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Abstract
Although a prominent role for the brain in glucose homeostasis was proposed by scientists in the
nineteenth century, research throughout most of the twentieth century focused on evidence that the
function of pancreatic islets is both necessary and sufficient to explain glucose homeostasis, and
that diabetes results from defects of insulin secretion, action or both. However, insulin-
independent mechanisms, referred to as ‘glucose effectiveness’, account for roughly 50% of
overall glucose disposal, and reduced glucose effectiveness also contributes importantly to
diabetes pathogenesis. Although mechanisms underlying glucose effectiveness are poorly
understood, growing evidence suggests that the brain can dynamically regulate this process in
ways that improve or even normalize glycaemia in rodent models of diabetes. Here we present
evidence of a brain-centred glucoregulatory system (BCGS) that can lower blood glucose levels
via both insulin-dependent and -independent mechanisms, and propose a model in which complex
and highly coordinated interactions between the BCGS and pancreatic islets promote normal
glucose homeostasis. Because activation of either regulatory system can compensate for failure of
the other, defects in both may be required for diabetes to develop. Consequently, therapies that
target the BCGS in addition to conventional approaches based on enhancing insulin effects may
have the potential to induce diabetes remission, whereas targeting just one typically does not.

The escalating epidemic of obesity, metabolic syndrome and type 2 diabetes (T2D)
represents one of the most pressing and costly biomedical challenges confronting modern
society1,2. However, much about the pathogenesis of these disorders remains unknown. In
this article, we review recent evidence for a BCGS that works in tandem with pancreatic
islets to regulate blood glucose levels. Glucose lowering induced by BCGS activation can
involve a variety of mechanisms, some of which depend on insulin whereas others are
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altogether independent of islet hormones. Although islet- and brain-centred systems are
distinct entities, evidence suggests that they work cooperatively to maintain stable blood
glucose levels across a range of homeostatic challenges. Moreover, each system seems to
have the potential to compensate, at least partially, for the failure of the other. Consequently,
defects in both systems may be required for diabetes to develop and/or progress. This
redundancy of islet-and brain-centred glucoregulatory systems presumably ensures tight
regulation of circulating glucose, the body's principal metabolic currency.

Historical perspective
On the basis of his observation in 1854 that diabetes could be induced in rabbits by
puncturing the floor of the fourth-cerebral ventricle (‘piqûre diabetique’)3, the renowned
physiologist Claude Bernard proposed a role for the brain in both glucose homeostasis and
diabetes pathogenesis. This notion remained popular until the discovery of insulin in 1921,
and the subsequent identification of liver, muscle and adipose tissue as principal targets of
the powerful effects of insulin on glucose metabolism. Combined with evidence linking
diabetes pathogenesis to defective insulin secretion and action4, the pancreatic islet quickly
came to overshadow the brain as the focal point for understanding this disease (Box 1).

Box 1

Traditional glucose homeostasis model

Box 1 Figure. The traditional, islet-centred model of normal and abnormal glucose
homeostasis
a, Under normal conditions, the islet-centred model proposes that glucose homeostasis is
controlled primarily by the effect of rising blood glucose levels to stimulate insulin
secretion. Insulin then acts on peripheral tissues such as the liver to suppress hepatic
glucose production (HGP), and adipose tissue and muscle to stimulate glucose uptake.
Not shown is the effect of the islet hormone glucagon, secretion of which is inhibited by
rising glucose levels, and which acts to stimulate HGP. Thus, glucose has opposing
actions on the secretion of insulin and glucagon, hormones that in turn have opposing
effects on HGP. When blood glucose levels increase (for example, during a meal),
therefore, the islet response effectively returns it to baseline. b, When individuals with
normal islet function become insulin-resistant (for example, in association with dietary
and/or genetic factors that cause obesity), the islet-centred model proposes that glucose
homeostasis is preserved by the capacity of the islet to increase insulin secretion in a
compensatory manner. c, If islet dysfunction precludes the increase of insulin secretion
needed to overcome insulin resistance, glucose intolerance results. As islet dysfunction
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progresses, increased HGP and reduced tissue glucose uptake eventually cause overt
hyperglycaemia and diabetes.

