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“The most erroneous stories are those we think we
know best — and therefore never scrutinize or question”
Stephen Jay Gould (1941 - 2002)
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which may be merely a matter of mathematical or experimental skills. To
raise new questions, new possibilities, to regard old problems from a new
angle requires creative imagination and marks real advances in science”
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

Metabonomics has emerged as the latest field of research within the recent
‘omics’ generation. Like the predecessors, genomics and proteomics,
metabonomics takes more of a global approach to biological research.
Metabonomics detects and follows all the metabolites in a particular organism. A
slightly more focused term, metabolomics, follows metabolites of a specific
pathway, or of a particular disease. One-dimensional '"H-NMR has become one of
the principle tools for metabolomic investigations. NMR analysis of sampled
biofluids, such as urine, revealed the rich spectral features from the hundreds of
metabolites, each providing information about ongoing physiological processes in

the organism.

The goal of this thesis was to take the theory and technology behind NMR
spectroscopy and apply it to the growing field of metabolomics. Chapter II
presents novel work that optimized NMR for the qualitative and quantitative
analysis of metabolites in biofluids. The defined procedures for proper
acquisition, processing, and analysis of NMR spectra provided a strong basis for
later NMR quantitative analysis of biofluids, such as urine. Chapter III applied the
quantitative analysis to identify indices of bacterial contamination in normal
human urine. Once the source of the metabolic change was identified proper

sample preparatory and storage measures were investigated and recommended.
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A philosophical question arose regarding the metabolic baseline for
human clinical and metabolomic research. Chapter IV follows the study of normal
human metabolite variability, animal model variations, and the philosophical
question ‘What is normal’, and how should researchers deal with the interplay of
variability and biological homeostasis. The application of these earlier
considerations are found in the metabolomic investigation of cystic fibrosis in a
human clinical study, as well as the study of asthma in a guinea pig model
(Chapters V and VI). The application of NMR for metabolomic studies of human
pulmonary disease provided biochemical information regarding specific
pathophysiological mechanisms occurring in humans and animals. Chapter VII
provides concluding remarks for the thesis and offers suggestions for continuing
the metabolic investigation as well as the philosophical questioning of pathways

in human disease.
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CHAPTER I

Challenges in the application of 'H-NMR spectroscopy to human metabolomic
studies: lessons from asthma

LA INTRODUCTION

The release of the human genome sequence, lead by the International
Human Genome Consortium, occurred around the time I began my Ph.D. research
[1](2001). The development and application of various techniques and
technologies to tackle the mapping of the human genome, and the excitement of
such a scientific endeavor, lead to an explosion in what is now termed the ‘omics’
era[2-6]. Genomics became the term to describe scientific investigations that map
an organism’s genetic material and follow the expression patterns of DNA[7-11].
The Human Genome Project made it possible to identify, track, and understand
diseases that are associated with specific regions of human DNA. Proteomics took
the science of large pathways and interactions a step further as it attempted to
identify all of the information transcribed and translated from the DNA, now in
the form of proteins[12, 13]. Proteomics is considered to be more inclusive in its
biological information about an organism when compared to genomics because it
includes not only the raw proteins translated from the DNA, but also all of the
possible post-translational modifications (e.g. glycosylation, phosphorylation,
protein cleavage, etc.)[13, 14]. Some scientists believe that proteomics, in
comparison to genomics, advances the scientific investigation one step closer to

an understanding of the physiology of an organism.
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Recently, genomic and proteomic investigations have been followed by
metabonomics. Along the same premise as proteomics, metabonomics attempts to
take the biological investigation closer to the physiology or the phenotypic end-
point of gene expression. Metabonomics attempts to track the flux of metabolites
through the various anabolic and catabolic processes of an organism[15].
Typically, metabonomics monitors the biological response of a whole organism to
a stimuli, stress, toxin, or disease[16]. A similar term, metabolomics, describes
the study of metabolites and their continual rise and fall within a particular organ,
tissue, or body fluid[17-19]. Metabolomics focuses the investigation from a
‘whole animal’ metabolic response to a more isolated system of study[20]. As the
field of investigation matures the definitions for the terms metabonomics and
metabolomics continues to be refined. For this thesis the term metabolomics will
be primarily used. When 1 began my work in this field, an Internet search of
publications on PubMed using the keywords metabonomics and metabolomics
returned a total of 2 papers. As of July 2006, a similar search with the keywords

metabonomics and metabolomics returned 146 and 333 papers, respectively.

