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Abstract

Rationale—Hydrogen peroxide (H2O2) is a stable reactive oxygen species (ROS) that has long 

been implicated in insulin signal transduction in adipocytes. However, H2O2’s role in mediating 

insulin’s effects on the heart are unknown.

Objective—We investigated the role of H2O2 in activating insulin-dependent changes in cardiac 

myocyte metabolic and inotropic pathways. The sources of insulin-dependent H2O2 generation 

were also studied.

Methods and results—In addition to the canonical role of insulin in modulating cardiac 

metabolic pathways, we found that insulin also inhibited beta adrenergic-induced increases in 

cardiac contractility. Catalase and NADPH oxidase (NOX) inhibitors blunted activation of insulin-

responsive kinases Akt and mTOR and attenuated beta adrenergic receptor-mediated responses. 

These insulin responses were lost in a mouse model of type 2 diabetes, suggesting a role for these 

H2O2-dependent pathways in the diabetic heart. The H2O2-sensitive fluorescent biosensor HyPer 

revealed rapid increases in cytosolic and caveolar H2O2 concentrations in response to insulin 

treatment, which were blocked by NOX inhibitors and attenuated in NOX2 KO and NOX4 KO 

mice. In NOX2 KO cardiac myocytes, insulin-mediated phosphorylation of Akt and mTOR was 

blocked, while these responses were unaffected in cardiac myocytes from NOX4 KO mice. In 

contrast, insulin’s effects on contractility were lost in cardiac myocytes from NOX4 KO animals 

but were retained in NOX2 KO mice.

Conclusions—These studies identify a proximal point of bifurcation in cardiac insulin signaling 

through the simultaneous activation of both NOX2 and NOX4. Each NOX isoform generates H2O2 
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in cardiac myocytes with distinct time courses, with H2O2 derived from NOX2 augmenting Akt-

dependent metabolic effects of insulin, while H2O2 from NOX4 blocks beta adrenergic increases 

in inotropy. These findings suggest that insulin resistance in the diabetic heart may lead to 

potentially deleterious potentiation of beta adrenergic responses.
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Introduction

The molecular mechanisms of insulin action have been extensively characterized in the three 

archetypal insulin target tissues: fat, liver, and skeletal muscle (1). In the heart, however, our 

understanding of insulin-modulated signaling pathways has lagged behind. It is clear that the 

canonical metabolic responses to insulin, such as activation of kinase Akt and its 

downstream targets, translocation of glucose transporters and stimulation of anabolic 

pathways, operate in cardiac myocytes (2). These metabolic responses to insulin serve to 

counterbalance some of the catabolic consequences of beta adrenergic stimulation in the 

heart. In addition to increasing catabolism, beta adrenergic agonists augment cardiac 

contractility through increases in systolic calcium cycling and phosphorylation of 

sarcomeric proteins by the cyclic AMP-activated protein kinase PKA (3). We have 

previously shown that insulin attenuates the increase in cardiac myocyte contractility elicited 

by beta adrenergic receptor activation (4). Despite the apparent counter-regulatory 

relationships between insulin and beta adrenergic signaling, the molecular mechanisms that 

facilitate cross-talk between the two pathways in cardiac myocytes remain incompletely 

understood. Here we extended our previous observations of insulin’s interaction with the 

beta adrenergic pathway to identify a new role for the stable reactive oxygen species (ROS) 

hydrogen peroxide (H2O2) produced by NADPH oxidases (NOXs), which we have 

discovered to control the proximal insulin receptor signaling pathways including its ability 

to modulate beta adrenergic responses.
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For many years, ROS were studied principally in the context of pathological oxidative stress, 

and they have been found to instigate cellular damage in diverse chronic disease states 

ranging from neurodegeneration to atherosclerosis to diabetes (5–8). Yet the stable ROS 

H2O2 has also been identified as an important second messenger for many physiologic 

processes, a role termed “oxidative eustress” (6), and has been clearly implicated in insulin 

signaling in fat and liver (9). A causal relationship between H2O2 and metabolic responses 

to insulin has been described in publications dating back to the 1970s (10–12), yet many of 

the essential molecular details have remained unexplored. Several reversibly oxidized 

signaling proteins have been definitively shown to be regulated by insulin receptor activation 

including PTEN, PTP1-B, and CaMK (13, 14). However, the intracellular source(s) of 

insulin-modulated H2O2 have not been established. Thus, there is an apparent paradox 

between the roles of H2O2 in physiological insulin signaling and the adverse effects of ROS 

that underlie the oxidative stress that is associated with deranged insulin signaling in 

diabetes. During the development of clinical diabetes, there appears to be a transition from 

the salutary function of H2O2 in physiological insulin signaling to the pathological roles of 

ROS that are seen in the advanced diabetic state. The term “diabetic cardiomyopathy” refers 

to the enigmatic cardiac dysfunction that is often seen in patients with diabetes, independent 

of the deleterious effects of coronary atherosclerosis or hypertension on the heart (15–17). 

