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Abstract
Patients with diabetes mellitus can develop cardiac dysfunction in the absence of underlying coronary
artery disease or hypertension; a condition defined as diabetic cardiomyopathy. Mice lacking the
intracellular protein kinase Akt2 develop a syndrome that is similar to diabetes mellitus type 2.
Expression profiling of akt2−/− myocardium revealed that Rab4a, a GTPase involved in glucose
transporter 4 translocation and β –adrenergic receptor (β AR) recycling to the plasma membrane,
was significantly induced. We therefore hypothesized that Akt2 deficiency increases myocardial β-
adrenergic sensitivity. Confirmatory analysis revealed upregulation of Rab4a mRNA and protein in
akt2−/− myocardium. In cultured cardiomyocyte experiments, Rab4a was induced by
pharmacological inhibition of Akt as well as by specific knockdown of Akt2 with siRNA. Isolated
akt2−/− hearts were hypersensitive to isoproterenol (ISO), but exhibited normal sensitivity to
forskolin. Prolonged ISO treatment led to increased cardiac hypertrophy in akt2−/− mice compared
to wild type mice. In addition, spontaneous hypertrophy was noted in aged akt2−/− hearts that was
inhibited by treatment with the β AR blocker propranolol. In agreement with previous results
demonstrating increased fatty acid oxidation rates in akt2−/− myocardium, we found increased
peroxisome proliferator-activated receptor α (PPARα ) activity in the hearts of these animals.
Interestingly, increased myocardial Rab4a expression was present in mice with cardiac-specific
overexpression of PPARα and was also observed upon stimulation of PPARα activity in cultured
cardiomyocytes. Accordingly, propranolol attenuated the development of cardiac hypertrophy in the
PPARα transgenic mice as well. Our results indicate that reduced Akt2 leads to upregulation of Rab4a
expression in cardiomyocytes in a cell-autonomous fashion that may involve activation of PPARα .
This maladaptive response is associated with hypersensitivity of akt2−/− myocardium to β-adrenergic
stimulation.
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INTRODUCTION
Cardiovascular complications are the leading cause of death in patients with diabetes mellitus
(DM) [1]. DM patients are at high risk for developing coronary artery disease and hypertensive-
related cardiac abnormalities. These patients have a worse prognosis in the setting of heart
failure (HF) or myocardial infarction [2]. In addition, DM can promote the development of
intrinsic myocardial dysfunction called diabetic cardiomyopathy [3 ].

Insulin signaling is dependent on the activation of a signal transduction pathway that includes
the insulin receptor, IRS family members, Phosphatidylinositol-3’ kinase-α , (PI3K)
phosphoinositide dependent kinase 1 (PDK1) and Akt family members [4]. Impaired PI3K/
Akt signaling has been implicated in the development of insulin resistance and DM type 2
[5,6]. In cardiomyocytes, the generation of ATP is dependent on the metabolism of both fatty
acids and glucose [7]. Cardiomyocytes express the insulin receptor, and insulin treatment leads
to translocation of the transmembrane glucose transporter glut4 to the plasma membrane,
resulting in increased glucose uptake. The substrates of Akt family members that result in glut4
vesicle translocation to the plasma membrane are not well-established; but may include synip,
a syntaxin4 binding partner that regulates glut4 vesicle docking and fusion and AS160, a Rab
GAP that is inactivated by Akt-mediated phosphorylation [8,9]. In addition, Rab4a, a Ras
related small GTP binding protein was shown to participate in glut4 translocation to plasma
membrane and was found to co-localize with glut4 on the same vesicles [10,11]. Insulin
stimulation also regulates cardiomyocyte physiology by modulating the levels of metabolic
enzymes that participate in glucose and fatty acid metabolism [12].

The Akt family of protein serine/threonine kinases is ubiquitously expressed in mammalian
tissues. Mice lacking Akt1 exhibit a mild growth defect, but are normal with regard to glucose
tolerance and insulin-stimulated disposal of blood glucose [13]. In contrast, mice lacking Akt2
develop a syndrome that is highly similar to type 2 DM in humans. Hyperinsulinemia is present
shortly after birth in akt2−/− mice, and animals gradually develop hyperglycemia at about three
months of age [14]. Interestingly, a loss-of-function mutation in the akt2 gene was associated
with the development of DM and severe insulin resistance in a human pedigree [15]. In addition,
analysis of left ventricular (LV) biopsy specimens obtained during coronary artery bypass
surgery revealed that Akt activation was significantly reduced in the myocardium of patients
with type 2 DM [16].

