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Abstract
Physiological cardiac hypertrophy is associated with mitochondrial adaptations that are characterized
by activation of PGC-1α and increased fatty acid oxidative (FAO) capacity. It is widely accepted
that phosphoinositide-3 Kinase (PI3K) signaling to Akt1 is required for physiological cardiac growth.
However, the signaling pathways that coordinate physiological hypertrophy and metabolic
remodeling are incompletely understood. We now show that activation of PI3K is sufficient to
increase myocardial FAO capacity and that inhibition of PI3K signaling prevents mitochondrial
adaptations in response to physiological hypertrophic stimuli despite increased expression of PGC1-
α. We also show that activation of the downstream kinase Akt is not required for the mitochondrial
adaptations that are secondary to PI3K activation. Thus in physiological cardiac growth, PI3K is an
integrator of cellular growth and metabolic remodeling. Although PI3K signaling to Akt1 is required
for cellular growth, Akt-independent pathways mediate the accompanying mitochondrial
adaptations.

Introduction
Cardiac hypertrophy has classically been categorized as “physiological” as occurs during
development or in response to exercise training and “pathological” as occurs following pressure
overload. Physiological hypertrophy is a compensated state with preserved or enhanced
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function over time whereas pathological hypertrophy often progresses to heart failure. The
functional consequence of cardiac hypertrophy may be due to differences in signaling pathways
that contribute to pathological vs. physiological cardiac growth (Dorn and Force, 2005).

Cardiac hypertrophy can dramatically alter myocardial substrate metabolism depending on the
stimulus for hypertrophy. The metabolic flexibility of the heart allows it to maintain energy
needs in response to various signals for growth, and disruption of this flexibility can impair
function (Ritchie and Delbridge, 2006). Physiological hypertrophy (during maturation from
birth to adulthood or following exercise training) is associated with mitochondrial biogenesis
and an increased capacity to oxidize fatty acids (FA) and glucose (Burelle et al., 2004; Lehman
et al., 2000). Pathological hypertrophy, which often decompensates and progresses to heart
failure, is associated with reduced FA metabolism and increased dependence on glucose
utilization (Allard et al., 1994; Arany et al., 2006; Massie et al., 1995).

Isoforms of peroxisome proliferator activated receptors (PPAR) and PPAR gamma
coactivator-1 (PGC-1) are key transcriptional regulators of cardiac metabolism (Huss and
Kelly, 2005). PPARα is a ligand activated nuclear receptor involved in transcription of many
FA oxidation genes. The transcriptional coactivators PGC-1α and PGC-1β are important
regulators of mitochondrial remodeling in the heart, by coactivating PPARs and nuclear
respiratory factors 1/2 (NRF1/2) to coordinately increase mitochondrial biogenesis and
oxidative capacity (Huss et al., 2002; Lehman et al., 2000; Russell et al., 2004; Vega et al.,
2000). However, the signaling pathways that coordinate the mitochondrial adaptations in the
context of cardiac hypertrophy are not fully understood.

It is widely accepted that PI3K signaling to Akt is an important regulator of cellular and organ
growth. Class Ia PI3Ks consist of a p110α catalytic subunit and a p85/p55 regulatory subunit,
which can be activated by growth factors to phosphorylate phosphoinositide-4,5-P2 at the 3
position to produce phosphoinositide-3,4,5-P3 (PIP3). PIP3 initiates activation of downstream
targets, such as phosphoinositide dependent kinase 1 (PDK1) and Akt, that modulate a wide
variety of cellular processes including metabolism, cell growth, protein synthesis, and gene
transcription. In the heart, activation of p110α induces compensated hypertrophy, whereas
inhibition of PI3K results in a reduction in cardiac size (Luo et al., 2005; Shioi et al., 2000).
p110α signaling is necessary for physiological cardiac growth in response to exercise training,
but is dispensable for pathological hypertrophy (Luo et al., 2005; McMullen et al., 2003).

Akt1 and Akt2 are the most abundant Akt isoforms in the heart. Akt1 is required for
physiological hypertrophy in response to exercise training and IGF1 stimulation (DeBosch et
al., 2006). Transgenic overexpression of Akt isoforms in the heart results in a greater degree
of cardiac hypertrophy with a broad spectrum of functional consequences from increased
contractility to decreased ejection fraction and heart failure, which may depend in part on the
degree of Akt overexpression (Condorelli et al., 2002; Matsui et al., 2001; Shioi et al., 2002).
It is currently unknown if activation of PI3K and/or activation of Akt signaling plays any role
in the metabolic remodeling that accompanies physiological cardiac growth.

The aim of the current study was to determine the role of myocardial PI3K/Akt signaling in
the metabolic and mitochondrial adaptations that occur in the context of physiological cardiac
hypertrophy. By examining various mouse mutants with activation or inhibition of PI3K and
Akt signaling respectively we show that PI3K signaling coordinately regulates physiological
cardiac growth and the associated mitochondrial adaptations. In contrast to most other
metabolic effects of PI3K signaling, these changes are independent of Akt activation.
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Results
Constitutive Activation of PI3K Increases Mitochondrial Fatty Acid Oxidative Capacity in the
Heart

