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Summary
Background Few studies have investigated molecular biomarkers of specific executive function (EF) skills in children.  eBioMedicine 2022;81:
We aimed to characterise the prospective associations between metabolome and multiple domains of EF using a bidirec- 104111

tional design. Published online xxx
https://doi.org/10.1016/j.

Methods This study was conducted within a longitudinal birth cohort, the Growing Up in Singapore Towards ebiom.2022.104111
healthy Outcomes (GUSTO). Circulating levels of 165 metabolites were quantified using a nuclear magnetic reso-

nance based metabolomics platform (n = 457 (~6yrs) and n = 524 (~8yrs)). Parent-reported EF was available for 495

children (~7yrs). Multivariate linear regression was used to assess the metabolite-EF relationships. We examined

the role of body composition, dietary factors, and genetics in the metabolite-EF associations.

Findings Higher leucine level (~G6yrs) was associated with poorer EF (~7yrs, Initiate (P = 0.003) and Working Mem-
ory (P = 0.004)). EF (~7yrs) was not associated with leucine (~8yrs). Importantly, we found weak evidence for asso-
ciations of dietary factors (~syrs) with leucine (~Gyrs) and EF (~7yrs). Each copy of C allele in rs1260326 (a
leucine-related polymorphism) was associated with higher leucine level and poorer Initiate and Working Memory
(P < o.05). Amongst those with less strongly genetically influenced leucine, inverse association between leucine
and cognitive regulation were weaker among those with higher BMI.

Interpretation The observed association between higher leucine level and poorer EF may be determined by genetics and
may not be easily amenable to dietary interventions. Further research is needed for validation and to understand
mechanisms.
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Articles

Research in context

Evidence before this study

Early-life plasma metabolites have been associated with
childhood cognitive functions such as 1Q, but few stud-
ies have investigated the molecular biomarkers for spe-
cific executive function (EF) skills, which is a set of
higher-level cognitive skills responsible for goal-
directed behaviours. In addition, it remains an open
question as to how early nutritional environments and
metabolism are linked to EF.

Added value of this study

We performed a metabolomics analysis of multiple
domains of EF using bidirectional design in a longitudi-
nal birth cohort. We examined the relationships
between plasma metabolites and three domains of EF
skills, i.e., behavioural regulation, cognitive regulation,
and emotional regulation. We found evidence for asso-
ciations of higher circulating leucine level (~6 years)
with poorer EF, especially cognitive regulation (~7
years), but EF (~7 years) was not associated with leucine
(~8 years). Additionally, we found that dietary factors
were not strongly related to circulating leucine. We also
identified genetic association that may have con-
founded the observational association between higher
circulating leucine and poorer cognitive regulation
skills.

Implications of all the available evidence

This study suggests that genetically-determined metab-
olism and, in particular, leucine may be responsible for
effects on child cognitive regulation skills, thus dietary
interventions may be less efficacious for cognitive
development than suggested by previous studies. The
role of leucine on neurodevelopment is supported by
biological evidence, suggesting our findings may be rel-
evant to risk prediction and drive further research into
mechanisms.

Introduction

Early life cognitive development has been associated
with academic achievement and health outcomes in
adulthood, including risks of age-related cognitive
decline, depression, and type 2 diabetes.”® Molecular
biomarkers for cognitive function have been widely
investigated, but mainly in the context of age-related
cognitive impairment in later life’ and neurodevelop-
mental disorders, such as autism® and attention deficit
hyperactivity disorder (ADHD).?"*° Particularly, plasma
margaroylcarnitine and indolelactate were lower among
children diagnosed with autism,8 while higher cord
plasma branched-chain amino acids (BCAAs) and
genetic variation in sphingolipid metabolism genes

were associated with greater risk of childhood
ADHD.?'® Early-life plasma metabolites have also
been associated with childhood IQ, particularly phos-
phatidylcholine, hydroxy-sphingomyelin, and threo-
nine.”  Nevertheless, few investigated early
development of specific executive function (EF)
skills, which is a set of higher-level cognitive skills
responsible for goal-directed behaviours.””® EF are
distinct brain functions which map onto the prefron-
tal cortex'*" and include neural processes that allow
an individual to control impulses (i.e., inhibitory con-
trol), hold information in mind (i.e., working mem-
ory), shift attention (i.e., cognitive flexibility), etc.”
Together, these processes coordinate learning and
development of other cognitive abilities of the
brain.’® Thus, children with better self-control were
more capable of managing health, financial, and
social demands in adulthood, and aged more slowly
in both the body and the brain.®

