men and women based on the previous
literature (34). In addition, we used relative adult weight
gain (percentage) as exposure.

Based on these analyses, we selected the metabolomic
measures specific for adult weight gain on the basis of stat-
istical significance. First, we examined which metabolomic
measures were only statistically significantly associated
with adult weight gain, and not with BMI at age 20 or BMI
at middle age. Similarly, we selected metabolomic measures
specific for BMI at age 20 years or BMI at middle age. The
remaining metabolomic measures showed overlap in their
associations with adult weight gain, BMI at age 20 years,
and BMI at middle age.

In the OBB, as our replication cohort, we performed the
same linear regression analyses as in the NEO study, with
adult weight gain and BMI at age 20 years as the exposures
and NMR-based metabolomic measures as the outcome, ad-
justed for sex and age. In addition, we performed linear re-
gression analyses with BMI at middle age as exposure and all
NMR-based metabolomic measures as the outcome, adjusted
for sex and age. For this analysis, we included all metabolomic
measures that were associated with BMI at middle age, BMI
at age 20 years or adult weight gain in the NEO cohort after
considering multiple testing. We performed the replication
analyses using a hypothesis-testing approach (P < .05). From
the results in the OBB, we determined whether metabolomic
measures were specifically associated with BMI at middle
age, BMI at age 20 years, or adult weight gain. Metabolomic
measures of particular interest to this study were those that
were associated only with adult weight gain and not with
BMI at age 20 years or BMI at middle age.

In the OBB subset with data on weight gain and ab-
dominal adipocyte volume, linear regression was used to
examine the association between BMI at age 20, adult
weight gain, and BMI at middle age as exposures, and the
abdominal adipocyte volume as outcome. Adult weight
gain and BMI at age 20 years were included in the same

model. The exposures were standardized to a mean of 0
and SD of 1 to allow comparisons. Similarly, we analyzed
the relationship between adipocyte volume (exposure) and
the metabolomic measures specific for adult weight gain.
Analyses were performed using Stata 14 (StataCorp LP).

Results

Characteristics of the Study Populations

We included 6347 individuals from the NEO study and
6317 individuals from the OBB in our analyses (Table 1).

Both cohorts comprised a similar proportion of men (43 %)
and women. Mean recalled body weight at age 20 years was

Table 1. Characteristics of the study populations: the
Netherlands Epidemiology of Obesity Study (NEO,
discovery cohort) and the Oxford Biobank (OBB, replication

cohort)
Characteristic NEO OBB

(N =6347) (N=6317)
Sex, % men 43 43

Atage 20y
Body weight, kg 65.7 (11.3) 66.2 (12.8)
BMI 21.9 (2.7) 22.5(3.4)
At middle age
Age, range, y 56 (45-65) 42 (29-56)
Time between age 20 and 36 (31-41) 22 (17-26)
middle age, y
Body weight, kg 79.1 (15.9) 76 1(15.9)
Height, m 1.73 (0.1) 71 (0.1)
BMI 26.3 (4.5) 258(4 5)
Waist circumference, cm 92.1 (13.4) 86.7 (12.8)
Relative weight gain, % 20.9 (17.5) 15 7 (16.5)
Absolute weight gain, kg 13 4 (11.1) 9 (10.7)
Absolute weight gain, kg/m? 5(3.7) 6 (3.7)
Annual weight gain, kg/m* 0. 13 (0.11) 0. 16 (0.19)
Fasting glucose, mmol/L 3(5.0-5.7) 2 (4.9-5.5)
HOMA-IR 9(1.2-2.9) 7 (2.0-3.6)
Triglycerides, mmol/L 0 (0.7-1.5) 9 (0.7-1.3)
HDL-C, mmol/L 6(0.5) 4(0.4)
LDL-C, mmol/L 5(1.0) 3(0.9)
Total cholesterol, mmol/L 7 (1.1) 2 (1.0)
Glucose-lowering medication, 5.1 0
%ﬂ

Lipid-lowering medication, %" 15.4 0

Data are presented as mean (SD or range), median (25th-75th percentile) or
percentage. Results in the NEO study were based on analyses weighted toward
the BMI distribution of the general population (N = 6347).

