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Abstract  

 The nucleus has been classically viewed as the command center of the cell, 

where DNA is stored and transcribed to perform a plethora of cellular functions. The 

presence of specific isoforms of metabolic enzymes in this organelle has only recently 

been uncovered, and their role has yet to be precisely delineated. In this thesis, the 

discovery of a nuclear isoform of lactate dehydrogenase (LDH) and its role in modifying 

histone acetylation states due to its ability in modulating NAD+ concentration is 

described. The latter is critical for the activity of sirtuin 1, a histone deacetylase (HDAC). 

Under oxidative stress, the reconfiguration of the metabolic pathways in the cytoplasm 

results in an accumulation of pyruvate, which can be shuttled to the nucleus to serve as 

substrate for nuclear LDH. This enzyme catalyzes the interconversion of pyruvate to 

lactate, concomitantly producing NAD+. The presence of nuclear LDH was confirmed in 

hepatocytes, astrocytes and murine embryonic stem cells using a variety of techniques 

including in-gel activity staining, western blots, immunoprecipitation, deconvoluted 

microscopy, and physiochemical characterization. Thus, the ability of nuclear LDH to 

link central metabolism to epigenetic modifications is indeed a novel role for this enzyme, 

and further reveals the significance of metabolic pathways in the cellular response to 

environmental cues.   
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1.Introduction 
 

1.1Metabolism: 

Metabolism in its most simplified form is a series of chemical reactions that sustain 

life by providing the means to grow, produce energy, communicate, and repair damage. 

At a molecular level, metabolism consists of specialized modules connected by a web of 

biochemical reactions between hundreds of different substrates. Modules can be 

considered as single enzymes or whole organelles that have specific metabolic roles. In 

this way, metabolism can be divided and biochemical tasks can be assigned to certain 

areas of a cell. This allows an organism to dynamically alter its own metabolic state 

(Ravasz, Somera, Mongru, Oltvai, & Barabasi, 2002). 

1.1.1Major Roles: 

The 3 major roles of metabolism are anabolism, catabolism and energy production.  

Organisms use anabolic metabolism to create new molecules or transfer resources from 

one pathway to another.  

Carbohydrate anabolism is used to convert simple organic acids into simple 

monosaccharides, make sugars from fatty acids, create energy reserves in the form of 

glycogen, and to modify other molecules. To achieve this, the metabolic pathways 

gluconeogenesis, glyoxylate cycle, glycogenesis, and glycosylation are used respectively. 

Amino acid anabolism is important for the production of 12 non-essential amino acids 

like cysteine and glycine, the disposal of nitrogenous waste, and in protein biosynthesis; a 

complicated and highly regulated synthesis pathway used in the formation of large 
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functional proteins. Lipid anabolism is important in the formation of more complex lipids 

like sphingolipids, and to create steroids (Figure 1.1).  

 Catabolism is a process used to break down large molecules in an effort to provide 

energy and components for the anabolic processes described previously.  Large molecules 

are broken down into their protein, polysaccharide, and lipid components, then, broken 

down further into molecules like acetyl-CoA. The latter can then be oxidized in the 

tricarboxylic acid cycle (TCA) and the electron transport chain (ETC) yielding ATP 

(Figure 1.1).   

Energy production is crucial for an organism to function. Depending on the source of 

energy metabolic pathways vary; for the purpose of simplicity we will only consider 

energy production by aerobic chemoorganoheterotrophic organisms like humans. 

Following catabolism carbohydrates can be broken down into acetyl-CoA via glycolysis, 

proteins are catabolised into various TCA cycle intermediates, and fatty acids can be 

broken down into acetyl-CoA via β-oxidation. Once an energy source has been broken 

down into acetyl-CoA it can enter the TCA cycle where decarboxylation and transfer of 

high energy electrons to NAD+ and FAD+ occurs in oxidation reactions catalyzed by 

dehydrogenase enzymes. NADH and FADH2 subsequently transfer their electrons to 

complex I and an ubiquinone molecule in complex II respectively where they are relayed 

along the electron transport chain eventually reaching oxygen and creating ATP in the 

process via ATP synthase (Figure 1.1) (Fernie, Carrari, & Sweetlove, 2004).  
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Figure 1.1: Basic Functions of Metabolism. 

 

The basic functions of metabolism are catabolism, anabolism and energy production. 
Catabolism breaks apart macromolecules providing precursors for both anabolism and 

energy production. Anabolic processes create vital biomolecules such as glycogen, 
proteins, steroids, and DNA to keep an organism alive. Energy production provides the 

necessary energy to run the former two metabolic processes as well as every other 
biochemical reaction. 
 

1.1.2 Other Roles: 

In addition to fulfilling  basic anabolic, catabolic and energy production needs of a 

cell, metabolism works in concert with other cellular pathways to regulate cell signaling, 

cellular defense mechanisms and coordination of cellular activities. The plasticity of 

metabolism allows a cell to relay information about the energy state of a particular 

organelle to other organelles providing a means to signaling without using designated 

signaling molecules. Recent work has shown that cellular metabolism can be used as a 

method to pool certain metabolites that may be useful in removing a stressor or 

remedying the effects (Mailloux, et al., The Tricarboxylic Acid Cycle, an Ancient 

Metabolic Network with a Novel Twist, 2007). Metabolism can also help to coordinate 
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the activities of a cell as a whole by providing various feedback mechanisms which 

increase metabolic efficiency. 

1.2  Metabolic Regulation: 

 The regulation of metabolism is important to an organism. Without a 

mechanism of control in place, metabolism would flow in the direction of least resistance 

producing products in response to concentrations of substrates, and not necessarily 

producing what is needed. To achieve metabolic complacency cells utilize a series of 

redundant mechanisms to control the flow of metabolites in response to the needs of the 

organism. These mechanisms include but are not limited to, feedback mechanisms and 

cell signaling. Sometimes these mechanisms act in concert and other times in isolation, 

but the underlying goal of both is to keep metabolic processes efficient, organized and 

relevant. 

 1.2.1 Metabolic Feedback (PK,PFK1) 

 Many enzymes are inhibited by a downstream product of the biochemical 

reactions they participate in, avoiding overproduction. Two examples of these types of 

enzymes are phosphofructokinase-1 (PFK1) and pyruvate kinase (PK). PFK1 is one of the 

most important regulatory enzymes in glycolysis because it is responsible for catalyzing 

the committed step of glycolysis; the phosphorylation of fructose 6-phosphate to fructose 

1,6-bisphosphate. Accordingly, PFK-1 is subject to complex catalytic and allosteric 

regulation by many metabolites including AMP, ADP, ATP, fructose 2,6-bisphosphate, 

and citrate among others (Jenkins, Yang, Sims, & Gross, 2011). If enough glucose is 

available to produce a steady stream of fructose 6-phosphate then PFK-1 continues to 
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function from positive reinforcement by fructose 2,6-bisphosphate. The latter being a 

product only created by phosphofructokinase-2 if sufficient fructose 6-phosphate is 

available. If on the other hand there is insufficient glucose and subsequently less fructose 

6-phosphate, less fructose 2,6-bisphosphate is produced and the gluconeogenic enzyme 

fructose 1,6-bisphosphatase (F16BP) is left uninhibited and allowed to pull the reaction in 

the opposite direction towards gluconeogenesis. These enzymes drive a simple system 

that moderates glycolysis and gluconeogenesis in direct response to the amount of 

available glucose. Many enzymatic pathways function in this manner, relying on nodal 

enzymes or substrates to modulate multiple metabolic pathways similar to how signaling 

pathways are regulated (Taniguchi, Emanuelli, & Kahn, 2006). Another enzyme, 

pyruvate kinase, modulates metabolism in response to energy production in an effort to 

counter the effects of reactive oxygen species (ROS). ROS are toxic reactive oxygen 

containing compounds created as a result of regular aerobic respiration. When a cell 

produces energy via oxidative phosphorylation ROS are a natural byproduct. To counter 

act the effects of ROS, cells produce more defense molecules or slow down cellular 

respiration. Pyruvate kinase plays an important role because it can activate the pentose 

phosphate pathway and it is inhibited by ATP; a major product of cellular respiration. 

When ATP levels rise, pyruvate kinase is inhibited, backing up the flow of metabolites in 

the glycolytic pathway producing more phosphoenolpyruvate (PEP). PEP goes on to 

inhibit topoisomerase stimulating the pentose phosphate pathway and subsequent 

production of NADPH, an important ROS defense molecule (Figure 1.2) (Gruning, et al., 

2011). Metabolic feedback could be likened to a cellular cruise control, automatically 

adjusting the flow of substrates in response to external signals such as the quantity of 

carbohydrate available.  



19 
 

 

Figure 1.2: Modulation of Metabolism by Pyruvate Kinase. 

 

 Increased cellular respiration causes an increase in ATP inhibiting pyruvate kinase. 

Decreased pyruvate kinase creates a pool of PEP which can inhibit topoisomerase. 

Inhibition of glycolysis funnels substrates through the pentose phosphate pathway 

yielding NADPH which is used to combat increased ROS stress from cellular respiration. 

Adapted from Gruning et al. 2011. 

  

1.2.2 Cell Signaling: Insulin and Glucagon  

 On the opposite end of the spectrum of metabolic regulation there is cell 

signaling. Signaling molecules are secreted in an effort to force a change in cellular 

events. Insulin and glucagon signaling are well known and understood signaling pathways 

involved in carbohydrate metabolism. Signaling metabolism is advantageous because it 

coordinates cellular activity in an organism so it can function as a whole unit and not as a 

sum of individual metabolic pathways so the cell can achieve a goal.  
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 Insulin, a hormone secreted by the pancreas allows cells to take in glucose when 

blood glucose levels are high, typically after eating. In the presence of insulin the insulin 

receptor phosphorylates insulin receptor substrate proteins that activate several different 

signaling pathways such as such as the PI3K,  Ras and c-Cbl pathways. Activation of the 

PI3K-PDK-Akt pathway requires that insulin binding the insulin receptor (IR), a tyrosine 

kinase receptor, inducing phosphorylation and subsequent binding of specific adaptor 

proteins like insulin receptor substrate proteins (IRS). Tyrosine phosphorylated IRS 

allows for binding of various signaling partners such as PI3K. The latter activates the Akt 

signaling cascade which signals glycogen synthesis, protein synthesis, and cell survival. 

IR phosphorylation of CAP and formation of the CAP:Cbl:CrkII complex along with the 

PI3K/Akt pathway leads to GLUT4 translocation. The growth and mitogenic effects 

invoked by insulin are mostly mediated by the Akt cascade (Taniguchi, Emanuelli, & 

Kahn, 2006). The Ras-Raf-MEK-ERK pathway consists of kinase cascades regulated by 

phosphorylation and de-phosphorylation  as well as GTP/GDP exchange proteins, adaptor 

proteins and scaffolding proteins in an effort to activate particular transcription factors. 

The insulin receptor recruits the insulin receptor substrate which recruits Ras which is 

bound to GTP, Ras-GTP then recruits Raf to the membrane where it becomes activated. 

Raf is responsible for serine/threonine  phosphorylation of mitogen-activated protein 

kinase kinase-1 (MEK1). MEK1 phosphorylates ERK1 and 2 at specific threonine and 

tyrosine residues which phosphorylates a variety of substrates, including p90RSK. The 

result is the activation of various transcription factors (Steelman, et al., 2011). Insulin 

binding to the insulin receptor also recruits adaptor proteins called CAPs which recruit 

Cbl. On phosphorylation, Cbl is translocated to lipid rafts where it recruits the CrkII+ 

C3G complex where it specifically activates the GTP-binding protein TC10. The 
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activation of TC10 functions in parallel with the PI3K pathway to stimulate GLUT4 

translocation in response to insulin (Chiang, et al., 2001). The PI3K-Rab4-Glut4 pathway 

also helps control Glut4 translocation. IRS proteins provide docking sites for PI3K. The 

lipid product phosphatidylinositol 3,4,5-triphosphate (PIP3) activates a protein kinase 

cascade involving stimulation of a PDK-1 which then goes on to activate Akt and PKC 

which leads to Glut4 translocation (Figure 1.3) (Elmendorf, 2002). 

 

Figure 1.3. Insulin Signaling Pathways.  

 

Insulin binding to the insulin receptor leads to the activation of the PI3K, CAP and Ras 
pathways. Activation causes a shift in metabolic processes concerning glycogen 

synthesis, protein synthesis, cell survival, GLUT4 translocation, cell growth and 
differentiation and protein synthesis among others. Adapted from Taniguchi, Emanuelli, 

& Kahn, 2006. 
 
 



22 
 

 The opposite signal to insulin is glucagon, which serves to release glucose into 

the blood stream. Glucagon signaling works by glucagon binding to its receptor on the 

cell surface, this causes conformational changes that activate the G coupled proteins Gsα 

and Gq. The activation of Gsα leads to activation of adenylate cyclase, increasing 

intracellular levels of cAMP and subsequently activating protein kinase A (PKA). Upon 

activation of PKA, this enzyme phosphorylates and activates glycogen phosphorylase 

kinase, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), 

phosphoenolpyruvate carboxykinase (PEPCK), and glucose-6-phosphatase (G6Pase). 

Subsequently, glycogen phosphorylase kinase phosphorylates glycogen phosphorylase 

activating it.  Glycogen phosphorylase then phosphorylates glycogen leading to an 

increase in glycogen breakdown and glucose 6-phosphate production. PGC-1α, PEPCK, 

and G6Pase go on to modulate glycolysis, glycogenesis, and gluconeogenesis. Activation 

of Gq leads to the activation of phospholipase C and the production of inositol 1, 4, 5-

triphosphate (InsP3) releasing intracellular calcium leading to decreased glycolysis and 

glycogenesis, and an increase in gluconeogenesis (Figure 1.4) (Jiang & Zhang, 2003).  
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Figure 1.4. Glucagon Signaling Pathways.  

 

Glucagon binding the glucagon receptor induces the activation of Gq and G2α 
subsequently activating phospholipaseC and adenylate cyclase respectively. Downstream 

effects of these pathways decrease glycolysis and glycogenesis while increasing 
gluconeogenesis and glycogenolysis. Adapted from Jiang & Zhang, 2003.  
 

 1.3 Metabolism and Diseases 

 The importance of metabolic control is best illustrated when components of 

metabolism go awry. Disease states directly linked to metabolism or the control of 

metabolism such as diabetes mellitus, G6PDH deficiency, and phenylketonuria illustrate a 

variety of deleterious effects losing metabolic control has.  

   



24 
 

1.3.1 Diabetes and Ketoacidosis 

 Type I diabetes is a form of diabetes which is caused by autoimmunity to beta 

pancreatic cells which produce insulin. The subsequent loss of insulin production causes 

increased blood glucose concentrations. Type II diabetes usually results from an insulin 

deficiency or a resistance to insulin. The loss of insulin or insulin sensitivity results in a 

variety of pathological symptoms. One of the most prominent features of diabetes is the 

rapid mobilization of fatty acids from the adipose tissue. These are taken up by the liver 

and metabolized into ketone bodies. Pathological ketosis develops when large amounts of 

ketone bodies are produced beyond the body’s requirements. Gluconeogenesis is also 

highly up-regulated to make up for lost glucose in the urine in the absence of insulin (Teal 

& Saggers, 1997). Ketone bodies are produced by amino acid metabolism and lipid 

metabolism. Amino acids are metabolized into keto acids by removing or transferring 

their amino group via deaminases and transaminases. Amino acids have their amino 

group transferred to α-ketoglutarate, forming glutamate. The amino group on glutamate is 

converted into free ammonium by oxidative deamination yielding α-ketoglutarate. The 

latter is the α-ketoacid resulting from the deamination of five carbon amino acids such as 

arginine, glutamate, glutamine, histidine and proline. Some amino acids can be 

deaminated without an ammonium acceptor. For example, serine is deaminated by serine 

dehydratase which creates pyruvate. Generally, three carbon amino acids are metabolized 

into the keto acid pyruvate and four carbon amino acids are degraded into the keto acid 

oxaloacetate (Singh, lemire, Mailloux, Chenier, Hamel, & Appanna, 2009). When lipids 

are metabolized fatty acids are freed from triacylglycerides in order to produce energy. 

Fatty acids are processed in the mitochondria via β-oxidation creating acetyl-CoA (Eaton, 

Barlett, & Pourfarzam, 1996). When glucose is not available acetyl-CoA is metabolized 
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into a variety of ketone bodies including acetoacetate, a β-ketoacid. Acetoacetate is 

formed via the reaction of two acetyl CoA with the help of thiolase to form acetoacetyl-

CoA. This molecule then reacts with a third acetyl-CoA to form 3-hydroxy-3-

methylglutaryl-CoA which is then cleaved to yield acetoacetate. Acetoacetate can then be 

used as a source of energy in some tissues like heart muscle, the liver and the brain (Berg, 

Tymoczo, & Stryer, 2006). The problem arises when keto acids reach a high enough level 

to significantly lower blood pH and in extreme cases may be fatal. In untreated diabetes 

this is a common occurrence (Figure 1.5).  

 1.3.2 Glucose 6-Phosphate Dehydrogenase Deficiency 

 Glucose 6-phosphate dehydrogenase (G6PDH) is an enzyme that catalyses the 

first reaction in the pentose phosphate pathway producing NADPH, providing reducing 

power to all cells (Cappellini & Fiorelli, 2008). NADPH is involved in a variety of 

biochemical reactions and is vital for anti-oxidant defence mechanisms such as catalase, 

superoxide dismutase and glutathione peroxidise. These proteins allow an organism to 

thrive in an aerobic environment (Ranji, Lemire, Mailloux, & Appanna, 2008). This is 

especially important in red blood cells since they have no mitochondria; NADPH is the 

only defence they have from ROS (Figure 1.5).  

 G6PDH deficiency is an X-linked genetic defect cause by mutations of the 

G6PDH gene resulting in G6PDH enzymes with different levels of activity. This defect is 

associated with a variety of clinical phenotypes, however the most common clinical 

manifestations are neonatal jaundice and acute haemolytic anaemia. The exact 

biochemical mechanism behind acute haemolytic anaemia is unknown but requires some 

initiation of oxidative stress through infection or by eating fava beans. Interestingly, 
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G6PDH deficiency occurs at a similar rate to sickle cell anaemia supporting the evidence 

that it provides anti-malarial benefits (Figure 1.5) (Cappellini & Fiorelli, 2008). 

 1.3.3 Phenylketonuria 

 Phenylketonuria is caused by a mutation in the phenylalanine hydroxylase 

(PAH)  gene. Phenylalanine hydroxylase converts phenylalanine into tyrosine. The loss of 

PAH activity causes a build up of phenylalanine in the blood and toxic concentrations in 

the brain. Left untreated the disease is associated with progressive mental impairment and 

other problems. 

 Phenylalanine’s entry to the brain is controlled by large neutral amino acid 

transporter-1 (LAT1). Two other neutral amino acids, tyrosine, a precursor to dopamine 

and norepinephrine , and tryptophan, a precursor to serotonin, also enter the brain via 

LAT1. High concentrations of phenylalanine in the blood may cause inhibition of LAT1 

blocking tyrosine and tryptophan limiting brain function. Other means of brain 

impairment include reduced pyruvate kinase activity, disturbed glutamatergic 

neurotransmission, and reduced activity of 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMG CoA reductase), and monoamine oxidase B (MAOB). If a strict diet low 

in phenylalanine is followed, a person afflicted with Phenylketonuria can expect to 

develop normally. Without treatment a child can be expected to have mental retardation 

before the first year of life (Figure 1.5) (Blau, Spronsen, & Levy, 2010). 

 As one can see metabolism is an interconnected network that must function as a 

whole unit if it is to be of any use. Having one problem in a chain of reactions can cause 

whole pathways to change or shut down. The example of diabetes illustrated how 

controlling metabolism via signaling molecules is an important and highly regulated 

process that enables various metabolic compartments to work in concert to achieve a goal, 
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in this case intake and metabolization of glucose. The two examples G6PDH deficiency 

and phenylketonuria illustrate the importance of a single enzyme in a metabolic pathway. 

If a crucial enzyme is changed or altered it can change a variety of other pathways by 

means of affecting substrate concentrations. Cells use this to their advantage when using 

feedback mechanisms to regulate metabolism, however unplanned enzymatic defects can 

do much damage. 
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Figure 1.5: Metabolic Diseases. 

 

Metabolic diseases such as diabetes, G6PDH deficiency and phenylketonuria are caused 
by defects in key metabolic processes and cause disruption in downstream metabolism. 

Diabetes results in an increase in fatty acid metabolism, ketogenesis and gluconeogenesis 
to try and compensate for the lack of glucose available to cells. Blood glucose leve ls also 

increase dramatically in patients with diabetes. A deficiency in G6PDH causes an 
increase in LDH and unconjugated billirubin and a decrease in NADPH production. 
NADPH production is essential for moderating oxidative stress. Phenylketonuria is 

caused by a defect in phenylalanine hydroxylase. The defect in this enzyme causes a build 
up of phenylalanine in the brain blocking the actions of LAT1 limiting transport of 

tyrosine and tryptophan into the brain. These metabolic perturbations lead to a variety of 
pathological manifestations which can lead to death if untreated.  
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1.4 Metabolic Responses to Environmental Changes.  

 With the variety of energy sources and the vast amount of hazardous compounds 

in the environment it is no surprise that life has evolved to have flexible metabolic 

networks that dynamically respond to environmental cues like nutrient availability, and 

stressors. A few examples of metabolic adaptation include changes in energy metabolism 

as a response to changes in diet or level of energy usage and adaptation to stressors such 

as reactive oxygen species stress or metal stress. Metabolic flexibility can aid an organism 

allowing it to thrive in adverse conditions.  

 1.4.1 Environmental Cues to Energy Metabolism  

  In order to understand how energy metabolism can be changed in response to 

nutrient availability we will examine normal ATP production with available glucose then 

contrast that to what happens when glucose levels are low.  

 Briefly, to produce energy in the form of ATP, carbohydrates such as glucose 

must be broken down into acetyl-CoA so that it can enter the TCA cycle. This is done in 

eukaryotes using ten key enzymes in the Embden-Meyerhof pathway/glycolysis (Conway 

& Romano, 1996). Once glucose has been broken down into two pyruvates, pyruvate 

dehydrogenase yields two acetyl-CoA which can be processed by the mitochondria. The 

TCA cycle is a cycle whose function is to oxidize acetate using eight different enzymes: 

citrate synthase, aconitase, isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, 

succinyl-CoA synthetase, succinic dehydrogenase, fumarase, and malate dehydrogenase. 

The high energy electrons are temporarily stored in NADH and FADH2 until they reach 

oxidative phosphorylation. Oxidative phosphorylation couples energy release in electron 

transfer to ATP production by passing electrons down a chain of complexes which pump 
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protons into the inner membrane space of the mitochondria creating an electrochemical 

gradient which is then used by ATP synthase to phosphorylate ADP to ATP. 

 When glucose isn’t available cells turn to different strategies for energy 

production such as ketogenesis, and even autophagy. During periods of fasting hepatic 

reserves of glycogen are broken down by glycogenolysis liberating glucose to the blood 

stream. After a few days the glucose supply largely depends on gluconeogenesis working 

in conjunction with glycogenolysis. At this stage the main substrate for gluconeogenesis 

becomes 3-monoacylglycerol created from hydrolysis of triglycerides in adipose tissue. 

The fatty acids cannot be used to produce oxaloacetate without glycolysis so they are 

utilized by other means, mainly ketogenesis (McPherson & McEneny, 2011). 

 Mammals have evolved to use carbohydrates as their primary energy source but 

when glucose levels are low they can turn to ketone bodies. The two major ketone bodies 

produced are acetoacetate and D-3-β-hydroxybutyrate. The primary role of these keto 

acids is to transfer lipid derived energy to peripheral tissues such as the brain. 

