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The forkhead transcription factor Foxo3a is able to inhibit
cardiomyocyte hypertrophy. However, its underlying molecular
mechanism remains to be fully understood. Our present study
demonstrates that Foxo3a can regulate cardiomyocyte hyper-
trophy through transactivating catalase. Insulin was able to
induce cardiomyocyte hypertrophy with an elevated level of
reactive oxygen species (ROS). The antioxidant agents, includ-
ing catalase and N-acetyl-L-cysteine, could inhibit cardiomyo-
cyte hypertrophy induced by insulin, suggesting that ROS is nec-
essary for insulin to induce hypertrophy. Strikingly, we observed
that the levels of catalase were decreased in response to insulin
treatment. The transcriptional activity of Foxo3a depends on its
phosphorylation status with the nonphosphorylated but not
phosphorylated form to be functional. Insulin treatment led to
an increase in the phosphorylated levels of Foxo3a. To under-
stand the relationship between Foxo3a and catalase in the
hypertrophic pathway, we characterized that catalase was a
transcriptional target of Foxo3a. Foxo3a bound to the promoter
region of catalase and stimulated its activity. The inhibitory
effect of Foxo3a on cardiomyocyte hypertrophy depended on its
transcriptional regulation of catalase. Finally, we identified that
myocardin was a downstream mediator of ROS in conveying the
hypertrophic signal of insulin or insulin-like growth factor-1.
Foxo3a could negatively regulate myocardin expression levels
through up-regulating catalase and the consequent reduction of
ROS levels. Taken together, our results reveal that Foxo3a can
inhibit hypertrophy by transcriptionally targeting catalase.

Myocardial hypertrophy is a compensatory response to
increased hemodynamic load. It is often associated with poor
clinical outcomes, including the development of cardiac sys-
tolic and diastolic dysfunction and ultimately heart failure
(1-7). Hyperinsulinemia and cardiac hypertrophy are closely
related. For example, insulin treatment can induce hypertrophy
in cultured cardiomyocytes (8). In the animal model, chronic
hyperinsulinemia leads to cardiac hypertrophy (9). In particu-
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lar, hypertensive patients with left ventricular hypertrophy
have a higher degree of hyperinsulinemia than hypertensive
patients without left ventricular hypertrophy (10). Insulin-like
growth factor-1 (IGF-1)® also is a potent hypertrophic stimulus
both in vitro and in vivo (11). To prevent and/or reverse myo-
cardial hypertrophy, it is necessary to identify and characterize
the molecules that are involved in the hypertrophic cascades of
insulin and IGF-1.

The forkhead family of transcription factors are character-
ized by the presence of a conserved 100-amino acid DNA bind-
ing domain and participate in regulating diverse cellular func-
tions such as apoptosis, differentiation, metabolism,
proliferation, and survival (12). The Foxo (Forkhead bOX-con-
taining protein, O sub-family) subgroup contains four members
(Foxol, Foxo3a, Foxo4, and Foxo6). It has been shown that
Foxol and Foxo3a are expressed in the heart and skeletal mus-
cle (13—-15). Foxo3a activation can induce skeletal muscle atro-
phy by causing transcription of the ubiquitin ligase atrogin-1
promoter (16). Recently, it has been shown that Foxo family
members are able to negatively regulate cardiac hypertrophy.
For example, the constitutively active form of Foxo3a
(caFoxo3a) in which all three Akt sites are replaced by alanine
residues can activate the atrogin-1 promoter in both cultured
cardiomyocytes and mouse heart, and negatively regulate car-
diac hypertrophy (8, 14). Foxol or Foxo3 in cardiomyocytes
attenuates calcineurin phosphatase activity and inhibits ago-
nist-induced hypertrophic growth (17). In addition, Foxo3a
knockout mice show cardiac hypertrophy (17). Given the
important role of Foxo3a in controlling cardiac hypertrophy;, it
necessitates the full elucidation of its underlying molecular
mechanisms in regulating cardiac hypertrophy.

Reactive oxygen species (ROS) can convey the hypertrophic
signals of a variety of stimuli (18—-21). For example, tumor
necrosis factor-a causes hypertrophy via the generation of ROS
in cardiomyocytes (18). Endothelin-1 can directly stimulate
ROS production (19) or mediate leptin-induced ROS produc-
tion (22). Mechanical stretch-induced hypertrophy is mediated
by ROS (20). As second messengers, ROS regulate various
intracellular signal transduction cascades and the activity of

3 The abbreviations used are: IGF-1, insulin-like growth factor-1; DN-Akt,
dominant negative Akt; NAC, N-acetyl-L-cysteine; RNAi, RNA interference;
ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase;
DCFH-DA, 2’,7'-dichlorofluorescein diacetate; ChIP, chromatin immuno-
precipitation; caFoxo3a, constitutively active form of Foxo3a; CMV, cyto-
megalovirus; m.o.i., multiplicity of infection; TRITC, tetramethylrhodamine
isothiocyanate.
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various transcription factors that regulate cardiac hypertrophy.
The activation of nuclear factor-«B and activator protein-1 can
be controlled by ROS (19, 23). Another well characterized ROS-
sensitive signaling pathway is that of mitogen-activated protein
kinases (MAPKs). An increase in ROS production results in
the activation of MAPK pathways (24, 25). Administration of
the antioxidants can inhibit cardiac hypertrophy (26, 27).
Despite these observations, the downstream targets of ROS in
the hypertrophic pathways remain to be further identified.

Myocardin is a transcriptional factor expressed in cardiom-
yocytes. Recently, it has been shown that overexpression of
myocardin can induce cardiac hypertrophy (28). Myocardin
also can mediate the hypertrophic signal of a variety of stimuli
such as phenylephrine, endothelin-1, and serum (28, 29). The
expression levels of myocardin can be elevated in response to
hypertrophic stimulation (28). Nevertheless, the upstream sig-
nals that control the expression of myocardin remain largely
unknown. In particular, although both ROS and myocardin are
able to convey the hypertrophic signals, it is not yet clear
whether they are related in the hypertrophic pathway.

