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Abstract

Recent studies provide evidence that insulin-like-growth-factor I (IGF-I) and its binding proteins (IGFBP) IGFBP-2 and

IGFBP-3 are related to the risk of several common cancers. It remains to be clarified whether their concentrations can be

programmed by protein intake from different sources during growth. This study addressed the hypothesis that animal

protein intakes during infancy, mid-childhood, and adolescence differ in their relevance for the growth-hormone (GH)-IGF-I

axis in young adulthood. Data from the Dortmund Nutritional and Anthropometric Longitudinally Designed Study

participants with at least 2 plausible 3-d weighed dietary records during adolescence (age: girls, 9–14 y; boys, 10–15 y;

n = 213), around the adiposity rebound (age 4–6 y; n = 179) or early life (age 0.5–2 y; n = 130), and one blood sample in

young adulthood were included in the study. Mean serum concentrations of IGF-I, IGFBP-1, IGFBP-2, and IGFBP-3 were

compared between tertiles of habitual animal protein intake using multivariable regression analysis. Habitually higher

animal protein intakes in females during puberty were related to higher IGF-I (P-trend = 0.005) and IGFBP-3 (P-trend =

0.01) and lower IGFBP-2 (P-trend = 0.04), but not to IGFBP-1 in young adulthood. In turn, IGF-I concentrations in young

adulthood were inversely related to animal protein intakes in early life amongmales only (P-trend = 0.03), but not to animal

protein intake around adiposity rebound (P-trend > 0.5). Our data suggest that, among females, a habitually higher animal

protein intake during puberty may precipitate an upregulation of the GH-IGF-I axis, which is still discernible in young

adulthood. By contrast, amongmales, higher animal protein intakes in early life may exert a long-term programming of the

GH-IGF-I axis. J. Nutr. 143: 1147–1154, 2013.

Introduction

The growth hormone (GH)10-insulin-like-growth-factor I (IGF-
I) axis plays a central role in cell proliferation and apoptosis (1)
and has been related to different cancers (2,3). The bioavaila-
bility of IGF-I is determined by its binding proteins (IGFBP),
with IGFBP-1 and IGFBP-3 limiting its acute and longer term

bioavailability. Furthermore, IGFBP-3 and IGFBP-2 concentra-
tions are inversely associated with cellular proliferation and

apoptosis independently of IGF-I (4,5), whereas lower IGFBP-2

concentrations are also considered to reflect a lower long-term

insulin sensitivity (4).
Several recent cross-sectional studies in adults suggest that

high protein intakes, particularly animal protein, are related to

higher IGF-I (6–8) and IGFBP-3 concentrations (7) and that the

source of animal protein is an important determinant of IGF-I

levels, with most studies pointing to dairy products or milk

(6,7,9) and others to meat (8,10).
The IGF system has a central role in the regulation of fetal

and childhood growth and metabolism (11). Hence, it is plau-

sible to assume that protein intake in childhood in particular

may be related to the GH-IGF-I axis. Indeed, a number of inter-

vention studies in children showed a relation between higher
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milk intake and higher IGF-I (12–14) and IGFBP-3 (13) concen-
trations. However, not all studies confirmed the association with
IGF-I concentrations (14,15). Only 2 prospective studies have
addressed the long-term relevance of (animal) protein intake
during growth and/or its sources in relation to the GH-IGF-I
axis. Ben-Shlomo et al. (16) and Martin et al. (17) found an
inverse association between milk intakes in early childhood and
IGF-I concentrations in young adulthood (16) and older age
(17). The authors proposed that this inverse relation reflects an
early programming of the GH-IGF-I axis in response to higher
(animal) protein intakes in early life. Hence, early pituitary
resetting in response to higher ambient IGF-I concentrations
may occur, which would ultimately result in an inverse associ-
ation between animal protein in early life and IGF-I concen-
trations in young adulthood. However, prospective evidence
covering different, potentially critical, developmental periods is
lacking to unravel whether such an inverse association between
animal protein intake and the GH-IGF-I axis is confined to
early life.

The main hypothesis of this study is that consumption of
animal protein and its components (i.e., meat and dairy protein)
during puberty, a period when the GH-IGF-I axis undergoes
major changes, is of prospective relevance for IGF-I and its
binding proteins in young adulthood. Because a reversal in the
long-term relation between animal protein and the GH-IGF-I axis
has been proposed, an additional aim was to examine whether
animal protein intakes in early life or around the adiposity re-
bound are inversely related to IGF-I concentrations in young
adulthood.