EF development is a complex process influenced by
heritable genetic variation and environmental factors.
Several studies have reported associations of healthy
diets (assessed using various dietary assessment meth-
ods such as the Food Frequency Questionnaire (FFQ))
with better executive functioning.” However, the under-
lying mechanisms and directionality remain unclear.
Dietary factors influence the metabolome'® and thereby
may play a role in EF development.” Metabolomics
quantify the levels of a wide range of metabolites to con-
struct a profile associated with a trait of interest. Com-
prehensive characterisation of metabolomic biomarkers
may highlight molecular pathways relevant to EF devel-
opment. Peripheral blood circulating metabolites may
be a reasonable proxy for difficult-to-sample brain
metabolites relevant to EF development such as the mat-
uration of the prefrontal cortex, which is intimately
involved in EF development.” On the other hand, EF
may influence self-regulation of eating behaviours and
thereby dietary intake,***" which subsequently affects
metabolome."® Together, blood metabolome may repre-
sent a readily accessible source of biomarkers to better
understand EF development. Since EF development
spans from infancy to early adulthood®* better under-
standing the role of early metabolism may inform early
interventions designed to enhance EF. However, inter-
vention targeting metabolomic biomarkers may not be
effective if 1) EF influences dietary factors and thereby
metabolomic biomarkers; or 2) genetic components
influence metabolism and thereby EF development.
Therefore, in this study, we aimed to investigate the
metabolomic biomarkers for EF in a deeply phenotyped
and multi-ethnic birth cohort in Singapore to character-
ise the prospective associations between metabolome
and multiple domains of EF using bidirectional analy-
sis. We further investigated how the identified signals
were related to genotype and early dietary factors.
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Materials and methods

Data source

This study was conducted within the Growing Up in
Singapore Towards healthy Outcomes (GUSTO) pro-
spective cohort study. Details of the cohort design
have been described elsewhere.”> In brief, the
GUSTO study recruited pregnant women aged at
least 18 years attending their first trimester antenatal
ultrasound scan at one of Singapore’s two major
public maternity units, namely National University
Hospital and KK Women's and Children's Hospital,
between June 2009 and September 2010. Initially,
the main GUSTO cohort recruited 1,450 mothers.
By delivery, we excluded 246 mothers lost to follow
up, 96 mothers who underwent in vitro ferilisation
and 10 pairs of twins. In this study, we included
1,095 mother-child dyads present in the cohort at
delivery. Obstetric information was abstracted from
medical records using standardized forms. Sociode-
mographic characteristics were collected using stan-
dardized self-report questionnaires. Figure 1a shows
the flowchart and sample sizes for data collected at
various time points. Figure 1b shows the overlapping
sample sizes between different domains of data.
Study sample was selected based on data availability
for each analysis. As this was a secondary data anal-
yses, data from all available subjects were used for
analyses.

a) b)
1,450 mothers
at recruitment
Excluded 96 conceived through
in vitro fertilisation (IVF)

1,108 mothers
at delivery
Excluded 10 pairs of twins

1,008
mother-singleton
dyads at delivery

Excluded 1 child who died after delivery;
¥ Excluded 2 children whose date of birth and
sex were not recorded at the delivery visit.

1,095
mother-singleton dyads
included in the analysis

—>| Imputed genetic data (cord blood, n=998)

—'I BRIEF-Preschool (aged ~4.5 years, n=170)

\

\

+—{ Energy consumption tasks (aged ~4.5 years, n=434) |
)|

—-I Food frequency questionnaire (aged ~5 years, n=716

Body composition (aged ~6 years,

n=356 for quantitative magnetic resonance,
n=750 for skinfold measurements,

n=771 for body-mass index)

l

—-l Blood metabolite levels (aged ~6 years, n=457)

\
|| BRIEF2-PF (aged ~7 years, n=495) |
\

—-l Blood metabolite levels (aged ~8 years, n=524)

Metabolome. Peripheral blood was drawn after an
overnight fast in 460 and 528 children at age 6 and
8 years, respectively. Blood was immediately fraction-
ated, aliquoted, and stored at -80°C. Circulating metabo-
lites levels were quantified using an automated nuclear
magnetic resonance (NMR)-based high throughput
metabolomics platform (Nightingale Health Ltd., Hel-
sinki, Finland). This mature technique in metabolomic
analysis has the advantage of circumventing batch
effects. Quality control procedures examined sample
contamination during the collection process and from
lab handling. After quality control, metabolomics data
were available for 457 and 524 children aged ~6 and
~8 years, respectively. Circulating level of 165 metabo-
lites, including cholesterol, triglycerides, lipoprotein
subclasses, fatty acids, amino acids, etc, (Supplementary
Table 1) were quantified to provide a comprehensive
profile of metabolically important biomarkers.** About
12% of the metabolites had missing values, among
which the median missing rate per metabolite was
lower than 1% (Supplementary Table 1). We performed
analyses using complete data. Raw data were natural
log-transformed after adding one. We used per standard
deviation (SD) unit of the transformed data for analysis.

Executive function. To assess whether molecular bio-
markers are relevant to specific executive function skills,
we assessed parent-reported EF based on Behavior

(©)

Metabolites (yr6/yrs)  Dietary fuctors

i Executive
Genetics .
ction (yr7)

Figure 1. Study design and data availability a) Flowchart for study sample from the Growing Up in Singapore Towards healthy Out-
comes (GUSTO) prospective study and sample sizes for data collected at various time points; b) Venn diagram indicating overlap-
ping sample sizes between different domains of data. Dietary factors in b-3 represents individuals with assessment from either food

frequency questionnaire (FFQ) or energy consumption tasks.
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Rating Inventory of Executive Function, Second Edition,
Parent Form (BRIEF2-PF). BRIEF2-PF evaluates three
main composite indices of EF, each comprises of differ-
ent scales, i.e., behavioural regulation (Inhibit and Self-
Monitor), cognitive regulation (Initiate, Working Mem-
ory, Plan/Organize, Task-Monitor, and Organization of
Materials), and emotional regulation (Shift and Emo-
tional Control).”> At the age of ~7 years, BRIEF2-PF
was administrated to 509 children. After removing
potentially invalid response using the internal validation
scales provided in the BRIEF2-PF rating, EF assessment
was available for 495 children. Supplementary Figure 1
shows that different EF scales were correlated. A global
executive composite was generated for r7o children
aged ~4.5 years as an indication of general EF based on
the parent-reported BRIEF-Preschool version, which
assesses five EF scales, i.e., Inhibit, Working Memory,
Plan/Organize, Shift, and Emotional control.*> Raw
scores were transformed into T-Scores (mean=;50,
SD=10) for each EF scale for analysis.”> A higher T-
Score indicates more EF impairments. We also per-
formed analyses using domain-specific EF scores for
the key findings.

