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The central nervous system undertakes the homeostatic role of sensing nutrient intake and body
reserves, integrating the information, and regulating energy intake and/or energy expenditure.
Few tasks regulated by the brain hold greater survival value, particularly important in farmed
ruminant species, where the demands of pregnancy, lactation and/or growth are not easily met by
often bulky plant-based and sometimes nutrient-sparse diets. Information regarding metabolic
state can be transmitted to the appetite control centres of the brain by a diverse array of signals,
such as stimulation of the vagus nerve, or metabolic ‘feedback’ factors derived from the pituitary
gland, adipose tissue, stomach/abomasum, intestine, pancreas and/or muscle. These signals act
directly on the neurons located in the arcuate nucleus of the medio-basal hypothalamus, a key
integration, and hunger (orexigenic) and satiety (anorexigenic) control centre of the brain.
Interest in human obesity and associated disorders has fuelled considerable research effort in this
area, resulting in increased understanding of chronic and acute factors influencing feed intake. In
recent years, research has demonstrated that these results have relevance to animal production,
with genetic selection for production found to affect orexigenic hormones, feeding found to
reduce the concentration of acute controllers of orexigenic signals, and exogenous administration
of orexigenic hormones (i.e. growth hormone or ghrelin) reportedly increasing DM intake in
ruminant animals as well as single-stomached species. The current state of knowledge on factors
influencing the hypothalamic orexigenic and anorexigenic control centres is reviewed,
particularly as it relates to domesticated ruminant animals, and potential avenues for future
research are identified.

Neuroendocrine regulation: Intake: Hormones: Ruminants

Introduction

Forbes & Provenza(1) identified the challenge of under-
standing factors controlling food intake and diet selection as
one that occupies a very important place in the fields of
nutrition, physiology and psychology. DM intake is
arguably the most important factor in ruminant animal
production, dictating the amount of nutrients available for
production and thereby dictating gross feed conversion
efficiency (i.e. nutrients directed to production-related

processes relative to those directed to maintenance). In
pasture-based systems this limitation is even more
important. Ulyatt & Waghorn(2) and Muller(3) emphasised
that the major limitation to dairy cow productivity in
pasture-based dairy systems is the low DM intake of
herbage, resulting in nutrient intakes that are insufficient to
exploit the genetic capability of the lactating animal to
utilise nutrients for milk production. This is consistent with
the findings of Kolver & Muller(4), who reported that 60 %
of the difference in milk production between grazing cows
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and those fed total mixed rations in confinement was as a
result of lower DM intake.

A further limitation to DM intake in grazing ruminant
species is the occurrence of substitution, whereby an animal
refuses a significant quantity of available pasture when
offered a supplement (forage or grain), such that energy
intake does not increase to the extent theoretically possible
from the supplemented energy. Univariate and multivariate
analyses accounting for forage, grain and animal character-
istics that are practically measurable have only been able to
account for 50 % of the variation in substitution rate.
However, Linnane et al. (5) highlighted a hitherto unknown
effect of cow genetics on substitution rate, suggesting that
there were poorly understood and unevaluated animal
factors affecting an animal’s desire to eat. The association of
metabolic disorders with low DM intake(6) implicates a
reduction in DM intake at key times with adverse health
events, and is a further motivation for an increased
understanding of intake regulation.

Van Soest(7) highlighted the difficulties that ruminant
animals present to the physiologist wishing to understand
the mechanisms controlling DM intake. Physiological
functions such as feed intake are regulated by multiple
factors(8). For example, the majority of domesticated
ruminant animals have feed available almost continuously,
irrespective of whether they are intensively managed, with
feed supply under the direct control of the farm manager,
or managed more extensively, where feed availability varies
in quantity and quality according to the time of the year,
but is rarely unavailable(9). Despite this, DM intake is
the primary limitation on production(4,10). As a result,
voluntary feed intake (VFI) of production animals (milk,
meat and fibre) and the factors controlling it have received
considerable attention over the decades. Until recently, the
controlling factors were poorly understood, but there has
been a dramatic growth in knowledge of important central
and peripheral factors affecting the regulation of hunger
and satiety. This applies particularly to the neurochemical
components of brain systems influencing ingestive
behaviours.

Acute and chronic regulation of intake

The terms ‘appetite’ and ‘hunger’ are often incorrectly used
interchangeably. Hunger differs from appetite in that hunger
is a physiological concept, whereas appetite is usually
culturally defined. Appetite may be characterised by a mild
hunger, but it is directed at a choice of food items, not a
drive to eat per se, and often comes with the expectation of
reward(11). Forbes(9) further defined appetite as ‘a drive to
eat a specific nutrient’ rather than to eat food as such,
suggesting that animals could determine the deficit or
surplus of a specific nutrient in their diet, and indirectly
suggesting that a specific nutrient could alter appetite. The
depraved eating habits(12) of animals clinically deficient in
either Na or P (i.e. pica) may be consistent with an innate
‘knowledge’ of the particular nutrient deficiency associated
with appetite. In comparison, hunger patterns are mani-
fested in patterns of feeding behaviour, which are most
probably a result of chemical and tactile stimuli altering
specific regions of the brain.

Neither hunger nor appetite can be precisely measured;
therefore, to determine the effect of a specific variable(s) on
these factors, VFI is measured, as this is the result of both
hunger and appetite and can be measured accurately.
Regulation of VFI also needs to be considered on different
time scales, from meal initiation and the regulation of meal
size (short term/acute) to the longer-term (chronic)
regulation of VFI required to maintain a physiological
steady state. Acute controllers of VFI are most probably
hormones (for example, insulin, adrenaline), whose
concentrations are controlled by circulating metabolites
(for example, glucose, fatty acids) and reflect the immediate
energy status of the animal relative to metabolic demand.
These circulating factors are required to have short half-
lives, exhibit significant variation throughout the day, and
may even exhibit circadian rhythms, particularly in farmed
animals with diurnal-type feeding behaviours (i.e. they are
most active between sunrise and sunset). Chronic controllers
of VFI, in comparison, are more likely to exhibit
consistency in their circulating concentrations (little diurnal
change), need not necessarily have short half-lives, and must
provide information on the status of the body’s long-term
energy status (adipose tissue depots).

Food intake occurs in distinct bouts or meals, with the
frequency and size of individual meals over the day
comprising an individual’s feeding pattern(13). Most animals
have habitual feeding patterns, consuming approximately
the same number of meals at the same times each day. Such
feeding behaviour is primarily a response to orexigenic and
anorexigenic signals, although the factors that control when
meals occur are probably different to those controlling meal
cessation.

In general, farmed ruminant animals are typically diurnal
and their feeding behaviour has been studied for more than
80 years. Time spent grazing/feeding, ruminating, and lying,
as well as diurnal and temporal behaviour patterns have
been extensively reviewed by Hafez & Schein(14) for cattle
and Hafez & Scott(15) for sheep and goats. In subsequent
research, the effects of imposed treatments and genetic
differences within species on animal behaviour(5,16) have
been measured, acknowledging the importance of animal
behaviour, and in particular feeding behaviour, in explaining
differences in animal production.

Assuming forage is not limiting, grazing cattle generally
have four to five feeding bouts per 24 h period, with the most
continuous periods of grazing occurring before dawn, in the
early morning, mid afternoon, and just before sundown. In
total, cattle graze for between 4 and 11 h(5,14,16) and
ruminate for a similar period. In comparison, cows fed total
mixed rations indoors eat for a considerably shorter total
period (4–5 h/d(17,18)) than their grazing counterparts, but
tend to feed more frequently (9–14 meals/d(17)).

Like cattle, sheep also graze in cycles interrupted by
rumination, rest and idling periods, with the majority of
grazing occurring in daylight hours and little grazing in
darkness. The patterns of grazing for cattle and sheep
described by Hafez & Schein(14) and Hafez & Scott(15),
respectively, are remarkably similar across the species,
reflecting the diurnal nature of both species and probably an
innate evolutionary programming to time feeding so as to
limit the possibility of predation.
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Despite the consistent inter-species feeding habits,
feeding patterns, and resultant VFI, can be greatly
influenced by:

(i) feed allowance and type(18,19) and consequent
products of digestion(20,21);

(ii) imposed management regimen(16);
(iii) day length and/or weather(14,22);
(iv) genetics(5);
(v) level of production(23);

(vi) stage of the production cycle (for example, stage of
lactation) and hence metabolic rate(14);

(vii) interactions between these factors.

For instance, when grazing ruminant animals are
supplemented with additional feeds, time spent grazing and
herbage intake decline (substitution(19)), reducing the
potential benefit from the supplement. However, for
example, in the dairy cow, the extent of this decline is
dependent on herbage availability, cow genetics(5) and/or the
milk production of the cow at the time of supplemen-
tation(19). A better understanding of the factors influencing
VFI potentially offers the animal scientist an opportunity to
better manage feed allocation, feed supply and animal
breeding, and improve DM intake and whole-animal
productivity. Van Soest(7) identified two distinct factor
classes controlling VFI:

(i) physical (feed) factors;
(ii) physiological (animal) factors.

Physical factors regulating intake

Although physical factors influence VFI, through reticulo-
rumen and gastric distension and increased rumen retention
time primarily, a thorough analysis of the subject is outside
the scope of the present paper, and the reader is referred
elsewhere for comprehensive reviews(9,10,24).

The most likely physical factors affecting DM intake are
dietary fibre content, the digestibility of that fibre, and the
rate at which fibre is degraded in the rumen. Although
dietary protein has been reported to have positive effects
on DM intake(25), this is probably a physiological or
microbial response to additional nutrients and not a true
physical factor. Chemical measures of fibre content are
inversely associated with forage digestibility (Van Soest(7);
JR Roche, LR Turner, JM Lee, DC Edmeades, DJ Donaghy,
KA Macdonald, JW Penno and DP Berry, unpublished
results), in theory leading to increased rumen retention time,
slower passage rate, and reduced VFI and DM intake with
increases in forage fibre content. Despite this relationship, a
strong association between dietary fibre content and DM
intake in grazing ruminant animals has not been identified.

Mertens(26) suggested that dietary fibre was the limiting
factor in VFI in dairy cows otherwise well fed, and there is
evidence that VFI in ruminant animals is limited by the
inclusion of indigestible material that is too long to pass out
of the rumen(27). However, Allen(10) noted considerable
variation among experiments in the decline in VFI associated
with increasing fibre, and suggested that the filling effect of
fibre differs between diets. Consistent with this, Dado &
Allen(28) reported a decline in VFI when additional inert bulk

was added to the rumen of cows fed a diet containing 35 %
neutral-detergent fibre (NDF), but not a diet of 25 % NDF.
Subsequent work by Dado & Allen(29) identified NDF
digestibility as a contributor to the effect of NDF on VFI, with
increased NDF digestibility positively associated with VFI.
Further research is required to determine the point at which
NDF limits VFI, and the interaction between feed NDF
content and NDF digestibility.

Data indicate a multifaceted control of VFI in ruminant
animals, combining the immediate physical constraint of a
fibrous meal with the delayed physiological effects of
products of digestion. This hypothesis is consistent with the
immediate reduction in VFI with the presence of a physical
constraint in the rumen and a delayed reduction in VFI
following the inclusion of an energy-based supplement(30).
The present review will focus on the physiological factors
influencing VFI.

Physiological factors regulating intake

Despite the importance of the physical nature of the diet,
Seone et al. (31) reported that VFI could still be influenced
(increased in satiated sheep and suppressed in hungry sheep)
in experiments where blood from satiated and hungry sheep
was mixed in vivo. These data are consistent with the
parabiotic model tested in rodents(32) and reflect the
presence of circulating factors as hunger signals and
determinants of the point of satiety.

The central nervous system (CNS) undertakes the
homeostatic role of sensing nutrient intake and body
reserves, integrating the information, and regulating energy
intake and/or energy expenditure. Short-term control of
energy intake is mainly brought about by the integration of
peripheral and central sensory pathways related to hunger
and satiation, whilst long-term energy balance is accom-
plished through a highly integrated neuro-humoral system
that minimises the impact of short-term fluctuations in
energy balance on metabolic reserves. Critical elements of
this control system are metabolites and hormones secreted
in proportion to the animal’s energy status and metabolic
reserves, and the CNS targets upon which they act.

