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IntroductIon: animal studies indicate that n-3 long-chain 
polyunsaturated fatty acids (LcPUFas) increase bone forma-
tion. To our knowledge, no studies have examined this in grow-
ing humans. This study investigated whether bone mass and 
markers of bone formation and growth were (i) associated with 
docosahexaenoic acid (Dha) status and (ii) affected by fish oil 
supplementation, in adolescent boys.
Methods: seventy-eight healthy, slightly overweight 13- to 
15-y-old boys were randomly assigned to breads with Dha-rich 
fish oil (1.1 g/d n-3 LcPUFa) or control for 16 wk. Whole-body 
bone mineral content (BMc), bone area (Ba), bone mineral 
density (BMD), plasma osteocalcin, and growth factors were 
measured at wk 0 and wk 16, as well as diet, physical activity, 
and n-3 LcPUFa status in erythrocytes.
results: Fish oil strongly increased Dha status (P = 0.0001). 
No associations were found between Dha status and BMc, Ba, 
BMD, or the markers of bone formation and growth at baseline. 
Furthermore, the fish oil intervention did not affect any of the 
outcomes as compared with control. however, dose–response 
analyses revealed a positive association between changes in 
Dha status and plasma insulin-like growth factor-1 (IGF-1) dur-
ing intervention (β = 0.24, P = 0.03, n = 78).
dIscussIon: Dha status and fish oil supplementation were 
not associated with bone mass or markers of bone formation 
in adolescent boys, but IGF-1 increased with increasing Dha 
status.

Bone mineral accumulation during childhood and adoles-
cence plays an essential role in the prevention of osteo-

porosis (1). Bone growth peaks around 13–15 y of age in 
boys (2). During these 2 y, as much bone mineral is gained as 
will be lost during the bone mass decline in later adulthood 
(2). Although genetics explain about 70% of the variation in 
bone mass (3), modifiable factors such as diet and exercise 
are important targets in the prevention of osteoporosis and 
fractures (4).

Animal studies indicate that n-3 long-chain polyunsatu-
rated fatty acids (LCPUFAs) from fatty fish increase markers 
of bone formation and reduce bone loss (5–9). A potential way 
in which n-3 LCPUFA may affect bone mineralization is via 

modulation of prostaglandin (PG) synthesis or regulation of 
expression of genes involved in cytokine production and osteo-
clast differentiation (4,6). These experiments have mainly been 
performed in animal models for postmenopausal bone resorp-
tion (5–8). The majority of studies in young growing animals 
have supplemented with α-linolenic acid, a plant-based n-3 
PUFA (10), or n-3 LCPUFA in combination with n-6 PUFA 
(9,11–13), with limited effects on bone accumulation. A few 
randomized human trials, mainly in postmenopausal women, 
have investigated the impact of n-3 PUFA on bone mineral 
density (BMD) or biochemical markers of bone metabolism, 
with mixed results (14–16). A recent observational study in 
young Swedish men showed a positive association between 
docosahexaenoic acid (DHA) status, measured as percent-
age of total fatty acids in plasma, and bone mineral content 
(BMC) and BMD (17). This indicated a potential protective 
role of n-3 LCPUFA during growth. Fish intake is far below 
the national recommendations in Danish adolescents. Only 
about 10% of the boys reach the advised 200– 300 g fish/ wk 
(18), and therefore their n-3 LCPUFA intake and tissue status 
may be suboptimal.

Plasma osteocalcin, a protein secreted from bone osteo-
blasts, is used as a sensitive and specific biochemical marker 
of bone turnover and formation (19). In pubertal children, 
blood osteocalcin also correlates with linear growth velocity 
(19). Insulin-like growth factor-1 (IGF-1) is the main predictor 
of height velocity in childhood but has also been shown to be 
important for bone mineralization and bone strength (20,21). 
More than 90% of the plasma IGF-1 is expected to be bound 
to IGF-binding protein-3 (IGF-BP3; ref. 22) and the IGF-
1:IGF-BP3 ratio is thought to reflect the concentration of free, 
 biologically active IGF-1 (ref. 20).