In previous work, we demonstrated that 2-month-old euglycemic akt2−/− mice have reduced
cardiac glucose oxidation and increased fatty acid oxidation rates, but demonstrate normal
cardiac function [17]. In addition, we found that akt2−/− mice demonstrate a normal
hypertrophic response to transverse aortic constriction, but exhibit increased cardiac
remodeling and dysfunction in response to acute myocardial infarction [17]. Since Akt2 plays
a key role in insulin signaling we hypothesized that the expression of proteins related to insulin
signaling may be altered in akt2−/− cardiac tissue. To address this possibility, a microarray
analysis of gene expression was recently performed on 3-month-old akt2−/− and WT ventricular
tissue (unpublished data). A prominent finding in the akt2−/− myocardium was an increase in
the mRNA encoding Rab4a. While Rab4a is involved in glut4 translocation to the plasma
membrane, it was also found to be critical for the recycling of β-adrenergic receptors (β AR)
from internal vesicles to the plasma membrane [18,19]. Since β AR signaling is a critical
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regulator of cardiac function, our present study was designed to assess the possibility that
deficiency of Akt2 can lead to increased myocardial β-adrenergic sensitivity.

RESEARCH DESIGN AND METHODS
Animals

Methods are described in detail in the supplementary material, available in an online appendix.
All procedures were approved by the Committee for the Handling and Care of Laboratory
Animals (CHCLA) prior to experimentation.

Mice with targeted disruption of the akt2 gene were previously described [14,17]. Mice
overexpressing PPARα in a cardiac-specific manner (MHC-PPARα were a kind gift of Dr.
Daniel Kelly, and were described in detail previously [20].

Murine echocardiography
Transthoracic echocardiography was performed in awake mice with an Acuson Sequoia 256
Echocardiography System equipped with a 15 MHz (15L8) transducer as described previously
(Acuson, A Siemens Company, Malvern, PA) [17]. The echocardiographer was blinded to the
experimental status of the mice.

Cardiac morphometry and histology
Methods are described in detail in the supplementary material. Heart weight to tibia length
ratio (HW/T) was calculated to determine cardiac hypertrophy. Histological analysis was
performed in paraffin-embedded LV sections. Cardiac myocyte cross-sectional area was
calculated in high power fields from the LV lateroanterior region.

Gene expression analysis and protein analysis
Methods are described in detail in the supplementary material. Quantitative real-time RT-PCR
analysis was carried out with the Taqman master mix kit or Syber green reagent (Applied
Biosystems, Foster City, CA) according to the manufacturer’s specifications. Specific mRNA
levels were normalized by the expression of GAPDH [17].

Protein lysates were prepared as previously described [17]. Bands were visualized by use of
the ECL system (Amersham).

Ex vivo analysis of cardiac physiology and cAMP levels
Methods are described in detail in the supplementary material. Experiments were conducted
with hearts isolated from 8-week-old akt2−/− and wild type C57Bl/6 mice. Hearts were hung
on a Langendorff apparatus and perfused with oxygenated, pre-heated buffer (37° C). A fluid-
filled balloon was inserted into the LV. Pressure recordings were interfaced with a personal
computer for off-line analysis of heart rate, pressure derivatives (+dP/dt, −dP/dt) and developed
pressure. For cAMP measurements, hearts were exposed to a solution containing 100 nM
isoproterenol and 0.25 mM 3-isobutyl-1-methylxanthine (IBMX) for 5 minutes and were then
rapidly freeze clamped. Tissue samples were pulverized on dry ice, suspended in 0.1M HCL
and centrifuged for 5 minutes (12000 g). The supernatants were evaluated for cAMP levels
using a cAMP Enzyme Immunoassay Kit (Sigma, USA).

In vivo application of drugs
Methods are described in detail in the supplementary material. Long term ISO application
(60mg/kg/day) was performed using implanted Alzet osmotic mini-pumps. Propranolol (0.5
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g/L), was added directly to the drinking water of akt2−/− mice and matched WT mice and was
replaced 3 times a week [21].

Neonatal Rat Ventricular Myocytes
Cardiomyocytes were isolated from 1–2 day old Sprague-Dawley rat pups. Drug application,
siRNA treatment and adenoviral infection are described in detail in the supplementary material.

Statistical analysis
Values are expressed as means ± SEM. Student's t-test or one-way ANOVA was used as
required (SigmaStat 3.1, Systat Software, Inc, San Jose, CA). Statistical significance was set
at p < 0.05.