Predictors and confounders of metabolome. We fur-
ther explored predictors and confounders that may be
relevant to leucine, a consistent signal in the metabolo-
mics analysis of EF. Given the role of leucine in protein
synthesis,”® we investigated body composition meas-
ures (~6 years), including skinfold (biceps, triceps, sub-
scapular, and suprailiac; mm), height (m), and weight
(kg) measured in triplicate by trained study staff, body-
mass index (BMI) computed as weight/height® (kg/m?),
and fat and lean mass (kg) measured by quantitative
magnetic resonance (QMR). Raw measures were trans-
formed into SD unit for analysis.

Dietary factors investigated as predictors were energy
consumption and food intakes. Energy consumption
was estimated during an in-lab ad libitum buffet lunch
and separate eating in the absence of hunger (EAH)
task, where children were exposed to palatable snacks
after lunch. Detailed description of the protocol has
been described in a previous GUSTO study.”” Here, we
focused on 1) total energy consumption (kcal) at lunch;
2) energy consumption during the eating in the absence
of hunger (EAH) task after lunch (higher than or equal
to median vs lower than median; median=21 kcal). Chil-
dren who had reported they were hungry after lunch
were excluded from this analysis, following standard
protocol; and 3) total energy consumption (kcal) during
the assessments (at lunch and in the EAH task after
lunch). A total of 443 children had available data for at
least one of the energy intakes measurements reported
at ~4.5 years.

Food intakes were estimated from FFQ adminis-
trated by trained interviewers to the caregivers during

clinic visits. Detailed description of the protocol and val-
idation has been described in a previous GUSTO
study.*® In this study, we focused on the intakes (gram/
day) of 9 types of animal-based proteins (Chicken,
Deep-fried chicken, Beef, Processed meats, Fish, Fried
fish, Seafood, Boiled egg, and Fried egg) and 6 types of
dairy products (Milk, Low fat milk, Malt drinks, Yogurt,
Cheese, and Cultured drink) among 716 children at
aged ~s years (Supplementary Table 2).®

Genetic variants of leucine metabolism were
obtained from a genome-wide association study
(GWAS) meta-analysis among 24,925 adults of Euro-
pean ancestry.*® Circulating leucine level was quanti-
fied using the same NMR-based metabolomics platform
as in our cohort. We selected 76 single nucleotide poly-
morphisms (SNPs) with P-value smaller than 5x10~%,
among which 3 independent lead SNPs (rs1260326
(GCKR), 1517789027 (PPM1K), 1512325419 (DDX19B))
remained after removing correlated SNPs (r*>0.001).
In GUSTO, 68 out of 76 SNPs were available in the
imputed genetic data. Detail of DNA extraction, geno-
typing, and imputation has been described previously.*®
Genotype imputation were performed for each ethnicity
separately using 1000G Phase 3 reference panel. Only
SNPs with a minor allele frequency higher than 5% and
imputation quality higher than o.5 were included.

Ethics

Ethics approval was obtained from Centralised Institu-
tional Review Board of SingHealth (2018/2767) and the
Domain Specific Review Board of Singapore National
Healthcare Group (D/2009/021, B/2014/00414).
Informed written consent was obtained from each par-
ticipant.

Statistical analysis

Analyses of this study were designed by stage, in which
we started with a bidirectional analysis between metabo-
lites and EF and followed by post-hoc analyses to
improve the understanding of the underlying mecha-
nisms. See Supplementary Method for an illustration of
the study design.

Stage 1: Metabolomics analysis of executive function.
We first compared the study sample with both metabo-
lomics and EF data to the full cohort at delivery
regarding maternal and child characteristics using chi-
squared test and t-test for categorical and continuous
characteristics, respectively.

To investigate the bidirectional association between
metabolomics and EF, we performed one set of associa-
tion analyses between each metabolite and each EF scale
(Metabolite (~6 years) — EF (~7 years)), and second set
of association analyses for the other direction (EF (~7
years) — Metabolite (~8 years)) using multivariable
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linear regression. In Model 1, we adjusted for age at
blood draw for metabolite measurement, age at EF
assessment, and sex. In Model 2, we additionally
adjusted for socio-economic status as surrogated by
maternal ethnicity, maternal educational level, and
household income at recruitment. In Model 3, we addi-
tionally adjusted for child BMI at the time when the cor-
responding exposure in the bi-directional analysis was
measured/assessed. Built on Model 3, we further
accounted for pregnancy-related factors (i.e., maternal
age at delivery, parity, pre-pregnancy BMI, gestational
weight gain rate, gestational age, number of days after
birth to discharge) and maternal behaviours (i.e., mater-
nal smoking and maternal pre-pregnancy alcohol con-
sumption) in a sensitivity analysis. We only included
pregnancy-related factors and maternal behaviours as a
sensitivity analysis because a regression model with a
large number of variables but a small sample size can
lead to overfitting. Given that EF may influence eating
behaviours, thereby dietary intake, which subsequently
affects metabolome, ®*°* we also adjusted for general
EF score at ~4.5 years in a sensitivity analysis and
assess the change of effect size (Cohen’s f2) in the corre-
sponding associations. See Supplementary Method for
model construction.

