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Abstract
The serine/threonine kinase Akt, also known as protein kinase B (PKB), has attracted substantial
attention, largely because it is frequently activated in human cancers. However, relatively little is
known about the roles of Akt, particularly the individual isoforms of Akt, in glucose homeostasis
in vivo. This review summarizes data on the role of Akt isoforms in glucose homeostasis and
diabetes. Emphasis is given to the observation that certain combinations of whole-body Akt1 and
Akt2 deficiencies reduce circulating levels of leptin and that restoration of leptin levels restores
normal glucose homeostasis in diabetic Akt-deficient mice. The significance of these findings,
together with recent observations suggesting that leptin emulates insulin action, is also discussed.

Prelude
The serine/threonine kinase Akt, also known as protein kinase B (PKB), was an anonymous
kinase prior to the discovery that it is a downstream effector of PI3K and, subsequently, that
it is the major effector of growth factor-mediated cell survival (reviewed in [1]). Over the
years, Akt research has mainly focused on its role in cell survival and oncogenesis.
However, genetic analysis in C. elegans indicates that the fundamental function of Akt
involves the coupling of extracellular signals and metabolism. In both C. elegans and
Drosophila, Akt is a transducer of insulin and insulin-like growth factor 1 (IGF1) action [2,
3]. The phenotype of mice with targeted deletions of both Akt1 and Akt2 resembles the
phenotypes of insulin receptor (InsR) and IGF1 receptor (IGF1-R) knockout mice [4],
suggesting that the function of Akt as a transducer of insulin/IGF1 action is conserved in
mammals, at least during embryonic development.

While specific monogenic defects leading to type 2 diabetes remain rare, loss of function of
either insulin receptor, certain insulin receptor substrate (IRS) proteins, or their downstream
effector, Akt, have all been implicated in familial syndromes of diabetes and play an
important role in the primary insulin response pathway that has been implicated in the
genesis of more common forms of diabetes [5]. In fact, deficiency of IRS-2 or Akt2 alone is
sufficient to elicit a diabetic phenotype in mice [6–8], and a loss-of-function mutation in
Akt2 is associated with diabetes in one human family [9]. However, studies on the
function(s) of Akt as a mediator of insulin metabolic action and in overall glucose
homeostasis in vivo have been scarce. Particularly, relatively little is known about the role
of different Akt isoforms in glucose homeostasis in vivo.
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Akt inhibitors have been developed for the treatment of cancer making it important to
understand the effect of whole-body ablation of Akt isoforms on diabetes. Moreover, it is
important to know whether diabetes can develop as a consequence of Akt inhibition during
cancer therapy and how this development might be avoided.

Insulin regulation of Akt activity
Upon activation, the insulin receptor phosphorylates the insulin receptor substrate (IRS)
proteins. Tyrosine-phosphorylated IRS activates the catalytic subunit of PI3K, p110, through
the recruitment of the regulatory subunit of PI3K, p85. Once activated, the catalytic subunit,
p110, phosphorylates phosphoinositides (PI) at the D3-position of the inositol ring to
generate PI (3,4,5) P3 (PIP3) [10]. The rate-limiting step in Akt activation is the binding of
PIP3 to the PH domain of Akt, which promotes subsequent translocation of Akt to the
plasma membrane where it is phosphorylated at two residues, a process that is required for
its full activation (Figure 1). The phosphorylated residues are a threonine in the catalytic
domain and a serine in the C-terminal hydrophobic domain of Akt (Figure 1). The kinase
that phosphorylates the threonine residue is PDK1; the kinase that phosphorylates the serine
residue is mTORC2, a rapamycin-resistant complex containing mammalian target of
rapamycin (mTOR), Rictor, SIN1, and mLST8 (for review, see [11]) (Figure 1).
Antagonizing the activity of PI3K negatively regulates Akt activity. For example, PTEN
(phosphatase and tensin homolog deleted from chromosome 10) [12] dephosphorylates the
PIP3 that is generated by PI3K. Thus, PTEN is a negative regulator of Akt activity (Figure
1).

The signaling pathway that leads to Akt activation is highly conserved throughout evolution,
from worms to mammals. In nematodes and flies, Akt is found exclusively downstream of
IGF-1R and InsR. The most conserved function of this pathway is in cellular metabolism,
particularly energy metabolism, a function that is coupled to lifespan in C. elegans and
Drosophila [2, 3]. The most conserved downstream effectors of Akt are the forkhead
transcription factors, FOXOs [13], and the target of rapamycin complex 1 (TORC1)
[reviewed in [11], (Figure 1)]. Both the FoxOs and mammalian TORC1 (mTORC1) are
implicated in glucose homeostasis and insulin resistance downstream of Akt (Box 1 and Box
2).

