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1. Abstract:

Insulin signals to the brain where it coordinates multiple physiological processes underlying energy 

and glucose homeostasis. This review explores where, and how insulin, interacts within the brain 

parenchyma; how brain insulin signalling functions to coordinate energy and glucose homeostasis; 

and how this contributes to the pathogenesis of metabolic disease.
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Insulin is a peptide hormone that is synthesised and secreted by beta cells of the pancreas (1). 

Following secretion into the blood, insulin influences a constellation of cells expressed throughout 

the body (1). The physiological role of insulin is best described in the context of glucose homeostasis 

where it plays a critical role in maintaining blood glucose levels within an “optimum range”.  In this 

context, insulin targets peripheral tissues including the skeletal muscle and adipose tissue to 

promote glucose uptake from the circulation, and the liver to represses gluconeogenesis and 

glycogenolysis (1). Alongside insulin’s “traditional” peripheral targets, insulin also signals to the brain 

(2-4). Here, insulin signalling within the brain’s parenchyma plays a vital role in how the brain 

controls whole-body glucose and energy homeostasis. Considering the epidemic proportions and 

growing incidence of metabolic diseases such as obesity and Type-2 diabetes (T2D), there is an 

imperative need to understand the neuroendocrine mechanisms coordinating metabolism and how 

these go awry during the development of metabolic disease. A cornerstone of metabolic disease is 

the development of insulin resistance, whereby insulin’s target tissues in the periphery become 

insensitive to the action of insulin (1). Exciting evidence suggests that the brain also becomes insulin 

resistant during the development of metabolic disease (5), yet the relative contributions of insulin 

resistance within the brain to the development of metabolic disease remains unclear. With the 

recent advent of novel transgenic and pharmacological technologies to explore the brain evidence is 

now emerging that brain insulin signalling plays a causative role in the pathogenesis of metabolic 

disease and represents an exciting and relatively unexplored therapeutic avenue.   

This review discusses the role of insulin signalling within the brain and its contribution to energy and 

glucose homeostasis. We will explore the current understanding of how insulin interacts with the 

brain, how this influences energy and glucose homeostasis, and how dysfunctions in central insulin 

signalling contribute to the development of metabolic disease.

3. The History of Insulin and the Brain  

The discovery of insulin in 1921 by Frederick Banting, Charles Best, James Collip and John Macleod 

marks a historic milestone in both the therapy and prognosis of diabetes. Whilst this landmark 

discovery, now a century ago, has revolutionised our understanding of glycaemic control, the stage 

was set for the role of the brain in glycaemia many years prior. In 1855, the French physiologist, 

Claude Bernard was the first to identify the role of the brain in glucose metabolism after he 

discovered that puncturing the fourth ventricle in dogs resulted in glycosuria (6). This was then 

followed up by two German physiologists, Oskar Minkowski and Joseph von Mering, who in 1889 

observed that pancreatectomy in dogs also resulted in glycosuria, implicating an integral role of 
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pancreatic hormone secretion in glycaemic control (7). Critically, Minkowski and von Mering also 

discovered that implanting a small piece of the pancreas subcutaneously following pancreatectomy 

in dogs prevented hyperglycaemia until the implant was removed or had degenerated (7). These 

early insights provided the bedrock for establishing the vital nexus between the pancreas, the brain 

and glycaemic control. The missing link was then instilled in 1921 when Banting and Best extracted 

and purified insletin, later called insulin, from the pancreas of dogs (8). They later went on to 

demonstrate that intravenously administered insulin to de-pancreatised dogs resulted in a marked 

drop in blood sugar and herein demonstrated the pancreatic origin and functional role of insulin (8).  

In 1922, insulin was administered for the first time to a diabetic human (9), marking a defining 

moment in history for the treatment of diabetes and the recognition of insulin as a critical metabolic 

hormone.

Since its discovery, insulin has long been pigeonholed as a “peripheral” hormone, exerting its effects 

on glycaemia primarily through peripheral tissues of the body. This “peripheral-centric” view was 

further engrained by early observations reporting that glucose transport into the brain occurred 

independently of insulin and as such the brain was long considered to be an “insulin insensitive” 

organ (10, 11). The importance of the brain in glucose metabolism re-emerged in the 1950s when 

Jean Mayer postulated that hypothalamic ‘glucoreceptors’ could sense changes in circulating glucose 

levels (12). Electrophysical patch-clamp recordings in the 1960s revealing the presence of glucose-

sensing neurons in the hypothalamus (13, 14) rekindled interest in the role of the CNS in glycaemic 

control. Since then, the peripheral-centric view of insulin has now been demystified by a significant 

body of evidence supporting a neuroregulatory role of insulin within the brain. 

4. Insulin Signalling in the Brain

4.1. The Insulin Receptor

Central and peripheral insulin signalling occurs through binding and phosphorylation/activation of 

the insulin receptor (INSR, Fig 1). The INSR is a receptor tyrosine kinase with two disulphide-linked 

extracellular α-subunits encompassing ligand-binding domains, and two transmembrane β-subunits 

containing the cytoplasmic protein tyrosine kinase (PTK) (3). In humans, the INSR gene is comprised 

of 22 exons and encoded on chromosome 19 (15). Based on the alternative splicing of exon 11, two 

INSR isoforms exist due to the exclusion (INSR-A) or inclusion (INSR-B) of a 12-amino-acid sequence 

encoded by exon 11 (16).  While INSR-A and INSR-B are both expressed in all tissues in the human 

body, the ratio of INSR-A:INSR-B favours INSR-B in the liver, skeletal muscle, adipose tissue, and 
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kidney; and favours INSR-A in the brain (17-19). Insulin can also bind to insulin-like growth factor 

(IGF)-1 receptors (IGF-1R), which are also ubiquitously expressed within the brain (20, 21). IGF-1R 

and INSR can form both hetero- and homodimers which exhibit different affinities towards insulin 

and IGF-1 (22). Homodimers of IGF-1R and INSR demonstrate increased affinity for their endogenous 

ligands, whereas heterodimers show higher affinity towards IGF-1 than insulin (23). The INSR has 

been found to exist predominantly as heterodimers within the rabbit brain (24), however, the 

regional abundance of INSR heterodimers and homodimers and their relative contribution to the 

metabolic actions of insulin are unknown.

4.2. Insulin Receptor Expression

In situ hybridisation and immunohistochemistry studies have identified INSR distribution throughout 

the CNS (2, 25-29). In rodents, INSR expression is highest in the olfactory bulb, cortex, hippocampus, 

hypothalamus, and cerebellum, with low levels also observed in the midbrain, striatum, and 

brainstem (25-29). Similarly, IGF-1R expression is highest in the cortex, hypothalamus, and 

cerebellum (25). Kleinridders et al compared the expression of known insulin-responsive receptors 

across brain regions using quantitative real-time PCR and found that Igf1r mRNA levels were almost 

double the level of Insr, with the highest expression in the cerebellum (30). Interestingly, the INSR 

substrate proteins (IRS), IRS-1 and IRS-2 were expressed far more abundantly throughout the brain 

than the INSR or IGF-1R  (30). Exactly how these transcript levels reflect translated protein or 

influence functional signalling among the different cell types/regions of the brain remains to be 

determined. The subcellular expression of the INSR within the CNS has begun to emerge. Within 

hippocampal neurons, the INSR is localised to the synaptic membrane and within synaptosomes 

(31), whilst in astrocytes, the INSR is expressed within end-feet (32).

