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Abstract

Sections

Upon fasting, mammals undergo a fasting response in which the liver’s
mainroleis producing fuel (glucose and ketone bodies) to supply
extra-hepatic tissues. Glucose is produced by glycogenolysis and
gluconeogenesis, and ketone bodies are produced by ketogenesis,
whichis preceded by lipolysis and fatty acid oxidation. Hepatic fuel
production during fasting is controlled by hormonal and metabolic
cues, collectively termed here ‘fasting cues’. In this Review, we discuss
fasting cues that directly signal hepatocytes and whose plasma levels
increase upon fasting, namely, glucagon, glucocorticoids, growth
hormone, adrenaline, free fatty acids, asprosin and GP73. We outline
the fasting-dependentincreasesin blood levels of these cues, how they
regulate transcription and the metabolic consequences of these cuesin
hepatocytes. We put particular emphasis on their role in directing fuel
production. The perception of endocrine control of fuel production

is shifting from the classic ‘counter-regulatory’ notion that fasting
cues are simply opposing insulin action, to the realization that fasting
cues cooperate with each other to elicit a synergistic response and
also complement each other’s actions indirectly. We discuss these
modes of crosstalk and cooperation between fasting cues and describe
the effects of signal integration on the transcriptional and metabolic
response to fasting.
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Key points

¢ Circulating fasting cues originating from several organs signal
hepatocytes during fasting and govern hepatic production of glucose
and ketone bodies.

o Hepatic glucose production is mainly controlled by glucagon and
glucocorticoids, with contributions from other fasting cues such as
adrenaline.

e Gluconeogenesis is dependent on amino acid catabolism, and both
processes are markedly transcriptionally regulated.

o Lipolysis in white adipose tissue is controlled by adrenaline, growth
hormone and glucocorticoids, leading to a flow of free fatty acids into
hepatocytes.

o Free fatty acids serve as both precursors for ketogenesis and signalling
cues activating a ketogenic gene programme.

e Fasting cues cooperate with each other to optimize fuel production
by synergistic gene induction achieved by several transcriptional
mechanisms.

Introduction

Most mammals are exquisitely adapted to frequent and lengthy peri-
ods of fasting. The bodily response to fasting entails a set of systemic
events that help toreduce energy use, utilizing internal energy stores
and theinternal production of fuels". This so-called fasting response
iscontrolled by varioustissues, including the brain, liver, white adipose
tissue (WAT), pancreas and skeletal muscle. During fasting, glycogen
stores are broken downin glycogenolysis, which is the release of glucose
monomers fromglycogen (a polysaccharide). Inmany tissues, glycog-
enolysis supplies glucose as a precursor for glycolysis, thus compen-
sating for the lack of dietary glucose'. In addition, fasting attenuates
synthesis of fatty acids, triglycerides and cholesterol to divert energy
into more urgent needs and to facilitate fatty acid oxidation (FAO),
which providesbioavailable energy. Although FAO and glycogenolysis
are sufficient to supply energy in most tissues, they are unattainable or
insufficientin certaintissues, such as the brain. The liver produces and
releases fuels during fasting to supply the demands of extra-hepatic
tissues, especially those that do not rely on FAO. The liver produces two
types of fuel during fasting: glucose and ketone bodies.

Glucose is produced by two different processes: glycogenolysis
and gluconeogenesis. Inhepatocytes, glucose monomers originating
from glycogenolysis do not enter glycolysis but are instead released
into the circulation to supply other tissues. Gluconeogenesis is the de
novo synthesis of glucose from non-carbohydrate precursors: amino
acids, glycerol and lactate. Glucose originating from gluconeogenesis
isalsoreleasedinto thecirculation. Hepatic glucose production (HGP)
by glycogenolysis and gluconeogenesis constitutes the majority of
total glucose produced in the body, with renal glucose production
contributing a notable portion as well**,

The other fuel produced by hepatocytes and released into the
circulationis ketone bodies: 3-hydroxybutyric acid (BHB; also known
as-hydroxybutyrate), acetoacetate and acetone. BHB is the principal
ketone body, with the highest circulating levels. After a few days of

fasting, plasma levels of BHB can reach as high as 5mM in humans’.
Ketone bodies are produced in a process called ketogenesis, in which
acetyl-coenzyme A (CoA) serves as a precursor®.

During fasting, the liver prioritizes glycogenolysis, gluconeogen-
esis and ketogenesis (collectively termed hepatic fuel production),
and the rates of these metabolic pathways are considerably higher in
the fasted state than in the fed state*”%, Concomitantly, precursors
for gluconeogenesis and ketogenesis are released from extra-hepatic
tissuesinto the circulation and are taken up by theliver. During fasting,
lipolysis occurs in WAT, where triglycerides are hydrolysed to release
glycerol and free fatty acids (FFAs) into the circulation’. FFAs reach the
liver and are oxidized in hepatocytes to produce acetyl-CoA thatisthen
diverted to ketogenesis’. Glycerol serves as a precursor for gluconeo-
genesis andits contributionto HGP is higher during fasting thanin the
fed state'’. Another important metabolic process that occurs during
fastingis protein catabolismin skeletal muscle, which resultsinamino
acidsthat travel through the blood to the liver, where they serve as the
major gluconeogenic precursor.

Hepatic fuel productionis made possible by arange of events. The
first of these is increased flux of precursors for gluconeogenesis and
ketogenesis from extra-hepatic tissues'’; second, increased enzymatic
activity ofkey enzymesinvolvedinfuel production; third, increased gene
expression of enzymes, carriers, transporters and transcription factors
involved in fuel production”; fourth, decreased activity and expression
of proteins related to opposing metabolic pathways, such as lipogen-
esis, glycolysis and cholesterol biosynthesis'. These events are tightly
controlled by several circulating endocrine and metabolite cues. In this
Review, we summarize these ‘fasting cues’. We focus our discussion on
circulating cues that directly signal hepatocytes and whose plasmalevels
increase uponfasting (Fig.1). Our focusis onnormal physiology and we
only briefly touch on disease states related to these cues.

Glucagon

Glucagonis apeptide hormone secreted from a-cellsin the pancreatic
islets of Langerhansto the portal vein. The mature glucagon hormone
isaresult of proglucagon cleavage. The gene encoding glucagon also
contains sequences encoding glucagon-like peptide (GLP) 1and 2,
oxyntomodulin and glicentin, but these are produced and secreted
following cleavage of a different convertase in gut enteroendocrine
L-cells. It is well established that reduced blood levels of glucose
stimulate glucagon secretion from a-cells®. Glucagon secretion is
also potently stimulated by amino acids and more mildly by FFAs"™,
Furthermore, somatostatin and insulin are negative regulators of
glucagon secretion®.