We presented associations with a P-value < o.o1
threshold to identify patterns in our findings. Due to
the correlation between metabolites, Bonferroni correc-
tion for the total number of metabolites (n = 165) is not
appropriate. Principal component analysis found that
the first 13 principal components explained over 95% of
variation in our metabolomics data. Therefore, we
accounted for multiple comparisons by applying a
Bonferroni-corrected significance threshold of P-
value < 0.004, i.e., 0.05/13.>'

Relation between child weight status and EF has been
reported,’” and a recent Mendelian randomization study
suggested higher genetically predicted BMI increases the
risk of ADHD, but not the other way around.* Child
weight status is also a strong determinant of circulating
metabolites such as BCAAs (i.e., leucine, isoleucine, and
valine),** thus it is worth particular attention to modelling
its contributions to observed leucine-EF associations.
Therefore, we assessed the associations of BCAAs with
body composition measures in our cohort.

Stage 2: Dietary factors, circulating leucine level, and
executive function. Built on a consistent signal for leu-
cine found in Stage 1, we further investigated the associ-
ation of dietary factors (~5 years) as predictors of
circulating leucine level and relevant EF indices. Specifi-
cally, we investigated the associations of three energy
intakes variables and fifteen food intakes variables with
circulating leucine level and with behavioural and cogni-
tive regulation using multivariable linear regression and
logistic regression model. Main model construction for
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this stage was similar to Model 3 at Stage 1. We also per-
formed the two sensitivity analyses considering preg-
nancy-related factors and maternal behaviours, and
earlier general EF. See Supplementary Method for
model construction. We presented associations with a
P-value < o.o1 threshold.

Stage 3: Role of leucine metabolism in executive func-
tion. To further investigate whether genetic influences
on leucine explained or modified the leucine-EF rela-
tionship, we assessed the associations of 68 leucine-
related SNPs with circulating leucine level (~G years)
and the most pertinent EF index, i.e., cognitive regula-
tion (~7 years), using additive model adjusting for age,
sex, and maternal ethnicity. We also performed ethnic-
ity-specific analysis to assess whether the effect is con-
sistent across different ethnic groups. In addition, we
performed an analysis of the associations between
BCAAs and cognitive regulation stratified by
rs1260326, which is a missense variant responsible for
proline-to-leucine substitution (C>T, Prog46Leu) in
glucokinase regulatory protein (GKRP).

Lastly, we performed causal effect decomposition analy-
ses using regmedint package in R to evaluate a) whether leu-
cine mediated or modified genetic-EF associations; and b)
whether BMI mediated or modified leucine-EF associa-
tions. We hypothesized that leucine is a mediator for the
genetic-EF associations and BMI is a mediator for the leu-
cine-EF associations. A regression-based counterfactual
approach accounting for exposure-mediator interactions
and adjusting for exposure-mediator, mediator-outcome,
and exposure-outcome confounders was implemented to
compute pure and total (including interaction) direct
effects and pure and total (including mediated-interaction)
indirect effects.®> Specifically, we performed three sets of
analyses: 1) rsi260326 (CC vs. CI) — Leu (~6
years) — Cognitive regulation (~7 years); 2) 151260326
(CC vs. CT) — BMI (~6 years) — Cognitive regulation
(~7 years); and 3) Leu (~G years) — BMI (~6
years) — Cognitive regulation (~7 years). For the third
analysis, we also performed stratified analysis by
151260326 genotype (CC vs. CI). See Supplementary
Method for model construction.

Role of funders

None of the funders were directly involved in the
design, data collection, analysis, or interpretation, or
writing of this report.

Results

Descriptive analysis and metabolomics analysis of
executive function (Stage 1)

We found no substantial differences between our study
sample and the full cohort at delivery, except for under-
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representation of children of Chinese ethnicity (Table 1).
Sample sizes of Models 1 to 3 for all metabolite-EF pairs
ranged from 262 to 348. Figure 2 is a network illustra-
tion of the bidirectional relationships for all multivari-
able-adjusted metabolite-EF  associations with P-
value < o.o1 (see Supplementary Table 3 for detailed
results). Emotional regulation (~7 years) was associated
with tyrosine (~8 years) after adjusting for age, sex, and
socio-economic status. However, these associations did
not sustain after additionally adjusting for BMI in
Model 3. On the other hand, BCAAs (~G years) were
consistently associated with behavioural and cognitive
regulation (~7 years). The associations of leucine (~6
years) with cognitive regulation (~7 years) were the
most robust. Table 2 shows the results from Model 3 as
illustrated in Figure 2. Only the associations for Leu
(~6 years)-Initiate (~7 years) and Leu (~6 years)-Work-
ing Memory (~7 years) passed the Bonferroni correc-
tion threshold (P-value < 0.004). Our findings showed
that per SD higher log-leucine (equivalent to 1.5%
higher in absolute leucine concentration; IQR;e, 0.079
to 0.010 mmol/L) was associated with 1.61 units (95%
confidence interval (CI): 0.56-2.66; or 4% (95%ClI:
1.2—5.9%) higher in Initiate T-Score and 1.65 units
(95%CI: 0.55-2.75; or 3% (95%ClI: 1.1—5.7%)) higher in
Working Memory T-Scores. Additional adjustment for
pregnancy-related factors, maternal smoking, and
maternal pre-pregnancy alcohol consumption did not
affect the effect size of the association between leucine
and Initiate T-Score. However, effect sizes dropped sub-
stantially after additionally adjusting for general EF
score at ~4.5 years. Since Initiate and Working Memory
are both cognitive regulation skills and were highly cor-
related in our cohort (r = 0.79, see Supplementary
Figure 1), we performed an additional analysis for cogni-
tive regulation specific scores and found that per SD
higher log-leucine was associated with 1.68 units (95%
CI: 0.64-2.72; or 4% (95%CI: 1.5—6.5%)) higher in cog-
nitive regulation specific scores.

