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General aims of this thesis 
 

The general aim of this thesis was to investigate the role of the glycolytic enzyme 

hexokinase (HK) in protection against (cellular) ischemia-reperfusion (I/R) injury in the 

settings of the intact heart and skeletal muscle. We focused specifically on the elucidation 

of a causal relationship between the amount of cellular (a) and mitochondrial bound (b) 

hexokinase and the degree of I/R damage. Furthermore, the involvement of HK in 

cardioprotection by ischemic preconditioning (c) was studied. Also, we investigated 

whether there is a role for HK in (d) skeletal muscle regeneration, angiogenesis and 

fibrosis due to I/R damage. 

 

In the heart, the infarct size resulting from ischemia-reperfusion (I/R) is determined by the 

number of cells that are irreversibly damaged after the period of reduced or even 

completely halted blood flow. The fact that the infarct size is decisive in the future 

prognosis of the patient underscores the importance of therapeutically reducing cell death 

due to I/R.  

 

One very promising candidate for reducing cell death, which we examined in this thesis, is 

the enzyme hexokinase (HK). This enzyme has been linked to increased cell survival rates 

in fast growing tumor cells due to beneficial increased glycolysis, which is facilitated by 

increased expression of HKI and II. Surprisingly, even though this cytoprotective role of 

HK is common knowledge for cancer cells, it has not been studied in the settings of cardiac 

and skeletal muscle ischemia-reperfusion (I/R). Furthermore, most studies performed on 

cytoprotection by HK were performed in vitro. To clarify the role of HK in I/R injury and 

to extrapolate in vitro findings to the intact organ, we performed studies in the ex vivo and 

in vivo intact heart and the in vivo skeletal muscle, as described in this thesis. The chosen 

experimental models provided us with physiological more relevant settings than the in 

vitro cellular studies published so far have. 
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Total cellular hexokinase in I/R damage 
 

A clear difference in I/R injury degree was found between cardiac low-flow and no-flow 

models. Additionally, the effect of HK reduction corresponded with the degree of 

irreversible damage done to the tissue.  

 

When using a cardiac low-flow model (40 min 5% residual flow), the resulting I/R 

damage was just mild with only 1% of cells injured. However, when applying no-flow 

ischemia to the heart, cell damage was more elaborate (30 min 0% flow: 7% cell death; 40 

min 0% flow: 19% cell death). The resulting mild I/R damage due to low-flow ischemia 

might be explained by on-going glycolysis during the ischemic period. The 

cardiomyocytes may still have been capable of using glycolysis during low-flow ischemia 

due to the small amounts of supplied exogenous glucose and drainage of metabolic 

products (like protons, lactate), which would otherwise have halted glycolysis and 

resulted in more cellular damage. Furthermore, supplied exogenous glucose during low-

flow ischemia is phosphorylated by HK. This function of HK was recognized by Sun et al. 

(39) to protect embryonic kidney cells partially against oxidative stress, using H2O2. 

Furthermore, cardiac glycolysis initially increases during hypoxic and ischemic conditions 

(16; 18), which is supported and thereby beneficial in low-flow ischemia due to the above 

mentioned on-going glycolysis, glucose phosphorylation, removal of metabolic products 

and prevention of different pathophysiological phenomena. 

 

Whether deletion of one HKII allele resulted in significantly increased I/R injury was 

dependent on the relative contribution of HKII to total, cellular HK activity (HKI and 

HKII) and the severity of the I/R intervention. For the heart, HKII constitutes 

approximately 50% of total HK activity, whereas for the gastrocnemius skeletal muscle HK 

activity was almost solely of HKII origin (chapter 2). Therefore, the deletion of the HKII 

allele only increased cardiac I/R injury when cell death was significantly (>5%) in the 

wild-type animal, whereas it already increased skeletal muscle I/R injury when no cell 

death occurred in the wild-type animal. 
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Mitochondrial bound hexokinase in I/R damage 

Although a 30% reduction of total, cellular HKII was already sufficient to significantly 

affect cardiac I/R injury in a moderate model of I/R severity, indicating the high I/R 

sensitivity of the heart towards HKII, the use of the partial knockout of HKII does not 

allow distinction whether the mechanism is through a decrease in just total HK activity or 

more specifically through decreases in mitochondrial bound HK. From literature it is 

known that in addition to its glucose phosphorylating function, binding to the outer 

mitochondrial membrane (OMM) of HKII is also of importance to its cell protective feature 

