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Effect of dietary composition and cold exposure
on non-shivering thermogenesis in young pigs and its
alteration by the pg-blocker propranolol
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1. Young pigs were fed on three diets consecutively, each diet being given for 1 week. The diets were given
in random order as (g pig feed/kg body-weight): (a) 20, (b) 60, (¢) 20 plus a supplement with the energy
equivalent of 40 g pig feed/kg. The supplements included desiccated coconut, fish meal and glucose.

2, At the end of each week resting metabolic rate, beginning 12-14 h after feeding, was measured overnight
using an open-circuit respiration chamber at thermoneutrality.

3. The oxygen consumption of pigs on the 60 g/kg diet was always higher than on the 20 g/kg diet. The
addition of desiccated coconut, or fish meal also increased metabolic rate; whereas with added glucose,
O, consumption tended to be even lower than on 20 g/kg alone.

4. The administration of the A-blocker propranolol to pigs on ad lib. food intake reduced the rate of
overnight resting O, consumption, measured from 10 until 20 h after feeding, by 12 %, but it had no effect
on O, consumption when the intake was 20 g feed /kg. Exposure to mild cold (15°) caused an increase in
O, consumption and this was reduced by 14 9 after injection of propranolol.

Heat production in resting animals can be divided into shivering and non-shivering
thermogenesis. The latter includes heat produced in association with basal metabolism, the
ingestion and utilization of food and in some species exposure to cold.

The thermic effect of a meal has been known since the late eighteenth century at the time
of Lavoisier and has been studied by many workers including Rubner (1902) and Lusk
(1928). The production of heat after a meal is not just associated with the mechanical action
of ingestion and the process of absorption, since it also occurs after the intravenous infusion
of nutrients (Benedict & Emmes, 1912; Garrow & Hawes, 1972).

The effects of high and low levels of energy intake which have been maintained over
periods of weeks have also been studied. In sheep it has been shown that the 24 h rate of
heat production is dependent on the level of food intake only within the zone of thermal
neutrality and not in a cold environment (Graham er al. 1959). More recent work with pigs
confirmed this finding, again using measurements over the whole 24 h period (Close et al.
1971). In man the findings have been controversial. Thus Apfelbaum et al. (1971) found an
increase in heat production after overfeeding, while Glick et al. (1977) did not.

In long-term studies on animals no clear distinction has been made between the effect of
energy intake on the basal or resting metabolism as compared with the heat production after
feeding or during activity. Nor has the relative effectiveness of presenting the extra energy
intake in the form of carbohydrate, protein or fat received attention.

The mechanisms involved in the higher rate of metabolism induced by a high energy
intake are poorly understood. The possibility that some basal process of metabolism is
altered is supported by the finding that the rate of thyroxine utilization increases with an
increase in energy intake (Evans & Ingram, 1977; Ingram & Kaciuba-Uscilko, 1977). On
the other hand the mechanism may be similar to the cold-induced thermogenesis which is
controlled by the hormones of the adrenal medulla (Jansky, 1973).

The aims of the present study have been first to examine the effect of the nutrient com.
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position of a high energy intake on overnight resting metabolism, and second to determine
whether the f#-blocker propranolol has the same effect on the increased resting heat pro-
duction associated with a high level of energy intake as it has on cold-induced thermogenesis.

METHODS

Animals. Male and female pigs of the Large White breed were used. They were aged between
6 and 8 weeks and weighed between 11-9 and 18-8 kg at the beginning of the study. Each
animal was housed separately in a room maintained between 20 and 25° and supplied with
water ad lib.

Food. In the studies on the effect of dietary composition the pigs were fed for three con-
secutive periods of 7 d between 08.30 and 10.00 hours on each of three regimens presented
in random order. The regimens, as g commercial pelleted pig feed (Kwik Meat, RHM
Agriculture, Brooks Hasler Ltd, Manningtree, Essex) /kg body-weight, were: 20 (just
above the maintenance ration), 6o (just below an ad lib. ration, which is near to 8o g/kg
body-weight) and 20 plus the energy equivalent of 40 g pig feed/kg body-weight given as
either desiccated coconut or fish meal (Provimi 66, British White-fish Meals Ltd., Grimsby)
or powdered glucose. The gross energy contents of the pig feed, desiccated coconut and fish
meal were determined with an adiabatic bomb calorimeter (Gallenkamp) and that of glucose
from standard tables (Hodgman, 1962). The energy and nutrient compositions are given
in Table 1, and the quantities of food eaten by a typical animal weighing 16 kg are given in
Table 2. Comparisons of metabolic rates could thus be made between low and high energy
intakes of the same food and between the effects of a high energy intake rich in fat, protein
or glucose.

