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Abstract 

Reproductive function is influenced by metabolic status and is compromised in conditions of negative 
energy balance. In the recent past, significant advances have been made in our understanding of how the 
brain regulates appetite and energy expenditure, largely due to the identification of blood borne factors that 
act on the neurons in the hypothalamus that produce the so-called ‘appetite regulating peptides’. This review 
provides an overview of the control of energy balance and the interface between ‘appetite regulating’ 
systems and gonadotropin releasing hormone secretion and action. This is placed in the context of the 
lactating dairy cow in an effort to understand what might cause poor reproductive performance. It is apparent 
that we know significantly more about the relationship between energy balance and reproduction in non-
bovine species. This review indicates areas which deserve further attention in the dairy cow. 
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Introduction 

Any consideration of the fertility of dairy cows is 
generally predicated by the fact that, due to selection 
of high producing cows, milk production has increased 
substantially in the last 50 years. Associated with this, 
there has been a decline in the fertility of high-
producing cows (Hansen 2000), which is most likely 
caused by a number of environmental, physiological 
and genetic factors. The reduced fertility may be due 
to factors that involve the brain, pituitary gland, 
ovaries and uterus. This can lead to poor quality 
oocytes and an unfavourable uterine environment 
(Santos et al. 2010). These latter factors have been 
studied and documented quite extensively, but there is 
relatively little information on the hypothalamo-
pituitary factors that contribute to anovulation. This is in 
spite of the indication that combined use of 
prostaglandin and gonadotropin releasing hormone 
(GnRH) can induce ovulations and procure pregnancies 
in high-producing dairy cows. This technique was first 
developed in 1995 (Pursley et al. 1995) and refined until 
the present day (Gumen et al. 2012; Yilmazbas-
Mecitoglu et al. 2012). 

GnRH is the neuropeptide that drives the 
reproductive system, but its synthesis and secretion is 
controlled by higher neural centres within the brain. 
Factors such as stress, act on the brain to inhibit 
reproduction (Clarke et al. 2009). It is well known that 
the appetite regulating peptides (ARP) also influence 
the secretion of GnRH from the brain (Clarke et al. 
2009). This is important because, as a general rule, 
orexigenic peptides inhibit GnRH and gonadotropin 
secretion. There may, however be some exceptions, as 
detailed later. This review is focussed on energy 
balance and the factors that control GnRH secretion, 
including those which have been recognised quite 
recently, namely kisspeptin and gonadotropin 
inhibitory hormone (GnIH).  Much of the data are 
derived from another ruminant, the sheep, in the hope 
that what has been learned from this species may be 

applicable to the dairy cow. After consideration of our 
state of knowledge in relation to the sheep, some 
recommendations for further research on the dairy cow 
will be made. 

It is also well documented that negative energy 
balance has a deleterious effect on the reproductive 
axis. Changes in metabolic state are ‘sensed’ by the 
brain to varying degrees, depending upon species. A 
range of circulating hormones and metabolic substrates 
signal to the brain. Several of these have been 
manipulated to restore reproductive function in 
animals that are in a ‘lean’ condition. In this review, I 
will consider such models as surrogates to the dairy 
cow; an animal in which energy stores are used 
extensively for milk production. 