RESULTS
Rab4a is induced in akt2−/− cardiac tissue

Quantitative real-time PCR confirmed the induction of Rab4a in akt2−/− myocardium that was
first uncovered in our preliminary microarray analysis. Rab4a mRNA levels were increased in
LV tissue by approximately 2-fold (Figure 1A). Examination of LV protein lysates from
animals at different ages (10 days to 9 months-old) revealed that Rab4a protein levels in
akt2−/− LV were invariably increased by 4–7-fold when compared to age-matched WT mice
(Figure 1B). As akt2−/− mice aged, Rab4a levels declined to some extent from their peak at 2
months of age, but remained markedly higher than age-matched control mice (Figure 1B). We
next examined whether complete deficiency of akt2 is required for cardiac Rab4a induction
by use of haplo-insufficient mice. Cardiac Rab4a expression was increased in akt2+/− mice
although to a lesser extent than in akt2−/− myocardium (Online Figure 1).

To evaluate whether Rab4a up-regulation was ubiquitous in akt2−/− mice, its expression in
other tissues was examined. Rab4a expression was unchanged in the brain and the liver of
akt2−/− mice (Figure 1C). However, Rab4a protein levels were increased in the akt2−/− skeletal
muscle. Rab4a and Rab5 have a reciprocal function in cells. Rab4a promotes the translocation
of several receptor types from the early endosome to the plasma membrane while Rab5
regulates internalization from the plasma membrane to the early endosome [22]. We examined
the expression of Rab5 in the akt2−/− myocardium and found that Rab5 protein levels were
unchanged (Figure 1D).

Rab4a is induced by inhibition of Akt2 signaling in cultured cardiomyocytes
We further investigated the role of Akt2 in Rab4a induction by manipulating Akt2 signaling
in cultured neonatal rat ventricular cardiomyocytes. First, cardiomyocytes were treated with
the direct Akt1/2 inhibitor A6730 for 48 hours. Treatment with A6730 markedly inhibited
insulin-dependent Akt signaling (Figure 2A) and caused upregulation of Rab4a expression in
a dose dependent manner (Figure 2B). Next, we inhibited the expression of Akt2 specifically
utilizing Accell siRNA (Thermo Scientific, USA) that allows delivery into difficult-to-transfect
cells. A 55% decrease of Akt2 protein levels was achieved by use of this siRNA and a
significant increase in Rab4A expression was noted (Figure 2C).

FoxO family members are important transcription factors that are regulated by Akt signaling.
FoxO activity was previously shown to have an inhibitory effect on insulin signaling in
cardiomyocytes [23]. We therefore hypothesized that FoxO activity may be involved in Rab4a
induction. To evaluate this possibility, cardiomyocytes were infected with an adenoviral
expression vector encoding constitutively active FoxO3 (FoxO3A). Infection of cultured
cardiomyocytes with this adenoviral vector did not result in increased Rab4a expression
(Online Figure 2).
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Akt2−/−hearts are sensitized to acute β-adrenergic stimulation
Since Rab4 regulates the recycling of β ARs to the plasma membrane, we hypothesized that
the upregulation of Rab4 in akt2−/− myocardium would increase its sensitivity to β-adrenergic
stimulation. Indeed, hypersensitivity to β-adrenegic stimulation was previously shown in
transgenic mice with cardiac-specific overexpression of Rab4 [18]. Isolated hearts of 2-month-
old akt2−/− and WT mice were stimulated with 100 nM isoproterenol (ISO) and the maximal
response was recorded and analyzed (Figure 3). The spontaneous heart rate of akt2−/− and WT
preparations were similar at baseline and increased to a similar extent following ISO
application (Figure 3A). The developed LV pressure, +dP/dT and −dP/dT were also similar at
baseline. However, developed LV pressure was higher in akt2−/− hearts following ISO
application (Figure 3B). Similarly, +dP/dT and −dP/dT were similar at baseline in both heart
preparations, but were affected to a greater extent in akt2−/− hearts following ISO (Figure 3C,
D). We further evaluated akt2−/− hearts utilizing the direct adenylate cyclase activatior
forskolin. The response of akt2−/− and WT hearts to forskolin was nearly identical for all
parameters (Figure 3), indicating that the β –adrenergic hypersensitivity of akt2−/− hearts was
upstream of adenylate cyclase activation.

To further confirm the β –adrenergic hypersensitivity of akt2−/− hearts, we evaluated cAMP
accumulation following exposure of isolated hearts to 100 nM ISO in the presence of the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX). Application of ISO +
IBMX for 5 minutes markedly increased the tissue levels of cAMP in all tested preparations.
However, akt2−/− hearts demonstrated significantly increased accumulation of cAMP in
response to this treatment when compared to WT hearts (Figure 3E).

