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Abstract

The liver is crucial for the maintenance of normal glucose homeostasis — it produces glucose 

during fasting and stores glucose postprandially. However, these hepatic processes are 

dysregulated in type 1 and type 2 diabetes mellitus, and this imbalance contributes to 

hyperglycaemia in the fasted and postprandial states. Net hepatic glucose production is the 

summation of glucose fluxes from gluconeogenesis, glycogenolysis, glycogen synthesis, 

glycolysis and other pathways. In this Review, we discuss the in vivo regulation of these hepatic 

glucose fluxes. In particular, we highlight the importance of indirect (extrahepatic) control of 

hepatic gluconeogenesis and direct (hepatic) control of hepatic glycogen metabolism. We also 

propose a mechanism for the progression of subclinical hepatic insulin resistance to overt fasting 

hyperglycaemia in type 2 diabetes mellitus. Insights into the control of hepatic gluconeogenesis by 

metformin and insulin and into the role of lipid-induced hepatic insulin resistance in modifying 

gluconeogenic and net hepatic glycogen synthetic flux are also discussed. Finally, we consider the 

therapeutic potential of strategies that target hepatosteatosis, hyperglucagonaemia and adipose 

lipolysis.

Hepatic glucose production (HGP) accounts for ~90% of endogenous glucose production1, 

and it is crucial for systemic glucose homeostasis2. Net HGP is the summation of fluxes 

from gluconeogenesis, glycogenolysis, glycogen synthesis, glycolysis and other pathways. 

In the fasted state, the liver provides glucose to maintain euglycaemia and fuel obligate 

glucose-consuming cell types, such as neurons, red blood cells and renal medullary cells3. 

Postprandially, the liver contributes to normal glucose tolerance4. The liver contributes to the 

disposal of enteral glucose loads by increasing the rate of glycogen synthesis and 
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suppressing hepatic glucose output; these result in a net switch from hepatic glucose output 

to hepatic glucose uptake2. The suppression of hepatic glucose output involves the 

suppression of hepatic glycogenolysis and gluconeogenesis. As both glycogenolysis and 

gluconeogenesis contribute to HGP in humans that have fasted for less than 24 h (REF.5), 

knowledge of the mechanisms that mediate the postprandial suppression of both processes is 

relevant to understanding the hyperglycaemia observed in diabetes mellitus. Net hepatic 

glucose uptake, as measured by splanchnic arteriovenous balance and tracer methods, is 

estimated to be approximately one-third of a moderate enteral glucose load in humans and 

dogs2,4,6–9. However, the liver also contributes to the systemic disposal of an enteral glucose 

load through the suppression of glucose output, thus facilitating the consumption of residual 

exogenous glucose by extrahepatic tissues, such as skeletal muscle and adipose tissue.

Key regulators of hepatic glucose metabolism act through diverse mechanisms. For example, 

HGP is regulated by the provision of substrates, such as glucose or glycerol; allosteric 

control by metabolites, such as acetyl-CoA, glucose and glucose-6-phosphate; the balance of 

hormones, including insulin, glucagon, catecholamines and corticosteroids; and cellular 

redox state, which can be modified by treatment with metformin. This list is not 

comprehensive, which highlights the complexity of the physiological regulation of HGP. In 

addition, the processes that contribute to net HGP, including glycogen synthesis, 

glycogenolysis and gluconeogenesis, are regulated by independent mechanisms10–12. As a 

result of this complexity, hepatic glucose uptake is maximally stimulated by conditions that 

mimic the postprandial state, such as portal venous hyperglycaemia and 

hyperinsulinaemia8,13. Of note, the ‘gold-standard’ test of peripheral and hepatic insulin 

sensitivity — the hyperinsulinaemic–euglycaemic clamp technique14 — fails to 

recreate the postprandial hepatic sinusoidal milieu. For example, maintaining euglycaemia 

rather than achieving portal venous hyper glycaemia does not promote net hepatic glycogen 

synthesis2. Furthermore, the infusion of insulin through a peripheral catheter decreases the 

normal insulin concentration gradient between the portal vein and systemic vein (normally 

approximately threefold higher relative to the concentration in the portal vein)15. 

Consequently, for hyperinsulinaemic–euglycaemic clamps that only increase peripheral 

insulin concentration by approximately threefold, the insulin level that is detected by the 

liver will not change. These limitations must be considered in studies of hepatic glucose 

metabolism using the hyperinsulinaemic–euglycaemic clamp.

This Review aims to detail both the established mechanistic knowledge and newer insights 

regarding the regulation of HGP in health and in diabetes mellitus. We begin by discussing 

lipid-induced hepatic insulin resistance, which is one of the primary pathophysiological 

processes that are involved in the dysregulation of hepatic glucose metabolism in type 2 

diabetes mellitus (T2DM). We then consider elements of the regulation of hepatic 

gluconeogenesis and hepatic glycogen metabolism, and use this knowledge to propose a 

unified framework for understanding hepatic insulin action. Finally, we highlight some of 

the therapeutic implications of these advances.
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Hepatosteatosis and insulin resistance

Although both insulin and glucose are required for net hepatic glucose uptake, insulin alone 

suppresses HGP in a dose-dependent manner16,17. In individuals with T2DM, the rate of 

HGP is increased under basal physiological conditions, and insulin-dependent suppression 

of HGP is impaired at both physiological and modest supra physiological plasma levels of 

insulin3,18,19. Although the insulin-dependent suppression of HGP has several physiological 

components (see below), impaired suppression of HGP is generally considered to represent 

hepatic insulin resistance. Accordingly, the suppression of HGP is widely used in 

mechanistic studies as a measure of hepatic insulin action20. Impaired suppression of HGP is 

reproducibly associated with increased intra hepatic triglyceride (IHTG) content, which is a 

hallmark of non-alcoholic fatty liver disease (NAFLD). IHTG content is a better predictor of 

hepatic insulin resistance than visceral adiposity or BMI in individuals without diabetes 

mellitus and with obesity21, and interventions that decrease IHTG content are associated 

with the reversal of hepatic insulin resistance in humans with NAFLD and rodent models of 

this disease20,22–26. Hepatic levels of diacylglycerol — the penultimate intermediate in the 

triglyceride synthesis pathway — have been proposed to mediate lipid-induced hepatic 

insulin resistance27. In the four human studies that have measured hepatic diacylglycerol 

content and hepatic insulin sensitivity, diacylglycerol content was strongly correlated with 

hepatic insulin resistance in all four, whereas other potential mediators of hepatic insulin 

resistance (such as ceramides) showed an inconsistent relationship21,28–30. An increase in 

the level of hepatic diacylglycerol activates protein kinase Cε (PKCε), which impairs the 

tyrosine kinase activity of the insulin receptor (INSR)31,32 through inhibitory 

phosphorylation of INSR at Thr1160; mice homozygous for a Thr1150Ala (the homologous 

residue to human Thr1160) mutation in Insr were protected from lipid-induced hepatic 

insulin resistance33.

Hepatic insulin resistance is also associated with other abnormalities that might contribute to 

dysregulated glucose metabolism. For example, the progression of NAFLD to liver fibrosis 

and non-alcoholic steatohepatitis (NASH) is common, and is associated with increased 

morbidity and mortality34. The increased deposition of extra cellular matrix (ECM) due to 

high-fat diet (HFD)-induced hepatic fibrosis results in interactions between the ECM and 

mediators of insulin signalling, such as AKT, through the scaffolding pseudokinase integrin-

linked protein kinase (ILK)35. The liver-specific deletion of Ilk protected mice from HFD-

induced hepatic steatosis, and therefore from HFD-induced hepatic insulin resistance, 

hinting at a bidirectional relationship between fibrosis and hepatic lipid deposition in this 

model35.

Improvements in our understanding of the regulation of hepatic glucose metabolism and of 

hepatic insulin resistance might inform potential therapeutic strategies for normalizing 

hepatic glucose production in T2DM. The physiological and pathophysiological regulation 

of hepatic gluconeogenesis and glycogen metabolism are examined below.
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Control of hepatic gluconeogenesis

Gluconeogenesis contributes approximately half of the total HGP in humans following an 

overnight fast and is primarily responsible for the increase in fasting HGP in individuals 

with T2DM5,19,36–39. Major gluconeogenic precursors, including lactate, alanine and 

glycerol, are subject to diverse regulatory mechanisms. Below, we consider the recent 

progress in our understanding of gluconeogenic regulation (FIG. 1).

