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Abstract

Background—NADPH oxidase 4 (Nox4) has been implicated in cardiac remodeling, but its 

precise role in cardiac injury remains controversial. Furthermore, little is known about the 

downstream effector signaling pathways activated by Nox4-derived ROS in the myocardium. We 

investigated the role of Nox4 and Nox4 associated signaling pathways in the development of 

cardiac remodeling.

Methods and Results—Cardiac-specific human Nox4 transgenic mice (c-hNox4Tg) were 

generated. Four groups of mice were studied: 1) control mice (CTL): littermates that are negative 

for hNox4 transgene but Cre positive; 2) c-hNox4 Tg mice; 3) angiotensin II (AngII)-infused CTL 

mice and 4) c-hNox4Tg mice infused with AngII. The c-hNox4Tg mice exhibited approximately 

10-fold increase in Nox4 protein expression and 8-fold increase in the production of reactive 

oxygen species, and manifested cardiac interstitial fibrosis. AngII-infusion to CTL mice increased 

cardiac Nox4 expression and induced fibrosis and hypertrophy. The Tg mice receiving AngII 

exhibited more advanced cardiac remodeling and robust elevation in Nox4 expression, indicating 

that AngII worsens cardiac injury, at least partially by enhancing Nox4 expression. Moreover, 

hNox4 transgene and/or AngII-infusion induced the expression of cardiac fetal genes and 

activated the Akt-mTOR and NFκB signaling pathways. Treatment of AngII-infused c-hNox4Tg 

mice with GKT137831, a Nox4/Nox1 inhibitor, abolished the increase in oxidative stress, 

suppressed Akt-mTOR and NFκB signaling pathway and attenuated cardiac remodeling.

Conclusion—Upregulation of Nox4 in the myocardium causes cardiac remodeling through 

activating Akt-mTOR and NFκB signaling pathways. Inhibition of Nox4 has therapeutic potential 

to treat cardiac remodeling.
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Introductioin

Left ventricle remodeling, characterized by interstitial fibrosis and cardiomyocyte 

hypertrophy, is a common response to acute and chronic cardiac injury observed in various 

heart diseases in humans and animal models, commencing with hypertension, valvular 

disease, coronary artery disease, and cardiomyopathy that frequently eventuates in heart 

failure.1, 2 Over the past decade, strong evidence has implicated a common denominator, 

reactive oxygen species (ROS), in the development of cardiovascular pathology including 

cardiac remodeling.3 However, the failure of clinical trials with antioxidant compounds has 

underscored the need for better antioxidant therapies and a more thorough understanding of 

the source(s) and contribution of ROS in these diseases.4 Thus, it is important to identify the 

enzymatic source(s) of ROS so that specific targeting of the enzyme system can be 

developed to efficiently abolish the deleterious effects of ROS in pathological conditions.

Among the various potential sources of ROS, NADPH oxidases have emerged as major 

enzymes responsible for production of superoxide (O2
•-) and hydrogen peroxide. Thus far, 

seven homologs/isoforms of these enzymes have been found in humans and animals, and are 

referred to as the Nox family of NADPH oxidases: Nox1 - 5, Duox1, and Duox2. These 

enzymes share the capacity to transport electrons across the plasma membrane and to 

generate O2
•- and other downstream ROS, such as hydrogen peroxide (H2O2). Nox enzymes 

are professional ROS-producing enzymes distinguishing themselves from other sources 

where ROS are produced as a byproduct. In addition to Nox2, Nox4 is a major source of 

ROS in the heart.5 Both enzymes share sequence homology, but have distinct characteristics. 

For example, while Nox2 requires cytosolic factors for its activation,6 Nox4 is constitutively 

active and is regulated primarily at the level of its expression.7 Nox2 localizes primarily in 

the plasma membrane whereas Nox4 is found in intracellular membranes such as 

mitochondria, endoplasmic reticulum and nuclear membranes.5, 8, 9 Emerging data suggest 

contradictory role of Nox4 in cardiac remodeling with considerable debate on whether Nox4 

is protective or deleterious during cardiac response to injury. For example, upregulation of 

Nox4 by hypertrophic stimuli promotes apoptosis and mitochondrial dysfunction in the 

myocardium.8 Also, increased oxidative stress in the nucleus caused by Nox4 mediates 

oxidation of histone deacetylase 4 resulting in cardiac hypertrophy.10 In contrast to these 

results, Zhang et al11 reported that Nox4-null mice develop exaggerated contractile 

dysfunction, hypertrophy, and cardiac dilatation in response to chronic pressure overload, 

whereas Nox4 transgenic mice are protected. Importantly, signaling molecules targeted by 

Nox4 in the myocardium are incompletely defined.

The aim of this study was to elucidate the role of Nox4 in the development of cardiac 

remodeling and explore potential signal transduction pathways that may mediate the effect 

of Nox4. We generated a cardiac-specific human Nox4-transgenic mouse model (c-

hNox4Tg) and investigated 1) the effect of overexpression of Nox4 on cardiac fibrosis and 

hypertrophy, 2) the genes that are activated by Nox4 in the heart that modulate cardiac 

remodeling, 3) the effector signaling pathways regulated by Nox4, and 4) the therapeutic 

potential of inhibiting Nox4 on cardiac remodeling. As the renin angiotensin system is 

activated in cardiac disease, we also examined the role of Nox4 in mediating the effects of 

angiotensin II (AngII) in the myocardium.
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Methods

Generation of inducible cardiac specific human Nox4 transgenic mice

Lox-Stop-lox-human Nox4 transgenic mice (LSL-hNox4Tg) on a mixed genetic background 

of C57BL/6 were created in collaboration with Taconic Farm, Inc. The transgene is driven 

by a beta-actin promoter. Cardiomyocyte-specific humanNox4 transgenic mice (c-hNox4Tg) 

were generated by crossing homozygote LSL-hNox4Tg mice to tamoxifen-inducible 

myocardial specific Cre (αMHC-Cre) mice with genetic background of C57B/6 (see 

Supplemental Figure S1A for details about the transgene construct). Experiments were 

conducted in four groups of 16-week-old male mice: 1) Control mice (CTL), the littermates 

that are hNox4 negative but Cre positive; 2) c-hNox4Tg mice, littermates that are positive 

for both hNox4 and Cre; 3) angiotensin II infused CTL mice (WT+AngII) and 4) 

angiotensin II infused c-hNox4 Tg (Tg+AngII). Six mice were used in each group (n = 6). 

