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INTRODUCTION

The establishment of the nutritional requirements of man in qualitative
and gquantitative terms has been the preoccupation of nutritionists since the
emergence of nutrition as a science starting with Lavoisier. The accumu-
lation of knowledge during almost two centuries led to the definition of
nutritional adequacy in terms of so-called "recommended dietary allowances"
established and periodically revised by committees of experts in the field.

These recommended dietary allowances are of a great help to the nutri-
tionists who have to evaluate the nutritional adequacy of the food supply of
populations or groups of people but do not represent a final answer as
regards the nutrient needs of the individual 4in his particular 1living
conditions. It is somewhat unfortunate that the apparent precision of the
recommended dietary allowances has led many people, even nutritionists, to
believe that we know today what nutritional adequacy means and that only a
few secondary problems remain to be solved. Well, if this was the case, we
would not have to organize symposia 1ike the present one.

The fact dis that in spite of the false security provided by the
recommended allowances, our knowledge about the true nutritional
requirements of men is still rather unprecise.

The present symposium gives a good picture of some of the difficulties
encountered when trying to define nutritional adequacy and nutrient needs.

Nutritional individuality is a characteristic of man for which there is
now increasing experimental evidence. It is a direct consequence of the
biochemical individuality of each of us. Several papers touch upon this
subject in a direct or indirect way : the evaluation of human energy needs;
the thermogenic responses induced by nutrients in man; assays with animal
models relating experimental obesity to hormonal profile and studies on
metabolic and behavioural mechanisms regulating individual food choice in
rats.



8 Introduction

Another important factor of uncertainty in judging nutritional adequacy
is the phenomenon of adaptation; to high or low nutrient supply, to environ-
mental stress, to increased energy expenditure, etc.. The considerable
versatility for physiological adaptation renders the actual definition of
"true" needs very difficult. An example of physiological adaptation to
increased energy expenditure is given in the paper on nutrient intake and
energy regulation in physical exercise, whereas the breakdown of adaptation
is shown in the description of the adult protein energy-malnutrition
syndrome. As to the mechanism of recovery from malnutrition, a model is
presented on protein turnover and nitrogen balance during rehabilitation in
human and animal protein deficiency. The role of environmental stress on
vitamin requirements is shown in a paper on vitamin deficiencies in rice-
eating populations.

The metabolic interrelation between nutrients also influences nutrient
needs. Two papers deal with energy-protein interdependence : one during the
rapid growing period of low birth weight infants, the other in rats during
experimental food restriction. Another paper establishes a new, fundamental
interrelation between nutrients, namely the link between jodine- and vitamin
A-deficiencies in the aetiology of endemic goitre.

A crucial aspect of nutritional adequacy is the actual biological avail-
ability of nutrients. Indeed, many studies on nutrient needs are based on
nutrient content of the food that does not always correspond to actual
biological availability. Several presentations deal with the subject. One
refers to the low availability of niacin in cereals, the other discusses the
bioavailability of dietary iron as it is influenced by meal composition and
the third paper deals with the effect of food processing on amino acid
availability.

At last, new frontiers relating to nutritional adequacy are tackled. One
subject is the biological role of many trace elements that is still a matter
of debate among nutritionists. The other concerns the interrelation between
certain nutrients and brain function and its feedback on behaviour and food
intake. One paper elaborates on the mechanisms involved in reducing energy
intake when an unbalanced protein is fed, the other discusses the impact
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certain nutrients may have on behaviour, as precursors of neurotransmitters.
This kind of research introduces a new point of view, considering nutri-
tional adequacy not only in respect to fulfilling basic nutrient needs for
growth and maintenance but also as regards optimal functioning of the
organism and subjective well-being.

I would 1like to thank here Dr. K. Anantharaman, the initiator of the
Symposium, who in spite of my initial reluctance, pushed the idea forward
and obtained the agreement of the Management.

I am grateful to Dr. C.L. Angst, General Manager of Nestlé, who rendered
the Symposium possible by generous financial support.

Many people contributed to the success of this Symposium and they cannot
all be mentioned here. I convey my special thanks to all the persons who
worked somehow behind the scene but were indispensable for the final
success:

Mrs J. Vocanson for the initial organisation and convocation,

Miss C. Mordasini for the typing of the manuscripts,

Mrs J. Farr for polishing the English of the presentations,

Mrs M. Beaud and Mr. K. Fleury for the drawing and retouching of the figures
and Mrs J. Jaquier for controlling and completing the references.

Finally, I would like to thank the editorial board and all the scientists
who made the Symposium such a success by their excellent presentations.

Professor Jean Mauron
Head, Nest1é Research Department
Editor-in-Chief



HOW MUCH FOOD DOES MAN REQUIRE ?
AN EVALUATION OF HUMAN ENERGY NEEDS

Elsie M. WIDDOWSON

University of Cambridge Clinical School, Department of Medicine,
Level 5, Addenbrooke's Hospital, Cambridge, England

SUMMARY

Nutritional individuality is a characteristic of mankind and
this is as true of energy intakes and needs as of other attrib-
utes. Studies over the years have shown that individuals vary by
a factor of two or more in their intakes of energy from the
first year after birth to 75 years and over. The metabolic
differences that must lie behind this are still not fully under-
stood. Recent ideas about the importance of dietary thermo-
genesis in energy expenditure seemed as though they might
provide an explanation, but not all investigators agree, and the
problem has still not been satisfactorily solved.

In spite of these individual variations, average intakes and
expenditures show predictable changes with age, and males always
seem to take more energy than females throughout their Tlives.
This is still true when the intakes are expressed per kg body
weight, per square metre surface area and per kg lean body mass.
The explanation of this is not certain, but various suggestions
have been made.

"
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There is evidence that energy intakes, at any rate in the
United Kingdom, were falling between the 1950's and 1970's, and
this has been attributed to a decrease in physical activity.
However, some of the apparent difference is due to the fact that
higher factors were used to calculate the energy derived from
protein, fat and carbohydrate in the 1930's and 1940's than were
used later; if the later factors are applied to the results of
the earlier surveys the values for energy are reduced by about
10%. This correction brings the results of the earlier surveys
into line with those of the later ones for boys up to 14 years
and girls up to 10 years. Older children of both sexes and
adults, however, do seem to be eating less than they used to do.

The question as to whether women should and do increase their
intake of food during pregnancy has been discussed at two pre-
vious meetings sponsored by Nestlé. The evidence seems to be
that they do not, and it is postulated that metabolic economies
enable the women to produce 4 kg of body fat and a foetus
weighing 3.5 kg without any increase in energy intake at all.

Infants grow very rapidly, particularly during the first
6 months after birth, and a considerable proportion of the
energy intake is directed to this end. The conventional method
of calculating energy from the intakes of protein, fat and
carbohydrate is quite inappropriate in these circumstances.

The title of my talk "How much food does man require ? An evaluation of
human energy needs" might lead you to expect some pronouncement on the
number of calories or joules people of various ages and conditions require
each day. I am not going to make any such pronouncement. Better qualified
people than I have applied themselves to this task - most recently those
contributing to the FAO/WHO Committee's Report on Energy and Protein Needs
(1982). 1 am going to confine myself to general principles, particularly
those on which new information is emerging, or those which present problems
that have not yet been solved.
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Nutritional individuality

Nutritional individuality is a characteristic of mankind and, as with
other aspects of human biology, no two individuals are the same. There may
be family resemblances, but each person develops his own eating habits and,
quite apart from habits, each one of us has his own individual physiological
requirements for energy and for each of the various nutrients, and these
vary with age, sex and external circumstances. The "average man™ has never
existed as an individual, but the concept of him is useful so long as we
remember that the description of him represents the average of measurements
made on a number of individuals, and the measurements on individuals may
vary considerably between the greatest and the least.

The studies I made in the 1930's on the individual food intakes of men,
women and children illustrated clearly how widely the energy intakes varied
from one individual to another of the same age and sex (Widdowson, 1936,
1947; Widdowson & McCance, 1936). Again and again, two physically similar
individuals might differ in their intakes of energy to the extent that the
intake of one was twice that of the other. These variations were evident
over the age range from one to eighteen years and on into the fifties, and
more recent studies have shown that they are found in infants between birth
and one year (Morgan et al., 1976; Morgan & Mumford, 1977) and in men and
women aged 75 and over (Darke et al., 1980). The variation between
individuals is somewhat less among groups of similar people living together,
eating together and following the same programme of exercise e.g. army
officer cadets in training (Edholm et al., 1955) and army recruits (Edholim
et al., 1970), which suggests that differences in activity and way of 1life
account for some of the variation. Considerable variability is, however,
still evident, not only in energy intakes, but also in energy expenditure
per minute at rest and at various activities (Durnin & Passmore, 1967), so
that one individual expends 50% more energy than another in performing the
same active or inactive task. When energy expenditure is integrated over the
whole day, we still find a large range of variation. A discussion of the
reasons for the variation in energy needs between individuals lies outside
the scope of this paper, but they do not seem to provide an easy answer as
to why some people get fat and others stay lean. Those that are fat must at
some time have eaten more food than would provide for their own individual
energy requirements, whether they are high or low expenders of energy.
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Dietary-induced thermogenesis

This brings me to the controversial subject of dietary-induced thermo-
genesis. Up to a few years ago, it was belijeved that an adult maintained his
body weight more or less constant by a fairly exact control over his intake
of food. The question then was how appetite was requlated so accurately;
thermostatic, glucostatic, Tlipostatic and other .mechanisms were all con-
sidered. In the last 10 years, the idea has been put forward that energy
expenditure plays an important part in maintaining a steady body weight. In
fact this idea is not new, for it has been around for 80 years (Neumann,
1902). It was revived by Miller & Mumford (1967) and given a new lease of
life by Rothwell & Stock (1979, 1982). These investigators believe that if
more energy is taken in than is required for maintenance and activity, then
some of the excess energy is lost as heat and this takes place particularly
after meals. This loss of heat is over and above the energy expenditure
involved in digesting and absorbing the nutrients in the meal, the so-called
"specific dynamic action". It has been suggested that dietary induced
thermogenesis is greatly enhanced by exercise (Miller & Wise, 1975), but
this has now been convincingly disproved (Dallosso, 1982). It was suggested
that individuals vary considerably in their ability to dissipate excess
energy in this way; those that get fat do not do it so readily as those that
stay lean (James & Trayhurn, 1981). A1l this implies that there is normally
some controlling heat-Tosing mechanism which enables the body to maintain
the status quo when the individual eats more food than he needs, but evi-
dence for this in man has never been proved conclusively (Passmore, 1982).
Even in rats similar studies have not given the same results in the hands of
different workers. Rothwell & Stock's (1979, 1982) findings suggest that
when rats are fed what is called a cafeterja-type diet, so that they
over-eat, not all the excess energy taken in the food is laid down as fat. A
considerable part is Tlost as heat. However, Hervey & Tobin (1982) and
Bestley et al. (1982), apparently doing the same experiment, find that all
the excess energy taken in can be accounted for by an increase in body fat.
McCracken & Barr (1982) too have come to a similar conclusion. Until the
differences are resolved and the facts become certain it seems premature to
discuss mechanisms for dietary induced thermogenesis or to invoke brown fat
as being involved in it. Passmore (1982) has said recently "While it is
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impossible to state that futile cycles, whether in BAT* or in other organs,
play no part in the disposal of excess dietary energy, there is good evi-
dence that in many people they do not operate much of the time and (when
they do) only on a small scale". From all that I have read in preparing this
paper, I must say, I agree with him.

In the contrary situation, when the energy intake is 1less than the
requirement, and appetite cannot be satisfied, the only way in which the
body can adapt is to reduce energy expenditure. This it does, and the
metabolic rate falls in animals as well as man. The mechanism is complex and
probably involves the thyroid (Jung et al., 1980). There must be variations
between individuals, which will depend upon the amount by which that
person's or animal's energy needs are deficient, the length of time the
undernutrition has lasted and the composition of the body at the outset. One
of the most striking things about this is the rapid rise in metabolic rate
as soon as food is supplied.

Sex differences in energy intake

The question asked in the title of my paper "How much food does man
require ?" might be regarded as rather 1like the question "How long is a
piece of string ?". This, however, is not very helpful, and so long as we
bear in mind the limitations of average figures for energy requirements,
there are some things we can state with certainty. First, average intakes
and expenditures, and hence requirements for energy of healthy human beings
rise from birth to maturity, remain steady for a number of years and fall
off gradually with advancing age. Second, the energy requirements per unit
body mass fall from birth, and tend to go on doing so into old age. Third,
the energy intakes of boys are higher than those of girls, and similarly
energy intakes of men are higher than those of women. This is not entirely
explained by their heavier weight, for per kilogram of body weight males
still take more energy than females. So far as energy expenditure is
concerned, a comparison of total energy expenditure of large numbers of

* Brown Adipose Tissue
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males and females of any age over a sufficiently long time has, as far as I
know, never been made. The Tliterature on basal metabolism is large and often
contradictory. On a surface area basis, women appear to have a lower basal
metabolic rate than men, but when the results are recalculated to a body
weight basis, the difference between the sexes is reduced (Durnin, 1976).
Fat is the greatest variable in the human body, both 1in quality and
quantity, but particularly in quantity, and those of us concerned with body
composition know full well that the only way to get any sort of uniformity
is to express the results for all the non-fat constituents of the body in
terms of the fat-free body mass. As Durnin (1976), however, has pointed out,
the fat-free mass is a mixture of metabolically active and inactive tissue,
and adipose tissue is not inert. Liver and muscle, and above all brain, have
a higher rate of oxygen consumption than adipose tissue, but the skeleton
has a Tower one. Even if the basal metabolic rates of males and females are
more similar when expressed per kg of lean body mass than per kg or total
body weight (Miller and Blyth, 1953; von Ddbeln, 1956), lean body mass does
not necessarily have the same proportions of more and less metabolically
active tissue in the two sexes.

Table I shows the mean results of a study of Durnin et al. (1974) on the
7 day weighed food intakes of about 100 boys and 100 girls, all 14-15 years
old in 1964, and of 200 of each sex in 1971. On both occasions, the boys
took more energy than the girls, whichever basis of comparison is used.
Durnin (1976) has suggested that males are more active than females, not
only physically, but also metabolically, and this may be due to the influ-
ence of endocrine function, possibly by the thyroid, on metabolic activity.

Another point suggested by the results of Durnin et al. (1974) is that
between 1964 and 1971, there was a reduction in the mean energy intake of
both boys and girls. The authors attribute this to a lessening of physical
activity between 1964 and 1971, which is probably part of a steady change
over a longer period. More recently, Whitehead et al. (1982) have collected
together the results of 16 studies on the energy intakes of boys and girls
aged between one and 18 years, measured between 1930 and 1971 and have
divided them into two groups, those made between 1930 and 1955 and those
made between 1956 and 1971. In both earlier and later periods, the older boys
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Table I : Mean body measurements and energy intakes
of 14 year old boys and girls {Durnin et al., 1974)

Boys Girls

1964 1971 1964 1971
Number 102 198 90 221
Height, m. 1.63 1.63 1.59 1.59
Weight, kg 51.1 50.8 51.8 50.7
Fat, ¢/100 g 16.3 18.4 27.6 27.0
Fat-free weight, kg 42.8 41.5 37.5 37.0
Surface area, sq.m. 1.51 1.50 1.52 1.50
Energy intake, kcal/day
Total 2705 2610 2270 2020
Per kg body weight 52.9 51.4 43.8 39.8
Per kg fat-free weight 63.2 62.9 60.5 54.6
Per sq.m. surface area 1791 1740 1490 1347

took more energy than the girls, but it also appears that at all ages, girls
in the more recent studies took less energy than they did in the earlier
years. For boys, the difference becomes apparent at about 12 years. Body
weights were similar in all the studies, and again a lessening of physical
activity is put forward as the explanation of the decrease in energy intake
over the years, though if this is the case the authors were puzzled as to
why the younger boys had not altered.

One thing Whitehead et al. (1982) did not take into account was how the
calorie intakes were arrived at in the various dietary surveys. I can only
speak for those made in the United Kingdom where in most of the studies our
own food tables were used, and in these tables the factors for calculating
the energy value of foods from the protein, fat and carbohydrate have
changed since the first edition was published in 1940 (McCance & Widdowson,
1940, 1942, 1946, 1960; Paul & Southgate, 1978). In all editions up to the
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fourth Rubner's factors were used. His factor of 17.15 kJ (4.1 kcal) per g
carbohydrate was intended to be applied to a mixture of starch and sugar,
but from the outset, we expressed all our carbohydrate values as monosaccha-
rides. We therefore, in our ignorance in the 1930's, made an error in using
the factors 17.15 (4.1); the correct energy value of 1 g monosaccharide,
15.69 kJ (3.75 kcal), was used in all editions after the first. A1l the
calculations of the energy value of the diets of men (Widdowson, 1936),
women (Widdowson & McCance, 1936) and children (Widdowson, 1947) were,
however, based on the first edition of the tables and, in fact, many of them
were made long before the tables were published. The absolute values given
for energy intakes are, therefore, all too high.
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Fig. 1 : Energy intakes of boys - e = Original values (Widdowson, 1947);
o = recalculated using Atwater's factors (Widdowson, 1947); dotted line =
fitted quadratic regression 1line for energy intakes reported in surveys
after 1955 (Whitehead et al., 1982).
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Fig. 2 : Energy intakes of girls - e = Original values (Widdowson, 1947);
o = recalculated using Atwater's factors (Widdowson, 1947); dotted line =
fitted quadratic regression line for energy intakes reported in surveys
after 1955 (Whitehead et al., 1982).

Figures 1 and 2 show the energy intakes of the boys and girls in my inves-
tigation (Widdowson, 1947) calculated from their mean intakes of protein,
fat and carbohydrate, first applying the factors I originally used as given
in the first edition of the food tables, and second according to the factors
in the fourth edition. At all ages, the later factors reduce the energy
intakes by about 10% and this is sufficient to bring the younger girls into
line with the Whitehead et al. (1982) regression line for energy intakes as
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reported in dietary surveys after 1955, For boys from 14 years upwards and
for girls from 10 years, there is still a large difference between the
energy intakes 40 years ago and those within the period 1955 to 1971.

Why older children, particularly girls, should have been eating less over

the years, but not younger ones, is a puzzling question, but the results of
Durnin et al. (1974) would fit in with this.

Energy requirements in pregnancy

Another question that is exercising nutritionists at the present time
concerns the energy of pregnant women. Do they or do they not eat more than
they did before they were pregnant ? A workshop sponsored by Nestlé Nutri-
tion was held at the Ch3teau de Rochegude, Vaucluse, France, in 1980 to
discuss this problem (Dobbing, 1981) and an earlier one in Lutry,
Switzerland, in 1979, sponsored by the Nestlé Foundation, touched on it
(Aebi & Whitehead, 1980). Theoretically, women need more energy, at any rate
during the last 2 or 3 months of pregnancy, but some investigators have
found that they do not in fact increase their energy intakes at all.
Naismith (1981) believes that the demands of the foetus for energy and
nutrients are met by metabolic economies within the mother's body and he has
provided evidence that this is indeed so in the case of protein. Animal
studies suggest that protein is retained within the mother's body during the
early part of pregnancy and this is withdrawn for the fetus during the
latter part. During the 1last trimester of human pregnancy, the urinary
excretion of 3-methylhistidine rises. Since this amino acid cannot be
reutilized, a rise in excretion indicates that an increased catabolism of
muscle protein is taking place. It is suggested that the 6ther amino acids
in the protein catabolized are being used for foetal growth. So far as total
energy is concerned, the demands the foetus makes on the mother during the
last weeks of gestation are somewhere between 100 and 300 kcal a day, about
30% of which is devoted to the synthesis of fat, 5% to the synthesis of pro-
tein and 65% to maintenance (Widdowson, 1981). It may be that any increase
in a woman's energy intake during pregnancy is within experimental error of
measurement. With the support of the Nest1é Foundation, further evidence on
this is being sought (Durnin et al., 1982a; Durnin et al., 1982b). I must
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point out, however, that a proper comparison of a woman's pre-pregnant and
pregnant food and energy intakes is rarely made. Either the "non-pregnant"
intake is measured after the woman is known to be pregnant - in the new
studies to which I have referred, the first measurement will be made between
the 6th and 12th week, by which time the woman may have already increased
her food intake to provide for the deposition of fat within her own body -
or the pregnant intake is compared with that after pregnancy and lactation
are over. Neither of these comparisons is strictly fair.

