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Abstract

Background/Objectives We sought to determine the associations of n-3 and n-6 polyunsaturated fatty acids (PUFA) in
middle childhood with externalizing and internalizing behavior problems in adolescence.

Subjects/Methods Using gas-liquid chromatography, we quantified n-3 and n-6 PUFA in serum samples of 444 Colombian
schoolchildren aged 5-12 years at the time of enrollment into a cohort study. After a median 6 years, adolescent exter-
nalizing and internalizing behavior problems were determined with the Youth Self Report (YSR) questionnaire. We esti-
mated adjusted mean behavior problem score differences with 95% confidence intervals (CIs) between quartiles of each
PUFA using multivariable linear regression. We also considered as exposures the A6-desaturase (D6D) and AS5-desaturase
(D5D) enzyme activity indices.

Results Docosahexaenoic acid (DHA) was positively associated with externalizing problems; every standard deviation (SD)
of DHA concentration was associated with an adjusted one unit higher externalizing problem score (95% CI: 0.1, 1.9). The
D5D enzyme activity index was inversely related to externalizing problem scores. Alpha-linolenic acid concentration was
positively associated with internalizing problem scores, whereas adrenic acid was inversely related to this outcome.
Conclusions Serum PUFA in middle childhood were related to behavior problems in adolescence. Some of these asso-
ciations might reflect the role of DSD enzyme activity.

Introduction end of a continuum of behavior problems, which are asso-
ciated with adult outcomes including low educational
attainment [2], psychiatric disorders [3], and criminality [4].

Omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty
acids (PUFA) are essential for adequate neurodevelopment.
The precursors of each family, alpha-linolenic acid (18:3n-

3, ALA) and linoleic acid (18:2n-6, LA), are considered

One in five adolescents worldwide has an externalizing or
internalizing disorder [1]. These disorders lie at the extreme
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essential as they cannot be synthesized in humans and must
be obtained from diet. ALA and LA are metabolized into
longer chain PUFA endogenously; however, this conver-
sion is inefficient. Several longer chain PUFA accumulate
in cell membranes of the fetal brain [5] where they affect
protein function, synaptogenesis, and monoamine neuro-
transmitter metabolism [6-8]. In addition, long-chain n-3
and n-6 PUFA are precursors to anti- and pro-inflammatory
eicosanoids, respectively, which may exert opposing effects
on the development of neuropsychiatric disorders [9—11].
Epidemiologic research on the role of PUFA on behavior
has focused primarily on maternal or infant docosahex-
aenoic acid (22:6n-3, DHA) and arachidonic acid (20:4n-6,
AA) status in relation to behavior problems in early or
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middle childhood, but the results have been inconsistent
[12-16]. In a small (n=20) randomized trial of children
aged 6-12 years with major depressive disorder (MDD),
those supplemented with eicosapentaenoic acid (22:5n-3,
EPA)+DHA for 16 weeks had a reduction in depressive
symptoms compared with children who received a placebo
composed mostly of LA [17]. During adolescence, sup-
plementation with n-3 PUFA resulted in improved behavior
in trials from the United Kingdom [18] and Mauritius [19].
Meta-analyses of randomized trials conducted in adults with
depressive disorders showed that the benefits of long chain
n-3 PUFA supplementation against depressive symptoms
were greater when the supplements contained a higher
percentage of EPA than DHA; this suggests that a potential
effect might be through EPA [20, 21]. However, studies in
adults may not be directly applicable to children. No study
has examined the relations of PUFA status during middle
childhood and adolescent behavior problems.

The aim of this study was to investigate the associations
between serum PUFA concentrations at ages 5—12 years
and behavior problems in adolescence among Colombian
schoolchildren. We hypothesized that serum concentrations
of the long-chain n-3 PUFA EPA and DHA in middle
childhood would be inversely related to adolescent behavior
problems, whereas n-6 PUFA would be positively asso-
ciated with these outcomes.

Subjects and methods
Study design and population

We conducted this study in the context of the Bogotd
School Children Cohort, a prospective investigation in
Bogotd, Colombia, which has been detailed previously [22].
In brief, in February 2006, we recruited 3202 school-
children aged 5-12 years through random selection from
primary public schools in Bogotd. Parents or primary
caregivers gave written informed consent. Children gave
written assent to participate. The study protocol was
approved by the Ethics Committee of the National Uni-
versity of Colombia Medical School. The Institutional
Review Board at the University of Michigan (UM)
approved the use of data.

