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Summary 

Inflammatory cytokines and oxidative stress contribute to heart 

failure. Tumor necrosis factor-α (TNF-α), a major inflammatory 

cytokine, induces reactive oxygen species (ROS) and necroptosis 

in cardiomyocytes. GSK2795039 is a novel NADPH oxidase 2 

inhibitor. However, it is unknown whether GSK2795039 prevents 

TNF-α-induced cardiomyocyte necroptosis and the underlying 

mechanisms. In the present study, we tested the hypothesis that 

GSK2795039 prevents TNF-α-induced necroptosis in 

cardiomyocytes through inhibition of NADPH oxidase-mediated 

RIP1-RIP3-MLKL pathway. The H9C2 cardiomyocytes were 

divided into the following groups: control, necrostatin-1, TNF-α, 

and TNF-α plus necrostatin-1; control, GSK2795039, TNF-α, and 

TNF-α plus GSK2795039. ROS were assessed by dihydroethidium 

staining. Necroptotic and apoptotic proteins were measured by 

Western blot. The RIP1 inhibitor necrostatin-1 attenuated 

apoptosis, necrosis, phosphorylated RIP3 (p-RIP3) and p-MLKL 

protein and intracellular ROS in TNF-α-treated H9C2 

cardiomyocytes. GSK2795039 inhibited TNF-α-induced Nox2 

expression, intracellular ROS and cell death. GSK2795039 

prevented the increases in phosphorylated RIP1 (p-RIP1), p-RIP3 

and p-MLKL proteins, reflective of their respective kinase 

activities, markers of necroptosis, in TNF-α-treated H9C2 

cardiomyocytes. GSK2795039 prevented the decrease in anti-

apoptotic Bcl-2 protein and the increases in pro-apoptotic Bax 

protein, phosphorylated JNK protein and cleaved caspase 3 

protein, indicative of caspase activity, a marker of apoptosis, in 

TNF-α-treated H9C2 cardiomyocytes. The results indicate that 

GSK2795039 prevented TNF-α-induced RIP1-RIP3-MLKL-

mediated necroptosis in H9C2 cardiomyocytes through inhibition 

of NADPH oxidase-derived ROS. These findings advocate for 

further animal testing of the specific Nox2 inhibitor GSK2795039 

in myocardial infarction and heart failure, which are characterized 

by elevated levels of inflammatory cytokines such as TNF-α and 

oxidative stress. 
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Introduction 

 

Inflammation is a key contributor in the 

pathophysiology of cardiovascular diseases [1,2]. Numerous 

studies have shown that the levels of inflammatory 

cytokines, including tumor necrosis factor-α (TNF-α), 

interleukin (IL)-1, and IL-6 are increased in myocardial 

infarction and heart failure [1,3,4]. TNF-α is the most 

studied one in heart failure. Both basic and clinical 
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studies indicate that there is a direct relationship between 

the level of TNF and the severity of heart failure [5,6]. 

Transgenic mice with cardiac specific overexpression of 

TNF-α exhibit dilated cardiomyopathy [7]. However, the 

cellular and molecular mechanism that TNF-α mediates 

cardiac remodeling and failure has not been fully 

understood. Evidence has accumulated that in cardiac 

myocytes in vitro TNF-α induces hypertrophy and 

apoptosis, both of which contribute to myocardial 

remodeling and failure [8,9]. 

Necroptosis (programmed necrosis), a newly 

discovered form of cell death, is mediated by a complex set 

of proteins involving receptor-interacting protein kinase 1 

and 3 (RIP1, RIP3) and mixed lineage kinase domain-like 

protein (MLKL) [10,11]. Studies have recently shown that 

TNF-α induces necroptosis in cultured cardiomyocytes 

[12,13]. However, the mechanism of TNF-α-induced 

cardiomyocyte necroptosis remains to be elucidated.  

TNF-α has been shown to induce reactive oxygen species 

(ROS) in cardiomyocytes [14]. NADPH oxidase is a main 

source of ROS and Nox2 is a major subunit of NADPH 

oxidase [15,16]. TNF-α mediates NADPH oxidase 

activation and ROS in cardiomyocytes [17]. 