All protocols concerning the use of animals were approved by the Institutional Animal Care 

and Use Committee at the University of Texas Health Science Center at San Antonio 

(UTHSCSA). An expanded Materials and Methods section is in the online-only Data 

Supplement.

Tamoxifen induction, angiotensin II infusion and GKT137831 treatment

All four groups of 16 weeks old mice described above were treated with tamoxifen at a dose 

of 1 mg/ml in the drinking water for 7 days. At the end of tamoxifen treatment, either AngII 

infusion or vehicle control (water) was infused intraperitoneally via Alzet micro-osmotic 

pumps (model 1004) as previously described.12 AngII was infused at a concentration of 1 

μg/kg/min for 14 days. GKT137831was mixed in standard chow diet and treatment with a 

dose of 40 mg/kg/day was started at the same time as tamoxifen treatment and lasted for a 

total of 3 weeks. Mice were anaesthetized and tissues were harvested at the end of the 

treatment (Supplemental Figure S1B). To evaluate the potential influence of tamoxifen or 

Cre activity, multiple control mice including C57B/6J, αMHC-Cre, LSL-hNox4 were 

treated with vehicle or tamoxifen in the drinking water as for the experimental groups above. 

Cardiac characteristics were compared. No difference was observed for all the parameters 

tested without or with tamoxifen treatment (Supplemental Table S4).

Statistical analysis

Data are expressed as mean ± SEM or mean ± SD. Normality analysis was performed before 

any test using the Shapiro-Wilk and Anderson-Darling statistics. When normality 

distributed, 2-tailed, unpaired or paired Student t tests were performed for 2-group 

comparisons and one-way ANOVA followed by the Tukey post hoc test for multi-group 

comparisons. When samples were not normally distributed, Mann-Whitney U test for 2-

group comparisons and the Kruskal-Wallis test for multi-group comparisons followed by the 

Dunn test were performed. Differences with P<0.05 were considered as statistically 

significant. The “n” numbers for each group are indicated in the Figure legends.
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Results

Characterization of cardiac-specific human Nox4 transgenic mice

To characterize cardiac-specific hNox4 transgenic mice, RT-PCR analysis was performed 

using total RNA prepared from the left ventricles. The human Nox4 (hNox4) transgene 

mRNA is exclusively expressed in cardiac-specific human Nox4 transgenic mice (c-hNox4 

Tg) and levels of hNox4 mRNA were approximately 8-fold higher compared to endogenous 

mouse Nox4 mRNA (Figure 1A). The specificity of c-hNox4 expression was confirmed 

using liver tissue, as shown in Figure 1B, no expression of hNox4 mRNA was detected. The 

transgene was not detected in other tissues of the transgenic mice (data not shown). Western 

blot analysis shows that total expression of Nox4 protein was approximately 10-fold higher 

in c-hNox4 Tg mice than in control (CTL) mice (Figure 1C - E). These results indicate 

significant tissue-specific expression of the transgene. In addition, cardiac Nox activity is 

consistently increased in the Tg mice compared to control mice (Supplemental Figure S7C).

Next, we examined the phenotype of the Tg mice infused with AngII or vehicle. Both Tg 

and CTL littermates exhibited similar body weight and size. No obvious behavioral 

abnormalities were observed after one week of tamoxifen treatment and following 2 weeks 

of angiotensin II (AngII) or vehicle (saline) infusion. However, AngII-infused mice 

displayed a significant increase in heart weight. Heart weight to body weight ratio and mean 

blood pressure were markedly augmented in AngII-infused mice compared to the CTL mice. 

Heart weight and heart weight to body weight ratio were significantly higher in Tg+AngII 

mice than in CTL+AngII mice. Mean blood pressure of Tg+AngII mice was slightly 

elevated compared to CTL+AngII mice, but the difference did not reach statistical 

significance. There was no significant difference in heart rate between all groups 

(Supplemental Table S1).

AngII-infusion increases cardiac Nox4 expression in CTL and Tg mice, but does not alter 
the expression of other Nox enzymes

We first examined the effect of AngII on cardiac Nox4 expression in CTL and in Tg mice. 

Infusion of AngII into CTL mice significantly increased Nox4 protein levels in the LV 

(Figure 2A, C and D). This increase was similar to that observed in Nox4 Tg mice. AngII 

infusion into Tg mice resulted in further increase in Nox4 expression in the LV likely 

representing the additive effect of the mouse endogenous Nox4 (induced by AngII) and the 

human Nox4 introduced by the transgene. Note that two Nox4 antibodies recognizing 

different epitopes of the protein showed similar results (Figure 2A). The first antibody is a 

rabbit polyclonal IgG against an epitope corresponding to amino acids 201-300 mapping 

within an internal region of Nox4 of human Nox4 (sc-30141, Santa Cruz). The second 

antibody is a rabbit monoclonal IgG against a peptide sequence within the NADPH binding 

domain of Nox4 that is conserved between human and mouse Nox4 protein sequences 

(Epitomics, Burlingame, Calif).13, 14 Both antibodies recognize human and mouse Nox4. 

