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Being the world-wide leading cause of death ischemic heart disease equally affects men 

and women in both middle-to-low-income and high-income countries (72). Major causes 

are so-called behavioral risk factors, like unhealthy diet and physical inactivity. Ischemic 

heart diseases manifest as events like acute myocardial infarction, arrhythmias and heart 

failure. Acute myocardial infarction results from a reduced or completely blocked blood 

supply to the heart muscle. With proceeding duration of this state a gradually increasing 

number of cardiomyocytes is irreversibly injured and the degree of tissue loss will incline 

accordingly. The size of the infarct is the major determinant of further prognosis for 

patients (5; 56) and therefore needs be reduced as much as possible. The solution to this is 

not as simple as reducing the length of the anoxic or hypoxic event as much as possible by 

timely reperfusion, because reperfusion itself also induces cell death. Therefore, ischemia 

and reperfusion should not be seen as separate targets for therapy. The necessity of a 

continuous search for new insights and therapeutic possibilities in order to be able to 

reduce and prevent ischemia-reperfusion damage is obvious. Attenuation of cell death 

mechanisms initiated during both ischemia and reperfusion is a very promising and 

effective therapeutic possibility and therefore needs further elucidation. 

 

 

Ischemia-reperfusion injury 
 

The duration and severity of ischemia, which is the reduction or complete loss of blood 

flow, and reperfusion, which is the restoration of blood-flow, both have physiological 

effects on the cellular recovery from the ischemia-reperfusion (I/R) event. The longer 

tissues are deprived from the necessary oxygen and metabolite supply, the more severe 

the resulting cellular damage will be. Interestingly, ischemia can also have beneficial 

effects as very short periods of ischemia (<10 min) actually are protective to tissue (44). 

However, a longer period of ischemia (10-20 min) results in reversible cellular damage and 

more persistent ischemia (>20 min) results in severe, irreversible damage (24; 68). Thus, 

early reperfusion is of utmost importance in order to increase the success of ischemic 

tissue salvage.  

 

Cellular survival is only possible if cells are still in the reversible damage condition. 

However, it should be noted that the heart consists of numerous different cell types and 
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regional differences concerning metabolism and energy needs exist. Throughout the 

complete heart, cardiac I/R will result in heterogeneous cell death as irreversible cell 

death develops first in regions with the highest metabolism and energetic needs. Other 

regions have lower metabolic needs and will suffer significant damage after a more 

prolonged period of ischemia. This heterogeneity of cell death occurring should be kept in 

mind when judging the effects of I/R in the complete heart.  

 

Furthermore, besides the loss of flow, the recurrence of blood flow has also been 

recognized as detrimental as it also induces cell death, called reperfusion injury. It is 

estimated that approximately up to 50% of I/R injury is caused by reperfusion injury. 

Ischemia and reperfusion injury are not necessarily separate pathophysiological events 

due to the physiological events initiated during ischemia, which are continued and/or are 

of significant influence during reperfusion. Therefore, these pathophysiological terms are 

therefore referred to as ischemia-reperfusion injury. 

 

Metabolic features ischemia-reperfusion. In the normal, normoxic state, cardiomyocytes use 

fatty acids (~60%) (63) and carbohydrates (glucose, lactate, pyruvate; ~40%) (14; 28) for 

energy production. However, cardiomyocyte substrate preference depends amongst 

others on exogenous substrate concentrations, which depend on blood supply. During 

complete blood flow cessation, as in no-flow ischemia, metabolic residue accumulation 

and the lack of both oxygen and exogenous substrates supply force the cell to change its 

metabolic preferences. The first moments of ischemia the rate of glycolysis is increased, 

but will halt when ischemic conditions sustain. During continuing oxygen deprivation 

anaerobic metabolism is used as the oxidative metabolism is shut down (3; 32). However, 

conditions of residual blood flow, referred to as low-flow ischemia, are more usually the 

case in clinical conditions. The degree of supply cessation determines the extent of 

metabolic switch to glycolysis (4), which will maintain ATP production. As cellular 

homeostasis is less disturbed, low-flow ischemia is characterized by less cellular ischemia-

reperfusion damage than no-flow ischemia.  

 

Physiological features ischemia-reperfusion (11; 43) (Figure 1). Upon the occurrence of no-flow 

ischemia oxidative phosphorylation and respiration are inactivated due to oxygen 

deprivation. At the initial moments of ischemia, glycolysis rate increases. However, this  
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does not result in sufficient ATP production to keep the heart beating. In addition, lactic  

acid accumulates, as it is not removed by the blood stream, causing acidosis. As a result 

ATP levels rapidly decrease, which is intensified by reverse operation of the mitochondrial 

ATP synthase (F1Fo-ATPase). During normoxic conditions F1Fo-ATPase produces ATP 

driven by the mitochondrial proton (H+) influx. However, during ischemia it operates in 

reverse mode and uses ATP in order to maintain the mitochondrial membrane potential 

(Δψm). 

 

The intracellular acidosis drives the cytosolic influx of sodium (Na+i) through the Na+/H+ 

-exchanger in the plasma membrane. The excess Na+i is transported out of the cell via 

reverse mode of the Na+/Ca2+ -exchanger, as a result of depolarized plasma membrane 

and risen Na+i levels. This step results in reduced Na+i, but an intracellular calcium (Ca2+i) 

overload. ATP lacks for normal operation of the SERCA (sarcoplasmic endoplasmic 

reticulum Ca2+ -ATPase) pump, which in normoxic conditions takes up Ca2+i into the 

sarcoplasmic reticulum, and Ca2+i is taken up in the mitochondrion via a Ca2+ uniporter by 

using energy from the Δψm. Mitochondrial Ca2+ (Ca2+m) is a known possible activator of 

the mitochondrial permeability transition pore (mPTP). Opening of the pore makes the 

inner mitochondrial membrane (IMM) permeable, leading to mitochondrial swelling and 

consequently rupture of the outer mitochondrial membrane (OMM) and release of 

cytochrome C and triggering of apoptosis (e.g. activation of caspases) and eventually cell 

death. However, Ca2+m levels alone are not sufficient to open the mPTP as the pore is 

inhibited by the existing low pH during ischemia.  

 

Figure 1. Pathophysiological events during ischemia and reperfusion. 
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During reperfusion, the restored oxygen levels cause rapid restoration of pH with still 

elevated levels of Ca2+m. This facilitates the activation of mPTP, opening of which activates 

protein signaling cascades leading to cell death. Furthermore, the mPTP opening leads to 

cellular ATP depletion at this moment. Whether Ca2+m levels will normalize depends on 

the damage done to SR Ca2+i handling proteins during ischemia and whether ATP levels 

are restored. If Ca2+i uptake by SR is disrupted due to damage to the Ca2+ handling 

proteins, Ca2+i levels remain high, which possibly leads to arrhythmias. 

 

The rapid restoration of oxygen during the initial minutes of reperfusion leads to a second 

possibly damaging consequence as a burst of reactive oxygen species (ROS) arises (64; 81). 

This is possibly due to damaged electron chain components leading to the generation of 

superoxide. These detrimental ROS produced during early reperfusion are thought to be 

an important activator of the mPTP (30) in addition to the, at this time point, elevated Ca2+i 

levels and restored pH.  

 

The described pathophysiological events occurring during reperfusion, if severe enough, 

can in the end possibly result in membrane damage and rupture, leading to inevitable cell 

death. In the mean time, before membrane rupture occurs, pro-apoptotic protein signaling 

cascades are activated by the above described physiological events leading to mPTP 

opening. The components of both the physiological events and the signaling cascades are 

possible candidates for I/R damage reduction as they are opposed or inhibited by other 

cell signaling cascades activated by protective mechanisms. 

 

Cardioprotective interventions against ischemia-reperfusion injury  

Ischemic preconditioning. The cellular processes occurring during I/R actually do provide 

handles for cardioprotective interventions. The very strong phenomenon of ischemic 

preconditioning (IPC) was first described in 1986 by Murry et al. (44) and uses endogenous 

physiological protection mechanisms. The infarct size was shown to be reduced with 75% 

upon applying repetitive brief episodes of I/R followed by a subsequent sustained 

ischemic period. The protective effect of IPC shows immediately at the first minutes of 

reperfusion (23; 25), and is thereafter called early preconditioning, and disappears 2-3 

hours after the IPC protocol if no subsequent ischemia is applied (18; 45). These short-

lived protective IPC effects are mediated by posttranslational modifications and/or 
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subcellular trafficking. Additionally, a second window of protection exists, called late 

preconditioning, which becomes apparent at 12-24 hours after the IPC protocol and lasts 

for 3-4 days (18; 22; 57). This second window is mediated by changed protein expression 

due to transcriptional effects of IPC. 

 

Trigger phase. As a result of an IPC protocol different agonists, such as adenosine, opioids 

and bradykinin, are released in a pre-ischemic trigger phase (37; 55; 67). These agonists 

trigger activity of specific G protein-coupled receptors (GPCR) by binding to them (37; 55; 

67). The receptors work in parallel as all three GPCR types need to be inhibited in order to 

completely block the IPC protective effect (15). Other receptors have also appeared to 

mediate the IPC effect, which are cytokine receptors and receptor tyrosine kinases (12).  

 

Mediator phase. A network of intracellular pro-survival signaling pathways is activated at 

reperfusion by the GPCRs. Two major pathways have been described: the survivor 

activating factor enhancement (SAFE) pathway (20; 34), which includes JAK and STAT3 

protein phosphorylation and tumor necrosis factor (TNF) activation, and the reperfusion 

injury salvage kinases (RISK) pathway (21). These pathways are not completely separated 

cascades and both converge on the mitochondrion preventing mPTP formation and 

opening, thereby making the mitochondrion a key player in cytoprotection against I/R 

damage. 

 

A group of pro-survival kinases has been denoted as the RISK pathway. The kinase 

activated first by IPC in this pathway is phosphoinositide 3-kinase (PI3K), which activates 

phosphatidylinositol 3,4,5-triphosphate (PIP3) leading to activation of amongst others Akt 

(also named protein kinase B; PKB). Akt is key regulatory component of numerous 

different cell signaling cascades and thereby regulates numerous different proteins. Very 

recently, it was shown that solely the Akt1 isoform, and not Akt2, is essential for IPC (33). 

In cytoprotection against I/R injury, Akt activates endothelial nitric oxide synthase 

(eNOS), leading to beneficial increased NO production, and inactivates pro-apoptotic 

proteins p53, BAD and glycogen synthase kinase-3β (GSK-3β). GSK-3β is constitutively 

active and phosphorylation by Akt inhibits its pro-cell death action. Besides IPC (59; 60), 

other cardioprotective agents have also been shown to phosphorylate and thereby 

inactivate GSK-3β (17; 27). Targets of cytosolic GSK-3β are pro-cell death proteins, which 
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are located in the cytosol as well as at the mitochondrion. However, it is also thought that 

GSK-3β is partly located at the mitochondrion, where it may regulate adenine nucleotide 

translocator (ANT) and voltage dependent anion channel (VDAC), both suspected mPTP 

components, after IPC induced phosphorylation of GSK-3β (10; 46). In this way, mPTP 

formation is disturbed as ANT and cyclophilin D (CypD), another suspected mPTP 

component, association is prevented (46). Additionally, GSK-3β inactivation is thought to 

prevent VDAC phosphorylation and thereby prevent ATP depletion during ischemia 

through inhibition of ATP transport into the mitochondria (10). Furthermore, GSK-3β has 

been shown to directly influence different components of the Bcl-2 family. Active GSK-3β 

phosphorylates the pro-apoptotic Bax, leading to conformational change and translocation 

to the mitochondrion (36). There, Bax is thought to directly bind to VDAC (48). On the 

other hand, inactivated GSK-3β increases anti-apoptotic Bcl-2 mitochondrial binding (10). 

Thus, GSK-3β inactivation leads to direct inhibition of pro-apoptotic signaling and results 

in decreases mPTP formation and opening. 

 

Conclusively, IPC induced activation of pro-survival pathways, like RISK, ultimately 

prevent mPTP formation and opening. ATP depletion and release of cytochrome C from 

the mitochondrion is hereby prevented, resulting in less damaged mitochondria, 

decreased apoptosis activation and thus increased cell survival chance. 

 

Other conditioning strategies. Besides IPC other protective interventions are known for 

reduction of I/R injury. The initial minutes of reperfusion appear to be crucial in I/R 

damage as upon application of brief I/R episodes directly at the onset of reperfusion I/R 

damage is reduced. This ischemic conditioning strategy was therefore denoted as ischemic 

postconditioning (IpostC) (31; 74). I/R injury is attenuated to the same extent as IPC, but 

combining IPC and IpostC does not enhance the degree of protection (19). The clinical 

relevance is greater for IpostC compared to IPC as the protective intervention takes place 

after the ischemic insult. Most patient reach the hospital after infarction and medical 

treatment therefore starts during reperfusion. However, it remains difficult to treat the 

patient with IpostC as it has only protective effects when applied at the first minutes of 

reperfusion. 
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Furthermore, remote preconditioning, which is the application of non-invasive IPC on e.g. 

a limb results in cellular protection in a distant organ. This clinically interesting 

application of preconditioning (29) has also been proved protective as remote 

postconditioning (1). The latter intervention is therefore the most promising in clinical 

circumstances as it is performed after the ischemic insult. 

 

Pharmacological preconditioning results in similar protective effects as the 

aforementioned ischemic interventions. Numerous different agents are known which 

target components of the signaling pathways or detrimental physiological effects involved 

in I/R injury. Known agents are e.g. cyclosporine, nitric oxide donors, volatile anesthetics 

and noble gasses. For most agents the exact mechanism of protection is not known, but 

clinically it would be most beneficial to be able to use each as a postconditioning strategy. 

 

For more efficient use of the aforementioned protective tools, more knowledge concerning 

the precise mechanisms of action is needed and thus the key components of the 

interventions should be known for direct pharmacological intervention. In this thesis, we 

focus on one possible end-effector of the signaling pathways involved in I/R damage, the 

glycolytic enzyme hexokinase. The role of this protein in both I/R and IPC was studied in 

heart and skeletal muscle. 

 

 

Hexokinase in ischemia-reperfusion injury 
 

Hexokinases (ATP:D-hexose 6-phosphotransferase, EC 2.7.1.1) are a group of kinases with 

a high specificity for glucose as substrate. This means that hexokinases are enzymes which 

phosphorylate glucose using ATP as the phosphoryl donor resulting in the product 

glucose-6-phosphate (G-6-P). This is the important first step of the glycolytic pathway as 

glucose is not able to diffuse out of the cell after phosphorylation, thereby maintaining a 

glucose gradient for its transport in the cell.  

 

Four different mammalian isoforms exist, hexokinase I-IV (HK I-IV) (70). HKI is expressed 

throughout the body with particularly high levels in the brain, which is largely dependent 

on glycolysis. HKII is expressed in insulin-sensitive tissues, like heart, skeletal muscle and 
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adipose tissue. HKIII is relatively low-expressed and is found in lung, kidney and liver 

tissue. Hexokinases I-III are each constituted from two highly homologous 50 kDa halves. 

In HKI and III only the C-terminal half is catalytically active, while in HKII both C- and N-

terminal halves are active in glucose phosphorylation. HK I-III are all prone to direct 

product inhibition by binding of G-6-P to one or both catalytically active halves. The 

fourth isoform, hexokinase IV, also known as glucokinase, solely consists of one 50 kDa 

half, which is not sensitive to G-6-P activity inhibition, and is found in pancreatic B cells 

and liver tissue. Glucokinase discerns itself from the other isoforms by its very low affinity 

for glucose (Km is 100 times higher than that of the other isoforms). 

 

Additionally, both HKI and HKII contain a conserved amino-acid sequence at the N-

terminus which enables mitochondrial binding (71). This binding sequence is not apparent 

in HKIII, which is therefore only found in the cytoplasm, while HKI and HKII are known 

to be able to translocate between the cytosol and mitochondrion under certain 

physiological conditions. Under normal conditions, the mitochondrial binding of HK 

facilitates its access to mitochondrial generated ATP (2). In this manner, an ATP gradient 

for effective ADP/ATP exchange and ATP production in the mitochondrion is 

maintained. 

 

Role of HKs in cell death 

In addition to their obvious role in glucose metabolism, HKI and II have also been shown 

to play a role in the regulation of cell survival (47). Firstly, highly malignant tumors are 

characterized by elevated rates of glycolysis, even in the presence of ample oxygen, also 

known as the ‘Warburg effect’ (41; 69). This characteristic of rapidly proliferating tumor 

cells over the surrounding tissue cells is facilitated by corresponding elevated expression 

and activity of predominantly HKII (52), but also HKI (41). Besides elevated expression, 

mitochondrial binding of HKI and II in tumor cells further enhances glycolysis rates as 

their access to ATP is facilitated and makes HKII less sensitive to G-6-P inhibition (50).  

 

Secondly, mitochondrial binding of HKI and II serves another cellular survival mechanism 

due to their direct influence on anti-apoptotic signaling (51). The exact mechanism of this 

anti-apoptotic role is not completely clear yet and needs further examination. However, 
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the dual beneficial role of mitoHK in cell death inhibition leads to the question whether 

HKs may also have a role in the regulation of cell death due to I/R damage. 

 

Why could there be a role for mitochondrial HK in cardioprotection? 

Up to now, much basic cardiovascular research is focused on the complete understanding 

of the mechanisms involved in IPC and thereby I/R. It became apparent that many of the 

signals induced by IPC converge on the mitochondrion (43). In addition, alterations in 

glycolysis were also found to be a signature of IPC treated hearts (44). In previous work 

from our own laboratory this interaction between changes in glycolysis and mitochondrial 

function was also found using reversible ischemia inducing preconditioning. Additional 

work, focusing on the activation of mitochondrial oxygen consumption with 

instantaneous increases in workload (62), demonstrated that glycolysis needs to be active 

to observe changes in mitochondrial activation after a reversible period of ischemia. This 

was not observed after irreversible ischemia (77; 79). Thus, alterations in glycolysis 

induced by reversible ischemia resulted in a specific change in mitochondrial activation 

that is characteristic of heart tissue in the cardioprotective state.  

 

It has been reported that cardioprotection induced by IPC resulted in decreased anaerobic 

glycolysis and a decreased build-up of fructose-6-phosphate and lactate, despite normal or 

even elevated levels of glucose and glucose-6-phosphate during the sustained ischemia 

(26; 44; 66). Thus, preconditioning induced alterations in glycolysis that are localized just 

after the first step of glycolysis performed by HK. Previous work showed that this 

decreased build-up of glycolytic intermediates is not due to an increased channeling of 

these glycolytic intermediates into the pentose phosphate pathway (75), indicating that the 

changes described above are probably the result of changes within the control of glycolysis 

itself. 

 

Regulation of glycolysis by IPC may involve enzyme translocation, with HK being a likely 

candidate. Especially the known translocation of HK to the mitochondrion could explain 

many of the phenomena described for IPC. First of all, binding of HK to mitochondria 

protects against apoptosis induced by oxidative stress (39; 40; 47), which complements the 

literature on fast growing tumor cells (51) showing that mitoHK provides cell survival 

benefit. Interestingly, protection by mitoHK was only observed in the presence of glucose, 
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suggesting that the HK protective effect is not just structural. Thus, translocation of HK to 

the mitochondrion may constitute part of the cardioprotective phenotype of IPC. 

  

In addition, the aforementioned kinetically advantageous mitochondrial binding of HK 

brings glycolysis actually under the control of oxidative phosphorylation (70). This may 

partly explain the often observed increase in aerobic glycolysis of the heart during 

normoxia following reversible periods of ischemia (80), and the accelerated decrease in 

anaerobic glycolysis rate during the first period of ischemia in preconditioned hearts (44). 

This increased coupling of glycolysis with oxidative metabolism may result in a decreased 

anaerobic glycolytic proton production and consequently attenuated acidosis (38; 71), as is 

usually observed in preconditioned hearts.  

 

Thus, it seems that increased association of HK with cardiac mitochondria may explain 

many of the phenomena observed with cardioprotection, offering arguments for a critical 

evaluation of the role of mitoHK in cardioprotection against I/R damage. 

 

MitoHK in cardioprotective interventions 

In 2005, the first study was performed that examined whether IPC was associated with HK 

translocation to the mitochondria within the intact heart (76). It was demonstrated that 

upon IPC, HK activity in the cytosol decreased, which was accompanied with an increase 

in the mitochondrial compartment of the IPC treated heart. In addition, two other well-

known cardioprotective interventions were examined: morphine and insulin 

administration. Both morphine and insulin were also able to redistribute HK from the 

cytosol to the mitochondrion. This was further collaborated by a subsequent study in in 

vivo rat hearts (78). It was shown that well-known cardioprotective anesthetics, such as 

isoflurane and sevoflurane, are able to keep HK at the mitochondrion during sedation, 

whereas other non-cardioprotective anesthetics such as ketamine resulted in increases of 

cytosolic HK as compared to conscious, non-anesthetized, animals. These data clearly 

demonstrated that IPC induced translocation of HK to the mitochondrion is operative 

within the intact heart and that this may very well constitute an important end-effector of 

cardioprotective interventions. 
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When looking at HK in cell signaling perspective, several cellular studies (39; 40) have 

demonstrated that activated Akt induces HK translocation to the mitochondrion. 

Additionally, it has been suggested that activated Akt results in HK translocation to the 

mitochondria through the phosphorylation and thus inhibition of the pro-cell death GSK-

3β (49). Alternatively, it is also possible that activated Akt directly phosphorylates HK in 

the cytosol and that this facilitates HK association with mitochondria (42). Thus, Akt 

activation may closely correspond with mitoHK translocation. 

 

In conclusion, cardioprotective signaling in the intact heart appears to be associated with 

increases of HK at the level of the mitochondrion. Possibly, the anti-apoptotic function of 

HK translocation may be regulated by the RISK pathway. 

 

Possible mechanisms of mitoHK-mediated cardioprotection against I/R injury 

Independently of the above described binding to mitochondria, HK may also offer 

protection against I/R injury solely by its phosphorylative activity. In a study by Sun et al. 

(58) it was shown that overexpression of truncated HK proteins lacking the mitochondrial 

binding domains could indeed partly explain the protective effects of overexpressed full 

length HK proteins against H2O2 treatment in HEK293 cells. Similarly, overexpression of 

yeast HK, which is not capable of binding to the mitochondrion, protected hypoxic 

cardiomyocytes against contractile dysfunction (73). However, whether these protective 

effects of increased HK activity observed in cellular studies, where glucose is usually the 

sole substrate provided, translate to a more physiological model of I/R in the intact heart, 

with energy derived from many other substrates, is unclear. Liang et al. (35) have shown 

that overexpressing yeast HK does not protect against contractile dysfunction following 

hypoxia in the ex vivo Langendorff-perfused mouse heart. Thus, it is unclear whether 

increased HK activity will in every case have survival benefit against an I/R insult in the 

intact heart. This is commensurate with the dual role (detrimental or beneficial) of 

anaerobic glycolysis in cardiac I/R injury (8). 

 

I/R injury is initiated by Ca2+ overload and the generation of ROS, which result in 

activation of proteases (e.g. caspases, calpains), mitochondrial depolarization and 

mitochondrial permeability transition pore (mPTP) opening. Although still elusive, the 

mPTP pore is suggested to be composed of VDAC, ANT, CypD and HK (16). One 
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mechanism, through which mitoHK could be protective, is by occupying mPTP -VDAC 

binding sites which otherwise would be occupied by the pro-apoptotic proteins Bax/Bak 

(48). Whether VDAC is an essential component in this scenario was recently contested by 

Chiara et al. (6), showing that HK detachment from mitochondria triggers apoptosis 

independent of VDAC. These authors implied that mitoHK protects by affecting the 

configuration of the two other components of the mPTP, i.e. ANT and/or CypD, although 

the precise mechanism was not characterized. One possibility may be that mitoHK activity 

drains mitochondrial ATP for the phosphorylation of glucose, thereby facilitating ATP to 

move out of the mitochondria and ADP to move in, and stimulating ATP/ADP exchange. 

It has been shown by (65) that an early event in apoptosis is a defect in ATP/ADP 

exchange.  

 

Alternatively, an attractive hypothesis is that mitoHK serves as a specific antioxidant 

against mitochondrial radical production. Da-Silva et al. (9) have demonstrated that 

mitoHK reduced mitochondrial membrane potential and ROS production in brain 

mitochondria. Similar findings have been observed in heart mitochondria (54), and the 

reduction of oxidative stress has been implicated as a likely candidate for inhibition of the 

mPTP with IPC (7). According to the abovementioned publications (9; 54), increased 

mitoHK functionally mimics increased mitochondrial uncoupling, a phenomenon which is 

currently regarded as one of the mechanisms providing IPC-induced cardioprotection 

(53). Finally, it has recently been reported that hearts of hypoxia-tolerant fish are 

characterized by elevated amounts of mitoHK. In this study, it was proposed that the high 

level of mitoHK serves to create micro-environments with a low ATP/ADP ratio, which 

could lead to the opening of mitoKATP channels that occur in hypoxic-tolerant fish hearts 

(61). Such an opening of mitoKATP channels also figures as one of the main IPC triggering 

mechanism (13).  

 

Overall, many of the purported HK protective mechanisms against cell death are in line 

with the mechanisms through which IPC and other cardioprotective interventions are 

currently proposed to operate. This underscribes the relevance of studying HK and 

mitochondrial HK binding in the context of reducing I/R damage of the heart. 
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Aims of this thesis 
 

In this thesis, we aimed to study the role of HKII in I/R induced cell death and IPC 

cellular protection in the intact organ, both in vivo and ex vivo. In chapter 2, we studied the 

influence of HKII on low-flow I/R injury and the influence of standard chow on HK 

expression in the intact ex vivo mouse heart. Resulting from this, more severe models of 

no-flow ex vivo and in vivo cardiac I/R and long term recovery were examined in chapter 

3. Subsequently, HKII influence on I/R injury was studied in skeletal muscle using in vivo 

mouse models in mild (chapter 4) and severe I/R injury (chapter 5). In the latter, long-

term recovery was also studied allowing examination of the role of HKII in muscle 

regeneration, angiogenesis and fibrosis. 

 

Spatial and temporal effects of IPC cardioprotection on HK were studied in chapter 6 

using an ex vivo rat heart model. Resulting from this study, the role of cellular and 

mitochondrial bound HKII on IPC cardioprotection and normal cardiac function were 

studied in ex vivo mouse hearts in chapter 7. 
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Abstract 

 

In the present study, we examined whether standard chow (SDS vs. Purina 5001; both 

low-fat, high-carbohydrate) and reductions in hexokinase II (wild-type vs. HK+/- mice) 

affect 1) growth parameters, 2) HK levels in cardiac and skeletal muscle, and 3)  low-flow 

cardiac ischemia-reperfusion (IR) injury. Total HK activity and HKI and HKII expression 

were determined, and low-flow IR injury was examined in isolated hearts subjected to 40 

min 5% low-flow ischemia and 120 min reperfusion. Standard chow, but not HKII 

reductions, significantly affected body weight, heart weight and cardiac hypertrophy.  

Both standard chow and reduced HKII diminished total cardiac and skeletal muscle 

hexokinase activity. For the heart, the Purina chow-induced decrease in total HK activity 

was through decreases in HKI expression, whereas for skeletal muscle post-translational 

mechanisms are suggested.  Both standard chow and reduced HKII demonstrated a non-

significant trend for affecting cardiac IR damage. However, the low-flow ischemia model 

was associated with mild sublethal injury only (~1% cell death). 

 

In conclusion, standard chow affects body weight, heart weight, and HK activity and HKI 

expression in the heart, without altering HKII expression. This implicates standard chow 

as an important factor in genomic, physiologic research models and demonstrates that 

large differences in fat or carbohydrates in diet are not necessary to affect growth. In a 

cardiac low-flow ischemia-reperfusion model, resulting in only mild injury, standard 

chow or reduced HKII does not significantly affect IR damage. 
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Introduction 
 

As to our knowledge, standard chow has received little attention in the field of animal 

experimentation. In contrast, much attention has been given to diets that differ largely in 

fat or carbohydrates, comparing e.g. low-fat with high-fat diet or low-carbohydrate with 

high-carbohydrate diets. However, often these diets not only differ in their fat or 

carbohydrate composition but also in many other components because diets are obtained 

from different suppliers (4; 5; 8; 18). Uncertainty then exists as whether observed effects 

can be ascribed to alterations in the main constituent (fat or carbohydrate) or to differences 

in the background standard chow used. Obviously, information is needed concerning the 

effects that standard chow per se may have on growth and other physiological parameters. 

We examined this question using wild-type and HK+/- mice. The HK+/- mice were shown 

to have a 50% reduction in HKII activity in adipose, skeletal and heart tissues, without an 

effect on HKI activity (12). However, our own initial results with the HK+/- mice on HK 

activity did not show a significant difference between wild-type and HK+/- hearts. 

Interestingly, a recent study (8) demonstrated that difference in cardiac HKII content 

between wild-type and HK+/- hearts disappeared when animal nutrition was changed 

from low-fat to high-fat chow. However, the diets used also differed in background 

standard chow. It cannot be excluded that part of the observed chances in HK can be 

ascribed to differences in the standard chow used.  Therefore, in the present study, we first 

of all examined the effects of two standard laboratory chows and reductions in HKII on 

body weight, heart weight and HK (activity and isoform expression) in heart and skeletal 

muscle in the mice. 