The elevation of ROS levels can result from an increase in
their production and/or a decrease in their decomposition. Our
recent work shows that catalase, a scavenger of hydrogen per-
oxide, is down-regulated in response to the hypertrophic stim-
ulation (30). Insulin and insulin-like growth factor-1 are able to
induce cardiac hypertrophy (11). It remains enigmatic as to
whether catalase expression is altered in response to insulin and
IGF-1 stimulation. Furthermore, the molecular mechanism by
which catalase is down-regulated in response to hypertrophic
stimulation remains unknown.

Our present work aimed to elucidate whether there is an
impact between Foxo3a and catalase in the hypertrophic path-
way. Our results showed that catalase is a transcriptional target
of Foxo3a. Insulin can induce hypertrophy through inactivating
Foxo3a and the consequent catalase down-regulation as well as
ROS elevation. Furthermore, our results demonstrated that
myocardin expression can be stimulated by ROS, and myocar-
din is necessary for insulin and IGF-1 to induce hypertrophy.
Foxo3a negatively regulates myocardin expression through
controlling ROS levels. Thus, it appears that Foxo3a and cata-
lase constitute an anti-hypertrophic axis in the heart.

EXPERIMENTAL PROCEDURES

Materials—Insulin, N-acetyl-L-cysteine (NAC), and IGF-1
were purchased from Sigma. 2',7'-Dichlorofluorescein diac-
etate (DCFH-DA) was purchased from Molecular Probes Inc.
Anti-Foxo3a antibody, anti-catalase antibody, anti-myocardin
antibody, anti-phospho Foxo3a (Thr32) antibody, anti-actin
antibody, and horseradish peroxidase-conjugated goat anti-
rabbit or rabbit anti-goat IgG were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The adenovirus-harboring
catalase was a kind gift from Dr. Joseph J. Cullen. The constitu-
tively active form of human Foxo3a were kindly provided by Dr.
Boudewijn M. T. Burgering. The adenovirus harboring domi-
nant negative Aktl (DN-Akt) was from Vector Biolabs.

Constructions of Adenoviruses Harboring the Constitutively
Active Form of Human Foxo3a—The adenovirus harboring the
constitutively active form of human Foxo3a (caFoxo3a) was

OCTOBER 31, 2008+ VOLUME 283 +NUMBER 44

Foxo3a Regulates Hypertrophy through Catalase
constructed using the Adeno-X™
(Clontech).

Constructions of Adenoviruses Harboring Rat Foxo3a RNAi
or Rat Myocardin RNAi—The rat Foxo3a RNAi target sequence
was 5'-CAAGTACACCAAGAGCCGA-3'. A nonrelated,
scrambled RNAi without any other match in the rat genomic
sequence was used as a control (5'-TCAGACAGACAGACA-
GACC-3’). The rat myocardin RNAi target sequence was
5'-GGTCAGAAACAGATCGGAC-3'. The scrambled myo-
cardin RNAi target sequence was 5'-AGCCTAAGTCAAG-
GCAGAG-3'. The adenoviruses harboring Foxo3a RNAi or
myocardin RNAi were constructed using the pSilencer™
adeno 1.0-CMV System (Ambion) according to the kit’s
instructions. The effects of these constructs on Foxo3a and
myocardin expression were tested. Our results showed that the
expression of Foxo3a and myocardin could be significantly
inhibited in rat cardiomyocytes by their RNAi constructs,
respectively.

Adenovirus Infection—Viruses were amplified in HEK293
cells. The adenovirus (Ad) containing B-galactosidase was as
we described elsewhere (31). The adenovirus harboring cata-
lase RNAi was as we described (30). Adenovirus infection of
cardiomyocytes was performed as we described (32).

Cardiomyocytes Culture and Treatment—Cardiomyocytes
were isolated from 1- to 2-day-old Wistar rats as we described
(33). Briefly, after dissection hearts were washed, minced in
HEPES-buffered saline solution contained: 130 mm NaCl, 3 mm
KCl, 1 mm NaH,PO,, 4 mm glucose, and 20 mm HEPES (pH
adjusted to 7.35 with NaOH). Tissues were then dispersed in a
series of incubations at 37 °C in HEPES-buffered saline solution
containing 1.2 mg/ml pancreatin and 0.14 mg/ml collagenase
(Worthington). After centrifugation cells were resuspended in
Dulbecco’s modified Eagle’s medium/F-12 (Amersham Bio-
sciences) containing 5% heat-inactivated horse serum, 0.1 mm
ascorbate, insulin-transferring-sodium selenite media supple-
ment, 100 units/ml penicillin, 100 wg/ml streptomycin, and
0.1 mMm bromodeoxyuridine. The dissociated cells were pre-
plated at 37 °C for 1 h. The cells were then diluted to 1 X 10°
cells/mland plated in 10 ug/ml laminin-coated different cul-
ture dishes according to the specific experimental require-
ments. For the administration of NAC, cells were pretreated
for 1 h with NAC prior to insulin or IGF treatment.

Cell Surface Area Measurement—The cell surface area of
F-actin-stained cells or unstained cells was measured after
employing hypertrophic stimuli by the computer-assisted
planimetry. 100-200 cardiomyocytes in 20-30 fields were
examined in each experiment.

Protein/DNA Ratio Detection—For the quantitative analysis
of total cellular protein and DNA content, cells were washed
twice with phosphate-buffered saline. After wash, 0.2 N per-
chloric acid (1 ml) was added to the cells. The samples were
centrifuged for 10 min at 10,000 X g. The precipitates were
incubated for 20 min at 60 °C with 250 ul of 0.3 N KOH. Protein
content was analyzed by the Lowry method using human serum
albumin as a standard. DNA content was detected using
Hoechst dye 33258 with salmon sperm DNA as a standard.

