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Abstract

p53 is a tumor suppressor protein with a very low content in the basal condition, but the content 

rapidly rises during stress conditions including ischemia-reperfusion. An increase in p53 content 

increases cardiac injury during ischemia-reperfusion. Since mitochondrial damage plays a key role 

in cardiac injury during ischemia-reperfusion, we asked if genetic ablation of p53 decreases 

cardiac injury by protecting mitochondria. Isolated, perfused hearts from cardiac specific p53 

deletion or wild type underwent 25 min global ischemia at 37 oC and 60 min reperfusion. At the 

end of reperfusion, hearts were harvested for infarct size measurement. In separate groups, cardiac 

mitochondria were isolated at 30 min reperfusion. Time control hearts were buffer-perfused 

without ischemia. Compared to wild type, deletion of p53 improved cardiac functional recovery 

and decreased infarct size following ischemia-reperfusion. Oxidative phosphorylation was 

improved in p53 deletion mitochondria following ischemia-reperfusion compared to wild type. 

The net release of ROS generation from wild type but not in p53 deletion mitochondria was 

increased following ischemia-reperfusion. Peroxiredoxin 3 (PRDX 3) content was higher in p53 

deletion than that in wild type, indicating that p53 deletion increases a key antioxidant. Ischemia-

reperfusion led to increased spectrin cleavage (a marker of cytosolic calpain1 activation) in wild 

type but not in p53 deletion mice. Ischemia-reperfusion increased the truncation of mature AIF 

(apoptosis inducing factor, an indicator of mitochondrial calpain1 activation) in wild type but not 

in p53 deletion mice. The loss of cytochrome c from mitochondria was also decreased in p53 

deletion following ischemia-reperfusion. Bcl-2 content was decreased in wild type but not in p53 

deletion following reperfusion, suggesting that depletion of bcl-2 contributes to permeabilization 

of the mitochondrial outer membrane. Thus, deletion of p53 decreases cardiac injury by protecting 
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mitochondria through attenuation of oxidative stress and calpain activation during ischemia-

reperfusion.
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1. Introduction

p53 is a tumor suppressor protein that regulates the cell cycle and DNA repair pathways [1]. 

The content of p53 is normally maintained at a very low level in cytosol through rapid 

ubiquitination and degradation [2]. However, p53 content is dramatically increased during 

stress conditions including ischemia and reperfusion due to slowed degradation [3]. Recent 

studies show that alteration of p53 content contributes to cardiac injury in pathological 

conditions. An increase in p53 content augments cell injury by interacting with death-related 

proteins [4]. p53 increases cell death by regulating the expression of a number of genes. For 

example, p53 negatively regulates apoptosis repressor with caspase recruitment domain to 

increase cardiac injury during ischemia-reperfusion [5]. Upregulation of p53 increases 

cardiac injury in rat hearts following ischemia-reperfusion by interacting with the 

mitochondrial E3 ubiquitin ligase 1 [6]. A reduced p53 expression decreases cardiac injury 

during ischemia-reperfusion [7–9]. p53 deletion affects gene expression in physiologic [10] 

and stress conditions [11–14]. p53 is also involved in maintaining cardiac homeostasis 

through regulation of microRNAs [11]. Administration of endogenous p53 antagonist with 

CHIP (carboxyl terminus of Hsp70-interacting protein) decreases apoptosis during ischemia-
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reperfusion by preventing poly-ADP-ribose-polymerase cleavage (PARP) cleavage [8]. 

Knockout of p53 maintains the integrity of outer mitochondrial membrane by increasing the 

ratio of bcl-2/bax through prevention of p53 translocation to the nucleus during triptolide-

induced cardiac toxicity [12, 13]. Knockout of p53 also decreases cardiac injury during 

ischemia-reperfusion by promoting mitophagy [15] through inactivation of BNIP3 [9]. 

Genetic deletion of p53 also decreases cardiac injury during endoplasmic reticulum stress 

[16] and doxorubicin treatment [17, 18].

Mitochondrial damage contributes a central role in cardiac injury during ischemia-

reperfusion [19, 20]. The damaged electron transport chain (ETC) leads to decreased energy 

production and increased ROS (reactive oxygen species) generation [21]. A burst of ROS 

generation during reperfusion favors mitochondrial permeability transition pore (MPTP) 

opening that leads to a release of mitochondrial intermembrane space proteins, including 

cytochrome c and apoptosis inducing factor (AIF), into cytosol leading to cell death [22]. In 

addition to MPTP, selective mitochondrial outer membrane permeation (MOMP) can occur 

[23, 24]. MOMP is mainly regulated by the bcl-2 family proteins including bcl-2 and bax 

located on the outer membrane [24]. A decrease in bcl-2 content or an increase in bax 

content increases MOMP [4]. An increase in p53 content increases MOMP by interacting 

with and inhibiting bcl-2 function [4].

