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The interaction between hormonal circadian rhythms and feeding behaviour is not well understood. This study
aimed to deepen our understanding of mechanisms underlying circadian feeding behaviour in animals, using
pigs, Sus scrofa, as a case study. Pigs show an alternans feeding pattern, that is, a small peak of feed intake at
the beginning of the day and a larger peak at the end of the day. We simulated the feeding behaviour of pigs
over a 24 h period. The simulation model contained mechanisms that regulate feeding behaviour of animals, in-
cluding: processing of feed in the gastrointestinal tract, fluctuation in energy balance, circadian rhythms of mel-
atonin and cortisol and motivational decision-making. From the interactions between these various processes,
feeding patterns (e.g. feed intake, meal frequency, feeding rate) emerge. These feeding patterns, as well as pat-
terns for the underlying mechanisms (e.g. energy expenditure), fitted empirical data well, indicating that our
model contains relevant mechanisms. The circadian rhythms of cortisol and melatonin explained the alternans
. pattern of feeding in pigs. Additionally, the timing and amplitude of cortisol peaks affected the diurnal and noc-
Pig turnal peaks in feed intake. Furthermore, our results suggest that circadian rhythms of other hormones, such as
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CMerltailto?in leptin and ghrelin, are less important in circadian regulation of feeding behaviour than previously thought. These
chi:ign_makmg results are relevant to animal species with a metabolic and endocrine system similar to that of pigs, such as
Modelling humans. Moreover, the modelling approach to understand feeding behaviour can be applied to other animal

species.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Regulation of feeding behaviour in animals is controlled by the ener-
gy balance (Strubbe and van Dijk, 2002). This control includes process-
ing of feed in the gastrointestinal tract (GIT) and metabolic (hunger and
satiation) responses of the body to the energy status. The role of circadi-
an rhythms in metabolic regulation is increasingly evident
(Eckel-Mahan and Sassone-Corsi, 2013; Laposky et al., 2008). The
sleep-wake cycle, for example, is an important rhythm, because many
physiological and behavioural responses depend on whether an animal
is awake or asleep (Laposky et al., 2008). In addition, several hormonal
responses related to metabolism and involved in the regulation of ener-
gy balance show circadian rhythms, such as cortisol, ghrelin and leptin
(Kumar Jha et al,, 2015). So far, however, it is unclear how the regulation
of the energy balance interacts with circadian rhythms and how this in-
teraction affects feeding behaviour during the day (Strubbe and van
Dijk, 2002), such as feed intake, meal frequency and meal size.
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The feeding behaviour of animals follows recurring daily patterns.
These patterns usually coincide with the animals' active periods and
commonly consist of two peaks. Two types of activity patterns have
been described for feeding: in the bigeminus pattern, the first feeding
peak (at the beginning of the active period) is larger than the second
one (at the end of the active period); in the alternans pattern, the oppo-
site is true, with the highest peak being the second one (Aschoff, 1957).
The bigeminus pattern is found, for example, in the greenfinche, Chloris
chloris, and meadow vole, Microtus pennsylvanicus (Aschoff, 1966),
whereas the alternans pattern is found in species such as the capercail-
lie, Tetrao urogallus (Gjerde and Wegge, 1987), and pig, Sus scrofa (De
Haer and Merks, 1992; Schouten, 1986).

For animals displaying a bigeminus pattern of feed intake, the first
and highest peak can be explained by energy deficits following a fasting
period, i.e. inactive period. The alternans pattern of feed intake, howev-
er, with its higher peak in the second part of the active period, suggests
that other mechanisms, besides the energy deficits following fasting,
regulate feed intake. Insight into these ‘other mechanisms’ will enhance
our understanding of the ability of animals to adjust their feeding be-
haviour under various conditions and can provide insight into their
growth and health.
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The aim of this study was to gain more understanding of the mech-
anisms underlying circadian feeding behaviour in animals. We
hypothesise that hormones with strong circadian rhythms involved in
energy balance can explain feeding patterns, in particular in the regula-
tion of the alternans feeding pattern. We focus in this study on pigs, be-
cause they have an alternans feeding pattern and a large amount of
empirical data is available on, for example, circadian fluctuations in
physiological processes and feeding behaviours (e.g. meal frequency,
meal size, meal duration).

1.1. General approach

We used a computer model to mechanistically simulate the regula-
tion of feeding behaviour. Feeding behaviour is very complex, with in-
teractions taking place at many levels (e.g. from molecular, cellular,
neurological, to whole animal level). We chose to simulate underlying
processes on a physiological and metabolic level, integrating processing
of feed in the GIT (intake, digestion and absorption), fluctuation in the
energy balance, and hormonal circadian rhythms that affect motivation-
al decision-making on behavioural patterns such as feeding behaviour.

The model allowed us to test the effect of the interaction between
energy balance and hormonal circadian rhythms on feeding patterns.
Feeding patterns such as feed intake, meal frequency and meal duration
emerged when running the model. Furthermore, the model produced
patterns for underlying processes, such as energy absorption, metabolic
rate and daily energy balance. Model patterns were compared to those
observed in empirical studies for validation of the model.

1.2. Energy balance

Animals feed in meals and hence energy intake is episodic, while the
need for energy is variable but continuous (Nelson, 2011; Stricker and
Verbalis, 1988). The energy balance, therefore, will shift continuously
between a positive and a negative balance, which is regulated in the
short- and long-term.

