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I N T ROD U C T ION 

The establ ishment of the nutritional requirements of man in qual itative 

and quantitative 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 in his particular living 

conditions. It is somewhat unfortunate that the apparent precision of the 

recommended dietary allowances has led many people, even nutritionists, to 

be 1 ieve that we know today what nutr it i ona 1 adequacy means and that on ly a 

few secondary problems remain to be solved. Well, if this was the case, we 

would not have to organize symposia like the present one. 

The fact is 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 uso 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 

metabol ic and behavioural mechanisms regulating individual food choice in 

rats. 
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Another important factor of uncertainty in judging nuti'itional adequacy 
is the phenomenon of adaptation; to high or low nutrient supply, to environ­
mental stress, to increased energy expenditure, etc •• The considerable 
versatil ity 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 break down 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 metabol ic interrelation between nutrients also influences nutrient 
needs. Two papers deal with energy-protein interdependence : one during the 
rapid growing per iod 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 iodine- 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 like 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 Nestle, 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, Nestle Research Department 
E d itor- i n-Ch i ef 



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 b irth to 75 years and over. The metabo 1 i c 
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 lives. 
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. 

11 
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There is evidence that energy intakes, at any rate in the 

United Kingdom, were fa11ing between the 1950's and 1970's, and 

this has been attributed to a decrease in physica1 activity. 

However, some of the apparent difference is due to the fact that 

higher factors were used to ca1cu1ate the energy derived from 

protein, fat and carbohydrate in the 1930's and 1940's than were 

used 1 ater; if the 1 ater factors are app 1 ied to the resu lts of 

the earl ier surveys the values for energy are reduced by about 

10%. This correction brings the resu1ts of the earlier surveys 

into 1ine with those of the later ones for boys up to 14 years 

and girls up to 10 years. 01der children of both sexes and 

adu1ts, however, do seem to be eating 1ess than they used to do. 

The quest i on as to whether women shou1d and do increase their 

intake of food during pregnancy has been discussed at two pre­

vious meetings sponsored by Nestle. The evidence seems to be 

that they do not, and it is postu1ated that metabo1ic economies 

enab1e the women to produce 4 kg of body fat and a foetus 

weighing 3.5 kg without any lncrease in energy intake at all. 

Infants grow very rapid1y, particu1ar1y during the first 

6 months after birth, and a considerab1e proportion of the 

energy intake is directed to this end. The conventiona1 method 

of ca1cu1ating energy from the intakes of protein, fat and 

carbohydrate is quite inappropriate in these circumstances. 

* * * 

The tit1e 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 ca10ries or joules peop1e of various ages and conditions require 

each day. I am not going to make any such pronouncement. Better qua1ified 

peop 1 ethan I have app 1 ied themse 1 ves to th is task - most recent 1y those 

contributing to the FAO/WHO Cornmittee's Report on Energy and Protein Ne.eds 

(1982). I am going to confine myself to general princip1es, particu1ar1y 

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 individual ity 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 hirn represents the average of measurements 
made on a number of individuals, and the rneasurements 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, 
wornen 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 sirnilar 
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 (Edholm 
et al., 1970), which suggests that differences in activity and way of life 
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 seern to provide an easyanswer 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 believed 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 regulated so accurately; 
thermostatic, glucostatic, lipostatic and other mechanisms were a11 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 Mi 11 er & 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 mea1s. This loss of heat is over and above the energy expenditure 
invo1ved 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). All this implies that there is normally 
some controlling heat-losing 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 cafeteria-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 lost as heat. However, Hervey & Tobin (1982) and 
Bestley et ale (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 s imil ar conc 1 us i on. Unt i 1 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 peop 1 e they do not operate mueh of the time and (when 
they do) only on a small seale". From all that I have read in preparing this 
paper, I must say, I agree with hirn. 

In the eontrary situation, when the energy intake is less than the 
requirement, and appetite eannot be satisfied, the only way in which the 
body ean adapt is to reduee energy expenditure. This it does, and the 
metabolie rate falls in animals as well as man. The mechanism is eomplex and 
probably involves the thyroid (Jung et al., 1980). There must be variations 
between individuals, whieh will depend upon the amount by whieh that 
person' s or an ima l' s energy needs are defi e i ent, the 1 ength 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 metabolie rate 
as soon as food is supplied. 

Sex differenees in energy intake 

The quest ion asked in the title of my paper "How mueh food does man 
require 1" might be regarded as rather like the question "How long is a 
piece of string 1". This, however, is not very helpful, and so long as we 
bear in mi nd the limitations of average figures for energy requirements, 
there are some things we ean state with eertainty. First, average intakes 
and expendttures, and henee 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. Seeond, 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 
eoneerned, 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 suffieiently long time has, as far as I 
know, never been made. The literature on basal metabolism is large and often 
eontradietory. On a surfaee area basis, women appear to have a lower basal 
metabolie rate than men, but when the results are reealeulated to a body 
weight basis, the differenee between the sexes is redueed (Durnin, 1976). 
Fat is the greatest variable in the human body, both in quality and 
quantity, but partieularly in quantity, and those of us eoneerned with body 
eomposition know full well that the only way to get any sort of uniformity 
is to express the results for all the non-fat eonstituents of the body in 
terms of the fat-free body maSSe As Durnin (1976), however, has pointed out, 
the fat-free mass is a mixture of metabolieally aetive and inaetive tissue, 
and adipose tissue is not inert. Liver and musele, and above all brain, have 
a higher rate of oxygen eonsumption than adipose tissue, but the skeleton 
has a lower one. Even if the basal metabolie rates of males and females are 
more s imil ar when expressed per kg of 1 ean body mass than per kg or total 
body weight (Miller and Blyth, 1953; von Döbeln, 1956), lean body mass does 
not neeessarily have the same proport ions of more and less met abo 1 iea l1y 
aetive tissue in the two sexes. 

Table I shows the me an 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 
01 d in 1964, and of 200 of eaeh sex in 1971. On both oeeas ions, the boys 
took more energy than the girls, whiehever basis of eomparison is used. 
Durnin (1976) has suggested that males are more aetive than females, not 
only physieally, but also metabolieally, and this may be due to the influ­
enee of endoerine funetion, possibly by the thyroid, on metabolie aetivity. 

Another point suggested by the results of Durnin et al. (1974) is that 
between 1964 and 1971, there was a reduetion in the mean energy intake of 
both boys and girls. The authors attribute this to a lessening of physieal 
aetivity between 1964 and 1971, whieh is probably part of a steady change 
over a 10nger period. More reeently, Whitehead et ale (1982) have eolleeted 
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 

Number 102 198 90 
Height, m. 1.63 1.63 1.59 
Weight, kg 51. 1 50.8 51.8 
F at, g/100 9 16.3 18.4 27.6 
Fat-free weight, kg 42.8 41.5 37.5 
Surface area, sq.m. 1.51 1.50 1.52 

Energy intake, kcal/day 

Total 2705 2610 2270 
Per kg body weight 52.9 51.4 43.8 
Per kg fat-free weight 63.2 62.9 60.5 
Per sq.m. surface area 1791 1740 1490 

17 

1971 

221 
1.59 

50.7 
27.0 
37.0 

1.50 

2020 
39.8 
54.6 

1347 

took more energy than the girls, but it also appears that at all ages, girls 
in the more recent studies took 1ess 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 physica1 
activity is put forward as the explanation of the decrease in energy intake 
over the years, though if th i s i s the case the authors were puzz1 ed 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 on1y 
speak for those made in the United Kingdom where in most of the studies our 
own food tab1es were used, and in these tab1es the factors for ca1cu1ating 
the energy va1ue of foods from the protein, fat and carbohydrate have 
changed since the first edition was pub1ished in 1940 (McCance & Widdowson, 
1940, 1942, 1946, 1960; Pau1 & 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 kca1) per 9 
carbohydrate was intended to be app 1 ied 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 va1ue of 1 9 monosaccharide. 
15.69 kJ (3.75 kca1). was used in all editions after the first. All the 
calcu1ations 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 - • = Original values (Widdowson. 1947); 
o = recalcu1ated using Atwater's factors (Widdowson, 1947); dotted 1ine = 
fitted quadratic regression line for energy intakes reported in surveys 
after 1955 (Whitehead et a1., 1982). 
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Fig. 2 : Energy intakes of girls - • = 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 tab1es, 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 aga 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) ~ould fit in with this. 

Energy reguirements in pregnancy 

Another quest ion that is exercising nutritionists at the present time 
concerns the energy of pregnant women. 00 they or do they not eat more than 
they did before they were pregnant ? A workshop sponsored by Nestle Nutri­
tion was held at the Chateau de Rochegude, Vaucluse, France, in 1980 to 
discuss this problem (Dobbing, 1981) and an earlier one in Lutry, 
Switzerland, in 1979, sponsored by the Nestle Foundation, touched on it 
(Aebi & Whitehead, 1980). Theoretical1y, 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 metabolie 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 last 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 other 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 Nestle 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 astated 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 requ;res 

0.01 kJ (0.002 kca 1) per kJ depos ited, carbohydrate into fat and protei n 

into protein 0.15 kJ (0.036 kcal) per kJ, and protein into fat 0.31 kJ 

(0.071 kcal) per kJ. 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 9 fat tissue and 9.2 kJ 

(2.2 kcal) per 9 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 9 protein and 38.9 kJ (9.3 kcal) per 9 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 

A lthough we know a great dea 1 about how much food man requ ires, 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 quest ion posed by me 35 years aga "Why can one person live on 

half the calories of another, and yet remain a perfectly efficient physical 

machine ?" (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 wou1d suppose that schoo1 buses and television wou1d 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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University of Lausanne, Lausanne, Switzerland 

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
logical or social influences and the thermogenie 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 metabolie rate, thermogenesis and physical 
activity. Of these 3 components, thermogenesis, (i.e. the energy 
expended above the met abo 1 ic rate in the rest ing state) i s the 
most likely candidate to playa 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 i~ indi­
viduals who present a tendency to gain weight, in order to 
assess whether the thermogenie responses may be lower in these 
subjects than in lean controls. 



Nutrients and Energy Balance Regulation 

It has recent1y been shown that DIT consists of two separate 

components which can be described °as l ob1igatory" 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 1atter is an energy dissipative 

mechanism. main1y studied in anima1s. There is good experimental 

evidence showing that brown adipose tissue (BAT) is involved in 

the adaptive thermogenes is observed in rats fed a varied and 

pa1atab1e "cafeteria" diet. In addition. a thermogenic defect in 

BAT has been demonstrated in adult as well as young genetica11y 

obese anima1s. and this defect is present not on1y in adult. but 

-also in young (12 day old) ob/ob mice. i.e. before the deve10p­

ment of obesity. Thus. a defective thermogenesis seems to be a 

cause. rather than a consequence. of obesity in these anima1s. 

In man. the ro1e 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. name1y direct ca1orimetry. 

indirect ca10rimetry using an open-circuit venti1ated hood 

system. and arespiratory chamber. Data from recent studies on 

DIT in man support the concept that a defect in thermogenesis 

may contribute to energy imba1ance and weight ga in in obese 

individua1s. 

We have been undertaking studies in obese subjects in an 

attempt to assess whether insu1 in resistance. which frequent1y 

occurs in obes ity. affects gl ucose- induced thermogenes is (GIT). 

In 55 obese individua1s studied over 3 hours following a 100 9 

oral glucose load. GIT was significant1y reduced when compared 

to that of a contro1 group. It is noteworthy that the magnitude 

of the reduction in GIT was re1ated to the degree of insulin 

resistance; the more insulin-resistant patients had the lowest 

GIT. The measured value of GIT in these insulin-resistant 

patients corresponded well with the l ob1igatory" thermogenesis 

27 
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of glucose. By contrast, contro1 subjects exhibited a thermo­

genie response twice as great, suggesting both l ob1igatory" and 

Iregu1atory" components in their GIT. These results suggest that 

insulin may be required for the full DIT response, and that 

insulin resistance contributes to b1unt the Iregu1atory" 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 whieh decrease the thermogenie response to glucose. 

These thermogenie defects may aceount, 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 thermogenie responses 

due to lipid and protein ingestion are sole1y accounted for by 

their respective l ob1igatory" thermogenesis. Studies on protein 

turnover rates are needed in man to estab1 ish 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 inc1uding increases in 

metabolie rate, in thermogenie response to noradrenaline and BAT 

hypertrophy and hyperp 1 as i a. Moreover, these features are a11 

defeetive in 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 estab1ish 

whether a defective thermogenesis may precede the deve10pment of 

obesity in man, or whether it is a consequenee of the increased 

body fat maSSe Our data showing the progressive decl ine in GIT 

with inereasing insulin resistanee in the obese may favour the 

1atter alternative; however, more work is needed to study the 

obese after weight 10ss with the possibil ity of deteeting a 

defective thermogenes is, independent of the wei ght excess, and 

which may be genetica11y determined. 

* * * 
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CONTROL OF FOOD INTAKE AND MODULATION OF ENERGY EXPENDITURE 
IN THE REGULATION OF BODY WEIGHT 

29 

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 physica1 activity obviously exhibit an e1evated energy 

expenditure accompanied by a corresponding1y increased food intake. Con­
verse1y, patients with anorexia nervosa, characterized by a very low food 
intake exhibit a low energy expenditure (Jequier et al. , 1978). Thus, both 
energy input and energy output inf1uence each other (Garrow, 1978a). 

I t i s generally admitted that the contro 1 of energy i ntake i s the major 
factor in the regulation of energy balance. Since the contro1 of food intake 
has been much studied, espec;a11y in the rat (Novin et al., 1976), it is not 
intended to discuss this topic here. It is, however, 1ikely that in man, the 
regulatory system for food intake can be overwhelmed by psychologica1 or 
socia1 inf1uences. Therefore, the degree of stability in body weight (or 
more precise1y in body energy) will be 1argely dependent upon the indivi­
dual's capacity to modu1ate energy expenditure so as to compensate for the 
variable energy intake. 

Obesity has become a frequent condition in deve10ped countries, indi­
cating that the regu1atory system of energy balance often works imperfect1y 
in man. While it is often assumed that hyperphagia is the primary cause of 
obesity, most studies in man have failed to demonstrate an abnormal food 
intake in obese patients (Garrow, 1978b). Although assessment of food intake 
can be inva1idated by various factors, such as changes in eating behaviour 
of the subjects whi1e being studied and the difficu1ty 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 invo1ved. 

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 thermogenie 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 thermogenie 
mechanisms. 

THERMOGENIC RESPONSES TO NUTRIENT INTAKE 

Responses to carbohydrate administration 

After the ingestion of a meal, the energy expenditure increases. Many 
express ions 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" (OIT). Instead of re­
viewing the literature on OIT in man, th.is presentation will mainly deal 
with recent data obtained with our technique of computerized indirect 
calorimetry (Jequier, 1981). 

Oiet-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 metabolie 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 metabolie pathways, oxidation, glycogen synthesis and lipogenesis, 
provided that each one contributed similarly to glucose disposal. Since 



Nutrients and Energy Balance Regulation 31 

1 ipogenesis is quantitatively less important than the two other processes 
(Acheson et al., 1982), it can be inferred that the measured glucose induced 
thermogenesis is 1 arger than the obligatory energy cost of glucose 
metabolism (Table I). 

When glucose is administered by the intravenous route, together with 
insul in in order to maintain euglycemia (hyperinsul inaemic 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 (Thiebaud et al., 1982), but it was 
still larger than the obligatory energy cost of glucose metabolism, parti­
cularly when insulinaemia was elevated (Table 1). 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 mea~ured 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 intravenous 2 4% 5.5 to 8% Thiebaud et al., 1982 
Carbohydrate per os 5-10% 27% Schutz et al., 1982a 
(overfeeding) 
Fat intravenous 2-3% 2-3% Thiebaud et al., 1983 

Fat + glucose intravenous 2 3% 5.5% Thiebaud et al., 1983 

Amino acids 3 25% 16.5% Pittet et al., 1974 per os 

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

(2) During euglycemic hyperinsulinaemic glucose clamps. 
(3) Measurement during 150 mine only. 
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Up to now, we have discussed acute responses to glucose administration 
over aperiod 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 arecent study of overfeeding with 
carbohydrates in our laboratory (the subjects received 1,500 kcal in excess 
of the preceding day' s energy expenditure over aperiod of 7 days) , Schutz 
et al., (1982a) observed an increase in energy expenditure corresponding to 
27~ of the excess energy intake (Table 1). 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 limit 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 arecent study (Thiebaud 
et al., 1983), Intralipid (fat 200 gl1, glycerol 25 gl1, lecithin 12 gl1) 
infusion at a rate of either 0.23 mg/mine or 0.12 mg/mine was given to 
7 young healthy volunteers. This lipid infusion induced a thermogenic 
response of 2 to 3~ of the energy content of the lipid infused (Table I). 

Thi s val ue i s cons istent with the theoret ica 1 energy cost for metabo 1 i s ing 
and storing lipid. Therefore, intravenous administration of lipids to man 
does not elicit energy dissipative processes distinct from obligatory 
thermogenesis. When, however, lipids were administered together with glucose 
and insulin (Thiebaud et al., 1983) the thermogenic response was found to be 
enhanced (Table 1); it is likely that the thermogenesis induced by lipid 
then exceeds the value of the obligatory cost of lipid metabolism. 

The thermogenic response to protein administration is classically 
described as greater than that of carbohydrate and lipid. 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 9 of a 
balanced mixture of amino acids by young male volunteers produced a 
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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 arecent 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 thermogenie response to protein administra­

ti on i s 1 arge and amounts to about 25% of the energy content of the load 

(Flatt, 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 (F1att, 1978). The reported 

values for thermogenesis induced by protein (or amino acid) ingestion are 

somewhat lower than the predicted ones, but it is likely that the total 

response has never been entirely measured because of the long duration of 

the process. These considerations lead to the concept that fo110wing 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 thermogenie response to food intake in man is depen­

dent upon both the nature of the nutrients and the total amount of energy 

intake. The "ob1igatory thermogenesis" (i.e. the energy costs of digesting, 

absorbing and storing the nutrients) accounts for most of the thermogenie 

response to fat and protein administration. After carbohydrate ingestion, or 

after overfeeding, energy dissipative processes may contribute to the meta­

bolie responses. The term "regulatory thermogenesis" is 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 lipid (Ball & Jungas. 1961) or protein (Yousef & Chaffer. 

1970) turnover. substrate cycles in intermediary metabolism (Newsholme. 

1980) or increased cation transport (Ismai1-Beigi & Edelman. 1970) have been 

proposed to exp1ain an increased uti1ization of ATP. but there is no 

convincing evidence support ing any of these mechanisms. Another poss ibil i ty 

to account for an energy dissipative process is a decreased efficiency of 

ATP formation. The most compe11ing 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 genera ted by respiration to move back 

across the inner mitochondria1 membrane without the reaction being coup1ed 

to ATP production (Nicholls. 1979). Brown adipose tissue is found parti­

cularly in the interscapu1ar and perirenal regions of the newborn and young 

anima1s and is considered to atrophy under normal conditions in adult 

anima1s. including man. This tissue has 1ess tri glyceride than white adipose 

tissue, is rich1y 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 litimulation or by injection of 

noradrenaline to the anima1 (Foster & Frydman. 1978). This tissue is known 

to be the major site of non-shivering thermogenesis in the rat (Foster & 

Frydman, 1978) and mouse (Thur1by & 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 (Rothwel1 & Stock, 1979). If rats are induced to eat a great amount of 

a highly pa1atab1e food ("cafeteria diet"), there is a 1arge increase in 

thermogenesis which greatly reduces the weight gain predicted from the 

increased energy intake (Rothwell & Stock, 1979). It is surprising that a 

1 arge part of this diet induced thermogenes is can be accounted for by an 

increased activity of brown adipose tissue (Rothwel1 & Stock, 1981a). 

Thus in rodents, both conditions which stimu1ate thermogenesis, i.e. food 

intake and cold exposure, resu1t in sympathetic activation of brown adipose 
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tissue. The two processes, i.e. non-shivering thermogenesis (NST) and diet­

induced thermogenesis (Oll), share many cOlll11on features (Rothwell & Stock, 

1980) including increase in food intake, stimulation of metabol ic rate, 

enhanced thermogen i c responses to noradrena 1 i ne and augmented brown ad i pose 

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 atrophie 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 a1., 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 el iciting apart of the thermo­

genic response after glucose administration in man is further supported by 

the observation that infusion of propranolol (a drug which blocks ß­
receptors) significantly decreases the thermogenesis induced by glucose 

during hyperglycaemic hyperinsul inaemic glucose clamps (K.J. Acheson, 

persona 1 cOlll11unicat ion). The res i dua 1 i ncrease 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 1atter 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 
infusion 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 insul in and noradrenal ine 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", 
i.e. the energy dissipative process induced by carbohydrate intake which is 
not accounted for by the energy costs of glucose metabolism. 

carbOhydlate feeding 

Increase in Pliima insulin levels 

Stimulation of insulin-mediated glucose metabolism 

in hypothalamus 0j brainstem centers 1 

Activation of SY"PlthetiC nervous system 

Stimulation of thermogenic effectors 
(brown adipose tissue 1) 

Fi~. 1 : Model of the mechanism of "regulatory thermogenesis" after 
carbo ydrate 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 sterns from recent experimental data in 
animals. Two models are of particular interest, viZe : 

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 compe 11 ing evi dence that obes ity can occur without hyperphagi a 
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 (Himrns-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 is 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 a1ready be shown in 12-day-01d anima1s before the deve10pment of 

obesity (Trayhurn et a1., 1977); this suggests that the thermogenie defect 

in these mutants is genetica11y 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 deve10pment of obesity in genetica11y obese 

rodents (Himms-Hagen & Desaute1s, 1978; Thur1by & Trayhurn, 1979, 1980; 

Trayhurn et a1., 1977) and in rats with 1esion of the ventromedia1 hypo­

thalamus (Seydoux et a1., 1981), the putative ro1e of a thermogenie failure 

in human obesity is more difficu1t to assess. 

Obes i ty ar i ses from a si tu at i on where energy i ntake chron i ca lly exceeds 

energy output, but it is not c1ear1y estab1ished in man whether this imba1-

ance results from an excessive input or a defective output. It is 1ike1y 

that the two extreme conditions, i.e. hyperphagia on one hand and subnormal 

thermogenesis on the other may on1y account for a few cases of obesity. The 

present understanding is that obesity resu1ts from an altered contro1 system 

affecting in various degrees both energy intake and energy output; in some 

individua1s hyperphagia may be the obvious cause of obesity, whereas in 

other obese subjects, a defective thermogenie capacity unab1e to adapt 

energy output to a variable intake, may have an important role favouring 

energy gain. According to this view, the aetio10gy 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 present1y no adequate procedure to assess the relative impor­

tance of excess intake versus 10w output in a given patient. It is likely 

that most studies on human obesity are performed on heterogeneous popula­

tions, which may exp1ain some of the discrepancies in the data obtained by 

different groups. 

To study the ro1e of energy output in energy balance, it is necessary to 

eonsider the 3 eomponents of energy expenditure i.e. : basal metabolie rate, 

thermogenesis and physica1 activity. 

Basal metabolie rate is main1y dependent upon the size of the fat free 

mass (i.e. body weight minus fat mass) (Halliday et a1., 1979; Ravussin et 
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al., 1982). Since obese individuals often have an increased fat free mass in 
addition to their large 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 (Jequier et al., 
1978) and non-shivering thermogenesis (Jequier et al., 1974) are defective 
in cases of familial obesity. 

In arecent study (Go 1 ay 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 lowest 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 thermogenie 
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 lower than in young controls (Golay et al., 
1982b). Thus, both age and obesity are factors which contribute to lowering 
the thermogenie response to glucose. 

In conclusion, of the 3 components of energy expenditure, basal metabolie 
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 contro 1 s (Ravuss in et a 1., 1982). Therefore, the decreased thermo­
genesis in the obese does not fully compensate for their elevated basal 
metabolie rate; the conclusion has been drawn from similar results obtained 
by Garrow (1981) that a failure in the thermogenie 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 lower total energy expenditure than lean 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 
metabolie rate. This eventually leads to a compensation of the low thermo­
genes i s, and tota 1 body expend i ture norma li ses or may even become somewhat 
larger than that of lean individuals. Since the thermogenie capacity 1s 
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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 

thermogenesis 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 9 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
t ion of 15N_glycine for 60-72 h followed by the analysis of 
15N-enrichment in urinary urea. 

These VLBW i nfants 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 (Le. 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 9 weight gain) and the N balance 
indicated that 1ean tissue made up approximately 2/3 of the 
weight gained and fat tissue the remaining 1/3. 

The plateau value for 15N 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 formu1a diet. 

The e1evated energy expenditure of the very 10w birth weight 
infant seems to be re1ated 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 who1e body protein synthesis. 

* * * 

Over the years sophistication in ca10rimetric techniques has 1arge1y 
contributed to the better understanding of the energy metabo1ism of very 10w 
birth weight (VLBW) infants, i .e. infants with a birth weight be10w 1500 g. 
These methods now make it possib1e to eva1uate the metabolie impact of 
various nutritiona1 regimens under contro11ed c1inica1 conditions. An exami­
nation of the rate of who1e body protein synthesis and break down in VLBW 
infants is of interest for two reasons : first1y, because protein turnover 
may account for a 1arge fraction of the resting energy expenditure ö 

second1y, 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 
catabol ism 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 13C and 

15 0.36% for N, can be used to this end. Administration of moleeules 
enriched with stable isotopes will lead to a significant enrichment which 
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can be determined in expired gas, urine or b1ood. The metabo1ism of a 

mo1ecu1e is generally unaffected by the enrichment with a stab1e isotope 

a1though significant isotopic effects have been reported to occur with 180 

and particu1ar1y deuterium (Thomson, 1963). In this study, repeated oral 

administration of 15N-glycine was used to assess protein turnover rate 

(Picou & Tay10r-Roberts, 1969). 

Energy cost of weight gain 

Hea lthy VLBW i nf ants present a un ique opportun i ty 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 gestationa1 age is approxima­

tely 15 g/kg.d (Largo et al., 1980), which is roughly 3 times the va1ue 

measured for term-infants, and 30 times the va1ue for hea1thy ado1escents, 

using Swiss reference standards (Prader et a1., 1980). Rapid weight gain is 

also found in children recovering from protein-energy deprivation (Spady et 

a1., 1976; Golden et a1., 1977). At the neonate Division of the Pediatric 

Cl inic in Lausanne, VLBW infants are fed approximately 125 kca1/kg.d of 

gross energy (as determined by bomb ca1orimetry). When the energy losses in 

faeces and urine are taken into account, the metabolizable (" ava ilable") 

energy (ME) given to VLBW infants fed on a formu1a diet is approximate1y, 

110 kca1/kg.d, i.e. 1ess than 90% of the gross energy intake (unpub1ished 

results) • 

The resting energy expenditure of the VLBW infants was measured by 

continuous open circuit, indirect ca10rimetry under standard thermoneu­

tral ity conditions (Gudinchet et a1., 1982). The measurements were made 

using an air tight perspex box, p1aced inside an incubator, and containing 

the infant. Air within the box was continuous1y renewed and the f10w rate 

measured by a pneumotachograph connected to a different i a1 manometer. The 

outf1owing air was continuous1y samp1ed and its O2 and CO2 concentra­

tions were measured using a mass spectrometer. The infant's oxygen 

consumption (V02) and CO2 production (VC02) were determined from the 

f10w rate and differences in 02 and CO2 concentrations between air 

entering and 1eaving the ca1orimeter. Energy expenditure was ca1cu1ated from 
VOZ' vCOz 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 life, 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/kg·d 
150 

100 

50 

o 
Intake 

Non 
Growth 

Expend. 

Growth 

Gain 

Fig. 1 : Partition of metabolisable energy intake (i.e. gross energy 
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 kca1/kg.d (Gudinchet et 
al., 1982). To store body energy, an extra-amount of calories is expended 
above the non-growth energy expenditure. This is the metabolie 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 metabolie cost of growth was calculated 
from the slope of the regression line of energy expenditure vs. weight gain, 

i.e. 0.54 kcal. per 9 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). 

Es t imates of the compos it i on of ti ssue ga i n 

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 1 ean ti ssue ga i n of VLBW i nfants has a protei n 
content of 20% (i.e. an energy equiva1ent of 1.1 kca1/g) and that fat tissue 
gain has 85% lipid (i.e. an energy equiva1ent of 7.9 kca1/g), our results 
wou1d indicate that the weight gain is made up of 68% 1ean 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 me an protein gain was found to be approximately 2 9 protjkg.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 who1e 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 reeeived a milk formula providing the same 
amount of energy given previously and 3.3 9 protein per kg body weight per 
day. 

The model used for in vivo analysis of total nitrogen turnover assumes a 
single pool of metabolie nitrogen, constant in size during the study 
(Waterlow et al., 1978). This pool receives amino acids from the food (1) 
and from protein catabolism (C). Amino acids are withdrawn from this pool 
for protein synthesis (5) or, excreted in the urine as end-products of amino 
acid metabol ism (E). If this pool is assumed to be constant in size, the 
input of ami no acid nitrogen i s equa 1 to the output and eorresponds to Q, 
which is the rate of total nitrogen flux 

( 1). 

When Q is known, synthesis (5) and catabolism (C) of protein nitrogen can 
be caleulated since the intake of nitrogen (i) and its exeretion (E) can be 

analytically determined. 

Infant formula was given every three hours, by intra-gastric route. 
15N_glycine was added for 60-72 hours at a concentration of 0.18 mg/ml, 

15· 15 corresponding to a rate of administration of N (d) of 5 mg N/kg.day. 
When the enrichment of the metabolie 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 : 

. eurea 
eNH 

d 3 (2) =--=--. . 
Q Eurea ENH 

3 

where the ratio of the rate of 15N administered to the rate of total 
nitrogen flux is the same as the ratio of the rate of 15N in urea or 

ammonia to the rate of excretion of total urea or anrnonia in urine. These 
last two ratios are in fact the 15N enrichment of excreted urea and 
ammonia. The 15N enrichment was determined automatically by emission 
spectrometry (Isonitromat 5201, VEB Statron, DDR) from ammonium chloride 
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samp1es. These samp1es were prepared by trapping ammonia after a1ka1iniza­

ti on of uri ne. For urea nitrogen ana 1ys i s, the uri ne samp 1 es were further 

neutra1ized, urease added and, fo11owing realkalinization, the ammonia 

produced was trapped. 

The nitrogen flux (Q) was obtained from equation 2 and synthesis (5) and 

catabo1ism (C) were ca1cu1ated from equation 1. Urine samp1es were co11ected 

every 3 hours for 72 hours. From the va 1 ue of the plateau of 15N enri ch­

ment in ammonia and urea, the N f1ux was ca1cu1ated. The use of 15N_ 

glycine is we11-documented and similar results of protein synthesis have 

been obtained in man, with 15N_glycine and a uniform1y 15N enriched egg 

protein (Picou & Tay1or-Roberts, 1969). 

In order to approximate the isotopic plateau a single exponential of the 
-kt form Y = Y (l-e ) and the visua1 inspection approach (Water1ow et o 

a1., 1978) were also used. According to the last authors, the most 

satisfactory approach seems to be visua1 inspection. 

The kinetics of 15N enrichment in urinary urea and ammonia, expressed 

as At% 15N excess, and obtained in one preterm infant is presented in 

Fig. 2. This figure also shows urea enrichment reported previous1y in adult 

subjects (Steffee et a1., 1976) and preterm infants (Jackson et a1., 1981). 

Except for the low enrichment observed by Jackson et a1. (1981), these 

curves exhibit a plateau, or more precise1y a pseudo-p1ateau because the 

enrichment increases continuous1y. The va1ue of the plateau, which is very 

important to reach significant and accurate 15N determination, is 

effective1y dependent on the rate of 15N administration. The enrichments 

of urinary urea in these two studies performed on preterm chi1dren are in 

agreement although the rate of 15N administration was 50 times higher in 

our study. 

In adult subjects (Steffee et a1., 1976) where higher enrichments were 

observed when taking into account the fact that a 10 times lower rate of 

l5N administration was given as compared with the present study (Fig. 2). 

The va1ue of the plateau being inversely re1ated to the protein turnover 

(equation 2), the higher enrichment obtained ref1ects a lower protein 
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turnover in adult as compared with preterm children. The curves of urea and 
al11l1onia enrichment showed that glycine is preferentially transformed into 
al11l1onia (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 me an protein gain was 2 g/kg.d, indicating 
that 7 times more protein was synthetised than laid 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) 

1 

12 

10 

8 

6 

4 

2 

~NTHESIS 

---- ~ 

\ 
BREAI<OOWN 

OL-____ ~~ __ ----~--~------~r---------

PROTEIN TURNOVER 

Fig. 3 ; Rates of whole body protein synthesis and breakdown in very low 
birth welght infants (n = 4) fed 110 kcal/kg.d of metabolisable energy and 
3.3 9 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 
theoret ica 1 energy expend iture of about 14 kca l/kg.d. The rest ing energy 
expenditure measured simultaneously was approximately. 60 kcal/kg.d. Hence, 
tota 1 body protei n synthes i s accounted for 23% of the energy expend i ture. 
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 ale (1981b) based on 1 iterature data show that in l-year-old 
infants, the contribution of protein synthesis to energy expenditure was 
about 10%, i.e. less than half of that observed in our VLBW infants. 

CONCLUSION 

Energy ba 1 ance techn iques combi n"ed with nitrogen ba 1 ance 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 1 ife. To explore the dynamic aspects of protein metabol ism, 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 is a field worthy of intensive 
investigation. 
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ENERGY FUEL AND HORMONAL PROFILE IN EXPERIMENTAL OBESITIES 

Bernard JEANRENAUO 
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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 tri glyceride secretion by the 1 iver 
and fat deposition in adipose tissue. This hypersecretion of 
insulin, together with other ill-defined factors, is subse­
quently responsible for astate of insulin resistance. 

The early oversecretion of insulin in hypothalamic and 
genetic (e.g. fa/fa rats) obesities can be experimentally 
demonstrated. Thus, within 20 min of acute lesion 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 l7-day-old, pre­
weaned control and genetically pre-obese rats (i.e. animals 
genetically-determined to become obese but with anormal 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 occurrence 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 levels are 
abnormally low. The inadequate secretion of this hyperglycaemic 
hormone may explain why, in some types of obesity syndrome, 
hyperglycaemia is 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 vive euglycaemic clamp technique ö 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 t~erefore insulin resistant. 

The precise etiology of the early over-secretion of insulin 
in VMH-lesioned rats is, however, unknown : with VMH lesions, 
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 in 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 1 ink (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 (VLOL) 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 VLOL due to the likely stimula­
tion, by increased plasma insulin levels, of activity of the insulin­
sens itive 1 ipoprotein 1 ipase (LPL), an enzyme that is required for VLOL­
triglyceride uptake (Gruen et al., 1978). In our mind, these abnormal ities 
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 welle 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 astate 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 hyper1nsulinaemia of obese rodents 
results in an overstimulation of pathways involved in lipid synthesis and 
storage. This overstimulation is schematized by the heavy arrows. In the 
liver, hyperinsulinaemia produces 1ncreased lipogenesis (TG = triglycerides) 
from various substrates (e.g. from fatty acids, FA; glucose, G, etc.), 
increased synthesis of very low density lipoprotein (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 iUptake of circulating VLDL-TG due to increased activity of 
lipoprotein lipase activity, an insulin-responsive enzyme necessary for 
actual uptake of VLDL-TG. The overall result of these two main consequences 
1s an increased fat storage within each adi pocyte , the size of wh1ch 
increases, hence occurrence of obesity. (Based on Ass1macopoulos-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 surrrnarized in Fig. 2. In all insul in-sensitive 

ti ssues, a decreased insul in receptor number has been observed that i s 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). Oecreased 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 insul in 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 channe11 ing of 

substrates into fat and hence, increased muscle triglyceride content. In fat 

ce 11 s, ana logous intrace 11 ul ar defects prevent fatty ac i d synthes i sand the 

enlarged fat cells of obese animals probably remain en1arged despite 

decreased de novo fat synthesis. Indeed LPL activity and esterification 

capacity of those cells remain high enough to permit VLOL uptake (Gruen et 

al., 1978; Cushman et al., 1978). 

INSULIN RESISTANCE IN LIVER 

Until recently, insulin resistance in the 1 iver has not been studied, 

since, for unknown reasons, normal isolated perfused livers or isolated 

hepatocytes even when perfectly preserved, responded poorly to insul in when 

hepatic glucose production was investigated. As it was not possible to mea­

sure the expected insu1 in-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 metabolie responses. Hyperinsulinaemia 
(shown here by hatched circles) is responsible for the occurrence of a 
decrease in the number of receptor's 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 ill-defined factors are also 
responsible for the following alterations that further aggravate insulin 
resistance : 
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Muscle and adipose tissue : Oefective 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 : Intrace11ular phosphorylated glucose {G-P} is poorly converted to 
9 lycogen and poor ly metabo 1 i zed. because of many intrace 11 ul ar abnormal i­
ti es. I ntrace 11 u 1 ar phosphoryl ated gl ucose metabo 1 i sm i spart ly channe 11 ed 
to triglyceride synthesis {TG} : increased TG content in muscles of obese 
rodents is frequently encountered {possibly also due to increased 1 ipo­
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. 
L iver : Intrace11ular phosphorylated glucose {GP} is abnorma11y handled. 
These 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} is poorly 
converted to tri glyceride {TG} because of many intrace 11 u 1 ar abnormal it ies. 
The enlarged fat ce11s of obese rodents probably remain enlarged. despite 
decreased TG synthes i s. because 1 i poprotei n 1 i pase does not eas ily become 
insulin resistant. very low density lipoprotein (VLOL-TG) uptake remaining 
therefore increased. as mentioned in Fig. 1. 
{Based on Assimacopoulos- Jeannet & Jeanrenaud. 1976; Czech & Reaven. 1978; 
Czech et al.. 1978; Oe 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 (Oe Fronzo, 1978). This technique is described 

elsewhere (Karakash et al •• 1977). The main advantage in this approach lies 

in the ability of measuring ~ vivo hepatic glucose production. The 

experiments carried out in lean and obese Zucker (fa/fa) rats gave the 

fo11owing results. In lean rats. when insul inaemia was raised from normal 

(2 ng/ml) 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 hyperinsul inaemic. 

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) "per ipheral" hyperinsulinaemia-linked 

alterations measured in 1 iver, adipose tissue and muscles of genetica11y 

obese rodents or in rodents made obese by 1 es ions of the hypoth a 1 amus are 

ana 1 ogous, and fina 11y (c) centra 1 nervous system (CNS) abnormal it ies 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 abnorma11y 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 severa 1 authors that the CNS norma 11y exerts an 

overa 11 ton i c inhib itory infl uence on the endocrine pancreas that ventro­
medial hypothalamic (VMH) lesions somehow a11eviate (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 fo11owing the lesions. This rapidly occurring over­

secretion of insulin is mediated by the vagus nerve as it is complete1y and 

immedi ate ly reversed by acute vagotomy (Berthoud & Jeanrenaud, 1979). When 

acute vagotomy i s not performed, hyper i nsu 1 inaemi a produced by VMH les ions 

persists and increases with time even in the absence of hyperphagia 

(Rohner-Jeanrenaud & Jeanrenaud, 1980). The increased activity of the 

cho1inergic system that fo11ows VMH lesions is also substantiated in several 

i!!. vitro experiments in which, as shown in Fig. 3, the increase in insulin 
secretioll observed in pancreases from VMH-1esioned rats is restored to 
normal by infusion of atropine (Rohner-Jeanrenaud & Jeanrenaud, 1981). 
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Fig. 3 : Effect of ventromedial hypothalamic (VMH) lesions on the in 
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-linked hyperinsulinaemia deserves some mention as 
this syndrome represents a true pathological situation. It is observed that 
in l7-day-old pre-obese Zucker rats (i.e. in preweaned rats that will become 
obese but which, at the experimental time, have anormal body weight and 
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normal basal insulinaemia) an i-v glucose challenge produces rises in plasma 

insulin levels 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 linked 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

linked (Table I) hyperinsul inaemia 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 exp 1 a in why most hyperinsul inaemic anima 1 s 

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 

important 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 masse 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 norma"l rats following induced cellular 
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glucopenia is reduced in VMH-lesioned animals, as is the sympathetic 
response following exercise, fasting or cold exposure (Nishizawa & Bray, 
1978). The observed increase in basa 1 or gl ucose- induced insul in secret ion 
of VMH-lesioned rats can be reduced not only by atropine but by epinephrine 
as well, the combination of the two drugs bringing insul inaemia 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 metabolie consequences. 

l. 

2. 

3. 

Basal 

Basal 
basal 

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

and genetically obese (fa/fa) rats 

glycemia 

insulinemia or 
insulin secretion 

VMH 
lesioned 

normal 

normal 

Pre-obese and obese 
(fa/fa) rats 

normal 

normal 

Substrate-induced increased increased 
induced secretion 

normalized normalized 
by cholinergic by chol inergic 

blockade blockade 

normalized ameliorated 
by acute by acute 
vagotomy vagotomy 

From Berthoud & Jeanrenaud (1979); Rohner-Jeanrenaud & Jeanrenaud (19BO); 
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 insulin. 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 

TELENCEPHALON 

DIENCEPHALON 

lesions 

BRAIN STEM 

I : 1 t vagus nerve tone 
Islets of 

I 
L _______ + lsympathetic nerve __ 

tone 

HYPERINSULINEMIA 

(HYPERGLUCAGONEMIA) 

Fig. 5 : CNS-endocrine pancreas axis 
lesions. 

ventromedial hypothalamic (VMH) 

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 
shou 1 d not necessarily be cons i dered 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 !fferent 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 !fferent fibers that bring information 

to the CNS, information that is somehow processed there and followed by 

meaningful !fferent 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 liver that send vagally-mediated !fferences 

(Russek, 1963; Carobi & Magni, 1981) in 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 aseries 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 vaga1 efferent 

activities that eventually reach the pancreas. This wou1d indicate, upon 

extrapolation, that a signal from the periphery (e~g. the 1iver) elicited by 

ample avai1ability of glucose wou1d change CNS-integrated responses, which 

wou1d be compatible with a decreased adrenaline output and an increased 

insulin secretion; b) converse1y, low glycaemia within the portal vein 

elicits another vagus nerve mediated signal that produces increased adrenal 

nerve !fferent activity and decreased vaga1 efferents. This wou1d be compat­

ib1e 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 

cepha1ic phase insulin secretion merits mention. It has been proposed that 

the responses occurring at the pre-~bsorpt ive stage modify metabo 1 ic 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 metabo1iza­

tion of the ingested substances, so that these substances are best uti1ized 

(Nico1aidis, 1978). 
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Early reflex phase insul in secretion is apart of these anticipatory 

reflexes and may be defined as an autonomic-endocrine reflex that is trig­

gered by the sight/sme11 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 

(di sappearance with in 5-9 min), sma 11 (de 1 ta over basel ines 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 1 imb, a CNS integration circuitry that remains to be defined 

in more detail but which includes the hypothalamus and an efferent 1imb 

which is the vagus nerve and which produces the type of insulin secretion 

just mentioned (Rohner-Jeanrenaud et a1., 1983a). 

Ear1y cepha1ic phase insulin secretion may have an important physio1og­

ica1 re1evance, that may be coined "pr iming" or "preparing" the endocrine 

pancreas. This "pr iming" effect is not understood mechanistica11y but can be 

demonstrated as fo11ows ; When ear1y cepha1 ic phase insu1 in secretion is 

present, mea1-induced insu1 in secretion displays a well-characterized first 

and second phase secretory pattern; hyperg1ycaemia is moderate and then 

returns to basal va1ues. In contrast, when ear1y 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 de1ayed u1timate1y to reach 

va1ues that are higher than those seen in anima1s showing the ear1y phase 

insulin secretion (Steffens, 1981; Strubbe & van Wachem, 1981). 

To sum up, early cepha1 ic phase insul in secretion appears to minimize, 

via yet unknown mechanisms, the subsequent insu1 in 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 in 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 channell ing 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 welle 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 ß-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 

l!!. 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 }.Ig/ml protein concentration), the active 

fraction of VLH obtained from this first purification elicited a 12 ng/ml 

peak insu 1 in 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}.1g protein final concentration), a 15 ng/5 mine 

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 aet as neuromodulators at the 
endoerine panereas or wh ether they might reaeh the B-eells following their 
aetua1 release into the b100d (Rohner-Jeanrenaud et al., 1983a). It is 
eneouraging to note that faetors ana10gous to those summarized above 
(Bobbioni & Jeanrenaud, 1982) appear to be inereased in hypothalamus in, so 
far, two types of obesities, the hypotha1amie and the genetie (fa/fa) and 
may possib1y playa ro1e in the oeeurrenee of these syndromes. 
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SUMMARY 

Rates of energy expend i ture as we 11 as total da ily 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 
mi nutes' durat i on where performance capac ity i s 1 imited by the 

degree of lactate accumulation and intrace11ular 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 lipids increasing with a longer duration or a 
lower intensity of the muscular work. Intramuscular stores of 
glycogen and triglycerides may be almost completely depleted 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. 

Al though adequate nutr i t i on for exerc i se cou 1 d be ach i eved 
through the intake of a well-balanced diet, the regulation of 
energy util ization 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
formanc~ capacity was influenced by a single meal containing 
this particular carbohydrate or lipid. 

Mobil ization 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 (Nöcker, 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 exereise. In well-trained athletes, it ean be as high as 380 kJ/ 
min. in weight 1 ifting, 210 kJ/min. in 400 meter sprinting, 150 kJ/min. in 
rowing and 100 kJ in marathon running. The deerease in energy output with 
the duration of exereise and the metabolie pathways supplying the energy for 
museular work are summarized in Fig. 1. 
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Fig. 1 : Time-dependent reduetion in maximum energy output and sequenee 
of metabolie pathways supplying energy to the working skeletal musele. Time 
is given on a logarithmie seale so that very short bouts of exereise ean be 
eompared with marathon running. 
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The limiting factors in short-term exercise lasting no more than 15 seconds 
(weight lifting, 100 meter run etc.) are muscle strength and avai1abi1ity of 
creatine phosphate (CrP). Performance capacity in events lasting 1 to 
2 minutes (400-800 meter races) is 1 imited by the efficiency of anaerobic 
glycogenolysis and by the ability to to1erate blood lactate concentrations 
exceeding 20 mmoles/l. 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. Availabi1ity of 
substrates such as glycogen and triglycerides becomes an important factor in 
prolonged physica1 exercise lasting more than 1 to 2 hours: in musc1e 
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 intrace11u1ar lipid droplets (Oberholzer et a1., 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-methy1histidine production (Decombaz et a1., 1979). These 
findings are compatib1e with a stimulation of gluconeogenesis, part1y at the 
expense of the amino acid pool, without induction of musc1e protein 
catabolism. Other authors have ca1cu1ated that the energy supply coming from 
protein breakdown is of the order of 8-10% under the conditions of 
10ng-1asting exercise (Keu1, 1972). 

The completion of such exceedingly 10ng-1asting efforts as a 100 km run 
at a sustained pace obviously requires food energy in support to the fai1ing 
body reserves, primarily to the depleted glycogen stores. The critica1 
importance of a sufficient glucose supp1y is evidenced by a vo1untary food 
intake during the race directed almost exclusively toward carbohydrate 
energy (98.4%) (Decombaz et al., 1981a). This may be a more economic way 
than the break down of body protein to provide the necessary glucose and 
certain1y helps reduce the extent of gluconeogenesis. 
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DIETARY MODIFICATIONS BE FORE 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 

load some days before competition and in eating a carbohydr!lte-rich diet 
during the last 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 mea 1 s. The one or the other type of pre-race 

carbohydrate loading has been widely accepted in endurance events, e.g. 

marathon running, cycling, cross-country skiing, etc. 

On a long-term basis the average composition of the daily diet has an 
i nfl uence on fue 1 expend iture during exerc i se. Exper iments have shown that 

when an adaptat ion per iod of a few weeks isa 11 owed 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 

low-carbohydrate diet on the exercise respiratory quotient 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 

lipids more rapidly. 
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Table I Long-term diet and fuels for exercise 

Dietary carbohydrate 

supply 

70% (1) 

5% (2) 

Duration 

24 weeks 

6 weeks 

RQ during exercise 

be fore diet after diet 

0.87 

0.76 
0.95 
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 reconmended 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 less 
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 metabol ites, mU5cle metabol i5m and respiratory gas exchange. 

