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Following	myocardial	infarction,	nonischemic	myocyte	death	results	in	infarct	expansion,	myocardial	loss,	
and	ventricular	dysfunction.	Here,	we	demonstrate	that	a	specific	proapoptotic	gene,	Bnip3,	minimizes	ven-
tricular	remodeling	in	the	mouse,	despite	having	no	effect	on	early	or	late	infarct	size.	We	evaluated	the	effects	
of	ablating	Bnip3	on	cardiomyocyte	death,	infarct	size,	and	ventricular	remodeling	after	surgical	ischemia/
reperfusion	(IR)	injury	in	mice.	Immediately	following	IR,	no	significant	differences	were	observed	between	
Bnip3–/–	and	WT	mice.	However,	at	2	days	after	IR,	apoptosis	was	diminished	in	Bnip3–/–	periinfarct	and	remote	
myocardium,	and	at	3	weeks	after	IR,	Bnip3–/–	mice	exhibited	preserved	LV	systolic	performance,	diminished	
LV	dilation,	and	decreased	ventricular	sphericalization.	These	results	suggest	myocardial	salvage	by	inhibi-
tion	of	apoptosis.	Forced	cardiac	expression	of	Bnip3	increased	cardiomyocyte	apoptosis	in	unstressed	mice,	
causing	progressive	LV	dilation	and	diminished	systolic	function.	Conditional	Bnip3	overexpression	prior	to	
coronary	ligation	increased	apoptosis	and	infarct	size.	These	studies	identify	postischemic	apoptosis	by	myo-
cardial	Bnip3	as	a	major	determinant	of	ventricular	remodeling	in	the	infarcted	heart,	suggesting	that	Bnip3	
may	be	an	attractive	therapeutic	target.

Introduction
Of the more than 1 million patients who suffer a myocardial 
infarction (MI) each year in the United States, one-quarter to one-
third will die before receiving medical attention (1) and another 
one-quarter to one-third of the early survivors will die within the 
following year (2). Accordingly, current therapeutics are focused 
on maximizing immediate myocardial salvage by mechanical or 
pharmacological coronary reperfusion, which is associated with 
reduced in-hospital mortality (3). Long-term outcome after MI is 
predicted by LV dysfunction, which is present in approximately 
40% of post-MI patients (4); like the treatment of heart failure (5), 
chronic management of MI therefore involves neurohormonal 
blockade (5). However, post-MI care directed toward early reper-
fusion and late management of ventricular dysfunction does not 
address the critical intermediate period wherein nonischemic inju-
ry can lead to generalized cardiac dilation and progressive systolic 
dysfunction called ventricular remodeling (6).

Remodeling can be considered from either a mechanical or 
a molecular perspective (7). In the context of cardiac mechan-
ics, focal myocardial injury after MI locally increases myocardial 
strain in the border zone during isovolumic systole, resulting in 
production of reactive oxygen species and stimulating apoptosis 
of nonischemic cardiomyocytes in an expanding infarct border 

zone (8). A vicious cycle of increasing strain and stress ultimately  
causes global ventricular dilation, a more spherical geometry, 
and depressed systolic function, i.e., remodeling (9). Based on 
this paradigm, infarct patching and cardiac support devices have 
been employed to prevent remodeling through passive ventricular 
constraint (10, 11). The molecular view is that myocardial injury 
causes local release of cytokines that stimulate apoptosis (12, 13) 
and degrade myocardial matrix (14) in the border zone. Resulting 
global ventricular dilation and increasing wall stress in the remote 
myocardium stimulate hypertrophic pathways that further predis-
pose cardiomyocytes to apoptosis (15–17).

Cardiomyocyte apoptosis is at the intersection of both mechani-
cal and molecular mechanisms for postinfarction remodeling and 
therefore may be an attractive therapeutic target for breaking the 
cycle leading to heart failure. The approach of pharmacological 
caspase inhibition (18, 19) can be limited by nonspecific systemic 
effects, making it advantageous to identify and target specific 
upstream mediators of ischemia-induced cardiomyocyte death. 
One such factor is Bnip3 (Bcl2 and nineteen-kilodalton interact-
ing protein–3; ref. 20), a proapoptotic Bcl2 family member that 
is transcriptionally upregulated via HIFα during hypoxia in the 
heart and other tissues (21–24). In tissue culture studies and in 
vitro perfused hearts, Bnip3 knockdown or dominant inhibition 
diminishes hypoxic cardiomyocyte death, whereas forced cardio-
myocyte expression provokes apoptosis (23, 25, 26), but its effects 
in the clinically relevant condition of in vivo cardiac ischemia 
are unknown. Accordingly, we created mice in which the Bnip3 
gene was ablated in the germline or conditionally overexpressed 
in the heart and studied them at baseline and after myocardial 
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ischemia/reperfusion (I/R) injury. Bnip3 ablation reduced post-
MI myocardial apoptosis by approximately one-half in the infarct 
border zone and remote myocardium, enhancing cardiac function 
and minimizing ventricular dilation and sphericalization. Bnip3 
overexpression increased myocardial apoptosis with or without 
ischemia. These findings identify Bnip3 as an important mediator 
of ischemia-induced myocardial apoptosis and demonstrate thera-
peutic efficacy for the broad approach of apoptosis inhibition by 
targeting critical death-effector genes after MI.