Therapies targeting this unique form of cardiac dysfunction are lacking. Since cardiac 

myocytes represent the most oxidatively active cells in the body in normal physiology (15), 

it is essential to delineate the intracellular pathways that control the fate of ROS in these 

cells both in the normal and diseased heart in order to understand the changes that occur 

with the development of diabetic cardiomyopathy.

The intracellular metabolism of ROS in cardiac myocytes involves a broad range of enzymes 

expressed in a diverse set of organelles. Two of the principal intracellular sources of reactive 

oxygen species in cardiac myocytes are the mitochondrial electron transport chain and the 

NOX family of NADPH oxidases (18–20). The NOX proteins are a family of membrane-

bound multimeric enzymes that produce ROS using oxygen and NADPH as substrates (21–

23). The different NOX isoforms differ in their tissue distribution and biological roles; both 

the NOX2 and NOX4 isoforms have been studied in cardiac myocytes, yet their roles in 

cardiac biology are controversial (24–26). While the intracellular pathways controlling 

receptor-dependent NOX4 activation in cardiac myocytes are incompletely understood (25, 

27, 28), it is generally agreed that ROS production by NOX2 modulates signal transduction 

through the angiotensin II receptor in these cells (29, 30).

In contrast to angiotensin-II, beta adrenergic stimulation does not directly affect H2O2 

concentrations in cardiac myocytes (29). The potential roles of insulin-modulated H2O2 in 

cardiac myocyte function have remained unexplored, and are the focus of the current studies. 

In the studies presented here, we exploited informative biosensors and genetic models to 

analyze insulin-modulated pathways in cardiac myocytes, and identified the proximal 

signaling events whereby insulin elicits cellular responses through H2O2. Evidence is 

presented that insulin signaling in the heart depends on H2O2 produced by two distinct 

NADPH oxidase isoforms: NOX2 and NOX4, leading to differential effects on distinct 

cardiac myocyte signaling and physiological responses. These NOX-dependent effects of 

insulin were lost in cardiac myocytes isolated from an in vivo model of type II diabetes. 
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These findings identified previously unknown roles of NOX-generated H2O2 in cardiac 

myocyte insulin signaling that may add to our understanding of the pathophysiology of 

diabetic cardiomyopathy.

Materials and Methods

A detailed explanation of the methods can be found in the online data supplement.

Live-cell imaging of intracellular H2O2 in cardiac myocytes using the biosensor HyPer

Fluorescent biosensors, including the H2O2-specific biosensor HyPer and its derivatives, 

were expressed in adult cardiac myocytes using a recombinant adeno-associated viral vector. 

Over the course of these studies, HyPer3, which reportedly has a broader dynamic range 

than the original HyPer (50), became available during the course of these studies. As a 

result, HyPer3 was used as the control for the SypHer pH-control studies and for analysis of 

subcellular H2O2 generation. A caveolae-targeted form of HyPer was generated by fusing 

the N terminal sequence of bovine eNOS to the probe (producing cav-HyPer3). This strategy 

has been previously validated as yielding caveolar localization (51). Mito-HyPer3 was 

generated by replacing HyPer in mito-HyPer (containing a N-terminal double mitochondrial 

targeting sequence derived from subunit VIII of human cytochrome C oxidase (52)) with 

HyPer3. cDNA for HyPer, HyPer3, cav-HyPer3, mito-HyPer3 and SypHer2 were cloned by 

PCR into an AAV expression vector in which expression is driven by the CMV promoter 

(Stratagene). The Children’s Hospital Boston Viral Vector Core produced AAV-9 viral 

particles with the Rep2/Cap9 encapsulation construct. Approximately 5×1011 genome copies 

were suspended in 100 microliters PBS and injected retro-orbitally in 4–5 week old mice. 

Cardiac myocytes were isolated 4–6 weeks later and plated on laminin-coated glass dishes 

(Mattek) where they were maintained in culture media prior to experiments. Culture medium 

was replaced with a physiological balanced salt solution and the dishes were mounted in an 

Olympus DSU inverted fluorescence microscope equipped with an on-stage incubator at 

37°C in a 4% CO2 environment. For live-cell imaging, HyPer was excited with 420 nm and 

480 nm while visualized with a 40X oil immersion objective (Olympus). Images were 

acquired with a CCD camera (Hamamatsu) after filtering at HyPer’s emission wavelength of 

530 nm. Images were analyzed post-hoc with a custom-written macro in Metamorph 

software. After background subtraction, ratiometric images were generated by dividing 

images excited with 480 nm by images excited with 420 nm. In order to mitigate artifact 

from any spontaneous contractions during the time course experiment, ratiometric time 

course traces were median filtered with a window size of 3 frames prior to statistical 

analysis.