Energy cost of growth

My final point concerns the energy cost of growth. This is sometimes
assumed to be the sum of the energy equivalent of the protein and fat stored
in the body over a stated period of time and the energy cost of converting
the absorbed nutrients into new body tissue. Taking the second part first,
Millward et al. (1976) calculated that to convert fat into fat requires
0.01 kJ (0.002 kcal) per kJ deposited, carbohydrate into fat and protein
into protein 0.15 kd (0.036 kcal) per kJ, and protein into fat 0.31 kdJ
(0.071 kcal) per kd. Pullar & Webster (1977) have simplified the whole thing
by concluding that the energy costs of depositing 1 gram of protein or of
fat are almost identical at 53 kJ (12.7 kcal) per gram. Schutz (1979) has
also made some proposals, 46 kJ (11 kcal) per g fat tissue and 9.2 kJ
(2.2 kcal) per g lean. Although these factors are expressed in different
ways, they are in practice satisfactorily similar. Now, we come to the
energy retained or stored. Schutz (1979) and others before him, including
myself, have calculated this from the energy that would be produced if the
protein and fat deposited in the body were incinerated in a bomb calori-
meter, 23.8 kJ (5.7 kcal) per g protein and 38.9 kJ (9.3 kcal) per g fat.
But they have not been derived from carbon, oxygen, hydrogen and nitrogen,
but from protein, fat and carbohydrate in the food, so that to apply the
bomb calorimeter factors to them seems quite inappropriate. The only
additional energy required by the child for growth over and above the cost
of converting absorbed nutrients to new body tissue seems to me to be the
energy cost of processing the food in the digestive tract, and absorbing the
products of digestion. I would welcome discussion on this point.
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CONCLUSION

Although we know a great deal about how much food man requires, there
still remain unsolved problems, some old, some new, most of them concerning
differences between individuals, between the sexes, and between different
ages. The old question posed by me 35 years ago "Why can one person live on
half the calories of another, and yet remain a perfectly efficient physical
machine 7" (Widdowson, 1947) has never been satisfactorily answered. Whether
dietary-induced thermogenesis comes into it is controversial. Why males on
the average need more energy than females, whatever basis of comparison is
used, still remains open to investigation. Whether women require more energy
after they become pregnant than they did before, and if not why not ?, is
another topical subject.

The fall in energy intakes and, therefore, presumably requirements over
the past 40 years is often attributed to decreasing physical activity but,
if this is so, why do children before puberty not shown such a decrease ?
One would suppose that school buses and television would have reduced their
activity. Finally, the method of calculating the total energy cost of growth
has not been completely settled. In a way, it is comforting to know that
there are still problems to be solved 200 years after Lavoisier's experi-
ments on the energy metabolism of himself and his guinea-pig.
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THERMOGENIC RESPONSES INDUCED BY NUTRIENTS IN MAN ;
THEIR IMPORTANCE IN ENERGY BALANCE REGULATION
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SUMMARY

The regulation of body weight depends upon the control of
food intake and the regulation of energy expenditure. In man,
the control system for food intake may be overwhelmed by psycho-
Togical or social influences and the thermogenic response to a
variable energy input may play an important role in the energy
regulatory system. Energy expenditure can be divided into
3 components : basal metabolic rate, thermogenesis and physical
activity. Of these 3 components, thermogenesis, (i.e. the energy
expended above the metabolic rate in the resting state) is the
most likely candidate to play a role in the regulation of energy
expenditure. The two main factors which contribute to thermo-
genesis, i.e. food intake and cold exposure, elicit diet-induced
thermogenesis (DIT) and non-shivering thermogenesis (NST),
respectively. It is of interest to study thermogenesis in indi-
viduals who present a tendency to gain weight, in order to
assess whether the thermogenic responses may be lower in these
subjects than in lean controls.
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It has recently been shown that DIT consists of two separate
components which can be described as "obligatory" and "regula-
tory" thermogenesis. The former is due to the energy costs of
digesting, absorbing and converting the nutrients to their
respective storage forms. The Tlatter is an energy dissipative
mechanism, mainly studied in animals. There is good experimental
evidence showing that brown adipose tissue (BAT) is involved in
the adaptive thermogenesis observed in rats fed a varied and
palatable "cafeteria" diet. In addition, a thermogenic defect in
BAT has been demonstrated in adult as well as young genetically
obese animals, and this defect is present not only in adult, but
«also in young (12 day old) ob/ob mice, i.e. before the develop-
ment of obesity. Thus, a defective thermogenesis seems to be a
cause, rather than a consequence, of obesity in these animals.

In man, the role of thermogenesis in energy balance regula-
tion is not yet understood. Some conflicting results may have
arisen from inadequate techniques to measure energy expenditure.
In our laboratory, we have developed three different techniques
to measure energy expenditure in man, namely direct calorimetry,
indirect calorimetry using an open-circuit ventilated hood
system, and a respiratory chamber. Data from recent studies on
DIT in man support the concept that a defect in thermogenesis
may contribute to energy imbalance and weight gain in obese
individuals.

We have been undertaking studies in obese subjects in an
attempt to assess whether insulin resistance, which frequently
occurs in obesity, affects glucose-induced thermogenesis (GIT).
In 55 obese individuals studied over 3 hours following a 100 g
oral glucose load, GIT was significantly reduced when compared
to that of a control group. It is noteworthy that the magnitude
of the reduction in GIT was related to the degree of insulin
resistance; the more insulin-resistant patients had the Tlowest
GIT. The measured value of GIT in these insulin-resistant
patients corresponded well with the "obligatory" thermogenesis
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of glucose. By contrast, control subjects exhibited a thermo-
genic response twice as great, suggesting both "obligatory" and
"regulatory” components in their GIT. These results suggest that
insulin may be required for the full DIT response, and that
insulin resistance contributes to blunt the "regulatory" thermo-
genesis. In this study we have shown that age also contributes
to a decrease in GIT. Thus both insulin resistance and age are
factors which decrease the thermogenic response to glucose.
These thermogenic defects may account, at least partially, for
the increasing occurrence of obesity with age, since they favour
energy retention and weight gain.

It is not yet established whether the thermogenic responses
due to lipid and protein ingestion are solely accounted for by
their respective "obligatory" thermogenesis. Studies on protein
turnover rates are needed in man to establish whether adaptive
modulations of synthesis and breakdown of protein contribute to
a variable thermogenesis.

Finally, it is noteworthy that in rats and mice, there are
many common features between DIT and NST including increases in
metabolic rate, in thermogenic response to noradrenaline and BAT
hypertrophy and hyperplasia. Moreover, these features are all
defective 1in genetically obese mice. In human obese female
individuals, we have also shown evidence for a deficiency in
both DIT and NST. Further studies are needed to establish
whether a defective thermogenesis may precede the development of
obesity in man, or whether it is a consequence of the increased
body fat mass. Our data showing the progressive decline in GIT
with increasing insulin resistance in the obese may favour the
latter alternative; however, more work is needed to study the
obese after weight Tloss with the possibility of detecting a
defective thermogenesis, independent of the weight excess, and
which may be genetically determined.
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CONTROL OF FOOD INTAKE AND MODULATION OF ENERGY EXPENDITURE
IN THE REGULATION OF BODY WEIGHT

In the adult individual, stability of body weight results from a control
of food intake and a modulation of energy expenditure. The two components of
energy balance, i.e. input and output are closely interrelated. Workers
involved in heavy physical activity obviously exhibit an elevated energy
expenditure accompanied by a correspondingly increased food intake. Con-
versely, patients with anorexia nervosa, characterized by a very low food
intake exhibit a low energy expenditure (Jéquier et al., 1978). Thus, both
energy input and energy output influence each other (Garrow, 1978a).

It is generally admitted that the control of energy intake is the major
factor in the regulation of energy balance. Since the control of food intake
has been much studied, especially in the rat (Novin et al., 1976), it is not
intended to discuss this topic here. It is, however, likely that in man, the
regulatory system for food intake can be overwhelmed by psychological or
social influences. Therefore, the degree of stability in body weight (or
more precisely in body energy) will be largely dependent upon the indivi-
dual's capacity to modulate energy expenditure so as to compensate for the
variable energy intake.

Obesity has become a frequent condition in developed countries, indi-
cating that the regulatory system of energy balance often works imperfectly
in man. While it 1is often assumed that hyperphagia is the primary cause of
obesity, most studies in man have failed to demonstrate an abnormal food
jntake in obese patients (Garrow, 1978b). Although assessment of food intake
can be invalidated by various factors, such as changes in eating behaviour
of the subjects while being studied and the difficulty in knowing the
precise energy content of the ingested food, it is well-recognised that
hyperphagia is not the unique cause of obesity in man and that other factors
are involved.

This paper is divided into two parts, the first of which deals with the
thermogenic responses to nutrient intake in man. It is of interest to com-
pare the experimental data with the theoretical energy cost of absorbing and
converting the nutrients to their respective storage forms. This comparison
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will show whether the measured thermogenic responses can be entirely
predicted from the obligatory energy requirements for the biochemical
processing of the nutrients, or whether other energy dissipative mechanisms
may play a role. The second part of the paper describes recent evidence
indicating that, in man, obesity may be due in part to defective thermogenic
mechanisms.

THERMOGENIC RESPONSES TO NUTRIENT INTAKE

Responses to carbohydrate administration

After the ingestion of a meal, the energy expenditure increases. Many
expressions have been used to describe this phenomenon, including specific
dynamic action, postprandial thermogenesis, thermic effect of food and diet
induced thermogenesis. The expression which is most used nowadays (Rothwell
and Stock, 1981b) is "diet-induced thermogenesis" (DIT). Instead of re-
viewing the literature on DIT in man, thjs presentation will mainly deal
with recent data obtained with our technique of computerized indirect
calorimetry (Jéquier, 1981).

Diet-induced thermogenesis has long been considered as the obligatory
energy costs of digesting, absorbing and processing or storing the
nutrients. For carbohydrate, this "obligatory thermogenesis" depends upon
the metabolic fate of the nutrient : when ingested glucose is absorbed and
then directly oxidized, the increase in energy expenditure (i.e. the thermo-
genesis) only represents about 1%, whereas the cost of converting glucose to
glycogen corresponds to about 5% of the glucose energy content (Flatt,
1978). Another pathway, lipogenesis from glucose, is energetically wasteful
since the equivalent of 24% of the energy content of glucose converted into
glycogen is expended (Flatt, 1978).

The experimental value for the thermogenesis induced by glucose ingestion
in young adult individuals was found to be about 9% of the glucose energy
ingested (Golay et al., 1982a), a value which could be accounted for by the
three metabolic pathways, oxidation, glycogen synthesis and Tlipogenesis,
provided that each one contributed similarly to glucose disposal. Since
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lipogenesis is quantitatively less important than the two other processes
{Acheson et al., 1982), it can be inferred that the measured glucose induced
thermogenesis is Tlarger than the obligatory energy cost of glucose
metabolism (Table I).

When glucose is administered by the intravenous route, together with
insulin in order to maintain euglycemia (hyperinsulinaemic glucose clamp),
about 85% of the infused glucose is taken up by muscles (DeFronzo et al.,
1981), and less than 5% by the liver. Lipogenesis from glucose, being prima-
rily a hepatic process in man, can only account for a negligible fraction of
the infused glucose. By using different rates of glucose/insulin infusion,
the glucose-induced thermogenesis was found to be lower than that obtained
after oral administration of glucose (Thiébaud et al., 1982), but it was
still larger than the obligatory energy cost of glucose metabolism, parti-
cularly when insulinaemia was elevated (Table I). These data support the
concept that energy dissipative processes distinct from obligatory thermo-
genesis are induced in man by glucose administration.

Table I : Comparison between predicted and meaiured thermogenesis
induced by nutrients in man

Route of Thermogenesis
Nutrient administration predicted measured References
Glucose per os 4-5% 9% Golay et al., 1982a
Glucose intravenous2 4% 5.5 to 8% Thiébaud et al., 1982
Carbohydrate per os 5-10% 27% Schutz et al., 1982a
(overfeeding)
Fat intravenous 2-3% 2-3% Thiébaud et al., 1983
Fat + glucose intravenous2 3% 5.5% Thiébaud et al., 1983
Amino acids per os° 25% 16.5¢  Pittet et al., 1974

(1) The values reported in this table were obtained by our group; it is not
intended to review values in the literature.

(2) During euglycemic hyperinsulinaemic glucose clamps.
(3) Measurement during 150 min. only.
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Up to now, we have discussed acute responses to glucose administration
over a period of a few hours. It is of major interest to know the magnitude
of thermogenesis which can occur when energy intake is chronically increased
above maintenance energy requirements. In a recent study of overfeeding with
carbohydrates in our laboratory (the subjects received 1,500 kcal in excess
of the preceding day's energy expenditure over a period of 7 days), Schutz
et al., (1982a) observed an increase in energy expenditure corresponding to
27% of the excess energy intake (Table I). This value is much higher than
the obligatory thermogenesis due to carbohydrate metabolism and indicates
that a chronic excess of energy intake in man stimulates energy dissipative
processes which tend to 1limit the gain of body energy. This "adaptive
thermogenesis" may represent an important mechanism in body-weight regula-
tion.

Thermogenic responses to fat and protein intake

Thermogenic responses to fat and to protein have been less studied in man
than the effect of carbohydrate administration. In a recent study (Thiébaud
et al., 1983), Intralipid (fat 200 g/1, glycerol 25 g/1, lecithin 12 g/1)
infusion at a rate of either 0.23 mg/min. or 0.12 mg/min. was given to
7 young healthy volunteers. This 1lipid infusion induced a thermogenic
response of 2 to 3% of the energy content of the 1lipid infused (Table I).
This value is consistent with the theoretical energy cost for metabolising
and storing lipid. Therefore, intravenous administration of 1lipids to man
does not elicit energy dissipative processes distinct from obligatory
thermogenesis. When, however, 1ipids were administered together with glucose
and insulin (Thiébaud et al., 1983) the thermogenic response was found to be
enhanced (Table I); it is 1likely that the thermogenesis induced by 1lipid
then exceeds the value of the obligatory cost of 1lipid metabolism.

The thermogenic response to protein administration is classically
described as greater than that of carbohydrate and Tipid. Data on this topic
in man are, however, rare and often difficult to interpret. The thermogenic
response to protein (or amino acids) administration is long-lasting, and
therefore is difficult to measure completely. The ingestion of 50 g of a
balanced mixture of amino acids by young male volunteers produced a



Nutrients and Energy Balance Regulation 33

stimulation of thermogenesis of 16.5% of the energy content of the load when
measured during 150 min. following the ingestion (Pittet et al., 1974). It
is evident, however, that the thermogenic response was not completed after
150 min. and that the overall response is larger than that reported
(Table I). In a recent study, Welle et al. (1981) compared the thermogenic
response in man of equicaloric amounts of glucose, fat and protein; they
reported a greater increment in energy expenditure after protein ingestion
than after the intake of glucose or fat, but their values were curiously low.

The theoretical value for the thermogenic response to protein administra-
tion is large and amounts to about 25% of the energy content of the load
(F1att, 1978). This important increase in thermogenesis has been attributed
to a stimulation of protein turnover rate and to the high energy cost of
peptide bond synthesis. A comparable increase in energy expenditure is,
however, elicited when ingested amino acids are oxidized, because of the
high cost of ureogenesis and gluconeogenesis (Flatt, 1978). The reported
values for thermogenesis induced by protein (or amino acid) ingestion are
somewhat lower than the predicted ones, but it is 1likely that the total
response has never been entirely measured because of the long duration of
the process. These considerations lead to the concept that following protein
(or amino acid) ingestion, the obligatory thermogenesis fully accounts for
the increase in energy expenditure. When excessive amounts of proteins are
ingested, energy dissipative mechanisms may, however, occur (Schutz, Y.,
personal communication).

In conclusion, the thermogenic response to food intake in man is depen-
dent upon both the nature of the nutrients and the total amount of energy
intake. The "obligatory thermogenesis" (i.e. the energy costs of digesting,
absorbing and storing the nutrients) accounts for most of the thermogenic
response to fat and protein administration. After carbohydrate ingestion, or
after overfeeding, energy dissipative processes may contribute to the meta-
bolic responses. The term "regulatory thermogenesis" 1is proposed for the
increase in energy expenditure which is not accounted for by the "obligatory
thermogenesis" after carbohydrate feeding, while the expression "adaptive
thermogenesis" is used to describe the large increase in energy expenditure
during overfeeding.
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Mechanisms involved in energy dissipative processes after food intake

The mechanisms of the energy dissipative processes in man are still
unknown. Increased 1ipid (Ball & Jungas, 1961) or protein (Yousef & Chaffer,
1970) turnover, substrate cycles in intermediary metabolism (Newsholme,
1980) or increased cation transport (Ismail-Beigi & Edelman, 1970) have been
proposed to explain an increased utilization of ATP, but there is no
convincing evidence supporting any of these mechanisms. Another possibility
to account for an energy dissipative process is a decreased efficiency of
ATP formation. The most compelling evidence for such a mechanism is the
finding that the mitochondria of brown adipose tissue possess a unique
pathway known as proton leakage or proton conductance pathway (Nicholls,
1979). This pathway allows the proton gradient generated by respiration to
be dissipated, by permitting protons generated by respiration to move back
across the inner mitochondrial membrane without the reaction being coupled
to ATP production (Nicholls, 1979). Brown adipose tissue is found parti-
cularly in the interscapular and perirenal regions of the newborn and young
animals and is considered to atrophy under normal conditions in adult
animals, including man. This tissue has less triglyceride than white adipose
tissue, is richly innervated with sympathetic nerve endings and has a very
important vascular supply. The energy expenditure of this tissue can be
enormously increased by sympathetic nerve stimulation or by injection of
noradrenaline to the animal (Foster & Frydman, 1978). This tissue is known
to be the major site of non-shivering thermogenesis in the rat (Foster &
Frydman, 1978) and mouse (Thurlby & Trayhurn, 1980) during cold exposure.

It has been shown that modulations of the energy expended in brown
adipose tissue also play an important role in preserving energy balance in
rats (Rothwell & Stock, 1979). If rats are induced to eat a great amount of
a highly palatable food ("cafeteria diet"), there is a large increase in
thermogenesis which greatly reduces the weight gain predicted from the
increased energy intake (Rothwell & Stock, 1979). It is surprising that a
large part of this diet induced thermogenesis can be accounted for by an
increased activity of brown adipose tissue (Rothwell & Stock, 1981a).

Thus in rodents, both conditions which stimulate thermogenesis, i.e. food
intake and cold exposure, result in sympathetic activation of brown adipose
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tissue. The two processes, i.e. non-shivering thermogenesis (NST) and diet-
induced thermogenesis (DIT), share many common features (Rothwell & Stock,
1980) including increase in food intake, stimulation of metabolic rate,
enhanced thermogenic responses to noradrenaline and augmented brown adipose
tissue thermogenesis. Brown adipose tissue has an important role in the new-
born child since it is a major site of NST. Later in life, brown adipose
tissue becomes atrophic and it was usually assumed that it disappeared. How-
ever, adult man still possesses some brown adipose tissue (Heaton, 1972) and
there is indirect evidence that it may be functional (Rothwell & Stock,
1979); clearly this field needs to be investigated further by using tech-
niques applicable to man.

Although there is no convincing evidence of brown adipose tissue activa-
tion in man after food ingestion, recent studies indicate that carbohydrate
ingestion stimulates the activity of the sympathetic nervous system (Welle
et al., 1981; Young et al., 1980). There is an acute increase in plasma
noradrenaline levels following glucose administration (Welle et al., 1981;
Young et al., 1980). Since plasma noradrenaline levels mainly represent an
overflow of the neurotransmitter from sympathetic nerve endings, increased
plasma levels of the transmitter is a good index of sympathetic nervous
system activation. By contrast, ingestion of protein or fat did not signi-
ficantly alter plasma noradrenaline levels (Welle et al., 1981).

The role of sympathetic stimulation in eliciting a part of the thermo-
genic response after glucose administration in man is further supported by
the observation that infusion of propranolol (a drug which blocks g-
receptors) significantly decreases the thermogenesis dinduced by glucose
during hyperglycaemic hyperinsulinaemic glucose clamps (K.J. Acheson,
personal communication). The residual increase in energy expenditure was
fully accounted for by the predicted "obligatory thermogenesis". Thus,
propranolol seems to inhibit most of the "regulatory thermogenesis",
suggesting that the latter is mediated by activation of the sympathetic
nervous system.

In rats, sucrose overfeeding is accompanied by an increase in noradren-
aline turnover in the heart (Young & Landsberg, 1977), liver and pancreas
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(Young & Landsberg, 1979), but the mechanisms of this stimulation are
unknown. During euglycaemic hyperinsulinaemic glucose clamps in man, insulin
jnfusion increases sympathetic nervous system activity (Rowe et al., 1981).
This suggests the possibility of a central effect of insulin, or insulin-
mediated glucose metabolism, on the activity of the sympathetic nervous
system. This is particularly interesting since glucose (or carbohydrate)
intake is accompanied by a rise in both insulin and noradrenaline plasma
levels (Welle et al., 1981; Young et al., 1980). Thus, plasma insulin
levels, considered as an index of insulin-mediated glucose metabolism within
a small region of the central nervous system (perhaps in the hypothalamus)
might be a signal linking carbohydrate intake to sympathetic activity. If
the latter controls thermogenesis through brown adipose tissue or other
effectors (Fig. 1), a link would have been established between energy intake
and output. This might contribute to explain the "regulatory thermogenesis",
j.e. the energy dissipative process induced by carbohydrate intake which is
not accounted for by the energy costs of glucose metabolism.