Ample evidence shows that plasmalevels of glucagonincrease dur-
ing fastingin humans, mice and rats (Supplementary Table1). Because
theliveristhefirst organthatencounters portally secreted glucagon,
hepatocytes are exposed to much higher glucagon concentrations than
those measured in peripheral blood”. Moreover, accurately measuring
glucagon is challenged by low plasma concentrations as well as tech-
nical hurdles'. It is therefore probable that glucagon measurements
represent an underestimation of true glucagon levels encountered
by hepatocytes. The increase in glucagon secretion during fasting is
attributed toreduced glycaemia. Plasmalevels of amino acids increase
during fasting owing to muscle protein catabolism. Because amino
acids are potent stimulators of glucagon secretion, it is plausible,
although notreported, that circulating amino acids that originate from
muscle during fasting also stimulate glucagon secretion in addition to
reduced glycaemia.
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Fig.1| Circulating fasting cues. Various tissues
release cues into the circulation during fasting

to signal hepatocytes and to activate hepatic fuel
production. The figure details the fasting cues whose
blood levels rise during fasting and that signal to the
liver; see Supplementary Table 1for more details.
GP73, Golgi protein 73.
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The three axes of glucagon signalling in hepatocytes

Glucagon elicits its downstream effects by binding to the glucagon
receptor (GCGR), which is mostly expressed in the liver, kidney and
pancreas. The mainsite of action for glucagonis the liver, as suggested
by the high expression of its receptor in hepatocytes”, its wide effect
on hepatocyte metabolism'® and by the fact that most glucagon is used
by the liver before it can reach other organs”. Glucagon binding to
the GCGR leads to activation of adenylate cyclase, which produces
cAMP”. Protein kinase A (PKA) is activated by cAMP and phosphoryl-
ates awide range of protein substrates. The glucagon-cAMP axis also
activates exchange protein activated by cAMP (EPAC)*. In addition
to the glucagon-cAMP axis, GCGR activates phospholipase C (PLC),
which leads to increased inositol 1,4,5-trisphosphate (IP;) levels and
the subsequent release of Ca* from the endoplasmicreticulumto the
cytoplasm. Cytosolic Ca?* binds calmodulin and activates downstream
calmodulin-dependent kinases (CAMK)?. Inaddition to these two major
signalling arms, glucagon also activates mitogen-activated protein
kinases, such as p38 (refs. 22,23).

Glucagon activates HGP and supports intra-hepatic lipolysis

Glucagon potently increases HGP by activating glycogenolysis and
gluconeogenesis™******, Theincrease in HGP following glucagon secre-
tionis due to direct signalling in hepatocytes®?. Glucagon also has a
centralroleinthe hepatic uptake and catabolism of amino acids, which
are major precursors for gluconeogenesis. Amino acids are catabolized
via several enzymatic routes to produce oxaloacetate or pyruvate,
which then enter the gluconeogenesis pathway. The carbon backbone
ofthe amino acidsis used for gluconeogenesis and the amino groups
enter the ureacycle. Thus, to efficiently produce glucose from amino
acids, ureagenesis needs tobe fully functional aswell. Indeed, gluconeo-
genesis and ureagenesis are coupled and increased levels of glucagon
areassociated with increased ureagenesis”>°. Theimportance of gluca-
gon in amino acid catabolism and ureagenesis was shown in various
approaches: for instance, glucagon infusion increases hepatic amino

acids uptake in humans**?**, Furthermore, blocking GCGR action in
mice withanantibody, apharmacological antagonist or by deleting the
Gcegrgene all lead to elevation of plasma levels of amino acids owing
to interrupted hepatic amino acid uptake®>**, Similar effects were
observed when deleting sequences within the mouse Gcg gene, which
encodes mature glucagon’®.

Evidence has accumulated to show thatinaddition to HGP, gluca-
gon supports intra-hepatic lipolysis and FAO by several suggested
mechanisms. These include: glucagon-Ca®-IP;signalling”; shifting the
balance from fatty acid synthesis to FAO*® by inhibition of acetyl-CoA
carboxylase®; activation of peroxisome proliferator-activated recep-
tor alpha (PPAR«), the key transcription factor promoting FAO*; and
crosstalk with the androgen receptor*’. The FAO-promoting effects of
glucagon serve a purpose beyond energy production; FAO increases
the levels of acetyl CoA, which allosterically activates pyruvate car-
boxylase, the first enzyme in the gluconeogenesis pathway. Thus, by
increasing FAO, glucagon also indirectly stimulates gluconeogenesis™.
Glucagon was also suggested to directly promote WAT lipolysis, buta
study inadipose-specific Gegrknockout mice clearly shows nolipolytic
effects of glucagon*, which fits with findings from previous studiesin
humans***, Thus, although glucagon promotes intra-hepatic lipoly-
sis, it is not an important WAT lipolytic hormone in fasting. Instead,
other fasting cues and low levels of insulin have the principal WAT
lipolytic role (discussed in sections Glucocorticoids, Growth hormone
and Adrenaline).

Astudyin mice shows no contribution of glucagon to ketogenesis
in the presence of intact insulin signalling®. No decrease in fasting
levels of BHB was observed in the presence of an antibody blocking
GCGRorinmice deficientin the gene encoding glucagon. Inaddition,
injections of exogenous glucagon did not elevate fasting levels of
BHB. Only after insulin production was completely abolished (using
streptozotocin) was glucagon injection able to increase BHB levels®.
This finding aligns with previous studies in humans, in which gluca-
gon infusion either failed to induce ketogenesis*®* or stimulated it
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only in the complete absence of insulin signalling caused by type 1
diabetes mellitus or administration of somatostatin***’, Thus, ina
non-pathological setting, when insulin signalling is intact, glucagon
does not stimulate ketogenesis.

Glucagon extensively alters hepatic gene expression and
enhancer status

The mechanisms by which glucagon stimulates amino acid catabolism
and HGP are widespread and diverse. Hepatic glucagon signalling is
known toregulate several enzymes by phosphorylation, thus activating
HGP?*°, Inaddition, glucagon markedly alters hepatic gene expression
to promote gluconeogenesis. For instance, various studies have pro-
filed the transcriptome of livers and primary hepatocytes in response
to glucagon, showing changesin the expression of hundreds of genes.
The transcriptional effects of glucagon support gluconeogenesis from
two main directions, as shown in mice and rats: glucagon induces the
expression of two key gluconeogenic genes (PckI and Gépc)*"**and of
many genes with protein products involved inamino acid catabolism,
providing gluconeogenic precursors. These include genes encoding
amino acids transporters, enzymesinvolved in amino acids catabolism
and urea cycle enzymes® >, Similarly, impairing the GCGR in mice
reduces the expression of genes associated withamino acid catabolism
and amino acid transporters in the liver?2%3235¢,

Therobust gene regulation governed by glucagon is mediated by
glucagon-activated transcription factors. The chief glucagon-activated
transcription factor is cAMP response element binding protein (CREB).
Following activation by glucagon, PKA phosphorylates and activates
CREB. In addition, both the cAMP and Ca?* glucagon signalling axes
activate cAMP-regulated transcriptional co-activators (CRTCs), which
are essential for CREB activity”. Several pieces of evidence support the
notion that many of the genes regulated by glucagon are regulated
through CREB. For instance, the glucagon-dependent induction of
genes associated with gluconeogenesis and amino acid catabolism is
impaired when CREB activity or expressionis depleted in mice®>*°%,
In addition, inhibition of CREB reduces gluconeogenesis®, fasting
glycaemia® and HGP in primary mouse hepatocytes®. In contrast to
these findings, hepatocyte-specific deletion of CREB had no effect on
glycaemia, gluconeogenesis and gluconeogenic gene expression in
mice®. This contradictory finding possibly results from compensa-
tion by a different transcription factor in hepatocytes and/or by renal
gluconeogenesis.