Recent discoveries of new metabolic signalling pathways
along with renewed research efforts into understanding the
control of hunger, satiety, and body weight with the soaring
problem of human obesity, have resulted in rapid advances
in our understanding of central control systems. The focus
has now shifted to the identification of orexigenic (intake-
stimulating) and anorexigenic (intake-inhibiting) neurohor-
monal systems that respond to circulating signals and vary
with overall metabolic state.

Metabolic state is reflected to the brain via a diverse array
of signals, which can primarily be divided into orexigenic
and anorexigenic signals. Peripheral signals that regulate
VFI must accurately reflect both the long-term energy stores
(i.e. adiposity, homeorhetic signals) and the concentrations
of key nutrients, metabolites and hormones in circulation
that indicate the immediate energy status of the body (i.e.
homeostatic signals). Irrespective of animal species, if a
hormone, neurotransmitter or other internal signal is to be
classified as an orexigenic or anorexigenic signal, it must
fulfil key criteria(13,33):
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(i) It must circulate in either direct or inverse proportion
to the degree of adiposity, with concentrations
modified reciprocally with changes in adipose stores.

(ii) It must gain access to the brain and interact with the
receptors and transduction systems in neurons known
to regulate energy balance.

(iii) Exogenous administration should affect VFI or meal
size.

(iv) Blocking or compromising its endogenous activity
should affect VFI or meal size.

(v) A reduction in VFI caused by administration of an
‘anorexigenic’ signal should not be the consequence of
illness or malaise, or of some sort of incapacitation.

(vi) The secretion of endogenous orexigenic signals must
follow a period of fasting. Similarly, the secretion of
endogenous anorexigenic signals must be elicited by
ingested food, with a temporal profile consistent with
contributing to the normal cessation of eating.

(vii) Chronic infusions should alter body fat mass and the
responsiveness of peripheral tissues to energy and
adrenergic stimuli.

Although overly simplistic to reduce a behaviour as
complex as feeding to a series of molecular interactions(34),
extensive research into the effect of hypothalamic lesions in
the 1940s, 1950s and 1960s(35 – 38) and the discovery of
numerous peptides has provided a greater understanding of
factors produced in peripheral tissues that alter feeding
behaviour. Over the last decade in particular, important
advances have been made in the characterisation of
hypothalamic neuronal networks and neuropeptide trans-
mitters, along with the discovery of circulating peptides that
send signals to the brain regarding the body’s nutritional
status(39). The major sources of these signalling molecules
appear to be the adipose tissue, the gastrointestinal (GI) tract
and the pancreas, although this does not preclude the
existence of, as yet unidentified, VFI-regulating signals
from muscle or bone tissue.

Central mechanisms involved in nutrient sensing and
intake regulation

The neural network sensitive to energy status signals has
been located to areas of the CNS stretching from the
hypothalamus to the lower part of the brainstem. This has
been identified as the homeostatic control centre for the
regulation of VFI and energy balance.

Obesity has long been associated in some way with the
hypothalamic–pituitary complex(40). In fact, Brobeck(41)

attributed the first inference to this relationship in the
clinical description of the association between a case of
rapid weight gain and a tumour of this region. Classic neural
lesion experiments in rats highlighted the predominant role
of the hypothalamus in VFI control(35). Bilateral lesions of
the medial hypothalamus resulted in the exhibition of
excessive orexigenic signals (hyperphagia) and obesity.
Further studies suggested that VFI had multiple hypothala-
mic control centres(36); medial hypothalamic electro-
stimulation inhibited VFI in rats, whereas stimulation of
the lateral hypothalamus stimulated intake. This prompted
Stellar(42) to propose that the ventromedial region of the

hypothalamus was the anorexigenic centre (inhibiting VFI)
and the lateral hypothalamus was the orexigenic (feeding
stimulation) centre.

Various hormones have been implicated in the short-term
control of VFI, with many peptides increasing in circulation
before evident satiation(43,44), while ghrelin, in particular,
increases before eating. However, most research into the
effect of these signalling peptides in conveying the
anorexigenic feeling to the CNS has been undertaken in
single-stomached animals, and less is known about these
signalling pathways in ruminant animals.

Anorexigenic signals directly influence VFI responses
that are generated in the limbic system, and orexigenic
signals are regulated by neurohormones, especially
serotonin in the lateral hypothalamus(45). However, the
decision on whether to eat or not appears to be controlled by
multiple factors, with the final decision relying on the ‘total
signal’ reaching the CNS from many types of receptors in
many parts of the body.

In addition to circulating signals of energy status, tension
receptors in the muscular wall of the rumen and reticulum
provide a measure of distension, while epithelial receptors
provide information on the fibrousness of the digesta(46).
The epithelial receptors are also sensitive to the chemical
nature of the digesta, particularly acidity. Furthermore, there
are mechano- and chemoreceptors in the abomasum (true
stomach) and duodenum, and chemoreceptors in the liver.
Afferent fibres from nerves of the GI tract continuously
receive information related to a number of mechanical and
chemical stimuli. They transmit this (neural) information to
the CNS to exert feedback control of both GI muscle
contraction and intestinal secretions, and also participate in
the regulation of VFI. In the rodent, the integration of GI
neural information is mainly in the caudal nucleus of the
solitary tract (NST) in the hindbrain(47,48), although receptor
binding studies have demonstrated that the area postrema in
the hindbrain, as well as the caudal NST, contain high
concentrations of binding sites for some peptides(49,50). The
area postrema and NST may be able to detect circulating
peptides, raising the possibility that these hindbrain regions
may be involved in VFI regulation by systemic factors as
well as via neural pathways.

Transport systems

For a circulating signal to affect the feeding control centres
of the CNS it must be able to gain access to the brain, which
maintains a stable internal environment by protecting itself
from fluctuating levels of peripheral molecules. Therefore,
the transport of metabolic signals into the CNS must be
considered when evaluating these pathways.

The capillaries in the brain are formed from a specialised
endothelium whose function is to regulate the movement of
solutes between blood and the brain (i.e. the blood–brain
barrier; BBB). Studies of the BBB have revealed a
limitation on the rate of exchange of lipid-insoluble
substances, such as peptide hormones, between blood and
nervous tissue(51). The main significance of this limitation is
that the power to control the composition of the cellular
environment making up the nervous tissue is built into the
system via carrier-mediated transport, or ‘facilitated
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transport’ of lipid-insoluble molecules(52). Work by
Stein et al. (53) indicated that diffusion alone cannot explain
the entry of insulin into the CSF, and this is consistent with
the presence of a transport mechanism(53,54).

Nutritional factors (for example, high concentrations of
several of the unsaturated fatty acids(55,56)) modify BBB
permeability. Strubbe et al. (57) found that, whereas insulin
readily appears in the CSF during an intravenous glucose
infusion in free-feeding rats, 1 d fasting causes a significant
decrease in the entry of insulin into the CSF after an
intravenous glucose infusion. This suggests that the ease of
insulin penetration, and perhaps other metabolic substances,
into the CNS can be altered systematically under different
metabolic conditions. Moreover, it is now believed that
central resistance to leptin may arise in obese animals,
which may be caused by a reduced ability of the BBB to
transport leptin into the brain(58). Consistent with this, it has
recently been shown that the proportion of circulating leptin
entering CSF is higher in thinner than fat sheep(59).

The arcuate nucleus of the hypothalamus

A major site of VFI regulation is the hypothalamic arcuate
nucleus (ARC), otherwise known as the infundibular
nucleus. The ARC is an aggregation of neurons in the
mediobasal hypothalamus, adjacent to the third ventricle
and the median eminence. By monitoring the blood levels of
metabolic substances, arcuate neurons are informed of
whether or not the animal’s body has sufficient energy and
nutrients, so that it can adjust feeding behaviour
accordingly.

The ARC contains two distinct neuronal populations that
express leptin and insulin receptors(60,61). One is a
population that expresses pro-opio-melanocortin (POMC).
POMC is a precursor peptide hormone that is further
processed into multiple hormones, including the anorexi-
genic hormone a-melanocyte-stimulating hormone. Leptin
activates POMC-containing neurons resulting in the release
of a-melanocyte-stimulating hormone(61,62). Leptin also
interacts with the second ARC population to inhibit the
release of the orexigenic neuropeptide Y (NPY) and agouti-
related protein (AgRP) peptides(63,64), thereby also removing
the g-aminobutyric acid inhibition of POMC neurons. The
end result is that at times of energy excess and/or increased
fat levels, increased leptin levels directly impede the
activation of the orexigenic ARC pathways, and stimulate
the anorexigenic-associated ARC pathways. Conversely,
during times of energy deficit when leptin levels are low,
there is a reduction in the inhibitory influences of leptin on
orexigenic pathways. It is important to note that leptin is not
the only key factor in the homeostatic control of VFI and
energy balance; however, the common mode of action of
leptin and the other factors appears to be related to an
interaction with the NPY, AgRP and POMC neuronal targets.

The evidence for key roles for NPYand the melanocortins
in the regulation of VFI and energy balance is increasing.
Central injection of NPY stimulates VFI in animals,
including ruminant species(65 – 68). Hypothalamic NPY gene
expression and circulating levels increase in response to
feed restriction(69 – 71) and decrease in response to feed
excess(70 – 72).

There is also evidence for the differential expression of
orexigenic neurones, depending on the time frame of the
feed restriction. For example, it has been reported in rodent
and ruminant species that there are NPY-expressing cell
bodies in the dorsomedial hypothalamus that do not possess
leptin receptors(73,74) and that NPY expression in these
neurons is increased by the metabolic demands of lactation
and chronic, but not acute, feed restriction(75 – 77).

Although NPY-neuronal expression is without question
a potent orexigenic stimulus, the absence of NPY or its
receptors in rodent ‘knock-out’ models does not result in
the cessation of feed intake(78,79). This may just indicate
that there are multiple systems for stimulating feed intake
and the absence of one is not sufficient to block this
critical behaviour. Melanocortins are the other arcuate
peptides that play a major role in mediating the effects of
circulating metabolic signals on VFI and energy balance.
POMC mRNA expression and circulating a-melanocyte-
stimulating hormone levels are positively correlated with
feed restriction in rats and sheep(80,81), and, at least
in mice, central administration of the POMC-derivative
a-melanocyte-stimulating hormone or melanocortin ago-
nists inhibit VFI(82).

Gene expression of POMC in the ARC is decreased
during lactation in sheep(77), facilitating the lactation-
associated hyperphagia. In addition, the expression of the
endogenous melanocortin antagonist, AgRP, which is co-
localised with NPY in the ARC, is up-regulated during
feed restriction(70) and lactation(77) in sheep, and central
administration of AgRP increases VFI in mice(82). Arcuate
NPY/AgRP and POMC-containing neurons have
primary projections to both the paraventricular nucleus
and to the lateral hypothalamus(61,83), both areas known to be
involved in homeostatic (intake) regulation.

In addition, the paraventricular nucleus and lateral
hypothalamus have projections to the dorsal-vagal complex
of the hindbrain(84,85), which receives neural input from the
GI tract. Therefore, there is probably cross-talk between
CNS control centres receiving inputs from neural and
circulating signals.

In conclusion, the animal’s body possesses multiple
central pathways for the homeostatic regulation of VFI and
energy balance, and there is sufficient information to believe
that data that have been collected on single-stomached
species are equally relevant to ruminant livestock. Whilst
there are differences in the location of the integration of
short- and long-term feedback signalling within the CNS, and
even with the mode of signalling, there appears to be overlap
and cross-talk between these pathways. With increased
knowledge of the exact nature of the integration centres, and
the signals to which they respond, the sequence of events
leading to anorexigenic or orexigenic signals will be better
understood, and manipulation of these through either genetic
selection or animal management will be possible.

