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Transcriptional regulatory mechanisms of cardiac oxi-
dative stress resistance are not well defined. FoxO tran-
scription factors are critical mediators of oxidative stress
resistance in multiple cell types, but cardioprotective func-
tions have not been reported previously. FoxO function in
oxidative stress resistance was investigated in cultured car-
diomyocytes and in mice with cardiomyocyte-specific com-
bined deficiency of FoxO1 and FoxO3 subjected to myocar-
dial infarction (MI) or acute ischemia/reperfusion (I/R)
injury. Induction of oxidative stress in cardiomyocytes pro-
motes FoxO1 and FoxO3 nuclear localization and target
gene activation. Infection of cardiomyocytes with a domi-
nant-negative FoxO1(A256) adenovirus results in a signifi-
cant increase in reactive oxygen species and cell death,
whereas increased FoxO1 or FoxO3 expression reduces re-
active oxygen species and cell death. Mice generated with
combined conditional deletion of FoxO1 and FoxO3 specifi-
cally in cardiomyocytes were subjected to I/R or MI. Loss of
FoxO1 and FoxO3 in cardiomyocytes results in a significant
increase in infarct area with decreased expression of the
antiapoptotic molecules, PTEN-induced kinasel (PINK1)
and CBP/P300-interacting transactivator (CITED2). Expres-
sions of the antioxidants catalase and manganese superox-
ide dismutase-2 (SOD2) and the autophagy-related proteins
LC3II and Gabarapl1 also are decreased following I/R com-
pared with controls. Mice with cardiomyocyte-specific
FoxO deficiency subjected to MI have reduced cardiac func-
tion, increased scar formation, induction of stress-respon-
sive signaling, and increased apoptotic cell death relative to
controls. These data support a critical role for FoxOs in
promoting cardiomyocyte survival during conditions of oxi-
dative stress through induction of antioxidants and cell sur-
vival pathways.

Ischemic heart disease or myocardial ischemia/reperfusion
(I/R)? injury is a leading cause of mortality worldwide (1).
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Cardiac oxidative injury can lead to cardiomyocyte cell death
followed by fibrosis, hypertrophy, ventricular chamber dila-
tion, decreased cardiac function, and ultimately heart failure.
Oxidative stress is associated with increased formation of re-
active oxygen species (ROS) that contribute to the pathophys-
iology of I/R injury (1). Increased ROS leads to DNA, protein
and lipid modifications, as well as activates stress-signaling
pathways leading to heart failure in I/R injury (2). Protective
factors in ROS-mediated cardiac injury include AMP-acti-
vated protein kinase (AMPK) and sirtuins (Sirts) (3, 4). Un-
derstanding the intracellular processes that protect the heart
from oxidative damage following I/R injury is important for
the development of therapies to prevent the progression of
heart disease.

FoxO transcription factors (FoxO1, FoxO3, FoxO4, and
FoxO6) belong to the forkhead family of transcriptional regu-
lators, of which FoxO1 and FoxO3 are expressed in develop-
ing and adult cardiomyocytes (5, 6). Mice lacking FoxO1 are
embryonic lethal by E10.5 due to impaired vasculogenesis,
and mice lacking FoxO3 are viable but develop a mild hemo-
lytic anemia and premature ovarian failure as well as cardiac
hypertrophy as adults (7-9). During the neonatal period,
FoxOs promote neonatal cell cycle withdrawal through
activation of cell cycle inhibitor genes p21<** and p27<**
(5). FoxOs also function in cardiomyocyte cell size regula-
tion through induction of autophagy and inhibition of hy-
pertrophy (6, 9). In multiple cell types, FoxOs have a pro-
tective role in resistance to oxidative stress through
regulation of antioxidant genes SOD2 and catalase (Cat) as
well as additional cell survival pathways (10). Importantly,
FoxO interacting pathways and downstream targets
responsible for oxidative stress resistance are highly con-
text- and cell lineage-dependent (11). Under conditions of
starvation or oxidative stress, FoxOs can be activated by
increased AMPK activity or decreased activity of AKT (10).
However, the specific functions of FoxOs in protection
from I/R injury in the heart are not well understood.

FoxO1 and FoxO3 are co-expressed in cardiomyocytes and
are coordinately regulated during neonatal cell cycle with-
drawal or under starvation conditions (5, 6). Here, we demon-
strate that FoxO1 and FoxO3 are both induced and protect
cultured cardiomyocytes from oxidative injury. Likewise,
combined deficiency of FoxO1 and FoxO3 specifically in car-
diomyocytes in mice leads to increased oxidative damage and
decreased myocardial function after acute I/R injury or myo-
cardial infarction (MI).
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EXPERIMENTAL PROCEDURES

Neonatal Rat Cardiomyocyte Isolation and Culture—Pri-
mary neonatal rat cardiomyocytes were isolated from hearts
of 1-2-day-old Sprague-Dawley rat pups as described previ-
ously (12). After separation from fibroblasts, enriched car-
diomyocytes were plated on 2-well chamber slides for immu-
nofluorescence or on 10-cm diameter dishes for Western blot
or chromatin immunoprecipitation (ChIP) experiments. Cells
were grown in DMEM (10-017-CV, Cellgro) containing 10%
fetal bovine serum (FBS) and 1X penicillin/streptomycin
(Invitrogen).

Induction of Oxidative Stress by Glucose-free Hypoxia and
Reoxygenation (H/R) or Hydrogen Peroxide Treatment—Hy-
poxic oxidative stress was induced in neonatal cardiomyo-
cytes by incubation in an anaerobic container that contained
an Anaero Pack (Mitsubishi Gas Chemical) according to the
manufacturer’s instructions (13). The percent O, in the jar
after 2 h with the Anaero Pack is 0%. DMEM/FBS-containing
medium was replaced with glucose-free DMEM before the
cells were exposed to hypoxic stress overnight, followed by
5 h of reoxygenation in medium with 10% FBS-containing
DMEM (reoxygenation medium). For the normoxic condi-
tion, cardiomyocytes were incubated with DMEM/FBS/glu-
cose-containing medium. Neonatal cardiomyocytes were
treated with H,O, (50 um) for 2 h to induce oxidative stress
and then either harvested for protein isolation and ROS mea-
surement or processed for immunohistochemistry. FoxO1
and FoxO3 proteins were detected using antibodies from Mil-
lipore (AB4130) and Upstate (07-702), respectively. In some
experiments, cells were infected with adenovirus for 24 h as
described previously prior to the induction of oxidative stress
(6). Wild type (WT), constitutively active (ADA), and domi-
nant-negative (A256) FoxO1 adenoviruses were obtained
from D. Accili (see Ref. 14). WT and constitutively active
(TmO3) FoxO3 were obtained from K. Walsh (see Ref. 15).
Infection with CMV B-galactosidase (8-gal) virus was used as
a control for all experiments.