Intracellular ROS Analysis—Intracellular ROS levels were
analyzed by employing ROS-sensitive dye, DCFH-DA as we

expression system
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described (30). After DCFH-DA (5 ug/ml) and hypertrophic
stimuli incubation, fluorescent images were acquired from a
laser confocal microscope (Zeiss LSM 510 META) by employ-
ing its ROZ mean function, and the intensity on regions of
interest was measured.

Immunoblotting—Immunoblotting was performed as we
described (34). In brief, cells were lysed for 1 h at 4 °C in a lysis
buffer (20 mm Tris (pH 7.5), 2 mm EDTA, 3 mMm EGTA, 2 mMm
dithiothreitol, 250 mMm sucrose, 0.1 mm phenylmethylsulfonyl
fluoride, 1% Triton X-100, and a protease inhibitor mixture).
Samples were subjected to 12% SDS-PAGE and transferred to
nitrocellulose membranes. Equal-protein loading was con-
trolled by Ponceau Red staining of membranes. Blots were
probed using antibodies.

Constructions of Rat Catalase Promoter and Its Mutant—
Catalase promoter was amplified from rat genome using PCR.
The long fragment containing two Foxo3a potential binding
sites (wild-type promoter-1, wt-1) was amplified using the for-
ward primer 5 -GTGCTTTCTGCTGCCTCTCCACTTC-3'.
The short fragment containing one Foxo3a potential binding
(wild-type promoter-2, wt-2) was amplified using the forward
primer 5'-CAGATTTCCCCTCTCACAGAGGAGG-3'. Both
fragments were amplified using the reverse primer 5'-CATG-
GTGTAGGATTGCGGAGCTGCA-3'. The promoters were
cloned into the reporter plasmid, pGL4.17 (Promega). The
introduction of mutations in the putative Foxo3a binding site in
wt-1 fragment (—363 to —357 wild type: 5'-ATAAATA-3, the
mutant: 5'-AGCCCTA-3’) was generated using QuikChange II
XL site-directed mutagenesis kit (Stratagene). The construct
was sequenced to check that only the desired mutations had
been introduced.

ChIP Analysis—ChIP was performed following the proce-
dure described with modifications (35). Cells were treated with
insulin, and then washed twice with phosphate-buffered saline
and cross-linked with 1% formaldehyde at 37 °C for 10 min.
After centrifugation, cells were resuspended in 0.3 ml of lysis
buffer (1% SDS, 10 mm EDTA, 50 mMm Tris-HCI, pH 8.1) con-
taining a protease inhibitor mixture, and sonicated three times
for 15 s. Supernatants were collected, and a 20-ul supernatant
of sonicated cell lysates was saved as the input sample. The rest
supernatants were diluted in buffer (1% Triton X-100, 2 mm
EDTA, 150 mm NaCl, 20 mm Tris-HCI, pH 8.1) followed by
immunoclearing with 2 ug of sheared salmon sperm DNA and
protein A-agarose for 2 h at 4 °C. Immunoprecipitation was
performed overnight at 4 °C with 5 ug of anti-Foxo3a antibody,
and followed by addition of 45 ul of protein A-agarose and
incubation for another hour at 4 °C. Precipitates were washed
with buffer-I (0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20 mm
Tris-HCI, pH 8.1, 150 mm NaCl), buffer-11 (0.1% SDS, 1% Triton
X-100, 2 mm EDTA, 20 mm Tris-HCI, pH 8.1, 500 mm NacCl),
buffer-1II (0.25 m LiCl, 1% Nonidet P-40, 1% deoxycholate, 1
mM EDTA, 10 mMm Tris- HCI, pH 8.1), and TE buffer (10 mm
Tris-HCL, 1 mm EDTA, pH 8.1). DNA was eluted from the beads
with 100 ul of elution buffer (1% SDS, 0.1 M NaHCO,). DNA
fragments were purified with a QIAquick Spin Kit (Qiagen). In
addition, anti-manganese superoxide dismutase antibody was
used for a negative control. The purified DNA was used as a
template for PCR amplification. PCR was run under the follow-
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ing conditions: 94 °C for 3 min for 1 cycle; 94 °C for 1 min, 55 °C
for 1 min, 72 °C for 1 min for 25 cycles; a final extension at 72 °C
for 8 min. The primers were as follows. BS1 (corresponding to a
218-bp fragment): BS1-Forward, 5'-GGTGGACTATTGACA-
GTGTTGGG-3'; BS1-Reverse, 5'-CGCCATCCAGTTATTT-
ACTCAGG-3'; BS2 (corresponding to a 191-bp fragment):
BS2-Forward, 5'-ACCAAATAAATAAGCAAAGTGAG-3;
BS2-Reverse, 5'-GAAACTCTAGAAGGGACAGGATT-3".

Luciferase Assay—Luciferase activity assay was performed
using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions. Cells were seeded
in 24-well plates. They were co-transfected with the expression
vectors, the luciferase reporter constructs and the Renilla lucif-
erase plasmids using Lipofectamine 2000 (Invitrogen). Each
well contained 0.2 ug of luciferase reporter plasmids, 0.2 ug of
expression vectors, 2.5 ng of Renilla luciferase plasmids,
respectively. Cells were lysed and assayed for luciferase activity
24 h after transfection. 20 ul of protein extracts was analyzed in
a luminometer. Firefly luciferase activities were normalized to
Renilla luciferase activity.

Quantitative Real-time PCR—Quantitative real-time PCR
was performed as we described (32). In brief, total RNA was
isolated using TRIzol (Invitrogen). RNA was reverse tran-
scribed using Oligo(dT) and amplified using a TagMan Assays
kit (TOYOBO). The samples were run in triplicate using the
Applied Biosystems (ABI) 7000 sequence detector according to
the manufacturer’s instructions. The results were standardized
to control values of glyceraldehyde-3-phosphate dehydrogenase.
The sequences of catalase primers were: Forward, 5'-CCTCCTC-
GTTCAAGATGTGGTTTTC-3'; Reverse, 5'-CGTGGGTGAC-
CTCAAAGTATCCAAA-3'; glyceraldehyde-3-phosphate dehy-
drogenase forward primer, 5'-GCTAACATCAAATGGGGTG-
ATGCTG-3'; Reverse, 5'-GAGATGATGACCCTTTTGGCCC-
CAC-3'. PCR was run under the following conditions: 95 °C for
60s for 1 cycle; 95 °Cfor 155,55 °Cfor 15s,and 72 °C for 45 s for 40
cycles. The specificity of the PCR amplification was confirmed by
agarose gel electrophoresis.