Increased β-adrenergic-mediated cardiac hypertrophy in akt2−/− mice
To determine whether akt2−/− mice were sensitized to the hypertrophic effects of sustained β-
adrenergic stimulation, 7-week-old mice were implanted with osmotic Alzet mini-pumps
containing ISO or PBS. After 14 days, hearts were isolated and heart weight -to-tibia length
ratios were calculated (HW/T). In response to ISO infusion, all mice developed cardiac
hypertrophy. However, akt2−/− mice developed significantly more hypertrophy in response to
ISO infusion than ISO-treated WT mice (Figure 4). Echocardiographic analysis of ISO-treated
animals were performed at day 13 of the infusion to exclude evolving heart failure. The results
indicated no difference in LV fractional shortening of akt2−/− compared to WT mice. Histologic
examination revealed no foci of fibrosis in WT or akt2−/− mice following ISO treatment. Blood
glucose levels obtained at the end of the experiment were similar in akt2−/− and WT mice.

Recent studies revealed that Epac, a guanine nucleotide exchange factor directly activated by
cAMP, mediates β AR -induced cardiac hypertrophy in a PKA-independent fashion that
involved calcineurin and Ca(2+)/calmodulin-dependent protein kinase II (CaMKII) [24]. In
addition, Epac expression was previously found to be increased in murine myocardium
following chronic ISO infusion [24,25]. Therefore, we evaluated - the expression- level of Epac
in ISO-treated akt2−/− mice as an indicator of β AR stimulation. Indeed, Epac protein levels
were increased in ISO-treated akt2−/− compared to ISO-treated WT mice (Online Figure 3).
Furthermore, cardiac levels of the active, phosphorylated form of CaMKII were higher in ISO-
treated akt2−/− compared to ISO-treated WT mice (Online Figure 3).

Akt2−/− mice develop concentric cardiac hypertrophy over time
Our group previously demonstrated that akt2−/− mice at 8 weeks of age exhibit normal cardiac
morphology and Function [17]. Since transgenic overexpression of Rab4a has been shown to
cause concentric cardiac hypertrophy at 22 weeks of age, we wished to determine whether the
induction of endogenous Rab4a in akt2−/− myocardium would induce a similar hypertrophic
phenotype with aging. Analysis of HW/T verified that 2-month-old akt2−/− mice exhibited
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normal cardiac mass. However, at 3 months of age, akt2−/− mice already demonstrated marked
cardiac hypertrophy that persisted thereafter (Figure 5A). To exclude systemic hypertension
as a cause of cardiac hypertrophy, noninvasive blood pressure measurements were performed
on 2-month-old animals and demonstrated similar systolic and diastolic blood pressure (BP)
in the akt2−/− mice and the WT controls (Figure 5B). Random blood glucose measurements of
akt2−/− and WT mice indicated that akt2−/− mice were euglycemic at 2 months of age, but
exhibited significant hyperglycemia at 3 months of age that was consistently observed
thereafter (Online Figure 3).

Detailed analysis of the cardiac phenotype of akt2−/− mice at 9 months of age demonstrated
significant LV and RV hypertrophy compared to age-matched WT (Online Table 1).
Transthoracic echocardiographic analysis also confirmed the development of marked
hypertrophy in aged akt2−/− mice (Online Table 2). In addition, fractional shortening (FS) was
slightly but significantly reduced in aged akt2−/− mice compared to matched WT mice (Online
Table 2). Anatomic examination demonstrated marked concentric cardiac enlargement (Figure
5C) and histologic examination revealed no apparent foci of fibrosis (Figure 5D). Histological
analysis also demonstrated that the cross-sectional area of ventricular cardiomyocytes was
increased in akt2−/− mice (Figure 5E).

Beta-blocker treatment prevents the development of cardiac hypertrophy in akt2−/− mice
To further evaluate the role of β-adrenergic signaling in the hypertrophy of akt2−/− mice, we
treated 2-month-old mice with the β AR blocker propranolol for 6 weeks. Propranolol treatment
completely prevented the development of cardiac hypertrophy in akt2−/− mice compared to
untreated akt2−/− animals (Figure 6A). The effect of propranolol was also studied in 10-month-
old akt2−/− mice where cardiac hypertrophy was already well-established. Treatment of 10-
month-old akt2−/− mice with propranolol for 6 weeks reduced the amount of cardiac
hypertrophy compared to untreated akt2−/− mice (Figure 6B). Histological analysis verified
that the cross-sectional area of ventricular cardiomyocytes was indeed decreased following
propranolol treatment (Figure 6C). Importantly, propranolol treatment did not have any effect
of the myocardial mass of young or aged WT controls (Figure 6A,B).

