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1 | INTRODUCTION

Abstract

Links between the regulation of growth and energy balance are clear; to fuel growth,
there must be consumption of energy. Therefore, it is perhaps intuitive that interac-
tions between the hypothalamic - pituitary - growth hormone axis (growth axis) and
pathways that drive metabolic processes exist. Overproduction of growth hormone
has been associated with diabetes and metabolic disease for decades and the oppos-
ing effects of growth hormone and insulin have been studied since early experiments
almost a century ago. The relationship between neuroendocrine axes can be complex
and the growth axis is no exception, interacting with energy balance in several organ
systems, both in the periphery and centrally in hypothalamic nuclei. Much is known
about peripheral interactions between growth axis hormones and processes such as
glucose homeostasis and adipogenesis. More is still being learned about the molecu-
lar actions of growth axis hormones in adipose and other metabolically active tissues,
and recent findings are discussed in this perspective. However, less is known about
interactions with central energy balance pathways in the hypothalamus. This per-
spective aims to summarise what is known about these interactions, taking lessons
from human studies and animal genetic and seasonal models, and discusses what this

may mean in an evolving landscape of personalised medicine.
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As a neuroendocrine pathway, important components of the

growth axis reside in the hypothalamus. Growth hormone is released

Growth hormone (also called somatotropin) is a pleiotropic hormone
that was first isolated from bovine pituitary glands as a crude extract
in the 1920s and demonstrated to accelerate growth in different
model species. In humans, disruption of the hypothalamic - pituitary -
growth hormone axis (growth axis) occurs as a consequence of over
production of growth hormone and downstream hormones often cau-
sed by pituitary tumours in pituitary gigantism or acromegaly (occur-
ring before or after epiphysial fusion of the long bones respectively)

or by congenital or acquired growth hormone deficiency.

from the anterior pituitary, stimulated by growth hormone releasing
hormone (GHRH) and inhibited by somatostatin (also called somato-
tropin-release inhibiting factor, SRIF). GHRH and somatostatin are
secreted from arcuate nucleus (ARC) and periventricular nucleus
(PeVN) neurons of the hypothalamus respectively and reach the ante-
rior pituitary through the hypophyseal blood portal system and
median eminence. Pulsatile secretion of growth hormone from the
somatotrophs of the anterior pituitary peaks in both amplitude and

frequency during the night, and the amplitude of growth hormone
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pulses increase with age until puberty, when growth is at its most

rapid.? Growth hormone acts through the growth hormone receptor,
a cytokine class | receptor, which is broadly expressed throughout the
body, and whose actions are mediated by JAK/STAT signalling
(recently reviewed in?). The growth axis is an unusual endocrine axis,
in that some of the growth effects are then mediated by a further hor-
mone - insulin-like growth factor-1 (IGF1), produced in the liver and
with a significantly longer half-life than growth hormone. However
IGF1 is not always required for the somatic growth action of growth
hormone. Both growth hormone and IGF1 stimulate somatic growth
and exert negative feedback on the growth axis by increasing secre-
tion of somatostatin in the periventricular nucleus (PeVN) of the
hypothalamus (Figure 1). Interestingly, a proposed growth axis medi-
ated “gravitostat” has been hypothesised - a bodyweight sensing
mechanism during adulthood and in puberty. Rats implanted with
weighted capsules to the abdomen slowed weight gain and under-
went catch-up growth when removed.® This was accompanied by
altered hypothalamic Ghrh expression and serum IGF1 levels,
suggesting altered growth axis negative feedback.

The main effects of growth hormone and IGF1 are to stimulate
somatic growth, with the notable exception of adipose tissue, where
its action is catabolic. Growth hormone acts to cause lipolysis and
increase availability of fatty acids for lipid metabolism, and therefore
has opposing effects to insulin. This means it has an important role to
play in peripheral metabolism.

More recent work has demonstrated different central interactions
for the hormones of the growth axis, to regulate food intake, energy
expenditure and potentially influence macronutrient preference in the

diet. This perspective will summarise what is known about the action

FIGURE 1 The regulation of
pulsatile growth hormone secretion
starts at the hypothalamus with
growth hormone-releasing hormone
(GHRH) and somatostatin secretion
from the arcuate nucleus (ARC) and
periventricular nucleus (PeVN)
respectively. Growth hormone is
secreted from the somatotrophs of the
anterior pituitary and stimulates
anabolism and growth in multiple
tissues both directly and through
insulin-like growth factor-1 (IGF1),
released from the liver. In adipose
tissue growth hormone is catabolic,
stimulating lipolysis and liberation of
free fatty acids to drive lipid
metabolism. Growth hormone, IGF1
4 and free fatty acids all inhibit release
of growth hormone, either directly at
the pituitary or by stimulating release
of somatostatin from the PeVN

Inhibition of growth
hormone secretion

Lipolysis,
lipid metabolism

of the growth axis in the periphery and centrally to influence energy
balance, highlighting exciting new developments and insights from
studies in seasonal mammals that display annual cycles in growth and
metabolic phenotype. This will be discussed in the context of the
emerging concept of personalised medicine, and where future investi-

gations harnessing new technologies may lead.

