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ABSTRACT

Fasting metabolism is adapted to ensure the orderly mobilization of endogenous substrates and
fuel for maintaining vital activity. When no exogenous energy is consumed it gives rise to a glucose
deficient condition; as a result gluconeogenesis lrom amino acids occurs which results in a higher
cxcretion of N and a higher heat production. When therefore fasting metabolism is adopted as the
reference level of metabolism when assessing energetic efficiency, efficiency appears higher below
energy mainienance (Km) than above (Kf). When enough feed is given to meet the glucogenic
demand of an animal, but no more, heat production falls to a minimum, which suggests that this
value, rather than fasting heat loss, would be the appropriate base for measuring the energetic
efficiency of exogenous feed. In general about one-third of energy maintenance (150 k) ikg WO daily
or 20 mmol of glucose/kg W™ daily) should be used for obtaining this minimum metabolic stale in
ruminants.
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PHYSIOLOGY OF FASTING

After prolonged fasting ruminant animals can no longer absorb exogenous
nutrients and must utilize endogenous energy and protein to maintain vital
aclivily. Depending on the duration of food deprivation, fasting induces the
physiological adaptation characterized by hypoglycaemia (Blum et al., 1981;
Rule et al., 1985), hyperlipidaemia (Di Marco et al., 1981; Rule et al., 1983),
hyperketenaemia (Lyle et al., 1984 ; Rule et al., 1985) and hypoinsulinaemia
(Rule et al., 1985, Ku Vera, 1988; MacDowell and Annison, 1991). These
changes not only lower the metabolic activity of the active cell mass, but are also
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essential for the orderly mobilization of endogenous substrates and fuel during
periods of restricted availability of exogenous substrates (Shetty, 1990). They are
under complex hormonal control which has both short-term and long-term
characteristics. If blood glucose concentrations falls, the first response will be an
increase in hepatic gluconeogenesis and release of glucose from the liver. At the
same time the secretion of insulin decreases and that of glucagon increases. If the
situation becomes acute, glucoreceptors in the hypothalamus are stimulated to
send impulses to the adrenal medulla for increased secretion of adrenaline. The
reduced secrction of insulin and increased secretion of glucagon and adrenaline
will further increase glycogenolysis but will also rapidly cause lipolysis in adiposc
tissue and mobilization of glycerol and free fatty acids. An increased use of
intermediaries for amino acid or protein turnover will take place when tissues
begin Lo provide energy-yielding substrates. Euglycaemia will be maintained by
increased glyconeogenesis and also by reduced utilization of glucose lean and
adipose tissue (Bergman, 1983). A shift in the substrate fuels used by the lean
tissue occurs later with a preference for fatty acids and ketone bodies (Shetty,
1990).

FASTING AND URINARY N EXCRETION

During prolonged fasting 80-90% of energy expendilure is met by the
oxidation of body fat (see Blaxter, 1962; Hovell et al., 1977; Chowdhury, 1992},
However, the energy requirement of body tissues cannot be met by lipid
metabolism alone (Bergman, 1983). Glucosc is cssentially needed by at least five
tissues of the body : (a) nervous system, (b) muscle, (¢) fat synthesis and turnover,
(d) foetus and (e) mammary gland (Bergman, [983). During fasting deaminated
amino acids contribute 70% of the glucose need through gluconeogenesis
(Bergman, 1973). The nitrogenous part of the amino acid is converted into urea
and excreted in the urine. The result is almost invariably a higher urinary
N excretion during fasting than when the animals are fed to their minimum
glucogenic need (Chowdhury, 1992). Fasting N excretion in ruminants is about
292 mg/kg W7 daily (ARC, 1980). However, continuation of ruminal and hind
gut fermentation at a low level tends to obscure the relationship between tissue
metabolism and N excretion. The development of the intragastric nutrition
technique (see Grskov et al., 1979) makes possible an exact control over the
protein : energy ratio in absorbed nutrients, which is not possible when rumen
fermentation has to be sustained. Using this technique, several N balance studies
have been carried outin sheep (Hovellet al., 1983, Asplund et al., 1985) and cattle
(Drskov ct al., 1983; Ku Vera, 1988; Chowdhury et al., 1990), either without
energy or protein, or with energy alone. These studies revealed that the fasting
N excretion in ruminants was at least 350 mg/kg W daily and could be more
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than 700 mg/kg W*” daily, depending on the animal’s maturity (@rskov and
Howvell, 1986). Moreover, sheep tend to have lower fasting N excretion than
cattle. For example in intragastrically-nourished steers daily fasting N excretion
was found to be 641 (@rskov et al., 1983), 510 (Lobley et al., 1987), 616 (Ku Vera,
1988), 633 (Chowdhury, 1992) and 429 (Hovell et al., 1983) mg/kg"™ daily. The
degree of adiposity may also effect fasting N excretion (Grskov, 1982). Ku Vera
(L988) showed that fasting urinary N excretion in young immature steers was
much higher (727 mg/kg W®" daily) than fat steers (539 mg/kg W™ daily).
Similarly, Chowdhury (1992) showed that lean sheep have higher fasting
N excretion than fat sheep (460 vs 360 mg/kg W7 daily, respectively).

