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Abstract 

 

Rationale: Isoforms I and II of the glycolytic enzyme hexokinase (HK) are known to 

associate with mitochondria. It is unknown whether mitochondrially bound hexokinase 

(mitoHK) is mandatory for ischemic preconditioning and normal functioning of the intact, 

beating heart. Objective: We hypothesize that reducing mitoHK abrogates ischemic 

preconditioning and disrupts myocardial function.  

Methods and Results: Ex vivo perfused HK+/- hearts exhibited increased cell death following 

ischemia (I) and reperfusion (R) injury as compared to WT hearts. However, IPC was 

unaffected. To investigate acute reductions in mitoHKII levels, WT hearts were treated 

with a TAT-control peptide or a TAT-HK peptide containing the binding motif of HKII to 

mitochondria, thereby disrupting mitoHKII association. MitoHK was determined by HKI 

and HKII immunogold labeling and EM analysis. Low-dose (200 nmol/L) TAT-HK 

treatment significantly decreased mitoHKII levels without affecting baseline cardiac 

function, but dramatically increased IR injury and prevented IPC protective effects. 

Treatment for 15 min with high-dose (10 µmol/L) TAT-HK resulted in acute 

mitochondrial depolarization, mitochondrial swelling, profound contractile impairment, 

and severe cardiac disintegration. The detrimental effects of TAT-HK treatment were re-

capitulated by mitochondrial membrane depolarization following mild mitochondrial 

uncoupling that does not cause mitochondrial permeability transition opening.  

Conclusion: Acute low-dose dissociation of HKII from mitochondria in heart prevents IPC 

whereas high-dose HKII dissociation causes cessation of cardiac contraction and tissue 

disruption, likely through an acute mitochondrial membrane depolarization mechanism. 

The results suggest that the association of HKII with mitochondria is essential for IPC 

protective effects and normal cardiac function through maintenance of mitochondrial 

potential. 
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Introduction 
 

Hexokinase (HK), a glycolytic enzyme, is overexpressed in cancer cells. The enzyme binds 

to mitochondria and appears to regulate mitochondria-associated cell death induced by 

oxidative stress, such as ischemia-reperfusion injury (4; 7; 10; 13; 14). Mitochondrial HK 

(mitoHK) probably confers upon cancer cells their resilience against cell death (7). 

Ischemic preconditioning (IPC), which is one of the most powerful interventions known to 

protect the heart against ischemia-reperfusion injury, is believed to operate through 

complex mitochondrial signaling cascades (6; 9). Indeed, translocation and activation of 

mitochondrial kinases have been suggested to be involved in preconditioning (8). 

Although various cardioprotective interventions, including IPC, cause the redistribution 

of HK to mitochondria (5; 15; 16), it remains unclear whether hexokinase translocation and 

binding to mitochondria constitutes a requirement for or is simply an epiphenomenon of 

IPC. Furthermore, although HK is known to associate with mitochondria in many tissues 

and organs within the body, the functional significance of this association to normal 

cardiac physiology remains unclear. 

 

In the present work we use a combination of genetic and pharmacological tools to address 

the role of mitochondrial HK (mitoHK) in hearts under normal and stress conditions. We 

show for the first time that the physical binding of HKII to the mitochondria not only 

plays an essential role in IPC, the attachment is also crucial for normal cardiac function, 

through maintenance of mitochondrial polarization.  

 

 

Material and Methods 
 

An expanded material and methods section is available in Appendix B. 

 

TAT-peptides. 

The soluble peptides TAT-CON, TAT-HK and TAT-HK-FITC and TAT were produced by 

Pepscan Presto (Lelystad, The Netherlands). Peptides were administered during the last 15 

minutes prior to the 30 min ischemic period and during the first 5 min of reperfusion. 
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Statistical analysis. 

Data are presented as mean (SEM). Data were analyzed by ANOVA followed by Fisher’s 

post hoc test. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. Low-dose (200 nmol/L) TAT-HK decreases mitoHKII and prevents IPC effects. (A) TAT-HK-
FITC images of hearts obtained by an imaging cryomicrotome (12). Hearts were perfused with no peptide 
(1), 15 minutes of 10 μmol/L TAT-HK-FITC plus 10 minutes of washout (2), 15 minutes of 1 μmol/L TAT-
HK-FITC plus 10 minutes of washout (3), 15 minutes of 200 nmol/L TAT-HK-FITC plus 10 minutes of 
washout (4), or 15 minutes of 200 nmol/L TAT-HK-FITC plus 30 minutes of washout (5). (B, C)
Mitochondrial (mito) binding ratios (y-axes) for HKII and HKI as determined from HK immunogold
labeling and electron microscopy analysis (n=3 or 4 in each group) (11). (D) Lactate dehydrogenase (LDH) 
release during reperfusion of isolated Langendorff-perfused hearts. (E) End-diastolic pressure (EDP) at end 
of reperfusion. (F) Rate-pressure product development (RPP) at end of reperfusion relative to baseline
values. (G) Cytochrome C (cyt C) content in cytosolic fractions of reperfused hearts. (H) 19-kDa Bax protein 
content in mitochondrial fractions of reperfused hearts. n=6 to 7 hearts per group. CON indicates control;
A.U., arbitrary units. #P<0.05 vs TAT-CON; *P<0.05 IPC, TAT-HK vs CON, TAT-HK. 