Measurement of ROS—Neonatal cardiomyocytes were incu-
bated with 2',7'-dichlorodihydrofluorescein diacetate (20 um,
Invitrogen) for 30 min at 37 °C in the dark (16). Cells were
then incubated without or with H,O, for 30 min, washed with
PBS to eliminate the excess 2',7’-dichlorodihydrofluorescein
diacetate, and harvested in PBS containing 0.2% Triton X-100.
Formation of ROS was detected by measuring the fluores-
cence absorbance (485-nm excitation and 530-nm emission)
by a plate reader (BioTek, F1x800). Statistical analyses were
performed using Student’s ¢ test (p < 0.05).

Animal Models—All experimental procedures with animals
were approved by the Institutional Animal Care and Use
Committee of the Cincinnati Children’s Hospital Medical
Center. FoxO1-LoxP-targeted (FoxO"/") and FoxO3-LoxP-
targeted (FoxO3"") mice have been used previously for con-
ditional Cre-dependent loss of FoxO1 and FoxO3 (11).
FoxOP"" and FoxOF"" mice were crossed with each other to
generate FoxO "7 /Fox03™" mice. FoxOV""/Fox03"" mice
were crossed with cardiac-specific BMHC-Cre transgenic
mice to conditionally delete both FoxO1 and FoxO3 specifi-
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cally from cardiomyocytes (17). All mice are in an FVBN
background. For all studies, cardiomyocyte-specific FoxO1/
FoxO3-deficient mice (BMHC-Cre;FoxOF""/FoxO3"") were
compared with age-matched littermate control mice
(FoxO "1 /Fox 03",

I/R and MI in Mice—Cardiac ischemia-reperfusion injury
was performed in 8 —10-week-old mice as described previ-
ously (18). Briefly, mice were anesthetized with 0.5% isoflu-
rane in 95% O,, 5% CO,. Ischemia was achieved using an 8-0
prolene suture around the left anterior descending coronary
artery and tied with a slipknot. The thoracotomy was closed,
and the mice were revived for a 1-h ischemic injury period,
after which the knot was released and the heart was allowed
to reperfuse for 24 h. After reperfusion, mice were sacrificed
by CO, asphyxiation, and 2% Evan’s blue dye was injected
into the left ventricle. Hearts were embedded in 2% agarose
phosphate-buffered saline, sectioned in 2—3-mm slices, and
stained with 2% triphenyltetrazolium chloride in saline over-
night. Images of each slice were captured and analyzed to
identify area at risk, infarct area, and viable myocardium. Al-
ternatively, mice subjected to I/R were sacrificed by CO, as-
phyxiation, and hearts were harvested for RNA and protein
isolation. The MI procedure was identical except that the liga-
ture was permanent with no reperfusion, and mice were kept
for 4 weeks. Trans-thoracic echocardiography was performed
each week for 4 weeks to determine the cardiac ventricular
performance and chamber dimensions as described previ-
ously (19). Mice were sacrificed by CO, asphyxiation, and
hearts were harvested for morphological and histological
staining. Statistical analyses were performed using one-way
analysis of variance (p < 0.05).

Histological Analysis—Hearts were collected, fixed in 4%
paraformaldehyde, dehydrated, and embedded in paraffin.
Fibrosis was detected with Masson’s trichrome staining. The
area of collagen deposition in the heart stained by Masson’s
trichrome (blue) was quantified using Metamorph 6.1 soft-
ware (Universal Imaging Corp.) as described previously (20).
The area occupied by blue pixels was expressed as a percent-
age of area of the entire heart. Thus the fibrotic area encom-
passes the scar, border zone, and remote area. A total of three
photomicrographs encompassing the entire heart were ana-
lyzed for six mice per experimental group. TUNEL staining of
apoptotic nuclei following 4 weeks of MI was determined us-
ing the fluorescein in situ cell death detection kit according to
the manufacturer’s instructions (Roche Diagnostics) and
counterstained with TO-PRO-3 iodine to visualize the nuclei.
A minimum of 100,000 myocytes from # = 6 animals were
analyzed for each experimental group. Anti-cleaved caspase-3
antibody (1:100; catalog no. 9664, Cell Signaling) was used to
detect apoptotic cells, and an antibody to 8-hydroxy-2'-deoxy-
guanosine (8-OHdG) (Oxis International) was used to detect
DNA damage in hearts subjected to I/R (3). Immunoreac-
tivity was detected using Pierce ultra-sensitive ABC kit and
3’,3’-diaminobenzidine enhanced metal substrate kit
(Pierce). Statistical analyses were performed using Stu-
dent’s t test (p < 0.05).