2 | THE GROWTH AXIS AND PERIPHERAL
METABOLISM

The growth axis has a role to play in adipose tissue function. Growth
hormone is lipolytic, and lessons from mouse genetic models tell us
that increasing growth hormone in circulation often leads to
decreased fat mass. Mouse models of the growth axis have recently
been thoroughly systematically reviewed.* Early mouse lines with
spontaneous mutations in growth axis components have existed as
early as the 1920s, and in general mice overexpressing growth hor-
mone are larger, with increased circulating growth hormone and IGF1
levels and have decreased insulin sensitivity and decreased adiposity.
The opposite is true for genetically altered mice or those with a spon-
taneous loss of function mutation leading to decreased circulating
growth hormone and IGF1. These mice have a short body length,
associated with decreased growth, improved insulin sensitivity and
relatively increased adiposity.

The nature of pulsatile growth hormone secretion is also a deter-
minant of body mass and fat distribution in humans. Lower inter-pulse
growth hormone levels are associated with lower body mass index

and lower waist-hip-ratio® - indirect indicators of adiposity and body
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FIGURE 2 Human plasma levels of growth hormone, insulin-like
growth factor-1 (IGF1), and insulin are all positively correlated with
body mass index, as are higher trough levels of pulsatile growth
hormone secretion

Increasing body mass index

fat distribution, respectively and levels of IGF1 and growth hormone
negatively correlate with adiposity in obese humans and rodents®’
(Figure 2).

The action of growth hormone is generally considered diabeto-
genic and acutely stimulates lipolysis and increased free fatty acids in
circulation following growth hormone administration. This effect was
demonstrated as early as the 1930s with cats and dogs treated with
pituitary extracts. People with acromegaly or pituitary gigantism have
an overproduction of growth hormone and IGF1 and are more likely
to suffer from diabetes (reviewed in®). Work in the 1980s demon-
strated that increased circulating free fatty acids that result from lipol-
ysis provide some measure of negative feedback to inhibit growth
hormone secretion, probably by increasing somatostatin release.’ As
discussed further below, more recent work in in vitro and in trans-
genic mice demonstrates that growth hormone acts at adipocytes
both to promote adipogenesis,'® but also suppressing expression of
key regulators of adipogenesis fat-specific protein 27 (FSP27) and
peroxisome  proliferator-activated receptor gamma (PPARY)
(reviewed inY).

In mouse models, adipose tissue selective knockout of the
growth hormone receptor, driven by either an Fabp4 Cre*? or
Adipoq Cre targeting mature adipocytes'® both result in increased
overall fat mass in experiments from the same group. The effect of
IGF1 receptor knockout in adipose tissue has been investigated
using the same two CRE drivers and resulted in opposite effects on
overall fat mass; with the Fabp4 Cre driven knockdown having
greater fat mass** and the Adipoq Cre driven deletion having less
fat mass than wild-type littermates.*® This discrepancy is probably
explained by Fabp4 expression in additional cell types such as skel-
etal muscle, endothelial cells, and macrophages, leading to loss of
IGF1 signalling in other metabolically important tissues. The diabe-
togenic action of growth hormone is not only through disrupted

adipose physiology. Since growth hormone has opposing effects to
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insulin in adipose tissue, over-secretion of growth hormone leads
to insulin resistance. However, growth hormone also promotes
insulin resistance in other metabolically active tissues through mul-
tiple mechanisms such as disrupted insulin signalling, and triglycer-
ide build up in the liver and skeletal muscle (reviewed in?).
Together these studies demonstrate an important role for growth
hormone and IGF1 in peripheral metabolism and glucose homeosta-
sis, demonstrating an important role in the development of meta-

bolic disease.

3 | THE GROWTH AXIS IN THE
HYPOTHALAMUS

The pulsatile release of growth hormone from the pituitary is gener-
ally understood to be regulated by pulsatile secretion of GHRH from
ARC neurons when somatostatin secretion from the PeVN is low.
These neuropeptides are released from neurons in the ARC and PeVN
that project to the median eminence to reach the anterior pituitary
somatotrophs through the hypophyseal blood portal system.1¢-18
However, somatostatin neurons are also present in the ARC and their
function is more elusive. Somatostatin neurons in the ARC do not
appear to be responsive to growth hormone (reviewed in 19), and
they mainly project to GHRH neurons within the ARC.2”%° It is there-
fore likely that the role of ARC somatostatin is to regulate GHRH
release directly. This is supported by a recent immunohistochemical
study in human brain tissue where ARC somatostatin neurons appear
to show functional synapses with ARC GHRH neurons.*®

Growth
cerebroventricular infusion of growth hormone increasing food

hormone is orexigenic in mice, with intra-
intake?! and genetic upregulation of central growth hormone leading
to hyperphagia and obesity.?? Growth hormone has been demon-
strated to stimulate several orexigenic and anorexigenic neurons of
the hypothalamus.'? In particular, interactions with orexigenic neu-
rons coexpressing agouti-related peptide (AgRP) and neuropeptide-Y
(NPY) appear to be important in this effect. Administration of NPY
stimulates ARC GHRH and suppresses PeVN somatostatin release,
demonstrated in sheep,23 and mice.?* In rats, intracerebroventricular
infusion of NPY suppresses plasma growth hormone, probably
through stimulation of somatostatin neurons?® indicating an important
species difference. In humans, patients with acromegaly have higher
plasma AgRP levels, positively correlated with plasma growth hor-
mone and IGF1.2° This agrees with the wealth of mouse data and sup-
ports an orexigenic role for growth hormone in humans.

