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Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; C, cholesterol; D-

pro, effects of milk protein and vitamin D on children’s growth and health; DXA, dual-

energy X-ray absorptiometry; E%, energy percentage; FFMI, fat free mass index; FMI, fat 

mass index; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of 

insulin resistance; HP, high-protein; IQR, interquartile range; LDL, low-density lipoprotein; 

NP, normal-protein; PA, physical activity; SD, standard deviation; SE, standard error. 

 

ABSTRACT 

Background: Increasing evidence suggests that prevention of lifestyle diseases should begin 

early. Dairy protein and vitamin D can affect body composition and cardiometabolic markers, 

yet evidence among well-nourished children is sparse. 

Objective: We investigated combined and separate effects of high dairy protein intake and 

vitamin D on body composition and cardiometabolic markers in children.  

Methods: In a 2×2-factorial, randomized trial, 200 white, Danish, 6-8-y-old children 

substituted 260 g/d dairy in their diet with high-protein (HP, 10 g protein/100 g) or normal-

protein (NP, 3.5 g protein/100 g) yogurt and received blinded tablets with 20 µg/d vitamin D3 

or placebo for 24 weeks during winter. We measured body composition by dual-energy X-ray 

absorptiometry, blood pressure, and fasting blood glucose, insulin, C-peptide, and lipids.  

Results: In total, 184 children (92%) completed the study. Baseline median [25
th

-75
th

 

percentile] dairy protein intake was 3.7 [2.5-5.1] E% and increased to 7.2 [4.7-8.8] E% and 

4.2 [3.1-5.3] E% with HP and NP. Mean±SD serum 25-hydroxyvitamin D changed from 

81±17 nmol/L to 89±18 nmol/L and 48±13 nmol/L with vitamin D and placebo. There were 

no combined effects of dairy protein and vitamin D, except for plasma glucose, with the 

largest increase in the NP-vitamin D group (Pinteraction=0.005). There were smaller increases in 

fat mass index (P=0.04) with HP than NP, and the same pattern was seen for insulin, HOMA-
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IR, and C-peptide (all P=0.06). LDL cholesterol was reduced with vitamin D compared to 

placebo (P<0.05). Fat free mass and blood pressure were unaffected. 

Conclusions: High compared to normal dairy protein intake hampered an increase in fat mass 

index. Vitamin D supplementation counteracted the winter decline in 25-hydroxyvitamin D 

and the increase in LDL cholesterol observed with placebo. This study adds to the sparse 

evidence on dairy protein in well-nourished children and supports a vitamin D intake of 

around 20 µg/d during winter.  

Keywords: pediatric, cholecalciferol, DXA, BMI, FMI, FFMI, cholesterol, blood lipids, 

cardiovascular, milk protein  
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INTRODUCTION 

Childhood body mass index (BMI), body composition, and cardiometabolic markers, such 

as blood pressure, lipid profile, and measures of glucose regulation, show tracking into 

adulthood (1–5) and have been associated with later risk of cardiovascular diseases and type 

II diabetes (1,2). Thus, there is a need for preventive strategies to support a healthy body 

composition and cardiometabolic profile in childhood, as even small improvements may 

affect long-term disease burden at the population level (6).  

High-protein products, including dairy products such as Greek yogurt and skyr, become 

more and more available worldwide, perhaps because higher protein diets have been shown 

to lower BMI and fat mass gain, enhance fat free mass when combined with training, and 

lower blood pressure, and/or blood lipids and insulin in adults, school-aged children, and 

adolescents (7–11). However, high protein intake in the first year of life has been associated 

with enhanced risk of later obesity (12,13). The impact of a higher protein intake on body 

composition and cardiometabolic markers in young, well-nourished children has, however, 

not been investigated in a randomized trial, yet is needed in order to make age-specific 

dietary recommendations. Specifically, protein from dairy may have particular effects on 

glucose homeostasis and muscle protein synthesis due to the high protein quality and content 

of branch chain amino acids (14). 

Vitamin D status, measured as serum 25-hydroxyvitamin D (25(OH)D), has been 

inversely associated with blood pressure, BMI, and cardiometabolic markers in children (16–

19). This is of particular interest considering the high global prevalence of inadequate vitamin 

D status among children (20,21). Vitamin D may affect cardiometabolic health by 

suppressing renin (22) and thereby blood pressure, upregulating glucose uptake by adipocytes 

(23), and decreasing liver synthesis of total (total-C) and low-density lipoprotein cholesterol 

(LDL-C) (25). Particularly total-C, LDL-C, and triglycerides were lowered by vitamin D 
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supplementation in a recent meta-analysis in adults (49), and some vitamin D interventions in 

children resulted in decreased blood pressure (25) and homeostasis model assessment of 

insulin resistance (HOMA-IR) (26), but also increased LDL-C (26). Yet, results are 

inconsistent (25–27), and only one placebo-controlled trial has been conducted in young 

children (29). At northern latitudes, vitamin D status is generally higher after summer and 

decreases during winter due to negligible dermal vitamin D synthesis, which enables 

investigation of the impact of this seasonal change and the isolated effect of supplementation.  

Since dairy protein and vitamin D may affect some of the same outcomes, the present 

study aimed to investigate combined and separate effects of dairy protein and vitamin D 

supplementation on body composition and cardiometabolic markers in 6-8-y-old Danish 

children, based on secondary outcomes from the 24-wk extended winter trial, D-pro. We 

hypothesized that high compared to normal dairy protein intake would increase fat free mass 

index (FFMI), that vitamin D supplementation would improve blood lipids, and that both 

interventions would lower insulin and blood pressure.  