1.2.1. Processing of feed

In monogastric animals, such as pigs, ingested feed first enters the
stomach, which functions as a temporary storage. From the stomach,
digesta is transferred to the intestines where energy is absorbed
(Strathe et al., 2008; Wenk, 2001). Woods and D'Alessio (2008)
reviewed hormonal and related signals affecting energy intake. Shortly
after ingestion, satiation signals from the GIT, such as cholecystokinin
(CCK), glucagon-like peptide-1 (GLP-1) and peptide tyrosine-tyrosine
(PYY), and distension signals from the stomach start to operate
(Woods and D'Alessio, 2008). These signals contribute to the digestion
of feed (e.g. stimulating gut motility and secretions) and are anorexi-
genic signals that decrease appetite and, subsequently, feed intake.
After fasting, orexigenic peptide concentrations of ghrelin increase and
stimulate appetite and feed intake.

1.2.2. Energy balance

The energy balance is determined by energy absorption and energy
expenditure (see review Schwartz et al., 2003). The balance will shift
from positive to negative during the day and affect anabolic and catabol-
ic processes in the body, responsible for storing (e.g. fatty acid and pro-
tein synthesis) or releasing energy (e.g. glycolysis and fatty acid
oxidation). These processes will affect the amount of body fat (adiposi-
ty) stored. As reviewed by Woods and D'Alessio (2008), adiposity af-
fects circulating insulin and leptin levels. The amount of adipose tissue
is related to plasma leptin concentrations and a basal amount of plasma
insulin is available as a reflection of the amount of fat. While satiation
signals from the processing of feed are secreted in phases during meal
intake, adiposity signals are more continuously present and affect the
energy balance in the longer term. These anorexigenic adiposity signals

affect anabolic and catabolic processes and change the sensitivity of the
brain to satiation signals.

1.3. Circadian rhythms

Circadian rhythms that underlie behavioural patterns are regulated
by internal body clocks (endogenous oscillators) (Aschoff, 1963,
1966). These body clocks can adjust the physiological and behavioural
responses of an animal to stimulate or inhibit feeding behaviour at cer-
tain times (Strubbe and van Dijk, 2002). Periodic environmental factors,
known as zeitgebers, synchronise animal responses to a 24 h period
(Aschoff, 1966). The light-dark cycle is an important zeitgeber in circadi-
an rhythms. Light synchronises the suprachiasmatic nuclei (SCN) in the
anterior hypothalamus of the brain (the master clock), which regulates
circadian rhythms in the body such as the sleep-wake cycle and behav-
ioural activity (Johnston, 2014). Under normal conditions, with ad
libitum feed access and a normal light-dark cycle, the master clock syn-
chronises with peripheral oscillators (outside the SCN), to synchronise
processes such as fasting and feeding behaviour (Kumar Jha et al,,
2015). While the light-dark cycle is an important zeitgeber for the circa-
dian clock, feed availability is an important zeitgeber for peripheral oscil-
lators involved in the regulation of circadian feeding behaviour
(Kriegsfeld et al.,, 2002).

Some hormones involved in the regulation of energy balance show
strong circadian rhythms. In mammals, these hormones include melato-
nin, leptin, ghrelin, and glucocorticoids (see review Kumar Jha et al.,
2015). Melatonin concentrations fluctuate during the day following
the light-dark cycle, with higher secretion at night in both diurnal and
nocturnal animals (Claustrat et al., 2005; Kumar Jha et al,, 2015). Mela-
tonin causes sleep in diurnal mammals, but not in nocturnal mammals.
Nocturnal animals are active when melatonin levels are high (Kumar
Jha et al.,, 2015). Melatonin is involved in the regulation of energy flow
and expenditure; insulin synthesis, secretion and action; and in the syn-
chronisation of metabolic processes with insulin-sensitive and
-resistant phases over the day (Cipolla-Neto et al., 2014). Leptin stimu-
lates energy expenditure and inhibits feed intake, while ghrelin has the
opposite effect and counterbalances the effects of leptin (Kumar Jha et
al., 2015). Glucocorticoids are light-entrainable and peak shortly before
the onset of activity, which means shortly before light in diurnal animals
or shortly before dark in nocturnal animals (Dallman et al., 2004). In ad-
dition, glucocorticoids can also be entrained to feed availability under
feed-restricted conditions (Dallman et al., 2004 ). Glucocorticoids are in-
volved in several biological functions, in addition to their well known
function as stress hormone. They influence metabolic mechanisms by,
for example, stimulating gluconeogenesis and fat breakdown by lipoly-
sis to maintain blood glucose levels (De Guia et al., 2014). The effects of
glucocorticoids on feeding behaviour are complex because glucocorti-
coids interact with other systems involved in feeding behaviour. For ex-
ample, corticosterone increases food intake but also stimulates insulin
secretion, which inhibits food intake, thus masking the effects of corti-
costerone on feeding behaviour (La Fleur et al., 2004; Peckett et al.,
2011; Vera et al,, 2017).

Since feed availability is an important zeitgeber in metabolism, fluc-
tuations in many circulating hormone concentrations are related to
feed intake patterns. In a study with pigs that were feed-deprived for
72 h, serum concentrations of insulin-like growth factor 1 (IGF-1, a hor-
mone with anabolic effects), leptin, ghrelin and cortisol were collected
every 12 h. While the circadian patterns of IGF-1, leptin and ghrelin dis-
appeared with feed deprivation, cortisol levels increased but retained a
comparable circadian rhythm to non-feed-deprived pigs (Salfen et al.,
2003). This suggests that cortisol rhythms are feed-independent and
might be important in the causation of an alternans feeding pattern. Be-
sides cortisol, melatonin patterns are also known to be less affected by
feed intake (Kriegsfeld et al., 2002). This suggests that melatonin and
cortisol might be important in the causation of the circadian feeding
pattern under ad libitum feeding conditions. They might function as
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