The ETC is a key site of ROS generation in cardiac mitochondria [25]. A net release of ROS 

from mitochondria is balanced between the amount of ROS generated at the ETC and the 

capacity of mitochondrial antioxidants [26, 27]. During ischemia, complex I and complex III 

sustain damage leading to increased ROS generation and cell injury during reperfusion [25, 

28, 29]. Mitochondria contain endogenous antioxidants including superoxide dismutase, 

catalase, and glutathione peroxidase. Knockout of p53 preserves Cu/Zn superoxide 

dismutase content in doxorubicin-treated hearts [18], suggesting that p53 contributes a role 

in regulation of antioxidants during stress conditions. Recent studies show that 

peroxiredoxins (PRDXs) are present within mitochondria [30]. PRDXs are a family of thiol 

specific antioxidant proteins. There are 6 PRDX isoforms in mammalian cells (PRDXs 1–6). 

PRDX 1, 2, 3, and 6 exist in the cytosol, and PRDX 4 is located in the endoplasmic 

reticulum [30]. PRDX 3 and 5 exist in the mitochondrial matrix [30]. PRDX 3 activity is 

inhibited in mouse heart mitochondria following ischemia-reperfusion [31]. Overexpression 

of PRDX3 decreases left ventricle remodeling and heart failure following myocardial 

infarction [32]. In addition, genetic knockout of PRDX 6 increases cell injury during 

ischemia-reperfusion [33], whereas administration of recombinant PRDX 6 decreases 

cardiac injury during oxidative stress [34]. These results support that PRDXs contribute to 

cardiac injury during ischemia-reperfusion. A recent study shows that alteration of an anti-

aging gene, Klotho, affects p53 and PRDX 3 expression in the kidney [35]. We asked if 

genetic deletion of p53 in cardiac myocytes can alter PRDX 3 content in the heart.

Activation of calpains contributes to mitochondrial damage during ischemia-reperfusion [6, 

36, 37]. Activation of mitochondrial calpain 1 cleaves AIF [36], subunits of complex I [37] 

and pyruvate dehydrogenase [38]. Activation of mitochondrial calpain 2 leads to the 

degradation of the complex I subunit ND6 (NADH dehydrogenase subunit 6) [39]. 

Activation of cytosolic calpains leads to the degradation of junctophilin-1 [40], 
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junctophilin-2 [40, 41] and sarcolemmal Na+/K+-ATPase [42]. Interestingly, p53 is a 

potential substrate of calpain [43, 44]. In cancer cell line, activation of calpain increases 

apoptosis in a p53-dependent manner [45]. Genetic elimination of p53 may decrease cardiac 

injury during ischemia-reperfusion even despite the presence of activated calpains.

Specific deletion of p53 in cardiac myocytes decreases cell injury during endoplasmic 

reticulum stress [16]. In the present study, we asked if the cardiomyocyte specific deletion of 

p53 can decrease cardiac injury during ischemia-reperfusion. The focus of the current study 

is to investigate the contribution of cardiomyocyte deletion of p53 to decreased cardiac 

injury during ischemia-reperfusion in the isolated perfused mouse heart with a focus on the 

contribution of the protection of mitochondrial function due to p53 deletion. The role of 

cytosolic and mitochondrial calpain activation and decreased ROS generation, potentially via 

increased antioxidant capacity, in cardiac protection are studied.

2. METHODS

2.1. Preparation of mouse hearts for perfusion

The Animal Care and Use Committees of Virginia Commonwealth University and McGuire 

VA Medical Center approved this study. Floxed p53 mice were purchased from Jackson lab 

(Bar Harbor, ME). The floxed p53 mice were crossed with α-myosin heavy chain cre mice 

to generate cardiac specific p53 deletion mice [16]. p53 content was decreased in specific 

deletion mice compared to wild type (WT) (Figure 1A). Male p53 deletion or WT mice (2–3 

months) were anesthetized with pentobarbital sodium (100 mg/kg, i.p.) and anticoagulated 

with heparin (1000 IU/kg, i.p.). The heart was isolated and mounted on a Langendorf 

apparatus and perfused retrograde via the aorta with modified Krebs-Henseleit buffer (115 

mM NaCl, 4.0 mM KCl, 2.0 mM CaCl2, 26 mM NaHCO3, 1.1 mM MgSO4, 0.9 mM 

KH2PO4, and 5.5 mM glucose), gassed with 95% O2-5% CO2 to adjust pH to 7.35–7.45 

[28]. Hearts were paced at 420 beats per minute during the periods of equilibration and 

reperfusion. The pacing was stopped during ischemia. The cardiac function was monitored 

with a balloon inserted into the left ventricle, and data were recorded digitally with Powerlab 

(AD Instruments, Colorado Springs, CO). After 15 min. equilibration perfusion, hearts 

underwent 25 min. global ischemia at 37°C and 30 min. reperfusion (mitochondrial study) 

or 60 min. reperfusion (infarct size measurement and functional assessment). In the time 

control group, hearts were only buffer perfused without ischemia.

2.2. Determination of infarct size

Infarct size was measured at the end of 60 min. reperfusion in each group. The measurement 

of infarct size was previously described [46]. The heart was frozen at −20°C for 20 min., 

sectioned into 2 mm thick slices, incubated in 1% 2,3,5,-triphenyltetrazolium chloride (TTC) 

for 10 min. at 37 °C, and stored in 10% formalin followed by planimetry. Infarct size was 

expressed as percentage of the entire left ventricle.

