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ABSTRACT 

 
Numerous cancer studies demonstrate that transformed cells exhibit both increased 

glucose metabolism and an increased propensity to survive in the face of stressful stimuli. 

These studies overwhelmingly correlate with overexpression of the rate-limiting 

glycolysis enzyme hexokinase-2 (HK2). However, the mechanisms linking increased 

glucose metabolism and survival are unknown. Additionally, there is limited evidence of 

increased glucose utilization being beneficial in normal cell cultures, as well as in vivo. 

Therefore, the current studies were designed to determine the mechanisms by which 

increased HK2 expression promotes cell survival, as well as investigate whether HK2 

overexpression could attenuate a model of cardiac disease in vivo. Findings in AIM1 

demonstrate that HK2 binding to the voltage-dependent anion channel 3 (VDAC3) on the 

mitochondria is important for protection against reactive oxygen species (ROS)-induced 

cell death. In AIM2, we show that cardiac HK2 overexpression limits cardiomyocyte 

hypertrophy and cell death in response to chronic isoproterenol administration in vivo. 

Results from these studies demonstrate that HK2 limits ROS accumulation during cardiac 

hypertrophy, and that this attenuation of ROS is mediated via the pentose-phosphate 

pathway. Collectively, our data establish several mechanisms by which HK2 

overexpression and increased glucose utilization protect against cardiac cell death and 

disease. Additionally, these findings raise the possibility that activation of HK2 may be a 

therapeutic target in cardiac pathologies. 
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CHAPTER 1: Introduction 
 

1. GLUCOSE UTILIZATION PATHWAYS 

 
 Hexokinase-2 (HK2) – the focus of this dissertation, is the first enzyme utilized in 

essentially all glucose metabolism pathways, as described below. Therefore, it is 

important to first depict the importance of glucose metabolism and all of the glucose 

utilization pathways to understand how altering HK2 expression may affect these various 

pathways. 

 

1.1 Maintenance of whole body glucose 

Glucose and other 6-carbon sugars are important energy substrates utilized by 

nearly all organisms through a largely conserved set of metabolic pathways. While it is 

somewhat of an accessory metabolite for most tissues, it is the primary metabolite for the 

brain (Scheinberg, 1949). Therefore, it is critically important for blood glucose levels to 

remain relatively steady. Blood glucose is increased either by dietary carbohydrates, or 

hepatic output. Blood glucose is decreased through cessation of hepatic output, and 

glucose uptake into the major glucose sinks: muscle and adipose tissue. Influx of dietary 

carbohydrates stimulates insulin production from pancreatic β-cells, which promotes 

storage of carbohydrates and fat and prevents hepatic glucose production. On the other 

hand, there are a host of defenses to combat hypoglycemia (Cryer, 1993). Hypoglycemia 

causes a decrease in insulin secretion, and stimulates glucagon secretion from the α-cells 

of the pancreas. Glucagon raises blood glucose levels by raising hepatic glucose output 

through a combination of glycogenolysis and gluconeogenesis. Exercise also induces 
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glucagon production to increase blood glucose levels by hepatic output to support the 

increased muscle glucose uptake (Holloszy, 1996). 

 

1.2 Cellular glucose entry 

The first step of glucose metabolism involves glucose entry into the cell. For most 

mammalian cells, this occurs through glucose transporter (GLUT) proteins in the plasma 

membrane (Zierler, 1999). Epithelial cells transport glucose by combination of GLUTs 

and the Na+/glucose cotransporters (Wright, 1997). There are six GLUT isoforms, all 

with considerable homology but varying in their tissue expression, abundance, and 

affinity for glucose. GLUT1 is widely distributed to most tissues, while GLUT4 is 

primarily in insulin sensitive tissues. Under basal conditions, GLUT4 is localized almost 

entirely to intracellular vesicles. Insulin (Rea, 1997) or exercise (Ren, 1994) cause rapid 

fusion of these vesicles with the plasma membrane, thereby facilitating glucose transport 

through GLUT4. Thus, under basal conditions, glucose delivery and entry into cells are 

rate-limiting steps for glucose utilization. During insulin stimulation or exercise however, 

the phosphorylation of glucose by hexokinase (HK) becomes the limiting barrier to 

glucose uptake (Fueger, 2004; Halseth, 1998). 

 

1.3 Glycolysis 

After entry into cells, glucose can be directed towards any one of the multiple glucose 

utilization pathways (Figure 1). Glycolysis, the breakdown of 6-carbon glucose into two 

3-carbon pyruvate molecules for further metabolism, is considered the preferred route for 

glucose. Louis Pasteur discovered the process of glycolysis in 1860 while studying beer 
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Figure 1. Glucose utilization pathways. Schematic illustrating the various glucose 
utilization pathways. Glycolysis is the “preferred” pathway for glucose catabolism; 
however, the accessory pathways are important for the creation of other metabolites. 
Importantly, hexokinase-mediated phosphorylation of glucose is the initial step for 
virtually all glucose utilization pathways. The color-coding shown in the key indicates 
changes observed during cardiac hypertrophy (See section 3.3). 
 
Adapted from: Kolwicz SC. et al.; Cardiovasc Res. 90, 194-201, 2011. 
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and wine fermentation (Pasteur, 1861). It wasn’t until 1940 that the combined work of 

Gustav Embden, Otto Warburg, and Otto Fritz Meyerhof unearthed the complete 

glycolytic pathway (Kresge, 2005), which is shown in Figure 2. Overall, glycolysis can 

be divided into two parts: a “preparatory” phase, which requires energy expenditure and 

cleavage of a 6-carbon molecule into two 3-carbon molecules, and then the “payoff” 

phase where energy is released. The first step in glycolysis involves the phosphorylation 

of glucose into glucose-6-phosphate by HK. This is an energy consuming reaction 

involving the hydrolysis of ATP. Importantly, the formation of glucose-6-phosphate is 

the initiating step for essentially all other glucose utilization pathways as well. 

Investigating the effects of increased HK expression and activity in settings of increased 

oxidative stress will make up the focus of this dissertation. 

The rest of the “preparatory” phase of glycolysis consists of four reactions. First, 

glucose-6-phosphate is rearranged to fructose-6-phosphate by the enzyme 

phosphoglucose isomerase. Next, there is a second energy consuming reaction which 

hydrolyzes another ATP to phosphorylate fructose-6-phosphate into fructose-1,6-

bisphosphate. This step is catalyzed by the enzyme phosphofructokinase. Fructose-1,6-

bisphosphate is then cleaved by fructose-bisphosphate aldolase into two 3-carbon 

molecules: glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. 

Glyceraldehyde-3-phosphate is the molecule that proceeds down the “payoff” phase of 

glycolysis; therefore the enzyme triosephosphate isomerase converts the 

dihydroxyacetone phosphate into a second glyceraldehyde-3-phosphate molecule. Thus, 

the “preparatory” phase of glycolysis has burned two ATPs, and two 3-carbon sugars 

remain for the “payoff” phase. 



!

! 5!

 
 
 
Figure 2. Glycolysis cascade. Schematic illustrating the glycolytic pathway in which 6-
carbon glucose is broken down into two 3-carbon pyruvate molecules. The enzymes for 
each step are highlighted in green, with the exception of Hexokinase – the focus of this 
dissertation – which is highlighted in blue. Overall, glycolysis first requires energy input 
in the “preparatory” phase, which also involves the splitting of the 6-carbon fructose-1,6-
bisphosphate. Net energy is then released in the “payoff” phase in the form of 2 NADH 
and 2 ATP per glucose molecule. 
 
Adapted from: Alberts B. et al.; Molecular Biology of the Cell, 5th Ed., Garland Science; 
2008. 
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The first reaction of the “payoff” phase involves the dehydration and 

phosphorylation of glyceraldehyde-3-phosphate into 1,3-bisphosphoglycerate by the 

enzyme glyceraldehyde phosphate dehydrogenase (GAPDH). This reaction reduces an 

NAD+ molecule into NADH, an energetic compound utilized to reduce oxidized 

compounds as well as in oxidative phosphorylation (See section 1.4). In the next step, 

phosphoglycerate kinase catalyzes the dephosphorylation of 1,3-bisphosphoglycerate into 

3-phosphoglycerate, and forms one ATP. This is the first of two phosphorylation steps 

requiring ADP; therefore, when a cell has an abundance of ATP and little ADP, this 

reaction does not occur. Phosphoglycerate mutase converts the 3-phosphoglycerate into 

2-phosphoglycerate, which is then dehydrated by enolase into phosphoenolpyruvate. 

Lastly, pyruvate kinase removes the phosphate from phosphoenolpyruvate and forms 

pyruvate and ATP. Similar to the phosphoglycerate kinase reaction, ADP is required; 

therefore when there is an abundance of ATP this reaction is prevented. Since the 

“preparatory” phase of glycolysis created two glyceraldehyde-3-phosphate molecules, all 

of the “payoff” phase reactions are performed twice per molecule of glucose. Therefore, 

per molecule of glucose, two pyruvates, two NADHs, and two ATPs are formed. 

 

1.4 Post-glycolysis metabolic processes 

Pyruvate is further metabolized for two reasons: 1) most cells have a higher 

energy demand than the two ATP created by glycolysis, and 2) glycolysis utilizes two 

NAD+ molecules, which need to be replenished so that glycolysis can keep moving in the 

forward direction. By far the simplest way of replenishing NAD+ is for the enzyme 

lactate dehydrogenase to oxidize pyruvate into lactate, with concomitant reduction of 
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NADH back to NAD+. This lactic acid fermentation is so simple, that it occurs mainly in 

unicellular organisms or during hypoxic conditions in multicellular organisms. 

To produce much more energy per glucose molecule, aerobic organisms have 

developed processes known as the tricarboxylic acid (TCA) cycle and oxidative 

phosphorylation. Both of these processes occur in the mitochondria, with the TCA cycle 

taking place in the matrix and oxidative phosphorylation within the inner mitochondrial 

membrane (IMM). The ultimate purpose of the TCA cycle is to metabolize pyruvate and 

form more NADH. Oxidative phosphorylation then both produces large amounts of 

energy, and replenishes the NAD+ pool so that glycolysis and the TCA cycle can proceed. 

To begin the TCA cycle, pyruvate is decarboxylated and reduced to yield acetyl-CoA, 

CO2, and NADH. Citrate synthase then combines acetyl-CoA and oxaloacetate to form 

citrate. Seven other steps are then performed in the cycle to regenerate oxaloacetate and 

form in total 3 NADH, 3 H+, 1 FADH2, 1 GTP (which can be converted to ATP), and 2 

CO2. Importantly, per glucose molecule, these figures can be doubled since glucose 

produced two pyruvate molecules. 

The process of oxidative phosphorylation involves the coupling of the flow of 

electrons through the electron transport chain and the synthesis of ATP. The electron 

donors are the NADHs (and FADH2) formed in the TCA cycle. The electrons are shuttled 

through four IMM complexes, aptly named complexes I-IV, releasing energy, which is 

then used to transport H+ ions across the IMM into the intermembrane space. This creates 

both an electrical potential and a pH gradient across the IMM, which is then used by the 

ATP synthase (aka complex V), which allows H+ ions to flow down their electrochemical 

gradient thereby generating the energy for the synthase to form ATP from ADP + Pi. The 
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number of protons required to flow through the ATP synthase to create one ATP has been 

estimated to be either three or four (Yoshida, 2001). Therefore, through the combined 

processes of glycolysis, TCA cycle, and oxidative phosphorylation, the total amount of 

ATP formed per glucose molecule could theoretically be 38, although is likely closer to 

34 (Porter, 1995) or 30 (Rich, 2003) due to proton leak across the IMM. 

 

1.5 Accessory glucose utilization pathways 

 

1.5.1 Glycogenesis and glycogenolysis 

Glycogenesis, or glycogen formation, is an important process that occurs when 

glucose is in excess. Glycogenesis is extremely important in the liver where glycogen is 

stored until it is broken down and released during times of hypoglycemia. Glycogen is 

also made and stored in muscles, and used as a rapidly available glucose reserve during 

times of high energy demand. Glycogen is a large, branched polymer of glucose 

molecules, stored as granules in the cytoplasm. The glucose monomers are linked 

together linearly by α(1-4) glycosidic bonds, whereas new branches of glycogen are 

added by α(1-6) glycosidic bonds. After glucose is phosphorylated by HK into glucose-6-

phosphate, phosphoglucomutase converts it to glucose-1-phosphate. This molecule is 

then converted to UDP-glucose by uridyl transferase, and monomers of UDP-glucose are 

then linked by glycogen synthase. Branches are created by the “branching enzyme”, 

cutting the end section off of a long branch, and forming a α(1-6) glycosidic bond onto an 

earlier section of the glycogen chain. 
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Glycogenolysis, or the breakdown of glycogen is particularly important in the 

liver in response to hypoglycemia, or in muscles during strenuous exercise. Glycogen 

phosphorylase removes glucose monomers by cutting the α(1-4) glycosidic bond, and 

phosphorylating the monomer into glucose-1-phosphate. Glycogen debranching enzyme 

is responsible for removing the last four glucose monomers at a branch site, and adding 

them to the end of a branch, where they can be removed by glycogen phosphorylase. The 

removed glucose-1-phosphates can then be converted to glucose-6-phosphate by 

phosphoglucomutase, and at this point be shuttled through the glycolysis cascade or other 

glucose utilization pathways. 

 

1.5.2 Pentose Phosphate Pathway 

It is estimated that for most cells, 80-90% of glucose oxidation is performed by 

glycolysis, with the remaining 10-20% of glucose oxidation occurring through the 

pentose phosphate pathway (PPP), also known as the hexose monophosphate shunt 

(Wamelink, 2008). A schematic of the PPP is shown in Figure 3. The pathway is present 

within the cytosol of all cells, and conveniently does not require oxygen, but does not 

form ATP. Overall, the pathway can be divided into two branches with two distinct roles: 

1) an oxidative, non-reversible branch to produce NADPH to be used as a reducing agent 

important for biosynthetic or metabolic pathways, and also for protection against 

oxidative damage, and 2) a non-oxidative, completely reversible branch for synthesis of 

ribose-5-phosphate, which is required for nucleotide and nucleic acid synthesis. 

Additionally, the non-oxidative pathway generates both fructose-6-phosphate and 

glyceraldehyde-3-phosphate, which can be shuttled back into the glycolytic cascade. 
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Figure 3. The pentose phosphate pathway. Schematic illustrating the pentose 
phosphate pathway (PPP). The enzymes for each step are noted with a solid border. 
Formation of NADPH reducing units (highlighted in black) during the oxidative stage is 
the first purpose of the PPP. Formation of Ribose-5-phosphate (noted with dashed 
border), necessary for nucleic acid synthesis, is the second purpose for the pathway. 
Additionally, the non-oxidative stage of the PPP is able to regenerate glycolytic 
intermediates, noted with underlines. 
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Glucose-6-phosphate dehydrogenase (G6PDH) is both the first, and the rate-

limiting enzyme of the PPP. Interestingly, the gene for G6PDH is the most commonly 

mutated gene in the world, with an estimated 400 million people exhibiting at least slight 

G6PDH deficiency (Nkhoma, 2009). G6PDH is regulated by the NADPH/NADP+ ratio 

(Holten, 1976), as well as various hormones and oxidants (Kletzien, 1994). Due to the 

role of the PPP in formation of ribose-5-phosphate, and thus nucleic acids, it is no 

surprise that G6PDH activity is increased during both normal cell and cancer cell growth 

(Tian, 1998). Additionally, as G6PDH is the most important enzyme for the maintenance 

of NADPH, G6PDH has been proven to be essential for preventing ROS-mediated cell 

death (Tian, 1999). Essentially the entire antioxidant system (glutathione reductase, 

catalase, and superoxide dismutase) depends on NADPH (Stanton, 2012). Other major 

enzyme systems that are dependent on NADPH are nitric oxide synthase, NADPH 

oxidase, dihydrofolate reductase, cytochrome p450 oxidoreductase, as well as several 

lipid synthesis enzymes (particularly HMG CoA reductase) (Stanton, 2012). Therefore, 

the PPP is truly at the center of many essential metabolic and stress defense pathways, 

and could potentially have a large role in protection against cell death and disease. 

 

1.5.3 Aldose Reductase/Polyol Pathway 

The aldose reductase or polyol pathway is a simple two-step process of converting 

glucose to sorbitol, and then sorbitol to fructose. The first reaction is catalyzed by aldose 

reductase and requires NADPH. The second reaction is catalyzed by sorbitol 

dehydrogenase and involves the formation of one NADH. Glucose can also be converted 

to fructose via the first steps of glycolysis and then hydrolysis of fructose-6-phosphate, 
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but the aldose reductase pathway is more advantageous for this purpose as it does not 

require ATP. Under normal glycemic conditions, very little glucose enters the aldose 

reductase pathway, however, during conditions of chronic hyperglycemia such as 

diabetes, the amount of glucose converted to sorbitol or fructose is dramatically increased 

(Gabbay, 1966). Buildup of sorbitol or fructose is therefore believed to be responsible for 

diabetic complications in a number of organs, i.e. diabetic retinopathy where sorbitol 

accumulation in retinal microvasculature ultimately leads to blindness. 

 

1.5.4 Hexosamine Biosynthetic Pathway 

One last possible fate for glucose is passage into the hexosamine biosynthetic 

pathway, ultimately leading to the formation of uridine diphosphate-N-acetylglucosamine 

(UDP-GlcNAc). It is estimated that less than 5% of intracellular glucose is shuttled into 

the hexosamine pathway (Marshall, 1991). The final result of this pathway is the O-

linked GlcNAcylation (O-GlcNAc) of proteins, a posttranslational modification of many 

nuclear, cytosolic, and mitochondrial proteins (Ngoh, 2010). For the hexosamine 

pathway, glucose is phosphorylated by HK into glucose-6-phosphate, converted to 

fructose-6-phosphate, but then exits the glycolysis cascade and an amine is added by 

glucosamine-fructose-6-phosphate aminotransferase. The glucosamine-6-phosphate is 

then acetylated, and lastly undergoes the addition of UDP. O-GlcNAc is then added to 

proteins by O-GlcNAc transferase. 

O-GlcNAc is different from protein glycosylation in many ways, and is most 

similar to protein phosphorylation (Ngoh, 2010). Like phosphorylation, single O-GlcNAc 

residues can be added to serine and threonine residues of virtually any cellular protein. 
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Glycosylation, on the other hand, involves addition of complex polysaccharides to 

predominantly cell surface proteins. An interesting difference between O-GlcNAcylation 

and phosphorylation is that there is only one enzyme for adding O-GlcNAc to proteins, 

and one enzyme for removing O-GlcNAc from proteins, compared to the hundreds of 

kinases and phosphatases responsible for controlling phosphorylation. Overall, although 

O-GlcNAc is one of the most common posttranslational modifications of proteins (Hart, 

2007), very little is known of the significance of this modification on specific proteins. In 

general, since the precursors of O-GlcNAc are nutrient derived, it is suspected that O-

GlcNAcylation of proteins acts as a metabolic sensor, potentially altering the cell cycle 

and stress signaling (Ngoh, 2010). 

 

2. MECHANISMS OF CELL DEATH 
 

2.1 Overview 

Mammalian cell death can be categorized into two distinct mechanisms: apoptosis 

and necrosis (Kroemer, 2009). Traditionally, apoptosis has been described as genetically 

controlled or “programmed”, while necrosis is depicted as accidental or “non-

programmed”. However, more recent evidence indicates that necrosis in many cases is 

also initiated and modulated by a cell death “program”; therefore, this dogma is gradually 

being laid to rest. There are several factors which determine how a cell dies: 1) type and 

intensity of stressor, 2) cellular ATP concentration, and 3) cell type (Galluzzi, 2007). 

However, it is becoming understood that a great deal of cross-talk exists between these 

pathways, and blockade of one pathway will likely divert a cell down the alternate 

pathway if the noxious signal persists (Hotchkiss, 2009). Since certain steps of apoptosis 
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are ATP-dependent (Eguchi, 1999), depletion of ATP will cause an apoptotic stimulus to 

instead induce ATP-independent necrosis (Leist, 1997). 

Autophagy is the controlled breakdown and digestion of macromolecules and 

cellular organelles, which can allow a starving cell to survive (Klionsky, 2007). In 

excess, autophagy can lead to cell death, and is therefore considered by some to be a third 

cell death process. However, there is no direct evidence to show that cessation of 

excessive autophagy is enough to inhibit cell death (Kroemer, 2009). Additionally, 

genetic deletion of autophagic genes has actually been shown to accelerate apoptotic 

death, further emphasizing the predominant survival role of autophagy (Galluzzi, 2007). 

Therefore, this dissertation will focus on apoptotic and necrotic cell death. 

 

2.2 Apoptosis 

 The hallmarks of apoptotic death are: cell shrinkage, maintenance of an intact 

plasma membrane, and nuclear condensation with DNA fragmentation. Example electron 

micrographs of apoptotic and necrotic cells are shown in Figure 4. In general, apoptosis 

is thought of as a clean, non-immunogenic process since the plasma membrane remains 

intact; however this is not entirely the case (Apetoh, 2007; Obeid, 2007). In general, the 

plasma membrane makes small blebs, engulfing cytoplasmic contents and organelles, 

which can then be phagocytized by macrophages. 

There are two distinct, but convergent pathways leading to apoptosis: an extrinsic 

death-receptor-mediated pathway, and an intrinsic mitochondrial-mediated pathway 

(Figure 5). The death-receptor pathway is triggered by a death signal of the tumor 

necrosis factor (TNF) superfamily binding a cell surface death receptor. The ligation of  
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Figure 4. Apoptotic versus necrotic cell death. Electron micrographs depicting an 
apoptotic cell (A) and a necrotic cell (B). During apoptosis, the nuclear envelope 
disassembles, and chromatin is condensed, as seen in the dark, electron-dense blobs and 
crescent shape. In this particular cell, there is also cytosolic vacuolization, which is a 
variable apoptotic response. The plasma membrane remains intact in apoptotic cells, and 
eventually blebs off to be consumed by phagocytic cells. The necrotic cell on the other 
hand shows plasma membrane failure and release of intracellular components. 
 