(39). Therefore, in subsequent experiments direct manipulation of mitoHK was examined, 

leaving total cellular HK activity unchanged. We constructed a special protein for this, 

combining the mitochondrial binding motif of HKII with a cell-penetrating peptide (TAT), 

allowing rapid cellular uptake. The specific reduction of mitochondrial bound HKII, and 

not HKI, resulted in dramatic increase in I/R induced cell death and additional reduced 

functional recovery. This result was more dramatic than solely reducing total cellular HKII 

amount, which only affected cell death and not functional recovery. Hereby, our findings 

show that mitoHK is of major importance for cardiac I/R damage, and that a decrease in 

total cellular HKI and HKII is not necessarily of influence on I/R damage.  

 

The exact mechanism on which HKII cellular protection is based has not been completely 

understood up to this moment. A debate concerning the exact molecular components of 

mitochondrial cell death signaling has arisen. Most literature focuses on and therefore 

presents apoptosis as the major cell death mechanism involved in I/R cellular damage 

(42). Besides hypotheses that HKII binding to the mitochondrion exerts cellular protection 

through stimulation of ATP/ADP exchange and a possible anti-oxidant function, different 

studies have focused on the idea of competitive binding of HK to the mitochondrion and 

the consecutive reduced binding of pro-apoptotic protein Bax (29; 32). Both proteins are 

assumed to bind to the same binding site on the voltage-dependent anion channel (VDAC) 

(30). Upon HKII binding the “open” configuration of VDAC is maintained, thereby 

consolidating ATP/ADP exchange between the mitochondrion and the cytosol. Together 

with the inner mitochondrial membrane (IMM) proteins cyclophilin-D (CyP-D), inorganic 

phosphate (PiC) and adenine nucleotide transporter (ANT), VDAC is thought to form the 

mitochondrial permeability transition pore (mPTP). However, several genetic knockout 

studies declared each of these components not to be necessary in mPTP formation and 
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indicated a more regulatory role for each of these components (33; 37). HK detachment of 

VDAC has been reported to induce apoptosis (31). Detachment of HK would close VDAC, 

ultimately resulting in mitochondrial swelling and OMM rupture, upon which 

cytochrome C (CytC) induces the apoptotic cell death pathway in the cytosol (37). 

However, a study of Chiara et al. (3) showed that mitoHKII detachment indeed resulted in 

apoptosis, but this was found to be independent of VDAC. Therefore, mitochondrial 

binding by HKII should be studied in more depth since HKII may also bind to other 

mitochondrial located proteins than VDAC and possibly influences cell death in a 

different way than thought of at this moment. Elucidation of an unknown site at the OMM 

could clarify new possible regulatory pathways by HKII. 

 

In addition to the abovementioned, Bax binding to the mPTP is also under debate, based 

on the observations that mitoHK could still inhibit apoptosis even in Bax-deficient cells 

(21). However, the contrary has also been reported (20; 29; 32; 36). In this thesis, our results 

support the first insight as we found that decreases in cellular and mitoHK increased cell 

damage without a corresponding increase of mitochondrial bound Bax. Additional 

analysis of apoptosis markers also indicated that mitoHKII not necessarily influences the 

Bax-mediated apoptosis mechanism. Also, in both cardiac and skeletal muscle models 

used here, our findings indicate that I/R cell damage was mediated mostly by necrosis 

rather than Bax-mediated apoptosis. This would also be in accordance with studies 

describing a more prominent role for necrosis than for apoptosis in I/R damage (24; 25).  