Increased PPARα activity in Akt2−/− myocardium
A reciprocal relationship may exist between Akt2 signaling and peroxisome proliferator-
activated receptor α (PPARα ) activity. Mice overexpressing PPARα in a cardiac-specific
manner (MHC-PPARα mice) showed increased myocardial fatty acid oxidation rates as well
as cardiac insulin resistance and markedly decreased insulin-stimulated Akt activity [20,26].
On the other hand, akt2−/− hearts exhibit reduced insulin-stimulated glucose oxidation rates
and increased fatty acid oxidation rates [17]. In order to evaluate the role of PPARα activity
in akt2−/− myocardium, we examined the mRNA levels of PPARα as well as the PPAR α-
regulated genes CPT-1 and MCAD [20]. Our results demonstrated that the mRNA levels for
all three genes were significantly increased in akt2−/− compared to WT myocardium (Figure
7). Thus, the presence of increased PPARα activity and decreased insulin-stimulated Akt
signaling is a shared finding in the myocardium ofakt2−/− and MHC-PPARα mice.

Cardiac Rab4a is induced by activation of PPARα
Current and previous findings suggest a marked similarity in the metabolic state that exists in
akt2−/− and MHC-PPARα myocardium. Therefore, we evaluated the possible involvement of
PPARα activation in myocardial Rab4a induction. To that end the myocardial levels of Rab4a
were evaluated in MHC-PPARα mice. Interestingly, rab4a protein levels were elevated in
MHC-PPARα myocardium (Figure 8A). Moreover, adenoviral mediated overexpression of
PPARα in combination with the potent PPARα ligand WY-14643, led to a significant increase
in Rab4a expression in cultured rat neonatal ventricular cardiomyocytes as well (Figure 8B).
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Since MHC-PPARα mice develop robust cardiac hypertrophy at an early stage of life we next
evaluated whether propranolol treatment would diminish the development of cardiac
hypertrophy in this model system. Since overt hypertrophy occurs in this model at a very early
age, we treated MHC-PPARα mice and littermates with propranolol from the age of 2 weeks
for a period of 6 weeks. Our results demonstrated that propranolol can reduce the development
of cardiac hypertrophy in MHC-PPARα mice as well. Propranolol treatment did not affect the
myocardial mass of WT controls (Figure 8C)

DISCUSSION
β ARs are critical regulators of cardiac function. In response to acute stress, stimulation of
myocardial β ARs by circulating and locally released catecholamines increase cardiac
contractility and heart rate and thereby augment blood flow to vital organs [27]. Upon
stimulation with agonists, β AR signaling in the heart is negatively regulated by agonist-
mediated uncoupling of β AR signaling [28]. In addition, β AR stimulation leads to the β-
arrestin-dependent process of transvesicular receptor internalization and trafficking [29].

In two independent studies, the small Ras-like GTPase Rab4a was shown to play an important
role in the resensitization of β AR after they are internalized by the action of β-arrestin [18,
19]. As a result, inhibition of Rab4a function by expression of a dominant negative mutant
(S27N) resulted in reduced myocardial sensitivity to ISO stimulation [19]. In contrast, mice
with cardiac-specific overexpression of Rab4a were found to have an increased concentration
of β AR in the plasma membrane and also demonstrated acute hypersensitivity to β AR
stimulation as well as concentric cardiac hypertrophy with aging [18]. Our finding that
endogenous Rab4a is highly induced by Akt2 loss-of-function, a condition associated with
severe insulin resistance and development of type2 DM in mice as well as in humans, is the
first clear indication that increased Rab4a protein levels leading to increased β AR signaling
may indeed be relevant to a human disease state.

The results of this study suggest that Rab4a is not only increased in concentration in akt2−/−

myocardium, but is also functional in terms of promoting β AR recycling and sensitivity. First,
isolated akt2−/− myocardium was sensitized to acute ISO stimulation, but was not sensitized
to acute forskolin stimulation that targets adenylate cyclase. Of note, while the inotropic effect
of ISO was clearly enhanced in akt2−/−hearts, we did not identify a difference in the
chronotropic effect of ISO under the same conditions. One possible explanation for these
disparate findings is that akt2 deficiency does not induce Rab4a expression in the pacemaker
cells of the sinus node. However, since it was not possible to isolate these cells for biochemical
analysis, we could not address this possibility in the present study. Second, chronic ISO
stimulation led to enhanced cardiac hypertrophy in young euglycemic akt2−/− mice, in
association with enhanced Epac expression, which was previously implicated in β-adrenergic
stimulation-mediated cardiac hypertrophy [24,25]. The possibility that changes in systemic
blood pressure or vascular resistance contributed to the observed phenotype following ISO
treatment cannot be totally excluded. However, this possibility seems unlikely as it was
previously shown that changes in systemic blood pressure do not mediate the hypertrophic
effect of ISO in mice [30,31]. Moreover, our group previously demonstrated that akt2−/− mice
exhibit a similar hypertrophic response in response to pressure-overload compared to WT
controls [17]. Another possibility is that the increased hypertrophy in the akt2−/− mice was
secondary to myocardial damage and toxicity, but there were no histological signs of cell
damage or fibrosis observed in the akt2−/− hearts after chronic ISO treatment. It should be
mentioned that, in comparison to rats, mice in general, and the C57Bl/6 strain in particular, are
resistant to ISO-induced cardiomyocyte death and myocardial fibrosis [32,33]. Third,
akt2−/− mice were found to develop a cardiac hypertrophic phenotype over time that was similar
to the phenotype of mice with cardiac-specific overexpression of Rab4a. Moreover, β-blocker
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treatment prevented the spontaneous development of cardiac hypertrophy in akt2−/− mice. The
possibility that increased sympathetic tone also contributed to the hypertrophic phenotype of
akt2−/− mice was not directly addressed in the present study, but the baseline heart rate and
blood pressure of akt2−/− mice was similar to that observed in age-matched WT animals. In
addition, elevated sympathetic tone does not explain the increased hypertrophic phenotype in
response to ISO infusion, which occurred in an accelerated fashion over a time period of 2
weeks and in an early age in which no spontaneous hypertrophy is normally observed.