Statistical analysis

All experiments were performed at least three times. Mean values for individual experiments 

are expressed as means ± standard error. Statistical differences were assessed by ANOVA as 

indicated with a Tukey’s post hoc test for multiple comparisons. Fluorescence time course 

traces were analyzed by two-way ANOVA with a Bonferroni post hoc correction. A p value 

of <0.05 was considered statistically significant.
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Results

Insulin attenuates β-adrenergic induced increases in inotropy in adult cardiac myocytes

In isolated adult murine cardiac myocytes, insulin did not significantly alter basal cardiac 

myocyte contractility assessed by both sarcomere shortening and systolic calcium transients 

(Figures 1A and 1B). However, insulin pretreatment attenuated isoproterenol-induced 

increases in inotropy, as evidenced by a decrease in both systolic calcium transients and 

sarcomere shortening. To validate that these effects of insulin on cardiac myocyte 

contractility were mediated by the insulin receptor rather than related cell surface receptors 

(for example, the IGF-1 receptor), we compared insulin’s effect on cardiac myocytes from 

cardiac-specific insulin receptor KO (CIRKO) mice with cardiac myocytes from wild-type 

mice (31). In cardiac myocytes from CIRKO mice, insulin did not attenuate isoproterenol-

induced increases in inotropy (Figure 1C). Additionally, in CIRKO cardiac myocytes, 

insulin was unable to activate the canonical anabolic signaling cascade mediated by Akt, 

p70S6K and ribosomal S6 (Figure 1D)

Cardiac myocytes were next isolated from mice fed a high fat diet for 7 weeks, a model of 

type II diabetes (32). Cardiac myocytes from these high fat-fed mice exhibited similar 

increases in contractility when treated with isoproterenol compared to mice fed a normal 

chow diet. However, insulin failed to attenuate isoproterenol’s positive inotropic effect in 

cardiac myocytes isolated from mice fed a high fat diet (Figure S1). Additionally, insulin-

modulated phosphorylation responses were significantly diminished in cardiac myocytes 

isolated from mice fed a high fat diet (Figure S2).

Insulin-dependent phosphorylation responses in cardiac myocytes are markedly 
attenuated by catalase and by NADPH oxidase inhibition

A time course and dose response were characterized for insulin-dependent phosphorylation 

of key signaling proteins in cardiac myocytes. Insulin-dependent phosphorylation responses 

were sensitive to insulin at concentrations as low as 0.1 nM (Figs. S3 and S4). Insulin 

rapidly induced phosphorylation of the insulin receptor β at Tyr1146, Insulin Receptor 

Substrate 1 (IRS-1) at Tyr895 and of Akt at both Ser473 and Ser308. By contrast, the insulin-

promoted phosphorylations of mTOR at Ser2448, p70S6K at Thr421 and Ser424 (Thr421/

Ser424), S6 at Ser235 and Ser236 (Ser235/236) and IRS-1 at Ser636 and Ser639 (Ser636/639) were 

maximal only at 30 min. Subsequent analyses of the effects of inhibitors were therefore 

pursued 5 min after insulin addition for studies of phosphorylation of the insulin receptor, 

IRS-1 at Tyr895 and Akt; phosphorylation responses were analyzed after 30 min for mTOR, 

p70S6K, and IRS-1 at Ser636/639. Adult mouse cardiac myocytes were treated with insulin in 

the presence and absence of catalase, which degrades H2O2. Preincubation of cardiac 

myocytes with catalase blunted the subsequent insulin-promoted increases in all of these 

phosphorylation responses (Figures 2A and S5), implicating H2O2 as a key second 

messenger in cardiac myocyte insulin signaling.

Pharmacologic inhibitors were next used to explore the involvement of NADPH oxidases in 

insulin-induced protein phosphorylation in cardiac myocytes. All insulin-dependent 

phosphorylation responses were attenuated in cells pretreated with the NOX inhibitor 
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apocynin (Figure 2B), implicating one or more NADPH oxidase isoforms in the insulin 

phosphorylation response. The NOX inhibitors VAS2870 and diphenyleneiodonium (DPI) 

similarly attenuated insulin-promoted phosphorylation in these cells (Figures S6 and S7), 

strengthening the evidence for the involvement of NADPH oxidase(s) in the insulin 

signaling response.

NADPH oxidase inhibition prevents insulin-induced attenuation of phospholamban 
phosphorylation and contractility

The NOX inhibitor apocynin completely blocked insulin’s previously observed effect of 

attenuating the isoproterenol-stimulated increase in cardiac myocyte contractility, as 

measured both by sarcomere shortening and amplitude of systolic calcium transients 

(Figures 3A and 3B). To explore whether these effects of insulin and apocynin on contractile 

physiology were mediated through alterations in adrenergic signaling, phosphorylation of 

the PKA substrate phospholamban (33) was studied as an indicator of beta adrenergic 

signaling activity. Insulin treatment attenuated the increase in phospholamban 

phosphorylation at Ser16 seen after isoproterenol treatment, but cardiac myocytes treated 

with apocynin were no longer sensitive to the inhibitory effect of insulin (Figure 3C). 