Box 1

FoxOs

FoxO proteins possess three highly conserved, putative Akt recognition motifs. FoxO
proteins contain both a nuclear localization and nuclear export signal, which may mediate
their import to and export from the nucleus, respectively. Upon Akt activation, FoxO
proteins are phosphorylated on three conserved residues. These phosphorylation sites
create docking sites for 14-3-3 proteins, which bind to the phosphorylated motifs and
sequester FoxO in the cytoplasm, thereby inhibiting FoxO activity [13].

Four mammalian FoxO proteins have been identified: FoxO1, FoxO3, FoxO4, and
FoxO6. All the FoxO proteins are regulated by growth factor and insulin signaling.
FoxO6 is less related to the other FoxOs [13]. The activation of FoxO inhibits adipocyte
and pancreatic β-cell differentiation [49, 60]. FoxO proteins are also implicated in
myocyte differentiation and skeletal muscle atrophy [60]. Haplodeficiency of FoxO1 was
shown to inhibit insulin resistance in InsR heterozygous mice, in part by decreasing
hepatic glucose output. Mice expressing constitutively active FoxO1 in the liver develop
diabetes, presumably as a result of increased glucose production [61]. The
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haplodeficiency of FoxO1 was also shown to rescue diabetes in IRS2 knockout mice that
display β-cell dysfunction [62].

Box 2

mTOR

The rapamycin sensitive mTOR complex, mTORC1, comprises in addition to mTOR,
Raptor, which is the predominant determinant of its activity, mLST8, as well as the
accessory factors PRAS40 and Deptor [63]. One mechanism by which Akt activates
mTORC1 is through direct phosphorylation of tuberous sclerosis complex 2 (TSC2),
which otherwise inhibits mTORC1 activity [64]. However, TSC2 can be activated when
intracellular levels of ATP are reduced and AMPK activity is elevated. AMPK directly
phosphorylates TSC2, inducing its inhibition of mTORC1 [65]. Additionally, AMPK
inhibits mTORC1 through direct phosphorylation of Raptor [66]. Akt also activates
mTORC1 by maintaining intracellular ATP levels and reducing AMPK activity [67].
Tuberous sclerosis complex 1 (TSC1) and TSC2 form a heterodimer with GTPase
activity that inhibits the activity of Rheb, a small GTPase required for mTOR activation
[11]. In TSC2- or TSC1-null cells, mTORC1 is constitutively activated, independently of
growth factors and Akt, consistent with an inhibitory role for TSC2. In contrast, Akt
activity is markedly reduced in these cells. This reduction has been attributed to a
negative feedback mechanism involving an inhibitory effect of S6 kinase (a downstream
effector of mTORC1) on insulin receptor substrate-1 (IRS-1), which mediates PI3K
activation by insulin and IGF-1 [23]. Additional negative regulatory loops elicited by
mTORC1 that inhibit Akt activity may also exist [11].

The other mTOR complex, mTORC2, is formed of Rictor (Rapamycin insensitive
companion of mTOR), mLST8, and mSin1 as well as the accessory factors Deptor and
Protor-1. mTORC2 contributes to rapamycin-insensitive mTOR activity [63] and is the
carboxy-terminus hydrophobic motif (HM) kinase for Akt and other AGC kinases.

The principal function of mTORC1 is to increase mRNA translation via the activation of
S6 kinase and the inhibition of the eIF4E binding protein (4E-BP), a repressor of mRNA
translation [64]. mTORC1 is required for adipogenesis [68]. Indeed, deletion of Raptor,
the determinant of mTORC1 activity, impairs adipogenesis and the maintenance of
adipose tissues [69]. Deletion of 4E-BP1, which is inhibited by mTORC1, accelerates
adipocyte differentiation [58]. Thus, both the differentiation of preadipocytes and the
function of differentiated adipocytes require mTORC1 activity. In addition, mTORC1
has been implicated in the regulation of β-cell mass and skeletal muscle atrophy. Both
S6K1 and 4E-BP (or its target eIF4E) have been implicated in the induction of insulin
biosynthesis following the feedback action of insulin on β-cells [27, 28].

Interestingly, a conserved mechanism of interplay between FoxO and mTORC1 has been
recently uncovered in Drosophila and mammalian cells. In this interplay, FoxO
transcriptionally induces Sestrin3, which in turn activates AMPK and inhibits mTORC1
[27, 28]. Thus, some of the functions generally attributed to FoxO might be due to its
effect on mTORC1 activity.