The mechanism by which AngII upregulates Nox4 levels remains to be determined. Nox4 is 

regulated via both transcriptional as well as translational mechanisms. It is well established 

that the constitutive activity of Nox4 catalytic unit is potentiated by p22phox. We have 

found that AngII not only increases the levels of Nox4 but also the regulatory subunit 
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p22phox. Analysis using qPCR with the LV tissues from AngII infused mice and control 

mice revealed that the level of p22phox mRNA is increased by AngII. Furthermore, AngII 

increased level of p22phox protein associated with Nox4 as demonstrated by 

immunoprecipitation/immunoblot, which may represent a means whereby AngII contributes 

to Nox4 activation (Supplemental Figure S10A - C).

Next, we determined the effect of AngII and the transgene on the levels of other Nox 

isoforms. As shown in Fig. 2B, LV tissues express abundant levels of Nox1. Overexpression 

of Nox4 and administration of AngII to CTL and Tg mice did not have any effect on Nox1 

levels (Figure 2B and E). Similarly, LV tissues from Tg mice or from AngII-infused control 

or Tg mice showed no change in the levels of Nox2 and Nox3 (Figure. 2B, F and G). These 

results indicate that AngII treatment enhances the levels of Nox4 and amplifies the 

pathological effect of Nox4 on cardiac remodeling. Furthermore, overexpression of hNox4 

does not alter expression of other Nox isoforms in the left ventricles.

Transgenic Nox4 and AngII additively promote ROS production in LV

Role of AngII-induced reactive oxygen species in the pathogenesis of cardiac injury is 

established. Furthermore, our results above demonstrate a potentiating effect of AngII in the 

Nox4 Tg mice on the expression of Nox4 in the LV. The enhanced expression of Nox4 was 

associated with increased NADPH oxidase activity (Supplemental Figure S7C) and increase 

in ROS production. DHE staining was used to detect ROS production in frozen sections of 

LV tissue. In this assay, the fluorescent intensity of DHE represents production of super 

oxide. DHE positive staining was significantly increased in the LV of Tg mice and CTL

+AngII mice. Moreover, a robust increase in DHE positive staining was observed in LV of 

Tg+AngII mice compared to CTL mice, indicating that AngII enhances the effect of the 

transgene to increase ROS generation (Supplemental Figure S3). ROS production was 

confirmed using a fluorescent sensor-HyPer (Supplemental Figure S7B).

Overexpression of Nox4 leads to cardiac interstitial fibrosis

To investigate the role of Nox4 in cardiac remodeling, we examined fibrotic changes 

induced by transgenic hNox4 and/or AngII treatment using Masson's trichrome staining of 

the left ventricle. Interestingly, overexpression of hNox4 alone significantly induced 

interstitial fibrosis with 3-fold increase in collagen deposition (Figure 3A, blue area) over 

CTL mice. AngII-infusion tended to induce more fibrosis than the hNox4 transgene alone, 

but the difference between the both groups was not significant. The Tg+AngII mice 

exhibited more severe interstitial fibrosis, approximately 8-fold higher than in CTL mice 

(Figure 3A and B). Cardiac fibrosis is induced due to changes in the expression of specific 

markers.15-17 Thus, expression of several molecular markers of cardiac fibrosis was 

examined at the mRNA level. As shown in Figure 3C and 3D, expression of the fibrotic 

cytokines, transforming growth factor-beta1 (TGF-β1) and connective tissue growth factor 

(CTGF) mRNAs was significantly increased in the LV of Tg mice similar to that in AngII-

infused control mice. Notably, AngII enhanced the expression of TGF-β1 and CTGF in the 

Tg mice as compared to that in control or Tg mice alone. Similar pattern of increased 

expression of fibrotic markers, fibronectin (FN), collagen I(a1) and collagen III (a1) was 

observed in AngII infused CTL and Tg mice and in Tg mice alone (Figure 3E - H). No 
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change in PAI-1 expression was observed (Figure 3I). These results demonstrate that AngII 

as well as its downstream target Nox4 induce fibrotic responses in the LV.

The fact that fibrosis develops in the LV of c-hNox4Tg mice suggests that overexpression of 

Nox4 in the myocardium induces interstitial collagen deposition by producing and or 

secreting FN, TGF-β1 or cytokines/growth factors that may act in a paracrine manner to 

prime differentiation / proliferation of interstitial mesenchymocytes/myofibroblasts. 

Analysis of TUNEL fluorescent staining shows that the number of apoptotic cardiac 

myocytes was markedly increased in Tg mice (P < 0.001 vs CTL), and that AngII alone 

induces myocardial apoptosis in CTL mice and potentiates the effect of the hNox4 transgene 

to enhance cell death (Supplemental Figure S4). We further performed histological analysis 

to determine the relationship of cell death and the development of fibrosis. Results suggest 

that increased expression of Nox4 in the myocardium causes ROS injury including myocyte 

death, thereby inducing paracrine and autocrine cytokines and growth factors leading to 

differentiation of interstitial fibroblasts into myofibroblasts and deposition of extracellular 

matrix/collagens in the LV (Supplemental Figure S5 and S6). Since cardiomyocyte 

apoptosis mainly induces reparative fibrosis, we quantified reparative fibrosis and 

perivascular fibrosis. The results showed that overexpression or AngII induced reparative 

fibrosis 2 to 3 folds more than perivascular fibrosis, suggesting an important effect of 

myocyte death on cardiac fibrosis (Supplemental Figure S12D).

