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Abstract Ischemia/reperfusion injury causes cardiomyo-

cyte apoptosis, ventricular remodeling, leading to a dilated

heart. Hypoxia is one of the causes involved in ischemia

damage, and BNIP3 is a hypoxia-inducible marker and also

a sensor to induce mitochondria-dependent apoptosis.

Recent reports discussed ablating BNIP3 can restrain

cardiomyocytes apoptosis and post-infarction remodeling.

BNIP3 is a crucial therapeutic target. However, the BNIP3-

induced hypertrophy aspect is rarely investigated. Here, we

transiently transfected BNIP3 plasmids into H9c2 cardio-

myoblast cells to evaluate the molecular signaling and

hypertrophy markers using Western blot. We measured the

cell size change using actin staining. We disclose that

BNIP3 overexpression induced an increase in cell size,

activated the pathological-related hypertrophy signaling

pathways, such as IL6-MEK5-ERK5, IL6-JAK2-STAT1/3,

calcineurin/NFAT3 and p38b MAPK resulting in the fetal

genes, ANP and BNP expressing. Concluding above,

BNIP3 acts as a pathological hypertrophy inducer, which

might be a potential therapeutic target for heart damage

prevention.
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b-MHC b-Myosin heavy chain

MAPK Mitogen-activated protein kinase

NFAT3 Nuclear factor of activated T cells 3

STAT1/3 Signal transducers and activators of

transcription-1,-3

Introduction

Ischemic heart diseases are complicated by many patho-

logical progressions, such as cardiomyocytes slippage,

hypertrophy, cardiac architecture change which compen-

sate for the loss of systolic function, and decompensate to

the dilated ventricular, concluding in a term ventricular

remodeling, and finally resulting in heart failure [1].

Hypertrophy is an epidemiological independent risk for

cardiac morbidity [2] therefore investigating hypertrophy

progression is important in hypoxic or ischemic heart

disease.

Cardiac hypertrophy is an adaptive effect for increased

heart work load under stimulation. The cells appear to

increase cell size and sarcomere reorganization increases

contraction function [3]. Multiple stimuli from mechanical,

hemodynamic, hormonal, and pathological stimuli cause

hypertrophy. Cardiac hypertrophy includes two subtypes:

growth induced by physiological stimulations (e.g., IGF-1

and growth hormone), called physiological hypertrophy

and growth induced by pathologic stimuli, called patho-

logical hypertrophy [4]. Several hormones such as nor-

epinephrine and phenylephrine bind to the a1-adrenergic

receptor, angiotensin II binds to the AT-1 receptor, endo-

thelin-1 binds to the ET-1 receptor [5], and IGF-2 binds to

the IGF-2R [6] coupled to Gaq to stimulate pathological

hypertrophy. They can activate the Gaq/Ca2?-mediated

signaling to the calcineurin/nuclear factor of activated T

cells (calcineurin/NFAT3) pathway, which in turn activates

the NFAT3 to translocate into the nucleus and coactivate

with phosphorylated GATA4 to transcribe hypertrophic

response genes such as ANP and BNP [7, 8]. IL6 was

reported to cause cardiac hypertrophy through the IL6

signal transducing receptor component, glycoprotein 130

(gp130) [9]. IL6 triggers gp130 dimerizing, leading to

phosphorylation and activation of JAK2 and consequent

recruitment of STAT3. The activated STAT3 forms

homodimer or heterodimer with STAT1 to transcribe the

target genes [10, 11]. In addition, chronically phosphory-

lated STAT1/3 was presented in the dilated cardiomyopa-

thy. The STAT3-dependent pathway was reported to

promote cardiac myocyte hypertrophy [12, 13]. The ERK5

pathway was also induced by gp130 and played a crucial

role in eccentric hypertrophy. MEK5-ERK5 signaling was

triggered by IL6 induced rapidly decompensating eccentric

cardiac hypertrophy that progressed to dilated cardiomy-

opathy and sudden death [14]. The MAPK p38b was found

to mediate cardiac hypertrophy in pressure overload model

[15], evidenced in the increase of myocardial cell growth

and ANP expression [16].