Indirect control of hepatic gluconeogenesis by lipolysis

Indirect control (that is, non-hepatocyte-autonomous control) of HGP was first hypothesized 

to occur more than half a century ago by Levine and Fritz40. It is now clear that multiple 

indirect mechanisms contribute to the physiological regulation of HGP. For example, insulin 

strongly regulates the secretion of glucagon from pancreatic α-cells, and the loss of this 

paracrine mode of regulation contributes to the development of hyperglucagonaemia and 

increased HGP in diabetes mellitus41,42. HGP is also indirectly regulated by the products of 

lipolysis — glycerol and nonesterified fatty acids (NEFA). Progress in this field accelerated 

when investigators began to compare the suppression of HGP during portal venous versus 

peripheral venous insulin infusions. In an early canine study, these modes of infusion 

achieved similar peripheral concentrations of insulin but markedly different portal 

concentrations of insulin; however, both methods of infusion resulted in similar magnitudes 

of HGP suppression43. In healthy humans, portal and peripheral venous infusions achieved 

similar portal insulin concentrations and different peripheral insulin concentrations, and 

revealed that individuals who had the highest peripheral insulin concentrations also 

displayed the greatest degree of HGP suppression44. Although a specific increase in portal 

venous insulin levels also caused the suppression of HGP in dogs45 and humans44, a role for 

the indirect control of HGP by insulin was apparent46. Attention quickly turned to the role of 

lipolytic products (NEFA and glycerol) in the regulation of hepatic gluconeogenesis. In 

humans, low-dose infusion of the lipid emulsion Intralipid attenuated fasting-induced 

decreases in gluconeogenesis, which indicates that NEFA and/or glycerol have a 

physiological effect on gluconeogenesis47. Furthermore, low-dose infusion of an Intralipid 

and heparin mixture to prevent insulin-mediated decreases in plasma levels of NEFA 

abolished the enhanced suppression of HGP observed with peripheral infusion compared 

with equimolar tolbutamide-stimulated portal insulin secretion in humans48. Insulin-

dependent suppression of HGP was also impaired by this ‘fatty acid clamp’ in dogs49,50, 

which implicates insulin-mediated suppression of lipolysis as a mediator of insulin-

dependent suppression of HGP.

Additional studies have advanced the hypothesis that the control of hepatic gluconeogenesis 

by lipolysis involves the conversion of glycerol to glucose, and, quantitatively, the acetyl-

CoA-mediated allosteric activation of pyruvate carboxylase51–53. Conceptually, the effect of 

lipolysis to increase hepatic gluconeogenesis from glycerol is mechanistically 

straightforward; it involves a ‘substrate push’ mechanism, in which increased substrate 

availability drives an increase in the formation of product54. However, the mechanism by 

which an increased turnover and oxidation of fatty acids might drive gluconeogenesis from 

pyruvate cannot be explained by a ‘substrate push’ mechanism, as acetyl-CoA and acetate, 
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the products of β-oxidation of fatty acids, are not gluconeogenic substrates; they do not 

contribute net carbon to gluconeogenesis. Instead, fatty acids can activate hepatic 

gluconeogenesis by increasing mitochondrial levels of acetyl CoA and, consequently, by 

allosterically activating pyruvate carboxylase, as was described in the 1960s52,55–57. Indeed, 

hepatic concentrations of acetyl-CoA and pyruvate carboxylase activity were increased in rat 

models of insulinopenic diabetic ketoacidosis and suppressed following pharmacological 

inhibition of lipolysis52,53. These concepts were then extended to the normal physiological 

suppression of hepatic gluconeogenesis by insulin. Infusion of insulin in fasted rats rapidly 

and markedly suppressed plasma concentrations of NEFA and glycerol, which was 

accompanied by decreases in hepatic acetyl-CoA concentration and HGP51. Functionally 

blocking the insulin-dependent suppression of lipolysis using acetate and glycerol infusions 

that were calibrated to match basal hepatic levels of acetyl-CoA and rates of whole-body 

glycerol turnover completely prevented insulin-mediated suppression of HGP51. 

Importantly, these studies were carried out in fasted rats that had minimal hepatic glycogen 

stores; therefore, insulin-dependent suppression of HGP solely reflected the suppression of 

gluconeogenesis.

Further evidence for this indirect mechanism of gluconeogenic suppression was provided by 

studies in rodents with genetic defects in hepatocellular insulin signalling. Mice in which 

Akt1, Akt2, and Forkhead box O1 (Foxo1) — genes that encode three crucial effectors of 

hepatocellular insulin action — were knocked out behaved similarly to wild-type mice, 

suppressing HGP normally in hyperinsulinaemic–euglycaemic clamp studies but showing 

increased HGP when acetate and glycerol infusions were superimposed on the clamp51,58. 

Moreover, rats in which Insr was ablated in liver and white adipose tissue (WAT) by 

antisense oligonucleotides regained the ability to suppress HGP in an insulin-dependent 

manner when adipose lipolysis was pharmacologically blocked51. This finding is consistent 

with other studies in mice that reported that the ablation of hepatic Insr does not prevent the 

insulin-dependent suppression of HGP59, and that liver-specific rescue of Insr expression 

does not restore acute insulin-dependent suppression of HGP60. These results demonstrate 

that hepatic insulin signalling is not essential for the suppression of HGP by insulin in an 

overnight fasted rodent, which is depleted of hepatic glycogen and is mostly dependent on 

hepatic gluconeogenesis. Overall, substantial data point to a crucial role for the inhibition of 

adipose lipolysis, and resultant decreases in the turnover of NEFA and glycerol, in the acute 

insulin-mediated suppression of hepatic gluconeogenesis.

Whether the impaired lipolytic control of hepatic gluconeogenesis contributes to the increase 

in HGP that is associated with T2DM is unclear. Humans who have poorly controlled T2DM 

(fasting plasma glucose >250 mg dl−1) have higher plasma concentrations of NEFA than 

healthy controls throughout the day, and increased plasma concentrations of NEFA are an 

independent predictor of incident T2DM61–67. Insulin-dependent suppression of glycerol 

turnover, which is a readout of lipolytic flux, is impaired in individuals who have insulin 

resistance, with or without diabetes mellitus68–71. The rates of glycerol turnover and of 

gluconeogenesis from glycerol are also increased in overnight fasted humans with 

T2DM72,73. Although these data are largely correlative, they suggest that chronic increases 

in the rate of lipolysis might promote an increased rate of hepatic gluconeogenesis in T2DM. 

Of note, the plasma turnover of β-hydroxybutyrate might be a non-invasive surrogate 
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biomarker for hepatic concentrations of acetyl-CoA74. This method might be useful for 

human studies that examine the lipolytic control of hepatic gluconeogenesis.

Suppression of hepatic gluconeogenesis by metformin

The biguanide compound metformin is used as a first-line therapy for T2DM75, and acts 

primarily through the suppression of hepatic gluconeogenesis76,77. However, the molecular 

mechanism that underlies this effect remains a subject of active investigation. Perhaps the 

best-studied potential mechanism of metformin action is the stimulatory phosphorylation of 

AMP-activated protein kinase (AMPK) at Thr172 (REF.78). This mechanism was supported 

by studies in mice with a liver-specific deletion of the gene that encodes serine/threonine 

liver kinase B1 (LKB1; also known as STK11), which phosphorylates AMPK at Thr172; 

these mice were refractory to metformin therapy and displayed substantial transcriptional 

dysregulation as a result of chronic inactivation of AMPK79. The link between metformin, 

AMPK and gluconeogenesis has been proposed to involve both the AMPK-mediated 

disassembly of the cAMP-responsive element-binding protein 1 (CREB)–CREB-binding 

protein (CBP)–CREB-regulated transcription co-activator 2 (CRTC2) transcriptional 

complex, which positively regulates the expression of the gluconeogenic genes 

phosphoenolpyruvate carboxykinase 1 (Pck1) and glucose-6-phosphatase (G6pc)80, and 

improvements in lipid-induced hepatic insulin resistance81. However, metformin continues 

to inhibit glucose production in Ampk-knockout primary mouse hepatocytes and improves 

glucose tolerance in Ampk-knockout mice to a similar extent to wild-type control mice82. 

Furthermore, metformin suppressed glucose production in mouse hepatocytes that 

overexpressed the gluconeogenic enzymes cytosolic PCK1 and G6PC, which challenges the 

hypothesis that transcriptional mechanisms are essential for the action of metformin82. In 

addition, both galegine (a related guanide compound) and metformin suppressed hepatic 

gluconeogenesis within 20 min of intravenous infusion in rats, a time frame that is 

inconsistent with that of transcriptional mechanisms83. In hepatocytes, the activation of 

AMPK in response to guanide and biguanide compounds is well established78,80,82,84–86 and 

occurs rapidly following the intravenous administration of galegine83. However, 

interestingly, pharmacological activation of AMPK with A-769662 (which activates AMPK 

to a similar extent to galegine) did not suppress HGP in awake hepatic glycogen-depleted 

rats83. Thus, several lines of evidence have cast doubt on the necessity of AMPK activation 

for the metformin-dependent suppression of hepatic gluconeogenesis, warranting the 

investigation of alternative mechanisms of action.