The aim of this study was to investigate whether BMC, 
bone area (BA), BMD, plasma osteocalcin, IGF-1, and 
IGF-BP3 were (i) associated with erythrocyte DHA status 
and (ii) affected by DHA-rich fish oil supplementation in 
healthy, slightly overweight adolescent boys. The article is 
based on the secondary outcomes of a trial investigating the 
effect of fish oil on cardiovascular risk markers in adolescent 
boys (23).
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ReSULTS
Subject Characteristics, Vitamin D Status, and Diet
Subjects were successfully randomized with respect to 
anthropometry, habitual diet, pedometer-determined physi-
cal activity level, serum 25(OH)-vitamin D, and plasma tes-
tosterone (Table 1). The mean dietary intake of n-3 PUFA 
at baseline was about one-third of the recommended 1% of 
the energy intake (E%) in the Nordic countries. The vita-
min D intake was about half of the recommended 7.5 μg/d, 
whereas the mean calcium intake was just above the recom-
mended 900 mg/d (ref. 24; Table 1). No changes were seen in 
these nutrients in the background diet in any of the groups 
during the intervention (data not shown). About one-third 
of the subjects had a serum 25(OH)-vitamin D <25 nmol/l 
at the beginning of the study (November 2007–February 
2008), indicating vitamin D deficiency (25,26) and 6% had 
concentrations <12.5 nmol/l, indicating severe deficiency 
(25,26). Serum 25(OH)-vitamin D did not change in either 
of the groups during the intervention (P > 0.60). As expected 
with puberty, plasma testosterone increased during the inter-
vention from 30 ± 3 to 36 ± 3 ng/l and from 35 ± 3 to 40 ± 
3 ng/l in the control and fish oil groups, respectively (P < 0.01 
in each of the groups), whereas no differences were seen 
between the groups at 16 wk (P = 0.56 by analysis of covari-
ance). No significant changes were observed in the intake of 
energy, macronutrients, saturated fatty acids, monounsatu-
rated fatty acids, or PUFA in either of the groups during the 

intervention (data not shown). However, sugar intake was 
reduced from 11 ± 6 to 9 ± 5 E% and from 9 ± 5 to 7 ± 5 E% 
in the control and fish oil groups, respectively (P < 0.05). This 
was probably a result of the dietary counseling in both groups 
and did not result in differences between the groups at wk 
16 (P = 0.18 by analysis of covariance). During the interven-
tion, the subjects grew ~1.8 cm in height and gained ~2.0 kg 
in both groups (23).

Cross-Sectional Associations of DHA-Status With BMC, BA, BMD, 
Size-Corrected BMC, and Markers of Growth and Bone Formation 
(wk 0)
The cross-sectional analysis at wk 0 did not show any associa-
tions between erythrocyte DHA and BMC, BA or BMD, IGF-1, 
IGF-BP3, or IGF-1:IGF-BP3 (Table 2). Size-corrected BMC 
was not associated with DHA status either (B = 0.01 ± 0.01, 
P = 0.49). Inclusion of potential confounders and mediators 
as covariates in the multiple-regression models did not change 
the results (Table 2). Eicosapentaenoic acid (EPA) or total n-3 
PUFA in erythrocytes was also not associated with any of the 
bone measurements or plasma markers (data not shown).

The adjusted models showed that plasma testosterone was 
a significant predictor of BMC, BA, BMD, IGF-1, and IGF-
1:IGF-BP3; plasma IGF-1 was a significant predictor of BMC, 
BA, and osteocalcin; and plasma osteocalcin was a significant 
predictor of BMD, IGF-BP3, and IGF-1:IGF-BP3 (Table 2). 
Both plasma osteocalcin and testosterone were significant pre-
dictors of size-corrected BMC (P < 0.01). None of the other 
covariates were associated with any of the outcome variables in 
the adjusted models.

Effects of 16-wk Fish Oil Supplementation on n-3 LCPUFA Status, 
BMC, BA, BMD, Size-Corrected BMC, and Markers of Growth and 
Bone Formation
Erythrocyte fatty acid composition did not differ between the 
fish oil and control groups at wk 0 (Table 3). As expected, the 
fish oil intervention strongly increased erythrocyte EPA and 
DHA levels and reduced erythrocyte n-6 PUFAs 18:2n-6 and 
20:4n-6 as compared with control (Table 3).