Results
Gene ablation reveals no essential function for Bnip3 in unstressed mice. A 
murine model of Bnip3 ablation was generated using conventional 
gene targeting through homologous recombination (Figure 1A). 
The targeting vector containing a neomycin cassette was intro-
duced in place of exons 2 and 3, thereby truncating the protein 
prior to the critical BH3 and transmembrane domains (27). Bnip3-
null mice were identified by Southern blotting (Figure 1B, left) and 
PCR analysis (Figure 1B, right) of genomic DNA. Bnip3 RNA (Fig-
ure 1C, left) and Bnip3 protein (Figure 1C, right) were not detect-
able in homozygous Bnip3-null mice (Figure 1C), which were born 
from heterozygous crosses at normal Mendelian ratios (of 77, 13 
were Bnip3+/+, 43 were Bnip3+/–, and 21 were Bnip3–/–) and showed no 
increase in mortality or apparent physical abnormalities during fol-

low-up for over 14 months. Since gene ablation of other proapop-
totic Bcl2 family genes has resulted in striking abnormalities of 
hematopoietic cells (28–31) that could potentially confound myo-
cardial infarction studies (32–36), we characterized the hematopoi-
etic system in detail. There were no abnormalities in circulating red 
or white blood cell or platelet counts of Bnip3-null mice (Table 1), 
and flow cytometric analysis of spleen and bone marrow showed 
normal proportions of erythroid (Figure 1D), myeloid (Figure 1E), 
and lymphoid subpopulations (Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/

Table 1
Peripheral blood counts in Bnip3-null mice

	 WT	(n =	5)	 Bnip3–/–	(n	=	5)	 P
wbc (×103/ml) 9.7 ± 0.8 8.6 ± 0.8 0.368
rbc (×106/ml) 10.2 ± 0.3 9.8 ± 0.3 0.372
Hemoglobin (g/dl) 15.8 ± 0.2 15.4 ± 0.3 0.288
Hematocrit (%) 53.5 ± 1.8 51.6 ± 0.9 0.359
Platelets (×106/ml) 795 ± 42 739 ± 40 0.368
Reticulocytes (%) 5.0 ± 0.3 3.6 ± 0.7 0.098

Data are presented as mean ± SEM. P values presented were deter-
mined by Student’s t test.

Figure 1
Generation and baseline characteristics of Bnip3-null mice. (A) Schematic of Bnip3 deletion strategy depicting locations of exons 1–6 (black 
boxes), restriction sites, probe used for Southern blotting (Spe probe), and PCR primers (a–c). (B) Southern blot (left) and PCR (right) screen-
ing of Bnip3-targeted mice. (C) Bnip3 multiple tissue Northern blot (left) and immunoblot analysis of mitochondria-enriched myocardial protein 
(right). (D) Fluorescence cytometry of erythroid Ter119 and CD71 expression in splenocytes. Yellow represents proerythroblasts; blue, basophilic 
erythroblasts; pink, chromatophilic erythroblasts; green, orthochromatic erythroblasts. (E) Fluorescence cytometry of Gr-1 (granulocyte) and 
Mac-1 (macrophage) expression in bone marrow cells. (F) Masson trichrome–stained coronal heart sections. (G) M-mode echocardiograms; 
short-axis view of LV. (H) Invasive hemodynamic analysis of LV contractility at baseline and in response to β-adrenergic agonist dobutamine  
(n = 4, WT; n = 8, Bnip3–/–).



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 10      October 2007  2827

JCI32490DS1).  Likewise,  Bnip3  ablation  did  not  measurably 
affect the size, structure, or contractile performance (Table 2,  
Figure 1, F–H, and Supplemental Table 1) of unstressed hearts. 
These data demonstrate that germline ablation of Bnip3 has no 
detectable baseline effect on the cardiac or hematopoietic systems, 
indicating that knockout mice are suitable for comparison with 
WT mice after experimental myocardial I/R.

Decreased periinfarct and remote myocardial apoptosis in Bnip3-null 
mice. Bnip3 is expressed at very low levels in normal cardiomyo-
cytes but is transcriptionally upregulated in cardiomyocytes sub-
jected to hypoxia/ischemia, wherein it causes apoptosis (22, 23). To 
determine whether Bnip3 ablation would protect in vivo ischemic 
myocardium from apoptosis, we subjected Bnip3-null mice and 
their WT syngeneic controls to IR injury by reversible (60-minute) 
surgical ligation of the left anterior descending coronary artery 
(Figure 2A). Since the results of sham-operated and nonoperated 
mice were identical in initial studies (n = 6; data not shown), nonop-
erated mice served as nonischemic controls. MRI with gadolinium 
enhancement of LV infarcts 24 hours after IR (Figure 2B) showed 
no differences in acute infarct size (percent of LV) between Bnip3-
null mice (29% ± 3%; n = 11) and WT (24% ± 3%; n = 11; P = 0.268). 