At the time of enrollment, we obtained information on
sociodemographic characteristics of children and their
families through a parental self-administered questionnaire.
Household socioeconomic status was determined per clas-
sification by the local government. Household food inse-
curity was assessed with a validated Spanish language
version of the USDA Household Food Security Survey
module [23, 24]. Trained research assistants measured
children’s height and weight at a scheduled school visit.
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Height was measured without shoes to the nearest 1 mm
with a wall-mounted portable Seca 202 stadiometer (Seca,
Hanover, MD), and weight was measured in light clothing
to the nearest 0.1 kg with Tanita H5301 electronic scales
(Tanita, Arlington Heights, IL). Height and weight were
also measured among mothers present at schools. At the end
of these visits, investigators collected fasting blood samples
through antecubital venipuncture. The samples were trans-
ported to the Colombian National Institute of Health, where
they were cryostored before transportation to the United
States for analyses.

The evaluation of behavior outcomes has been described
in detail elsewhere [25]. In brief, between 2011 and 2015
we conducted a follow-up assessment on a random sample
of 1139 cohort participants that included the ascertainment
of adolescent behavior problems using the Spanish lan-
guage version of the Youth Self Report (YSR) [26]. The
YSR, a self-administered questionnaire designed for use in
11-18 year olds [27], consists of 112 statements of beha-
viors or feelings that the adolescents may experience. From
responses to these questions, we calculated age- and sex-
standardized continuous scores for eight behavior problems
subscales (aggressive and rule-breaking behavior; anxious/
depressed, withdrawn/depressed, somatic complaints; and
attention, social, and thought problems) using software
provided by the test developer [28]. We then computed
scores for total externalizing and internalizing problems,
which are comprised of aggressive and rule-breaking
behavior and anxious/depressed, withdrawn/depressed,
and somatic complaints, respectively. The YSR has been
widely used in other Latin American settings [26, 29, 30].

Laboratory methods

We quantified serum fatty acids (FAs) in baseline samples
of approximately 20% of participants at the UM Metabo-
lomics and Obesity Research Center. We prepared FA
methyl esters of total lipids with BF3-methanol [31].
Methyl esters were extracted from a thin-layer chromato-
graphy plate and solvents were dried and resuspended in
hexane. Approximately 2 ul of sample was injected via an
autosampler and analyzed on a gas-liquid chromatography
machine using a 100 m SP-2560 column with optimum
conditions for separation (Model 6890N, Agilent, Santa
Clara, CA). Eluted peaks were analyzed using the Chem-
station software (Agilent). The concentration of each FA
was determined using a calibration curve with C17:0 methyl
ester as the standard.

Data analysis

In the subset selected for quantification of FA, 444 children
completed the YSR. This sample size provides adequate
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statistical power to detect previously reported differences in
the continuous distributions of behavior outcomes [25] by
levels of dichotomous exposures with prevalences >25%.
Primary outcomes of interest were the continuous total
externalizing and internalizing problem scores. Secondary
outcomes were the behavior problems subscale scores that
comprise these composite scores. The primary exposures
were the percentage of total weight concentration of the n-3
ALA, 20:5n-3, EPA, docosapentaenoic acid (22:5n-3, DPA)
and DHA; and the n-6 LA, gamma-linolenic acid (18:3n-6,
GLA), eicosadienoic acid (20:2n-6), dihomo-gamma-
linolenic acid (20:3n-6, DGLA), AA, and adrenic acid
(22:4n-6, AdA). Because the conversion of ALA and LA
into long-chain PUFA depends on desaturase enzymes, we
also examined the ratios of GLA to LA and of AA to DGLA
as enzymatic activity indices for A6-desaturase (D6D) and
AS5-desaturase (D5D), respectively. Children’s height-for-
age Z scores were calculated according to the World Health
Organization growth reference [32]. Maternal body mass
index (BMI) was calculated as kg/m® from objectively
measured height and weight in 35.7% of mothers and from
self-reported data in the rest.

We first compared the distributions of total externalizing
and internalizing problem scores across categories of
baseline characteristics using means and standard deviation
(SD). We then compared these behavior problem scores
distributions across quartiles of FA concentrations. For
ordinal exposures, we conducted tests for linear trend by
fitting linear regression models with the behavior problem
score as the continuous outcome and a variable representing
ordinal categories of each predictor as a continuous cov-
ariate. For sex, we used the Wilcoxon rank-sum test. In
adjusted analyses, we estimated mean differences with 95%
confidence intervals (CIs) for total externalizing and inter-
nalizing problem scores between quartiles of FA. We also
estimated unadjusted and adjusted mean differences with
95% CI in behavior problem scores per 1 SD of FA con-
centrations when the associations seemed linear. Adjust-
ment covariates were baseline characteristics that were
known independent predictors of behavior problems. These
included child’s sex, age, weekly hours spent watching
television/playing video games, and maternal education and
BML. Prior literature suggests that girls exhibit higher levels
of internalizing behavior problems, whereas boys have
more externalizing behavior [33]. Prevalence of behavior
problems in adolescence increases with age [34]. Time
spent watching television or playing video games is asso-
ciated with behavior problems in most studies [35]. Higher
maternal education is related to less behavior problems in
children [36]. Finally, maternal overweight and obesity may
be associated with behavioral problems in the offspring
[37]. Since PUFA may influence the development of adip-
osity [38], we did not consider child’s BMI-for-age Z score