Different groups of scientists have researched metabolic pathways for
many years[21]. Biochemistry, nutrition, cell biology, medicine, and physiology
are some of the key scientific disciplines that have devoted decades to
understanding specific metabolic pathways. Each discipline often has a final
scientific goal that relates to the area of specialty, and the study is often focused

on a particular metabolite, enzyme, or cellular flux. The focus of metabonomic
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and metabolomic research is to gather and incorporate as much information as
possible from multiple metabolic pathways to develop a more inclusive
understanding of the biological system, tissue, or organism. This requires the
involvement of multiple areas of science, the identification and discovery of many
different metabolic pathways, and the identification and quantification of
sometimes hundreds of metabolites and biomarkers. For human metabonomic
studies the identified pathways and biomarkers can provide information beyond
the endogenous biology, such as the influence of xenobiotics and
pharmaceuticals[22, 23]. As well, the unique metabolites and metabolic flux may

correlate with normal biological function[24], specific insult, stimuli, or

disease[25, 26].

Metabol(n)omic studies have investigated metabolic flux and disease
processes in single-celled organisms[27-29], plants[30], animals,[31, 32]
tissue[33], organs[34], and human subjects[35, 36]. Studies have tried to identify
pathways influenced by exposure to pathogens[35, 37], toxic chemicals[38, 39],
pharmaceuticals[40, 41], and common variables such as diet[42]. They have also
tried to identify useful biomarkers for diseases such as cardiovascular or digestive
disorders{43]. The University of Alberta has supported the projects CyberCell
(CCDB) and the Human Metabolomic Database (HMDB, www.hmdb.ca), which
serve as examples of metabonomic and metabolomic studies, respectively. Project
CyberCell is attempting to catalogue enough in vivo and in vitro information

about the bacteria Escherichia coli so that computer programs can predict a cells
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response to a specific stimuli or stress. HMDB is currently cataloguing detailed
information about small molecule metabolites found in different body fluids and
will serve as a metabolic database for other laboratories. These two large-scale
projects are examples of the broad (whole cell modeling) and focused (specific
metabolites in a particular biofluid) studies identified as metabonomics and
metabolomics, respectively. In a span of 5 years metabonomic and metabolomic
research has grown considerably and with it the use of high-resolution nuclear
magnetic resonance (NMR) spectroscopy to identify and follow metabolites of

interest in a qualitative and quantitative manner.

NMR spectroscopy has been a central analytical technique in most
chemistry laboratories since its invention over 60 years ago. The benefits of NMR
analysis includes its non-destructive nature, the relatively short time required for
data acquisition, minimal sample preparation, as well as a wealth of experiments
that help to illuminate molecular structure and the dynamic nature of molecular
interactions. The principle weakness of NMR is the limited sensitivity; 1D 'H-
NMR can only confidently detect and quantify metabolites greater than roughly
1IuM. Technological advancements continue to increase the sensitivity and
improve the overall stability of the spectrometer, ease of data collection, and
increase resolution. These spectroscopic improvements have seen a concurrent
widening of the applicability of NMR analysis. Currently, NMR is not only a
principle technique for protein structure determination, but is used heavily for

drug development, basic biological research, and metabolomics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



With an increase in the applicability of NMR technology came an increase
in the accessibility for new scientific investigations. NMR is no longer found
primarily in structural biochemistry or organic chemistry laboratories, but is
expanding into physiological and clinical laboratories as well. NMR has become
one of the primary tools for metabolic research. A similar development of
technologies is evident in the growth of magnetic resonance imaging (MRI) and
more specifically, magnetic resonance spectroscopy (MRS), which is used in
metabolic research[44, 45]. These technologies allow for the identification of

specific metabolites in the human body.