METHODS 

Study design and ethics 

The D-pro study was a 2×2-factorial randomized, controlled trial investigating effects of 

dairy protein and vitamin D on children’s bone health, growth, muscle function, body 

composition, and cardiometabolic health. The primary outcome, bone mineral density, has 

been reported previously (31), along with a detailed description of the study design, 

participants, recruitment, randomization, blinding, and the intervention, as well as 

measurements and results of compliance, dietary intake, and vitamin D status. A total of 200 

children were randomly allocated to a) substitute 260 g/d milk or yogurt in their diet with 

high-protein (HP) or normal-protein (NP) yogurt, and b) daily tablets with either 20 µg 

vitamin D3 or placebo. The intervention duration was 24 weeks (range: 21-26 weeks) during 

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/advance-article/doi/10.1093/ajcn/nqab424/6500190 by D

anish R
egions user on 12 January 2022



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

extended winter (October – April) at latitude 55°N (Denmark) to prevent cutaneous synthesis 

of cholecalciferol. Baseline measurements were performed in August–October 2019 and 

endpoint measurements in February–April 2020 at Department of Nutrition, Exercise and 

Sports, University of Copenhagen, Frederiksberg, Denmark. The study was conducted 

following the Declaration of Helsinki, approved by the Committees on Biomedical Research 

Ethics for the Capital Region of Denmark (no. H-19008199), and registered at 

clinicaltrials.gov (ID: NCT03956732) before recruitment was initiated.  

Participants and recruitment  

Children living in the Capital Region of Denmark were identified through the Danish Civil 

Registration System and invited to participate by postal invitation letters to the parents. If 

interested, a prescreening with a parent took place by phone, and the parents and children 

were subsequently invited for an information meeting. All custody holders provided written 

informed consent.  

Eligible children were 6 to 8 years old and had white skin since randomization of children 

with dark skin to placebo tablets would conflict with the national vitamin D 

recommendations at the time of the study. Skin color was based on if the child had been 

recommended a vitamin D supplement by the child’s general practitioner due to dark skin 

color. In cases of doubt, the clinically responsible physician of the trial assessed the child’s 

skin color. Children had to consume at least 250 mL of dairy products per day in their 

habitual diet. Moreover, families should not be planning a stay below a latitude of 50°N 

during the intervention period, and at least one parent should be able to read and speak 

Danish. Exclusion criteria were allergy or intolerance to milk or milk components, serious 

chronic illnesses, diseases, or medication that could affect study outcomes, and concomitant 

participation in other studies involving dietary interventions or blood sampling. Moreover, 

children could not use vitamin D-containing supplements >3 d/wk the last two months and no 

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/advance-article/doi/10.1093/ajcn/nqab424/6500190 by D

anish R
egions user on 12 January 2022

http://clinicaltrials.gov/


O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

vitamin D-containing supplements in the last month preceding intervention start. Only one 

child from each household was included, and if more than one child within a family was 

invited, the family decided who should participate. A flowchart is shown in Figure 1. 

Randomization and blinding 

Permuted block randomization of 12 children was used to assure approximately equal 

allocation to each of the four study groups. An impartial staff member produced a computer-

generated randomization list with 236 consecutive numbers, from which tablet bottles with 

the randomization numbers and sealed envelopes containing the dairy product allocation were 

created, as previously described (31). Randomization was not stratified due to the high 

number of participants.  

The tablet intervention was blinded to both investigators and participants. Due to the taste 

and texture of the yogurts, and since the study staff that performed the biomedical 

measurements also handed out the products, blinding of the yogurt intervention was not 

possible. However, the allocation was re-coded before analysis as an attempt to blind the 

investigators for the data analysis.  

Intervention and compliance 

All yogurt products were commercially available in Denmark. The HP yogurts were low-

fat ―skyr‖ with a protein content of 9-11 g/100 g, while the NP yogurts contained 3.0-3.9 g 

protein/100 g (31). Skyr is strained yogurt, similar to Greek yogurt, with a protein 

composition similar to that of NP yogurts. All yogurts were fermented with Streptococcus 

Thermophilus and Lactobacillus Bulgarius. Yogurts were provided free of charge in both 

unflavored and fruit-flavored variants in original packaging from Arla Foods amba. The 

target intake was 300 g/d, six days per week, corresponding to 260 g/d, which was to be 

substituted for the same amount of milk or yogurt in the child’s habitual diet. Therefore, the 

expected intake of protein from the yogurts was around 17 g/d higher in HP compared to NP, 
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corresponding to an around 25% increase in total protein intake for Danish children (32). 

Parents were given personalized suggestions on how to substitute the child’s habitual intake 

of dairy products with the intervention products, based on the specific child’s habitual milk 

and yogurt intake. Further, parents were instructed to record the daily yogurt intake in pre-

coded recording sheets, which were used to assess the daily intake (compliance) and 

macronutrient intake from the yogurts. Apart from the yogurts, parents were encouraged to 

maintain their child’s habitual dietary habits and participation in physical leisure activities 

during the study.  

