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Background. The temporal association between modern food habits, the occurrence of fast
food, the trend towards convenience products, and the epidemic occurrence of obesity is evi-
dent. The causal relation remains less evident.

Material and methods. We re-analyzed body height, body weight,and macronutrient intake
of 1028 children (51.3% girls, 48.7% boys) aged 2-18 years who were investigated between 1985
and 2006 as part of the Dortmund Nutritional and Anthropometric Longitudinally Designed
(DONALD) Study. We determined the intake of energy, carbohydrates, fat, and protein.

Results. No correlations were found between the standard deviation scores of the BMI (BMI-
SDS) and daily energy intake (r = 0.060, p > 0.1), between BMI-SDS and fat intake (r = 0.031,
p > 0.1), and BMI-SDS and carbohydrate intake (r = 0.050, p > 0.1). Yet, we detected a significant
positive correlation between BMI-SDS and average daily nutritional protein (all protein: r = 0.143,
p <0.0001, animal protein: r = 0.151, p < 0.0001). The correlation further increased when protein
uptake was calculated as a percent of energy uptake (all protein: r = 0.203, p < 0.0001, animal pro-
tein: r = 0.163, p < 0.0001). The correlations depended on the age with maxima just before and
during the early puberty (boys: r = 0.31, p < 0.0001, girls: r = 0.36, p < 0.0001). It appears that in

these age groups up to 13% of the BMI variance can be explained by protein uptake.

Conclusion. The present investigation confirms the hitherto existing evidence of a signifi-

cant positive correlation between nutritional protein and body mass index.
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INTRODUCTION

Obesity has reached epidemic levels in the developed countries.
The age-adjusted prevalence of obesity in the US was 30.5% in
1999-2000 compared with 22.9% in NHANES III (1988-1994).
The prevalence of overweight plus obesity also increased during
this period from 55.9 to 64.5%. Extreme obesity (BMI > or = 40)
increased from 2.9 to 4.7% (1). Very similar prevalence and
trends have been observed in many other developed countries.
The most recent German Health Interview and Examination
Survey for Children and Adolescents (2) has shown that 6.4% of
the 7-10 year old children and 8.5% of the 14-17 year old ado-
lescents are obese. In most developing economies, the prevalence
of overweight in young women residing in both urban and rural
areas is higher than the prevalence of underweight, especially in
the countries at higher levels of socioeconomic development. In
urban areas of Egypt, prevalence of overweight among women
has risen to 69.9%, in Mexico to 65.4%, and even in the very
poorest countries, overweight has become a major health con-
cern particularly in the lower social strata (3). The prevalence
of obesity in children has recently been discussed by Dehghan
and co-workers (4). Twenty five percent of children in the US are
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overweight and 11% are obese. The data for children collected
in the Health Survey for England in 1998 showed that between
1994 and 1998, the prevalence of overweight children grew from
about 13 to 20%. The prevalence of excess body weight among
children in England also appeared to be rising at an accelerating
rate (5). Preventing and treating obesity has therefore become a
major public health concern in this century and certainly needs
other than just medical approaches. Yet, current ideas about
lifestyle and strategies to maintain health and weight are still
dominated by very popular beliefs that clearly contrast scientific
evidence.

Traditionally, the displacement of physical activity by sed-
entary behaviour has been regarded important for the develop-
ment of excessive weight gain.

Already in 1985, Dietz and Gortmaker (6) first described
a significant association between the time spent watching tel-
evision and the prevalence of obesity. Since then, many authors
confirmed the correlations between sedentary lifestyle, eating
practices and overweight. Pendola and Gen (7) even described
an inverse relationship between population density and auto use
as well as higher BMI scores for respondents reporting high le-
vels of auto use for the work/school commute and trips to the
grocery store. Yet, recent meta-analyses question the clinical im-
portance of this association. Marshall and co-workers (8) meta-
analysed the relationship between media use, body fatness and
physical activity in children and youth, and found that almost
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99% of the variance in body fatness was explained by factors
other than physical inactivity.

