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Cardiac hypertrophy, an adaptive process that responds to increased wall stress, is characterized by the
enlargement of cardiomyocytes and structural remodeling. It is stimulated by various growth signals, of which
the mTORC1 pathway is a well-recognized source. Here, we show that loss of Flcn, a novel AMPK–mTOR interact-
ing molecule, causes severe cardiac hypertrophy with deregulated energy homeostasis leading to dilated cardio-
myopathy in mice. We found that mTORC1 activity was upregulated in Flcn-deficient hearts, and that rapamycin
treatment significantly reduced heartmass and amelioratedcardiac dysfunction. Phospho-AMP-activated protein
kinase (AMPK)-alpha (T172) was reduced in Flcn-deficient hearts and nonresponsive to various stimulations
including metformin and AICAR (5-amino-1-b-D-ribofuranosyl-imidazole-4-carboxamide). ATP levels were ele-
vated and mitochondrial function was increased in Flcn-deficient hearts, suggesting that excess energy resulting
from up-regulated mitochondrial metabolism under Flcn deficiency might attenuate AMPK activation. Expression
of Ppargc1a, a central molecule for mitochondrial metabolism, was increased in Flcn-deficient hearts and indeed,
inactivation of Ppargc1a in Flcn-deficient hearts significantly reduced heart mass and prolonged survival.
Ppargc1a inactivation restored phospho-AMPK-alpha levels and suppressed mTORC1 activity in Flcn-deficient
hearts, suggesting that up-regulated Ppargc1a confers increased mitochondrial metabolism and excess
energy, leading to inactivation of AMPK and activation of mTORC1. Rapamycin treatment did not affect the
heartsizeofFlcn/Ppargc1adoubly inactivatedhearts, furthersupportingthe ideathatPpargc1a is thecriticalelem-
ent leading to deregulation of the AMPK–mTOR-axis and resulting in cardiac hypertrophy under Flcn deficiency.
These data support an important role for Flcn in cardiac homeostasis in the murine model.

INTRODUCTION

Cardiovascular disease is the leading cause of mortality in indus-
trialized countries (1,2). Cardiac hypertrophy, characterized by
cardiomyocyte enlargement, induction of a fetal gene expression

pattern and cytoskeletal remodeling, develops in response to
increased wall stress caused by physiological stimuli such as
exercise, or pathological stimuli from pressure or volume overload
induced by hypertension, myocardial infarction or valvular heart
disease (3–5). Cardiac hypertrophy is an important adaptation to
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compensate for increased wall stress; however, with prolonged
mechanical stress, the hypertrophic response canno longer compen-
sate, leading to dilated cardiomyopathy and heart failure (3,4,6,7).
Therefore, it is of clinical importance to decipher the underlying
mechanisms that lead to the development of cardiac hypertrophy.

Inhypertrophiedcardiomyocytes,proteinsynthesis that supports
the growth of individual cardiomyocytes is increased (8–10).
Protein synthesis is regulated by the PI3K-AKT and AMPK–
mTOR signaling pathways. Indeed, manipulations of genes
within these pathways in mice, including amplification (gain of
function) of AKT (11–14) and inactivation of LKB1 (15), PTEN
(16) or TSC1 (10), have been reported to result in a cardiac hyper-
trophy phenotype. Importantly, treatment of some of these mouse
models with rapamycin was effective in abrogating cardiac hyper-
trophy (10,11,14,15), suggesting that deregulation of the AMPK–
mTOR pathway and subsequent increased protein synthesis may
play an important role in the development of cardiac hypertrophy.

Birt–Hogg–Dubé (BHD) syndrome is an inherited kidney
cancer syndrome, which predisposes patients to renal tumors,
fibrofolliculomas and lung cysts (17–21). The causative
gene, FLCN, is a tumor suppressor, which encodes folliculin
(FLCN), a 64 kDa protein (22). Although little was known
about FLCN function until recently, current studies have
shown that FLCN may orchestrate a number of intracellular sig-
naling pathways (23,24). In particular, the association between
the FLCN pathway and metabolism has been highlighted,
and most studies have suggested that FLCN is an important
molecule for nutrient and energy sensing. Importantly, two
FLCN interacting proteins, FNIP1 and FNIP2, bind to AMPK,
a critical energy-sensing molecule that broadly regulates
metabolic pathways (22,25,26). Furthermore, inactivation of
FLCN causes deregulation of the mTOR pathway in mouse
and human kidney (19,27), while upregulation of PPARGC1A
drives increased mitochondrial biogenesis in Flcn knockout
mouse skeletal muscle and kidney (28). Additionally, FLCN-
null mouse embryonic fibroblasts (MEFs) and embryonic stem
(ES) cells, and a FLCN-deficient renal cancer cell line all
display aberrant TFE3 localization (29,30), and the FLCN-null
renal cancer cell line also shows activation of the HIF–VEGF
pathway (31). Based on the recently reported FLCN crystal
structure, the C-terminus of FLCN is distantly related to differ-
entially expressed in normal cells and neoplasia (DENN)
domain proteins and possesses guanine exchange factor (GEF)
activity towards Rab35, suggesting that FLCN might be
related to the Rab GEF family of proteins and be involved in
membrane trafficking (32). Biochemical studies from two
research groups support functions for the FLCN/FNIP1/FNIP2
complex in sensing amino acid sufficiency, regulating GDP/
GTP status of Rag proteins through physical interaction and
mediating mTORC1 translocation to the lysosome surface
where mTORC1 becomes activated, suggesting that FLCN
might be necessary for the activation of mTORC1 (33,34).
However, considering that FLCN is a tumor suppressor, there
should be a critical mechanism for activation of mTORC1
under FLCN deficiency (34). Although a precise mechanism
by which FLCN deficiency alters cell metabolism remains
elusive, the previous report of high FLCN expression in human
heart (22), recent reports of a role for FLCN in regulating
metabolic pathways, and earlier reports of murine cardiac hyper-
trophy models that developed as a consequence of inactivation of

genes in the AMPK–mTOR pathway, raise the possibility that
FLCN has a potential role in cardiac homeostasis.

Here, we uncover an important role for FLCN in cardiac
homeostasis in which inactivation of Flcn in murine hearts
causes cardiac hypertrophy resulting in a fatal dilated cardiomy-
opathy. Our in vivo and in vitro data demonstrate that cardiac
hypertrophy resulting from mTORC1 activation is dependent
on Ppargc1a, an important molecule for energy homeostasis.
Decreased phospho-AMPKa (T172) and subsequent increased
activation of mTORC1, which were observed in Flcn-deficient
hearts, were reversed in Flcn/Ppargc1a doubly inactivated
hearts. Taken together these data support an important role for
FLCN in cardiac homeostasis involving modulation of cellular
energy levels and the AMPK–mTOR pathway.

