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Abstract

Studies on longitudinal associations between diet quality and lipid and amino acid
metabolism in children and adolescents are limited. We studied associations between diet
quality and serum markers of lipid and amino acid metabolism in the Physical Activity and
Nutrition in Children (PANIC) study. These analyses included 403 children aged 6-9 years at
baseline, 360 re-examined two years later at age 9-11 years, and 219 eight years later at age
15-17 years. Food intake was recorded over four days, and diet quality assessed using the
Finnish Children Healthy Eating Index (FCHEI). Fasting serum fatty acids, amino acids,
apolipoproteins, and lipoprotein particle sizes were analyzed via nuclear magnetic resonance
spectroscopy. Linear mixed-effects models, adjusted for sex, age, body fat percentage,
pubertal stage, and physical activity, were used to analyze the associations. Better diet quality
was linked to increased serum polyunsaturated fatty acids and reduced saturated and
monounsaturated fatty acids, alanine and very low-density lipoprotein (VLDL) particle size.
Consuming more vegetables, fruits, berries, vegetable oils and margarine with at least 60%
fat, fish, and whole grains associated with higher serum polyunsaturated fatty acids and lower
saturated fatty acids and smaller VLDL particles. Conversely, consuming higher-fat dairy
products and sugary products associated with higher saturated and monounsaturated fatty
acids, branched-chain and aromatic amino acids, and larger VLDL particles. A diet rich in
fruits, vegetables, unsaturated fats, and fiber, with reduced processed meat and sugar

consumption, promotes favorable metabolic changes relevant to cardiometabolic health.
Short title: Diet and metabolites from childhood to youth
Keywords: Diet quality, food consumption, metabolites, children, adolescents

Abbreviations: AAA; aromatic amino acids; ApoAl, apolipoprotein Al; ApoB,
apolipoprotein B; BCAA, branch-chained amino acids; DHA, docosahexaenoic acid; FA,
fatty acids; FCHEI, Finnish Children Healthy Eating Index; FDR, false discovery rate; HDL,
high-density lipoprotein; LA, linoleic acid; LDL, low-density lipoprotein; MUFA,
monounsaturated fatty acids; NCD, Non-communicable disease; NMR, nuclear magnetic
resonance spectroscopy; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids;

VLDL, very-low-density lipoprotein.
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Introduction

The burden of non-communicable diseases (NCDs), such as obesity, type 2 diabetes, and
cardiovascular diseases, has increased globally 2. Although NCDs exhibit their clinical
manifestations in adulthood, the pathophysiological processes leading to these diseases can
begin at a very young age ©°. Lower diet quality has been recognized as an underlying risk
factor for NCDs ®). Furthermore, several serum metabolites, small molecules resulting from
metabolic processes in the body, have been associated with both lower diet quality and an
increased risk of NCDs in adults ©. For instance, higher serum concentrations of branched-
chain amino acids (BCAAs) and saturated fatty acids (SFAs) as well as larger very-low
density lipoprotein (VLDL) particles have been linked to higher blood pressure, insulin
resistance, and cardiovascular diseases in cross-sectional studies in adults ©*?. Moreover,
higher serum levels of some diet-associated metabolites, such as BCAAs, have been related
to risk factors for NCDs already in children V. These findings raise curiosity in the role of
blood metabolites as mediating factors between diet and NCDs and whether these effects are

seen already in childhood.

Nutrition and metabolomics research in children and adolescents has largely focused on the

associations of dietary factors with blood fatty acids %

. Interestingly, we previously
observed that better diet quality, characterized by a higher intake of dietary sources of
polyunsaturated fatty acids (PUFAS) and fiber and a lower intake of sugary products, was
reflected in a more unsaturated serum fatty acid profile, a larger VLDL particle size, and
lower serum levels of alanine, histidine, and glycine in children ™. Our results suggest that
diet quality might influence blood levels of various metabolites related to cardiometabolic
health ©19, thus also underlining the importance of studying a wide range of blood
metabolites rather than focusing on only a limited number of biomarkers to provide a more
comprehensive view. Additionally, in Finnish children and adolescents, the consumption of
vegetables, fruit, and berries is low and the consumption of dietary SFAs and sucrose is over
the recommendations of the Finnish dietary guidelines ®°22. These results also highlight the
importance of studying the association between diet quality and metabolites in a population
sample of Finnish children and adolescents. However, only few reports on the longitudinal
associations of dietary factors with circulating metabolites of amino acid and lipid
metabolism in children and adolescents have been published ®?¥. The results of these
reports, which were based on the same Finnish dietary intervention study, showed that better

adherence to Nordic nutritional recommendations was reflected in higher serum levels of
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PUFAs, lower serum levels of SFAs, and a larger low-density lipoprotein (LDL) particle size.
This existing, yet scarce, evidence emphasizes the need for further longitudinal studies

examining the associations of diet with blood metabolites from childhood to adolescence.

Given the limited evidence on the longitudinal associations of dietary factors with blood
metabolites in youth, we investigated the associations of diet quality with serum metabolites
in a general population of children followed up for eight years until adolescence. We
hypothesized that good diet quality is associated with serum levels of metabolites considered

beneficial for cardiometabolic health, such as higher PUFAs and lower BCAAs.
Methods
Study design and participants

These analyses on the longitudinal associations of diet quality with serum biomarkers of lipid
and amino acid metabolism from childhood to adolescence are based on the baseline, 2-year
and 8-year data of the Physical Activity and Nutrition in Children (PANIC) study, which is an
8-year physical activity and diet intervention and long-term follow-up study in a population
sample of children from the city of Kuopio, Finland. The PANIC study protocol was
approved by the Research Ethics Committee of the Hospital District of Northern Savo in
2006 (Statement 69/2006) and in 2015 (Statement 422/2015). The parents or caregivers gave
their written informed consent, and the children provided their assent to participation. The
PANIC study has been carried out in accordance with the principles of the Declaration of
Helsinki as revised in 2008. The trial was registered at ClinicalTrials.gov (NCT01803776).
Examinations were performed in the PANIC study facilities at the University of Eastern

Finland.

Altogether, 736 children aged 6-9 years were invited to participate in the baseline
examinations of the PANIC study between 2007 and 2009 (Figure 1). Of all the children
invited, 512 (70%) attended. The participants did not differ in sex, age, or body mass index
standard deviation score from all children who started the first grade in 2007—-2009 based on
data from the standard school health examinations performed for all Finnish children before
the first grade. Eight children were excluded at baseline because of disability or withdrawal

from the study. The final study sample thus included 504 children at baseline.

Overall, 440 children aged 9-11 years (87% of those participating in baseline examinations)

attended the 2-year examinations, and 277 adolescents aged 15-17 years (55% of those
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participating in baseline examinations) attended the 8-year examinations. Adolescents, who
participated in the 8-year examinations, did not differ from those who did not attend these
examinations in terms of baseline age, BMI-SDS, sex distribution, or allocation to study
groups ®. The present study sample consisted of 403 children at baseline, 360 children at
two years, and 219 adolescents at eight years with complete data on variables used in the

statistical analyses.

Data on the basic characteristics were available for 403 children (194 girls, 209 boys), except
linoleic acid, for which data from 382 children were available at baseline, and lipoprotein
subclasses for which data from 401 children were available. Data for 360 children (171 girls,
189 boys) were available at two years and for 219 adolescents (108 females, 111 males) at
eight years, except body fat percentage, for which data for 346 children were available at two

years and data for 217 adolescents were available at eight years.
Assessment of diet

At the baseline and 2-year examinations, food consumption and energy intake were assessed
by food records filled out by the parents or caregivers on four predefined consecutive days,
including either two weekdays and two weekend days for 99.5 % of the participants or three
weekdays and one weekend day for 0.5 % of the participants ?®. At the 8-year examinations,
food records were filled out by the adolescents themselves. The dietary data collection was
conducted after blood sampling to ensure that participants had time to receive detailed
guidance on how to accurately complete their dietary records. A clinical nutritionist checked
the returned food records together with the children and their parents at the baseline and 2-
year examinations and with the adolescents at the 8-year examinations and filled in any
missing information. Food consumption (g/d) was calculated from the food records by using
the Micro Nutrica® dietary analysis software, version 2.5 (The Social Insurance Institution of
Finland), which uses Finnish and international data on the nutrient compositions of foods ¢

and was regularly updated by a clinical nutritionist of the PANIC study.

We computed the Finnish Children Healthy Eating Index (FCHEI) ®® to assess overall diet
quality. FCHEI consists of five food categories: 1) vegetables, fruit, and berries, 2) higher-fat
vegetable oils and vegetable-oil-based margarine (>60% fat), 3) low-fat (<1%) milk, 4) fish,
and 5) foods with high sugar content. The consumption of these foods was divided by energy
intake and categorized to deciles. Deciles were scored, a higher decile getting a higher score,

apart from sugary products that were inversely scored. The sum of scores from the five
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categories was calculated, with a minimum of 0 indicating lowest possible diet quality and a

maximum of 50 indicating best possible diet quality.

In addition to the FCHEI food categories, we assessed separately the consumption of high-fat
(>1%) milk, high-fat (>1%) sour milk products, lower-fat vegetable oils and vegetable-oil-
based margarine (<60% fat), red meat, sausages, high-fiber (>5%) grain products, and low-
fiber (<5%) grain products. These foods also reflect diet quality and were chosen for the
present study based on the dietary factors used in our previous studies ** and on existing
studies examining the associations of dietary factors, such as the consumption of low-fat or
high-fat dairy products ", meat ®°, and dietary fatty acids ®**", with blood metabolites in

children.
Biochemical analyses

Venous blood samples were collected after a 12-hour fast, centrifuged, and stored at a
temperature of -75 °C until biochemical analyses. The blood samples were collected at
baseline, two years, and eight years. Serum concentrations of total fatty acids (FAs), SFASs,
monounsaturated  fatty acids (MUFAs), PUFAs, omega-3-FAs, omega-6-FAs,
docosahexaenoic acid (DHA), linoleic acid (LA), alanine, glutamine, glycine, histidine,
isoleucine, leucine, valine, total BCAAs (including isoleucine, leucine, and valine), aromatic
amino acids (AAAs, including phenylalanine and tyrosine), apolipoprotein B (apoB), and
apolipoprotein Al (apoAl) as well as the sizes of VLDL, LDL, and high-density lipoprotein
(HDL) particles were measured using high-throughput nuclear magnetic resonance (NMR)
spectroscopy metabolomics analysis (Nightingale Health Ltd, Kuopio Finland) ©2. We also
assessed the degree of serum FA unsaturation (presence and amount of double bonds in
carbon chains of FAs), the percentage of SFAs from total FAs (SFA%), the percentage of
MUFAs from total FAs (MUFA%), the percentage of PUFAs from total FAs (PUFA%), the
percentage of omega-3-FAs from total FAs (omega-3-FA%), the percentage of omega-6-FAs
from total FAs (omega-6-FA%), the ratio of omega-6-FAs to omega-3-FAs (omega-6
FA/omega-3 FA), the percentage of DHA from total FAs (DHA%), the percentage of LA from
total FAs (LA%), and the ratio of apoB to apoAl (apoB/apoAl).