 

4.3. Insulin Receptor Signal Cascade

Circulating insulin binds to the extracellular α-subunits of the membrane-bound INSR ectodomain 

(33) (Fig. 1). Ligand activation of the INSR then promotes receptor conformational changes to induce 

intracellular autophosphorylation (34). A comprehensive review of INSR binding properties or 

signalling is beyond the scope of this review but can be found elsewhere (15, 16, 22, 34). In short, 

insulin activation of the INSR induces intracellular autophosphorylation of residues Y1150/Y1151 

(35) (Y1162/Y1163 on INSR isoform B) (35, 36) leading to the activation of the cytoplasmic INSR 

protein tyrosine kinase domains (35). This tyrosine kinase activity phosphorylates additional INSR 
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sites (including Y960, Y1146, Y1316 and Y1322) as well as several downstream cellular INSR 

substrates including the IRS proteins 1-4 or Shc (named because it has an SH2 domain and a collagen 

homologous region) (37). From this vantage point, INSR signalling can activate two distinct 

intracellular signalling networks; 1) the canonical phosphoinositide 3-kinase (PI3K) and protein 

kinase B (AKT) pathway, and/or 2) the mitogen-activated protein kinase (MAPK) and extracellular 

signal-regulated kinase (ERK) pathway (1). The IRS activated PI3K/AKT pathway recruits downstream 

signalling pathways involving glycogen synthase kinase 3β, mammalian target of rapamycin complex 

1 and forkhead box O (FoxO) signalling, to regulate synaptic plasticity, gene transcription and 

neuronal excitability (Fig. 1) (38-40). The insulin-MAPK/ERK pathway initiates the Ras-mediated 

phosphorylation of MAPK and ERK to regulate cellular proliferation/differentiation and astrocytic 

glucose transport (41-44). Whilst this evidence supports a differential role of AKT and MAPK/ERK 

signal transduction networks in insulin actions, it is important to note that significant functional 

crosstalk and feedback exist (45).

4.4. Negative Regulators of Insulin Receptor Signalling

Just as INSR signalling is propagated by protein kinase mediated phosphorylation, it is also negatively 

regulated by protein tyrosine phosphatases. Protein tyrosine phosphatases function to de-

phosphorylate the INSR and/or its downstream components. One of the most well-characterised 

protein tyrosine phosphatases is protein tyrosine phosphatase 1B (PTP1B). PTP1B dephosphorylates 

Y1162/Y1163 on the INSR (46, 47) and possibly IRS-1 (48, 49) to attenuate INSR signalling (Fig. 1). 

Single nucleotide polymorphisms in the PTPN1 gene, which encodes PTP1B, are linked to insulin 

resistance and diabetes in humans (50), and the expression of PTP1B is elevated in the 

hypothalamus of diet-induced obese mice (51, 52). Whole-body-, muscle- or liver-specific PTP1B 

knockout (KO) mice display enhanced INSR phosphorylation and enhanced whole-body glycaemic 

control (53-56). PTP1B knockdown in the brain enhances PI3K/AKT insulin signalling, protects against 

diet-induced obesity, and improves whole-body glucose homeostasis (53, 56-58). Deletion of PTP1B 

in proopiomelanocortin (POMC) neurons enhanced leptin but not insulin signalling (59), whereas 

PTP1B deletion in agouti-related peptide neurons (AgRP) enhanced insulin signalling to repress food 

intake and improve glycaemic control (60). PTP1B deletion specifically within steroidogenic factor-1 

(SF-1) neurons in the ventromedial hypothalamus (VMH) promoted insulin signalling yet enhanced 

adiposity and weight gain (61).

Another key INSR phosphatase is T-cell like protein tyrosine phosphatase (TCPTP). TCPTP is 

expressed within the brain and functions to dephosphorylate the INSR at the Y1162/Y1163 sites to 
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attenuate insulin signalling (Fig. 1) (62). TCPTP deletion in both POMC or AgRP neurons robustly 

enhances insulin-induced AKT Ser-473 phosphorylation and improves whole-body glucose 

metabolism (5, 51, 63-65). TCPTP levels within the mediobasal hypothalamus (MBH) are markedly 

elevated in response to fasting (51, 64, 65), (an effect driven by fasting-induced glucocorticoid levels) 

and actively degraded in response to re-feeding (51), suggesting that TCPTP may functionally 

coordinate hypothalamic INSR signalling in response to nutritional status (51, 64, 65). 

Suppressor of cytokine signalling 3 (SOCS3) also negatively regulates INSR signalling (Fig. 1). The role 

of SOCS3 in the brain has been mostly studied in the context of leptin and its signalling through the 

leptin receptor long isoform (LepRb). Leptin signalling via the LepRb activates the Janus-activated 

kinase-2 (JAK-2)/signal transducer and activator of transcription 3 (STAT-3) which in turn drives 

SOCS3 dependant expression (66). SOCS3 then negatively regulates JAK-STAT by inhibiting JAK kinase 

activity which in turn creates a negative feedback loop (67). Obesity is associated with elevated 

leptin levels (hyperleptinemia) which are known to promote basal LepRb JAK/STAT-3 signalling (60) 

resulting in chronic SOCS3 expression (68-72). From here, SOCS3 then impinges on INSR signalling by 

binding to the INSR or IRS to signal protein ubiquitination (73). Neuron/glial specific SOCS3 KO mice 

exhibit weight loss and protection from diet-induced insulin resistance (74). Single nucleotide 

polymorphisms around the SOCS3 locus are associated with human obesity (75), and obese rodents 

exhibit elevated SOCS3 expression within hypothalamic neurons (51, 76). The hyperleptinemia and 

neuronal inflammation associated with obesity have also been shown to promote PTP1B and TCPTP 

expression which in turn can dephosphorylate JAK2/STAT3 to further ensue brain insulin resistance 

(52, 77-79).

5. Insulin Transport Into the CNS

Insulin is secreted into the circulation by the pancreas in response to rises in postprandial blood 

glucose. In turn, this affords insulin access to numerous tissues around the body including the brain. 

Insulin must navigate the blood-brain barrier (BBB) to access the brain (Fig. 1), however, as insulin is 

a 51-amino acid peptide, paracellular diffusion across the BBB is limited (80, 81). In 

pathophysiological states of brain insulin resistance, the ratio of insulin levels in cerebrospinal fluid 

(CSF) is significantly lower than that in plasma (82, 83). Impaired insulin transportation or 

appearance within the brain may therefore mechanistically contribute to the development of central 

insulin resistance. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

5.1. Insulin Transport Across the BBB

Peripheral circulating insulin reaches the brain parenchyma via a saturable transport system that is 

considered concentration-dependent (81). Early studies in the 1960s and 1970s defined a correlation 

between plasma insulin level and insulin levels within the CSF  (84-86). This correlation between 

insulin plasma and CSF insulin concentration was only observed when insulin was within a 

physiologically relevant range, suggesting that insulin transport into the brain is saturable (80, 81, 

84-86). Several barriers exist to regulate cellular exchanges between the periphery and the CNS (see 

reviews (87)), of which the BBB is thought to have the largest influence on the microenvironment of 

cells within the CNS (88). The BBB is a cellular portmanteau, a component of both the periphery and 

the CNS, acting as the interface mediating cellular transport and uptake from circulation into the 

brain (89). The BBB is formed by brain capillaries consisting of endothelial cells which form tight 

junctions to restrict paracellular movement (90). Brain endothelial cells are encompassed by 

pericytes embedded in a vascular basement membrane, which are covered by astrocytic perivascular 

end-feet that also connect with neurons (Fig. 1) (90). A synergistic relationship exists between 

endothelial BBB cell types to regulate intracellular transport and communication (91). 

Circulating insulin is transported across the BBB by receptor-mediated transcytosis (Fig. 1) (91, 92). 

Once bound to the INSR on endothelial cells, insulin is then internalised into vesicles (92-94), 

transported across the endothelial cells and presented by receptor-mediated exocytosis to the 

abluminal side of the cell and into the brain (Fig. 1) (92, 93). The process of receptor-mediated 

transcytosis has been widely assumed to be undertaken by the INSR, as endothelial cell-specific INSR 

KO mice show altered BBB permeability and impaired insulin signalling within the hypothalamus, 

hippocampus and prefrontal cortex (95). Interestingly, a loss of endothelial INSRs attenuates 

hypothalamic Pomc expression and promotes hyperphagia, hyperinsulinemia and accelerated 

development of systemic insulin resistance (95). Notably, insulin transport across the BBB has also 

been shown to occur independently of endothelial INSR activity as both endothelial-specific INSR KO 

mice and mice receiving a pharmacological INSR inhibition still show functional insulin transport into 

the brain (96, 97). Although insulin transport into the brain is attenuated without the presence of 

INSRs it does however imply the presence of a possible unidentified insulin transport-related protein 

(98). 