The roles of Akt isoforms in glucose homeostasis and diabetes
Mammalian cells express three Akt isoforms (Akt1-3) encoded by three separate genes. The
three isoforms share a high degree of amino acid identity and appear to have similar
substrate specificity in vitro [31]. However, the relative expression of the isoforms varies in
mammalian tissues. While Akt1 is the most abundantly expressed isoform in many
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mammalian tissues, Akt2 is expressed at the highest level in insulin-responsive tissues, and
Akt3 is expressed at the highest level in the brain. Targeted deletion of the individual Akt
isoforms in mice led to different phenotypes [7, 8, 14–17], which could be partially
explained by the relative expression of the isoforms in various mammalian tissues. In
addition, these findings could also suggest functional differences between the isoforms.

Unlike Akt1−/− [14, 15] or Akt3−/− [16, 17] mice, Akt2−/− mice display insulin resistance,
manifested by high plasma insulin levels and an impaired ability to reduce glucose levels [7,
8]. This phenotype was attributed to the impairment of insulin action on liver and skeletal
muscles [7]. The severity of this phenotype is dependent on the strain background. The
deletion in the sv129/C57BL/6 hybrid or C57BL/6 backgrounds results in a relatively mild
diabetic phenotype [7, 18] and resembles the pre-diabetic state in humans, while the
phenotype is more severe in the DBA/1lacJ background [8]. The important role of Akt2 in
glucose homeostasis was underscored by the discovery of a family in which type 2 diabetes
was associated with an inherited loss-of-function mutation in Akt2. This mutant form of
Akt2 might also act in a dominant-negative manner to inhibit wild type Akt2 and possibly
other Akt isoforms, since its overexpression in 3T3L1 preadipocytes inhibits adipocyte
differentiation [9].

Table 1 summarizes the phenotypes of individual as well as compound Akt-knockout mice.
The genetic backgrounds that display a diabetic phenotype are indicated. As mentioned,
Akt1−/− mice do not display a diabetic phenotype [32, 33]. However, in contrast to two
independent reports using two different Akt1 knockout mice, a recent study using another
Akt1−/− mouse showed that, paradoxically, Akt1 deficiency increased insulin sensitivity
[19]. Since the authors of this recent report did not provide any mechanistic explanation for
their observation, it is impossible to understand the discrepancy between this recent study
and the previously published studies. This latter study also found that Akt1 is the major
downstream effector of IRS-2 in β-cells, yet their Akt1−/− mice displayed improved glucose
homeostasis, while mice with an IRS-2 deletion in the pancreas displayed impaired glucose
homeostasis [20]. Akt3−/− mice exhibit a relative decrease in brain weight, consistent with
the relatively high level of Akt3 expression in the brain. However, these mice do not display
a diabetic phenotype [16, 17].

Analyses of compound Akt knockout mice revealed that Akt1−/−Akt2−/− mice are neonatal
lethal and display an approximately 50% percent decrease in body weight and size, largely
due to skeletal muscle atrophy. They also display an almost complete inhibition of
adipogenesis, a phenotype that was mirrored in vitro using their derived cells. In addition,
the mice display impaired skin development and attenuated bone development [4].
Akt1−/−Akt3−/− mice die in the uterus at midgestation, likely due to placental and
vasculature defects [21]. On the other hand, Akt2−/−Akt3−/− mice are born alive and display
the combined phenotype observed in Akt2−/− and Akt3−/− mice. Finally,
Akt1+/−Akt2−/−Akt3−/− mice are alive but are approximately 40% – 50% smaller in size
relative to WT mice [22], and display a severe diabetic phenotype ([18], and below). Taken
together, these results suggest that Akt1 is the most important, while Akt2 is the least
important, isoform for embryonic development. Akt2 and Akt3 are dispensable for adult
mouse viability, and only 50% of Akt1 is sufficient for mouse embryonic development and
adult mouse viability.