Urinary N excretion during fasting was found to be reduced by the provision
of glucose or glucose substrate. Prskov (1982} compared the N excretion in sheep
and steers nourished by intragastric infusion either at energy maintenance or at
fasting. Tn both species urinary N excretion during fasting was found to be about
40%, higher than when an N-free but otherwise adequate (in terms of cnergy,
vitamins and minerals) infusion was given to meet the glucogenic demand of the
animal (Chowdhury, 1992). Urinary N excretion has also been reported to be
aboul 40% higher during fasting than at energy maintenance by Askbrant and
Khalili (1990} in poultry, by Asplund et al. (1985} in sheep, and by Ku Vera
{1988) in cattle.

FASTING ELEVATES HEAT PRODUCTION
On a net basis, biochemical changes are exothermic and energy is lost as heat,

As fasting initiates a cascade of biochemical reactions, high heat production can
be expected under this condition. Using the intragastric infusion technique,

TABLE 1
Level of casein ME infused  ITeat Production Change in HP  Heat merement Efficiency
infusion (KJid) (HP} {KJid) (Change in (KJ/KJ infused)
(mg N/Kg W*".d) HP/ME) retained
‘Fasting 0 335 - - -
*Basal a1 325 -10 -0.11 1.11
250 125 310 =25 -0.21 1.21
500 157 300 -35 -0.22 1.22
750 190 320 -15 —-0.08 1.08
¢1500 289 335 0 0 1.00
€2250 388 369 34 0.09 091
3000 487 398 63 0.13 0.87

* Energy and protein free infusion of mineral and vitamin solution

® Infusion of 91 KJ/Kg W"*.d of ME from a VFA mixture (of the molar proportions 16:79:5 of
acetic : prapionic : butyric acid), supplying 28 mmol glucose/Kg W*™.d

¢ Infusions of casein N together with 91 KJ;Kg W°™ d of ME from the VFA mixture
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Chowdhury (1992) measured the heat production of two groups of sheep
(Lighter, 39 kg and Heavier, 61 kg) during fasting and also during the infusion of
(4, 250, 500, 750, 1500, 2250 and 3000 mg N/kg W*7 daily from casein along with
91 kJ/kg W*7 daily of energy from a glucogenic VFA mixture (molar proportion
of 16:79:5 of acetic : propionic : butyric acid). The results are shown in Table 1. Tt
can be seen that heat production during fasting was high but that during the
sequence of infusions it declined until 500 mg N/kg W™ daily was infused and
then increased with the subsequent levels of infusion. Similarly, intra-abomasal
infusion of glucose (o a fasted steer maintained by total intragastric infusion,
reduced heat production (Ku Vera, 1988). Decreased heal production due to
nuirient supply to a fasted amimal 1s completely different from the well known
heat increment effect of food intake, indeed there was a heat decrement. The
components of the heat increment include the energy costs of caling and
rumination as well as heat arising from the enzymaltic hydrolysis of lipid,
polysaccharides and protein, from the absorption of nutrients, from the effect of
food on cellular activity e.g. protein turnover, Na®, K —ATPase activity
(Blaxter, 1989) and from the formation of urea. With animals on intragastric
infusion, all the components of heat increment are possible except the energy cost
of eating and rumination. Baldwin et al. (1980), regarded energy expenditure in
the basal state as consisting ol two functions, the service function (36-40% of the
total heat production) and the cellular maintenance function (40-50% of the
total heat production). During fasting, cellular maintenance functions hike hind
and protein degradation increase to provide glucogenic and oxidative substrates
(Iobley, 1991). Chowdhury (1992) showed thart fasting heat production (332
kl/kg W™ daily) of intragastrically nourished sheep was higher than the heat
production (290 kJ/kg W7 daily) during infusion of a VFA mixture providing
91 kJ/kg W™ daily, whose propionate content was equivalent to approximately
28 mmol glucose/kg W°” daily. He showed that 22% of the extra hcat
production (i.e. of 9.26 k)/kg W' daily) during fasting could be explained by
increased protein oxidation (3.7 mmol urea/kg W" daily). Similarly. in
intragastrically nourished steers, protein oxidation during fasting contributed
24% of the heat production (Ku Vera, 1988). During fasting, besides the energy
cost of protein oxidation (approximately 4 moles of ATP per mole of urea or 5kJ
ME per gram of urea synthesized), additional heat produclion is associated with
lipolysis and fatty acid oxidation (11 moles of ATP per mole of triglycerol).

