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Nitric oxide (NO) and hydrogen peroxide (H2O2) are synthesized
within cardiac myocytes and play key roles in modulating cardio-
vascular signaling. Cardiac myocytes contain both the endothelial
(eNOS) and neuronal (nNOS) NO synthases, but the differential
roles of these NOS isoforms and the interplay of reactive oxygen
species and reactive nitrogen species in cardiac signaling pathways
are poorly understood. Using a recently developed NO chemical
sensor [Cu2ðFL2EÞ] to study adult cardiac myocytes from wild-type,
eNOSnull, and nNOSnull mice, we discovered that physiological con-
centrations of H2O2 activate eNOS but not nNOS. H2O2-stimulated
eNOS activation depends on phosphorylation of both the AMP-
activated protein kinase and kinase Akt, and leads to the robust
phosphorylation of eNOS. Cardiac myocytes isolated from mice
infected with lentivirus expressing the recently developed H2O2

biosensor HyPer2 show marked H2O2 synthesis when stimulated
by angiotensin II, but not following β-adrenergic receptor activa-
tion. We discovered that the angiotensin-II-promoted increase in
cardiac myocyte contractility is dependent on H2O2, whereas β-
adrenergic contractile responses occur independently of H2O2 sig-
naling. These studies establish differential roles for H2O2 in control
of cardiac contractility and receptor-dependent NOS activation
in the heart, and they identify new points for modulation of NO
signaling responses by oxidant stress.
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Cell-derived reactive oxygen species (ROS) oxidize a broad
array of biomolecules and are implicated in pathological

states ranging from neurodegeneration to atherosclerosis (1, 2).
However, not all effects of ROS are deleterious. Endogenously
generated ROS have been implicated in posttranslational protein
modifications that subserve critical roles in cellular signaling (3).
Hydrogen peroxide (H2O2) is one such ROS that has recently
been identified as a key physiological signaling molecule in many
cell types (4, 5).

The physiological role of H2O2 in the heart is incompletely
understood, and little is known about the interplay between H2O2

and the reactive nitrogen species NO. NO is an important signal-
ing molecule (6, 7) and plays key roles in modulating cardiac myo-
cyte function (8). The endothelial isoform of nitric oxide synthase
(eNOS) is robustly expressed under physiological conditions in
cardiac myocytes, where the neuronal NOS isoform (nNOS) is
also present. Diverse cell surface receptor-modulated pathways
activate eNOS, and other extracellular stimuli enhance H2O2

synthesis, but the relationships between NO and H2O2 in cardiac
myocyte signaling are incompletely characterized.

Results and Discussion
Here we studied NO and H2O2 synthetic pathways in cardiac
myocytes isolated from adult mice. Using a highly sensitive fluor-
escent probe Cu2ðFL2EÞ (9, 10) to visualize NO production in
these cells, we discovered that low concentrations of H2O2

(ca. 10 μM) promote robust NO synthesis (Fig. 1). The principal
NOS isoform in cardiac myocytes, eNOS, is a phosphoprotein
that undergoes phosphorylation on multiple residues. We found
that H2O2 treatment increases myocyte eNOS phosphorylation

on serine residues 1177 and 633 (Fig. 1 B and C), sites associated
with eNOS enzyme activation (11). The increase in eNOS phos-
phorylation at these sites occurs at concentrations of added H2O2

that are within the physiological range (4).
Several protein kinases phosphorylate eNOS (see review in

Dudzinski et al., ref. 11), including the AMP-activated protein
kinase (AMPK), which phosphorylates the enzyme on serine 1177
in cardiac myocytes (12) and on serine 633 in vascular endothelial
cells (13). AMPK has been implicated in control of cardiac me-
tabolism and hypertrophy; less is known about the cardiac signif-
icance of drugs that may modify AMPK pathways. In addition to
its archetypal activator AMP, AMPK can be activated by diverse
agonist-modulated protein kinases (12–14), some of which are
affected by cellular levels of AMP, whereas others are activated
by calcium-dependent pathways. Kinase Akt phosphorylates
eNOS on serine 1177 in endothelial cells and cardiac myocytes.
In vascular endothelial cells, H2O2 has been documented to pro-
mote eNOS phosphorylation via AMPK (1, 14) or kinase Akt (15)
pathways, associated with increases in eNOS activity (16). We
found that H2O2 stimulates AMPK phosphorylation in cardiac
myocytes with a time course similar to that seen for H2O2-stimu-
lated eNOS phosphorylation (Fig. S1A). We used protein kinase
inhibitors to explore the phosphorylation pathways stimulated
by H2O2; RNA interference methods have not been feasible in
these cells. We found that the AMPK inhibitor compound C (17)
blocks H2O2-promoted eNOS phosphorylation at serine 633 and
serine 1177 residues (Fig. 1D). H2O2 also increases phosphoryla-
tion of kinase Akt with a time course similar to that seen for
H2O2-stimulated eNOS and AMPK phosphorylations (Fig. S1B).
Inhibition of AMPK by compound C reduces the H2O2-pro-
moted increase in Akt phosphorylation (Fig. S1C), suggesting
that AMPK may lie upstream of Akt, as previously shown in
vascular endothelial cells (14). The specificity of compound C as
an AMPK inhibitor has been previously validated (17), and we
found that compound C does not affect mitogen-activated pro-
tein kinase kinase (MEK) or ERK1/2 phosphorylations. Both the
PI3K inhibitor wortmannin and Akt inhibitor XI block the H2O2-
promoted eNOS phosphorylation at Ser633 and Ser1177 residues,
but these inhibitors do not attenuate H2O2-promoted AMPK
phosphorylation (Fig. 1E and Fig. S1 D and E). These observa-
tions identify AMPK and Akt as critical determinants of H2O2-
promoted eNOS phosphorylation in cardiac myocytes.