Statistical Analysis—The results are expressed as means *=
S.E. The statistical comparison among different groups was
performed by one-way analysis of variance. Paired data were
evaluated by Student’s ¢ test. p < 0.05 was considered statisti-
cally significant.

RESULTS

ROS Participates in Mediating the Hypertrophic Signal of
Insulin—Although insulin is able to induce cardiomyocyte
hypertrophy (8, 9), and ROS can mediate the hypertrophic sig-
nals (19, 20, 36), it remains unknown as to whether ROS partic-
ipates in conveying the hypertrophic signal of insulin. We
explored whether ROS is necessary for insulin to induce hyper-
trophy. To this end, ROS levels in response to insulin treatment
were analyzed. As shown in Fig. 1 (A and B), treatment of cells
with insulin led to an increase in ROS levels. Either the antiox-
idant NAC or exogenous catalase was able to attenuate ROS
levels upon insulin treatment. These data suggest that insulin is
able to induce an elevated level of ROS.

To understand whether ROS plays a functional role in insu-
lin-induced hypertrophy, we detected whether the inhibition of
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FIGURE 1. ROS mediates the hypertrophic signal of insulin. A, NAC reduces
ROS levels upon treatment with insulin. The neonatal rat cardiomyocytes
were incubated with 5 um DCFH-DA for 30 min at 37 °C, and then treated with
20 pg/ml insulin. ROS was analyzed 1 h after insulin treatment. *, p < 0.05
versus control; *, p < 0.05 versus insulin alone. B, insulin-induced ROS eleva-
tion is attenuated by catalase. Cardiomyocytes were infected with Ad-3-ga-
lactosidase or Ad-catalase at an m.o.i. of 50. 24 h after infection cells were
incubated with 5 um DCFH-DA for 30 min at 37 °C, and then treated with 20
rg/mlinsulin. ROS was analyzed 1 h after insulin treatment. *, p < 0.05 versus
control; ¥, p < 0.05 versus insulin alone. C, NAC attenuates insulin-induced
hypertrophic responses analyzed by cell surface area measurement. Car-
diomyocytes were treated as described for A. 48 h after treatment cell surface
area was measured. ¥, p < 0.05 versus control; ¥, p < 0.05 versus insulin alone.
D, NAC attenuates insulin-induced hypertrophic responses revealed by pro-
tein/DNA ratio. Cardiomyocytes were treated as described for C. 48 h after
treatment cells were harvested for the detection of protein/DNA ratio. *, p <
0.05 versus control; *, p < 0.05 versus insulin alone. E and F, catalase inhibits
hypertrophy induced by insulin. Cardiomyocytes were treated as described
for B. 48 h after treatment cells were collected for the analysis of cell surface
area (E) and protein/DNA ratio (F). *, p < 0.05 versus control; # p < 0.05 versus
insulin alone. G, insulin treatment led to sarcomere organization blocked by
NAC and catalase. Representative photos show sarcomere organization. The
neonatal rat cardiomyocytes were treated as described for A and B. 48 h after
treatment cells were collected for the staining with TRITC-conjugated phal-
loidin. The nuclei were stained with 4',6-diamidino-2-phenylindole. Bar = 10
uMm. Data in Fig. 1 are expressed as the mean = S.E. of three independent
experiments.

ROS is able to influence hypertrophy. Administration of insulin
resulted in an increase in cardiomyocyte surface area and pro-
tein/DNA ratio. NAC could attenuate the increase in cell sur-
face area (Fig. 1C) and protein/DNA ratio (Fig. 1D) induced by
insulin. A similar result was obtained by the employment of
catalase (Fig. 1, E and F). Insulin treatment led to sarcomere
organization. NAC and catalase could inhibit sarcomere orga-
nization (Fig. 1G). Thus, it appears that ROS participates in
conveying the hypertrophic signals of insulin.

Insulin Induces a Decrease in Catalase and an Increase in
Foxo3a Phosphorylation Levels—Catalase decomposes hydro-
gen peroxide, and our recent work has shown that catalase can
be down-regulated in the hypertrophic pathway (30). We

OCTOBER 31, 2008+ VOLUME 283 +NUMBER 44

Foxo3a Regulates Hypertrophy through Catalase

A .
1924 Real-time PCR
% —
©
OE: EJ 0.8 *
o £ S
% (&
T ..'g 0.4
T =
@]
O_

Insuin 0 5 10 20 30 60

Time (min)

B Immunoblot

Catalase N
Actin [

Insulin 0 &5 10 20 30 60
Time (min)

c Immunoblot

P-Foxoso [
Foxota
Actin [

Insulin 0 5 10 20 30 60
Time (min)

FIGURE 2. Insulin induces a decrease in catalase expression levels and an
increase in the levels of phosphorylated Foxo3a. A and B, insulin treat-
ment leads to a reduction in catalase expression levels. The neonatal rat car-
diomyocytes were treated with 20 ug/ml insulin. Cells were harvested at the
indicated time for the analysis of catalase mRNA levels by real-time PCR (A) or
catalase protein levels by immunoblot (B). *, p < 0.05 versus control. Data are
expressed as the mean = S.E. of three independent experiments. C, the phos-
phorylation levels of Foxo3a were increased in response to insulin treatment.
Cardiomyocytes were treated as described for A. Cells were harvested at the
indicated times for the analysis of phosphorylated and total Foxo3a levels by
immunoblot. A representative blot of three independent experiments is
shown.

detected catalase levels in response to insulin treatment. As
shown in Fig. 24, catalase mRNA levels were decreased after
treatment with insulin. The protein levels of catalase also were
decreased upon insulin treatment (Fig. 2B). These results indi-
cate that catalase is down-regulated in response to insulin treat-
ment. Insulin is an upstream stimulus of Foxo3a (11). We tested
whether Foxo3a could be influenced by insulin. Insulin treat-
ment led to no significant alterations in Foxo3a protein levels,
but an increase in the levels of phosphorylated form of Foxo3a
(p-Foxo3a, Fig. 2C). Thus, it appears that insulin could lead to
an elevated level of non-functional form of Foxo3a and a
decrease of catalase expression.