Protein Isolation and Western Blotting—Protein lysates
were isolated from rat neonatal cardiomyocytes and from
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mouse heart ventricles after sham operation or I/R using ice-
cold CelLytic MT cell lysis buffer or CelLytic M tissue lysis
buffer (Sigma), containing protease inhibitor mixture (Pierce)
and phosphatase inhibitor (Pierce) according to the manufac-
turer’s instructions. Western blots were performed as de-
scribed previously (6). Immunoblots were developed using
chemifluorescent detection with the Vistra enhanced chemi-
fluorescence reagent (Amersham Biosciences) and scanned
using a Storm 860 (Amersham Biosciences). Signal intensities
were quantified with ImageQuant 5.0 software (GE Health-
care). Antibodies used for immunoblot analysis include the
following: AMPK (1:1000; catalog no. 2532, Cell Signaling);
p-AMPK (1:1000; catalog no. 2535, Cell Signaling); FoxO1
(1:200; catalog no. 2880, Cell Signaling); FoxO3 (1:200; catalog
no. 2497, Cell Signaling); phospho-FoxO1 Ser-256 (1:700; cat-
alog no. 9461, Cell Signaling); phospho-FoxO3 Ser-318/321
(1:700; catalog no. 9465, Cell Signaling); LC3 (1:1000; catalog
no. 9215, Cell Signaling); ERK (1:1000; catalog no. 9102, Cell
Signaling); p-ERK (1:1000; catalog no. 9101, Cell Signaling);
Gadd45« (1:1000; catalog no. 3518, Cell Signaling); PINK1
(1:500; catalog no. sc-33796, Santa Cruz Biotechnology); Bcl2
(1:1000; catalog no. sc-7382, Santa Cruz Biotechnology);
Bcl-xI (1:1000; catalog no. sc-7195, Santa Cruz Biotechnol-
ogy); Bax (1:1000; catalog no. sc-493, Santa Cruz Biotechnol-
ogy), GAPDH (1:10,000; Santa Cruz Biotechnology); catalase
(1 pg/ml; catalog no. C0979, Sigma); SOD2 (1 ug/ml; catalog
no. 06-984, Millipore); and CITED2 (1:500; catalog no.
NB100-136, Novus Biologicals). Statistical significance of ob-
served differences in immunoblot signaling intensities was
determined by Student’s ¢ test (p < 0.05, n = 3-6).

Quantitative Real Time RT-PCR (qRT-PCR)—Total RNA
was isolated from rat neonatal cardiomyocytes or adult mouse
hearts for qRT-PCR analysis. 1 ug of total RNA was used to
generate cDNA with a Superscript II first strand synthesis kit
(Invitrogen) according to the manufacturer’s instructions. 1
wl of synthesized cDNA was used for analysis by qRT-PCR
(M] Research Opticon 2) as described previously (6, 21).
Oligonucleotide primer sequences used for quantification of
mouse Cat, SOD2, Gadd45«a, PINK1, CITED2, LC3,
Gabarapll, and Atgl2 were described previously (6, 22—26).
Amplification reactions were performed with 34 cycles of
(94 °C for 30 s; 55 °C for 45 s; 72 °C for 30 s), and normalized
to mRNA expression levels of the ribosomal protein gene L7
for mouse. Normalized threshold cycle values of samples am-
plified in triplicate were used to calculate relative gene expres-
sion levels. Statistical significance of observed differences was
determined by Student’s £ test (p < 0.05).

ChIP Assay—DNA-protein complexes isolated from cul-
tured rat neonatal cardiomyocytes subjected to H/R were
cross-linked for 10 min by directly adding formaldehyde
(Sigma) to the culture medium at a final concentration of 1%.
The fixed cells were lysed with lysis buffer (EZ ChIP, Upstate)
and sonicated two times for 7 s with output 5 (Virsonic 60;
Virtis) with a 2-min refractory period. For immunoprecipita-
tion, cell lysates were incubated with an antibody against
FoxO1 (5 pg; Santa Cruz Biotechnology) or FoxO3 (5 ug;
Santa Cruz Biotechnology) and incubated overnight at 4 °C.
Immunoprecipitation with normal rabbit IgG was used as a
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negative control. Immunoprecipitation was performed ac-
cording to the manufacturer’s instructions (EZChIP, Upstate),
with the exception that protein A-agarose beads were used.
The immunoprecipitated and input DNA were subjected to
quantitative PCR using SYBR Green PCR reagents and MJ
Research Opticon 2 machine with the following primers:
rPINK1, 5'-GCTACCCCTCCACGGGGTTC-3' and 5'-
GCAGGCCTCGGCCCAGTGCCT-3"; rCITED2, 5'-
GCAAGTAACTGTGTATGTGCA-3" and 5'-GTACGTGT-
GCTTCTGCTAAG-3' to amplify rat promoter regions
containing previously reported FoxO1- and FoxO3-binding
sites (22, 25, 27). Fold enrichment relative to IgG antibody
control (negative control) was calculated using the compara-
tive C, method (AAC;) as described previously (28).

Statistical Analysis—Statistical analyses between the exper-
imental groups were performed using a Student’s £ test and
one-way analysis of variance. Values of p < 0.05 were consid-
ered significant.

RESULTS

Induction of Oxidative Stress Either by H/R or Hydrogen
Peroxide (H,0,) Treatment Results in FoxO Nuclear Localiza-
tion and Activation of Target Genes—To determine the effect
of oxidative stress on endogenous FoxO1 and FoxO3 subcel-
lular localization, cultured neonatal rat cardiomyocytes were
subjected to H/R or treated with H,O,. Induction of oxidative
stress either by H/R or H,O, treatment results in predomi-
nant nuclear localization of both FoxO1 and FoxO3 (Fig. 1, B
and D, arrows) indicative of activation, compared with uni-
form distribution (Fig. 1, A and C) in normoxic unstressed
cardiomyocytes. The levels of phosphorylated AMPK (p-
AMPK) over total AMPK were determined during normoxia,
H/R, and H,O, treatment. Cardiomyocytes exposed to H/R
stress or treated with H,O, demonstrate a significant increase
in active AMPK (2-fold with H/R stress and 3.8-fold with
H,O, treatment; Fig. 1, E-G) compared with the normoxic
condition. Likewise, the levels of phosphorylated FoxO1 (p-
FoxO1; Ser-256) and phosphorylated FoxO3 (p-FoxO3; Ser-
318/321) are significantly decreased with H/R treatment con-
sistent with FoxO activation and nuclear localization (Fig. 1,
E-@G). In addition, protein expression of FoxO targets cata-
lase, SOD2, PINK1, and LC3II all are significantly increased in
both H/R and cardiomyocytes treated with H,O, (Fig. 1,
E-G). Thus oxidative stress promotes nuclear localization of
FoxO1 and FoxO3 with increased expression of FoxO targets,
including antioxidants and antiapoptotic and autophagy-re-
lated genes.