Cellular imaging of cardiac myocytes treated with H2O2

revealed an increase in eNOS serine 1177 phosphorylation at
internal membrane sites (Fig. 2A), consistent with the known
subcellular distribution of eNOS when phosphorylated at this
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residue (18). The H2O2-promoted increase in eNOS phosphor-
ylation at serine 633 is not restricted to intracellular membranes
(Fig. 2A). Because eNOS undergoes intracellular translocation
following enzyme activation (11), we explored the association
between eNOS and caveolin 3, a binding partner of eNOS in
cardiac myocytes (19, 20). Caveolin 3 also serves as a marker for
the microdomains known as plasmalemmal caveolae. As shown
in Fig. 2B, prior to the addition of H2O2, eNOS and caveolin 3
are colocalized in cardiac myocytes. After adding H2O2, eNOS
translocated from peripheral membranes to intracellular sites;
the enzyme then returned to the peripheral membrane an hour
after addition of H2O2. The colocalization between eNOS and
caveolin 3 undergoes a striking decrease following the addition
of H2O2; the return of eNOS to peripheral membranes is asso-
ciated with an increase in eNOS-caveolin-3 colocalization. These
findings reveal that low concentrations of H2O2 promote a strik-
ing increase in cardiac myocyte NO synthesis, which depends on
AMPK and Akt phosphorylations and is associated with transient

eNOS phosphorylation and enzyme translocation. Clearly, phy-
siological levels of exogenous H2O2 can dynamically modulate
NO synthesis and eNOS signaling pathways in cardiac myocytes.

The effects of low concentrations of exogenousH2O2 on eNOS
signaling in cardiac myocytes led us to explore whether endogen-
ousH2O2 might modulate NO signaling in these cells. We studied
responses to the hormone angiotensin II (Ang-II), which in-
creases ROS production in many cell types (21). As shown in
Fig. 3A and Fig. S2B, Ang-II promotes the reversible phosphor-
ylation of eNOS at serines 633 and 1177 in cardiac myocytes. In
order to explore a role for endogenous H2O2 in modulating the
Ang-II response, before adding Ang-II we first incubated the car-
diac myocytes with PEG-catalase, a derivatized enzyme that enters
cells and rapidly converts H2O2 into H2O and O2. As can be seen
in Fig. 3A, preincubation of cardiac myocytes with PEG-catalase
abrogates subsequent Ang-II-promoted increase in eNOS phos-
phorylation at residues serine 1177 and serine 633. We and others
previously showed that the β-adrenergic agonist isoproterenol pro-
motes eNOS phosphorylation in cardiac myocytes (8, 22). Fig. 3B
demonstrates that the isoproterenol-promoted increase in eNOS
phosphorylation in cardiac myocytes is unaffected by preincuba-
tion with PEG-catalase. The lack of any catalase effect on eNOS
phosphorylation following isoproterenol treatment strongly indi-
cates that signaling to eNOS via the β-adrenergic receptor does
not involve H2O2, whereas the catalase-sensitive Ang-II response
appears to depend on generation of intracellular H2O2. We used
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Fig. 1. Effects of H2O2 on cardiac myocyte NO synthesis and eNOS phosphor-
ylation. (A) Adult mouse cardiac myocytes were loaded with the NO dye
Cu2ðFL2EÞ, and then treated either with PBS or H2O2 (10 μM). Fluorescence
tracings are shown from a typical experiment, as well as representative
differential interference contrast (DIC) and fluorescence images (1, 3, and
7 min). AU, arbitrary units. (B and C) Representative immunoblots from time
course (B) or dose-response (C) experiments documenting the effects of H2O2

