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Abstract 
 

Despite its ubiquity, aluminum (Al) has no known physiological role within the 

human body.  In the cell, Al induces its toxic effect by competing for Fe-binding sites in 

enzymes involved in aerobic respiration, producing reactive oxygen species (ROS) and 

disrupting biological membranes.  Indeed, we have shown previously that Al can perturb the 

tricarboxylic acid cycle and aerobic respiration leading to an energy deficit and the 

accumulation of lipids in cultured human hepatocytes (HepG2 cells).  In this study, the 

ability of α-ketoglutarate (α-KG), a powerful antioxidant, to reverse the toxic effects of Al in 

HepG2 was assessed; several key enzymes and proteins involved in fatty acid oxidation and 

metabolism were probed in detail.  By employing BN-PAGE, immunoblot, and two 

dimensional denaturing gels, the impact of Al and the remedying effect of α-KG in the 

activity and expression of  cytochrome C (Cyt C), sirtuin 1 (Sirt-1) and very low density 

lipoprotein (VLDL) were demonstrated. The ability of α-KG to alleviate the Al-induced 

abnormality in β-oxidation of fatty acid was shown. α-KG was an important modulator of 

carnitine biosynthesis. As Al is known to evoke the metabolic syndrome observed during 

obesity and type II diabetes, this data will provide new insight into the ability of α-KG to 

relieve the biochemical manifestation of these diseases. 
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1. Introduction 
1.1 Liver physiology and anatomy 

The liver (Figure 1) is the second largest organ, after the skin, in the human body. It weighs 

approximately 1500g, and is located in the upper right corner of the abdomen. The anatomical 

location of this organ is important to its related physiological function as it is closely associated 

with the small intestine; liver processes the nutrient-enriched venous blood that leaves the digestive 

tract (Martini et al., 2001).  Liver cells, most importantly hepatocyte, are in charge of over 500 

diverse metabolic functions. The liver’s main function include the synthesis of necessary 

metabolites and macromolecules that are either released into the blood stream to be used by other 

tissues (e.g. glucose derived from glycogenesis, plasma proteins, clotting factors and urea), or that 

are excreted to the intestinal tract (bile).  Also, several products are stored in the liver (e.g. 

glycogen, fat and fat soluble vitamins).   Most importantly, liver parenchyma also has the capacity 

to detoxify and remove harmful materials and toxins from the human body (Sherwood, 1997; 

Martini et al., 2001).   

The hepatic portal system (Figure 1.B) is what dictates the physiological role of the liver. 

Herein the nutrient-enriched venous blood that is efferent from the intestine is passed first through 

the liver before it enters into the systemic circulation (Weickert and Pfeiffer, 2006).  
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Figure 1: The anatomy and the circulatory system of the liver (A) Posterior view of the liver.  (C) 
Network of branching blood vessels in the liver. (Martini et al., 2001) 

BA 



Hepatocytes are the most important of the liver parenchyma and are the most abundant.  

Each has a volume that is estimated to be between 10,000 and 60,000 μm3 depending on age, 

location, blood flow and metabolic load. Hepatocytes contain a large amount of organelles in 

order to cope with their diverse metabolic functions such as amino acid metabolism, lipid 

homeostasis, and aerobic respiration (Ramadori and Saile, 2005).  Indeed, mitochondria make up 

20% of the hepatocytes cytoplasmic volume and approximately 1,000 mitochondria can be found 

in a hepatocyte (Berman et al., 2001). The mitochondrion is the energy power plant of the 

hepatocytes, generating the energy required for the metabolic functions of the hepatocyte, e.g. 

fatty acid oxidation. Also, hepatocytes are fitted with a large network of rough endoplasmic 

reticulum (RER) and smooth endoplasmic reticulum (SER) which represents 15% of total cell 

volume which is necessary to accommodate for the cell’s secretory and detoxification rule.  These 

hepatic cells are polyploidy; the increased amounts of DNA is probably employed by the cell as 

an adaptive response for the necessary metabolic requirements (Ramadori and Saile, 2004). 
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Figure 2: Hepatocyte anatomy and metabolism. Note that organelles and nucleuses in the 
chart are small because of lack of space (Ramadori and Saile, 2005) 



1.2 Hepatocellular Metabolism  
 Metabolism is the set of chemical and physical reactions that take place in living systems 

in order to maintain proliferation, survival, and normal biological functions.  Metabolism may be 

subdivided into catabolic and anabolic pathways. In catabolic pathways, the cell breaks down high 

energy molecules such as fatty acids, monosaccharides, and amino acids into smaller units in 

order to provide energy and metabolites to the cell.  On the other hand, anabolic pathways 

assemble complex molecules from simpler ones and usually require the input of energy (Nicholls 

and Ferguson, 2002).  The ability to adjust the metabolic pathways according to the intracellular 

and extracellular environmental fluxes grants the cell adaptation strategy to various stresses.  With 

respect to energy storage and production, these metabolic pathways include glycolysis, 

gluconeogenesis, aerobic respiration, and lipid metabolism (Mailloux and Appanna 2007).  Figure 

3 provides an illustration of the metabolic pathways involved in hepatocyte energy homeostasis.   

 

 

 

 

 

 

 

 

 

 

  

Figure 3: Illustration of the hepatic energy metabolic pathways 
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1.2.1 D-glucose metabolism  
Metabolic pathways are subsets of the complete metabolic reactions that occur inside the 

cell.  They are characterized by the enzymatic reactions that make the product of one enzyme the 

substrate of the other.  Each of these pathways is associated with a specific functionality in the 

cell and sometimes they are carried by a specific organelle or site within the cell (Popescu and 

Yona, 2005).  Glycolysis is the anaerobic catabolism of glucose within the cytoplasm yielding two 

molecules of pyruvate, a three-carbon sugar,  and the concomitant production of the energy carrier 

ATP from ADP and Pi.   There are ten steps to glycolysis and each is catalyzed by a different 

enzyme. These steps are outlined in figure 4 (Garrett and Grisham, 1999). This catabolic pathway 

starts when D-glucose is transported in facilitated fashion to the cell via the various glucose 

transporters (GLUT).    Glycolysis has two stages, the first stage known as the energy-investment 

step in which two ATP molecules are used to activate the D-glucose molecule for the second stage 

of glycolysis, known as energy harvesting step, where the pathway produces four molecules of 

ATP and the concomitant production of two of the reducing equivalents NADH (Roach, 2003).   

 

 

 

 

 

 

 

 

 

 Figure 4: Illustartion of both the glycolytic and the gluconeogenic pathways (Garrett and 
               Grisham, 1999). 

       Stage 1       Stage 2 
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At this point, the fate of the latter high energy molecule and the glycolytic by-product, pyruvate, 

is dependent on the availability of oxygen.  Under aerobic conditions, the high energy pyruvate is 

transported to the mitochondria and subsequently oxidized by pyruvate dehydrogenase (PDH), 

producing acetyl CoA that feeds the energy harvesting tricarboxylic acid cycle (TCA).  However, 

under anaerobic conditions pyruvate is reduced in the cytoplasm by the NADH-dependent enzyme 

lactate dehydrogenase (LDH) (Fantin et al., 2006).  This utilization of NADH in the anaerobic 

respiration is necessary to regenerate NAD+, which is a cofactor required for maintaining a 

glycolytic flux (Kim and Dang, 2005).  Glycolysis is the main energy production pathway for 

many cells in oxygen-depleted states.  Examples of such cells include red blood cells that lack 

mitochondria and fast twitching muscle cells where oxidative metabolism cannot keep up with the 

increased energy demand (Roach, 2003). 

1.2.2 The TCA cycle  
Comparable to an energy factory, the mitochondrion is the site of the oxidative 

phosphorylation system. The mitochondria have two membranes: an outer permeable membrane 

that is non-ezymatically active and which limits the intermembranous space; and a highly folded  

inner membrane, the mitochondrial cristae, that limits the mitochondrial matrix (Fromenty and 

Pessayre, 1995).   The matrix of mitochondria contains small circular DNA, ribosomes, 

metabolites, and enzymes of the citric acid cycle, urea cycle, and beta oxidation of fatty acids 

(Ramadori and Saile, 2004).  This compartmentalization of the mitochondrial matrix is what 

ensures an efficient aerobic respiration and a maintained line of energy production (Voet et al., 

2006).   

The citric acid cycle (also known as the tricarboxylic acid (TCA) cycle) is the final 

common aerobic catabolic pathway for the oxidation of glucose, amino acids, and lipids.  In 
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Figure 5:  The reactions of the citric acid cycle

regards to glucose oxidation, following the production of pyruvate, this 3-carbon sugar is 

imported into the matrix of mitochondria by a monocarboxylate transporter (Fernie et al. 2004).  

At this stage, the mitochondrial pyruvate dehydrogenase complex (PDH) catalyzes the first 

reaction of the TCA cycle which then converts pyruvate into acetyl-CoA in a NAD and CoA 

dependent fashion (Voet et al., 2006).  Following this step, acetyl-CoA is completely oxidized in 

a series of eight concerted enzymatic reactions (Figure 5).  The eight enzymatic oxidation 

reactions of the acetyl CoA 2-carbon molecule within the TCA cycle are coupled to the transfer of 

hydrides to NAD+ and FAD, the phosphorylation of GDP and the formation of two carbon dioxide 

(CO2) molecules.  The reducing equivalents NADH molecules are then subsequently oxidized by 

the electron transport chain on the inner mitochondrial membrane, generating ATP by oxidative 

phosphorylation in an O2-dependent fashion (Fernie et al., 2004).                                            .   
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The TCA cycle is important not only for the catabolic production of energy but it also 

participates in an ample array of other anabolic and biosynthetic cellular processes(Fernie et al., 

2004).  These processes include heme and amino acid production, Fe homeostasis, transcriptional 

regulation, and antioxidant defense systems.    For example, α-KG is not a silent intermediate in 

the TCA cycle; this metabolite also functions as an antioxidant molecule and participates in 

glutamate and the metabolism of other amino acids (Mailloux et al., 2007).     

1.2.3 The electron transport chain and the chemiosmotic theory 
 In the electron transport chain, electrons donated by NADH or FADH2 are passed 

sequentially through a series of electron carriers (see figure 6 for the oxidation–reduction 

components) and then embedded in the inner mitochondrial membrane. The terminal complex, 

cytochrome c oxidase, contains the binding site for O2.  As O2 accepts electrons from the chain, it 

is reduced to H2O.  As electrons pass through each complex, energy is released and utilized to 

move protons against their concentration gradient.  Herein, protons  become concentrated in the 

intermembrane  space resulting in the formation of a transmembrane H+ gradient referred to as the 

proton motive force (pmf).  This proton motive force is then harnessed by F0F1 ATP synthase to 

generate ATP from inorganic phosphate and ADP.  The ATP is then transported out of the 

mitochondria by an adenine nucleotide transporter to be used by the cell.  However, some of the 

electrochemical potential generated is used directly for the generation of heat and the symport of 

metabolites, anions, and Ca2+ into the mitochondrion (Smith et al., 2004). 

 

 

 

 

 7

  Figure 6: Components of the electron transfer chain (Smith et al., 2004). 



1.2.4 Fatty acid catabolism 
Humans rely on fatty acids as the major fuel resource to supply cardiac muscle, skeletal 

muscle, and liver when energy demand is increased.  Fatty acids are also converted to ketone 

bodies (acetoacetate and β-hydroxybutyrate) in the liver, which are utilized as fuels for some 

tissues.  For example, the brain, which does not have a significant capacity for fatty acid 

oxidation, can use ketone bodies as fuel during prolonged fasting (Kodde et al., 2007).  

The fatty acids oxidized as fuels are principally long-chain fatty acids released from 

triacylglycerol that resides in adipose tissues which are derived from either dietary lipids or 

synthesized in the liver. A triacylglycerol molecule consists of a glycerol backbone to which three 

fatty acids are esterified.  The main mechanism of dietary triacylglycerol digestion involves the 

hydrolysis of the triacylglycerol molecule to two fatty acid chains and monoacylglycerols in the 

lumen of the intestine (Figure 7).  However, the route depends to some extent on the chain length 

of the fatty acid.  Lingual and gastric lipases preferentially hydrolyze short- and medium-chain 

fatty acids (≤ 12 carbon atoms) from dietary triacylglycerols.  However, pancreatic lipase 

hydrolyzes fatty acids of all chain lengths (Smith et al., 2004). 

 

 

 

 

Triacylglycerol Fatty acids 2-moniacylglycerol 

Figure 7: The hydolysis of dietry  triacylglycerol. 

 
 Lipase 

During ingestion and absorption, dietary triacylglycerols are broken down into their 

constituents and then reassembled for transport to adipose tissue in chylomicrons. The major fatty 

acids oxidized are the saturated long-chain fatty acids, palmitate (C16) and stearate (C18), the 

monounsaturated fatty acid oleate (C18:1), and the polyunsaturated essential fatty acid, linoleate 

(C18:2) (Garrett and Grisham, 1999;  Smith et al., 2004).   
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During fasting and states demanding increased amounts of ATP, long-chain fatty acids are 

released from adipose tissue triacylglycerols by lipases. Long-chain fatty acids are characterized 

by their hydrophobicity, water insolubility, and toxicity. Their toxicity is due to the disruption of 

the hydrophobic bonding between amino acids side chains in proteins. For these reasons they are 

transported in the blood bound in the hydrophobic binding pocket of albumin, the major serum 

protein. Fatty acids enter cells both by a saturable transport process and by diffusion through the 

lipid plasma membrane.  Intracellularly, the fatty acid binding protein (FaBP) in the cytoplasm 

binds the fatty acids and facilitates their transport to the mitochondrion which reassures that free 

fatty acid concentration in cells is extremely low (Smith et al., 2004). 

In order for the fatty acids to participate in β-oxidation and other metabolic pathways, they 

must be activated to acyl-CoA derivatives (Figure 8). The process involves the formation of a 

fatty acyl CoA thioester bond using the ATP-dependent enzyme acyl-CoA synthetase.  This 

enzyme only activates long-chain fatty acids 12 to 20 carbons in length and is present in three 

locations in the cell: the endoplasmic reticulum (triacylglycerol and phospholipid synthesis), the 

outer mitochondrial membranes (β-oxidation), and the peroxisomal membranes (oxidation and 

plasmalogen synthesis).  However, this enzyme has no activity toward C22 or longer fatty acids.  