The contributions of the three Akt isoforms to glucose homeostasis were assessed in
compound Akt knockout mice. The haplodeficiency of Akt1 in Akt2−/− mice converted the
pre-diabetic state of Akt2−/− mice to overt type 2 diabetes. The high blood insulin level in
Akt2−/− mice was sufficient to maintain an almost normal level of blood glucose [7, 18].
However, the haplodeficiency of Akt1 in these mice induced severe hyperglycemia,
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concomitant with decreased insulin levels when compared to Akt2−/− mice, although insulin
levels were still higher than those observed in wild type mice [18]. Akt2−/−Akt3−/− mice and
Akt1+/−Akt2−/−Akt3−/− mice displayed a diabetic phenotype similar to the one observed in
Akt2−/− and Akt1+/−Akt2−/− mice, suggesting that Akt3 deficiency either does not affect or
only minimally affects the diabetic phenotype observed in Akt2−/− and Akt1+/−Akt2−/−

mice. Interestingly, Akt1−/−Akt2+/− mice do not display a diabetic phenotype, suggesting
that the pre-diabetic state is largely mediated by Akt2 deficiency. The hyperglycemic
phenotype is observed when total Akt activity is further reduced in certain tissues of Akt2−/−

mice via Akt1 deficiency [18]. The complementary effects of Akt1 and Akt2 resemble the
complementary roles that the two PI3K catalytic subunit isoforms, p110α and p110β, play
on insulin signaling in vivo. Heterozygous deletion of either p110α or p110β does not
impair insulin metabolic actions, while the combined haplodeficiency of both isoforms
impairs insulin metabolic actions [23].

Reciprocal experiments were conducted to determine whether activation of other Akt
isoforms could compensate for Akt2 deficiency by rescuing the insulin resistance observed
in Akt2−/− mice. Akt2−/− mice were crossed with Pten+/− mice to generate Pten+/−Akt2−/−

mice. These mice showed a substantially less severe diabetic phenotype than Akt2−/− mice
when subjected to a glucose tolerance test (GTT) [18]. The high insulin levels observed in
Akt2−/− mice were also markedly reduced in Pten+/−Akt2−/− mice. Pten haplodeficiency
rescued the phenotype observed in Akt1+/−Akt2−/− mice, as Pten+/−Akt1+/−Akt2−/− mice did
not exhibit hyperglycemia, and instead displayed an improved response to glucose injection,
and showed high serum insulin levels under fed conditions (similar to those of Akt2−/−

mice). Thus, haplodeficiency of Pten was sufficient to reverse the type 2 diabetes phenotype
of Akt1+/−Akt2−/− mice to a pre-diabetic, insulin resistant state, similar to that observed in
Akt2−/− mice [18]. These results are consistent with improved glucose homeostasis observed
in mice with tissue-specific deletions of Pten in the pancreas [24]. They are also consistent
with results showing that haplodeficiency of Pten in IRS-2−/− mice elevates Akt activity, and
improves β-cell function and glucose homeostasis [25]. Taken together, these results suggest
that activated Akt1, and possibly Akt3, can compensate for an Akt2 deficiency with respect
to glucose homeostasis and diabetes. Thus, Akt isoforms can play both complementary and
compensatory roles in glucose homeostasis in vivo.

In principle, the haplodeficiency of Pten could overcome the diabetic phenotype in Akt2−/−

or Akt1+/−Akt2−/− mice through the activation of other non-Akt AGC kinases that are
downstream effectors of PI3K. The activity of these kinases is dependent on the activity of
PDK1 downstream of PI3K. However, PDK1 is much less sensitive than Akt to changes in
the cellular content of PIP3 because the affinity of the PH domain of PDK1 for PIP3 is
approximately one order of magnitude higher than the affinity of the Akt PH domain for
PIP3 [26]. Therefore, it is unlikely that decreasing Pten activity by fifty percent could have a
major impact on PDK activity. Most importantly it was reported that knock-in mice
expressing PDK1 with a mutation in the PH domain, that lowered its affinity for PIP3,
displayed insulin resistance. This insulin resistance was attributed exclusively to the
reduction in Akt activity because other AGC kinases were not affected by the reduced
ability of PDK1 to bind PIP3 [27]. These results further demonstrate, in vivo, that while Akt
activity is affected by a small change in PIP3 content or PDK1 activity, the activity of other
AGC kinases is not. Therefore, the possibility that haplodeficiency of Pten and the
subsequent increase in PIP3 might exert their effect through AGC kinases other than Akt is
very unlikely.
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How does haplodeficiency of Akt1 induce hyperglycemia in Akt2−/− mice?
One profound difference that distinguishes Akt1+/−Akt2−/− from Akt2−/− mice, in addition
to hyperglycemia, is the blunted insulin secretion in Akt1+/−Akt2−/− mice following glucose
administration. The islets of Akt2−/− mice are larger in size than the islets of wild-type mice
[7, 18]. This increase in islet size is probably due to a compensatory response intended to
increase the blood insulin level. Morphological analyses of islets from Akt1+/−Akt2−/− mice
showed that they are similarly increased in size, but unlike Akt2−/− islets, individual β-cells
in Akt1+/−Akt2−/− islets display profoundly reduced expression of insulin. Further, the total
insulin content in these islets is markedly reduced compared to either Akt2−/− or wild-type
islets [18]. Additionally, expression and membrane translocation of GLUT2 are substantially
reduced in Akt1+/−Akt2−/− β-cells compared to either wild-type or Akt2−/− β-cells.
Interestingly, however, isolated Akt1+/−Akt2−/− islets are not impaired in glucose sensing
[18]. Thus, at least in vitro, the reduced GLUT2 expression observed in Akt1+/−Akt2−/−
islets is not sufficient to impair glucose sensing. However, the possibility that the reduced
GLUT2 expression might affect glucose transport and sensing in vivo cannot be excluded.
The reduction in insulin and GLUT2 levels is an early event that occurs even in 1 month old
mice before the onset of islet size compensation [18]. Notably, haplodeficiency of PTEN in
Akt1+/−Akt2−/− mice reverses the islet phenotype to that observed in Akt2−/− mice, further
supporting the possibility of Akt isoform compensation.