2.3. Isolation of mouse heart mitochondria

The heart was removed from the perfusion column and placed in cold buffer A. The 

composition in mM was: 100 KCl, 50 MOPS [3-(N-morpholino)propanesulfonic acid], 1 
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EGTA, 5 MgSO4, and 1 mM ATP. The heart was blotted dry, weighed, and homogenized 

using a polytron tissue homogenizer at 10,000 rpm for 2.5 seconds in the presence of trypsin 

(5 mg/g tissue). The trypsin was used to increase the mitochondrial protein yield and remove 

potential cytosolic contamination. The homogenate was incubated for 15 min. at 4oC, then 

the same volume of buffer B [buffer A + 0.2% bovine serum albumin (BSA)] was added and 

the mixture was centrifuged at 500 × g for 10 min. The supernatant was again centrifuged at 

3000 × g to pellet mitochondria. The mitochondrial pellet was first washed with buffer B, 

then re-suspended in KME (100 mM KCl, 50 mM MOPS, 0.5 mM EGTA), and centrifuged 

at 3000 × g to yield the final mitochondrial pellet. Mitochondria were re-suspended in KME 

for study [47].

2.4 Mitochondrial oxidative phosphorylation

Oxygen consumption in mitochondria was measured using a Clark-type oxygen electrode at 

30°C as previously described [48]. Mitochondria were incubated in 80 mM KCl, 50 mM 

MOPS, 1 mM EGTA, 5 mM KH2PO4, and 1 mg defatted, dialyzed bovine serum 

albumin/ml at pH 7.4. Glutamate (20 mM) + Malate (10 mM) (complex I substrate), 

succinate (20 mM) plus 7.5 μM rotenone (complex II substrate), and TMPD (N,N,N’,N’ 

tetramethyl p-phenylenediamine, 1 mM)-ascorbate (10 mM, complex IV substrate) + 

rotenone were used.

2.5 Calcium retention capacity (CRC) in isolated mitochondria

CRC was used to assess calcium-induced mitochondrial permeability transition pore 

opening in isolated mitochondria [49]. CRC was evaluated in mitochondria (125 μg/ml) 

incubated in medium containing 150 mM sucrose, 50 mM KCl, 2 mM KH2PO4, 5 mM 

succinate in 20 mM Tris/HCl, pH 7.4 using sequential pulses of 5 nmol calcium. Extra-

mitochondrial Ca2+ concentration was recorded with 0.5 μM Calcium Green-5N (Life 

Technologies) and fluorescence monitored with excitation and emission wavelengths set at 

500 and 530 nm, respectively [49].

2.6 The production of H2O2 in isolated mitochondria

The net release of H2O2 from intact mitochondria was measured using the oxidation of the 

fluorogenic indicator amplex red in the presence of horseradish peroxidase (HRP)[25]. 

Glutamate (20 mM) + Malate (5 mM) or succinate (20 mM) + Rotenone (5 uM, rotenone 

was used to block reserve electron flow from complex II to complex I) were used as 

complex I or complex II substrates, respectively [25].

2.7 Immunoblotting

Proteins were separated using 12% or 4–15% Tris-glycine gels (Bio-Rad, Hercules, CA) and 

transferred to PVDF membrane (Millipore) using semi-dry transfer (Bio-Rad). The blots 

were incubated for 1 hr. at room temperature in 5% (w/v) non-fat dry milk (Bio-Rad) in 

TBST buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween20) followed by the overnight 

incubation at 4 °C with primary antibody. After 1 hr. incubation at room temperature with a 

1:10,000 dilution of HRP-conjugated anti-mouse or anti-rabbit IgG F(ab)2 (GE Healthcare 
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Life Sciences, Piscataway, NJ), blots were developed using ECL Plus Western Blotting 

Detection Reagents (GE Healthcare Life Sciences) [37].

2.8 Statistical analysis

Data are expressed as the mean ± standard error. For all analyses, differences between 

groups (≥ 3 groups) were compared by one-way ANOVA. When a significant F value was 

obtained, means were compared using the Student-Newman-Keuls test of multiple 

comparisons. Differences between two groups were compared by two tail unpaired Student 

t-test (Version 3.5, Systat Software, Inc., San Jose, CA). Statistical significance was defined 

as a value of p<0.05.

3. Results

3.1 Cardiomyocyte specific deletion of p53 decreases cardiac injury in buffer-perfused 
hearts during REP

In buffer-perfused wildtype mouse hearts, ischemia-reperfusion led to decreased left 

ventricle developed pressure (LVDP, mean ± SD: 15 ± 11 mmHg) (Figure 1B) and increased 

left ventricle end diastolic pressure (LVEDP, mean ± SD: 44 ± 6 mmHg) (Figure 1C) 

compared to pre-ischemia. Compared to wildtype, deletion of p53 improved the LVDP 

(mean ± SD: 30 ± 13 mmHg) and decreased LVEDP (mean ± SD: 37 ± 3 mmHg) during 

reperfusion (Figure 1B and C). The pre-ischemia LVDP in p53 deletion was slightly lower 

than that in WT (mean ± SD: WT, 77 ± 15 vs. p53 deletion, 63 ± 2 mmHg, p<0.05), whereas 

LVEDP was similar between wild type and p53 deletion before ischemia (mean ± SD: WT 9 

± 2 vs. 10 ± 1 mmHg, p=NS). The deletion of p53 decreased the myocardial infarct size 

compared to wildtype mice (Figure 1D). These results support that deletion of p53 decreases 

cardiac injury during ischemia-reperfusion.