While the medium-length chain fatty acid synthetase is present only in the mitochondrial matrix 

of liver and kidney cells, the synthetase necessary for activation of very-long-chain fatty acids is 

present in peroxisomes (Smith et al., 2004).   

 

 

 

 

 
Figure 8: The activation of fatty acids for β-oxidation (Smith et al., 2004) 

 9



Figure 9:  The synthesis of L-carnitine  

 

 

 

 

 

 

 

 

 

L-carnitine serves as the carrier that transports activated long chain fatty acyl groups 

across the inner mitochondrial membrane. Carnitine is obtained from the diet or synthesized from 

the side chain of lysine (Figure 9) by a pathway that begins in skeletal muscle and is completed in 

the liver.  It is important to note that roles of both α-ketoglutarate and vitamin C (ascorbic acid) 

are required for the two dioxygenation reactions (Frédéric et al., 2002). 

The L-carnitine transport system (Figure 10) is initiated when an activated fatty acyl CoA  

passively diffuses through the mitochondrial outer-membrane into the mitochondrial 

intermembrane space. Here, carnitine palmitoyl transferase I (CPT1) in the outer mitochondrial 

membrane transfers the fatty acyl group to carnitine by an estrification reaction and releases 

CoASH.  The fatty acyl carnitine is then translocated into the mitochondrial matrix as a molecule 

of carnitine moves out of the matrix by the antiporter carnitine/acylcarnitine translocase. Finally, 

carnitine palmitoyl transferase II on the inner mitochondrial membrane transfers the fatty acyl 

group back to CoASH, to form fatty acyl CoA in the matrix. (Stephens et al., 2007, Ronnett et al., 

2005; Smith et al., 2004; Frédéric and Ronald, 2002) 
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http://www.biochemj.org/bj/361/0417/bj3610417f01.htm 

 

 

 

 

 

 

Figure 10: The L-carnitine transport system (Frédéric and Ronald, 2002) 

Once the acyl CoA is in the mitochondrial matrix, it undergoes the β oxidation spiral 

(Figure 11) to produce acetyl CoA, NADH, and FADH2. Subsequently, the reducing equivalents 

NADH and FADH2 are oxidized in the electron transport chain and generate ATP by the 

oxidative phosphorylation mechanism. However, acetyl CoA will be either directed toward the 

oxidative TCA cycle or dedicated to the production of either ketone bodies or amino acid 

biosynthesis.  Although hepatocytes do not posses the enzymatic mechanism to catabolize keton

bodies, but they synthesize them to be utilized as an energy source by brain tissue, skeletal 

muscle, and heart muscle (Lamm et al., 2007; Sm

 

 

 

 

 

 

 

 

 

e 

ith et al., 2004).  

Figure 11: The β oxidation spiral (Lamm et al., 2007) 
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1.2.5 Lipogenesis :  The highest form of energy storage. 
When caloric uptake is in excess, high energy molecules are shuttled to be stored into 

either lipids or glycogen form.  In the case of lipids, the major source of carbon for the synthesis 

of fatty acids, mainly in the liver and adipose tissue, is dietary carbohydrate and proteins. In the 

case of excess carbohydrate consumption, glucose is converted to acetyl CoA, which provides the 

2-carbon units necessary for the condensation reactions on the fatty acid synthase complex, 

producing the dominant even fatty acid palmitate (Garrett and Grisham, 1999; Smith et al., 2004).  

Lipogenesis starts with the accumulation of acetyl-CoA in the mitochondria due to the low 

demand on energy (Figure 12).  At this point, acetyl-CoA is transported into the cytosol by first 

converting it to citrate followed by transportation via a citrate transporter (Girard et al., 1997).  

While, the transportation step is necessary as fatty acid biosynthesis takes place in the cytosol, the 

conversion step is due to the impermeability of the mitochondrial membrane to acetyl CoA (Voet 

et al., 2006).  Once in the cytoplasm, citrate is enzymatically cleaved to acetyl CoA and 

oxaloacetate by ATP-citrate lyase (ATP-CL).  Here, the biotin-dependent enzyme Acetyl CoA 

carboxylase (ACC) catalyzes the ATP-driven carboxylation of acetyl CoA producing malonoyl 

CoA, a molecule required for the extension of fatty acid chains.  The synthesis of fatty acids from 

acetyl CoA and malonoyl CoA is achieved by fatty acid synthase, a multimeric enzyme which 

catalyzes the seven enzymatic steps of fatty acid synthesis (Brownsey et al., 2006).  It is important  
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Figure 12 : Illustrative scheme of fatty acid synthesis and the assembly of a  
                    VLDL molecule (Smith et al., 2004). 



to note that synthesis of fatty acids is dependent on the cellular level availability of the anabolic 

reducing equivalent NADPH, produced by ICDH, malic enzyme, and glucose-6-phosphate 

dehydrogenase (G6PDH) (Smith et al., 2004). 

After synthesis on the fatty acid synthase complex, palmitate is activated, forming 

Palmitoyl CoA.  Palmitoyl CoA and other activated long-chain fatty acids can be elongated by the 

use of malonyl CoA, two carbons at a time, by a series of reactions that occur in the endoplasmic 

reticulum and are dependent on NADPH.  With respect to the desaturation of fatty acids which 

also takes place in the endoplasmic reticulum, the mechanism requires molecular oxygen O2, 

NADH, and cytochrome b5.   The most commom desaturation reaction  involves the placement of 

a double bond between carbon 9 and 10 in the conversion of palmitic acid to palmitoleic acid 

which is catalyzed by stearoyl CoA desaturase resulting in the oxidation of both the fatty acid and 

NADH.  However, other positions that can be desaturated in humans include carbons 4, 5, and 6 

(Jeffcoat, 2007; Smith et al., 2004). 

Desaturated fatty acids are the most abundant in phospholipids and triglycerides.  In liver 

and adipose tissue, triacylglycerols are produced by a pathway that contains a phosphatidic acid 

intermediate. In both adipose tissue and liver, triacylglycerols are produced by a pathway in which 

glycerol 3-phosphate is esterified with fatty acyl CoA to form phosphatidic acid (Garrett and 

Grisham, 1999; Smith et al., 2004).    

The systemic movement of lipids to adipocytes and other tissues is achieved by the 

production of very low density lipoprotein (VLDL).  VLDL is produced when triacylglycerol, 

produced in the smooth endoplasmic reticulum of the liver, is packaged with cholesterol, 

phospholipids, and proteins including apoB-100.  The VLDL protein, apoB-100, is an 

amphipathic protein that emulsifies lipid molecules by winding through the surface of each VLDL 

particle. These secreted proteins are synthesized in the rough endoplasmic reticulum (Olofsson 
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and Boren, 2005) .  The microsomal triglyceride transfer protein (MTP) is important for VLDL 

stabilization and assembly.  MTP functions during the transport of the nascent ApoB-100 into the 

ER; it transfers triglycerides to the nascent ApoB-100 facilitating the proper folding of the nascent 

protein (Greeve, 2005). Following this step, VLDL is processed in the Golgi complex and 

secreted by the liver into the blood where it acquires apoproteins CII and E from HDL particles to 

become mature VLDL particles (Garrett and Grisham, 1999; Smith et al., 2004). 

 

 

 

 

 

 

 

 Figure 13: Synthesis, processing, and secretion of VLDL (Smith et al., 2004). 

1.3 Regulation of hepatic metabolism 
Maintenance of normal cell function and growth requires a constant source of fuels from 

which to derive ATP.   Therefore, a balance (homeostasis) must be achieved between 

carbohydrate, fat, and protein intake, their resultant storage, and their mobilization.  Insulin and 

glucagon are the two major hormones that regulate fuel storage and mobilization (Figures 14 and 

15).  Insulin is an anabolic hormone that promotes the storage of fuels and their utilization for 

growth.  Glucagon is the major hormone of fuel catabolism and mobilization. Other hormones, 

such as epinephrine, are released as a response of the central nervous system to hypoglycemia, 

exercise, or other types of physiologic stress (Smith et al., 2004). 
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Glucagon, secreted by α cells in the pancreas, maintains fuel availability in the absence of 

dietary glucose by stimulating the release of glucose from liver glycogen and glucose in vivo 

synthesis (gluconeogenesis) from lactate, glycerol, and amino acids (Klover and Mooney, 2004).  

Also, glucagon has a role in mobilizing fatty acids from adipose triacylglycerols to the blood to 

provide an alternate source of fuel for various tissues.  Glucagon target organs are principally the 

liver and adipose tissue; it has no influence on skeletal muscle metabolism because muscle cells 

lack glucagon receptors (Smith et al., 2004).  The glucagon receptor is a transmembrane G-protein 

coupled receptor (GPCR) which triggers a secondary messenger cascade that targets Protein 

Kinase A (PKA).  The activity of this kinase includes several enzymes that are involved in 

glycogenolysis and gluconeogenesis (Voet et al., 2006).  

Insulin, secreted by β cells in the islets of Langerhans, is the major anabolic hormone that 

promotes the storage of nutrients:  glucose storage as glycogen in liver and muscle, conversion of 

glucose to triacylglycerols in liver and their storage in adipose tissue, and amino acid uptake and 

protein synthesis in skeletal muscle. It also increases the synthesis of albumin and other blood 

proteins by the liver.  In addition, insulin promotes the utilization of glucose as a fuel by 

stimulating its transport into muscle and adipose tissue.  At the same time, insulin acts to inhibit 

fuel mobilization (Smith et al., 2004).  In hepatocytes, insulin signaling is initiated by the binding 

of insulin to a receptor tyrosine kinase (RTK).  Insulin binding triggers the activation of the PI3K-

AKT pathway in hepatocytes.  This pathway promotes glycogen synthesize, the translocation of 

the glucose transporter GLUT4 from intracellular vesicles to the plasma membrane, and 

deactivation of gluconeogenesis.  In addition, insulin binding to its receptor activates the 

transcription factor sterol response element binding protein-1c which is involved in the 

transcription of lipogenesis genes (Dentin et al., 2005).   
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Although hepatocytes depend on insulin and glucagon for their fuel metabolism and 

regulation, intracellular mediators such as D-glucose, AMP, NAD, and omega-3 fatty acids also 

work as regulators of hepatocyte metabolism.   The transcription factor PGC-1α is plays a crucial 

role in enhancing the transcription of genes involved in lipid oxidation and D-glucose production 

in hepatocytes. The activation of this transcription factor is mediated by a deactylation reaction 

that is driven by sirtuin 1 (Sirt-1) in a NAD-dependent fashion triggered by the increased levels of 

NAD in the cell (Feige and Auwerx, 2007). 

At last, the regulatory mechanism leading to the desensitization of cellular response is also 

important in modulating the cell’s adaptation to the changing extracellular environment.  

However, defective desensitizing systems in any cell can lead to abnormal metabolism conditions. 

In the case of hepatocytes, these abnormalities include hepatic steatosis and type II diabetes 

(Begriche et al., 2006).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Major sites of insulin action on fuel  
metabolism. + stimulated by insulin;  - inhibited 
by insulin (Smith et al., 2004). 

Figure 15: Major sites of glucagon action on fuel  
 metabolism. + stimulated by glucagon;  - inhibited 
by glucagon(Smith et al., 2004)   
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The mitochondria are the cell’s energy machines and the integrity and function of the liver 

is maintained in the level of this organelle’s metabolic pathways. However, mitochondria are 

highly susceptible to environmental stresses such as metal toxicity, oxidative stress, and organic 

pollutants that perturb their integrity leading to numerous pathologies within the liver.  Indeed, 

environmental stresses were shown to contribute in the onset of several physiological disorders 

such as obesity, atherosclerosis, hyperammonemia, and type II diabetes.  In addition, several 

diseases such as steatosis, liver fibrosis, and cancer have been linked to mitochondrial genetic 

mutations, either inherited or acquired (Reddy and Rao, 2006).       

1.4.1 Obesity 
Although the definition of obesity has changed over time, it can be defined as an excess of 

body fat (BF) to the extent that health and well-being are compromised (Nicklas et al., 2001).   

However, enhanced lipogenesis in hepatocytes, hyperplasia in adipocytes, insulin resistance, and 

hyperglycaemia are hallmarks of obesity (Rutter, 2000). The mechanism of obesity development 

is not fully understood, but has been long-established that obesity occurs when energy intake 

exceeds energy spending.  It is the excessive caloric intake and the perturbed metabolism of 

individuals that play the central role in this epidemic disorder. Various factors can be contributed 

to the onset of obesity; environmental factors, lifestyle preferences, and cultural environment 

seem to play major roles in the rising prevalence of obesity worldwide (Dehghan et al., 2005).  

However, in a small number of cases, obesity can also be caused by genetic and medical causes 

such as leptin deficiency, hypothyroidism, and growth hormone deficiency (Link et al., 2004).  In 

vivo studies on genetically obese mice have showed increased hepatic mitochondrial free FA 

synthesis from glucose, increased triglyceride levels , increased lipid peroxidation, decreased 
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content of cytochrome c, increased production of ROS , and decreased ATP levels (Pessayre et al., 

2001).  

In obese individuals, the stabilization of ApoB-100 and the subsequent secretion of VLDL 

particles are concomitant to the increase in lipogenesis and triglyceride production.  As a 

consequence, obesity is associated with increased circulating levels of VLDL molecules which are 

transported to adipose tissue for storage leading to their engorgement and consequently the 

formation of hyperplasic tissue (Jeffcoat, 2007).  Although the obesity’s clinical manifestations is 

well characterized, the induced abnormalities in hepatic metabolism in this condition remains an 

unresolved mystery.   

1.4.2 Hepatic Steatosis:  The fatty liver disease 
Non-alcholoic Hepatic Steatosis (NASH), also known as fatty infiltrates in the liver or 

Fatty Liver, is a condition characterized by mitochondrial dysfunction and the accumulation of fat 

in the liver (Franciscus, 2007).  A major cause of steatosis is increased fatty acid “input” to the 

liver caused by a high availability of plasma FFA in relation to marginal oxidative requirements 

”output”.   The hepatic input of fatty acid can be regulating cellular molecules that facilitate 

hepatic triglycerides uptake, fatty acid synthesis, and esterification.  On the one hand, “output” is 

regulated through hepatic fatty acid oxidation and triglycerides export.  Epidemiological studies in 

humans, as well as experimental studies in animal models, have shown an association between 

this visceral obesity and dyslipidemia, insulin resistance, and type 2 diabetes (Boer, 2004).  