The hypoxia marker, BNIP3 (Bcl-2/adenovirus E1B

nineteen-kDa interacting protein 3), is transcriptionally

upregulated by HIF-1a during hypoxia. It is a member of

pro-apoptotic BH3-only subfamily of Bcl-2 family [17,

18]. BNIP3 has a BH3 domain which functions to bind

with Bcl-2 or Bcl-XL, and possesses a C-terminal trans-

membrane domain for targeting to mitochondria and pro-

moting cell apoptosis [19–21]. BNIP3 insertion results in

the depolarization and opening of mitochondrial perme-

ability transition pores (MPTP), consequently, pathological

cell death occurs via apoptosis [22], necrosis [23, 24], and

autophagic cell death [25, 26]. Evidences reveal that post-

infarction remodeling after ischemia/reperfusion causes

cardiomyocytes slippage, cardiac dilating, and in turn

cardiac dropout [1]. The hypoxia-induced marker, BNIP3,

was defined as the major factor to cause cardiomyocyte

apoptosis and ventricular remodeling in various ischemic

heart diseases [22]. BNIP3 abolishment is an efficient

strategy to salvage heart from remodeling [27]. However,

the BNIP3-induced molecular regulations related to

hypertrophy are still unclear. In the present study, we

showed that the activation of pathological hypertrophic

IL6-MEK5-ERK5, IL6-JAK2-STAT3 and calcineurin/

NFAT3, p38MAPK pathways, increased fetal gene ANP

and BNP expression, and myocardial cell enlargement

revealed that BNIP3 is a strong pathological hypertrophy

inducer.

Materials and methods

Cell culture and transfection

H9c2 cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM) (Sigma, St. Louis, MO, USA), supple-

mented with 10% fetal bovine serum (FBS) (HyClone,

Logan, UT, USA) and 1.5 g/l sodium bicarbonate, incu-

bated at 37�C in 5% CO2 incubator. Full lengths of BNIP3

open reading frame were cloned and inserted into BamHI

site of pcDNA3-HA for BNIP3 protein expression. BNIP3

plasmids were prepared using AxyPrepTM Plasmid Maxi-

prep kit (Axygen biosciences, CA, USA) and transfected

into the cells using GeneJuice� transfection reagent

(Novagen, WI, USA) according to the manufacturer’s

guidelines. After 6 h, the cells were fed with fresh medium

and harvested at experimental time point as indicated.
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Western blot

The cell lysate proteins were separated using 12% SDS-

PAGE and transferred to PVDF membranes. Residual pro-

tein sites were blocked in Tween/Tris-buffer saline (TBS)

containing 5% skim milk. The filters were incubated with

1:1000 diluted primary antibody p38b, IL6, p-JAK2, STAT-

1, STAT-3, BNP, p-GATA4, NFATc3, Gaq, a-tubulin

(Santa Cruz, CA, USA), p-ERK5, ERK5 (Upstate, MA,

USA), ANP (Abcam, Cambridge, UK), BNIP3 (Cell sig-

naling, MA, USA) in TBS plus 2.5% skim milk at the rec-

ommended concentrations at 4�C overnight and incubated

with secondary antibodies for 1 h at room temperature.

Antibody reaction was visualized with enhanced chemilu-

minescence (ECL) reagent (Millipore, MA, USA).

Actin stain

H9c2 cells were fixed by 4% paraformaldehyde, permeabili-

zed with 0.5% Triton X-100, and blocked with 1% BSA in

phosphate buffer saline (PBS) for 10 min, respectively. Actin

filaments were stained by using rhodamine-labeled phalloidin

(red) for 40 min and washed by PBS trice between each step.

Then cell nuclei were stained by DAPI (blue). Cells were

examined and photographed using fluorescence microscope,

the cells’ area was measured using Carl Zesis Axio vision LE

software. More than 10 fields for each condition were quan-

tified, triple independent experiments were performed.