GSK2795039 is a novel small molecular 

NADPH oxidase 2 (Nox2) inhibitor [18,19]. Our recent 

studies have shown that the specific Nox2 inhibitor 

GSK2795039 prevents myocyte necroptosis in 

doxorubicin-induced heart failure [20], which is 

characterized by increased TNF-α [21]. However, it is 

unknown whether the specific Nox2 inhibitor 

GSK2795039 prevents TNF-α-induced myocyte 

necroptosis and the underlying mechanisms. In the 

present study, we tested the hypothesis that GSK2795039 

prevents TNF-α-induced necroptosis in cardiomyocytes 

through inhibition of NADPH oxidase-mediated RIP1-

RIP3-MLKL signaling pathway. 

 

Materials and Methods 

 

H9C2 cardiomyocyte culture and treatments 

The H9C2 rat cardiomyocyte line was purchased 

from the Cell Bank of Chinese Academy of Sciences 

(American Type Culture Collection, ATCC, Cat# CRL-

1446, RRID:CVCL_0286). The H9C2 cardiomyocytes 

were cultured in Dulbecco’s modified Earle’s medium 

(DMEM) (Gibco, Life Technologies, USA, Cat# 

11995065) with 3.7 g/l sodium bicarbonate, 4.5 g/l  

D-glucose, and 110 mg/l sodium pyruvate, supplemented 

with 10 % fetal bovine serum (Gibco, Life Technologies, 

Cat# 10099141) and penicillin (100 units/ml) and 

streptomycin (100 μg/ml) in a humidified incubator with 

95 % air and 5 % CO2 at 37 ℃. The culture medium was 

changed every two days. After four days, cells were 

passaged at a 1:6 ratio and seeded at the density of 

0.15×106 cells per 35-mm well of six-well plates. These 

cells were cultured for three days and then performed 

treatments as we have described [20,22]. 

We first determined the effect of necrostatin-1 

(Nec-1), a RIP1-targeted inhibitor of necroptosis in  

H9C2 cardiomyocytes after exposure to TNF-α. The 

H9C2 cardiomyocytes were divided into four 

experimental groups as follow: (1) control group (normal 

DMEM), (2) Nec-1 group (Cayman Chemical, Ann 

Arbor, Michigan, USA. Cat#: 11658) (20 μM), (3) TNF-α 

group (TNF-α, Millipore Sigma, Burlington, MA, USA.  

Cat#: T5944) (50 ng/ml), (4) TNF-α plus Nec-1 group, 

the cells were pretreated with 20 μM Nec-1 30 min 

before TNF-α treatment. The doses of TNF-α and Nec-1 

were based on our pilot study and the previous reports 

[23-25]. The H9C2 cells were treated for 24 h and then 

the cell lysates were collected for the assays. 

Second, we investigated the effects of 

GSK2795039 on ROS, necroptosis and apoptosis in 

H9C2 cardiomyocytes after exposure to TNF-α. The 

H9C2 cardiomyocytes were divided into four 

experimental groups as follow: (1) control group (normal 

DMEM), (2) GSK2795039 group (GSK, 

MedChemExpress, Monmouth Junction, NJ, USA.  

Cat#: HY-18950) (25 μM), (3) TNF-α group (TNF-α, 

Millipore Sigma) (50 ng/ml), (4) TNF-α plus GSK group, 

the cells were pretreated with 25 μM GSK 30 min before 

TNF-α treatment. The doses of TNF-α and GSK and the 

incubation time were based on our pilot study and the 

previous reports [20,23,24]. The H9C2 cells were treated 

for 24 h and then the cell lysates were collected for the 

assays. 