 

As a second aim, we investigated whether HK may confer cardioprotection against 

ischemia-reperfusion injury. The possible role of HK in cell survival became first evident 

from cancer research, since tumor cells are able to survive due to enhanced HK activity 

and expression (19). HK binds directly to the mitochondrial permeability transition pore 

(1), where it exerts its protective effect on cell death (2; 17; 20). Very recently, it was 

described that besides mitochondrial binding also glucose phosphorylation is required for 

cellular protection (27). We demonstrated HK translocation to the mitochondrion in 

cardiac tissue in reaction to cardioprotective interventions (34; 35) and showed increased 

mitochondrial HK activity before and after ischemia following ischemic preconditioning 
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(10). Although these data in intact heart do show a possible role for hexokinase in 

cardioprotection against IR injury, it remains unknown whether HK is causally related to 

IR injury (36). Therefore, in the present study, we hypothesized that cardiac HKII 

reduction, which is the most abundant HK isoform in heart, results in increased IR 

damage in the intact heart. For this purpose, we applied a low-flow ischemia-reperfusion 

model in isolated hearts of heterozygous HKII (HK+/-) mice. 

 

 

Material and Methods 
 

All procedures were in accordance with the Animal Ethical Committee of the University of 

Amsterdam and conform to NIH guidelines. 

 

Animals and standard chow 

C57BL/6J mice containing a partial deletion of the HKII gene (HK+/-), shown to have a 

reduction in HKII activity in adipose, heart and skeletal muscle tissue, but not in HKI 

activity (12), were in-house bred under standard AMC housing conditions (12 h dark /12 

h light cycle; water and food given ad libitum). Breeding couples were assigned to either 

(the local standard chow) Rat and Mouse Breeder and Grower Expanded standard chow 

CRM (SDS; Special Diet Services Ltd., Witham, England) or Purina Laboratory Rodent 

Diet 5001 standard chow (PURINA; PMI Nutrition International, St. Louis, USA). No large 

differences in the major caloric chow macronutrients were present between chows (fat 

12.1% vs. 9.1%; protein 28.0% vs. 22.2%, carbohydrates 59.8% vs. 68.7%, for Purina and 

SDS chow, respectively; Table 1). At 21 days, pups were weaned and fed the same 

standard chow as the parents. Genotypes were determined by standard PCR technique 

after DNA extraction from toe tissue and dissolving in standard TE-buffer. 

 

Experimental procedures 

Four different groups (n=10-13 per group; male and female) were studied: group 1) wild-

type (WT) mice fed SDS chow (3 male, 6 female); group 2) HK+/- mice fed SDS chow (4 

male, 5 female); group 3) wild-type (WT) mice fed PURINA chow (5 male, 8 female); 

group 4) HK+/- mice fed PURINA chow (4 male, 7 female). HK+/- and their wild-type (WT) 

littermates at 12-15 weeks of age were anesthetized with s-ketamine (125 mg/kg) and  
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  Table 1. Composition of SDS and PURINA standard chows. 

 SDS PURINA 
Gross energy (kcal/g) 3.6 4.0 
 Calories provided by (%) 
Protein 22.2 28.0 
Carbohydrates 68.7 59.8 
Fat 9.1 12.1 
 Ingredients 
Soy + + 
Alfalfa - + 
Fish meal + + 
Cereals + + 

 

medetomidine (0.2 mg/kg) by intraperitoneal injection. Heparin (15 IU) was also injected 

intraperitoneally. After performing tracheotomy and thoracotomy, the aorta was in situ 

cannulated and perfusion immediately started before excision of the heart from the chest. 

Each heart was Langendorff-perfused at 37C with Krebs-Henseleit buffer containing 

(mM): 118 NaCl, 4.7 KCl, 2.25 CaCl2, 1.2 MgSO4, 25 NaHCO3, 1.2 KH2PO4, and 11 glucose, 

1 lactate, 0.5 glutamine and 0.1 pyruvate, gassed with 95% O2/5% CO2. Perfusion was by 

constant flow with an initial perfusion pressure of 80 mmHg. A cannula was inserted in 

the myocardial apex to drain Thebesian venous effluent from the left ventricular lumen. A 

balloon made of cling film (Clingorap PVC Clingfilm, Terinex, UK) was inserted into the 

left ventricle, connected to a pressure transducer and inflated with water to achieve an 

end-diastolic pressure between 2-8 mmHg. After a stabilization period of 20 min, 

measurements started with a 20 min period of perfusion (baseline, BL). Subsequently, 40 

min global low-flow ischemia was performed with flow at 5% of baseline flow. Ischemia 

was followed by 120 min reperfusion at baseline flow. Throughout the reperfusion period, 

venous effluent was collected at fixed times (5, 15, 30, 60 and 120 min) for lactate 

dehydrogenase (LDH) enzyme activity measurements. The time-integrated sum of 

activities from all time points resulted in the total release of LDH enzyme from the heart, 

as parameter for total necrosis occurrence during reperfusion. 

 

Tissue homogenization and fractionation 

To determine the effect of standard chow and HK genotype on basal HK activity and 

isoforms in heart and gastrocnemius medialis (GM) muscle, 4 additional groups  (WT, 

SDS: 3 male, 4 female; HK+/-, SDS: 3 male, 2 female; WT, Purina: 3 male, 4 female; HK+/-, 

Purina: 3 male, 3 female) were examined (n=5-7 per group). The heart and GM were 
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excised from the anesthetized animals and directly homogenized in 1.5 ml ice-cold 

isolation buffer containing (mM): 250 sucrose, 20 HEPES buffer (pH 7.4), 10 KCl, 1.5  

MgCl2, 1 EDTA, 0.1 PMSF, 5 μg/ml leupeptin, 5 μg/ml aprotinin and 1 μg/ml pepstatin A. 

Samples were directly stored at -80˚C until further analysis. 

 

Biochemical analysis - enzyme activity measurements 

GM and heart homogenate were treated with 0.5% Triton X-100 and 0.9 M KCl to 

maximally solubilize hexokinase (13), followed by centrifugation (12,000 g; 1 min) to pellet 

crude undissolved remnants. All enzyme activities were spectrophotometrically 

determined in the resulting supernatant at 25C. Hexokinase (HK) activity was measured 

using glucose-6-phosphate dehydrogenase, glucose, ATP, NAD and rotenone. GM and 

heart HK activities were normalized to protein content as determined by the Bradford 

method (3; 33). Lactate dehydrogenase (LDH), as index of necrosis, was measured using 

KH2PO4 buffer, NADH and pyruvate. 

 

Immunoblotting 

HKI and HKII protein levels were detected using Western Blot technique. Equal protein 

amounts of GM and heart (both 100 µg/lane) homogenate were loaded on a 10% SDS-

polyacrylamide gel, separated by reducing electrophoresis and transferred to a PVDF 

membrane. Blots were blocked using 5% BSA solution and subsequently incubated, over 

night at 4°C, with either anti-HKI (1:40,000; Santa Cruz), anti-HKII (1:20,000; Chemicon) or 

α-tubulin (α-TUB; 1:40,000; Sigma). Following 2 h incubation with horseradish peroxidase 

conjugated secondary antibody and washing of blots using TBS-T solution, 

immunoreactive bands were visualized by chemiluminescence detection on X-ray film 

(Hyperfilm ECL, Amersham) using enhanced chemiluminescence solution (Santa Cruz). 

For quantification a Kodak Image Station 440CF (Eastman Kodak Comp., Rochester, NY) 

was used. Each sample was analyzed in duplo. HKI and HKII band densities were 

expressed relative to the corresponding α-TUB band density. Validity of quantification 

was checked for each antibody by calibration curves (data not shown). 

 

Statistics  

Values are presented as mean ± SEM. Two-way ANOVA was used to analyze for main 

and interaction effects of standard chow and HKII reduction. Two-way ANOVA for 
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repeated measurements was used for analysis of EDP measurements at different time 

points during ischemia and reperfusion. Changes were considered statistically significant 

when P<0.05. 

 

 

Results 
 

Effect of standard chow and HKII on body weight, heart weight and baseline cardiac 

physiological characteristics 

Surprisingly, despite the marginal differences in the major caloric constituents between 

chows (Table 1), PURINA chow fed mice had significantly lower heart and body weights 

(12-15%) than SDS fed animals (Table 2). In addition, PURINA chow also significantly 

decreased heart weight relative to body weight, suggesting less cardiac hypertrophy. 

These standard chow effects were independent of HK genotype (p>0.05 for interaction 

effect). Body and heart weights were not different between genotypes fed similar chows, 

indicating that HKII reduction does not affect growth parameters. Chow and HKII 

reduction were without effect on baseline cardiac functional parameters (Table 2). 

 

Table 2. Animal and hemodynamic characteristics of Langendorff experiments. 

 SDS PURINA 
 WT HK+/- WT HK+/- 

BW (g) 23.5±1.0 24.1±1.3 21.0±0.7 # 21.1±0.8 # 
HW (mg) 158±7 154±14 108±4 # 112±9 # 
HW/BW (mg/g) 6.7±0.2 6.3±0.3 5.1±0.1 # 5.3±0.3 # 
LVEDP (mmHg) 8.4±1.2 7.2±1.0 6.2±0.7 6.4±0.8 
DLVP (mmHg) 98.1±7.9 108.1±4.5 107.8±3.5 113.2±5.1 
HR (beats/min) 346±20 363±8 360±15 355±7 
Flow (ml/min) 2.4±0.3 2.2±0.2 2.3±0.3 2.4±0.2 

BW: Body weight; HW: Heart wet weight; HW/BW: Heart to body weight; LVEDP: Left-
ventricular end-diastolic pressure; DLVP: Developed left-ventricular pressure; HR: Heart rate.  
Data are presented as mean ± SEM, 10-13 animals per group. # P<0.05 to SDS chow. 

 

Standard chow and HKII effects on total HK activity and isoforms in heart 

Standard chow significantly affected total cardiac HK activity, with PURINA chow 

decreasing HK activity by -33% as compared to SDS chow (Figure 1A). Reductions in HKII 

also significantly decreased total cardiac HK activity (Figure 1A; -30%). No interaction 

between chow and HKII on HK activity was observed (p = 0.411). Standard chow also 



Chapter 2 

36 

significantly decreased cardiac HKI expression, where PURINA chow decreased HKI 

protein content by -46% (Figure 1B), whereas chow was without effect on cardiac HKII 

protein content (Figure 1C). The data therefore suggest that the decrease in cardiac HK 

activity with PURINA chow can mainly be ascribed to diminished expression of the HKI 

isoform, and not the HKII isoform. 

 

 
 

 

 

 

For both chows, the deletion of the HKII allele did not result in an increased HKI 

expression (Figure 1B), disputing a possible compensatory HKI increase. However, there 

was a tendency for increased HKI protein content in HK+/- mice fed PURINA chow. 

Finally, the results demonstrate that the decrease in HKII isoform in the HK+/- hearts was 

similar for both chows (-26%; Figure 1C). 

 

Standard chow and HKII effects on HK activity and isoforms in skeletal muscle 

To investigate whether chow effects on HK activity and isoforms in the heart extend to 

other insulin-sensitive tissue, the gastrocnemius medialis (GM) muscle was also examined. 

Standard chow also significantly affected HK activity in skeletal muscle (Figure 2A), 

although the effect was smaller as observed for the heart: Purina chow decreased HK 

activity by -25%. However, HKI protein content (Figure 2B) and HKII protein content 

(Figure 2C) were not affected by chow, suggesting that chow-effects on total HK activity in 

skeletal muscle are mediated through a post-translational mechanism (and not through 

altered HKI expression as was observed for the heart). No interaction between chow and 

HKII on HK activity was observed (p = 0.262). 

 

Figure 1. Standard chow and HKII effects on HK activity and isoform expression in heart. Total HK 
activity is normalized to protein (A), and HKI (B) and HKII (C) protein content are measured by 
immunoblotting and normalized to α-tubulin (α-TUB) and shown as arbitrary units (A.U.). Values 
represent mean ± SEM, 5-7 animals per group. #P<0.05 for standard chow effects; *P<0.05 for HK+/-effects 
within similar chow. 



Standard chow and HKII effects on growth, HK and cardiac I/R injury 

37  

 
 

 

 

Also for the GM, reduced HKII resulted in decreased total HK activity for both chows in 

the GM (Figure 2A), with a decrease considerably larger as was observed for the heart       

(-58% vs. -30%, for Purina, GM and Purina, heart, respectively). The larger decrease in 

total HK activity with deletion of one HKII allele in the GM is likely due to the fact that 

HKI is considerably less present in skeletal muscle as compared to heart (Figure 2B versus 

Figure 1B). No compensatory increase in HKI was observed with partial deletion of the 

HKII gene in skeletal muscle (Figure 2B). The decrease in HKII protein content in the 

HK+/- skeletal muscle amounted to -46% (Figure 2C), coming close to the theoretically 

anticipated 50% decrease when knocking out one HKII allele. Overall, the data 

demonstrate that HK activity in the GM muscle is predominantly of HKII origin and is 

affected by standard chow, probably through post-translational mechanisms. In contrast, 

HK activity in the heart is approximately equally determined by HKI and HKII, with 

standard chow affecting total HK activity through alterations in HKI isoform expression. 

 

Effect of standard chow and HKII on cardiac ischemia-reperfusion damage 

We first analyzed standard chow and HKII effects on mechanical performance of the heart 

during and following low-flow ischemia-reperfusion (Figure 3). Both standard chow and 

reductions in HKII were without effect on the recovery of the rate-pressure product at the 

end of the reperfusion period (Figure 3A). The development of diastolic contracture is 

depicted in Figure 3B. Standard chow demonstrated a non-significant trend for increased 

diastolic contracture with SDS standard chow, both during ischemia (p = 0.115) and 

during reperfusion (p = 0.062). Statistical analysis of area-under-the curve for the EDP 

parameter during reperfusion yielded a similar non-significant trend effect of chow (p = 

0.076). The chow effect on diastolic pressure development following IR was independent  

Figure 2. Standard chow and HKII effects on HK activity and isoform expression in skeletal muscle GM.
Normalized HK activity (A), HKI protein content (B) and HKII protein content (C). Values represent mean ± 

SEM, 5-7 animals per group. #P<0.05 for standard chow effects; *P<0.05 for HK+/-effects within similar chow. 
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of HKII genotype (p = > 0.90 for the interaction term). In addition, a non-significant trend 

was observed for increased left-ventricular end-diastolic pressure (LVEDP) in HK+/- hearts 

as compared to WT hearts (p = 0.288 during reperfusion). Although not significantly 

different, mean LVEDP for HK+/- hearts was 38% and 31% increased as compared to WT 

hearts, for SDS and PURINA, respectively.  

 

Concerning cellular damage caused by ischemia-reperfusion, we determined leakage of 

the enzyme lactate dehydrogenase (LDH) in effluent from the Langendorff-perfused heart. 

Interestingly, standard chow significantly affected basal cardiac LDH activity (p = 0.011), 

showing higher (+11%) LDH activity for mice fed Purina standard chow (Figure 4A). 

Reducing HKII was without effect on cardiac LDH activity. LDH release during 

reperfusion was therefore normalized to the amount of LDH present in heart at baseline 

for each specific standard chow (Figure 4B). First of all, the figure indicates that the 40 min 

5% low-flow intervention resulted in a rather low incidence of cell death (approximately 

1%). No overall effect of standard chow (p = 0.554) or HKII (p = 0.235) was observed on 

LDH release from the heart during reperfusion. Although there was a trend for HK+/- 

hearts from both PURINA fed animals (+55%) and from SDS fed animals (+28%) to have 

more LDH release as compared to WT hearts, this difference did not reach statistical 

significance (Figure 4B). 

 

 

Figure 3. Standard chow and HKII effects on ischemia-reperfusion functional parameters. (A) Recovery 
of rate-pressure-product (RPP) at end I/R protocol relative to baseline value. (B) Left-ventricular end-
diastolic pressure (LVEDP) time course during protocol in heterozygous HKII knockout (HK+/-) and wild-
type (WT) mice fed either SDS or PURINA chow. Data are presented as mean ± SEM, 10-13 animals per 
group. 
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Discussion 
 

In this study, our most important findings are: 1) standard chow affects body weight and 

heart weight, resulting in different degrees of cardiac hypertrophy, 2) standard chow 

significantly alters total cardiac and skeletal muscle HK activity, albeit through different 

mechanisms (altered HKI expression for heart and posttranslational HK effects for skeletal 

muscle), and 3) in a low-flow cardiac ischemia-reperfusion model resulting in mild IR 

injury only, standard chow or a moderate decrease in HK activity does not significantly 

exacerbate IR damage. 

 
Effect of standard chow 

It is traditionally thought that large changes in the major diet constituents (carbohydrates, 

fat and proteins) are needed to induce metabolic alterations in tissue and total body 

weight. The present study clearly demonstrates that such large differences in the major 

constituents are not necessary to observe these changes. Both chows used in the present 

study, being standard chows, are to be considered as normal to high-protein, high-

carbohydrate, low-fat diets and use as main ingredients soy, maize, cereals and alfalfa. The 

decrease in body weight observed in the present study, when switching to the PURINA 

chow with 13% less carbohydrates and 30% more fat and 21% more proteins as compared 

to the SDS chow, supports the suggestion that diets only moderately higher in fat and 

protein and lower in carbohydrates result in body weight reduction (7; 11; 26; 30; 31). The 

Figure 4. Standard chow and HKII effects on ischemia-reperfusion cellular damage. (A) Standard chow 
and HKII effects on basal LDH activity (4 animals per group). (B) LDH activity cumulative for 120 min
reperfusion period in heterozygous HKII knockout (HK+/-) and wild-type (WT) mouse hearts fed either SDS 
or PURINA chow. 10-13 animals per group. Data are presented as mean ± SEM. #P<0.05 for standard chow 
effects. 
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directional changes in the major nutrients may also partly reconcile the changes observed 

in HK expression. The isoforms HKI and HKII are differently regulated. HKII is regulated 

by insulin (21; 22) and is therefore most apparent in insulin-regulated/sensitive tissues, 

like heart and skeletal muscle (32). HKI is not insulin-regulated, is expressed ubiquitously 

throughout the body and is more considered as a house-keeping protein. Surprisingly, in 

the present study, standard chow affected cardiac HK activity through alterations in HKI 

and not HKII expression, whereas the majority of studies have demonstrated HKII to be 

most responsive to hormonal and metabolic perturbations. Although we were unable to 

find specific literature regarding dietary effects and cardiac HKI expression, there is 

evidence showing that increasing dietary fat and protein content at the cost of the 

carbohydrates content results in diminished HK activity (6; 14; 24), as was found in our 

PURINA fed WT mice. Why this dietary effect on HKI was mitigated in the HK+/- mice is 

unknown, but is similar to the observations of Fueger et al. (8) showing that a high-fat diet 

only reduced HKII in WT but not in HK+/- mice. Interestingly, although Fueger et al. (8) 

ascribed many of their observed effects to the higher fat content, these effects may also 

possible be ascribed to changes in their background standard chow, because their high-fat 

diet was Bio-Serve based whereas the control diet was Purina based. In addition, it is 

possible that the genomic reduction of the HKII gene from two to one allele impairs this 

dietary effect, because it was reported that HKI expression is regulated by the HKII gene 

(23). Further studies will be necessary to examine cardiac HKI expression regulation in 

more detail. Also not much is known about probable post-translational modifications. 

Concerning nutritional regulation, it is known that HKII expression is inhibited by 

nutritional methyl donors like the vitamins folic acid, vitamin B12, choline and betain 

vegetable hormones (29). Other nutritional regulators like phytoestrogens, originating 

from vegetables like soy, maize and alfalfa (9) may also be of influence, since these are the 

main ingredients of both chows used in the present study. However, we found no 

interference of chow on HKII amount. Whether HKI might be affected by these nutritional 

components is not known and should therefore not be excluded as a possible regulator of 

expression. It should also be realized that both standard chows are so-called closed-

formula chows, meaning that although dietary ingredients are known their concentration 

is not, because this varies from batch to batch, with availability of ingredients and season 

(28). It has been reported that the Purina 5001 chow is rather high in phytoestrogens (28), 
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at least suggesting that there may be a role for phytoestrogen in the chow effects described 

in the present study. 

 

In order to start to understand which component(s) in standard chow causes the effects 

described in the present study, subsequent studies are needed using a single standard 

chow to which known amounts of each suspected component are added and examined for 

effects on growth, biochemistry and pathophysiology of cardiac ischemia-reperfusion. 

Taking the observed standard chow effects on growth and cardiac HKI and HK activity in 

account, our data suggests that standard chow is an important, often neglected (4; 5; 8; 18), 

factor in genomic, physiologic and metabolic research models. 

 

Low-flow ischemia-reperfusion injury and HK 

Previous research demonstrated a protective role of hexokinase against oxidative injury in 

cellular systems and a correlation between mitochondrial HK association and 

cardioprotection in the intact heart (36). Mechanisms of protection may relate to increases 

in energetic flux through increased glucose phosphorylation (glycolysis) capacity with 

increases in HK and/or to mitochondrial protection through increased HK association 

with mitochondria and stabilization of the permeability transition pore. To examine both 

possible beneficial mechanisms we exploited a low-flow ischemia model. In contrast to no-

flow ischemia, where glycolysis is halted due to accumulation of metabolic end-products, 

low-flow ischemia allows for continuous glycolysis-from-exogenous glucose, and thus 

glucose phosphorylation, during ischemia (15; 16). It therefore allows evaluation of the 

effect of possible diminished glucose phosphorylation in the HK+/- hearts on the 

developing IR injury. In addition, low-flow ischemia models more closely reflects the 

clinical condition of myocardial infarction, where residual flow is often present (25), than a 

no-flow ischemia model. 

 

We observed no effect of reduced hexokinase II on contractility during baseline or 

reperfusion. These results are commensurate with studies using overexpression of yeast 

cardiac hexokinase in cardiac low-flow ischemia-reperfusion (16), and suggest that the 

glucose phosphorylating capacity of the heart is not a critical determinant of active force 

production, and recovery thereof following IR. We did observe a nonsignificant trend 

toward increased irreversible damage with reductions in HKII as LDH release during 
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reperfusion was 30-55% higher in the HK+/- heart. It is possible that the use of low-flow 

ischemia and the consequently low incidence of cell death (~1% in the present study), 

hampering statistically sensitive testing of HK effects on cell death. Such testing will may 

await further experiments using this HK+/- heart genotype in settings of a more severe 

ischemic injury model (i.e. no-flow ischemia).  From the present study it can be concluded 

that a moderate reduction in cardiac HK activity is without effect on cardiac ischemia-

reperfusion injury originating from low-flow ischemia. 

 

Taken together, we show that standard chow modifies our genetic mouse model 

concerning cardiac hexokinase, emphasizing standard chow as an important variable in 

cardiac genotype-phenotype characterization. Furthermore, this study demonstrates that 

in a mild, low-flow ischemia model in isolated hearts, functional performance and IR 

functional recovery and necrotic damage were not affected by cellular HKII reduction. 
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Abstract 

 

Rationale: Cardiomyocytes switch substrate utilization from fatty acids to glucose under 

ischemic conditions. However, it is unknown how perturbations in glycolytic enzymes 

affect cardiac response to ischemia-reperfusion (I/R). Hexokinase (HK) II is a HK isoform 

that is expressed in the heart and it can bind to the mitochondrial outer membrane.   

Objective: We sought to define how HKII and its binding to mitochondria play a role in 

cardiac response and remodeling after I/R.   

Methods and Results: We first showed that HKII levels and its binding to mitochondria are 

reduced 2 days after I/R. We then subjected the hearts of wild type and heterozygote HKII 

knockout (HK+/-) mice to I/R by coronary ligation. At baseline, HK+/- mice have normal 

cardiac function, however, they display lower systolic function after I/R compared to wild 

type animals. The mechanism appears to be through an increase in cardiomyocyte death 

and fibrosis and a reduction in angiogenesis, the latter is through a decrease in HIF-

dependent pathway signaling in cardiomyocytes. HKII mitochondrial binding is also 

critical for cardiomyocyte survival, as its displacement in tissue culture with a synthetic 

peptide increases cell death. Our results also suggest that HKII may be important for the 

remodeling of the viable cardiac tissue as its modulation in vitro alters cellular energy 

levels, O2 consumption and contractility.   

Conclusions: These results suggest that reduction in HKII levels causes altered remodeling 

of the heart in I/R by increasing cell death and fibrosis and reducing angiogenesis, and 

that mitochondrial binding is needed for protection of cardiomyocytes. 
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Introduction 
 

The process of glycolysis starts with glucose uptake by glucose transporters (GLUTs), and 

phosphorylation by hexokinases (HK). The reaction catalyzed by HKs maintains the 

concentration gradient required for GLUTs to facilitate the transport of glucose into the 

cell (6; 11; 20; 24). The major GLUTs in the heart are GLUT1 and GLUT4. GLUT1 

transgenic mice are resistant to heart failure from pressure overload (1; 15), and GLUT4 

knockout mice display an increase in hypertrophy (1). However, it is not known how 

alterations of HKs would affect cardiac response to ischemia-reperfusion (I/R). There are 

four mammalian HK isozymes: HKI, HKII, HKIII, and HKIV, which is also known as 

glucokinase (19; 30). While HKI is ubiquitously expressed, HKII is primarily expressed in 

skeletal and cardiac muscle and fat tissue (31). The expression of HKII is regulated by 

insulin at transcriptional level, and its overexpression in tissue culture results in protection 

against oxidant-induced cell death (3; 29). 

 

HKII contains an N-terminal, 21-amino-acid sequence that forms a hydrophobic α helix 

(28; 32), and enables HKII to bind to the outer mitochondrial membrane (2; 5; 8; 16). HKII 

mitochondrial translocation increases in response to insulin and ischemia; a phenomenon 

also observed with cardioprotective treatments such as ischemia preconditioning (IPC) 

and morphine (27; 34). When the endogenous HKII is displaced from the mitochondria, 

cells become more susceptible to an injurious insult (18; 23; 29). Furthermore, 

overexpression of full length HKII leads to greater protection than a mutant construct that 

lacks the mitochondrial binding domain (29). The binding to mitochondria may also allow 

preferable access of HKII to mitochondrially generated ATP (21), and reduce cellular 

production of reactive oxygen species (ROS) (7; 29). This latter function may potentially 

contribute to the protective effects of HKII.  

 

Although it is well demonstrated that cardiomyocytes switch substrates under ischemic 

conditions, it is unknown how a reduction in glycolytic enzymes alters cardiac function in 

response to I/R. We chose to study the effects of a reduction in HKII on cardiac response 

to I/R injury in intact hearts, and to characterize the mechanism for this process. We first 

showed that the levels of HKII and its binding to mitochondria are decreased in response 

to I/R. HK+/- hearts have normal cardiac function at baseline, however, when they are 
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subjected to I/R, they display increased cardiac dysfunction both in vivo and ex vivo. The 

mechanism for the lower systolic function appears to be mediated by an increase in cell 

death and cardiac fibrosis and a reduction in angiogenesis. The decrease in angiogenesis is 

through a reduction in hypoxia-inducible factor (HIF)-mediated vascular endothelial 

growth factor (VEGF) production. HKII binding to mitochondria is important for 

cardiomyocyte survival, as its displacement in vitro results in an increase in cell death at 

baseline and in the absence of any injurious agents. Furthermore, modulation of HKII 

expression in isolated cardiomyocytes results in changes in ATP production, O2 

consumption and contractility, suggesting that HKII may be an important player in 

cardiac remodeling by improving energetic and contractility of the viable cells. These 

results suggest that HKII and its mitochondrial binding play a role in cardiomyocyte 

survival and that a decrease in HKII levels in the heart worsens cardiac function after I/R 

by increasing cardiomyocyte death and fibrosis and reducing angiogenesis. 

 

 

Material and Methods 
 

HK+/- mice were mated with wild type (C57BL/6J) to generate HK+/+ and HK+/- mice. 

Experiments were performed on 10 to 12 week-old female and male mice weighing 20–25 

gram. All mice were maintained and handled in accordance with the Northwestern 

Animal Care and Use Committee and by the animal ethics committee of the Academic 

Medical Center, Amsterdam, The Netherlands.  Animals were initially bred with wild-

type C57BL/6J mice (Jackson Laboratories) and subsequently with wild-type offspring, 

and were backcrossed with C57BL/6J for at least 10 generations. The genomic DNA was 

prepared using the PureGene DNA isolation kit according to the manufacturer’s protocol 

(Gentra Systems, USA).  Approximately 10 ng of the genomic DNA was used for PCR 

using primers against the HKII genomic DNA.  The offspring carrying disrupted HKII 

alleles was identified by PCR amplification with forward primer HK2KO-F2 (5’-

ACTCTCCTGCCGCCCTGC-3’) and reverse primers Neo-R1(5’-

GTGCCCAGTCATAGCCGAATAGC-3’) and HK2KO-R1 (5'-CCC-CTC-ATC-GCC-ACC-

GC-3’). 
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Neonatal rat cardiomyocytes (NRCM) were prepared from 1- to 2-day-old Sprague-

Dawley rats and cultured, as described previously (4). Statistical significance was assessed 

with Anova and the unpaired Student’s t-test.  

An expanded Material and Methods section is available in Appendix A. 

 

 

Results 
 

Total and mitochondrial bound HKII levels are reduced in response to I/R. 

To assess the effects of ischemia and oxidant stress on the total and mitochondrial-bound 

HKII levels, we exposed NRCM to H2O2 (20 µM, 6h) or doxorubicin (1 µM, 24h). Total 

HKII levels did not change significantly, but the mitochondrial bound HKII levels were 

reduced in response to both H2O2 and doxorubicin (Figure 1A and B). We also measured 

the total and mitochondrial-bound HKII levels in the hearts of wild type and HK+/- mice 

subjected to sham or I/R surgery. Consistent with results obtained in vitro, mitochondrial-

bound HKII levels were significantly reduced in response to I/R in both wild type and 

HK+/- mice (Figure 1C). Furthermore, total HKII levels were also reduced in wild type 

mice 2 days after I/R, but did not reach statistical significance in HK+/- mice (Figure 1D). 