In the studies on the effect of propranolol the animals were fed at 08-30 hours on either
20 g commercial pig feed/kg body-weight or ad lib. intake in the experiment on dietary-
induced thermogenesis, and on 60 g pig feed/kg body-weight in the experiment on cold-
induced thermogenesis. Pigs on ad /ib. intake were allowed to eat until 12.00 hours and
consumed approximately 8o g/kg body-weight.

Measurement of heat production. Oxygen consumption and carbon dioxide production
were determined using an open-circuit respiration chamber measuring 1-2 m X 0'6 m x 0-6 m.
The chamber was housed inside a temperature-controlled room and provision was made
for allowing the animal both to eat and to drink while inside the chamber. In determinations
made overnight there was no lighting. Air entered the chamber via two inlet tubes, one of
which also served to drain urine; air was then circulated in the chamber with a fan and was
exhausted at a rate of 50 1/min. A sample of air for analysis was withdrawn at 1 1/min, at
a point near the mixing fan. The air was dried over silica gel and the concentrations of O,
and CO, were determined using a paramagnetic analyser (Model F3; Beckman, California,
USA) and an infra-red analyser (Analytical Development Co. Ltd, Hoddesdon, Herts)
respectively. Both analysers were calibrated with standard gas mixtures which had been
checked using a Lloyd-Haldane analyser. For 10 min in every hour, the analysers sampled the
‘in-going’ air. The output of the analysers was displayed on chart recorders and gas con-
centrations were determined as the difference between ‘in-going’ and ‘ out-going’ samples.
Results for O, and CO, were calculated as ml/kg®%? per min. No correction was made for
differences in the volumes of ‘in-going’ and ‘out-going’ air since the respiratory quotient
(CO, production: O, consumption; RQ) was near to unity, where the error is minimal, and
the experimental differences were large in comparison with this potential error. Checks
made by burning alcohol in the chamber indicated that the apparatus measured 98 ¥, of
the expected O, consumption,
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Table 1. Composition (g/100 g) of food and supplements

Gross
energy Carbo- Dietary
(kJ/100g) Protein Fat hydrate fibre
Pelleted pig feed (Kwik Meat)* 1580 18 2 62 5
Coconut, desiccatedt 2850 6 62 6 24
Fish meal (Provimi 66)} 1790 66 6 0 0

Glucose, powder 1560 0 o 100 0

* RHM Agriculture, Brooks Hasler Ltd, Manningtree, Essex. Constituents determined by Nutrition
Chemistry Dept, MAFF, Cambridge.

t Values from Paul & Southgate (1978).

1 British White-fish Meals Ltd, Grimsby; values from manufacturers’ analysis.

Table 2. Total weight (g) of food and of each constituent fed per 24 h to an average
pig weighing 16 kg

Regimen
Pig feed Carbo- Dietary
(8/kg body-wt) Supplement Food Protein Fat hydrate fibre
20 — 320 58 6 198 16
6o -~ 960 174 18 594 48
20 Desiccated coconut 507 69 122 209 61
20 Fish meal 602 244 23 198 16
20 Glucose 648 58 6 526 16

Experimental procedure

Effect of composition of a high energy intake on resting metabolism 12-20 h after feeding.
During the first week after the animals had been obtained from the farm they were fed
on the 20 g/kg ration and were placed in the respiration chamber two or three times during
the day and at least once overnight, in order to accustom them to the procedure. The food
intake was then kept at one of the selected levels for 1 week before a definitive determination
of overnight resting metabolic rate was made. The pigs were fed in their living quarters and
transferred to the respiratory chamber at 25°, between 12.00 and 16.00 hours, for the deter-
mination of metabolic rate. Only those readings obtained between 22.00 and 08.00 hours
were used in the analysis of the results, since during this period the chart records displayed
very few variations which indicated activity or movement. When these did occur they lasted
only 10-20 min and were omitted from the estimation of heat production.