Similar to obesity, calorie-enriched diets, physical idleness, and mitochondrial dysfunction have 

been implicated in the pathogenesis of hepatic steatosis (Begriche et al., 2006).   

Within the mitochondria, induced disruption of the proton gradient, inhibition of the 

respiratory complexes, and sequestering of CoA molecules were shown to interfere with the 
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normal mitochondrial function and would promote fat accretion within hepatocytes (Cave et al., 

2007; Boer, 2004).  Most importantly, mitochondria are the most important cellular source of 

ROS, which can oxidize the unsaturated lipids of fat deposits to cause lipid peroxidation. Lipid 

peroxidation in turn will generate a vicious cycle that impairs the flow of electrons along the 

respiratory chain, causing overreduction of respiratory chain components and enhanced 

mitochondrial ROS formation.   In mice, acute or chronic steatosis due to 11 different treatments 

was always associated with lipid peroxidation (Pessayre et al., 2001).   

Environmental pollutants, such as heavy metals, were also linked to mitochondrial 

dysfunction and the onset of several hepatic disorders through the production of ROS. For 

example, copper (Cu) induced mitochondrial disfunction, through the production of ROS, was 

associated in the fatty liver disorder (Begriche et al., 2006).  However, details underlying the roles 

of metal toxicity and their related impacts on oxidative stress still need to be investigated. 

1.5 Aluminum as an environmental toxin   
Aluminum comprises 8% of the Earth’s crust making it the most common metal in the 

Earth’s crust and the third most common element.  It exists primarily as polymorphous 

aluminosilicates (Al2 O5 Si) in rocks and soil (Allen et al., 1980; Sargazi et al., 2002).  In spite of its 

ubiquity, aluminum has not been found to have any biological role in living processes.  Its biological 

exclusion is thought to be due to its poor availability, and more probably the unfavorable aspects of its 

chemistry (Zatta et al., 2002).    However, modern aluminum industrial processing and increased 

daily life use has led to the increase in its bioavailability. Exposure to this element may occur via 

dietary, iatrogenic, and occupational routes.   Aluminum absorption seems to be very low, but 

many factors can enhance it in animals and humans.  For instance, intestinal absorption for 

aluminum is very poor, as low as 0.1%, but many organic dietary components (e.g citrate) are 
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potential chelators of aluminum that enhance its absorption (Nayak, 2002).  On the other hand, 

some chelators (e.g. lactate ) significantly lower the uptake of Al (Levesque et al., 2000). With 

respect to the distribution of the metal, it varies with route, dose, and duration of exposure. 

However, lungs, kidneys, the liver, and the brain are considered to be the site of this metal 

accumulation (Nayak, 2002).  Although under normal environmental condition Al is considered to 

be innocuous, the a priori mentioned increase in the metal’s bioavailability is now implicated in a 

variety of physiological conditions including renal osteodystrophy, microcytic anaemia, dialysis 

encephalopathy, and Alzheimer’s disease ( Sargazi et al., 2002).   

The primary means by which aluminum interferes with the cellular processes of an 

organism occurs through interference with Fe homeostasis, competition with Ca2+ and Mg2+ 

binding sites, and disruption of membrane lipids (Mailloux et al., 2006).  

With respect to aluminum’s impact in iron homeostasis, Al3+  similarity to iron’s size and 

charge density allows it to become incorporated into areas that would originally incorporate iron.  

These areas include the iron-sulfur clusters found in the various TCA cycle and ETC enzymes 

(Middaugh et al., 2005).   Aluminum (III) also competes with iron (III) for its substitution in 

transferrin and ferritin, and with iron (II) in iron gastrointestinal absorption.  In addition, 

aluminum has been shown to promote the stabilization and expression of iron regulatory proteins 

(IRP-2), transcriptional regulator of Fe homeostasis, inducing extracellular iron uptake.  The 

ability of Al to reduce the levels of bioavailable Fe3+ and increase Fe2+ in the labile Fe pool was 

also shown to promote ROS production via Fenton reactions (Zatta et al., 2002; Mailloux et al., 

2006). The resulting oxidative stress was also shown to stabilize HIF-1α, a key factor involved in 

enhancing anaerobic respiration which decreases the mitochondrial metabolism preventing 

aerobic ATP production and promotes succinate accumulation. It was also shown that aluminum 

increases lipogenesis when the TCA cycle is challenged (Mailloux et al., 2006) 
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Thesis Objectives: 

The aim of this study is to elucidate the impact of Al toxicity on fatty acid metabolism and 

the ability of  α-ketoglutarate to alleviate Al-induced toxicity in human hepatocytes.  Functional 

mitochondria are what ensure the integrity of hepatocellular fatty acid metabolism.  Previously, it 

has been established that aluminum induced stress elicits a dysfunctional TCA cycle which leads 

to an assortment of implications.  Reactive oxygen species (ROS) produced by the metal stress are 

combated via increasing NADPH production and decreasing NADH production.  Aluminum 

stress, as previously mentioned, promotes anaerobiosis and succinate accumulation, which 

stabilizes the Hypoxia Inducible Factor – I (HIF-I).  Most importantly, aluminum increases 

lipogenesis when the TCA cycle is challenged.   

The hypothesis of this study is that aluminum will disrupt the mitochondria creating a 

dysfunctional TCA cycle and eliciting a hepatocellular lipogenic enviroment. The 

supplementation with palmitate will induce lipogenesis.  However, the treatment with α-

ketoglutarate will be able relieve the biochemical manifestation associated with Al toxicity and 

induces fatty acid translocation and β-oxidation in the mitochondria.  
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2. Materials and Methods 

2.1 List of reagents and equipment 
35mm x 10mm Petri plates; Sarstedt (Montreal, Quebec) 
Accumet pH meter; Fisher Scientific (Unionville, Ontario) 
Acetonitrile HPLC grade; Fisher Scientific (Unionville, Ontario) 
Acrylamide; Sigma-Alderich (St. Louis, Missouri) 
Alliance 2487 Dual Wavelength Absorbance detector; Waters Ltd (Mississauga, Ontario) 
Alliance 2695 separation modulion, High performance liquid chromatographer;  Waters Ltd 
(Mississauga, Ontario) 
Aluminum Chloride Hexahydrate (AlCl3 6H2O); Sigma-Alderich (St. Louis, Missouri) 
Apolipoprotein B-100; Sigma-Alderich (St. Louis, Missouri) 
ATP; Sigma-Alderich (St. Louis, Missouri) 
Axiovert 200M deconvoluting microscope; Zeiss (Germany) 
Bio-Rad Mini-Protein II Dual Slab Cell; Bio-Rad Laboratories (Mississauga, Ontario) 
Bis-acrylamide; Bio-Rad Laboratories (Mississauga, Ontario) 
Bistris: Fisher Scientific (Unionville, Ontario) 
Bright-line hemacytometer; Hausser Scientific (Horsham, Pennsylvania)  
BSA; Sigma-Alderich (St. Louis, Missouri) 
C18-reverse phase column with polar end cap; Phenomenex (Torrence, California) 
Chemidoc XRS gel documentation system; Bio-Rad Laboratories (Mississauga, Ontario) 
Chemiglow Chemiluminescent substrate; Alpha Innotech (San Leandro, California) 
Collagen coated cell culture flasks 175cm2, 75cm2, 10cm2 ; Fisher Scientific (Unionville, Ontario) 
EDTA: Sigma-Alderich (St. Louis, Missouri) 
FBS; Invitrogen (Burlington, Ontario) 
Fisher model 500 sonic dismembrator; Fisher Scientific (Unionville, Ontario) 
Glycerol; Sigma-Alderich (St. Louis, Missouri) 
HEPA class 100 Water jacketed CO2 incubator; Thermo Fisher Scientific (Waltham, Massachusetts) 
HepG2 cell line; Generous Gift from Dr. Templeton (University of Toronto) 
HPLC grade Monobasic potassium phosphate; Fisher Scientific (Unionville, Ontario) 
Isopropanol 99% pure; Sigma-Alderich (St. Louis, Missouri) 
NAC; Sigma-Alderich (St. Louis, Missouri) 
NAD(H); Sigma-Alderich (St. Louis, Missouri) 
Olympus CX2 compound microscope; Olympus America  
Palmitic acid; Sigma-Alderich (St. Louis, Missouri) 
SDS-PAGE Kaleidoscope and Precision Plus Standards; Bio-Rad (Mississauga, Ontario) 
Silver staining kit ; Bio-Rad Laboratories (Mississauga, Ontario) 
Sodium Hydroxide; Fisher Scientific (Unionville, Ontario) 
Sorvall Legend RT centrifuge; Thermo Fisher Scientific  (Waltham, Massachusetts) 
TEMED; Sigma-Alderich (St. Louis, Missouri) 
Tricine; Sigma-Alderich (St. Louis, Missouri) 
Trizma base; Sigma-Alderich (St. Louis, Missouri) 
Trypan Blue; Sigma-Alderich (St. Louis, Missouri) 
Ultraspec 3100 Pro spectrophotometer ; Fisher Scientific (Unionville, Ontario) 
α-MEM; Princess Margaret Hospital (Toronto, Ontario) 
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2.2 Cell culture and growth conditions 

         2.2.1 Culturing procedures 

HepG2 cells were obtained from Dr. Templeton (University of Toronto) and were 

routinely cultured in α-minimum Eagle media (α-MEM) containing 5% (v/v) fetal bovine 

serum (FBS) and 1% antibiotics.   Cultivation of the cells took place in a Thermoscientific 

incubator (Fisher) at 370C in a humidified atmosphere at 5% CO2 until confluency was 

reached.  Initially the cells were maintained in cryogenic storage.  To initiate their culturing 

we started by thawing them and removing the cryogenic freezing medium by pelleting them 

at 150xg.  The cellular pellet was then resuspended in α-MEM containing 5% FBS and 1% 

antibiotics.  The cells were then seeded in a 75cm2 collagen-coated flask and grown until 

confluency was reached by day 6.  Cells from this culture were then routinely diluted to 1 x 

105 cells/mL (in α-MEM containing 10% FBS and 1% antibiotics) on culture day 6 and 

grown in either 75cm2 or 175 cm2 flasks from Sarstedt TM.  HepG2 cells were cultured every 

6 days to avoid the accumulation of waste products and provide fresh nutrients.  Figure 16 

provides an outline of the cell culturing procedure. 

Figure 16: An overview of cell culture and storage methods 
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Prior to each round of culturing, all working areas were washed with a 70% ethanol 

solution and all work was completed under a sterile fume hood to prevent contamination.  

All solutions were also previously filtered or sterilized and were warmed to 370C in a water 

bath before use. An automatic pipette was used to remove waste media to a bleach-filled 

waste disposal.  In order to sloth off the cells into new α-MEM culture media, the flask was 

gently shaken.  

Trypan Blue Exclusion Assay was performed to determine the viable cellular 

concentration. It was done using an aliquot of 50μL from the flask and 200μL of Trypan 

Blue, obtained from GIBCO TM.  This created a dilution factor of 1:4 for cell counting.  

Trypan blue is an excellent tool for performing viable cell counts because it only stains non-

viable cells with a blue color which makes viable cell easy to be counted (Lemire, 2006).  A 

hemacytometre (Fisher) was used to count the viable cells by placing the cell / trypan blue 

dilution via Pasteur pipette onto the hemacytometer. A 40X magnification was used to 

determine the viable cell count on the hemacytometer.   

 

          2.2.2 Aluminum treatment and metabolite supplementation 

           HepG2, were grown to 70% confluency (approximately 5 days) in a culture media 

of α-MEM (+ 10% FBS).  When the cells reached this point, the media were removed and 

the cells were re-supplemented with serum-free media (α-MEM - FBS) containing either 

citrate (2.5mM, control) or Al-citrate (2.5mM citrate:0.5mM Al, Al-stress).  The cells were 

then left to incubation in the previously mentioned conditions for 24 hours. Following the 24 

hours incubation with either citrate (control) or Al-citrate (stress), the spent media were 

removed and the cells were re-supplemented with serum-free media containing BSA,  
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0.1 mM palmitic acid, 0.2mM palmitic acid, 0.2mM palmitic acid + 0.5mM α-ketoglutarate, 

0.2mM palmitic acid + 1mM α-ketoglutarate, 0.2mM palmitic acid + 5mM α-ketoglutarate 

or 0.2mM palmitic acid + 0.5mM 1 mM NAC (N-acetylcysteine); respectively. Herein, the 

BSA supplementation was used as a negative control. The supplementation with both 

0.2mM palmitic acid and 5mM α-ketoglutarate was utilized to test the remedying effect of 

α-ketoglutarate in reversing the toxic effects of aluminum. 

The palmitic acid 25mM stock solution was prepared by 1:25 dilution of palmitic 

acid (100mM in 95% ethanol) with phosphate buffered saline (PBS) containing 20% (w/v) 

fatty acid-free bovine serum albumin (BSA).  The solution was then stirred overnight in 

order to evaporate the ethanol.   

2.3 Fluorescence microscopy  

 Microscopic cellular passaging, aluminium treatment and supplementation are 

conducted in a similar fashion to the procedures introduced in section 2.2. The only 

difference is that the cells are cultured at a total volume of 2mL in a 35mm x 10mm Petri 

plate with a glass cover slide placed in it to allow cells to adhere for later microscopic 

investigation.  After the 24 hour supplementation with metabolites, culture media was 

removed and the cells were then washed twice with 2mL of PBS to remove excess culture 

media and debris, once with 0.5mM EDTA to remove any membranous bound Al, and 

finally with 2mL of PBS.  Staining was then followed for lipid droplets and cytochrome C as 

described in of the following sub-sections. When staining was completed, we mounted the 

coverslips, top side down, into microscope’s slides using Permount mounting media (Fisher) 

and then we sealed the glass cover with nail polish.  Note that the staining, fixation and 

mounting was done in the dark. The slides were then allowed to dry and placed in a -20oC 
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for one week before being visualized by an inverted deconvoluted microscope (Zeiss).    