CREB phosphorylation and interaction with CRTCs increase the
association of CREB with the acetyl transferases p300 and CBP, thereby
increasing histone H3K27 acetylation. These eventslead to activation of
DNAregulatoryregionstermed enhancers and subsequentinduction
of gluconeogenic gene expression®. Inaddition to H3K27 acetylation,
the CREB-CRTC complex brings about achromatin environment con-
ducive to gene expression by affecting various histone modifications;
glucagon leads to increases in H3K9 acetylation and H3R2 dimeth-
ylation, both of which promote gluconeogenic gene expression®"*%,
Moreover, the glucagon-PKA-CREB axis markedly promotes histone
phosphorylation. Fasting leads to overt phosphorylation of H3S28,
which is especially evident around the promoters of gluconeogenic
genes. CREB recruits PKA to the promoters of gluconeogenic genes
and PKA, in turn, catalyses H3528 phosphorylation, which increases
gluconeogenic gene expression®,

The effects of CREB are not limited to a few genomic regions;
several studies have delineated the binding of CREB in liver cells and
showed itoccupies thousands of binding sites throughout the genome.

The first genome-wide profiling of CREB binding in mouse liver by
chromatin-immunoprecipitation sequencing uncovered thousands
of CREB binding sites. The authors found that CREB binding was
largely unaffected by fasting and that CREB binds the same genomic
regionsinthe fed state®®. However, we, as well as another group, found
fasting-dependent increases in CREB binding®®**. Fitting with this
finding, enhancers containing the CREB motif showed higher chro-
matin accessibility and CREB ‘footprints’ in fasted mice than in fed
mice®*. In addition, primary mouse hepatocytes treated with gluca-
gon showed anincrease in CREB binding compared with untreated
hepatocytes in various genomic regions, some of which were near
gluconeogenic genes®. Thus, fasting and glucagon signalling increase
CREBbindingto certain, but notall, enhancers, which then promotes
gene expression.

In addition to CREB, glucagon activates FOXO1. Glucagon leads
to phosphorylation of FOXO1, which increases FOXO1 stability and
nuclear localization. This phosphorylation of FOXO1 occurs by both
the cAMP-PKA signalling arm® and the cAMP-EPAC-p38 signalling
arm®. Glucagon-dependent phosphorylation of FOXO1 supports the
induction of gluconeogenic gene expression and thus promotes glu-
coneogenesis. Inaddition, glucagon-Ca?-CAMKIIsignalling increases
FOXOL1 nuclear localization®. The glucagon-p38 axis also activates
PPARa®, which s the principal transcription factor responsible for FAO
and ketogenesis, but there is little evidence about the importance of
this axis during fasting.

In addition to directly activating transcription factors, glucagon
alsoinducesthe expression of several genes encoding transcription fac-
tors and co-activators: C/EBPJ, KLF15 and PGC1a®®, Upon translation,
these factorsalso support gluconeogenesis by inducing the expression
of genes associated with gluconeogenesis®*°~’!, Thus, in addition to
primary gene induction governed by glucagon, secondary effects are
also apparent.

In summary, glucagon levels increase during fasting. The main
target tissue of glucagonis the liver, where it initiates three signalling
axes that activate enzymes and transcription factors. In addition,
glucagonssignalling activates enzymesinvolved inglycogenolysis and
gluconeogenesis. Glucagon also promotes amino acid catabolism and
intra-hepatic lipid catabolism to support gluconeogenesis (Fig. 2).

Glucocorticoids

Glucocorticoids are steroid hormones produced in the adrenal cortex.
Cortisol is the predominant glucocorticoid in humans, and corticos-
teroneis the main glucocorticoid in mice; both have indistinguishable
downstream effects. The production and secretion of glucocorticoids
are controlled by the hypothalamic-pituitary-adrenal (HPA) axis. Inthe
face of stressors, the HPA axis is activated to maintain homeostasis™.
This so-called stress response can be activated following various dif-
ferentstressors, including fasting. The stress response s elicited in the
hypothalamus, where corticotropin-releasing hormone leads to secre-
tion of adrenocorticotropic hormone from pituitary corticotrophs
into the circulation. Then, adrenocorticotropic hormone stimulates
the synthesis and secretion of glucocorticoids from the adrenal cortex.
Glucocorticoids suppress their own secretion in a negative feedback
loop by acting on the hypothalamus and pituitary’. Fasting and the
resulting reduction in glycaemia are common stressors. Indeed, the
plasmalevels of glucocorticoids increase in humans, mice and rats
upon fasting (Supplementary Table 1). In a paper published in 2023,
the specific neural mechanism for fasting-dependent activation of
the HPA axis was uncovered”.
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Plasma levels increase twofold
to threefold during fasting ®
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Fig.2|Glucagon ssignalling in hepatocytes promotes glucose production.
Upon binding to the glucagon receptor (GCGR), glucagon activates three
signalling arms. Glucagon binding to the GCGR leads to activation and
dissociation of subunits G;and G, from the receptor. G, then activates adenylate
cyclase, which produces cAMP. cAMP activates protein kinase A (PKA), leading to
activation of gluconeogenic enzymes and glycogenic enzymes, as well as cAMP
response element binding protein (CREB) and cAMP-regulated transcriptional
co-activator (CRTC). G, activates phospholipase C (PLC), leading to increased
inositol 1,4,5-trisphosphate (IP;) levels and the subsequent release of Ca* from

the endoplasmic reticulum (ER) to the cytoplasm, leading to activation of
CRTC and FOXOL1. Both the PLC and PKA arms activate CRTC by promoting its
nuclear localization and physical interaction with CREB. FOXOl is activated

by glucagon-dependent mitogen-activated protein kinase (MAPK) signalling.
Both CREB and FOXO1induce the expression of gluconeogenic genes. CREB
alsoinduces awidespread gene programme of amino acid catabolism and urea
cycle genes. CAMK, calmodulin-dependent kinase; CBP, CREB-binding protein;
ERK, extracellular signal-regulated kinase; JNK, Jun N-terminal kinase.

Glucocorticoid secretion is not constant throughout the day but
rather fluctuatesin a circadian manner. Glucocorticoid levelsincrease
towards the end of the inactive phase (before morning in humans and
before night in mice) and peak 30 min after awakening™. In addition
to this circadian rhythm, glucocorticoids are secreted in an ultradian
manner with pulses every 60 min or 180 min in mice and humans,
respectively”’.