Secretion of insulin from isolated islets following exposure to glucose is impaired in
Akt1+/−Akt2−/− islets compared to either wild-type or Akt2−/− islets. However, the reduction
in insulin secretion is directly correlated with the reduced insulin content of Akt1+/−Akt2−/−

islets, raising the possibility that the reduced blood insulin level and the blunted secretion of
insulin in response to glucose administration in Akt1+/−Akt2−/− mice is largely due to the
reduced insulin content in β-cells. Apparently, the reduction of insulin and GLUT2
expression in Akt1+/−Akt2−/− β-cells does not occur at the transcriptional level, since
mRNA expression is not impaired. Instead, it appears that the reduction occurs at the level
of protein synthesis [18]. Since mTORC1 activity is reduced in the islets, it is possible that
the regulation of insulin and GLUT2 expression occurs at the level of mRNA translation.
The reduction in mTORC1 activity is due to the decrease in Akt activity, which is also
reflected by a reduction in FoxO phosphorylation [18]. Previous studies showing that insulin
mediates a feed-forward positive regulatory loop that increases the translation of its own
mRNA in β-cells through the activation of mTORC1 [28, 29] could explain, in part, the
reduced insulin content of Akt1+/−Akt2−/− β-cells. The role of mTORC1 in β-cells was
underscored by the hyperactivation of mTORC1 in β-cells via β-cell-specific deletion of
Tsc2 in mice [30, 31]. These mice display an increase in β-cell mass, and increased insulin
secretion. On the other hand, mice that lack either S6K1 or the ribosomal protein S6 display
reduced β-cell insulin content and exhibit impaired insulin secretion [30, 31]. These
observations are consistent with the notion that the effect of Akt on β-cell function is largely
mediated by mTORC1.

The studies described above employed global deletions of Akt isoforms. Therefore, it is
unclear whether the phenotype of the β-cells observed in these studies is entirely cell
autonomous. Certainly, the increased islet mass is a response to insulin resistance in liver
and skeletal muscles, but are the negative effects on insulin secretion, insulin expression,
and GLUT2 expression in Akt1+/−Akt2−/− mice cell autonomous?

A partial answer to this question could be derived from studies employing transgenic mice
expressing a dominant-negative form of Akt (DN-Akt) specifically in β-cells, reducing β-
cell Akt activity by about 80% [32]. These mice exhibited glucose intolerance as well as
reduced basal and glucose-induced insulin levels, consistent with observations made in
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Akt1+/−Akt2−/− mice. In a similar manner to Akt1+/−Akt2−/− islets, glucose sensing was not
impaired in DN-Akt islets. Although impaired insulin secretion was observed in vitro in
islets expressing DN-Akt, reduced insulin content was not reported. Thus, these studies
provided evidence that the effect of Akt deficiency on insulin secretion is cell autonomous.

Deletion of Pten specifically in the β-cells of mice, which increases total Akt activity,
resulted in hypoglycemia, concomitant with an increase in β-cell number and islet mass
[24]. Glucose-induced insulin secretion is elevated in these mice, and their β-cells express
relatively high levels of GLUT2, consistent with the phenotype of Akt1+/−Akt2−/− mice.
Similar to mice with this β-cell-specific deletion of Pten, transgenic mice expressing
activated Akt1 in β-cells [33, 34] exhibit an increase in βincreased both in vivo and in vitro
in isolated pancreata from these mice, correcting for the increase in β-cell mass indicates
that there is actually no change (or even a decrease) in insulin secretion. Thus, identification
of whether the phenotype of Akt-deficient β-cells is cell autonomous will require the
generation of mice with specific deletions of Akt isoforms in β-cells.