Higher circulating levels of BCAAs were consistently
associated with higher subscapular skinfold, BMI, and
QMR-measured lean mass at age 6 years (Supplemen-
tary Figure 2). To summarise, circulating BCAAs levels
at 6 years were associated with body composition at
6 years, but only circulating leucine level was associated
with cognitive regulation at 77 years.

Dietary factors, circulating leucine level, and executive
function (Stage 2)

Table 2 also shows the findings (P-value < o.01) of the
associations of dietary factors with EF. Higher energy
consumption during the eating in the absence of hun-
ger task was associated with 3.78 units (P-value = 0.001,
95%CI: 1.48-6.08; or 4% (95%CI: 1.7—7.0%)) higher in
Inhibit T-Score. Per one gram/day higher of processed
meat intakes was associated with o.04 unit (P-

value = 0.009, 95%CI: o.o1-0.07; or 2% (95%CI:
0.5—3.2%)) higher in Organisation of Materials T-
Scores. Accounting for general EF score at ~4.5 years
did not affect the effect size. Higher energy consump-
tion at the eating in the absence of hunger task (~4.5
years) and processed meats intakes (~5 years) were
associated with Inhibit and Organisation of Materials at
~7 years (P-value < o.o1; Table 2); however, they were
not associated with circulating leucine level (P-val-
ue>o.01; Supplementary Table 4).

Role of leucine metabolism in executive function
(Stage 3)
Leucine-related SNPs identified in the European GWAS
meta-analysis were associated with circulating leucine
level (~6 years) in GUSTO (Supplementary Table s).
The top hit in our analysis (rs6753534, P-value = 0.023)
was correlated with 1s1260326 (r*=0.74, which was one
of the top hits in the GWAS meta-analysis. In our analy-
sis, per additional copy of C allele in rs1260326 was
associated with o.14 SD higher of natural log-trans-
formed leucine level (P-value = 0.064). The effect size
of rs1260326-leucine association was larger in the
Indian subgroup, but the directions of effect were con-
sistent in all ethnic groups (242 Chinese, 115 Malay, and
68 Indian; see Supplementary Tables 6). Per additional
copy of C allele in rs1260326 was also associated with
1.64, 1.47, and 1.35 units higher in Initiate, Working
Memory, and Plan/Organise T-Scores at ~7 years,
respectively (P-values smaller than o.05; Supplementary
Table 7). These associations were also evident among
the Chinese subgroup (228 Chinese, 161 Malay, and 75
Indian; see Supplementary Tables 8). The associations
of leucine with Initiate, Working Memory, and Task-
Monitor had a larger effect size and smaller P-value in
rs1260326 CC genotype comparing to CT genotype
(Figure 3 and Supplementary Table g). Taken together,
per additional copy of C allele in rs1260326 was associ-
ated with higher circulating leucine level (~6 years) and
poorer cognitive regulation (~7 years), which was con-
sistent with the metabolomic analysis at Stage 1.
Compared to the CT genotype, the CC genotype in
rs1260326 was associated with poorer cognitive regula-
tion. But these associations were not mediated via circu-
lating leucine level or BMI (Supplementary Figures 3
and 4). Supplementary Table 10 and Figure 4 show that
pure natural direct effect of higher leucine level on Initi-
ate was only found in the overall genotype subgroup
(beta=2.56, P-value = 0.034) while pure natural direct
effect of higher leucine level on Task-Monitor was found
in both the overall genotype subgroup (beta=2.6s,
P = 0.029) and CT subgroup (beta=4.42, P = 0.020).
However, these effects in the overall genotype subgroup
disappeared after accounting for leucine-BMI interac-
tion (see total natural direct effect). In CT subgroup,
pure natural direct effect was observed for leucine with

