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Abstract

Dysregulation of hepatic glucose uptake (HGU) and inability of insulin to suppress hepatic
glucose production (HGP), both contribute to hyperglycemia in patients with type 2 diabetes
(T2D). Growing evidence suggests that insulin can inhibit HGP not only through a direct effect on
the liver, but also via a mechanism involving the brain. Yet the notion that insulin action in the
brain plays a physiological role in the control of HGP continues to be controversial. Although
studies in dogs suggest that the direct hepatic effect of insulin is sufficient to explain day-to-day
control of HGP, a surprising outcome has been revealed by recent studies in mice investigating
whether the direct hepatic action of insulin is necessary for normal HGP: when hepatic insulin
signaling pathway was genetically disrupted, HGP was maintained normally even in the absence
of direct input from insulin. Here we present evidence that points to a potentially important role of
the brain in the physiological control of both HGU and HGP in response to input from insulin as
well as other hormones and nutrients.
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Introduction

The alarming epidemic of obesity and type 2 diabetes (T2D) in the US and worldwide has
heightened the need for new strategies for improving glycaemic control and preventing
diabetes complications [1-4]. Defective control of hepatic glucose production (HGP) is an
important contributor to hyperglycaemia in patients with diabetes [5], but mechanisms
underlying this defect are incompletely understood. Here we review evidence that in
addition to the direct action of islet hormones on hepatocytes, HGP can be regulated by the
brain in response to input from a variety of hormones and nutrients. Similarly, a role for the
brain is suggested in the control of hepatic glucose uptake (HGU), a major determinant of
post-prandial glycaemia [6]. An improved understanding of the roles of the brain and islet in
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the control of HGP will inform our understanding of the pathogenesis of diabetes and may
one day yield improved approaches to its treatment.

The role of the brain in the control of glucose metabolism

Evidence of a role for the brain in both glucose homeostasis and diabetes pathogenesis
originated with the seminal observation by the renowned physiologist Claude Bernard that
in rabbits, puncturing the floor of the fourth ventricle results in glycosuria [7]. A century
later, Jean Mayer proposed the “glucostatic hypothesis,” which introduced the concept that
hypothalamic glucoreceptors sense fluctuations in circulating glucose levels (or, more
precisely, neuronal glucose availability) and translate them into a neural signal [8]. The
subsquent discovery of glucose-sensing neurons within the hypothalamus [9] and their role
in glucose counterregulation (the response to hypoglycemia that restores blood glucose
levels to normal) [10,11] further established a role for the brain in control of glucose
metabolism. Despite these advances, the question of whether the brain plays a physiological
role in the day-to-day control of glucose homeostasis remains a matter of active debate. In
this review, we highlight recent findings that point to a role for the brain in the physiological
control of both HGU and HGP in response to input from circulating hormones and nutrients.

The role of the liver in the control of glucose metabolism

The liver plays a pivotal role in whole-body glucose homeostasis. Following a meal,
ingested nutrients are absorbed from the gastrointestinal (GlI) tract into the portal vein and
therefore pass through the liver before entering the systemic circulation. Indeed, the liver is
a major determinant of oral glucose tolerance, since it removes and stores a large fraction of
ingested glucose following a meal, while simultaneously reducing its release back into the
circulation. Conversely, when food is no longer being absorbed from the Gl tract, an
increase of HGP is required to meet the body’s need for glucose and avert hypoglycemia.
Thus, the liver changes from being a net consumer to a net producer of glucose on a daily
basis. How does this occur?