When the comparison was restricted to mice having infarct sizes, 
as revealed by gadolinium enhancement, within our predetermined 
range for chronic studies of ventricular remodeling (15%–40%), 
there was still no difference (Figure 2C). A comparable extent of 
initial ischemic myocardial damage in WT and Bnip3-null mice was 
further indicated by similar, approximately one-third, declines in 
LV stroke volume and ejection fraction 24 hours after IR (compare 
values between Tables 2 and 3) and similar extent of myocardial 
necrosis measured by Barbeito-Lopez staining (26% ± 4% in Bnip3-
null vs. 24% ± 2% in WT; n = 4 pairs; P = 0.722).

To assess the prevalence and distribution of apoptotic myocar-
dial cell death as a function of Bnip3 expression, an additional 
cohort  of  6  pairs  of  mice  underwent  IR  followed  by  TUNEL 
analyses after 48 hours. The rate of apoptosis in the periinfarct 
region was decreased by approximately one-half in Bnip3-null mice 
compared with WT (from 11.5% ± 1.3% to 6.7% ± 0.8%; P = 0.011). 
Although the absolute apoptotic rate was less than that in the peri-
infarct region, there was a proportionally similar decline in apop-
totic index in Bnip3-null myocardium remote from the infarcted 
area (from 6.0% ± 0.4% to 3.7% ± 0.7%; P = 0.014) (Figure 2D, top). 
The 19-kDa cleaved fragment of caspase-3, a biochemical marker 

Figure 2
Effects of Bnip3 ablation on in vivo myocardial I/R injury. (A) Schematic depiction of experimental design for in vivo IR studies. Gad, gadolinium. 
(B) Representative gadolinium-enhanced (white) MRI mid-ventricle end-diastolic images 24 hours after IR. (C) Quantitative infarct size of 
grouped data (n = 8–9). (D) Top: Apoptotic indices (TUNEL) 48 hours after IR (n = 6, WT; n = 7, Bnip3–/–). Bottom: Representative caspase-3 
cleavage studies. (E) Representative mid-ventricle end-diastolic MRI images 3 weeks after IR. Quantitative change in MRI-derived LV end-dia-
stolic volume (LVEDV) (F) and.LV ejection fraction (G) from 24 hours to 3 weeks after IR. †P < 0.05 vs. nonoperated group (Non). (H) Masson 
trichrome–stained transverse heart sections (original magnification, ×5) 3 weeks after IR. (I) Grouped data for MRI-derived akinetic area (left) 
and histological collagen scar content (right) of LVs 3 weeks after IR. (J) Scar thickness 3 weeks after IR.
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of apoptosis, was also less prominent in Bnip3-null hearts (Figure 
2D, bottom). By comparison, nonischemic mice of either genotype 
demonstrated low levels of myocardial TUNEL positivity (Bnip3-
null, 0.36% ± 0.08% vs. WT, 0.38% ± 0.05%; n = 4 each; P = 0.885). 
These results reveal protection against apoptosis by Bnip3 ablation 
in both the infarct border zone and the remote noninfarcted myo-
cardium after coronary occlusion/reperfusion but no effect on 
acute infarct size or early post-IR LV ejection performance.

Bnip3 ablation prevents late ventricular remodeling after I/R injury. 
Infarction of at  least 15% of the LV myocardium is needed to 
produce ventricular remodeling (diastolic chamber dilation and 
development of a more spherical geometry) and reduced systolic 
performance (37). To measure the extent to which Bnip3-mediated 
postischemic cardiomyocyte apoptosis contributes to ventricular 
remodeling, and to test whether any myocardial salvage by Bnip3 
ablation could favorably impact late ventricular morphometry and 
function, we reexamined 9 Bnip3-null and 8 WT mice matched for 
acute infarct sizes between 15% and 40% three weeks after IR.

Compared with their respective values 24 hours after IR, WT 
mice followed for 3 weeks showed a doubling of LV end-diastolic 
volume (Figure 2, E and F, and Table 3), and an additional 20% 
decline in ejection fraction (Figure 2G and Table 3). The LV sphe-
ricity index also decreased by approximately 20%, reflecting sig-
nificantly greater sphericity (Table 3). These findings represent 
the typical structural and functional changes of postinfarction 
ventricular remodeling (38). In identically treated Bnip3-null mice 
3 weeks after IR, chronic infarct size measured either as the extent 
of scarring (Figure 2, H and I) or as the region of MRI akinesis 
(Figure 2I) was the same as that in WT mice. However, LV end-
diastolic  volume  increased  by  only 
approximately 40% in Bnip3-null mice 
(Figure 2F and Table 3); sphericity did 
not significantly change (Table 3); and 
ejection fraction remained stable  in 
comparison with their early post-IR 
values (Figure 2G and Table 3). These 
results show that Bnip3 ablation atten-
uates ventricular remodeling and pre-
vents  late postinfarction functional 
deterioration.