Chewable vitamin D (Minisun®) and placebo tablets of identical taste and appearance 

were provided by Oy Verman Ab, Finland. Parents were supplied with a tablet bottle 

(containing a surplus of tablets) and a 7-d tablet dispenser and were instructed to provide the 

child one tablet per day in connection with a meal. The vitamin D content was 25±2 µg/tablet 

with no detectable vitamin D in the placebo tablets (31). Tablet compliance was assessed by 

count of leftover tablets and the recording sheets. The NP yogurts and placebo tablets were 

regarded as controls since Danish children typically have a dairy protein intake similar to the 

targeted intake in the NP groups, and since vitamin D supplements were not recommended to 

white children in Denmark at the time of the study.  

Household characteristics and pubertal stage  

Parental educational level was obtained from an electronic questionnaire at baseline. The 

children’s pubertal stage was self-evaluated using illustrations of pubic hair for males and 

breast development for females. Puberty was defined as Tanner stage 2-5 or having reached 

menarche in females (31).  

Dietary intake and physical activity 

Prior to the baseline and endpoint visits, parents completed a weighed, four-day dietary 

record in the web-based software Madlog (33) from which the child’s energy and 
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macronutrient intake was assessed, as previously described (31). A study investigator 

checked the dietary registrations, and if any abnormalities were present, clarification was 

obtained by dialogue with the parents. Information about the vitamin D and calcium intake 

the preceding month was obtained from an electronic, previously validated food frequency 

questionnaire at both visits (31).  

Physical activity (PA) was measured objectively by waterproof tri-axis AX3 

accelerometers (Axivity Ltd., Newcastle upon Tyne, United Kingdom) during seven 

consecutive days and eight nights prior to the baseline and endpoint visits. The accelerometer 

was attached to the child's non-dominant thigh with Fixomull tape (BSN Medical), as 

described elsewhere (34). Physical activity is presented as average counts per minute (CPM) 

from at least three valid (≥90% wear time) weekdays and one valid weekend day over an 18-

h time span from 6 AM to 12 AM. 

Anthropometry and body composition 

As previously described (31), body weight was measured to the nearest 0.1 kg in 

underwear after overnight fasting and emptying of the bladder using a Tanita BWB-800 

digital scale (Tanita, Amsterdam, Netherlands). Height was measured three times to the 

nearest 0.1 cm by a wall-mounted seca 216 stadiometer (seca, Hamburg, Germany) with the 

child's head in the Frankfurt plane. The mean of all three measurements was used. BMI was 

calculated as weight divided by mean height squared and age- and sex-adjusted BMI z-scores 

by using WHO AnthroPlus Software (version 1.0.4). Children were categorized as 

―underweight‖, ―normal-weight‖, or ―overweight or obese‖ following the criteria from the 

International Obesity Task Force described by Cole et al. (35,36). Waist circumference was 

measured three times to the nearest 0.1 cm at the umbilical level on exhalation while the child 

was standing up with the arms down the side, and the mean of all three measurements was 

used.  
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Fat mass and fat free mass were measured by dual-energy X-ray absorptiometry (DXA) 

scans using a GE Lunar Prodigy (GM Healthcare, Chicago, Illinois, USA) with GE 

Healthcare software version 17, SP1 (31). Scans were performed after a standardized 

breakfast in light clothes without metal and after emptying of the bladder. Fat mass index 

(FMI) and FFMI were calculated by dividing fat mass and fat free mass, respectively, with 

height squared.  

Blood pressure 

Systolic and diastolic blood pressure, as well as heart rate, were measured in the morning 

three times in the supine position after 10 minutes of rest using an automated device (Connex 

ProBP 3400 digital, Welch Allyn) with an appropriate cuff size. The children were instructed 

to lie still without talking, and the measurement was disrupted if the child did not comply 

with the instructions. The mean of all three measurements was used.  

Blood sampling and analysis 

A 30 mL blood sample was obtained by venipuncture after an overnight fast, as previously 

described (31). Lithium-heparinized and EDTA plasma samples for analyses of C-peptide 

and insulin, respectively, were kept on ice, whereas fluoride-citrate plasma and serum 

samples for analyses of glucose, lipids, and 25(OH)D, respectively, were left to coagulate for 

30 minutes at room temperature, before centrifugation at 2300 × g at 4
o
C for 10 minutes. 

Samples were stored at -80
o
C until analyses.  

Plasma glucose and serum triglycerides, total-C, high-density lipoprotein cholesterol 

(HDL-C), and LDL-C were analyzed using Pentra 400 (HORIBA ABX) and plasma C-

peptide using Immulite 2000 Xpi Systems Analyzer (Siemens Healthcare GmbH, Erlangen, 

Germany). Plasma insulin was analyzed using LIAISON
®
 XL Analyzer (DiaSorin, Saluggia, 

Italy) by Department of Clinical Biochemistry, Rigshospitalet, Glostrup, Denmark. HOMA-

IR was calculated as insulin (pmol/L) × glucose (mmol/L)/135. Serum 25(OH)D2 and 
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25(OH)D3 were analyzed by LC-MS/MS at University College Cork, Ireland (37), as 

previously described (31), and vitamin D deficiency and insufficiency were defined as total 

serum 25(OH)D <30 nmol/L and <50 nmol/L, respectively (38). For all analyses, the intra- 

and inter-assay coefficient of variation was <6% and <5%.  

Protocol changes during the national COVID-19 lockdown 

University of Copenhagen entered partial lockdown during the last three weeks of the 

study in spring 2020, due to the COVID-19 pandemic. As a consequence, the test protocol 

was reduced and therefore non-fasting visits without blood sampling were conducted in 25 

children, and blood pressure and waist circumference were not obtained from 60 children at 

endpoint (Figure 1). 

