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Abstract

Upon fasting, mammals undergo a fasting response in which the liver’s 
main role is 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, 
which is 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-dependent increases in blood levels of these cues, how they 
regulate transcription and the metabolic consequences of these cues in 
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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fasting, plasma levels of BHB can reach as high as 5 mM in humans5. 
Ketone bodies are produced in a process called ketogenesis, in which 
acetyl-coenzyme A (CoA) serves as a precursor6.

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 state1,2,7,8. Concomitantly, precursors 
for gluconeogenesis and ketogenesis are released from extra-hepatic 
tissues into the circulation and are taken up by the liver. During fasting, 
lipolysis occurs in WAT, where triglycerides are hydrolysed to release 
glycerol and free fatty acids (FFAs) into the circulation9. FFAs reach the 
liver and are oxidized in hepatocytes to produce acetyl-CoA that is then 
diverted to ketogenesis7. Glycerol serves as a precursor for gluconeo-
genesis and its contribution to HGP is higher during fasting than in the 
fed state10. Another important metabolic process that occurs during 
fasting is protein catabolism in skeletal muscle, which results in amino 
acids that travel through the blood to the liver, where they serve as the 
major gluconeogenic precursor.

Hepatic fuel production is made possible by a range of events. The 
first of these is increased flux of precursors for gluconeogenesis and 
ketogenesis from extra-hepatic tissues1; second, increased enzymatic 
activity of key enzymes involved in fuel production; third, increased gene 
expression of enzymes, carriers, transporters and transcription factors 
involved in fuel production11; fourth, decreased activity and expression 
of proteins related to opposing metabolic pathways, such as lipogen-
esis, glycolysis and cholesterol biosynthesis12. 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 plasma levels 
increase upon fasting (Fig. 1). Our focus is on normal physiology and we 
only briefly touch on disease states related to these cues.

Glucagon
Glucagon is a peptide hormone secreted from α-cells in the pancreatic 
islets of Langerhans to the portal vein. The mature glucagon hormone 
is a result of proglucagon cleavage. The gene encoding glucagon also 
contains sequences encoding glucagon-like peptide (GLP) 1 and 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 α-cells13. Glucagon secretion is 
also potently stimulated by amino acids and more mildly by FFAs13,14. 
Furthermore, somatostatin and insulin are negative regulators of 
glucagon secretion15.

Ample evidence shows that plasma levels of glucagon increase dur-
ing fasting in humans, mice and rats (Supplementary Table 1). Because 
the liver is the first organ that encounters portally secreted glucagon, 
hepatocytes are exposed to much higher glucagon concentrations than 
those measured in peripheral blood15. Moreover, accurately measuring 
glucagon is challenged by low plasma concentrations as well as tech-
nical hurdles16. 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 to reduced glycaemia. Plasma levels of amino acids increase 
during fasting owing to muscle protein catabolism. Because amino 
acids are potent stimulators of glucagon secretion, it is plausible, 
although not reported, that circulating amino acids that originate from 
muscle during fasting also stimulate glucagon secretion in addition to 
reduced glycaemia.

Key points

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

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

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

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

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

	• 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 to reduce energy use, utilizing internal energy stores 
and the internal production of fuels1,2. This so-called fasting response 
is controlled by various tissues, including the brain, liver, white adipose 
tissue (WAT), pancreas and skeletal muscle. During fasting, glycogen 
stores are broken down in glycogenolysis, which is the release of glucose 
monomers from glycogen (a polysaccharide). In many tissues, glycog-
enolysis supplies glucose as a precursor for glycolysis, thus compen-
sating for the lack of dietary glucose1. 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 provides bioavailable energy. Although FAO and glycogenolysis 
are sufficient to supply energy in most tissues, they are unattainable or 
insufficient in certain tissues, 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. In hepatocytes, 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 
is also released into the circulation. 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 well3,4.