In the fasted state, plasma glucose levels begin to decline as nutrients are no longer absorbed
from the GI tract. Consequently, insulin secretion from pancreatic islets decreases, whereas
glucagon secretion tends to increase. Since blood from the pancreas drains into the portal
vein, the liver is normally exposed to levels of islet hormones considerably higher than in
the systemic circulation. Also important is the fact that glucagon acts on hepatocytes to
increase HGP (both by mobilizing hepatic glycogen stores through glycogenolysis and by
converting the non-carbohydrate precursors, lactate, glycerol, non-esterified fatty acids
(NEFA), and amino acids into glucose through the process of gluconeogenesis), whereas
insulin has the opposite effect. Fasting is also associated with activation of the
hypothalamic-pituitary-adrenal (HPA) axis and thus increases of circulating glucocorticoids,
which also serve to augment HGP. Speaking metaphorically, it is therefore as if one has
stepped on the accelerator pedal (increased glucagon and glucocorticoids) while
simultaneously taking one’s foot off the brake pedal (reduced insulin) where HGP is
concerned, a combination designed to ensure that fasting plasma glucose concentrations do
not fall below the normal range.
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The situation is essentially reversed following the ingestion of glucose or a mixed meal, with
rising plasma levels of glucose and insulin effectively suppressing HGP while
simultaneously increasing HGU, a combination that effectively limits the post-prandial
blood glucose excursion. Interestingly, insulin plays a crucial role to inhibit HGP, whereas
HGU is by comparison much less sensitive to insulin. Instead, an increased concentration of
glucose in the portal vein relative to the systemic circulation, referred to as the “portal
signal,” is sufficient to explain the increase of HGU that occurs following an oral glucose
load, with subsequent storage of glucose as glycogen in hepatocytes [6]. In this way, the
liver is responsible for disposing one-third or more of an oral glucose load in normal
individuals [6]. Importantly, diabetes is associated with impairments affecting both sides of
hepatic glucose metabolism, characterized by the failure to increase HGU and suppress HGP
normally following a meal [5].

Insulin inhibits HGP by both direct and indirect pathways

The hypothesis that insulin inhibits HGP solely through a direct action on hepatocytes is
widely held and supported by a large body of literature. Following its entry into the portal
vein, some 60% of secreted insulin is extracted by binding to hepatocyte insulin receptors
(IR) prior to entering the systemic circulation, such that the liver is exposed to insulin
concentrations some 3-fold higher than non-hepatic tissues. Further, unlike the vasculature
in adipose, muscle and most other tissues, the capillary endothelium within the liver is
highly fenestrated, such that hepatocytes are exposed to sinusoidal blood that does not have
to transverse an endothelial barrier, and the binding of insulin to hepatic insulin receptors
activates a well-characterized signal transduction cascade that potently inhibits both
glycogenolysis and gluconeogenesis (described below).

Yet the primacy of insulin action directly on the liver in the control of HGP has been
effectively challenged, and a strong argument can be made in support of an indirect (or
extra-hepatic) pathway to explain the insulin effect. Among seminal findings is the fact that
insulin is similarly effective with respect to inhibition of HGP whether it is infused
systemically or into the portal vein [12-14]. To explain regulation of HGP by insulin action
at a remote site, several proposed mechanisms (summarized in Figure 1) have been
advanced: 1) suppression of glucagon secretion from the pancreatic a-cell [15-17], 2)
reduced availability of circulating gluconeogenic precursors (through inhibition of both
adipocyte lipolysis (glycerol and NEFA) and muscle proteolysis (amino acids) [18-21], and
3) modulation of neural input to the liver via insulin action in the central nervous system
(CNS) [22]. In addition, brain insulin signaling has been suggested to inhibit both adipose
tissue lipolysis [23,24] and pancreatic glucagon secretion [25]. Despite these and several
additional observations, however, the notion that insulin action in the brain plays a
physiological role in this process continues to be a source of controversy [26].

The case for direct action of insulin to control HGP

There is little question that insulin can regulate HGP via a direct action on the liver.
Following binding to its receptor on hepatocytes, insulin activates the canonical insulin
receptor substrate (IRS)-phosphatidylinositol 3-OH kinase (P13K) pathway. This signal
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transduction pathway mediates insulin suppression of both glycogenolysis and
gluconeogenesis via molecular mechanisms that are now well understood. Specifically,
generation of phosphoinositide intermediates by PI13K activates phosphoinositide-dependent
kinase-1 (PDK-1), which in turn phosphorylates the serine (Ser)/threonine (Thr) kinase AKT
(also known as protein kinase B; PKB) [27]. In addition to PDK1-mediated phosphorylation
at Thr308, AKT is also activated by phosphorylation at Ser473 by the rictor containing
mammalian target of rapamycin complex 2 (nTORC?2) [28,29], and AKT is a crucial
mediator of many of insulin’s metabolic effects in liver, brain, muscle, adipose and other
tissues [30,31].