The β-cell dysfunction observed in Akt1+/−Akt2−/− mice might lead one to assume that the
severe hyperglycemia observed in these mice, as compared to Akt2−/− mice, is due to β-cell
dysfunction and impaired insulin secretion. However, injection of insulin into
Akt1+/−Akt2−/− mice did not significantly reduce the high blood glucose level in these mice
[18]. Thus, what are the reasons for the severe hyperglycemia in Akt1+/−Akt2−/− mice?

The leptin connection
Members of a family displaying an autosomal-dominant inheritance of type 2 diabetes,
expressing a dominant negative form of Akt2 were reported to also suffer from
lipodystrophy [9]. Furthermore, the mutated Akt2 gene expressed by this family was shown
to inhibit adipogenesis in vitro [9]. These observations, together with results showing
impaired adipogenesis in Akt1+/−Akt2−/− mice and in Akt-deficient cells in vitro [4], raised
the possibility that diabetes developed in response to whole-body Akt deficiency in humans
and mice might be related to lipodystrophy.

Lipodystrophy-mediated diabetes has been reported in mice and humans and was mitigated
following administration of leptin [35]. Analyses of Akt2−/− and Akt1+/−Akt2−/− mice
showed reduced body fat and a decrease in circulating levels of leptin [18]. Administration
of leptin to Akt1+/−Akt2−/− mice was sufficient to restore normal glucose and insulin
levels, and administration of leptin to Akt2−/− mice restored normal insulin levels [18]. In
this respect, Akt-deficient mice resemble Irs1−/−Irs3−/− mice, which display lipoatrophy-
mediated diabetes that can be corrected by leptin administration [54]. Interestingly, the
combined deletions of Akt2 and leptin induced fasting hyperglycemia [36] similar to that
observed in Akt1+/−Akt2−/− mice. This observation provides indirect support for the notion
that hyperglycemia in Akt1+/−Akt2−/− mice is a result of leptin deficiency.

Leptin might reduce insulin resistance and hyperglycemia through its effect on the
hypothalamus, resulting in a decrease in food intake. However, Akt-deficient mice did not
show any significant decrease in food intake or body weight following the administration of
leptin. Consistently, Irs1−/−Irs3−/− mice did not show a significant change in body weight
following leptin administration [37], and caloric restriction did not recapitulate the action of
leptin in lipoatrophic mice [35]. Thus, the remaining question is: How does leptin mitigate
diabetes that is induced by Akt deficiency?

The ability of leptin to increase insulin sensitivity in Akt-deficient mice in the absence of
reduced food intake suggests that the route of leptin action is not necessarily through its
effect on the hypothalamus. Indeed, studies indicate alternative routes of leptin action. For
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instance, administration of leptin to ob/ob mice reverses hyperglycemia and
hyperinsulinemia prior to weight loss [38–40]. It was also shown that under
hyperinsulinemic conditions, leptin decreases hepatic glucose production, mainly by
decreasing glycogenolysis and increasing glycogen production [41, 42].

Recent studies have shown that administration of leptin to rodents with STZ-induced type 1
diabetes emulates insulin action and restores a normal blood glucose level [43, 44]. Leptin
administration in this model increased hepatic glycogen and reduced expression of
gluconeogenic genes. These effects of leptin were attributed to its ability to suppress the
high glucagon levels that would otherwise decrease hepatic glycogen storage. Another
mechanism by which leptin may act was suggested by the recent findings that leptin restores
normal glucose homeostasis in ob/ob mice and that this action of leptin is associated with
the elevated circulating IGFBP2 levels in STZ-induced type 1 diabetes [45]. IGFBP2 levels
are low in ob/ob mice but are elevated following leptin administration. Surprisingly, the
elevation of IGFBP2 following injection of adenovirus expressing IGFBP2 into ob/ob mice
was sufficient to restore normal glucose homeostasis and to reduce gluconeogenic gene
expression in the liver of treated mice. The mechanism by which IGFBP2 restored normal
glucose levels in ob/ob mice or STZ-treated mice is unknown. However, it is possible that
IGFBP2 acts through an indirect mechanism independently of IGF1 [45].

