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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.  