as a covariate because this variable may be on the causal
path between PUFA and behavior problems. In supple-
mental analyses, however, we adjusted for child’s BMI-for-
age Z score. In addition, we considered adjustment for all
PUFA simultaneously. Since the number of participants
with missing information in covariates was small (<10%),
the primary multivariable analytic strategy consisted of
complete case analyses. In additional sensitivity analyses,
missing values in covariates were estimated using a Markov
Chain Monte Carlo multiple imputation technique with ten
imputation cycles before their inclusion in the multivariable
models. We also examined the associations of PUFA with
the subscales scores for total externalizing and internalizing
problems following an analogous approach. Empirical
estimates of the variance were specified in all models. All
analyses were conducted with Statistical Analyses System
version 9.4 (SAS Institute Inc.).

Results

Mean + SD age at enrollment was 8.6 + 1.6 years; 57.4% of
children were girls. Mean + SD ALA and LA concentrations
were 0.5% and 30.6%, respectively (Supplemental Table 1).
Serum FA were weakly to moderately correlated; the
strongest correlations were between precursor FA and their
products (Supplemental Table 2). Mean+SD age at the
time of follow-up assessment was 14.4+1.6 years and
mean = SD total externalizing and internalizing problem
scores were 52.0+9.5 and 53.2 + 9.7, respectively. Child’s
age at baseline and time spent watching television/playing
video games were positively associated with total externa-
lizing problem scores (Table 1). Child’s BMI-for-age Z
score and mother’s BMI at baseline were positively related
to total externalizing and internalizing problem scores,
whereas mother’s education level was inversely associated
with these outcomes (Table 1).

Total externalizing problems

In bivariate analysis, EPA and DPA concentrations and the
D5D activity index were inversely associated with total
externalizing problem scores, whereas DHA concentration
was positively related to this outcome (Table 2). In multi-
variable analysis, every SD of DPA or DHA concentration
was related to a —0.9 (P =0.05) and a 1.0 (P =0.03) unit
difference in total externalizing problem scores, respectively.
Further adjustment for child’s BMI-for-age Z score did not
change these results (Supplemental Table 3). DHA remained
positively associated with total externalizing problems after
adjustment for all other PUFA; however, the inverse asso-
ciation between DPA and total externalizing problems
became attenuated and not statistically significant
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Table 1 Total behavior problem scores at 11-18 years of age
according to sociodemographic characteristics in middle childhood
among children from Bogota, Colombia

Characteristic n* Externalizing Internalizing
problems, problems,
mean = SD mean + SD

Sex

Boys 189 51.4+95 52492
Girls 255 524+94 53.8+10.1
P 0.25 0.13

Child’s age at baseline, years

5-6 78 48.5+10.5 52.6+11.5
7-8 171 51.1+9.1 52.5+9.2
9-10 170  53.7+8.6 53.8+9.2
11-12 25 56.5+9.8 56.1x11.0
P-trend® <0.0001 0.12
Height-for-age Z score” at baseline
<20 35 51.4+9.8 52794
—2.0to <—1.0 135 51.0+9.7 52.4+10.1
—1.0 to <0.0 164 52.1+92 53.8+9.7
>0.0 97 53.4+94 53.8+9.6
P-trend 0.08 0.24
BMI-for-age Z score! at baseline
<-1.0 61 50.4+89 51.2+85
—1.0 to <0.0 145  51.0+9.5 52.4+10.3
0.0 to <1.0 152 53.0+9.7 54295
>1.0 73 532+9.0 54.8+10.0
P-trend 0.02 0.008
Time spent watching television/playing video games, h/week
<10 140  51.1%93 539+8.7
10—<20 106 51.7+99 52.4+10.7
20-<30 115 51.5+89 52.8+10.0
>30 76 54.7+9.7 542+9.8
P-trend 0.02 0.98
Mother’s education, years
Incomplete 29 539+8.5 56.4+9.1
primary, 1-4
Complete 82 533+8.8 54.2+10.0
primary, 5
Incomplete 105 51.9+94 53.8+9.8
secondary, 6-10
Complete 189 51.4x10.2 523+9.7
secondary, 11
University, >11 29 50.3£8.1 50.8+£9.4
P-trend 0.03 0.005
Mother’s height quartile (median), cm
Q1, (150) 108 52.6x9.8 54.8+10.0
Q2, (155) 112 51.3+10.0 52.0+£10.2
Q3, (160) 101  51.6+89 53.8+9.3
Q4, (165) 111 522+93 52.4+94
P-trend 0.79 0.20
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Table 1 (continued)