An alternative but related hypothesis posits that metformin inhibits the activity of 

mitochondrial complex I and thus alters the adenine nucleotide energy charge (that is, the 

cellular [AMP]:[ATP] and [ADP]:[ATP] ratios)87. An increase in the [AMP]:[ATP] ratio 

would activate AMPK and inhibit the activity of fructose-1,6-bisphosphatase, which is a key 

gluconeogenic enzyme88. However, some reports suggest that metformin-dependent 

inhibition of mitochondrial complex I is observed only at suprapharmacological 

concentrations (millimolar) of metformin, in contrast to the clinically relevant plasma 

concentration range of 50–100 μM, which is observed in patients who take 2 g of metformin 

daily83,87. Moreover, many studies disagree on whether pharmacologically relevant 

concentrations of biguanides can increase intracellular levels of AMP83,84,89. In one study89, 
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long-term treatment of mouse hepatocytes with physiologically relevant biguanide 

concentrations increased intra cellular levels of AMP, and decreased intracellular levels of 

cAMP (consistent with the allosteric inhibition of adenylyl cyclase by AMP); this decrease 

in the concentration of cAMP was hypothesized to reduce HGP by antagonizing the action 

of glucagon. However, other studies in mouse hepatocytes84 and rats83 have not observed a 

link between metformin-dependent suppression of HGP and changes in intracellular 

concentrations of cAMP. Furthermore, metformin did not inhibit glucagon-stimulated HGP 

in a randomized placebo-controlled double-blind trial in humans with prediabetes90.

Metformin is less potent than other related guanide and biguanide compounds, such as 

galegine and phenformin91. In particular, phenformin was withdrawn from clinical use 

owing to adverse effects, including lactic acidosis91. However, the observation that acute 

galegine treatment decreased hepatic gluconeogenesis and increased plasma concentrations 

of lactate in rats within 30 min of administration provided an initial clue to a third proposed 

mechanism for the action of metformin83. In rats, metformin increased the cytoplasmic 

redox state and decreased the mitochondrial redox state, which suggests that metformin 

inhibits one of the metabolic shuttles that are involved in equilibrating cytoplasmic and 

mitochondrial redox states83. Indeed, metformin was shown to non-competitively inhibit 

mitochondrial glycerol-3-phosphate dehydrogenase (mGPD) in isolated hepatocytes with a 

clinically relevant Ki of ~50 μM83. An important distinguishing feature of this mechanism, 

in contrast to all previous proposed mechanisms, is that inhibition of mGPD was predicted 

to impair gluconeogenesis only from redox-dependent substrates: lactate, as lactate 

dehydrogenase requires the reduction of NAD+, and glycerol, as mGPD produces the 

gluconeogenic precursor dihydroxyacetone phosphate (DHAP)83. This prediction was 

confirmed in cultured hepatocytes that were treated with metformin or small interfering 

RNA (siRNA) targeting the mGPD transcript83. Consistent with this model, knockdown of 

hepatic mGPD using antisense oligonucleotides phenocopied metformin treatment in rats, 

and Gpd2-knockout mice displayed reduced HGP during fasting that was unaltered by 

treatment with metformin83, which is consistent with a previous report of decreased fasting 

glycaemia in Gpd2-knockout mice92. As the importance of the glycerol-3-phosphate shuttle 

in gluconeogenesis in the human liver is unclear93,94, studies in humans are required to 

determine whether metformin regulates gluconeogenesis by modulating cellular redox state. 

A unique testable prediction of the redox hypo thesis is that treatment with metformin 

should decrease gluconeogenesis from lactate and glycerol, but not from pyruvate, alanine or 

DHAP.

Hormonal control of hepatic gluconeogenesis

Glucagon and catecholamines positively regulate hepatic gluconeogenesis through cAMP-

dependent activation of protein kinase A (PKA)95. Glucagon action is essential for 

hyperglycaemia in rodent models of T2DM; db/db diabetic mice that lack the glucagon 

receptor (Gcgr) did not develop hyperinsulinaemia or hyperglycaemia96. Glucagon and 

catecholamines stimulate net hepatic gluconeogenic flux in the acute setting by promoting 

the phosphorylation of PKA, inhibition of the liver-type isozyme of pyruvate kinase (L-PK; 

with glucagon only)97 and phosphorylation of the bifunctional enzyme 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase 2 (PFK2/FBPase-2)98 at Ser36. Phosphorylation of 
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PFK2/FBPase-2 favours its phosphatase activity, enabling it to decrease the production of 

fructose-2,6-bisphosphate, an allosteric inhibitor of the gluconeogenic enzyme fructose-2,6-

bisphosphatase 1 (FBPase-1)98,99; phosphorylated PFK2/FBPase-2 also facilitates the 

nuclear translocation and consequent functional inactivation of glucokinase (GCK)100. 

These mechanisms might also underlie the stimulatory effect of asprosin (an adipose-derived 

peptide hormone that activates hepatocellular cAMP–PKA signalling) on HGP101. The 

observation that asprosin stimulated HGP in mice that were fasted for 18 h (REF.10) 

suggests that asprosin stimulates gluconeogenesis; however, cAMP–PKA-dependent 

stimulation of hepatic glycogenolysis (see below) would also be expected to contribute to 

HGP in non-fasted mice.

By contrast, the acute and direct negative control of gluconeogenesis by insulin is not 

prominent in vivo11,102. High concentrations of insulin can counteract cAMP-mediated 

effects, such as the phosphorylation of L-PK and PFK2/FBPase-2, within 30 min 

(REFS97,102,103); however, the insulin-dependent regulation of gluconeogenesis primarily 

occurs through slow transcriptional mechanisms. The best-characterized pathway for 

insulin-dependent transcriptional control of gluconeogenic gene expression involves 

members of the FOXO family of transcription factors (FOXO1, FOXO3a and FOXO4)11. 

FOXO proteins, in concert with the transcriptional co-activator peroxisome proliferator-

activated receptor-γ co-activator 1α (PGC1α; also known as PPARGC1A), positively 

regulate the expression of PCK1 and G6PC104–107. FOXO proteins are phosphorylated by 

AKT following stimulation with insulin, which induces their nuclear exclusion and 

consequent inactivation106. Gain-of-function or loss-of-function perturbations of the FOXO–

PGC1α axis have marked effects on G6PC and PCK1 protein levels and glycaemia in rodent 

studies105,108,109. However, normalization of hyperglycaemia and re-sensitization of HGP to 

insulin stimulation were observed following the deletion of Foxo1 in mice with liver-specific 

knockout of Insr, which illustrates both the profound consequences of continuous activation 

of FOXO and the dispensability of the FOXO–PGC1α axis for acute insulin-mediated 

suppression of hepatic gluconeogenesis110,111. Overall, the place of the FOXO–PGC1α axis 

in the hierarchy of gluconeogenic control mechanisms remains ambiguous. For example, it 

is unclear whether dysregulation of FOXO transcription factors contributes to the increased 

rate of gluconeogenesis observed in T2DM. Rodents that are fed a HFD have hepatic insulin 

resistance but unaltered levels of the gluconeogenic enzymes G6PC and PCK1 (REFS24,51). 

Similarly, the expression levels of G6PC and PCK1 were not altered in humans with 

T2DM112. Available evidence, although limited, does not currently support a central role for 

perturbed gluconeogenic gene transcription in the increased gluconeogenesis involved in 

T2DM.

Glucagon and catecholamines also participate in the slow transcriptional control of 

gluconeogenesis by stimulating the cAMP–PKA-dependent activation of the CREB–CBP–

CRTC2 complex80,113. The key mediator of hormonal control in the CREB–CBP–CRTC2 

module seems to be CRTC2. Similarly to FOXO1, CRTC2 is dephosphorylated and 

localized to the nucleus during fasting113, and is phosphorylated and excluded from the 

nucleus in response to insulin114. The dephosphorylation of CRTC2 during fasting involves 

the PKA-dependent inhibition of the serine/threonine kinase SIK2, which normally 

phosphorylates CRTC2, and the PKA-dependent phosphorylation of inositol-1,4,5-
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trisphosphate receptors (IP3R) with a resultant increase in intracellular Ca2+ levels, which 

activates the CRTC2-specific phosphatase calcineurin115. Crosstalk between the FOXO1 and 

CRTC2 pathways includes the induction of PGC1α expression by CREB113. Consistent with 

this crosstalk, the CREB–CBP–CRTC2 module exerts stronger control over the expression 

of G6pc during the first 6 h of fasting in mice, whereas the FOXO1–PGC1α module has a 

larger role in stimulating G6pc transcription over longer durations (~18 h) of fasting in 

mice116. As predicted, Crtc2–knockout mice had fasting hypoglycaemia and mice with 

adeno-associated virus (AAV)-mediated overexpression of constitutively active CRTC2 were 

hyperglycaemic117,118.