Bnip3-null mice exhibited acute and 
chronic infarct sizes similar to those 
of WT mice subjected to the same IR 
protocol.  Therefore,  the  late  func-
tional and structural benefits of Bnip3 

ablation are not readily attributable to infarct expansion. However, 
histological scar thickness was significantly greater in Bnip3-null 
mice (Figure 2J), possibly reflecting a cytoprotective effect at the 
endocardial and epicardial infarct border zones (Figure 2H) that 
could contribute to preservation of global contractile function.

Because increased wall stress in the hypocontractile infarct bor-
der zone has the potential to contribute to progressive ventricular 
remodeling and contractile dysfunction, even in the absence addi-
tional myocardial death/scarring (9), we used MRI myocardial tag-
ging to assess regional wall motion in Bnip3-null and WT mouse 
hearts 3 weeks after IR. Remote myocardial contraction of Bnip3-
null mice 3 weeks after IR, assessed using MRI tagging as midwall 
circumferential strain (Ecc), was significantly better than that of 
WT mice (–12.2 ± 1.0 in Bnip3-null, n = 8, vs. –8.9 ± 0.6 in WT,  
n = 7; P = 0.005), whereas the periinfarct region showed only a 
nonsignificant trend toward better function (–6.3 ± 0.5 in Bnip3-
null vs. –4.9 ± 0.8 in WT; P = 0.146). These results provide further 
support for a benefit of Bnip3 ablation in noninfarcted myocar-
dium of IR hearts and are consistent with current and previous 
observations of increased cardiomyocyte apoptosis in both the 
infarct border zone and noninfarcted ventricular wall of human 
and experimental MI (13, 39, 40).

Forced cardiac expression of Bnip3 induces apoptotic ventricular remod-
eling. While ischemic induction of Bnip3 gene expression in the 
heart and other tissues is widely accepted (21–23, 41–43), in vitro 
evidence suggesting that increased Bnip3 protein expression alone 
is sufficient to cause cardiomyocyte apoptosis (23) is not easily rec-
onciled with results suggesting that an additional death signal is 
required for Bnip3 activation (25, 26). We considered that forced 
cardiomyocyte Bnip3 expression could help address this issue: 
If basal cardiomyocyte apoptosis was observed in unstressed in 
vivo mouse hearts overexpressing Bnip3, then increased expres-
sion alone can be sufficient to cause cardiomyocyte death, as was 
previously observed with the closely related BH3-only factor Nix/
Bnip3L (44, 45). Accordingly, we created and analyzed α–myo-
sin heavy chain–driven (α-MHC–driven) Bnip3-transgenic mice. 
Expression of Bnip3 beginning in the neonatal period (44, 46) 
resulted in an approximately 50-fold increase in immunoreactive 
Bnip3 in 8-week-old hearts, with no change in the relative abun-
dance of major cardiac antiapoptotic Bcl2 family proteins, Bcl2 
and Bcl-xl (Figure 3A). Mice overexpressing Bnip3 as neonates were 
viable but developed progressive LV dilation and correspondingly 
diminished systolic performance as assessed by echocardiography 
at 10 and 40 weeks of age (Figure 3, B–E) or by invasive hemody-

Table 3
MRI studies of LV geometry and function after I/R in Bnip3-null mice

	 WT	IR	(n	=	8)	 Bnip3–/–	IR	(n	=	9)	 P
	 24	h	 21	d	 %	Δ	 24	h	 21	d	 %	Δ
LVEDV (μl) 36 ± 3 72 ± 6A 108 ± 17 46 ± 3 67 ± 7A 46 ± 11 0.007
LVESV (μl) 16 ± 1B 43 ± 5A 181 ± 41 26 ± 3B 37 ± 7 35 ± 20 0.005
SV (μl) 19 ± 2B 30 ± 2A 66 ± 19 19 ± 1B 30 ± 1A 56 ± 7 0.645
EF (%) 54 ± 3B 42 ± 3A –20 ± 7 44 ± 4B 49 ± 6 11 ± 8 0.015
SI 1.94 ± 0.03 1.53 ± 0.02A –21 ± 1 1.75 ± 0.06 1.65 ± 0.03 –5 ± 3 <0.001

Data are presented as mean ± SEM. P values listed are for the comparison of percent change (%Δ) from 
24 hours to 21 days for Bnip3–/– IR versus WT IR by Student’s t test. AP < 0.05 for comparison of 21 days 
to 24 hours within each group by paired Student’s t test. BP < 0.05 vs. respective nonoperated group (see 
Table 1) by Student’s t test.