60th exper iments were des i gned us i ng l3C as a tracer and measuring the 
excretion of l3C02 • 

Sixty minutes after ingesting of 1 MJ of either maltodextrins or medium­

chain tri glycerides, twelve subjects had to exercise on a bicycle ergometer 

at an intensity el iciting 60% of their maximum aerobic power during one 

hour. The insul inogenic 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 f at fue 1 s to the energy supp ly of the work ing musc 1 es 

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 ~art 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 lipids, 

the availability of lipid 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 

(Decombaz et al., 1981b). 

In a second experiment, ingestion of a test meal containing 75 9 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 in 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 judged from the amount of 13C02 expired and again, 

glycogen depletion in M. vastus lateral is was the same after both sugars. 

Hence fructose seems to be as efficient a fuel for exercise as glucose. In 
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pract ice, s ince fructose ingestion before pro longed exerci se 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 anormal 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 a1., 1978). Lipolysis as 
indicated by blood glycerol concentrations was markedly increased and thus, 
the longer 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 
1 ipi d met abo 1 i sm and performance. Other authors (Cadarette et a1., 1982; 
Knapik et a1., 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 contribut i on to endurance capacity through centrally medi ated 
effects is 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 

Lipo1ysis is strong1y inhibited by the administration of nicotinic acid, 
which then resu1ts in an increased carbohydrate uti1ization during exercise 
and a reduced performance capac ity in endurance events {Bergström et a 1., 
1969}. The results of an experiment on rats are summarized in Table 11. 
Trained rats were given 0.6 g/kg nicotinic acid (NIC) or water (CONT) one 
hour before exercise on a treadmi11. B100d 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 glycogenwas used in the treated animals than 
in the controls. The reduced de1 ivery of free fatty acids to the working 
muscles resulted in a faster exhaustion of the glycogen stores. 
Consequently, the endurance time at apreset pace was shorter after 
nicotinic acid administration (Decombaz & Roux, 1982). 

Tab1e 11 : Effects of nicotinic acid on lipid metabo1ism 
and endurance in the rat 

(all differences statistica11y significant at the 0.05 level) 

CONT NIC 

Endurance (min.) 140 86 

Free fatty acids (JlM) 581 445 
G1ycero1 (JlM) 132 58 
Hydroxybutyrate ( JlM) 178 58 

G1ycogen depletion during the first 40 mine 

Liver (mg/g) 26 40 

M. soleus {mg/g} 2.7 3.8 
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CONCLUDING REMARKS 

The energetie regulation of fuel utilization during exereise depends 
largely on the intensity of the work. If the load is not too heavy, it also 
depends on the eustomary diet. However, pre-raee meals resulting in quite 
distinet metabolie patterns at rest usually have little effeet on the energy 
metabolism during exercise. 

The success in eompetition can only partly be influenced by nutritional 
faetors diseussed 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 eircumstanees 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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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, 
s ince rehabil itation 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 quest ions of methodology. 
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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 synthes i s i s 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 rapi d rates of prote i n break down as we 11 as of synthes i s. 

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 synthesis and breakdown. In 
the absence of any storage of amino acids, this must be the same 
as the difference between intake and excretion (S - B = I - E). 
A quest ion of great interest is whether, at a given intake, the 
extent of N balance is determined primarily by regulation of 
synthesis and break down 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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(i) The familiar nitrogen balance, where nitrogen "in" equals nitrogen 
"out"; 

(ii) 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 ~. They are 
linked in that, if one cycle is out of balance, the other must be also. The 
1 ink 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 = B + I 

Where Q is the rate of flux, Sand 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. 

METHOOS 

Theoretically, the most valid method at the present time is probably by 
constant infusion of l_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 successfu11y deve10ped by Matthews and coworkers in St.-Louis 
(Matthews et al., 1980), is neverthe1ess technically complex. It requires 
measurement of the precursor specific activity by gas chromatography-mass 
spectrometry (GCMS) and the collection and measurement of expired CO2• 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
sica1 concept of first order exchange between compartments. In our view this 
concept is open to criticism; moreover, the method requires analysis of m~ny 
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 (lSN 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 i s 1 arge and turns over s lowly (T ~ around 5-10 hours), i t 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). In 
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 l5N 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 



94 Fern/Waterlow 

the two end-produets did not eorrespond with the basic assumption that there 
is a single homogeneous pool of metabolie nitrogen in the body whieh is the 
preeursor for the synthesis of both protein and urinary end-produets. 
Reeently this diserepaney has been investigated in our department (Fern et 
al., 1981). With a further modifieation 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 eoneentration and l5N enriehment 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, whieh used l5N glyeine 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 impl ied that the assumed pool of metabol ie nitrogen 
in the body was, in effeet, divided into two funetional pools - one 
supp lying nitrogen for urea synthes i sand the other supp lying nitrogen for 
ammonia formation (Fig. 2). The division of the metabol ie pool is essen­
tially a physieal one refleeting that urea and ammonia are produeed in 
different organs, namely the liver and kidney, and also that absorption of 
dietary nitrogen oeeurs at a speeifie loeation in the body. 

If only one pool of metabolie nitrogen existed, then the total flux of 
nitrogen in the body would equal the flux of that pool. In a two-pool ~0del, 

however, the total flux is the sum of the individual fluxes in eaeh of the 
two eompartments. The main diffieulty in using this model is that tlleoreti­
eally, it is neeessary to know the exaet proportion in which the dose of 
l5N is distributed between the two precursor pools. The problf'ill can be 

overcome to some extent by calculating a mean value from the rat~s 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 harmonie 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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Tab~ : Whole-body nitrogen flux measured from the labelling 
of ammonia and urea 

(g of Nitrogen / 9 h; mean ± SEM) 

End-produet 
15N glyeine 

route 

Intravenous 

Oral 

Ammonia 

14.7 
± 1.8 

18.6 
± 1.0 

Urea 

30.2 

± 1.4 

24.1 
± 0.7 

Ca) Arithmetic average = (QA + QU)/2 
(b) Harmonie average = 2{1/QA + l/QU) 

Arithmetie 
averagea 

22.4 
± 0.9 

21.3 

± 0.5 

Harmonie 
b average 

19.5 
± 1.3 

20.7 

± 0.6 
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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 l5N 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 metabolie 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 l5N wheat protein - and compared it to rates obtained 

with different l5N labelled amino acids. The results are show in Tables 11 

and 11 I. Tab 1 e I I compares the rates obta ined in four ma le subjects after 

giving l5N wheat or l5glycine. As with physical compartmentation, the 

rates indicated by ammonia and urea varied considerably. However, the 

end-product averages for each tracer were very s imi 1 ar, suggest ing that 

glycine in studies of this nature is representative of total nitrogen in the 

body. This was not so for all amino acids. Table III gives the values for 

the harmonie averages obtained in one male subject for different l5N 

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 leueine, 

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 butt as seen in 

Table 11, 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). 

Tab1e II Who1e-body nitrogen f1ux measured from the the 1 abe 11 ing 
of ammonia and urea 

(g of Nitrogen / 12 h; mean ± SEM) 

End product 

Tracer Ammonia Urea Arithmet ic Harmonic 
average average 

15N 1 . g YClne 26.8 30.4 28.6 28.3 

15 

± 1.0 ± 1.8 ± 1.0 ± 1.0 

N wheat 35.3 23.1 29.2 27.8 
± 1.6 ± 1.4 ± 1. 1 ± 1.2 

Tab1e 111 Rate of nitrogen f1ux as indicated by different 15N 
1 abe 11 ed tracers 

(g of Nitrogen / 12 h) 

15 N Tracer H armon i c average 

Lysine 113.0 

Leucine 37.3 

Wheat protein 27.5 

G1ycine 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 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 least there is 

now a basis for a working protocol. 

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 

slow that it is difficult to investigate its mechanism. The normal child at 
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Fig. 3 Protein synthesis during nutritional rehabil itation of 
malnourished children. 
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1 year has a daily weight increment of O. 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 
break down is 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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Fi~. 4 : Protein synthesis as a function of protein gain during nutri­
tiona 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 gare synthesized, of which 0.4 9 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). 
Th i s suggested that, perhaps, the increased oxygen consumpt i on represented 
the energy cost of growth, stimulated by food. Later work comparing protein 
turnover in 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 14C leucine (Clugston & Garl ick, 1982a) 
and 15N 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 res ort to studies in animals. 
Table IV shows some results obtained in young and adult rats (Waterlow et 
a 1., 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 wel1 as in muscle, growth in these tiss~es must 
have been achieved by a reduction in break down 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 

Liver 
Kidney 
Brain 
Heart 
Ske1eta1 musc1e 

Fractiona1 synthesis rate 
(% per day) Mean ± SD 

Young Adult 

57 ± 12 54 ± 6 

50 ± 10 51 ± 7 
17 ± 3 11 ± 2 
19 ± 4 11 ± 2 
15 ± 3 5 ± 1 

Other studies (Bates & Mi11ward, 1981) have shown that the very high rate 
of protein synthesis found in ske1eta1 musc1e of the rapid1y growing 
wean1ing rat is accompanied by a high rate of protein breakdown, just as in 
the recovering chi1dren. Similary Laurent et al. (1978) have reported that 
when musc1es in the wing of a chicken are made to hypertrophy, by 10ading 
with weights, there is an increase in protein synthesis as we11 as an 
increase in protein breakdown. In fact, it seems to be a general ru1e that 
hypertrophy of musc1e; however, it is brought about, is accompanied by an 
anabolie increase in protein breakdown. We can but specu1ate on the func­
tiona1 reason for this increased destruction and renewal, during growth, of 

the high1y comp1icated myofibri11ar 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 15N 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 "prevail ing" protein intake and of the i rrmed i ate 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 break down rate compared with the post­

absorptive state, at all levels 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 aperiod 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 

Energy Prot. 
(kcal) (g) 

500 
o 

500 

o 
500 

50 
o 

o 
o 

50 

Fed 
Fasting 

Fed 

Fasting 
Refed 

Synthesis Breakdown 

9 protein / 12 hours 

120 
92 

72 

70 
74 

77 

112 

79 

77 

37 
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responds to the restoration of protein in the food with a fall in breakdown 
rather than an increase in synthes i s. Th i s i s the most economica 1 way of 
producing net retention. 

As with growth, we have to turn to an ima 1 ex per iments 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 earl ier 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 & Garl ick, 
1974). Arecent method for measuring the rate of protein synthesis in indi­
vidual tissues invo1ving a 1arge flooding dose of tritiated phenylalanine 

(Garlick et a1., 1980b) may prove usefu1 in overcoming the problems of amino 

acid compartmentation. 

It is 1ike1y that some of the disagreements in the literature arise not 
on1y 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 & 
Water 1 ow, 1958) that when rats are refed after severa 1 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 establ ish, first of all, the precise extent to which protein metabol ism 
responds directly to these stimuli and, secondly, to obtain more information 
on subsidiary factors, such as those relating to hormones and energy meta­
bol ism. 

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 cello 
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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 distortion 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. 
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2 The following abbreviations are used in this paper : 5-HT = 5-hydroxy­
tryptamine (seroton in); 5-HlAA = 5-hydroxyindo 1 eacet ic ac id; NE = norep i­
nephrine; DA = dopamine; DOPAC = dihydroxyphenylacetic acid; HVA = homo­
vanillic acid; lAA = 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, is 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-l imiting amino acid. These changes, in turn, are asso­
ciated with depression of the concentration of the growth-
1 imiting 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 vive 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 limited 
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 1 imiting amino acid for uptake into brain. The 
relationship between depletion of the brain pool of the limitinQ 
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 neurotransmi tter formed from tryptophan. Stud i es of assoc i a­
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 choke 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 playa 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 c1ear amino acids rapid1y 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 inf1uence 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 main1y 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 1 imited by a low protein intake and, if 
animals were to consume food that is low in protein primarily to meet pro­
tei n needs for growth, they wou 1 d have to consume an excess ive amount of 
calories which would accumulate as fat. The importance of calorie util iza­
tion in control of food intake under these conditions is 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 wou1d restore the b100d amino acid pattern to a ba1anced state (Harper 
et al., 1970). 

The depressed food intake of rats consuming a high protein diet is 
associated initial1y with a greatly elevated concentration of total indis­
pensable amino acids in b100d and, particu1arly, with elevations in the 
concentrations of the branched-chain amino acids (Anderson et a1., 1968; 
Peng et a1., 1972). These observations suggested that high blood concentra­
tions of total amino acids might, in themselves, initiate a signal for 
curtai1ment of food intake. They might also initiate a signal for se1ection 
of a diet that provided less protein, if the choice were avai1ab1e (Harper & 
Peters, 1981). 

Blood amino acid concentrations do not merely ref1ect the composition of 
the diet consumed but are the resultant of the quantity and pattern of amino 
acids ingested and the action of metabolie 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 physiologie 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 re"sponse of an anima1 to a particular 
dietary regimen would be expected to change if a change in its nutritiona1 
or physiologie state affected enzymes or hormones invo1ved in amino acid 
metabolism. 

When anima1s that have become adjusted to a low protein intake are fed a 
diet with a high protein content, they undergo metabolie adaptations that 
increase their capacity to degrade amino acids. As these adaptations occur, 
the rate at which they are ab1e to c1ear amino acids from the b100d 
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 severe1y depressed, are 
given a small supplement of the 1 imiting amino acid, their capacity for 
protein synthesis is increased, their b100d amino acid pattern is restored 
toward normal, and their food consumption increases (Sanahuja & Harper, 
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 1 imiting 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 limiting 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 cöncentrations 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 in a cold environment which greatly increases energy 
expenditure, their food intake is 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 s~riking 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 el iciting a signal for satie(y. 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 deptession re~ulting 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 in 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 
concentrat ion was depressed be 1 ow that of the contro 1 s desp ite the equa 1 
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 limiting 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 1abe11ed amino acid 
was incorporated into the proteins of 1 iver, and probably of other organs, 

of rats consuming an imba 1 anced d i et than of those consumi ng the contro 1 
diet (Ip & Harper, 1974). Increased incorporation of amino acids into tissue 
proteins of rats fed an imba1anced diet wou1d contribute to dep1etion of the 
plasma pool of the 1imiting 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 10w, 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 c1earance of a load of an amino acid from 

b100d 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 1 imiting 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 1 imiting 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 references). We, therefore, examined , 
the extent to which amino acids in surplus in plasma of rats fed imbalanced 

diets competed with the limiting 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 sl ices at concentrations 

within the physiologie 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 limiting amino acid as the result of competition among plasma amino 

acids in vive 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 limiting amino acid. 

In aseries 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 adepression of 

food intake which is accompanied by depletion of the 1 imiting amino acid 

from the brain pool. 80th of these effects are prevented by a supplement of 

the limiting amino acid (Harper, 1977a). Similarly, additions of small 

neutral amino acids, alanine and serine, to a low protein diet 1 imiting 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 a1., 

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 corre1ation 

(Fig. 1) is observed (Harper. in press). Similar re1ationships are observed 

between brain tryptophan or histidine concentration and the ratio of the 

plasma concentrations of tryptophan or histidine to 1arge neutral amino 

acids (Harper. 1977) • 

~ 
4: 

85 
0> 
.... 
8. 
III 
GI 
Ö 
E 
:1-

UJ 

~ 
0 
UJ a: 
I 
I-

. 16 

.14 

.12 

.10 

.08 

.06 

.04 

02 

0 

-.02 

I 

r=0.97 " f 

SN ! 
I 

f 
I 

I 
I 
I 
I 
I 

I 

/ 
/ 

/ 

./ 

/ 
/ 

0.1 

/ 
/ 

/ 
/ 

/r=0.96 
// SER 

Q2 Q3 

Fig. 1 : Relationship be­
tween brain concentration of 
threonine and ratio of 
threonine to sma11 neutral 
(SN) amino acids in plasma 
(after Tews et a1., 1980). 

RATIO OF PLASMA THREONINE TO SMALL NEUTRAL A A 

Taken a1together these observations have led us to conclude that the 

protein metabolie state of rats fed low 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 resu1t. the brain pool of 
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the 1 imiting amino acid is dep1eted and this dep1etion is associated with 
depression of food intake. The signal that arises from dep1etion of the 
Jrain pool of the 1imiting amino acid has not been identified but, 
presumab 1y, i t i s mon i tored in the prepyriform cortex (and poss i b 1y the 
amygda1a) as 1esions in this region prevent food intake depression (Rogers & 
Leung, 1973). The food intake depression is also prevented by a sma11 
supplement of' the 1imiting amino acid. Effects of this type have been 

. observed with rats fed on diets in which histidine, threonine, tryptophan, 
lysine or iso1eucine are 1imiting. Thus, there does not appear to be unique 
specificity for a particu1ar amino acid. This also makes it un1 ike1y that 
the effect is mediated by dep1etion of a specific brain neurotransmitter as 

threonine and iso1eucine are not known to be precursors of neurotrans­
mitters. Also, a supplement of tryptophan, which is aprecursor of sero­
tonin, will prevent food intake depression if the diet is 1imiting in 
tryptophan but will contribute to the depression if the diet is 1imiting in 
histidine (Harper, 1977a). Whether dep1etion of the brain pool of the 
1imiting amino acid may affect synthesis of a peptide or protein invo1ved in 
contro1 of feeding behaviour of anima1s consuming diets in which there are 
disproportions of amino acids, remains to be exp10red. 

PROTEIN INTAKE AND SELECTION 

In addition to dietary disproportions of amino acids, the protein content 

of the diet can also inf1uence food consumption and food preference of the 
rat. In ear1y studies, the abil ity of the rat to consume an adequate quan­

tity of amino acids when it was offered a choice between proteins differing 
in nutritive qua1ity suggested the existence of physio10gica1 contro1 
mechanisms based on a specific appetite for protein (Richter et al., 1938) 
or preferences for individual proteins (Scott & Quint, 1946). The resu1ts of 

a number of experiments suggest that intake of protein is regu1ated separa­
te1y from that of other dietary constifuents (Rozin, 1968). Furthermore, it 
has been proposed that wean1 ing rats allowed to se1f-se1ect among diets 
maintain protein intake at a constant proportion of total ca10ries (Musten 
et al., 1974). The percentage of total ca10ries se1ected 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 
on1y in methionine or lysine content, the intakes of both methionine and 
lysine were regulated 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 aseries 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 is 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 ingest ion increases the rat io, protei n 
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 playa 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 intake. They 
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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 in our laboratory (Peters & Harper, 1981) with self­
selecting weanling rats, and experiments done by Chee et al. (198lb) on lean 
and obese mice, have confirmed that an inverse association is 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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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 e1evate brain 5-HT 
and 5-hydroxyindoleacetic acid (5-HIAA) had either no effect (Weinberger et 
a1., 1978) on total food intake or depressed intake slight1y (Gibbons et 

al., 1981). Our own studies have shown that e1evating brain 5-HT and 5-HIAA 
concentrations by more than 50% had no effect on total food consumption or 
on protein se1ection (Peters et a1~, 1981). 

There seems to be 1 itt1e doubt that brain serotoninergic neurons are 
involved in the feeding response (B1unde11, 1977); however, there is contro­
versy regarding the specific role of these neurons, and whether factors in 
the diet have any direct inf1uence on their activity. The dietary studies of 
Ash1ey & Anderson (1975) indicate that the corre1ation 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 1esions (Ash1ey et a1., 
1979) support a positive corre1ation. In addition, studies in rats by 
Wurtman & Wurtman (1979) and in humans by B1undell & Rogers (1980) suggest 
that brain serotoninergic systems regulate carbohydrate selection and not 
pt'ote;n i ntake. 

The resu1ts of studies of Peters & Harper (1981) and Romsos et a1. (1982) 
c1ear1y cha11enge the concept that 10ng-term regulation of protein intake is 
controlled by brain 5-HT concentrati.ons. 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 ro1e for brain 
5-HT in feeding behaviour has been obtained from experiments in which food 
intake was modified following physica1 or pharmaco10gica1 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 self-selecting 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 selected 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 9 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 



Amino Acid Signals and Protein Metabolism 123 

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 

concentrat i on of IAAs measured in bra i n approx imated 2.5 rrM; th i s concen­

trat ion 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 rrM among all groups. 

No consistent relationships were found among brain concentrations of NE, 

DA, 5-HT, DOPAC, HVA and 5-HlAA, 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. F or the durat ion of the experiment, food 

intake of the groups fed the higher protein diets improved on successive 

daysi 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 f ood i ntake of rats f ed 35% of case i n or greater was accompan i ed by 
dramatic increases in the activities of 
serine-threonine dehydratase (SDH) and 
(GPT). Compared with values for rats fed 

the two 1 i ver enzymes measured, 
glutamate-pyruvate transaminase 

5% of casein, 1 iver SDH and GPT 
activities among rats fed 75% casein diets were 18D-fold and 8-fold greater, 
respectively. L iver 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 liver 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 lAA concentrations 
of the adapted rats were actua lly inverse ly proport iona 1 to the protei n 
content of the diet (or protein intake). As a consequence of 1 iver 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 proteil1 intake, were given the 
opportunity to select between high and low 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 hjgh 
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 neuroact ive compounds. BCAAs have been used cl ini­
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 1 iver disease can be rel ieved by paren­
teral infusions of BCAA solutions (Bernardini & Fischer, 1982). 

Recently we have performed experiments in which we observed that meta­
bolie 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-se1ection 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 smal1 mea1 containing 5% 
casein and the other 50% casein. All six groups were then allowed, immedia­
te 1y after the mea 1, to choose betweeen 5% and 55% casein d iets for the 
subsequent 5 hours. 

Rats that were fed a small mea1 of the 5% casein diet, subsequent1y 
se1ected 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 se1f-se1ection and had been consuming 18% of casein 
(Tab1e I). Rats that were fed a sma11 mea1 of the 50% casein diet, subse­
quent1y se1ected 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 on1y 13% 
casein if they had been adapted to se1f-se1ection and had been consuming 18% 
of casein. 



126 Harper/Peters 

Tab1e I : Effect of modifying plasma and brain amino acids patterns 
on protein se1ection of growing rats trained to eat 

Small mea1 
pretreatment 

their dai1y ration in 6 hours 

Adapted to 20% Adapted to 50% 
casein casein 

Adapted to 
se1ection 

(4 9 in 1 hr) 5 hr after 5 hr after 5 hr after 

5% casein 
50% casein 

sma11 mea1 Tota1* sma11 mea1 Total . sma11 mea1 Total 

33 

24 

Percent protein se1ected 5% vs. 55% 

21 

34 

44 
20 

26 

29 
32 

13 

22 

25 

* Indicates the total percentage of the diet consumed as casein inc1uding 
the pretreatment mea1. 

These resu1ts c1ear1y demonstrate that rats in different amino acid 
catabo1ic states are responsive to differences in the protein content of the 
diet and are capab1e of adjusting their protein selection on a mea1-to-mea1 
basis. Thus, rats fed a 10w protein pre-meal se1ected protein subsequently 
in proportion to their abil ity to degrade amino acids; the most dramatic 
response being the very high percentage of dietary protein se1ected by rats 
that had been adapted to a high protein intake. Our resu1ts are simi1ar to 
those of Leung et a1. (1981) who noted an effect of adaptive metabo1ic state 
on protein se1ection. An interesting finding was that rats, adapted to 
se1f-se1ection of protein prior to receiving the 50% casein pre-mea1, 
se1ected much less protein subsequent1y than rats fed the same pre-mea1 but 

previously adapted to single diets. This observation suggests that protein 
selection has a 1earned component such that the animals can associate some 
sensory characteristic of each diet with the physiologie response that was 
experienced previously. 

In every se1f-se1ection study done in our 1aboratory with growing rats 

allowed to choose between two protein-containing diets, the level of casein 
se1ected 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 compe11ing evidence that protein se1ection by the 
growing rat is determined in 1arge measure by nutritiona1 needs. If this is 
the case, then, as amino acid requirements diminish with age, so shou1d the 
proportion of protein se1ected. 

We tested this assumption in weanling rats allowed to se1ect between 5% 
and 55% casein diets for 60 days (final body weights exceeded 300 g). Unti1 
growth began to slow at about day 40 of the study, the rats se1ected c10se 
to 20% of the diet as casein. After growth began to slow the choices became 
somewhat erratic, some rats choosing substantially 1ess than 20% (7-10%) 
others substantially more (40-50%). This behavior persisted throughout the 
remainder of the study and the average amount of protein se1ected among the 
older rats was either comparab1e to that chosen by younger rats or increased 
slight1y with age. 

The fact that in our experiments and in those of Ross et a 1. (1976), 
protein se1ection did not diminish uniform1y with age, suggests that 
nutritiona1 needs are not the sole determinant of protein intake. Instead, 
it appears that in both young and old se1f-se1ecting 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 to1erated on1y if the anima1 can catabo1ize the 
excess of amino acids. In young rats the variabi1ity within a population in 
the amount of protein se1ected is usua11y sma11, probab1y because rats 
e1ecting to eat on1y a moderate amount above the requirement (10-15%) wou1d 
need to undergo metabolie adaptations in order to be able to metabolize 
rapid1y 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 1 iver is large, 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 limit 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 limits. 
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
protei n energy source (Chee et a 1., 1981 a) 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 laboratories. 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 1 imits of the acceptable "window" of brain amino 
acid concentrations may be influenced by the protein feeding behaviour of 
the mother during pregnancy. 
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CDNCLUSIONS 

The preeeding diseussion has outlined feeding and metabolie 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 metabol ic 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). Dur 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 
limit 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 ac i d requ irements. The upper 1 imit of the window i s probab ly 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 infus ions 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. 

REFERENCES 

Almquist, H.J. (1954) Utilization of amino acids by chicks. Arch. Biochem. 
Biophys. 52:197-202. 

Anderson, G.H. (1979) Control of protein and energy intake : role of plasma 
amino acids and brain neurotransmitters. Can. J. Physiol. Pharmacol. 57: 
1043-1057. 

Anderson, H.L., Benevenga, N.J. & Harper, A.E. (1968) Associations among 
food and protein intake, serine dehydratase and plasma amino acids. Am. J. 
Physiol. 214:1008-1013. 

Ashley, D.V.M. & Anderson, G.H. (1975) Correlation between the plasma 
tryptophan to neutral amino acid ratio and protein intake in the self­
selecting weanling rat. J. Nutr. 105:1412-1421. 

AShley, D.V.M., Coscina, D.V. & Anderson, G.H. (1979) Selective decrease in 
protein intake following brain serotonin depletion. Life Sei. 24:973-984. 

Bernardini, P. & Fischer, J.E. (1982) Amino acid imbalance and hepatic 
encephalography. Ann. Rev. Nutr. 2:419-454. 

Blunde11, J.E. (1977) Is there a ro1e for serotonin (5-hydroxytryptamine) in 
feeding ? Internat. J. Obesity 1:15-42. 

B lundell, J.E. & Rogers, P .J. (1980) Effects of anorexic drugs on food 
intake, food se1ection and preferences and hunger motivation and subjective 
experiences. Appetite 1:151-165. 

Chee, K.M., Romsos, D.R. & Bergen, W.G. (1981a) Effect of dietary fat on 
protein intake regulation in young obese and lean mice. J. Nutr. 111~668-677. 

Chee, K.M., Romsos, D.R., Bergen, W.G. & Leveille, G.A. (1981b) Protein 
intake regulation and nitrogen retention in young obese and lean mice. 
J. Nutr. 111:58-67. 

Fernstrom, J.D. & Wurtman, R.J. (1971) Brain serotonin content: Increase 
following ingestion of a carbohydrate diet. Science 174~1023-1025. 



Amino Acid Signals and Protein Metabolism 131 

Fernstrom, J.D. & Wurtman, R.J. (1972) Brain serotonin content: Physio-
10gica1 regulation by plasma neutral amino acids. Science 178:414-416. 

Frazier, L.E., Wiss1er, R.W., Stefler, Ch.H., Woo1ridge, F.L. & Cannon, P.R. 
(1947) Studies in amino 'acid utilization. I. The dietary utilization of 
mixtures of purified amino acids in' protein-dep1eted albino rats. J. Nutr. 
33:65-83. 

Gibbons, J.L., Barr, G.A., Bridger, W.H. & leibowitz, S.F. (1981) l-trypto­
phan's effects on mouse killing, feeding, drinking, 10comotion, and brain 
serotonin. Pharmac. Biochem. Behav. 15:201-206. 

Harper, A.E. (1967) Effects of dietary protein content and amino acid 
pattern on food intake and preference. In: Handbook of Physio10gy, 
Section 6. Alimentary Cana1 Vo1. 1. Contro1 of Food and Water Intake. 
Washington, Am. Physio1. Soc., pp. 399-410. 

Harper, A.E. (1974a) Amino acid requirements and plasma amino acid. In : 
Protein Nutrition (Ed. Brown, H.) Springfield 11. C.C. Thomas, pp. 130-179. 

Harper, A.E. (1974b) Contro1 mechanisms in amino acid metabolism. In : The 
Contro1 of Metabo1ism (Ed. Sink, J.O.) University Park, PA The 
Pennsy1vania State University Press, pp. 49-71. 

Harper, A.E. (1974c) Effects of disproportionate amounts of amino acids. 
In : Improvement of Protein Nutriture (Eds Harper, A.E. & Hegsted, D.M.) 
Washington D.C., Nat. Acad. Sei., pp. 23-63. 

Harper, A.E. (1977a) Inf1uence of dietary and plasma amino acid patterns on 
brain amino acid concentrations. In: Proc. Conf. on Commona1ities in 
Substance Abuse and Habitua1 Behavior. Washington D.C., Nat. Acad. Sei., 
pp. 39-59. 

Harper, A.E. (1977b) Anima1 models: Plasma amino acids and body protein 
status. In: Clinica1 Nutrition Update-Amino Acids (Ed. Greene, H.L., 
Hol1iday, M.A., Munro, H.N.) Chicago, 11., Amer. Med. Assoe., pp. 111-116. 

Harper, A.E. (in press) Dispensab1e and indispensable amino' acid inter­
relationships. Amino Acids: Metabo1ism and Medical App1ications. (Eds 
Blackburn, G.l. Young, V. & Grant, J.) littleton, MA, Wright-PSG Pub1ishing. 

Harper, A.E. & Boy1e, P.C. (1976) Nutrients and food intake. In : Appetite 
and Food Intake (Ed. Silverstone, T.) Ber1i!", Dah1em Konferenzen, 
pp. 177-206. 

Harper, A.E. & Peters, J.C. (1981) Amino acid signals and their integration 
with musc1e metabolism. In : The Body Weight Regu1atory System: Normal and 
Disturbed Mechanisms (Ed. Cioffi, L.A., James, W.P.T., Van Itallie, T.B.) 
Raven Press, New York, pp. 33-38. 

Harper, A.E., Benevenga, N.J. & Woh1hueter, R.M. (1970) Effects of dis­
proportionate amounts of amino acids. Physiol. Rev. 50:428-558. 

Harper, A.E, Becker, R.V. & Stucki, W.P. (1966) Some effects of excessive 
intakes of indispensable amino acids. Proc. Exp. Biol. Med. 121:695-699. 



132 Harper/Peters 

Ip, C.C.Y. & Harper, A.E. (1974) Liver polysome profiles and protein 
synthesis in rats fed a threonine-imbalanced diet. J. Nutr. 104!252-263. 

Johnson, D.J., Li, E.T.S., Coscina, D.V. & Anderson, G.H. (1979) Different 
diurnal rhythms of protein and non-protein energy intake by rats. Physiol. 
Behav. 22:777-780. 

Kang-Lee, Y.A. & Harper, A.E. (1977) Effect of histidine intake and hepatic 
histidase activity on the metabolism of histidine in vivo. J. Nutr. 107: 
1427-1443. 

Leprohon, C.E. & Anderson, G.H. (1980) Maternal diet affects feeding 
behavior of self-selecting weanling rats. Physiol. Behav. 24!553-559. 

Leprohon, C.E. & Woodger, T.L., AShley, D.V.M. & Anderson, G.H. (1979) 
Effect of mineral mixture in diet on protein intake regulation in the 
weanling rat. J. Nutr. 109:827-831. 

Leung, P.M.B. & Rogers, Q.R. (1969) Food intake : regulation by plasma amino 
acid pattern. Life Sei. 8!1-9. 

Leung, P .M.B., Gamble, M.A. & Rogers, Q.R. (1981) Effect of prior protein 
ingestion on dietary choice of protein and energy in the rat. Nutr. Rep. 
Int. 24:257-266. 

Lutz, J., Tews, J.K. & Harper, A.E. (1975) Simulated amino acid imbalance 
and histidine transport in rat brain slices. Am. J. Physiol. 229!229-234. 

Mel1inkoff, S. (1957) Digestive System. Ann. Rev. Physio1. 19:193-196. 

Mitchell, H.S. & Mendel, L.M. (1921) Studies in nutrition. The choice 
between adequate and inadequate diet, as made by rats and mice. Am. J. 
Physiol. 58:211-225. 

Muramatsu, K. & Ishida, M. (1982) Regulation of amino acid intake in the 
rat: Self-selection of methionine and lysine. J. Nutr. Sei. Vitamino1. 
28: 149-162. 

Musten, B., Peace, D. & Anderson, G.H. (1974) Food intake regulation in the 
weanling rat: self-selection of protein and energy. J. Nutr. 104:563-572. 

Nemetz, D.J. (1979) Studies on control of protein intake. M.S. Thesis, 
University of Wisconsin-Madison. 

Peng, Y., Tews, J.K. & Harper, A.E. (1972) Amino acid imbalance, protein 
intake and changes in rat brain and' plasma amino acids. Am. J. Physio1. 
222:314-321. 

Peters, J.C. & Harper, A.E. (1981) Protein and energy consumption, plasma 
amino acid ratios, and brain neurotransmitter concentrations. Physiol. 
Behav. 27:287-298. 



Amino Acid Signals and Protein Metabo1ism 133 

Peters, J.C., Tews, J.K., & Harper, A.E. (1981) L-tryptophan injection fails 
to alter nutrient selection by rats. Trans. Am. Soc. Neurochem. 12:404 
(Abstract). 

Richter, C.P., Holt, L.E. & Barelare, B. (1938) Nutritiona1 requirements for 
normal growth and reproduction in rats studied by the self-selection method. 
Am. J. Physiol. 122:734-744. 

Rogers, Q.R. (1976) The nutritional and metabolic effects of amino acid 
imbalances. In : Protein Metabolism and Nutrition (Ed. Cole, D.J.A. et al.) 
London, Butterworth, pp. 279-301. 

Rogers, Q.R. & Leung, P .M.B. (1973) The influence of amino acids on the 
neuroregulation of food intake. Fed. Proc. 32:1709-1719. 

Rogers, Q.R. & Leung, P .M.B. (1977) The control of food intake : When and 
how are amino acids involved ? In : The Chemical Senses and Nutrition (Ed. 
Kare, M.R., Maller, 0.) New York, Academic Press, pp. 213-248. 

Rolls, B.J. (1981) Palatability and food preference. In : The Body Weight 
Regulatory System: Normal and Disturbed Mechanisms (Ed. Cioffi, L.A., 
James, W.P.T., Van Ital1ie, T.B.) New York, Raven Press, pp. 271-278. 

Romsos, D.R., Chee, K.M. & Bergen, W.G. (1982) Protein intake regulation in 
adult obese (ob/ob) and lean mice: Effects of non-protein energy source and 
of supplemental tryptophan. J. Nutr. 112:505-513. 

Ross, M.H., Lustbader, E. & Bras, G. (1976) Dietary practices and growth 
responses as predictors of longevity. Nature 262:548-553. 

Rozin, P. (1968) Are carbohydrate and protein intakes separately regulated ? 
J. Comp. Physiol. Psych. 65:23-29. 

Sanahuja, J.C. & Harper, A.E. (1963) Amino acid balance and imbalance. x. 
Effect of dietary amino acid pattern on plasma amino acid pattern and food 
intake. Am. J. Physiol. 204:686-690. 

Scott, E .M. & Quint, E. (1946) Self-selection of diet. IV. Appetite for 
protein. J. Nutr. 32:293-301. 

Tews, J.K. & Harper, A.E. (1982) Food intake, growth and tissue amino acid 
concentrations in lean and obese (ob/ob) mice fed a threonine-imba1anced 
diet. J. Nutr. 112:1673-1681. 

Tews, J.K., Bradford, A.M. & Harper, A.E. (1981) Induction of lysine 
imbalance in rats: Relationships between tissue amino acids and diet. 
J. Nutr. 111:968-978. 

Tews, J.K., Good, S.S. & Harper, A.E. (1978) Transport of threonine and 
tryptophan by rat brain sl ices : Relation to other amino acids at concen­
trations found in plasma. J. Neurochem. 31:581-589. 



134 Harper/Peters 

Tews, J.K., Lee Kim, V.W. & Harper, A.E. (1980) Induction of threonine 
imba1ance by dispensab1e amino acids; Re1ationships between tissue amino 
acids and diet in rats. J. Nutr. 110:394-408. 

Weinberger, S.ß., Knapp, S. & Mandell, A.J. (1978) Failure of tryptophan 
load-induced increases in brain serotonin to alter food intake in the rat. 
Life Sei. 22;1595-1602. 

Woodger, T .L., Sirek, A. & Anderson, G.H. (1979) Diabetes, dietary tryp­
tophan and protein intake regulation in weanling rats. Am. J. Physiol. 
236: R307-R311. 

Wurtman, J.J. & Wurtman, R.J. (1979) Drugs that enhance central seroto­
ninergic transmission diminish elective carbohydrate consumption by rats. 
Life Sei. 24:895-904. 



FOOD PROCESSING AND STORAGE AS A DETERMINANT OF PROTEIN 
AND AMINO ACID AVAILABILITY 

Richard F. HURRELL and Paul-Andr~ FINOT 

Nestl~ Products Technical Assistance Co. Ltd, Research Department, 
CH-1814 La Tour-de-Peilz, Switzerland 

SUMMARY 

Protein is perhaps the most reactive of the major food 
components. During food processing, the essential amino acids, 
lysine, tryptophan, methionine and cyst(e)ine, may react with 
other food components causing a loss in amino acid bioavail­
ability and sometimes a reduction in the digestibility of the 
whole protein molecule. This review first discusses some recent 
developments concerning protein-polyphenol reactions, race­
mization and lysinoalanine formation, and then describes the 
reactions of proteins and reducing sugars (the Maillard 
reaction) in greater detail. We report on the chemistry of the 
Maillard reaction, the nutritional and physiological properties 
of the newly-formed products and their metabolic transit in the 

rat. 

In practice, the Maillard reaction is by far the most 
important reaction of food proteins. It is especially important 
in milk products since these are the only naturally-occurring 
protein foods with a high content of reducing sugar. Lysine is 
the most sensitive amino acid to damage during processing and 
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storage and its losses may be of nutritional significance to 
certain population groups, such as babies, who are often 
dependent on a single manufactured product as their sole source 
of nourishment. 

* * * 

The food processing industry developed because of man's need to preserve 
basic foodstuffs between harvest by preventing bacterial growth and enzy­
matic deterioration. The modern food industry still maintains its primary 
function of food preservation but has also added to the variety and the 
convenience of its products which are readily available at all times of the 
year. In addition, new technologies have provided many new fabricated foods 
such as break fast cereals, texturized soya and infant formula with the 
proximate composition of human milk. While it is true that most food 
manufacturers are more interested in bacteriological safety and organoleptic 
quality, there is a growing awareness of nutrition in general, and in 

particular of the possible negative aspects of processing such as loss of 
nutritive value or toxicity. In this paper, we discuss the influence of food 
processing and storage on the nutritive value of food proteins, although it 
is clear that in most instances the positive aspects of processing greatly 
outweigh the negative (Fig. 1). 

Fig. 1 
cessing. 

Preservation 

Bacteriological Safety 

Palatability 

Convenience. Variety 

Constant Availability 

Tailor-Made Food 

Positive 

Nutritional Losses 

Antiphysiological­
Factors 

Negative 

The balance between pos it ive and negat ive aspects of food pro-
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During food manufacture. food proteins may be subjected to many different 
types of process. They may be subjected to phys ica 1 treatments such as 
fractionation or heat; biological treatments such as enzymic hydrolysis or 
fermentation; or chemical treatments such as with alkali. oxidizing agents, 
sulphur dioxide or solvants. The major processes. however. are those which 
involve heat treatments to sterilize. cook and dry. 

Proteins are the most reactive of the major food components and. apart 
from the destruction of certain vitamins, reactions between food proteins 
and other food components are the major chemical reactions that occur during 
processing. Protein-bound amino acids can react with reducing sugars, poly­
phenols. fats and their oxidation products and with various chemical addi­
tives such as alkal i which has been reported to promote racemization of 
amino acids and the formation of lysinoalanine. These reactions lead in part 
to browning and flavour formation (Hurrell. 1982). but can also reduce the 
nutritional value. of the protein (Hurrell, 1980), and in some cases, as with 
lysinoalanine and advanced Maillard reaction products. they have been 
reported to cause toxity in rats (Mauron. 1977; 1981). 

Lysine, tryptophan. methionine and cysteine are the most reactive amino 
acids in the protein chain. They are nutritionally essential. or semi­
essential in the case of cyst(e)ine. and even when unprocessed. they are 
often the most limiting amino acids in mixed diets. During processing. they 
react with other food components either to give covalent complexes ort in 
the case of methionine. cyst(e)ine and tryptophan. they can also be oxidized 
(Fig. 2). In order to evaluate the influence of these changes on the nutri­
t iona 1 val ue of the protein • three different appro~ches have been used. 
These are chemical studies, nutritional (animal) assays and metabolie 
transit studies. 

The chemical studies lead to an understanding of the chemical reactions 
involved and can give valuable information on the influence of different 
reaction parameters such as time, temperature. pH. water activity, etc. 
Analytical tests can determine the chemical loss of each amino acid and 
sometimes the formation of the modified amino acids. Nutritional studies can 
indicate the biological availability of the individual amino acids in the 



138 Hurrell/Finot 

newly-formed complexes and demonstrate the influence of processing on 
protein quality in general and protein digestibility. Metabolie transit 
studies in rats, using radioactive isotopes, indicate the pathway these 
newly-formed compounds take in the organism. They can, for instance, give 
valuable information on whether the amino acid complex is excreted directly 
in the faeces, whether it is absorbed and afterwards excreted in the urine 
or on how it is metabolised (Finot, 1982). 

Lysine \-NH2 

Methionine \-S-CH3 

Cysteine \-SH 

Tryptophan rzro 
NH 

Oxygen + Food 
Component 

(eg. redueing sugar, 
/ polyphenol) 

Modified Amino Acids 

/ t ~ 
Chemieal 
5tudies 

Influence of time. 

Temperature. pH etc. 

Analytical methods 

Nutritional 
(AnimaD 5tudies 

Sioavailability. 

sv. NPU. 

Growth studies. 
(Physiological effects) 

Metabolie 
Transit 

Isotope studies. 

Utilization. 

Urinary or faecal 
excretion 

Fi~. 2 : Possible amino acid reactions during processing and storage. 
Experlmental design. 
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For obvious reasons, many of these studies are made using model systems. 

Often the extreme experimental conditions chosen have litt1e direct re1e­

vance to the food manufacturer. However, they do serve to show where the 

potential problems cou1d occur and subsequent studies with foodstuffs them­

se1ves can then he1p put the problem into perspective. This review first 

discusses some recent studies and then presents the Maillard reaction in 

greater detail as this is the major cause of nutritiona1 damage to food­

stuffs. 

PROTEIN-POLYPHENOL REACTIONS 

Phenolic acids such as chlorogenic acid are widely distributed in plants. 

Sunflower seeds for instance which contain about 16% protein contain up to 

2% chlorogenic acid and smaller quantities of caffeic acid and other 

phenolic acids. During protein extraction, browning reactions take place and 

coloured products result. In the presence of alkali or polyphenol oxidase, 

phenol ic acids are transformed into the corresponding quinones. These can 

polymerize to give brown pigments but they can also react with the essential 

amino acids lysine, methionine and tryptophan (Fig. 3). 

Our chemical studies with a model system containing casein and caffeic 

acid showed that the reaction with lysine depends on pH, oxygen, time and 

temperature of reaction and concentration of phenolic acid (Hurrel1 et al., 

1982). For our nutritional studies (Fig. 4), an aqueous solution of casein 

(5%) was reacted with caffeic acid (0.5%) for 3 h at 20°C and the freeze­

dried casein-caffeic acid complexes fed to rats. We found losses of avail­

able lysine, methionine and tryptophan of 44%, 26% and 13% respectively at 

pH 10 and 19%, 13% and 8% at pH 7 with tyrosinase (Hurrell et al., 1981). 

The loss of available tryptophan was probably a result of reduced protein 

digestibility. 
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The 10ss of methionine was probably mainly due to its oxidation to 

methionine sulphoxide which. under certain conditions. was almost complete. 
Methionine sulphoxide is slightly less well-utilized by the rat than 
methionine itself (Cuq et al., 1978). Lysine, however, appeared to form 
covalent lysine-caffeoquinone complexes and our metabolic study (Fig. 5), 
using go at I s casein labelled with tritiated lysine, indicated that these 
complexes were not absorbed by the rat but excreted directly in the faeces 
(Hurrell et al., 1982). 

Rats fed on a casein-caffeic acid mixture, containing 4% caffeic acid 
prepared at pH 10 excreted 26% of the ingested radioactivity in the faeces 
compared with 12% excreted by rats fed the sample prepared at pH 7 with 
tyrosinase and 5% by those rats fed the casein control. There were no 
d ifferences between the percentages of i nges ted radi oact i v ity excreted in 

the urine by the rats fed the different diets. From this study, we conclude 
that proteins extracted from plant material rich in phenolics. especially 
under alkaline conditions, may be reduced in quality due to protein-poly­
phenol browning reactions. 
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RACEMIZATION 

There have been severa1 reports recent1y of the racemization of amino 

acids during food processing particu1ar1y by a1ka1ine treatments (Provansa1 

et a1., 1975; Masters & Friedman, 1979) but also after protein-sugar and 

protein-fat reactions (Hayase et a1., 1979). Racemization is thought to 

proceed by abstraction of the a-proton from the amino acids residue to 

give a negatively charged carbanion. A proton can then be added back to 

either side of this optically inactive intermediate thus regenerating the 

L-form or producing the D-enantiomer. 

The absorption of O-amino acids is also much slower than for the corres­

ponding L-form (Gibson & Wiseman, 1951) and, even if digested and absorbed, 

most D-isomers of essential amino acids are not uti 1 ized by man. In his 

review on the utilization of D-amino acids, Berg (1959) reported that, in 

man, O-lysine, D-threonine, D-tryptophan, D-1eucine, D-iso1eucine and 

D-va1ine were not uti1ized. D-pheny1a1anine cou1d partia11y replace 

L-phenylalanine and, of the essential amino acids, only D-methionine was as 

effective as L-methionine in maintaining N-ba1ance. Kies et al. (1975), 
Zezulka & Calloway (1976) and Printen et ale (1979), however, have sub­

sequently reported that D-methionine is also poorly utilized by man. 

We have recently studied the racemization of amino acids in differently 

processed proteins (Tab1e 1) (Liardon & Hurrell, 1983). In freeze-dried 

chicken muscle heated 2 h at 121°C, only aspartic acid was racemized to any 

great extent. Similar1y in roasted milk powder aspartic acid was the on1y 

amino acid considerab1y racemized. This however wou1d have a neg1igib1e 

effect on the nutritiona1 va1ue of this product when compared to the almost 

comp 1 ete destruct i on of 1ys ine wh i eh occurred under these extreme cond i­

tions. There was no significant racemization in milk powders stored and 

heated at 10wer temperatures. 

Alkaline conditions, on the contrary, were very effective at promoting 

amino acid racemization and all amino acids were considerab1y if not com­

p1etely racemized in a casein solution stirred for 1 h at 80°C in 1M NaOH. 
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Amino Acid 

Table I Percentage of D-amino acids in food proteins 
after different treatments 

Milk powder 
Casein solution 

lh at 80°C 
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Chicken 
muscle 

2h at 121°C 20 min. at 230°C 0.2M NaOH 1M NaOH 

Ala 0 3 
Va 1 0 0 
Leu 0 2 
11 e 0 
Cys 0 0 
Met 0 0 

Phe 0 1 
Lys 0 0 
Asp 15 31 
lilu 0 9 
Ser 0 
Thr 0 0 
Tyr 1 0 
His 

D Percentage of D-amino acid = öI+l[ x 100 

50% D-amino acid = 100% RACEMIZATION. 