3.2 Deletion of p53 improves oxidative phosphorylation in hearts following ischemia-
reperfusion

There were no differences in the rate of oxidative phosphorylation in control mitochondria 

between wildtype and p53 deletion when glutamate + malate was used as complex I 

substrate (Table 1). Succinate oxidation was also not altered in p53 deletion mice compared 

to wildtype mice. The rate of oxidation of TMPD-ascorbate was slightly decreased in p53 

deletion mice compared to wildtype (Table 1). Compared to time control, ischemia-

reperfusion markedly decreased the rate of oxidative phosphorylation with complex I, II, and 

IV substrates in mitochondria from both wildtype and p53 deletion hearts (Table 1). 

Ischemia-reperfusion also decreased uncoupler (dinitrophenol, DNP) stimulated respiration 

in mitochondria from wild type using glutamate + malate as complex I substrates (mean ± 

SD: Time control, 253 ± 57 vs. ischemia-reperfusion, 141 ± 40 nAO/min/mg, p<0.05). 

However, DNP-stimulated respiration was not significantly altered in p53 deletion mice 

following ischemia-reperfusion (mean ± SD: Time control, 243 ± 64 vs. ischemia-

reperfusion, 194 ± 57 nAO/min/mg, p=NS). These results indicate that deletion of p53 

improves oxidative phosphorylation in mitochondria following ischemia-reperfusion.
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3.4 Deletion of p53 decreased ROS generation from mitochondria following reperfusion

The net release of H2O2 from isolated mitochondria was measured. H2O2 generation was 

decreased using mitochondria from time control p53 deletion compared to wild type when 

glutamate + malate was used as complex I substrate (mean ± SD: wild type, 118 ± 17 vs. 

p53 deletion, 98 ± 16 μmol/min/mg, p<0.05) (Figure 2B). Ischemia-reperfusion increased 

H2O2 generation in both wildtype (mean ± SD: Time control, 118 ± 17 vs. ischemia-

reperfusion, 162 ± 21 pmol/min/mg, p<0.05) and p53 deletion (mean ± SD: Time control, 98 

± 16 vs. ischemia-reperfusion, 147 ± 30 pmol/min/mg, p<0.05) mitochondria compared to 

time control oxidizing complex I substrate. H2O2 generation tended to be lower in p53 

deletion vs. wild type, but it did not reach statistical significance (Figure 2B). Ischemia-

reperfusion increased H2O2 generation in both wild type (mean ± SD: Time control, 481 ± 

49 vs. ischemia-reperfusion, 756 ± 101 pmol/min/mg, p<0.05) and p53 deletion (mean ± 

SD: Time control, 423 ± 84 vs. ischemia-reperfusion, 551 ± 114 pmol/min/mg, p<0.05) 

compared to time control when succinate + rotenone was used as complex II substrate 

(Figure 2C). Compared to wildtype, deletion of p53 led to decreased ROS generation during 

reperfusion oxidizing complex II substrate (mean ± SD: wild type, 756 ± 101 vs. p53 

deletion, 551 ± 114 pmol/min/mg, p<0.05) (Figure 2C). Compared to control, ischemia-

reperfusion decreased the calcium retention capacity (CRC) in both wildtype (mean ± SD: 

Time control, 892 ± 109 vs. ischemia-reperfusion, 353 ± 59 pmol/min/mg, p<0.05) and p53 

deletion (mean ± SD: Time control, 920 ± 142 vs. ischemia-reperfusion, 410 ± 56 

pmol/min/mg, p<0.05) mitochondria, supporting that ischemia-reperfusion sensitized to 

MPTP opening (Figure 2D). Deletion of p53 did not markedly improve the CRC compared 

to wild type (Figure 2D), suggesting that p53 deletion has a limited effect on MPTP opening 

during reperfusion.

3.5 Deletion of p53 decreased cytochrome c release and calpain activation during 
reperfusion

Compared to time control, the cytochrome c content in cytosol was increased in wild type 

mice following ischemia-reperfusion. Deletion of p53 significantly decreased the release of 

cytochrome c from mitochondria into cytosol during reperfusion (Figure 3A). Ischemia-

reperfusion led to a decreased content of the mature AIF form (62 KD) in mitochondria 

isolated from wild type mice (Figure 3B), supporting that ischemia-reperfusion activates 

mitochondrial calpain 1. Deletion of p53 protected AIF content in mitochondria following 

reperfusion (Figure 3B). Compared to time control, the cleaved spectrin content was 

increased in wild type following ischemia-reperfusion (Figure 3C). In contrast, deletion of 

p53 did not increase the formation of cleaved spectrin during reperfusion (Figure 3C), 

indicating that deletion of p53 decreases cytosolic calpain activation. Ischemia-reperfusion 

led to decreased bcl-2 content in mitochondria isolated from wild type mice, whereas bcl-2 

content was preserved in p53 deletion mice (Figure 3D).