Methods

Study population. The Dortmund Nutritional and Anthropometric
Longitudinally Designed (DONALD) Study is an ongoing, open cohort

study conducted at the Research Institute of Child Nutrition in Dortmund,

Germany. Details on this study were previously described (18). In brief,

since recruitment began in 1985, detailed data on diet, growth, develop-
ment, and metabolism from infancy to adulthood have been collected

from >1300 healthy children. Every year, a mean of 40 infants are newly

recruited and first examined at the age of 3 mo. Each child returns for 3

more visits in the first year, 2 in the second, and then once annually until
adulthood. Since 2005, participants $18 y of age are invited for sub-

sequent examinations with fasting blood withdrawal. The study was

approved by the Ethics Committee of the University of Bonn and all
examinations are performed with parental and adult participants� consent.

Because of the open cohort design, many participants have not yet

reached young adulthood. Among those who did, age varied from 18 to

36 y. For 308 participants who were term (36–43 wk gestation) single-
tons with a birth weight $2500 g, one measurement of IGF-I and

IGFBP-3 was available. Of these, 222 participants had provided at least

2 plausible 3-d weighed dietary records during adolescence (age: girls,

9–14 y; boys, 10–15 y), describing habitual dietary intake during puberty.
Participants who had consistently underreported energy intake during

puberty (i.e., all food records were implausible or they had provided more

implausible than plausible food records) were excluded from the analysis
(n = 18). A 3-d weighed dietary record was considered plausible when the

total recorded energy intake was adequate in relation to the estimated

BMR using modified age-dependent cutoffs from Goldberg et al. (19). For

boys and girls aged 14 y and older, a ratio between reported energy intake
and basal metabolic rate <1.07 and 0.97, respectively, was considered

implausible. For boys and girls younger than 14 y, the cutoffs were 1.04

and 1.01, respectively (20). Furthermore, participants had to have

anthropometric data available at the beginning of puberty and young
adulthood and information on relevant covariates such as early life and

socioeconomic factors. This resulted in final samples of 213 (55.4%

females). Overall analyses are based on 1131 records (i.e., 2–6 records/

participant; mean = 5).

Among participants with a blood sample available in young adult-

hood, 130 and 179 had provided a minimum of 2 plausible, 3-d weighed

dietary records during early life (age 0.5–2 y) and around adiposity
rebound (age 4–6 y), respectively. IGFBP-1 and IGFBP-2 measurements

were missing for a few individuals, resulting in slightly lower sample

sizes for these outcomes (see tables).

Clinical measurements and calculations. Venous blood samples were

drawn after an overnight fast. Blood samples were frozen at 280�C and

then shipped to the Laboratory for Translational Hormone Analytics in

Pediatric Endocrinology at the University of Giessen. Serum samples
were analyzed for IGF-I and IGFBP-3 using an RIA according to Blum

et al. (21) and for IGFBP-2 and IGFBP-1 with an ELISA (Mediagnost,

Germany, lot 061010 and lot 050910), respectively.

Anthropometric measurements and calculations. Participants are

measured at each visit according to standard procedures with the par-

ticipants dressed in underwear only and barefoot. From the age of 2 y

onward, standing height is measured to the nearest 0.1 cm using a digital
stadiometer (Harpenden). Body weight is measured to the nearest 100 g

using an electronic scale (Seca 753E; Seca Weighing and Measuring

Systems). Skinfold thicknesses are measured from the age of 6 mo on-

ward at 4 different sites (supra-iliacal, subscapular, biceps, and triceps)
on the right side of the body to the nearest 0.1 mm using a Holtain

caliper (Holtain). The 3 trained nurses who perform the measurements

undergo an annual quality control conducted in 6–8 healthy young adult
volunteers.

Sex- and age-independent SD scores were calculated for BMI (kg/m2)

at baseline using the German reference curves for BMI (22). Percentage

body fat was derived using equations of Slaughter et al. (23) for pubes-
cent children, which includes triceps and subscapular skinfolds. From

this, fat mass index and fat-free mass index (FFMI) were calculated as

weight3 percentage body fat/height2 and [weight2weight3 percentage

body fat]/height2, respectively.