Axiovison software (Zeiss) was used in order to program the fluoropheric channels 

according to the emission and excitation characteristics of the utilized stains (please refer to 

the following table). The same program was also used to take and document pictures of the 

cells at different wavelengths and to merge these images in order to generate a synchronized 

picture of the different fluorophores. 

  

  

  

 

Emission and Excitation Criteria of Microscopy Stains. 
Microscopy Stain Emission (nm) Excitation (nm) 
HOESCHT 33342 465 365 
FITC 520 495 
Oil Red "O" 650 563 

          2.3.1 Visualization of the intracellular lipid droplets 

With respect to lipid droplets staining, after the last PBS washing cells were treated with Oil 

Red “O” [10µg/mL in PBS diluted from a 1.0mg/mL stock] and left for 30 minutes in the 

incubator.  The staining was then followed by washing three times with PBS.   The cells 

were then fixated to the glass cover slip using the methanol: glacial acetic acid solution (v/v 

3:1) for 10 minutes and then allowed to air dry for 2 minutes.  We then stained the slides 

with Hoechst 33342 stain (2.0µg/mL in PBS diluted from a 2.0mg/mL stock) for 10 

minutes.  The glass cover slips were then washed three times with PBS.   

          2.3.1 Determination of the mitochondrial proliferation 

After the last PBS washing, the cells were stained with Oil Red “O”  [10µg/mL in 

PBS diluted from a 1.0mg/mL stock] and left for 30 minutes in the incubator.  The staining 

was then followed by washing three times with PBS.   The cells were then fixated to the 

glass cover slip using the methanol: glacial acetic acid solution (v/v 3:1) for 10 minutes and 

then allowed to air dry for 2 minutes.  We then stained the slides with Hoechst 33342 stain 
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(2.0µg/mL in PBS diluted from a 2.0mg/mL stock) for 10 minutes.  The glass cover slips 

were then washed two times with TBS [20mM Tris-HCl, 0.8% w/v NaCl].  The cover slips 

were then treated with  tween-20 Tris-buffered saline containing FBS (TTBS-FBS) [20mM 

Tris-HCl, 0.8% w/v NaCl, 0.1% (v/v) Tween-20, 5% (v/v) FBS, pH 7.6] for 1h.  This step is 

necessary to facilitate the uptake of the antibodies and to block the nonspecific binding sites.  

The glass cover slips were once again washed twice with TBS.  We then probed the cells 

with the Anti-Cytochrome C primary antibody (2/1000 dilution in 2mL of TTBS-FBS) for 1 

hour in the incubator.  Excess antibodies were then removed by 3 washing with TBS in 5min 

intervals. We then probed the cells with an anti-rabbit secondary antibody (2/1000 dilution 

in 2mL of TTBS-FBS) that is conjugated to fluorescein isothiocyanate (FITC). Once again 

we washed away the excess antibodies by 3 washing with TBS in 5min intervals.  

 
.4 Cellular isolation and subcellular fractionation:  

2.4.1 Cellular isolation 
 

Following the 24 hour metabolites supplementation the media were removed and the 

cells were isolated.  The cells and the media were then transferred into conical flasks 

(volume were dependent on the size of the culturing flasks) from SIGMA  by gently 

shaking the flasks to sloth the cells off.  These conical flasks were then subjected to 

centrifugation at 150 X g for 10 minutes at 4 C in order to generate a cellular pellet and a 

spent fluid supernatant.  The supernatant was then stored at -20°C.  However, the remaining 

pellet was then resuspended and washed with a minimum volume of an ice cold PBS, and 

then centrifuged at 150 X g for 10 minutes at 4 C.  The supernatant was then decanted to 

bleach and the cellular pellet was resuspended in a minimal volume (20µL for each 4 x 106 

cells) of cell storage buffer.  The resulting solution of cells in CSB was stored for 2 hours at 

2
 

TM

0

0
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-200C then placed in -860C till needed.  

 

2.4.2 Subcellular fractionation 

 thawing the cells from -86°C storage followed 

by cen

hese cellular subfraction were then tested for purity by immunoblotting. For the 

cytosol

Subcellular fractionation started with

trifugation at 150 X g at 4°C for 10 min to afford cellular pellet. The cellular pellet 

was then resuspended in a minimal volume of ice cold CSB.  The cell/CSB solution was 

then homogenized using a sonic dismembrator (Fisher) operating at an amplitude of 40% for 

10 secs is 1 sec intervals bursts to cause disruption of the cell membrane and induce cell 

lysis without damaging the organelles.  This step was repeated three times with 5 minutes 

between each successive sonication at which the samples were kept on ice.  Sonication was 

then followed by differential centrifugation.  First, still intact cells were removed from the 

solution by centrifugation at 150xg for 10min at 4°C.  The pellet was discarded and the 

resulting supernatant was then placed in an ice cold eppendorf tube labeled “nuclear 

fraction”. To afford nuclear pellet the eppendorf was centrifuged further at 850xg for 20min 

at 4°C.  The resulted supernatant was then placed in an ice cold eppendorf tube labeled 

“mitochondrial fraction”.  To afford a mitochondrial fraction, the eppendorf was centrifuged 

at 12, 000xg at 4°C for 30min.  The resulted supernatant was then placed in an ice cold 

eppendorf tube labeled “cytoplasmic fraction”.  In each pellet isolation step (nuclear and 

mitochondrial), the pellets were resuspended in a minimal amount of CSB (20µL/4 x 106 

cells).   

T

 fraction we tested for F-actin, for the mitochondrial fraction we tested for, voltage-

dependent anion channel (VDAC), and for the nuclear fraction we tested for histone 2A 

(H2A). After confirming  the purity of the fractions, protein concentrations of the each 
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subcellular compartment were determined using the Bradford assay and the protein 

concentrations were calculated for mg/mL of protein.  

2.5 Samples Preparation :  

itation Assay: 

lected from HepG2 culture is done 

using p

tored 

uantification Using the Bradford Assay: 

l fractions is determined 

by usin

tification of the cytoplasmic fraction was prepared by adding 4μL of the 

sample

s 

2.5.1 Phosphotungsic Acid Precip

Isolation of VLDL from the extracellular fluid col

hosphotungstate precipitation assay.  In this assay, proteins rich in positive charge 

residues (e.g. ApoB100) are selectively isolated.   Herein, extracellular fluid media were 

added in a 1:1 ratio with phosphotungsinic acid and then the solution was left for 1 hour 

precipitation.  Following precipitation the solution was centrifuged at 12000 g for 30 

minutes at 40C and the pellet was then resuspended in a minimal amount of CSB and s

at 40C until required. 

2.5.2 Protein Q

Protein quantification of the cytoplasmic and mitochondria

g Bradford assay.  This assay is based on an absorbance shift in the dye Coomassie 

when it binds to amino acid residues such as arginine, histidine, phenylalanine, tryptophan, 

and tyrosine. The shift in absorbance is monitored at 595nm which is specific for these 

amino acids [17].   

Protein quan

 to 96μL of ddH2O (1:25), while the mitochondrial fraction was prepared by adding 

2μL of the sample to 98μL of sodium hydroxide (1:50).  The mitochondrial preparation wa

then boiled for 5 minutes to allow dissociation of the protein from the membrane that it was 

bound to.  

 29



 Following sample preparation, the assay was performed in triplicate in 1.5mL 

cuvettes.  Cuvette preparations is provided below.  

 

The absorvance values were then put into the following equation to determine the 

concentration of the proteins within each fraction. 

[Protein] =                                   10                       X      (absorbance of sample)*(dilution factor) 
                      (absorbance of standard)                    (Volume of Diluted Protein) 
 
 
 

  ddH2O Bradford Reagent Sample 
Blank 800 200 0 
Standard (BSA) 750 200 50 
Samples 770 200 30 
* All values are in μL 

2.5.3 Samples storage: 

Samples preparations for experimentation on the different subcellular fraction were  

possible once protein concentrations were successfully determined.  Stocks of the proteins 

for the different experiment were made at a concentration of 1 mg/mL.    

In the case of SDS-PAGE the samples were prepared in the water diluted 6 X SDS loading 

buffer [62.5mM Tris-HCl (pH 6.80, 2% (w/v) SDS, and 2% (v/v) β-mercaptoethanol)] and 

stored at -20°C until needed. The final concentration of the stored protein was 1mg/mL in a 

final volume of 100µL.   

2.6 Sodium Dodecyl Sulfate (SDS)-PAGE and Immunoblotting:  

2.6.1 SDS-PAGE : 

The first step was to denature our samples’ proteins by thawing and then boiling at 

95°C for 5 minutes.  Prior to this, the SDS-polyacrylamide gel electrophoresis (Mini-Protean 

II gel Biorad system) was constructed using one small glass plate, one large glass plate and 
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two 1mm or 0.7mm spacers.  After testing for leakage with water, we poured and allowed 

polymerization of the running gel followed by the stacking gel.  The gels composition of the 

gels is provided below.  

Composition of the 15% SDS-PAGE Gel. 
 Running Gel (μL) Stacking Gel (μL) 

30% Acrylamide 5000 650 
4X Tris/SDS (pH 8.8) 2500 --- 
4X Tris/SDS (pH 6.8) --- 1250 

ddH2O 2500 3050 
10% APS 50 50 
TEMED 10 10 

 

When the running gel was left to polymerize, we overlaid the gel with isopropyl alcohol to 

prevent oxidation of the gel which inhibits polymerization.  When the gel is polymerized we 

dried the running gel from isopropyl alcohol and the stacking gel was overlaid and a 10-well 

comb was placed in the stacking gel to allow for wells to load protein.   Samples (30μL to 

40μL) were then loaded to the wells along with standards and a molecular weight ladder.  

To ensure proper migration of the samples electrophoresis buffer (1 X) was used to overlay 

the wells.  At this point, we poured the electrophoresis buffer into the Mini Protean II 

system.  We then ran the electrophoresis at 80V and 35mA until the running front enetered 

the running gel.  At this point, the voltage was increased to 200V and 80mA.  Once the 

running front reached the end of the gel, electrophoresis was stopped and the gel slabs were 

either treated with Coomassie stain or  immunoblotted.  

 With respect to commasie staining, the gel slabs were treated with comaasie 

stain gels were fixed and stained with [10% acetic acid, 50% methanol, and 0.2% Coomassie 

Brilliant Blue R-250] for 45min at 65°C.  This was followed by an overnight incubation in 

destaining solution [50% methanol, 10% glacial acetic acid, 50% ddH2O].  
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2.6.1 Western blot analysis: 

Following the electrophoric separation of the proteins via SDS-PAGE, for 

equilibration purposes, the gels were placed for at least 15 minutes in protein transfer buffer 

(PTB).  Previosuly, the HybondTM-P (PVDF) membrane papers, 7cm X 9cm, were prepared  

by soaking in methanol for 10sec, then ddH2O for 5min and finally by placing them in PTB 

for 15 minutes.  At the same time two sponges and two 8 x 9cm pieces of 3mm Whatman 

paper were also pre-wet with PTB.  Once the gel slabs, the PVDF membrane, the sponges, 

and the Whatman paper were equiliberated in PTB, the electroblotting cassette for Mini 

Protean II system was assembled.  With the precaution that no air bubbles were formed, the 

PVDF membrane and the gel were sandwiched between the Whatman papers and the 

sponges (respectively) with the gel on top of the cathode and the membrane on the anode.  

The cassette was then securely closed and placed into a electrophoresis unit filled with PTB.  

At this point an electric current (a constant voltage of 25V and an amperage of 50mA) was 

applied to the unit for 16h at 4°C.  Once the transfer was completed, the PVDF membrane 

was placed in blocking solution [5% nonfat skim milk in TTBS: 20mM Tris-HCl, 0.8% 

(w/v) NaCl, 1% (v/v) Tween-20, pH 7.6] for one hour to block all non-specific binding sites.  

Once the blocking was completed, we washed the PVDF membranes twice with TTBS for 

10 minutes each.  We then commenced the 1 hour probing with the 5% blotto dilluted  10 

antibody.  Before proceeding to the 20 antibody probing, PVDF membranes were washed 

twice with TTBS for 10 minutes each.  We then commenced the 1 hour probing with the 5% 

blotto diluted species-specific 20 antibodies that are conjugated to horseradish peroxidase 

(HRP).  This, again, was followed by two 10 minute washings with TTBS.  Proper protein 

transfer was assessed by observing the amount of coloured MM marker transferred from the 

gel to the membrane. 

 32



After drying, the PVDF membrane was analyzed by ChemiglowTM 

chemiluminescent substrate system (Alpha Innotech).  This was done by overlaying the 

membrane with 1000μL of Chemi-Glow reagent (1:1 ratio of both luminol enhancer solution 

and stable peroxide buffer) for 5 minutes. Once the 5 minutes incubation was completed, the 

membranes were wrapped in cellophane and documented using a Chemidoc XRS system 

(Bio-Rad imaging systems) that is set to a Hi sensitivity chemiluminescence.  

The following is the list of the primary and secondary antibodies and their dilution. 

 

The primary and secondary antibodies utilized in western Blot 
Enzyme/Protein Primary antibody Secondary antibody 

Sirtuin 1  1/1000 Antirabbit (1/1000) 
Cytochrome C 1/1000 Antirabbit (1/1000) 

F-actin (cytosol loading standard) 1/1000 Antigoat (1/2000) 
VDAC (mitochondrial loading standard) 1/2000 Antirabbit (1/2000) 

Lamin B (Nuclear loading standard) 1/1000 Antimouse (1/1000) 

2.7 Analysis of VLDL by Blue Native Polyacrylamide Gel  

         Electrophoresis (PAGE) 
Native PAGE was performed to detect proteins in their native conformation. Similar 

to the SD-PAGE, we constructed the Mini-Protean II gel Biorad system using one small 

glass plate, one large glass plate and two 1mm or 0.7mm spacers.  After testing for leakage 

with water, we prepared and poured the 4%-10% gradient gel using a gradient former; the 

composition of the gels is provided below.  