FoxOs Are Necessary and Sufficient to Promote Cardiomyo-
cyte Cell Survival during Oxidative Injury—FoxO gain- and
loss-of-function studies were performed in cardiomyocytes to
determine the effects of altered FoxO1 and FoxO3 activity on
ROS-induced cell death. Cardiomyocytes were infected with
recombinant adenoviruses expressing FoxO1(ADA) or
FoxO3(TmO3) that lack inactivating AKT phosphorylation
sites for constitutive gain-of-function (6). An adenovirus ex-
pressing dominant-negative DN-FoxO1(A256), which con-
tains the entire forkhead DNA binding domain but lacks the
transactivation domain, was used to inhibit all FoxO activity
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FIGURE 1. Induction of oxidative stress promotes nuclear localization of endogenous FoxO1 and FoxO3 and activation of FoxO target genes in rat
neonatal cardiomyocytes. A-D, neonatal rat cardiomyocytes were subjected to glucose-free hypoxia overnight followed by 5 h of reoxygenation (H/R) (B
and D) compared with control cardiomyocytes cultured in serum containing DMEM (A and C) (Normoxia). Expression and localization of FoxO1 (A and B)
and FoxO3 (C and D) were determined by immunohistochemistry. Nuclear localization of FoxO1 (B) and FoxO3 (D) are indicated by black arrows in car-

diomyocytes subjected to H/R stress. E-G, protein expression of p-AMPK/AMPK,

p-FoxO1/FoxO1, p-FoxO3/Fox03, and different FoxO target gene products,

catalase, SOD2, PINK1, and LC3Il were determined by Western blot and quantified from three independent experiments from normoxic, H,O,-treated, and

H/R cardiomyocytes. The value of normoxic protein expression is set to 1.0, and

the fold change was determined for H/R and H,O,-treated cells compared

with normoxic condition. Significance was determined by Student’s t test (¥, p < 0.05,n = 3).

(6). Control cardiomyocytes were infected with CMV 3-
galactosidase (B-gal) adenovirus. After 24 h of infection,
cardiomyocytes were treated with H,O, to induce oxida-
tive stress. The levels of ROS and the percent (%) TUNEL-
positive cells indicative of cell death were determined. Ex-
pression of constitutively active FoxO1 or FoxO3 results in
significantly decreased H,0O,-induced cell death (compare
Fig. 2, F and G with E, arrows) relative to controls. In con-
trast, cell death is significantly increased in cardiomyocytes
infected with A256 DN-FoxO1 (compare Fig. 2H with E,
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arrows), as compared with B-gal-infected cells. The quanti-
tative representation of Fig. 2, A—H, is shown in Fig. 21.
H,0,-induced ROS production also is significantly reduced
in cardiomyocytes expressing constitutively active FoxO1
or FoxO3, whereas dominant-negative inhibition of FoxOs
results in significantly increased production of ROS as
compared with B-gal-infected cells (Fig. 2/). Thus FoxOs
serve to reduce ROS production and appear to provide oxi-
dative defense to a level sufficient to protect cardiomyo-
cytes from oxidative stress-mediated cell death.
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FIGURE 2. FoxO function is necessary and sufficient to promote cardiomyocyte cell survival during oxidative stress. A-J, neonatal cardiomyocytes
were infected with ADA, TmO3, A256, or B-galactosidase adenovirus for 24 h and then treated with H,O, for 2 h (E-H). Oxidative stress-induced cell death
was determined by TUNEL assay (green TUNEL-positive cells indicated by arrows in B-D and F-H). |, quantitative representation of A-H. J, oxidative stress-
induced ROS production was determined in cardiomyocytes treated with H,O, for 30 min by using the fluorescence marker 2',7'-dichlorodihydrofluores-
cein diacetate. Significance was determined by Student’s t test (¥, p < 0.05 versus without H,0, treatment; #, p < 0.05 versus B-gal infected with H,O, treat-

ment, n = 3).