Brain sensing of metabolic state 

Our knowledge of the control of food intake and 
energy expenditure was rudimentary until 30 years 
ago. Historical landmark studies showed that lesions in 
the ventromedial nucleus of the hypothalamus cause 
hyperphagia and obesity (Hetherington et al. 1939) and 
lesions in the lateral hypothalamus caused hypophagia 
(Anand et al. 1951). However, the appetite regulating 
neurons and regulatory peptides found in these regions 
of the hypothalamus were not identified for another 
30 years. In relation to farm animals, Dukes (1955) 
mentioned that ‘deglutition’ or swallowing, was under 
the control of a centre in the medulla oblongata, but 
had no knowledge of the control of energy balance. By 
the 1980s it was generally recognised that there were 
vagovagal connections between the gastrointestinal 
tract and the brain  (Blessing 1997). The fact that 
choleocystokinin (CCK) (Williams 1981) was found in 
the small intestine, and in the brain, was registered by 
Rehfeld (1978). By 1981, Williams (1981) stated that 
there had been reports that CCK inhibited food intake, 
but merely as a passing reference. This was in spite of 
the fact that others (Gibbs et al. 1973) had shown that 
CCK powerfully reduced food intake in rats. As late as 
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1983, text books acknowledged that the brain 
controlled food intake and energy expenditure by 
sensing circulating factors, but none were mentioned. 
In a chapter on obesity (Bierman et al. 1981), it was 
stated that “Since neural regulation of adipose mass 
appears likely .... future developments of drugs altering 
such mechanisms holds promise”. This proved to be a 
prescient statement! 

Meanwhile, work had been done in farm animals 
and the prodigious output of Baile and associates on 
the control of food intake and energy balance was 
reviewed in 1974 (Baile et al. 1974). It was recognised 
that sex steroids, glucocorticoids and growth hormone 
played a role in energy balance and the role of the 
central nervous system was recognised. In this regard, 
the following quotation from their review is salient. 
“Some factors may affect gastrointestinal function and 
thus perhaps the satiety-hunger signals. Some may 
influence lipid metabolism and may possibly affect 
feeding via the feedback system from lipid depots. 
Others almost certainly affect CNS (central nervous 
system) function so as to impinge on the action of the 
centres controlling feeding”. This was 20 years prior to 
the discovery of leptin, so work in domestic animals 
was certainly keeping pace! 

The modern era of the science of energy balance 
may be thought of as beginning with the identification 
of a number of ARP in the brain, as well as the 
discovery of a range of factors produced in the 
stomach, fat and other organs that are secreted into the 
bloodstream and act on the brain to regulate food 
intake and energy expenditure. Neuropeptide Y (NPY) 
was discovered in 1981 (Tatemoto et al. 1982). By 
1984, this was shown to be a potent orexigen (Clark 
et al. 1984; Levine et al. 1984). Following this 
discovery, a range of neuropeptides were discovered 
including orexins (ORX), melanin concentrating 
hormone (MCH), cocaine and amphetamine-related 
transcript (CART) and agouti related peptide (AGRP), 
all of which regulate metabolic function (Langhans 
et al. 2009). Much of this was aided by the use of 
molecular biology. In addition, the discovery of pro-
opiomelanocortin (POMC) as a pre-hormone that 
encodes for a number of peptides, including the 
opioids and melanocortins, eventually led to the 
recognition that neuropeptides regulating various 
functions also act as orexigens/anorexigens 
(Langhans et al. 2009). Actually, POMC was purified 
earlier (Roberts et al. 1977). It was also known that 
β-endorphin (β-end) was encoded by POMC, but it 
was not until much later that the role β-endorphin and 
α-melanocyte stimulating hormone (α-MSH) play in 
the regulation of metabolic function was recognised. In 
1990 it was noted by Brady et al. (1990) that food 
restriction or food deprivation, increased expression of 
the NPY gene and reduced the expression of the 
POMC gene in rats, but it was not until 1997 that the 
role of melanocortins in the control of feeding was 
fully appreciated (Fan et al. 1997). 

This explosion of new factors on the scene 
changed the way that we view central regulation of 

food intake. It also became apparent that these factors 
regulate energy expenditure. Whilst the notion of 
adaptive thermogenesis had been understood for many 
years (Rothe 1975), it took some time to recognise that 
the so called ARP also control this. It was 
demonstrated that NPY promoted white fat lipid 
storage and reduced brown fat activity (Billington et 
al. 1991). The opposite effect was shown for 
melanocortins, derived from POMC (Hayes et al. 
1999). 