20 42 
4 18 
9 34 
4 30 

30 43 
31 44 
13 41 
37 51 
28 42 
44 54 
28 34 
14 49 
36 49 

Alkaline treatments are often used during the processing of plant proteins 
such as soya to promote better solubi1ity and functional properties. 
Recently Friedman et al. (1981) reported that racemization increased with 
time and temperature of treatment particularly at pH va1ues greater than 10. 
They analysed 5 convnercially-prepared products containing soy protein or 

sodium caseinate, including a soy-based infant formula and reported that 
9-17% of the aspartic acid was in the D-form. These values are relatively 
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low and are difficult to evaluate since the amount of other D-amino acids 

were not reported. Aspartic acid is the most sensitive amino acid to 

racemization and, although a non-essential amino acid, its racemization 

could reduce protein digestibility (Hayashi & Kameda, 1980). As well as 

provoking amino acid racemization, alkaline treatments can destroy certain 

essential amino acids and further reduce protein digestibility due to the 

formation of cross-l inkages, such as lysinoalanine and lanthionine, in the 

protein chain. When used in food processing, alkaline treatments should be 

rigorously controlled. 

LYSINOALANINE 

Lysinoalanine can be formed in proteins by reaction of lysine with 

dehydroalanine, produced by cyst(e)ine (Bohak, 1964) and serine degradation 

(Manson & Carolan, 1972). It was originally detected in alkaline-treated 

proteins but has since been shown to be present in other heated foodstuffs 

including milk products (Fritsch & Klostermeyer, 1981). 

It is absent from spray-dried powders but, in liquid infant formulas, it 

can vary from 100-1000 mg per kg crude protein depending in part of the 

sterilisation process used (Table 11). The amount of lysinoalanine formed 

depends on the severity of the heat treatment. UHT treatment followed by 

aseptic fill gives much less lysinoalanine than HTST or conventional in-can 

steril ization. 

Lysinoalanine formation in food proteins has been reviewed extensively by 

Finot (1983). Although its formation has little influence on lysine or 

cyst(e)ine bioavailability, it is a cross-linkage and would be expected to 

reduce overall protein digestibility. More importantly however it has been 

shown to produce renal cytomegaly in rats. This lesion is characterized by 

enlarged nuclei and increased amounts of cytoplasm in epithelial cells of 

the straight portion of the proximal tubule. Cytomegaly however has never 

been found in any other species including mice, rabbits, dogs and monkeys 

and even in rats it is reversible. 
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Table 11 : Lysinoalanine content (mg/kg crude protein) 
of milk-based liquid infant formu1as 

Lysinoa1anine 

Heat process Mean Range 

UHT/Aseptic fill 300 (160-370) 

(3 sec., 150°C) 

HTST 540 (260-1030) 

(2.5 min., 124°C) 

Conventiona1 steri1ization 710 ( 410-1030) 

(10 min., 115°C) 
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Arecent development is the demonstration that the dose-response is not 

the same for the different stereoisomers of lysinoalanine (Feron et al., 

1978). The LD isomer is about 10 times more active at provoking cytomega1y 

than the LL form. If lysinoalanine is formed via the a-el imination reac­

tion and dehydroalanine, then the alanine moiety may be present as either 

the L or the D isomer since the H atom may add back to either side of the 

a-carbon atom (Fig. 6). This would give equal parts of LL and LD lysino­

alanine. The DL and DD isomers may also be formed in strong alkali if lysine 

racemizes. 

Another proposed mechanism for lysinoa1anine formation is a substitution 

reaction whereby lysine reacts directly with serine phosphate without 

passing through dehydroalanine (Friedman, 1977). This would generate the 

1ess active LL isomer on1y and is possib1y the pathway for lysinoa1anine 

formation in milk. Unfortunately, analytical methods do not exist to distin­

guish between the different isomers. 
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Lysinoa1anine is a toxico1ogical problem, not a nutritional one. 
Recently, Codex Alimentarius (document CX/VP 82/5) concluded, on the basis 
of all available evidence on 1ysinoa1anine toxicity, that there was no need 
to fix limits for the presence of lysinoalanine in vegetable foods. As 
infant formulas however are the sole source of nourishment for young babies, 
it would still seem wise that all liquid infant formula receive the least 
severe sterilization process possible. 

MAILLARD REACTION 

The reaction of proteins with reducing sugars is the major source of 
nutritional damage to food proteins during processing and storage. The 
Maillard reaction occurs during the baking of bread, the production of 
breakfast cereals, the heating of meats, especially when in contact with 
vegetables, but most importantly during the processing of milk products 
s ince mil k i s the major natura lly-occurring protein food that has a hi gh 
content of reducing sugar. 
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~ : Schematic representation of the Maillard reaction. 
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Maillard reactions appear to follow common pathways (Fig. 7) which can be 
d ivided conven ient ly into early Mai 11 ard react ions and advanced Mai 11 ard 
reactions (Hurrell & Carpenter, 1974; Hurrell, 1980). The first step 
involves the condensation reaction between the carbonyl group of the 
reducing sugar and the amino group of lysine. The reaction rapidly proceeds 
via Schiff's bases to the deoxyketosyl compound or Amadori product. This is 
the major form of blocked lysine after early Maillard reactions. As this 
stage there is no colour formation. 

The brown pigments develop on degradation of the deoxyketosyl compounds 
and during the advanced Maillard reactions which follow. These reactions are 
not well-defined but are responsible for the numerous flavours and odours as 
well as browning, and for a further reduction in protein nutritive value. 

The lysine molecule is destroyed during advanced Mai11ard reactions, as 
are other essential amino acids such as tryptophan and methionine, possibly 
by reaction with the active intermediate compounds such as dicarbonyls and 
aldehydes (Finot et al. , 1982; Hurrell et al. , 1983). There is a reduction 
in the bioavailability of all essential amino acids, even leucine which has 
an unreactive paraffinic side chain. Such findings are explained by the 
formation of profuse enzyme resistant cross-l inkages between various amino 
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acid side chains via the reactive breakdown products. These cross-linkages 
reduce the rate of protein digestion by preventing enzyme penetration or by 
masking the sites of enzyme attack. 

The results from metabolie transit studies (Finot & Magnenat. 1981) on 
the reaction products of lysine and glucose are summarized in Table 111. 

Table 111 : Urinary and faecal excretion of early and advanced 
Maillard products (Finot & Magnenat. 1981) 

Free fructosyl-lysine 
Protein-bound fructosyl-lysine 
Premelanoidins 
Melanoidins 

% ingested radioactivity in 
Urine Faeces 

64 
11 

27 

4 

14 
6 

64 
87 

Free fructosyl-lysine. the Amadori product. is well-absorbed by the rat. 
lt i s not util ized however and an average of 64% of the ingested dose was 
excreted unchanged in the urine. Protein-bound fructosyl-lysine on the other 
hand was not we11-digested and only 11% was released from the protein. 
absorbed and excreted unchanged in the urine. Those units not absorbed are 
destroyed by the intestinal flora of the hind-gut. thus explaining the low 
recovery of only 6% of the ingested fructosyl-lysine in the faeces. 

The advanced Maillard melanoidins and premelanoidins were isolated from a 
14 heated mixture of casein and C-glucose by gel filtration and enzymic 

hydro lysis. The fraction termed melanoidin was strongly coloured. the pre­
melanoidin was less coloured and of lower molecular weight. The melanoidin 
fraction was almost completely indigestible and about 90% was found in the 
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faeces. The lower molecular weight premelanoidins were partly absorbed and 
27% of their radioactivity was detected in the urine. It has been suggested 
on the basis of rat studies that the premelanoidins may in some way be toxic 
or growth depressing (Adrian, 1974). The toxicological aspects of Maillard 
reaction products are further discussed by Mauron (1981) and Lee et al. 

(1981). 

The determination of lysine after Maillard reactions may pose problems 
and different analytical methods may give widely contrasting results 
(Hurrell & Carpenter, 1981). Using the furosine technique, however, it has 
been shown that Maillard reactions in milk products generally do not go 
beyond the Amadori products (Finot et al., 1981). Table IV shows the 
percentage of lysine residues blocked as lactulosyl-lysine during the 
processing of milk. 

Table IV Blockage of lysine as Amadori product in milk products 

Heat Process 

Freeze-drying 

Pasteurization 

UHT sterilization 

Spray-drying 

Spray-drying infant formula 

HTST sterilization 

Conventional sterilization 

Roller-drying 

Spray-drying lactose-hydrolysed milks 

or casein-glucose mixtures 

% Blocked Lysine 

o 

o 

0-2 

0-2 

5 - 10 

5 - 10 

10 - 15 

20 - 50 

15 - 70 
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There is 1itt1e or no b10cked lysine in freeze-dried, pasteurized, or UHT 
treated milk or in spray-dried milk powder. Spray-drying of infant formu1as 
however, which contain more lactose, may give up to 10% lysine b10ckage as 
does HTST steri1ization of liquid milk. Conventiona1 in-can steri1ization of 
liquid milk gives 10-15% b10ckage and ro11er-drying 20-50% b1ockage. 

Specia1ised formu1as, such as 1actose-hydro1ysed mi1ks or formu1a 
containing glucose for lactose-intolerant infants, give the greatest 
problems during drying as glucose is far more reactive than lactose. 
Conventiona1 spray-drying can give up to 70% b10ckage in these special 
formu 1 as, a lthough by carefu 1 contro 1 of the heat treatment, th i s can be 
reduced to around 15%. 

Further Maillard reactions can take p1ace during storage of milk powders. 

These can be minimized by low moisture content of powders, hermetic 
packaging and cool storage conditions and, in temperate cl imates, pose no 
real problems. In hot countries, however, where distribution networks are 
1ess we11-developed, milk powders may be subjected to high temperatures at 
some time during their transport and storage. Whole milk powders containing 
2.5% moisture were stored for several weeks at 60°C and 70°C and the fate of 
lysine, methionine, tryptophan (Hurrell et al., 1983; Fig. 8) and most of 
the B vitamins (Ford et al., 1983; Fig. 9) was investigated. 

Storage at 60°C (Fig. 8) is an examp1e of early Mai11ard damage. After 
9 weeks storage, the product st i 11 reta i ned its natura 1 co lour even though 
about 40% of the lysine was b10cked as1actu1osy1-1ysine. Methionine and 
tryptophan were stab1e. 

At 70°C, 50% of the lysine units were b10cked as 1actulosy1-lysine after 

on1y 2 weeks storage in a product which still retained its natural co1our. 
From 3 weeks onwards the product became a deep red brown co1our as 

1actu1osy1-1ysine degraded and advanced Mai11ard reactions took p1ace. 
Av a il ab 1 e meth i on i ne and tryptophan as measured by Streptococcus zymogenes 

were progressive1y reduced probab1y due to an impairement of protein 
digestibility, a1though there is some evidence that they may be destroyed by 
reaction with advanced Mai11ard reaction products (Finot et a1., 1982). 
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~ ; Amino acid content of milk powders stored at elevated tempera­
tures (Hurrell et al., 1983). 

Rather more impressive were the rapid destruction of certain B vitamins 

at 70 De in parallel with the degradation of lactulosyl-lysine and the 
appearance of advanced Maillard reaction products (Fig. 9). It appeared that 
between the second and fourth week of storage, thiamin, vitamin B6, 
vitamin B12 and pantothenic acid were extensively destroyed due to their 

reaction with advanced Maillard reaction products. At 60D C, the B vitamins 
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Fig. 9 : B vitamin content of dried milk stored at elevated temperature 
(Ford et al., 1983). 

were relatively stable. Vitamin A, vitamin C and folie acid can also be lost 
during milk powder storage but their destruction is more closely related to 
oxygen content rather than the extent of the Ma i 11 ard react ion. These high 

vitamin losses at 70°C are somewhat academic since the browned products are 
clearly organoleptically unacceptable. More important perhaps is the 
relatively high stability of B vitamins at 60°C and the high 10ss of lysine 
at 60°C without any significant change in product colour. 
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CONCLUSIONS 

The importance of these nutritional losses must be evaluated in the diet 
as a whole. They would appear to have little influence in adult nutrition as 
most adults obtain their amino acids and proteins from a wide variety of 
foodstuffs. Indeed, many nutrient losses during heat treatments are unavoid­
able and would seem to be easily outweighed by the beneficial effects of 
food processing on food safety, shelf-life and convenience. Nutritional 
damage, however, may be extremely important if the damaged protein is part 
of a baby food or infant formula, as infants often rely on a single manufac­
tured product as their sole source of nourishment. Food manufacturers should 
take special care over the nutrient composition and protein quality of baby 
foods especially if alkali treatments are involved or if Maillard reactions 
are poss ib 1 e. I f they do not, the negat ive effects of process i ng may out­
weigh the beneficial ones. 
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SUMMARY 

The effects of restriction of energy and/or protein intake 
were studied in rats during pregnancy and lactation and in adult 
mice. Three approach es were employed ; sucrose stimulus-induced 
reduction in the intake of an adequate diet given simulta­
neously; restriction of intake of a complete food by 30% of ad 
libitum levels and selective protein or energy restriction of a 
high protein diet and a non-protein diet. Casein or lactalbumin 
was the protein source. During lactation the rat's natural food 
intake regulatory mechanism prevailed over the sucrose stimulus. 
Restricted intake of the complete food and selective restriction 
of protein or energy. variably influenced gestational and lacta­
tional performance and weight of young at weaning. A distinct 
regulation in the intake of protein and energy during pregnancy 
and lactation was observed on selective energy or protein 

restriction. Restricted feeding of the composite diet starting 
in the second year of life. to mice previously ad libitum fed a 

lab chow of constant composition. promoted the highest survival 

rate. 

* * * 
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Chronic overfeeding starting early in life leads to precocious and 

excessive growth including early skeletal and sexual maturity as well as 

early integration of central nervous system (Kennedy & Pearce, 1958; 

Widdowson & Kennedy, 1962). Furthermore, it has been observed that such 

early overnutrition may lead to obesity and related metabolie disorders 

which negatively influence 1 ife-span (Berg & Simms, 1960; Ross, 1959; Ross 

et al., 1976; Silberberg & Silberberg, 1955; Stuchlikova et al., 1975). 

In fact to date the only proven way of actually extending life-span is by 

restricting food intake (McCay et al., 1939, 1943; Barrows & Roeder, 1965; 

Fernandes et al., 1976; Miller & Payne, 1968; Nolen, 1972). These observa­

ti ons ra i se a, fundamenta 1 i ssue name ly what i s an opt imum growth rate and 

consequently what is an optimum diet ? 

Although various life-span studies have been carried out involving 

restrietion in rats and mice most have employed diets of fixed composition 

with a fixed ratio of protein to energy. It is, however, evident that the 

actual nutritional needs of animals may vary considerably throughout their 

life-span. 

We report here our investigations of food restrietion implemented during 

different phases of life. We looked at the effect during pregnancy, lacta­

tion and consequent post-weaning growth in rats as well as the effects of 

nutritional restrietion in mice implemented well after maturation. The 

restrietion aimed at differentiating between overall food restrietion and 

between actua 1 protein and/or energy restriet ion. I t i s evi dent, however, 

that these two situations cannot be entirely separated as protein can 

function both as an energy source and as a nutrient. Its efficiency of 

utilisation is in practice less influenced by its amino acid composition 

than by the energy value of the diet (Miller, 1973; Payne, 1972). In cases 

of caloric deficiency the protein will be oxidised as a caloric source while 

addition of an energy supply will liberate the protein for other uses. 

Furthermore, classical nutritional experiments have demonstrated that 

when diets of constant protein concentration are fed ad libitum to rats the 

amount of food consumed is influenced by both protein concentration and 
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quality. A quantitative expression of these relationships in the context of 

protein and/or energy restrietion was extensively studied by Brody (1945) 

and Kleiber (1961). 

A further point to be rememoered in the interpretation of such experi­

ments is that since dietary protein level much influences voluntary food 

i ntaKe, it i s cl ear that some degree of anorex i a wi 11 be i nduced by the 

feeding of low-protein diets. The variable magnitude of this effect depends 

both on the diet composition and the age of the anima1 (Payne, 1975; 

Waterlow, 1968). The food energy intake depression that results with low­

protein diets is much smaller in older than in young rats. 

EXPERIMENTAL AND RESULTS 

Caloric reguirement determining intake 

\oie investigatea caloric intake as a function of requirement in Sprague­

Dawley rats of both sexes suppl ied ad 1 ibitum a complete diet as we11 as 

free access to either a 0, 5 or 10% sucrose solution. Starting at 5 weeks of 

age, for 8 weeks they were given lab chow, a 22% casein/corn starch diet or 

a 22% casein/50% sucrose diet. Following mating the females continued on the 

same ad libitum ingestion schedules throughout pregnancy, lactation and 

3-weeks post-weaning. Body weight gains were similar at all sucrose 

concentrations, but total intakes were higher in rats supplied lab chow than 

those fed semi-purified diets (Fig. 1). With increasing sucrose load, 

decreasing voluntary intakes of dietary metabolizable energy (M.E.) and 

protein were noted. Thus dietary M.E. intakes by the 5 and 10% sucrose 

solution ingesting groups were as a per cent of the basal intake by the 0% 

sucrose group, respectively 72 and 47, 71 and 51, and 87 and 77, during 

pre-pregnancy, pregnancy and lactation. The control rats receiving the 0% 

sucrose solution had a Pe (protein energy as a per cent of total ingested 

M.E.) intake of 22.2%. \oIith concurrent access to the 5 or 10% sucrose 

solution their respective intake of Pe was 15.8 or 11.5% during both pre­

pregnancy and pregnancy periods. During lactation, however, these values 

increased respectively to 19.9% and 17.8%. Fertil ity and gestation indices 
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for rats fed a given diet were independent of the level of sucrose solution 
provided. 
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Two conc1usions may be drawn name1y that a Pe intake of 11.5% supporting 
gestation signifies little 10ss of ingested nitrogen. During lactation which 
imposes a major demand for nutrients on the materna1 organism the rat's 
natural food intake regulatory mechanisms prevai1ed over the sucrose 
stimulus provided. 

Se1ective restriction of protein and/or energy 

Because of the problem of discriminating between the effects of protein 
and energy restriction, self-selection studies in rats have been suggested 
as guides to assess nutritional needs in pregnancy and lactation (Collier et 
a1., 1969; Leshner et a1., 1972; Richter & Barelare, 1938; Richter et a1., 
1938). The separate feeding procedure originally developed by Rerat et a1. 
(1963) was assessed by Pol and den Hartog (1966) to evaluate protein quality 
and efficiency of protein util isation. The approach providing a choice of 
2 diets, both ~ libitum was extensive1y used by Ashley and Anderson (1975) 
and by Musten et al. (1974) to study the regulation of energy and protein 
intake by rats. Their experimental model, essentia11y involving self­
selection from 2 diets with varying protein contents, has demonstrated that 
protein and energy intakes are independently regu1ated. 

We adapted the separate feeding procedure of Rerat et al. (1963) to 
investigate the energy and protein intake regulatory response in rats 
subjected to se1ective protein or energy restriction during pregnancy and 
lactation. In addition, the same experimental approach was employed to study 
the regulatory responses and their effect on surviva1 of mice subjected to 

restriction from their second year of 1ife. 

Restriction in rats during pregnancy and lactation 

Five groups of 13 week-01d female Sprague-Daw1ey rats were supplied 

different diets from the first day of gestation. They received either a 22% 
protein (high) diet ad libitum (A), a 13% protein (low) composite diet (B), 
or the 22% protein diet restricted to 70% of ad libitum intake (C). A 
further two groups received two diets (76% and 0% protein ) such that one 
group was restricted to the protein intake of group C but with energy 
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supplied ~ libitum (0) while the other group was restricted to the energy 
intake of group C but with protein supplied ad libitum (E). 

The different restrictions variably influenced gestational and lacta­
tional performance of the dams. However, none of the restriction types 
seriously affected reproductive performance. 

In the groups subjected to selective protein or energy restriction the 
rats, throughout pregnancy and lactat ion, regulated distinctly their 
voluntary ingestion of energy (0% protein diet) or of protein 76% protein 
diet). On protein restriction, the amount chosen of the 0% protein diet was 
such, that average Pe intake was 18% whilst on energy restriction, they 
consumed a 1arge amount of the 76% protein diet so that average Pe selected 
amounted to 44% (Table I, Fig. 2). 

Tab1e I : Se1ective protein or non-protein energy restriction 
in fema1e rats during gestation and lactation (Values are means) 

Oiet treatments and restrictions 
A B C 0 E 

Dams (n) 

Gestationa1 gain, 9 39.1 26.3 17.3** 36.4 6.1** 
Gestationalintake, kJ/d 304 285*** 217*** 283*** 308 
Lactationa1 intake, kJ/d 720 471*** 451*** 592*** 677** 
Pe - gestation, % 18.7 42.3 
Pe - lactation, % 21.8 13.0 21.8 18.0 44.7 
Body fat at end 10.2 9.1 4.3*** 10.4 6.0* of lactation, % 

Young rats (n) 

Birth weight, 9 6.1 5.5** 6.1 5.5** 5.9 
Weaning weight, 9 58.0 34.6*** 40.2*** 45.6*** 42.9*** 
Body fat (weaning), % 15.8 16.7 10.7*** 17.1 11.8*** 

*, **, *** are significance at p < 0.05, 0.01 and 0.001 compared to 
treatment A (22% casein protein). 
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Fig. 2 ~ Changes in body weight and average daily energy and protein­
energy (Pe) intake of fema1e Sprague-Daw1ey rats during gestation and 
lactation. 

Carcass analysis revealed that animals of groups B, C, D and E laid down 
less fat reserves during gestation compared to reference group A, while 
animals of groups B, C and D mobilised this fat more rapidly during lacta­

tion. Anima1s in group E (se1ective energy restriction) despite the very 
small reserves (non-foeta1 gain = 6.1 g) met lactational costs through their 

high Pe intake (44%) compared with an average Pe intake of 18% by animals 
(group D) subjected to selective protein restriction. 

The low body fat in both dams and wean1 ings of group D and E suggests 
that the development of maternal fat reserves was either inadequate or that 
their mobilisation commenced already early in lactation. 
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Restriction in mice after maturity 

Male and female mice which received a standard lab chow until 58 weeks of 
age were allotted to five treatment groups. One group continued to receive 
the lab chow ad libitum (A) and another group received a 22% protein 
(lactalbumin) diet ~ libitum (8). A further group received the 22% protein 
(lactalbumin) diet but restricted to 70% of thead libitum intake level (C). 
Groups D and E were subjected to selective restriction of protein or non­
protein energy (to achieve the levels of intakes of mice in group C) through 
restricted feeding of a 66% protein (lactalbumin) diet and ~ libitum 
offering of a 0% protein diet and restriction of the 0% protein diet and 
free access to the 66% protein (lactalbumin) diet respectively. 
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Fig. 3 : Average body weight, and daily intake of M.E., protein and 
protein energy expressed as a per cent of total M.E. by male mice subjected 
to different diet treatments and restrictions between 58 and 120 weeks of 
age. 
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Average body weights (between weeks 58 and 120) were similar whether 
protein or energy was restricted (groups 0 and E); they were also comparab1e 
to those of mice ingesting the lab chow 2i 1ibitum or the 22% protein 
(lactalbumin) diet (groups Band A). With the overall restriction (group C), 
the mice rapid1y lost 20% of their body weight. The ingestion of the 0% or 
the 66% protein diet on se1ective protein or energy restriction was such 
that Pe intake was 23% and 41% respectively (Fig. 3). These observations in 
ageing mice are striking1y similar to the corresponding va1ues of 18% and 
44% obtained in pregnant and lactating rats. 

Of all the treatments, the restricted feeding of the 22% protein diet (C) 
promoted the longest 50% surviva1 time and the highest survival rate at 

120 weeks (Fig. 4). Furthermore, the surviva1 rate of mice on se1ective 
energy restriction with a Pe intake of 41% was higher than that of mice on 
protein restriction but with a Pe intake of 23%. 
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DISCUSSION 

Studies of the total caloric intake of ad libitum fed rats offered both a 

sucrose solution and lab chow concurrently (Jacobs & Sharma, 1969; Kanarek & 
Hirsch, 1977) revealed that at a11 the concentrations of sucrose solution 

except the lowest (3%) the animals maintained the proportion of their 

caloric intake from sucrose at a fixed level. Recently several authors have 

reported work on overeat i ng and obes i ty in rats under cond it ions of se lf­

selection of dietary components (Kratz & Levitsky, 1979) or overeating and 

diet selection patterns (Hirsch et a1., 1982; Hirsch & Walsh, 1982) in 

either case with concurrent free access to sucrose solutions. The basis for 

such studies is that stimulation induced eating and drinking, if rewarding 

can overcome natural food intake regulatory mechanisms. The animals would 

then eat in response to the stimulus (e.g. sugar solution) and thereby 

become hyperphagic and eventually obese. 

In another study Hartsook et al. (1973) investigated the energy meta­

bolism of growing rats as influenced by dietary protein (casein) content and 

ratio of fat to carbohydrate calories. They observed optimal energy gain, 

maximum heat of basal metabolism and maximal body nitrogen gain at res­

pectively 37, 39 and 44% Pe level in the diet. The inference being the "food 

intake is regulated by energy requirement" which itself is a function of 

body weight and of the quality and quantity of protein. 

On the other hand, animals given the choice between two diets of 

different protein levels showed Pe intakes characteristic for a particu1ar 

protein source : 43% for gluten but on1y 33% for casein (Musten et a1., 

1974). Pol and den Hartog (1966) found that wean1ing rats allowed to se1f 

se1ect from 60% and 0% protein diets showed a higher Pe intake from gluten 

(poor protein) than the better qua1ity potato protein. Again Ash1ey and 

Anderson (1975) investigating the effects of additions of the most 1 imiting 

amino acids to gluten, casein and zein on the self-se1ection of protein and 

energy by wean1 ing rats given a choice of two diets differing on1y in 

protein level conc1uded that the se1ection of protein and energy by the 

wean1ing rat is not re1ated to the nutritiona1 qua1ity of the protein fed. 
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However, in our studies the increased needs for energy during pregnancy 

and lactation are likely to have contributed to the high Pe (44%) selection 

by the rats subjected to selective energy restriction. Functional cycles of 

energy and protein conservation and release in dams are known to operate 

normally even under marginal dietary restriction (Blaxter, 1964; Fell, 1972; 

Naismith, 1969, 1981; Naismith & Morgan, 1976). 

A1though undoubted1y food restrietion in rodents delays the emergence of 

diseases which shorten the maximal 1 ife-span, 1 ittle work has so far been 

done to determine the usefulness of diet restriction in mature life on 

1ength of 1 ife. The 1 ittle that has been done is highly controversial. 

Barrows and Roeder (1965) reported that food restriction app1ied after 

1 year of age failed to increase life-span. In contrast, Miller and Payne 

(1968) observed that rats fed a stock diet until 100 days of age and then 

transferred to a 4% protein diet showed 1 ittle further increase in their 

body weight and 1 ived 980 days as compared with the 760 days of their M 
libitum stock fed diet contro1s. Stuch1 ikova et al. (1975) also found that 

food restriction applied to rats at 1 year of age can still increase 

longevity. Our own results which showed the highest survival rate in mice 

undergoing 30% restriction as well as better survival for mice on selective 

energy restriction than on selective protein restriction are in agreement 

with the latter workers. 

CONCLUSIONS 

Since energy metabolism and protein metabolism are intimately linked, 

attempts to completely dissociate the effects of one from the other are 

difficult to implement. Nevertheless, the present work, in agreement with 

prev i ous ly pub 1 i shed reports in wean 1 ing rats, demonstrates that energy and 

protein intakes are independently regulated even in the pregnant and 

lactating rat and the adult mouse. 

Although the issue of dietary restriction in adult animals and its 

effects on life-span are still controversial, our data in mice restricted 
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on1y in the second year of their life supports the view of other authors 
that such restrietion may still promote the highest survival. 

Furthermore, al though restr ict ion of ca 1 ories exerts strong effects as 
shown by our study on pregnant and lactating rats, yet the females were able 
to compensate the lactational costs by increasing their Pe intake. 

The selective restrietion procedure must be considered as a suitab1e 
model for such studies, however, further studies are necessary to fu11y 
investigate the effects of protein and energy restrietion starting at 
gestation and continuing into old age. 
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SUMMARY 

The maintenance of nutrient and energy balance in the body 

depends on both metabolie and behavioural mechanisms, and is 

integrated by the brain. The regulatory system was developed by 

natural selection and not by mechanical engineers. Thus, rather 

than having unitary mechanisms regulating intake of each 

nutrient, evolution has incorporated and used a multitude of 
behavioural traits and metabol ic adaptations. The criterion for 

inclusion was that each one conferred a persisting advantage in 

the prevailing environment. 

Behavioural strategies in food choice include innate 

pref erence f or sweetnes sand an avers i on towards bitter tas tes, 

a hesitancy towards unknown foods, preference for variety among 

familiar foods, and a special ability (long delay learning) to 

acquire information about both positive and negative metabolie 

consequences of eating different foods. In man, these more basic 

mechanisms interact with and are complemented by cognitive, 

social and cultural influences on food choice. In a very few 

cases, such as regulation of energy, sodium and (perhaps) pro­

tein intakes, feeding behaviour is also guided by signals from 
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speeifie internal reeeptors. However, for most nutrients, appe­

tites seem to be non-speeifie and learned. 

Using studies on the regulation of protein intake from our 

own and other laboratories as examples, this review illustrates 

how innate preferenees, learning, soeial interaetions, metabolie 

adaptat i on and d iet- indueed ehanges in bra in neurotransmitter 

metabolism ean all playa role in subjeetive deeisions about 

what to eat. 

* * * 

Maintaining an adequate supply o~ energy and nutrients to the body is the 

first priority of animal life. Only when needs for growth and t,issue main­

tenanee have been satisfied ean the individual even begin to indulge in 

sexual behaviour and so assure the survival of his or her genes. This over­

all nutritional balance depends on metabolie and behavioural meehanisms 

whieh are ultimately regul{lted and integrated by the brain, and it is 

important to remember that the system was designed by natural seleetion, not 

by meehanieal engineers. Thus, rather than produeing unitary meehanisms 

regulating the intake of eaeh nutrient, evolution has ineorporated and used 

a multitude of behavioural traits and metabolie adaptations. The eriterion 

for inelusion was that eaeh one eonferred a persisting advantage in the 

prevailing environment, so it should not be surprising that, aeeording to 

the eonditions in whieh an organism is studied, different regulatory 

meehanisms are ealled into play, or even that, under extreme eireumstanees, 

regulation breaks down entirely. 

The multiplicity of different meehanisms influeneing food ehoiee and food 

intake has led to two distinet types of seientifie enquiry. The first aims 

at demonstrating that a partieular faetor - a nutrient, a drug, a neuro­

transmitter or apart of the brain - ean influenee some aspeet of food 

intake or food ehoiee under a speeifie, and often extreme, set of experi­

mental eonditions. Such studies ean be instruetive but it is often diffieult 

to know to what extent the results from them ean be generalised. The seeond 

approach aims at understanding how different meehanisms are integrated and 
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applied under different circumstances, and at demarcating the limits of 
application of each one. 

This chapter aims to concentrate on the latter approach. First, we will 
show how regulation of food choice fits into the larger context of regula­
tion of nutrient balance. We will then consider how metabolie mechanisms 
offset the need for a very precise regulation of intake for each nutrient, 
and will discuss the different behavioural strategies which evolution has 
developed to help maintain adequate levels of nutrients in the body. 
Finally, using results from our own laboratory, we will illustrate how these 
different strategies operate on protein selection to ensure amino acid 
ava il abil ity. 

NUTRIENT BALANCE 

The balance for any nutrient or for energy in the body can be expressed 
as fo 11 ows : 

Intake metabolie 
requirements 

+ losses and excretion + storage 
of excesses 

Equil ibrium may be maintained by compensatory modification of any or all 
terms in the equation, so, as Le Magnen (1971) has pointed out, studying any 
one of the above aspects of energy or nutrient regulation in the body whilst 
ignoring the others, can be very misleading. 

There is an abundance of evidence showing how metabolie adaptation 

contributes towards maintaining nutrient balance. If intake of a nutrient 
i ncreases, excesses can be stored or excreted. When intake i s 1 ow, stores 

can be depleted and losses due to excretion may decrease. 

The efficiency of these mechanisms of metabolie adaptation means that 

there is no need for extremely precise regulation of intake for each 
nutrient. On the other hand, when rats are allowed to select from several 
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foods their patterns of se1ection are usually quite stab1e. Furthermore, 
se1ection adjusts to changing physio10gica1 need, as is shown by the changes 
in nutrient intake of pregnant or 1actating rats (Leshner et a1., 1972; 
Richter & Barelare, 1938). Simil ar 1y, when metabo 1 ic adaptat ion i s compro­
mised, behaviour (Le. strategies of food se1ection) can usually cope with 
the problem of maintaining balance. A good examp1e of this phenomenon is the 
increase in drinking from a dilute salt solution by adrena1ectomised rats 
(Richter, 1936; for other examp1es see Rozin, 1976). 

BEHAVIOURAL STRATEGIES 

The strategies and mechanisms which are invo1ved in behaviour's contri­
bution to maintaining nutrient balance inc1ude: innate preferences and 
aversions; innate behaviour patterns such as hesitancy towards new foods, a 
preference for fami1iar foods; a preference for variety among fami1iar 
foods; true specific appetites (which exist for a few nutrients); special 
abi1ities (such as specific association and 10ng de1ay 1earning) to acquire 
information about both positive and negative metabolie consequences of 
eating different foods; socia1 inf1uences on food choice. For man, these 
mechanisms are the basis upon which cognitive and cultura1 inf1uences on 
food choice are bui1t (Fisch1er, 1981). 

No single strategy gives a comp1ete explanation of observed patterns of 
food choice, but, in a given situation, one or more may be ca11ed into p1ay. 

Innate preferences and aversions 

The geometry of the head, with the special sense organs grouped near the 
mouth, ensures that potential foods are carefu11y examined before being 
consumed. The sense of taste is intimate1y invo1ved in both innate and 
1earned preferences and aversions, so even when in the mouth, it is not too 
1ate for the final decision as to whether a food shou1d be rejected or 
accepted (Rozin & Fallon, 1981). 
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Innate preferences for sweet foods such as ripe fruits have evident 
survival value for the omnivore in that they often provide a safe and quick 
source of calories (Rozin, 1976). Similarly, innate aversion to bitter 

tastes (Steiner, 1973) may also owe its existenee to the selective advantage 
enjoyed by animals which spontaneously rejected the (often poisonous) bitter 
alkaloids which are widely distributed in the plant kingdom. 

These innate preferencesare not fixed and can be changed by experience 
so that omnivores ean learn to avoid sweet tastes if the latter are followed 
by unp 1 easant metabo 1 ic consequenees (Arimanana & Leathwood, unpub 1 i shed; 
Garcia et al., 1974), or will eome to prefer bitter tasting foods that are 
associated with positive metabolie effeets (Kratz et al., 1978). 

Innate patterns of behaviour 

Just as physical traits such as specifie reeeptors for sweet or bitter 
were subject to natural selection, the same proeess has occurred with 
behaviours, so that some behaviour patterns whieh appear intelligent in fact 
arise from phylogenetic memory rather than from learning. In rats and men an 
important group of behavioural strategies in feeding belong to this category. 

First there is the approach to new foodstuffs. On one hand, food sampling 
is essential in adjusting to new situations and maintaining intake from a 
wide variety of food sourees but, on the other, any potential new food eould 
be poisonous. Thus omnivores exhibit ambivalent behaviour towards new foods. 

They are both hesitant and curious. Wild rats approach a new food with great 
caution, taste it, and then wait some time before eonsuming any more 
(Rzoska, 1953). This strategy increases their chances of identifying 
poisonous foods without killing themselves in the process of doing so (see 

next section). Once, however, a new food has been tasted and does no harm, 
it becomes a safe familiar food and is no longer approaehed hesitantly 

(Rozin, 1976). 

Another important innate behavioural strategy is preference for variety 
within the domain of familiar foods. Rats offered a ehoice of nutritionally 
adequate diets tend to eat from several of them rather than just one ö this 
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preference for variety is so powerful that rats will even work to obtain a 
diet which is readily available from an alternative source (Leathwood et 
al., 1981) rather than eat all their food from the one source. Similarly, in 

man, the attractiveness of a favourite dish palls rapidly if it is presented 
at each mealtime. 

These relatively simple behaviour traits have such self-evident survival 
value that it is easy to imagine how by natural selection they have become 
part of the phylogenetic memory of instinctive behaviour. 

Poison avoidance 

As pointed out above, a major feeding problem for omnivores is that among 
the multitude of potential foods 'some may be poisonous. Innate taste aver­
sions and behaviour patterns such as the "taste and wait" (Ihoska, 1953) 
approach to new foods are helpful in avoiding poisons, but the identity of 
each new poison must still be learned. As might be expected, several 
different strategies for poison avoidance are available. Social factors 
probably play an important role, so that many young animals will not eat a 
food their mother has learned to avoid (Wyrwicka, 1976). Individual rats 
also show special learning abilities well adapted to the special problems of 
poison avoidance. 

They make specific associations between the tastes of new foods and the 
metabolic consequences of having eaten them (Garcia et al. , 1974). If made 
ill by X-irradiation or by lithium chloride injection shortly after 

ingesting a novel flavoured food, rats will thereafter avoid eating foods 
with that flavour. In constrast, giving them an electric shock after they 
have consumed a novel food is a much less effective aversion therapy (Garcia 
et al. , 1974). Thus an intestinal upset or malaise is specifically asso­
ciated with the taste of a recently eaten food, but the pain from an 
electric shock - which the rat can quickly learn to associate with asound 
or a light stimulus (Leathwood, 1978) - is not associated with a taste. 

Added to this is long delay learning - the ability to associate a 
conditioned stimulus (the taste of a new food) with an unconditioned 
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stimulus (malaise), even when the two are well-separated in time. If rats 

are made ill 6-12 hours after ingesting a novel-flavoured diet, they will 

sUbsequently avoid that flavour. This learning occurs in a single trial, but 

if, subsequently, rats are offered only the flavoured diet and they become 

hungry enough to taste it again, extinction of the aversion is also rapid 

(Rozin, 1976). 

The combi nat ion of hes itancy towards new foods and an ab il ity to make 

specific associations between their sensory characteristics and their 

unpleasant metabol ic effects, even if the latter occur after some time has 

passed, offers a quite satisfactory explanation as to how rats avoid 

poisoning themselves. It does not, however, explain how they come to choose 

an adequate nutrient selection from the non-poisonous food sources that 

remain. 

True specific appetites 

For some nutrients, appetite is also guided by specific receptor systems. 

For example, sodium ions are detected by the sense of taste and when rats 

are sodium-deficient, they show an imnediate preference for salt solutions. 

This preference occurs before any metabol ic repletion has had the time to 

occur (Denton, 1982; Richter, 1936). Similarly, for water (if this can be 

cons i dered a nutri ent) there are spec ifi c receptor systems wh i ch tr i gger 

thirst sensations as the animal becomes dangerously water-depleted (Rolls & 

Rolls, 1981). This physiological mechanism is seldom used because most 

normal drinking is "prophylactic" in that animals and men will spontaneously 

drink well before depl~tion-driven thirst signals begin to operate. Control 

of energy i ntake depends on the i ntegrat i on by the bra i n of a comp 1 ex of 

innate and learned behaviours some of which are linked to internal detectors 

(Booth, 1981; Cioffi et al., 1981). 

But, for most nutrients, the evidence available suggests that appetites 

for them are acquired without the aid of specific receptor systems (Rozin, 

1976) • 



178 Leathwood/Ashley 

Acguiring specific appetites 

One further manner in which rats learn to prefer diets which satisfy the 
need for a particular nutrient is illustrated by Rozin's analysis (1967) of 
the feeding strategies employed by thiamine-deficient rats. 

After several days on a thiamine-deficient diet, rats begin to eat less 
food and lose weight. If they are offered a choice between the thiamine­
deficient diet and a new thiamine-rich diet, they will eat the latter almost 
exclusively for several days (Harris et al., 1933). However, they will do 
the same even if they are given thiamine injections before being offered the 
new diet (Rozin, 1967) suggesting that they choose the new diet because the 
original one has become aversive rather than because they recognise thiamine 
in the new diet. 

Confirmation of this view comes from two studies described in Rozin 
(1967). The first experiment (Scott & Vernay, 1947) confirms that thiamine­
deficient rats do not have specific thiamine detectors to help them choose 
the right food. Rats were first made thiamine-deficient, then offered a new 
thiamine-rich diet with a distinctive flavour (anise). The rats ate it. They 
were then offered a choice of diets containing anise without thiamine or 
thiamine without anise. The rats followed the anise. This shows that the 
rats learned to associate recovery from deficiency with the dominant sensory 
characteristic of the diet. They did not detect thiamine per se. 

In the second study, rats made thiamine-deficient (on what we might call 
d iet A) were offered a choice between diet A and new diet B. For some 
animals, thiamine was added to A, for others, to B. All thiamine-deficient 
animals chose diet B (Fig. 1). If B contained thiamine they continued to eat 
it. If A contained thiamine, the rats persisted with B for a few days then 
abruptly changed their choice (Rodgers & Rozin, 1966). This suggests that 
for deficient rats ~ new food is preferred (i.e. they show an exaggerated 
preference for novelty) but will continue to be preferred only if it alle­
viates the deficiency. 

We do not know what metabolic signal directs the deficient rats to prefer 
the thiamine-rich diet ,once they have tasted it, but some observations in 
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Fig. 1 : Preference for a novel diet by thiamine-deficient rats : Control 
or thiamine-deficient rats were offered a choice between the original diet 
and a novel diet; for some animals, thiamine was added to the novel diet, 
for others to the original diet. Each point represents the percent of food 
eaten from the novel diet by : A, deficient rats, thiamine in the novel diet 
....-.,; B, control rats, thiamine in the novel diet 0--0; C, deficient 
rats, thiamine added to the original diet '---'; 0, control rats, 
thiamine added to original diet A---A. Each group contained 3 rats 
(redrawn, with permission, from Rozin, 1967). 

man offer a possible explanation and allow a tentative extrapolation of 

these results to learned appetites for other nutrients. Thiamine-deficient 

men report feeling irritable and depressed; thiamine supplements bring about 

a rapid improvement in mood. If rats also feel "better" soon after eating 

one of the diets, they may associate the change in metabol ic (or mental) 

state with the taste, texture and placement of the new diet (i.e. will 

exhibit specific association and long delay learning). This, coupled with 

innate tendencies to prefer new foods and to taste them one at a time, 

should quickly lead to preference for the appropriate diet. 



180 Lea thwood/ As h 1 ey 

The development of specific appetites for other vitamins and minerals 

have been less completely studied. Most of them seem to be acquired, with 

varying degrees of success, in a similar manner to that described for 
thiamine (see Rozin, 1976 for a review). It has been suggested that impor­

tant factors in the success in learning to acquire the appetite are the 
rapidity and character of alleviation of def1ciency symptoms following 
ingestion of the new, adequate foodstuff (Leathwood & Ashley, 1981). 

In summary, rats are provided with innate behaviour patterns (curiosity 

towards new foods, preference for variety among famil i ar foods) which 1 ead 

them to sample many different foodstuffs. This increases the probabil ity 

that they will ingest an adequate jl.mount of each essential nutrient. When 

deficient, they have more strategies (exaggerated preference for novelty; 
waiting several hours between tasting each new food), and special learning 

characteristics (specific association; long delay learning), which favour 
acquisition of specific appetities for foods which alleviate a deficit 

without recourse to specific receptors for each nutrient. In a few cases 

preferences can be guided by specific internal receptor systems but these 

seem to function more as fail-safe devices to help prevent serious imbal­
ances occurring rather than as controls on normal eating and selection on a 

meal-to-meal or mouthful-to-mouthful basis (Booth, 1981). 

SOCIAL AND CULTURAL INFLUENCES ON FOOD CHOICE 

Social and cultural influences are very important determinants of food 

selection and nutrient intake, particularly in normal eating. Even among 

rats there is strong evidence for the importance of social transmission in 

the avoidance of poisons (Wyrwicka, 1976) and in preferences among nutri­

tionally adequate foods (Galef, 1976; Leprohon & Anderson, 1982). Further­

more, group-housed rats offered a multiple food choice (cafeteria) are 

consistently more successful in developing adequate choice patterns than are 
individually housed animals (Lat, 1967). 
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I n man, eu lture prov i des the ru 1 es as to what shou 1 d be eaten or not. 

These rules are so eoereive that, if one wanted to know to what eulture a 

person belonged and one only had the right to pose one quest ion about that 

person, the best quest ion might well be "What dish do you usually eat for 

dinner 1". Very often these rules eneode intell igent nutrition practices 

(for example, the inclusion of lime in the preparation of tortillas releases 

niacin - Kodicek & Wilson, 1959), although other cultural food practices 

seem to be illogical or counter-productive (for examples see : de Garine, 

1979). However, the social anthropology of food choice is outside the terms 

of reference of this chapter and the interested reader is referred to the 

following reviews for a more detailed treatment of this topic : Cohen, 1977; 

Fisehler, 1981; Solms & Hall, 1981. 

PROTEIN INTAKE 

Animals and men must eat protein to maintain an adequate supply of amino 

acids to the body. In this section, we will show how, even in very simple 

choice situations, metabolic adaptation and many of the behavioural 

strategies outl ined above are involved in achieving this end. Furthermore, 

we will also try to evaluate the extent to whieh central serotoninergic 

mechanisms are involved in influencing protein selection. 

Metabolie adaptation 

Metabol ic adaptation can co pe with a wide range of protein intakes and 

rats grow perfectly well on diets containing anything from 15 to 55% of a 

good quality protein. If intake is in excess of needs, amino acids can be 

transaminated or deaminated, the nitrogen is excreted as ammonia or urea and 

the carbon skeleton incorporated into energy metabolism. In periods of 

deficiency, metabol ism adapts to 1 imit amino acid loss (Das & Waterlow, 

1974; Krebs, 1964; Munro, 1964; Oddoye & Margen, 1979) and stores are 

depleted. 

On the other hand, it has been suggested (Musten et al., 1974) that, if 

given the choice, rats will select quite stable levels of protein. 
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There is no self-evident advantage in tight regulation of protein 
se lect ion a lthough : (1) adapt ive mechan isms to e liminate excess nitrogen 
involve a metabolie cost (Munro, 1964) and (2) there does appear to be a 
level of protein intake which leads to maximum nitrogen retention (Hartsook 
et al., 1973), so there may be an optimum level of protein intake. 

Behavioural analysis of protein selection 

The most common approach to the analysis of protein choice has been 
either to measure mean choice over aperiod of weeks (Musten et al., 1974; 
Peters & Harper, 1981) or to examine the effects of drugs (Wurtman & 

Wurtman, 1977; Blundell et al., 1979) or brain lesions on protein choice 
(Ash ley et a 1., 1979). Another approach (Leathwood & Ash 1 ey, 1983) i s to 
examine the manner in which rats offered a choice of diets come to select 
adequate amounts of protein. 

Development of protein selection 

F ig. 2 shows daily measures for body weights, food intake and protein 
selection by 5 adult rats offered a choice of 0% and 40% casein diets for 
2 weeks. The figure shows : 

(i) All rats tasted both diets on the first day. 
(ii) One rat (*) chose an adequate amount of protein from the first day. 

(iii) The others preferred to eat most of their food from the protein-free 
diet. 

(iv) Those that ate inadequate amounts of protein began to lose weight and 
became anorectic. 

(v) After 3 to 11 days, these an ima 1 s abrupt ly began to eat adequate 
amounts of protein. They irrmediately increased their food intake and 
resumed body growth. 

This series of observations suggests two important conclusions : 

(i) Initial choice is based on palatability, not on long-term protein 
needs. 

(ii) Adequate selection can occur either by chance (Le. because 
palatability coincides with physiological needs) or is learned. 
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~ : A) Body weight; B) Daily 
fooOlntake; C) % P-E selection by 
5 adult male rats offered a choice 
of 0 and 14% casein diets durfng 
4 weeks (from Leathwood & Ashley, 
1983, with permission). 

These results also suggest that the way protein appetite is learned does 
not depend on specific detector systems and, if a deficit occurs, protein 

appetite is acquired in a similar fashion to thiamine appetite. Thus, if the 
initial choice was inadequate, the deficient diet acted 1 ike a slow poison 
and became progressively more aversive (this seems a reasonable assumption 
in that the rats lost weight and ate less food). The alternative diet 

eventually became relatively more attractive and was eaten. As it alleviated 
the deficiency, it became even more palatable, which explains the abrupt 

switch to high levels of protein choice. 
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The observations and conclusions outl ined above are val id for a range of 
situations. If other choices were offered (e.g. 0% and 60% or 10% and 40% 
casein) the evolution remained basically the same. With diets made more 
palatable by the addition of sugar or by using meat extract as the source of 
protein, more animals chose an adequate amount of protein immediately. With 
powder diets (Hamarsten Casein is finely powdered and seems to be aversive 
to rats) the rats chose the protein-free diet for longer than with the same 
diets in granulated form (Leathwood, unpubl ished data). Finally, when the 
experiment was repeated with weanling rats, initial selection of the 
protein-free diet was the same, but preference for protein developed more 
rapidly (Leathwood & Ashley, 1983) perhaps because the weanlings became 
protein-deficient more quickly than adults. 