The transcytosis of insulin is attenuated in metabolic disease, however, the pathophysiological 

mechanisms underlying this phenomenon are unclear (91, 99). Obesity driven nuclear factor kappa-B 

expression within brain endothelial cells reduces cellular insulin uptake in vitro (98). INSRs have been 

detected in astrocytic end-feet which ensheath the BBB endothelial cells, and ablation of INSRs in 
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astrocytes limits the uptake of circulating insulin (32). The development of astrocyte INSR KO mice 

has consistently demonstrated the vital role of the INSR in astrocytes in the maintenance of the BBB 

structure and permeability (44, 100, 101), as well as the neural network response to circulating 

peripheral hormones (101). Pericytes also act to modulate the BBB by downregulating trans-

endothelial permeability and astrocyte coupling (102). Increased BBB permeability, pathophysiology 

associated with  insulin resistance and metabolic disease, is observed in pericyte KO mice (102) and 

in streptozotocin-induced diabetic mice which correspondingly exhibit a loss of pericytes as well as a 

retraction of pericytes from the BBB (100). The symbiotic relationship between astrocytes, pericytes 

and endothelial cells highlights the integrity of multiple cell types in insulin journey into the brain. 

5.2. Insulin Transport Through the Median Eminence

The brain is not entirely protected by the BBB. Specialised areas of the brain termed 

circumventricular organs are characterised by highly permeable capillaries devoid of a BBB and allow 

for the passive extravasation of bloodborne factors such as insulin into the brain (Fig. 1) (103). The 

peripheral administration of [125]-Insulin shows that insulin rapidly penetrates an area of the brain 

termed the median eminence (ME) (81, 104, 105). The ME is a circumventricular organ that is 

situated below the MBH, ventral to the third ventricle and adjacent to the arcuate nucleus of the 

hypothalamus (ARC) (Fig. 1). Neurons in the MBH such as AgRP, POMC and SF-1 neurons have 

privileged access to detect and signal insulin levels in the blood (Fig. 1). Microdialysis studies show 

that postprandial insulin appears within the interstitial fluid of the medial hypothalamus within 

30mins of feeding and returns to basal levels after 1h (106, 107), rapid effects that are consistent 

with entry through a circumventricular organ. The transport of insulin via the ME is however not 

unregulated. The ME contains specialized ependymal cells, termed tanycytes, which line the floor of 

the third ventricle (Fig. 1) (108). The presence of tight junctions between adjacent tanycytes 

functions as physical barriers controlling the extravasation of insulin from the portal capillary spaces 

and CSF into the hypothalamus (Fig. 1) (109, 110). When blood glucose levels are low, such as during 

fasting, the blood-hypothalamus barrier is remodelled so that the extravasation of blood-borne 

hormones into the ARC is augmented, which in turn enhances hormonal signalling (110). The 

structural organization of the blood-hypothalamus barrier in the ME during periods of nutritional 

change provides an elegant mechanism by which INSR signalling may be regulated with metabolic 

demand (110).

6. Insulin Targets in the Brain 
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The molecular machinery to transport, transduce and integrate insulin signalling from the blood to 

the brain parenchyma is present throughout the CNS. Whilst abundant, diverse heterogeneity exists 

in how insulin is functionally integrated by different regions and cells of the brain. Understanding the 

precise cellular populations and anatomical distribution of these correlates is fundamental 

to understanding the vital role of insulin signalling in the brain.

6.1. Hypothalamic Targets 

A plethora of studies in both human and animals provide unequivocal evidence that insulin signals to 

cells within the hypothalamus (51, 81, 105, 111). Suppression of INSR translation within the 

hypothalamus using an antisense oligodeoxynucleotide leads to hyperphagia and insulin resistance 

in rodents (112). Functional immunohistochemical studies in rodents have revealed several 

hypothalamic regions show enhanced functional c-Fos immunoreactivity in response to insulin 

administration, including the ARC, VMH, paraventricular hypothalamus (PVH) and dorsomedial 

hypothalamus (DMH) (113, 114). 

The proximity of ARC neurons to the ME affords them a prime position to detect and respond to 

peripheral metabolic hormones and nutrients in systemic circulation. Neurons within the ARC have a 

manifold of bi-directional connections to regions such as the DMH, PVH, lateral hypothalamus, 

dorsal vagal complex (DVC), and the nucleus tractus solitarius (115-117), which affords insulin 

signalling access to a diverse set of multifunctioning neurocircuits (Fig. 2). The ARC is composed of 

several metabolically relevant neuronal populations (118), the most notable of which are AgRP (that 

co-express  neuropeptide Y, NPY) and POMC neurons (Fig. 2). AgRP and POMC neurons are critical 

regulators of both energy and glucose homeostasis and are one of the first-order cells through which 

insulin signals to the brain. INSRs are expressed on AgRP and POMC neurons and the delivery of 

systemic insulin administration promotes a robust increase in Ser-473 phosphorylation of AKT in the 

ARC, particularly within AgRP and POMC neurons (119, 120) (Fig. 1 and 4a). Chemogenic inhibition 

or genetic ablation of AgRP neurons attenuates food intake, enhances energy expenditure and 

decreases body weight (121-123). Within AgRP neurons, INSR signalling inhibits both Agrp and NPY 

transcription and activates adenosine triphosphate (ATP)-sensitive potassium channels, resulting in 

AgRP membrane hyperpolarisation (63, 119, 124). In contrast to AgRP neurons, which are orexigenic 

and promote positive energy balance (increased food intake, increased body weight, decreased 

energy expenditure); POMC are anorexigenic and promote negative energy balance (decreased food 

intake, decreased body weight, increased energy expenditure) (124-126). As such, chemogenic 

activation of POMC neurons decreases feeding behaviour and bodyweight and enhances energy 

expenditure (64).  INSR activation on POMC neurons promotes α-melanocyte-stimulating hormone 
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to activate melanocortin-4 receptors on second-order neurons in other brain regions, including the 

PVH, VMH and DMH (64, 125). The upregulation of α-melanocyte-stimulating hormone, and 

activation of melanocortin-4 receptors, activate catabolic pathways causing a reduction in food 

intake and an increase in energy expenditure (64, 125, 127). Understanding the functionality of 

insulin signalling within POMC neurons has been thwarted with contradictory studies reporting that 

insulin can both activate and inhibit POMC neurons (113, 128-133). Investigating the insulin 

responsivity of POMC neurons throughout the entire rostro-caudal extent of the ARC demonstrated 

that functional heterogeneity exists in how POMC neurons respond to insulin (64), with POMC 

neurons displaying either excitation (11%), inhibition (51%) or no-responsivity (38%). Interestingly, 

this functional heterogeneity is highly dynamic and is shifted in POMC neurons in diet-induced obese 

mice (3% excitation, 65% inhibition, 32% no-response), effects that have been directly attributed to 

the expression of TCPTP (64).

Beyond the ARC, melanin-concentrating-hormone neurons in the lateral hypothalamus also exhibit 

divergent insulin-sensitive subsets that exhibit insulin-dependent excitability, inhibition, or non-

responsivity (134). Mice with INSR deletion in melanin-concentrating-hormone neurons exhibit 

enhanced locomotor activity and insulin sensitivity during the development of diet-induced obesity 

(134). Insulin also targets neurons within the VMH which play pivotal roles in glucose metabolism 

and energy homeostasis (135, 136). INSR activation hyperpolarises SF-1 positive VMH neurons via 

PI3K-dependent activation of KATP channels (136, 137). Conditional INSR deletion in SF-1 positive 

VMH neurons protects against diet-induced obesity and improves glucose metabolism through 

enhanced glutamatergic innervation of POMC neurons (136). Specific deletion of FoxO, a 

downstream target of PI3K, in SF-1 neurons of mice promotes energy expenditure and improves 

glucose tolerance (138). 

Another mechanism by which insulin exerts its effects on metabolic homeostasis is through its 

interaction with adenosine monophosphate (AMP)-activated protein kinase (AMPK), a proposed 

energy sensor and regulator (139). AMPK responds to peripheral nutritional and hormonal signals 

within the hypothalamus to regulate metabolic homeostasis through modulation of feeding 

behaviour (140, 141), glucose homeostasis (142, 143) and energy expenditure (144, 145). 