To determine if activation of phosphoinositide 3-kinase (PI3K) in the heart increases
mitochondrial oxidative capacity, we measured substrate metabolism and mitochondrial
function in hearts from mice with cardiac-restricted constitutive activation of PI3K (caPI3K).
These mice have cardiac hypertrophy (~20%) with preserved function (Shioi et al., 2000).
Relative to controls, phosphorylation of Akt and its downstream targets are increased in caPI3K
hearts (Figure 1A). Palmitate oxidation, glycolysis, and glucose oxidation in perfused working
hearts from 5–7 week-old caPI3K mice was increased (Figure 1B–1D) and indices of cardiac
function in isolated working hearts, including left ventricular developed pressure and cardiac
output, were modestly increased in caPI3K mice relative to controls (Supplementary Table 1).
Mitochondrial respiration and ATP production in permeabilized cardiac fibers from caPI3K
mice were unchanged when using either glutamate or pyruvate as a substrate (Figure 1E and
data not shown) but the maximal rate of mitochondrial respiration (State 3) using palmitoyl-
carnitine as a substrate was increased in caPI3K cardiac fibers compared to controls (Figure
1F). Despite a significant increase in state 4 of mitochondrial respiration (in the presence of
oligomycin), ATP synthesis rates and ATP/O ratio (the amount of ATP produced per molecule
of oxygen consumed) were unchanged relative to controls, suggesting that mitochondrial
oxygen consumption was tightly coupled to ATP production in caPI3K hearts (Figure 1G and
data not shown). Activities of 3′hydroxyacyl-CoA dehydrogenase (HADH), a key enzyme in
β-oxidation, and citrate synthase (CS), a rate limiting step in the citric acid cycle, were increased
in caPI3K cardiac tissue (Figures 1H and 1I). Increased mitochondrial enzymatic activities,
particularly CS activity, could suggest changes in mitochondrial number or morphology.
Electron microscopic studies indicated that cardiac structure, mitochondrial number, and
mitochondrial morphology were unchanged in caPI3K hearts compared to controls (Supp.
Figure 1). Additionally, mitochondrial DNA content was also unchanged in caPI3K hearts.
When normalized to mitochondrial protein, citrate synthase activity measured in isolated
mitochondria from caPI3K hearts was increased (Figure 1J), indicating that the increased
mitochondrial enzymatic activities are likely due to increased enzymatic activity per
mitochondria, rather than changes in mitochondrial number.

Dominant Inhibition of PI3 Kinase Reduces Fatty Acid Oxidative Capacity in the Heart
We next determined the effect of inhibition of PI3K signaling on mitochondrial oxidative
capacity using mice with cardiac restricted expression of a dominant negative p110α (dnPI3K).
Hearts from dnPI3K mice are significantly smaller than control hearts, but maintain function
in vivo (Shioi et al., 2000). Mitochondrial respiration and ATP production in saponin-
permeabilized cardiac fibers from 5 to 7-week-old dnPI3K hearts were unchanged relative to
controls using either glutamate or pyruvate as substrate (Figure 2A and data not shown).
However, state 3 of respiration and ATP production were significantly reduced in dnPI3K
fibers treated with palmitoyl-carnitine as substrate (Figures 2B and 2C). Reduced palmitoyl-
carnitine respiration was correlated with decreased palmitate oxidation, cardiac power, and
cardiac output in isolated working hearts from older dnPI3K mice (Supp. Figure 2). Enzymatic
activities of HADH and CS were significantly reduced in heart homogenates from dnPI3K
mice (Figure 2D and 2E). However, electron microscopy of cardiac tissue revealed no changes
in cardiac structure, mitochondrial number, or mitochondrial morphology (Supp. Figure 3).

Inhibition of PI3K signaling Prevents the Increase in Myocardial Fatty Acid Oxidative
Capacity in Response to Exercise Training

To determine if PI3K signaling is required for the cardiac mitochondrial adaptations to
physiological hypertrophy, we exposed 8–10 week-old dnPI3K and control mice to 3 weeks
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of exercise swimming training. In previously published studies, inhibition of PI3K signaling
in dnPI3K mice prevented exercise-induced cardiac hypertrophy but had no effect on cardiac
function measured by echocardiography (McMullen et al., 2003). We measured
phosphorylation levels of Akt and its downstream targets in hearts from exercise-trained and
sedentary mice (Figure 3A). Densitometric analysis showed that phosphorylation ratios of Akt
and FoxO1 were significantly attenuated in response to exercise training in dnPI3K hearts
compared to controls (Figure 3B). Swim-trained WT mice exhibited robust cardiac
hypertrophy, but hypertrophy in dnPI3K mice was prevented (Figure 3C), despite similar
degrees of exercise training as evidenced by equivalent increases in citrate synthase activity
in skeletal muscle of exercise-trained dnPI3K and WT mice (Supplementary Figure 4). Swim-
trained WT mice show enhanced mitochondrial respiration and ATP production with
palmitoyl-carnitine substrate compared to sedentary controls (Figure 3D and 3E). Consistent
with observations in younger animals, 11–13 week-old dnPI3K sedentary mice show decreased
state 3 of respiration compared to WT sedentary controls. Swimming training was unable to
increase mitochondrial respiration or ATP synthesis rates in dnPI3K hearts (Figure 3D and
3E).

Fatty Acid Oxidation (FAO) Enzyme and Oxidative Phosphorylation Complex (OXPHOS)
Transcript Levels in caPI3K and dnPI3K Hearts

To investigate whether PI3K-mediated changes in mitochondrial FAO capacity reflect
transcriptional changes, we determined mRNA levels of FAO enzymes and OXPHOS subunits
by quantitative real-time PCR in caPI3K and dnPI3K hearts. Although medium chain acyl-
CoA dehydrogenase (MCAD) transcript levels were increased in caPI3K hearts, FAO enzyme
and OXPHOS subunit mRNA levels remained largely unchanged (Figure 4A). In contrast,
mRNA levels of MCAD, long- (LCAD), and very long- (VLCAD) chain acyl-CoA
dehydrogenases, muscle carnitine palmitoyl transferase 1 (CPT1β), carnitine palmitoyl
transferase 2 (CPT2), 3′hydroxyacyl-CoA dehydrogenase α-(Hadhα) and β-subunits (Hadhβ),
and a subunit of complex III (Uqcrc1) were reduced in dnPI3K hearts from 5–7 week old female
mice compared to controls (Figure 4B). In hearts from 11–13-week-old male wildtype mice,
swimming exercise-training induced increases in mRNA levels of MCAD, a subunit of
complex I (Ndufa9), and a subunit of complex IV (Cox4i1) compared to sedentary controls
(Figure 4C). Hearts from exercise trained dnPI3K mice failed to increase mRNA levels of
MCAD compared to sedentary controls, and attenuated the exercise-induced increase in
Cox4i1 mRNA levels (Figure 4C).