Combined Deficiency of FoxO1 and FoxO3 Specifically in
Cardiomyocytes Results in Increased Cardiac Injury following
Acute I/R in Vivo—The ability of FoxOs to protect against
oxidative injury in the heart in vivo was determined in adult
mice with combined deficiency of FoxO1 and FoxO3 specifi-
cally in cardiomyocytes. Because both FoxO1 and FoxO3 are
expressed in the heart, are activated upon induction of oxida-
tive stress in cardiomyocytes, and are functionally redundant
in many cell types, determination of FoxO protective function
in the heart in vivo necessitates targeting both genes. Mice
with targeted insertion of Joxp sites in the FoxO1 and FoxO3
loci have been used previously for Cre-mediated loss-of-func-
tion in a variety of cell types (11). Cardiomyocyte-specific loss
of FoxO beginning at late fetal stages was achieved by breed-
ing with BMHC-Cre mice (29). BMHC-Cre;FoxOF"//
FoxO3"" mice were generated at predicted Mendelian ratios
and were apparently normal under base-line conditions.
Western blot analysis of heart lysates demonstrates a 70%
reduction in FoxO1 and FoxO3 protein levels in BMHC-Cre;
FoxO V" /Fox03"" mice compared with FoxO " /Fox03""
controls (Fig. 3, A-C). To examine FoxO function in regulat-
ing cardiomyocyte cell survival upon induction of oxidative
stress, mice were subjected to 60-min ischemic injury fol-
lowed by 24 h of reperfusion, which results in large burst of
ROS production. Evan’s blue dye and triphenyltetrazolium
chloride staining were used to assess the area of myocardial
infarction versus area at risk. Animals with combined loss of
cardiac FoxO1 and FoxO3 (BMHC-Cre;FoxO V" /Fox03"")
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demonstrated a significant increase in infarct area normalized
to area at risk (AAR), but no significant changes were ob-
served in AAR compared with the control groups (FVBN wild
type (NTG), BMHC-Cre, or FoxOF"/"/Fox03""") (Fig. 3, D
and E). Notably, there was no significant difference in infarct
area or AAR between NTG and BMHC-Cre control animals.
Thus cardiac injury following I/R is increased with combined
loss of FoxO1 and FoxO3 in cardiomyocytes.
BMHC-Cre;FoxOV" /Fox03"" Mice Have Increased Sus-
ceptibility to Long Term Ischemic Injury—Mice deficient in
cardiac FoxOs were subjected to permanent ligation to exam-
ine the long term effects of ischemic injury on ventricular re-
modeling and cardiac function. The left coronary artery was
ligated for 4 weeks, and echocardiographic analysis of heart
function was conducted during each subsequent week. After 4
weeks of M, left ventricular inner dimension at end-systole,
indicative of left ventricular chamber dilation, was increased
for both BMHC-Cre;FoxO V" /Fox03"" and FoxOV""/
FoxO3™", relative to sham-operated controls (Table 1). Fur-
thermore, BMHC-Cre;FoxOF""/Fox03"" mice showed sig-
nificantly greater increases in both left ventricular inner
dimension at end-diastole and left ventricular inner dimen-
sion at end systole compared with FoxOV""/Fox03"" mice
after 4 weeks of MI. Thus, FoxO deficiency results in a greater
enlargement of the ventricular chamber following MI than is
observed in control mice. In addition, BMHC-Cre;FoxOV""/
Fox03™" mice showed significantly reduced ventricular per-
formance, as indicated by fractional shortening compared
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FIGURE 3. BMHC-Cre;Fox0177/Fox03™ mice have increased ischemic injury. A, Western blot assessment of total protein expression of both FoxO1 and
Fox03 in control (FoxO 1" Fox03™") and cardiomyocyte-specific FoxO1- and FoxO3-deficient (BMHC-Cre;FoxO17""/Fox03™") mouse hearts. B and C, quanti-
tative representation of A showing 70% reduction of both FoxO1 and FoxO3 in BMHC-Cre;FoxO1"7/Fox03™"" mouse hearts compared with Fox01"f/
Fox03™" controls. D and E, NTG, BMHC-Cre, FoxO1™"/Fox03™", and BMHC-Cre;FoxO1™""/Fox03™" mouse hearts were subjected to 1 h of ischemia followed
by 24 h of reperfusion and were stained with triphenyltetrazolium chloride and Evan’s blue dye to determine cell viability and the area at risk. Quantifica-
tion of infarct area (/A) versus AAR shows significant increase in percentage of I/R injury with no significant changes in AAR in BMHC-Cre;FoxO1""/FoxQ3™"
compared with NTG, BMHC-Cre, and FoxO1™"/Fox03™"" mouse hearts. Significance was determined by Student's t test (¥, p < 0.05; for NTG, n = 6, BMHC-
Cre,n =7, Fox01™/Fox03™", n = 7, and for BMHC-Cre;Fox01"7/Fox03™"", n = 8).

TABLE 1

Echocardiographic analysis of cardiac structure and function in FoxO1""/Fox03™" and BMHC-Cre;Fox01™"/Fox03™"" mice following 4 weeks
of Ml or sham operation

The following abbreviations are used: IVSd, interventricular septum at diastole; LVIDd, left ventricular inner diameter at diastole; LVPWd, left ventricular posterior wall
thickness at diastole; IVSs, interventricular septum at systole; LVIDs, left ventricular inner diameter at systole; LVPWs, left ventricular posterior wall thickness at
systole; MM R-R int, M-mode peak to peak interval; FS, fractional shortening. Statistical significance was determined using one-way analysis of variance.

FoxO 1" /FoxOQ3"" BMHC-Cre;FoxO V"' /FoxQ3""
MI-4 weeks (n = 7) SHAM (n = 4) MI-4 weeks (1 = 7)

SHAM (1 = 5)

IVSsd 0.08 = 0.003 cm 0.08 = 0.002 cm 0.08 = 0.005 cm 0.08 = 0.004 cm
LVIDd 0.40 = 0.012 cm 0.45 = 0.015 cm 0.38 = 0.004 cm 0.51 = 0.010 cm™”
LVPWd 0.09 = 0.006 cm 0.11 = 0.004 cm 0.10 = 0.005 cm 0.09 * 0.004 cm
IVSs 0.12 = 0.004 cm 0.13 = 0.005 cm 0.12 = 0.004 cm 0.12 = 0.006 cm
LVIDs 0.26 = 0.011 cm 0.30 = 0.017 cm” 0.24 = 0.003 cm 0.39 = 0.02 cm®®
LVPWs 0.12 * 0.006 cm 0.13 = 0.003 cm 0.13 = 0.006 cm 0.13 = 0.003 cm
MM R-Rint 0.12 = 0.005 0.13 = 0.007 0.12 = 0.004 0.12 = 0.004

ES 33.3 £ 1.5% 30.0 = 1.9% 36.0 = 0.366% 24.1 + 2.2%*

“p < 0.05 sham versus ML

b p < 0.05 MI FoxO V" /Fox03"" versus M1 BMHC-Cre;FoxO "' /FoxO3™"".

with control mice (Fig. 4B and Table 1). Importantly, cardiac
function of sham-operated mice from both groups was appar-
ently unaffected, and there was no difference in cardiac func-
tion in FoxO-deficient versus control mice in the absence of
MI (Fig. 4A and Table 1). The greater reduction in ventricular