RESULTS

FLCN inactivation in murine hearts causes hypertrophy
leading to heart failure

To determine the role of FLCN in heart function, we crossbred
mice carrying loxP-flanked Flcn alleles (floxed, f) with alpha-
myosin heavy chain (aMHC)-Cre transgenic mice in which
Cre recombinase expression is driven by the aMHC promoter
(35), thereby deleting Flcn gene sequences specifically in cardi-
omyocytes. Unfortunately, cardiomyocyte-targeted Flcn knock-
out mice generated with the aMHC-Cre mice died within
3 weeks of birth from heart failure (Supplementary Material,
Fig. S1), and this deleterious phenotype made it difficult to
conduct further cardiac functional studies. Muscle creatine
kinase (CKM)-Cre transgenic mice also express Cre transgenes
in heart and skeletal muscle at a later stage of embryogenesis
relative to aMHC-Cre transgenes (36–38), and this mouse
model (Flcn f/f, CKM-Cre; Flcn KO) developed an enlarged
heart but survived on average to 3 months of age (Fig. 1A and
B). We evaluated cardiac function by echocardiography, and
Flcn KO mice showed severe cardiac dysfunction, including
decreased cardiac output (CO), decreased ejection fraction
(EF) and decreased fractional shortening (FS) (Fig. 1C).
mRNA expression of atrial natriuretic peptide (ANP), an indica-
tor of pathological hypertrophy, was increased in Flcn KO
mouse hearts (Fig. 1D). Kaplan–Meier survival analysis
revealed a median survival of 85.5 days for the Flcn KO mice,
whereas Flcn f/f control littermates (CT) survived until termin-
ation of the 150 day observation period (Fig. 1E, n ¼ 20 for
each group). Since we did not observe any arrhythmias such as
ventricular tachycardia or atrial fibrillation by electrocardiog-
raphy (data not shown), and the Flcn KO mice displayed
severe lung and liver congestion at necropsy, we concluded
that FLCN knockout mice died due to dilated cardiomyopathy.

FLCN inactivation in hearts causes cardiac hypertrophy
with increased mTORC1 activity

To elucidate the underlying mechanism by which Flcn knockout
mice develop dilated cardiomyopathy, we examined the hist-
ology of the Flcn KO hearts. The cross-sectional diameter of car-
diomyocytes in Flcn KO mice was increased suggesting that
Flcn loss caused hypertrophy of cardiomyocytes (Fig. 2A).
Deregulation of the mTORC1 pathway is known to contribute
to development of cardiac hypertrophy (3), and indeed, we
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observed activation of mTORC1 and its downstream pathway
targets, including p-4EBP1 and p-S6R, in hearts from Flcn KO
mice relative to CT hearts by immunoblotting (Fig. 2B) as well
as increased protein synthesis in Flcn-null MEFs (Fig. 2C), sug-
gesting that the up-regulated mTORC1 pathway might cause
increased protein synthesis in Flcn-null cells and contribute to
cardiac hypertrophy of Flcn KO hearts. mTORC1 is an important
regulator of autophagy (39) and indeed we observed suppressed
autophagic induction (Fig. 2D and E), further supporting activa-
tion of mTORC1 in Flcn KO hearts.

Rapamycin treatment significantly reduces heart size and
improves cardiac function of FLCN-deficient hearts

To assess the role of mTOR activation in the cardiac hypertrophy
phenotype, we treated Flcn KO mice with rapamycin. Rapamycin

treatment significantly decreased heart weight-to-body weight
ratio (%HW/BW) and the diameter of cardiomyocytes in Flcn
KO mice (Fig. 3A and B). A marked improvement of the
contractile function was seen by echocardiogram in rapamycin-
treated Flcn KO mice (Fig. 3C) suggesting that increased
mTORC1 activity promotes cardiomyocyte cell growth resulting
in dilated cardiomyopathy.

Phosphorylation of AMPK at T172 is impaired under FLCN
deficiency

To clarify how mTORC1 is up-regulated in Flcn KO hearts, we
investigated the PI3K-AKT pathway. However, we observed
neither an elevation of growth factors (i.e. IGF-1 and insulin)
in the serum of Flcn KO mice nor an increase of signaling mole-
cules in the PI3K-AKT pathway (i.e. AKT and PDK1) in Flcn

Figure 1. Flcn inactivation in the heart causes dilated cardiomyopathy. (A) Representative western blot image of Flcn f/f littermate control (CT) heart and Flcn f/f,
CKM-Cre (Flcn KO) heart at 6 weeks of age shows the inactivation of Flcn in the mouse heart. (B) Representative gross morphology (left panel) and H&E staining
(middle panel) of hearts and heart weight-to-body weight (%HW/BW) ratio (right panel) from Flcn f/f littermate control (CT) mice and Flcn f/f, CKM-Cre (Flcn KO)
mice at 6 weeks of age. Scale bars ¼ 10 mm (left panel) and 1 mm (middle panel). Heart weight-to-body weight (%HW/BW) ratio was greater in Flcn KO mice
(mean ¼ 1.67%) than in CT mice (mean ¼ 0.45%). Bar, mean+SD, P,0.0001, unpaired t-test with Welch’s correction. (C) Representative echocardiographs
(left panel) and parametersobtained in echocardiographs (rightpanel) for CTand FlcnKO mice at 6 weeks of age. Flcn KO mice showedseverelydecreased contractile
function including decreased CO, EF and FS (t-test: CO, P ¼ 0.043; EF, P ¼ 0.0044; FS, P ¼ 0.0044). Three animals per group were analyzed. (D) mRNA expression
for ANP relative to 36B4 in CT and Flcn KO mouse hearts (t-test:P ¼ 0.0002; n ¼ 8 per group). (E) Kaplan–Meier survival analysis demonstrated shortened life span
for Flcn KO mice. Median survival was 85.5 days for Flcn KO mice and undetermined for CT mice (n ¼ 20 for each group, P , 0.0001).
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KO hearts (Fig. 4A and B). AMPK is an important energy-
sensing molecule that responds to an elevated AMP/ATP ratio
by negatively regulating mTORC1 through phosphorylation
of Raptor (40) and TSC2-mediated inhibition of Rheb (41).
Immunoblotting of Flcn KO heart lysates showed reduced
phospho-AMPKa (T172) (indicative of decreased AMPK activ-
ity) and decreased phospho-ULK1 (S555) [a direct target of
AMPK (42)] in Flcn-deficient hearts compared with CT hearts
(Fig. 4C). Therefore, we hypothesized that cardiac hypertrophy
resulting in severe cardiac dysfunction in Flcn-deficient hearts
was caused by attenuated AMPK activation and that restoration
of AMPK activity might inhibit development of cardiac hyper-
trophy by suppressing mTORC1 activity. However, treatment
with AMPK activators including AICAR (5-amino-1-b-D-
ribofuranosyl-imidazole-4-carboxamide) and metformin did not