Foxo3a Is Able to Alter Catalase mRNA and Protein Levels—
Foxo3a is a transcription factor, and its transcriptional activity
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FIGURE 3. Foxo3ais able to regulate mRNA and protein levels of catalase.
A and B, knockdown of endogenous Foxo3a leads to a reduction in catalase
expression levels. The neonatal rat cardiomyocytes were infected with
Ad-Foxo3a-RNAi or its scrambled form (Ad-scrambled-RNAi) at an m.o.i. of
100. Cells were harvested 48 h after infection for the analysis of catalase
mRNA levels by Real-time PCR (A) or catalase protein levels by immunoblot
(B). *, p < 0.05 versus control. Data are expressed as the mean * SE. of 3
independent experiments. C and D, caFoxo3a stimulates catalase expression
at mRNA and protein levels. Cardiomyocytes were infected with Ad-B-galac-
tosidase or Ad-caFoxo3a at an m.o.i. of 50. Cells were harvested at the indi-
cated time for the analysis of catalase mRNA levels by Real-time PCR (C) or
catalase protein levels by immunoblot (D). *, p < 0.05 versus control. Data are
expressed as the mean = S.E. of three independent experiments. A represent-
ative blot of three independent experiments is shown.

is dependent on its phosphorylation status. The reduction in
the levels of functional Foxo3a as well as catalase encouraged us
to consider whether Foxo3a is related to catalase expression.
We tested whether catalase expression is regulated by endoge-
nous Foxo3a. Knockdown of endogenous Foxo3a led to a
reduction in the levels of catalase mRNA (Fig. 34) and protein
(Fig. 3B). To understand whether exogenous Foxo3a can influ-
ence catalase expression, we detected catalase levels in cells
enforced expression of exogenous caFoxo3a. caFoxo3a could
induce an elevated level of catalase mRNA (Fig. 3C) and protein
(Fig. 3D). These data suggest that Foxo3a is able to influence
catalase expression levels.

Catalase Is a Transcriptional Target of Foxo3a—The ability
of Foxo3a to influence catalase mRNA and protein levels led us
to consider whether the regulation of Foxo3a on catalase occurs
in a transcriptional manner. To this end, we analyzed the pro-
moter region of catalase and observed that it has two potential
Foxo3a binding sites (Fig. 44). We first tested whether Foxo3a
can regulate catalase promoter activity. A fragment containing
the two potential binding sites (wt-1) and a fragment contain-
ing only BS2 (wt-2) were constructed and cloned into the lucif-
erase vector, respectively. As shown in Fig. 4B, caFoxo3a led to
a marked elevation of wt-1 promoter activity. wt-2 promoter
had a comparable activity as wt-1 in response to caFoxo3a stim-
ulation, suggesting that BS2 is the binding site. To confirm this
conclusion, we introduced mutations in BS2 in wt-1, and the
data showed that the mutated promoter (m-BS2) could not be
stimulated by caFoxo3a. Thus, it appears that BS2 in the pro-
moter region of catalase is the binding site of Foxo3a.

Subsequently, we tested whether endogenous Foxo3a is able
to influence the promoter activity of catalase. Knockdown of
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FIGURE 4. Foxo3a binds to catalase promoter and stimulates its activity.
A, catalase promoter contains two potential Foxo3a binding sites. The two
potential Foxo3a binding sites are indicated as BS7 and BS2. Two fragments of
catalase promoter were synthesized and linked to luciferase (Luc) reporter
gene. The mutations were introduced to BS2 in wt-1. B, Foxo3a activates
catalase promoter activity. Cardiomyocytes were infected with Ad-B-galacto-
sidase or Ad-caFoxo3a at an m.o.i. of 50. 24 h after infection cells were trans-
fected with the constructs of the empty vector (pGL-4) or catalase promoter
constructs, respectively. Firefly luciferase activities were normalized to Renilla
luciferase activities. C, knockdown of endogenous Foxo3a leads to a reduc-
tion of catalase promoter activity. Cardiomyocytes were infected with
Ad-Foxo3a-RNAi or Ad-scrambled-RNAi at an m.o.i. of 100. 24 h after infection
cells were transfected with the constructs of the empty vector (pGL-4) or wt-1
catalase promoter constructs, respectively. Firefly luciferase activities were
normalized to Renilla luciferase activities. *, p < 0.05 versus wt-1 alone. D, insu-
lin treatment results in a decrease in catalase promoter activity. Cardiomyo-
cytes were transfected with the constructs of the empty vector (pGL-4) or
wt-1 catalase promoter constructs, respectively. 24 h after transfection cells
were treated with 20 wg/mlinsulin. Cells were harvested at the indicated time
for the analysis of luciferase activity. *, p < 0.05 versus wt-1 alone. E, ChIP
analysis of in vivo Foxo3a binding to catalase promoter. Cardiomyocytes were
treated with 20 wg/mlinsulin. Cells were harvested at the indicated times for
ChlP analysis. Chromatin-bound DNA was immunoprecipitated with the anti-
Foxo3a antibody. The anti manganese-superoxide dismutase antibody was
used as a negative control (neg). Immunoprecipitated DNA was analyzed by
PCR using a primer combination that encompassed Foxo3a BS1 (upper panel)
or BS2 (lower panel). Data in Fig. 4 are expressed as the mean = S.E. of three
independent experiments.

Foxo3a led to a reduced level of catalase promoter activity (Fig.
4C). We further detected whether insulin is able to influence
catalase promoter activity. Insulin treatment resulted in a
reduction of catalase promoter activity (Fig. 4D).