Adapted from: Alberts B. et al.; Molecular Biology of the Cell, 5th Ed., Garland Science; 
2008. 
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Figure 5. Death receptor-mediated and mitochondrial-mediated apoptosis 
pathways. Schematic illustrating the two major pathways of apoptosis. In the extrinsic, 
or death receptor-mediated pathway, a death ligand binds to the death receptor, and 
recruits the FAS-associated death domain (FADD). FADD recruits caspase 8, which 
ultimately activates caspase 3, which is a key executioner caspase responsible for 
cleavage of proteins as well as DNA fragmentation. The intrinsic or mitochondrial-
mediated pathway involves a noxious stimulus activating proapoptotic BH3 proteins, 
which inhibit anti-apoptotic Bcl2 proteins, thus, allowing the proapoptotic Bcl2 proteins, 
Bax and Bak to induce outer mitochondrial membrane permeabilization. Cytochrome c is 
then allowed to escape the mitochondrion, assist in the formation of the apoptosome, 
which then activates caspase 9, and ultimately the executioner caspase 3. 
 
Adapted from: Hotchkiss RS. et al.; N Engl J Med. 361, 1570-1583, 2009.  
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this death receptor recruits the FAS-associated death domain (FADD) and caspase 8, 

together comprising the death-inducing signaling complex (DISC) (Lemasters, 2005). 

Formation of the DISC activates caspase 8, which subsequently activates executioner 

caspases such as caspase 3, leading to protein and nucleic acid breakdown. 

 The mitochondrial pathway begins as a competition between proapoptotic and 

antiapoptotic B-cell lymphoma 2 (Bcl2) proteins. The mitochondrial pathway can be 

initiated by a variety of intracellular signals such as: reactive oxygen species (ROS), 

DNA damage, the unfolded protein response, and deprivation of growth factors. These 

signals activate proapoptotic Bcl2 homology domain 3 (BH3) proteins, which inhibit the 

antiapoptotic Bcl2 proteins. Inhibition of the antiapoptotic Bcl2 proteins allows for 

activation of the proapoptotic Bcl2 family members Bax and Bak, which induce outer 

mitochondrial membrane (OMM) permeabilization (Kuwana, 2005). Subsequent release 

of cytochrome c leads to formation of the “apoptosome”, caspase 9 activation, and 

subsequently caspase 3 activation to induce protein breakdown and DNase activation to 

cleave DNA (Li, 1997). Release of other “apoptogens” from the mitochondria inhibits 

antiapoptotic proteins that prevent these processes, thus further allowing apoptosis to 

proceed. Therefore, regardless of which pathway is utilized, the endpoint of apoptosis is 

the activation of executioner caspases, which allows for cleavage of proteins and DNA 

fragmentation. 

 

2.3 Necrosis 

 The hallmarks of necrosis are nearly the exact opposite of apoptosis – that is: 

plasma membrane disruption causing cell and organelle swelling. Additionally, necrosis 
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is typically considered immunogenic, since there is membrane failure and spillage of 

intracellular contents into the extracellular milieu (Figure 4). The compromise of 

organellar membranes ultimately leads to necrotic death. Disruption of lysosome 

membranes allows release of proteolytic enzymes into the cytosol (Conus, 2008). 

Additionally, disruption of mitochondrial membranes results in rapid metabolic failure 

and depletion of ATP (Leist, 1997). 

 

2.3.1 The Necrotic program 

 While blunt trauma to cell membranes clearly does not involve a genetically 

encoded cell death program, recent data has shown that in other cases, necrosis may in 

fact be programmed. Specifically, it is becoming understood that death receptor 

activation or other cell stressors can activate members of the receptor interacting protein 

(RIP) kinase family and induce necrosis (Vandenabeele, 2010). Particularly, RIP1 and 

RIP3 appear to coordinately mediate necrosis (Cho, 2009; He, 2009; Zhang, 2009). 

However, the signaling downstream of RIPs is not well understood. Early evidence 

suggested that TNF stimulation signaled to the mitochondria, and increased ROS 

production by excessive electron flux through the electron complex chain complex I 

(Goossens, 1995; Goossens, 1999). RIP3 has been shown to be complexed with several 

metabolic enzymes: glycogen phosphorylase, glutamate ammonia ligase, and glutamate 

dehydrogenase, and RIP3 kinase activity enhances the activity of these enzymes (Zhang, 

2009). The activity of these metabolic enzymes ultimately leads to excessive ROS 

production (Figure 6). 
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Figure 6. Programmed necrosis. Schematic illustrating the molecular events during 
necrotic cell death. Stimulation of a death receptor induces formation of the RIP1-RIP3 
“necrosome” complex, which stimulates several glucose metabolism enzymes to 
ultimately increase mitochondrial oxidative phosphorylation and exacerbate 
mitochondrial ROS production. ROS then causes DNA damage, and the energy 
consuming process of repairing DNA performed by PARP1 is not inhibited, therefore 
energy stores are depleted. 
 
Adapted from: Kung G. et al.; Circ Res. 108, 1017-1036, 2011. 
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Additionally, during the necrotic program, ATP consuming processes such as 

translation (Saelens, 2005) and proteasomal degradation (Sun, 2004) are not repressed as 

they are during apoptosis. Another major ATP-depleting process is DNA repair via 

poly(adenosine diphosphate-ribose) polymerase-1 (PARP1), which is inhibited during 

apoptosis, but not necrosis (Los, 2002). PARP1 activity is greatly increased with TNF 

activation, likely due to ROS-induced DNA damage (Los, 2002), and this also is a major 

contributor to ATP depletion (Alano, 2004; Xu, 2006). Lastly, a direct link has also been 

proposed for RIP1 reduction of ATP levels as RIP1 was shown to inhibit flux through the 

mitochondrial adenine nucleotide translocase (ANT) upon TNF stimulation (Temkin, 

2006). Thus, the apparent goal of the necrotic program is to deplete cellular energy stores 

by a vast combination of direct and indirect pathways, many of which culminate in 

excessive metabolic flux leading to ROS production. 

 Lastly, recent evidence has suggested a few more players downstream of RIP 

activation. Mixed lineage kinase domain-like (MLKL) was shown to interact with RIP3, 

and knockdown of MLKL blocked TNF-induced necrosis (Sun, 2012; Zhao, 2012). 

RIP1-RIP3 binding and phosphorylation was not affected by MLKL knockdown (Zhao, 

2012), and RIP3 was shown to phosphorylate MLKL (Sun, 2012). MLKL also was 

necessary for the generation of ROS during necrosis (Zhao, 2012); however, the 

mechanism linking MLKL to ROS remains elusive. One other recent study suggested that 

the RIP1-RIP3-MLKL complex translocates to the mitochondria, binds to and 

phosphorylates a mitochondrial phosphatase named phosphoglycerate mutase 5 

(PGAM5) (Wang, 2012). Knockdown of PGAM5 attenuated both TNF- and ROS-

induced necrosis (Wang, 2012). Additionally, PGAM5 was shown to recruit and activate 
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dynamin-related protein 1 (DRP1), an enzyme important for mitochondrial fission, 

resulting in mitochondrial breakdown (Wang, 2012). This depletion of mitochondria 

could be yet another mechanism of necrosis exhausting cellular ATP, but the role that 

ROS plays in this scheme remains unclear. 

 

2.3.2 The mitochondrial permeability transition pore 

 One potential mechanism for rapid mitochondrial ROS production and cessation 

of ATP production is a phenomenon known as mitochondrial permeability transition 

(MPT). Opening of the redox, Ca2+, voltage, and pH sensitive MPT pore (MPTP) allows 

water and solutes up to 1.5 kDa to permeate the inner mitochondrial membrane (IMM) 

and enter the mitochondrial matrix (Hunter, 1976). This permeabilization of the IMM 

dissipates the proton electrochemical gradient (ΔΨM), disrupting the electron transport 

chain, leading to rapid ATP depletion. Dysfunctional electron transport results in ROS 

production, and ultimately the mitochondria will swell and rupture (Baines, 2010, 

Kroemer, 2007). Ca2+ and ROS are potent openers of the MPTP, while adenine 

nucleotides inhibit pore opening (Baines, 2010). 

 The molecular component(s) of the MPTP have yet to be fully elucidated. 

Originally, the pore was proposed to be a complex of the voltage-dependent anion 

channel (VDAC) in the OMM, ANT in the IMM, and cyclophilin D (CypD) in the 

mitochondrial matrix (Baines, 2010). However, mice lacking ANT (Kokoszka, 2004), 

and cells lacking all three isoforms of VDAC (Baines, 2007), maintain a classical MPT 

response. In fact, it is now currently believed that there may be no OMM component of 

the pore, since the OMM is tremendously permeable under normal conditions (Baines, 
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2010). On the other hand, CypD null mice are resistant to both Ca2+ and ROS-induced 

MPT (Baines, 2005; Nakagawa, 2005; Schinzel, 2005). Thus, while the matrix protein 

CypD is clearly not the integral membrane pore, it functions in an enzymatic capacity to 

induce pore opening by binding and regulating the unknown pore proteins. 

 It was initially thought that the MPTP contributed to both apoptotic and necrotic 

cell death, however, the CypD null mouse studies suggest that the MPTP is heavily pro-

necrotic. The proapoptotic Bcl2 proteins Bax, Bak, and Bid, and the effects of apoptotic 

stimuli such as staurosporine and etoposide were unaltered by CypD deletion (Baines, 

2005; Nakagawa, 2005; Schinzel, 2005). In contrast, necrotic cell death induced by 

oxidative stress is significantly attenuated in CypD null cells and mice (Baines, 2005; 

Nakagawa, 2005; Schinzel, 2005). There is some evidence that the RIP-mediated necrotic 

program ultimately results in MPTP opening (Lim, 2007), but the signaling between 

these two complexes, as well as the requirement for MPT in necrosis remains 

controversial. 

 

2.4 Evidence for a role of hexokinase in cell death 

In the 1920s, Otto Warburg made the discovery that solid tumors overwhelmingly 

utilized glucose, even when well oxygenated (Warburg, 1927), a discovery that has since 

been coined the “Warburg effect”. Fifty years later, an ingenious set of experiments 

determined that HK2, which is massively upregulated and localized to the OMM in most 

tumors, is the primary enzyme responsible for the increased glucose utilization in tumors 

(Bustamante, 1977; Bustamante, 1981). Since another characteristic of cancer cells is a 

propensity to survive, it was easy to surmise that perhaps this increased glucose 
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utilization also played a role in protection against cell death. Since HK2 was shown to be 

necessary for the increased glucose utilization, and was localized to the mitochondria –

the organelle most important for mediating cell death, it was hypothesized that HK2 

could be playing a role in this protection against cell death. Indeed, many studies in 

various cell types have shown that increased mitochondrial HK2 expression and/or 

activity is protective against cell death (Majewski, 2004; Mergenthaler, 2012; Miyamoto, 

2008; Pastorino, 2002; Sun, 2008; Wu 2011). 

Despite the wealth of evidence connecting HK2 to cell survival, the mechanism of 

how HK2 is protective is still largely unknown. Mitochondrial localization of HK2 and 

hexokinase 1 (HK1) is governed by a 21-amino-acid sequence in the N-termini of these 

HKs, which allows for interaction with VDACs on the OMM (Fiek, 1982; Linden, 1982). 

One study suggested that HK1 binding induced VDAC closure and prevented MPTP 

opening (Azoulay-Zohar, 2004). However, this finding has been largely discredited for 

several reasons. First of all, HK causing VDAC closure does not make sense 

biochemically, as VDAC closure would inhibit nucleotide exchange and hinder the ATP 

supply by which HK depends on for its enzymatic activity. Secondly, VDAC is no longer 

considered a molecular component of the MPTP (Baines, 2007; Chiara, 2008). The 

current hypothesis is that HK maintains VDAC in the open conformation, therefore 

allowing ATP/ADP flux and maintenance of ΔΨM (McCommis, 2012). Clearly, the role 

HK plays in mediating MPTP opening remains uncertain. 

The bulk of the current evidence points toward HK protecting against necrosis, 

but not apoptosis. Nearly all the studies thus far to show HK-mediated protection involve 

ROS, or hypoxic/ischemic stimuli, which are largely inducers of necrotic cell death. In 
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fact, one study showed that HK2 overexpression was protective against combined 

oxygen-glucose deprivation, but could not protect against the apoptosis inducers 

actinomycin D or etoposide (Mergenthaler, 2012). Additionally, removal of HK2 from 

the mitochondria has been shown to cause rapid necrosis, not apoptosis (Smeele, 2011). 

That being said, some studies have shown that HK2 competes with Bax for a common 

mitochondrial binding site (Gall, 2011; Pastorino, 2002), and therefore may have some 

role in regulating apoptosis. 

 

2.5 Mitochondrial voltage-dependent anion channels (VDACs) 

 The mitochondrial VDAC channels, also known as mitochondrial porins, are the 

most abundant proteins in the outer mitochondrial membrane. The mammalian VDAC 

family of proteins consists of three isoforms from three separate genes (VDAC1, 

VDAC2, and VDAC3). While it has been established that VDACs regulate the ion and 

metabolite flux between mitochondria and the cytosol (Bathori, 1993; Lee, 1996; 

Rostovtseva, 2002), most other properties and even the structure of the channels are still 

highly debated (De Pinto, 2008; Lemasters, 2006; Rostovtseva, 2005). The three isoforms 

are highly conserved (Sampson, 1997); however determining different functions for 

separate isoforms has been a challenge that has only recently started to be confronted 

(Raghavan, 2012). 

 

2.5.1 VDACs involvement in metabolism 

 VDACs are critically important in regulating cellular metabolism for two reasons: 

1) they control metabolite flux of essentially all metabolites between the mitochondria 
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and cytosol, and 2) they bind to HK1 or HK2 and regulate HK activity and overall 

glucose utilization. While in their open state, the VDAC channels display slight anion 

selectivity and solutes can be up to 5 kDa in size (Colombini, 1983). In their “closed” 

state, VDACs selectivity allow permeability of cations and solutes up to 1.5 kDa across 

the OMM (McCommis, 2012). Thus, VDAC closure effectively blocks movement of 

organic anions, including the respiratory substrates, ATP, ADP, and Pi (Lemasters, 2006). 

Therefore, VDAC closure could substantially alter cellular energy supply and 

mitochondrial respiration. 

 VDACs are also the binding site for the mitochondrially localized HKs (both HK1 

and HK2) (Linden, 1982; Sui, 1997). This mitochondrial localization is believed to 

provide HK preferential access to its substrate, mitochondrial-derived ATP (Arora, 

1988). This mitochondrial binding also prevents product inhibition by glucose-6-

phosphate and decreases HK’s Km for ATP, therefore increasing HK activity 

(Bustamante, 1977). This alteration in HK activity by the HK-VDAC interaction has also 

been shown to affect glucose utilization in oxidative muscles. In the muscles of VDAC1-/- 

mice, whole-cell HK activity was unaltered, but significantly reduced mitochondrial HK 

activity was observed; and the mice displayed significantly decreased glucose tolerance 

(Anflous-Pharayra, 2007). Interestingly, VDAC3-/- muscles displayed slight decreases in 

both mitochondrial and whole-cell HK activity, yet glucose tolerance was not affected 

(Anflous-Pharayra, 2007). Thus, HK binding to VDACs, namely VDAC1, is vitally 

important for glucose metabolism. 
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2.5.2 VDACs involvement in cell death 

 VDACs have also been proposed to play a role in cell death by several 

mechanisms (McCommis, 2012; see Appendix). One early theory was that VDACs 

comprised the outer membrane component of the MPTP. This theory was supported by 

the fact that the electrical conductance properties of VDAC were similar to those of the 

MPTP (Szabó, 1993). The MPTP was also determined to be redox, Ca2+, voltage, adenine 

nucleotide, and pH sensitive (Weiss, 2003) – all attributes that applied to VDAC as well. 

Genetic models however have debunked this theory, as isolated mouse mitochondria and 

cells essentially devoid of all three VDAC isoforms maintain an intact MPT response 

(Baines, 2007). Therefore, VDACs appear to be dispensable for MPT, and are not an 

essential component of the MPTP. 

 VDAC2 has been shown to bind to the proapoptotic Bcl-2 protein Bak, and it is 

believed that VDAC2 sequesters and inactivates Bak in the outer mitochondrial 

membrane (Cheng, 2003; Lazarou, 2010). VDAC2 also appears to be required for tBid- 

(Roy, 2009) and Bax- (Yamagata, 2009) induced outer membrane permeabilization and 

apoptosis. Thus, VDAC2 appears to be directly involved in the mitochondrial apoptotic 

pathway. 

 The current most widely accepted model of VDAC controlling cell death relies on 

the observation that VDAC closure reduces adenine nucleotide exchange between 

mitochondria and cytosol and results in mitochondrial dysfunction (McCommis, 2012). 

Evidence supporting this model involves the finding that anti-apoptotic Bcl-xL binds 

VDAC and promotes its open configuration and maintains ATP/ADP exchange (Malia, 

2007; Vander Heiden, 2001). VDAC closure has also been suggested to result in 
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oxidative stress, decrease the mitochondrial membrane potential, and induce death 

(Maldonado, 2010; Tikunov, 2010). Therefore, while the mechanisms are unclear, a 

substantial amount of evidence exists that VDACs play some role in cell death. 

 

3. CARDIAC GLUCOSE METABOLISM AND CARDIAC DISEASE 
 

3.1 Overview of cardiac metabolism 

 The heart is ideal for studying metabolism as it requires by far the most energy of 

any organ in the body, and is capable of utilizing a diverse array of substrates (Figure 7). 

The rate of ATP hydrolysis is quite high even in the normal resting heart (~0.5 µmol / g 

wet weight / s), and ATP content is maintained at a relatively low level (5 µmol / g wet 

weight), therefore complete turnover of ATP occurs nearly every 10 seconds in the heart 

under baseline conditions (Stanley, 2005). The normal fasting adult heart relies heavily 

on fatty acid (FA) oxidation (FAO) for its energy metabolism (60-80%), while glucose, 

lactate, and minor amounts of ketone metabolism covers the remaining 20-40% (Neely, 

1972). Approximately equal amounts of glycolysis and lactate oxidation create the 

pyruvate for this 20-40% of non-FAO metabolism (Gertz, 1988; Stanley, 1997). Of note, 

there are substantial species differences in myocardial substrate utilization. Mice are 

more reliant on glucose and lactate metabolism (60-70%), and less on FAO (30-40%) 

(Stowe, 2006). In general, 95% of the ATP formed in the heart comes from mitochondrial 

oxidative phosphorylation, while glycolytic ATP and TCA cycle GTP make up only 5% 

of the organ’s derived energy (Stanley, 2005). However, this relatively small amount of 

ATP from glycolysis has been shown to be important for ion channels and ion  
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Figure 7. Cardiac substrate metabolism. Schematic depicting the major pathways of 
cardiac substrate metabolism. In normal hearts, the majority of energy comes from fatty 
acid oxidation of either free fatty acids (FFA) or intracellular triglycerides. Glycolysis 
and lactate oxidation produce roughly equal amounts of pyruvate, which enters the TCA 
cycle to make up the remainder of the heart’s energy metabolism. While glycolysis 
produces only a small percentage of the cells ATP, it has been shown to be important for 
ion channels to maintain ion homeostasis including sarcoplasmic reticulum Ca2+ uptake, 
and therefore is vital to maintain optimal cardiac relaxation. The large amounts of energy 
derived from oxidative phosphorylation through the electron transport chain (ETC) fuel 
the contractile units to perform cardiac work. 
 
Adapted from: Stanley WC. et al.; Cardiovasc Res. 33, 243-257, 1997. 



!

! 29!

homeostasis, including sarcoplasmic reticulum Ca2+ uptake (Entman, 1977), and 

therefore is essential for optimal diastolic relaxation (Jeremy, 1992; Kusuoka, 1994). 

Under normal conditions, glycogen is thought to make a relatively small 

contribution to glucose utilization in the heart (Stanley, 2005). The heart’s glycogen pool 

is relatively small compared to skeletal muscle (~30 versus 150 µmol / g wet weight, 

respectively) (Botker, 1994). While this concentration is relatively stable, there is fairly 

rapid turnover (Henning, 1996). Myocardial glycogen content can be increased by 

hyperglycemia and hyperinsulinemia (Kruszynska, 1991). 

 It is important to note that metabolic rates through each pathway are controlled by 

both the enzyme/transporter expression, as well as a large degree of allosteric regulation 

of these proteins. In general, the expression of metabolic enzymes, particularly glycolysis 

enzymes, does not greatly vary based on cardiac work requirements (Stanley, 2005). At 

rest, the heart operates at only 15-20% of its maximum oxidative capacity; therefore 

allosteric modification of enzymes in these pathways can significantly and rapidly 

increase the metabolic flux of the pathway (Fell, 1998). 

 Another interesting aspect of the heart is that it is quite metabolically adaptable. 

While it typically relies on FAO, the heart can switch to alternate substrates based on 

tissue perfusion, nutritional status, and hormonal status (Stanley, 2005). The fetal heart 

depends more upon glucose and lactate metabolism due to the low oxygen pressure in 

utero (Goldberg, 2012). In general, older animals and humans also tend to rely more 

heavily on glucose and less on FAO (Goldberg, 2012). Lactate is a major source of 

pyruvate for the heart under normal conditions, and lactate utilization can even exceed 

glucose utilization during exercise (Gertz, 1988). While cardiomyocytes are capable of 
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both lactate uptake and efflux, the heart is typically a net lactate consumer, not producer, 

even during high cardiac work (Kaijser, 1992; Stanley, 1991). Under pathologic 

conditions however, the heart can become a net lactate producer (See section 3.2 and 

3.3). 

 

3.2 Cardiac metabolism during ischemia 

 The severity of ischemia regulates the degree of alteration in myocardial substrate 

metabolism (Stanley, 1997). Of course, complete blood flow cessation rapidly depletes 

ATP, resulting in contractile dysfunction and eventually cardiomyocyte necrosis. 

Moderate ischemia impairs oxidation of pyruvate and mitochondrial oxidative 

phosphorylation, therefore resulting in decreased ATP concentrations and net production 

and output of lactate (Fedele, 1988; Pantely, 1990). Over 30-90 minutes, lactate output 

decreases (Fedele, 1988) and ATP levels are partially restored (Pantely, 1990); however, 

contractile function remains modestly decreased. The mechanisms behind this maintained 

decreased contractile function remain unclear, and do not appear to be due to increased 

anaerobic glycolysis as pyruvate dehydrogenase activation by dichloroacetate to reduce 

lactate production does not improve contractile function (Mazer, 1995). This is likely due 

to the fact that under moderate ischemia, the primary oxidative fuel remains free fatty 

acids (FFAs), despite reduced myocardial oxygen consumption (Liedtke, 1978; Liedtke, 

1984). 