When I began my graduate degree I wanted to take the technology and
theory behind NMR, which was taught to me from a thermodynamic and
structural biochemistry background, to a more ‘clinical’ or ‘biological’ platform.
An early collaboration was formed with Drs. Lopaschuk and Clanachan
(Directors of Cardiovascular Research, and Pharmacology, respectively) to study
cardiac metabolism pre- and post-ischemic insult and following pharmacological
intervention. Another project with Drs. Lacy, Musat-Marcu, and Mogbel, from
the Pulmonary Research Group, and John Bagu from the Canadian National High
Field NMR Centre (NANUC), investigated pulmonary disease states through
NMR analysis of sputum samples. Additional studies progressed as collaborations
were formed with members of the University of Alberta; Drs. Marrie (Dean of

Medicine), Adamko (pediatric pulmonologist), and Rowe (Director of Emergency

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Medicine Research), for pulmonary studies of bronchiolitis, COPD, human
normal, pneumonia, and asthma. The need to concentrate my research on a

manageable project lead to a focus on the metabolomics of asthma.

Asthma is a pandemic disease with mortality rates that have increased
significantly over the last 20 years[46, 47]. In Canada, asthma accounts for
approximately 500 deaths annually and hospitalization rates have quadrupled over
the last few decades[48]. The pathophysiological characteristics of asthma are
heterogeneous, which has lead to difficulties in clinical diagnosis and treatment,
as well as complicating basic research. It was hypothesized that through a
metabolomics approach high-resolution NMR analysis of biofluids might identify
key metabolites that are indicative of various phenotypes of asthma, as well as
enhance the current understanding of asthma and response to treatment. A more
detailed background of asthma, as well as some of my investigations into the

pathophysiology of the disease will be provided in Chapters V to VIII.

To apply NMR spectroscopy to human metabolomic studies, many
questions needed to be addressed regarding the applicability of NMR, how to
address the disease being studied, the method for sample collection and
preparation, the metabolic behaviour of normal subjects, the extraction of
quantitative and qualitative information from NMR spectra, as well as the proper
statistical methods required to determine biochemical significance. In addition, a

number of philosophical issues needed to be considered; what is ‘human normal’,
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‘toward what end are metabolomic studies — simple population
separation/identification, or a detailed biochemical understanding of a metabolic
or disecase state’? This thesis will outline the technical and philosophical
challenges I encountered when applying high-resolution 'H-NMR spectroscopy to

human metabolomic investigations.

1.B METABOLOMIC TECHNOLOGIES =

Several methods have demonstrated their usefulness in the identification
and quantitation of various compounds for metabolic research. The most common
techniques include mass spectrometry (MS)[49-51], high performance liquid
chromatography (HPLC)[52, 53], gas chromatography (GC)[54-56], and NMR
spectroscopy[33, 57-59]. Each of these technologies has inherent advantages and
disadvantages. Of the more common technologies used for metabolite detection,
MS and NMR differ significantly from one another and when the strengths of
each are utilized appropriately, compliment each other towards a fuller

understanding of a metabolic profile.

1.B.1 Mass Spectrometry

The primary strength of MS is the capability to detect metabolites in
femtomolar concentrations. However, MS has limitations that impair its use for
many metabolomic investigations. MS is unable to differentiate isomers, involves

extensive sample preparation prior to analysis, metabolites often need to be
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derivatized to aid in detection, but often can not be quantified, and the sample is
destroyed in the process. These limitations significantly restrict the applicability

of MS to most metabolomic investigations.

LB.2 Nuclear Magnetic Resonance Spectroscopy

High-resolution '"H-NMR spectroscopy has a number of advantages that
lend itself to the successful application to metabolomic studies. NMR is non-
destructive, meaning that the liquid or tissue samples may be returned to long-
term storage following data acquisition. This is extremely important, especially
during preliminary studies, because the same samples may need to be returned to
the spectrometer at a later date if techniques or technologies improve. For most
biofluids in metabolomic investigations there is little sample preparation required
prior to NMR data acquisition (no need for separation, purification, or metabolite
derivatization). In addition, NMR has a wide range of data acquisition parameters,
which allows scientists to identify compounds based upon unique characteristics,
such as diffusion, or additional information that may be acquired through 2D
NMR. The data, often a 1D 'H-NMR spectrum, is both qualitative and
quantitative. The NMR spectrum allows for the separation of metabolites
according to their unique spectral signatures (resonant frequencies and scalar
couplings) leading to the qualitative identification of, in the case of urine,
hundreds of metabolites in a single spectrum. To extract quantitative information
from 1D 'H-NMR the area under the respective resonant peaks of a metabolite

may be integrated along with the resonance of a standard of a known
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concentration. The non-destructive qualitative and quantitative analysis of
metabolites found in biofluids is the key driving force behind the increased use of

NMR for metabolomic studies.