The other fuel produced by hepatocytes and released into the 
circulation is ketone bodies: β-hydroxybutyric acid (BHB; also known 
as β-hydroxybutyrate), acetoacetate and acetone. BHB is the principal 
ketone body, with the highest circulating levels. After a few days of 
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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 main site of action for glucagon is the liver, as suggested 
by the high expression of its receptor in hepatocytes17, its wide effect 
on hepatocyte metabolism18 and by the fact that most glucagon is used 
by the liver before it can reach other organs15. Glucagon binding to 
the GCGR leads to activation of adenylate cyclase, which produces 
cAMP19. Protein kinase A (PKA) is activated by cAMP and phosphoryl-
ates a wide range of protein substrates. The glucagon–cAMP axis also 
activates exchange protein activated by cAMP (EPAC)20. In addition 
to the glucagon–cAMP axis, GCGR activates phospholipase C (PLC), 
which leads to increased inositol 1,4,5-trisphosphate (IP3) levels and 
the subsequent release of Ca2+ from the endoplasmic reticulum to the 
cytoplasm. Cytosolic Ca2+ binds calmodulin and activates downstream 
calmodulin-dependent kinases (CAMK)21. In addition 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 
gluconeogenesis15,20,21,24. The increase in HGP following glucagon secre-
tion is due to direct signalling in hepatocytes25,26. Glucagon also has a 
central role in the 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 
of the amino acids is used for gluconeogenesis and the amino groups 
enter the urea cycle. Thus, to efficiently produce glucose from amino 
acids, ureagenesis needs to be fully functional as well. Indeed, gluconeo-
genesis and ureagenesis are coupled and increased levels of glucagon 
are associated with increased ureagenesis27–30. The importance of gluca-
gon in amino acid catabolism and ureagenesis was shown in various 
approaches: for instance, glucagon infusion increases hepatic amino 

acids uptake in humans28,29,31. Furthermore, blocking GCGR action in 
mice with an antibody, a pharmacological antagonist or by deleting the 
Gcgr gene all lead to elevation of plasma levels of amino acids owing 
to interrupted hepatic amino acid uptake30,32–35. Similar effects were 
observed when deleting sequences within the mouse Gcg gene, which 
encodes mature glucagon36.

Evidence has accumulated to show that in addition to HGP, gluca-
gon supports intra-hepatic lipolysis and FAO by several suggested 
mechanisms. These include: glucagon–Ca2+–IP3 signalling37; shifting the 
balance from fatty acid synthesis to FAO38 by inhibition of acetyl-CoA 
carboxylase39; activation of peroxisome proliferator-activated recep-
tor alpha (PPARα), the key transcription factor promoting FAO25; and 
crosstalk with the androgen receptor40. 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 gluconeogenesis37. 
Glucagon was also suggested to directly promote WAT lipolysis, but a 
study in adipose-specific Gcgr knockout mice clearly shows no lipolytic 
effects of glucagon41, which fits with findings from previous studies in 
humans42–44. 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).

A study in mice shows no contribution of glucagon to ketogenesis 
in the presence of intact insulin signalling45. No decrease in fasting 
levels of BHB was observed in the presence of an antibody blocking 
GCGR or in mice deficient in the gene encoding glucagon. In addition, 
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 levels45. 
This finding aligns with previous studies in humans, in which gluca-
gon infusion either failed to induce ketogenesis46,47 or stimulated it 
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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 1 for more details. 
GP73, Golgi protein 73.
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only in the complete absence of insulin signalling caused by type 1 
diabetes mellitus or administration of somatostatin48,49. Thus, in a 
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 to regulate several enzymes by phosphorylation, thus activating 
HGP21,50. In addition, 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 changes in 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 (Pck1 and G6pc)51,52 and of 
many genes with protein products involved in amino acid catabolism, 
providing gluconeogenic precursors. These include genes encoding 
amino acids transporters, enzymes involved in amino acids catabolism 
and urea cycle enzymes27,53–55. Similarly, impairing the GCGR in mice 
reduces the expression of genes associated with amino acid catabolism 
and amino acid transporters in the liver27,30,32–35,56.

The robust 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 Ca2+ glucagon signalling axes 
activate cAMP-regulated transcriptional co-activators (CRTCs), which 
are essential for CREB activity57. 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 expression is depleted in mice51,53,58,59. 
In addition, inhibition of CREB reduces gluconeogenesis58, fasting 
glycaemia51 and HGP in primary mouse hepatocytes53. In contrast to 
these findings, hepatocyte-specific deletion of CREB had no effect on 
glycaemia, gluconeogenesis and gluconeogenic gene expression in 
mice60. 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 events lead to activation of 
DNA regulatory regions termed enhancers and subsequent induction 
of gluconeogenic gene expression57. In addition to H3K27 acetylation, 
the CREB–CRTC complex brings about a chromatin 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 expression61,62. 
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 H3S28 phosphorylation, which increases 
gluconeogenic gene expression58.