improve cardiac phenotypes of Flcn-deficient hearts (Fig. 4D
and Supplementary Material, Fig. S2). Notably, although phos-
phorylation was increased in CT hearts and in quadriceps muscle,
we observed no effect of AICAR or metformin on phospho-
AMPKa (T172) in either tissue from Flcn KO mice (Fig. 4E). Al-
though both Flcn-null and doxycycline-induced Flcn-expressing
MEFs responded to amino acid starvation by activation of AMPK,
relative phospho-AMPKa levels were reduced in Flcn-null
MEFs compared with Flcn-expressing MEFs as assessed by im-
munoblotting (Fig. 4F). Furthermore, phosphorylation of Raptor
at S792 (a direct target of AMPK) (40) mirrored activation of
AMPK in Flcn-null MEFs relative to Flcn-expressing MEFs
(Fig. 4F). These data suggest that the cardiac hypertrophy asso-
ciated with increased mTORC1 activity during FLCN deficiency
might be due to impaired AMPK activation.

Figure 2. Cardiac hypertrophy phenotype in the Flcn KO heart and up-regulation of mTORC1 signaling under FLCN deficiency. (A) H&E staining of cross-sectional
cardiac muscle (left panel, scale bar ¼ 50 mm) and muscle fiber diameter (right panel) of Flcn f/f (CT) and Flcn f/f, CKM-Cre (Flcn KO) hearts. Muscle fiber diameter
of Flcn KO heart was significantly greater than CT heart (P , 0.0001, unpaired t-test with Welch’s correction). (B) Western blotting showed activation of downstream
components of the mTOR signaling pathway in the Flcn KO heart relative to the CT heart. Protein levels of three independent experiments were quantified by Odyssey
imager (Li-Cor) and shown as mean values (+SD) in right panels. (C) Protein synthesis of Flcn-null MEFs (Dox-) and doxycycline-induced FLCN-expressing MEFs
(Dox+; cultured with doxycycline for 24 h) was determined by BCA method and shown as mean values + SD. Flcn-null MEFs (Dox2) showed increase protein
synthesis compared with FLCN-expressing MEFs (Dox+). n ¼ 3, ∗∗∗∗Significance at P , 0.0001; unpaired t-test. (D) CT and Flcn KO mice were starved for
24 h and autophagic activity in the hearts was investigated. Induction of LC3 II, an indicator of autophagic activity was suppressed in Flcn KO mice (NS, non-starved;
S, starved). (E) Aberrant accumulation of SQSTM1, which monitors autophagic degradation, was observed in Flcn-deficient heart.
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FLCN deficiency results in increased PPARGC1A
expression and mitochondrial biogenesis leading
to overproduction of ATP

Because phosphorylation of AMPKa at T172 is regulated by the
AMP/ATP ratio (43), we examined ATP levels in Flcn-deficient
hearts. We observed markedly elevated ATP levels in Flcn KO
hearts, compared with CT hearts (Fig. 5A). Reconstitution of
wild-type FLCN decreased ATP levels in Flcn-null MEFs
(Fig. 5A). Electron microscopic images of cardiac muscle
showed an increased mitochondrial mass in the Flcn KO heart.
The ratio of mitochondrial area to muscle fiber area was signifi-
cantly higher in the Flcn-deficient heart relative to the control
heart (Fig. 5B). Furthermore, we observed increased respiratory
capacity in mitochondria isolated from Flcn KO hearts (Fig. 5C).
Interestingly, immunoblotting experiments demonstrated that
protein expression of Ppargc1a, an important transcriptional
co-activator for energy homeostasis, which controls mitochon-
drial biogenesis, angiogenesis and generation of reactive
oxygen species (44–47), was increased in Flcn KO hearts
(Fig. 5D). Furthermore, we observed that doxycycline-induced
FLCN expression in FLCN-null UOK257 cells decreased
PPARGC1A at the protein level (Fig. 5E). These observations
are consistent with our previous report showing that loss of
Flcn in skeletal muscle causes increased mitochondrial biogen-
esis and subsequent elevated levels of ATP through increasing

PPARGC1A expression (28), and led us to hypothesize that
excess ATP resulting from increased Ppargc1a expression in
Flcn-deficient hearts might continually suppress AMPK activity
and drive mTORC1 hyperactivation resulting in cardiac
hypertrophy.

Cardiac hypertrophy of FLCN-deficient hearts associated
with increased mTORC1 is PPARGC1A dependent

To test this hypothesis, we crossbred Flcn f/f, CKM-Cre mice
with Ppargc1a conditional knockout mice to delete both genes
in the double knockout heart (DKO). In support of this hypoth-
esis, inactivation of Ppargc1a significantly decreased the
heart size of Flcn KO mice (Fig. 6A). Kaplan–Meier survival
analysis confirmed a statistically significant increase in survival
of Flcn knockout mice with Pparc1a inactivation (Fig. 6B).
Furthermore, in Flcn /Ppargc1a doubly inactivated hearts, we
observed increased phospho-AMPKa (T172) levels and suppres-
sion of mTORC1 pathway components (Fig. 7A) relative to
Flcn-deficient hearts. To further confirm the role of PPARGC1A
in deregulation of the AMPK–mTOR axis under FLCN defi-
ciency, we performed PPARGC1A knockdown experiments
using Flcn-null MEFs and UOK257 cells. siRNA knockdown of
PPARGC1A resulted in up-regulation of phospho-AMPKa
(T172) and phospho-Raptor(S792) in FLCN-null UOK257 cells,