Statistical analysis

Each experiment was triple repeated and results were

presented as the mean ± SEM, and statistical comparisons

were made using the Student’s t test. Significance was

defined at the P \ 0.05 level.

Results

Expression of BNIP3 induces hypertrophic growth

in H9c2 myocardiac cells

Hypertrophy is an independent risk involved in cardiac

remodeling and heart failure. To investigate whether

Fig. 1 Effect of BNIP3 on

actin organization in H9c2

myocardial cells.

a Hypertrophic growth and actin

organization. BNIP3 were

transfected into cells in dosage-

and time-dependent manners as

indicated. The cells were then

fixed and stained with

rhodamine-conjugated

phalloidin to detect the actin

filaments. b Quantitative results

of cell area. The values

represent the mean ± SE from

at least 10 fields in each group.

The increase in size induced by

BNIP3 is highly significant

(P \ 0.001)
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BNIP3 induces the hypertrophy effect, we transfected wild-

type BNIP3 into H9c2 cells using a dose- and time-

dependent manners and stained actin filaments to observe

the changes in cell size. Results showed that the cells

became larger with the increase in BNIP3 dosage after 24 h

transfection. The cells became even larger after 48 h with

2 lg BNIP3 transfection (Fig. 1).

BNIP3 overexpression induces hypertrophic signaling

activation and ANP/BNP protein induction

To explore whether BNIP3 activates the hypertrophy

signaling pathways, BNIP3 was transfected into cells at a

time-dependent manner and cells were harvested for

Western blot analysis. The transcription factors, NFAT3,

regulating some hypertrophy genes were activated with the

increase of BNIP3 expression. Following that, hypertrophy

markers, ANP and BNP, were upregulated after NFAT3

activation, but the upstream Gaq has no change (Fig. 2). It

suggests that BNIP3-induced calcineurin/NFAT3 activation

and enhanced the downstream target genes, ANP and BNP

expressions, to perform the hypertrophy effect. As we know

p38 MAPK is another hypertrophic mediator to activate

GATA4, here we showed the increase of p38b and

phosphorylated GATA4 with BNIP3 treatment, explaining

the participation of BNIP3 in hypertrophy also through p38b
MAPK signaling pathway (Fig. 3). Additionally, we further

examine the IL6-related pathways. The IL6 highly expres-

sed with BNIP3 stimulation, and the downstream kinase,

JAK2, was in turn activated, and the transcription factor

STAT1/3 protein levels were upregulated as well (Fig. 4b).

It suggests that BNIP3 upregulated the IL6-JAK2-STAT3

signaling to enhance hypertrophy. As the eccentric hyper-

trophy signaling, we observed phosphorylated ERK5 were

elevated with BNIP3 increase. The tendency of p-ERK5

were synchronizing with IL6 expression (Fig. 4a). This

result suggests the eccentric hypertrophy signal, IL6-

MEK5-ERK5, was also participated in BNIP3-induced

hypertrophy effect. Taken together, we suggest BNIP3

induces hypertrophy via calcineurin/NFAT3, p38-GATA4,

IL6-MEK5-ERK5, and IL6-JAK2-STAT3 signal pathways

Fig. 2 Activation of calcineurin/NFAT3 signaling pathway in

BNIP3 overexpression. BNIP3 (6 lg) were transfected into cells

and harvested in time-dependent manner for Western blot analysis.

a Change of BNIP3 protein level. b Changes of NFAT3, ANP and

BNP protein levels

Fig. 3 Effect of BNIP3 on p38b-GATA4 signaling pathway in H9c2

myocardial cells. BNIP3 (6 lg) were transfected into cells and

harvested in time-dependent manner for Western blot analysis.

Changes of p38b and phosphorylated GATA4 protein levels

Fig. 4 Induction of IL6-related signaling pathway in BNIP3 overex-

pression. BNIP3 (6 lg) were transfected into cells and harvested in

time-dependent manner for Western blot analysis. a Changes of IL6,

phosphorylated ERK5 and ERK5 protein levels. b Changes of

phosphorylated JAK2, STAT1, and STAT3 protein levels
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to further elevate ANP and BNP expression and cell

enlargement (Fig. 5).