 

Detection of reactive oxygen species production 

H9C2 cardiomyocytes at 24 h after co-treatment 

of TNF-α and Nec-1 or GSK were washed with PBS and 

then incubated with dihydroethidium (DHE, 10 µmol/l; 

Thermo Fisher Scientific, Waltham, MA, USA. Cat#:  

D-1168) at a cell incubator for 30 min as we have 

described previously [26]. The cells were washed with 

PBS and then mounted with antifade medium (Vector 

Laboratory, Burlingame, CA). The slides were examined 

under a confocal laser scanning microscopy (FV3000, 

Olympus, Japan). 
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Flow cytometry 

Cardiomyocyte apoptosis and necrosis were 

detected using an Annexin V: FITC Apoptosis Detection 

Kit I (BD Pharmingen, San Diego, CA, USA) according 

to the manufacturer's instructions and our previous report 

[20]. Briefly, the cells were washed with PBS, 

resuspended in the binding buffer and incubated with 

Annexin V-FITC and propidium iodide (PI) solution. The 

samples were analyzed using flow cytometry (Beckman 

Coulter, Miami, FL, USA). Apoptotic cells, which 

stained positive for Annexin V-FITC and negative or 

positive for PI, necrotic cells, which stained only positive 

for PI (negative for annexin V-FITC), and living cells, 

which stained negative for both Annexin V-FITC and PI 

were counted and represented as a percentage of the total 

cell count. 

 

Immunofluorescence for Nox2 expression 

H9C2 cells were fixed in 4 % paraformaldehyde 

in phosphate-buffered saline (PBS), incubated in 

0.1 %Triton X-100 in PBS, washed in PBS, blocked with 

5 % bovine serum albumin, and subsequently incubated 

with primary antibody mouse anti-Nox2 (gp91phox) IgG 

(catalog number: sc-74514, Santa Cruz Biotechnology, 

Santa Cruz, CA), and then incubated with secondary 

antibody goat anti-mouse IgG conjugated FITC (catalog 

number: sc-2010, Santa Cruz Biotechnology). The cells 

were washed in PBS, incubated with 4',6-diamidino-2-

phenylindole (DAPI, catalog number: AR1176, 

BOSTER, China) and then mounted with antifade 

medium (Vector Laboratory, Burlingame, CA). The 

samples were examined under a confocal laser scanning 

microscope (FV3000, Olympus, Japan). 

 