Sample size calculation 

The original sample size calculation for the D-pro trial was based on the primary outcome, 

bone mineral density. To detect an accretion difference of 0.0085 g/cm
2
 or 0.8 SD between 

any two groups during the intervention, n=49 completers were required in each group 

assuming a power of 0.80 and a significance level of 0.05 (31).  

Statistical analysis 

Data are presented as mean±SD, median [25
th

-75
th

 percentile], n (%), as appropriate. All 

analyses were conducted using Stata/IC 16.1 and included children with available data from 

both baseline and endpoint for the specific outcome. Statistical significance was established 

at P<0.05. Normal distribution of variables and model assumptions were evaluated visually 

by histograms and QQ-plots. Within-group changes from baseline to endpoint were tested 

with paired t-test. Baseline differences between completers and non-completers were tested 

with Pearson's chi-square, Wilcoxon rank-sum, or two-sample t-test, as appropriate.  

Effects of the intervention on changes in dietary intake, PA, body composition, and 

cardiometabolic outcomes were evaluated using two-way ANCOVA adjusted for baseline 
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values of the outcome. Since some children had non-fasting endpoint visits, BMI z-score 

models were further adjusted for fasting (yes/no). We assessed the combined effects of yogurt 

and vitamin D in a model with the interaction term yogurt × vitamin D with subsequent 

Bonferroni-corrected pairwise comparisons if interaction was found, and the main effects of 

yogurt and vitamin D in an additive model. Triglycerides, insulin, and HOMA-IR were log-

transformed before analyses to meet model assumptions. We further investigated potential 

dose-response relationships by linear regression analysis of change in outcome and change in 

total dairy protein intake, adjusted for tablet groups and baseline outcome and intake. In these 

analyses, no transformations were needed.  

To account for biological variation, secondary models were adjusted for age and sex, as 

well as baseline height in the models of blood pressure and heart rate. Further, we 

investigated whether the observed effects were mediated or confounded by changes in energy 

intake or PA, and in case of the cardiometabolic markers by BMI z-score or FMI. Additional 

adjustments for illness (n=13), as well as dietary records and PA measurements performed 

during the COVID-19 lockdown (n=59), did not change these findings. To check for 

consistency, per-protocol analyses were conducted with exclusion of those who reported 

breach of the protocol, either by commencement of non-study-related vitamin D 

supplementation (n=4) or having traveled south of 50°N (n=4) during the intervention. 

Finally, to assess whether sex was a modifier of the effects, the interaction terms yogurt × sex 

and vitamin D × sex were included in the additive models.  

RESULTS 

Study flow and baseline characteristics 

Of the 200 randomized children, 184 (92%) completed the study. The 16 non-completing 

children were evenly distributed between groups (P=0.47) (Figure 1), had slightly higher 

FFMI (P=0.02), and were mainly males (88%), but did not differ from completers with 
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regard to anthropometry, age, parental education, FMI, or cardiometabolic outcomes 

(P>0.05). Completing children had a median [25
th

-75
th

 percentile] age of 7.7 [7.0-8.2] years, 

most children had normal weight (79%) and at least one parent with a bachelor’s degree or 

higher (85%), and very few children (4%) had entered puberty (Table 1). As previously 

reported, no participants reported severe adverse events during the intervention (31). 

Compliance, dietary intake, and physical activity 

Tablet compliance was 95 [90-98]% with no difference between the tablet groups 

(P=0.37). As previously described  (31), baseline serum 25-hydroxyvitamin D was 80.8±17.2 

nmol/L (Table 1), and the majority (97%) had serum 25(OH)D ≥50 nmol/L at baseline. At 

endpoint, all vitamin D supplemented children had serum 25(OH)D above 50 nmol/L  

(88.7±17.6 nmol/L), while 59% of children randomized to placebo had concentrations below 

50 nmol/L (48.4±13.2 nmol/L). Yogurt compliance was 94 [78-102]% and 100 [91-104]% in 

the HP and NP groups (P=0.005 between groups). Total dairy protein intake was 3.7 [2.5-5.1] 

E% at baseline, which increased almost 2-fold in the HP groups to 7.2 [4.7-8.8] E% and only 

minimally in the NP groups to 4.2 [3.1-5.3] E% (P<0.001 between groups). As previously 

reported (31), total protein intake was 15.4±2.4 E% at baseline, which remained at 15.9±2.5 

E% with NP and increased to 18.3±3.4 E% with HP. This was mainly at the expense of fat 

intake, while energy and sugar intake was similar and unchanged in all groups. At endpoint, 

all groups were less physically active based on accelerometer data compared to baseline (-

13.7 [-24.5-3.7]%, P<0.001), as expected when transitioning from summer to winter (39), 

and changes in PA did not differ between groups (P=0.77).  

Body composition and cardiometabolic markers 

There was a yogurt × vitamin D interaction effect on plasma glucose, as the NP-vitamin D 

group had 0.18 mmol/L (95% CI 0.01, 0.34 mmol/L) higher glucose than the NP-placebo and 

0.18 mmol/L (95% CI 0.01, 0.35 mmol/L) higher than HP-vitamin D groups (Table 2), due 
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to an increase in the NP-vitamin D group (P<0.001) and no change in the other groups (all 

P>0.3). This was consistent in covariate-adjusted and per-protocol analysis. We found no 

interaction effects on any other outcome (Table 2). 