Figure 3. Rapamycin treatment significantly reduces heart size and improves cardiac function of the Flcn KO heart. (A) Representative gross morphology (left panel)
and H&E staining (middle panel) of hearts, and heart weight-to-body weight (%HW/BW) ratio (right panel) from rapamycin-treated Flcn f/f (CT + rapamycin) mice,
rapamycin-treated Flcn f/f, CKM-Cre (Flcn KO + rapamycin) mice and vehicle-treated Flcn f/f, CKM-Cre (Flcn KO + vehicle) mice. Scale bars ¼ 10 mm (left
panel) and 1 mm (middle panel). Rapamycin treatment significantly decreased HW/BW ratio in Flcn KO hearts (P , 0.0001), but had no effect on CT hearts
(NS, non-significance; one-way ANOVA). (B) The average cardiac muscle diameter was reduced in rapamycin-treated Flcn KO mice. (C) Representative echocar-
diographs (left panel) and parameters obtained in echocardiographs (right panel) for rapamycin-treated Flcn CT and KO mice, and vehicle-treated Flcn KO mice at 6
weeks of age. Rapamycin treatment significantly improved cardiac function of Flcn KO mice. EF and FS are shown here. ∗Significance at P , 0.05; ∗∗Significance at
P , 0.01; ∗∗∗∗Significance at P , 0.0001; one-way ANOVA. At least three animals per group were analyzed.
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and suppression of mTOR downstream effectors in Flcn-null
MEFs (Fig. 7B). Immunoblotting experiments demonstrated that
overexpression of a doxycycline-inducible constitutively active
form of AMPKa (CA), which is a truncated form of AMPKa at
residue 312 and therefore retains significant kinase activity (48)
in FLCN-null UOK257 cells, suppressed mTORC1 (Fig. 7C),
indicating that up-regulated mTORC1 under FLCN deficiency is
due to impaired activation of AMPK. Taken together, we con-
cluded that increased energy production driven by upregulated
PPARGC1A continually suppresses AMPK activity and the
impaired activation of AMPK can no longer attenuate mTORC1
under FLCN deficiency. Finally, we subjected mice with both
Flcn and Ppargc1a inactivation in hearts to rapamycin treatment
to determine whether or not cardiac hypertrophy resulting from
increased mTORC1activitywas PPARGC1A dependent. Interest-
ingly, rapamycin treatment did not produce a statistically signifi-
cant change in the size of Flcn/Ppargc1a doubly inactivated
hearts compared with untreated DKO mice (Fig. 8A). Histologic
analysis of cardiomyocyte diameter revealed no additional effect
of rapamycin treatment on cardiac hypertrophy in DKO mice

(Fig. 8B), suggesting that cardiac hypertrophy resulting from
increased mTORC1 activation during FLCN deficiency was
totally PPARGC1A dependent.

DISCUSSION

In this study, we demonstrate that Flcn inactivation in murine
hearts leads to cardiac hypertrophy, resulting in a fatal dilated car-
diomyopathy. mTORC1 was activated in Flcn-deficient hearts,
and rapamycin treatment significantly reduced cardiac hyper-
trophy and ameliorated cardiac dysfunction. Phospho-AMPKa
(T172) was decreased in Flcn-deficient hearts and was not
restored by AICAR/metformin treatment. We observed increased
ATP in Flcn-deficient hearts and an attenuated response of
AMPKa T172 phosphorylation to amino acid starvation in
Flcn-null MEFs. Inactivation of Ppargc1a, an essential molecule
for ATP production, significantly reduced cardiac hypertrophy
and prolonged survival of Flcn knockout mice. In Flcn/
Ppargc1a doubly inactivated hearts, we observed the restoration

Figure 4. Impaired phosphorylation of AMPKa at T172 under FLCN deficiency. (A) IGF-1 and insulin in mouse serum were measured using ELISA and radio-
immunoassay (RIA), respectively. There was no significant difference between Flcn f/f, CKM-Cre (Flcn KO) mice and Flcn f/f littermate control (CT) mice (NS,
non-significance; one-way ANOVA, n ¼ 6). (B) Signaling molecules in PI3K-AKT pathway in Flcn KO hearts were investigated by immunoblotting. AKT was
not up-regulated whereas PDK1 was down-regulated, indicating a potential negative feedback loop from increased mTORC1 activity. (C) Western blotting
showed decreased phospho-AMPKa (T172) in Flcn KO heart relative to CT heart. Immunoblotting revealed decreased p-ULK1 (S555), a direct target of AMPK,
in Flcn KO heart relative to CT heart as shown in the right panel. (D) AICAR treatment had no effect on heart size in CT or Flcn KO mice. ∗∗∗∗Significance at
P , 0.0001; NS, non-significance; one-way ANOVA, n ¼ 12. (E) Immunoblotting of quadriceps muscle showed AICAR treatment increased phospho-AMPKa

(T172) in CT mice, but not in Flcn KO mice (upper panel). Immunoblotting of heart lysates showed metformin treatment increased phospho-AMPKa (T172) in
CT mice, but not in Flcn KO mice (lower panel). (F) Maximum stimulation of phospho-AMPKa (T172) and its downstream phospho-Raptor (S792) activation
by amino acid starvation was reduced in Flcn-null MEFs (Dox2) compared with FLCN-expressing MEFs (Dox+).
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of phospho-AMPKa (T172) levels, which were decreased in
Flcn-deficient hearts, and the suppression of mTORC1 activity
that was increased in Flcn-deficient hearts. Rapamycin treatment
did not further affect the size of the Flcn/Ppargc1a doubly inacti-
vated murine hearts, indicating that FLCN deficiency causes
energy overproduction that might lead to cardiac hypertrophy
by deregulation of the AMPK–mTOR pathway.

The AMPK–mTOR pathway plays an important role in
cardiac homeostasis (49–51). Germline mutation in AMPKg2
predisposes patients to cardiac hypertrophy with increased
glycogen storage (52,53). Inactivation of AMPKa2, a predomin-
ant isoform in heart, exacerbated cardiac hypertrophy and
increased mTORC1 activity induced by aortic constriction
(54). Murine hearts with kinase dead mTOR displayed signifi-
cantly decreased heart function (55) and a heart-targeted
mTOR knockout mouse model displayed dilated cardiomyop-
athy with an impaired hypertrophic response when subjected
to pressure overload (56). In this report, Flcn-deficient hearts dis-
played decreased phospho-AMPKa (T172) and increased
mTORC1 activation, and rapamycin treatment significantly
reduced cardiac hypertrophy and improved heart function.
Because the exogenous expression of a constitutively active
form of AMPK in FLCN-null cell lines suppressed mTORC1
signaling, the increased mTORC1 activity in Flcn-deficient

hearts might be attributed to decreased activity of AMPK. Our
data indicate a critical role for Flcn in maintaining the integrity
of the AMPK–mTOR signaling pathway in heart muscle, the
failure of which leads to development of cardiac hypertrophy.
The Flcn KO mice died at 6 weeks of age due to dilated cardio-
myopathy, even though ATP levels in Flcn-deficient hearts
were increased. Recent reports have highlighted the significance
of autophagy in pathologic cardiac hypertrophy (57,58).
mTORC1 is a negative regulator of autophagy through phos-
phorylation of the ULK1/ATG13/FIP200 complex (59). Lack
of autophagy to maintain the quality of proteins and organelles
might exacerbate the severe cardiomyopathy in our model,
underscoring the detrimental effect of upregulated mTORC1
in pathologic cardiac hypertrophy.

