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Abstract

Hepatic glucose metabolism signaling downstream of insulin can diverge to multiple pathways 

including AKT. Genetic studies suggest that AKT is necessary for insulin to suppress 

gluconeogenesis. To specifically address the role of AKT2, the dominant liver isoform of AKT in 

the regulation of gluconeogenesis genes, we generated hepatocytes lacking AKT2 (Akt2−/−). We 

found that, in the absence of insulin signal, AKT2 is required for maintaining the basal level 

expression of phosphoenolpyruvate carboxyl kinase (PEPCK) and to a lesser extent G6Pase, two 

key rate-limiting enzymes for gluconeogenesis that support glucose excursion due to pyruvate 

loading. We further showed that this function of AKT2 is mediated by the phosphorylation of 

cyclic AMP response element binding (CREB). Phosphorylation of CREB by AKT2 is needed for 

CREB to induce the expression of PEPCK and likely represents a priming event for unstimulated 

cells to poise to receive glucagon and other signals. The inhibition of gluconeogenesis by insulin is 

also dependent on the reduced FOXO1 transcriptional activity at the promoter of PEPCK. When 

insulin signal is absent, this activity appears to be inhibited by AKT2 in manner that is 

independent of its phosphorylation by AKT. Together, this action of AKT2 on FOXO1 and CREB 

to maintain basal gluconeogenesis activity may provide fine-tuning for insulin and glucocorticoid/

glucagon to regulate gluconeogenesis in a timely manner to meet metabolic needs.

Introduction

The primary function of the liver in glucose homeostasis is breaking down glycogen storage 

to produce glucose through gluconeogenesis during starvation. During fasting when the 

insulin signal is at minimum, the two rate-limiting enzymes involved in gluconeogenesis, 

glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxyl kinase (PEPCK) are 

induced to facilitate the production of glucose from other precursors [1]. This process is 

regulated by glucagon or glucocorticoid involving the activation of protein kinase A and 
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transcriptional activity of cyclic AMP response element binding factor (CREB) [1]. The 

expression of PEPCK and G6Pase is also inhibited in fed condition when the hormone levels 

of insulin are elevated among others [2]. The signaling events downstream of insulin have 

been investigated and were found to lead to the activation of a serine/threonine kinase AKT 

[3]. AKT regulates a broad spectrum of cellular processes including cell growth and 

survival, lipid and glucose metabolism, etc. by phosphorylating a variety of downstream 

targets [4–6]. One such target is the forkhead transcriptional factor FOXO1 [7–9]. When 

phosphorylated by AKT, FOXO1 is prevented from translocating to the nucleus to perform 

its function as a transcriptional factor. This action of AKT is thought to be the primary 

mechanism for insulin to suppress gluconeogenesis as FOXO1 controls the transcription of 

both G6Pase and PEPCK [10–12]. Consistently, FOXO1 activity has been found to be 

increased in the insulin resistant (IR) state and down-regulation of FOXO1 is found to 

reverse hyperglycemia observed in IR models [13,14]. However, the physiological role of 

this signaling node under normal unstimulated conditions is not clear.

In this study, we investigated the regulation of PEPCK and G6Pase expression by AKT2, the 

dominant AKT isoform in the liver [15], when insulin signal is absent. In hepatocytes 

lacking AKT2, the ability of insulin to inhibit the expression of PEPCK and G6Pase is 

compromised, consistent with the in vivo hyperglycemia phenotype observed in the Akt2−/− 

mice [16]. This observation is consistent with a negative regulatory role of insulin/AKT 

signal on gluconeogenesis and the expression of PEPCK and G6Pase. Surprisingly, in 

unstimulated cells, the deletion of Akt2 by itself led to down-regulation of PEPCK and 

G6Pase, suggesting a positive regulatory function of AKT2 on the expression of PEPCK and 

G6Pase when insulin signal is not present. This observation is supported by analysis 

showing that loss of AKT2 inhibited the excursion of glucose in a pyruvate loading test in 
vivo and suppressed the expression of PEPCK and G6Pase in the livers of fasting mice. To 

further explore the mechanisms responsible for this novel observation, we explored the two 

key transcriptional factors involved in the regulation of PEPCK and G6Pase, FOXO1 and 

CREB [17]. Our data suggest that AKT2-dependent CREB phosphorylation is required to 

sustain the basal expression of PEPCK in the absence of insulin. Additionally, our data 

suggest that AKT2 may inhibit the FOXO1 regulated transcription of PEPCK independent 

of its role on phosphorylation of FOXO1. This regulation of AKT2 on CREB and FOXO1 

likely primes the promoter of PEPCK to respond to either insulin or glucagon in a timely 

manner.