Finally, we detected whether endogenous Foxo3a binds to
catalase promoter in vivo. As shown in Fig. 4E, ChIP assay
revealed that Foxo3a bound to the BS2 but not the BS1 of cat-
alase promoter. Insulin treatment led to a reduced associating
level of endogenous Foxo3a with catalase promoter. Taken
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FIGURE 5. Knockdown of Foxo3a leads to hypertrophy inhibited by cata-
lase. A, knockdown of Foxo3a leads to an elevated level of ROS. The neonatal
rat cardiomyocytes were infected with Ad-Foxo3a-RNAi or its scrambled form
(Ad-scramble RNAI) at an m.o.i. of 100. 24 h after infection, cells were incu-
bated with 5 um DCFH-DA for 30 min at 37 °C. *, p < 0.05 versus control. Band
C, knockdown of Foxo3a leads to hypertrophy. Cardiomyocytes were treated
as described for A. 48 h after treatment cells were harvested for the detection
of cell surface area (B) or protein/DNA ration (C). *, p < 0.05 versus control.
D, catalase attenuates ROS elevation induced by Foxo3a knockdown. Car-
diomyocytes were infected with Ad-catalase atan m.o.i. of 50. 24 h after infec-
tion, cells were infected with Ad-Foxo3a-RNAi or Ad-scrambled-RNAi at an
m.o.i. of 100. Cells were incubated with 5 um DCFH-DA for 30 min at 37 °C.
* p < 0.05 versus control; ¥, p < 0.05 versus Foxo3a-RNAi alone. E, catalase
attenuates hypertrophy induced by Foxo3a knockdown. Cardiomyocytes
were treated as described for D. Cell surface area was measured 48 h after
Foxo3a-RNAi treatment. Data in Fig. 5 are expressed as the mean = S.E. of
three independent experiments.

together, these data suggest that Foxo3a can transcriptionally
regulate catalase.

Foxo3a and Catalase Are Functionally Related in Inhibiting
Hypertrophy—Because catalase and the functional form of
Foxo3a are down-regulated in hypertrophy induced by insulin,
and Foxo3a can transcriptionally regulate catalase, we asked
whether catalase and Foxo3a are functionally related in hyper-
trophy. To answer this question, we first tested whether Foxo3a
deficiency can influence ROS levels. Knockdown of Foxo3a
resulted in an elevated level of ROS (Fig. 54). Concomitantly,
cells underwent hypertrophic responses as assessed by cell sur-
face area measurement (Fig. 5B) and protein/DNA ratio assay
(Fig. 5C). These data suggest that Foxo3a knockdown is able to
induce ROS elevation and hypertrophy.

Next, we tested whether catalase can influence hypertrophy
upon Foxo3a knockdown. Catalase could attenuate ROS levels
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FIGURE 6. Dominant negative Akt inhibits the decrease of catalase
expression and hypertrophy induced by insulin. A, dominant negative Akt
(DN-Akt) attenuates the reduction of catalase levels upon treatment with
insulin. The neonatal rat cardiomyocytes were infected with Ad-B-galactosid-
ase or Ad-DN-Akt at an m.o.i. of 100. 24 h after infection they were treated
with 20 png/mlinsulin. 1 h after treatment cells were collected for the detec-
tion of catalase levels by immunoblot. B and C, DN-Akt attenuates hypertro-
phy upon treatment with insulin. Cardiomyocytes were treated as described
for A.48 h after treatment cells were harvested for the detection of cell surface
area (B) or protein/DNA ration (C). *, p < 0.05 versus control; , p < 0.05 versus
insulin alone. D, DN-Akt attenuates ROS elevation induced by insulin. Car-
diomyocytes were treated as described for A. 24 h after infection cells were
incubated with 5 um DCF-DA for 30 min at 37 °C, and then treated with 20
ng/mlinsulin. ROS was analyzed 1 h after insulin treatment. *, p < 0.05 versus
control; ¥, p < 0.05 versus insulin alone. Data in Fig. 6 are expressed as mean *
S.E. of three independent experiments.

(Fig. 5D) and hypertrophy (Fig. 5E) upon Foxo3a knockdown.
Thus, it appears that Foxo3a and catalase are functionally
related in inhibiting hypertrophy.

Catalase Is Regulated by Akt in the Hypertrophic Pathway of
Insulin—Akt is an upstream regulator of Foxo3a (11). To fur-
ther confirm the role of Foxo3a-catalase in controlling hyper-
trophy, we attempted to test whether Akt participates in regu-
lating catalase in the hypertrophic pathway of insulin. As shown
in Fig. 64, the insulin-induced decrease in catalase levels could
be attenuated by dominant negative Akt (DN-Akt). Concomi-
tantly, insulin-induced hypertrophic responses as assessed by
cell surface area measurement (Fig. 6B) and protein/DAN ratio
(Fig. 6C) could be inhibited by DN-AKt. DN-Akt also led to a
reduction in ROS levels upon insulin treatment (Fig. 6D). These
data suggest that Akt is involved in regulating catalase expres-
sion and hypertrophy upon treatment with insulin.