We also determined mRNA expression of PPARα, PGC-1 isoforms, and estrogen-related
receptor alpha (ERRα) which are transcriptional regulators of FAO and OXPHOS genes (Huss
and Kelly, 2004). No changes in mRNA levels of PPARα, PGC-1β, or ERRα were observed
in caPI3K hearts, but mRNA levels of PGC-1α were decreased compared to controls (Figure
5A). No changes in mRNA levels of PPARα, PGC-1β, or ERRα were observed in dnPI3K
hearts (Figure 5B). Despite down-regulation of FAO and OXPHOS genes in dnPI3K hearts,
mRNA levels of PGC-1α were increased 1.23 fold compared to controls (Figure 5B). Although
exercise training induced PPARα mRNA levels in WT hearts compared to WT sedentary
controls, mRNA levels of PPARα were unchanged in exercise-trained dnPI3K hearts relative
to WT exercise or dnPI3K sedentary controls (Figure 5C). PGC-1α mRNA levels were induced
by exercise training in WT mice. Despite reduced mitochondrial respiration, hearts from
sedentary dnPI3K and exercise-trained dnPI3K mice showed increased PGC-1α mRNA
expression to levels similar to those observed in exercise-trained wildtype mice (Figure 5C).
No changes were observed in PGC-1β mRNA levels in hearts from exercise-trained and
sedentary, wildtype or dnPI3K mice. Western analysis of nuclear enriched fractions of cardiac
tissue confirmed that protein expression of PGC-1α was significantly decreased in caPI3K
hearts relative to controls (Densitometric ratio of PGC-1α to the non-specific band: WT = 1.21
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± 0.04 vs. caPI3K = 0.83 ± 0.10; p<0.05) (Figure 5D). Conversely, PGC-1α protein expression
was increased in both exercise-trained WT hearts and sedentary dnPI3K hearts, relative to
sedentary controls (Figure 5D).

Constitutive Activation of Akt Reduces Mitochondrial Fatty Acid Metabolism in the Heart
To determine if Akt mediates the effects of PI3K on myocardial mitochondrial fatty acid
oxidative capacity, we determined mitochondrial function in hearts of mice with cardiac
restricted expression of a constitutively active Akt1 (T308D/S473D) (caAkt). Hearts from 2-
week-old caAkt mice exhibit robust hypertrophy with preserved cardiac function that
progressively declines by 14-weeks of age, and heart failure ensues by 20-weeks of age (Shioi
et al., 2002). To avoid the confounding effects of heart failure on the mitochondrial phenotype
of caAkt hearts, we studied mice between 5 and 7 weeks of age. States 2 and 3 of mitochondrial
respiration with palmitoyl-carnitine as substrate were decreased in caAkt cardiac fibers
compared to controls (Figure 6A). Rates of ATP synthesis were also reduced in caAkt fibers
(Figure 6B), to a degree similar to that of dnPI3K hearts at the same age. Enzymatic activities
of HADH and CS were markedly reduced in heart homogenates from caAkt mice relative to
controls (Figure 6C and 6D). When normalized to mitochondrial protein, CS activity in
mitochondria isolated from caAkt hearts was also reduced suggesting diminished enzymatic
activity per mitochondria (Figure 6E).

Germline Deletion of Akt1 or Akt2 or Overexpression of a Kinase-Dead Akt1 Isoform Does
Not Prevent Exercise-Induced Increases in Mitochondrial Respiration

We next determined mitochondrial function in sedentary or exercise-trained mice with either
germline deletion of Akt1 or Akt2, or cardiac restricted expression of a kinase deficient Akt1
(K197M) (kdAkt) (Shioi et al., 2002) to evaluate if mitochondrial adaptations to exercise-
induced cardiac hypertrophy require the activity of a specific Akt isoform. Akt1 −/− mice are
characterized by decreased body size and normal glucose tolerance, whereas Akt2 −/− mice
exhibit impaired glucose tolerance and hepatic insulin resistance (Chen et al., 2001; Cho et al.,
2001a; Cho et al., 2001b; Garofalo et al., 2003). Cardiac function and dimensions, as measured
by echocardiography, were not significantly different between Akt1 −/−, Akt2 −/−, and control
mice, and were unchanged between sedentary and exercise-trained mice (Supplementary Table
2). Exercise increased phosphorylation of Akt in hearts from control animals for each group
(Figure 6F). Phosphorylation of residual Akt isoforms increased with exercise training in Akt1
−/− hearts, whereas phosphorylation levels of the residual Akt isoforms in Akt2 −/− hearts was
variable and did not globally increase with exercise training (Figure 6F). Hearts from kdAkt
mice overexpress an Akt isoform that can still be phosphorylated and we show that exercise
training increases its phosphorylation (Figure 6F). State 3 of respiration with palmitoyl-
carnitine as substrate was unchanged in cardiac fibers from sedentary Akt1 −/−, Akt2 −/−, and
kdAkt relative to WT controls (Figure 6G). Additionally, mitochondrial respiration with PC
was increased in cardiac fibers from exercise-trained Akt1 −/−, Akt2 −/−, kdAkt, and control
mice, compared to sedentary mice of the same genotype (Figure 6G). Cardiac hypertrophy, as
measured by heart weight to tibia length was increased in exercise-trained Akt2 −/− and control
mice, but was prevented in exercise-trained Akt1 −/− mice and was not significantly increased
in exercise-trained kdAkt mice (Figure 6H). The same degree of exercise training was achieved
in Akt1 −/−, Akt2 −/−, kdAkt, and control mice as evidenced by increased citrate synthase
activity in mixed gastrocnemius muscle from exercise-trained mice, relative to sedentary mice
of the same genotype (Figure 6I). Thus, whereas Akt1 is required for physiological cardiac
hypertrophy, it does not mediate the mitochondrial adaptations that accompany exercise
training. Moreover, the studies in Akt2 −/− hearts, in which mitochondrial respirations
increased despite variable phosphorylation of residual Akt isoforms with exercise and a
preserved mitochondrial response to exercise in kdAkt hearts, provide additional evidence for
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the absence of a role for Akt in mediating the metabolic adaptations to exercise-induced cardiac
hypertrophy.