Of particular relevance to the control of HGP is AKT-directed phosphorylation of the
transcription factor forkhead box O1 (FoxO1). This phosphorylation event causes FoxO1
exclusion from the nucleus, thereby terminating the transcription of two rate-controlling
enzymes for gluconeogenesis, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G-6-Pase) (Figure 2) [32]. Consistent with this mechanism, mice with liver-
specific deletion of either the insulin receptor (LIRKO) or the two hepatic AKT isoforms
(DLKO) exhibit glucose intolerance and liver insulin resistance [33,34], owing to
constitutive activation of FoxO1 and hence, unregulated and unconstrained HGP. These
observations, together, offer compelling evidence that the direct action of insulin on
hepatocytes is indispensable for normal control of HGP, and hence, normal glucose
homeostasis.

The gold standard for measuring liver glucose metabolism involves computing the arterio-
venous glucose gradient across the liver by simultaneous sampling from the hepatic artery,
hepatic portal vein, and hepatic vein [35]. Such studies require a large animal model and
hence have been performed primarily in dogs, including extensive work by Cherrington and
colleagues showing the expected changes of HGP in response to changes of portal vein
insulin levels. These studies were undertaken with the pancreatic clamp technique, in which
an infusion of somatostatin is used to inhibit islet hormone secretion, and insulin and
glucagon are replaced at basal levels [18,19]. Using this approach, a selective rise of portal
insulin levels was shown to reduce HGP by ~50% within a 3 h period, despite no change in
levels of arterial insulin, liver sinusoidal glucagon, arterial plasma glucose or NEFA levels,
or hepatic uptake of gluconeogenic precursors. This rapid, insulin-mediated suppression of
HGP appears to be explained by the effect of increased hepatic sinusoidal insulin levels to
inhibit glycogenolysis [19]. Conversely, a selective decrease of portal vein (hepatic
sinusoidal) insulin levels led to a rapid and sustained increase of HGP, owing to a marked
stimulation of glycogenolysis despite no change of arterial insulin levels [18]. In the canine
model, therefore, HGP is highly sensitive to selective changes in portal vein insulin levels,
even when systemic concentrations of insulin and glucose are held constant [18]. These data,
based on direct measures of hepatic glucose flux in a large animal model, add to evidence in
support of the primacy of insulin’s direct hepatic action in the control of HGP.

The case for brain insulin action in the control of HGP

In addition to the well-established role of insulin in the central regulation of energy
homeostasis [36], pancreatic hormone secretion [25,37,38], and fat metabolism [23,24],
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insulin action in the brain can also affect hepatic glucose metabolism. While few would
dismiss this claim, the extent to which brain insulin action participates in normal, day-to-day
control of glucose homeostasis is poorly understood and remains controversial. Literature
regarding hypothalamic insulin action and control of HGP began with studies in a rat model
by Obici et al. [39], who showed that knockdown of hypothalamic insulin receptors via
infusion of an IR anti-sense oligodeoxynucleotide directly into the third ventricle impairs the
suppression of HGP during a hyperinsulinaemic-euglycaemic clamp, an effect interpreted as
hepatic insulin resistance. Subsequent studies by the same group [40] used the pancreatic
clamp method to show that in absence of changes in basal plasma insulin and glucagon
levels, intracerebroventricular (icv) infusion of either insulin or an insulin mimetic increased
hepatic insulin sensitivity and robustly suppressed HGP (by ~40%), whereas disruption of
neuronal insulin signaling had the opposite effect. These and other findings support a model
in which reduced hypothalamic insulin action, causes the liver to become unresponsive to
the direct action of insulin.

Extending this work are studies implicating activation of neuronal ATP-sensitive potassium
(KaTp) channels in the mechanism underlying control of HGP by hypothalamic insulin
action. In some neurons, Katp channels are downstream targets of the IRS-PI3K signaling
pathway, and icv administration of drugs that activate Katp channels (such as diazoxide)
exert hepatic effects similar to those of icv insulin [22]. Conversely, central administration
of drugs that inactivate Katp channels (such as sulfonylureas) negate the effect of icv
insulin, as does surgical resection of the hepatic branch of the vagus nerve [22]. Lastly,
clamp studies in mice lacking the Katp channel subunit SUR1 exhibit both hepatic insulin
resistance and increased gluconeogenesis [22]. Together, the above studies suggest that
insulin signaling via the IRS-PI3K pathway (the same signal transduction pathway activated
by insulin in hepatocytes) activates Katp channels in a subset of hypothalamic neurons.
These neurons are proposed in turn to engage a neuro-circuit that ultimately enhances
hepatocyte insulin sensitivity via a mechanism that is dependent on vagal innervation of the
liver.