In summary, the different patternp of development of protein selection in 
a range of experimental situations fits well with the idea that protein 
appetite is non-specific and acquired. However, once rats did select enough 
protein, choice tended to remain fairly stable (see Fig. 2). From the above 
studies, it was not possible to say if this stability occurred because the 
rats were detecting and responding to the level of protein in the diet, or 
if they were simply avoiding aversively low or high protein intakes and 
choosing on the basis of palatability. 

Stability of protein selection 

When rats are selecting from two diets (one containing protein; the other 

protein-free), and the protein-containing diet is diluted with water (Rozin, 
1968) or fibre (Musten et al., 1974), they may adjust their food choices and 
intakes to at least partially correct for the change in protein density. 
This suggests that rats can respond to the level of protein in food. 

We have extended these observations using an alternative approach 
(Leathwood & Ashley, 1983). Rats were given a pair of diets to select from 
and, when protein choice had stabil ised, a new pair of diets was offered. 
The compositions of the new diet pairs were such that each rat, by 
appropriate adjustment of selection, could maintain a constant level of 
protein intake across the change in the diets. 
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The results of two different studies are illustrated in Figs 3 and 4. In 

the first study (Fig. 1),3 groups of 8 weanling rats were offered two 
different diet pairs for two weeks, then the diets were changed. There was 

(i) an initial preference for low protein diets in all three groups; 

(ii) a rapid transition to adequate protein selection; 

(iii) a more or less stable mean % P-E selection in each group (although 
different among the 3 groups); 

(iv) large and statistical1y significant changes in se1ection by each group 
when the diet pairs were changed after 14 days. 

We may conclude that whatever drove the wean1ing's selection patterns 
during the first period, it was not a mechanism regulating protein intake. 

For adu1ts (Fig. 4) the picture is different. Adult rats showed 

(i) a very much slower evolution towards stab1e mean choice; 

(ii) very 1arge inter-individual variability; 

(iii) no significant change in mean selection when the diets changed. 

The conc 1 us ions we can draw isthat perhaps adu lt rats do detect and 
react to protein level or protein-carbohydrate balance in the diet. 

Brain serotonin metabo1ism and protein se1ection 

It has been suggested that the concentration of 5-hydroxytryptamine 
(5-HT, serotonin) in the brain may signal the current level of protein (or 

carbohydrate) intake and so influence subsequent protein choice (Anderson et 

a1., 1982; Leathwood & Ashley, 1981; Wurtman et a1., 1981). 

The evidence (still incomp1ete and contradictory) for this hypothesis is 

as follows ; 

a) Brain tryptophan (TRP) levels can influence brain 5-HT synthesis ; 5-HT 

in the brain is synthesized from brain TRP. As the Km (Michaelis 
constant) of tryptophan hydroxyl ase for TRP is higher than the normal 

concentration range of TRP in the brain, the rate of 5-HT synthesis may 

depend on brain TRP levels (Wurtman et a1., 1981). 



186 

60 % PROTEIN-ENERGY 

0~------------~14L------------7~· 

OAYS 

Leathwood/Ashley 

Fig. 3 : Mean % P-E selection by 3 groups of weanling rats offered the 
following amounts of casein. Group 1 e---t : period 1 (days 1-14) 0% and 40% 
casein diets; period 2 (days 15-28), 20% and 60%. Group 2 tr--A : period 
1, 0% and 60%; period 2, 10% and 40%. Group 3 k--i : period 1, 10% and 
40%; period 2, 0% and 60% casein diets. The change in diets offered is 
marked with an arrow. 

60 % PROTEIN-ENERGY 

OL-------·------~14L-----------~~ 

DAYS 

Fig. 4 : Mean % P-E selection by 3 groups of adult rats offered the 
following amounts of casein. Group 1 e---I : period 1 (days 1-14) 0% and 40% 
casein diets; period 2 (days 15-28), 20% and 60%. Group 2 tr--A : period 
1,0% and 60%; period 2, 10% and 40%. Group 3 k--i : period 1, 10% and 
40%; period 2, 0% and 60% casein diets. The change in diets offered is 
marked with an arrow. 
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b) The ratio of the concentration of TRP to the concentrations of the other 

1arge neutral amino acids (NAA) in plasma can influence brain TRP 
levels: TRP, transported across the blood-brain barrier by the large 

neutral amino acid carrier system, must compete with val ine, leueine, 
isoleueine, tyrosine and phenylalanine for entry into the brain 

(Pardridge, 1977). Thus brain TRP concentrations can be predicted by 

plasma TRP/NAA ratios (Fernstrom & Faller, 1978). This is certainly true 

when the TRP/NAA ratio is manipulated over an artificially wide range 
(Fernstrom & Wurtman, 1972), but the effect is much weaker when ratios 

within the normal physiological range are considered (Fig. 5). 

-.... • E 
CI ..... 
CI ::a. 

>J 

0.. a: ..... 
. ~ 
"-co 

().5 1.0 

Plasma TRP/NAA ratio 

Fig. 5 : A) Correlation between brain tryptophan (TRP) concentration and 
the plasma ratio of TRP to the 5 large neutral amino acids (NAA) which 
compete with TRP for entry into the brain. B) Correlation between plasma 
TRP/NAA and the sum of brain 5-HT and 5-HIAA (5-hydroxyindo1e acetic acid) 
concentrations. Rats were starved for 18 hours then fed either nothing, a 
comp 1 ete ami no ac i d mi x or an ami no ac i d mi x mi nus the NAA wh i eh compete 
with TRP. Controls : 1 hr -0-; 2 hr -'-. Complete mix : 1 hr -x- 2 hr 
-IJ.-. TRP containing, NAA-free mix: 1 hr -0-; 2 hr -'-. (Fig. adapted 
from Fernstrom & Wurtman, 1972). The hatched area on each graph indicates 
the range of plasma TRP/NAA ratios in free-feeding rats (see Fig. 8). 
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c) In rats which have been starved overnight, a high carbohydrate/10w 
protein mea1 increases the TRP/NAA ratio, and it has been suggested that 
th i s change may also occur in man (Wurtman et a 1., 1981). These changes 
in plasma TRP/NAA do not occur in free-feeding rats (Ashley et al., 1983) 
nor (Fig. 6) in men eating high carbohydrate morning or evening mea1s 
(Ash1ey & Leathwood, 1983). This may we11 be because the insulin response 
to carbohydrate is more marked after prolonged fasting. 

d) Even though a single meal does not influence the plasma TRP/NAA ratio, 
some researchers have found an inverse correlation between % P-E consumed 
during the last 24 hours (or during the last week) and the TRP/NAA ratio 
in plasma (Anderson & AShley, 1979; Reeves & O'De11, 1981). Others could 
not repeat these findings (Peter & Harper, 1981). 

e) Drug treatments or brain lesions which influence brain 5-HT metabolism 
can change protein choice in the predicted manner, i.e. a sudden rise in 
brai n 5-HT preferent i a 11y decreases carbohydrate appet ite (or increases 
protein appetite). Lowering brain 5-HT has the opposite effect (Arimanana 
et al., 1983; Ashley et al., 1979; Leathwood & Ashley, 1981; Wurtman & 

Wurtman, 1977) although, yet again, inconsistent findings have also been 
reported (Blundell et al., 1979). 

0.3 .----------, 
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I 
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~ 
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o 8~' --:9:------'.,- 2'-~ --2''-2 --='2'3 
Heu 

Fig. 6 : Plasma TRP/NAA ratios in men fed, in the morning or evening, a 
carbohydrate-rich, protein-free meal ""'--'i fed the same mea1 plus 
500 Kca1 TRP 0---0; (from Ash1ey et a1., 1982 and Ash1ey & Leathwood, 1983). 
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In sunmary, this is an attractive hypothesis which might explain how the 

brain can detect and respond to the level of protein in the diet. Unfortu­

nately, it is based on incomplete and sometimes controversial evidence. As 

we have shown (see F i g. 4 above) that adu lt rats can ma inta in constant 

levels of protein selection across a change in protein content of the diets 

offered, they may well be regulating protein intake, so it is interesting to 

examine to what extent plasma amino acids and brain 5-HT metabolites follow 

the predictions of the hypothesis. 

Table I shows the correlation coefficients between all the relevant food 

intake, plasma and brain parameters of rats whose protein selection ranged 

from 15 to 45% P-E (Leathwood & Ashley, 1983). The results confirm the 

original finding by Ashley & Anderson (1975) that % P-E can predict the 

plasma TRP/NAA ratio, but show that, when based on individual animals, the 

correlation is weak and has little predictive value (Fig. 7A). 

Protein intake and brain TRP levels were inversely correlated 

(p < 0.05). This correlation remained significant even when any influence 

of food intake was eliminated by partial correlation analysis. This suggests 

that protein selection can influence entry of TRP into the brain although, 

again, the correlation is weak and of poor predictive value (Fig. 7B). 

Brain 5-HT, 5-HIAA and 5-HT + 5-HlAA were independent of plasma TRP/NAA, 

% P-E or protein intake per se (the significant correlations with protein 

intake disappeared when the influence of food intake was removed by partial 

correlation analysis). Thus we could not confirm the speculation (Anderson & 
Ashley, 1979), that because protein selection correlates inversely with 

plasma TRP/NAA, it also influences brain 5-HT metabolism. 

Examination of Figs 5 and 7 show that our results are perfectly coherent 

with those of Fernstrom & Wurtman (1972). Over the full range, TRP/NAA 

ratios did predict brain TRP and 5-HT + 5-HIAA (Fig. 5) but within the 

normal range (Fig. 7) there was no correlation. This suggests that only 

exceptionally high values of the plasma TRP/NAA ratio can reliably influence 

bra in 5-HT, but with in the range produced by norma 1 eat i ng patterns the 

effect is insignificant. 
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i.i9.J : Correlations between : A) % P-E selection and plasma TRP/NAA 
ratio; B) Plasma TRP/NAA and brain TRP; C) Plasma TRP/NAA and brain 5-HT + 
5-HlAA; D) % P-E selection and brain 5-HT + 5-HlAA, in adult rats offered a 
choice of high and low protein diets. 

CONCLUSIONS 

Animals and men have a variety of mechanisms available to help them 

maintain nutrient balance. Metabol ic adaptation ensures that there is no 
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need for very precise regulation of intake for each nutrient, while food 
selection may be influenced by internal receptor mechanisms, innate 
behaviour patterns, learning, social transmission or (in man) cultural 
practice. According to the circumstances, different combinations or 
permutations of these may be called into play so that in one experimental 
situation a particular mechanism may be useful and powerful predictor of 
behaviour while in others it may be irrelevant. 

The first priority of our current research is to define the limits of 
practical usefulness of the different putative regulatory mechanisms, always 
bearing in mind that not one of them can have universal application. 
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THE RELATIONSHIP OF PELLAGRA TO CORN AND THE LOW AVAILABILITY 
OF NIACIN IN CEREALS 

Kenneth J. CARPENTER 

University of Ca1ifornia, Department of Nutritiona1 Sciences, 
Berke1ey, CA 94720, U.S.A. 

SUMMARY 

The poorest inhabitants of an area generally eat the 
narrowest range of foods, and one staple (which serves as a 
cheap source of ca10ries) dominates. In turn, the specific type 
of malnutrition seen in that area depends upon that predominant 
staple and how it is processed before consumption. 

Corn, used here in the sense of "Indian corn" or maize, was 
brought to Europe from America, and over the period 1750-1850 
became the typ i ca 1 peasant I s stap 1 e in many of the areas bor­
dering the Mediterranean. By the end of that period, it had also 
come to be recognized that pellagra had become a serious, chro­
nie disease in these same countries, f1aring up each spring 
amongst the poorest peop1e 1iving on diets containing much corn 
and very 1itt1e anima1 food (i.e., meat, eggs or dairy products) 
or wine and being generally in astate of wretchedness. Nothing 
of the sort was seen in areas where wheat and rice were the 
staple foods, even when they were highly milled. 

Most scientists agreed on this association with corn, though 
not on what was the true cause-and-effect relationship. Research 
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in the present century has shown that pellagra is primarily due 
to a dietary deficiency of niacin. However, the niacin content 
of different foods did not ti e in we 11 with their pell agra­
preventive value. But then it was discovered that a second 
nutrient, tryptophan, could act as precursor of the vitamin with 
approximately one sixtieth of the activity of the actual 
vitamin. The "niacin equivalent" values of foods (calculated 
from their content of both nutrients) show a much better corre­
lation with their pellagra-preventive value. Thus, mature corn 
is lower in niacin content than are wheat and rice; also the 
mixed proteins of corn are lower in their tryptophan content. 

What is not explained by the calculation of "niacin equiva­
lent" is the general freedom from pellagra of the peasants in 
Mexico and Central America, where corn has been the staple for 
millenia and where poverty, the consequent lack of animal foods 
in the diet, and general misery, have been fully equal to the 
conditions in Europe. 

It has been known for 40 years that analytical values for the 
niacin content of foods depended greatly on the method of 
extraction used, with the highest values being obtained after 
treatment with alkal i. We have confirmed with rat growth assays 
that the niacin in corn, wheat and rice is only about one-third 
available to this species, even after ordinary cooking at 
neutral pH. Cooking corn to make the traditional "tortillas" 
with calcium hydroxide resulted in all the niacin becoming 
available. Though some was leached out at the soaking stage, the 
net niacin value of the corn was still significantly improved. 

A concentrate of "bound niacin" prepared from wheat bran, 
using a procedure developed by Kodicek and Mason at Cambridge, 
was estimated to be about 25% available to humans. The assay was 
based on the level of extra urinary metabolites, Nl-methyl­
nicotinamide and Nl-methyl-2-pyridone-5-carboxamide after test 
doses of the preparation. The same preparation treated with 
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calcium hydroxide before dosing was apparent1y about 70% avail­
ab1e as compared with a standard of nicotinic acid. 

We are p1anning more human studies with corn products cooked 
in different ways. It appears that the traditiona1 processing 
may have been a crucia1 factor in making corn a safe staple, 
whi1e its significance went unrecognized by Europeans. 

* * * 
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The poorest inhabitants of an area where the standard of 1 iving is 10w 
generally eat the narrowest range of foods, and one staple (which serves as 
the cheapest 10ca1 source of ca10ries) dominates. In turn, the specific type 
of malnutrition seen in that area depends upon the particu1ar predominant 
staple and how it is processed before consumption. The use of white rice has 
been repeated1y associated with beriberi, as has corn with pellagra. 

Pellagra in Europe 

Corn, used here in the sense of "Indian corn" or maize, was brought to 
Europe from America, and over the period 1750-1850, became the typica1 
peasant's staple in many of the areas, bordering the Mediterranean and also 
in parts of Rumania and Southern Russia. By the end of that period, it had 
also come to be recognized that pellagra had become a serious, chronic 
disease in these same areas, f1aring up each spring amongst the poorest 
peasants 1iving on diets containing much corn and 1itt1e anima1 food (i.e., 
meat, eggs or dairy products) or wine and being generally in astate of 
wretchedness. The characteristic signs of the disease were severe dermatitis 
of those parts of the skin exposed to the sun, 1eading to dry, fissured 
scabs, also chronic diarrhoea and a mental deterioration marked by 
withdrawa1 and depression (e.g. Thiery, 1932; Aykroyd et a1., 1935). Nothing 
of the sort was seen in areas where wheat and rice were the staple foods, 
even where they were high1y mi11ed. 

In the second half of the nineteenth century, the majority of investiga­
tors probab1y agreed with Rousse1 (1845) who summed up as follows ~ 1) The 
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immediate cause of the disease is damaged corno We must, therefore, take 
measures to ensure that only healthy corn of good quality enters into con­
sumption. 2) The principal predisposing cause is an inadequate diet which is 
almost exclusively vegetable. The proportion of animal products in the diet 
of the peasants must be considerably increased. 

H.F. Harris (1919), a Georgia physician, wrote a scholarly book reviewing 
the experiments and conclusions of European investigations into pellagra up 
to that date. He personally became convinced by the evidence that the 
disease was caused by a toxin in mouldy corno Schoental (1980) is still of 
this opinion. One of the features of pellagra was that it flared up mostly 
in spring. This was explained on the "mou ld" theory by the corn meal's 
having become increasingly mouldy during its storage over the months since 
harvest. The restriction of the disease to poorer people was explained by 
the rich being able to discard corn meal which was no longer in "fresh" 
condition because they could afford to purchase more. 

Pellagra in the U.S.A. 

In 1906, pellagra began to be a serious problem also in the South-Eastern 
portion of the U.S.A. Searcy (1907) who studied the first outbreak of 
88 cases in an insane asy1um in A1abama, conc1uded that it came from the use 
of mou1dy corn bread. After wheat and potatoes had rep1aced corn bread and 
grits in the diet, no new cases occurred. When the disease began to be found 
in one state after another with an epidemic-like appearance, a second theory 
gained ground, name1y that it was an infection, probab1y transmitted by 
insects eating contaminated excreta (Sambon, 1910). Epidemio10gica1 studies 
confirmed that where it occurred in a town, the incidence was higher amongst 
peop1e who had primitive and insanitary privies (Si1er et al., 1914). 
Although corn was a dietary item in all the pellagra areas, investigation 
turned up no evidence of unusual mould infestation on the co rn being eaten 
by the affected groups (Alsberg, 1909). Nor did dietary surveys show a 
higher consumption of corn by pellagrins than by those who remained hea1thy 
(Goldberger et al., 1918b). In all the diets studied, consumption of corn 
products was less than that of wheat products (Goldberger et al., 1918b; 
Stiebeling & Munsell, 1932). 
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Because of those observations, corn ceased to be regarded in the U.S.A. 

as having any specific relation to pellagra. Goldberger and his U.S. Public 

Health Service (USPHS) team discovered one consistent difference in the diet 

of pellagrins - they had very little milk and cheese compared with those who 

remained healthy (Goldberger et al., 1918b). The preventive and curative 

value of milk was confirmed in trials in orphanages and mental hospitals 
(Goldberger et al., 1915; Goldberger & Tanner, 1922). 

Vitamin deficiency 

At first the value of milk was thought, by the USPHS group, to lie in its 

amino acid content since neither its mineral fraction nor cod-liver oil and 

orange juice (the materials regarded as "vitamin-rich" at that time) were 

found to be active (Goldberger & Tanner, 1922). Then the high potency of 

yeast extracts was discovered (Goldberger & Tanner, 1925) and their opinion 

changed again to pellagra's being aB-vitamin deficiency. 

Dogs proved useful model animals; a pellagrous human diet induced a 

disease-condition,blacktongue, with some striking similarities to pellagra 

(Goldberger & Wheeler, 1928). They had, in fact, provided Goldberger with 

the first evidence of the potency of yeast extracts (Goldberger et al., 

1918a). After Goldberger's death in 1929, and when nicotinic acid had been 

shown to be both a constituent of a co-enzyme (Warburg & Christian, 1935) 

and a growth factor for bacteria (Knight, 1937), work.ers at Wisconsin 

University tested nicotinic acid and found that it cured dogs with black­

tongue (Elvehjem et al., 1937). lt also gave dramatic responses with cases 

of pellagra (Spies et al., 1939). Some of the symptoms were not cleared up 

in a proportion of cases and these responded to riboflavin and/or thiamin. 

In Goldberger's basal diets for both his human and dog studies, corn 

formed a much larger proportion (more than 50% of total dry matter) than had 

been recorded in dietary surveys in the U.S. This was not considered to have 

any particular significance at the time. However, after the discovery of the 

vitamin activity of nicotinic acid, the Wisconsin group attempted to produce 

a corresponding deficiency condition in the rat. Surprisingly, rats showed 

no requirement for nicotinic acid on the usual purified diet with casein as 
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the protein source. They continued to grow and even to excrete the vitamin 

in their urine. But when this diet was di1uted with 40% corn mea1, the rats 
did become deficient (Kreh1 et a1., 1945). No such effect was seen when 
wheat or rice was the diluent (Kreh1 et a1. , 1946). Here apparent1y was a 
dramatic return to the "zeism" theory of pellagra with corn having a 
specific ma1evo1ent inf1uence. 

One difference between corn and the other cerea1s is that it has a 10wer 
content of tryptophan (expressed as g/100 9 protein) and it was found that 
the depressed growth of the rats on the "40% corn" diet was corrected by 
supp1ementary tryptophan as well as by nicotinic acid. Similar1y a growth 
depression cou1d be obtained without corn by adding ge1atin (a protein 
1acking tryptophan) or even by adding an amino acid mix which omitted tryp­
tophan (Kreh 1 et a1., 1945). The act iv ity of tryptophan also provi ded arr­
explanation for the pe11agra-preventive va1ue of anima1 protein foods of 10w 
niacin content. 

Because of the great difference between the indole ring in the amino acid 
and the pyridine ring in the vitamin, it was thought at first that trypto­
phan must stimu1ate production of nicotinic acid indirect1y, probab1y by way 
of the intestinal microf10ra. Then it was shown by experiments with isotopes 
that nicotinic acid was being formed from tryptophan (Hei1de1berger et a1., 
1948). The comp1 icated succession of enzymes required for this conversion 
was worked out over the next 15 years (Nishizuka & Hayaishi, 1963). 

Experiments with humans have shown that about one mo1ecu1e in 30 of 
supp1ementary tryptophan is converted to "niacin" (i.e. the general term for 
the vitamers nicotinic acid and nicotinamide) (Go1dsmith et a1., 1961). 

Because of the differences in mo1ecu1ar weight, this is equiva1ent to appro­
ximate1y 1 mg niacin per 60 mg tryptophan. For ca1cu1ating the "nicotinic 

acid equiva1ents" (NE) in a diet, it is now conventiona1 to add 1/60th of 

the weight of tryptophan present to the weight of performed niacin (National 
Research Counci1, 1980). This proportion on1y represents an average conver­
sion factor and it has been shown to be affected by hormonal influences 
(e.g. Knox & Auerbach, 1955). There are also important species differences. 



Low Availability of Niacin in Cereals 203 

Species differences 

It is now possible to understand why animal models were at first so 
mis1eading to investigators. McCollum had been the pioneer, demonstrating 
the usefulness of rats as models for producing vitamin A deficiency on diets 
similar to those with which the disease condition had been observed in 
ca1ves (McCollum & Davis, 1915). When others (e.g. Funk, 1912) suggested 
that scurvy and pellagra might also be vitamin deficiency diseases, 
McCollum's research group fed rats on diets similar to those associated with 
each disease, but in neither case did the rats fail to thrive. He conc1uded 
that scurvy was, in reality, a disease of autointoxication (McCollum & Pitz, 
1917) and that pellagra was an infectious disease analogous to tuberculosis 
(McCollum et al., 1919). 

We know now, of course, that the rat needs vitamin C for its metabolism 
but that, unlike humans, it can synthesize it from glucuronic acid (Review 
by Sato & Udenfriend, 1978). The rat also needs less tryptophan in its diet 
(as a percentage of total calories) to obtain enough niacin than do humans. 
Even 10% casein in a diet usually suppl ies enough tryptophan for a reason­
able synthesis of niacin. Also, the deficient rat does not show dermatitis 
or diarrhoea. 

The dog, on the other hand, which Goldberger was able to use as his 
animal model, needs more tryptophan if it is to be independent of a supply 
of dietary niacin. It can, for example, receive as much as 18% of its 
calories in the form of casein and still become niacin-deficient (Singal et 
al., 1948). At the extreme is the cat family which can apparently make 
little or no use of tryptophan as aprecursor of niacin (Carvalho Da Silva 
et al., 1952). 

Bound niacin in cereals 

A second confusing factor in trying to evaluate a diet for its "niacin 
value" (or "niacin equivalent" value) is the uncertainty concerning the 
bioavailability of the niacin in different foods. 
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Soon after the discovery of the "vitamin" nature of nicotinic acid, it 

was real ized that microbiological assays of the nicotinic acid value of 

cereal foods were giving different results according to the methods of 

extraction used (Kodicek, 1940; Krehl & Strong, 1944). Further studies 

confirmed that a cons i derab 1 e port i on of the ni ac in in a range of cerea 1 s 

was in a "bound" or "precursor" form, and was released to become available 
to the assay micro-organism by refluxing in either acid or alkali (Kodicek & 
Pepper, 1948; Ghosh et al., 1963). 

The relative quantities of free and bound niacin were first ,measured 

chemica11y in a semi-quantitative procedure, running paper chromatograms of 

extracts of food, and then developing the niacin-containing spots with 

cyanogen bromide and 4-aminobenzoic acid (Kodicek & Wilson, 1959). Thin­

layer chromatograms on plates coated with silica gel gave more reproducible 

Rf values (Carter & Carpenter, 1981). The procedure was sti 11 only semi­

quantitative but served very well to differentiate foods with most of their 

niacin in bound form from those with it almost entirely free. A quantitative 

separation procedure in which both free and bound could be determined was 

developed using Sephadex G-10 (Carter & Carpenter, 1981). The successive 

fractions eluted from the column were digested in alkal i and their free 

nicotinic acid (NA) content determined. The results of a typical run for 

jowar (an Indian variety of Sorghum vulgare) are shown in Fig. 1. 

It was found, in addition, that alkal ine treatment with NaOH increased 

the vitamin value of such extracts for rats (Chaudhuri & Kodicek, 1960). It 

was also reported that replacing raw corn meal in a niacin-deficient rat 

diet with Mexican-style, lime-cooked corn resulted in greatly improved 

growth, nearly equivalent to that obtained from supplementing the raw corn 

diet with an optimal level of niacin (Laguna & Carpenter, 1951; Kodicek & 

Wilson, 1959). Others confirmed this finding but suggested that the effect 

was to be explained by a change in the digestibility of the corn proteins 

and its effective amino acid balance rather than by the nicotinic acid being 

brought into a more available form (Massieu et al., 1956; Squibb et al., 

1959). This has been the subject of a number of studies and it now seems 

agreed that the effect is, at least largely, due to the conversion of bound 

niacin to more avai1able forms (Harper et al., 1958; Kodicek & Wilson, 1959; 

Christianson et al., 1968). 
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Fig. • Elution 
patterns when standard 
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~A (.--.) and cpm for 
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1t was reported in one paper that the same improvement could be obtained 
by cooking corn at neutral pH (Pearson et al., 1957). This has not been 
confirmed in aseries of other trials (Harper et al., 1958; Carpenter et 
al., 1960). The original report may have been related to the final drying 
being done under such drastic conditions that there was considerable 
destruction of lysine. This deserves re-examination. 

These questions are, of course, of great interest in relation to the 
paradox that pellagra has been associated with corn consumption amongst the 

poores t port i on of the popu 1 at i on in every area except Mex ico and Centra 1 
America, where it has been the staple food for millenia (Salas, 1863; May & 
McLellan, 1972). 1s this freedom to be explained by the traditional cooking 
of corn at an al ka 1 ine pH with 1 ime-water to make tort i 11 as, or are other 

explanations, particularly the use of beans as a supplement to corn, the 
real reasons ? We will return to this question later. 
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Severa1 1aboratories have attempted to iso1ate the bound form of niacin 
from cerea1s so as to study its chemica1 characteristics (Das & Guha, 1960; 
Kodicek & Wi1son, 1959; Christianson et a1., 1968; Mason et a1., 1973; Mason 
& Kodicek, 1973). No one has reported obtaining a single molecu1e of iden­
tified structure. All are agreed that the nicotinic acid is part of either a 
complex structural carbohydrate or a glycoprotein. It may be that a family 
of mo1ecu1es is involved. The indication from the work of Mason & Kodicek 
(1973) is that the nicotinic acid is esterified to a glucose unit which is, 
in turn, attached to other units. Recent1y, Sandhu & Fraser (1981) have 
shown that nicotinoyl cellulose has properties similar to those of naturally 
occurring "bound niacin" when fed to deficient rats. 

Biological assays 

Concentrates of bound niacin, purified by successive fractionation may 
not be representative of all the "bound" niacin in a food. The very proce­
dures of fractionation may also alter its properties. These were two reasons 
for our wishing to carry out quantitative rat bioassays for the niacin value 
of whole foods (Carter & Carpenter, 1982a). The main problem is to keep the 
balance of tryptophan and other amino acids in the test diets constant so 
that it does not influence the response of the rat when test foods are added 
to a niacin-deficient diet. 

We used weight gain or "gain/g food eaten" of weanl ing rats as our 
response measure. This required careful choice of tryptophan level for the 
diets so that there was enough to permit the protein synthesis required for 
rapid growth when a high level of niacin was added, but not so much that it 
supplied enough of the vitamin, in the absence of added niacin, to support 
more than very slow growth. The composition of the most satisfactory diet 
that we arrived at is shown in Tab1e I. 

Our final procedure has been to feed weanling (i.e. 21-day-01d) male rats 
for 4 days on the basal diet and then randomize them to the test diets for 
an experimental period of 18-20 days. On the basal diet without a sup­
plement, their weight remained virtually constant; with a supplement of 
12 mg/kg nicotinic acid, they gained at a rate of approximate1y 4 9 per day. 
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In order to obtain data that could be subjected to a valid "slope-ratio" 

statistical analysis, we used two levels of each test material and three 

levels of standard in every assay (Finney, 1964). Every test diet was fed to 

four cages each containing two rats. The calculated coefficients of varia­

tion of the estimates varied according to the degree to which the response 

to the test food covered the range of straight-line response to the stan­

dards. The higher values were obtained with samples where the response of 

the rats was very small. An example is shown in Fig. 2, where the c.v. of 

the estimate for beans was 9 and for boiled corn was 26%. One would like to 

have lower values for error, but these are rather typical of results from 

bioassay. 

Results for 10 foods are summarized in Table II. For none of the test 

items that had the bulk of their niacin in the free from was the rat assay 

value significantly different fromthe niacin content determined chemically. 

Wheat, milo and corn had only trace amounts of free niacin, but rice and 

potatoes apparently had about one-quarter of their niacin free. All these 

samples gave rat assay values well below the values for total niacin 

content. On the hypothesis that all the free niacin was available, we 

estimated the availability of the bound portion from how much the rat value 

exceeded the chemica 1 va 1 ue for free ni ac in. As we see in Tab 1 e I I, the 

estimates for the four cereals averaged 32%. 

From experiments where foods rich in bound niacin have been added to 

niacin-deficient diets without adjustment of niacin balance (e.g. Chaudhuri 

& Kodicek, 1960; Christianson et al., 1968), the general finding has been 

that the bound niacin is of no value to young rats. We are not sure why our 

results differ. One possibil ity is that some other characteristic of the 

test foods is stimulating growth s)ightly in the young rats. Mason & Kodicek 

(1970), working with a concentrate of soluble "bound niacin" from wheat 

bran, with the free niacin removed by dialysis, found that it too gave a 

growth response with rats. We made a s imil ar preparat ion and a rat assay 

gave a value equivalent to an estimated 17% availabil ity of the niacin 

(Carter & Carpenter, 1982a). 
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Table 11 Rat assay results compared with chemical values 
for free and total niacin 

Niacin values (as nicotinic acid), mg/kg 
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Chemica11y free Total Rat assay 

Cereal foods : 

Boiled milD ND· 45.5 16 ± 3.8 
Boiled wheat ND 57.3 18 ± 5.4 
Concentrate from wheat bran ND 2,800 480 ± 240 
Boiled rice 17 70.7 29 ± 6.6 
Boiled corn 1.1 18.8 6.8 ± 1.8 
Torti 11as 11.7 12.6 14 ± 1.8 
Steamed sweet corn 45 56.4 48 ± 7.2 

Non-cereal foods 

Baked potatoes 12 51 32 ± 6.9 
Baked 1 iver 297 306 321 ± 30 
Freeze-dried instant coffee 315 597 417 ± 67 
Baked beans 19 24 28 ± 2.7 

* ND = not detected 

Niacin assay with human subjects 

We went on to assay another batch of this material with human subjects, 
to obtain an indication as to whether humans behaved 1 ike rats in their 
metabolism of bound niacin (Carter & Carpenter, 1982b). The advantage of 
using a concentrate for this purpose was that we did not need to make 
adjustments for significant contributions of tryptophan or other amino acids. 

There could, of course, be no question of making human subjects defi­
cient. We, therefore, fo11owed the common procedure of estimating vitamin 
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status from urinary excretion of metabo1ites (Me1nick et a1., 1945). Human 

assays are also expensive but we hoped to assay 3 test materials on each of 

3 subjects within a total test period of 40 days. 

As with the rat assay, the basal diet had to provide a constant daily 

intake of availab1e niacin and also of tryptophan and the other essential 

amino acids. We chose a level of 20 mg niacin equiva1ent intake per day. 

This met the U.S. "Recommended Dietary Allowance" and was also expected to 

correspond to a point on the dose-response curve for urinary metabolites, 

where, with an additional intake of availab1e niacin, a 1arge proportion 

wou1d be recovered in the urine. The diets were chosen to be as pa1atab1e as 

possib1e but to omiot it~ms that cou1d be a serious source of variation of 

I niacin-equiva1ent" intake. Thus, meat and fish were omitted and bread was 

made for us from non-enriched white flour. The midday mea1 consisted of a 

Iformu1a" drink that served as a vehic1e for providing supp1ementary 

minerals and vitamins other than niacin. 

We wanted our test dos es to have niacin contents such that the total 

daily intake was still within the normal range. Results with very large 

supplements indicating a 10w percentage availabi1ity cou1d be criticized for 

being "non-physio10gical". Also, in order to have the test as relevant as 

possib1e to practica1 conditions, one portion of the concentrate was mixed 

with corn starch and water and baked at neutral pH, as for most cerea1 

foods, and another portion was given the same treatment but with added 

calcium hydroxide (as in the production of Mexican and Centra1 American 

tortillas). The second treatment resu1ted in the niacin being re1eased from 

i ts bound form( s) and served as one pos it ive contro 1. The th ird mater i a 1 

tested was pure nicotinic acid. The subjects were all scientists continuing 

their normal activities, but experienced in quantitative measurement and 

with a great interest in the work. 

From a scrutiny of the literature and from a short pre1iminary test with 

one subject, it appeared that a 14-day pre1iminary period on the basal diet 

shou1d bring urinary excretion down to a plateau level, and 24-hour urines 

were co11ected form the 6th day on. On days 14 and 15, each subject received 

one of the tes t doses spread over the two days, each tota 1 dose conta i n i ng 
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35 mg niacin (except for the pure nicotinic acid which was on1y 24 mg). 

Urine continued to be collected each day. It was expected (and the results 

confirmed it) that the urinary response to the doses wou1d be comp1ete in 

4-5 days and that excretion wou1d return to plateau levels after that. The 

subjects were then given their second dose on days 22-23 and their third 

dose on days 30-31. The doses were given in a different order to each 

subject. 

Each 24-hour samp1e of urine, was ana1yzed in dup1icate for the two main 

niacin metabolites, N1-methY1nicot~amide and N1-methY1~2-pyridOne-5-
carboxamide and the total of the two calcu1ated as niacin equiva1ents. A 

typica1 set of resu1ts for one subject is shown in Fig. 3. The above-p1ateau 

response summed for the six days fo110wing each dose is set out in 

Tab1e 111. We see that the differences between treatments were significant. 

When the urines were ana1yzed for their creatinine content and the daily 

excretion of metabo1ites expressed "per mg creatinine" the residual vari­

ability was reduced, and the treatment differences became high1y significant • 
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3 

Means* 

Means* 

Carpenter 

Table 111 : Baseline values for excretion of N-MN + 2-PYR 
and the net additional excretion after each dose* 

Mean baseline 
excretion 

mg/24 h 

(12.8) 
(8.24) 
(3.86) 

Dose (total NA content, mg) 
NA ABN BN 

(24.0) (35.3) (35.3) 

Additional excretion of NA equivalents, mg 

24.1 20.3 7.38 
17.1 25.7 11.30 
22.6 19.6 6.30 

21.3a 21.9 a 8.33b 

Daily mg NA equivalents/g creatinine 

15.9a 16.6a 6.34b 

* NA, nicotinic acid; BN, bound nicotinic acid; ABN, alkali-treated BN. 
Values with different superscripts are significantly different. 

Since the response to the bound niacin preparation was equivalent to only 
24% of the dose and the average response to the two doses containing only 
free niacin was 76%, it was concluded that the phenomenon of "bound niacin" 
in a variety of foods, being of low availability to rats could be duplicated 
in humans. To go beyond this and estimate the availabil ity of the bound 
niacin -as "100 x 24/76 = 32%", would assume linear responses to both 
standard and test material. We can only say, for certain, that the avail­
abil ity in the test material is lower to a highly significant extent. An 
experiment with one test material does not, of course, provide proof that 
all the assay values obtained with rats are applicable to humans, but it 

does suggest that, until further assays with humans are conducted, it would 
be prudent to use the lower rat assay values when calculating the adequacy 
of the niacin supply in human diets rather than the total niacin values from 
chemicalanalyses that are used at present. 
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Re-evaluation of pellagrous diets 

Table IV sets out representative "niacin-equivalent" values for a number 
of foods and shows the effect of allowing for an estimated 35% availability 
of the bound niacin. Whether one considers total NE or available NE, it is 
clear that corn (maize) has a considerably lower value than the other 
cereals. It is also clear that the pellagra-preventive (PP) value of dairy 
products is explained by their contribution of tryptophan, even though they 
are quite low in niacin. 

Table IV The total and/vailable "niacin-equivalent" (NE) values 
(mg/10 kcal) of common foods 

Foods Total NE Ava il ab 1 e NE b 

Potatoes 23 (0.23)a 17 (0.32) 

Wheat 21 (0.39) 12.5 (0.65) 
Whole Rice 24 (0.23) 11.5 (0.47) 
cereals Sorghum 15 (0.33) 8.5 (0.59) 

Corn 10 (0.32) 5.3 (0.59) 

Refined Wheat 7.5 (0.66) 5.7 (0.85) 
cereals Rice 9.0 (0.34) 4.9 (0.61) 

Corn 5.5 (0.35) 3.1 (0.62) 

Tortillas 6.2 (0.41) 
Beans 19 (0.67) 

Meat 26 (0.51) 
Milk 15 (0.92) 
Eggs 22 (0.94) 

(a) The proportion of the NE coming from tryptophan is shown in parentheses. 
(b) The niacin in the cereals (except tortillas) is assumed to be only 33% 

available and in the potatoes 63%. 
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I f it i s the case that most of the ni acin in cerea 1 s (other than those 
cooked in alkal i) is unavailable for humans, does this provide an explana­
tion for which diets are and which are not pellagragenie ? Certainly it 
helps. Table V summarizes newly calculated estimates of the composition of 
diets from old surveys (Lewin, 1980; Carpenter, 1981a). 

Tab1e V : Composition and ca1culated nutritiona1 va1ue of pub1ished 
average diets for different communities (from Carpenter, 1981a) 

Rumanian 
pea~ant, 1935 
(pellagrous) 

Guatemalan 
rural, 1965 
(healthy) 

Percentage of calories from different foods 

Corn 75.5 57.3 
Other cerea1s 9.9 7.7 
Beans 8.6 8.5 
Dairy products 0.3 3.3 
Meat and eggs 2.7 4.8 
Fruit and vegetab1es 3.0 3.8 
Fats 3.6 
Sugar and syrups 10.0 

Ca1cu1ated nutrient va1ue of diets, expressed per 

Protein, 9 30.8 29.2 
Tryptophan, mg 271 280 
Niacin, mg 1 7.3 (3.4) 6.5 (6.3) 
Niacin equivalents, 1 11.8 (7.9) 11.2 ( 11.0) mg 

Carolina mill 
villages, 1916 

(healthy) (pellagrous) 

15.7 16. 1 
38.6 39.5 
2.8 3.9 

7.2 1.9 
4.8 5.1 
3.3 3.5 

22.3 23.4 
5.3 6.6 

thousand kca1 

27.4 25.7 
340 278 

4.3 (3.4) 4.1 (3.0) 
10.0 ( 9.0) 8.7 (7.6) 

(1) Niacin-equiva1ents are calculated as "Tryptophan/60" plus niacin. Values 
in brackets are ca1cu1ated by assigning the whole cereals used in 
Rumania an avai1abi1ity of 32%, the refined cerea1s used in Caro1ina 40% 
and the 1ime-cooked corn used in Guatemala 100%. The Guatemalan niacin 
value has 1.0 mg/day added as the contribution from coffee. 
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The typica1 Rumanian peasant diet, when pellagra was a serious problem, 

was estimated to contain 11.8 mg total niacin equiva1ents (NE) per 

1,000 kca1. This was more than the corresponding va1ue of 11.2 mg for a 

Guatema1an rural diet where the disease did not occur. Adjusting for the 

assumed low availability of bound niacin gives estimates of 7.9 and 11.0 mg 

respectively of available NE per 1,000 kca1. The Rumanian value of 7.9 is 

similar to a value of 7.6 mg available niacin calculated for pe11agrous 

family diets in the U.S.A. in the original USPHS survey (Goldberger et a1., 

1918b). 

The odd thing is that work carried out since 1945 to determine human NE 

requirements has given results (Goldsmith et a1., 1955; Horwitt, 1958) from 

which it was concluded that diets containing 4.4 mg total NE per 1,000 kcal 

were just adequate and that 6.6 mg was a safe recommended dietary allowance 

(RDA) (National Research Council, 1980). 

This is a paradoxical situation. From a re-examination of Goldberger's 

1 ater studies of subjects receiving experimental diets, calculations again 

indicate that many of those developing pellagra were apparently receiving as 

much as 7.9 mg available NE per 1,000 kcal (W.J. Lewin & K.J. Carpenter, 

unpublished study). On the other hand, these diets and the family diets of 

pellagrins surveyed in the U.S.A. (Goldberger et a1., 1918b; Stiebel ing & 

Munsell, 1932) are all apparent1y well below the RDA of 0.6 mg/l ,000 kcal 

for riboflavin. 

Sebrell & Butler (1938) showed that some of the deficiency signs on 

Goldberger's "pellagra-producing" diets were cleared up with supplementary 

riboflavin, and probab1y the critics of Goldberger's first production of 

"experimental pellagra" were right in thinking that a different condition 

had been produced which we would now attribute to deficiency of riboflavin 

(cf. Carpenter, 1981b). 

However, that it not the whole story, for the use of nicotinic acid did 

have a dramatic effect in the treatment and prevention of pellagra in the 

U.S.A. Could it be that marginal deficiencies of other B-vitamins were 

increasing the requirement for niacin, perhaps through a reduced efficiency 
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of the tryptophan-to-n i ac in pathway ? The comp 1 ex interre 1 at i onsh ips of the 

B-vitamins have been the subject of many papers. The "pellagra-preventive" 

food supplements used by the USPHS in their classic studies were all sources 

of many nutrients. We are in the middle of testing different hypotheses 

about vitamin interactions to account for their relative activities 

(W.J. Lewin & K.J. Carpenter, work in progress). 

The cases of pellagra studied at the National Institute of Nutrition 

(NIN), Hyderabad, have been of people, mostly men, whose staple cereal food 

was sorghum, with the local variety name of "jowar". Sorghum has its niacin 

in bound form, as already discussed, but its protein is of relatively high 

tryptophan content, i .e. 1 ike wheat and rice rather than corno The obvious 

characteristic that sorghum shares with corn is a high leucine content. In 

view of this, Gopalan and Srikantia (1960) hypothesized that it was the high 

leucine content of corn rather than its low tryptophan that was mainly 

responsible for its association with pellagra. Since then, there has been a 

series of papers from NIN indicating the pellagragenic activity of leucine 

both in human subjects and in monkeys and dogs (cf. review by Gopalan & Jaya 

Rao, 1975). 

It has been a continuing paradox that no such effect of leucine has been 

found in studies reported from other countries (e.g. Manson & Carpenter, 

1978; Nakagawa & Sasaki, 1977; Patterson et al., 1980; Cook & Carpenter, 

1982). No study has been reported of the conmunities to which the Indian 

pellagrins belong - Le. incidence by sex, age and season and the composi­

tion of family dietaries. The explanation for the Indian results may lie in 

the finding of vitamin Bli-deficiency in the subjects and/or a connection 

with alcohol ism (Bapurao & Krishnaswamy, 1978). Looking at data from the 

World as a whole, a greater incidence amongst men than women has always been 

associated elsewhere with alcoholism (Harris, 1941). 

Alcoholic pellagra does not seem to be associated with any particular 

basal diet. Before the routine fortification of cereals with a vitamin mix 

that included nicotinic acid, it was seen regularly amongst alcoholics in 

the Northern parts of the U.S.A. where wheat flour and potatoes were stap1es 

and corn was not (Harris, 1941). For the a1coho1ic pellagrins studied in 
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Braz il (Vannucch i et a1., 1982) the d i et was based on a rough ly 3: 1 mi x of 

rice and Phaseolus vulgaris beans (H. Vannucchi, private communication). 

There are obviously some remaining mysteries as to why pellagra occurs in 
some conditions and not in others. Why did it spring up in epidemic propor­
tions in parts of the U.S.A. between 1906 and 1910 ? It has been argued 
elsewhere that one factor could be the development of the commercial 
degermination of corn meal at the beginning of this period (Lewin, 1980; 
Carpenter, 1981a). Also, although vitamin depletion is a necessary condition 
for the disease appearing, we do not understand why the appearance of it is 
stimulated by strong sunlight. This and other "stress" factors such as 
mycotoxins could still, for example, be factors determining whether the 
disease will appear at a dietary intake of 7.9 mg NE/1,000 kca1, or on1y at 
a level be10w 4.4 mg. So many dogmatic theories have a1ready been overturned 
in the history of this subject that we shou1d not be overconfident that we 
"know it all now". 
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IRON REQUIREMENTS AND BIOAVAILABILITY OF DIETARY IRON 
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SUMMARY 

Over the past few decades so much knowledge has been gained 
about iron needs, dietary iron availability and adequacy that it 

is now one of the best defined nutrients in these respects. 
Development of new, accurate methods for the measurement of both 
the losses of iron from the body and the absorption of iron from 
the diet has significantly contributed to this situation. 

Present knowledge of iron needs is summarized. Specific to 
iron are the much higher needs in women than in men and the 
great variation in needs between different women due to a marked 
physiological variation in menstrual iron losses and to the 
effects of pregnancies. 

Iron availabil ity is discussed separately for heme and non­

heme iron (the major type of food iron). Heme iron in small 
amounts is, on average, better absorbed than non-heme iron. The 
absorption of heme iron is influenced very little by the iron 
status of the subject and by the other food components in the 

diet with the exception of meat which stimulates absorption. On 
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the other hand, the absorption of non-heme iron is markedly 

influenced both by the iron status of the subject and a great 

number of dietary factors. 

The absorption of iron from the diet is thus determined more 

by meal composition than by the amount of iron present in the 

diet. The great variation in absorption between different meals 

is illustrated and the importance of various factors influencing 

non-heme iron absorption is also demonstrated. Whilst the mode 

of food preparation itself influences iron absorption, meat or 

fish and ascorbic acid are some principal food constituents that 

enhance absorpt ion of iron. On the other hand, severa 1 factors 

1 ike tannins, phytates, phosphates, soya protein products and 

various "dietary" fibres have been reported to inhibit non-heme 

iron absorption. 

A consideration of the nutritional adequacy of iron high­

lights the importance of methods of evaluation, particularly the 

usefu1ness of the "bioavailab1e nutrient density" (BND) approach 

for different meals; BND for iron represents the amount of iron 

absorbed per 1'000 kca1 (4'180 kJ). 

The main problem in iron nutrition in Western countries today 

is that arising from the combination of a low-energy intake, 

especial1y in women having the highest iron needs, with a 

conservatism in the choice of meals/mea1 composition. Provision 

of bioavai1ab1e dietary iron to meet needs has hence not been 

adjusted to "modern 1ife". 

* * * 

Over the past few decades much know1edge has been gained about iron 

needs, dietary iron avai1abi1ity and adequacy. Iron is one of the nutrients 

which are best defined in these respects. The reason is that new accurate 

methods have been deve10ped for the measurement of both the losses of iron 

from the body and the absorption of iron from the diet. My assessment of 
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iron nutrition will be limited to adults as a forthcoming Nestle symposium 
on iron will be devoted to infants and children. 

The paper consists of three parts: (1) a summary of present knowledge of 

iron requirements in adults, (2) a discussion of recent information about 
the bioavailability of dietary iron, and (3) an analysis of methods to 

eva1uate the adequacy of a diet with respect to iron. 

Iron reguirements 

The tota 1 amount of i ron in the body i s about 2000-3000 mg in adu lts. 