Experimental procedures

Tissue culture

Primary hepatocytes were isolated from livers of Akt2−/− (C−;A−/−, Akt2 null) mice [16] and 

Akt2+/+ (Con) mice. Hepatocytes were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM with 4.5 g/L glucose; Mediatech, Inc) supplemented with 10% heat-inactivated 

fetal bovine serum FBS (Atlas Biologicals), 5 μg/ml insulin (Sigma), and 10 ng/ml 

epidermal growth factor (EGF; Invitrogen). Cells were plated in six-well plates at 0.5 × 106 

per well density. For insulin stimulation experiments, the medium was changed to free serum 

DMEM (no glucose) medium when the culture reached 80% confluence. On the second 
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morning, 100 nM Insulin or vehicle was added and incubated for 6 h. prior to lysing the cells 

for protein and RNA analysis. For forskolin treatment, cells were maintained in low serum 

(0.2% FBS) media for 16 h at 37°C in 5% CO2. The medium was replaced with fresh 

medium with 100 μM Forskolin (Alomone Labs Cat# F-500) or vehicle and incubated for 24 

h before harvesting. To ectopically express AKT, FOXO-AAA, wtCREB or CREB-S133, 4 

μg of plasmid DNA containing the corresponding cDNA sequence were mixed with 10 μl of 

Lipofectamine and incubated with the cells for 48 h. Protein and RNA were collected for 

analysis as described [18].

Animals

The Akt2−/− (AM) mice [16] were crossed with PtenloxP/loxP; Alb-Cre+ (PM) mice to 

generate the double mutant PtenloxP/loxP; Akt2−/−; Alb-Cre+ (DM) as previously described 

[19–23]. Control animals are PtenloxP/loxP; Alb-Cre− mice. All mice were kept on a standard 

chow diet and allowed free access to food. All animals were kept in 12 h dark/light cycled 

facilities. All experiments are performed at USC following USC IACUC approved protocols 

in accordance with IACUC guidelines.

Mice at 1 month of age were used for experiments. For fasting glucose, animals were fasted 

overnight (16 h). Blood glucose levels were determined using a handheld Therasense 

glucometer device. For tissue sections, mice were fasted overnight for 16 h. Blood was 

collected from cardiac puncture. Livers were then perfused with cold PBS and collected in 

formalin for histology, collected in OTC for frozen sectioning, and fresh frozen in liquid 

nitrogen for protein, RNA and lipid analysis. Tissue sections were stained with H&E and Oil 

Red O to visualize the morphology and lipid accumulation.

Insulin tolerant test (ITT)

An ITT was performed on mice fasted for 6 h. For glucose measurement, tail veins were 

punctured and a small amount of blood was released and applied onto a handheld 

Therasense glucometer. For ITT, mice were given a single dose (0.5 unit/kg body weight) of 

Humulin (Eli Lily) by i.p. injection after a baseline glucose check. Circulating glucose levels 

were then measured at indicated time points after insulin injection.

Pyruvate tolerant test (PTT)

A PTT was performed on mice fasted for 16 h. For glucose measurement, tail veins were 

punctured and a small amount of blood was released and applied onto a handheld 

Therasense glucometer. For PTT, mice were given a single dose (2 g/kg body weight) of L-

pyruvate (Sigma) by i.p. injection after a baseline glucose check. Circulating glucose levels 

were then measured at indicated time points after pyruvate injection.