Table 2
MRI studies of LV geometry and function in Bnip3-null mice

	 WT	(n =	5)	 Bnip3–/–	(n	=	6)	 P
LVEDV (μl) 38 ± 3 42 ± 5 0.544
LVESV (μl) 9 ± 1 11 ± 3 0.144
SV (μl) 28 ± 2 31 ± 3 0.526
EF (%) 74 ± 2 77 ± 4 0.634
SI 1.98 ± 0.05 1.75 ± 0.11 0.128

Data are presented as mean ± SEM. P values presented were deter-
mined by Student’s t test. LVEDV, LV end-diastolic volume; LVESV, 
LV end-systolic volume; SV, stroke volume; EF, ejection fraction; SI, 
sphericity index.
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namic measures at 10 weeks (Figure 3F). Cardiac enlargement was 
confirmed in terminal studies of 40-week-old mice by gravimetric 
measures (heart weight/body weight: 8.7	±	0.9 mg/g in Bnip3 over-
expressors vs. 5.7	±	0.3 mg/g in controls; P = 0.017). Bnip3-overex-
pressing hearts exhibited rates of apoptosis (i.e., TUNEL staining) 
5- to 10-fold greater than controls, measured at either 10 or 40 
weeks of age (Figure 3G). These results indicate that chronically 
elevated cardiomyocyte Bnip3 protein is sufficient, without added 
ischemic stress, to cause indolent cardiomyocyte apoptosis in nor-
mal hearts, producing LV dilation and contractile dysfunction.

We previously observed synergy between normal postnatal car-
diac growth and cardiomyocyte apoptosis induced by the Bnip3-
related BH3-only factor Nix/Bnip3L (44). To explore whether 
normal cardiac growth might similarly be acting as a death signal 
for Bnip3 in neonatal overexpressors, we used doxycycline to sup-
press tet-αMHC-Bnip3 transgene activity until the mice were fully 
grown at 8 weeks of age and then withdrew it to induce adult car-
diac Bnip3 expression (Figure 4, A and B) (44, 46). As was the case 
with adult mice overexpressing Nix, ventricular dilation in adult 
Bnip3 overexpressors was not as striking as that in neonates but 
was sufficient to result in significant chamber enlargement and 
depressed ejection performance (Figure 4C). Thus, at high expres-
sion levels, there appears to be no absolute requirement for post-
translational Bnip3 activation to produce cardiomyocyte apopto-
sis in the in vivo heart. Nevertheless, we observed that ischemia can 
contribute to Bnip3-mediated apoptosis, as cardiomyocyte apop-
tosis and caspase-3 cleavage were measurably increased in adult 
Bnip3 overexpressors 48 hours after coronary artery ligation, likely 
contributing to greater infarct size in these mice (Figure 4, D–F).

Discussion
The current studies show that postischemic LV remodeling can be 
attenuated by targeting a critical proapoptotic factor that is spe-

cifically expressed in response to ischemia. The general approach 
of trying to prevent heart failure by inhibiting apoptosis was given 
mechanistic credence by Wencker et al. (47), who, by expressing a 
conditionally active caspase in the heart, demonstrated that low 
levels of cardiomyocyte apoptosis are sufficient to cause ventricu-
lar dilation and contractile dysfunction. However, the optimal tar-
gets for antiapoptotic interventions in various cardiac syndromes 
have  been  elusive,  and  nonspecific  approaches  have  inherent 
limitations (48). Herein, we examined whether the hypoxia-regu-
lated BH3-only protein Bnip3 (21–24) might provide such a tar-
get. Genetic ablation of Bnip3 decreased postischemic myocardial 
apoptosis by approximately 50%, suggesting that Bnip3, with or 
without additional proapoptotic factors, plays a substantial and 
pathophysiologically meaningful role in the apoptosis that occurs 
in non- and periinfarct regions of ischemic hearts. These results 
provide direct evidence that cardiomyocyte apoptosis is an impor-
tant causal mechanism for postinfarction ventricular remodeling 
and therefore represents a worthwhile therapeutic target.

The general cellular mechanisms by which Bnip3 induces apop-
tosis are well established: Via a carboxyterminal membrane-span-
ning domain, Bnip3 localizes to mitochondria and increases outer 
mitochondrial membrane permeability (likely through an inter-
action with Bax or Bak; refs. 49, 50), initiating the intrinsic cas-
pase cascade via cytoplasmic release of cytochrome c (27, 51, 52). 
However, there is some divergence in the literature regarding the 
precise events that lead to Bnip3-mediated apoptosis in hypoxic 
cardiomyocytes. Although Bnip3 transcription is unequivocally 
increased by hypoxia (22, 23) via the HIF-1α transcription factor 
pathway (24), there are different views regarding the necessity for 
posttranslational activation. Some studies indicate that Bnip3 is 
a cytoplasmic or loosely associated mitochondrial protein and 
that hypoxia and acidosis are required, in addition to transcrip-
tional upregulation, to activate Bnip3 and produce cardiomyo-