Gluconeogenic capacity of the liver

Oscillations in the FOXO- and CREB-regulated expression of gluconeogenic enzymes have 

been proposed to dictate the ‘gluconeogenic capacity’ of the liver. These transcriptional 

oscillations are probably superimposed on normal circadian oscillations119; the circadian 

clock modulates the activity of CREB (and therefore glucagon and glucocorticoid 

function)120,121. Liver-specific knockout of the circadian clock component aryl hydrocarbon 

receptor translocator-like protein 1 (Bmal1, also known as Arntl) in mice was associated 

with fasting hypoglycaemia; however, this effect was primarily attributable to a marked 

decrease in the expression of glucose transporter 2 (Glut2; also known as Slc2a2) rather than 

changes in gluconeogenic gene transcription122. Interesting associations between the 

circadian control of gluconeogenesis and lipogenesis have been uncovered. Mice with 

hepatic knockout of the gene that encodes histone deacetylase 3 (Hdac3), which regulates 

the circadian rhythm of lipogenesis, rerouted gluconeogenic substrates to lipid storage, 

resulting in modest decreases in fasting glycaemia and improved glucose tolerance123. 

However, interestingly, these alterations in gluconeogenic flux were not associated with 

changes in the expression of G6pc or Pck1 (REF.123). Overall, no direct evidence indicates 

that modest oscillations in the transcription of gluconeogenic genes drive changes in 

gluconeogenic flux — the pyruvate tolerance test, which is used in many studies of 

circadian control of gluconeogenesis, is highly responsive to changes in gluconeogenic 

capacity but might not reflect physiological rates of gluconeogenesis. Indeed, indirect 

evidence suggests that gluconeogenic capacity might not be a major regulator of 

gluconeogenic flux in mice. In one study, a >90% decrease in the expression of Pck1 in mice 

resulted in only a moderate 40% reduction in gluconeogenesis124. Similarly, in G6pc−/− 

mice, adenoviral-mediated restoration of G6pc expression to only 20% of the activity in 

wild-type mice alleviated fasting hypoglycaemia125. These remarkable phenotypes suggest 

that modest oscillations in the expression of Pck1 and G6pc, mediated by insulin, the 

circadian clock, glucagon and other mechanisms, exert limited control of gluconeogenic flux 

in the normal liver; however, compensations, such as the activation of alternative metabolic 

pathways in these mouse models, potentially complicate this simple interpretation.

Neural control of HGP

A role for the central nervous system (CNS) in the regulation of hepatic glucose metabolism 

has been appreciated since the 1850s126, and this subject has experienced a resurgence in 

research in the past few years127,128. Leptin, an adipose-derived hormone that controls 

satiety, acts through several mechanisms to modulate energy balance and hepatic glucose 
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metabolism129. Insulin is transcytosed across the blood– brain barrier130 and can bind to 

INSR on neurons and glial cells131. Neuron-specific deletion of Insr predisposes mice to 

diet-induced obesity and concomitant hepatic insulin resistance, probably through increasing 

appetite132. However, CNS-dependent regulation of hepatic insulin action might occur 

through mechanisms that are independent of energy balance. For example, insulin action in 

hypothalamic nuclei can potently suppress HGP127,133. Hepatic vagotomy might also alter 

hepatic insulin action, although the mechanisms that underlie this are currently unclear134. 

The intracerebroventricular infusion of insulin suppressed HGP in rodents135; however, a 

physiological increase in levels of insulin in the brain achieved through intra-arterial 

infusion did not alter HGP in dogs136,137. Although the physiological mechanisms that link 

insulin action in the brain and liver are unclear, they involve direct sympathetic and 

parasympathetic efferents, as well as the activation of the hypothalamic–pituitary–adrenal 

axis127,128.

Control of hepatic glycogen metabolism

Hepatic glycogen can be synthesized from glucose directly (glucose to glucose-6-phosphate 

to UDP-glucose to glycogen) or indirectly (glucose to glucose-6-phosphate to pyruvate to 

glucose-6-phosphate to UDP-glucose to glycogen); these pathways contribute similarly to 

glycogen synthesis in the liver138. Net hepatic glycogen deposition depends on the 

coordinated suppression of glycogenolytic flux and the stimulation of glycogen synthetic 

flux. Both glycogenolysis and glycogen synthesis are subject to complex regulatory 

mechanisms; however, generally, a useful simplification is to consider glucose as the 

primary suppressor of hepatic glycogenolysis and insulin as the principal activator of hepatic 

glycogen synthesis in vivo. This paradigm was illustrated in a study that used 13C magnetic 

resonance spectroscopy (MRS) measurements of hepatic glycogen in healthy individuals 

who had fasted overnight and who were subjected to hyperglycaemia (10 mM glucose), 

hyperinsulinaemia (400 pM insulin), both hyperglycaemia and hyperinsulinaemia, or 

neither10. Endogenous secretion of insulin and glucagon was suppressed using somatostatin. 

Control individuals who were not subjected to hyperglycaemia or hyperinsulinaemia 

exhibited net hepatic glycogenolysis, as expected. Hyperinsulinaemia was required for the 

stimulation of glycogen synthesis but did not suppress glycogenolysis. By contrast, 

hyperglycaemia was required for the suppression of glycogenolysis; consequently, the 

hyperinsulinaemic–hyperglycaemic group achieved maximal hepatic glycogen synthesis10. 

Of note, the degree of hepatic hyperinsulinaemia that was achieved in this study was modest; 

higher concentrations of exogenous insulin might suppress glycogenolysis, as observed in 

cultured human hepatocytes139.

The conclusion that both hyperglycaemia and hyperinsulinaemia are necessary for maximal 

hepatic glycogen synthesis also has implications for the use of hyperinsulinaemic– 

euglycaemic clamps. The action of hepatic insulin during the hyperinsulinaemic– 

euglycaemic clamp is often measured as suppression of HGP; however, suppression of HGP 

has a large extrahepatic component, owing largely to the lipolytic control of 

gluconeogenesis. Insulin-dependent stimulation of hepatic glycogen synthesis would be a 

useful readout of direct hepatic insulin action, but under hyperinsulinaemic–euglycaemic 

conditions both glycogen synthesis and glycogenolysis are active, which results in glycogen 
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cycling and attenuated net hepatic glycogen synthesis10. Thus, a hyperinsulinaemic–

hyperglycaemic clamp is necessary to achieve maximal net hepatic glycogen synthesis and, 

accordingly, this technique has been used to measure absolute rates of hepatic glycogen 

synthesis through both direct and indirect glycogen synthesis pathways in rodents33 and 

dogs140. The prevention of lipid-induced hepatic insulin resistance in InsrT1150A mice 

(which are insensitive to INSR inhibition by PKCε) was associated with improvements in 

insulin-stimulated hepatic glycogen synthesis compared with HFD-fed wild-type controls 

during hyperinsulinaemic–hyperglycaemic clamp studies33. Although they are infrequently 

used, these in vivo measurements of net hepatic glycogen synthesis probably provide the 

best direct readout of hepatic insulin action.

Insulin, glucagon and glucose regulate hepatic glycogenolysis and glycogen synthesis 

through mechanisms that alter the activity of GCK, glycogen synthase and glycogen 

phosphorylase (FIG. 2).

GCK activity and glycogenesis

The transport of glucose into hepatocytes occurs by facilitated diffusion through GLUT2, 

and, consequently, intrahepatic glucose concentrations parallel those in the plasma. GCK — 

which catalyses the phosphorylation of glucose to glucose-6-phosphate — is therefore the 

gatekeeper for glucose metabolism in hepatocytes141,142. GCK strongly regulates hepatic 

glycogen deposition. Transgenic mice that have an extra copy of the Gck displayed more 

than threefold greater hepatic glycogen deposition than wild-type mice during 

hyperglycaemic clamp studies143. Similarly, the glucose intolerance of mice that have liver-

specific deletions of the genes that encode AKT (Akt1−/−/Akt2−/−) is normalized by the 

overexpression of Gck144. Conversely, patients with maturity onset diabetes mellitus of the 

young type 2 (MODY2) — which is caused by loss-of-function mutations in GCK — have 

reduced hepatic glycogen synthesis in the postprandial state, which is attributable to both the 

loss of hepatic GCK activity and a reduction in pancreatic insulin secretion145. GCK activity 

is largely regulated by its subcellular localization. Glucokinase regulatory protein (GKRP) 

binds to GCK in the nucleus when cytoplasmic concentrations of glucose are low146 (FIG. 