FASTING METABOLISM AS THE BASIS FOR ENERGY REQUIREMENT

In many feed evaluation systems fasting metabolism serves as the base line
against which the efficiency of utilization of different feed stuffs is mecasured. The
net energy requirement for maintenance is equal to the fasting metabolism plus
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TABLE 2
Effect of plane of nulrition on fasting metabolism of growing lams. All Values are in KJ/'Kg wW*™
daily (from Fatlel et a. 1985

ME from straw Energy loss Energy loss Estimated fasting
expected” found metabolism?
285 —-206 - 1067 272
262 — 187 -73 294
456 -3l -37 356
With fish meal®
367 - 135 -32 247
488 -28 -9 351

078

* Calculated, assuming a fasting metabolism of 370 KJ/Kg W
utilization of 0.70 (ARC, 1980)

® Calculated from energy loss found at slaughter and utilization of ME of 0.70

¢ Supplemented with protein and additional MT: as fish meal

daily and an efficiency of ME

an allowance made for the amimal’s muscular activity (Ku Vera, 1988). In general
the ME requirement for maintenance is about 1.35 times fasting heat production
(Flatt, 1988). This has been criticized on several grounds by Marston (1948),
Webster ¢t al. (1974), Ku Vera (1988) and @rskov and Macleod (1990). When
Marston (1948) fed sheep at half energy maintenance for 10 weeks and then
fasted them, their mean fasting metabolic rate was 231 kJ/kg W*™ daily. When
the same sheep were fed at maintenance level for 10 weeks their mean fasting
metabolism was 265 kl/kg W*™ daily. The fall in fasting metabolism due to
undernutrition was 13%. After the same sheep had been fed at twice mainienan-
ce, their fasting metabolic rate was 290 kJ/kg W®7 daily. When the fasting heat
production of Marston’s sheep was plotted against their respective energy
balances, there was approximately 0.2 ki/kg W"" increasc in fasting hcat
production for each 1 kJ/kg W®" increase in preceding energy balance. Fattet et
al. (1984) gave different levels of ME from alkali treated straw alone or with fish
meal to growing lambs. The estimated fasting metabolism was found to be
increased with increase in ME intake (Table 2). Several other reports (Graham et
al., 1974; Ferrel et al., 1976; Blaxter, 1962, 1989) have shown that fasting heat
production decreases with prolonged low levels of feeding.

Fasting causes the metabolism of a higher proportion of fat than occurs when
any food is given, resulting in a high concentration of plasma free faily acids
(FFA). The energetic efficiency of oxidation of this FFA largely depends on the
availability of oxaloacetate in the tricarboxylic cycle, as the entry of acetyl-CoA
to the cycle depends on the intramitochondrial concentration of oxaloacetate.
An inadequate production of oxaloacetate during fasting resulis from deficiency
of its precursors {(glucose. propionate, lactate and amine acids) and also from
high intramitochondrial NADH to NAD ratio, which drives much of the
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oxaloacetate to malate so that it is drawn into lipogenic and ketogenic pathways
in place of glucose (Ballard et al., 1969; Bergman, 1973). The end result 1s that,
oxaloacetate 1s actually insufficient to meet the amimal’s requirement.

Based on these considerations @rskov (1982b) suggested that it is conceptual-
ly incorrect to use fasting metabolisim as the baseline for assessing the efficiency
of utilization of a nutritionally balanced diet as it represents the energy
metabolism of a glucose deficient “diet” (i.e. body fat). Chowdhury (1992)
showed that when only the glucogenic need of non-pregnant non-lactating sheep
was met, there was a decrease mn fasting heat and urinary N excretion, a decrease
in the plasma concentrations of plasma urea, FFA and f-hydroxybutyrate and
an increase in plasma glucose and insulin to levels similar to those seen with an
infusion providing energy maintenance (450 kJ ME from VFA and 400 mg
casein-N/kg W7 daily). This suggests that the specific physiological adaptation
induced by fasting may be annulled by meeting the glucogenic demand of the
animal. @rskov and MacLeod (1990) therefore suggested that the assessment of
energy utilization in response to energy supply should use as its baseline the
energy balance of animals receiving about one-third of energy maintenance
{about 150 kJ/kg W®” daily of VFA, molar proportion 65:25:10 for acetic:
propienic : butyric acid) rather than that of fasting ammals, so that the
requirement for glucose precursers was likely to be met and gluconeogenesis
avoided. This is equivalent to approximately 20 mmol of glucose/kg W7 daily.
Chowdhury (1992) had previously suggested a slightly different baseline
infusion, a VFA mixture providing about 91 kJ/kg W°” daily from a VFA
mixture (molar proportion 16:79:5 for acctic : propionic : butyric acids),
cquivalent to 28 mmol of glucose/kg W™ daily. However, based on glucose
oxidation rate during fasting, Lobley (1991} suggested that the actual glucose
requirement for non-pregnant, non-lactating sheep ranges from 5.5-7.9 mmol/kg
WO daily. In view of the greater glucosc oxidation rate of fed steers compared to
sheep (41 vs. 35 k], Bergman,1983), it secems that cattle may have a higher glucose
requirement than sheep. Until detailed information is available on the glucose
requirements of different specics of animals under different physiological
conditions, 1t may be reasonably safe to accept Grskov’s (1982b) proposition of
one-third of energy maintenance as baseline of measuring the energetic efficiency
of different feed, rather than fasting, thus ensuring that the N excretion and
f-hydroxybutyrate is not clevated.

