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ABSTRACT
Background: Biomarkers such as omega-3 (n–3) PUFAs, urinary iodine concentration (UIC), 1-methylhistidine (1-MH),

and trimethylamine N-oxide (TMAO) have been associated with fish intake in observational studies, but data from children

in randomized controlled trials are limited.

Objectives: The objective of this exploratory analysis was to investigate the effects of fatty fish intake compared with

meat intake on various biomarkers in preschool children.

Methods: We randomly allocated (1:1) 232 children, aged 4 to 6 y, from 13 kindergartens. The children received

lunch meals of either fatty fish (herring/mackerel) or meat (chicken/lamb/beef) 3 times a week for 16 wk. We analyzed

86 biomarkers in plasma (n = 207), serum (n = 195), RBCs (n = 211), urine (n = 200), and hair samples (n = 210). We

measured the effects of the intervention on the normalized biomarker concentrations in linear mixed-effect regression

models taking the clustering within the kindergartens into account. The results are presented as standardized effect

sizes.

Results: We found significant effects of the intervention on the following biomarkers: RBC EPA (20:5n–3), 0.61 (95%

CI: 0.36, 0.86); DHA (22:6n–3), 0.43 (95% CI: 0.21, 0.66); total n–3 PUFAs, 0.41 (95% CI: 0.20, 0.64); n–3/n–6 ratio, 0.48

(95% CI: 0.24, 0.71); adrenic acid (22:4n–6, −0.65 (95% CI: −0.91, −0.40), arachidonic acid (20:4n–6), −0.54 (95% CI:

−0.79, −0.28); total n–6 PUFAs, −0.31 (95% CI: −0.56, −0.06); UIC, 0.32 (95% CI: 0.052, 0.59); hair mercury, 0.83

(95% CI: 0.05, 1.05); and plasma 1-MH, −0.35 (95% CI: −0.61, −0.094).

Conclusions: Of the 86 biomarkers, the strongest effect of fatty fish intake was on n–3 PUFAs, UIC, hair mercury, and

plasma 1-MH. We observed no or limited effects on biomarkers related to micronutrient status, inflammation, or essential

amino acid, choline oxidation, and tryptophan pathways. The trial was registered at clinicaltrials.gov (NCT02331667). J

Nutr 2021;151:2134–2141.
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Introduction

Although fish is an integral component of many dietary recom-
mendations (1–4), the mechanisms underlying the associations
between fish intake and disease are not fully understood (5,
6). The benefits linked to fish intake are often attributed to
the omega-3 (n–3) PUFAs, EPA (20:5n–3) and DHA (22:6n–
3). Fish is, however, a good source of other nutrients, such
as essential amino acids, choline, vitamins, and minerals (7,
8). These nutrients can, individually or in combinations,
contribute to some of the positive effects associated with
fish intake. Conversely, fish is also a major dietary source of

contaminants such as dioxins, mercury, and arsenic (9). These
contaminants can also play a role in the diet-disease relation
and can counteract the potential benefits of the dietary nutrients
contained in fish.

A challenge in nutritional epidemiology is the reliability and
validity of dietary assessments. Typically, dietary assessments
are reliant on memory-based and self-reported intake, such
as FFQs. These methods have limitations such as under- and
overreporting and insufficiencies in food composition databases
(10). Biomarkers are more objective and independent of recall
and self-report constraints. Therefore, the use of biomarkers
could improve dietary assessments, and in turn contribute to
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a better understanding of the health effects associated with
dietary intake of various foods (11). It should, however, be noted
that nutritional biomarkers can reflect both metabolism and
dietary intake.

Both EPA and DHA are suitable and well recognized as
biomarkers of fatty fish intake and n–3 PUFA supplementation
(12). It is of interest to study other potential biomarkers of fish
intake. Several studies have explored biomarkers linked to the
intake of various food items (13–15). For instance, the amino
acid, 1-methylhistidine (1-MH) is derived from the dipeptide
anserine, which is found to varying extents in meat, poultry, and
fish (16). After digestion, anserine is typically catabolized into
β-alanine and 1-MH (17). The human body does not synthesize
or reuse 1-MH for protein synthesis (17), underscoring 1-MH’s
potential as a biomarker of dietary intake. Fish consumption has
also been associated with other biomarkers including urinary
iodine concentration (UIC), trimethylamine N-oxide (TMAO),
creatinine, acetylcarnitine, furan fatty acids, and persistent
organic and inorganic pollutants (18).

Furthermore, studies investigating biomarkers of dietary
intake have tended to be limited by their observational design,
and relatively few studies have used a randomized control
trial (RCT) approach. In the present study, using targeted
metabolomics, we measured the effect of fatty fish intake
compared with meat intake on the concentration of several
biomarkers using samples from a 16-wk RCT in Norwegian
preschool children. The concentrations of these biomarkers
were normalized and standardized to compare the intervention
effects.