Composition of the  4% - 10% Gradient Native Gel. 
 10% portion (μL) 4% portion (μL) Stacking Gel (μL) 

49.5% Acrylamide 606 234 273 
3X BN Buffer 967 967 1136 
75% glycerol 773 --- --- 

ddH2O 654 1699 2000 
10% APS 7.4 9.7 50 
TEMED 3.0 1.0 10 
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When the running gel was left to polymerize, we overlaid the gel with isopropyl alcohol to 

prevent oxidation of the gel which inhibits polymerization.  After the complete 

polymerization of the gel, we dried the running gel from isopropyl alcohol and the stacking 

gel was overlaid and a 10-well comb was placed in the stacking gel to allow for wells to 

load protein.  VLDL samples (30μL to 40μL) prepared as indicated in section 2.5.1 were 

then loaded to the wells along with ApoB100 standard and a molecular weight ladder.  To 

ensure proper migration of the samples, blue cathode buffer was used to overlay the wells.  

At this point, we poured blue cathode buffer in the inner tank of the Mini Protean II unit, 

while the outer tank was filled with anode buffer. We then ran the electrophoresis at 80V 

and 15mA until the running front entered the running gel.  At this point, the voltage was 

increased to 300V and 25mA.  When the running front was half way through the running 

gel, the blue cathode buffer was removed and replaced with clear cathode buffer.  This 

buffer replacement is necessary for the destaining of the blue cathode buffer in order to 

provide sharper bands.  The entire electrophoresis is ran 4°C to maintain the native state of 

the proteins.  Once the running front reached the end of the gel, electrophoresis was stopped 

and the gel slabs were prepared for Silver Staining staining.  

            Preperation for Silver Stain was initiated by the placing in a destaining solution for 

30 minutes followed by two cycles of washing with the destaining solution for 10 minutes.  

Once destaining is completed, the gels were then placed in 25mL of Silver Stain Oxidizer 

from Biorad for 3 minutes.  The gels were then washed three times in ddH2O in a two 

minutes periode. Biorad Silver Reagent was then utilized [2.5mL Silver Reagent with 

22.5mL ddH2O] followed by another ddH2O washing for one minute.  Silver Stain Biorad 

developer was then used [2.4g of developer in 75mL of ddH2O] in order to visualize the 

VLDL bands. 
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2.8 HPLC Analysis  

High performance liquid chromatography (HPLC) is an excellent source for the 

semi-quantifying analysis of the relative levels of several TCA cycle metabolites and 

nucleotides.  Samples preparation for the chromatographic analysis of the  TCA cycle 

metabolites was conducted by treating a 1mg equivalent to mitochondrial or cytosolic 

protein samples with 1% (v/v) perchlorate and mobile phase (20mM HPLC grade KH2PO4, 

pH 2.9 prepared in MilliQ water)  to a final volume of 200µL.  The only difference between 

TCA cycle metabolites and nucleotides treatment was heating the MilliQ water diluted 

samples (final volume of 200µL) at 95°C for 2min instead of the perchlorate precipitation.  

The treated samples were then left in an ice bath for 10 minutes.  Centrifugation was then 

performed, to discard the precipitate, at 12 000 X g for 10 minutes.  The supernatant was 

then filtered using Pasteur pipettes, packed with small ball cotton,  that was draining its 

filtrate directly into the screw top sampling vials (Fisher).  The Pasteur pipette was then 

washed with 8000µL of mobile phase.   

Following a 2 hours equilibrating of the C18-reverse phase column (Phenomenex®) 

with the mobile phase, the HPLC analysis started with placing the screw cap vial  into the 

Waters AlliancTM HPLC Separation module 2695.  Herein, injection of 10µL aliquots  of 

each sample was automated by the programming of the software “EMPOWER”. The 

detection of the TCA cycle metabolites and nucleotides were detected simultaneously using 

a dual wavelength detector (Waters model 2487 UV-Vis) operating at 210nm for TCA cycle 

metabolites and 254nm for nucleotides. A flow rate of 0.7mL/min was used for TCA 

metabolites and 0.7mL/min for the nucleotides. Both flow rates were operated at 1200psi 

and 26°C.  The mobile phase used for the nucleotide chromatography was consisting of 95% 
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20mM KH2PO4:5% acetonitrile (pH 7.0) to ensure an accurate measurement of the 

nicotinamide dinucleotides.  Peaks were identified by injecting known standards. When the 

chromatogram was completed, Quantification of the peaks were made using the EMPOWER 

software. Identification of the peaks was done by comparison to known standards 

(Appendix).   
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Chemical Recipes of Reagents and Buffers 

 
4x Tris/SDS pH 8.8

1.5M Tris
0.4% (w/v) SDS
pH adjusted to 8.8 with 6N HCl
Stored at 4°C

4x Tris/SDS pH 6.8

1.5M Tris
0.4% (w/v) SDS
pH adjusted to 6.8 with 6N HCl
Stored at 4°C

5x Electrophoresis buffer (1L)

15.1g Tris
72g glycine
5% (w/v) SDS
Stored at 4°C

30% acrylamide stock
(29.2% T and 0.8% C)

29.2g acrylamide (T)
0.8g bisacrylamide (C)
Stored at 4°C

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blue Cathode Buffer (1L)

8.96g Tricine (50mM)
3.14g BisTris (15mM)
0.2g  Coomassie G-250
pH 7 at 4°C                                  

Anode buffer (1L)

10.45g BisTris (50mM)
pH 7 at 4°C

3x Blue Native (BN) buffer (50mL)

9.84g 6-aminohexanoic acid (1.5M)
1.57g BisTris (150mM)
pH 7 at 4°C

49.5% acrylamide stock

48g acrylamide (T) 
1.5g bisacrylamide (C)
Stored at 4°C

5% Blotto
5% (w/v) nonfat skim milk 
diluted in the required volume 
of TTBS

Always made fresh

Cell storage buffer

50mM Trizma base
1mM phenylmethylsulfonylfluoride (PMSF)
1mM dithiothreitol (DTT)
250mM sucrose
1mg/ml of pepstatin
0.1mg/ml leupeptin
2mM citrate
Adjust pH to 7.4 with 6N HCl
Stored at -20°C
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Colourless Cathode Buffer (1L)

8.96g Tricine (50mM)
3.14g BisTris (15mM)
pH 7 at 4°C

Destaining solution (1L)

50% methanol
10% acetic acid
40% ddH2O

Coomassie R-250 staining solution (1L)

50% methanol 
10% glacial acetic acid
40% ddH2O
0.2% Brilliant Blue R-240

Phosphate reaction buffer

10mM NaH2PO4
5mM MgCl2
10% (v/v) D2O
1mg/ml pepstatin
0.1mg/ml leupeptin
Adjust the pH to 7.4 with 6N HCl
Stored at -20°C

Protein Transfer Buffer (PTB) (1L)

3.03g Tris
14.4g glycine
200ml (v/v) methanol
Stored at 4°C

Tween-20 Tris Buffered Saline (TTBS) (1L)

2.42g Tris
8g NaCl
1% (v/v) Tween-20
Adjusted pH to 7.6 with 6N HCl
Always made fresh
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3 Results 

3.1 Aluminum impact on HepG2 cells viability 

The human hepatocellular liver carcinoma cell line HepG2, which mimics the normal 

hepatic metabolic structure and function, was utilized in order to elucidate the impact of 

aluminum toxicity on the liver’s fatty acids metabolism (Pinti, 2003).  To study the influence 

of Al on HepG2 metabolism we employed a system that uses 5:1 Al-citrate complex (2.5mM 

citrate:0.5mM Al) which is physiologically possible due to the high citrate concentration in 

the serum. Thus, this system is also ideal for Al uptake by HepG2 cells. Note that the observed 

Al3+ concentration in normal serum is 0.01µg/mL (Smorgon et al., 2004).  

The impact of 0.5mM Al3+ on HepG2 cells viability was analyzed using Trypan Blue 

Exclusion Assay. The results of this test are shown in figure 17. It is clearly evident that 

aluminum impedes HepG2 cellular proliferation as reflected by lower viable cell count in 

comparison to the controls.  

 

 

 

 

 

 

 

 

 
Figure 17: HepG2 cells viability profile when exposed to Al-stress.  Cells were grow
to 70% confluency and then exposed to α-MEM (-FBS) supplemented with either 0.5mM
citrate (control) or 0.5mM citrate:0.5mM Al (Al-stress) for 24 h. This was then followed b
another 24 h supplementation with BSA, 0.1mM palmitate or 0.2mM palmitate. Cell viabilit
was then  determined using the Trypan Blue Exclusion Assay  Open bars: live cells.  Crosse
bars: dead cells.  n=4, p≤ 0.05, mean ± S.D. Cells were grown in 20mL of culture medium.  
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3.2 Al toxicity promotes enhanced lipid production 

The loss in cell viability following the treatment of HepG2 cells with Al prompted us 

to analyze the ability of this metal in disrupting the normal hepatocellular metabolism.  

Previous work of our lab has shown that high levels of ApoB-100 and VLDL were associated 

with the spent fluid from the Al-stressed cells exposed to 30mM of either D-glucose or D-

fructose.  These observations have pointed to a direct connection between Al toxicity, 

mitochondrial dysfunction, and the direct conversion of the supplemented carbohydrates to 

fats. The next step to take was to evaluate the ability of palmitate to induce similar response 

observed during carbohydrate supplementation. 

In this experiment, the spent fluid was isolated from HepG2 cells under control (citrate) 

and stress (aluminum-citrate) conditions that were later supplemented for 24hr with BSA, 

0.1mM palmitate or 0.2mM palmitate. Phosphotungstate precipitation assay was then 

conducted on the spent fluid to evaluate the ApoB100 protein content.  

Contrary to the expectation of increased level of ApoB 100 being detected, spent fluid 

from stressed cells supplemented with 0.2mM palmitate didn’t elicit a more profound increase 

in ApoB 100 protein compared to control. Also, no significant deviation in the ApoB 100 

levels were observed between the control or Al-treated cultures (Figure 18).   
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Figure 18: Determination of ApoB 100 levels in the spent fluid isolated from HepG2 cells under 
A) control condition (2.5mM citrate) and supplemented with BSA; B) Al-stressed (2.5mM 
citrate:0.5mM Al) and supplemented with BSA; C) Control condition and supplemented with 
0.1mM Palmitate;  D) Al-stressed and supplemented with 0.1mM Palmitate;  E) Control condition 
and supplemented with 0.2mM Palmitate;  F) Al-stressed and supplemented with 0.2mM 
Palmitate.  Following a 24h exposure to control or Al-stressed conditions the spent fluid was 
isolated and the proteins were preciptated using phosphotungstate precipitation. First lane on the 
left is the ladder control and the second is ApoB 100 standard. 



 
With respect to the non-altered VLDL secretion observed in figure 18, it is worth 

mentioning that a number of studies have addressed the relation between steatosis and basal 

VLDL production in mice and rats, and vice versa.  It is known that with increased de novo 

lipogenesis in the liver, VLDL production can be either unaltered or increased. For example, 

the inhibition of microsomal TG transfer protein (MTP) impairs the assembly and probably 

the secretion of VLDL particles and results in intrahepatic accumulation of TG.  In contrast, 

hamsters with increased lipogenesis as a consequence of a diet high in fructose have increased 

basal hepatic VLDL triglyceride production (Boer, 2004).   

Within the mitochondria, induced disruption of the proton gradient and inhibition of 

the respiratory complexes, which are seen in aluminum toxicity, were shown to interfere with 

the normal mitochondrial function and to promote fat accretion within hepatocytes (Cave et 

al., 2007; Boer, 2004).  Thus, we designed a fluorescent microscopic detection of intracellular 

oil droplets using Oil Red-O stain to investigate the intracellular lipid environment of 

palmitate supplemented HepG2 cells.  Simultaneously, we tested the ability of α-KG to 

mitigate Al induced lipogenic environment. Note that α-KG is a powerful antioxidant and 

modulator of  ROS produced by the mitochondria. Our laboratory has previously shown that a 

24h supplementation with 5mM α-KG is sufficient to mitigate the toxicity of Al in HepG2 

cells. Our experiments revealed that supplementation with 5mM α-KG caused a 1.7-fold 

increase in cell viability, and a 2-fold and a 4-fold increase in succinate observed in the 

cytosol and the mitochondria (unpublished data).  Note that succinate is a product of the α-

KG-mediated sequestration of ROS.     
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Figure  19 :  A fluorescent microscopic detection of HepG2 intracellular oil droplets using Oil Red-O 
stain. HepG2 cells were treated with either 2.5mM citrate (control) or 0.5mM  Al: 2.5mM citrate 
(stress)   for 24 hours and supplemented with BSA, 0.1mM Palmitate, 0.2mM Palmitate or 0.2mM 
Palmitate + 5mM α-KG . I - Bright-field picture; II – Hoechst 33342 stain; III – Oil Red “O” stain; 
IV– Merged picture of Hoechst 33342 And Oil Red “O” fluorescent stains. The Oil red “O” stain (red) 
is used to detect oil droplets; and Hoechst 33342 (blue) is used to stain the nuclei. Scale bar: 10μm 
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Indeed, Oil Red-O staining showed that intracellular lipid accretion was more evident 

in the Al-challenged HepG2 cells supplemented with either 0.1mM palmitate or 0.2mM 

palmitate for 24h (Figure 19).  As expected, supplementation with 0.2mM palmitate and 5mM 

α-KG for 24 h in the Al-challenged HepG2 was sufficient to mitigate the Al-stress induced 

lipogenic environment.  

 

3.3 Supplemented α-KG alleviates the Al-induced lipogenic environment 

Under normal physiological conditions high levels of intracellular lipids would 

normally promotes β oxidation (Cahova et al., 2007).  However, our laboratory’s previous 

work inferred that Al interfered with several Fe-dependent enzymes within the TCA cycle and 

the ETC resulting in a diminished aerobic ATP production (Mailloux and Appanna, 2007). 

We were also able to show that the ability of Al-treated HepG2 cells to mobilize fatty acids 

for energy purposes was severely stalled due to the extremely low amounts of L-carnitine, the 

carrier of fatty acids into the mitochondria (unpublished data).  

To further analyze the underlying protective mechanisms of α-KG in alleviating the 

Al-stress induced lipogenic environment we were prompted to analyze the cellular levels of 

ATP and both the cytoplasmic and mitochondrial levels of L-carnitine using HPLC.  