3.6 Deletion of p53 increased PRDX 3 but not PRDX 5 content

Compared to wild type mice, the content of PRDX 3 was increased in mitochondria from 

p53 deletion mice in the baseline condition (Figure 4A). The content of PRDX3 was still 

greater in p53 deletion mice following ischemia-reperfusion compared to wild type (Figure 
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4B). However, there were no differences in the content of PRDX 5 between wild type and 

p53 deletion mice (Figure 4C). These results indicate that deletion of p53 increased 

mitochondrial PRDX 3 content that may contribute to decreased ROS generation during 

reperfusion.

4. Discussion

In the present study, we show that cardiomyocyte specific deletion of p53 decreases cardiac 

injury during ischemia-reperfusion. Deletion of p53 decreases mitochondrial damage during 

reperfusion as shown by improved oxidative phosphorylation and decreased loss of 

cytochrome c and AIF from mitochondria. In addition, deletion of p53 decreases the 

activation of cytosolic calpains that contribute to cardiac injury during reperfusion. The 

deletion of p53 decreases the net release of ROS from mitochondria following reperfusion at 

least in part by increasing PRDX 3 content. The deletion of p53 preserves bcl-2 content that 

favors preserved integrity of the outer mitochondrial membrane. These results suggest that 

the deletion of p53 decreases cardiac injury during reperfusion by decreasing oxidative 

stress as well as the activation of cytosolic and mitochondrial calpains resulting in the 

protection of mitochondria.

4.1. Knockout of p53 protects hearts during ischemia-reperfusion

Modulation of p53 content alters cardiac injury during ischemia-reperfusion. An increase in 

p53 expression augments cardiac injury during ischemia-reperfusion [6]. Most studies show 

that inhibition of p53 decreases cardiac injury during reperfusion [7, 50], although negative 

results also exist in a recent study [51]. A reduced p53 expression decreases cardiac injury 

during ischemia-reperfusion [7–9]. Inhibition of p53 decreases cardiac injury by regulating 

gene expression including microRNA-30a [7], PARP [8], bcl-2, bax [12], p21 [14], and 

BNIP3 [9]. The current study shows that cardiac myocyte specific deletion of p53 decreases 

infarct size with improved cardiac function during reperfusion, supporting that p53 

contributes to cardiac injury. In the present study, baseline contractility in p53 deletion mice 

is slightly lower than that observed in wild type. Deletion of p53 does not alter heart and 

body weight in the baseline condition [16]. Elimination of p53 leads to decreased 

cytochrome oxidase activity by reducing the contents of subunits 1 [52] and 2 [53]. Our 

current study finds a slight decrease in TMPD-ascorbate oxidation in p53 deletion 

mitochondria (Table 1). The mildly decreased cytochrome oxidase respiratory activity may 

contribute to a lower value of LVDP before ischemia in p53 deletion mice. A lower LVDP 

before ischemia may contribute to less injury during ischemia-reperfusion [37]. However, 

the substantial protection of mitochondrial function observed following ischemia-

reperfusion in p53 deletion mice remains the likely effector of p53 mediated protection.

Activation of cytosolic calpains increases cardiac injury during reperfusion [54, 55]. 

Activation of cytosolic calpains leads to cleavage of spectrin that is used as a biomarker of 

cytosolic calpain activation [54, 55]. Ischemia-reperfusion increases the content of cleaved 

spectrin in wild type mice, indicating that cytosolic calpains are activated during 

reperfusion. Interestingly, a small amount of cleaved spectrin is shown in time control from 

p53 deletion mice, indicating that buffer-perfusion alone may start activating cytosolic 
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calpains in p53 deletion mice. However, there were no differences in the cleaved spectrin 

content in time control and ischemia-reperfusion p53 deletion mice, suggesting that p53 

deletion does not further increase cytosolic calpain activation, a mechanism of increased 

cardiac injury during reperfusion [37, 54]. Activation of calpain increases apoptotic cell 

death in a p53-dependent manner [45]. Therefore, p53 deletion may still decrease cardiac 

injury during ischemia-reperfusion.

4.2. ROS generation and mitochondrial antioxidants

The ETC is a key source of ROS generation in cardiac mitochondria [25]. Complex III is a 

major site of ROS generation in ischemia-damaged rat heart mitochondria [25]. Superoxide 

generated at the complex III Qo site is released into the cytosol through VDAC [27] that 

contributes to cardiac injury [56]. In wild type mice, the net release of H2O2 is increased in 

mitochondria using succinate as complex II substrate in the presence of rotenone. When 

rotenone is used to block reverse electron flow [57], electron flow from succinate is forward 

from complex II to complex III, a major site of ROS generation in cardiac myocytes [25]. 