Effect of the f-blocker, propranolol, on dietary and cold-induced thermogenesis. Animals
for experiments on the effect of propranolol on dietary-induced thermogenesis were placed
in the chamber at 25° and propranolol (Inderal; ICI) in a dose of § mg/kg was injected
subcutaneously at 21.00 hours. Alternatively, an injection of saline (9 g sodium chloride/1)
was given as a control. Care was taken to ensure that half the animals received propranolol
first and the other half saline first.

Pigs used for studying the effects of propranolol on cold-induced thermogenesis were
placed in the chamber at 25° and 15°. At 15° either propranolol or saline was injected as in
the study on dietary-induced thermogenesis. Determinations of overnight resting metab-
olism were made between 22.00 and 08.00 hours.
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Analysis of results

The hourly rates of O, consumption for each pig on each treatment were analysed using
both multivariate and individual analysis of variance. Comparisons were thus obtained
between different treatments in each successive hour as well as for the over-all effect of each
treatment. In addition the results were examined for any tendency for the metabolic rate to
change systematically during the night.

Since sequential observations were made for each animal and for each treatment,
examination of treatment differences were made using the method developed by Rowell &
Walters (1976).

RESULTS
Preliminary studies on the thermic effect of a meal

Three pigs were each kept in the respiratory chamber continuously for 5 d at either 15° or
25°, They were given 60 g pig feed/kg as one meal per 24 h and heat production was
measured before, during and after feeding. However, the physical activity during feeding
and other sporadic movements during the day made it impossible to obtain estimates of
resting metabolic rate for more than a few hours during the day-time. Thus, the heat
production associated only with ingestion, digestion and absorption could not be measured
under these conditions. If the animal was disturbed by rattling the feeding bowl the increase
in metabolism during the next 30 min was similar to that which occurred during feeding. In
addition it was found that the rRQ was approximately 1-0 and that propranolol had no
measurable effect on the heat production during the 8 h after a meal.

In all later studies, estimates of heat production were made overnight when the animal
was either asleep or resting. It was then possible to obtain measurements in the post-
absorptive state.

Effect of high energy intake of differing composition on overnight resting metabolism

High fat intake. In the diet supplemented with desiccated coconut the pig feed was always
eaten but some animals rejected up to 10 9 of the coconut. Fig. 1 gives the mean hourly
rates of O, consumption between 22.00 and 08.00 hours for the three diets for eight pigs. It
shows that pigs on the 60 g feed/kg had a higher metabolic rate than those on 20 g feed/kg
(P < o-01). Feeding the additional energy as desiccated coconut resulted in a rate of O,
consumption which was between that for 6o and 20 g feed/kg but not statistically different
from either. During the night metabolic rate tended to decrease as was previously reported
by Cairnie & Pullar (1959).

High protein intake. In the eight pigs given the additional 4 %} energy as fish meal, there was
a tendency for the animals to leave some of the fish meal. This was so marked in two instances
that replacement pigs had to be used. The rejection of fish meal was never more than 15 %,
in the animals which were used for the determination of resting metabolic rate. The results
of mean O, consumption for the eight animals are given in Fig. 2. Again the O, consumption
was higher on 60 than 20 g feed/kg (P < 0-01). Moreover the fish meal caused a statistically
significant (P < o-o1) increase in metabolic rate above the 20 g/kg feeding level. The
metabolic rate with the fish meal diet was slightly greater than that with the 60 g feed/kg,
although the difference was not statistically significant.