Following a 24h exposure to citrate and Al-citrate conditions, HepG2 cultures were re-

supplemented with α-MEM (-FBS) containing BSA, 0.2mM palmitate or 0.2mM palmitate + 

5mM α-KG and analyzed by HPLC. Peaks were referenced to a standards (see appendix) and 

were then manually quantified using EMPOWER software. 
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Figure 20 : HPLC analysis of total cellular ATP levels of HepG2 cells. Peaks were 
referenced to an ATP standard (see appendix). The peaks were manually quantified using 
EMPOWER software.  1) control condition (2.5mM citrate) and supplemented with BSA; 
2) Al-stressed (2.5mM citrate:0.5mM Al) and supplemented with BSA; 3) Control 
condition and supplemented with 0.2mM Palmitate;  4) Al-stressed and supplemented 
with 0.2mM Palmitate;  5) Control condition and supplemented with 0.2mM Palmitate + 
5mM α-KG. 6) Al-stressed (2.5mM citrate:0.5mM Al) and supplemented with 0.2mM 
Palmitate + 5mM α-KG. n=3, p ≤ 0.05, mean ± S.D.

1 2 3 4 5 6

Figure 21 : HPLC analysis of L-carnitine levels in cytosolic (white bars) and  mitochondrial 
(black bars) subfractions  in  HepG2 cells. Peaks were referenced to an L-carnitine standard 
(see appendix). The peaks were manually quantified using EMPOWER software.  1) control 
condition (2.5mM citrate) and supplemented with BSA; 2) Al-stressed (2.5mM citrate:0.5mM 
Al) and supplemented with BSA; 3) Control condition and supplemented with 0.2mM 
Palmitate;  4) Al-stressed and supplemented with 0.2mM Palmitate;  5) Control condition and 
supplemented with 0.2mM Palmitate + 5mM α-KG. 6) Al-stressed (2.5mM citrate:0.5mM Al) 
and supplemented with 0.2mM Palmitate + 5mM α-KG. n=3, p ≤ 0.05, mean ± S.D. 
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Exposure to Al clearly showed a dramatic decrease in ATP levels within the cytosol 

(Figure 20).  This reduced ATP might be a strategy employed by the cell to minimize the 

production of ROS in the mitochondria at the cost of aerobic ATP production.  However, α-

KG supplementation in aluminum stressed cells induced more than 100% recovery of ATP 

levels in the cytosol.  With respect to the L-carnitine levels, reduction in L-carnitine levels 

was evident in the aluminum stressed cells in both the cytoplasm and the mitochondria.  

However, when α-KG was supplemented to the Al-stressed cells there was approximately 

100% increase in the cytoplasmic L-carnitine.   

Thus, Al toxicity hampers mitochondrial ATP production and promotes a lipogenic 

environment by halting L-carnitine fatty acids transportation system to the mitochondria and 

subsequently impeding the oxidation of fats.  On the other hand supplementation with α-KG 

alleviate these conditions by sequestering ROS, increasing L-carnitine levels within both the 

cytoplasm and the mitochondria which mediate the transport of fatty acids to the 

mitochondria.  It is worth mentioning that ≥3mM of α-KG was also shown to fully recover 

PHD (prolyl hydroxylase) activity.  PHD catalyze an α-KG, Fe2+, and ascorbic acid-dependent 

hydroxylation and the subsequent degradation of hypoxia-inducible transcription factor-1 

(HIF-1α) which is normally stabilized and activated in the hypoxia response  

(Pan et al., 2007). 

 

3.4 Role of α-KG in mitochondrial biogenesis. 

The mitochondria are the central site of lipid oxidation for the purpose of generating 

useable forms of energy.  The noticed α-KG induced increase in L-carnitine levels within both 
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the cytoplasm and the mitochondria and the subsequent increase in cytoplasmic ATP levels 

promoted us to decipher the impact of α-KG on the mitochondrial β-oxidation.   

It is well established that mitochondrial biogenesis, β oxidation and other catabolic 

reactions genes are controlled by Sirt-1 and peroxisome proliferator activated receptor-γ 

coactivator-α (PGC-1α).   High NAD/NADH ratio in the nucleus activate the expression of 

Sirt-1 which subsequently deacetylate a lysine residues on PGC-1α in an NAD-dependent 

fashion.  In turn, PGC-1α directly enhances the transcription of genes involved in aerobic 

respiration, β oxidation and mitochondrial biogenesis (Feige and Auwerx, 2007).  

In order to elucidate the impact of α-KG on Sirt-1 expression in the aluminium 

stressed HepG2 cells, we analyzed the influence nicotinamide dinucleotide homeostasis using 

HPLC.  In order to avoid any protonation of NAD+ leading to unreliable data, the HPLC 

chromatographic analysis was performed at a neutral pH.  Unsurprisingly, lower nuclear levels 

of NAD/NADH were observed from HepG2 cells that are Al-challenged and supplemented 

with BSA or 0.2mM palmitate (Figure 22).  However, the employed keto-acid was amazingly 

able to provide the cell with more than 250% boost in NADH and NAD levels that is 

characterized with high NAD/NADH ratio in comparison to the stressed 0.2mM palmitate 

cells.  

The ability of the NAD spike observed in the HPLC chromatographic analysis in 

regulating SIRT1 activation in to the nucleus was monitored immunologically.  Following a 

24h exposure to citrate and Al-citrate conditions, HepG2 cultures were re-supplemented with 

α-MEM (-FBS) containing BSA, 0.2mM palmitate or 0.2mM palmitate + 5mM α-KG.  The 

nuclear fraction was then isolated and protein quantification was conducted using Bradford 
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assay. A 30 µg equivalent of proteins were then SDS-PAGE electrophoresized and then 

immunobloted for Sirt-1. 

 

 

 

 

 

 

 

 

 

 
Figure  22 : HPLC analysis of NADH and NAD levels in the nuclear subfraction of 
HepG2 cells. Peaks were referenced to NADH and NAD standards (see appendix). The 
peaks were manually quantified using EMPOWER software.  1) control condition 
(2.5mM citrate) and supplemented with BSA; 2) Al-stressed (2.5mM citrate:0.5mM A
and supplemented with BSA; 3) Control condition and supplemented with 0.2mM 
Palmitate;  4) Al-stressed and supplemented with 0.2mM Palmitate;  5) Control 
condition and supplemented with 0.2mM Palmitate + 5mM α-KG. 6) Al-stressed 
(2.5mM citrate:0.5mM Al) and supplemented with 0.2mM Palmitate + 5m Mα-KG.  
Crossed bars: NADH.  Open bars: NAD. n=3, p ≤ 0.05, mean ± S.D.   
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Results clearly showed that aluminum stress hamper the cells ability to activate Sirt – 1 

in the nucleus which is a necessary modulator for genes involved in antioxidant defense, β 

oxidation and mitochondrial biogenesis (Feige and Auwerx, 2007).  However, it is evident that 

exposure of Al-treated cells to 5mM of α-KG for 24h resulted in a noticeable increase in Sirt-1 

in the nucleus (Figure 23).   
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A                B                  C                 D                 E                 F 

Sirtuin 1

Figure 23: Immunodetection of Sirtuin 1 levels in the nuclear subfractions of 
HepG2 cells under.  A) control condition (2.5mM citrate) and supplemented with 
BSA; B) Al-stressed (2.5mM citrate:0.5mM Al) and supplemented with BSA; C) 
Control condition and supplemented with 0.2mM Palmitate;  D) Al-stressed and 
supplemented with 0.2mM Palmitate;  E) Control condition and supplemented with 
0.2mM Palmitate + 5mM α-KG. F) Al-stressed (2.5mM citrate:0.5mM Al) and 
supplemented with 0.2mM Palmitate + 5mM α-KG.  Complementary Lamin B 
(standard) is to be completed its antibody is received.

 
To probe the impact of α-KG in inducing a mitochondrial biosynthesize, the levels of 

the mitochondrial marker protein cytochrome C were measured via electrophoretic and 

microscopic  immunodetection.  The mitochondrial fraction was then isolated and proteins 

quantification was conducted using Bradford assay. A 30 ug equivalent of proteins were 

then SDS-PAGE electrophoresized and then immunobloted for cytochrome C.  

Results clearly show that aluminum stress triggered dysfunctional mitochondria by a 

mechanism that decreased the mitochondrial levels of cytochrome C.  However, it is apparent 

that exposure of Al-treated cells to 5mM of α-KG for 24h resulted in a noticeable increase in 

Cytochrome C levels in the mitochondria (Figure 24).  To ensure the purity of the 

mitochondrial subfraction we conducted an immunoblotting for the voltage-dependent anion 

channel (VDAC). 

To confirm the remedying effect of α-KG on recovering cytochrome C expression, 

microscopic immunodetection of cytochrome C were conducted (Figure 25).  Following a 24h 

exposure to citrate and Al-citrate conditions, HepG2 cultures were re-supplemented with α-
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MEM (-FBS) containing BSA, 0.2mM palmitate or 0.2mM palmitate + 5mM α-KG.  The 

fluorescein isothiocyanate tagged secondary antibody (green) was implemented to detect 

Cytochrome C; Oil red “O” stain (red) was implemented  to detect oil droplets; and Hoechst 

33342 (blue) was implemented  to stain the nuclei.  Note that the fluorescence detection of 

intracellular oil droplets was also employed in order to assess the lipogenic environment when 

α-KG is put into service. 

It is apparent that aluminum stress hampers the levels of cytochrome C in the 

mitochondria.  Green fluorescence characteristic of the FITC-CytochromeC-Antibody 

complex was readily decreased in the aluminum stressed HepG2 cells that are supplemented 

with either BSA or 0.2mM palmitate (Figure 25).  . In contrast, this green fluorescence 

complex was readily evident in the aluminum stressed HepG2 cells that are supplemented 

with 5mM α-KG (Figure 25). 

 

 

 

 

 

 

 

 

 

 

  

Figure 24: Immunodetection of cytochrome C levels in the mitochondrial subfractions of 
HepG2 cells under.  A) control condition (2.5mM citrate) and supplemented with BSA; B) 
Al-stressed (2.5mM citrate:0.5mM Al) and supplemented with BSA; C) Control condition 
and supplemented with 0.2mM Palmitate;  D) Al-stressed and supplemented with 0.2mM 
Palmitate;  E) Control condition and supplemented with 0.2mM Palmitate + 5mM α-KG. 
F) Al-stressed (2.5mM citrate:0.5mM Al) and supplemented with 0.2mM Palmitate + 5mM 
α-KG.  Immunoblotting toward voltage-dependent anion channel (VDAC) was 
conducted inorder to ensure  the purity of the mitochondrial fraction.  
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Control BSA  

Stress BSA  

Control  
0.2mM Palm 

Stress 
0.2mM Palm 

Control  
0.2mM Palm 
+ 5mM α-KG 

Stress  
0.2mM Palm 
+ 5mM α-KG 

Figure 25:  A fluorescent microscopic detection of HepG2 mitochondrial cytochrome C and intracellular oil 
droplets. I - Bright-field picture; II – Hoechst 33342 stain; III – Oil Red “O” stain; IV- FITC-CytochromC; V – Merged 
picture of Hoechst 33342, FITC-CytochromC, & Oil Red “O” fluorescent stains. The fluorescein isothiocyanate tagged 
secondary antibody (green) was used to detect Cytochrome C; Oil red “O” stain (red) is used to detect oil droplets; and 
Hoechst 33342 (blue) is used to stain the nuclei. Scale bar:  10μm 
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In addition, our results showed that a decreased level of cytochrome C is associated 

with increased levels of intracellular lipids. Red fluorescence characteristic of the Oil droplets-

Oil red “O” complex was readily increased in aluminum stressed HepG2 cells that are 

supplemented with either BSA or 0.2mM palmitate (Figure 25).  In contrast, this red 

fluorescence complex was readily decreased in the aluminum stressed HepG2 cells that are 

supplemented with 5mM α-KG (Figure 25).  

 

3.5 Influence of α-KG on cellular proliferation. 

To test the ability of lower α-KG to abrogate Al toxicity leading to increased 

mitochondrial biogenesis and proliferation, a dose profile study was conducted.  We analyzed 

the effect of 1mM and 0.5 mM α-KG along with 0.5 mM NAC (a powerful antioxidant) on 

both the nuclear NAD/NADH levels using HPLC and the expression of Sirt-1 using western 

blot.   N-acetyl-cysteine (NAC) has shown to increase glutathione pool in hepatic cells and 

thus increases resistance toward oxidative stress induced by ROS (Martin et al., 1990).   

Following a 24h exposure to Al-citrate conditions, HepG2 cultures were re-

supplemented with α-MEM (-FBS) containing 0.2mM palmitate and  0.5mM NAC,  0.5mM 

α-KG, or 1mM α-KG.  Our results from the Sirt-1 immunoblotting showed that 0.5mM and 

1mM concentrations of α-KG caused a profound increase in the expression of Sirt-1than the 

supplementation of 0.5mM NAC (Figure 26). Also, the HPLC studies upon NAD/NADH 

levels showed an approximate equal effect along the three different treatments (Figure 27).   

Thus, it is apparent that α-KG is able to mitigate the aluminum toxic effect on HepG2 cells. 
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Figure 26: Immunodetection of Sirutin 1 levels in the nuclear subfractions of HepG2 
cells supplemented with NAC and different α-KG concentration.  A) Al-stressed 
(2.5mM citrate:0.5mM Al) and supplemented with 0.2mM Palmitate + 0.5mM NAC.  
B) Al-stressed and supplemented with 0.2mM Palmitate + 0.5mM α-KG. C) Al-
stressed and supplemented with 0.2mM Palmitate + 1mM α-KG. Immunoblotting 
toward Lamin B was conducted inorder to ensure  the purity of the nuclear fraction. 
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Figure  27 : HPLC analysis of NADH and NAD levels in the nuclear subfraction of HepG2 
cells supplemented with NAC and  different α-KG concentration.  Peaks were referenced to 
NADH and NAD standards (see appendix). The peaks were manually quantified using 
EMPOWER software.  A) Al-stressed (2.5mM citrate:0.5mM Al) and supplemented with 
0.2mM Palmitate + 0.5mM NAC.  B) Al-stressed and supplemented with 0.2mM Palmitate 
+ 0.5mM α-KG. C) Al-stressed and supplemented with 0.2mM Palmitate + 1mM α-KG. 
Gray bars: NAD.  White bars: NAD. n=3, p ≤ 0.05, mean ± S.D.   
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4 Discussion  

4.1 Aluminum impact on HepG2 cellular proliferation. 

In spite of its ubiquity, Al has not been found to have any biological role in living 

processes.  Its biological exclusion is thought to be due to its poor availability, and more probably 

the unfavorable aspects of its chemistry (Zatta et al., 2002).    However, modern Al industrial 

processing and increased daily life use had led to an increase in its bioavailability.  Although, 

under normal environmental condition Al is considered to be innocuous, the increase in the 

metal’s bioavailability is now implicated in a variety of physiological conditions including 

renal osteodystrophy, microcytic anaemia, dialysis encephalopathy, and Alzheimer’s disease 

(Sargazi et al., 2002).  Although, the exact molecular pathways disrupted by Al are awaiting to 

be deciphered, however, the primary means by which Al interfere with the cellular processes 

of an organism occur through interference with Fe homeostasis, production of ROS, 

competition with Ca2+ and Mg2+ binding sites, and disruption of membrane lipids and other 

macromolecular structures (Mailloux et al., 2006). 