performance in BMHC-Cre;FoxO " /Fox03"" mice follow-

ing Ml also is correlated with more extensive scar formation
and fibrotic area (2-fold higher) in the left ventricle compared
with FoxO"/"/Fox03"" mice (Fig. 4, C and D). BMHC-Cre;
FoxOP""/FoxO3™" mice also showed a significant increase in
cell death compared with FoxOP""/Fox03"" as determined
by both TUNEL (3-fold increase) and cleaved caspase-3 (2-
fold increase) staining (Fig. 4, E and F). No significant differ-
ences in cell death or fibrotic area were observed between the
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FoxO-deficient and control mice following sham procedure
(Fig. 4, E and F). Together, these results indicate that com-
bined loss of FoxO1 and FoxO3 in cardiomyocytes leads to
increased cell death, increased scar formation, and decreased
ventricular performance at 4 weeks post-ML
Cardiomyocyte-specific Loss of FoxO1 and FoxO3 Results in
Increased p38 MAPK Phosphorylation (p-p38) and Altered
Expression of Apoptotic Proteins following Acute I/R Injury—
Oxidative injury in the heart leads to activation of stress-re-
lated signaling pathways, including p38 MAPK, in addition to
increased activity of proapoptotic protein Bax and decreased
expression of the antiapoptotic protein Bcl-2 (2, 30, 31).
These indicators of oxidative stress and apoptosis were exam-
ined in cardiomyocyte-specific FoxO-deficient mice subjected
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FIGURE 4. Cardiomyocyte-specific loss of both FoxO1 and FoxO3 leads
to increased scar formation and cell death with attenuated cardiac per-
formance following MI. A and B, echocardiographic analysis of fractional
shortening in FoxO1""/Fox03"" and BMHC-Cre;FoxO1™""/Fox03™" mice sub-
jected to sham or Ml surgical procedure for 4 weeks. Statistical significance
was determined by one-way analysis of variance (¥, p < 0.05 versus sham,
n = 4-7).C, Masson'’s trichrome-stained histological sections of hearts from
FoxO1"/Fox03™" and BMHC-Cre;FoxO1™"/Fox03™" mice subjected to the
sham or Ml surgical procedure for 4 weeks. The scar area is shown in blue.
D, quantitative representation of C showing significant increased in the per-
centage of fibrotic area in BMHC-Cre;FoxO1""/FOX03™" compared with
FoxO1"f/Fox03™" mice. E and F, quantitative representation of cell death as
determined by the immunohistochemical staining with TUNEL or cleaved
caspase-3-specific antibody in FoxO1""/Fox03™" and BMHC-Cre;Fox01""/
Fox03™" mice subjected to the sham or Ml surgical procedure for 4 weeks.
Cell death evaluated by both TUNEL (E) and cleaved caspase-3 (F) is in-
creased in BMHC-Cre;FoxO1""/Fox03"" compared with Fox01%*/FoxQ3™"
mice. Significance was determined by Student’s t test (*, p < 0.05 versus
sham and #, p < 0.05 versus MI, n = 6).

to 60 min of ischemia followed by 24 h of reperfusion. Strik-
ingly, activated p-p38 over total p38 was increased ~4-fold in
BMHC-Cre;FoxOF""/Fox03"" mice compared with NTG,
BMHC-Cre, or FoxO V"7 /Fox03"" control mice following I/R
(Fig. 5, A and C). The expression of anti-apoptotic molecule
Bcl2 was significantly reduced, whereas the levels of Bax, a
proapoptotic molecule, were significantly increased in
BMHC—Cre;FoxOlﬂ/ﬂ/FoxOBﬂ/ﬂ compared with NTG, BMHC-
Cre, or FoxOV""/Fox03™" control mice (Fig. 5, A and C). In
contrast, no appreciable activation of ERK signaling pathway
was observed between the two groups following I/R injury. As
expected, there were no significant changes in the levels of
stress-activated kinases or apoptotic proteins in sham-oper-
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FIGURE 5. p38 MAPK activation is enhanced in BMHC-Cre;Fox017f/
Fox03™"f compared with NTG, BMHC-Cre, and FoxO1"f/Fox03™" con-
trol mice following acute I/R injury. A-C, Western blot assessment of p38
MAPK signaling, ERK signaling, and apoptotic regulatory proteins in NTG,
BMHC-Cre, FoxO1™/Fox03™", and BMHC-Cre;Fox01™""/Fox03™" hearts fol-
lowing sham operation or acute I/R. The asterisks show significant increased
p38 phosphorylation (p-p38), decreased Bcl2, and increased Bax expression
following I/R injury in BMHC-Cre;FoxO1%/Fox03™" hearts compared with
NTG, BMHC-Cre, and FoxO1""/Fox03™" controls. No significant changes
were observed after the sham procedure among four different genotypes.
B and C are the quantitative representation of protein levels of NTG, BMHC-
Cre, FoxO1™""/Fox03™", and BMHC-Cre;FoxO1""/Fox03™" following sham (B)
and I/R (C) procedure. Significance was determined by Student’s t test

(*,p <0.05,n=3).

ated animals from different genotypes (Fig. 5, A and B). The
quantitative representation of protein levels after sham proce-
dure for NTG, BMHC-Cre, BMHC-Cre;FoxO V" /Fox03™",
and FoxOF""/Fox03"" is shown in Fig. 5B and after I/R in-
jury is shown in Fig. 5C. Thus, the combined deficiency of
FoxO1 and FoxO3 in cardiomyocytes results in increased
p-p38 activity, as well as altered Bcl-2 and Bax expression fol-
lowing I/R injury, consistent with increased cell death com-
pared with controls.

Combined Loss of FoxOI1 and FoxO3 in Cardiomyocytes
Leads to Increased Oxidative Stress and Reduced Expression of
Antioxidants, Catalase and SOD2, as well as the DNA Dam-
age Repair Protein Gadd45c following Acute I/R Injury—The
extent of oxidative damage and induction of antioxidants was
examined in the BMHC—Cre;FoxOlﬂ/ﬂ/FoxOé’ﬂ/ﬂ compared
with FoxO """ /Fox03"" mouse hearts following acute I/R
injury or MI. Myocardial levels of 8-OHdG, a sensitive indica-
tor of oxidative DNA damage, are increased in BMHC-Cre;
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FIGURE 6. Expression of cardioprotective antioxidants catalase, SOD2,
and Gadd45a is decreased in BMHC-Cre;FoxO1""/Fox03"f compared
with Fox01"7/Fox03™" mice following Ml and I/R injury. A-D, heart sec-
tions were subjected to |mmunosta|n|ng with 8-OHdG, a marker of oxida-
tive DNA damage, which was increased in BMHC-Cre; FoxOIﬂ/”/FoxO3”/”
compared with FoxO1"/Fox03™" mice (indicated by dark brown staining in
D compared with C), although no noticeable changes were observed after
sham procedure (compare A and B). E-H, heart lysates were used to exam-
ine the protein expression of catalase, SOD2, and Gadd45«. Immunoblot
analyses show a significant decrease in the protein expression of catalase,
SOD2, and Gadd45« in BMHC-Cre;FoxO1""/Fox03™" compared with
FoxO1""/Fox03™" mice (F and H), and no significant changes were ob-
served after the sham procedure (E and G). J, relative gene expression of Cat,
SOD2, and Gadd45a was determined by real time qRT-PCR in BMHC-Cre;
FoxO1"/Fox03™"" and FoxO1™"/Fox03™"" mice. Slgnlficance was deter-
mined by Student’s t test (*, p < 0.05; for FoxO1""/Fox03™", n = 4, and for
BMHC-Cre;Fox01"/Fox03™" n = 6).