Nutritional assessment. Food consumption in the DONALD Study is

assessed annually using 3-d weighed dietary records. All foods and

beverages as well as leftovers consumed are weighed and recorded to the
nearest 1 g for 3 d using electronic food scales (initially Soehnle Digita

8000, Leifheit; now WEDO digi 2000, Werner Dorsch). For this ana-

lysis, dietary variables were calculated as individual means of the 3-d
weighed dietary records using LEBTAB (18), the in-house database that

is continuously updated to include all recorded food items. LEBTAB is

based on the German standard food tables (24) and data obtained from

commercial food products (25). With regard to breastfeeding, test
weighing is performed (i.e., weighing the infant before and after each

meal) to the nearest 10 g with the use of an infant-weighing scale

(Soehnle multina 8300) (25). In this analysis, 5% was added to the test

weighing results to account for insensible water losses (26).
To examine food groups providing animal protein in more detail, all

recorded foods were assigned to the respective food groups, i.e., meat

products, dairy products, and miscellaneous. Animal protein did not
include protein from human milk.

Statistical analysis. All statistical analyses were carried out using SAS

procedures (version 9.1.3, SAS Institute). P < 0.05 was considered
significant.

Baseline characteristics are presented in sex-specific and energy-

adjusted tertiles of dietary animal protein intake (T1-–T3). Tests for

differences were performed across the tertiles of dietary animal protein
intake using ANOVA for normally distributed continuous variables,

Kruskal-Wallis test for non-normally distributed continuous variables,

chi-square test for categorical variables, and Fisher�s exact test for
categorical variables if 50% of cells had expected counts less than

frequencies <5.

Multiple linear regression analysis was used to analyze the potential

relation of dietary animal intake during puberty to concentrations of
IGF-I, IGFBP-1, IGFBP-2, and IGFBP-3 in young adulthood. Because the

outcome variables were not normally distributed, IGF-I and IGFBP-2

were transformed prior to analysis using the square root, and IGFBP-1 and

1148 Joslowski et al.
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IGFBP-3 were log-transformed to obtain normal distribution. Back-

transformed data are presented for ease of interpretation. All dietary
variables were energy adjusted using the residual method (27). To account

for age-dependent changes in intake, all variables were standardized by age

group and sex (mean = 0, SD = 1).

For this analysis, the following covariates were considered as poten-
tially confounding factors: birth weight and length appropriate for ges-

tational [yes/no, defined as birth weight and birth length between the

10th and 90th percentiles of the German sex-specific birth weight and
height-for-gestational age curves (28)], full breastfeeding for >2 wk (yes/

no), maternal or paternal overweight status (BMI $25 kg/m2, yes /no),

high maternal or paternal educational status ($12 y of schooling, yes

/no), maternal or paternal occupation (whether parents were employed,
yes/no), smokers in the household (yes/no), and FFMI at the beginning of

puberty. The basic model considers age in young adulthood only (model

A). In the next step, each potential confounder was initially considered

separately, yet only covariates that substantially affected the associations
between animal protein intakes and parameters of the GH-IGF-axis (by

~10% or more) were included in model B. To explicitly assess the effect

of substituting animal for plant protein, we ran an additional model that
included total energy and all energy-bearing macronutrients except plant

protein (i.e., total fat, total carbohydrate, animal protein in percent energy).

The coefficient (b) obtained for animal protein then reflects the effect of

substituting animal for plant protein, because total energy, fat, and carbo-
hydrates are held constant (27). Similar models were run to address sub-

stitution of animal protein for carbohydrates or fats.

All analyses were stratified by sex based on the following consider-

ations: 1) the association between animal protein intake during puberty
and our main outcome, i.e., IGF-I concentrations, differed between

males and females (P-interaction < 0.1); 2) stratified analyses revealed

that the relevance of the investigated exposure-outcome relations con-

sistently differed between genders; and 3) both growth and IGF-I con-
centrations are known to differ between genders (29,30), supporting the

biological plausibility of stratification. A similar approach was used to

analyze the potential relation of dietary animal protein intake in early

life and around adiposity rebound to IGF-I concentrations in young
adulthood. All models conform to the assumptions of linear regression

models (linearity, normality and homoscedasticity of residuals, absence

of multicollinearity).

Results

The characteristics of participants in this study at the beginning
of puberty are presented in tertiles of dietary animal protein
intake during puberty (Table 1). Females and males in the
highest tertile of dietary animal protein intake were more likely
to have had a higher BMI-SD score and a higher FFMI at the
beginning of puberty. Males in the middle tertile of dietary
animal protein intake were least likely to have a mother with a
high educational level and most likely to live in a household with
smokers (Table 1).