There is no doubt that across all age groups, energy intake has
increased (9, 10). The US Department of Agriculture Factbook
2001-2002 (11) provides evidence that the “average American”
consumes about 530 Kcal per day more — an almost 25% in-
crease in energy intake — compared with 30 years ago. Almost
the same has been reported from British (12) and Dutch cohorts
(13). Particularly, increased availability of food supplies, increas-
ing portion size, eating away from home, and consuming a vari-
ety of high-energy dense foods has been considered responsi-
ble for the increase in energy intake (14-16). The more food is
served, the more people overeat (17). Also the presence of other
people at meal increases food intake by extending the time spent
for it (18). Especially eating late at night lacks satiating value and
can result in greater overall daily intake (19). However, similar to
physical exercise, the statistical association between energy in-
take and BMI variance at the population level is amazingly low.
Many authors either found no (20, 21) or low correlations that
predicted no more than 4% (22) of the BMI variance. In other
words, when adding the effects of physical exercise and energy
intake (both are indispensable when treating an individual
obese patient), the impact of the two parameters on BMI at the
level of the population, is more than discouraging, and certainly
does not support the emphasis that is currently laid on sports
and low-calorie dishes for combating world-wide overweight.

Nutritional fat is energy-dense. Thus, reduction of fat ap-
pears to be an appropriate tool for diminishing total energy in-
take; consequently since many years, fat-reduced and even fat-
free dishes dominate diet-food advertisements. Also scientific
publications used to support this popular view. In 1993, Astrup
(23) summarized ecological, cross-sectional and prospective
longitudinal studies showing that obesity was positively asso-
ciated with dietary fat energy percentage and negatively with
carbohydrate energy percentage. For the following decade, fat
intake continued to be considered positively related to adiposity
(24, 25). However, the low-fat concept has also been questioned.
Sanders (26) summarized that the scientific basis for a reduc-
tion in the proportion of energy from fat below 30% energy
was not supported by experimental evidence. Taking into con-
sideration the fact that during the last two decades within the
United States, a substantial decline in the percentage of energy
from nutritional fat has corresponded with a massive increase
in the prevalence of obesity (“fat paradox”), Willett and Leibel
concluded in 2002 (27) that diets high in fat do not appear to
be the primary cause of the high prevalence of excess body fat
in our society, and that reductions in the percentage of energy
from fat will have no important benefits and could even further
exacerbate the problem of obesity. This was recently confirmed
by a Cochrane database review (28) concluding that weight loss
achieved through dietary fat restriction is so small that it should
be regarded clinically insignificant.

Similarly discouraging observations have been published in
respect to the effect of carbohydrates on body weight. The re-
lation between carbohydrate ingestion and BMI appears to be
insignificant or even negative (20). In 1997, the same group (25)
showed that also in children, the percentage of energy derived
from carbohydrate was inversely related to adiposity, before and

after controlling for potential confounding. Similar observations
were published by Rolland-Cachera and co-workers (21,29),and
by Astrup (23). Again, the popular vision that sweets and carbo-
hydrates increase the propensity of overweight clearly contrasts
the scientific evidence at the population level.

But why is the scientific evidence concerning the relation
between physical inactivity, food availability and overweight,
though statistically significant, so extremely weak, and fails to
explain a major portion of body weight variation at the popu-
lation level? Although amazing at first glance, the answer is a
purely statistical one: most of the physiological weight variation
within a population, is independent of environment and nutri-
tion. Numerous large studies indicate that hereditary factors
contribute to most of a population’s weight variation. Based on
30,000 people from Virginia including twins and their parents,
siblings, spouses, and children, Maes and co-workers (30) es-
timated genetic factors to explain 67% of the variance in BML
Pietilainen and co-workers (31) estimated that at the age of 16—
17, genetic effects accounted for over 80% of the inter-individ-
ual variation of BMI. Sorenson and co-workers (32) calculated
BMI correlations between the adoptees and biological fathers,
mothers and siblings, and concluded that the genetic influence
on BMI is already expressed by the age of 7, and that the rear-
ing environment shared by the family has a weak influence on
BMI during childhood. Magnusson and Rasmussen (33) showed
highly significant BMI correlations among all the biological
family relations: 0.28 (95% CI 0.27-0.29) for father-son pairs;
0.36 (0.35-0.37) for full-brothers, 0.21 (0.18-0.24) for mater-
nal half-brothers and 0.11 (0.08-0.14) for paternal half-broth-
ers. Coady and co-workers (34) used longitudinal data from the
Framingham heart study and created pedigrees of age-matched
individuals. They found moderate heritability estimates for the
mean BMI (h(2) = 0.37), maximum BMI (h(2) = 0.40), and the
mean residual of body weight (h(2) = 0.36), and concluded that
a significant genetic component existed for the magnitude of
BMI throughout an individual’s middle-adult years.