A number of in vivo animal studies have reported that inactiva-
tionofcausativegenes responsible forhamartomasyndromes leads
to increased susceptibility for developing cardiac hypertrophy.
Cardiac-specific deletion of Lkb1 leads to cardiac hypertrophy
withcardiacdysfunction(15).Smoothmuscleprotein-22-mediated
deletion of Tsc1 results in cardiac hypertrophy that is mTORC1-
mediatedand reversedby rapamycin (10).Cardiomyocyte-specific
deletion of Pten causes cardiac hypertrophy (16). In this study, we
report that cardiac inactivation of Flcn, the gene responsible for the
hamartoma syndrome BHD, caused cardiac hypertrophy in the

Figure 5. FLCN deficiency leads to increased PPARGC1A expression and mitochondrial biogenesis leading to overproduction of ATP. (A) ATP content was mea-
sured in Flcn f/f (CT) and Flcn f/f, CKM-Cre (Flcn KO) hearts (left panel, n ¼ 7, ∗at P , 0.05, unpaired t-test with Welch’s correction), and in MEFs (right panel, D2,
Flcn f/d MEF (Flcn+); DA2-2, Flcn d/d MEF (Flcn2); T, DA2-2 only with tet regulator (Flcn2); T + Dox, T treated with doxycycline (Flcn-); F, T with wild-type
FLCN cassette under tet promoter (Flcn-); F + Dox, F treated with doxycycline (FLCN+).) (NS, non-significance; ∗∗∗at P , 0.001; unpaired t-test). (B) Represen-
tative electron micrograph images of cardiac muscle from CT and Flcn KO mice at 6 weeks of age (left panel). Flcn KO cardiac muscle has more mitochondrial mass
(scale bar, 2 mm). Insert panels show well-preserved mitochondrial structure in both CT and Flcn KO hearts (scale bar, 500 nm). Bar graph shows the ratio of mito-
chondrial area to cardiac fiber area in CT and Flcn KO hearts (right panel). Three pairs of images from CT and Flcn KO hearts were analyzed using ImageJ software
(P ¼ 0.0002, unpaired t-test). (C) Maximum respiration capacity was measured with 1 mg of mitochondria isolated from Flcn f/f (CT) and Flcn f/f, CKM-Cre (Flcn
KO) hearts using Seahorse XF96 analyzer. Bars represent mean + SD of four animals of each genotype (∗at P , 0.05, ∗∗at P , 0.01, unpaired t-test). (D) Ppargc1a
protein expression was increased in the Flcn KO heart relative to the CT littermate heart. Non-specific band was shown as a loading control (∗at P , 0.05, unpaired
t-test). (E) Restoration of wild-type FLCN in FLCN-null UOK257 cells (Dox+) decreased PPARGC1A protein expression compared with uninduced cells (Dox2).
Lower panel represents densitometry of western blot bands from three independent experiments, indicated as mean values (+SD) (∗∗∗at P , 0.001, unpaired t-test).
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mouse model through modulation of the AMPK–mTOR axis.
However, studies with genetically modified AMPK-null mice
have shown that reduced AMPK activity does not cause basal
cardiac hypertrophy (60–63). This suggests that an as yet unchar-
acterized mechanism, which is not through AMPK might regulate
mTORC1 and contribute to the development of cardiac hyper-
trophy under deficiency of hamartoma syndrome causative genes
in heart muscle. We observed suppressed mTORC1 in Flcn/
Ppargc1a doubly inactivated hearts, which was activated in
Flcn-deficient hearts. Taken together with the fact that AMPK-null
mice do not develop cardiac hypertrophy, this implies a potential
mTORC1 regulation by Ppargc1a that is not necessarily through
AMPK in Flcn-deficient hearts, further highlighting the import-
ance of Ppargc1a under Flcn deficiency.

The Bateman domain in the AMPKg subunit detects the
AMP/ATP ratio and triggers a conformational change resulting
in phosphorylation of the AMPKa subunit at T172 (64). In
Flcn-deficient hearts, we observed decreased phospho-AMPKa
(T172) levels, which were most likely due to increased levels of
ATP. Consequently, AMPK failed to suppress the mTORC1 sig-
naling pathway. In order to stimulate phospho-AMPKa (T172),
treatment with metformin was introduced, which was expected
to have a cardioprotective effect that might be beneficial for
patients at risk for myocardial ischemia (65,66). Indeed, we
observed significantly increased cardiac function in metformin-
treated control animals accompanied by elevated AMPKa
phosphorylation on T172, but metformin treatment had no
effect on Flcn KO heart function or AMPKa activation. Inacti-
vation of Ppargc1a decreases energy production (44,67), and
we saw that phosphorylation of AMPKa (T172) was restored
in Flcn/Ppargc1a double KO mice. Taken together, excess
energy (ATP) might compete with metformin, which has been
suggested to activate AMPK by increasing cytosolic AMP
(68). Our data support the concept that the cardioprotective

effect of metformin might be attenuated under conditions of
energy overproduction.

To date, an association between BHD syndrome and cardiac
manifestations has not been documented. Furthermore, we
have never observed dilated cardiomyopathy in whole-body
heterozygous Flcn knockout mice, indicating that haploinsuffi-
ciency of Flcn alleles does not lead to a heart phenotype.
However, although genetic studies of familial dilated cardiomy-
opathy have revealed that some of the genes linked to dilated
cardiomyopathy encode proteins of the sarcomere, costamere,
Z band and nuclear membrane, others have functions distinct
from these broad cell biological classifications, including
succinate dehydrogenase A (SDHA), lysosomal-associated
membrane protein 2 (LAMP2) and AMPKa2 (69), which are
involved in mitochondrial metabolism, autophagy and energy-
sensing pathways. Since FLCN is essential for energy homeosta-
sis through PPARGC1A-dependent regulation of mitochondrial
metabolism, its interaction with Rag proteins that facilitate
mTOR activation at the lysosomal surface, and modulation of
energy-sensing pathways through FLCN/FNIP interaction
with AMPK, it would be of interest to investigate the status of
the FLCN pathway in human dilated cardiomyopathy.