By definition, higher animal protein intakes were related to
higher total protein, meat, and dairy intakes, but not to plant
protein. Higher animal protein intakes in both males and
females were also related to lower carbohydrate intakes, but not
to fiber intakes. Of note, higher intakes of animal protein were
associated with higher intakes of total fat andMUFAs in females
only (Table 2).

TABLE 1 Demographic, anthropometric, birth, and socioeconomic characteristics by energy-adjusted tertiles of animal protein during
puberty (n = 213) (DONALD Study, Germany)1

Males Females

T1 T2 T3 T1 T2 T3

Animal protein intake, g/d 38.4 (30.7, 46.4) 42.9 (36.9, 49.4) 49.8 (46.9, 57.6)* 26.2 (21.8, 31.7) 32.8 (30.9, 36.2) 41.6 (37.8, 48.7)*

All, n 31 32 32 39 40 39

Age, y 10.00 (9.97, 10.18) 10.02 (9.98, 10.09) 9.99 (9.97, 10.05) 8.99 (8.97, 9.02) 9.03 (8.98, 9.07) 8.99 (8.98, 9.07)

BMI-SDS 20.27 6 0.93 0.13 6 0.83 0.34 6 0.59* 20.27 6 0.95 20.16 6 0.88 0.28 6 0.97*

BMI, kg/m2 15.7 (15.3, 18.8) 17.7 (16.1, 18.8) 18.0 (16.8, 18.7) 15.7 (15.0, 17.2) 15.9 (15.0, 17.4) 17.6 (15.4, 19.0)*

FMI,2 kg/m2 2.0 (1.6, 3.7) 3.0 (2.0, 4.4) 2.7 (2.3, 3.2) 2.6 (2.2, 3.3) 2.7 (2.2, 3.6) 3.7 (2.3, 4.6)

FFMI,3 kg/m2 13.8 (13.3, 14.6) 14.3 (13.3, 15.2) 15.2 (14.1, 15.8)* 13.2 (12.6, 13.9) 13.3 (12.6, 14.0) 13.7 (13.0, 14.7)*

Birth weight, g 3558 6 403 3487 6 461 3549 6 470 3490 6 489 3395 6 393 3381 6 425

Birth length, cm 53 (52, 54) 52 (50, 53) 52 (50, 54) 52 (50, 53) 51 (50, 53) 51 (49, 52)

Pregnancy duration, wk 40 (39, 41) 40 (39, 40) 40 (39, 40) 40 (40, 41) 40 (40, 41) 40 (39, 40)

Birth weight and length

appropriate for gestational age,4 n (%)

25 (80.6) 23 (71.9) 27 (84.4) 29 (74.4) 35 (87.5) 29 (74.4)

Breast feeding .2 wk,5 n (%) 23 (74.2) 20 (62.5) 22 (68.8) 29 (74.4) 29 (72.5) 26 (66.7)

Maternal overweight,6 n (%) 7 (22.6) 8 (25.0) 14 (43.8) 10 (25.6) 11 (27.5) 17 (43.6)

Maternal education,7 n (%) 16 (51.6) 9 (28.1) 21 (65.6)* 21 (53.8) 22 (55.0) 12 (30.8)

Maternal employment,8 n (%) 15 (48.4) 14 (43.8) 19 (59.4) 18 (46.2) 24 (60.0) 17 (43.6)

Paternal overweight,6 n (%) 12 (52.2) 12 (48.0) 20 (74.1) 16 (50.0) 20 (55.6) 14 (45.2)

Paternal education,7 n (%) 16 (55.2) 15 (46.9) 17 (53.1) 22 (59.5) 22 (57.9) 14 (36.8)

Paternal employment,8 n (%) 28 (96.6) 30 (93.8) 29 (90.6) 35 (94.6) 38 (100) 37 (97.4)

Smokers in the household, n (%) 6 (19.4) 17 (53.1) 10 (31.3)* 14 (35.9) 17 (42.5) 9 (23.1)

1 Values are means 6 SDs or median (25th and 75th percentiles). Differences between the tertiles were tested using ANOVA for normally distributed continuous variables,