Methods
Study design
Data from a 2-armed RCT, the Fish Intervention Studies-KIDS (FINS-
KIDS), were examined. A detailed description of the study design
and method has been published elsewhere (19). The primary objective
of the original study was to examine the effect of fatty fish intake
compared with meat intake on cognitive function measured by the
general intellectual ability test, the Weschler Preschool and Primary
Scale of Intelligence, third edition (WPPSI-III). In this exploratory
substudy, we examined the effect of fatty fish intake on biomarkers
in plasma, serum, RBCs, hair, and urine. The procedures were in
accordance with the Declaration of Helsinki. Before study start, the
participants’ caregivers provided signed, informed consent. The trial
was approved by the Regional Committees for Medical and Health
Research Ethics North (2014/1396) and registered at clinicaltrials.gov
(NCT02331667).

The study is based on data from a randomized controlled trial funded by the
Norwegian Seafood Research Fund (FHF) (grant number 900842) after vetting by
a grant review committee appointed by the Research Council of Norway (project
number 222648). BSS was funded through grants from Innlandet Hospital Trust
(IHT). FHF and IHT were not involved in the design of the study, collection,
analyses, or interpretation of data or in the manuscript writing.
Data described in the manuscript, code book, and analytic code will be made
available upon request pending application to the corresponding author.
Author disclosures: The authors report no conflicts of interest.
Supplemental Tables 1–9 are available from the “Supplementary Data” link in
the online posting of the article and from the same link in the online table of
contents at https://academic.oup.com/jn.
Address correspondence to JØ (e-mail: jannike.oyen@hi.no).
Abbreviations used: AA, arachidonic acid; AdA, adrenic acid; FAME, fatty
acid methyl ester; FDR, false discovery rate; HDH, Haraldsplass Diakonale
Hospital; IMR, Institute of Marine Research; RCT, randomized controlled trial;
TMAO, trimethylamine N-oxide; UIC, urinary iodine concentration; WPPSI-III,
Weschler Preschool and Primary Scale of Intelligence, third edition; 1-MH,
1-methylhistidine; 25(OH)D3, 25-hydroxycholecalciferol.

Enrollment and randomization
The study was performed from January to June 2015 in Bergen,
Norway. Seventeen kindergartens were invited to participate in the trial,
and children were recruited from the 13 kindergartens that agreed
to participate. The inclusion criteria were as follows: children aged
4–6 y with sufficient Norwegian language to perform the cognitive
tests, and sufficient Norwegian language in the caregivers to answer
the online questionnaires. Exclusion criteria were any known food
allergies. In total, 314 children were assessed for eligibility, and
232 children were individually randomly assigned in a 1:1 ratio to either
the intervention (fish group) or control (meat group), stratified by sex
(Figure 1). A researcher produced a computer-generated independent
allocation sequence and randomization lists for each kindergarten using
Microsoft Excel. The treatment allocation was concealed so that the
study staff could not know the group identity before a child had been
enrolled into the study. The process of randomization was controlled
by another researcher. Research assistants from the Institute of Marine
Research (IMR) enrolled the participants. These individuals were not
informed about the group identity upon enrollment.

Intervention
The children in the fish group received 50–80 g fatty fish (herring
or mackerel), whereas the meat group received the same amount
of chicken, lamb, or beef 3 times a week for 16 wk. Both groups
received identical side dishes. The food was prepared and delivered to
the kindergartens by a catering company (Søtt + Salt A/S). Research
assistants, not otherwise involved in the study, were present during
the lunch meals to reduce risk of children sharing food across the
groups and estimate the compliance. The compliance was evaluated
by weighting the food using identical digital scales (Digital Glass
Kitchen Scale; Soehnle) before and after the meals. Analyses detailing
the composition of the lunch meals and the nutrient contents of the
provided meals have previously been published (19).

Background diet
The participants’ caregivers responded to a validated and modified
version of an online FFQ (20). The FFQ evaluated the dietary intake
of meat, fish, dairy products, eggs, fruits, and vegetables during the
preceding 3 mo. The frequency response options were: never, less than
once per month, 1 to 3 times per month, once or twice per week, or
3 or more times per week. The FFQ also obtained information regarding
consumption of dietary supplements, with response options as follows:
never, 1 to 3 times per month, 1 to 3 times per week, 4 to 6 times
per week, or daily. For estimation of weekly dietary intake (Table 1),
we converted the frequency response data to numeric data by using
methods based on a previously validated seafood index (21). The online
questionnaire also captured data on demographics, such as children’s
weight, height, parental education, and family income.

Sample size calculations
The sample size calculation was based on the expected effect of the
WPPSI-III scores. For this study, assuming adequate blood samples
from 200 participants (100 per group), we had 80% power to detect
a standardized effect size of 0.4 at a significance level of 0.05.