To confirm the role of the Nox4 transgene in inducing cardiac fibrosis, we examined another 

line of the myocardial specific hNox4 transgenic mice. This line displayed approximately a 

3.5-fold increase in Nox4 protein expression and increased fibrosis but not hypertrophy of 

the left ventricle compared to control mice (Supplemental Figure S13). Collectively, the data 

indicate that even modest increase in Nox4 induces cardiac remodeling.

Nox4 mediates angiotensin II-induced cardiac hypertrophy

Cardiac specific hNox4 overexpression alone did not change LV weight or the ratio of LV to 

body weight (Supplemental Table S1 and Figure 4B). To determine the effect of Nox4 over 

expression on cardiomyocyte hypertrophy, we performed morphometric analysis using H & 

E and WGA staining of the LV cross-sections. There was no significant difference in the 

size of cardiomyocytes between Tg and CTL mice (Figure 4, panels A and C; Supplemental 

Figure S12B and C), while AngII infusion increased myocyte size by about 32% in CTL

+AngII (P < 0.05) and and 58% in Tg+AngII mice (P < 0.001) compared to CTL mice 

receiving vehicle. Myocyte size was significantly larger in AngII infused Tg mice than 

AngII infused CTL mice (P < 0.05). Furthermore, immunoblot analysis showed that protein 

expression of atrial natriuretic peptide (ANP), myocardin, beta myosin heavy chain (MyH7 

or βMHC) and tropomyosin were increased by Nox4 transgene or AngII infusion (Figure 4D 

- H). AngII and the transgene had an additive effect on inducing the expression of all these 

hypertrophic markers (Figure 4D - H). These data suggest that Nox4 mediates AngII-

induced cardiac hypertrophy by reactivating a set of fetal cardiac genes that are normally 

expressed in the heart only before birth.18, 19
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Nox4 activates Akt/mTOR/NFκB signaling

Signaling pathways that mediate the reactivation of cardiac fetal genes in postnatal hearts, in 

response to fibrotic/hypertrophic stimuli remain under investigation. Furthermore, little is 

known about the role of Nox4 in the amplication of these potential downstream signaling 

pathways. We explored whether Nox4 activates Akt signaling pathways. LV tissue from Tg 

mice showed significant increase in activating phosphorylation of Akt similar to that found 

in AngII infused control mice (Figure 5A - C). Note that AngII and hNox4 had additive 

effects on Akt phosphorylation at S473, while Akt phosphorylation at T308 seemed to be 

already maximal with AngII or hNox4 alone (Figure 5A and B). Next, we examined 

activation of mTOR as this enzyme is a downstream effector of activated Akt. 

Phosphorylation of S6 kinase and 4EBP-1 were used as indices of mTORC1 activation. Tg 

mice showed increased phosphorylation of S6K and 4EBP-1 that was enhanced by AngII 

infusion (Figure 5A, D - F). Note that increased phosphorylation of Akt at S473 indicates 

activation of mTORC2. Similarly, phosphorylation of mTOR was enhanced in AngII-

infused control and Tg+ AngII mice. These results demonstrate activation of mTOR signal 

transduction downstream of Akt kinase in the LV of Nox4 overexpressing mice.

Next, we determined stimulation of another effector of Akt activation, the transcription 

factor NFkB. The p65 subunit of NFkB undergoes activating phosphorylation at S536 

downstream of Akt activation. Therefore, we examined phosphorylation of p65 in the 

transgenic mice. As shown in Figure 5A and G, marked increase in p65 phosphorylation was 

found in hNox4 overexpressing mice. AngII infusion into the Tg mice significantly 

increased this phosphorylation as compared to control or Tg mice alone.

Effect of Nox4 inhibitor GKT137831 on cardiac remodeling

Our results described above demonstrate that overexpression of hNox4 in mouse heart leads 

to ROS production, cardiomyocyte apoptosis, fibrosis, and amplifies the same changes 

induced by AngII infusion. We subsequently verified that remodeling changes induced by 

hNox4 were indeed due to increased Nox4 activity, and more importantly we sought to 

determine whether Nox4 mediates AngII effects. To this end, we utilized a pharmacological 

inhibition strategy in our Nox4 overexpressing Tg mice. GKT137831 (Genkyotex, Geneva, 

Switzerland) is the first-in-class selective and potent Nox4 and Nox1 small molecule 

inhibitor with good oral bioavailability that has been shown to be well tolerated in healthy 

human subjects.20, 21 GKT137831 inhibits human and mouse NOX4 with similar potency, 

and should therefore inhibit hNox4 activity in Tg mice as well as endogenous mouse Nox4 

in CTL mice infused with AngII. Treatment of AngII-infused Nox4 Tg mice with 

GKT137831 decreased ROS production and Nox activity in the LV (Supplemental Figure 

S7A - C). GKT137831 significantly prevented Nox4 and AngII-induced cardiac fibrosis and 

expression of fibrotic markers FN and TGF-β1 (Figure 6A - E). Additionally, inhibition of 

Nox4 by GKT137831 attenuated myocardial hypertrophy (Figure 7A, C and D). The 

increased expression of hypertrophic markers ANP, tropomyosin and myocardin was also 

prevented (P < 0.01) whereas MyH7 was not altered (Figure 7E - H). Myocardin is a 

member of the fetal cardiac genes and an essential component of a molecular switch for the 

expression of fetal contractile genes in cardiac muscle cells.22 This protein was reported to 

induce cardiac hypertrophy.19 Immunoblotting analysis showed that GKT137831 treatment 
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decreased expression of myocardin protein (Figure 7B). In addition, GKT137831 robustly 

decreased the phosphorylation of Akt at THhr308, and the activation of mTORC1 

(phosphorylation of S6K and 4EBP1), and mTORC2 (phosphorylation of Akt at S473) in 

AngII-treated Nox4 Tg mice (Figure 8A - E). Similarly, activating phosphorylation of p65 

subunit of NFkB transcription factor was decreased by GKT137831 (Figure 8A and 8F). 