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 it occupies 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 
regions in the fed state63. However, we, as well as another group, found 
fasting-dependent increases in CREB binding58,64. Fitting with this 
finding, enhancers containing the CREB motif showed higher chro-
matin accessibility and CREB ‘footprints’ in fasted mice than in fed 
mice64. In addition, primary mouse hepatocytes treated with gluca-
gon showed an increase in CREB binding compared with untreated 
hepatocytes in various genomic regions, some of which were near 
gluconeogenic genes64. Thus, fasting and glucagon signalling increase 
CREB binding to certain, but not all, 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 arm65 and the cAMP–EPAC–p38 signalling 
arm66. Glucagon-dependent phosphorylation of FOXO1 supports the 
induction of gluconeogenic gene expression and thus promotes glu-
coneogenesis. In addition, glucagon–Ca2+–CAMKII signalling increases 
FOXO1 nuclear localization67. The glucagon–p38 axis also activates 
PPARα25, which is 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 
also induces the expression of several genes encoding transcription fac-
tors and co-activators: C/EBPβ, KLF15 and PGC1α68. Upon translation, 
these factors also support gluconeogenesis by inducing the expression 
of genes associated with gluconeogenesis51,69–71. 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 glucagon is the liver, where it initiates three signalling 
axes that activate enzymes and transcription factors. In addition, 
glucagon signalling activates enzymes involved in glycogenolysis 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-
terone is 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. In the 
face of stressors, the HPA axis is activated to maintain homeostasis72. 
This so-called stress response can be activated following various dif-
ferent stressors, including fasting. The stress response is 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 pituitary72. Fasting and the 
resulting reduction in glycaemia are common stressors. Indeed, the 
plasma levels 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 uncovered73.
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Glucocorticoid secretion is not constant throughout the day but 
rather fluctuates in a circadian manner. Glucocorticoid levels increase 
towards the end of the inactive phase (before morning in humans and 
before night in mice) and peak 30 min after awakening74. 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, 
respectively75,76.

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 complex77. 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 genome78. DNA-bound glucocorticoid 
receptor assumes a tetramer structure that is highly active in inducing 
gene expression79,80.

The downstream effects of glucocorticoids are various and wide-
spread. Glucocorticoid receptor is 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 to increase glycaemia81. Many studies have repeatedly shown 
the role of glucocorticoids in elevating blood levels of glucose82,83, 
which is made possible by both a glucocorticoid-dependent increase 
in gluconeogenesis and inhibition of peripheral glucose uptake82.

Glucocorticoids have a potent anti-inflammatory capacity, an attrib-
ute that is used extensively in synthetic glucocorticoids that treat condi-
tions of excessive inflammation or heightened immune reactions82. The 
metabolic effects of glucocorticoids are also activated by these drugs, 
posing a major health concern as long-term treatment with glucocorti-
coids is associated with hyperglycaemia, prediabetes and type 2 diabetes 
mellitus82. These conditions arise as a result of glucocorticoid-dependent 
activation of HGP, insulin resistance, impaired β-cell activity and 
increased WAT lipolysis82. Similar effects are also evident in endogenous 
hypercortisolism, as is seen in Cushing syndrome84.

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 fasting11,75,78. 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 Pck1 (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 gluconeogenesis53. Deletion of glucocorticoid receptor in 
a hepatocyte-specific manner results in hypoglycaemia upon fasting 
and a reduction in gluconeogenic gene induction in mice86.

The circadian pattern of glucocorticoid secretion, in which glu-
cocorticoid levels rise towards the end of the inactive phase, aligns 
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Upon binding to the glucagon receptor (GCGR), glucagon activates three 
signalling arms. Glucagon binding to the GCGR leads to activation and 
dissociation of subunits Gs and Gq from the receptor. Gs 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). Gq activates phospholipase C (PLC), leading to increased 
inositol 1,4,5-trisphosphate (IP3) levels and the subsequent release of Ca2+ from 

the endoplasmic reticulum (ER) to the cytoplasm, leading to activation of 
CRTC and FOXO1. Both the PLC and PKA arms activate CRTC by promoting its 
nuclear localization and physical interaction with CREB. FOXO1 is activated 
by glucagon-dependent mitogen-activated protein kinase (MAPK) signalling. 
Both CREB and FOXO1 induce the expression of gluconeogenic genes. CREB 
also induces a widespread 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.
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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 
effect becomes important 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 
is involved in glycolysis. Upon awakening and feeding, insulin levels 
increase and promote glycolysis partly by inducing expression of Gck 
in mice. This induction by insulin is impaired in mice lacking the gluco-
corticoid receptor in hepatocytes87. Thus, glucocorticoids promote 
two opposing metabolic pathways (gluconeogenesis and glycolysis) by 
cooperating with two different hormones, namely, glucagon and insulin.