 More severe ischemia correlates to greater lactate accumulation due to further 

decreased pyruvate dehydrogenase activity. Decreases in oxidative metabolism results in 

increased dependence on anaerobic glycolysis, and decreased blood flow causes glycogen 
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to be the major source of substrate (Guth, 1990). Since the decreased tissue perfusion 

inhibits lactate washout, intracellular pH decreases and the rate of glycolysis is reduced 

due to H+-induced inhibition of phosphofructokinase (Stanley, 1997). Additionally, 

glyceraldehyde 3-phosphate dehydrogenase activity can be limited due to reduced 

cytosolic NADH (Rovetto, 1975), further reducing the glycolytic rate. Thus, severe 

ischemia results in drastically reduced oxidative metabolism, initially leading to 

excessive anaerobic metabolism. However, the non-oxidative metabolism cannot be 

maintained, and therefore results in cardiomyocyte death if blood flow is not corrected. 

 

3.2.1 Hexokinase during ischemia 

 There have been several studies investigating a role for hexokinase during 

myocardial ischemia. Ischemia causes HK2 detachment from the mitochondria and 

therefore an increase in cytosolic HK2 expression and activity in Langendorff-perfused 

rat hearts (Gürel, 2009). Myocardial infarction also causes increased cytosolic HK2 

activity (Yeih, 2011). Interestingly, ischemic preconditioning, a phenomenon involving 

several short periods of no-flow ischemia that has been shown to decrease injury during 

long-term ischemia and reperfusion, increases mitochondrial HK2 expression and activity 

and partially maintains this mitochondrial HK2 localization during ischemia and 

reperfusion (Gürel, 2009; Zuurbier, 2005). Ischemic preconditioning also increases total 

hexokinase activity in pig hearts, which increases glucose uptake and glycogen levels 

(McFalls, 2002). The increase in hexokinase expression is likely driven by the hypoxia-

inducible factor 1 (HIF1) element found within the HK2 promoter (Mathupala, 2001). 

The enhanced mitochondrial localization is likely due to ischemic preconditioning 
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activating Akt (Kunuthur, 2012), which phosphorylates HK2, causing mitochondrial 

translocation (Miyamoto, 2008). Lastly, the amount of mitochondrial HK2 negatively 

correlates with infarct size after ischemia-reperfusion injury (Pasdois, 2012; Wu, 2011). 

Thus, the increased expression and mitochondrial localization of HK2 induced by 

ischemic preconditioning likely play a role in the cardioprotection from ischemia-

reperfusion; however, the metabolic effects of these HK2 alterations during ischemia 

largely remain unresolved. 

 

3.3 Cardiac metabolism during hypertrophy 

 As discussed earlier, the normal adult heart relies predominantly on FAO for the 

majority of ATP synthesis. The fetal heart relies more on glucose and lactate, and 

switches to predominantly lipid oxidation shortly after birth (Lopaschuk, 1991). Animal 

models of cardiac hypertrophy recapitulate this “fetal metabolic program”, showing both 

increased glucose utilization and the reappearance of other fetal genes (Barger, 1999; 

Razeghi, 2001). Importantly, human patients with idiopathic cardiomyopathy also show 

this transition to increased glucose utilization (Dávila-Román, 2002). With the 

concordant appearance of other fetal genes during this metabolic transition, it was long 

thought that this switch to increased glucose metabolism was integral to the pathological 

remodeling of the heart. 

 The metabolic changes known to occur during cardiac hypertrophy are depicted in 

Figure 1. Cardiomyocyte glucose uptake is significantly increased (Nascimben, 2004; 

Zhang, 1995), leading to increased glycolytic rates (Allard, 1994; El Alaoui-Talibi, 

1997). Despite the increased glycolysis, most studies observe no change, or even a 
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decrease in pyruvate oxidation, suggesting an uncoupling of glucose oxidation in 

hypertrophy (Allard, 1994; El Alaoui-Talibi, 1997). The activity of lactate dehydrogenase 

is increased, thus production and efflux of lactate is increased in hypertrophied 

cardiomyocytes (Taegtmeyer, 1988). Although lactate production is increased, lactate 

oxidation appears to be unaltered during hypertrophy (Allard, 1994). 

 While the increased glucose utilization was initially regarded as an integral 

pathologic process of hypertrophy, it is now generally believed to be compensatory to the 

significant downregulation of mitochondrial oxidative metabolism genes (Kolwicz, 

2011). Peroxisome proliferator-activated receptor alpha (PPARα) and peroxisome 

proliferator-activated receptor gamma-coactivator-1 (PGC-1), master regulators of genes 

involved in fatty acid oxidation and mitochondrial biogenesis, respectively, are both 

downregulated in hypertrophy (Barger, 2000; Sack, 1997). Additionally, carnitine-

palmitoyl transferase 1 (CPT1) and carnitine, which together facilitate fatty acid transport 

into the mitochondria are reduced in hypertrophy (Barger, 2000; El Alaoui-Talibi, 1992). 

Decreases in plasma membrane fatty acid transporters are also seen in hypertrophy 

(Aitman, 1999; Vork, 1992). Therefore, the decrease in cellular and mitochondrial 

transport of fatty acids is largely responsible for the reduced fatty acid metabolism 

observed in cardiac hypertrophy. Genetic modulation strongly suggests that alteration of 

these genes ultimately regulates cardiac hypertrophy. For example, PPARα 

overexpression increases FAO, decreases glucose utilization, and results in hypertrophy 

at baseline in 9 month old mice (Finck, 2002). Likewise, deletion of the GLUT4 

transporter decreases glucose utilization and results in cardiac hypertrophy even under 

normal conditions (Abel, 1999). Conversely, GLUT1 overexpression decreases 
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hypertrophy and improves survival after pressure overload (Liao, 2002). Therefore, 

alterations in metabolism drive cardiac hypertrophy, and it appears that increased glucose 

utilization is a beneficial, compensatory mechanism for limiting hypertrophy. 

 

3.3.1 Accessory glucose utilization pathways during hypertrophy 

 Overall, fairly little is known regarding the accessory glucose utilization pathways 

during cardiac hypertrophy. The changes in glucose utilization known to occur during 

hypertrophy are depicted in Figure 1. Glucose uptake is increased in hypertrophied 

cardiomyocytes (Nascimben, 2004); therefore, one would assume that potentially all the 

glucose utilization pathways show increased flux; and this is most likely true. 

Interestingly, hypertrophied hearts appear to preferentially oxidize glucose from 

glycogen vs. exogenous glucose (Allard, 1997). However, glycogen content remains 

similar in normal compared to pressure-overloaded hearts (Allard, 1997), and therefore 

hypertrophy may enhance glycogen turnover, but not necessarily prompt a higher 

dependence on glycogen metabolism. Glycogen synthase kinase 3α (GSK-3α) is a 

negative regulator of glycogen synthase, and very recently, GSK-3α-null mice were 

shown to exhibit hypertrophied hearts compared to WT littermates (Zhou, 2013). 

Unfortunately, glycogen was not assessed in this study, but one would surmise that GSK-

3α-null mice could have constitutively active glycogen synthase and therefore increased 

glycogen levels. If this were the case, it would argue against the evidence for increased 

glycogen and glucose utilization being beneficial during cardiac hypertrophy. However, 

glycogen synthase is also negatively regulated by AMPK and protein kinase A 

(Soderling, 1977), which could fill in for GSK-3α to inactivate glycogen synthase. 
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Additionally, GSK-3α is known to phosphorylate over forty substrates (Jope, 2004), thus 

it is difficult to draw conclusions regarding the role of glycogen in hypertrophy from this 

specific study. 

 Early metabolic studies of hypertrophied hearts observed increased pentose 

phosphate pathway flux (Meerson, 1967; Zimmer, 1980), due to increased activity of the 

rate-limiting glucose-6-phosphate dehydrogenase (G6PDH) enzyme (Chess, 2009; Gupte, 

2006). Mice deficient in G6PDH spontaneously develop hypertrophy at ~9 months of age 

(Jain, 2003), and display increased hypertrophy after myocardial infarction or pressure 

overload (Hecker, 2013). Pentose phosphate pathway flux is also increased in the salt-

sensitive rat model of hypertrophy and heart failure (Kato, 2010). In this study, pentose 

phosphate pathway flux was increased during hypertrophy, and further elevated after the 

transition to heart failure. Treatment with dichloroacetate increased glucose utilization 

including pentose phosphate pathway flux, decreased reactive oxygen species, and 

prevented the transition from hypertrophy to heart failure (Kato, 2010). In fact, the 

majority of these studies associate pentose phosphate pathway activity with decreased 

oxidative stress (Hecker, 2013; Jain, 2003; Kato, 2010); however, the link between 

hypertrophy, the pentose phosphate pathway, and ROS is unclear. 

 Flux through the hexosamine biosynthetic pathway also appears to be increased 

during hypertrophy. UDP-GlcNAc levels are increased in hypertrophied hearts (Watson, 

2010; Young, 2007). Two enzymes important for UDP-GlcNAc synthesis and protein 

linkage, O-linked β-N-acetylglucosamine transferase (Watson, 2010), and glutamine 

fructose-6-phosphate aminotransferase (Young, 2007) are increased by hypertrophy. This 

increase in GlcNAc levels during hypertrophy appears to be beneficial as deletion of O-
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linked β-N-acetylglucosamine transferase decreases GlcNAc levels, increases 

hypertrophy, increases cardiomyocyte apoptosis, and exacerbates cardiac dysfunction in 

response to myocardial infarction (Watson, 2010). Thus, increased hexosamine 

biosynthetic pathway flux may be a survival mechanism for hypertrophied 

cardiomyocytes. 

 Extremely little is known about role of the aldose reductase pathway in cardiac 

hypertrophy. The aldose reductase gene shows a nearly two-fold increase in human heart 

failure patients (Yang, 2000). Also, aldose reductase inhibition is known to increase 

cardiac function in diabetic patients with heart failure (Johnson, 2004). Thus, flux 

through the aldose reductase pathway may potentially be a negative side effect of 

increased glucose utilization in hypertrophy and heart failure. 

 

3.3.2 Hexokinase during hypertrophy 

 Several early studies of cardiac metabolism during hypertension hypothesized a 

potential role for hexokinase during hypertension-induced hypertrophy. Hypertension in 

rats induced cardiac hypertrophy and significantly increased hexokinase activity 

(Koehler, 1985). Moderate hypertension in rabbits induced slight cardiac hypertrophy and 

increased hexokinase activity in these hearts as well (Taegtmeyer, 1988). 

Several recent studies also provide evidence suggesting a potential role for 

hexokinase during cardiac hypertrophy. In one study, mice were treated with 

streptozotocin to induce type-I diabetes, and the hearts showed decreased HK2 levels as 

well as increased cardiomyocyte size (Xue, 2010). Cardiac-specific overexpression of 

HIF-1α was then shown to prevent the diabetes-induced decrease in HK2 protein, and 
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cardiac hypertrophy was also avoided (Xue, 2010). Since HK2 is just one of hundreds of 

HIF1α target genes, only limited conclusions can be drawn from these results. However, 

a recent study did draw a direct link between altered HK2 expression and cardiac 

hypertrophy. Mice with ~50% decreased HK2 expression and activity were shown to 

have exaggerated cardiac hypertrophy after aortic constriction (Wu, 2012). This study 

proposed that decreased mitochondrial HK2 expression increased ROS, which was 

responsible for the exaggerated hypertrophy. However, the role of mitochondrial HK2 

versus cytosolic HK2, or total HK2 activity, is still debatable. Regardless, these studies 

clearly indicate that HK2 expression is altered in hypertrophy, and genetic manipulation 

of HK2 can mediate the extent of hypertrophy. 

 

4. STUDY HYPOTHESES AND AIMS 

 The overall hypotheses for the studies detailed in this dissertation are that 

increased HK2 expression and activity is beneficial for the heart by both protecting 

against cell death and attenuating hypertrophy. The mechanisms of both these actions 

may be due to the ability of HK2 to reduce ROS levels. This ability to modulate ROS 

levels may or may not be due to mitochondrial binding of HK2. In AIM 1, we will 

investigate the interaction of HK2 with the three VDAC channel isoforms to more 

thoroughly determine how HK2 binds mitochondria. Additionally, we will assess the 

ability of HK2 to protect cells devoid of each of the three VDAC isoforms to determine 

which, if any, play a role in the HK2-mediated protection against cell death. In AIM 2, 

we will determine whether increased HK2 expression and activity has an affect on the 

development of cardiac hypertrophy. 
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This study has two major aims: 

AIM 1: Define which VDAC isoform(s) binds HK2, and determine if any of the VDAC 

isoforms are necessary for HK2-mediated protection against cell death. 

Hypothesis: Since mitochondria are important for mediating cell death and HK2 

binds to VDACs on the mitochondrial outer membrane, VDAC1, the primary isoform, 

will be required for HK2-mediated protection against cell death.  

Rationale: As described previously, mitochondria are the primary organelle 

responsible for mediating both apoptotic and necrotic cell death. The VDAC channels on 

the outer mitochondrial membrane have been implicated in cell death due to their 

importance for metabolite shuttling between mitochondria and the cytosol. It is well 

accepted that HK2 binds to these VDAC channels, however, it is less clear which of the 

three VDAC isoforms is important for HK2 binding. Additionally, numerous studies have 

observed a protective effect of HK2 overexpression and/or mitochondrial binding; 

however, the role VDACs play in this protection is unclear. Therefore, in this aim, we 

will study HK2 expression and localization in cells devoid of each of the three VDAC 

isoforms. Additionally, we will overexpress HK2 in these cells and challenge them with 

H2O2 to determine if any of the VDAC isoforms are necessary for HK2-mediated 

protection against cell death. 
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AIM 2: Determine whether cardiac-specific HK2 overexpression affects cardiac 

hypertrophy. 

Hypothesis: Mice overexpressing HK2 will demonstrate increased glucose 

utilization and attenuated cardiac hypertrophy. 

Rationale: Evidence depicts a switch in cardiac substrate metabolism during 

hypertrophy in that glucose utilization is markedly increased. Recent studies suggest that 

a decrease in fatty acid metabolism is an integral process contributing to hypertrophy, and 

that increased glucose utilization is a beneficial compensatory effect. While the roles for 

each glucose utilization pathway during hypertrophy are relatively uncertain, it is 

important to again note that HK2-mediated phosphorylation of glucose is the starting 

point for all pathways with the exception of the aldose reductase pathway. Thus, we 

believe that a heart overexpressing HK2 will display increased glucose utilization, 

potentially through increased flux through all pathways, and will exhibit an attenuated 

hypertrophic response. 
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CHAPTER 2: Mitochondrial Voltage-Dependent Anion Channel 3 Is 

Required For Hexokinase-2 Mediated Protection Against ROS-Induced 

Necrotic Cell Death 

  

1. ABSTRACT 

Hexokinases (HK)-1 and -2 are capable of binding the outer mitochondrial 

membrane due to a hydrophobic N-terminal amino acid sequence allowing for interaction 

with Voltage-Dependent Anion Channels (VDACs). However, very little evidence exists 

regarding which of the three VDAC isoforms HK2 binds. Additionally, it is unknown 

whether any of the VDAC isoforms are required for HK2 to protect against cell death. 

Therefore we studied HK2 expression and activity in murine embryonic fibroblasts 

(MEFs) deficient in each of the three VDAC isoforms. Both VDAC1 and VDAC3 were 

shown to be important for HK2-mitochondrial localization. Interestingly, Vdac3-/- MEFs 

were shown to have significantly reduced HK2 expression and activity. HK2 

overexpression resulted in increases in both cytosolic and mitochondrial expression, 

maintained the mitochondrial membrane potential in response to H2O2 treatment, and 

significantly protected WT MEFs against H2O2-induced cell death. Surprisingly, HK2 

overexpression remained protective in Vdac1-/- MEFs, but protection was lost in both 

VDAC2-deficient and Vdac3-/- MEFs. However, VDAC2 is known to sequester Bak in 

the outer mitochondrial membrane, therefore knockdown of VDAC2 considerably 

increases cell death. HK2 overexpression regained protection against H2O2 in Bax/Bak-/- 

cells depleted of VDAC2. These results implicate an important role for mitochondrial 

VDAC3 in protection against cell death. 
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2. INTRODUCTION 

Cellular glucose utilization begins with glucose phosphorylation to glucose-6-

phosphate by the enzyme Hexokinase (HK). There are 4 mammalian HK isoforms: HK1, 

HK2, HK3, and HK4, also known as glucokinase. HK1 is expressed in most tissues, 

while HK2 is expressed mainly in insulin-sensitive tissues (Wilson, 2003). 

It has become well understood that many cancer cells have increased glucose 

metabolism even in the presence of oxygen, a trait known as the “Warburg effect” 

(Pedersen, 2007). Upregulation and mitochondrial localization of HK2 have been shown 

to be responsible for the “Warburg effect” in cancer cells (Bustamante, 1977; 

Bustamante, 1981; Parry, 1983). Both HK1 and HK2 contain an N-terminal 21 amino-

acid sequence that allows for a hydrophobic interaction with voltage-dependent anion 

channels (VDACs) on the outer mitochondrial membrane (Linden, 1982; Nakashima, 

1986; Sui, 1997). Interestingly, this mitochondrial localization of HK2 has also been 

shown to be important in defense against cell death (Pastorino, 2002; Sun, 2008), another 

trait of cancer cells. 

The mammalian VDAC protein family consists of 3 gene products termed 

VDAC1, VDAC2, and VDAC3 (Sampson, 1997). The three isoforms are highly 

conserved (Sampson, 1997), and determining distinct functions for separate isoforms has 

been a challenge that is just now starting to be confronted (Raghavan, 2012). To our 

knowledge, only one study has been performed investigating which VDAC isoform HK 

binds, as well as the metabolic effects resulting from alterations of this mitochondrial 

localization. In this study, VDAC1 was observed to bind the majority of HK on both 
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heart and soleus muscle mitochondria; however, VDAC3 did also slightly bind HK 

(Anflous-Pharayra, 2007). Interestingly, VDAC1 ablation reduced mitochondrial HK 

activity, had no effect on whole cell HK activity, yet the mice displayed significantly 

decreased glucose tolerance (Anflous-Pharayra, 2007). Conversely, VDAC3 deletion 

resulted in only slight, non-significant decreases of both mitochondrial and whole cell 

HK activity, and had no effect on glucose tolerance (Anflous-Pharayra, 2007). These data 

suggested that HK is bound mostly to VDAC1 in oxidative muscles, and disruption of the 

HK-VDAC1 binding results in a significant decrease in glucose utilization. 

Very few studies have investigated a direct role for HK-VDAC binding in cell 

death; however, a large amount of evidence implicates general HK mitochondrial binding 

as important for HK-mediated protection. Akt activation phosphorylates HK2, resulting 

in increased mitochondrial HK2 localization and protection against H2O2 and myocardial 

ischemia-reperfusion injury (I/R) (Miyamoto, 2008; Miyamoto, 2010). Conversely, 

removal of HK2 from the mitochondria by a TAT-HK2 peptide decreases the 

mitochondrial membrane potential and reduces cell viability (Chiara, 2008; Wu, 2011). 

These findings have led to speculation that HK induced VDAC closure and inhibited 

opening of the mitochondrial permeability transition (MPT) pore (MPTP) (Azoulay-

Zohar, 2004). However, another study suggested that HK binding prevents VDAC 

closure (Majewski, 2004), thus maintaining HK’s access to mitochondrial-generated ATP 

(Bustamante, 1981). Additionally, HK removal from the mitochondria was later 

determined to induce MPT even in the absence of VDAC1 and VDAC3 (Chiara, 2008), 

and a portion of HK1 has been reported to bind to the mitochondria via unknown non-

VDAC sites (Neumann, 2010). Thus, while it is clear mitochondrial binding of HK2 is 
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important for protection against cell death, it remains uncertain whether or not any 

specific VDAC isoform(s) are required for this HK2-mediated protection against death. 

In the current study, we thus sought to determine which VDAC isoform(s) bound 

HK2 in murine embryonic fibroblasts (MEFs), as well as investigate which VDAC 

isoform, if any, plays a role in HK2-mediated cytoprotection. We hypothesized that HK2 

would bind mostly to VDAC1 in MEFs, and loss of VDAC1 would significantly decrease 

the protection afforded by HK2 overexpression. We show here that HK2 binds mostly to 

VDAC1, but also to VDAC3, while there was no detectable effect with knockdown of 

VDAC2. Adenoviral overexpression of HK2 resulted in increases in both cytosolic and 

mitochondrial HK2 expression. Increased HK2 expression maintained the mitochondrial 

membrane potential (ΔΨM) during H2O2 treatment and resulted in less H2O2-induced cell 

death. Lastly, cells lacking VDAC1 or VDAC2 could still be protected from H2O2-

induced death by HK2; however, cells lacking VDAC3 were no longer protected by HK2 

overexpression. 

 

3. METHODS AND MATERIALS 

 

3.1 Reagents 

Lipofectamine RNAiMAX, Mitotracker-Red, TMRE, and Sytox Green were from 

Invitrogen; DMEM medium, Hanks’s buffered saline solution (HBSS), 

penicillin/streptomycin, sodium pyruvate, non-essential amino acids, and fetal bovine 

serum (FBS) were from ThermoFisher; the In Situ Cell Death Detection (TUNEL) kit 
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was from Roche; all other chemicals/reagents were from either ThermoFisher or Sigma-

Aldrich. 

 

3.2 MEF Cell Cultures 

The gene-targeting strategies for all three mammalian Vdac genes, Bax, and Bak 

have been previously reported (Cheng, 2003; Wu, 1999). Primary cultured wildtype 

(WT), Vdac1-/-, and Vdac3-/- MEFs were harvested from E13.5-15.5 embryos by trypsin 

digestion as described previously (Cheng, 2003). Immortalized Bax/Bak double null 

MEFs (Cheng, 2003) were a kind gift from the late Stanley Korsmeyer. All MEFs were 

then maintained in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml 

streptomycin, 0.1 mg/ml sodium pyruvate, and 1X non-essential amino acids. The 

harvesting of mouse embryos was approved by the University of Missouri-Columbia 

Animal Care and Use Committee and conformed to the NIH guidelines for the use and 

care of animals. 

 

3.3 siRNA Transfection 

Vdac2 deletion results in embryonic lethality and enhanced activation of the 

intrinsic apoptotic pathway due to increased activation of the pro-death Bcl-2 family 

member Bak on the mitochondria (Cheng, 2003). Therefore, VDAC2 was targeted in WT 

MEFs by use of a siRNA. MEFs were transfected with 100nM of either a non-targeting 

control siRNA or a VDAC2-targeting siRNA (both from Invitrogen) using Lipofectamine 

RNAiMax. The Vdac2 siRNA sequence was      5’-
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GGCUCAUCUAAUACAGACACUGGUA-3’. Cells were transfected for 48 hours 

before experimentation. 