Characteristic n* Externalizing Internalizing
problems, problems,
mean + SD mean + SD

Mother’s BMI, kg/m?

<18.5 11 49.0+8.9 472+11.1

18.5—<25.0 259 51.5+93 52.9+9.7

25.0-<30.0 126 52.2+9.8 53.4+94

>30.0 32 55.9+9.5 57.6+9.2

P-trend 0.02 0.007
Food insecurity

Secure 108 51.3+9.0 53.4+9.6

Insecure— 222 519+99 53.1+10.0

no hunger

Insecure— 61 53.2+09.1 54.8+£9.1

moderate hunger

Insecure— 52 52.1+9.3 51.8+9.7

severe hunger

P-trend 0.35 0.66
Socioeconomic status

1 (lowest) 33 49.7+10.4 53.9+10.8

2 101  51.9+89 52.2+99

3 250 52.6+9.6 53.5+9.7

4 60 50.6+£9.1 53.4+09.1

P-trend 0.65 0.67

BMI body mass index
4Sums may be less than the total due to missing values in covariates
"Wilcoxon rank-sum test

“Test for linear trend when a variable representing ordinal categories of
the characteristic was introduced into a linear regression model as a
continuous covariate. Empirical estimates of the variance were used in
all models

dAccording to the WHO growth reference for children and adolescents
(32]

(Supplemental Table 4). Total externalizing problems were
3.2 units (P =0.02) lower in children with a DSD activity
index in the highest quartile compared with those in the
lowest quartile (Table 2). Results did not change
after multiple imputation of missing values (Supplemental
Table 5).

Externalizing problems subscales

In multivariable analysis, DPA concentration and the D5SD
activity index were inversely related to aggressive behavior
scores, whereas DHA concentration was positively asso-
ciated with this outcome (Supplemental Table 6). DPA and
AA concentrations and the D5D activity index were
inversely associated with rule-breaking behavior scores
(Supplemental Table 7). In addition, rule breaking behavior
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Table 2 Total externalizing problem scores at 11-18 years of age according to serum FA percentage weight concentration in middle childhood