Western blot 

H9C2 cells were homogenized in a RIPA lysis 

buffer (Boster Biological Technology, Wuhan, Hubei, 

China) as we have described [20]. Protein extracts were 

resolved by electrophoresis in 8-12 % sodium dodecyl-

sulfate-polyacrylamide gel and transferred to polyvinyl-

lidene fluoride membranes. The membranes were blocked 

in 5 % bovine serum albumin or 5 % nonfat dry milk in 

Tris-buffered saline containing 0.05 % Tween 20 

(TBST). The resulting blots were incubated at 4 ℃ 

overnight with primary antibodies: rabbit monoclonal 

anti-RIP1 antibody (Cell Signaling Technology  

Cat# 3493, RRID:AB_2305314), rabbit monoclonal anti-

phospho-RIP1 antibody (Cell Signaling Technology  

Cat# 53286, RRID:AB_2925183), mouse monoclonal 

anti-RIP3 antibody (Santa Cruz Biotechnology  

Cat# sc-374639, RRID:AB_10992232), rabbit 

monoclonal anti-phospho-RIP3 antibody (Abcam  

Cat# ab209384, RRID:AB_2714035), rat monoclonal 

anti-MLKL antibody (Abcam Cat# ab243142), rabbit 

polyclonal anti-phospho-MLKL antibody (Thermo Fisher 

Scientific Cat# PA5-105678, RRID:AB_281710), mouse 

monoclonal anti-Bcl-2 antibody (Santa Cruz 

Biotechnology, Cat# sc-7382), mouse monoclonal anti-

Bax antibody (Santa Cruz Biotechnology, Cat# sc-7480), 

rabbit polyclonal anti-caspase 3 antibody (Santa Cruz 

Biotechnology, Cat# sc-373730), rabbit polyclonal anti-

cleaved caspase 3 antibody (Cell Signaling Technology, 

Cat# 9664,), mouse monoclonal anti-GAPDH antibody 

(Abcam, Cat# ab8245, RRID:AB_2107448) and mouse 

monoclonal anti-β-actin antibody (Santa Cruz 

Biotechnology, Cat# sc-47778, RRID:AB_62663). After 

the incubation of primary antibodies, blots were 

incubated with the secondary antibody goat anti-mouse 

IgG-HRP (Abcam), goat anti-rat IgG-HRP (Abcam) or 

goat anti-rabbit IgG-HRP (Abcam). The membrane was 

washed with TBST and then the bands were visualized 

with an Ultra High Sensitivity ECL kit (Thermo 

Scientific Pierce, Waltham, MA) and the Gel Imaging 

System (Bio-Rad, CA) and quantified using Labwork4.6 

image analysis software. The optical density of samples 

was normalized to a control sample in an arbitrary 

densitometry unit. 

 

Statistical analysis 

The data were analyzed with GraphPad Prism 5 

software (GraphPad Software, Inc. La Jolla, CA, USA). 

Results are presented as means ± standard deviation of 

the mean (S.D.). The statistical significance of 

differences among groups was determined using one-way 

analysis of variance (ANOVA) and Bonferroni’s or 

Newman-Keuls multiple Comparison Tests. A value of 

P<0.05 was considered statistically significant. 

 

Results 

 

Effects of Nec-1 on necroptosis and intracellular ROS in 

TNF-α-treated H9C2 cardiomyocytes 

Flow cytometry analysis showed that the rates of 

apoptosis and necrosis were increased in H9C2 cardio-

myocytes after exposure to TNF-α (Fig. 1A-C). These 

alterations were prevented by the treatment of Nec-1, 

a RIP1 inhibitor (Fig. 1A-C). Western blot showed that 

RIP3 and MLKL protein expression had no change 
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(Fig. 1D and F) (Fig. 2A, C), but phosphorylated protein 

of RIP3 (p-RIP3) and p-MLKL, markers of necroptosis, 

were markedly increased in H9C2 cardiomyocytes after 

exposure to TNF-α and the increases were prevented by 

the treatment of the RIP1 inhibitor Nec-1 (Fig. 1E and G) 

(Fig. 2B and D). These findings confirm that TNF-α 

induces necroptosis in H9C2 cardiomyocytes. In addition, 

we found that intracellular ROS (O2
- in particular) 

production assessed by DHE [26] was increased in H9C2 

cardiomyocytes after exposure to TNF-α and Nec-1 

treatment attenuated the increase in ROS induced by 

TNF-α (Fig. 2E, F). 

 

Effects of GSK2795039 on Nox2 expression and 

intracellular ROS in TNF-α-treated H9C2 cardiomyocytes 

In TNF-α-treated H9C2 cardiomyocytes,  

Nox2 protein expression assessed by immunofluorescence 

was markedly increased and the increase was prevented by 

the treatment of GSK2795039 (Fig. 2G, H). Intracellular 

ROS (O2
- in particular) production was increased in  

H9C2 cardiomyocytes after exposure to TNF-α and 

GSK2795039 treatment attenuated the increase in  

ROS induced by TNF-α (Fig. 3A, B). These results suggest 

that GSK2795039 inhibits Nox2 protein expression and 

prevents intracellular ROS productions in TNF-α-treated  

H9C2 cardiomyocytes. 

 

Effects of the Nox2 inhibitor GSK2795039 on TNF-α-

induced H9C2 cardiomyocyte death 

Cardiomyocyte death was assessed by  

an Annexin V-FITC Apoptosis Detection Kit using flow 

cytometry as we have described [20]. In TNF-α-treated 

H9C2 cardiomyocytes, the rates of necrosis and apoptosis 

were increased, and GSK2795039 attenuated the 

increases in TNF-α-treated cells (Fig. 3C-E). The data 

suggest that the Nox2 inhibitor GSK2795039 prevents 

TNF-α-induced H9C2 cardiomyocyte death. 