on eNOS phosphorylation at Ser1177 (peNOS1177) or Ser633 (peNOS633).
(D) Cardiac myocytes were incubated with compound C (Comp C, 20 μM,
30 min) or vehicle, then treated with H2O2 and analyzed in immunoblots
probed with antibodies as shown. (E) Immunoblot analyses from cardiac myo-
cytes incubated with the PI3-kinase inhibitor wortmannin (1 μM, 30 min) or
vehicle, then treated with H2O2. Below each representative immunoblot
are shown the results of densitometric analyses from pooled data, document-
ing the changes in peNOS1177 and peNOS633 plotted relative to the signals
present in unstimulated cells. Each data point represents the mean� SE de-
rived from at least three independent experiments; * indicates p < 0.05 and
** indicates p < 0.01.
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Fig. 2. H2O2-promoted eNOS phosphorylation and translocation in cardiac
myocytes. (A) Results of immunohistochemical analyses of cardiac myocytes
that were treated with H2O2 (10 μM) for the indicated times, and then fixed,
permeabilized, probed with antibodies against total eNOS, peNOS Ser1177, or
peNOS Ser633, and imaged using confocal microscopy. (B) Images of cardiac
myocytes treated with H2O2 (10 μM) for the indicated times and then fixed,
permeabilized, and probed with antibodies against total eNOS (Alexa Fluor
red 568) or Cav-3 (Alexa Fluor green 488); overlapping signals are shown in
yellow. The images shown on the left are representative of three indepen-
dent experiments that yielded similar results; the bar graph on the right
shows pooled data from three experiments, quantitating the percent overlap
between eNOS and Cav-3 at different times after adding H2O2; * indicates
p < 0.05; ** indicates p < 0.01 compared to t ¼ 0.
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the fluorescent NO dye Cu2ðFL2EÞ to confirm directly that the
differential effects of PEG-catalase on receptor-mediated eNOS
phosphorylation lead to concordant effects on NO synthesis. As
shown in Fig. 3C, both Ang-II- and H2O2-promoted NO synthesis
are blocked by PEG-catalase, whereas the isoproterenol-stimu-
lated increase in NO synthesis is unaffected by PEG-catalase treat-
ment. Treatment of cardiac myocytes with either Ang-II or
isoproterenol leads to AMPK phosphorylation (23, 24) (see also
Fig. S2 A, C, and D). Importantly, the AMPK inhibitor compound
C blocks Ang-II- but not isoproterenol-promoted eNOS phos-
phorylation (Fig. S2 B and D). These effects of catalase and com-
pound C indicate a key role for H2O2 in modulating the signaling
pathway leading from Ang-II to eNOS phosphorylation and NO
synthesis in cardiac myocytes.

Ang-II has complex effects on cardiac and vascular function,
and the direct effects of Ang-II on cardiac myocyte contractility
appear to vary depending upon the specific experimental system

being studied (25–28). We found that Ang-II produces a positive
inotropic effect on cardiac myocytes isolated from adult mice
(Fig. 4). In order to explore a possible role for endogenous H2O2

in modulating agonist-dependent contractility, we first incubated
them with PEG-catalase prior to and during incubation with iso-
proterenol or Ang-II. Incubation of cells with PEG-catalase com-
pletely blocks the Ang-II-promoted increase in cardiac myocyte
contractility, whereas the response to isoproterenol is entirely
unaffected by PEG-catalase (Fig. 4). These findings indicate that
the effects of Ang-II—but not isoproterenol—on cardiac contrac-
tility are dependent on H2O2 signaling pathways. This differential
involvement of H2O2 in agonist-modulated cardiac myocyte
contractility parallels the differential role of H2O2 in biochemical
responses in these cells and helps to establish the involvement of
H2O2 in physiological responses in the heart.

Our laboratory (29) and others (2, 15, 16, 30) have previously
shown that H2O2 is a critical modulator of eNOS activation in
vascular endothelial cells. However, a role for H2O2 regulating
NOS isoforms in cardiac myocytes has not been previously
reported, and we therefore used complementary experimental
approaches to extend our conclusions based on the differential
effects of catalase on receptor-mediated eNOS activation. We
measured H2O2 generation in cardiac myocytes by cloning the
recently developed H2O2 biosensor HyPer (31, 32) into lentivirus
and injecting mice via the tail vein with this recombinant virus;
expression of HyPer in cardiac myocytes was documented by
immunoblot analyses (Fig. S3). The HyPer2 H2O2 biosensor
yields an increase in fluorescence that is highly specific for H2O2.
This biosensor has been characterized extensively in vitro and in
cultured cells (29, 31–33). We isolated cardiac myocytes from
mice after tail vein injection with the HyPer2 lentivirus and
analyzed changes in cell-derived fluorescence after treating the
cells with H2O2, Ang-II, or isoproterenol (Fig. 5). We observed
a prompt increase in HyPer2 fluorescence after addition of 10 μM

Time (min)  
after ANG-II: 