Kruskal-Wallis test for not normally distributed continuous variables, chi-square test for categorical variables, and Fisher�s exact test for categorical variables if 50% of cells had

expected counts less than frequencies ,5. *P , 0.05 for differences between tertiles. DONALD, Dortmund Nutritional and Anthropometric Longitudinally Designed; FMI, fat

mass index; FFMI, fat-free mass index; SDS, SD score; T, tertile.
2 FMI calculated as weight 3 percentage of body fat/height2.
3 FFMI calculated as [weight – weight 3 percentage of body fat)]/height2.
4 That is, birth weight and length were between the 10th and 90th percentiles of the German sex-specific birth weight-for-gestational-age curves (28).
5 Breast feeding categories: #2 wk or .2 wk of full breastfeeding.
6 Maternal and paternal BMI $25 kg/m2; paternal BMI: n = 39 missing.
7 School education for at least 12 y; paternal education: n = 7 missing.
8 Maternal and paternal employment (yes/no); paternal employment: n = 7 missing.
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Puberty. Among females, a habitually lower animal protein in-
take during puberty was associated with lower concentrations
of IGF-I and IGFBP-3, but not with IGFBP-1 (Table 3, model
A). Similar results were seen after additional adjustment for
socioeconomic factors and FFMI at the beginning of puberty
(Table 3, model B). Conversely, a higher animal protein intake
was related to lower levels of IGFBP-2 (model B). Animal pro-
tein was not related to IGF-I, IGFBP-3, IGFBP-1, or IGFBP-2 in
males.

Substitution models revealed similar associations for a substi-
tution of animal protein intake for total fat (b animal protein = 0.5137;
P-trend = 0.01) or total carbohydrate intake (b animal protein =
0.4812; P-trend = 0.03) with respect to its association with IGF-I

concentrations. Substitution of animal protein intake for plant
protein intake was related to slightly lower, albeit nonsignif-
icant increases in IGF-I concentrations (b animal protein = 0.4131;
P-trend = 0.4).

Analysis of animal protein sources revealed that intake of
dietary meat protein only was significantly associated with adult
IGF-I concentrations (Fig. 1A). No associations were found in
males for any protein source. Plant protein was not related to the
IGF-I axis among females or males (data not shown).

Additional consideration of early-life characteristics (e.g.,
birth weight, full breastfeeding) or other nutritional variables
(e.g., monounsaturated fat or plant protein intake) did not affect
the results (data not shown).

TABLE 2 Nutritional data during puberty by energy-adjusted tertiles of animal protein intake during puberty (n = 213) (DONALD Study,
Germany)1

Males Females

T1 T2 T3 T1 T2 T3

Animal protein intake, g/d 38.4 (30.7, 46.4) 42.9 (36.9, 49.4) 49.8 (46.9, 57.6)* 26.2 (21.8, 31.7) 32.8 (30.9, 36.2) 41.6 (37.8, 48.7)*

All, n 31 32 32 39 40 39

Total energy, MJ/d 9.1 (8.1, 10.5) 8.62 (7.3, 9.6) 8.8 (8.2, 9.7) 7.3 (6.4, 8.1) 7.1 (6.3, 7.6) 7.2 (6.5, 8.1)

Fat, %en 35.3 6 4.3 35.9 6 3.5 35.8 6 3.5 34.9 6 3.9 35.7 6 3.5 37.5 6 4.3*

SFA, %en 15.5 6 2.6 16.0 6 1.9 15.5 6 1.5 15.7 6 2.2 15.9 6 1.9 16.4 6 2.6

PUFA, %en 5.3 6 1.3 5.1 6 0.9 5.2 6 1.2 5.2 6 1.1 5.2 6 0.9 5.6 6 1.1

MUFA, %en 10.9 6 1.3 11.2 6 1.4 11.5 6 1.4 10.6 6 1.6 11.1 6 1.3 11.8 6 1.6*

Protein, %en 11.8 6 1.1 13.2 6 0.8 14.5 6 0.9* 11.2 6 0.9 12.8 6 0.8 14.5 6 1.2*

Animal protein, %en 7.0 6 0.9 8.3 6 0.4 9.8 6 0.9* 6.2 6 0.9 7.9 6 0.4 9.8 6 1.0*

Meat protein, %en 2.7 (2.0, 3.2) 3.1 (2.6, 3.9) 3.5 (2.7, 5.4)* 1.8 (1.2, 2.3) 3.2 (2.2, 4.1) 3.9 (2.7, 4.6)*