The bifurcated effects of glucocorticoids

Glucocorticoids diffuse through the plasma membrane and enter the
cytosol, where they bind to the glucocorticoid receptor. Unbound
glucocorticoid receptor is kept in the cytosol via interactions with a
chaperone complex”. Upon binding of glucocorticoids to the gluco-
corticoid receptor, the nuclear localization sequence of the gluco-
corticoid receptor is exposed, which leads to nuclear entry, followed
by binding to enhancers in the genome’®. DNA-bound glucocorticoid
receptor assumes a tetramer structure thatis highly active ininducing
gene expression’*%,

The downstream effects of glucocorticoids are various and wide-
spread. Glucocorticoid receptoris expressed in most cell types and thus
glucocorticoids affect almost all tissues. Broadly, the effects of gluco-
corticoids can be divided into two groups: metabolic-related effects
and immune-related effects. Glucocorticoids are named after their
capability toincrease glycaemia®. Many studies have repeatedly shown
the role of glucocorticoids in elevating blood levels of glucose®***,
which is made possible by both a glucocorticoid-dependent increase
in gluconeogenesis and inhibition of peripheral glucose uptake®.

Glucocorticoids have a potent anti-inflammatory capacity, an attrib-
ute thatisused extensively insynthetic glucocorticoids that treat condi-
tions of excessive inflammation or heightenedimmune reactions®’. The
metabolic effects of glucocorticoids are also activated by these drugs,
posing amajor health concern as long-term treatment with glucocorti-
coidsisassociated with hyperglycaemia, prediabetes and type 2 diabetes
mellitus®. These conditionsarise as aresult of glucocorticoid-dependent
activation of HGP, insulin resistance, impaired 3-cell activity and
increased WAT lipolysis®. Similar effects are also evident in endogenous
hypercortisolism, asis seenin Cushing syndrome®*.

Glucocorticoids transcriptionally induce a metabolic shift
during fasting
The glucocorticoid receptor is a potent transcription factor that
regulates many hepatic genes and shows increased binding to many
enhancers following fasting">’%, By regulating gene expression, the
glucocorticoid-glucocorticoid receptor axis regulates both gluco-
neogenesis and ketogenesis. The glucocorticoid receptor promotes
gluconeogenesis in mice and rats by increasing the expression of
gluconeogenic genes such as PcklI (refs. 75,85). We showed that the
glucocorticoid receptor, together with CREB, induces the expression
of dozens of genes involved in amino acid catabolism that are needed
for effective gluconeogenesis®™. Deletion of glucocorticoid receptorin
a hepatocyte-specific manner results in hypoglycaemia upon fasting
and areduction in gluconeogenic gene induction in mice®.

The circadian pattern of glucocorticoid secretion, in which glu-
cocorticoid levels rise towards the end of the inactive phase, aligns
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with fasting-feeding cycles and serves two purposes. First, the
glucocorticoid-glucocorticoid receptor axis induces the expression
of gluconeogenic genes, thereby augmenting gluconeogenesis. This
effectbecomesimportant towards the end of the inactive phase owing
to depletion of glycogen stores during sleep. Second, glucocorticoids
serve to prepare the liver to the expected feeding time. The glucocor-
ticoid receptor binds an enhancer near the Gck gene in mice, which
isinvolved in glycolysis. Upon awakening and feeding, insulin levels
increase and promote glycolysis partly by inducing expression of Gck
inmice. Thisinduction by insulinisimpaired in mice lacking the gluco-
corticoid receptor in hepatocytes®. Thus, glucocorticoids promote
two opposing metabolic pathways (gluconeogenesis and glycolysis) by
cooperating with two different hormones, namely, glucagon andinsulin.

The gluconeogenic effects of glucocorticoids described in the
previous paragraphs are brought about by direct glucocorticoid
receptor-dependent gene induction. By contrast, the ketogenic
effect of glucocorticoids is more intricate and is achieved by indi-
rect and secondary effects of the glucocorticoid receptor on PPARa.
A dual treatment of glucocorticoids together with a PPARa agonist in
primary mouse hepatocytes leads to synergistic induction of genes
involved in FAO, lipid catabolism and ketogenesis®**¢, Two studies
from the past few years revealed the important contribution of the
glucocorticoid-glucocorticoid receptor axis to ketogenesis and its
mechanism during fasting. In one, we showed that the synergistic
induction of genes by the glucocorticoid receptor and PPARa is a
result of a transcriptional cascade initiated by the glucocorticoid
receptor. Upon activation by glucocorticoids, the glucocorticoid
receptor induces the expression of several genes in mouse liver that
encode transcription factors, one of whichis Ppara. As aresult, levels
of PPARaincrease, which, following activation by an agonist, activates
enhancers and induces the expression of ketogenic genes®. In the
other study, deletion of the glucocorticoid receptor specifically in
Kupffer cells (liver-resident macrophages) perturbed ketogenesis in
mice®. The mechanism behind this finding was determined: tumour
necrosis factor (TNF) signalling in hepatocytes dampened glucocorti-
coid receptor nuclear entry. Reduced nuclear levels of glucocorticoid
receptorimpaired the PPARa-dependentincreasein the expression of
various genes associated with ketogenesis. During fasting, glucocor-
ticoids activated the glucocorticoid receptor in Kupffer cells, which
repressed TNF production and alleviated the inhibition of TNF on
hepatocyte glucocorticoid receptors®. Taken together, these stud-
ies show that glucocorticoid receptor in Kupffer cells inhibits TNF
production, which enables glucocorticoid receptor-PPARa-mediated
synergistic geneinductionin hepatocytes and promotes ketogenesis.
In addition to glucocorticoid receptor-PPARa cooperation in the
liver, the glucocorticoid-glucocorticoid receptor axis in adipocytes
mightindirectly activate hepatic PPARa; glucocorticoids activate WAT
lipolysis in a glucocorticoid receptor-dependent manner®*~*2, Thus,
glucocorticoids contribute to supplying FFAs to support ketogenesis
and to activate PPAR« (see the Free fatty acids section). Fitting with
these data from mice, administration of exogenous glucocorticoids
increased ketogenesis in humans®**,

The multilayered crosstalk of glucocorticoid receptor with
other transcription factors

Transcription factors cooperate with each other in many different ways,
which has been well studied in the liver®. The glucocorticoid receptor
stands outas atranscription factor with variousinteractions with other
transcription factors in different contexts’°. In this section, we will

focus on crosstalk directly affecting the fasting response (in addition
toglucocorticoid receptor-PPAR« crosstalk already described in the
previous section).