High glucose intake. There was no rejection of glucose by the nine pigs given powdered
glucose as the additional energy supplement. In marked contrast with the results for the
other energy supplements, not only did the addition of glucose cause no increase in resting
metabolic rate, but the rate of heat production tended to be less than that for 20 g feed/kg
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Fig. 1. Rate of oxygen consumption (ml O,/kg®* per min) measured overnight in eight pigs
after feeding three diets consecutively, each for 7 d. The diets, which were fed at random, were
(g pig feed/kg body-weight): (O), 60; (@), 20; (A), 20 plus a quantity of desiccated coconut
equivalent in energy content to 40 g pig feed /kg body-weight. Points represent mean values with
their standard errors represented by vertical bars. For details of diets, see p. 000 and Tables 1 and 2.

alone (Fig. 3). The rate of O, consumption by pigs given 60 g feed/kg was higher than on
20 g/kg (P < o-o1) and also higher than on 20 g feed/kg plus glucose (P < o-01).

RQ. The mean + seM values for RQ are given in Table 3. The mean RQ was equal to or
greater than 1-0 for each group, including those animals given a supplement of desiccated
coconut. The finding of RQ values greater than unity was in agreement with Mount (1968)
for growing pigs.

Effect of a B-blocking agent on dietary- and cold-induced thermogenesis

Dietary-induced thermogenesis. Propranolol was used to determine the effect of a #-blocker
on the increased resting metabolic rate associated with a high level of energy intake. Eleven
animals given 20 g feed/kg studied at 25° showed no statistically significant difference in
metabolic rate when the measurements were preceded by an injection of either saline or
propranolol. However, when the same animals were fed ad lib., propranolol was associated
with a statistically significant decrease in O, consumption of approximately 12 % (P < o-01).
The results are given in Fig. 4.

Cold-induced thermogenesis. The effect of propranolol on dietary-induced thermogenesis
was compared with its effect on cold-induced thermogenesis by studying five additional pigs
on 60 g feed/kg. The overnight resting metabolic rate was determined during mild cold
exposure of 15° after the injection of saline or propranolol and also at 25°. Table 4 gives
the results and shows that the expected increase in metabolic rate associated with moderate
cold exposure was reduced with the f-blocker by approximately 40 %. The rate of 02
consumption at 15° after propranolol was reduced by 14 % of the control rate.

The O, consumption of the control animals fed ad /ib. or 60 g feed/kg in the propranolol
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Fig. 2. Rate of oxygen consumption (ml O,/kg®* per min) measured overnight in eight pigs after
feeding three diets consecutively, each for 7 d. The diets, which were fed at random, were (g pig
feed /kg body-weight): (O) 60; (@), 20;(A), 20 plus a quantity of fish meal equivalent in energy con-
tent to 40 g pig feed/kg body-weight. Points represent mean values with their standard errors
represented by vertical bars. For details of diets, see p. 362 and Tables 1 and 2.
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Fig. 3. Rate of oxygen consumption (ml O,/kg®®? per min) measured overnight in nine pigs after
feeding three diets consecutively, each for 7 d. The diets, which were fed at random, were (g pig
feed/kg body-weight): (O), 60; (@), 20; (A), 20 plus a quantity of glucose equivalent in energy
content to 40 g pig feed/kg body-weight. Points represent mean values with their standard errors
represented by vertical bars. For details of diets, see p. 362 and Tables 1 and 2.
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Table 3. Respiratory quotients (CO, production : O, consumption; RQ) for pigs given com-
mercial pig feed at 20 and 60 g/kg body-weight and at 20 g/kg body-weight with an energy
supplement provided by a fat, protein or carbohydrate source

(Mean values with their standard errors)

Regimen
— — \ RQ
Pig feed — — \
(g/kg body-wt) Supplement Mean SE
20 — 1-00 0037
60 — 1-22 0°041
20 Desiccated coconut 1-28 0006
20 Fish meal 1-04 0056
20 Glucose 1-21 0'069

27 -
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Fig. 4. Rate of oxygen consumption (ml O,/kg® %" per min) measured overnight in eleven pigs. The
animalis were fed ad lib. (approximately 80 g/kg body-weight) on a commercial pig feed. (Q), After
subcutaneous injection of saline (9 g sodium chloride/1); (@), after subcutaneous injection of
propranolo! (5 mg/kg). Points represent mean values with their standard errors represented by
vertical bars. For details of diets, see p. 362 and Tables 1 and 2.

studies was greater than that of the animals given 60 g feed/kg in the studies on nutrient
composition. The reason for this was unknown, although the two series of experiments were
carried out at different times.