among children from Bogota, Colombia

Total externalizing problem scores Q1 Q2 Q3 Q4 P? Mean difference per 1 SD®
n=111 n=111 n=111 n=111
n-3 polyunsaturated fatty acids (PUFA)
18:3n-3 alpha-linolenic acid
Mean + SD 514 +88 51.7+838 52,5 +104 52.3 +9.8 040 04 (04, 1.3)
Adjusted differences® Reference 0.4 (—2.0, 2.8) 0.3 (-2.2,2.8) 09 (—1.5,3.4) 0.48 04 (—04, 1.3)
20:5n-3 eicosapentaenoic acid
Mean = SD 53.0£94 526 £9.7 51.4 +£10.2 50.8 =84 0.05 —-0.8 (—1.5,0.0)
Adjusted differences Reference 0.0 (—2.5, 2.4) —-0.1 (-2.6,24) —-1.0(-34,13) 042 -03(-1.1,0.5)
22:5n-3 docosapentaenoic acid
Mean + SD 52.6 +10.0 523 £9.1 53.0£9.3 49.8 +9.1 0.02 —1.0(-1.8, —0.2)
Adjusted differences Reference —1.3(—3.8,1.2) —-0.2(-2.7,24) -3.0(-5.7,-0.3) 0.05 -0.9 (—1.7,0.0)
22:6n-3 docosahexaenoic acid
Mean = SD 51.3+9.7 51.7+9.3 51.5+99 53.3 £8.9 0.11 1.0 (0.1, 1.9)
Adjusted differences Reference 0.9 (—1.5, 3.3) —-0.5(-3.1,2.1) 1.7 (-0.7,4.1) 0.22 1.0 (0.1, 1.9)
n-6 PUFA
18:2n-6 linoleic acid
Mean = SD 51.2+£9.7 51.6+96 53.5+£9.6 51.6 £8.8 0.49 0.1 (-0.8,0.9)
Adjusted differences Reference 0.9 (—1.6, 3.4) 2.8 (0.3, 5.3) 0.6 (—1.8,2.9) 0.41 0.2 (-0.7, 1.0)
18:3n-6 gamma-linolenic acid
Mean = SD 51.7+9.3 522 x99 51.8 £9.5 52.1 £9.3 0.80 —0.1 (—1.0,0.7)
Adjusted differences Reference  —0.1 (—2.7,2.4) —0.5(-3.0,2.0)0 —0.1 (=2.6,2.5) 095 —-0.1 (—1.0,0.8)
20:2n-6 eicosadienoic acid
Mean = SD 522 +9.1 532 =x10.2 514 +94 51.1 £9.0 0.23 —0.2 (—1.0, 0.6)
Adjusted differences Reference 1.5 (—1.0, 4.1) -09 (-3.3,16) —-05(-3.2,2.1) 040 -0.1(-1.0,0.7)
20:3n-6 dihomo-gamma-
linolenic acid
Mean = SD 50.5+9.1 529 x10.0 52.0 £9.9 52.4 8.8 0.20 0.3 (-0.6, 1.3)
Adjusted differences Reference 2.4 (0.1, 4.9) 1.1 (—14,3.7) 2.6(0.0,5.3) 0.14 0.6 (0.5, 1.7)
20:4n-6 arachidonic acid
Mean + SD 529 +9.7 52395 51.8 £9.1 50.8 £9.5 0.09 —-09 (—1.8,0.0)
Adjusted differences Reference 0.2 (—2.4, 2.7) —0.3 (-2.7,2.1) —1.8(—4.3,0.8) 0.15 —-0.8 (—1.7,0.1)
22:4n-6 adrenic acid
Mean = SD 528 9.5 51.8+90 51.8 £10.3 51.5+9.1 0.28 —0.5(—1.3,04)
Adjusted differences Reference —1.6 (—3.9,0.8) —0.9 (—3.3,1.6) —1.6 (—4.0, 0.8) 0.25 —-0.5(—14,0.3)
Enzyme activity indices
A6-desaturase 18:3n-6/18:2n-6
Mean + SD 523 +93 51.3+92 52.2 +10.0 52.1 +9.3 0.89 —0.2 (—1.0,0.7)
Adjusted differences Reference —1.5(-3.9,09) —-04(-2.9,22) —-0.5(-3.2,2.2) 097 -0.2(—1.2,0.8)
AS5-desaturase 20:4n-6/20:3n-6
Mean = SD 53.2+9.7 51.1 9.3 53.5+94 50.0 £9.2 0.05 —-0.8 (—1.8,0.2)
Adjusted differences Reference  —1.6 (—4.1,0.8) 0.7 (—1.8, 3.2) —3.2(-5.8, —0.6) 0.05 —-0.7 (—1.8,0.3)

Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a continuous
predictor. Empirical estimates of the variance were specified in all models

®From a linear regression model with total externalizing problem score as the outcome and percentage of total serum FA per 1 SD (continuous) as
the predictor

“Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television/playing video games
(continuous), years of mother’s education (continuous), and mother’s body mass index (continuous). n-3 and n-6 PUFA were adjusted for the
continuous percentage of total serum FA per 1 SD of linoleic acid and alpha-linolenic acid, respectively. Long-chain FA were additionally adjusted
for their immediate FA precursor(s) (continuous). The A6-desaturase activity index was additionally adjusted for alpha-linolenic acid and linoleic
acid (continuous). The A5-desaturase activity index was additionally adjusted for alpha-linolenic acid, gamma-linolenic acid, and eicosadienoic
acid (continuous)

SPRINGER NATURE
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scores were higher in children with DGLA concentration in
the highest quartile compared with those in the lowest
quartile (Supplemental Table 7).

Total internalizing problems

In bivariate analysis, ALA concentration was positively
associated with total internalizing problem scores, whereas
AdA concentration was inversely associated with these
scores (Table 3). After adjustment for potential con-
founders, every SD of ALA concentration was related to a
1.2 (P =0.01) unit difference in total internalizing problem
scores (Table 3). The adjusted difference in total inter-
nalizing problem scores between the highest and lowest
quartile of AdA concentration was —3.2 units (P =0.01)
(Table 3). Further adjustment for child’s BMI-for-age Z
score did not change these results (Supplemental Table 8);
however, after adjustment for other PUFA, the positive
association between ALA and total internalizing problems
was attenuated. AdA remained inversely related to this
outcome (Supplemental Table 9). Results were not changed
with multiple imputation of missing values (Supplemental
Table 10).