A major mode of transcription factor cooperation is termed
assisted loading. In assisted loading, one transcription factor binds
anenhancer, leading toincreased chromatinaccessibility accompanied
byincreased histone modifications associated with active enhancers”.
These events, triggered by the first transcription factor, assist the
loading of a second transcription factor to the enhancer, further aug-
menting enhancer activation and gene regulation. Thus, binding of one
transcription factor promotes the binding of a second transcription
factor, often causing synergistic gene induction (Box 1). Even before the
termassisted loading was coined”®, an assisted loading-type phenom-
enon was described between the glucocorticoid receptor and FOXA
in liver cells; following glucocorticoid treatment, the glucocorticoid
receptor facilitated the binding of FOXA to the regulatory regions
of the Tat gene in rat liver cells®”. Since this finding was published,
several assisted loading-type interactions were described between
the glucocorticoid receptor and transcription factors in liver cells.
Two liver-enriched transcription factors, HNF4a and C/EBP, assist
glucocorticoid receptor loading onto chromatin in many regulatory
regions across the genome. Perturbation of C/EBP3 or HNF4q activ-
ity reduces the binding of glucocorticoid receptor to enhancers and
impairs glucocorticoid-dependent gene induction'®'”", In addition
toassisted loading, glucocorticoid receptor and C/EBP cooperatein
atranscriptional cascade whereby glucocorticoid receptor induces
the gene encoding C/EBPf. We showed that this cooperation leads
to amplification of C/EBPf-dependent induction of gluconeogenic
genes and subsequent HGP®’. Expression of the gene encoding HNF4a
isalsoinduced by fasting and by glucocorticoids®’, which suggests that
HNF4a and the glucocorticoid receptor might positively affect each
other in a reciprocal manner, similar to glucocorticoid receptor and
C/EBP; the glucocorticoid receptor induces the expression of HNF4a
on the one hand, and HNF4« assists the binding of glucocorticoid
receptor to enhancers, on the other hand.

Assisted loading does not end in transcription factor crosstalk;
rather, it directly contributes to gluconeogenesis. Glucagon and glu-
cocorticoids are known to cooperate in activating HGP, with their
co-infusion leading to glucose levels higher than would be expected
from adding up the effects of each individual infusion'®>'%%, Subse-
quent studies by us and others revealed that glucagon and gluco-
corticoids cooperate to synergistically induce expression of genes
involved in gluconeogenesis and amino acid catabolism (which is
needed for gluconeogenesis)’****'°*, We have shown in two stud-
ies that the synergistic effects of glucagon and glucocorticoids are
mediated by mutual assisted loading of CREB and glucocorticoid
receptor in mouse hepatocytes. In the first study, glucocorticoid
receptor increased the accessibility of various genomic regions and
thus facilitated CREB binding within them®*. In the second study, a
reciprocal effect was revealed in which CREB assisted the loading of
theglucocorticoid receptor at a different set of enhancers. The study
revealed that following glucagon treatment, CREB binds at enhancers
near gluconeogenic genes and increases H3K27 acetylation, a histone
mark associated with enhancer activity. This ‘priming’ event assisted
glucocorticoid receptor binding following glucocorticoid treatment.
Without glucagon-CREB-dependent priming, glucocorticoid receptor
was unable to efficiently bind these enhancers'®.

The control of gluconeogenesis by glucocorticoids involves more
transcription factors withwhich glucocorticoid receptors cooperate.
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Box 1| Assisted loading as a mechanism for signal integration

In assisted loading, one transcription factor assists the loading of a
second transcription factor to enhancers in a manner that does not
necessitate direct physical interaction between them (see the figure).
Assisted loading is an efficient way to integrate two distinct
signalling pathways and to produce an efficient synergistic response
to complex physiological signals. One signal activates the first
transcription factor and a second signal activates the second
transcription factor. Together, the two transcription factors cooperate
to synergistically induce gene expression. Assisted loading was
described in various cell types under various circumstances #1547/,
As detailed in the main text, we have shown that two main fasting
cues (namely, glucagon and glucocorticoids) are integrated in
hepatocytes by mutual assisted loading of glucocorticoid receptor
and cAMP response element binding protein®*'°. Because assisted
loading does not require physical transcription factor-transcription
factor interaction and because it was reported in various biological
systems, we find it plausible that more assisted loading-type crosstalk
takes place during fasting and in other physiological processes.
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Recruitment of the glucocorticoid receptor to regulatory regions of
gluconeogenic genes was perturbed if the transcription factor LXR[3
was deleted, as was the induction of these genes by glucocorticoids.
Indeed, glucocorticoid-induced hyperglycaemiawas ameliorated when
LXRpP was deleted'®. Asimilar effect was observed for the E47 transcrip-
tion factor.In micein which E47 was deleted, glucocorticoid receptor
recruitment to gluconeogenic genes and theirinduction wasimpaired,
leading to a reduction in glucocorticoid-induced hyperglycaemia'®.

Asurprising finding showed that gluconeogenic gene expression
was supported by the co-repressors NCoR1 and NCoR2. Hepatocyte-
specificdouble knockout of NCoR1and NCoR2in mice impaired gluco-
neogenesis as well as fasting-dependentinduction of genes associated
withgluconeogenesis and amino acid catabolism. Surprisingly, loss of
NCoRland NCoR2led to awidespread reductionin the accessibility of
glucocorticoid receptor-bound enhancers, reduction of glucocorticoid
receptor binding and perturbed gene induction by glucocorticoids
and fasting'”. These are surprising findings considering that NCoR1
andNCoR2 are known for repressing geneinduction and de-activating
enhancers rather than supporting them.

In summary, glucocorticoid levels increase upon fasting and
profoundly affect liver metabolism by activating the glucocorticoid
receptor and inducing the expression of various genes involved in
the fasting response. Glucocorticoid receptor cooperates with
many transcription factors to regulate hepatic gene expression. The

Acetylation

The assisted loading model provides an exciting explanation to
the classic concept of ‘permissive’ actions of glucocorticoids'®.
A permissive hormone permits and augments the action of a second
hormone™. In gluconeogenesis, glucocorticoids augment the
actions of glucagon on gene expression and gluconeogenesis via
assisted loading®*. We hypothesize that other permissive actions
of glucocorticoids are due to assisted loading. This theory aligns
with the fact that levels of glucocorticoids increase following
a wide variety of stressors and that glucocorticoid receptor is
expressed in almost every cell type. Assisted loading can provide
aresponse tailored to a specific kind of stress. For example, during
fasting, levels of both glucocorticoids and glucagon are increased,
facilitating assisted loading and gluconeogenesis. In a different
kind of stress, glucocorticoids might interact with other signals that
activate a different transcription factor with which glucocorticoid
receptor cooperates via assisted loading. These context-dependent
interactions will result in a starkly different response from that
occurring during fasting.
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glucocorticoid-glucocorticoid receptor and glucagon-CREB axes
synergize to promote a gluconeogenic gene expression programme
by assisted loading. The glucocorticoid receptor facilitates a ketogenic
gene programme (whereby the expression of many genes associated
with ketogenesis is increased) by supporting WAT lipolysis and by
increasing the activity of hepatic PPAR« (Fig. 3).