2a). Glucose induces the dissociation of the GCK–GKRP complex, thus enabling the 

translocation of GCK to the cytosol, where it is active147 (FIG. 2b). Insulin facilitates this 

glucose-induced dissociation of the GCK–GKRP complex and upregulates the expression of 

Gck in rat hepatocytes through unclear AKT-dependent mechanisms147. Conversely, 

glucagon inhibits the dissociation of the GCK–GKRP complex and represses Gck 

expression in rodents147. GCK exerts a high degree of metabolic control over glycogen 

synthesis, and only small increases in cytosolic free GCK are required to stimulate glycogen 

synthesis148.

Glycogen synthase and glycogenesis

Although GCK has a high metabolic control coefficient for glycogen synthesis in the 

hepatocyte, liver glycogen synthase (GYS2) also shares control147. Indeed, the concomitant 

overexpression of both Gck and Gys2 in mouse models enhanced hepatocellular glycogen 

synthesis more than the overexpression of either gene alone141. This shared control of 

glycogen synthesis is probably partly attributable to the GCK-dependent production of 
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glucose-6-phosphate, which is the key allosteric activator of GYS2 (REFS141,149). Mice than 

have an Arg582Ala mutation in GYS2, which renders the enzyme insensitive to allosteric 

activation by glucose-6-phosphate, displayed severely impaired hepatic glycogen synthesis 

and unstable GYS2, which highlights the essential role of allostery in mediating the activity 

of GYS2 (REF.150). GYS2 is also regulated by phosphorylation at seven sites; 

phosphorylated GYS2 has a decreased maximum reaction rate (Vmax)151 (FIG. 2a). This 

mode of regulation of GYS2 is complex, as it can be phosphorylated by PKA, PKC 

isoforms, AMPK, glycogen synthase kinase 3 (GSK3) and possibly other kinases151. 

However, site-directed mutagenesis studies indicate that the most important phosphorylation 

site for GYS2 activity is Ser7, which is a substrate of AMPK and PKA152,153; mice with 

adenoviral overexpression of GYS2 with a Ser7Ala mutation displayed increased levels of 

liver glycogen under both fasting and fed conditions154. These mice had markedly improved 

glucose tolerance and lower plasma levels of glucose in the fed state but not in the fasted 

state, which highlights the crucial role of hepatic glycogen synthesis in postprandial glucose 

disposal154. Insulin, which is essential for hepatic glycogen synthase flux in vivo10, was 

long thought to act through the AKT-dependent inhibition of GSK3, which would favour the 

dephosphorylation of GYS2 (REF.155). In fasting–refeeding studies, Akt2−/− mice had 

impaired hepatic glycogen synthesis, which demonstrates the necessity of AKT for insulin-

dependent stimulation of glycogen synthesis; however, Gsk3αSer21Ala/Gsk3βSer9Ala mice 

displayed normal hepatic glycogen metabolism, suggesting that inhibitory phosphorylation 

of GSK3 by AKT is unnecessary for glycogen synthesis156. The mechanism for the insulin-

dependent activation of GYS2 might involve the activation of phosphodiesterase 3B 

(PDE3B) by AKT, which antagonizes the cAMP-mediated phosphorylation of GYS2 (REF.
157) In addition, this process might involve the dephosphorylation of GYS2 by protein 

phosphatase 1 (PP1), which involves targeting subunits of PP1, especially GL (REF.158) 

(FIG. 2b).

Glycogen phosphorylase and glycogenolysis

The stimulation of hepatic glycogenolysis during fasting or adrenergic stimulation occurs 

largely through well-characterized pathways downstream of cAMP– PKA signalling; both 

GYS2 and glycogen phosphorylase are phosphorylated by PKA, which results in the 

coordinated inhibition of GYS2 and activation of glycogen phosphorylase. This elegant 

reciprocal control of glycogen synthesis and glycogenolysis is mediated by the GL targeting 

subunit of PP1, which regulates both GYS2 and glycogen phosphorylase through 

dephosphorylation. The phosphorylated active form of glycogen phosphorylase binds to and 

inhibits PP1-GL, preventing PP1-dependent dephosphorylation and activation of GYS2 

(REF.159); this process prevents futile glycogen cycling (FIG. 2a). Glucose also regulates 

glycogen phosphorylase activity by allosterically binding to glycogen phosphorylase, which 

stabilizes a conformation that enables dephosphorylation and inactivation of the 

enzyme147,160. In this way, glycogen phosphorylase senses plasma levels of glucose to 

ensure that glycogenolysis is halted when glucose is abundant in plasma (FIG. 2b). 

Interestingly, a prediction of this model is that hyperglycaemia should lead to the 

dephosphorylation of glycogen phosphorylase, the release of PP1-GL and the consequent 

dephosphorylation and activation of GYS2; however, in humans, when the release of insulin 

and glucagon was prevented by somatostatin infusion, hyperglycaemia could block hepatic 
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glycogenolysis but it could not stimulate hepatic glycogen synthesis10. This finding suggests 

that the role of insulin in stimulating hepatic glycogen synthesis extends beyond its ability to 

promote the PDE-mediated attenuation of glucagon signalling. Therefore, further research is 

required to elucidate the complete mechanistic basis for the regulation of hepatic glycogen 

synthesis by insulin and glucagon.

Understanding hepatic insulin action

A clinically and therapeutically relevant perspective on hepatic glucose metabolism requires 

an understanding of how hepatic glucose fluxes fit together in states of health and disease. 

On the basis of data described in this Review, we attempt to construct a unified framework to 

describe the control of hepatic glucose metabolism by insulin, both in healthy physiological 

states and in the state of metabolic dysfunction that causes T2DM (FIG. 3).

The most important aspect of this framework is to distinguish the direct (cell intrinsic) 

effects of insulin on hepatocytes from the indirect (cell non-autonomous) effects: that is, to 

regard the acute suppression of hepatic gluconeogenesis in response to insulin as primarily 

an indirect effect that is mediated by the insulin-dependent inhibition of adipocyte lipolysis, 

and to regard the acute stimulation of net hepatic glycogen metabolism in response to insulin 

as a direct effect that is mediated by the activation of the INSR in hepatocytes. This is a 

simplification: for example, insulin also alters the phosphorylation status of several 

gluconeogenic and glycolytic enzymes (as described above), and suppresses lipolysis in 

hepatocytes. However, as discussed above, physiological data indicate that these 

mechanisms contribute relatively little to the insulin-mediated suppression of 

gluconeogenesis compared with the insulin-mediated inhibition of adipose lipolysis. Insulin-

mediated suppression of adipose lipolysis suppresses hepatic gluconeogenesis through two 

main mechanisms: first, it decreases the delivery of NEFA to the liver, which results in an 

acute reduction in hepatic mitochondrial acetyl-CoA levels and a consequent decrease in 

pyruvate carboxylase activity; second, it decreases the turnover of glycerol, which decreases 

hepatic gluconeogenesis from this substrate. Concomitantly, the direct action of insulin in 

the liver, which occurs through insulin receptor signalling, stimulates hepatic glycogen 

synthesis, mostly through the activation of both GCK and glycogen synthase. As noted, 

maximal net hepatic glycogen synthesis also requires hyperglycaemia to inhibit glycogen 

phosphorylase in a glucose-dependent manner.

This framework can be adapted to understand the physiological basis of impaired hepatic 

glucose metabolism in T2DM. Lipid-induced hepatic insulin resistance, which involves 

diacylglycerol-dependent activation of PKCε and the resulting inhibitory phosphorylation of 

INSR at Thr1160, would be primarily expected to impair insulin-stimulated hepatic 

glycogen synthesis33. However, lipid-induced hepatocellular insulin resistance would not be 

expected to substantially alter the acute suppression of hepatic gluconeogenesis by insulin 

because that process is mostly controlled indirectly. Rather, impaired insulin-dependent 

suppression of hepatic gluconeogenesis would be expected to result from adipocyte insulin 

resistance; that is, an inability of the adipocyte to suppress lipolysis following insulin 

stimulation. Although the mechanisms of adipose insulin resistance are incompletely 
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understood, and are beyond the scope of this Review, they probably involve macrophage 

activation and inflammatory signalling, and intrinsic adipocyte defects161,162.