www.thelancet.com Vol 81 Month, 2022
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Characteristics Category Full sample at delivery (n = 1095) Sub ple with metabolomics (yr6) and EF Subsample with EF (yr7) and metabolomics
(yr7) (n = 278) (yr8) (n = 300)
N (%) Mean (SD) N (%) Mean (SD) P-value® N (%) Mean (SD) P-value®
Sex Girl 523 (48%) - 134 (48%) - 0.949 152 (51%) - 0.408
Boy 572 (52%) - 144 (52%) - 148 (49%) -
Maternal ethnicity Chinese 598 (55%) - 132 (47%) - 0.006 131 (44%) - 0.001
Malay 291 (27%) - 101 (36%) - 109 (36%) -
Indian 205 (19%) - 45 (16%) - 59 (20%) -
Maternal educational level at recruitment Primary or below 60 (5%) - 18 (6%) - 0.430 19 (6%) - 0.435
Secondary 282 (26%) - 61 (22%) - 73 (24%) -
Post-secondary 384 (35%) - 109 (39%) - 118 (39%) -
University 355 (32%) - 88 (32%) - 86 (29%) -
Household monthly income at recruitment (SG$) Below 2000 163 (15%) - 42 (15%) - 0.942 49 (16%) - 0.781
2000 to 3999 324 (30%) - 82 (29%) - 95 (32%) -
4000 to 5999 255 (23%) - 62 (22%) - 68 (23%) -
More than 6000 282 (26%) - 77 (28%) - 71 (24%) -
Child BMI at age 6 years - 771 15.6(2.3) 274 157 (2.2) 0.558 272 15.8 (2.6) 0.203
Maternal age at delivery - 1095 30.9 (5.1) 278 309 (5.1) 0.942 300 31.1 (5.4) 0.616
Parity Nulliparous 468 (43%) - 110 (40%) - 0.253 117 (39%) - 0.051
Primiparous 390 (36%) - 95 (34%) - 98 (33%) -
Multiparous 237 (22%) - 73 (26%) - 85 (28%) -
Maternal pre-pregnancy BMI - 993 22.7 (44) 255 23.0 (4.5) 0.380 271 233 (4.6) 0.049
Gestational weight gain rate - 1085 0.5(0.1) 278 0.5 (0.1) 0.438 299 0.5(0.1) 0.689
Gestational age - 1095 38.7(1.6) 278 38.8(1.5) 0.658 300 38.8(1.2) 0.464
Number of days after birth to discharge 1 or below 342 (31%) - 91 (33%) - 0.563 98 (33%) - 0.620
2to3 558 (51%) - 144 (52%) - 156 (52%) -
4 or above 174 (16%) - 37 (13%) - 41 (14%) -
Maternal pre-pregnancy alcohol consumption No 699 (64%) - 184 (66%) - 0470 205 (68%) - 0.177
Yes 379 (35%) - 89 (32%) - 91 (30%) -
Maternal smoking Non-smoker 922 (84%) - 236 (85%) - 0.898 254 (85%) - 0.952
Ex-smoker 125 (11%) - 29 (10%) - 34 (11%) -
Current smoker 29 (3%) - 7 (3%) - 7 (2%) -
Table 1: Comparisons of characteristics between the full sample and the sub ple with metabolomics and executive function data.
Abbreviation: body-mass index (BMI), executive function (EF).
#  P-values for difference comparing the subsample with the full sample at delivery were estimated from chi-squared test for categorical characteristics and from t-test for continuous characteristics.
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Figure 2. Network illustration for association analyses between metabolites and executive function (Metab.yr6— EF.yr7 and EF.yr7— Metab.yr8). Edges indicate associations with nominal
P-value < 0.01. Edge colours indicate direction of associations (Green: positive associations. Pink: inverse associations). Node colours indicate different groups of metabolites or EF scales
(Green: cognitive regulation. Pink: behavioural regulation. Purple: emotional regulation). Model 1 adjusted for age at blood draw for metabolite measurement, age at executive function

assessment, and sex (n = 277~348). Model 2 is Model 1 additionally adjusted for maternal ethnicity, maternal educational level, and household income at recruitment (n = 262~327). Model

3 is Model 2 additionally adjusted for child body-mass index (BMI) at the time of exposure measurement (n = 262~321). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Plan/Organise and Organisation of Materials. Similarly,
these effects disappeared after accounting for leucine-
BMI interaction (see total natural direct effect). In addi-
tion, indirect effect via BMI was not statistically signifi-
cant in these analyses.

Discussion

In this study, we performed metabolomics analysis of
three domains of EF involved in behavioural, cognitive,
and emotional regulation. We found an association of
higher circulating leucine level with poorer cognitive
regulation. In addition, the relations between leucine,
BMI, and EF differed by rs1260326 genotype. Specifi-
cally, at Stage 1, we identified circulating leucine as a
candidate biomarker for cognitive regulation. Higher
energy consumption during eating in the absence of
hunger task was associated with poorer Inhibit skills
and higher processed meat with poorer Organisation of
Materials skills. However, we did not find an association
between these dietary factors with circulating leucine
levels. As expected, body composition measures (~6
years) were strongly associated with BCAAs (~6 years)
and might at least partially explain the leucine-EF asso-
ciations. CC genotype in rs1260326 was associated with
higher circulating leucine in this population. Leucine-
BMI interaction was observed in the overall genotype
and the CT genotype subgroups, suggesting that such
interaction may only exist among those with the CT
genotype, which was less strongly associated with leu-
cine levels. The inverse association between leucine and
cognitive regulation among those with the CT genotype
may be weaker among those with higher BMI.