Other assessments

All the following assessments were done at baseline, two years, and eight years. Body weight
was measured after a 12-hour fast, emptied bladder, and standing in light underwear using a
weight scale integrated into a calibrated InBody® 720 bioelectrical impedance device
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(Biospace, Seoul, South Korea) to an accuracy of 0.1 kg. Body weight was measured twice,
and the mean of these values was used. Body height was measured standing in the Frankfurt
plane without shoes using a wall-mounted stadiometer to an accuracy of 0.1 cm. Height was
measured three times, and the mean of the nearest two values was used. Body mass index was
calculated by dividing weight (kg) by height (m) squared and body mass index standard
deviation score (BMI-SDS) was calculated. Body fat percentage was assessed by a dual
energy X-ray absorptiometry method with a Lunar® Dual-energy X-ray absorptiometry
device (GE Medical Systems, Madison, WI, USA). A research physician assessed pubertal
status according to breast development for girls (scored M 1-5) and according to testicular
volume measured by an orchidometer for boys (scored G 1-5) using the staging method

described by Tanner 334,

Physical activity was objectively measured using a combined heart rate and movement sensor
(Actiheart®, CamNtech Ltd., Papworth, UK), attached to the chest with two standard ECG
electrodes. Participants were instructed to wear the device continuously for at least four days
(2 weekdays, 2 weekend days), including sleep and water-based activities, without altering
their usual behavior. Heart rate data were individually calibrated using results from a
maximal cycle ergometer exercise test. Moderate-to-vigorous physical activity was defined as

activity exceeding an intensity of four metabolic equivalents (METS).
Statistical methods

Basic characteristics of the children at baseline were analyzed using the SPSS Statistics
software, version 27.0 (IBM Corporation, IBM SPSS Statistics for Windows, Armonk, NY,
USA). The associations of changes in the indicators of diet quality with changes in serum
metabolite concentrations over eight years were analyzed by linear mixed-effects models
using the R Statistical Software, version 4.1.3 (2022). These models were adjusted for sex,
age, body fat percentage, pubertal status and moderate-to-vigorous physical activity. To
assess the sensitivity of our findings to the choice of random effects structure, we compared
models with random intercepts only to models with random slopes and intercepts. A random
subject-specific intercept was used in the models. The skewness of the distributions of the
outcome variables was tested. For variables with skewed distributions, including DHA,
DHA%, LA%, omega-6 FA/omega-3 FA, total BCAAs, isoleucine, and leucine, logarithmic
transformations were made, and the linear mixed-effect analyses were conducted with the

logarithmic values. Associations with p-values < 0.05 were considered statistically
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significant. A Benjamini—Hochberg false-discovery-rate (FDR) corrected p-value < 0.2 was
used to control for possible false positive results caused by multiple comparisons. The
original sample size calculations of the PANIC study were based on the primary outcomes of
the intervention, specifically fasting insulin and homeostatic model assessment of insulin
resistance in children, as described earlier °*%). In short, to estimate the required sample size,
we aimed to detect a difference of at least 0.30 standard deviations between the intervention
group (60% of participants) and the control group (40%), with 80% power and a significance
level of 0.05 (two-sided test). Accounting for a potential 20% loss due to dropouts or missing
data, we determined that the study would need at least 275 children in the intervention group

and 183 in the control group.

Results
Basic characteristics, diet quality, and serum metabolites

At baseline, boys were taller, had lower body fat percentage and higher energy intake, had
higher PUFA%, omega-6 FA%, LA%, apoAl, lower total FA, SFA, MUFA, MUFA%,
glutamine, apoB and apoB/apoAl and consumed more red meat and sausages than girls
(Tables 1 and 2). At baseline, there were no differences in average diameter of lipoprotein
sizes but boys had higher concentrations of medium LDL and HDL particles and lower
concentrations of medium and small VLDL particles and large and small LDL particles. At
two years, boys had lower body fat percentage, higher energy intake, consumed more high-fat
milk and red meat than girls. Boys also had lower alanine, glutamine, and tyrosine levels,
smaller LDL particles, and a higher concentration of medium and small HDL particles
compared to girls. At eight years, boys were taller, weighed more, and had a lower body fat
percentage and higher energy intake. Their diet quality was lower, they consumed less
vegetables, fruit, and berries as well as high-fat sour milk products and consumed more low-
fat milk, red meat, sausages, and sugary products compared to girls. Boys also had lower
concentrations of total FA, SFA, PUFA, omega-3 FA, omega-6 FA, DHA, LA, and omega-
6%, DHA%, LA%, and a lower degree of FA unsaturation. Boys had smaller HDL particle
size, lower concentrations large and medium HDL particles, and lower serum apoAl
concentrations. Conversely, boys had higher MUFA%, omega-6/omega-3 ratio, glutamine,

BCAAs (including isoleucine, leucine and valine separately), phenylalanine, and tyrosine

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

Accepted manuscript

concentrations. They also had larger VLDL particle size, higher concentrations of large

VLDL particles, and higher apoB/apoALl ratio.

Associations of changes in diet quality with changes in serum fatty acids over eight

years

Increased FCHEI was associated with increased omega-3-FAs, degree of FA unsaturation,
PUFA%, omega-3-FA%, omega-6-FA% and LA% over eight years after adjustment for sex,
age, body fat percentage, pubertal status, and moderate-to-vigorous physical activity (Tables
3 and 4). Increased FCHEI was associated with decreased concentrations of SFAs, MUFAs,
SFA%, MUFA%, and omega-6-FA/omega-3-FA. Increased consumption of vegetables, fruit,
and berries was associated with increased PUFAs, omega-3-FAs, omega-3-FA%, and degree
of FA unsaturation but with decreased SFA% and omega-6 FA/omega-3 FA. Increased
consumption of higher-fat vegetable oils and vegetable-oil-based margarine (>60% fat) was
associated with an increased degree of FA unsaturation, PUFA%, omega-6-FA% and
decreased SFA%. Increased consumption of lower-fat vegetable-oil-based margarine (<60%
fat) was associated with increased MUFA% and decreased omega-6-FA%. Increased
consumption of low-fat milk was associated with a higher degree of FA unsaturation. A
higher consumption of high-fat (>1%) milk was associated with increased SFAs, SFA% and
decreased PUFA% and omega-6 FA%. Increased consumption of fish was associated with
increased omega-3 FA and omega-3-FA% but with decreased omega-6-FA/omega-3-FA.
Increased red meat consumption was associated with a higher degree of FA unsaturation.
Increased sausage consumption was related to increased SFA% and omega-6-FA/omega-3-FA
and decreased PUFA% and omega-3-FA%. Increased consumption of high-fiber grain
products was related to increased degree of FA unsaturation, PUFA%, omega-3-FA%, and
omega-6-FA% but decreased SFA%, MUFA%, and omega-6-FA/omega-3-FA. Increased
consumption of sugary products was associated with increased SFA%, MUFA%, and omega-
6-FA/omega-3-FA and decreased omega-3-FA, degree of FA unsaturation, PUFA%, omega-3-
FA%, and LA%. The associations of vegetable, fruit, and berry consumption with SFA%,
consumption of higher-fat vegetable oils and vegetable-oil-based margarine (>60% fat) with
degree of FA unsaturation, low-fat milk consumption with degree of FA unsaturation, fish
consumption with omega-3-FA and omega-3-FA%, red meat consumption with degree of FA
unsaturation, sausage consumption with SFA%, PUFA%, omega-3-FA% and omega-6-
FA/omega-3-FA and sugary product consumption with omega-6 FA/omega-3 FA did not

remain statistically significant after FDR correction.
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Associations of changes in diet quality with changes in serum amino acids over eight

years

Increased FCHEI was associated with decreased alanine over eight years after adjustment for
sex, age, body fat percentage, pubertal status and physical activity (Table 5). Increased
consumption of vegetables, fruit, and berries was associated with decreased alanine, glycine
and isoleucine. Increased consumption of lower-fat vegetable oils and vegetable-oil-based
margarine (<60% fat) was related to increased alanine. Increased consumption of low-fat
(<1%) milk was related to increased leucine and phenylalanine but decreased alanine.
Increased consumption of high-fat (>1%) milk was related to increased total BCAAsS,
isoleucine, leucine, valine, phenylalanine, and tyrosine but decreased glycine. Increased
consumption of high-fat (>1%) sour milk products was associated with higher total BCAAs
and valine. Increased red meat consumption was associated with increased histidine but
decreased isoleucine. All these longitudinal associations, except the association between
lower-fat vegetable oils and vegetable-oil-based margarine (<60% fat) with alanine, low-fat
(<1%) milk and alanine, leucine and phenylalanine, high-fat (>1%) milk with glycine, high-
fat (>1%) sour milk products and total BCAA and valine, and the association between red
meat consumption with histidine and isoleucine remained statistically significant after FDR

correction.

Associations of changes in diet quality with changes in serum lipoprotein particle sizes

and serum apolipoproteins over eight years over eight years

Increased FCHEI was associated with decreased VLDL particle size and lower concentration
of large VLDL particles after adjustment for sex, age, body fat percentage, pubertal status and
physical activity (Table 6 and 7). Increased consumption of vegetables, fruit and berries was
associated with higher concentrations of medium and small VLDL particles and large and
small LDL particles. Increased consumptions of lower-fat vegetable oils and vegetable-oil-
based margarine (<60% fat) was associated with increased VLDL particle size and higher
concentration of large VLDL particles, decreased LDL particle size and lower concentration
of large HDL particles. Increased consumption of sugary products was associated with
increased VLDL particle size and higher concentration of large and small VLDL particles and
a smaller HDL particle size and lower concentration of large HDL particles. The associations

of lower-fat vegetable oils and vegetable-oil-based margarine (<60% fat) with VLDL particle
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size and lower concentrations of large HDL particles, consumption of sugar products with the

concentration of medium VLDL did not remain statistically significant after FDR correction.