 

Effects of the Nox2 inhibitor GSK2795039 on TNF-α-

induced necroptosis in H9C2 cardiomyocytes 

To assess the effects of the Nox2 inhibitor 

GSK2795039 on cardiomyocyte necroptosis, we analyzed 

RIP1, RIP3 and MLKL protein expression and 

phosphorylated protein expression of RIP1, RIP3 and 

MLKL, indicative of their respective activities, markers 

of necroptosis [11,27], by Western blot. In TNF-α-treated 

cells, RIP1 protein expression was decreased and 

phosphorylated protein expression of RIP1 (p-RIP1) was 

increased, and the Nox2 inhibitor GSK2795039 treatment 

had no effect on RIP1 protein expression but prevented 

the increase in p-RIP1 protein expression (Fig. 4A-D). In 

TNF-α-treated H9C2 cardiomyocytes, RIP3 and MLKL 

protein expression had no change, but phosphorylated 

protein of RIP3 (p-RIP3) and phosphorylated protein of 

MLKL (p-MLKL) were markedly increased and the 

increases were prevented by the treatment of 

GSK2795039 (Fig. 4E-L). These results indicate that the 

Nox2 inhibitor GSK2795039 prevents RIP-RIP3-MLKL 

mediated necroptosis in TNF-α-treated H9C2 cardio-

myocytes. These findings suggest NAPDH oxidase-

derived ROS mediate TNF-α-induced cardiomyocyte 

necroptosis. 

 

Effects of GSK2795039 on TNF-α-induced apoptosis in 

H9C2 cardiomyocytes 

Consistent with previous reports [28], we have 

shown that in TNF-α-treated H9C2 cardiomyocytes, anti-

apoptotic protein Bcl-2 was decreased, proapoptotic 

protein Bax was increased, the ratio of Bcl-2/Bax was 

decreased, JNK and phosphorylated JNK proteins were 

increased and the changes were prevented by the 

treatment of the Nox2 inhibitor GSK2795039 (Fig. 5A-I). 

In TNF-α-treated H9C2 cardiomyocytes, total caspase 3 

protein had no change, but cleaved caspase 3 protein, 

indicative of caspase activity, a marker of apoptosis, was 

markedly increased (Fig. 6A-D). GSK2795039 treatment 

prevented the increase in cleaved caspase 3 protein in 

TNF-α-treated H9C2 cardiomyocytes (Fig. 6A-D). These 

findings suggest that the Nox2 inhibitor GSK2795039 

prevents apoptosis in TNF-α-treated H9C2 cardiomyo-

cytes through JNK/Bcl-2/Bax signaling pathway. 

 

Discussion 

 

The main goal of this study was to assess the 

effects of the specific Nox2 inhibitor GSK2795039 on 

TNF-α-induced necroptosis in H9C2 cardiomyocytes and 

the underlying mechanisms. Our results indicate that 

GSK2795039 prevents TNF-α-induced RIP1-RIP3-

MLKL-mediated necroptosis in H9C2 cardiomyocytes 

through inhibition of NADPH oxidase-derived ROS. 

These findings advocate for further animal testing of the 

specific Nox2 inhibitor GSK2795039 in acute myocardial 

ischemia and reperfusion and heart failure, which are 

characterized by elevated levels of inflammatory 

cytokines such as TNF-α and oxidative stress [3,6,29]. 
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Fig. 1. Effect of the RIP1 inhibitor necrostatin-1 (Nec-1) on apoptosis, necrosis and necroptosis in H9C2 cardiomyocytes after exposure 

to tumor necrosis factor-α (TNF-α). (A-C) Apoptosis and necrosis using flow cytometry analysis. (D and E) Representative Western 

blots of RIP3 and p-RIP3. Equal loading of proteins is illustrated by GAPDH bands. (F and G) The graphs show the relative expression 

of RIP3 and p-RIP3 proteins in the three groups, respectively. Values are means ± S.D.; n=5 for B. n=4-5 for C. n=5 for F and G. 

* P<0.05 vs. Control or Nec-1 group; # P<0.05 vs. TNF-α group. 
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Fig. 2. (A and B) Representative Western blots of MLKL and p-MLKL. Equal loading of proteins is illustrated by GAPDH bands.  