An intriguing link between the growth axis and preference for
high-protein diet has been made in rats. Centrally administered GHRH
increased protein intake in these animals, and this effect was blocked
with antibodies against GHRH.2”?® In a human genetic association
study, a variant in the gene encoding the somatostatin SSTR2 receptor
was associated with altered body mass index and difference in protein
content in the diet.?? It would make sense that growth axis stimulation
might lead to preferential amino acid intake to fuel protein synthesis,

however more work is required to fully elucidate this hypothesis.
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A central role for growth hormone during fasting has been dem-
onstrated in mice with selective knock out of the growth hormone
receptor in orexigenic agouti-related peptide (AgRP) neurons in the
hypothalamus.?? Loss of growth hormone receptor in these neurons
leads to enhanced fat loss during food deprivation and is accompanied
by a reduction in expression of both Npy and AgRP mRNA. When
these mice were treated with 2-deoxyglucose - a potent
hyperphagia-inducing nonmetabolised glucose analogue that mimics
glucose deprivation - their hyperphagia response was inhibited. This
work implies a role for growth hormone during fasting to signal energy

deficit and stimulate orexigenic pathways to drive eating behaviour.

4 | GHRELIN AMPLIFIES PULSATILE
GROWTH HORMONE SECRETION

The fasting hormone ghrelin was first described in the late 1990s, fol-
lowing the earlier description of its receptor, and synthetic ligands even
before that. Ghrelin is released from the stomach and small intestine
during fasting, and levels decrease after eating, with its receptors found
throughout the hypothalamus.3° Ghrelin is considered the only true
hunger stimulating hormone, and its main role appears to be in regulat-
ing meal-based eating, at least in part by activating ARC Npy neurons.>!
The name of synthetic ghrelin ligands (growth hormone secretagogues
- GHS), and the ghrelin receptor (growth hormone secretagogue recep-
tor - GHSR), are clues to their initially assumed role of the, at the time
undescribed growth hormone-releasing hormone. GHS can stimulate
the growth axis both at the level of the pituitary and the hypothalamus
to amplify pulsatile growth hormone release.”%? Indeed, ghrelin is
thought to inhibit hypoglycaemia through amplification of growth hor-
mone release during fasting.>® Despite these different interactions of
ghrelin with the growth axis and energy balance, very few of the many
mouse models of the ghrelin system have demonstrated the predicted
short body length and low bodyweight - or “skinny dwarf” phenotype,
as discussed in a recent systematic review.>* This may be partially
explained by lack of data for somatic growth measures (e.g., body
length), and imperfect model systems. However, a recent homozygous
Ghsr-IRES-Cre mouse model from the same authors does show impaired

somatic growth, growth hormone secretion and glucose homeostasis.>”

5 | LESSONS FROM SEASONAL MAMMALS
The use of seasonal mammals as model species is widespread in neu-
roendocrinology, and in particular the Siberian hamster (Phodopus sun-
gorus, also called the Djungarian hamster) has been well studied to
understand seasonal plasticity of energy balance (reviewed in¢%").
Many species have evolved seasonally variable energy balance pheno-
types as an adaptation to a temporally variable environment to con-
serve energy at a time of low food availability. The time of year is
interpreted physiologically by the secretion of melatonin from the
pineal gland during the hours of darkness, so that the length of mela-

tonin signal during the night indicates the time of year to the body.%®
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FIGURE 3 Effects of chronic treatment with somatostatin
receptor SSTR5 and SSTR2 agonist pasireotide on photoperiod-
appropriate phenotype. A: Pasireotide treatment causes weight loss in
long day Siberian hamsters. B: Pasireotide inhibits photoperiod
stimulated weight gain in short day acclimated Siberian hamsters. This
demonstrates a role for the growth axis in regulating photoperiod
appropriate bodyweight. C: Long photoperiod (long days) probably
upregulates this axis through arcuate nucleus (ARC) Ghrh (growth
hormone-releasing hormone) and Sst (somatostatin) to increase
production of growth hormone and/or insulin-like growth factor-1
(IGF1). Weight gain and increased organ size is accompanied by
increased fat mass and circulating insulin. It has not been tested
whether increased insulin is in response to increased growth hormone
driven increase in free fatty acids (FFA) or through some other
mechanism, but exogenous growth hormone does stimulate this
effect. Inhibition of the peripheral growth axis by pasireotide
suppresses these effects and promotes likelihood and length of torpor
bouts. Suppression of the growth axis by pasireotide is evidenced by
altered expression of ARC Ghrh and PeVN Sst mRNA, probably in
response to reduced negative feedback

Siberian hamsters under short day length (photoperiod) lose weight in
anticipation of a reduction in food availability and can lose up to 40%
of their bodyweight over a period of 12-14 weeks. This is so tightly
regulated that after a period of food restriction-induced weight loss,

upon refeeding these hamsters will regain weight only to the size
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appropriate for the length of time they have been in short photope-
riod.2? The suite of physiological adaptations to short photoperiod,
which include reproductive, bodyweight, food intake, pelage and
immunological changes are driven largely by the regulation of bioavail-
ability of active thyroid hormone - triiodothyronine (T3) by deiodinase
enzymes in tanycyte cells in the hypothalamus.*®4* Although this
model species is often considered a comparison between lean (short
photoperiod /winter) and obese (long photoperiod/summer) pheno-
types, the change in bodyweight is composed of both lean and fat
mass. These hamsters will typically lose 50% of their previous fat
mass, while the majority of weight loss is composed of lean mass.*?
This seasonal change in organ size has been coined Dehnel's phenom-
enon and was first described in the common shrew (Sorex araneus).*®