Deletion of p53 leads to the decreased net release of ROS from mitochondria following 

reperfusion with succinate + rotenone, suggesting that deletion of p53 decreases the net 

release of ROS generation from complex III. As discussed above, less damage to the ETC 

can lead to decreased ROS generation in p53 deletion mice. In addition, the amount of ROS 

generation from mitochondria is affected by the content of endogenous antioxidants. We find 

that p53 deletion increased PRDX 3 content in mitochondria in the basal condition and 

following ischemia-reperfusion. PRDX 3 and PRDX 5 are mitochondria localized PRDXs 

[30]. However, the content of PRDX 5 is not altered in p53 deletion mice. An increase in 

PRDX 3 content likely contributes to the decreased net release of ROS generation in the p53 

deletion mouse.

4.3. Mitochondrial damage and cardiac injury during ischemia-reperfusion

Mitochondrial damage contributes to cardiac injury during ischemia-reperfusion [58, 59]. In 

the baseline condition, p53 deletion does not significantly alter mitochondrial function 

including oxidative phosphorylation and calcium retention capacity (CRC) [16]. In wild type 

mice, ischemia-reperfusion decreases oxidative phosphorylation using complex I, complex 

II, and complex IV substrates. In contrast, the rate of oxidative phosphorylation is improved 

in deletion mice, suggesting that the mitochondrial ETC suffers less damage in p53 deletion 

mice following ischemia-reperfusion. In addition, improved protection of the ETC decreases 

cardiac injury during reperfusion by reducing ROS generation [28, 58]. Protection of 

mitochondria also decreases cardiac injury by reducing the release of proteins located within 

mitochondria including cytochrome c and AIF as discussed below [58, 59]. Recent studies 

show that impaired mitophagy contributes to mitochondrial damage during ischemia-

reperfusion [37, 60]. The mitophagy is improved in p53 knockout mice following in vivo 

ischemia-reperfusion by inhibiting BNIP3 [9]. In addition to impacts on mitochondria, p53 

also alters metabolism by impairing glycolysis during hypoxia [61]. Knockout of p53 

decreases cell injury during hypoxia by increasing glycolysis [61]. Thus, p53 deletion may 

decrease cardiac injury during ischemia-reperfusion in part by promoting glycolysis.
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4.4. p53 deletion leads to decreased loss of cytochrome c and AIF during reperfusion

Cytochrome c shuttles electrons between cytochrome c1 in complex III and cytochrome 

oxidase under physiological conditions, whereas a release of cytochrome c from 

mitochondria into cytosol triggers caspase-dependent programmed cell death [19, 62]. In 

wild type mice, the content of cytochrome c in mitochondria following ischemia-reperfusion 

is decreased compared to control. Deletion of p53 preserves cytochrome c during 

reperfusion. Cytochrome c is located in the intermembrane space and permeation of the 

outer membrane is required for cytochrome c release into cytosol [63, 64].

AIF, a nuclear-encoded protein, is located in the mitochondrial intermembrane space and 

contributes an important role in stabilizing complex I [36, 65, 66]. The release of AIF 

induces caspase-independent apoptotic cell death [67]. Nascent AIF is transported into 

mitochondria to form mature AIF (62 KD) after the removal of a mitochondrial leader 

sequence [68]. Mature AIF (62 KD) is bound on the inner mitochondrial membrane [68]. A 

cleaved form of AIF (57 KD) is formed during pathological conditions including ischemia-

reperfusion by activation of mitochondrial calpain 1 [36, 65]. The cleaved AIF (57 KD) is 

detached from the inner membrane and can be released into the cytosol when the outer 

mitochondrial membrane is permeabilized [36, 65]. The current study found that the content 

of mature AIF (62 KD) is decreased in wild type, supporting that ischemia-reperfusion 

activates mitochondrial calpain 1. Theoretically, a decrease in 62 KD AIF should lead to 

increased 57 KD AIF [36]. However, the content of AIF (57 KD) is not increased in 

mitochondria isolated from wild type mice following reperfusion, indicating that a portion of 

AIF (57 KD) has been released from mitochondria into cytosol. Activation of mitochondrial 

calpain1 also contributes to respiratory chain damage [37]. Cleavage of AIF by calpain 1 not 

only facilitates AIF release from mitochondria to trigger caspase-independent apoptosis 

[67], but also destabilizes complex I and leads to decreased complex I activity [69]. 

Activation of mitochondrial calpain 2 also contributes to complex I damage during 

reperfusion [39]. Thus, deletion of p53 may protect mitochondria by decreasing 

mitochondrial calpain activation.

