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Abstract


ORNL in collaboration with the Obesity Research Center at the University of Tennessee Medical Center in Knoxville is developing a mathematical model of the biochemical cross-talk between adipose cells and skeletal muscle cells.  Obesity is a growing problem in the United States because it affects the overall health of individuals and increases health care costs. If we can understand the complex processes that increase fatty acid oxidation, then we may be able to control some of the factors affecting obesity. The long-term goal of this project is to develop a mathematical model displaying the balance between fatty acid oxidation (FAO) and fatty acid synthesis (FAS) in adipocytes and skeletal muscle cells. The model will examine how these processes respond to changes in relation to adiponectin, interleukin-6 (IL-6), and interleukin-15 (IL-15) which are synthesized by the adipocytes. In addition, the model will demonstrate how the syntheses of these three biochemical proteins are affected by concentrations of leucine and calcitriol, which have an exogenous source. As a first step towards developing this complex model, my summer project is to develop a model of the response of isolated skeletal muscle cells to a given level of extracellular adiponectin, leucine, calcitriol, and a calcium channel blocker. The biological simulation codes SBW/JDesigner and JSIM were used in designing the mathematical model from experimental data and in performing computational simulations of the mathematical model. Excel was used to analyze the data before it was converted into a model. 
Introduction


This paper introduces the model of fatty acid oxidation in skeletal muscle cells. In this model, the skeletal muscle cells are represented in an in vivo model, meaning that there is no flow of outside materials into the cell. Obesity is causing the overall health of individuals to decrease and is causing the health care costs to increase. Factors affected by obesity are numerous including heart disease, diabetes, and high blood pressure. If we can understand the biochemistry behind obesity, it may lead to new ways of controlling obesity. Biochemical cross-talk between skeletal muscle cells and adipocytes may be a key factor in fatty acid oxidation. The background of fatty acid oxidation of skeletal muscle cells, specifically how leucine, calcitriol, and adiponectin affect this process will be examined in detail. The model that was found explained the experimental data and shed light on the biochemical processes affecting FAO. The mathematical model was incorporating steady state Michaelis-Menton inhibitory enzyme kinetic successfully described the experimental data. The long-term is to develop a mathematical model that describes biochemical cross-talk between skeletal muscle cells and adipocytes. 

Fatty Acid Oxidation

In vitro experiments with C2C12 myotubes and 3T3-L1 preadipocyte cultures show that leucine, an essential amino acid found in dairy increases FAO (Sun, 2007). Leucine is an essential amino acid, meaning that the body needs leucine but does not produce it. The body must obtain leucine from exogenous sources such as dairy products. The primary function of leucine in the body is protein synthesis but once that function is complete, leucine is thought to regulate FAO (Garlick, 2005). Calcitriol reduces FAO due to a lack of dietary calcium (Sun, 2007). Calcitriol works at the liver and when the body does not have enough calcium, the calcitriol stimulates the liver to secrete calcium. The calcium that the liver secretes is intercellular calcium which is different than dietary calcium (Sun, 2007). The intercellular calcium enters the cells and stops triglycerides from converting to free fatty acids to be burned off as shown in Fig.1. If the triglycerides, the bodies way of storing fat, cannot be converted then the body cannot burn the fat. Uncoupling protein 3 (UCP-3), a transport protein, is regulated by leucine and calcitriol controls how much fatty acids enter the mitochondria for oxidation (Sun, 2007). As shown in Fig.2, when there is an increase of leucine, there is an increase in the expression of UCP-3. UCP-3 is located in between the intermembrane space and the matrix of the mitochondria. It allows for H+ protons to enter the mitochondria (Krauss, 2005). Normally in the cell the glycolysis cycle takes one molecule of glucose and converts it to pyruvate. That pyruvate enters the Krebs cycle or the TCA cycle. Once in the TCA cycle, the pyruvate is converted to acetyl-CoA. The acetyl-CoA is what enters the electron transport chain to create adenosine tri-phosphate (ATP) or energy. The electron transport chain allows for H+ protons to enter through the ATPase and create energy. The UCP-3 acts as proton leak allowing the protons enter without creating energy (Krauss, 2005). This poses a problem for the cell and the mitochondria has to work harder to produce the same amount of energy; however, this is good news for the body because triglycerides must be used to create the energy thus resulting in fat burn. Nifedipine is a calcium blocker and in the presence of leucine, it inhibits the calcitriol from bringing in the intercellular calcium. Adiponectin is secreted by the adipocytes in response to leucine

Research Objective


A model must be found that explains the experimental data and sheds light on biochemical processes affecting FAO. To achieve this model, the problem definition must be analyzed. From this initial problem a conceptual model is formed. Once an acceptable model has been formed, than an experimental model must be formed as shown in fig.3 . A mathematical model is formed based on the experimental model and if an acceptable equation produces proper physiological data, then the model will accepted, if not then the model must be revised. The equation must be physiologically consistent to the time points as shown fig. 4. 

Methods


Data must be analyzed before any conclusion can be made. Excel was used to analyze the data. A mathematical model was based on lumped Michaelis-Menton enzyme kinetics. The first model that was developed was for UCP3. As equation 1, a mass balance equation shows, the volume of distribution as well as the flow rate must be considered. The flux or how much enters the cell is used when analyzing an in vivo model; however, our model was in vitro so the flux was not considered (Dash, 2008).Mathematica FindFit function was utilized to estimate model parameters. The model equations were compared with the experimental results to see if a plausible model was indeed constructed. 

Results


Equation 2 provides a good fit for UCP3. Fig. 5 shows a comparison graph of the experimental data and computational data. As is shown in the graph, the computational model provides an excellent fit for the UCP3 experimental data.  FAO proves to be a more complicated model. Equation 3 provides a good fit for time points given for 12 and 24 hours, however this equation does not fit the time points for 48 hours as well. A more complicated equation is required for 48 hours and ongoing work is being conducted to find a well fitting equation.

Conclusion

A Mathematical model incorporating steady state Michaelis-Menton inhibitory kinetics          successfully describes the experimental data for UCP3. The amino acid leucine has a stimulating effect which is fairly consistent over time. Nifedipine which is a calcium blocker has stimulatory effect which increases significantly over time. Adiponectin has initial stimulatory effect on nifedipine which goes away over time. Adiponectin has inhibitory effect on leucine which increases slightly over time.

Future Research

The long-term goal is to develop a mathematical model describing the biochemical cross-talk between skeletal muscle cells and adipocytes. To accomplish this goal fatty acid oxidation and fatty acid synthesis in adipocytes must be modeled. The cross-talk between skeletal muscle cells and adipocytes must also be modeled. The effects of interlukin-6 and interlukin-15 which are secreted by both skeletal muscle cells and adipocytes to communicate with each other must be modeled taking into account the effect they play on the cross-talk between the cells. 
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Figures and Equations
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Figure 1 Skeletal muscle cell with the effects of calcitriol
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Figure 2 Skeletal muscle cell with the effects of Leucine


[image: image3]
Figure 3 Modeling Approach Diagram Allen, 2005
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Figure 4 Graph that shows equations fitting data points. The most physiologically consistent equation must be considered


[image: image5]
Figure 5 Graph of the comparison of UCP3 and the treatments between the experimental and computational. 

Equation 1 Mass balance equation, Allen, 2005
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[image: image1]Equation 2 UCP3 fit

Equation 3 FAO fit for 24 and 48 hours
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