Current diabetes treatment options reflect this islet-centred view, consisting principally of
recombinant human insulin preparations, insulin secretagogues (some of which also inhibit
glucagon secretion), and drugs that increase insulin sensitivity. These drugs enjoy wide use
and are effective in controlling hyperglycaemia, the hallmark of T2D, but they address the
consequences of diabetes more than the underlying causes, and thus control rather than cure
the disease.

Although insulin-independent mechanisms contribute nearly as much to glucose disposal as
insulin does, little is known about how this type of glucose lowering works or what its
therapeutic potential might be. Recent work indicates that BCGS activation can markedly
improve glucose homeostasis in rodent models of diabetes via largely insulin-independent
mechanisms5, and the possibility has been raised that a similar mechanism contributes to
diabetes remission6,7 induced by bariatric surgical procedures such as Roux-en-Y gastric
bypass8–11. Reconsideration of how glucose homeostasis is achieved by the body and the
respective roles played by islet and brain in this process therefore seems justified.

Brain control of glucose homeostasis
A large literature documents glucoregulatory effects of pharmacological or genetic
interventions targeting neurons in any of several areas of the hypothalamus (arcuate,
ventromedial and paraventricular hypothalamic nuclei) and brainstem. Although uncertainty
surrounds both the molecular identity and the role in glucose homeostasis played by many of
these neuronal groups12–14, injection of insulin or glucose into discrete hypothalamic areas
can lower blood glucose levels and increase liver insulin sensitivity15,16, and similar effects
are achieved by restoring functional leptin receptors to specific hypothalamic nuclei of
animals that otherwise lack them17,18. Conversely, deletion of receptors for either insulin or
leptin (or their downstream signalling intermediates) from defined hypothalamic neurons
causes glucose intolerance and systemic insulin resistance, indicating a physiological role
for these neurons in the control of glucose metabolism19,20. These and many other
observations highlight how the brain can influence glucose homeostasis in response to
afferent input from peripheral signals, but they have yet to establish the extent to which such
responses participate in the physiological control of circulating glucose levels.

Indirect control of hepatic glucose production
Although there is little doubt that insulin regulates hepatic glucose production (HGP)
through a direct action on hepatocytes, insulin has also been proposed to regulate HGP via
an indirect mechanism involving insulin action at a remote site21. As aberrant control of
HGP is fundamental to diabetic hyperglycaemia21,22, its regulation has important clinical
implications. The direct action of insulin on hepatocytes and other cell types involves its
binding to insulin receptors and activation of signal transduction cascades that regulate a
wide range of cellular processes. Of particular relevance to glycaemic control is the
canonical insulin receptor substrate– phosphatidylinositol-3-OH kinase (IRS–PI(3)K)
pathway (Fig. 1), which mediates insulin inhibition of both glycogenolysis and
gluconeogenesis, the two primary determinants of HGP21.

In the fasted state, when the intestine is not absorbing nutrients and insulin levels are low,
the liver is the primary source of circulating glucose and the rate of HGP is high. After a
meal, nutrient-induced insulin secretion and subsequent activation of hepatic IRS–PI(3)K
signalling inhibits HGP. The cellular basis for this effect involves PI(3)K-mediated
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activation of Akt, a serine-threonine kinase that, among other actions, inhibits the
transcription factor FOXO1. FOXO1 stimulates gluconeogenesis in hepatocytes, and its
inhibition is mandatory for insulin suppression of HGP21. Insulin activation of the canonical
IRS–PI(3)K pathway in hepatocytes is implicated in the control of HGP by insulin under
physiological conditions, and previous studies23 offer clear evidence in support of this
hypothesis.

The concept that HGP can also be controlled by insulin action at a remote site was first
proposed more than 15 years ago24 and received compelling support in a recent study25 of
‘TLKO’ mice with hepatocytes unresponsive to insulin owing to liver-specific deletion of
key signal transduction molecules (the two Akt isoforms as well as FOXO1). In these
animals, insulin cannot directly regulate HGP via the Akt–FOXO1 pathway. However,
rather than exhibiting the expected loss of regulation, both HGP and systemic glucose
homeostasis are controlled normally in these mice, even in response to exogenous insulin.

