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Physiological mechanisms for the regulation of energy balance 

By G. R. HERVEY, Department of Physiology, School of Medicine, OTniversity of Leeds, 
Leeds LS2 9NL 

No one will dispute that whether or not an animal or man is eating at a particular 
moment depends upon many factors. In  this sense, control of food intake is highly 
multifactorial. I t  is, however, sometimes valuable to isolate a single factor from the 
multitude which govern real events, even though this seems to lead to a theoretical 
abstraction. This paper will be concerned only with regulation of food intake in 
relation to energy balance; that is, with the factors which regulate energy ingested 
in correspondence with energy expended. 

A theoretical need for regulation of energy balance arises from the conservation 
of energy. It seems inescapable that: 

energy intake of body-energy output from body+ nenergy in body. 

This is so without regard to the important differences in thermodynamic level of the 
energy, which are - speaking teleologically - the whole point of energy exchange. 
Since energy stored in the body is, like food, in chemical form, predominantly fat, 
changes in its amount must be perceptible as changes in body-weight ; more accurate 
measurement is of course possible by carcass analysis. Inasmuch as adult animals 
do not change greatly in body-weight and composition, it follows that their intake 
and output of energy must be equal within a calculable degree of precision. Bccause 
the energy store in the bodies of larger animals such as man is large compared 
with the energy turned over in a day ~ representative figures for a man could be 
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IOO ooo and 3000 kcal respectively -there is no need for intake and output of energy 
to be equal over periods such as a day. Experimentally no correspondence is found. 
On the other hand, because the maximum possible change in the store is small 
compared with the energy turnover of an adult lifetime, over long periods it would 
seem that energy intake and output must be equal within close limits; as a percentage 
of turnover, the permissible inequality is smaller the longer the period we consider. 
This theoretical need for very high long-term precision has been emphasized by 
numerous workers. Experimentally, there are obvious difficulties in measuring 
intake and output accurately for long periods but, in general, the theoretically 
inevitable near-equality has been confirmed in practice. T h e  experiments of Widdow- 
son, Edholm & McCance (1954) and Edholm, Fletcher, Widdowson & McCance 
(1955) illustrate transition from lack of any correlation between intake and output 
during a day, to near-equality over z weeks. Durnin (1961) has reviewed the time- 
factor in energy balance. 

Since it follows from the conservation of energy and the chemical nature of the 
body’s energy stores that body-weight and fat content depend on the precise balance 
between energy intake and output, abnormal weight and fat content must signify 
abnormal balance at some time. The  mechanisms which control energy balance 
thus constitute the underlying physiology of obesity and also of anorexia, in the 
sense that they must have been deranged or unable to cope with a prevailing situation, 
when these conditions are found. 

If some quantity remains nearly constant over long periods, although it is con- 
tinually gaining from and losing to the outside world, there are several ways in which 
this may come about. If we take as example a tank that supplies some liquid to meet 
a variable demand and which is replenished from a supply, we can imagine several 
mechanisms which could result in the level of liquid in the tank remaining nearly 
constant (Fig. i). Variations and combinations of the systems shown can be 
imagined. The  main point is that there are ‘passive’ systems, in which the physical 
arrangement of the components leads to a degree of constancy, and ‘active’ ones 
which incorporate a feedback regulator. It may be noted that ‘load error’ - a change 
in the steady state level of the liquid when there is a change in output demand - is 
characteristic of all the arrangements. We may expect it to be less in feedback 
systems, but its presence or absence is not diagnostic, Teleology should really have 
no place in scientific discussion, but it may be observed that all the arrangements 
except (d) are wasteful: control requires a throughput of liquid larger than thc 
needs of the process itself. 