 

One other important finding in this thesis is the dramatic effect of mitoHK on 

mitochondrial stability in the normal beating, healthy, intact heart. Removal of HK from 

the mitochondrion caused acute mitochondrial depolarization, which is known to be a 

trigger for mPTP opening. In addition, EM analysis revealed that the majority of 

mitochondria were swollen or severely damaged, which is most likely caused by 

depolarization induced mPTP opening. Interestingly, cell death also increased in the 

presence of an uncoupler, which gives mitochondrial depolarization without directly 

affecting mPTP. This is indicative that depolarization prevention is an earlier process in 

the mitoHK protective mechanism than mPTP inhibition. However, depolarization may 

also occur after mPTP opens. Under normal conditions, mitoHK facilitates the 

maintenance of ATP/ADP ratio effective operation of F1Fo-ATPase, thereby supporting 
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Δψm maintenance. Remained coupling of extra- and intramitochondrial metabolism hereby 

appears to be of utmost importance for mitochondrial stability and energetics. 

Interestingly, this does not exclude VDAC as a necessary component in mitoHK protection 

as ATP/ADP exchange over the OMM occurs via VDAC and HK should bind to VDAC to 

have direct access to ATP. This is commensurate with very recent data showing that 

VDAC2 and VDAC3 are necessary for HKII protective effects against H2O2-induced cell 

death in fibroblasts (23). 

 

Therefore, we propose that enhancement of mitochondrial stability is one likely protective 

mechanism via which mitoHK protects against I/R induced cell death and VDAC is 

probably still an important component in this mechanism. 

 

 

HK in ischemic preconditioning 
 

Nonetheless the discussion on the exact mechanism of I/R damage and consequently on 

the mechanism of ischemic preconditioning (IPC), we show that mitochondrial binding of 

HKII is of critical importance to the protective effect of IPC. The results in this thesis 

clearly show that it is isoform HKII and not HKI which is of influence in I/R damage and 

IPC protection in the intact heart. This is supported by Pasdois et al. (28) demonstrating 

that only mitochondrial HKII is affected by cardiac I/R, and not mitoHKI. Futhermore, 

direct manipulation of total and mitochondrial HKII and determination of solely HKII 

translocation due to IPC intervention further points out the significance of HKII compared 

to HKI.  

 

Additionally, the significance of mitoHK shows from findings that when removing 

endogenous, functional mitoHK the, under normal circumstances very strong, protective 

effect of IPC, is completely lost in the heart. However, cellular HKII reduction, which 

resulted in a similar mitoHKII reduction as direct mitoHKII manipulation, did not affect 

IPC protective effect. Therefore, it should be concluded that reduction of mitoHK is not 

the protection mediator on itself. Possibly, the TAT-HK peptide which was used to 

remove mitoHKII occupied mitochondrial binding sites, which were specifically targeted 

fro IPC-induced translocation of HKII. Our work therefore strongly indicates that a 
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specific subpopulation of mitochondrial bound HKII is an important end-effector of IPC in 

the intact heart. This offers opportunities to directly target this subpopulation of mitoHKII 

in (clinical) treatments manipulating outcome and improving clinical conditions in which 

I/R interventions occur. 

 

Another step further would be the clarification of the exact cell signaling mechanism of 

mitoHK. Even though not specifically determined in our studies, we hypothesize that the 

IPC induced RISK (PI3K-Akt-GSK-3) pathway is a possible upstream regulator of HKII 

translocation to the mitochondrion. This may also explain why only HKII and not HKI is 

affected by IPC, because HKII is insulin-sensitive through activation of the PI3K-Akt 

pathway, whereas HKI is mainly constitutively expressed. Different cellular studies have 

described that the RISK pathway protection against cell death induced by oxidant injury 

involves HK mitochondrial binding (13; 31; 35). The final event in the RISK pathway, 

inactivation of GSK-3β, results in VDAC dephosphorylation which enables HK to bind (8; 

33). Furthermore, our data in chapter 6 describes a bi-phasic pattern of mitoHK activity. 

This in correspondence with a study by Hausenloy et al. (15) in which a similar behavior is 

shown for RISK components Akt and ERK1/2 activation by phosphorylation upon IPC 

intervention. This behavior was lost when PI3K was inhibited, which shows the 

importance of RISK pathway in IPC protection and may therefore be a critical regulator of 

mitoHKII translocation in IPC protection mechanism. Additionally, a study by Miyamoto 

et al. (26) showed in cardiomyocytes that Akt is capable of direct phosphorylation of HK. 

Even though we were not able to show this Akt mediated HK phosphorylation due to IPC 

(chapter 6), most data point to a role for Akt and the RISK pathway in HKII translocation.  