Abbreviations: BMI, body mass index; HOMA-IR, homeostatic model assess-
ment of insulin resistance; HDL-C, high-density lipoprotein cholesterol; LDL-
C, low-density lipoprotein cholesterol.

“Use of glucose-lowering medication included oral medication and insulin.
"Use of lipid-lowering medication included fibrates and statins.
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likewise similar (NEO: 65.7 kg [SD 11.3], OBB: 66.2 kg
[SD 12.8]). Participants of the OBB were younger (mean
age 42 years; range, 29-56 years) than those in NEO (mean
56 years; range, 45-65 years) at inclusion. Despite the dif-
ference in mean age between the cohorts, the annual ab-
solute adult weight gain was similar in both cohorts (0.13
[SD 0.11] kg/year in the NEO study and 0.16 [SD 0.19] kg/
year in the OBB).

Adult weight gain was positively correlated with BMI at
middle age (0.78 in the NEO study, and 0.67 in the OBB),
but not with BMI at age 20 (correlation coefficient =0.17 in
NEO and -0.18 in the OBB). BMI at middle age was cor-
related with BMI at age 20 by 0.49 in the NEO study and
0.61 in the OBB.

Metabolomic Measures in the Netherlands
Epidemiology of Obesity Study and Replication
in the Oxford Biobank

The circle plots presented in Fig. 1 show the associ-
ations between adult weight gain, BMI at age 20 years,
and BMI at middle age with the metabolomic measures
in the NEO study. In the model (age and sex adjusted)
including BMI at age 20 years and adult weight gain
simultaneously, absolute adult weight gain was associ-
ated with concentrations of 111 metabolomic measures
at middle age. Furthermore, in the same model, BMI at
age 20 years was associated with the concentrations of
48 metabolomic measures. BMI at middle age was asso-
ciated with the levels of 105 metabolomic measures. Of
the 111 metabolomic measures linked with adult weight
gain during adulthood, 7 were not associated with BMI
at either age 20 years or middle age and therefore con-
sidered as specific for adult weight gain, 47 were shared
with metabolomic measures associated both with BMI at
age 20 and BMI at middle age, and 53 were common with
metabolomic measures associated with BMI at middle age
(Supplementary Table 1) (24).

Of the 111 metabolomic measures that showed a sig-
nificant association with adult weight gain in the NEO
study, 107 (96%) were successfully replicated in the OBB.
The Venn diagram (Fig. 2; detailed summary statistics
data of OBB can be found in Supplementary Table 2 [24])
shows the overlap in the associations between adult weight
gain, BMI at age 20 and BMI at middle age, and the 107
metabolomic measures replicated in the OBB (35).

Adult weight gain was specifically associated with the
concentration of 7 metabolomic measures in the NEO
study, which included omega-3 (0.02 SD per 1 kg/m*
weight gain [P = 5.6 x 107°] and omega-6 fatty acids (0.02
SD [P =6.5x 107"]), subparticles related to small to me-
dium LDLs (eg, phospholipids in small LDL: 0.02 SD

[P = 1.4 x 107*]), and total intermediate-density lipoprotein
(IDL; 0.01 [P = 6.5 x 107*]), and were all successfully rep-
licated in the OBB. In addition, none of the investigated
metabolomic measures were associated only with BMI at
age 20 years, and only 2 metabolomic measures were asso-
ciated with the measured BMI at middle age (notably free
cholesterol in small high-density lipoprotein (HDL) par-
ticles and free cholesterol in IDL particles).