Blood sampling and analytical methods
Blood sampling at baseline and end of the study was performed in
the kindergartens by 2 biomedical scientists who were blinded to the
group identities. Venous blood was collected in BD Vacutainer K2E
7.2-mg vials (Becton, Dickinson and Company) for plasma and RBC
preparation, and in BD Vacutainer II Advance for serum preparation.
In cases where venipuncture was problematic, capillary blood was
collected from the fingertip with an ACCU-CHEK Safe-T-Pro Plus
lancet (Roche Diagnostics) into BD Microtainer Blood Collection Tubes
(Becton, Dickinson and Company). The blood samples were centrifuged
(1000 × g at 20◦C for 10 min) within 30 min of sampling, transferred
to Cryotubes (Nunc), and transported on dry ice to storage at −80◦C
until analyses. The analyses of RBC fatty acid composition were carried
out at IMR. The preparation of the fatty acid methyl ester (FAME)
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FIGURE 1 Flow chart of the study participants in a randomized controlled trial of fatty fish intake.

is an validated method published elsewhere (22). Briefly, 50 μL of
the RBC sample was mixed with 1 mL 0.5M NaOH in methanol,
then 2 mL BF3 in methanol, and 2.4 μg of 19:0 internal standard.
The mixture was heated at 100◦C for 1 h and cooled until it reached
room temperature. Aliquots of 1 mL of hexane and 2 mL of H2O
were added, vortex-mixed for 15 s, placed in a centrifuge at 1620 × g
for 2 min at 20◦C, and the hexane phase (containing the FAME)
was collected, evaporated under nitrogen, dissolved in hexane, and
submitted to gas chromatography analysis at IMR on a Trace GC Ultra
gas chromatograph (Thermo Corporation, Waltham, Massachusetts,
USA) equipped with a liquid autosampler and a flame ionization
detector. Data collection was performed by the Thermo Scientific™
Dionex™ Chromeleon™ 7 Chromatography Data System. The fatty
acid results were expressed as absolute units (milligrams per gram
RBC wet weight) (23). The analyses of serum 25-hydroxycholecalciferol
[25(OH)D3], total hair mercury, and UIC were carried out at the
IMR, and serum ferritin at Haraldsplass Diakonale Hospital (HDH).

Details of these analyses have been described previously (19, 24–26).
The effects of the fish intervention on the above-mentioned biomarkers
have been presented before, but using a different analytical approach
(19, 24). Plasma folate and cobalamin concentrations were determined
by microbiological assays based on a chloramphenicol-resistant strain
of Lactobacillus casei (27) and colistin sulfate–resistant strain of L.
leichmannii (28), respectively. Kynurenines, trigonelline, B-6, B-1, and
B-3 vitamers, choline and its metabolites, creatinine, methylhistidines,
arginine, and methylated arginines were analyzed by LC-tandem MS
(29, 30), whereas other amino acids, in addition to total homocysteine,
total cysteine, and methylmalonic acid were analyzed by GC-tandem
MS (31). All plasma samples were analyzed at Bevital Laboratory,
Bergen, Norway (www.bevital.no).

Statistical analysis
Baseline information is reported as median (IQR), mean ± SD, or
frequency. To investigate biomarker concentrations following 16 wk of
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TABLE 1 Baseline characteristics of children randomly
assigned to intervention by group1

Fish group
(n = 106)2

Meat group
(n = 116)

Demographics
Age, y 5.2 ± 0.6 5.2 ± 0.6
Body weight, kg 20 ± 3.3 20.2 ± 3.0
Body height, cm 113.6 ± 5.9 113.6 ± 6.5
Boys, % 50.0 51.7
Girls, % 50.0 48.3
Parents’ education, y 15.4 ± 1.7 15.4 ± 1.6

Family income,3 NOK
200,000–749,999, % 27 26
750,000–1,249,999, % 53 61
≥1,250,000, % 20 13

Background diet (FFQ)
Seafood, dinners/wk 1.8 ± 0.9 1.6 ± 0.9
Egg, numbers/wk 2.6 ± 0.8 2.4 ± 0.9
Chicken, as dinners/wk 1.4 ± 0.9 1.2 ± 0.9
Dairy products, portions/d 1.7 ± 1 1.8 ± 1
Fruits and vegetables, portions/d 2.9 ± 1.3 2.9 ± 1.2
n–3 fatty acid supplements, % 39 38
Other supplements, % 39 39

1Values are mean ± SD or percentage. NOK, Norwegian krone.
2n = Children randomly assigned to intervention and not lost to follow-up prior to
start of intervention (see Figure 1).
3Median gross household income in Norway, 2015 = 628 000 NOK (100 NOK =
∼10€ or US$11). Source: Statistisk Sentralbyrå. 06,944: Inntekts- og
formuesstatistikk for husholdninger 2005–2018 [Income and wealth statistics for
households 2005–2018]. Oslo (Norway): Statistics Norway; 2018. Available from:
https://www.ssb.no/en/statbank/table/06944/.