 

 

HK in regeneration, angiogenesis and fibrosis 
 

The most important differences between heart and skeletal muscle in the context of I/R 

damage are that skeletal muscle is much more resistant to I/R damage and has the ability 

to rapidly replace damaged myocytes with healthy ones in order to prevent muscle 

function loss in a process known as muscle regeneration (2). Thus, using a skeletal muscle 

model of I/R not only allows the study of a possible role of HKII in acute I/R injury but 

also whether HKII may affect the regeneration process. In our study in skeletal muscle as 
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described in chapter 5, results show that the number of regenerative myocytes at 14 days 

recovery is increased with reduced HKII. However, the number of damaged cells at 1 day 

recovery was equally increased in HKII reduced animals, which suggests that the increase 

in regenerative myocytes is probably mainly a result of the increased number of early 

damaged and removed cells. Or, in other words, HKII affects the acute I/R injury but not 

the regenerative process. The observed increase in fibrosis with reduced HKII may also be 

explained in this manner and is identical to the data found in intact I/R treated heart 

(chapter 3). However, results differ between heart and skeletal muscle concerning HKII 

effect on I/R-induced angiogenesis. Interestingly, after I/R intervention no HKII effect on 

angiogenesis was found in skeletal muscle, while HKII reduction resulted in reduced 

angiogenesis in intact heart. In heart, this angiogenesis reduction was found to be 

mediated by HIF-1α activity reduction, which caused vascular endothelial growth factor 

(VEGF) reduction. Not surprisingly, HIF-1α is a known angiogenesis stimulator in tissue 

hypoxia (9). Therefore, the studies together imply that heart and skeletal muscle tissue 

angiogenesis are regulated in a different manner with possible yet unknown other 

regulators to be involved. In future, it would be interesting to study HIF-1α regulation in 

relation to HKII and I/R in more depth. Concerning regenerative capacity and HKII, it 

would be interesting to use a different experimental setup in which HKII is only 

manipulated after the acute I/R intervention, to more clearly distinguish HKII effect on 

cell death from that on regeneration. 

 

 

Final conclusions 
 

Taken together, in this thesis we show for the first time that, 1) HKII plays an important 

role in I/R damage of the intact heart, 2) mitochondrial HKII is an important end-effector 

of the much studied ischemic preconditioning (IPC) phenomenon, 3) HKII but not HKI is 

involved in IPC, 4) HKII plays an even more important role in acute I/R damage of 

skeletal muscle, and 5) HKII does not affect the regeneration process in skeletal muscle..  
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Methodological considerations 
 

Cardiac in vitro, in vivo, ex vivo models. The results obtained in this thesis on the importance 

of mitoHKII in the reduction of I/R injury are supportive of literature describing similar 

results obtained in vitro. Therefore, proving that these previous studies, which are 

predominantly performed in single cells, hold in intact tissues is of great value. However, 

the end is not even near concerning probable therapeutic tools coming from these 

findings. In the heart, in vivo experiments directing at increasing mitochondrial bound 

HKII should be conducted. One could think about using insulin, conditioning protocols or 

gene therapy to temporarily increase mitoHKII. Also clinical studies should be initiated to 

study the role of mitoHKII in the clinically most relevant cytoprotective interventions 

(remote pre- and postconditioning) against I/R injury such as occurring during on-pump 

cardiac surgery or acute myocardial infarction. 

 

Gender specificity. Nearly all data described in this thesis were obtained in male mice. In 

this way, possible confounding effects of gender on I/R injury were left out, as female 

animals are less prone to I/R damage than male animals. This is known for heart tissue 

(27) and was also found for skeletal muscle as described in chapter 4 of this thesis. 

However, in order to clarify whether HKII is also important in I/R damage in organs 

and/or tissues of the female gender separate studies are recommended. 