How does leptin emulate the action of insulin? - Hypothesis
It is possible that leptin exerts its effect through the liver or other peripheral tissues. Indirect
support for this possibility include the observations that liver-specific insulin receptor
knockout mice display a greater than 10-fold increase in serum leptin levels as well as an
approximately 35-fold increase in full-length leptin receptor levels in the liver [46].
Additionally, IRS1-deficient livers display an approximately 150-fold increase in the level
of hepatic leptin receptors [47]. Liver-specific deletion of p85, the regulatory subunit of
PI3K, elicits a 12-fold increase in soluble leptin receptor levels in the liver, though the
increase in the full length receptor was not reported, with a concomitant 8-fold increase in
serum leptin [48]. Thus, impairing insulin/PI3K/Akt signaling in the liver is coupled to a
dramatic elevation of hepatic leptin receptor levels concomitant with an increase in the level
of circulating leptin. These observations imply that when insulin signaling is impaired, a
compensatory mechanism is exerted by leptin through its cognate receptor in the liver to
reduce gluconeogenesis independently of insulin. This compensatory mechanism cannot
occur in mice with global deletions of Akt1 and Akt2 because of their impaired adipogenesis
and leptin deficiency.

Impairing Akt activity in the liver induces the expression of gluconeogenic genes, likely
through its effects on FoxO and PGC1α [49, 50]. One possibility is that leptin suppresses
hepatic expression of gluconeogenic genes through Stat3 activation via a mechanism
independent of insulin and Akt in the liver. This hypothesis is based on the observations that
Stat3 suppresses gluconeogenic gene expression in the liver through a PI3K/Akt-
independent mechanism [51] and that leptin, through the leptin receptor, activates Stat3 [52].
In support of this possibility, Stat3 activation has been observed in the livers of STZ-treated
mice following leptin therapy [43]. This potential compensation mechanism by leptin
through its cognate receptor in the liver may occur only when hepatic insulin signaling is
impaired.

Another non-exclusive possibility is that leptin, via its effect on the hypothalamus and the
brain, subsequently increases insulin sensitivity in the liver by enhancing insulin signaling
through other intermediates such as IGFBP2. This possibility is supported by the
observation that in lipodystrophic mice, the intracerebroventricular administration of leptin
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that does not increase serum leptin levels, enhances insulin signaling in the liver with
concomitant decrease in the expression of the gluconeogenic gene G6Pase [53].

Prospective
It is clear that a full understanding of the roles of Akt isoforms in glucose homeostasis in
vivo requires the generation of mice with tissue-specific deletions of the Akt isoforms, both
individually and in combination. Recently, it was shown that mice lacking Akt2 specifically
in the liver are resistant to hepatic steatosis [36]. However, except for a mild increase in
insulin levels, impaired glucose homeostasis was not reported in these mice. These results
suggest that liver-specific deletion of Akt2 is not sufficient to recapitulate the insulin
resistance phenotype observed in mice with whole body germ-line deletion of Akt2.

Since germ-line deletions may have developmental consequences, inducible whole-body
deletions of Akt1, Akt2, and Akt1/Akt2 are required to determine their roles in glucose
homeostasis. Whole-body deletion of Akt isoforms in adulthood also recapitulates the
inhibition of Akt activity by drug therapy that is intended to cure cancer. Therefore, it is
important to explore the extent to which glucose homeostasis is impaired after the induction
of whole-body deletion of the Akt isoforms. It would also be interesting to determine
whether glucose homeostasis in these mice can be restored by leptin therapy. Notably, mice
treated with an Akt inhibitor develop diabetes that is untreatable with common anti-diabetic
drugs [54]. The question remains whether this form of diabetes can be treated with leptin
therapy.

The mechanism by which Akt regulates adipogenesis remains to be elucidated. Akt could be
required for the differentiation process and for the functionality of adipocytes. Although
both Akt1 and Akt2 are required for adipocyte differentiation [4], Akt2 is specifically
required for GLUT4 translocation to the plasma membrane [55]. Interestingly, during
adipocyte differentiation in vitro there is an isoform switch whereby Akt1 is expressed at a
relatively high level in the early stages of adipogenesis but its expression is gradually
decreased at later stages, while Akt2 expression is increased in later stages ([56], and D.
Sunadrarajan and N. Hay, unpublished results). Thus, it is possible that Akt1 is required for
the early stages of adipogenesis whereas Akt2 is required for the functionality of mature
adipocytes.

mTORC1 could be a major downstream effector of Akt with respect to adipocyte
differentiation since hyperactivation of mTORC1 in Tsc2−/− cells is sufficient to mediate
adipocyte differentiation, despite the low activity of Akt in these cells [57]. Consistently the
downstream effectors of mTORC1, 4E-BPs and S6K1, were implicated in adipogenesis. The
deletion of 4E-BP1 and 4E-BP2 increases adipogenesis [58], and S6K1 was shown to be
required for the commitment of embryonic stem cells to early adipocyte progenitors [59].