While it was recognised many years earlier, that 
brown adipose tissue was responsible for non-
shivering thermogenesis (Haywards et al. 1967) and 
this discrete tissue bed became known as the 
hibernation gland, the mechanism for this important 
means of dissipating energy was not identified until 
1980 (Klingenberg et al. 1980). These authors 
described the uncoupling process within mitochondria, 
and the entity responsible was, for a number of years, 
known as thermogenin (Jacobsson et al. 1994). It later 
became known universally as uncoupling protein-1 
(UCP-1) (Matthias et al. 1999). The function of UCP-1 
in brown adipose tissue is controlled by the 
sympathetic nervous system through the β-adrenergic 
system, particularly via β3 receptors. UCP-1 
essentially 'steals' protons diverting energy away from 
the production of ATP to the generation and 
dissipation of heat (Susulic et al. 1995). We now know 
that a poly-synaptic pathway exists from the ARP 
neurons of the hypothalamus to white (Adler et al. 
2012) and brown (Oldfield et al. 2002) fat. The only 
domestic species in which similar studies have been 
done is the pig, where it was shown that polysynaptic 
pathways exist between the leptin receptor expressing 
cells of the hypothalamus and the peri-renal fat (Czaja et 
al. 2003). This allows central regulation of peripheral 
thermogenesis and co-ordination of the control of food 
intake and energy expenditure. Recent data indicate that 
skeletal muscle has ‘thermogenic’ properties, also under 
the control of the sympathetic nervous system (Henry et 
al. 2011). 

Not only do we now appreciate that food intake 
and energy expenditure are controlled by various 
centres in the hypothalamus, through the function of 
ARP, but it is also understood that other systems in the 
brain, such as those involved in reward and stress 
responses, also impact upon energy balance. In fact, it 
seems likely that every neurotransmitter and every 
neuropeptide in the brain has some effect on food 
intake and/or energy expenditure! Of course this 
means that an alteration in the function of any of these 
factors may lead to correction through another factor. 
A general rule is that brain peptides and/or transmitters 
that increase food intake also reduce energy 
expenditure and vice versa. This has not, however, 
been tested in ruminant species. 
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Figure 1 Factors that influence food intake and energy expenditure by 
action within the brain. IL-6 = Interleukin 6; CCK = 
Choleocystokinin; PYY = Peptide YY; TNF = Tumor necrosis factor; 
FFA = Free fatty acids. 
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Peripheral regulators of food intake and 
energy expenditure 

As indicated above, early studies implicated a 
number of hormones as regulators of food intake 
(Baile et al. 1974). Prominent amongst these was 
insulin, but the story is not simple, as outlined by 
(Morley 1987). The acute effect of insulin is to 
enhance feeding, whereas the chronic effect is to 
reduce eating. Clearly such effects also involve 
changes in circulating glucose levels. A classic study 
(Coleman et al 1969), using parabiosis of mice, 
revealed that unidentified circulating factors existed. 
Thus, by joining the circulation of animals that were 
obese (db/db mutants) to normal animals, the latter 
died of starvation. It was concluded that this was due 
to high levels of a circulating satiety factor in the 
db/db mutants. Pairing of ob/ob obese mice with db/db 
mice showed that the former reduced their food intake 
and became lean, again leading to the conclusion that 
there was a satiety factor that was present in the db/db 
mice that was absent in the ob/ob mice. The ob gene 
was eventually cloned in 1994, with the encoded 
protein being named leptin (Zhang et al. 1994). 
Although the ob gene had been recognised for many 
years, it was not until this classic finding that obesity 
in ob/ob mice was identified as a mutation in the leptin 
gene. The obesity phenotype of db/db mice was 
revealed as a mutation in the leptin receptor (Tartaglia 
et al. 1995). 