Supporting these findings, isoproterenol induced an increase in the phosphorylation of 

Ser157 of VASP (vasodilator-stimulated phosphoprotein), another protein substrate of PKA 

(34) that was attenuated by insulin and restored with apocynin (Figure S8).

Insulin elicits rapid NOX-dependent increases in intracellular H2O2

Changes in intracellular H2O2 concentrations were next assessed using the H2O2 fluorescent 

biosensor HyPer (35), which changes its fluorescence properties when oxidized by H2O2. 

HyPer was cloned into an adeno-associated viral expression vector, which was packaged 

into an AAV9 serotype to direct the expression of the recombinant biosensor in cardiac 

myocytes (36). 4–6 weeks after retro-orbital injection of the recombinant virus into mice, 

cardiac myocytes were isolated and imaged using live cell fluorescence microscopy. The 

AAV-based vector achieved strong cardiac expression (Figure 4A), enabling the real-time 

measurement of a rapid change in HyPer fluorescence following the addition of insulin 

(Figure 4B). This increase was blocked when the cardiac myocytes were pre-treated with the 

NOX inhibitor apocynin, once again implicating NADPH oxidase(s) as the major source of 

an increase in H2O2 seen in response to insulin. In order to control for HyPer’s known pH 

sensitivity, these experiments were repeated using a recombinant AAV9 construct expressing 

SypHer2, a variant of HyPer lacking one of the key cysteines oxidized by H2O2. After 

insulin stimulation, cardiac myocytes from mice expressing SypHer showed no increase in 

fluorescence (Figure S9), making a change in pH unlikely as the cause of HyPer’s 

fluorescence.

Loss of NOX2 attenuates canonical insulin-mediated phosphorylation responses while 
loss of NOX4 prevents insulin-induced repression of beta adrenergic signaling

The previous results with pharmacological inhibitors strongly implicate H2O2 produced by 

NADPH oxidase(s) in the modulation of insulin signaling pathways in cardiac myocytes. 

The NOX2 and NOX4 isoforms have been previously identified in cardiac myocytes (23), so 

insulin-mediated responses in cardiac myocytes isolated from NOX2 KO and NOX4 KO 
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mice were analyzed next. The insulin-mediated phosphorylations of kinase Akt and mTOR 

were significantly attenuated in cardiac myocytes isolated from NOX2 KO mice (Figure 

5A). By contrast, these insulin-mediated phosphorylation responses were entirely unaffected 

in cardiac myocytes isolated from NOX4 KO mice (Figure 5B). In contrast, insulin-

promoted attenuation of isoproterenol-stimulated cardiac contractility was retained in 

cardiac myocytes from NOX2 KO mice, yet was entirely absent in cardiac myocytes from 

the NOX4 KO mice (Figure 6A)- the opposite of what was observed for insulin-dependent 

Akt and mTOR phosphorylation responses. Consistent with the effects seen on cardiac 

myocyte contractility, insulin-induced attenuation of the isoproterenol-stimulated increase in 

phospholamban phosphorylation was retained in cardiac myocytes isolated from the NOX2 

KO mice and was absent in cardiac myocytes from the NOX4 KO mice (Figure 6B). In order 

to assess the potential effect of genetic ablation of NOX2 and NOX4 on the expression of 

other NOX-associated gene products, qPCR was performed on cardiac myocytes from 

NOX2 KO and NOX4 KO mice. No significant alterations in expression of Nox1, gp91phox 
(Nox2), Nox4, Rac1 or p22phox were observed (Figure S10).

NOX2 KO and NOX4 KO cardiac myocytes demonstrate attenuated H2O2 production with 
distinct time courses

Having observed differential roles of NOX2 and NOX4 in insulin-modulated cardiac 

myocyte responses (Figures 5 and 6), we performed a temporal analysis of H2O2 production 

in cardiac myocytes from NOX2 KO and NOX4 KO mice. NOX2 KO and NOX4 KO mice 

were injected with the AAV9-HyPer biosensor, and live cell imaging was performed on 

isolated cardiac myocytes to quantitate the HyPer response in real time following addition of 

insulin (as in Figure 4). While there remains a significant insulin-stimulated increase in 

H2O2 in cardiac myocytes from both the NOX2 KO and NOX4 KO mice, there were striking 

differences in the temporal profile of the HyPer response that distinguished cardiac 

myocytes from these NOX knockout mice (Figure 7A). Cardiac myocytes from NOX2 KO 

mice showed a marked attenuation in the insulin-stimulated H2O2 response, and sustained a 

modest yet statistically significant production of H2O2 when stimulated with insulin. Most 

notably, these NOX2 KO cardiac myocytes did not show the initial rapid phase of H2O2 

production that was seen in cardiac myocytes form wild-type mice. In contrast, cardiac 

myocytes from NOX4 KO mice maintained the early phase of production of H2O2, which 

eventually reached concentrations of H2O2 that were similar to those observed in cardiac 

myocytes from NOX2 KO mice. These results imply that insulin activates both NOX2 and 

NOX4 in cardiac myocytes, with NOX2 modulating the initial rapid increase in H2O2 

generation, and NOX4 producing a more modest yet stable H2O2 response following insulin 

stimulation.