BCAAs are known to stimulate muscle protein syn-
thesis, although the effectiveness of dietary supplement
of BCAAs alone is controversial*®*” The biochemical
and functional effects of BCAAs on the brain have also
been studied.>® However, to the best of our knowledge,
there are no studies reporting effects of BCAAs on cog-
nitive development in children. Some human and ani-
mal studies suggest a potential effect of BCAAs on
cognitive improvement after traumatic brain injury,
albeit evidence has not been strong.’?*° However, a
recent study consisting of eight prospective human
cohorts reported an association between higher levels of
BCAAs and decreased Alzheimer’s disease risk,*" which
was also supported by a murine experiment of BCAA-
supplemented diet.** It is important to note that
patients with traumatic brain injury or Alzheimer’s dis-
ease, whose brain metabolism is likely altered,*>** are
very different from children at the age of cognitive
development. Nevertheless, these findings imply an
effect of BCAAs on cognitive function.

In our analysis, circulating BCAAs were associated
with body composition, but the association between leu-
cine and poorer EF was more prominent compared to
valine and isoleucine.* The distinct role of leucine may

www.thelancet.com Vol 81 Month, 2022
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Analysis (Exposure-Outcome) Model 3% Model 3 additionally adjusting for pregnancy- Model 3 additionally adjusting
related factors and maternal behaviours” for GEC (yr4.5)
Sample size Beta SE Cohen’s f P-value Sample size Cohen’s f P-value Sample size Cohen’s f P-value
Stage 1
Leu (yr6)-Initiate (yr7) 264 1.61 0.54 0.04 0.0030* 241 0.04 0.0049 69 0.01 0403
Leu (yr6)-Working Memory (yr7) 264 1.65 0.56 0.03 0.0036* 241 0.02 0.025 69 0.01 0.490
Leu (yr6)-Organisation of Materials (yr7) 264 1.27 0.46 0.03 0.0058 241 0.03 0.0088 69 4.8E-4 0.874
Leu (yr6)-Task-Monitor (yr7) 264 1.50 0.54 0.03 0.0061 241 0.02 0.038 69 0.01 0.507
Leu (yr6)-Plan/Organise (yr7) 264 1.39 0.53 0.03 0.0085 241 0.02 0.022 69 2.7E-3 0.708
Leu (yr6)-Inhibit (yr7) 264 1.40 0.53 0.03 0.0086 241 0.02 0.028 69 1.8E-3 0.756
Total_BCAA (yr6)-Inhibit (yr7) 264 137 0.52 0.03 0.0092 241 0.02 0.026 69 6.4E-4 0.854
Stage 2°
Higher energy consumption at EAH (yr4.5)-Inhibit (yr7) 253 3.78 1.17 0.04 0.0014 231 0.06 4.2E-04 100 0.04 0.066
Higher energy consumption at EAH 253 275 1.03 0.03 0.0082 231 0.05 0.0010 100 0.01 0.306
(yr4.5)-Organisation of Materials (yr7)
Processed meats (yr5)-Organisation of Materials (yr7) 396 0.04 0.02 0.02 0.0089 359 0.02 0.015 96 0.02 0214
Table 2: Associations (P-value < 0.01) between circulating metabolite levels, executive function, and dietary factors.
Abbreviation: branched-chain amino acid (BCAA), body-mass index (BMI), eating in the absence of hunger (EAH), global executive composite (GEC), leucine (Leu), standard error (SE).
* Stage 1 P-value < 0.004, which is the P-value < 0.05 significance level divided by the number of principal components (n = 13) that explained over 95% of variation in the metabolomics data.
# Model 3 adjusted for age at exposure measurement, age at outcome measurement, sex, maternal ethnicity, maternal educational level, household income at recruitment, and child BMI at the time of exposure measurement.
b Pregnancy-related factors included maternal age at delivery, parity, pre-pregnancy BMI, gestational weight gain rate, gestational age, number of days after birth to discharge. Maternal behaviours included maternal smoking
and maternal pre-pregnancy alcohol consumption.
¢ Higher energy consumption was defined as energy consumption during the eating in the absence of hunger (EAH) task after lunch higher than or equal to the median energy consumption of the subjects included in the task
(median=2r1 keal).
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Figure 3. Longitudinal associations of branched-chain amino acids (BCAAs) at age 6 years with executive function (cognitive regula-
tion index) at age 7 years stratified by genotype of rs1260326. Beta indicates the change in executive function T-Score per standard
deviation higher of natural log-transformed BCAAs. Model adjusted for age, sex, maternal ethnicity, maternal educational level,
household income, body-mass index (BMI) at age 6 years. Sample sizes are 103, 109, and 35 for CC, CT, and TT genotype, respec-
tively. Larger shapes indicate associations that the 95% confidence interval did not cover the null value. Red shapes indicate associa-
tions with a P-value smaller than 0.017 (i.e., 0.05/(3 genotype groups)). (Leucine (Leu), isoleucine (lle), valine (Val)).