(C and D) The graphs show the relative expression of MLKL and p-MLKL proteins in the three groups, respectively. Values are means ± 

S.D.; n=5 for C and D. * P<0.05 vs. Control group; # P<0.05 vs. TNF-α group. (E and F). Effect of the RIP1 inhibitor necrostatin-1 

(Nec-1) on intracellular reactive oxygen species (ROS) in H9C2 cardiomyocytes after exposure to tumor necrosis factor-α (TNF-α).  

(E) Representative photomicrographs of H9C2 cardiomyocytes stained by dihydroethidium (DHE). DHE staining is shown by red 

fluorescence. Bar=20 μm. (F). The relative fluorescence intensity of DHE measured by ImageJ. Values are means ± S.D.; n=6. 

* P<0.05 vs. Control or Nec-1 group; # P<0.05 vs. TNF-α group. (G and H) GSK2795039 (GSK) attenuates NADPH oxidase 2 (Nox2) 

protein expression in H9C2 cardiomyocytes after exposure to TNF-α. (G) Immunofluorescence for Nox2. Nox2 staining is shown by 

green fluorescence. Nuclei shown by blue fluorescence. Bar = 100 μm. (H) Fluorescence intensity of Nox2 measured by ImageJ. Values 

are means ± S.D.; n=5-6. * P<0.05 vs. Control or GSK group; # P<0.05 vs. TNF-α group. 
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Fig. 3. Effect of the Nox2 inhibitor GSK2795039 (GSK) on intracellular ROS, apoptosis and necrosis in H9C2 cardiomyocytes after 

exposure to tumor necrosis factor-α (TNF-α). (A) Representative photomicrographs of H9C2 cardiomyocytes stained by DHE. 

DHE staining is shown by red fluorescence. Bar=20 μm. (B) The relative fluorescence intensity of DHE measured by ImageJ. Values are 

means ± S.D.; n = 8-9. * P<0.05 vs. Control or GSK group; # P<0.05 vs. TNF-α group. (C-E) Apoptosis and necrosis using flow 

cytometry analysis. Values are means ± S.D.; n=5. * P<0.05 vs. Control or GSK group; # P<0.05 vs. TNF-α group. 
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Fig. 4. The Nox2 inhibitor GSK2795039 (GSK) prevents necroptosis in H9C2 cardiomyocytes after exposure to tumor necrosis factor-α 

(TNF-α). (A, B, E, F, I and J) Representative Western blots of RIP1, phosphorylated RIP1 (p-RIP1), RIP3, phosphorylated RIP3  

(p-RIP3), MLKL and phosphorylated MLKL (p-MLKL) proteins, respectively. Equal loading of proteins is illustrated by GAPDH or β-actin 

bands. (C, D, G, H, K and L) The graphs show the relative expression of RIP1, p-RIP1, RIP3, p-RIP3, MLKL and p-MLKL proteins in the 

four groups, respectively. Values are means ± S.D.; n=7-9 for A. n=8-9 for B. n=6 for G, H and K. n=7-9 for L. * P<0.05 vs. Control or 

GSK group; # P<0.05 vs. TNF-α group. 
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Fig. 5. Effect of the Nox2 inhibitor GSK2795039 (GSK) on Bcl-2, Bax, JNK and phosphorylated JNK (p-JNK) protein expression in H9C2 

cardiomyocytes after exposure to tumor necrosis factor-α (TNF-α). (A, B, F and H) Representative Western blots of Bcl-2, Bax, JNK and 

phosphorylated JNK (p-JNK) proteins, respectively. Equal loading of proteins is illustrated by GAPDH or β-actin bands.  

(C, D, G and I) The graphs show the relative expression of Bcl-2, Bax, JNK and p-JNK proteins in the four groups, respectively.  

(E) The graph shows the ratio of Bcl2/Bax. Values are means ± S.D.; n=6 for C, D and E. n=5 for G and I. *  P<0.05 vs. Control or GSK 

group; # P<0.05 vs. TNF-α group. 

 
 

Nec-1 prevents TNF-α-induced necroptosis and apoptosis 

in H9C2 cardiomyocytes 

We and others have recently demonstrated that 

myocyte necroptosis (programmed necrosis) is increased in 

myocardial infarction, pressure overload-induced heart 

failure and doxorubicin-induced cardiomyopathy [20,30,31]. 