The magnitude of the genetic contribution therefore does
not only explain why the correlation between BMI and the non-
genetic contributors to excessive weight gain is statistically so
weak, it also underscores the difficulties that impair the stud-
ies of environmental and nutritional effects on BMI variation.
Possibly for this reason, the scientific literature on the interac-
tion between body weight and the third macronutrient protein
still remains surprisingly sparse. Protein intake also correlates
with BMI (even though - for the same statistical reasons men-
tioned above — this correlation is as low as that between exercise,
and between energy intake and weight). We present weighing
and nutritional data obtained from the DONALD (Dortmund
Nutritional and Anthropometrical Longitudinally Designed)
Study.

MATERIALS AND METHODS

DONALD is an open cohort study investigating the complex re-
lations between feeding behaviour, food consumption, growth,
development, nutritional status, metabolism and health from
birth to adulthood since 1985 (35-37). 7182 three-day weigh-
ing and nutritional protocols and anthropometric data were
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re-analyzed. The protocols were obtained from 1028 healthy
children and adolescents aged from 2 to 18 years (51.3% gitls,
48.7% boys), measured between 1985 and March 2006. Daily nu-
tritional intake was calculated as mean value of an individual’s
three-day nutritional protocol.

Mean daily intake of energy, carbohydrates, fat, protein and
the amino acid glutamate were evaluated for each subject using
the FKE (Forschungsinstitut fiir Kinderernahrung Dortmund)
nutritional data base as well as national and international food
tables (38-40). Mean daily intakes were correlated with BMI
standard deviation (BMI-SDS).

RESULTS

In all the age groups, total energy uptake varies considerably
between individuals and differs by more than twofold between
those who consume most and those who consume the least.
Yet, no correlation was found between energy uptake and the
standard deviation score of the body mass index (BMI-SDS)
(r=10.060, p > 0.1). There was also no correlation detected be-
tween absolute fat intake (r=0.031, p > 0.1) or carbohydrate
intake, and BMI-SDS (r = 0.050, p > 0.1); but we found a sig-
nificant correlation between BMI-SDS and the absolute in-
take of all protein (r = 0.143, p <0.0001), and animal protein
(r=0.151, p <0.0001). BMI-SDS also correlated with the ab-
solute intake of the amino acid glutamate (protein-bound, and
free glutamate, r = 0.150, p < 0.0001). When expressing macro-
nutrient intake as a percent of energy intake, the fat and carbo-
hydrate correlations remained insignificant with r = -0.040, and
r =-0.037, respectively, whereas the correlation between BMI-
SDS and all protein (r = 0.203, p < 0.0001), and animal protein
(r=0.163, p <0.0001) further increased. The correlation be-
tween BMI-SDS and percent intake of glutamate even rose to
r=0.211 (p <0.0001). The percent variation of the BMI-SDS
that is explained by protein intake depends on age (Figure), and
reaches maxima in the group of 10-12 year old boys (r = 0.31,
p <0.0001), and girls (r = 0.36, p < 0.0001), i. e. protein intake

explains almost 10%, respectively, almost 13% of the BMI vari-
ance in young adolescents.

These effects are not explained by age-dependent change
of food composition. The composition of macronutrients in re-
spect to the percentage of energy supplied by fat, carbohydrate
and protein remained almost unchanged across all age groups.
None of the correlations between BMI-SDS and total energy
uptake nor dietary fat, nor carbohydrate intake showed an age
relationship similar to that seen in protein. Only in young wom-
en (15-18 years), a significant though negative association was
found between BMI-SDS and energy uptake possibly reflecting
reporting errors in this age group.

DISCUSSION

In most Western diets, the percentage of nutritional energy that
is provided by protein (protein energy percentage) tends to in-
crease, and currently varies around some 15 percent. Protein is
an essential compound of everyday food, and popular notion
associates nutritional protein with health improvement. Since
recent literature suggests high-protein diets to be beneficial
for individual weight loss therapies (41, 42 (we will discuss this
phenomenon below) protein-rich food has increasingly been
recommended, and its consumption has substantially risen. In
Germany, the annual per capita meat production has doubled
since 1950 and has reached almost 100 kg/a by now. The an-
nual per capita production of milk has been stable since 1970
at some 70 litre/a, but the per capita production of cheese has
also doubled since 1970, and reached 20 kg/a. Since 1970, the per
capita poultry production has increased from 8 to 14 kg/a (43,
44). Similar data were reported from the Netherlands (13) and
from the UK (12).