Insulin stimulates an increase of H2O2 in caveolae and a decrease in mitochondrial matrix 
H2O2

Because NOXs have been reported to be localized to specific subcellular compartments, 

changes in local H2O2 concentrations were next explored using differentially targeted 

variants of HyPer in order to identify the compartment(s) of H2O2 production in response to 

insulin. Cardiac myocytes expressing HyPer constructs targeted to the caveolae, 

mitochondria or cytosol were stimulated with insulin while local H2O2 was measured by real 
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time fluorescence microscopy. Insulin stimulation triggered a rapid increase in the HyPer 

fluorescence ratio in the caveolar compartment, while a consistent and significant decrease 

in the HyPer signal was observed in the mitochondrial matrix (Figure 7B).

Discussion

Differential insulin signaling via NOX2 and NOX4

These studies have exploited novel biosensors, physiological approaches, biochemical 

analyses, and cellular imaging methods to identify a central role for hydrogen peroxide 

(H2O2) in the modulation of insulin signaling pathways in the heart. A role for H2O2 was 

suggested by the observation that catalase (which degrades H2O2) and the NADPH oxidase 

(NOX) inhibitor apocynin block insulin-modulated physiological and phosphorylation 

responses (Figures 1–3). Changes in intracellular H2O2 in response to insulin were then 

directly documented using cell imaging techniques (Figure 4). Recombinant cardiotropic 

AAV9 viruses expressing variants of the H2O2 biosensor HyPer were developed and injected 

into mice to infect cardiac tissues. Cardiac myocytes from these mice were imaged to 

quantitate intracellular H2O2 levels in real time by analyzing the HyPer fluorescence ratio. 

We found that insulin stimulation elicited a rapid increase in intracellular H2O2 levels. These 

findings using the H2O2 biosensor HyPer, in combination with our observations using 

catalase (Figure 2), lead us to conclude that the effects of insulin are specifically mediated 

by H2O2, as distinguished from other hydroperoxides, hydroxyl radicals, or protonated 

superoxide.

The insulin-modulated H2O2 response was markedly attenuated by NADPH oxidase 

inhibitors (Figure 4). Previous studies have shown that cardiac myocytes express both NOX2 

and NOX4 (37), but there are currently no optimal isoform-specific NOX inhibitors (37). In 

order to identify the NADPH oxidase isoforms that modulate the insulin H2O2 response, 

insulin-induced phosphorylation and physiological responses were explored in cardiac 

myocytes isolated from NOX2 KO and NOX4 KO mouse lines. Insulin-promoted 

phosphorylation of Akt, mTOR and other “classical” insulin-responsive phosphoproteins 

were attenuated in the NOX2 knockout, but were retained in cardiac myocytes from NOX4 

KO mice (Figure 5). In contrast, responses that involve the insulin-dependent attenuation of 

beta–adrenergic receptor-mediated responses (cardiac myocyte contractility and 

phospholamban phosphorylation) were lost in the NOX4 KO mice, yet were retained in 

cardiac myocytes from NOX2 KO mice (Figure 6). These findings indicate that both NOX2 

and NOX4 are involved in the H2O2-mediated insulin response, and suggest that different 

H2O2 signaling pathways are activated downstream of NOX2 vs. NOX4. Insulin signaling 

therefore appears to trigger a bifurcating response, wherein two distinct NADPH oxidase 

isoforms are activated contemporaneously, but control divergent distal signaling processes.

H2O2 responses in NOX2 KO and NOX4 KO were studied in mice infected with the H2O2-

sensitive AAV9-HyPer biosensor, and the insulin-stimulated increase in H2O2 was 

attenuated but not completely abolished in cardiac myocytes isolated from either NOX2 KO 

or NOX4 KO mice compared to wild-type cardiac myocytes (Figure 7A). These findings 

provide additional evidence that the insulin-dependent H2O2 response involves both the 

NOX2 and NOX4 isoforms. These two NOX isoforms appear to be activated by insulin yet 
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have distinct temporal profiles: the NOX2 isoform mediates a rapid increase in intracellular 

H2O2 that peaks at approximately 2–3 minutes following addition of insulin, while the 

NOX4 isoform has a slower but more sustained H2O2 response (Figure 7A). H2O2 generated 

by NOX2 and NOX4 thus appear to modulate pathways in cardiac myocytes that are both 

temporally and functionally distinct.