Treatment with the GKT compound had no effect on cardiac ROS production and did not 

alter pro-fibrotic markers and cardiac fetal genes in control mice (Supplemental Figure S7B 

and D). These data confirm that increased Nox4 activity is responsible for the LV changes 

observed in Tg mice, and identify Nox4 as a key mediator of AngII effects in the heart. 

Additionally, these results suggest that Akt-mTOR and NFκB are downstream of Nox4-

derived ROS in mediating cardiac injury and remodeling.

Inhibition of mTOR or NFκB suppresses expression of markers of cardiac remodeling

To verify the implication of mTOR or NFκB signaling in our animal model, we performed 

tissue explant culture of left ventricles from hNox4 Tg mice infused with AngII and treated 

with 0.5 μM rapamycin, an inhibitor of mTOR, or μM pyrrolidine dithiocarbamate (PDTC), 

an inhibitor of NFκB, for 24 hours. Western bot analysis showed that these two inhibitors 

significantly suppress expression of FN, TGF-β, ANP and tropomyosin but not MyH7. 

Interestingly, myocardin was downregulated by rapamycin but not PDTC indicating that 

mTOR signaling but not NFκB regulates myocardin expression enhanced by Nox4 and 

AngII in our animal model (Supplemental Figure S8). To validate the explant culture 

approach, cell death and Nox4 expression in the tissue explants were measure after 24 hrs of 

culture and compared to freshly isolated tissues. Left ventricle explant cultures are 

histologically similar to freshly isolated tissue, and cell death rate in the cultured explants is 

slightly increased but this increase does not achieve statistical significance compared to 

freshly isolated tissue (Supplemental Figure S9).

Discussion

This study provides strong evidence demonstrating that increased expression/activation of 

Nox4 in the heart, either through transgenic overexpression or through the induction of 

endogenous Nox4 by AngII, induces cardiac remodeling including fibrosis and 

cardiomyocyte apoptosis. These pathological changes were associated with increased ROS 

production, expression of profibrotic cytokines, enhanced matrix accumulation and 

reactivation of the fetal gene program. Overexpression of hNox4 in the heart was not 

sufficient to cause the LV and cardiomyocyte hypertrophy. However, cardiac hNox4 

overexpression was associated with increased expression of fetal genes generally associated 

with cardiomyocyte hypertrophy, and with the activation of the Akt/mTOR and NFκB signal 

transduction pathways that have been showed to be implicated in cardiac remodeling. The 

reasons for this discrepancy are not fully understood, but it is important to note that hNox4 

Tg mice were normotensive. In contrast, AngII exerts similar effects in the heart but also 

increased blood pressure and LV hypertrophy. It is therefore possible that pressure overload 

is necessary for the development of frank LV hypertrophy. Alternatively, expression of the 

transgene for longer than 14 days may be required for the development of LV hypertrophy. 

AngII infusion markedly potentiated the effects of the Nox4 transgene, hNox4 
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overexpression conversely enhanced cardiac hypertrophy induced by AngII (Figure 2), 

suggesting that AngII plays a permissive role for Nox4 effects on these endpoints. Inhibition 

of Nox4 activity by GKT137831 decreases ROS levels, prevents the activation of the Akt-

mTOR and NFκB and reactivation of the fetal gene program and markedly attenuates 

cardiac remodeling.

Nox4 is ubiquitously expressed in various tissues and cell types including renal cells, 

cardiac/smooth muscle, adipocytes and macrophages. Distinct from other members of the 

Nox family, Nox4 is constitutively active and increased expression invariably results in 

enhanced activity and increased ROS production. Nox4 is upregulated by vasoactive 

agonists such as AngII, endothelin-1, and phenylephrine and in response to cardiac injury 

and pathological conditions that result in cardiac remodeling.13, 14 Most recently, whole 

body and cardiac specific mouse Nox4 Tg and knockout (KO) mice were generated and 

used to investigate the role of Nox4 in cardiovascular diseases. Collectively, the data derived 

from such gene-manipulated mouse models raised a growing debate on whether Nox4 exerts 

adverse or protective actions in cardiovascular disease. To add to the complexity, discrepant 

results were reported in seemingly very similar experimental settings. For instance, 

transgenic mice overexpressing mouse Nox4 in a cardiac specific manner demonstrated that 

Nox4 is either protective11 or deleterious8 in models of the LV pressure overload. 

Interestingly, Matsushima et al. 10 recently showed that Nox4 global knockout and Nox4 

tissue-specific knockout animals give rise to two opposite phenotypes when assessed in the 

same model. Cardiac-specific knockout of Nox4 protects against pressure overload-induced 

cardiac injury, whereas the global Nox4 knockout showed no protection when subjected to 

pressure overload10. This suggests that the group of proteins or signaling intermediates 

affected by Nox4 may have cell specific effects. Also, some of these pathways may protect 

cell function basally or in pathological conditions. Thus, global deletion of Nox4 may be 

deleterious independent of the disease induced. We generated tamoxifen-inducible 

myocardium-specific hNox4 Tg mice and examined the cardiac phenotype of these mice. 