One of the issues that needed to be addressed with metabolomic
investigations was the increase in the number of samples to be analyzed by NMR.
In contrast to traditional protein NMR, samples are not purified proteins
undergoing structure determination over a period of several months.
Metabolomics requires the analysis of hundreds of samples from human or animal
subjects with similar pathophysiologies. Data acquisition must provide optimal
information to allow for accurate qualitative and quantitative analysis.
Metabolomic investigators require pulse sequences that provide flat spectral
baselines, optimum solvent suppression, superior signal-to-noise, and improved
resolution while remaining robust enough to analyze hundreds of samples without

requiring lengthy pre-acquisition and pulse sequence set-up[60, 61].

Since metabolomics is the study of biological processes, often in humans,
the samples are extremely important, difficult to obtain, and the acquisition and
interpretation of the information is vital. Therefore, the sampling of the particular

biological pathway has been the source of a lot of my work and many discussions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.C METABOLOMIC SAMPLES oI

Metabolomic studies involve monitoring biochemical and metabolic
pathways; therefore requiring sampling of biological processes in the organism.
When sampling a specific pathway or disease state in an organism there are a

number of considerations to be addressed.

1.C.I1 Sampled Population

The first challenge is the selection of appropriate populations to be
included in the study. My work has included the study of a number of different
diseases and biological systems. I have looked at pulmonary disorders such as
tuberculosis, viral and bacterial pneumonia, cystic fibrosis, chronic obstructive
pulmonary disease, bronchiolitis, and asthma. With each disease it is important to
understand the subjects that will comprise the test population. Researchers must
address different factors that relate to the particular pathophysiology that will
ultimately dictate the inclusion and exclusion criteria for a sampled population.
As an example, asthma is a heterogeneous disease and researchers must be
rigorous to define the disease characteristics, patient symptoms, and ‘type’ of
asthma they wish to study (i.e. atopic, steroid resistant, pediatric vs. adult,
outpatient vs. acute etc.). The choice of disease phenotype and study greatly

impacts the sample population and sampling methods.

10
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L.C.2 Biological Relevance

Researchers must decide upon the most appropriate and acceptable
method of sampling. With a focus on pulmonary patients there are different
possibilities for sample collection and biofluids analyzed. Initially, I sampled the
human lung through the collection of sputum|[62]. Later, I focused on human
urine as the biofluid for NMR analysis[63]. For pulmonary investigations, these
two biofluids, sputum and urine, possess very unique properties and represent the
quintessential interplay between key issues of human sample collection;

invasiveness, patient cooperation, and biological relevance.

Often for metabolomic studies each investigation attempts to elucidate a
shift along a particular biochemical/metabolic pathway or the clinical
manifestation thereof. The researcher must ensure that the biological sample is
appropriately captured and reflects the pathway, or disease in question. To
aggravate this question further, direct sampling of the pathways is often not an
option. The direct sampling of a diseased tissue may not be realistic due to the
isolation of the event to a particular organ that is inaccessible to the majority of
sampling techniques. Direct sampling may also be difficult if the site of the
disease or metabolic reaction is essential to the test animal or human subject and
therefore may not be removed or even sampled. Therefore, biological samples
that are relevant to the pathways being studied are not always biologically

feasible.

11
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L.C.3 Sampling Invasiveness

Similarly, another factor to be considered, especially in human studies, is
the invasiveness of biological sampling. This may be bypassed with animal
models where there is greater methodological freedom, as an example; with an
animal model it becomes possible to harvest whole organs. However, in animal
models investigators take a step away from human relevance and may
compromise the correlation to human disease for easier access to biological
tissue/fluid samples. Often in preliminary studies invasiveness of biological
sampling 1s essential in order to prove relevance. Some studies sample directly
from the site of interest in human subjects through tissue biopsy. In some of my
initial work I used sputum collection. This direct sampling allowed for
identification of relevant pathways and the correlation of key indicators with the
processes of the upper airways. Later studies attempted to identify remnants, or
secondary-indicators of biological events from more accessible biofluids, such as
urine; sites that allow for less invasive methods of sampling are often more

acceptable for human studies.