These data are among several observations21 that point to the existence of an indirect
pathway through which insulin and nutrients can regulate HGP even when hepatocytes
themselves are insensitive to direct insulin action. An intriguing question is what mechanism
mediates the indirect control of HGP by insulin. Although other explanations are
possible26,27, the BCGS is both activated by insulin and capable of regulating HGP in
humans28 as well as rodent models19,20.

Comparison of the phenotypes of the previously reported TLKO mice25 with liver-specific
insulin receptor knockout (LIRKO) mice, in which the liver is also unable to respond to
insulin29, is informative. Unlike TLKO mice that have generally normal glycaemic
regulation, LIRKO mice are severely glucose intolerant and insulin resistant. This is because
LIRKO mice have unrestrained and unregulated HGP because FOXO1 is constitutively
active in the absence of insulin-stimulated Akt activation. In LIRKO mice, therefore,
increased HGP results from excessive FOXO1 activity, removal of which enables normal
control of HGP via the indirect pathway. From this conclusion we infer that although
inhibition of HGP by the indirect insulin pathway involves a FOXO1-independent
mechanism, it can be blocked by excessive FOXO1 signalling.

Insulin–independent glucose disposal by the BCGS
Although a large literature has established the brain's capacity to affect glucose homeostasis,
it has become clear only recently that this can involve mechanisms that are independent of
insulin. Studies in which leptin was infused directly into brain ventricles—at doses too low
to have any effect outside the brain—of rats and mice with insulin-deficient diabetes clearly
demonstrate the ability of central leptin action to normalize markedly increased blood
glucose levels30,31 despite persistent, severe insulin deficiency. This surprising outcome is
incompatible with a strictly islet-centric model of glucose homeostasis. Similar findings
have been reported in other rodent models of insulin-deficient diabetes using systemic
(rather than central) administration of leptin at supraphysiological doses32,33.

Normal glucose tolerance, the ability to clear glucose from the bloodstream after a systemic
glucose load, is believed to involve wide-ranging and highly coordinated effects of insulin
across many different tissues. Thus, it seems surprising that in addition to normalizing
fasting plasma glucose levels, intracerebroventricular (ICV) leptin infusion also restores
glucose tolerance to nearly normal levels in rats with uncontrolled insulin-deficient
diabetes30. Leptin action in the brain can therefore orchestrate complex and interconnected
processes across several tissues to lower blood glucose despite the absence of insulin
signalling. Although mechanisms mediating this effect are still under investigation,
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normalization of HGP, along with increased glucose uptake in tissues such as skeletal
muscle, heart and brown adipose tissue, have a role30.

If activation of the BCGS by exogenous leptin is sufficient to correct diabetes without the
need for insulin, why does severe insulin deficiency cause uncontrolled diabetes if the
BCGS is left undamaged? The answer may lie in the extensive overlap between peripheral
and central glucoregulatory systems. Insulin is required for the proper functioning of many
cells and organ systems, including adipose tissue, and states of severe insulin deficiency
undermine the ability of adipocytes both to store calories as fat and to secrete leptin.
Consequently, severe insulin deficiency begets severe leptin deficiency34, depriving the
BCGS of two key inputs and thereby undermining its function. Importantly, this defect is
reversible by activating leptin receptors exclusively in the brain, as evidenced by the ability
of central leptin infusion to restore normal glucose homeostasis to animals with
uncontrolled, insulin-deficient diabetes30. Of course, uncontrolled diabetes can also be
reversed by systemic insulin treatment, but this normalizes plasma levels of leptin as well as
insulin34. Restoring normal leptin levels is important, because in the absence of a leptin
signal (for example, in lipodystrophy or other leptin-deficient conditions), control of
hyperglycaemia is much more difficult than in other forms of diabetes35.

Although physiological leptin replacement blocks or attenuates many neuroendocrine
responses induced by insulin-deficient diabetes, it does not normalize hyperglycaemia36.
This finding suggests that in the absence of insulin, supraphysiological activation of the
BCGS is necessary to restore euglycaemia, and delivery of leptin to the brain in
supraphysiological amounts achieves this effect. Thus, just as compensation for leptin
deficiency requires insulin concentrations well above the normal physiological range (for
example, in lipodystrophy or ob/ob mice, in which diabetes develops despite profound
hyperinsulinaemia), high leptin levels are required to compensate for severe insulin
deficiency. Stated differently, although islet- and brain-centred control systems are each able
to compensate for the failure of each other, the activity of either system must be amplified
for full compensation to occur. Unfortunately, islet failure does not trigger compensatory
BCGS activation, but rather has the opposite effect, leading to a vicious cycle that ends in
hyperglycaemia.