 

3.4 HK2 Adenovirus Construction and Infection 

Replication-deficient adenoviruses for β-Galactosidase and mouse HK2 were 

generated using the AdEasy adenoviral system (Stratagene). MEFs were infected with 

adenovirus at a MOI of 100 plaque-forming units, and cultured for 24 hours before 

experimentation. 

 

3.5 Western Blot Analysis 

Cells grown on 10-cm plates were harvested by scraping and solubilized in lysis 

buffer containing 150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, and 1% Triton-

X100. Samples were sonicated and then centrifuged at 13,000 rpm for 10 minutes to 

remove insoluble debris. For subcellular fractionation experiments, MEFs were grown on 

15-cm plates, harvested by scraping, and subfractionated by differential centrifugation as 

previously described (Baines, 2007). Proteins were resolved on 10% SDS/PAGE gels, 

transferred onto PVDF membranes, and blocked with 10% milk in TBS-T. The 

membranes were then immunoblotted using the following commercially available 

antibodies: anti-ATP Synthase, anti-HK1, anti-HK2, and anti-VDAC/Porin (Abcam); 

anti-VDAC-2 (Thermo Scientific); anti-Bak, anti-Bax, and anti-LDH (Santa Cruz 

Biotechnology); and anti-GAPDH (Millipore). The polyclonal mitochondrial phosphate 

carrier (PiC) antibody was custom made by Yenzyme. Membranes were then incubated 
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with the appropriate alkaline phosphatase-linked secondary antibody (Santa Cruz 

Biotechnology) and visualized by enhanced chemifluorescence (Amersham Biosciences). 

 

3.6 HK Activity Assay 

HK enzymatic activity was assessed as described previously (Wilson, 1989). 

Total HK, HK1, and HK2 activity were measured simultaneously, by means of HK2 

denaturation at 45°C as formerly described (Wilson, 1998). Briefly, cell lysates were 

divided into two aliquots, one kept on ice, and one put into a 45°C water bath for 1 hour 

to denature HK2. At the end of the denaturing step, hexokinase activity was determined 

in both aliquots by measuring glucose-6-phosphate formation coupled to NADPH 

formation spectrophotometrically at 340 nm. The assay buffer consisted of 100 mM Tris-

HCl pH 8.0, 10 mM glucose, 0.4 mM NADP+, 10 mM MgCl2, 5 mM ATP, and 0.15 U of 

glucose-6-phosphate dehydrogenase. 

 

3.7 Immunocytochemistry 

Cells were seeded onto glass chamber slides at 30,000 cells/ml. After a 24-hour 

incubation, cells were then incubated with 100 nM Mitotracker-Red (Invitrogen) in 

HBSS for 30 minutes. Cells were then fixed in 4% paraformaldehyde for 30 minutes. The 

slides were then blocked in a solution consisting of 1% BSA, 0.1% cold water fish skin 

gelatin, 0.1% Tween-20, and 0.05% NaN3 in PBS for 1 hour. Anti-HK2 primary antibody 

(Santa Cruz Biotechnology) was then incubated on the slides overnight at 4°C. Slides 

were then washed thoroughly with PBS and incubated with the secondary antibody 

(Alexa, Invitrogen) for 2 hours. The slides were then washed thoroughly with PBS, 
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mounted with a glass cover slip, and imaged on a fluorescence microscope (Olympus 

IX51) connected to a digital camera. 

 

3.8 Measurement of Mitochondrial Membrane Potential (ΔΨm) 

Cells were seeded onto glass chamber slides at 30,000 cells/ml, and 

transfected/infected where applicable. After the 24-48 hour incubation, cells were then 

treated with 100 nM TMRE in HBSS for 30 min. Cells were then washed with HBSS and 

imaged on a fluorescence microscope. Average TMRE fluorescence per cell was 

determined with NIH ImageJ. 

 

3.9 Cell Death Assays 

Cells were seeded onto 12-well dishes at 30,000 cells/ml, and transfected and/or 

infected where applicable. After the 24-48 hour incubation, cells were treated with 

vehicle or varying concentrations of H2O2 for 3 hours. Cells were then co-stained with 

Sytox Green to label dead cells and bis-benzimide to label all cell nuclei. For apoptosis 

experiments, cells were treated with vehicle or 100 nM staurosporine for 18 hours. The 

cells were then TUNEL stained using a commercial kit to label apoptotic cells, and 

stained with Bis-Benzimide to label all cell nuclei. After Sytox Green or TUNEL 

staining, cells were imaged on an epifluorescence microscope, and the percentage of 

Sytox or TUNEL stained cells was determined by image analysis with NIH ImageJ. 
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3.10 Statistical Analysis 

Data are presented as mean ± S.E. Statistical significance was assessed by two-

tailed Student’s t-test for comparisons between two groups. One-way ANOVA followed 

by Scheffe’s post hoc test was used to determine the difference between three groups. A p 

value of ≤ 0.05 was used to consider statistical significance. 

 

4. RESULTS 

 

4.1 VDAC3 Deletion Results in Altered HK2 Expression and Activity 

The previous report by Anflous-Pharayra et al. (Anflous-Pharayra, 2007), 

demonstrated that in heart and soleus muscle, there are some modest decreases in total 

HK activity when VDAC1 or VDAC3 are deleted. We therefore wished to characterize 

HK expression and activity in MEFs deficient in the three VDAC isoforms. Deletion of 

VDAC1 had no significant effect on HK2 expression (Figure 8a,c). Total HK activity, as 

well as HK1- and HK2-specific activities, was similarly unaffected (Figure 8d). In 

contrast, Vdac3-/- MEFs displayed a 30% reduction in HK2 expression (Figure 8b,c) with 

a concomitant reduction in HK2-specific activity (Figure 8d), although no significant 

changes in total HK activity were observed. Transfection of WT MEFs with a VDAC2 

siRNA reduced total Vdac2 levels by ~70% (Figure 9a,b). However, like with VDAC1, 

depletion of VDAC2 had no significant effect on HK2 expression (Figure 9c) or activity 

(Figure 9d). 
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Figure 8. VDAC3 deletion decreases total HK2 expression and activity. A, Western 
blots for HK2, VDAC1/3 and VDAC2 in wildtype (WT) and VDAC1 knockout (KO) 
MEFs. B, Western blots for HK2, VDAC1/3 and VDAC2 in WT and VDAC3 KO MEFs. 
C, Quantification of HK2 expression in WT, VDAC1 KO, and VDAC3 KO MEFs. D, 
Total HK, HK1, and HK2 activities in WT, VDAC1 KO, and VDAC3 KO MEFs. Results 
shown are representative of 3-4 independent experiments performed in duplicate. Error 
bars indicate s.e.m. with *P<0.05 versus WT. 
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Figure 9. VDAC2 knockdown does not affect total HK2 expression or activity. A, 
Western blots for HK2, VDAC1/3 and VDAC2 in MEFs transfected with either control 
(CONsi) or VDAC2-specific siRNAs. B, Quantification of VDAC2 knockdown. C,, 
Quantification of HK2 expression in control and VDAC2 siRNA-transfected MEFs. D, 
Total HK, HK1, and HK2 activities in control and VDAC2 siRNA-transfected MEFs. 
Results shown are representative of 3-4 independent experiments performed in duplicate. 
Error bars indicate s.e.m. with *P<0.05 versus CONsi. 
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4.2 VDAC1 and VDAC3 Are Important For HK2 Mitochondrial Localization 

We next wanted to investigate which VDAC isoform was the binding site for 

HK2 in MEFs. Thus, we grew up WT and VDAC-deficient/depleted MEFs and 

subfractionated the cells into cytosolic and mitochondrial lysates. As expected, in WT 

MEFs HK2 expression and activity was localized primarily in the mitochondrial fraction 

(Figure 10a,b). In Vdac1-/- MEFs, there was marked reduction in mitochondrial HK2 

expression and activity, with concomitant increases in the cytosolic fraction (Figure 

10a,b). siRNA-mediated depletion of VDAC2 appeared to have no effect on HK2 

localization as both HK2 expression and activity remained predominantly mitochondrial, 

similar to wild-type MEFs (Figure 10a,c). Lastly, deletion of VDAC3 resulted in 

decreased mitochondrial HK2 expression and activity, and increased cytosolic expression 

compared to WT (Figure 10a,b). However, the redistribution of HK2 in Vdac3-/- MEFs 

was less dramatic than that observed in the Vdac1-/- MEFs, indicating that HK2 binds 

both VDAC1 and VDAC3, but favors VDAC1 binding. 

 These results were then confirmed by immunocytochemistry. In addition to 

cytosolic HK2 labeling, a high degree of colocalization was observed between anti-HK2 

antibody staining and Mitotracker-Red in WT MEFs (Figure 11). Consistent with the 

Western blotting data, this colocalization was largely lost in Vdac1-/- MEFs, and was 

partially lost in Vdac3-/- MEFs (Figure 11). VDAC2 depletion had no effect on the HK2 

mitochondrial localization (Figure 11). These findings again suggest that HK2 binds 

predominantly to VDAC1, by a lesser extent to VDAC3, and does not bind VDAC2. 
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Figure 10. HK2 binds to VDAC1 and VDAC3. A, Subcellular mitochondrial and 
cytosolic fractions were prepared from wildtype (WT) and VDAC-deficient MEFs by 
differential centrifugation, and then blotted for HK2. Blots for mitochondrial VDAC1/3, 
VDAC2 and ATP synthase (AtpS) are also shown. B, HK2 activity in the cytosolic and 
mitochondrial fractions of WT, VDAC1 knockout (KO), and VDAC3 KO MEFs. C, HK2 
activity in the cytosolic and mitochondrial fractions of control and VDAC2 siRNA-
transfected MEFs. Results shown are representative of 3-4 independent experiments 
performed in duplicate. Error bars indicate s.e.m. with *P<0.05 versus WT. 
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Figure 11. Immunohistochemistry confirms that HK2 binds to VDAC1 and VDAC3. 
Representative immunocytochemistry images for HK2 in VDAC-deficient MEFs. HK2 
was immunolabeled with a goat Anti-HK2 primary antibody and green fluorescent Anti-
Goat secondary antibody. Mitochondria were labeled with Mitotracker-Red. 
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4.3 HK2 Overexpression Protects Against H2O2-Induced Loss of ΔΨm and Cell Death 

To investigate HK2-mediated protection against cell death we created an 

adenovirus encoding murine HK2. Infection of WT MEFs with the virus resulted in an 

~4-fold increase in total HK2 protein levels compared to control β-galactosidase (βGal)-

infected cells (Figure 12a,c). HK2 activity was similarly increased in the HK2-infected 

cells (Figure 12d). Importantly, neither HK1 expression nor activity were affected by 

HK2 overexpression (Figure 12b,d). Somewhat surprisingly, subfractionation of infected 

WT MEFs showed that the majority of the HK2 overexpression occurred in the cytosolic 

fraction (Figure 13a,b). However, there was also a small but significant increase in 

mitochondrial HK2 levels (Figure 13a,b). When treated with increasing concentrations 

of H2O2, βGal-infected WT MEFs showed a concentration-dependent decrease in ΔΨm, 

which was markedly attenuated by HK2 overexpression (Figure 14a,b). Consistent with 

this, H2O2 treatment resulted in concentration-dependent increases in cell death, as 

measured by Sytox Green (Figure 14c). Again, the level of cell mortality was 

significantly reduced (~50%) by HK2 overexpression (Figure 14c). These results 

indicate HK2 overexpression protects the cells from oxidative stress-induced 

mitochondrial dysfunction and cell death. As H2O2-induced death is primarily necrotic in 

nature, we next wanted to test whether HK2 overexpression could protect against 

apoptosis. We therefore incubated βGal- and HK2-infected MEFs with staurosporine, 

which induces apoptosis in a Bax/Bak-dependent manner (Wei, 2001). However, unlike 

with H2O2, HK2 overexpression was unable to reduce staurosporine-induced TUNEL 

positivity (Figure 14d). These results indicate that HK2 protects against ROS-induced 

mitochondrial dysfunction and necrosis, but not apoptosis. 
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Figure 12. HK2 overexpression with adenovirus. A, Western blotting for HK2 and 
GAPDH in MEFs infected with β-galactosidase (βGal, control) or HK2 adenoviruses. B, 
Western blotting for HK1 and GAPDH in βGal- and HK2-infected MEFs. C, 
Quantification of HK2 expression in βGal- and HK2-infected MEFs. D, Total HK, HK1 
and HK2 activities in βGal- and HK2-infected MEFs. Results shown are representative of 
3 independent experiments performed in duplicate. Error bars indicate s.e.m. with 
*P<0.05 versus βGal. 
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Figure 13. HK2 overexpression is cytosolic and mitochondrial. A, Western blotting for 
HK2, VDAC1/3, and LDH in cytosolic and mitochondrial fractions from βGal- and HK2-
infected MEFs. B, Quantification of cytosolic and mitochondrial HK2 expression in 
βGal- and HK2-infected MEFs. Results shown are representative of 3 independent 
experiments performed in duplicate. Error bars indicate s.e.m. with *P<0.05 versus βGal. 
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Figure 14. HK2 overexpression protects against H2O2-induced loss of ΔΨm and cell 
death. A, ΔΨm was determined using TMRE fluorescence in βGal- and HK2-infected 
MEFs treated with increasing concentrations of H2O2 for 2 hrs. B, Quantification of the 
TMRE fluorescence intensity for each condition. C, Sytox Green staining in βGal- and 
HK2-infected MEFs treated with increasing concentrations of H2O2 for 3 hrs. D, TUNEL 
staining in βGal- and HK2-infected MEFs treated with vehicle or 100nM staurosporine 
for 18 hrs. Results shown are representative of 3 independent experiments performed in 
duplicate. Error bars indicate s.e.m. with *P<0.05 versus βGal. 



!

! 58!

 

4.4 HK2 Overexpression Protects VDAC1- but not VDAC3-deficient MEFs Against 

H2O2-induced Death 

After observing that HK2 binds to both VDAC1 and VDAC3, we next wanted to 

investigate the effects of VDAC isoform deletion on HK2-mediated protection. 

Treatment of Vdac1-/- MEFs with 500 µM H2O2 resulted in a slightly higher level of 

death than WT cells, but was not significantly different. However, even though HK2 

primarily binds to VDAC1, HK2 overexpression was still able to protect Vdac1-/- MEFs 

against H2O2-induced death to a similar extent as that seen in WT cells (~50%, Figure 

15a,b). VDAC3 deletion did not result in increased cell death at baseline or with H2O2 

treatment compared to WT cells. However, in contrast to the Vdac1-/- MEFs, HK2 

overexpression in Vdac3-/- MEFs (Figure 15c) resulted in complete loss of HK2-

mediated protection against cell death (Figure 15d). These results suggest that VDAC3 is 

necessary for HK2-mediated protection against H2O2-induced death. 

 

4.5 HK2 Overexpression Protects VDAC2-depleted MEFs Against H2O2-induced Death 

in the absence of Bak and Bax 

Although we were unable to detect any interaction between HK2 and VDAC2, we 

still wanted to test the effect of depleting VDAC2 on HK2-mediated protection. To our 

surprise, HK2 overexpression in WT MEFs transfected with a VDAC2 siRNA (Figure 

16a) resulted in no protection against cell death (Figure 16b). However, depletion of 

VDAC2 caused a striking increase in H2O2-induced cell death, which we suspect masked 

the beneficial effect of HK2 overexpression. The large increase in death with VDAC2 
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Figure 15. HK2 overexpression protects VDAC1 but not VDAC3-deficient MEFs. A, 
Western blotting for HK2, VDAC1/3, and GAPDH in wildtype (WT) and VDAC1 
knockout (KO) MEFs infected with β-galactosidase (βGal, control) or HK2 adenoviruses. 
B, Sytox Green staining in βGal- and HK2-infected WT and VDAC1 KO MEFs treated 
with 500 µM H2O2 for 3 hrs. C, Western blotting for HK2, VDAC1/3 and the 
mitochondrial phosphate carrier (PiC) in WT and VDAC3 KO MEFs infected with βGal 
or HK2 adenoviruses. D, Sytox Green staining in βGal- and HK2-infected WT and 
VDAC3 KO MEFs treated with 500 µM H2O2 for 3 hrs. Results shown are representative 
of 3-4 independent experiments performed in duplicate. Error bars indicate s.e.m. with 
*P<0.05 versus βGal. 
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Figure 16. HK2 overexpression does not protect WT MEFs deficient in VDAC2. A, 
Western blotting for HK2, VDAC2, and GAPDH in control and VDAC2 siRNA-
transfected MEFs infected with β-galactosidase (βGal, control) or HK2 adenoviruses. B, 
Sytox Green staining in βGal- and HK2-infected control and VDAC2 siRNA-transfected 
MEFs treated with 500 µM H2O2 for 3 hrs. Results shown are representative of 3-4 
independent experiments performed in duplicate. Error bars indicate s.e.m. with *P<0.05 
versus βGal and †P<0.05 versus CONsi. 
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knockdown was possibly due to activation of the proapoptotic Bcl2 protein Bak, as 

VDAC2 has been shown to sequester and inhibit Bak (Cheng, 2003). Likewise, VDAC2 

has been suggested to be required for Bax-mediated apoptosis as well (Yamagata, 2009). 

Therefore, we tested the effect of VDAC2 knockdown in both WT and Bax/Bak double-

null immortalized MEFs (Figure 17a). The WT immortalized cells nicely recapitulated 

the findings from our primary WT MEF cell culture in that VDAC2 knockdown resulted 

in a large increase in cell death and a loss of HK2-mediated protection (Figure 17b). 

Conversely, in Bax/Bak double-null cells, VDAC2 knockdown did not result in 

significantly increased death, and HK2 regained the ability to protect against H2O2-

induced cell death (Figure 17c). Thus, depletion of VDAC2 results in activation of 

proapoptotic Bax and/or Bak, which HK2 overexpression cannot protect against. This is 

consistent with HK2’s inability to protect against staurosporine-induced death (Figure 

14d). Taken together, these results suggest that VDAC3 is required for HK2-mediated 

protection against oxidant-induced cell death while VDAC1 and VDAC2 are not. 

 

5. DISCUSSION 

In this study, we found that HK2 is bound mostly to VDAC1, but also 

significantly to VDAC3 in MEF cell cultures. We then determined that HK2 

overexpression is protective against H2O2-induced cell death, and that VDAC3 deletion 

results in abolishment of this HK2-mediated protection against death. 

These HK2-VDAC interaction findings are largely in agreement with a previous 

study investigating total HK (both HK1 and HK2) activity in heart and soleus muscles of 
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Figure 17. HK2 overexpression protects VDAC2-deficient cells in the absence of Bax 
and Bak. A, Western blotting for Bax, Bak, and GAPDH in Bax/Bak wildtype (WT) and 
double knockout (DKO) immortalized MEFs. B, Sytox Green staining in βGal- and HK2-
infected control and VDAC2 siRNA-transfected Bax/Bak WT MEFs treated with 500 
µM H2O2 for 3 hrs. C, Sytox Green staining in βGal- and HK2-infected control and 
VDAC2 siRNA-transfected Bax/Bak DKO MEFs treated with 500 µM H2O2 for 3 hrs. 
Results shown are representative of 3-4 independent experiments performed in duplicate. 
Error bars indicate s.e.m. with *P<0.05 versus βGal and †P<0.05 versus CONsi. 
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Vdac1-/- and Vdac3-/- mice (Anflous-Pharayra, 2007). In this previous study, VDAC1 

deletion resulted in significantly decreased mitochondrial HK activity in both heart and 

soleus muscle. VDAC3-/- mice also demonstrated decreased mitochondrial HK activity, 

but not to the extent of Vdac1-/- muscles. Interestingly, in this previous study VDAC1 

deletion did not have any effect on whole cell HK activity, while Vdac3-/- muscles 

exhibited a ~20% decrease in whole cell HK activity. We therefore investigated whole 

cell HK2 expression and activity in the VDAC-deficient MEFs. We similarly observed 

no significant difference in whole cell HK2 expression/activity in Vdac1-/- cells, but 

observed significantly decreased HK2 expression and activity in Vdac3-/- MEFs. 

Although the results of the current study and the previous in vivo study align 

almost perfectly, there is one methodological difference that should be noted. In the 

current study, HK1 and HK2 activity were measured separately. In the previous study, 

total hexokinase activity was measured, which for muscles would be a combination of 

HK1 and HK2 activity. This is particularly true for the heart where HK1 and HK2 are 

both abundantly expressed (Katzen, 1965). In the skeletal muscle, HK2 is the 

predominant isoform, with far less HK1 expression (Katzen, 1965). Interestingly, in the 

previous in vivo study, both heart and soleus muscles showed the same effects of VDAC 

deletion on HK activity; however, the effects in the soleus muscle appeared to be slightly 

more pronounced than in the heart (Anflous-Pharayra, 2007). This is likely due to the 

heart expressing a combination of HK1 and HK2, while the soleus is expressing 

predominantly HK2. 

The next step in determining which VDAC isoforms played a role in HK2-

mediated protection against cell death involved creating a HK2 adenovirus. Infection of 
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WT MEFs with the HK2 adenovirus resulted in significantly increased HK2 expression 

and activity, which was observed to be both cytosolic and mitochondrial. This HK2 

overexpression was then shown to maintain ΔΨM during H2O2 treatment as well as 

protect WT MEFs against H2O2-induced death. While the effects of cytosolic vs. 

mitochondrial HK2 cannot be separated in our study, these results agree with several 

other studies depicting an importance of mitochondrial binding for HK2 to be protective. 

For example, one study found that HK constructs transfected into 293 cells needed to be 

both catalytically active and bound to the mitochondria to be fully protective against 

H2O2 (Sun, 2008). A recent report also showed that in primary cultured neurons, 

overexpression of full-length HK2 was protective against oxygen-glucose deprivation; 

however, expression of a truncated HK2 construct unable to bind the mitochondria did 

not afford any protection (Mergenthaler, 2012). Conversely, HK2 heterozygote mice with 

a ~50% decrease in total and mitochondrial HK2 expression are more susceptible to 

myocardial ischemia-reperfusion injury (Wu, 2011). Additionally, removal of HK2 from 

the mitochondria by treatment with a TAT-HK2 peptide in neonatal rat cardiomyocytes 

was shown to decrease ΔΨM and reduce cell viability (Miyamoto, 2008; Wu, 2011). 