FoxO V" /Fox03"" compared with FoxO""/Fox03"" mice
4 weeks post-MI (Fig. 6, C and D). Thus, loss of FoxOs in car-
diomyocytes is associated with increased oxidative DNA dam-
age after MI. No changes were observed in 8-OHdG reactivity
between the two groups in sham-operated animals (Fig. 6, A
and B). The cardioprotective antioxidant genes SOD2 and Cat
are direct transcriptional targets of FoxOs and are also in-
duced during I/R (data not shown) (32). Gadd45a is a direct
downstream target of FoxOs that is induced upon oxidative
stress-induced DNA damage as observed during I/R (data not
shown) (33, 34). Induction of both protein and mRNA levels
of catalase, SOD2, and Gadd45« was significantly reduced in
BMHC-Cre;FoxO V" /Fox03"" compared with FoxO/"/"/
FoxO3™" (Fig. 6, F, H, and I) and BMHC-Cre (data not shown)
hearts following acute I/R injury. In contrast, no changes in
the expression of catalase, SOD2, and Gadd45«a were ob-
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served between the two groups after the sham procedure (Fig.
6, E and G). Together, these studies show that the combined
loss of FoxO1 and FoxO3 in cardiomyocytes leads to de-
creased induction of protective antioxidants and DNA repair
enzymes associated with increased myocardial damage and
cell death following MI or acute I/R injury in vivo.

Cardiac-specific FoxO Deficiency Leads to Blunted Induc-
tion of Autophagy-related and Antiapoptotic Genes following
Acute I/R Injury—Expression of the FoxO target genes Afgl2,
Gabarapll, and LC3II, involved in autophagy, was examined
in BMHC-Cre;FoxO """ /Fox03™" and FoxO1""/FoxQ3""
mouse hearts subjected to acute I/R. Protein and mRNA ex-
pression of LC3II and mRNA expression of Gabarapll in
BMHC-Cre;FoxO " /Fox03"" mice are reduced compared
with FoxO 1" /Fox03""" controls following I/R injury (Fig. 7,
B, D and E) with no changes observed in the sham-operated
animals (Fig. 7, A and C). However, no change in Atg12 gene
expression was apparent in BMHC-Cre;FoxO V" /Fox03""
and FoxOF""/Fox03™" mice subjected to I/R. PINKI and
CITED? are antiapoptotic genes that are direct downstream
targets of FoxOs and could be involved in the mechanism for
FoxO-mediated protection against oxidative damage in car-
diomyocytes (22, 25). Normal FVBN mice subjected to I/R
injury show a significant increase in the levels of PINK1 pro-
tein expression, although no significant changes were ob-
served in the protein expression of CITED2 compared with
sham animals (data not shown). Expression of PINK1 and
CITED?2 was examined in BMHC—Cre;FoxO]ﬂ/ﬂ/FoacOSﬂ/ﬂ and
FoxO 1" /Fox03"" mice following I/R injury. Loss of both
FoxO1 and FoxO3 in cardiomyocytes results in significant
reduction in the protein and mRNA levels of both PINK1 and
CITED2 in BMHC-Cre;FoxOF""/Fox03™" compared with
FoxOP"/Fox03™" mice following I/R injury (Fig. 7, B, D, and
E) with no changes in the sham-operated animals (Fig. 7, A
and C). Thus, FoxO deficiency in cardiomyocytes leads to
decreased induction of autophagy-related and antiapoptotic
genes following acute I/R injury.

ChIP assays were performed to determine whether
FoxOs directly bind to the promoter regions of PINKI and
CITED? to transcriptionally regulate expression in neona-
tal cardiomyocytes. In mouse embryonic fibroblast cul-
tures, FoxO3 directly binds to the promoter regions of
both PINKI and CITED?2, but the binding of FoxO1 to the
promoter region of these genes or FoxO binding in car-
diomyocytes has not been reported previously (22, 25). The
region amplified from the promoter region of rat PINKI is
49% identical to the corresponding mouse promoter region
and contains a conserved FoxO consensus DNA-binding
site “GTTGTTGT.” Similarly, the amplified region of the
rat CITED2 promoter is 100% identical to the correspond-
ing mouse promoter and contains the conserved FoxO
consensus DNA-binding site “AAACAA.” Upon induction
of oxidative stress, both FoxO1 and FoxO3 are able to bind
the identified promoter regions of PINKI1 and CITED2 in
neonatal cardiomyocytes with 4- and 12-fold enrichment in
amplification after immunoprecipitation, respectively, over
IgG antibody control (Fig. 7, F-H). Together, these data
suggest that FoxO transcription factors are activated dur-
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FIGURE 7. Expression of anti-apoptotic and autophagy-related genes
are decreased in BMHC-Cre;Fox01™""/Fox03"" compared with
Fox01%"/Fox03"/" mice following I/R injury. A-D, heart lysates were
used to examine the protein expression of anti-apoptotic proteins
PINK1, CITED2, and an autophagy-related protein LC3Il. Immunoblot
analyses show a significant decrease in the protein expression of PINK1,
CITED2, and LC3Il in BMHC-Cre;Fox01™""/Fox03™" compared with
FoxO1%/Fox03™" mice (B) with no significant changes observed after
sham procedure (A). C and D are the quantitative representation of A
and B, respectively. E, relative gene expression of PINK1, CITED2, LC3lI,
ATG12, and Gabarapl1 was determined by real time gRT-PCR in BMHC-
Cre;FoxO1"/Fox03™"" and Fox01""/Fox03™" mice. Significance was de-
termined by Student’s t test (¥, p < 0.05; for Fox01""/Fox03™" n = 4,
and for BMHC-Cre;FoxO1™""/Fox03™", n = 6). F, ChIP assay demonstrates
that both FoxO1 and FoxO3 bind to the promoter regions of PINK1 and
CITED2 under H/R conditions. G and H, graphs are fold enrichment rela-
tive to background (IgG antibody control) as determined by qPCR.