Carbohydrate feeding
Increase in plasma insulin levels

Stimulation of insulin-mediated g]Ucose metabolism
in hypothalamus or brainstem centers ?

Activation of sympathetic nervous system

Stimulation of thermogenic effectors
(brown adipose tissue ?)

Fig. 1 : Model of the mechanism of "regulatory thermogenesis" after
carBogydrate feeding.
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Further studies are needed to explore the relationships between energy
intake and output. In this context, it is of interest that the ventromedial
hypothalamus (VMH) may affect both feeding and thermogenesis (Perkins et
al., 1981). Electrical stimulation of the VMH area results in sympathetic
activation of thermogenesis in brown adipose tissue (Perkins et al., 1981)
while electrolytic or chemical lesions in the VMH induce hyperphagia and
excess weight gain which indicates that this area may be involved in the
control of food intake.

DO THERMOGENIC DEFECTS CONTRIBUTE TO THE ENERGY IMBALANCE
WHICH LEADS TO OBESITY IN MAN ?

The renewed interest in considering the putative role of thermogenesis in
the regulation of energy balance stems from recent experimental data in
animals. Two models are of particular interest, viz. :

1) hyperphagia which is not accompanied by obesity, and
2) obesity occurring without hyperphagia.

The first model is represented by weanling rats on a "“cafeteria diet"
which do not gain any excess weight in spite of a 50-60% increase in food
intake (Rothwell & Stock, 1981b), and the second by hypothalamic and genetic
obesity. In weanling rats, lesion of the ventro-medial hypothalamus induces
an increase in body fat without any increase in food intake (Goldman et al.,
1977). More compelling evidence that obesity can occur without hyperphagia
results from studies in genetic obesity. In pair feeding studies, (ob/ob)
mice (Thurlby & Trayhurn, 1979) become obese when receiving the same amount
of food as their lean littermates. The propensity towards obesity of the
mutants was found to be mainly due to a decreased thermogenesis resulting
from a mitochondrial defect in brown adipose tissue (Himms-Hagen &
Desautels, 1978; Thurlby & Trayhurn, 1980); the diabetic (db/db) mouse (Case
& Powley, 1977) and the fatty rat (Clearly et al., 1980) also become obese
when pair-fed with their lean littermates. It 1is interesting that these
(ob/ob) and (db/db)} mice also exhibit a defective non-shivering thermo-
genesis (NST) when exposed to the cold. In the (ob/ob) mouse, the defect in
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NST can already be shown in 12-day-old animals before the development of
obesity (Trayhurn et al., 1977); this suggests that the thermogenic defect
in these mutants is genetically determined and may be a cause rather than a
consequence of obesity.

Whereas the evidence is very strong that a reduced thermogenesis (both
NST and DIT) contributes to the development of obesity in genetically obese
rodents (Himms-Hagen & Desautels, 1978; Thurlby & Trayhurn, 1979, 1980;
Trayhurn et al., 1977) and in rats with lesion of the ventromedial hypo-
thalamus (Seydoux et al., 1981), the putative role of a thermogenic failure
in human obesity is more difficult to assess.

Obesity arises from a situation where energy intake chronically exceeds
energy output, but it is not clearly established in man whether this imbal-
ance results from an excessive input or a defective output. It is likely
that the two extreme conditions, i.e. hyperphagia on one hand and subnormal
thermogenesis on the other may only account for a few cases of obesity. The
present understanding is that obesity results from an altered control system
affecting in various degrees both energy intake and energy output; in some
individuals hyperphagia may be the obvious cause of obesity, whereas in
other obese subjects, a defective thermogenic capacity unable to adapt
energy output to a variable intake, may have an important role favouring
energy gain. According to this view, the aetiology of human obesity may be
considered as a spectrum from obvious hyperphagia to subnormal thermo-
genesis. One major difficulty in studying human obesity is due to the fact
that there is presently no adequate procedure to assess the relative impor-
tance of excess intake versus Tow output in a given patient. It is Tlikely
that most studies on human obesity are performed on heterogeneous popula-
tions, which may explain some of the discrepancies in the data obtained by
different groups.

To study the role of energy output in energy balance, it is necessary to
consider the 3 components of energy expenditure i.e. : basal metabolic rate,
thermogenesis and physical activity.

Basal metabolic rate is mainly dependent upon the size of the fat free
mass (i.e. body weight minus fat mass) (Halliday et al., 1979; Ravussin et
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al., 1982). Since obese individuals often have an increased fat free mass in
addition to their Targe fat mass, their basal metabolic rate is usually more
elevated than that of lean control subjects (James et al., 1978; Ravussin et
al., 1982). Thermogenesis can be defined as the difference between resting
energy expenditure and basal metabolic rate. It results from stimuli such as
food intake, cold exposure, psychological influences, thermogenic agents,
activity of the sympathetic nervous system, and hormonal influences. Lastly,
physical activity is obviously a component which affects energy expenditure.
In the developed countries, however, most adult individuals exhibit a range
of "normal activity" which only represents 15 to 20% of the total energy
expenditure (Garrow, 1978a). In addition, in sedentary individuals, physical
activity of obese and lean subjects was found to be very similar (McCarthy,
1966; Schutz et al., 1982b; Stefanik et al., 1959).

In human obesity, thermogenic defects have been described (James &
Trayhurn, 1976) and may play a role in the energy imbalance leading to
excessive weight gain. Both dietary-induced thermogenesis (Jéquier et al.,
1978) and non-shivering thermogenesis (Jéquier et al., 1974) are defective
in cases of familial obesity.

In a recent study (Golay et al., 1982b), we have reported a decreased
thermogenesis induced by glucose ingestion in obese subjects; this thermo-
genic response was particularly reduced when insulin resistance was present.
Furthermore, the Tlowest glucose induced thermogenesis was found in obese
diabetics with a reduced insulin response to the glucose load. These results
suggest that insulin is required for glucose-induced thermogenesis. As
mentioned previously, insulin may also be a signal for the hypothalamus and
may contribute to the activation of the sympathetic nervous system. The low
thermogenic response in obese subjects with insulin resistance (or with a
reduced insulin response) could be related to a lack of activation of the
sympathetic system.

Changes in plasma noradrenaline levels after a meal have, however, been
observed in obese subjects (Shetty et al., 1981); further work is needed to
establish whether a blunted response of the sympathetic nervous system is
responsible for the low thermogenesis observed in the obese. In addition,
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infusion of noradrenaline has been reported to elicit a lower thermogenic
response in obese women than in lean controls (Jung et al., 1979); the
response to noradrenaline was also decreased in "post-obese women" (i.e.
obese after significant weight loss).

In elderly non-obese subjects, the thermogenesis induced by glucose
ingestion was found to be TJower than in young controls {Golay et al.,
1982b). Thus, both age and obesity are factors which contribute to lowering
the thermogenic response to glucose.

In conclusion, of the 3 components of energy expenditure, basal metabolic
rate is usually augmented in obesity, thermogenesis is reduced, and physical
activity (although variable) is often similar in the obese when compared to
lean sedentary individuals. The total energy expended over a 24 h period was
found to be somewhat larger in a group of obese individuals when compared to
lean controls (Ravussin et al., 1982). Therefore, the decreased thermo-
genesis in the obese does not fully compensate for their elevated basal
metabolic rate; the conclusion has been drawn from similar results obtained
by Garrow (1981) that a failure in the thermogenic response to various
stimuli cannot have any important role in causing obesity in human subjects.
This concept, however, does not take into account the fact that a few obese
individuals have a Tlower total energy expenditure than 1lean controls
(Ravussin et al., 1982), which illustrates the heterogeneity of the energy
metabolism in obese individuals. In addition, after weight loss, a few
previously obese subjects had a reduced overall energy expenditure
(E. Ravussin, personal communication).

Thus, the following hypothesis has been proposed (James & Trayhurn,
1976) : In individuals who have a propensity to obesity, a decreased energy
output resulting from a failure in thermogenesis may favour a positive
energy balance and subsequent weight gain. With the increase in fat mass,
the lean body mass also becomes larger (although the increase in the latter
is much less than that of the former), which results in an elevated basal
metabolic rate. This eventually leads to a compensation of the low thermo-
genesis, and total body expenditure normalises or may even become somewhat
larger than that of lean individuals. Since the thermogenic capacity is
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still defective, any excess in food intake will be preferentially stored,
and body weight further increases.

More work is needed to assess the role of thermogenesis in body weight
regulation in man : however, present evidence suggests that the control of
therﬁogenesis may be as important as the control of food intake. The recom-
mendation to eat thermogenic nutrients and the development of thermogenic
agents may prove to be useful in the treatment of human obesity.
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SUMMARY

To examine the rates of whole body protein synthesis and
energy expenditure during the rapid growing period, premature
infants of very low birth weight (VLBW) (< 1500 g), appro-
priate for gestational age were kept under standard thermo-
neutrality conditions and received a formula diet providing
110 kcal/kg.d metabolisable energy (ME) and 3.3 g protein/kg.d.
Their energy expenditure was measured by open circuit indirect
calorimetry. Nitrogen turnover and whole body protein synthesis
and catabolism were determined using repeated oral administra-
tion of ISN-glycine for 60-72 h followed by the analysis of

5 . . .
1 N-enrichment in urinary urea.

These VLBW infants grew at an average rate of 15 g/kg.d.
About half of the ME intake (i.e. 50 kcal/kg.d) was invested in
weight gain while the remainder (i.e. 60 kcal/kg.d) was
oxidised. The energy equivalent of the weight gain (i.e. the
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amount of energy stored per g weight gain) and the N balance
indicated that lean tissue made up approximately 2/3 of the
weight gained and fat tissue the remaining 1/3.

The plateau value for ]5N enrichment reached on the third
day of administration allowed us to calculate a rate of protein
synthesis of 14 g/kg.d and protein breakdown of 12 g/kg.d in
five VLBW fed a formula diet.

The elevated energy expenditure of the very low birth weight
infant seems to be related to its rapid rate of weight gain
which is accompanied by a high rate of body protein synthesis.
More than 20% of the total energy expenditure of the VLBW
infants was accounted for by whole body protein synthesis.

Over the years sophistication in calorimetric techniques has largely
contributed to the better understanding of the energy metabolism of very low
birth weight (VLBW) infants, i.e. infants with a birth weight below 1500 g.
These methods now make it possible to evaluate the metabolic impact of
various nutritional regimens under controlled clinical conditions. An exami-
nation of the rate of whole body protein synthesis and breakdown in VLBW
infants is of interest for two reasons : firstly, because protein turnover
may account for a large fraction of the resting energy expenditure;
secondly, because current knowledge of protein turnover is mainly restricted
to that of infants recovering from malnutrition (Waterlow et al., 1978).

In newborn children characterized by a rapid growth, protein accumulation
is a dynamic process which results from a simultaneous synthesis and
catabolism of proteins. While total protein gain can be calculated from
nitrogen balance studies, isotopic tracer techniques are necessary to
evaluate protein turnover, synthesis and catabolism in humans. Non-
radioactive, stable isotopes of low natural abundance - 1.11% for ]3C and
0.36% for ]bN, can be used to this end. Administration of molecules

enriched with stable isotopes will lead to a significant enrichment which
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can be determined in expired gas, urine or blood. The metabolism of a
molecule is generally unaffected by the enrichment with a stable isotope
although significant isotopic effects have been reported to occur with ]80
and particularly deuterium (Thomson, 1963). In this study, repeated oral
administration of 15N-g]ycine was used to assess protein turnover rate
(Picou & Taylor-Roberts, 1969).

Energy cost of weight gain

Healthy VLBW infants present a unique opportunity to study the energy
cost of growth, since high rates of weight gain are achieved. The extrau-
terine gain between the 34th and 36th week of gestational age is approxima-
tely 15 g/kg.d (Largo et al., 1980), which is roughly 3 times the value
measured for term-infants, and 30 times the value for healthy adolescents,
using Swiss reference standards (Prader et al., 1980). Rapid weight gain is
also found in children recovering from protein-energy deprivation (Spady et
al., 1976; Golden et al., 1977). At the neonate Division of the Pediatric
Clinic in Lausanne, VLBW infants are fed approximately 125 kcal/kg.d of
gross energy (as determined by bomb calorimetry). When the energy losses in
faeces and urine are taken into account, the metabolizable ("available")
energy (ME) given to VLBW infants fed on a formula diet is approximately,
110 kcal/kg.d, i.e. less than 90% of the gross energy intake (unpublished
results).

The resting energy expenditure of the VLBW infants was measured by
continuous open circuit, indirect calorimetry under standard thermoneu-
trality conditions (Gudinchet et al., 1982). The measurements were made
using an air tight perspex box, placed inside an incubator, and containing
the infant. Air within the box was continuously renewed and the flow rate
measured by a pneumotachograph connected to a differential manometer. The
outflowing air was continuously sampled and its 02 and CO2 concentra-
tions were measured using a mass spectrometer. The infant's oxygen
consumption (VOZ) and €0, production (VCOZ) were determined from the
flow rate and differences in 02 and 002 concentrations between air
entering and leaving the calorimeter. Energy expenditure was calculated from
vo,, Vco

5 and respiratory quotient (RQ).
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The mean, resting postprandial energy expenditure of the VLBW infants was
found to be 60 kcal/kg, between the 2nd and 7th weeks of 1life, whereas the
value for term-babies is 48 kcal/kg.d (Widdowson, 1981). Energy retention
(i.e. the difference between ME intake and energy expenditure) averaged
therefore to 50 kcal/kg.d, indicating that about half (45%) of the ME intake
was channelled to growth (Fig. 1). In situations where infants are growing
very rapidly, i.e. in VLBW infants or those recovering from protein-energy
deprivation, it is possible to divide their overall energy expenditure into
growth and non-growth (or maintenance) functions (Fig. 1). In this study,
the non-growth energy expenditure was not determined directly, but was
derived from the "zero" weight gain value of the regression line of energy
expenditure (kcal/kg.d) vs. weight gain (g/kg.d). With 48 neonates, such
relationships were highly significant (r = 0.58, p < 0.001).

kcal/kgd
0- g

1007
Growth IGrowth
- e - - - - Metabolic cost
00 ofegaro?vth ®
Non Non
(Growth Growth
Intake Expend. Gain

Fig. 1 : Partition of metabolisable energy intake (i.e. gross eneréy
intake minus faecal and urine energy) and energy expenditure into growth and
non growth functions in a very low birth weight gaining 15 g/kg.d.
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The non-growth energy expenditure was found to be 51 kcal/kg.d (Gudinchet et
al., 1982). To store body energy, an extra-amount of calories is expended
above the non-growth energy expenditure. This 1is the metabolic cost of
growth (Fig. 1), which represents an extra-thermogenesis for synthetizing
new body tissue. There are several ways of assessing this compartment
(Schutz, 1979). In this study, the metabolic cost of growth was calculated
from the slope of the regression line of energy expenditure vs. weight gain,
i.e. 0.54 kcal. per g weight gain (Gudinchet et al., 1982). This value is
consistent with that found by other investigators studying VLBW infants with
similar characteristics (Chessex et al., 1981).

Estimates of the composition of tissue gain

From the energy equivalent of the weight gain an index of the composition
of the gain can be obtained (Schutz, 1979), using the following equation :

ME intake (kcal/kg.d) - E Expended (kcal/kg.d)

weight gain (g/kg.d)

110-60
i.e.

= 3.3 kcal/g weight gain.
15

If one assumes that the lean tissue gain of VLBW infants has a protein
content of 20% (i.e. an energy equivalent of 1.1 kcal/g) and that fat tissue
gain has 85% 1lipid (i.e. an energy equivalent of 7.9 kcal/g), our results
would indicate that the weight gain is made up of 68% lean and 32% fat
tissues. An independent estimate of the composition of the tissue gain can
be obtained from the N balance studies performed over 72 consecutive hours.
The mean protein gain was found to be approximately 2 g prot/kg.d. There-
fore, the lean tissue gain would be estimated to be 10 g/kg.d or 67% of the
weight gain, a value in good agreement with the previous estimate.

Rates of whole body protein synthesis and breakdown

In a small number of VLBW infants, we examined the rates of whole body
protein synthesis and breakdown during their rapid growth period (2nd to 7th
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postnatal week). The infants received a milk formula providing the same
amount of energy given previously and 3.3 g protein per kg body weight per
day.

The model used for in vivo analysis of total nitrogen turnover assumes a
single pool of metabolic nitrogen, constant in size during the study
(Waterlow et al., 1978). This pool receives amino acids from the food (i)
and from protein catabolism (é). Amino acids are withdrawn from this pool
for protein synthesis (3) or, excreted in the urine as end-products of amino
acid metabolism (E). If this pool is assumed to be constant in size, the
input of amino acid nitrogen is equal to the output and corresponds to {,
which is the rate of total nitrogen flux :

i+C=38+E=0 (1).

When Q is known, synthesis (é) and catabolism (C) of protein nitrogen can
be calculated since the intake of nitrogen (i) and its excretion (é) can be
analytically determined.

Infant formula was given every three hours, by intra-gastric route.
]5N-g1ycine was added for 60-72 hours at a concentration of 0.18 mg/ml,
corresponding to a rate of administration of ]SN (&) of 5 mg ]SN/kg.day.
When the enrichment of the metabolic nitrogen pool had reached steady state,
any products leaving this pool (protein synthesis and urea and ammonia
excretion) would theoretically agree with the following relationship :

e
€urea - NH3 (2)

Ol

E E
urea NH3

where the ratio of the rate of ]SN administered to the rate of total
nitrogen flux 1is the same as the ratio of the rate of ]SN in urea or
ammonia to the rate of excretion of total urea or ammonia in urine. These
last two ratios are in fact the ]SN enrichment of excreted urea and
ammonia. The ]SN enrichment was determined automatically by emission

spectrometry (Isonitromat 5201, VEB Statron, DDR) from ammonium chloride
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samples. These samples were prepared by trapping ammonia after alkaliniza-
tion of urine. For urea nitrogen analysis, the urine samples were further
neutralized, urease added and, following realkalinization, the ammonia
produced was trapped.

The nitrogen flux (Q) was obtained from equation 2 and synthesis (§) and
catabolism (é) were calculated from equation 1. Urine samples were collected
every 3 hours for 72 hours. From the value of the plateau of ]SN enrich-
ment in ammonia and urea, the N flux was calculated. The use of ]SN-
glycine is well-documented and similar results of protein synthesis have
been obtained in man, with ]SN-glycine and a uniformly ]SN' enriched egg

protein (Picou & Taylor-Roberts, 1969).

In order to approximate the isotopic plateau a singie exponential of the
form Y = Y0 (1-e'kt) and the visual inspection approach (Waterlow et
al., 1978) were also used. According to the last authors, the most

satisfactory approach seems to be visual inspection.

The kinetics of ]SN enrichment in urinary urea and ammonia, expressed
as At% ]SN excess, and obtained in one preterm infant is presented in
Fig. 2. This figure also shows urea enrichment reported previously in adult
subjects (Steffee et al., 1976) and preterm infants (Jackson et al., 1981).
Except for the low enrichment observed by Jackson et al. (1981), these
curves exhibit a plateau, or more precisely a pseudo-plateau because the
enrichment increases continuously. The value of the plateau, which is very
important to reach significant and accurate ]SN determination, is
effectively dependent on the rate of ]SN administration. The enrichments
of urinary urea in these two studies performed on preterm children are in
agreement although the rate of ]SN administration was 50 times higher in
our study.

In adult subjects (Steffee et al., 1976) where higher enrichments were
observed when taking into account the fact that a 10 times lower rate of
]5N administration was given as compared with the present study (Fig. 2).
The value of the plateau being inversely related to the protein turnover

(equation 2), the higher enrichment obtained reflects a lower protein
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turnover in adult as compared with preterm children. The curves of urea and
ammonia enrichment showed that glycine is preferentially transformed into
ammonia (Waterlow et al., 1978). When protein synthesis is calculated from
urea and ammonia plateau, differences as high as 60% can be observed. This
discrepancy needs to be further studied.

Preliminary results of the first 4 VLBW infants are shown in Fig. 3.
Whole body protein synthesis averaged 14 g/kg.d, whereas protein breakdown
was 12 g/kg.d. Therefore, the mean protein gain was 2 g/kg.d, indicating
that 7 times more protein was synthetised than 1laid down. The rate of
protein synthesis found in the present study confirms recent results in VLBW
fed a milk formula (Pencharz et al., 1981a).