The yogurt intervention per se resulted in a lower FMI increase with HP compared to NP 

(P=0.037), and the same pattern was seen for insulin, HOMA-IR, and C-peptide, although 

this did not reach statistical significance (all P=0.06) (Table 2, Figure 2). Adjustment for 

change in PA attenuated the effect on FMI (P=0.18), but this adjustment also reduced sample 

size to n=149. In addition, the results for the insulin measures were attenuated when adjusted 

for change in FMI (P>0.1), indicating a mediating effect of changes in FMI on the insulin 

measures. Regression analyses showed a negative dose-response association between change 

in dairy protein intake (g/kg body weight/d) and change in FMI (β: -0.19, 95% CI: -0.33, -

0.041 kg/cm
2
, P=0.012), as well as insulin (β: -14.1, 95% CI: -23.3, -4.8 pmol/L, P=0.003), 

HOMA-IR (β: -0.57, 95% CI: -0.93, -0.21, P=0.002), and C-peptide (β: -65, 95% CI: -106, -

25 pmol/L, P=0.002) (Supplementary figure 1). In per-protocol analyses, the effect of the 

protein intervention on FMI remained, and the effect sizes for insulin, HOMA-IR, and C-

peptide increased and became significant (all P<0.05). 

The vitamin D supplemented groups had reduced total-C, LDL-C, and total:HDL-C 

compared to the placebo groups, which was mainly due to an increase in the placebo groups 

(Table 2, Figure 3). Triglycerides showed the same pattern but did not reach statistical 

significance (Table 2). Per-protocol analyses or adjustments for age, sex, and changes in 

energy intake, PA, BMI z-score, and FMI did not change these results.  

BMI (Table 2, Figure 2), blood pressure (data not shown), and WC (data not shown) were 

unaffected. Sex was not a modifier of any of the effects (data not shown). 

DISCUSSION 

We showed that intake of yogurt with a high protein content counteracted the increase in 
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FMI that was observed with intake of regular yogurt in healthy 6-8-y-old children. Results for 

insulin, HOMA-IR, and C-peptide showed the same pattern but did not reach statistical 

significance. Contrary to our hypothesis, FFMI was not affected. Confirming our hypothesis, 

a winter vitamin D supplement of 20 µg/d, which maintained vitamin D sufficiency, 

counteracted the increase in total-C, LDL-C, and total:HDL-C that was observed with no 

supplement. Finally, combined intake of regular protein yogurt and vitamin D increased 

blood glucose. 

The changes in FMI and the insulin measures that appeared with high compared to normal 

dairy protein intake were consistent and were dose-dependent, which may indicate causality.  

Also, the effects on the insulin measures became significant in per-protocol analyses and 

were attenuated after adjustment for change in FMI. Since there was no effect on height (31), 

this indicates that the effects may be mediated by the change in fat mass. Our results 

correspond well with findings in children of obese parents, where HP diets reduced serum 

insulin and HOMA-IR (8). Further, meta-analyses have shown that higher compared to lower 

protein diets reduced body weight (9,40,41), BMI (9), fat mass (40,41), and serum insulin 

(9,41,42) in adults. Contrarily, high protein intake during the first year of life has been 

associated with higher fat mass, BMI, and risk of later obesity (12,13), indicating that 

different nutrition-growth mechanisms are in play during different periods of life.  

Possible mechanistic links between protein intake and body composition could be the 

satiating effect of dairy protein (43) and the high calcium content of dairy products that may 

increase lipolysis and fecal fat excretion (44,45). In our study, the HP and NP groups did not 

differ significantly in energy intake, but the HP groups had a numerically 200 kJ/d lower 

intake than the NP groups, possibly indicating a satiating effect, which over time may have 

reduced fat mass accumulation. Since calcium intake did not differ between groups, calcium 

is unlikely to be responsible for the effects. To energy match the yogurts, NP yogurts 
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contained more sugar and fat than HP yogurts, but total sugar intake did not differ between 

groups, and adjustment for fat intake did not change the observed effects on FMI. The PA-

adjusted attenuation of the dairy protein effect on FMI may have been due to reduced power 

since PA data were missing from 35 children, and subgroup analysis based on the children 

with complete PA data did not change the effect size for FMI.   

The difference in FMI was due to a 4% increase in the NP groups with little change in the 

HP groups. It may be questioned whether this relatively small effect after 24 weeks affects 

long-term health, but if sustained over time, even small changes may influence the risk of 

lifestyle diseases at a population level. Curiously, the effect of the high protein intake was 

evident although compared to an already sufficient protein intake of 15 E% (46). In contrast 

to our hypothesis, the yogurt intervention did not affect fat free mass, possibly because the 

habitual protein intake of 2.2±0.5 g protein/kg body weight/d was sufficient to support fat 

free mass accretion. In line with this speculation, a meta-analysis suggests that a protein 

intake above 1.6 g/kg/d (95% CI: 1.0, 2.2) does not lead to further increase in fat free mass 

during resistance training in adults (47). This suggests an upper threshold above which 

additional protein intake does not stimulate further fat free mass growth. Whether such a 

threshold exists in healthy children remains to be elucidated. Other explanations for the null 

results include factors such as PA, energy balance, growth spurts, etc. being more important 

than additional dietary protein in this population.  

To our surprise, higher plasma glucose was seen with NP and vitamin D combined. The 

four groups had similar glucose concentrations at baseline, and the effect was not confounded 

by higher baseline BMI in the NP-vitamin D group compared to the other groups. The finding 

is thus hard to explain, but since all children had fasting glucose within the normal range, the 

clinical relevance of this result may be negligible.  