Ketogenesis is driven by the amount of acetyl-CoA available; when glucose is low acetyl-

CoA is primarily derived from β-oxidation of fatty acids. Acetyl-CoA is not used in the 

TCA cycle during hypoglycemic conditions because oxaloacetate is used preferentially 

for gluconeogenesis. During ketogenesis two acetyl-CoA are combined to make 

acetoacetyl-CoA by β-ketothiolase, which then undergoes further condensation with 

another acety-CoA  3-hydroxy-3-methylglutaryl-CoA synthase forming (HMG-CoA 

synthase) HMG, which is subsequently cleaved to produce acetoacetate which can be 

reduced to D-3-β-hydroxybutyrate by β-hydroxybutyrate dehydrogenase (McPherson & 

McEneny, 2011).  
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 During starvation many organisms retrieve nutrients via degradation of 

intracellular components in a process called autophagy. The latter is initiated by the 

formation of autophagosomes which are thought to be derived from mitochondria or 

endoplasmic reticulum. The autophagosome engulfs a large portion of cytosol and 

subsequently fuses it with a lysosome which delivers lysosomal proteases. Captured 

substrates are degraded and exported by transporters and permeases back to the cytosol to 

form needed compounds; in essence it is cell recycling (Haily, et al., 2010). 

 Other threats to a cell may be a toxic molecule that causes cellular stress. 

Examples of these kinds of stress inducing molecules include metals and oxidative stress. 

Oxidative stress can be created in numerous exogenous and endogenous ways and initiate 

a variety of cellular responses in a cell such as decreasing aerobic respiration, increasing 

production of antioxidant molecules or reducing factors, and changing gene expression. 

To understand these changes one must first examine how ROS are produced, what they 

are used for, and what their deleterious effects on a cell might be.  

 1.4.2 Endogenous ROS and its Uses 

 ROS are small highly reactive molecules including oxygen ions, free radica ls, 

and peroxides and are the normal products of aerobic metabolism with important cell 

signaling roles when they are maintained at appropriate concentrations. During times of 

cell stress ROS levels can greatly increase and modify other biomolecules because of 

their high reactivity in a situation referred to as oxidative stress (Morrel, 2008). 

 The primary sources of ROS in a cell come from aerobic metabolism and 

NADPH oxidase. Within mitochondria superoxide is produced at redox active prosthetic 

groups within proteins, or when electron carriers such as CoQH2 are bound to proteins 

(Murphy, 2009). The most well noted proteins that donate electrons to oxygen 
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prematurely are complex I (NADH-ubiquinone reductase) and complex III 

(ubiquinol:cytochrome c reductase or bc1 complex )both of which use NADH as a 

cofactor (McLennan & Esposti, 2000). During energy metabolism high energy electrons 

are stored in the cofactors NADH and FADH2, complexes I through IV use these high 

energy electrons to pump protons across the membrane and generate potential energy in 

the form of a proton gradient. This store of energy is tapped by allowing protons to flow 

back into the mitochondria driving the production of ATP (Figure 1.6).  

 Another endogenous source of ROS comes from NADPH oxidase. NADPH 

oxidase is a complex enzyme with two membrane bound components and three cytosolic 

components (Babior, 2004).  When not in use NADPH oxidase exists as the five 

individual components, flavocytochrome b558, an integral membrane heterodimer 

comprised of gp91phox and p22phox, and three cytosolic proteins, p47phox, p67phox, 

and Rac1 or Rac2, depending on the species and phagocytic cell (Nauseef, 2004). When a 

macrophage is activated by a T-cell or external stimuli such as lipopolysaccharide 

NADPH oxidase assembly begins. Activation leads to an influx of calcium in the cytosol, 

calcium activates protein kinase C α (PKCα), which phosphorylates cytosolic 

phospholipase A2 (cPLA2), this enzyme releases arachidonic acid from lipids. 

Concurrently protein kinase C  (PKC ) phosphorylates p47phox and p67phox. 

Arachidonic acid can then regulate the translocation of phosphorylated p47phox and 

p67phox to the membrane. The remaining cytosolic component, Rac1, dissociates from 

its inhibitor rhoGDI upon monocyte activation and translocates to the membrane where it 

joins the other two cytosolic components and the already membrane bound 

flavocytochrome b558 to create a fully functional NADPH oxidase complex. After 
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assembly of the NADPH oxidase complex it can use molecular oxygen to synthesize ROS 

like the superoxide ion to kill an invading organism (Figure 1.6) (Cathcart, 2003).  

 Besides its use to destroy invading microorganisms ROS has roles in cell 

signaling. To be considered a signaling molecule ROS must be produced by a cell when 

stimulated to do so, it must have an action in the cell, and be removed in order to turn off 

the signal. Superoxide and hydrogen peroxide in particular fulfill these criteria. NADPH 

oxidase discussed previously has been found in cells that do not take part in defence 

mechanisms, for example, NADPH oxidase has been found in fibroblasts, mesangial 

cells, endothelial cells, osteoclasts and chondrocytes. These NADPH oxidase complexes 

are distinct forms in that they do not produce nearly the quantity of ROS that neutophil 

NADPH oxidase does. ROS are ideally suited to signaling because they are small, 

diffusible, easily produced and easily removed. Although the exact molecular mechanism 

of ROS signaling is unknown, ROS has been shown to stimulate the expression of c-fos 

and c-myc and increase expression of c-jun, egr-1 and JE. These gene activation events 

appear to be due to the fact that ROS activates transcription factors such as nuclear factor-

κB (NF-κB), activator protein-1 (AP-1), Myb, and Ets. Most signaling events are 

regulated by phosphorylation and dephosphorylation, hydrogen peroxide is no exception. 

H2O2 has been shown to activate MAP kinase and JAK/STAT pathways; whether or not 

H2O2 has a direct effect on these remains to be determined. Also, H2O2 has been shown to 

inhibit phosphatases most likely by oxidizing cysteine residues in the active site of these 

enzymes. ROS can also influence the redox state of a cell possibly propagating a signal 

through that means. Other targets of ROS which function in signaling pathways include 

guanylyl cyclase, phospholipase C, phospholipase A2, phospholipase D, and ion channels 

like calcium channels (Hancock, Desikan, & Neill, 2004). 
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1.4.3 Exogenous sources of ROS 

ROS can production can be caused by sources outside an organism too. This 

source of ROS may add to the endogenous ROS causing oxidative stress. Two sources of 

exogenous ROS are radiation and metals.  

 ROS can be produced by various kinds of radiation such as light energy, and 

ionizing radiation. Photons of relatively low energy such as those in the visible and UV 

spectrum are able to excite electrons in organic molecules allowing chemical reactions to 

take place. An important property of oxygen is that it easily reacts with these excited 

organic molecules. These photo-oxygenation reactions form a radical which can then 

react with oxygen to give rise to a peroxyl radical. Alternatively the excited state of the 

absorbing organic molecule may transfer its electron to oxygen which eventually yields 

singlet oxygen which is able to attack substrates forming peroxides and hydroperoxides. 

The generation of ROS in this way is the basis of photodynamic therapy used to treat 

cancer (Riley, 1994). When photon energies are high, electronic excitation becomes great 

enough to remove electrons from orbit creating molecular ions resulting in the production 

of radicals which can react with oxygen forming ROS as described previously (Figure 

1.6).   

Most biochemical redox reactions occur with the aid of metals. Being redox 

active, metals like iron and copper are tightly guarded in biochemical systems so as to 

avoid potential toxic side-effects. For example iron uptake transport and storage is 

regulated by proteins like ferrireductase, ferroxidase hephaestin which control its redox 

state, divalent metal transporter-1 and ferroportin which specifically transports iron, and 

transferrin which keeps iron bound in serum for storage and to avoid problems associated 

with free metals. Iron uptake is regulated by multistep signaling processes and hormones 
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such as hepcidin which can affect iron uptake, and localization in response to iron levels. 

Having such an involved system for iron homeostasis alludes to its hazardous nature 

(Dunn, Rahmanto, & Richardson, 2006). 

Metal toxicity is caused by three main reasons, direct interactions with thiol, 

histidyl, and carboxyl groups on proteins disabling them, generation of oxidative stress by 

redox active metals like iron and copper, and displacement of essential cations nullifying 

catalytic capabilities of enzymes. These three mechanisms of metal toxicity can change 

the cellular redox state of a cell altering anti-oxidant defence mechanisms, energy 

metabolism, and gene expression (Sharma & Dietz, 2008). The increase of oxidative 

stress can be directly linked to the redox active metals iron and copper. The Fenton 

reaction between Iron(II) or Copper(II) and hydrogen peroxide can yield the toxic 

hydroxyl radical which reacts with the first molecule it contacts, causing cumulative 

damage (Figure 1.6) (Bonda, Lee, Blair, Zhu, Perry, & Smith, 2011). 
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Figure 1.6. Endogenous and Exogenous Sources of ROS. 
 

Common sources of ROS stem from endogenous and exogenous sources. The most 
significant sources of endogenous ROS production comes from complex I and complex 

III in the electron transport chain and from NADPH oxidase. Exogenous sources of ROS 
are most commonly caused by redox active metals via Fenton chemistry and by specific 
types radiation such as ionizing radiation. 

 
1.4.4 Deleterious Effects of ROS 

Compared to the hydroxyl radical, superoxide and hydrogen peroxide are 

relatively stable. The hydroxyl radical represents the most reactive and therefore 

hazardous species of ROS in biological systems. Hydroxyl radicals produce a number of 

deleterious effects in biological systems by attacking structural and functional molecules 

such as carbohydrates, proteins, nucleic acids and lipids . Oxidative damage to protein 

thiols may result in impaired calcium homeostasis and alterations in enzymatic activity of 
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particular enzymes. Oxidative damage to DNA binding proteins may result in alterations 

of gene expression, affecting a variety of cellular processes. Peroxidation of unsaturated 

lipids alters their structure and interferes with overall membrane structure and function 

potentially leading to loss of compartmentalization allowing leakage of enzymes from 

lysosomes or collapsing diffusion barriers. Additionally, some of the products of lipid 

peroxidation such as 4-hydroxynonenal can change the structure and function of proteins 

and nucleic acids. Hydroxyl radical damage to DNA may lead to mutations or 

chromosomal derangement which may be cytotoxic to proliferating cells (Riley, 1994). 

1.4.5 ROS Defence 

Considering the extent of damage ROS can do, it is logical that organisms have 

devised ways to eliminate ROS. Mechanisms of ROS defence include 

compartmentalization of sensitive material like DNA, removal of ROS by antioxidant 

enzymes, sequestration of transition metals, radical scavengers like cellular thiols, 

inhibition of vulnerable processes, monitoring and repair, and apoptosis (Riley, 1994).  

Antioxidant enzymes include superoxide dismutase (SOD), catalase, and 

glutathione peroxidise (GPx). Super oxide dismutase is a family of enzymes specialized 

in eliminating superoxide anion radicals derived from extrinsic and intrinsic sources. 

Three distinct isoforms of SOD have been identified in mammals: copper-zinc superoxide 

dismutase, manganese superoxide dismutase, and extracellular superoxide dismutase. 

These enzymes have similar function but differ in their protein structure, chromosome 

location, metal cofactor requirements, gene distribution and cellular compartmentalization 

(Miao & St-Clair, 2009). Superoxide dismutase is an extremely efficient enzyme limited 

only by the diffusion rate with a rate constant of approximately 5x1011 M-1 sec-1. The 

magnitude of this figure highlights the incredible activity of this enzyme (McCord & 



38 
 

fridovich, 1969). SOD is able to keep superoxide levels down to the nano-molar range 

despite their constant production during aerobic metabolism. SOD knockout mice, 

particularily SOD1 have many problems dealing with oxidative stress further highlighting 

the importance of SOD (Williams, Van Remmen, Conrad, Huang, Epstein, & Richardson, 

1998).  

Catalase is a tetramer of four polypeptide chains each 60000 kDa in size and 

contains four porphyrin heme groups which allow it to react with hydrogen peroxide 

(Kirkman & Gaetani, 1984). Catalase is an enzyme designed to destroy H2O2, its activity 

catalase is proportional to the concentration of H2O2. Mice models over expressing 

catalase are more resistant to oxidant-mediated injury as expected and mice with catalase 

knockout genotype have a higher susceptibility to oxidant-mediated injury highlighting its 

importance. In humans, catalase deficient individuals are phenotypically normal but 

develop oral gangrene as a result from tissue damage caused by peroxide generating 

bacteria (Ho, Xiong, Ma, Spector, & Ho, 2004). 

Currently five different selenocysteine-containing GPx isoenzymes have been 

discovered, they exhibit tissue specific expression and specific substrate specificity. 

Except for the plasma expressed GPx-3 all GPx’s are expressed intracellularly. All GPx 

isoenzymes share a catalytic triad in their active center consisting of selenocysteine, 

glutamine and tryptophan residues. Their antioxidant capacity is due to reduction of 

hydrogen peroxide, organic hydroperoxides and phospholipid hydroperoxides. All 

isoenzymes require two glutathione as cosubstrates (Steinbrenner & Sies, 2009). 

Glutathione peroxidise activity follows Michaelis-Menton relationships and begins to 

level off at concentrations greater than its Km (Gaetani, Ferraris, Rolfo, Mangerini, 

Arena, & Kirkman, 1996). Along with superoxide dismutase and catalase, knockout 
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models of GPx increase sensitivity to ROS, illustrating that SOD catalase and Gpx are 

some of the most important cellular defences against ROS (Liu, et al., 2010). 

The flexibility and signaling capabilities of metabolism allow it to change in 

response to its environment. ROS has been shown to perturb metabolism in such a way 

that antioxidant production increases, aerobic metabolism decreases, and reducing facto rs 

increase. Increased α-ketoacid production under ROS stress has been a focal point for our 

lab for a number of years. The non-enzymatic decarboxylation of α-ketoacids has been 

shown to aid in ROS detoxification as well as to propagate signals to the nucleus and 

produce NADPH fueling critical enzymes such as glutathione reductase.  

A study done in HepG2 cells has shown that when these cells are exposed to 

oxidative stress AKGDH, NAD-dependent ICDH, and succinate dehydrogenase (SDH) 

are down-regulated. AKGDH acts as a direct sensor of ROS stress in metabolism via 

lipoic acid residues that are readily oxidized by ROS resulting in the loss of function of 

the enzyme. The result of this metabolic shift was that α-ketoglutarate (AKG) was forced 

to accumulate in the TCA cycle. HPLC analysis revealed that AKG was being non-

enzymatically decarboxylated by ROS resulting in the production of succinate. The lack 

of SDH caused this metabolite to pool up as well (Mailloux, et al., The Tricarboxylic 

Acid Cycle, an Ancient Metabolic Network with a Novel Twist, 2007). The significance 

of pooling succinate is that it is an inhibitor of prolyl hydroxylases (PHDs) which under 

normoxic conditions degrade HIF-1α. HIF-1 is a heterodimeric transcription factor 

comprised of HIF-1α, HIF-2α and HIF-1β. Inhibition of PHDs allows the HIF-1 

transcription factor to translocate to the nucleus activating pathways that regulate 

metabolism (Mailloux, Puiseaux-Dao, & Appanna, 2009). Additionally to this, NAD-

ICDH was down-regulated decreasing the amount of NADH available for the electron 
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transport chain reducing intrinsic oxidative stress. To supply the necessary AKG, NADP-

ICDH was up-regulated adding NADPH to the system which is beneficial to producing 

glutathione via glutathione reductase (Mailloux, et al., The Tricarboxylic Acid Cycle, an 

Ancient Metabolic Network with a Novel Twist, 2007).  

Transcription factors other than HIF-1 are triggered by ROS stress, for example 

FOXOs. In dividing cells protection from ROS stress comes from the PI3K-PKB 

signaling pathway which is dependent on glucose as described previously. In quiescent 

cells the PI3K-PKB pathway is replaced by the FOXO subfamily of Forkhead 

transcription factors, consisting of FOXO4, FOXO1 and FOXO3a. In most cells 

activation of FOXOs leads to cell cycle arrest but not apoptosis. FOXO3a and FOXO4 

seem to induce ten-fold expression of mitochondrial SOD. Under ROS stress cells 

activate stress induced kinases such as JNK. Activation of FOXO3a inhibits the activation 

of JNK further reflecting the ability of FOXO induction to reduce oxidative stress (Figure 

1.7) (Kops, et al., 2002). 
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Figure 1.7: ROS Defence Mechanisms. 

 

In order to avoid the hazards of oxidative stress cells have multiple means of neutralizing 
ROS. SOD, catalase and GPx neutralize ROS enzymatically and are extremely efficient. 

GPx has the ability to not only neutralize H2O2 but also organic hydroperoxides and 
phospholipid hydroperoxides. Metabolic adaptations to oxidative stress most notably 
involve the down-regulation of AKGDH and up-regulation of NADP+ ICDH. Down-

regulation of AKGDH causes cells to pool AKG which can be used as an antioxidant, 
directly reacting with ROS via a non-enzymatic decarboxylation reaction (NEDC). The 

formation of succinate from the NEDC of AKG causes inhibiton of PHDs leading to 
activation of HIF-1 provoking metabolic adaptation. Up-regulation of NADP+ ICDH 
causes an increase in NADPH production subsequently helping produce more reduced 

glutathione for GPx. Members of the FOXO transcription factor family have been shown 
to be activated by ROS and stimulate the transcription of SOD genes.   

 

1.5 Metabolic Compartmentalization 

Metabolic compartmentalization refers to the non-homogenous distribution of 

metabolic pathways in a cell, and is a direct result of the localization of enzymes. Current 

understanding of eukaryotic compartmentalization are endosymbiotic in origin. 
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Chloroplasts, and mitochondria are two examples of clearly defined metabolic 

compartments.  

Chloroplasts and mitochondria were once free living cyanobacteria and 

proteobacterium respectively that underwent an evolutionary transformation into 

metabolic compartments in photosynthetic and aerobic eukaryotes. Both organelle types 

have retained their genome, albeit in a highly reduced form. Despite the genome 

reduction, mitochondria and chloroplasts produce a comparable number of proteins as 

their free- living counterparts. Other organelles such as glycosomes and peroxisomes have 

unique metabolic pathways which were derived by the transfer of whole metabolic 

pathways into membrane enclosed compartments created by the endoplasmic reticulum. 

An interesting problem when looking at this is how whole pathways were transferred. 

Transfer of a few enzymes would be a burden on the cell and a waste of enzymes and 

therefore selected against. It is hypothesized that a small amount of mistargeting happens 

all the time in a eukaryotic cell, and if it is happening for all proteins of a pathway, there 

could exist small amounts of whole pathways in incorrect compartments all the time, 

providing a functional metabolic pathway and a unit of selection with which the natural 

selection process could operate (Martin, 2010). The advantage of compartmentalization in 

large cells like eukaryotes is that it allows for more efficient metabolism. If chemicals and 

enzymes were to diffuse throughout the cell the chances of the right substrate enzyme 

interaction would decrease making metabolism extremely inefficient. By clustering 

metabolites and enzymes together cells maintain metabolic efficiency while allowing for 

growth and adaptation (Masters, 1984). The major metabolic compartments in 

mammalian cells are the cytosol, mitochondria and peroxisome.  
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1.5.1 Cytosolic Metabolism 

 The cytosolic portion of a eukaryotic cell carries out many biochemical 

reactions including all those associated with the biochemical pathways of glycolysis, 

gluconeogenesis, pentose phosphate pathway, fatty acid synthesis, amino acid 

metabolism, steroid synthesis, and glycogen synthesis.  

Glycolysis is the pathway that converts glucose into pyruvate and is the most 

important metabolic pathway for energy production using glucose. It occurs in nearly all 

organisms with some variation indicating that it is one of the most ancient metabolic 

pathways (Romano & Conway, 1996). Glucose is taken into the cell via glucose transport 

proteins. Once inside the cell glycolysis can begin with the first enzyme, HK. HK 

catalyzes the first committed step of glucose metabolism; the phosphorylation of glucose, 

yielding glucose-6-phosphate (G6P). This reaction is important because it maintains a low 

concentration of glucose in the cell facilitating further glucose transport (Robey, 2011). 

Glucose-6-phosphate is then rearranged to fructose-6-phosphate (F6P) by the action of 

glucose phosphate isomerase (GPI). An interesting point to note is that glucose phosphate 

isomerase also participates in gluconeogenesis and the pentose phosphate pathway (Sun, 

et al., 2009). Fructose-6-phosphate is then metabolized by PFK-1 discussed previously in 

section 1.2.1. PFK-1 adds an additional phosphate group to fructose 6-phosphate using 

ATP. This step is important in glycolysis because it is the rate limiting step and causes 

glycolysis up to that point to become irreversible needing a completely different enzyme 

to do the opposite reaction (Jenkins, Yang, Sims, & Gross, 2011). Destabilizing the 

molecule in the previous reaction allows aldolase to split fructose 1,6-bisphosphate into 

two triose sugars, dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate 

(G3P) (Sibley & Lehninger, 1948). Triose phosphate isomerase (TPI) is involved in 
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glycolysis as well as gluconeogenesis and triglyceride synthesis and rapidly changes 

dihydroxyacetone phosphate into glyceraldehyde 3-phosphate funneling it towards 

glycolysis, an important step in making glycolysis an efficient means to energy 

production (Fermo, et al., 2010). The second half of glycolysis is where the net gain of 

ATP happens. Glyceraldehyde 3-phosphate is oxidized and phosphorylated by GA3PDH 

to produce 1,3 bisphosphoglycerate (1,3BPG) and one NADH. On top of its glycolytic 

function GAPDH has functions as diverse as apoptosis induction, receptor-associated 

kinase, tRNA export and DNA repair (Tarze, et al., 2006). Next, phosphoglycerate kinase 

(PGK) transfers a phosphate group from 1,3 bisphosphoglycerate to ADP creating one 

ATP and 3-phosphoglycerate (3PG). Phosphoglycerate kinase is another interesting 

enzyme with multiple roles outside of glycolysis including roles in hypoxia response and 

oncogenesis (Zerrad, et al., 2010). Phosphoglycerate mutase (PGM) then forms 2-

phosphoglycerate (2PG) from 3-phosphoglycerate and sends it to enolase; a lyase which 

dehydrates 2-phosphoglycerate creating PEP, additionally it may have roles in apoptosis 

by interactions with Bcl-XL (Takeda, et al., 2009). Finally, PK transfers a phosphate 

group to ADP forming one ATP and pyruvate which will then be funneled towards the 

TCA cycle by pyruvate dehydrogenase as discussed previously in section 1.2.1.  

Gluconeogenesis is essentially the reverse of glycolysis, using some of the same 

enzymes to produce glucose. Gluconeogenesis is activated when glucose levels are low 

and glucagon is secreted inhibiting glycolysis. Gluconeogenesis begins in the 

mitochondria but for the sake of compartmentalization we will start with oxaloacetate in 

the cytoplasm. Oxaloacetate is decarboxylated then phosphorylated by PEPCK to produce 

PEP while hydrolysing one GTP to GDP. The next steps are essentially the reverse of 

glycolysis until fructose 1,6-bisphosphate is produced. Fructose 1,6-bisphosphate is 
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metabolized by F16BP creating fructose 6-phosphate using one water and releasing a 

phosphate. F16BP plays an important role along with PFK-1 in glycolysis in that it is the 

rate determining step of gluconeogenesis and helps to control the futile recycling between 

fructose 6-phosphate and fructose 1,6-bisphosphate and the glycogenic/gluconeogenic 

flux (Zhang, Xie, Zhou, Zhang, Lu, & Zhang, 2010). Fructose 6-phosphate is then 

metabolised by phosphoglucoisomerase (PGI) to produce glucose 6-phosphate which is 

finally hydrolysed in the lumen of the endoplasmic reticulum by glucose 6-phosphatase to 

produce glucose. 