Another important milestone was the discovery of 
ghrelin, which was achieved through screening for 
ligands which activated the receptor for growth 
hormone releasing peptide (Kojima et al. 1999). 
Although this receptor had been identified earlier 
(Howard et al. 1996), it was not until later that it 

became apparent that ghrelin is a circulating orexigen, 
potently stimulating feeding by action on this receptor 
(Tschop et al. 2000; Wren et al. 2000). 

Leptin, ghrelin and insulin act on ARP neurons in 
the hypothalamus to regulate food intake and energy 
expenditure. These and other factors, such as sugar, 
fatty acids, cytokines and other circulating entities act 
in a co-ordinated manner, as well described in recent 
reviews (Langhans et al. 2009; Reichenbach et al. 
2012). An outline of this system is seen in Figure 1. It 
is obvious that the control of food intake and energy 
expenditure is multifaceted and complicated. In order 
to understand this, and to manipulate it in any way, 
one needs to adopt an approach that takes account of 
as many factors as possible. Within the brain, these 
factors act on a multitude of orexigenic or 
anorexigenic ARP. 

Changes during lactation of circulating 
factors that regulate appetite and energy 
expenditure 

Physiological changes that occur in early lactation 
reflect negative energy balance verging on starvation! 
Leptin levels are lowered in lactation in various 
species (Smith et al. 2002), including sheep (Sorensen 
et al. 2002) and cows (Laeger et al. 2013; Wathes et al. 
2007a). Plasma insulin and glucose levels are lower in 
early lactation than in late lactation and the post-
prandial insulin response, which is marked in late 
lactation, is virtually non-existent in early lactation 
(Bradford et al. 2008; Laeger et al. 2013). Early 
lactating cows have markedly higher non-esterified 
fatty acid concentrations in plasma, with a further 
increase upon withdrawal from feeding, indicating 

mobilisation of body fat (Bradford et al. 
2008; Laeger et al. 2013). Cortisol 
levels rose in response to a ghrelin 
injection in lactating cows, but not in 
non-lactating cows (Itoh et al. 2006). 

The gut-derived metabolic 
regulators, glucose-dependent 
insulinotropic polypeptide (GIP), 
glucagon-like peptide 1-(7-36) amide 
(GLP-1) and cholecystokinin (CCK) 
were measured in the plasma of dairy 
cows from 11 days before calving until 
19 days after calving (Relling et al. 
2007). It was found that the generalised 
rise in levels of all these peptides was 
associated with lower levels of insulin 
and glucose in early lactation. The 
consequence of this increase in secretion 
of gut peptides is certainly not to reduce 
food intake (Relling et al. 2007). 
Another gut peptide, ghrelin, is the only 
known peripheral stimulator of appetite. 
In one study, plasma ghrelin levels 
were seen to be markedly increased 
during early lactation in the dairy cow 
(Bradford et al 2008), but this was not 
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seen in another study (Laeger et al. 2013). The 
secretion of ghrelin in dairy cows is suppressed by 
glucose challenge (Roche et al. 2008). 

The very recent study of Laeger et al. (2013) has 
provided useful information on the transport of 
metabolic substrates and circulating regulatory factors 
into the central nervous system. In this study, 
cerebrospinal fluid (CSF) and plasma samples were 
analysed. The CSF was taken by sampling at the level 
of the 6th lumbar vertebra and the sacrum by needle 
biopsy, so the extent to which this represents levels in 
the brain is open to some question. If one accepts that 
levels of such factors are uniform throughout the CSF, 
then the data are important in terms of feedback 
signalling to the brain. CSF glucose levels fell, in 
parallel with the fall in plasma levels during early 
lactation and this may cause greater hunger drive. CSF 
concentrations of fatty acids were much lower than 
those in plasma and the changes in plasma were not 
mirrored in CSF, casting doubt on whether feedback is 
exerted on ARP neurons by these metabolic factors. 
Complex changes in amino acid levels were also 
reported, but the relevance of these to control of 
energy balance is not clear at this stage. Resistin, 
which is produced by fat, may also regulate metabolic 
function by central action, but levels did not change in 
early lactation (Laeger et al. 2013). Apart from these 
relatively sparse data on the metabolic indicators in 
dairy cows, there is no information on other regulators 
of metabolic function, appetite and energy 
expenditure, such as adiponectin or interleukins. 