Vitamin D supplementation maintained sufficiency in all children, whereas more than half 
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of children in the placebo groups became insufficient during the extended winter. The 

vitamin D supplementation prevented the rise in total-C, LDL-C, and total:HDL-C that was 

seen in the placebo groups. The effects were robust across analyses and seen with a dose that 

was modest compared to most previous supplementation studies (26,27). However, 20 µg/d 

corresponds to 1-2 times the current recommended dietary vitamin D allowance for children 

in the Nordic countries (48) and the US (49). The 0.19 mmol/L reduction in LDL-C would 

translate to an estimated 4% reduction in CVD risk if sustained over time (50), which is 

noteworthy in healthy children. The results are in line with those of a recent meta-analysis in 

adults that showed a standardized mean difference between vitamin D and placebo arms of -

0.17 and -0.12 in total-C and LDL-C (51). In our study, the effect size was similar for total-C 

(-0.21) and more than twice as high (-0.28) for LDL-C. Yet, our results are in contrast with a 

meta-analysis from our group showing that in children, vitamin D supplementation resulted 

in 0.11 mmol/L higher LDL-C compared to control, although such an effect was only seen in 

a single study (27). More recent studies including either 5-7-y-old vitamin D-sufficient 

Swedish children (28) or vitamin D-deficient American adolescents with overweight (26) 

showed no effects of vitamin D supplementation of 10-50 µg/d on serum lipids. The 

divergent findings may be related to initial vitamin D status, sunlight exposure (i.e. latitude 

and season), age, and weight status of the children, as well as supplementation strategy.  

It is unclear how vitamin D may affect cholesterol profile and metabolism. In rats, vitamin 

D deficiency was shown to increase liver concentrations of total-C and LDL-C (25). 

Cholesterol catabolism and excretion were unaffected, suggesting that synthesis was 

increased, which the authors suggested was due to reduced vitamin D receptor (VDR) activity 

(25). This could be a potential mechanism in our study where serum total-C and LDL-C were 

maintained in the vitamin D groups and rose in the placebo groups. In line with this, VDR 

activation in the liver has been shown to lower both liver and serum cholesterol in mice (52). 
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The underlying mechanism may be that VDR activation leads to increased activation of the 

enzyme Cyp7a1, a catalyzer for the initial step in the conversion of cholesterol to bile acids 

with reduced serum cholesterol as a result (52). However, this needs further elucidation. 

Strengths of our study include the blinded tablet design with a placebo control group and 

minimal dermal vitamin D synthesis due to the winter design. The study had low drop-out, 

good compliance with both yogurts and tablets, and PA was objectively measured by use of 

accelerometry, regarded as the gold standard method. We included a broad panel of markers 

reflecting cardiometabolic health. Bonferroni correction was only applied to post hoc analysis 

of interactions and not for multiple testing across outcomes since this would have been too 

conservative because the outcomes were highly correlated (53). Instead, we interpreted our 

results with caution and checked for consistency. It was not possible to blind the yogurts due 

to taste and texture differences, but the outcomes were objectively measured, and the 

investigators were blinded during data analysis. Our study population was representative of 

North-European children with regards to the prevalence of overweight (54) and lipid profile 

(55). However, since our study population was characterized by having white skin and 

predominantly normal-weight without dyslipidemia, other studies are needed to assess the 

effects in children with dark skin or obesity.  

In conclusion, we found that high compared to normal dairy protein intake counteracted an 

increase in FMI and tended to improve insulin markers in healthy, mainly normal-weight 

children, whereas FFMI was not affected. Also, vitamin D supplementation during extended 

winter improved the children's cholesterol profile compared to placebo. Surprisingly, intake 

of regular protein yogurt combined with vitamin D increased blood glucose, whereas blood 

pressure was unaffected. Our study contributes to the limited evidence on the effects of dairy 

protein intake in healthy children and supports recommendation of vitamin D intakes to 

maintain sufficient serum 25(OH)D in children. The long-term implications for future risk of 
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overweight and lifestyle diseases need further investigation. 
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TABLE 1: Baseline characteristics of completing children (n=184) in the four study groups
1
 

 Placebo tablets Vitamin D tablets 

 HP yogurt NP yogurt HP yogurt NP yogurt 

n 45 49 44 46 

Sex, male, n (%) 21 (47%) 22 (45%) 23 (52%) 17 (37%) 

Age (y) 7.6 [6.9-8.3] 7.6 [7.0-8.2] 7.8 [7.3-8.3] 7.6 [7.0-8.2] 

Puberty
2
, have entered, n (%) 2 (4%) 0 (0%) 1 (2%) 4 (9%) 

Parental education, n (%)     

≤ Vocational or short 

academic 

6 (13%) 10 (20%) 6 (14%) 5 (11%) 

≥ Bachelors’s degree 39 (87%) 39 (80%) 38 (86%) 41 (89%) 

Height (cm) 128.4±6.8 129.3±7.5 130.6±7.2 130.5±6.5 

Weight (kg) 26.2±4.9 26.7±5.4 26.7±4.3 28.3±5.3 

BMI-for-age z-score -0.06±1.06 -0.02±1.09 -0.14±0.77 0.36±1.07 

Weight category
3
, n (%)     

Underweight 5 (11%) 5 (10%) 1 (2%) 4 (9%) 

Normal weight 34 (76%) 37 (76%) 41 (93%) 34 (74%) 