For example, in my first study I sampled induced sputum in patients with
cystic fibrosis (CF) and asthma. Although sputum collection samples the ‘lung’,
with minimal contamination from the upper respiratory tract and oral cavity, the
technique is rather time consuming, and can be a source of irritation or medical

risk for patients in respiratory distress. In addition, collection of sputum from

12
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control human subjects was not possible due to non-productive collection
sessions. Although sputum collection provided a direct sampling method of the
airways, and perhaps the most biologically relevant, the limited number of
subjects that produced a sputum specimen dictated that another sampling method

was needed.

The difficulties of biological relevance and invasiveness of sampling
procedures have plagued medical investigations for sometime and in some
instances technological advancements have allowed for their circumvention[43,
64]. For example, MRI has allowed the visualization of the whole human body,
without biofluid or tissue sampling, including key organs that are not readably
accessible by traditional techniques. MRI allows for the visualization of tissue and
organs such as the human brain[65], blood vessels[66], internal organs[67], and
even the detection of selected metabolites (MRS)[68]. However, there are some
limitations to MRI; often contrast agents are required, quantitation is not possible,
or at best is a rough estimate, and some organs are not visible, in particular the
lung[69]. When direct sampling, visualization, or detection of a biological process
is not possible researchers must employ more creative techniques to monitor

pathways of interest.

As mentioned before, the population to be sampled can limit accessibility
because of the degree of invasiveness. Ethics concerning human investigations

limits the degree of stress researchers may place on the subject being sampled. As

13
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well, when studying a particular pathophysiology the disease itself will impact the

availability of various biofluids.

1.C.4 Ethics

The issues of human research ethics and subject compliance are related to
the benefits of direct sampling for biological relevance and the limitations of
invasiveness. Human studies must conform to established guidelines of research
protocols and professional codes of conduct. The appropriate treatment of human
subjects, as well as the use of samples and information in basic and clinical
research studies must ensure the safety, integrity, and privacy of the human
subject. There are additional restrictions placed upon researchers regarding their

methods of sampling, analysis, and the release of final conclusions.

1.C.5 Subject Compliance

Investigators must also consider subject compliance. Compliance, or study
completion, can be a challenge, especially for investigations of human diseases
where the patients undergo a changing treatment regimen. Therefore, human
studies must be as short as possible and involve a sampling method that is
acceptable to the individual. It is the choice of the individual if they wish to
participate in the study; this consideration can limit the design of metabolomic

and other clinical investigations.

14
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LC.6 Sample Type

Finally, the biological sample must be appropriately prepared for analysis.
In Chapter III I will discuss sample preparation, handling, and different biofluids
in greater detail. Investigators must identify inherent physical limitations of the
sample and whether or not metabolic analysis will be possible. My expertise in
sample analysis is with NMR, specifically high-resolution liquid 'H-NMR. This
focus on NMR limits the types of samples I may analyze, the compounds or
metabolites I can identify, and the scientific questions I can answer. Liquid NMR
has been the principle sampling method for decades; however, solid-state NMR is
also a choice for analysis and has been used in some biological studies (e.g. tissue
samples taken from cancer patients). The advantages of liquid and solid-state
NMR must be considered for each investigation; in my work liquid state NMR

has been the focus.

Some of my initial pulmonary studies used sputum as the biofluid
analyzed by liquids NMR. The physical nature of sputum presented significant
challenges during spectral acquisition, and later qualitative and quantitative
analysis. Due to the semi-solid and highly viscous nature of sputum additional
time was required for sample preparation, metabolite identification, and
concentration determination. A detailed discussion of sputum analysis will occur

in Chapter V.

15
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1.C.7 Sample Preparation and Storage

When the above considerations have been addressed the researcher must
prepare and store the sample prior to, or following analysis. This is a significant
matter, particularly with human studies in a clinical setting. Often samples are
collected during a patients’ visit to the hospital and must be stored on site for a
certain amount of time. The samples are then transferred to a central storage
facility to await analysis and final long-term storage. Each step in sample
preparation, transport, and storage has possible effects upon sample integrity,
biochemical identification, and correlations with disease states. Chapter III
demonstrates the extent sample preparation and storage have on metabolites in
human urine and highlights the need to carefully manage sample integrity

throughout a study[63].