Recent studies by Filippi et al. [41] suggest that extra-hypothalamic brain areas can also
mediate indirect control of HGP by insulin. They showed that HGP is inhibited by
administration of insulin into the dorsal vagal complex (DVC) of the hindbrain and,
surprisingly, that the intracellular signal transduction mechanism involved is distinct from
that utilized by insulin in hypothalamic control of HGP. Specifically, insulin activation of
the extracellular signal-regulated kinase (ERK) 1/2 signaling, rather than PI3K, appears to
mediate the effect of DVC insulin to inhibit HGP. This work implies a distributed network
of brain areas in the indirect control of HGP by insulin [41].

The efferent mechanism linking brain to liver in the indirect control of HGP appears to
involve vagal efferent fibres, as selective hepatic vagotomy blocks the effect of central
insulin, whereas selective vagal deafferentation (resection of only the vagal afferents) does
not [22]. This does not exclude a potentially important role for other mechanisms (e.g.,
reduced sympathetic nervous system outflow to liver), however, and much additional work
is needed to achieve a clear understanding of effector mechanisms involved. Some
investigators report that neural inhibition of HGP involves activation of the transcription
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factor signal transducer and activator of transcription 3 (STATS3) in hepatocytes following
interleukin-6 (IL-6) release from adjacent Kupffer cells (the resident macrophage of the
liver) [42,43]. STAT3 opposes the action of FoxO1 and thus inhibits gluconeogenic gene
expression, but how neural input to the liver might stimulate I1L-6 release from Kupffer cells
is unclear.

A completely separate set of conclusions regarding CNS mediated glucose lowering derives
from work in rats with uncontrolled (insulin-deficient) diabetes induced by the $-cell toxin
streptozotocin (STZ). In these animals, the ability of systemic insulin to lower blood glucose
levels is substantially attenuated by infusion of a PI3K inhibitor directly into the third
ventricle [44], implying that glucose lowering by systemic insulin requires intact neuronal
P13K signaling. Perhaps more important insights are derived from studies of leptin action in
rats with STZ-induced diabetes.

Interestingly, adenoviral or pharmacological induced hyperleptinaemia fully ameliorates
hyperglycaemia in STZ-induced diabetic rats.[45, 46] Unger and colleagues [46] identified
suppression of glucagon as a potential mechanism to explain this finding. Work by Morton
and colleagues subsequently demonstrated that when leptin is infused directly into the brain
at low doses, it reproduces the surprising, complete normalization of hyperglycaemia in
STZ-induced diabetic rats, despite persistent, severe insulin deficiency [47]. Under the
influence of leptin, therefore, the brain has the previously unrecognized capacity to restore
euglycaemia to diabetic animals via mechanisms that are entirely insulin-independent.
Moreover, this effect of icv leptin involves normalization of elevated HGP [47], despite
ongoing, severe insulin deficiency. Clearly, this action of leptin cannot be explained by
simply increasing the sensitivity of hepatocytes to endogenous insulin, as there is not
enough insulin present to mediate such an effect. An alternative explanation is that central
leptin normalizes elevated plasma levels of glucagon and corticosterone. Although these
effects do indeed occur, available data suggest that they are insufficient to explain the
restoration of euglycaemia [48].