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 PPARα. 
A dual treatment of glucocorticoids together with a PPARα agonist in 
primary mouse hepatocytes leads to synergistic induction of genes 
involved in FAO, lipid catabolism and ketogenesis69,88. 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 PPARα 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 which is Ppara. As a result, levels 
of PPARα increase, which, following activation by an agonist, activates 
enhancers and induces the expression of ketogenic genes69. In the 
other study, deletion of the glucocorticoid receptor specifically in 
Kupffer cells (liver-resident macrophages) perturbed ketogenesis in 
mice89. 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 
receptor impaired the PPARα-dependent increase in 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 receptors89. Taken together, these stud-
ies show that glucocorticoid receptor in Kupffer cells inhibits TNF 
production, which enables glucocorticoid receptor–PPARα-mediated 
synergistic gene induction in hepatocytes and promotes ketogenesis. 
In addition to glucocorticoid receptor–PPARα cooperation in the 
liver, the glucocorticoid–glucocorticoid receptor axis in adipocytes 
might indirectly activate hepatic PPARα; glucocorticoids activate WAT 
lipolysis in a glucocorticoid receptor-dependent manner90–92. Thus, 
glucocorticoids contribute to supplying FFAs to support ketogenesis 
and to activate PPARα (see the Free fatty acids section). Fitting with 
these data from mice, administration of exogenous glucocorticoids 
increased ketogenesis in humans93,94.

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 liver95. The glucocorticoid receptor 
stands out as a transcription factor with various interactions with other 
transcription factors in different contexts78,96. In this section, we will 

focus on crosstalk directly affecting the fasting response (in addition 
to glucocorticoid receptor–PPARα 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 
an enhancer, leading to increased chromatin accessibility accompanied 
by increased histone modifications associated with active enhancers97. 
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 
term assisted loading was coined98, 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 cells99. 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, HNF4α and C/EBPβ, assist 
glucocorticoid receptor loading onto chromatin in many regulatory 
regions across the genome. Perturbation of C/EBPβ or HNF4α activ-
ity reduces the binding of glucocorticoid receptor to enhancers and 
impairs glucocorticoid-dependent gene induction100,101. In addition 
to assisted loading, glucocorticoid receptor and C/EBPβ cooperate in 
a transcriptional cascade whereby glucocorticoid receptor induces 
the gene encoding C/EBPβ. We showed that this cooperation leads 
to amplification of C/EBPβ-dependent induction of gluconeogenic 
genes and subsequent HGP69. Expression of the gene encoding HNF4α 
is also induced by fasting and by glucocorticoids69, which suggests that 
HNF4α and the glucocorticoid receptor might positively affect each 
other in a reciprocal manner, similar to glucocorticoid receptor and 
C/EBPβ; the glucocorticoid receptor induces the expression of HNF4α 
on the one hand, and HNF4α 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 infusion102,103. 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)51,53,64,104. 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 them64. In the second study, a 
reciprocal effect was revealed in which CREB assisted the loading of 
the glucocorticoid 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 enhancers104.

The control of gluconeogenesis by glucocorticoids involves more 
transcription factors with which glucocorticoid receptors cooperate. 
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Recruitment of the glucocorticoid receptor to regulatory regions of 
gluconeogenic genes was perturbed if the transcription factor LXRβ 
was deleted, as was the induction of these genes by glucocorticoids. 
Indeed, glucocorticoid-induced hyperglycaemia was ameliorated when 
LXRβ was deleted105. A similar effect was observed for the E47 transcrip-
tion factor. In mice in which E47 was deleted, glucocorticoid receptor 
recruitment to gluconeogenic genes and their induction was impaired, 
leading to a reduction in glucocorticoid-induced hyperglycaemia106.