 

HK+/- mice have reduced cardiac function after I/R 

To determine the role of HKII in cardiac response to I/R, we studied heterozygote HKII 

deficient mice. Homozygote deletion of HKII is embryonically lethal, but HK+/- mice are 

viable (10; 13). As expected, HKII protein levels were significantly reduced in the hearts of 

HK+/- mice (Supplemental Figure 1A, B (Appendix A)). Total HK activity in the heart 

(which represents both HKI and HKII activity) was also significantly reduced in total 

cellular extracts and mitochondrial fractions of HK+/- hearts both at baseline and in 

response to I/R (Supplemental Figure 1C-F (Appendix A)). HKI levels were not changed 

in HK+/- mice (Supplemental Figure 2 (Appendix A)). 

 

We first assessed cardiac function in WT and HK+/- mice at baseline using 

echocardiography and by measurement of hemodynamics. HK+/- mice displayed similar 

cardiac size and function compared to WT animals (Supplemental Figure 3A (Appendix 
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A)), suggesting that a reduction in the total and mitochondrial HK activity does not alter 

cardiac function at baseline. 

 

We then subjected the hearts of WT and HK+/- mice to I/R by coronary ligation for 45 

minutes followed by reperfusion. A summary of the echo results of WT and HK+/- hearts 

at baseline and 2, 14, and 28 days after I/R is shown in Table 1. HK+/- mice had a 

significantly lower cardiac function after I/R as assessed by ejection fraction (EF), 

fractional shortening (FS), and cardiac output (CO) compared to WT animals (Table 1, 

Figure 2A). We also assessed cardiac function by invasive hemodynamics. dP/dt, a 

marker of cardiac contractility, was significantly lower in HK+/- mice compared to WT 

animals 28 days after I/R (Figure 2B). Consistently, left ventricular end diastolic pressure 

(LVEDP) was higher in HK+/- mice in response to IR after 28 days (Figure 2C). 

 
 

 

 

Figure 1. Oxidative stress and I/R reduce HKII-mitochondrial binding. Mitochondria-bound (A) and total 
HKII levels (B) in NRCMs treated with and without H2O2 or doxorubicin (n=3 independent experiments). 
Mitochondrial bound (C) and total HKII (D) levels in WT and HK+/- mice 2 days after I/R injury and in sham-
operated mice. *P < 0.05; n = 4 to 6 samples. Data are presented as means ± SEM. 
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Table 1.  Echocardiographic analysis in mice at baseline and 2, 14 and 28 days after I/R. 

 baseline I/R (2 days) I/R (14 days) I/R (28 days) 

 
WT 

(n=9) 
HK+/- 
(n=9) 

WT 
(n=10) 

HK+/- 
(n=10) 

WT 
(n=10) 

HK+/- 
(n=10) 

WT 
(n=10) 

HK+/- 
(n=10) 

HR, min 41718.6 43014.1 38716.1 39021.3 38822.2 41118.3 38210.3 41014.4 

EF% 65.312.81 59.392.18 44.804.88& 39.251.53& 49.332.31& 38.973.6&# 48.961.41& 35.60.46&# 

FS% 35.332.17 32.531.36 25.602.2* 19.871.14&# 26.160.14* 22.813.35& 24.410.79* 17.771.51&# 

CO, 
ml/min 

14.690.72 13.941.15 12.141.14& 9.180.05& 13.530.6 9.541.76&# 12.141.12 7.510.52&# 

IVS, mm 0.570.04 0.610.07 0.630.06 0.660.04 0.670.07 0.560.04 0.510.03 0.510.04 

LVPW, 
mm 

0.550.04 0.610.07 0.600.05 0.570.03 0.570.03 0.510.05 0.520.04 0.430.05* 

LVID, 
mm 

3.330.28 3.560.04 3.980.11* 4.010.15* 3.910.10* 3.970.11* 3.960.16* 4.140.08* 

Doppler measurement of aortic valve 

P Vel, 
mm/s 

985.825.3 971.022.8 713.632.6& 761.844.8& 811.8333.0& 777.825.8& 791.235.9& 678.528.9&# 

All measurements were performed at baseline, 2, 14, and 28 days after I/R. CO, cardiac output; EF, ejection 
fraction; FS, fractional shorting; HR, heart rate; IVS, end-systolic interventricular septum thickness; LVPW, 
end-diastolic posterior wall thickness; LVID, left ventricular diastolic internal diameter; LVID-s, left 

ventricular systolic internal diameter; P Vel, peak velocity. Data are means  SEM *P<0.01 vs. baseline; 
&P<0.05 vs. baseline; #P<0.05 (WT vs HK+/-). 

 

However, -dP/dt (which represents cardiac relaxation) was similar between HK+/- and 

WT mice after I/R (Figure 2D).  These data collectively suggest that a reduction in HKII 

protein results in a more prominent reduction in cardiac contractility compared to WT 

animals in response to I/R.   

 

HK+/- hearts display altered cardiac function in response to I/R ex vivo. 

To confirm our results, we also performed studies in an ex vivo system.  The baseline 

cardiac characteristics were similar in the WT and HK+/- mice (Supplemental Figure 3C 

(Appendix A)). When these hearts were subjected to 40 min of ischemia and 60 min of 

reperfusion, the hearts from the HK+/- mice demonstrated more injury compared to WT, 

as measured by lactate dehydrogenase (LDH) release (Figure 3A). The recovery of the 

rate-pressure product following I/R was similar between the two groups (Figure 3B), and 

the development of end-diastolic pressure during ischemia showed a trend of increased 

contracture for HK+/- hearts as compared to WT (data not shown). During reperfusion, 

(Figure 3C), while the developed left ventricular pressure (DLVP, peak systolic pressure – 

EDP) was not changed (Figure 3D).  
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HK+/- mice display increased cell death and fibrosis and reduced angiogenesis 

Since HKII is protective against cell death and the levels of HKII are reduced in HK+/- 

hearts, we hypothesized that the reduction in cardiac function in HK+/- mice is partially 

due to an increase in cardiomyocyte death. To test this hypothesis, we first assessed the 

degree of cardiac damage with 2,3,5-triphenyltetrazolium chloride (TTC)/thiazolyl blue 

tetrazolium bromide (MTT) staining for the whole heart, and Hematoxylin and eosin 

(H&E) staining in the peri-infarct zone of the WT and HK+/- hearts 2 days after I/R. HK+/- 

mice had higher degree of damage to their heart compared to WT (Figure 4A and B). To 

assess if there is an increase in cardiomyocyte apoptosis, we used terminal transferase 

dUTP nick end labeling (TUNEL) and measured cytochrome c release into the cytoplasm. 

HK+/- mice displayed a significantly higher degree of apoptosis compared to WT mice 

based on both of these measurements (Figure 4C-E). Furthermore, fibrosis, as assessed by 

Masson trichrome stain, was significantly higher in HK+/- mice (Figure 4F). These results 

all demonstrate an increase in cardiac damage and cell death in HK+/- mice compared to 

WT in response to I/R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. HK+/- mice display lower cardiac function after I/R. Cardiac function was assessed via Doppler 
echocardiography and by hemodynamic analysis. (A) Summary of fractional shortening (FS) measurements 
in WT and HK+/- mice at baseline and 2, 14, and 28 days after I/R. (B) dP/dt after sham operation or 28 days 
after I/R based on hemodynamic measurements from a pressure–volume loop in WT and HK+/- mice. (C)
Left ventricular end-diastolic pressure (LVEDP) in WT and HK+/- mice 28 days after I/R. (D) –dP/dt in WT 
and HK+/- mice. *P < 0.05.  n = 8-10 animals. Data are presented as mean ± SEM. 
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In addition to cell death and fibrosis, angiogenesis in the ischemic border zone may affect 

the remodeling process (14). HK+/- mice displayed a significantly lower capillary density 

in the border zone compared to WT animals 28 days after I/R, as assessed by lectin-GSL-1, 

a marker for endothelium (Figure 5A) (25; 26). The reduction in angiogenesis was 

associated with decreased VEGF mRNA levels in the HK+/- hearts compared to WT 

animals after I/R (Figure 5B). To confirm that a reduction in HKII leads to a decrease in 

VEGF levels, we performed in vitro studies and by using RNA interference to reduce HKII 

levels in NRCM and H9c2 cells (Supplemental Figure 4 (Appendix A)). Treatment of 

NRCM with HKII siRNA resulted in a significant decrease in VEGF mRNA and protein 

levels in the media under hypoxic conditions (Supplemental Figure 5A, B (Appendix A)). 

 

The mechanism for the decrease in VEGF levels in response to HKII reduction is not clear.  

Since HIF1α activity and levels are influenced by cellular glucose availability and 

metabolism (17; 33), we hypothesized that the decrease in VEGF in response to a reduction 

in HKII is through a HIF-dependent pathway. To test this hypothesis, we measured HIF1α 

protein levels in WT and HK+/- hearts 2 days after I/R injury. The levels of HIF1α were 

significantly lower in HK+/- mice (Figure 5C). Similar results were obtained in NRCM, 

where treatment with HKII siRNA and hypoxia resulted in a significant decrease in HIF1α 

Figure 3. HK+/- hearts have lower 
function and increased cell death 
after I/R ex vivo. HK+/- hearts 
display a higher degree of lactate 
dehydrogenase (LDH) release and 
cell injury (A), no change in the 
rate–pressure product (RPP) (B), a 
higher end diastolic pressure (EDP) 
(C), and no change in developed left 
ventricular pressure (DLVP) (D). 
Lactate dehydrogenase release and 
rate–pressure product were 
measured during 60 min of 
reperfusion following 40 min of 
ischemia. End-diastolic pressure 
was assessed at baseline and after 60 
min of reperfusion. *P<0.05. n=6. 
Data are presented as mean ± SEM. 
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protein (Figure 5D) and mRNA levels (Supplemental Figure 5C (Appendix A)) compared 

to control siRNA. Furthermore, the mRNA levels of another target of HIF (GLUT1) were 

also reduced with HKII siRNA treatment in response to hypoxia (Supplemental Figure 5D 

(Appendix A)). We also transfected H9c2 cells with a construct containing three sequences 

of HIF response elements (HRE) attached to a luciferase reporter sequence or a control 

vector, followed by treatment with HKII siRNA. HKII knockdown resulted in a reduction 

in HIF activity in normoxia and hypoxia (Figure 5E), which further supports that HKII can 

influence HIF activity. Overall, these results suggest that a reduction in HKII reduces 

angiogenesis and VEGF levels likely through a HIF dependent pathway. 

 

 

Figure 4. HK+/- mice display increased cell death and fibrosis after I/R. (A) Summary of area at risk (AAR) 
per left ventricle (LV) and infarct area (Inf) per area at risk 2 days after I/R in WT and HK+/- hearts. (B) 
Hematoxylin/eosin stain of the peri-infarct area demonstrates more cellular damage in the HK+/- than WT 
hearts 2 days after I/R. (C) Histological images stained with TUNEL (green), phalloidin–Alexa for actin 
(red), and DAPI for nuclei (blue) of the peri-infarct zone 2 days after I/R or sham operation in hearts from
WT and HK+/- mice. (D) Summary of TUNEL stain studies. *P<0.05 vs. sham; #P<0.05 vs. WT I/R group. 
(E) Western blot of cytosolic cytochrome c levels 2 days after I/R in the WT and HK+/- hearts. A summary 
of the results is shown below the western blot. (F, top) Gross examination of WT and HK+/- hearts 28 days 
after coronary ligation. (F, middle) Histological images stained with Masson trichrome. (F, bottom) 
Analysis of fibrosis determined by the ratio of fibrosis length over left ventricle (LV) circumference.
*P<0.05; n=6. Scale bar: 100 µmol/L. Data are presented as mean ± SEM. 
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Displacement of HKII from mitochondria increases cardiomyocyte death. 

We next studied the mechanism for the increase in cell death in HK+/- mice in response to 

I/R. HKII mitochondrial binding is important for cell survival, and the displacement of 

the protein from the mitochondria makes cancer cells susceptible to cell injury (18; 23). We 

thus assessed the role of HKII binding to the mitochondria in cardiomyocyte death. HKII 

was displaced from the mitochondria in NRCM using a cell permeable peptide (n-HKII) 

against its N-terminal hydrophobic domain. Treatment with 5 µM of the peptide resulted 

in a small but non-significant reduction in the mitochondrial bound HKII; while the 20 µM 

concentration of the peptide resulted in almost complete displacement of HKII from the  

 
 

 

 

 

 

 

 

 

 

 

Figure 5. HK+/- mice have less angiogenesis in the peri-infarct zone. (A) Angiogenesis, as assessed by 
lectin antibody staining, is significantly reduced in the border zone of HK+/- hearts 28 days after I/R. Green 
areas represent lectin-positive cells, and blue is DAPI for nuclei. Summary of the angiogenesis data are
shown next to the images. Five representative high-power fields (x40) from the peri-infarct area of each 
section were examined, and the number of capillaries was calculated. (B) VEGF mRNA levels in WT and 
HK+/- mouse heart 28 days after I/R or sham operation. (C), HIF1α protein levels in WT and HK+/- mouse 
heart 2 days after I/R. Band intensity was normalized to tubulin first and then to WT. (D) Western blot of 
HIF1α in NRCMs treated with control or HKII siRNA under hypoxic conditions. The bar graph below the 
blot represents a summary of the results. Band intensities were normalized to control siRNA. (E) Luciferase 
assay results on H9c2 cells transfected with HIF response element–luciferase or control vector and treated 
with control or HKII siRNA and then cultured under normoxic and hypoxic conditions. *P<0.05, **P<0.01; 
n=3 in each group. Scale bar: 100 µmol/L. Data are presented as mean ± SEM. 
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mitochondria (Figure 6A). Consistent with the levels of displacement, the 20 µM dose 

resulted in a significant reduction in the mitochondrial membrane potential, as assessed 

by TMRE fluorescence (Figure 6B). 

 

Treatment with the HKII peptide also resulted in a dose dependent increase in cell death 

as assessed by trypan blue and propidium exclusion (Figure 6C and Supplemental Figure 

6A (Appendix A), respectively). Treatment with HKII peptide did not results in changes in 

the levels of mitochondrial HKI (Supplemental Figure 6B (Appendix A)). These results are 

in contrast to those obtained in cancer cells, where treatment with HKII peptide does not 

increase cell death but makes the cells more susceptible to injury (18; 22). Thus, we  

 
 

 

 

 

 

 

Figure 6. Displacement of endogenous HKII from mitochondria increases cell death. (A) Compared to a 
control peptide, 2 h treatment with HKII competing peptide (n-HKII) at a concentration of 5 µmol/L resulted 
in a nonsignificant reduction in the amount of mitochondrially bound HKII in NRCMs (left), whereas a 20 
µmol/L concentration resulted in almost complete displacement of HKII from the mitochondria (right). (B) 
Treatment with the n-HKII peptide for 2 h leads to a dose-dependent decrease in the mitochondrial 
membrane potential, as measured by flow analysis of TMRE fluorescence. (C) Treatment with the n-HKII 
peptide for 2 h leads to a dose-dependent increase in cell death compared to control, as assessed by trypan 
blue exclusion studies. *P<0.05 vs control peptide, n=3 in each group. Data are presented as mean ± SEM. 
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conclude that HKII binding to mitochondria is important for cardiomyocyte viability, and 

decreased mitochondrially bound HKII in HK+/- mice could explain the higher degree of 

cell death in those mice in response to I/R. 

 

Modulation of HKII levels alter cardiomyocyte energy levels and contractility. 

To better characterize the mechanism for the reduction in cardiac function in HK+/- mice, 

we assessed the role of HKII in cardiomyocyte energy production and contractility. We 

hypothesized that since HKII is a rate limiting enzyme in glucose metabolism, it plays a 

major role in cellular ATP production, O2 consumption and cardiac contractility, and a  

reduction in its levels results in decreased contractility of the viable cells and altered 

remodeling after I/R. To test this hypothesis, we overexpressed or down regulated HKII 

in NRCM using adenoviral and RNA interference techniques and assessed ATP levels and 

O2 consumption. Overexpression of HKII resulted in an increase in both ATP levels and O2  

Figure 7. HKII overexpression increases ATP production and O2 consumption, whereas its down-
regulation has the opposite effect. (A) HKII was overexpressed in NRCMs using an adenovirus and ATP
levels were measured. Cells overexpressing HKII displayed significantly higher ATP levels compared to
cells overexpressing green fluorescent protein (GFP) alone. (B) NRCMs were treated with control or HKII 
siRNA, and ATP levels were measured after 48 h. HKII downregulation resulted in a reduction in cellular
ATP levels when normalized to cell number. (C) Summary of baseline and maximal O2 consumption in 
NRCMs treated with GFP and HKII adenovirus. HKII overexpression resulted in a higher maximal O2
consumption in NRCMs compared to GFP-transfected live cells. (D) HKII downregulation resulted in a 
decrease in both basal and maximal O2 consumption. *P<0.05; n=3 experiments. Data are presented as mean
± SEM. 
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consumption in NRCM (Figure 7A and C), while its down regulation reduced both of 

these parameters (Figures 7B and D). We then assessed cellular contractility by measuring 

Ca2+ transients.  HKII overexpression was associated with greater transient amplitude, 

duration at 50% recovery, integral, fall time, and half width (Supplemental Figure 7 

(Appendix A)). These data suggest that HKII plays an important role in cardiomyocyte 

cellular energy production and contractility and that the reduction in cardiac function in 

HK+/- mice after I/R may be partly due to lower energy production and cellular 

contractility of the viable cells. 

 

 

Discussion 
 

In this paper, we examined the hearts of HK+/- mice in response to I/R. We hypothesized 

that since glucose becomes the major substrate for energy production in hypoxic 

conditions, a perturbation in its phosphorylation would lead to a more exacerbated 

damage from I/R. HKII is of particular interest because: 1) it becomes the rate limiting 

enzyme in glucose metabolism in the heart under hyperinsulinemic conditions, 2) its 

overexpression is protective against cell death in tissue culture, 3) it can bind to the 

mitochondria and this binding contributes to the protective effects of the enzyme, 4) it has 

been shown to reduce the cellular levels of ROS, and 5) cardioprotection by ischemic 

preconditioning increases HKII binding to mitochondria (12; 34). 

 

Our results demonstrated that hearts from HK+/- mice display lower systolic function after 

I/R. We then showed that HK+/- animals display: 1) an increase in cell death, suggesting 

that a reduction in HKII leads to more cardiomyocyte injury in response to ischemia, 2) an 

increase in fibrosis, and 3) a reduction in angiogenesis. For the latter process, we 

demonstrated that the mechanism appears to be through a reduction in a HIF-dependent 

production of VEGF in cardiomyocytes. We further show that the HKII binding to 

mitochondria is required for survival of cardiomyocytes and that a reduction in the 

mitochondrially bound HKII in HK+/- mice is possibly a major contributor to cell death 

after I/R. Finally, our results demonstrate that modulation of HKII in NRCM leads to a 

change in cardiomyocyte ATP production, O2 consumption, and contractility, suggesting 

that HKII may play a role in cardiac remodeling likely by providing more energy and 
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altering the contractility of viable cardiomyocytes. These results suggest that stimulation 

of HKII may lead to an increase in glucose metabolism and energy production, a decrease 

in cardiomyocyte cell death and fibrosis, and an increase in angiogenesis in response to 

I/R. Collectively, these changes would all lead to an improvement in cardiac function and 

remodeling of the heart after I/R. Although this study focuses on HKII in the heart, it is 

possible that defects in HKI could have similar effects as HKII. 

 

The product of glucose phosphorylation, i.e., glucose-6-phosphate, can undergo glycolysis 

or glycogen synthesis, or alternatively enter the pentose phosphate or hexosamine 

pathways. Thus, one may argue that a reduction in HKII activity in HK+/- mice results in 

reduced substrate availability for at least four different pathways, and our data do not 

differentiate which one of these pathways plays a role in the phenotypic abnormality of 

HK+/- mice in response to I/R. Cardiac glucose uptake, glycogen content and glucose 

metabolism in HK+/- mice have been studied in the past and shown to be similar to wild 

type animals at baseline (9; 10). However, HK+/- mice display lower glucose metabolism in 

response to stress conditions such as exercise, while glycogen content may actually be 

increased under these conditions (9; 10). Thus, we propose that the attenuated cardiac 

function in response to I/R in HK+/- mice is due to decreased glucose metabolism that 

may occur in these mice in response to low oxygen, in addition to decreased 

mitochondrial-bound HKII. Our results along with those reported before argue against 

reduced glycogen content to contribute to the worsened cardiac function in HK+/- mice in 

response to I/R. 

 

HK+/- mice displayed lower angiogenesis in response to I/R than WT mice. Since the 

animals have HKII knockout in every tissue, it is difficult to determine whether the 

reduction in HKII levels in cardiomyocytes versus endothelial cells is responsible for the 

decrease in angiogenesis. To better define the role of cardiomyocytes in the reduction of 

angiogenesis in HK+/- mice, we studied the effects of HKII knockdown in isolated 

cardiomyocytes on VEGF production. Our results showed that HKII knockdown results in 

a decrease in VEGF levels under hypoxic conditions. We then studied the mechanism for a 

reduction in VEGF production in response to HKII knockdown. Previous studies had 

shown that a reduction in glucose results in a decrease in the expression of HIF-dependent 

genes and the HIF1α response to hypoxia (33), and that glucose metabolites like pyruvate 
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inactivate HIF1α decay (17). We thus hypothesized that a reduction in VEGF and 

angiogenesis in response to HKII knockdown is through a HIF-dependent pathway. Our 

results demonstrate that treatment of cells with HKII siRNA results in reduced HIF levels 

and activity. Thus, we conclude that decreased angiogenesis in HK+/- mice may be 

through a reduction in HIF activity and VEGF production. 

 

Cardiomyocyte contractility is highly dependent on the ATP levels within the cell. Thus, a 

reduction in HKII levels may hinder the ability of cardiomyocytes in the remote area to 

increase their contractility and overall remodeling of the heart. We assessed this possibility 

by overexpressing and down regulating HKII in isolated cardiomyocytes. The down 

regulation of HKII in NRCM resulted in lower ATP levels and O2 consumption, while 

HKII overexpression had the opposite effect and increased cardiomyocyte contractility. 

Thus, the decrease in cardiac function in HK+/- mice after I/R could be partially due to a 

reduction in cardiomyocyte contractility from a decrease in energy production. It is 

important to mention that although our data suggest an association between cardiac 

contractility and bioenergetics compromise through reductions in HKII, it does not 

establish a direct cause-and-effect relationship. 

 

In summary, our results indicate that the HK+/- mice are more susceptible to ischemic 

injury to their heart. This is due to an increase in cell death and fibrosis, a decrease in 

angiogenesis and possibly a reduction in the contractility of the viable cardiomyocytes due 

to reduced energy production. Furthermore, the binding of HKII to mitochondria plays an 

important role in cardiomyocyte survival and protection against cell death. Our results 

provide the first description of the role of HKII and its mitochondrial binding in acute 

cardiac I/R injury and subsequent remodeling of the intact heart. Thus, in addition to their 

role in cancer, HKII and its mitochondrial binding play a prominent role in the 

pathogenesis of ischemic heart disease. These data suggest that targeting HKII and its 

cellular distribution may provide a novel therapeutic option in ischemic heart disease. 
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Abstract 

 

Cellular studies have demonstrated a protective role of mitochondrial hexokinase against 

oxidative insults. It is unknown whether HK protective effects translate to the in vivo 

condition. In the present study we hypothesize that HK affects acute ischemia-reperfusion 

injury in skeletal muscle of the intact animal. Male and female heterozygote knockout 

HKII (HK+/-), heterozygote overexpressed HKII (HKtg), and their wild-type (WT) C57Bl/6 

littermates mice were examined. In anesthetized animals, the left gastrocnemius medialis 

(GM) muscle was connected to a force transducer and continuously stimulated (1-Hz 

twitches) during 60 min ischemia and 90 min reperfusion. Cell survival (%LDH) was 

defined by the amount of cytosolic lactate dehydrogenase (LDH) activity still present in 

the reperfused GM relative to the contralateral (non-ischemic) GM. Mitochondrial HK 

activity was 72.6 ±7.5, 15.7 ± 1.7 and 8.8 ± 0.9 mU/mg protein in male mice, and 72.7 ± 3.7, 

11.2 ± 1.4 and 5.9 ± 1.1 mU/mg in female mice for HKtg, WT, and HK+/-, respectively.  

Tetanic force recovery amounted to 33 ± 7% for male, and 17 ± 4% for female mice, and 

was similar for HKtg, WT, and HK+/-. However, cell survival was decreased (p=0.014) in 

male HK+/- (82 ± 4 %LDH) as compared to WT (98 ± 5 %LDH) and HKtg (97 ± 4 %LDH). 

No effects of HKII on cell survival was observed in female mice (%LDH = 92 ± 2%).  

 

In conclusion, in this mild model of acute in vivo ischemia-reperfusion injury, a partial 

knockout of HKII was associated with increased cell death in male mice. The data suggest 

for the first time that HKII mediates skeletal muscle ischemia-reperfusion injury in the 

intact male animal. 

 

 

 



HKII reduction in acute skeletal muscle I/R damage 

67 

Introduction 
 

The glycolytic enzyme hexokinase (HK) has appeared as one of the main gatekeepers of 

mitochondria-induced cell death in cellular studies (23). Binding of HK to mitochondria 

protects against cell death induced by oxidative stress (5; 10; 17; 18; 20). Mitochondrial 

association of HK is also likely one of the major mechanisms allowing unrestricted growth 

of advanced cancer cells, due to the mitochondrial bound HK-induced protection against 

apoptosis (22). Translocation of HK to mitochondria may also constitute part of the 

cardioprotective phenotype of ischemic preconditioning in the isolated heart (11; 30; 33). 

 

Surprisingly, almost all studies on the protective role of HK against cell death have been 

performed in cells using either H2O2 as the oxidative injury stimulus or calcium overload 

(3; 17; 18; 24). It is unknown at present whether the observed protective effects of HK 

against oxidative stress in cellular studies translate to the intact animal. To this end, the 

present study aimed to examine whether HK is a determinant of acute, in vivo ischemia-

reperfusion injury.  

 

There are four mammalian HK isozymes: HKI, HKII, HKIII and HKIV. Since skeletal 

muscle contains primarily HKII, which is the HK isozyme involved in ischemic 

preconditioning (11), it provides the ideal opportunity to test, in vivo, the role of HKII in 

I/R injury. In addition, skeletal muscle allows for direct force measurements, due to its 

singular origin and tendon and one line of pull, presenting an ideal model to evaluate 

functional performance following I/R interventions.   

 

To study alterations in the level of HK, we make use of two different HKII genotypes: the 

C57Bl6 mice with a partial deletion of HKII (HK+/- (13)) as well as mice overexpressing 

HKII (HKtg) (2). These mice are reported to have a 50% decrease (HK+/-) and a 350% 

increase (HKtg) in HKII content relative to wild-type (WT) gastrocnemius muscles (8). We 

applied the twitch-stimulated ischemia-reperfusion (I/R) model that closely mimics 

prolonged noncontracting protocols, as reported by Welsh and Lindinger (27) for the rat 

hind limb. The consummate test of contractile integrity of a muscle is its ability to develop 

force. Our first goal was to examine whether differences in the amount of (mitochondrial) 

HK affect functional recovery following I/R of the gastrocnemius muscle. Secondly, in 
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alignment with many cellular studies showing HK’s protective effects against cell death, 

the role of HK in muscle viability following acute I/R insult was studied. Finally, it is 

known that the sensitivity towards I/R injury may differ between male and female, with 

usually reduced injury for females (19; 26). It is unknown whether possible HK protective 

effects are also gender dependent. Thus, our third goal examined whether possible effects 

of HKII on I/R injury differed between male and female mice. 

 

 

Material and Methods 
 

Animals 

C57Bl/6J HK+/- and HKtg mice were obtained from Vanderbilt University, Nashville 

(generous gift of Dr. David H. Wasserman). The HK+/- mice were first described by 

Heikkinen et al. (13), and have a partial deletion to the HKII gene; the HKtg mice contain a 

HKII transgene composed of the human HKII cDNA driven by the rat muscle creatine 

kinase promoter (2). HK+/- and HKtg were initially bred with wild-type C57Bl/6J mice 

(Jackson laboratories) and subsequently by wild-type offspring, which were used for this 

investigation. The wild-type animals in the present study were all littermates of the HK+/- 

breeding colony. Genotyping was performed with the polymerase chain reaction on 

genomic DNA obtained and isolated from toe biopsies, as described before (12; 13). Six 

groups (n=7 each) of mice were studied at 4-5 months of age: male and female WT, HK+/- 

and HKtg. Housing conditions entailed 12 h dark/12 h light cycle, and water and food 

were provided ad libitum. Mice received the Rat and Mouse Breeder and Grower 

Expanded standard chow CRM (SDS; Special Diet Services Ltd., Witham, England). All 

experiments were approved by the animal ethics committee of the Academic Medical 

Center, Amsterdam, The Netherlands. 