Inhibition of Akt Signaling in caPI3K Hearts Attenuates Hypertrophy but Does Not Prevent
Mitochondrial Metabolic Remodeling

Given the deleterious effects of Akt overexpression on mitochondrial oxidative capacity and
the absence of any impact of germline Akt deletion on mitochondrial function, we hypothesized
that PI3K regulates fatty acid oxidative capacity in the heart independently of Akt signaling.
To address this question, we performed an epistatic experiment by crossing caPI3K mice to
kdAkt mice to produce double transgenic mice (DTG). No differences were observed in body
weights of DTG mice compared to single transgenic or wildtype controls. Heart weight to body
weight (HW/BW) ratios were not different between kdAkt and wildtype mice (Figure 7A).
HW/BW ratio was increased in caPI3K mice (1.21 ± 0.01 fold) and this hypertrophy was
significantly attenuated in DTG mice (1.12 ± 0.01 fold, p<0.01 vs. caPI3K) (Figure 7A),
recapitulating previously published observations (Shioi et al., 2002). Western analysis of heart
homogenates revealed that phosphorylation of multiple downstream targets of Akt was
significantly increased in caPI3K hearts (Figure 7B). The increases in phosphorylation of Akt
targets were blocked in hearts from DTG mice, indicating that signaling downstream of Akt
is significantly attenuated in DTG hearts (Figure 7B).

State 3 of mitochondrial respiration with palmitoyl-carnitine (PC) as substrate was unchanged
in cardiac fibers from kdAkt compared to wildtype controls (Figure 7C). As previously
observed, caPI3K cardiac fibers showed enhanced state 3 of respiration (1.13 ± 0.04 fold over
WT) with PC substrate and this enhancement was not attenuated in DTG mice (1.15 ± 0.05
fold over WT) (Figure 7C). Interestingly, ATP synthesis rates with PC were increased in
cardiac fibers from kdAkt mice compared to wildtype controls (Figure 7D). Again, ATP
production was unchanged in caPI3K cardiac fibers with PC compared to WT, but synthesis
rates remained increased in DTG fibers (Figure 7D).

HADH activity was significantly increased in DTG hearts compared to WT to a similar degree
as caPI3K (Figures 7E). Citrate synthase activity was also significantly increased in kdAkt,
caPI3K, and DTG hearts (Figure 7F).

Inhibition of Insulin- and IGF-Mediated PKCλ/ζ Signaling, but not Akt Signaling, Reduces
Citrate Synthase Activity in Neonatal Rat Cardiomyocytes

To begin to elucidate possible alternative signaling pathways that contribute to PI3K-mediated
mitochondrial remodeling, we treated neonatal rat cardiomyocytes (NRCM) with insulin and
IGF-1 in the presence of Akt or PKCλ/ζ inhibitors and assessed citrate synthase activity. Insulin
and IGF-1 treatment for 72 hours was sufficient to increase activity of Akt and PKCλ/ζ
signaling as evidenced by increased phosphorylation of their downstream targets FoxO3a and
MARKS, respectively (Figure 7G). We performed a dose titration of both PKCλ/ζ and Akt
inhibitors and found that 1.0 μM PKCλ/ζ inhibitor (PKCλ/ζ I) or 0.5 μM Akt inhibitor (Akt I)
in the presence of insulin/IGF reduced phosphorylation of downstream targets to the level of
cells not exposed to insulin/IGF (Figure 7G), while higher levels of inhibitors tended to
decrease cell viability. We found a strong correlation between total citrate synthase activity
and cell number in NRCM preparations (Supplementary figure 5A), and at the concentrations
used, Akt inhibitors did not reduce IGF-1 mediated activation of PKCλ/ζ signaling nor did the
PKCλ/ζ I attenuate IGF-1 mediated activation of Akt targets (Supplementary figure 5B). Total
citrate synthase (CS) activity was unchanged between NRCM in serum free media treated with
or without 1.0 μM PKCζ I or 0.5 μM Akt I, but the combination of both inhibitors reduced CS
activity (Figure 7H). Insulin/IGF-1 treatment of NRCM increased absolute levels of CS activity
and inhibition of Akt signaling did not prevent this increase in CS activity (Figure 7H).
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Inhibition of PKCλ/ζ in the presence of insulin/IGF-1 stimulation significantly reduced total
CS activity compared to insulin/IGF-1 alone, and the combination of PKCλ/ζ and Akt inhibitors
did not reduce CS below that of PKCλ/ζ inhibition alone (Figure 7H).

Discussion
In this study, we show that phosphoinositide-3 Kinase (PI3K) is a critical modulator of
mitochondrial fatty acid (FA) metabolism in the heart and that this metabolic regulation is
independent of Akt. Constitutive activation of PI3K in the heart is sufficient to increase FA
utilization and selectively up-regulate mitochondrial oxidative capacity for FA substrates.
Inhibition of PI3K prevents the increase in FAO capacity that occurs in response to
physiological cardiac hypertrophy, despite increased PGC-1α mRNA and protein levels.
Downstream of PI3K, disruption of Akt signaling did not prevent the mitochondrial adaptations
to exercise or PI3K activation. Inhibition of cardiac Akt signaling in the context of exercise
training or PI3K activation attenuates hypertrophy, but does not diminish mitochondrial
respiration or FAO enzyme activity. Conversely, constitutive activation of cardiac Akt results
in cardiac hypertrophy but impairs mitochondrial function, thereby dissociating a conserved
signal for cellular growth from mitochondrial adaptations. Thus, the current study identifies a
necessary role for PI3K in coordinating myocardial fatty acid oxidative capacity with
physiological cardiac hypertrophy, independently of PGC-1α expression. We also demonstrate
that the long-term metabolic and mitochondrial effects of PI3K can be dissociated from its
downstream target Akt, thereby representing a novel paradigm in long-term regulation of
metabolism by PI3K signaling.