Yet, the association between protein consumption and the
prevalence of obesity has largely been neglected. In spite of some
early reports mentioning that protein intake was consistently
high in obese children at all ages (45), protein seems to play a
minor role even in the recent scientific literature. For example,
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Figure. Nutritional protein significantly contributes to body mass index (BMI) variance in an age dependent manner. Bars
indicate the percent of BMI variance that is explained by protein intake (percent of total energy intake). The interaction is
strongest in pre- and early pubertal females (age groups 7-9, and 10—12 years) and males (age group 1012 years)
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Davis and co-workers (46) studied the consumption of total fat,
carbohydrates, and fibre in obese and non-obese subjects, but
never mentioned protein; Erlanson and Mei (47) studied the
effect of low-carbohydrate diets on energy metabolism, and at-
tributed the suppressed appetite and the rapid initial weight loss
to carbohydrate intake, instead of discussing that the clinical ef-
fects of low-carbohydrate could also be caused by high-protein
intake, as they admitted later (personal communication 2006).

Protein intake correlates with BML. In 1992, Taylor et al. (48)
surveyed total energy and macronutrient intakes in Melanesians
and Indians in Fiji, in Micronesians in Kiribati and in Melanesians
in Vanuatu. Urban subjects ate proportionally more protein and
fat and were more obese than the rural ones. Galanis and co-work-
ers (49) described the dietary intake of 946 Samoans, and found
substantial differences between residents of American Samoa
who were more obese, and those of less modernized Western
Samoa. American Samoans consumed significantly more ener-
gy as carbohydrate and protein and less as fat and saturated fat
compared to Samoans in the lowest category of material lifestyle.
Recently Uljjaszek (50) studied food availability in the market
places and summarized trends in body size and diet in the Cook
Islands during the second half of the 20th century. The rate of in-
crease of average weight in females aged 20-29 years was 0.6 kg
per decade across the period 1952-1966, and 7.3 kg per decade
across the period 1966-1996. In the age group 30-39 years, the
rates were 3.2 kg per decade and 5.1 kg per decade, respectively.
He found reduced availability of traditional staples, a likely reduc-
tion in consumption of fish, a decline in the availability of dietary
fats and oils, but an increased consumption of meat. Between 1961
and 2000, the daily per capita availability of meat increased more
than fifteen times, from 8 g/d to 122 g/d (Ulijaszek, personal com-
munication 2005).

The relation between nutritional protein and body weight has
also been recognized in France (21). Protein (expressed as percent
of energy) intake at the age of 2 years was positively correlated
with BMI at 8 years (r=0.17, and when adjusted for BMI at 2
years and for parental BMI, the correlation increased to r = 0.22).
Similar results were published by Gunnarsdottir and Thorsdottir
(51) who found that weight gain at 0-12 months and protein in-
take at 9-12 months explained 50% of the variance in BMI among
6-year old boys. Scaglioni and co-workers (52) found that 5-year
old overweight children had a higher percentage intake of pro-
teins at the age of 1 year than non-overweight children and lower
intake of carbohydrates, and confirmed by multiple logistic analy-
sis that protein intake at 1 year of age was associated with over-
weight at 5 years. The same group (53) stated that protein intake
above the limit of 14% energy in 6-24 months old infants will
lead towards an early adiposity rebound and overweight in young
children. Kemper and co-workers (54) investigated fat mass in
males and females, aged between 12-28 years of the Amsterdam
Growth and Health Longitudinal Study and found an Odds Ratio
of 1.5 (1.2-1.8) with the daily intake of proteins. In the context
of the European Prospective Investigation into cancer and nutri-
tion, Trichopoulou and co-workers (55) studied 27 862 apparently
healthy adult volunteers and found that protein intake was posi-
tively associated with BMI. The effects of other macronutrients
were less substantial or consistent. The authors concluded that
protein intake was conducive to obesity.

These data are in line with our findings in Dortmund chil-
dren and adolescents. But why does protein intake stimulate
weight gain? Increasing evidence suggests that high-protein
dishes stimulate the central nervous appetite regulation. Food
processing partially hydrolyzes nutritional protein. After the
meal, intraluminal pancreatic proteases further digest nutrition-
al protein partially into oligopeptides (some 70%) and partially
into free amino acids (some 30% (56)). In 1990, Bergstrém and
co-workers (57) showed that the serum levels of most amino ac-
ids increase following a protein-rich meal. Also dietary glutama-
te penetrates into the human circulation (58). Some regions of
the brain grouped as the circumventricular organs, are particu-
larly sensitive to small circulating molecules, including glutama-
te, as these regions are not protected by the blood brain barrier.
Using tracer molecules, it has long been established that some
of the centres of appetite regulation, for example the arcuate
nucleus, accumulate glutamate and other small molecules (59).
Further evidence for the involvement of the circumventricular
organs into the regulation of appetite has recently been provided
by Cheunsuang and Morris (60). They showed that cells within
these regions that accumulate small tracer molecules, also ex-
press the leptin receptor.