Peripheral mechanisms involved in intake regulation

Although it is the CNS that regulates energy homeostasis, it
is responding to signals produced peripherally in proportion
to the status of adipose tissue reserves, and in response to
the provision and ingestion of food, and the products of
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digestion (i.e. rumen fermentation and intestinal digestion;
Fig. 1). The existence of a humoral factor circulating in
blood and controlling feeding behaviour is consistent with
the lipostatic theory and has been extensively studied in the
parabiotic rodent model(32). Support for this model also
acting in ruminant animals was provided by Seoane et al. (31)

in sheep. Blood from the jugular veins of hungry and
satiated sheep was exchanged and feed consumption by
satiated sheep increased 48 % over control values while feed
consumption by hungry sheep decreased 17 %. These results
provide evidence of humoral factor(s) regulating feeding
behaviour being present in the blood of farm ruminant
animals. Gaining an understanding of the physiological
systems regulating VFI is fundamental to improving the
productivity of ruminant livestock.

Adipose tissue and long-term intake regulation

The importance of the fat depot in the regulation of VFI was
hypothesised by very early physiologists such as Darwin(86)

and Bernard(87). One of the most important theories in this
field was proposed by Kennedy(40), that the effect of the
hypothalamus in anorexigenic or orexigenic signals is
primarily ‘lipostatic’ or ‘adipostatic’, suggesting that
genetic and environmental factors dictate an individualised
level of body adiposity, which animals strive to maintain.
Deviations from the defended level of adiposity trigger
compensatory changes in appetite and energy expenditure
that persist until the level of body fat is restored(33).

Kennedy(40) noted that the size of body stores remained
relatively constant in adult animals allowed to eat
balanced diets without interference. He deduced that
animals appeared to regulate their stored reserves. A
number of studies have since confirmed the validity of this
hypothesis, with animals on restricted allowances increasing
their intake beyond that of the control comparison, when
given unrestricted access to feed, until such time as their
body weight returned to the weight of the control
cohort(88,89). These results point to a VFI-regulating effect
of adipose tissue.

Although more difficult to test the lipostatic hypothesis
on larger mammals, it has been postulated that there is a
certain minimum body fat content below which the lactating
cow will not venture willingly(90), suggesting that the
hypothesis may also be valid in larger mammals. However,
until recently little direct evidence existed to either support
or refute the theory in domesticated ruminant species.
Roche et al. (91) highlighted a linear decrease in the amount
of weight lost in early lactation with decreasing adiposity at
calving, and Holter et al. (92), using calorimeters, reported
that thinner cows at calving exhibited a lower negative
energy balance post-partum by modifying energy expendi-
ture to reduce weight loss.

Further proof of the innate desire for animals to maintain
a certain level of adiposity was presented by Roche et al. (91).
They noted that a 2·5 unit difference in calving body
condition score (BCS; ten-point scale) declined to less than
a one-unit difference 250 d post-calving, indicating that
dairy cows modify either energy intake or expenditure (milk
production) or both, in an attempt to maintain a constant fat
store appropriate for their physiological state. More direct
evidence of this was reported by Tolkamp et al. (93), who
demonstrated a negative effect of body fatness on VFI in
sheep. Similarly, McCann et al. (94) and Caldeira et al. (95)

reported a rapid rise in VFI in lean sheep fed ad libitum until
a BCS of 3·7–4 (on a five-point scale) was obtained, at
which point VFI declined rapidly to a constant lower level
such that body weights were maintained.

Further proof of the validity of the lipostatic theory in
ruminant animals was presented by Broster & Broster(96),
who reported that VFI per litre milk decreased by 1·3 kg/d
for every unit increase in BCS (five-point scale) at
calving, highlighting a physiological willingness to use
stored reserves for production with increasing adiposity.
These data are in agreement with the positive effect of
calving BCS on milk yield/cow in early lactation(97),
although data indicate a threshold above which an
increase in adiposity has a negative effect on milk
production.

The existence of adaptive alterations in VFI to changes in
body-fat stores indicates the existence of ‘adiposity signals’
that communicate the status of fat stores to the brain(33).
Amazingly, such adiposity signals were only discovered
some 40 years after Kennedy(40) proposed his lipostatic
theory. Initially the hormone leptin was identified(98), with
further hormones produced by the adipocytes discovered
subsequently. Those hormones have transformed our
understanding of the role of the adipose tissue from that
of a simple energy-storage organ to that of both an energy-
storage and an endocrine organ(99).

Fig. 1. A schematic representation of the interaction between energy
balance and peripheral signalling to the central nervous system
(CNS).

J. R. Roche et al.212

N
u
tr
it
io
n
R
es
ea
rc
h
R
ev
ie
w
s

https://doi.org/10.1017/S0954422408138744 Published online by Cambridge University Press

https://doi.org/10.1017/S0954422408138744


Ruminant species, like most mammals, have different
types of adipose tissues (brown or white) and different depot
stores (subcutaneous, intramuscular, and abdominal)(100).
Brown adipose is predominantly found in young mammals
and has an important role in the perinatal thermogen-
esis(101). The study of the contribution of signals produced
by adipose tissues to the regulation of VFI has mainly
focused on signals coming from white adipose tissue depots,
and the distinction between depot location has not been
studied extensively.

Over the last 15 years, adipose tissue has become
recognised as a true and complex endocrine organ. Amongst
the large number of recognised hormones produced by the
adipocytes, leptin appears to be the main regulatory signal
of VFI. However, it is probable that the adipose tissue might
have an integrative role in the regulation of VFI, because
leptin expression and secretion are regulated by external
environmental factors, a number of other hormonal systems,
themselves sensitive to metabolic status, and adrenergic
inputs(102 – 104).

Leptin. Leptin (from the Greek leptos, meaning thin) is a
16 kDa polypeptide product of the ob (obese) gene(98). The
gene for leptin has been sequenced for cattle and sheep, and
differs by only two conservative amino acids(105).

Leptin is produced by adipose tissue primarily, but also
by the placenta, the skeletal muscle, the mammary tissue,
and within the brain. In all ruminant animals, plasma
concentrations are correlated with the amount of fat mass in
animals that are not under any energetic or thermal stress, or
stress of any other nature(105 – 108).

Leptin plays a key role in regulating energy intake and
energy expenditure, including the orexigenic–anorexigenic
complex and metabolism. Its role in the control of energy
balance was first reported in the ob/ob mouse, a phenotype
that presents hyperphagia, impaired thermogenesis, obesity
and abnormal neuroendocrine profiles(109). In this model of
obesity, peripheral (intraperitoneal or intravenous) or
intracerebroventricular (icv) administration of leptin reduced
VFI and activated BMR(110). Furthermore, administration of
endogenous leptin prevented the normal endocrine response
to fasting, such as the reduction in the activity of
neuroendocrine systems such as the thyroid, reproductive
and growth axes, and the activation of the hypothalamic–
pituitary axis (for a review, see Ahima et al. (111)).

Leptin interacts with six types of receptor (LepRa–
LepRf), although LepRb is the only receptor isoform that
contains active intracellular signalling domains. This
receptor is present in a number of hypothalamic nuclei.
Leptin is transported across the BBB by a short form of the
leptin receptor(112). Once in the brain, leptin binds to a long
form of its receptor – a membrane receptor – present in high
concentrations in specific neurons located in the
ARC(113 – 117). The mRNA encoding for the ob receptor are
mainly expressed in a population of orexinergic neurons co-
expressing NPY and AgRP mRNA and in separate
populations of anorexinergic neurons co-expressing cocaine-
and amphetamine-regulated transcript and POMC(113 – 118).
Leptin reduces VFI by stimulating the activity of the
anorexinergic neurons and by decreasing the activity of
the orexinergic neurons (for a review, see Ahima(118)).

In addition, leptin inhibits other orexinergic peptides, such
as melanin-concentrating hormone and orexins, which are
expressed in the lateral hypothalamic area of rodents and
sheep(118 – 120). Outside of the diencephalon, leptin also act on
neurons of the NST, dorsal motor nucleus of the vagus nerve,
lateral parabrachial nucleus, and central grey of the
brainstem(121). In the obese rodent, the action of leptin in
the brainstem seems to be part of the mechanisms involved
in short-term adjustments of energy intake such as regulation
of meal size by cholecystokinin (CCK)(122).

In ruminant species, the literature on leptin has been
dominated by studies on the role of leptin (and fat reserves)
in the control of reproduction. However, some of these
studies have also demonstrated an effect of leptin in
regulating VFI; the effects, however, are ambiguous.
Physiologically large amounts of leptin (more than
0·04mg/h infused intracerebrally) have been reported to
decrease VFI (by up to 70 % within 5 d(123)), but this
anorexic effect is not universal. There are indications of
seasonal dependency, with intacerebral injections of 1·5 mg
leptin inducing a 30 % decrease in DM intake in sheep in
autumn, but not in spring(124), reflecting a possible
interaction of leptin with photoperiod(125). Consistent with
these data, recent evidence also suggests that the
hypothalamic orexigenic–anorexigenic regulatory mechan-
isms are less sensitive to leptin in sheep during spring than
autumn, possibly due to a shift in leptin receptor sensitivity.
Changes in photoperiod may inhibit leptin brain entry at the
BBB in spring to prevent its anorectic actions when appetite
and energy balance are at a seasonal low(59).

In contrast, the seasonal effect of leptin on VFI was
reversed in castrated sheep, with no effect in autumn but a
decrease in spring(126). In the same experiment
Clarke et al. (126) also demonstrated that VFI is less
sensitive to leptin in male than female sheep (25 v. 75 %
reduction of DM intake in response to intracerebral infusion
of leptin); these results indicate a possible interaction
between photoperiod, the sex steroids and leptin in the
regulation of VFI. Other hormonal mechanisms known to be
influenced by photoperiod and also to have a direct effect on
VFI, such as melatonin or prolactin(22), could also interact
with leptin in the control of VFI(127).

In addition to its chronic regulatory effect, leptin also
appears to have an effect in the short-term regulation of VFI.
Plasma concentrations of leptin decrease within hours of
fasting and increase within hours following an increase in
intake (for reviews, see Zieba et al. (104) and Adam et al. (125)).
Similarly, plasma leptin concentrations decrease after an
abrupt reduction in intake or following an energy challenge,
such as the start of lactation(108,128). The evident changes in
plasma leptin concentrations over a time frame too short to
affect level of body fatness raise a few questions about factors
controlling its production. It has been demonstrated that level
of intake can affect the expression of mRNA encoding for the
long form of the leptin receptor in sheep and cattle(113),
suggesting that this variation in sensitivity to leptin could be
part of the mechanism of action of leptin on VFI(125).
Regulation of leptin secretion by acute changes in energy
balance(129,130) reflects an adipocyte response to circulating
hormones or metabolites that are affected by energy intake
and known to regulate leptin secretion, such as insulin(131),
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and not changes in adipose stores per se. This rapid response
in circulating leptin concentrations to changes in VFI or
energy expenditure supports a role for leptin in maintaining
adiposity, and could possibly explain some of the daily
fluctuation in VFI observed in animals fed ad libitum on an
average-quality ration(93).

Other signals from adipose tissue. Adiponectin, a 30 kDa
polypeptide secreted primarily by the white and brown
adipose tissue(132,133), has no apparent direct effect on VFI
in laboratory animals; however, plasma concentrations are
inversely correlated with fat mass in humans and
rodents(132). There are two adiponectin receptors; AdipoR1
is mainly expressed in skeletal muscle, and AdipoR2 in the
liver. However, an adiponectin receptor has, as yet, not been
identified centrally(134), making it unlikely that adiponectin
has a direct effect on central pathways regulating VFI.
Furthermore, peripheral administration of adiponectin in
rodents stimulates energy expenditure and reduces body-
weight gain, without any apparent change in VFI (for a
review, see Kadowaki & Yamauchi(134)).