Impact of negative energy balance, including 
lactation, on hypothalamic appetite 
regulating peptides 

The effect of alteration in live weight, especially 
negative energy balance, on the expression of genes 
for ARP has been studied extensively in at least one 
model ruminant, the sheep. Early work showed that 
reduction in live weight, by food restriction, increased 
expression of the gene for NPY in the arcuate nucleus 
(McShane et al. 1993), as well as immunoreactive 
NPY peptide (Barker-Gibb et al. 1996), expression of 
the POMC gene in the arcuate nucleus is lowered 
(McShane et al. 1993). The result for NPY has been 
replicated in other studies (Adam et al. 1997). Agouti-
related peptide (AGRP) gene expression, which is co-
localised to NPY neurons, was also increased in lean 
animals. The result for POMC gene expression with 
altered live weight is equivocal (Henry et al. 2000). 
We found no difference in expression of pre-pro-
orexin or dynorphin gene expression in ovariectomised 
ewes which were either fat or lean because of dietary 
manipulation (Iqbal et al. 2003), but there were 
differences that were region-specific in the levels of 
enkephalin and CART gene expression (Henry et al. 
2001b; Iqbal et al. 2003). Most certainly, the growth 
hormone axis is upregulated in the lean condition, due 
to increased expression of the gene for growth 
hormone releasing hormone neurons in the arcuate 

nucleus and reduced somatostatin gene expression 
(Henry et al. 2001c). 

Interestingly, in mice at least, relatively few 
changes are seen in the production of ARP in the 
transition from a normal to an overweight condition 
(Enriori et al. 2007). This presumably indicates that 
there is little difference in the sensing of adequate or 
excess body stores, through leptin or insulin. Perhaps 
of greater relevance, is the effect on ARP in the 
hypothalamus of a dynamic change in the plane of 
nutrition. This was addressed in an elegant experiment 
conducted in sheep (Miller et al. 2007). Here, lean 
sheep were placed on an increasing plane of nutrition 
and fat sheep were given a decreasing plane of 
nutrition while Control animals were held static. The 
increasing plane led to a reduction in NPY/AgRP 
expression and an increase in POMC expression in the 
arcuate nucleus, relative to those on a declining plane. 
Those on the declining plane of nutrition showed the 
opposite effect. Plasma and CSF insulin and leptin 
levels increased in the animals on increasing plane of 
nutrition. The authors reasoned that these circulating 
factors drove the changes in ARP gene expression. 
Mean plasma luteinizing hormone (LH) levels and LH 
pulse frequency were higher in animals in an 
increasing plane of nutrition and lower in those on a 
declining plane of nutrition (Miller et al. 2007). It is 
possible that the dynamic period of negative energy 
balance that exists in the dairy cow in early lactation 
could cause similar changes to those seen in sheep on a 
declining plane of nutrition. 