fish (intervention) compared with meat (control) intake, linear mixed-
effect regression models with random intercepts for kindergartens were
conducted for each of the 86 unique outcome variables (biomarkers
and indices). The group affiliation (fish or meat) was the exposure.
Skewed variables were transformed to meet the requirement of normal
distribution of the residuals (e.g., log, square root, inverse) and
standardized (mean = 0, SD = 1). The primary analysis followed an
intention-to-treat approach. We also conducted a per protocol subgroup
analysis, including only children compliant with the dietary intervention
(defined as above the median intake for each group). Figure 2
represents the biomarkers analyzed by IMR [25(OH)D3, fatty acid
composition, total hair mercury, and UIC] and HDH (serum ferritin);
these are the biomarkers that have been presented before using
different analytical approaches (19, 24–26). Figure 3 shows the
biomarkers analyzed at Bevital, categorized as B-vitamins, choline
pathway, tryptophan pathway, amino acids, inflammation, and others. P
values ≤0.05 were considered statistically significant. We also adjusted
the P values by calculating the false discovery rate (FDR) using the
Benjamini–Hochberg procedure to adjust for multiple comparisons
(32). The FDR was set to 0.2 because of the experimental character
of this study. Moreover, we repeated the regression models adjusting
for baseline biomarker concentration, age, sex, and family income.
Statistical analyses were performed using statistical software (Stata SE
16.1; StataCorp), and forest plots were produced using the ggplot2
package in R version 3.6.0 with R studio IDE (www.rstudio.com).

Results

Of the 232 children enrolled at baseline, 114 were randomly
allocated to the fish group and 118 to the meat group. The
enrolment took place from December 19, 2014 to February
9, 2015. Ten children were lost to follow-up. The numbers

n–

n–

n–

FIGURE 2 Standardized mean difference in RBC fatty acids, serum
ferritin, serum vitamin D, urinary iodine concentration, and hair
mercury concentration in the preschool children postintervention.
The graph shows effect sizes and 95% CIs of the transformed
concentrations of the different biomarkers calculated by mixed-effect
linear models with random intercepts for kindergartens, without
adjustments for covariates and multiple comparisons. Estimates on
the right side of the vertical line indicate a higher postintervention
concentration of the biomarkers in the fish group compared with
the control. n = 139–210; see Supplemental Table 3 for exact n for
each individual biomarker. AA, arachidonic acid; AdA, adrenic acid;
DPA, docosapentaenoic acid; ETE, eicosatrienoic acid; LA, linoleic
acid; s-25(OH)D3, serum 25-hydroxycholecalciferol; UIC, urinary iodine
concentration.

of missing or unusable plasma, serum, RBC, hair, and urine
samples are given in Figure 1. Baseline characteristics are
shown in Table 1, and baseline and postintervention biomarker
concentrations are shown in Supplemental Tables 1–4. We show
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FIGURE 3 Standardized mean difference in plasma biomarker concentration in the preschool children postintervention. The graph shows effect
sizes and 95% CIs of the transformed plasma concentrations of the different biomarkers, calculated by mixed-effect linear models with random
intercepts for kindergartens, without adjustments for covariates and multiple comparisons. Estimates on the right side of the vertical line indicate
a higher postintervention concentration of the biomarkers in the fish group compared with the control. n = 205–207; see Supplemental Table
4 for exact n for each individual biomarker. ADMA, asymmetric dimethylarginine; aKG, α-ketoglutarate; HCC index: 10,000 × [homocysteine
(Hcy) divided by cysteine and (by) creatinine]; HK-ratio, 3-hydroxykynurenine divided by the sum of kynurenic acid, anthranilic acid, xanthurenic
acid plus 3-hydroxyanthranilic acid; MMA, methylmalonic acid; PA, 4-pyridoxic acid; PAr index, 4-pyridoxic acid divided by the sum of pyridoxal
5´-phosphate plus pyridoxal; PL, pyridoxal; PLP, pyridoxal 5´-phosphate; SDMA, symmetric dimethylarginine; TMAO, trimethylamine N-oxide; XA,
xanthurenic acid; 1-MH, 1-methylhistidine; 3-MH, 3-methylhistidine.
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the adjusted end-study differences between these biomarkers in
Supplemental Tables 5 and 6.

The forest plots (Figures 2 and 3) illustrate the standardized
mean differences of the biomarker concentrations between the
fish and meat group at end of study. Estimates on the right
side of the vertical lines and with positive values indicate
a higher postintervention concentration of the biomarkers in
the fish group compared with the meat group. We observed
significant differences in effect size for the following biomarkers
and indices: RBC EPA (20:5n–3), 0.61 (95% CI: 0.36, 0.86);
DHA (22:6n–3), 0.43 (95% CI: 0.21, 0.66); total n–3 PUFAs,
0.41 (95% CI: 0.20, 0.64); n–3/n–6 ratio, 0.48 (95% CI:
0.24, 0.71); adrenic acid (AdA; 22:4n–6), −0.65 (95% CI:
−0.91, −0.40), arachidonic acid (AA; 20:4n–6), −0.54 (95%
CI: −0.79, −0.28); total n–6 PUFAs, −0.31 (95% CI −0.56,
−0.06); UIC, 0.32 (95% CI: 0.052, 0.59); hair mercury, 0.83
(95% CI: 0.05, 1.05); plasma 1-MH, −0.35 (95% CI: −0.61,
−0.094) (Figures 2 and 3). We also observed a tendency of
higher neopterin, 0.24 (95% CI: −0.0069, 0.48) and TMAO,
0.22 (95% CI: −0.0322, 0.403) in the fish group compared with
the meat group (Figure 3). In the adjusted analyses, children
in the fish group had a lower serum ferritin concentration
than controls (Supplemental Table 5). Including only children
compliant with the dietary intervention—defined as above total
median (IQR) intake of fish [2120 g (1360–2700)] or meat
[2750 g (2100–3290)]—did not considerably change the results
(Supplemental Tables 7 and 8). FDR corrections for multiple
comparisons did not notably change these results (Supplemental
Table 9).