Since the systemic and local renin angiotensin system is activated in cardiac disease, we also 

evaluated the role of Nox4 in mediating the effects of AngII in the myocardium. We also 

deployed a pharmacological inhibition strategy using the Nox4 and Nox1 inhibitor 

GKT137831 to establish direct effect of Nox4 on cardiac remodeling in transgenic mice 

overexpressing human Nox4 and infused with AngII. Nox4 was expressed, albeit at a 

relatively low level, in control mice suggesting that Nox4 may be required for normal 

cellular physiological processes (Figure 1A and Figure 2A). Interestingly, a 10-fold increase 

in Nox4 expression and interstitial fibrosis was observed in the LV of hNox4 Tg mice 14 

days after induction of the transgene by tamoxifen. While markers of cardiomyocyte 

hypertrophy were also induced, no significant hypertrophy was present. Whether the 

prolonged overexpression of Nox4 results in hypertrophy remains to be determined. Studies 

by Ago et al. showed that overexpression of mouse Nox4 in Tg mice does not induce cardiac 

hypertrophy in young mice, but does cause cardiac myocyte hypertrophy as the transgenic 

mice advance to middle age, suggesting that long-term overexpression of Nox4 may be 

required for the development of cardiomyocyte hypertrophy.8

Control mice infused with AngII for 2 weeks exhibited similar levels of Nox4 expression in 

the LV as the hNox4 Tg mice and displayed cardiac fibrosis as well as hypertrophy, 
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suggesting that AngII-induced cardiac hypertrophy involves additional mechanisms besides 

Nox4 expression (Figure 2A, C, D). For instance, the presence of high blood pressure in 

these mice may have contributed in the development of hypertrophy. The hNox4 Tg mice 

infused with AngII exhibited the highest expression of Nox4 and severe cardiac remodeling 

including both fibrosis and hypertrophy. It should be noted that the infusion of AngII in 

hNox4 Tg mice did not alter the expression of other Nox enzymes, (Figure 2B, E - I). 

However, in some conditions, manipulation of Nox4 gene may result in alteration of other 

Nox enzymes. For example, cardiac specific Nox4 KO mice have reduced cardiac 

hypertrophy/dysfunction in a mouse model of transverse aortic constriction (TAC), whereas 

systemic Nox4 KO mice exhibited more cardiac fibrosis and diastolic dysfunction than WT 

mice.10 Systemic deletion of Nox4 may change the status of other Nox enzymes not only in 

myocytes but also in other cardiac cells. In addition, global knockout of Nox4 may induce 

as-yet-unknown compensatory mechanisms during embryogenesis and development, 

resulting in changes in the expression of other Nox isoforms. Also, paracrine and endocrine 

metabolism may be regulated by whole body Nox4 deletion to affect the physiology/

pathology of the disease process. Therefore, results from tissue-specific KO and systemic 

KO mice are not always comparable.

Cardiac myocytes proliferate rapidly during embryogenesis but lose their proliferative 

capacity soon after birth.23, 24 However, adult cardiac myocytes retain the ability to respond 

to mechanical, hemodynamic, hormonal, and pathologic stimuli and contribute to cardiac 

remodeling, including hypertrophic growth and interstitial expansion.25 Cardiac remodeling 

is accompanied by the activation of a set of fetal cardiac genes that are normally expressed 

in the embryonic heart.18, 26 The reactivation of cardiac fetal genes in postnatal 

cardiomyocytes in response to stress signals is useful markers for cardiac fibrosis and 

hypertrophy. The administration of GKT 137831 to hNox4 Tg mice infused with AngII, 

blocked the expression of cardiac fetal genes providing direct evidence that Nox4 mediates 

the enhanced expression of the fetal gene program (Figure 3, 4, 6, 7 and Supplemental 

Figure S7). Myocardin is a member of the fetal gene program and also represents a 

molecular switch that acts as co-activator of the transcription factor SRF (serum response 

factor) which regulates contractile genes in cardiac muscle cells.27, 28 This protein binds to 

the serum response element (SRE) in the promoter region of target genes. It controls the 

activity of many immediate-early genes, thereby regulating cell cycle, apoptosis, cell 

growth, and cell differentiation. Myocardin transactivates CArG box of ANP gene and 

induces expression of ANP, one of the most sensitive markers of hypertrophy.29, 30 

Furthermore, myocardin has been implicated in the differentiation of myofibroblasts.31 

Mouse myocardin gene encodes two alternatively spliced protein isoforms of 935 and 856 

amino acids.32, 33 Inhibition of Nox4 by GKT137831 not only downregulated myocardin 

protein expression but also altered its molecular weight (Figure 7B, G), likely due to 

alternatively spliced transcript variants of myocardin.

Compared to the LVs from wild type mice, the LVs from hNox4 Tg mice and mice infused 

with AngII exhibited increase in phosphorylation of Akt at S473 and T308, as well as 

activation of mTOR and S6K pathway as evident by enhanced phosphorylation of 4EBP1 

and S6 ribosomal protein. Both kinases were further activated in the LV of Nox4 Tg mice 

that received AngII infusion. Treatment with GKT137831 blocked the activation of Akt and 
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mTOR/S6K pathway (Figure 5A - C, and 8A - C). Akt has been shown to be directly 

involved in physiological adaptive cardiac hypertrophy in response to IGF-I and exercise.34 

Moreover, transgenic mice that overexpress Akt display spontaneous cardiac hypertrophy 

and pro-longed Akt activation in the myocardium results in dilatation and cardiac 

dysfunction.35 mTOR is a highly conserved serine/threonine kinase involved in vital cellular 

processes, including growth, gene transcription, and protein synthesis.36 Among the best 

studied properties of mTOR kinase is its involvement in protein translation and cell growth 

through phosphorylation of S6K and 4E-BP1. Although cardiac-specific mTOR-deficient 

mice develop a fatal, dilated cardiomyopathy,37 partial loss of mTOR activity37 and 

inhibition of mTOR by rapamycin38 significantly prevents cardiac hypertrophy. 