+  PEG-catalase 
0 15 30 60

eNOS

peNOS633

peNOS1177 

0 15 30 60

p
eN

O
S

11
77

/e
N

O
S

ANG-II
ANG-II + PEG-catalase

Time (min)
0 15 30 60

1

2

3

4 * *

Time (min)

p
eN

O
S

63
3 /

eN
O

S

0 15 30 60

1

2

3
*

*

A

p
eN

O
S

11
77

/e
N

O
S

0 15 30 60

1
2
3
4

5

Time (min)

* *

* *

p
eN

O
S

63
3 /

eN
O

S

0 15 30 60

5

10

15

20

Time (min)

*

*

*
*

*
*

eNOS

peNOS633

peNOS1177 

Time (min) 
 after ISO: 0 15 30 60 0 15 30 60

+  PEG-catalase 

ISO
ISO + PEG-catalase

B

PBS ANG-IIH2O2 ISO
PEG-Catalase +- +- +- +-

C

In
cr

ea
se

 in
 f

lu
o

re
sc

en
ce

in
te

n
si

ty
 (

A
U

)

Fig. 3. Differential effects of catalase on angiotensin-II- versus isoprotere-
nol-stimulated eNOS phosphorylation and NO synthesis in cardiac myocytes.
Adult mouse cardiac myocytes were incubated overnight with PEG-catalase
or vehicle, and treated either with angiotensin II (A, Ang-II, 500 nM) or iso-
proterenol (B, ISO, 100 nM) for the indicated times, then harvested, lysed,
and analyzed in immunoblots probed with antibodies as indicated. Shown
are immunoblots that are representative of three independent experiments
that yielded equivalent results. Beneath each immunoblot are shown the
results of densitometric analyses from pooled data, showing the increase
in eNOS Ser1177 or eNOS Ser633 phosphorylations in arbitrary units plotted
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H2O2 to cardiac myocytes isolated from HyPer2 lentivirus-trea-
ted mice. Ang-II also promotes a significant increase in HyPer2
fluorescence. By contrast, no increase in HyPer2 fluorescence
was observed following addition of isoproterenol under the same
conditions that yield increases in NO in response equivalent
to those seen in response to Ang-II or H2O2. The increase in
HyPer2 fluorescence as well as multiple protein phosphorylations
following H2O2 treatment was abrogated by pretreatment of car-
diac myocytes with PEG-catalase (Figs. S4 and S5). These find-
ings using the HyPer2 biosensor extend the conclusions from the
catalase experiments. Both Ang-II and isoproterenol are coupled
to eNOS phosphorylation and NO synthesis in cardiac myocytes,
yet these agonists differentially modulate intracellular H2O2

production. H2O2 thus serves as a critical messenger molecule
that couples Ang-II receptor activation to eNOS activation, but
appears to have no significant role for β-adrenergic receptor-
mediated signaling to NO synthesis.

The differential roles of eNOS and nNOS in cardiac myocytes
are incompletely understood, and the cardiac phenotypes in mice
deficient in one or both of these NOS isoforms are subtle in
the absence of drugs or diseases (34, 35), despite the roles of NO

in modulating cardiac myocyte function (8, 35). The effects of
H2O2 on nNOS versus eNOS are virtually unexplored in cardiac
myocytes. We isolated cardiac myocytes from wild-type, eNOSnull,
or nNOSnull mice, and analyzed NO synthesis using the
Cu2ðFL2EÞ fluorescent probe following treatments with H2O2,
Ang-II, or isoproterenol. The Ang-II- and H2O2-promoted in-
crease in NO synthesis are abrogated in cardiac myocytes isolated
from eNOSnull mice; by contrast, isoproterenol-promoted NO
synthesis is maintained—if slightly blunted—compared to wild-
type mice (Fig. 6). In contrast, agonist-promoted NO synthesis
in cardiac myocytes isolated from nNOSnull mice reveal that
H2O2 and Ang-II responses are sustained, whereas the isoproter-
enol-promoted increase in myocyte NO synthesis is markedly
attenuated in nNOSnull mice. These observations suggest that
eNOS is the principal if not sole NOS isoform activated by H2O2

or by Ang-II, whereas β-adrenergic receptor activation is more
importantly coupled to nNOS-dependent NO synthesis. The at-
tenuation of agonist-activated NO synthesis observed in cardiac
myocytes form the eNOSnull mouse suggests that the eNOS isoform
is the principal source of NO in these cells.