The use of the term ‘insulin independent’ to refer to actions mediated by the BCGS that
become dysfunctional in the face of islet failure is a potential source of confusion. This is
because if we accept that normal operation of the BCGS (including production of leptin by
adipocytes) depends on insulin, one can argue that the entirety of glucose homeostasis is
‘insulin dependent’, even those effects mediated by the BCGS that do not involve a direct
effect of insulin to stimulate glucose uptake. To avoid this confusion, we use ‘insulin
independent’ hereafter to refer to effects on tissue glucose metabolism that do not involve
direct, insulin-mediated signal transduction.

Recent evidence indicates that hormones other than leptin can also act in the brain to
promote insulin-independent glucose lowering. Like insulin, the gastrointestinal hormone
FGF19 (or its rodent homologue, FGF15) is secreted in response to meals, and, when given
at pharmacological doses, exerts potent anti-diabetic effects37. Glucose-lowering by FGF19
involves actions in liver and adipose tissue, but the brain is also implicated, as ICV
administration of FGF19 improves glucose tolerance in obese rats38. To investigate the
mechanism underlying centrally mediated glucose lowering by FGF19, a study was recently
performed in genetically obese, leptin-deficient ob/ob mice5. Within 2 h of a single ICV
injection of FGF19 (at a dose causing no glucose lowering when given peripherally), ob/ob
mice displayed markedly improved glucose tolerance, despite no change in insulin secretion
or sensitivity5. Instead, the glucose-lowering effect of ICV FGF19 resulted from a selective,
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threefold increase in the insulin-independent component of glucose disposal. In response to
diverse hormonal stimuli, therefore, the brain has the inherent capacity to remedy diabetic
hyperglycaemia and glucose intolerance via potent, insulin-independent mechanisms5, as
well as through enhanced insulin sensitivity12–20.

Glucose effectiveness
The term glucose effectiveness (GE) refers to the effect of an increased concentration of
glucose to promote its own disposal, independent of insulin action39. Insulin-independent
glucose disposal also occurs at basal glucose levels, but our understanding of the underlying
mechanisms is insufficiently advanced to know whether the same or distinct processes
contribute when plasma glucose levels are high versus in the basal state. In accord with
convention, therefore, we use the term ‘insulin-independent glucose disposal’ to refer to the
overall process, including those that operate at basal glucose levels, and reserve the use of
‘GE’ to refer to insulin-independent glucose disposal when blood glucose levels are
increased.

A key point is that insulin-independent glucose disposal makes a large contribution to
overall glucose homeostasis, roughly comparable to that of insulin39. Combined with the
fact that reduced GE is both a major contributor to obesity-associated glucose
intolerance39,40 and a strong risk factor for the future development of T2D (ref. 40), it is
surprising how little is known about it. Unlike the dynamic and physiologically important
regulation that characterizes insulin secretion and action, insulin-independent glucose
disposal has traditionally been viewed as the fixed and unregulated process through which
insulin-independent tissues obtain glucose to meet their needs39,41. The mechanism typically
invoked to explain insulin-independent glucose disposal involves the passive effect of an
increased glucose level to drive its movement down a concentration gradient and into cells
(termed glucose mass action), but it is now clear that other mechanisms also exist—
mechanisms that are subject to rapid regulation and can profoundly affect glucose
homeostasis.

Perhaps the best-documented and most obvious example of rapid regulation of insulin-
independent glucose disposal is in response to physical exercise, with the heightened
metabolic demands of exercising muscle stimulating glucose uptake in the presence of stable
ambient insulin and glucose levels. In addition to exercise, rapid regulation of GE has been
reported in response to hormonal stimulation, for example, during intravenous infusion of
glucagon-like-peptide-1 (GLP-1). Although GLP-1 improves glucose tolerance by
enhancing insulin secretion, it also increases GE via mechanisms that have yet to be
studied42. Interestingly, GLP-1 action in the hypothalamic arcuate nucleus also improves
glucose tolerance43, raising the untested possibility that its effects on GE (like those of
leptin and FGF19) are centrally mediated.