Figure 3
Studies of cardiac Bnip3 over-
expression from the neonatal 
period. (A) Representative 
Western blots of myocardial 
Bnip3, Bcl2, and Bcl-xl in mice 
with neonatal Bnip3 overex-
pression (Bnip3OE) and con-
trols. (B) Masson trichrome–
stained coronal heart sections. 
Original magnification, ×2. (C) 
Short-axis M-mode echocar-
diograms. (D and E) Echo-
cardiographically determined 
LV end-diastolic diameter 
(LVEDD) and fractional short-
ening as a function of age (n = 7  
controls, n = 5 Bnip3 OE at 10 
and 40 weeks). (F) Invasively 
determined LV contractility at 
baseline and with β-adrenergic 
stimulation at 10 weeks (n = 3/
group). (G) TUNEL-determined 
apoptotic indices (n = 4/group). 
*P < 0.05 vs. controls.
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cyte apoptosis (26, 53). Others have observed that Bnip3 is tightly 
associated with mitochondria and that increased expression is 
sufficient, in the absence of superimposed hypoxia/acidosis, to 
cause cardiomyocyte apoptosis (23, 25). We have observed that 
both naturally occurring and forcibly overexpressed Bnip3 is 
found exclusively in a subcellular particulate fraction enriched in 
mitochondria in cultured cell models and in in vivo mouse hearts 
(data not shown). Furthermore, we found that overexpression of 
Bnip3 in otherwise normal (i.e., nonischemic) mouse hearts pro-
duced low levels of cardiomyocyte apoptosis that, over time, led 
to ventricular dilation and systolic impairment. Thus, our find-
ings support the idea that a requirement for hypoxia/acidosis to 
activate Bnip3 and cause apoptosis is not absolute and that tran-
scriptional increases alone can have significant pathophysiologi-
cal effects. It should also be noted that Bnip3 has been implicated 
in nonapoptotic cell death, via opening of the mitochondrial per-

meability transition pore (54, 55), and although the percent LV 
necrosis did not differ in postischemic Bnip3-null and WT mice in 
our studies, the current results do not rule out possible effects of 
Bnip3 on necrotic cell death.

The temporal association between cardiac/cardiomyocyte isch-
emia and apoptosis has long suggested a pathological role for 
apoptosis in myocardial ischemic or reperfusion injury (56, 57). 
I/R activates both the extrinsic death receptor and intrinsic mito-
chondrial pathways, and there is evidence that both pathways can 
contribute to myocardial injury. For the extrinsic pathway, death 
ligands are released from ischemic cardiomyocytes or inflamma-
tory cells (58) and induce apoptosis via death receptor activation. 
Indeed, a loss-of-function mutation of the Fas death receptor in 
mice decreases postischemic apoptosis and infarct size (59). Like-
wise, a preliminary report suggested that the gene knockout of Bid, 
a proapoptotic Bcl2 family factor bridging the death receptor and 
mitochondrial apoptosis pathways (60), diminishes infarct size and 
enhances function (61). We do not believe that the current findings 
relate to inhibition of extrinsic pathway apoptosis, as there is no 
known crosstalk between Bnip3 and death receptor signaling, and 
we were careful to exclude an effect of Bnip3 ablation on circulat-
ing white cells and on their splenic and bone marrow progenitors, 
which could be a source of proapoptotic cytokines. Thus, it is likely 
that Bnip3 modulates only apoptosis transduced via the intrinsic 
pathway in myocardial ischemia/infarction (62).

Genetic ablation of Bnip3 diminished late ventricular remodel-
ing but did not affect early or late infarct size in our studies. This 
result contrasts with cardiac overexpression of antiapoptotic Bcl2, 
which is reported to reduce infarct size by one-half to two-thirds 
(63, 64). There are important differences between these 2 studies 
that may explain the different results: Transgenic overexpression of 
antiapoptotic Bcl2 shifts the balance strongly toward cell survival 
prior to the ischemic insult and can therefore affect infarction size. 
Since Bnip3 is expressed at extremely low levels in nonischemic 
myocardium (Figure 3A, control lane), we speculate that knocking 
out a gene that is not significantly expressed prior to induction by 
ischemia has no effect on infarct size. However, Bnip3 is powerfully  
induced in hypoxic cardiomyocytes (21–23, 26), and its ablation 
would therefore be cardioprotective for those myocytes that sur-
vive the ischemic insult long enough to transcriptionally upregu-
late and express it, as in the infarct border zone. This protective 
effect diminished according to the distance from the infarction, 
likely because the hypoxic stimulus for Bnip3 expression decreases 
along with the stimulus for cardiomyocyte apoptosis. We suggest 
that myocardial salvage may be enhanced by reducing both infarct 
size and late remodeling, perhaps through combined inhibition of 
extrinsic and intrinsic apoptotic pathways.