PPARGC1A regulates energyhomeostasis bymodulatingmito-
chondrial biogenesis, angiogenesis and reactive oxygen species
(45–47,70). Interestingly, PPARGC1A overexpression in murine
heart under the aMHC promoter caused dilated cardiomyopathy
with increased mitochondrial biogenesis (71). Postnatal induction
of Ppargc1a overexpression using a doxycycline-inducible
murine system caused cardiac hypertrophy, which resulted in
terminal dilated cardiomyopathy. Cessation of Ppargc1a overex-
pression by the removal of doxycycline reversed most of the myo-
fibrillar structural abnormalities and cardiac dysfunction induced
by doxycycline administration (72). However, the molecular
mechanism by which cardiac hypertrophy developed was not

Figure 6. Inactivation of PPARGC1A decreased the heart size and prolonged the survival of Flcn KO mice. (A) Muscle-targeted Flcn/Ppargc1a DKO mice show
dramatic reduction in heart size. The HW/BW ratio of each genotype at 8 weeks of age. Mean+SD are shown. Haploinsufficient effect was observed in Flcn f/f,
Ppargc1a f/+, CKM-Cre mice (Flcn KO, Ppargc1a Het). Upper panel shows representative gross morphology of hearts for each genotype (scale bar ¼ 1 cm).
∗∗∗Significance at P , 0.001, ∗∗significance at P , 0.01, NS, non-significance; one-way ANOVA. (B) Kaplan–Meier survival analysis shows prolonged survival
for DKO mice compared with Flcn f/f, CKM-Cre (Flcn KO) mice. Median survival for each of the genotypes is as follows: Flcn f/f (CT) ¼ undefined; Flcn f/f,
CKM-Cre (Flcn KO) ¼ 87 days; Flcn f/f, Ppargc1a f/+, CKM-Cre (Flcn KO, Ppargc1a Het) ¼ 136 days and Flcn f/f, Ppargc1a f/f, CKM-Cre (DKO) ¼ 189
days, respectively (P , 0.0001, n . ¼ 17).
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fully elucidated in these two studies. In our study, we observed
decreased phospho-AMPKa (T172) with increased ATP produc-
tion and elevated mTORC1 activity in Flcn-deficient hearts,
which was reversed by inactivation of Ppargc1a. Our results
suggest a possible molecular mechanism for these Ppargc1a over-
expression models, in which excessive ATP production might sup-
press AMPK activity and trigger protein synthesis initiated by
mTORC1 activation, resulting in cardiac hypertrophy. Therefore,
it would be of interest to investigate the activities of AMPK and
mTORC1 in the previously reported models of heart-directed
Ppargc1a overexpression.

In summary, we have identified FLCN as a novel molecule
with a critical role in cardiac homeostasis. Our suggested
model is summarized in Figure 8C. These data highlight the
importance of the FLCN pathway in regulating cardiomyocyte
cell growth through modulation of the AMPK–mTOR axis,
which might be triggered by improper energy homeostasis
regulated by PPARGC1A. These important findings underscore
a role for Flcn in cardiac homeostasis in the murine model.

Further study will be required to determine if the FLCN pathway
may also play a role in human cardiac disease.

MATERIALS AND METHODS

Mice and in vivo drug treatment

The mice carrying Flcn alleles flanked by loxP sites (floxed, f)
were generated as previously described (27) and backcrossed
at least four times with B6 129SVJ mice. Control littermate
mice were always used as controls. Cardiac-specific deletion
of Flcn was achieved by crossing with aMHC-Cre mice kindly
provided by Dr Michael D. Schneider (35). Muscle creatine
kinase (CKM)-Cre transgenic mice [FVB-Tg(Ckmm-cre)
5Khn/J, stock number: 006405] were obtained from Jackson
Laboratories (Bar Harbor, ME). Mice carrying Ppargc1a alleles
flanked by loxP sites (floxed, f) were kindly provided by
Dr Bruce Spiegelman at Dana-Farber Cancer Institute, Harvard
Medical School (70). We confirmed that the CKM-Cre and

Figure 7. Inactivation of PPARGC1A reactivates AMPK and suppresses mTORC1 in the Flcn KO heart and FLCN-null cells. (A) Western blotting of the heart lysates
shows AMPK was reactivated (left panel) and mTOR signaling was suppressed (right panel) in muscle-targeted Flcn/Ppargc1a DKO mice. (B) FLCN-null UOK257
cells were transfected with siPPARGC1A or scrambled control (con) and harvested after 48 h, and showed up-regulation of phospho-AMPKa (T172) and
phospho-Raptor (S792) (upper panel). Suppression of Ppargc1a for 72 h resulted in suppression of mTOR downstream components in Flcn-null MEFs (lower
panel). Protein levels of three independent experiments were quantified by Odyssey imager (Li-Cor) and shown as mean values (+SD) in right panels. (C) Over-
expression of doxycycline-induced constitutively active (CA) AMPKa, which is a truncated form of AMPKa at residue 312 and therefore retains significant
kinase activity, in FLCN-null UOK257 cells suppressed mTOR signaling by phosphorylating Raptor. Both AMPKa and AMPKa (CA) were blotted with
AMPKa antibody in the same membrane. Protein levels of three independent experiments were quantified by Odyssey imager (Li-Cor) and shown as mean
values (+SD) in lower panels.

5714 Human Molecular Genetics, 2014, Vol. 23, No. 21



aMHC-Cre transgenes had no detectable effect on mouse pheno-
types. We are aware that the CKM-Cre transgene could be affect-
ing the heart indirectly via respiratory muscle dysfunction (73).
However, because of the difficulty to analyze heart-targeted Flcn
knockout mice carrying the aMHC-Cre transgene that survived
only 3 weeks, we decided to conduct further cardiac analyses on
muscle-targeted Flcn knockout mice carrying the CKM-Cre trans-
gene. We also confirmed the absence of cardiac phenotype in
other skeletal muscle-targeted Flcn knockout mouse models gen-
erated with myogenin (MYOG)-Cre or myocyte enhancer factor
2C (MEF2C)-Cre transgenic mice (data not shown). For in vivo
drug treatment, 2 mg/kg rapamycin (LC Laboratories, Woburn,
MA), 200 mg/kg metformin (Sigma-Aldrich, St Louis MO)
or 0.5 mg/g AICAR (LC Laboratories, Woburn, MA) were
administered daily by intraperitoneal injection from postnatal
Day 7 for 2 months. All mice used in these experiments were
housed in the National Cancer Institute animal facilities according
to the National Cancer Institute Animal Care and Use Committee
guidelines. The aged mice were killed by carbon dioxide asphyxi-
ation, and the heart was removed, cut into small pieces, snap
frozen in liquid nitrogen, and stored at 2808C for further analysis.