Inflammatory signalling might also drive adipose lipolysis independent of insulin signalling 

and might therefore have implications for understanding the progression of metabolic 

disease from subclinical insulin resistance to overt T2DM. The development of NAFLD is 

an early step in the progression of metabolic disease; most individuals with NAFLD do not 

have T2DM, although the majority of individuals with both obesity and T2DM have 

NAFLD163. Lipid-induced hepatic insulin resistance, but not necessarily inflammation-

associated adipose insulin resistance, accompanies NAFLD. Accordingly, lipid-induced 

hepatic insulin resistance might precede impairments in the insulin-mediated suppression of 

gluconeogenesis. Individuals who have isolated hepatic insulin resistance (that is, without 

adipose insulin resistance) would be expected to display fasting euglycaemia, and might 

even show normal suppression of HGP in hyperinsulinaemic–euglycaemic clamp studies, 

owing to the fact that fasted glycogen-depleted individuals are reliant on gluconeogenesis 

for the majority of HGP. We hypothesize that progression to the state of fasting 

hyperglycaemia that defines T2DM involves inflammation-associated lipolysis and 

associated adipose insulin resistance (in addition to β-cell dysfunction). Importantly, there 

are likely to be interrelations between the direct and indirect modes of control of hepatic 

glucose metabolism. For example, the indirect regulation of hepatic NEFA delivery by 

adipose lipolysis might drive hepatic lipid accumulation and therefore impair direct 

hepatocellular insulin action.

This framework incorporates observations from human, dog and rodent studies. It is heavily 

dependent on insights from tracer studies of the integrated physiology of insulin action in 

vivo, without which the indirect effects of insulin would not have been elucidated. 

Importantly, this framework is incomplete; for example, it is focused on the acute effects of 

insulin and does not account for the many relevant transcriptional mechanisms that are 

discussed above, which probably participate in the chronic control of hepatic glucose 

metabolism. However, we believe that this framework might prove to be a useful heuristic 

tool for scientists and clinicians who wish to understand and further probe the complexities 

of hepatic glucose metabolism in physiological states of health and disease, especially those 

who seek to interpret hyperinsulinaemic clamp data in rodents. The framework also has 

therapeutic implications, which we consider below.

Targeting hepatic glucose production

The dysregulated hepatic glucose metabolism in individuals with T2DM is an attractive 

therapeutic target. Three major pathophysiological mechanisms that can be targeted include 

the excessive action of glucagon, lipid-induced hepatic insulin resistance and excess adipose 

lipolysis. Hyperglucagonaemia is a hallmark of both T1DM and T2DM, and antagonizing 

the action of glucagon has been remarkably effective at decreasing hyperglycaemia in 

diverse rodent models of diabetes mellitus164. Similarly, the case for targeting lipid-induced 

hepatic insulin resistance is well supported. Weight loss following lifestyle modification 

improves, or even resolves, T2DM in humans, in part, by reversing lipid-induced hepatic 

insulin resistance165. A study that examined the mechanism that underlies these 
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improvements demonstrated that modest weight loss (~8 kg) led to the resolution of NAFLD 

and the normalization of fasting plasma concentrations of glucose. The improvement in 

plasma glucose was attributed to decreases in rates of fasting HGP and gluconeogenesis, and 

increased insulin-mediated suppression of HGP22. The mechanism by which the resolution 

of NAFLD improves the dysregulated hepatic glucose metabolism that is associated with 

T2DM might involve the reversal of INSR inhibition through the inactivation of the 

diacylglycerol–PKCε axis33, and reductions in hepatic acetyl-CoA content that result in 

decreased activity of pyruvate carboxylase45,52. The American Diabetes Association (ADA) 

recommends a target of 5% weight loss through lifestyle interventions for individuals with 

obesity and diabetes mellitus who are ready to lose weight166. However, readiness to lose 

weight is often elusive; the multitude of physiological, societal and psychosocial barriers to 

weight loss frequently render even a 5% long-term weight loss target by lifestyle 

intervention elusive. Therefore, searching for additional therapies that target hepatic steatosis 

and lipid-induced hepatic insulin resistance is warranted (FIG. 4).

Glucagon antagonism and HGP

The antagonism of circulating glucagon or of GCGR to reduce excess HGP is a long-

standing and active area of investigation42,167–170. Plasma levels of glucagon are aberrantly 

increased in individuals with T2DM171–174. In addition, animal models of reduced or 

ablated glucagon action show improvements in T2DM96,175,176 (FIG. 4a,b). Although the 

complete prevention of T2DM observed in some of these rodent models contrasts with the 

insulin dependence observed in humans with pancreoprivic diabetes mellitus, the 

marked antidiabetic phenotypes underscore the promise of such anti-glucagon therapeutics. 

Currently, data in humans is limited to three GCGR antagonists, BAY 27–9955 (REF.177), 

MK-0893 (REF.178) and LY2409021 (REFS179,180). BAY 27–9955 inhibited glucagon-

stimulated glucose production in humans177, but no follow-up studies were published. 

MK-0893 improved hyperglycaemia in a human clinical trial, but was associated with 

increases in plasma levels of LDL cholesterol178. In phase I and phase II trials, LY2409021 

improved glycaemic control in patients with T2DM, which was complicated only by a 

modest and reversible increase in the levels of transaminases179,180. One potential caveat of 

anti-glucagon therapies is that, in rodents, glucagon seems to activate peroxisome 

proliferator-activated receptor-α (PPARα), which results in an increase in hepatic fatty acid 

oxidation and a decrease in the export of VLDL181. It is unclear whether this aspect of 

glucagon action in rodents translates to human physiology; however, hypertriglyceridaemia 

has not been reported thus far in the human studies of LY2409021 (REFS179,180).

Hepatosteatosis and T2DM

A rational therapeutic approach for the treatment of NAFLD and its sequelae, such as 

NASH, is to increase hepatic energy expenditure and thereby increase hepatic fat oxidation. 

Thyroid hormone receptor-β agonists have been tested preclinically for their ability achieve 

this and, although they can reverse NAFLD, none has been shown to improve the 

suppression of HGP by insulin (in part due to increased adipose lipolysis)182,183. In addition, 

a T3–glucagon conjugate improved glycaemia and NAFLD, without causing the rapid 

development of cardiac hypertrophy and osteopenia observed with T3 alone184; additional 
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studies to evaluate the safety and effects of this conjugate on HGP (which was not evaluated 

in this study184) will help to assess the promise of this class of compounds.

Liver-targeted mitochondrial uncouplers, which can dissipate the inner mitochondrial 

membrane proton gradient in the liver, are another promising class of agents for the 

treatment of NAFLD, NASH and diabetes mellitus. Two modified forms of the 

mitochondrial protonophore 2,4-dinitrophenol (DNP), DNP-methyl ether (DNPME) and 

controlled-release mitochondrial protonophore (CRMP), reverse diabetes mellitus, hepatic 

inflammation and hepatic fibrosis in rodent models of T2DM and NASH24,25. Importantly, 

the reversal of hyperglycaemia and hepatic insulin resistance by these drugs was attributed 

to decreases in diacylglycerol-dependent activation of PKCε and decreases in hepatic acetyl-

CoA content24,25 (FIG. 4a,b). Both of these liver-targeted mitochondrial uncoupling agents 

promoted increased energy expenditure exclusively in liver, and, importantly, the reversal of 

diabetes mellitus and NASH in these rodent models was not associated with detectable 

changes in body temperature, whole-body energy expenditure or body weight, which 

minimizes the concerns of toxicity that are inherent to all non-selective mitochondrial 

uncouplers24,25. These studies provide a proof of concept for the development of novel liver-

targeted mitochondrial protonophores to treat NAFLD, NASH and T2DM.

Incretin receptor agonists, and in particular glucagon-like peptide 1 (GLP1) analogues, are 

used in the treatment of diabetes mellitus and obesity, and might be useful for the treatment 

of NAFLD. In a phase II clinical trial in patients with NASH, the histology of NASH was 

resolved more frequently in patients who were treated with the GLP1 analogue liraglutide 

than in patients who were treated with placebo185. In preclinical studies, a novel compound 

agonist of the GLP1, gastric inhibitory peptide (GIP) and glucagon receptors improved 

glycaemic control, decreased food intake, increased energy expenditure and reversed 

hepatosteatosis in rodents186. This strategy of mixed agonism, also used in the 

aforementioned glucagon–T3 conjugate, might help to minimize the undesired effects of any 

one hormone (for example, glucagon-mediated hyperglycaemia and T3-mediated 

tachycardia), and thus warrants further exploration184.

Targeting the adipocyte

Thiazolidinediones, the best-established pharmacological agents for the treatment for 

NAFLD and NASH, are PPARγ agonists that have multiple downstream effects. 