Figure 4
Studies of conditional Bnip3 overexpression in adult mice. (A) Double 
conditional transgenesis strategy (see text for details). (B) Schematic 
of experimental design. (C) Echocardiographically determined LV 
end-diastolic diameter (left) and LV fractional shortening (right) before 
Bnip3 induction (week 8) and 2 weeks (week 10) and 12 weeks after 
induction (week 20); n = 10 pairs at 8 and 10 weeks and n = 5 pairs at 
20 weeks. (D) TUNEL-derived apoptotic indices in infarcted mice. (E) 
Quantitative infarct size after 48 hours (n = 5–6/group). (F).Caspase-3  
cleavage studies. (G) Triphenyltetrazolium chloride–stained cardiac 
cross-sections 48 hours after coronary occlusion. Original magnifica-
tion, ×1. *P < 0.05 vs. controls.
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As discussed above, the mechanisms of LV remodeling involve 
a  feed-forward cycle of cardiomyocyte apoptotic and necrotic 
death, cardiomyocyte slippage and changes  in the myocardial 
interstitium, chamber dilation and decreased wall thickness, and 
increases in local and global wall stress leading to systemic and 
local release of pathological neurohormones and cytokines. The 
current findings show that, without affecting acute or chronic 
infarct size, reduction of apoptosis by approximately 50% in the 
infarct penumbra and remote myocardium substantially attenu-
ates LV remodeling (LV diastolic dimension and sphericalization), 
dramatically enhances systolic function (LV ejection fraction and 
end-systolic dimension), and improves contraction in the nonin-
farcted wall (midwall circumferential strain). Although the prog-
nostic significance of preserved ejection fraction is sometimes dis-
puted in human heart failure (65), end-systolic volume may be a 
particularly relevant endpoint, as it reflects both cardiac geometry 
and contractile function. Indeed, in human studies of remodeling 
reversal by resynchronization therapy, a reduction in LV end-sys-
tolic volume of 10% was considered significant because it predicted 
lower mortality and morbidity in heart failure (66). In our studies, 
absolute LV end-systolic volume in Bnip3-null mice was reduced 
by 16% three weeks after IR compared with that in WT controls, 
consistent with a meaningful improvement in this, as well as the 
other, parameters. Bnip3 ablation also preserved wall thickness 
in the scarred segments, which is independently associated with 
improved function in experimental studies (67).

In  summary,  these  studies  identify  an  important  role  for 
Bnip3 as a mediator of post-I/R myocardial apoptosis and late 
ventricular remodeling and demonstrate that ablation of Bnip3 
minimizes ventricular remodeling, despite having no effect on 
early or late infarct size. An approach of myocardial preservation 
through early reperfusion and minimization of cardiomyocyte 
death thereafter can be posited to have certain advantages over 
attempts to regenerate dead or dying myocardium. Salvaged myo-
cardium is available immediately, during the acute infarct stage 
when hemodynamics are the least stable, and current myocardial 
regeneration strategies are limited by inadequate functional con-
tribution of regenerated cardiomyocytes (68). Bnip3 and other 
proapoptotic factors that may be specifically induced by myocar-
dial ischemia are attractive as therapeutic targets, in combination 
with revascularization therapy and neurohormonal antagonists, 
to limit postinfarction myocardial decompensation and prevent 
development of ischemic cardiomyopathy.

Methods
Generation and characterization of Bnip3-null mice.  Mouse  studies  were 
approved by the University of Cincinnati Institutional Animal Care and 
Use Committee. Bnip3-null mice were generated by replacing exons 2 and 
3 (NCBI reference sequence NM_009760) with a neomycin resistance cas-
sette. Recombinants were identified via Spe1 digestion and Southern blot-
ting using a 5′ probe external to the targeting vector. PCR was employed 
for screening using 3 primers (5′-TGTGGCTGAGAGTCAGTGGTC-3′;  
5′-TTGCAAGTCTAGGAGTCAGTT-3′; 5′-GTGGATGTGGAATGTGT-
GCG-3′) to generate a 435-bp WT allele product and a 220-bp Bnip3-null 
allele product under the following conditions: 94°C for 30 seconds, 60°C 
for 30 seconds, 72°C for 90 seconds; 33 cycles. Bnip3-null mice were com-
pared with age- and sex-matched WT controls from the common parental 
strain. Complete blood counts were determined with potassium EDTA 
anticoagulant. Flow cytometric analysis for CD71 transferrin receptor, 
Ter119 glycophorin A, CD3, CD19, CD4, and CD8 was performed on 

freshly isolated spleen and bone marrow cells as described previously (31). 
Two-dimensional guided M-mode echocardiography was performed in 
unsedated mice as described previously (69). Invasive hemodynamic stud-
ies were performed on anesthetized spontaneously breathing 8- to 12-week-
old mice using 1.4 French Millar solid-state catheters (70).

In vivo I/R modeling. Mice were anesthetized with sodium pentobarbi-
tal (90 mg/kg, i.p.), intubated with PE-90 tubing (Warner Instruments), 
and ventilated using a mouse mini-ventilator (Harvard Apparatus) with 
room air supplemented with oxygen. The respiratory rate was set between 
100 and 105 per minute, and PO2, PCO2, blood pH, and body tempera-
ture were maintained within normal limits throughout the procedure as 
previously described (71). ECG electrodes were placed subcutaneously and 
data recorded using a PowerLab (ADInstruments). A lateral thoracotomy  
(1.5 cm left lateral incision between the 2nd and 3rd ribs) was then per-
formed to provide exposure of the left anterior descending coronary artery 
(LAD) while avoiding rib and sternum resection, retraction, and rotation 
of the heart. The 2 major vascular bundles in the vicinity were coagulated 
using a microcoagulator (Medical Industries). An 8-0 nylon suture was 
placed around the LAD 2–3 mm from the tip of the left auricle and a piece 
of soft silicon tubing (0.64 mm inside diameter, 1.19 mm outside diameter) 
placed over the artery. Coronary occlusion was achieved by tightening and 
tying the suture (72). Two of the 20 Bnip3-null mice that underwent revers-
ible coronary occlusion surgery died, compared with 12 of 29 WT mice  
(P = 0.111 by Fisher exact test).