Seasonal variation in growth hormone and/or IGF1 levels have
been reported for many species and in the golden hamster
(Mesocricetus auratus) growth axis involvement in seasonally appropri-
ate bodyweight was described in the 1990s.** Changes in hypotha-
lamic growth axis components with photoperiod have been
demonstrated reproducibly in F344 photoperiodic rats and Siberian
hamsters*>*¢; where ARC (but not PeVN) somatostatin expression is
highly upregulated in winter or short photoperiod.*”*® Using chronic
treatment with somatostatin agonist pasireotide, we demonstrated
that in Siberian hamsters this change in bodyweight is partially regu-
lated through the growth axis, which acts preferentially at the SSTR5
and SSTR2 somatostatin receptors (Figure 3,%8). The drug pasireotide
was developed to target growth hormone secreting pituitary adeno-
mas and acts largely at the pituitary to suppress growth hormone
secretion.?’ In long photoperiod Siberian hamsters, weight loss was
induced by pasireotide, indicating the growth axis is important for
maintaining bodyweight in this species and indeed, photoperiod-
induced weight gain was suppressed by pasireotide. Although in long
photoperiod pasireotide induced loss of fat mass did not reach signifi-
cance, in photoperiod driven growth, fat regain was significantly
inhibited by this somatostatin agonist. Since this effect goes against
the lipolytic action of growth hormone, it suggests additional interac-
tions with the growth axis independent of suppressing growth
axis tone.

Interestingly, these studies also identified a role for the somato-
statin SSTR5 receptor in the propensity to enter the hypometabolic
state of torpor.*® Pasireotide treatment in short photoperiod accli-
mated Siberian hamsters led to a much higher incidence and longer
bouts of torpor than either sham or octreotide (a somatostatin agonist
with higher affinity for the SSTR2 receptor) treated hamsters. Since
both drugs are unlikely to cross the blood brain barrier, it is expected
that this is again acting either at the pituitary gland or in metabolically
active tissues to suppress metabolism and therefore body
temperature.

Together these data support the role of the growth axis in main-
tenance of body size, and in the regulation of bodyweight. In all the
studies where the growth axis was manipulated in Siberian hamsters,
the perception of photoperiod remained intact, evidenced by appro-
priate pelage colour and intact deiodinase expression in the hypothal-

amus, thus the growth axis effects were downstream of this regulator
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FIGURE 4 Effects of wheel running exercise in Siberian hamsters.
Voluntary wheel running in the normally active phase for short
photoperiod or winter acclimated Siberian hamsters leads to weight
gain and increased food intake. This is probably driven through
stimulation of the growth axis, with raised expression of growth
hormone-releasing hormone mRNA in the arcuate nucleus of the
hypothalamus, as well as increased expression of orexigenic Npy and
anorexigenic Pomc. Weight gain and increased organ size is
accompanied by increased fat mass and circulating insulin. It has not
been tested whether increased insulin is in response to increased
growth hormone driven increase in free fatty acids (FFA) or through
some other mechanism. The growth and fat mass effects can be
inhibited by treatment with long-acting release somatostatin agonist
pasireotide, which is accompanied by reduced serum IGF1 levels. Not
to scale

of seasonal phenotype. Unfortunately, food intake was not measured
in these studies, but it is assumed that food intake was probably
altered to help bring about whole bodyweight changes.

6 | THE GROWTH AXIS AND EXERCISE

When given access to a running wheel, the Siberian hamster will
spontaneously run for long periods of time during their normally
active phase (night), and for hamsters housed in long or short photo-
period they will equally run for 10-15 km per day.’® Interestingly, this
is accompanied with weight gain in short day (or winter) acclimated
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hamsters, 4251

probably through increased food intake. This was first
demonstrated in the 1990s in castrated male hamsters.>2 Wheel run-
ning stimulated weight gain is accompanied by increased food

intake*?°C

and while most of the weight gain is from lean mass there
is an almost doubling of fat mass in these hamsters, accompanied by
increased circulating insulin.>® Therefore, this can be considered a
poor health response to the wheel running exercise. This effective
reversal of Dehnel's phenomenon has been observed in several sea-
sonal rodent species, and upregulation of the growth axis was impli-
cated in a series of experiments by Katarina Borer and colleagues in
the Golden hamster in the 1970s.>% In our experiments, we recently
demonstrated that this exercise stimulated weight gain is associated
with increased Ghrh, Npy and Pomc expression in the ARC in Siberian
hamsters.>° The ARC Ghrh expression was unaltered by somatostatin
SSTR5 receptor antagonist pasireotide, indicating action downstream
of this change in expression, perhaps unsurprising as it is not
predicted to cross the blood-brain barrier. This work is summarised in
Figure 4.

Mice lacking growth hormone receptor in leptin receptor- (LepR)
or steroidogenic factor-1- (SF1) expressing cells in the ventral medial
hypothalamus (VMH) have improved aerobic performance with tread-
mill training.>* However, there are discrepancies in exercise response
between these mice, depending upon which cells lack the growth hor-
mone receptor. Mice lacking the growth hormone receptor in LepR-
expressing neurons have reduced fat mass and increased skeletal
muscle hypertrophy, in contrast to those lacking growth hormone
receptors in SP1 neurons which have both increased fat mass and a
reduced skeletal muscle size. This intriguing observation implies multi-
ple roles for growth hormone within the hypothalamus, even within a
single brain region, and new technologies such as single cell-, single
nucleus-, and spatial transcriptomics will allow more thorough investi-
gations into these pathways.