The pentose phosphate pathway is an important anabolic pathway that creates the 

reducing factor, NADPH, and pentose sugars. There are two stages in the pentose 

phosphate pathway, the oxidative stage which generates NADPH and the non-oxidative 

phase which generates pentose sugars. In the oxidative phase glucose 6-phosphate is 

dehydrogenated by glucose 6-phosphate dehydrogenase to produce 6-

phosphogluconolactone (6PGL) while reducing one NADP to NADPH. 6-

phosphogluconolactone is then hydrolysed by 6-phosphogluconolactonase (6PGLase) 

producing 6-phosphogluconate (6PG). The latter is then decarboxylated by 6-

phosphogluconate dehydrogenase (6PGDH) to produce ribulose 5-phosphate (R5P), 

another NADPH and CO2. Ribulose 5-phosphate is then metabolised by two different 

enzymes, ribulose 5-phosphate isomerase and ribulose 5-phosphate 3-epimerase to 

produce ribose 5-phosphate and xyulose 5-phosphate respectively. Transketolase then 

produces glyceraldehyde 3-phosphate and sedoheptulose 7-phosphate respectively which 

are then metabolised by transaldolase to produce erythrose 4-phosphate + fructose 6-

phosphate then metabolised again by transketolase to produce glyceraldehyde 3-

phosphate + fructose 6-phosphate (Figure 1.8) (Berg, Tymoczo, & Stryer, 2006). 
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Figure 1.8. Interconnection of the Major Cytosolic Metabolic Pathways. 

 

Cytosolic metabolic pathways share many metabolites and even use the same enzymes for 
different purposes. Glycolysis is used to convert glucose into pyruvate for energy 
production while gluconeogenesis uses oxaloacetate to produce glucose. Despite having 

opposite purposes the enzymes in these pathways are the same with the exception of two. 
The pentose phosphate pathway is another cytosolic pathway closely linked to glycolysis. 

The amount of glucose 6-phosphate produced by glycolysis helps to regulate the pentose 
phosphate pathway. Some of the products of pentose phosphate pathway can join 
glycolysis at later steps. Despite having important roles in these three metabolic processes 

some enzymes in cytosolic metabolism, notably GAPDH, PGK, and enolase have other 
functions in the cell such as DNA repair, hypoxia and apoptosis respectively.  

 

 1.5.2 Mitochondrial Metabolism 

 The mitochondria performs many biochemical reactions associated with energy 

production including those involved in the biochemical pathways of the TCA cycle, 
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oxidative phosphorylation, β-oxidation, gluconeogenesis initiation, amino acid 

metabolism, steroid synthesis and the urea cycle. 

The TCA cycle consumes one acetyl-CoA per revolution producing three NADH 

and one FADH2 which help to produce ATP in the electron transport chain. The TCA 

cycle is composed of nine enzymes which are involved in a plethora of biochemical 

reactions and pathways. The first step of the TCA cycle involves the production of acetyl-

CoA from the pyruvate produced from glycolysis by PDH. PDH is a multienzyme 

complex that catalyses the irreversible reaction of converting pyruvate into acetyl-CoA 

and is a key regulator of fluxes into the TCA cycle (Fernie, Carrari, & Sweetlove, 2004). 

The next step in the TCA cycle involves the enzyme citrate synthase, a key enzyme which 

enables the cellular provision of reducing equivalents and building blocks via citric acid 

cycle activity (Ooyen, Emer, Bussman, Bott, Eikmanns, & Eggeling, 2011). Next, 

aconitase, an enzyme with an iron-sulfur cluster [4Fe-4S] in its active site catalyzes the 

interconversion of citrate and isocitrate. Because of the iron sulfur cluster this enzyme has 

been shown to be sensitive to ROS and directly linked to aging. Superoxide can remove 

one iron from aconitase inactivating it leading to slowed electron transfer and ATP 

production and further ROS production. Natural increases in ROS production may be 

directly linked to the activity of aconitase (Yan, Levine, & Sohal, 1997). The first step 

where NADH is produced involves ICDH which oxidatively decarboxylates isocitrate 

producing NADH and α-ketoglutarate. Two isoforms of ICDH can take part in the TCA 

cycle, NADP-dependent ICDH and NAD-dependent ICDH. During times of oxidative 

stress NAD-ICDH is downregulated and NADP-ICDH is up-regulated producing more 

NADPH in order to combat ROS and reduce the production of endogenous ROS by 

limiting NADH (Mailloux, et al., The Tricarboxylic Acid Cycle, an Ancient Metabolic 
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Network with a Novel Twist, 2007). Next, AKGDH decarboxylates α-ketoglutarate, 

reduces NAD and transfers a CoA to produce succinyl-CoA and an NADH. AKGDH is 

an important enzyme because it takes part in multiple biochemical pathways including 

regulation of the neurotransmitter glutamate, modulation of ROS stress and HIF-1 

signaling among others (Sheu & Blass, 2006) (Mailloux, Puiseaux-Dao, & Appanna, 

2009). Succinyl-CoA is then metabolized by succinyl-CoA synthetase, coupling the 

forward reaction to the formation of either GTP or ATP and producing succinate. 

Additionally, in the reverse direction succinyl-CoA synthetase has the role of replenishing 

succinyl-CoA for ketone body catabolism and porphyrin biosynthesis (Phillips, Aponte, 

French, Chess, & Balaban, 2009). Succinate is then metabolized by succinate 

dehydrogenase, an enzyme complex which catalyzes the oxidation of succinate to 

fumarate with the reduction of ubiquinone to ubiquinol using its cofactor FAD. Succinate 

dehydrogenase is both a TCA cycle enzyme and an electron transport chain complex 

(Rutter, Winge, & Schiffman, 2010). Fumarase is then able to metabolize fumarate and 

produce malate which is then changed back to oxaloacetate by malate dehydrogenase an 

enzyme also involved in the mitochondrial portion of gluconeogenesis.  

The initiation of gluconeogenesis occurs in the mitochondria and is completed in 

the cytosol as discussed previously. During early fasting increases in muscle proteolysis 

liberates amino acids for gluconeogenesis in response to glucagon. Glucagon stimulates 

the gluconeogenic program by triggering the dephosphorylation and nuclear translocation 

of the CREB regulated transcription activator 2 while decreases in insulin increase gene 

expression of gluconeogeneic enzymes by dephosphorylation and nuclear shuttling of 

FOXO1 (Liu, et al., 2008). Decreased glucose levels also inhibit glycolysis allowing for 

gluconeogenesis to take over. Gluconeogenesis begins with the carboxylation of pyruvate 
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via pyruvate carboxylase (PC) using ATP, producing oxaloacetate. Since oxaloacetate 

cannot be transported out of the mitochondria it is reduced to malate using NADH by 

malate dehydrogenase. Once in the cytosol it is oxidised using NAD to produce 

oxaloacetate by malate dehydrogenase. Oxaloacetate shuttling allows PEPCK to continue 

gluconeogenesis in the cytosol (Berg, Tymoczo, & Stryer, 2006). 

Another important metabolic pathway that occurs in the mitochondria is β-

oxidation of fatty acids. β-oxidation is the major process by which fatty acids are oxidized 

thus providing a major source of energy for the heart and skeletal muscle. Hepatic β-

oxidation provides ketone bodies for the peripheral circulation which is important when 

blood glucose levels are low, discussed in section 1.3.1. The steps of β-oxidation include 

FAD-linked dehydrogenation, hydration, NAD-linked dehydrogenation and thiolytic 

cleavage, to yield acetyl-CoA. The enzymes of β-oxidation all act on CoA esters so the 

first step is forming CoA esters via an ATP dependent process catalyzed by acyl-CoA 

synthase. Short-chain acyl-CoA synthases are found in the matrix, medium chain acyl-

CoA synthases are also found in the matrix, and long-chain acyl-CoA synthsases are 

found in the mitochondrial outer membrane extending its CoA-binding domain into the 

cytosolic face. Once fatty acids are activated in the cytosol they must be transferred into 

the mitochondria via carnitine palmitoyl transferases and the acylcarnitine carnitine 

translocase. Essentially, carnitine palmitoyl transferase I catalyzes transfer of a fatty acid 

from CoA to carnitine, then carnitine acetyltransferase mediates transmembrane exchange 

of fatty acyl-carnitine for carnitine, carnitine palmitoyl transferase II catalyzes transfer of 

the fatty acid from carnitine back to CoA. The next steps depend on which fatty acid is 

being metabolized but the essential steps are the same. The first step involves FAD-linked 

dehydrogenation by acyl-CoA dehydrogenase which catalyses the formation of 2-enoyl-
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CoA from the corresponding saturated ester while reducing FAD. Reoxidation of FAD 

requires an FAD linked electron transfer flavoprotein which transfers and electron to the 

electron transport chain.  The next step involves hydration by 2-Enoyl-CoA hydratase 

preparing it for cleavage by adding a hydroxyl group and a proton to the unsaturated β-

carbon on a fatty-acyl CoA creating l-3-hydroxyacyl-CoA. The next step involves NAD-

linked dehydrogenation of l-3-hydroxyacyl-CoA by 3-hydroxyacyl-CoA dehydrogenase 

yielding 3-oxoacyl-CoA and NADH which is used by the electron transport chain to 

produce ATP. The last step involves thiolytic cleavage of 3-oxoacyl-  

CoA to yield acetyl-CoA and a chain-shortened intermediate which can begin again at 

acyl-CoA dehydrogenases (Eaton, Barlett, & Pourfarzam, 1996). In this way fatty acids 

are broken down in the mitochondria to yield energy by the production of FADH2 

(1.5ATP), NADH (2.5ATP) and acetyl-CoA (10ATP). 

 The most important energy producing biochemical pathway also happens in the 

mitochondria. As briefly discussed previously oxidative phosphorylation couples the 

energy released in electron transfer to ATP production by passing electrons down a chain 

of complexes. The passage of electrons between these complexes releases energy that is 

stored in the form of a proton gradient across the membrane and is then used by ATP 

synthase to make ATP from ADP. This pathway is dependent on the amount of NADH 

and FADH2 available to oxidize and the amount of ADP available to phosphorylate. The 

first step involves the oxidation of NADH and FADH2 by complex I and complex II 

respectively. Complex I or NADH ubiquinone oxidoreducatse is the largest one of three 

active proton pumping complexes in the electron transport chain being over 900kDa and 

the mechanism of how proton translocation is coupled to electron transfer remains unclear 

(Saraste, 1999). Complex II or succinate ubiquinone reductase is a component o f the TCA 
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cycle and participates in the electron transport chain by transferring electrons from 

succinate to the ubiquinone pool. Complex II does not transfer protons to the inner 

membrane space, it only transfers electrons to the chain.  Complex III or cytochrome bc1 

delivers electrons from ubiquinol to cytochrome c and couples this redox reaction to 

proton pumping by a mechanism called the Q cycle which essentially involves ubiquinol 

(QH2) binding to the Qo site of complex III while ubiquinone (Q) binds to the Qi site of 

complex III. QH2 gives up two electrons, one to cytochrome c, and the other to Q 

producing a semiquinone radical and releasing hydrogen into the intermembrane space. 

Another cycle is needed to fully reduce the semiquinone radical producing QH2. Overall 

the Q cycle yields 4 intermembrane protons. The last complex, complex IV or 

cytochrome oxidase transfers protons using cytochrome c. The latter is a water-soluble 

hemoprotein that donates electrons on the cytoplasmic side of the mitochondrial inner 

membrane. These electrons are transferred to the active site, which contains a heme iron 

and a copper, and they are used to reduce O2 into two water molecules. The protons are 

pumped through two channels in the complex and are taken from the matrix (Saraste, 

1999). Now that a proton gradient is established complex V or F1 F0 ATPase can use it to 

produce ATP. Complex V is divided into two components, the F0 or membrane 

component containing the proton channel and the F1 or matrix component which contains 

the catalytic components. The proposed mechanism for action is a binding exchange 

mechanism where each of the three catalytic sites on the F1 domain proceed through a 

cycle of three different states, an empty state, a state bound to ADP and phosphate and a 

state with bound ATP. A portion of the F0 region has been shown to rotate in a counter-

clockwise direction while protons pass through it initiating conformational changes that 

drive ATP production in the F1 portion which is kept from rotating by interactions with 
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the stationary part of the F0 chain. In this way ATP synthase uses the proton motive force 

to produce ATP with almost 100% efficiency (Figure 1.9) (Saraste, 1999). 

   

 

Figure 1.9. Interconnection of the Major Mitochondrial Metabolic Pathways. 

 

Mitochondrial metabolic pathways share many metabolites and use some enzymes for 
multiple roles. The first stage of gluconeogenesis happens in the mitochondria and uses 
malate dehydrogenase from the TCA cycle to transport oxaloacetate out so that it can 

continue in the cytosol. The TCA cycle is a central metabolic cycle designed to extract 
energy from acetate. The TCA cycle receives acetate from either glycolysis or from β-

oxidation of fatty acids linking those two pathways to the TCA cycle. The NADH created 
from the TCA cycle is funneled to the electron transport chain producing ATP. 
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1.5.3 Peroxisomal Metabolism 

 The peroxisome is an interesting organelle with metabolic roles that overlap 

those of the mitochondria and cytoplasm in different organisms. In humans peroxisomes 

serve to metabolise long chain and very long chain fatty acyl-CoAs (VLCFAs), long 

chain dicarboxylyl-CoAs, CoA esters of eicosanoids, 2-methyl-branched fatty acyl-CoAs, 

and CoA esters of bile acid intermediates. Because the mitochondria are devoid of very 

long chain acyl-CoA synthetase and peroxisomes contain two types of acyl-CoA 

synthetases peroxisomes are responsible for β-oxidation of VLCFAs. β-oxidation of 

straight chain fatty acids involves the enzymes fatty acyl-CoA oxidase (AOX), enoyl-

CoA hydratase/L-3-hydroxyacyl-CoA dehydrogenase bifunctional protein (L-PBE) and 

3-ketoacyl-CoA thiolase (Reddy & Hashimoto, 2001).  

 To being β-oxidation the fatty acid must be activated just as in the mitochondria. 

Peroxisomal membranes conatin long chain fatty acyl-CoA synthetases and VLCFA-CoA 

synthetases which activate long chain and VLCFAs. The nonspecific permeability of 

peroxisomal membranes allow for amphiphilic fatty acul-CoAs to pass through the 

membrane without the aid of carnitine as in the mitochondria. Once the fatty acyl-CoA is 

in the peroxisome it is subjected to four reactions similar to those in the mitochondria. 

The acyl-CoA is desaturated to a 2-trans-enoyl-CoA in an oxidation reaction by AOX and 

is coupled to molecular oxygen, a hydration reaction converts enoyl-CoA to a 3-

hydroxyacyl-CoA by L-PBE, a second oxidation step dehydrogenates the intermediate to 

a 3-ketocyl-CoA and a thiolytic cleavage by 3-ketoacyl-CoA thiolase releases an acetyl-

CoA and an acyl-CoA shortened by two carbons. Unlike mitochondrial β-oxidation 

peroxisomal β-oxidation does not go to completion. Instead, the shortened acyl-CoAs are 

exported to the mitochondria for completion of β-oxidation. This is because the AOX in 
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peroxisomes only functions on very long chain or long chain fatty acyl-CoAs but not on 

medium acyl-CoAs, for example the carbon chain on palmitate is stopped at C8 and then 

exported from the peroxisome to the mitochondria (Reddy & Hashimoto, 2001).  

 From the metabolic pathways discussed it becomes evident that metabolism, 

despite being compartmentalized in eukaryotes, is far from being isolated. Enzymes that 

have roles in one metabolic pathway often have roles in other metabolic pathways, and 

even in different compartments. Enzymes respond to each other according to what 

substrates and co-factors are available causing whole pathways to shift in response to 

other pathways and environmental signals. It was shown that key enzymes such as PFK-

1, F16BP, and AKGDH can modulate these flips in response to the environment and 

substrate concentrations helping to control the glycolytic and gluconeogenic cycles and 

the TCA cycle respectively. Like these enzymes, some molecules play important roles in 

regulating the biochemistry of a cell giving a metabolic read-out helping to coordinate 

cellular activites (Figure 1.10) 
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Figure 1.10: The Interactions of Different Metabolic Compartments. 

 

Despite being physically isolated by membranes, organelles share metabolic information 
by sending key metabolites between compartments. For example, the cytosolic 

compartment send pyruvate, NADH, ADP to the mitochondria for the TCA cycle and 
oxidative phosphorylation, and long and medium chain fatty acids to the mitochondria for 
β-oxidation. The cytosol also sends long chain and very long chain fatty acids to the 

peroxisomes for β-oxidation . The mitochondria supplies the cytosol with oxaloacetate for 
gluconeogenesis, NAD+ for energy production, and ATP for glycolysis. The peroxisome 

shortens the chains of long and very long fatty acids so the mitochondria can completely 
oxidize them for energy production. Without these interactions metabolic compartments 
could not function. 

 

1.6 Metabolic Signaling 

Despite the strict division of metabolism, the compartments are not autonomous. 

Their function and the performance of the whole cell are highly dependent on 

communication between the compartments (Wahrheit, Nicolae, & Heinzle, 2011). As 

discussed previously, many metabolic pathways span multiple compartments, for 

example gluconeogenesis which begins in the mitochondria and continues in the cytosol. 

Activity of these pathways depend on energy, cofactors, precursors, and signaling 

molecules built in one compartment and transported to their site of action. Another 
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important aspect of metabolism is how some reactions occur in parallel, that is enzymes 

and even whole pathways can be found in other compartments and potentially serve 

entirely different purposes. As a consequence of this, a large number of transportation 

systems are needed to link different compartments. While compartmentalization plays an 

important role in keeping metabolism efficient some means of communication between 

compartments is necessary and is achieved through transporters and specific precursors, 

cofactors, and signaling molecules that propagate a metabolic signal to the cell as a whole 

(Wahrheit, Nicolae, & Heinzle, 2011). Good indicators of metabolic status should take 

part in a variety of reactions however only a few handfuls of these types of metabolites 

have been identified and their interactions with the signaling network remain elusive. 

Metabolic regulators of cellular events include AMP, ATP, amino acids, glucose, NAD, 

NADH among others (Krejci, 2012). AMP/ATP and NAD+/NADH and their role in 

metabolic signaling will be discussed in detail.  

1.6.1 AMP/ATP Ratio 

Animals derive energy from reduced carbon compounds in food and use this to 

synthesize ATP from ADP. The resulting high ATP:AMP ratio drives most energy 

requiring reactions in a cell. ATP is produced primarily in glycolysis and respiration and 

takes part in a variety of biochemical events including chromatin remodelling, kinase 

action, S-adenosylmethionine production, FAD production, protein acylation, and 

purinergic signaling. A low ATP:AMP ratio would signify that the cell is low on energy 

and therefore various mechanisms sensitive to the ATP:AMP ratio have been put in place.  

AMPK is an important enzyme which responds to high AMP levels and is 

inhibited by glycogen which signals high cellular energy reserves. The goal of AMPK is 

to conserve cellular energy by blocking cell growth by inhibiting mTOR. mTOR is a 
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positive regulator of protein synthesis, cell growth and cell-cycle progression and is 

active when nutrients are abundant. mTOR is also able to regulate the balance between 

energy storage and consumption. Downstream targets of mTOR include S6 kinase-1 

which promotes protein elongation and eukaryotic initiation factor 4E-binding protein 

(EIF4EBP) which is a negative regulator of translation initiation. mTOR has also been 

shown to regulate ribosomal biogenesis (Krejci, 2012). The binding of AMP to AMPK 

has two effects, it promotes the phosphorylation of the α-subunit by liver kinase B1 

(LKB1) at Thr-172 causing a 100-fold increase in activity and it also allosterically 

activates the phosphorylated kinase by 10-fold yielding an overall activation of 1000-fold 

(Hardie, 2011). The current model suggests that AMPK is constantly phosphorylated at 

Thr-172 by LKB1, but in the absence of AMP it is immediately dephosphorylated. 

Binding of AMP causes a conformational change that inhibits the dephosphorylation of 

AMPK. By switching from anabolism to catabolism AMPK restores the energy balance 

after stresses that cause ATP depletion have been remedied (Figure 1.11) (Hardie, 2011).  

1.6.2 NAD/NADH ratio 

NAD+ and its reduced form NADH play important roles as electron carriers in the 

redox reactions of glycolysis, TCA cycle, oxidative phosphorylation and other metabolic 

pathways where NAD+ is reversibly converted into NADH and vice versa. Other 

reactions rely on the irreversible cleavage of NAD+. Such reactions are involved in 

protein deacetylation, mono or poly-ADP-ribosylation, or the derivation of various NAD-

based secondary messengers. As a result, NAD+ or NADH consuming enzymes play a 

role on NAD: NADH sensing potentially indirectly affecting the NAD: NADH ratio itself 

or acting as metabolic sensors and passing on a signal. Due to its ubiquitous use as a 

cofactor in central metabolic pathways the NAD: NADH ratio can be considered a 
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metabolic readout. Several proteins that respond to the NAD: NADH ratio are C-terminal 

binding proteins, sirtuins, and ADP-ribosyltransferases (ADPrts) (Krejci, 2012). 

C-terminal binding proteins (CtBPs) are transcriptional cofactors that function 

primarily in the nucleus but also function in the cytosol to mediate the fission of golgi 

vessels, aid in centrosome assembly and are an integral part of the neuronal synapse 

(Chinnaurai, 2007). In the nucleus CtBPs associate with several classes of transcription 

factors to repress transcription by recruitment of histone deacetylases (HDACS) 

(discussed later), histone lysine methyl transferases (HLMTs), lysine specific 

demethylase (LDM), small ubiquitin-related modifier, E3 ligases (SUrME3L), and 

protein inhibitor of activated signal transducer and activator of transcription 1 

(PIASTAT1). The exact interactions of CtBP with other proteins is dependent on whether 

it binds NAD or NADH and therefore making the NAD:NADH ratio a critical regulator 

of CtBP function (Krejci, 2012). 

Sirtuins are lysine specific NAD+ dependent protein deacetylases that can remove 

acetyl groups from a variety of proteins, notably histones. There are seven mammalian 

sirtuins, Sirt1-Sirt7, Sirt1,2,6 and 7 are found in the nucleus; Sirt 1 and 2 are found in the 

cytoplasm and Sirt3,4 and 5 are found in the mitochondria. Sirtuins can directly influence 

the activity of proteins in response to the NAD: NADH ratio making them important in 

orchestrating complex cellular processes such as energy metabolism.  Sirtuins are ideal in 

linking cellular metabolism to protein acetylation because they all require NAD+ as a 

substrate, therefore when glucose levels and subsequent NADH levels are high the 

activity of sirtuins decreases and vice versa as a direct response to energy metabolism. 

Interestingly every enzyme in glycolysis, gluconeogenesis, the TCA cycle, the urea cycle, 

fatty acid metabolism and glycogen metabolism is acetylated whereas other common 
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proteins like ribosomal proteins are not acetylated to the same extent (Zhao, et al., 2010). 

It was discovered that acetylation positively regulated the enzymes of glycolysis, the 

TCA cycle, and fatty acid oxidation, and negatively regulated the enzymes of 

gluconeogenesis influencing the conception of the idea that sirtuins could participate in a 

switch between energy storage and energy utilization by direct deacetylation of metabolic 

enzymes (Guarente, 2011). Sometimes sirtuins work in conjunction with other enzymes 

to deacetylate their targets. Nicotinamide mononucleotide adenylate transferase 1 

(NMNAT-1) is an enzyme involved in salvage pathway synthesis of NAD+ in the nucleus 

and is recruited by Sirt1 to target gene promoters, NMNAT-1 supplies the NAD+ 

necessary to deacetylate histone H4 (Krejci, 2012). Sirtuins will be discussed in further 

detail later. 