Pharmacological activation of AMPK within the hypothalamus increases the transcriptional levels of 

NPY and AgRP leading to increased food intake (141). POMC and AgRP neurons lacking AMPKα2 

respond to insulin but are insensitive to glucose (140), suggesting there may be distinct pathways for 

glucose and insulin signalling with the MBH.
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In the hypothalamus, insulin infusion reduces AMPKα2 expression by 25-40% (141) and attenuates 

its activity through Ser385 and Ser491 phosphorylation (146). The state of equipoise between AMPK 

and insulin within the CNS appears to be integral to metabolic health as streptozotocin-induced 

diabetic mice demonstrate heightened hypothalamic AMPK phosphorylation but chronic insulin 

treatment suppresses AMPK activity and abolishes diabetes-induced increases in food intake (147). 

Genetic inhibition of AMPK in SF-1 neurons of the VMH protects against diet-induced obesity by 

enhancing brown adipose (BAT) thermogenesis and improving glucose and lipid metabolism (148). 

Given insulin is a potent inhibitor of AMPK throughout the hypothalamus (141) these findings are 

somewhat counterintuitive to the lean phenotype observed in mice with impaired insulin signalling 

in SF-1 neurons (136, 138). 

Whilst insulin signalling in hypothalamic neurons is established, emerging evidence suggests 

important functions are governed by insulin activity in non-neuronal cells. Insulin signalling in 

astrocytes controls glucose transport from the blood into the CNS and regulates glucose-induced 

activation in POMC neurons (43, 101). Furthermore, hypothalamic-specific astrocyte INSR ablation 

impairs CNS glucose sensing and metabolism resulting in systemic insulin resistance (43). These 

effects may be due to astrocyte insulin signalling mediating transport into the brain, synaptic 

reorganisation resulting in reduced activation of POMC neurons, or enhanced AgRP activation (101, 

149, 150). Pericytes, a cell comprising the BBB, have also been found to express INSRs (151) and 

reside within the hypothalamus (152). Intriguingly, hypothalamic neurons show increased sensitivity 

to insulin and enhanced AKT phosphorylation in response to pericyte-conditioned media, an effect 

not seen in response to astrocyte or aortic smooth muscle cell-conditioned media (152). Thus, the 

functionality and importance of insulin signalling within diverse cell types and sub-populations are 

beginning to emerge.

6.2. Extrahypothalamic Targets

Two distinct neurocircuitries that have been implicated in brain insulin action are the dopaminergic 

reward circuitry, comprised of interconnected structures such as the ventral tegmental area (VTA), 

nucleus accumbens (NAc) and striatum (153); and the hypothalamic-pituitary-adrenal (HPA) axis, a 

network spanning the PVH, the anterior lobe of the pituitary gland and the adrenal glands (154). The 

dopaminergic reward neurocircuitry is associated with hedonic food seeking, and dysregulation 

within the dopamine system is associated with obesity and insulin resistance (155-159). Insulin has 

been found to act upon dopaminergic neurons in the VTA and NAc to suppress excitatory synaptic 

transmission resulting in decreased food seeking behaviour and food salience (156, 160-162). 
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Inhibition of insulin signalling or conditional deletion of the INSR in the VTA/NAc results in increased 

adiposity and hyperphagia (44, 163).   Regulation of food consumption also involves the higher-order 

circuitry and the cognitive processing of food cues (164). In humans, activation of the pre-frontal 

cortex in response to food pictures is suppressed by insulin administration, an effect not observed in 

obese individuals (165, 166). The link between hippocampal insulin signalling and food salience has 

also been endorsed by human magnetic resonance imaging (MRI) studies which demonstrate 

significant positive correlations between fasting insulin plasma levels, waist circumference and 

hippocampal activity following exposure to high-caloric food images (167). 

The HPA axis is responsible for the body’s reaction to stress (168). Elevated stress levels are 

associated with increased consumption of palatable food, high in fat or sugar, in both animals and 

humans (169, 170). Critically, animals and humans with diabetes frequently exhibit impaired 

functioning in the HPA axis (154, 171). Glucocorticoids are key regulators of energy metabolism in 

response to stress-induced energy demands. Glucocorticoids increase the levels of lipids in systemic 

circulation (172), stimulate pre-adipocyte differentiation (173), and promote lipolysis (174). As such, 

insulin and glucocorticoids have opposing effects on metabolic homeostasis. Glucocorticoids 

attenuate IRS-1 expression and phosphorylation resulting in the suppression of PI3K/AKT activity 

(175). One mechanism by which glucocorticoids promote food consumption and energy homeostasis 

is through stimulation of NPY (176, 177). Critically, glucocorticoid response elements are located 

within the promoter region for the NPY gene (177) and the administration of dexamethasone, a 

glucocorticoid receptor agonist, promotes Npy an effect that is attenuated in response to insulin 

administration (178). Interestingly, stress combined with a high-fat diet has been found to increase 

Npy expression in the amygdala and ARC, resulting in increased palatable food intake and decreased 

energy expenditure likely due to a loss of insulin responsiveness (179). Critically, on a chow diet, 

chemogenetic activation of NPY neurons in the amygdala led to increased food intake and reduced 

energy expenditure, similar to effects observed in response to hypothalamic NPY activation (179). 

This aligns with previous studies that have reported enhanced NPY expression in the ARC is 

associated with increased food intake and adiposity, and a decrease in energy expenditure and cold-

induced thermogenesis  (51, 180-182). Insulin’s regulation of the HPA axis is therefore a vital 

component in the neuroendocrine control of food intake and energy expenditure.

7. The Functional Role of Insulin Signalling within the Brain

Insulin signalling within the CNS is integral to a diverse range of physiological and behavioural 

functions and plays a governing role in metabolism. Here, we will discuss the integral role of central 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

insulin signalling on glucose and energy homeostasis through its regulation of feeding behaviour and 

the orchestration of systemic metabolic processes (Fig. 2).

7.1. Insulin Signalling in the Brain Regulates Feeding Behaviour

Central insulin’s effect on food intake was first demonstrated by Woods et al in the late 1970s, 

whereby they showed insulin infusion into the brain reduced food intake in baboons (85). Since 

then, studies delivering insulin or insulin mimetics to the brain by ICV or intranasal administration (to 

target the brain) have shown significant effects on food intake and body weight (183-186). In line 

with this, genetic ablation of insulin signalling in the brain or pharmacological blockage of insulin 

signalling promotes food intake, increases body weight and reduces energy metabolism (187, 188).

Neurons within the hypothalamus, and specifically within the ARC, are well-established as critical 

regulators of energy intake (51, 123, 125, 127, 182). Studies attempting to define the neuronal 

population underlying insulin’s actions on food intake have largely explored the role of AgRP and 

POMC neurons (described in section 6.1). Exogenous insulin signals via the PI3K/AKT pathway in 

both AgRP and POMC neurons which is coordinated by TCPTP, PTP1B and SOCS (Fig. 1 and 2). The 

expression of TCPTP but not PTP1B is known to be driven by nutritional status which actively 

regulates INSR signalling and AgRP neurons (51).  ICV infusion or peripheral administration of insulin 

has been shown to inhibit Npy expression and promote Pomc expression in the ARC (64, 127, 181, 

189). Genetic studies employing Cre-lox technology to conditionally delete INSRs within AgRP, POMC 

or more broadly within most ARC/VMH neurons (using NKx2.1 linage marker) generally show limited 

effects on feeding behaviour (129, 180). One possible explanation is that INSR deletion during 

development is likely compensated resulting in functional redundancy of the ISNR and the 

maintenance of the feeding response. As adult ablation of AgRP causes rapid starvation, yet 

neonatal ablation has minimal effect, it’s clear that compensatory mechanisms exist (122). This is 

further illustrated by the delivery of antisense oligonucleotides delivered into the adult ARC, which 

attenuates INSR expression and  evokes a rapid feeding response and increased adiposity (188). 