Dairy protein, %en 3.5 6 1.2 4.4 6 0.7 4.6 6 1.3* 3.5 6 0.9 3.7 6 1.1 4.6 6 1.4*

Plant protein, %en 4.9 6 0.8 4.8 6 0.8 4.6 6 0.7 5.0 6 0.7 4.9 6 0.7 4.7 6 0.7

Consumers of alcohol, n (%) 5 (16.1) 2 (6.3) 2 (6.3) 2 (5.1) 1 (2.5) 3 (7.7)

Carbohydrate, %en 52.9 6 4.3 50.9 6 3.6 49.7 6 3.5* 53.9 6 4.1 51.5 6 3.3 48.0 6 4.4*

Added sugar, %en 16.8 6 5.6 14.8 6 4.6 13.9 6 3.9 16.4 6 4.9 15.1 6 4.2 12.6 6 4.6*

Fiber, g/d 21.3 (17.2, 26.9) 20.1 (17.6, 22.5) 20.6 (16.3, 24.4) 17.8 (16.2, 21.2) 16.8 (15.4, 19.9) 18.4 (16.0, 19.8)

1 Values are means 6 SDs or median (25th and 75th percentiles). Differences between the tertiles were tested using ANOVA for normally distributed continuous variables,

Kruskal-Wallis test for not normally distributed continuous variables, and Fisher�s exact test for categorical variables if 50% of cells had expected counts less than frequencies

under 5. *P , 0.05 for differences between tertiles. DONALD, Dortmund Nutritional and Anthropometric Longitudinally Designed; T, tertile; %en, percent energy.

TABLE 3 Relation of dietary animal protein intake during puberty to serum IGF-I, IGFBP-1, IGFBP-2, and IGFBP-3 concentrations
in young adulthood (DONALD Study, Germany)1

Males Females

T1 T2 T3 P-trend T1 T2 T3 P-trend

Animal protein intake,2 g/d 38.4 (30.7, 46.4) 42.9 (36.9, 49.4) 49.8 (46.9, 57.6) ,0.0001 26.2 (21.8, 31.7) 32.8 (30.9, 36.2) 41.6 (37.8, 48.7) ,0.0001

IGF-I, g � L21

Model A 237 (210, 267) 266 (237, 297) 218 (192, 245) 0.7 213 (185, 244) 268 (236, 302) 241 (211, 273) 0.01

Model B 242 (212, 273) 261 (232, 293) 222 (194, 253) 0.8 204 (177, 232) 261 (231, 292) 241 (209, 275) 0.005

IGFBP-1, mg � L21

Model A 6.5 (4.4, 9.6) 4.1 (2.8, 6.0) 6.6 (4.5, 9.7) 0.7 12.6 (9.4, 17.0) 7.8 (5.9, 10.5) 9.92 (7.40, 13.30) 0.7

Model B 5.4 (3.6, 8.1) 4.4 (3.0, 6.4) 5.6 (3.7, 8.3) 0.6 12.3 (9.1, 16.7) 7.8 (5.8, 10.4) 10.1 (7.31, 13.95) 0.9

IGFBP-2, mg � L21

Model A 193 (158, 232) 185 (151, 222) 219 (182, 260) 0.9 155 (130, 184) 136 (112, 162) 123 (100, 149) 0.09

Model B 183 (145, 225) 175 (139, 214) 224 (183, 268) 0.8 155 (128, 183) 130 (106, 157) 113 (90, 138) 0.04

IGFBP-3, mg � L21

Model A 3.3 (3.0, 3.6) 3.2 (2.9, 3.5) 3.5 (3.1, 3.8) 0.4 3.5 (3.3, 3.8) 3.6 (3.3, 3.8) 3.7 (3.4, 4.0) 0.02

Model B 3.3 (2.9, 3.6) 3.2 (2.9, 3.6) 3.3 (3.0, 3.7) .0.9 3.5 (3.3 3.8) 3.5 (3.3, 3.8) 3.7 (3.4, 4.0) 0.01

1 Values are means and 95% CIs unless otherwise indicated; n = 213. For IGF-I and IGFBP-3: 118 females/95 males; for IGFBP-1 and IGFBP-2: 109 females/92 males. Model

A: adjusted for age in adulthood. Model B for IGF-I, IGFBP-1, and IGFBP-3: model A + socioeconomic factors (maternal education, smokers in the household) and FFMI at the

beginning of puberty. Model B for IGFBP-2: model A + socioeconomic factors (maternal education, maternal overweight) and FFMI at the beginning of puberty. P-trend refers to

the P value obtained in linear regression models with dietary animal protein as continuous variable. DONALD, Dortmund Nutritional and Anthropometric Longitudinally Designed;