Previous studies have shown that inhibition of PI3K blocks the heart’s ability to hypertrophy
in response to exercise training (McMullen et al., 2003). We currently show that PI3K
inhibition in hearts from exercise-trained mice also prevents the increase in mitochondrial FA
oxidative capacity, despite a significant increase in PGC-1α expression. The requirement of
p110α in the regulation of cardiac growth and the associated metabolic adaptation implies a
tight link between physiological hypertrophy and enhanced mitochondrial FA oxidative
capacity. Activation of PI3K therefore leads to a balanced increase in oxidative energy
production and cardiac growth that may protect against the progression to heart failure seen in
pathological hypertrophy. This protective effect may be specific to the growth factor and
exercise training responsive Class Ia PI3-kinases. Indeed, previous studies have shown that
whereas class Ia PI3Ks regulate hypertrophy, class Ib PI3Ks modulate contractility in the heart
(Crackower et al., 2002).

Acute activation of PI3K in the heart, as occurs with insulin stimulation, alters substrate
utilization by increasing glucose utilization and reducing FA oxidation (Belke et al., 2002).
PI3K is necessary for insulin-mediated glucose uptake and thereby plays a primary role in
acutely increasing glucose utilization and reciprocally decreasing FA oxidation in response to
insulin (Pessin and Saltiel, 2000). Decreased FA utilization induced by insulin stimulation
seems at odds with our observation that increased PI3K activation and increased FA oxidation
are associated with exercise-induced or physiological cardiac hypertrophy (Burelle et al.,
2004; Luo et al., 2005; McMullen et al., 2003). The current study distinguishes between acute
and chronic PI3K signaling and confirms the role of chronic PI3K signaling in increasing
mitochondrial FA oxidative capacity during physiological cardiac hypertrophy. Thus, while
acute activation of PI3K by insulin stimulation increases glucose utilization and suppresses
FA oxidation in the heart, chronic activation of PI3K in the heart enhances FA oxidation by
increasing mitochondrial oxidative capacity for FA substrates.

Quantification of mRNA levels of FA oxidation enzymes revealed divergent downstream
effects of PI3K signaling in the heart. Thus, activation of PI3K enhances FA oxidative capacity
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in the absence of an increase in transcript levels of FAO enzymes, with the exception of MCAD,
thereby suggesting that activation of PI3K in response to physiologic stimuli may enhance
mitochondrial function via post-transcriptional mechanisms. In contrast, inhibition of PI3K is
associated with decreased mRNA levels of FAO enzymes and prevents their increase in
response to exercise training. This suggested that PI3K signaling might modulate expression
or activity of the transcriptional regulators of FAO gene expression. However, dnPI3K hearts
showed no changes in PPARα, PGC-1β, or ERRα mRNA levels, which are transcriptional
regulators of enzymes and subunits in FAO and OXPHOS pathways in the heart (Huss and
Kelly, 2004). Indeed, despite diminished mitochondrial FAO capacity in hearts from exercise-
trained and sedentary dnPI3K mice, we observed increased PGC-1α mRNA and protein levels,
to a similar degree as observed in exercise-trained wildtype hearts. Thus down-regulation of
FAO gene expression in dnPI3K hearts cannot be accounted for by reduced expression of the
transcriptional regulators of FAO enzymes. However, the possibility of changes in the activity
of PPAR transcription factors or PGC-1 transcriptional co-activators cannot be ruled out. While
diminished activity of transcriptional co-activators may account for the down-regulation of
FAO transcript levels in the heart when PI3K is inhibited, the lack of a significant increase in
mitochondrial FAO genes in caPI3K hearts would argue against a change in the activity of
transcriptional regulators of mitochondrial FA oxidative capacity when PI3K is chronically
activated in the heart.

Our results show that exercise training synergistically increases mitochondrial FAO,
PGC-1α expression, and expression of mitochondrial genes, yet chronic activation of PI3K in
the heart does not recapitulate this transcriptional profile. The differences in theses two models
may be a consequence of the duration of PI3K activation. Intermittent activation of PI3K, as
occurs in exercise training, may be more beneficial for mitochondrial function, and is a potential
reason why exercise-trained hearts and hearts with constitutive activation of PI3K differ in the
expression of mitochondrial enzymes and their transcriptional regulators. Indeed, we have
evidence that models of chronic Akt activation in the heart show diminished mitochondrial
function and decreased expression of PGC-1α and its target genes (manuscript in preparation).
Thus it appears that intermittent activation of PI3K during exercise training is necessary for
coordinated increases in mitochondrial enzyme gene expression and FAO capacity, but
constitutive activation of PI3K signaling leads to sustained Akt activation, which can suppress
the increased expression of PGC-1α and its target mitochondrial FAO enzymes in the heart.
Nevertheless our data strongly suggests that sustained PI3K activation might be sufficient to
promote increased mitochondrial FAO independently of a coordinate increase in PGC-1α-
mediated transcriptional upregulation.

Our initial efforts to determine if Akt mediates the mitochondrial adaptations in response to
PI3K signaling revealed that constitutive activation of Akt in the heart leads to diminished
mitochondrial FAO capacity. This result might not be surprising in light of data from many
groups showing that chronic Akt activation in the heart is detrimental to cardiac function
(Nagoshi et al., 2005; O’Neill and Abel, 2005; Shiojima et al., 2005). In addition, hearts from
mice with germline deletion of Akt1 and Akt2 and hearts with reduced Akt signaling via
overexpression of a kinase dead Akt1 isoform respond normally by increasing mitochondrial
function in response to exercise training. These observations led us to hypothesize that the
modulation of mitochondrial function by PI3K is independent of Akt signaling. We confirmed
the findings previously reported by Shioi and colleagues that cardiac-restricted expression of
a kinase dead Akt1 diminishes signaling downstream of Akt in the heart and attenuates cardiac
hypertrophy in caPI3K mice (Shioi et al., 2002). We further show that inhibition of Akt
signaling does not prevent the PI3K-mediated increase in mitochondrial FA oxidative capacity.
Additionally, in contrast to dnPI3K hearts in which ATP synthesis was reduced with palmitoyl-
carnitine, attenuation of Akt signaling in kdAkt (Shioi et al., 2002) and DTG hearts increased
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ATP production, further supporting the hypothesis that mitochondrial remodeling in response
to PI3K signaling is distinct from the mitochondrial effects of Akt signaling in the heart.