Quantitative PCR

Total RNA was extracted from liver tissues or cells using Trizol reagent according to the 

protocol provided by the manufacturer and quantitative PCR performed as previously 

reported [18].
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Protein electrophoresis

Frozen liver tissues were lysed in three times the volume of cold RIPA buffer containing 

protease inhibitors as previously reported [24]. Seventy-five micrograms of protein lysates 

were loaded for each sample for electrophoresis using polyacrylamide gel. After protein 

transfer, membranes were probed with antibodies for PTEN, p-AKT, p-GSK and p-CREB 

from Cell Signaling. The membranes were also probed with β-actin (Sigma) for loading 

control.

Statistics

All data are presented as means ± standard errors of the means (SEM). All data were 

subjected to Student’s t-test for statistical comparison between the two groups. For 

comparisons among groups of three or more, multivariance ANOVA is applied to determine 

between group differences followed by TUKEY as post-hoc analysis. A P value less than or 

equal to 0.05 is considered to be statistically significant.

Results

Regulation of basal expression of PEPCK and G6Pase by AKT2

To genetically dissect the role of AKT signaling in hepatic regulation of gluconeogenesis by 

insulin, we established hepatocyte cell lines from mice carrying Akt2 deletion (Akt2−/−) 

[16]. The control hepatocyte lines are established from the Akt2+/+ mice (Con). The two cell 

lines are morphologically similar and both express albumin (Figure 1A, bottom left panel). 

In the control hepatocytes, insulin treatment led to the expected induction of AKT and 

GSK-3 phosphorylation (Figure 1A, bottom right panel). In cells lacking AKT2, AKT2 is 

completely undetectable. The phosphorylated form of AKT is still detectable, presumably 

contributed by other AKT isoforms. In hepatocytes lacking AKT2, insulin was incapable of 

inducing phosphorylation of GSK-3 nor AKT.

In Akt2+/+ hepatocytes, insulin treatment led to 50% suppression of PEPCK and 30% 

suppression of G6Pase as expected (comparing solid vs. open bars in Akt2+/+ hepatocytes) 

(Figure 1B). Consistent with the requirement of AKT signal in insulin suppression of 

PEPCK and G6Pase, insulin is incapable of suppressing the expression of PEPCK and 

G6Pase in the Akt2−/− hepatocytes (Figure 1B). Indeed, expression of both PEPCK and 

G6Pase increased as a result of insulin stimulation in Akt2−/− cells (comparing solid vs. 

open bars in Akt−/− hepatocytes). Surprisingly, deletion of Akt2 also significantly attenuated 

the expressions of PEPCK and G6Pase in the non-stimulated cells (comparing the open bars 

in Akt2−/− vs. Akt2+/+ cells), suggesting a stimulatory role of AKT2 on the expression of 

PEPCK and G6Pase when insulin signal is not present (Figure 1B).

Analysis of Akt2−/− hepatocytes with the expression of a constitutively active form of 

AKT2, myr-AKT2 confirmed this stimulatory role of AKT2 on PEPCK expression (Figure 

1C). Reintroduction of myr-AKT2 led to robust up-regulation of p-AKT in the Akt2−/− cells 

(Figure 1A). Phosphorylation of GSK-3, however, is not restored. As GSK-3 is subjected to 

regulation by multiple signals [25], other signals interacting with the regulation of GSK-3 

may also be at play. Instead of inhibiting the expression of PEPCK, the reintroduction of 
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myr-AKT2 led to almost 2-fold increase in PEPCK expression whereas G6Pase is less 

affected (Figure 1C). Other enzymes involved in gluconeogenesis and glycolysis such as 

fructose 1,6-bisphosphatase, glucokinase pyruvate kinases 1 and 2 were not similarly 

affected (data not shown). Thus, this effect of AKT2 appears to be specific to PEPCK, and 

to a lesser extend G6Pase.

The effect of AKT2 in pyruvate induced glucose excursion in vivo

To validate this observation in vivo, we examined the expression of PEPCK and G6Pase in 

livers of the Akt2−/− mice. In these mice, both fasting and random fed glucose levels are 

increases compared with that observed in the wild type (Akt2+/+) mice, consistent with the 

proposed role of AKT2 in regulating insulin signal and glucose metabolism (Figure 2A,B). 