Stanley and co-workers (61, 62) showed that endogenous
lateral hypothalamic glutamate acts to regulate natural eating
and body weight and that N-methyl-D-aspartate (NMDA) re-
ceptors participate in these functions, and they underscored
the functional as well as anatomical heterogeneity of the hy-
pothalamus, and implicate glutamate and NMDA receptors in
different portions of the hypothalamus in the control of eating,
grooming and arousal. Also other amino acids appear to play
an important role in this regulation. Trytophan acts as a pre-
cursor of serotonin, another co-regulator of appetite. Leucin
(we will discuss this amino acid later) suppresses food intake
via hypothalamic mTOR signalling (63), and methionine can
increase mitochondrial oxygen radical generation, and oxi-
dative damage to mitochondrial DNA (64). It is increasingly
evident that free amino acids regulate metabolism (65), modu-
late satiety and exhibit complex effects on appetite and body
weight maintenance.

Elevated levels of free glutamate are toxic for some of the
essential neuronal structures of appetite regulation. Already
in 1969, Olney and co-workers (66) reported the formation of
brain lesions, obesity, and other disturbances in mice treated
with monosodium glutamate (MSG). Administering MSG to
newborn rodents destroys arcuate nucleus neurones, and it dam-
ages various other hypothalamic areas. Bloch et al. (67) showed
that MSG treatment results in the complete loss of growth hor-
mone releasing factor (GRF)-immunoreactive cell bodies within
the arcuate nucleus and provokes a selective disappearance of
GRF-immunoreactive fibres in the median eminence of rats.
Neurotoxic (excitotoxic) effects of glutamate are mediated by
the NMDA receptor.

MSG maintains its toxicity when administered orally. MSG
feeding results in voracity; MSG feeding (5 g/day) to pregnant
rats also results in severe birth weight reduction of the off-
spring. Weight increments of the offspring remain subnormal
when MSG feeding to the mothers is maintained during wean-
ing (68). Also growth hormone (GH) serum levels are affected
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in animals that receive MSG during prenatal life via maternal
feeding. Animals receiving 2.5 g/d MSG showed low GH serum
levels up to day 30 of life, but seem to partially recover in later
life. Animals receiving 5 g/d MSG show continuous suppres-
sion of GH serum levels similar to those animals that had been
MSG injected at neonatal age. Very recent investigations indi-
cate that in young animals the impairment of GH regulation
occurs already at oral doses of 1 g/d MSG (approximately 5%
MSG in the dry rat food). MSG feeding also suppresses hypoth-
alamic NPYmRNA expression, and reduces hypothalamic lep-
tin receptor mRNA expression in older animals (Garcia et al.
unpublished). These studies demonstrate for the first time that
a widely used nutritional mono-substance - the flavouring
agent monosodium glutamate — at concentrations that only
slightly surpass those found in everyday human food exhibit
significant potential for damaging the hypothalamic regula-
tion of appetite. Particularly the studies in pregnant rats un-
derline the significance of these findings for pregnant women
and during early human life.

Recent literature suggests very high-protein diets to be ben-
eficial for weight loss. This observation needs to be addressed as
it contradicts the notion that protein consumption is positively
associated with the prevalence of obesity. Indeed, very high-pro-
tein weight-loss diets stimulate postprandial thermogenesis and
cause the sensation of fullness, suppress appetite and lead to neg-
ative energy balance (41,69-73). Yet, the appetite suppression of
very high-protein diets appears to be mediated by mechanisms
different from the classic pathways of appetite regulation. Weigle
and co-workers (74) were able to demonstrate that the protein
mediated inhibition of appetite was not mediated by leptin or
ghrelin. It has been shown that the branched-chain amino acid
leucin directly suppresses food intake via hypothalamic mTOR
signalling (63). At present, it remains to be elucidated whether
high-protein mediated direct inhibition of appetite that by-
passes the classic leptin regulation has to be considered a toxic
event, or whether it just denotes another, less well studied natu-
ral mechanism of appetite regulation. Consequently, the protein
content of many popular weight loss diets, such as Atkins Diet,
Protein Power, South Beach, and the Zone Diet, reaching some
40% of energy, and even more (75), must for these reasons be re-
garded with caution, and should be particularly avoided during
pregnancy and childhood.

CONCLUSION

The present investigation confirms the hitherto existing evi-
dence of a significant positive correlation between nutritional
protein and body mass index.
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