Our experiments in neonatal rat cardiomyocytes identify a potential Akt-independent target
that may mediate the PI3K-dependent metabolic effects on cardiomyocytes. PKCλ/ζ was an
attractive target from a metabolic standpoint as atypical PKC isoforms have been shown to
play a role in GLUT4 translocation in muscle (Bandyopadhyay et al., 2000; Etgen et al.,
1999) and have distinct effects from Akt on lipid metabolism in the liver (Matsumoto et al.,
2003; Taniguchi et al., 2006). In our neonatal rat cardiomyocyte experiments we found a strong
correlation between citrate synthase (CS) activity and cell number. These results indicate that
in neonatal myocytes, growth factor signaling promotes a proliferative response that occurs in
concert with a coordinate increase in mitochondrial content, whereas in the intact heart a
coordinated increase in mitochondrial function accompanies myocyte hypertrophy. We defined
conditions in which growth factor stimulation coordinately increased CS activity and cellular
hyperplasia despite inhibition of Akt activation. By contrast, inhibition of growth-factor
activation of PKCλ/ζ signaling led to a significant decrease in mitochondrial CS activity in the
absence of any change in cellular viability. At the concentrations used, these inhibitors were
relatively specific for their respective substrates although we cannot completely rule out off
target effects. Nevertheless, these observations raise the possibility that PKCλ/ζ signaling may
be one potential PIP3/PDK1 downstream signal that is required for PI3K dependent
mitochondrial remodeling, and provides preliminary evidence that alternative PI3K targets can
influence mitochondrial function in response to growth factor stimulation. These data do not
rule out possible roles for other PIP3 targets, such as serum- and glucocorticoid-regulated
kinase (SGK), p90 ribosomal S6 kinase (RSK), p21-activated kinase 1 (PAK1), Rac which can
modulate actin remodeling (Han et al., 1998) or PLCγ which activates pathways downstream
of IP3 and DAG (Xie et al., 2005). PI3K significantly affects a broad range of cellular signaling
pathways in cardiac muscle, and more work will be needed to establish all of the Akt-
independent but PIP3-dependent signaling molecules that are required for regulation of
mitochondrial remodeling in response to PI3K activation.

In summary, the current study identifies a central role for PI3K in coordinating physiological
cardiac growth and metabolic capacity in the heart. Inhibition of PI3K is sufficient to prevent
the mitochondrial adaptations to exercise-induced hypertrophy, despite increases in PGC-1α
mRNA and protein levels, indicating that up-regulation of PGC-1α expression and PI3K
activation may work in parallel to increase myocardial mitochondrial oxidative capacity during
physiological cardiac growth. Additionally, whereas previous studies have identified an
obligate requirement of PI3K activation of Akt1 as a key regulator of physiological cardiac
cellular growth (DeBosch et al., 2006; McMullen et al., 2003), here we show that PI3K likely
activates Akt-independent signaling pathways to mediate the metabolic and mitochondrial
adaptation that accompanies physiological cardiac hypertrophy.

Materials and Methods
Generation of Animals

Mice with cardiac restricted expression of a dominant negative p110α (dnPI3K), the inter-SH2
fusion of p110α which maintains PI3K in a constitutively active state (caPI3K), a kinase
deficient (K197M) mutant Akt1 (kdAkt), or a constitutively active Akt1 (T308D/S473D)
mutant (caAkt) were generated in the laboratory of Dr. Seigo Izumo and have been previously
described (Shioi et al., 2000; Shioi et al., 2002). Germline Akt1 and Akt2 null mice were
generated in the laboratory of Dr. Morris J. Birnbaum and have been previously described
(Cho et al., 2001a; Cho et al., 2001b). The animals were fed a standard chow and housed in
temperature-controlled facilities with a 12-h light and 12-h dark cycle (lights on at 6:00 A.M.).
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All animal experimentation was conducted in accordance with guidelines approved by the
Institutional Animal Care and Use Committee of the University of Utah.

Swimming Exercise Training
Eight to 10-week-old dnPI3K and control mice were exposed to swimming exercise training
as previously described (Wilkins et al., 2004). Briefly, each day consisted of two bouts of
swimming, separated by 4 hours, beginning with a 10-minute duration on the first day. The
two bouts of swimming were increased by 10 minutes each day until two bouts of 90 minutes
were achieved. Mice were swum for 13 additional days (21 days total) and were sacrificed 18
hours after the last swim.

Substrate Metabolism in Isolated Working Hearts
Palmitate and glucose oxidation were measured in isolated working hearts as described
(Mazumder et al., 2004). Hearts were perfused with 0.4 mM palmitate and 5 mM glucose
without insulin.

Mitochondrial Respiration in Permeabilized Cardiac Fibers
Mitochondrial oxygen consumption and ATP production were measured in permeabilized
cardiac fibers from 5 to 7-week-old mice of each model using techniques that have been
previously described (Boudina et al., 2007).

Enzyme Activity Assays
Mitochondrial Isolation—Mitochondria were isolated from fresh heart tissue by
differential centrifugation as described (Brand et al., 2005). Mitochondria were resuspended
in STE buffer and protein was quantified using Micro BCA kit (Pierce) with BSA as a standard.

Citrate Synthase (CS)—CS activity was determined spectrophotometrically using whole
heart or mixed gastrocnemius muscle homogenates as described (Boudina et al., 2005; Clark
and Rodnick, 1998; Rodnick and Sidell, 1997). CS activity was also measured using 10 μg of
isolated mitochondrial protein and 10 μL of neonatal rat cardiomyocyte extracts.

3′-Hydroxyacyl-CoA Dehydrogenase (HADH)—HADH was determined
spectrophotometrically using whole heart homogenates as described (Boudina et al., 2005;
Clark and Rodnick, 1998).