No associations were found for diet quality and food consumption with apolipoproteins over

eight years (Table 8).
Discussion

We observed that improved diet quality, as indicated by increased consumptions of
vegetables, fruit, and berries, higher-fat vegetable oils and vegetable-oil-based margarine
(>60% fat), fish, and high-fiber grain products and a decreased consumption of sugary
products were longitudinally associated with increased serum PUFAs and decreased serum
MUFAs and SFAs from childhood to adolescence. Increased consumptions of dairy products
and sausages were also longitudinally related to increased serum BCAAs and AAAs.
Improved overall diet quality was related to decreased serum VLDL particle size and lower
concentration of large VLDL particles. Conversely, worsened diet quality, as indicated by
increased consumptions of lower-fat vegetable-oils and vegetable-oil-based margarines
(<60% fat) and sugary products, was longitudinally associated with increased VLDL size.
Additionally, increased consumptions of lower-fat vegetable-oils and vegetable-oil-based

margarines (<60% fat) were associated with decreased LDL size.
Diet quality and serum fatty acids

Increased FCHEI was related to increased serum PUFAs and decreased serum SFAs and
MUFAs from childhood to adolescence. These results align with the findings of our previous
cross-sectional study, in which better diet quality was related to higher serum PUFASs
measured with NMR, and our 2-year intervention study, in which the intervention group
showed an increased plasma proportion of PUFAs in cholesteryl esters and phospholipids
measured with gas chromatography “°2®. Also supporting our observations, another Finnish
intervention study showed that better adherence to a dietary intervention based on nutritional
recommendations was associated with higher serum PUFAs and lower serum SFAs from
childhood to adulthood ©”. In the present study, increased consumptions of vegetables, fruit,
and berries and high-fiber grain products were associated with increased serum PUFASs, such
as omega-3-FAs, and decreased serum proportion of SFA to total FA from childhood to
adolescence. A higher consumption of vegetables, fruit and berries might be an indicator of
better overall diet quality, which then is reflected in a more favorable serum fatty acid profile.
It is also possible that the participants who ate more vegetables, fruit, and berries were more
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health conscious and thus ate more foods containing lots of PUFAs and had an improved
serum fatty acid profile than other participants. Additionally, high-fiber grain products are
important sources of PUFAs in our study population ©“®. We observed that an increased
consumption of direct dietary sources of PUFAs, such as higher-fat vegetable oils and
vegetable-oil-based margarine (>60% fat) and fish, was reflected as an increased serum
PUFA%, serum degree of FA unsaturation and decreased serum SFA%. Similar results from
cross-sectional studies in children have been described earlier ®*®). In the present study, an
increased sugary product consumption was reflected as decreased serum PUFAs and
increased serum SFAs. This might be related to the increased intake of SFAs since sugary
products such as ice cream and chocolate are major dietary sources of SFAs in our study

population of children ©°.

Higher circulating levels of PUFAs have been associated with a lower risk of many
cardiometabolic disturbances, such as insulin resistance and elevated blood pressure, and are
thought to be beneficial for cardiometabolic health due to their anti-inflammatory properties

in adults (10:3940),

Moreover, blood omega-3-FAs have been inversely associated with
cardiometabolic risk factors, such as elevated blood pressure, since childhood “?. Thus, our
results suggest that improved diet quality, characterized by an increased consumption of
unsaturated fat products and fiber as well as a reduced consumption of sugary products, has

beneficial effects on FA metabolism from childhood to adolescence.
Diet quality and serum amino acids

Increased FCHEI was associated with decreased serum alanine from childhood to
adolescence, the results being consistent with our previous cross-sectional findings 9.
Interestingly, in the present longitudinal study, some indicators of impaired diet quality were
associated with increased serum BCAAsS, associations which were not seen in our earlier
cross-sectional study. Increased consumptions of low-fat and high-fat milk were reflected in
increased serum BCAAs and AAAs, whereas an increased consumption of vegetables, fruit,
and berries was associated with decreased serum BCAAs and AAAs. Our longitudinal
findings are similar with those of a Danish intervention study in children ©“®, in which an
increased protein intake as meat or dairy was reflected in increased serum BCAAs in the
intervention and control groups. In another intervention study among infants, complementary
feeding of a protein rich diet with meat or dairy products increased serum BCAA levels “2.

Moreover, in a Finnish dietary intervention study aiming towards dietary choices based on
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nutritional recommendations, serum BCAA levels were lower among boys in the intervention
group than among boys in the control group, although the difference was statistically
nonsignificant @3 These observations together suggest that diet quality, particularly diets
high in protein, predominantly derived from dairy and meat sources, and a lower
consumption of vegetables, fruit, and berries affect amino acid metabolism and may lead to
higher blood concentrations of BCAAs and AAAs. Our results also indicated that these
associations are independent of physical activity. These findings may be clinically important
as higher circulating BCAAs have been associated with a higher risk of insulin resistance in
children, adolescents, and adults ®***®. Higher circulating levels of some AAAs, such as
phenylalanine, have also been linked to adverse cardiovascular outcomes in adults ©*¥ and

insulin resistance in children V.
Diet quality and serum lipoprotein particle sizes

Improved overall diet quality was associated with decreased serum VLDL particle size from
childhood to adolescence, whereas impaired diet quality and increased consumptions of
lower-fat vegetable oils and vegetable-oil-based margarine (<60% fat) and sugary products
were associated with increased serum VLDL particle size and higher concentration of large
VLDL particles. These longitudinal findings are consistent with the results of our previous
cross-sectional study “®. However, in dietary intervention studies, no such effect of diet
affecting circulating VLDL particle size in children has been observed ©"*®. Nevertheless, in
adults, better diet quality has been associated with smaller circulating VLDL particle size 9,
thus supporting our present results. A plausible mechanism for the observed associations of
an increased consumption of high-fat and high-sugar foods with increased VLDL particle size
could be increased liver adiposity due to the increased dietary intake of SFAs and fructose
@9 " Liver adiposity has been linked to the secretion of larger VLDL particles “”, which in
turn are associated with the formation of smaller, more dense LDL particles that are
atherogenic due to their fibrinolytic, oxidative, and inflammatory properties “®. In fact,
smaller LDL particle size has been associated with adverse cardiovascular health outcomes,
such as coronary artery disease and myocardial infarction, in adults “**9. Therefore, larger
VLDL particles might contribute to the development of cardiovascular diseases which
underlines the biological significance of diet quality and the possible public health relevance

of our findings.
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In the present study, increased consumption of sugary products was associated with decreased
serum HDL particle size and a lower concentration of large HDL particles from childhood to
adolescence. Some studies have observed that smaller circulating HDL particles are
associated with a higher risk of cardiovascular diseases, such as coronary heart disease, in
adults ®Y. This is possibly due to the higher susceptibility of smaller HDL particles to
degradation compared to larger HDL particles ©®**¥ We also observed that an increased
consumption of lower-fat vegetable oils and vegetable-oil-based margarine (<60% fat) was
associated with decreased serum LDL particle size, which is unfavorable for cardiovascular
health due to the atherogenic nature of small LDL particles “®9. In adults, better diet quality
has been associated with a lower quantity of circulating small LDL and HDL particles “¢59,
while studies examining the associations of dietary factors with lipoprotein particle sizes in
children are scarce. Of single dietary factors, a higher PUFA intake has been associated with
larger circulating HDL and LDL particle sizes in adults ®>%®. Thus, the present findings
concerning the associations of increased consumptions of sugary products and lower-fat
vegetable oils with decreased serum HDL and LDL sizes might be due to a higher intake of
SFAs and a lower intake of PUFAs. This is because sugary products are often sources of
SFAs, and lower-fat vegetable-oil-based fats are lower in PUFA content ®®. Considering the
previously observed associations of lipoprotein particle sizes with cardiometabolic health 8-
%3 our present results underline the importance of good diet quality in improving lipoprotein
metabolism and preventing cardiometabolic diseases since childhood.

We also observed a direct association of vegetable, fruit, and berry consumption with the
concentration of small LDL particles. It is possible that fructose intake from this food group
is affects serum lipoprotein profile as fructose intake has been observed to influence the
concentration of small LDL particles in children ©"*® However, due to the complexity of

human metabolism, other possible factors could explain the observed findings.

Diet quality and serum apolipoproteins

We did not find any associations of diet quality with serum apolipoproteins from childhood to
adolescence. We previously observed a cross-sectional association between a higher
consumption of vegetables, fruit, and berries with higher serum apoB/apoaAl @, but no such

association was found in the present longitudinal study.
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Study strengths and limitations

We examined the longitudinal associations of diet quality with serum metabolites in a
relatively large population sample of children followed for eight years until adolescence
using data on all these variables from three time points. Another strength of our study is that
most participants of this population-based sample of children followed up until adolescence
have not been exposed to possible confounding factors, such as alcohol consumption,
smoking, chronic diseases, and medications. Additionally, we were able to control for sex,
age, body fat percentage, pubertal status and physical activity, which were assessed at all
three time points. Food consumption was assessed comprehensively by 4-day dietary records
reviewed by clinical nutritionists, thus improving the accuracy and reliability of the dietary
data from the records. Overall diet quality was assessed using FCHEI, which has been
validated in Finnish children ®®. To assess serum biomarkers, we used high-throughput NMR
spectroscopy analysis which is a robust technique with multiple advantages in metabolomic
research . We also acknowledge the limitations of this study. First, the assessment of diet is
always prone to misreporting ©?. Diet was reported by the parents or caregivers of the
children at the baseline and 2-year examinations but by the adolescents themselves at the 8-
year examinations, which might result in differences in reporting. For example, adolescents’
perceptions of their body image can lead to the misreporting of their diet 2. Additionally,
FCHEI has been validated in Finnish children but not adolescents. Due to the complexity of
eating behavior and human metabolism, it was not possible to consider all possible
confounding factors in the statistical analyses. Another limitation of this study is the loss of
50% of the original sample over the eight years. While those who participated in the 8-year
examinations did not differ from non-participants in terms of baseline age, BMI-SDS, sex
distribution, or study group allocation, this level of attrition still reduces statistical power and
may limit the overall generalizability of the findings. However, linear mixed-effects models
used in our study for the analyses are especially suitable for analyzing longitudinal datasets
containing unbalanced data as the mixed-effect models assume that the data are missing at
random. Finally, we studied Finnish children and adolescents, and the results are therefore not
generalizable to all population groups. Thus, the interpretation of the present results should

be done carefully.
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Conclusions

We observed longitudinal associations of overall diet quality and single indicators of diet
quality with serum metabolites in a general population of children followed up until
adolescence. Better diet quality was associated with a serum metabolite profile characterized
by higher PUFAs, lower SFAs, BCAAs, and AAAs as well as a smaller VLDL particle size,
independent of body fat percentage and pubertal status. The findings of this study are
particularly relevant given the existing dietary challenges within Finnish children and
adolescents °? among whom a low consumption of vegetables, fruit, and berries and a
higher consumption of dietary SFA and sugary products than recommended remains a
concern. Thus, addressing these issues is fundamental for improving metabolic health in
children and adolescents and building a base for precision nutrition ®?. These results suggest
that healthy dietary choices since childhood modify the serum metabolite profile towards a

more favorable direction for cardiometabolic health moving on to adolescence.
Acknowledgements

We are grateful to all children and their parents and caregivers who have participated in the
PANIC study. We are also indebted to all members of the PANIC research team for their

invaluable contribution in the acquisition of the data throughout the study.
Financial Support

The PANIC study has been supported financially by grants from Ministry of Education and
Culture of Finland, Ministry of Social Affairs and Health of Finland, Academy of Finland,
Research Committee of the Kuopio University Hospital Catchment Area (State Research
Funding), Finnish Innovation Fund Sitra, Social Insurance Institution of Finland, Finnish
Cultural Foundation, Foundation for Pediatric Research, Diabetes Research Foundation in
Finland, Finnish Foundation for Cardiovascular Research, Juho Vainio Foundation, Paavo
Nurmi Foundation, Yrjo Jahnsson Foundation, and the city of Kuopio. The funding sources
have not been involved in designing the study, collecting the data, analyzing the data,
interpreting the results, writing the manuscript, or deciding to submit the paper for

publication.
Conflict of Interest

The authors have no competing interests to declare that are relevant to the content of this

article.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

Accepted manuscript

Authorship

TAL, US, and AME designed the study and received funding for it. US, SS, TS, AME, and
TAL collected the data. SL, AME, EAH, and TAL formulated the research question. SH and
SL conducted statistical analyses. SL, SH, EAH, US, SS, TS, AME, and TAL interpreted the
findings. SL drafted the manuscript. SH, EAH, US, SS, TS, AME, and TAL critically

reviewed the manuscript and approved its final version.