ADP-ribosyltransferases are enzymes that post-translationally modify proteins by 

adding an ADP-ribose moiety to a protein using NAD+ to transfer the ADP-ribose group 

onto acceptors like arginine, glutamic acid, or aspartic acid. These additions can be 

removed by ADP-ribosylhydrolases and poly-ADP-ribosylglycohydrolases (Krejci, 

2012). Poly-ADP-ribosylation by PARP-1 is the major source of poly-ADP-ribose 

production in the cell. PARP-1 has a carboxyl-terminal catalytic domain that polymerises 

linear or branched chains of ADP-ribose from NAD+ and also has an amino-terminal 

DNA binding domain containing two zinc finger motifs as well as a central 

automodification domain that functions as a target of direct covalent modification. These 

domains allow PARP-1 to to interact with genomic DNA, hromatin, PARP-1 targets, and 

regulate gene expression in response to a variety of stimuli including the amount of 

available NAD+ (Figure 1.11) (Kraus, 2008). 
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By sensing the energy state of a cell via either the AMP:ATP ratio or 

NAD+:NADH ratio enzymes can respond to the changes happening in a cell and 

coordinate metabolic pathways to signal energy metabolism directly or activate certain 

genes by transcriptional regulation. In this way metabolism is able to provide direct 

feedback to the cell and propagate signals that can serve the best interests of a cell.  

 

Figure 1.11 Metabolic Signaling with AMP:ATP and NAD+:NADH. 

 

The AMP:ATP and NAD+:NADH are important ratios in metabolism. Many enzymes 
depend on a specific concentration of these cofactors and their activity reflects 

fluctuations in the amount available. Many of these cofactor dependent proteins have 
major roles in the regulation of cellular processes. This system directly couples central 

metabolism to cellular regulation acting as a cellular cruise control requiring no external 
signal to maintain homeostasis. Key enzymes such as AMPK, CtBPs, Sirtuins, and 
ADPrts moderate a large variety of cellular events ranging from protein synthesis to gene 

expression from these signals.  
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1.7 Nuclear Metabolism 

Of all the metabolic compartments the nucleus remains relatively poorly 

understood. Nuclear metabolism has been classically associated with DNA replication, 

transcription, repair and maintenance. A relatively new branch of genetics called 

epigenetics is starting to unravel the role metabolism plays in gene expression. Since 

metabolites are shared between different compartments it makes sense that cells would 

have mechanisms in place to sense this and change gene expression accordingly. Certain 

enzymes like DNA methyl transferases (DNMTs), ATP-citrate lyase (ACL), and acetyl-

CoA synthase (AceCS) have been found in the nucleus and play important roles in 

controlling gene expression. To understand the nucleus we must first understand how it 

can communicate with other organelles.  

1.7.1 Nuclear Import and Export 

The nuclear envelope is a double membrane continuous with the endop lasmic 

reticulum and is penetrated by nuclear pore complexes (NPCs) which allow exchange of 

macromolecules between the cytosol and nucleus. All nuclear proteins and substrates 

must be imported from the cytosol and additionally tRNA and mRNA must be exported 

into the cytosol where they function in translation.  

NPCs are characterized by an eightfold rotational symmetry and contain a largely 

membrane embedded core structure along with cytoplasmic and nuclear extensions which 

form the cytoplasmic filaments and nuclear basket. NPCs have an estimated mass of 

125MDa and they are composed of 50-100 different proteins called nucleoporins. NPCs 

form aqueous pores through which all proteins and metabolites pass. Passage of 

metabolites is simple in that it happen by passive diffusion, this is true for anything 

smaller than 40kDa (Patel, Belmont, Sante, & Rexach, 2007). Active transport is more 
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involved and requires a protein to have a nuclear localization signal (NLS) and requires 

four additional proteins, the NL S-receptor importin α, importin β, Ran, and Nuclear 

transport factor 2 (NTF2) (Gorlich & Kutay, 1999). Nuclear transport is regulated by a 

family of proteins that interact directly with NPCs, share an N-terminal Ran-GTP binding 

motif, and are related to importin β. Based on the direction in which they carry cargo they 

are called importins (into nucleus) and exportins (out of nucleus). The substrates to be 

transported are recognized by their transport receptor, sometimes requiring adaptor 

molecules, transport receptors then bind their cargo on one side of the NPC, translocate 

then return to the other side to complete the process. Importins must bind their cargo in 

the cytosol and release it in the nucleus wheras exportins must do the opposite. RanGTP 

provides the mechanism with which this can happen. Ran is a ras-related small GTPase 

that switches between a GDP and GTP bound form. The regulators of which state Ran is 

in are localised on different sides of the NPC. The nucleotide exchange factor is on the 

nuclear side and generates the GTP bound form of Ran, wheras the GTPase-activating 

protein is kept in the cytosol and depletes RanGTP from the cytoplasm . The result is a 

gradient with high RanGTP in the nucleus and low RanGTP in the cytosol. Transport 

receptors respond to this gradient by loading and unloading their cargo in the appropriate 

compartment. Importins bind cargo in the cytosol and release them upon binding RanGTP 

in the nucleus, the RanGTP complex is then exported back to the cytosol where it is 

removed by GTPase-activating protein. Exportins bind their substrate in the nucleus 

forming a trimeric complex with RanGTP which is transferred to the cytosol where it is 

disassembled. The substrate free and Ran free exportin can then re-enter the nucleus 

completing the cycle (Figure 1.12) (Gorlich & Kutay, 1999). 
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Figure 1.12. Ran-GTP Mediated Nuclear Import and Export. 
 
Import and export of nuclear proteins is mediated by a gradient of RanGTP. Ran GTP in 

the nucleus binds to nuclear import and export receptors causing them to translocate to 
the cytosol. The nuclear export receptor brings a cargo protein with a nuclear export 

signal to the cytosol with it. In the cytosol  GTPase activating protein aids in hydrolysing 
Ran-GTP on the nuclear import and export receptor releasing the cargo protein and 
sending both receptors into the nucleus. Before entering the nucleus the nuclear import 

receptor binds a cargo protein in the cytosol and guides it into the nucleus. Once in the 
nucleus, nuclear exchange factor stimulates the release of GTP allowing GDP to bind 

causing the release of the cytosolic cargo into the nucleus. 
 

1.7.2 Nuclear Enzymes 

Nuclear enzymes include all those associated with the duplication and 

transcription of DNA such as helicases, ligases, RNA and DNA polymerases among 

others. This classic view of nuclear metabolism has been evolving as new enzymes and 
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their role in the nucleus has been discovered. Enzymes like DNMTs, sirtuins, histone 

deacetylases, histone acetylases acetyl-CoA synthetase, nicotinamide 

phosphoribosyltransferase and ATP-citrate lyase have been found to play unique roles in 

the nucleus, mainly modifying genetic expression via modulation of the epigenome. 

Some of these enzymes help to modify the epigenome by direct interactions with central 

metabolism via metabolic signaling molecules like those seen in section 1.6.  

1.7.3 Epigenetics 

The study of epigenetics is the study of stable alterations in gene expression that 

arise during development and cell proliferation and as a response to environmental stimuli 

(Jaenisch & Bird, 2003). These changes can occur through selective methylation of DNA 

or alterations of histones. The new information gained from studying epigenetics is 

causing a renewed interest in heredity and how we believe certain diseases like cancer 

may work. Epigenetic alterations can occur through DNA methylation of cytosine-

guanine base (CpG) dinucleotides and histone modifications including methylation, 

acetylation, phosphorylation, sumoylation, and ubiquitination. All of these changes are 

put under the collective term epigenome.  Some aspects of the epigenome can be 

inherited from one cell to another and even to offspring allowing for environmental 

adaptation on a time scale that genetic modification couldn’t cope with. Epigenetic 

mechanisms can be complicated and we are only beginning to understand how they work. 

The control of DNA methylation and histone acetylation will be discussed in detail as 

well as how epigenetic modifications can be inherited and the role they play in some 

disease (Handel, Ebers, & Ramagopalan, 2009). 

DNA methylation is an enduring way to make an epigenetic change, and it occurs 

throughout the genome, more importantly on CpG islands which are regions of genome 
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high in a sequence consisting of a cytosine followed by a guanine. The mechanism by 

which DNA methylation occurs requires many enzymes including a variety of DNMTs 

(Handel, Ebers, & Ramagopalan, 2009). DNMTs contain a highly conserved catalytic 

domain which includes 10 sequence motifs just as in prokaryotes suggesting that all these 

enzymes use a similar mechanism. The mechism is understood to involve recognition of 

the cytosine residue, flipping it out of the DNA double helix, forming a covalent complex 

with C6 of the cytosine, transferring a methyl group from S-adenosylmethionine to the 

activated C5 on to cytosine and the release of the enzyme by elimination. DNMT-1 has 

been shown to be important in maintaining the DNA methylation in a cell, DNMT-2 is 

responsible for the methylation of tRNA, and DNMT-3a and 3b are responsible for the 

establishment of genomic patterns during development. The mammalian genome is 60-

70% methylated except at CpG islands typically associated with promoters or first exons 

of genes. It is believed that methylation silences transcription by restricting access of the 

transcriptional machinery to DNA. Regulation of what genes become methylated and 

which genes do not remain unsolved. Possible mechanisms are sequence specific 

interactions or interactions with other epigenetic marks in the cell (Figure 1.13) (Rottach, 

Leonhardt, & Spada, 2009).  

Histone acetylation involves modification of histones at their N-terminal tail, 

acetylation specifically involves addition or removal of acetate on N-terminal lysine ε-

amino groups on histones H2A, H2B, H3 and H4. DNA in the nucleus is a complex of 

nucleotide sequence and protein called a nucleosome. Each nucleosome contains 

approximately 146 base pairs of DNA wrapped around an octamer of core histone 

proteins formed by four histone partners: H3-H4 tetramer, and two H2A-H2B dimers. 

The acetylation status of a histone is controlled by the competitive actions of histone 
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acetyltransferases (HATs) and HDACs. The N-terminal lysine ε-amino groups on 

histones serve as targets for these enzymes. Within the nucleosome, positively charged 

hypoacetylated histones are tightly bound to the phosphate backbone of DNA maintaining 

chromatin transcriptionally silent. Acetylation neutralizes the positive charge on histones, 

disrupting higher-order structures in chromatin enhancing access of transcription factors, 

transcriptional regulatory complexes, and RNA polymerases to promoter regions of DNA.  

Histone deacetylation restores a positive charge to histone lysine residues reinstating the 

condensed, transcriptionally silent form of chromatin. HATs and HDACs are large groups 

of different enzymes with the ability to acetylate or deacetylate histone lysines. HATs 

function in large multimolecular complexes and specifically acetylate particular lysine 

residues on certain histones using acetyl-CoA. It is thought that the association of HATs 

with large complexes is related to the specificity and regulation of which lysines are 

acetylated and in turn which genes are activated. Two families of histone deacetylases 

have been discovered so far, the histone deacetylases and the sirtuins which were 

discussed briefly previously. HDAC1 and HDAC 2 are the best characterized HDACs 

and are found in multicomponent complexes of proteins. In order for transcription to be 

silenced HDACs have to be targeted to the promoter regions of genes. This occurs via 

interactions with specific DNA binding proteins and inactivation by sequestration (Figure 

1.13) (Mai, et al., 2005). Sirtuins are central to the topic of this study and therefore will be 

given special attention.  
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Figure 1.13: DNA Methylation and Histone Acetylation in Epigenetics. 

 

DNA methylation and histone acetylation are two types of epigenetic modifications that 
control gene expression. Methylation on CpG islands impedes the ability of the 

transcriptional machinery to transcribe genes, effectively repressing gene expression. 
DNA methylation serves as a semi permanent method of gene repression and is 
maintained by DNMTs. Histone acetylation and deacetylation of lysine residues causes 

gene activation and repression by  HATs and HDACs respectively. Acetylation serves to 
neutralize the static interaction between the negative phosphate backbone of DNA and the 

positive lysine residues allowing the DNA to dissociate from the otherwise tightly bound 
nucleosome. This dissociation allows transcriptional machinery access to a gene 
promoting transcription. Histone deacetylation silences genes in an opposite reaction; 

removing acetate from lysines reinstating the positive charge on the lysine residues 
causing the nucleosome to close. Histone acetylation causes reversible gene activation or 

repression but the changes can be reinforced by DNA methylation.  
 
 

1.7.4 Sirtuins 

Mammalian sirtuins SIRT1-SIRT7 are ubiquitously expressed and have different 

roles. SIRT1 the best characterized sirtuin resides mainly in the nucleus but can shuttle 

between the nucleus and cytosol where several of its targets are found. SIRT2 is localized 

mainly in the cytoplasm however it does regulate deacetylation of certain genes that 

encode transcription factors that shuttle from the cytoplasm to the nucleus.  SIRT3, 
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SIRT4, and SIRT5 are considered mitochondrial sirtuins and SIRT6 and SIRT7 are 

considered nuclear sirtuins with SIRT6 residing in heterochromatin and SIRT7 residing in 

the nucleoli. The differences in sirtuins extend beyond localization to their activities. 

SIRT1 and SIRT5 act as deacetylases, SIRT4 acts as a mono-ADP-ribosyl transferase, 

SIRT2 , SIRT3 and SIRT6 can be deacetylases or mono-ADP-ribosyl transferases, and 

the activity of SIRT7 has not been clearly established (Canto & Auwerx, Targeting 

Sirtuin 1 to Improve Metabolism: All You Need Is NAD?, 2011). The identification of 

sirtuin substrates during the last few decades has pointed out prominent roles of sirtuins 

as metabolic regulators.  

SIRT1 contains N- and C-terminal extension that extend 240 amino acids long in 

addition to the conserved catalytic core of sirtuins. These extensions are platforms for 

interactions with substrates. SIRT1 spans 747 amino acids and contains two nuclear 

localization signals and two nuclear export signals. Modification of these signals can 

modulate the localization of SIRT1 in response to a signal (Canto & Auwerx, Targeting 

Sirtuin 1 to Improve Metabolism: All You Need Is NAD?, 2011). SIRT1 activity is 

regulated by NAD+, an important readout of the metabolic state. It is believed that sirtuins 

might respond to NAD+ flux and modulate certain targets. In fact the estimated 

intracellular content of NAD+ lies in the estimated Km for SIRT1. Generally NAD+ levels 

increase during energy or nutrient stresses and SIRT1 activity increases. Many SIRT1 

nuclear targets are metabolic regulators such as p53 (enhanced mitochondrial activation), 

FOXOs (lipid metabolism, stress resistance, apoptosis, autophagy), PGC-1α 

(mitochondrial biogenesis, lipid metabolism), PPARƴ (adipocyte differenctiation, lipid 

synthesis, lipid storage) LXRs (lipid anabolism, cholesterol regulation), and CREB 

(gluconeogenesis) among others (Canto & Auwerx, Targeting Sirtuin 1 to Improve 
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Metabolism: All You Need Is NAD?, 2011). SIRT1 cytosolic targets include AceCS-1 

which has a large role in acetate metabolism the impact of which has not been determined 

in whole mammalian metabolism. Endotheilial nitric oxide synthase (eNOS) is ano ther 

cytosolic target which plays an important role in endothelial mediated vasodilatation. 

SIRT1 also forms complexes with autophagy machinery assisting autophagy in a way yet 

to be discovered (Figure 1.14) (Canto & Auwerx, Targeting Sirtuin 1 to Improve 

Metabolism: All You Need Is NAD?, 2011). 

SIRT2 has a 304 amino acid catalytic core and a 19-residue, N-terminal helical 

extension. The N-terminal residue does not take part in the deacetylase reaction (Finnin, 

Donigan, & Pavletich, 2001). SIRT2 has been shown to play an important role in mitotic 

exit in the cell cycle where increased SIRT2 activity severely delays cell cycle 

progression. SIRT2 also acts as a mitotic checkpoint that stabilizes chromatin during 

mitosis and deacetylates α-tubulin. For these reasons SIRT2 plays an important role in 

gliomas as a potential tumour suppressor. SIRT2 was recently described as an 

oligodenroglial cytoplasmic protein, localized to the juxtanodal loops in the mye lin sheath 

suggesting a role in mylinogenesis (Figure 1.14) (Dali-Youcef, Lagouge, Froelich, Koel, 

Schoonjans, & Auwerx, 2007).   

SIRT3 is a sirtuin that contains 399 residues with an N-terminal mitochondrial 

targeting sequence. Once in the mitochondria the N-terminal tail is cleaved by the 

mitochondrial matrix processing peptidase thus activating the enzyme (Jin, et al., 2009). 

SIRT3 is associated with thermogenesis and longevity. SIRT3 activates the mitochondrial 

genes PGC-1α and UCP-1 alluding to its role in thermogenesis. SIRT3 mutations like the 

G477T polymorphism in exon 3 and a 72 base repeat in exon 3 increased longevity 

suggesting SIRT3 has roles in survival (Dali-Youcef, Lagouge, Froelich, Koel, 



70 
 

Schoonjans, & Auwerx, 2007). SIRT3 also deacetylates key mitochondrial enzymes such 

as AceCS-1, isocitrate dehydrogenase-2 and glutamate dehydrogenase. These 

observations suggest that SIRT3 may play important roles in modulating energy 

metabolism and extending life span under calorie restriction (Figure 1.14) (Jin, et al., 

2009). 

SIRT4 is a mitochondrial matrix protein which becomes cleaved at amino acid 28 

after import to the mitochondria (Ahuja, et al., 2007). SIRT4 has the conserved sirtuin 

domain however, it does not exhibit deacetylase activity, it ADP-ribosylates and inhibits 

mitochondrial glutamate dehydrogenase. Glutamate dehydrogenase controls amino acid-

stimulated insulin secretion by regulating glutamine and glutamate oxidative metabolism 

(Figure 1.14) (Dali-Youcef, Lagouge, Froelich, Koel, Schoonjans, & Auwerx, 2007). 

Limited information has been discovered on SIRT5 however recent research has 

shown that it is a mitochondrial matrix deacetylase which is specific to carbamoyl 

phosphate synthetase-1 (CmPS-1), an important urea cycle enzyme (Figure 1.14) 

(Nakagawa, Lomb, Haigis, & Guarente, 2009). 

SIRT6 contains the conserved catalytic residues other sirtuins have, however 

SIRT6 has a more open confirmation (Pan, Feldman, Devries, Dong, Edwards, & Denu, 

2011). SIRT6 is suggested to take part in genomic stability and DNA repair. SIRT6 has 

ADP-ribosyl transferase activity in addition to the ability to deacetylate histones and 

DNA polymerase β (Dali-Youcef, Lagouge, Froelich, Koel, Schoonjans, & Auwerx, 

2007). Unlike other sirtuins, SIRT6 produces OAADPr as a result of an extremely 

inefficient deacetylase activity, and binds NAD+ in absence of an acetylated lysine residue 

(Figure 1.14) (Pan, Feldman, Devries, Dong, Edwards, & Denu, 2011). 
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SIRT7 is another poorly understood sirtuin however it is the only sirtuin which is 

localized to the nucleolus and a component of RNA polymerase I. SIRT7 positively 

regulates the transcription of rDNA during transcriptional elongation (Dali-Youcef, 

Lagouge, Froelich, Koel, Schoonjans, & Auwerx, 2007). Localization of SIRT7 changes 

as a response to mitotic phase suggesting that it plays an important role in regulating 

rDNA synthesis after mitosis (Figure 1.14) (Grob, Roussel, Wright, McStay, Hernandez-

Verdun, & Sirri, 2009).  
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Figure 1.14: Various Roles of Sirtuins. 

 

Sirtuins are enzymes that possess either deacetylase activity (SIRT1, 2, 3, 5, 6) or mono 
ADP ribosyl transferase activity (SIRT2, 3, 4, 6) and use NAD+ as a substrate. Sirtuins 

are localized to a variety of compartments including the mitochondria (SIRT3, 4, 5) the 
cytosol (SIRT1,2) and the nucleus (SIRT1, 6, 7) and have a variety of regulatory 
functions in these compartments. Key enzymes including those involved in energy 

metabolism, thermogenesis, urea cycle, mitosis, transcription and genome repair are 
controlled by sirtuins as well as a host of transcription factors including p53, FOXOs. 

Sirtuins respond to the intracellular flux in NAD+ allowing them to modulate cellular 
processes in accordance with what the cell is experiencing making them one of the most 
important regulatory enzymes when it comes to metabolism.  
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1.8 Nuclear Metabolism and Epigenetics 

Just as metabolism plays a role in regulating other cellular events via modulation 

of key metabolites such as NAD+ and AMP, nuclear metabolism has been found to 

regulate nuclear events. Recent research has shown that key nuclear enzymes can change 

the concentration of key epigenetic enzyme substrates. Enzymes such as HATs and 

sirtuins require the common metabolites acetyl-CoA and NAD+ respectively. Many 

enzymes have the ability to change the concentrations of these metabolites and thus have 

the ability to link cellular metabolism to an epigenetic change. Two examples of previous 

research will be discussed, ATP-citrate lyase and how it controls levels of acetyl-CoA for 

HATs and NAMPT and how it controls levels of NAD+ for sirtuins.  

1.8.1 ATP-Citrate Lyase and HATs 

A study done by Wellen et al. 2009 illustrated how a nuclear localized ACL 

provided acetyl-CoA for HATs and in turn affected the expression of glycolytic enzymes 

through epigenetic modifications. The study began with the discovery of ACL in the 

nucleus using a GFP tagged ACL and a deconvolution microscope to visualize where 

ACL was localized. The role of ACL in the nucleus was investigated considering that 

citrate and acetate could diffuse through the nuclear pore. It was hypothesized that ACL 

could produce acetyl-CoA in the nucleus. Using small interfering RNA (siRNA) it was 

discovered that ACL played an important role in global histone acetylation along with 

AceCS1. Silencing GCN5, an important HAT resulted in similar effects to silencing 

ACL. To examine how ACL might affect gene expression was analyzed by qPCR under 

ACL silencing. In fact upon ACL silencing the key glucose metabolizing enzymes, 

GLUT4, hexokinase 2, PFK-1, and lactate dehydrogenase A were all downregulated. This 

important research illustrates how cellular metabolism can produce substrates such as 
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citrate which can directly influence a different metabolic compartment such as the 

nucleus and in turn affect the epigenetic state via a nuclear enzyme, ACL to change the 

expression of genes directly related to the signal that started the changes, citrate. With 

more glucose metabolizing enzymes, more citrate becomes available, and more histone 

acetylation can occur reinforcing expression of those genes. As soon as glucose 

availability becomes low less citrate would be available in turn lowering the amount of 

histone acetylation and down-regulating these glycolytic enzymes when they are not 

needed (Figure 1.15) (Wellen, Hatzivassiliou, Sachdeva, Bui, Cross, & Thompson, ATP-

Citrate Lyase Links Cellular Metabolism to Histone Acetylation, 2009).  



75 
 

 

Figure 1.15: The Connection of Central Metabolism and Gene Expression via ACL. 

 

Nuclear ATP-citrate lyase was found to modulate gene expression in response to central 
metabolism. nACL was found to respond to fluctuations in citrate from central 

metabolism and create acetate in the nucleus. By creating acetate, nACL was directly 
influencing the activities of HATs which helped to control the acetylation state of 
nucleosomes activating some genes. nACL was found to enhance genes involved in 

glucose metabolism when citrate was plentiful and vice versa creating a genetic feedback 
mechanism directly linking central metabolism to gene expression.  