Supplementation with fish oil for 16 wk did not affect BMC, 
BA, BMD, osteocalcin, IGF-1, IGF-BP3, or IGF-1:IGF-BP3 
levels as compared with control (Table 4), and size-corrected 
BMC level was not affected either (P = 0.17). Adjustment 
for changes in potential confounders and mediators did not 
change these results.

Dose–Response Associations Between Changes in n-3 LCPUFA 
Status With BMC, BA, BMD, size-corrected BMC, and Markers of 
Growth and Bone Formation
As the daily dose of fish oil varied between the subjects in 
the fish oil group, dose–response analyses were performed to 
investigate whether changes in DHA status during the inter-
vention were associated with changes in the bone markers. In 
the total sample of subjects, erythrocyte DHA changes were 
positively associated with plasma IGF-1 (Figure 1). This asso-
ciation was only slightly reduced after adjustment (β = 0.21, 

table 1. Age, anthropometry, activity level, and dietary intake in the 
healthy boys at wk 0

Characteristics Control (n = 40) Fish oil (n = 38)

Age, y 14.3 ± 0.6a 14.3 ± 0.7

Weight, kg 66.6 ± 9.9 69.8 ± 14.3

Height, cm 169 ± 9 169 ± 11

BMI, kg/m2 23.1 (22.5–23.7)b 24.1 (23.1–25.2)

Percentage overweight/
obese subjectsc

55/3 50/16

Activity level, steps/d 10,950 ± 3,842 10,711 ± 4253

Plasma testosterone, ng/l 30 ± 17 35 ± 17

Serum 25(OH)-vitamin D 
(nmol/l)

30 ± 16 34 ± 13

Dietary intake

 energy, MJ/d 9.3 ± 2.5 8.5 ± 2.8

 Protein, e% 15 ± 3 16 ± 3

 Carbohydrate, e% 51 ± 5 51 ± 5

 Fat, e% 34 ± 5 33 ± 5

 n-3 PUFA, e% 0.3 ± 0.2 0.3 ± 0.2

 Vitamin D, μg/d 2.7 ± 2.7 3.1 ± 3.1

 Calcium, mg/d 1,049 ± 479 1,093 ± 400

cI, confidence interval; e%, percentage of the energy intake; PUFa, polyunsaturated 
fatty acid.
aMean ± sD (all such values). bGeometric mean (95% cI). cBased on age- and sex-specific 
cutoffs defined to pass through BMI of 25 and 30 kg/m2 at age 18, as according to 
cole et al. (40).
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P = 0.06, n = 76). The regression coefficient was essentially 
unchanged when performed in only the fish oil group, but the 
P value was reduced due to the reduced number of subjects 
(β = 0.26, P = 0.12, n = 38). No associations were seen between 
changes in erythrocyte DHA levels and changes in IGF-1 lev-
els in the control group (β = 0.01, P = 0.94, n = 40). In the 

total sample of boys (n = 78), changes in EPA levels were also 
positively associated with changes in IGF-1 levels (β = 0.23, 
P = 0.045, n = 78) although not after adjustment (β = 0.15, 
P = 0.18, n = 78). Comparable but nonsignificant associations 
were seen for total n-3 PUFA (data not shown). Also, changes 
in EPA and DHA levels tended to be positively associated with 
changes in IGF-BP3 levels (β = 0.24, P = 0.03 and β = 0.22, 
P = 0.06 for EPA levels before and after adjustment, respec-
tively, and β = 0.20, P = 0.08 and β = 0.19, P = 0.11 for DHA 
levels before and after adjustment, respectively). No signifi-
cant associations were seen between changes in IGF-1:IGF-
BP3 levels and changes in the n-3 PUFA status measures (data 
not shown).