Adiponectin may instead play an indirect role in VFI
regulation. Plasma concentrations of adiponectin are
inversely correlated with the degree of insulin resistance(134),
and adiponectin administration improves glucose uptake by
peripheral tissues in rodents(135). This adiponectin-mediated
effect on insulin resistance and glucose metabolism indicates
a possible role for this hormone in the regulation of VFI,
through changes in circulating glucose and insulin(136).

Resistin is a 12 kDa polypeptide produced primarily in
white adipose tissue, although brown adipose tissue is also a
source(133,137). Resistin mRNA has been isolated in the ARC
and ventromedial nuclei of the hypothalamus, indicating a
possible role in the regulation of VFI(138). Expression of
resistin mRNA in adipose tissue is positively associated
with feeding(137,139), increasing following a meal, while
circulating concentrations of resistin decrease with declin-
ing body weight(140). These data indicate a likely satiation
role for resistin. Consistent with this, central administration
of resistin in the ARC of rats induces a rapid, transient, 50 %
decrease in VFI in fasted animals, and a 15 % decrease in
satiated animals within 2 h of administration. There was no
effect of resistin on body weight, or plasma concentrations
of leptin or adiponectin with this negative effect on VFI(138),
consistent with a direct central effect on VFI.

Resistin has additional physiological roles that may also
associate it with VFI regulation. Mice infused with resistin
exhibit impaired glucose homeostasis and insulin
action(137,141). Further evidence of resistin’s involvement
in energy homeostasis is in the positive and negative effects
of hyperglycaemia and hyperinsulinaemia, respectively, on
resistin mRNA expression(142). It is likely that resistin plays
a similar role in ruminant animals because the expression of
the resistin gene in adipose tissue is greater in lactating
cows, when insulin concentrations are low and insulin
resistance is high, than non-lactating cows(143). Further
research is required to determine whether resistin is a factor
contributing to insulin resistance, or whether the insulin
resistance in early lactation to facilitate use of tissue stores
for milk production results in reduced resistin mRNA
expression.

There are two cytokines secreted by adipose tissue that
have been implicated in VFI regulation, IL-6 and TNF-a.
Despite their size, these cytokines gain access to the
hypothalamus via active transport systems(144). IL-6
circulates in multiple forms with a size between 22 and
27 kDa, and the receptor for IL-6 is also expressed in
adipose tissue. There are IL-6 receptors in the neurons of the
ventral and dorsal nucleus of the hypothalamus of rats(145).

In humans, concentrations of IL-6 in the CSF are
negatively correlated with fat mass and leptin concentration
in the CSF(146), and an injection of IL-6 can reverse the
obesity observed in IL-6 knock-out mice(147). Moreover,
central injection of IL-6 decreased VFI and increased
energy expenditure(148) in rats, indicating an anorexigenic
and lipolytic function in energy metabolism. However, there
are no data available on the effect of IL-6 on VFI in
ruminant animals.

TNF-a is expressed in ovine and bovine adipose
tissue(149,150), and plasma concentrations increase with
level of fatness(149). Peripheral administration has been
shown to reduce VFI in rodents(144). As well as transport
systems that facilitate TNF-a crossing the BBB and
influencing VFI directly, peripheral TNF-a also causes the
secretion of leptin, possibly suppressing VFI indirectly(144).
Consistent with this, administration of leptin antisera
reversed the anorexic effects of lipopolysaccharide infu-
sion(151). However, there are no data available on the effect
of TNF-a on VFI in ruminant animals.

The gastrointestinal tract

Since the discovery in 1902 that the pancreas secreted a
hormone in response to intestinal acidification(152), and the
hypothesis that this hormone (secretin) was a peptide or
protein, many other peptides have been discovered as
regulators of intestinal function. In particular, the GI tract is
recognised as the source of a number of factors believed to
stimulate either meal initiation or cessation in response to
the presence of food in the stomach and lumen of the GI
tract, and/or nutrients, metabolites and hormones circulating
in blood. These factors play a very important role in the
acute regulation of VFI, as they are required to provide
feedback to the brain on the size and energy/nutrient content
of a meal before digestion has occurred and the nutrients
have entered the blood.

There is a greater amount known about factors regulating
the termination of meals than the stimulation thereof; until
recently it was postulated that there was a constant
background orexigenic stimulus, which was modulated by
the production of anorexic agents(13). The discovery of
ghrelin(153), a potent orexigenic agent produced primarily in
the oxyntic cells of the stomach (and abomasum in ruminant
animals), the production of which declines post-feed-
ing(154 – 156), and the infusion of which either peripherally
or centrally causes a rapid transient increase in VFI in
rodents(157), human subjects(158) and ruminant
species(159,160), has undermined this hypothesis somewhat
and provided evidence for a peripheral meal initiation signal.

Ruminal fermentation products and the subsequent
substrates for intestinal digestion interact with receptors
lining the stomach and intestine, causing the release of
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peptides and other factors that coordinate the digestion of
the particular food being consumed(13). Some of these
factors signal the brain and other areas of the CNS,
providing information on both the quantity and type of food
being ingested. The secretion of orexigenic agents is
reduced following eating, while anorexic signalling
increases when food enters the lumen of the digestive
tract. As the integrated signal accumulates it creates a
feeling of fullness (anorexigenic) and contributes to the
cessation of eating(13).

Regulatory factors produced in GI tract include CCK,
peptide YY3 – 36 (PYY)(161), ghrelin(162), obestatin(163) and
gastrin-releasing peptide(164). Woods(13) pointed to the
necessity of having more than one anorexigenic mechanism,
allowing the subject to eat whatever food is available,
secrete a cocktail of peptides appropriate for digesting the
particular food eaten, but still informing the brain as to
precisely what has been eaten. Although this requirement
may not be as necessary in ruminant animals as it is in
single-stomached subjects, because of the fermentation that
occurs in the rumen, proteins, fats, fibre and some
carbohydrates do progress post-ruminally, and it is
important that there are mechanisms in place to inform
the brain and CNS of their imminent digestion. In addition
to this, there is an additional requirement in ruminant
animals that the volatile fatty acids (VFA) produced in, and
absorbed into circulation from, the rumen are recognised
and a detailed account relayed to the brain.

Vagus nerve. The afferent fibres of the vagus nerve are the
major neuro-anatomic linkage between the alimentary tract
and the hindbrain. Afferent input related to anorexigenic
signals, from the GI tract, the liver and from secreted
metabolites, monoamines and peptides are transmitted
through the vagus nerve and sympathetic fibres to the NST
in the hindbrain, where they integrate with descending
hypothalamic input to produce ascending output regarding
VFI to the hypothalamus(34,165).

Vagal afferent fibres supplying the upper GI tract are
sensitive to three classes of meal-related stimuli: mechan-
ical distension of the lumen or gut contraction, chemical
properties of luminal contents, and gut peptides and
neurotransmitters, whose secretions have been elicited by
the presence of meals in the duodenum. Schwartz et al. (166)

demonstrated that combinations of gastric load and
exogenous peptides excited gastric vagal mechanoreceptors
to a greater degree than either stimulus alone. These data
indicate that individual gut vagal afferents possess distinct
transduction mechanisms for the different classes of meal-
related negative feedback signals, and can simultaneously
integrate these signals to send a coherent message regarding
meal size to the intake-regulation centre in the brain.

In addition to stimulation by peptides, single vagal
afferents from the ileum and jejunum are excited by lipids,
especially linoleic and oleic acids, indicating a role for gut
vagal afferents in the anorexigenic signal and VFI
reductions elicited by lipids.

Cholecystokinin. CCK is the archetypal GI anorexigenic
signal and is one of the oldest peptides identified as having
an effect on VFI. First reported to elicit an anorexigenic

effect in gastric-fistulated rats in the early 1970s(167), it is
found in the brain(168), acting as a neurotransmitter, and in
the GI tract(169) in both secretory and neural tissue.

Although found widely along the GI tract, CCK is
expressed in particular by enteroendocrine I cells in the
duodenal and jejunal mucosa(39,170,171). The triangular
shape of the I cell, with the apical microvilli immersed in the
food-containing contents of the lumen(172) and the CCK
secretory granules positioned at the base of the cell away
from the lumen, as well as its distribution in the proximal GI
tract, allow the cells to be stimulated by GI contents
immediately following release from the stomach, and
secrete CCK either into blood, in an endocrine fashion, or in
a paracrine manner into surrounding tissue(170).

CCK is found in multiple forms(173), but all are derived
from a single gene by post-translational or extracellular
processing(170). Preprocholecystokinin is a 115-amino acid
polypeptide that succumbs to cleavage to first form pro-
CCK and subsequently CCK-58, the most processed form of
CCK in most tissues(174). All of the shorter forms of CCK
are formed by monobasic or dibasic residues, and many of
these smaller forms are found, together with CCK-58, in
various tissues and in blood(175).

CCK exerts a number of biological actions within the GI
tract and beyond. Its release from the intestine is stimulated
by the presence of digestive products in the GI lumen.
Levels rise immediately, peaking within 30 min in cows(176),
and can remain elevated for 3–5 h post-feeding(170). Dietary
fat and protein appear to be the most potent stimulators of
CCK release in single-stomached animals, although the
abomasal infusion of a starch hydrolysate in steers increased
the plasma concentration of CCK while the infusion of
casein tended to reduce blood concentrations of the
peptide(177). Physiologically relevant concentrations of
CCK have been implicated in reduced gastric emptying,
stimulation of gallbladder contractions(178) and the post-
prandial delivery of bile to the duodenum, pancreatic
secretions, and stimulation of the vagus nerve. The presence
of CCK receptors in the gall bladder of the cow(179)

indicates similar digestive effects of CCK in ruminant
animals to those noted in single-stomached species.

In addition to its importance in the digestion of food,
CCK has also been identified as an important anorexigenic
peptide. Fulfilling all of the requirements of an anorexigenic
stimulus, CCK rises with the presence of nutrients in the
lumen of the GI tract and the pattern of feeding behaviour is
altered by exogenous administration of physiologically
relevant doses. CCK has now been shown to inhibit VFI
across many species. When Gibbs et al. (167) injected rats
peripherally with CCK before a meal, meal size and
duration were reduced. In addition, exogenous CCK
administration to unfed rats resulted in behaviours
characteristic of satiation(180). The latter experiment high-
lights that the satiation actions of CCK are not only a result
of delayed gastric emptying and subsequent gastric
mechanoreceptor stimulation, although Moran &
McHugh(181) provided evidence that this is one VFI-
regulation mode of action of CCK.

CCK peptides bind with two receptors, CCK1R and
CCK2R (formerly known as CCKA and CCKB, respect-
ively). Both receptors are members of the seven
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transmembrane G protein-coupled receptor family(170) and
the relative distribution of these receptors varies across
species. CCK1R is found in the GI tract, the peripheral
nervous system, and the brain, whilst CCK2R is primarily
found in the brain(170).

CCK secreted by the proximal GI tract is proposed to
work in a paracrine fashion, stimulating CCK1R receptors
on the sensory fibres of the vagus nerve, thereby activating
neurons in the NST in the hindbrain(170,182). The signal
initiates local reflexes and is relayed to the forebrain. This
pathway is consistent with the reduction in the anorexigenic
effects of CCK when the majority of the medial and
commissural subnuclei of the NST as well as the area
postrema are lesioned(183), supporting the role of gastric
afferent projections in the mediation of CCK-induced
anorexigenic signals.

The distribution and biological activity of CCK has also
been studied in ruminant species. Choi et al. (176) reported
that CCK mediates the depression in VFI in dairy
cattle fed high-fat diets. Consistent with this effect,
Simon-Assmann et al. (184) reported that the distribution
and biological activity of CCK is similar in rat and cow
brains, suggesting similar effects of the peptide across the
species. Farningham et al. (185) examined the effect of
propionate and CCK on VFI. Individual infusions of either
CCK or propionate did not affect VFI, but a simultaneous
infusion of CCK and propionate decreased VFI by 40 %.
These data possibly implicate CCK in the termination of
meals in ruminant livestock, but suggest an interaction
with metabolites and nutrients of digestive processes.