The ability of insulin to suppress plasma glucose is also impaired in the intraperitoneal 

insulin tolerance (ITT) tests when Akt2 is deleted (Figure 2C). We observed that AKT2 loss 

resulted in ~50% decreased expression of both PEPCK and G6Pase in these livers of the 

fasting Akt2−/− vs. Akt2+/+ mice (Figure 2D). These observations confirms the in vitro data 

shown in Figure 1B,C suggesting that the presence of AKT2 is required to sustain the 

expression of PEPCK (and G6Pase) when insulin signal is absent.

We also subjected the mice to a pyruvate tolerant (or loading) test (PTT) to assess the role of 

AKT2 loss on the effects of pyruvate overload on glucose excursion. Here, the injection of 

pyruvate led to increases in plasma glucose levels in both control and Akt2−/− mice as 

expected (Figure 2E). In the absence of AKT2, however, the glycemic excursion induced by 

pyruvate loading is significantly lower in Akt2−/− mice (solid circle) compared with that of 

the controls with intact AKT2 (open circle). These data are consistent with our in vitro 
observations showing that AKT2 is needed to maintain the expression of PEPCK, and 

supports a role of AKT2 in sustaining gluconeogenesis (Figure 1).

AKT2 regulates basal gluconeogenic gene expression via CREB phosphorylation

The forkhead transcriptional factor FOXO1 is a well-characterized substrate for AKT and 

has been reported to mediate the insulin regulated suppression of PEPCK and G6Pase [10–

12]. FOXO1 binding element has been reported for both PEPCK and G6Pase promoters 

[26,27]. To address whether AKT2 regulates PEPCK under the insulin-free condition via 

FOXO1, we expressed a mutant form of FOXO1, FOXO1-AAA in hepatocytes without 

insulin stimulation. FOXO1-AAA cannot be phosphorylated by AKT2 and thus is not 

excluded from the nucleus upon AKT phosphorylation by insulin. The nuclear exclusion of 

FOXO1 is credited for how insulin suppresses the expression of PEPCK and G6Pase [10–

12]. Under the insulin-free conditions, our result shows that FOXO1-AAA stimulated the 

expression of PEPCK when Akt2 is deleted (Figure 3). This data is consistent with a positive 

regulatory role of FOXO1 on the expression of PEPCK in the absence of insulin. 

Interestingly, the introduction of FOXO1-AAA led to moderate but insignificant inhibition 

of PEPCK in hepatocytes with intact AKT2 (Figure 3). Thus, while FOXO1 binding to the 

promoter of PEPCK is capable of inducing its expression at basal levels, the presence of 

AKT2 may negate this effect regardless of FOXO1 phosphorylation by AKT2.
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To further explore the mechanisms by which AKT2 may sustain the basal expression of 

PEPCK, we explored the phosphorylation of CREB. We showed previously that PTEN 

(phosphatase and tensin homolog deleted on chromosome 10) regulates the phosphorylation 

of CREB through PI3K/AKT signaling, independent of PKA [28]. PTEN is the phosphatase 

that negatively regulates PI3K/AKT and loss of PTEN leads to ubiquitous phosphorylation 

of AKT [29]. Using hepatocytes lacking PTEN, we have identified CREB as a potential 

substrate for AKT kinase activity [28]. Here, we show that AKT2 is responsible for the 

regulation of CREB phosphorylation. While PTEN loss led to induction of CREB 

phosphorylation, deletion of Akt2 in the livers of mice lacking PTEN reversed this 

phosphorylation (Figure 4A). This observation is confirmed using hepatocytes where AKT2 

is deleted (Figure 4B), even though forskolin, which increases cellular levels of cyclic AMP 

(cAMP) is still capable of inducing CREB phosphorylation in these cells. CREB is the key 

transcriptional factor utilized by glucagon and glucocorticoid to induce the transcription of 

PEPCK and G6Pase [30]. To investigate the role of CREB on the basal expression of 

gluconeogenic genes regulated by AKT2, a dominant-negative mutant CREB carrying 

S133A mutation was introduced to hepatocytes. CREB-S133A cannot be phosphorylated by 

AKT and acts as a dominant negative form of CREB to inhibit its activity as a transcriptional 

factor [28]. Expression of CREB-S133A in control hepatocytes led to reduced expression of 