DISCUSSION
This study showed no cross-sectional association between 
DHA status and bone mass evaluated by dual-energy X-ray 
absorptiometry (DXA) or biochemical markers of growth and 
bone formation in adolescent boys. This is in contrast with the 
findings of a recent article reporting positive correlations of 
plasma DHA and total n-3 PUFA with BMD in Swedish men at 
22 y of age (17). In that study, DHA and n-3 PUFA at 22 y were 
also positively associated with changes in BMD at the spine 
from 16–22 y of age. The sample size in that study (n = 78) 
was comparable to ours, but the participants in our trial were 
younger and slightly overweight. In contrast with the Swedish 
investigators, who measured n-3 PUFA status in plasma, we 
used erythrocytes. Erythrocytes reflect the n-3 PUFA intake 
during the past 3–5 mo and are therefore preferable when eval-
uating long-term status or habitual intake, whereas n-3 PUFA 
levels in plasma show large day-to-day variation and may thus 
reflect the last meals (27).

In the second part of our investigation, we found no effect of a 
4-mo intervention with fish oil–enriched bread on biochemical 
markers of growth and bone formation or on bone mass evalu-
ated by DXA. To our knowledge, this is the first randomized, 

table 2. Associations of erythrocyte DHA status with bone mass and 
markers of growth and bone formation at wk 0 in the healthy boys

Dependent variable B Se P

BMC, g 92.8 65.3 0.16

 Adjusted 27.1 53.7 0.62a,b

BA, cm2 45.5 39.3 0.25

 Adjusted 11.0 32.4 0.74a,b

BMD, g/cm2 0.02 0.01 0.15

 Adjusted 0.01 0.01 0.63b,c

Plasma IGF-1, μg/l 7.9 12.5 0.53

 Adjusted −0.8 10.1 0.93b,c

Plasma IGF-BP3, mg/l −0.01 0.10 0.96

 Adjusted −0.01 0.10 0.93c

IGF-1:IGF-BP3 1.4 1.7 0.40

 Adjusted −0.1 1.3 0.93b,c

Plasma osteocalcin, μg/l −3.4 5.1 0.51

 Adjusted −4.5 4.8 0.34a

P value is shown for the partial regression coefficients (B) between erythrocyte Dha 
status (as independent variable) and bone markers (as dependent variables) obtained 
by multiple linear regression analysis, with or without adjustment for age, calcium 
intake, steps walked/d, serum testosterone, 25(Oh)-vitamin D, and, if relevant, plasma 
osteocalcin and IGF-1; n = 77 for IGF-1 and all adjusted models, n = 78 in the remaining 
analyses.

Ba, bone area; BMc, bone mineral content; BMD, bone mineral density; Dha, 
docosahexaenoic acid; IGF, insulin-like growth factor; IGF-BP3, IGF-binding protein-3.
aIGF-1 was positively associated with the outcome variable, P < 0.02. bTestosterone was 
positively associated with the outcome variable, P < 0.01. cOsteocalcin was positively 
associated with the outcome variable, P < 0.02.

table 3. erythrocyte fatty acid composition in healthy boys receiving breads with fish oil or control at wk 0, after 16-wk intervention, and as 
changes during the intervention

Control (n = 40) Fish oil (n = 38)

Pwk 0 wk 16 Δwk 0 − wk 16 wk 0 wk 16 Δwk 0 − wk 16

Saturated fatty acids 41.6 ± 1.4 40.6 ± 1.2 −1.0 ± 1.5 41.4 ± 1.2 41.0 ± 1.8 −0.3 ± 1.6 0.08

Monounsaturated fatty 
acids

20.8 ± 1.2 20.1 ± 1.0 −0.7 ± 1.1 20.6 ± 1.2 20.1 ± 1.3 −0.5 ± 1.1 0.45

Polyunsaturated fatty 
acids

35.8 ± 0.3 37.5 ± 0.3 1.6 ± 0.4 36.1 ± 0.3 37.2 ± 0.4 1.1 ± 0.4 0.40

18:2n-6 13.7 ± 1.2 13.7 ± 1.2 −0.1 ± 0.8 13.3 ± 1.2 12.7 ± 1.3 −0.6 ± 1.1 0.02

20:4n-6 10.4 ± 1.4 11.0 ± 1.1 0.6 ± 1.4 10.6 ± 1.3 10.1 ± 1.0 −0.5 ± 1.3 0.0006

18:3n-3 0.2 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.36

20:5n-3 (ePA) 0.5 ± 0.2 0.6 ± 0.3 0.1 ± 0.1 0.6 ± 0.2 1.2 ± 0.5 0.7 ± 0.4 0.0001

22:5n-3 1.7 ± 0.3 2.1 ± 0.3 0.3 ± 0.3 1.9 ± 0.4 1.7 ± 0.5 −0.1 ± 0.1 0.0001

22:6n-3 (DHA) 3.6 ± 0.8 4.1 ± 0.9 0.5 ± 0.6 3.9 ± 0.9 6.7 ± 1.6 2.8 ± 1.5 0.0001

Data are presented in relative values (percentage of total fatty acids) as mean ± sD. P values indicate group differences at wk 16, adjusted for wk-0 values in analysis of covariance.