Lactation can be regarded as a state of negative 
energy balance. As such, the function of ARP at this 
time has been well studied in the rat (Smith et al. 
2002). A profound drain of energy that is brought 
about by lactation causes cessation of reproduction 
(Brogan et al. 1999; Tsukamura et al. 2001). The effect 
in rats may be due to suckling, since pup-removal can 
restore LH levels (Smith et al. 2002; Tsukamura et al. 
2001). Energy expenditure during lactation exceeds 
energy intake, so the body stores accumulated during 
pregnancy are lost (Naismith et al 1982). This could be 
the cause of reduced gonadotropin secretion. On the 
other hand, changes in circulating hormones, such as 
prolactin, and effects of altered levels of circulating 
metabolites, could be a factor in the lowered 
gonadotropin secretion in suckling animals. As 
reviewed (Smith et al. 2002), expression of genes for 
orexigenic peptides is upregulated during lactation and 
that for anorectic peptides is downregulated, consistent 
with the state of negative energy balance. Thus, in rats, 
the expression of the gene for the orexigenic peptide 
NPY is upregulated and POMC gene expression is 
down-regulated (Smith 2002). Levels of leptin receptor 
expression are also reduced in the hypothalamus 
(Brogan et al. 2000). The extent to which the situation 
in rats pertains to the dairy cow is debatable, especially 
since there has been systematic selection for 
production of milk in the latter. Recent studies 
comparing fertility in Holstein-Friesian cows in 
different parts of the world indicate that there are 
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inherent breed influences on the timing of resumption 
of reproductive function and fertility after calving. 
These involve factors other than body condition score 
or energy balance (Piccand et al. 2011). Whatever the 
cause, the fact that dairy cows can be successfully bred 
following GnRH treatment, points to a fundamental 
deficit in GnRH at the level of the hypothalamus. 

An early study in sheep (Broad et al. 1993) 
showed a slight elevation in the level of gene 
expression in the hypothalamus for POMC during 
lactation, compared with late pregnancy. However, 
later work indicated that there was an increase in 
hypothalamic expression of the NPY and AGRP genes 
and reduction in POMC and CART gene expression 
(Sorensen et al. 2002). In addition, and contrary to the 
observations in rats, leptin receptor levels were 
increased in lactating ewes (Sorensen et al. 2002). This 
points to an important difference between rodents and 
ruminants and suggests that data from the former 
cannot necessarily be extrapolated to the latter.  

Impact of negative energy balance, low live 
weight and lactation on reproductive 
function 

Whereas marked changes in the expression of 
genes for ARP are seen with alteration in live weight, 
especially negative energy expenditure, the same is not 
true for GnRH gene expression or synthesis (Clarke et 
al. 2005). Nevertheless, reproduction is compromised 
in low energy states, so the point at which this is 
manifest is probably upstream of the GnRH neurons. 

In terms of regulatory factors, insulin and leptin 
could play a significant role (Miller et al. 2007), but so 
could ghrelin, as discussed below. Wathes and 
colleagues (Wathes 2012), have presented a case for 
the growth hormone axis impacting upon the 
reproductive axis. This again could be effected via the 
neurons upstream of GnRH cells in the hypothalamus. 
In essence, the levels of insulin like growth factor 
(IGF)-1 fall after calving and those of IGF binding 
protein 2 rise after calving, so reduced IGF signalling 
could be important with respect to fertility. Whatever 
the case, the reduction in gonadotropin secretion in 
animals with reduced dietary energy can be overridden 
by administration of GnRH (Kile et al. 1991). 

In terms of lactation and the associated negative 
energy balance in relation to reproduction, it is 
interesting that no effect of lactation was seen on the 
pulsatile secretion of LH in dairy cows (Canfield et al. 
1991). Nevertheless, as indicated in the Introduction, 
the Ovsynch method, employing GnRH, clearly causes 
ovulation (Ayres et al. 2013), so there may well be a 
defect in the ovulatory mechanism in the early post-
partum period. Studies in sheep showed that there is an 
enhanced negative feedback of estrogen on LH 
secretion in the early post-partum period (Wright et al. 
1981) and failure, in more than 50% of ewes up to 
28 days post-partum, of the positive feedback effect of 
estrogen, that causes the preovulatory LH surge 
(Wright et al. 1980). 