PEPCK (Figure 4C, left panel), whereas the introduction of wtCREB to Akt2−/− cells is 

unable to elicit a response in PEPCK expression (Figure 4C, middle panel). This observation 

suggests that CREB activation is needed for AKT2 to maintain the expression of PEPCK. In 

addition, intact AKT2 appears to be needed for p-CREB to perform its transcriptional 

activity. wtCREB is only able to induce PEPCK when AKT2 signal is present in cells with 

intact AKT2, i.e. Con cells, but not in Akt2−/− cells. Such manipulation led to robust 

induction of PEPCK by over 15-folds (Figure 4C, left panel). Thus, the presence of AKT2 

granted the induction of PEPCK by CREB and is necessary to maintain the basal levels of 

PEPCK expression in hepatocytes.

Discussion

The liver is the major organ involved in the regulation of glucose homeostasis and is the first 

organ to see insulin produced from the islets. In the liver, insulin inhibits gluconeogenesis 

via both canonical signals that require AKT and FOXO1 as well as AKT independent and 

FOXO1 dependent pathways [31]. In this paper, we investigated the role of AKT2 in the 

regulation of the key rate-limiting enzymes for gluconeogenesis, i.e. PEPCK and G6Pase. 

We found that in addition to playing a role in the suppression of these genes regulated by 

insulin, AKT2 positively regulates the expression of PEPCK and G6Pase when insulin 

signal is not present. We showed that phosphorylation of CREB appears to be necessary for 

this AKT2 regulated expression of PEPCK and G6Pase. In addition, the induction effect of 

PEPCK expression by exogenous expression of CREB also depends on the presence of 

AKT2. On the other hand, while FOXO1 positively regulate the promoter of PEPCK, this 

ability may be blocked by AKT2 via other means than phosphorylation of FOXO1. 

Together, our data suggest (1) AKT2 is necessary to sustain the basal expression of PEPCK 

(and to a lesser extent G6Pase); (2) phosphorylation of CREB by AKT2 is necessary for 

AKT2 to maintain the expression of these two genes; (3) AKT2 may suppress FOXO1 
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induced expression of PEPCK via means independent of AKT-regulated phosphorylation of 

FOXO1. Examining these three points together, we propose that AKT2 primes the promoters 

of these two gluconeogenic genes, particularly PEPCK, by inducing the phosphorylation of 

CREB. This primed promoter can then either be stimulated by glucagon/glucocorticoid to 

promote gluconeogenesis or inhibited by insulin to suppress gluconeogenesis (Figure 5).

In the fed state, insulin suppresses the output of glucose from the liver by inhibiting its de 
novo synthesis [32]. AKT as the kinase downstream of insulin signal has been characterized 

to play important roles in this process [33]. In particular, the loss of AKT2 has resulted in 

conditions that are similar to insulin resistance and diabetes [16]. This effect is largely due to 

higher hepatic glucose output and reduced uptake of glucose in the muscle in Akt2−/− mice 

[16,34,35]. The inability of insulin to suppress hepatic output of glucose during feeding in 

Akt2−/− mice leads to glucose intolerance in these mice whereas glucagon plays a minimum 

role in this process as levels of glucagon only elevated slightly later in aged when mice are 

already progressing to diabetes [16,34–36]. In contrast, AKT1 loss affected primarily the 

growth of pancreatic β-cells but is dispensable for maintenance of glucose homeostasis [37]. 

However, transient loss of AKT2 is not sufficient to suppress refeeding induced inhibition of 

gluconeogenesis [38]. Loss of both AKT1 and AKT2 are necessary in this immediate 

response. Our data using isolated hepatocytes suggest that AKT2 indeed mediates the 

insulin’s ability to suppress the expression of PEPCK and G6Pase, even though AKT1 may 

also play a role. More importantly, we report the novel finding that AKT2 is necessary to 

sustain the basal level of expression of PEPCK and G6Pase.