Internalizing problems subscales

In multivariable analysis, ALA concentration was positively
associated with anxious/depressed scores, whereas DPA
and AdA concentrations and the D5D activity index were
inversely related to this outcome (Supplemental Table 11).
DPA concentration was inversely related to withdrawn/
depressed scores in a nonlinear manner (Supplemental
Table 12). AA concentration was also inversely associated
with this outcome (Supplemental Table 12). There were no
associations between PUFA concentrations and the somatic
complaint scores (Supplemental Table 13).

Discussion

In this prospective study of schoolchildren from Bogot4,
Colombia, higher serum concentrations of DHA in middle
childhood were related to higher total externalizing problem
scores in adolescence. The D5D enzyme activity index was
inversely related to externalizing problems. ALA con-
centration was positively associated with internalizing pro-
blems, whereas AdA was inversely related to this outcome.
These associations were independent of baseline child,
parental, and household characteristics.

The positive association between serum DHA and total
externalizing problem scores in adolescence was against our
initial hypothesis. This association remained unchanged
after additional adjustment for the child’s BMI-for-age Z
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score and other PUFA. The majority of previous long-
itudinal studies have focused on the potential effects of
DHA and other long-chain n-3 PUFA during the prenatal or
infancy periods on early or middle childhood behavior
problems. Only one [16] of the five [12—16] studies of DHA
biomarkers during pregnancy found an association with
childhood externalizing problems. In addition, maternal or
early childhood intake of fatty fish, a major source of DHA,
has not been related to behavior problems [39, 40]. DHA
supplementation during the second half of pregnancy
resulted in an increase of total problems at ages 4 and 7
years among Australian children [41, 42]. Only a handful of
investigations have addressed the potential effect of DHA
on behavior problems during adolescence. DHA supple-
mentation of schoolchildren in Mauritius and the United
Kingdom was related to decreased aggressive and disruptive
behavior, respectively [18, 19]. The apparent discrepancy
between the positive association we found and the protec-
tive effect of supplementation trials might be related to
other PUFA present in the supplement. An adverse effect of
DHA in middle childhood could be explained through a
number of mechanisms. Fish oil supplementation has been
associated with delayed neurodevelopment in rodents,
potentially due to reduced myelination in the brainstem
[43]. High DHA concentration has also been associated
with behavioral delays in rodents when there is an imbal-
ance of n-3 and n-6 PUFA [44]. Some methodological
limitations of observational studies could also explain these
findings. For example, the association of DHA and behavior
problems in our study may be confounded by mercury or
lead, since these neurotoxic heavy metals are readily found
in fish consumed in Bogotd [45] and fish intake may be an
important source of preformed DHA in this population.

The inverse associations of DPA with the internalizing
problems subscales anxious/depressed and withdrawn/
depressed have not been previously reported among chil-
dren or adolescents. Nevertheless, DPA in blood has been
inversely associated with depressive symptoms in pregnant
[46] and postmenopausal women [47]. Evidence from ani-
mal experiments offers insights into potential explanatory
mechanisms. Rodents supplemented with DPA perform
better on the forced swim test [48], an animal model of
depressive behavior. DPA could enhance hippocampal
long-term potentiation [49], thereby countering stress- or
glucocorticoid-induced damage that may be associated with
neuropsychiatric disorders [50].

The D5D activity index in middle childhood was related
to lower total externalizing problem scores in adolescence,
possibly through decreased aggressive and rule-breaking
behavior. Although no prior study has examined the asso-
ciation between the D5D activity index and behavior pro-
blems, some investigations have examined whether single-
nucleotide polymorphisms that influence D5D activity are
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Table 3 Total internalizing problem scores at 11-18 years of age according to serum fatty acid (FA) percentage weight concentration in middle