After 1 hour of coronary occlusion, the suture was untied and left in 
place. Ischemia was confirmed by visual observation (i.e., pallor) and by 
continuous ECG monitoring (ST segment changes) and reperfusion by 
reversal of these effects. Mice without ECG changes indicative of success-
ful and timely I/R were excluded from these studies. The chest was closed 
in layers using 7-0 polypropylene sutures and the mice allowed to regain 
consciousness in a warm chamber with 100% oxygen supplied.

MRI. MRI was performed on a Bruker 7.0 Tesla, 300 mm bore system 
located at the Imaging Research Center, Cincinnati Children’s Hospital. 
A gradient insert (internal diameter, 120 mm) capable of generating a 
maximum of 388 mT/m was used. Mice were anesthetized with continu-
ous inhaled isoflurane (2% by volume) administered via a custom-made 
nose cone. Constant body temperature of 37°C was maintained using a 
thermocouple/heater system. A custom-made, single-turn solenoid radio 
frequency coil was used for data acquisition. Imaging was performed with 
prospective gating for ECG (SA Instruments Inc.) monitored using sur-
face electrodes connected to front paws. A series of gradient echo scout 
images was generated to determine the long axis of the heart. Cine short-
axis images were then planned from the long-axis scouts. Cine images of 
the short axis were obtained using a gradient echo (FLASH) sequence. 
The following imaging parameters were used: TE/TR, 2.6/8.7 ms; number 
of k-space lines per R-R, 1; slice thickness, 1 mm, NEX, 4; flip, 30°; FOV, 
34 × 34 mm2; matrix, 256 × 256; resolution, 0.13 × 0.13 × 1 mm3. Five 
to 6 contiguous slices were obtained. For contrast-enhanced imaging, a 
0.3- to 0.6-mmol/kg bolus of gadolinium DTPA (Gd-DTPA) was injected 
i.p. before the mouse was placed in the magnet. High T1 weighting was 
obtained using a flip angle of 40° for contrast-enhanced images. Gado-
linium enhancement is reported to accurately measure infarct size on MRI 
(73–76). To validate this, 11 WT mice underwent IR injury and compara-
tive gadolinium-enhanced MRI and triphenyltetrazolium chloride (TTC) 
staining, which showed a strong correlation (Supplemental Figure 2). Cine 
images were used to calculate the ejection fraction, ventricular volumes, 
and the fractional area of contrast enhancement and wall thinning. Image 
processing and data analysis were performed using software developed 
at the Imaging Research Center using the IDL programming platform  
(IDL 6.2; ITT Visual Information Solutions).
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Myocardial tagged magnetic resonance assessment. Tagged images were generated 
using 5 sinc-modulated 100 ms square RF pulses. Horizontal and vertical tags 
were applied in separate acquisitions and were combined in post-processing. 
Tag separation was 0.8 ms. Myocardial strain analysis was performed using the 
harmonic phase of the tagged images (Diagnosoft Plus; Diagnosoft Inc.).

Myocardial scar assessment. Hearts subjected to I/R injury were perfusion 
fixed in 10% neutral buffered formalin at 3 weeks after I/R injury and sub-
jected to trichrome and picrosirius red staining. Myocardial scar area was 
quantitated on picrosirius red–stained sections using Scion Image (Scion 
Corp.). Evaluation of myocardial necrosis was performed using the Bar-
beito-Lopez trichrome stain as described previously (77).

Generation and characterization of Bnip3-overexpressing mice. A  tetracy-
cline-responsive binary α-MHC transgene system allowing suppression 
of transgene expression with doxycycline (78) was used for temporally 
defined cardiomyocyte-specific expression of the human Bnip3 cDNA. 
αMHCminTetOBnip3 mice were bred with αMHCtTA mice, and the 
double  heterozygotes  (tTA/MHCminTetOBnip3)  were  studied  with 
either neonatal or adult expression, as described previously (46). Control 
mice consisted either of genetically identical littermates with continued 
doxycycline suppression or TetOBnip3 mice. There were no differences 
between the 2 control groups.

Bnip3 protein studies. Myocardial extracts were prepared by homogeniza-
tion of ventricular tissue in a buffer containing 10 mM HEPES pH 7.2, 320 

mM sucrose, 3 mM MgCl2, 25 mM Na2P4O7, 1 mM DTT, 5 mM EGTA, 
20 mM NaF, and 2 mM Na3VO4 with protease inhibitor cocktail tablet 
(Roche). Protein extracts were subjected to SDS-PAGE, and anti-Bnip3 
(Abcam), anti-Bcl2, anti–Bcl-xl, and anti–cleaved caspase-3 antibodies (Cell 
Signaling Technology) were used for immunodetection.

Statistics. Results are expressed as mean ± SEM. Statistical differences 
were assessed with the unpaired 2-tailed Student’s t test for 2 experimental 
groups, paired Student’s t tests for serial evaluation, and 1-way ANOVA for 
multiple groups, using SigmaStat (SPSS) software. A nonparametric test 
was applied when the data were not normally distributed. A 2-tailed P value 
of less than 0.05 was considered statistically significant.
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