Protein
(g/kg-d)

14,

GAIN

12] I

10,

ISYNTHESIS BREAKDOWN

N )24

PROTEIN TURNOVER

Fig. 3 : Rates of whole body protein synthesis and breakdown in very low
birth weight infants {n = 4) fed 110 kcal/kg.d of metabolisable energy and

3.3 g prot/kg.d.
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Since the synthesis of protein molecules entails a considerable amount of
energy expenditure, it was of interest to examine the contribution of whole
body protein synthesis to the overall resting energy expenditure during
rapid growth. The theoretical cost of protein synthesis can be calculated
from biochemical considerations, i.e. from the number of ATP molecules
required to build a new protein molecule from individual amino acids. The
cost incurred is due to the formation of peptide bonds between the amino
acids. The cost of amino acid uptake and the synthesis of RNA has to be
included (total : 6 mole ATP/mole amino acid incorporated' into protein)
(Flatt, 1978). If one takes an average value of 18 kcal. energy released per
mole ATP used (Flatt, 1978), protein synthesis entails an energy expenditure
of :

6 mole ATP/mole amino acid x 18 kcal/mole ATP = 108 kcal/mole amino acid

incorporated into protein, or approximately 1 kcal/g protein (one mole of an
average amino acid is about 110 g).

Thus, the synthesis of 14 g/kg.d in a VLBW infant will require a
theoretical energy expenditure of about 14 kcal/kg.d. The resting energy
expenditure measured simultaneously was approximately, 60 kcal/kg.d. Hence,
total body protein synthesis accounted for 23% of the energy expenditure.
Probably at no other time in the postnatal period is the contribution of
protein synthesis to energy expenditure of this magnitude. Calculations made
by Pencharz et al. (1981b) based on literature data show that in 1-year-oid
infants, the contribution of brotein synthesis to energy expenditure was
about 10%, i.e. less than half of that observed in our VLBW infants.

CONCLUSION

Energy balance techniques combined with nitrogen balance measurements
allowed both the study of how energy was utilised in VLBW infants and
provided an estimate of lean and fat tissue accretions during the first few
weeks of life. To explore the dynamic aspects of protein metabolism, esti-
mates of rates of whole body protein synthesis and breakdown appear to be of
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great importance. The degree to which various dietary preparations can
affect these variables in VLBW infants 1is a field worthy of intensive
investigation.
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ENERGY FUEL AND HORMONAL PROFILE IN EXPERIMENTAL OBESITIES

Bernard JEANRENAUD

Metabolic Research Laboratories, Faculty of Medicine,
University of Geneva, Geneva, Switzerland

SUMMARY

Several types of experimental obesities are characterized by
the occurrence of an early hypersecretion of insulin that pro-
duces an increase in both triglyceride secretion by the Tliver
and fat deposition in adipose tissue. This hypersecretion of
insulin, together with other ill-defined factors, is subse-
quently responsible for a state of insulin resistance.

The early oversecretion of dnsulin in hypothalamic and
genetic (e.g. fa/fa rats) obesities can be experimentally
demonstrated. Thus, within 20 min of acute 1lesion of the
ventromedial  hypothalamus  (VMH),  glucose-induced insulin
secretion is greater in lesioned than in non-lesioned control
rats; this increase can be blocked by superimposed, acute
vagotomy. Moreover, an infusion of glucose to 17-day-old, pre-
weaned control and genetically pre-obese rats (i.e. animals
genetically-determined to become obese but with a normal body
weight at this age) elicits much greater insulinaemia in the
pre-obese than in the controls, despite similar basal, pre-
infusion values in both. This increased insulin secretion in the
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pre-obese rats can be restored to normal by pre-treating them
acutely with the cholinergic inhibitor, atropine. Thus, in these
two types of obesity, an increased vagal tone appears to be of
importance for the early bccurrence of insulin over-secretion.
Hyperinsulinaemia produced by increased tone of the vagus nerve
appears to be reinforced by the decreased activity of the
sympathetic system observed in obese rodents.

In many obese rodents, plasma growth hormone 1levels are
abnormally low. The inadequate secretion of this hyperglycaemic
hormone may explain why, in some types of obesity syndrome,
hyperglycaemia 1is not necessarily present, despite insulin
resistance.

Insulin resistance in experimental obesities has been shown
to occur at the level of the adipose tissue, the muscles and
more recently, the liver. The latter has been demonstrated using
the in vivo euglycaemic clamp technique; thus, glycogenolysis of
genetically obese (fa/fa) rats could not be shut off, as in
controls, by either basal or increased plasma insulin levels.
This particular pathway is therefore insulin resistant.

The precise etiology of the early over-secretion of insulin
in VMH-lesioned rats is, however, unknown : with VMH Tlesjons,
the origin is clearly the central nervous system (CNS), but the
pathways actually interrupted by the lesions and those responsi-
ble for the hyperactivity of the vagus, remain to be determined.
By analogy, it can be hypothesized that the cause of the early
over-secretion of insulin 1in genetically obese rodents could
also be in the CNS, though so far it has not been proven. This
hypothesis is based on the observation that several CNS
disorders arise in this type of obese rodent.

* * *
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INSULIN HYPERSECRETION

In several types of rats or mice that become obese following lesioning of
their hypothalami, or in rodents that spontaneously become obese (e.g. due
to the presence of double recessive genes such as fa, ob, db, responsible
for the syndrome), a common link (Fig. 1) is the occurrence of hyper-
insulinaemia (Assimacopoulos-Jeannet & Jeanrenaud, 1976; Jeanrenaud, 1979).
Hyperinsulinaemia overstimulates the hepatic parenchyma thereby increasing
lipogenic pathways and resulting in : a) fatty livers (Jeanrenaud, 1978); b)
increased hepatic very low density lipoprotein (VLDL) secretion (Karakash et
al., 1977). Also, hyperinsulinaemia has been shown to overstimulate adipose
tissue with the following consequences : a) increased in situ lipogenesis
and/or b) augmented uptake of circulating VLDL due to the likely stimula-
tion, by increased plasma insulin levels, of activity of the insulin-
sensitive lipoprotein lipase (LPL), an enzyme that is required for VLDL-
triglyceride uptake (Gruen et al., 1978). In our mind, these abnormalities
are, at least in the above-mentioned rodents, some of the main reasons for
obesity. This is not to claim that hyperphagia has no relevance. Indeed, it
increases the amount of incoming nutrients, further stimulating insulin
secretion; it can, therefore, be viewed as an aggravation factor (Martin et
al., 1974). Much data are available, however, to show that obesity can occur
in the absence of hyperphagia and that, under those conditions, increased
plasma insulin levels are major determinants of obesity (Bernardis et al.,
1975; Hustvedt et al., 1976). One should mention that in several species, in
the genetically obese (fa/fa) rats in particular, plasma growth hormone
levels are decreased as well. As this hormone is long-acting and lipolytic,
its absence would, of course, further favour obesity (Martin & Jeanrenaud,
1983).

INSULIN RESISTANCE - A MULTIFACTORIAL PATHOLOGY

The evolution of most obese rodents is towards a state of insulin resis-
tance that may have varying characteristics : a) normaglycaemia at the cost
of excessive insulin secretion; b) hyperglycaemia with normal glucose
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Fig. 1 : Consequences of hyperinsulinemia on lipogenic pathways of obese
rodents.

Many experiments have shown that hyperinsulinaemia of obese rodents
results in an overstimulation of pathways involved in 1ipid synthesis and
storage. This overstimulation is schematized by the heavy arrows. In the
liver, hyperinsulinaemia produces increased lipogenesis (TG = triglycerides)
from various substrates (e.g. from fatty acids, FA; glucose, G, etc.),
increased synthesis of very Tlow density Tipoprotein (VLDL-TG), with
resulting increased hepatic VLDL-TG secretion and fatty livers (hatched
circle).

In the adipose tissue, hyperinsulinaemia has two main consequences : a)
increased in situ lipogenesis from various substrates (e.g. glucose, G); b)
increased “uptake of circulating VLDL-TG due to increased activity of
lipoprotein Tlipase activity, an insulin-responsive enzyme necessary for
actual uptake of VLDL-TG. The overall result of these two main consequences
is an increased fat storage within each adipocyte, the size of which
increases, hence occurrence of obesity. (Based on Assimacopoulos-Jeannet &
Jeanrenaud, 1976; Karash et al., 1977; Gruen et al., 1978; Jeanrenaud, 1978).
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tolerance together with hyperinsulinaemia; c) hyperglycaemia with abnormal
glucose tolerance and hyperinsulinaemia. The insulin resistance is thus a
multifactorial pathology as summarized in Fig. 2. In all insulin-sensitive
tissues, a decreased insulin receptor number has been observed that is due
to prevailing hyperinsulinemia (Le Marchand-Brustel & Freychet, 1978; Czech
& Reaven, 1978). Indeed, the hormone down-regulates its own insulin
receptor, i.e. the more insulin, the less receptor and conversely (Kahn,
1978). Decreased receptor number is responsible for decreasing the sensi-
tivity of the tissues to the hormone, i.e. more hormone is needed to produce
any given, insulin-sensitive metabolic effect in normal tissues (Kahn,
1978). Other abnormalities may be triggered by hyperinsulinaemia but a
clear-cut cause-effect relationship is more difficult to prove than for
decreased insulin receptor number. These other defects can be found (in
muscle, adipose tissues) to be located at many different levels and can be
summarized as follows : a) decreased transport capacity of the plasma
membrane glucose transport systems (Le Marchand-Brustel et al., 1978;
Zaninetti et al., 1983); b) intracellular abnormalities that prevent normal
utilization of phosphorylated glucose intermediates leading, for example, to
a decreased muscle glycolysis and/or decreased glycogen synthesis (Czech et
al., 1978; Crettaz et al., 1980) together with a possible channelling of
substrates into fat and hence, increased muscle triglyceride content. In fat
cells, analogous intracellular defects prevent fatty acid synthesis and the
enlarged fat cells of obese animals probably remain enlarged despite
decreased de novo fat synthesis. Indeed LPL activity and esterification
capacity of those cells remain high enough to permit VLDL uptake (Gruen et
al., 19783 Cushman et al., 1978).

INSULIN RESISTANCE IN LIVER

Until recently, insulin resistance in the 1liver has not been studied,
since, for unknown reasons, normal isolated perfused livers or isolated
hepatocytes even when perfectly preserved, responded poorly to insulin when
hepatic glucose production was investigated. As it was not possible to mea-
sure the expected insulin-dependent decrease in hepatic glucose production
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Fig. 2 : Effects of hyperinsulinaemia (together with other unknown
alterations) on the occurrence of insulin resistance, hence on that of
inappropriate glucose homeostasis in obese rodents. Insulin (I) normally
binds to specific target tissue receptors (R) to form IR complexes that are
ultimately responsible for the final metabolic responses. Hyperinsulinaemia
(shown here by hatched circles) is responsible for the occurrence of a
decrease in the number of receptors at the plasma membranes of target
tissues (exaggerated down-regulation of R by I). Target tissues, therefore,
become less insulin-sensitive.

Hyperinsulinaemia together with other jll-defined factors are also
responsible for the following alterations that further aggravate insulin
resistance :
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Muscle and adipose tissue : Defective glucose transport (shown by ®), i.e.
the translocation of circulating blood glucose into these cells, is slowed
down or does not occur any more.

Muscle : Intracellular phosphorylated glucose (G-P) is poorly converted to
glycogen and poorly metabolized, because of many intracellular abnormali-
ties. Intracellular phosphorylated glucose metabolism is partly channelled
to triglyceride synthesis (TG) : increased TG content in muscles of obese
rodents 1is frequently encountered (possibly also due to increased lipo-
protein lipase activity, an enzyme responsible for TG uptake). Increased TG
content may play a role in abnormal utilization of glucose and abnormal
glycogen synthesis of muscles from obese rodents.

Liver : Intracellular phosphorylated glucose (GP) 1is abnormally handled.
ihese abnormalities are still poorly substantiated. It has been clearly
shown, however, that hepatic glucose production is no longer adequately shut
off by insulin in some types of genetically obese rodents.

Adipose tissue : Intracellular phosphorylated glucose (GP) 1is poorly
converted to triglyceride (TG) because of many intracellular abnormalities.
The enlarged fat cells of obese rodents probably remain enlarged, despite
decreased TG synthesis, because lipoprotein lipase does not easily become
insulin resistant, very low density lipoprotein (VLDL-TG) uptake remaining
therefore increased, as mentioned in Fig. 1.

(Based on Assimacopoulos- Jeannet & Jeanrenaud, 1976; Czech & Reaven, 1978;
Czech et al., 1978; De Fronzo, 1978; Kahn, 1978; Le Marchand-Brustel &
Freychet, 1978; Le Marchand- Brustel et al., 1978; Crettaz et al., 1980;
Terrettaz & Jeanrenaud, 1983; Zaninetti et al., 1983).

in normal rodents, a resistance to this process was a fortiori impossible to
test in obese models. To circumvent these difficulties, we decided to apply
to small rodents the hyper- and euglycemic clamp methods known to work
satisfactorily in humans (De Fronzo, 1978). This technique is described
elsewhere (Karakash et al., 1977). The main advantage in this approach lies
in the ability of measuring in vivo hepatic glucose production. The
experiments carried out in lean and obese Zucker (fa/fa) rats gave the
following results. In lean rats, when insulinaemia was raised from normal
(2 ng/ml1) basal to a new higher (about 7 ng/ml) steady state level, hepatic
glucose production was shut off. In contrast, in genetically obese fa/fa
rats hepatic glucose production was, under basal conditions, as high as in
normal controls despite the fact that the obese were hyperinsulinaemic,
indicating that the hepatic glucose production was not inhibited even by the
high (10 ng/ml at least) basal plasma insulin levels, and that the process
was, therefore, insulin-resistant. Moreover, when hyperinsulinaemia of obese
rats was further increased to a new higher steady state level of 20 ng/ml,
hepatic glucose production was not shut off (Terrettaz & Jeanrenaud, 1983).
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The underlying mechanisms responsible for this newly described hepatic
insulin resistance are unknown but the enzymes responsible for hepatic
glucose handling are currently under investigation.

CNS-ENDOCRINE PANCREAS AXIS

The cause of hyperinsulinaemia of obese rodents remains unknown (Rohner-
Jeanrenaud et al., 1983a). Since (a) hyperphagia per se cannot be held
responsible for the occurrence of obesity, hyperinsulinaemia being a more
likely cause of the syndrome, (b) "peripheral" hyperinsulinaemia-1linked
alterations measured in liver, adipose tissue and muscles of genetically
obese rodents or in rodents made obese by lesions of the hypothalamus are
analogous, and finally (c) central nervous system (CNS) abnormalities are
numerous in both genetic and hypothalamic obesity, it was thought that a
functional CNS-endocrine pancreas axis might exist in normal rats. This axis
might be abnormally regulated in the various obesity syndromes mentioned,
thereby causing hyperinsulinemia. Various CNS manipulations have therefore
been carried out in an attempt to show that such an axis may exist.

It has been found by several authors that the CNS normally exerts an
overall tonic inhibitory influence on the endocrine pancreas that ventro-
medial hypothalamic (VMH) lesions somehow alleviate {Rohner-Jeanrenaud et
al., 1983a). Thus, when normal anaesthetized rats are lesioned in the VMH,
glucose-induced insulin secretion becomes higher than that of controls, and
this within minutes following the Tlesions. This rapidly occurring over-
secretion of insulin is mediated by the vagus nerve as it is completely and
immediately reversed by acute vagotomy (Berthoud & Jeanrenaud, 1979). When
acute vagotomy is not performed, hyperinsulinaemia produced by VMH Tesions
persists and increases with time even in the absence of hyperphagia
(Rohner-Jeanrenaud & Jeanrenaud, 1980). The increased activity of the
cholinergic system that follows VMH lesions is also substantiated in several
din vitro experiments in which, as shown in Fig. 3, the increase in insulin
secretion observed in pancreases from VMH-lesioned rats is restored to
normal by infusion of atropine (Rohner-Jeanrenaud & Jeanrenaud, 1981).
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Fig. 3 : Effect of ventromedial hypothalamic (VMH) 1lesions on the Jin
vitro insulin secretion by subsequently perfused pancreas : effect of
atropine. Perfusions were carried out with Krebs-Ringer bicarbonate buffer
with 10 mM arginine. (Based on Rohner-Jeanrenaud & Jeanrenaud, 1981).

The role of the vagus nerve in being partly responsible for the
spontaneous genetically-1linked hyperinsu]inaémia deserves some mention as
this syndrome represents a true pathological situation. It is observed that
in 17-day-old pre-obese Zucker rats (i.e. in preweaned rats that will become
obese but which, at the experimental time, have a normal body weight and
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normal basal insulinaemia) an i-v glucose challenge produces rises in plasma
insulin Tevels that are much higher than that of the respective controls.
More importantly, this increased insulin secretion of pre-obese rats is
abolished by cholinergic blockade, clearly indicating a parasympathetic
origin of insulin oversecretion. Moreover, when genetically obese animals
are adult, the arginine or glucose-induced secretion of insulin is much
higher than normal and these abnormalities can be corrected by pharma-
cological or surgical blockade of the vagus nerve (Rohner-Jeanrenaud et al.,
1983b). Since genetically obese rats have several CNS abnormalities, as
mentioned above, these data suggest that genetically 1linked CNS dys-
functions, possibly and partly hypothalamus-related would alter the fine
balance that normally tunes the respective parasympathetic and sympathetic
outflow, resulting in an overactivity of the vagus nerve. This would be
responsible for the occurrence of hyperinsulinaemia, obesity, and
ultimately, insulin resistance. Thus, hypothalamic (Fig. 3) and genetically-
Tinked (Table I) hyperinsulinaemia may have analogous underlying etiologies
(Rohner-Jeanrenaud et al., 1983a).

Increased vagal nerve activity due to CNS disturbances, together with other
unknown "trophic* factors, may explain why most hyperinsulinaemic animals
eventually have increased B-cell mass, as depicted in Fig. 4 (Han & Frohman,
1970; Inoue et al., 1978). Such increased B-cell mass may become an
jmportant pathological trait since incoming nutrients (e.g. glucose, amino
acids) are continuously prone to trigger oversecretion of insulin by the
mere existence of such increased B-cell mass. This is in keeping with the
finding that to best prevent long-term consequences of VMH lesions, vagotomy
has to occur prior to the VMH lesions (Cox & Powley, 1981).

The use of VMH lesions has permitted the conclusion that CNS modulation
of the endocrine pancreas was mediated not only by modulation of the vagus
tone but by that of the sympathetic one as well, as shown in Fig. 5. Indeed,
the overall sympathetic nervous tone appears to be decreased following VMH
lesions (Inoue & Bray, 1979; Bray et al., 1981). When VMH-lesioned animals
are placed under stressful situations which elicit a sympathetic response,
the latter is blunted. The sympathetic nerve-mediated increase in plasma
free fatty acids (FFA) that occurs in normal rats following induced cellular
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glucopenia 1is reduced in VMH-lesioned animals, as 1is the sympathetic
response following exercise, fasting or cold exposure (Nishizawa & Bray,
1978). The observed increase in basal or glucose-induced insulin secretion
of VMH-lesioned rats can be reduced not only by atropine but by epinephrine
as well, the combination of the two drugs bringing insulinaemia back to
normal values (Inoue & Bray, 1980). This suggests that following VMH
lesions, increased vagal and decreased sympathetic tones are of importance
in bringing about hyperinsulinaemia and its metabolic consequences.

Table I . Comparison between the changes in plasma insulin
and glucose levels of acutely VHM-lesioned, pre-obese

and genetically obese (fa/fa) rats

induced secretion

VMH Pre-obese and obese
Tesioned (fa/fa) rats
1. Basal glycemia normal normal
2. Basal insulinemia or
basal insulin secretion normal normal
3. Substrate-induced increased increased

normalized
by cholinergic
blockade

normalized
by acute
vagotomy

normalized
by cholinergic
blockade

ameliorated
by acute
vagotomy

From Berthoud & Jeanrenaud (1979); Rohner-Jeanrenaud & Jeanrenaud {1980);
Rohner-Jeanrenaud et al. (1983a, 1983b).
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Fig. 4 : Acute lesions of the ventromedial hypothalamus (VMH) result in a
hyperactivity of the vagus nerve, hence hypersecretion of dinsulin. In
chronically VMH lesioned rats hyperactivity of the vagus nerve persists and
is accompanied (due to unknown trophic effects) by increased size of the
islets of Langerhans. IRI = immunoreactive insulin; IRS = immunoreactive
somatostatin; IRG = immunoreactive glucagon. {Based on Han & Frohman, 1970;

Inoue et al., 1978; Berthoud & Jeanrenaud, 1979; Rohner-Jeanrenaud &
Jeanrenaud, 1980; 1981).
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One should emphasize that VMH lesions do not give to this particular site
the authority of being a "center"; one can only state that the interruption
of this particular circuitry acts on CNS homeostasis in such a way that both
the vagal and the sympathetic outflows are altered and that an analogous
dysfunction may conceivably prevail in genetically obese rodents, as schema-
tized in Fig. 5 (Rohner-Jeanrenaud et al., 1983a).