Our understanding of the role of ROS in normal physiological
signaling is evolving rapidly (3, 33, 36, 37). The present studies
define key roles for endogenous H2O2 in cardiac myocytes that
modulate Ang-II signaling pathways controlling eNOS activation
and myocyte contractility. Experiments using the H2O2 biosensor
HyPer2 and the NO chemical dye Cu2ðFL2EÞ reveal that Ang-II
treatment of cardiac myocytes leads to H2O2 synthesis as a pre-
requisite for NO production and enhanced contractility, whereas
β-adrenergic receptor-modulated eNOS activation and contracti-
lity responses are independent of H2O2 generation. Studies in
NOS knockout mouse lines reveal that these two receptor path-
ways are differentially coupled to nNOS and eNOS, with the

A

B

Fig. 5. Detection of H2O2 in cardiac myocytes isolated from mice infected
with lentivirus expressing the HyPer2 biosensor. Adult mice were injected via
the tail vein with lentivirus expressing the HyPer2 H2O2 biosensor (109 pfu);
2 wk later the mice were euthanized, and cardiac myocytes were isolated
and analyzed. (A) Representative fluorescence tracings analyzed following cell
treatments with phosphate buffer saline, H2O2 (10 μM), ANG-II (500 nM), or
ISO (100 nM). The bar graph in B shows pooled data from three independent
experiments, in which the H2O2 response is quantitated as the slope of the
fluorescence signal in arbitrary units (AU) measured between t ¼ 0 and
t ¼ 5 min after addition of drug; * indicates p < 0.05 compared to PBS-treated
cells. Also shown in B are representative HyPer2 images shown in isolated
cardiac myocytes treated as shown. The HyPer2 H2O2 image is determined
as the YFP500/YFP420 excitation ratio; the grayscale is adjusted to improve
contrast.
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Fig. 6. Differential roles of H2O2 in receptor-activated NO synthesis in
wild-type, eNOSnull, and nNOSnull cardiac myocytes. Cardiac myocytes were
isolated from wild-type, eNOSnull, or nNOSnull mice, and then analyzed for
NO production using the Cu2ðFL2EÞ NO dye following treatments with phos-
phate buffer saline, H2O2 (10 μM), ANG-II (500 nM), or ISO (100 nM), as
shown. For each genotype, the values are normalized to the signal seen
in the absence of added drug. The results shown represent pooled data
analyzed from three independent experiments that yielded equivalent
results; * indicates p < 0.05 and ** indicates p < 0.01 using ANOVA to analyze
the effects of drug treatments compared to PBS-treated cells within each
genotype; ns, not significant; AU, arbitrary units.
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preponderance of the NO synthesized in these cardiac myocytes
coming from eNOS and modulated by H2O2-dependent path-
ways. The source of receptor-modulated H2O2 in these cells has
not been directly determined in these studies. Ang-II is known
to activate NADPH oxidases in multiple tissues, yielding super-
oxide, which may be subsequently metabolized to H2O2. How-
ever, the molecular mechanisms whereby Ang-II modulates
NADPH oxidase isoforms in the heart are incompletely under-
stood; moreover, cardiac myocytes contain multiple NADPH
oxidase isoforms that are differentially regulated (38). Experi-
ments studying cardiac myocytes from NADPH isoform-specific
knockout mouse models will undoubtedly be informative. Mito-
chondrial respiration represents another major source of ROS in
the heart (36, 38), yet the mechanisms for receptor-dependent
modulation of mitochondria-derived H2O2 have not been clearly
defined. It is interesting to note that NO is itself an inhibitor
of mitochondrial oxidative metabolism (1, 36, 37), and it is plau-
sible that eNOS-derived NO could provide a feedback mechan-
ism for the control of mitochondrial ROS generation. Indeed,
the heart is an oxidatively active tissue, with a huge flux of oxygen
fueling the constant metabolic needs of the cardiac myocytes. The
interplay of ROS and reactive nitrogen species reflects a delicate
balance in this tissue, with a lively crosstalk between receptors
and redox-modulated signaling proteins providing a context both
for physiological regulation as well as pathological derangements
in disease states characterized by changes in redox balance and
alterations in phosphorylation pathways.

Materials and Methods
Materials. The Cu2ðFL2EÞ NO sensor was prepared as described (9, 10). Poly-
clonal antibodies directed against phospho-eNOS (Ser1177), phospho-acetyl-
CoA carboxylase (ACC) (Ser79), phospho-AMPK (Thr172), phospho-Akt
(Ser473), phospho-MEK1/2 (Ser217/221), phospho-Erk1/2 (Thr202/Tyr204),
ACC, AMPK, and Akt were from Cell Signaling Technologies. Total eNOS,
caveolin 3, and phospho-eNOS (Ser633) monoclonal antibodies were from
BD Transduction Laboratories. The GFP antibody Anti-Tag(CGY)FP was from
Evrogen. Collagenase type 2 was from Worthington Biochemical. Compound
C and piperazine-N,N0-bis(2-ethanesulfonic acid) (Pipes) were from Calbio-
chem. Super Signal substrate for chemiluminescence detection and second-
ary antibodies conjugated with horseradish peroxidase were from Pierce.
Tris-buffered saline and phosphate-buffered saline were from Boston Biopro-
ducts. Laminin was from BD Bioscience. Minimum essential medium with
Hank’s balanced salt solution and glutamine were from Gibco-BRL. Calf
serum was from HyClone. Heparin sodium was from APP Pharmaceuticals.
All other reagents were from Sigma. Mouse lines C57BL6/J, eNOSnull, and
nNOSnull were from Jackson Labs.