Myocardin Participates in Conveying the Hypertrophic Signal
of Insulin and IGF-1—Our above results demonstrate that
Foxo3a and catalase constitute an anti-hypertrophic axis.
Although this anti-hypertrophic axis is inactivated in insulin-
induced hypertrophy, which pro-hypertrophic factor is acti-
vated and initiates the hypertrophic program? Myocardin ini-
tiates cardiac hypertrophy through a transcription-dependent
manner (28), and ROS is able to stimulate the transcriptional
machinery (24, 38—40). This encouraged us to test whether
myocardin is involved in the hypertrophic pathway of insulin.
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FIGURE 7. Myocardin is required for insulin and IGF-1 to induce hypertro-
phy. A, myocardin is up-regulated in response to insulin treatment. The neo-
natal rat cardiomyocytes were treated with 20 ug/ml insulin, and then har-
vested at the indicated times for the detection of myocardin using
immunoblot. A representative result of three independent experiments is
shown. B, myocardin is required for insulin to induce hypertrophy. Cardiom-
yocytes were infected with Ad-myocardin-RNAi or Ad-myocardin-S-RNAi at
an m.o.i. of 80. 30 h after infection cells were treated with insulin. Analysis of
myocardin levels by immunoblot was performed 1 h after insulin treatment
(upper panel). Cell surface area measurement was performed 48 h afterinsulin
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Insulin treatment led to an elevated level of myocardin (Fig.
7A). We tested whether myocardin is necessary for insulin to
regulate hypertrophy. To this end, myocardin RNAi construct
was produced, and it could decrease myocardin protein levels
(upper panel in Fig. 7B). Knockdown of myocardin could atten-
uate the hypertrophic responses induced by insulin (lower
panel, Fig. 7B). Insulin and IGF-1 have been shown to employ a
similar pathway to initiate hypertrophy (11). We thus tested
whether myocardin is necessary for IGF-1 to induce hypertro-
phy. IGF-1 treatment led to an increase in myocardin protein
levels. Knockdown of myocardin reduced hypertrophy in
response to IGF-1 treatment (Fig. 7C). These results suggest
that myocardin is a mediator of insulin and IGF-1 in initiating
hypertrophy.

ROS Is Responsible for Myocardin Up-regulation in the
Hypertrophic Pathways of Insulin and IGF-1—Because both
ROS and myocardin are necessary for insulin to initiate hyper-
trophy, this raises a question as to what the relationship
between ROS and myocardin is. To answer this question, we
tested whether inhibition of ROS can influence myocardin
expression levels. Enforced expression of catalase could atten-
uate myocardin levels upon insulin treatment (Fig. 84). Admin-
istration of NAC led to a reduction in myocardin levels (Fig.
8B). IGF-1-induced myocardin up-regulation could be attenu-
ated by catalase (Fig. 8C). Concomitantly, catalase inhibited
hypertrophy upon treatment with IGF-1 (Fig. 8D). These data
indicate that myocardin up-regulation is a downstream event of
ROS in the hypertrophic pathways of insulin and IGF-1.

Foxo3a Negatively Regulates Mpyocardin Levels through
Catalase—Finally, we carried out experiments to understand
the relationship between Foxo3a and myocardin in the hyper-
trophic cascades of insulin and IGF-1. We tested whether
Foxo3a is able to influence myocardin levels upon treatment
with insulin or IGF-1. caFoxo3a could attenuate the elevation of
myocardin levels upon insulin treatment (Fig. 94). IGF-1-in-
duced up-regulation of myocardin also could be inhibited by
caFoxo3a (Fig. 9B). To understand whether the effect of
caFoxo3a on myocardin expression is related to catalase, we
tested whether knockdown of catalase can influence the ability
of caFoxo3a to regulate myocardin levels. caFoxo3a could
attenuate insulin-induced myocardin up-regulation depending
on the presence of catalase (Fig. 9C). Concomitantly, insulin-
induced hypertrophy could be attenuated by caFoxo3a in the
absence but not presence of catalase RNAI (Fig. 9D). A similar
result was obtained in the hypertrophic model of IGF-1 in
which caFoxo3a could attenuate myocardin levels and hyper-
trophy upon IGF-1 treatment in the absence but not presence
of catalase RNAi (data not shown). Thus, it appears that Foxo3a
negatively regulates myocardin levels depending on catalase.

treatment (lower panel). *, p < 0.05 versus insulin alone. C, myocardin is
required for IGF-1 to induce hypertrophy. Cardiomyocytes were infected with
Ad-myocardin-RNAi or Ad-myocardin-S-RNAi as described for B, except that
30 ng/ml IGF-1 was used. Analysis of myocardin levels by immunoblot was
performed 1 h after IGF-1 treatment (upper panel). Cell surface area measure-
ment was performed 48 h after IGF-1 treatment (lower panel). *, p < 0.05
versus IGF-1 alone. Data in B and C are expressed as the mean =+ S.E. of three
independent experiments.
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FIGURE 8. Myocardin up-regulation induced by insulin and IGF-1 can be
attenuated by the antioxidant agents. A, catalase is able to attenuate myo-
cardin levels upon treatment with insulin. The neonatal rat cardiomyocytes
were infected with Ad-B-galactosidase or Ad-catalase at an m.o.i. of 50.24 h
after infection cells were treated with 20 wg/ml insulin. Cells were harvested
forimmunoblot analysis of myocardin 1 h after insulin treatment. B, the anti-
oxidant NAC is able to attenuate myocardin levels upon treatment with insu-
lin. Cardiomyocytes were pretreated with 10 mm NAC for 1 h and then treated
with 20 ug/ml insulin. Cells were harvested for immunoblot analysis of myo-
cardin 1 h after insulin treatment. C, catalase attenuates myocardin levels
upon treatment with IGF-1. Cardiomyocytes were treated as described for A,
except that 30 ng/ml IGF-1 was used. D, catalase inhibits hypertrophy upon
treatment with IGF-1. Cardiomyocytes were treated as described for C. Cell
surface area measurement was performed 48 h after IGF-1 treatment. *, p <
0.05 versus IGF-1 alone. Data are expressed as the mean = S.E. of three inde-
pendent experiments. A representative blot of three independent experi-
ments is shown in Fig. 8.
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FIGURE 9. Foxo3a negatively regulates myocardin levels through cata-
lase. A, caFoxo3a is able to attenuate myocardin levels upon treatment with
insulin. The neonatal rat cardiomyocytes were infected with Ad-B-galactosid-
ase or Ad-caFoxo3a at an m.o.i. of 50. 24 h after infection cells were treated
with 20 ug/ml insulin. Cells were harvested for immunoblot analysis of myo-
cardin 1 h after insulin treatment. B, caFoxo3a is able to attenuate myocardin
levels in response to IGF-1 treatment. Cardiomyocytes were treated as
described for A, except that 30 ng/ml IGF-1 was used. C and D, knockdown of
catalase abolishes the effect of caFoxo3a on myocardin expression and
hypertrophy. Cardiomyocytes were co-infected with Ad-catalase-RNAi (30
m.o.i.), Ad-catalase-S-RNAi (30 m.o.i.), or Ad-caFoxo3a (50 m.o.i.). 24 h after
infection cells were treated with 20 wg/ml insulin. Cells were harvested for
immunoblot 1 h after insulin treatment (C), or for cell surface area measure-
ment 48 h after insulin treatment (D). *, p < 0.05 versus insulin plus caFoxo3a.
Data are expressed as the mean = S.E. of three independent experiments.
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DISCUSSION