Thus, the current study and others suggest that mitochondrial-binding of HK2 is 

important for maintenance of ΔΨM and protection against cell death. 

Once determining that HK2 bound to both VDAC1 and VDAC3, and that HK2-

mitochondrial binding was likely important for protecting against cell death, we decided 

to investigate whether any of the VDAC isoforms played a role in the HK2-mediated 

protection. Since the interaction data demonstrated that HK2 bound mostly to VDAC1, 

we hypothesized that loss of VDAC1 would abolish or attenuate the HK2-mediated 
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protection. To our surprise, HK2 overexpression was still able to protect Vdac1-/- cells to 

a similar extent as WT cells. VDAC3, on the other hand, only moderately bound HK2, 

yet deletion of VDAC3 completely abolished the HK2-mediated protection against H2O2. 

Perhaps the biggest surprise of these experiments was that knockdown of VDAC2 

in WT MEFs, which we determined had no effect on HK2 localization, also completely 

abolished the HK2-mediated protection against cell death. Importantly, VDAC2 

knockdown drastically increased cell death with H2O2 treatment compared to control 

cells, whereas deletion of VDAC3 did not result in increased cell death at baseline or 

with H2O2 treatment. VDAC2 has been shown to sequester and “deactivate” Bak on the 

outer mitochondrial membrane (Cheng, 2003). VDAC2 has also been described to be 

necessary for Bax-mediated apoptosis (Yamagata, 2009). Indeed knockdown of VDAC2 

has been previously shown to increase H2O2-induced cell death in MEFs (Baines, 2007). 

We therefore hypothesized that VDAC2 knockdown was activating proapoptotic Bax and 

Bak, resulting in increased cell death with H2O2 treatment, and preventing HK2 

overexpression from being protective. Indeed, Bax/Bak double-null cells no longer 

exhibited the marked increases in cell death observed with VDAC2 knockdown, and 

HK2 overexpression was now able to protect against H2O2 in these Bax/Bak-/- cells 

devoid of VDAC2. Therefore, VDAC2 is not required for HK2-mediated protection 

against death. 

The VDAC2 knockdown studies do present some interesting data in regards to the 

protection afforded by HK2 overexpression. The data suggest that while HK2 is 

protective against ROS-induced death, which is primarily a necrotic stimulus, HK2 

overexpression may not afford protection against apoptosis. To test this hypothesis, we 
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treated cells with staurosporine to induce apoptosis, and indeed, HK2 overexpression was 

not protective. These findings are in agreement with a recent study showing that HK2 

overexpression protected cultured primary neurons from oxygen-glucose deprivation, but 

was unable to protect against the apoptosis inducers actinomycin D or etoposide 

(Mergenthaler, 2012). However, there are also several studies showing that detachment of 

HK2 from the mitochondria results in increased mitochondrial Bax (Gall, 2011; 

Pastorino, 2002), therefore, HK2 and Bax may be competing for the same mitochondrial 

binding site. Thus, the ability of HK2 to protect against apoptotic vs. necrotic stimuli 

requires much further study. 

There is limited evidence to speculate as to why the VDAC3 interaction and not 

VDAC1 would lead to protection against cell death. Interestingly, VDAC3 was recently 

determined to be the most important isoform for maintaining ΔΨm in hepatic cancer cells 

even though it was the least expressed isoform (Maldonado, 2013). The current study and 

others show that HK2 helps maintain ΔΨm (Chiara, 2008; Wu, 2011), and perhaps this is 

mediated through binding to VDAC3. We also cannot rule out the possibility that perhaps 

it is not a direct HK2-VDAC3 interaction that is protective, but that some other binding 

partner is removed when VDAC3 is deleted. Indeed, there have been several recent 

findings of “accessory proteins” binding to HK2 on the mitochondria and mediating 

protection against cell death (Cheung, 2012; Mailloux, 2011; Mergenthaler, 2012; 

Tchakarska, 2011). HK2 interaction with these proteins is not well studied, and it is 

unknown how VDAC3 deletion affects the interaction with these other proposed binding 

partners. Obviously, much more work is needed to thoroughly investigate the HK2-

VDAC3 interaction.  
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In conclusion, HK2 binds to both VDAC1 and VDAC3, and the VDAC3 

interaction appears to be necessary for HK2-mediated protection against cell death. These 

findings describe a unique relationship between HK2 and VDAC3 important for 

regulating cell death, while the HK2-VDAC1 interaction appears to be more important 

for cellular glucose utilization (Anflous-Pharayra, 2007). Since HK2 overexpression and 

resistance to cell death are characteristics of cancer cells, it would be interesting to 

determine if HK2-VDAC3 binding is increased in cancer cells. Additionally, 

investigation of the susceptibility of Vdac3-/- cells to transform into cancer cells would 

also be interesting in determining the importance of the HK2-VDAC3 interaction. 
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CHAPTER 3: Cardiac-Specific Hexokinase 2 Overexpression Attenuates 

Hypertrophy by Increasing Pentose Phosphate Pathway Flux 

 
 
1. ABSTRACT 
 
Background The enzyme hexokinase-2 (HK2) phosphorylates glucose, which is the 

initiating step in virtually all glucose utilization pathways. Cardiac hypertrophy involves 

a switch towards increased glucose metabolism and decreased fatty acid metabolism. 

Recent evidence suggests increased glucose utilization is compensatory to the down-

regulated fatty acid metabolism in pathologic hypertrophy. Therefore, we hypothesized 

that HK2 overexpression would decrease cardiac hypertrophy. 

 

Methods and Results Mice with cardiac-specific HK2 overexpression displayed 

decreased hypertrophy in response to isoproterenol. Neonatal rat ventricular myocytes 

(NRVMs) infected with a HK2 adenovirus similarly displayed decreased hypertrophy in 

response to phenylephrine. Hypertrophy increased ROS levels and HK2 overexpression 

attenuated ROS accumulation, thereby decreasing NRVM hypertrophy and death. HK2 

appears to modulate ROS via the pentose phosphate pathway, as inhibition of glucose-6-

phosphate dehydrogenase with dehydroepiandrosterone abolished HK2’s ability to 

diminish ROS and hypertrophy. 

 

Conclusions These results suggest that HK2 attenuates cardiac hypertrophy by 

decreasing ROS accumulation via increased pentose phosphate pathway flux. 
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2. INTRODUCTION 
 

Under normal situations, the heart relies heavily on fatty acid oxidation for its 

energy metabolism (Neely, 1972). However, during cardiac hypertrophy there is a switch 

to increased glucose utilization and decreased fatty acid metabolism (Barger, 1999; 

Dávila-Román, 2002; Taegtmeyer, 1988). Glucose metabolism is initiated by cellular 

glucose uptake mediated by glucose transporters (GLUT), and glucose phosphorylation 

by a hexokinase (HK) to form glucose-6-phosphate (Katzen, 1967). Four mammalian HK 

isozymes exist, with both HK1 and HK2 expressed in the heart (Wilson, 2003). As HK2 

expression is dynamically regulated by factors such as insulin and hypoxia (Osawa, 1995; 

Printz, 1997), HK2 receives most of the attention as the predominant muscle HK. In 

addition to HK1 or HK2’s kinase function, both enzymes contain a hydrophobic region of 

21-amino acids in their N-termini, which allows for association with the voltage-

dependent anion channel (VDAC) on the outer mitochondrial membrane (Fiek, 1982; 

Linden, 1982). This mitochondrial localization protects cells against death (Majewski, 

2004; Mergenthaler, 2012; Miyamoto, 2008; Pastorino, 2002; Sun, 2008), and this 

protection has mainly been attributed to a reduction in reactive oxygen species (ROS) 

(Da-Silva, 2004; Mergenthaler, 2012; Miyamoto, 2008; Sun, 2008). 

 It is still debated whether the increase in glucose utilization during hypertrophy is 

an integral pathologic process. However, genetic models mostly argue that altered fatty 

acid metabolism is the driver of hypertrophy, and that increased glucose utilization is 

compensatory. For example, mice with cardiac-specific overexpression of peroxisome 

proliferator-activated receptor α (PPARα) demonstrate increased fatty acid metabolism, 

decreased glucose metabolism, and hypertrophied hearts compared to WT littermates 
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(Finck, 2002). Deletion of PPAR-gamma coactivator 1α (PGC1α) increases hypertrophy 

and accelerates heart failure after pressure overload (Arany, 2006). Cardiac-specific 

overexpression of the GLUT1 transporter attenuated cardiac hypertrophy and improved 

survival after pressure overload (Liao, 2002). Antithetically, cardiac-specific deletion of 

the GLUT4 transporter spontaneously results in hypertrophied hearts (Abel, 1999). 

Lastly, hearts from HK2 heterozygous mice were recently shown to have exacerbated 

cardiac hypertrophy after pressure overload (Wu, 2012). It was suggested that decreased 

HK2 expression resulted in decreased mitochondrial HK2, and increased ROS production 

due to mitochondrial permeability transition (Wu, 2012). Thus, these studies suggest that 

increasing glucose metabolism is likely a compensatory mechanism during hypertrophy. 

 Little is known about how increased glucose metabolism decreases cardiac 

hypertrophy. While glycolysis is considered the preferred route for glucose, other glucose 

utilization pathways consist of glycogen formation, the pentose phosphate pathway, and 

the hexosamine biosynthetic pathway (Kolwicz, 2011). Importantly, phosphorylation of 

glucose by HK is the initiating step in all of these pathways. While glycogen does not 

appear to be altered during hypertrophy (Allard, 1997), flux through the pentose 

phosphate pathway and the hexosamine biosynthetic pathway increase during 

hypertrophy (Chess, 2009; Gupte, 2006; Watson, 2010). We therefore hypothesized that 

mice with cardiac-specific overexpression of HK2 would demonstrate decreased 

hypertrophy in response to chronic isoproterenol infusion. Indeed, HK2 overexpression 

did result in attenuated cardiac and cardiomyocyte hypertrophy in response to 

isoproterenol. HK2 overexpression also protected against isoproterenol-induced 

cardiomyocyte death. Overexpression of HK2 also decreased hypertrophy in cultured 
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neonatal rat ventricular myocytes (NRVMs) treated with phenylephrine. Hypertrophy 

was associated with an increase in ROS accumulation, which was attenuated by HK2. 

HK2 overexpression increased glucose-6-phosphate dehydrogenase (G6PDH) activity 

within the pentose phosphate pathway, and inhibition of G6PDH blocked the ability of 

HK2 to attenuate ROS and hypertrophy. Taken together, these results suggest that HK2 

overexpression is anti-hypertrophic due to increased glucose shuttling to the pentose 

phosphate pathway and reduction of ROS accumulation. 

 

3. METHODS AND MATERIALS 
 

Animals were handled as approved by the University of Missouri Animal Care 

and Usage Committee in accordance with the Guidelines for the Care and Use of 

Laboratory Animals published by the National Institutes of Health. 

 

3.1 HK2 Transgenic Mice and Isoproterenol Infusion 

The cDNA for mouse HK2 was inserted into the α-myosin heavy chain (αMHC) 

promoter cassette and injected into fertilized FVB/N oocytes. Mice were maintained in a 

pure FVB/N background. Transgenic (TG) mice were identified by PCR. Nontransgenic 

(NTG) littermates were used as controls. Chronic isoproterenol infusion (60 mg/kg/day 

for 14 days) was administered by implantation of mini-osmotic pump (Alzet) into 2-3 

month-old mice. Vehicle treated mice were implanted with pumps to perfuse 0.9% saline.  

 

3.2 Echocardiography 

Echocardiograms were performed under isofluorane anesthesia (1.2-1.8%, 0.6 L 
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flow of O2) using a GE Vivid 7 ultrasound system (GE Healthcare) with a 12-mHz 

transducer. The echocardiographer was blinded to the treatment group. M-mode 

echocardiography was performed using the parasternal short-axis view of the left-

ventricle. Images were captured digitally and six consecutive cardiac cycles were 

measures and averaged for each animal. 

 

3.3 Histological Assessments 

Mice underwent deep inhalation anesthesia (2-3% isofluorane) to arrest hearts in 

end diastole. Hearts were perfused through the apex with 4% paraformaldehyde in PBS 

containing 25 mM KCl and 5% dextrose. Hearts were then frozen in OTC and sectioned 

by microtome. Sections were stained with fluorescently labeled wheat germ agglutinin 

(WGA) or Gomori’s Trichrome. For the WGA labeling, 20 cells per field for a total of 10 

fields were planimetered using NIH ImageJ. Sections were also stained for terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) utilizing a cell 

death detection kit (Roche). 

 

3.4 qRT-PCR Gene Expression Analysis 

RNA was extracted from mouse ventricles with TRIzol (Invitrogen) for first 

strand DNA synthesis (Superscript III First-Strand Synthesis System; Invitrogen). 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed 

using a Biorad cycler with Sybr green intercalating dye (Takara SYBR Premix Ex Taq). 

Primer sequences were obtained from Roche’s Universal ProbeLibrary. 
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3.5 Mitochondrial Isolation and Measurement of Mitochondrial Respiration 

For subcellular fractionation experiments, mouse hearts were subfractionated by 

differential centrifugation as previously described (Baines, 2007). Mitochondrial 

respiration was assessed by a Clark type electrode (Qubit) using Vernier LoggerPro 

software. Isolated mitochondria (125 µg) were suspended in buffer consisting of 150 mM 

KCl, 5 mM KH2PO4, 10 mM Tris pH 7.4, 2.5 mM MgCl2, and 5 mM glutamate/malate or 

5 mM succinate to obtain State 2 respiration. 200 µM ADP was then added to initiate 

State 3 respiration. 

 

3.6 Western Blotting Analysis 

Mouse tissue or cell culture lysates were solubilized in lysis buffer containing 150 

mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, and 1% Triton-X100. Samples were 

sonicated and then centrifuged at 13,000 rpm for 10 minutes to remove insoluble debris. 

Protein concentration was measured by the Bradford method. Proteins were resolved on 

10% SDS/PAGE gels, transferred onto PVDF membranes, and blocked with 10% milk in 

TBS-T. The membranes were then immunoblotted using the following commercially 

available antibodies: anti-HK2, anti-HK1, and anti-VDAC (Abcam); anti-LDH (Santa 

Cruz); and anti-GAPDH (Millipore). Membranes were then incubated with the 

appropriate alkaline phosphatase-linked secondary antibody (Santa Cruz Biotechnology) 

and visualized by enhanced chemifluorescence (Amersham Biosciences). 

 

3.7 HK2 Activity Assay 

HK enzymatic activity was assessed as described previously (Wilson, 1989). 
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Total HK, HK1, and HK2 activity were measured simultaneously, by means of HK2 

denaturation at 45°C as formerly described (Wilson, 1998). Briefly, total, cytosolic and 

mitochondrial lysates were divided into two aliquots, one kept on ice, and one put into a 

45°C water bath for 1 hour to denature HK2. At the end of the denaturing step, 

hexokinase activity was determined in both aliquots by measuring glucose-6-phosphate 

formation coupled to NADPH formation spectrophotometrically at 340 nm. The assay 

buffer consisted of 100 mM Tris-HCl pH 8.0, 10 mM glucose, 0.4 mM NADP+, 10 mM 

MgCl2, 5 mM ATP, and 0.15 U of G6PDH. Activity was normalized to protein 

concentration as measured by the Bradford method. 

 

3.8 Mitochondrial Swelling 

Mitochondria were isolated as described above and resuspended in swelling 

buffer (150 mM KCl, 5 mM KH2PO4, 10 mM Tris pH 7.4) to a final concentration of 

0.25 mg/ml. De-energized mitochondria received no substrate, and 5 mM 

glutamate/malate was added to the buffer to energize mitochondria. Mitochondrial 

swelling, an index of permeability transition, was induced by the addition of 250 µM 

CaCl2 or 100 µM CaCl2 for de-energized and energized mitochondria, respectively, and 

absorbance was measured spectrophotometrically at 520 nm (Baines, 2005). 

 

3.9 Isolation and Culture of Rat Ventricular Myocytes 

Neonatal rat ventricular myocytes (NRVMs) were isolated as previously 

described (Schramm, 2012). Briefly, 1-3 day-old Sprague-Dawley rat pup heart ventricles 

were digested with collagenase overnight according to the manufacturer’s instructions 
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(Worthington). Isolated cells were pre-plated on uncoated polystyrene dishes to remove 

cardiac fibroblasts, and then plated onto gelatin-coated dishes. Cells were maintained in 

M199 medium supplemented with 10% BGS for 24 hours, then serum-free M199 for the 

duration of experimentation. Hypertrophy was induced by treatment with 25 µM 

phenylephrine (PE) or 2 µM Angiotensin-II for a period of 48 hours. Glucose-6-

phosphate dehydrogenase (G6PDH) activity was inhibited by treatment with 25 µM 

dehydroepiandrosterone (DHEA) for 48 hours, concurrent with the hypertrophic drug 

treatment. 

 

3.10 Creation and Infection of HK2 Adenovirus 

Replication-deficient adenoviruses for β-galactosidase and mouse HK2 were 

generated using the AdEasy adenoviral system (Stratagene). NRVMs were infected with 

adenovirus at a MOI of 100 plaque-forming units, and cultured for 24 hours before 

experimentation. 

 

3.11 siRNA Transfection 

NRVMs were transfected with 100 nM of either a non-targeting control siRNA or 

an HK2-targeting siRNA pool (Dharmacon siGENOME Cat: M-051128-01) using 

Lipofectamine RNAiMax. Cells were transfected for 48 hours before experimentation. 

 

3.12 Measurement of NRVM Cell Area 

For cell surface area determination, NRVMs were immunostained for 

tropomyosin (Sigma) and all cardiomyocytes in each random field were planimetered 
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using NIH ImageJ to obtain one average per field. Data from ≥ 4 independent isolates 

with ≥ 4 random fields per group were summarized. 

 

3.13 Measurement of ROS Accumulation 

ROS was measured in NRVMs by staining with 1µM 2’,7’-dichlorofluorescein 

(DCF) (Invitrogen) in Hank’s buffered saline solution for 30 min. Cells were then washed 

with HBSS and imaged on a fluorescence microscope (Olympus IX51). Average DCF 

fluorescence per cell was determined with NIH ImageJ. 

 

3.14 Measurement of NRVM Cell Death 

NRVMs were treated with 50 µM H2O2 for 1 hour, and then costained with Sytox 

Green to label dead cell nuclei and bis-benzimide to label all cell nuclei. Cells were then 

imaged on a fluorescence microscope and the percentage of dead cells was determined 

with NIH ImageJ. 

 

3.15 G6PDH Activity Assay 

The enzymatic activity of G6PDH was measured as performed previously (Tian, 

1994). Briefly, 100 µl of whole cell lysates were added to a cuvette with 900 µl of buffer 

(50 mM Tris, 1 mM MgCl2, and 100 µM NADP+, pH-8.1). Enzyme activity was 

measured by increase in absorbance at 340 nm, due to the conversion of NADP+ to 

NADPH, which is formed by both G6PDH and 6-phosphogluconate dehydrogenase 

(6PGDH) in the pentose phosphate pathway. Thus, two reactions were measured for each 

sample, one containing substrates for both G6PDH and 6PGDH (total dehydrogenase 
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activity) and one reaction with substrate only for 6PGDH. G6PDH activity was then 

calculated by subtracting the 6PGDH activity from the total dehydrogenase activity. 

Substrate concentrations were 200 µM glucose-6-phosphate and 200 µM 6-

phosphogluconate. Activity was normalized to protein concentration as measured by the 

Bradford method. 

 

3.16 Statistical Analysis 

All data are expressed as mean ± SEM. Statistical significance was determined 

between 2 groups by an unpaired Student’s t-test or between multiple groups with 

ANOVA followed by Scheffe’s post-hoc test. A P value of less than 0.05 was considered 

significant. 

 
 
4. RESULTS 
 
4.1 Characterization of αMHC-HK2 Mice 

Cardiac-specific HK2 overexpression was performed by cloning the mouse HK2 

cDNA into the αMHC promoter cassette. TG mouse hearts displayed ~3 fold increased 

HK2 expression compared to NTG littermates (Figure 18a,b). Total HK activity and 

HK2-specific activity were accordingly increased in HK2 TG mice (Figure 18c). 

Importantly, neither HK1 expression nor HK1 activity was altered by HK2 

overexpression (Figure 18a,c). TG hearts were normal in appearance and displayed 

HW/BW ratios similar to NTG littermates (Figure 19a,b). Moreover, fractional 

shortening and chamber size were not different in the TG hearts when compared to the 

NTG controls (Figure 19c-e). 
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Figure 18. Creation of cardiac-specific HK2 transgenic mouse. A, HK2 and HK1 
protein levels in αMHC-HK2 transgenic (TG) and non-transgenic (NTG) littermate 
whole-heart lysates. B, Quantified HK2 protein expression from western blots as shown 
in A. C, Total (HK1 + HK2), HK1, and HK2 enzymatic activities from whole heart 
lysates of NTG and TG mice (n= 4). Error bars indicate s.e.m. with *P<0.05 versus NTG. 
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Figure 19. Characterization of αMHC-HK2 transgenic mice. A, Representative heart 
images from NTG and TG littermates. B, Gravimetric analysis of heart weight / body 
weight ratio (HW/BW) for NTG and TG mice. C-E, m-mode echocardiography measures 
of fractional shortening, left ventricular end diastolic dimension (LVEDD), and left 
ventricular end systolic dimension (LVESD) in NTG and TG mice (n= 10). Error bars 
indicate s.e.m. with *P<0.05 versus NTG. 
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 As HK2 can be localized to both the cytosol and mitochondria, we 

subfractionated NTG and TG hearts into cytosolic and mitochondrial fractions to assess 

the localization of the overexpressed HK2. Surprisingly, the majority of the 

overexpressed HK2 was found in the cytosolic fraction (Figure 20a,b). However, there 

was a small but significant increase in mitochondrial HK2 expression as well (Figure 

20a,b). Total HK and HK2 activity were correspondingly increased mainly in the 

cytosolic fraction (Figure 20c), but also in the mitochondrial fraction (Figure 20d). 

Oxygen consumption was then measured in isolated cardiac mitochondria to assess 

functional differences. TG heart mitochondria exhibited a significant reduction in state3 

respiration when stimulated with complex I substrates (glutamate/malate), but not with 

complex II substrate (succinate) (Figure 21a). The moderate uncoupling observed in TG 

heart mitochondria likely reflects an increased dependence on glucose metabolism and 

decreased mitochondrial metabolism in these mice. 