Isolation of Adult Mouse Ventricular Myocytes. All animal experimentation
was performed according to protocols approved by the Harvard Medical
School Committee on Use of Animals in Research. For these studies, 8–10-
wk-old, C57BL6/J, eNOSnull, and nNOSnull mice were lightly anesthetized with
isoflurane, heparinized (50 units, i.p.), and euthanized. The heart was quickly
removed from the chest and retrogradely perfused through the aorta as
described (39). Cardiac myocyte isolation methods followed the procedures
as described (39), with minor modifications as we have previously reported
(22). In brief, enzymatic digestion was initiated by adding collagenase type
2 to the cardiac perfusion solution, followed by the stepwise introduction
of CaCl2, after which the heart tissue was minced and the cells were dispersed
by trituration, following which the cardiac myocytes were allowed to settle,
and then washed, pelleted, counted, and plated.

Cell Culture. Cardiac myocytes were plated in laminin-coated six-well culture
dishes (50,000 rod-shaped cells per dish) in plating medium consisted of
minimum essential medium with Hank’s balanced salt solution, supplemen-
ted with calf serum (10% vol∕vol), 2,3-butanedione monoxime (10 mM),
penicillin-streptomycin (100 units∕mL), glutamine (2 mM), and ATP (2 mM).
After the cells attached (ca. 1 h), the plating medium was changed to culture
medium consisting of minimum essential medium with Hank’s balanced salt
solution, supplemented with bovine serum albumin (1 mg∕mL), penicillin-
streptomycin (100 units∕mL), and glutamine (2 mM), and the cells were
cultured for 4 h. For cells cultured overnight, culture mediumwas supplemen-
ted with 2,3-butanedione monoxime (10 mM), insulin (5 μg∕mL), transferrin

(5 μg∕mL), and selenium (5 ng∕mL). Cell treatments were performed after
culturing the cells either after 4 h or overnight, as indicated. For the H2O2

time course experiments, lysates were prepared from cardiac myocytes
treated with 25 μM H2O2; in the H2O2 dose-response experiments, cells were
analyzed 15 min after treatment.

Immunoblot Analyses. After drug treatments, cardiac myocytes were washed
with PBS and incubated on ice for 20 min in lysis buffer (50 mM Tris·HCl,
pH 7.4; 150 mM NaCl; 1% Nonidet P-40; 0.25% sodium deoxycholate;
1 mM EDTA; 2 mMNa3VO4; 1 mMNaF; 2 μg∕mL leupeptin; 2 μg∕mL antipain;
2 μg∕mL soybean trypsin inhibitor; and 2 μg∕mL lima trypsin inhibitor).
Cells were harvested by scraping and then rotated for 15 min at 4 °C. After
separation by SDS-PAGE, proteins were electroblotted onto nitrocellulose
membranes. After incubating the membranes in 5% nonfat dry milk in
Tris-buffered saline with 0.1% (vol∕vol) Tween 20 (TBST), membranes were
incubated overnight in TBST containing 5% bovine serum albumin plus
the specified primary antibody. After four washes (10 min each) with TBST,
the membranes were incubated for 1 h with a horseradish peroxidase-
labeled goat antirabbit or antimouse immunoglobulin secondary antibody
in TBST containing 1% milk. The membranes were washed four additional
times in TBST, then incubated with a chemiluminescent reagent according
to the manufacturer’s protocols (SuperSignal West Femto), and digitally im-
aged in a chemiluminescence imaging system (Alpha Innotech Corporation).
Quantitative analyses of the chemiluminescent signals were performed
using an AlphaEaseFC software (Alpha Innotech). For quantitative analyses
of dose-response or time course immunoblot experiments, the signal is
normalized to the value obtained in the absence of added drug or at t ¼ 0,
respectively. Where indicated in the experiments showing quantitative den-
sitometry analyzed in immunoblots, the ordinate is in arbitrary units.

Intracellular Nitric Oxide Imaging. Cardiac myocytes harvested from at least
three independent preparations were analyzed. The signal from the NO
sensor is analyzed as the slope of the fluorescence increase seen following
the addition of agonist or vehicle; there was variation in the “basal fluores-
cence level” between experimental preparations because of the differences
in loading of the NO dye from prep to prep. Cells were cultured on coverslips
and loaded with 5 μM Cu2ðFL2EÞ NO dye (9) for 1 h in culture medium
at 37 °C and 2% CO2. Coverslips were then placed in an onstage incubator
(Tokai) on the microscope in a low-volume glass-covered recording chamber.
Fluorescence signals were analyzed by using a Hamamatsu Orca CCD camera
(Hamamatsu) coupled to an inverted microscope (IX81; Olympus) at 470 nm.