Dha, docosahexaenoic acid; ePa, eicosapentaenoic acid. Reprinted from ref. 23 with permission from elsevier 2011.
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controlled trial to investigate the effects of fish oil on bone mass 
in young growing individuals. Our findings agree with those of 
Bassey et al. (15), who supplemented pre- and postmenopausal 
women for 1 y with fish oil + evening primrose oil (rich in the 
n-6 PUFA γ-linolenic acid) or control, and found no effect on 
BMD in either age group. Kruger et al. (14) gave calcium and 
either fish oil + evening primrose oil or coconut oil (control) to 
osteoporotic women for 18 mo and observed a larger decline in 
lumbar and femoral BMD in the control group as compared with 
the PUFA group. However, in these two trials the effect of n-3 
PUFA could not be separated from that of n-6 PUFA. Appleton 
et al. (28) supplemented mild–moderately depressed adults 
(18–67 y) with n-3 LCPUFA or olive oil (control) for 12 wk, and 
found no effect on serum  β-C-terminal telopeptide, a marker of 

bone resorption. Reductions in another bone resorption marker, 
N-telopeptides, were seen in a  three-period 6-wk crossover study, 
after consumption of a diet rich in α-linolenic acid, but not lino-
leic acid, as compared with control (average American diet; ref. 
16). None of these trials measured bone mass, e.g., by DXA scan. 
Moreover, the interaction of n-3 LCPUFA with bone turnover 
may be different in osteoporotic as compared with healthy sub-
jects. Altogether, these trials aimed at reducing the age-associated 
bone mineral loss, whereas we investigated the potential of fish 
oil to increase growth-associated markers of bone accumulation 
during a period of high growth.

IGF-1 is known to be an important mediator of growth hor-
mone in children and adolescents, affecting both linear growth 
and bone mass acquisition (21,29). Our dose–response analy-
ses showed positive associations between changes in DHA sta-
tus and changes in IGF-1 and positive associations between 
IGF-1 and size-corrected BMC. This may indicate that fish oil 
dose-dependently modulates bone growth signaling but that 
the effects on actual bone mass were not yet manifested after 
just 4 mo, despite the very rapid growth of our subjects. To our 
knowledge, the effects of n-3 LCPUFA on IGF-1 have not been 
investigated earlier in humans. In growing rats, Green et al. (30) 
found no effect of fish oil vs. corn oil on IGF-1, whereas femur 
BMD was increased with fish oil. As mentioned earlier, the IGF-
1:IGF-BP3 ratio has been proposed as an index of bioactive 
IGF-1 (22), but this was not affected by fish oil or DHA status in 
our study. The implications of this remain to be elucidated.

Different mechanisms for the effect of n-3 LCPUFA have 
been proposed. When n-6 PUFAs are substituted for n-3 
LCPUFAs in the diet, a shift in PG production from PGE2 to 
PGE3 is thought to occur (12). PGE2 has been shown to stimu-
late bone resorption, and fish oil consumption would thus be 
speculated to reduce bone breakdown, through a reduction in 
PGE2 concentrations, as shown in rats (12). However, depend-
ing on its concentration, PGE2 has also been shown to induce 
IGF-1 and thereby evoke positive effects on bone formation 
(31). n-3 LCPUFAs have also been demonstrated to reduce the 
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Figure 1. Dose–response association between changes in erythrocyte 
DHA-status and changes in plasma IGF-1 during the intervention in the 
total sample of 78 boys. Assignment to either the control group (open 
circles) or the fish oil group (filled circles) is indicated. The solid line 
 represents the linear regression line (β = 0.24, P = 0.03, n = 78). DHA, 
 docosahexaenoic acid; IGF-1, insulin-like growth factor-1.