Ghrelin. Ghrelin is a twenty-eight-amino acid (twenty-
seven in the bovine) peptide produced predominantly in the
oxyntic cells of the stomach (abomasum in ruminant
animals). It was originally identified as the endogenous
ligand for the growth hormone (GH) secretagogue receptor
(GHS-R)(155), mediating the release of pituitary GH through
an alternative to the classical mechanisms of GH release
mediated by the GH-releasing factor (GRF)(186). However, it
quickly became evident that this hormone also has robust
effects on VFI and metabolism(164,157).

Extensive research since its discovery has identified the
orexigenic effects of ghrelin in single-stomached ani-
mals(157,158,187), and more recently Wertz-Lutz et al. (159) and
Harrison et al. (160) reported similar effects in sheep and cattle.
Central and peripheral infusion of ghrelin stimulates NPYand
AgRP neurons in the hypothalamus(188,189), and immunohis-
tochemical analyses indicate that ghrelin neuron fibres are in
direct contact with NPYand AgRP neurons(190,191). These data
indicate that ghrelin increases the sensation of orexigenic
feelings, and presumably VFI, by stimulating NPYand AgRP
neurons in the hypothalamus to secrete the orexigenic NPY
and AgRP peptides, respectively(191).

Ghrelin secretion is pulsatile(192). In sated rats, ghrelin
secretory episodes consist of low-amplitude pulses dis-
charged at a regular frequency of two episodes per h(193).
However, an apparent orexigenic drive, elicited by the
negative energy balance following food deprivation,
coincides with high-amplitude pulses at about three episodes
per h(193). Thus, when energy intake and expenditure are
balanced, ghrelin secretion appears to be restrained(193), but

reduced energy resources rapidly curb this restraint to allow
increased episodic ghrelin discharge(192).

There are two forms of circulating ghrelin; an active
(acylated) and inactive (des-acylated) form. Acylation of
ghrelin is necessary for ghrelin to bind to the GHS-R and to
cross the BBB(194), while the inactive (des-acylated) form of
ghrelin is activated by the addition of an octanoyl group
(eight-carbon fatty acid) to the serine residue at position
three.

Synthesis and secretion of ghrelin appear to be regulated
by nutritional state. Circulating ghrelin concentrations
decrease postprandially in both single-stomached(157) and
ruminant animals(154 – 156,195). Consistent with its role as an
endocrine and not distension-mediated peptide, plasma
ghrelin declines rapidly following the gastric infusion of
glucose or fat, but not water(196), and following the
intravenous infusion of glucose in human subjects(197),
rodents(198) and ruminant animals(199). Overduin et al. (196)

also reported an effect of feed type, with isoenergetic
intestinal infusions of either glucose or amino acids
suppressing ghrelin concentrations more rapidly and
effectively than lipid infusions. Further evidence that the
effect of ghrelin is not distension-mediated is that gastric
glucose infusion, while blocking the pyloric exit from the
stomch, did not affect plasma ghrelin levels(200).

Initial epidemiological studies in ruminant animals
indicated a similar role for ghrelin in VFI regulation as
was identified in single-stomached species. Roche et al. (156)

reported a postprandial decline in VFI, a positive correlation
between genetic selection for production and plasma ghrelin
concentration, and for the first time provided a neuroendo-
crine basis for substitution rate in grazing ruminant animals
(i.e. the phenomenon by which animals reduce their time
spent grazing when fed a supplement; 12 min/kg sup-
plement(19)). Consistent with these data, Sugino et al. (154)

also reported the pre- and postprandial trends in ghrelin
concentration in sheep, and identified effects of feeding
regimen on the intensity of the ghrelin pulses; preprandial
ghrelin pulses were greater in sheep fed twice daily than
those fed four times daily, possibly reflecting a greater
orexigenic sensation in animals fed less frequently. They
also reported a temporal increase in plasma GH concen-
trations followed a single pulse in plasma ghrelin,
suggesting that the increase in ghrelin stimulated the GH
surge during feeding.

Studies where ghrelin was infused into ruminant animals
are few and the results are inconsistent. Iqbal et al. (201)

reported no effect of ghrelin, infused either intravenously or
intraperitoneally, on VFI in sheep. However,
Harrison et al. (160) reported an interaction of ghrelin with
photoperiod, with a two-fold increase in VFI for the hour
post-ghrelin infusion on long-day photoperiod, but not short-
day. In comparison, Wertz-Lutz et al. (159) demonstrated an
increase in VFI in beef cattle during the hour following a
subcutaneous ghrelin infusion, but Roche et al. (199) reported
no effect of continuously infused ghrelin on VFI in early
lactation dairy cows. Further research is required to
understand the effect of ghrelin on VFI in ruminant species,
and the factors modifying that effect.

Ghrelin might also affect VFI indirectly via an effect
on body tissue stores. Theander-Carrillo et al. (202)
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demonstrated that a central ghrelin infusion independently
regulated adipocyte metabolism in rats, partitioning more
nutrients toward fat storage by increasing lipogenesis and
inhibiting lipid oxidation in white adipocytes. Interestingly
though, when the same amount of ghrelin was administered
peripherally, none of the central ghrelin affects was
seen(202). These results indicate that central ghrelin may
‘prime’ tissue to store energy as fat by altering adipocyte
enzyme expression, and the authors have speculated that
pre-feeding ghrelin peaks may be triggering meal
preparation processes in the CNS, rather than actually
initiating meals. Tissue-specific changes were also seen
with changes in mitochondrial and lipid metabolism gene
expression favouring TAG deposition in the liver over
skeletal muscle(203), suggesting that ghrelin could be
involved in adaptive changes of lipid distribution and
metabolism in the presence of energy restriction and loss of
body fat(203). In comparison, Roche et al. (199) continuously
infused ghrelin subcutaneously for 8 weeks in lactating
dairy cows and found increased BCS loss and plasma NEFA
concentrations, and lower leptin concentrations, suggesting
that the effect of ghrelin on adipocyte function may differ in
dairy cows, particularly in early lactation when the
mobilisation of body reserves is extensive.

The factors regulating ghrelin secretion remain unclear.
Although ghrelin concentrations drop rapidly in response to
glucose infusion(197,199), clamp studies in rodents have
indicated that neither glucose nor insulin elicits the
decline(204). Data from dairy cows(199) identify a rapid
drop in plasma ghrelin concentrations following glucose
infusion, but the data could not discount a role of insulin in
this process. Kalra et al. (193) propose that leptin was the
factor that inhibited gastric secretion of ghrelin and the
stimulation of feeding by ghrelin. Rhythmic fluctuations in
circulating concentrations of leptin have been observed in
response to shifts in energy balance(192). When comparing
pulse amplitude between ghrelin and leptin during energy
deprivation, ghrelin is markedly increased whereas
energy deprivation diminishes leptin pulse amplitude,
thereby diminishing overall leptin output(192). This recipro-
cal relationship is seen both pre- and post-feeding, with
lower circulating levels of leptin corresponding to greater
circulating concentrations of ghrelin pre-feeding, and a
gradual rise in postprandial leptin secretion preceding the
decline in ghrelin secretion(205,206).

Obestatin. Obestatin is a recently discovered twenty-
three-amino acid peptide transcribed on the preproghrelin
gene, with a flanking conserved glycine residue at the end
C-terminus(207), and is secreted in a pulsatile manner(208).
Obestatin, administered both centrally and peripherally,
produces an anorexigenic response, and reduces gut
motility, gastric emptying and body weight(207,209).
Obestatin inhibited water imbibing in freely fed and
watered rats and in food- and water-deprived rats(210). The
effects on water consumption preceded and were more
pronounced than any effect on VFI, and Samson et al. (210)

concluded that the effects of obestatin on VFI may be
secondary to an action of the peptide on imbibing water.

Zhang et al. (207) reported that the C-terminus required
amidation for obestatin to be biologically active. First

reports indicated that obestatin binds to the orphan receptor
GPR39, which shows similarities with GHS-R1a(207).
GPR39 mRNA was detected in the hypothalamus by RT-
PCR, and 125I-labelled obestatin binding sites were reported
in the same region(209). However, more recent studies failed
to confirm the presence of specific obestatin binding to
GPR39, or activation of this receptor by obestatin(211,212).
Furthermore, GPR39 expression has been detected in
peripheral organs such as the jejunum, duodenum, stomach,
ileum and liver, and to a lesser extent in the pancreas and
kidney, but not in the pituitary or hypothalamus, which are
presumed to be the central target organs for obestatin(212). It
has also been reported that obestatin does not cross the
BBB(213), suggesting that its role in VFI regulation may be
at a peripheral tissue level.

Obestatin immunoreactivity positively correlated with
insulin concentrations, and since acylated (active) ghrelin,
which is also found in the pancreas, inhibits insulin secretion,
it has been suggested that obestatin may potentiate insulin
release(214). This was confirmed (JR Roche, JK Kay,
AJ Sheahar, RC Boston and LM Chagas, unpublished
results) in dairy cows, when obestatin-infused cows
exhibited a two-fold increase in the area under the insulin
curve following a glucose infusion, indicating a doubling of
b-cell function. Similarly, glucose and insulin responses
were lowered by 64 to 77 % and 39 to 41 %, respectively,
in mice that received either the full or truncated obestatin
via intraperitoneal administration 4 h before a 15 min period
of feeding(209). This was accompanied by a 43 and 53 %
reduction in VFI respectively, confounding the effect of
VFI and obestatin on insulin secretion. Green et al. (209)

administered obestatin under basal and glucose challenges to
determine whether effects were independent of changes in
feeding. No alterations in glucose and insulin responses were
evident, suggesting, at least in mice, that obestatin had no
direct action on glucose or insulin secretion(209).

In addition, both in vitro and in vivo studies on the
administration of exogenous obestatin could not stimulate
GH release as seen with both peripheral and central
administration of ghrelin(208,210), thereby showing that
exogenous obestatin does not act directly on GH. However,
when obestatin and ghrelin are co-administered, the in vivo
ghrelin-induced GH secretion was markedly reduced(208),
implicating obestatin in an attenuation of ghrelin activity.

Clearly, as this is a newly discovered peptide and all work
published to date is on rats and mice, more intensive studies
need to be performed to validate the role of obestatin in
maintaining energy balance, especially in the ruminant
animal.

Peptide YY3–36. Peptide YY is produced and secreted
primarily from the enteroendocrine L cells in the distal end
of the GI tract(215). It was first isolated from porcine jejunal
mucosa nearly 30 years ago(216), is structurally homologous
to NPY and pancreatic polypeptide, exhibiting the
pancreatic polypeptide-fold motif and requiring the
characteristic carboxy-terminal amidation required for
bioactivity(176), and is a known anorexigenic signal.

Cells that produce PYY are endocrine in nature and the
peptide is secreted postprandially. The amount of the
peptide secreted is partly in proportion to the energy content
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of the meal. However, it is also influenced by meal
composition, with isoenergetic diets containing fat resulting
in greater secretion(217). Although concentrations rise within
30 min of eating, peak PYY does not occur for several
hours(218). Peripheral administration of PYY has an
anorexic effect in mice(219,220), significantly delaying gastric
emptying, gastric and pancreatic secretion, and the cephalic
phase of gallbladder emptying(217). Consistent with this,
circulating concentrations of PYY are less in obese
patients(221), and this attenuation has been associated with
a reduced feeling of satiety. Peptide YY is therefore
associated with a reduced GI passage rate, making PYY a
likely candidate for the chemical messenger invoking the
‘ileal brake’ phenomenon, controlling the transit of feed
through the GI tract to optimise nutrient digestion and
absorption(222). In addition, PYY has been reported to
increase active jejunal glucose transport in mice and
dogs(222,223). The reduced passage rate and the increase in
glucose absorption would be expected to have anorexigenic
effects.

Interestingly, central administration of PYY has orexi-
genic effects similar to NPY in mice(224) and sheep(225),
suggesting that PYY does not have broad access to Y
receptors in the hypothalamus, but instead gains selective
access to Y2 receptors, thereby blocking the orexigenic
effects of NPYand AgRP, and allowing the expression of the
anorexigenic melanocortin-producing cells(219).