Furthermore, inducible deletion of the INSR in NPY neurons in adulthood increases food intake 

(182), whereas combined ablation of Ptpn1 and Ptpn2, but not Ptpn2 alone, in the MBH of diet-

induced obese mice represses food intake (5). Interestingly, mice with ablated islet insulin secretion 

(streptozotocin-treatment), show no alterations in cumulative daily food intake but exhibit an 

attenuated microstructure of feeding behaviour (190).
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Whilst many diverse neuronal populations likely functionally integrate insulin signalling in the brain 

to regulate feeding behaviour, it is only AgRP neurons that have been conclusively shown to respond 

to endogenous postprandial insulin secretion (51). Exactly how AgRP neurons functionally integrate 

this information to the rest of the brain remains unclear. Circuit mapping studies show that 

optogenetic and pharmacogenetic stimulation of AgRP projections to the PVH and ventrolateral part 

of the aBNST are associated with activation of feeding, whereas AgRP projections to the lateral 

hypothalamus, dorsomedial part of the aBNST, dorsal raphe or DVC are not (116, 191). These 

findings suggest a functional distinction of AgRP projections in how hormonal information is 

integrated into the brain. 

In addition to ARC neurons, insulin signals to astrocytes (101, 192). INSR ablation in glial fibrillary 

acidic protein (GFAP) or glutamate aspartate transporter expressing cells (markers of astrocytes) 

attenuated astrocytic glucose uptake through the regulation of mitochondrial dynamics (101). 

Within the forebrain, INSR astrocytic signalling has also been shown to act in concert with IGF-1 

signalling to regulate insulin-stimulated glucose uptake (43).  The ablation of astrocytic INSR 

signalling impacted upon the functional responses and synaptic profile of POMC neurons, 

attenuating feeding behaviour and glycaemic control (101). Specific deletion of the INSR in 

astrocytes within the hypothalamus (predominantly the MBH) impaired glucose availability in the 

brain resulting in attenuated feeding responses and glycaemic adaptions to glucoprivation (101). 

Although an emerging role of astrocytes within the hypothalamus exists (150, 193), the specific 

contribution of astrocytic INSR signalling to the functionality of other hypothalamic cells types or its 

contribution to the pathogenesis of metabolic disease remains unclear. 

The sensory detection and perception of food play an intrinsic role in feeding behaviour (194). The 

integration of this information is highly dependent upon the nutritional and motivational state, 

information that is encoded in part by POMC and AgRP neurons (195, 196). ARC neurons receive 

direct input from olfactory sensing neurons in the olfactory bulb which serves to prime ARC neurons 

to the olfactory perception of foods. Nutritional status directly regulates olfactory sensitivity (197), 

thus the nutritional-state dependent modulation of POMC and AgRP neuron excitation may be 

mediated by olfactory stimulation levels. Mice with hyposmia exhibit increased energy expenditure 

due to enhanced sympathetic nervous system activity innervating of BAT and white adipose tissue 

(WAT). Insulin has been found to directly enhance olfactory performance in humans (198, 199), 

effects that are attenuated in obesity and hyperinsulinemia (200, 201).  Insulin signalling in the 

olfactory bulb may therefore impinge information relating to the sensory properties of food onto the 

hypothalamic tuning of energy and glucose homeostasis.  
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Beyond the hypothalamus, INSR signalling has been implicated in the regulation of dopaminergic 

neurocircuitry associated with hedonic and motivational components of feeding (see section 6.2). 

Given food seeking behaviour requires memory and learning functions, cortical and hippocampal 

circuits are also implicit  (167, 202). Dysregulation of both homeostatic and dopaminergic systems 

are associated with obesity and insulin resistance (155), and conjunctively overnutrition impairs 

dopamine and insulin function within the brain (157, 158). INSRs are expressed on dopaminergic 

neurons in the VTA (161, 203) and inhibition of INSR signalling in the VTA promotes food intake and 

weight gain (163). Furthermore, insulin administration directly into the VTA reduced the 

consumption of  sweetened high-fat food in satiated mice (160) and suppressed synaptic tone onto 

VTA neurons diminishing food seeking behaviour (204). Importantly, the capacity for insulin to 

regulate VTA dopaminergic neurons is attenuated in the context of hyperinsulinemia (161). 

Central insulin signalling also mediates dopamine signalling to control feeding via its regulation of 

tyrosine hydroxylase (TH), a rate-limiting enzyme for dopamine synthesis (205). Mice lacking INSRs in 

TH-neurons exhibit diet-induced obesity and hyperphagia (163). Astrocyte INSR signalling modulates 

dopamine signalling and the secretion of neurotransmitters, such as glutamate (44, 206). Mice 

lacking astrocyte INSRs exhibit impaired dopamine release from NAc neurons resulting in increased 

anxiety- and depressive-like behaviours (44). The development of obesity has been associated with 

impaired insulin action in the dopaminergic system (156, 159, 162). Obese individuals demonstrate 

potentiated reward circuitry and exhibit increased activation of the dopamine system in response to 

images of high-calorie foods (207). Rodents in hyperinsulinemic states exhibit an impairment in 

insulin mediation of food seeking behaviour (160, 161), and attenuated insulin action is observed in 

the striatum of overweight but not lean humans (208). 

7.2. Insulin Signalling in the Brain Regulates Energy Expenditure

Energy expenditure functions to coordinate energy homeostasis and is made up from several 

components, including basal metabolic rate (~60%), physical activity (~25%) and adaptive 

thermogenesis (~15%) (see review (209)). Of relevance to central INSR signalling is adaptive 

thermogenesis (Fig. 2 and 3) which has received significant attention in the context of metabolic 

disease due to its profound action on body weight and glucose metabolism. Adaptive thermogenesis 

is defined as the concerted production of heat energy in response to changes in ambient 

temperature and nutritional status (diet/feeding-induced thermogenesis) (210). Adaptive 

thermogenesis occurs through the activation of brown adipocytes (located within the interscapular 

region of rodents/infant humans and the supraclavicular region in adult humans (211-214)), and the 
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activation and recruitment of beige adipocytes, located within WAT depots (a process referred to as 

WAT browning (Fig. 2 and 3)) (211-214). Whilst white adipocytes primarily function to store energy, 

brown and beige adipocytes function to dissipate energy in the form of heat (215). In response to 

caloric intake or cold exposure, sympathetically derived norepinephrine activates β3-adrenergic 

receptors on brown and beige adipocytes to promote the release of free fatty acids (FFA) and the 

expression of uncoupling protein-1 (UCP-1) (Fig. 3)(216). UCP-1 uncouples fatty acid and glucose 

oxidation from ATP production to expend energy and generate heat (Fig. 3) (217). Notably, UCP-1 

independent mechanisms of thermogenesis also exist (see review (218)). In humans, BAT levels are 

directly correlated with body mass index, and BAT thermogenesis is impaired in obese individuals 

(219, 220). In healthy humans, BAT activation through cold exposure triggers a substantial increase 

in BAT glucose disposal which is not observed in other organs (219, 221). 

The role of central insulin signalling in thermogenesis was deduced as early as the 1980s, when 

plasma insulin rises in response to refeeding were associated with enhanced thermogenic responses, 

an effect attenuated by chemical blockade of β-cell insulin secretion (222). Postprandial plasma 

insulin elevation is associated with increased glucose uptake into BAT compared to physiological 

states of low insulin levels (i.e., fasting) or impaired insulin action (obesity) (221, 223, 224). Insulin 

administration dramatically enhances BAT glucose uptake in lean humans (221, 223), whereas obese 

insulin resistant individuals exhibit impaired thermogenesis (220). The actions of insulin to regulate 

thermogenesis likely involves the brain. ICV administration of insulin promotes sympathetic outflow 

to peripheral tissue (225, 226), and intranasal administration of insulin promotes hypothalamic 

functional activity to promote postprandial thermogenesis (183, 227).