ing oxidative stress to directly regulate the expression of
two antiapoptotic factors, PINKI and CITED?2. Therefore,
the reduced expression of PINKI and CITED2 observed
with cardiomyocyte FoxO deficiency likely contributes to
the increased cell death and attenuated cardiac perform-
ance seen in BMHC-Cre;FoxO " /Fox03"" mice com-
pared with FoxO """ /Fox03"/" mice following acute I/R
injury or long term ML

DISCUSSION

FoxOs regulate diverse cellular functions, including pro-
liferation, apoptosis, DNA repair, defense against oxidative
stress, and autophagy, depending on the cellular environ-
ment in many cell types (35). Here, we show that oxidative
stress in cardiomyocytes promotes nuclear localization of
both FoxO1 and FoxO3 and subsequent activation of FoxO
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target genes with cardioprotective functions. In cultured
cardiomyocytes, increased FoxO function leads to de-
creased cell death, decreased production of ROS, and in-
creased expression of antioxidants, autophagy-related
genes, and antiapoptotic proteins. In mice, combined defi-
ciency of FoxO1 and FoxO3 specifically in cardiomyocytes
results in increased myocardial cell death, reduced cardiac
performance, and increased scar formation following MI.
Increased cardiac I/R injury in mice with cardiac FoxO de-
ficiency is accompanied by reduced expression of antioxi-
dants, DNA repair enzymes, autophagy-related genes, and
antiapoptotic genes. Conversely, the p38 stress signaling
pathway is induced, and expression of apoptotic regulatory
proteins Bcl-2 and Bax are altered consistent with the ob-
served increased in cell death. Together, these data show
that FoxOs promote oxidative stress resistance in car-
diomyocytes through activation of antioxidant, antiapop-
totic, and autophagy-related genes.

Oxidative stress activates FoxOs in different cell types me-
diated by AMPK and sirtuins (class III histone deacetylases,
Sirtl and Sirt3) (3, 23, 24). In the heart, AMPK is an impor-
tant sensor and regulator of cellular energy status that re-
sponds to energy depletion by stimulating ATP production
(36). AMPK also is activated in response to I/R injury, result-
ing in decreased intracellular ROS levels and protection of
cardiomyocytes from oxidative damage (4, 37). In cultured
fibroblasts, AMPK-mediated activation of FoxOs leads to in-
creased expression of several genes that are important for
controlling energy balance and oxidative stress resistance
(23). Likewise, Sirtl and Sirt3 are activated upon induction of
oxidative stress and are protective from oxidative damage
through induction of antioxidants SOD2 and catalase in the
heart (3, 24). The current finding that FoxOs are necessary for
induction of antioxidant gene expression and protection
against oxidative injury is consistent with their being critical
transcriptional mediators of AMPK and Sirt-mediated cardiac
protection.

This study supports a mechanism for FoxO-mediated car-
dioprotection through activation of antioxidant, antiapo-
ptotic, and autophagy genes during conditions of oxidative
stress. The antioxidants catalase and SOD2 reduce I/R-in-
duced pathophysiology and are direct downstream targets of
FoxOs in cardiomyocytes (38, 39). The antiapoptotic gene
CITED? also is activated by FoxOs in cardiomyocytes, and
FoxO3 inhibits HIF1-induced apoptosis by directly stimulat-
ing the transcription of CITED?2 in fibroblasts under hypoxic
conditions (22). Likewise PINK1 is a direct downstream target
of FoxOs that regulates the anti-oxidative stress response and
is activated by FoxO3 as a cell survival mechanism during
cytokine deprivation (25). Gadd45«, a DNA repair protein, is
a FoxO direct downstream target that is up-regulated in rat
hearts following exposure to paraquat, an inducer of oxidative
stress (33, 34). Recently we have demonstrated that FoxOs
directly regulate the transcription of the autophagy-related
genes Atgl2 and Gabarapll in cardiomyocytes under starva-
tion conditions (6). Here, we demonstrate that induction of
autophagy-related genes also is dependent on FoxO function
during cardiac I/R. Autophagy is induced by ischemic precon-
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ditioning and is essential for cardioprotection following
oxidative injury (40). Therefore, the protective effects of
FoxOs during oxidative injury appear to be multifactorial
through inhibition of ROS production, inhibition of apopto-
sis, and induction of autophagy.

Several factors, including AMPK, Sirtl and —3, HIF1-q,
and miR199a, have been implicated as high level regulators
of cardioprotection during oxidative injury (3, 37, 41, 42).
Among these, AMPK has emerged as an important signal-
ing molecule in the induction of cardioprotection in I/R
injury, and mutations in human AMPK genes have been
associated with cardiac dysfunction and hypertrophy (4,
43). Here, we demonstrate that the AMPK-regulated tran-
scription factors FoxO1 and FoxO3 are necessary and suffi-
cient to promote cardiomyocyte cell survival under condi-
tions of oxidative stress. In addition, this cardioprotective
effect is associated with increased expression of antioxi-
dant, antiapoptotic, and autophagy-related genes known to
be direct downstream targets of FoxOs in multiple cell
types. Together these findings support a critical role for
FoxOs in limiting ROS production and cell death in re-
sponse to I/R injury in the heart. However, both AMPK
and FoxOs have pleiotropic functions in the regulation of
cardiomyocyte metabolism and cell proliferation in re-
sponse to a variety of stresses, including hypoxia, starva-
tion, and pressure overload. Therefore, it remains to be
seen if manipulation of AMPK or FoxO function of specific
FoxO downstream targets in the heart will be an effective
therapeutic approach in the treatment of cardiovascular
disease.
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