 
1.8.2 NAMPT and Sirtuins 

A study done by Revollo et al.  explains how the NAD+ biosynthesis pathway 

mediated by nicotinamide phosphoribosyltransferase (NAMPT) regulates sirtuins activity 

in mammalian cells. To determine whether NAMPT was the rate limiting step in NAD+ 
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biosynthesis mice overexpressing the gene were created. With the 15-23 fold increase in 

NAMPT observed there was a 35-47% increase in NAD+ levels. In order to evaluate the 

ability of NAMPT to modulate sirtuin deacetylase activity a reporter assay was used. 

With increases in NAMPT repression abilities of sirtuins increased as well in a dose 

dependent manner. This study showed that increased dosages of NAMPT enhances the 

transcriptional regulatory activity of sirtuins through the increase of NAD+ levels. To 

further confirm this finding gene expression was analyzed between cells with 

overexpressed NAMPT and overexpressed sirtuins. The changes in gene expression were 

significantly correlated between the NAMPT and sirtuin upregulated cells further 

supporting their findings. Since NAMPT contributes such an important step in NAD+ 

biosynthesis from nicotinamide, the enzymatic activity of NAMPT can be regulated by 

environmental stimuli thus providing a link between metabolism and epigenetic 

modifications by sirtuins (Revollo, Grimm, & Imai, 2004). 

1.9 Lactate Dehydrogenase 

The interconversion of lactate and pyruvate is catalyzed by the enzyme LDH. Two 

distinct subunits combine to form the five tetrameric isoenzymes of lactate 

dehydrogenase. The heart (H) or B subunit is inhibited by pyruvate and preferentially 

drives the reaction towards production of pyruvate and reduction of NAD+. The muscle 

(M) or A subunit has a higher maximal velocity (Vmax) favouring the formation of lactate 

from pyruvate and the oxidation of NADH. The different properties of isoenzymes 

corresponds to the ratio of subunit A and B which is related to their localization in the 

cell; subunit B tends to localize in aerobic tissues such as the heart whereas subunit A 

containing isoenzymes tend to localize in anaerobic tissues such as the liver or skeletal 

muslce (Bittar, Charnay, Pellerin, Bouras, & Magistretti, 1996). There exists two homo 
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tetrameric LDH enzymes LDH1 (B4) and LDH5 (A4) as well as three hybrids LDH4 

(A3B), LDH3 (A2B2), LDH2 (A1B3). LDH B subunits are abundant in tissues and organs 

with a relatively constant supply of oxygen, and that consume lactate, for example the 

heart and brain. LDH A subunits are more commonly found in tissues which produce 

large amounts of lactic acid and are subjected to anaerobiosis for example liver and 

skeletal muscle. Interestingly, LDH1 is free to function in the cytosol however LDH5 in 

resting skeletal muscle is bound to membranes causing inactivation. Under normal 

circumstances due to the high NAD+:NADH ratio B subunits in heart muscle are bound to 

NAD+ and as a consequence of that, serve to oxidize lactic acid to produce pyruvate and 

NADH which is used by the electron transport chain to produce energy. An abortive 

mechanism involving the inhibition of subunit B by excess concentrations of pyruvate 

and NAD+ helps maintain the ratio of NAD+: NADH. Subunit A functions in a similar 

manner in that it responds to stimuli in its environment to regulate lactate production. 

When NADH is in short supply it is advantageous to inhibit LDH A activity by keeping it 

bound to the membrane. Increased NADH production would release membrane bound 

LDH A allowing it to participate in the conversion of NADH to NAD+ and lactate to 

pyruvate. A4 enzymes function well in an environment with abundant pyruvate and low 

oxygen. The build up of NADH in a low oxygen environment would trigger this positive 

feedback mechanism where A4 could use the accumulation of NADH to produce NAD+ 

and lactate allowing the cell to produce ATP in the absence of oxygen (Markert, 1984). 

To date lactate dehydrogenase has been found in the cytosol, mitochondria and the 

nucleus. In the cytosol LDH serves to complete the last step of lactic acid fermentation; 

the reduction of pyruvic acid to lactic acid providing NAD+ for glycolysis (Straub, 1940). 

Mitochondrial LDH has been shown to help in the metabolism of lactate to produce ATP 
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in human astrocytes (Lemire, Mailloux, & Appanna, Mitochondrial Lactate 

Dehydrogenase Is Involved in Oxidative-Energy Metabolism in Human Astrocytoma 

Cells (CCF-STTG1), 2008). Nuclear LDH has been show to play important roles in 

cancer progression and is linked to HIF-1α and HIF-2α suggesting it plays an important 

role in the nucleus when oxygen or energy levels are low (Koukourakis, Giatromanolaki, 

Simopoulos, Polychronidis, & Sivridis, 2005). However, a review of the literature shows 

there is limited understanding of the role LDH plays in the nucleus (Figure 1.16).   
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Figure 1.16: Roles of Lactate Dehydrogenase in Mammalian Cells.  

 

Lactate dehdrogenase has various roles in energy metabolism. In the cytosol, LDH has 
been known to participate in anaerobic substrate level phosphorylation by producing 

lactate acid and oxidising NADH to create the NAD+ necessary to continue producing 
ATP by glycolysis. In the mitochondria of human astrocytes lactate dehydrogenase has 
been shown to participate in ATP production by providing NADH by the oxidation of 

lactate yielding pyruvate which yields more ATP via the TCA cycle. Nuclear lactate 
dehydrogenase has been shown to be linked to the progression of various cancers and 

linked to both HIF-1α and HIF-1β however a clearly defined role for nuclear lactate 
dehydrogenase remains to be determined. Adapted from Lemire et al. 2008. 
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1.10 Thesis Objectives. 

The objective of this study is to examine nuclear metabolism and fluctuations that 

may be linked to epigenetic changes. Particular attention was given to central metabolic 

enzymes that may localise in the nucleus and their roles. This study suggests that lactate 

dehydrogenase is being utilized in the nucleus under ROS stressed HepG2 cells to 

produce NAD+ which is being utilized by sirtuins to modulate the concentration of NAD+, 

the latter is pivotal in the deacetylation of histones, a process mediated by sirtuins.  
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2 Materials and Methods 

 2.1 Cell Culturing 

2.1.1 Hepatocytes (HepG2) 

HepG2 cells are a model commonly used for studying human heptocytes. Cells 

were received as a gift from Dr. D. Templeton (University of Toronto). The cell line was 

maintained in α-MEM supplemented with 5% fetal bovine serum (FBS) and 1% 

streptomycin, and penicillin. Cells were seeded at 1x105 cells/mL in 175cm2 culture 

flasks and grown in an incubator kept at 37oC with 5% CO2 humidified atmosphere 

(Mailloux, Lemire, & Appanna, Aluminum-Induced Mitochondrial Dysfunction Leads to 

Lipid Accumulation in Human Hepatocytes: A Link to Obesity, 2007). 

2.1.2 Astrocytes (CCF-STTG1)  

CCF-STTG1 cells were acquired from the ATCC (Manassas, VA) and were 

chosen because they maintain normal astrocyte properties (Mentz, de Lacalle, Baerga-

Ortiz, Knauer, Knauer, & Komives, 1999). The cell line was maintained in α-MEM 

supplemented with 5% fetal bovine serum (FBS) and 1% streptomycin, and penicillin. 

Cells were seeded at 1x105 cells/mL in 175cm2 culture flasks and grown in an incubator 

kept at 37oC with 5% CO2 humidified atmosphere (Lemire, Mailloux, & Appanna, 

Mitochondrial Lactate Dehydrogenase Is Involved in Oxidative-Energy Metabolism in 

Human Astrocytoma Cells (CCF-STTG1), 2008). 
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2.1.3 P19 stem cells (CRL-1825) 

P19 cells were acquired from the ATCC and maintained in α-MEM supplemented 

with 5% FBS and 1% streptomycin, and penicillin in an incubator kept at 37oC with 5% 

CO2 humidified atmosphere and passaged every 2 days. Differentiation to 

cardiomyocytes was induced by DMSO (van der Hayden & Defiz, 2003). 0.25x106 cells 

were allowed to aggregate for 4 days in nonadhesive Petri dishes (6cm diameter) 

containing 10mL of media plus 1% DMSO. Media was replaced after 2 days and after 4 

days the cells were transferred to tissue grade culture flasks (75cm2) and cultured in the 

absence of DMSO. Cell populations were isolated and analyzed at day 3 and day 7 of 

differentiation.  

2.1.4 Culture Initiation and Passaging 

HepG2 and CCF-STTG1 cultures were started from cryogenically frozen stocks. 

Frozen cells were allowed to thaw before being seeded into a 75cm2 tissue culture flask. 

Once the cells had adhered to the flask the media was replaced with fresh α-MEM + 

5%FBS +1% streptomycin/penicillin. The cells were allowed to grow until reaching 

confluency (6 days). At this point the cells could be passaged by removing the adherent 

cells and seeding them in new tissue culture flasks at a concentration of 1x105 cells/mL. 

Cell count was determined by the TBEA (Shannon, 1978). Cells were passaged once a 

week in order to avoid overgrowth and to provide fresh nutrients to the cells. Cultures 

were passaged to a maximum number of 50 times for HepG2 and 35 times for CCF-

STTG1, at which point a new cryogenic stock would be used (Figure 2.1).  
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2.1.5 Cell Storage 

 From passage number one cells were grown to confluency then isolated for 

cryogenic storage. Upon confluency, cells were detached from the flask and centrifuged 

at low velocity (150xg) to avoid damaging the plasma membrane. The cell pellet was 

rinsed twice with ice cold PBS [(136mM sodium chloride, 2.5mM potassium chloride, 

1.83mM dibasic sodium phosphate and 0.43mM monobasic potassium phosphate) pH 

7.4]. The pellet was then resuspended in 2mL DMSO containing cell storage media 

(Gibco) and aliquoted at a concentration of 1x106cells/mL into 2mL cryovials (Fisher). 

Aliquoted cells were gradually frozen at -20oC for 4 hrs, then -80oC for 2 days then in 

liquid nitrogen to avoid rapid freeze fracturing of the cells.  

2.1.6 Cell Treatment 

At 75% confluency HepG2 and CCF-STTG1 cells could be treated for 

experiments. First the media was removed and cells were washed with PBS. The 

hepatocytes were resupplemented with serum-free media containing 2.5mM citrate and 

2.5mM citrate with varying amounts of H2O2 (10µM, 40µM, 60µM, 80µL, 100µM) or 

aluminum chelated to citrate (0.01mM, 0.1mM) for 24 hrs. Hepatocytes were also treated 

with physiological levels of Insulin (50µU/mL) and Glucagon (215pg/mL) plus 2.5mM 

citrate for 3, 7, 12 and 24 hrs . The astrocytes were resupplemented with serum-free 

media containing 2.5mM lactate and 2.5mM lactate with 40µM H2O2. Citrate and lactate 

were used to stimulate metabolism and cells treated with only citrate or lactatewere used 

as a control. Serum-free media was used to maximize the effects of H2O2 on the cells, a 

common procedure in toxicological studies (Figure 2.1) (Wang & Kang, 1999).  
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Figure 2.1:  Cell Growth and Treatment 

HepG2 cells were grown from cryogenic stocks until confluent. Cell viability was 

determined by the TBEA and cells were seeded in new flasks at a concentration of 1x105 
cells/mL and grown until 75% confluent. Upon reaching confluency cells were treated 
with either citrate or a combination of citrate with H2O2 or citrate with Al.  

2.1.7 Recovery Experiments 

The recovery experiment was performed after treatment with citrate and H2O2 for 

24hrs. The media was removed and replaced with fresh serum free media containing 

5mM pyruvate and incubated for 5hrs. When finished, the spent medium was collected 

and cells were harvested.  

2.1.8 Inhibition Experiments  

Inhibition experiments were done to inhibit both LDH and sirtuins. Cells were 

grown to 75% confluency and treated with citrate and H2O2 as described previously. In 

addition to the citrate and H2O2, 40mM oxamate was added to inhibit LDH and 10mM 
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nicotinamide was done to inhibit sirtuin activity. Cells were incubated for 24 hrs and 

harvested for analysis. 

2.1.9 Cell Isolation and Nuclear Isolation 

Treated cells were isolated by gently tapping the flask and transferring them into 

centrifuge tubes. Centrifugation at low velocity (150xg) separated the cells from the 

media. The cell pellet was washed twice in ice-cold PBS then resuspended in 1mL of ice 

cold mammalian cell storage buffer (MCSB) [(50mM Tris-HCl, 1mM 

phenylmethylsulfonylfluoride, 1mM dithiothreitol, 250mM sucrose, 1mg/mL pepstatin, 

0.1mg/mL leupeptin, and 2mM citrate) pH 7.4 ] and stored at -80oC (Figure 2.2). 

2.1.10 Nucleus Isolation 

To isolate nuclei for experimentation, frozen cells were thawed then centrifuged at 

400xg for 10min at 4oC. The cells were then resuspended in 100µL ice cold MCSB and 

homogenized on ice with a sonic dismembrator at an amplitude of 26% and a setting of 1 

sec bursts for 5 sec. The cells were placed on ice for 5 min between sonications to avoid 

damage.  The sonication process was repeated 3 times and the suspension was centrifuged 

at 250xg for 10min to remove any whole cells. The whole cell pellet was separated from 

the supernatant containing cell free extract (CFE) and resuspended in 25µL of ice cold 

MCSB and sonicated an additional 3 times. The suspension was centrifuged again to 

separate any remaining whole cells and the supernatant was combined with the previous 

supernatant. Subcellular components were removed using differential centrifugation. 

Centrifugation at 800xg for 20min at 4oC separated the nucleus from the CFE. The pellet 
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was resuspended in 50µL MCSB before being processed for experimentation (Figure 

2.2). 

 

Figure 2.2: Cell Isolation and Nuclear Isolation  

 

After 24 hrs of stressing, cells were removed from their flask and centrifuged at low 
speed to separate the cell pellet. Following washing the pellet was resuspended in 1mL of 

mammalian cell storage buffer (MCSB) and stored indefinitely at -80oC. When the cells 
were needed they were thawed and the pellet was isolated by centrifugation at 400xg. The 
pellet was resuspended in 100µL MCSB then sonicated 3 times. The cell free extract was 

centrifuged at 250xg to remove remaining whole cells which were subsequently 
resuspended in 25µL of MCSB and sonicated an additional 3 times. Whole cels were 

removed by centrifugation again and supernatants were combined. Centrifugation at 
800xg for 20 min at 4oC yielded a nuclear pellet which was resuspended in 50µL MCSB 
before being prepared for experimentation.  

 

2.2 Fluorescent Microscopy and In-cell Western Blotting 

Cells were grown on glass coverslips in a 35mm X 10mm petri plate or in 6-well 

plates. Cells were seeded at a density of 1x105 cells/mL in 2mL of α-MEM +5% FBS. 

Cells were grown to 60-70% confluency and treated with citrate and H2O2 as described 

previously. Following treatment the cells were treated for analysis and observed on a 
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Zeiss deconvolution microscope at 60X ocular magnification and in the dark to prevent 

photobleaching or on an OdysseyTM infrared imager from Licor.  

2.2.1 Nuclear Purity 

Cells for this experiment were not treated with citrate or H2O2 because nuclear 

isolation efficiency was being determined. Untreated cells were grown on coverslips as 

previously described to 70% confluency. Untreated cells had the media removed and the 

cells washed twice with PBS. Cells were fixed with 3:1 mixture of methanol and acetic 

acid for 10min followed by 1 min of air drying. Treated cells underwent nuclear isolation 

as described previously. Whole nuclei were centrifuged onto poly- lysine coated 

coverslips. Poly- lysine coated coverslips were prepared by incubating clean coverslips in 

a solution of 1.5% poly-L- lysine for 10 min then gently washing them twice with 

phosphate buffered saline (PBS) [136.8mM NaCl, 2.5mM KCl, 1.83mM Na2PO4, 

0.4313mM KH2PO4 (pH 7.4)].Isolated nuclei were fixed in a suspension of 1% 

formaldehyde and 2X XBE2 buffer [10mM HEPES, 100mM KCl, 0.1mM CaCl2, 2mM 

MgCl2, 5mM EDTA, 50mM sucrose (pH 7)]. Then overlaid onto poly- lysine coated 

coverslips submerged in XBE2 buffer + 30% glycerol and centrifuged at 800xg for 

20min. Once samples were fixed to the slides they were washed twice with PBS and 

stained with phalloidin (1.5mg/mL) conjugated to FITC for 20min at 37oC. The samples 

were washed twice with PBS before staining with Hoescht 33528 (2.5µg/mL in PBS) for 

10min. Hoescht serves as a counter stain to visualize the nucleus. The Hoescht was 

removed and cells were washed twice with PBS. Coverslips were mounted on slides and 

Hoescht and FITC was visualized at at λexcitation=355nm and λemission=465nm,  



88 
 

λexcitation=495nm and λemission=520nm respectively (Lemire, Mailloux, & Appanna, 2008) 

(Figure 2.3). 

2.2.2 In-cell Western Blot  

After 24hr treatment with or without H2O2, cells were washed twice with PBS. 

Cells were fixed with 3:1 mixture of methanol and acetic acid for 10min followed by 1 

min of air drying. The cells were washed twice with PBS before staining with Hoescht 

33528 (2.5µg/mL in PBS) for 10min. Hoescht serves as a counter stain to visualize the 

nucleus. Next, the hoescht was removed and the cells were washed twice with tris 

buffered saline (TBS) [(2.42 Tris, 8gNaCl, 1%Tween-20, volume to 1L)pH 7.6] before 

being exposed to the blocking solution, tween tris buffered saline [(2.42g Tris, 8g NaCl, 

1% Tween-20, volume to 1L)pH 7.6] +5%FBS on a gentle agitator. Tween serves to 

permeabilize the membrane for antibodies while FBS serves to block non-specific 

binding sites. After an hr the blocking solution was removed and the coverslip was 

washed 3 times with TBS for 5min. The cover slips were then exposed to the primary 

antibody (anti-LDH, anti-SIRT1, anti-acetyl- lysine, anti-PDH) at the appropriate dilution 

(Table 1) for an hr on gentle agitation. Following primary antibody incubation the cells 

were washed three times with TBS for 5min and then exposed to the appropriate 

secondary antibody (anti-goat FITC, anti- rabbit FITC) ,at the appropriate dilution (Table 

2.1). After an hr the secondary antibodies were washed away with TBS three times. In the 

case of LDH, SIRT1 and Ac-K, coverslips were mounted on slides and Hoescht and FITC 

were detected at λexcitation=355nm and λemission=465nm,  λexcitation=495nm and 

λemission=520nm respectively (Lemire, Mailloux, & Appanna, 2008). PDH was analyzed 
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on an OdysseyTM infrared imager at λexcitation=778nm, λemission=795nm (Osterman & 

Schutz-Geschwender, 2007). (Figure 2.3) 

Table 2.1: Antibodies and their Dilultions. 

Primary antibodies and the dilution used are listed next to the secondary and its dilution 
used to amplify and detect the amount of protein.  

 

1o Antibody Dilution 2o Antibody Dilution 

Goat anti-LDH 1/750 anti-goat FITC 1/200 

Rabbit anti-SIRT1 1/200 Anti-rabbit FITC 1:200 

Rabbit anti-Ac-K 1/200 Anti-rabbit FITC 1:200 

Rabbit anti-PDH 1/200 Anti-rabbit IRDye 

800CW 

1:200 
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Figure 2.3: Microscopy Techniques. 

 

Cells were seeded at a concentration of 1x105 cells/mL in a 35 x 10mm petri dish 

containing a glass coverslip. After the cells had reached between 60-70% confluency 
media was removed and fresh media without FBS and with stressors was introduced for 
24hrs. After stressing the media was removed and cells were washed three times in PBS 

then fixed with a mixture of 3:1 methanol/acetic acid. Following fixation cells were 
washed with PBS and treated with a variety of fluorescent probes including Hoescht, 

Phalloidin, and various antibodies targeted by fluorescent secondary antibodies.  
 

 2.3 HPLC Analysis 

 HPLC samples were filtered and diluted at a concentration of 1 part sample to 9 

parts mobile phase. The sample vials were placed in the HPLC and EMPOWER software 

interface allowed for programming of the protocol and automatic injector. Each 

experiment consisted of clearing the previous calibration, equilibrating the column for 

10min and the sample injections. Each sample was injected at a volume between 10-80uL 

depending on the desired resolution of the peaks. The HPLC was calibrated by a 5-point 

calibration method using different concentrations of 5 standards. A Phenomenex  C-18 

column with a polar cap was used in conjunction with mobile phase consisting of 20mM 

KH2PO4 at a pH of 2.9 in order to retain organic acids. Organic acids were detected with 

a UV-visible dual channel spectrophotometer operating at 210nm for detection of C to O 

conjugation and 254nm for detection of C to N conjugation. The flow rate was kept at 

0.7ml/min for each experiment. Peaks were identified using known standards. 
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Additionally, peaks could be determined by spiking samples with known compounds or 

isolating peaks and subjecting them to enzymatic analysis. Quantification of peaks was 

done by EMPOWER software. 

 2.3.1 HPLC Analysis of the Nucleus  

 Nuclear fractions were isolated by subcellular fractionation as described 

previously. Protein concentration of the nuclear pellet was determined by Bradford assay 

(Bradford, 1976) and protein from control and stressed conditions was normalized at a 

concentration of 2mg/mL. To analyze the contents of the nucleus 2mg/mL equivalent of 

nuclear protein was boiled for 10 min to lyse the nuclei. Solid material was removed by 

centrifugation and by filtration of the supernatant before being loaded into the HPLC. The 

activity of LDH in the nucleus was determined by incubating 2mg/mL  nuclear protein 

equivalent with 2mM lactate, 0.5mM NAD+ for varying amounts of time at 37oC in 

reaction buffer [25mM Tris-HCl, 5mM MgCl2 (pH 7.4)] before being boiled for 10 min 

and removing the solid material by centrifugation and filtration of the supernatant then 

loaded into the HPLC for analysis.  

 2.3.2 HPLC Analysis of Histone Acetylation 

 Extraction and purification of histones were done as outlined in Schecter et al. 

2007 (Shechter, Dormann, Allis, & Hake, 2007). After cells were grown they were 

pelleted in 50mL conical at 300xg for 10 min. The cell pellet was washed with PBS then 

pelleted again at 300xg for 10min. The pellet was resuspended in 1mL of hypotonic lysis 

buffer [10mM Tris-HCl, 1mM KCl, 1.5mM MgCl2, 1mM DTT, 1mg leupeptin and and 

0.5µL pepstatin (pH 8.0)] and transferred into a 1.5mL tube. Cells were incubated on a 
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rotator for 30min at 4oC to promote swelling and lysis by mechanical sheering. Nuclei 

were pelleted at 10000xg for 10min at 4oC. The supernatant was discarded and nuclei 

were resuspended in 200µL of 0.4N H2SO4 ensuring no clumps. At this point the protein 

concentration was determined by the Bradford assay and samples were normalized to the 

maximum level of protein available for all samples, typically around 3.75mg/mL. Volume 

was increased to 400µL of 0.4 H2SO4 and nuclei were incubated over night at 4oC on a 

rotator. Following incubation samples were centrifuged at 16000xg for 10min to remove 

any debris. The supernatant containing histones was transferred into a new 1.5mL tube 

and 132µL of ice cold trichloroacetic acid was added drop wise at a final concentration of 

33% precipitating the histones. The samples were incubated on ice for a minimum of 

30min then centrifuged at 16000xg for 10 min at 4oC. The supernatant was carefully 

removed with a pipette and the histone pellet was washed with ice cold acetone. The 

sample was centrifuged at 16000xg for 10min and 4oC, washing with acetone and 

centrifugation was repeated one more time to ensure removal of the acid. The supernatant 

was gently removed and the samples were allowed to air dry at room temperature for 20 

min. In order to determine the amount of acetylation on histones the acetyl groups had to 

be removed. Histones were hydrolysed in 6N H2SO4 at 100oC for 5 hrs as outlined in 

Phillips, 1963 (Phillips D. , 1963). Following hydrolysis samples were prepared for 

HPLC analysis as described previously (Figure 2.4). 
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Figure 2.4: Procedure for the Isolation and Hydrolysis of Histones from Cell 

Culture. 