HKII mitochondrial binding disruption in I/R and IPC 

131 

Results 
 

Low-dose TAT-HK prevents the cardioprotective effects of IPC by decreasing mitoHKII 

levels. 

We first examined hearts from HK+/- mice. Although genetic reduction of HKII decreased 

ischemic tolerance, no effects on IPC were observed (Supplemental Figure 1 (Appendix 

B)). To determine if acute, pharmacological reduction in mitoHKII levels can alter IPC, 

isolated hearts were perfused with a cell permeable peptide containing the HKII 

mitochondrial binding motif. This peptide has been shown in cellular studies to decrease 

HKII association with mitochondria (3). Cellular uptake of this peptide was confirmed in 

the intact heart using FITC- labeling. Fluorescence imaging of isolated hearts perfused 

with varying concentrations of the peptide showed a progressive increase in fluorescence. 

intensity with increasing peptide doses. As shown, homogeneous fluorescence could be 

readily observed even following prolonged periods of peptide washout (Figure 1A). 

 

Baseline perfusion of hearts with a low concentration (200 nmol/L) of TAT-HK for 15 

minutes did not cause major changes in cardiac contractility (RPP decreased slightly from 

101 ± 3% in TAT-CON to 92 ± 3% in TAT-HK treated hearts) or perfusion pressure. Using 

EM analysis and immunogold labeling for HKI and HKII (1), we observed a significant 

decrease (by 40%) in mitoHKII (Figure 1B), with no alterations in mitoHKI (Figure 1C) 

levels. Representative EM images indicated an intact, well preserved cardiac ultrastructure 

with clear localization of HKI and HKII at the outer mitochondrial membrane or in the 

cytosol in TAT-CON (Figure 2A-C) and TAT-HK (Figure 2D-F) treated hearts. Similar 

effects of the 200 nmol/L TAT-HK peptide as compared to the TAT-control peptide were 

observed at 5 minutes of reperfusion (Supplemental Figure 2 (Appendix B)). 

 

Next, hearts were subjected to I-R, with and without preceding IPC. The acute decrease in 

mitoHKII levels in TAT-HK treated hearts was associated with more injury, as reflected by 

a more pronounced rise in LDH release (Figure 1D) and cardiac contracture at the end of 

reperfusion (Figure 1E). Remarkably, IPC in hearts with acutely decreased mitoHKII levels 

was completely ineffective in mediating protection against I/R injury, except for a 

nominal improvement in RPP recovery (Figure 1F).  
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TAT-HK treated hearts also displayed increased cytosolic cytochrome C, indicating 

damage and mitochondrial leakage (Figure 1G). Analysis of mitochondrial monomeric Bax 

(Figure 1H) suggested that the increased IR damage in TAT-HK treated hearts cannot be 

explained by increased Bax translocation to mitochondria. Similar results were obtained 

for mitochondrial Bax oligomers (Supplemental Figure 3 (Appendix B)). 

 

 

 

Figure 2. Electron microscopic images and immunogold labeling for HKI and HKII demonstrating
disintegrating effects of TAT-HK treatment. Typical examples showing intact ultrastructure and binding
of HKI and HKII to mitochondria in hearts treated with 200 nmol/L TAT-CON peptide (A-C), 200 nmol/L 
TAT-HK peptide (D–F), and 10 μmol/L TAT-CON peptide (G-I). Gross structural disintegration was 
observed with 10 μmol/L TAT-HK peptide treatment (J-L). Shaded arrows indicate mitoHK; unfilled 
arrows, cytosolic HK. 
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High-dose TAT-HK decreases mitoHKI and mitoHKII, damages mitochondria and 

results in acute mitochondrial depolarization. 

To determine the pathophysiological consequences of severe disruption of mitochondrial 

HK binding to the intact myocardium, hearts were treated with a high dose (10 µmol/L) of 

TAT-HK for 15 min. The TAT-CON peptide was without effect on cardiac structure 

(Figure 2G-I).  However, The TAT-HK treatment caused a significant reduction in 

mitoHKII (Figure 3A) but not mitoHKI (Figure 3B) levels. EM analysis demonstrated 

extensive structural disruption of cardiac tissue, with 78% of mitochondria exhibiting 

 

 
 

 

 

 

 

 

 

Figure 3. High-dose (10 μmol/L) TAT-HK decreases mitoHKI and mitoHKII, resulting in severely 
damaged mitochondria, probably through mitochondrial depolarization. (A, B) Mitochondrial (mito) 
binding ratios (y-axes) for HKII and HKI as determined from immunogold labeling and electron
microscopy (EM) analysis. (C) Percentage of damaged mitochondria as determined by EM morphological

analysis. (D) m depolarization in the intact heart caused by infusion of 10 μmol/L TAT-HK compared 
with control. Normalized and baseline-corrected tetramethylrhodamine ethyl ester fluorescence levels