Previously, our laboratory has shown the ability of Al to interfere with the metabolic 

processes which bestow hepatocytes their normal proliferation profile and their unique 

physiological function (Mailloux et al., 2006).  One hypothesize is that the increased 

bioavailability of Al in the intracellular environment may compete for Fe-binding sites in 

proteins and render the Fe more labile.  Indeed Mailloux et al., 2006 were able to show that 

the integrity of the Fe-S cluster was severely compromised in the Al-challenged HepG2 cells, 

resulting in an increased amount of labile Fe in the cell.  In turn, the increased labile Fe 

promoted the production of ROS and subsequently damaging lipids and proteins.  Thus, Al 

induces an oxidative stress environment that disrupted cellular proteins and lipids. 
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In the current study, a 5:1 ratio Al-citrate complex (2.5mM citrate:0.5mM Al, Al-

stress)  was readily taken up by the HepG2 cells resulting in the loss of cell viability as a 

consequence of the perturbed oxidative stress.  In our results the Al induced loss of cell 

viability was the same under BSA, 0.1mM palmitate or 0.2mM palmitate supplementation.  

This interference in the proliferation profile of HepG2 cells is attributed to the Al metal ability 

to alter mitochondrial metabolism and aerobic respiration via the ROS mediated disruption of 

cellular proteins and lipids.  

4.2 Lipid synthesis and Secretion as consequence of Al toxicity. 

The loss in cell viability associated with Al stressed HepG2 cells prompted us to study 

this metal ability in disrupting the normal hepatocellular metabolism.  Our labratory previous 

data showed that Al perturbs mitochondrial metabolism in HepG2 cells by the deregulation of 

several TCA cycle enzymes, accumulation of TCA cycle intermediates and the depletion of 

nucleotides (Mailloux et al., 2006). Hence, it is evident that Al toxicity disrupts aerobic 

respiration and mitochondrial function in HepG2 cells.  With respect to the results of this 

study Al-stressed HepG2 cells supplemented with 0.1mM or 0.2mM palmitate had an 

increased intracellular lipid production but with no relative effect on the secretion levels of 

VLDL. 

The increased intracellular lipid droplets are consistent with the hypothesis that 

mitochondrial dysfunction and Fe-limitation, which can be induced by Al, might be the reason 

why obese individuals tend to experience an energy deficit (Wlodek and Gonzales, 2003).  

The failure of the mitochondria to generate energy would force hepatocytes to reroute 

incoming carbohydrates and fatty acids from the normal catabolic pathways to lipid 
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biosynthesis.  Hence, this explains why disrupted mitochondrial function is often correlated 

with excessive accumulation of fats.     

Previous works of our lab have shown that high levels of ApoB-100 and VLDL were 

secreted from the Al-stressed cells exposed to 30mM of either D-glucose or D-fructose 

(unpublished data).  However, my thesis results showed that aluminium stressed HepG2 cells 

supplemented with 0.1mM or 0.2mM palmitate had no significant deviation in ApoB 100 

levels in comparison to the control.  This observation is consistent with a number of studies 

that have addressed the relation between steatosis and basal VLDL production in mice and 

rats, and vice versa.  It is well-established that with increased de novo lipogenesis in the liver, 

VLDL production can be either unaltered or increased, probably depending on the cause of the 

increase in de novo lipogenesis and the capacity of the liver to increase fatty acid β -oxidation. 

For example, the inhibition of glucose-6-phosphatase by S4048 (a chlorogenic acid derivative) 

results in an increase in de novo lipogenesis and hepatic TG content without any stimulation 

of hepatic VLDL production. Also Inhibition of microsomal TG transfer protein (MTP) 

impairs the assembly and probably the secretion of VLDL particles and results in intrahepatic 

accumulation of TG (Boer, 2004).   

4.3 α-KG therapeutic effect on Al- stressed HepG2 cells. 

Previous observations in our laboratory pointed to a surviving strategy in the Al-

stressed cells that is based on combating pro-oxidant environment at the cost of aerobic ATP 

production.  The results showed a reduced production of NADH that is mediated by 

modification of the TCA cycle. These modifications are reflected by the lowered activity of 

NAD-ICDH and KGDH in the mitochondria from Al-stressed cells (Mailloux et al., 2006).  

Also, several NADPH-generating enzymes displayed enhanced activity and expression in both 
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the cytosol and mitochondria.  Most remarkably was the increase in mNADP-ICDH activity 

and expression; which beside its role in NADPH production it also promotes the  

accumulation of α-KG, conditions which aid in combatting oxidative stress (Popova et al., 

2007).  The activation of mNADP-ICDH was also evident in both H2O2 and Zn-stressed 

HepG2 cells (Lemire et al., 2007).   

Our data also showed that supplementation 5mM α-KG was correlated with a 1.7-fold 

increase in cell viability, and a 2-fold and a 4-fold increase in cytosolic and mitochondrial 

succinate -a product of the α-KG-mediated sequestration of ROS (unpublished data).  The 

present results were able to show that α-KG is also involved in mitigating Al-induced 

lipogenic environment reflected by the decreased intracelluar lipid droplets. Under normal 

physiological conditions high levels of intracellular lipids would normally promotes 

mitochondrial β-oxidation (Cahova et al., 2007).  However, in the presence of Al several Fe-

dependent enzymes within the TCA cycle and the ETC are down-regulated resulting in 

diminished ATP production by the mitochondria (Mailloux and Appanna, 2007). Also, Al was 

shown to interfere in the mobilization of fatty acids to the mitochondria by inducing extremely 

low amounts of L-carnitine, the carrier of fatty acids into the mitochondria (unpublished data).  

We hypothesized that α-KG mitigate the Al induced lipogenic environment by 

mediating three recovery mechanisms (Figure 28) that are highly intercalated in lipid 

metabolism. The first is the sequestering of mitochondrial ROS, promoting reactivation of the 

mitochondrial aerobic energy production. The second involves promoting the synthesize of L-

carnitine molecule that is involved in fatty acid transportation. And the third mechanism 

involves the indirect activation of transcription factors involved in promoting mitochondrial 

proliferation and  synthesize of enzymes involved in fatty acids β-oxidation. 
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Figure 28: The hypothesized α-KG recovery mechanism

With respect to the role of α-KG in sequestering mitochondrial ROS, KGDH which 

catalyze the oxidative decarboxylation of α-KG to succinyl CoA  has been suggested to serve 

as an ROS gauge within the mitochondria and the major rate limiting enzyme of the TCA 

cycle (Gibson et al., 2005; Gibson and Huang, 2004).  In our laboratory’s previous data, 

sensitivity of KGDH enzyme to Al-induced pro-oxidant molecules was shown to induce its 

deactivation which promotes α-KG accumulation.  This pointed to a cellular mechanism to 

accumulate α-KG to be utilized as an anti-oxidant molecule that sequesters ROS and produces 

succinate as an end-product (Fedotcheva et al., 2006). The protective effect of α-KG against 

Al was well demonstrated by the elevated mitochondrial and cytosolic succinate levels. Also 

we were able to show the profound ability of α-KG in recovering several TCA cycle enzymes 

and increasing cell viability when Al-treated cells were supplemented with α-KG for 24h 
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(unpublished data).  In our current results, we were also able to show that supplementation 

with α-KG promotes elevated ATP levels which point to the reactivated mitochondria.   

With respect to the second point, α-KG influence on fatty acids transportation, it is 

known that the Al halts the L-carnitine mediated mobilization of fats to the mitochondria and 

their subsequent β-oxidation, which hampers the utilization of lipids as an energy source and 

ensures the accumulation of intracellular lipid droplet. Our previous results showed that the 

Al-challenged HepG2 cells were characterized with no apparent change in CPT1 expression 

but with an extremely low amounts of L-carnitine (unpublished data).  L-carnitine deprivation 

in the aluminum stressed cells acts as a limiting molecule for the utilization of lipids as energy 

sources.  L-carnitine serves as the carrier that transports activated long chain fatty acyl groups 

across the inner mitochondrial membrane. This transporter molecule -L-carnitine- is obtained 

from the diet or synthesized from the side chain of lysine (Figure 9) by a pathway that begins 

in skeletal muscle, and is completed in the liver.  It is important to note that of the four 

enzymes involved in L-carnitine production, two of the enzymes are α-KG-dependent 

dioxygenases.  Indeed, when the Al-stressed cells were supplemented with α-KG there was 

approximately 100% increase in the cytoplasmic L-carnitine levels and more than 30% 

recovery was evident in the mitochondrial fraction in comparison to stressed cells 

supplemented with 0.2mM palmitate only.  

Our results clearly showed that aluminum stress hamper the cells ability to activate 

Sirt-1 in the nucleus which is a necessary modulator for genes involved in antioxidant defense, 

β oxidation and mitochondrial biogenesis.  It is well-established that mitochondrial biogenesis, 

β oxidation and other catabolic reactions genes are controlled by Sirt-1 and peroxisome 

proliferator activated receptor-γ coactivator-α (PGC-1α).  High NAD/NADH ratio in the 

nucleus activates the expression of Sirt-1 which subsequently deacetylate a lysine residues on 
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PGC-1α in an NAD-dependent fashion.  In turn, PGC-1α directly enhances the transcription of 

genes involved in aerobic respiration, β oxidation and mitochondrial biogenesis.  With respect 

to α-KG influence in promoting mitochondrial biogenesis, it was evident that α-KG is able to 

provide the cell with more than 250% boost in NADH and NAD levels that is characterized 

with high NAD/NADH in comparison to lower nuclear levels of NAD/NADH that were 

observed from HepG2 cells that are Al-challenged and supplemented with BSA or 0.2mM 

palmitate. This NAD spike was shown to be efficient in activating the expression of Sirt-1 in 

the nucleus and the subsequent mitochondrial biogenesis that is reflected by the increased 

levels of the mitochondrial marker cytochrome C.  Thus, α-KG is able to mitigate the Al-

induced toxicity and lipid accumulation in hepatocytes.  

Similar mechanism of mitochondrial induced proliferation was observed with 

resveratrol, a natural phytoalexin present in grape skin and red wine, which possesses a variety 

of biological activities including being an antioxidant.  This molecule was shown to increase 

the expression of sirt-1 in human and to attenuate obesity in rats by activating the 

mitochondrial biogenesis programs (Lagouge et al., 2006; Borra et al., 2005).   

In addition, numerous studies concluded that N-acetyl-cysteine (NAC) has antioxidant 

effects that is mediated by increasing glutathione pool in hepatic cells and thus increases 

resistance toward oxidative stress induced by ROS which promotes cellular and mitochondrial 

proliferation (Martin et al., 1990).  Our results from dose response immunoblotting showed 

that 0.5mM and 1mM concentrations of α-KG caused a more profound expression of Sirt-1 

than the supplementation of NAC (Figure 26).  Thus it is apparent that α-KG can be utilized as 

a potential therapeutic tool to encounter mitochondrial dysfunction and metabolic syndrome-

related abnormalities. 
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4.4 Conclusion 

To conclude, this study has shown that HepG2 cell line is adversely affected by 

0.2mM Al leading to an enhanced lipogenic environment.  The primary means by which Al 

impedes the normal cellular processes of an organism occurs through interference with Fe 

homeostasis and production of ROS resulting in the loss of aerobic ATP production and 

dysfunctional mitochondria.  Defense against Al-induced oxidative stress is mediated by a 

tailored TCA cycle that lowers the flux of electrons through the ETC and the accumulation of 

α-KG to sequester ROS.   

This study was able to show that α-KG can be utilized as a possible therapeutic drug to 

treat ROS induced lipogenic environments.  It is evident that α-KG alleviate the aluminum 

induced lipogenic environment by mediating three recovery mechanisms(. The first is the 

sequestering of mitochondrial ROS, promoting reactivation of the mitochondrial aerobic 

energy production. The second strategy involves promoting synthesize of L-carnitine 

molecule that is involved in fatty acid transportation. And the last mechanism involves 

activating the expression of the transcription factors Sirt-1 that is involved in promoting 

mitochondrial proliferation and synthesize of enzymes involved in fatty acids β-oxidation. 
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5 Appendix 
 

HPLC standards for adenosine nucleotides: Top panel: 10µL of the 1mM standard solution 

was injected into the C18 reversed phase column at a flow rate of 0.7mL/min using a 20mM 

KH2PO4 (pH 2.9) mobile phase.  Bottom panel:  Standard curves were developed by 

injecting different volumes of a 1mM solution NAD and NADH.  A mobile phase consisting 

of 95% KH2PO4:5% acetonitrile (pH 7.0) was used for the nicotinamide dinucleotides 
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HPLC standards for L-carnitine:  10µL of a 1mM solution of L-carnitine was 

injected into the C18 reverse phase column operating at 0.7mL/min using a 20mM KH2PO4 

(pH 2.9).  Top: A standard curve developed by injecting different volumes of L-carnitine.  