The neurocircuitry underpinning central insulin’s action upon thermogenesis involves neurons of the 

ARC. Deletion of the INSR phosphatase, TCPTP, in AgRP neurons promotes BAT and beige Ucp-1 

expression, thermogenesis and glucose uptake (51, 64). These effects are directly attributed to INSR 

signalling in AgRP neurons and protect against diet-induced obesity (51). INSR signalling in AgRP 

neurons has further been shown to coordinate feeding induced thermogenesis, through the 

expression of TCPTP within the hypothalamus (51, 64). Feeding-induced activation of beige 

adipocytes is attenuated in obesity which has been attributed to insulin resistance within the ARC 

(51). TCPTP deletion in the ARC of obese mice promotes neuronal insulin signalling which in turn 

reinstates adipose tissue thermogenesis resulting in weight loss and improved glycaemic control (5, 

51). Furthermore, pharmacological inhibition of TCPTP, or TCPTP and PTP1B, within the MBH 

robustly promotes adipose tissue thermogenesis and weight loss in diet-induced obese mice (5).  

INSR signalling in POMC neurons also regulates energy expenditure (63). Mice lacking TCPTP and 

PTP1B in POMC neurons exhibit enhanced brown and beige adipocyte activation, energy 
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expenditure and protection against diet-induced obesity (63, 65). Furthermore, re-expression of the 

INSR in POMC neurons in INSR deficient mice promotes energy expenditure and locomotor activity 

(228). 

Whilst there is a growing recognition of the role of insulin signalling within CNS astrocytes in the 

regulation of food intake, there has been little examination of a role in adipose tissue 

thermogenesis. Recently, Manaserh et al showed INSR deletion in astrocytes reduced BAT 

thermogenesis and BAT β3-adrenergic receptor expression (229). As these mice could not engage a 

thermogenic response to cold exposure this implies a functional role of astrocytic INSR signalling in 

thermogenesis. Given INSR deletion in astrocytes alters astrocyte morphology, and neurocircuitry 

structure and connectivity (101), understanding how regional neuronal circuits and their cellular 

components integrate insulin signalling to regulate adipose tissue thermogenesis is still to be 

determined. 

7.3. Central Insulin Regulation of Glucose Metabolism

Although Claude Bernard first demonstrated the role of the brain in glycaemic control in 1855 (6), 

the actions of insulin to stimulate glucose uptake in peripheral tissues has long overshadowed 

potential contributions by the brain. Insulin signalling in peripheral tissues such as skeletal muscle 

and adipose tissue facilitates glucose transport from the blood via the translocation of the insulin-

dependent glucose transporter (GLUT4) (230). A subset of hypothalamic neurons express GLUT4 

(231), however, glucose transport into neurons is generally accepted to occur independently of 

insulin (10, 11). Although insulin’s effects on glucose uptake into the brain parenchyma is untenable, 

it does play a significant neuromodulatory role in how the brain regulates glycaemic control. 

Central insulin action has been implicated in the regulation of hepatic glucose production (HGP, Fig. 

2 and 3a). HGP refers to the appearance of de novo glucose generated by the liver through 

gluconeogenesis and glycogenolysis in the blood (1). In the postabsorptive or fasted state, HGP is 

upregulated in order to maintain glucose homeostasis (1). In the absorptive state (after feeding) 

when plasma glucose and insulin levels are elevated, HGP is shutoff to facilitate liver glucose storage 

via glycolysis and glycogenesis (1). The orchestration of HGP to maintain glucose homeostasis 

becomes dysregulated in diabetic and obese individuals and significantly contributes to 

hyperglycaemia (232). Mice with brain INSR deletion exhibit an inability for insulin to attenuate HGP 

(233), and ICV infusion of insulin suppresses HGP and lowers blood glucose levels even in the context 

of peripheral insulin resistance (112, 188, 234). Consistent with this, the attenuation of INSR 
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signalling using INSR antibodies or antisense oligonucleotides vitiates insulin’s ability to suppress 

HGP (112). Insulin infusion into the MBH activates hypothalamic ATP-sensitive potassium channels 

which attenuates HGP via vagal efferent neurons innervating the liver (188, 235). INSR signalling in 

the brain is known to suppress hepatic vagal activation which, via α7-nicotinic acetylcholine 

receptors, promotes interleukin-6 (IL-6) secretion from hepatic Kupffer cells (Fig. 3) (236). IL-6, in 

turn, acts upon IL-6 receptors expressed on hepatocytes to repress HGP via a STAT3 mediated 

repression of gluconeogenic enzymes glucose-6-phosphatase (G6pc) and phosphoenolpyruvate-

carboxykinase (Pck-1) (Fig. 3) (233, 236). The ability of central insulin to act on HGP is lost following 

hepatic vagotomy and sympathectomy implying that intact innervation from the brain to the liver is 

necessary (237, 238).

In humans, intranasal insulin administration promotes hypothalamic activity and improves insulin 

sensitivity, implicating the hypothalamus as a key site coordinating central insulin’s actions on 

glycaemic control (183). The ability of insulin to suppress HGP is lost in mice lacking INSRs in AgRP 

neurons of the hypothalamus (163), and chemogenetic excitation of AgRP neurons impairs whole-

body insulin sensitivity by selectively repressing BAT glucose uptake (191). Consistent with this, 

enhanced insulin signalling in AgRP neurons promotes whole-body insulin sensitivity via BAT/WAT 

glucose uptake and enhanced insulin-induced suppression of HGP (65). Chemogenetic inhibition and 

excitation of POMC neurons elicit elevated and attenuated HGP respectively (64), illustrating the 

capacity of POMC neurons to influence HGP. Whilst the deletion of INSRs specifically in POMC 

neurons has little effect on HGP (129), enhancing insulin signalling within POMC neurons promotes 

insulin-mediated attenuation of HGP and is capable of suppressing HGP even in the context of 

whole-body insulin resistance (65). Combined deletion of the INSR and LepR in POMC neurons has 

also been shown to regulate glucose metabolism (239). Infusion of insulin into the brain represses 

liver glucose metabolism in a fed but not the fasted state (64), an effect that is coordinated by the 

fed/fast fluctuations in TCPTP expression in both AgRP and POMC neurons (64, 65). Central insulin 

signalling in AgRP and POMC neurons may therefore function to coordinate food intake with glucose 

homeostasis via the regulation of HGP.

Whilst it seems implicit that central insulin signalling regulates HGP directly via vagal efferent 

neurons, it is important to note that studies in both humans and dogs have shown limited 

impairment in glucose metabolism following liver denervation (235, 240, 241). To account for the 

actions of central insulin signalling in the control of hepatic glucose metabolism it is likely that other 

“indirect” mechanisms exist. One such mechanism may be through the central regulation of adipose 

tissue lipolysis (Fig. 2). Lipolysis occurs within adipocytes and functions to supply energy through 

the hydrolysis of triglycerides into FAAs and glycerol (242). Lipolysis is regulated by the sympathetic 
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nervous system and functions to maintain energy homeostasis during periods of negative energy 

balance, such as fasting, or to produce substrates required for thermogenesis or 

gluconeogenesis (242).  A key role of central insulin signalling in the control of WAT lipolysis was 

demonstrated by unrestrained lipolysis and decreased de novo lipogenesis in mice lacking INSRs 

specifically in the brain (243). Insulin action in the hypothalamus appears to be important in WAT 

lipolytic activity, as insulin infusion into the MBH of rodents increases WAT lipogenic gene 

expression and suppresses lipolysis (243). Critically, a high-fat diet has been shown to abolish the 

ability of the MBH to suppress WAT lipolysis and HGP, consistent with the development of central 

insulin resistance (244). Notably, insulin signalling in the brain inhibits lipolysis independently of 

changes in peripheral insulin levels, suggesting that these actions must occur through the inhibition 

of sympathetic outflow to WAT (243). Retrograde tracing studies have identified the neural circuitry 

innervating WAT and BAT, implicating areas of the brainstem, midbrain, and hypothalamus (245). 

The hypothalamic melanocortin system, a direct target of insulin, has been shown to have significant 

effects on WAT lipolytic and lipogenic activity. Chronic blockade of hypothalamic melanocortin 

receptor 3 and 4 promoted WAT lipogenic activity (246), and INSR deletion in POMC but not AgRP 

neurons impaired WAT lipolytic regulation (247). It is intriguing that insulin signalling in the 

hypothalamus can elicit both lipolysis and browning within WAT, considering these processes 

require a respective suppression and promotion of β-adrenergic receptor activation (51, 63, 243). It 

is tentative to think that heterogeneity in the functional innervation of the WAT may exist however 

this has yet to be elucidated.   