DISCUSSION

The present results demonstrate that the increased rate of resting metabolism which is
observed in young growing pigs after feeding a high energy intake for 7 d persists for at
least 20 h after the last meal. This effect is not related merely to the total energy content of
the food, but depends on the form in which the energy is presented. Moreover the enhanced
rate of resting metabolism associated with a high energy intake can be reduced by the S-blocker
propranolol. Two topics will be considered in relation to these findings: one is whether the
mechanisms which give rise to the increase in metabolism immediately after a meal are the
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Table 4. Rate of oxygen consumption (ml O,/kg=%" per min) of five pigs. Measurements
were made overnight at 25° and also at 15° after injection of saline (9 g sodium chloride/1)

or propranolol
(Mean values with their standard errors)

Ambient temperature (°) ... 25 15
Saline Propranolol
Pig Mean SE Mean SE Mean SE
A 29°1 032 412 059 336 043
B 2017 0-68 336 088 30°1 1-02
C 284 1-93 352 023 313 026
D 181 026 333 074 269 072
E 182 041 283 037 261 038

same as those which sustain the increase many hours later; the other is the extent to which
the processes involved in non-shivering thermogenesis in response to cold resemble those
which occur 10-12 h after a meal with a high energy content.

As a result of earlier studies (Lusk, 1930) it was suggested that the immediate increase in
metabolic rate after ingestion of a meal depended mainly on its protein content. It was
already known, however, that this was not simply due to the energy cost of absorption,
since an increase in metabolic rate also occurred after the infusion of amino acids (Benedict
& Emmes, 1912). The idea that it could be related to the production of urea was advanced
by Krebs (1964), but the view has been challenged by Garrow & Hawes (1972) who failed
to find a correlation between urea production and the rate of O, consumption. In any event,
an increase in metabolic rate after the ingestion of glucose alone has also been found in
man (Pittet et al. 1976). Nevertheless the present study showed that even 20 h after a meal
the highest metabolic rates were recorded after a high intake of protein. It may also be of
significance that the diet supplemented with desiccated coconut was low in protein and that
the metabolic rate was between the values for 20 and 60 g pig feed/kg body-weight. The
present results do not therefore contradict the idea that the increased metabolic rate was
related mainly to the protein content of the food.

The heat production of pigs given desiccated coconut was between the values for 20 and
60 g pig feed /kg body-weight. This may have been due to the thermogenesis associated with
medium-chain fatty acids being mainly completed by the time measurements were made,
and at least some of the extra heat production could have been related to the breakdown of
fibre in the large intestine.

In a study on man involving over-eating, Miller et al. (1967) estimated the rate of O,
consumption from the periodic collection of expired air. They found that at the end of
3 weeks the metabolic rate calculated for a 24 h period had increased. However this increase
was related to the extra O, used during exercise after a meal, while the basal metabolic rate
(BMR) remained unchanged. In another investigation using women, Glick et al. (1977) found
that their subjects over-ate for 5 d without any effect on O, consumption as estimated from
collection of expired air, either during exercise, or at rest. By contrast Apfelbaum et al.
(1971) studied subjects who had over-eaten for 15 d and were then placed in a chamber while
O, consumption was measured for 24 h. Over-eating was followed by an increase in O,
consumption, and eating a low-energy-high-protein diet was followed by a decrease in O,
consumption over the whole 24 h. Strong et al. (1967) also found that subjects who had been
over-eating had higher metabolic rates during the night, although BMR was unchanged. The
demonstration of a relation between energy intake and metabolic rate in sheep (Graham
et al. 1959) and pigs (Close et al. 1971) has already been mentioned.
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Those studies on man which are at variance with the present results in reporting no effect
of energy intake on resting metabolic rate have relied on the sampling of expired air over
short periods. It is possible that the use of this technique may disturb the subject sufficiently
to obscure any differences in resting metabolic rate. In addition the increased energy intake
used by Miller et al. (1967) was approximately 25 % while that used by Glick ef al. (1977)
approached 50 %; both these increases were smaller than that used in the present study.