To visualize consistency between the 2 data sets, we also
plotted the regression coefficients (in SD per 1 kg/m” gain
in BMI) of the associations between adult weight gain and
metabolomic measures in the NEO study and the OBB
(Fig. 3). For both populations, we observed negative associ-
ations between weight gain and HDL (green dots), whereas
positive associations were detected for LDL and VLDL par-
ticles (pink dots), as well as for most amino acids (red dots),
triglycerides (light pink), and fatty acids (brown dots).

Results were similar after additional adjustment for use
of medication (Supplementary Table 3) (24). Absolute adult
weight gain was associated with similar changes in concen-
trations of metabolomic measures both in men and women
(Supplementary Table 4) (24). Results were also similar
whether we used relative or absolute weight gain as expos-
ures in the analyses (Supplementary Table 5) (24).

Cell Study in Subcutaneous Abdominal
Adipocytes in a Subset of the Oxford Biobank

Associations between adult weight gain and abdominal
adipocyte volume

Of the 114 participants with data on weight gain and
abdominal AT histology, 50 (44%) were men and the
mean age and BMI at tissue biopsy were 46 years (SD
6.6) and 26.2 (3.8). Mean adult weight gain was 3.8 kg/
m?* (3.5), while median adipocyte volume was 3782 pum?®
(2941-4450 pm’).

After adjustment for sex and age at biopsy, a 1-SD in-
crease in adult weight gain was associated with 386 pm?®
(95% CI, 143-629) larger median adipocyte volume, and a
1-SD increase in BMI at age 20 and BMI at middle age were
associated with 240 pm® (95% CI, 24-456) and 383 pum’
(95% CI, 160-605) increased adiposity volume, respect-
ively (Table 2).

Associations between abdominal adipocyte volume and
adult weight gain-specific metabolomic measures

After adjustment for sex and age at biopsy, higher median
cell volume was associated with higher circulating levels of
phospholipids in small LDL (0.21 SD [0.05-0.37] per SD
of adipocyte volume), total medium LDL particles (0.20
SD [0.02-0.37], and lipids in medium LDL (0.20 SD [0.02-
0.37]) (see Table 3). In contrast, median cell volume was not
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associated with levels of either omega-3 or omega-6 fatty

acids, or the sum thereof (ie, total polyunsaturated fatty acids).

Discussion

The aim of this study was to investigate the metabolomic

measures specifically associated with adult weight gain,

because these metabolomic measures can provide in-

sight into the mechanisms underlying the development

of cardiometabolic disease as a consequence of adult

weight gain.

Using data from 2 large cohorts used for discovery
and replication, we showed that adult weight gain over

a median period of 36 years was associated with 7 spe-

cific metabolomic measures, namely omega-3 fatty acids,
omega-6 fatty acids, and their sum (polyunsaturated fatty
acids), phospholipids within small LDL, total IDL particles,
and total medium-sized LDL particles and lipids within
these particles. The regression coefficients of the association

between adult weight gain and the metabolomic measures
in the NEO study and the OBB were similar in direction

and size, which indicates robust replication of our findings
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Figure 2. Venn diagram showing the overlap in the associations be-
tween adult weight gain, body mass index (BMI) at age 20 years and/
or BMI at middle age, and the metabolomic measures after successful
replication in the Oxford Biobank. Names in black indicate a posi-
tive association with this metabolomic measures, names in red indi-
cate a negative association. Owing to the large number of included
metabolomic measures, and for illustrative purposes, we listed the
classes of the associated metabolomic measures instead of exact
names. Adult weight gain and BMI at middle age both were associated
with 52 metabolomic measures, whereas weight gain was specifically
associated with 7 metabolomic measures. Forty-seven metabolomic
measures showed overlapping associations with all 3 exposures.

in the OBB. While previous studies specifically focused on
short-term changes in body weight, the analyses performed
in the present study highlight specific biochemical disturb-
ances associated with adult weight gain that could possibly
link adult weight gain and the onset of cardiometabolic
disease.