A surprising finding showed that gluconeogenic gene expression 
was supported by the co-repressors NCoR1 and NCoR2. Hepatocyte- 
specific double knockout of NCoR1 and NCoR2 in mice impaired gluco-
neogenesis as well as fasting-dependent induction of genes associated 
with gluconeogenesis and amino acid catabolism. Surprisingly, loss of 
NCoR1 and NCoR2 led to a widespread reduction in the accessibility of 
glucocorticoid receptor-bound enhancers, reduction of glucocorticoid 
receptor binding and perturbed gene induction by glucocorticoids 
and fasting107. These are surprising findings considering that NCoR1 
and NCoR2 are known for repressing gene induction 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 

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 PPARα (Fig. 3).

Growth hormone
Growth hormone (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 to its target organs: the liver, bone, WAT and skeletal muscle108. 
In the liver, GH promotes the transcription and secretion of insulin-like 
growth factor 1 (IGF1). GH induces longitudinal bone growth, which is 
achieved by both direct GH signalling and IGF1 signalling in the bone109.

GH secretion is highly pulsatile, with ultradian rhythms causing 
200-fold differences in GH levels between nadir and zenith110. 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 plasma levels of GH in humans (Supplementary 
Table 1). Studies in rodents show conflicting results, with some studies 
show a fasting-induced increase in GH levels111,112. However, in these 
studies, the measurements were performed on a single sampling 

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 circumstances97,98,164–167. 
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 protein64,104. 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.

The assisted loading model provides an exciting explanation to 
the classic concept of ‘permissive’ actions of glucocorticoids168. 
A permissive hormone permits and augments the action of a second 
hormone169. In gluconeogenesis, glucocorticoids augment the 
actions of glucagon on gene expression and gluconeogenesis via 
assisted loading64. 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 
a response 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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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 rats113–116. It is important to note 
that although the increase of GH in rodents upon acute fasting is debat-
able, GH levels prominently increase when mice undergo chronic 
calorie restriction117–119.

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 targets120. 
In hepatocytes, the prominent JAK2 phosphorylation target is signal 
transducer and activator of transcription 5 (STAT5). Upon phospho-
rylation, two STAT5 units dimerize, enter the nucleus, bind chromatin 
and regulate gene expression. Interestingly, several pieces of evidence 
point to a cooperation between STAT5 and the glucocorticoid receptor. 
First, both transcription factors co-regulate a common set of genes, 
possibly by direct physical interaction with each other121,122. Moreover, 
STAT5 and the glucocorticoid receptor co-occupy various hepatic 
enhancers, and glucocorticoid receptor binding in mouse liver was 
weakened or lost in STAT5-deficient mice123.

GH indirectly 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 FFAs124. In addition to WAT lipolysis, GH signalling 
promotes lipid catabolism in the liver. Mouse models in which the 
hepatic GHR–JAK2–STAT5 axis was disrupted show hepatic lipid 
accumulation125,126, and GH increased FAO127 and ketogenesis128–130. 
In addition, various pieces of evidence show a reverse correlation 
between GH and hepatic steatosis125,131.

Another established effect of GH is increased blood levels of glu-
cose in humans132–136. This increase is caused by reduced muscle glu-
cose uptake, increased glycogenolysis137,138 and gluconeogenesis139,140.  
In mice, knockdown of hepatocyte GHR led to decreased expression 
of gluconeogenic genes141, and overexpression of GHR in hepatocytes 
increased gluconeogenesis142. In addition, gluconeogenic gene expres-
sion and glucose production were increased by GH in mouse and rat 
hepatocytes143,144. The GH-induced increase in blood levels of glucose 
is also a result of systemic insulin resistance imposed by GH145. 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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Fig. 3 | Glucocorticoid regulation of hepatic fuel production. Glucocorticoids 
diffuse into 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 synergistic induction 
of genes involved in gluconeogenesis and amino acids catabolism. Additionally, 

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/EBPβ) amplifies the gluconeogenic response and 
peroxisome proliferator-activated receptor alpha (PPARα) initiates a ketogenic 
gene programme. The transcriptional effects of glucocorticoids result in 
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.
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patients with acromegaly and the predisposition of these patients to 
diabetes mellitus146.

Another effect of GH is ameliorating muscle protein break-
down133,136, which is an effect that could be secondary to GH-induced 
lipolysis147. 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.