Our present work demonstrates that Foxo3a is a modulator
of hypertrophy induced by insulin and IGF-1. Foxo3a exerts its
anti-hypertrophic effect through transcriptionally activating
catalase, thereby reducing ROS levels. Our results further
reveal that ROS can stimulate the expression of myocardin, and
the latter mediates the hypertrophic signal of insulin and IGF-1.
In addition, Foxo3a can negatively regulate myocardin levels
through catalase. Our data reveal a novel anti-hypertrophic axis
composed of Foxo3a catalase, and the downstream target of
this axis is myocardin.

Insulin has been shown to be able to elevate ROS levels in
hepatic cell line HepG2 and cardiac cell line H9¢2 (41). How-
ever, it is not yet clear whether insulin can elevate ROS levels in
primary cardiomyocytes. Our present work demonstrates that
insulin is able to stimulate ROS elevation during hypertrophy.
In particular, ROS is a prerequisite for insulin to induce car-
diomyocyte hypertrophy. Previous studies have shown that
insulin may initiate hypertrophy through Akt, the latter then
controls the function of hypertrophic regulators such as
nuclear factor of activated T cells, GATA-4, and atrogin-1 (11).
Our data for the first time demonstrate that ROS can be a
downstream mediator of insulin in the induction of cardiom-
yocyte hypertrophy.

Catalase has been shown to participate in the regulation of
cardiac hypertrophy. Leptin-induced cardiomyocyte hyper-
trophy is mediated by ROS and can be blocked by catalase
(22). Our recent work demonstrates that catalase is a target
of a variety of hypertrophic stimuli such as tumor necrosis
factor-a, phenylephrine, and angiotensin II. These stimuli
induce a decrease in catalase levels and an increase in ROS
levels (30). Our present work reveals that catalase also is a
target of insulin and IGF-1 in exerting their hypertrophic
effect. Although a recent study has shown that catalase
expression can be up-regulated by Foxol (42), it is not yet
clear whether such regulation is through a direct or indirect
manner. Our present study shows that Foxo3a can regulate
catalase through a direct and transcription-dependent way.
Furthermore, insulin and IGF-1 initiate hypertrophy
through inactivating Foxo3a and down-regulating catalase.
Thus, it appears that Foxo3a and catalase may form an axis
that participates in antagonizing cardiac hypertrophy. Foxo
family contains four members (Foxol, Foxo3a, Foxo4, and
Foxo6). It would be interesting to detect whether other
members can regulate hypertrophy under physiological and
pathological conditions and, if so, whether they control
hypertrophy by transcriptionally targeting catalase.

A growing body of evidence has shown that Akt plays an
important role in triggering cardiac hypertrophy (11). For
example, insulin and IGF-1 can stimulate cardiac hypertrophy
via the Akt pathway (14, 43). Overexpression of activated forms
of Aktl or Akt3 causes cardiac hypertrophy (44 —46). Never-
theless, the downstream targets of Akt in cardiac hypertrophy
remain to be fully understood. Foxo3a is a substrate of Akt (47).
Our present study shows that Foxo3a transactivates catalase
expression. It would be interesting to elucidate the role of cat-
alase in the hypertrophic pathway of Akt. Hitherto, it remains

JOURNAL OF BIOLOGICAL CHEMISTRY 29737



Foxo3a Regulates Hypertrophy through Catalase

unknown as to whether Akt requires ROS to mediate its hyper-
trophic signal. Our present study in the cellular model reveals
that the dominant negative Akt is able to suppress insulin-in-
duced ROS elevation, suggesting that there is a link between
Akt and ROS in hypertrophic cascades. Future studies are
required to reveal whether ROS can be a molecular messenger
of Akt in induction of hypertrophy in animal model.

ROS is a signaling molecule, and it itself cannot execute
hypertrophy. What are the downstream targets of ROS in trig-
gering hypertrophy? Our results demonstrate that myocardin is
up-regulated in the hypertrophic pathway of insulin and IGF-1.
Strikingly, the up-regulation of myocardin is a consequent
event of ROS elevation in response to insulin and IGF-1 treat-
ment. Myocardin is a transcriptional factor that is able to stim-
ulate cardiac hypertrophy (28). Also, it can mediate the hyper-
trophic signal of a variety of stimuli such as phenylephrine and
endothelin-1 (28, 29). Phenylephrine, mechanical stress, and
endothelin-1 require ROS to convey their hypertrophic signals
(19, 21, 48, 49). The stimulation of myocardin expression by
ROS as revealed by our results may provide a clue in under-
standing the role of myocardin in ROS-related hypertrophy.

Our present work reveals that Foxo3a catalase constitutes an
anti-hypertrophic axis, and this axis can be a target of insulin
and IGF-1 in induction of hypertrophy. Thus, our data may
shed new light in understanding the molecular mechanism by
which insulin and IGF-1 induce hypertrophy. However, there is
a large amount of stimuli that is able to regulate cardiac hyper-
trophy (5, 26, 37, 50, 51). In particular, a variety of hypertrophic
stimuli require ROS to initiate hypertrophy. The role of the
Foxo3a catalase axis in the hypertrophic pathway of these mol-
ecules has not been studied in our present work. Nevertheless,
our results may lead to future studies to explore not only the
implications of this axis in hypertrophy, but also the beneficial
effect of this axis as a biological target for the potential novel
therapy for maladaptive cardiac hypertrophy as well as heart
failure.
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