Discussion

Major findings

The data presented here showed that BNIP3 plays a role in

stimulating hypertrophy in cultured H9c2 myocardial cells.

The specific evidences are: first, expression of BNIP3-

induced actin filaments and hypertrophic growth (Fig. 1).

Second, BNIP3-induced activation of pathological hyper-

trophic signallings such as IL6-MEK5-ERK5, JAK2-

STAT1/3, calcineurin/NFAT, p38-GATA4 and resulted in

hypertrophic markers, ANP and BNP increase. All of these

data indicated that BNIP3 might play multiple roles in the

pathological hypertrophy of post-infarction remodeling.

In the researches of ischemic heart disease, BNIP3 could

be the most dominant therapeutic target. Recently, reports

showed that abolition of BNIP3 restrains post-infarctional

remodeling, BNIP3 obviously a major determinant of

ventricular remodeling [27] and could be an apoptosis

inducer. However, BNIP3 has not yet been found as the

cardiac hypertrophy inducer. Although hypoxia was shown

to be potential inducer of cardiac hypertrophy and BNIP3

is a hypoxic marker, there is still no linkage between

BNIP3 and hypertrophy. However, we found out that

BNIP3 induced the related hypertrophic signallings and

enhanced hypertrophic growth. All these evidences link up

BNIP3-induced cardiac hypertrophy and remodeling.

ANP, BNP, cell enlargement

The specific changes in cardiac hypertrophy in cardio-

myocytes include quantitative and qualitative changes of

gene expression. Several sarcomeric genes are expressed as

the fetal isoforms such as skeletal a-actin, b-MHC [28] and

re-expressed the fetal genes, ANP and BNP [29, 30]. In the

present study, high ANP and BNP expressions were

observed following BNIP3 increase. The cell size increased

with the increase in BNIP3 dosage in 24 h and at 48 h

showed significant enlargement. We even observed that

some cells shrank and became fragile after 48 h of BNIP3

expression. Thus, we speculate that apoptosis or necrosis

induced by BNIP3 is accompanied with hypertrophy

occurring after long time treatment.

Calcineurin/NFAT signaling activation

Phosphatase 2B, calcineurin, is among the best established

mediators of hypertrophy [31], and the activation of

NFAT3 was also examined. We showed here that NFAT3

increased with BNIP3 expression. This suggests that

BNIP3 induces hypertrophy through activating the cal-

cium-dependent signaling, calcineurin/NFAT3. BNIP3

targets the mitochondria and also endoplasmic reticulum

(ER), which is a primary calcium intracellular storage site.

Once BNIP3 targets the ER, calcium will be released into

the cytosol and be taken up by juxtaposed mitochondria

[32]. We speculate that BNIP3 induces calcium release to

make cytosolic calcium increase, therefore the calcineurin

was activated in this situation, without a significant change

in the Gaq protein level.

P38b-GATA4 signaling activation

P38 has also been mentioned involved in pathogen-induced

hypertrophy of cardiomyocyte [33]. Constitutive activation

of p38 stimulated the expression of ANP [34] and p38

imparts BNP gene induction through direct modification of

GATA4 [35]. We showed that p38b expression and phos-

phorylated GATA4 increase within BNIP3 expression, and

these results also reveal the occurrence of hypertrophy.

IL6-related pathways: MEK5-ERK5 and JAK2-STAT3

Cytokine IL6, a potent hypertrophic effecter, is produced by

immune cells and also by cardiovascular components, such

as endothelial cells, vascular smooth muscle cells, and

ischemic myocytes [36–39], stimulating heart by autocrine

and paracrine fashions [9]. We showed that IL6 highly

expressed with BNIP3 increasing, indicating that BNIP3

might induce IL6 secretion by myocardial cells and affect

themselves to perform hypertrophy. Long-term intermittent

Fig. 5 Working hypothesis. Myocardial cell hypertrophy caused by

BNIP3 expression is associated with the increase of calcineurin/

NFAT3, p38-GATA4, IL6-MEK5-ERK5, and IL6-JAK2-STAT3

signaling pathways. At the same time, the cardiac hypertrophic

markers, ANP and BNP, were highly expressed
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hypoxia causes decompensating to eccentric cardiac

hypertrophy via activating the IL6-related MEK5-ERK5

signaling [40]. We further showed that the ERK5 activation

indicated the morphological change toward eccentric

hypertrophy. Another IL6-induced pathway, JAK2-STAT3,

was also activated simultaneously with IL6 expression.