8. Insulin Resistance and Metabolic Disease

A hallmark of metabolic diseases such as obesity, pre-diabetes and T2D is impaired cellular insulin 

signalling (1). As the impaired insulin action occurs despite heightened insulin levels in the blood, 

this phenomenon is termed “insulin resistance” (Fig. 4). Insulin resistance within the brain, 

particularly the hypothalamus, has been demonstrated in both obese rodents and humans. The 

mechanisms underlying this pathophysiology are complex and not fully understood, however, a 

significant contribution is through defects in insulin signalling occurring downstream of the INSR (1). 

In the context of neuronal insulin resistance, negative regulators of insulin signalling such as TCPTP, 

PTP1B and SOCS3 play a role (Fig. 4). The levels of INSR negative regulators are driven by  the 

hyperleptinemia (248, 249), enhanced hypothalamic inflammation (226, 250), reactive gliosis (251) 

and enhanced circulating glucocorticoid levels (5, 51) associated with obesity. Exactly when neuronal 

insulin resistance occurs is unclear, however, reduced hypothalamic insulin sensitivity has been 
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reported after 72 hours of high-fat feeding (226). The expression of SOCS3 is elevated after 2 days of 

high-fat feeding in AgRP neurons and after 2 weeks in POMC neurons (76). PTP1B and TCPTP 

expression is elevated within the hypothalamus of mice after 6 and 9 weeks of high-fat feeding and 

these levels remain elevated beyond 12 weeks of high-caloric exposure (5, 51, 52). The consequence 

of elevated levels of TCPTP, PTP1B and SOCS3 is evident as their genetic ablation in cells of the MBH 

promotes hypothalamic insulin signalling and enhances whole-body glucose metabolism (5, 51, 63, 

64, 72, 76, 252, 253). More specifically, the deletion of TCPTP and PTP1B in the MBH of diet-induced 

obese mice after 12 weeks of high-fat diet reinstated INSR mediated signalling, despite the mice 

continuing to eat a high-fat diet (5). Deletion of TCPTP with the MBH of diet-induced obese mice 

promoted adipose tissue thermogenesis and energy expenditure whereas PTP1B deletion repressed 

food intake (5). Combined deletion of TCPTP and PTP1B repressed both food intake and promoted 

adipose tissue thermogenesis resulting in a synergistic reduction in body weight (5).

Whilst it is apparent that the key neuronal populations within the brain governing energy and 

glucose homeostasis become insulin resistant, there are currently no effective therapeutic strategies 

targeting insulin resistance within the brain. Pharmacological inhibition of PTP1B through systemic 

or central administration of trodusquemine (MSI-1436) or its highly selective analogue, claramine, 

decreases food intake and promotes weight loss in lean and obese mice (51, 254, 255). Central 

TCPTP inhibition through ICV administration of Compound 8  enhanced energy expenditure (256), 

repressed food intake and body weight (52), and promoted hypothalamic Pomc expression (63). 

Hypothalamic TCPTP levels are attenuated by ICV administration of the glucocorticoid receptor 

antagonist, RU486 (5, 51). Central daily administration of RU486 over 10 days to diet-induced obese 

mice dose-dependently attenuated body weight and enhanced energy expenditure through the 

promotion of adipose tissue thermogenesis (5). Furthermore, the combined administration of RU486 

and claramine to attenuate central TCPTP and PTP1B synergistically promoted weight loss in obese 

mice (5). Celastrol, a natural pentacyclic triterpene has recently been shown to noncompetitively 

inhibit PTP1B and TCPTP (257). Systemic daily administration of celastrol to diet-induced obese mice 

for 10 days promoted ~10% weight loss, actions that are mediated through the inhibition of PTP1B 

and TCPTP in the hypothalamus (257). 

There is a clear emerging precedent set for therapeutically targeting central insulin resistance for the 

treatment of metabolic disease. Despite this, specifically targeting regions of the brain in a 

repeatable and viable way has long been a significant therapeutic roadblock. This has greatly limited 

the use of several efficacious pharmacological interventions delivered systemically due to 

confounding non-specific actions on peripheral tissues. For example, deletion of PTP1B within 

myeloid cells drives the development of leukaemia and shortened lifespan (258) whilst global TCPTP 
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deletion promotes systemic inflammation and mortality (259, 260). To potentially overcome these 

limitations the intranasal route of administration is a possible option for the viable delivery of agents 

into the brain. Drugs can be delivered into the brain via the intranasal route of administration by 

passing through the paracellular space across the nasal epithelium (261). Compounds then enter the 

CSF and directly interact with the hypothalamic parenchyma coordinating metabolism (5, 183, 262). 

In healthy humans, intranasal delivery of insulin regulates hypothalamic neuronal activity which in 

turn attenuates HGP and food intake with minimal spill over into the blood (183, 263). Intranasal 

insulin in humans has also been shown to promote adipocyte glucose metabolism to improve whole-

body insulin sensitivity (183, 227). The efficacy of intranasal insulin to regulate hypothalamic activity 

and hepatic glucose metabolism is lost in obese men, consistent with the development of central 

insulin resistance (183). The lack of efficacy of intranasal insulin in the insulin resistant state limits its 

therapeutic potential. An emerging alternative approach to ameliorate insulin resistance within the 

brain may be to intranasally target TCPTP and PTP1B. Combined intranasal delivery of RU486 and 

claramine, to inhibit TCPTP and PTP1B respectively, promoted hypothalamic insulin-induced AKT Ser-

473 phosphorylation and promoted weight loss in diet-induced obese mice (5). Collectively it seems 

apparent that the dysfunction of central insulin signalling plays a substantial role in the development 

of metabolic disease. Recent advances in our understanding of the molecular mechanisms 

underlying neuronal insulin resistance along with refinements in therapeutically targeting the brain 

have highlighted the potential of intranasally targeting INSR signalling in the treatment of metabolic 

disease.

9. Conclusion

Energy and glucose homeostasis function to deliver an adequate supply of nutrients to the body in 

order to maintain the internal milieu. To facilitate this, the brain has evolved a complex array of 

neuroendocrine mechanisms capable of integrating the body’s nutritional status and transducing 

this information into physiological responses capable of fine-tuning metabolism. Insulin signalling in 

the brain plays a significant role in the coordination of energy and glucose homeostasis through the 

regulation of feeding behaviour (182), energy expenditure (51, 63), insulin sensitivity (64, 65, 191), 

glucose metabolism (5, 64, 65, 129, 182) and lipid metabolism (31, 243, 247) (Fig. 2). Many of these 

actions are mediated by insulin signalling in AgRP and POMC neurons in the ARC. Emerging evidence 

now substantiates novel insulin-responsive neuronal and non-neuronal subsets in the hypothalamus 

(44, 101, 149, 152, 229); however, the functional contribution of this signalling is still in its infancy. 

Beyond the hypothalamus, insulin is known to regulate cells within areas of the brain involved with 
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reward (160, 161, 163, 204), olfaction (198, 199) and stress (178). Further studies examining insulin’s 

role in these areas will afford an invaluable insight into how the brain integrates external and 

hedonic cues with nutritional status to regulate energy and glucose homeostasis.  

The brain becomes insulin resistant during the development of metabolic diseases, the functional 

significance of which is only now starting to emerge. Emerging evidence suggests that insulin 

resistance in the brain is responsible for the elevated food intake (5), HGP (64), lipolysis (244), and 

impaired adipose tissue thermogenesis (51, 220, 264) associated with diet-induced obesity. Exciting 

inroads have been made towards understanding the cellular mechanisms driving neuronal insulin 

resistance and a clear precedent has emerged for the delivery of agents intranasally to promote 

brain insulin sensitivity (5, 183, 262, 265). The therapeutic significance of targeting INSR signalling in 

the brain to treat metabolic disease is evident (Fig 4), and the stage may therefore be set for insulin 

signalling in the brain to take the therapeutic spotlight in the fight against metabolic diseases.