If we look at the available data from animals, it is possible to find evidence for 
mechanisms of the ‘passive’ type. For example, the energy cost of walking at a set 
pace varies almost in proportion with the weight of the body; thus weight gain 
resulting from positive energy balance would increase expenditure, and this might 
re-establish balance. The  well-known reduction of resting energy expenditure during 
fasting may be thought of in the same terms. Difficulties of scale arise if it is sup- 
posed that such passive mechanisms are entirely responsible for the long-term 
approximation of energy intake and output. The  momentary rate of energy ex- 
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Fig. I. Mechanisnis by which the level (h) of fluid in a tank, supplying a variable external demand (d) 
may be kept constant; (r) resistance to outflow. The control characteristic is shown below each diagram. 

penditure in an individual may vary with the intensity of physical activity over a 
range of about I :zo; energy expenditure per 24 h varies among individuals, even 
from an apparently uniform population as to age, sex etc., over a range of the order 
of from half to twice the mean value (Widdowson et al. 1954). It seems likely that a 
passive mechanism which kept intake and output of energy as closely equal as they 
are found to be over this range would be extremely wasteful; it also would not 
permit what appear to be programmed variations in the level of the energy store, 
such as the gain of weight and fat which occurs in pregnancy. 

On the other hand, there are classical experiments in the field which are difficult 
to explain without an ‘active’ feedback hypothesis. Among these, dietary calorie 
dilution and reinforcement experiments in rats (Adolph, 1947 ; Iiervey, I 969a ; 
Fig. z),  intragastric feeding experiments in dogs (Janowitz & Hollander, 1955) and 
the ‘sweet drink’ experiments of Richter (1956) on the rat are particularly impressive. 
I n  the calorie dilution and concentration experiments, body fat does change in a way 
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If this mechanism is confirmed, it will be interesting to  know how much excess 
energy can be burned off and,therefore,the possiblequantitative contribution to control. 

The  nature of the sensor and the afferent pathway is a major problem. Three 
suggestions were made about 20 years ago : identifying respectively changes in 
plasma glucose concentration, in body temperature and in body fat content as the 
important quantity sensed (Brobeck, 1948; Mayer, 1952, 1955 ; Kennedy, 1953). 
Other metabolites, for example amino acids and fatty acids in plasma, have been 
suggested more recently. If the long time-constant of the regulation and the in- 
creasing precision the longer the period studied are considered, the 'fat' theory 
seems to be the only one which will work, whatever its other difficulties. Changes in 
plasma glucose and body temperature are characteristically short-lived and restored 
by their own control mechanisms, and it seems likely that they are primarily related 
to the rate of energy turnover and other circumstances at the particular time. 
If these were the primary signals used to measure energy balance, the control system 
would require a long-term integrator of perfect accuracy (Kennedy, I 953). Inasmuch 
as conservation of energy requires that any difference between energy intake and 
output over any period must be associated with an exactly corresponding change in 
stored energy, which will then persist until an opposite balance occurs, the amount 
of fat in the body provides an integrated record of the total of all past gains and losses 
of energy. It is difficult to see what other physiological quantity could do this. 

This is not to say that other information does not play a part. Most physiological 
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Fig. j. Hypothetical organization of the regulation of energy balance. GI, gastro-intestinal tract. 
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Fig. 4. ‘Regulatory obesity’: the sequence of events which, on the lipostatic hypothesis, may 
explain the combination of a lower than average intake of food with a higher than average body- 
fat content. Sloping arrows denote increase or decrease respectively. 

controls involve rate-of-change, or anticipatory, information as well as information 
about the actual level of the quantity controlled; in man-made control systems this 
is a well-known method of improving the response time and stability of the system. 
Fig. 3 shows a model for the regulation of energy balance which combines the well- 
known short-term or rate signals with a hypothetical sensing of body energy reserves 
(Hervey, 1962). 

A valuable feature of the concept of regulation of body fat content by a feed- 
back control from the level of energy reserves is that it can make sense of the corn- 
monclinical dilemma - perhaps first reported in Joseph’s kine - posed by the existence 
of people who are fat but apparently eat little, and their converse. If, in the wide 
range of variation in 24 h energy expenditure encountered, an individual’s expendi- 
ture is below the average, and he is offered and accepts the food intake appropriate 
to an average person, he must gain fat (Fig. 4). If the accumulation of fat does 
lead to an increasingly strong feedback signal which inhibits food intake, a steady 
state would be reached when enough fat had accumulated to provide a strong enough 
inhibitory signal to hold food intake down to equal the low energy expenditure. 
The above-normal fat content is the ‘load error’ of the system; it and the low food 
intake are causally related, and not paradoxical. It is more difficult to measure 
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24 h energy expenditure than ‘basal’ metabolic rate, but there are some grounds 
for thinking that low 24 h energy turnover is characteristic of obese people. 