Association between cardiac Akt2 and Rab4a expression
Apart from the effect of Rab4a in β AR recycling, Rab4a was previously found to be localized
in glut4-containing intracellular vesicles and was shown to participate in glut4 translocation
to the plasma membrane following insulin stimulation [10,11,34,35]. The finding that Rab4a
up-regulation is not a ubiquitous feature of the akt2−/− mice, but is specifically observed in
myocardium and skeletal muscle where glut4-mediated glucose transport is operative, suggests
that the up-regulation of Rab4a is a compensatory mechanism to correct the abnormal glucose
metabolism in these tissues. Our results in cultured cardiomyocytes with both a
pharmacological inhibitor of Akt kinase activity and an siRNA-mediated Akt2 knock-down
approach demonstrate that Rab4a expression is promoted by decreased Akt2 signaling in a
cell-autonomous manner that is apparently unrelated to extracellular glucose concentration.
The increased expression of Rab4a in the hearts of mice haplo-insufficient for Akt2 also
supports this model, since these animals exhibit completely normal systemic glucose
homeostasis [14]. Further work will be needed to identify the exact downstream effector/s of
Akt2 that are involved in Rab4a upregulation. The possibility that FoxO activation is involved
in this phenomenon was not supported by our results with adenoviral-mediated FoxO3
overexpression in cultured cardiomyocytes.

Role of PPARα activation in Rab4a induction
Our results indicate that expression of PPARα is increased in akt2−/− myocardium. In addition,
we found that the expression of two important PPARα-regulated genes, CPT-1 and MCAD,
are increased in akt2−/− myocardium. These findings demonstrate enhanced PPARα activity
in the akt2−/− heart and support our previously published finding that there is increased fatty
acid oxidation in the akt2−/− heart [17]. Of note, Akt2 may inhibit PPARα activation via
phosphorylation and inhibition of the transcriptional coactivator peroxisome proliferator-
activated receptor-coactivator-1α [36].

One model to explain our findings is that Akt2 loss-of-function results in PPARα activation
that results in Rab4a induction. The detection of increased Rab4a in MHC-PPARα myocardium
supports this model. Moreover, overactivation of PPARα in cultured cardiomyocytes also
induced Rab4a expression. Interestingly, computerized sequence analysis identified a retinoid
X receptor (RXR) binding site upstream to exon 1 in the Rab4a gene.

The hypertrophic phenotype of MHC-PPARα mice is much more robust than the cardiac
phenotype of akt2−/− mice, and leads to overt heart failure by 10–12 weeks of-age [20]. In
addition, previous reports indicated the Gq activation may be involved in the hepertrophic
phenotype of MHC-PPARα mice [37]. Nevertheless, the fact that the hypertrophic phenotype
of MHC-PPARα mice could be significantly attenuated by propranolol treatment indicates that
myocardial β AR hypersensitivity may be a contributing factor in the development of cardiac
hypertrophy in this model. Interestingly, the acute effect of ISO stimulation on cardiac function
in PPARα −/− mice was significantly blunted in one study [38]. In addition, β AR receptor
expression was found to be reduced in the PPARα −/− myocardium [38].
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Possible clinical implications
The therapeutic efficacy of pharmacological β AR blockade has been well-documented in HF
and in myocardial ischemia. However, pharmacogenomic studies revealed several genetic and
molecular variations in β AR signaling that can affect the clinical outcome of patients with HF
and their response to β –blocker treatment [39,40]. In DM patients, β-blockers were considered
harmful for many years due to their metabolic side effects [41]. However, it is currently
accepted that DM patients with myocardial ischemia or HF benefit from β-blocker therapy
[41–43]. Nevertheless, since β-blocker treatment is not free of side effects and can exacerbate
metabolic concerns in DM patients, an ability to predict the responsiveness of these patients
to β-blocker treatment would be of high clinical value. Our present findings suggest that a
subpopulation of patients in which myocardial Akt2 is significantly inhibited may benefit the
most from β-blocker treatment. Furthermore, since type 2 DM is a systemic disease, the cardiac
expression of Rab4a and consequent responsiveness to β-blocker therapy may be predicted
based on peripheral Akt2 function or PPARα activity., The upregulation of Rab4a in the skeletal
muscle of akt2−/− mice might also suggest a way to identify patients with increased cardiac
Rab4a by analyzing Rab4a protein levels in skeletal muscle biopsy specimens. Since the
activity in circulating cells of the β AR-regulating protein G protein-coupled receptor kinase-2
(GRK2) is a marker of GRK2 alterations in heart [44,45], it will be interesting to determine
whether Rab4a levels and β AR sensitivity in circulating cells is similarly a marker of Akt2
and PPARα activity in heart.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