Overweight or obesity 6 (13%) 7 (14%) 2 (5%) 8 (17%) 

Physical activity, (CPM)
4
 1254±286 1301±281 1276±340 1275±276 

Dietary intake     

Energy intake (kJ/d)
5 

6289±1431 6523±1128 7273±1499 6738±1252 

Protein intake (E%)
5 

15.5±2.5 15.2±2.3 15.6±2.3 15.7±2.5 

Carbohydrate intake (E%)
5 

52.6±4.7 54.5±5.0 52.2±4.6 54.6±4.2 

Fat intake (E%)
5 

31.9±4.7 30.4±4.5 32.3±4.4 29.7±4.3 

Calcium intake (mg/d)
6 

784 [529-1053] 906 [674-1291] 954 [736-1217] 917 [683-1272] 

Vitamin D intake (µg/d)
6 

2.6 [1.5-3.8] 2.3 [1.4-3.7] 2.3 [1.4-4.8] 2.6 [1.7-3.6] 

Serum 25(OH)D (nmol/L)
7 

80.2±19.7 78.0±17.6 80.5±14.3 81.4±18.3 
 

1 
Values are mean±SD, median [25

th
-75

th
 percentile], or n (%). 25(OH)D, 25-hydroxyvitamin D; BMI, 

body mass index; CPM, counts per minute; E%, energy percentage; HP, high-protein; NP, normal-protein. 
2 
Puberty was evaluated by a self-administered 5-point scale (Tanner stages) on breast development for 

females and pubic hair for males. The first answer on the scale was defined as ―not entered puberty‖ and all 

answers from 2 to 5 or females having reached menarche were categorized as ―have entered puberty‖.  
3 
BMI is categorized by age- and sex-specific cutoffs defined to pass through BMI 18.5, 25.0, and 30.0 

kg/m
2
 at age 18 y. 

4
 Measured by accelerometry; n=172 (n=44, n=43, n=43 and n=42 in the HP-placebo, NP-placebo, HP-

vitamin D, and NP-vitamin D groups, respectively) 
5 
From four-day dietary recording 

6 
From food frequency questionnaire 

7 
From fasting blood sample; missing data due to unsuccessful or insufficient blood sampling; n=148 

(n=41, n=48, n=43 and n=46 in the HP-placebo, NP-placebo, HP-vitamin D, and NP-vitamin D groups, 

respectively).
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TABLE 2: Body composition and cardiometabolic markers in the four study groups
1
 

  Placebo tablets Vitamin D tablets Yogurt × 

Vitamin D 

Yogurt Vitamin D 

  HP yogurt NP yogurt HP yogurt NP yogurt P
2
 HP vs. NP

3
 Vitamin D vs. placebo

3
 

n
4 

 45 49 44 46    

BMI z-score Baseline -0.06±1.06 -0.02±1.09 -0.14±0.77 0.36±1.07    

 Endpoint -0.05±1.12 -0.00±1.09 -0.12±0.82 0.50±1.05    

 Change 0.02±0.26 0.02±0.31 0.02±0.32 0.13±0.31 P=0.19 0.060 (-0.15, 0.029) 

P=0.16 

0.064 (-0.024, 0.15) 

P=0.15 

FFMI (kg/m
2
) Baseline 11.76±0.90  11.71±0.89  11.88±0.93  12.15±0.94    

 Endpoint 11.84±0.88 11.73±0.97 11.92±0.93 12.23±0.95    

 Change 0.07±0.34 0.02±0.35 0.04±0.30 0.08±0.35 P=0.28 -0.004 (-0.10, 0.093) 

P=0.93 

0.029 (-0.069, 0.13) 

P=0.56 

FMI (kg/m
2
) Baseline 4.36±1.41 4.49±1.62 4.11±1.16 4.77±1.70    

 Endpoint 4.43±1.54 4.60±1.70 4.15±1.21 5.04±1.83    

 Change 0.070±0.36 0.11±0.38 0.039±0.35 0.28±0.47 P=0.12 -0.12 (-0.24, -0.0075) 

P=0.037 

0.071 (-0.043, 0.18) 

P=0.22 

Glucose (mmol/L) Baseline 4.95±0.43 4.99±0.18 4.95±0.26 4.85±0.34    

 Endpoint 5.02±0.36 4.95±0.34 4.93±0.25 5.07±0.26    

 Change 0.06±0.36
a,b 

-0.03±0.35
a,c 

-0.02±0.29
a,c 

0.22±0.30
b 

P=0.005 -0.052 (-0.14, 0.039) 

P=0.26 

0.055 (-0.037, 0.15) 

P=0.24 

Insulin (pmol/L)
5
 Baseline 24.5 [19.0-36.0] 24.0 [17.0-35.0] 28.0 [21.0-37.5] 27.0 [17.0-41.0]    

 Endpoint 30.0 [24.0-54.0] 32.0 [24.0-49.0] 25.5 [19.5-41.5] 36.0 [27.0-56.0]    

 Change 3.5 [-3.0-14.0] 7.0 [-3.0-28.1] 3.5 [-9.0-10.0] 13.0 [-0.4-27.0] P=0.16 -5.9 (-12.1, 0.28) 

P=0.061 

-1.5 (-7.7, 4.7) 

P=0.63 

HOMA-IR
5
 Baseline 0.91 [0.65-1.42] 0.87 [0.62-1.34] 1.00 [0.79-1.38] 0.98 [0.53-1.66]    

