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Summary

The human body is a complex machinery consisting of multiple tissues and
organs interacting over several spatial and temporal domains in response to
a continuously changing environment. Advances in high-throughput omics
technologies in recent years now allow the identification and quantification
of biological entities from each layer of the system. This reaches from
from the underlying genetic sequence common to each cell, through gene
expression and protein levels, to the resulting metabolite concentrations
and how these biological entities may change as a result of an exposure
or in certain disease states. However, knowing each component of a car
in detail does not necessarily mean we understand how these individual
components interact in order to move from A to B. Time-series of omics
measurements in response to a stimulus not only facilitate the identification
the full collection of genes, proteins, and metabolites that are changed under
the new condition but also to untangle the complex interactions between
individual components in the system. In this way we can go beyond
mere associations and derive mechanistic insight into the behaviour of
the underlying system, establishing causative relations. While there has
been a surge in the generation of multi-variate time series of omics data in
recent years, the developments of methods to effectively process, integrate,
and interpret such data has experienced a more ad hoc evolution giving
rise to a plethora of often domain specific approaches. In this thesis we
explore a variety of computational methods that aim to capture the dynamic
behaviour of time series of omics data following a perturbation. While the
challenges of analysing time series data is common to many bioloigcal
diciplines in this thesis we focus on two specific applications; the use of meal
challenge tests to evaluate metabolic resilliance and alternatives to animal
testing in toxicologial screening.

Building on a foundation of existing knowledge

Studying the behaviour of a system in response to an external
stimulus can provide insight into the fitness of the underlying system, often
referred to as resilience. This principle is utilised in nutritional and metabolic
research, where meal challenge tests are regularly employed as a measure
of metabolic resilience. Postprandial glucose and triglyceride levels have
been shown to be more sensitive predictors of future risk of Type 2 Diabetes
Mellitus (T2DM) and Cardiovascular Disease than their fasting values. The
postprandial glucose trajectory is determined by the complex interplay
between several tissues including the liver, skeletal muscle and adipose
tissue. While several well-established cut-off values have been defined for
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classifying glycaemic control from an oral glucose tolerance test (OGTT),
more recent efforts have focused on deriving features of the metabolic health
of underlying tissues, such as insulin resistance, from the shape of the
postprandial glucose trajectory. In Chapter 2 we take a closer look at one
such metric, the muscle insulin sensitivity index (MISI), that aims to quantify
skeletal muscle specific insulin resistance based on the rate of decay of the
glucose response curve to a standard 75g OGTT. However, as this index
relies on the identification of the glucose peak it is particuarly sensitive to
the descrete and often sparse sampling of an OGTT, typically consisting of
five or fewer time points. We propose a numerically more robust method
for calculating MISI that utilises cubic spline interpolation to reduce the
index’s sensitivity to the discrete sampling schedule. Our modified method
produces a stronger correlation with the hyperinsulinemic-euglycaemic
clamp, the gold standard for measuring peripheral insulin sensitivity,
than the original formulation. Moreover, we provide a user-friendly MISI
Calculator application, that allows for the standardised calculation of the
MISI score, facilitation cross Study comparision of the index.

While such simple indices provide an invaluable alternative to invasive
and time-consuming clamp techniques, currently only indices for quantify
features of glycaemic control are available. With growing interest
surrounding the role of lipids and amino acids in the etiology of T2DM
giving rise to the use of more complex high fat and high protein meal
challenge tests there is a need for more generalisable approaches. In Chapter
3 we construct a novel physiology based mathematical model (PBMM) of
postprandial adipose tissue metabolism. PBMMs are constructed based on
the known interactions underlying the biological system. Such models are
readily extendable to describe larger systems and generalisable to generic
meal inputs. Application of our adipose tissue model to meal challenge test
data collected before and after and nutritional intervention indicates there
is an improvement in adipose tissue insulin resistance following a period
of caloric restriction, as well as significant increases in the rates of free fatty
acid and glycerol release by the adipose tissue. The computational model
captures the more subtle changes in postprandial metabolite trajectories
which were not evident using more traditional area under the curve
approaches. These modelling approaches utilise our understanding of
physiology underlying the postprandial response to facilitate the analysis
and quantification of features of health from dynamic time series of plasma
metabolites. The knowledge driven approaches are commonly referred to as
bottom-up appraches.
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Summary

Guided by the data

While the dynamic response of the system to a stimulus can give
an indication of the health of the underlying system, in turn the trajectory
of the response can also be used to infer information of how potentially
harmful the exposure is. This principle is exploited in the field of
toxicogenomics, where the gene expression pattern following exposure to a
compound provides a particularly sensitive measure of the potential toxicity
of that compound. While these genomics based animal and in vitro models
have been shown to perform well in predicting the toxicity of compound,
relating the gene expression patterns to the human in vivo system still proves
challenging, limiting the mechanistic insight into modes of toxicological
action that can be gained. In addition, the high dimensionality of gene
expression data makes the construction of the knowledge based dynamic
models used above prohibitive. Machine learning encompasses a range
of methods that rely on inference and patterns to identify relationships in
data. In Chapter 4 we demonstrate that deep learning models, a subclass
of machine learning, are capable of translating the post-exposure gene
expression patterns from primary rat to primary human hepatocytes. The
deep learning models consist of layers of artificial neural networks that
transform the data into increasingly abstract features and as such are
particularly suited to relating patterns in time series gene expression data.
The deep learning models also significantly outperform more traditional
machine learning techniques in translating gene expression patterns from
the in vitro to in vivo situation in rats.

While deep neural networks can be a very powerful tool in data analysis,
particularly in dimensionality reduction, they require very large volumes of
data upon which to train. While large data bases of animal and cell line data
are available, due to the challenges with sampling humans, especially tissues
such as the liver, human in vivo data is comparatively scarce. In Chapter 5
we build on the deep learning models applied in Chapter 4 by integrating
transfer learning within a neural network architecture in a method known as
domain adaptation. In this way, a large set of paired rat in vitro and in vivo
post-exposure gene expression patterns is leveraged to train a model to
predict human in vivo gene expression given measured human in vitro gene
expression data. Interestingly, we see that the addition of the human in
vitro data also improves the model prediction of rat in vivo gene expression.
These deep learning and machine learning methods rely on the patterns and
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information in the data itself to find novel relations and do not require any
a priori information on the underlying system. These data driven machine
learning approaches are also known as top-down approaches.

Conclusion

Multivariate-time series measurements capture the complex inter-
actions between genes, proteins, and metabolites that underly the systemic
response to a stimulus. They not only allow for the identification of
causative relationships between the biological entities but can also provide
an assessment of the functional capacity of the system. However, currently
there is a lack of methods to effectively process, integrate, and interpret this
often high dimensional data without much of the functional information
being lost. Systems Biology is an emergent research discipline focusing on
the use of computational and mathematical analysis to study the complex
interactions between individual components of biological systems and
how these interactions give rise to the function and behaviour of the
overall system. In this thesis, I explore a variety of both knowledge driven
‘bottom-up’ and data driven ‘top-down’ Systems Biology approaches to
analyse and interpret multivariate time-series of omics measurements in two
distinct research fields; the quantification of features of metabolic health
from meal challenge test data and the assessment of toxicity of a compound
using gene expression data in animal and cellular models.
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