NOX2 regulation of insulin-modulated phosphorylation pathways

The role of NOX2 in the heart is incompletely understood; most studies have focused on a 

deleterious role for NOX2, although a protective role for NOX2 in ischemic preconditioning 

has also been reported (38). NOX2 is the NOX isoform that has been most clearly linked to 

receptor-mediated activation of ROS synthesis (39): angiotensin II acts through the AT-1 

receptor to promote the rapid activation of NOX2 by enhancing the binding of the small 

GTPase Rac1, an essential component of the active NOX2 complex. Yet the role of NOX2 in 

insulin signal transduction remains almost entirely unexplored, with a single previous report 

in cultured myotubes finding that knockdown of p47phox (a component of the NOX2 

complex) attenuates insulin-induced ROS production (40). Supporting a role for NOX2-

derived H2O2 in insulin signal transduction in metabolic tissues, the NOX2 knockout mouse 

has been reported to have elevated serum glucose concentrations and lower body weights 

(41). However, given that studies in other cell types have indicated that NOX4 rather than 

NOX2 amplifies insulin signaling (42), we were surprised to find a similar role fulfilled by 

NOX2 in cardiac myocytes. These differences highlight the different roles that signaling 

proteins may play in various cell types. Our studies have used immunochemical approaches 

to identify multiple phosphoproteins that are dynamically modulated by insulin-regulated 

H2O2, but of course many other protein kinases/phosphoprotein phosphatases still remain to 

be studied in these cells. It is plausible that these other phosphorylation pathways may be 

differentially regulated by H2O2-dependent signals. It is also important to note that our data 

indicate that NOX-derived H2O2 augments insulin signaling, but is not essential to activate 

the canonical insulin-modulated kinase cascade in cardiac myocytes. This is consistent with 

previous studies of insulin-regulated redox-sensitive signaling proteins such as PTP-1B, 

which is a plausible candidate for transducing the H2O2–dependent insulin responses that 

have been documented in the present studies.

The enigma of NOX4 activation

Unlike NOX2, the rapid receptor-dependent activation of NOX4 has not been extensively 

characterized; only a single report has linked NOX4 to insulin receptor signaling in 

adipocytes, but by unknown mechanisms (42). Indeed, the entirely unaffected Akt and 

mTOR responses observed in NOX4 KO cardiac myocytes was unexpected given the 

previous findings in adipocytes. The role of NOX4 in the heart is controversial: some studies 

ascribe a deleterious role of NOX4 in heart failure (26, 27) while other studies find a 

protective role for the enzyme in various heart failure models (25, 37). None of these 

previous studies of NOX4 explored a role in cardiac insulin signaling. Most previous reports 

postulate that cellular regulation of NOX4 activity is achieved by transcriptional activation, 

leading to changes in NOX4 protein abundance that occur over many hours (43). However, 

the time course that we have observed for the insulin-dependent H2O2 response is not 

compatible with genetic induction of NOX4, and indicates that activation of NOX4 likely 
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occurs at the post-translational level. The study of post-translational modifications of NOX4 

remains a nascent field with limited biochemical tools available and only one 

phosphorylation site (Tyr566) having being recently described as modifying enzyme activity 

(44). Another important question prompted by these studies is the mechanism by which 

NOX4 attenuates beta adrenergic signaling. We have recently shown that insulin’s effects on 

inotropy may be mediated through a pathway involving the GPCR kinase GRK2, the β2 

adrenergic receptor, and the phosphodiesterase isoform PDE-4D (45). It has also been 

reported that activation of eNOS by exogenous H2O2 can lead to the S-nitrosylation and 

activation of GRK2 in the heart (46), suggesting another mechanism whereby NOX4 may 

modulate contractility. It is also plausible that NOX4-derived H2O2 may directly activate the 

cyclic GMP-dependent protein kinase (47). Clearly, much remains to be learned about the 

pathway(s) whereby NOX4 modulates cyclic nucleotide signaling in cardiac myocytes and 

other cell types.

The specificity with which various NOX isoforms are localized to different subcellular 

compartments remains controversial. NOX4 has been reported in the mitochondrial matrix, 

nucleus, plasma membrane and endoplasmic reticulum of various cell types (26–28) while 

NOX2 has been reported in the plasma membrane and endoplasmic reticulum (22). We used 

differentially targeted HyPer3 constructs to probe H2O2 dynamics in both caveolae and 

mitochondria in cardiac myocytes isolated from mice infected with these recombinant AAV9 

viruses. We were intrigued to find that insulin promoted a striking increase in H2O2 levels in 

caveolae, to a magnitude similar to that observed in the cytosol (Figure 7B). By contrast, in 

the mitochondrial matrix, insulin promoted a significant decrease in the HyPer ratio. The 

marked insulin-dependent decrease in the HyPer ratio within the cardiac myocyte 

mitochondrial matrix is likely to be multifactorial, possibly reflecting the effects of insulin 

on metabolic switching and/or pH changes in the mitochondria in these cells; additional 

experiments (beyond the scope of these studies) are needed to define the biochemical basis 

for this observation.