Extending this reasoning, it is noteworthy that, by definition, GE increases in response to
rising blood glucose levels, and that glucose action on arcuate nucleus neurons has a rapid
glucose-lowering effect16. Collectively, these observations support a model in which, by
increasing plasma concentrations of insulin, GLP-1, FGF19 and glucose, consuming a meal
generates diverse signals that activate the BCGS. This BCGS activation then contributes to
glucose disposal via stimulation of both insulin-dependent and -independent mechanisms
that, together with islet responses, are essential for proper glucose handling by the body
(Fig. 2).

If insulin-independent glucose disposal is subject to rapid and potent regulation by the brain,
it is not clear why neural control of GE has not been detected previously. One explanation
may be that previous studies have relied on methods that are not optimized to detect GE.
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Chief among these is the euglyaemic–hyperinsulinaemic clamp method, considered by many
to be the gold standard for quantitative, in vivo assessment of glucose metabolism. With this
method, insulin sensitivity is measured as the amount of exogenous glucose that must be
infused to maintain stable (or ‘clamped’) blood glucose concentrations when insulin levels
are raised. Consequently, experimental interventions that change the amount of glucose
required during the clamp are interpreted as having changed insulin sensitivity, despite the
fact that some of the infused glucose could have been disposed of by insulin-independent
mechanisms. Thus, one cannot know with certainty the extent to which observations based
on the clamp method are due to changes in insulin-independent glucose disposal instead of,
or in addition to, changes of insulin sensitivity. This limitation can be addressed using a
complementary approach based on minimal model analysis of glucose and insulin kinetics
during an intravenous glucose tolerance test. This method has seen broad use in clinical
research39,42,44 and was recently used to reveal the potent stimulatory effect of centrally
infused FGF19 on GE in ob/ob mice5.

A physiological role for the BCGS
Although there is little question that the brain participates in the glucoregulatory response to
emergent or stressful conditions (for example, hypoglycaemia), the notion that the BCGS
acts together with the islet to control glucose homeostasis under physiological conditions
has yet to gain broad acceptance. A common and appropriate criticism is that although
brain-directed interventions can affect glucose homeostasis, this should not be taken as
evidence that the brain has a physiological role. Although the question of whether the BCGS
is vital for normal, day-to-day control of blood glucose levels remains unanswered, several
recent observations—that an indirect pathway controlling HGP exists and that this pathway
can support normal glucose homeostasis even when the liver cannot respond to insulin
directly25, that BCGS activation can be rapidly and potently engaged to increase insulin-
independent glucose disposal, and that doing so has the potential to treat diabetic
hyperglycaemia—justify reconsideration of this hypothesis and call for studies that offer a
definitive test.

Among factors that engender scepticism of the part played by the BCGS is the notion that an
islet-centred model (Box 1) is sufficient to explain the physiological control of glucose
homeostasis under usual circumstances, because the capacity of the islet to secrete insulin in
response to rising glucose levels often compensates for centrally mediated effects. For
example, although even subtle disruption of the BCGS (for example, deletion of insulin
receptors from a distinct subset of hypothalamic neurons in mice19,20) can reduce liver
insulin sensitivity, the effect on glucose homeostasis is minimal because the tendency for
blood glucose levels to rise is offset by a compensatory increase of insulin secretion.
However, the logic of this argument weakens if BCGS dysfunction is more advanced. As an
example, leptin-deficient states such as lipodystrophy increase both HGP and blood glucose
levels despite marked hyperinsulinaemia45. Thus, impairments of both BCGS and islet
function exist along a spectrum that ranges from mild to severe and, although the capacity of
the islet to compensate for BCGS impairment is substantial, it has its limits. Normal BCGS
function can therefore be seen as being permissive for normal glucose homeostasis, with
islet compensation limiting the effect of BCGS dysfunction when it is mild, but not when it
is more advanced.

A paucity of mechanistic information is another factor that has limited acceptance of a
physiological role for the BCGS in glucose homeostasis. Whereas a great deal is known
about how cellular insulin action affects glucose metabolism in hepatocytes (Fig. 1), for
example, much less is known about how the brain controls HGP. Although a role for hepatic
vagal innervation has been suggested12–14, it is premature to invoke the vagus nerve as the
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predominant mediator of this effect41. Another mechanism that may be relevant involves the
islet hormone glucagon, which stimulates hepatic gluconeogenesis and gycogenolysis and
hence raises HGP. Increased glucagon levels are implicated in the hyperglycaemia of
uncontrolled, insulin-deficient diabetes, because both HGP and plasma glucagon levels are
raised in this setting.