Since iron is continuous1y recyc1ed in the body, the dai1y iron requirements 

are relative1y small and consist of the amounts of iron lost from the body 

and the amounts necessary for growth and deve10pment. 

Iron is regu1ar1y lost from the body by 10ss of desquamated ce1ls from 

externa1 and interna1 body surfaces such as skin, gastrointestina1 tract and 

urinary tract. Iron is also lost in all subjects by minor losses of b100d. 

These basal physio10gica1 losses amount to 14 llg of iron/kg body weight/ 

day in hea1thy men and women (e.g. 0.8 mg/d in a 55 kg woman and 1.0 mg in a 

70 kg man). For a review see Bothwe11 et a1., 1979. 

In women of chi1dbearing age, the menstrual iron losses have to be added 
to the basa110sses. Of great importance in understanding the critica1 iron 

balance situation in a great proportion of women is the fact that the 
menstrual iron losses are very constant in the particu1ar woman but vary 

markedly between different women. Th i s exp 1 a ins why some women have much 

greater iron requirements than others. In a 1arge group of women, random1y 

se1ected from the general population, menstrual b100d 10ss resulted in an 

average daily iron 10ss of 0.6 mg (Hallberg et al., 1966). In 25% of these 

women the losses exceeded 0.9 mg/day and in 10% they exceeded 1.4 mg/day. 

Thus, the total iron requirements in 10% of menstruating women exceed 

2.2 mg/day. 

Studies in twins indicate that the magnitude of the menstrual iron losses 

is to a 1arge extent genetica11y contro11ed (Rybo & Hallberg, 1966). Another 
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interesting fact is the observation that the frequency distribution curve of 
the menstrual iron losses and the average losses per unit body weight are 
about the same in Burmese women as in women in Sweden, England and Canada. 
These observations imply that the iron requirements in our ancestors were 
probably very similar to the requirements in present-day women. Exceptions 
may be due to modern anticonceptional methods - oral contraceptives reduce 
menstrual losses by half and present intrauterine contraceptive devices 
increase the losses by about 50%. 

The iron requirements of pregnancy are also well defined. The total iron 
requirements are about 1000 mg. Iron is needed to cover the basallosses of 
the mother (240 mg), the increase in maternal red cell mass (about 500 mg), 
and the requirements of placenta and fetus (about 300 mg). 

A great problem is that these enhanced requirements are not evenly 
distributed over the whole per iod of pregnancy, but develop chiefly in the 
latter half or third of pregnancy, because of the exponential growth of the 
fetus. In the last month of pregnancy for instance, the total iron require­
ments mayamount to 7-8 mg/day (Fig. 1). 

mg 
10 

5 

1 

1 2 3 4 5 6 789 
Momhm~egrnmcy 

~ ~ Estimated total daily iron requirements during pregnancy. 
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Such requirements can never be met from diet a10ne and it is reasonab1e to 

assurne that a main function of iron stores in the body is to counteract the 
development of iro~ deficiency in the later part of pregnancy. There is no 
increase in the absorption of iron from the diet during ear1y pregnancy when 
the iron requirements are low but absorption increases during the 1atter 
part of pregnancy. It can be ca1cu1ated that iron stores of about 500 mg are 
needed to balance the iron requirements during pregnancy. Iron stores of 
this magnitude are rarely found today in young women and this exp1ains why 
it is recommended to give iron in tablet form during the latter part of 
pregnancy. This seeming1y irrational and unphysio1ogica1 approach resu1ts in 
industrial ized countries from the present low dietary intake of energy and 
iron in women and in most deve10ping countries from the low bioavai1abi1ity 
of iron from present diets. 

During the lactation period there are usually no menstrual iron losses 
and the daily iron requirements are then composed of the basa110sses of 
0.8 mg and the iron lost into breast milk (about 0.25 mg/d), or a total of 
about 1 mg/d. It is probable that in early man iron stores were replenished 
to adequate levels during the lactation period. 

Bioavai1abi1ity of dietary iron 

There are two kinds of iron in the diet with respect to the mechanism of 
absorption - heme iron (derived mainly from hemoglobin and to a minor extent 
from myoglobin) and non-heme iron (derived mainly from cerea1s, vegetables 
and fruits). Heme iron is ~aken up into the mucosal cells as an iron­
porphyrin complex which is spl it in these cells by a specific enzyme. 
Non-heme iron is probably taken up by a transferrin-1ike receptor on the 
surface of the mucosal cells. The absorption of these two kinds of iron is 
inf1uenced differently by dietary factors and by the iron status of the 

subjects (Hallberg et a1., 1979). 

Heme iron forms on1y a minor part of the iron intake - up to 10-15%. Its 

absorption is influenced by meat in the diet but not by other dietary 
factors. There is little if any influence of the subject's iron status on 
heme iron absorption. The absorption of non-heme iron, on the other hand, is 
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markedly influenced by a great number of known and unknown factors in the 

diet and by the iron status of the subjects. 

Most knowledge about the absorption of iron from the diet has been 

obtained during the last 10 years. The reason is that new methodology was 
introduced at that time which made it possible for the first time to measure 
the absorption of iron from meals (Hallberg and Björn-Rasmussen, 1972; Cook 
et al., 1972). The basis for the new method was the unexpected observation 
that an inorganic radioiron tracer added to different foods rapidly and 
uniformly labelled the various non-heme iron compounds in a meal, probably 
by an isotopic exchange. Heme iron was not labelled by an inorganic radio­
iron tracer and the concept of two separate pools of iron in the gastro­
intestinal tract was introduced - the heme iron and the non-heme iron pools. 
The use of two different radioiron isotopes enables these two pools to be 
independently and simultaneously labelled with biosynthetically radioiron­
labelled hemoglobin and with an extrinsic, inorganic radioiron tracer. 

Non-heme iron is the main source of dietary iron and the bioavailability 
of this iron under different conditions iso therefore, of great importance 
for iron nutrition. A main problem in studies on the absorption of non-heme 
iron is the marked effect of the iron status of the subjects - more iron is 
absorbed by iron-deficient and less by the iron-replete subjects - leading 
to a marked subject-to-subject variability. This makes it difficult to 
determine whether differences in absorption between meals studied in 
different groups of subjects relate to properties of the meals or to the 

iron status of the subjects. This problem is overcome, however, by adjusting 
in each subject the absorption from a meal to the absorption from a standard 

dose of inorganic radioiron given at physiological levels under standard­
ized conditions. In this way an independent measure of the absorptive 
capacity for iron is obtained in each subject (Layrisse et al., 1969). 

An informal agreement has been reached among workers in different 
countries to use 3 mg of iron as ferrous "ascorbate" for this reference 

dose. Subjects who are borderline iron-deficient absorb about 40% from this 
dose and it hast therefore, been suggested that the absorption from meals be 
norma 1 ized to correspond to an absorpt ion of 40% from the reference doses. 
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In this way, the bioavailability of iron from a meal, studied in a group of 
subjects, can be expressed as a single figure corresponding to the iron 
absorption in subjects who have borderl ine iron-deficiency, i .e. subjects 

with absent iron stores but who have no anaemia (Magnusson et al., 1981). 

Factors affecting the bioavailability of dietary non-heme iron 

As mentioned earlier the non-heme iron in most foods is completely and 
rapidly labelled by an added inorganic radioiron tracer and this implies 
that an isotopic exchange takes place. Moreover, it suggests that all non­
heme iron compounds present in a meal can be regarded as part of a common 
pool. The properties of this pool and thus the absorption from the pool, 
i.e. the meal, can be markedly affected by a number of factors in the diet -
some inhibiting and some enhancing the absorption. For a review see 
rlallberg, 1981a. The most potent factors increasing the absorption are 
ascorbic acid and meat/fish. Factors inhibiting the absorption are for 
examp1e tannins (in tea, vegetab1es and certain cerea1s) and bran, probab1y 
because of its content of phytates (see be10w). Quantitative information of 
the effect of various factors is easi1y obtained by serving a mea1, with or 
without the factor to be studied on alternate days to the same group of 
subjects, 1abe11ing the mea1s with two different radioiron isotopes. 

The markedly enhancing effect of meat and fish on iron absorption was 
early observed by Layrisse et al., 1968. The mechanism of action is still 
not sett1ed. lt is of interest, however, that the enhancing effect is of 
about the same magnitude for heme and non-heme iron (Hallberg et al., 1979). 
The low bioavailability of iron in diets in developing countries was long 
considered to be due sole1y to their low content of meat and fish; however, 
this is not true. The absorption of non-heme iron from meals with a high 
content of ascorbic acid can actua11y be as good as or even better than from 

the same basal meal to which meat is added to enhance the absorption. Meat 
and ascorb i c ac i d prob ab 1y enhance non-heme iron absorpt ion by independent 

mechanisms and the absorption-promoting effects will, therefore, be additive. 

Ascorbic acid seems to be the most potent enhancer of non-heme absorp­
tion. The extent of enhancement depends on the amount of ascorbic acid and 
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on the initial bioavailabil ity of iron in the meal. Addition of 50 mg 
ascorbic acid to a simple maize meal will increase the absorption about 
3-5 t imes, whereas the absorpt ion increase from a mea 1 with a high basal 
bioavailability may be 2-3 fold. The increase in bioavailability in absolute 
amounts, however, wi 11 be cons iderab 1 ein both cases. A 9 1 ass of orange 
juice containing 70 mg ascorbic acid increased the iron absorption from a 
hamburger mea 1 2.2 t imes and a mi xed vegetab 1 e sa 1 ad composed of 1 ettuce, 
green pepper and tomatoes containing 45 mg ascorbic acid increased the 
absorption 1.8 times from the same hamburger meal. For a review on the 
effect of ascorbic acid on the bioavailabil ity of iron from food, see 
Ha llberg, 1981b. 

Tannins are the probable cause of the marked reduction in iron absorption 
observed when meals are served with tea. This was first reported by Disler 
et al., 1975. Tea served with a continental breakfast reduces the absorption 
to less than half (Rossander et al., 1979). The effect is about the same 
when tea is served with a hamburger meal (Hallberg & Rossander, 1982c). 
Vegetables and cereals with a high content of tannins also inhibit the non­

heme iron absorption. This is an important area for further research. 

Soy protein products have been reported to inhibit non-heme iron absorp­
t ion (Cook et al., 1981). Other workers have obtained different results 
(Fig. 2) (Hallberg & Rossander, 1982d). The divergencies in results, how­
ever, are more apparent than real and are mainly due to the interpretation 
of the results. When soy is added to a meat-containing meal to make a bigger 
hamburger (meat extension), the percentage of non-heme iron absorbed is 

usually decreased but the actual amount of iron absorbed is increased as the 
added soy product has a high iron content. However, when soy is used to 

replace a portion of the meat in a hamburger (meat substitution), there is a 
decrease in the total amount of iron absorbed from the meal. The reduction 

is partly due to a decrease in the enhancing effect of meat on non-heme iron 
absorption and partly to a decrease in heme iron content of the meal 
(Fig. 3). 

The overall effect of soy protein on iron nutrition depends on several 
factors such as the iron status of the population, the amount and type of 
soy protein used and to what extent it is used as a meat substitute. 
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Fig. 2 : Non-heme iron absorption from a hamburger mea1. The meat content 
had either been reduced by half or exchanged for different forms of soy 
protein. 
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Fig. 3 : Two interpretations of the effect of soy protein on non-heme 
iron absorption from hamburgers. 
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In populations with a low meat intake, where soy is added to the diet to 
increase the protein intake, the iron absorption is significantly increased 
by soy, mainly because of its high iron content. 

Wheat bran has been shown markedly to inhibit non-heme iron absorption. 
The earliest observations were made in balance studies a long time ago by 
Widdowson & McCance (1942) and these results have been confirmed and 
extended in studies using the extrinsic tag method (Björn-Rasmussen, 1974). 
The relative role of phytates and fibres in explaining the inhibition of the 
non-heme iron absorption by bran is not yet settled as divergent results 
have been found. One group claims that iron in bran is present as monoferric 
phytate which is as well absorbed as ferric chloride. Moreover, an inhi­
bitory effect of bran was also seen after degradation of its phytate by 
endogenous phytase (Simpson et al., 1981). In recent studies in our labora­
tory (Hallberg & Rossander, unpub 1 i shed) divergent results were obta ined 
indicating that the phytates are the main factor responsible for the 
inhibiting effect of bran on iron absorption. As shown in Fig. 4, the 
addition of bran to a wheat bread markedly reduced the absorption. Washing 
the bran with water did not eliminate its inhibiting effect whereas washing 
with dilute hydrochlorid acid increased the absorption to the same level as 
from bread baked of white wheat flour. Restitution of the phytates by the 
addition of sodium phytate again reduced the absorption. It can be argued 
(1) that hydrochloric acid extracts not only phytates but also some other 
fibre fraction inhibiting iron absorption and (2) that sodium phytate is an 
unphysiological compound, as native phytates are in the form of potassium 
and magnesium salts and the iron in the form of monoferric-phytate. 

In further studies, we have therefore compared the absorption from white 
wheat bread to which we added either bran or a "physiological" mixture of 
monoferric phytate and magnesium - potassium phytates in amounts corre­
sponding to the contents of both iron and phytates in the bran. The dif­
ference between the two kinds of bread in this study is thus only in the 
fibre fractions of bran. The two kind of breads were labelled with different 
radioiron isotopes and served to the same subjects on alternate days. 

It is evident from Fig. 5 that the absorption was the same when adding 
bran and the phytate mixture, indicating that the bran fibre as such had no 
significant, additional, inhibitory effect on non-heme absorption. 
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Fig. 5 : Iron absorption from wheat brea.d to which was added bran or a 
mixture of monoferric phytate and magnesium potassium phytate corresponding 
to the assumed naturally occurring phytates in bran. In these studies, the 
bread was given together with a hamburger meal. 
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In another experiment, the iron absorption from white bread was compared 

with the same bread to which the monoferric phytate/magnesium-potassium 

phytate mixture was added. The reduction in iron absorption was about the 

same as when bran was added. 

A probable explanation of why our results are not consistent with the 

ones reported from the group in Kansas City may be that the 1 atter group 

only added monoferric phytate to the white wheat flour and not the further 

90% of phytates (as magnesium and potassium phytates) needed to make it 

equivalent to the actual phytate content of the bran. 

The effect of various fibres on iron absorption has been very much 

discussed in recent years. Very few studies seem to have been made in man, 

however, and most reports deals with in vitro studies or animal studies. 

Fibres may, theoretically, affect iron absorption in several ways : they 

may act as ion-exchangers and bind iron ions, they may decrease the rate of 

diffusion from the intestinal content to the mucosal surface, they may 

affect the rate of emptying of the stomach and/or the rate of transport 

along the intestines, they may affect the secretion of bile, pancreatic 

juice etc. In surrmary, it is difficult to predict the effect of fibres on 

iron absorption. As judged from reports on the effect of fibres on other 

nutrients such as 1 ipids and carbohydrates, the effect on iron absorption 

might be quite marked. 

Most of our studies on the effect of fibres have been made by bak ing 

white wheat rolls containing 75 9 wheat flour and 5 9 of various fibre 

materials. Pectins might inhibit iron absorption by increasing the viscosity 

of the intestinal content or by acting as ion-exchangers. We found, however, 

that pectins, both with a high and a low degree of methoxy1ation, did not 

affect non-heme iron absorption. 

Guar-gum, which has been shown markedly to reduce the rate of glucose 

absorption and the rate of insu1 in release was found to increase 

significant1y (p < 0.01) non-heme iron absorption. 
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Ispagula is a plant mucin much used in bulk laxatives. A slight reduction 
in the non-heme iron absorption was seen (p < 0.05). A comparison of the 
effect of various fibres materials on the non-heme absorption is shown in 
Fig. 6. 

The effects of various cereals and vegetables on non-heme iron absorption 
are probably not only related to phytates, fibres and tannates. In a 
comparison of iron absorption from meals containing different cereals as the 
ma i n source of energy, it was ev ident that iron i s better absorbed from 
meals with wheat than with rice and maize (in this order) (Fig. 7). 

A comparison of non-heme iron absorption was, therefore, made from rolls 
only, baked with flour from wheat and rice. The relative superiority of 

wheat was the same. Rolls were then baked of starch only. The absorption 
from rolls baked of rice and maize starches was significantly lower than 
from wheat starch rolls. The relatively higher absorption from maize starch 
especially compared with the ratio in whole meals, can be explained by the 
absence of phytates in the maize starch rolls (Fig. 7). 

These results show that different starches affect iron absorption dif­
ferently. A probable reason may be that iron is partially bound to starches 
and that this binding is of variable strength or that the binding to 
starches is the same, but that the rate of digestion is different for dif­
ferent starches, in this way releasing iron at different rates in the 
intestines. This latter interpretation fits with recent observations of a 
significantly faster absorption of glucose from wheat flour than from rice 
flour. It is tempting to speculate that part of the effects of different 
plant materials in nutrition, today claimed to be due to various fibres, may 

actually be due to different properties of starches in different plants. 

The examples given of the effects of various factors on non-heme iron 
absorption, illustrate the complexity of the chemistry of food iron 
absorption and the difficulty to predict the bioavailabiliy of iron from 

different meals. 
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Fig. 6 ; Effect of different forms of fibres on non-heme iron absorption 
from rolls baked of white wheat flour (75 g) to which 5 9 of fibre was 
added. The pectins had either a high (HM) or low (LM) degree of methoxy­
lation. 
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Fig. 7 ; Relative absorption of non-heme iron from meals composed mainly 
of white wheat, rice or maize (top part of figure); from rolls prepared from 
wheat flour and rice flour; and from rolls prepared from starch from wheat, 
rice and maize (bottom part of figure). 
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Certain factors such as ascorbic acid, meat, fish, tannates and phytates 
have the mos t marked effects. The contents of these factors can usua 11 y 
explain a great of part but not the whole variation in bioavailability of 
non-heme iron between meals. 

Fig. 8-11 i llustrate the overall effects of various factors on bioavail­
ability on non-heme iron in meals. Fig. 8 shows the variation in absorption 
between different Western-type breakfast meals (Rossander et al., 1979). 

Note the marked effects of tea-inhibiting and of orange juice-stimulating 
the non-heme iron absorption. In total, there was a 6-fold variation in iron 
absorption. Fig. 9 shows the variation in absorption from 13 Western-type 
lunch-dinner meals (Hallberg & Rossander, 1982a). Note the several-fold 
variation in bioavailability. The percentage of non-heme iron absorbed 
varied from 3% (for pancakes) to 45% (for a meal composed of sauerkraut and 
sausage). The reasons for this latter very high absorption is not yet clear. 
Fig. 10 shows a 5-6 fold variation in absorption of non-heme iron from 
10 different whole meals with a similar energy content (about 1'000 kcal.) 
(Hallberg & Rossander, 1982b). Fig. 11 shows the absorption from two 
vegetarian meals with the same energy, protein and iron content. One of the 
meals had a high content of ascorbic acid due to cauliflower (74 mg). The 
iron absorption from this meal was of the same magnitude as from meals with 
a high meat content. The addition and substraction of different food items 
showed that besides the high content of ascorbic acid, other factors must 
also be responsible for the differences in bioavailability of iron in these 
two vegetarian meals, e.g. the content of phytates. 

Assessment of the nutritive adeguacy of a diet with respect to iron 

Several quest ions should be answered. For example : 

1. How much iron is absorbed from the diet ? 

2. How much iron is needed; i .e. what is the frequency distribution of the 

iron requirements ? 

3. Wh at proportion of the population risks an insufficient supply of iron 

and who are at risk ? 
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Fig. 8 Non-heme iron absorption from different Western-type break fast 
mea1s. 
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Hamburg!!!. moohed 
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Brown b!!S!ni end 
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Roast beef.g,eenbeon •. 
0.58 3.1 480 

pofe'oes. milk 

Ham~,f, •• I"elod 
0.66 3.6 490 

~atOft$.sl,ing 
beons, wafer 

300 0.81 2.8 8eetroat soue w;'h meg' {Iaucht\. 'NÖt., 

Sauerkraut with 
0.1'0 2.0 470 

~ 

0.50 1.()Omg 

Fig. 9 Absorption of non-heme iron from 13 different mea1s. 
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ABSORPTION 01 NON HEME IRON ("'11) ~.:- E""'IIY 
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Shrimps. bftf 
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5:~=$~!'~=~ tzm===ZZIZ!lZZZZzzZ1rI.I,6----~-
10ft etcl. lreod. Wine 
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custard). Bread. Wine 

AntiQgsti misti, 
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breod, wine. Orange 

1.10 

(mg) (kcal) 
4.2 1040 

3.9 1030 

7.0 1010 

4.9 1020 

7.8 10SO 

6.2 980 

5.7 1010 

7.2 980 

7.6 1040 

7.8 11SO 

1.00 2. "'11 
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Fig. 10 : Absorption of non-heme iron from 10 different who1e mea1s with 
a simi1ar energy content. 

V~etarian "Iow" 

ORIGINAL ME Al 

+ meat 

+ cauliflower (no t-::~=~ 
meat) I-

V~etarian "high'" 

- cauliflower 

- cauliflower 
+ fish 

0.25 

0.32 

0.32 

0.44 

ORIGINAL MEAL ~M~~~~~~_ 0.98 

+ meat 1.42 

1.0 1.6 mg 
Non he me iron absorption 

Fig. 11 : Absorption of non-heme iron from two vegetarian mea1s with the 
same iron, protein and energy content, and the effect of subtracting or 
adding various food components. 
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The marked variation in iron requirements and the marked variation in 
bioavailability of dietary iron may make it impossible to outline a 
meaningful assessment. The following method. however. may be useful. 

1. Women of childbearing age have the highest iron requirements. If a diet 
is considered as adequate when it covers the requirements of iron in 90% 
of these women (disregarding pregnancies) it can be calculated that 
2.2 mg iron/d need to be absorbed to maintain them in an iron replete 
state. 

2. A limiting factor for an adequate supply of nutrients is the energy 
expenditure and thus the energy intake. The absorption of iron per unit 
of energy consumed is thus critical. 

3. The amount of iron absorbed from a diet depends not only on its contents 
of heme and non-heme iron and on the amounts of various factors in the 
diet affecting the bioavailability but also on the composition of 
individual meals. for instance how much ascorbic acid is present in meals 
with the highest iron content. 

It is thus necessary to know the meal pattern and the absorption of iron 
from individual meals. 

4. A measure of the nutritive values of a meal will be obtained if the 
amount of a nutrient (iron) absorbed is related to the energy content 
(Hallberg. 1981c). This expression. the bioavailable nutrient density 
(BND). must be calculated for all main meals. The average iron absorption 
can then be estimated. A rough calculation of a typical Swedish weekly or 
monthly menu for women gave an average bioavailable nutrient density 
(BND) of 0.9. The heme iron absorption must of course also be included in 
the calculations. It should be mentioned that the variation in BND in the 
meals shown was 12-fold. Different meal patterns in different famil ies. 
different school lunch programs. different ethnic and socio-economic 
groups etc. can be evaluated using the present method. 

The assessment of the nutritive adequacy of a diet with respect to iron 
must thus be based on a comparison of (1) iron requirements. (2) energy 
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intake and (3) bioavai1ab1e nutrient density. The higher the energy intake 
the 10wer the required BND (Fig. 12). 

For men, the iron requirements are set to 1.0 mg and for 90% of women to 
cover requirernents, to 2.2 rng; in 75%, 1.8 rng; and 50%, 1.4 rng Feld (the 
curved 1ines in Fig. 12). A horizontal 1ine is drawn at a bioavai1ab1e 
nutrient density of 0.9 mg Fell 1000 kca1. To cover the iron requirernents in 
90% of wornen from the diet, 21500 kca1. of such a diet have to be consumed. 
The graph can also be used the other way. If the dai1y energy intake is as 
10w as 21000 kca1., a diet with a BND of 0.9 can on1y balance the iron 

• 
requirements in about 80% of non-pregnant wornen of childbeal"ing age. The 
data obtained correspond fair1y we11 with the actua1 situation in our fernale 
population. 

"Absorbecl" Nutrient Density 
mg Fe/1000 kcal 

2.0 

1.5 

0.5 

Calculatecl 
"Absorbed" Nutrient Density 
of a.92Qd Swedish diet (0.9) 

-~r~~--
" 

i 
1000 

" " '...... 90 th percentile I Warnen 
........... _ 75th • I in fertil 

---.. - .. __ 50th age period 

----------. Men (70kg b.w.l 

50th 75th 90th *. • 
20'00 30'00 4000 kcal 

ENERGY INTAKE 

Fig. 12 : Bioavailable nutrient density needed at different energy 
intakes to cover iron requirernents in rnen and in certain proportions of 
rnenstruating wornen. The estirnated bioavailable nutrient density of a good 
Swedish diet today (0.9) is drawn as a dotted horizontalline. The energy 
intake needed to cover the iron requirernents can then be read on the 
abscissa. 
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The figure 0.9 for BND is not precise and its variation is not studied. 
The figure is given only to illustrate its use in the present method of 
assessment. The present model can, of course, be applied in the evaluation 
of any diet and any nutrient, provided the iron requirements and the average 
BND are known. 

CONCLUSIONS 

The present analysis shows that methods are now available to make assess­
ments of the adequacy of different d i ets wi th respect to i ron. It isa 1 so 
possible to make calculations of the effects expected of different iron 
fortification programs using the same methodological principles and adding 
information about the bioavailabil ity of the iron compounds used and about 
the extent to which the fortificant reaches different segments of the 
population (Hallberg, 1982). 

The present analysis shows that the main problem in iron nutrition in 
Western countries today is the combination of a low energy intake, espe­
cially in women having the highest iron needs, with a conservatism in the 
choice of meals; i.e. in meal composition. The dietary iron bioavailability 
has thus been adjusted to "modern life". 
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VITAMIN DEFICIENCIES IN RICE-EATING POPULATIONS 
EFFECTS OF B-VITAMIN SUPPLEMENTS 

Mahtab S. BAMJI 

National Institute of Nutrition, Indian Council of Medical Research 
Hyderabad, India 

SUMMARY 

Rice is the staple food in many countries of Asia. Recent 
nutrition surveys in eight states, conducted by the National 
Nutrition Monitoring Bureau of India, show that though the 
average energy intake is adequate, more than 50% of the house­
holds surveyed consumed less than the Recommended Dietary 
All owance (RDA) of energy. These househo 1 ds generally had per 
capita incomes of less than Rupees 2/- (US$ 0.25) per day. The 
average intake of vitamin A was only 42% of the RDA and that of 
riboflavin, 70% of the RDA. The average intake of other 
nutrients such as thiamin, niacin, ascorbic acid, iron and 
calcium was adequate, although thiamin deficiency was present in 
populations where rice was the main cereal, but not in popula­

tions that consumed mixed cereal or cereal-millet diets. The 
magnitude of the riboflavin deficiency (after correction TO~ 

energy) was also more marked in the former. Vitamin A intake was 
not related to the type of cereal, but had some relationship to 

the quantity of vegetables consumed. 

Nutrition surveys from Japan also reveal deficiencies in 
intake of energy, vitamin A, thiamin and riboflavin. The Japa-
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nese diet tends to be deficient by 20% in vitamin A and ribo­
flavin, but not thiamin. Thus. vitamin A, riboflavin and energy 
(in that order) are the major nutritional constraints in rice­
eating populations. 

Clear-cut correlations between the magnitude of dietary 
deficiency and the prevalence of signs and symptoms of vitamin 
deficiency were not apparent in the comparisons between popula­
tions, suggesting that as well as dietary deficiency other 
environmental factors playa role in the development of clinical 
deficiency. Attempts to correlate clinical deficiency with the 
magnitude of biochemical deficiency have also failed. 

Recent studies aimed at examining the effects of food supple­
ments (rural Gambian women) or vitamin supplements (rural Indian 
boys) on vitamin status suggest that in some communities, 
vitamin intakes close to the RDA fail to saturate the tissues, 
as judged by biochemical tests. In the Indian boys, there was a 
marked rise in urinary excretion of riboflavin during winter 
when the incidence of respiratory infections was high. Metabolie 
losses of vitamins due to infections may preclude tissue 
saturation despite adequate dietary intake. Administration for 
1 year of B-vitamins at levels close to the RDA failed to reduce 
the prevalence of cl inical deficiency signs, but did produce 
some improvement in hand steadiness - a psychomotor test. The 
data suggest that dietary improvement with regard to vitamins 
may fail to produce the desired impact on the health of some 
rural communities. 

* * * 

Bamji 

Over the last 100 years, nutrition scientists have tried to obtain 
answers to quest ions such as what, why and how much one should eat, what 
happens if one eats more or less than the required quantity, what are the 
non-nutritional factors which influence nutrition status, and what should be 
the strategies for achieving manls nutritional goals. While the question as 
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to what and why one should eat has been answered, that of nutrient 
requirements is still in the melting pot, because it is linked to the basic 
problem of definition of good health and detection of marginal malnutrition. 

Fig. 1 describes the step-wise development of a deficiency disease. 
Tissue depletion can occur fo11owing inadequate intake, malabsorption or 
metabol ic losses of nutrients due to disease or use of drugs. Use of 
medication such as oral contraceptives may increase ce11ular requirements 
for certain vitamins and minerals because of selective increments in 
specific binding proteins or enzymes which sequester more of the available 
nutrient. This may result in maldistribution within the cellular functions. 
Deficiencies lead to biochemical lesions followed by molecular lesions which 
lead, often in the presence of other stress factors, to morphological 
lesions or disease. Except for night blindness due to vitamin A-deficiency, 
the molecular basis of vitamin deficiency diseases is poorly understood. 

The functional impact of marginal malnutrition is still unknown and hence 
it is impossible to quantify i11 health in terms of biochemical lesions 
which may provide the earliest clue to tissue depletion. 

Dietary Deficiency ~ Tissue Oeficiency 

Intestinal ~ Increased Requirements 
Malabsorption .......... ____ or Excessive Losses 

Biochemical 
Abnormalities 

M011ular 
Lesions 

(pregnancy, lactation, 
infection parasitism, 
diarrhoea, cancer) 