Administration of everolimus, a rapamycin analogue, decreases ventricle hypertrophy in 

kidney transplant patients.39 The activation of Akt-mTOR signaling likely contributes to 

cardiac fibrosis and hypertrophy by enhancing protein synthesis. We provide in vivo 

evidence of Nox4-derived ROS generation in mTOR activation in the course of cardiac 

remodeling.

Overexpression of Nox4 also results in activation of NFκB (Figure 5 and 8F-G). NFκB 

exists as an inactive dimeric complex, comprising p65 and p50 protein subunits bound to the 

inhibitor protein IκB. Activation of NFκB requires the phosphorylation-dependent 

degradation of IκBα, which is mediated by the IκBα kinase complex (IKK), IKKα, IKKβ, 

and IKKγ (NFκB essential modulator) subunits. The loss of IκBα exposes the nuclear 

localization motif on p65 NFκB subunit permitting its phosphorylation and nuclear 

targeting. NFκB activation is involved in the hypertrophic response of cultured 

cardiomyocytes40, 41 and is required for the development of cardiac hypertrophy in vivo42, 43 

Moreover, there is evidence that NFκB and mTOR interact in a positive feedback loop.44, 45 

Our in vitro results further verified that inhibition of mTOR or NFκB signaling significantly 

suppresses expression of cardiac remodeling markers enhanced by overexpressed Nox4 in 

our mouse models (Supplemental Figure S8). It is likely that Akt-mTOR-NFκB axis might 

work as a central signaling pathway and bi-directionally mediates cardiac remodeling. 

However, little is known about the role of Nox4 or Nox4-derived ROS in activation of Akt/

mTOR and NFκB signaling pathways. While it is known that Nox4 is required for Akt 

activation in renal cells,46, 47 the data in the heart are very sparse. To the best of our 

knowledge, the present study is the first to demonstrate that Nox4 directly targets and 

activates mTOR, particularly mTORC1 complex, signaling. Interestingly, our observation 

that Nox4 overexpression increases phosphorylation of Akt on S473, an activating site 

targeted by mTORC2,48 implies that the ROS generated by Nox4 may also modulate 

mTORC2 complex. While numerous studies have described NFκB as an upstream regulator 

of Nox4 expression in vascular cells, few reports positioning Nox4 upstream of NFκB are 

available and are all related to toll like receptor-4 signaling.49, 50 Together, our findings 

suggest that mTOR and NFκB pathways may integrate Nox4-dependent ROS generation to 

the initiation of cardiac remodeling.

Data in mice treated with GKT137831 confirm the role of Nox4 in the development of 

cardiac remodeling. The fact that Nox4/Nox1 inhibitor GKT137831 attenuated cardiac 

damage in cardiac-specific Nox4 overexpressing mice treated with AngII strongly supports 
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the idea that Nox4 is responsible for the pathologies observed. Although Nox2, Nox1 and 

Nox3 are also detected in the LV, with Nox1 being apparently expressed at a higher level 

than Nox2 and Nox3 in LV of our mouse models, Nox4 overexpression and/or AngII 

treatment did not change their basal expression. However, since the Nox2 or Nox1 activity 

is regulated by recruitment of cytosolic factors not via the control of its expression levels 

like Nox4, the role of Nox2 or Nox1 cannot be excluded. Thus, the protective effect of 

GKT137831 treatment most likely is resulted largely from the inhibition of Nox4 activity, 

but do not definitively exclude a partial contribution of Nox1. In addition to its primary 

localization in plasma membrane, Nox4 localizes to other subcellular compartments. In 

hNox4 Tg mice compared to control mice, we find that Nox4 is highly expressed in ER, 

mitochondria and nuclei (Supplemental Figure S11). These results may suggest the 

importance of subcellular translocation and localization in the regulation of Nox4 action in 

myocardium.

The dose of AngII for infusion used in this study is based on our previous studies.12, 51 

Smaller doses of AngII infusion were tested; however were not sufficient to induce 

detectable cardiac morphological changes within the short-term (two week) treatment of 

these mice, may suggesting a difference of sensitivity to AngII either among different mouse 

species or between human subjects and mice. The renin-angiotensin system is upregulated or 

activated in diabetes and heart failure.52 Actually, AngII is synthesized locally in the heart 

and the concentrations of AngII in the cardiac myocytes that are available to bind to AngII 

receptors far exceeds blood circulating concentrations.53 Even in studies of cultured 

cardiomyocytes, concentrations of AngII in the cells are two orders of magnitude higher 

than the concentrations in the medium.53 Furthermore, various AngII levels in the 

myocardium may be induced in many different forms of cardiac injury. Therefore, the 

concentrations of AngII that may be achieved locally in pathological states may far exceed 

its circulating levels, and this may explain why we did not find detectable morphological 

pathological changes in the left ventricle of our mice when using lower doses of AngII 

infusion for two weeks.

Results from our second line of cardiac specific Nox4 transgenic mice showed that the 

transgenic mice displayed a 3.5 fold Nox4 protein expression and obvious fibrosis in the left 

ventricle versus control mice, but no myocardial hypertrophy, indicating a similarity in 

cardiac pathology between the two lines of Nox4 transgenic mice we generated using the 

same protocol, in spite of differences in Nox4 expression level (Supplemental Figure S13). 

Our data has shown that Nox4 expression in the left ventricle of transgenic mice 

predominantly was located in the endoplasmic reticulum, mitochondria and nuclei 

(Supplemental Figure S11), but we cannot exclude the possibility of expression of the 

transgene, if any, in un-physiological subcellular locations.