Discussion
In this RCT, we examined the effect of fatty fish intake compared
with meat on various biomarkers in Norwegian preschool
children. Fatty fish intake 3 times weekly for 16 wk significantly
affected circulating fatty acid composition, UIC, hair mercury,
and plasma 1-MH. When adjusting for baseline biomarker
concentrations, age, sex, and family income, we observed higher
plasma neopterin and a lower serum ferritin in children in the
fish group compared with those in the meat group. Fatty fish
intake had no effect on other biomarkers related to choline and
tryptophan pathways, inflammation, or other micronutrients
and amino acids.

The higher concentrations of EPA, DHA, and thus also
total n–3 PUFAs in the fish group were as expected given
the known concentrations of these essential fatty acids in
herring and mackerel (33). Our results concur with other RCTs
intervening with fatty fish in children and adolescents (34–36).
In 2 of the latter studies, fatty fish intake also resulted in a
decreased concentration of the n–6 PUFAs AA (34, 35) and AdA
(35).

Fatty fish has a lower iodine concentration than lean fish
but is still a good source of iodine (37). UIC mainly reflects
recent dietary intake, and in iodine-sufficient individuals >90%
of consumed iodine will be excreted via urine within 1–
2 d (38). The day-to-day variation, in addition to intra- and
interindividual variation in UIC, limits the use of UIC as a
biomarker of dietary intake at an individual level (39). In
this study, the postintervention data collection started within
a week after the last study meal was consumed. Despite these
limitations in UIC as a biomarker on an individual level, we
found a significantly higher postintervention UIC in the fish
group.

One of our most notable findings was the mercury
concentration in the hair samples. As previously reported, hair
mercury concentration was greater in the fish group compared
with the control (24). However, the concentration did not
lead to an increase in the number of subjects exceeding the
US Environmental Protection Agency’s reference dose, a dose
level at which no adverse effects are expected to occur over a
lifetime exposure (24). Nor did the fish mercury exposure from
the intervention exceed the tolerable weekly intake set by the
European Food Safety Authority. One of the major concerns
about mercury intake is its effect on neurodevelopment. The
increase in mercury in the present study, however, was not
associated with a decline in cognitive function (24). Fish is a
major source of mercury due to bioaccumulation and biological
magnification of methylmercury (40). Our study confirms that
increased intake of fish increases the accumulation of mercury
in the body.

Moreover, we observed a lower postintervention plasma
concentration of 1-MH in the fish group compared with the
meat group, which is in contrast to 2 other fish intervention
trials (41, 42). It should be noted, however, that another study
found the plasma concentration of 1-MH to be more strongly
associated with chicken intake than fish intake (42). In our
study, we measured the effect of fatty fish intake (herring and
mackerel), whereas participants in the aforementioned study
consumed lean fish (haddock). Serum and urinary 1-MH have
also been suggested to be a stronger biomarker of fatty fish
(salmon) intake than lean fish (cod) in another fish intervention
trial (41). Previously, and in part due to the challenges in
distinguishing between poultry and fish intake, 1-MH has been
suggested as an overall biomarker of animal protein intake
rather than a unique biomarker for a specific animal-derived
food item (18).

We observed lower serum ferritin concentrations in the fish
group compared with the meat group in the adjusted analyses.
The iron content in meat, especially lamb and beef, is somewhat
higher than in herring and mackerel, and could explain the
negative effect of fish intake on this marker of iron status (43).
Moreover, there could be differences in the bioavailability of
iron in meat and fish. Compared with fish, red meat has a higher
percentage of heme iron, which is a more bioavailable source
of iron than nonheme iron (44). This difference was previously
demonstrated in a study evaluating the effect of animal proteins
on iron bioavailability, where the bioavailability of iron was
lower when ingested with fish compared with beef (45). It
should be mentioned, however, that the content of iron in the
study meals was not analyzed in the present study and the meat
group consumed a larger amount of the study meals compared
with those in the fish group.

The higher postintervention concentrations of neopterin, a
marker of inflammation and immune cell activation, in the
fish group compared with the meat group in the adjusted
analyses was unexpected given the assumed anti-inflammatory
effects of n–3 PUFAs. We also observed a tendency toward
increased circulating TMAO in the fish intervention group
(P = 0.087). TMAO has been suggested as a biomarker
of fish intake (18). One explanation for the weak effect of
fish intake in our study could relate to circulating compared
with urinary concentrations of TMAO. The associations of
TMAO and fish intake are mainly reported in studies assessing
biomarkers in urine shortly after fish intake (42, 46, 47). The
metabolism of TMAO in humans is poorly understood, but
it has been suggested that TMAO is easily absorbed in the
gastrointestinal tract and ∼95% is excreted via urine within
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24 h after consumption (48). In line with this, changes in
TMAO concentration were more evident in urine than in
serum following increased cod consumption in a previous
Norwegian RCT (41). In the aforementioned study, the changes
in TMAO were also more notable in the cod group compared
with the salmon group (41), suggesting that the type of
fish (fatty compared with lean) could also be an important
consideration when evaluating the effect of fish intake on
TMAO concentrations.