When discussing the hepatic effects of GH, it is important 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–STAT5 axis during fasting in 
mice and rats148,149. Indeed, direct evidence showing activation of the 
GHR–JAK2–STAT5 axis during fasting followed by the increase in GH 
is missing and except for two gluconeogenic genes141,143,144, GH does 
not regulate fasting-related genes in hepatocytes. Taken together, it is 
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 
(but not in rodents). However, in hepatocytes, GH induces 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 Ca2+ 
influx and the subsequent release of adrenaline to the circulation150. 
Upon fasting, circulating levels of adrenaline increase in humans (Sup-
plementary Table 1). Data in rodents regarding fasting-dependent 
increases in circulating levels of catecholamines are scarce. Of note, 
most research on the effect of adrenaline was made by infusions of high 
adrenaline levels in states not directly focusing on fasting (exercise or 
acute pharmacological intervention).

Catecholamine receptors are called adrenergic receptors and are 
widely expressed in many cell types. The liver mostly expresses the α1 
and β2 types150. Upon activation by adrenaline, α1 adrenergic recep-
tors activate the PLC–IP3–Ca2+–CAMK axis, and β2 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 Pck1 in rat and human 

hepatocytes150. In addition to HGP, adrenaline increases lipolysis and 
ketogenesis45,151 and some evidence also indicates that adrenaline 
increases FAO in hepatocytes150. Interestingly, glucagon is 100-fold 
more effective than adrenaline in activating gluconeogenesis152. 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)9,150.

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 and rats (Supplementary Table 1). In response to fasting, 
PPARα in the liver 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 ketogenesis7,153,154. 
PPARα is a nuclear receptor whose physiological ligands are lipids 
such as fatty acids, eicosanoids and phospholipids154. It was therefore 
assumed for years that WAT-derived FFAs serve as ligands for PPARα in 
the liver and that their increase in abundance during fasting activates a 
PPARα-dependent ketogenic gene programme. In a study published in 
2022, this assumption was given scientific evidence155. The authors gen-
erated mice with WAT-specific deletion of the gene encoding adipose 
triglyceride lipase, a key lipolytic enzyme. Fasting-induced ketogenesis 
was abolished in these mice, demonstrating that WAT lipolysis is criti-
cal for ketogenesis. The PPARα-dependent gene programme was also 
abrogated in these mice, establishing a link between lipolysis-derived 
FFAs, PPARα activation and ketogenesis. The β3 adrenergic receptor 
is abundant in WAT and is considered key in catecholamine-mediated 
lipolysis during fasting9,155. In mice, pharmacological activation of 
the β3 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 PPARα 
in hepatocytes155. These findings delineate an axis in which fasting 
hormones elicit lipolysis, which releases FFAs that travel to the liver, 
where they activate PPARα, 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 
in hepatocytes only minimally affected ketogenesis and did not lead to 
a metabolomic profile similar to that seen with PPARα deletion156. The 
finding that extra-hepatic FFAs serve as ligands for PPARα in the liver 
is paramount to understanding PPARα activity. Nonetheless, PPARα 
activity is also prominently regulated by ligands produced de novo 
within hepatocytes (Box 2). Therefore, PPARα activity in the liver is 
controlled by both extracellular and intracellular ligands.

In addition to the myriad of genes associated with lipid catabolism 
and ketogenesis that are induced by PPARα, it is worth mentioning that 
PPARα induces the production of fibroblast growth factor 21 (FGF21). 
FGF21 is 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 finding157. 
Because FGF21 probably does not directly signal hepatocytes157, we do 
not discuss its downstream effects here.

In summary, plasma levels of FFAs are robustly increased upon 
fasting owing to lipolysis. Although FFAs are not hormones, they serve 
as a major fasting cue that activates FAO and ketogenesis. FFAs bind and 
activate PPARα, causing it to induce the expression of a widespread set 
of genes that enhance ketogenesis (Fig. 4).
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Asprosin
Circulating levels of asprosin, a peptide adipokine, increase upon 
fasting in humans, mice and rats158 (Supplementary Table 1). Asprosin 
directly signals hepatocytes, where it activates the cAMP–PKA axis 
and increases HGP. Accordingly, recombinant or transgenic asprosin 
increases glycaemia158. 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 HGP159. 
Although direct evidence is lacking, it is plausible that asprosin exerts 
its transcriptional effects through CREB, given that asprosin activates 
the cAMP–PKA axis. In a study published in 2025, asprosin was shown 
to reduce hepatic lipogenesis and increase FAO, which fits with its role 
in fasting160. In addition to its role in directly regulating hepatocytes, 

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+ neurons161.