childhood among children from Bogota, Colombia

Total internalizing problem scores Q1 Q2 Q3 Q4 P*  Mean difference per 1 SD®
n=111 n=111 n=111 n=111
n-3 polyunsaturated fatty acids (PUFA)
18:3n-3 alpha-linolenic acid
Mean + SD 523 +10.0 522 +94 53.5 +9.8 549 £9.6 0.03 1.0 (0.1, 2.0)
Adjusted differences® Reference 0.0 (—2.7, 2.6) 1.1 (—1.6,3.8) 2.8(0.1,5.5) 0.02 1.2 (0.3, 2.2)
20:5n-3 eicosapentaenoic acid
Mean = SD 52.5 £10.0 53.4+£9.6 53.7 £9.8 53.4 £9.5 047 0.2 (-0.7,1.0)
Adjusted differences Reference 1.1 (—1.4, 3.7) 1.7 (-0.9, 4.3) 1.5 (1.1, 4.1) 022 04 (-04,1.3)
22:5n-3 docosapentaenoic acid
Mean + SD 547 +11.2 533 9.5 524 +9.1 52.5+9.0 0.12 —-04 (-1.3,04)
Adjusted differences Reference —1.8 (—4.6, 1.0) —2.6(-53,02) —2.0(—4.8,09 021 -02(-1.1,0.6)
22:6n-3 docosahexaenoic acid
Mean = SD 53.8 £10.5 53.2 +£10.1 52.8 £9.1 53.1 £9.3 0.60 0.2 (-0.7,1.2)
Adjusted differences Reference 0.0 (—2.7, 2.7) —0.9 (-3.5,1.8) —04(-3.0,22) 069 0.4 (0.6, 1.3)
n-6 PUFA
18:2n-6 linoleic acid
Mean = SD 523 89 533+99 54.1 £10.0 53.3 £10.1 0.37 0.3 (0.6, 1.2)
Adjusted differences Reference 0.7 (—1.8, 3.2) 1.2 (—1.3,3.8) 0.7 (-1.8,3.1) 0.54 0.2 (0.6, 1.1)
18:3n-6 gamma-linolenic acid
Mean = SD 53.4 +£10.0 53.4 x99 532 +9.5 52.9 £9.7 0.64 —0.3(-1.2,0.7)
Adjusted differences Reference —0.3 (—3.0, 2.3) —04 (-3.1,22) —03(-3.0,24) 084 0.0 (-1.0,1.0)
20:2n-6 eicosadienoic acid
Mean = SD 523 +£9.8 545 =x10.5 54.1 £9.7 52.1 £8.8 0.71 0.2 (0.6, 1.1)
Adjusted differences Reference 2.0 (—0.8, 4.8) 09 (-1.7,35 —-05(-3.2,23) 058 02(-08,1.1)
20:3n-6 dihomo-gamma-
linolenic acid
Mean = SD 524 £9.7 53.6 £10.1 53.9 £10.0 53.1 £9.2 0.57 0.0 (-0.9,0.8)
Adjusted differences Reference 1.1 (—1.6, 3.9) 1.2 (-1.6,39) 0.9 (-2.0, 3.8) 0.60 —0.1 (—1.1,0.9)
20:4n-6 arachidonic acid
Mean + SD 542 +9.7 53.4+10.3 53.7+94 51.8 £9.5 0.08 —0.8 (—1.6,0.1)
Adjusted differences Reference —0.7 (—3.5, 2.0) —0.3(—2.8,22) —2.0(—4.6,0.5 0.16 —0.6 (—1.5,0.3)
22:4n-6 adrenic acid
Mean = SD 552 +10.3 52.4+93 54.1 £9.8 51.3+£9.2 0.01 —1.1 (-2.1, —0.2)
Adjusted differences Reference  —3.1 (—5.6, —0.6) —0.3 (-2.9,2.3) —-3.2(-5.8, —0.7) 0.06 —0.8 (—1.7,0.0)
Enzyme activity indices
A6-desaturase 18:3n-6/18:2n-6
Mean + SD 54.1+£10.3 52.7+£9.6 53.5+9.3 52.6 +9.8 040 —-0.3(-1.2,0.5)
Adjusted differences Reference —1.1 (—3.8, 1.5) —0.6 (-3.2,2.1) —09(-3.8,2.00 067 —-0.1(-1.1,0.9)
AS5-desaturase 20:4n-6/20:3n-6
Mean = SD 53.7+9.2 52.8 £10.2 55.1 =£10.8 513 £84 0.14 —-0.4 (—1.4,0.6)
Adjusted differences Reference —0.4 (—3.0, 2.2) 1.8 (—0.8, 4.5) —1.9(—44,0.5) 022 -02(-1.1,0.7)

Test for linear trend when a variable representing the median of each quartile was introduced into the linear regression model as a continuous
predictor. Empirical estimates of the variance were specified in all models

®From a linear regression model with total internalizing problem score as the outcome and percentage of total serum FA per 1 SD (continuous) as
the predictor

“Adjusted for child’s sex (dichotomous), child’s age at baseline (continuous), weekly hours spent watching television/playing video games
(continuous), years of mother’s education (continuous) and mother’s body mass index (continuous). n-3 and n-6 PUFA were adjusted for the
continuous percentage of total serum FA per 1 SD of linoleic acid and alpha-linolenic acid, respectively. Long-chain FA were additionally adjusted
for their immediate FA precursor(s) (continuous). The A6-desaturase activity index was additionally adjusted for alpha-linolenic acid and linoleic
acid (continuous). The AS5-desaturase activity index was additionally adjusted for alpha-linolenic acid, gamma-linolenic acid, and eicosadienoic
acid (continuous)
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related to child development. Single-nucleotide poly-
morphisms that encode for lower D5D activity were posi-
tively associated with infant psychomotor development [51]
or child cognition [52], but it is unknown whether they are
related to behavioral outcomes.