Thiazolidinediones increase adipose function and adipose mass by increasing their capacity 

for lipid storage and decreasing inappropriate lipolysis187. The treatment of individuals with 

T2DM with the thiazolidinedione rosiglitazone markedly improved insulin-stimulated 

glucose metabolism, which was associated with decreased plasma concentrations of fatty 

acids and lowered hepatic triglyceride content188. These changes were associated with an 

increase in extra myocellular lipid content and an increase in the sensitivity of peripheral 

adipocytes to the inhibitory effects of insulin on lipolysis188. These results led to the 

hypothesis that thiazolidinediones enhance insulin sensitivity in patients with T2DM by 

promoting increased insulin sensitivity in peripheral adipocytes, resulting in lower plasma 

concentrations of fatty acids and the redistribution of intracellular lipids from insulin-

responsive organs into peripheral adipocytes (FIG. 4a,b). Consistent with these results, in 
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patients with NASH who had either impaired glucose tolerance or overt T2DM, and who 

were fed a hypocaloric diet, a 6 month treatment regimen with the thiazolidinedione 

pioglitazone improved hepatic insulin sensitivity and hepatic steatosis compared with 

placebo189. In patients with NASH, pioglitazone-mediated improvements in hepatic steatosis 

and histological NASH were correlated with improvements in adipose insulin 

responsiveness190. However, the clinical use of thiazolidinediones is limited by concerns 

regarding adverse effects. For pioglitazone, the most widely prescribed thiazolidinedione 

compound in the United States, adverse effects include weight gain (in an already obese 

population), peripheral oedema, exacerbation of heart failure and increased frequency of 

bone fractures191. Thus, although pioglitazone effectively improves adipose function, 

decreases excess lipolysis and improves insulin sensitivity, ample opportunities exist for 

development of better-tolerated therapies that target adipose tissue function in T2DM.

Direct inhibitors of lipolytic enzymes, such as adipose triglyceride lipase (ATGL) and 

hormone-sensitive lipase (HSL), are not used in clinical practice. However, niacin (or 

nicotinic acid) — a drug that has been used for decades to increase HDL levels and decrease 

triglyceride levels — also inhibits adipose lipolysis. Niacin binds to, and activates, a small G 

protein-coupled receptor, GPR109A, which decreases intracellular levels of cAMP, leading 

to a decrease in the activity of HSL in adipose tissue and reduced adipocyte lipolysis192. 

However, rather than improving endogenous glucose production, niacin can increase plasma 

glucose concentrations in some patients193,194. This paradoxical effect could be explained 

by a ‘rebound increase’ in adipose lipolysis following dissociation of the niacin–GPR109A 

complex195. Changes in niacin dosing strategy might prevent this rebound increase in 

plasma levels of NEFA and might improve glycaemic control195. Thus, novel formulations 

of niacin with different pharmacokinetic profiles, novel GPR109A agonists or other anti-

lipolytics (for example, WAT-specific ATGL inhibitors) might indirectly improve hepatic 

glucose metabolism and therefore merit further investigation.

Conclusions

Well-coordinated hepatic glucose metabolism is essential to health, and dysregulation of 

hepatic glucose metabolism is central to the pathogenesis and complications of T2DM. The 

key components of HGP reviewed in this article include gluconeogenesis, which exhibits 

complex regulation by substrate provision, redox state, gluconeogenic gene transcription and 

other mechanisms (FIG. 1), and glycogen metabolism, which is remarkably sensitive to both 

hormonal tone and plasma concentrations of glucose (FIG. 2). We have highlighted the 

importance of indirect extrahepatic control of gluconeogenesis and of direct hepatic control 

of glycogen metabolism, and have proposed a paradigm in which dysregulation of both 

direct and indirect mechanisms contribute to the increased HGP of T2DM (FIG. 3). The 

multifaceted regulation of HGP through both direct and indirect mechanisms limits the use 

of in vitro hepatocyte models that are removed from the normal hormonal, anatomical and 

biochemical context of the in situ liver. Although much remains to be elucidated, current 

knowledge of the multimodal control of HGP invites rational therapeutic targeting of 

multiple mechanisms simultaneously. Thus, it is conceivable to imagine a future in which 

metformin is used to control redox-dependent regulation of gluconeogenesis, a liver-targeted 

mitochondrial protonophore is used to reverse lipid-induced hepatic insulin resistance, a 
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glucagon antagonist is used to neutralize the excessive HGP that results from 

hyperglucagonaemia and a thiazolidinedione or antilipolytic agent is used to reduce lipolytic 

stimulation of hepatic gluconeogenesis (FIG. 4). It is also conceivable that reducing hepatic 

diacylglycerol and acetyl-CoA content using liver-targeted mitochondrial uncoupling agents 

alone might be sufficient to reverse both hepatic insulin resistance and increased rates of 

hepatic gluconeogenesis in T2DM, as shown in preclinical studies24,25. Although many 

preclinical and clinical studies will be required to test the viability of these novel agents and 

combinatorial approaches, the global need for effective medical management of 

dysregulated HGP in T2DM provides an urgent impetus for such work.
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Glossary

Hyperinsulinaemic– euglycaemic clamp technique

A technique in which insulin is infused at a constant rate to achieve hyperinsulinaemia and 

glucose is infused at a variable rate to maintain euglycaemia; once steady-state euglycaemia 

has been achieved, the glucose infusion rate is proportional to the whole-body insulin 

sensitivity of the individual

Pyruvate tolerance test

A test in which a large bolus of the gluconeogenic substrate pyruvate is administered and 

plasma levels of glucose are measured at defined time intervals; plasma glucose excursion is 

assumed to be proportional to the rate of pyruvate-stimulated hepatic gluconeogenesis.

Pancreoprivic diabetes mellitus

Diabetes mellitus caused by medical or surgical loss of pancreatic function, such as after a 

pancreatectomy or pancreatitis
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Key points

• Hepatic glucose metabolism encompasses several catabolic and anabolic 

fluxes that have distinct modes of hepatocyte-autonomous (direct) and 

hepatocyte-non-autonomous (indirect) regulatory mechanisms

• Acute regulation of hepatic glucose metabolism is achieved through changes 

in protein phosphorylation, substrate availability, allostery and redox state

• Chronic regulation of hepatic glucose metabolism occurs through 

transcriptional mechanisms and the development of insulin resistance

• Acute suppression of hepatic gluconeogenesis by insulin is largely an indirect 

effect that is mediated mostly through the suppression of adipose lipolysis, 

which reduces delivery of nonesterified fatty acids and glycerol to the liver

• The major direct effect of insulin on hepatic glucose metabolism is the acute 

regulation of hepatic glycogen metabolism; however, hyperglycaemia and 

hyperinsulinaemia are required to maximally stimulate net hepatic 

glycogenesis

• Lipid-induced hepatic insulin resistance, hyperglucagonaemia and excessive 

adipose lipolysis represent three pathophysiological processes that might be 

amenable to pharmacological intervention in humans who have impaired 

hepatic glucose metabolism
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Figure 1. Control of hepatic gluconeogenesis

Hepatic gluconeogenesis is regulated by the availability of substrates (light blue boxes), 

allostery from metabolites (green boxes), transcriptional mechanisms (purple boxes) and 

cellular redox state (dark blue boxes). Lipolysis in white adipose tissue (WAT) produces 

nonesterified fatty acids (NEFA) and glycerol, both of which can stimulate gluconeogenesis. 

The β-oxidation of NEFA yields mitochondrial acetyl-CoA, which promotes 

gluconeogenesis by allosterically activating pyruvate carboxylase (PC), which, in turn, 

catalyses the conversion of pyruvate to the gluconeogenic substrate oxaloacetate. Glycerol 

can be phosphorylated and converted into the gluconeogenic precursor dihydroxyacetone 

phosphate (DHAP). This process is inhibited by metformin, a non-competitive inhibitor of 

mitochondrial glycerol-3-phosphate dehydrogenase (mGPD). Inhibition of mGPD impairs 

the production of DHAP, which results in a decrease in gluconeogenesis from glycerol. 

Furthermore, the increased cytosolic redox state ([NADH+]:[NAD+]) that results from the 

inhibition of mGPD inhibits the redox-dependent enzyme lactate dehydrogenase (LDH), 

thus limiting the production of pyruvate, and thus gluconeogenesis, from lactate. The 

Petersen et al. Page 29

Nat Rev Endocrinol. Author manuscript; available in PMC 2018 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transcriptional regulation of gluconeogenesis by glucagon and insulin is relatively slow 

compared with the effects of these hormones on hepatic glycogen metabolism, acting 

primarily through transcriptional activation and repression, respectively, of the genes that 

encode the gluconeogenic cytosolic enzymes phosphoenolpyruvate carboxykinase (PCK1) 

and glucose-6-phosphatase (G6PC). The binding of insulin to the insulin receptor (INSR) 

leads to the activation of AKT, which phosphorylates and excludes the transcription factor 

Forkhead box O1 (FOXO1) from the nucleus. In the absence of insulin, FOXO1 promotes 

gluconeogenic gene transcription with its co-activator peroxisome proliferator-activated 

receptor-γ co-activator 1α (PGC1α; encoded by PGC1a). Glucagon binding to the glucagon 

receptor (GCGR) increases intracellular concentrations of cAMP and activates protein 

kinase A (PKA), which phosphorylates the inositol-1,4,5-trisphosphate receptor (IP3R), 

increasing cytosolic Ca2+ levels and activating CREB-regulated transcription co-activator 2 

(CRTC2). However, GCGR-dependent activation of PKA also acts acutely by inducing 

inhibitory phosphorylation of glycolytic regulatory enzymes, including 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase (PFK2/FBPase-2) and liver-type pyruvate kinase (L-PK), 

to decrease glucose oxidation and thereby favour net glucose production. Small up and down 

arrows represent an increase or decrease, respectively, in protein level or activity. Dotted 

arrows represent glycolysis. CBP, CREB-binding protein; CREB, cAMP-responsive 

element-binding protein 1; GLUT2, glucose transporter 2.
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Figure 2. Control of hepatic glycogen metabolism

a| Under fasted conditions, glycogenolysis is activated and glycogen synthesis is suppressed. 