Cell culture

FLCN-null UOK257, a cancer cell line originally derived from
a renal tumor of a BHD syndrome patient surgically treated at

the Urologic Oncology Branch, National Institutes of Health,
Bethesda, MD, with written patient permission under National
Institutes of Health Institutional Review Board-approved proto-
col 97-C-0147, was reconstituted with HA tagged wild-type
FLCN gene expression by two sequential lentiviral transductions
using the full-length Tet-on 3G gene (Clontech, Mountain View,
CA) and the HA tagged wild-type FLCN gene under the TRE3G
promoter. Doxycycline was added at a concentration of 1.0 ng/
ml, unless otherwise indicated. Flcn-null MEFs derived from
conditional Flcn targeted mice (29) were also reconstituted
with HA tagged wild-type FLCN expression using Tet-on 3G
doxycycline-inducible system. These cells were analyzed after
addition of doxycycline. MEFs were established from Flcn con-
ditional knockout mice as previously described (29). Briefly,
MEFs were established from Flcn f/d mice (Flcn f/d, with one
allele of wild-type Flcn gene; cell line name, D2) and treated
with adenoviral Cre recombinase (Flcn d/d, without Flcn gene;
cell line name, DA2-2). Then, DA2-2 was reconstituted with
HA tagged wild-type FLCN gene expression by two sequential
lentiviral transductions using the full-length Tet-on 3G gene
(only with Tet regulator and without FLCN expression; cell
line name, T) and the HA tagged wild-type FLCN gene under
the TRE3G promoter (with HA-tagged wild-type FLCN expres-
sion; cell line name, F). For protein synthesis analysis, same
numbers of cells cultured with or without doxycycline for 24 h
were lysed with radio immunoprecipitation assay (RIPA)

Figure 8. Cardiac hypertrophy of Flcn KO mice associated with increased mTORC1 is PPARGC1A dependent. (A) Inhibition of mTOR by rapamycin had no add-
itional effect on heart size of muscle-targeted Flcn/Ppargc1a knockout (DKO) mice. No significant difference was seen in HW/BW ratio between DKO and
rapamycin-treated DKO mice (NS, non-significance; ∗∗∗∗P , 0.0001, ∗∗∗P , 0.001, one-way ANOVA). (B) Histologic analysis of DKO hearts with and without
rapamycin treatment revealed no change in muscle fiber thickness. Scale bar ¼ 50 mm. (NS, non-significance; ∗∗∗∗ P , 0.0001, one-way ANOVA). (C) Hypothetical
scheme showing how FLCN inactivation leads to cardiac hypertrophy.
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buffer and protein concentration was determined by bicinchoni-
nic acid (BCA) method. For amino acid starvation, cells were
cultured with or without doxycycline for 24 h prior to starvation,
and then replaced with medium containing the following:
phosphate-buffered saline, 10% dialyzed fetal bovine serum,
sodium bicarbonate 3.7 g/l, minimum essential media (MEM)
vitamin solution(100×), D-glucose 4.5 g/l and incubated for
the indicated period. MEM essential amino acid solution (50×)
and L-glutamine 0.584 g/l were supplemented for control med-
ium (all from Invitrogen, Carlsbad, CA).

siRNA transfection

The siRNA oligos for PPARGC1A and scramble control were
purchased from Invitrogen. siRNA was transfected with Xfect
siRNA transfection reagent (Clontech) following the manufac-
turer’s instructions. Cells were harvested 48 h (UOK257) or
72 h (MEFs) post-transfection and analyzed by western blot
to confirm the knockdown of PPARGC1A. siRNA sequences
for PPARGC1A are as follows: sense-5′-CUCUGGAUUUU
GAUAGUUUtt-3′, anti-sense-5′-AAACUAUCAAAAUCCA
GAGag-3′.

Transthoracic echocardiography

Mice at the age of 2–8 weeks old were anesthetized with 1–2%
isoflurane in 100% oxygen and restrained on a temperature-
controlled mouse board (Indus Instruments, Webster, TX),
and echocardiography was performed on Flcn KO mice or CT
mice using a Vevo 770 ultrasound system (Visual Sonics,
Toronto, ON, Canada) equipped with a 30 MHz transducer. An
echocardiographer blind to animal genotype captured two-
dimensional parasternal long axis views of the left ventricle
(B mode) and short axis views of the left ventricle (M mode).
Thefollowingmeasurementswereobtained for systoleanddiastole
using the average of three cardiac cycles: heart rate (HR), stroke
volume (SV), CO, LV end-diastolic volume (EDV), LV end-
systolic volume (ESV), EF, LV end-diastolic diameter, LV end-
systolicdiameterandfractional shortening (FS).COwascalculated
as SV × HR; EF was calculated as (EDV 2 ESV)/EDV × 100;
FS was calculated as (LV end-diastolic dimension 2 LV end-
systolic dimension)/LV end-diastolic dimension × 100.

RNA isolation and quantification

Total RNA was isolated from flash frozen mouse hearts and from
cell cultures using TRIzol reagent (Invitrogen Carlsbad, CA),
and total RNA was reverse transcribed to cDNA using a Super-
script III reverse transcriptase kit (Invitrogen). Quantitative real-
time polymerase chain reaction (PCR) was performed with the
7300 real-time PCR System (Applied Biosystems, Foster City,
CA) using SyBr Green PCR master mix (Fermentas, Glen
Burnie, CA). Primer sequences for ANP are as follows: mouse
ANP-forward 5′- ATCTGCCCTCTTGAAAAGCA-3′, mouse
ANP-reverse 5′- AAGCTGTTGCAGCCTAGTCC-3′. Signal
intensity obtained from real-time PCR System was described
in relative units; each value was normalized to 36B4 with the
following sequences: mouse 36B4-forward 5′- GCAGACAA
CGTGGGCTCCAAGCAGAT-3′, mouse 36B4-reverse 5′- GG
TCCTCCTTGGTGAACACGAAGCCC-3′.