The kinase activity of AKT phosphorylates forkhead transcriptional factor FOXO1. This 

action results in the exclusion of FOXO1 from the nucleus where it binds to the promoter of 

PEPCK and G6Pase, leading to suppression of these genes by insulin [39]. In mice where 

insulin signal is blocked by deletion of irs-1 and −2 and FOXO1 activity is high, deletion of 

FOXO1 restores inhibition of gluconeogenesis and normalizes euglycemia controls [40]. 

Together, the canonical signals suggest that AKT-FOXO1 signal is the mediators for insulin 

to suppress gluconeogenesis. However, a recent report has questioned the role of AKT as a 

cell-autonomous intermediate in insulin signaling [16,34,35,41]. AKT2 independent but 

FOXO1 dependent signals have been suggested to exist [38]. Our data here showed that the 

nuclear-located FOXO1 (FOXO1-AAA) is capable to induce the expression of PEPCK when 

AKT2 is not present. The presence of AKT2 suppresses this effect, suggesting that AKT2 

and FOXO1 mediated PEPCK expression are not linear and other signals are also present for 

AKT2 to inhibit PEPCK transcription that is likely independent of FOXO1.

The primary signal for inducing the expression of gluconeogenic genes is orchestrated by 

CREB. At the fasting state when glucagon is the primary metabolic hormone released by the 

pancreas rather than insulin, mediated by a G-protein coupled receptor, glucagon stimulates 

the accumulation of cAMP [30]. The cAMP-PKA mediated phosphorylation of CREB at 

Ser133 is needed for glucagon to induce the transcription of PEPCK and G6Pase. We 

showed previously that CREB could also be phosphorylated by AKT at Ser133 [28]. This 

phosphorylation is independent of cAMP-PKA signal. Here, using hepatocyte lacking 

AKT2, we showed that AKT2 mediates the phosphorylation of CREB. Previously, it had 

been reported that AKT1 rather than AKT2 is the AKT kinase that mediates phosphorylation 
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and the transcriptional activity of CREB [42]. The study, using HEK293T cells that 

overexpress Gal4-CREB and different mutant of AKT suggests the regulatory domain of 

AKT1 is needed for the phosphorylation of CREB. Our work here in hepatocytes where the 

dominant form of AKT is AKT2 suggest that AKT2 also mediates the phosphorylation and 

transcriptional activity of CREB. Furthermore, phosphorylation of CREB by AKT2 is 

needed for CREB to induce the transcription of PEPCK. In addition, our data indicates that 

phosphorylation of CREB mediates the novel basal regulation of PEPCK expression by 

AKT2 that we observed.

There are two major consequences of insulin action in the liver: suppression of 

gluconeogenesis and stimulation of lipogenesis. Distinct signals downstream of insulin that 

regulates these two processes has been credited to be responsible for ‘selective hepatic 

insulin resistance’ observed in patients [31]. In these IR patients, elevated insulin becomes 

incapable of suppressing hepatic gluconeogenesis (resistance), but continues to induce 

lipogenesis (non-resistance). Others and we have shown previously that AKT2-FOXO1 is 

required for hepatic lipogenesis [22,43]. Our finding here that AKT2 sustains 

gluconeogenesis through regulation of p-CREB but not FOXO1 demonstrates how these two 

signals may diverge. Such discovery elucidates the complexity of AKT regulated hepatic 

insulin signal and sheds light for future studies aimed at unveiling the mechanism for 

selective insulin resistance.
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CREB cyclic AMP response element binding
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PEPCK phosphoenolpyruvate carboxyl kinase
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Figure 1. AKT2 regulates basal expression of PEPCK And G6Pase.
(A) Hepatocyte cell lines established from Akt2−/− mouse liver. Top, representative image of 

hepatocytes established from control (akt2+/+) and Akt2−/− mouse liver. Bottom left, 

expression of albumin in hepatocyte cell lines established from the mouse livers. Bottom 

right, expression of AKT2, phospho-AKT, and p-GSK3 in hepatocytes with or without 

ectopic expression of AKT2. (B) Akt2+/+ and Akt2−/− hepatocytes are treated with vehicle 

(open bar) or 100 nM insulin (solid bar) for 6 h. Expression of PEPCK and G6Pase were 

determined using quantitative PCR analysis. n = 3. Data presented as mean ± SEM. P ≤ 

0.05. a, different from Vehicle control treated Akt2+/+ cells; b, different from insulin treated 

Akt2+/+ cells; c. different from vehicle treated Akt2−/− cells. Experiments repeated at least 

three times. (C) Akt2−/− hepatocytes were transiently transfected with Myr-AKT2. 