References

1.

Kyu HH, Abate D, Abate KH, et al. (2018) Global, regional, and national disability-
adjusted life-years (DALYS) for 359 diseases and injuries and healthy life expectancy
(HALE) for 195 countries and territories, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet 392, 1859-922.

Chew NWS, Ng CH, Tan DJH, et al. (2023) The global burden of metabolic disease:
Data from 2000 to 2019. Cell Metab 35, 414-428.e3.

De Jesus JM. (2011) Expert panel on integrated guidelines for cardiovascular health
and risk reduction in children and adolescents: Summary report. Pediatrics 128 Suppl
5(Suppl 5), S213-S256.

Bugge A, El-Naaman B, Mcmurray RG, et al. (2013) Tracking of clustered
cardiovascular disease risk factors from childhood to adolescence. Pediatr Res 73,
245-249.

Song P, Zhang Y, Yu J, et al. (2019) Global Prevalence of Hypertension in Children: A
Systematic Review and Meta-analysis. JAMA pediatrics 173, 1154-1163.

Lawrence JM, Divers J, Isom S, et al. (2021) Trends in Prevalence of Type 1 and Type
2 Diabetes in Children and Adolescents in the US, 2001-2017. JAMA 326, 717-727.

Sotos-Prieto M, Bhupathiraju SN, Mattei J, et al. (2015) Changes in Diet Quality
Scores and Risk of Cardiovascular Disease Among US Men and Women. Circulation
132, 2212-2219.

Nicklas TA, O’Neil CE, Fulgoni VL. (2012) Diet Quality Is Inversely Related to
Cardiovascular Risk Factors in Adults3. J Nutr 142, 2112—-2218.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

10.

11.

12.

13.

14.

15.

16.

17.

Accepted manuscript

Akbaraly T, Wurtz P, Singh-Manoux A, et al. (2018) Association of circulating
metabolites with healthy diet and risk of cardiovascular disease: analysis of two cohort
studies. Sci Rep 8, 8620.

Kaikkonen JE, Jula A, Viikari JSA, et al. (2021) Associations of Serum Fatty Acid
Proportions with Obesity, Insulin Resistance, Blood Pressure, and Fatty Liver: The
Cardiovascular Risk in Young Finns Study. J Nutr 151, 970-978.

Zhang X, Ojanen X, Zhuang H, et al. (2019) Branched-Chain and Aromatic Amino
Acids Are Associated With Insulin Resistance During Pubertal Development in Girls. J
Adolesc Health 65, 337-343.

Aparicio-Ugarriza R, Cuenca-Garcia M, Gonzalez-Gross M, et al. (2019) Relative
validation of the adapted Mediterranean Diet Score for Adolescents by comparison
with nutritional biomarkers and nutrient and food intakes: the Healthy Lifestyle in
Europe by Nutrition in Adolescence (HELENA) study. Public Health Nutr 22, 2381
2397.

Jauregibeitia I, Portune K, Rica I, et al. (2020) Fatty Acid Profile of Mature Red Blood
Cell Membranes and Dietary Intake as a New Approach to Characterize Children with
Overweight and Obesity. Nutrients 12, 3446.

Syrén ML, Turolo S, de Marco EA, et al. (2022) Whole blood fatty acid profile of
young subjects and adherence to the Mediterranean diet: an observational cohort study.
Lipids Health Dis 21, 23.

Toffano R, Hillesheim E, Mathias M, et al. (2018) Validation of the Brazilian Healthy
Eating Index-Revised Using Biomarkers in Children and Adolescents. Nutrients 10,
154.

Masquio DCL, de Piano-Ganen A, Oyama LM, et al. (2016) The role of free fatty
acids in the inflammatory and cardiometabolic profile in adolescents with metabolic

syndrome engaged in interdisciplinary therapy. J Nutr Biochem 33, 136-144.

Golley RK, Hendrie GA. (2014) Evaluation of the Relative Concentration of Serum
Fatty Acids C14:0, C15:0 and C17:0 as Markers of Children’s Dairy Fat Intake. Ann
Nutr Metab 65, 310-316.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Accepted manuscript

Lauritzen L, Harslgf LBS, Hellgren LI, et al. (2012) Fish intake, erythrocyte n -3 fatty
acid status and metabolic health in Danish adolescent girls and boys. Br J of Nutr 107,
697-704.

Laamanen SE, Eloranta AM, Haapala EA, et al. (2024) Associations of diet quality and
food consumption with serum biomarkers for lipid and amino acid metabolism in
Finnish children: the PANIC study. Eur J Nutr. 63, 623-637.

Viljakainen, J, Figueiredo RAO, Viljakainen H, et al. (2019) Eating habits and weight
status in Finnish adolescents. Public Health Nutr. 22, 2617-2624.

Kyttala P, Erkkola M, Kronberg-Kippilda C, et al. (2010) Food consumption and
nutrient intake in Finnish 1-6-year-old children. Public Health Nutr. 13, 947-56.

Hoppu U, Lehtisalo J, Tapanainen H, et al. (2010) Dietary habits and nutrient intake of
Finnish adolescents. Public Health Nutr. 13, 965-72.

Lehtovirta M, Pahkala K, Niinikoski H, et al. (2018) Effect of Dietary Counseling on a
Comprehensive Metabolic Profile from Childhood to Adulthood. J Pediatr 195, 190-
198.e3.

Pahkala K, Laitinen TT, Niinikoski H, et al. (2020) Effects of 20-year infancy-onset
dietary counselling on cardiometabolic risk factors in the Special Turku Coronary Risk
Factor Intervention Project (STRIP): 6-year post-intervention follow-up. Lancet Child
Adolesc Health 4, 359-3609.

Kraav J, Zagura M, Viitasalo A, Soininen S, et al. (2024). Associations of
Cardiovascular Health Metrics in Childhood and Adolescence With Arterial Health
Indicators in Adolescence: The PANIC Study. J Am Heart Assoc 13, e035790.

Eloranta AM, Venélédinen T, Soininen S, et al. (2016) Food sources of energy and
nutrients in Finnish girls and boys 6-8 years of age — the PANIC study. Food Nutr Res
60, 32444,

Rastas M, Seppénen R, Knuts L, et al. (1997) Nutrient composition of foods.

Kyttéla P, Erkkola M, Lehtinen-Jacks S, et al. (2014) Finnish Children Healthy Eating
Index (FCHEI) and its associations with family and child characteristics in pre-school
children. Public Health Nutr 17, 2519-2527.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Accepted manuscript

Hoppe C, Mglgaard C, Vaag A, et al. (2005) High intakes of milk, but not meat,
increase s-insulin and insulin resistance in 8-year-old boys. Eur J Clin Nutr 59, 393—
398.

Lee AM, Gurka MJ, DeBoer MD. (2017) Correlation of metabolic syndrome severity

with cardiovascular health markers in adolescents. Metabolism 69, 87-95.

Venaldinen T, Schwab U, Agren J, et al. (2014) Cross-Sectional Associations of Food
Consumption with Plasma Fatty Acid Composition and Estimated Desaturase
Activities in Finnish Children. Lipids 49, 467-479.

Wirtz P, Kangas AJ, Soininen P, et al. (2017) Quantitative Serum Nuclear Magnetic
Resonance Metabolomics in Large-Scale Epidemiology: A Primer on -Omic
Technologies. Am J Epidemiol 186, 1084-1096.

Marshall WA, Tanner JM. (1969) Variations in pattern of pubertal changes in girls.
Arch Dis Child 44, 291-303.

Marshall WA, Tanner JM. (1970) Variations in the Pattern of Pubertal Changes in
Boys. Arch Dis Child 45, 13-23.

Lakka TA, Lintu N, Vaist0 J, et al. (2020) A 2 year physical activity and dietary
intervention attenuates the increase in insulin resistance in a general population of
children: the PANIC study. Diabetologia 63, 2270-2281.

Venéldinen TM, Viitasalo AM, Schwab US, et al. (2016) Effect of a 2-y dietary and
physical activity intervention on plasma fatty acid composition and estimated
desaturase and elongase activities in children: the Physical Activity and Nutrition in
Children Study. Am J Clin Nutr 104, 964-972.

Lehtovirta M, Matthews LA, Laitinen TT, et al. (2021) Achievement of the targets of
the 20-year infancy-onset dietary intervention—association with metabolic profile
from childhood to adulthood. Nutrients 13, 1-13.

Barman M, Jonsson K, Sandin A, et al. (2014) Serum fatty acid profile does not reflect

seafood intake in adolescents with atopic eczema. Acta Paediatr 103, 968-976.

Sokota-Wysoczanska E, Wysoczanski T, Wagner J, et al. (2018) Polyunsaturated fatty
acids and their potential therapeutic role in cardiovascular system disorders—a review.
Nutrients 10, 1561.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

Accepted manuscript

Ferrucci L, Cherubini A, Bandinelli S, et al. (2006) Relationship of plasma
polyunsaturated fatty acids to circulating inflammatory markers. J Clin Endocrinol
Metab 91, 439-446.

Wolters M, Pala V, Russo P, et al. (2016) Associations of Whole Blood n-3 and n-6
Polyunsaturated Fatty Acids with Blood Pressure in Children and Adolescents —
Results from the IDEFICS/I.Family Cohort. PLoS One 11, e0165981.

Tang M, Weaver NE, Berman LM, et al. (2021) Different Blood Metabolomics Profiles

in Infants Consuming a Meat- or Dairy-Based Complementary Diet. Nutrients 13, 388.

Wirtz P, Soininen P, Kangas AJ, et al. (2013) Branched-Chain and Aromatic Amino
Acids Are Predictors of Insulin Resistance in Young Adults. Diabetes Care 36, 648—
655.

Jauhiainen R, Vangipurapu J, Laakso A, et al. (2021) The Association of 9 Amino
Acids With Cardiovascular Events in Finnish Men in a 12-Year Follow-up Study. J
Clin Endocrinol Metab 106, 3448-3454.

Kaitosaari T, Ronnemaa T, Raitakari O, et al. (2003) Effect of 7-Year Infancy-Onset
Dietary Intervention on Serum Lipoproteins and Lipoprotein Subclasses in Healthy
Children in the Prospective, Randomized Special Turku Coronary Risk Factor
Intervention Project for Children (STRIP) Study. Circulation 108, 672-677.

Millar SR, Navarro P, Harrington JM, et al. (2021) Comparing dietary score
associations with lipoprotein particle subclass profiles: A cross-sectional analysis of a
middle-to older-aged population. Clin Nutr 40, 4720-4729.

Adiels M, Taskinen MR, Packard C, et al. (2006) Overproduction of large VLDL
particles is driven by increased liver fat content in man. Diabetologia 49, 755-765.