Growth hormone
Growthhormone (GH) is a peptide hormone secreted from the anterior
pituitary gland. GH-releasing hormone and ghrelin stimulate GH secre-
tion, whereas somatostatin and leptin suppress it. GH travels in the
blood toits target organs: the liver, bone, WAT and skeletal muscle',
Intheliver, GH promotes the transcription and secretion of insulin-like
growth factor1(IGF1). GHinduces longitudinal bone growth, whichis
achieved by both direct GH signalling and IGF1signalling in the bone'*’.
GH secretion is highly pulsatile, with ultradian rhythms causing
200-fold differences in GH levels between nadir and zenith'°. There-
fore, single measurements of GH do not reliably represent GH levels
throughout the day, which complicates the assessment of GH levels
and how they change in fasting. Nonetheless, it is well established
that fasting increases plasmalevels of GH in humans (Supplementary
Table1). Studiesinrodents show conflicting results, with some studies
show a fasting-induced increase in GH levels""">. However, in these
studies, the measurements were performed on a single sampling
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Fig.3 | Glucocorticoid regulation of hepatic fuel production. Glucocorticoids
diffuseinto hepatocytes and release glucocorticoid receptor from a chaperone
complex. Upon entry to the nucleus, glucocorticoid receptor binds enhancers
to regulate gene expression. During fasting, the glucocorticoid receptor
regulates genes either alone or in cooperation with other transcription factors.
Glucocorticoid receptor cooperates with CAMP response element binding
protein (CREB) by mutual assisted loading, which leads to synergisticinduction
of genes involved in gluconeogenesis and amino acids catabolism. Additionally,
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the glucocorticoid receptor induces the expression of genes encoding two
transcription factors (Cebpb and Ppara) in mice. In turn, CCAAT/enhancer
binding protein beta (C/EBP) amplifies the gluconeogenic response and
peroxisome proliferator-activated receptor alpha (PPAR«) initiates a ketogenic
gene programme. The transcriptional effects of glucocorticoids resultin
increased gluconeogenesis and ketogenesis and the subsequent release of
glucose and ketone bodies to the circulation. FKBP5, FK506 binding protein 5;
HSP90, heat shock protein 90; SLC16, solute carrier family 16.

point per animal rather than continuous sampling and therefore did
not account for pulsatility. In studies in which continuous measure-
ments were performed, fasting markedly dampened GH pulses and
decreased GH levels in both mice and rats™ ™', It is important to note
thatalthough the increase of GH in rodents upon acute fasting is debat-
able, GH levels prominently increase when mice undergo chronic
calorie restriction” ",

GH binds to the GH receptor (GHR), eliciting a conformational
change that leads to the binding of Janus kinase 2 (JAK2) to the GHR
intracellular domain. JAK2 then phosphorylates tyrosine residues of
GHR that serve as a docking port for JAK2 phosphorylation targets'*°.
In hepatocytes, the prominent JAK2 phosphorylation target is signal
transducer and activator of transcription 5 (STATS5). Upon phospho-
rylation, two STAT5 units dimerize, enter the nucleus, bind chromatin
andregulate gene expression. Interestingly, several pieces of evidence
pointtoacooperation between STATS5 and the glucocorticoid receptor.
First, both transcription factors co-regulate a common set of genes,
possibly by direct physical interaction with each other'*'>>, Moreover,
STATS and the glucocorticoid receptor co-occupy various hepatic
enhancers, and glucocorticoid receptor binding in mouse liver was

weakened or lost in STAT5-deficient mice'?.

GHindirectly promotes a metabolic state favouring hepatic
fuel production

The most prominent and well-established metabolic effect of GH is
the increase in WAT lipolysis and the subsequent increase in circu-
lating levels of FFAs™**. In addition to WAT lipolysis, GH signalling
promotes lipid catabolism in the liver. Mouse models in which the
hepatic GHR-JAK2-STATS axis was disrupted show hepatic lipid
accumulation*, and GH increased FAO'” and ketogenesis'** ™.
In addition, various pieces of evidence show a reverse correlation
between GH and hepatic steatosis'>"",

Another established effect of GH is increased blood levels of glu-
cose in humans®* ¢, This increase is caused by reduced muscle glu-
cose uptake, increased glycogenolysis””*® and gluconeogenesis™*'*°,
In mice, knockdown of hepatocyte GHR led to decreased expression
of gluconeogenic genes', and overexpression of GHR in hepatocytes
increased gluconeogenesis'*. Inaddition, gluconeogenic gene expres-
sion and glucose production were increased by GH in mouse and rat
hepatocytes'***, The GH-induced increase in blood levels of glucose
is also a result of systemic insulin resistance imposed by GH'*. Both
insulin resistance and increased glucose production are hallmarks of
type 2 diabetes mellitus, which links the high GH levels observed in
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patients with acromegaly and the predisposition of these patients to
diabetes mellitus'*.

Another effect of GH is ameliorating muscle protein break-
down®*"¢, which is an effect that could be secondary to GH-induced
lipolysis'’. Reducing muscle protein breakdown might serve to retain
proteins during lengthy fasting. Therefore, there is an apparent
clash between the protein catabolism effects of glucocorticoids
and glucagon (discussed in sections Glucagon and Glucocorticoids)
and the protein-sparing actions of GH. A possible explanation for
this clash is that the need for gluconeogenic precursors is alleviated
by a GH-induced rise in levels of FFAs, serving as a precursor for an
alternative fuel to glucose, namely, ketone bodies.

Whendiscussing the hepatic effects of GH, itisimportant to con-
sider that not all effects are due to direct GH-GHR signalling in hepato-
cytes. Many effects of GH are indirect, either due to IGF1 signalling
or due to secondary effects caused by GH, such as insulin resistance,
increased levels of FFAs and reduced protein catabolism in muscle.
In addition, fasting leads to GH resistance in the liver as measured by
impaired activation of the GHR-JAK2-STATS axis during fasting in
mice and rats**'*’, Indeed, direct evidence showing activation of the
GHR-JAK2-STATS axis during fasting followed by the increase in GH
is missing and except for two gluconeogenic genes'**'** GH does
notregulate fasting-related genesin hepatocytes. Taken together, itis
plausible that most of the fasting-induced effects of GH on liver are not
via hepatocyte GH signalling.

In summary, GH levels are increased during fasting in humans
(butnotinrodents). However, in hepatocytes, GHinduces the expres-
sion of only two fasting-related genes and fasting causes hepatocyte
GH resistance. Thus, it seems that GH does not serve as a major fast-
ing hormone directly signalling the liver. However, its marked lipo-
lytic and insulin-resistance effects indirectly contribute to classic
fasting-related metabolic pathways (gluconeogenesis, glycogenolysis
and ketogenesis).

Adrenaline

Adrenaline (also called epinephrine) is one of three catecholamines,
together with noradrenaline (also called norepinephrine) and dopa-
mine. Catecholamines are neurotransmitters with extensive roles in
the nervous system, but they also have functions in the periphery fol-
lowing their release to the circulation. Most adrenaline is produced
and released from the adrenal medulla. Release of adrenaline to the
circulation is triggered by various stressors, including hypoglycae-
mia. This release is mediated by preganglionic nerves that stimulate
receptors on the adrenal medulla with acetylcholine, leading to Ca®*
influx and the subsequent release of adrenaline to the circulation™°.
Uponfasting, circulating levels of adrenalineincrease in humans (Sup-
plementary Table 1). Data in rodents regarding fasting-dependent
increases in circulating levels of catecholamines are scarce. Of note,
most research onthe effect of adrenaline was made by infusions of high
adrenaline levels in states not directly focusing on fasting (exercise or
acute pharmacological intervention).

