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Viable Models of Energy Metabolism
Contemplating Uncertainty in Measured Data,
Parameter Estimates and Predictions

This thesis describes three computational approaches to analyse (mammalian) meta-
bolic systems: kinetic modelling, flux estimation from stable isotope measurements
and prediction of flux distribution in metabolic networks using constraint-based mod-
elling. In all three approaches, emphasis is put on the quantification of uncertainty
for parameters and model predictions.

The sustainment of life in any organism depends on the uptake and subsequent bio-
chemical conversion of nutritional substances from the environment. The entirety of
all biochemical reactions which transform nutrition into metabolites used for growth,
proliferation or as a source of energy refers to metabolism. Investigation of meta-
bolism is therefore essential in our understanding of life at a molecular level. Until
now, the quantitative investigation of metabolism heavily relies on the application
of computational models and methods so as to make sense out of data derived from
laboratory experiments. The discipline of combining experimental and theoretical ap-
proaches in order to understand a biological system as a whole is defined as Systems
Biology. A computational model in Systems Biology is essentially an abstraction
of a biological process, formulated in mathematical terms. Oftentimes, models are
calibrated by adjusting their parameter values such that the model dynamics can
describe given experimental data. The calibrated models can then be used to test
hypotheses about the biological system in silico. In the research of this thesis, mainly
the metabolic components necessary for an organism to conduct mechanical work are
investigated. In order to get further insight into the energy metabolism in animal and
human muscle, various types of models encoded in di↵erent mathematical formalisms
were used. The formalisms as well as techniques to complement computational models
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with experimental data are reviewed in chapter 2.

Chapter 3 is dedicated to the creatine kinase system, an intriguing enzymatic
process involved predominantly in the energy metabolism of muscle cells. Several
metabolic functions have been attributed to the creatine kinase system, of which one
has been significantly controversial and heavily debated. This controversial meta-
bolic function known as ‘phosphocreatine shuttle hypothesis’ refers to the widespread
assumption that the creatine kinase system in heart muscle is essential for the trans-
port of energy-carrying molecules from sites of energy production (the mitochondria)
to sites of energy consumption (the myofibrils). This hypothesis was challenged in
chapter 3. We did this by quantifying energy transport, using a relevant mathematical
model on the creatine kinase system integrated with in vivo experimental data from
the isolated heart. In order to obtain model predictions that are statistically sound
with respect to measurement error in the data, model parameters were estimated as
posterior probability distributions rather than as single numerical values. Model pre-
dictions are therefore drawn from ensembles of probable parameter sets. The analysis
suggests that the ‘phosphocreatine shuttle’ only plays a minor role in heart muscle.
Instead, the creatine kinase system mainly acts as a bu↵ering system which assures
su�cient energy supply even when the heart beats fast and much energy is consumed.
Further, a new hypothesis for the creatine kinase system is proposed based on the
model analysis: creatine kinase lowers inorganic phosphate levels in the cytosol to
protect from oxidative stress.

The next chapter (chapter 4) describes the simulation of energy conversion in a
cyclist’s body during a mountain time trial of the Tour de France. Besides the invest-
igation of heat production and transport using a whole body model, the biochemical
events during muscle contraction in the cyclist’s leg are predicted. Again, emphasis
was put on the functional role of the creatine kinase. The model used in the chapter
3 was therefore adapted to describe energy turnover in human muscle and extended
to account for muscle acidity. For model calibration, measurements from human leg
muscle during a bicycle exercise bout were used. Applying the calibrated model, it
was predicted that the main physiological role of the creatine kinase enzyme is, similar
than in cardiac tissue, the bu↵ering of energy resources when the body is exposed to
high bursts of sudden energy demand during the bicycle race.

Chapter 5 returns to the investigation of energy metabolism in cardiac tissue. This
time, the focus is set on another essential process in mitochondrial energy produc-
tion: the citric acid cycle. To quantify energy turnover in distinct small regions of
the myocardium, we used in vivo data from carbon tracer experiments in the porcine
heart. Small tissue samples were taken after isotopically labelled substrate was given
to fuel aerobic energy metabolism. A sophisticated model that describes all trans-
itions between carbon atoms of the di↵erent metabolites within the system was then
used to analyse the data. As a result, the velocities of biochemical reactions around
the citric acid cycle could be quantified, which constitutes important information on
the physiology of the myocardium. To account for the relatively high noise level in
the data, we adapted the approach of dealing with parameter uncertainty by gen-
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erating ensembles of probable parameter combinations from chapter 3 to the carbon
transition networks used in this chapter. This framework allowed us to analyse exper-
imental data gained under di↵erent physiological and pharmacological conditions and
to draw conclusions about the citric acid cycle fluxes in the di↵erent cardiac states.
For instance, the citric acid cycle fluxes during ischaemia could be estimated, giving
valuable information about metabolic energy fluxes in the failing heart.

The final chapter introduces the software tool BiGGR for constraint-based mod-
elling of metabolism. Constraint based modelling is a technique to estimate meta-
bolic reaction fluxes when a priori quantitative information on the network is sparse.
Model constraints, for instance the steady-state constraint are used to limit the space
of possible flux values. BiGGR allows the assembly of metabolic models from, among
others, the BiGG database of metabolic reconstructions by querying for pathways,
genes, metabolites or reactions of interest. Fluxes can then be estimated using a vari-
ety of linear inverse modelling algorithms. Finally, the models and estimated fluxes
can be visualised in an intuitive way. Naturally, also constraint based models are
subject to uncertainty in the predicted fluxes. BiGGR therefore uses sophisticated
algorithms to enable the generation of flux ensembles respecting the constraints of
the model. To demonstrate the practicality of the software, chapter 6 describes an
entire work flow of flux estimation in an extensive model of energy metabolism in the
human brain. BiGGR is implemented in the R programming language and publicly
available to the scientific community in the Bioconductor repository.

In conclusion, computational strategies to quantitatively analyse metabolic sys-
tems were developed and applied during the course of this thesis. Special emphasis was
put on the analysis of uncertainty in predictions derived from computational models of
metabolism. The results described in this thesis thus contribute to new advancements
in the investigation of energy metabolism using a Systems Biology approach.