 Mitochondrial HK2 has been reported to inhibit the mitochondrial permeability 

transition pore. To determine whether mitochondrial permeability transition was inhibited 

in the TG mice, heart mitochondria were isolated and subjected to mitochondrial swelling 

induced by calcium. Despite a small yet significant HK2 overexpression on the 

mitochondria (Figure 20a,b), αMHC-HK2 hearts showed no protection against 

mitochondrial swelling under either de-energized (Figure 21b,d) or energized (Figure 

21c,d) conditions. 
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Figure 20. HK2 overexpression is mostly cytosolic. A, Cytosolic and mitochondrial 
HK2 protein expression in subfractionated hearts of NTG and TG mice. Voltage-
dependent anion channel (VDAC) demarcates mitochondrial lysates and lactate 
dehydrogenase (LDH) labels cytosolic lysates. B, Quantified HK2 expression from 
western blots as shown in A. C, Total (HK1 + HK2), HK1, and HK2 enzymatic activities 
from cytosolic lysates of NTG and TG mouse hearts. D, Total, HK1, and HK2 enzymatic 
activities from mitochondrial lysates of NTG and TG mouse hearts (n= 4). Error bars 
indicate s.e.m. with *P<0.05 versus NTG. 
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Figure 21. Mitochondrial function in αMHC-HK2 mouse hearts. A, Ratio of ADP-
stimulated (State 3) to non-stimulated (State 2) respiration measured in isolated 
mitochondria from NTG and TG hearts. B, Mitochondrial swelling average traces for 
deenergized NTG and TG heart isolated mitochondrial treated with 250 µM Ca2+. C, 
Mitochondrial swelling average traces for Glutamate/Malate energized NTG and TG 
heart isolated mitochondrial treated with 100 µM Ca2+. D, Max change in absorbance 
from mitochondrial swelling experiments shown in B and C (n= 11-12). Error bars 
indicate s.e.m. with *P<0.05 versus NTG. 
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4.2 αMHC-HK2 Mice Display Decreased Cardiac Hypertrophy in Response to 

Isoproterenol 

We next investigated the effects of HK2 transgenesis on the hypertrophic 

response. Isoproterenol infusion resulted in increased heart size (Figure 22a), which 

significantly increased the HW/BW ratio (Figure 22b). HK2 overexpression attenuated 

the hypertrophic response to isoproterenol (Figure 22a,b). Wheat-germ agglutinin 

staining of LV heart sections indicated increased cardiomyocyte cross-sectional area with 

isoproterenol, and HK2 overexpression decreased this response (Figure 22c,d). 

Cardiomyocyte cross-sectional area trends were similar for septal wall cardiomyocytes, 

however, RV cardiomyocytes showed only ~15% increase in cell size with isoproterenol 

and HK2 overexpression had no effect (data not shown). 

We then assessed the effects of HK2 overexpression on cardiomyocyte survival 

and cardiac function after isoproterenol infusion. In general, there were no signs of heart 

failure induced by the isoproterenol infusion. LV ejection fraction and fractional 

shortening remained normal with isoproterenol, and was unaltered by HK2 

overexpression (data not shown). No overt fibrosis was seen in either group as well (data 

not shown). Isoproterenol infusion did result in a small, yet significant increase in 

cardiomyocyte apoptosis, as measured by TUNEL staining of heart sections, and HK2 

overexpression attenuated this increase in cardiomyocyte death (Figure 22e). Altogether, 

these results suggest that isoproterenol infusion induced cardiac hypertrophy, but not 

heart failure, and that HK2 overexpression reduces the cardiomyocyte hypertrophy. 
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Figure 22. HK2 overexpression attenuates cardiac hypertrophy. A, Representative 
heart images from NTG and TG littermates treated with 0.9% saline (Vehicle) or 
Isoproterenol (ISO). B, Gravimetric analysis of heart weight / body weight ratio 
(HW/BW) for NTG and TG mice treated with Vehicle or ISO. C, Representative wheat-
germ agglutinin (WGA) images from LV sections of NTG and TG mice treated with 
Vehicle or ISO. D, LV cardiomyocyte cross-sectional area measured from WGA images 
as in C. E, Apoptotic rate in NTG and TG mouse hearts treated with Vehicle or ISO (n= 
10-12). Error bars indicate s.e.m. with *P<0.05 versus Vehicle and † P<0.05 versus 
NTG. 
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Isoproterenol infusion also increased transcripts for ANP, BNP, and βMHC, 

common markers of the “fetal gene program” (Figure 23). As HK2 overexpression 

limited hypertrophy, it was expected that the αMHC-HK2 hearts would exhibit decreased 

transcripts for these markers. In fact, HK2 overexpression resulted in non-significantly 

increased ANP, BNP, and βMHC transcript expression (Figure 23a-c). However, these 

transcripts were also slightly elevated in vehicle treated TG mice compared to NTG 

littermates. Increased levels of these “hypertrophy” markers have also been shown in 

other models of increased glucose utilization (Young, 2007). 

 

4.3 Overexpression of HK2 in vitro Attenuates Cardiomyocyte Hypertrophy 

To better study the mechanisms of HK2’s anti-hypertrophic effect, we wanted to 

recapitulate our in vivo findings in a cell culture system. NRVMs were infected with 

either control β-galactosidase adenovirus or a mouse HK2 adenovirus (Figure 24a,b), 

and treated with phenylephrine (PE) to induce hypertrophy. 25 µM PE resulted in a 37% 

increase in NRVM area, and HK2 overexpression reduced this hypertrophic response to 

only 16% (Figure 24c,d). To confirm that this was not specific to PE we also tested 

angiotensin-II (AngII). 2 µM AngII increased NRVM area by 27%, while HK2 

overexpression limited the AngII-induced hypertrophy to only 10% (Figure 24e). These 

results confirm our in vivo findings in that HK2 overexpression attenuates cardiomyocyte 

hypertrophy. We also investigated the effect of reduced HK2 expression by transfecting 

NRVMs with a HK2 siRNA, which reduced HK2 protein expression 60%, but did not 

affect HK1 (Figure 25a,b). In agreement with our HK2 overexpression results, decreased  
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Figure 23. HK2 overexpression increases markers of the fetal metabolic program. A-
C, mRNA expression measured by qRT-PCR for atrial natriuretic peptide (ANP), B-type 
natriuretic peptide (BNP), and b-Myosin heavy chain (bMHC) with the 18s ribosomal 
subunit used as loading control (n= 6). Error bars indicate s.e.m. with *P<0.05 versus 
Vehicle. 
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Figure 24. HK2 overexpression decreases cardiomyocyte hypertrophy in vitro. A, 
HK2 and HK1 protein levels in isolated neonatal rat ventricular cardiomyocytes 
(NRVMs) infected with adenovirus expressing either β-Galactosidase (AdβGal) or HK2 
(AdHK2). B, Quantified HK2 protein expression from western blots as shown in A. C, 
Representative images of NRVMs infected with AdβGal or AdHK2, treated with 
Phenylephrine, and immunostained for tropomyosin. D, Mean cell area for NRVMs 
infected with AdβGal or AdHK2 and treated with Phenylephrine as in C. E, Mean cell 
area for NRVMs infected with AdβGal or AdHK2 and treated with Angiotensin-II (n= 4). 
Error bars indicate s.e.m. with *P<0.05 versus Vehicle and † P<0.05 versus AdβGal. 
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Figure 25. HK2 knockdown increases hypertrophy in vitro. A, HK2 and HK1 protein 
levels in NRVMs transfected with a control (CONsi) or Anti-HK2 siRNA (HK2si). B, 
Quantified HK2 expression from western blots as shown in A. C, Representative images 
of NRVMs transfected with CONsi or HK2si, treated with Phenylephrine, and 
immunostained for tropomyosin. D, Mean cell area for NRVMs transfected with CONsi 
or HK2si and treated with Phenylephrine as in C (n= 4). Error bars indicate s.e.m. with 
*P<0.05 versus Vehicle and † P<0.05 versus CONsi. 
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HK2 expression led to significantly increased NRVM hypertrophy in response to 25 µM 

PE (Figure 25c,d). These results further indicate that HK2 expression modulates 

cardiomyocyte hypertrophy. 

 

4.4 HK2 Modulates ROS During Cardiomyocyte Hypertrophy 

As ROS levels have been shown to be elevated during hypertrophy (Sabri, 2003; 

Seddon, 2007; Takimoto, 2007; Wu, 2012), and HK2 is known to be protective against 

ROS-induced death (Da-Silva, 2004; Majewski, 2004; Mergenthaler, 2012; Miyamoto, 

2008; Sun, 2008), we decided to investigate whether HK2 expression affected ROS levels 

during cardiomyocyte hypertrophy. PE treatment increased NRVM ROS levels by 65% 

as measured by DCF fluorescence (Figure 26a). HK2 overexpression reduced the ROS 

accumulation during hypertrophy, to an increase of only 24% (Figure 26a). HK2 

depletion by siRNA exacerbated the accumulation of ROS during PE-induced 

hypertrophy (Figure 26b). This modulation of ROS levels during hypertrophy led us to 

question whether HK2 could decrease generalized oxidative stress; therefore we 

measured ROS levels in NRVMs overexpressing HK2 after treatment with 50 µM H2O2. 

ROS levels were increased nearly 3-fold with H2O2 treatment, and HK2 overexpression 

significantly reduced this ROS accumulation (Figure 26c). HK2 overexpression also 

significantly reduced H2O2-induced NRVM death (Figure 26d). These results suggest 

that HK2 expression mediates ROS levels during cardiomyocyte hypertrophy and can 

protect against ROS-induced cardiomyocyte death. 
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Figure 26. HK2 modulates reactive oxygen species (ROS) levels during hypertrophy. 
A, Mean ROS levels as measured by 2’,7’-di-chlorofluorescein (DCF) fluorescence in 
NRVMs infected with AdβGal or AdHK2 and treated with Phenylephrine. B, Mean ROS 
levels as measured by DCF fluorescence in NRVMs transfected with CONsi or HK2si 
and treated with Phenylephrine. C, Mean ROS levels as measured by DCF fluorescence 
in NRVMs infected with AdβGal or AdHK2 and treated with 50 µM H2O2. D, Mean 
NRVM cell death measured by Sytox Green in NRVMs infected with AdβGal or AdHK2 
and treated with 50 µM H2O2 (n= 5). Error bars indicate s.e.m. with *P<0.05 versus 
Vehicle and † P<0.05 versus AdβGal or CONsi. 
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4.5 HK2 Modulates ROS via the Pentose Phosphate Pathway 

We lastly wanted to determine how HK2 controlled ROS levels during 

cardiomyocyte hypertrophy. One possible connection between glucose utilization and 

ROS is the pentose phosphate pathway. The initial step in this pathway is the conversion 

of glucose-6-phosphate into 6-phosphogluconolactone by G6PDH, which involves the 

reduction of NADP+ to NADPH. NADPH can then be utilized to reduce glutathione and 

control ROS levels (Robey, 2006). We therefore decided to test whether HK2 

overexpression was controlling ROS levels by increasing flux through the pentose 

phosphate pathway. We treated NRVMs with dehydroepiandrosterone (DHEA), an 

inhibitor of G6PDH (Tian, 1998) to decrease pentose phosphate pathway flux. 25 µM 

DHEA treatment significantly decreased G6PDH activity by 55% (Figure 27a). HK2 

overexpression resulted in significantly increased G6PDH activity (27% increase); 

however, DHEA maintained the ability to inhibit G6PDH activity despite HK2 

overexpression (Figure 27a). Similar as to shown before, HK2 overexpression decreased 

ROS accumulation during PE-induced hypertrophy in vehicle treated NRVMs; however, 

DHEA treatment abolished HK2’s ability to decrease ROS accumulation (Figure 27b). 

DHEA treatment also blocked HK2’s ability to attenuate cardiomyocyte hypertrophy 

(Figure 27c). Together, these results suggest that HK2 overexpression attenuates ROS 

levels and hypertrophy by increasing glucose flux through the pentose phosphate 

pathway. 
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Figure 27. HK2 modulates ROS levels during hypertrophy by increasing pentose 
phosphate pathway flux. A, Glucose-6-phosphate dehydrogenase (G6PDH) enzymatic 
activity in NRVMs infected with AdβGal or AdHK2 and treated with either Vehicle or 
the G6PDH inhibitor dehydroepiandrosterone (DHEA). B, Mean phenylephrine (PE)-
induced increase in ROS levels in NRVMs infected with AdβGal or AdHK2 and treated 
with Vehicle or DHEA. C, Mean PE-induced increase in NRVM area in NRVMs infected 
with AdβGal or AdHK2 and treated with Vehicle or DHEA (n= 4). Error bars indicate 
s.e.m. with *P<0.05 versus Vehicle and † P<0.05 versus AdβGal. 
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5. DISCUSSION 

Cardiac hypertrophy is characterized by a transition into the “fetal metabolic 

program”, involving decreased fatty acid metabolism and increased glucose utilization. 

Recent evidence from genetic models suggests that altered fatty acid metabolism is the 

driving force of pathologic hypertrophy, and increased glucose utilization may be a 

beneficial compensation. We therefore hypothesized that a mouse model of increased 

cardiac HK2 expression would result in a decrease in hypertrophy in response to chronic 

β-adrenergic agonism. Indeed, αMHC-HK2 mice displayed decreased cardiac and 

cardiomyocyte hypertrophy in response to isoproterenol. HK2 overexpression also 

attenuated the hypertrophic response in vitro, in NRVMs treated with PE or AngII. 

Oppositely, HK2 depletion by treatment of NRVMs with a HK2 siRNA exacerbated PE-

induced hypertrophy. These results are fully in agreement with most other studies 

investigating cardiac hypertrophy in models of altered glucose utilization. Cardiac-

specific deletion of the GLUT4 transporter was shown to induce cardiac hypertrophy at 

basal conditions (Abel, 1999). Antithetically, cardiac-specific GLUT1 overexpression 

was shown to decrease hypertrophy, attenuate the transition to heart failure, and increase 

survival in response to pressure overload (Liao, 2002). Cardiac-specific PPARα 

overexpression has also been shown to increase fatty acid metabolism, decrease glucose 

utilization, and results in cardiac hypertrophy at basal conditions (Finck, 2002). Most 

recently, HK2 heterozygote mice were shown to have increased hypertrophy and 

exacerbated heart failure in response to pressure overload (Wu, 2012). 

 ROS levels have been shown to be elevated during hypertrophy (Sabri, 2003; 

Seddon, 2007; Takimoto, 2007; Wu, 2012), and HK2 is known to be protective against 



!

! 94!

ROS-induced death (Da-Silva, 2004; Mergenthaler, 2012; Miyamoto, 2008; Sun, 2008). 

Moreover, the increased hypertrophy observed with decreased HK2 expression was 

suggested to be due to increased ROS accumulation due to increased mitochondrial 

permeability transition (Wu, 2012). Consistent with these data we found that treatment of 

NRVMs with PE resulted in increased ROS accumulation, and HK2 overexpression 

attenuated this increase in ROS levels. Conversely, HK2 knockdown further increased 

the ROS accumulation during PE-induced hypertrophy. However, isolated mitochondria 

from αMHC-HK2 hearts showed no difference in mitochondrial swelling experiments, 

suggesting that inhibition of permeability transition may not play a role in HK2’s anti-

oxidant and anti-hypertrophic effects. We cannot fully rule out a mitochondrial 

mechanism, as there is a small but significant increase in HK2 mitochondrial expression 

in our overexpression model. Nevertheless, the much greater increase in HK2 expression 

in the cytosolic fraction in our model leads one to surmise that any phenotype is likely 

due to a more cytosolic or glucose utilization mechanism, rather than a mitochondrial 

mechanism. Regardless, these other studies and the present one strongly suggest that 

increased glucose utilization can attenuate cardiac hypertrophy. 

We investigated how HK2 reduced ROS levels, and tested the theory that 

increased HK2 expression could increase pentose phosphate pathway flux, leading to 

reduced ROS. The pentose phosphate pathway is important for the formation of NADPH 

reducing equivalents that are necessary for glutathione peroxidase activity and production 

of reduced glutathione (Robey, 2006). Thus, the pentose phosphate pathway is vitally 

important in controlling oxidative stress. Glucose-6-phosphate, the product of the 

reaction catalyzed by HK2, is the substrate for the initial reaction of the pentose 



!

! 95!

phosphate pathway performed by G6PDH. Increased G6PDH activity (Chess, 2009; 

Gupte, 2006), and increased pentose phosphate pathway flux (Kato, 2010; Meerson, 

1967; Zimmer, 1980) have been observed during cardiac hypertrophy. Genetic models of 

altered pentose phosphate pathway activity also suggest a prominent connection between 

the pathway and hypertrophy. Mice that are deficient in G6PDH develop hypertrophy ~9 

months of age (Jain, 2003), and display increased hypertrophy after myocardial infarction 

or pressure overload (Hecker, 2013). In the present study, DHEA treatment was utilized 

to decrease G6PDH activity by ~55%. This level of inhibition did not result in 

significantly increased ROS accumulation or cardiomyocyte hypertrophy. However, 

inhibition of G6PDH did abolish the beneficial effects of HK2 overexpression against α-

adrenergic stimulation-induced ROS production and cardiomyocyte hypertrophy. 

Interestingly, our ~3-fold HK2 overexpression increased G6PDH activity ~30%, which 

fits nicely with the estimation that 10-20% of glucose oxidation occurs through the 

pentose phosphate pathway (Wamelink, 2008). These results thus indicate that increased 

pentose phosphate pathway flux is an important component of HK2’s anti-hypertrophic 

effect. 

 Another possible fate of glucose-6-phosphate is the formation of O-linked β-N-

acetylglucosamine residues, also known as protein GlcNAcylation, by the hexosamine 

biosynthetic pathway. Flux through this pathway also appears to be increased during 

cardiac hypertrophy as GlcNAc levels are increased in hypertrophied hearts (Watson, 

2010; Young, 2007). Hypertrophy also increases the expression of O-linked β-N-

acetylglucosamine transferase, the enzyme responsible for adding GlcNAc residues to 

proteins; and deletion of this enzyme increases cardiomyocyte hypertrophy, apoptosis, 
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and dysfunction (Watson, 2010). We did not thoroughly investigate the hexosamine 

biosynthetic pathway in this study; however, the wheat germ agglutinin used in this study 

is a marker of N-acetylglucosamine residues on cell plasma membranes. Analysis of the 

fluorescence intensity of these images does suggest that both HK2 overexpression and 

hypertrophy increase N-acetylglucosamine levels (data not shown). Therefore, increased 

protein O-GlcNAcylation could potentially be another mechanism decreasing both 

cardiomyocyte hypertrophy and apoptosis in our HK2 overexpression model. Further 

study is warranted to thoroughly investigate the hexosamine biosynthetic pathway with 

altered HK2 expression. 

 To conclude, our results show that HK2 overexpression attenuates cardiomyocyte 

hypertrophy and death in response to adrenergic stimulation. Our in vitro studies suggest 

that HK2 modulates hypertrophy by controlling cellular ROS levels by increasing 

pentose phosphate pathway flux. Thus, therapeutic techniques to increase HK2 

expression or pentose phosphate pathway flux may assist in the treatment of pathologic 

cardiac hypertrophy. 
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CHAPTER 4: Summary And Future Directions 
 
 
 
 Hexokinases, including Hexokinase-2 (HK2), are well recognized for their 

importance as the first enzymatic step in the glycolysis cascade. The findings that HK1 

and HK2 can be localized to the outer mitochondrial membrane (Linden, 1982; 

Nakashima, 1986; Sui, 1997), and that HK2 overexpression is integral to cancer cell 

growth and survival (Bustamante, 1977; Bustamante, 1981; Parry, 1983) opened up a 

whole new set of doors for studying the role of HK2 in cell survival. Perhaps most 

convincing thus far is that HK2 somehow has the capacity to act as an antioxidant, and 

increases cell survival in the face of oxidative stress (Da-Silva, 2004; Sun, 2008). In this 

regard, the findings of the present studies support a role for HK2 in attenuating oxidative 

stress during several cardiac disease models. We show that 1) HK2 overexpression 

protects against reactive oxygen species (ROS)-induced cell death by binding to VDAC3 

on the outer mitochondrial membrane, 2) HK2 overexpression attenuates cardiac 

hypertrophy by reducing cellular ROS levels, and 3) HK2 modulates ROS during 

hypertrophy by increasing flux through the pentose phosphate pathway. 

 In AIM 1, we addressed the role of mitochondrial binding of HK2 during 

protection against ROS-induced cell death. While many studies have demonstrated that 

HK2 binds to VDACs on the mitochondria (Anflous-Pharayra, 2007; Linden, 1982; 

Nakashima, 1986), and that mitochondrial HK2 localization is important or even 

necessary for protection against cell death (Miyamoto, 2008; Sun, 2008), we provide the 

first evidence that a VDAC isoform, specifically VDAC3, is required for this HK2-

mediated protection against cell death. While the true mechanism is still unknown, this 
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study helps to clarify how mitochondrial localization of HK2 can protect cells from ROS-

induced death. 

 After demonstrating the importance of HK2 overexpression in vitro, we began to 

translate our research to an in vivo model of cardiac disease. In AIM 2, we uncovered a 

role for HK2 in the modulation of ROS levels during cardiac hypertrophy. Interestingly, 

under these circumstances, the effects from HK2 overexpression appeared to be unrelated 

to mitochondrial localization. Instead, HK2 overexpression in the heart emerged as a 

mechanism to increase glucose utilization, including increasing flux through the pentose 

phosphate pathway, which was responsible for modulating ROS levels during 

hypertrophy. 

 Collectively, our data demonstrate that overexpression of HK2 is a potent 

mechanism capable of reducing cellular ROS levels to both alter cell size, as well as 

increase cell viability. In addition, these findings suggest that HK2 decreases oxidative 

stress by at least two different mechanisms: 1) binding to VDAC3 on the mitochondrial 

outer membrane, and 2) increasing glucose flux through the pentose phosphate pathway 

and potentially other glucose utilization pathways. 