While exercise stimulated weight gain might seem counterintui-
tive, this is probably driven in part by increased food intake. Indeed, in
mouse studies, treadmill training stimulates increased activation of
NPY/AgRP and tyrosine hydroxylase expressing neurons in the ARC
indicated by cfos expression, as well as STAT3 phosphorylation in
NPY neurons.>® This suggests that exercise may drive compensatory
eating behaviours through stimulating orexigenic pathways in the
hypothalamus. It is certainly tempting to hypothesise that, since neu-
rons expressing these neuropeptides are known to be responsive to

growth hormone,*?

increased food intake may be driven by growth
hormone upregulation with exercise training.

Weight gain with exercise is a phenomenon that also occurs in
humans, and several studies have demonstrated individual variability
and even adverse effects in several health parameters in response to

an exercise intervention (reviewed in>~>%)

, which has also been linked
with compensatory eating.>’ This calls for a more personalised
approach in developing exercise-driven weight loss and health-
improving interventions in human medicine. The interesting exercise
response demonstrated by Siberian hamsters makes them an excellent
model for human individuals who struggle to lose weight and improve

cardiometabolic health through exercise.

7 | HUMAN GENOMICS AND
PERSONALISED MEDICINE

One tool that has become increasingly prevalent in the investigation
of individual predisposition to disease is the genome-wide association
study (GWAS; recently reviewed in®°). This involves the sequencing
of the genome of often hundreds of thousands of participants and
mapping single nucleotide polymorphisms (SNPs) to health parameters
or anthropometric measures. GWAS can be criticised as being difficult
to explain mechanistic links since most identified SNPs are in non-
coding regions of the genome. This makes these variants challenging
to model in animal systems, since these are subtle changes that are
not well conserved cross-species. This also means that GWAS variants
probably do not act by directly altering protein structure, but by epi-
genetic actions to alter gene expression. These variants are more
likely to act in a tissue and environmentally specific manner and may
not lead to serious disease state from an early age. However, for many
complex diseases (such as obesity and type 2 diabetes), there are only
a few rare known monogenic causes, and for most people disease risk
is influenced by several different genetic and environmental risk fac-
tors. Therefore, lessons from large genetic studies are important to
inform our understanding of complex disease.

In addition to the SSTR2 association previously discussed in rela-
tion to body mass index and dietary choices,?’ a recent GWAS in a
Swedish population identified two non-coding SNPs associated with
altered fasting growth hormone levels. The first being intergenic in
chromosome 17 associated with raised fasting growth hormone, and
the second was intronic in growth hormone receptor and associated
with decreased fasting growth hormone.®! High fasting growth hor-
mone levels are associated with cardiovascular disease risk, and the
authors of the study suggest that fasting growth hormone can be a
predictor of future disease.®? Although the mechanism by which these
non-coding variants may exert their effects is yet to be elucidated,
these are two examples by which subtle differences in the genome
may alter individual health and risk factors for disease through the
growth axis.

Regulatory networks more subtly altering growth axis tone may
also play a role in individual variation in growth and energy balance.
For example, a protein altering variant in the gene encoding zinc fin-
ger homeobox - 3 (ZFHX3) has recently been associated with lower
body mass index.® While this transcriptional regulator has not previ-
ously been associated with bodyweight, it has been shown to regulate
expression of hypothalamic somatostatin mRNA in mice.®* Therefore,
it is possible that genomic regulation of the growth axis may occur in
more subtle and individually variable ways than have previously been

accounted for.

8 | CONCLUSION
The growth axis has been a target for medical research for almost a
century, since first isolated from the bovine pituitary and investiga-

tion of spontaneous mouse mutants began in the 1920s. The role of
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the hormones of the growth axis in maintaining growth and healthy
glucose homeostasis have been well studied and despite this the
subtleties of their central and peripheral roles are still being eluci-
dated. New insights from genetically altered rodent models have
advanced our understanding of the different roles of IGF1 and
growth hormone to influence growth and energy metabolism as well
as indicating interactions in the central regulation of energy balance.
The relatively recent discovery of ghrelin has been an important step
for the understanding of meal-patterned eating, and interactions
with the growth axis are clear and profound. Questions remain
regarding this interaction, and this may be due to an absence of
growth-focussed measurements in earlier studies, therefore
highlighting an important lesson in how growth and bodyweight
models should be investigated. The orexigenic action of growth hor-
mone through hypothalamic, and especially ARC neurons have been
highlighted in recent mouse genetic investigations and this is
supported by investigations in the Siberian hamster. ARC SST and
GHRH neurons appear to be an important mediator of both seasonal
and exercise driven weight gain in the Siberian hamster, and this
adds an important step to the pathways explaining photoperiod
appropriate growth in this model species. This in turn supports a role
for these neurons in appetite regulation in general, but also as a
mediator of exercise stimulated compensatory eating. What remains
to be shown are specific mechanisms by which these pathways may
be stimulated and manipulated. These models, as well as the advent
of new technologies to investigate the spatial transcriptome and edit
the genome more efficiently, may allow for greater insights to these
pathways to combat obesity and metabolic disease. Employing these
tools in the context of increased information about the variability of
the human genome will be important in informing personalised medi-
cine in the future.