Physiological relevance of direct and indirect control of HGP

To address whether insulin action in the brain is required for normal control of HGP, several
groups have used mice in which neuronal insulin receptors are deleted either throughout the
brain [24,49], selectively in the hypothalamus [39], or in defined hypothalamic neuronal
subsets [42]. In each case, albeit to varying degrees, neuronal insulin receptor deletion is
associated with glucose intolerance and/or systemic insulin resistance, suggesting that
neuronal insulin action is required for normal glucose homeostasis. However, Cherrington
and colleagues have argued cogently against the physiological relevance of hypothalamic
insulin action in the control of HGP [26]. Their concern stems in part from reliance on data
obtained using the glucose clamp method, the gold standard for measuring HGP in rodents.
At issue is the fact that under normal conditions, insulin levels are higher in the portal vein
than in the arterial blood (since blood from pancreatic islets drains into the portal vein), and
that this gradient is not maintained during the clamp (since hyperinsulinaemia is achieved by
administering insulin into the systemic venous circulation and endogenous insulin secretion
is often suppressed by somatostatin infusion as part of the protocol). Accordingly, the
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“clamped” liver is subject to relative insulin deficiency. Furthermore, as some studies do not
replace basal glucagon (to prevent an elevation in HGP secondary to relative hepatic
hypoinsulinaemia), the net effect is that brain insulin action is measured under conditions in
which the liver is exposed to relatively low levels of insulin and glucagon, and it is this
unique situation that enables the detection of extra-hepatic insulin effects (e.g., in the
hypothalamus) that would not be observed under more physiological conditions. Under
usual circumstances, it is therefore argued, insulin control of HGP can and should be
attributed to its direct action on hepatocytes.

As a proof of concept, Cherrington’s group carried out a series of sophisticated pancreatic
clamp experiments (somatostatin plus intraportal infusion of basal insulin and glucagon to
ensure that the liver is exposed to normal levels of these hormones) in overnight-fasted
conscious dogs. The goal of these studies was to isolate insulin’s direct (hepatic) effect from
its indirect ones, and determine which predominates in the control of HGP [50]. Following a
40 min control period, the route of basal insulin delivery was switched from the portal vein
to a peripheral vein, thereby leading to the combination of arterial hyperinsulinaemia (at
non-hepatic tissues) and relative hepatic insulin deficiency. Despite hyperinsulinaemia at the
non-hepatic tissues (including the CNS), HGP increased by 2-fold relative to dogs that
continued to receive intraportal insulin infusion. In a separate study [50], switching the
portal vein insulin infusion to the head (carotid and vertebral) arteries to bring about a
physiologic 4-fold rise of brain insulin levels over the last 2-h of the clamp failed to
suppress HGP relative to that of the peripheral insulin infusion group. Thus, the authors
concluded that insulin’s direct effect on the liver dominates over its indirect effects in the
regulation of HGP in dogs.

In a follow-up study, Ramnanan et al. [51] sought to determine whether the insulin-brain-
liver signaling axis described in rodents also exists in canines. During a basal pancreatic
clamp, icv insulin or vehicle was infused into the third ventricle of a small number of dogs
at a rate previously observed to suppress HGP in rats [40]. Central insulin had unambiguous
effects in dogs: it induced AKT activation in the hypothalamus and STAT3 signaling in the
liver, effects that were associated with suppression of liver gluconeogenic genes (PEPCK
and G-6-Pase). In addition, net hepatic glucose output (NHGO) trended downward, as
predicted from rodent studies, but the effect was not statistically significant. The above
experiment therefore confirmed the existence of a mechanism for hepatic regulation by
hypothalamic insulin signaling in dogs, but did not reveal major effects on HGP, leading the
authors to conclude that the physiologic relevance of this insulin-brain-liver signaling axis is
unclear. In a second study by the same group, insulin was infused into the head arteries to
create a marked rise in brain insulin (by ~10-fold) in 42 h fasted dogs. This intervention had
the predicted effect of reducing NHGO, but the effect was attributable to increased HGU
and glycogen synthesis, rather than to reductions of either gluconeogenesis or HGP [51]. In
parallel, concurrent icv administration of a PI3K inhibitor (L'Y294002) was shown to negate
the suppressive effect of head insulin infusion on NHGO.

Although the above studies in dogs suggest that direct hepatic effect of insulin is sufficient
to explain day-to-day control of HGP, they do not address the extent to which this effect is
required, and a surprising outcome has been revealed by recent studies in mice that
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investigate this question. In these studies, the hepatic insulin signaling pathway was
genetically disrupted and yet HGP appeared to remain more or less unaffected. Buettner et
al. [52] demonstrated that when hepatic insulin receptors were ablated using an IR anti-sense
oligodeoxynucleotide in otherwise normal mice, liver insulin signaling was markedly
attenuated, as expected, but the ability of systemic insulin to regulate HGP during a
hyperinsulinaemic-euglycaemic clamp was not. This study also revealed that although the
acute disruption of insulin’s direct action on the liver stimulated glycogenolysis, the effect
was offset by a parallel decrease of gluconeogenesis. The authors concluded that in the
setting of acute hepatic insulin deficiency, insulin action at an extra-hepatic site is sufficient
to control HGP, a conclusion seemingly in conflict with work performed in mice with
lifelong, liver-specific IR deletion (LIRKO) [34].