 

Standard chow animals. One of the golden rules in research is to standardize every possible 

part of the study to ease comparison between studies for the component researched. One 

should think of standardization of chemicals, storage conditions, anesthetics, strain and 

gender of the animals. However, one element which is usually forgotten when working 

with laboratory animals concerns diet. When not performing a dietary study, animals are 

usually fed a so-called standard chow. However, many different standard chows exist, 

such that each research institute may feed animals its own specific standard chow. This 

difference in standard chow is usually forgotten when comparing results between 

different institutes on the same research topic. Furthermore, even within comparative 

dietary component studies comparisons are often not accurate in their standardization as 

not solely the dietary component is changed within the same chow, but actually two 

different chows are fed differing in more components than only the component studied. In 
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chapter 2 of this thesis, we show that the standard chow fed to the animals can be of great 

importance on several important parameters, such as total body growth, heart 

hypertrophy or specific protein levels (in our case HK). This underscores the need for 

proper standardization and comparison of animal standard chows. 

 

 

Broadening the horizon: Beyond cardioprotection and I/R damage 
 

As the reader of this thesis may have noticed from the literature citations and theory 

described, the role of HK in cell survival is studied in different research areas. The initial 

direction towards HK influence on cytoprotection came from cancer research. Tumor cells 

were found to have increased survival chances due to increased glycolysis, which is, at 

least partly due to increased HK expression (22; 41). This so-called ‘Warburg’ effect 

marked the beginning of a still developing story on cytoprotection by HK. Besides the role 

of HK cytoprotection against I/R in the heart shown in this thesis, it has also been related 

to protection against I/R damage and oxidative stress in other organs: liver (43), kidney 

(10) and brain (14; 40). However, the role of HK in cell damage is not limited to I/R 

disease states. Up to this day, HKs have been studied and shown to have a beneficial role 

in diseases like cancer (30), autism (12), Alzheimer’s disease (7; 19), diabetes (11), mood 

and psychotic disorders (34), and neurodegenerative diseases like Parkinson’s disease (1; 

6; 38). This list will likely expand in future as knowledge on cell signaling influence of HK 

will expand. 

 

Concerning cardiac diseases, HKs may also have a prominent role in future stem cell 

related therapies of cardiac infarcts (4; 5; 17). The fact that this may be clinically usable in 

future makes knowledge about the role of HKs in stem cells valuable for all diseases to 

which stem cell therapy is a possible treatment. 

 

All the aforementioned other areas beyond cardiology and I/R damage emphasize the 

importance of further research on HK in healthy and diseased models. Therefore, the 

results found in the studies performed within the borders of this thesis should not only be 

used in the context of I/R damage, but also in every field where HKs might have a role in 

cell death regulation. 



General discussion 

149 

References 
 

1.  Arboleda G, Morales LC, Benitez B and Arboleda H. Regulation of ceramide-induced neuronal death: cell 

metabolism meets neurodegeneration. Brain Res Rev 59: 333-346, 2009. 

2.  Charge SB and Rudnicki MA. Cellular and molecular regulation of muscle regeneration. Physiol Rev 84: 209-238, 

2004. 

3.  Chiara F, Castellaro D, Marin O, Petronilli V, Brusilow WS, Juhaszova M, Sollott SJ, Forte M, Bernardi P and 

Rasola A. Hexokinase II detachment from mitochondria triggers apoptosis through the permeability transition pore 

independent of voltage-dependent anion channels. PLoS One 3: e1852, 2008. 

4.  Chung S, Arrell DK, Faustino RS, Terzic A and Dzeja PP. Glycolytic network restructuring integral to the 

energetics of embryonic stem cell cardiac differentiation. J Mol Cell Cardiol 48: 725-734, 2010. 

5.  Chung S, Dzeja PP, Faustino RS, Perez-Terzic C, Behfar A and Terzic A. Mitochondrial oxidative metabolism is 

required for the cardiac differentiation of stem cells. Nat Clin Pract Cardiovasc Med 4 Suppl 1: S60-S67, 2007. 

6.  Corona JC, Gimenez-Cassina A, Lim F and Diaz-Nido J. Hexokinase II gene transfer protects against 

neurodegeneration in the rotenone and MPTP mouse models of Parkinson's disease. J Neurosci Res 88: 1943-1950, 

2010. 

7.  Cuadrado-Tejedor M, Vilarino M, Cabodevilla F, Del RJ, Frechilla D and Perez-Mediavilla A. Enhanced 

expression of the voltage-dependent anion channel 1 (VDAC1) in Alzheimer's disease transgenic mice: an insight 

into the pathogenic effects of amyloid-beta. J Alzheimers Dis 23: 195-206, 2011. 