FFMI, fat-free mass index; IGF-I, insulin-like-growth-factor I; IGFBP, insulin-like-growth-factor binding protein; T, tertile.
2 Values are medians (25th and 75th percentiles).
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Early life (age 0.5–2 y). Among females, animal protein was
not related to IGF-I (Fig. 2A). Among males, a habitually higher
animal protein intake in early life was associated with lower
concentrations of IGF-I in young adulthood, after controlling for
early life and socioeconomic factors (Fig. 2B). Plant protein
intake in early life was not associated with IGF-I levels in young
adulthood, neither among males nor among females (data not
shown). Again, additional consideration of other nutritional
variables (e.g., total energy intake) did not affect the results (data
not shown).

Adiposity rebound (age 4–6 y). No associations were seen
between animal protein intake around adiposity rebound and
IGF-I in young adulthood in either females or males (Fig. 2C,D).
Similarly, there was no association with plant protein (data not
shown).

Discussion

This study provides epidemiological evidence for a prospective
association between a habitually higher animal protein intake
during puberty and higher concentrations of IGF-I and IGFBP-3
as well as lower IGFBP-2 concentrations in females only, sug-
gesting an upregulation of the GH-dependent components of
the GH-IGF-I axis in young adulthood. By contrast, higher ani-
mal protein intakes in early life may yield a long-term down-
regulation of the GH-IGF-I axis in males.

Potential mechanisms by which a higher animal protein
intake may contribute to higher IGF-I levels may relate to spe-
cific amino acids, e.g., arginine (31) or combinations of amino
acids (lysine and arginine) (32), which increase GH concentra-
tions and lead to an increase in hepatic IGF-I production. Dairy
and meat both contain glutamine, lysine, and arginine, but their
concentrations are ;10 times higher in meat than in milk. Al-
ternatively, it has been proposed that components in milk itself
rather than animal protein as such stimulates IGF-I secretion
(33). Most intervention studies in infants (34), children (12–15),
and also adults (35,36) suggest that milk and dairy products are
important upregulators of IGF-I concentrations. However, some
(8,10) but not all (6,7,9) cross-sectional studies in adults report
associations of a higher consumption of red meat with higher
IGF-I concentrations. Our study supports a relevance of animal
protein in general rather than dairy protein intake per se. In
addition, among females, the difference between the intake
levels in the lowest and highest tertiles was higher for meat
protein (12.4 g) than for dairy protein (9.6 g), which may partly
explain why we found an association with meat but not dairy
protein. Finally, our substitution analyses revealed broadly simi-
lar effect sizes when simulating substitutions of animal protein
for carbohydrate, fat, or plant protein.

We furthermore observed lower IGFBP-2 and higher IGFBP-
3, but not higher IGFBP-1 concentrations, in young adulthood
among females who had consumed more animal protein during

FIGURE 1 Relations of dietary meat (A,B) and dairy protein (C,D)

intake during puberty to IGF-I in young adulthood among 118 females

(A,C) and 95 males (B,D) in the DONALD Study, Germany. Data are

means (95% CI) adjusted for age in adulthood, socioeconomic factors

(maternal education, smokers in the household), and FFMI at the

beginning of puberty. P-trend refers to the P value obtained in linear

regression models with dietary meat or dairy protein as the continuous

variable. DONALD, Dortmund Nutritional and Anthropometric Longi-

tudinally Designed; FFMI, fat-free mass index; IGF-I, insulin-like-

growth-factor I; T, tertile.
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puberty. In contrast to the most abundant IGFBP-3, IGFBP-
1 concentrations are responsive to acute dietary stimuli (37). The
fact that the association with pubertal animal protein intake was
confined to adult IGFBP-3 concentrations hence supports the
underlying hypothesis of long-term nutritional influences on the
adult GH-IGF-axis. Lower IGFBP-2 concentrations in turn are
considered to also reflect a lower insulin sensitivity (4). In line
with this, we also observed a tendency toward higher HOMA
levels among females with a higher animal protein intake (P-
trend = 0.1; data not shown). In addition, prospective cohort
studies in adults suggest that a higher consumption of total
protein as well as animal protein or red and processed meat is
related to an increased risk of type 2 diabetes (38,39). One
explanation for a corresponding increase in insulin resistance
could be an amino acid-induced upregulation of the serine
kinase 6–1 pathway, which has been shown to result in lower
insulin sensitivity (40). A lower insulin sensitivity may in turn
decrease IGFBP-2 concentrations over the long-term (41) and
explain our findings of lower IGFBP-2 concentrations associated
with higher animal protein intake in puberty.