FIGURE LEGENDS 

Figure 1: Insulin transport and receptor signalling within the brain. a) Insulin within the systemic 

circulation reaches its targets within the mediobasal hypothalamus via 1) receptor-mediated 

transcytosis across the blood-brain barrier (BBB), 2) passive extravasation through the fenestrated 

capillaries and ependymal cells of the median eminence (ME) or 3) through tanycyte mediated 

transport from the cerebral spinal fluid (CSF). 1) The BBB is formed by endothelial cells joined by 

tight junctions which regulate the paracellular diffusion of insulin into the brain (90). Circulating 

insulin binds to insulin receptors (INSR) expressed on endothelial cells (91, 92). Once bound to the 

INSR, insulin is internalised into vesicles and transported across the endothelial cells and presented 

by receptor-mediated exocytosis to the abluminal side of the endothelial cell where it enters the 

brain (92-94). Once in the brain insulin can interact with the surrounding neurons, pericytes and glia 

(including astrocytes). 2) Insulin can enter the brain via passive diffusion via the ME. The ME is a 

circumventricular organ composed of fenestrated capillaries that allows passive entry of insulin into 

the brain (81, 104, 105). 3) Insulin is also present within the cerebrospinal fluid (CSF) where it can be 

transported into the brain via tanycytes that line the floor of the third ventricle and project 

processes into the hypothalamus including the arcuate nucleus of the hypothalamus (ARC), 

ventromedial hypothalamus (VMH) and the ME (108-110). b) Insulin receptor signalling cascade 

within agouti-related peptide (AgRP) and pro-opiomelanocortin (POMC) neurons of the ARC. Insulin 

binds to the extracellular α-subunits of the INSR expressed on the cell surface of neurons in the ARC. 

INSR activation results in receptor autophosphorylation of the β-subunits (34) and a cascade of 
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phosphorylation events in either the Phosphoinositide 3-kinase (PI3K)/Protein kinase B (AKT) or 

Mitogen-activated protein kinase (MAPK)/Extracellular signal-regulated kinase (ERK) pathways (38-

40). In the schematic, autophosphorylation of tyrosine residues initiates the phosphorylation of 

insulin receptor substrate (IRS) proteins which in turn activates PI3K leading to AKT phosphorylation. 

INSR activated AKT promotes the expression of Pomc and represses the expression of Agrp within 

the neuron (64, 127, 181, 189).  INSR signalling is also negatively regulated by protein tyrosine 

phosphatases, such as protein tyrosine phosphatase 1B (PTP1B) (46-49) and T-cell like protein 

tyrosine phosphate (TCPTP)(62), and suppressor of cytokine signalling 3 (SOCS3) (73) which function 

to dephosphorylate the INSR and/or its downstream components.

Figure 2: Physiological effects of the insulin signalling in the brain. Insulin is secreted postprandially 

from the pancreas into the blood circulation. Insulin reaches the brain where it signals to regulate 

olfaction (olfactory bulb) (198, 199), hedonic aspects of feeding behaviour (pre-frontal cortex (111, 

164-166), nucleus accumbens (NAc) (162), striatum (162), ventral tegmental area (VTA)(153, 156, 

160, 161)) and memory/learning (hippocampus) (164, 167). Insulin signals to the cells in the 

hypothalamus, in particular to two discrete population of neurons expressing agouti-related peptide 

(AgRP) and pro-opiomelanocortin (POMC) (51, 63, 64, 129). The representative photomicrograph 

depicts immunofluorescent expression of AgRP (red) and POMC (green) within neurons of the 

arcuate nucleus of the hypothalamus (ARC) of an 8-week old male Agrp-Cre::lox-STOP-lox-

tdTomato::Pomc-eGFP transgenic mouse.  Insulin signalling in hypothalamic AgRP and POMC 

neurons coordinates food intake (182), peripheral insulin sensitivity (64, 65), hepatic glucose 

production (64, 65, 129, 247), lipolysis (247), brown adipose tissue (BAT) thermogenesis and white 

adipose tissue (WAT) browning (51, 63-65). Abbreviation: 3rd ventricle (3rd V), beige adipose tissue 

(BeigeAT), dorsal vagal complex (DVC), dorsomedial hypothalamus (DMH), free fatty acids (FFA), 

lateral hypothalamus (LH), paraventricular hypothalamus (PVH), ventromedial hypothalamus (VMH). 

 

Figure 3: Central insulin signalling regulates hepatic glucose production and adipose tissue 

thermogenesis. Insulin signals to cells in the arcuate nucleus of the hypothalamus (ARC) (51, 65). 

ARC insulin signalling is functionally integrated into the brain and is propagated via the autonomic 

nervous systems to coordinate hepatic glucose production in the liver and adipose tissue 

thermogenesis in white adipose tissue (WAT) and brown adipose tissue (BAT). a) Insulin signalling in 

the ARC suppresses the activation of vagal cholinergic efferent neurons innervating the liver 

parenchyma (236). The attenuated release of acetylcholine (Ach) from vagal afferents stimulates 
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Kupffer cells to secrete interleukin-6 (IL-6) into the liver parenchyma, an effect that is mediated by 

the α7-nicotinic acetylcholine receptors (α7-nAchR) expressed on the Kupffer cell surface (236). IL-6 

activates its receptor (IL-6R) expressed on hepatocytes, which in turn, signalling via Signal transducer 

and activator of transcription 3 (STAT3) represses the transcription of gluconeogenic enzymes 

phosphoenolpyruvate-carboxykinase (Pck-1) and glucose-6-phosphatase (G6pc) (236). Pck-1 and 

G6pc are enzymes essential for gluconeogenesis as they convert oxaloacetate into 

phosphoenolpyruvate and glucose 6-phosphate into glucose respectively (1). The STAT3 mediated 

suppression of Pck-1 and G6pc stops gluconeogenesis and the appearance of de novo glucose in the 

blood. b) Insulin signalling in the ARC promotes the release of norepinephrine (NE) from tyrosine-

hydroxylase (TH) -expressing sympathetic efferent neurons (266). NE activates β-adrenoreceptors 

expressed upon the cell surface of beige and brown adipocytes (267). β-adrenoreceptor activation in 

turn stimulates uncoupling protein 1 (UCP1) located on the inner mitochondrial membrane to 

facilitate the transport of protons into the inner mitochondrial membrane (267). In a futile attempt 

to maintain the proton gradient across the inner mitochondrial membrane, the activity of the 

electron transport chain is upregulated which expends energy in the form of heat (267). 

 

Figure 4: Insulin resistance in the arcuate nucleus of the hypothalamus (ARC). a) Insulin signals to 

neurons in the ARC via the insulin receptor (INSR) (51, 65). Insulin binding to the INSR initiates 

receptor autophosphorylation which in turn promotes the downstream phosphorylation of Protein 

kinase B (AKT) (1). The representative photomicrograph depicts immunoreactivity for insulin-

stimulated Ser-473 AKT phosphorylation in the ARC of an 8-week-old C57BL/6J mouse. INSR signal 

transduction in ARC cells regulates energy and glucose homeostasis by attenuating food intake 

(182), lipolysis (247), hepatic glucose production (64, 65, 129, 247), and promoting brown adipose 

tissue (BAT) thermogenesis and white adipose tissue (WAT) browning (51, 63-65). b) In diet-induced 

obesity neurons of the ARC become insulin resistant (5). Despite the heightened levels of circulating 

insulin, the actions of insulin to induce INSR signalling are attenuated (1, 5). The representative 

photomicrograph depicts immunoreactivity for insulin-stimulated Ser-473 AKT phosphorylation in 

the ARC of a 12-week high-fat fed C57BL/6J mouse. During the development of diet-induced obesity, 

cells within the ARC exhibit heightened expression of INSR negative regulators such as T-cell protein 

tyrosine phosphatase (TCPTP), protein tyrosine phosphatase 1b (PTP1B) and suppressor of cytokine 

signalling 3 (SOCS3) (51, 52, 63, 64). TCPTP, PTP1B and SOCS3 functionally attenuate INSR signalling 

and contribute towards cellular insulin resistance. Insulin resistance within ARC promotes food 

intake (5), lipolysis (243, 244), hepatic glucose production (65, 183) and represses BAT and WAT 

thermogenesis (5, 51, 63) leading the development and maintenance of metabolic disease.   
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