FASTING METABOLISM AND THE CONCEPT OF Km AND Kf

The ARC (1980) feeding system, originally devised by Blaxter {1962}, makes
allowance for two different efficiencies of energy utilization, namely the
efficiency of utilization of ME for maintenance (Km) and the efficiency of
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utilization of ME for fatiening (Kf). Te determine the Km and Kf values for
individual diets, calorimetric measurements of responses in energy retention to
increases in M E intake are simply made below (Km) and above (KI) maintenance
level of intake. Depending on the nature of the diet, the Km value ranges from
0.60-0.80, and the Kf value from 0.25-0.50 (Thomas, 1988). Chowdhury (1992}
estimated the efficiency of the ME utilization at three submaintenance levels of
energy supply. He showed that when fasting heat production is used as the base,
asitis for Km estimation in ARC (1980) system, the Km value becomes greater
than 1 at the first increments of energy (Table 1). Since a Km value in excess of
unity can only occur when a dietary increment depresses metabolic rate it is clear
that fasting metabolism 1s a wholly inappropriate baseline for such calculations.
@irskov (1982b) first sugpested that the difference between Km and Kf values
might be simply an artefact arising from the use of fasting metabolism as the basis
of calculation. Differences in the efficiency of utilization of ME between below
and above maintenance will be greatly reduced by use of a minimum rate of
metabolism rather than fasting. Obviously, since hosynthetic and oxidative
reactions follow Michaelis-Menten kinetics (Baldwin and Smith, 1983), as the
level of intake increases greatly the efficiency of energy utilization 1s bound to
decrease eventually according to a law of diminishing returns (Mercer, 1982).
However, the diminishing response may noi occur within normal levels of feed
intake.

There is not yet sufficient experimental evidence to specify the different levels
of feeding necessary to obtain the minimum metabolic rate under different
physiological conditions. However, it is ¢lear that fasting metabolism is
a metabolic adaptation which should not be used as the basis for measuring the
energetic efficiency of nutritionally balanced diets for animals. The difference
between the values of Km and Kf will be greatly reduced if not wholly removed
by using the minimum metabolic rate rather than the fasting metabolic rate. The
minimum metabolic rale may be obtained by meeting only the glucogenic
demand of the animal. However, research is needed to determine the glucogenic
demand of different species of animal under ditferent physiological conditions.
The use of the two components has led to several.
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STRESZCZENIL
Rozwazania nad wplywem glodzenia na przemiang energii i wartosciowanic pasz preciuwaczy

Metabolixm u prvezuwaczy w stanic glodzemia przystosowujc sig do mobilizacji rezerw
endogennych substratow i Zrédet energii zapewniajacych aktywnosé zyciowa. Przy braku energii
egzogenne zwigksza si¢ deficyt glukozy, a w jego naslepsiwie glukoza produkowana jest z amino-
kwasOw w procesie glukoncogenezy co. z kolei, prowadzi do zwigkszenia wydalania urotu i wigkszej
produkcji ciepla. A zatem, gdy warto$¢ preemiany energii w slanie na czezo przyjmic sie jako
wskaznik poziomu metabolizmu przy ocenie wydajnosel energetyczne). to tak oblicrona wydajnoscé
jest znacznie ponizej energetycznych potrzeb bylowych (Km) niz powyzej potrzeb energetycznyeh na
opas (K. Przy pozxiomie zywienia nic wickszym niz pokrywajacym zapotrzebowanie zwierszecia na
glukozg produkgja cicpla spada do minimum wskazujac, 7e whasnie ta wartosc, a nie wartosé strag
ciepla w stanie na czczo, powinna stanowi¢ wlasciwy podstawe do pomiaru wydajnoéci energetycznej
paszy egzogennej. Wnioskuje sig, Ze okofo 1/3 energii butowej (150 kJ/kg W driennie lub 20 mmol
glukozy/kg W*™ dziennie) powinno si¢ preyjmowaé dla uryskania minimalnego stanu przemian
U PrZezuwiaczy.