CNS
?
7/ ’)
2 % TELENCEPHALON
DIENCEPHALON
~”>—J]VMH lesions
9
7~ BRAIN STEM
|
| n vagus nerve tone
| Islets of
| ] Langerhans
b > lsympathetuc nerve__
tone
HYPERINSULINEMIA
(HYPERGLUCAGONEMIA)

Fig. 5 : CNS-endocrine pancreas axis : ventromedial hypothalamic (VMH)
lesions.

Consequences of the interruption of the CNS circuitry at the level of the
ventromedial hypothalamus (VMH), upon the parasympathetic and sympathetic
tones and, ultimately, upon insulin secretion. Question-marks indicate that
VMH lesions alter the normal CNS homeostasis not only at the VMH per se but
at (largely unknown) related CNS sites : This is to stress that the VMH
should not necessarily be considered as "a center" but rather as an
important site of convergent information.

(Based on Berthoud & Jeanrenaud, 1979; Bray et al., 1981; Inoue & Bray,
1979; 1980; Nishizawa & Bray, 1978; Rohner-Jeanrenaud, 1980; 1981; Rohner-
Jeanrenaud et al., 1983a).
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Most studies carried out to determine the respective role of the vagus or
the splanchnic nerve on endocrine pancreas secretions have been achieved by
stimulations of efferent pathways (Woods & Porte, 1978; Miller, 1981). One
should emphasize, however, that 75-90% of all‘fibers in the abdominal vagus
and 50% of all splanchnic fibers are afferent fibers that bring information
to the CNS, information that is somehow processed there and followed by
meaningful efferent responses (Kral, 1981). For example, glucose "sensors"
of the small intestine are also functionally related to vagal fibers (Mei,
1978; Mei et al., 1980). Several types of "sensors" exist in the region of
the portal vein and within the Tliver that send vagally-mediated afferences
(Russek, 1963; Carobi & Magni, 1981) 1in particular to the hypothalamus
(Schmitt, 1973). Among these hepatic, vagally-mediated "sensors", some are
glucose responsive (Sawchenko & Friedman, 1979).

An illustration of a potential regulation of insulin secretion that would
be triggered by peripheral glucose "sensors" is provided by a series of
electrophysiological investigations (Niijima, 1979) : a) hyperglucaemia
within the portal vein produces a vagus nerve mediated signal that results
in decreased adrenal nerve efferent activities and increased vagal efferent
activities that eventually reach the pancreas. This would indicate, upon
extrapolation, that a signal from the periphery (e.g. the liver) elicited by
ample availability of glucose would change CNS-integrated responses, which
would be compatible with a decreased adrenaline output and an increased
insulin secretion; b) conversely, low glycaemia within the portal vein
elicits another vagus nerve mediated signal that produces increased adrenal
nerve efferent activity and decreased vagal efferents. This would be compat-
ible with changes in hormonal output such as, respectively, increased
adrenaline, and decreased insulin secretions.

With regard to afferent signals to the brain and efferent responses, the
cephalic phase insulin secretion merits mention. It has been proposed that
the responses occurring at the pre-absorptive stage modify metabolic func-
tions in the same way as the nutrients do when they ultimately reach the
internal milieu. They are therefore referred to as anticipatory reflexes
that seem to "prepare" the release of those factors that allow metaboliza-
tion of the ingested substances, so that these substances are best utilized
(Nicolaidis, 1978).
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Early reflex phase insulin secretion is a part of these anticipatory
reflexes and may be defined as an autonomic-endocrine reflex that is trig-
gered by the sight/smell of food or by the contact (not by the absorbtive
consequences) of incoming nutrients with various sensor cells of the
oropharynx and the stomach (Rohner-Jeanrenaud et al., 1983a). Early reflex
phase insulin secretion consists in a rapid (within 2-3 min), transient
(disappearance within 5-9 min), small (delta over baselines of the order of
3 ng/mg) increase in plasma insulin levels that occurs without any change in
glycaemia (Berthoud & Jeanrenaud, 1982). Further, it comprises an afferent
sensory neural limb, a CNS dintegration circuitry that remains to be defined
in more detail but which includes the hypothalamus and an efferent 1limb
which is the vagus nerve and which produces the type of insulin secretion
just mentioned (Rohner-Jeanrenaud et al., 1983a).

Early cephalic phase insulin secretion may have an important physiolog-
jcal relevance, that may be coined “priming" or "preparing" the endocrine
pancreas. This "priming" effect is not understood mechanistically but can be
demonstrated as follows : When early cephalic phase insulin secretion is
present, meal-induced insulin secretion displays a well-characterized first
and second phase secretory pattern; hyperglycaemia is moderate and then
returns to basal values. In contrast, when early phase insulin secretion is
absent (denervation of the pancreas), the subsequent insulin secretion does
not retain a biphasic pattern. The first peak insulin secretion is missing,
the subsequent rise in plasma insulin levels is delayed ultimately to reach
values that are higher than those seen in animals showing the early phase
insulin secretion (Steffens, 1981; Strubbe & van Wachem, 1981).

To sum up, early cephalic phase insulin secretion appears to minimize,
via yet unknown mechanisms, the subsequent insulin requirement for
maintaining normal glucose tolerance and may therefore be implicated in the
occurrence of hyperinsulinaemia of various types of obesity. Thus, lack of
or abnormal early reflex insulin secretion could be responsible for a
greater peripheral hyperglycaemia that would din turn overstimulate the
B-cells. Lack of or abnormal early phase insulin secretion might thus be
responsible, due to concomitant excessive meal-induced hyperinsulinaemia and
hyperglycaemia, for the reported increased channelling of glucose into fat
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and away from the maintenance of lean body mass that occurs in obesity
(Steffens, 1981).

The CNS-endocrine pancreas axis may conceivably comprise humoral factors
as well. Data from our laboratories have shown that electrical stimulation
of the ventrolateral hypothalami (VLH) of anaesthetized rats under phentol-
amine (a-adrenergic blockade) produced a marked increase in plasma insulin
levels which could not be prevented by superimposed vagotomy, chordotomy or
pharmacological blockade of the B-adrenergic receptors (Berthoud et al.,
1980). This suggests that a humoral factor had been released during VLH
stimulation, a factor(s) that would promote insulin secretion.

Further investigations indeed showed the presence in the VLH of normal
rats, of a factor(s) capable of increasing insulin secretion when injected
in vivo to recipient rats (Bobbioni & Jeanrenaud, 1982) or in vitro when
infused into normal perfused pancreases {Bobbioni & Jeanrenaud, 1983). It is
worth mentioning that the effect of this factor(s) was shown not to be
related to the possible presence (in VLH extracts) of noradrenaline, acetyl-
choline, enkephalins, gastrin or cholecystokinin (CCK). The polypeptidic
nature of this hypothalamic factor(s) is suggested by its sensitivity to
some proteolytic enzymes. Upon a first purification (Sephadex G 50 chroma-
tography) the insulin secretion promoting activity of VLH corresponds to
small molecular weight components. When infused alone into perfused
pancreases (at a final 27 ug/ml protein concentration), the active
fraction of VLH obtained from this first purification elicited a 12 ng/ml
peak insulin output. Furthermore, it enhanced both the first and second
peaks of glucose- or amino acid-induced insulin secretion. A second step
purification (Biogel) of VLH extracts revealed that the molecular weight of
the factor(s) was 1200 or smaller and that it was endowed with a powerful
stimulatory effect on insulin secretion since, when added alone to perfused
pancreases {at a 2 ug protein final concentration), a 15 ng/5 min.
increase in insulin output was obtained (Bobbioni & Jeanrenaud, 1982; 1983).

For this and all other analogous factors reported to have physiological
relevance, it remains to be established whether they might act as neuro-
transmitters and stimulate fibers that are facilitating insulin secretion,
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whether they might be neurally transported and act as neuromodulators at the
endocrine pancreas or whether they might reach the B-cells following their
actual release into the blood (Rohner-Jeanrenaud et al., 1983a). It is
encouraging to note that factors analogous to those summarized above
(Bobbioni & Jeanrenaud, 1982) appear to be increased in hypothalamus in, so
far, two types of obesities, the hypothalamic and the genetic (fa/fa) and
may possibly play a rdole in the occurrence of these syndromes.
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SUMMARY

Rates of energy expenditure as well as total daily energy
cost can be considerable during periods of exercise. In trained
athletes, expenditure can be as high as 380 kJ/min during short-
term maximal exercise. Training programmes of several hours'
duration lead to a daily nutrient intake of 25-35 MJ in most
Olympic sports.

The mobilization of the energetic fuels of the body is modu-
lated by the nature of the exercise. ATP and creatine phosphate
stores in muscle cells are depleted within seconds during maxi-
mal work. Glycogen is the main fuel for heavy exercise of a few
minutes' duration where performance capacity is limited by the
degree of lactate accumulation and intracellular acidosis. Oxi-
dation of both glucose and free fatty acids supplies the energy
needed for exercise lasting more than two minutes, the relative
contribution of 1lipids increasing with a longer duration or a
lower intensity of the muscular work. Intramuscular stores of
glycogen and triglycerides may be almost completely deplieted in
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long-lasting exercise, e.g. a 100 km run. Under these condi-
tions, glycogen stores in the liver and triglycerides in adipose
tissue contribute approximately 70% of the energy need whereas
5-10% of the supply comes from oxidation of amino acids.

Although adequate nutrition for exercise could be achieved
through the intake of a well-balanced diet, the regulation of
energy utilization can be influenced by the sources of food
energy, by dietary modifications before exercise or by nutrient
supplements during exercise.

Intake before exercise of fructose or medium-chain trigly-
cerides, both only weakly insulinogenic compared to glucose,
leads to changes in blood substrates and metabolites. However,
neither glycogen depletion in the working muscles nor per-
formance capacity was influenced by a single meal containing
this particular carbohydrate or lipid.

Mobilization of free fatty acids in adipose tissue can be
enhanced by caffeine or depressed by nicotinic acid. Since the
rate of free fatty acid oxidation in skeletal muscle depends on
the blood concentration of this substrate, energy regulation
during exercise and work output are considerably influenced by
the ingestion of such substances.

* % %

ENERGY EXPENDITURE AND MUSCLE METABOLISM

Physical activity is one of the most important factors in the calculation
of daily energy needs in man. Athletes are extreme cases not only with
respect to their sporting performances, but also as far as nutritional
aspects are concerned. In most of the Olympic sports, training means a daily
energy expenditure of 25 to 35 MJ (Nocker, 1974), and thus the nutritional
needs of some athletes exceed by far those of any professional group in our
modern society.
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Total energy output depends on the type, the intensity and the duration
of a given exercise. In well-trained athletes, it can be as high as 380 kdJ/
min. in weight 1ifting, 210 kJ/min. in 400 meter sprinting, 150 kd/min. in
rowing and 100 kJ in marathon running. The decrease in energy output with
the duration of exercise and the metabolic pathways supplying the energy for
muscular work are summarized in Fig. 1.

kCal/min

90

TOTAL ENERGY OUTPUT

ATP
S0 crP

30
L ANAEROBIC
GLYCOLYSIS

OXIDATION

Fig. 1 : Time-dependent reduction in maximum energy output and sequence
of metabolic pathways supplying energy to the working skeletal muscle. Time
js given on a logarithmic scale so that very short bouts of exercise can be
compared with marathon running.
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The limiting factors in short-term exercise lasting no more than 15 seconds
(weight 1ifting, 100 meter run etc.) are muscle strength and availability of
creatine phosphate (CrP). Performance capacity in events lasting 1 to
2 minutes (400-800 meter races) is limited by the efficiency of anaerobic
glycogenolysis and by the ability to tolerate blood lactate concentrations
exceeding 20 mmoles/1. As soon as the duration of exercise is longer than
10 minutes, the maximum amount of energy output is a direct result of the
oxidative capacity of the muscle cells. Events lasting 3 to 10 minutes
depend on both the anaerobic and the aerobic metabolism. Availability of
substrates such as glycogen and triglycerides becomes an important factor in
prolonged physical exercise lasting more than 1 to 2 hours : in muscle
biopsies taken after a competitive 100 km run, we have found an almost
complete depletion of glycogen granules and a 75% decrease in the volume
density of intracellular lipid droplets (Oberholzer et al., 1976). Under the
same conditions, we have shown a 35-38% decrease in the serum concentrations
of most amino acids including alanine, a 44% increase in urea production and
no change in 3-methylhistidine production (Décombaz et al., 1979). These
findings are compatible with a stimulation of gluconeogenesis, partly at the
expense of the amino acid pool, without induction of muscle protein
catabolism. Other authors have calculated that the energy supply coming from
protein breakdown 1is of the order of 8-10% under the conditions of
long-lasting exercise (Keul, 1972).

The completion of such exceedingly long-lasting efforts as a 100 km run
at a sustained pace obviously requires food energy in support to the failing
body reserves, primarily to the depleted glycogen stores. The critical
importance of a sufficient glucose supply is evidenced by a voluntary food
intake during the race directed almost exclusively toward carbohydrate
energy (98.4%) (Décombaz et al., 1981a). This may be a more economic way
than the breakdown of body protein to provide the necessary glucose and
certainly helps reduce the extent of gluconeogenesis.



Diet and Energy Regulation in Exercise 81

DIETARY MODIFICATIONS BEFORE EXERCISE

Glycogen stores in skeletal muscle and liver can provide for about 8.5 MJ
of energy and hence for a maximum of two hours of heavy physical exercise.
Low concentrations of muscle glycogen lead to a marked reduction of perfor-
mance capacity after 60 minutes of competitive running (Karlsson & Saltin,
1971). Thus, Scandinavian scientists have recommended a special diet for
increasing the pre-race muscle glycogen stores (Saltin & Hermansen, 1967).
Briefly, the method consists in depleting the glycogen by a heavy training
Toad some days before competition and in eating a carbohydrate-rich diet
during the Tast three days. In an even more sophisticated version, the
glycogen depletion is followed by three days of a diet consisting of protein
and fat before the planned supercompensation is again induced by three more
days with carbohydrate-rich meals. The one or the other type of pre-race
carbohydrate loading has been widely accepted in endurance events, e.gq.
marathon running, cycling, cross-country skiing, etc.

On a Tong-term basis the average composition of the daily diet has an
influence on fuel expenditure during exercise. Experiments have shown that
when an adaptation period of a few weeks is allowed after a change to a
different diet, the fuels used during exercise tend to be predominantly
those provided by the diet (Keys et al., 1950; Phinney et al., 1980). The
effects of a change from a mixed diet to either a high-carbohydrate or a
Tow-carbohydrate diet on the exercise respiratory gquotient are presented in
Table I. The RQ moves in the direction of the "food quotient" and it should
be noted that after the low-carbohydrate diet, less muscle glycogen was used
during exercise (Phinney et al., 1980). The shift in the RQ indicates a
greater or smaller use of carbohydrates during exercise after adaptation to
the respective diet, but the nature of the adaptive change is still unknown.
Because it is common practice to recommend physical activity together with
low-carbohydrate diets in weight reduction programmes, it is of interest to
know that exercising on such diets requires less glycogen and burns off
1ipids more rapidly.
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Table I : Long-term diet and fuels for exercise

Dietary carbohydrate Duration RQ during exercise
supply before diet after diet
70% (1) 24 weeks 0.87 0.95
54 (2) 6 weeks 0.76 0.66

(1) from Keys et al., 1950; (2) from Phinney et al., 1980

THE PRE-RACE MEAL

Glucose being the main fuel for exercise, it is widely recommended as a
pre-race meal. However, the risk of a strong stimulation of insulin secre-
tion followed by a sharp, decrease in blood glucose concentration and even
hypoglycaemia has been raised (see, for instance, Ivy et al., 1979).
Hypoglycaemia during exercise generally leads to earlier perception of
fatigue and impairment of endurance capacity, although some may be 1less
sensitive than others (Felig et al., 1982). Less insulinogenic substrates
providing quickly available energy may be suitable alternatives to glucose
feedings before excercise. Therefore, in two studies we investigated the
effects of pre-exercise meals consisting of either glucose, fructose or
medium-chain triglycerides on work capacity, blood concentrations of
substrates and metabolites, muscle metabolism and respiratory gas exchange.
Both experiments were designed using ]3C as a tracer and measuring the
excretion of ]3C02.

Sixty minutes after ingesting of 1 MJ of either maltodextrins or medium-
chain triglycerides, twelve subjects had to exercise on a bicycle ergometer
at an intensity eliciting 60% of their maximum aerobic power during one
hour. The insulinogenic effect was very marked after carbohydrate
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administration and it was also followed by a slight hypoglycaemic effect
during the exercise period. The medium-chain triglyceride meal had no effect
on plasma insulin, and the blood glucose concentrations were more stable
throughout the whole time of observation. The calculated contributions of
carbohydrate and fat fuels to the energy supply of the working muscles
during exercise were the same after the maltodextrin and the medium-chain
triglyceride meals. Glycogen depletion in muscle (M. vastus lateralis)
averaged 55-58% and was not significantly different after the two test
meals. However, the utilization pattern of the exogenously administered
substrates was very different. Whereas a considerable part of the
medium-chain triglycerides was oxidized already during the rest period

between meal ingestion and the start of cycling, oxidation of glucose
occurred during the exercise period only. The medium-chain triglycerides
caused a moderate ketonemia both at rest and during exercise, but the
absorption of one single meal did not influence the contribution of
carbohydrates to exercise metabolism. Despite the dietary supply of Tlipids,
the availability of 1lipid fuels (ketone bodies and fatty acids) to the
muscles was not noticeably higher than after the maltodextrin meal. There
was no fat-induced sparing effect on the utilization of muscle glycogen, as
has been reported after artificially raising the circulating level of free
fatty acids (Hickson et al., 1977). Therefore, it seems that an ingestion of
medium-chain triglycerides prior to exercise offers no practical advantage
(Décombaz et al., 1981b).

In a second experiment, ingestion of a test meal containing 75 g of
fructose prevented the glucose-induced increase in plasma insulin
concentration and the consequent depression of blood glucose in a similar
way to the medium-chain triglycerides. Fructose administration led to a
significant increase 1in blood lactate concentration prior to exercise.
Compared with exercise-induced metabolic acidosis, this increase in blood
lactate at rest can, however, be neglected, since during exercise the
difference between groups disappeared and the performance capacity of our
subjects was not at all influenced. Fructose and glucose were oxidized to
the same extent, as Jjudged from the amount of ]3C02 expired and again,
glycogen depletion in M. vastus lateralis was the same after both sugars.
Hence fructose seems to be as efficient a fuel for exercise as glucose. In




84 Howald/Décombaz

practice, since fructose ingestion before prolonged exercise prevents the
occurrence of an insulin-mediated depression of blood glucose, some benefits
over glucose ingestion may even be expected in some subjects.

DRUG-LIKE EFFECTS OF NUTRIENTS ON THE ENERGY SUPPLY

Caffeine and nicotinic acid (niacine) are constituents of a normal diet.
Strictly, they are no nutrients in the sense that they do not yield energy.
When ingested in amounts higher than usual, their pharmacological properties
can influence the energy regulation during exercise.

Caffeine

It has been suggested that a glycogen sparing effect could be obtained by
influencing the mobilization of free fatty acids, since utilization of the
latter substrate in the muscle <cell largely depends on its blood
concentration. One possible ergogenic aid in this respect would be caffeine.
The administration of 330 mg of caffeine one hour before exercise was shown
to delay exhaustion by 15 minutes or 19% at an exercise intensity of 80% of
the individual maximum aerobic power (Costill et al., 1978). Lipolysis as
indicated by blood glycerol concentrations was markedly increased and thus,
the 1longer exercise time was attributed to a reduced rate of glycogen
depletion. Beneficial effects of caffeine on endurance have been reported
also elsewhere (Ivry et al., 1979; Essig et al., 1980; Berglund &
Hemmingson, 1982). However, it should be mentioned that caffeine ingestion
has not always been found to have such clear-cut and substantial effects on
1ipid metabolism and performance. Other authors (Cadarette et al., 1982;
Knapik et al., 1982) have demonstrated a stimulation of glycogenolysis that
was as important as the influence on lipolysis. In addition, although the
stimulation of the nervous system by caffeine is well-documented (Ritchie,
1975), its contribution to endurance capacity through centrally mediated
effects 1is not clearly understood. At present, a possible benefit from
caffeine for exercise cannot be attributed solely to its stimulation of fat
metabolism.
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Nicotinic acid

Lipolysis is strongly inhibited by the administration of nicotinic acid,
which then results in an increased carbohydrate utilization during exercise
and a reduced performance capacity in endurance events (Bergstrom et al.,
1969). The results of an experiment on rats are summarized in Table II.
Trained rats were given 0.6 g/kg nicotinic acid (NIC) or water (CONT) one
hour before exercise on a treadmill. Blood indices of 1ipolysis were reduced
in the NIC-group from the onset of exercise, and during the first 40 minutes
of work more liver and muscle glycogen was used in the treated animals than
in the controls. The reduced delivery of free fatty acids to the working
muscles resulted in a faster exhaustion of the glycogen stores.
Consequently, the endurance time at a preset pace was shorter after
nicotinic acid administration (Décombaz & Roux, 1982).