s:: 
..... 0 ",.,... 
u-+-> 

.,... er-
s::s.. .,... -+-> 

..... :::l 
us:: 
.c ..... 
:::l '" 1/'):::;;: 

~~~~~~~~1~~~!:::~---------------1---------------------------------------;;ji 
stress, diseases, ~.~ 
drugs, hormones) Cl inical 'ü ~ 

Sympt~s ~~ 

Fig. Oevelopment of nutritional deficiency diseases 

'" :::;;: 
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INFLUENCE OF CE REAL AND NON-CE REAL FOOD COMPONENTS ON VITAMIN INTAKE 

Rice is the staple food consumed in many deve10ping countries. It is now 
generally accepted that cerea1-based diets, if consumed in amounts adequate 
to meet ca10ric needs, can fu1fi11 protein needs. However, such diets may be 
deficient in vitamins and minerals. Recent diet surveys conducted by the 
National Nutrition Monitoring Bureau (NNMB) of the 1CMR in 8 states of 1ndia 
reiterate this point (NNMB Annua1 Report for 1980). Almost 39% of the 
househo1ds surveyed in rural India had deficient ca10rie intake. Though 19% 
had a deficient intake of proteins, this was secondary to a deficiency in 
ca10ries. Fewer than 1% had a protein deficiency despite an adequate intake 
in ca10ries (Tab1e I). 

On the other hand, the diets were often very deficient in vitamins A and 
B2 (Tab1e II). A1though average intakes of thiamin, niacin and vitamin C 
were adequate, diets in some states were deficient in these vitamins too 
(Tab1e II). Surprising1y, arecent survey from Japan suggests that even in 
this deve10ped country, the diet is deficient in ca10ries and vitamins, 
particu1ar1y riboflavin (Hosoya, 1977) (Tab1e 11). 

In 1ndia, the type of cerea1 consumed differs marked1y from one state to 
another. Scrutiny of the data in Tab1e 11 shows that in states where peop1e 
eat mixed-cerea1 diets (Karnataka, Uttar Pradesh and Gujarat) B-vitamin 
intake is higher than where more than 80% of the cerea1 eaten is rice. 
Intake of vitamins A and C was not inf1uenced by the type of cerea1, but the 
data in Tab 1 e I II suggest that the quant ity of non-tuberous vegetab 1 es and 
fruits inf1uences the content of these vitamins in the diet. 

As expected, intake of all nutrients was inf1uenced by income. Families 
with per capita dai1y income of 1ess than Rupees 2/- (US$ 0.25) had 
inadequate intake of ca10ries as well (Tab1e IV). 1ncome inf1uenced the 
consumption of food Hems such as pulses, vegetab1es, fruits, milk, sugar 
and 011, but 1ess so for cerea1s, suggesting that the increased calorie 
consumption of better-off fami1ies came from these re1ative1y high-cost 
foods (Tab1e V). The deficient intake of vitamins was seen in all income 
groups. Thus the recent NNMB surveys sugges t that the major nutrit iona 1 
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deficiencies in cereal-based Indian diets are vitamins A, riboflavin, other 

vitamins and ca 1 ories (i n that order). I ntake of B-vitamins appears to be 
influenced by the type of cereal, while that of vitamins A and C is 
influenced mainly by the quantity of vegetables and fruits consumed. 

IMPACT OF B-VITAMIN THERAPY ON RURAL SCHOOLCHILDREN 

I would now like to discuss some of our recently published studies on the 
impact of B-vitamin therapy or low-dose supplements on rural schoolchildren 
(Bamji et al., 1979; Bamji et al., 1982; Rameshwar Sarma et al., 1981). We 
became interested in this problem when some of my colleagues observed a very 
high incidence of angular stomatitis among some rural schoolchildren around 
Hyderabad. The condition did not res pond to treatment with B vitamin complex. 

In a systematic investigation, we examined the vitamin status of these 
children before and after treatment for one month with 2 tablets daily of a 

multivitamin preparation containing (mg/tab let) thiamin 2, riboflavin 2, 
pyridoxine 5, calcium pantothenate 2, niacin 20. In one group of boys, the 
angular lesions were treated with topical application of gentian violet 
(Bamji et al., 1979). The following biochemical tests were used to assess 
vitamin status (Sauberlich et al., 1973; Bamji, 1981) : 

Vitamin A 

Thiamin 

Riboflavin 

Pyridoxine 

Plasma retinol 

Erythrocyte transketolase activity and in vitro activation 

with thiamin pyrophosphate (ETK-AC) 

Erythrocyte glutathione reductase activity and in vitro 

activation with FAD (EGR-AC) 

Erythrocyte aspartate aminotransferase activity and in vitro 

activation with pyridoxal phosphate (EAspAT-AC). 
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Angular stomatitis (prevalence 41.3%) could neither be treated nor pre­
vented with vitamin therapy (Table VI). However, it improved with the 
topical appl ication of gentian violet, suggesting a non-nutritional etiol­
ogy. Glossitis (prevalence 18.2%) did show improvement and its appearance 
could be prevented by treatment with B-vitamin complex (Table VI). 

Biochemically, all the boys had marked riboflavin- (as judged by the 
glutathione reductase test) and vitamin A-deficiencies. Over 50% also had a 

pyridoxine-deficiency, but the prevalence of biochemical thiamin-deficiency 
was 10w (Bamji et al., 1979). 

After treatment with therapeutic doses of vitamins for one month, over 

50% of the children continued to suffer from riboflavin- and 50% from 
pyridoxine-deficiencies using the cut-off points described in the literature 
(Sauberlich et al., 1973; Bamji, 1981). 

Table VI Response of oral lesions to B-complex vitamin 
therapy for 1 month a 

Treatment 

Angular stomatitis B-complex 
Placebo 

G 1 oss it i5 B-complex 

Placebo 

(a) Data from Bamji et al. (1979) 

(b) P < 0.05 compared to placebo 

Cured Prevented 
(% of subjects examined) 

23 79 
12 87 

94b 98 

54 90 
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These biochemical results would either indicate that the interpretive 
guidelines used for enzymatic tests were too rigorous, or that in this 
community there are non-nutritional constraints which interfere with tissue 
saturation. The second alternative seems more likely since the scatter in 
the values was similar before and after treatment. Because of this large 
scatter, we could not use the data to derive a new set of interpretive 
guidelines. 

IMPACT OF LOW-OOSE, LONG-TERM VITAMIN SUPPLEMENTS IN RURAL SCHOOLBOYS 

In the same community, a second study was carried out with the following 
objectives (Rameshwar Sarma et al., 1981; Bamji et al., 1981) : 

1. Assess the seasonal variations in the cl inical signs attributable to 
B-vitamin deficiency and minor ailments. 

2. Examine the impact of long-term low-dose (ROA) vitamin supplements on 

a) the prevalence of vitamin deficiency signs, 

b) the biochemical status of vitamins Bl , B2, B6 and folie acid, 

c) selected parameters of psychomotor performance, and 

d) growth and minor ailments. 

3. Oerive discriminatory guidelines for the interpretation of enzymatic 
tests, hoping that tissue saturation would be achieved after prolonged' 
supplementation. 

Three hundred and ninety-seven schoolboys aged 6-13 years, were either 
given a tablet of B-complex vitamins containing (mg/tablet) thiamin 1, ribo­
flavin 1.5, pyridoxine 1.5, niacin 15, folie acid 0.1 and vitamin B12 
0.001, or a similar-looking placebo, over aperiod of 1 year. Both kinds of 
tablets were specially prepared by MM. Biological Evans - Hyderabad, India. 
Clinical and anthropometrie examinations were carried out at the beginning 
of the study and at 4 month intervals. History of minor ailments such as 
gastrointestinal disorders and respiratory infections was taken at the time 
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of each examination. As a marker of tablet consumption, urinary excretion of 
riboflavin was measured in random samples of urine, collected from 15 sub­
jects in each group at every time point. Biochemical parameters were 
measured after 12 months of treatment, in a subsample of sixty boys who had 
consumed the tablets for at least 80% of the period. Psychomotor performance 
was also tested in the same children. 

Seasonal variations in the incidence of nutritional deficiency signs, 
infections and urinary excretion of riboflavin 

The highest incidence of respiratory infections was observed in winter 
(November) whereas gastrointestinal disorders tended to occur more often 
during the monsoon season (July). In both groups, urinary riboflavin 
excretion tended to be highest in winter (Table VII). Whether this is 
causally related to the high rate of infection in that season needs to be 
investigated. Prevalence of glossitis tended to increase with the onset of 
summer (March) (Table VIII). 

Effect of B-vitamin supplements on growth, point prevalence of vitamin 
deficiency signs and morbidity 

Vitamin supplements had no effect on growth or point prevalence of 
respiratory or gastrointestinal ailments (Table VII). Even the prevalence of 
vitamin-deficiency signs was similar in the treated and placebo groups, 
suggesting that the low-dose supplements did not have any cl inical impact 
(T ab 1 e V II I) • 

Impact of B-vitamin supplements on biochemical parameters 

The vitamin status of the supplemented children was significantly 
superior to the placebo group as judged by the biochemical tests (Table IX). 

However, after vitamin intakes at levels higher than RDA for one year, over 
50% of the children were still deficient (particularly in riboflavin). The 
reasons for this are not clear. It is possible that frequent bouts of 
infection resulted in excessive urinary losses of vitamins, preventing the 
tissues from reaching saturation. The rise in the incidence of glossitis in 
March may be a delayed effect of excessive tissue depletion during winter. 
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Impact of vitamin supplements on psychomotor performance 

Of the 4 tests, including cubes intell igence test (mental age) and three 

psychomotor tests (reaction time, finger dexterity, and hand steadiness), 

the supplemented children performed significantly better in the steadiness 

test (Table X). Riboflavin-deficient children tended to make more errors 

(Table XI), suggesting a correlation between hand steadiness and riboflavin 

status. 

On the bas i s of these data, we propose that, in a commun ity where the 

prevalence of infections is high, there may be periodic metabolic losses of 

vitamins in the urine. This may interfere with tissue saturation despite 

adequate intake. Dietary improvement in such a community may not achieve the 

expected clinical impact in terms of reduced incidence of deficiency signs 

and symptoms. Seasonal variations in the incidence of nutritional deficiency 

signs may be more closely linked to morbidity than to intake of dietary 

vitamins. Even in the absence of clinical signs, some improvement in bio­

chemi ca 1 status and se 1 ected psychomotor performance tests may be ach ieved 

through vitamin supplements. The high incidence of angular stomatitis in 

this community appears to be unrelated to B-vitamin deficiency. 

In arecent study in Gambia, Bates et al. (1981) found that administra­
tion of food supplements which raised riboflavin intake to levels close to 

RDA, did not normalise the EGR-AC in rural pregnant women. The authors feel 
that the vitamin requirement of some rural communities may be higher. In the 

case of the Hyderabad study, one can argue that in the absence of an 

adequate supply of calories and proteins, vitamins may not have been 

util ised. The same argument however would not apply to the Gambian study 

where food supplements were given. 

The important quest ions are how much higher is the vitamin requirement of 

such communities and what should be the practical strategy to meet it ? 
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Tab1e X Psychomotor performance of B-comp1ex vitamins supp1emented 
and unsupp1emented boysa 

Test Treatment 

Mental age (years) 
Steadiness test (error scores) 
Reaction time (seconds) 
Finger dexterity test (seconds) 

(a) Data from Bamji et a1., 1982 
(b) Mean ± S.E.M. 

Placebo 

9.8 ± 0.44b 

332.1 ± 17.3 
702.0 ± 18.8 
525.4 ± 25.9 

*** 

Supplement 

10.9 ± 0.49 
246.0 ± 13.7 
706.7 ± 18.4 
500.0 ± 18.7 

*** P < 0.001 compared to supp1emented group by modified t-test 
(two-tai1ed). 

Tab1e XI Relationship between riboflavin status and errors committed 
in steadiness test - per cent distributiona 

1 

2 
3 

Errors 
cornmitted 

< 170 

170 - 420 
> 420 

Ca) Data from Bamji et al., 1982 
(b) Va1ues for treatment groups were poo1ed. 

< 1.4 

39.1 
28.2 
9.5 * 

EGR - AC 
1.4 

60.9 
71.8 
90.5 * 

* Significant1y different from group 1 by proportion test for sma11 
samp1es, P < 0.05. 
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VITAMIN A-DEFICIENCY IMPAIRS THE NORMAL MANNOSYLATION, 

CONFORMATION AND IODINATION OF THYROGLOBULIN : 

A NEW ETIOLOGICAL APPROACH TO ENDEMIC GOITRE 
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CH-1B14 La Tour-de-Peilz, Switzerland 

SUMMARY 

This study was undertaken in order to validate the hypothesis 

that vitamin A-deficiency alters the structure of thyroglobul in 

(T g). F or that purpose , four groups of 20 Sprague-Dawl ey rats 

were submitted during two months to varying dietary conditions, 
+ -namely a control diet (C ), a vitamin A-deficient diet (A ), 

an iodine-deficient diet (1-) and a diet characterized by the 

association of both deficiencies (A I). 80th the conven­

tional parameters of thyroid function, the intracellular steps 

of Tg glycosylation and iodination were analyzed. In the A­

and A-I- groups, blood levels of retinol fell to one tenth 

of the control mean and circulating concentrations of total and 

free T4 and T3 increased significantly. This biochemical 

hyperthyroidism contrasted with the maintenance of normal TSH 

plasma values, suggesting a generalized peripheral refracto­

riness to thyroid hormones. In both A and A-I- groups, 

thyroid cytosol 3H- RPM (retinyl-phosphate-mannose) and 3H_ 

mannose incorporation into the core of the 12S-Tg and 19S-Tg 

species were reduced by 40-50%. In contrast, cytosol ic 
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concentrat ions of 3H- DPM (do 1 i chyl-phosphate-mannose) rose, 
suggesting that the N-glycosylation pathways are affected in 
opposite direction. The sedimentation coefficient in sucrose 
gradient of the purified dimeric 1251_19S_Tg after guanidine 
6M and dithiothreitol denaturation showed that most of the 
A- Tg molecules were transformed into monomeric 12S species, 
implying alterations of both noncovalent and covalent 
bonds. Finally, the radiochromatogram of 125I-iodothyronines 
recovered after Tg pronase digestion revealed a significant 
increase in the mono- (MIT) and diiodothyronine (DIT) fractions 
in contrast with a significant decrease in the T3 and T4 
hormonal compounds. These findings are consistent with the view 
that v itami n A-dep 1 et ion impa i rs the endogenous RPM synthes i s 
and, therefore, the normal Tg O-mannosylation. The growing 
peptide is characterized by steric hindrance, leading to 
abnorma 1 cl osure of disulph ide bonds, reduced MIT -DIT coup 1 ing 
reactions and depressed generation of physiologically active 
thyroid hormones. Pure iodine deficit (1-) induces no effects 
on the above-mentioned glycosylation reactions, but iodine 
shortage superimposed on preexisting vitamin A-deficit 
(A-I-) aggravates the Tg dysmaturation. This experimental 
investigation confirms at all points the molecular mechanism of 
a vitamin A-dependent goitrogenic process 
of epidemiological data recorded in 
(Y. Ingenbleek & M. De Visscher, 1979). 

* * * 

predicted on the basis 
Senegalese patients 

265 

The first descriptions of goitrous hyperplasia were first mentioned in 
ancient Chinese, Indian and Egyptian documents. Before the turn of the pre­
sent century, many speculations had been made as to the possible etiological 
factors responsible for its morbid development and, correspondingly, nume­
rous treatments were proposed (Kelly & Snedden, 1960). 

Around 1850, low iodine levels in drinking water were regarded as the 
main cause of goitre (Maffoni, 1846). Later, low iodine content of the 
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atmosphere, soils and natural foodstuffs were involved as eontributory 
faetors (Chatin. 1853). The diseovery of unusually high iodine eontent in 
the thyroid gland (Baumann. 1895) further eorroborated the iodine defieieney 
theory. In 1920. following a proposal by Marine and Kimball. iodized salts 
were used in areas where goHre was prevalent. More reeently. this thera­
peutie approaeh was extended by the widespread use of iodized oil (MeCullagh 
1963). These publie health prophylaetie measures had eonsiderable sueeess in 
redueing the ineidenee of endemie goitre and eonfirmed beyond doubt that the 
halide shortage played a eentral role in the etiopathogenesis of the disease. 

Nevertheless, the probable eoexistenee of other etiologieal faetors 
beeame inereasingly elear and was already pereeived six deeades ago in the 
following statement ~ "The iodine defieieney theory is attraetive at first 
sight, but there are many matters whieh eannot be explained by this theory 
alone" (Anonymous. 1924). OespHe eontinuing advanees obtained in all 
aspeets of iodine metabolism and thyroid funetion both in normal and 
goitrous subjeets, no substantial gain in knowledge was aehieved regarding 
assoeiated etiologieal faetors. In order to fill the gap between the iodine 
defieit theory and epidemiologieal data, several plausible explanations. 
ineluding genetie faetors. naturally oeeurring goitrogens of vegetal origin. 
eontent of drinking waters in minerals and traee elements, baeterial pollu­
tion. and generalized malnutrition. were tentatively evoked (Koutras et al •• 
1973, Oelange. 1974; Gaitan, 1980; Koutras. 1980; Medeiros-Neto. 1980). This 
problematie situation was summarized by J.B. Stanbury who pointed out that 
"it is neeessary to look for other environmental faetors whieh. working in 
eoneert with iodine defieieney or even alone. may ensure the persistenee and 
even provoke the emergenee of endemie goHre" (1969). The same author 
emphasizes that "other faetors. both dietary. genetie and possibly immuno­
logie. may be responsible for the substratum of thyroid disease whieh 
remains in a population group whieh is reeeiving an abundanee of iodine in 
the diet" (1973). 

On the basis of epidemiologieal data reeorded in goitrous patients living 
in the southern part of Senegal. Ingenbleek and Oe Visseher have reeently 
observed that the thyroid swelling was negatively eorrelated with the 
patients' retinol status (1979). Indueing fro~ a study performed on the rat 
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a1-macrog10bu1 in (Kiorpes et al. , 1976), they postu1ated that the 
de1eterious effects of poor nutritiona1 status on thyroid function cou1d be 
mediated through the defective formation of the R~M (Fig. 1) precursor 
necessary for the normal Tg mannosy1ation and maturation. 

c OH 

~ : Retiny1-phosphate-mannose (RPM) 

The proposed explanation was an impaired incorporation of mannose in the 
growing peptide, resulting in fai1ure to c10se the disu1phide bonds. This 
view assumed that the abnormal spatia1 conformation of the Tg glycoprotein 
chains hampered the adequate coup 1 ing react ions between iodotyros ine 
residues, 1eading to the appearance of an iodine-independent goitrogenic 
process. The present experiments were undertaken in order to val idate the 
hypothesis. The resu1ts unequivoca11y endorse the concept. 

MATERIAL AND METHODS 

Eighty wean1ing male Sprague-Daw1ey rats weighing approximate1y 55 9 were 
obtained from Simonsen 1aboratories, Inc., Gi1roy, Ca1ifornia, and were 
assigned to four groups of twenty rats, each of them designated by a c1as­
sica1 symbol (Coplan & Sampson, 1935). 
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Dietetic management 

The first group (C+) was fed ad 1 ibitum a control semi-synthetic Purina 

lab chow diet (Table I). 

Table I Composition of experimental diets 

Nutriment Content Animal groups 
A- I A-l-

Cornstarch 37% + + + + 

Glucose, anhydrous 29% + + + + 

Vitamin-free casein 18% + + + + 

Cottonseed oil 5% + + + + 

Salt mixa 4.7% + + + + 

Vitamin premixb 3.6% + + + + 

Cellulose 2.7% + + + + 

Vitamin A (acetate) 9,900 IU/kg + + 

I (potassium iodide) 170 lJg/kg + + 

(a) Williams-Briggs salt mixture without iodine, obtained from Nutritional 
Biochemical Company, Cleveland, Ohio. 

(b) Devoid of vitamin A. Each kg of the dry diet provided ergocalciferol, 
1,800IU; .a-tocopherol, 110 mg; phytylmenaquinone, 1 mg; ascorbic 
acid, 1 g; inositol, 110 mg; chol ine chloride, 1.65 g; p-amino-benzoic 
acid, 110 mg; niacin, 100 mg; riboflavin, 22 mg; pyridoxine-HC1, 22 mg; 
thiamin-HC1, 22 mg; calcium pantothenate, 66 mg; folie acid, 2 mg, 
biotin, 440 lJg; cyanocobalamin, 29.7 lJg. 

The C+ diet was supplemented with 3,400 lJg (or 9,900 IU) of vitamin A 

acetate (Hoffmann-La Roche) and 170 lJg iodide/kg diet in the form of KI. 

This C+ diet is believed to fulfill the optimal requirements for normal 

growth. 
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The second group (A-) was fed with the stock diet. enriched with on1y 
170 ~g iodide/kg. The third group (1-) is supp1emented with the stock 
diet containing on1y the vitamin A load. The fourth group (A-l-) was fed 
the stock diet without any additions, and was, therefore, deficient in both 
vitamin A and iodine. 

Experimental protoco1 

The rats were individually housed in cages, in an air-conditioned and 
1ight-contro11ed room with a mean temperature of 21°C, and are weighed every 
three days. All rats had free access to food and drinking water. The dai1y 
food intake of each animal was evaluated. During the experiment, the food 
intake of the deficient rats was similar to that of the normal group. After 
two months, all anima1s were ki11ed by ether anaesthesia and then exsangui­
nated. Their thyroid glands were removed and plasma frozen at -60°C until 
analyzed for retino1. In each group, 13 rats were devoted to the study of 
the blood indicators of the thyroid function and to the intrathyroida1 steps 
of the glycosy1ation reactions. The 7 remaining rats were injected by intra­
peritoneal route, 24 h prior to sacrifice, with 25 ~Ci carrier-free 
1251_Na (Amersham, U.K.) in sterile and isotonic (NaC1 0.9 g/dl) solution. 
This permitted the further study of the purified Tg profile and the radio­
chromatogram of the Tg-bound iodothyronines. 

Blood parameters 

Retino1 was analyzed fluorometrica11y in the isopropanol eluate by use of 
an Amino-Bowmann spectrof1 uorometer according to Garry et a 1., 1970. Fresh 
solutions of a11-trans-retiny1 acetate are used as a standard after 
determination of their absorption at 328 nm (E~~m = 1835 in hexane). 

Both total thyroxine (TT4) and total triiodothyronine (TT3) were 
measured by RIA with Amersham kits, UK. Free thyroxine (FT4) and free 
triidothyronine (FT3) levels were determined by the double 1abe11ing 

Sephadex-binding technique (Finucane et a1., 1976). Samp1es were assayed in 
. 131 125 dup1icate and slmu1taneously counted for both 1 and 1 content, 
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employing a multichannel Packard Gamma-Counter. Results were corrected for 
1311 spillover into the 1251 channel and for machine efficiency. FT4 
and FT3 were calculated by multiplying total hormonal level by the 
dialyzed free hormonal fraction. Reverse triiodothyronine (rT3) analysis 
was performed with Serono R1A k its. TSH was measured in dup 1 icate by a 
double antibody R1A using a N1AMDD kit (supplied by N1H Rat Pituitary 
Hormone Distribution Program) and expressed as ng TSH/ml of NIAMDD TSH-RP-l 
standard. 

Preparation of the 3H-labelled subcellular organelles 

After weighing, the thyroid glands of 13 rats in each group were 
incubated in 3.5 ml of Krebbs-Ringer phosphate (KRP) buffer mediumc 

containing 0.9 mCi 3H.;,mannose of high specific activity (28 mCi/mg, 
Amersham, U.K.). Incubation procedure was performed under dark conditions at 
pH 7.4, and lasted 120 min. at 37°C. After 2 hr, the thyroid glands were 
washed and rinsed at room temperature in 4 ml of the KRP buffer medium. The 
thyroid tissue was minced with scissors and homogenized in 7 volumes of TKM 
buffer mediumd using a loosely fitting Elvehjem homogenizer. The resulting 
homogenate was submitted to differential centrifugation at 2,500 9 for 
20 minutes, and the supernatant at 105,000 9 (29,000 rpm) for 60 minutes in 
a SW 65 rotor of an International Ultracentrifuge. This last supernatant 
contained the soluble proteins (among which are stable Tg and 3H_Tg ) and 
was stored at -23°C until further assay. The pellet, comprising mito-
chondria, lysosomes, and microsomes, was resuspended in 
sal ine and stored in 1 iquid N2 unti 1 analyzed. An 

supernatant and pellet fractions was utilized for 

a small volume of 
aliquot of both 

the simultaneous 
estimation of the residual radioactivity and protein content (Lowry et al., 

1951) with bovine serum albumin as a standard. Recovery was 95% and 80%, 
respectively. 

(c) KRP : 143 mM NaCl + 5.6 mM KCl + 1.42 mM MgS04 + 3 mM CaC12 + 10 mM 
sodium phosph~te buffer, pH 7.4. 

(d) TKM : 0.35 M sucrose containing 25 M KC1, 5 mM MgC12, 50 mM Tris-HCl 
buffer, pH 7.6. 
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Measurement of the mannolipid fractions 

Extraction of RPM and OPM from thyroid pellet fractions followed the same 

methods described for other an ima 1 organs (S il verman-Jones et a1. , 1976; 

Oe Luca, 1977; Masushige et al., 1978). All steps were conducted in red-

1 ighted room. Separation of the two mannol ipids by differential solvent 

extraction utilizes the RPM property to be more hydrophilic than OMP. 

5 volumes (1 ml) of chloroform/methanol (2: 1, v/v) was added to the pellet 

mixture. The tube was stirred and allowed to separate by low-speed centri­

fugation. Under these extraction conditions, approximately 98% of OPM was 

recovered in the lower phase, whereas RPM partitions about 40% in the lower 

phase and 60% in the upper phase. Then, 15 vol. (3 ml) of chloroform/ 

methanol (2:1, v/v) was added to yield a monophasic extract which was dried 

under a stream of N2, dissolved in 2 ml of 99% methanol, and applied to a 

column (1 x 5 cm) of OEAE-cellulose-acetate. The first elution with 250 ml 

of 99% methanol removed all impurities, and the latter one with 25 ml of 

0.050 M ammonium acetate in 99% methanol released both mannol ipids. This 
eluate was dried under N2 conditions and redissolved in 2.5 ml of 

chloroform/methanol (2:1, v/v). Purity of RPM and OPM was assessed by 

silicagel thin-layer chromatography with a chloroform: methanol: water 

(60:25:4) system according to Tkacz et a1. (1974), allowing a consistent 

discrimination between RPM (Rf 0.25) and OPM (Rf 0.50). The dry plates were 

scraped and sections (0.5 cm) of silicagel were collected into counting 
vials. Radioactivity was determined after addition of 0.25 ml of methanol 

and 10 ml of Betafluor (National Oiagnostics, Somerville, NJ, USA). 

Isolation of labelled 3H-12S-Tg and 3H-19S-Tg in the thyroid cytosol 

Th i s approach all owed the quant itat ive eva 1 uat i on of 3H-mannose incor­

poration into the core of the Tg peptides. In each of the four investigated 

groups, the soluble proteins were pooled and precipitated by the addition of 

(NH4)2S04 to 48% saturation at pH 6.8. After centrifugation, the 

pellet was dissolved in 2 ml of PBS buffered sal inee and the proteins were 

again precipitated with (NH4)2S04. After dialysis against PBS overnight 

(e) PBS 10 mM sodium phosphate buffer, 150 mM NaCl, pH 6.8 
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at 4°G, the solution was centrifuged in a SW 65 rotor of an International 

Ultracentrifuge at 29,000 rpm (105,000 g) for 60 minutes to remove insoluble 
materials. Sucrose density linear gradient (5-20% w/v) was performed in 
11 ml of PBS at 105,000 9 for 15 h at 4°G. After centrifugation, 50-52 frac­

tions were collected from each tube with a peristaltic pump, the first 

fraction starting from the bottom. In each tube, the protein content was 

read by absorbance after suitable dilution, assuming that the ~~o for 
thyroglobulin is 10.0 (Sorimachi & Ui, 1974). Radioactivity of 3H_Tg was 

measured using 0.1 ml of the solution. Results obtained both for the protein 
content and ß-counting were normal ized, implying that they are expressed 

as a percentage of the maximal value. 

Isolation of labelled 125I_12S_Tg and 125I_19S_Tg in the thyroid cytosol 

This approach was necessary for the determination of the Tg radioiodin­
ated profile. In each of the four investigated groups, the soluble proteins 

were pooled and submitted to the same procedure as the one described after 
3H-mannose incubat ion. However, and in order to remove free radi oiodine 
completely, two additional precipitation steps with (NH4)2S04 were performed. 
Final precipitates were dissolved in 2 ml of PBS. 1251 was counted in a 
Packard Auto-Gamma scintillation counter. Results obtained for y-counting 
were normalized. 

Study of the Tg noncovalent bonds 

The supernatant containing soluble proteins and 125I_Tg was layered on 

a Sepharose 68 column. Elution was performed with 0.05 M phosphate buffer at 

pH 7. Purified Tg was dissolved in 6 M guanidine-HGl in 0.1 M sodium 
phosphate-medium at pH 7.2 for 4 h at 20oe. The 125I_Tg moleeules were 

then partially denatured by the reduction of most noncovalent bonds. The 
sample was submitted to sucrose density linear gradient (5-15% w/v) in 6M 

guanidine-HCl pH 7.0 for 20 h at 49,000 rpm (230,000 g). Fractions of five 

drops each were collected and allotted to scintillation in a Packard Auto­

Gamma well-counter. Sedimentation coefficients of the individual peaks were 
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determined by comparison with the location of the major 1251_Tg peak which 

was assumed to have a sedimentation coefficient of 19S. The proportion of 

each 12S-Tg and 19S-Tg peak was ca1cu1ated by integrating the areas under 

the peaks. Resu1ts obtained were normalized. 

Study of the Tg cova1ent bonds 

This approach has required a maximal denaturation of the 1251_ Tg mo1e­

cu1e and the c1eavage of most disu1phide bonds. For that purpose, pretreated 
Tg mo1ecu1es incubated in guanidine-~Cl medium, as previous1y indicated, 

were resubmitted to the 0.1 M sodium phosphate medium at pH 7.2 in the 

presence of a mo 1 ar exces s of 100 mo 1 es d i th i othre ito 1 (DTT) per prote i n 

disu1phide bond. This procedure was followed by the same sucrose density 

gradient study for 20 h, y-counting, and integration operations as 

mentioned above. Results obtained were norma1ized. 

Determination of 1271_19S_Tg and 1251_19S_T9 radiothyronine profile 

Stab1e iodine (1271) was measured with a Technicon Auto-Ana1yzer 

according to the method of Benotti et a1. (1965). Analysis of the radio­

iodinated Tg profile necessitated aprerequisite pronase digestion. For that 
purpose, 1 mg 1251_195_Tg was dissolved in 1 ml of 0.1 M Tris-HCl buffer, 

pH 8.0. Digestion is performed by the addition of 0.1 mg of pronase 

(Ca1biochem) and 12.5 lJIIIo1 of methy1mercaptoimidazole at 37°C for 20 h in 
the dark and under N2 conditions. lodoaminoacids were analyzed by the 

method of Osborn & Simpson (1968). A fraction of the samp1e (0.5 ml) was 

transferred to the top of a Sephadex G-25 fine co1umn (1.3 x 15 cm) which 

was previous1y equilibrated with a mixture of pyridine, acetic acid, and 

water (45:11.5:1,943.5) (v/v/v) at pH 5.8, and e1uted with the same solu­

tion. When MIT elution was achieved, the medium was rep1aced with 0.05 N 

NaOH to elute the next DIT, T3 and T4 peaks. The proportion of each 

1abelled compound was determined with a digital integrator as a percentage 

of total radioactivity. 
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Data analysis 

All data were evaluated by analysis of variance (Adler & Roessler, 1968). 
P values of 0.05 or less were regarded as significant. Means were subjected 
to Duncan's multiple range test when F ratios were significant with one-way 
analysis of variance. When significant F ratios were found by two-way 
analysis of variance, overall treatment means were tested for significant 
differences by the least significant differences test. Pooled standard 
deviation of the individual treatment means was calculated from the error 
variance for each variable. 
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~ : Mean weight curves obtained in the four experimental groups. 
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RESUL TS 

The mean body weight profiles of the 4 groups of 20 rats are shown in 

F i g. 2. The two C + and r groups demonstrated a comparab 1 e evo 1 ut ion, 

reaching after two months 343 ± 28 9 and 339 ± 31 (S.O.) g, respec­

tive1y. The two A- and A-r- groups had significant growth retardation 

at the end of the 6th week and th i s 

A-r- group. At the time of their 

286 ± 17 9 (0.001 < p < 0.01) and 

trend was more pronounced for the 

sacrifice, the mean weight was 

273 ± 19 9 (p < 0.001), respec-

tive1y. Both A- and A-C were .typically characterized by ocu1ar 

inf1ammatory 1esions. 

The mean thyroid weight and the circu1ating parameters of the retino1 

status and thyroid function on day 60 are collected in Tab1e II, revea1 ing 

that thyroid weight was not affected by pure vitamin A-deficiency, but 

fourfo1d increased by iodine deprivation. 

B100d retino1 levels were one tenth that of the contro1 (p < 0.001) in 

both A- and A-r- groups, but were unchanged in the I group. TT4, 

FT4, TT3 and FT3 were all significantly increased in both the A- and 

A-C groups. In the 1- group, the decrease in blood TT4 and FT4 
was accompanied by increase in plasma TT3 and FT3 levels. rT3 concen­

trations were significantly increased in the A- group and significantly 

decreased in the I group, in contrast with the basel ine pattern 

maintained during the entire experiment in the A-I- group. The pituitary 

function, appraised by the circulating TSH levels, was not changed in the 

A- group, but was significantly hyperactive in the I group. In the 

A-I- group, TSH secretion was intermediate between the A- and r 

groups. 

Tab le I II shows that 3H-mannose part it i oned between the two manna 1 i pid 

fractions. The data indicate that both A- and A-I- groups are 

characterized by a significant depression in endogenous synthesis of the 

retino1-1inked sugar amounting to 50-60% of contro1, and a slight increase 

(10-15%) in monosaccharide uptake by the do1icho1 systems. 
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Table 111 : Subcellular distribution of 3H-mannose 

Rat groups 

(n = 13) 

TTRa TMRa 
6 

10 dpm 

8.91 

17.04 

12.66 

18.83 

1.04 

2.69 

1.77 

2.46 

RPM 

dpm % TMRa 

1,120 

1,673 

1,945 

1,307 

0.107 

0.062 

0.109 

0.053 

DPM 

dpm % TMRa 

12,688 

37,005 

20,709 

34,895 

1.22 

1.37 

1. 17 

1 .41 

Total radioactivity is expressed as number of disintegrations per minute 
(dpm). Each value is the mean of two measurements made on pooled f~actions. 
Total thyroid radioactivity (TTRa) was measured after incubation and homo­
genization. Total microsomal radioactivity (TMRa) usually comprised 10 to 
20% of TTRa. Recovery was above 90%. 

Table IV displays the distribution of 3H-mannose between the 12S-Tg and 

the 19S-Tg peaks. The normalized results demonstrated that both A and 

A I Tg molecules were characterized by a significantly depressed incor­

poration of the 1abelled material ranging from 53% to 64% of the control 

radioactivity/absorbance ratio. 

Data obtained for the analysis of the Tg noncova1ent bonds after 6M 

guanidine incubation are co11ected in Tab1e V. Under this denaturating 

procedure, the C+ group was characterized by a major 19S-Tg peak repre­

senting 64% of the total radioactivity, whereas the 12S-Tg peak bound the 

remaining 36%. In both A and I groups, the relative proportion of the 

monomeric 12S-Tg peak increased at the expense of the dimeric 19S Tg peak. 

Maximal denaturation of the mature 19S Tg species was reached in the experi­

mental group combining both A- and I deficiencies. In this group, four 

fifths of the totally bound 1251 radioactivity was taken up by the mono­

meric 12S-Tg species. Fig. 3 outlines the relative proportion of the two 

main Tg molecular species after guanidine treatment in each of the 4 experi­

mental groups. 
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Table V Chromatographie study of the Tg noneovalent bonds 

Rat groups Iodine atoms/ Monomerie Dimerie 
(n = 7) mole Tg 125I_12S Tg 125I_19S T9 

C+ 35 36 64 
-A 34 59 41 

I 16 47 53 
A-I- 13 81 19 

Each value is the mean of two measurements made on pooled fractions. Value 
obtained for each Tg peak is the percentage of the totally bound radio­
activity. 

The study of the Tg covalent bonds was performed after DTT incubation of 

the guanidine-pretreated Tg molecules. Under the effect of this double 

denaturating procedure, all 19S-Tg molecules were cleaved into their 12S-Tg 

subun its. The very long subsequent ul tracentrifugat ion, in the absence of 

DTT, allowed a partial reoxidizing of some eystein residues and partial 
recovery of disulphide bonds. Table VI and Fig. 4 showed that this is the 

+ -case for both the C and I groups. In contrast, no reaggregation of the 
mature 19S-Tg species was recorded in either the A- or in the A-I­

groups. An additional minor slow-migrating 3-8 S eompound was observed in 

all derivations. 

Table VII revealed the profile of the radiothyronines released by 
purified 125I_Tg after pronase digestion. The free radioiodide represented 

less than 2% of the total retrieved radioactivity. This Table shows that the 

I group exhibited the expected increase of labelled MIT and T3, 

contrasting with the decrease of DIT and T4, and evolutionary pattern 

leading to high MIT/DIT and T3/T4 ratios. The A- group showed that 

both MIT and DIT fractions were signifieantly elevated, whereas the T 3 and 
T4 fractions were redueed by a half and by one fourth, respeetively. The 
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FRACTION NUMBER 
Fig. 3 : Chromatographie study of the noneovalent bonds of l25I_Tg 

after guanidine 6M ineubation. Individual values obtained for eaeh peak are 
reeorded by integrating the area of the normalized profile. and are shown in 
Table V. Pure vitamin A-defieieney (A-) entails more destabilizing effeets 
than pure iodine shortage (1-). but the eombined A-I- defieit deter­
mines the most pronouneed denaturation. 
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Tab1e VI Chromatographic study of the Tg cova1ent bonds 

Rat groups 
(n = 7) 

c+ 
-A 

I 
A-I-

Iodine atoms/ 
mole Tg 

35 
34 
16 

13 

3-8 S 
compound 

9 
5 
7 

11 

Monomeric 
125I_12S_Tg 

53 
95 
71 

89 

Dimeric 
125I_19S_Tg 

38 

22 

last A-I- group manifested a moderate elevation of the MIT peak value, 
an even less marked rise of the DIT compound, an unchanged level of T3, 
and a sharp fall of T4• This situation generates a high MIT/DIT ratio in 
both v itami n A-dep 1 eted groups, whereas the T 3/T 4 rat i 0 man ifests a 
diverging evolution as compared to the control ratio. 

DISCUSSION 

Tg is an iodinated glycoprotein that serves as a substrate for thyroid 
hormone synthesis and storage in the follicular lumen of the endocrine 
organ. Tg is one of the largest glycoproteins identified in the animal 
tissues and characterized by strik ing chemical and structural similarities 

between several mammalian species (Spiro & Spiro, 1965; Tarutani & Ui, 1969; 
Arima et al., 1972; Ro11and & Lissitzky, 1976; Marriq et al., 1977; Spiro, 
1977a). It is generally agreed that the full-grown Tg has a molecular weight 
of 660,000 daltons and 19S as sedimentation coefficient. This mature Tg 

species constitutes about 80% of a11 thyroid proteins (Ra11 et al., 1960) 
and has a dimeric structure comprising two non-identical 12S-Tg subunits 

with molecular weight close to 330,000 daltons (van der Walt et al., 1978). 
The nearly similar 12S-Tg monomeric subunits are regarded as the fundamental 



R
at

 
gr

ou
ps

 
(n

 =
 7

) 

c+
 - A I A
-I

-

T
ab

le
 V

II 
D

is
tr

ib
ut

io
n 

of
 t

he
 1

25
I-

ra
di

ot
hy

ro
ni

ne
s 

fr
om

 p
ur

if
ie

d 
19

S-
Tg

 
af

te
r 

pr
on

as
e 

di
ge

st
io

n 

Io
di

ne
 a

to
m

s/
 

M
IT

/D
IT

 

m
ol

e 
Tg

 
M

IT
 

DI
T 

T 3
 

T 4
 

ra
ti

o
 

35
 

20
.6

 
47

.5
 

3.
5 

28
.4

 
0.

43
 

34
 

32
.4

 
60

.9
 

1.
7 

21
.0

 
0.

53
 

16
 

42
.9

 
31

.3
 

4.
7 

21
.1

 
1.

37
 

13
 

29
.2

 
55

.9
 

3.
1 

11
.8

 
0.

52
 

Ea
ch

 
va

lu
e 

is
 t

he
 m

ea
n 

o
f 

tw
o 

m
ea

su
re

m
en

ts
 m

ad
e 

on
 

po
ol

ed
 f

ra
ct

io
n

s.
 

R
es

ul
ts

 a
re

 e
xp

re
ss

ed
 a

s 
pe

rc
en

ta
ge

s 
of

 t
he

 t
o

ta
l 

ra
d

io
ac

ti
v

it
y

 b
ou

nd
 

to
 1

9S
-T

g.
 

T 3
/T

4 
ra

ti
o

 

0.
12

 

0.
08

 

0.
22

 

0.
26

 

N
 

<X
l 

N
 .....
. 

::3
 

c.c
 

ID
 

::3
 

tT
 

-
'
 

ID
 

ID
 

?
' 



Vitamin A-Defieieney and Thyroglobulin 

>­
~ 
> 
tJ 
~ 

100 

50 

o 100 
<i 
0:: 

50 

12S-Tg 

19S-Tg 

o 10 20 30 40 50 0 10 20 30 40 50 

FRACTION NUMBER 

283 

Fig. 4 ; Chromatographie study of the eovalent bonds of l25I-Tg after 
guanidine treatment and dithiothreitol ineubation. Individual values 
obtained for eaeh peak are reeorded by integrating the areas of the normal­
ized profile, and are shown in Table VI. This denaturizing proeedure trans­
forms all the dimerie 19S-Tg into monomerie l2S-Tg speeies. During the 
subsequent eentrifugation, some l2S-Tg subunits may be partially reoxidized 
in the C+ and 1- groups, leading to restoration of some 19S-Tg mole­
eules. Sueh a reassembly is not observed in both A- and A-I- groups, 
indieating that the moleeular abnormalities indueed by vitamin A-deficit are 
irreversible. 
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polypeptide backbone synthesized by the thyroid gland, that are held 
together partly by noncovalent links (Andreoli et al., 1969; Rolland & 

L issitzky, 1972) and by covalent disulphide bonds (de Crombrugghe et al. , 
1966; Pitt-Rivers & Schwartz, 1967). 

The primary amino acid sequence of Tg has been partially identified 
(Spiro, 1970; Lissitzky et al., 1975; Chernoff & Rawitch, 1981; Dunn et al., 
1982). Each 19S-Tg molecule pos ses ses about 240 half-cysteine residues 
a110wing the closure of 120 disulphide bonds (de Crombrugghe et al. , 1966; 
Salvatore & Edelhoch, 1973). Almost all these S-S bridges are buried inside 
the core of each 12S-Tg monomeric species (intrachain bridges), and very few 
S-S linkages participate in the covalent aggregation of the two 12S monomers 
(interchain bridges). Each 19S-Tg molecule contains around 140 tyrosine 
residues and, under normal iodination level, about 35 to 40 iodine atoms 
(Salvatore & Edelhoch, 1973). 

These findings imply that only 7-10 tyrosine residues undergo coupling 
reactions and iodination under the thyroid peroxydase contro1 (Nunez & 
Pommier, 1982), leading to the generation of 3 thyroxine and 0.3 triido­
thyronine molecules per mole of Tg and showing that only very confined and 
selected areas of the Tg molecule are involved in the formation of thyroid 
hormones. Up to now, it was believed that the degree of Tg iodination serves 
as the main, if not the sole factor responsible for the stabilization of the 
mature 19S species, since numerous experiments have shown that poorly 
iodinated molecule is more prone to dissociation into the two monomeric 12S 
subunits. Conversely, more highly iodinated 19S-Tg exhibits greater stabi­
lity, which seems related to the closure, by halogenation, of all disulphide 
bonds, though one or two remain in the free form (Nunez et al., 1966; 
Andreoli et a1., 1969; Edelhoch et al., 1969; Tarutani & Ui, 1969; Haeber1i 
et a1., 1975). 

The carbohydrate content of the fu 11 19S-T 9 represents about 10% of the 
molecule by weight. At least six different sugars, which are incorporated in 
Tg a10ng a stepwise progression, have been identified in the carbohydrate 
chains : mannose, N-acety1g1ucosamine, galactose, fucose, galactosamine, and 
N-acetylneuraminic acid (sialic acid). Two main A and B polysaccharidic 
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chains have been discovered in most mammalian species, although some differ­

ences in the 1ength and chemica1 composition are reported from one species 

to the other (Spiro & Spiro, 1965; McQui 11 an & Trikojus, 1972). There is 

general acceptance that these A and B chains are transferred "en bloc" from 

their dol ichyl pyrophosphoryl carriers onto the polypeptide Tg matrix to 

which they remain attached by retinol-independent N-asparaginyl type of 

linkage (Oe Luca, 1977; Wolf, 1977; Struck & Lennarz, 1980). Human and 

guinea-pig Tg are eharaeterized by an additional C unit rieh in ga1aeto­

samine (Arima et al., 1972; Spiro, 1977a). Fina11y, a last 0 unit with high 

glueuronie acid eontent has been deseribed in the human Tg (Spiro, 1977b). 

In these two C and 0 fraetions, the sugar ehains are bound to serine or 

threonine residues by an alkali-labile O-glyeosidie type of linkage 

suggesting that ineorporation of the carbohydrates into the core of the 

growing peptide neeessitates the prerequisite formation of a retinol-linked 

sugar aeting as a direet purveyor (Oe Luea et al., 1973; Wolf, 1977; Rosso 

et al., 1977; De Luea, 1977; Masushige et al., 1978). 

Our study demonstrates that two months of vitamin A restrietion lowers 

plasma retinol levels, but does not affeet thyroid size. Histologie altera­

tions have been deseribed under vitamin A-deprivation both in 1 ight and 

eleetron mieroseopie seetions (Coplan & Sampson, 1935; Strum, 1979). Our 

results showing signifieantly inereased TT4, FT4, TT3 and FT3 values 

are in broad agreement with those reported by other workers (Garein & 
Higueret, 1977; Mor1ey et al., 1978; Oba & Kimura, 1980; Garein & Higueret, 

1980). This situation indieates a bioehemieal hyperthyroidism which is not 

aecompanied by the expeeted TSH downregulation that would occur if the 

negative feedback eontrol of the pituitary seeretion was preserved. In fact, 

vitamin A-depleted rats manifest an appropriate hypophysea1 response to 

exogenous TRH administration (Morley et al., 1978; Garein & Higueret, 1979), 

implying that TSH synthesis, storage and release is normal. Sinee the rats 

exhibit neither the elinieal nor biologieal symptoms of hyperthyroidism, the 

paradoxieal assoeiation of high levels of eireulating total and free thyroid 

hormones and normal TSH val ues suggests a general i zed unrespons iveness of 

the peripheral organs, ineluding the pituitary, to the action of the thyroid 

hormones. This partial insensitivity appears as a salient hallmark of 

vitamin A-deprivation and is best explained by adefeet situated at the 
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target site of hormonal action (Refetoff, 1982). We anticipate that an 
impaired retino1-dependent glycosylation of the intracellular receptors, 
hindering their ability to interact with T3, cou1d be the molecular 
anomaly responsible for tissue refractoriness. 

The elevated TT4, FT4, TT3 and FT3 concentrations in vitamin A­
shortage can be ascribed to a combination of at least three causative 
factors : First, higher Tg degradation rate, with the increase in release of 
hormonal compounds by the thyroid gland. A comparable situation is docu­
mented under several endocrine disorders, among which are thyroiditis and 
goitre, where the high circulating levels of iodoproteins may be regarded as 
a nonspecific consequence of glandu1ar injury (Pittman & Pittman, 1966; 
Salvatore & Edelhoch, 1973; Glinoer et al., 1974). More rapid Tg turnover in 
vitamin A-deficient rats is strongly suggested by microscopic studies 
showing accelerated entrance of follicular cells into the colloid lumen, 
together with an unusua1 abundance of lysosomes (Strum, 1979). Second, 
abnormalities in the peripheral T4 to T3 monodeiodinating pathway. The 
elevated rT 3 blood values after vitamin A restrietion support this idea. 
Blockade of the normal dehalogenation reaction can also induce high blood 
TT4 values (Jansen et al., 1982). The hepatic conversion occurs at the 
microsomal level and requires an adequate supp1y of at least two cofactors, 
reduced glutathione (GSH) and reduced nicotinamide adenine dinucleotide 
phosphate (NAOPH) (Balsam & Ingbar, 1979). The 1atter compound is depressed 
during vitamin A-depletion (Blaizot & Bonmort, 1979), whereas a decreased 
level of the former is to be suspected, since its addition to liver micro­
soma1 preparations improves the lost deiodinating activity (Higueret & 
Garein, 1982). Third, upstream retention of thyroid hormones in extra­
ce11u1ar spaces due to peripheral resistance. As a matter of fact, T4 
circulates largely in the extracellu1ar fluids, in contrast to T3 which is 
mainly confined to the intracellular compartment (Inada et al., 1975). The 
observation in vitamin A-dep1eted rats of an increased T4 bio1ogical 
ha1f-1ife, associated with decreased T3 distribution space (Higueret & 
Garein, 1982) sustains this view. Apparently, the specific carrier proteins 
are not invo1ved in the observed abnorma1ities, since the concentration of 
serum prealbumin, the major transport protein for the thyroid hormones in 
the rat, is not depressed under vitamin A-deficiency (Navab et a1., 1977). 
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However, subtle alterations in the binding affinities of prealbumin may 
occur. This is suggested by observations that, on electrophoresis, labelled 
T 4 and T 3 sh ift towards a new postalbumin zone (Garein & H i gueret, 1980; 
Oba & Kimura, 1980). The physiological significance of this augmented 
TBG*-like area under vitamin A restriction awaits elucidation. 

The b100d parameters recorded in the I group are similar to those 
reported in previous clinical and experimental works (Studer & Greer, 1968; 
Delange, 1974; Ingenb1eek et a1., 1980). The thyroid-pituitary negative 
feedback is here ful1y effeetive, and the 10w FT4 eirculating levels 
appear to be the best periphera1 indicator of the thyroid status and the 
sensor modu1ating TSH secretion (Ingenbleek, 1980). High TSH production 
exerts d irect troph ic effects on the thyroid ti ssue (Dumont et a1., 1978), 
enhanees its avidity for the rarefied halogen (Inoue & Taurog, 1968), and 
specifica11y stimu1ates the activity of the thyroid 51-monodeiodinase 
(Erickson et al., 1982). The A-I- group is characterized by b100d 
parameters situated at an intermediate level between the two extreme A­
and 1- poles. 

The incubation of the rat thyroids in the presence of tritiated mannose 
demonstrates that the RPM manno1ipid fractionreally exists in measurab1e 
amounts in the rat thyroid eytoso1 (Tab1e 111). Moreover, our data show a 50 
to 60% reduetion in endogenous RPM synthesis under both A- and A-I­
dietary shortage. On the eontrary, va1ues obtained for DPM are sl ight1y 
elevated in the vitamin A-dep1eted rat thyroid tissue. A comparable 
accumulation of the dolichol systems has been reported in vitamin A-deprived 
rat 1 iver (Rosso et a1., 1981). Taken together, these findings suggest that 
the deerease in RPM synthesis at eytoso1 ie level is the direet result of 
vitamin A-deficit, and that the higher DPM concentrations could be the 
consequence of less efficient utilization of the latter mannolipid fractions 
for further protein glycosy1ations. It was recent1y postu1ated that both RPM 
and DPM mannolipid intermediates eould be intereonnected by a converging 

* TBG Thyrobinding Globulin 
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pathway which cou1d be affected in opposite directions under vitamin 

A-deprivation (De Luca et a1., 1982). This view is consistent with a 

regu1atory ro1e p1ayed by RPM on the subsequent N-g1ycosy1ation reactions. 

The reduced incorporation of 3H-mannose into the core of both A- and 

A-I- thyrog10bu1 in species (Tab1e IV) indicates that the primary 

sequence of the growing peptides is modified under vitamin A-deficient 

conditions. Of the utmost importance is the fact that the depressed Tg 

mannosy1ation is exact1y of the same order of magnitude as the decreased RPM 

synthesis. This similar1y 10w recovery rate obtained for 3H-mannose by two 

independent technica1 approaches supports the concept that the uptake of 

this sugar by native Tg is governed by the 1aw of mass action and, through 

the mediation of RPM supp1y, direct1y inf1uenced by vitamin A avai1abi1ity. 
Moreover, and a1though this point lacks final proof to date, this survey 

suggests that the rat Tg matrix may contain at least one retino1-sensitive 
O-mannosy1ated chain comparab1e to the C and D units described in man and 

guinea-pig (Arima et a1., 1972; Spiro, 1977a; Spiro, 1977b). Obvious1y, pure 

iodine shortage (1- group) by no means interferes at any level neither 

wi th the endogenous synthes i s of RPM or DPM, nor wi th the insert ion of 
3H-mannose into the Tg polypeptide chain. 

The study of the 19S-Tg noncovalent and covalent bonds (Tables V & VI and 

Fig. 3 & 4) clearly reveals that vitamin A-deficit may entail per se, and 
regardless of iodination level, destabilizing effects similar to those 
triggered by pure iodine deprivation. These structural changes may be 

assigned to the persistent opening of several normally closed disulphide 

bonds. This crucia1 point may be ascertained by the fact that the Tg found 
. + -1n both C and A groups is characterized by the same normal halogena-

tion degree (34-35 atoms I-/mole) indicating that iodine is not implicated 

in the observed anomalies. The combination of both A- and I deficits 

produced the most pronounced disturbances in Tg conformation, showing that 

iodine restriction superimposed on vitamin A-deficit aggravates the glyco­
peptide dysmaturation. These experiments also display that pure iodine 

deficiency allows partial reoxidizing of some cystein residues, leading to 

reassembly of some reduced 12S monomers into 19S-Tg molecules. This 
reaggregation did not occur in the A- and A-I- groups, implying that 
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the molecular alterations induced by vitamin A-deficiency have become 
irreversible. 

The profile of the iodinated fractions found on the Tg matrix depends on 
the nutritional environment (Table VII). In the A- group, production of 
both T3 and T4 hormonal compounds is inhibited by 50% and by 25%, 

respectively, in contrast to higher concentrations of MIT and DIT residues. 
This unusual pattern is, here too, exaggerated by combined A-I- deficit. 
An entirely different Tg halogenation spectrum is recorded in the I 
group, where MIT and T 3 synthes i s i s cl early enhanced at the expense of 
depressed DIT and T4 generation. These findings explain why both MIT/DIT 
and T /T 4 ratios are increased under iodine shortage, whereas the former 

ratio is elevated and the latter diminished as a result of vitamin A 
deprivation. Summing up, it is apparent that the goitrous hypertrophy 
induced by iodine deprivation may be regarded as an adaptative dysfunction 
in which the thyroid-pituitary negative feedback and the coupling reactions 
between i odotyros ine res i dues intervene with normal or even with improved 
efficiency. High TT3 and FT3 together with low TT4 and FT4 blood 

levels may be related to the specific activation of the thyroid 5'-mono­
deiodinating enzyme which is directly controlled by TSH. Indeed, all 
regulatory mechanisms characterizing normal thyroid function are reset at 
new (higher or lower) thresholds of activity, in order to design an 
iodide-sparing scenario that is beneficial to the general thyroid economy. 
This iodide-dependent goitrogenic process is a late event in thyroglobulln 
maturation, since iodination is shown to occur at the apical edge of the 
follicular cell (Ekholm & Wollman, 1975) when the synthesis of the Tg glyco­
peptide matrix is fully achieved (Edelhoch et a1., 1973; Haeberl i et al., 
1975). 

In contrast, vitamin A-deficiency very early alters the thyroglobulin 
structure. Studies using labelled saccharides have shown that mannose is 
already incorporated at ribosomal level, initiating most probably the 

stepwise Tg glycosylation at the 3-8 S peptide level (Whur et al., 1969; 
Vecchio et a1., 1971; Bouchi lloux et al., 1973). Furthermore, mannose is 

recognized as capable of determining significant changes in the steric 
configuration of other glycoproteins, such as immunoglobulins (Sutherland et 
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al., 1972; Kaverzneva & Shmakova, 1981). We assume, therefore, that the 

abnormal primary sequence of poorly mannosylated Tg modifies the glyco­

peptide tertiary structure in such a way that its hormonogenic potency is 

severely depressed. Under physiological conditions, only a restricted number 

of tyrosine residues undergoes iodination and coupling reaction with optimal 

efficacy, a situation indicating that the amino acids involved in the 

vicinity of the forming sites are submitted to stringent sequential 

constraints (Chernoff & Rawitch, 1981; Ounn et a1., 1982; Nunez & Pommier, 

1982). Our data collected for Tg noncovalent and covalent .bonds, together 

with its iodination profile, strongly suggest that the undermannosylated 

i odoprotein is characteri zed by an unproprit ious spat i al rearrangement of 

these amino acids. This incorrect alignment apparently increases the 

d istance separat ing many res idues, hampers the normal closure of severa 1 

disulphide linkages, rendering the tyrosine-tyrosine coupling reactions less 

efficient. The vitamin A-dependent goitrogenic process may thus be regarded 

as the result of a molecular defect. It becomes obvious that the permanent 

antagonism between retinol and iodine on thyroid function is mainly focused 

at the level of T3 synthesis, since the MIT-OIT coupling reaction appears 

to be markedly inhibited under the vitamin-deficit, and highly enhanced in 

the halogen shortage. 

The question now arises whether these experimental findings have any 

implications in human goitrous disease. Certainly, total iodine restriction 

and total vitamin Adeprivation represent two extreme poles which are not 

compatible with prolonged survival of human beings. A growing body of data, 

however, indicates that populations living under poor sanitary conditions, 

especially in developing countries, may be simultaneously affected by 

diverse nutr i t i ona 1 disorders of mi 1 d or moderate sever i ty. Moreover, the 

varying pathogenic aspects of these deprivation illnesses may be c10sely 

interwoven. Fifteen years ago, György (1968) demonstrated that protein- and 

vitamin A-depleted patients had strikingly similar abnormalities of their 

electroretinograms, indicating that both deficits may lead to comparable 

ocular side consequences. This clinical observation was later substantiated 

by biological investigations showing that normal subjects, malnourished and 