4.5. p53 deletion decreases the permeability of the outer mitochondrial membrane during 
reperfusion

Cytochrome c and AIF are located in the mitochondrial inner membrane space. Permeation 

of the outer mitochondrial membrane is required for the release of these proteins from 

mitochondria into cytosol [58, 59]. The permeability of the outer membrane is increased 

during reperfusion [28, 36]. MPTP opening is a common mechanism to increase the 

permeability of the outer membrane during ischemia-reperfusion [22, 70]. MPTP opening 

mainly occurs during early reperfusion [71, 72]. The deletion of p53 does not improve the 

CRC in mitochondria following reperfusion, suggesting that p53 deletion has a limited effect 

on MPTP opening during reperfusion. Since in the present study CRC was measured in 

mitochondria at a later time, 30 min, of reperfusion, rather than in early reperfusion [72], the 

potential protection of p53 deletion on MPTP opening may have been underestimated. The 

increased retention of cytochrome c and AIF in mitochondria during reperfusion present in 

the p53 deletion mouse would support this notion.
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In addition to MPTP, selective mitochondrial outer membrane permeation (MOMP) is a 

second mechanism to increase the permeability of the outer membrane. MOMP is regulated 

by bcl-2 family proteins [23, 24, 73]. A deletion of bcl-2 in ischemia-damaged mitochondria 

increases the release of cytochrome c from mitochondria into cytosol through MOMP [23, 

24]. An increase in p53 translocation to the nucleus during triptolide-induced cardiac 

toxicity leads to decreased bcl-2 and increased bax expression that favors MOMP [12]. 

Knockout of p53 leads to decreased MOMP by restoring bcl-2 content during cardiac 

toxicity [12]. In the present study, p53 deletion preserves bcl-2 content in mitochondria 

following reperfusion, supporting that p53 activation contributes to decreased bcl-2 content 

during reperfusion. Thus, deletion of p53 likely decreases cytochrome c loss from 

mitochondria by decreasing MOMP through protection of bcl-2.

4.6. Limitations

Several limitations need to be considered in the current study. Although we find that p53 

deletion improves mitochondrial function during ischemia-reperfusion, genes responsible for 

this protection were not identified, a substantial limitation. Since cardiac myocyte specific 

p53 deletion mice are generated in the current study, some residual p53 content is shown in 

cardiac homogenates of the p53 deletion hearts due to the presence of p53 in cells other than 

cardiac myocytes including endothelial cells [16]. A translocation of p53 from cytosol to 

mitochondria is a potential mechanism to induce mitochondrial dysfunction [4]. However, 

we were unable to detect an increased p53 content in mitochondria following reperfusion, 

consistent with previous publications [16, 51]. In the current study, mitochondria are purified 

by trypsin treatment that may potentially remove p53 attached to the mitochondrial outer 

membrane. Complex III is a key site of ROS generation [17, 27]. A direct measurement of 

complex III activity may provide further support that p53 deletion decreases ROS generation 

by improving complex III activity. Although we find the increased PRDX 3 content in p53 

deletion mice, the mechanism by which deletion of p53 leads to increased PRDX 3 remains 

unknown. The relationship between p53 and Klotho gene expression warrants further study 

to address this potential mechanism [35].

4.7. Conclusion

The deletion of p53 decreases cardiac injury during endoplasmic reticulum stress [16, 51]. 

The current study shows that deletion of p53 decreases the cardiac injury during ischemia-

reperfusion with mechanisms involving enhanced antioxidant expression via PRDX 3 and 

decreased cytosolic and mitochondrial calpain activation. These studies indicate that 

modulation of p53 expression is a potential strategy to decrease cardiac injury in 

pathological conditions.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cardiomyocyte specific deletion of p53 decreases cardiac injury in mouse 

hearts following ischemia-reperfusion by protecting mitochondria.

• Cardiomyocyte specific deletion of p53 maintains bcl-2 content during 

ischemia-reperfusion with enhanced retention of cytochrome c by 

mitochondria.

• p53 knockout increased peroxiredoxin 3 content and decreased ROS 

generation from mitochondria.

• Cardiomyocyte specific deletion of p53 decreased cytosolic and 

mitochondrial calpain 1 activation during ischemia-reperfusion.
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Figure 1. Deletion of p53 decreases cardiac injury in mouse hearts following ischemia-
reperfusion
The content of p53 was decreased in cardiomyocyte specific deletion mice compared to wild 

type mice (WT) (Panel A). Mouse hearts were buffer perfused and exposed to 25 min. 

ischemia and 30 min. reperfusion. Cardiac contractility [reflected by left ventricular 

developed pressure (LVDP, mmHg)] was decreased following 60 min reperfusion (Panel B), 

whereas deletion of p53 improved contractile function compared to wild type mice (Panel 

B). Deletion of p53 also improved diastolic relaxation in hearts following 60 min 

reperfusion compared to wild type (Panel C). Representative pictures for infarct size 

measurement from wile type and p53 deletion mice are shown in Panel D. The infarct size 

was decreased in p53 deletion mice compared to wild type (Panel E). Mean ± SD. * p<0.05 

vs. corresponding pre-ischemia. † p<0.05 vs. corresponding wild type hearts. n=7 in each 

group.
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Figure 2. Deletion of p53 improved oxidative phosphorylation in mouse mitochondria following 
ischemia-reperfusion.
Ischemia-reperfusion decreased the dinitrophenol (DNP)-uncoupled rate of respiration in 

mitochondria isolated from wildtype mice oxidizing complex I and II substrates. The 

baseline rate of oxidation in wildtype [Mean ± SD: complex I (253 ± 57) and complex II 

(606 ± 41)] and in p53 deletion [Mean ± SD, complex I (243 ± 64) and complex II (562 ± 