Activation of the glucagon receptor (GCGR) induces increased intracellular concentrations 

of cyclic AMP (cAMP; indicated by an up arrow), which leads to the activation of protein 

kinase A (PKA). Activated PKA inhibits the transcription of the glucokinase (GCK) gene; 

inhibits the dissociation of GCK from glucokinase regulatory protein (GKRP), and thus 

induces the nuclear sequestration of GCK; phosphorylates, and thus inactivates, glycogen 

synthase; and phosphorylates and activates phosphorylase kinase, which activates glycogen 

phosphorylase by phosphorylating Ser15. Phosphorylated, active glycogen phosphorylase 

also binds to and inhibits the GL subunit of protein phosphatase 1 (PP1), which prevents the 

PP1-dependent dephosphorylation and inactivation of glycogen synthase. The coordinated 

activation of glycogen phosphorylase and inhibition of glycogen synthase result in net 

glycogenolysis. b | Under fed conditions, hormonal and allosteric mechanisms coordinate 

the stimulation of glycogen synthesis through direct and indirect pathways. Glucose 

promotes the dissociation of GCK from GKRP, which leads to the cytoplasmic translocation 

of GCK; glucose also allosterically inhibits glycogen phosphorylase. The ‘direct pathway’ 

of glycogen synthesis involves the conversion of glucose to glucose-6-phosphate and its 
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subsequent incorporation into glycogen, with all six carbons of the glucosyl unit intact. The 

‘indirect pathway’ of glycogen synthesis involves the conversion of glucose to pyruvate, and 

pyruvate to glucose-6-phosphate, before incorporation into glycogen. Glucose-6-phosphate 

both allosterically activates glycogen synthase and is a substrate for glycogen synthesis. 

Insulin activates AKT, which, in turn, induces the transcription of GCK and the cytoplasmic 

translocation of GCK and activates phosphodiesterase 3B (PDE3B), which decreases 

intracellular levels of cAMP (indicated by a down arrow) and leads to the inhibition of the 

PKA-dependent processes described in part a. Active PP1 with its GL targeting subunit 

dephosphorylates and inactivates glycogen phosphorylase, and dephosphorylates and 

activates glycogen synthase. The coordinated inhibition of glycogen phosphorylase and 

activation of glycogen synthase result in net hepatic glycogen synthesis. In parts a, b the 

insulin receptor (INSR) and glucagon receptor (GCGR) are shown in faded colours for 

context, and grey inhibitory arrows depict the processes in which they are not dominant. The 

dashed arrows indicate dephosphorylation. Small up and down arrows indicate an increase 

or decrease, respectively, in protein level or activity. GLUT2, glucose transporter 2; pSer15, 

phosphorylated Ser15.
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Figure 3. Framework for understanding the insulin-dependent regulation of hepatic glucose 
metabolism

a| Under normal physiological conditions, the direct actions of hepatocellular insulin (dark 

blue boxes) primarily facilitate net hepatic glycogen synthesis through the activation of 

glucokinase (GCK) and glycogen synthase. Insulin receptor (INSR)-dependent inactivation 

of Forkhead box O1 (FOXO1) decreases the transcription of gluconeogenic genes, but this is 

a relatively slow mechanism that does not mediate the acute suppression of hepatic 

gluconeogenesis by insulin. Suppression of lipolysis in white adipose tissue (WAT), which is 

an indirect mechanism of hepatic insulin action (green boxes), acutely suppresses hepatic 
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gluconeogenesis by decreasing the delivery of nonesterified fatty acids (NEFA) and glycerol 

to the liver, which results in reduced acetyl-CoA-dependent activation of pyruvate 

carboxylase (PC), and decreased gluconeogenesis from glycerol. The direct stimulation of 

net hepatic glycogen synthesis and the indirect suppression of hepatic gluconeogenesis 

collectively suppress hepatic glucose production (HGP). b | In type 2 diabetes mellitus 

(T2DM), the direct (dark blue boxes) and indirect (green boxes) effects of insulin are 

impaired through different mechanisms. Lipid-induced hepatic insulin resistance increases 

hepatic levels of diacylglycerol (DAG), which results in the activation of protein kinase Cε 
(PKCε) and thereby impairs direct hepatic insulin signalling through PKCε-dependent 

phosphorylation of INSR at Thr1160. This inhibits the INSR-dependent stimulation of 

hepatic glycogen synthesis in response to insulin. Impaired INSR signalling is indicated by 

grey arrows. In WAT, macrophage activation and consequent inflammatory signalling, as 

well as intrinsic adipocyte dysfunction, increase lipolysis and promote adipocyte insulin 

resistance, resulting in the continued delivery of NEFA and glycerol to the liver despite high 

plasma concentrations of insulin. Continued delivery of NEFA and glycerol to the liver 

promotes hepatic lipid accumulation and PKCε-mediated hepatic insulin resistance, and 

promotes gluconeogenesis by increasing hepatic acetyl-CoA and gluconeogenesis from 

glycerol. Impaired net hepatic glycogen synthesis and unrestrained hepatic gluconeogenesis 

together lead to increases in HGP. Small up and down arrows indicate an increase or 

decrease, respectively, in protein level or activity. DAG, diacylglycerol.
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Figure 4. Therapeutic opportunities for dysregulated hepatic glucose metabolism

a| In patients with type 2 diabetes mellitus (T2DM), lipid-induced hepatic insulin resistance 

might result from activation of the diacylglycerol (DAG)–protein kinase Cε (PKCε) axis 

and the consequent inhibition of insulin receptor (INSR) signalling through inhibitory 

phosphorylation of INSR at Thr1160. This leads to impaired insulin stimulation of hepatic 

glycogen synthesis. In parallel, inappropriate increases in adipose lipolysis can drive hepatic 

gluconeogenesis through increases in hepatic acetyl-CoA and pyruvate carboxylase (PC) 

activity, and promote ectopic lipid accumulation in liver and muscle. These processes 

promote the increased hepatic glucose production (HGP) that occurs in T2DM. b | These 

contributors to increased HGP can be pharmacologically targeted. Mechanisms that target 

lipid-induced hepatic insulin resistance (purple ovals) include the selective induction of 

mitochondrial uncoupling in the liver (for example, with 2,4-dinitrophenol (DNP) analogues, 

such as DNP-methyl ether (DNPME) and other liver-targeted mitochondrial uncoupling 

agents) to increase hepatic fat oxidation, or mixed agonism of incretin, glucagon and/or 

thyroid hormone receptors (for example, a mixed agonist of glucagon receptor (GCGR), 

gastric inhibitory polypeptide receptor (GIPR) and glucagon-like peptide 1 receptor 

(GLP1R)) to promote fat oxidation. A second therapeutic strategy is to target excessive 

lipolysis (light green ovals) by promoting the sequestration of lipids in white adipose tissue 

(WAT). The inhibition of lipolysis or the stimulation of lipogenesis in WAT is predicted to 

decrease hepatic lipid accumulation and reverse lipid-induced hepatic insulin resistance by 

decreasing delivery of lipids to the liver. The thiazolidinediones (TZD) are agonists of the 

lipogenic transcription factor peroxisome proliferator-activated receptor-γ (PPARγ). The 

inhibition of lipolysis with GPR109A agonists, or with WAT-specific adipose triglyceride 

lipase (ATGL) inhibitors, would also be predicted to reverse dysregulated glucose 

Petersen et al. Page 35

Nat Rev Endocrinol. Author manuscript; available in PMC 2018 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metabolism through these mechanisms. Glucagon antagonism (red oval) represents a third 

potential therapeutic strategy to target the hyperglucagonaemia and excessive hepatic 

glucose production associated with T2DM if it can be dissociated from on-target adverse 

effects (for example, hepatic steatosis). Small up and down arrows indicate an increase or 

decrease, respectively, in protein level or activity. The grey arrow depicts inhibition of 

lipolysis. ACC, acetyl-CoA carboxylase; TAG, triacylglycerol.
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