These hypertrophy-related molecular signals confirmed the

morphological changes.

Acknowledgments This study is supported by Taiwan Department

of Health Clinical Trial and Research Center of Excellence (DOH99-

TD-B-111-004) and in part by Taiwan Department of Health Cancer

Research Center of Excellence (DOH99-TD-C-111-005).

References

1. Whelan RS, Mani K, Kitsis RN (2007) Nipping at cardiac

remodeling. J Clin Invest 117:2751–2753

2. Drazner MH, Rame JE, Marino EK, Gottdiener JS, Kitzman DW,

Gardin JM, Manolio TA, Dries DL, Siscovick DS (2004)

Increased left ventricular mass is a risk factor for the develop-

ment of a depressed left ventricular ejection fraction within five

years: the Cardiovascular Health Study. J Am Coll Cardiol

43:2207–2215

3. Olson EN, Schneider MD (2003) Sizing up the heart: develop-

ment redux in disease. Genes Dev 17:1937–1956

4. Dorn GW 2, Force T (2005) Protein kinase cascades in the reg-

ulation of cardiac hypertrophy. J Clin Invest 115:527–537

5. Molkentin JD, Dorn GW 2 (2001) Cytoplasmic signaling path-

ways that regulate cardiac hypertrophy. Annu Rev Physiol 63:

391–426

6. Chu CH, Tzang BS, Chen LM, Kuo CH, Cheng YC, Chen LY,

Tsai FJ, Tsai CH, Kuo WW, Huang CY (2008) IGF-II/mannose-

6-phosphate receptor signaling induced cell hypertrophy and

atrial natriuretic peptide/BNP expression via Galphaq interaction

and protein kinase C-alpha/CaMKII activation in H9c2 cardio-

myoblast cells. J Endocrinol 197:381–390

7. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J,

Robbins J, Grant SR, Olson EN (1998) A calcineurin-dependent

transcriptional pathway for cardiac hypertrophy. Cell 93:215–228

8. Molkentin JD, Olson EN (1997) GATA4: a novel transcriptional

regulator of cardiac hypertrophy? Circulation 96:3833–3835

9. Kanda T, Takahashi T (2004) Interleukin-6 and cardiovascular

diseases. Jpn Heart J 45:183–193

10. Pan J, Fukuda K, Kodama H, Sano M, Takahashi T, Makino S,

Kato T, Manabe T, Hori S, Ogawa S (1998) Involvement of gp130-

mediated signaling in pressure overload-induced activation of the

JAK/STAT pathway in rodent heart. Heart Vessel 13:199–208

11. Pan J, Fukuda K, Saito M, Matsuzaki J, Kodama H, Sano M,

Takahashi T, Kato T, Ogawa S (1999) Mechanical stretch acti-

vates the JAK/STAT pathway in rat cardiomyocytes. Circ Res

84:1127–1136

12. Ng DC, Court NW, dos Remedios CG, Bogoyevitch MA (2003)

Activation of signal transducer and activator of transcription

(STAT) pathways in failing human hearts. Cardiovasc Res

57:333–346

13. Kunisada K, Tone E, Fujio Y, Matsui H, Yamauchi-Takihara K,

Kishimoto T (1998) Activation of gp130 transduces hypertrophic

signals via STAT3 in cardiac myocytes. Circulation 98:346–352

14. Nicol RL, Frey N, Pearson G, Cobb M, Richardson J, Olson EN

(2001) Activated MEK5 induces serial assembly of sarcomeres

and eccentric cardiac hypertrophy. EMBO J 20:2757–2767

15. Wang Y, Huang S, Sah VP, Ross J Jr, Brown JH, Han J, Chien

KR (1998) Cardiac muscle hypertrophy and apoptosis induced by

distinct members of the p38 mitogen-activated protein kinase

family. J Biol Chem 273:2161–2168

16. Zechner D, Thuerauf DJ, Hanford DS, McDonough PM,

Glembotski CC (1997) A role for the p38 mitogen-activated

protein kinase pathway in myocardial cell growth, sarcomeric

organization, and cardiac-specific gene expression. J Cell Biol

139:115–127

17. Boyd JM, Malstrom S, Subramanian T, Venkatesh LK, Schaeper

U, Elangovan B, D’Sa-Eipper C, Chinnadurai G (1994) Adeno-

virus E1B 19 kDa and Bcl-2 proteins interact with a common set

of cellular proteins. Cell 79:341–351

18. Bruick RK (2000) Expression of the gene encoding the proa-

poptotic Nip3 protein is induced by hypoxia. Proc Natl Acad Sci

USA 97:9082–9087

19. Chen G, Ray R, Dubik D, Shi L, Cizeau J, Bleackley RC, Saxena

S, Gietz RD, Greenberg AH (1997) The E1B19K/Bcl-2-binding

protein Nip3 is a dimeric mitochondrial protein that activates

apoptosis. J Exp Med 186:1975–1983

20. Yasuda M, Theodorakis P, Subramanian T, Chinnadurai G (1998)

Adenovirus E1B-19K/BCL-2 interacting protein BNIP3 contains

a BH3 domain and a mitochondrial targeting sequence. J Biol

Chem 273:12415–12421

21. Ray R, Chen G, Vande VC, Cizeau J, Park JH, Reed JC, Gietz

RD, Greenberg AH (2000) BNIP3 heterodimerizes with Bcl-2/

Bcl-X(L) and induces cell death independent of a Bcl-2 homol-

ogy 3 (BH3) domain at both mitochondrial and nonmitochondrial

sites. J Biol Chem 275:1439–1448

22. Dorn GW 2, Kirshenbaum LA (2009) Cardiac reanimation: tar-

geting cardiomyocyte death by BNIP3 and NIX/BNIP3L. Onco-

gene 27:S158–S167

23. Diwan A, Matkovich SJ, Yuan Q, Zhao W, Yatani A, Brown JH,

Molkentin JD, Kranias EG, Dorn GW 2 (2009) Endoplasmic

reticular–mitochondrial crosstalk in Nix-mediated cell death.

J Clin Invest 119:203–212

24. Nakayama H, Chen X, Baines CP, Klevitsky R, Zhang X, Zhang

H, Jaleel N, Chua BH, Hewett TE, Robbins J, Houser SR, Mol-

kentin JD (2007) Ca2?- and mitochondrial-dependent cardiomy-

ocyte necrosis as a primary mediator of heart failure. J Clin Invest

117:2431–2444

25. Daido S, Kanzawa T, Yamamoto A, Takeuchi H, Kondo Y,

Kondo S (2004) Pivotal role of the cell death factor BNIP3 in

ceramide-induced autophagic cell death in malignant glioma

cells. Cancer Res 64:4286–4293

26. Kanzawa T, Zhang L, Xiao L, Germano IM, Kondo Y, Kondo S

(2005) Arsenic trioxide induces autophagic cell death in malig-

nant glioma cells by upregulation of mitochondrial cell death

protein BNIP3. Oncogene 24:980–991

27. Diwan A, Krenz M, Syed FM, Wansapura J, Ren X, Koesters AG,

Li H, Kirshenbaum LA, Hahn HS, Robbins J, Jones WK, Dorn

GW (2007) Inhibition of ischemic cardiomyocyte apoptosis

through targeted ablation of Bnip3 restrains postinfarction

remodeling in mice. J Clin Invest 117:2825–2833

28. Schwartz K, de la Bastie D, Bouveret P, Oliviéro P, Alonso S,
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