(m) were measured by high-resolution optical imaging in ex vivo perfused rat hearts, as reported
recently. (E, F) Percentage of cell survival determined by trypan blue exclusion in neonatal rat
cardiomyocytes treated with increasing doses of TAT-HK without or in the presence of the uncoupler 
CCCP. n=3 each group. #P<0.05 vs. TAT-CON. 
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swelling or gross damage (Figure 2J-L and 3C). Profound cardiac dysfunction was 

observed, as RPP was reduced to zero within 15 minutes of peptide perfusion (RPP 1 ± 1 % 

vs. 93 ± 2%, for TAT-HK and TAT-CON, respectively), and perfusion pressure was 

doubled (81 ± 7 mmHg vs. 161 ± 13 mmHg, for TAT-CON and TAT-HK, respectively).  

 

Mechanisms underlying the detrimental effects of acute dissociation of HK from 

mitochondria on cardiac structure and function of the intact heart are not clear. We 

hypothesized that infusion of the TAT-HK peptide altered the mitochondrial membrane 

potential (m). m was unaffected by treatment with the TAT-CON peptide. However, 

administration of the TAT-HK peptide resulted in a rapid and sustained decrease in m 

(Figure 3D). Regions of mitochondrial depolarization (red areas) developed 

heterogeneously across the epicardial surface of the heart indicating global mitochondrial 

de-energization at the intact heart level (Figure 3D and Supplemental figure 4 (Appendix 

B)). 

 

Finally, we examined in isolated cardiomyocytes whether mitochondrial depolarization in 

itself may indeed cause cell death and whether TAT-HK is still detrimental when 

mitochondria are already depolarized. Similar to our findings in the intact heart, treatment 

of myocytes with 10 µmol/L TAT-HK resulted in cell death (Figure 3E). Remarkably, 

mitochondrial depolarization caused by incubation of myocytes with a submaximal dose 

(1 µmol/L) of the uncoupling agent CCCP resulted in a comparable degree of cell death as 

that elicited by treatment with the TAT-HK peptide (Figure 3F). Interestingly, co-treatment 

of CCCP-incubated with 10 µM TAT-HK did not cause additional cell death. Similar data 

were obtained for TMRE fluorescence analysis in cardiomyocytes (Supplemental Figure 5 

(Appendix B)). These data suggest that the development of cell death in the heart during  

detachment of HK from mitochondria is most likely caused by a mechanism involving 

mitochondrial depolarization. 

 

Discussion 
 

MitoHKII and ischemic tolerance. 

TAT-HK peptide mediated mitochondrial HKII dissociation is associated with an 

extensive decrease in the tolerance of the heart to an ischemia-reperfusion insult. Because 
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it is unlikely that total cellular HK activity is altered with this peptide, the increased cell 

death can only be ascribed to decreases in mitoHKII and not to decreases in cardiac HK 

activity. One mechanism through which detachment of HK from mitochondria could 

cause cell death is through the translocation of pro-apoptotic Bax to mitochondria (4; 10). 

However, this was not observed in our experiments. Although the large increase in LDH 

release suggests that the detrimental effects of HKII detachment from mitochondria may 

be mediated through necrosis, further experiments are needed to establish this more 

firmly. 

 

MitoHKII and Ischemic preconditioning. 

The present study indicates that a basal level of HKII binding to mitochondria is required 

for IPC-mediated cardioprotection against IR injury. However, the observation that IPC 

was still effective in the HK+/- hearts but not in TAT-HK treated hearts, with both models 

having similar reductions in mitoHKII (30-40%), suggests that it is not just a reduction of 

overall HKII binding to mitochondria which is preventing IPC. Although not investigated, 

it is possible that our TAT-HK peptide occupied mitochondrial binding sites that are 

specifically targeted for IPC-induced translocation of HKII to mitochondria. This is 

commensurate with the observation that cardioprotective signaling was associated with a 

PKC- mitochondrial protein complex containing HK in the amount of only 1% of total HK 

present (1). Further experiments are required to clarify this issue. 

 

MitoHKII and normal cardiac function. 

Our present data demonstrate that HKII detachment from mitochondria results in acute 

mitochondrial depolarization, which is the likely mechanism for cardiac dysfunction. 

Together with our observation that CCCP-mediated cell death through mitochondrial 

depolarization, without directly affecting mitochondrial permeability transition pore 

(MPTP) opening, suggests that mitochondrial membrane depolarization per se may be the 

execution trigger for HKII-related cardiac dysfunction. Previous literature has already 

indicated that mitochondrial membrane depolarization may induce the MPTP, especially 

when pH is above 7.0 (2). Overall, the present data suggest that mitochondrial bound HKII 

is required for the polarization and stability of mitochondrial energetics within the intact 

heart. 
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