table 4. Bone mass and markers of growth and bone formation in healthy boys receiving breads with fish oil or control at wk 0, after 16-wk 
intervention, and as changes during the intervention

Control (n = 40) Fish oil (n = 38)

Pa P
adj

bwk 0 wk 16 Δwk 0 − wk 16 wk 0 wk 16 Δwk 0 − wk 16

BMC (g) 2,400 ± 72 2,515 ± 75 115 ± 17 2,482 ± 92 2,597 ± 96 115 ± 16 0.96 0.86

BA (cm2) 2,219 ± 44 2,294 ± 44 75 ± 17 2,230 ± 55 2,300 ± 57 70 ± 16 0.83 0.91

BMD (g/cm2) 1.07 ± 0.01 1.09 ± 0.02 0.01 ± 0.00 1.10 ± 0.02 1.12 ± 0.02 0.01 ± 0.00 0.96 0.94

Plasma osteocalcin (μg/l) 82 ± 6 88 ± 6 6 ± 3 82 ± 7 85 ± 7 4 ± 4 0.62 0.99

Plasma IGF-1 (μg/l) 360 ± 16 352 ± 13 −8 ± 7 355 ± 15 363 ± 14 8 ± 10 0.17 0.14

Plasma IGF-BP3 (mg/l)c 5.5 ± 0.2 5.4 ± 0.1 −0.1 ± 0.1 5.4 ± 0.1 5.4 ± 0.1 0.1 ± 0.1 0.12 0.15

IGF-1:IGF-BP3 66 ± 2 66 ± 2 −0 ± 1 66 ± 2 67 ± 2 1 ± 2 0.56 0.59

Data are presented as mean ± seM. wk 0 values were significant predictors of wk-16 values in all models (P < 0.001).

Ba, bone area; BMc, bone mineral content; BMD, bone mineral density; IGF, insulin-like growth factor; IGF-BP3, IGF-binding protein-3.
aP values indicate difference at wk 16 between control and fish oil group in analysis of covariance (aNcOVa) including wk-0 values as covariate. bP

adj
 values indicate difference at wk 16 

between control and fish oil group in aNcOVa including wk-0 values as covariate and with adjustment for age and changes in number of steps/d, calcium intake, serum testosterone, 
25(Oh)-vitamin D, plasma IGF-1, and osteocalcin. In these adjusted models, n = 39 and n = 37 in the control and fish oil groups, respectively, due to missing step reports in two 
participants. cn = 39 for IGF-BP3 in the control group.
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production of inflammatory cytokines that stimulate osteoclast 
differentiation and bone resorption (4). However, a reduction 
in cytokine production with fish oil consumption has been dif-
ficult to demonstrate consistently in healthy humans (32).

A high n-3 LCPUFA status at baseline could potentially 
explain the lack of effect of fish oil on bone mineralization in 
this study. However, in our study population, the total n-3 PUFA 
intake was one-third of the recommended intake, and the eryth-
rocyte content of EPA and DHA before intervention was low as 
compared to that of young Finnish men (33), although slightly 
higher than that of American 6- to 13-y-old children (34). 
Also, in the Swedish study mentioned earlier (17), associations 
between n-3 LCPUFA status and BMD were seen despite a fairly 
high plasma n-3 LCPUFA status. Another important explana-
tory variable could be the n-3 LCPUFA dose. The median EPA 
+ DHA dose in this study was 1.1 g/d, which was sufficient to 
reduce blood pressure in our subjects, as earlier reported (23). 
Previous trials of n-3 LCPUFA on bone in adults have used both 
lower and higher doses (14,15,28). The dose differences do not 
correlate with differences in the outcomes of the trial, as the only 
one that showed an effect used a much lower dose than ours 
(14). Moreover, as compared with the other studies, our fish oil 
had a very high content of DHA, which is thought to be the most 
important bioactive n-3 LCPUFA in bone modeling, whereas 
the other studies used EPA-rich supplements.