Dbe due to its regulatory role in the mechanistic target of
rapamycin (mTOR) pathway.*® The final product of leu-
cine catabolism, acetyl-coenzyme A enhances mTOR
complex 1 (MTORCT) activity.*® The mTORC activation
subsequently inhibits catabolic processes, such as
autophagy,*” which regulates brain growth and neuro-
nal connectivity, and potentially affects learning ability,
memory function, and neurological disorders.*”4®
Catabolism of isoleucine also yields acetyl-coenzyme A;
however, leucine has a more pivotal regulatory role in
mTOR pathway.*®

The decrease in effect sizes additionally adjusting for
general EF score at an earlier age suggest that the
observed association between leucine and cognitive reg-
ulation may be determined by factors in earlier life such
as dietary factors and genetics. Nevertheless, we found
weak evidence for the associations between dietary fac-
tors and EF, and no association between dietary factors
and circulating leucine level. Weak correlations of die-
tary intakes and circulating level of BCAAs have been
previously reported.*” This finding suggests the relation
between increased leucine and poorer EF may not be
easily amenable to dietary interventions. Genetic

analysis and mediation analysis showed consistent
directionality for the association between circulating
leucine level and cognitive regulation. Mediation analy-
sis further suggested leucine-BMI interactions in the
CT subgroup where leucine may be more malleable to
environment (diet). This may imply two points. First,
harmful effects may only present at higher circulating
leucine levels observed in the CC subgroup. Second, at
relatively lower circulating leucine level in the CT sub-
group, higher leucine appears to have a beneficial effect
on cognitive regulation at a higher BMI. We did not
observed an association in TT subgroup, of which the
analysis was limited by a small sample size and the
result should be interpreted with caution. Nevertheless,
these findings were only exploratory and might be false
positive since family wise error rate was not controlled
for in the analyses. Further investigation is warranted.
In this study, we performed metabolomics analysis
of three domains of EF, followed by a series of post-hoc
analyses to improve the understanding of the relation-
ship between leucine metabolism and EF. Nevertheless,
this study has some limitations. First, our analyses were
based on a subset of the original GUSTO cohort.

www.thelancet.com Vol 81 Month, 2022
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Figure 4. Regression-based causal mediation analysis for Leu (yr6; Above median vs Below median) — BMI (yr6) — Cognitive regulation T-Scores (yr7). Pure natural indirect effect is the
effect of exposure on outcome due to the mediation only. The difference between the total natural indirect effect and the pure natural indirect effect indicates the effect due to interaction.
(Leucine (Leu), body-mass index (BMI), Cognitive Regulation Index (CRI); total effect=pure natural direct effect + total natural indirect effect = pure natural indirect effect + total natural direct
effect; larger shapes indicate associations that the 95% confidence interval did not cover the null value).
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Although the demographic characteristics of the study
sample were not substantially different from the full
cohort, small sample sizes limit the power of our analy-
sis, especially for the genetic analysis. Second, although
leucine was associated with several EF skills at P-
value < o.01, only the associations of leucine with Initi-
ate and Working Memory passed the Bonferroni-cor-
rected P-value threshold (P-value < 0.004). This is
likely due to the small sample sizes. Nevertheless, our
findings suggested a considerable effect size for the leu-
cine-EF associations and were supported by numerous
accessory findings. Third, general EF score at
~4.5 years is available in a smaller group of children,
which limited the sample size of our additional analysis
accounting for earlier EF. Thus, this analysis should be
interpreted with caution. Fourth, candidate SNPs asso-
ciated with leucine were obtained from a European
GWAS since no such GWAS is available among Asian
population. However, our genetic analysis focused on a
missense variant (rs1260326) that is more functionally
relevant to the biosynthesis of leucine. Our ethnicity-
specific analysis showed that effect sizes of the
rs1260326-leucine and rs1260326-EF associations may
differ by ethnic groups, but the directions of effect were
consistent. Fifth, rs1260326 has also been associated
with triglyceride levels, fasting glucose, and risk of type
2 diabetes, suggesting a role in multiple metabolic traits
and pleiotropy.’® This suggested rs1260326 is not an
ideal instrumental variable for Mendelian randomiza-
tion but it does not invalidate our causal mediation anal-
ysis using the regression-based counterfactual
approach. Besides, we did not perform Mendelian ran-
domization given the small sample in our cohort and
mediation analysis using Mendelian randomization
does not account for exposure-mediator interaction.
Sixth, food frequency questionnaire was administrated
one year before blood draw for metabolite measurement
and two years before EF assessment. Dietary pattern
may change during such time lag, especially in children
that normally start schooling between age 6-7 years. In
addition, food frequency questionnaire may not be accu-
rate for children who spent most of their time in the
school, pre-school, and after-school care. Thus, we can-
not rule out that measurement error in caregiver-
reported dietary patterns may mask true relationships
with diet. Lastly, in the case that blood metabolomics
may not reflect brain metabolome, we may miss rele-
vant associations thereof. However, metabolites, such as
sphingolipids, in blood and brain have been consistently
linked to the progression and severity of Alzheimer’s
disease.”" Leucine passes across blood-brain barrier and
biological evidence supports its role in cognitive func-
tion. However, in our cohort, sphingomyelin, a type of
sphingolipid, was not associated with any executive
function scales (P-value>o0.05). This may suggest dis-
tinct metabolomic profiles are relevant to cognitive
development and cognitive degeneration.

Taken together, our metabolomics analysis found
an association between higher circulating leucine
level with poorer EF, especially cognitive regulation.
Effect sizes attenuated after accounting for earlier
general EF score suggested that the observed associa-
tion may be determined by factors in earlier life.
Our further investigation showed that this relation-
ship may be determined by genetic factors and may
not be easily amenable to dietary interventions.
Causal mediation analysis suggested a relatively
lower circulating leucine level, leucine-BMI interac-
tion may counteract the harmful effect of leucine on
cognitive regulation. While the role of leucine on
neurodevelopment is supported by biological evi-
dence, suggesting our findings may be relevant to
risk prediction and drive further research into mech-
anisms, future investigation with a larger sample
size should be considered for validation.
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