Jin X, Yang S, Lu J, et al. (2021) Small, Dense Low-Density Lipoprotein-Cholesterol
and Atherosclerosis: Relationship and Therapeutic Strategies. Front Cardiovasc Med 8,
804214.

El Harchaoui K, van der Steeg WA, Stroes ESG, et al. (2007) Value of Low-Density
Lipoprotein Particle Number and Size as Predictors of Coronary Artery Disease in
Apparently Healthy Men and Women. J Am Coll Cardiol 49, 547-553.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

50.

51,

52.

53.

54,

55.

56.

S57.

58.

Accepted manuscript

Duran EK, Aday AW, Cook NR, et al. (2020) Triglyceride-Rich Lipoprotein
Cholesterol, Small Dense LDL Cholesterol, and Incident Cardiovascular Disease. J Am
Coll Cardiol 75, 2122-2135.

Arsenault BJ, Lemieux I, Després JP, et al. (2009) HDL particle size and the risk of
coronary heart disease in apparently healthy men and women: The EPIC-Norfolk

prospective population study. Atherosclerosis 206, 276—281.

Pérez-Méndez O, Pacheco HG, Martinez-Sanchez C, et al. (2014) HDL-cholesterol in
coronary artery disease risk: Function or structure? Clinica Chimica Acta 429, 111-
122.

Kontush A, Chantepie S, Chapman MJ. (2003) Small, Dense HDL Particles Exert
Potent Protection of Atherogenic LDL Against Oxidative Stress. Arterioscler Thromb
Vasc Biol 23, 1881-1888.

Richard C, Couture P, Ooi EMM, et al. (2014) Effect of Mediterranean Diet With and
Without Weight Loss on Apolipoprotein B 190 Metabolism in Men With Metabolic
Syndrome. Arterioscler Thromb Vasc Biol 34, 433-438.

Bogl LH, Maranghi M, Rissanen A, et al. (2011) Dietary omega-3 polyunsaturated
fatty acid intake is related to a protective high-density lipoprotein subspecies profile
independent of genetic effects: A monozygotic twin pair study. Atherosclerosis 219,
880-886.

Bos G, Poortvliet MC, Scheffer PG, et al. (2007) Dietary polyunsaturated fat intake is
associated with low-density lipoprotein size, but not with susceptibility to oxidation in
subjects with impaired glucose metabolism and type Il diabetes: the Hoorn study. Eur J
Clin Nutr 61, 205-211.

Gugliucci A, Lustig RH, Caccavello R, Erkin-Cakmak A, et al. (2016) Short-term
isocaloric fructose restriction lowers apoC-lll levels and yields less atherogenic
lipoprotein profiles in children with obesity and metabolic syndrome. Atherosclerosis
253, 171-177.

Aeberli 1, Zimmermann MB, Molinari L, et al. (2007) Fructose intake is a predictor of
LDL particle size in overweight schoolchildren. Am J Clin Nutr 86, 1174-1178.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

59.

60.

61.

62.

Accepted manuscript

Zhang J, Sun M, Elmaidomy AH, et al. (2023) Emerging trends and applications of

metabolomics in food science and nutrition. Food Funct 14, 9050-9082.

Livingstone MBE, Robson PJ, Wallace JMW. (2004) Issues in dietary intake
assessment of children and adolescents. Br J of Nutr 92 Suppl 2, S213-S222.

Jones L, Ness A, Emmett P. (2021) Misreporting of Energy Intake From Food Records
Completed by Adolescents: Associations With Sex, Body Image, Nutrient, and Food
Group Intake. Front Nutr. 13, 8.

Brennan L, de Roos B. (2023). Role of metabolomics in the delivery of precision
nutrition. Redox Biol 65, 102808.

ssaud Aisiaaun abpliquied Aq auluo payslignd z6v000525t L L£000S/2101°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114525000492

Table 1. Basic characteristics and dietary factors of the study participants at baseline, at the 2-year examinations and at the 8-year examinations.

Age (years)
Height (cm)
Weight (cm)
BMI (kg/m?)
BMI SDS

Body fat
percentage’
Energy intake
(kcal/d)

Finnish Children
Healthy Eating
Index score
Vegetables,

fruit, and berries
(9/d)

Accepted manuscript

Baseline 2 years 8 years

Girls (194) Boys (209)  p- Girls (171) Boys (189) p- Girls (108) Boys (111)  p-value
value value

Mean (SD) / Mean (SD)/ Mean  (SD)/ Mean (SD) / Mean (SD) / Mean (SD)/

*Median *Median *Median *Median *Median *Median

(IQR) (IQR) (IQR) (IQR) (IQR) (IQR)

7.62 (0.39) 7.64(0.38) 0.67 9.7 (0.44) 9.8 (0.44) 0.42  15.8(0.38) 159 (0.45) 0.14

128 (5.7) 130 (5.3) 0.007 140 (6.6) 141 (6.3) 0.09 166 (5.9) 176 (7.4) <0.001

26.7 (5.2) 27.0 (4.5) 050 33.8(7.4) 35.1 (7.6) 0.10 58.0(8.9) 65.9 (15.8) <0.001

16.2 (2.2) 16.0 (1.9) 049 17.1(2.6) 17.5(2.8) 019 21.1(2.8) 21.1 (4.2) 0.99

-0.2 (1.2) -0.2 (1.1) 047  -0.13(1.0) -0.09 (1.1) 0.74  0.08 (0.85) -0.11(1.1) 0.16

22.5(7.7) 16.9 (7.5) < 25.4 (8.5) 21.8 (9.9) <0.00 28.9(6.8) 17.1(9.2) <0.001
0.001 1

1550 (284) 1724 (306) < 1577 (296) 1806 (352) <0.00 1617 (436) 2054 (558) < 0.001
0.001 1

23.6 (6.5) 22.9 (7.2) 0.27  245(7.3) 23.8 (7.5) 038 24.0(7.0) 22.1(7.1) 0.04

216 (110) 206 (118) 0.10  205(111) 210 (119) 0.73 270 (154) 192 (132) <0.001
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Higher-fat 10.7 (8.6) 11.6 (9.6) 0.64  *13.7 (17.1) *14.7 (23.6) 032  *11.8(13.1) *13.2(18.4) 0.5
vegetable  oils

and vegetable-

oil-based

margarine

(>60% fat)

Lower-fat *0 (5.0) *0 (5.9) 0.18 *0(0) *0 (0) 0.68  *0(0) *0 (0) 0.34
vegetable  oils

and vegetable-

oil-based

margarine

(<60% fat)

Low-fat (<1%) *350 (492) *426 (544) 0.08  *400 (469) *449 (446) 0.2 *200 (425) *375(529) <0.001
milk (g/d)

High-fat (>1%) *92.4(227)  *99.6 (250) 0.55  *44.5(123) *74.1 (161) 0.03  *19.7 (83.5) *30.9 (103) 0.06
milk (g/d)

High-fat (>1%) *70.4(88.4) *62.5 0.43  *50 (100) *50.0 (125.0)0 050  *10.6 (75.0) 0 (100) 0.02
sour milk (112.5)

products (g/d)

Fish (g/d) 4.9 (22.0) *8.23(28.1) 0.13  *11(28) *7.5(28.8) 082  *5.0(28.5) *15.1(38.4) 0.17
Red meat (g/d)  51.3(26.3) 60.8(33.3) 0.007 53.4(31.9) 68.6 (40.3) < *39.8 (49.1) *81.9 (80.8) <0.001

0.001
Sausages (g/d)  *12.1(26.9) *18.0(26.2) 0.001 *11.8(30.8)  *16.3(33.1) 022 *163(17.4)  *20.0 (55.0) <0.001
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High-fiber 60.9(36.4)  65.6(42.0) 0.34  70.6 (43.6) 79.4 (46.9) 0.07
(=5%) grain
products (g/d)
Low-fiber 108 (45.4) 119 (59.7)  0.10  99.6 (53.0) 114 (77.7) 0.05

(<5%) grain
products (g/d)
Sugary products 176 (129) 203 (144) 0.08  *146 (174) *189 (192) 0.16

(9/d)

*71.4 (69.9)

112 (76.9)

*104 (158)

*78.1(95.5) 0.23

124 (63.8)

*158 (275)

0.22

0.003

*For variables with skewed distributions, medians and interquartile ranges are presented.

"For body fat percentage at two years, data from 346 children and at eight years, data from 217 adolescents were available.
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Table 2. Serum metabolites of the study participants at baseline, at the 2-year examinations and at the 8-year examinations.

Fatty acids

Total FA

(mmol/l)

SFA (mmol/l)
MUFA (mmol/l)
PUFA (mmol/l)

Omega-3 FA

(mmol/l)

Omega-6 FA

(mmol/l)
DHA (mmol/l)
LA (mmol/l)*

Degree of

unsaturation

SFA/total FA

(%)

MUFA/total FA

(%)

Baseline 2 years 8 years
Girls (194)  Boys (209) p- Girls (171) Boys (189) p- Girls (108) Boys (111) p-value
value value
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
11.3(1.14) 11.1(1.08) 0.04  10.2(1.30) 10.3 (1.36) 0.47  10.0(1.54) 9.44 (1.36) 0.003
3.79(0.41) 3.71(0.41) 0.04 3.37(0.47) 3.41 (0.50) 0.40  3.31(0.53) 3.12 (0.49) 0.006
2.67(0.38) 2.57(0.37) 0.007 2.29(0.39) 2.31 (0.43) 0.73  2.32(0.46) 2.23 (0.49) 0.21
4.84(0.47) 4.80(0.43) 034 4.55(0.51) 4.59 (0.52) 042  4.40(0.62) 4.08 (0.46) <0.001
0.43(0.11) 0.423(0.11) 0.79  0.38(0.11) 0.38 (0.11) 090 0.35(0.13) 0.30 (0.09) <0.001
4.41(0.39) 4.37(0.36) 0.28 4.17(0.44) 4.22 (0.45) 0.37 4.04(0.52) 3.78 (0.40) <0.001
0.37(0.19) 0.35(0.15) 0.18 0.23(0.04) 0.23 (0.04) 0.70  0.22(0.05) 0.19 (0.03) <0.001
3.50(0.52) 3.50(0.45) 0.96 3.54(0.44) 3.56 (0.45) 0.64  3.36 (0.50) 3.10 (0.41) <0.001
1.25(0.08) 1.25(0.08) 0.49  1.32(0.05) 1.33 (0.05) 0.87  1.31(0.05) 1.28 (0.05) <0.001
33.6(1.10) 335(1.15 035 33.0(1.14) 33.04 (1.04) 0.42  33.1(1.20) 33.1(1.38) 0.92
23.6(1.52) 23.1(1.52) 0.008 22.4(1.46) 22.3 (1.76) 056 22,99 (152) 23.48(1.96) 0.04
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PUFA/total
(%)
Omega-3

FA

FA/total FA (%)

Omega-6

FA/total FA (%)

Omega-6

Omega-3 FA

DHA/total
(%)

FA/

FA

LA/total FA (%)

Amino acids

Alanine (umol/I)

Glutamine
(umol/l)

Glycine (umol/l)