8.  Das S, Wong R, Rajapakse N, Murphy E and Steenbergen C. Glycogen synthase kinase 3 inhibition slows 

mitochondrial adenine nucleotide transport and regulates voltage-dependent anion channel phosphorylation. Circ 

Res 103: 983-991, 2008. 

9.  Fraisl P, Mazzone M, Schmidt T and Carmeliet P. Regulation of angiogenesis by oxygen and metabolism. Dev Cell 

16: 167-179, 2009. 

10.  Gall JM, Wong V, Pimental DR, Havasi A, Wang Z, Pastorino JG, Bonegio RG, Schwartz JH and Borkan SC. 

Hexokinase regulates Bax-mediated mitochondrial membrane injury following ischemic stress. Kidney Int 79: 1207-

1216, 2011. 

11.  Gerbitz KD, Gempel K and Brdiczka D. Mitochondria and diabetes. Genetic, biochemical, and clinical implications 

of the cellular energy circuit. Diabetes 45: 113-126, 1996. 

12.  Gonzalez-Gronow M, Cuchacovich M, Francos R, Cuchacovich S, Fernandez MP, Blanco A, Bowers EV, 

Kaczowka S and Pizzo SV. Antibodies against the voltage-dependent anion channel (VDAC) and its protective 

ligand hexokinase-I in children with autism. J Neuroimmunol 227: 153-161, 2010. 

13.  Gottlob K, Majewski N, Kennedy S, Kandel E, Robey RB and Hay N. Inhibition of early apoptotic events by 

Akt/PKB is dependent on the first committed step of glycolysis and mitochondrial hexokinase. Genes Dev 15: 1406-

1418, 2001. 

14.  Gray SM, Adams V, Yamashita Y, Le SP, Goddard-Finegold J and McCabe ER. Hexokinase binding in ischemic 

and reperfused piglet brain. Biochem Med Metab Biol 53: 145-148, 1994. 

15.  Hausenloy DJ, Tsang A, Mocanu MM and Yellon DM. Ischemic preconditioning protects by activating prosurvival 

kinases at reperfusion. Am J Physiol Heart Circ Physiol 288: H971-H976, 2005. 

16.  King LM and Opie LH. Glucose and glycogen utilisation in myocardial ischemia--changes in metabolism and 

consequences for the myocyte. Mol Cell Biochem 180: 3-26, 1998. 

17.  Laflamme MA and Murry CE. Heart regeneration. Nature 473: 326-335, 2011. 

18.  Lopaschuk GD and Saddik M. The relative contribution of glucose and fatty acids to ATP production in hearts 

reperfused following ischemia. Mol Cell Biochem 116: 111-116, 1992. 



Chapter 8 

150 

19.  Lynn BC, Wang J, Markesbery WR and Lovell MA. Quantitative changes in the mitochondrial proteome from 

subjects with mild cognitive impairment, early stage, and late stage Alzheimer's disease. J Alzheimers Dis 19: 325-339, 

2010. 

20.  Machida K, Ohta Y and Osada H. Suppression of apoptosis by cyclophilin D via stabilization of hexokinase II 

mitochondrial binding in cancer cells. J Biol Chem 281: 14314-14320, 2006. 

21.  Majewski N, Nogueira V, Bhaskar P, Coy PE, Skeen JE, Gottlob K, Chandel NS, Thompson CB, Robey RB and 

Hay N. Hexokinase-mitochondria interaction mediated by Akt is required to inhibit apoptosis in the presence or 

absence of Bax and Bak. Mol Cell 16: 819-830, 2004. 

22.  Mathupala SP, Ko YH and Pedersen PL. Hexokinase II: cancer's double-edged sword acting as both facilitator and 

gatekeeper of malignancy when bound to mitochondria. Oncogene 25: 4777-4786, 2006. 

23.  McCommis, KS. and Baines, CP. VDAC2 and VDAC3, but not VDAC, are required for HK2-mediated protection 

against cell death. Basic Cardiovascular Sciences 2011, Scientific Sessions American Heart Association, New Orleans.  

p38. 12-11-2011. Ref Type: Conference Proceeding 

24.  McCully JD, Wakiyama H, Hsieh YJ, Jones M and Levitsky S. Differential contribution of necrosis and apoptosis 

in myocardial ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 286: H1923-H1935, 2004. 