Serum ALA was positively related to total internalizing
problem scores. These results are in line with those from a
study of 10-year-old German children in whom prenatal
ALA concentration was positively associated with peer
relationship problems, an internalizing problem [13]. The
nature of this association is unclear. Lifelong ALA sup-
plementation has been associated with more depressive-like
behaviors in rodents, potentially attributable to alterations in
the endocannabinoid system [53]. Of note, the association
became attenuated after adjustment for other PUFA.

AdA, a product of AA elongation, was inversely related
to total internalizing problem scores, possibly through
decreased anxious/depressed symptoms. AA was inversely
related to problem scores in some subscales. Epidemiologic
evidence of the potential effects of n-6 PUFA on behavior is
limited and conflicting. Studies to date have only examined
the association of prenatal or infant AA concentration with
behavior problems. Three studies found no relation
[12, 14, 15], one found an inverse association [13], and
another found a positive relation [16]. Mechanisms under-
lying these associations are speculative; AA may enhance
long-term potentiation of synapses in areas of the brain
involved in reward [54], learning, and memory [55], while
AdA could be important in myelination [56]. Of note, the
D5D activity index and AA concentration were associated
with rule-breaking behavior in the same direction. It is
plausible that the associations with AA represent underlying
genetic polymorphisms related to D5D activity.

EPA was not associated with any of the behavior pro-
blems we examined. These results are in contrast to a small
trial in children [17] and to meta-analyses of randomized
trials in adults with depressive behavior [20, 21]. There are
several possible reasons for this discrepancy. First, the
mechanisms of action in children may be different from
those in adults. In addition, the majority of these trials were
conducted among people with MDD, a rare condition in
children. Therefore, results from these trials may not be
generalizable to our population. Finally, in populations with
low fish intake such as ours, EPA concentration may reflect
differences in metabolism rather than differences in intake.
Of note, we observed an inverse association between the
D5D activity index and total externalizing problem scores
and no associations between the D6D activity index and
behavior problems. D5D participates in EPA synthesis,
whereas D6D is on the path from DPA to DHA.

Our study has several strengths. First, the prospective
design limits bias due to reverse causation. While previous
studies primarily focused on DHA and AA, we examined

SPRINGER NATURE

the associations of other PUFA biomarkers that may be
biologically relevant. Further, serum biomarkers of several
FA are highly correlated with measures of long-term PUFA
intake [57]. The YSR is a validated measure of externaliz-
ing and internalizing problems in adolescence [58]. Finally,
we controlled for many potential confounders of the asso-
ciations between PUFA concentration and behavior pro-
blems, including FA precursors. In this pediatric population,
FA concentrations are related to age, BMI, socioeconomic
status [38], and the type of cooking oil used in the house-
hold [59]. ALA is related to soybean oil intake, whereas
long-chain n-3 and n-6 FA are related to soybean and
sunflower intake. Whether interventions to improve the
quality of dietary vegetable oils may be related to neuro-
developmental outcomes is a relevant future research
direction.

There are limitations as well. We do not have a baseline
measurement of behavior problems and thus cannot pre-
clude reverse causation as an explanation for our findings if
behavior problems developed before middle childhood. Our
ability to identify a time at which PUFA may exert a
potential effect on behavior is limited, since PUFA con-
centrations in middle childhood may be correlated with
concentrations at other periods in development. Type I error
may be enhanced by analyzing a large number of outcomes
in relation to many individual biomarkers; thus we cannot
rule out chance as an explanation for the associations
observed. We were unable to measure heavy metals, which
may share dietary sources with long-chain n-3 PUFA,
especially EPA and DHA. Thus residual confounding may
have attenuated or changed the direction of the associations.
Also, we were unable to distinguish between active and
passive screen time, which may exert differing effects on
child behavior problems [60]. Finally, our results may not
be generalizable to children from the highest socioeconomic
status, since they do not typically attend public schools in
Bogota.

In conclusion, DHA concentration was positively asso-
ciated with total externalizing problems. The D5D activity
index was related to decreased externalizing problems.
ALA concentration was positively associated with inter-
nalizing problems, whereas AdA was inversely related to
this outcome. The associations of DHA and AdA with
behavioral problems did not change after additional
adjustment for other PUFA. Additional studies in other
populations with different distributions of PUFA are
warranted.
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