Metabolic hormones, appetite regulating 
peptides and reproduction 

Hormones 
Leptin treatment of sheep that were hypo-

gonadotropic, due to lean condition induced by dietary 
restriction, restored pulsatile LH secretion to normal 
(Henry et al. 2001a). Similarly, in human females, 
short-term starvation virtually eliminates pulsatile LH 
secretion that can be restored by leptin treatment 
(Chan et al. 2006). In the case of the 
hypogonadotropic, lean ewe, leptin treatment did not 
suppress appetite drive (Henry et al. 2001a). In 
animals of normal live weight, the effect of leptin was 
to suppress food intake but there was no effect on free 
running LH secretion, perhaps because endogenous 
leptin levels were signalling adequacy of body stores 
(Henry et al. 2001a). Intravenous leptin injections 
stimulated plasma LH levels in estrogen-treated, 
ovariectomised cows (Zieba et al. 2003), which may 
be due to direct effects at the level of the pituitary 
gland (Amstalden et al. 2003). Leptin treatment can 
also prevent the fasting-induced reduction in plasma 
LH levels in heifers, enhancing the pituitary response 
to GnRH (Maciel et al. 2004). Overall, these studies 
suggest that an adequate level of circulating leptin is 
required for normal function of the hypothalamo-
pituitary axis that drives reproduction. A later study 
showed that pulsatile LH secretion could be restored in 
lean hypogonadotropic animals by refeeding, but this 
was not associated with an increase in leptin levels, 
calling into question the relevance of an acute 
regulatory effect of leptin (Szymanski et al. 2007). 
Changes in insulin levels and the circulating levels of 
metabolic fuels could be responsible for this acute 
effect on the reproductive axis (Szymanski et al. 
2007). Indeed, infusion of propionate into the 
mesenteric artery has a short-term, but not a long-term, 
effect to restore LH levels in hypogonadotropic, lean 
ewes (Szymanski et al. 2011). Other studies, in rats, 
also indicate that ‘physiological’ levels of leptin do not 
restore gonadotropin levels in animals subjected to 
caloric restriction or a 48 hour fast (True et al. 2011). 
This was associated with a lack of effect of leptin to 
restore low levels of kisspeptin gene expression (True 
et al. 2011). As these authors point out, this goes 
against a large body of work showing that leptin is 
essential for reproduction and stimulates the 
gonadotropic axis in rodents. Regarding the latter, they 
point out that many studies have used 
supraphysiological doses of leptin. In any event, the 
ruminant may well be different to the rodent, since 
leptin treatment can partially restore kisspeptin levels 
in the arcuate nucleus of lean hypogonadotropic ewes 
as well as restoring gonadotropin secretion (Backholer 
et al. 2010a). 

Insulin is another circulating hormone that 
appears to be essential for appropriate function of the 
reproductive axis. Central infusion of insulin 
stimulates LH secretion in sheep and insulin levels fall 
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Figure 2 The relationship between metabolic hormones and 
hypothalamic peptides and the control of reproduction – impact of 
negative energy balance. Changes in circulating levels of insulin, 
ghrelin, leptin and IGF-1 act centrally to alter levels of 
melanocortins, kisspeptin, NPY and AgRP. In turn, these changes 
negatively impact on the function of GnRH neurons, leading to 
reduced reproductive performance. 

GnRH↓Kisspeptin

?GnIH
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in early lactation (Wathes et al. 2007a, b), which could 
contribute to low fertility at this time. 

As mentioned above, ghrelin is a gut-derived 
hormone that acts centrally to stimulate appetite, but it 
also has a potent effect to suppress pulsatile LH 
secretion, so this could also play a role in suppression 
of reproductive function during lacatation (Iqbal et al. 
2006). 

Appetite regulating peptides 
A general rule for the role of ARP in reproduction 

is that those which stimulate food intake also suppress 
reproduction and vice versa. Thus, NPY suppresses 
reproduction (Barker-Gibb et al. 1996), whilst 
melanocortins are stimulatory (Backholer et al. 2010a). 
AgRP, an orexigen, inhibits reproduction (Wu et al. 
2012). Orexin inhibits GnRH function (Furuta et al. 
2002; Tamura et al. 1999), although there are also 
indications of the opposite effect (Small et al. 2003). 
Melanin concentrating hormone, which is considered 
to be orexigenic, appears to stimulate reproductive 
function (Murray et al. 2006), so it is an exception to 
the general rule. 