 

Preparation 

Animals were anesthetized with ketamine (125 mg/kg), medetomidine (0.2 mg/kg) and 

atropine (0.5 mg/kg), as reported previously (31). Anesthesia was maintained throughout 

the experiment with 20 mg/kg/45 min ketamine, 0.02 mg/kg/45 min medetomidine and 

0.03 mg/kg/45 min atropine. All animals received 1ml saline solution subcutaneous in the 

neck prior to experimentation. Body temperature during the experiment was maintained 
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at 37 ± 1 ºC with the use of rectal temperature monitoring, a temperature-controlled 

heating pad, and an infrared lamp. After anesthesia was induced, a tracheotomy was 

performed and mechanical ventilation started (50% O2/50% N2; tidal volume = 8 ml/kg; 

respiration rate 120/min; Hugo Sachs Minivent). For the surgical preparation of the in situ 

stimulation, the medial head of the gastrocnemius muscle (GM) of the left hind leg was 

prepared free from surrounding tissue, leaving the origin on the femur and the blood 

supply intact. Distally, the Achilles tendon was cut and attached through a metal hook to a 

force transducer as described before (32). The femur was fixed with a metal clamp. Muscle 

optimum length was permanently kept at the length for which the twitch has its 

maximum amplitude determined using twitch contractions at different lengths of the 

muscle-tendon complex (6). The muscle-tendon complex was stimulated via the severed 

sciatic nerve (1.5-2.5 V, 0.4 ms), with only the branch leading to the GM left intact. Muscle 

temperature during the experiment was kept at 37ºC by a custom-made glass water 

chamber positioned around the GM. Intermittent administration (approximately 2 times 

per hour) of paraffin oil throughout the experiment prevented drying of muscle and 

tendon. Ischemia was made feasible by placing a ligature around the surgically prepared 

femoral artery of the left hind leg, with ischemia initiated by adding weights (12 g) to the 

ligature. Reperfusion was started by releasing the weights and removing the ligature. 

 

Validation of ischemia and reperfusion 

A laser speckle imaging (LSI) technique was used to assess limb perfusion (4; 7) during 

ischemia and reperfusion instigated by the weight-carrying ligature in separate 

experiments (n=3). For LSI measurements, a commercially available system was used 

(Moor Instruments Ltd, United Kingdom). A 785 nm class 1 laser diode was employed for 

illumination of the tissue and directly reflected light by the tissue surface was blocked by a 

tunable polarizer placed in front of the lens system. Laser speckle images were captured 

using a 576 by 768 pixels grayscale CCD camera at a frame rate of 25 Hz and converted to 

pseudo-color images, where the level of perfusion was scaled from blue (low perfusion) to 

red (high perfusion). Following induction of anesthesia, the animals were ventilated and a 

ligature positioned around the femoral artery of the left hind leg. Subsequently, the triceps 

surae complex was exposed of both hind legs and the LSI positioned about 50 cm above 

the animal such that both hind legs could be monitored. For maintenance of muscle 

temperature during monitoring of leg perfusion the GM was examined within the triceps 
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surea complex, because the laser speckle monitoring precluded the use of our custom-

made glass water chamber around the isolated GM. Laser speckle images of both GMs 

were obtained at baseline, ischemia and reperfusion. The blood flow velocities of the I/R 

muscle were calculated relative to the blood flow velocity of the contralateral muscle, and 

normalized to baseline values. 

 

Experimental protocol 

Following 3 min of 1-Hz twitch stimulation, maximal force production by the muscle was 

determined during a maximum isometric contraction (150 Hz, 150 ms duration). The 

maximum tetanic force was used as index of the functional viability of the muscle. 

Subsequently, following 3 min of no-pacing, the muscle was continuously activated at 1-

Hz during 5 min baseline, 60 min ischemia and 90 min reperfusion. At the end of this 

protocol, another maximum isometric tetanic contraction was performed. All force signals 

of the muscle were digitized (1,000 Hz) and analyzed for peak force. 

 

Post-experimental analysis 

Immediately after the last contraction, the I/R and contralateral GM muscles were excised, 

weighted and separately homogenized in 0.4 ml ice-cold homogenization medium 

containing (mM): 250 sucrose, 20 Hepes (pH 7.4), 10 KCl, 1.5  MgCl2, EDTA, 0.1 PMSF, 5 

µg/ml leupeptin and aprotinin and 1 µg/ml pepstatin. The homogenate was centrifuged 

at 10,000 g for 10 min. The pellet contained the crude mitochondrial fraction and the 

supernatant the cytosolic fraction. Fractions were quickly frozen at -80˚C until 

determination of enzyme activity or protein levels. The mitochondrial fraction of the 

control, contralateral, GM was used to obtain an estimate of the amount of HK bound to 

the mitochondria at the end of reperfusion. The mitochondrial fraction was resuspended 

in homogenization buffer and incubated for 5 min with 0.5% Triton X-100 and 0.9 M KCl 

to maximally solubilize hexokinase (16), and centrifuged for 1 min at 10,000 g. The 

resultant supernatant was used for determination of mitoHK activity, measured 

spectrophotometrically at 25C with glucose-6-phosphate dehydrogenase (from 

Leuconostoc mesenteroides), glucose, ATP and NAD+, in the presence of rotenone (1 µM) 

to inhibit the mitochondrial respiration chain. The cytosolic fraction was used for 

determination of lactate dehydrogenase (LDH), measured spectrophotometrically at 25C 

with pyruvate and NADH. Cell survival was defined as the amount of LDH activity 
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(U/mg protein) remaining in the I/R muscle, relative to the amount present in the 

contralateral GM. Protein content of the different fractions was determined by the 

Bradford method.  

 

In order to verify mitochondrial enrichment of the 10,000 g pellet, the mitochondrial 

marker protein VDAC (anti-VDAC, Calbiochem) was determined in the 10,000 g pellet 

and supernatant fractions using standard Western blotting techniques (n=2).  

 

Statistical Analysis 

Data are presented as means ± SE. ANOVA with Dunnett's post hoc tests was used to 

compare group means within one gender. Significance was established at P  0.05. 

 

 

Results 
 

The averaged age of the animals was 18.2 ± 0.3 weeks, and was not different between the 

groups. The overexpressed male and female mice had significantly lower muscle (p=0.034 

and p=0.002, for male, respectively female mice) and body weights (p=0.027 and p=0.006, 

for male, respectively female mice), whereas muscle mass relative to body weight was not 

different (Table 1). Thus, overexpressing HKII unexpectedly retards growth of skeletal 

muscle and body weight. 
 

Table 1 Force characteristics and other parameters of gastrocnemius medialis of wild-type 
(WT), HK+/-, and HKtg male and female animals. 

 Male Female 
 WT HK+/- HKtg WT HK+/- HKtg 

Muscle mass (mg) 67 ± 3 59 ± 3 55 ± 2*     54 ± 4 47 ± 3 35 ± 1* 
Body weight (g) 31 ± 1 28 ± 1 27 ± 1* 25 ± 1 24 ± 1 21 ± 1* 
Muscle mass/BW 1.8 ± 0.1 2.0 ± 0.1 1.9 ± 0.1 2.1 ± 0.2 1.9 ± 0.1 2.1 ± 0.1 
Tetanic force (mN/mg) 21 ± 2 15 ± 2 23 ± 1 20 ± 2 21 ± 2 22 ± 1 
Twitch force (mN/mg) 10 ± 1 7 ± 1* 11 ± 1 9 ± 1 9 ± 1 9 ± 1 

Values are given as mean ± SEM.* p  0.05 vs.WT, similar gender. 

 

However, force producing capacity, expressed per muscle weight, is not affected by 

overexpressing HKII. Conversely, decreasing HKII in skeletal muscle of male, but not 

female mice, significantly (p=0.050) decreased twitch force, with a trend (p=0.07) towards 

decreased tetanic force production as well. 
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The 10,000 g pellet can be considered as the crude mitochondrial fraction, as indicated by 

the enrichment of VDAC in this fraction (Figure 1A). The amount of mitochondrial 

hexokinase activity in the mitochondrial fraction is given in figure 1B. The partial 

knockout for HKII resulted in 44 and 47% reduction in HK activity relative to wild-type 

animals, for male and female mice, respectively. Interestingly, the mitochondrial fraction 

of the GM of female animals contained approximately 20-30% less HK than that for the  

male mice, for both the wild type (p=0.073) and knockout (p=0.047) animals. 

Overexpressing HKII resulted in a robust increase in HK activity (360% for male and 480% 

for female). 

 

Relative blood flow velocity images of the GM of both hind legs during baseline, ischemia 

and reperfusion are given in figure 2. The images (Figure 2A) clearly illustrate severe  

Figure 1. (A) Western blot showing
mitochondrial enrichment of the 10,000 g pellet
(pel) as compared to the 10,000 g supernatant
(sup) fraction using VDAC (~32 kDa) as
mitochondrial marker; the first lane of the blot
represents the molecular ladder. (B) Hexokinase
activity in the mitochondrial fraction of the
contralateral gastrocnemius medialis muscle of
the hexokinase-knockout (HK+/-), wild-type 
(WT) and hexokinase-overexpressed (HKtg) 
male and female animals. Values are given as
mean ± SEM. * p < 0.05 vs. WT of similar gender. 

Figure 2. Perfusion monitoring of the GM by 
laser speckle imaging. (A) Representative 
baseline, ischemia and reperfusion laser speckle 
images of both hindlegs. The white oval indicates 
the position of the GM. Level of perfusion is scaled 
from blue (low perfusion) to yellow (medium 
perfusion) and finally to red (high perfusion). (B)
Normalized blood flow velocities, relative to 
baseline values, of the GM muscle subjected to 
ischemia-reperfusion by ligation and release of the 
artery femoralis. B, baseline; I, ischemia at 1 (01), 
30 (30) and 60 (60) min; R, reperfusion at 1 (01), 2 
(02), 5 (05) and 10 (10) min. Values are given as 
mean ± SEM. 
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ischemia of the left GM during ligation of the femoral artery, followed by successful 

restoration of perfusion at release of the ligature, whereas perfusion of the contralateral 

GM was unaffected. The normalized blood flow velocities of all three animals (Figure 2B) 

demonstrate consistency of the degree of ischemia during the 60 min ischemic period. 

Reactive hyperemia during the initial period of reperfusion was observed upon release of 

the ligature, with normalization of perfusion to baseline conditions at 10 min reperfusion. 

Thus the ligation of femoral artery femoralis in this model resulted in severe ischemia and 

successful reperfusion of the GM muscle in vivo.  

Figure 3. Twitch force production of the GM during baseline, ischemia (grey area) and reperfusion for the 
HK+/-, wild-type (WT) and hexokinase-overexpressed (HKtg) male (A) and female (B) animals. Twitch force 
is normalized to values measured at end of baseline (t= 0 min). Values are given as mean ± SEM. 

Figure 5. Viability of the reperfused GM as 
reflected by the amount of lactate 
dehydrogenase (LDH) enzyme still present in 
the reperfused GM, relative to the LDH amount 
in the contralateral GM (LDH%). Values are 
given as mean ± SEM. * p < 0.05 vs. WT of 
similar gender. 

Figure 4. Tetanic force recovery, relative to the
isometric tetanic force measured at start experiment,
of the GM for the HK+/-, wild-type (WT) and
hexokinase-overexpressed (HKtg) male and female
animals. Values are given as mean ± SEM. 
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The time course of twitch force (normalized to 100% at start ischemia) is presented in 

figure 3. Twitch force production falls sharply upon the induction of ischemia, with less 

than 20% force after 10 min of ischemia, indicating efficacy of artery femoralis ligation for 

the GM. At 60 min of ischemia, force production was undetectable for almost all muscles, 

independent of gender and amount of HK activity present. Following reperfusion, most 

muscles initiated force production again, indicating reperfusion of the muscle. However, 

twitch force recovery was only marginal and amounted to 10-30% of pre-ischemic values. 

Twitch force recovery was not significantly different between WT and HK+/- or WT and 

HKtg for male or female mice, respectively. These findings of functional muscle recovery 

were confirmed by the force recovery of maximum isometric contractions (Figure 4). 

Tetanic force recovery was 34 ± 12 % for male WT muscle and 19 ± 7 % for female WT 

muscle, and was not significantly affected by the degree of HKII expression in the muscle. 

 

Finally, we examined whether HKII expression affected cell viability following the in vivo 

twitch-stimulated ischemia-reperfusion intervention. Surprisingly, despite the large 

impact of the I/R intervention on the functional recovery, cell viability was rather resistant 

to this acute I/R insult. Both male and female reperfused GM of WT and HKtg animals 

contained amounts of LDH that were indiscernible from the amounts present in their 

nonischemic, contralateral muscle (Figure 5). However, even in this model of mild 

irreversible cell damage, decreasing the amount of HKII resulted in a significant (p=0.014) 

decrease in cell viability in the reperfused GM muscle of male, but not female, HK+/- 

animals as compared to the reperfused GM muscle of male WT animals. The data suggest 

that diminished amount of HKII in skeletal muscle of male, but not female, animals is 

associated with increased sensitivity towards structural acute I/R injury. 

 

 

Discussion 
 

The major findings of this study can be summarized as follows: 1) reducing HKII activity 

is associated with increased sensitivity towards acute, irreversible, I/R injury in male 

skeletal muscle, 2) HKII is not a determinant of functional recovery following I/R in 

skeletal muscle, 3) reduced HKII activity results in reduced force production of 
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gastrocnemius medialis muscle in male animals, and 4) HKII effects on I/R injury and 

force production are gender dependent. 

 

To the best of our knowledge this is the first study demonstrating that cellular HKII 

content is a determinant of ischemia-reperfusion injury of muscle in vivo. Many cellular 

studies have convincingly shown abrogation of cell death induced by an oxidative 

stimulus (e.g. H2O2) through increasing mitochondrial bound hexokinase (5; 10; 17; 18; 20). 

Besides the use of a rather non-physiological toxic stimulus (H2O2), glucose is also usually 

the sole substrate in such cellular systems, making it very sensitive to manipulations of the 

enzyme HK that catalyzes the first step in glucose metabolism. These considerations 

questioned whether results obtained in such a non-physiological model translate to 

ischemia-reperfusion in the intact animal. The present study demonstrates that HK also 

imposes protective effects against ischemia-reperfusion in vivo in the male animal, 

although protection was restricted to cell death and not to functional recovery. This 

dichotomy in HK protective effects on recovery of cell death or contractile function was 

also found for different cardioprotective interventions in cardiac ischemia-reperfusion 

studies (21; 29) and probably reflects the different mechanisms underlying these processes. 

That HK protects against cell death instigated by ischemia-reperfusion in the male animal, 

extends our previous findings (11; 30) on the association of increased mitochondrial HK 

with ischemic preconditioning in the isolated male rat heart towards a more causal role of 

HK as one of the determinants of reperfusion injury in vivo, at least for the male animal. It 

is also in support of recent data showing that decreasing the amount of HK bound to 

mitochondria results in increased cell death in cellular studies. However, it should be 

noted that in our study we cannot distinguish between decreased cytosolic HK or 

decreased mitochondrial HK, because HK is diminished in both cellular compartments in 

the HK+/- animal. In vivo interventions that specifically target mitochondrial HK will be 

necessary to further elucidate whether the increased cell death with diminished cellular 

HK can be completely ascribed to the decrease in mitochondrial HK. 

 

Surprisingly, partial deletion of HKII was associated with decreased force production. To 

the best of our knowledge, there are no studies that have examined effects of HK on 

skeletal muscle force production. It is possible that the reduced HK resulted in reduced 

glucose uptake (8) and thus reduced glycolysis during muscle contraction. Inhibition of 
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glycolysis is known to affect Ca2+ homeostasis and consequently force production (9; 28). 

Interestingly, it was recently demonstrated that these HK+/- mice also demonstrated a 

decreased exercise endurance capacity. An association between diminished endurance 

capacity and decreased force production was recently observed for skeletal muscles with 

an impaired phosphocreatine-creatine kinase system (15). Thus, it is conceivable that the 

diminished force production partly explains the decreased endurance capacity in the 

HK+/- mice. 

 

In the current model of acute, mild, ischemia-reperfusion injury of skeletal muscle in vivo, 

male animals were more sensitive to I/R injury than females. Our data supports other 

research that demonstrated protection against I/R injury in females, probably mediated by 

estrogen effects on calcium, inflammation and the activation of survival pathways (19; 26). 

 

For example, it has been shown that estrogen may increase nitric oxide signaling leading 

to S-nitrosylation of calcium channels, which reduces calcium loading and thereby I/R 

injury (19). In addition, both estrogen and progesterone attenuate leukocyte infiltration 

into exercise-induced injured skeletal muscle (1; 14), possible through antioxidant and/or 

membrane stabilization properties (25). Estrogen was also shown to increase expression of 

the 70-kDa heat shock protein (1), which may also offer protection against I/R 

interventions. Thus, it seems that female hormones endorse muscle tissue with an 

increased natural protection against I/R injury, possibly also preventing the HK-

deficiency induced injury in the current, mild, skeletal muscle I/R model in the female 

mice. The present study excludes a role for mitochondrial hexokinase in the gender effect 

on I/R injury, because HK activity in the mitochondrial fraction of the GM was actually 

lower in female as compared to male mice. 

 

Methodological considerations 

In the present study we make use of the twitch-stimulated ischemia-reperfusion model, 

reducing experimental ischemic duration from 2-7 h to 40 min and allowing examination 

of functional performance during and after ischemia (27). The maintenance of a relatively 

high ambient temperature (37 ºC) together with continuous activation of the muscle 

during ischemia, accelerates the deterioration of energy metabolism and makes it 

comparable to prolonged noncontracting ischemia-reperfusion interventions (27). That I/R 
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injury was present is demonstrated by the low recovery of force production upon 

reperfusion (20-40%). However, cell death was minimal as reflected by the non-significant 

change in LDH present in the reperfused muscle in comparison with the contralateral 

muscle of the WT. That this was not due to incomplete ischemia or poor reperfusion, was 

demonstrated by the speckle laser imaging experiments on blood flow velocities in the 

GM, showing large decreases in blood flow velocities during ischemia and complete 

restoration of blood flow velocities during reperfusion. Thus, despite the previous 

demonstrated depletion of high-energy-phosphate compounds and sharp deterioration of 

force production during ischemia and poor force recovery during reperfusion, the I/R 

insult was still rather mild. Nonetheless, the mild I/R intervention was severe enough to 

invoke significant cell death in the GM of the HK+/- male. 

 

In conclusion, the data suggest that HKII is a determinant of cell death in the setting of I/R 

injury of skeletal muscle of male but not female animals, without affecting functional 

recovery. In addition, diminishing HKII also affects muscle force production in male 

animals. The concept that the glycolytic enzyme hexokinase may play a role in the 

development of in vivo I/R injury of male skeletal muscle is intriguing and is worthy of 

further investigation. 
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Abstract 

 

We previously demonstrated that hexokinase (HK) II plays a key role in the 

pathophysiology of ischemia/reperfusion (I/R) injury of the heart. However, it is 

unknown whether HKII also plays a key role in I/R injury and healing thereafter in 

skeletal muscle, and if so, through which mechanisms. We used male wild-type (WT) and 

heterozygous HKII knockout mice (HK+/-) and performed in vivo unilateral skeletal 

muscle I/R, executed by 90 min hind limb occlusion using orthodontic rubber bands 

followed by 1 h, 1 d or 14 d reperfusion. The contralateral (CON) limb was used as 

internal control.  

 

No difference was observed in muscle glycogen turnover between genotypes at 1 h 

reperfusion. At 1 day reperfusion, the model resulted in 36% initial cell necrosis in WT 

gastrocnemius medialis (GM) muscle that was doubled (76% cell necrosis) in the HK+/- 

mice. I/R-induced apoptosis (29%) was similar between genotypes. HKII reduction 

eliminated I/R induced mitochondrial Bax translocation and oxidative stress at 1 d 

reperfusion. At 14 d recovery, the tetanic force deficit of the reperfused GM (relative to 

control GM) was 35% for WT that was doubled (70%) in HK+/- mice, mirroring the initial 

damage observed for these muscles. I/R increased muscle fatigue resistance equally in 

GM of both genotypes. The number of regenerating fibers in WT muscle (17%) was also 

approximately doubled in HK+/- IR muscle (44%), thus again mirroring the increased cell 

death in HK+/- mice at day 1 and suggesting that HKII does not significantly affect muscle 

regeneration capacity. Reduced HKII was also associated with doubling of I/R-induced 

fibrosis.  

 

In conclusion, reduced muscle HKII protein content results in impaired muscle 

functionality during recovery from ischemia-reperfusion. The impaired recovery seems to 

be mainly a result of a greater susceptibility of HK+/- mice to the initial I/R-induced 

necrosis (not apoptosis), and not a HKII-related deficiency in muscle regeneration. 
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Introduction 

 

Skeletal muscle ischemia-reperfusion (I/R) frequently occurs in many acute (surgical 

intervention, circulatory shock, trauma) or chronic (decubitus, diabetes, obstructive 

vascular disease) clinical situations, resulting in muscle dysfunction and myocyte death 

which in turn contributes to increased morbidity and mortality even when limb circulation 

is restored. Elucidating and subsequent targeting of underlying cellular mechanisms may 

help alleviate the burden of skeletal muscle I/R. The current study examines a possible 

role of the glycolytic enzyme hexokinase (HK) II in skeletal muscle I/R injury.  

 

Earlier cellular studies have demonstrated that the glycolytic enzyme HKI or HKII may 

have strong protective effects against stress-induced cell death (30). In addition, the 

increased expression of HK in malignant tumors is thought to contribute to the 

immortalization of cancer cells (25). Recently, we have demonstrated that HKII also plays 

an important role in the degree of acute injury and remodeling following I/R in the heart 

(33; 38). In the heart, HKI and HKII are approximate equally distributed. However, in 

skeletal muscle, HKII is the predominant HK isoform present (34), suggesting an even 

more prominent role of HKII in skeletal muscle I/R injury as compared to the heart. 

Indeed, we found that reduced HKII resulted in cell death in a non-injurious I/R model of 

intact mouse skeletal muscle (32). However, in this preliminary study, I/R injury was 

evaluated after a short period of ischemia (60 min) and reperfusion (90 min) only, 

resulting in minor I/R injury. Moreover, skeletal muscle has the capacity to regenerate and 

therefore recover from injury, in contrast to the very limited regenerative capacity of the 

heart. To our knowledge, no information exists concerning a possible role of HK in severe 

skeletal muscle I/R injury and regeneration. Therefore, in the present study, an extended 

period of ischemia (90 min) and prolonged periods of reperfusion (1 day and 14 days) 

were examined, to investigate the effect of HKII on severe muscle I/R injury and 

subsequent muscle regeneration.  

 

The mechanisms through which HK offers protection are unresolved, but probably pertain 

to its binding to the mitochondria (30; 31; 40). It has been suggested that mitochondrial HK 

prevents apoptosis through inhibition of mitochondrial binding of the pro-apoptotic 

protein Bax (29), although Majewski et al. (24) demonstrated that HK protective effects 
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were still present in Bax-deficient cells. We were also unable to confirm a role for 

mitochondrial Bax in causing increased I/R injury in HKII-reduced hearts (33). Other 

mechanisms through which mitochondrial HK may alleviate injury relates to inhibition of 

necrosis and/or attenuation of oxidative stress through regulation of mitochondrial 

ATP/ADP exchange (9) 

 

In the present study, we addressed whether HKII reduction affects 1) acute, severe, I/R 

injury of skeletal muscle, with a possible role for necrosis, apoptosis, glycogen turnover, 

mitochondrial Bax and oxidative stress, and 2) structural and functional healing through 

regeneration of postischemic, reperfused skeletal muscle tissue. A recently developed, 

non-invasive approach of the I/R intervention was chosen (7; 26), using orthodontic 

rubber bands in order to obtain complete hind limb ischemia and reperfusion.  

 

 

Material and Methods 
 

All procedures were in accordance with the guidelines of and approved by the Animal 

Ethical Committee of the University of Amsterdam and conform to NIH guidelines. 

 

Animals. 

C57BL/6J mice containing a partial deletion of the HKII gene (HK+/-) (17), were in-house 

bred under standard housing conditions (12 h dark /12 h light cycle; water and food given 

ad libitum) and fed Purina Laboratory Rodent Diet 5001 standard chow (PURINA; PMI 

Nutrition International, USA). These animals were shown to have reduced HK activity 

and HKII isoform levels in both heart and gastrocnemius medialis (GM) skeletal muscle 

(32; 34), without effect on HKI protein levels. Genotypes were determined by standard 

PCR technique after extraction of DNA from toe tissue after weaning, and verified from 

ear tissue analysis after experiment termination. Male mice of 3-4 months were used. 

 

Experimental procedures. 

Prior to performing the actual experiments, we performed pilot experiments in wild-type 

(WT) animals to determine the amount of injury created with increasing ischemic periods 

of 1, 1.5 or 2 hours followed by 24 hours reperfusion (n=3-5 per group). Injury was 



HKII reduction affects necrosis and fibrosis after skeletal muscle I/R injury 

85 

determined by the amount of released lactate dehydrogenase (LDH) enzyme from I/R 

muscle and calculated as the ratio of LDH in the I/R and contralateral, control, muscle. 

Subsequently, WT and HK+/- mice were studied in four different experiments: group A) 90 

min ischemia followed by 24 hours reperfusion (n=6-8 per group); group B) 90 min 

ischemia followed by 14 days reperfusion (n=5-7 per group); Additionally, in order to 

examine a possible role of glycogen among the genotypes, glycogen content of GM was 

determined in two separate groups: C) in I/R GM of WT animals immediately after 

ischemia (n=6), and in D) in control and  I/R GM  of WT (n=6) and HK+/- animals (n=9) at 

1 h reperfusion following 90 min of unilateral ischemia. For group D muscles, caspase-3/7 

activity was also determined. At the end of each experiment, all animals were sacrificed 

using cervical dislocation during a surgical plane of anesthesia. 

 

Validation of ischemia and reperfusion. A laser speckle imaging (LSI) technique was used to 

assess limb perfusion (6; 11) during ischemia and reperfusion in separate experiments 

using WT animals (n=3). For LSI measurements, a commercially available system was 

used (Moor Instruments Ltd, UK). A 785 nm class 1 laser diode was employed for 

illumination of the tissue and light directly reflected by the tissue surface was blocked by a 

tunable polarizer in front of the lens system. Laser speckle images were captured using a 

576 by 768 pixels grayscale CCD camera at a frame rate of 25 Hz and converted to pseudo-

color images, where the level of perfusion was scaled from blue (low perfusion) to red 

(high perfusion). I/R was performed in the exact manner and duration as described 

below. The LSI was positioned about 50 cm above the animal and focused such that both 

hind limbs could be monitored simultaneously. Laser speckle images of both GMs were 

obtained at baseline, ischemia and reperfusion. The perfusion of the I/R muscle was 

calculated relative to the perfusion of the contralateral muscle, and normalized to baseline 

values. 

 

Ischemia and reperfusion procedure. In vivo ischemia-reperfusion (I/R) was performed 

slightly modified from the method described by Crawford et al. (7). Briefly, induction of 

anesthesia was performed with an intraperitoneal injection of 80 mg/kg sodium 

pentobarbital, and was followed by a subcutaneous injection of 1 ml saline for fluid 

support. Body temperature of each mouse was monitored continuously with a rectal 

thermometer and maintained at 37˚C throughout the complete procedure using heating 
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pads. Ischemia for 90 min was applied to one hind limb using two orthodontic, rubber 

bands (#110, 3.2 mm, Latex O-Rings; Miltex Instruments, USA) placed together at the most 

proximal side of the thigh as close to the pelvic as possible using a McGivney 

Haemorrhoidal Ligator (Miltex Instruments, USA). During ischemia anesthesia was 

maintained by intraperitoneal injection of 20 mg/kg pentobarbital at 30 min and 75 min 

after induction. Additionally, 10 mg/kg pentobarbital was injected 100 min after induction 

(i.e. just before reperfusion), in order to prevent the mice to move at the first, crucial 

minutes of reperfusion. Reperfusion was created by cutting the rubber bands and visually 

confirmed by the color change of the paw from blue to red. Throughout the I/R procedure 

the contralateral (CON) hind limb was left untreated to serve as internal control. Animals 

returned to the (non-heated) cage after 1 hour reperfusion. Animals of experimental group 

A were anaesthetized after 1 day reperfusion with ketamine (125 mg/kg), medetomidine 

(0.2 mg/kg) and atropine (0.5 mg/kg) (41) and GM and gastrocnemius lateralis (GL) of 

both hind limbs excised for further analysis. This procedure was also performed for 

animals of group B after 14 days reperfusion with the exception that force measurements 

(described below) were performed prior to tissue excision. 

 
 Table 1. Body weight and gastrocnemius medialis muscle mass of wild-type (WT) and  
 HK+/- animals at 1 d reperfusion (n=8 each group) and 14 d reperfusion (n=7 each group). 

 WT HK+/- 

 CON I/R CON I/R 

1 day reperfusion     

     GM wet weight (mg) 49 ± 3 56 ± 2# 49 ± 2 58 ± 3# 

     Body weight (g) 27.8 ± 0.8 27.4 ± 0.6 

14 days reperfusion     

     GM wet weight (mg) 47 ± 2 27 ± 2# 43 ± 2 25 ± 1# 

     Body weight (g) 24.9 ± 0.6 25.1 ± 0.7 

 * p<0.05 WT, CON vs. HK+/-, CON; # p<0.05 I/R vs. CON, same genotype. 
 

Force measurements. Preparation and force measurements were identical as previously 

described (32). In brief, animals were ventilated mechanically after tracheotomy. In order 

to perform in situ stimulation, the medial head of the gastrocnemius was prepared free 

from surrounding tissue, leaving the origin on the femur and blood supply intact. Distally, 

the Achilles tendon was cut and attached through a metal hook to a force transducer (42). 