 Endpoint 1.10 [0.88-2.18] 1.16 [0.82-1.80] 0.88 [0.69-1.48] 1.32 [0.97-1.99]    

 Change 0.14 [-0.14-0.59] 0.23 [-0.13-1.12] 0.08 [-0.35-0.36] 0.47 [-0.00-1.02] P=0.11 -0.23 (-0.48, 0.014) 

P=0.064 

-0.037 (-0.28, 0.21) 

P=0.77 

C-peptide (pmol/L) Baseline 228±85 215±79 236±81 233±91    

 Endpoint 269±98 286±178 259±108 303±133    

 Change 41±79 70±159 23±102 70±121 P=0.60 -36 (-75, -2) 

P=0.063 

-5 (-43, 33) 

P=0.80 

Total-C (mmol/L) Baseline 3.92±0.65 3.82±0.54 3.74±0.76 3.88±0.84    
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 Endpoint 4.17±0.77 4.03±0.63 3.76±0.49 4.02±0.89    

 Change 0.24±0.50 0.21±0.36 0.02±0.60 0.14±0.33 P=0.17 -0.049 (-0.19, 0.093) 

P=0.50 

-0.15 (-0.29, -0.0098) 

P=0.036 

HDL-C (mmol/L) Baseline 1.42±0.25 1.42±0.26 1.48±0.24 1.43±0.26    

 Endpoint 1.39±0.26 1.44±0.29 1.50±0.26 1.47±0.26    

 Change -0.03±0.20 0.02±0.16 0.01±0.26 0.04±0.17 P=0.54 -0.030 (-0.091, 0.032) 

P=0.34 

0.036 (-0.025, 0.097) 

P=0.25 

LDL-C (mmol/L) Baseline 2.27±0.59 2.18±0.44 2.00±0.65 2.23±0.84    

 Endpoint 2.51±0.62 2.33±0.53 1.99±0.46 2.28±0.89    

 Change 0.24±0.44 0.15±0.33 -0.01±0.48 0.05±0.25 P=0.10 0.0019 (-0.12, 0.12) 

P=0.98 

-0.19 (-0.31, -0.065) 

P=0.003 

Total:HDL-C Baseline 2.82±0.57 2.76±0.48 2.54±0.46 2.82±0.93    

 Endpoint 3.05±0.63 2.87±0.53 2.57±0.47 2.82±0.85    

 Change 0.22±0.44 0.11±0.37 0.02±0.41 0.00±0.28 P=0.21 0.047 (-0.070, 0.16) 

P=0.43 

-0.17 (-0.28, -0.051) 

P=0.005 

Triglycerides 

(mmol/L)
5
 

Baseline 0.47 [0.41-0.66] 0.49 [0.41-0.60] 0.52 [0.38-0.63] 0.48 [0.43-0.64]    

 Endpoint 0.66 [0.47-0.70] 0.58 [0.46-0.80] 0.48 [0.39-0.65] 0.55 [0.45-0.67]    

 Change 0.07 [-0.03-0.18] 0.07 [-0.05-0.23] 0.02 [-0.12-0.07] 0.06 [-0.06-0.15] P=0.57 -0.094 (-0.21, 0.023) 

P=0.12 

-0.10 (-0.22, 0.016) 

P=0.092 
 

1 
Values are presented as mean±SD or median [25

th
-75

th
 percentile]. All complete cases are included. Pairwise comparisons were conducted for significant interactions, 

and superscripts indicate differences between groups. BMI, body mass index; C, cholesterol; FFMI, fat free mass index; FMI, fat mass index, HDL, high-density lipoprotein; 

HOMA-IR, homeostasis model assessment of insulin resistance; HP, high-protein; LDL, low-density lipoprotein; NP, normal-protein. 
2 
P-values are from the treatment interaction term in two-way ANCOVA adjusted for baseline of the outcome. BMI z-score was further adjusted for fasting (yes/no). 

P<0.05 was considered statistically significant. 
3 
Main effects of vitamin D and yogurt are presented as estimated between-group differences (95% CI) obtained from the same, additive two-way ANCOVA models 

adjusted for baseline of the outcome. BMI z-score was further adjusted for fasting (yes/no). P<0.05 was considered statistically significant. 
4
 n represents maximal number. For blood markers, data is missing due to unsuccessful or insufficient blood sampling and the COVID-19 lockdown; n=33-34, n=39-41 

n=35-36, and n=41 in the HP-placebo, NP-placebo, HP-vitamin D, and NP-vitamin D group, respectively.   
5
 Insulin, HOMA-IR, and triglycerides were log-transformed in the models, but the presented model estimates are back-transformed (56). 
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Figure 1: Flowchart. BMI, body mass index; HP, high-protein; NP, normal-protein. 
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Figure 2: Changes (mean and 95% CI) in body composition (A-C, n=184) and markers of 

insulin resistance (D-F, n=151-152) from baseline to endpoint in HP (■) and NP (□) groups. 

P values represent between-group differences from two-way ANCOVA adjusted for baseline 

of the outcome and vitamin D group. FFMI, fat free mass index; FMI, fat mass index; 

HOMA-IR, homeostasis model assessment of insulin resistance; HP, high-protein; NP, 

normal-protein. 
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Figure 3: Changes (mean and 95% CI) in cholesterol concentrations from baseline to 

endpoint in vitamin D (●) and placebo groups (▼), n=148 for all. P values represent between-

group differences from two-way ANCOVA adjusted for baseline of the outcome and yogurt 

group. C, cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein.  
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