Despite the obvious anorexic effect of PYY, there is little
information on PYY in ruminant animals. Onaga et al. (226)

studied the distribution and function of PYY in sheep.
Mucosal concentrations of PYY were much less in sheep
compared with those in the rat, and the sheep showed little
fluctuation in plasma concentrations of PYY over a 48 h
period, leaving the authors to conclude that PYY is unlikely
to play the same role in ruminant animals as has been
reported in single-stomached species. However, the infusion
of PYY in sheep shortened the second cycle of migrating
myoelectric complexes and delayed duodenal emptying(226),
consistent with the reported effects in single-stomached
animals. Further research is required to determine the effect
of physiological state and diet on the circulating
concentrations of this peptide, and whether its exogenous
administration alters VFI patterns in production farm
animals.

Cannabinoids. The first steps in the identification of the
role that cannabinoids play in animal physiology date back
thousands of years, when the recognised therapeutic and
psychotropic actions of Cannabis sativa were first
documented in India(227). In addition to their psychotropic
effects (ataxia, short-term memory loss, a sense of time
dilation, euphoria(228)), both endogenous and exogenous
cannabinoids can have multiple physiological effects,
including a general inhibition of neuroendocrine function,
reducing GH response to hypoglycaemia, and reducing the
secretion of testosterone and luteinising hormone(227).

Cannabinoids (CB) work through a family of G-protein-
linked cell-surface receptors. To date two receptor subtypes
have been identified (CB1 and CB2), with CB1 predomi-
nantly regarded as the prominent receptor of the CNS and
some peripheral tissues and CB2, which is not expressed to

any significant degree within the CNS(229). According to
Kirkham & Williams(230), it is generally agreed that the
behavioural effects of cannabinoids are mediated by CB1.
This is consistent with the suppression of VFI in laboratory
animals treated with a selective CB1 antagonist,
SR141716(231,232).

D9-Tetrahydrocannabinol. Pagotto et al. (227) used two
examples to highlight the importance of the endocannabi-
noid system in VFI regulation. The first was the discovery
that there has been a high degree of evolutionary
conservation in the endocannabinoid system, and the
second being the recognition that high levels of
endocannabinoids in maternal milk are critical for
initiation of the suckling response in the neonate, at least
in mice(233). Consistent with this positive effect on VFI,
D9-tetrahydrocannabinol (D9-THC), the primary active
psychoactive constituent of marijuana, results in increased
VFI when administered at low doses(227). Williams
et al. (234) reported a four-fold increase in VFI following
an oral dose of 1 mg D9-THC/kg body weight; doses
greater than this did not result in hyperphagia, probably
because of the sedative effects of D9-THC. This orexigenic
effect of D9-THC has been shown in rodents and humans,
with D9-THC now prescribed for numerous anorexic-type
conditions (for example, AIDS, cancer treatment).
However, there is as yet no information available on its
effects in ruminant animals, although hempseed was
regarded as a source of high-quality rumen-bypass protein
for cows and sheep(235), with no detrimental effects on VFI
reported when hemp meal was included at 20 % of the
ration DM. This lack of effect on VFI may be as a result of
low concentrations of D9-THC in industrial hemp.

Endocannabinoids. Although the effect of exogenously
administered cannabinoids is interesting, and their possible
role in manipulating VFI should be investigated further in
ruminant animals, the primary interest in this system in
relation to VFI regulation is in the endogenous lipid ligands,
most notably palmitoylethanolamide, donoylethanolamide
and oleoylethanolamide.

Endocannabinoids have been reported to have both
orexigenic and anorexigenic effects. Donoylethanolamide,
otherwise known as anandamide or donoylethanolamide,
has been shown to increase VFI in rodents. Williams &
Kirkham(236) demonstrated a donoylethanolamide-induced,
CB1-mediated hyperphagia, providing important evidence
for the involvement of a central cannabinoid system in the
normal control of eating.

The most widely researched from a VFI-regulation point
of view is oleoylethanolamide. Oleoylethanolamide is a
natural analogue of the endogenous cannabinoid, ananda-
mide (arachidonoylethanolamide)(237), but it does not
activate the cannabinoid receptors(238). When administered
intraperitoneally or orally, it has been shown to be a potent
anorexigenic agent(239 – 241). This effect is due to a selective
change in the onset and frequency of feeding, indicating that
the endocannabinoid system may alter the appetite value of
ingested substances. Pagotto et al. (227) suggested that this
idea was consistent with the evidence in favour of a
facilitatory function of the endocannabinoid system on brain
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reward circuits, bringing forward the onset of eating in
satiated animals and increasing the incentive value of the
feed eaten, regardless of the quality of the food.

Endocannabinoid regulation of VFI has been reported to
be modulated by leptin. Di Marzo et al. (242) reported that
donoylethanolamide in the hypothalamus of mice was
reduced with leptin infusion. Their data inferred that the
leptin-induced anorexigenic effect may be, in part,
endocannabinoid modulated, and a possible association
between a hypothalamic overactivation of the endocanna-
binoid system and hyperphagia. Pagotto et al. (227) points
out, however, that the intrahypothalamic amount of
endocannabinoids during the development of obesity must
be investigated before such a general conclusion can be
drawn. There are no reports of the effect of endocannabi-
noids on VFI in ruminant livestock, but considering its
apparent importance in single-stomached physiology, it is
also likely to play some role in ruminant VFI regulation, and
further research is required to determine effects.

Pancreas

Comprehensive reviews of the central effects of insulin on
energy homeostasis include Schwartz et al. (243),
Hillebrand et al. (8) and Stanley et al. (39) with ruminant-
specific insulin reviews including Lobley(244), Ingvartsen &
Andersen(6) and Henry(245). A recent review specifically
focused on the pancreatic hormones is Woods et al. (246).
These reviews provide a more complete coverage of the
pancreatic hormones. Hormones secreted by the pancreas
that are involved in VFI regulation include insulin, glucagon,
amylin, pancreatic polypeptide (PP) and somato-
statin(247,248).

Insulin. Insulin is a fifty-one-amino acid peptide hormone
produced by the b-cells of the pancreatic islets of
Langerhans. It plays a key role in energy homeostasis,
reducing hepatic glucose production through its suppression
of glucagon, and increasing glucose utilisation by peripheral
tissues sensitive to its action. Basal insulin concentrations
are generally proportional to body fat(94,95,249), thereby
providing a peripheral adiposity signal to the CNS for long-
term regulation of body weight(34,243). This relationship is
more complex in production animals that undergo periods of
weight change(249), with the relationship evident in ruminant
animals during periods of weight gain, but not during
periods of weight loss or weight maintenance. In addition,
insulin’s role in glucose disposal indicates that it may also
play a role in the short-term regulation of VFI.

Insulin rises within minutes of feed ingestion(250), with
cephalic-phase pancreatic b-cell secretion of insulin in
ruminant animals stimulated by projections from the
abomasum, pyloric and duodenal branches of the vagus
nerves(251). In contrast, postprandial insulin secretion in
ruminant animals is mediated by the central histaminergic
system, with enhanced neural histamine levels elevating
plasma insulin concentration and reducing VFI(252).

In many studies, the short-term effects of insulin on VFI
have been confounded by the resultant induced
hypoglycaemia, and associated compensatory factors that
may affect a return to eating. However, icv administration of

insulin in sheep reduced VFI, depressed body weight after
6 d, and halved peripheral serum insulin concentrations(253),
indicating a non-glucose-mediated insulin effect on VFI.
Consistent with this, neuronal insulin receptor gene
inactivation in mice increased VFI, obesity, insulin
resistance and plasma insulin levels(254).

Peripheral administration of insulin in hyperinsulin-
aemic–euglycaemic clamp studies has also confirmed that
short-term VFI in ruminant species is decreased with insulin
infusion, without hypoglycaemia(255,256). Similarly, moder-
ate level (6 mU/kg live weight) intra-jugular infusions of
insulin, which elevated plasma insulin concentrations
without depressing blood glucose, depressed VFI within
1 h of infusion, and over a 24 h period, in wether sheep fed
roughage- or concentrate-based diets(257,258). However,
aspects of insulin’s short-term action on VFI remain
unclear. Central infusion of insulin depressed VFI and body
weight in rats fed a high-carbohydrate diet, but not those fed
a high-fat diet(259), suggesting insulin’s effects may be
modified by diet. To further complicate matters, the ruminal
microbial fermentation of ingested carbohydrates and a
reliance on hepatic gluconeogenesis suggests that insulin-
mediated regulation of VFI in ruminant animals probably
differs from single-stomached omnivores.

Most if not all of the insulin in the adult brain is of
pancreatic origin(243,260). Insulin rapidly crosses the BBB by
means of saturable receptor-mediated uptake(261) in
proportion to circulating concentrations(262). Insulin recep-
tors have been detected in the brain regions concerned with
olfaction, the motivating and reward aspects of VFI driving
orexigenic and anorexigenic signals, and the hypothalamic
areas relating to energy metabolism and VFI(249,260,263,264).
Given its high concentration of insulin receptors(264), the
ARC appears to be the primary site for integrating
peripheral adiposity signals at a neuronal level(34,265).

Insulin has a double-pronged mode of action in
controlling VFI, reducing the expression of orexigenic
signals while heightening the feeling of satiety. Central
insulin infusion to fasted rats inhibited prepro-NPY mRNA
expression in the ARC, reducing NPY concentrations in the
paraventricular nucleus of the hypothalamus(266), while
increasing POMC mRNA expression(267). Consistent with
this mode of action, antagonists to melanocortin have been
reported to block the anorectic action of insulin(267).

As well as a direct effect on the orexigenic and
anorexigenic centres, it is likely that insulin acts indirectly
on VFI by modulating the effect of leptin on these centres.
Leptin and insulin share intracellular signalling pathways in
hypothalamic neurons(268 – 270), with insulin modulating the
leptin signal transduction pathway in the hypothalamus of
rats(271). Subcutaneous insulin injection of fasted rats
increased ob mRNA levels to that of fed animals within 4 h,
independent of insulin effects on glucose levels or the
effects of re-feeding. These results indicate a role for insulin
in mediating the effects of food intake on short-term leptin
gene expression in rodents(272). Consistent with these data,
plasma concentrations of insulin and leptin are positively
correlated in lambs(273) and gestating beef cows(274).
Similarly, dairy cow studies using a hyperinsulinaemic–
euglycaemic clamp reported that plasma leptin and adipose
leptin mRNA levels were increased by hyperinsulinaemia,
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although the response was attenuated in early lactation
cows(275,276). Block et al. (275) concluded that insulin is a
positive regulator of leptin synthesis in dairy cows during
periods of positive energy balance. In comparison, central
leptin infusion was associated with an increase in plasma
insulin in fasted (60 h) but not fed beef cows, inferring that
insulin secretion is heightened by leptin under restricted
feed intake(277). While it is evident that insulin and leptin are
closely linked, research is required to elucidate further the
role of this interaction in ruminant animals under different
physiological states and energy balances.

Further indirect effects of insulin are probably mediated
through its effect on other orexigenic and anorexigenic
agents. Roche et al. (278) reported a rapid decline in
circulating ghrelin concentrations in dairy cows subjected to
an intravenous glucose infusion, and a gradual rise in the
orexigenic agent with the insulin-mediated reduction in
blood glucose. Insulin down-regulates phosphoenolpyruvate
carboxykinase mRNA expression, a rate-limiting enzyme of
gluconeogenesis, and this effect has been shown to be
partially reversed by ghrelin(279). Although plasma insulin
levels were not affected when bovine ghrelin was injected
into the jugular of steers fed once per d(161) or 2,
3-diaminopropanoic acid-octanoylated human ghrelin was
continuously infused in dairy cows(199), intramuscular
ghrelin injections for 10 d before lambing decreased serum
insulin concentrations in peripartum ewes(280). In compari-
son, continuous subcutaneous infusion of the reputed
anorexigenic agent, obestatin, doubled pancreatic b-cell
function and resulted in double the insulin response to
an intravenous glucose infusion in early lactating dairy
cows (JR Roche, JK Kay, AJ Sheahan, RC Boston and
LM Chagas, unpublished results).