No or only marginal differences were observed in other
biomarkers such as amino acids and micronutrients. This
could be due to the fact that both fish and meat are
good sources of essential amino acids and other nutrients.
A different control diet, for example, only chicken, only
red meat, or a full vegetarian diet, could have led to a
different result. Further, irrespective of intervention group,
the children’s background diet generally complied with the
Norwegian dietary recommendations, with the exception of
fruit, vegetable, and fish intake (19). In addition, as previously
reported, the study population had adequate iodine status (25),
and few children had dietary deficiencies of cobalamin (49)
and vitamin D (26) at baseline. Results could therefore be
different for populations in which micronutrient deficiencies are
common.

Moreover, many biomarkers are influenced by nondietary
factors such as endogenous synthesis. For instance, mackerel
and herring are considered good sources of vitamin D. Even
so, in the current study, we did not observe a difference in
serum 25(OH)D3 concentration postintervention. Explanation
for the nonsignificant differences between the groups could be
the relatively high consumption of cod liver oil in both groups
(Table 1), and the fact that sun exposure is a major source of
vitamin D (50). The timing of the intervention, starting in winter
and ending in early summer, could contribute to increased
vitamin D concentrations in both groups.

This study has some limitations. Nonfasting blood samples
were collected at different times of the day and this could
have implications for biomarkers, which are affected by
not only acute dietary intake but also natural biological
fluctuations. Moreover, the sample size was based on the
main objective of this study, which was to evaluate the effect
of fatty fish intake on cognitive function. The study could
accordingly be underpowered for detection of changes in
certain biomarkers. Furthermore, we could not measure some
biomarkers’ concentrations in many of the study children
because of insufficient biological material. We believe that this
loss to follow-up was random, that is, it affected both the
intervention and the control group equally. This nondifferential
misclassification affected our statistical power but probably did
not bias our effect estimates. Finally, this is an exploratory
study with several outcomes. Despite the RCT design and
adjusting for several outcomes, the fact that our analyses are
not hypothesis-driven implies a risk of identifying spurious
effects.

Nonetheless, a key strength of our study is the randomized
intervention design and relatively large sample size. In addition,
we analyzed a wide range of potential biomarkers using targeted
analytical methods.

In conclusion, consumption of fatty fish 3 times per
week for 16 wk resulted in higher concentrations of hair
mercury, RBC n–3 PUFAs, UIC, and lower plasma 1-MH
concentrations. There were limited effects on other biomarkers
related to micronutrient status, inflammation, amino acid,
choline oxidation, and tryptophan pathways.

Acknowledgments

We are grateful to the study participants and the staff at the
kindergartens. We also thank staff at IMR and the Regional
Center for Child and Youth Mental Health and Child Welfare
for their assistance.

The authors’ responsibilities were as follows—JØ, MWM,
and IK: designed and conducted research; PMU and AM:
analyzed the blood samples; BSS and TAS: performed statistical
analysis and had primary responsibility for the final content;
and all authors: read and approved the final manuscript.

References
1. Nordic Council of Ministers. Nordic nutrition recommendations 2012:

integrating nutrition and physical activity, 5th ed. Copenhagen: Nordic
Council of Ministers; 2014.

2. Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Houston Miller N, Hubbard
VS, Lee IM, Lichtenstein AH, Loria CM, Millen BE, et al. 2013
AHA/ACC guideline on lifestyle management to reduce cardiovascular
risk: a report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines. J Am Coll Cardiol
2014;63(25):2960–84.

3. McGuire S. Scientific report of the 2015 Dietary Guidelines Advisory
Committee. Washington (DC): US Departments of Agriculture and
Health and Human Services, 2015. Adv Nutr 2016;7(1):202–4.

4. Herforth A, Arimond M, Álvarez-Sánchez C, Coates J, Christianson K,
Muehlhoff E. A global review of food-based dietary guidelines. Adv
Nutr 2019;10(4):590–605.

5. FAO/WHO. Report of the Joint FAO/WHO Expert Consultation on the
Risks and Benefits of Fish Consumption. Rome: FAO; 2011.

6. VKM. Benefit-risk assessment of fish and fish products in the Norwegian
diet—an update. Scientific Opinion of the Scientific Steering Committee.
Oslo (Norway): VKM; 2014. [Internet]. [Cited 1 Sep 2020]. Available
from: https://vkm.no/english/riskassessments/allpublications/benefitan
driskassessmentoffishinthenorwegiandietanupdateofthereportfrom20
06basedonnewknowledge.4.27ef9ca915e07938c3b28915.html

7. Zeisel SH, Mar MH, Howe JC, Holden JM. Concentrations of
choline-containing compounds and betaine in common foods. J Nutr
2003;133(5):1302–7.