Hypothalamic peptides regulating reproduction  
In recent years, there has been substantial revision 

of the central regulation of reproduction. In particular, 
the recognition that kisspeptin is a potent stimulator of 
GnRH secretion and kisspeptin cells mediate the 
feedback effects of sex steroids is now a central tenant 
of neuroendocrine theory (Clarke 2011). In cows, 
kisspeptin appears to stimulate the secretion of growth 
hormone as well as gonadotropins (Kadokawa et al. 
2008). In contrast to the situation in the sheep, where 
kisspeptin regulates GnRH secretion (Smith et al. 
2008), it appears to act on the pituitary gonadotropes 
in the cow (Ezzat et al. 2010). In sheep, 
kisspeptin gene expression is reduced in 
animals that are hypogonadotropic 
because of lean condition. This is partly 
corrected by leptin administration 
(Backholer et al. 2010b). Whether 
kisspeptin levels are reduced in the high-
producing dairy cow, under conditions of 
negative energy balance, is unknown. 

Another factor that has emerged as a 
regulator of reproduction is GnIH. This 
peptide, produced in the dorsomedial 
nucleus of the hypothalamus, is secreted 
into the hypophysial portal system and 
acts on pituitary gonadotropes to counter-
act the effects of GnRH (Sari et al. 2009; 
Smith et al. 2008). Whereas secretion is 
higher in seasonal anestrous (Smith et al 
2008), it is not known whether it is 
affected by negative energy balance. It is 
apparent, that chronic upregulation of 
cortisol levels in sheep leads to a 
doubling of GnIH gene expression (IJ 
Clarke, Unpublished data). RF9 is an 
antagonist of GnIH (Caraty et al. 2012), 

which is effective in sheep and may well be so in 
cows. 

What about the dairy cow? 

In the last 30 years, we have progressed from the 
point where appetite/energy expenditure barely rated 
mention in the physiology text books to a position 
where it is apparent that many factors may be 
integrated into a closed-circuit diagram for energy 
balance. Lessons from lactation in species other than 
cows, and information on the circuit-diagram in sheep 
under various metabolic states, might be applied to the 
dairy cow, for which there is limited information. The 
dairy cow may however, present a special case as has 
been argued above. Nevertheless, there is minimal 
information on central control of appetite/energy 
expenditure and virtually no knowledge of the 
integration of the energy and reproductive systems in 
the dairy cow. On one hand there are data to indicate 
that post-partum anestrus may be extended in the high 
producing dairy cow (Peter et al. 2009) and that this 
may be associated with perturbation within the 
neuroendocrine hypothalamus. On the other hand, 
comparisons between dairy cows in different countries 
such as between USA and New Zealand, and 
comparisons between beef and dairy cows, indicate 
high milk production does not necessarily equate with 
infertility. 

In this review, I have summarised our knowledge 
of how reproduction is affected by circulating 
hormones and hypothalamic peptides that are also 
involved in energy balance. It is clear that we have 
significant knowledge of the interface in rodent species 
and sheep. Since negative energy balance can 
influence levels of ghrelin, insulin, leptin and 
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metabolic substrates, this leads to altered levels of 
ARP and peptides in the hypothalamus that control 
reproductive function. The combined changes may 
have significant impact on the high producing dairy 
cow. Drawing on the information reviewed above, one 
can develop a working hypothesis for the lactating 
dairy cow. The impact of negative energy balance is 
summarised in Figure 2. 

In order to achieve a better understanding of the 
special physiological state that exists in these uniquely 
selected animals, we need to obtain more information 
on the hypothalamic cells that have dual function in 
the regulation of energy balance and reproduction. 
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