Bottom left: HPLC standard.  Bottom: Tandem HPLC spiking experiment to identify the L-

carnitine peak in control cytosol. 

y = 0.3377x
R2 = 0.9991

0

5

10

15

20

25

0 10 20 30 40 50 60 70

In
te

gr
at

io
n 

(x
10

5 )

Micromole L-carnitine

 

 

 

 

 

 

 

 L-carnitine

10      12       14       16      18
Min

4            6

L-carnitine

Min

Collect fraction 

Reinject at 
0.2ml/min

 

 

 

 

 

 

 

 

 

 62



6. References 
Allen, C. Alfrey, M. D., Arlene Hegg, B. S., and Peter Craswell, M.D., F.R.A. C.P. 
 (1980) Metabolism and toxicity of aluminum in renal failure Am. J. Clin. 
 Nuir. 33: 1509-1516 
Ala, A., Walker, A. P., Ashkan, K., Dooley, J. S. and Schilsky, M. L. (2007). Wilson's 
 disease. Lancet 369, 397-408. 
Begriche, K., Igoudjil, A., Pessayre, D. and Fromenty, B. (2006). Mitochondrial 
 dysfunction  in NASH: causes, consequences and possible means to 
 prevent it. Mitochondrion 6, 1-28. 
Berman, R. S., Portera, C. A., Jr. and Ellis, L. M. (2001). Biology of liver metastases. 
 Cancer  Treat Res 109, 183-206. 
Boer, M. D., Voshol, P.J. Kuipers, F. L.M. Havekes, Romijn, J.A. (2004) Hepatic 
 Steatosis: A Mediator of the Metabolic Syndrome : Lessons From Animal 
 Models Arterioscler Thromb Vasc Biol. 24:644-649.  
Borra. M. T., Smith, B. C., and Denu, J. M., (2005) Mechanism of Human SIRT1  
  Activation by Resveratrol. J Biol Chem. 17:187-95 
Brownsey, R. W., Boone, A. N., Elliott, J. E., Kulpa, J. E. and Lee, W. M. (2006). 
 Regulation of acetyl-CoA carboxylase. Biochem Soc Trans 34, 223-7. 
Cave, M., Deaciuc, I., Mendez, C., Song, Z., Joshi-Barve, S., Barve, S. and McClain,  C. 
 (2007). Nonalcoholic fatty liver disease: predisposing factors and the role of 
 nutrition. J Nutr Biochem 18, 184-95. 
Dehghan, M., Akhtar-Danesh, N. and Merchant, A. T. (2005) Review: Childhood obesity,  
  prevalence and prevention. Nutrition Journal  4: 4-24 
Dentin, R., Girard, J. and Postic, C. (2005). Carbohydrate responsive element binding 
 protein (ChREBP) and sterol regulatory element binding protein-1c (SREBP-  
  1c): two key regulators of glucose metabolism and lipid synthesis in liver. 
 Biochimie 87, 81-6. 
Fantin, V. R., St-Pierre, J. and Leder, P. (2006). Attenuation of LDH-A expression  
  uncovers a link between glycolysis, mitochondrial physiology, and tumor 
 maintenance. Cancer Cell 9, 425-34. 
Feige, J. N. and Auwerx, J. (2007). Transcriptional coregulators in the control of energy  
  homeostasis. Trends Cell Biol 17, 292-301. 
Fernie, A. R., Carrari, F. and Sweetlove, L. J. (2004). Respiratory metabolism:  
  glycolysis, the TCA cycle and mitochondrial electron transport. Curr Opin 
 Plant Biol 7, 254-61. 
Franciscus, Alan., (2007) Disease Progression: Steatosis HCSP 2:1-2 
Frédéric M. Vaz, Bela Melegh, Judit Bene, Dean Cuebas, Douglas A. Gage, Albert 
 Bootsma,Peter Vreken, Albert H. van Gennip, Loran L. Bieber and 
 Ronald J.A. Wanders. .  (2002)  Analysis of Carnitine Biosynthesis 
 Metabolites in Urine by HPLC–Electrospray Tandem Mass Spectrometry. 
 Clin Chem 48 :826-834  
Frédéric M. Vaz and Ronald J. A. (2002). Review: Carnitine biosynthesis in mammals  
  Biochem. J. 361 :417–429 
Fromenty, B,, and Pessayre, D. (1995) Inhibition of mitochondrial b-oxidation as a 
 mechanism of hepatotoxicity. Pharmacol Ther 67:101-54. 

 63



Garrett, R. H. and Grisham C. M. (1999) Biochemistry, 2nd Edition, Holt Rinehart & 
 Winston. 
Gibson, G. E., Blass, J. P., Beal, M. F. and Bunik, V. (2005). The alpha-ketoglutarate- 
  dehydrogenase complex: a mediator between mitochondria and oxidative  
  stress in neurodegeneration. Mol Neurobiol 31, 43-63. 
Gibson, G. E. and Huang, H. M. (2004). Mitochondrial enzymes and endoplasmic  
  reticulum calcium stores as targets of oxidative stress in neurodegenerative  
  diseases. J Bioenerg Biomembr 36, 335-40. 
Girard, J., Ferre, P. and Foufelle, F. (1997). Mechanisms by which carbohydrates regulate  
  expression of genes for glycolytic and lipogenic enzymes. Annu Rev Nutr 17, 
 325-52. 
Greeve, J. (2005). Inhibition of the synthesis of apolipoprotein B-containing lipoproteins. 
 Handb Exp Pharmacol, 483-517.  
Javitt, N. B. (1990). Hep G2 cells as a resource for metabolic studies: lipoprotein, 
 cholesterol, and bile acids. Faseb J 4, 161-8. 
Jeffcoat, R. (2007). Obesity - a perspective based on the biochemical interrelationship of 
 lipids and carbohydrates. Med Hypotheses 68, 1159-71. 
Kim, J. W. and Dang, C. V. (2006). Cancer's molecular sweet tooth and the Warburg 
 effect. Cancer Res 66, 8927-30. 
Klover, P. J. and Mooney, R. A. (2004). Hepatocytes: critical for glucose homeostasis. Int 
 J Biochem Cell Biol 36, 753-8. 
Kodde, I. F., van der Stok, J., Smolenski, R. T. and de Jong, J. W. (2007). Metabolic and  
  genetic regulation of cardiac energy substrate preference. Comp Biochem  
  Physiol A Mol Integr Physiol 146, 26-39. 
Lagouge, M., Argmann, C., Gerhart-Hines, Z., Meziane, H., Lerin, C., Daussin, F.,  
  Messadeq, N., Milne, J., Lambert, P., Elliott, P. et al. (2006). Resveratrol  
  improves mitochondrial function and protects against metabolic disease by  
  activating SIRT1 and PGC-1alpha. Cell 127, 1109-22. 
Lamm, T. R.,  Kohls, D. , Stankovich, M. T., (2002) Activation of substrate/product  
  couples by medium-chain acyl-CoA dehydrogenase. Arch Biochem Biophys. 
 404 :136-46 
Lemire, J.A. (2006) Biochemical Dysfunction and Adaptation Evoked by Metal Toxicity  
  and ROS in epatocytes. Sudbury, ON. Laurentian University. Pg. 13, 16. 
Levesque, L., Mizzen, C. A., McLachlan, D. R. and Fraser, P. E. (2000). Ligand specific 
 effects on aluminum incorporation and toxicity in neurons and astrocytes. 
 Brain Res  877, 191-202. 
Link, K., Moell, C., Garwicz, S., Cavallin-Stahl, E., Bjork, J., Thilen, U., Ahren, B., 
 Erfurth, E. M. (2004) Growth hormone deficiency predicts cardiovascular  
  risk in young adults treated for acute lymphoblastic leukemia in childhood. J  
  Clin Endocrinol Metab 89:5003-5012 
Lodish, Berk, Zipursky, Matsudaira, Baltimore and Darnell. (2002). Molecular cell 
 biology. New York: W.H. Freeman Company 
Mailloux, R., Bériault, R., Lemire, J., Singh, R., Chénier, D., Hamel, R. and Appanna,  
  V. (2007). The Tricarboxylic acid cycle, an ancient metabolic network with 
 a novel twist. PLoS ONE 2, e690. 

 64



Mailloux, R. J. and Appanna, V. D. (2007). Aluminum toxicity triggers the nuclear 
 translocation of HIF-1alpha and promotes anaerobiosis in hepatocytes. 
 Toxicol In Vitro 21, 16-24. 
Mailloux, R. J., Hamel, R. and Appanna, V. D. (2006). Aluminum toxicity elicits a 
 dysfunctional TCA cycle and succinate accumulation in hepatocytes. J 
 Biochem Mol Toxicol 20, 198-208. 
Martin, D., Willis, S., and Cline, D. (1990) N-Acetylcysteine In The Treatment Of Human  

Arsenic Poisoning. J Am Board Fam Pract 3:293-296. 
Martini, F.H., Ober, W.C., Garrison, C.W., Welch, K., Hutchings, R.T. (2001). 
 Fundamentals  of Anatomy & Physiology. (5th ed.). New Jersey: Prentice-
 Hall, Inc. 
Middaugh, J., Hamel, R., Jean-Baptiste, G., Beriault, R., Chenier, D. and Appanna, V. 
 D. (2005). Aluminum triggers decreased aconitase activity via Fe-S cluster 
 disruption and the overexpression of isocitrate dehydrogenase and isocitrate 
 lyase: a metabolic network mediating cellular survival. J Biol Chem 280, 
 3159-65. 
Nayak, P. (2002). Aluminum: impacts and disease. Environ Res 89, 101-15. 
Nicholls, D. & Ferguson, S. J. (2002). Bioenergetics. Academic Press, London-New York. 
Nicklas TA, T. B, K.W. C, G. B (2001) Eating Patterns, Dietary Quality and Obesity.  
  Journal of the American College of Nutrition 20:599-608. 
Olofsson, S. O. and Boren, J. (2005). Apolipoprotein B: a clinically important 
 apolipoprotein which assembles atherogenic lipoproteins and promotes the  
  development of atherosclerosis. J Intern Med 258, 395-410. 
Pan, Y., Mansfield, K. D., Bertozzi, C. C., Rudenko, V., Chan, D. A., Giaccia, A. J. and  
  Simon, M. C. (2007). Multiple factors affecting cellular redox status and  
  energy metabolism modulate hypoxia-inducible factor prolyl hydroxylase  
  activity in vivo and in vitro. Mol Cell Biol 27, 912-25. 
Pessayre, Dominique. Mansouri, Abdellah. and Fromenty, Bernard . (2002) 
 Nonalcoholic  Steatosis and Steatohepatitis V. Mitochondrial dysfunction in 
 steatohepatitis Am J Physiol Gastrointest Liver Physiol 282: 193-199. 
Popescu, L. & Yona, G. (2005). Automation of gene assignments to metabolic pathways 
 using high-throughput expression data. BMC Bioinformatics 6: 217 
Pinti, N., Troiano, L., Nasi, M., Ferraresi, R.,  Dobrucki, J., Cossarizza, A. (2003) 
 Hepatoma HepG2 cells as a model for in vitro studies on mitochondrial 
 toxicity of antiviral drugs: which correlation with the patient? J Biol Regul 
 Homeost Agents 17: 166-71. 
Ramadori, G., Saile, B. (2004) Portal tract fibrogenesis in the liver. Lab Invest 84:153-159 
Reddy, J. K., and Rao, M. S. (2006) Lipid Metabolism and Liver Inflammation. II. Fatty 
 liver disease and fatty acid oxidation. Am J Physiol Gastrointest Liver 
 Physiol 290:   G852-G858 
Roach,  Jason O'Neale (2003) Metabolism and Nutrition, Elsevier Health Sciences 
Rutter, Guy A. (2000). Diabetes: The importance of the liver Current Biology 10: 736-738  
Sargazi, M., Shenkin, A. and Roberts, N. B. (2006). Aluminium-induced injury to kidney 
 proximal tubular cells: Effects on markers of oxidative damage. J Trace Elem 
 Med Biol 19, 267-73. 

 65



 66

Smith,  C. M., Marks, A. and  Lieberman, L. (2004) Mark's Basic Medical Biochemistry: 
 A Clinical Approach. 2Rev Ed edition. Lippincott Williams & Wilkins,US. 
Sherwood, Lauralee. (1997) Human Physiology: From Cells to Systems. 3rd ed. Boston: 
 Wadsworth, USA 
Smorgon, C., Mari, E., Atti, A. R., Dalla Nora, E., Zamboni, P. F., Calzoni, F., Passaro, 
 A. and Fellin, R. (2004). Trace elements and cognitive impairment: an 
 elderly cohort  study. Arch Gerontol Geriatr Suppl, 393-402. 
Voet, D., Voet, G. and Pratt, C. (2006). The Fundamentals of Biochemistry: John Wiley 
 and Sons, Inc. 
Weickert, M. O. and Pfeiffer, A. F. (2006). Signalling mechanisms linking hepatic glucose 
 and lipid metabolism. Diabetologia 49, 1732-41. 
Wlodek, D. and Gonzales, M. (2003). Decreased energy levels can cause and sustain   
  obesity. J Theor Biol 225, 33-44. 
Zatta, P., Kiss, T., Suwalsky, M. and Berthon, G. (2002). Aluminum(III) as a promoter of 
 cellular oxidation. Coord Chem Rev 228, 271-284. 
 
 


	Abstract
	 Table of contents

	1. Introduction
	1.2 Hepatocellular Metabolism 
	1.2.1 D-glucose metabolism 
	1.2.2 The TCA cycle 
	1.2.3 The electron transport chain and the chemiosmotic theory
	1.2.4 Fatty acid catabolism
	1.2.5 Lipogenesis :  The highest form of energy storage.

	1.3 Regulation of hepatic metabolism
	1.4.1 Obesity
	1.4.2 Hepatic Steatosis:  The fatty liver disease

	1.5 Aluminum as an environmental toxin  

	2. Materials and Methods
	2.1 List of reagents and equipment
	2.2 Cell culture and growth conditions         2.2.1 Culturing procedures
	2.3 Fluorescence microscopy 
	2.4 Cellular isolation and subcellular fractionation: 

	2.5 Samples Preparation : 
	2.6 Sodium Dodecyl Sulfate (SDS)-PAGE and Immunoblotting: 

	3 Results
	3.1 Aluminum impact on HepG2 cells viability

	4 Discussion 
	4.1 Aluminum impact on HepG2 cellular proliferation.
	4.2 Lipid synthesis and Secretion as consequence of Al toxicity.
	4.3 α-KG therapeutic effect on Al- stressed HepG2 cells.

	5 Appendix
	6. References