In this context, the interaction between leptin and glucagon is of interest. First, because
leptin normalizes both HGP and increased glucagon levels in rodents with uncontrolled
diabetes30, leptin-mediated inhibition of HGP may involve normalization of increased
glucagon levels. Interestingly, leptin-mediated inhibition of glucagon secretion seems to be
centrally mediated, because the effect is observed regardless of whether leptin is given
systemically (at a high dose) or by ICV injection (at a low dose)30,33. Furthermore, the
effect of uncontrolled diabetes to increase both glucagon secretion and HGP seems to be
triggered, at least in part, by leptin deficiency, because both are reversed by leptin
treatment30,32,33. However, increased plasma glucagon levels were normalized by systemic
administration of a physiological dose of leptin to rats with streptozotocin-induced diabetes
mellitus, and yet hyperglycaemia did not substantially improve36. Thus, the extent to which
leptin-mediated normalization of circulating glucagon levels mediates its glucose-lowering
effects in this setting awaits further study.

Further insight into the physiological role the BCGS has in glucose homeostasis can be
gleaned from the hepatic response to a nutrient challenge. After a meal (or in response to a
glucose load), the liver switches from being a net producer to a net consumer of glucose, and
a surprisingly large fraction of the glucose absorbed during a meal is taken up into the
liver41. This response is triggered by rising glucose concentrations in the hepatic portal vein
(the vessel into which ingested nutrients enter before gaining access to the systemic
circulation), which seems to be sensed by the BCGS41. Activation of the BCGS in turn
strongly enhances liver glucose uptake via a mechanism that is augmented by insulin action
in the brain27.

Several key questions remain to be addressed. One is whether the regulated component of
insulin-independent glucose disposal is required for normal glucose homeostasis (a
possibility that seems likely, given its considerable involvement), and if so, another is
whether intact BCGS function is required for normal GE. Affirmative answers to both
questions would constitute indisputable evidence that the brain has a physiological role in
glucose homeostasis—perhaps comparable to that played by the islet, which itself is subject
to regulation by the brain12–20,46.

Two–system control of glucose homeostasis
On the basis of the above reasoning, we propose that in response to a meal, both islet- and
brain-centred systems are engaged and have important roles to restore homeostasis (Box 2).
As ingested nutrients are absorbed into the circulation, increased insulin secretion and its
canonical action on muscle, fat and liver both promote glucose disposal and inhibit its
endogenous production. At the same time, the recruitment of insulin-independent
mechanisms, in part through BCGS activation, makes a contribution to the overall process
comparable to that of insulin. Like the action of insulin, these insulin-independent effects
serve to both enhance glucose disposal (for example, through increased liver glucose uptake)
and inhibit glucose production.
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Box 2

BCGS and islet-centred glucose homeostasis model

Box 2 Figure. Model integrating the BCGS and islet-centred system in normal and abnormal
glucose homeostasis
a, Under normal conditions, glucose homeostasis is controlled by complex and highly
coordinated interactions between brain- and islet-centred systems. Like islets, the BCGS
senses a variety of humoral signals, and in response to these inputs, BCGS activation
increases glucose disposal by both insulin-dependent (for example, by increasing tissue
insulin sensitivity) and insulin-independent (by increasing GE, which accounts for ∼50%
of overall glucose disposal39) mechanisms. b, Although insulin normally inhibits HGP
through its direct action on the liver, an indirect pathway also exists through which
insulin can preserve normal HGP and blood glucose levels even when hepatocytes cannot
respond to insulin directly25. We propose that this is among the effects mediated by the
BCGS. c, Obesity is associated with reduced GE39 and with insulin resistance, and
BCGS dysfunction contributes to both. When BCGS dysfunction is mild, the resulting
tendency for blood glucose levels to increase stimulates insulin secretion, such that
glucose homeostasis is preserved (at the expense of higher insulin levels). When BCGS
dysfunction is more severe, however, even marked hyperinsulinaemia cannot preserve
normal glucose homeostasis35, owing in part to the inability of reduced GE to be
compensated by increased insulin secretion. Thus, intact BCGS function is required for
normal glucose homeostasis. d, Islet dysfunction is not compensated by BCGS
activation; to the contrary, impaired islet function can itself impair BCGS function (by
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reducing secretion of leptin as well insulin, when islet damage is severe) creating a
vicious cycle that results initially in glucose intolerance. As both BCGS and islet
dysfunction progress, overt hyperglycaemia and T2D result. e, Islet dysfunction can be
compensated for by supraphysiological BCGS activation, which can achieve near-normal
glucose homeostasis in rodent models of diabetes via insulin-independent mechanisms.
Thus, therapeutic interventions targeting the BCGS as well as the traditional islet-based
system may achieve diabetes remission, whereas targeting just one system typically does
not.