ACKNOWLEDGMENTS

R. Dumbell is funded by Nottingham Trent University, has received
funds from the Society for Endocrinology, the Genetics Society, and
the British Society for Neuroendocrinology. Thank you to Dr Gisela
Helfer for helpful feedback on an early version of this article.

Figures were created with BioRender.com.

CONFLICT OF INTEREST
The author declared that they have no conflict of interest to
this work.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1111/jne.13133.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Rebecca Dumbell " https://orcid.org/0000-0002-8805-3777

R Wi LEy-L

REFERENCES

1. Murray PG, Clayton PE. Endocrine control of growth. AJMG. 2013;
163C(2):76-85.

2. Dehkhoda F, Lee CMM, Medina J, Brooks AJ. The growth hormone
receptor: mechanism of receptor activation, cell signaling, and physio-
logical aspects. Front Endocrinol (Lausanne). 2018;9:35.

3. Jansson J-O, Gasull AD, Schéle E, et al. A body weight sensor regu-
lates prepubertal growth via the somatotropic axis in male rats. Endo-
crinology. 2021;162(6):1-11.

4. Qian Y, Berryman DE, Basu R, et al. Mice with gene alterations in the
GH and IGF family. Pituitary. 2021;25(1):1-51.

5. Hindmarsh PC, Fall CHD, Pringle PJ, Osmond C, Brook CGD. Peak
and trough growth hormone concentrations have different associa-
tions with the insulin-like growth factor Axis, body composition, and
metabolic parameters. J Clin Endocrinol Metab. 1997,7:2172-2176.

6. Steyn FJ, Xie TY, Huang L, et al. Increased adiposity and insulin corre-
lates with the progressive suppression of pulsatile gh secretion during
weight gain. J Endocrinol. 2013;2:233-244.

7. Veldhuis JD, Iranmanesh A, Ho KKY, Waters MJ, Johnson ML,
Lizarralde G. Dual defects in pulsatile growth hormone secretion and
clearance subserve the hyposomatotropism of obesity in man. J Clin
Endocrinol Metab. 1991;1:51-59.

8. Abreu A, Tovar AP, Castellanos R, et al. Challenges in the diagnosis
and management of acromegaly: a focus on comorbidities. Pituitary.
2016;4:448-457.

9. Casanueva FF, Villanueva L, Dieguez C, et al. Free fatty acids block
growth hormone (GH) releasing hormone-stimulated GH secretion in
man directly at the pituitary. J Clin Endocrinol Metab. 1987;4:634-642.

10. Berryman DE, List EO. Growth Hormone's effect on adipose tissue:
quality versus quantity. Int J Mol Sci. 2017;8:1621.

11. Sharma R, Kopchick JJ, Puri V, Sharma VM. Effect of growth hormone
on insulin signaling. Mol Cell Endocrinol. 2020;1(518):111038.

12. List EO, Berryman DE, Funk K, et al. The role of GH in adipose tissue:
lessons from adipose-specific GH receptor gene-disrupted mice. Mol
Endocrinol (Baltimore, Md). 2013;3:524-535.

13. List EO, Berryman DE, Buchman M, et al. Adipocyte-specific GH
receptor-null (AdGHRKO) mice have enhanced insulin sensitivity with
reduced liver triglycerides. Endocrinology (Philadelphia). 2019;1:68-80.

14. Kiléting N, Koch L, Wunderlich T, et al. Autocrine IGF-1 action in adi-
pocytes controls systemic IGF-1 concentrations and growth. Diabetes
(New York, N.Y.). 2008;8:2074-2082.

15. Boucher J, Softic S, EIl Ouaamari A, et al. Differential roles of insulin
and IGF-1 receptors in adipose tissue development and function. Dia-
betes (New York, N.Y.). 2016;8:2201-2213.

16. Sawchenko PE, Swanson LW, Rivier J, Vale WW. The distribution of
growth-hormone-releasing factor (GRF) immunoreactivity in the cen-
tral nervous system of the rat: an immunohistochemical study using
antisera directed against rat hypothalamic GRF. J Comp Neurol. 1985;
1:100-115.

17. Ishikawa K, Taniguchi Y, Kurosumi K, Suzuki M, Shinoda M. Immuno-
histochemical identification of somatostatin-containing neurons
projecting to the median eminence of the rat. Endocrinology. 1987;1:
94-97.

18. Proudan N, Peroski M, Grignol G, Merchenthaler I, Dudas B. Juxtapo-
sitions between the somatostatinergic and growth hormone-releasing
hormone (GHRH) neurons in the human hypothalamus. Neuroscience.
2015;297:205-210.

19. Donato J, Jose WF, Furigo IC, Metzger M, Frazdo R. Central regula-
tion of metabolism by growth hormone. Cells (Basel, Switzerland).
2021;1:129.

20. Willoughby JO, Martin JB. Pulsatile growth hormone secretion: inhib-
itory role of medial preoptic area. Brain Res. 1978;1:240-244.

21. Furigo IC, Teixeira PDS, de Souza GO, et al. Growth hormone regu-
lates neuroendocrine responses to weight loss via AgRP neurons. Nat
Commun. 2019;1:662.


http://biorender.com
https://publons.com/publon/10.1111/jne.13133
https://publons.com/publon/10.1111/jne.13133
https://orcid.org/0000-0002-8805-3777
https://orcid.org/0000-0002-8805-3777

= L wiLe Y- |

22.