Increased myocyte necroptosis contributes to myocardial 

remodeling and heart failure [3,6]. Studies have shown 

that the interplay of TNF-α and ROS is related to 

cardiomyocyte necroptosis [4,14,30]. Our present study 

has demonstrated that Nec-1, a RIP1 inhibitor, inhibited 

necroptosis in TNF-α-treated H9C2 cardiomyocytes, 
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indicating that TNF-α induces cardiomyocyte 

necroptosis. We have further found that the RIP1 inhi-

bitor Nec-1 inhibited TNF-α-induced cardiomyocyte 

apoptosis. The mechanism that Nec-1 inhibits apoptosis 

remains unclear, but it might be related to the indirect 

effects of Nec-1 on ROS. The present study confirmed 

that the RIP1 inhibitor Nec-1 prevented TNF-α induced 

ROS elevation. In support of this notion, others have 

shown that increased necroptosis triggers ROS and 

inhibition of necroptosis reduces ROS in cultured cardio-

myocytes [32]. Likewise, Nec-1 inhibits necroptosis and 

apoptosis in doxorubicin-induced cardiomyopathy 

characterized by excessive inflammatory cytokines and 

oxidative stress [32]. Nec-1 improves mitochondrial 

function, suppresses inflammation and reduces pro-

apoptotic protein Bax and increases anti-apoptotic protein 

Bcl-2 expression in prediabetic rats [33]. Evidence has 

accumulated that TNF-α induces activation of NADPH 

oxidase, a major source of ROS [34], in human and 

animal cardiomyocytes [35,36]. 

 

GSK2795039 prevents TNF-α-induced Nox2 expression 

and ROS in cardiomyocytes 

Our recent studies have demonstrated that 

GSK2795039, a novel small molecular Nox2 inhibitor 

[16,17], inhibits NADPH oxidase and oxidative stress in 

doxorubicin-induced cardiomyopathy [20,26], which is 

characterized by increased inflammatory cytokines 

[37,38]. In the present study, we have shown that 

GSK2795039 prevented TNF-α-induced increases in 

Nox2 protein expression and intracellular ROS in 

H9C2 cardiomyocytes. In support of our findings, other 

studies have shown that GSK2795039 inhibits Nox2-

derived ROS production in an inflammation model [19]. 

Antioxidants attenuate proinflammatory cytokines, 

NADPH oxidase subunits and ROS in cardiomyopathy 

[39,40]. GKT137831, a dual inhibitor of both Nox1 and 

Nox4, attenuates proinflammatory cytokines such as 

TNF-α, IL-6 and IL-1β and oxidative stress in pressure 

overload-induced cardiac remodeling [41]. These data 

suggest that GSK2795039 prevents TNF-α-induced 

Nox2 expression and ROS in cardiomyocytes. 

 

GSK2795039 prevents TNF-α-induced cardiomyocytes 

necroptosis 

TNF-α has been shown to induce necroptosis in 

cardiomyocytes [12,13]. In the present study, we have 

shown that TNF-α increased protein expression of p-RIP1, 

p-RIP3 and p-MLKL, markers of necroptosis, in H9C2 

cardiomyocytes. We have further demonstrated that the 

specific Nox2 inhibitor GSK2795039 prevented the 

increases in p-RIP1, p-RIP3 and p-MLKL protein 

expression in cardiomyocytes after exposure to TNF-α. In 

consistence with the present results, we recently 

demonstrated that GSK2795039 prevents necroptosis in 

cardiomyocytes after exposure to doxorubicin [20], which 

has been shown to induce TNF-α in cardiomyocytes [42]. 

Antioxidant N-acetylcysteine attenuates TNF-α, ROS and 

necroptosis in cardiomyocytes after exposure to high 

glucose [43]. Melatonin decreases TNF-α levels, reduces 

ROS and suppresses RIP3-MLKL signaling induced 

myocyte necroptosis in myocardial ischemia and reperfusion 

[44]. These findings suggest that the specific Nox2 inhibitor 

GSK2795039 prevents TNF-α-induced cardiomyocyte 

necroptosis through inhibition of RIP1-RIP3-MLKL 

signaling pathway. 