Histidine
(umol/l))

Total BCAA

(umol/l)
Isoleucine

(umol/l)

Leucine (umol/l)

42.9 (2.13)

3.75 (0.79)

39.1 (1.87)

1.63 (0.12)

30.9 (3.43)

293 (53.2)
686 (63.8)

267 (40.2)
92.2 (7.89)

391 (54.8)

52.1 (11.1)

111 (17.0)

43.4 (2.25)

3.81(0.83)

39.6 (1.96)

1.37 (0.09)

31.6 (2.52)

285 (58.7)
672 (58.2)

270 (49.0)
91.2 (7.48)

385 (55.6)

50.7 (9.74)

110 (17.4)

0.02

0.45

0.02

0.35

0.03

0.15
0.02

0.54
0.20

0.27

0.17

0.43
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44.67 (1.78)

3.64 (0.86)

41.02 (1.78)

11.9 (3.07)

2.23 (0.33)

34.70 (1.90)

305 (57.8)
707 (52.9)

279 (51.5)
91.3 (7.39)

387 (54.0)

50.0 (8.86)

112 (16.7)

44.68 (2.10)

3.63 (0.86)

41.05 (2.11)

12.03 (3.28)

2.23 (0.33)

34.59 (2.04)

292 (60.6)
683 (57.2)

277 (58.6)
90.7 (8.05)

383 (50.8)

49.0 (8.98)

112 (16.1)

0.97

0.97

0.88

0.70

0.86

0.60

0.04

0.001

0.77

0.41

0.42

0.33

0.87

43.9 (1.91)

3.46 (0.83)

40.48 (1.87)

12.38 (3.15)

2.15 (0.32)

33.58 (2.03)

364 (69.3)
694 (74.2)

288 (59.4)
95.2 (9.74)

404 (57.4)

55.5 (10.2)

119 (17.5)

43.4 (2.46)

3.11 (0.73)

40.33 (2.42)

13.66 (3.27)

1.99 (0.33)

33.0 (2.26)

357 (67.0)
728 (62.7)

282 (44.9)
96.0 (9.51)

477 (96.7)

70.0 (20.0)

146 (36.5)

0.09

0.60

0.003

0.003

<0.001

0.04

0.45
<0.001

0.40
0.55

<0.001

<0.001

<0.001
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Valine (umol/l)

Phenylalanine
(umol/l)
Tyrosine

(umol/l)

Average diameter
of lipoprotein

particles
VLDL (nm)
LDL (nm)
HDL (nm)
Lipoprotein
subclasses’
Large VLDL

Medium VLDL

Small VLDL

Large LDL

Medium LDL

227 (30.2)
65.2 (6.85)

63.4 (9.33)

37.5 (0.89)
23.7 (0.06)
9.73 (0.15)

6.55 x 10°
(4.22 x 10°°)
3.40 x 107
(9.80 x 10°)
3.60 x 10°
(1.07 x 10®)
6.43 x 10™
(1.32 x 10™)
6.06 x 102
(9.47 x 10

224 (31.0)
64.2 (7.05)

61.7 (10.2)

37.4 (0.90)
23.7 (0.06)
9.75 (0.13)

5.93 x 10°
(3.70 x 10°°)
3.12 x 107
(8.85 x 10)
3.32 x 10®
(9.49 x 10°°)
6.07 x 10™
(1.16 x 107
6.31 x 10°
(9.12 x 104

0.27
0.34

0.09

0.18

0.57

0.22

0.11

<0.00

1

0.006

0.003

0.003
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225 (31.0)
63.0 (7.64)

63.6 (9.48)

37.5 (0.82)
23.9 (0.07)
9.71 (0.16)

491 x 10°
(2.72 x 10°°)
2.32 x 10°
(7.59 x 10)
2.68 x 107
(8.18 x 10°°)
6.45 x 10*
(1.25 x 10™)
241 x 10*
(4.86 x 107)

222 (29.3)
62.0 (6.77)

60.9 (11.6)

37.6 (0.99)
23.9 (0.07)
9.70 (0.16)

503 x 10°
(3.23 x 10°°)
231 x 107
(7.71 x 10)
262 x 10°
(8.64 x 10°°)
6.34 x 10™
(1.20 x 107
243 x 10™
(4.77 x 10®)

0.30
0.21

0.007

0.26

0.04

0.66

0.71

0.86

0.55

0.40

0.72

229 (33.1)
68.7 (9.1)

65.6 (10.1)

37.8 (0.84)
23.9 (0.07)
9.74 (0.15)

580 x 10°
(2.63 x 10°°)
231 x 10°
(7.88 x 10)
282 x 107
(8.44 x 10°°)
60 x 10*
(1.31 x 10™)
225 x 10*
(4.97 x 10°)

263 (43.4)
71.8 (10.2)

67.6 (15.2)

38.3 (1.1)
23.9 (0.06)
9.60 (0.15)

6.82 x 10°
(3.56 x 10)
243 x 10°
(7.60 x 10)
289 x 107
(7.78 x 10°°)
6.07 x 10
(1.13 x 10™)
2.34 x 10*
(5.17 x 10™)

<0.001
0.02

0.25

<0.001

0.23

<0.001

0.02

0.27

0.50

0.85

0.16
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Small LDL 1.93 x 10" 1.83 x 10" < 148 x 10" 147 x 10" 079 137 x 10" 1.39 x 10" 0.57
(3.04x10°) (2.66x10°) 0.001 (2.43x10°) (2.24x107) (2.43x10°) (2.28x10)

Large HDL 2.66 x 10° 276 x 10° 023 1.74 x 10%® 177 x 10° 056 1.79 x 10% 1.24 x 10° <0.001
(9.07 x 10%) (7.81x 10 (6.02x10%)  (6.68 x 107 (558 x 10%)  (4.60 x 10

Medium HDL 6.06 x 10° 6.31 x 10° 0007 4.16 x 10° 437 x 10° 0004 414 x 10° 354 x 10° <0.001
(9.47x10%) (9.12x 10 (6.22x 107  (7.36 x 10 (6.61x 107  (5.25x 10

Small HDL 146 x 102 148 x 10% 018 998 x 10° 104 x 10% < 9.65 x 10° 9.49 x 10° 0.20
(1.29x 10®) (1.37 x 107) (9.12x10%)  (9.61x 10™) 0.001 (9.77x10%  (8.38x10™

Apolipoproteins

Apolipoprotein 0.81(0.16) 0.76 (0.14) 0.002 0.71(0.13)  0.70(0.13) 055 0.67(0.14)  0.67(0.12) 0.98

(9/1)

Apolipoprotein A1 1.45(0.19) 1.50(0.18) 0.02  1.53(0.17)  1.58(0.20) <0.01 152(0.18)  1.36(0.14) <0.001

(9/1)

Apolipoprotein 0.56 (0.13) 0.51(0.10) < 0.47 (0.10) 0.45 (0.10) 0.08  0.45(0.10) 0.50 (0.11) <0.001

R/Analinanrotein 0 0N1

BCAAs, branched-chain amino acids; DHA, docosahexaenoic acid; FAs, fatty acids; HDL, high-density lipoprotein; LA, linoleic acid; LDL,

low-density lipoprotein; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; SFAs, saturated fatty acids; VLDL, very low-

density lipoprotein.

*For linoleic acid data from 382 children were available at baseline.

"For lipoprotein subclasses, data from 401 children were available at baseline.
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Finnish Children Healthy
Eating Index
Vegetables, fruit, and
berries (g/d)

Higher-fat vegetable oils
and vegetable-oil-based
margarine (=60% fat)
Lower-fat vegetable oils
and vegetable-oil-based
margarine (<60% fat)

Low-fat (<1%) milk (g/d)

High-fat (>1%) milk (g/d)

High-fat (>1%) sour milk

Total FAs  SFAs MUFAs PUFAs Omega-3 Omega-6 DHA LA Degree of
(mmol/l) (mmol/l) (mmol/l) (mmol/l) FAs FAS (mmol/l) (mmol/l) FA
(mmol/l) (mmol/l) unsaturatio
n
-0.007 -0.005 -0.0042 0.0017 0.0018 -0.0001 0.0010 0.0033 0.0011
(0.27) (0.02)" (0.04)" (0.48) (<0.001)"  (0.94) (0.45) (0.26) (0.002)"
0.0006 0.0001 0.0001 0.0003 0.0001 0.0002 0.0001 0.0003 6.17 x 10
(0.13) (0.45) (0.29) (0.02)" (<0.001)"  (0.09) (0.15) (0.06) (0.002)"
-0.003 -0.0022 -0.0014 0.0004 -3.34 x 100 0.0005 -0.0001 5.08 x 10°  0.0004
(0.40) (0.09) (0.21) (0.77) > (0.70) (0.89) (0.98) (0.03)
(0.92)
0.007 0.0026 0.004 0.0005 0.0007 -0.0002 -0.0004 0.0004 -0.0004
(0.25) (0.27) (0.002) (0.84) (0.22) (0.94) (0.74) (0.89) (0.17)
-2.48 x 100 -2.73x 107 -1.53 x 107 1.04x 107 1.24x10° -253x 10 -1.88x 100 1.40x10° 1.63x10°
> (0.63) > (0.86) (0.36) 6 > (0.84) (0.05)
(0.87) (0.76) (0.96) (0.56)
0.0002 0.0002 528 x 10° 6.3x10°® 526 x 100 1.11x10° -1.75x 100 -9.78 x 10" -2.02 x 10°
(0.29) (0.03)" (0.45) (0.94) 6 (0.88) > > >
(0.79) (0.70) (0.33) (0.08)
-0.0004 -9.84 x 107 -9.29 x 10" -0.0002 -3.83 x 100 -0.0002 6.47 x 10° -0.0003 -2.40 x 10°
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products (g/d)

Fish (g/d)

Red meat (g/d)

Sausages (g/d)

High-fiber (>5%) grain

products (g/d)

Low-fiber

(<5%) grain

products (g/d)

Sugary products (g/d)

(0.47)

-0.0007
(0.67)
0.0004
(0.72)
0.0013
(0.41)

-0.0012
(0.18)
0.0002
(0.80)

0.0002
(0.46)

(0.64)

-0.0005
(0.16)
3.90 x 107
(0.93)
0.0008
(0.18)

-0.0006
(0.05)
0.0001
(0.70)

0.0002
(0.16)
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5

(0.62)
-0.0001
(0.82)
-0.0002
(0.65)
0.0007
(0.21)

-0.0006
(0.06)
45x10”
(0.85)

0.0002
(0.09)

(0.33)

-0.0001
(0.85)
0.0005
(0.27)
-8.24 x 10°
(0.89)

-6.13x 10
(0.86)
6.42 x 10°
(0.98)

-9.37x10°
(0.42)

5

(0.46)
0.0003
(0.04)
0.0002
(0.08)
-0.0002
(0.15)

0.0001
(0.10)
-8.13 x 10°
5

(0.20)
-7.79 x 10°

5

(0.004)"

(0.34)

-0.0005
(0.45)
0.0003
(0.41)
0.0001
(0.80)

-0.0002
(0.53)
8.53x 107
(0.72)

-1.31 x 10°
5

(0.90)

(0.60)

0.0003
(0.53)
0.0003
(0.23)
-0.0002
(0.54)

4.69 x 10°
(0.81)
-0.0001
(0.35)

6.22 x 10°°
(0.92)

(0.21)

0.0001
(0.89)
0.0002
(0.79)
-0.0006
(0.43)

0.0004
(0.85)

-8.79 x 107

5

(0.80)
-0.0003
(0.07)

5

(0.45)
8.10 x 10°
(0.43)
0.0001
(0.03)

-3.33 x 100

5

(0.70)
0.0001
(0.01)"

-5.39 x 107

5

(0.17)

-3.00 x 10°

5

(0.07)

FAs, fatty acids; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; DHA, docosahexaenoic

acid; LA, linoleic acid.