After a meal, the contributions made by insulin-dependent and -independent mechanisms to
the overall process are roughly equal, reflecting a partnership between direct, peripheral
tissue effects of insulin and BCGS activation that ensures the efficient return of increased
plasma glucose levels to basal values (Fig. 2). This two-system model incorporates
interactions between the BCGS and islet-based systems into physiological glucose
homeostasis via coordinate regulation of insulin-dependent and -independent mechanisms.

Is diabetes a failure of two systems?
In addition to establishing that the brain can potently increase GE, the observation that ICV
leptin administration normalizes hyperglycaemia in rodents with uncontrolled diabetes
indicates that BCGS activation can compensate effectively for severe insulin deficiency.
This conclusion in turn suggests that disorders of both islet- and brain-centred systems may
be necessary for T2D to occur (Fig. 3). This hypothesis is compatible with the observation
that loss of canonical insulin action in specific tissues (for example, liver) has little effect on
glucose homeostasis24, and that reduced GE contributes importantly to hyperglycaemia in
T2D (ref. 39). But what is the evidence that BCGS function is impaired in individuals with
diabetes? To our knowledge, there are no established examples in which diabetes occurs in
the absence of BCGS dysfunction. Diabetes and BCGS dysfunction are tightly coupled to
one another because (1) proper BCGS function depends on normal islet function, relying on
inputs from insulin as well as other hormones whose secretion is either dependent on islet
function (for example, leptin) or defective in diabetes (for example, GLP-1), and (2) rodent
models of obesity and T2D are associated with hypothalamic injury and gliosis, a potentially
important cause of BCGS dysfunction47–51. These hypothalamic alterations are proposed to
reduce the ability of the BCGS to respond to relevant humoral signals (including insulin as
well as leptin), and hence contribute to the associated fall of GE and onset of systemic
insulin resistance that places an increased demand on islets in the lead up to T2D (Fig. 3).
Whether this form of hypothalamic injury also occurs in human hypothalamus is under
investigation, and early data support this possibility47,52. Thus, hypothalamic injury or
inflammation offers a plausible mechanism linking impairment of the BCGS to T2D
pathogenesis, and studies to test this hypothesis critically are warranted.

Prospects for diabetes remission
Beyond causing weight loss, bariatric surgery induces diabetes remission in a far higher
percentage of cases than can be achieved with conventional medical therapy6,7,10. The
mechanism underlying metabolic benefit conferred by bariatric procedures is incompletely
understood but may involve improvements of both islet- and brain-centred glucoregulatory
systems. A previous study in a model of bariatric surgery (‘duodenal exclusion’) showed
that blood glucose levels could be normalized in diabetic rats via insulin-independent
activation of a neural circuit that inhibits HGP8. Using a similar surgical model, another
study53 demonstrated that regulation of HGP after this procedure requires neuronal glucose
sensing in the hepatic portal bed, and recent work indicates that despite having no effect on
weight loss, body composition, food intake or energy expenditure54, sub-diaphragmatic
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vagotomy blocked the effect of bariatric surgery to reduce HGP in a rat model of obesity9.
Furthermore, recent work suggests that insulin signalling in the ventromedial hypothalamus
is required for the effect of bariatric surgery to inhibit HGP in an obese rat model55.
Although mechanisms underlying BCGS activation by bariatric surgery await further study,
recent evidence offers a link between enhanced secretion of FGF19, the nervous system and
the gastrointestinal tract56. The larger point is that, should metabolic benefit arising from
bariatric procedures be shown to involve BCGS activation, this would in turn suggest that
diabetes remission may be achievable through interventions that activate both islet- and
brain-centred glucoregulatory systems, whereas targeting just one does not. In principle,
achieving this goal should not require surgical manipulation of the gastrointestinal tract.