Another hormone through which insulin exerts an
anorexic effect could be CCK. Central insulin infusion in
rats, at levels not affecting VFI, enhanced the anorexic
effect of CCK and reduced meal size(281). However, plasma
insulin concentrations were not altered by intravenous
injections of a CCK antagonist in dairy cows(176), indicating
CCK does not influence insulin secretion. Further research
is required to clarify the relationship between insulin and
other peptides involved in the regulation of VFI.

Although it is generally accepted that insulin increases
with adiposity(94), the relationship is not straightforward in
production ruminant species. Weak correlations between
plasma insulin concentration and BCS in mature lactating
dairy cows led Bradford & Allen(282) to conclude that
insulin is a poor adiposity signal for long-term VFI control
in ruminant species. Similarly, Lents et al. (274) reported that
BCS only accounted for 12 % of the variation in plasma
insulin and leptin levels when gestating beef cows were
grazed under similar pasture feeding conditions. However,
there was a positive correlation between the variables when
the same cows had differing nutrient intakes, indicating a
possible interaction between chronic and acute energy
balance status and insulin concentrations. This is consistent
with data reported by Caldeira et al. (95), who fed non-
pregnant, non-lactating ewes at 30 or 200 % of maintenance
energy requirements over a period of 60–72 weeks and
found different serum insulin profiles across the same BCS
range, depending on whether animals were increasing or

decreasing in adiposity. In furthering our understanding of
this interaction, León et al. (249) fed beef heifers to decline
to, and then maintain, BCS at less than 2 (scale 1–9) for at
least 25 d; they then fed them to gain 1 kg body weight/d
until a BCS of 6 was reached. They reported no relationship
between insulin concentrations and BCS during the period
of negative energy balance, but positive correlations were
seen during weight gain. As circulating insulin concen-
trations depend on peripheral tissue sensitivity(265),
interpretation of peripheral insulin concentrations needs to
account for both the direction of body-weight change and
the animal’s recent nutritional history, particularly when
adiposity diverges from the physiological optimum.

Glucagon. Glucagon, a twenty-nine-amino acid peptide
hormone, is secreted by the a-cells of the pancreas in
response to hypoglycaemia, and is a primary promoter of
hepatic glycogenolysis and gluconeogenesis to increase
circulating glucose concentrations(283,284). Glucagon is a
counter-regulatory hormone of insulin and the balanced
action of these two hormones produces glucose homeostasis
under the varying daily feeding events and exercise
regimens of animals.

Glucagon is secreted immediately following food
consumption and before nutrient absorption(285) and reduces
meal size in single-stomached animals(286). This anorexi-
genic effect was confirmed by the intraperitoneal adminis-
tration of pancreatic glucagon antibodies to feed-deprived
Sprague–Dawley rats that resulted in increased meal size
and duration(287).

In rats, glucagon acts at receptor sites in the liver producing
an anorexigenic signal transmitted via hepatic vagal afferents
to the brain(288 – 290) and acts at the ventromedial hypothala-
mus(285), area postrema and the NST(291). In ruminant
animals, absorbed propionate stimulates glucagon release,
mainly via stimulation of adrenergic a-receptors, supporting
the hypothesis that propionate is a major regulator of
pancreatic endocrine secretion in ruminant animals(292).
Amino acid infusions in sheep have also been shown to
increase glucagon secretion(293).

There has been limited research on the influence of
glucagon on VFI in ruminant species; however, the available
evidence indicates that its influence on short-term VFI is
consistent with that seen in single-stomached animals.
Deetz & Wangsness(258) infused glucagon intrajugularly
(9 ng/kg live weight) at meal initiation to wethers fed ad
libitum and demonstrated a 15·8 % reduction in 24 h VFI
compared with controls. She et al. (283) reported that 14 d
intravenous glucagon infusions reduced the normal
increases in VFI of dairy cows post-partum. In contrast, a
24 h subcutaneous administration of glucagon (15 mg/d) to
lactating dairy cows did not alter VFI, despite elevating
blood glucagon levels(294). Additionally, Caldeira et al. (295)

concluded that circulating glucagon was not a strong
indicator of energy status in mature ewes. These results
indicate that although glucagon may act as a short-term
anorexigenic factor, it is unlikely to be a major regulator of
longer-term VFI in ruminant animals.

Amylin. Amylin, also called islet amyloid polypeptide, is a
thirty-seven-amino acid polypeptide co-secreted with
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insulin from the b-cells of the pancreas following nutrient
ingestion(175). Amylin inhibits glucagon secretion(296,297)

and gastric emptying in rats(297,298), indicative of a role in
VFI regulation as a complementary hormone to insulin.

In rodents, both peripheral(299 – 301) and central(302 – 303)

amylin action is to reduce acute VFI, through reduced meal
size(304). In obese rodents, this effect is accompanied by a
reduction in fat mass and preservation of lean tissues, a
halving of circulating insulin, and no change in energy
expenditure(301). This meal-related anorexigenic effect is
mediated through neurons in the area postrema of the hind-
brain(305,306), possibly acting through an inhibition of the
lateral hypothalamus pathways and the down-regulation of
orexin expression(306). Peripheral amylin administration
reverses feed-deprivation activation of neurons in the lateral
hypothalamus, and increases POMC and NPY mRNA
expression in the ARC(301).

The actions of amylin on gastric emptying and the
reduction in VFI appear to be pharmacologically dis-
tinct(298) and the effects on VFI operate independently of the
vagus nerve, unlike the effect on gastric emptying(298,299).
Further argument for amylin’s role in VFI regulation is that
it circulates in proportion to adiposity(307,308). There is some
evidence that amylin interacts synergistically with insu-
lin(300,309) and leptin(309) to reduce VFI and body weight in
rodents. Central amylin may also play a role in longer-term
VFI regulation in rodents as 14 d icv infusions of an amylin
antagonist increased VFI and blood insulin concentrations,
and elevated body fat by 30 %(310). Central administration of
ghrelin does not influence the anorexic effect of peripheral
amylin(309). Therefore, amylin appears to affect short-term
VFI directly, through anorexic stimuli in the hypothalamus,
and indirectly, through slowing gastric emptying, while also
interacting with adiposity signals to influence longer-term
VFI and body-weight regulation.

Research of the role of amylin in VFI regulation in
ruminant animals is limited. One study in pygmy goats
reported an anorexigenic effect of peripheral amylin
(2mg/kg body weight) infusion associated with reduced
meal size(311), consistent with its action in single-stomached
animals. When rat amylin was infused in lactating goats,
milk yield was not affected, but milk protein concentrations
were reduced, while circulating concentrations of glucose
and NEFA were increased(312). These data indicate a variety
of actions of amylin in ruminant animals, but further
research is required to clarify these effects.

Pancreatic polypeptide. The pancreatic polypeptide family
of thirty-six-amino acid peptide hormones includes PP, PYY
and NPY. PP is released biphasically from the pancreatic F-
cells in response to nutrient ingestion, gastric distension and
vagal tone(313), and remains elevated in circulation in human
subjects for at least 6 h postprandially(314), potentially
regulating inter-meal intervals(163). Peripheral infusions of
PP in human subjects indicate a dose-dependent reduction in
orexigenic signals (immediate), and acute (meal offered 2 h
post-infusion) as well as cumulative energy intake over
24 h(163,315), but had no effect on plasma insulin, leptin,
ghrelin, PYY or glucagon-like peptide-1, suggesting that the
peripheral anorectic effect of PP is not mediated by these
hormones(163). In mice, peripheral administration of PP or

transgenic modification for the over-expression of PP
reduced VFI and gastric emptying, decreased the expression
of the orexigenic peptides NPY, orexins and ghrelin, and
resulted in reduced weight gain and fat mass(316,317).
Furthermore, transgenic mice had greater circulating CCK
concentrations, with the induced anorexia moderated by
CCK-1 receptor antagonists(318). In fasting human subjects,
peripheral ghrelin infusion produced an immediate and
sustained elevation in circulating PP concentrations, and a bi-
phasic elevation in circulating somatostatin(319).

The area postrema has been implicated as the site
activated by peripheral PP during the inhibition of VFI in
rodents(320), although PP receptors are widely distributed in
rodent brain tissues, including the ARC and the paraven-
tricular nucleus of the hypothalamus, the forebrain and the
NST(321). Of the six types of receptors in the family, PP
binds with greatest affinity to Y4 and Y5 receptors, although
there are species differences in distribution of PP receptors
amongst tissues and in their binding properties(322).

In direct contrast to its anorexic actions when infused
peripherally, central PP infusion increased VFI in mice for
up to 4 h and promoted gastric emptying(323). However,
central infusion of PP (18 and 24mg/h for 30 h) as a Y4
agonist did not affect VFI in ovariectomised ewes(324). The
disparity in effects on VFI may be related to receptor
expression or access at peripheral and central
locations(171,313). Like other pancreatic hormones involved
in VFI regulation, research into the effects of PP in ruminant
animals is limited. Carter et al. (325) reported a postprandial
peak in PP within 5 min of eating in lucerne-fed sheep, with
increased PP concentrations 16 min before eating, possibly a
result of cephalic-vagal stimulation. Despite the expectation
of a more gradual pattern of postprandial nutrient release in
forage-fed ruminant animals, PP peaked approximately 1 h
after feeding, and returned to pre-prandial concentrations
within 3–6 h(326). Postprandial PP concentrations increased
linearly with supplemental fat in the diets of lactating dairy
cows, coincident with declining VFI(326). Furthermore,
circulating PP and CCK levels were significantly correlated,
consistent with the data in single-stomached animals.

Somatostatin. Somatostatin is a fourteen-amino acid
peptide secreted in the D-cells of the endocrine pancreas,
acting locally to inhibit the secretion of insulin(327) and
centrally to inhibit somatotropin production. It is also
present in the brain and GI tract. In ruminant animals,
somatostatin immunoreactive fibres are present in the
hypothalamic paraventricular, ventromedial, and ARC, and
the median eminence(328,329), and are significantly co-
localised with leptin receptors(116). In rats, central
somatostatin counteracts the suppression in VFI mediated
by leptin, reducing leptin receptor responsiveness(330).
Leptin infusion reduced hypothalamic somatostatin
release(331), and, in human subjects, systemic ghrelin
injection produced a biphasic (15 and 120 min) rise
in circulating somatostatin and an associated decrease in
circulating insulin(319). Hence, somatostatin probably plays
a role in long-term energy homeostasis.

Circulating plasma somatostatin levels increase
in response to feeding(332), acting to reduce VFI,
with vagotomy and food deprivation removing its
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intake-suppressive effects(333). Cattle immunised against
somatostatin consumed more DM, had greater daily weight
gain, and used feed more efficiently than control
animals(334). In comparison, undernutrition in ewes was
associated with reduced somatostatin in the paraventricular
and ventromedial nuclei of the hypothalamus(335).

The somatotropic axis

The somatotropic axis, consisting of GH, the somatomedins,
insulin-like growth factor (IGF-I and II) and associated
carriers and receptors, is one of the most well-researched
hormone systems in mammals, playing a key role in the
regulation of physiological and metabolic processes.

GH release from the anterior pituitary is pulsatile and is
primarily regulated by two antagonistic hypothalamic
hormones, GRF (also known as GH-releasing hormone;
synthesised in the ARC), which stimulates GH release, and
somatostatin (located in the paraventricular nucleus), which
inhibits GH secretion(336). In addition ghrelin, a natural
ligand of the GHS-R, acts synergistically with GRF to
stimulate GH release(155). GH release is also under negative
feedback regulation. IGF-I and GH act on the anterior
pituitary to inhibit GH release, on the NPY neurons in the
ARC to inhibit GRF secretion, and on the somatostatin
neurons in the paraventricular nucleus to stimulate
somatostatin release(336 – 341).