23.
24.

25.

26.

27.
28.
29.

30.

31

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

DUMBELL

Bohlooly-Y M, Olsson B, Bruder CE, et al. Growth hormone over-
expression in the central nervous system results in hyperphagia-
induced obesity associated with insulin resistance and dyslipidemia.
Diabetes. 2005;1:51-62.

Morrison CD, Daniel JA, Hampton JH, et al. Luteinizing hormone and
growth hormone secretion in ewes infused intracerebroventricularly
with neuropeptide Y. Domest Anim Endocrinol. 2003;1:69-80.

Huang L, Tan HY, Fogarty MJ, et al. Actions of NPY, and its Y1 and
Y2 receptors on pulsatile growth hormone secretion during the fed
and fasted state. J Neurosci. 2014;49:16309-16319.

Pierroz DD, Catzeflis C, Aebi AC, Rivier JE, Aubert ML. Chronic
Administration of Neuropeptide Y into the lateral ventricle inhibits
both the pituitary-testicular Axis and growth hormone and insulin-like
growth factor | secretion in intact adult male rats. Endocrinology.
1996;1:3-12.

Freda PU, Reyes-Vidal C, Jin Z, et al. Plasma agouti-related protein
levels in acromegaly and effects of surgical or Pegvisomant therapy.
J Clin Endocrinol Metab. 2019;11:5453-5461.

Dickson PR, Vaccarino FJ. GFR-induced feeding: evidence for protein
selectivity and opiate involvement. Peptides. 1994;8:1343-1352.
Vaccarino FJ, Taube MR. Intra-arcuate opiate actions stimulate GRF-
dependent and protein- selective feeding. Peptides. 1997;2:197-205.
Sotos-Prieto M, Guillén M, Guillem-Saiz P, Portolés O, Corella D. The
rs1466113 polymorphism in the somatostatin receptor 2 gene is
associated with obesity and food intake in a mediterranean popula-
tion. Ann Nutr Metab. 2010;2:124-131.

Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist JK. Expression of
ghrelin receptor mRNA in the rat and the mouse brain. J Comp Neurol.
1911;2006(3):528-548.

Miuiller TD, Nogueiras R, Andermann ML, et al. Ghrelin. Mol Metab
(Germany). 2015;6:437-460.

Chapman IM, Hartman ML, Pezzoli SS, Thorner MO. Enhancement of
pulsatile growth hormone secretion by continuous infusion of a
growth hormone-releasing peptide mimetic, L-692,429, in older
adults--a clinical research center study. J Clin Endocrinol Metab. 1996;
8:2874-2880.

Zhao T, Liang G, Li RL, et al. Ghrelin O-acyltransferase (GOAT) is
essential for growth hormone-mediated survival of calorie-restricted
mice. Proc Natl Acad Sci. 2010;16:7467-7472.

Peris-Sampedro F, Le May MV, Stoltenborg |, Schéle E, Dickson SL. A
skeleton in the cupboard in ghrelin research: where are the skinny
dwarfs? J Neuroendocrinol. 2021;11:€13025-n/a.

Peris-Sampedro F, Stoltenborg |, Le May MV, Zigman JM, Adan RAH,
Dickson SL. Genetic deletion of the ghrelin receptor (GHSR) impairs
growth and blunts endocrine response to fasting in Ghsr-IRES-Cre
mice. Mol Metab (Germany). 2021;51:101223.

Scherbarth F, Steinlechner S. Endocrine mechanisms of seasonal
adaptation in small mammals: from early results to present under-
standing. J Comp Physiol. 2010;7:935-952.

Helfer G, Stevenson TJ. Pleiotropic effects of proopiomelanocortin
and VGF nerve growth factor inducible neuropeptides for the long-
term regulation of energy balance. Mol Cell Endocrinol. 2020;514:
110876.

Helfer G, Dumbell R. Endocrine drivers of photoperiod response. Curr
Opin Endocr Metab Res. 2020;11:49-54.

Mercer JG, Moar KM, Logie TJ, Findlay PA, Adam CL, Morgan PJ.
Seasonally inappropriate body weight induced by food restriction:
effect on hypothalamic gene expression in male Siberian hamsters.
Endocrinology. 2001;10:4173-4181.

Barrett P, Ebling FJP, Schuhler S, et al. Hypothalamic thyroid hor-
mone catabolism acts as a gatekeeper for the seasonal control of
body weight and reproduction. Endocrinology. 2007;8:3608-3617.
Murphy M, Jethwa PH, Warner A, et al. Effects of manipulating hypo-
thalamic triiodothyronine concentrations on seasonal body weight
and torpor cycles in Siberian hamsters. Endocrinology. 2012;1:
101-112.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

Petri |, Dumbell R, Scherbarth F, Steinlechner S, Barrett P. Effect of
exercise on photoperiod-regulated hypothalamic gene expression and
peripheral hormones in the seasonal dwarf hamster Phodopus sun-
gorus. PLoS ONE. 2014;3:€90253.

Dehnel A. Studies on the genus Sorex L. Ann Univ Mariae Curie-
Sklodowska. 1949;2:17-102.