45)] mice is given. The percentage decrease in respiration during reperfusion was attenuated 

in p53 deletion mice (Panel A). Compared to wild type mice, H2O2 generation was 

decreased in p53 deletion before ischemia with complex I substrate (Panel B). The 

generation of H2O2 was increased in mitochondria isolated from both wild type and p53 

deletion following reperfusion using complex I substrate (Panel B). Deletion of p53 

decreased H2O2 generation during reperfusion when succinate + rotenone was used as 

complex II substrate compared to wild type mice (Panel C). Ischemia-reperfusion decreased 

the calcium retention capacity (CRC) in mitochondria isolated from both wild type and p53 

deletion mice compared to mitochondria from non-ischemic hearts. Deletion of p53 did not 

significantly improve the CRC in mitochondria isolated following ischemia and 30 min. 

reperfusion compared to wild type controls (Panel D). Mean ± SD.

* p<0.05 vs. corresponding pre-ischemia. † p<0.05 vs. corresponding wild type hearts. n=6–

8 in each group.
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Figure 3. Deletion of p53 decreased cytochrome c loss and calpain activation during reperfusion
Immunoblotting showed that release of cytochrome c into the cytosol was increased in wild 

type mice following ischemia-reperfusion. Deletion of p53 led to decreased cytochrome c 
loss from mitochondria (Panel A). GAPDH was used as the cytosolic protein loading control 

(Panel A). The content of full-length AIF (62 KD) was decreased in wild type mitochondria 

following ischemia-reperfusion, whereas deletion of p53 protected AIF (62 KD) content 

during reperfusion (Panel B). VDAC was used as protein loading control (Panel B). The 

content of cleaved spectrin in cytosol was increased in wild type mice but not in p53 deletion 

mice with GAPDH as protein loading control (Panel C). bcl-2 content was decreased in 

mitochondria isolated from wild type hearts following ischemia-reperfusion. However, bcl-2 

content was not decreased in mitochondria isolated from p53 deletion hearts following 

reperfusion (Panel D). Subunit 4 of cytochrome oxidase was used as a protein loading 

control. [Mean ± SD. *p <0.05 vs. TC (time control); n = 4 in each group)]
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Figure 4. Deletion of p53 increased PRDX 3 content
The contents of PRDX 3 and PRDX 5 were measured using immunoblotting. In 

mitochondria isolated from non-ischemic control mice, PRDX 3 content was increased in 

p53 deletion mitochondria compared to wild type mice in the baseline condition (Panel A). 

The PRDX3 content remained greater in p53 deletion mice following ischemia-reperfusion 

compared to wild type (Panel B). However, PRDX 5 content was not altered in p53 deletion 

mice compared to wild type mice (Panel C). Subunit 4 of cytochrome oxidase was used as a 

loading control. (Mean ± SD. *p <0.05 vs. wildtype; n = 4 in each group)
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Table 1.

Oxidative phosphorylation in mitochondria isolated from wild type and p53 deletion mice

Wild type p53 deletion

Time control (n=6) IR (n=6) Time control (n=8) IR (n=8)

Complex I substrate (Glutamate + malate)

State 3 (nAO/min/mg) 308 ± 89 139 ± 34* 252 ± 47 186 ± 42*†

State 4 (nAO/min/mg) 107 ± 19 74 ± 9* 86 ± 14 84 ± 11

RCR 2.9 ± 0.5 1.9 ± 0.4* 3.2 ± 0.6 2.2 ± 0.4*

2 mM (nAO/min/mg) 287 ± 59 137 ± 51* 246 ± 62 192 ± 60*

Complex II substrate (Succinate + rotenone)

State 3 (nAO/min/mg) 726 ± 47 288 ± 48* 670 ± 75 318 ± 39*

State 4 (nAO/min/mg) 234 ± 23 165 ± 17* 202 ± 28 168 ± 10*

RCR 3.3 ± 0.5 1.8 ± 0.2* 3.4 ± 0.3 1.9 ± 0.3*

2 mM ADP (nAO/min/mg) 703 ± 52 331 ± 66* 614 ± 63† 375 ± 48*

Complex IV substrate (TMPD + Ascorbate)

2 mM ADP (nAO/min/mg) 1856 ± 204 991 ± 212* 1633 ± 151† 1104 ± 168*

Mean ± SD.

*
p <0.05 vs. corresponding time control

†
p <0.05 vs. corresponding wild type

IR, ischemia-reperfusion.
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Table 2.

Antibodies used

Antibody name Company Catalog number Concentration

AIF Cell Signaling 4642 1:1000

Bcl-2 Santa Cruz sc-7382 1:500

Calpain 1 ThermoFisher Scientific MA3-940 1:1000

Complex IV (subunit 4) Cell Signaling 4844 1:1000

Cytochrome c ThermoFisher Scientific 710627 1:2500

GAPDH Cell Signaling 5174 1:1000

p53 Santa Cruz sc-126 1:100

PRDX3 abcam ab73349 1:500

PRDX5 ThermoFisher Scientific LF-MA0002 1:1000

Spectrin Santa Cruz sc-46696 1:100

VDAC Abcam 14715 1:2500
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