We performed all our statistical analyses with and without 
adjustment for a number of potential confounders and modi-
fying factors, and our results proved to be highly consistent 
among the different models. Adjustment for physiological 
maturity status is important in adolescents, as the maturity-
related physiological changes occurring during growth can 
vary considerably at the same chronological age (1). Moreover, 
sex hormones are known to directly affect acquisition of bone 
strength (29). We used plasma testosterone concentrations as 
a measure of maturity status. Self-evaluated puberty status, 
e.g., by Tanner stages, may have been preferred, but during the 
planning of the study this method was judged to be too intimi-
dating in this particular population.

In conclusion, this randomized, controlled trial is the first to 
investigate the effects of fish oil on bone formation and growth 
factors in adolescent boys. First, our cross-sectional analysis at 
baseline showed no associations between erythrocyte DHA or 
n-3 PUFA status with bone mass measured by DXA or markers 
of growth and bone formation in healthy, slightly overweight ado-
lescent boys. Second, 16-wk intervention with DHA-rich fish oil 
did not affect any of these measures in this population. However, 
dose–response analyses indicated that plasma IGF-1 increased 
with DHA status during the intervention. This could potentially 
have bone-accumulating consequences, which should be investi-
gated further in randomized trials over longer time spans.

MeTHODS
Study Design and Subjects
The study protocol was approved by the Committee of Biomedical 
Research Ethics in the Capital Region of Denmark (H-A-2007-0055) 
and registered in the database clinicaltrials.gov (no. NCT00929552). 

The study had a randomized,  double-blind, parallel design and was 
performed from November 2007 through June 2008. The details of 
the study procedures were published elsewhere (23). In brief, sub-
jects were recruited through the Danish Civilian Person Register and 
a total of 3,652 boys aged 13–15 y were invited by letter. Inclusion 
criterion was self-reported BMI above the 90th percentile based on 
a Danish reference population (35). Exclusion criteria were regular 
smoking or chronic diseases except mild allergies. Informed written 
consent was obtained from the boys and their parents, and 78 of the 
87 subjects who entered the trial completed the study. Reasons for 
withdrawal included dislike of the intervention breads and inability to 
eat the instructed daily amount of bread. Apart from the breads, brief 
individual lifestyle counseling toward healthier diets and increased 
physical activity were provided to all subjects every 2 wk during 
the intervention. The counseling was based on the National Danish 
Dietary Guidelines (36) and the results of each subject’s 4-d precoded 
dietary records and 7-d physical activity recording with a pedometer 
(SW-200; Yamax, Tokyo, Japan) before the start of the intervention 
(23). These recordings of diet and physical activity were repeated at 
the end of the 16-wk intervention period.

Dietary Intervention
Subjects were randomly assigned to intervention breads with either 
fish oil or control oil for 16 wk. Oils were baked into breads by Kohberg 
A/S (Bolderslev, Denmark), and subjects were asked to consume two 
pieces of rye bread and one wheat roll per day. A DHA-rich granu-
late of tuna oil (NuMega; Clover, Sydney, Australia) was added to the 
bread and the control oil was a 6:1:1 mix of palm shortening, soy oil, 
and rapeseed oil, designed to reflect the fatty acid composition in a 
typical Danish diet. Expressed as a percentage of total fatty acids, the 
fish oil group received bread with 24.9% n-3 PUFA (mainly as DHA) 
and 13.5% n-6 PUFA (mainly as linoleic acid), whereas the control 
group received bread with 1.9% n-3 PUFA (mainly as α-linolenic 
acid) and 28.0% n-6 PUFA (mainly as linoleic acid). Overall the fish 
oil breads had a higher PUFA content and a lower content of mono-
unsaturated fatty acids than the control breads (23). The daily ration 
of bread supplied a median of 4.9 g (range, 4.1–5.4 g) fat in the fish 
oil group and 4.2 g (range, 3.0–5.0 g) fat in the control group, with 
n-6/n-3 PUFA ratios of 0.5 and 14.5, respectively (23). Overall, in the 
fish oil group the breads supplied 191 mg/d EPA + 892 mg/d DHA. 
Self-reported compliance with the breads was 90% (range, 70–100%) 
in both groups. The n-3 LCPUFA content of erythrocytes was used as 
another measure of compliance.