Catecholaminereceptorsare called adrenergic receptorsand are
widely expressed in many cell types. The liver mostly expresses the al
and B2 types™°. Upon activation by adrenaline, al adrenergic recep-
tors activate the PLC-IP,-Ca®'-CAMK axis, and B2 adrenergic recep-
tors activate the adenylate cyclase-cAMP-PKA axis. These signalling
effects are very similar to those of glucagon and, indeed, adrenaline
increases HGP much like glucagon; adrenaline causes the phosphoryla-
tion of HGP enzymes as well as the induction of PckI in rat and human

hepatocytes™°. In addition to HGP, adrenaline increases lipolysis and
ketogenesis*"' and some evidence also indicates that adrenaline
increases FAO in hepatocytes™°. Interestingly, glucagon is 100-fold
more effective than adrenaline in activating gluconeogenesis'. This
finding suggests that the primary role of adrenaline during fasting is
focused on other organs. Indeed, adrenaline has potent fasting-related
effects on muscle (glycogenolysis) and WAT (lipolysis)®**°.

Free fatty acids

The hormonal status of fasting (low levels of insulin and high levels
of adrenaline, glucocorticoids and GH) triggers WAT lipolysis, which
results in an overt increase of plasma levels of FFAs during fasting in
humans, mice andrats (Supplementary Table 1). Inresponse to fasting,
PPARaintheliver potently activates lipid catabolism and ketogenesis by
inducing the expression of many related genes encoding fatty acid trans-
porters and intracellular fatty acid carriers and of enzymes involved
in lipid handling, triglyceride catabolism, FAO and ketogenesis”>*">*,
PPARa is a nuclear receptor whose physiological ligands are lipids
such as fatty acids, eicosanoids and phospholipids™*. It was therefore
assumed for years that WAT-derived FFAs serve as ligands for PPARatin
theliver and that theirincrease inabundance duringfastingactivatesa
PPARa-dependent ketogenic gene programme. Inastudy publishedin
2022, thisassumption was given scientific evidence'. The authors gen-
erated mice with WAT-specific deletion of the gene encoding adipose
triglyceridelipase, akey lipolyticenzyme. Fasting-induced ketogenesis
was abolished in these mice, demonstrating that WAT lipolysis is criti-
calfor ketogenesis. The PPARa-dependent gene programme was also
abrogatedinthese mice, establishing alink between lipolysis-derived
FFAs, PPARa activation and ketogenesis. The 33 adrenergic receptor
isabundantin WAT and is considered key in catecholamine-mediated
lipolysis during fasting®'**. In mice, pharmacological activation of
the 33 adrenergic receptor activated lipolysis without fasting, lead-
ing to activation of a ketogenic gene programme and subsequent
ketogenesis. These effects were all blunted in mice lacking PPARa
in hepatocytes'”. These findings delineate an axis in which fasting
hormones elicit lipolysis, which releases FFAs that travel to the liver,
where they activate PPARa, which in turn induces a ketogenic gene
programme and activates ketogenesis. In contrast to deletion of the
gene encoding adipose triglyceride lipase in adipocytes, its deletion
inhepatocytes only minimally affected ketogenesis and did not lead to
ametabolomic profile similar to that seen with PPARa deletion™®. The
finding that extra-hepatic FFAs serve as ligands for PPARa in the liver
is paramount to understanding PPAR« activity. Nonetheless, PPARx
activity is also prominently regulated by ligands produced de novo
within hepatocytes (Box 2). Therefore, PPARa activity in the liver is
controlled by both extracellular and intracellular ligands.

Inaddition to the myriad of genes associated with lipid catabolism
and ketogenesis that areinduced by PPARq, it is worth mentioning that
PPARa induces the production of fibroblast growth factor 21 (FGF21).
FGF21is an important fasting cue that is released from hepatocytes
and affects various tissues. Although some studies suggest that FGF21
augments lipolysis, other evidence does not support this finding™".
Because FGF21 probably does not directly signal hepatocytes™’, we do
not discuss its downstream effects here.

In summary, plasma levels of FFAs are robustly increased upon
fasting owing tolipolysis. Although FFAs are not hormones, they serve
asamajor fasting cue that activates FAO and ketogenesis. FFAs bind and
activate PPARq, causingitto induce the expression of awidespread set
of genes that enhance ketogenesis (Fig. 4).
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Box 2 | Intra-hepatic production of PPARa ligands

Peroxisome proliferator-activated receptor alpha (PPARa) is
activated by various ligands, some of which are produced within
hepatocytes'’®"* and are shuttled into the nucleus, where PPARa

is located"”. Interestingly, PPARa induces the expression of some
of the genes involved in producing its ligands"'"""*, Therefore, it

is plausible that PPARa indirectly activates itself by increasing the
availability of its own ligands. This option is particularly intriguing in
intermittent fasting regimens where fasting bouts are recurrent. We
have shown that PPARa augments the fasting response following
repeated fasting events. Mice undergoing alternate-day fasting
showed increased ketogenesis and an augmented ketogenic gene
programme compared with mice fasting for the first time. PPARa
was responsible for this ‘sensitization’ effect as the effect was absent
in hepatocyte-specific PPARa-deficient mice'. Although fasting
sensitization is an emerging concept that requires independent
confirmation, it raises intriguing possibilities when synthesized
with previous independent studies showing PPARa-dependent

Asprosin

Circulating levels of asprosin, a peptide adipokine, increase upon
fasting in humans, mice and rats"® (Supplementary Table1). Asprosin
directly signals hepatocytes, where it activates the cAMP-PKA axis
and increases HGP. Accordingly, recombinant or transgenic asprosin
increases glycaemia®®. OLFR734 is the mouse asprosin receptor; dele-
tion of the gene encoding this receptor leads to reduced gluconeo-
genic gene expression, reduced fasting glycaemia and impaired HGP™’.
Althoughdirectevidenceislacking, itis plausible that asprosin exerts
itstranscriptional effects through CREB, given that asprosin activates
the cAMP-PKA axis. Inastudy published in 2025, asprosin was shown
toreduce hepaticlipogenesis and increase FAO, which fits withitsrole
in fasting’®’. In addition to its role in directly regulating hepatocytes,

intra-hepatic production of PPARa ligands'°"*, It is tempting to
speculate that PPARa-mediated sensitization to fasting is driven by
increased ligand production. In this scenario, repeated fasting events
would activate PPARa, leading to induction of the expression of
genes producing PPARa ligands. These ligands would be available in
the next fasting bout and activate PPARa (together with extra-hepatic
free fatty acids), leading to stronger activation than that seen in a
single acute fasting event.