goitrous patients reveal, regardless of age, sex and social environment, 

blood concentrations for the three components of the retinol circulating 
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complex which remain attached in an equimolar 1:1:1 ratio (Ingenbleek, 1980; 
Ingenb1eek et a1., 1980). The persistenee of this high positive eorre1ation 
imp 1 ies that the synthes i s rate of prea 1 bumin by the 1 iver determi nes the 
periphera1 retino1 status of the body (Ingenb1eek et a1., 1975a; 1975b). 
Sinee the deeline of plasma prealbumin is usually a very sensitive indieator 

of protein malnutrition (Ingenbleek et al., 1972; Ingenbleek et al., 1975a), 
it is understandable that ehronie protein-defieit repl ieates at eellular 

level the adverse effeets generated by insuffieient intake of vitamin A. 
Results obtained with our animal model thus appear extrapolable to human 

malnutrition and provide, in eombination with iodine defieieney, valid 
explanations for the unelarified epidemiologieal findings reeorded in 
endemie goitrous areas (Ingenbleek & Oe Visseher, 1979). 
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SUMMARY 

Protein-energy malnutrition, a multi-factorial disease, has 
been described predominantly in the infant. It was the aim of 
this research to give a biochemical assessment of the adult form 
and to compare it to the infantile syndrome within the same 
socio-cultural context of central Zaire (Kwilu region). 

Thirty-four children, 22 women and 2 men suffering from 
marasmic kwashiorkor at the hospital of Yasa-Bonga (Kwilu) were 
submitted to a complete set of 7 anthropometrie and 60 biochem­
ical tests. The control values were taken from healthy well-fed 
children and adults from Yasa-Bonga; for certain parameters, 
rural adult control values were also obtained. 

Dyspigmentation was found in all patients, children and 
adults al ike. The other symptoms were, in decreasing order of 
importance : oedema, dermat it is, apathy and 1 iver en 1 argement, 
often accompanied by associated secondary pathology. In the 
children, all anthropometrie indices were well below normal. 



Adult Protein-Energy Malnutrition 

In serum, total protein, albumin, prealbumin. ceruloplasmin 
and haemoglobin were reduced; the al' a2 and ß-globu­

lins were slightly reduced in infants but not much modified in 

adults, whereas y-globul ins were sl ightly increased in adults 

only. IgG and IgM were increased in both infants and adults, the 
enhancement was less pronounced for IgA. 

Essential amino acids in serum were reduced in the patients 

and most non-essential amino acids raised. with the exception of 
tyrosine and arginine which were reduced like the essential 

amino acids. Some ratios (phenylalanine/tyrosine, serine/threo­
nine, and non-essential/essential amino acids) proved to be very 
sensitive parameters for this type of protein-energy malnutri­

tion. No differences were found in the amino acid levels between 
adult and infant patients, with the exception of alanine which 
was higher in the adults. Alanine levels were also high in the 

rural adult controls as compared to the European controls. 
probably due to the extremely high carbohydrate (manioc) diet. 

Serum electrolytes were normal in adult patients, with the 

exception of low Ca. whereas in children P and Mg were also low. 

Total lipids and cholesterol were reduced in adult and infant 

patients. 

The ur i nar y excret i on of all parameters measured (N, urea, 
creatinine, hydroxyproline, electrolytes, trace elements and 
some vitamins) was reduced in the patients with only small 
differences between adults and infants. 

Starch was present in the faeces in two-thirds of the 

patients. disaccharides in 15% and an increased amount of 

glucose in 85%, showing the mal absorption syndrome. 

Two of eight serum enzymes determined showed a typical patho-
logical behaviour y-glutamyl-transpeptidase (y-GT) was 
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enhanced and cho1inesterase (CHE) was diminished in the ma1nour­

i shed infants and adu lts. The abnorma 1 y-GT isoenzyme pattern 
was simi1ar in infant and adult patients; especia11y, the 

appearance of a band near albumin (A-U1-y-GT) carried a 

very poor prognosis in both chi1dren and adu1ts. 

Another feature of our investigation was the design of die­

tary treatment using main1y 10ca1 foods. Upon dietary rehabili­
tation, the parameter in serum showing the most sensitive 

response was transferrin, fo110wed by albumin and ceru10p1asmin, 
whereas prea1bumin was very slow to react, especia11y in adu1ts, 

showing that the improvement of the general nutritiona1 status 
of the individual is rather sluggish. In general, the response 

of the adu1ts to the diet was slower than that of the chi1dren 
but it was not qua1itative1y different. 

In urine, increased secretion of urea and hydroxypro1ine were 

striking, especially in children. In faeces, starch and sugars 

disappeared. 

The evolution of the i11ness during treatment is best 
fo110wed by measuring y-GT and CHE. Concomitant decrease of 
y-GT and increase in CHE to normal levels signifies good 

response to the treatment and favourable evolution. Where the 
normal isation of the 2 enzyme levels cannot be obtained, the 
prognosis is bad indeed. The normalisation of y-GT isoenzymes 

is also an exce11ent prognostic too1. 

In assessing nutritiona1 rehabilitation we tried, fina11y, to 

distinguish between parameters responding more to the adequacy 
of the diet and those more re1ated to the state of the indivi­

dual and having therefore a certain prognostic va1ue. 

Since most c1inica1 signs and all biochemica1 
measured were practica11y identica1 in infants 

parameters 
and adults 

suffering from malnutrition and since dietary rehabilitation, 
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a1though slower in adu1ts, was accompanied by the same biochem­
ica1 modifications, we conc1ude that the syndrome, described 
here in some detail for adults, is the same as that found in 
infants and does not depend in this rural environment upon the 
age of the individual but on a particu1ar stress situation due 
to poor diet, poverty and infection, affecting the most vulner­
able groups of individua1s. 

Last1y, the syndrome is not tru1y protein-energy malnutri­
tion, but general ized malnutrition inc1uding minerals and 
vitamins, with a particu1ar invo1vement of the 1iver. 

* * * 

301 

It has become more and more apparent during the last decade or so that 
the syndrome called protein-energy malnutrition (PEM) can be compared to a 
chame1eon, changing its aspect and expression according to the circum­
stances. Indeed, not on1y do the manifestations of the disease vary 
according to the relative proportions of the energy and the protein deficit, 
but also in relation to concomitant deficiencies in vitamins or minerals, as 
we11 as general socio-economic conditions, breast-feeding habits, and so on. 
In addition, the c1inica1 and biochemica1 features of the syndrome depend on 
the hormonal situation of the individua1s concerned at the onset of depri­
vation. 

The aim of this research was to characterize PEM, as it occurs in a given 
socio-cu1tura1 context, name1y that of the rural population in Centra1 Zaire 
(Kwi1u region). A typica1 feature of the malnutrition in that region is that 
it affects not on1y the preschoo1 chi1d, but also, frequent1y, adult 
lactating women. The 10ca1 name for PEM is "mbwaki" meaning "copper-co10ur". 
We tried to make an integrated approach to the malnutrition situation, 
combining nutrition surveys among the hea1thy rural population in the nearby 
vi11ages, with the biochemica1 assessment of malnutrition 
Yasa-Bonga in order to design dietary habilitation 

malnourished patients. 

in the Hospital of 
schemes for the 
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Our presentation will deal essentially with the biochemical assessment of 
malnutrition and the comparison of infant and adult PEM. 

We sha11 start with a very superficial view of the general nutrition 
situation in the region showing the result of a nutrition survey made on a 
family basis by the direct weighing method and analysis of aliquots of a11 
the food eaten (Tables I and 11). The tentative results shown are from the 
Kumbimashi family in the vi11age of Mikula. Because of extremely uniform 
food habits, these results are quite representative for the other families 
in the regi on and are shown here on ly as "pars pro toto". The comp 1 ete 

results, including other families, will be published elsewhere. 

The main staple of these subsistence farmers is manioc, covering almost 
90% of the total calories. The calorie requirements are just covered, 
whereas protein supply is insufficient, as is the supply of vitamins B2, 
A,B l and Cu. The intake of the other nutrients is adequate or at least 

borderline, like that of zinc. The population adapts to the low protein 
supply by reducing body weight and size. In any stressing situation, the 

vulnerable groups, namely the pre-school children and the lactating women, 
are prompt to develop PEM. In children, the stress is generally the 
displacement from the breast, and infections such as measles; in the adult 
women, the main cause for malnutrition is socio-economic deprivation 
(unmarried mothers, abandoned wives), combined with frequent pregnancies and 
prolonged lactation. A rather typical situation is to find a mother with 
early PEM symptoms, suckl ing a sti 11 normal child, accompanied by an older 
child that has been displaced from the breast and is, therefore, suffering 

from PEM like its mother. 

Marked seasonal variations are observed, malnutrition being most frequent 
in the fall, after the short dry season, before the new crop can be 
harvested in January. 

There is little doubt that the relatively high frequency of adult PEM in 
that region is linked to the extremely high manioc consumption and the need 
to rely totallyon the food produced on the poor, acid soils or gathered in 
the forest. 
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With this general background in mind, we shall now describe the two forms 
of PEM observed in that region. 

ASSESSMENT OF MALNUTRITION a 

Patients and clinical symptoms 

Between 1971 and 1975 (at four different periods), we studied 56 patients 
comprising 33 children (aged 1 to 9), 1 adolescent, 20 women (aged 19 to 25) 
and 2 men (aged between 40 and 50). 

69.7% of the children involved were aged between 3 and 6. This represents 

wider age 1 imits than those usually described for kwashiorkor (Pereira et 
al., 1974) but s imil ar to those of the pat i ents observed by DeMaeyer et a 1. 

(1958) in Kivu. Most of the women studied were multiparous lactating women. 

The cl in ica 1 symptoms and their frequency are represented in F i g. 1. 

Dyspigmentation is found in all patients. It affects the hair, eyebrows and 
eyes-lashes, and then, in the most serious cases, spreads across the whole 
body, starting with the extremities. The other symptoms were in decreasing 
order of importance : oedema, dermatosis, apathy and to a lesser extent, 
liver enlargement. Apart from these typical signs of malnutrition, we find 
the associated pathology often linked in some way or other to malnutrition 
in tropical countries (diarrhoea, virus infections, anaemia). 

Anthropometrie measurements (Fig. 2-4) 

The classification of the children according to weight/age, height/age 

and thorax/age shows that all are well below normal, if we use the Boston 
standard (Nelson, 1964). It should be noted that the weight/age and thorax/ 

age relations are even more abnormal than the height/age relation. 

(a) For a detailed description of the methods and discussion of the results 
see: Antener et al., 1977a. 
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Symptoms Number of patients 

10 20 30 40 50 56 

Dyspigrnentation I 
Oedema 

Dermatosis J 
Apathy J 
Liver, spleen I 
Intestinal parasites J -
Diarrhoea I 
Malaria I Associated 

> pathology 

Other infections I 
Tuberculosis· I -

Fig. 1 : Clinieal symptoms and their frequeney in the 56 PEM patients 
investigated in this study. 
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Fig. 2 : Anthropometrie measurements (weight/age and height/age) of the 
PEM ehildren investigated in this study. 
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Fig. 3 : Anthropometrie measurements (ehest eireumferenee/age) of the PEM 
ehildren investigated in this study. 
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Fig. 4 : Anthropometrie measurements of the PEM ehi1dren investigated in 
this study. On the 1eft side : nutritiona1 index (Dugda1e, 1971) and on the 
right side : mid-upper-arm eireumferenee (Je11iffe. 1968). 
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Also the c1assification according to measurement independent of age shows 
that more than 90% of the chi1dren are we11 be10w standard. Except for two, 
all chi1dren fall within the malnutrition part of the nutritiona1 index of 
Dugda1e (1971). 

Biochemica1 assessment 

Whenever possib1e, the contro1 va1ues were taken from hea1thy well-fed 
chi1dren and adu1ts from Yasa-Bonga, mostly hospital emp10yees with a stab1e 
income. These controls must be c1ear1y distinguished from the so-ca11ed 
rural contro1s, used for the amino acid study and taken from hea1thy but 
marginally nourished subsistence farmers in the villages. The results are 
given in the form of tab1es with the mean ± standard deviation. The indi­
vidual va1ues for each patient are not presented here, a1though they are 
taken into account for the general conc1usions. 

In chi1dren and adu1ts, total protein is reduced but the drop in albumin 
is much more pronounced. The ~- and ß-g1obulin va1ues are on1y slight1y 
lower in the chi1dren as compared to the contro1s. Among adu1ts, we find an 
increase in y-g1obu1ins. The ceru1op1asmin (an ~-globu1in) and pre­
albumin levels are reduced in adu1ts and children. Prea1bumin, which was 
proposed as a usefu1 index of PEM by Ingenb1eek et al. (1972), was somewhat 
1ess reduced than albumin in these chronic cases, in which the respective 
ha1f-1ives of the proteins playa 1esser role than the chronic impairment of 
the protein synthesizing machinery in the 1iver. 

~~lfiym~_m!go~~iym_!og_~~Q~~~Qry~ (Tab1e IV) 

The great majority of our patients show a marked hypocalcemia, whereas 
magnesium and phosphorus are reduced on1y in chi1dren. 
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~Q1~~~1~T~_~Q91~Tl_sblQrl~~ (Table IV) 

With a few exceptions, the serum levels of these electrolytes are normal 
in children and adults. 

All values are definitely reduced in the malnourished patients. 

tl~~mQ9!Q2iQ_~Q9_9!~SQ~~ (Table V) 

Haemoglobin is extremely low in the malnourished children (6.5 versus 
11-12 9 % in controls) due to concomitant infections and parasites. 
Glycaemia tends to be reduced, especially in adults, probably because of 
lack of food in the siek, socially deprived women. 

!mm~QQ91Q2~liQ~ (Table VI) 

In most patients, IgM's and IgG' s are increased due to the numerous 
infectious episodes. IgA's are raised only in about 20% of the patients who 
are generally the most serious cases. 

For these determinations, blood was also drawn in the early morning, 
after an overnight fast. The values in the infant and adult patients are 
compared to a control group from the village of Mikula, the so-called rural 
controls. Values for European or United States (US) controls are also 
indicated. 

(b) For the details of the results see Antener et al.,1981a. 
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Fig. 5 ; Plasma levels of non-essential amino acids (NEAA) and essential 
amino acids (EAA), and some NEAA/EAA ratios in PEM children, PEM adults, 
adult rural controls and adults Americans. N.S. ; Not significant difference. 

* Different from PEM adults (p < 0.05) 
** Different from PEM children (p < 0.05) 
*** Different from all PEM patients (adults and children) (p < 0.05) 
**** Different from PEM adults (p < 0.01). 
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The serum amino acid pattern is clearly pathological and practically 
identical in infant and adult patients. with the exception of alanine. which 
is lower in infants. Actually. it is the alanine level in adults that is 
higher than normal. This is also found in the adult rural controls. In fact. 
alanine is the most glucogenic amino acid and this is a reversible reaction. 
The adult adapts to the high carbohydrate-low protein content of the daily 
diet by increasing the synthesis of alanine and possibly other non-essential 
amino acids. Indeed. not only alanine. but also serine and glycine are 
higher in the rural controls than in normal US adults. Among the other 
non-essential amino acids. histidine is increased in the patients due to 
histidase deficiency (Antener et al •• 1983). serum proline is unchanged in 
all groups whereas the other non-essentials are decreased in the patients. 
Taurine is only decreased when compared to the rural controls but not to US 
or European standards. Indeed. the rural controls have a higher serum 
taurine level than US adults. This may be due to higher sulphur amino acid 
catabolism. because of the unsatisfactory protein status or to a reduced 
sulphate formation due to an unknown enzyme defect. This finding is 
different from that of Ghisolfi et al. (1978) in "temporary" undernutrition 
in European infants. in whom the lowering of the plasma taurine level was 
the most typical sign of malnutrition. Arginine is especially low in the 
patients and high in the rural controls. Actually. serum arginine is almost 
twice as high in the rural control as compared to US adults. This is 
probab ly due to the reduced arg i nase act i v ity and represents an adapt i ve 
nitrogen-sparing mechanism due to the low protein ingestion. In the patients 
this mechanism is unsufficient to maintain the arglnlne level probably due 
to reduced argininosuccinase activity (Waterlow. 1968). 

L ike other investigators (Vis. 1975; Ghisolfi et al •• 1978). we found 
lower values for all the essential amino acids apart from lysine. Vis (1963) 
and Holt et al. (1963) did not observe this particularity for lysine. The 
normal serum lysine value may be related to the adequate lysine content of 
the daily diet (Mauron. unpublished results). The threonine level is 
extremely low in patients and also lower in the local controls than in 
European or US controls. Actually. a low serum threonine value seems to be a 
characteristic feature of this population group. This prompted us to 
introduce the serine/ threonine ratio as a typical parameter for this kind 
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of PEM. Since the threonine level in the daily diet is proportionally 

adequate, its 10w serum level must be attributed to some metabolie 

particu1arities. We found about 15 years aga a 10w serum threonine level in 

chi1dren with the A1drich-Wisgott syndrome. 

Tyrosine, a semi-essentia1 amino acid, is also very 10w in PEM patients 

and behaves here 1ike an essential amino acid because of the 10w level of 

phenylalanine hydroxylase (Antener et a1., 1981b). The 10w serum tyrosine 

level found in the patients may partially exp1ain their apathy and often 

depressed state s ince tyros ine i s an important precursor of catecho 1 amines 

and brain noradrenaline deficiency has been re1ated to some types of 

depression (Gelenberg et a1., 1980). 

The different amino acid ratios show the same overall tendency that is 

observed in PEM but the val ine/g1ycine ratio is 1ess usefu1 in this popula­

tion than the serine/threonine ratio, because of the high glycine and 

re1ative1y 10w val ine level in the rural contro1s. The non-essential to 

essential amino acid ratio was ca1cu1ated with the amino acids : a1a + ser + 

gly + gln + glu + asn divided by val + leu + tyr + thr + i1eu + phe + meth. 

A very interesting feature was the high amino acid content of the ery­

throcytes, as compared to the serum (Tab1e VII). A high EIS ratio for amino 

acids bears witness to the severity of the patho10gica1 condition since it 

is also found in ma1ignancy, acute inflammation hepatitis and anaemia 

(Björnesjö et al., 1968). The values resemble these found by Björnesjö et 

a1. (1968) and Mikhai1 et a1. (1973) in malnutrition. 

S!l~j'!!l~~ 

Of the eight enzymes tested, on 1y two, name ly y-gl utamy1-transpept idase 

(y-GT) and cholinesterase (eHE), are always patho10gica1 (Tab1e VIII). The 

high level of y-GT in all children and most adult patients, shows that the 

liver parenchyme has been damaged. It appears to be a very sensitive 

diagnostic tool for the type of PEM we observed in Yasa-Bonga. The low level 

of cho1inesterase shows that protein synthesis is reduced in the 1iver. The 
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activity of this enzyme also appears to be a good indicator of the severity 

of malnutrition. 

Transaminases and the other enzymes are much less characteristic. Their 

level is raised only in some patients. There is a tendency towards more 

pathological values in infants as compared to adults. This is especially 

true of GPT. 

y-glutamyl-transpeptidase isoenzymeC (Table IX) 6 patients with 

high y-GT activity levels were investigated for the presence of iso­

enzymes. Whereas in the controls, more than 90% of the activity is in the 

~-y-GT band and the rest of the activity in the Ql-y-GT band, 

all patients, except one, show a decrease in the Q2-y-GT band and an 

increase of the Ql-y-GT level. In addition, 4 patients have a band at 

the start (O-y-GT) and one patient has a band in the ßl area. These 

increases in the Ql band at the origin and in the ßl area of the 

protein marker are well-known pathological signs, not yet described in PEM, 

however. 

Urine 

Nitrogen, urea, creatinine and hydroxyproline excretion is very low in 

the patients. Total nitrogen, and especially urea excretion, is a function 

of protein intake at the moment of admission to the hospital. The lower 

values in children would indicate that they had a lower protein supply than 

the adult women. The low creatinine excretion is a measure of the low muscle 

masse It should be noted that even the adult controls had a low creatinine 

excretion indicating relatively low body and muscle mass in the general 

adult population. The creatinine/height index (Viteri et al., 1970) was 

calculated for the infants and found to be well below normal. Hydroxyproline 

excretion in infants was extremely low and so was the hydroxyprol ine index 

(c) See also: Antener et al., 1980. 
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(Whitehead, 1965), showing that growth had practically stopped at the time 
of admission. It is interesting to note that in most malnourished adults, 
hydroxyproline excretion is also low confirming a reduced collagen turnover. 

sl~~~tQl~~~§ (Table XI) 

Urinary calcium is very low ,in children and low in adults, but it should 
be noted that the controls also have relatively low calciuria. This is in 
relation with a relatively low calcium intake in the region, so that tubular 
reabsorption of calcium is almost complete. The magnesium excretion is also 
low in children (Harris et al., 1971) but somewhat less than the calciuria. 
In adults, magnesiuria is only slightly reduced in some patients. The fact 
that in the adult controls and patients, magnesium excretion is about 
3 times higher than calciuria is worth mentioning. It is· probably a 
reflexion of the nutrition situation in the region, since the magnesium 
supply is normal whereas calcium intake is at the inferior limit. The 
excretion of phosphate is very low in infants but much less so in adults. 
Since in the average diet of the population phosphorus intake is just about 
normal, the reduced phosphorus excretion in the sick infants is in relation 
to their low protein intake. Potassium, sodium and chlorine excretion is 
reduced in children and adults but low values are more frequent in children. 
The reduced potassium excretion is probably in relation with the diminished 
muscle mass and reduced potassium content of the tissues (Ingenbleek & 
Satge, 1968). We could not verify this point since we could not make 
biopsis, but the low potassium excretion, in spite of normal extra-cellular 
potassium level in serum is probably a sign of potassium depletion of the 
tissues and 1 inked to the frequent oedema observed (Golden, 1982). The 
reduced sodium and chlorine levels in urine are in relation with the low 
salt intake in the average diet. 

~i~~mia§_~aQ_!t2~~_~1~m~a!§ 

The few vitamin determinations made in urine do not allow to draw a 
definite conclusion. The excretion of vitamins 81, 82, niacine and 86 
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was well below normal, showing that most patients studied were on the 

borderline of vitamin deficiencies. 

Most of our patients, children and adults alike, had a reduced excretion 

of copper, zinc and manganese. The great variability of the excretion of 

these three trace elements in the controls should, however, be borne in 

mind. Since in the average diet, only copper is in short supply, the more 

generalized deficiency in the malnourished group can be attributed to 

reduced intestinal absorption. 

Faeces ---
Some of the patients, mainly the children, had a large number of daily 

bowel movements and nearly all had periods of diarrhoea. 

A characteristic feature of the patients at Yasa is the presence of 

starch (Auricchio et al., 1968), sometimes in high amounts, in the faeces, 

due to atrophy of the pancreas and also to the fact that about 90% of the 

daily diet is composed of manioc. Steatorrhoea plays a minor role when the 

patient enters the hospital because of the very low fat content of the daily 

diet (6%). At the beginning of the treatment, however, when the fat content 

of the diet is increased, steatorrhoea is often observed. 

The determination of sugars in the ultrafiltrates of the faeces shows 

secondary intestinal disaccharide and monosaccharide malabsorption. Malab­

sorption of maltose was observed in 41% of the patients, of isomaltose in 

32% and of glucose in 85%. These mal absorptions are typical signs of the 

atrophy of the intestinal mucosa. 

DISCUSSION 

Prote1n-energy malnutrition as described here, although it shows most 

biochemical signs of kwashiorkor, is of a multi-factorial type involving 

also energy, vitamins, minerals and trace elements. Because of the seasonal 
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variations in the food supp1y, this malnutrition is recurrent with periodic 

relapses and increasing severity of the disease and finally resistance to 

dietary therapy. Discolouration is the most typical sign of PEM in that 

region and is probably linked to the low level of riboflavin in the average 

diet of the population. Hughes made a similar observation in Nigeria (1946). 

An important particularity of the region of Yasa-Bonga is the high 

frequency of adult PEM. Our investigation shows that the adult type has the 
same biochemical characteristics as the generally described infantile type 

(Table XII). Among the different parameters measured, only two were differ­

ent in infant and adult patients, namely y-globulins and alanine. We 

conclude that these two forms of PEM do not represent different entities but 

are the express ion of the same bas ic syndrome that does not depend on age 

~ ~ but affects the vulnerable individuals whenever the food deficiency 
and the socio-economic deprivation falls below a critical level. In the 

rural environment of Yasa-Bonga, preschoo1 children and multiparous 

lactating women represent the two most vulnerable groups but PEM can also be 

observed in old widowers. 

A1though it is recognized that PEM is a multi-factoria1 disease, the 
re1ative1y high frequency of adult PEM in that region has to be 1inked to 

the very low protein level in the average diet which contains on1y between 4 

and 5% protein-energy. 

ASSESSMENT OF DIETARY REHABILITATION 

Diets 

Another part of our investigation was the design of dietary treatment 

using partially local foods d• Four types of diets were successively used 

for dietary treatment (Table XIII). There is no place to discuss here the 

(d) Antener et al., 1977b. 
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rationale of these diets. They contained about 12-15% protein calories, 
10-25% fat calories and the rest from carbohydrates. All diets contained 
locally available dried fish as main protein source, combined in some cases 
with lactose-free milk and caseinate. One diet (diet IV) contained only 
locally available foodstuffs. Complete balance sheet assays of the main 
nutrients (nitrogen, - fat, minerals and trace elements) were made with 
children suffering from PEM with these diets and the results have been 
presented elsewhered• It may be just worth mentioning that very satis­
factory positive nitrogen balances could be obtained with all diets and 
especially with diet IV, which had a high proportion of vegetable proteins. 
It was most difficult to obtain positive balances for calcium and magnesium. 
Nutrient balance sheet assays could only be performed with infant patients 
so that no comparison with the adults is possib1e. 

Biochemical assessmente 

Biochemical parameters were measured two weeks and two months after the 
beginning of the treatment with the ba1anced diets. Moreover, some patients 
were studied at one year intervals for several years after they had returned 
to their rural homes. 

Transferrin is the most sensitive parameter to react to the dietary 
rehabilitation, followed by albumin and ceru10p1asmin. Prea1bumin is very 
slow to rise, even after 2 months of dietary rehabilitation. All four para­
meters have the tendency to rise more slowly in adults. This is especially 
true for ceru1op1asmin and prea1bumin. It should be noted that in one chi1d, 
all four parameters continued to fall during treatment; this chi1d died 
short1y afterwards. 

The behaviour of prea1bumin observed here is in contrast with the 
findings of Ingenbleek et ale (1975) in primary malnutrition and by 

(e) Antener et a1., 1978. 
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Fig. 6 Evolution of serum albumin, prealbumin, ceruloplasmin, and 
transferrin during two months of dietary treatment. 
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Carpentier et al. (1982) in hospitalized patients. In both cases, the 

concentration of prealbumin reverted to normal values upon adequate 
refeeding. The long-lasting impairment of prealbumin synthesis we observed, 
in spite of adequate refeeding, may be the expression of 1 iver damage, 
affecting more severely prealbumin synthesis than that of the other visceral 
proteins measured. The fact that prealbumin synthesis is more impaired in 
adult patients than in children would point in the same direction since the 
1 iver is more injured in adults because they have experienced many more 
episodes of malnutrition during their life. Another, less likely, explana­

tion would be the persistance of a stressful situation during the whole 
period of rehabilitation, favouring the preferential synthesis of acute 
phase reactants (inflammatory markers) at the expense of prealbumin. This 
is, however, not very likely since this adaptive mechanism was shown to be 
operative only during the few days following the onset of acute stress 
(Ingenbleek, 1982). 

~~rym_2mi~Q_2~ig~ 

The serum amino acid levels are rather slow to respond to dietary reha­
bilitation but the tendency of the essential amino acids to rise and for the 
non-essentials to fall, was already distinguishable after 2 weeks' treatment 
but the normalisation was much slower and less pronounced than for certain 
serum protein markers and enzymes. 

su~~~~ (Fig. 7) 

The most interesting parameters to follow the evolution of the illness 
during treatment are the two enzymes; y-glutamyl-transpeptidase (y-GT) 
and cholinesterase (CHE). Concomitant decrease of y-GT and increase of CHE 

to normal levels signify good response to the treatment and favourable 
evolution of the illness. In case the normalisation of the two enzyme 
levels, especially that of CHE, cannot be obtained, the prognosis is very 
bad indeed. Another important prognostic tool is to follow the evolution of 
the y-GT isoenzymes. Diminishing of the al band and disappearance of 

the ß and O-bands is a sign of favourable evolution. 
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~rj!)~ 

The excretion of urea and hydroxyproline increases markedly during treat­
ment whereas the augmentation of creatinine excretion remains generally 
irregular, showing that the muscle mass recuperation is far from being 
uniform. 

E2~S~~ 

S tarch d isappears progress ive ly from the faeces upon dietary rehabi 1 ita­
tion, especially when manioc is replaced by rice. Mono- and disaccharides do 
not disappear completely but their amount decreases upon treatment, showing 
the improvement of intestinal absorption. 

Patient: Luv. 

A1~ " TI . . . 
4 404CIII ,GT 

o 

1913 1114 

'.tient: (Adult) May. 

Alb " TI . 
4 40 

1112 1913 1913 1914 

eHE ,GT 
c 0 

I' ZII 

1915 1115 

Fig. 8 Evolution of albumin, prealbumin and transferrin serum 
concentrations and of the activity of y-GT and eHE during dietary 
treatment and after return to the rural environment. The first result was 
obtained before treatment, the second one after treatment and the following 
ones at examinations in the rural environment. 
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Evolution of illnessf (Fig. 8) 

Some patients were followed over several years and aseries of bio­
chemical parameters were measured. A few examples are shown ~ the results 
obtained with two children and two adult women during a three year observa­
tion. They show the good response of the main parameters to dietary 
treatment and the slow degradation of the situation upon return to the rural 
conditions, interrupted sometimes by a new improvement, due to a temporary 
better food supply. It should be mentioned that not all patients experienced 
these ups and downs with peri odi c re 1 apses upon return to their rura 1 
environment, some recovered patients managed to maintain a very satisfactory 

nutritional status, characterized by a normalisation of most of the bio­
chemical parameters. 

f!~~~lflf~!lQ~_Qf_e~r~~~!~r~ (Table XIV) 

In order to get a clearer picture of the value of the different bio­
chemical parameters in assessing nutritional recovery, we made an attempt to 
distinguish between parameters responding more to the adequacy of the diet 
and those more re lated to the 5 tate of the ind iv idua 1 and hav ing thus a 
prognostic value for the evolution of the illness. We are aware that such a 
distinction is very artificial, since the improvement of health will depend 
on the diet and the efficiency of the dietary treatment will closely depend 
on the status of the individual. However, even so, some parameters are more 
directly 1 inked with the diet and others with the status of the patient. 
Thus, in the type of PEM studied in Yasa-Bonga, transferrin and albumin 
react rapidly to diet therapy, whereas prealbumin is slow to respond, 

depending on the status of the individual. However, when the prealbumin 
value eventually increases, it is a valid sign of a recovery. Another 

example is y-GT. The drop of this enzyme's activity is a sign of the 

improvement of the liver function and is thus more a measure of the status 
of the patient, although in favourable cases, it reacts relatively rapidly 
to the diet also. That is what is called "indirect effect" in Table XIV, 

(f) Antener et al., 1978. 
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meaning that the normalisation of the y-GT activity following dietary 

rehabilitation is an indirect effect of the diet mediated by the improvement 
of the liver parenchyme. We have tabulated in this way the different 
biochemical parameters, distinguishing between direct and indirect effects 
as regards efficiency of the diet or evolution of the illness. The table 
should be self-evident and is only meant to clarify the biochemical 
assessment of this particular type of PEM and to be a help in controlling 
the efficiency of the dietary management of the disease. It is also clear 
that such a tabulation always represents an oversimplification and that 
nothing can replace the close continuous observation of the individual cases 
who will all manifest some pecularities. 

CONCLUSION 

The assessment of dietary rehabilitation with the biochemical parameters 
chosen here shows that PEM in Yasa-Bonga is often of the chronic type, 
involving progressing liver damage. This is confirmed by the large number of 

pat i ents treated in the same hospita 1 for chron i c 1 iver d i seases such as 
cirrhosis and even primary liver cancer in young adults. 

To assess recovery, it i s important to choose sens it ive and spec ifi c 
methods. For the particular PEM described here, the determination of y-GT, 
CHE and prealbumin appeared to give the most sensitive parameters for 
evaluation of the evolution of the illness, whereas transferrin was the 
parameter reacting most rapidly to the dietary therapy. Here again, there is 
no fundamental difference between infant and adult patients. However, the 
rapidity of the normalisation of the different parameters and hence of 
recovery, was generally slower in adults than in infants. This does not mean 

that the PEM syndrome is different in each group, but that the adult 
patients, having had more episodes of malnutrition during their life, 

manifest greater liver damage. 

We conclude that adult PEM described here for the first time in some 
detail, including numerous biochemical parameters, is the same syndrome as 
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that observed more generally in infants. The particular conditions in 
Central Kwilu with an extremely low protein intake of the general popula­
tion, combined with other marginal deficiencies in vitamins and trace 
elements, are responsible for the relatively high frequency of adult PEM. It 
is thus clear that it is the general environment which imprints upon the 
syndrome the particular aspects observed here. The evolution of PEM in 
Yasa-Bonga also shows that the periodical dietary rehabil itation in the 
hospital is not a solution to the problem but that only a general improve­
ment of the food situation with the introduction of crops containing more 
protein , such as groundnuts, Bambara groundnuts, soja, beans, corn, etc. 
could definitely improve the present dismal situation. 
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Table I : Nutrition survey of the Kumbimashi family. 
Daily nutrient intake per person. 

Dai ly intake Requirements 1 Requirements 
Nutrient per person Moderate activity Heavy activity met 

Kcalories 2040 1930 2134 OK 

Daily intake Requirements 1 A110wance 
Proteins per person min. safe allowance met 

--
20 9 23 9 30 9 ---

Daily intake Dietary allowance2 A 110wance 
Vitamins per person min. recommendation met 

--
A (ß-carotene)3 1100 LU. 4 3400 LU. 965 LU. --
B1 0.53 mg 0.7 mg --
B2 0.45 9 1.2 mg ---
Niacin 7.3 mg 8.0 mg OK 
B6 1.0 mg 0.77 mg5 OK 
B12 1.8 mg 2.0 mg OK 

(1) Average based on weight and age of the persons composing the family 
(2 men, 2 women, 1 child) using the values of the FAO/WHO Report 1973 
for energy and protein requirements. 

(2) Average based on the calorie intake or the weight of the individuals 
using the Dietary Standard of Canada 1963 (Canadian Council on 
Nutrition). 

(3) 1 pg ß-carotene = 1 I.U. vit. A activity. 

(4) Average based on minimal requirements of 25 I.U./kg for adults (Hume & 
Krebs, 1949) and 50 I.U./kg for the child. 

(5) Average based on the values of Baker et a1., 1964, for a 10w protein 
diet, corrected for body weight or age. 
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Mineral 
salts 

Na 

K 

Ca 

Mg 

p 

Mn 

Fe 

Cu 

Cr 

Zn 

F 

Table 11 Nutrition survey of the Kumbimashi family. 
Meeting nutrient requirements. 

Dai ly intake 
per person 

(0.112 + 1.96 g) 

2.23 9 

0.543 9 

276 mg 

0.784 9 

4.9 mg 

14.45 mg 

0.83 mg 

660 mcg 

10.14 mg 

4.24 mg 

2.07 9 

Dietaryl 

allowance 

? 

1.2 - 3.7 9 

0.542 - 0.8 1 

274 mg 

0.540 9 

2.5 mg 

13.2 mg 

2.0 mg 

250 mcg 

15 mg 

1.5 mg 

(anticaries effect) 

Allowance 
covered 

OK 

OK 

± 

OK 

OK 

OK 

OK 

+++ 

± 

+++ 

(1) Average based on the sex and the age (ar weight) of the persans 
composing the family, using the Recommended Dietary A110wances 1980 of 
the Nutritional Academy of Sciences, Washington DC. 

(2) Based on the Dietary Standard of Canada 1963 (Canadian Council of 
Nutrition). 
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Table VII Ratio of amino acid levels in erythrocytes and serum 
(9 children) 

Amino 

acids 

Valine 
Proline 

Alanine 
Lys ine 

Leucine 
Tyrosine 

Threonine 
Serine 
Glycine 
Histidine 

Taurine 
Isoleucine 
Arginine 
Phenylalanine 
Ornithine 
Methionine 
Glutamine 
Glutamic acid 

Asparagine 

Phenyl/Ty. 

Va1ine/G1y. 

Ser./Thre. 

NEAA/EAA 

Erythrocytes 
mg % + SD 

(E) 

5.27 ± 0.90 

2.08 ± 0.49 

12.30 ± 1.17 

4.80 ± 0.97 

5.23 ± 1.23 

1.80 ± 0.35 

1.99 ± 0.34 

5.53 ± 1.03 

8.72 ± 1.51 

2.03 ± 0.35 

3.77 ± 0.46 

1.29 ± 0.26 

1.83 ± 0.62 
2.62 ± 0.48 

1.89 ± 0.31 
1.24 ± 0.23 

1.02 ± 0.23 

5.25 ± 1.16 

1.01 ± 0.38 

1.46 ± 0.07 

0.63 ± 0.07 

2.71 ± 0.16 

1.88 ± 0.13 

Serum 
mg % + SD 

(S) 

1.30 ± 0.12 
2.12 ±0.41 

2.88 ± 0.44 
1.24 ± 0.15 

0.32 ± 0.09 

0.24 ± 0.05 

0.35 ± 0.05 

1.49 ± 0.14 

2.23 ± 0.20 

1.60 ± 0.24 

1.02 ± 0.17 
0.57 ± 0.08 
0.63 ± 0.15 
0.53 ± 0.05 
0.54 ± 0.08 
0.17 ± 0.03 
2.07 ± 0.17 
3.31 ± 0.52 

1.11 ± 0.21 

2.81 ± 0.47 

0.61 ± 0.06 

4.78 ± 0.72 

3.92 ± 0.34 

(1) according to Björnesjö et al. (1963) 
(*) according to Levy et al. (1971). 

t test 
between 
E and S 

Erythrocytes/ E/S 
Serum normal 

values1 

P < 1% 4.05 0.82 
NS 0.98 

P < 0.1% 4.27 2.15 
P < 1% 3.87 0.87* 

P < 1% 16.34 1.2 

P < 1% 7.5 1.3 
P < 1% 5.69 1.50 
P < 1% 3.71 2.85 
P < 1% 3.91 3.05 

NS 1.27 0.98* 

P < 0.1% 3.70 0.82 

P < 5% 2.26 0.88 
NS 2.90 0.45* 

P < 1% 4.94 1. 18 
P < 1% 3.50 1.15* 
P < 1% 7.29 1.02 
P < 1% 0.49 2.0 

NS 1.59 3.93* 

NS 0.91 

P < 5% 0.52 0.91 

NS 1.03 0.27 

P < 5% 0.57 1.9 

P < 0.1% 0.48 1.27 
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Table XII Biochemical assessment of PEM 

Parameter Children Adults 

Total Protein 

Albumin 

Prealbumin 

y-Globulins 0 + 

Ceruloplasmin 

NEAA/EAA ratio ++ ++ 

Phe/Tyr ratio ++ ++ 

Ser/Thr ratio ++ ++ 

Val/Gly ratio 

19 A + + 

Ig G +++ +++ 

Ig M +++ +++ 

y-GT +++ +++ 

CHE 

Urea 

Creatinine 

Hydroxyproline 

- reduction } 
compared to controls 

+ increase 
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Table XIII Composition of the diets 

Diet I 1972 Diet II 1973 

Manioc Rice 

Dried fish Dried fish 
1 AL 110 or AL 110 or 

Hyperprotidine 2 Hyperprotidine 

LAD3 LAD 

MCT Arobon 

Arobon 4 Fruit and 

Fruit and vegetable 

vegetable 

Digestive ferments 

Ca-gluconate 

Vitamins 

(1) Lactose-free milk 
(2) Casein 
(3) Lactalbumin hydrolysate 
(4) Powdered carob meal (antidiarrheic) 
(5) Lactose-free milk 
(6) Ma1todextrin (Sopharga) 

Diet III 1975 

Rice 

Dried fish 

Aledin5 or 
Hyperprotidine 

Maltrinex 6 

Peanuts 

Caterpillars 

Fruit and 
vegetable 

Correction of 
electrolytes 

Added vitamins and 
oligoe1ements 

Diet IV 1975 

Soya and corn 

Dried fish 

Caterpi11ars 

Peanuts 

Vegetables 
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Parameters 

Transferrin 

Albumin 

Prealbumin 

Ceruloplasmin 

y-GT 

y-GT isoenzymes 

CHE 

Urea 

Hydroxyproline 

Excretion of 
electrolytes 

Starch + sugar 

Table XIV Biochemical assessment of recovery 
(children and adults) 

Efficiency of diet Evolution of illness 

Most sensitive indirect 

sensitive indirect 

non-sensitive slow to res pond 
t positive 

sensitive (children) indirect 
slow response in 
adults 

indirect t ver:t. negative 

indirect al + ß negative 

indirect t ver:t. I:!0sitive 

very sensitive indirect 

indirect indicator for growth 
t positive 

± sensitive, slow t positive 

in faeces indirect t negative 



PUBLIC HEALTH/CLINICAL SIGNIFICANCE OF INORGANIC CHEMICAL ELEMENTS 

Mohamed ABDULLA 

Department of Clinical Chemistry,-University Hospital, Lund, Sweden 
and Institute for Community Health Sciences, Dalby, Sweden 

SUMMARY 

Food tables documentin9 the concentration of various nutrients 
in individual foods do not provide satisfactory information on 
the contribution of essential inorganic trace elements by 
prepared meals. Only direct analysis of the actual food consumed 
during a 24-hour period can give an accurate estimate of the 
dietary intake. Employing the duplicate portion technique, we 
have analysed the concentration of a number of inorganic chemi­
cal elements in 882 dietary samples from various population 
groups in Sweden. The intake of several elements including 
potassium, magnesium, zinc, copper and selenium, in the normal 
mixed diets is low when compared with recommended dietary 
allowances (RDA). Vegetarian diets are richer in these elements 
than ordinary non-vegetarian diets. Plasma levels of trace 
elements are often poor indicators of body status. A clinical 
follow-up of a group of pensioners in Dalby, Sweden, for a 
period of 10-12 years has not indicated any specific signs or 
symptoms of trace element deficiencies. Vulnerable groups, 
namely, children, pregnant women, alcohol ics and the elderly, 
may, however, be more susceptible than the population in general 
to marginal deficiencies resulting from normal everyday consump­
tion of Western diets. 
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* * * 

Advances in analytical methodology and sophisticated instrumentation have 
certainly helped to bring about a breakthrough in the field of trace element 
research during the last two decades. Using powerful analytical techniques, 
such as atomic absorption spectrophotometry, neutron activation, mass 
spectroscopy and polarography, researchers have demonstrated the presence in 
living systems and their food chain of a number of inorganic chemical ele­
ments - elements that were considered up till now as contaminants or 
accumulated material, and as such, of no importance in human health and 
disease. The latest estimates indicate that most tissues of a healthy adult 
contain 40-60 of the" basic elements represented in the periodic table 
(Hamilton, 1979; Abdulla et al., 1982a). In studies concerning the health 
and diseases of man, these are traditionally classified as essential or 
non-essential according to their role in vital metabolie processes. The bulk 
of living matter consists of the first eleven elements in the periodic 
table. Such so-called trace elements as chromium, cobalt, copper, iron, 
manganese, zinc and selenium constitute somewhat less than 1% of the total 
human body mass. The number that are known to be essent i a 1 for 1 ife i s 
likely to increase in the future with advances in our knowledge concerning 
the role of the elements in metabolie reactions. 

In spite of the tremendous progress in trace-element nutrition research 
during the last few decades, the biological roles as well as the minimum 
requirements of many elements are still hypothetical. Some of these that are 
present in the human body in very low concentrations (ppb levels) are not 
thought to have any specific biological function. At the same time, it is 
generally believed that the minimum requirements of essential chemical 
elements, inc 1 ud ing chromi um, copper , manganese and selen i um, are so low 
that a pure nutritional deficiency of these rarely occurs in man. On the 
other hand, the adequacy of a modern all-round Western diet as regards trace 
elements is presently being debated. Marginal deficiencies of several trace 
elements have been shown to exist in parts of the populations of industria­
lized countries (Mertz, 1970). 
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From a public health point of view, it is important to assure the general 
population that the intake of all nutrients, including the essential ele­
ments, is adequate in the average, normal daily diet. At the same time, the 
ideal diet should not contain more than the permitted levels of toxic heavy 
metals. Except for occupational exposure, the major pathway through which 
the chemical elements enter the human body is via the food chain. Require­
ments established by controlled balance studies exist only for a few ele­
ments. Information concerning the dietary intake of essential inorganic 
elements from prepared meals is very limited at this time. Further, the data 
currently available are unsatisfactory, since most of them are based on 
conventional techniques, such as dietary history and interview studies in 
combination with food tables. Food tables have limitations when used for the 
assessment of trace-e lement intakes. They do not, for examp 1 e, take into 
consideration the effect of preparing and cooling, prior to consumption, 
which often alter the composition of raw food materials. Moreover, food 
tables have no data for some elements, which occur in very minute amounts in 
basic foodstuffs. 

Another important problem in trace-element nutrition is the diagnosis of 
deficiency. Severe deficiencies that require immediate medical attention 
occur only rarely in affluent countries. Such cases are reported occa­
sionally in hospitalized patients receiving total parenteral nutrition 
(Jeejeebhoy et al., 1977; Mertz, 1981a). On the other hand, there are 
indications that marginal deficiencies of magnesium, copper, zinc and 
selenium, are fairly common in parts of the population of industrialized 
countries (Abdulla et al., 1981c; Mertz, 1981b). A lack of characteristic 
symptoms and diagnostic techniques is the major reason that marginal 
deficiencies are not identified at an early stage. Even when the dietary 
intake is restricted, normal body functions are maintained for a certain 
period of time by homeostatic mechanisms and by making use of the body 
reserves. An ideal approach to study the long-term effect of marginal con­
sumption of trace elements is to follow vulnerable groups in the general 
population over extended periods for possible signs and symptoms of 
deficiency. Another way of detecting the existence of marginal deficiency 
rests in therapeutic trials. The response to iron supplementation in iron­
deficiency anaemia is a good illustration. Unfortunately, there are no 
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clinical parameters, such as haemoglobin levels in blood, to correlate the 
therapeutic response to other trace elements. Changes in the activity of 
metalloenzymes in blood and other tissues can sometimes be related to the 
concentration of trace elements. In our own studies, we could show that the 
activity of delta-aminolevulinic acid dehydratase in red blood cells could 
be activated by oral supplementation of zinc (Abdulla & Haeger-Aronsen, 
1971; Abdulla & Svensson, 1979, Abdulla, 1980; 1981). Similarly, alkaline 
phosphatase activity in plasma and other bio1ogica1 fluids has been found to 
be corre1ated with zinc concentrations (Kirchgessner & Roth, 1980). 

At Da1by in Southern Sweden, the Swedish Medical Board supports a unit 
for primary medica1 care. Dietary habits and the general hea1th of the 
population is one of the research projects in this unit, wherein the 
dup1icate portion technique has been standardized for studying the dietary 
intake of all nutrients in the diet of various population groups in Sweden 
(Borgström et a1., 1975). One group of old age pensioners has been fo11owed 
for aperiod of 10-12 years. I shall, in this paper, briefly discuss the 
technique used to study the dietary intake of essential and toxic inorganic 
chemica1 elements (Abdulla et al., 1979a) and the major findings of our 
fo11ow-up studies. 

MATERIALS AND METHODS 

The material consisted of 882 dietary, 243 urine and 457 b100d samp1es. 
The particulars of the participants are shown in Table I. 

The dup1icate portion technique was emp10yed to co11ect the dai1y dietary 
samp1es. The dup1icate portion was a copy co11ected visua11y while eating to 
represent as exact1y as possib1e the food and fluids consumed during a 
24-hour per iod. The subjects were briefed thorough1y by a trained dietician 
about the sampling procedure. On the day of samp1ing, a written protoco1 was 
prepared to indicate the rough quantities and types of solid foods and 
fluids consumed. The material co11ected during the day was poo1ed and later 
homogenized and 100-200 m1 of the homogenized materi a 1 lyoph il i zed. Thi s 
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Table I Particulars of the participants (various population groups) 
included in the Dalby study 

Groups 
investigated 

Hea 1 thy adu lts 
Healthy women 
Pensioners 
Vegans 
Lactovegetarians 
Children 

Age 
range 

25 - 60 
30 - 79 

67 
49 - 55 
49 - 52 
14 - 15 

Sex 
M F 

10 10 
60 

17 20 
3 3 
3 3 
7 8 

No of samples collected 
Diets Urine Blood 

140 
360 180 60 
259 370 

24 24 6 
24 24 6 
75 15 15 

material was then extracted using chloroform and methanol to determine the 
fat-soluble components of the diet. The fat-free powder was then dried, 
quantitated and used to estimate the concentration of the inorganic elements. 

The 60 women, 12 vegetarians and 15 teenagers who participated in our 
study also collected 24-hour urine samples corresponding to the days of food 
sampling. From most of the participating subjects, blood samples were drawn 
at least on one occasion. In the case of the pensioners, blood samples were 
collected on every occasion of a cl inical follow-up. Zinc and magnesium 
levels were measured in whole blood as well as in plasma, whereas the other 
elements were determined only in plasma. The concentrations of nickel, 
chromium, iodine, lead, cadmium and mercury were also measured in the diets 
of the pensioners. 

For analysing the inorganic elements, approximately 0.5 9 of the fat-free 
powder was wet-ashed at below 250°C using concentrated nitric, sulphuric and 
perchloric acids. The details of the procedure are reported elsewhere 
(Borgström et al., 1975). Following wet-ashing, the samples were diluted 
with de-ionized water and kept in the cold room until analysis. For the 
analysis of calcium and magnesium, the samples were diluted with 2% w/v 
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lanthanum chloride. Sodium and potassium were analysed by flame photometry; 
the others were determined by atomic absorption spectrophotometry except 
iodine which was quantitated by a spectrophotometric method (Abdulla et al., 
1979b). A number of 24-hour dietary samples were also subjected to neutron 
activation for comparison of results with those obtained by other techniques. 

The clinical examination in the case of pensioners consisted of a 
standardized questionnaire and a routine clinical examination, including the 
analysis of blood and urine. The laboratory data included height, weight, 
blood press ure, haemoglobin, leucocyte counts, erythrocyte sedimentation 
rate, blood folate, serum cobalamine, plasma tocopherol, serum vitamin A, 
serum proteins, serum triglycerides, serum cholesterol, serum T3 and T4, 
blood glucose and liver function tests. The concentration of zinc, copper, 
iron, magnesium, calcium and selenium was also measured in the plasma. The 
extensive clinical and laboratory investigations of the pensioners were 
undertaken at 2-year intervals for 12 years. These investigations are still 
being continued in those who are alive. 

The material also consisted of 24 hospita.l diets (breakfast, lunch and 
dinner). These were included in order to make a comparison of the results by 
computation employing standard food tables, as well as by chemical analysis. 
These hospital dietary samples were treated in the same way as the other 
diets prior to chemical analysis. 

Urine samples, whenever collected, were analysed for the estimation of 
the electrolytes sodium and potassium and nitrogen. We also measured the 
excretion of calcium, magnesium, zinc and copper in a number of urine 
samples. 

RESULTS 

The losses of the inorganic elements during lyophilization and fat 
extraction were calculated by analysing the fresh homogenates and the fat­
free, lyophilized powder. In most cases, the losses were less than 5%. 
Recovery studies indicated that the wet-ashing procedure resulted in a 5-10% 
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10ss of sodium, potassium and magnesium. For the remalnlng elements, the 

losses were 1ess than 5% (Abdulla et al., 1982a). Table II shows the 
concentration of calcium, magnesium, sodium and potassium in the "common" 

(the averages of the diets of adults, women and pens ioners), vegan and 
1actovegetarian diets. (The results of the diets from teenagers were not 
comp1ete1y ready at the time of preparation of this manuscript). Fig. 1 
shows the intake levels of iron, zinc, copper and se1enium in the diets as 

percentages of the recommended dietary a llowances levels (RDA) (Nat iona 1 
Academy of Sciences, Washington, 1980). As can be observed, the concentra­

tion of most of the elements in the conmon diet is 10w when compared with 
the RDA levels. This is especia11y so for potassium, magnesium, zinc, copper 

and selenium. The vegetarian diets, on the other hand, have much higher 
concentrations of these elements when compared with those of the common 
diet. The se1enium content in the vegan diet is extreme1y 10w, whereas the 
1actovegetarian diet has the highest concentration of all of the element. 

The 1actovegetarian diet, on the who1e, is richer in most trace elements 
than the so-called common diet, but slight1y poorer than the vegan diet 

except for se1enium. Mercury, cadmium and lead in the pensioners' diets is 
below the permitted levels proposed by the FAO/WHO (Expert Committee on Food 

Additives, 1972); chromium, nickel and iodine intakes, on the other hand, 
are far more than adequate when compared with the present recommended levels 

(RDA, 1980). 

The results obtained using food tab1es and by chemica1 analysis of the 
hospital diets showed that the computed data, in general, gave higher va1ues 
than those obtained by chemica1 analysis. The food tab1es normally do not 

have data for the concentration of severa1 trace elements such as copper, 
chromium and se1enium, and as such are not suitab1e for comparative studies. 
In the present investigation, we on1y compared the concentration of iron, 

calcium, sodium and potassium. Fig. 2 shows the data for the concentration 

of iron obtained using food tab1es and by chemica1 analysis. 

Tab1e 111 shows the resu1ts of the analysis of plasma and urine samp1es 

for the concentration of calcium, magnesium, zinc and copper. Those for 
sodium, potassium, and in some cases, se1enium and chromium, are not 