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 in 2022 unravelled the role of GP73 in the fasting response162. 
The mRNA and protein levels of GP73 were increased following fasting 
in mouse liver, WAT and pancreas. Furthermore, circulating levels of 
GP73 mildly increase following fasting in both mice and humans162 
(Supplementary Table 1). Administration of recombinant GP73 to 
GP73 knockout mice increased gluconeogenesis and the expression 

Box 2 | Intra-hepatic production of PPARα ligands
 

Peroxisome proliferator-activated receptor alpha (PPARα) is 
activated by various ligands, some of which are produced within 
hepatocytes170–174 and are shuttled into the nucleus, where PPARα 
is located175. Interestingly, PPARα induces the expression of some 
of the genes involved in producing its ligands170,171,174. Therefore, it 
is plausible that PPARα 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 PPARα 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. PPARα 
was responsible for this ‘sensitization’ effect as the effect was absent 
in hepatocyte-specific PPARα-deficient mice176. Although fasting 
sensitization is an emerging concept that requires independent 
confirmation, it raises intriguing possibilities when synthesized 
with previous independent studies showing PPARα-dependent 

intra-hepatic production of PPARα ligands170–174. It is tempting to 
speculate that PPARα-mediated sensitization to fasting is driven by 
increased ligand production. In this scenario, repeated fasting events 
would activate PPARα, leading to induction of the expression of 
genes producing PPARα ligands. These ligands would be available in 
the next fasting bout and activate PPARα (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 PPARα ligands173. We and others have shown that 
lipogenesis is at its highest in the refeeding period after fasting177–180. 
Thus, the possibility arises that in the interval refeeding periods 
between fasting bouts, lipogenesis generates ligands for PPARα, 
which then activate PPARα in the next fasting bout. In this scenario, 
repeated fasting–refeeding events create a cycle of PPARα ligand 
production and utilization, generating a sensitized response to fasting.
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of genes associated with gluconeogenesis163. 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 cue individually, the reality is that the liver’s response 
to fasting is a result 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 a changing 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 glucocorticoids is the most well-studied case of 
signal integration 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 PPARα. 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 PPARα; within hepatocytes, glucocorticoid 
receptor increases PPARα levels, thereby indirectly augmenting expres-
sion of genes associated with FAO and ketogenesis (Fig. 5). Glucocor-
ticoid receptor in WAT also indirectly activates PPARα in the liver by 
increasing lipolysis90–92, which generates PPARα ligands. The gluco-
corticoid receptor also partakes in other transcriptional cascades; for 
example, it increases the levels of C/EBPβ and augments its gluconeo-
genic capacity69. In addition, we and others have shown that glucagon 
regulates metabolism by similar transcriptional cascades68,69.

In addition 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 liver19,150,158,162. 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 
a metabolic state; GH is a classic example as it impairs insulin sensitiv-
ity in the liver, thus enabling the activity of other fasting cues that are 
strongly inhibited by insulin, such as gluconeogenesis and glycogen-
olysis. In addition, GH promotes lipolysis and thus supplies abundant 
FFAs to activate PPARα (Fig. 5).
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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 
is the 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 

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 (PPARα). 
Following activation, PPARα induces a ketogenic gene expression programme. Its 
activity is augmented by the glucocorticoid–glucocorticoid receptor axis, which 
increases PPARα mRNA and protein levels (that is, a transcriptional cascade). 
GP73, Golgi protein 73.
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Conclusions
Fasting cues govern metabolism and propel hepatic fuel production. 
The liver integrates extracellular cues to efficiently produce glucose 
and ketone bodies. 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, 
the kinetics 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 periods is unclear. 
Furthermore, the modes of signal integration during fasting have yet 
to be fully deciphered. Finally, whether more fasting cues cooperate 
in regulating the expression of genes (via assisted loading, transcrip-
tional cascades or other mechanisms) is also unknown. To answer 
these important questions, future studies need to embrace a complex 
experimental design; for example, stimulation with a combinatorial set 
of cues rather than a single cue, considering the centrality of transcrip-
tion factor cooperation in 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 
rule rather the exception in physiology.
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