Table II : Effects of nicotinic acid on 1ipid metabolism
and endurance in the rat

(all differences statistically significant at the 0.05 level)

CONT NIC
Endurance (min.) 140 86
Free fatty acids (uM) 581 445
Glycerol (uM) 132 58
Hydroxybutyrate (uM) 178 58

Glycogen depletion during the first 40 min. :

Liver (mg/q) 26 40
M. soleus (mg/g) 2.7 3.8
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CONCLUDING REMARKS

The energetic regulation of fuel utilization during exercise depends
largely on the intensity of the work. If the load is not too heavy, it also
depends on the customary diet. However, pre-race meals resulting in quite
distinct metabolic patterns at rest usually have little effect on the energy
metabolism during exercise.

The success in competition can only partly be influenced by nutritional
factors discussed on this article, although some people still believe in
miraculous diets. First of all, the athlete needs a well-balanced regimen.
For long-distance events, he can under certain circumstances make profit of
dietary strategies, such as glycogen loading. Top -performances in sport,
however, are primarily a consequence of genetic endowment, talent and
strenuous training over many years.
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PROTEIN TURNOVER, NITROGEN BALANCE AND REHABILITATION

Edward B. FERN" and John C. WATERLOW

Clinical Nutrition & Metabolism Unit, Department of Human Nutrition,
London School of Hygiene & Tropical Medicine, London, England

SUMMARY

Not many studies have been done on protein turnover during
recovery from malnutrition. Some relevant information can, how-
ever, be obtained from measurements on normal growing animals,
since rehabilitation and normal growth have in common a rapid
rate of net protein synthesis. The key question is the extent to
which net gain in protein results from an increase in synthesis
or a decrease in breakdown or both.

Different studies have used different methods, and all
methods for measuring protein turnover have some disadvantages
and sources of error. It is important to bear this in mind in
evaluating the results. Consequently, part of this paper will be
devoted to questions of methodology.

* £,B. Fern is on secondment from the Research Department, Nestlé Products
Technical Assistance Co. Ltd., P.0.Box 88, CH-1814 La Tour-de-Peilz,
Switzerland.
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Whole body protein turnover has been measured in children
recovering from severe malnutrition. During the phase of rapid
catch-up growth the rate of protein synthesis is increased. As
might be expected, it increases linearly with the rate of weight
gain. At the same time there is a smaller increase in the rate
of protein breakdown. The resultant of these two processes is
that, over and above the basal rate of protein synthesis,
1.4 grams of protein have to be synthesized for 1 gram to be
laid down. Very similar results have been obtained in rapidly
growing young pigs.

Experimental studies on muscle growth in general confirm the
conclusion that, at least in muscle, rapid growth is associated
with rapid rates of protein breakdown as well as of synthesis.,
This has been shown in muscles of young growing rats, as well as
in muscles in which hypertrophy has been induced by stretch or
other stimuli. In contrast, the evidence suggests that rapid
growth involves a fall in the rate of protein degradation.

The magnitude of the nitrogen balance under any conditions is
determined by the difference between synthesié and breakdown. In
the absence of any storage of amino acids, this must be the same
as the difference between intake and excretion (S -8B =1 - E).
A question of great interest is whether, at a given intake, the
extent of N balance is determined primarily by regulation of
synthesis and breakdown or by regulation of amino acid oxida-
tion. Clearly, a reduction in amino acid degradation is equiva-
lent to an increase in amino acid intake. An interesting subject
for future research is the extent to which the amino acid
degrading enzymes adapt to the requirements imposed by growth
and rehabilitation.

In the steady state, body protein content is maintained constant by two
separate, but linked, equilibria (Fig. 1).
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Fig. 1 : Equilibria in protein content (steady state)

(i) The familiar nitrogen balance, where nitrogen "in" equals nitrogen
lloutll;

(i1) the balance of protein turnover, where synthesis equals breakdown.

These two balances are separate, in that there may be a greater or lesser
input-output flow with no change in turnover, and vice versa. They are
linked in that, if one cycle is out of balance, the other must be also. The
link of course is through the free amino acid pool. If this pool remains
constant, then the amounts of nitrogen leaving and entering it, i.e. the
flux, must be equal. Thus :

Q=S+E=8B+1

Where Q is the rate of flux, S and B the rates of synthesis and breakdown
and E and I the rates of excretion and dietary intake. The picture looks
deceptively simple but the real difficulties begin when we question how
these two interlinked cycles are controlled.
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The problem can be divided into two parts : first, what actually happens
when the steady state is perturbed, as for example by an increased intake of
protein or by the physiological demands of growth ? Secondly, once we can
describe the events which occur, we have to find out how they are brought
about.

The first part of the question, the description of changes in protein
turnover under different conditions, has occupied us at the Clinical
Nutrition and Metabolism Unit, in London, for many years. It is, therefore,
necessary to say something about the methods by which rates of nitrogen
metabolism in the whole body are measured.

METHODS

Theoretically, the most valid method at the present time is probably by
constant infusion of 1-13C leucine and measurement of the specific acti-
vity of keto-leucine in plasma, which is taken to represent that of the
amino acid at the site of both protein synthesis and oxidation. This method,
which has been successfully developed by Matthews and coworkers in St.-Louis
(Matthews et al., 1980), is nevertheless technically complex. It requires
measurement of the precursor specific activity by gas chromatography-mass
spectrometry (GCMS) and the collection and measurement of expired COZ' We
regard this as a research method and have been more concerned in the
development of a simple technique which can be more easily applied in
different physiological and clinical conditions.

The earliest attempt to measure the rate of whole-body protein turnover
was conducted with the stable isotope of nitrogen, 15N (Sprinson &
Rittenberg, 1949). Turnover rates were calculated from the time course of
the fall in isotope enrichment of urinary urea and were based on the clas-
sical concept of first order exchange between compartments. In our view this
concept is open to criticism; moreover, the method requires analysis of many
samples and small errors can greatly influence the results.
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Almost twenty years ago, Picou and Taylor-Roberts (1969), working on
children in Jamaica, tried to approach the problem of measurement from a
different angle. The idea was to produce an isotopic steady state by
continuous infusion of a tracer (]SN glycine) and to calculate the turn-
over rate from the level of labelling in urinary urea when the steady state
had been achieved. This is the so-called stochastic or "black box" approach
which is independent of any compartmental model.

The practical problem with this method is that because the urea pool in
the body is large and turns over slowly (T} around 5-10 hours), it takes
between 1-2 days to obtain plateau labelling, or even longer on low protein
diets when the rate of urea excretion is low.

To make this method more useful for general clinical use, the protocol
was modified in two ways (Waterlow et al., 1978b). The first was to use
ammonia, rather than urea, as the end-product, primarily because the ammonia
pool is small and turns over very fast. The second modification was to use a
single dose as opposed to a continuous infusion of tracer. This is not a
reversion to the original compartmental method of Sprinson & Rittenberg
(1949) because the rate of turnover is not calculated from the slope of the
labelling curve but from the area underneath it - a difference of
fundamental importance. The theory and calculations of this single dose
approach are discussed elsewhere (Waterlow et al., 1978a; 1978b). 1In
practice, all the modified protocol involved was administration of a single
dose of labelled amino acid, followed by three 3-hour urine collections and
measurement of the ]SN enrichment of the ammonia contained within them.
The simplicity and the relative speed of this procedure allows for simul-
taneous measurement of many subjects and an ability to repeat measurements
of the rate of protein turnover at intervals of two days or so. On one
occasion, as many as fourteen consecutive tests were carried out on a
patient given different diets (Garlick et al., 1980a).

Despite the advantages of the single dose method based on urinary
ammonia, it was found that the turnover rates measured with this end-product
were, in general, lower than those measured with urea (Golden & Waterlow,
1977; Waterlow et al., 1978b). This discrepancy in the rates indicated by
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the two end-products did not correspond with the basic assumption that there
is a single homogeneous pool of metabolic nitrogen in the body which is the
precursor for the synthesis of both protein and urinary end-products.
Recently this discrepancy has been investigated in our department (Fern et
al., 1981). With a further modification of the above single dose method, we
have been able to obtain estimates of nitrogen flux from ammonia as well as
urea over a 9-hour experimental period. The estimate from urea was made
possible by allowing for isotope retained within the urea pool of the body
at the end of the period of measurements. This was done on the assumption
that the concentration and ]SN enrichment of urea in the body was repre-
sented by that of plasma water and the volume of the urea pool was equal to
that of total body water. The study, which used ]SN glycine as the tracer,
established that the relationship between the rates of turnover given by
ammonia and by urea was an inverse one; when one was high, the other was
low. This relationship implied that the assumed pool of metabolic nitrogen
in the body was, in effect, divided into two functional pools - one
supplying nitrogen for urea synthesis and the other supplying nitrogen for
ammonia formation (Fig. 2). The division of the metabolic pool 1is essen-
tially a physical one reflecting that urea and ammonia are produced in
different organs, namely the liver and kidney, and also that absorption of
dietary nitrogen occurs at a specific location in the body.

If only one pool of metabolic nitrogen existed, then the total flux of
nitrogen in the body would equal the flux of that pool. In a two-pool mndel,
however, the total flux is the sum of the individual fluxes in each of the
two compartments. The main difficulty in using this model is that theoreti-
cally, it is necessary to know the exact proportion in which the dose of
]SN is distributed between the two precursor pools. The problem can be
overcome to some extent by calculating a mean value from the ratés given by
ammonia and urea. We have been using two types of average in this context.
The first is a simple arithmetic mean which indicates a rate of nitrogen
flux based on an equal distribution of isotope between the two compartments
irrespective of their pool size. The second type is a harmonic average,
which gives a rate of flux based on a distribution of tracer proportional to
the size of each pool. The two averages, in practice, give similar rates of
turnover. This can be seen in Table I.
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Table I : Whole-body nitrogen flux measured from the labelling

of ammonia and urea
(g of Nitrogen / 9 h; mean * SEM)

End-product
15N glycine Ammon i a Urea Arithmetic Harmonic
route averagea averageb
Intravenous 14.7 30.2 22.4 19.5
+ 1.8 t 1.4 + 0.9 + 1.3
Oral 18.6 24.1 21.3 20.7
+ 1.0 + 0.7 *+ 0.5 + 0.6
!

(QA + Qu)/2
2(1/QA + 1/Qu)

(a) Arithmetic average
(b) Harmonic average
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Table I gives the estimated rate of nitrogen flux derived from both ammonia
and urea and also the two end-product averages, in a study of fed normal
volunteers given ]SN glycine either intravenously or orally. The tracer
was administered as a single dose. The results show that the calculated
rates of flux from ammonia and urea varied appreciably with the route of
administration of the tracer. In contrast, those obtained by averaging the
rates given by the two end-products were not significantly different when
the isotope was given intravenously or orally.

One major concern about the use of single amino acid tracers for the
measurement of whole-body nitrogen flux is the degree to which the specific
metabolism of the amino acid represents that of total nitrogen in the body.
This is often referred to as metabolic compartmentation. It is a fundamental
assumption of the stochastic methods that the partitioning of isotope
between the synthesis of protein and excretory products is the same as that
of total body nitrogen. Theoretically, the best available tracer to fulfil
such a requirement would be a protein in which all the nitrogen is labelled.
We have recently measured the rate of nitrogen flux with such a tracer -
uniformly labelled ]SN wheat protein - and compared it to rates obtained
with different ]SN labelled amino acids. The results are show in Tables II
and III. Table II compares the rates obtained in four male subjects after
giving ISN wheat or lsglycine. As with physical compartmentation, the
rates indicated by ammonia and urea varied considerably. However, the
end-product averages for each tracer were very similar, suggesting that
glycine in studies of this nature is representative of total nitrogen in the
body. This was not so for all amino acids. Table IIl gives the values for
the harmonic averages obtained in one male subject for different ISN
tracers, including uniformly labelled wheat and labelled glycine. As might
be expected glutamine and alanine, both specific donors of nitrogen to
urinary ammonia and urea synthesis, gave rise to low estimates of flux
relative to that obtained with wheat. On the other hand, lysine and leucine,
whose nitrogen makes only a small direct contribution to ammonia and urea
formation, produced higher estimates of flux - very high in the case of
lysine. Glutamate and aspartate gave intermediate values but, as seen in
Table II, the rate obtained with glycine was almost identical with that from
wheat. This increases our confidence that, for an adult in a fed state,
glycine is a good choice of tracer. In children, especially premature
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infants, the situation may be different because of the increased requirement
of amino acids for growth (Jackson & Golden, 1981).

Table Il : Whole-body nitrogen flux measured from the the labelling
of ammonia and urea

(g of Nitrogen / 12 h; mean  SEM)

End product
Tracer Ammonia Urea Arithmetic Harmonic
average average
15 .
N glycine 26.8 30.4 28.6 28.3
+ 1.0 + 1.8 + 1.0 + 1.0
15
N wheat 35.3 23.1 29.2 27.8
+ 1.6 + 1.4 £ 1.1 + 1.2

Table III : Rate of nitrogen flux as indicated by different 15N
labelled tracers

(g of Nitrogen / 12 h)

]SN Tracer Harmonic average
Lysine 113.0
Leucine 37.3
Wheat protein 27.5
Glycine 27.2
Aspartate 25.8
Glutamate 24.7
Glutamine 16.7
Alanine 16.4
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This

is the current position we have reached

Fern/Waterlow

in the development of a

rapid and practicable method for the routine measurement of protein turn-
over. There is still some further progress to be made but at Teast there is

now a basis for a working protocol.

slow that it is difficult to investigate its mechanism.

PROTEIN TURNOVER AND GROWTH

Growth represents net nitrogen retention, if we think in terms of the
conventional nitrogen balance, or, in terms of protein turnover, a higher
rate of synthesis than a breakdown. In man, postnatal growth is normally so
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1 year has a daily weight increment of 0.1-0.2%, with a net nitrogen
retention of 25-50 mg/kg/day. It is quite difficult to measure this by the
ordinary balance technique, and the difference between protein synthesis and
breakdown 1is too small to be determined with by any confidence by the
methods currently available. However, the child recovering from severe mal-
nutrition may be growing at 10-20 times the normal rate and, consequently,
provides a better opportunity for studying the mechanism of protein gain.
Fig. 3 shows the results obtained in such children in Jamaica (Golden et
al., 1977a). During the rapid growth phase of nutritional rehabilitation,
the rate of body protein synthesis was doubled.

In theory, net protein synthesis can be produced by either an increase in
the rate of synthesis or a decrease in breakdown, or a combination of both.
In fact, it seems rather surprisingly, that rapid growth is accompanied by
an increase in the rate of breakdown as well as of synthesis. Fig. 4, again
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Fig. 4 : Protein synthesis as a function of protein gain during nutri-
tional rehabilitation of malnourished children. Line A : rate of whole body
synthesis; Line B : rate of breakdown.
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taken from studies in Jamaica on children recovering from malnutrition
(Waterlow & Jackson, 1981), shows (Line A) that the more rapid the rate of
protein gain, i.e. growth, the greater the rate of whole-body protein
synthesis. Line B represents the corresponding rate of breakdown, obtained
by substracting the net gain from the total rate of synthesis. This line too
has a positive slope, which means that the greater the rate of growth the
faster the breakdown rate. The slopes show that for every gram of protein
gained, 1.4 g are synthesized, of which 0.4 g is broken down again. Similar
figures have been obtained in the young pig (Reeds et al., 1980) which is
growing at about the same fractional rate as the recovering child.

Protein synthesis requires substantial amounts of energy. In another
series of studies on malnourished children, oxygen consumption was measured
after a test meal. The magnitude of the postprandial increase in oxygen
uptake was linearly related to the rate of growth {Brooke & Ashworth, 1972).
This suggested that, perhaps, the increased oxygen consumption represented
the energy cost of growth, stimulated by food. Later work comparing protein
turnover 1in the fed and fasted state has shown that the rate of whole-body
protein synthesis responds with surprising sensitivity to the intake or
withdrawal of food. This has been shown in studies in which the changes in
rate have been measured with both ]4C leucine (Clugston & Garlick, 1982a)
and ]5N glycine (Fern et al., 1981).

Normal growth must represent a balanced gain of protein in all tissues
according to a predetermined pattern. Nevertheless, it does not necessarily
follow that the mechanism is going to be the same in all tissues. In man, it
is obviously extremely difficult to measure rates of protein turnover in
individual tissues, and we, therefore, have to resort to studies in animals.
Table IV shows some results obtained in young and adult rats (Waterlow et
al., 1978a). It is evident that in the young growing rat, the fractional
synthesis rate of skeletal muscle protein is treble that of the adults,
whereas in liver and kidney the rates are similar at both ages.

Since in the growing animal, net deposition of protein is presumably occur-
ring in liver and kidney as well as in muscle, growth in these tissues must
have been achieved by a reduction in breakdown rather than an increase in
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synthesis. There is indeed a good deal of evidence to suggest that in liver
the rate of protein breakdown is quite sensitive to nutritional and hormonal
stimuli, whereas in muscle it is the rate of synthesis which is most respon-
sive.

Table IV : Rates of protein synthesis in tissues of
the young and adult rat

Fractional synthesis rate
(% per day) Mean + SD

Young Adult
Liver 57 £ 12 54 £ 6
Kidney 50 £ 10 51 7
Brain 17 £ 3 112
Heart 19 +4 11 +2
Skeletal muscle 15 3 5%

Other studies (Bates & Millward, 1981) have shown that the very high rate
of protein synthesis found in skeletal muscle of the rapidly growing
weanling rat is accompanied by a high rate of protein breakdown, just as in
the recovering children. Similary Laurent et al. (1978) have reported that
when muscles in the wing of a chicken are made to hypertrophy, by loading
with weights, there 1is an increase in protein synthesis as well as an
increase in protein breakdown. In fact, it seems to be a general rule that
hypertrophy of muscle; however, it is brought about, is accompanied by an
anabolic increase in protein breakdown. We can but speculate on the func-
tional reason for this increased destruction and renewal, during growth, of
the highly complicated myofibrillar system.
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ADAPTATION TO LOW PROTEIN INTAKES

Since this symposium is concerned principally with man, we may consider
first the effect of low protein intakes on protein turnover in the whole
body. The picture at the present time is not entirely clear, partly because
when the early work was done, we did not realize the extreme sensitivity of
protein turnover to the immediate food intake, the effect of which has to be
dissected out from the prevailing diet. In early studies with ]SN on chil-
dren (Golden et al., 1977b) and adults (Steffee et al., 1976), a comparison
was made between the effects of adequate and low protein intakes. On low
protein, there was no change in the whole-body synthesis rate but a small
increase in the apparent rate of breakdown. In a later study on children
(Jackson, unpublished) synthesis was reduced on a diet which was only
marginally adequate in protein, compared with the rate found on a more
generous intake.

Two recent studies with carbon-labelled leucine allow a comparison of the
effects both of the "prevailing" protein intake and of the immediate con-
sumption of protein at the time of the test, when the rate of turnover was
being measured (Motil et al., 1981; Clugston & Garlick, 1982b). Although
their design is very different in both studies, when measurements were made
in the fasting state, rates of both synthesis and breakdown were greater
with higher prevailing protein intakes. Thus a high protein diet appears to
"speed up" protein turnover. In both studies, feeding protein during the
test caused some fall in the breakdown rate compared with the post-
absorptive state, at all Tlevels of prevailing protein intake. There was,
however, disagreement about the effect of immediate feeding on protein
synthesis : in the one case the effects were variable, in the other the
synthesis rate increased.

A question of great interest is whether a period of inadequate protein
intake can cause an adaptive change in the response to a protein meal. Some
information on this is provided by the results of Clugston & Garlick (1982b)
represented in Table V. The number of subjects is small, so the interpreta-
tion must be tentative, but it looks as if a person adapting to a protein
free diet not only has a reduced rate of whole-body protein turnover, but
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Table V : Effect of feeding, fasting and refeeding after fasting
on protein synthesis and breakdown in obese women

Diet Synthesis Breakdown
Energy Prot.
(kcal) (g) g protein / 12 hours
500 50 Fed 120 77
0 0 Fasting 92 112
500 0 Fed 72 79
0 0 Fasting 70 77
500 50 Refed 74 37

responds to the restoration of protein in the food with a fall in breakdown
rather than an increase in synthesis. This is the most economical way of
producing net retention.

As with growth, we have to turn to animal experiments to find out the
contributions of individual tissues to these changes. The results obtained
up to 1978 on rats malnourished and subsequently refed have been summarized
elsewhere (Waterlow et al., 1978a) and for reasons of space will not be
considered here. Much of this earlier work needs to be repeated with more
up-to-date methods because of potentially serious problems associated with
the precursor pool of amino acids for protein synthesis (Fern & Garlick,
1974). A recent method for measuring the rate of protein synthesis in indi-
vidual tissues involving a large flooding dose of tritiated phenylalanine
(Garlick et al., 1980b) may prove useful in overcoming the problems of amino
acid compartmentation.