Laartz B, Losee-Olson S, Ge Yi R, Turek FW. Diurnal, photoperiodic,
and age-related changes in plasma growth hormone levels in the
golden hamster. J Biol Rhythms. 1994;2:111-123.

Bao R, Onishi KG, Tolla E, et al. PMC6600942; genome sequencing
and transcriptome analyses of the Siberian hamster hypothalamus
identify mechanisms for seasonal energy balance. Proc Natl Acad Sci
USA.2019;26:13116-13121.

Ross AW, Russell L, Helfer G, Thomson LM, Dalby MJ, Morgan PJ.
PMC4366045; photoperiod regulates lean mass accretion, but not
adiposity, in growing F344 rats fed a high fat diet. PLoS one. 2015;3:
e0119763.

Petri |, Diedrich V, Wilson D, et al. PMC4942572; orchestration of
gene expression across the seasons: hypothalamic gene expression in
natural photoperiod throughout the year in the Siberian hamster. Sci
Rep. 2016;6:29689.

Dumbell RA, Scherbarth F, Diedrich V, Schmid HA, Steinlechner S,
Barrett P. Somatostatin agonist Pasireotide promotes a physiological
state resembling short-day acclimation in the photoperiodic male Sibe-
rian hamster (Phodopus sungorus). J Neuroendocrinol. 2015;7:588-599.
Weckbecker G, Briner U, Lewis |, Bruns C. SOM230: a new somato-
statin peptidomimetic with potent inhibitory effects on the growth
hormone/insulin-like growth factor-I axis in rats, primates, and dogs.
Endocrinology. 2002;10:4123-4130.

Dumbell R, Petri I, Scherbarth F, et al. Somatostatin agonist
Pasireotide inhibits exercise-stimulated growth in the male Siberian
hamster (Phodopus sungorus). J Neuroendocrinol. 2017;29.

Scherbarth F, Petri |, Steinlechner S. Effects of wheel running on pho-
toperiodic responses of Djungarian hamsters (Phodopus sungorus).
J Comp Physiol B. 2008;5:607-615.

Thomas EM, Jewett ME, Zucker I. Torpor shortens the period of Siberian
hamster circadian rhythms. Am J Physiol Regul. 1993;34(4):R951-R956.
Borer KT, Kelch RP. Increased serum growth hormone and somatic
growth in exercising adult hamsters. Am J Physiol. 1978;6:611.

. Pedroso JAB, Dos Santos LPB, Furigo IC, et al. Deletion of growth

hormone receptor in hypothalamic neurons affects the adaptation
capacity to aerobic exercise. Peptides. 2021;135:170426.

Landry T, Shookster D, Chaves A, Free K, Nguyen T, Huang H. Exer-
cise increases NPY/AgRP and TH neuron activity in the hypothalamus
of female mice. J Endocrinol. 2022;252(3):167-177.

Bouchard C, Blair SN, Church TS, et al. Adverse metabolic response to
regular exercise: is it a rare or common occurrence? PLoS ONE. 2012;7
(5):e37887.

Timmons JA. Variability in training-induced skeletal muscle adapta-
tion. J Appl Physiol. 2011;3:846-853.

Caudwell P, Hopkins M, King NA, Stubbs RJ, Blundell JE. Exercise
alone is not enough: weight loss also needs a healthy (Mediterranean)
diet? Public Health Nutr. 2009;9:1663-1666.

King NA, Horner K, Hills AP, et al. Exercise, appetite and weight man-
agement: understanding the compensatory responses in eating
behaviour and how they contribute to variability in exercise-induced
weight loss. Br J Sports Med. 2012;5:315-322.

Loos RJF, Yeo GSH. The genetics of obesity: from discovery to biol-
ogy. Nat Rev Genet. 2022;23(2):120-133.

Hallengren E, Aimgren P, Svensson M, et al. Genetic determinants of
growth hormone and GH-related phenotypes. BMC Genomics. 2017;
1:822.

Hallengren E, Almgren P, Engstrém G, et al. Fasting levels of high-
sensitivity growth hormone predict cardiovascular morbidity and
mortality: the Malmo diet and cancer study. J Am Coll Cardiol. 2014;
14:1452-1460.



DUMBELL

63.

64.

Turcot V, Lu Y, Highland HM, et al. Protein-altering variants associ-
ated with body mass index implicate pathways that control energy
intake and expenditure in obesity. Nat Genet. 2018;1:26-41.

Parsons MJ, Brancaccio M, Sethi S, et al. The regulatory factor ZFHX3
modifies circadian function in SCN via an AT motif-driven axis. Cell.
2015;3:607-621.

R Wi LEy-L

How to cite this article: Dumbell R. An appetite for growth:
The role of the hypothalamic - pituitary - growth hormone
axis in energy balance. J Neuroendocrinol. 2022;e13133.
doi:10.1111/jne.13133


info:doi/10.1111/jne.13133

	An appetite for growth: The role of the hypothalamic - pituitary - growth hormone axis in energy balance
	1  INTRODUCTION
	2  THE GROWTH AXIS AND PERIPHERAL METABOLISM
	3  THE GROWTH AXIS IN THE HYPOTHALAMUS
	4  GHRELIN AMPLIFIES PULSATILE GROWTH HORMONE SECRETION
	5  LESSONS FROM SEASONAL MAMMALS
	6  THE GROWTH AXIS AND EXERCISE
	7  HUMAN GENOMICS AND PERSONALISED MEDICINE
	8  CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