The muscle was stimulated via the severed sciatic nerve, with temperature kept at 37ºC 

throughout the experiment. Muscle optimal length using twitch contractions was 

determined (10) and maximum twitch and tetanic force was measured. Twitch and tetanic 



HKII reduction affects necrosis and fibrosis after skeletal muscle I/R injury 

87 

forces were measured as mN and normalized to GM wet muscle mass (Table 1). Both were 

used as index of functional recovery of I/R relative to CON GM performance. Finally, 

muscle fatigue was assayed by application of 30 repetitive tetani (stimulation frequency 

150 Hz, stimulation duration 50 ms, pulse width 40 μs, one contraction every 250 ms) as 

described previously (19). 

 

GM cryopreservation and homogenization. CON and I/R GMs from group A and group B 

were excised from the anesthetized animals and weighed. Each GM was cut in half over 

the length-axis. One part was immediately cryopreserved for immunohistological 

determination by embedding in Tissue-Tek (Sakura Finetek, The Netherlands) and quickly 

frozen in liquid-nitrogen pre-chilled isopentane (Sigma-Aldrich, Germany) and directly 

stored at -80˚C until further analysis. The second GM part was directly homogenized in 0.8 

ml ice-cold isolation buffer containing (mM): 250 sucrose, 20 HEPES buffer (pH 7.4), 10 

KCl, 1.5  MgCl2, 1 EDTA, 0.1 PMSF, 5 μg/ml leupeptin, 5 μg/ml aprotinin and 1 μg/ml 

pepstatin A. Half of the homogenate  was centrifuged at 10,000 g for 10 min. The pellet 

contained the crude mitochondrial fraction and the supernatant the cytosolic fraction. The 

other half of homogenate was determined as whole-cell fraction. Samples were directly 

stored at -80˚C until further analysis. Muscles from group C and D were excised, 

immediately frozen in liquid nitrogen and stored at -80C until further analysis for 

glycogen content and caspase-3/7 activity. Mice were subsequently sacrificed by cervical 

dislocation. 

 

Edema measurement. After excision of GMs, the gastrocnemius lateralis (GL) was excised 

for group B, weighted (to obtain the GL wet weight) and dried in a stove at 60˚C for 48 

hours and weighted again to obtain GL dry weight. Edema was calculated as ratio of wet 

to dry GL weight. 

 

Postexperimental analysis. 

Immunohistochemistry. For the immunofluorescence and the TUNEL-reaction we used 5-µm 

thick serial tissue specimen. The specimen from the I/R and CON GM were placed on the 

same glass slide per experiment. Necrotic cells were detected by intracellular caveolin-

staining, based on the premise that loss of plasma membrane integrity is a primary 

characteristic of necrosis. Apoptotic cells were detected by the TUNEL assay (In situ Cell 
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Death Detection Kit, POD, Roche), based on the premise that DNA fragmentation is a 

primary characteristic of apoptosis (22). For counting the amount of necrotic cells (group 

A, 1 day reperfusion) and analysis of regeneration by measuring cell surface and counting 

number of cells with centralized nuclei (group B, 14 day reperfusion), GM slices were 

incubated with anti-caveolin (red; CAV; 1:100; BD Biosciences), anti-laminin (green; LAM; 

1:50; Sigma) and anti-DAPI (blue; 300nM; Invitrogen), staining for necrotic cells, cell 

membrane and nuclei, respectively. Cells were counted as necrotic when the intracellular 

surface stained for caveolin. Number of necrotic cells and number of cells with centralized 

nuclei were counted by hand and analyzed as ratio to the total cell number counted in 

each picture. The number of apoptotic cells equalled the number of myocyte related 

TUNEL-positive nuclei divided by total number of myocyte related nuclei (= nuclei 

(DAPI-staining) close to cell membrane (LAM staining)). Total cell surface was determined 

by drawing the borders of the laminin stained cells by hand, hereby eliminating (non-

stained) intracellular space, followed by software-determined calculation of the selected 

area. Subsequently, mean cell surface was determined by dividing total cell surface by 

total number of cells counted in each picture. Other GM tissue slices were incubated with 

anti-CD31 (red; 1:100; BD Biosciences) together with anti-laminin (blue; 1:50; Sigma) to 

stain for capillaries and cell membrane, respectively. Angiogenesis in the GM after 14 days 

reperfusion was determined by counting the number of CD31-stained capillaries within 

the LAM-stained myocytes in each image. The number of capillaries was normalized to 

total cell area, which borders were drawn by hand and area was measured automated and 

shown as mm2. Fibrosis, the amount of intercellular collagen formed, was analyzed by 

measuring the total collagen surface (red) and total cell surface (pink) in each image after 

performing a Sirius Red staining. 

 

All abovementioned analyses were performed in a blinded fashion, both to genotype as to 

condition. Each parameter was determined in 3-5 images per GM, with each image 

analyzed 2-3 times. All images were 20x magnifications and analysis was performed using 

Lucia G/F imaging analysis software (Laboratory Imagin, CZ). 

 

Mitochondrial Bax amount. The pellet of the crude mitochondrial fraction from experimental 

group A (1 day reperfusion) was resuspended in isolation buffer and incubated for 1 hour 

with 2% CHAPS in order to contain Bax oligomers formed due to I/R (1). For tissue 
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lysation the samples were sonicated and debris was removed by centrifugation at 100,000 

g for 30 min. The supernatant, consisting of the solubilized mitochondrial fraction, was 

incubated with 1 mM disuccinimidyl suberate (DSS, Thermo Scientific, USA) dissolved in 

DMSO for cross-linking of Bax complexes. The chemical reaction was stopped by addition 

of loading buffer containing mercaptoethanol and analyzed for total (monomer and 

oligomer) mitochondrial Bax amount by Western Blotting. 15 µg protein per slot was 

loaded on a 10% SDS-polyacrylamide denaturing gel. PVDF membranes were incubated 

with anti-Bax (1:1,000; BD Biosciences, USA) and anti-VDAC (1:10,000; Calbiochem, USA) 

as loading control, followed by horseradish peroxidase-conjugated secondary goat anti-

mouse antibodies  (1:10,000; Jackson ImmunoResearch, Germany) and anti-biotin (1:2,000; 

Cell Signaling, USA). Immunoreactive bands were visualized by chemiluminescence on X-

ray film (Hyperfilm ECL, Amersham, USA) using enhanced chemiluminescence solution 

(Santa Cruz, USA). For quantification a Kodak Image Station 440CF (Eastman Kodak 

Company, USA) was used. Each sample was analyzed in duplo. 

 

Oxidative stress. Homogenized I/R and CON GM tissue samples of experimental group A 

(1 day reperfusion) were analyzed. Oxidative stress was determined by analyzing the 

degree of protein carbonylation in the supernatant of whole-cell homogenate, obtained 

after 0.5% Triton X-100 treatment and centrifugation at 12,000 g for 10 min.  The method 

uses derivatization of protein carbonyl groups with 2,4-dinitrophenyl hydrazine (DNPH) 

producing hydrazone, which is detected spectrophotometrically (Protein Carbonyl Assay 

kit; Cayman Chemical Company, USA). Values were normalized to sample protein 

concentration (Bradford assay). 

 

Enzyme activity measurements. GM whole-cell homogenate of experimental group B was 

treated with 0.5% Triton X-100 to solubilize hexokinase (21), followed by centrifugation 

(12,000 g; 1 min) to pellet crude undissolved remnants. All enzyme activities were 

spectrophotometrically determined in the resulting supernatant at 25C. Hexokinase (HK) 

and citrate synthase (CS) activity was measured as reported previously (16). HK activity 

was normalized to citrate synthase (CS) activity. Lactate dehydrogenase (LDH), as index 

of necrosis used in the pilot experiments, was measured using KH2PO4 buffer, NADH and 

pyruvate and normalized to sample protein (Bradford assay) concentration. 
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Glycogen amount. Frozen muscles were grinded into powder in liquid nitrogen, and a small 

part of the powder was used for glycogen determination, the other part for caspase 3/7 

activity analysis. Glycogen was enzymatically converted to glucose using 

amyloglucosidase (Roche Diagnostics). Glucose was determined by a two step enzymatic 

method using hexokinase and glucose-6-phosphate dehydrogenase (both Roche 

Diagnostics) as described by (3). Liquid handling was performed by a Freedom EVO 100 

robot (Tecan) and formation of NADPH was measured fluorometrically using an Infinite 

plate reader (Tecan). Values were normalized to sample protein concentration (Bradford 

assay). 

 

Caspase-3/7 activity assay. Part of the grinded GM was dissolved in 0.6 ml ice-cold isolation 

buffer containing (mM): 250 sucrose, 20 HEPES buffer (pH 7.4), 10 KCl, 1.5 MgCl2, 1 

EDTA, 0.1 PMSF, 5 μg/ml leupeptin, 5 μg/ml aprotinin, 1 μg/ml pepstatin A and 0.5% 

CHAPS (Sigma-Aldrich). After 5 min incubation at room temperature each sample was 

sonicated for 5 sec and subsequently centrifuged at 12,000 g for 10 min at 4°C. The 

supernatant was transferred into a new vial and stored at -80°C until further analysis. 

Caspase- 3/7 activity was assessed in the supernatant with the Caspase-Glo 3/7 assay kit 

(G8090, Promega, Madison, Wis.). 75 μl supernatant was diluted in 75 μl assay buffer and 

luminescence detected according to the manufacturer protocol. Values were normalized to 

sample protein concentration (Bradford). 

 

Statistics.  

Values are presented as mean ± SEM. Differences between WT and HK+/- groups were 

analyzed by a two-way ANOVA (main effects: genotype and I/R-treatment; interaction 

effect: genotype x I/R-treatment) for repeated measurements followed by contrast 

comparison (SPSS version 18). Differences were considered statistically significant at 

P<0.05. 
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Results 

 

Model characteristics 

Optimalization of ischemic model. The degree of I/R damage is critically dependent on the 

duration of ischemia. Therefore, we performed pilot experiments in order to determine the 

optimal duration of ischemia at which damage would be severe enough, but still be 

amenable to decreases or increases. Ischemia was applied for 1, 1.5 or 2 hours and 

followed by 24 hours reperfusion. LDH measurements, as parameter of necrosis and 

therefore muscle damage, showed that with each 30 min prolongation of ischemia the 

degree of damage was increased proportionally (Figure 1A). The optimal duration of 

ischemia to test our hypotheses appeared to be 90 min resulting in approximately 60% 

muscle damage as measured by LDH leakage from the I/R GM muscle. 

 

Muscle perfusion. In order to validate successful ischemia and reperfusion in this non-

invasive I/R model, we monitored relative muscle perfusion simultaneously in both hind 

limbs using laser speckle imaging. Figure 1B (middle picture) clearly shows immediate, 

near-complete occlusion of limb perfusion upon application of two rubber bands in the 

tight. Removal of the occlusion immediately restored blood flow in the whole limb (Figure 

1B, right panel). Applying I/R to one hind limb appeared to be without influence on 

muscle perfusion in the contralateral, control hind limb (Figure 1B). Hyperemia was 

clearly detectable during the first minutes of reperfusion, after which perfusion returned 

close to normal from 5 minutes reperfusion on (Figure 1C).  

Thus, the used method of I/R application appeared to be non-damaging to the limb 

vasculature and resulted in severe ischemic injury when applied for 90 minutes, and 

successful reperfusion of the hind limb in vivo. 

 

1 h  reperfusion 

Glycogen content. No differences were observed between glycogen content in control 

muscles between genotypes (Figure 2A). At 1 h reperfusion, there was a clear trend of 

diminished glycogen content in I/R muscles relative to control muscles, indicating 

glycogen breakdown during the ischemic period. However, no differences in I/R-induced 

glycogen breakdown between genotypes were detected. In a second series of experiments 

we measured glycogen content in I/R wild-type muscle immediately after ischemia, thus  
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Figure 1. Model characterization measurements. (A) Cytosolic LDH activity measurements as parameter 
for cellular injury, shown as % I/R to CON values as measured in pilot experiments with 1, 1.5 or 2 hours 
ischemia followed by 1 day reperfusion. Blood flow velocity was measured using using laser speckle
imaging. (B) Images of the same mouse of both hindlimbs at the moment of baseline (BL), 1 min ischemia 
(I-01) and 1 min reperfusion (R-01). Left limb is I/R and right limb is CON limb. Degree of perfusion is 
visualized by colour: blue=none to low, yellow=medium and red=high. (C) Muscle perfusion during I/R 
(n=3), normalized to CON limb and relative to BL values. Values are given as mean ± SEM. 

Figure 3. Tissue damage after ischemia followed by 1 day reperfusion. Cellular necrosis and apoptosis 
were histologically evaluated using caveolin (red; CAV), laminin (green; LAM), and DAPI (blue) for
necrosis (A) and using LAM (red), DAPI (blue) and TUNEL (green) for apoptosis (C) staining, respectively. 
The number of necrotic cells (B) and apoptotic cells (D) are shown relative to total cell count in each image. 
Increased edema (E) was found in I/R muscle tissue compared to CON as measured by gastrocnemius
lateralis (GL) wet-to-dry weight ratio. Values are given as mean ± SEM. * p < 0.05 versus WT group. # p <
0.05 versus CON group of same genotype.  
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without reperfusion. The measured amount of glycogen (2.51 ± 0.36 μM/mg protein) in 

ischemia-only muscle is almost similar to the glycogen content of 1 h reperfused muscles 

(2.54 ± 0.52 μM/mg protein), indicating that 1 h reperfusion does not substantially recover 

muscle glycogen content. 

 

Caspase-3/7 activity. Caspase activity was measured in control and I/R muscle of both 

genotypes at 1 h reperfusion (Figure 2B). No differences in caspase activity in control 

muscles between WT and HK+/- mice were detected. Surprisingly, caspase activity in I/R  

muscle of WT was significantly decreased as compared to control muscle. However, no 

differences in I/R-induced alterations in muscle caspase activity between WT and HK+/- 

mice were observed. 

 

24 h  reperfusion 

Cellular damage. I/R-induced muscle necrosis and apoptosis were clearly present after 24 

hours reperfusion, as assessed using histological analysis. As the representative images in 

Figure 3A show, CON myocytes of both genotypes were unaffected by the I/R procedure  

performed with the opposite limb as they had retained their normal morphological 

features – polygonal shape and tightly aligned - and did not stain intracellular for 

caveolin.  

 

In I/R GM of WT animals 36% of myocytes were necrotic (Figure 3B) and were 

morphologically mostly rounded and separated from each other (Figure 3A). The number 

of necrotic myocytes was significantly increased to 76% in HK+/- animals (Figure 3B). 

Apoptotic cells were barely detectable in control muscle of both genotypes (Figure 3C and 

3D). I/R induced an increase in apoptotic cells to 26 ± 3% (WT) and 33 ± 6% (HK+/-) 

muscle. However, the I/R-induced increase in apoptosis was not significantly different 

between WT and HK+/- muscle. I/R-induced edema was approximately 50% for both WT 

and HK+/- animals (Figure 3E).  

 

I/R-induced mitochondrial Bax and oxidative stress. Since HKII may exert its cellular 

protective role by directly influencing the amount of mitochondrial bound pro-apoptotic 

protein Bax - due to competition for the same mitochondrial binding site (29) - we 

investigated the total amount of mitochondrial Bax (Figure 4A). Mitochondrial Bax more 
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Figure 2. Glycogen content and caspase-3/7 activity after ischemia followed by 1 h reperfusion. Glycogen 
was measured in control and I/R muscle tissue of WT and HK+/- mice (A). Caspase-3/7 activity was 
determined in control and I/R muscle tissue of WT and HK+/- mice (B). Values are given as mean ± SEM. # 
p < 0.05 versus CON group of same genotype. 

Figure 4. Pro-apoptotic Bax and oxidative stress were investigated at 1 day reperfusion. (A)
Mitochondrial Bax normalized to VDAC content of I/R and CON GM muscles of WT and HK+/-. (B)
Protein carbonylation content of WT and HK+/- GM and shown as carbonyl content normalized to protein
content. Values are given as mean ± SEM. # p < 0.05 versus corresponding CON group. $ p < 0.05 for
interaction effect (I/R-treatment effect in WT vs. that in HK+/-). 

Figure 5. Mitochondrial capacity and hexokinase (HK) activity measured in WT and HK+/- whole-cell 
homogenate of ischemia-reperfusion treated (I/R) and contralateral (CON) GM after 14 days reperfusion.
(A) Citrate synthase (CS) activity values normalized to protein content as parameter of mitochondrial
capacity. (B) HK activity shown as ratio to CS enzyme activity. Values are given as mean ± SEM. * p < 0.05
vs. corresponding WT group. # p < 0.05 vs. CON group of same genotype. 
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than doubled in WT animals upon I/R, indicating that skeletal muscle I/R is indeed 

associated with a translocation of Bax to mitochondria. Remarkably, this effect of I/R on 

mitochondrial Bax was absent in HK+/- animals. No differences were observed in amount 

of mitochondrial Bax in CON GM between WT and HK+/- animals. 

 

In order to study a possible effect of HKII on oxidative stress due to I/R, the degree of 

protein carbonylation in the whole-cell homogenate of the GM was studied. As Figure 4B 

shows, increases in protein carbonylation in the I/R muscle were observed for WT 

animals, indicating that skeletal muscle I/R is indeed associated with elevated oxidative 

stress. Surprisingly, I/R was not associated with increased carbonylation in the GM of the 

HK+/-, whereas basal levels of carbonylation in the CON muscle were similar between 

genotypes. The data therefore indicate that the increased injury following I/R in the HK+/- 

muscle cannot be explained through increases in mitochondrial Bax or oxidative stress.  

 

14 days reperfusion  

As a result of the finding that HKII reduction does severely increase the amount of cells 

injured due to the I/R procedure, we investigated whether HKII reduction would also 

influence the subsequent muscle repair processes. GM tissue was studied after 90 min 

ischemia and a subsequent period of 14 days reperfusion, a moment at which all injured 

cells have been eliminated and different processes of skeletal muscle regeneration are in 

progress (20; 27). 

 

Mitochondrial capacity and HK activity. In order to examine whether I/R and regeneration 

affected mitochondrial capacity and total hexokinase activity relative to mitochondrial 

content, and to what extent this was affected by the deletion of one HKII allele, citrate 

synthase (CS) and HK activity were determined. CS was not different between genotypes 

and was unaffected by I/R and regeneration (Figure 5A). Contrastingly, I/R and 

regeneration resulted in large increases in HK activity relative to CS activity. This increase 

was unaffected by the ablation of one HKII allele (Figure 5B). The data indicate that the 

response of skeletal muscle to a severe ischemic period followed by 14 days of healing 

contains a large  of the hexokinase enzyme without alterations in mitochondrial capacity. 

Ablation of one HKII allele resulted in approximately 50% reduction in total HK activity as 

compared to WT, indicating that HK activity in GM is predominantly HKII activity. 
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Functional recovery and fatigue resistance. Both twitch (8.2 ± 0.6 mN/mg vs 10.4 ± 0.6 

mN/mg) and tetanic force production (31.5 ± 2.1 mN/mg vs 34.0 ± 2.0 mN/mg) were 

similar for control GM between WT and HK+/- mice, respectively. However, HKII 

reduction diminished both twitch (Figure 6A) and tetanus (Figure 6B) force recovery 

following ischemia and 14 d healing: functional recovery in HK+/- GM was approximately 

50% of the recovery observed for WT GM. Resistance to fatigue was investigated by 

measuring the developed force upon application of 30 repetitive tetani and relate the value 

measured for each tetanus to the value of the first tetanus during reperfusion (Figure 6C). 

The high-intensity fatigue protocol showed a strong decrease in force in the control GM, 

which was not significant different between WT and HK+/-. I/R and 14 d healing resulted 

in increased fatigue resistance of the GM of both genotypes. The I/R-induced increase in 

fatigue resistance was not affected by ablation of one HKII allele. 

 

Muscle regeneration.  Muscle regeneration is characterized by the presence of immature 

fibers recognized as centronucleated fibers of small size. Representative images in Figure 

7A clearly demonstrate the smaller (-52 to -55%) cell size and increased incidence of  

 

 

 
 

Figure 6. Functional recovery 
of GM after ischemia and 14 
days reperfusion. Twitch (A)
and tetanus (B) recovery 
shown as ratio I/R to CON 
GM values. (C) Muscle fatigue 
as tested by applying 30 
repetitive tetani. Developed 
force at each tetanus for both 
CON and I/R GM was 
measured and shown as ratio 
to first tetanus of same group. 
Values are given as mean ± 
SEM. * p<0.05 vs. WT group. 
# p<0.01 vs. CON group of 
same genotype. 
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Figure 9. Fibrosis in skeletal muscle after ischemia followed by 14 days reperfusion. Representative 
pictures (A) showing Sirius Red staining for collagen (red) and muscle tissue (pink) of CON and I/R GM 
tissue of WT and HK+/- animals. (B) Total area of collagen was normalized to the total area of cells in each
image for I/R and CON GM of WT and HK+/- animals. Values are given as mean ± SEM. # p<0.01 vs. CON
group of same genotype. $ p<0.05 HK+/-  I/R to CON ratio vs. WT I/R to CON ratio. 

Figure 7. Muscle regeneration after ischemia followed by 14 days reperfusion. Cell plasma membranes 
were stained by laminin (green) and nuclei were stained by DAPI (blue). Representative pictures (A) of 
CON and I/R GM tissue of WT and HK+/- animals with both stainings shown in each image. Mature
myocytes are recognized by nuclei at the border of each cell and polygonal shape, while immature
myocytes are recognized by nuclei in the center of the cell, the rounded shape and smaller size. (B) Average 
cell size was measured in both CON and I/R GM and (C) the number of cells with centralized nuclei 
relative to the total number of cells were counted in GM of WT and HK+/- animals. Data of centralized 
nuclei are shown as % I/R to CON GM. Values are given as mean ± SEM. * p<0.05 vs. corresponding WT
group. # p<0.01 vs. CON group of same genotype. 

Figure 8. Angiogenesis in skeletal muscle after ischemia followed by 14 days reperfusion. Capillaries 
were visualized by CD31 staining (pink) and plasma membranes were stained by laminin (blue). 
Representative pictures (A) of CON and I/R GM tissue of WT and HK+/- animals with both stainings 
shown in each image. (B) Number of capillaries was measured and normalized to the total area of cells in
each image in CON and I/R GM of WT and HK+/- animals. Values are given as mean ± SEM. # p<0.01 vs.
CON group of same genotype. 
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centronucleated cells following I/R for both WT and HK+/- mice. No centronucleated 

myocytes were found in CON muscles of both genotypes. Surprisingly, cell size in the 

HK+/- CON muscle was significantly smaller (-14%) than that in the WT CON muscle 

(Figure 7B), indicating that HKII may be a determinant of myocyte cell size. I/R reduced 

cell size to a large extent in our model, which reduction was not different between WT and 

HK+/- mice. In contrast, the number of centronucleated fibers in the I/R muscle was 

significantly larger for HK+/- GM (44%) compared to that in the WT GM (17%; Figure 7C). 

 

Angiogenesis. Capillaries were detected using the endothelial marker CD31 (Figure 8A). No 

significant differences were observed in capillary density of CON muscle between WT and 

HK+/- mice. Ischemia-reperfusion and 14 d healing resulted in increased capillary density 

of the GM, which increase, however, was not affected by the partial deletion of the HKII 

allele (Figure 8B). The data indicate therefore that HKII does not play a critical role in 

skeletal muscle angiogenesis following I/R. 

 

Fibrosis. The degree of fibrosis that developed in reaction to the I/R intervention was 

investigated by measuring the amount of interstitial collagen. In both Figure 9A 

(representative images) and Figure 9B it is shown that fibrosis amounted to 1.3% and  0.9 

% of muscle area in control GM of WT and HK+/- mice, respectively. I/R increased fibrosis 

to 4.5% in WT mice and to 6.8% in HK+/- mice, where the increase in the HK+/- mice was 

significantly larger compared to that in the WT mice. The almost doubling of I/R-induced 

fibrosis at 14 d healing in the HK+/- mice mirrors the doubling of acute I/R-induced cell 

necrosis in these muscles (Figure 3B). This indicates that HKII probably does not play a 

major role in the development of fibrosis during muscle healing. 

 

 

Discussion 
 

The major findings of this study are that reductions in HKII in a skeletal muscle model of 

ischemia-reperfusion, result in 1) increased myocyte cell necrosis at day 1 of reperfusion, 

without alterations in I/R-induced glycogen turnover or apoptosis, or increases in 

mitochondrial Bax and oxidative stress; 2) reduced functional recovery, and 3) increased 

fibrosis without affecting I/R-induced angiogenesis at day 14 of reperfusion. The 
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observation that the doubling of acute I/R injury at day 1 translates directly into a 

doubling of the number of regenerating fibers and a doubling of fibrosis at day 14, 

indicates that HKII mainly affects the acute I/R intervention and not the subsequent 

regeneration capacity of skeletal muscle.  

 

HKII and acute I/R cell damage. 

We observed about 40% injured GM fibers following 90 min ischemia and 24 h 

reperfusion, which value falls within the reported range of 30-60% GM injury following 

90-120 min ischemia and 24 h reperfusion (5; 26; 39). In a previous study in skeletal 

muscle, we showed that non-injurious I/R for WT muscle became mildly injurious with 

reductions in HKII (32). The present work underscores the importance of HKII in injurious 

I/R of skeletal muscle. In heart, we recently showed that upon 25% reduction of cardiac 

HKII, I/R injury was increased by 60% (38). In the present study, skeletal muscle HKII 

content was decreased by 40% (34), and I/R injury was increased by 109%. Even though 

obtained in different tissues, these results imply that the amount of HKII is inversely 

related to the degree of I/R injury and therefore emphasize the importance of HKII 

protein levels in relation to acute skeletal muscle cell survival. 

 

In the past, mitochondrially bound HK was found to be the key factor in reducing 

apoptosis through inhibition of the mitochondrial permeability transition pore (mPTP) 

opening. The proposed mechanism was that HK prevented pro-apoptotic Bax binding to 

the mitochondrion by direct competition for the same mitochondrial binding site (29). 

However, the importance of Bax in the process of I/R damage and thereby HKII cellular 

protection is under debate since Majewski et al. (24) showed that HKII protection was 

found with and without Bax present. Very recently, we did not find Bax-mediated 

apoptotic pathway to be involved in mitochondrial HKII dissociation-mediated I/R injury 

in the intact heart (33). The present results support our previous work and that of 

Majewski et al. (24) in that mitochondrial Bax is probably not the mediator through which 

reductions in total cellular HKII result in increased I/R cell death in muscle. Moreover, 

our results clearly indicate that HKII content mainly affects the necrotic pathway of cell 

death in a model of in vivo skeletal muscle I/R. No changes in apoptotic cells or caspase 

activity were observed with reduced skeletal muscle HKII content. It should be realized 

that necrotic and apoptotic pathways of cell death are not completely separate entities, 



Chapter 5 

100 

they are often interconnected (22). Although not directly examined in the present study, it 

is possible that the decreased caspase activity in the I/R muscle of WT mice at 1 h 

reperfusion is a consequence of disruption of the plasma membrane (= necrosis) and 

therefore leakage of the caspase protein out of the myocyte. This could be one example as 

to how necrosis may affect the apoptotic machinery. In addition, increases in oxidative 

stress have also been proposed to mediate the increased I/R-induced cell death with 

decreases in mitochondrial HK (9, 28). In our experimental model, I/R was indeed 

associated with increases in oxidative stress in WT animals. Surprisingly, this increase in 

oxidative stress was significantly attenuated in the HK+/- mice, making it unlikely that 

increases in oxidative stress may explain the increased cell death with chronic decreases in 

HKII.  We previously demonstrated that mitochondrial HKII is needed to keep 

mitochondria polarized (33). It is possible that in the HK+/- mice, the reduction in 

mitochondrial HKII results in an increased number of depolarized mitochondria, normally 

occurring during ischemia-reperfusion (23), which is directly translated into increased I/R 

damage.  

Alternatively, alterations in glycogen turnover during I/R may also partly explain the 

increased injury, although the amount of glycogen in relation to I/R damage is often a 

double-edged sword as shown by Cross et al (8). High glycogen may protect against 

damage as long as it is not depleted. With lasting ischemia and consequently full depletion 

of initial high glycogen, a high glycogen actually may result in increased I/R damage. Our 

results clearly indicate that the observed increase in necrosis with reductions in HKII 

cannot be explained by alterations in glycogen turnover. 

 

Although further experiments are needed to elucidate the mechanism through which 

chronic reductions in HKII exacerbate skeletal muscle I/R-induced myocyte necrosis, the 

present work discards a possible role for glycogen turnover or apoptosis in explaining 

increased injury with reductions in HKII in a model of in vivo skeletal muscle I/R. 

 

HKII and skeletal muscle recovery after I/R 

The present study clearly demonstrates reduced functional recovery and increased fibrosis 

in skeletal muscle of HK+/- mice at 14 d recovery following I/R injury. This observation 

can be explained by 1) a HKII-related deficiency in muscle regeneration following I/R 

injury, and/or 2) a greater susceptibility of HK+/- mice to the initial damage of I/R. In 
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general, HKII is increased in highly proliferating, growing tissues (25) to support the 

increase in biosynthetic activity in such tissues. Our observations that HKII is increased in 

regenerating I/R muscles and that skeletal muscle cell size in control muscle is smaller in 

the HK+/- mice, are commensurate with this role of HKII in growth and proliferation. 