It is likely that some of the disagreements in the literature arise not
only from differences in the method used to measure protein turnover but
also from differences in experimental plan. The exact timing of the
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measurements is of great importance. Many years ago, it was shown (Mendes &
Waterlow, 1958) that when rats are refed after several weeks on a low
protein diet, there is an immediate spurt of growth in the liver but a lag
of one to two days in muscle. It may well be that there is a similar
dissociation in time between changes in the rates of protein synthesis and
breakdown and this possibility needs to be incorporated into the experiment.

CONCLUSION

It is evident that changes in the rate of protein turnover do occur both
at the tissue level and that of the whole body, in response to many stimuli
including alterations in nutritional and hormonal status, infection, phy-
sical trauma and in exercise. They have been documented over the last ten to
fifteen years with different methods and different types of experimental
approach. Perhaps what is now required, in the light of practical experience
and understanding of the methods, is to go back and re-investigate some of
these situations. This apparent retrogression may well be a necessary step
to establish, first of all, the precise extent to which protein metabolism
responds directly to these stimuli and, secondly, to obtain more information
on subsidiary factors, such as those relating to hormones and energy meta-
bolism.

Accurate measurement is the first step towards understanding the mecha-
nism by which the components of protein turnover are integrated in each
tissue and in the body as a whole. The problem for the future is to relate
physiological events in the whole animal to biological regulations at the
level of the cell.
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AMINO ACID SIGNALS AND FOOD INTAKE AND PREFERENCE :
RELATION TO BODY PROTEIN METABOLISML2
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SUMMARY

Depressed food consumption is an early response of experi-
mental, animals to :

1) a dietary deficiency of either protein or an individual
indispensable amino acid; 2) a distortijon of the dietary pattern
of amino acids when protein intake is low; and 3) a substantial
elevation in the protein content of the diet. In each of these
conditions the change in feeding behaviour is associated with
alterations in concentrations of amino acids in blood but in
none of them has the biochemical basis for the depressed food
intake been established.

1 The research reported in this paper was supported by the College of Agri-
cultural and Life Sciences of the University of Wisconsin-Madison and by
U.S. Public Health Service grants AM 10747 and AM 10748 from the National
Institutes of Health, Bethesda, MD.

2 The following abbreviations are used in this paper : 5-HT = 5-hydroxy-
tryptamine (serotonin); 5-HIAA = 5-hydroxyindoleacetic acid; NE = norepi-
nephrine; DA = dopamine; DOPAC = dihydroxyphenylacetic acid; HVA = homo-
vanillic acid; IAA = indispensable amino acids.
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The depressed food intake of rats consuming a low protein
diet in which an imbalance of amino acids has been created by
adding quantities of amino acids other than the one most limit-
ing for growth, 1is associated with elevations in the plasma
concentrations of amino acids added to create the imbalance and
usually with a depression in the plasma concentration of the
growth-Timiting amino acid. These changes, in turn, are asso-
ciated with depression of the concentration of the growth-
Timiting amino acid in the brain free amino acid pool. Studies
in which uptake of amino acids into brain slices has been
examined support the conclusion that various distortions of the
plasma amino acid pattern, as the result of dietary imbalances
of amino acids, can lead to depletion of the brain pool of a
specific amino acid through competition between it and other
amino acids in surplus in plasma for uptake into brain. The
results of studies with rats in vivo of the effects on brain
amino acid pools of ingestion of diets containing supplements of
amino acids that compete with the growth-limiting amino acid for
uptake into brain also support this conclusion.

Depletion of the brain pool of the limiting amino acid as the
result of feeding a diet with an amino acid imbalance can be
related to overall body protein metabolism. In the young growing
animal, protein synthesis is stimulated after a meal. Thus, when
the diet is limiting in a single amino acid, that amino acid
will be depleted from the circulating body pool. At the same
time, the activities of amino acid degrading enzymes are low in
animals fed a low protein diet; hence, such animals have Timited
capacity to degrade surpluses of amino acids. These conditions,
depletion of the blood pool of the limiting amino acid and slow
removal of surpluses of competing amino acids from the blood,
will increase the extent of competition between other amino
acids and the limiting amino acid for uptake into brain. The
relationship between depletion of the brain pool of the limiting
amino acid and the signal for depressed food intake under these
conditions has not been established.
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The depressed food intake of rats fed a high protein diet is
associated with substantial elevations of blood amino acid
concentrations, particularly of the large neutral amino acids.
As elevations in the concentrations of large neutral amino acids
in blood can suppress uptake of tryptophan into brain, it has
been postulated that protein consumption may be responsive to
changes in brain tryptophan concentration and that this response
may be mediated by changes in brain concentration of serotonin,
a neurotransmitter formed from tryptophan. Studies of associa-
tions among protein consumption and brain tryptophan and sero-
tonin concentrations both in rats fed single diets differing in
protein content and in rats offered a choice between two diets
differing in protein content, have not supported this hypo-
thesis. Measurements of brain amino acid concentrations of rats
at various times during and after adaptation to a high protein
intake suggest that brain total free amino acid concentration
may play a role in the control of protein intake and, hence, of
food intake.

The degree of food intake depression observed in rats fed
diets differing in protein content appears to depend on the
capacity of the body to degrade amino acids. When food intake is
depressed initially in response to increased dietary protein
content, brain total indispensable amino acid concentration is
about 2.5 mM. In rats that have been fed previously a diet that
is low in protein, and therefore have a limited ability to
degrade amino acids, this concentration of brain amino acids is
associated with depressed food intake. If rats are allowed to
become adapted to a high protein intake, their capacity for
amino acid degradation (activities of amino acid-degrading
enzymes) increases substantially. After adaptation, they can
consume much larger quantities of protein before brain indis-
pensable amino acid concentrations reach 2.5 mM. Also, rats that
have been adapted to low protein diets and are then fed a high
protein meal tend to reject high protein diets when they are
subsequently offered a choice between low and high protein
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diets. Rats that have been adapted to high protein diets, and
have the capacity to clear amino acids rapidly from blood,
select diets higher in protein content under these conditions.
The correlation between protein consumption and brain amino acid
concentrations is such as to suggest that total body amino acid-
degrading capacity determines the extent to which brain amino
acid concentrations rise in response to changes in dietary
protein intake and that the extent of this rise may be a factor
in the control of subsequent protein consumption.

* * %

The protein content and the amino acid composition of the diet are two of
many nutritional variables that can influence food intake and diet selection
of experimental animals. Food intake of the young growing rat is depressed
when the protein content of the diet is appreciably less than, or greatly in
excess of, the protein requirement; when the diet provides an inadequate
amount of an indispensable amino acid; or when the proportions of dietary
amino acids, especially in a low protein diet, deviate appreciably from the
proportional requirements of the rat for amino acids (Harper, 1967).

Also, when the rat is offered two diets that differ widely in protein
content, it will select between them to obtain an adequate to somewhat above
adequate intake of protein (Mitchell & Mendel, 1921; Anderson, 1979). It
will also, when it is offered two diets that differ appreciably in amino
acid composition, show a decided preference for one with a well-balanced
dietary pattern of amino acids (Harper et al., 1970). If the rat is offered
a protein-free diet together with one containing reasonably well-balanced
protein, it will select mainly the diet containing protein (Harper, 1967)
and will eat an appreciable amount of the protein-free diet only if the
protein content of the alternative diet is considerably in excess of the
requirement (Musten et al., 1974; Nemetz, 1979). It will, however, select a
protein-free diet in preference to one in which the proportions of amino
acids deviate markedly from the proportional requirements for amino acids
(Harper et al., 1970).
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The many observations on effects of alterations in the protein content
and amino acid composition of the diet on feeding behavior have led to the
inference that some physiological system for the control of food and protein
intake in animals responds to differences in the amounts and patterns of
amino acids in the food consumed. A further inference that is justified from
these observations is that some component of this system enables animals to
distinguish among diets that differ in protein content and amino acid
composition and to select between two or more diets to obtain a balanced
pattern of amino acids and an appropriate amount of protein.

The low food consumption of rats fed a low protein diet would appear to
be determined by systems for the control of both protein and caloric intake
(Harper & Boyle, 1976). Growth is limited by a low protein intake and, if
animals were to consume food that is low in protein primarily to meet pro-
tein needs for growth, they would have to consume an excessive amount of
calories which would accumulate as fat. The importance of calorie utiliza-
tion in control of food intake under these conditions 1is evident from
observations that rats provided with an opportunity to dissipate energy,
e.g., through cold exposure, will consume more food and protein and grow at
a greater rate than those not provided with such an opportunity. If they
have a choice, however, rats that are unable to dissipate extra energy will
select for a level of protein intake that will permit rapid growth.

Observations on effects of amino acid deficiencies on food intake and
blood amino acid concentrations led Frazier et al. (1947) and Almquist
(1954) to propose that alterations in blood amino acid concentrations might
give rise to a signal to curtail food consumption. Mellinkoff (1957) came to
a similar conclusion from studies of associations between food intake and
blood amino acid concentrations in human subjects in different physiological
and pathological states. Associations between depressed food intake and
alterations of the blood amino acid pattern, were also observed in experi-
ments on rats consuming diets in which the amino acid pattern was severely
unbalanced. These observations, too, suggested that distortion of the blood
amino acid pattern might, in some way, give rise to a signal that would lead
to depression of food intake and preference for a diet with a balanced
pattern of amino acids or for a protein-free diet, i.e. selection of diets
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that would restore the blood amino acid pattern to a balanced state (Harper
et al., 1970).

The depressed food intake of rats consuming a high protein diet is
associated initially with a greatly elevated concentration of total indis-
pensable amino acids in blood and, particularly, with elevations in the
concentrations of the branched-chain amino acids (Anderson et al., 1968;
Peng et al., 1972). These observations suggested that high blood concentra-
tions of total amino acids might, in themselves, initiate a signal for
curtailment of food intake. They might also initiate a signal for selection
of a diet that provided less protein, if the choice were available (Harper &
Peters, 1981).

Blood amino acid concentrations do not merely reflect the composition of
the diet consumed but are the resultant of the quantity and pattern of amino
acids ingested and the action of metabolic processes in the body that remove
absorbed amino acids (Harper, 1974a). The rate of utilization of amino acids
by an organism is influenced, in turn, by its physiologic and nutritional
state (Harper, 1974b). Thus, if the concentrations and patterns of amino
acids in blood give rise to signals which are monitored by a system that
controls feeding behavior, the feeding response of an animal to a particular
dietary regimen would be expected to change if a change in its nutritional
or physiologic state affected enzymes or hormones involved in amino acid
metabolism.

When animals that have become adjusted to a low protein intake are fed a
diet with a high protein content, they undergo metabolic adaptations that
increase their capacity to degrade amino acids. As these adaptations occur,
the rate at which they are able to clear amino acids from the blood
increases and the amount of protein they will consume voluntarily, rises
(Anderson et al., 1968). When rats consuming a diet in which there is an
imbalance of amino acids, and whose food intake is severely depressed, are
given a small supplement of the limiting amino acid, their capacity for
protein synthesis is increased, their blood amino acid pattern is restored
toward normal, and their food consumption increases (Sanahuja & Hafper,
1963). Thus, the extent to which a modification of the protein content or
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amino acid composition of a diet will elicit a signal leading to an alter-
ation in food intake or preference depends upon the protein metabolic state
of the organism and its ability to maintain homeostasis of blood amino acid
concentrations. Some of these relationships are discussed in the sections
below on effects of "dietary disproportions" and "altered dietary protein
content" on feeding behaviour of the rat.

DIETARY DISPROPORTIONS OF AMINO ACIDS AND FOOD INTAKE AND PREFERENCE

This subject has been reviewed in considerable detail (Leung & Rogers,
1969; Harper et al., 1970; Rogers & Leung, 1973; Harper, 1974c; Harper &
Boyle, 1976; Rogers, 1976; Rogers & Leung, 1977) so the essence of the basic
observations will be outlined only briefly.

Interest in the subject arose from observations that growth of rats
consuming a low protein diet to which had been added a mixture of indis-
pensable amino acids devoid of the one that was 1limiting for growth, was
depressed below that of rats fed the unsupplemented low protein diet. This
effect was attributed to a dietary imbalance of amino acids. Subsequently
rats that were offered the opportunity to choose between a protein-free diet
and a diet in which there was an imbalance of amino acids were found to
select mainly the protein-free diet on which they could not survive. They
would also show a strong preference for a diet with a balanced amino acid
pattern. If they were offered only the imbalanced diet, their food intake
was depressed, within 2 to 4 hr, below that of rats offered the balanced
control diet.

The food intake depression was associated with changes in the pattern of
plasma amino acids. The concentration of the Timiting amino acid, which was
not included in the amino acid mixture added to the control diet to create
the imbalance, was depressed; the plasma concentrations of amino acids that
were included in the mixture were elevated. This resulted in a large
increase in the ratios of the concentrations of several of the amino acids
in plasma to that of the limiting amino acid. The time of occurrence of the
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depression in food intake corresponded closely with the time at which alter-
ations in the plasma amino acid pattern were observed. This suggested that
the changes in plasma concentrations of amino acids were the source of a
signal that led to the depressed intake and the preference for a protein-
free diet or a diet with a balanced pattern of amino acids, consumption of
either of which would restore the plasma pattern toward the standard state.

These responses to unbalanced dietary amino acid patterns indicate that
some amino acid-sensitive feeding system can evidently override systems that
ordinarily control energy intake. If, however, rats are fed an amino acid-
imbalanced diet 1in a cold environment which greatly increases energy
expenditure, their food intake 1is not depressed. They will, nevertheless,
still select a diet with a balanced, over one with an imbalanced, amino acid
pattern under these conditions (Harper & Boyle, 1976). Also, the high food
intake of obese (ob/ob) mice was not depressed when they were fed a
threonine-imbalanced diet, indicating a reduced sensitivity to amino acid
signals (Tews & Harper, 1982). Thus, despite the striking responses observed
in feeding behaviour to altered dietary amino acid patterns, it should be
recognized that under some conditions, other control systems will predomi-
nate over those responding to amino acid signals.

The central nervous system has long been recognized as the site of a
mechanism for control of food intake. Bilateral lesions in the ventromedial
hypothalamus result in hyperphagia, presumably owing to damage to nerves
involved in eliciting a signal for satiety. However, food intake of rats
with such lesions was depressed when they were fed a diet in which there was
an imbalance of amino acids, indicating that this response was not dependent
on an intact hypothalamus. Subsequently, Rogers & Leung (1973) demonstrated
that food intake of rats with bilateral lesions of the prepyriform cortex or
certain parts of the amygdala was not depressed when they consumed a diet
containing disproportionate amounts of amino acids. (These lesions did not
prevent the food intake depression resulting from ingestion of a high pro-
tein diet). They also found that infusion of a small amount of the limiting
amino acid directly into the carotid artery would prevent the depression of
food intake 1in intact rats (Rogers & Leung, 1977). These observations
indicated that nerve tracts in the brain distinct from those in the
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hypothalamus, were involved in the feeding responses elicited by diets con-
taining disproportionate amounts of amino acids.

In studies in our laboratory, Peng et al. (1972) observed that when rats
were fed a low protein diet to which had been added a surplus of all of the
indispensable amino acids except histidine, the concentration of histidine
in brain fell more rapidly and to a greater extent than in plasma. This
suggested that both the severity of depletion of the brain pool of histidine
and the altered feeding behaviour under these conditions were associated
with metabolic responses in organs and tissues other than brain.

In earlier studies in which rats fed either the control or the histidine-
imbalanced diet had consumed equal quantities of histidine, the plasma amino
acid pattern of those consuming the imbalanced diet was more out of balance
than had been anticipated (Sanahuja & Harper, 1963). Plasma histidine
concentration was depressed below that of the controls despite the equal
histidine intakes of the two groups. Also, amino acids that were added to
create the imbalance were not cleared rapidly from the blood. Studies done
with isotopically-labelled amino acids provided no evidence that depletion
of the plasma pool of the 1limiting amino acid, when rats were fed an
imbalanced diet, could be accounted for by increased oxidation of the
1imiting amino acid (Rogers, 1976). However, more of the labelled amino acid
was incorporated into the proteins of Tliver, and probably of other organs,
of rats consuming an imbalanced diet than of those consuming the control
diet (Ip & Harper, 1974). Increased incorporation of amino acids into tissue
proteins of rats fed an imbalanced diet would contribute to depletion of the
plasma pool of the limiting amino acid. Also, in other studies, Kang-Lee &
Harper (1977) found that when protein intake, and hence the activities of
amino acid-degrading enzymes, are low, as they are in rats fed the diets
used in the studies of effects of dietary disproportions of amino acids on
feeding behavior, the rate of clearance of a load of an amino acid from
blood is slow.

These two metabolic responses, depletion of the plasma pool of the
limiting amino acid and a slow rate of removal of other amino acids that
were present in elevated concentrations in plasma, would account for the
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high ratio of the plasma concentrations of amino acids included in the diet
to create an imbalance to that of the limiting amino acid. This type of
distortion of the plasma amino acid pattern would create the potential for
competition between the 1imiting amino acid and amino acids in surplus in
plasma with which it shared a common transport carrier for uptake into
brain. Competition of this type could inhibit uptake of the limiting amino
acid and, thereby, lead to its depletion from the brain amino acid pool.

Although much information about competition among amino acids for entry
into brain was available before these observations were made, most of it had
been obtained with extremely high concentrations of the amino acids used as
competitors (see Tews et al., 1978 for refergnéés). We, therefore, examined
the extent to which amino acids in surplus in plasma of rats fed imbalanced
diets competed with the 1imiting amino acid for uptake into brain slices.
The large neutral amino acids (phe, tyr, met, leu, ile, val) competed with
tryptophan and histidine for uptake into brain slices at concentrations
within the physiologic range (Lutz et al., 1975; Tews et al., 1978). These
observations suggested that distortion of the plasma amino acid pattern of
rats fed an imbalanced diet might result in depletion of the brain pool of
the 1limiting amino acid as the result of competition among plasma amino
acids in vivo for uptake into brain. If depletion of the brain pool ini-
tiated a signal for depression of food intake or preference for a diet with
a balanced amino acid pattern, one would predict that additions of competing
amino acids to the diet of an animal would result in concomitant depressions
of food intake and of the brain pool of the 1imiting amino acid.

In a series of experiments designed to test this prediction, we have
observed that additions of large neutral amino acids to a low protein diet
limiting in either histidine or tryptophan will result in a depression of
food intake which is accompanied by depletion of the 1limiting amino acid
from the brain pool. Both of these effects are prevented by a supplement of
the 1limiting amino acid (Harper, 1977a). Similarly, additions of small
neutral amino acids, alanine and serine, to a low protein diet limiting in
threonine will result in depressions of both food intake and the brain pool
of threonine which are prevented by a supplement of threonine (Tews et al.,
1980). Also, additions of the basic amino acids, arginine and ornithine, to
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diets limiting in lysine, will depress food intake and the brain pool of

lysine, both of which are prevented by a supplement of lysine (Tews et al.,
1981).

If brain threonine concentration is plotted against the ratio of the
plasma concentrations of threonine to the small neutral amino acids (what
might be called the competition ratio), a high and significant correlation
(Fig. 1) 1is observed (Harper, in press). Similar relationships are observed
between brain tryptophan or histidine concentration and the ratio of the
plasma concentrations of tryptophan or histidine to large neutral amino
acids (Harper, 1977).
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Taken altogether these observations have led us to conclude that the
protein metabolic state of rats fed lTow protein diets in which an amino acid
imbalance is created, leads to conditions in which the plasma amino acid
concentrations are altered in such a way as to increase competition for
uptake of the limiting amino acid into brain. As a result, the brain pool of
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the limiting amino acid is depleted and this depletion is associated with
depression of food intake. The signal that arises from depletion of the
orain pool of the 1limiting amino acid has not been identified but,
presumably, it is monitored in the prepyriform cortex (and possibly the
amygdala) as lesions in this region prevent food intake depression (Rogers &
Leung, 1973). The food intake depression is also prevented by a small
supplement of - the 1limiting amino acid. Effects of this type have been
-observed with rats fed on diets in which histidine, threonine, tryptophan,
lysine or isoleucine are limiting. Thus, there does not appear to be unique
specificity for a particular amino acid. This also makes it unlikely that
the effect is mediated by depletion of a specific brain neurotransmitter as
threonine and isoleucine are not known to be precursors of neurotrans-
mitters. Also, a supplement of tryptophan, which is a precursor of sero-
tonin, will prevent food intake depression if the diet s limiting in
tryptophan but will contribute to the depression if the diet is limiting in
histidine (Harper, 1977a). Whether depletion of the brain pool of the
1imiting amino acid may affect synthesis of a peptide or protein involved in
control of feeding behaviour of animals consuming diets in which there are
disproportions of amino acids, remains to be explored. ‘

PROTEIN INTAKE AND SELECTION

In addition to dietary disproportions of amino acids, the protein content
of the diet can also influence food consumption and food preference of the
rat. In early studies, the ability of the rat to consume an adequate quan-
tity of amino acids when it was offered a choice between proteins differing
in nutritive quality suggested the existence of physiological control
mechanisms based on a specific appetite for protein (Richter et al., 1938)
or preferences for individual proteins (Scott & Quint, 1946). The results of
a number of experiments suggest that intake of protein is requlated separa-
tely from that of other dietary constituents (Rozin, 1968). Furthermore, it
has been proposed that weanling rats allowed to self-select among diets
maintain protein intake at a constant proportion of total calories (Musten
et al., 1974). The percentage of total calories selected as protein (34% for
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casein, 43.9% for gluten) was different depending upon the nutritional
quality of the protein as reflected by its amino acid composition. In other
studies in which rats were offered a choice between two casein diets varying
only in methionine or 1lysine content, the intakes of both methionine and
lysine were requlated at levels sufficient to meet the animals' requirements
for these amino acids (Muramatsu & Ishida, 1982). From these observations,
it is apparent that young rats will select an amount of protein that meets
amino acid needs for maximal growth and, in order to obtain a sufficient
amount of the limiting amino acid to support growth, will select a greater
proportion of total calories from a low than from a high quality protein.