tabulated here. In general, most of the va1ues obtained in the present 

investigation 1ie within the normal range. 
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Tab1e 11 : Concentration (mean and range, mmo1/1) of sodium, potassium, 
calcium and magnesium in the common and vegetarian diets 

Elements 

Sodium 
Potassium 
Calcium 
Magnesium 

Common 

102 (16-294) 
52 (15-93) 
17 (5-67) 
9 (4-20) 

% IRON 
150 

100 

~ 50 

Types of diets 
Vegan 

96 (23-168) 
103 (51-163) 

16 (3-33) 
22 (10-35) 

% ZINC 
150 

100 

50 ~ 
% COPPER % SELENIUM 

150 150 

100 

50 

o Vegetarian äet 

~ Lactoveg. diet 

• Common diet 

100 

50 

Lactovegetarian 

104 (25-188) 
125 (53-160) 
23 (12-41) 
18 (12-32) 

Fig. 1 : Concentrations of iron, zinc, copper and se1enium in the diets 
as percentages of the RDA levels. 
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Table 111 : Concentration of calcium. magnesium. copper and zinc 
in plasma and urine (mean and SO. mg/l) 

Groups Calcium Magnesium Copper Zinc 

Lactoveg. plasma 92.2 ± 6.7 17.2 ± 1.9 0.950 ± 0.170 0.91 ± 0.16 
urine 99.5 ± 60.9 67.1 ± 20.1 0.038 ± 0.015 0.37 ± 0.24 

Vegans plasma 23.1 ± 1.2 1.090 ± 0.240 1.14 ± 0.31 
urine 56.9 ± 18.1 80.5 ± 24.8 0.040 ± 0.021 0.32 ± 0.11 

Pensioners plasma 94.5 ± 9.7 18.4 ± 1.7 1.280 ± 0.370 0.80 ± 0.12 
urine 

Chi ldren plasma 133.0 ± 5.7 19.1 ± 1.3 1.000 ± 0.130 1.15±0.1l 

15 ys-old urine 

mg 
10 

0 
"0 • 0 Q) 
rn 

0 ~ 

~ '" I c 
"0 '" 5 
Q) I' 1ij 
'5 .~ t a 
E 0 
0 ~ "5-___ 
0 

0 

8 • CO • 
n=28 n=28 

Fig. 2 : Comparison of the concentration of iron computed using food 
tables and that obtained by chemical analysis (hospital diets). 
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DISCUSSION 

In the past, food tables documenting the composition of individual food 
items have been extensively used for mass surveillance of food quality, 
especially with regards to the macronutrients proteins, fat and carbo­
hydrate. The tables are generally based on the analysis of raw foodstuffs 
and, as such, may not be accurate for estimating the intake of micro­
nutrients, especially the trace elements, from prepared meals ready for 
consumption. Besides, they do not provide values for chromium, selenium, 
manganese and arsenic. Development of the dupl icate portion technique has 
eliminated many such problems. One major advantage of the technique is the 
possibil ity to store dietary samples for an unl imited period of time thus 
permitting later analysis for any particular element of interest that has 
been omitted at the time of the first investigation. This is pertinent 
because more and more elements in the periodic table are gaining importance 
in the field of human nutrition. 

Because the results of the chemical analysis generally show lower values 
than those computed using food tables, the dupl icate portion technique has 
been criticized in that it may not represent what people really consume on a 
day-to-day basis. This aspect has been investigated in detail in the study 
of the 60 women (Thul in et al., 1980; Abdulla et al., 1981b) in whom the 
urinary excretion of electrolytes and nitrogen was measured on two different 
occasions without the simultaneous c~llection of dietary samples. On a third 
occasion after an interval of two years from the first, these wornen 
collected six daily portions of food and three 24-hour urine samples 
corresponding to the days of food collection. Once again, we analysed the 
intake levels and excretion of sodium, potassium and nitrogen. There was no 
significant difference between the three investigations. Thus, it appears 
that the food collection technique did not influence the pattern of normal 
eating habits during the period of our investigations. Analysis of hospital 
diets by computation using food tables and' by chemical analysis also show 
that the latter approach gives lower values than the computed data. A close 
look at the available 1 iterature indicates that the previous estimate of 
trace-element intakes was based on rough estimates from the levels found in 
the raw food materials. Our results from different series of dietary samples 
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are reproducible and in agreement with the results of others who employed 
the same technique (Smith et al., 1982). 

Dur most important finding is the low content of several essential ele­
ments in the so-called common diet as compared with the recommended dietary 
allowance (RDA) levels. Similar results have been found in the diets of the 
general population in other affluent countries (Klevay et al., 1979; Smith 
et al., 1982). Overconsumption of highly refined food items may partly 
contribute to the low intake level of some of the elements, such as zinc, 
copper and selenium (Underwood, 1977). The vegetarian diets consisting 
mainly of unrefined foodstuffs, indeed, have a higher content of most 
essential trace elements; however, they may not be biologically fully 
available for absorption. High-fibre content in the diet can reduce the 
absorption of several trace elements (Sandstead et al., 1976) and vegetarian 
diets are fairly rich in fibre (Abdulla et al., 1981a). More detailed and 
long-term studies are necessary to evaluate whether vegetarian diets are a 
bett er or an inferior source of bioavailable trace elements than the normal 
mixed diets. Such studies may be conducted in populations such as the Hindu 
Brahmins in India who, because of religious beliefs, have been vegetarians 
for generations. 

Although the plasma levels of the elements investigated are found to be 
in the normal range, it is difficult to interpret the results with regard to 
the body status of these elements. At pre~ent, no single laboratory para­
meter indicates the body status of most of the inorganic elements. Tradi­
tionally, the concentrations are measured in plasma or serum, for it is a 
simple, fast and inexpensive methode Plasma or serum levels, however, may 
not be good indicators for many, including zinc, copper, magnesium and iron, 
as most of these are intracellular (Abdulla, 1982). Moreover, a low or high 
level of an element in the plasma or serum may not always indicate a dietary 
deficiency or excess of the element in question. Very often, changes in 
plasma levels are due to a shift of the element from the transport media to 
other body compartments (Abdulla, 1982). A wide range of conditions, such as 
acute and chronic infections, inflammatory diseases, burns and myocardial 
infarctions, are known to influence the plasma levels of trace elements 
(Beisel et al., 1976; Powanda, 1982). A number of pharmaceutical drugs that 
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are in cOlllnon use are also known to influence the plasma levels of severa 1 
trace elements (Weismann, 1980). 

For reliable information on the body status of trace elements, direct 
measurements in vivo - whole-body counting using radioisotopes and analysis 
of vital biopsy materials: viz. liver, kidney, muscle and bone sample - are 
indicated. For routine purposes, these methods are, however, not practi­
cable. So much so, that until simple or sensitive methods for the assessment 
of trace-element status are developed, dependence will be on indirect 
measurements of plasma, urine, hair and nail samples. To assess the body 
status of trace elements, it is advantageous sometimes to combine the 
analysis of urine and plasma samples. Analysis of nucleated tissue such as 
leucocytes has recently been found to be a reliable indicator of body status 
of trace elements including zinc when compared with that of plasma levels 
alone (Whitehouse et al., 1982). Because the turn-over rate of trace 
elements in leucocytes iS fast, deficiency states may be reflected at an 
early stage, if the cellular concentration of these elements is accurately 
measured. Specific enzyme studies may be another possibility for assessment 
of trace elements status in the future. 

As pointed out earlier in this paper, the right approach to detect a 
deficiency of trace elements is to follow clinically the vulnerable groups 
in the general population, namely, children, pregnant women, alcoholics and 
the elderly, for prolonged periods of time. This may not be possible in many 
countries due to economic and social problems. In the present study, we have 
followed the health status of the pensioners in Dalby, Sweden, for 
10-12 years. Although the elderly people of industrialized countries 
constitute almost 25% of the total population, this group may not be the 
ideal one to follow with regards to trace element deficiencies. With 
advancing age, a gradual deterioration of many physiological functions are 
to be expected. Energy requirements decline gradually during the last 
decades of 1 ife. Deficiencies in the dental status and digestive problems 
certainly influence the dietary habits of the elderly. Moreover, elderly 
people are more often subjected to various drug therapies and this may 
influence trace-element metabolism (Abdulla et al., 1977). 
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Of the 37 Dalby pensioners clinically followed during the last 
10-12 years, 27 are still alive today. From the clinical evaluations, which 
always included an elaborate laboratory data, we are unable to single out 
any signs or symptoms that can be attributed to the low intake of the 
elements we investigated. 

This brings up the very important question concerning the adequacy of the 
present RDA values. The RDA values are subject to revision from time to time 
and it is often difficult to draw conclusions regarding the consequences of 
low intake levels of many essential elements. Moreover, there are no inter­
nationally acceptable RDA levels for many trace elements. Growing children 
and/or pregnant women are a more ideal group to study the effect of marginal 
i ntakes of trace elements • These groups are more suscept ib le to marginal 
deficiencies of trace elements, such as iron, zinc and copper, than the rest 
of the population (Mertz, 1970; Hambidge et al., 1972; Jameson, 1976; 
Abdulla et al., 1982b). 

Another approach in the diagnosis of marginal deficiencies of trace ele­
ments rests in therapeutic trials. Many of the essential elements, for 
example, zinc, copper, iron and selenium, are non-toxic in therapeutic 
doses. Studies in Egypt and Iran on zinc deficiency and in China on selenium 
deficiency are good examples illustrating the positive effect of therapeutic 
trials (Prasad, 1976; Chen et al., 1980). In pregnant women with very low 
plasma zinc levels, oral zinc supplement had beneficial effects when 
compared with a control population (Jameson, 1976). The effect of zinc 
during pregnancy in humans is very similar to that which has been observed 
in experimental animals (Hurley & Swenerton, 1966; Mathur, 1978). Safe 
enrichment of table salt with iodine and the dramatic response of nutri­
tional goitre is a classic example of therapeutic nutrition. Similarly, the 
response of iron-deficiency anaemia to iron supplementation has been 
recognized for centuries. lt might be worthwhile promoting similar 
strategies of fortification and supplementation programmes to deal with 
deficiencies of other trace elements such as zinc, copper, manganese and 
selenium. During the last few decades, more attention has been directed to 
studies in animals than in man to elucidate the health effects and inter­
actions of trace elements. It is perhaps more auspicious now to concern 
ourselves with human health problems in this context. 
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CONCLUSIONS 

The duplicate-portion food sampling technique is a simple and reliable 

procedure to study the dietary intake of essential and toxic trace elements. 

Collection of 24-hour urine samples may provide additional information 

concerning the adequacy of the sampl ing. Chemical analysis of the dietary 

intake of the popu 1 at ion groups invest i gated gave lower val ues than are 

obtained by computations using food composition tablesi hence, their use may 

not be ideal for estimating the dietary intake of trace elements from 

prepared meals. 

Chemical analysis indicated lower concentrations of the elements potas­

sium, magnesium, zinc, copper and selenium in the ingested diets when 

compared with the· RDA values. Vegetarian diets, however, had higher con­

centrations of these elements than non-vegetarian diets; the relatively high 

content of raw food materials in the vegetarian diets may be one reason. 

Nevertheless, it is not clear whether these elements are biologically 

avail ab 1 e. 

At present, there are no suitable techniques for the early diagnosis of 

marginal deficiencies of trace elements. Plasma levels are poor indicators 

of body status. A cl inical follow-up study of elderly pensioners at the 

Dalby Health Center, Sweden, for aperiod of 10-12 years did not reveal any 

specific signs or symptoms of a deficiency of any trace element. It is 

imperative to direct research to developing Simple and sensitive techniques 

for the assessment of trace-element status in vulnerable groups, such as 

children, pregnant women, alcoholics and the elderly. 
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SUMMARY 

Fluctuations in the availability to the brain of tryptophan 

and tyrosine cause major changes in the rates at which neurons 
synthesize serotonin and the catechola!11ines respectively. Such 
changes occur when the pattern of ,neutral amino acids in the 
plasma isa ltered by what has been eaten. the plasma changes 
inducing parallel changes in the amounts of tryptophan or 
tyrosine that are transported from blood to brain. Diet-induced 
changes in plasma choline levels can produce similar changes in 

acetylcholine synthesis. 

The three nutrients. tryptophan. tyros ine and cho 1 ine. when 

administered in the pure form or simply ingested in food. can 

thus act 1 ike drugs giving rise to important changes in the 

chemical composition of structures in the brain. The inter­
actions that relate the amount of a nutrient administered or 

ingested to its level in the blood plasma. its level in the 
brain and its effect on nerve neurotransmission. are not simple. 

The conversion of tryptophan into serotonin is influenced by the 
proport i on of carbohydrate in the d i eti the synthes i s of sero­

tonin in turn affects the proportion of carbohydrate an indi­
vidual subsequently chooses to eat. In the case of choline and 
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tyrosine the effect on a neuron of an increased supply of the 

nutrient varies with the neuronls firing frequency and can lead 

to changes in that frequency. eho 1 i ne and tyros i ne can hence 

amplify neurotransmission seleetively, increasing it at some 
synapses but not at others. 

Taken together, these findings illustrate a nove1 and 

hitherto unsuspected aspect of nutritionls effects on the brain 
and provide the basis for new modes of therapy for patients with 

some metabo1ic, neurologie or psychiatrie brain diseases. 

* * * 

357 

Foods are mixtures of chemica1s whieh are consumed e1ective1y at inter­
vals during the day, partially metabolized within the gut, and then released 

into the blood stream for distribution to the tissues. Some of these chemi­
cals, the nutrients, are continuously required by cells; at times when food 

is not being digested and absorbed, they are released into the blood stream 

from reservoirs in particular tissues. The fluxes of the major nutrients 

between the blood stream and most tissues are controlled by hormones 
released after eating. (The most important of these hormones, insulin, 
facilitates the passages of glucose, fatty acids, and most amino acids into 
the tissues; the fall in plasma insulin that occurs when foods stop being 
absorbed causes the net flow of these nutrients to become tissue-to-plasma). 
Brain is an exception; the passage of nutrients between its extracel1ular 

space and the plasma is not eontrolled by hormones like insulin but depends 
instead on the kinetic characteristics of specific transport macromolecules, 
located within the capillary endothelial cells comprising the blood-brain 

barrier, which physically carry the nutrient mo1ecules in either direction 

(Pardridge, 1977). These transport systems, are, in most cases, unsaturated 

with their circu1ating 1 igands, hence a postprandial increase (or decrease) 

in the plasma concentration of a nutrient like glucose, tyrosine, or eholine 

will facilitate (or suppress) its uptake into the brain. 

Postprandial changes in plasma levels of most nutrients are relatively 
short-l ived, s ince the compounds can be met abo 1 ized by the gut and 1 iver 

before entering the systemie circulation (and during recireulations), or 
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incorporated within the tissues into larger, water-soluble, "reservoir" 
moleeules like glycogen, triglycerides, and proteins. In some cases (for 
examp1e, those of dietary calcium or glucose), plasma levels of the nutri­
ents are kept within a very narrow range postprandially, regardless of the 
composition of the food that was consumed, through the operation of homeo­
static mechanisms in which, typically, a small change in the plasma level is 
"sensed", and processes are then activated which accelerate or slow the 
compound's removal from the plasma (i.e., metabo1ism or tissue uptake). In 
other cases (the amino acids and choline) (Hirsch et al., 1978; Fernstrom et 
al., 1979), no such feedback loops operate, so that plasma levels can vary 
across a wide range, depending solelyon what is currently be~ng digested. 
For example, plasma valine levels may be as much as six-fold higher after a 
protein-rich break fast than after a protein-free one (Fig. 1), and plasma 
choline is elevated three-fold by a breakfast and lunch of eggs (Fig. 2). 

My associates and I have found that some of the changes in plasma 
constituents (notably the amino acids and choline) that normally follow 
eating can have important secondary effects on the nervous system, selec­
tively increasing or decreasing the rates at which neurons synthesize neuro­
transmitters from circu1ating nutrients (Wurtman et a1., 1980; Wurtman, 
1982). Moreover, these effects can sometimes be amplified by administering 
the nutr i ents (1 i ke tyros i ne or cho 1 i ne) in pure form, as though they were 
drugs (Wurtman et al., 1980; Wurtman, 1982), and by mixing them with carbo­
hydrates (Mauron & Wurtman, 1982). The brain apparent1y uses the ability of 
some of its neurons to coup1e neurotransmission to food-induced changes in 
plasma composition as a source of information about the individual's 
nutritional and metabolie state, and as a basis for making decisions about 
subsequent food intake and about such cyclic behaviour.al processes as 
sleeping. For example, if the first meal of the day is rich in carbohydrate 
and poor in protein, the changes that it produces in the pattern of amino 
acids within the plasma will raise the brain levels of a nutrient, the amino 
acid tryptophan, and this, in turn, will accelerate the production and 
release of its neurotransmitter product, serotonin (Fernstrom 8. Wurtman, 
1971; 1972). The resulting changes in neurotransmission will cause the 
individual to choose away from carbohydrates and towards protein at lunch­
time; a protein-rich breakfast, which diminishes brain serotonin, will have 
opposite effects. 
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Fig. 1 ~ Diurnal variations in plasma branched-chain amino acid levels 
(nmol/ml ± SO) in 7 normal subjects ingesting different levels of dietary 
protein for 5 consecutive days. (Plasmas were sampled on the 4th and 5th day 
of each treatment per iod) • In this and all other figures • = no-protein 
diet; 0 = 75 9 protein diet; ,= 150 9 protein diet. Identical meals were 
served at 8 am, 12 noon and 5 pm (Fernstrom et al., 1979). 
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Fig. 2 ~ Serum eholine levels during consumption of a high-eholine (A) 
and a low-choline (B) diet by 6 normal human subjects for 2 days. Each point 
represents the mean ± SEM. The high-ehol ine diet contained 50 mg/day, or 
about 0.67 mg/kg. Meals were eaten starting at 8.30 am, 12 noon and 5 pm. 
Blood samples were obtained at 8 am on day 2 and every 4 hrs thereafter to 
8 am the following day. Data were analyzed by 2-way ANOVA and paired t-test; 
*p < 0.01 (Hirsch et al., 1978). 
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Fig. 3 : Subjects received oral tryptophan (50 mg/kg) or tyrosine 
(lOÖ mg/kg), using a double-blind, placebo-controlled, crossover design. The 
substances were ingested at 7 am and behavioural testing began at 9 am. 
Mood, measured by the Profile of Mood States (POMS), was significantly 
altered. Specifically, tryptophan significantly decreased vigour 
(p < 0.01) and i ncreased f at i gue (p < 0.05) when compared to either 
placebo or tyrosine (Lieberman et al., 1982). 

The changes in brain serotonin induced by consuming foods containing 

varying proportions of protein to carbohydrate can also influence other 

behavioural phenomena, including mood (Fig. 3), sleepiness, and pain sensi­

tivity. Other neurotransmitters besides serotonin are also affected by 

nutrient availability, but the value to the individual of having, for 

example, production of the catecholamine neurotransmitters (dopamine, nore­

pinephrine, epinephrine) coupled to brain tyrosine levels, or of coupling 
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the synthesis of acetylcholine to brain choline, 

actuality, these latter nutrients (tyrosine and 
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remains a mystery. In 

choline) affect the 
production of their respective neurotransmitter products only under specific 
circumstances. In order for particular catecholaminergic or cholinergic 

neurons to become responsive to levels of the precursor nutrients, the brain 
must cause them to fire relatively frequently. (In contrast, serotonin­
releasing neurons seem always to res pond to having more or 1ess tryptophan). 
Just the same, the abil ity of tyrosine or chol ine to act as ampl ifiers, 
i ncreas i ng the amounts of their neurotransmitter products being re leased 

from active neurons, affords these compounds considerable potential use in 
the treatment of diseases or conditions thought to involve catecholamines or 
acetylcholine. 

Brain serotonin responses to dietary carbohydrate and protein 

Consumption of a carbohydrate-rich, protein-free breakfast causes major 
changes in the pattern of amino acids in the plasma, large1y because of the 

secretion of insulin. The pancreatic hormone facilitates the uptake of most 
of the amino acids into tissues like skeletal muscle, thus lowering their 
plasma concentrations markedly. Plasma tryptophan (Trp) levels, however, do 
not fall - primari1y because the bulk of the tryptophan is loosely bound to 
circulating albumin, which retards its entry into peripheral tissues while 
allowing it to enter the brain (Madras et al., 1974). Hence the ratio of 
plasma tryptophan concentration to the plasma concentrations of other large, 
neutral amino acids (LNAA) like leucine, isoleucine, valine, tyrosine and 

phenylalanine rises markedly. This ratio largely determines the concentra­
tion of tryptophan within the brain (Fernstrom & Wurtman, 1972) because of 
the characteristics of the transport mechanism that carries tryptophan 
across the b lood-brain barrier. This transport system is unsaturated with 
its amino acid 1 igand; hence an increase or decrease in plasma tryptophan 
will rapidly increase or decrease the amount of tryptophan being carried per 
unit time. Moreover, a single transport mechanism carries all of the LNAA -
including tryptophan - competitive1y; thus an increase in the Trp/LNAA 

plasma ratio (caused postprandially, for example, by an insulin-mediated 
fall in the other LNAA) rapid1y e1evates tryptophan levels throughout the 
brain (Fernstrom & Wurtman, 1971; 1972; Pardridge. 1977). 
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Within those relatively few brain neurons that convert tryptophan to 

serotonin and use the indoleamine as their neurotransmitter, the rise in 
tryptophan quickly increases the substrate-saturation of the serotonin­
forming enzyme tryptophan hydroxylase, thereby sequentially increasing the 
production of serotonin, its absolute levels within nerve terminals, and its 
release into synapses and the brain's extracellular space each time the 
neurons fire (Fernstrom & Wurtman, 1971; 1972). 

If the initial meal is, instead, rich in protein, plasma tryptophan 

levels rise (Fernstrom et al., 1979)'(Fig. 4) because some of the tryptophan 
molecules in the protein are able to traverse the liver and enter the blood 
stream. However, levels of the other LNAA not only do not fall, as after a 
carbohydrate meal, but actually rise manyfold (Fig. 5). This difference 
between tryptophan and the other LNAA reflects their relative abundance in 
protein. Tryptophan is scarce, comprising only about 1-1.5% of most 
proteins; the other LNAA, as a group, are not. It also reflects the fact 
that some or the other LNAA - leucine, isoleucine, and valine - are largely 
unmetabolized during their passage through the liver. Hence the plasma 
Trp/LNAA ratio falls in response to dietary protein, as do brain tryptophan 
and serotonin (Fernstrom & Wurtman, 1972). 

Serotonin-releasing neurons can thus be conceived as "variable-ratio 

sensors", emitting more or less of their signal, serotonin, depending upon 
the chemicals that they sense (plasma concentrations of tryptophan and the 
other LNAA). These chemicals, in turn, vary predictably depending upon the 
composition of the food currently being digested and absorbed. 

Serotonin neurons and the control of food choice 

If animals are allowed to choose concurrently among two or more foods of 

differing composition, their observed behaviour suggests that appetitive 
mechanisms are operating which allow them to regulate not only the mass of 
food that they eat and its number of calories, but also the proportion of 
protein to carbohydrate (or carbohydrate-to-protein) within the meal. This 
can be demonstrated either by keeping the carbohydrate or calorie contents 
of the test foods constant and varying the per cent protein, or by keeping 
the protein and calories constant and varying the per cent carbohydrate. 
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Fig. 5 : Food consumption affects the synthesis of serotonin in the 
brain. Eating protein raises the plasma level of tryptophan, but it raises 
the plasma level of five other large, neutral amino acids (LNAA) even 
further because each of them is more plentiful than tryptophan in proteins. 
Dietary carbohydrate induces the secretion of insulin, which moves most 
amino acids out of the blood stream but has little effect on tryptophan. 
Because tryptophan must compete with the other LNAA for transport across the 
blood-brain barrier, the movement of tryptophan from the plasma to the brain 
is controlled by the plasma ratio of tryptophan to the other LNAA. When the 
ratio is high, tryptophan enters the brain; when it is low, tryptophan moves 
from the brain into the blood stream. The release in the brain of serotonin 
synthes ized from the tryptophan appears to reduce a rat I s (or a person I s) 
carbohydrate intake. 
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.(That is, one can demonstrate regulation of both the protein and the 
carbohydrate components of the diet). The abil ity to choose among foods so 
as to obtain a "desired" per cent of carbohydrates (per cent of total mass 

or per cent of calories) is apparently independent of the sweetness of the 
carbohydrate being tested. Regulation is as easy to demonstrate for dextrin 
as for dextrose or sucrose (Wurtman & Wurtman, 1979). 

Seroton in-re 1 eas i ng neurons apparent ly are key components of the brai n 
mechanisms underlying this regulation of food choice. Thus, rats can be 
caused to choose away from carbohydrate (i .e., to increase the protein/ 
carbohydrate ratio of the test meal) either by giving them a carbohydrate­
rich "pre-meal" (by stomach tube) (Wurtman et al., 1983) or by administering 
any of a large number of drugs which act at different loci to enhance 
serotonin-mediated neurotransmission (Wurtman & Wurtman, 1979). Moreover, 

dietary manipulations (like the chronic consumption of a carbohydrate-poor 
diet) which diminish the plasma Trp/LNAA ratio, and thus reduce brain tryp­
tophan and serotonin levels, sharply increase the proportion of carbohydrate 
that the animal subsequently eats when it is given the opportunity to choose 
(Wurtman et al., 1983). It seems not unlikely that the tendency of humans to 
consume a more-or-less constant proportion of their calories as protein, and 
the relative stability of lean body mass, may reflect the operation of this 
mechanism; it diminishes the likelihood that meals imbalanced in one 
direction (too much protein or carbohydrate) will be immediately followed by 
others imbalanced in the same direction. 

It also seems possible that some of the common abnormal ities in eating 
behaviour - including those that can lead to obesity - may have their origin 
in disturbances in the mechanism through which the brain "learns" about the 
composition of the last meal (by nutrient-induced variations in serotoniner­

gic neurotransmission) and "deeides" what to eat next. Such disturbances 
could exist at several loci, for example the plasma Trp/LNAA ratio might not 
respond appropriately to food-induced changes in the plasma Trp/LNAA ratio 
because of an abnormal ity in the blood-brain barrier transport system; the 

i ncrease in bra in tryptophan that fo 11 ows a carbohydrate-rich, protei n-paar 
meal might not have a sufficient effect on serotonin-mediated neurotransmis­
sion because the unfortunate individual has a brain that contains tao few 



366 Wurtmann 

serotoninergic neurons : the functional activity of the serotoninergic 
neurons may be disturbed by pathological processes arising elsewhere. While 
it is difficult to examine changes in brain chemistry using human sUbjects, 
it is relatively easy to determine whether, for example, obese individuals 
exhibit the same changes in the plasma Trp/LNAA ratio after a test meal as 
non-obese control subjects, and we are currently exploring such responses in 
collaboration with associates as the University of Lausanne. We have during 
the past few years identified a subset of obese people whose problem seems 
to be specifically related to an in~ppropriate des ire for carbohydrates, 
especially at certain times of day (Wurtman et al., 1981). If such "carbo­
hydrate-cravers" compensate by diminishing their mealtime food intake or by 
increasing their energy output they may avoid the development of obesity; 
however, if they eat normal-sized meals supplemented with multiple carbo­
hydrate snacks they become obese. We find that administration of sub­
anorectic doses of drugs (1 ike fenfluramine) which release brain serotonin 
can suppress the carbohydrate craving (Wurtman et al., 1981). It will be 
interesting to see whether supplemental tryptophan has a similar effect, 
especially in view of the evidence that the Trp/LNAA plasma ratio tends to 
be abnormally low in obese people, possibly as a consequence of peripheral 
insulin resistance, and that the protein-rich, carbohydrate-poor diet (the 
"PSMF diet") with which many obese people are treated further lowers the 
Trp/LNAA ratio (Heraief et al., 1983). 

Other nutrient-dependent neurotransmitters 

As mentioned above, the rates at which catecholaminergic neurons release 
their transmitter (dopamine, noradrenaline or adrenaline) can be enhanced, 
if the neurons are firing frequently, by giving the individual tyrosine, and 
can be suppressed by administering other LNAA (which compete with tyrosine 
for uptake into the brain). The effect of a given tyrosine dose (or, for 
that matter, of a given dose of tryptophan) can be enhanced by giving it 
concurrently with a carbohydrate source (Mauron & Wurtman, 1982). The 
resulting secretion of insulin lowers plasma levels of the competing LNAA, 
and increases the proportion of administered molecules that are taken up 
into the brain (Pardridge, 1977; Mauron & Wurtman, 1982). The reason that 
tyrosine levels affect catecholamine synthesis only when neurons are firing 
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rapidly has to do with the properties of the key enzyme, tyrosine hydro­
xylase, that converts' the amino acid to the catecholamines (Wurtman et al., 
1980; Wurtman, 1982). When neurons fire frequently, the enzyme itself 
becomes phosphorylated; as a consequence its affinity for its cOfactor, 
tetrahydrobiopterin, increases markedly, so that it becomes limited by 
tyrosine. This phosphorylation is short-lived, hence soon after the neurons 
slow their firing they become unresponsive to additional tyrosine. Tyrosine 
administration can, theoretically, be useful in any experimental or clinical 
situation in which it would be desirable to have more catecholamine mole­
cules released at a particular locus, inside or outside the brain. (Its uses 
in these situations, and the theoretical bases for such uses, have been 
reviewed extensively (Wurtman et al., 1980). 

Similarly, acetylcholine's production in and release from cholinergic 
neurons can depend on the ava il abil ity of free cho 1 ine. when particu 1 ar 
cholinergic neurons happen to be firing frequently. Any treatment that 
increases plasma choline, including oral choline chloride, dietary lecithin, 
or even eating eggs or liver, will have this effect. The primary reason that 
brain choline levels rise after choline consumption is not that more plasma 
choline enters the brain but that less leaves it. The brain is able to 
synthesize choline de novo (Blusztajn & Wurtman, 1981; 1983); however, most 
of the choline is lost by secretion into the blood stream via the operation 
of a bi-directional blood-brain barrier chol ine transport system. Raising 
plasma choline slows this loss, thereby allowing brain choline to 
accumulate. Choline is converted to acetylcholine by the enzyme choline 
acetyl-transferase; the mechanism that couples the choline-dependence of 
this process to neuronal firing frequency awaits identification. Choline (or 
lecithin) administration has been found to be useful in treating tardive 
dyskinesia, mania. and several neurological diseases (Wurtman et al., 1980). 
I t may also const itute a useful adjunct in the management of Al zheimer' s 
disease, or senility - if and when an effective drug is found that the 
choline can be an adjunct to, - since the primary lesion in this disease 
appears to be a selective loss of acetylcholine-releasing brain neurons. 

Although the effects of tyrosine and choline on brain function are less 
ubiquitous than those of tryptophan, when they do occur (i .e., in rapidly-
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firing neurons) they can be of major health importance, for example, in 
memory, or in control of mood, or in sustaining normal cardiovascular 
function. Hence it seems prudent that care should be given to satisfying the 
brain' s needs for these compounds - especially in formulating foods for 
people who might already have some disturbance involving catecholaminergic 
or cholinergic neurons (like the aged). The fact that tyrosine may not be an 
essential amino acid, nor choline an essential growth factor, for the young 
rat should not obscure our recognition that these compounds, 1 ike trypto­
phan, are absolutely essential for a normally-functioning nervous system. 

ACKNOWLEDGEMENTS 

These studies were supported in part by grants from the United States 
Nat iona 1 I nst itutes of Hea lth, "the "Nat iona 1 Aeronaut ics and Space Admi ni s­
tration, and the Center for Brain Sciences and Metabolism Charitable Trust. 

REFERENCES 

Blusztajn, J.K. & Wurtman, R.J. (1981) Choline biosynthesis by apreparation 
enriched in synaptosomes from rat brain. Nature 290:417-418. 

Blusztajn, J.K. & Wurtman, R.J. (1983) Choline and cholinergic neurons. 
Science (in press). 

Fernstrom, J.D. & Wurtman, R.J. (1971) Brain serotonin content: Increase 
following ingestion of carbohydrate diet. Science 174:1023-1025. 

Fernstrom, J.D. & Wurtman, R.J. (1972) Brain serotonin content: Physio­
logical regulation by plasma neutral amino acids. Science 178:414-416. 

Fernstrom, J.D., Wurtman, R.J., Hammarström-Wiklund, B., Rand, W.M., Munro, 
H.N. & Davidson, C.S. (1979) Diurnal variations in plasma concentrations of 
tryptophan, tyrosine and other neutral amino acids : Effect of dietary 
protein intake. Am. J. Clin. Nutr., 32:1912-1922. 

Heraief, E., Burckhardt, P., Mauron, C., Wurtman, J.J. & Wurtman, R.J. 
(1983) Obesity and its dietary treatment may suppress synthesis of brain 
serotonin. Submitted to J. Clin. Endocrinol. Metab. 



Food. Neurotransmitters and Behaviours 369 

Hirsch. M.J •• Growdon. J.H. & Wurtman. R.J. (1978) Relations between dietary 
choline intake. serum choline levels. and various metabolie indices. 
Metabolism 27:953-960. 

Li eberman • H.R.. Cork in. S.. Spring. B.J.. Growdon. J .H. & Wurtman. R.J. 
(1982) Mood and sensorimotor performance alter neurotransmitter precursor 
administration. Society for Neuroscience. 8. 395 (abstract). 

Madras. S.K •• Cohen. E.L.. Messing, R •• Munro. H.N. & Wurtman. R.J. (1974) 
Relevance of serum-free tryptophan to tissue tryptophan concentrations. 
Metabolism 23:1107-1116. 

Mauron. C. & Wurtman, R. J • (1982) Co- admi n i ster i ng tyros i ne w i th glucose 
potentiates its effect on brain tyrosine levels. J. Neural Transm. 
55:317-321. 

Pardridge. W.M. (1977) Regulation of amino acid availability to the brain. 
In : Nutrition and the Brain (Ed. R.J. Wurtman & J.J. Wurtman) Raven Press. 
New York. volume 1. pp. 141-204. 

Wurtman. R.J. (1982) Nutrients that modify brain function. Scientific 
American 246:42-51. 

Wurtman. J.J. & Wurtman. R.J. (1979) Drugs that enhance central serotoniner­
gic transmission diminish elective carbohydrate consumption by rats. L ife 
Sei •• 24:895-904. 

Wurtman. R.J., Hefti, F. & Melamed, R. (1980) Precursor control of neuro­
transmitter synthesis. Pharmacol. Rev. 32:315-335. 

Wurtman, J.J., Wurtman, R.J., Growdon, J.H •• Henry. P., Lipscomb. A. & 
Zeisel. S.H. (1981) Carbohydrate craving in obese people : Suppression by 
treatments affecting serotoninergic transmission. lot. J. Eating Disorders 
1:2-15. 

Wurtman. J.J.. Moses. P.L. & Wurtman. R.J. (1983) Prior carbohydrate 
consuinption affects the amount of carbohydrate that rats choose to eat. 
J. Nutr. 113:70-78. 



370 

GENERAL REMARKS 
Some personal reflections 

Arnold E. BENDER 

Nutrition Department, Queen Elizabeth College, 
University of London, London, England 

I NTRODUCTI ON 

This symposium, dealing with nutritional requirements, the availability 
of nutrients in foods and the problem of their adequacy and excess, covers a 
broad area of the whole field of nutrition. There are many aspects that can 
be discussed in great depth, but my task in these general remarks is to 
select only some of them. 

Fig. 1 illustrates the breadth of the subject and our interests. Nutri­
tionists are interested in the entire field of food, starting even before 
food production, where we share our interests obviously with people 1 ike 

geneticists, into production, whether of animals or crops or single cell 
proteins, right through the properties of food, their p~ocessing and their 
preparation, mainly the domain of food scientists and technologists, until 
we reach the part which is really the basis of our discussion, the nub of 
the main nutritional field - "the nutrient requirements". The term "food 
selection" covers a vast amount of human knowledge involved in answering the 
quest ion : "Why do we eat what we do 7". Rather than discussing each presen­
tation separately, I shall present my views on some of the problems involved 
in determining nutrient requirements. 
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Fig. Scope of nutrition 

An optimum diet 

One of the quest ions requiring an answer is : "How much food do we need 
for what purpose 7". Fig. 2 describes the different criteria that can be 
used to establish recommended dietary allowances (RDA). Thus, we can 
recommend an amount of a nutrient that prevents the appearance of clinical 
signs of deficiency, or the greater amount needed to saturate an appropriate 
enzyme system or to saturate the tissues. 

However, between adequate nutrition and sub-c 1 in ica 1 malnutrition isa 
stage which I have termed "covert" or "hidden" malnutrition, which only 
comes to light under stress, and the obvious example is ascorbic acid 
(vitamin C) ! 10 mg a day will eure scurvy, and 20 mg are required for 
adequate wound hea 1 i ng. Invest i gat ions in Bangl adesh some three years ago, 
showed that an increase in hospital admissions for xerophthalmia followed 
the rice harvests. There was a major peak after the main rice harvest and a 
smaller peak after the second one; the explanation suggested was that when 
children were so poorly fed that they did not grow, they showed no signs of 
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xerophthalmia. but when they were better fed and able to grow. then they 
developed xerophthalmia. 

Three methods exist whereby one can measure nutritional status : dietary 

intake (not an index of status but merely confirmatory). clinical signs and 

biochemical change (Fig. 3). By definition. the optimum diet. whatever it 
be, would permit optimum health and the tissues would then probably be 
saturated with nutrients. A reduction in nutrient intake would result in a 

fall in body reserves, but we have no evidence on the optimum levels of body 
reserves. L iver stores of vitamin A must be reduced almost to exhaustion 
before blood levels fall. Leucocyte levels of vitamin C can vary enormously 
without detectable adverse effects, as can tissue levels of all nutrients. 
Consequently it is not an easy matter to establish nutritional adequacy of 
the diet. Dietary experiments inevitably suffer from the problem that any 
change in the level of a major ingredient must be matched by a corresponding 
change in another. So. experimental1y it is not possible to change on1y one 
factor at a time. 

Severa1 other experimental difficu1ties exist when trying to define 
nutrient requirements. First1y, we have the problems of individual variation 
and fluctuation. An example is that shown by W.C. Rose when he established 

the amino acid requirements. In a group of 30 subjects the amount of lysine 
needed to maintain nitrogen balance differed by 100% between the 10west and 
h i ghes t responders. Another prob 1 em i s adaptat i on. F or many years nutr i­
tionists disbe1ieved figures coming from p1aces 1ike Papua - New Guinea, of 
women successfully 1actating on 1,800 kcal. This has now been confirmed and 
Dr. Whitehead's own similar figures have been observed by others too. So, 
there seems to exist a degree of adaptation which enab1es peop1e to live on 
diets with nutrient levels very much below our recommendations. 

Individual variation 

Some 10 years ago Durnin and Southgate, in re-examining energy conversion 

factors in human beings, found a considerable variation in the individual's 
ability to digest cellulose and hemi-cellulose (although we call these 
indigestib1e matter). Dr. Widdowson mentioned that subjects differed two-
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fo1d in energy intakes. Fig. 4 shows an even greater range. As regards 
energy. we assume that if the subjects are maintaining their weight then 
they must differ up to four-fo1d in their energy needs. If all were 
consuming a simi1ar diet. then subje~ts at the 10wer end of the sca1e must 
be ingesting on1y one-quarter of the protein. minerals and vitamins of those 
at the upper end of the sca1e. We do not know if thetr requirements differ 
to this extent. 

Indeed. some of our problems may arise from our frequent attempts to seek 
a single answer in situations as above. There are nutritionists who 1ay most 
if not all the b1ame on a single nutrient or lack of it whether it is 
vitamin C. saturated fat. sugar or dietary fibre. It is more like1y that 
different peop1e res pond different1y and to a different extent to dietary 
change and to the environment. For examp1e. we have been discussing whether 
man has functiona1 brown adipose tissue but it is possib1e that some peop1e 
have and that others have not. In other words. there might be many different 
types of peop1e. many different types of answers and when Dr. Widdowson asks 
"why do some peop1e eat twice as much as others·. one can offer severa1 
potent i a1 exp 1 anat ions. a11 of wh i eh or any one of wh i eh mi ght be true. 
Thus. some peop1e certain1y eat to the capacity of their stomach and. in the 
midd1e of a mea1. will cease eating. Others seem to have an almost infinite 
stomach size. Then there are some. usua11y obese peop1e. who find adelight 
in swa110wing and will eat whatever is available because of the pleasure of 
swa110wing. Behaviourists tell us of peop1e who eat with their eyes; if they 
see it. they eat it and will not 1eave the table if there still is food 
there. Then there are some with abnorma11y 10w metabolie rates. and we know 
of peop1e who actua11y gain weight on 1.500 kca1. a day. A possib1e but on1y 
partial answer to some of these situations is a change ,in metabolie rate 
during sleep. 

According to Dr. Jequier. there is a 1arger 10ss of energy from a faster 
infusion of glucose; this wou1d imp1y that speed of eating might have an 
effect on some people. Certain1y. mea1 frequency does and we heard about 
insulin resistance. caffeine and smoking. Then obvious1y. peop1e differ in 
their exercise capacity and efficiency of movement and hence energy 
expenditure. 
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Dr. Widdowson's figures showed that young children's energy intake has 
not fallen over the years, whilst that of older children has. I wondered 
whether break fast might be the answer. We have observed that children aged 5 
all eat breakfast ö by the time they are 15, 25% omit breakfast. We have no 
older figures for breakfast consumption; there is no way of comparing 

numbers missing breakfasts today with a generation ago. We carried out an 
age-effect survey on a thousand people, and found a straight line 

relationship. At the age of 20, about 25% had no breakfast but this figure 
fell with increasing age up to 65, when nearly all had breakfast. Whether 

that means as you get older you feel more like eating breakfast, or wh ether 
in the old days one always had breakfast and hence still continues to do so, 

we do not know. 

Individual fluctuation 

In addition to individual variation there is individual fluctuation. 
A1though in the laboratory we try to obtain a steady base line in measure­
ments on experimental animals and human subjects, this condition does not 
appear to hold in normallife. 

Dr. D.A. Bender measured a number of blood parameters at fortnight1y 
i nterva 1 s over 6 months in a contro 1 group of hea lthy young men and found 
fluctuations in the b100d cho1estero1 levels of ± 15%. 

We rare1y measure a base-1ine for so 10ng aperiod and this figure i11us­

trates how we could be mis1ed if dietary changes or drug treatment coincided 
with a peak or trough in such fluctuations. 

Adaptation 

The problem of determining needs is further complicated by adaptation. We 
found that adult rats cou1d maintain their nitrogen balance on 5% casein, 
and when their food intake was reduced, each individually to 70% of what 

they had been eating, they went into negative nitrogen balance but for only 
17 days. By then they had returned to nitrogen equilibrium on the now 10w­
protein and low-energy intake, and had lost on1y 3 grams in weight. They had 
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adapted to their new food situation by reducing their oxygen consumption and 

so presumably, their energy expenditure by 30%. 

Whether all adaptations are advantageous is not clear, particularly with 

reference to energy intake and diet-induced thermogenesis. It is suggested 
that in primitive man it was an advantage to burn off the surplus food so as 
to remain lean for flight and fight. On the other hand, it was a disadvan­
tage because he was wasting food which was mostly in short supply. The 
interesting point is that we, in our industrialized communities, have 
changed everything in the last few years. Before the turn of the century, 

there was a famine somewhere in th.e world every other year. In Europe, there 
was a famine one year in ten and it is only in recent years that food 

teehnology has made food of all types available, from all parts of the 
world, all the time. So we have changed the situation only in the last one 
or two generations and at the same time in the Western world, it is 
fashionable to be slim and unfashionable to be even slightly overweight. 

Once again on the quest i on of energy - a point that remains unanswered is 
the effect of exercise on resting metabolism. In 1935 measurements were made 
on a Harvard Football Team in action and the results indicated that some 
3 days later their resting metabolism was still elevated, from which one 

would conclude that the ordinary measurements were not correct because there 
is a lag later on. Those working in the energy field tell me that the how 

and why of this has still not been resolved. 

Estimation of dietary intakes 

Estimation of dietary intake using food tables, can only be taken as 
approximate. Different food tables differ in the values given for seemingly 
the same foodstuff and, perhaps more importantly, the foods for which the 

composition is given in the tables are rarely exactly the same as those 
eaten. More accuracy can be obtained by analysing the diets consumed. In 

addition, another source of error in the calorie evaluation are the dif­
ferent methods used to determine dietary fibre and the slightly different 
calorie factors (Widdowson in McCance & Widdowson's "The Composition of 
Foods" by Paul & Southgate, 1978). A threefold difference occurs between the 
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energy contents of foods such as fruits and vegetab 1 es between UK and USA 
tables because of the different methods of calculation. Fortunately, the 
differences between the values of the major energy foods are small. It has 
recently come to 1 ight that the German and the United Kingdom conversion 
f actors for fat are 38 and 37kJ, respect i ve ly (a 3% error); for carbo­
hydrates, the factors are 17 and 16 kJ (as 3% error) and for alcohol, it is 
30 and 29, a 3% error. 

Nutrient interactions 

Under controlled conditions we attempt to feed a relatively constant 
diet. Any change, including increased levels of nutrient(s), has reperc~s­

sions. Increased dietary fibre, for example, may reduce the availability of 
calcium, iron and zinc. Increased intake of polyunsaturated fatty acids 
calls for an increase in vitamin E. Some nutrients can have toxic effects 
when ingested in excess; our normally widely fluctuating nutrient intake 
might enable us to avoid such repercussions. In the midst of several 
variables influencing intake, requirements, exercise and expenditure, and 
each one in turn being influenced by environmental factors, it is clearly 
ever more difficult to decide whether the diet of any group of individuals 
is adequate. 

S ioavail abil ity 

Measuring the amount of a nutrient in the food chemically does not reveal 
whether it is bioavailable. For some nutrients we have figures from which we 
can make a conversion. Retinol, for example, is measured in retinol equiva­
lents; thus, ß-carotene is 1/6th retinol-equivalent, and a-carotene and 
cryptoxanthin are 1/12th retinol-equivalent. Such estimations do not reveal 
how much we are going to absorb; for example, on a low-fat diet less is 
absorbed, on a low-protein diet it is not transported, and with no vitamin E 
(at least in certain experimental animals) it is oxidized in the intestine. 
Variations in the bioavailability of a nutrient are, therefore, very 
considerable but generally not taken into account. 
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The true assay for bioavailability is the biological one; unfortunately 
all bio-assays are subject to enormously wide variation in results. 
Physical-chemical tests are precise in the sense of being reproducible and 
easy to carry out and therefore quick and cheap. On the other hand, they do 
not necessari ly measure the true nutrient content, rather an index of it. 
When we have verified and standardized chemical measurements against biolo­
gical assays, we tend to accept them; but even then, we are most likely 
talking about the availabil ity to the rat. We still know 1 ittle about the 
bioavailability of the nutrient in question to man and that is why it is so 
important that Dr. Hallberg is measuring bioavailability (of iron) to human 
subjects. 

The availability of dietary iron has always been recognised as a 
difficult problem more so than with other nutrients. In one experiment on 
soya, Layrisse found a range of absorption from 2% to 42.2% in 28 subjects. 
These differences can possibly be explained by the different iron statuses 
of the individuals. To overcome these problems in human studies absorption 
values are now corrected according to the absorption of a standard dose of 
ferrous ascorbate. 

Bioavailability may become a consideration in the future with novel 
foods. A novel food is defined as one that we have not hitherto eaten at all 
or only in small quantities, and irregularly at that. If we introduce in our 
diet a food already eaten elsewhere, it is still novel for uso In these 
cases we would not be satisfied with a chemical test for the true biological 
content of the nutrient if eventually the food was to become a significant 
part of our diet. 

Food processing and nutrition 

Drs Hurrell and Finot discussed the changes to protein qual Hy, loss of 

available lysine and the possible development of "toxins" on heating and 
other processing of foods. We still have many unknowns in this area. 

As they pointed out, protein quality and nutritional value are important 
in baby foods as babies often rely on a single manufactured product as their 
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sole source of nourishment. For adults, eating a variety of foods, nutri­
tional quality is far less important. 

People buy food because they like it ö therefore the manufacturer produces 
foods of the right flavour and texture. Nutrition is still of very little 
interest to most people and even many of us do not select fO,od on its 
nutritional basis; we select the food we 1 ike. And yet, to our knowledge 
nobody is suffering from eating processed foods or even traditionally cooked 
foods and any nutritional damage therefore, is probably unimportant. One 
might say that changes on processing are investigated because nutrition 
labelling is already with uso even if only on a voluntary basis. So people 
are becoming interested in nutrition and are demanding such information from 
the manufacturer. The food industry is hence becoming more involved in 
nutrition and also because of new information linking diet in some way with 
modern diseases. 

Looking back at processes now in operation such as canning, drying and 
freezing, we must conclude that even where nutrients are partly destroyed or 
inactivated, such losses cannot have any major effects on nutritional 
health. Looking forward, however, to novel foods and novel processes such as 
extrusion cooking and irradiation we need to know wh ether they are likely to 
alter or affect nutritional status. They may be important if the novel foods 
replace traditional foods in quantity or if the novel processes are applied 
to traditional foods. 

The consumer is also asking quest ions about the safety of foods. This is 
an area of great difficulty because many foods, indeed all cooked foods, 
contain identifiable toxins even if only in very small amounts. We already 

have different standards for processed as distinct from so-called natural 
foods. Natural substances extracted from a food and subsequently used as 
processing aids or additives are subject to close investigation and strict 
regulations. It is not possible to apply such cOllditions to unprocessed 
foods. Hitherto we have been engaged in examining the safety of additives, 
food colours, etc., all of which can be fed to experimental animals at very 
high dose levels, we are now faced with problems of the safety of the foods 
themselves which cannot be fed at high levels. 
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Nutritional adeguacy 

Is it safe was my last question, and the original question was "What do 
we need for optimum health, are we being adequately fed 1". I suppose the 
short answer is : "Since people tend to be living somewhat longer we cannot 
be doing all that badly :" 

With the problems of determining adequacy of the diet in respect of all 
essential nutrients, it is becoming vital to seek information from measure­
ments "in the field" as described by Dr. Jean Mauron. For example, vitamin 
requirements are determined in healthy subjects without deficiency signs and 
1 iving on a good diet; but requirements must be completely different in 
people in a slightly less healthy state or those who have adapted to 
different (lower) intake levels. In real life the total diet may be poor, 
the environment suspect and dietary deficiencies chronic and not acute. 
Observations under such conditions may better serve to answer questions of 
adequacy than laboratory experimentation. 

CONCLUSION 

This symposium has given us up-to-date summaries of the particular areas 
of human nutrition concerned with "Nutritional Adequacy, Nutrient Avail­
ability and Needs". In common with most scientific meetings of this kind, it 
has generated many questions. Each of these questions now deserves further 
scientific research and maybe also requires a full symposium to itself ,not 
in the expectation of answers but in the hope of directing the research and 
observations into useful and profitable channels. One can list some, only 
some, of the areas that we would want to discuss further : 

- Energy intake versus needs; 

- Assessment of nutritional status; 

- Protein turnover in normal and abnormal conditions; 

- Adaptation to low intakes of energy and other nutrients; 

- Food selection and nutritional results; 
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- Safety assessment of foods; 

- Bioavailability of nutrients; 

Role and relative importance of nutritional knowledge in influencing 
consumer selection; 

- Optimum growth rates, disease and longevity. 

Ladies and Gentlemen, we can agree that this has been a successful 
symposium and can thank the Organizing Committee for their skill in putting 
together this meeting. 