25.  Miura T, Tanno M and Sato T. Mitochondrial kinase signalling pathways in myocardial protection from 

ischaemia/reperfusion-induced necrosis. Cardiovasc Res 88: 7-15, 2010. 

26.  Miyamoto S, Murphy AN and Brown JH. Akt mediates mitochondrial protection in cardiomyocytes through 

phosphorylation of mitochondrial hexokinase-II. Cell Death Differ 15: 521-529, 2008. 

27.  Murphy E and Steenbergen C. Gender-based differences in mechanisms of protection in myocardial ischemia-

reperfusion injury. Cardiovasc Res 75: 478-486, 2007. 

28.  Pasdois P, Parker JE, Griffiths EJ and Halestrap AP. The role of oxidized cytochrome c in regulating mitochondrial 

reactive oxygen species production and its perturbation in ischaemia. Biochem J 436: 493-505, 2011. 

29.  Pastorino JG and Hoek JB. Hexokinase II: the integration of energy metabolism and control of apoptosis. Curr Med 

Chem 10: 1535-1551, 2003. 

30.  Pastorino JG and Hoek JB. Regulation of hexokinase binding to VDAC. J Bioenerg Biomembr 40: 171-182, 2008. 

31.  Pastorino JG, Hoek JB and Shulga N. Activation of glycogen synthase kinase 3beta disrupts the binding of 

hexokinase II to mitochondria by phosphorylating voltage-dependent anion channel and potentiates chemotherapy-

induced cytotoxicity. Cancer Res 65: 10545-10554, 2005. 

32.  Pastorino JG, Shulga N and Hoek JB. Mitochondrial binding of hexokinase II inhibits Bax-induced cytochrome c 

release and apoptosis. J Biol Chem 277: 7610-7618, 2002. 

33.  Rasola A, Sciacovelli M, Pantic B and Bernardi P. Signal transduction to the permeability transition pore. FEBS Lett 

584: 1989-1996, 2010. 

34.  Regenold WT, Pratt M, Nekkalapu S, Shapiro PS, Kristian T and Fiskum G. Mitochondrial detachment of 

hexokinase 1 in mood and psychotic disorders: Implications for brain energy metabolism and neurotrophic 

signaling. J Psychiatr Res 46: 95-104, 2012. 

35.  Robey RB and Hay N. Mitochondrial hexokinases: guardians of the mitochondria. Cell Cycle 4: 654-658, 2005. 

36.  Robey RB and Hay N. Mitochondrial hexokinases, novel mediators of the antiapoptotic effects of growth factors 

and Akt. Oncogene 25: 4683-4696, 2006. 

37.  Rostovtseva TK, Tan W and Colombini M. On the role of VDAC in apoptosis: fact and fiction. J Bioenerg Biomembr 

37: 129-142, 2005. 

38.  Saraiva LM, Seixas da Silva GS, Galina A, da-Silva WS, Klein WL, Ferreira ST and De Felice FG. Amyloid-beta 

triggers the release of neuronal hexokinase 1 from mitochondria. PLoS One 5: e15230, 2010. 

39.  Sun L, Shukair S, Naik TJ, Moazed F and Ardehali H. Glucose phosphorylation and mitochondrial binding are 

required for the protective effects of hexokinases I and II. Mol Cell Biol 28: 1007-1017, 2008. 



General discussion 

151 

40.  Vannucci RC and Mujsce DJ. Effect of glucose on perinatal hypoxic-ischemic brain damage. Biol Neonate 62: 215-

224, 1992. 

41.  Warburg O, Wind F and Negelein E. The metabolism of tumors in the body. J Gen Physiol 8: 519-530, 1927. 

42.  Weiss JN, Korge P, Honda HM and Ping P. Role of the mitochondrial permeability transition in myocardial disease. 

Circ Res 93: 292-301, 2003. 

43.  Wyatt E, Wu R, Rabeh W, Park HW, Ghanefar M and Ardehali H. Regulation and cytoprotective role of 

hexokinase III. PLoS One 5: e13823, 2010. 