Protein isolation and western blotting

Heart tissues were flash frozen in liquid nitrogen immediately
after dissection. Frozen tissues were homogenized with a poly-
tron homogenizer on ice in RIPA buffer [20 mM tris–HCl, pH
7.5, 150 mM NaCl, 1 mM ethylenediamine tetraacetic acid,
1.0% Triton X-100, 0.5% deoxycholate, 0.1% sodium dodecyl-
sulfate] supplemented with PhosSTOP phosphatase inhibitor
cocktail and Complete protease inhibitor cocktail (Roche,
Indianapolis, IN), followed by centrifugation at 13,200 g for
30 min. Protein concentrations of cleared supernatants were
measured with BCA protein assay kit (Pierce Biotechnology,
Rockford, IL) and adjusted to 1.33 mg/ml. Four times sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS)
sample buffer was then added and samples were boiled for
5 min to produce 1 mg/ml sample lysates. A total of 20 mg of
protein was loaded onto 4–20% tris–glycine SDS-PAGE gels.
Immunoblotting was performed as previously described (27)
with minor modifications optimized for the Odyssey infrared
imaging system (LI-COR, Lincoln, NE). In brief, separated pro-
teins were transferred to Immobilon-FL polyvinylidene difluor-
ide (PVDF) membrane (Millipore, Billerica, MA), blocked with
Odyssey blocking buffer (LI-COR) or 5% milk at room tempera-
ture for 1 h. Blocked membranes were incubated overnight at
48C with primary antibodies, diluted with 0.1% bovine serum
albumin in Tris-buffered saline with Tween 20 (TBST; 20 mM

Tris–HCl pH8.0, 150 mM NaCl, 0.05% Tween 20) as follows:
p-mTOR (S2448) 1:1000, total mTOR 1:500, p-Raptor(S792)
1:1000, p-AMPKa (T172) 1:1000, AMPKa 1:1000, p-S6 ribo-
somal protein (S240/244) 1:1000, total S6R 1:500, p-P70-S6
Kinase (T421/S424) 1:1000, p-4EBP1 (T37/46) 1:1000, total
4EBP1 1:500, glyceraldehyde-3-phosphate dehydrogenase
1:1000, p-AKT (T308) 1:1000, p-PDK1 (S241), p-ULK1
(S555) 1:1000, SQSTM1 1:1000, and LC3 (D11XP) 1;1000
(Cell Signaling, Danvers, MA). FLCN mouse monoclonal
antibody was raised against recombinant FLCN protein (22).
a-tubulin antibody was purchased from Sigma-Aldrich (St Louis
MO).After three timeswashingwithTBST,membraneswere incu-
bated at room temperature for 1 h with infrared dye-conjugated
secondary antibodies (IRDye 800CW goat anti-rabbit or mouse
IgG) (LI-COR), diluted 1:15000 with 0.2% Tween 20/Odyssey
blocking buffer. After three additional washes with TBST and
brief soaking in phosphate-buffered saline, images were acquired
with an Odyssey infrared imaging system (LI-COR). All the
experiments were repeated at least three times and a representative
picture is shown.

Histological analysis

Mouse hearts were obtained immediately after euthanasia, fixed
with 10% neutral buffered formalin overnight, embedded in par-
affin block, sectioned at 5 mm thickness, and stained with hema-
toxylin and eosin by standard methods. Each section was
scanned using the Aperio Image Scope system (Aperio, Vista,
CA) and analyzed.

Respiratory capacity of isolated mitochondria from mice
hearts

Maximum oxygen consumption of mitochondria isolated from
mouse heart tissue was measured as previously described (28).
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Mitochondria were isolated from mouse hearts using standard
Nagarse method (74) and 1 mg of mitochondria was attached to
the bottom of XF96 V3 PET plate (Seahorse Bioscience) at 936 g
for 10 min which was precoated overnight with 1:15000 polyethy-
leneimine solution/assay buffer (137 mM potassium chloride, 2 mM

monopotassium phosphate, 2.5 mM magnesium chloride, 20 mM

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
0.5 mM EGTA, 0.2% fatty acid-free BSA). The plate was war-
med at 378C for 10 min and transferred to the Seahorse XF96
analyzer. State 3 respiration (maximum adenosine diphosphate-
stimulated oxygen consumption ratio; oxygen consumption
ratio under sufficient substrate for mitochondrial complex) of
complex I was measured immediately after addition of 5 mM glu-
tamate, 5 mM malate, and 0.5 mM adenosine diphosphate, and
that of complex II was measured immediately after addition
of 5 mM succinate, 0.28 mM rotenone and 0.5 mM adenosine
diphosphate.

ATP measurement

ATP concentration was measured using ATP Colorimetric/
Fluorometric Assay Kit (Biovision, Milpitas, CA). Tissues or
cultured cells were lysed in Nucleotide releasing buffer, adjusted
to 1 mg/ml of protein concentration, treated with ATP convert-
ing enzyme, and read with a VICTORTM X3 Multilabel Plate
Reader (PerkinElmer, Waltham MA). Fifty microliters of
lysate were used for one assay. Three independent assays were
performed for each sample.

IGF-1 and insulin measurement

IGF-1 in mouse serum was measured by enzyme-linked im-
munosorbent assay (ELISA) using IGF-1 Mouse/Rat ELISA
kit (BioVendor, Asheville, NC) and insulin in mouse serum
was measured by radioimmunoassay using Rat Insulin RIA
(Millipore, Billerica, MA) which has 100% cross reactivity
with mouse insulin.

Electron microscopy

Mouse hearts were removed and immersed in 4% formaldehyde/
2% glutaraldehyde (Electron Microscopy Sciences, Hartfield,
PA)/PBS immediately after euthanasia. Small blocks were cut,
osmicated, and dehydrated before embedding. The blocks
were sectioned and observed in a Jeol 1200 transmission electron
microscope equipped with an XR-100 CCD camera (Advanced
Microscopy Techniques Corporation, Danvers, MA). Percent-
age of mitochondrial area was analyzed with Image J software
(National Institutes of Health, Bethesda, MD). Three pairs of
independent sections were analyzed, and the mean value with
+SD was shown.

Statistical analysis

Experimental data were summarized as the mean value with
+SD. Statistical analyses were performed using unpaired
t-test with or without Welch’s correction for two group compari-
son, or one-way ANOVA followed by Tukey post tests for mul-
tiple comparison. Kaplan–Meier survival analysis was
performed using Graphpad Prism version 6.01 (GraphPad

Software, Inc. La Jolla, CA), and differences were considered
to be statistically significant at a value of P ,0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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