8. Lund EK. Health benefits of seafood; is it just the fatty acids? Food
Chem 2013;140(3):413–20.

9. Turunen AW, Mannisto S, Kiviranta H, Marniemi J, Jula A,
Tiittanen P, Suominen-Taipale L, Vartiainen T, Verkasalo PK.
Dioxins, polychlorinated biphenyls, methyl mercury and omega-3
polyunsaturated fatty acids as biomarkers of fish consumption. Eur J
Clin Nutr 2010;64(3):313–23.

10. Thompson FE, Subar AF. Dietary assessment methodology.In: Coulston
AM, Boushey CJ, Ferruzzi MG, Delahanty LM , editors. Nutrition in the
prevention and treatment of disease, 4th ed. Academic Press; 2017. p.
5–48.

11. Picó C, Serra F, Rodríguez AM, Keijer J, Palou A. Biomarkers
of nutrition and health: new tools for new approaches. Nutrients
2019;11(5):1092.

12. Serra-Majem L, Nissensohn M, Øverby NC, Fekete K. Dietary methods
and biomarkers of omega 3 fatty acids: a systematic review. Br J Nutr
2012;107(S2):S64–76.

13. Neveu V, Moussy A, Rouaix H, Wedekind R, Pon A, Knox C, Wishart
DS, Scalbert A. Exposome-Explorer: a manually-curated database on
biomarkers of exposure to dietary and environmental factors. Nucleic
Acids Res 2017;45(D1):D979–84.

14. Hanhineva K, Lankinen MA, Pedret A, Schwab U, Kolehmainen M,
Paananen J, de Mello V, Sola R, Lehtonen M, Poutanen K, et al.
Nontargeted metabolite profiling discriminates diet-specific biomarkers
for consumption of whole grains, fatty fish, and bilberries in a
randomized controlled trial. J Nutr 2015;145(1):7–17.

15. Pallister T, Jennings A, Mohney RP, Yarand D, Mangino M, Cassidy
A, MacGregor A, Spector TD, Menni C. Characterizing blood
metabolomics profiles associated with self-reported food intakes in
female twins. PLoS One 2016;11(6):e0158568.

16. Boldyrev AA, Aldini G, Derave W. Physiology and pathophysiology of
carnosine. Physiol Rev 2013;93(4):1803–45.

2140 Solvik et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/8/2134/6274472 by Institute of M

arine R
esearch user on 03 February 2022

https://vkm.no/english/riskassessments/allpublications/benefitandriskassessmentoffishinthenorwegiandietanupdateofthereportfrom2006basedonnewknowledge.4.27ef9ca915e07938c3b28915.html


17. Wu G. Important roles of dietary taurine, creatine, carnosine, anserine
and 4-hydroxyproline in human nutrition and health. Amino Acids
2020;52(3):329–60.

18. Cuparencu C, Praticó G, Hemeryck LY, Sri Harsha PSC, Noerman S,
Rombouts C, Xi M, Vanhaecke L, Hanhineva K, Brennan L, et al.
Biomarkers of meat and seafood intake: an extensive literature review.
Genes Nutr 2019;14:35.

19. Oyen J, Kvestad I, Midtbo LK, Graff IE, Hysing M, Stormark KM,
Markhus MW, Baste V, Froyland L, Koletzko B, et al. Fatty fish intake
and cognitive function: FINS-KIDS, a randomized controlled trial in
preschool children. BMC Med 2018;16(1):41.

20. Dahl L, Maeland CA, Bjorkkjaer T. A short food frequency
questionnaire to assess intake of seafood and n-3 supplements:
validation with biomarkers. Nutr J 2011;10:127.

21. Markhus MW, Graff IE, Dahl L, Seldal CF, Skotheim S, Braarud
HC, Stormark KM, Malde MK. Establishment of a seafood index to
assess the seafood consumption in pregnant women. Food Nutr Res
2013;57:19272.

22. Araujo P, Nguyen T-T, Frøyland L, Wang J, Kang JX. Evaluation of
a rapid method for the quantitative analysis of fatty acids in various
matrices. J Chromatogr A 2008;1212(1):106–13.

23. Araujo P, Kjellevold M, Nerhus I, Dahl L, Aakre I, Moe V, Smith L,
Markhus MW. Fatty acid reference intervals in red blood cells among
pregnant women in Norway-cross sectional data from the ‘Little in
Norway’ cohort. Nutrients 2020;12(10):2950.

24. Kvestad I, Vabo S, Kjellevold M, Nostbakken OJ, Midtbo LK, Hysing
M, Markhus MW, Madsen L, Handeland K, Graff IE, et al. Fatty fish,
hair mercury and cognitive function in Norwegian preschool children:
results from the randomized controlled trial FINS-KIDS. Environ Int
2018;121(Pt 2):1098–105.

25. Nerhus I, Odland M, Kjellevold M, Midtbø LK, Markhus MW,
Graff IE, Lie Ø, Kvestad I, Frøyland L, Dahl L, et al. Iodine
status in Norwegian preschool children and associations with dietary
iodine sources: the FINS-KIDS study. Eur J Nutr 2019;58(6):
2219–27.