One mechanism thought to be responsible for the ad-
verse cardiometabolic consequences of adult weight gain
is adipocyte hypertrophy (4, 7, 8). We observed that adult
weight gain was associated with larger adipocyte size at
middle age irrespective of BMI at age 20 years. In add-
ition, BMI at age 20 was associated with enlarged adipo-
cytes at middle age as well, irrespective of adult weight
gain, although this association was less strong than that
of adult weight gain. BMI in adulthood is the aggregate
of BMI at age 20, after growth and development during
childhood and puberty have ceased, and subsequent
weight gain during adulthood. Spalding et al observed
that the number of adipocytes is set before adulthood;
however, expansion of adipocyte number ends around age
16.5 years in individuals with obesity and 18.5 years in
lean individuals (4). In line with our results, this suggests
that weight gain during adolescence contributes to an in-
creased adipocyte size as well, but to a lesser extent than
weight gain during adulthood. As a result of hypertrophy,
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Figure 3. Correlation plot between linear regression coefficients
in the Netherlands Epidemiology of Obesity (NEO) study and the
Oxford Biobank (OBB) of the association between weight gain and the
metabolomic measures (in SD per 1 kg/m2 increase in body mass index
[BMI]). The different colors of the dots indicate different subclasses of
metabolomic measures.

Table 2. Associations between body mass index (BMI) at
age 20 years, weight gain during adulthood and BMI at
middle age, and abdominal adipose tissue cell volume in
the Oxford Biobank (n = 114)

Median AT cell volume, pm®

B (95% CI)

Standardized BMI at age 20 y (SD)*
Standardized adult weight gain (SD)”
Standardized BMI at middle age (SD)

240 (24-456)
386 (143-629)
383 (160-605)

All analyses are adjusted for sex and age at adipose tissue biopsy. SD BMI at
age 20: 2.7; SD adult weight gain: 3.5; SD BMI at middle age 3.8.
Abbreviation: AT, adipose tissue.

“Additionally adjusted for adult weight gain.

bAdditionally adjusted for BMI at age 20 years.

AT becomes dysfunctional, ultimately leading to insulin
resistance and metabolic disturbances (6-8). Accordingly,
we observed an association between adipocyte volume
and 3 out of the 7 metabolomic measures that were spe-
cifically associated with adult weight gain, particularly
phospholipids in small LDL, total medium LDL particles,
and lipids in medium LDL. However, these metabolomic
measures are highly correlated, as well as 3 other adult
weight gain-specific metabolomic measures, omega-3
and omega-6 fatty acids and their sum (polyunsaturated
fatty acids).
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Table 3. Associations between adipocyte volume and 7 adult weight gain-specific metabolomic measures in the Oxford

Biobank (n = 114)

Omega-3 Omega-6 Polyunsatu- S-LDL-PL, M-LDL-P, IDL-P, SD M-LDL-L,
FA, SD FA, SD rated FA, SD SD SD SD
B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI)
Median cell 0.02 (-0.14 0.10 (-0.07 0.09 (-0.08 0.21 (0.05 0.20 (0.02 0.17 (-0.004 0.20 (0.02
volume, SD to 0.18) to 0.28) to 0.26) to 0.38) to 0.37) to 0.35) to 0.37)

The table shows the associations between standardized adipocyte volume as exposure, and 7 standardized adult weight gain—specific metabolomic measures as the

outcomes, adjusted for sex and age.

Abbreviations: FA, fatty acids; IDL-P, total intermediate density lipoprotein; M-LDL-L, lipids in medium low-density lipoproteins; M-LDL-P, total medium

low-density lipoproteins; S-LDL-PL, phospholipids in small low-density lipoproteins.

Opverall, our findings are consistent with the results of
previous longitudinal studies investigating the effects of
body weight gain on the plasma metabolome (18, 36, 37).
These studies identified increases in VLDL and LDL par-
ticles, monounsaturated and polyunsaturated fatty acids,
saturated fatty acids, branched-chain amino acids, and
products of glycolysis to be most strongly associated with
weight gain during follow-up ranging from 6 to 9 years. In
contrast, weight loss in older adults was associated with
decreased circulating glycerol levels and increased HDL
diameter (20). Additionally, a recent randomized clinical
trial found a reduction in plasma branched-chain amino
acids as a results of weight loss and showed that this was
associated with decreased hepatic and intra-abdominal fat
after the 2-year intervention (21).