 

1. Discussion of initial hypotheses 

!
1.1 AIM 1 hypotheses 

 Due to a previous report in muscles of VDAC null mice (Anflous-Pharayra, 

2007), in AIM 1 we hypothesized that HK2 would bind mostly to VDAC1 in our murine 

embryonic fibroblast (MEF) cell cultures, and therefore, deletion of VDAC1 would 

abolish HK2’s ability to protect against cell death. The first half of our hypothesis was 
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confirmed as western blotting and immunohistochemistry determined that HK2 was 

bound primarily to VDAC1, only slightly to VDAC3, and apparently not at all to 

VDAC2. Contrary to the second half of our hypothesis however, deletion of VDAC1 had 

no effect on HK2’s ability to protect against H2O2-induced death. Instead, the VDAC3 

isoform that HK2 bound much less significantly was found to be necessary for HK2-

mediated protection against death. In this study we were also initially surprised by the 

fact that depleting VDAC2 expression also abolished HK2-mediated protection in our 

primary MEF cell cultures even though HK2 appeared to not bind VDAC2. However, we 

were able to deduce that depleting VDAC2 levels did not have a direct effect on HK2, 

but rather upregulated the proapoptotic Bcl2 proteins Bax and Bak, which masked the 

pro-survival affects of HK2 overexpression. Depletion of VDAC2 in Bax/Bak double-

null cells then was shown to not affect HK2-mediated protection. 

 Explaining our incorrect hypothesis and how HK2-VDAC3 binding protects 

against cell death is challenging, as distinct roles for individual VDAC isoforms are 

largely unknown. From these results, our current working hypothesis is that HK2 binds 

mostly to VDAC1 to regulate glucose metabolism (Anflous-Pharayra, 2007), but also 

binds to VDAC3 to protect against cell death. 

 

1.2 AIM 2 hypotheses 

 In preparation for AIM 2, we poured over a substantial amount of evidence and 

concluded that pathologic hypertrophy appears to be driven by aberrant fatty acid 

metabolism, and altering glucose metabolism could be a beneficial adaptation during 

cardiac hypertrophy. We thus hypothesized that increased glucose phosphorylation due to 
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HK2 overexpression would attenuate cardiac hypertrophy. Our hypothesis was confirmed 

as cardiac-specific HK2 overexpression significantly decreased the hypertrophic response 

to isoproterenol infusion. HK2 overexpression in NRVM cell cultures also attenuated 

hypertrophy in response to phenylephrine and angiotensin-II treatment. A recent report 

investigating hypertrophy in HK2 heterozygote mice found the exact opposite results of 

our findings (Wu, 2012), as would be expected for a model opposite of our own 

(decreased HK2 expression). Their results suggested that decreased HK2 expression 

caused “low levels” of mitochondrial permeability transition, which increased cellular 

ROS levels and exacerbated hypertrophy. Interestingly, our results also determined 

altered ROS accumulation during hypertrophy, but in our model, HK2 expression was 

more significantly altered in the cytosol than on the mitochondria. Additionally, we found 

permeability transition to be unaltered in isolated mitochondria from our αMHC-HK2 

hearts. This led us to hypothesize that the HK2-associated phenotype was due to altered 

glucose metabolism and not to mitochondrial binding. Indeed, HK2 overexpression was 

determined to increase glucose-6-phosphate dehydrogenase activity, and therefore, 

increase flux through the pentose phosphate pathway. As this “accessory” glucose 

utilization pathway is important for maintaining cellular ROS levels (Stanton, 2012), we 

hypothesized that inhibition of the pathway would abrogate the beneficial effects of HK2 

overexpression. Indeed, inhibition of G6PDH with dehydroepiandrosterone (DHEA) fully 

removed HK2’s ability to decrease ROS as well as maintain cardiomyocyte size during 

hypertrophy. Therefore, our main hypothesis for AIM 2 was confirmed in that increased 

HK2 expression attenuated cardiac hypertrophy. The mechanism of how HK2 

overexpression decreased hypertrophy however was both novel and initially unforeseen. 
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2. Why HK2 overexpression? 

 One potential observation of these studies is that focus is given largely to HK2 

overexpression and not to decreased expression of HK2. We opted to study the effects of 

HK2 overexpression, as this would potentially model the mechanisms of how tumor cells 

metabolize and defend against cell death (Pedersen, 2007). This was chosen because in 

many cases, what works for a tumor, works for the heart; and many anti-tumor therapies 

having cardiotoxic side effects provide further evidence for this paradigm (Lal, 2013). 

Additionally, for the hypertrophy studies, the bulk of existing evidence indicates that 

increasing glucose utilization attenuates hypertrophy (Abel, 1999; Liao, 2002), and we 

therefore hypothesized that increasing glucose phosphorylation would decrease 

hypertrophy. 

 There may be several diseases that could be modeled by decreased HK2 

expression. In particular, diabetes mellitus has been shown to decrease cardiac HK2 

expression (Da Silva, 2012; Xue, 2010; Xue, 2012), just one of many mechanisms to 

decrease glucose metabolism during diabetes. However, models of decreased HK2 

expression have significant limitations (see section 2.2 below). Conversely, determining 

whether HK2 overexpression can protect against diabetic cardiomyopathy also remains to 

be thoroughly investigated. 

 

2.1 Limitations of HK2 overexpression as a model 

Likely the largest limitation of a HK2 overexpression model is that HK2 can be 

overexpressed in the cytosol, the mitochondria, or both. Overexpression of the full-length 
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cDNA of HK2 as in these studies resulted in significantly greater cytosolic HK2 

overexpression with only slightly increased mitochondrial HK2 expression. This is 

believed to be due to a limiting number of mitochondrial HK2 binding sites (presumably 

mostly, if not all VDACs). Regardless, this makes data interpretation more difficult as 

results cannot be fully attributed to only a cytosolic or only a mitochondrial mechanism. 

Overexpression of truncated HK2 proteins expressing only the catalytic portions of the 

enzyme and not the mitochondrial binding regions or vice versa would be one way to 

remove this limitation. 

 

2.2 Limitations of HK2 knockdown as a model 

 Reducing HK2 expression would have the same limitation as HK2 overexpression 

in that both cytosolic and mitochondrial HK2 expression would be reduced. Similar 

studies have been performed in HK2 heterozygote mice, and indeed, both HK2 pools 

show decreased expression (Wu, 2011). Therefore, results are hard to interpret as due to 

solely a cytosolic versus mitochondrial mechanism. Another major limitation of 

decreasing HK2 expression is that decreasing mitochondrial HK2 leaves VDAC channels 

unbound. This could have major consequences, as HK2 binding promotes the open 

conformation of VDACs, and supports ATP and ADP flux into and out of the 

mitochondria (see Appendix). Thus, decreasing HK2 expression may result in closed 

VDAC channels and inhibition of mitochondrial metabolism, which would play a large 

role in the negative phenotypes associated with HK2 knockdown. Therefore, it would be 

difficult to determine effects of HK2 knockdown that were not simply due to closed 

VDAC channels and altered mitochondrial function. 
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3. Use of H2O2 as a cell death stimulus in vitro 

 While not extremely physiological, the use of acute H2O2 treatment to induce 

death in cell viability studies has been adopted by many investigators in the field 

(Kroemer, 2009). Treatment with H2O2 mimics the underlying mechanism of the necrotic 

program, which is to induce oxidative stress. It is therefore no surprise that treatment with 

H2O2 induces mainly necrotic cell death, and not apoptosis. The breakdown of cell 

membranes during necrosis, but not apoptosis, allows for the use of exclusion dyes such 

as the Sytox green used in these studies to label the dead cells (see Figure 4). Some 

investigators have transitioned to more physiological death stimuli in cell culture studies, 

such as hypoxia-reoxygenation. While this more closely mimics the pathology of cardiac 

ischemia-reperfusion injury, results should be scrutinized as hypoxia inducible factor 

(HIF) is known to have hundreds of target genes, and would be upregulated during 

hypoxia. We therefore chose H2O2 treatment as our death stimulus to avoid confounding 

our data interpretation by inducing a HIF response. 

 

4. Use of isoproterenol infusion to induce cardiac hypertrophy 

 Chronic β-adrenergic stimulation with isoproterenol is widely used as a model of 

cardiac hypertrophy (Galindo, 2009). We adopted this model mostly for its ease of 

implementation. Unfortunately, this model did not induce a transition from hypertrophy 

to heart failure, and therefore we were unable to investigate the affects of HK2 

overexpression on cardiac function or survival from heart failure. Other models, such as 

aortic constriction may have allowed us to perform these studies. 
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5. Translation of findings to human disease 

 Of utmost importance for all physiological research is that the results should be 

translatable to human disease. In general, our findings do offer insight into potential 

mechanisms occurring during human pathologies. In AIM 1, we focused on HK2 

mitochondrial binding and protection against cell death. The ideas for this study derive 

their roots strait from human disease, as it has long been established that cancer cells 

metabolize a large amount of glucose, and are not easily killed (Pedersen, 2007; 

Warburg, 1927). The finding that overexpression and mitochondrial localization is 

ultimately responsible for this increased glucose metabolism in cancer cells (Bustamante, 

1977; Bustamante, 1981; Parry, 1983) was the motivating factor of this study. 

Additionally, targeting HK2 in cancers could potentially affect both major cancer 

phenotypes: increased glucose utilization and resistance to death. Therefore, it is 

critically important to better understand how HK2 binds to mitochondria, increases 

glucose utilization, and protects against cell death. 

 Additionally, mitochondrial expression and activity of HK2 is so vitally important 

to disease that it is the basis for positron emission tomography (PET) imaging utilizing 

18F-deoxyglucose (FDG). This technique relies on hexokinase to phosphorylate FDG into 

FDG-6-phosphate, which is subsequently trapped in the cell and can be detected by PET 

imaging. Just five years after the initial finding that mitochondrial HK2 is critical for the 

increased glucose utilization in cancers (Bustamante, 1977), FDG-PET was utilized to 

detect brain tumors (Di Chiro, 1982). This technique remains the gold standard for 

detection and treatment monitoring of tumors. Similar PET tracers are used in more 
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advanced imaging centers to investigate glucose metabolism in other pathologies such as 

cardiomyopathies (Dávila-Román, 2002). 

 In AIM 2, we investigated the effects of HK2 overexpression on cardiac 

hypertrophy in a murine model. In the normal human heart, oxidation of fatty acids 

contributes to the majority of ATP generation (Neely, 1972). Mouse cardiac metabolism 

does not perfectly resemble human cardiac metabolism, as mice are more reliant on 

glucose and lactate metabolism and less on fatty acids (Stowe, 2006). However, increased 

glucose utilization during hypertrophy is characteristic of both animal models (Allard, 

1994; Nascimben, 2004) and human pathology (Dávila-Román, 2002). Therefore, results 

from this study should be readily applicable to human cardiac pathology. 

 

6. Summary 

 Our present studies have demonstrated that HK2 overexpression is profoundly 

protective against both cell death and cardiac hypertrophy. Given that HK2 is bound to 

the mitochondria, mostly to VDAC1, we hypothesized that VDAC1 would be necessary 

for HK2 to protect against cell death. To our surprise, VDAC1 was not necessary for 

HK2-mediated protection, while VDAC3 binding was required. These findings 

demonstrate that HK2 mitochondrial localization is necessary for HK2-mediated 

protection against ROS-induced cell death.  

In addition, we also investigated the affects of HK2 overexpression in cardiac 

hypertrophy. HK2 overexpression attenuated cardiac hypertrophy, and this affect also 

appeared to be due to HK2’s ability to modulate oxidative stress. Interestingly, in the 

setting of hypertrophy, HK2’s affects did not appear to be mediated by mitochondrial 
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binding. Instead, it was determined that HK2 overexpression modulated ROS levels 

through the pentose phosphate pathway, an accessory glucose utilization pathway, during 

cardiac hypertrophy. Therefore, HK2 overexpression can potentially decrease oxidative 

stress in several different ways depending on the underlying stress. These findings 

therefore identify HK2 as an important candidate for the modulation of ROS, and also 

raise the possibility that HK2 and/or increased glucose metabolism may be a therapeutic 

target for cardiac pathologies involving hypertrophy and cardiomyocyte death. 

 

7. Potential future experiments 

 These studies have clearly demonstrated an important role for HK2 in attenuating 

cardiomyocyte death and hypertrophy, and as such, have paved the way for additional 

questions to be addressed. For example, in AIM 1, HK2-VDAC3 binding was shown to 

be necessary for HK2 to protect against H2O2-induced death. But how this HK2-VDAC3 

interaction attenuates oxidative stress remains a mystery. To address this question, one 

logical step would be to pull-down or immunoprecipitate HK2-VDAC3 complexes and 

determine if any other binding partners exist. Indeed, several other proteins have recently 

been shown to bind HK2 at the mitochondria and assist HK2 in protecting against ROS 

(Cheung, 2012; Mailloux, 2011; Mergenthaler, 2012; Tchakarska, 2011). However, it is 

unknown if these proteins are also complexed with VDAC3. If they were found to be 

complexed with VDAC3 as well, loss and/or gain of function experiments for these 

proteins would likely provide fruitful information on how the HK2-VDAC3 complex 

protects against H2O2-induced death. Analyzing the expression and function of these 

proteins in the VDAC3 null cells and animals would also be warranted. 
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Furthermore, given that both HK1 and HK2 bind to mitochondria, and are both 

well expressed in the heart, one major question that arises is whether or not HK1 can 

perform all the functions of HK2. We have constructed an HK1 adenovirus, and it was 

shown to be protective against H2O2-induced death in MEFs and NRVMs, as well as 

decrease cardiomyocyte hypertrophy in vitro (data not shown). However, the binding 

characteristics between the three VDAC isoforms and HK1 were not investigated. Also, 

the ability of HK1 to decrease cardiomyocyte hypertrophy or death in vivo remains to be 

explored. 

In AIM 2, HK2 overexpression was shown to decrease cardiomyocyte 

hypertrophy induced by adrenergic stimulation. Unfortunately, this technique did not test 

whether HK2 overexpression could prevent the transition to heart failure. A more severe 

hypertrophic stimulus such as pressure overload by aortic constriction would be 

necessary to address this question. This would also allow for the investigation of HK2’s 

effects on cardiac function during heart failure. 

 Additionally, while HK2 overexpression was shown to protect against H2O2-

induced death in cell cultures and low levels of Isoproterenol-induced death in vivo, 

further studies are required to determine whether HK2 can protect cardiomyocytes 

against more substantial death stimuli in vivo. Causing a transition to heart failure with 

aortic constriction would likely induce more significant cardiomyocyte death then our 

model of isoproterenol infusion. Investigating whether HK2 overexpression protects 

cardiomyocytes during ischemia-reperfusion (I/R) would be the most definitive answer to 

this question. If HK2 was found to be protective against I/R injury, repeating the study in 

HK2 overexpressing / VDAC3-/- animals would be interesting in attempt to translate the 
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in vitro findings from AIM 1 to an in vivo animal model. Before the pursuit of more 

severe surgical interventions such as aortic banding or I/R injury, it is highly suggested 

that our FVBN αMHC-HK2 line be backcrossed to a C57/black-6 strain, as FVBN lines 

have been shown to be inherently cardioprotected (Guo, 2012). 

 In addition, since HK2 overexpression was shown to alter glucose utilization 

during hypertrophy in AIM 2, it would be interesting to investigate HK2 overexpression 

in diabetic cardiomyopathy, a directly metabolic disease. Studies could be performed to 

investigate whether HK2 overexpression increases cardiac glucose uptake and utilization 

during diabetes. Moreover, diabetic cardiomyopathy is associated with increased 

cardiomyocyte death, and it could be investigated whether HK2 overexpression 

normalizes the death response of cardiomyocytes in diabetic hearts towards normal 

levels. As HK2 overexpression can protect normal cardiomyocytes, we would expect it 

could also protect cardiomyocytes from diabetic hearts, unless any required metabolic 

pathway(s) downstream of HK2 are too badly compromised in the diabetic state. 

 Lastly, the effects that HK2 overexpression has on all of the “accessory” glucose 

utilization pathways should be more thoroughly investigated. We provide evidence in 

AIM 2 that HK2 overexpression increases pentose phosphate pathway flux during 

hypertrophy. While whole body HK2 transgenic mice were not shown to have increased 

muscle glycogen levels during sedentary or exercised conditions (Fueger, 2004), different 

disease states could allow for HK2 overexpression to affect glycogen formation. 

Additionally, HK2 could be increasing flux through the hexosamine biosynthetic 

pathway. This is particularly interesting, as both HK2 overexpression and the hexosamine 

pathway have been shown to decrease cardiomyocyte hypertrophy and death (Watson, 
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2010). And lastly, HK2’s affect on the aldose-reductase pathway should also be 

investigated. Since the aldose-reductase pathway uses glucose (not HK-formed glucose-

6-phosphate like all other glucose utilization pathways), HK2 overexpression could 

potentially steal glucose from the aldose-reductase pathway. If true, this would likely be 

beneficial as the aldose-reductase pathway and sorbitol formation is generally associated 

with disease complications such as diabetic retinopathy (Gabbay, 1966). Combining a 

model of HK2 overexpression with either pharmacological or genetic inhibition of 

integral parts of these glucose utilization pathways would help address these questions. 
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APPENDIX: The Role of VDAC in Cell Death: Friend or Foe? 
 

Kyle S. McCommis and Christopher P. Baines 
 
 
 

1. ABSTRACT 
!

As the voltage-dependent anion channel (VDAC) forms the interface between 

mitochondria and the cytosol, its importance in metabolism is well understood. However, 

research on VDAC’s role in cell death is a rapidly growing field, unfortunately with 

much confusing and contradictory results. The fact that VDAC plays a role in outer 

mitochondrial membrane permeabilization is undeniable, however, the mechanisms 

behind this remain very poorly understood. In this review, we will summarize the studies 

that show evidence of VDAC playing a role in cell death. To begin, we will discuss the 

evidence for and against VDAC’s involvement in mitochondrial permeability transition 

(MPT) and attempt to clarify that VDAC is not an essential component of the MPT pore 

(MPTP). Next, we will evaluate the remaining literature on VDAC in cell death which 

can be divided into three models: proapoptotic agents escaping through VDAC, VDAC 

homo- or hetero-oligomerization, or VDAC closure resulting in outer mitochondrial 

membrane permeabilization through an unknown pathway. We will then discuss the 

growing list of modulators of VDAC activity that have been associated with 

induction/protection against cell death. 

 

2. Introduction 

The mitochondrial voltage-dependent anion channel (VDAC), also known as 

mitochondrial porin, is the most abundant protein in the outer mitochondrial membrane. 
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The VDAC family of proteins consists of three isoforms from three separate genes 

(VDAC1, VDAC2, and VDAC3). As most studies on VDAC using defined isoforms 

have been performed with VDAC1, the main focus of this review will be on VDAC1. 

However, significant findings from the other two isoforms will be noted. For this review, 

‘VDAC’ will be used to reference studies of undefined isoforms. 

While it has been established that VDACs regulate the ion and metabolite flux 

between mitochondria and cytosol [1,2,3], most other properties and even the structure of 

the channels are still highly debated and have been the focus of several past reviews 

[4,5,6,7,8]. Additionally, up-to-date reviews on VDAC structure, function, and regulation 

of metabolism can be found within this special issue. The purpose of this review is to 

highlight the role of VDAC and its regulators in mitochondrial membrane 

permeabilization and cell death. 

 

3. VDAC and the Mitochondrial Permeability Transition Pore (MPTP) 

Mitochondrial permeability transition (MPT) is the sudden permeabilization of 

the inner mitochondrial membrane in response to a noxious stimulus such as oxidative 

stress, Ca2+ overload, hypoxia, and cytotoxic drugs [9,10,11,12,13]. The degree of 

permeabilization is fairly substantial; although not large enough to allow the passage of 

proteins, solutes and metabolites up to 1.5 kD in size can now freely pass across the 

normally impermeable inner membrane. This includes protons such that the ΔΨm is 

dissipated upon MPT, thereby inhibiting ATP synthesis. Moreover, water can now move 

into the mitochondrial matrix, down its osmotic gradient, causing the mitochondrion to 

swell and, if left unchecked, rupture completely. MPT appears to play a critical role in 
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cell death, especially necrosis [14], and has been implicated in the development and 

progression of many diseases including ischemia/reperfusion injury, muscular dystrophy, 

Alzheimer’s disease, and cardiotoxicity. MPT is believed to be mediated by opening of 

the MPT pore (MPTP), a highly debated, and undefined protein complex thought to span 

both the inner and outer mitochondrial membranes at membrane contact sites. Needless 

to say, due to the important role of MPT in disease pathogenesis there has been a 

concerted effort to try and elucidate the molecular makeup for the MPTP. 

As VDAC is the most abundant protein in the outer mitochondrial membrane, it 

has long been considered a candidate for the outer membrane component of the MPTP. It 

was first proposed as an MPTP constituent nearly 20 years ago by Mario Zoratti’s group 

who put forward that the electrical conductance properties of VDAC were similar to 

those described for the MPTP [15,16]. Moreover, it was well established that the MPTP 

was redox, Ca2+, voltage, adenine nucleotide, and pH sensitive [10,11,12,13] – all 

attributes that applied to VDAC as well. However, what was strange was how this 

concept of VDAC as the outer membrane component of the MPTP slowly morphed from 

hypothesis to dogma without much in the way of substantiation in between. 

As far as experimental data, initial support for a role for VDAC in MPT came 

from Crompton’s laboratory, which demonstrated that a GST-CypD fusion protein was 

able to pull down VDAC along with the adenine nucleotide translocase (ANT), another 

putative MPTP component from mitochondrial lysates [17]. Reconstitution of this 

VDAC-ANT-CypD complex then resulted in a Ca2+-dependent, cyclosporine-sensitive 

channel that was reminiscent of the MPTP [17]. Additional supporting evidence for 

VDAC’s involvement in MPT came from experiments using putative VDAC inhibitors 
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and anti-VDAC antibodies. Monoclonal antibodies purported to block VDAC’s channel 

activity were reported to prevent MPT in isolated mitochondria. [18,19]. Yet the 

specificity of these antibodies for VDAC has been cast into doubt [6]. A study by Cesura 

et al., also suggested that VDAC1 is the outer membrane component of the MPTP as 

radioactively labeled MPT inhibitor Ro 68-3400 was shown to bind a protein of ~32 kDa, 

which was identified as VDAC1 by mass spectrometry [20]. However, the same group 

has since demonstrated that Ro 68-3400 does not in fact bind to any VDAC isoform [21]. 

Certainly from a biochemical perspective VDAC would not fit very well into the 

MPTP paradigm. The “opened” configuration of VDAC is the most conductive, and 

shows a significant preference for anions, particularly metabolic anions (ATP/ADP) [6]. 