GH is essentially an anabolic hormone that acts, either
directly on target tissues or via the somatomedins, to
mediate numerous physiological systems(342). Adminis-
tration of bovine somatotropin consistently increases milk
production in dairy cows. In short-term studies this
galactopoietic response occurs without an increase in VFI,
but long-term administration of bovine somatotropin is
accompanied by a gradual increase in VFI to support the
greater milk production(343).

In addition to the positive effects of GH on metabolism
and subsequent VFI, the somatotropic axis can also
influence the CNS directly(344). Receptors for GH and
IGF-I and -II are present in many areas of the brain
including the hippocampus, pituitary and hypothalamus,
and GH and IGF can pass the BBB, although the
mechanisms of transport are not yet completely understood.
Furthermore, GH and IGF-I and -II can be produced in the
brain, thereby acting via paracrine and autocrine mecha-
nisms(344). Much research has focused on determining
which factors of the somatotropic axis are responsible for
the increased VFI associated with longer-term infusion of
GH, and by which mechanism VFI is regulated.

A series of experiments demonstrated that icv injections
of rat hypothalamic GRF, in pmol doses, increased VFI by
25–75 % in both food-deprived and free-feeding rats.
However, icv injections of a structurally related but
physiologically inactive peptide, and peripheral adminis-
tration of either GRF or GH did not influence VFI,
indicating a direct action of GRF on mechanisms mediating
VFI(345 – 347).

The direct effect of GRF on feeding behaviour,
independent of its GH-releasing properties, was supported
by electrophysiological results, which demonstrated that
iontophoretically applied GRF can influence neuronal

membrane excitability, indicating that GRF has neurotrans-
mitter and neuromodulatory actions. Further support for a
direct central action of GRF on neural systems involved in
VFI is that facilitatory feeding effects of icv GRF in rats and
sheep are only evident at low pmol doses(345,347 – 349), while
higher doses (i.e. 4 nmol), which are comparable with icv
GRF doses that stimulate GH release(350), suppress feeding
in rats(347). In addition, the increased VFI following icv GRF
administration is reversed by the opioid antagonist
naloxone, in doses that do not influence basal VFI; these
data indicate that opioid feeding systems are likely to be
involved in the VFI-stimulatory effects of GRF(346).

Neurons associated with GRF originate in the ARC and
project to various hypothalamic sites distal to the portal
blood vessels (major pathway to stimulate GH release).
Vaccarino & Hayward(351) demonstrated that GRF was
effective at stimulating VFI in rats when injected into the
suprachiasmatic nucleus/medial preoptic area (SCN/
MPOA) of the hypothalamus, while injections into areas
outside the SCN/MPOA did not alter VFI. The increased
VFI observed following intra-SCN/MPOA microinjections
was associated with increased meal length and rate of
eating, with no effect on latency to onset of eating,
suggesting GRF is involved in maintenance rather than
initiation of feeding(351).

In addition to GRF, GH-releasing peptides (GHRP)
increase VFI in rats(352 – 354). This class of small peptides
stimulates GH secretion and, to a lesser degree, prolactin
and adrenocorticotropin release(355,356). In the hypotha-
lamus, GHRP stimulate the release of GRF(357), while in the
pituitary, the secretagogues act as an amplifier, directly
stimulating GH release and potentiating the effect of the
endogenous GRF on GH secretion, and as a functional
somatostatin antagonist(355,356).

Central administration of the GHRP KP-102 in pmol
doses increased VFI in free-feeding rats, and acted
synergistically when administered with GRF(353). In
addition, the KP-102-induced increase in VFI was not
inhibited by prior treatment with a GRF antagonist,
although this pre-treatment completely blocked the GRF-
stimulated increase in VFI. Locke et al. (358) also
demonstrated that icv administration of GHRP-6 stimulated
eating in sated Sprague–Dawley rats, but did not affect
plasma GH in a dose–response manner. These studies
suggest the GHRP-induced increase in VFI is independent
of its GRF-releasing properties, and is possibly mediated by
specific GHRP receptors in the ARC(352,353,358).

In addition to GH, GFR and GHRP, IGF also play a role in
the regulation of VFI. Initial experiments using icv injections
of insulin-like activities (an IGF-enriched preparation)
inhibited GH pulses and decreased VFI in rats(359). In an
attempt to determine which IGF was involved in this
response, Lauterio et al. (360) injected purified IGF-I, IGF-II
and insulin icv into free-feeding rats. IGF-II injections
decreased VFI in a dose-dependent manner in the 24 h
following peptide administration, whereas IGF-I and insulin
had no effect on either parameter. Lauterio et al. (360) also
detected the presence of IGF-II but not IGF-I in specific areas
of the hypothalamus implicated in VFI regulation, which
supported the evidence for a role of IGF-II in the central
control of VFI. Foster et al. (253) supported the lack of effect

J. R. Roche et al.222

N
u
tr
it
io
n
R
es
ea
rc
h
R
ev
ie
w
s

https://doi.org/10.1017/S0954422408138744 Published online by Cambridge University Press

https://doi.org/10.1017/S0954422408138744


of IGF-I on VFI regulation, when a 6 d icv infusion of IGF-I
did not alter VFI or body weight in sheep. Interestingly,
Foster et al. (253) demonstrated a 40 % reduction in VFI and
body weight following 6 d icv infusion of insulin, consistent
with insulin’s chronic anorexigenic role in feeding
behaviour(360 – 364).

Fetal programming and epigenetics

The long-term influence of maternal nutrition and other
environmental influences during fetal development on
postnatal growth and metabolism are increasingly
realised(365). The terms epigenetics and ‘fetal programming’
encompass genetic modifications in the offspring and their
descendants following exposure of the pregnant mother to
‘abnormal’ conditions, such as under- or overnutrition or
excessive stress(366).

This concept of ‘fetal programming’ has been extensively
investigated in both single-stomached and ruminant
species(367 – 369), but the primary focus of this research has
been in relation to its role in the onset of adult disease.
However, there is some evidence that perinatal nutrition
might affect the regulation of VFI in the adult(370).

It is now accepted that both fetal and neonatal
undernutrition have a determining effect on risk of obesity
later in life, because of altered pancreatic functioning and
insulin signalling(371), and changes in programming of the
young to store fat(372). It is, therefore, appropriate to
hypothesise an effect of fetal programming on VFI
regulation. Consistent with this, a 30 % reduction in
maternal nutrition during gestation and lactation induced a
significant increase in VFI, obesity and hyperleptinaemia
in rat offspring(373). In comparison, a similar reduction in
nutrient supply to adult sheep in the final third of gestation
did not affect VFI between weaning and 2 years of age(374),
but a 50 % reduction in nutrient intake resulted in a
reduced insulin response and increased adipose lipolytic
capacity(375,376). In rats, a similar impairment of the
pancreatic function following gestational undernutrition
has been attributed to epigenetic modifications inducing a
progressive deterioration of insulin secretion in response to
a glucose challenge(377). Increased abdominal and sub-
cutaneous fat in male lambs born to ewes undergoing a
period of feed restriction (50 % of control group) between
day 28 and 78 of pregnancy(375) also suggests an effect of
early gestational nutrition on physiological processes that
interact with VFI regulation. This provides a potential
effect of maternal undernutrition on VFI regulation in the
offspring, irrespective of the timing of the nutritional
insult. Unfortunately, VFI of the offspring was not
measured in these studies.

The nature of the neural pathways affected by fetal
programming is unknown. The programming of an
increased feeding drive by undernutrition during the
neonatal period could be leptin mediated; leptin has a
documented tropic effect on the postnatal development of
the projections from the ARC involved in the regulation of
VFI and metabolism(378,379). Further investigation targeting
specific genes encoding for neuronal signals controlling VFI
is necessary, in both ruminant and non-ruminant animals, to
demonstrate the existence of a fetal programming effect on

VFI itself and not only a programming of the hormonal
control of nutrient partitioning.

Unique aspects of digestion in ruminant animals

With regards to managing animals in order to increase VFI,
the factors stimulating the production of the signals
regulating VFI are as important as the signals themselves.
Many of the regulatory factors identified are secreted in
response to a specific nutrient(380). Therefore, even though
glucose has been reported to have a similar effect on VFI-
regulatory signalling peptides in ruminant animals(277) as it
has in single-stomached species, microbial fermentation is
the primary process of feed digestion in ruminant animals.
Thus, circulating VFA concentrations(381 – 383), amino
acids(293) and lipids(326) are more likely than glu-
cose(21,292,381) to be the nutrients stimulating regulatory
mechanisms in these species.

Additional complicating factors in ruminant animals
include the dependence on gluconeogenesis for glucose
production and a greater degree of insulin resistance than
single-stomached omnivores(384,385). Rumen fermentation
also produces a more constant supply of nutrients and
consequently plasma insulin concentrations tend to be lower
and exhibit less diurnal variation than reported in single-
stomached species(250,386).

Ruminal infusion of VFA has been reported to reduce
VFI(387), although it is still unclear as to how much of this
anorexia is a result of local osmolarity effects or circulating
signalling effects following absorption(21). Infusion of
propionate at physiologically relevant rates has been
reported to increase plasma insulin concentrations(382),
providing a possible mechanism by which propionate could
induce satiety. However, Allen et al. (250) highlighted that
the hypophagic effects of propionate have been observed
without increases in insulin, indicating a non-insulin-
mediated role for propionate in VFI regulation.

Consistent with these data indicating a role for ruminally
derived VFA in VFI regulation, the effect of VFA appears to
be compounding, with combined infusions of acetate and
propionate having a greater anorexigenic effect than with
either of the VFA infused alone(388). In addition, animals
become increasingly sensitive to VFA infusions with greater
internal VFA production(21), indicating that VFA provide a
measure of the short-term energy status of the animal to the
CNS. However, further research is required to determine the
effect of products of digestion in ruminant animals on
circulating factors known to influence VFI, and to determine
the relationship between grazing/foraging behaviour and the
increase and decrease of these circulating peptides, to better
define the causative role that physiological anorexogenic
and orexigenic factors have on meal onset and cessation.

In addition to normal meal termination, the provision of
supplements to grazing ruminant animals reduces time spent
grazing(19). This is unlikely to be the result of physical
factors because the effect is evident in cows fed more
energy-dense supplements based on cereal grains and when
the base forage is highly digestible. This ‘substitution’ effect
is possibly a result of increased VFA production, and the
passage of food into the duodenum increasing the secretion
of peptides. Roche et al. (156) reported a reduction in plasma
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ghrelin concentrations in grazing cows 2 h following
concentrate supplementation, consistent with a reduction
in time spent grazing. An additional contributory factor
where cereal grains are being fed may be in the passage of
starch to the duodenum. Although most starch eaten by
ruminant animals is fermented by the rumen micro-
organisms, some escapes this process and proceeds to the
small intestine. Swanson et al. (177) reported a 31 % increase
in circulating CCK-8 concentrations in ruminant animals
abomasally infused with starch, presumably signalling the
NST via the vagus nerve to terminate the meal. Further
research is required to gain a greater understanding of the
neuroendocrine basis for substitution rate.

Conclusions

The understanding of how VFI is regulated in single-
stomached species has improved dramatically in recent
decades, and, although data are limited, there is increasing
evidence that the same mechanisms are responsible for VFI
regulation in domesticated ruminant animals. Information
regarding metabolic state is transmitted to the orexigenic
and anorexigenic regulation centres of the brain through
physical stimulation in the rumeno-reticulum and through
metabolic ‘feedback’ factors derived from the pituitary
gland, adipose tissue, stomach/abomasum, intestine, pan-
creas and other organs. These signals can act directly on
the neurons located in the ARC of the medio-basal
hypothalamus, a key integration and appetite control centre
of the brain. Further research is required to determine the
relationship between these hormones and grazing/foraging
behaviour in ruminant species, to enable a greater under-
standing of the nutritional and management factors
influencing VFI, and thereby enabling the design of more
efficient production systems.
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