Our results indicate a relation between pubertal animal pro-
tein intake and GH-IGF-I axis among females only. Most studies
in adults or children were conducted in one gender only (12,14,15)
and others did not report gender differences (14,33). During
puberty, boys have higher testosterone levels than girls, which
have been found to increase IGF-I concentrations among healthy
men (42). Thus, higher testosterone levels in boys may have
overridden a potential effect of animal protein intake on IGF-I.
Furthermore, girls have a higher degree of physiological insulin
resistance during puberty (43), which may make them more
vulnerable than boys to dietary effects on the GH-IGF-I axis.
Finally, the smaller variation in animal protein intake levels could
partly explain the lack of discernible associations among males.

Our results further indicate that there may be a reversal in the
association between animal protein intake and adult IGF-I levels
between early life and adolescence. Although no relation was
observed with intakes in the period around the adiposity re-
bound, dietary animal protein intake in early life was inversely
associated with IGF-I concentrations in young adulthood among
males. This finding is in accordance with the long-term follow-
up of a milk intervention (16) and a prospective cohort study
(17). In our purely observational study, the association was
confined to males. The absence of an association among females
may be partly attributable to the small overall sample with
consumption data in early life. It has been proposed that higher
animal protein intakes in early life may cause an acute increase
in hepatic IGF-I production, which then negatively feedbacks to
the pituitary GH output, possibly leading to a long-term pro-

FIGURE 2 Relation of dietary animal protein intake in early life (A,B)

(n = 68 females, 62 males) and around adiposity rebound (C,D) (n = 94

females, 85 males) to IGF-I in young adulthood among females (A,C)

and males (B,D) in the DONALD Study, Germany. Data are means

(95% CI); model in early life: adjusted for early life (breast feeding) and

socioeconomic factors (maternal education and smokers in the

household); adiposity rebound: adjusted for age in adulthood, early

life (birth weight and length appropriate for gestational age), and

socioeconomic factors (maternal education and smoking in the

household). Additional consideration of body composition in early life

or at adiposity rebound yielded similar results. P-trend refers to the P

value obtained in linear regression models with dietary animal protein

as continuous variable. DONALD, Dortmund Nutritional and Anthro-

pometric Longitudinally Designed; IGF-I, insulin-like-growth-factor I; T,

tertile.
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gramming of the pituitary with lower IGF-I concentrations in
adulthood (17).

It remains to be determined whether our data may reflect
adaptive responses of the GH-IGF-I axis to intakes of animal
protein and/or whether these associations indicate higher or
lower risks of future disease. Higher intakes of animal protein
during puberty appear to upregulate the entire GH-IGF-I axis,
because we observed higher concentrations of both IGF-I and
IGFBP-3, but not of the IGF-I:IGFBP-3 ratio (data not shown).
In terms of disease risk, a higher concentration of IGF-I has been
linked to an increased risk of breast cancer (2), whereas a direct
association between IGFBP-3 and breast cancer is currently
questioned (3). On the other hand, higher IGF-I concentrations
are prospectively related to lower risks of cardiovascular disease
(44), osteoporosis (45), and impaired glucose tolerance (46),
further complicating a public health appraisal of our results.

A clear strength of our study is its prospective nature, care-
fully collected repeated dietary data, and the availability of data
on several possible confounders. By contrast, the analysis is
based on a single measurement of the GH-IGF-I axis in young
adulthood to represent long-term circulating levels. However,
IGF-I values were reported to have a low intra-individual var-
iation (47). The study sample is relatively small and the
DONALD population is characterized by a relatively high socio-
economic status (18). Therefore, extremes of diet or behavior
might not be represented in this healthy sample, which is, how-
ever, likely to result in an underestimation of the true associa-
tions. In addition, the homogeneity of our sample might have
reduced our vulnerability to residual confounding.

In conclusion, our data suggest that among females, a habit-
ually higher animal protein intake during puberty may precip-
itate an upregulation of the GH-IGF-I axis that is discernible in
the long-term in young adulthood. By contrast, inverse associa-
tions between higher animal protein intakes in early life and IGF-I
concentrations among adult males support the idea that habitu-
ally higher animal protein intakes in this period may trigger an
early programming of the GH-IGF-I axis.
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