The “closed” state greatly diminishes, but does not abolish flux of metabolic anions, and 

now favors conductance of cations. If VDAC were part of the MPTP, it would make 

sense for VDAC closure to equal MPTP closure. However, Marco Colombini has 

demonstrated that closure of VDAC actually increases Ca2+ flux, which if anything 

should actually promote opening of the MPTP [80]. Indeed, Tikunov et al [23] utilized 

G3139, an 18-mer phosphorothioate blocker of VDAC to cause VDAC closure, and MPT 

was accelerated. Moreover, even its closed state, the VDAC channel is still large enough 

to pass solutes up to 1.5 kD in size, i.e., the closed state of VDAC is the same as the open 

state of the MPTP [6]. Using a similar approach to Crompton’s initial reconstitution of a 

VDAC-containing MPTP, Halestrap’s group was only able to pulldown ANT (and the 

mitochondrial phosphate carrier as it later turned out), but not VDAC with GST-CypD 

[24]. Yet this VDAC-less precipitate was still capable of generating an MPTP-like 

channel in liposomes [24]. 



!

! 152!

Genetic studies have most recently been employed to decipher the role, if any, of 

VDAC in MPT. Kroemer’s group reported that VDAC-deficient yeast were more 

resistant to HIV Vpr-induced MPT [25]. A similar loss of MPT response was observed in 

response to ethanol in ΔVDAC yeast mitochondria [26]. However, the nature of MPT, 

both in terms of properties and regulation, appears to be inherently different in yeast [27], 

thus making extrapolations to the mammalian system difficult. In this regard, we have 

observed an intact MPT response in isolated mouse mitochondria and cells essentially 

deficient for all three VDAC isoforms, suggesting that VDACs are dispensable for MPT 

and are not an essential component of the MPTP [28]. Paolo Bernardi’s group has also 

reported a maintained MPT response in VDAC1-/- [21] and VDAC1/3-/- mitochondria 

[29]. Thus, in light of both the nonspecific VDAC “blocking” agents used in previous 

studies and the more recent findings of maintained MPT responses in VDAC-deficient 

null mitochondria, we must conclude that VDAC is not an essential component of the 

MPTP. We found that mitochondria and cells lacking VDAC have an exacerbated MPT 

and death response [28], suggesting that if anything VDAC appears to protect against, 

rather than contribute to, MPTP. Consistent with this concept, closure of VDAC using 

Koenig’s polyanion, phosphorothioates, or the anion channel blocker DIDS, actually 

enhances the MPT response in isolated mitochondria [23,30,31]. 

 

4. VDAC and apoptosis 

 While evidence for a role of VDAC in outer mitochondrial membrane 

permeabilization and apoptosis persistently accumulates, the mechanisms behind 

VDAC’s role remain very poorly understood. In fact, it is still debated whether VDAC 
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opening, or closure results in apoptosis [6]. The existing evidence of how VDAC is 

involved in outer membrane permeability and release of cytochrome c can be grouped 

into roughly three models: model #1) VDAC is part of the MPTP complex and pro-

apoptotic agents therefore induce cytochrome c release indirectly through activation of 

the MPTP, model #2) VDAC homo- or hetero-oligomerization creating a larger pore 

capable of releasing cytochrome c, and model #3) VDAC closure resulting in a build up 

of mitochondrial metabolites, mitochondrial swelling, and either outer membrane 

permeabilization through an specific undefined mechanism or generalized rupture 

(Figure 1). In the “VDAC and MPTP” section above, we have already discussed the 

evidence that largely discredits model #1. We will next discuss the evidence both for and 

against models #2 and #3 of VDAC-mediated outer membrane permeabilization. 

 

4.1 Model #2 – VDAC homo- or hetero-oligomerization leading to outer mitochondrial 

membrane permeabilization 

Studies in several cell types overexpressing human, murine, yeast, Paralichthys 

olivaceus, or rice VDAC have observed increased apoptosis [32,33,34,35,36]. Two 

reports suggest elevated reactive oxygen species (ROS) production leads to the increase 

in cell death observed with VDAC overexpression [37,38], however, the mechanisms 

have not been thoroughly investigated. A recent report tested the viability of yeast cells 

transfected with the three human VDAC isoforms individually [39]. Interestingly, cells 

that expressed VDAC1 and VDAC2 showed similar levels of ROS and similar viability 

to wildtype yeast. However, yeast transformed with VDAC3 had higher levels of ROS 

and decreased viability (increased death) [39]. In contrast, we have shown that murine 
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Figure 1. Proposed models for VDAC’s role in outer mitochondrial membrane 
permeabilization and induction of apoptosis. In model #1, the VDAC is a component 
of the MPTP and therefore causes cytochrome c release indirectly through the swelling 
and rupture of mitochondria. This model has largely been discredited, as mitochondria 
lacking VDACs still possess a normal MPT response. Model #2 involves either homo-
oligomerization of VDAC channels or hetero-oligomerization with VDAC and Bax/Bak 
to produce a large channel capable of releasing cytochrome c. However, this model is 
also highly questionable as cells devoid of all VDACs actually exhibit enhanced cell 
death in response to apoptotic stimuli, thus suggesting that VDAC plays a protective role 
against cell death. Evidence of VDAC’s interaction with Bax or Bak is limited and has 
also been questioned. Model #3 details how anti-apoptotic agents modulate VDAC to 
keep it in the open state, maintaining adenine nucleotide flux, thus maintaining outer 
membrane permeability. On the other hand, a growing list of pro-apoptotic modulators of 
VDAC have been shown to close VDAC, inhibiting adenine nucleotide flux, causing 
mitochondrial permeability and cell death. This model #3 thus fits with concept of a 
functional VDAC channel being cytoprotective. 
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fibroblasts essentially devoid of all three VDAC isoforms are actually more sensitive to 

staurosporine-, and TNFα-induced death [28], suggesting that VDAC may actually play 

an anti-apoptotic, rather than pro-apoptotic, role. 

One explanation for VDAC overexpression leading to increased cell death is that 

higher VDAC expression favors VDAC oligomerization (Figure 1, model #2). Indeed, 

arrays of VDAC in plant outer mitochondrial membranes were very early observations 

[40]. It has been suggested that oligomeric VDAC1 mediates the release of cytochrome c 

[41], since the internal diameter of a single VDAC pore is 2.5-3.0 nm, which is 

insufficient to pass a folded protein. VDAC1 has been shown to assemble into dimers, 

trimers, tetramers, and multimers [41,42,43,44,45,46]. Interestingly, overexpression of 

the anti-apoptotic protein Bcl-xL has been shown to prevent VDAC homo-dimerization 

[19].  

VDAC has also been suggested to assemble into hetero-oligomers with pro- and 

anti-apoptotic Bcl-2 proteins. There are two models of VDAC associating with Bcl-2 

family proteins (Figure 1). The first model involving Bcl-2 proteins (model #2) entails 

pro-apoptotic Bax binding to VDAC, creating a large VDAC-Bax channel, and causing 

cytochrome c release [18,26,47,48,49]. Model #2 concludes that, although the channels 

formed by Bax or VDAC alone are unable to translocate cytochrome c, the new larger 

Bax-VDAC channel is permeable to cytochrome c [47]. In complete disagreement with 

this model, mammalian VDAC reconstituted into planar phospholipid membranes has 

shown Bax to not have any effect on the properties of VDAC channels [50]. While 

monomeric Bax is found in the cytosol of healthy cells [51,52], tBid triggers Bax 

oligomerization [53,54] causing Bax to form channels in the outer membrane that allow 
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for cytochrome c release [55,56]. Neither the monomeric nor oligomeric form of Bax 

showed any interaction with VDAC channels [50]. Additionally, immunoprecipitations 

have failed to detect Bax-VDAC interaction [57], and the levels of Bax required for 

killing in VDAC1-/- yeast cells was similar to wild-type cells [58]. 

The VDAC2 isoform has been shown to bind the pro-apoptotic Bak, however, its 

role is still controversial. The first report by Cheng et al. [59] suggested that VDAC2, but 

not VDAC1, binds inactive Bak in normal healthy cells. Treatment with tBid released 

Bak from VDAC2, causing activation of Bak and apoptosis. In this study, VDAC2-/- cells 

had greater activation (oligomerization) of Bak, and increased sensitivity to apoptotic 

stimuli [59]. Bax was not shown to make complexes with VDAC2 even in apoptotic 

situations, which argues against model #2. Interestingly, in Bax-deficient cells, the 

VDAC2-Bak interaction is no longer observed with or without apoptotic stimulation [60]. 

A more recent study showed that VDAC2 is required for the formation of the inactive 

Bak complex, and that the Bak transmembrane anchor is required for interacting with 

VDAC2 [61]. Furthermore, another study suggests that VDAC2 is required for tBid-

induced Bak activation and apoptosis [62]. This study showed that although VDAC1-/-, 

VDAC3-/-, and VDAC1/3-/- fibroblasts respond normally to tBid, VDAC2-/- fibroblasts 

are virtually insensitive to tBid-induced outer membrane permeabilization and apoptosis 

[62]. Additionally, VDAC2 may be required for Bax-induced outer membrane 

permeability and apoptosis in Bak-/- cells [63]. Thus, these studies suggest VDAC2 

interacts with Bak and mediates Bak-activated apoptosis in a Bax- and tBid-dependent 

manner [60,62,64]. 
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4.2 Model #3 – Proteins and metabolites alter VDAC conductance, resulting in outer 

membrane permeabilization through unknown mechanisms 

In a new model (Figure 1, model #3), tBid was shown to induce VDAC closure, 

reducing adenine nucleotide exchange between mitochondria and cytosol, thus creating 

mitochondrial dysfunction [50]. Conversely, but also along the lines of model #3, the 

anti-apoptotic Bcl-xL has been shown to bind VDAC [44] and promote its open 

configuration and maintain ATP/ADP exchange [65]. Thus, model#3 describes how 

proteins and metabolites modulate VDAC conductance. VDAC closure prevents the 

exchange of ATP/ADP and all other larger respiratory metabolites, which then leads to 

outer membrane permeabilization and release of proteins from the intermembrane space 

[65,66]. It is unknown how the permeabilization occurs, either through undefined 

pathways or via swelling and rupture of the outer membrane. It is also not known how or 

if tBid and VDAC physically interact. 

 Although the mechanism(s) are unclear, it is apparent that VDACs modulate outer 

membrane permeability and therefore the release of intermembrane proteins and 

apoptosis. The next section of this review will detail several metabolites and non-Bcl-2 

family proteins that have been shown to modulate VDAC permeability. 

 

5. Regulators of VDAC permeability and their role in cell death 

 To date, a number of metabolites and proteins have been shown to bind and 

modulate VDAC conductance. However, the effects of altered VDAC permeability on 

cell death are still unclear. While ATP/ADP [67,68], glutamate [69], ROS [70], the 18 

kDa translocator protein [71], and hexokinase [72] have all been suggested to modulate 
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MPT, it is easy to propose that these agents are working through VDAC to affect MPT 

(Model #1). However, as VDACs are dispensable for MPT [28,29], these agents must be 

working through another mechanism, perhaps by altering VDAC structure and preventing 

Bcl-2 protein interaction (Model #2) or by altering VDAC conductance and creating 

outer mitochondrial membrane permeability through an unknown mechanism or outer 

membrane rupture (Model #3) as discussed above. 

 

5.1 Adenine nucleotides 

As the main purpose of VDAC is to shuttle adenine nucleotides between the 

mitochondria and cytosol, it only makes sense that adenine nucleotides can modulate 

VDAC behavior. The discovery of at least two nucleotide-binding sites on VDAC 

[73,74,75] explains how NAD(P)H, ATP, and ADP can decrease VDAC channel 

conductance [3,76]. Indeed, ATP bound to the nucleotide-binding site on VDAC is 

suggested to sterically block VDAC [3,76]. Mechanistically, this interaction of VDAC 

with ATP/ADP and NAD(P)H explains how energetic pathway intermediates can 

modulate outer mitochondrial membrane permeability and respiration rates to adjust to 

cellular energy requirements. 

 The effect of adenine nucleotides on mitochondrial permeability (and subsequent 

cell death) has been thoroughly studied. Yehezkel et al [75] showed that T-Rex-293 cells 

expressing VDAC1 with a mutation in the nucleotide-binding site had severely 

diminished ATP synthesis and ATP levels. NAD(P)H, ADP, and particularly ATP inhibit 

the MPTP [67]. During ischemia, ATP and ADP are degraded to nucleosides and bases, 

and thus the inhibition of the MPTP is lost. Therefore, ischemia or other noxious stimuli 
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that decrease the exchange of adenine nucleotides through VDAC can cause MPT and 

subsequently, cell death. Thus, excess adenine nucleotides may decrease VDAC 

conductance, cause outer membrane permeabilization, resulting in cell death, which fits 

model #3 (Figure 1). 

 

5.2 Glutamate 

Much of a cells glutamate is formed in the mitochondria through the action of 

glutamate dehydrogenase on the TCA cycle intermediate α-ketoglutarate. The glutamate 

formed in the mitochondria can then be exported to the cytosol, crossing the outer 

membrane through VDAC. Studies suggest that VDAC contains a glutamate-binding site, 

as L-glutamate has been shown to cause VDAC to oscillate between the stable (more 

closed) and open conformations decreasing Ca2+ transport [69,77,78]. The decreased Ca2+ 

import caused by L-glutamate has been shown to inhibit MPTP opening, decrease 

mitochondrial swelling, as well as decrease cytochrome c release from mitochondria [69]. 

Thus, it appears that glutamate is protective against cell death by inhibiting mitochondrial 

Ca2+ import through VDAC. The decreased VDAC conductance caused by glutamate 

clearly fits with model #3 in that decreased VDAC conductance can result in outer 

membrane permeabilization. 

 

5.3 Tubulin 

Tubulin, the heterodimeric subunit of microtubules has been shown to bind 

mitochondria via VDAC [79,80]. Dimeric tubulin closes VDAC channels reconstituted 

into planar phospholipid membranes [81]. Tubulin decreased outer mitochondrial 
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membrane permeability to adenine nucleotides in isolated brain mitochondria and 

permeabilized cardiomyocytes [81,82]. Recently, the microtubule destabilizing 

compounds rotenone, colchicine, and nocodazole were shown to increase free tubulin and 

decrease the mitochondrial membrane potential; conversely, the microtubule stabilizer 

paclitaxel decreased free tubulin and hyperpolarized mitochondria of HepG2 cells 

(cancerous hepatoma cells) and primary rat hepatocytes [83]. Thus, free tubulin can 

decrease VDAC conductance and ultimately lead to outer mitochondrial membrane 

permeabilization and cell death, which fits model #3. This inhibition of VDAC by free 

tubulin limits mitochondrial respiration, and may explain the Warburg effect in cancer 

cells, which by nature require excess tubulin to support rapid division. Only time will tell 

if this interaction can be utilized to control cancer cell death in vivo. 

 

5.4 Reactive oxygen species 

Mitochondrially produced ROS has been shown to be involved in cell death, and 

Ca2+ accumulation by mitochondria is associated with mitochondrial ROS generation by 

mechanism(s) that are poorly understood [84,85]. Several studies suggest that VDAC 

plays a role in this mechanism. Mitochondrial-generated ROS has been shown to induce 

cytochrome c release, which is inhibited by VDAC blockers or anti-VDAC antibody 

[70,86]. Interestingly, the same effect is not seen with the MPTP inhibitor cyclosporine A 

[86]. ROS caused cardiolipin peroxidation, which was interpreted as the means by which 

cytochrome c was released from its cardiolipin-mediated attachment to the inner 

mitochondrial membrane [70]. However, how the cytochrome c is released and the role 

of VDAC in its release remains unknown. As discussed earlier, cytochrome c is too large 
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to be released through monomeric VDAC. Possible mechanisms include oligomeric 

VDAC forming a larger channel [41] (model #2), or that mitochondrial membrane lipid 

peroxidation impairs membrane function and alters VDAC properties, resulting in outer 

mitochondrial membrane permeabilization (model #3). Indeed, the gating properties of 

VDAC channels reconstituted into lipid bilayers were significantly affected by lipid 

composition [87]. 

 

5.5 Peripheral Benzodiazepine Receptor (PBR) or 18kDa translocator protein (TSPO) 

The peripheral benzodiazepine receptor (PBR), now known as the 18kDa 

translocator protein (TSPO), is expressed on the outer mitochondrial membrane and 

mediates cholesterol import into the mitochondria for steroidogenesis [88]. TSPO 

interacts with VDAC on the outer membrane, and may alter its properties [89]. 

Importantly, the TSPO has been implicated in ROS production in models of 

neurodegeneration and cancer [90,91]. The proapoptotic agent erucylphosphohomcholine 

(ErPC3) was shown to increase ROS generation and cause oxidation of cardiolipin on the 

inner mitochondrial membrane, while the TSPO ligand PK11195 prevented this ROS 

generation and induction of apoptosis [71]. Interestingly, electron microscopy studies 

have found large groupings of the TSPO around VDAC channels [92], potentially 

increasing ROS concentrations in the proximity of VDAC. Therefore, the 18kDa TSPO 

likely affects VDAC conductance by production of ROS, causing outer membrane 

permeabilization (model #3). 

 

 



!

! 162!

5.6 Hexokinases 

Perhaps the most studied regulator of VDAC function is the glycolytic enzyme 

hexokinase. A 21-amino-acid sequence in the N-termini of hexokinase isoforms 1 (HK1) 

and 2 (HK2) are predicted to form a hydrophobic α-helix, which is essential and 

sufficient for binding to mitochondria [93,94]. Interaction with VDAC is believed to 

cause the specificity of hexokinases binding to the outer mitochondrial membrane 

[95,96]. Binding of HK2 to isolated mitochondria or overexpression of HK2 in HeLa 

cells has been shown to inhibit the mitochondrial translocation of Bax and the release of 

cytochrome c [97]. Majewski et al [98] confirmed that mitochondrial HK inhibits 

cytochrome c release and apoptosis; however, this was also true in Bax- and Bak-

deficient cells. This study suggested that mitochondrial hexokinase prevented VDAC 

closure. Thus, this study is in agreement with Vander Heiden et al [65,66] in that VDAC 

closure (due to HK detachment) leads to mitochondrial swelling and consequently to cell 

death via an undefined pathway. HK binding and inhibiting closure of VDAC therefore 

fits into model #3 and explains how mitochondrial-bound HK protects against outer 

mitochondrial membrane permeabilization and cell death. 

Conversely, a direct inhibitory effect of HK1 has been reported on VDAC 

channels reconstituted into planar membranes [72]. This study showed that HK1 induced 

VDAC closure, and that addition of hexokinase’s reaction product glucose-6-phosphate 

released HK from VDAC and allowed VDAC reopening [72]. These authors suggest that 

HK1-induced closure of VDAC inhibits MPTP opening, which is not in agreement with 

VDACs being inessential for MPT [28,29]. Biochemically, HK1-mediated closure of 

VDAC does not make sense, as VDAC closure would inhibit nucleotide exchange and 
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hinder the ATP supply by which HK1 depends on for its enzymatic activity. In support of 

this notion, hexokinases preferentially utilize intramitochondrially generated ATP from 

oxidative phosphorylation [99]. In fact, in most cells, mitochondrial respiration increases 

dramatically after addition of glucose, a phenomenon termed the Pasteur effect [100]. 

Therefore, HK1-mediated closure of VDAC causing decreased MPT argues against not 

only the biochemical activity of HK, but also does not fit with model #3. While this 

finding should be highly scrutinized, it does imply that the mechanism of how HK 

protects against cell death and what role, if any, VDAC plays in this mechanism still 

remains to be definitely described. 

 

6. Questions raised by genetic models of VDAC deficiency/overexpression 

 One conundrum raised by the genetic ablation of VDAC isoforms, is how do 

mitochondria devoid of VDAC still function metabolically, and perhaps more 

importantly, what has changed? The same argument can be made for overexpression of 

VDAC isoforms. Certainly cells lacking essentially all 3 VDAC isoforms still seem to 

exist in culture relatively easily, although, as mentioned above and later on, they are more 

susceptible to death stimuli than their wildtype counterparts [6]. It is conceivable that 

other outer membrane anion channels such as the peripheral benzodiazepine receptor 

could compensate electrically and/or metabolically for the loss of VDACs, indicating that 

adaptations occur that could also influence cell death end-points. However, VDAC1-/- 

cells have enlarged mitochondria [6,101], and VDAC1-/- and VDAC1/VDAC3-/- muscle 

mitochondria have substantially less HK activity [102], suggesting that substantial 

mitochondrial alterations can occur. Thus, the question that arises is this: are the effects 
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(or lack thereof in the case of the MPTP) of VDAC depletion indicative of a primary role 

for VDAC in that process, or are they due to secondary changes in mitochondrial 

structure and/or function caused by the general impairment of metabolite transport across 

the outer membrane? Can these even be separated? For example, model #3 suggests that 

the role of VDAC in modulating cell death is entirely due to its ability to greatly 

influence metabolite flux across the outer membrane. 

Another question that is raised is the concept of redundant versus non-redundant 

functions of each VDAC isoform. For the most part, one mammalian VDAC seems to be 

able to compensate for the lack of another [103]. This of course brings up the issue of a 

negative phenotype simply being due to redundancy, and that is certainly why we, and 

others, attempt to ablate all 3 VDAC isoforms in a cell at a given time. However, it is 

becoming more apparent that there are some functional differences between isoforms 

especially with regards to tissue-specificity. For instance, VDAC1 deletion affects 

mitochondrial respiration similarly in both heart and skeletal muscles, whereas VDAC3 

ablation primarily only affects the mixed glycolytic/oxidative skeletal muscle [101,104]. 

The relative expression of each VDAC isoform also differs between tissues [105], which 

in turn could also influence mitochondrial function and, ultimately, cell death progression 

in a tissue-specific manner. 

These are all issues that need to be considered when using any genetic model, but 

especially when there are several isoforms involved, both with regards to the designing 

and interpretation of experiments. The refinement of genetic approaches (tissue-

specificity, temporal induction, reconstitution of selective isofoms etc.) should hopefully 

help address these issues. 
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7. Conclusions 

Although VDAC undoubtedly plays a role in outer mitochondrial membrane 

permeabilization and induction of cell death, the mechanisms remain poorly understood. 

As we have discussed, VDAC on its own cannot induce apoptosis. The diameter of the 

VDAC pore cannot be drastically increased to allow passage of proapoptotic proteins. 

Likewise, while VDAC overexpression may increase VDAC homo-oligomerization, we 

have shown that mitochondria devoid of all VDACs have an increased MPT response, 

portraying not a pro-death role, but rather a pro-survival role for VDAC. Lastly, 

modulation of VDAC by cytosolic mediators is the most definitive mechanism for 

causing outer membrane permeabilization. Future research is needed to further 

characterize the mechanisms of these VDAC-modulating agents. 
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