β AR β adrenergic receptor

CaMKII Ca(2+)/calmodulin-dependent protein kinase II

DM diabetes mellitus

HF heart failure

HW/T Heart weight-to-tibia length ratio

ISO isoproterenol

LV left ventricle

PDK-1 phosphoinositide dependent kinase 1

PI3K Phosphatidylinositol-3’ kinase-α

PPARα peroxisome proliferator-activated receptor α

RV right ventricle

WT wild type

BP blood pressure

PBS Phospate buffered saline
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Figure 1.
Rab4a expression is increased in akt2−/− myocardium. A. Quantitative real-time RT-PCR
analysis of Rab4a mRNA levels in akt2−/− and WT myocardium obtained from 2-month (n=3;
*, p=0.0008 akt2−/− vs. WT), 4-month (n=5; *, p=0.0002 akt2−/− vs. WT) and 9-month (n=11;
*, p=0.006 akt2−/− vs. WT) old mice. Rab4a mRNA levels were normalized by GAPDH mRNA
levels and are presented in arbitrary units. B. Rab4a protein levels in ventricular lysates
obtained from 10-day-old mice and from 2-, 3-, 4-, 6- and 9-month-old mice ( WT and
akt2−/−). Results were normalized by actin protein levels (lower panel). C. Rab4a protein levels
in skeletal muscle, brain and liver lysates obtained from 2–3 month-old WT and akt2−/− mice.
Rab4a bands from skeletal muscle were increased by 1.85±0.1 fold in akt2−/− mice (lower
panel, n=4–6; *, p=0.01). D. Rab4a and Rab5 protein levels in ventricular lysates obtained
from 2-month-old WT (n=5) and akt2−/− (n=4) mice.
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Figure 2.
Rab4a expression is induced in cultured rat neonatal ventricular cardiomyocytes by Akt
inhibition. A. Analysis of phospho-Akt levels and phospho-GSK3β levels in cultured
cardiomyocytes following 10 minutes of stimulation with 10 nM insulin under normal
conditions (Cont) and in the presence of the Akt1/2 inhibitor A6730. Cardiomyocytes were
exposed to the drug for 24 hours before the activation with insulin. B. Rab4a protein levels
following exposure of cardiomyocytes to regular media (0) or to different concentrations of
the Akt1/2 inhibitor A6730 (0.5–2.5 μM, n=4–6 wells for each concentration, lower panel *,
p< 0.01 compared to control).C. Rab4a protein levels following incubation of cultured
cardiomyocytes with 1μM of akt2 siRNA or 1μM of a non–targeting (cont) siRNA in an Accell
medium. Rab4a and akt2 bands were normalized by actin protein levels (lower panel *, p<
0.0001 compared to control, n=5 wells in 3 independent experiments)
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Figure 3.
The sensitivity to acute stimulation with ISO is enhanced in akt2−/− hearts. Isolated hearts
obtained from 8-week-old akt2−/− and WT mice were perfused with Tyrode's solution
containing 100 nM ISO (n=8 and 10 for akt2−/− and WT hearts, respectively) or 1 μM Forskolin
(Forsk, n=6 in each group). Parameters at baseline and during the peak pressure response to
ISO or Forsk were evaluated. A. Spontaneous heart rate. B. Developed LV pressure (*, p=0.005
akt2−/− ( Iso) vs. WT (Iso)). C. Maximal rate of LV contraction (+dP/dT; *, p=0.0001
akt2−/− ( Iso) vs. WT (Iso)). D. Maximal rate of LV relaxation (−dP/dT; *, p=0.0001 akt2−/−