Insulin, diabetes, and control of cardiac function

These studies extend our understanding of the role of insulin in control of cardiac myocyte 

physiology. While insulin appears to have no substantive direct effect on basal cardiac 

contractility, insulin markedly attenuates the positive inotropic response to beta adrenergic 

receptor activation. This inhibitory effect of insulin is lost both in cardiac myocytes isolated 

from NOX4 KO mice and as a consequence of high fat feeding (Figure S1). The relevance of 

these responses in the intact animal will need to be tested in future in vivo studies. 

Unfortunately, assessment of cardiac function and insulin signaling in response to both 

isoproterenol and insulin infusion in intact animals would be complicated by the counter-

regulatory physiologic responses that would be elicited by any changes in inotropy, as well 

as changes the changes in serum glucose that would be a consequence of systemic insulin 

administration.

These findings may represent an important step towards understanding the pathophysiology 

of diabetic cardiomyopathy, a disease in which diabetics develop cardiac dysfunction 

independently of coexisting vascular disease and hypertension. The results provide clear 
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evidence of cardiac insulin resistance in a mouse model of type II diabetes, in which there is 

marked attenuation of insulin signaling and physiological responses in cardiac myocytes 

isolated from mice fed a high fat diet (Figure 1). We acknowledge that these observations 

stand independently of the NOX2 and NOX4 pathways described in the rest of these studies. 

A thorough examination of these two key redox pathways in the context of high fat diet will 

be needed to ascertain whether insulin resistance is mediated in part by altered activity of 

NOX2 or NOX4. Regardless of whether alterations occur at the level of H2O2 production or 

more proximally, the insulin-resistant cardiac myocytes isolated from mice fed a high fat 

diet appear to lose a key physiological counter-regulatory force on adrenergic signaling. 

Excessive adrenergic stimulation is a known driving force for heart failure and cardiac 

dysfunction (48). Insulin’s physiological inhibitory effect on beta adrenergic signaling 

through NOX4 may therefore be cardioprotective, a hypothesis that will need to be tested in 

an in vivo setting. In such a model, the insulin-resistant heart loses a protective effect of 

insulin, allowing for excessive beta adrenergic stimulation. The restoration of insulin’s 

physiologic and potentially cardioprotective “beta blocking” effects by increasing flux 

through NOX4 may represent a promising therapeutic target in diabetic cardiomyopathy and 

heart failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CIRKO Cardiac insulin receptor knockout
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eNOS endothelial nitric oxide synthase

GRK2 G protein receptor kinase 2
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highlighs

Insulin signaling in cardiac myocytes is modulated by hydrogen peroxide derived 

from two distinct NADPH oxidase isoforms, Nox2 and Nox4.

Nox2 couples insulin to “canonical” insulin-modulated phosphorylation pathways 

in cardiac myocytes involving kinase Akt and mTor.

By contrast, Nox4 modulates insulin-dependent attenuation of beta-adrenergic 

pathways by suppressing cAMP/PKA-dependent physiological responses- 

revealing a “beta blocker-like” effect of insulin in cardiac myocytes.

In an animal model of type two diabetes, these insulin-dependent hydrogen 

peroxide-mediated responses are abrogated, suggesting an involvement of insulin-

modulated oxidant pathways in the pathogenesis of diabetic cardiomyopathy.
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Figure 1. Effects of insulin on beta adrenergic responses in cardiac myocytes
A) Representative transients of sarcomere length and intracellular calcium from cardiac 

myocytes paced at 1 Hz. The transients represent cardiac myocytes at baseline, treated with 

isoproterenol (Iso, 10 nM, 5 min), pretreated with insulin (Ins, 10 nM, 30 min) and treated 

with isoproterenol after insulin pretreatment (Iso+Ins). B) Pooled data from cardiac 

myocytes treated with the conditions in A. The number of cells, which were isolated from 4 

mice, measured for each condition is indicated in each bar. ** indicates p<0.01 and *** 

Indicates p<0.001 by ANOVA C) Pooled sarcomere shortening data from cardiac myocytes 

isolated from CIRKO (IR−/−) mice (white bars, 4 mice) and from wild-type (IR+/+) 

littermate controls (black bars, 3 mice). D) Representative immunoblot of cardiac myocytes 

isolated from wild-type littermate controls (IR+/+, 3 mice in total) or CIRKO (IR−/−, 3 mice 

in total) animals simulated with insulin for the times indicated.
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Fig. 2. Effects of catalase and NOX inhibitor apocynin on insulin-modulated phosphoprotein 
responses
A) Representative immunoblots for insulin signaling proteins from cardiac myocytes 

isolated from 5 mice total incubated overnight with PEG-catalase (PEG-cat, 200 U/mL) or 

vehicle, and treated with insulin (10 nM) for 5 min (Left) or for 30 min (Right). Below the 

immunoblots are densitometric analyses for pAkt at Ser473 and pmTOR at Ser2448 (see 