Anthropometry and DXA
The subjects were examined at wk 0 (baseline) and after the 16-wk 
intervention. Height was measured to the nearest cm, and weight to 
the nearest 100 g on an electronic scale (Frederiksberg Vægtfabrik, 
Frederiksberg, Denmark). The subjects underwent a whole-body 
DXA scan in a Lunar Prodigy GE scanner (Madison, WI). Subjects 
were scanned in light clothes and were told to remove all pieces of 
metal from their bodies. The scanner had a reported precision of 
0.9% (37) and a radiation dose of 1.2 μSv, corresponding to about 
4 h background radiation in Denmark. Based on double scans per-
formed in adults during 5 mo, the coefficients of variation were 1.4% 
and 0.5% (n = 18) for whole-body BMC and BMD, respectively. Body 
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size–corrected BMC was calculated as BMC adjusted for BA, weight, 
and height, after natural logarithm transformation of the variables, as 
described by Prentice et al. (38).

Blood Samples
At both visits, blood was drawn in the morning after an overnight fast 
from the antecubital vein in lithium-heparin coated tubes for analysis 
of erythrocyte fatty acid composition, IGF-1 and IGF-BP3 levels, and 
the bone formation marker osteocalcin. Uncoated tubes were used 
for analysis of serum 25(OH)-vitamin D and testosterone. Blood was 
kept on ice until centrifugation at 2500g, 4 °C for 10 min. Erythrocytes 
were washed three times in isotonic saline solution, reconstituted 1:1 
in isotonic saline with 0.005% butylated hydroxytoluene, and blown 
with nitrogen. All samples were stored at −80 °C until analysis. The 
fatty acid composition of erythrocytes and intervention breads was 
determined by gas chromatography as described previously (23) and 
expressed as percentage of total fatty acids. Plasma osteocalcin, tes-
tosterone, IGF-1, and IGF-BP3 concentrations were measured on 
an Immulite 1000 (Siemens, Los Angeles, CA). Serum 25(OH)-vita-
min D was analyzed with a Vitamin D External Quality Assessment 
Scheme–accredited fully automated direct competitive chemilumi-
nescent immunoassay (Liaison 25-OH Vitamin D TOTAL; DiaSorin, 
Stillwater, MN). Within-run and total precision of the vitamin D 
analysis were 2.9–5.5% and 6.3–12.9%, respectively (39).

Statistical Analysis
Normal distribution was checked with the Shapiro–Wilk’s test and 
visual inspection of histograms. Changes in diet, serum 25(OH)-vita-
min D, and plasma testosterone in each group during the intervention 
were tested by paired t-test. Multiple linear regression analysis was 
performed on wk-0 measurements to assess associations of erythro-
cyte DHA status with the bone measurements (BMC, BA, BMD, and 
size-corrected BMC) and biochemical markers (osteocalcin, IGF-1, 
IGF-BP3, and IGF-1:IGF-BP3), and to evaluate the potential modi-
fying effects of age, calcium intake, pedometer-determined physical 
activity level, serum testosterone, 25(OH)-vitamin D, plasma osteo-
calcin, and IGF-1 (where appropriate). The intervention effects of fish 
oil vs. control on the bone measurements and biochemical markers 
were analyzed by analysis of covariance with wk-16 measurements as 
outcomes and wk-0 measurements as covariates. The analyses were 
performed with and without adjustment for age and for changes in 
number of steps/d, calcium intake, plasma osteocalcin, IGF-1, serum 
25(OH)-vitamin D, and testosterone. Finally, to look for dose–
response effects of fish oil, changes in the bone measurements and 
biochemical markers were analyzed as a function of changes in eryth-
rocyte DHA status in multiple linear regression analysis. These analy-
ses were performed with and without adjustment for changes in the 
aforementioned covariates, except for age, which was entered in the 
model with its value at wk 0. Data were analyzed with SPSS software 
(version 18; SPSS, Chicago, IL). Numbers in the text are presented 
as means ± SD, unless otherwise stated. A total sample size of n = 80 
was calculated to give sufficient power to detect differences between 
the control and fish oil groups of 0.6 SD in the outcome variables. For 
our osteocalcin measurements, this means that we would be able to 
detect differences between the two groups in osteocalcin changes of 
<15–23 μg/l.
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