However, the finding of an increased number of regenerating muscle fibers in the GM of 

HK+/- mice as compared to WT mice, suggests that reductions in HKII do not result in 

reduced regeneration. The similar weight of the reperfused GM muscle for both WT and 

HK+/- mice at 14 d recovery also indicates that muscle regeneration is not reduced by 

reductions in HKII. Actually, the observation that the doubling in the number of 

regenerating fibers in HK+/- muscle at 14 d recovery mirrors the doubling in number of 

death of fibers in HK+/- muscle at 1 day reperfusion, indicates that the regeneration 

process is not directly affected by HKII. Our data therefore suggest that the reduced 

recovery of GM in HK+/- mice is mainly a result of a greater susceptibility of HK+/- mice to 

the initial damage of the I/R insult, and not to a deficiency in muscle regeneration. The 

increased fibrosis with reductions in HKII also probably reflects the increased initial I/R 

damage in these mice and is in agreement with the increased cardiac fibrosis observed 

using the same mouse model following an in vivo cardiac I/R insult (38).         

 

The increase in capillary density at 14 d recovery is similar to previous findings of 

increased capillarisation following I/R in skeletal muscle (18; 35). That the I/R-induced 

increase in capillary density was similar for HK+/- and WT muscle indicates that HKII 

does not affect I/R-induced angiogenesis. In a previous study using the same mouse 

model, we observed decreased capillary density in the border zone of the I/R-subjected 

heart, which decrease was exacerbated in the HK+/- mice (38). However, this discrepancy 

is very likely caused by the fact that the heart has very limited regenerating capacity, such 

that the decreased capillary density observed for the reperfused heart is mainly a 

consequence of cell death and fibrosis in the border zone, which were both increased for 

HK+/- mice as compared to WT mice.   

 

Functional recovery. The tetanic force deficit following 14 d recovery is approximately 35% 

for WT mice and 70% for HK+/- mice, again mirroring the initial damage observed in each 

genotype (cell death of 36% and 76% for WT and HK+/- mice, respectively). This 

corroborates our morphological analyses in that the decreased functional recovery in the 
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HK+/- mice is probably mostly the result of the increased initial damage and not of a 

slower rate of recovery during the 14 days of healing. Because the force measurements are 

normalized to muscle mass, the diminished force production in the reperfused muscles 

indicates that the regenerating, centronucleated, fibers are still in the immature state after 

14 days of recovery and not yet fully integrated as functional muscle units.  

 

The increase in fatigue resistance measured after I/R correlates with other reports (2; 37) 

and possibly reflects a transition of muscle fiber type from fast-twitch to slow oxidative 

fibers (2; 36). GM muscle predominantly consists of fast-twitch fibers (4), which are 

relatively prone to fatigue (36). The proposed change to a more fatigue resistant fiber type 

due to I/R would therefore reduce fatigue vulnerability. Besides a switch in fiber type, 

increased fatigue resistance may also be explained by the I/R-induced increase in HK 

activity, as observed in the present study. Fueger and colleagues have shown in different 

studies that the HKII protein content is a determinant of endurance capacity (15). 

Additionally, during exercise muscle glucose uptake is reduced in HKII reduced animals 

(13), while the glucose transporter GLUT4 is unaffected by HKII reduction (14), making 

glucose phosphorylation a limiting factor for muscle glucose uptake (12; 13). Therefore, 

glucose phosphorylation by HK is a limiting factor for muscle endurance and fatigue 

properties, and the increase in HK activity observed in the reperfused muscles of both 

genotypes may partly explain the increased fatigue resistance. 

 

In summary, our results demonstrate that reduced HKII protein content results in 

impaired muscle functionality at 14 d recovery following an ischemia-reperfusion episode. 

The impaired recovery seems to be mainly a result of a greater susceptibility of HK+/- mice 

to I/R-induced acute necrosis (not apoptosis) and is not related to a HKII-related 

deficiency in muscle regeneration. The data suggest that manipulation of HKII protein 

content before I/R interventions may be a promising avenue for preventing muscle 

dysfunction following I/R. 
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Abstract 

 

The glycolytic enzyme hexokinase (HK) is suggested to play a role in ischemic 

preconditioning (IPC). In the present study we determined how ischemic preconditioning 

affects HK activity and HKI and HKII protein content at five different time points and 

three different subcellular fractions throughout cardiac ischemia-reperfusion. Isolated 

Langendorff-perfused rat hearts (10 groups of 7 hearts each) were subjected to 35 min 

ischemia and 30 min reperfusion (control groups); the IPC groups were pretreated with 3 

times 5 min ischemia. IPC was without effect on microsomal HK activity, and only 

decreased cytosolic HK activity at 35 min ischemia, which was mimicked by decreased 

cytosolic HKII, but not HKI, protein content. In contrast, mitochondrial HK activity at 

baseline and during reperfusion was elevated by IPC, without changes during ischemia. 

No effect of IPC on mitochondrial HKI protein content was observed. However, 

mitochondrial HK II protein content during reperfusion was augmented by IPC, albeit not 

following the IPC stimulus. It is concluded that IPC results in decreased cytosolic HK 

activity during ischemia that could be explained by decreased HKII protein content. IPC 

increased mitochondrial HK activity before ischemia and during reperfusion that was only 

mimicked by increased HK II protein content during reperfusion.  IPC was without effect 

on the phosphorylation status of HK before ischemia.  

 

We conclude that IPC is associated with 1) a biphasic response of increased mitochondrial 

HK activity before and after ischemia, 2) decreased cytosolic HK activity during ischemia, 

and 3) cellular redistribution of HKII, but not HKI. 
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Introduction 
 

Transient nonlethal periods of ischemia and reperfusion confer profound cardioprotection 

in response to a prolonged lethal episode of ischemia-reperfusion, a phenomenon that has 

been termed ischemic preconditioning (IPC) (17). Cardioprotection activates a signaling 

cascade involving PI3-kinase, AKT, ERK, PKCε, GSK-3, mitoKATP, VDAC, cyclophilin D 

and mitochondrial permeability transition pore (10; 16). Interestingly, the glycolytic 

enzyme hexokinase (HK) may be an important player in this scenario. We previously 

reported that in the isolated rat heart several cardioprotective interventions resulted in 

increased mitochondrial hexokinase activity, prior to the lethal episode of ischemia-

reperfusion (26). In addition, the well-known cardioprotective volatile anesthetics 

isoflurane and sevoflurane have also been shown to increase mitochondrial hexokinase 

activity in the heart of the in vivo adult rat (28). Finally, recent data demonstrate that 

hexokinase binding to mitochondria in cardiomyocytes confers profound protection 

against cell death by preventing permeability transition pore opening, indicating that 

mitochondrial HK binding may be a crucial component of the cardioprotective 

phenomenon (3; 15; 23). This prompted us to further characterize HK during ischemia-

reperfusion in the intact heart and how IPC affected its localization and activity.   

 

IPC is now known to affect signaling pathways, not only during the pre-ischemia episode, 

but also during ischemia and the reperfusion phase (6). It has even been suggested that 

most of IPC’s cardioprotective action is mediated by activating the so-called reperfusion 

injury salvage kinase (RISK) pathway during the early reperfusion phase (5). A 

characteristic of this RISK pathway is its biphasic behavior (5-7). It is unknown whether 

mitochondrial HK activity demonstrates a similar biphasic response upon IPC. In 

addition, part of the signal regulation of IPC is executed through subcellular translocations 

of the signaling molecules (2; 9). HK is reported to mainly localize in the cytosol or at the 

mitochondria (25). However, Southworth et al. (22) showed recently that HK was also 

found in vesicles within the cardiomyocyte, supporting older data that HK may also be 

associated with membrane structures other than mitochondria (8). Knowledge considering 

HK activity in this microsomal compartment and whether this HK compartment is also 

affected by IPC is currently missing. Finally, changes in HK activity can be the result of 

changes in the amount of HK protein present and/or posttranslational modification (15) of 
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the protein. It is unknown whether IPC-induced changes in HK activity in the heart are 

due to protein translocation or merely modification. Of the known isoforms of HK, HKI 

and HKII are expressed in the heart. To examine whether altered mitochondrial 

hexokinase activity can be explained by changes in mitochondrial HK protein levels, we 

determined HKI and HKII protein contents in the mitochondrial fraction of the heart.    

 

In the present study, we examined cardiac HK activity during pre-ischemia, ischemia and 

reperfusion in three different cellular compartments (cytosol, mitochondrial, microsomal) 

and how the spatial and temporal changes in HK activity were affected by IPC. 

Additionally, we examined whether changes in mitochondrial HK activity were mimicked 

by changes in mitochondrial HK protein levels. 

 

 

Material and Methods 

 

Animals 

Male Wistar rats (314 ± 2 g; Charles River, UK) were housed 2-4 per cage, subjected to a 12 

h dark/12 h light cycle, with water and food given ad libitum. All procedures were 

approved by the animal Ethical Commission of the University of Amsterdam and conform 

to NIH guidelines on "Principle of laboratory animal care". 

 

Heart perfusion. 

Animals were anesthetized with pentobarbital (60 mg kg-1). Tracheotomy was performed 

and mechanical ventilation initiated. Following the opening of the thorax and 

administration of intravenous heparin (150 IU), the aorta was cannulated in situ, and 

perfusion was started before excision of the heart. The hearts were Langendorff-perfused 

at 37C with Krebs-Henseleit buffer containing (mM): 118 NaCl, 0.5 EDTA, 4.7 KCl , 2.25 

CaCl2, 1.2 MgSO4, 25 NaHCO3, 1.2 KH2PO4, and 11 glucose, 1 lactate, 0.5 glutamine and 0.1 

pyruvate, gassed with 95% O2/5% CO2. Thebesian venous effluent from the ventricular 

wall was drained from the left ventricular lumen by a cannula pierced through the apex. A 

water-filled polyethylene balloon was inserted into the left ventricle through the left 

atrium and connected to a pressure transducer for assessment of contractile performance. 
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End-diastolic pressure was set at 3-6 mm Hg by adjusting balloon volume. Hearts were 

perfused at a constant flow with initial perfusion pressure set at 80 mmHg.  

 

After stabilization of pressure development during the first 20 min of Langendorff-

perfusion, ten groups of hearts (n=7 each group) were studied (Figure 1A). The ischemia-

reperfusion protocol existed of 35 min perfusion before ischemia, 35 min global no-flow 

ischemia and 30 min of reperfusion. The ischemic preconditioned groups received three 5 

min periods of ischemia each followed by 5 min reperfusion, except that the last 

reperfusion lasted for 10 min, before the start of the 35 min ischemia. To determine the 

temporal and subcellular localization of HK activity, hearts from both the control and IPC 

group were examined at 5 different time points: 1) 5 min before ischemia, 2) 5 min of 

ischemia, 3) 35 min of ischemia, 4) 5 min of reperfusion, and 5) 30 min of reperfusion. 

During the 35 min global ischemia the volume of the balloon was kept intact and hearts 

were submerged in the Krebs-Henseleit solution (37C) gassed with 95%N2/5% CO2. The 

venous effluent was collected at fixed times throughout the protocol (at 5, 10, 15 and 30 

min of reperfusion) for determination of venous lactate dehydrogenase leakage as index of 

necrosis.  

 

Heart homogenization and fractionation 

At the designated time points, the heart was immediately minced in 8 ml ice-cold 

homogenization medium containing (mM): 250 sucrose, 20 Hepes (pH 7.4), 10 KCl, 1.5  

MgCl2, EDTA, 1 dithiothreitol, 0.1 PMSF, 5 µg/ml leupeptin and aprotinin and 1 µg/ml 

pepstatin, and homogenized on ice. Part of the homogenate was not centrifuged and 

represented the whole-cell fraction. The remaining part of the homogenate was 

centrifuged at 800 g for 3 min to remove cellular debris, unbroken cells and nuclei. The 

supernatant was recovered and centrifuged at 10,000 g for 10 min. The pellet contained the 

crude mitochondrial fraction and the remaining supernatant was further centrifuged at 

100,000 g for 30 min. The resultant pellet represented the microsomal fraction and the 

supernatant contained the cytosolic fraction. All centrifugation steps were performed at 

4C. Fractions were quickly frozen at -80˚C until determination of enzyme activity or 

protein levels. 
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Determination of enzyme activities 

The whole-cell homogenate, microsomal and mitochondrial fractions were treated with 

0.5% Triton X-100 and 0.9 M KCl to maximally solubilize hexokinase (15), followed by 

centrifugation in an Eppendorff microcentrifuge (12.000 g; 10 s). Enzyme activities were  

determined in the supernatant of these fractions and in the cytosolic fractions. Hexokinase 

(HK) activity was measured spectrophotometrically at 25C with glucose-6-phosphate 

dehydrogenase (from Leuconostoc mesenteroides), glucose, ATP and NAD+, in the 

presence of rotenone (1 µM) to inhibit the mitochondrial respiration chain. Citrate 

synthase (CS), a mitochondrial marker, NADPH Cytochrome C reductase, a microsomal 

marker, and lactate dehydrogenase (LDH), a cytosolic marker and its venous release used 

as index of necrosis, were measured according to standard spectrophotometric 

procedures. Protein content of the different fractions was determined by the Bradford 

method. Percent HK activity was calculated from the formula ((fraction HK activity x 

fraction protein/total homogenate protein)/homogenate HK activity) x 100, according to 

Majewski et al. (14). 

 

Figure 1. (A) Experimental protocols for the isolated perfused rat heart studies.   , time at which hearts 
were homogenized for both the control and ischemic preconditioning (IPC) groups. †, time at which venous
effluent sample was taken for lactate dehydrogenase (LDH) determination. (B) Cardioprotective effects of 
IPC. IPC significantly increased the recovery of the rate-pressure-product (RPP) and decreased LDH 
enzyme efflux during the reperfusion period. *P<0.05 vs. CON. 



IPC effects on hexokinase in intact heart 

115 

Western blot analysis 

Equal amounts of mitochondrial protein (10 µg/lane for HKI and 30µg/lane for HKII), 

microsomal protein (15 µg/lane for both HKI and HKII) and cytosolic protein (15 µg/lane 

for both HKI and HKII) were electrophorezed on a 10% SDS-polyacrylamide gel, 

transferred to a PVDF membrane, and probed with polyclonal antibodies for HKI 

(1:40,000; Santa Cruz), HKII (1:20,000; Chemicon) and the mitochondrial marker prohibitin 

I (PHBI;1:40,000; Cell Signaling) or the cytosolic marker alpha-tubulin (αTub; 1:40,000; 

Sigma). Unspecific binding of the antibody was blocked by incubation with 5% BSA 

solution. Proteins were detected using chemiluminescence, bands visualized by exposure 

to photographic film, and densitometry performed. Densities of HKI and HKII are 

expressed relative to the density of PHBI or αTub. 

 

For determination of mitochondrial HK phosphorylation, phospho-Akt substrate antibody 

PAS (1:250; Cell Signaling) was used, as described by Miyamoto et al. (15). Mitochondrial 

fractions were treated with 2 mM glucose-6-phosphate to specifically release HK from 

mitochondria (8; 24). After centrifugation, equal amounts of supernatant protein (30 

µg/lane) were analyzed with PAS antibody, followed by reprobing with HKII to confirm 

PAS staining of HKII.  

 

Statistics 

Values are means ± SE. Testing for differences between control and IPC groups at the 

different time points was performed with the nonparametric Mann-Whitney U test 

(p<0.05). 

 

 

Results 
 

There were no differences in baseline characteristics between the different groups. The 

averaged values across groups amounted to an end-diastolic pressure of 4.4 ± 0.4 mmHg, a 

peak systolic pressure of 157 ± 4 mmHg, a heart rate of 300 ± 3 beats/min and a perfusion 

flow of 13.1 ± 0.5 ml/min/g. IPC was cardioprotective, as evidenced by an improved 

recovery of the rate-pressure-product from19 ± 5% in control to 43 ± 4% with IPC, and a 
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reduction in LDH release during reperfusion from 1.85 ± 0.51 µmol/g/30 min reperfusion 

in control to 0.56 ± 0.04 µmol/g/30 min reperfusion with IPC (Figure 1B). 

 

To examine the enrichment of the different subcellular fractions by our centrifugation 

procedure, we determined activities of subcellular-specific marker enzymes in each 

fraction (Figure 2). The figure demonstrates that the mitochondrial marker CS is mostly 

present in the 10,000 g pellet fraction (Figure 2A), although about 30% of CS was observed 

in the cytosolic fraction, presumably because of damage of mitochondria during 

homogenization of the tissue. The microsomal marker NADPH cytochrome C reductase is 

 

 
 

 

 

 

 

 
 

 

 

 

Figure 2. Specific activities of marker
enzymes in the different fractions at
baseline (black bar), 35 min ischemia
(hatched bar), and 5 min reperfusion (open
bar). Activities of citrate synthase (A), 
NADPH cytochrome-c reductase (B), and 
LDH (C) as marker enzymes for the
mitochondrial (10,000 g pellet), microsomal
(100,000 g pellet) and cytosolic (100,000 g 
supernatant) fractions, respectively. Values
are given as means ± SE of 3-5 experiments. 

Figure 3. Time course of hexokinase (HK) activity in the 
microsomal-enriched fraction for CON and IPC rat 
hearts groups throughout the experimental protocol.
Microsomal HK activity is expressed relative to whole-
cell HK activity. 

Figure 4. Time course of HK activity in the cytosolic-
enriched fraction for CON and IPC rat hearts groups
throughout the experimental protocol. Cytosolic HK
activity is expressed relative to whole-cell HK activity. 
*P<0.05 vs. IPC. 
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mostly enriched in the 100,000 g pellet fraction, although considerable activity remains in 

the two other fractions. The 100,000 g supernatant fraction is largely enriched with the 

cytosolic marker LDH, with almost no activity of LDH in the other two fractions (Figure 

2C). From this analysis we designated the 10,000 g pellet as the mitochondrial-enriched 

fraction, the 100,000 g pellet as the microsomal-enriched fraction and the 100,000 g 

supernatant as the cytosolic-enriched fraction. The analysis of the marker enzymes at 35 

min ischemia and 5 min reperfusion demonstrates that the degree of enrichment is not 

significantly affected throughout the ischemia-reperfusion protocol. 

 

 
 

 
 

 

Figure 5. HKI and HKII protein content 
in the microsomal-enriched and 
cytosolic-enriched fraction for CON and 
IPC rat hearts at 35 min of ischemia. For 
the cytosolic fraction densities of HKI 
and HKII are expressed relative to the 
density of the cytoslic marker α-tubulin. 
*P<0.05 vs. CON. 

Figure 6. Time course of HK activity in 
the mitochondrial-enriched fraction for 
CON and IPC rat hearts groups 
throughout the experimental protocol. 
Mitochondrial HK activity is expressed 
relative to whole-cell HK activity. 
*P<0.05 vs. CON. 
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Whole cell hexokinase activity, expressed per milligram of protein, amounted to 35.3 ± 7.1 

nmol.min-1.mg protein, and was unaffected by IPC or ischemia-reperfusion. Figure 3 

depicts HK activity determined in the microsomal-enriched fraction. Although a 

considerable amount of HK is found in this fraction (~30% of whole cell HK activity), IPC 

and ischemia-reperfusion was without any effect on the amount of HK activity in this 

fraction (Figure 3). 

 

HK activity in the cytosolic-enriched fraction amounted to approximately 20% of whole 

cell HK activity before the period of lethal ischemia and was unaffected by IPC (Figure 4). 

However, in the control group HK activity increased during the lethal ischemic period (at 

35 min ischemia: 38.9 ± 3.1 % and 28.6 ± 3.2 % for control and IPC, respectively, P < 0.05; 

Figure 4), indicating solubilization of the enzyme during ischemia in the control group. 

IPC prevented this solubilization to a large extent.  HK activity in the cytosolic-enriched 

fraction of the control group declined during the reperfusion period to levels similar as the 

IPC group (Figure 4). To further explore the increase in cytosolic HK activity at the end of 

ischemia, protein content of HKI and HKII was determined in the microsomal and 

cytosolic compartment (Figure 5). It is shown that IPC specifically affects HKII during 

ischemia, without changes in HKI, and the data indicates that during ischemia a 

redistribution of HKII between the cytosolic and microsomal compartment occurs. 

 

IPC resulted in an immediate increase of hexokinase activity in the mitochondrial-

enriched fraction (33.2 ± 1.1 % and 40.4 ± 2.1 % for control and IPC, respectively, P < 0.05; 

Figure 6), which declined during the period of lethal ischemia, followed by a second 

increase at 5 min of reperfusion (29.3 ± 2.7 % and 40.6 ± 3.7 % for control and IPC, 

respectively, P < 0.05; Figure 6). At 30 min of reperfusion significant differences between 

IPC and control were still present (31.5 ± 1.8 % and 37.3 ± 1.7 % for control and IPC, 

respectively, P < 0.05; Figure 6). 

 

Results of the immunoblot analysis for HKI and HKII protein content in the mitochondrial 

fraction are given by figure 7. Both HKI and HKII were present in the mitochondrial 

fraction. IPC was without effect on HK I protein content (Figure 7A). However, IPC 

resulted in translocation of the HK II protein to the mitochondrial fraction, but only 

during reperfusion following the lethal ischemic event. HK II protein content remained 
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unchanged immediately following the IPC event (Figure 7B). To explore whether the 

increased HK activity at baseline following IPC could be ascribed to increased HK 

phosphorylation, the phosphorylation status of HK was determined (Figure 8). Although 

we were able to demonstrate PAS staining at the location of HKII in the mitochondrial 

fraction, indicating that HK is phosphorylated by Akt, IPC was without effect on HK 

phosphorylation. 

 

Discussion 
 

The new findings of this study may be summarized as follows: 1) IPC induces a biphasic 

response in HK activity within the mitochondrial fraction of the heart, with the first phase 

occurring immediately after the non-lethal ischemic IPC stimulus and the second phase 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Representative Western blots and time course of HKI (A) and HKII (B) protein content in 
the mitochondria-enriched fraction for CON and IPC rat hearts throughout ischemia-reperfusion. 
Densities of HKI and HKII are expressed relative to the density of the mitochondrial marker (M) 
prohibitin I (PHBI). *P<0.05 vs. CON. 

Figure 8. Representative Western blots (top) and 
phospho-Akt-substrate (PAS) phosphorylation 
status of HK (normalized to HKII) (bottom) in the 
mitochondrial fraction at baseline for the control 
and IPC group. M, molecular weight ladder. 
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occurring immediately at reperfusion, following the lethal ischemic insult; 2) IPC prevents 

the increase in HK activity in the cytosolic fraction at the end of the lethal ischemic period 

and is without effect on HK activity in the microsomal fraction; 3) IPC affects HKII but not 

HKI. 

 

A similar behavior as the biphasic mitochondrial HK activity reported in the present study 

has been previously reported for the phosphorylation status of components of the so-

called reperfusion injury salvage kinase (RISK) pathway, such as Akt and ERK-1/2 (5). It 

was shown in fibroblasts and HeLa cells that protection against apoptosis by the PI3-

kinase/Akt-pathway was mediated by increased HK binding to the mitochondria (4; 19; 

20). Studies in cardiomyocytes indicate that Akt results in phosphorylation of 

mitochondrial HK that may mediate mitochondrial HK binding (15) or, alternatively, that 

PKCξ mediates HK binding to mitochondria through phosphorylation of VDAC (1). 

However, we were unable to demonstrate that IPC resulted in Akt-mediated 

phosphorylation of mitochondrial HK, questioning whether Akt-mediated HK 

phosphorylation occurs in the intact heart following IPC. How HK confers 

cardioprotection is unknown at present, and beyond the scope of the present study. Chiara 

et al. (3) recently demonstrated that the detachment of HKII from mitochondria triggers 

apoptosis through opening of the permeability transition pore. The HK cardioprotective 

effects were independent of VDAC, but did depend on cyclophilin D. That HK interacts 

with cyclophilin D was already reported by others (12). 

 

The observation that a glycolytic enzyme (HK) is probably part of the IPC-induced 

protection of the mitochondria, supports the contention that alterations in glycolysis and 

mitochondria are both necessary to invoke the protective action of IPC (16; 17). This is 

commensurate with work that demonstrated that mitochondrial activation after reversible 

ischemia is only delayed when glycolysis can take place (27; 29). Recent data also showed 

that asides HK mitochondrial protection, non-mitochondrial HK may also contribute to 

protection due to its glucose phosphorylation capacity (23). 

 

Interestingly, we were able to demonstrate that a considerable amount of hexokinase 

resides in a microsomal compartment. Southworth et al. (22) also reported the presence of 

HK in intracellular vesicles using electron microscopy techniques, which amount was not 
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affected by ischemia. Other studies in heart and brain have shown HK binding to 

microsomes, possibly the endoplasmic reticulum (8; 13). Our study demonstrated that 

although no changes occurred in HK activity in this cellular compartment with ischemia 

or IPC, protein content of HKII in this compartment during ischemia is affected by IPC. It 

may therefore be suggested that the HKII compartmentalized in these microsomes is 

somehow involved in IPC during the index ischemia. Further research will be necessary to 

elucidate the precise origin of these microsomes and how they interact with HKII present 

in the cytosol and bound to mitochondria. 

 

HK activity in the cytosol increased during the lethal period of ischemia, an effect that was 

largely mitigated by IPC. IPC was without effect on cytosolic HK activity before and after 

the lethal ischemic period. Thus, the temporal effect of IPC on HK activity in the cytosolic 

fraction is exactly opposite to its effect on HK activity in the mitochondrial fraction: IPC 

affects HK activity before and after the lethal ischemic period in the mitochondria, and 

during the lethal ischemic period in the cytosol. Part of the IPC-protection mediated by HK 

may therefore also rely on diminished cytosolic HK activity during prolonged ischemia. 

 

It is possible that this reduction in cytosolic HK activity somehow contributes to the 

reported diminished lactate accumulation in IPC-hearts during prolonged ischemia (17). 

That cardioprotection differently affects location and activation of proteins involved in 

survival signaling has already been shown for PKC-isoforms and p38 MAPK (2; 18). It 

emphasizes the importance of timing and subcellular localization when describing these 

proteins and how they are affected by IPC. Not taking into account these factors may 

result in contradictory results between studies (2). 

 

We observed that only HKII was significantly affected by IPC, and not HKI. It is known 

that insulin, and its downstream PI3K-Akt signaling pathway, regulates HKII and not HKI 

(19). These data is therefore commensurate with the knowledge that IPC activates PI3K-

Akt (5-7) that subsequently may have as one of its downstream targets translocation of 

HKII to the mitochondria (15). The IPC-induced increased mitochondrial HK activity 

before the ischemic event could not be explained by translocation of HKII to the 

mitochondria, indicating that post-translational modification of HK may play a role. 

Although HK phosphorylation was recently observed in isolated cardiomyocytes with 
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pharmacological Akt activation (15), we were unable to show Akt-induced HK 

phosphorylation in the intact heart with IPC. Further studies are necessary to examine 

whether IPC in the intact heart results in post-translational modification of the HKII 

protein that affects the activity of the enzyme. 

 

Methodological considerations 

Hearts were perfused with 11 mM glucose, and physiological concentrations of glutamine, 

pyruvate and lactate, all of which are important substrates for the heart (11). However, 

fatty acids were not present in the perfusate, also because we are unable to obtain a stable 

preparation when albumin-bound fatty acids are added to the perfusate. Although it is 

known that, even under these conditions, the heart still derives >50% of its energy from 

the oxidation of endogenous stored fatty acids (21), our perfusion medium does not 

completely mimic the in vivo condition. We cannot exclude the possibility that perfusing 

the hearts without fatty acids may have affected our results concerning HK translocation 

(22). 

 

In the present study we employed 0.5% Triton and 0.9 M KCl to maximally solubilize HK 

from organelles and membrane HK-binding motifs (8). Recently, Treberg et al. (24) 

demonstrated that this aggressive solubilization scheme also liberated permanently bound 

HK, which is not able to translocate between different subcellular fractions. In other 

words, the resolution to detect the amount of reversible bound enzyme is decreased when 

using this aggressive solubilization. Treberg et al. (24) demonstrated increased sensitivity 

for HK translocation with ischemia when using high ionic buffer instead only. When only 

a small amount of the total cellular HK is able to translocate, for example suggested by 

studies showing that only 1% of total HK is present in PKCε-VDAC-ANT complex (1), 

using a more sensitive technique to detect reversible bound HK only may result in larger 

HK changes with IPC as reported in the present study. 

 

No interventions during IPC were performed to examine whether alterations in HK are 

causally linked to cardioprotection, e.g. using inhibitors of the PI3K-Akt-GSK-3β pathways 

to examine whether mitigation of IPC-induced cardioprotection is associated with 

abolishment of HK alterations. Such interventions will certainly need to be studied in the 

near future. However, this study was performed to first allow a full characterization of the 
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spatial and temporal behavior of HK activity and protein isoform content during 

ischemia-reperfusion and how IPC affected these changes. The obtained data can now be 

used to more specifically examine whether the IPC-induced HK changes (e.g. 

mitochondrial HK activity and HK II protein content during the early phase of 

reperfusion) are correlated with the cardioprotective potential of IPC. 

 

In this study we used 35 min ischemia, a period that results in a relatively large increase of 

dead cells during the reperfusion period. Analysis of IPC effects on subcellular protein 

function and translocation during this reperfusion period may therefore be influenced by 

the number of dead cells. We cannot exclude that at 30 min of reperfusion this was indeed 

partly the case, however, at that time no differences were observed whatsoever. It seems 

unlikely that at 5 min of reperfusion many cells were already dead, also knowing that 

postconditioning in this early period of reperfusion can still prevent cell dead. In addition, 

changes were only observed for HKII and not HKI, also supporting that the differences 

observed were due to specific IPC signaling on HKII, and not due to a general process of 

cell necrosis. 