Additional insight comes from Okamoto et al., who studied mice lacking insulin receptors in
brain and liver [53]. They found that partial restoration of insulin receptor expression in the
liver of these mice did not restore insulin’s ability to suppress HGP during a
hyperinsulinaemic-euglycaemic clamp [53], whereas restoration of insulin receptors to both
brain and liver did [54]. Perhaps the compelling evidence of an indirect pathway through
which insulin can regulate HGP comes from comparison of the phenotypes of mice with
liver-specific disruption of insulin signaling alone (by genetic, liver-specific deletion of the
two AKT isoforms (DLKO)) to mice with liver-specific deletion of FoxO1 as well as the
two AKT isoforms (TLKO) [33]. Despite the fact that insulin cannot act directly on
hepatocytes to regulate HGP via the canonical AKT-FoxO1 pathway in TLKO mice, both
HGP and systemic glucose homeostasis are controlled normally, even in response to
systemic insulin. These findings indicate that genetic disruption of liver insulin action
increases HGP because of excessive FoxO1 activity, removal of which enables normal
control of HGP via the indirect pathway. These observations collectively suggest that insulin
can regulate HGP indirectly via a FoxO1-independent mechanism, but that the effect is
blocked by excessive FoxO1 signaling (as occurs in DLKO and LIRKO mice [33,34]).
Perhaps more importantly, the data indicate that in mice, the direct hepatic action of insulin
is dispensable for normal control of HGP and glucose homeostasis, as long as the indirect
pathway is able to function effectively. Stated differently, the collective data suggest that
both the direct and the indirect pathways are sufficient to control HGP, and that when one
does not function properly, the other can compensate.

Still other possibilities warrant consideration in the analysis of these findings [26,55]. For
one, the role played by the liver in overall glucose metabolism differs in several respects
between rodents and larger mammals. Unlike dogs and humans that maintain hepatic
glycogen even after 42 h of fasting [56,57], rodents deplete glycogen stores quickly owing
to their relatively much higher metabolic rate and greater capacity for glycogenolysis [58].
Accordingly, basal HGP in rodents (~13 mg/kg/min for rats and ~30 mg/kg/min for mice)
[40,42] is considerably higher on a weight basis compared with dogs and humans (~3
mg/kg/min) [5,50]. Since basal glucagon levels are similar in these species, it is possible that
rodent liver is more actively driven by neural input than occurs in larger animals, which may
explain how insulin action in the brain more effectively controls HGP (even when hepatic
insulin signaling is disrupted). Lastly, the time-course that has been chosen to study CNS
insulin action differs markedly between rodents and dogs. While clamp studies are usually

Diabetes Obes Metab. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rojas and Schwartz

Page 9

performed in rodents in the setting of chronic (4-h) or life-long changes in brain insulin
signaling [22,39-43,53,54], insulin action in the brain of dogs was acutely modified for 1-h
prior to, or concurrently with a systemic insulin challenge [50,51,59]. Studies to date have
yet to examine long-term changes in brain insulin signaling in the control of HGP in
canines, and such studies may reveal different effects on HGP.

Hepatic glucose uptake

Hepatic glucose uptake is largely an insulin-independent process that, like HGP, contributes
importantly to whole-body glucose homeostasis, and the brain is clearly implicated in this
process [6]. Specifically, the delivery of glucose into the portal vein, such that portal vein
glucose levels exceed those in the systemic circulation, is a key stimulus to HGU and
subsequent glycogen synthesis. This negative arterial-portal venous glucose gradient is
referred is referred to as the “portal signal”, and this signal must be processed in the brain
for HGU to increase, presumably by stimulating liver glucokinase activity [6,60].
Interestingly, the capacity of the brain to enhance liver glucose uptake is augmented by
insulin action in the hypothalamus of dogs [51].