Immunohistochemistry. Cardiac myocytes plated on glass bottom dishes
(Mattek) were immersed in 4% paraformaldehyde for 20 min, rinsed twice
with PBS, permeabilized in 0.1% Triton X-100 for 45 min, and blocked with
10% goat serum overnight. Immunoreactive eNOS and caveolin 3 were
colocalized using confocal microscopy. After incubating with both primary
antibodies (in blocking solution at 4 °C), samples were washed three times
in PBS for 10 min. The Cav-3 primary antibody was localized by immunofluor-
escent detection with a secondary Alexa Fluor green (488)-tagged goat anti-
rabbit antibody (1∶200 dilution, 1-h incubation; Molecular Probes), and eNOS
primary antibody was detected with a secondary Alexa Fluor red (568)-
tagged goat antimouse antibody (1∶200 dilution, 1-h incubation; Molecular
Probes). Samples were washed three times in PBS for 10 min to remove excess
secondary antibody and then mounted on slides using medium containing
4′,6-diamidino-2-phenylindole as nuclear counterstain. Microscopic analysis
of samples was performed using an Olympus IX81 inverted microscope in
conjunction with a DSU spinning disk confocal system equipped with a
Hamamatsu Orca ER cooled-CCD camera. Images were acquired using a 40×
differential interference contrast oil immersion objective lens and analyzed
using Metamorph software from Universal Imaging, Inc.

Myocyte Contractility. Myocytes were placed in a stimulation chamber on
an inverted Nikon microscope stage and continuously bathed at 33–35 °C
in Tyrode’s solution, pH 7.45, containing 1.25 mM CaCl2 and analyzed using
instrumentation from IonOptix. Myocytes were field-stimulated (MyoPacer
Field Stimulator, IonOptix) at 1 Hz, 5–10 V. Cell length was recorded with
a video edge detector coupled to a camera (IonOptix MyoCam-S). Cell short-
ening analysis was performed using IonWizard Core Analysis software in
myocytes without any treatment or after 5 min of isoproterenol or after
15 min of Ang-II treatments. In some studies, myocytes were pretreated
with PEG-catalase (100 units∕mL) for at least 2 h before isoproterenol or
Ang-II treatments. Cell shortening was expressed as percent shortening rela-
tive to the resting cell length.
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HyPer2 Lentivirus Cloning and Tail Vein Injection. The coding sequence of
HyPer2 was cloned into the pWPXL lentiviral expression plasmid downstream
of the EF1-α promoter. Recombinant vesicular stomatitis virus-glycoprotein
pseudo-typed lentivirus particles were generated in HEK293T cells by trans-
fection of the envelope:packaging:transgene plasmids at a 1∶1∶1.5 ratio
with Fugene6 (Roche) according to the manufacturer’s protocol. The viral ti-
ter was determined with Lenti-X GoStix (Clontech), and virus particles were
concentrated by polyethylene glycol precipitation with PEG-it solution (SBI
Bioscience), according to the manufacturer’s protocol. The virus pellet was
resuspended in PBS and stored at −80 °C. Final titer was determined by serial
dilution and fluorescence microscopy.

Expression of HyPer2 Lentivirus in Cardiac Myocytes After Tail Vein Injection.
HyPer2 lentivirus was infused through the tail vein (250 μL of 108 pfu∕mL)
of adult male mice (8–10 wk old). Fourteen days after injection of virus
(or saline control), mice were euthanized, and cardiac myocytes were isolated
and cultured overnight as described above. The next day, cells were placed in
the microscope stage incubator (Tokai), and HyPer2 fluorescence was
excited with 420∕40 and with 500∕16 band-pass excitation filters; corre-
sponding YFP emission was acquired every 5 s for 10 min using a 535∕30
band-pass emission filter. For calculating HyPer ratio images, CFP and YFP
images were acquired; after background subtraction, the HyPer2 signal was
quantitated as described above and as we have previous reported (27).