 

In conclusion, we have shown that IPC causes a biphasic response of HK activity in the 

mitochondrial compartment of the heart, with increased activity after the IPC stimulus 

and after the lethal ischemic period, but not during ischemia. During ischemia, IPC 

decreased HK activity in the cytosol. Protein content analysis showed that IPC specifically 

affected HKII and not HKI. Increased mitochondrial, and decreased cytosolic HK II 

protein content may explain the IPC-induced increased HK activity after the lethal 

ischemic period and decreased cytosolic activity during ischemia, respectively. The results 

demonstrate HKII to be regulated by IPC in an elaborate spatial and temporal fashion, 

suggesting a role for HKII as an integral part of IPC subcellular signaling. 
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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. 
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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. 



HKII mitochondrial binding disruption in I/R and IPC 

133 

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. 



Chapter 7 

134 

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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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. 
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The general aim of this thesis was to elucidate whether the cellular hexokinase II amount 

is causally related to ischemia-reperfusion cellular injury. 

  

In chapter 2, we examined whether standard chow and decreased expression of HKII 

affected overall growth and cellular HKII levels in heart and skeletal muscle. Additionally, 

the influence of reduced HKII levels on low-flow I/R injury was studied. A heterozygous 

hexokinase II knockout (HK+/-) mouse model was used. Initially, we noticed that these 

mice had much smaller HKII reductions as reported in literature. Following several 

investigations, we finally realized that the difference was in the different standard chow 

used. We showed that standard chow alone already, without large differences in fat or 

carbohydrate constituents, affects body and heart weight. Also HK activity and HKI 

expression are affected in the heart, while in skeletal muscle only HK activity was affected 

by chow. We conclude that standard chow is important and often neglected in 

experimental animal research as even minor differences in diet components may influence 

physiological parameters and protein expression levels. 

 

The deletion of one HKII allele resulted in an approximately 30% reduction of cardiac total 

HK activity, indicating that HKII contribute ~50-60% to total cardiac HK activity. We 

subsequently examined a cardiac I/R intervention using 5% residual low-flow for 40 min 

in the isolated heart. This model only resulted in very mild I/R injury (1% cell death). No 

influence of reduced HKII on I/R injury was found. We conclude that in an I/R model 

that causes minimal irreversible injury, a relatively moderate HK decrease did not cause 

increased I/R injury. 

 

In order to increase the amount of irreversible cell death, we examined the role of HKII in 

more severe cardiac I/R models by applying no-flow I/R (chapter 3). We were able to 

demonstrate that HKII reduction increased I/R injury in both an ex vivo (isolated 

Langendorff-perfused heart) and an in vivo (in chest LAD occlusion) I/R model. HKII 

reduction was associated with functional impairment and increases in cell death (necrosis, 

apoptosis). In vivo treated hearts showed increased fibrosis and reduced angiogenesis after 

longer term reperfusion (28 days). HKII may influence angiogenesis through HIF-

dependent VEGF regulation as in HK+/- mice HIF-1α-levels were found to be reduced after 
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I/R resulting in reduced VEGF. Finally, it was shown that mitochondrial bound HKII 

(mitoHK) was a determinant of oxidant-induced cell death in isolated cardiomyocytes.  

The deletion of one HKII allele in the skeletal muscle of gastrocnemius medialis resulted in 

approximately 50-60% decrease in total muscle HK activity, indicating that for this muscle 

HK mainly exists of isoform II. This allowed us to study the effects of an even larger HK 

activity reduction on I/R injury in skeletal muscle as compared to the heart. We applied 

an in vivo model of acute skeletal muscle I/R injury for both male and female mice 

(chapter 4). In this study, we also used a hexokinase overexpressed mouse line (HKtg). 

Although the applied I/R model resulted in non-significant cell death in wild-type control 

animals, the large reduction in HK activity for the gastrocnemius muscle was associated 

with significant cell death in male (and not female) HK+/- mice. No effects of HKII on 

functional recovery from I/R were observed. These findings indicate that 1) increasing the 

reductions in HK may also result in significant increased injury in even a very mild I/R 

injury model and 2) female animals are protected against I/R injury, in support of other 

reports in literature. 

 

In chapter 5, we now wanted to examine the role of HKII in skeletal muscle in 1) a more 

severe model of acute I/R injury, and 2) muscle regeneration; as compared to chapter 4. 

This resulted in the observation that 50% reduction in HK activity was approximately 

mirrored by a doubling in I/R-induced necrosis in this model. This proves that in an in 

vivo skeletal muscle I/R model HKII is a major determinant of I/R cell damage. We also 

showed that the increased necrosis with reduced HK cannot be explained by increased 

translocation of the pro-apoptotic Bax protein to mitochondria or increased oxidative 

stress. When investigating I/R damage by HKII, other yet unknown mechanisms should 

also be studied.  

 

In addition to less vulnerability to I/R injury, skeletal muscle tissue is also known for its 

regenerative capacity. In chapter 5, we also describe that HKII is probably not of influence 

on muscle regeneration and fibrosis as increases in both could perfectly be explained by 

the increased acute I/R intervention causing cell death. Angiogenesis was increased after 

I/R, but not affected by reduced HKII. 
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Preliminary studies indicated that HK may be involved in cardiac IPC signaling. 

Therefore, in chapter 6 we studied the temporal and spatial behavior of HKI and II in 

response to I/R and IPC in the intact rat heart. Due to IPC, cytosolic HK activity was 

reduced only at end-ischemia, which could be explained by the decrease in cytosolic HKII 

amount (and not HKI) at the same time point. Most importantly, mitochondrial HK 

activity was increased after IPC at baseline and at reperfusion period. This was only 

during reperfusion supported by an increase in HKII level. HKI temporal and spatial 

behavior was unaffected by IPC. Thus, this study clearly demonstrated that IPC 

significantly affected HK cellular trafficking in the intact heart. This IPC sensitivity is 

limited to the HKII isoform. 

 

The importance of HKII as a determinant of cardiac I/R injury (chapter 3) and the finding 

that mitochondrial HK activity and mitochondrial bound HKII are affected by IPC 

(chapter 6) lead to the study described in chapter 7. While in cellular total HKII reduction 

(HK+/- mice) only cell death is increased upon I/R, direct detachment of mitochondrial 

bound HKII by a special custom-made peptide, leads to both increased cell death and 

reduced functional recovery. Most importantly, it causes loss of protection by IPC in the 

intact heart. Our data suggest that mitoHK protection functions through mitochondrial 

membrane potential maintenance. Furthermore, our data also indicates that, similar to 

results found in the skeletal muscle, cell death is mostly mediated by necrosis and not by 

mitochondrial Bax-mediated cell death. This study clearly implicated that mitochondrial 

bound HKII is important in cellular sensitivity to I/R damage and is a necessary 

component for cardioprotection by IPC.  
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In dit proefschrift willen we verhelderen of de hoeveelheid cellulair aanwezig hexokinase 

II (HKII) eiwit oorzakelijk gerelateerd is aan de mate van cellulaire schade door ischemie-

reperfusie (I/R). 
 

In hoofdstuk 2 onderzochten we of een verandering in standaard voeding en een 

verminderde expressie van HKII de gehele groei en het cellulaire HKII niveau in de hart- 

en skeletspier beïnvloeden. Daarnaast werd de invloed van verminderde HKII niveaus op 

lage-stroming I/R schade bestudeerd. Als model werd een heterozygoot hexokinase II 

knockout (HK+/-) muis gebruikt. In eerste instantie werd gevonden dat deze muizen een 

veel kleinere afname in HKII reductie hadden dan in de literatuur gerapporteerd. Na 

enkele vervolg experimenten realiseerden wij ons dat het verschil werd veroorzaakt door 

de aan de muizen gegeven standaard voeding. We lieten zien dat standaard voeding 

alleen al, zonder grote veranderingen in vet of koolhydraten samenstelling, het lichaams- 

en hartgewicht kan beïnvloeden. Ook HK activiteit en hexokinase I (HKI) expressie 

worden in het hart beïnvloedt door standaard voeding, terwijl in de skeletspier alleen HK 

activiteit werd beïnvloed. We concluderen dat standaard voeding belangrijk is en vaak ten 

onrechte wordt genegeerd in dierexperimenteel onderzoek, terwijl al kleine verschillen in 

voedingscomponenten van invloed kunnen zijn op fysiologische parameters en eiwit 

expressie niveaus. De deletie van één HKII allel gaf circa 30% vermindering van totaal HK 

activiteit in het hart, wat indiceert dat HKII voor circa 50-60% bijdraagt aan de totale HK 

activiteit in het hart. Daaropvolgend bestudeerden we een lage-stroming I/R interventie 

in het hart met gebruik van 5% overblijvende vloeistof stroming, ten opzichte van een 

normale, gezonde situatie, voor 40 minuten in het geïsoleerde muizenhart. Dit model 

resulteerde slechts in zeer milde I/R schade (1% celdood). Er werd geen invloed van 

gereduceerd HKII op I/R schade gevonden. We concluderen dat in een I/R model welke 

minimale irreversibele schade veroorzaakt, een relatieve gematigde HK vermindering 

geen verhoogde I/R schade geeft. 

 

Met het doel de hoeveelheid irreversibele celdood te verhogen bestudeerden we de rol van 

HKII in zwaardere I/R modellen in het hart, waarbij geen-stroming I/R werd toegepast 

(hoofdstuk 3). We waren in staat aan te tonen dat HKII vermindering resulteert in 

verhoogde I/R schade in zowel een ex vivo (geïsoleerd Langendorff-geperfuseerd hart) als 

een in vivo (in borstkas LAD occlusie) I/R model. HKII reductie was geassocieerd met 
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functionele beschadiging en verhoogde celdood (necrose, apoptose). In vivo behandelde 

harten vertoonden verhoogde fibrose en verminderde angiogenese na een langere periode 

van reperfusie (28 dagen). HKII beïnvloedt angiogenese mogelijk door HIF-afhankelijke 

VEGF regulatie doordat in HK+/- muizen HIF-1α gereduceerd bleek te zijn na I/R, wat 

resulteerde in verminderde VEGF expressie. Ten slotte, ook werd aangetoond dat 

mitochondrieel gebonden HKII (mitoHK) een bepalende factor is voor oxidant-

geïnduceerde celdood in geïsoleerde cardiomyocyten. 

 

De deletie van één HKII allel in de gastrocnemius medialis (GM) skeletspier resulteerde in 

circa 50-60% vermindering van totaal spier HK activiteit. Dit suggereert dat voor deze 

spier het aanwezige HK voornamelijk bestaat uit isovorm II. Dit gaf ons de gelegenheid 

om de effecten op I/R schade van een grotere HK activiteit vermindering, ten opzichte 

van het hart, in de skeletspier te bestuderen. We pasten een in vivo model toe van acute 

skeletspier I/R schade in zowel mannelijke als vrouwelijke muizen (hoofdstuk 4). In deze 

studie bestudeerden we naast het HK reductie model ook een HKII overexpressie muis 

model (HKtg). Hoewel het toegepaste I/R model in niet-significante celdood resulteerde, 

gaf de grote afname in HK activiteit in de GM spier een significante toename van celdood 

in mannelijke (en niet in vrouwelijke) HK+/- muizen. Er werden geen effecten van HKII op 

functioneel herstel na I/R gevonden. Deze bevindingen wijzen er op dat, 1) vergroting van 

HK reducties zelfs in een zeer milde I/R schade model kunnen resulteren in significant 

verhoogde celschade, en 2) vrouwelijke dieren zijn beter beschermd tegen I/R schade, wat 

in overeenstemming is met andere gerapporteerde bevindingen in de literatuur. 

 

Ter vergelijking met hoofdstuk 4, wilden we in hoofdstuk 5 de rol van HKII in skeletspier 

bestuderen in 1) een zwaarder model van acute I/R schade, en 2) spier regeneratie. Dit 

resulteerde in de observatie dat 50% HK activiteit reductie bij benadering werd gespiegeld 

door een verdubbeling van de I/R-geïnduceerde necrose in dit model. Dit bewijst dat in 

een in vivo skeletspier I/R model HKII een belangrijke bepalende factor is van I/R 

celschade. We toonden ook aan dat de verhoogde necrose door verminderde HK niet 

verklaard kan worden door een verhoogde translocatie naar het mitochondrion van het 

pro-apoptotische eiwit Bax of door een verhoogde mate van oxidatieve stress. Daarom 

zouden bij het onderzoeken van HKII in I/R schade andere, meer onbekende 

mechanismen van celdood moeten worden bestudeerd. 
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Naast de verminderde kwetsbaarheid voor I/R schade is skeletspier weefsel ook bekend 

om de regeneratieve capaciteit. In hoofdstuk 5 beschrijven we ook dat HKII waarschijnlijk 

niet van invloed is op skeletspier regeneratie en fibrose. Dit concluderen we naar 

aanleiding van de bevindingen dat de gevonden toenamen in zowel regeneratie als fibrose 

mogelijk volledig verklaard kunnen worden door de verhoogde celschade in deze acute 

I/R interventie. Angiogenese was verhoogd na I/R, maar werd niet beïnvloed door 

verminderde HKII. 

 

Voorgaande studies suggereerden dat HK mogelijk betrokken is bij ischemische 

preconditionering (IPC) signalering in het hart. Daarom bestudeerden we in hoofdstuk 6 

het temporele en spatiële gedrag van HKI en HKII in reactie op I/R en IPC in het intacte, 

geïsoleerde rattenhart. Door de IPC interventie bleek de cytosolische HK activiteit alleen 

gereduceerd aan het einde van de ischemische periode, wat verklaard kan worden door de 

afname in cytosolische HKII (en niet HKI) hoeveelheid op hetzelfde tijdstip. Het 

belangrijkste is dat de mitochondriële HK activiteit verhoogd was na IPC tijdens baseline 

en de reperfusie periode. Dit werd alleen tijdens reperfusie ondersteund door een 

verhoging in HKII niveau. Het temporele en spatiële gedrag van HKI werd niet beïnvloed 

door cellulaire verplaatsing van HK in het intacte hart. Deze IPC gevoeligheid is beperkt 

tot de HKII isovorm. 

 

Het belang van HKII als een bepalende factor van hart I/R schade (hoofdstuk 3) en de 

bevindingen dat mitochondriële HK activiteit en mitochondrieel gebonden HKII 

beïnvloed worden door IPC (hoofdstuk 6) hebben geleid tot de studie beschreven in 

hoofdstuk 7. Terwijl bij vermindering van totale HKII (HK+/- muizen) alleen celdood 

verhoogd is na I/R, leidt directe loskoppeling van mitochondrieel gebonden HKII, door 

middel van een op maat gemaakte peptide, tot zowel verhoogde celdood als verminderd 

functioneel herstel. Maar bovenal leidt het tot verlies van het beschermende IPC effect in 

het intacte hart. Onze data suggereert dat mitoHK beschermend werkt door middel van 

behoud van de mitochondriële membraan potentiaal. Daarnaast suggereert onze data ook 

dat, evenals de resultaten gevonden in de skeletspier, celdood voornamelijk bemiddeld 

wordt door necrose en niet door mitochondriële Bax-bemiddelde celdood. Deze studie laat 

duidelijk zien dat mitochondrieel gebonden HKII belangrijk is in cellulaire gevoeligheid 

voor I/R schade en dat het een noodzakelijke component is voor cardioprotectie door IPC. 
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In vivo ischemia-reperfusion 

The surgical protocol was performed as previously described with some modifications (1). 

Briefly, mice were anesthetized with isoflurane with induction at 3% and maintenance at 

1.5 to 2%. The animals were placed in a supine position and ECG leads were attached. The 

body temperature was monitored using a rectal probe and was maintained at 37°C with 

heating pads throughout the experiment. A catheter was inserted into the trachea and was 

then attached to the mouse ventilator via a Y-shaped connector. The mice were ventilated 

at a tidal volume of 200 μl and a rate of 105 breaths/min using a rodent ventilator. 

 

The chest was then opened by an incision of the left fourth intercostal space. A 1 mm 

section of PE- 10 tubing was placed on top of left anterior descending artery (LAD), and a 

knot was tied on the top of the tubing to occlude the coronary artery with an 8-0 silk 

suture. Ischemia was verified by pallor of the anterior wall of the left ventricle and by ST 

segment elevation and QRS widening on the ECG. After occlusion for 45 minutes, 

reperfusion occurred by cutting the knot on top of the PE-10 tubing. The chest was then 

closed in layers. The mice were kept warm with heating pats and on 100% oxygen via 

nasal cannula. Animals were given buprenorphine for post operative pain. 

 

Echocardiography 

Echocardiography was performed using Vevo 770 High-resolution imaging system at 2, 14 

and 28 days after I/R as previously described (2). Animals were anesthetized with 

isoflurane and were placed in a supine position. The chest was shaved and the parasternal 

short- and long-axis views were used to obtain two-dimensional and M-mode images. At 

least 10 independent cardiac cycles per each experiment were obtained. The cardiac 

output values were corrected to the animals’ weights to obtain cardiac index. 

 

Histological analysis 

Hearts were fixed in 10% formalin (PBS buffered), dehydrated, and embedded in paraffin. 

Heart architecture was determined from transverse 5-μm deparaffinized sections stained 

with H&E. Fibrosis was detected with Masson’s Trichrome staining and was reported as 

the ratio of the length of fibrosis to  the LV circumference. To determine angiogenesis, 

mice were injected with 50 μl of fluorescein-BSILectin I (Vector Laboratories, Burlingame, 

Calif) 15 minutes before euthanasia as described before (6). TUNEL positivity 48 hours 
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after I/R was determined using an In Situ Detection Kit according to the manufacturer’s 

instructions (Roche Diagnostics). Nuclei were counterstained with DAPI and actin was 

stained with phalloidin-Alexa 546 dye (Molecular Probes, Eugene, OR). For 2,3,5-

triphenyltetrazolium chloride (TTC) / thiazolyl blue tetrazolium bromide (MTT) staining, 

2 days after ischemia reperfusion the artery was reoccluded, and 1.5% MTT (Sigma-

Aldrich, St Louis, Mo) was injected into the aortic root to delineate the area at risk from 

not-at-risk myocardium. Hearts were then sectioned parallel to the AV groove in 

approximately 1-mm sections. Viable and necrotic sections of the area at risk were 

identified by incubating the hearts in 1% TTC (Sigma-Aldrich, St Louis, Mo) for 10 

minutes at 37°C, followed by 10% neutral-buffered formaldehyde for 24 hours. 

Photographed using a Leica microscope, and analyzed using NIH Image software. 

 

Hemodynamic studies 

Hemodynamic studies were performed 28 days after I/R as previously described (4). A 

high-fidelity transducer-tipped pressure-volume catheter (Scisense Inc., London, Ontario, 

Canada) was calibrated in 37°C saline and was introduced into the LV of the anaesthetized 

mouse to determine hemodynamics. The right carotid artery was isolated, and two ties 

were gently pulled back using hemostats to block blood flow from the vessel. When 

pulsatile flow was no longer visible, a small incision was made just below the distal tie, 

and the catheter was placed and secured inside the carotid artery. The transducer was 

then advanced into the left ventricle and the mice were allowed to stabilize for 15 minutes. 

After stabilization, 30 seconds of data was collected. At the end of data collection, the 

catheter was retracted from the heart and arterial pressure was measured to demonstrate 

competency of the aortic valve. Signals were digitized by use of a data translation series 

analog-digital converter and then stored and analyzed. Values derived from pressure 

tracings were averaged over a minimum of 20 beats. 

 

Western blotting 

For Western blotting, hearts were homogenized in a modified RIPA buffer containing 

protease inhibitors. Antibodies against HKII, HKI, cytochrome c and GAPDH were 

purchased from Santa Cruz Biotechnology, and HIF1α antibody was purchased from 

Abcam (Cambridge, MA). The protein bands were developed with an enhanced 

chemiluminescence substrate kit. Quantification of blots was performed with Image J. 
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Measurement of HK activity in isolated hearts 

The amount of HK activity was measured in separate hearts (n=5-8 per group). Briefly, 

hearts were excised and homogenized in 1 ml ice-cold homogenization medium (in mM: 

250 sucrose, 20 Hepes (pH 7.4), 10 KCl, 1.5 MgCl2, EDTA, 0.1 PMSF, 5 μg/ml leupeptin 

and aprotinin and 1 μg/ml pepstatin). Differential centrifugation was used to obtain 

whole-heart and mitochondrial fractions. Fractions were quickly frozen at -80°C until 

further analysis. The fractions were treated with 0.5% Triton X-100 and 0.9 M KCl to 

solubilize hexokinase. Hexokinase activity was measured. For whole-heart, HK activity 

was normalized to protein content (as determined by the Bradford method); for 

mitochondrial fraction, HK activity was normalized to citrate synthase (CS) activity. 

 

ELISA 

Quantitative analysis of VEGF protein secretion by the cultured NRCM was performed 

using an ELISA kit (R&D Systems, Inc). Briefly, isolated NRCM were seeded in 6 well 

tissue culture plates in 2 ml fresh growth medium. Cells were transfected with either 

siRNA-HKII and or luciferase as a control for 24 hours and then were exposed to 48 hours 

of 1.5% O2. The conditioned media were removed and spun at 600 xg to remove cellular 

components. For VEGF quantification, 100 μl aliquots of the conditioned media were 

added to each well of 96-well assay plate. To construct a standard curve, known quantities 

of standard VEGF was run in parallel. The results were reported as the amount of total 

secreted VEGF in pg/ml. 

 

Luciferase assays 

H9c2 cells were co-transfected using Lipofectamine Plus Reagent (Invitrogen) in a serum-

free medium with both the recombinant firefly luciferase plasmid containing 3 copies HRE 

(0.25 μg)/ control vector and the Renilla luciferase plasmid (0.025 μg). Twenty four hours 

after transfection, luciferase activities were measured with a dual luciferase reporter assay 

kit (Promega) on a Berthold Lumat LB 9570 luminometer. Firefly luciferase expression was 

corrected by Renilla luciferase expression in the same well to normalize for variations in 

transfection efficiency. 
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RNA isolation and quantitative real-time PCR 

Total RNA samples from either cultured cardiomyocytes or mouse hearts were isolated 

using the RNA stat-60 reagent (Tel-Test, Inc), according to manufacturer's instructions. 

Samples of total RNA (500 ng) were reverse-transcribed using the Taqman reverse 

transcription PCR Kit (Applied Biosystems), and the resulting cDNA was used as a PCR 

template. The mRNA levels were determined by Real-Time PCR with the 7500 Fast Real-

Time PCR system (Applied Biosystems), according to the manufacturer's instructions. The 

mRNA expression levels of VEGF, GLUT1, HIF1, and HKII were determined by 

quantitative real-time PCR with SYBR green detection. Beta actin RNA was amplified as 

an internal control. The relative gene expression level was calculated using the 

comparative Ct method formula: 2−ΔΔCt. Primers used in our studies are listed in the  

 

Table below: 

Primer Forward primer Reverse primer 

Mouse-GLUT1 CCCCAGAAGGTTATTGAGGAG GTAGCGGTGGTTCCATGTTT 

Rat-GLUT1 CCCCCAGAAGGTAATTGAGG CATAGCGGTGGTTCCATGTT 

Mouse-VEGFa AAAGCCAGCACATAGGAGAGA TGGTCTGCATTCACATCTGC 

Rat-VEGFa GCGGGCTGCTGCAATG CATAGTGACGTTGCTCTCCGAC 

Mouse-HIF1α AGAGAAATGCTTACACACAGAAATG AGTTCTTTCCCTTTTCTCACTGG 

Rat-HIF1α GAAATGGCCCAGTGAGAAAG AAAAAGCTTCGCTGCGTGT 

Mouse-HKII AGTGGAACCCAGCTGTTTGA ATGAAGTTGGCCAGGCATT 

Rat-HKII CAACATTCTCATCGATTTCACGAA CTTAGTTTCAAAGATTCCCCTTGTCT 

 

Ex-vivo ischemia-reperfusion 

Experiments were performed with both male and female mice. Mice were heparinized (15 

IU) and anesthetized with S-ketamine (125 mg/kg) and medetomidine (0.2 mg/kg). 

Following tracheotomy, the mice were mechanically ventilated and a thoracotomy 

performed. The hearts were cannulated in situ with perfusion started before excision of 

the heart. Hearts were Langendorff-perfused at a constant flow (initial perfusion pressure 

80 mmHg) at 37°C with Krebs-Henseleit solution containing (mmol/l) NaCl 118, KCl 4.7, 

CaCl2 2.25, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, EDTA 0.5 and glucose 5, glutamine 0.5, 

lactate 1.0, pyruvate 0.1, and insulin 100 mU/l, gassed with 95% O2/5% CO2. The 

perfusate was inline filtered by a 0.45-μm filter. End-diastolic pressure (EDP) was set at 

~4-8 mmHg using a water-filled polyethylene balloon inserted into the left ventricular 

(LV) cavity via the mitral valve. The hearts were continuously submerged in 37°C 
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perfusate. LV developed pressure was calculated as the systolic pressure minus the end-

diastolic pressure. The rate-pressure product (RPP) was the product of the developed 

pressure and the heart rate. Following stabilization of left ventricular pressure, all hearts 

were subjected to 40 min no-flow ischemia and 60 min reperfusion. During ischemia, the 

hearts were submerged in Krebs-Henseleit perfusate gassed with 95% N2/5% CO2. Two 

different groups of hearts (n=12 each; 6 males and 6 females) were studied: group 1, 

control (WT); group 2, HK-knockout (HK+/-) hearts. 

 

Construction of adenoviruses 

For each construct, polymerase chain reaction (PCR) was used to amplify the regions of 

interest. These constructs were subcloned into the TOPO vector (Invitrogen, Carlsbad, 

CA), sequenced, and were subcloned into the pAdTrack plasmid vector downstream of 

the CMV promoter and upstream of the poly-A site (Stratagene, LaJolla, CA). Linearised 

pAdTrack plasmids were transformed into E. coli BJ5183 cells along with the pAdEasy 

adenoviral backbone (Stratagene). After antibiotic selection, positive recombinants were 

confirmed using a restriction digest and partial sequencing. The recombinant plasmids 

were linearised with PacI, and transfected into adenovirus packaging cell line. Viral 

purification of recombinants was performed on a cesium chloride gradient, as described 

previously (3). Virus titers were determined by plaque assays, and particle numbers were 

determined by absorbance at 260 nm on a DU640 spectrophotometer. 

 

Adenoviral treatment of the cells 

The adenoviruses were added to NRCM in the presence of 2% serum. GFP only 

adenovirus was used as a control in our experiments. Western blot analysis, ATP 

measurement, O2 consumption and Calcium transients were performed 48 hours after the 

initial transfection. 

 

Lactate dehydrogenase enzyme activity in effluent 

During the reperfusion period the effluent was collected at 5, 10, 30, 60 and 60 min of 

reperfusion and immediately frozen at -80°C. Lactate dehydrogenase (LDH) activity was 

determined using spectrophotometric analysis at 340 nm. The total amount of LDH 

released during 60 min reperfusion was calculated and normalized to heart weight (g). 
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HKII peptide treatment 

A peptide analogous to the N-terminal sequence of HKII (n-HKII Peptide: 

MIASHLLAYFFTELNHDQVQKVD), along with a scrambled peptide (Control Peptide: 

VLIQKEVTDNLAFYMSHADHQLF); were synthesized by Genemed Synthesis, Inc. 

(SanAntonio, TX). To facilitate cell permeability, each peptide included a polyarginine 

sequence at the C-terminal. Peptides were added to NRCM cultured in serum free media, 

as indicated. Changes in mitochondrial membrane potential (ΔΨm) were assessed using 

tetramethylrhodamine ethyl ester (TMRE) fluorescence (Invitrogen) and flow cytometry as 

described previously (7). Briefly, cells were loaded with TMRE (100nM) 10 min prior to 

peptide treatment. After 2h, loss of membrane potential, an early predictor of cell death, 

was measured by flow analysis using the FacsCanto (BD Biosciences, SanJose, CA). Cell 

viability data was corroborated using both trypan blue and propidium iodide exclusion. 

HKII dissociation from mitochondria was confirmed via Western blot of fractionated 

NRCM lysates undergoing the same peptide treatment regimen. 

 

Isolation of mitochondria 

For tissue samples, we used the Pierce Mitochondria Isolation Kit for Tissue according to 

the manufacturer’s reagent-based protocol for hard tissue (Pierce, USA). For mitochondria 

isolation from NRCM, we used the Pierce isolation kit for cultured cells, and the protocol 

described previously (8). Briefly, cells were resuspended in lysis buffer (68 mM sucrose, 

200 mM mannitol, 50 mM KCl, 1 mM EGTA, 1 mM EDTA, 5 mM Hepes, pH 7.4), 

supplemented with protease inhibitors. The cells were removed with a scraper, sonicated 

gently for 30 seconds, incubated on ice for 30 minutes, and then centrifuged at 500 xg for 5 

minutes at 4°C to remove cellular debris. Following differential centrifugation at 4°C, the 

supernatant (cytosolic fraction) is removed, and the remaining pellet containing the 

mitochondrial enriched fraction is dissolved in the above buffer with the addition of 

Triton X-100 (Invitrogen). The purity of the fractionated lysates was assessed via Western 

blot using appropriate markers for each compartment; actin: cytosolic; SDH 70kDa 

subunit: mitochondria (Santa Cruz, Molecular Probes respectively). 