Supplementary figure S3 for complete densitometric analysis of all targets). B) 

Representative immunoblots and densitometric analyses for pAkt and pmTOR from cardiac 

myocytes from 6 mice pretreated with the NOX inhibitor apocynin (Apo, 500 μM) followed 

by insulin stimulation for 5 minutes (Akt) or 30 minutes (mTOR). (See Figure S4 for 

complete densitometric analysis.)
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Figure 3. Effects of apocynin on contractility and beta adrenergic signaling in cardiac myocytes
A) Representative sarcomere shortening and calcium transients from cardiac myocytes 

treated with insulin (10 nM, 30 min) with or without apocynin pretreatment (Apo, 30 min 

500 μM) followed by stimulation with isoproterenol (10 nM, 5 min). B) Pooled data from 

(A). The number of cells, which were isolated from 7 mice, measured for each condition is 

indicated in each bar. C) Representative immunoblot for phospholamban phosphorylated at 

Ser16 (pPLN) from cultured cardiac myocytes isolated from 4 mice treated with 

isoproterenol (10 nM, 5 min) after insulin stimulation (10 nM, 30min) with or without 

apocynin (500 μM, 30 min) pretreatment. Pooled densitometric analyses from 4 independent 

experiments are shown to the right. * indicates p<0.05, **p<0.01, and ***p<0.001 

compared to unstimulated cells.
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Figure 4. Direct imaging of insulin-promoted changes in intracellular H2O2 concentrations
A) Representative ratiometric images of cardiac myocytes isolated from mice injected with 

an AAV9 viral vector carrying the H2O2 biosensor HyPer. Cardiac myocytes were pretreated 

with either vehicle (DMSO) or apocynin (500 μM) and stimulated with insulin (10 nM) at 

time=0. Ratiometric images are displayed with a color lookup table that extends linearly 

across increasing ratios from blue to red. B) Pooled data from HyPer-expressing cardiac 

myocytes stimulated with insulin at t=0 minutes with or without apocynin pretreatment. n=5 

coverslips per condition with 20–40 cells per coverslip isolated from 3 mice total. *** 

indicates p<0.001 compared to DMSO.
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Figure 5. Insulin-modulated phosphoprotein responses in cardiac myocytes deficient for NOX2 
or NOX4
A) Representative immunoblots for cardiac myocytes from wild-type (n=4) mice and NOX2 

KO (n=4) mice treated with insulin (1 nM) for the indicated times (Left). Densitometric 

analyses for pAkt and pmTOR from at least three independent experiments are shown to the 

right. B) Representative immunoblots for cardiac myocytes from NOX4 KO (n=4) mice with 

wild-type control cardiac myocytes (n=4) treated with insulin (1 nM) for the indicated times 

(Left). Densitometric analyses from at least three independent experiments for the pAkt and 

pmTOR are shown to the right. * indicates p<0.05, **p<0.01, and ***p<0.001.
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Figure 6. Contractility and beta adrenergic signaling responses to insulin and isoproterenol in 
NOX2 KO and NOX4 KO cardiac myocytes
A) Pooled data from sarcomere shortening transients in cardiac myocytes isolated from 

NOX2 KO (n=4) mice, NOX4 KO (n=5) mice, or wild-type controls (n=7 mice). Cardiac 

myocytes were stimulated with isoproterenol (10 nM, 5 min) with or without insulin 

pretreatment (10 nM, 30 min). (B) Representative immunoblots of NOX2 or NOX4 KO 

cardiac myocytes treated with isoproterenol with or without insulin pretreatment (right side 

of the blots). wild-type cardiac myocyte lysates were loaded on the left side of the gel. 

Below the representative blots are the densitometric analyses of pooled data from at least 

three independent experiments. * indicates p<0.05, **p<0.01, and ***p<0.001.
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Figure 7. Insulin-induced changes in intracellular H2O2 in NOX2 and NOX4 KO cardiac 
myocytes and calveolar and mitochondrial subcellular compartments
A) Pooled data from cardiac myocytes isolated from wild-type (n=163 cells from 5 

coverslips from 2 mice), NOX2 (n= 109 cells from 4 coverslips from 2 mice) or NOX4 

(n=111 cells from 4 coverslips from 2 mice) mice, expressing HyPer, and stimulated with 

insulin (10 nM) at t=0. * indicates p<0.05 comparing NOX4 KO to wild-type, and # 

indicates p<0.05 comparing NOX2 KO to wild-type by 2-way ANOVA. B) Pooled data from 

cardiac myocytes expressing HyPer3 (n=58 cells from 4 coverslips from 1 mouse), mito-

HyPer3 (n=98 cells from 5 coverslips from 2 mice) or cav-HyPer3 (n=99 cells from 6 

coverslips from 2 mice) treated with insulin at time t=0. * indicates p<0.05 comparing mito-

HyPer3 to HyPer3.
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