Mitochondrial DNA Content
Mitochondrial DNA content was quantified by real-time polymerase chain reaction (RT-PCR).
Briefly, total DNA was extracted and purified from heart tissue with DNEasy Kit (Qiagen Inc.,
Valencia, CA). Four ng of DNA was used to quantify mitochondrial and nuclear DNA markers.
RT-PCR was performed using an ABI Prism 7900HT instrument (Applied Biosystems, Foster
City, CA) in 384-well plate format with SYBR Green I chemistry and ROX internal reference
(Invitrogen). Analysis of results was automated using scripting with SDS 2.1 (Applied
Biosystems), Microsoft Access, and Microsoft Excel. β-actin was used as a nuclear DNA
marker.

Electron Microscopy
Electron microscopy (EM) samples were prepared and processed at the Core Research
Microscopy Facility at the University of Utah. Briefly, small pieces of endocardial and sub-
endocardial tissue from the left ventricle were fixed in 2.5% glutaraldehyde and 1%
paraformaldehyde in 0.1 M sodium cacodylate, with 2.4% sucrose and 8 mM CaCl2 (pH 7.4)
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for at least a day. Samples were post fixed in 2% osmium tetroxide in 0.1 M sodium cacodylate,
en bloc stained with aqueous uranyl acetate, and dehydrated through a graded series of ethanol
washes (50% up to 100%). Fixed samples were then infiltrated with and embedded in Spurr’s
plastic, and processed for EM. Mitochondrial morphology was assessed at 3500x, 18,000x,
and 70,000x magnifications and mitochondrial number was determined in 16 pictures per group
(n=4 hearts and 4 pictures per heart) at 18,000x magnification.

Gene expression
mRNA was quantified by real-time polymerase chain reaction using an ABI Prism 7900HT
instrument in 384-well plate format as described (Boudina et al., 2007). Cyclophilin (CPHN)
was used as a template normalizer in caPI3K studies. Because CPHN levels were significantly
increased in dnPI3K samples, vascular endothelial growth factor A (VEGF), which was
unchanged between groups, was used as a template normalizer for dnPI3K studies. Primer
sequences are listed in Supplementary Table 3.

Western blot analysis
PI3K/Akt Signaling Targets—Total proteins were extracted from frozen hearts as
described (Boudina et al., 2005). Proteins were resolved by SDS-PAGE and electro-transferred
onto a PVDF membrane (Millipore Corp., Bedford, MA). The following antibodies were used:
phospho-Akt (Thr308), phospho-Akt (Ser473), Akt, phospho-p70S6-Kinase (Thr389), p70S6-
Kinase, phospho-S6, S6, phospho-FoxO1 (Thr24)/phospho-FoxO3a (Thr32), FoxO1,
phospho-GSK-3β, p-MARKS (Cell Signaling Technology, Danvers, MA), FoxO3a (Upstate,
Billerica, MA), and GSK-3β (Santa Cruz Biotechnology, Santa Cruz, CA). Protein detection
was carried out with the appropriate horseradish peroxidase-conjugated secondary antibody
and ECL or ECL Plus detection systems (Amersham Biosciences, Piscataway, N.J.).

PGC-1α Western Analysis—For PGC-1α, nuclear enriched fractions were isolated from
cardiac tissue using NE-PER® nuclear and cytoplasmic extraction reagents (Pierce
Biotechnology, Rockford, IL). The polyclonal antibody for PGC-1α was a gift from Dr. Morris
Birnbaum.

Primary cell culture
Primary neonatal rat cardiomyocytes (NRCM) were harvested using a modified protocol
(Chien et al., 1985; Sen et al., 1988). Following mechanical and enzymatic (collagenase/
pancreatin) separation of 1–3 day old rat pup hearts, Percoll-gradient purified cardiocytes were
plated on gelatin-coated plates at a density of 160,000/cm2 in 10% horse serum, 5% fetal bovine
serum, and 100 nM BrdU containing DMEM/M199 media (Invitrogen). Following 24-hrs
recovery, media was replaced with serum and growth factor free (GF Free) media and
treatments were started. Cells were treated with or without 100 nM insulin and 10 nM IGF-1
(National Hormone & Peptide Program, Torrance, CA) and the indicated concentrations of
Akt (Calbiochem, No.124008) and PKCλ/ζ (Biosource, Camarillo, CA) inhibitors for 72-hrs.
Media and treatments were refreshed every 24-hrs. Following treatment, cells were harvested
and counted for citrate synthase activity assay or Western blot analysis.