 

O2 consumption studies 

The oxygen consumption of NRCM was measured at 37°C by using a Hansatech 

instruments as described before (5). The polarographic system is equipped with an oxygen 
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electrode disc, a borosilicate reaction chamber and a magnetic stirring bar and connected 

to a circulating water bath. Cells were washed with PBS, trypsinized and measured in a 

final volume of 1ml NRCM cell culture medium (containing 20% 199 medium and 80% 

DMEM medium) without serum in an O2 consumption chamber. After O2 consumption 

reached steady state, the mitochondrial respiratory chain decoupler, carbonyl cyanide m-

chlorophenylhydrazone (CCCP, 1 μM), was added to the chamber to establish the 

maximal rate of O2 consumption for each set of cells. Once a maximal steady state was 

reached, the mitochondrial respiratory chain terminator, myxothiazole (1 mg/mL) was 

added to the chamber to halt mitochondrial oxygen consumption. The remaining cells 

were used for viable cell counting using trypan blue. The rate of myxothiazole, which 

represents the rate of O2 consumption within the system not attributable to mitochondrial 

respiration, was subtracted from the basal and maximal O2 consumption rates to establish 

absolute rates of mitochondrial O2 consumption. O2 consumption rates were normalized 

to viable cell counts. The data were analyzed with Oxyg32 (Hansatech) software. 

 

Measurement of ATP levels 

Cells were washed with PBS, trypsinized, and collected in a final volume of 400 µL. Cells 

were divided into three aliquots of 100 μL, placed in a 96 well plate and allowed to 

equilibrate to room temperature for 30 minutes. One hundred µL of Cell Titer Glo reagent 

(Promega) was added to cells followed by agitation to facilitate lysis and incubation for 10 

minutes at room temperature. Luminescence was then measured using a luminometer 

(Spectramas Gemini XS). The remaining cells were used for viable cell counting using 

trypan blue. Luminescence was averaged for each set of three samples and normalized to 

cell count. Normalization to cell count allowed us to determine ATP levels instead of cell 

viability. For the knockdown studies, the cells were incubated for 6h in HBSS starvation 

media prior to the assessment of ATP levels. 

 

Calcium-transient measurements 

NRCM were attached to 18-mm cover slips and loaded with 15 μM rhod-2AM for 20 

minutes at 37oC, then washed in serum-free DMEM, placed in a Cell MicroControls 

(Norfolk, Virginia) chamber, with constant perfusion with DMEM at 35oC. After 10 

minutes, the spontaneous beating rates of the NRCM were determined by measurement of 

Ca2+ transients using rhod-2AM fluorescence (excitation wavelength: 543 nm, emission 
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wavelength: >560 nm) with a Zeiss LSM510 laser scanning confocal microscope. The cells 

were then paced at 2 Hz via field stimulation so that characteristics of Ca2+ transients 

could be measured at a constant rate. The ratio of maximal fluorescence (F) and ambient 

fluorescence during diastole (F0) was calculated by placing the scan line across the 

myocyte cluster, allowing calculation of transient magnitude (F/F0), duration at 50% 

recovery, integral, decay time, and half width for that cluster. 
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Supplemental Figure 1. HKII level and activity are reduced in HKII knockout mice.  
(A) Western blot of protein extract from the hearts of wild type and HK+/- mice. (B) Western blot of HKII 
levels in different tissues from WT and HK+/- mice. HKII levels in skeletal muscle of these mice has also
been reported before (Ref 24 and 26 in chapter 3). Summary of the results is shown on the bottom. (C,D) 
Total HK enzyme activity in the hearts of WT and HK+/- mice at baseline (C) and after (40 min) ischemia 
and (60 min) reperfusion (D). * P<0.05 to WT, # P<0.05 to BL; BL: n=5-8, I/R: n=4 hearts. (E,F) HK activity 
in the mitochondrial fraction of WT and HK+/- hearts relative to citrate synthase (CS) activity at baseline
(E) and after (40 min) ischemia and (60 min) reperfusion (F). * P<0.05 to WT, # P<0.05 to BL; n=5-8, I/R: 
n=4 hearts. 

Supplemental Figure 2.  HKI levels
are not different in WT and HK+/-

mice and are not changed in
response to I/R. Western Blot gels
are shown on top and summary of
results is shown on the bottom.  
n = 6, Data are presented as mean ±
SEM. 
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Supplemental Figure 3. HK+/- mice display normal cardiac function at baseline. 
(A) Gross representation of hearts from HK+/- and WT mice. These mice display similar heart size. (B) 
Ejection fraction obtained from echo on WT and HK+/- mice. (C) Table representing hemodynamics of WT 
and HK+/- mice.  There is no difference in dp/dt and –dp/dt between WT and HK+/- mice. Data are presented 
as mean ± SEM. 

Supplementary Figure 4. HKII siRNA treatment of NRCM (A) and H9c2 cells (B) results in a decrease in
HKII levels.  Western blot gels are shown on top and summary of results on the bottom. *P < 0.05 vs
control siRNA. n= 3. Data are presented as mean ± SEM. 
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Supplemental Figure 5. Regulation of HIF1 and HIF1 target gene in response to HKII knockdown in
NRCM. Cells were treated with either control (ctr) siRNA or HKII siRNA for 24 hours and put in normaxia
or hypoxia for additional 24 hours. (A) VEGF mRNA expression as assessed by RT-PCR. (B) Quantitative 
analysis of VEGF protein in the cultured mediawas performed by an ELISA kit. (C) HIF mRNA expression 
assessed by RT-PCR. (D) GLUT1 mRNA expression normalized to beta actin. *P <0.05, n=6. Data are
presented as mean ± SEM. 

Supplementary Figure 6. HKII peptide does not increase cell death at low concentrations and does not 
alter HKI binding to mitochondria. (A) NRCM were treated with different concentrations of scrambled
control or HKII dissociation peptide (n-HKII) for 2h and cell death was assessed via propidium iodide
exclusion. HKII peptide at 5 mM did not increase cell death, while higher concentrations all led to an
increase in cell death, * P < 0.05. Data are presented as mean ± SEM. (B) HKII peptide at 10 mM (left) and 20 
mM (right) does not alter mitochondrial HKI levels. 
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Supplementary Figure 7. HKII overexpression increases calcium transients in NRCM.  
Calcium transients were also monitored with the fluorescent Ca2+ marker rhod-2AM. HKII overexpression 
significantly increased the transient amplitude (P = 0.002) (A), 50% duration (P = 0.002) (B), integral (P = 
0.001) (C), fall time (P = 0.022) (D), and half-width (P = 0.001) (E). n = 17 myocytes for control and 16 for 
HKII. Data are presented as mean ± SEM. 
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Animals 

C57BL/6J HK+/- were obtained from Vanderbilt University, Nashville (generous gift of dr. 

David H. Wasserman). The HK+/- mice were first described by Heikkinen et al. (3), and 

have a partial deletion to the HKII gene. HK+/- mice were initially bred with wild-type 

C57BL/6J mice (Jackson laboratories) and subsequently with wild-type offspring. The 

HK+/- mice were backcrossed with C57BL/6J background for at least 8 generations. The 

wild-type animals in the present study were either littermates of the HK+/- breeding 

colony or wild-type C57Bl/6J (Charles River). Genotyping was performed with the 

polymerase chain reaction on genomic DNA obtained and isolated from toe biopsies, as 

described before (3). Mice were fed a Purina Laboratory Rodent Diet 5001 standard chow 

ad libitum and studied at 3-4 months of age. All experiments were approved by the animal 

ethics committee of the Academic Medical Center, Amsterdam, The Netherlands. 

 

Heart Perfusion 

Experiments were performed with male mice only. Mice were heparinized (15 IU) and 

anesthetized with pentobarbital (80 mg kg-1). Following tracheotomy, the mice were 

mechanically ventilated and a thoracotomy performed. The hearts were cannulated in situ 

with perfusion started before excision of the heart. Hearts were Langendorff-perfused at a 

constant flow (initial perfusion pressure 80 mm Hg) at 37C with Krebs-Henseleit solution 

containing (mmol/L) NaCl 118, KCl 4.7, CaCl2 2.25, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, 

EDTA 0.5 and glucose 11, glutamine 0.5, lactate 1.0 and pyruvate 0.1, gassed with 95% 

O2/5% CO2. The perfusate was in-line filtered by a 0.45-m filter. End-diastolic pressure 

(EDP) was set at ~4-8 mmHg using a water-filled polyethylene balloon inserted into the 

left ventricular (LV) cavity via the mitral valve. The hearts were continuously submerged 

in 37C perfusate. LV developed pressure was calculated as the systolic pressure minus 

the end-diastolic pressure. During ischemia, the hearts were submerged in Krebs-

Henseleit perfusate gassed with 95% N2/5% CO2.  

 

Model of IR injury and IPC 

Isolated Langendorff-perfused, hearts were subjected to 30 min global ischemia and 45 

min reperfusion. IPC consisted of 3 x 5 min global ischemia interspersed with 5 min 

reperfusion, with the last reperfusion period lasting 15 min. 
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TAT-peptides 

The soluble peptides MIASHLLAYFFTELN(β-Ala)GYGRKKRRQRRRG-amide (TAT-HK), 

GYGRKKRRQRRRG(β-Ala)EEEAKNAAAKLAVEILNKEKK-amide (TAT-CON), 

GYGRKKRRQRRRG-amide (TAT only) and FITC-MIASHLLAYFFTELN(β-

Ala)GYGRKKRRQRRRG-amide (TAT-HK-FITC) were produced by Pepscan Presto 

(Lelystad, The Netherlands). Peptides were dissolved in perfusate Krebs-Henseleit 

solution and administered through a side-arm connected to a mixing chamber above the 

heart, at 1% of total perfusion flow, during the last 15 min prior to the 30 min ischemic 

period and during the first 5 min reperfusion. 

 

Imaging cryomicrotome 

Serial FITC fluorescence images at 27 µm separation from base to apex of each heart were 

obtained with an imaging cryomicrotome (10) for five hearts in total: 1) no peptide 

treatment, 2) 15 min treatment with 10 µmol/L TAT-HK-FITC min followed by 10 min 

washout peptide, 3) 15 min treatment with 1 µmol/L TAT-HK-FITC min followed by 10 

min washout peptide, 4) 15 min treatment with 200 nmol/L TAT-HK-FITC min followed 

by 10 min washout peptide, and 5) 15 min treatment with 10 µmol/L TAT-HK-FITC min 

followed by 30 min washout peptide. Following the Langendorff-perfusion, all hearts 

were simultaneously submerged in a solution of carboxymethylcellulose sodium solvent 

(Brunschwig Chemie, Amsterdam) and Indian ink (Royal Talens, Apeldoorn) and frozen 

at -20°C in an imaging cryomicrotome. The frozen hearts were simultaneously sectioned, 

with images taken after each cut of 27 µm with excitation set at 480 nm (bandwidth 20 nm) 

and fluorescence detected at 520 nm (bandwidth 20 nm). 

 

Immunogold labeling of hexokinase biodistribution 

Antibodies. Monoclonal anti-rabbit HK I & affinity purified anti-rabbit HK II were supplied 

by Chemicon Europe Ltd, Hampshire, UK, and goat anti-rabbit 10nm colloidal gold 

antibodies were supplied by BB International, Cardiff, UK. 

 

Sample preparation and sectioning. Sample preparation was slightly modified from that 

previously described (9). All sample preparation and analysis was performed in a 

randomized blinded manner. At the end of each perfusion experiment, longitudinal left 

ventricular sections were cut, and lightly fixed for 24 hours in 2% formaldehyde + 0.2% 
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glutaraldehyde in KHB (pH 7.4), during which time they were shipped from the 

Netherlands to the UK for analysis. Upon arrival, sections were placed in 2.3mol/L 

sucrose overnight at 4oC. 1-2 mm square mid-myocardial longitudinal sections were then 

cut from these samples, mounted on specimen pins, cryofixed by plunging into liquid 

nitrogen and stored in liquid nitrogen prior to cryosectioning. 70nm thick sections were 

cut using glass knives at –80oC using a Leica ultramicrotome, and mounted on 3mm nickel 

grids coated on one side with 0.3% Pioloform film. The grids were then floated on 

standard buffer consisting of PBS + 0.1% BSA-c (Aurion) + 0.1% sodium azide (pH 8.2) 

until all required sections had been cut. 12 grids per sample were used (3 each for, HK I, 

HK II analysis, and 2 in each control group). The grids were then transferred from the 

standard buffer onto a droplet of PBS + 0.05 mol/L glycine for 20 minutes, and then 

washed (3 x 5 minutes) with standard buffer. Each grid was then incubated on an 

individual 30 μL droplet of primary antibody for 90 minutes (diluted in standard buffer as 

follows: anti-HKI 1:100; anti-HKII 1:800; previously titrated to optimal concentrations, 

data not shown).  Controls were incubated on standard buffer only. Grids were then 

washed (6 x 5 minutes) in the standard buffer before incubation on 30 μL droplets of the 

gold-conjugated secondary antibody for 60 minutes with goat anti-rabbit 10nm colloidal 

gold antibody diluted 1:100 in standard buffer. Again, optimal concentrations of 

secondary antibodies had been previously determined, data not shown. Grids were 

washed (3 x 5 min) in PBS containing 0.1% azide before post-fixation using PBS + 2% 

glutaraldehyde (10 min), and then washed again in distilled water (3 x 5 min) prior to 

embedding in 9 parts 2% methyl cellulose, 1 part 3% uranyl acetate on ice, and blotted dry 

prior to analysis. 

 

Transmission Electron Microscopy of Cryosections. Micrographs of the sections were obtained 

using an FEI T20 transmission electron microscope at an accelerating voltage of 80kV. At a 

magnification sufficiently low to prevent visualization of gold labeling (and unintentional 

skewing of the results), but sufficiently high to visualize the distribution of the tissue 

sections present in each grid (typically 1500x), 20 representative co-ordinates were 

randomly assigned. Magnification was then increased to 11,500x, and the stage advanced 

through each randomly assigned co-ordinate, and an image captured for gold labeling 

counting. Thus, for each heart, 20 random images of 3 grids per hexokinase isoform, plus 

controls, were obtained (= 60 images/antibody/heart). The labeling densities of 
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compartments and membranes were calculated using systematic random sampling and 

stereological techniques adapted from those devised by Mayhew et al. (6) as described in 

our preceding paper (1), and expressed as gold particles per unit compartment area. 

 

Generation of a “mitochondrial binding ratio”. Since the labeling efficiencies of the anti-HK I 

and anti-HK II antibodies for their respective targets could not be assumed to be the same, 

direct comparison of absolute amounts of these proteins is not possible. By generating an 

artificial “mitochondrial binding ratio”, defined below, and described previously (9), we 

obtained an index of the percentage of each HK isoform bound to the mitochondria in 

each of our experimental groups. 

 

Mitochondrial binding ratio  = mitochondrial labeling density x1000 

      cytosolic labeling density 

 

Mitochondrial membrane potential (m) of the intact heart 

High-resolution optical m imaging using the fluorescent dye tetramethylrhodamine 

methylester (TMRM), was performed in the intact, beating heart as recently reported (5). 

This method allows the assessment of mitochondrial function at a subcellular resolution 

within the intact organ. Briefly, following cannulation, hearts were allowed to stabilize for 

ten minute at physiological temperature (36 ± 1°C). Hearts were then stained with TMRM 

(250 nM; Molecular Probes Inc.) mixed in a bolus of Tyrodes solution (dye loading phase) 

for 20 minutes. This was followed by a 20-30 minute dye washout phase during which 

perfusion was switched back to dye free Tyrodes solution. TMRM background 

fluorescence intensity was measured periodically throughout the dye staining and 

washout phases using a 6400 pixel CCD based optical imaging approach that allowed the 

measurement of normalized m with subcellular resolution (50 µm) over a 4x4mm 

window of the murine epicardial surface. To measure TMRM background fluorescence, 

hearts were excited with filtered light (525  20 nm) emitted from a quartz tungsten 

halogen lamp (Newport Corporation, CT, USA). Emitted fluorescence was filtered (585  

20nm for TMRM) and focused onto the high resolution CCD camera. Background 

fluorescence intensity was measured as the amplitude difference before and after 

excitation. Peak emitted TMRM fluorescence signal from each of 6400 pixels was measured 

before and after excitation achieved by a computer automated filter shutter switch. 
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Background corrected TMRM fluorescence (m) caused by TAT-HK or TAT-CON were 

normalized to the value of steady-state TMRM fluorescence achieved during the dye 

washout phase for each of the 6400 individual pixels. Normalized m measurements 

across the imaged 4x4 mm region of the heart were plotted as contour maps using Delta 

Graph 5.6 (Red Rock Software). These maps served to illustrate the spatial distribution of 

m.  

 

TAT-HK treatment in isolated cardiomyocytes 

In neonatal rat cardiomyocytes (NRCM), incubated for 2 hours at different TAT-HK 

peptide concentrations (200 nmol/L, 1 µmol/L and 10 µmol/L) with or without 1 µmol/L 

CCCP. Cell viability and preservation of mitochondrial membrane potential was assessed 

as reported previously (11). Cell survival was determined by Tryphan blue exclusion, 

whereas membrane potential was determined by tetramethylrhodamine ethyl ester 

(TMRE; 100 nmol/L) using flow analysis with the FacsCanto (BD Biosciences, San Jose, 

CA).  

 

TAT only effects in isolated hearts 

Treatment of hearts with the TAT-CON peptide conferred a strong cardioprotective effect 

preventing IPC to exercise additional protection. To examine whether this effect results 

from the TAT moiety or the scrambled amino acids, we constructed a TAT only peptide. In 

a separate series, isolated mouse hearts were treated with 200 nM TAT peptide in a similar 

fashion as the TAT-CON peptide. The hearts were either subjected to ischemia-reperfusion 

only (n=3) or ischemia-reperfusion preceded by IPC (n=3) as reported for the other hearts. 

LDH release during reperfusion was measured as index of IPC protective effects. This 

peptide did not induce cardioprotection (LDH release 19.3 ± 2.4 U/g), and IPC was now 

able to reduce LDH release (11.7 ± 2.6 U/g), indicating that the TAT moiety does not affect 

IPC. 

 

Lactate dehydrogenase enzyme activity in effluent 

During the reperfusion period the effluent was collected at 5, 10, 30, 60 and 120 min of 

reperfusion and immediately frozen at -80˚C. Lactate dehydrogenase (LDH) activity was 

determined using spectrophotometric analysis at 340 nm (2). LDH release is used as index 
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of necrosis, as other studies have shown a good correlation between LDH release and TTC 

staining (4; 8).  

 

Biochemical analysis 

At the end of the experiments, hearts were homogenized as described previously (2). 

Briefly, following homogenization, the homogenate was centrifuged at 800 g for 3 min, 

and the resultant supernatant centrifuged at 10,000 g for 10 min at 4°C. The pellet 

contained the crude mitochondrial fraction, and the remaining supernatant contained the 

cytosolic fraction. The mitochondrial fraction was treated with 0.1% Triton and 1 mmol/L 

of the cross-linker disuccinimidyl substrate (DSS, Thermo Scientific) to enable examination 

of Bax oligomerization (7). Mitochondrial Bax (monomers and oligomers) was determined 

by standard Western blot technique (2) using 50 µg protein per lane. Bax was detected 

using a mouse anti-Bax monoclonal antibody (1:1000; BD Biosciences). The cytosolic 

fraction was used for cytochrome C determination (ELISA, Quantikine R&D Systems). 

Protein content of the different fractions was determined by the Bradford method. 
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Supplemental figure 1. Ischemic preconditioning (IPC) is still effective in HK+/-  hearts, despite increased 
IR injury. Although HK+/- hearts exhibit higher lactate dehydrogenase (LDH) release and cell injury during
reperfusion, IPC was as effective in HK+/- hearts as in wild-type (WT) hearts (A). IPC was also effective in 
HK+/- hearts for the functional parameters of end-diastolic pressure (EDP) at end reperfusion (B) and the 
recovery of the rate-pressure product (RPP = heart rate x developed left ventricular pressure) at end
reperfusion (C). *P<0.05 IPC vs. respective CON heart; #P<0.05 vs. respective CON, WT heart. Data presented
as means ± SEM (n=6-7 each group). 
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Supplemental figure 2. Low-dose TAT-HK decreases mitoHKII at 5 min reperfusion. Typical examples 
showing intact ultrastruture (A, D) and binding of HKI (B, E) and HKII (C, F) for 200 nM TAT-control 
peptide (A-C) and TAT-HK peptide (D-F). Mitochondrial binding ratio (y-axes) for HKII (G) and HKI (H)
as determined from HK immunogold labelling and EM analysis (n=3 each group). # P<0.05 vs. TAT-
CON. 
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Supplemental figure 5. Mitochondrial uncoupling prevents TAT-HK detrimental effects. 
Cardiomyocytes were loaded with the ΔΨm - sensitive dye TMRE, treated with different doses with TAT-
CON or TAT-HK peptide without (A) or with (B) a submaximal dose (1 μM) of the mitochondrial 
uncoupler CCCP in neonatal rat cardiomyocytes (NRCM). (n=3 each group). *P< 0.05 vs 10 μM TAT-CON. 

Supplemental figure 3. Western blot analysis for Bax oligomers in the mitochondrial fraction. Bax 
oligomers of 62 kDa (A), 78 kDa (B) and 125 kDa (C) in mitochondrial fractions of low-dose TAT-HK treated 
hearts. (n=6-7 each group). Data presented as means ± SEM. # P<0.05 vs. TAT-CON, CON. 

Supplemental figure 4. TAT-HK and 
cardiac mitochondrial potential 
heterogeneity. Temporal ΔΨm

heterogeneities during infusion of 10 μM 
TAT-HK or TAT-CON measured at 
equidistant distances on the surface of 
isolated hearts. (n=4 each group). 
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Er is geen moeilijker taak dan goed te bedanken 

S. Ménage 

 

Zoals te lezen in dit proefschrift (die iedereen natuurlijk nog gaat lezen ná het lezen van 

dit dankwoord  ) zou spreken over ’mijn’ onderzoek onterecht zijn, want onderzoek 

doen betekent samenwerken. En dat hebben WE gedaan met heel veel mensen. Maar een 

promovenda heeft niet alleen een goed lab nodig, ook privé is goede steun nodig. Voor elk 

van jullie die, op welke wijze dan ook, een bijdrage heeft geleverd aan dit proefschrift en 

(hopelijk) mijn promotie tot doctor: DANK JULLIE WEL / THANK YOU ALL!!  

 

In het bijzonder ben ik de volgende mensen dank verschuldigd: 

 

Dr. ir. C.J. Zuurbier. Hoe vaak heb ik dit wel niet gelezen op het naambordje naast onze 

kamerdeur als ik naar binnen stormde voor wat koude koffie. Om vervolgens weer terug 

te sprinten naar (meestal) de Langendorff-opstelling. Dit verliep nogal eens mopperend 

als er een experiment was mislukt en je vond dat er gewoon een nieuwe moest worden 

gedaan. Mopperen op de begeleider hoort toch ook tot de promovendus bezigheden. Maar 

ik wist ook vaak dat je eigenlijk wel gelijk had. Coert, dank je wel voor het vertrouwen dat 

je in mij hebt gehad tijdens het gehele traject. Ik heb zeker ook zwakke punten, maar 

gelukkig benadrukte jij ook de positieve punten als onderzoeker. Ik vind het geweldig om 

te zien hoe jouw vasthoudendheid in hexokinase nu zijn vruchten afwerpt. Dank je wel 

voor je luisterend oor, je kritische vragen (die de vaak pijnlijke waarheid in een dataset of 

experiment blootleggen), je enthousiasme voor onderzoek en alles wat je mij hebt geleerd.  

 

Markus, als mijn promotor wil ik ook jou bedanken voor het getoonde vertrouwen in mij. 

Ik ben blij dat ik de opbouw van het L.E.I.C.A. laboratorium vanaf het begin heb mogen 

meemaken. Het is een zeer prettige werkplek geweest de afgelopen jaren. Hopelijk groeit 

de wetenschappelijke productie van L.E.I.C.A. nog verder komende jaren.  

 

Otto, hoeveel uren LDH metingen heb jij mij wel niet bespaard! En zonder jouw inbreng 

waren ook de skeletspier experimenten er anders uit komen te zien. Dank je wel voor al je 

gedeelde kennis, nuchterheid en inzet. En natuurlijk ook voor de vakantieverhalen! 
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Honoured by your willingness to be part of my thesis committee, I would like to thank  

Prof. dr. J.P. Medema, Prof. dr. B.A.J.M. de Mol, Prof. dr. G.A.P.J.M. Rongen, Prof. dr. W.S. 

Schlack, Dr. R. Southworth, and Prof. dr. C.J.M. de Vries. I am looking forward to meet 

you all as my opponents at the thesis defense. Rick, it is a pleasure to finally meet you after 

numerous email communications on how to fixate mouse heart tissue. 

 

Anneke, samen met jou en Coert vormden we de hexokinase groep. Ontzag heb ik voor 

jouw (micro)chirurgische vaardigheden. Dank je wel voor het mij succesvol leren van en 

assisteren bij de priegel-operaties van mijn onderzoek (ondanks de grootte van de 

aorta…). Dit alles terwijl we lachten, mopperden of praatten over van alles en nog wat. 

Het is erg leuk om je zo gelukkig te zien. 

 

Oude en nieuwe L.E.I.C.A. collega’s, dank voor de gezelligheid, het skiën, lab-uitjes, 

zonnige lunches en het aanhoren van wéér een hexokinase presentatie…  

Kirsten en Gezina, wat een eer dat jullie mijn paranimfen willen zijn. Dank voor het zijn 

van goede collega-promovenda en datasetjes zullen nooit meer hetzelfde zijn… We gaan 

er een mooie dag van maken! Nina en Cathrien, dank voor jullie deskundigheid en 

onderzoek tips-and-tricks. Alexander, Charlotte, Friso, Daniel, Djai, Hamid, Ilse en Jorrit-

Jan, hoewel niet inhoudelijk met jullie samengewerkt zeker zeer gewaardeerde collega-

promovendi. Ik heb liters koffie, cola, bier en snoepjes met jullie gedeeld onder het genot 

van een lach. Nu zijn jullie éindelijk van mij af. Dank jullie wel voor de lol en support. 

Raphaela, Anita en Geartsje, knap hoe jullie je mannetje staan temidden van de stress van 

de promovendi op het lab. Dank voor het samenwerken, jullie technische kennis en de 

koffie-pauzes. Rianne, dank voor je hulp en doorzettingsvermogen bij de allerlaatste 

revisie experimenten. Succes met jouw deel van het hexokinase vervolg-verhaal. 

 

Andre, Ragnar en Gitara, als mede-L.E.I.C.A. beginneling bedank ik jullie voor jullie 

collegialiteit en input. Veel succes met jullie loopbanen! 

 

Ebrü, I never knew anybody could become addicted to caramel ‘stroopwafels’. Thank you 

for your friendship during your stays in Holland. I hope to see you someday in Istanbul. 
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Lieve vrienden & vriendinnen, ook jullie hebben bewust of onbewust iets bijgedragen 

door mij te steunen. Zie hier het resultaat voor jullie liggen waar het al die jaren over is 

gegaan. Voor degenen die mij begrijpen: deze zomer is het dus tijd voor mijn 1e triathlon!! 

 

Ook de familie Keultjes hoort absoluut in dit dankwoord. Eef, Ria, Stefanie en Raymond, 

ik vind het soms moeilijk goed te uiten, maar ik heb het getroffen met mijn schoonfamilie. 

Ondanks mijn vele piekeren en twijfelen over wat ik wil, blijven jullie achter mij staan. Ik 

hoop dat jullie genieten van de dag van de promotie. 

 

Lieve pap & mam, Sigrid en Eelco. Dank jullie wel voor jullie onvoorwaardelijke steun. 

Elk van jullie heeft mij weer een ander inzicht gegeven tijdens moeilijke promotie-

momenten. Eelco, dank je wel voor je heldere teksten en motivatie toen ik er in het 

voorjaar 2010 volledig doorheen zat. Het gaf mij kracht. Sieg, je oprechte emoties over mij 

en het afronden van mijn promotie tonen mij hoeveel je om je kleine sis geeft. Pap en mam, 

wat ben ik trots op zulke fitte ouders die altijd maar weer iets samen ondernemen! 

Bedankt voor de omgeving in Bergambacht en de mogelijkheden die jullie mij gaven om 

mij te ontwikkelen tot de bioloog die ik op dit moment ben. 

 

Mark….schikken in je lot van vriend en inmiddels man van een promovenda. Je deed het 

en je deed het goed. Dank je wel voor het geven van de zeeën van ruimte die ik nodig had. 

Veel tijd die we samen aan leuke dingen hadden kunnen besteden ging op aan 

promoveren. Je luisterend oor en frisse blik als niet-wetenschapper zorgden ervoor dat je 

vaker als klankbord dan als klaagmuur hebt gediend. Ik ben je er veel dank voor 

verschuldigd, want ik moest inderdaad zowel leren promoveren als leren werken. In ons 

huis kunnen we ook trots zijn wat twee verschillende bèta-mensen samen voor elkaar 

krijgen. En ik kijk uit naar alle nog komende dagen dat ik moe na het werk wel zou willen 

rennen van de tram naar huis om eerder bij jou uit te blazen. 

 

Yes!! Het werk is af!! 

 

Kirsten



 

 

“Grote vissen komen overal.” 
 

Mark Keultjes, Baltimore, 2007 



 

 

 