 

GSK2795039 prevents TNF-α-induced cardiomyocyte 

apoptosis 

Extensive research has demonstrated that  

TNF-α induces cardiomyocyte apoptosis [45]. Our 

present study has shown that TNF-α induced apoptosis 

assessed by an increase in cleaved caspase 3 protein 

expression, a marker of apoptosis, in H9C2 cardio-

myocyte, the specific Nox2 inhibitor GSK2795039 

prevented TNF-α-induced cardiomyocyte apoptosis. In 

agreement with the present findings, antioxidant  

N-acetylcysteine abrogates norepinephrine-induced  

TNF-α secretion, caspase activation, and apoptosis in 

neonatal rat cardiomyocytes [46]. Antioxidant phenolic 

acid protects cardiomyocytes from TNF-α-induced 

apoptosis [47]. These data suggest that the specific  

Nox2 inhibitor GSK2795039 prevents TNF-α-induced 

cardiomyocytes apoptosis. 

 

Limitations 

 

The present study focused primarily on the effects 

of the specific Nox2 inhibitor GSK2795039 on TNF-α-

induced necroptosis in H9C2 cardiomyocytes. This study 

was not designed to determine the effects of GSK2795039 

in neonatal or adult cardiomyocytes and in vivo models. 

Further studies are warranted to validate in primary 

cardiomyocytes and/or in vivo models of heart failure. 

 

Conclusions 

 

In the present study, we have demonstrated for 
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the first time that in H9C2 cardiomyocytes in culture, 

GSK2795039 inhibited TNF-α-induced Nox2 expression 

and intracellular ROS, prevented TNF-α-induced 

increases in p-RIP1, p-RIP3 and p-MLKL proteins, 

attenuated TNF-α-induced reduction in Bcl-2 protein and 

the increases in Bax protein, phosphorylated JNK protein 

and cleaved caspase 3 protein (Fig. 6E). These findings 

suggest that GSK2795039 prevents TNF-α-induced 

RIP1-RIP3-MLKL-mediated necroptosis in H9C2 cardio-

myocytes through inhibition of NADPH oxidase-derived 

ROS. These observations could pave the way for the 

evaluation of GSK2795039 in experimental heart failure, 

which is characterized by excessive inflammatory 

cytokines such as TNF-α and oxidative stress. 
 
 

 
 

Fig. 6. (A-D) Effect of the Nox2 inhibitor GSK2795039 (GSK) on caspase 3 and cleaved caspase 3 protein expression in H9C2 cardiomyocytes 

after exposure to tumor necrosis factor-α (TNF-α). Representative Western blots of caspase 3 and cleaved caspase 3 proteins, respectively. 

Equal loading of proteins is illustrated by GAPDH bands. The graphs show the relative expression of caspase 3 and cleaved caspase 3 proteins 

in the four groups, respectively. Values are means ± S.D.; n=6. * P<0.05 vs. Control or GSK group; # P<0.05 vs. TNF-α group.  

(E) GSK2795039 inhibits the NADPH oxidase subunit gp91phox (Nox2) protein expression, reduces reactive oxygen species (ROS), prevents the 

increases in phosphorylated RIP1 (p-RIP1), p-RIP3 and p-MLKL proteins, reflective of their activities, markers of necroptosis, in H9C2 cardio-

myocytes after exposure to tumor necrosis factor-α (TNF-α). GSK2795039 also arrests the decrease in Bcl-2/Bax ratio and the increases in  

p-JNK, reflective of JNK activity, and cleaved caspase 3, indicative of caspase activity, a marker of apoptosis, in H9C2 cardiomyocytes after 

exposure to TNF-α. The RIP1 inhibitor Nec-1 inhibits TNF-α-induced necrosis and necroptosis. GSK2795039 prevents TNF-α-induced RIP1-RIP3-

MLKL-mediated cardiomyocyte necroptosis through inhibition of NADPH oxidase. 
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