Finally, the role of leptin in glucose homeostasis and its mechanism of action remain
unresolved. Why is hepatic leptin receptor expression dramatically elevated when hepatic
PI3K/Akt signaling is impaired? Is it a compensatory mechanism that emulates insulin
action through leptin signaling? Further studies such as liver-specific deletion of leptin
receptor in mice with impaired hepatic PI3K/Akt signaling are required to address these
questions.
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Box 3

Non-canonical regulators of Akt that are implicated in glucose homeostasis
and diabetes

The Drosophila Tribbles homologue protein, TRB3, which belongs to a family of
proteins in mammals, binds an inactive unphosphorylated Akt to inhibits its
phosphorylation and activation [70]. In mice under fasting conditions, TRB3 expression
is induced in the liver, and in obese diabetic mice the elevated expression of TRB3 in the
liver interferes with Akt activation. Ectopic expression of TRB3 in the liver induces
hyperglycemia and glucose intolerance. Thus, by interfering with Akt activation, TRB3
elicits insulin resistance [70]. More recently it was shown that the endosomal adaptor
protein, APLL1, interacts with Akt and prevents its association with TRB3 [71]. The
binding of APLL1 to Akt was shown to facilitate the interaction of Akt with the plasma
membrane and endo-membranes for full activation. Hepatic overexpression of APLL1 in
diabetic obese mice counteracts the inhibition of Akt activity by TRB3 and promotes
insulin-mediated inhibition of hepatic glucose production [71]. Another negative
regulator of Akt activity in diabetic obese mice is the jun kinase, JNK. JNK activity is
elevated in obese mice and reduces Akt activity by the phosphorylation and inhibition of
IRS1 [72].

The SH2-containing inositol phosphatase 2 (SHIP2) was implicated in glucose
homeostasis through its effect on Akt activity. SHIP2 is a 5′-lipid phosphatase that can
de-phosphorylate the phosphate at the position 5 in the inositol ring of PIP3, and thereby
negate PI3K and Akt activity. Thus, SHIP2 can certainly affect glucose homeostasis
through its effect on Akt activity, but the impact of SHIP2 on glucose homeostasis in
vivo in mice is debated [73].

Finally, the Ser/Thr-specific PH domain leucine-rich phosphatases, PHLPP1 and
PHLPP2, which de-phosphorylate the hydrophobic phosphorylation motif of Akt and
attenuate Akt activity, could potentially affect glucose homeostasis. Indeed, high levels
of PHLPP1 in skeletal muscles of type 2 diabetic patients, was found to be correlated
with impaired Akt activity [74].
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Figure 1. Schematic illustration depicting the pathway of Akt activation by insulin and IGF1, the
downstream effectors and regulatory loops
(a) Insulin and IGF1 receptors activate IRS proteins, which in turn activate PI3 kinase. PI3K
generates PIP3, which bind to the pleckstrin homology (PH) domain of the three Akt
isoforms and translocate them to the membrane, where they are phosphorylated by PDK1
and mTORC2 for full activation. Akt phosphorylates and inactivates the FoxO transcription
factors. Akt also phosphorylates Tsc2 and inhibits its activity, resulting in the activation of
Rheb. Rheb activates mTORC1, which phosphorylates and activates S6K1, and
phosphorylates and inactivates the 4E-BPs, resulting in the activation of eIF4E and 5′cap-
dependent mRNA translation. Akt also can activate mTORC1 through the generation of
intracellular ATP and the inactivation of AMPK, which otherwise inhibits mTORC1. The
inhibition of FoxO by Akt prevents the induction of Sestrin 3, which otherwise activates
AMPK and inhibits mTORC1. The activation of mTORC1 elicits a negative feedback loop
that inhibits Akt activity either through S6K1 and the inactivation of IRS proteins or through
other mechanisms. (b) The generic primary structure of Akt proteins is shown. Binding of
PIP3 to the PH domain and the phosphorylations by PDK1 and mTORC2 are illustrated.
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Table 1

Summary of the genotypes and phenotypes of Akt knockout mice. Genotypes with diabetic phenotypes are in
blue.

Trends Endocrinol Metab. Author manuscript; available in PMC 2012 August 26.