( Iso) vs. WT (Iso)). E. cAMP levels were measured in WT and akt2−/− hearts at baseline (n=2
in each group) and following stimulation with Iso (100nM) + IBMX (0.25 mM) for 5 min (n=5
and 6 for WT and akt2−/− hearts, respectively. *, p=0.04).
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Figure 4.
Increased β-adrenergic-mediated cardiac hypertrophy in akt2−/− mice. 7-week-old akt2−/− and
WT mice were implanted with Alzet osmotic minipumps to deliver ISO (60 mg/kg/day, n=7–
8) or PBS (n=5–6) for 14 days. Note increased ISO-mediated hypertrophy characterized by
elevated heart weight-to-tibia length ratio (HW/T) in akt2−/− mice compared with WT mice.
*, p<0.001 for WT (iso) vs. WT (PBS) and akt2−/− (iso) vs. akt2−/− (PBS); †, p=0.007
akt2−/− (iso) vs. WT (iso).
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Figure 5.
Spontaneous gradual development of cardiac hypertrophy in akt2−/− mice. A. Heart weight to
tibial length ratio (HW/T) was determined at various time points. The number of mice analyzed
at each time point were: 2 months (3 WT,4 akt2−/−), 3 months (3 WT, 5 akt2−/−), 4 months (6
WT, 3 akt2−/−), 6 months (5 WT, 5 akt2−/−), and 9 months (9 WT, 8 akt2−/−). B. Noninvasive
blood pressure measurements obtained from 2 month old akt2−/− and WT mice (n=4 in each
group). C. Anatomic appearance of akt2−/− and WT hearts obtained from 9-month-old animals.
D. Histological sections from left and right verticals of akt2−/− and WT mice stained with
Masson’s trichrome-staining. Notice the absence of intra-myocardial fibrosis in akt2−/−

sections. E. Right: representative LV histological sections from 9-month-old akt2−/− and WT
mice stained with H&E. Left: Summary of the average cross-sectional area of cardiomyocytes.
Results are normalized to WT.
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Figure 6.
Propranolol treatment of akt2−/− mice inhibits cardiac hypertrophy. A. Reduced cardiac
hypertrophy in akt2−/− mice treated with propranolol for 6 weeks from the age of 7-weeks-old,
compared to untreated akt2−/− mice (n=4–6; *, p=0.008). Increased cardiac hypertrophy in
untreated akt2−/− mice compared to untreated WT mice (n=6; †, p=0.002). B. Decreased cardiac
hypertrophy in 10-month-old akt2−/− mice treated with propranolol for 6 weeks (n=3; *,
p=0.004) compared to untreated akt2−/− mice. Increased cardiac hypertrophy in untreated
akt2−/− mice compared to untreated WT (†, p=0.0004). C. Representative LV histological
sections from 10-month old control akt2−/− mice and akt2−/− mice treated with propranolol.
Summary of the average cross-sectional area of cardiomyocytes (Right panel)

Etzion et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Increase in PPARα and PPARα-target gene expression in akt2−/− myocardium. LV tissue
isolated from 9-month-old WT (n=5) and akt2−/− (n=5) mice was used to purify RNA for
quantitative RT-PCR analysis. Peroxisome proliferator-activated receptor α (PPARα ),
carnitine palmitoyltranferase 1 (CPT-1) and medium-chain acyl-CoA dehydrogenase (MCAD)
were normalized to the expression of GAPDH. The data is normalized to WT and is presented
in arbitrary units (AU). PPARα (*, p=0.04), mCPT-1 (*, p=0.018) and mCAD (*, p=0.025).
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Figure 8.
Rab4a is induced in MHC-PPARα myocardium A. Increased Rab4a protein level in transgenic
mice with cardiac-specific overexpression of PPARα . Rab4a protein levels in ventricular
lysates obtained from 6 week-old MHC-PPARα mice and WT littermates, normalized by actin
protein levels (lower panel, n=7–8; *, p= 0.002) B. Rab4a expression following incubation of
cardiomyocytes with Ad-GFP-PPARα or Ad-GFP control (MOI of 100). Cell were evaluated
with (n=8 wells) or without (n=5 wells) the PPARα agonist WY14643 (1μM). Bands were
normalized by actin (lower panel *, p= 0.00005 compared to Ad-GFP+WY). C. Reduced
cardiac hypertrophy in MHC-PPARα mice treated with propranolol for 6 weeks from the age
of 2-weeks-old, compared to untreated MHC-PPARα (n=9 and 5; respectively *, p=0.0004).
Increased cardiac hypertrophy in untreated MHC-PPARα mice compared to untreated WT
(n=8; †, p=0.00001).
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