*Data are unstandardized regression coefficients from linear mixed-effects models adjusted for sex, age, body fat percentage, pubertal status and

physical activity. P-values are reported in parentheses. Statistically significant associations are indicated by bolded P-values.

"Association remained statistically significant after Benjamini-Hochberg false-discovery-rate correction for multiple testing.
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Finnish Children Healthy Eating

Index

Vegetables,
(9/d)

fruit,

and berries

Higher-fat vegetable oils and

vegetable-oil-based

(>60% fat)

margarine

Lower-fat vegetable oils and

vegetable-oil-based

(<60% fat)

margarine

Low-fat (<1%) milk (g/d)

High-fat (>1%) milk (g/d)

High-fat

(>1%)

products (g/d)

Fish (g/d)

sour

milk

SFA/total MUFA/total PUFA/total Omega-3 FA/ Omega-6 FA/ Omega-6 FA/ DHA/total LA/total
FA (%) FA (%) FA (%) total FA (%)  total FA (%) Omega-3FA  FA (%) FA (%)
-0.027 -0.022 0.050 0.020 0.030 -0.0053 0.0020 0.0035
(<0.001)"  (0.006) (<0.001)" (<0.001)" (0.003)" (<0.001)" (0.1) (0.009)"
-0.001 -2.69x10°  0.0009 0.0010 -0.0002 -0.0003 6.16 x 10° 7.43x 107
(0.02) (0.96) (0.18) (<0.001)" (0.78) (<0.001)" (0.41) (0.36)
-0.013 -0.0072 0.020 0.0007 0.020 -0.0001 0.0002 0.0011
(<0.001)"  (0.13) (0.002)" (0.76) (0.001)" (0.88) (0.74) (0.16)
-0.001 0.022 -0.022 0.0040 -0.026 -0.0009 -0.0012 -0.0006
(0.84) (0.007)" (0.06) (0.36) (0.01)" (0.51) (0.35) (0.68)
-0.0002 -0.0001 0.0003 0.0001 0.0002 -787x10°  324x10° 3.18x10°
(0.24) (0.48) (0.23) (0.27) (0.44) (0.81) (0.28) (0.32)
0.0009 2.53x10°  -0.0009 -0.0001 -0.0008 -1.54x10°  -3.81x 100 -3.49 x 10°
(<0.001)"  (0.99) (0.02)" (0.42) (0.03)" (0.74) > >

(0.37) (0.44)
0.0005 -0.0002 -0.0003 -0.0002 -7.06x10°  6.15x 107 0.0001 4.89 x 107
(0.36) (0.77) (0.81) (0.59) (0.94) (0.62) (0.36) (0.97)
-0.0029 0.0003 0.0027 0.0039 -0.0014 -0.0011 0.0003 3.20x 10°
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(0.10) (0.92) (0.42) (0.003) (0.65) (0.004)" (0.38) (0.94)
Red meat (g/d) -0.001 -0.0025 0.0035 0.0013 0.0023 -0.0003 0.0003 -0.0001
(0.36) (0.11) (0.09) (0.10) (0.24) (0.28) (0.24) (0.68)
Sausages (g/d) 0.003 0.0037 -0.0067 -0.0022 -0.046 0.0007 -0.0004 -0.0006
(0.04) (0.08) (0.02) (0.04) (0.08) (0.04) (0.19) (0.08)
High-fiber (>5%) grain products -0.002 -0.0030 0.0054 0.0018 0.0034 -0.0005 0.0002 0.0003
(g/d) (0.006)"  (0.01)" (<0.001)" (0.004)" (0.02)" (0.02)" (0.21) (0.16)
Low-fiber (<5%) grain products 0.0004 0.0002 -0.0006 -0.0008 0.0002 0.0002 -0.0002 -8.4 x 10-°
(g/d) (0.51) (0.87) (0.65) (0.13) (0.86) (0.21) (0.29) (0.60)
Sugary products (g/d) 0.0008 0.0010 -0.0017 -0.0008 -0.0010 0.0002 -3.43 x 10" -0.0002
(0.007)"  (0.00)" (0.001)" (<0.001)" (0.05) (0.002) > (<0.001)"
(0.57)

SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAS, polyunsaturated fatty acids; DHA, docosahexaenoic acid; FAs, fatty
acids; LA, linoleic acid

*Data are unstandardized regression coefficients from linear mixed-effects models adjusted for sex, age, body fat percentage, pubertal status and
physical activity. P-values are reported in parentheses. Statistically significant associations are indicated by bolded P-values.

"Associations remained statistically significant after Benjamini-Hochberg false-discovery-rate correction for multiple testing.
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Table 5. Longitudinal associations of diet quality with serum amino acids over eight years*

Children
Eating

Finnish
Healthy
Index
Vegetables,  fruit,
and berries (g/d)

Higher-fat
vegetable oils and
vegetable-oil-based
margarine  (>60%
fat)

Lower-fat
vegetable oils and

vegetable-oil-based

margarine  (<60%
fat)

Low-fat (<1%)
milk (g/d)

High-fat (>1%)
milk (g/d)

High-fat (>1%)

sour milk products

Alanine Glutamine Glycine Histidine  Total Isoleucine Leucine  Valine Phenylalanine Tyrosine
(umol/l) (umol/l) (umol/l) (umol/l) BCAAs (umol/l) (umol/l)  (umol/l) (umol/l) (umol/l)
(umol/l)

-0.0008 -0.0002 -0.0004 -6.80 x 10" -0.0001 -0.0009 0.0002  -6.01x 10" 8.36x10° 2.36 x 10°

(0.008)"  (0.55) (0.09) > (0.89) (0.35) (0.85) > (0.83) (0.64)
(0.10) (0.72)

396 x 107 -2.74x 100 -2.83x10° -1.49x 10" -6.11 x 10" -0.0001 432 x -129x10° -578x107  -1.46x 10°

5 5 5 6 5 (0.03)-}< 10° 5 (0.80) 6

(0.03)" (0.13) (0.04)" (0.54) (0.17) (0.37) (0.20) (0.63)

-0.0001 0.0001 0.0001 -5.09 x 10" -0.0002 -0.0008 355 x -758x10° -1.64x10°  7.81x10°

(0.55) (0.51) (0.33) 6 (0.62) (0.20) 10° > (0.47) (0.79)
(0.83) (0.94) (0.44)

0.0007 -0.0001 0.0001 4.28 x 10> -0.0002 -0.0001 -0.0004 -1.52x 10" 3.91x10° 1.39x 10°

(0.03) (0.71) (0.60) (0.31) (0.83) (0.91) (0.60) 6 (0.32) (0.79)

(0.99)

-151x 10 -2.76x 107 -6.79x 107 7.64x 107 2.62x10° -552x10° 3.78 x 4.92x10° 2.31x10° 1.78 x 10°

> 6 6 (0.44) (0.14) 6 10° (0.22) (0.01) (0.15)

(0.04) (0.71) (0.24) (0.82) (0.05)

359x10° -924x10 -2.32x10 1.68x10° 9.45x10° 9.38x10° 7.64 x 253x10° 3.18x10° 437 x10°®

(0.73) 6 > (0.23) (<0.001)" (0.005)"  10° (<0.001)"  (0.02) (0.01)"

(0.38) (0.004) (0.005)"
-3.22x10° -1.38x 10" -2.21x 10" -9.89 x 10" 0.0001 0.0001 0.0001  3.53x10° 5.45x10° 6.57 x 10°
> > > S (0.05) (0.20) (0.13) (0.02) (0.13) 6
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(9/d)
Fish (g/d)

Red meat (g/d)

Sausages (g/d)

High-fiber (>5%)

grain products (g/d)

Low-fiber  (<5%)
grain products (g/d)

Sugary
(9/d)

products

(0.26)
454 x 10°
5

(0.62)
7.58 x 10
(0.90)

8.80 x 10°
(0.27)

-3.38 x 10°
5

(0.45)
-2.28 x 10°
5

(0.52)

1.37 x 107
(0.35)

(0.63)

-3.97 x 107
5

(0.67)
5.94 x 10°
(0.30)

-9.52 x 107
6

(0.90)
1.42 x 107
(0.75)

5.66 x 10°
(0.11)

5.56 x 10°°
(0.71)

(0.30)

-1.25 x 107

5

(0.85)

-3.85 x 10°

5

(0.36)
1.12 x 107
(0.85)

-1.60 x 10°

5

(0.62)

-1.85 x 10°

5

(0.48)
1.17 x 10
(0.29)
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(1.00)

-1.40 x 10°
5

(0.26)
1.87 x 107
(0.02)

4.88 x 10°
(0.65)

450x 10
(0.45)

3.84x10°
(0.42)

2.17 x 10°
(0.28)

-0.0002
(0.33)

-8.73 x 10°
6

(0.54)
0.0002
(0.31)

-6.99 x 10°
5

(0.51)
0.0001
(0.23)

-4.39 x 107
5

(0.22)

-0.0002
(0.54)

-0.0004
(0.03)

0.0002
(0.44)

-0.0002
(0.26)

8.58 x 10°
(0.46)

-1.74 x 10°
5

(0.72)

-0.0003
(0.16)

-0.0001
(0.48)

0.0002
(0.47)

-5.64 x
10°
(0.63)
0.0001
(0.17)

514 X
10°
(0.19)

-4.66 x 10°

5

(0.36)

-1.72 x 100

7

(1.00)
5.48 x 10°
(0.21)

-1.28 x 107

5

(0.60)
2.66 x 10°
(0.17)

1.04 x 10
(0.20)

2.36 x 10°
(0.84)

-3.73x10°®
(0.62)

8.86 x 10°®
(0.38)

-4.40 x 10°®
(0.43)

2.22 x 10
(0.62)

-2.02x 10°
(0.28)

(0.17)

-5.08 x 10°
6

(0.74)
5.90 x 10°®
(0.55)

1.30x 10°
(0.33)

3.53x10°
(0.63)

1.04 x 107
(0.08)

-2.21 x 10°
6

(0.37)

BCAASs, branched-chain amino acids.