Cells were grown and isolated as previously described. Cells were lysed using hypotonic 
lysis buffer and nuclei were isolated by centrifugation at 10000xg for 10min. Nuclei were 

resuspended in 0.4N H2SO4 and rotated overnight at 4oC. Cellular debris was separated 
from the soluble histones by centrifugation at 16000xg for 10min. Histones were brought 

out of solution by TCA precipitation and centrifugation at 16000xg for 10min at 4oC. The 
pellet was washed twice with cold acetone and allowed to dry. Histones were resuspended 
in a solution of 6N H2SO4 and left at 100oC for 5 hrs in order to hydrolyze them. 

 

 2.4 BN-PAGE 

 Nuclear protein samples were prepared by quantifying and normalizing nuclear 

protein levels by the Bradford assay (Bradford, 1976). Once quantified, nuclear protein 

equivalent was diluted to a concentration between 3-4mg/mL depending on the amount of 
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protein available in blue native buffer (1.5M €-aminocaproic acid, 150mM BisTris (pH 7 

at 4oC)], with 10% maltoside; a weak detergent used to release membrane bound proteins. 

Samples were kept on ice for 30min in order to keep proteins native while the maltoside 

was acting. Proteins were stored at-20oC for up to one week before being used.  

 2.4.1 Gel Formation 

 Native PAGE gels were performed by a modified method described in 

(Schagger & von Jagow, 1996). 8x7cm2 gels were cast using 0.75 or 1mm spacers using 

the Bio-Rad MiniProteanTM 2 system.  A 4-16% gradient gel (Table 2.2) was used to 

separate nuclear protein.  

Table 2.2: Reagents Required for a 4-16% Gradient BN Gel. 

 

Volume of components needed to make each component of the resolving gel and stacking 
gel is listed in microliters.  

 

Reagent 
16% 4% Stacking Gel 

48% Acrylamide 

+1.5% 

Bisacrylamide 

1874µL 234µ 273µL 

3xBN Buffer 967µL 967µL 1136µL 

ddH2O 654µL 1699µL 2000µL 

75%(v/v) Glycerol 773µL - - 

10%(w/v) APS 7.4µL 9.4µL 50µL 
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TEMED 3µL 3µL 10µL 

 

2.9mL of 4% acrylamide gel solution was made separately from 16% acrylamide 

gel solution and mixed using a gradient former and peristaltic pump to create a 4-16% 

resolving gel. A stacking gel was poured over the resolving gel once it had solidified 

acting to stack the protein before resolution.   

 2.4.2 Running the Gel 

 Once the stacking gel had solidified protein could be loaded into the wells. A 

total of 80ug of each sample was introduced into the appropriate well along with 

molecular standards (apo-ferritin: 480kDa, BSA: 120kDa and 66kDa) to ensure proper 

resolution of the gel. The gel was assembled into the Bio-Rad MiniProteanTM 2 system 

and lanes were overlaid with blue cathode buffer[50mM Tricine, 15mM BisTris,0.2g 

Coomassie G-250, pH 7 at 4oC (1L)]. The inner chamber was filled with blue cathode 

buffer and the outer lane was filled with anode buffer [10.45g BisTris, pH at 4oC (1L)]. 

The entire unit was kept at 4oC to maintain native protein state then connected to its 

power source. Electrophoresis was done at 80V until the protein had reached the 

resolving gel, then it was raised to 150V ensuring amperage did not exceed 15mA. When 

the protein had run half way through the resolving gel the blue cathode buffer was 

exchanged for colourless cathode buffer [50mM Tricine, 15mM BisTris, pH 7 at 4oC 

(1L)]. This allowed for partial removal of the stain aiding in visualization later. 

Electrophoresis was stopped when the proteins reached the bottom of the gel.  
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2.4.3 In Gel Activity Assays 

 Following completion of electrophoresis, the gel was placed in reaction buffer 

[25mM Tris, 5mM MgCl2 (pH 7)] for 15-30min. After incubation in reaction buffer the 

gels were placed in reaction containers and kept at 37oC in the dark. Each reaction 

container contained a reaction mixture containing substrates, cofactors, and linking 

enzymes specific to the enzyme being studied (Table 2.3) at a concentration of 1.5mL 

reaction mixture per well. Once activity bands were observed the reaction was stopped by 

adding a destaining solution to the reaction (50% methanol, 10% glacial acetic acid, 40% 

ddH2O) which halted the reaction and helped remove more of the coomassie stain to 

better visualize the gels. Equal protein loading was ensured by running a gel with the 

same samples and staining the entire gel with coomassie R-250. The molecular mass 

standards described previously were also stained with coomassie R-250 and ensured that 

the gel ran properly. 

Table 2.3: Enzyme Activity Reaction Mixtures. 

Enzyme Reaction Mixture Reaction Type 

Glucose 6-Phosphate 

Dehydrogenase 

-5mM glucose 6-phosphate 

-0.5mM NADP+  

-0.3mg/mL PMS 

0.5mg/mL INT                                                                                                                                        

NAD(P)H Producing 

Glucose Phosphate Isomerase -5mM fructose 6-phosphate 

-1.6 units/mL glucose 6-

phosphate dehydrogenase 

Enzyme Linked 



97 
 

-0.5mM NADP+  

-0.3mg/mL PMS 

0.5mg/mL INT                                                                                                                                        

Malate Dehydrogenase -5mM Malate 

-0.5mM NAD+  

-0.3mg/mL PMS 

0.5mg/mL INT                                                                                                                                        

NAD(P)H Producing 

Malic Enzyme -5mM malate 

-0.5mM NADP+  

-0.3mg/mL PMS 

0.5mg/mL INT                                                                                                                                        

NAD(P)H Producing 

Isocitrate Dehydrogenase 

(NADP+) 

-5mM Isocitrate 

-0.5mM NADP+  

-0.3mg/mL PMS 

0.5mg/mL INT                                                                                                                                        

NAD(P)H Producing 

Lactate Dehydrogenase -5mM Lactate 

-0.5mM NAD+  

-0.3mg/mL PMS 

0.5mg/mL INT                                                                                                                                        

NAD(P)H Producing 

Pyruvate Kinase -5mM phosphoenol pyruvate 

-0.5mM ADP 

-3.3units/mL lactate 

dehydrogenase 

-0.5mM NADH 

-2.8µg/mL DCIP 

Enzyme Linked 
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0.5mg/mL INT                                                                                                                                        

Acetyl-CoA Synthetase -10mM acetate 

-5mM ATP 

-1mM CoA 

-Incubate gel in solution 

above for 1-2 hrs. 

-Rinse 3x gently with PBS 

-Incubate in phosphate 

precipitation buffer                  

(below). 

-1.06g of ammonium 

molybdate in 80mL 

-9.2mL HNO3 

-1.37mL triethylamine 

-Volume to 100mL 

Phosphate Precipitation 

ATP-Citrate Lyase -20mM citrate 

-0.75mM CoA 

-0.37mM ATP 

-1.5mM NADH 

-13units/mL malate 

dehydrogenase 

-2.8µg/mL DCIP 

-0.5mg/mL INT 

 

Enzyme Linked 

 

 With the exception of acetyl-CoA synthetase the activity assays used can be 

separated into three groups: NAD(P)H producing enzymes, LDH linked, and malate 
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dehydrogenase linked activity assays.  NAD(P)H producing enzymes are visualized by an 

electron transfer mechanism which shuttles electrons from NAD(P)H to INT using PMS 

as an electron mediator. When INT becomes reduced it forms an insoluble red formazon 

precipitate at the site where the enzyme is active (Singh, Chenier, Beriault, Mailloux, 

Hamel, & Appanna, 2005) (Figure 2.1). 

 

Figure 2.5: NAD(P)H Producing Enzyme Activity Assay 

 

NAD(P)+ is reduced to NAD(P)H by the enzyme of interest. The electrons stored in 

NAD(P)H are used to reduce PMS which reduces INT creating a red-formazan precipitate 
where the enzyme is active in the gel.  

 

 Malate dehydrogenase linked enzyme assays utilize exogenous malate 

dehydrogenase to link a product of the enzyme in question to the reduction of INT. In the 

case of ATP-citrate lyase oxaloacetate produce by the enzyme can be metabolized by 

malate dehydrogenase to reduce INT (Singh, Chenier, Beriault, Mailloux, Hamel, & 

Appanna, 2005) (Figure 2.2). 
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Figure 2.6: Malate Dehydrogenase Linked Enzyme Activity Assay. 

 

 

An enzyme of interest metabolizes its substrate producing oxaloacetate which can then be 

metabolized by exogenous malate dehydrogenase subsequently oxidizing NADH. 
Electrons from NADH are used to reduce INT by electron transfer through DCIP.  

  

 LDH linked enzymes utilize exogenous LDH to link a product of the enzyme in 

question to the reduction of INT. In the case of pyruvate kinase, pyruvate produced by the 

reaction is metabolized by LDH oxidizing NADH. To couple oxidation of NADH to the 

reduction of INT DCIP is used as the electron mediator instead of PMS (Lemire, 

Mailloux, & Appanna, Mitochondrial Lactate Dehydrogenase Is Involved in Oxidative-

Energy Metabolism in Human Astrocytoma Cells (CCF-STTG1), 2008) (Figure 2.3). 

  



101 
 

 

Figure 2.7: LDH Linked Enzyme Activity Assay. 

 

An enzyme of interest metabolizes its substrate producing pyruvate or glyoxylate which 

can then be metabolized by exogenous LDH subsequently oxidizing NADH. Electrons 
from NADH are used to reduce INT by electron transfer through DCIP.  

 
2.5 SDS-PAGE and Immunoblotting 
 

2.5.1 SDS PAGE 
 

 Nuclear protein prepared from control and stress conditions were prepared with 

6x sample buffer [62.5mM Tris-HCl, 2% (w/v) SDS, 2%(v/v)β-mercaptoethanol (pH 

6.80)]. A final protein concentration of 1mg/mL was prepared in a 200uL volume. 30µL 

of each sample was boiled for 10 min to denature the proteins before electrophoresis. A 

10% isocratic SDS gel was used for separating proteins and consisted of 9.2% acrylamide 

(w/v), 0.8% bis-acrylamide (w/v), 0.375 Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.17% (v/v) 

TEMED and 0.86% APS. Once the resolving gel had polymerized a stacking gel was 

poured on top to ensure proper stacking. The stacking gel consisted of 9.2% acrylamide 

(w/v), 0.8% bis-acrylamide (w/v), 0.375 Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 0.17% (v/v) 

TEMED. Once the stacking had polymerized 30µg of protein was loaded into each well 

and overlayed with electrophoresis buffer [0.025mM Tris, 0.192mM glycine, and 0.1% 

(w/v) SDS (pH 8.3)]. The cassette was introduced into the electrophoresis unit and 

electrophoresis was performed at 80V until the proteins had reached the resolving gel.  
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The voltage was increased to 150V until the proteins had reached the end of the gel. To 

determine the molecular mass of proteins the Fisher brand EZ-Run Prestained 

Recombinant Protein Ladder was used. The ladder contained markers with masses 

between 10 and 170kDa coupled to a blue chromophore in addition to 10 and 72kDa 

reference bands tagged with green and orange dyes respectively.  

 2.5.2 Coomassie Staining 

 To ensure proper protein loading or to look for anomalies in protein expression 

SDS gels were stained with Coomassie R-250. Coomassie staining involved fixing the 

gels in 10% glacial acetic acid, 50% methanol and 0.2% Coomassie Brilliant Blue R-250 

for 10 min at 65oC. Gels were destained overnight (Mailloux, et al., The Tricarboxylic 

Acid Cycle, an Ancient Metabolic Network with a Novel Twist, 2007).  

 2.5.3: Immunoblotting Techniques 

 Following SDS-PAGE immunoblotting was done to determine relative 

expression levels of protein. The detection of proteins was achieved using primary 

antibodies specific to the protein of interest and a secondary antibody conjugated to an 

infrared tag. After electrophoresis the stacking gel was removed and the resolving gel was 

incubated in protein transfer buffer (PTB) (3.03g Tris-base, 14.4g glycine, Volume 1L) 

for 5 min. Two sponges, 2 WhatmanTM papers and a nitrocellulose membrane were wet 

with PTB before assembling the protein transfer apparatus. The nitrocellulose membra ne 

was sandwiched between two pieces of Whatman paperTM with sponges on either side.  

The sandwich was placed in the Biorad Mini-Trans Blot ™ transfer unit and subjected to 

a constant voltage of 25V and 50mA for 16 hrs at 4oC. Following the transfer the 

sandwich was disassembled and the membrane was washed three times in TTBS then 

placed in 5% blotto [5% nonfat skim milk in TTBS] for 1-2 hrs to block non-specific 
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binding sites. The membrane was washed twice for 10min in TBS then probed with the 

primary antibody at the appropriate concentration for 1hr (Table 2.4). Next, the 

membrane was washed three times with TTBS for 10 min to remove any residual 

unbound primary antibody. The membrane was then probed with the secondary antibody 

at the appropriate concentration for 1hr (Table 2.4). The membrane was washed three 

times again for 10 min before analysis. The infrared-tagged secondary antibodies were 

detected by visualization on an OdysseyTM infrared imager from Licor. The gel was 

scanned with the OdysseyTM software which detected an infrared signal from the infrared 

conjugated antibody at λexcitation=778nm, λemission=795nm (IR 800) or λexcitation=676nm, 

λemission=693nm (IR 680) (Osterman & Schutz-Geschwender, 2007). 

Table 2.4: Antibody Concentrations for Western Blots  

1o Antibody Dilution 2o Antibody Dilution 

Goat anti-LDH 1/750 anti-goat IR800 1/1000 

Rabbit anti-SIRT1 1/1000 Anti-rabbit IR800 1:1000 

2.5.4 Co-Immunoprecipitation for Nuclear LDH and Sirt 1. 

Co-immunoprecipitation was done for LDH and Sirt1. A Bradford assay was done 

on nuclear pellets from control and stressed cells and protein was normalized. Nuclei 

were lysed in 100μL lysis buffer (1% maltoside, 1mg/mL BSA, pepstatin A, leupeptin) 

for 60 min on ice with occasional vortexing. Agarose anti-IgG conjugates were prepared 

by diluting them 1:1 in dilution buffer (1% maltoside, 1mg/mL BSA). 10μL of agarose 

conjugates were added to lysed samples and left to incubate for 1 hr at 4oC with gentle 
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shaking to remove proteins which spontaneously bind to the agarose anti IgG conjugates. 

Samples were centrifuged at 200xg for 1min and the supernatant was saved. 100μL of 

pretreated nuclear lysate supernatant was added to a microcentrifuge tube and the volume 

was increased to 500μL in dilution buffer. Twenty microlitres of polyclonal anti-LDH 

was added to the diluted nuclear lysate for 1hr at 4oC with gentle shaking. Following 

incubation with the primary antibody 50μL of Agarose IgG conjugate was added per tube 

and allowed to incubate for 1hr with gentle shaking at 4oC. Following incubation samples 

were centrifuged at 200xg for 5 sec. The supernatant was removed and the pellet was 

resuspended in 500μL dilution buffer then centrifuged again at 200xg for 5 sec. The 

supernatant was removed and the pellet was resuspended and centrifuged once again but 

in TBS. Resuspension and centrifugation was repeated one more time using a solution of 

0.5M Tris at a pH of 6.8. The pellet was resuspended in SDS-PAGE sample buffer and 

heated for 5min at 100oC. The sample was centrifuged at 200xg for 5 seconds and the 

supernatant was loaded onto a 10% SDS gel. A western blot was done for sirt1 to 

determine if nuclear LDH and sirt1 were interacting.   

 2.6 Statistical Analysis 

 

 The student T-test was used to determine if the control and stress samples were 

significantly different from one another. Experiments were performed in biological 

replicate twice with three experimental replicates. A confidence interval of 95% was 

chosen. 
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3. Results 

3.1Nuclear Purity  

 Before starting any experiments it was important to examine nuclear purity. 

Cells were separated into nuclear and cytosolic fractions. Both fractions were probed for 

actin to examine whether any of the cytosolic fraction was present in the nuclear fraction 

(Figure 3.1). 

 

Figure 3.1: Actin Western Blot for Examining Nuclear Purity.  

 

Cells were grown in two different conditions, A)cells treated with 2.5mM citrate 

(control), and B) 2.5mM citrate and 40µM H2O2 (stress). The cells were isolated and the 
nuclei were separated from the cytosol. Both fractions were probed for actin to examine if 
any cytosolic fraction was contaminating the nuclear fraction.  
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 To further examine nuclear purity, cells were grown in two groups: the isolated 

nuclei group and the whole cell group. Isolated nuclei were placed on poly- lysine coated 

coverslips and both groups were stained with Hoescht and phalloidin and visualized on a 

deconvolution microscope (Figure 3.2) 

 

Figure 3.2: Phalloidin Staining for Examination of Nuclear Purity.  

 

A) Untreated cells and B) cells treated for nuclear isolation were treated with phalloidin 
stain to visualize F-actin in the cytosolic fraction (green) and treated with the counterstain 

Hoescht to identify the nucleus (blue)  
 

 Both the Western blot and microscopic studies indicated that the isolated nuclei 

was relatively free of cytoplasmic contamination.  
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3.2 Preliminary Work 

 Previous work had established that HepG2 cells respond metabolically to 

concentrations of 40µM hydrogen peroxide (Lemire J. , Mailloux, Darwich, Auger, & 

Appanna, 2011). This stressor was used to identify whether or not there was a nuclear 

metabolic fluctuation between the control cultures and the stressed cultures. Examining 

differences in the concentrations of key central metabolites in the nucleus would give 

insights into what enzymes could be present and what their function might be. Nuclear 

metabolites were examined using HPLC analysis. HPLC analysis of the nuclear contents 

revealed a variety of differences between the control and stressed nuclei, most of them 

very significant. Acetate was the same in both control and stressed nuclei whereas citrate, 

lactate, NAD+, pyruvate, and succinate were all significantly higher.  It is important to 

note that NAD+, an important metabolic signaling molecule is higher in the stressed cells 

(Figure 3.3). 
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Figure 3.3: HPLC Analysis of Nuclear Metabolites for Control and Stressed Cells. 

 

Control and stress cells were grown to 75% confluency and isolated. Nuclei were isolated 

and their contents were analyzed by HPLC. n=3 ± SD; p≤ 0.05. ** Denotes a very 
significant difference between the control and stress (p ≤ 0.01).  

 

 The differences in these key metabolites prompted the examination of the 

differences in protein expression in the nucleus via Coomassie staining. Coomassie stains 

proteins, producing a blue band in a gel, the darkness of which correlates to the amount 

protein in the band in question. From the Coomassie staining, minor differences in protein 

expression were observed between the stress and control nuclei, notably around the 

130kDa and 55kDa range. These differences indicate a difference between the control and 

stress in terms of nuclear protein expression.  (Figure 3.4).  



109 
 

 

Figure 3.4: Examination of Nuclear Protein Expression by Coomassie Staining.  

 

Nuclear proteins were isolated and normalized then prepared for SDS-PAGE. 30µg of 
protein from the A) control cells and B) stressed cells were loaded into the gel and ran. 

When finished the protein contents were visualized by staining with coomassie R-250. 
Noticeable differences are indicated with arrows. A representative electrogram is 
depicted. 

 
 The disparate protein/metabolite levels prompted us to investigate whether there 

were any enzymes from central metabolism in the nucleus. To accomplish this, nuclear 

proteins were isolated and prepared for BN-PAGE. Key enzymes in central metabolism 

were probed using activity assays (Table 3.1). The enzymes LDH and ATP-citrate lyase 
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were detected in the nucleus. LDH was up-regulated in the stress cells and ATP-citrate 

lyase was down-regulated in the stressed cells. The presence of ATP-citrate lyase and its 

function has previously been reported (Wellen, Hatzivassiliou, Sachdeva, Bui, Cross, & 

Thompson, ATP-Citrate Lyase Links Cellular Metabolism to Histone Acetylation, 2009). 

LDH have also been discovered in the nucleus however no clear role for this enzyme has 

been defined (Table 3.1). 

Table 3.1: In-gel Activity of Central Metabolic Enzymes in the Nucleus. 

 
Control and stressed cells were grown to 75% confluency and isolated. The nuclei were 

isolated and nuclear protein was prepared for BN-PAGE. Enzymes from central 
metabolism were probed using activity assays to examine the presence and differences of 

these enzymes in the control and stress (↑=high in-gel activity, ↓= low in-gel activity, - = 
no dicernable bands). 
 

Nuclear Enzyme Control Stress 

Glucose 6-Phosphate 
Dehydrogenase 

- - 

Glucose Phosphate 

Isomerase 

- - 

Malate Dehydrogenase - - 

Malic Enzyme - - 

Isocitrate Dehydrogenase - - 

Lactate Dehydrogenase ↓ ↑ 

Pyruvate Kinase - - 

Acetyl CoA Synthetase - - 

ATP-Citrate Lyase ↑ ↓ 
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 No discernible band was evident for various other enzymes studied. This may be 

due to the limits of BN-PAGE and not the presence of the enzyme. More sensitive 

immunochemistry techniques might reveal that the enzymes studied were indeed present. 

Considering the significant difference in activity between the control and stress we 

postulated that LDH might play a role in combating oxidative stress in the nucleus. The 

next step was to confirm the presence and nature of of LDH in the nucleus and examine 

some of the roles it may play in this organelle.  

3.3 Nuclear Lactate Dehydrogenase 

3.3.1 Nuclear Lactate Dehydrogenase Activity  

 Nuclear LDH was found to be up-regulated after exposure to 40µM H2O2 

(Figure 3.5). In order to confirm whether or not the observed bands were LDH, the 

activity bands were excised and placed in a solution of 2mM lactate and 0.5mM NAD+ to 

examine if the protein in question had the ability to consume lactate (Figure 3.6).  
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Figure 3.5: LDH In-gel Activity Assay. 

 

Eighty micrograms of nuclear protein from A) control cells and B) stressed cells was 

loaded into a BN gel and ran. An activity assay was performed for LDH. Image J 
software was used to quantify the band density. A representative electrogram is depicted.  
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Figure 3.6: Further Evidence for the Presence of Nuclear LDH. 

 
Bands from the LDH activity assay were cut out and incubated in a solution of 2mM 

lactate and 0.5mM NAD+ at 37oC for 10 min. Samples were taken every 5 min and lactate 
concentrations were measured by HPLC using a Waters C-18 reversed phase column at a 

flow rate of 0.2mL/min for 40 min at room temperature 
 
 From the results in figure 3.5 and 3.6 it is evident that the activity of LDH was 

enhanced in the nuclear extracts from the stressed cells. These results prompted the 

investigation of the influence of H2O2 on the status of nuclear LDH. If LDH was in fact 

responding to H2O2, one would expect a change in activity with a change in [H2O2]. To 

test this, cells were exposed to concentrations of H2O2 between 10µM and 100µM. The 

results of this experiment indicate that nuclear LDH was in fact dependant on H2O2 

concentration. Maximum activity occurred between 40µM and 60µM hydrogen peroxide 

then dropped off at 100µM. (Figure 3.7).  
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Figure 3.7: The Influence of H2O2 Concentration on Nuclear LDH Activity.  

 

Cells were grown to 75% confluency and treated with five different concentrations of 

H2O2. In A) Cells were treated with 2.5mM citrate only, In lane B) cells were treated 
with2.5mM citrate and 10µM H2O2, In C) cells were treated with 2.5mM citrate and 

40µM H2O2, In D) cells were treated with 2.5mM citrate 60µM H2O2, in E) cells were 
treated with 2.5mM citrate and 100µM H2O2. BN-PAGE was performed on the nuclear 
protein from these cells and an activity assay for LDH was done. Bands were quantified 

using Image J software. A representative electrogram is depicted.  
 