Brain mechanisms controlling insulin-independent glucose disposal

Recent evidence implicates the brain in the control of insulin-independent glucose disposal,
also referred to as glucose effectiveness (GE). Our group recently reported that following
icv administration to genetically obese, leptin-deficient ob/ob mice, the gastrointestinal
hormone fibroblast growth factor-19 (FGF19) improves glucose tolerance by rapidly
increasing GE [61]. Specifically, within 2-h of a low dose icv injection of FGF19 that has no
glucose-lowering effects when given peripherally, ob/ob mice displayed a 3-fold increase of
GE despite no change of either insulin secretion or insulin sensitivity. The mechanism
underlying this increase of GE is unclear, but may involve increased metabolism of glucose
to lactate, since the improvement of glucose tolerance was associated with a robust increase
of plasma lactate levels. Since the glucose lowering effect of FGF19 in ob/ob mice, whether
given icv or systemically, was reduced by prior icv administration of an FGF receptor
inhibitor (PD173074), a major role for the brain in the anti-diabetic effect of the circulating
hormone is implied [61]. These findings, combined with the aforementioned effect of icv
leptin to normalize diabetic hyperglycaemia in rats with STZ-induced diabetes, suggest that
in response to diverse hormonal and nutrient input, the brain has the inherent capacity to
potently and rapidly engage insulin-independent mechanisms that promote glucose
lowering.

Concluding remarks

Growing evidence shows that the control of hepatic glucose metabolism is both complex and
highly redundant, with both direct and indirect mechanisms playing an important role.
Although studies in dogs suggest that the direct hepatic effect of insulin is sufficient to
explain day-to-day control of HGP, genetic studies in mice indicate that HGP can be
regulated normally even in the absence of a direct input from insulin. Species differences
may contribute to these divergent outcomes, but there can be little question that the brain
can exert potent effects on virtually all aspects of hepatic glucose metabolism. One
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hypothetical model for viewing the interaction between the islet and brain is that the hepatic
response to the direct action of insulin is continuously — and sometimes powerfully —
influenced by the brain; e.g., that input to the liver from the brain “sets the gain” for the
hepatic response to the direct action of islet hormones.

Importantly, data from TLKO mice [33] as well as from rats with STZ-induced diabetes [47]
suggest that this indirect mechanism appears to effectively control HGP even when the liver
cannot sense insulin at all. Extending these observations, it is possible that the dysregulation
of HGP characteristic of T2D involves defects in both the direct and indirect pathways.
Combined with new evidence that the brain can powerfully control GE [61], and because
gradually declining GE is a major contributor to impaired glucose tolerance in the
progression of T2D [6,62], a compelling rationale exists for studies that clarify the role of
and mechanisms underlying CNS control of glucose homeostasis. This information is
critical to future studies that will determine whether defects in this system contribute to
obesity-associated glucose intolerance and its progression to T2D.
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_Figulr_e 1. Mechanisms of direct vs. indirect effectsin the control of hepatic glucose production by
nsutin

Insulin inhibits hepatic glucose production (HGP) via direct action at the liver (binding to
hepatic insulin receptors) as well as indirectly at remote (extra-hepatic) sites. The indirect
mechanisms of insulin on the liver include suppression of pancreatic a-cell glucagon
secretion, inhibition of both adipocyte lipolysis (NEFA and glycerol) and skeletal muscle
proteolysis (amino acids) to reduce the availability of circulating gluconeogenic precursors
to the liver, and an increase in vagal efferent signaling to the liver via an action in the brain.
In addition, insulin action in the brain has been shown to suppress pancreatic glucagon
secretion and lipolysis which may reinforce insulin’s peripheral effects on these tissues.
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Figure 2. Insulin signal transduction in hepatocytes
Insulin regulates HGP by activating the IRS-PI3K pathway, which is coupled to the

recruitment and activation of AKT, the key insulin signaling intermediary that inhibits the
transcription factor FoxO1. Full activation of AKT requires PDK-1 directed phosphorylation
at threonine 308 (T308) in the kinase domain (KD) followed by phosphorylation at serine
473 (S473) in the hydrophobic motif (HM) of AKT by the rictor containing complex,
mammalian target of rapamycin (MTOR) complex 2 (mTORC?2). Subsequently, the
phosphorylation of FoxO1 by AKT leads to its nuclear exclusion, thereby terminating the
transcription of two rate-controlling enzymes for gluconeogenesis (PEPCK and G-6-Pase).
PH, pleckstrin homology domain; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3,
phosphatidylinositol-3,4,5-trisphosphate.
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