The effect on resting metabolic rate of feeding extra energy in the form of specific nutrients
has received little attention. In man, Goldman et al. (1975) have reported the results of
a study on groups of four subjects, some of whom were or had been obese. The same
individuals were not consistently represented in each group and only periodic measurements
of gaseous exchange were made. After being fed extra fat as corn oil (3-6 MJ/d) for 83d
three subjects increased their BMR by 29, 13 and 6 9/ of the control value, and one decreased
it by 5 %. Over-feeding of ‘flavoured corn sugar’ (7:6 MJ/d) for 18 d was followed by an
increase in BMR of 22, 15, 9 and 29%,. The number of subjects was small but a paired ¢ test
on the values for carbohydrate was just statistically significant (P < 0°05). More recently,
however, Burse ef al. (1977) reported that the BMR was unchanged after over-feeding
carbohydrate or fat.

There are several possible mechanisms by which dietary-induced thermogenesis might be
generated and these have recently been listed by Sims (1976). Similar mechanisms may also
be activated during exposure to cold, but few demonstrations of their importance are
available. In the bumble bee (Bombus species) a futile cycle involving the inter-conversion
of fructose-6-phosphate and fructose-1,6-diphosphate is deployed in the flight muscles
before the animal takes off on cold days (Newsholme er al. 1972; Clarke, Bloxham et al.
1973). A similar mechanism has been implicated in the development of malignant hyper-
thermia in pigs (Clarke, Williams et al. 1973). The sort of non-shivering thermogenesis
which has received most attention is that exhibited by rodents,and many newborn mammals.
This is associated with the presence of brown fat (Himms-Hagen, 1972; Jansky, 1973); butin
the pig this tissue is not present even at birth when the body contains less than 10 g total
fat/kg (McCance & Widdowson, 1959). In spite of the absence of brown fat, however, the pig
doesrespond to adrenaline and noradrenaline by a small increasein metabolicrate(LeBlanc &
Mount, 1968). Moreover during the first 14 d of post-natal life in pigs the increase in
metabolic rate which occurs on exposure to cold is reduced after the administration of the
B-blocker propranolol (Kaciuba-Uscilko & Ingram, 1976). In sheep it has been shown that
after a large dose of propranolol there is a reduction in cold-induced thermogenesis
(Webster & Hays, 1968) but as in the present study propranolol had no effect on the metabolic
rate during a meal. The present study has shown that propranolol decreased thermogenesis
of pigs in the cold and also reduced the increased metabolic rate associated with a high
energy intake. The reduction in pigs on a high energy intake does not appear to be simply
a result of reduced activity or muscle tension since propranolol had no statistically
significant effect on the metabolic rate of pigs fed on a low energy intake. There remains the
possibility that the reduction in metabolic rate in the cold after propranolol is related to its
effect on dietary-induced thermogenesis since no observations were made on animals given
only 20 g pig feed/kg body-weight when exposed to cold.

There are a number of possible explanations for the finding that an energy supplement
given as glucose did not increase the rate of metabolism 12-20 h after the last meal. One is
that the processes of breakdown and synthesis continue for up to 20 h after feeding complex
nutrients, but that the glucose can be dealt with over a much shorter period. The results
might also be explained by the fact that the amounts of protein and fibre present in the diet
supplemented with glucose were thesame asthosein the 20 g pig feed/kg. Any heat production
in the large intestine associated with the breakdown of fibre would therefore be the same in
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both diets. Another possible contributory factor to the lower energy expenditure of animals
fed on glucose may be the lower energy cost of using glucose or glycogen as fuel, since
gluconeogenesis is avoided (Blaxter, 1971). Finally it may be that the dietary-induced
thermogenesis associated with simple food substances is not additive. Thus Pittet ef al.
(1974) found that heat production after feeding amino acids was increased by 17 % and
after glucose by 14 %; but when both amino acids and glucose were given the increase
was still only 17 %. Moreover Elwyn et al. (1978) found that patients recovering from
surgery tended to have lower metabolic rates when glucose was added to infusions of
amino acids. The speculative suggestion is that glucose tends to reduce dietary-induced
thermogenesis possibly by increasing insulin levels and exerting a nitrogen-sparing effect.

The authors thank Mr D. E. Walters, ARC Statistics Group, Cambridge, for his help,
and Mr K. F. Legge for his technical assistance.
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