 In all subsequent experiments a concentration of 40µM H2O2 was utilized as the 

highest level of LDH activity with the lowest potential toxicity to the cells was observed 

during such a treatment. The discovery of LDH in the nucleus and its response to 

different concentrations of H2O2 prompted the pursuit of understanding the nature of LDH 

and its role in the nucleus.  
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 Five different LDH isoenzymes have been characterized. Each enzyme consists 

of either subunit A or subunit B or a mixture of both. Nuclear LDH is commonly cited as 

LDH5 (A4) containing only the A subunit (Zhong & Howard, Phosphotyrosine-containing 

lactate dehydrogenase is restricted to the nuclei of PC12 pheochromocytoma cells., 1990). 

To confirm whether or not our particular isoenzyme was an A-containing LDH, we used 

AgNO3 to inhibit any LDH enzymes containing subunit A (Lemire, Mailloux, & 

Appanna, 2008). The abolition of the bands in the assay including AgNO3 indicated that 

the particular isoenzyme of LDH in this study did indeed have subunit A (Figure 3.8).  

 

Figure 3.8: Inhibition of LDH A by AgNO3 for Nuclear LDH  Identification. 

 

Control A) and stressed B) cells were grown to 75% confluency and isolated. nuclei were 

isolated and nuclear protein was prepared for BN-PAGE analysis. Eighty micrograms of 
nuclear protein were loaded into each lane and the gel was run. An activity assay was 
performed for LDH in the presence or absence of 2mM AgNO3 to determine if the LDH 

in question had A subunit. A representative electrogram is depicted.  
 

3.3.2:Expression of LDH in the Nucleus.  

 To examine whether or not LDH activity was higher in the stress because of 

chemical modification or due to higher expression of the enzyme, a Western blot and in-

cell Western analysis were done. The results from the Western blots show that expression 

of LDH was in fact higher in the nuclei exposed to H2O2. Furthermore, in figure 3.9 

section 1 LDH was clearly localized in the nucleus confirming our previous results 

(Figure 3.9). 
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Figure 3.9: Expression of Nuclear LDH; Further Proof of Nuclear Localization.  

 

1) Cells were grown on coverslips in two groups, the A) control and B)stress. An in-cell 

Western blot was performed with a primary anti-LDH and a secondary conjugated to the 
fluorescent tag FITC. Hoescht was used as a counterstain to visualize the nucleus. The 

cells were visualized on a deconvolution fluorescent microscope. This is a representative 
micrograph. 2) A Western blot was done on nuclear protein derived from control and 
stressed cells. A primary anti-LDH was used with an infrared tagged secondary. The blot 

was visualized using the Licor infrared imager and bands were quantified using Image J 
software. (Scale bar=20µm). A representative electrogram is depicted.  
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3.4 Evaluation of the Potential Roles for Nuclear Lactate Dehydrogenase  

 As these results demonstrated that LDH was highly expressed in the stressed 

nuclei relative to the control, the potential roles for LDH in the nucleus were examined. It 

is critical to understand if the modulation of LDH was contributing to the homeostasis of 

the metabolites in the nucleus and hence the various biochemical processes (Figure 3.10).  

 

Figure 3.10: Roles for the Substrates and Products of LDH.  

 

LDH can metabolize lactate and reduce NAD+ or metabolize pyruvate and oxidize 
NADH. Lactate plays multiple roles in cellular metabolism both aerobic and anaerobic. 

Pyruvate is a small ketoacid with anti-oxidant capabilities and plays a large role in 
aerobic metabolism. NAD+ acts as a coenzyme for LDH but also serves as a substrate for 
enzymes like sirtuins. NADH is the reduced form of the coenzyme and plays important 

roles in energy metabolism. 
 

3.4.1 Pyruvate as an Antioxidant 

 Examining the role LDH substrates, products, and coenzymes play in routine 

cellular activities suggested two attractive possibilities for the role of LDH in the nucleus. 

The first was the role of pyruvate in H2O2 stressed cells as an anti-oxidant in order to 

protect DNA from oxidative damage. The second was the importance of NAD+ in sirtuin 

mediated processes. If LDH was metabolizing pyruvate, NAD+ would be produced inside 

the nucleus potentially influencing nuclear sirtuins and subsequently, sirtuin targets. In 

Figure 3.3, one can see that both pyruvate and lactate are increased in the stressed 
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conditions so it was not immediately apparent whether or not lactate or pyruvate was 

being metabolized. To examine the possibility of pyruvate being produced for its 

antioxidant capabilities cells were given 5mM pyruvate and LDH activity was examined. 

If pyruvate was acting as an antioxidant, the act of giving the cells pyruvate would negate 

the need for LDH in the nucleus and an abolition of the difference between control and 

stressed cells would be observed. The observed decrease in LDH between control and 

stress conditions indicated that pyruvate plays an important role. The requirement of 

nuclear LDH in the presence of excess pyruvate suggests that the antioxidant property of 

pyruvate might not be the only purpose of LDH (Figure 3.11) 

 

Figure 3.11: Determining the Role for Nuclear LDH via a Pyruvate Recovery. 

 

Control A) and stressed B) cells were grown to 75% confluency and isolated. After 24 hrs 
of stressing cells were treated with 5mM pyruvate and incubated for 5hrs. Nuclear protein 

was isolated and prepared for BN-PAGE. BN-PAGE gels were run with 80µg of protein 
and LDH was probed with an activity assay. Bands were quantified using Image J 
software. A representative electrogram is depicted.  
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3.4.2 NAD+ Utilized by the Nuclear Extract 

 In light of these observations the potential for NAD+ production by nuclear 

LDH was examined. To examine whether NAD+ was important in the nucleus in stressed 

conditions, nuclei were incubated with 2mM NAD+ and consumption rates were 

monitored via HPLC. The results illustrated that NAD+ was being consumed faster in the 

stressed nuclei than the control. This suggested that NAD+ was potentially important in 

the stressed nuclei (Figure 3.12).  



120 
 

 

Figure 3.12: NAD+ Utilization in the Nucleus. 

 

Whole nuclei isolated from control and stressed cells were incubated with 2mM NAD+ 
for one hour at 37oC. Samples were boiled to stop any reactions and the amount of NAD+ 

left compared to time zero was analyzed via HPLC analysis. n=3 ± SD; p≤ 0.05. ** 
Denotes a very significant difference between the control and stress (p ≤ 0.01). 

 
 
 As  NAD+ was utilized more readily in the nuclear extracts from the stressed 

cultures the possibility that LDH modulates NAD+ levels became more apparent. The 

modulation of NAD+ levels by LDH might influence sirtuin histone deacetylases to 

deacetylate histones. To test this hypothesis the acetylation of histones examined in the 
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control and stressed cells. The results of this experiment revealed that the level of histone 

acetylation was significantly lower in the stressed cells supporting our hypothesis (Figure 

3.13).  

 

Figure 3.13: Histone Acetylation of Control and Stressed Nuclear Extracts. 

 

Nuclei from control and stressed cells were isolated. Histones were isolated from the 

nucleus and hydrolyzed. Acetate from the hydrolyzed histones was measured by HPLC 
using a reverse phase C-18 column at a flow rate of 0.7mL/min for 30 min. n=3 ± SD; p≤ 
0.05. ** Denotes a very significant difference between the control and stress (p ≤ 0.01). 

 
  

 To further support these results, histone acetylation in the whole cell was 

assessed using anti acetylated lysine antibodies in an in-cell Western blot. Acetylated 
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lysine residues in the whole cell were indeed found to be lower in the stressed cells 

(Figure 3.14). 

 

Figure 3.14: Whole Cell Acetylation in Control and Stressed Cells. 

 

Control A) and stressed B) cells were grown on glass coverslips until 70% confluent. 
After stressing an in-cell Western blot was done using Hoescht as a counter stain to 

visualize the nucleus (blue) and an anti-acetylated lysine primary antibody and a FITC-
tagged secondary antibody to visualize acetylation (red). A deconvolution microscope 

was used to visualize the cells after staining. (Scale bar 20µm). This is a representative 
micrograph. 
 

To examine whether or not this cellular and histone specific deacetylation in the 

stressed condition was a result of nuclear LDH or just as a result of an increase in sirtuin 

expression, SIRT1 the most prominent nuclear sirtuin (Canto & Auwerx, Targeting 

Sirtuin 1 to Improve Metabolism: All You Need Is NAD?, 2011) was examined with an 

in-cell Western blot using a FITC-tagged secondary antibody to visualize SIRT1. The in-

cell Western blot for SIRT1 clearly shows that there is very little difference in the 
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expression of SIRT 1 between the control and stress cultures. One could even argue that 

the control cells have slightly more SIRT1. (Figure 3.15).  

 

 

Figure 3.15: Sirtuin 1 Expression in Control and Stressed Cells. 

 

Control A) and stressed B) cells were grown on glass coverslips until 70% confluent. 
After stressing an in-cell Western blot was done using Hoescht as a counter stain to 
visualize the nucleus (blue) and an anti-SIRT1 primary antibody and a FITC-tagged 

secondary antibody to visualize SIRT1 (pink). A deconvolution microscope was used to 
visualize the cells after staining. (Scale bar=20µm). This is a representative micrograph. 

 
 These results suggest that histone deacetylation is not due to an increase in 

SIRT1 and could be caused by the increased production of NAD+ by nuclear LDH. The 

next step was to solidify this notion with various specific inhibition experiments (Figure 

3.16).  
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Figure 3.16: A Link Between Lactate Metabolism and Histone Acetylation via 

NAD+. 

 

 The previous data suggests a link between LDH and lactate metabolism and histone 

deacetylation. One way this could happen is through NAD+. We postulated that LDH 
could provide NAD+ for sirtuins increasing their deacetylase activity.  
 

3.5 Confirmation of the Link Between Lactate Dehydrogenase, Sirtuins and 

Histone Deacetylation. 

3.5.1 Histone Acetylation 

 

To reinforce the link between histone acetylation and nuclear LDH it was 

important to examine what happens to histone acetylation when either LDH is inhibited 

or SIRT1 was inhibited. Oxamate, a chemical known to selectively inhibit LDH  (Lemire, 

Mailloux, & Appanna, Mitochondrial Lactate Dehydrogenase Is Involved in Oxidative-

Energy Metabolism in Human Astrocytoma Cells (CCF-STTG1), 2008) along with the 

sirtuin non-competitive inhibitor, nicotinamide, were used to establish this link (Avalos, 

Bever, & Wolberger, 2005). If LDH was aiding histone deacetylation via sirtuins, histone 

acetylation should change similarly upon inhibition of LDH or sirtuins. The results of this 

experiment suggested that histone acetylation followed a similar pattern when LDH and 

sirtuins were inhibited. In fact, both sirtuin and LDH inhibition caused a reversal of the 

histone acetylation pattern compared to that observed in the controls. (Figure 3.17).  
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Figure 3.17: A Link Between LDH and Sirtuins; Examining Histone Acetylation 

With LDH and Sirtuin Inhibition. 

 

Control and stressed cells were grown to 75% confluency. The sirtuin inhibited group of 

cells was treated with 10mM nicotinamide (NAM) (B), the LDH inhibited group of cells 
was treated with 40mM oxamate (C) and one group was left as a control (A). Nuclear 
protein was isolated after 24 hours and histones were purified. Purified histones were 

hydrolyzed and analyzed for acetate by. n=3 ± SD; p≤ 0.05. ** Denotes a very significant 
difference between the control and stress (p ≤ 0.01).  

 
3.5.2 Nuclear Metabolic Profile Upon LDH or Sirtuin Inhibition.  

 

 As the data from Figure 3.17 showed a link between LDH, sirtuin and histone 

acetylation, it was important to evaluate the other metabolites emanating from these 

interactions. If LDH was modulating histone acetylation via sirtuins one would expect a 

buildup of pyruvate, lactate, NAD+ and free acetate. If sirtuins were inhibited one would 

expect there to be a buildup of unused pyruvate but a decrease in lactate, NAD+ and free 

acetate. Inhibition of LDH should yield similar results to the previous as long as this link 

is present.  A metabolic analysis of the nuclear extract was done on control cells and 

those with inhibited sirtuins or LDH.  
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In the control group we saw high levels of pyruvate, lactate, NAD+, and free 

acetate in the stress relative to the control. These results were in acco rdance with the 

expected results (Figure 3.18). 

 

Figure 3.18: Nuclear Metabolic Fluctuations as a Consequence of LDH and Sirtuin 

Metabolism. 

 

Nuclear cell free extract obtained from control and stressed cells were examined for 
fluctuations in metabolites associated with LDH and Sirtuin metabolism. A) lactate, 
pyruvate, NAD+ and acetate were present in higher amounts in the stress. B) the 

hypothesized metabolic profile we would have if LDH was interacting with sirtuins. 
Metabolites in green are representative of metabolites that would be more numerous in 

the H2O2 stressed cells whereas metabolites in red are representative of those that would 
be less numerous in the H2O2 stressed cells. Nuclear cell free extract was analyzed by 
HPLC using a reverse phase C-18 column at a flow rate of 0.7mL/min for 30 min. n=3 ± 

SD; p≤ 0.05. ** Denotes a very significant difference between the control and stress (p ≤ 

0.01). = higher in the stress, = lower in the stress.  

 
 

  Upon inhibition of sirtuin HDACs there appeared to be high pyruvate in the 

stress relative to the control, and low lactate, NAD+ and free acetate in the stress relative 
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to the control. These results were also in accordance with what was predicted to happen in 

our proposed metabolic network (Figure 3.19).  

 

Figure 3.19: Nuclear Metabolic Fluctuations as a Result of LDH and Sirtuin 

Metabolism with Inhibition of Sirtuins by Nicotinamide. 

 

Nuclear cell free extract obtained from control and stressed cells with the addition of 

10mM nicotinamide was examined for fluctuations in metabolites associated with LDH 
and Sirtuin metabolism. A) pyruvate was present in higher amounts in the stress, and 

lactate, NAD+ and acetate were present in lower amounts in the stress.  B) The 
hypothesized metabolic profile we would have if LDH was interacting with sirtuins. 
Metabolites in green are representative of metabolites that would be more numerous in 

the H2O2 stressed cells whereas metabolites in red are representative of those that would 
be less numerous in the H2O2 stressed cells. Nuclear cell free extract was analyzed by 

HPLC using a reverse phase C-18 column at a flow rate of 0.7mL/min for 30 min. n=3 ± 
SD; p≤ 0.05. *Denotes a significant difference between the control and stress (p ≤ 0.05). 

** Denotes a very significant difference between the control and stress (p ≤ 0.01). = 

higher in the stress, = lower in the stress.  
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Upon inhibition of LDH lower levels of pyruvate, lactate, NAD+, and free acetate 

in the stress relative to the control were observed. These results were also in accordance 

with what was predicted to happen in our proposed metabolic network (Figure 3.20).  

 

Figure 3.20: Nuclear Metabolic Fluctuations as a Consequence of LDH and Sirtuin 

Metabolism with Inhibition of LDH by Oxamate. 

 

Nuclear cell free extract obtained from control and stressed cells with the addition of 
40mM oxamate was examined for fluctuations in metabolites associated with LDH and 
Sirtuin metabolism. A) there was lower amounts of lactate, pyruvate, NAD+ and acetate 

in the stressed condition. B) the hypothesized metabolic profile we would have if LDH 
was interacting with sirtuins with the exception of pyruvate. Metabolites in green are 

representative of metabolites that would be more numerous in the H2O2 stressed cells 
whereas metabolites in red are representative of those that would be less numerous in the 
H2O2 stressed cells. Nuclear cell free extract was analyzed by HPLC using a reverse 

phase C-18 column at a flow rate of 0.7mL/min for 30 min. n=3 ± SD; p≤ 0.05. *Denotes 
a significant difference between the control and stress (p ≤ 0.05). ** Denotes a very 

significant difference between the control and stress (p ≤ 0.01). = higher in the stress, 

= lower in the stress.  
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3.5.3Co-immunoprecipitation of Nuclear LDH and Sirt1   

The previous results suggest that nuclear LDH and sirtuins are linked in the 

nucleus. In order to prove this a co- immunoprecipitation was done with anti-LDH 

antibodies (Figure 3.21). 

 

Figure 3.21: Co-immunoprecipitation of Nuclear LDH and Sirtuin 1.  

 
Anti- lactate dehydrogenase antibodies were used to pull down sirtuin 1 in both 

the A) control and B) stressed cells. 1) Bands were seen at the top of the gel at a 

molecular mass greater than 170kDa and could be attributed to a multi-protein complex 
containing nuclear LDH and sirtuin 1. Stressed cells appear to have more sirtuin 1 in this 

high molecular weight band. 2) Bands were also seen at the molecular weight for sirtuin 1 
(116kDa) however, there was more sirtuin 1 in the control and less in the stress at this 
point in the gel. A representative electrogram is depicted.  
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 The previous results indicate that indeed nuclear LDH and sirtuin 1 are linked in 

the nucleus. The results also suggest that ROS stress causes the formation of a large 

protein complex including nuclear LDH and sirtuin 1. The latter is known to function in 

large protein complexes when deacetylating histones so perhaps nuclear LDH is a part of 

these complexes and supplies NAD+ to sirtuins. Sirtuin 1 observed lower in the gel is 

bound to nuclear LDH but not part of a multimolecular complex. The appearance of ROS 

stress seems to initiate the formation of large protein complexes consistent with those 

required for histone deacetylation by sirtuins consistent with the increased deacetylation 

in the stress seen previously. 

The previous results depict an intimate connection between LDH and sirtuins in 

order to modulate histone acetylation. These results prompted us to back track and 

examine where the nucleus might be getting pyruvate from. To answer this, central 

metabolic enzymes involved in pyruvate metabolism were examined.  

3.6 Central Metabolic Connection to Nuclear Lactate Dehydrogenase  

 Pyruvate is the end product of glycolysis and a key intermediate between 

glycolysis and the TCA cycle. Previous research in our lab had established that glycolytic 

enzymes were upregulated and TCA cycle enzymes were down-regulated when HepG2 

cells were exposed to 40µM H2O2 (Mailloux & Appanna, 2007) (Mailloux, et al., 

2007)(Figure 3.22). 
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Figure 3.22: Glycolytic and TCA cycle Enzymes in Control and Stressed HepG2.  

 

 A) Eighty micrograms of cytosolic protein from control and stressed cells and B) Eighty 
micrograms of mitochondrial protein from control and stress were loaded into a BN gel 
and ran. An activity assay was performed for the cytosolic enzymes HK, GA3PDH, and 

PK and a Western blot was used to determine the expression of GLUT1. Activity assays 
were performed for the mitochondrial enzymes ICDH and AKGDH. Representative 
electrograms are depicted. 

 

What was important to determine for this study was whether or not pyruvate was 

accumulating in the cytoplasm or it was entering the mitochondria. Pyruvate in the 

cytosol would be available for diffusion into the nucleus. To determine this, an in-cell 

Western was done for pyruvate dehydrogenase (Figure 3.23). 
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Figure 3.23: Expression of Pyruvate Dehydrogenase In Control and Stressed Cells. 

 

A) Control and B) stressed cells were grown in a 6 well plate. After stressing an in-cell 
Western blot was done using an anti PDH primary antibody and an IR-tagged secondary 

antibody to visualize PDH. A Licor IR-imager was used to visualize the cells.  
 
 As one can see pyruvate dehydrogenase was down-regulated under ROS stress. 

This observation suggests that pyruvate would accumulate and be available for the 

nucleus. 

3.7: Other Potential Roles for Nuclear LDH. 

 To examine if the up-regulation of nuclear LDH under ROS stress was a 

specific hepatocyte response or an ubiquitous response in all cells, other cell lines were 

probed for nuclear LDH. Stressed human astrocytoma cells had the same response to the 

stressed conditions as the hepatocytes did (Figure 3.24). 
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Figure 3.24: Nuclear LDH Responds to H2O2 in Other Cells. 

Eighty micrograms of nuclear protein from A) control cells and B) stressed cells were 
loaded into a BN gel and ran. An activity assay was performed for LDH. Representative 

electrograms are depicted. 
 

 Discovering that nuclear LDH responded to H2O2 in a second cell line prompted 

us to investigate   whether or not nuclear LDH is activated in response to H2O2 or to 

oxidative stress in general.  The, pro-oxidant metal aluminum was used to invoke ROS 

stress and LDH was measured (Figure 3.25) 
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Figure 3.25: Nuclear LDH Responds to the Pro-oxidant Aluminum. 

Eighty micrograms of nuclear protein from A) control cells, B) stressed cells,C) 0.01mM 

Al stressed cells and D) 0.1mM Al stressed cells  were loaded into a BN gel and ran. An 
activity assay was performed for LDH. A representative electrogram is depicted.  

 
 Aluminum invoked the up-regulation of nuclear LDH similarly to H2O2 

suggesting that the response was not specific to H2O2 but could respond to ROS stress in 

general. These results prompted us to investigate other stimuli which might up-regulate or 

down-regulate nuclear LDH. The fact that Insulin and glucagon initiate large signaling 

cascades prompted us to investigate as to whether or not nuclear LDH has a role in these 

pathways (Figure 3.26). 
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Figure 3.26: The Effect of Insulin and Glucagon on Nuclear LDH. 

Cells were grown to 75% confluency and treated with either 1) insulin or 2) glucagon for 
B) 3hrs, C) 7hrs, D) 12hrs, or F) 24 hrs along with A) a control. BN-PAGE was 

performed on the nuclear protein from these cells and an activity assay for LDH was 
done. Bands were quantified using Image J software. Representative electrograms are 
depicted. 

 
 If nuclear LDH had a role in insulin signaling one would expect cells exposed to 

glucagon  to have opposite activities. The results showed that this was not the case and 

nuclear LDH was expressed similarly at all times between insulin and glucagon exposed 
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cells. These results suggest that nuclear LDH may not play a role in insulin or glucagon 

signaling therefore other stimuli were investigated.  

Epigenetic changes are known to differentiate stem cells however, the signaling 

processes which initiate these changes are only beginning to be understood. Additionally, 

recent research has shown that stem cell differentiation requires histone deacetylase 

activity (Lee, Hart, & David, 2004). This prompted us to examine the activity of nuclear 

LDH in differentiating P19 stem cells (Figure 3.27). 

 

 

Figure 3.27: Nuclear LDH is More Active in the Early Stages of P19 Differentiation.  

Eighty micrograms of nuclear protein from A) cells at day 3 of differentiation and B) day 

7 of differentiation were loaded into a BN gel and ran. An activity assay was performed 
for LDH and bands were quantified using Image J software.  
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 Indeed the results showed that P19 stem cells up-regulate nuclear LDH early in 

differentiation and down-regulate it late in differentiation suggesting that LDH might play 

a role in this process. 
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4. Discussion 

4.1 The Nucleus, a Metabolic Hub? 

Although the nucleus is known to harbor a variety of biomolecules, their origin 

and interactions are not fully understood. Histones are a critical component of gene 

expression and are known to be modified on an ongoing basis. Recent research has shown 

that central metabolism can influence the state of histone modification by producing 

metabolites that are essential for epigenetic machinery to function (Katada, Imhof, & 

Sassone-Corsi, 2012) (Figure 4.1). 