26. Midtbø LK, Nygaard LB, Markhus MW, Kjellevold M, Lie Ø, Dahl L,
Kvestad I, Frøyland L, Graff IE, Øyen J. Vitamin D status in preschool
children and its relations to vitamin D sources and body mass index –
the FINS-KIDS study. Nutrition 2020;70:110595.

27. Molloy AM, Scott JM. Microbiological assay for serum, plasma, and
red cell folate using cryopreserved, microtiter plate method. Methods
Enzymol 1997;281:43–53.

28. Kelleher BP, Broin SD. Microbiological assay for vitamin B12
performed in 96-well microtitre plates. J Clin Pathol 1991;44(7):
592–5.

29. Midttun Ø, Kvalheim G, Ueland PM. High-throughput, low-volume,
multianalyte quantification of plasma metabolites related to one-
carbon metabolism using HPLC-MS/MS. Anal Bioanal Chem
2013;405(6):2009–17.

30. Midttun Ø, Hustad S, Ueland PM. Quantitative profiling of
biomarkers related to B-vitamin status, tryptophan metabolism and
inflammation in human plasma by liquid chromatography/tandem
mass spectrometry. Rapid Commun Mass Spectrom 2009;23(9):
1371–9.

31. Midttun Ø, McCann A, Aarseth O, Krokeide M, Kvalheim G, Meyer
K, Ueland PM. Combined measurement of 6 fat-soluble vitamins and
26 water-soluble functional vitamin markers and amino acids in 50 μl
of serum or plasma by high-throughput mass spectrometry. Anal Chem
2016;88(21):10427–36.

32. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc Series
B Methodol 1995;57(1):289–300.

33. Institute of Marine Research [Havforskningsinstituttet]. Seafood data
[Sjømatdata]. [Internet]. [Cited 1 Sep 2020]. Available from: https://sj
omat-data.hi.no/

34. Handeland K, Skotheim S, Baste V, Graff IE, Frøyland L, Lie Ø,
Kjellevold M, Markhus MW, Stormark KM, Øyen J, et al. The effects
of fatty fish intake on adolescents’ nutritional status and associations
with attention performance: results from the FINS-TEENS randomized
controlled trial. Nutr J 2018;17(1):30.

35. Vuholm S, Teisen MN, Buch NG, Stark KD, Jakobsen J, Mølgaard C,
Lauritzen L, Damsgaard CT. Is high oily fish intake achievable and how
does it affect nutrient status in 8-9-year-old children? The FiSK Junior
trial. Eur J Nutr 2020;59(3):1205–18.

36. Demmelmair H, Øyen J, Pickert T, Rauh-Pfeiffer A, Stormark KM,
Graff IE, Lie Ø, Kjellevold M, Koletzko B. The effect of Atlantic salmon
consumption on the cognitive performance of preschool children – a
randomized controlled trial. Clin Nutr 2019;38(6):2558–68.

37. Dahl L, Johansson L, Julshamn K, Meltzer HM. The iodine content of
Norwegian foods and diets. Public Health Nutr 2004;7(4):569–76.

38. Zimmermann MB. Methods to assess iron and iodine status. Br J Nutr
2008;99(S3):S2–S9.

39. Rohner F, Zimmermann M, Jooste P, Pandav C, Caldwell K, Raghavan
R, Raiten DJ. Biomarkers of nutrition for development—iodine review.
J Nutr 2014;144(8):1322S–42S.

40. Mozaffarian D, Rimm EB. Fish intake, contaminants, and human
health: evaluating the risks and the benefits. JAMA 2006;296(15):
1885–99.

41. Hagen IV, Helland A, Bratlie M, Midttun O, McCann A, Sveier H,
Rosenlund G, Mellgren G, Ueland PM, Gudbrandsen OA. TMAO,
creatine and 1-methylhistidine in serum and urine are potential
biomarkers of cod and salmon intake: a randomised clinical trial in
adults with overweight or obesity. Eur J Nutr 2020;59(5):2249–59.

42. Cheung W, Keski-Rahkonen P, Assi N, Ferrari P, Freisling H, Rinaldi S,
Slimani N, Zamora-Ros R, Rundle M, Frost G, et al. A metabolomic
study of biomarkers of meat and fish intake. Am J Clin Nutr
2017;105(3):600–8.

43. Norwegian Food Safety Authority. Norwegian food composition
database. 2019. [Internet]. [Cited 1 Sep 2020]. Available from: https:
//www.matvaretabellen.no/

44. Schönfeldt HC, Hall NG. Determining iron bio-availability with a
constant heme iron value. J Food Compos Anal 2011;24(4-5):738–40.

45. Pizarro F, Olivares M, Valenzuela C, Brito A, Weinborn V, Flores S,
Arredondo M. The effect of proteins from animal source foods on heme
iron bioavailability in humans. Food Chem 2016;196:733–8.

46. Lloyd AJ, Favé G, Beckmann M, Lin W, Tailliart K, Xie L, Mathers
JC, Draper J. Use of mass spectrometry fingerprinting to identify
urinary metabolites after consumption of specific foods. Am J Clin Nutr
2011;94(4):981–91.

47. Andersen M-BS, Reinbach HC, Rinnan Å, Barri T, Mithril C, Dragsted
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