In a series of experiments on weanling rats allowed to self-select
between two diets differing widely in protein content, Ashley & Anderson
(1975) found that protein intake over a 4 week period was inversely pro-
portional to the ratio of the plasma concentration of tryptophan (Trp) to
neutral amino acids (NAA = leu + ile + val + tyr + phe) measured on the
final day of the experiment. The relationship differed quantitatively for
different proteins presumably because the plasma Trp/NAA ratio js affected
by both the amino acid composition of the protein and the amount of protein
eaten.

Fernstrom & Wurtman (1972) have shown that brain Trp uptake is influenced
by the plasma ratio of Trp/NAA. They (1971) have also shown that the effect
of ingestion of carbohydrate on the plasma ratio of Trp/NAA is the opposite
of that of protein (carbohydrate ingestion increases the ratio, protein
ingestion decreases the ratio); therefore, the effects of these two macro-
nutrients on the uptake of Trp into brain are also opposite. Because brain
serotonin (5-HT) synthesis is sensitive to the supply of its precursor Trp,
meals containing predominantly protein or carbohydrate also have opposite
effects on brain 5-HT concentration. These observations led the authors to
suggest that brain 5-HT may play a role in feeding behaviour (Fernstrom &
Wurtman, 1971).

The link provided by Fernstrom & Wurtman between the plasma Trp/NAA ratio
and brain 5-HT synthesis led Ashley & Anderson (1975) to propose that brain
5-HT may be important specifically in regulating protein dintake. They



120 Harper/Peters

concluded that protein intake should be inversely proportional to brain 5-HT
concentration. In applying their hypothesis to the regulation of protein
intake, a meal that causes an increase in the plasma Trp/NAA ratio and,
hence, in brain 5-HT content, should shift the subsequent preference of the
animal to a meal that decreases the plasma Trp/NAA ratio and brain 5-HT
concentration.

Studies done 1in our Tlaboratory (Peters & Harper, 1981) with self-
selecting weanling rats, and experiments done by Chee et al. (1981b) on lean
and obese mice, have confirmed that an inverse association 1is observed
between protein intake and the plasma ratio of Trp/NAA when measurements
extend over a wide range of protein intakes. However, brain 5-HT concentra-
tions in our study (Fig. 2) and in that of Romsos et al. (1982) were not
inversely proportional to protein intake over the narrower range of protein
intakes of self-selecting rats, as predicted by the Ashley & Anderson
hypothesis.
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Fig. 2 : Relationship between brain serotonin concentration and protein
(casein) intake of individual rats allowed to select between diets
containing 15% or 55% casein with or without various amino acid supplements
(after Peters & Harper, 1981).
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Woodger et al. {1979) have reported that adding supplemental Trp to diets
of self-selecting rats elevated brain 5-HT and caused a reduction in protein
intake. However, this finding was not consistent as only a very high level
of Trp, probably high enough to depress food intake of rats offered a single
diet (Harper et al., 1966), added to diets of normal rats reduced protein
intake, whereas moderate Trp additions actually increased protein intake.

Experiments in which tryptophan loading was used to elevate brain 5-HT
and 5-hydroxyindoleacetic acid (5-HIAA) had either no effect (Weinberger et
al., 1978) on total food intake or depressed intake slightly (Gibbons et
al., 1981). Our own studies have shown that elevating brain 5-HT and 5-HIAA
concentrations by more than 50% had no effect on total food consumption or
on protein selection (Peters et al., 1981).

There seems to be 1ittle doubt that brain serotoninergic neurons are
jnvolved in the feeding response (Blundell, 1977); however, there is contro-
versy regarding the specific role of these neurons, and whether factors in
the diet have any direct influence on their activity. The dietary studies of
Ashley & Anderson (1975) indicate that the correlation between protein
intake and brain 5-HT concentration is negative but studies in which the
activity of 5-HT neurons was altered with drugs or lesions (Ashley et al.,
1979) support a positive correlation. In addition, studies in rats by
Wurtman & Wurtman (1979) and in humans by Blundell & Rogers {1980) suggest
that brain serotoninergic systems regulate carbohydrate selection and not
protein intake.

The results of studies of Peters & Harper (1981) and Romsos et al. (1982)
clearly challenge the concept that Tong-term regulation of protein intake is
controlled by brain 5-HT concentrations. In light of these negative findings
and considering the paucity of experimental support for the serotonin hypo-
thesis, alternative theories must be entertained.

In general, most of the evidence cited in support of a role for brain
5-HT in feeding behaviour has been obtained from experiments in which food
intake was modified following physical or pharmacological manipulation of
brain serotoninergic neurons. Thus, although the work of Fernstrom & Wurtman
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(1972) clearly demonstrates that precursor supply can alter brain 5-HT
synthesis, there is, as yet, no firm basis for the contention that diet-
induced alteration of brain 5-HT content will modify subsequent feeding
behaviour.

It has been observed (Johnson et al., 1979) that regulation of protein
intake in se]f-éelecting rats occurs on a meal-to-meal basis. When rats
select between two isocaloric diets differing in protein content, any given
meal will have a fixed protein to calorie ratio. In an effort to detect
possible signals arising from a single meal that might affect protein
selection during subsequent meals, we have studied short-term changes in
plasma and brain amino acid concentrations and patterns, and brain NE, DA,
5-HT, DOPAC, HVA and 5-HIAA concentrations, in rats that had ingested single
meals having a wide range of protein concentrations. Also, as the capacity
of the rat to degrade amino acids affects the plasma concentration and
pattern of amino acids (Harper, 1977b}, we have examined the effects of
allowing rats to adapt to levels of dietary protein (casein) ranging from 5%
to 75%, on the activities of certain amino acid-catabolizing enzymes in
liver, on plasma and brain amino acids, and on brain concentrations of NE,
DA, 5-HT and se]ected metabolites. It was assumed that, taken all together,
information from these studies would allow us to predict the effect of a
single meal of specific dietary casein content on plasma and brain amino
acids and brain neurotransmitters in rats in different protein metabolic
states.

In short-term feeding studies rats were adapted to 20% casein diets and
trained to consume their entire daily ration in 6 hours during the dark
cycle. We then fed different groups of rats (100 g initially) single meals
of diets containing 0, 5, 10, 15, 20, 25, 35, 45 or 55% of casein. Blood was
collected and brains were taken at 20, 60, 150, 240 and 330 minutes after
food was presented.

Compared with the food intake of rats fed moderate levels of protein,
that of rats fed protein-free diets or diets containing 35% or more of
casein was depressed at all time points. The food intake depressions among
rats fed the protein-free diet were associated with levels of both plasma
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and brain amino acids that were below those of rats fed moderate levels of
protein. The decreased food intakes of groups fed diets containing 35% or
more of casein were associated with elevations of both plasma and brain
concentrations of the 10 indispensable amino acids [IAA] {taken as a sum)
above those of rats fed moderate protein levels (about 20%). The maximum
concentration of IAAs measured in brain approximated 2.5 mM; this concen-
tration was approached in the groups fed 35%, 45% and 55% casein.

Among the IAAs, the sum of the concentrations of branched-chain amino
acids (BCAA) in both plasma and brain closely reflected the amount of
protein eaten during the immediately preceding feeding period. This
relationship was also seen in our previous self-selection studies (Peters et
al., 1981; Peters & Harper, 1981) and in diet selection studies reported by
others (Chee et al., 1981b). Brain total dispensable amino acid (DAA = asp,
glu, gly, ser, ala, tyr) concentrations (taken as a sum) were not greatly
affected by diet and were about 20 mM among all groups.

No consistent relationships were found among brain concentrations of NE,
DA, 5-HT, DOPAC, HVA and 5-HIAA, and either total food intake or protein
intake. The plasma Trp/NAA ratio was also not linearly related to protein
intake; the ratio increased when the casein content was increased up to 10%,
was nearly constant when the diet contained from 10% of casein up to and
including 35% of casein and declined in rats fed 45% and 55% casein diets.
Among the groups fed 10% up to 35% casein diets, the plasma concentration of
Trp rose at the same rate with increasing dietary protein content as the sum
of NAAs in the denominator, leaving the ratio unchanged.

The results of experiments with rats allowed to adapt to various levels
of dietary protein (casein) stress the importance of the amino acid cata-
bolic state of an animal in determining the concentration and pattern of
amino acids in both plasma and brain. We fed groups of rats for 11 days, on
diets ranging in casein content from 5% to 75% in increments of 5%. Food
intake of rats was depressed initially when the diet fed contained 5%, 10%
or greater than 35% of casein. For the duration of the experiment, food
intake of the groups fed the higher protein diets improved on successive
days; the length of depression and the severity of depression depended on
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the level of protein fed. Rats fed the low levels of protein (5%, 10%) grew
poorly and food intake remained depressed. The gradual improvement in growth
and food intake of rats fed 35% of casein or greater was accompanied by
dramatic increases in the activities of the two liver enzymes measured,
serine-threonine dehydratase (SDH) and glutamate-pyruvate transaminase
(GPT). Compared with values for rats fed 5% of casein, liver SDH and GPT
activities among rats fed 75% casein diets were 180-fold and 8-fold greater,
respectively. Liver enzyme activities among rats fed the higher levels of
protein (greater than 30%) were elevated in direct proportion to the degree
of food intake depression observed during the first days of the experiment.

The enhanced ability of the ]ivek of adapted rats to degrade amino acids
was associated with reduced plasma concentrations of those amino acids for
which degrading enzymes were induced. Brain amino acid concentrations were
similarly reduced. With the exception of the BCAAs, the catabolic enzymes
for which are not induced by a high protein intake, brain IAA concentrations
of the adapted rats were actually inversely proportional to the protein
content of the diet (or protein intake). As a consequence of liver enzyme
induction, adapted animals could consume large enough quantities of the high
protein diets to satisfy energy demands without experiencing increases in
brain IAA concentrations comparable to those that, in unadapted rats, are
associated with depressed food consumption.

Brain neurotransmitter or metabolite concentrations did not correlate
with food or protein intake on a consistent basis in these long-term
studies; but, as in our earlier studies, plasma and brain BCAA concentra-
tions correlated highly with protein intake. The close association between
BCAA concentrations in plasma and brain and protein intake, under a wide
variety of conditions, suggests that BCAAs could serve, irrespective of the
animal's metabolic state, as an indicator of total protein ingestion. Thus,
if an animal, previously adapted to a high protein intake, were given the
opportunity to select between high and Tlow protein diets, elevated
concentrations of plasma and brain BCAAs could provide a signal for the
animal to shift from the high to the low protein diet and, thereby, obtain a
moderate dietary level of protein. Among rats that were adapted to a high
protein diet (50%) and had elevated BCAA concentrations before they were
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allowed to self-select for protein, we have observed a shift in preference
to achieve a diet with a moderate protein content (20%).

As BCAAs compete actively with other large neutral amino acids for uptake
into brain, the accumulation of BCAAs in blood plasma and brain extra-
cellular fluid when animals ingest a high protein diet, may protect the
brain and certain neurons, specifically, from large influxes of amino acids
that are precursors of neuroactive compounds. BCAAs have been used clini-
cally to prevent an accumulation in brain of neurotransmitter precursor
amino acids in patients with hepatic encephalopathy. These patients exhibit
depressed plasma concentrations of BCAAs while circulating levels of other
large neutral amino acids are elevated, a situation which leads to enhanced
uptake of the neurotransmitter precursors, tyrosine, phenylalanine and
tryptophan into brain and contributes to derangement of brain function. The
coma associated with this type of liver disease can be relieved by paren-
teral infusjons of BCAA solutions (Bernardini & Fischer, 1982).

Recently we have performed experiments in which we observed that meta-
bolic state (amino acid catabolic state) has an influence on protein
selection. Young rats were allowed to adapt to diets containing 20% or 50%
of casein, or to self-selection between 5% and 55% casein diets (these rats
chose 18% protein during adaptation). Each of these groups was separated
into two sub-groups, one of which was fed a single small meal containing 5%
casein and the other 50% casein. A1l six groups were then allowed, immedia-
tely after the meal, to choose betweeen 5% and 55% casein diets for the
subsequent 5 hours.

Rats that were fed a small meal of the 5% casein diet, subsequently
selected 33% casein if they had been adapted to the 20% casein diet; 44%
casein if they had been adapted to the 50% casein diet; and 32% casein if
they had been adapted to self-selection and had been consuming 18% of casein
(Table I). Rats that were fed a small meal of the 50% casein diet, subse-
quently selected 24% casein if they had been adapted to the 20% casein diet;
20% casein if they had been adapted to the 50% casein diet; and only 13%
casein if they had been adapted to self-selection and had been consuming 18%
of casein.
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Table I : Effect of modifying plasma and brain amino acids patterns
on protein selection of growing rats trained to eat
their daily ration in 6 hours

Adapted to 20% Adapted to 50% Adapted to
casein casein selection

Small meal
pretreatment
(4 g in 1 hr) 5 hr after 5 hr after 5 hr after

small meal Total* small meal Total . small meal Total

Percent protein selected 5% vs. 55%

5% casein 33 21 44 26 32 22
50% casein 24 34 20 29 13 25

* Indicates the total percentage of the diet consumed as casein including
the pretreatment meal.

These results clearly demonstrate that rats in different amino acid
catabolic states are responsive to differences in the protein content of the
diet and are capable of adjusting their protein selection on a meal-to-meal
basis. Thus, rats fed a low protein pre-meal selected protein subsequently
in proportion to their ability to degrade amino acids; the most dramatic
response being the very high percentage of dietary protein selected by rats
that had been adapted to a high protein intake. Our results are similar to
those of Leung et al. (1981) who noted an effect of adaptive metabolic state
on protein selection. An interesting finding was that rats, adapted to
self-selection of protein prior to receiving the 50% casein pre-meal,
selected much less protein subsequently than rats fed the same pre-meal but
previously adapted to single diets. This observation suggests that protein
selection has a learned component such that the animals can associate some
sensory characteristic of each diet with the physiologic response that was
experienced previously.

In every self-selection study done in our laboratory with growing rats
allowed to choose between two protein-containing diets, the level of casein
selected has been about 20% of the total diet. The amino acid content of
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this amount of casein approximates the needs of the rat for growth. These
observations provide compelling evidence that protein selection by the
growing rat is determined in large measure by nutritional needs. If this is
the case, then, as amino acid requirements diminish with age, so should the
proportion of protein selected.

We tested this assumption in weanling rats allowed to select between 5%
and 55% casein diets for 60 days (final body weights exceeded 300 g). Until
growth began to slow at about day 40 of the study, the rats selected close
to 20% of the diet as casein. After growth began to slow the choices became
somewhat erratic, some rats choosing substantially less than 20% (7-10%)
others substantially more (40-50%). This behavior persisted throughout the
remainder of the study and the average amount of protein selected among the
older rats was either comparable to that chosen by younger rats or increased
slightly with age.

The fact that in our experiments and in those of Ross et al. (1976),
protein selection did not diminish uniformly with age, suggests that
nutritional needs are not the sole determinant of protein intake. Instead,
it appears that in both young and old self-selecting rats, some minimum-
protein intake, sufficient to satisfy maintenance and growth requirements,
is insured by whatever mechanism controls intake, and that consumption of
protein above this level is tolerated only if the animal can catabolize the
excess of amino acids. In young rats the variability within a population in
the amount of protein selected is usually small, probably because rats
electing to eat only a moderate amount above the requirement (10-15%) would
need to undergo metabolic adaptations in order to be able to metabolize
rapidly the excess of ingested amino acids. In older rats there is a greater
difference between the level of protein needed to meet the requirement and
the level of protein which would be needed to induce enzymatic adaptations.
This is because both the protein and energy requirements are low at maturity
and the liver is Tlarge, giving the older rat surplus capacity to degrade
amino acids. In these animals, individual taste preferences for protein may
be the primary determinants of protein intake above the requirement. This
could account for the fairly large variation in protein selection within a
population of adult rats.
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Our information on changes in brain amino acid concentrations with
changing protein intake and adaptive state, suggests that rats consume an
amount of protein that results in brain IAA concentrations falling within
certain limits, what might be called, in analogy to radioisotope measure-
ments, a "window". One attractive feature of the amino acid concentration
"window" hypothesis is that it can account for the feeding responses
observed both when rats are fed single diets containing different levels of
protein and when animals are allowed to self-select for protein. With rats
fed single diets, when the concentration of protein in the diet is low,
feeding will cause the concentrations of brain IAAs to fall below the
tolerated minimum and food intake is curtailed. Food intake depression is
also observed when the protein content of the ingested diet is so high that
brain amino acid concentrations exceed the upper 1imit of the "window". If,
however, a choice is provided between high and low protein diets, the animal
appears to balance its consumption of the diets offered in such a way that
brain amino acid concentrations are maintained within the acceptable Timits.
The level of dietary protein selected by an animal, therefore, need not be
precise as long as the resulting brain amino acid concentrations fall within
the acceptable range.

A number of factors that have not been mentioned may also influence an
animal's selection of dietary protein content. These include palatability
(Rolls, 1981), mineral content of the diet (Leprohon et al., 1979), the non-
protein energy source (Chee et al., 1981a) and the protein content of the
maternal diet (Leprohon & Anderson, 1980). These factors may be responsible
in part for the variability of protein selection of rats within a group and
between Taboratories. However, the fundamental determinant of selection in
our studies would seem to be the ability of any given diet to maintain brain
amino acid concentrations within an acceptable range. The influence of
maternal dietary protein content on the selection of protein by the off-
spring suggests that the 1imits of the acceptable "window" of brain amino
acid concentrations may be influenced by the protein feeding behaviour of
the mother during pregnancy.



Amino Acid Signals and Protein Metabolism 129

CONCLUSIONS

The preceding discussion has outlined feeding and metabolic responses of
rats fed a wide range of diets varying in amino acid content and balance.
When rats are fed diets having either a balanced or imbalanced pattern of
amino acids, the feeding response is both quantitatively and temporally
related to changes in plasma and brain amino acid concentrations and
patterns. Also, food intake of rats fed diets with an imbalanced or dis-
proportionate pattern of amino acids, or diets differing in protein content,
depends on the adaptive metabolic state of the animal. In the unadapted
animal, food intake is curtailed when the supply of incoming amino acids
exceeds the animal's capacity to degrade those amino acids not utilized for
protein synthesis. In the adapted animal with a high capacity to degrade
amino acids, despite increased protein intake, plasma and brain amino acid
concentrations are maintained within the normal range.

The specific signal influencing the feeding behaviour of rats consuming
amino acid imbalanced diets appears to be related to the brain concentration
of the growth-limiting amino acid (Rogers & Leung, 1973). Our studies
indicate that regulation of the intake of balanced protein by rats fed
either single diets or allowed to self-select, is not related to diet-
induced changes in brain neurotransmitter concentrations but is related
rather to the total concentration of IAAs in brain. More specifically,
protein intake appears to be maintained at a level that results in brain IAA
concentrations that fall within a tolerable range or "window". The lower
1imit of the "window" appears to relate closely to the brain IAA concentra-
tions associated with a dietary protein intake that just meets the animal's
amino acid requirements. The upper 1imit of the window 1is probably the
maximum concentration of brain IAAs tolerated by the animal without the need
for metabolic adaptations to prevent adverse effects. A specific mechanism
that converts information about brain total free IAA content into neuro-
chemical signals that modify behaviour cannot be suggested at this time.
Rogers & Leung (1977) have reported that elevated brain ammonia content, as
the result of infusions of ammonia via the carotid artery, caused food
intake depression in rats fed low protein diets. These results suggest that
brain ammonia concentration could serve as a secondary signal relating brain
IAA content and protein feeding behaviour.
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One common feature of the many studies of effects of dietary protein and
amino acid content on food intake and preference, is that the observed
changes in feeding behaviour are associated with alterations of both plasma
and brain amino acid patterns. The nature of the feeding responses and the
plasma and brain amino acid patterns differ, however, depending upon the
status of body protein metabolism.
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