Statistical Analyses
Data are expressed as mean ± SE. Unpaired Student’s t test was used to analyze data sets with
two groups. All other differences were analyzed by ANOVA, and significance was assessed
by Fisher’s protected least significant difference test. For all analyses, P<0.05 was accepted as
indicating a significant difference. Statistical calculations were performed using the Statview
5.0.1 software package (SAS Institute, Cary, NC).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Activation of PI3K increases mitochondrial fatty acid (FA) metabolism in the heart.
Phosphorylation of PI3K and Akt targets in caPI3K hearts (A). Palmitate oxidation (B),
glycolysis (C), and glucose oxidation (D) in isolated working hearts from 5–7 week-old caPI3K
and control mice. Mitochondrial respiration rates in saponin-permeabilized cardiac fibers
exposed to 5 mM glutamate/2 mM malate (E) or 20 μM palmitoyl-carnitine/5 mM malate (PC)
(F) as substrate. ATP synthesis rates (G) with PC in cardiac fibers. 3′Hydroxyacyl-CoA
dehydrogenase (HADH) (H) and citrate synthase (CS) (I) enzymatic activity rates in whole
heart homogenates. CS activity in isolated mitochondria (J) from caPI3K and control mice
(n=4–8 per group; * p<0.05, ** p<0.01 vs. WT).
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Figure 2.
Inhibition of PI3K decreases mitochondrial FA metabolism in the heart. Mitochondrial
respiration rates in saponin-permeabilized cardiac fibers from 5–7 week-old dnPI3K and
control mice exposed to glutamate/malate (A) or palmitoyl-carnitine (PC) (B) as substrate.
ATP synthesis rates (C) with PC in cardiac fibers. HADH (D) and CS (E) activity rates in
whole heart homogenates (n=5–8 per group; * p<0.05, ** p<0.01 vs. WT).
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Figure 3.
Inhibition of PI3K prevents cardiac hypertrophy and mitochondrial adaptations in response to
exercise training. Western blot analysis (A) and densitometric ratios (B) of phosphorylated
targets of PI3K and Akt in hearts from wildtype sedentary (WT sed), wildtype exercise-trained
(WT ex), dnPI3K sedentary (dnPI3K sed) and dnPI3K-exercise trained (dnPI3K ex) mice.
Heart weight to body weight (HW/BW) ratio in exercise-trained dnPI3K and control mice
(C). Mitochondrial respiration (D) and ATP synthesis (E) with palmitoyl-carnitine in cardiac
fibers from wildtype and dnPI3K sedentary and exercise-trained mice. (n=4–6 per group; *
p<0.05, ** p<0.01 vs. WT sed).
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Figure 4.
mRNA quantification of FA oxidation enzymes and oxidative phosphorylation (OXPHOS)
complex subunits in hearts from caPI3K and dnPI3K mice (expressed as fold change vs. WT).
(A) mRNA levels in hearts from caPI3K mice, (n=8 per group). (B) mRNA levels in hearts
from dnPI3K mice, (n=12 per group). (C) mRNA levels (fold change vs. sedentary wildtype
(WT Sed)) in hearts from 12-week-old exercise trained wildtype (WT Ex), sedentary dnPI3K
(dnPI3K Sed), and exercise-trained dnPI3K (dnPI3K Ex) mice, (n=4–6 per group). MCAD -
medium chain acyl-CoA dehydrogenase (AD); LCAD - long chain AD; VLCAD - very long
chain AD; CPT1-β - carnitine palmitoyl transferase 1, muscle isoform; CPT2 - carnitine
palmitoyl transferase 2; Hadh α/β - 3′hydroxyacyl-CoA dehydrogenase α or β subunit; Ndufa9
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- NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 9; Ndufv1 – NADH dehydrogenase
(ubiquinone) flavoprotein 1; Uqcrc1 - ubiquinol-cytochrome c reductase core protein 1; Cox4i1
– cytochrome c oxidase, subunit IV isoform 1; Cox5b - cytochrome c oxidase, subunit Vb.
(*p<0.05, ** p<0.01 vs. WT or WT Sed)
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Figure 5.
Expression of transcriptional regulators of FA oxidation enzymes and OXPHOS complex
subunits in hearts from caPI3K and dnPI3K mice. (A) mRNA levels in hearts from caPI3K
mice vs. WT expression. (n=8 per group). (B) mRNA levels in hearts from dnPI3K mice vs.
WT. (n=12 per group). (C) mRNA levels in hearts from exercise-trained wildtype (WT Ex),
sedentary dnPI3K (dnPI3K Sed), and exercise-trained dnPI3K (dnPI3K Ex) mice vs. sedentary
wildtype (WT Sed) (n=4–6 per group). (D) Western analysis for PGC-1α in nuclear enriched
fractions from caPI3K, dnPI3K, WT Ex, and control hearts. PGC-1α expression in brown
adipose tissue (BAT) from cold exposed WT mice was used as an antibody control (NS = non-
specific band for loading control). PPARα - peroxisome proliferator-activated receptor α;
PGC-1α and -1β - PPARγ coactivator 1α and 1β; ERRα – estrogen related receptor α. (*p<0.05,
** p<0.01 vs. WT or WT Sed).
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Figure 6.
Activation of Akt in the heart reduces mitochondrial function, and isoform specific deletion
of Akt1 or Akt2 or cardiac specific overexpression of a kinase-dead Akt1 (kdAkt) does not
prevent exercise-induced increases in mitochondrial FAO capacity in the heart. Mitochondrial
respiration (A) and ATP production (B) with palmitoyl-carnitine (PC) in cardiac fibers from
5–7 week-old caAkt and control mice. HADH and CS activities (C) and (D) in whole heart
homogenates. CS activity in isolated mitochondria (E). Western analysis for phosphorylation
of Akt (Ser473) in hearts from sedentary (Sed) and exercise-trained (Ex) Akt1 −/−, Akt2 −/−,
kdAkt, and control mice (F). Densitometric ratio of phospho-Akt to total Akt is shown under
each sample (Phospho/total). Mitochondrial respiration with PC in cardiac fibers (G), heart
weight to tibia length (HW/TL) ratio (H), and CS activity in skeletal muscle (I) from sedentary
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and exercise-trained Akt1 −/−, Akt2 −/−, kdAkt, and control mice. (n=4–6 per group; * p<0.05,
** p<0.01 vs. WT; † p<0.05 vs. sedentary control).
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Figure 7.
Expression of a kinase-dead Akt (kdAkt) does not impair PI3K-mediated mitochondrial
adaptations despite attenuation of cardiac hypertrophy and inhibition of downstream Akt
signaling. (A) Heart weight to body weight (HW/BW) ratio of double transgenic (DTG) and
control mice (n=12–20 per group). (B) Phosphorylation of PI3K and Akt targets. State 3 of
mitochondrial respiration (C) and ATP production (D) with palmitoyl-carnitine (PC) in cardiac
fibers (n=5–9 per group). HADH and CS activities (E) and (F) in whole heart homogenates
(n=5–9 per group). (G) Phosphorylation of Akt and PKCλ/ζ targets in neonatal rat
cardiomyocytes (NRCM) in the presence or absence of insulin (100nM)/IGF-1 (10nM) and
Akt inhibitor (Akt I) or PKCλ/ζ inhibitor (PKCλ/ζ I). Loading control for p-MARKS is Ponceau
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stained membrane. (H) Total CS activity in NRCM treated with Growth Factor Free (GF Free)
media or insulin/IGF-1 media plus Akt or PKCλ/ζ inhibitors. (*p<0.05, ** p<0.01 vs. WT; ‡
p<0.05 vs. caPI3K; § p<0.01 vs. GF Free control; † p<0.05 vs. all other groups (GF Free) or
vs. no inhibitor or Akt I following Insulin/IGF-1).
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