Spectroscopic Methods and Reagents. Solution fluorescence spectra were
measured on a Quanta Master 4 L-format scanning spectrofluorimeter

(Photon Technology International) at 37.0� 0.1 °C. Fluorescence measure-
ments were made under anaerobic conditions, with cuvette solutions pre-
pared in an inert atmosphere glove box. FL2A was prepared as described
(9). Nitric oxide was purchased from Airgas and purified as described pre-
viously. Solutions were buffered to pH 7.0 with 50 mM Pipes and 100 mM
KCl. To test the response of Cu2FL2A (the product of Cu2FL2E after hydrolysis
by intracellular esterases), the background fluorescence of a 1.0 μM Cu2FL2A
solution in Pipes buffer was measured (λex ¼ 470 nm, λscan ¼ 475–650 nm),
after which 0, 1, 10, 50, or 100 equiv of H2O2 were added. After incubation at
37 °C for 30 min, a second fluorescence spectrum was acquired. Finally,
1,300 equiv of NO was added and incubated for 30 min at 37 °C, after which
a third fluorescence spectrumwas measured. To test the influence of H2O2 on
the fluorescence of Cu2FL2A after reaction with NO, a 1.0-μM solution of
Cu2FL2A was treated with 1,300 equiv of NO and incubated for 30 min at
37 °C. After measurement of the resultant fluorescence spectrum, the solu-
tion was treated with 100 equiv of H2O2, incubated for 30 min at 37 °C, and a
final fluorescence spectrum was acquired. These results, which are shown in
Fig. S6, document that Cu2FL2A is able to detect NO in the presence of H2O2.
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Fig. S1. H2O2-promoted phosphorylation of AMP-activated protein kinase (AMPK) and Akt in cardiac myocytes. (A) Time course for H2O2-stimulated AMPK
phosphorylation at threonine 172 (pAMPK172); a representative experiment is shown above and pooled data from three experiments are presented below;
* indicates p < 0.05. (B) Time course for H2O2-induced Akt phosphorylation at serine 473 (pAkt473); a representative experiment is shown above and pooled
data from three experiments are presented below; * indicates p < 0.05 and ** indicates p < 0.01. (C) Results of immunoblot analyses performed in adult cardiac
myocyte lysates prepared from cells incubated with the AMPK inhibitor compound C (Comp C, 20 μM, 30 min) before treatment with H2O2 (25 μM, 15 min).
Immunoblots were probed with antibodies directed against phospho-acetyl-CoA carboxylase (ACC) Ser79, phospho-Akt Ser473, phospho-mitogen-activated
protein kinase kinase–ERK1/2 (MEK1/2) Ser217∕221, phospho-Erk1/2 Thr202∕Tyr204, ACC, Akt, MEK1/2, Erk1/2, or GAPDH, as indicated. The experiment shown
is representative of three independent experiments that yielded similar results. (D) Results of immunoblot analyses performed in adult cardiac myocyte lysates
prepared from cells incubated with the PI3K inhibitor wortmannin (1 μM, 30min) before treatment with H2O2 (25 μM, 15 min). Immunoblots were probed with
antibodies as indicated. The experiment shown is representative of three independent experiments that yielded similar results. (E) Results of immunoblot
analyses performed in cell lysates prepared from cardiac myocyte that were incubated with the Akt inhibitor XI (Akt inh XI, 1 μM, 30 min) prior treatment
with H2O2 (25 μM, 15 min); blots were probed with antibodies as shown. The experiment shown is representative of three independent experiments.
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Thr172, phospho-acetyl-CoA carboxylase (ACC) Ser79, phospho-mitogen-activated protein kinase kinase–ERK1/2 (MEK1/2) Ser217∕221, phospho-Erk1/2
Thr202∕Tyr204, ACC, MEK1/2, Erk1/2, or GAPDH as indicated. The experiment shown is representative of three independent experiments that yielded similar
results.
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Fig. S5. Effects of PEG-catalase on H2O2-promoted increase in the recently developed H2O2 biosensor HyPer2 fluorescence. Adult mice were injected via the
tail vein with lentivirus expressing the HyPer2 biosensor; 2-wk later the mice were euthanized following cardiac myocytes isolation. Cultured cells were treated
with H2O2 (10 μM), in some studies myocytes were pretreated with PEG-catalase (100 units∕mL) for at least 2 h before H2O2 treatment. (Upper) Representative
HyPer2 images in isolated cardiac myocytes before adding H2O2 or 3 min after adding H2O2. (Lower) Representative fluorescence tracings analyzed following
cell treatment with H2O2 (10 μM). The HyPer2 H2O2 image is determined as the YFP500/YFP420 excitation ratio; the grayscale is adjusted to improve contrast.
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Fig. S6. Cu2FL2A detects NO in the presence of H2O2. The two left bars show the integrated fluorescence of Cu2FL2A after reaction with 1,300 equivalents
of NO either after a 30 min incubation (“NO”), or followed by the addition of 100 equivalents of H2O2 and incubation for a further 30 min (“þH2O2”). The
right bars shows the integrated fluorescence of Cu2FL2A following the addition of the indicated amounts of H2O2 for 30 min (shown in black at each H2O2

concentration), followed by the addition of 1,300 equivalents of NO and incubation for a further 30 min (in red). The experimental conditions are described
in detail Materials and Methods.
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