Our work on oxidative stress has led to the discovery of metabolic shifts that help 

neutralize ROS. Key modifications include the down-regulation of NADH producing 

enzymes, the electron transport chain, and enzymes that consume antioxidants (Mailloux, 

et al., 2007). Particular enzymes such as ICDH-NADP+ are up-regulated and produce 

ketoacids like AKG which serves to neutralize ROS via non-enzymatic decarboxylation 

producing CO2 and an organic acid such as succinate. Succinate can stimulate HIF 

translocation by inhibition of PHDs effectively propagating a signal to the nucleus 

(Mailloux, Puiseux-Dao, & Appanna-Vasu, 2009). A study done by Wellen et al. 

demonstrated that central metabolism can influence histone acetylation by providing 

citrate to the nucleus. Citrate produced from the TCA cycle was found to supplement a 

nuclear ATP-citrate lyase which used citrate to generate acetyl-CoA, an important 

metabolite for histone acetyl transferases. The epigenetic modifications were found to up-

regulate the expression of key glycolytic enzymes. This study further illustrates how 
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central metabolism can stimulate gene expression via key nuclear enzymes (Wellen, 

Hatzivassiliou, Sachdeva, Bui, Cross, & Thompson, 2009). 

As the possibility that central metabolism can influence what happens in the 

nucleus was intriguing, we sought to explore this not well appreciated metabolic 

compartment. This study has led to the discovery of a link between ROS stress, LDH, 

NAD+ production and sirtuins. The results suggest ROS stressed hepatocytes up-regulate 

LDH in the nucleus in an effort to provide NAD+ for sirtuins. This modulation of the 

NAD+ concentration may regulate the activity of sirtuins. LDH may metabolize pyruvate 

from glycolysis and increase nuclear NAD+ which may be utilized by sirtuins to 

deacetylate proteins such as histones. These findings are discussed further (Figure 4.1). 
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Figure 4.1: Nuclear Lactate Dehydrogenase: A Modulator of NAD+ for Sirtuins. 

 
The results of this study suggest that lactate dehydrogenase uses pyruvate to produce 
NAD+ in order to fuel sirtuins, aiding in epigenetic modification. Up-regulation of key 

glycolytic enzymes produce increased pyruvate while the down-regulation of TCA cycle 
enzymes and PDH allow pyruvate to pool.  

 

4.2: LDH is Up-Regulated In the Nucleus Under ROS stress. 

The first step before any experiments could begin, it was important to ensure 

purity of the nuclear fraction. Nuclei were isolated by sonication and differential 

centrifugation. Differential centrifugation allows for purification of intracellular 

organelles according to their size and density however, some cross-contamination is 

inevitable (Seib, Jones, & Duncan, 2006). To ensure nuclear fractions were free from the 

majority of cytosolic contamination we probed for actin using a Western blot. To confirm 

purity we decided to visualize the cells after nuclear isolation to see if any of the cytosolic 
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components were attached to isolated nuclei. Visualization confirmed that the isolated 

nuclei were free from the majority of cytosol contamination.  

 Preliminary work using BN-PAGE led to the discovery of LDH in the nucleus 

of HepG2 cells; interestingly it was up-regulated in cells exposed to ROS stress. Excising 

the bands and incubating them with lactate demonstrated that the enzyme could 

metabolize lactate and was probably LDH. The initial metabolic profile of the nuclei 

showed large amounts of lactate, pyruvate, and NAD+ all of which are utilized by LDH. 

Further investigation by Western blot and in-cell Western blot showed that LDH was in 

fact localized and up-regulated in the nucleus. These data reveal that LDH is in fact 

located in the nucleus and has all the substrates and cofactors necessary to act in this 

compartment. (Figure 4.2). Although the presence of LDH5 in the nucleus has been 

reported, no specific role for this enzyme has been assigned, however it has been linked 

to hypoxic responses in cancer cells (Giatromanolaki, et al., 2008). Interestingly, 

researchers have found that nuclear LDH in some cellular models is typically associated 

with chromatin and was not free to travel in the nucleus. Also, the activity of LDH in the 

nucleus could be modified by a phosphotyrosine residue unique to nuclear LDH (Zhong 

& Howard, 1990). This fact is particularly interesting because the activity of LDH was 

dose dependent with H2O2 suggesting that the activity of the enzyme could be changed 

depending on how much H2O2 was present. 

 LDH5 is known to metabolize pyruvate and oxidize NADH preferentia lly, 

suggesting that NAD+ and lactate were being produced in the nucleus under oxidative 

stress. Indeed our results point to such a possibility. To help identify the isoenzyme of 

LDH, AgNO3 was utilized. AgNO3 is a well characterized inhibitor of all LDH 
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isoenzymes except LDH1 (Lemire, Mailloux, & Appanna, 2008). Inhibition of our LDH 

isoenzyme by AgNO3 supported that it may be LDH5 as this inhibitor arrested the 

enzyme in our study (Figure 4.2).  

 

Figure 4.2: Lactate Dehydrogenase was Shown to be Up-regulated in the Stressed 

Nucleus by a Variety of Techniques. 

 

The analysis of HepG2 cells with BN-PAGE, HPLC, immunochemistry, and inhibition 

revealed that a nuclear lactate dehydrogenase isoform exists in the nuclei of HepG2 cells 
and responds directly to ROS stress. Inhibition experiments revealed that the isoform 

contains LDHA and therefore cannot be LDH1. The response to ROS suggests that it may 
play a role in mitigating ROS stress.  
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4.3 Potential Roles for nuclear LDH 

4.3.1 Nuclear Lactate Dehydrogenase and Pyruvate as an Antioxidant 

Considering that lactate dehydrogenase was found to be associated with chromatin 

in previous studies, our hypothesis was that lactate dehydrogenase was playing a role in 

mitigating ROS stress in the nucleus by either protecting the DNA from ROS or 

influencing the genetic expression of ROS combating genes via epigenetic modifications. 

Ketoacids like pyruvate are known to react rapidly, stoicheometrically, and non-

enzymatically with H2O2 protecting the cell from ROS stress (O'Donnell-Tormey, Lanks, 

DeBoer, & de la Harpe, 1987). After culturing the cells with added as a substrate, no 

change in LDH activity was observed (Figure 3.11). These results suggested that the 

production of pyruvate for antioxidant defense was not the primary function for this 

enzyme (Figure 4.3). The next avenue was to investigate the potential role LDH had in 

gene expression. 
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Figure 4.3: Nuclear Lactate Dehydrogenase, a Generator of Pyruvate? 

HPLC results indicated that there was a large amount of pyruvate in the stressed nucleus. 
These results lead to the initial hypothesis that the role of lactate dehydrogenase in the 
nucleus was as a supplier of the antioxidant pyruvate A).  If this rationale was true 

supplying the cells with an excess of exogenous pyruvate would relieve the need for 
nuclear LDH and one would expect it to be downregulated B). However, this was not the 

case suggesting that nuclear LDH had a different role in the nucleus.  
 
4.3.2: Nuclear Lactate Dehydrogenase as a Modulator of NAD+ 

 Nuclear NAD+ concentrations moderate a variety of proteins in the nucleus 

including C-terminal binding proteins and sirtuins. The ratio of NAD+:NADH is 

important for these enzymes to function (Zhang, Piston, & Goodman, 2002). For 

example, SIRT1 activity was found to respond directly to calorie restriction as a function 

of the NAD+: NADH ratio. The first indication that NAD+ was important in the nucleus 

of stressed cells was the rate of its consumption. Stressed nuclei consumed significantly 

more NAD+ than the control nuclei. A major NAD+ consumer in the nucleus is sirtuin 
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HDACs which use NAD+ as a substrate to remove acetate from histones. Being a 

dehydrogenase, LDH has the ability to influence the NAD+:NADH ratio and in turn 

enzymes like sirtuins that rely on this ratio to function.  

To investigate if LDH was somehow linked to sirtuins via the production of 

NAD+
, histone acetylation and sirt1 expression was examined. Sirt1 is the best 

characterized sirtuin, resides mainly in the nucleus, and possesses HDAC activity making 

it the best candidate to examine (Canto & Auwerx, 2011). The examination of histone 

acetylation revealed that the stressed cells have significantly lower amounts of acetylated 

histones. This observation is in accordance with the previous hypothesis that LDH could 

be influencing the epigenome, in this case by supplying NAD+ for sirtuin HDACs. If in 

fact LDH was influencing the activity of sirtuins by modulating the concentration of its 

substrate one would expect to find lower histone acetylation with increased LDH activity 

in the nucleus. To rule out if this correlation was simply a coincidence and histone 

acetylation was due to increased sirtuin expression, the expression of sirt1 was examined. 

Sirt1 was found to be similar in both the control and stress suggesting that sirtuin 

expression was not responsible and the difference in histone acetylation may be due to the 

NAD+ dependence of sirtuin activity (Figure 4.4).  
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Figure 4.4: A Potential Link Between Nuclear LDH and Histone Acetylation via 

NAD+ and Sirtuins. 

Experiments examining LDH expression, NAD+ consumption, histone acetylation, and 
sirt1 expression revealed that in the control lower LDH levels were linked to lower NAD+ 

consumption and higher levels of histone acetylation A). In the stress higher levels of 
LDH were found along side higher NAD+ consumption and decreased histone acetylation 

B). The change in histone acetylation was not due to higher expression of the HDAC 
sirtuin 1 therefore it was proposed that NAD+ provided by nuclear LDH might be 
responsible for the differences in histone acetylation C).  

 
4.4 Solidifying the Link Between LDH, Sirtuins and Histone Acetylation. 

 Histone acetylation was found to correlate with nuclear LDH expression and 

was shown to be independent of sirt 1 expression. Sirtuins are known to be responsive to 

the NAD+:NADH and enzymes known to modulate the concentration of NAD+ such as 

nicotinamide phosphoribosyltransferases. Recent studies have shown that NAD+ fine 
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tunes sirt1 activity and coordinates its effects at a systemic level. Nampt in particular 

plays a central role in the systemic regulation of NAD+ biosynthesis and its activity has 

been shown to influence sirt1 activity (Garten, Petzold, Korner, Imai, & Kiess, 2008). 

Here, we are proposing LDH provides NAD+ to sirtuins using pyruvate. To solidify the 

data suggesting an interaction between nuclear LDH, sirtuins and histone acetylation both 

LDH and sirtuins were inhibited and histone acetylation was observed. Nicotinamide is a 

product of NAD+ hydrolysis and is an inhibitor of sirtuins, this inhibitor was chosen to 

inhibit sirtuins because it is an inhibitor that sirtuins encounter in nature (Hou, et al., 

2008). Oxamate is a structural analog of pyruvate and selectively inhibits LDH; this 

inhibitor was chosen because LDH5 is known to metabolize pyruvate preferentially so a 

pyruvate mimetic would be an efficient inhibitor (McClendon, Vu, Clinch, Callender, & 

Dyer, 2005). Upon inhibition of LDH,  histone acetylation in the stress increased 

markedly compared to the control. These results reflect the opposite of what happened 

when LDH was left uninhibited. Upon sirtuin inhibition, the level of histone acetylation 

was also opposite of what happened when sirtuins were left uninhibited. If in fact LDH 

was influencing histone acetylation via sirtuins one would expect the pattern of histone 

acetylation when LDH was inhibited to be the same when sirtuins were inhibited and this 

is in fact what we observed (Figure 4.5).  

 When LDH or sirtuins are inhibited there should be a metabolic shift in the 

nucleus involving the enzymes, substrates, cofactors, and products. If sirtuins depend on 

LDH for NAD+ there should be specific interactions between metabolites thatone can 

observe. When LDH is inhibited one would expect an increase in nuclear pyruvate, a 

decrease in lactate production, a decrease in available NAD+ and a decrease in free 

acetate as a result of decreased sirtuin HDAC activity. These assumptions except a 
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decrease in pyruvate are in fact what we observe suggesting that LDH is linked to histone 

acetylation via sirtuins. As oxamate was provided to the cultures, the decrease in pyruvate 

production may be due to metabolic shifts in the cytosol; oxamate would inhibit other 

lactate dehydrogenase isoenzymes affecting lactate and pyruvate metabolism. On the 

other hand, when sirtuins are inhibited one would expect a decrease in free acetate as a 

result of decreased HDAC activity and an increase in NAD+. When high concentrations 

of pyruvate are present LDH can be inhibited in the presence of NAD+ (Gutfreund, 

Cantwell, McMurray, Criddle, & Hathaway, 1968). With the resultant inhibition of LDH 

one would also expect to see increased levels of nuclear pyruvate, and a decrease in 

lactate production. In fact, these observations were true, further confirming that nuclear 

LDH provides NAD+ to sirtuins for histone deacetylation. The perturbation of pyruvate 

and lactate levels in the nucleus upon sirtuin inhibition is unexpected unless sirtuins were 

actually metabolically linked to LDH. The known association of both sirtuins and LDH5 

with chromatin and the fact that HDACs function in multimolecular complexes suggests 

that nuclear LDH and sirtuins may exist as part of the same protein complex. This 

intriguing possibility could be investigated with pull-down assays (Figure 4.5). 
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Figure 4.5: Metabolic Shifts Implicating a Link Between Nuclear LDH and Histone 

Acetylation. 

If nuclear LDH and histone acetylation were linked via NAD+ and sirtuins, select 

metabolic shifts would be observed when inhibiting either LDH or sirtuins was inhibited. 
The metabolic shifts which were expected if the enzymes were in fact linked were 
reflected in the data except for pyruvate when LDH was inhibited. Uninhibited cells had 

high levels of pyruvate, lactate, NAD+ and free acetate and low amounts of histone bound 
acetate A). Upon inhibition of LDH pyruvate, lactate, NAD+, and free acetate were lower 

but histone bound acetate was higher B). Upon inhibition of sirtuins pyruvate was found 
to be higher and lactate, NAD+ and free acetate were lower while histone bound acetate 
was higher C).  

 



150 
 

4.5 A Physical Link Between Nuclear LDH and Sirt 1. 

 To determine whether or not LDH and sirtuins were physically linked as the 

previous data suggests a co- immunoprecipitation experiment was done. Anti-LDH 

antibodies successfully pulled out sirtuin 1. Bands were visible at 116kDa, the molecular 

weight of sirt 1 and at the top of the gel above 170kDa, the limit of our protein ladder. 

The lower band is undoubtedly sirt1 however, the amount of sirt 1 at this position is 

higher in the control cells. This is contradictory because the previous data suggested that 

sirt 1 activity was dependent on LDH under oxidative stress. If one were to consider the 

top band it can be explained. The top most band has a high level of sirt1 content relative 

to the 116kDa band and is in fact giving a stronger signal in the stressed cells. This data 

suggests that LDH and sirt 1 are associated in the control cells however, when cells are 

exposed to oxidative stress the proteins may become part of a large multi-protein complex 

such as those known to form to help histone deacetylases carry out their function 

(Hayakawa & Nakayama, 2011) (Figure 4.6). 
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Figure 4.6: Physical Interactions Between LDH and Sirt1.  

The data from the co- immunoprecipitation experiment prove that LDH and sirtuins are 
linked however, multiple bands suggest that they may function in multi-protein 

complexes. A) In the control we see more sirt1 being pulled down by LDH than in the 
stress at the 116kDa range in the C) gel. This suggests that in the control sirt1 is not part 
of a multi-protein complex. B) In the stress we see a large protein with sirt1 as a 

component being pulled down by LDH at a point greater than 170kDa in the gel. This 
suggests that sirt1 is located within this complex in the stress.  

 
 The previous findings suggest that LDH and sirtuins are in fact physically 

linked. Furthermore when ROS stress is present sirt1 and LDH tend to localize in a large 

protein complex which may be necessary for histone deacetylation.  

 Now that we knew nuclear LDH was physically interacting with sirt1 and 

supplying it with NAD+ produced using pyruvate it was important to investigate where 

the pyruvate was originating from and whether or not central metabolism was involved. 
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4.6 Pyruvate Metabolism 

 To determine if pyruvate was available for nuclear LDH, pyruvate metabolism 

was examined. ROS stressed cells up-regulated the glycolytic enzymes GLUT1, HK, 

GA3PDH, and PK while down-regulating TCA cycle enzymes like ICDH and AKGDH. 

An important pyruvate metabolizing enzyme, PDH, was also down-regulated in the ROS 

stressed cells. Previous research in our lab has illustrated that metabolic shifts can combat 

ROS stress in a variety of ways. The TCA cycle and oxidative phosphorylation are shut 

down because they are a large source of endogenously produced ROS. When a cell is 

stressed with ROS, energy production via substrate level phosphorylation is preferred 

even though it is a less efficient means of ATP production because there is a lower risk of 

further aggravating the stress (Mailloux & Appanna, 2007) (Lemire J. , Mailloux, 

Puiseux-Dao, & Appanna, 2009). As discussed previously the up-regulation of NADP+-

ICDH supplies both NADPH, an important reducing power, and AKG, an important 

antioxidant with HIF stimulation functions (Mailloux & Appanna, 2007). The up-

regulation of glycolysis also supplies the cells with pyruvate another important 

antioxidant. With the previous data we suggest that these metabolic shifts also signal the 

nucleus via nuclear lactate dehydrogenase. Pyruvate is integral in energy metabolism 

because it forms the bridge between various metabolic pathways including glycolysis, 

gluconeogenesis, and the TCA cycle, it stands to reason that the concentration of pyruvate 

would reflect the energy status of a cell making it a potential signaling molecule (Figure 

4.7). 
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Figure 4.7: Pyruvate Metabolism in ROS Stressed HepG2 Cells.  

The up-regulation of glycolytic enzymes under ROS stress increases the concentration of 
intracellular pyruvate however, the down-regulation of the mitochondrial enzymes 

specifically PDH allows this metabolite to pool. Pyruvate can enter the nucleus via 
diffusion and interact with LDH, pyruvate can also serve as an antioxidant.  
  

4.7 LDH in Different Cellular Models 

 Preliminary research on other cell lines revealed nuclear LDH in human 

astrocytoma cells and mouse embryonal carcinoma P19 stem cells. Interestingly, in both 

astrocytoma cells and HepG2 cells exposed to oxidative stress nuclear LDH was up-

regulated suggesting it plays a role in combating this stress. To examine if this response 

was solely a result of H2O2 stress or oxidative stress in general, different concentrations 

of aluminum, a metal known to induce oxidative stress was tested (Exley, 2004). Indeed 

LDH responded similarly to aluminum as it did to H2O2. These results might have 
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implications in diseases like Alzheimer’s which have been shown to be linked to 

aluminum and epigenetic drifts (Wang, Oelze, & Schumacher, 2008). The initiation of 

Alzheimer’s could be due to progressive epigenetic changes reinforced by prolonged 

ROS damage associated with aging.  

 With respect to the stem cells, nuclear LDH might play a role in differentiation. 

P19 stem cells differentiate to cardiomyocytes when exposed to DMSO (van der Hayden 

& Defiz, 2003). Experimentation on cells collected after 3 and 7 days of initiation of 

differentiation reveal differences in LDH activity in the nucleus. Differentiation of stem 

cells occurs via epigenetic modifications however the signals that mediate these changes 

are only beginning to be understood (Figure 4.8). 
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Figure 4.8: Other Roles for Nuclear LDH 

Nuclear LDH was shown to be affected by stimuli such as aluminum and stem cell 
differentiation and was shown to be present in multiple cell lines such as HepG2, CCF-

STTG1, and P19. The ubiquitous nature of nuclear LDH and its response to ROS st ress 
might link this enzyme to the initiation of certain disease states like Alzheimer’s, 
Parkinson’s, and Prion Diseases.  

  
4.8 Future Work 

 To better understand the role nuclear LDH plays in gene expression it would be 

interesting to examine gene expression. Other studies have found that nuclear enzymes 

initiate genetic changes that feedback to the metabolic pathways that supply their 

substrates (Wellen, Hatzivassiliou, Sachdeva, Bui, Cross, & Thompson, 2009). Nuclear 

LDH could reinforce the metabolic changes that combat ROS stress. A microarray of 

genes expressed differentially between the control and stress with LDH inhibited and 

uninhibited might reveal some interesting changes to pursue.  
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 The high levels of pyruvate in the nucleus are interesting in terms of pyruvate’s 

antioxidant properties. ROS are known to damage DNA and can have devastating effects 

on an organism. For example, the hydroxyl radical abstracts hydrogen from the methyl 

group of thymine resulting in the allyl radical and abstracts each of the C-H bonds of 2-

deoxyribose. These reactions happen at the diffusion rate of the hydroxyl radical (Cooke, 

Evans, Dizdaroglu, & Lunec, 2003). A high level of pyruvate in the nucleus would 

protect DNA by providing a buffer of pyruvate. Examining the level of ROS stress 

present in the nucleus via microscopy using DCFDA before and after incubation with 

pyruvate could help to discern whether pyruvate functions as an antioxidant in the 

nucleus. Further experiments inhibiting endogenous production of pyruvate and 

measuring DNA damage would provide evidence of pyruvate’s role as a nuclear 

antioxidant. 

 To elucidate the true function of nuclear LDH it would be critical to examine 

different triggers that induce nuclear LDH. So far, insulin and glucagon have been 

investigated, however they do not appear to initiate or repress nuclear LDH differently 

than in control cells. Considering ROS stress is linked to central metabolism it would be 

interesting to examine nuclear LDH with other stimuli that affect central metabolism such 

as starvation. Starvation is known to extend lifespan and has been shown to be linked to 

the level of NAD+ and sirtuins (Imai, 2009) Nuclear LDH might be part of the link 

between starvation and life extension (Figure 4.9). 
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Figure 4.9: Future Avenues to Explore. 

Interesting future avenues to explore (blue) would be gene expression, the antioxidant 
role of pyruvate and other triggers for nuclear LDH. Discovering which genes are 

modulated by nuclear LDH would allude to its true purpose and potentially reveal other 
modulators. Pyruvate has multiple roles in metabolism and in light of recent evidence cell 
signaling. Investigating the antioxidant properties of pyruvate in the nucleus might 

provide further insight into the metabolic changes that pool this metabolite.  
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5. Conclusion 
 
 LDH has long been understood to regulate lactic acid fermentation and help 

produce ATP via glycolysis. Here we suggest a new role for LDH in hepatocytes. A 

nuclear LDH was found to be present in hepatocytes and over-expressed when the cells 

were exposed to ROS stress. The over-expression of nuclear LDH was found to be linked 

to histone acetylation via sirtuins and the production of NAD+ using pyruvate. Nuclear 

LDH and sirtuins were found to be physically linked in the control and stressed cells and 

the data suggests they form multi-protein complexes when exposed to ROS stress. The 

pyruvate necessary for these reactions was being produced from key metabolic shifts in 

central metabolism which increased pyruvate production and decreased pyruvate 

consumption.  Furthermore, nuclear LDH was found to be present in multiple cell lines 

and responsive to a variety of stimuli suggesting it may play a larger role in nuclear 

signaling. 

 The ability to signal the nucleus via central metabolism is critical to proper 

cellular functioning. Upon exposure to ROS stress, the needs of a cell drastically change 

from that of energy production to combating ROS stress and limiting endogenous 

formation of these toxic species. Central metabolism can respond immediately to these 

changes via key ROS sensing enzymes like AKGDH and PDH. The sulfhydryl moiety of 

these enzymes is highly susceptible to oxidation which leads to inactivation (Gibson & 

Zhang, 2002). In order to mount a full offensive against the ROS particular genes such as 

those encoding SOD or catalase can be more highly expressed (Pelicano, Carney, & 

Huang, 2004). One way for this to happen quickly is by initiating a signal from central 

metabolism to the nucleus where genes for SOD, GPx or catalase can be expressed. Here 

a link between pyruvate from central metabolism and nuclear NAD+ where nuclear LDH 



159 
 

essentially interprets the pyruvate signal from central metabolism and changes it into an 

NAD+ signal that sirtuins can recognize is evident. 

 This study illustrates an intricate connection between central metabolism, 

nuclear enzymes and epigenetic changes. Further studies will continue to reveal how 

environmental stimuli can influence gene expression, hopefully leading to an 

understanding of complex epigenetic diseases such as Alzheimer’s or cancer.
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