Expression of PEPCK and G6Pase were determined using quantitative PCR analysis. n = 3. 
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Data presented as mean ± SEM. * P ≤ 0.05. Different from vector transfected Akt2−/− cells. 

Experiments repeated at least three times.
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Figure 2. AKT2 loss suppresses glucose excursion induced by pyruvate in the absence of insulin/
nutrient signal.
(A) Fasting plasma glucose levels determined in Akt2+/+ (A+/+) and Akt2−/− (A−/−) mice 

fasted for 16 h. (B) Random fed plasma glucose levels. (C) Insulin tolerance test (ITT) 

performed in Akt2+/+ (A+/+) and Akt2−/− (A−/−) mice fasted for 6 h. (D) Expression of 

PEPCK and G6Pase in Akt2+/+ and Akt2−/− mice fasted for 16 h. n = 3. (E) Pyruvate 

tolerant test (PTT) in Akt2+/+ (A+/+) and Akt2−/− (A−/−) mice fasted for 16 h. Data presented 

as mean ± SEM. * P ≤ 0.05.
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Figure 3. FOXO1 does not mediate AKT2-regulated induction of PEPCK.
FOXO-AAA is transiently transfected to Akt2+/+ and Akt2−/−. PEPCK expression is 

determined using quantitative PCR analysis. n = 3. Data presented as mean ± SEM. * P ≤ 

0.05. Different from vector transfected cells of the same genotype. Experiments repeated at 

least three times.
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Figure 4. CREB phosphorylation mediates AKT2-regulated induction of PEPCK.
(A) CREB phosphorylation induced by PTEN loss is regulated by AKT2. Liver lysates from 

mice with different genotypes were analysis for p-CREB. PM, Pten deleted; DM, Pten and 

Akt2 deleted; AM, Akt2 deleted. Two biological replicas are included for each genotype 

group. Protein levels of p-AKT, PTEN and p-GSK3 are analyzed and showed up-regulation 

of AKT and GSK-3 with PTEN loss and inhibition when AKT2 is lost. Phosphorylation of 

CREB is only observed when PTEN is lost. AKT2 loss together with PTEN blocked this 

phosphorylation in the DM livers. (B) Akt2+/+ and Akt2−/− cell were treated with forskolin 

(100 μM) for 24 h to induce cAMP and CREB phosphorylation or vehicle as controls. 

Phosphorylation of CREB is detected and showed to be lower when AKT2 is lost. When 

forskolin is added to induce cAMP, protein expression of p-CREB is evaluated in both 
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Akt2+/+ and Akt2−/− cells even though its levels remains lower in the Akt2−/− cells. Vinculin 

is probed as loading control. (C) Introduction of CREB-133A and wtCREB to Akt2+/+ and 

Akt2−/− hepatocytes. Expression of PEPCK is analyzed using quantitative PCR analysis. 

Left panel, CREB-S133A is introduced to Akt2+/+ cells. Middle panel, wtCREB is 

introduced to Akt2−/− cells; Right panel, wtCREB is introduced to Akt2+/+ cells. n = 3. Data 

presented as mean ± SEM. * P ≤ 0.05. Different from vector transfected cells of the same 

genotype. Experiments repeated at least three times.
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Figure 5. Schematic for AKT2 regulated PEPCK expression mediated by CREB phosphorylation 
and FOXO1 activity.
In the absence of insulin signal, AKT2 sustains the expression of PEPCK (and to a lesser 

extent G6Pase) by inducing the phosphorylation of CREB. This action likely primes the 

PEPCK promoter for further response to glucagon and glucocorticoid induced 

phosphorylation of CREB mediated by cAMP-PKA. AKT2 also keeps the FOXO1 

transcriptional activity at an inhibitory state. This, however is independent of its 

phosphorylation on FOXO1 in the absence of insulin.
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