The  obvious difficulty attached to the idea that body fat provides the informa- 
tion for the regulation of energy balance is that, whereas the hypothalamus is 
known to be sensitive to the glucose concentration and temperature of the blood, 
there is no known mechanism which measures body fat and transmits the result to 
the hypothalamus. Some years ago experiments with parabiotic rats (Hervey, 
1959) suggested that information used by the hypothalamus in regulating energy 
balance may travel to  it by the blood-stream. Some known hormones and allied 
substances, particularly steroids, do alter body-fat content. The  action of pro- 
gesterone has been most thoroughly investigated (Hervey & Hervey, 1967). There 
is good evidence that this hormone is responsible for the gain of weight which occurs 
in most female mammals in early pregnancy (Dewar, 1957; Hervey, Hervey & 
Berry, 1967). I n  the rat in ordinary circumstances this effect appears to be brought 
about mainly or entirely by increased food intake (Hervey & Hervey, 1964). In  rats 
with access to  running drums, some energy is saved by reduction in the amount 
of running (Hervey, 1964). If food intake is restricted to the control level, weight 
and fat are still gained; presumably energy expenditure is then reduced, but this 
is still under study (Hervey & Hervey, 1969). The  integration of these changes, 
and the way in which the same end-result is attained by different means according 
to the prevailing circumstances, suggest that the hormone is influencing the central 
regulatory mechanism, rather than feeding, motor or other mechanisms as such. 
Some other progestational steroids share this action of progesterone. Oestradiol 
has an opposite effect, and reduces body fat; there are some grounds for suggesting 
that, in the rat, progesterone may act by decreasing the secretion of oestrogen 
through a centrally mediated effect (Hervey & Hervey, 1965; 1966; Hervey, Hervey, 
Hutchinson & Jeffery, 1969). 

If progesterone or other steroids do act on the central regulation for 
energy balance, the action is equivalent to ‘resetting’ a thermostat or similar device 
to a new ‘set level’, This implies changing the sum of the inputs to the control 
mechanism. If the steroids have such an effect, a possibility arises that they are 
adding to a pre-existing input of basically similar nature. It is possible to suggest, 
speculatively, how steroids could provide a measurement of body fat for the hypo- 
thalamus (Hervey, I 9693). T h e  ‘dilution hypothesis’ suggests that, if a substance 
which has a high fat :water solubility partition coefficient is present in the body in 
constant amount, its concentration in the water phase of the body will vary in- 
versely with the amount of fat present and so could provide an indication of this. 
If the amount of fat in the body fell, and if the substance acted, like progesterone, 
as a stimulus for the attainment of a more positive energy balance, then a negative 
feedback regulation for body fat would exist. 

Long-term phenomena and closed-loop control systems both raise difficulties 
for experimental investigation, particularly when in combination. Though the 
present lack of evidence may serve as some excuse for speculation, one can only con- 
clude by emphasizing the great need for more evidence in this field. 
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Figs. 2, 3 and 4 in this paper are taken from Nature, Lond. 222, 629 and are 
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Metabolic and physical control of food intake in ruminants 

By J.  A. RINES, National Institute for Research in Dairying, Shinfield, 
Reading RG2 9AT 

Introduction 
Various aspects of the regulation of food intake in ruminants have recently 

been reviewed by Campling (1970), Baumgardt (I970), Baile & Mayer (1970) 
and Arnold (1970) in greater detail than is possible here. This paper will attempt 
to integrate this information for the housed ruminant, with emphasis on those 
points of particular interest to the author. 

The total amount of food eaten by an animal in a given period of time depends 
on ( I )  the number of meals eaten in that time, (2) the length of each meal, (3) the 
rate of eating during each meal. Factors affecting food intake may operate by 
changing one or more of these; a change in one may be compensated for by an 
opposite change in one or both the others. Therefore, it is often important to 
consider the net effect on the total amount of food eaten in a period of time, which 
may be different from the effect expected if one bf the above were studied in isolation 
from the others. 
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