In summary, specific local upregulation of Nox4 in the heart enhances oxidative stress and 

induces cardiac remodeling, associated with activation of the Akt-mTOR and NFκB 

signaling pathways as well as activation of cardiac fetal contractile genes. Inhibition of 

Nox4 oxidase blocks the activation of these signaling pathways and attenuates cardiac 

remodeling, suggesting that NADPH oxidase inhibitors have the therapeutic potential to 
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prevent/treat cardiac remodeling and potentially delay the development and reduce the 

severity of established heart failure (Supplemental Figure S14).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Myocardial specific expression of human Nox4 transgene (hNox4-Tg)
Expression of mouse (mNox4) and human Nox4 mRNAs in LV (A) and livers (B) was 

analyzed by RT-PCR. Protein expression of Nox4 in LV tissues was analyzed by Western 

blotting (C), and quantitative analyses are shown in panels D and E (the fold changes). 

GAPDH was used as internal control. The data shown are from three of six mice in each 

group. P < 0.001 hNox4-Tg vs CTL. n = 6.
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Figure 2. Expression of Nox4 and other Nox isoforms in LV tissues
LV tissue of the four groups was harvested at the end of angiotensin II or vehicle infusion 

and subjected to Western blotting. A, Representative immunoblot showing Nox4 expression 

analyzed using Nox4 antibody form Santa Cruz (sc) or Epitomics (ep). B, Representative 

immunoblot showing protein expression of Nox1, Nox2 and Nox3. C - G, Quantitative 

densitometric analyses of the immunoblot data. *P < 0.01 vs the rest groups. #P < 0.01 vs 

the Tg or CTL+AngII. ND indicates no significant difference among all groups. GAPDH 

was used as internal control. n = 6.
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Figure 3. Overexpression of Nox4 and or angiotensin II induce myocardial fibrosis
A, Representative microphotographs of LV tissue with Masson's trichrome staining. 

Collagen stain in blue, muscle in red, and nuclei in black. B, The quantification of fibrotic 

areas (blue stained collagen). Data are shown as % of section areas. C - E, Protein 

expression of markers of fibrosis, fibronectin and TGF-β1 detected by Western blotting (C) 

and the quantification analyses (D, E). F - J, mRNA expression of markers of fibrosis 

including TGF-β1 (F), collagen-1α1 (G), collagen-3α1 (H), connective tissue growth factor 

(I), and plasminogen activator inhibitor-1 (J). n = 6. *P < 0.01 vs the rest groups. #P < 0.01 

vs the Tg or CTL+AngII. No significant difference between Tg and CTL+AngII. ND 

denotes no significant difference.
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Figure 4. Effect of Nox4 overexpression on myocardial hypertrophy
A, Representative microphotographs of cross-sectional views of the LV with Hematoxylin 

and Eosin staining (see Online Supplemental Figure 12A for a color version of Figure 4A). 

the white bar indicates 20 μm. B, The ratio of heart weight to body weight (%). C, Mean 

cross-sectional areas of cardiomyocytes. D - H, Protein expression of markers of cardiac 

hypertrophy including ANP, myocardin, MyH7, and tropomyosin in LV detected by 

Western blotting (D), and quantification analyses (E - H). In B and C, *P < 0.05 vs the rest 

of the groups, #P < 0.01 vs the CTL and the Tg. In E - H, *P < 0.01 vs the rest of the groups. 

#P < 0.01 vs the Tg or CTL+AngII, no significant difference between Tg and CTL+AngII. 

GAPGH was used as internal control. n = 6.

Zhao et al. Page 20

Circulation. Author manuscript; available in PMC 2015 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Overexpression of hNox4 transgene and angiotensin II activate Akt-mTOR and NFκB 
signaling by enhancing phosphorylation of components of the signaling pathways
A, Representative immunoblot showing phosphorylation of Akt, mTOR complex 1, S6K, 

4EBP1 and NFκB in LV tissue. B - E, Quantitative densitometric analyses of the 

immunoblot data. GAPDH was used as the internal control. n = 6. *P < 0.01 vs the rest 

groups. #P < 0.01 vs the Tg or CTL+AngII. No significant difference between Tg and CTL

+AngII.
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Figure 6. Inhibition of Nox4 attenuates fibrotic change induced by hNox4 overexpression or/and 
angiotensin II
A, Representative microphotographs of LV tissue with Masson's trichrome staining. 

Collagens stain in blue, muscle in red, and nuclei in black. B, The quantification of fibrotic 

area (blue stained collagen). Data are shown as % of section areas. C -E, Protein expression 

of markers of fibrosis fibronectin and TGF-β1 detected by the Western blotting (C) and the 

quantification analyses (D, E). n = 6. *P < 0.001.
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Figure 7. Inhibition of Nox4 attenuates myocardial hypertrophy
A, Representative microphotographs of cross-sectional views of the LV with Hematoxylin 

and Eosin staining, the white bar indicates 20 μm. B, Representative immunoblot showing 

that GKT treatment downregulates the expression of hypertrophic proteins. C. The ratio of 

heart weight to body weight (%). D, Mean cross-sectional size of cardiomyocyte. E - H, 

Quantification analyses of hypertrophic proteins shown in panel B. GAPDH was used as the 

internal control. *P < 0.01 vs Tg+AngII. ND, No significant difference between the two 

groups. n = 6.
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Figure 8. Inhibition of Nox4 suppresses activation of Akt-mTOR and NFκB signaling
A, Representative immunoblot showing phosphorylation of Akt, mTOR complex 1 activity 

readout, and p65 in LV tissue. B - F, Quantitative densitometric analyses of the immunoblot 

data. *P < 0.001 between the two groups. #P < 0.05 between the two groups. n = 6.
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