Conclusion
When Claude Bernard proposed a dominant role for the brain in glucose homeostasis and
diabetes pathogenesis, it was not the radical notion that it seems to be today. After all, the
brain is implicated in the homeostatic control of most physiological processes that are
essential for survival, ranging from body fuel stores (for example, fat mass) and body
temperature to blood pressure and many endocrine systems. From this perspective, it seems
surprising that control of glucose homeostasis should be governed entirely by peripheral
mechanisms, despite some 90 years of research that has focused more or less exclusively on
this view. One wonders how this area of science would have developed if leptin and its
ability to normalize glucose levels in uncontrolled diabetes had been discovered in 1921,
rather than insulin.

The surprise with which recent demonstrations of brain-mediated, insulin-independent
correction of diabetes have been greeted brings into bold relief how, in the years since the
discovery of insulin, metabolic research has been focused on only one part of the system
governing glucose homeostasis —the part involving pancreatic islets. Despite having a role
that may be comparable to that of insulin, insulin-independent glucose disposal has until
now been seen as phenomenological and less worthy of study, and the notion that it might be
regulated by the brain has not been previously considered.

Looking to the future, there are several important fundamental questions to address. Before
the broader scientific community can (or should) be expected to embrace a role for the brain
comparable to that of the islet in the day-to-day control of blood glucose levels, studies are
needed to determine whether the maintenance of normal GE, which is known to be required
for normal glucose tolerance, is dependent on a properly functioning BCGS. A related and
equally important question is whether the link between reduced GE and the development of
T2D (ref. 40) is explained by BCGS dysfunction. Such a finding would offer direct evidence
that failure of both the BCGS and the islet is integral to diabetes pathogenesis.

Lastly, the observation that hormones such as FGF19 can act in the brain to improve glucose
homeostasis in animal models of diabetes identifies new avenues for diabetes drug
development. To expand on this specific example, the mechanism underlying the central
action of FGF19 is proposed to involve a specific FGF receptor subtype, FGFR1c, that is
widely expressed in the brain. In principle, there is no reason why synthetic agonists of this
receptor should not prove effective for glucose lowering in patients with diabetes. Indeed,
the efficacy of such drugs may not rely entirely on their central action, because activating
this receptor in peripheral tissues seems to also be beneficial57. The larger point is that drugs
that target the BCGS have important potential to synergize with current, islet-based
approaches in ways that may fundamentally improve the management of what is among the
most common, costly and debilitating diseases afflicting Western society.
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Figure 1. Insulin signal transduction
In hepatocytes, insulin regulates HGP by activating the IRS–PI(3)K pathway, which inhibits
the transcription factor FOXO1. FOXO1 activation increases gluconeogenesis, leading to
increased hepatic glucose production (HGP). PIP2, phosphatidylinositol-4,5-bisphosphate;
PIP3, phosphatidylinositol-3,4,5-triphosphate.
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Figure 2. Schematic illustrations of brain- and islet-centred glucoregulatory systems
The BCGS is proposed to regulate tissue glucose metabolism and plasma glucose levels via
mechanisms that are both insulin dependent (for example, by regulating tissue insulin
sensitivity) and insulin independent. Because of extensive redundancy between islet- and
brain-centred pathways, dysfunction of both may be required for T2D to develop, and
diabetes remission may be possible with therapies that target both pathways.
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Figure 3. Proposed contributions of defective brain- and islet-centred glucoregulatory systems to
T2D pathogenesis
The traditional view holds that diabetes arises as a consequence of damage to, and ultimately
failure of, beta-cell function. We propose a two-component model in which failure of
glucose homeostasis can begin after initial impairment of either pancreatic islets or the
BCGS. Malfunction of either of the two systems can initiate a cascade that drives the
remaining glucoregulatory system into failure over time. Only when both systems are
compromised does diabetes develop. Consequently, interventions that target both systems
have greater therapeutic potential than those that target just one system.
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