*Data are unstandardized regression coefficients from linear mixed effects model adjusted for age, sex, body far percentage, pubertal status and

physical activity. P-values are reported in parentheses. Statistically significant associations are indicated by bolded P-values.
"Associations remained statistically significant after Benjamini-Hochberg false-discovery-rate correction for multiple testing.
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Table 6. Longitudinal associations of diet quality with lipoprotein particle size over eight years*

Finnish Healthy Eating Index

Vegetables, fruit, and berries (g/d)

Higher-fat vegetable oils and vegetable-oil-based margarine

(>60% fat)

Lower-fat vegetable oils and vegetable-oil-based margarine

(<60% fat)

Low-fat (<1%) milk (g/d)

High-fat (>1%) milk (g/d)

High-fat (>1%) sour milk products (g/d)

Fish (g/d)

Red meat (g/d)

VLDL diameter (nm)

LDL diameter

(nm)

HDL diameter (nm)

-0.012
(0.008)"
0.0004
(0.13)
-0.0039
(0.13)

0.0098
(0.03)

-3.82x 107
(0.73)
1.25x 10®
(0.94)
-0.0004
(0.39)
-0.0003
(0.81)
0.0007

0.0008
(0.06)
2.01x10°
(0.42)
0.0002
(0.44)

-0.0011
(0.009)"

5.83x 107
(0.56)
6.32 x 10°®
(0.66)
3.46 x 10°
(0.93)
0.0001
(0.42)
4.95 x 10°

0.0011
(0.10)

-5.44 x 107
(0.18)
0.0004
(0.31)

-0.0009
(0.21)

-1.34x 10
(0.94)
-1.80 x 10
(0.45)
3.37x10°
(0.59)

3.44 x 10°
(0.86)
-0.0002
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(0.40) (0.53) (0.14)
Sausages (g/d) 0.0021 2.58 x 10 453x10”
(0.07) (0.81) (0.79)
High-fiber (>5%) grain products (g/d) -0.0009 9.46 x 10 6.82 x 10°
(0.17) (0.88) (0.48)
Low-fiber (<5%) grain products (g/d) 0.0009 -6.02 x 107 -3.72x 107
(0.09) (0.21) (0.63)
Sugary products (g/d) 0.0006 -3.66 x 107 -7.10x 107
(0.001)" (0.07) (0.03)"

VLDL, very low-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
*Data are unstandardized regression coefficients from linear mixed-effects models adjusted for sex, age, body fat percentage, pubertal status and
physical activity. P-values are reported in parentheses. Statistically significant associations are indicated by bolded P-values.

"Associations remained statistically significant after Benjamini-Hochberg false-discovery-rate correction for multiple testing.
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Table 7. Longitudinal associations of diet quality and dietary factors with lipoprotein subclasses over 8 years*
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Children
Eating

Finnish
Healthy
Index
Vegetables,  fruit,
and berries (g/d)

Higher-fat
vegetable oils and
vegetable-oil-based
margarine  (=60%
fat)

Lower-fat vegetable
oils and vegetable-

oil-based margarine

(<60% fat)

Low-fat (<1%)
milk (g/d)

High-fat (>1%)
milk (g/d)

High-fat (>1%)

sour milk products

Large Medium Small Large Medium Small Large Medium Small
VLDL VLDL VLDL LDL LDL LDL HDL HDL HDL
(mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)  (mmol/l) (mmol/l)
-458 x 100 -6.31 x 10 -743x10 -182x 10 -4.11x 10 -1.16 x 100 3.88 X -3.78 x 100 -1.16 x 10
8 8 8 7 7 7 10-6 6 7
(0.01)" (0.13) (0.11) (0.75) (0.11) (0.35) (0.26) (0.37) (0.35)
1.68x10° 570x10° 650x10° 6.78x10° 2.86x10° 1.67x10°% -223 x -2.00x 100 1.98x 10"
(0.12) (0.02)" (0.02)" (0.05)" (0.06) (0.02)" 107 ! (0.63)
(0.27) (0.42)

-148 x 100 -2.28 x 100 -2.05x 100 -293 x 100 1.45x107 -6.58x 10" 1.45 x 8.16x107 -6.58 x 10’
8 8 8 ! (0.32) 8 10° (0.73) 8
(0.16) (0.34) (0.44) (0.38) (0.35) (0.46) (0.35)
447 x10°% -1.91x 10 7.33x10° -1.04 x 100 -147 x 100 -1.19x 100 -7.24 x -594 x 100 -1.19 x 10
(0.02)-;- 10 (0.12) 6 7 7 1078 6 7

(0.85) (0.08) (0.58) (0.35) (0.04) (0.16) (0.35)
-128 x 100 -1.91 x 100 -3.71 x 100 -1.27 x 100 -3.27 x 100 -4.97 x 100 -6.00 x -1.55x 10" -4.97 x 10
10 10 10 9 9 10 10-8 7 10
(0.77) (0.85) (0.74) (0.93) (0.61) (0.87) (0.48) (0.13) (0.87)
-1.98 x 100 1.50x10° 1.35x10° 3.28x10° 1.42x10° 6.05x10° 456 x 277x107 6.05x107
1o (0.30) (0.40) (0.11) (0.11) (0.17) 10°® (0.06) (0.17)
(0.75) (0.70)
252 x 10 -1.04 x 100 -142x 100 1.78x10° -6.83x 100 1.38x10° -892 x -3.61 x 100 1.38x10?
10 ’ ’ (0.97) S (0.90) 10°® ! (0.90)
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(9/d)
Fish (g/d)

Red meat (g/d)

Sausages (g/d)

High-fiber

grain products (g/d)

Low-fiber

grain products (g/d)

Sugary
(9/d)

(0.88)

2.37x10°
(0.67)

1.49 x 107
(0.67)

7.18 x 10°
(0.13)

-3.33 x 10°

9

(0.21)
1.95x 107
(0.35)

2.84 x 107
(0.001)"

(0.79)

-1.03 x 10°

9

(0.93)
1.01x 108
(0.18)

1.02 x 108
(0.33)

-6.05 x 10

9

(0.30)
3.38x10°
(0.47)

4.07 x 10°
(0.04)

(0.74)

7.50 x 10°
(0.58)

1.19x 108
(0.16)

1.08 x 108
(0.36)

-5.67 x 10°

9

(0.39)
2.40 x 10°
(0.65)

5.09 x 10
(0.02)"

Accepted manuscript

-7.45 x 10°
8

(0.66)

7.66 x 108
(0.47)

1.31x 107
(0.37)

-9.25 x 10
8

(0.26)
-7.00 x 10
9

(0.92)
-5.38 x 10
9

(0.85)

(0.77)

-8.58 x 10

8

(0.25)
453 x 108
(0.33)

2.86 x 10
(0.66)

-4.40 x 107

8

(0.23)
1.49 x 108
(0.61)

1.76 x 10’8
(0.15)

-3.30 x 10°

8

(0.36)
1.40 x 108
(0.53)

2.84x 10
(0.36)

-1.67 x 107

8

(0.34)
6.80 x 10°
(0.63)

4.61x10°
(0.44)

(0.78)

-8.68
107
(0.39)
-1.08
10°®
(0.08)
7.91
107
(0.36)
-1.32
107
(0.78)
-2.42
107
(0.53)
-3.59
107
(0.03)"

(0.35)

-2.16 x 107

6

(0.08)
7.91x 107
(0.29)

6.83x 107
(0.51)

-5.00 x 10

7

(0.39)

-5.98 x 107

8

(0.90)

-1.65 x 107

7

(0.41)

-3.30 x 10°

8

(0.36)
1.40 x 108
(0.53)

2.84 x 108
(0.36)

-1.67 x 10°

8

(0.34)
6.80 x 107°
(0.63)

4.61x10°
(0.44)

*Data are unstandardized regression coefficients from linear mixed-effects models adjusted for sex, age, body fat percentage, pubertal status and

physical activity. P-values are reported in parentheses. Statistically significant associations are indicated by bolded P-values.

"Associations remained statistically significant after Benjamini-Hochberg false-discovery-rate correction for multiple testing.
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Table 8. Longitudinal associations of diet quality and dietary factors with apolipoproteins over 8 years*.

Finnish Children Healthy Eating Index
Vegetables, fruit and berries (g/d)
Higher-fat vegetable oils and vegetable-
oil-based margarine (>60% fat)
Lower-fat vegetable oils and vegetable-
oil-based margarine (<60% fat)

Low-fat (<1%) milk (g/d)

High-fat (>1%) milk (g/d)

High-fat (>1%) sour milk products (g/d)

Fish (g/d)

Red meat (g/d)

Apolipoprotein B (g/l)

Apolipoprotein A1  Apolipoprotein B/Apolipoprotein Al

(9/)

-0.0005 -0.0005 -0.0003
(0.40) (0.61) (0.50)
7.22x10° -4.39 x 10° 5.61x 107
(0.06) (0.40) (0.05)
-0.0004 0.0006 -0.0005
(0.30) (0.27) (0.09)
-0.0009 -0.0017 5.92 x 10”
(0.18) (0.05) (0.91)
-3.50 x 10° -1.87 x 107 4.08 x 10°®
(0.83) (0.39) (0.74)
3.84x 10” 450 x 107 1.17 x 10®
(0.09) (0.14) (0.50)
-2.94 x10° -5.05 x 107 5.42 x 107
(0.96) (0.53) (0.90)
-9.97 x 10° -0.0004 5.22 x 10”
(0.59) (0.15) (0.71)
0.0001 -7.62x107° 0.0001
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Sausages (g/d)

High-fiber (>5%) grain products (g/d)

Low-fiber (<5%) grain products (g/d)

Sugary products (g/d)

(0.37)
0.0002
(0.34)
-9.31x 10°
(0.30)
2.93x10°
(0.97)
1.03x 10°
(0.74)
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(0.64)
0.0001
(0.59)
-8.57 x 107
(0.49)

1.24 x 10°®
(0.99)
-4.51 x10°
(0.28)

(0.23)
8.41x 107
(0.49)
-4.36 x 107
(0.52)

4.10 x 10°®
(0.94)
2.71x10°
(0.24)

*Data are unstandardized regression coefficients from linear mixed-effects models adjusted for sex, age, body fat percentage, pubertal status and
physical activity. P-values are reported in parentheses. Statistically significant associations are indicated by bolded P-values.
"Associations remained statistically significant after Benjamini-Hochberg false-discovery-rate correction for multiple testing.
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736 children aged 6-9 years
from 18 schools in the city of
Kuopio were invited to
participate in the baseline
examinatons.

8 participants excluded due

512 children aged 6-9 years
participated in the bassline
examinations.

to physical disability or
withdrawal.

’

66 participants dropped out
(moved elsawhers, no tima or
motivation, unknown reason).

504 children were included in
the study at baseline,

y

Complete data of the
variables of interest in the
prasent study was availabls
for 403 children.

162 panticipants dropped out
(moved elsewhere, no time or
motivation, unknown reason),

438 children aged 9-11 years
participated In the 2-year
follow-up.

Complete data of the
variablss of interest in the
present study was available
for 360 children,

277* adolsscents aged 1517
years at 8-year follow-up.

Complete data of the
variables of intarest in the
present study was available
for 219 children,
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Figure 1: Flowchart of baseline, 2-year, and 8-year examinations in the Physical Activity and
Nutrition in Children (PANIC) study. *One of the participants did not attend the 2-year

examinations but attended the 8-year examinations.
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