Earlier studies have linked the metabolomic measures
we found to be specifically associated with adult weight
gain to cardiometabolic disease. LDL particles are a causal
risk factor for cardiovascular disease identified by ran-
domized controlled trials and mendelian randomization
studies (38).

In observational studies, NMR-based measures of cir-
culating LDL particles are strongly and consistently associ-
ated with the risk of cardiovascular disease in observational
studies, also specifically small and medium LDL particles
(39). On the other hand, in randomized controlled trials,
the replacement of dietary saturated fatty acids or carbo-
hydrates by polyunsaturated fatty acids resulted in lower
levels of LDL cholesterol (40, 41). In the present study, we
focused on circulating polyunsaturated fatty acids instead
of dietary intake. The levels of polyunsaturated fatty acids
in tissues and blood might not be an accurate biomarker of
polyunsaturated fatty acid intake because they are affected
by metabolic processes (41, 42).

In a large pooled analysis of individual data from pro-
spective cohort studies (n =45 637), higher concentrations
of 3 circulating omega-3 fatty acids—a-linolenic acid, ei-
cosapentaenoic acid, and docosahexaenoic acid—were

associated with a lower risk of fatal coronary heart disease
(43). In contrast, both intake of dietary omega-3 fatty acids
and circulating levels of omega-3 fatty acids were not as-
sociated with risk of type 2 diabetes in a meta-analysis of
longitudinal studies (44).

Omega-6 fatty acids mainly include linoleic acid. Higher
circulating levels of linoleic acids were associated with a
lower risk of cardiovascular disease across multiple pro-
spective observational studies including a total of 68 659
individuals (45). In the same data set, higher levels of
linoleic acid were associated with a lower risk of type 2
diabetes (46), which itself is an important risk factor for
cardiovascular disease (47).

Strengths of our study included 2 large population-
based studies, and robust replication of our study results in
a younger cohort. A limitation that needs to be considered
is the use of recalled body weight at age 20 years in both
studies, which we used to calculate absolute adult weight
gain. However, previous studies have shown that recalled
body weight is strongly related with measured weight
at the same age (48). By adjusting for age, we took into
account the period between age 20 years and middle age,
which differs between participants. Additionally, most of
the participants of the NEO study and OBB were of White
ethnicity. Therefore, the results of our study need to be
confirmed in other ethnic groups. Another limitation is the
lack of a measure of adipocyte hyperplasia, or the number
of adipocytes, as both adipocyte hyperplasia and hyper-
trophy influence the amount of fat mass (4). However,
previous research showed that after age 20 years adipo-
cytes mainly respond by hypertrophy during weight gain
(4). Our study has an observational cross-sectional design;
however, our results are in line with longitudinal studies
on adult weight gain and the metabolite profile (18, 36,
37). Another limitation is the use of the P value as an ar-
bitrary cutoff to determine which metabolomic measures
we considered being associated with our exposures in our
discovery and replication cohort. Therefore, we might have
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missed metabolomic measures also associated with adult
weight gain. Additionally, it is likely that metabolomic
measures are shared between adult weight gain and BMI at
middle age. And last, the present study used a rather limited
metabolomics platform mostly containing lipoprotein (sub)
particles. Investigating the metabolomic pathways altered
by adult weight gain would require alternative platforms.

Our results indicate that adult weight gain was specific-
ally and robustly associated with a higher concentration of
7 metabolomic measures, including some specific lipopro-
teins and polyunsaturated fatty acids. Although this should
be further investigated in more detail in future studies, our
observations may help explain how adult weight gain in-
creases the risk of cardiometabolic disease.
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