Another putative scenario relates to the feeding intervals
between fasting bouts. Hepatic lipogenesis, which occurs in the fed
state, produces PPARa ligands'. We and others have shown that
lipogenesis is at its highest in the refeeding period after fasting"’"*°.
Thus, the possibility arises that in the interval refeeding periods
between fasting bouts, lipogenesis generates ligands for PPARa,
which then activate PPARa in the next fasting bout. In this scenario,
repeated fasting-refeeding events create a cycle of PPARa ligand
production and utilization, generating a sensitized response to fasting.

asprosin can also cross the blood-brain barrier and act in the brain,
where it stimulates appetite through activation of orexigenic AgRP*

neurons and inhibition of anorexigenic POMC* neurons'®’.

Golgi protein 73

Golgi protein 73 (GP73) is not a classic hormone, as it is released into
circulation from various cells rather than a designated gland. A study
published in2022 unravelled the role of GP73 in the fasting response'®.
The mRNA and protein levels of GP73 were increased following fasting
inmouse liver, WAT and pancreas. Furthermore, circulating levels of
GP73 mildly increase following fasting in both mice and humans'
(Supplementary Table 1). Administration of recombinant GP73 to
GP73 knockout mice increased gluconeogenesis and the expression
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inhepatocytes. Free fatty acids (FFAs) reach the

liver as a product of white adipose tissue lipolysis.
After entry into cells, most FFAs enter various
oxidation pathways in the endoplasmic reticulum
(ER), peroxisomes and mitochondria. Some FFAs
bind peroxisome proliferator-activated receptor
alpha (PPARa) and activate it. PPARacinduces a robust
and widespread gene programme to increase almost
every aspect of metabolism that leads to ketone
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Fig. 5|Signalintegration of circulating fasting cues. Hepatocytes respond

to seven circulating fasting cues. Four hormones activate the cAMP-protein
kinase A (PKA) pathway, which activates glycogenic and gluconeogenic

enzymes as well as cAMP response element binding protein (CREB); glucagon
isthe best-described hormone in this respect. Glucocorticoids cooperate with
glucagon, causing mutual assisted loading between glucocorticoid receptor and
CREB, thereby synergizing to induce the expression of gluconeogenic genes.
Growth hormone promotes insulin resistance, thus alleviating the inhibitory

Ketogenic gene expression

effect of insulin on hepatic fuel production. Additionally, growth hormone,
glucocorticoids and adrenaline promote white adipose tissue lipolysis, which
provides ligands for peroxisome proliferator-activated receptor alpha (PPARa).
Following activation, PPARa induces a ketogenic gene expression programme. Its
activity isaugmented by the glucocorticoid-glucocorticoid receptor axis, which
increases PPARx mRNA and protein levels (that is, a transcriptional cascade).
GP73, Golgiprotein 73.

of genes associated with gluconeogenesis'®. Although the mecha-
nism behind the gluconeogenic effects of GP73 is largely unclear,
phospho-proteomics experiments in primary mouse hepatocytes
showed that the downstream effects of GP73 are similar to those
of glucagon, with PKA being the major kinase that is thought to be
activated by GP73 (ref. 162).

Integration of fasting cues

During fasting, the liver experiences a drastic shift in the hormonal
repertoire it is exposed to. The levels of feeding-related cues (such as
insulin) are reduced and the liver is bombarded with various fasting
cues. In contrast to reductionist experimental approaches examining
the effect of each cueindividually, the reality is that the liver’s response
to fastingis aresult of integrating all fasting cues into a coherent and
remarkably efficient response. In this respect, fasting is not differ-
ent from other physiological processes in which cells are constantly
exposed to extracellular cues and need to integrate them to respond
to achanging environment.

Much of the hepatic response to fasting is focused on producing
fuel for extra-hepatic tissues and evidence has accumulated to show
that fasting cues cooperate to maximize fuel production. The synergy
between glucagon and glucocorticoidsis the most well-studied case of
signalintegration during fasting. The two hormones cooperate in the
liver by mutual assisted loading of CREB and the glucocorticoid recep-
tor on chromatin, which cause synergistic induction of gluconeogenic
genes that results in augmented gluconeogenesis (Fig. 5). Assisted
loading is an efficient way to integrate signals in several biological

systems and might prove to be a general transcriptional mechanism
that facilitates signal integration (Box 1).

Another signal integration paradigm is the case of the glucocor-
ticoid receptor and PPARa. Glucocorticoids alleviate TNF-mediated
inhibition of glucocorticoid receptor by reducing the amount of TNF
secreted from Kupffer cells. As a result, glucocorticoid receptor in
hepatocytes potentiates PPARa; within hepatocytes, glucocorticoid
receptorincreases PPARa levels, thereby indirectly augmenting expres-
sion of genes associated with FAO and ketogenesis (Fig. 5). Glucocor-
ticoid receptor in WAT also indirectly activates PPARa in the liver by
increasing lipolysis®®~?, which generates PPARa ligands. The gluco-
corticoid receptor also partakesin other transcriptional cascades; for
example, itincreasesthelevels of C/EBP3 and augmentsits gluconeo-
genic capacity®.Inaddition, we and others have shown that glucagon
regulates metabolism by similar transcriptional cascades®®®,

Inaddition to signal integration at the transcriptional level, more
cooperation modes between signals are at play. For example, gluca-
gon, adrenaline, GP73 and asprosin all activate the cAMP pathway
in the liver'*°158192/ A combined exposure of hepatocytes to these
cues during fasting might amplify the fasting response (for example,
by phosphorylation-mediated activation of enzymes). In addition, a
hormone can augment the effects of a second hormone by imposing
ametabolic state; GHis a classic example asitimpairs insulin sensitiv-
ity inthe liver, thus enabling the activity of other fasting cues that are
strongly inhibited by insulin, such as gluconeogenesis and glycogen-
olysis. Inaddition, GH promotes lipolysis and thus supplies abundant
FFAs to activate PPAR« (Fig. 5).

Nature Reviews Endocrinology


http://www.nature.com/nrendo

Review article

Conclusions

Fasting cues govern metabolism and propel hepatic fuel production.
The liver integrates extracellular cues to efficiently produce glucose
and ketonebodies. Furthermore, fasting cues promote fuel production
by increasing flux of precursors into the liver, activating metabolic
enzymes and increasing the expression levels of various genes encod-
ing enzymes, transporters, carriers and transcription factors involved
in fuel production.

Although much is known about the endocrine regulation of
hepatic fuel production, many open questions remain. For instance,
thekinetics of hormone secretion over a period of fasting are unknown.
Whether some hormones are secreted following short-term fasting
and others are only secreted during lengthy fasting periodsis unclear.
Furthermore, the modes of signal integration during fasting have yet
to be fully deciphered. Finally, whether more fasting cues cooperate
inregulating the expression of genes (via assisted loading, transcrip-
tional cascades or other mechanisms) is also unknown. To answer
theseimportant questions, future studies need toembrace acomplex
experimental design; for example, stimulation with acombinatorial set
of cuesratherthanasingle cue, considering the centrality of transcrip-
tionfactor cooperationin fasting and using integrative computational
modelling. Importantly, we as a community should strive to develop
research questions with the assumption of signal integration as the
rulerather the exception in physiology.
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