LD URINE: A METABOLOMIC BIOFLUID

Overall, many different biofluids have been used for metabolomic studies.
Bronchoalveolar lavage (BAL)[70-72], sputum[62, 73, 74], cerebrospinal fluid
(CSF)[17, 75], breath condensate[76, 77], blood[78], serum[79, 80], and urine[81,
82] are a few of the more widely studied samples taken from animal and human
subjects. As mentioned before, the biological system under investigation must be
considered when choosing the appropriate biofluid. For my pulmonary studies
there were concerns about invasiveness (sputum) and sample collection (lack of

normal subject sputum) when sampling the human lung. Although urine does not
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sample directly from a patients’ lung, it does provides a rich metabolite profile
that behaves very well with the present techniques and technologies of liquid
NMR (see Chapter II and IV). After contemplation of the advantages and
disadvantages of urine, and the key considerations listed below, my later studies

chose urine as the biofluid to be sampled from pulmonary patients.

1.D.1 Sampled Population

For human pulmonary investigations urine is not often thought of as a
biologically relevant choice as a biofluid. However, with my focus on pulmonary
patients presenting with many different pathologies urine was considered to be the
most versatile and well-suited sampling method. Direct pulmonary sampling such
as BAL, or sputum is ideal for metabolomic investigations of lung disorders;
however, the invasiveness of the technique, the dangers of aggravating already ill

patients, and the limited patient compliance removed these techniques as options.

The patient population for each of the pulmonary disorders studied had a
significant impact on type of biofluid sampled. Many of the different pulmonary
diseases present in older or weaker populations (e.g. pneumonia and COPD),
which are unable to manage or recover from some of the more invasive sampling
methods. In addition, my research had a significant pediatric asthma component.
When considering the patients that would be recruited for the pulmonary studies

urine was a more feasible option than other biofluids.
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1.D.2 Biological Relevance

A concern that arose when sampling a patients’ urine was the validity with
regard to the pulmonary disorder. Are processes in the lung represented in the
urine, or so eloquently put by my supervisor ‘Is the lung connected to the urine’?
Discussions arose concerning more specific experiments to assess the transition
period of a number of different inhaled compounds, or their metabolites, to the
later arrival in the urine. Unfortunately, time did not permit me to complete these
studies. However, a number of investigations have looked at metabolites that
originate in the lung and their subsequent appearance in the urine (e.g. human
exposure to pollutants[83], inhaled radiotracers [84], and some biomarkers of

asthma[85, 86]).

Another asset of urine is the wealth of metabolites that appear in the
biofluid. The 1D '"H-NMR spectral profile of urine is extremely complex with
numerous resonant peaks throughout. Rough estimates currently list the number
of peaks to several thousand, representing anywhere from 300 — 1000 different
compounds in concentrations greater than 1uM. With regard to biological
relevance, it is hypothesized that some metabolites and perhaps some currently
unknown compounds may have biological relevance with ongoing pulmonary

pathophysiologies.
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1.D.3 Sample Acidity

A difficulty that arose in my research was the large pH variability
observed in urine samples. The chemical shifts (resonant frequency) of
metabolites identified by NMR are subject to perturbations as a result of changes
in pH. The range of physiological urine pH values often rested between pH 6 to 8.
For all NMR investigations in this thesis urine samples were pH’d to 6.8 with HCl
and NaOH (see the Methods section of each Chapter). This standardization
allowed for more consistent metabolite resonance identification and translation
between multiple spectra. In addition, some spectral analysis software used for
metabolite quantitation have multiple metabolite databases at different pH
(Chenomx, Edmonton, AB, and ACD labs, Toronto, ON). This allowed for
accurate metabolite identification and the calculation of concentrations at

physiologically relevant pH intervals (i.e. pH 5 — 8).

1.D.4 Sample Preparation and Storage

It is important to remember the physiology from which the sample
originates, as well as the method of collection. Urine is not a sterile fluid. Within
urine there are a number of compounds and sources of energy with which
microorganisms flourish[87, 88]. Many studies have looked at the propensity of
infection in patients with intraurethral catheters[89-91]. It is common for
individuals who are immunocompromised to develop urinary tract infections due
to the ability for micro-organisms to flourish from the nutrients in urine[88, 91,

92]. As urine is excreted from the body it comes in contact with surfaces that are
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host to a number of normal floraf93, 94]. These bacteria can contaminate urine
samples and therefore modify the metabolites before final analysis. Pulmonary
patients in my studies visited the hospitals in either the Emergency Department or
the Outpatient Clinic at the Universities of Alberta and Manitoba. During this
time the patients provided a sample and proceeded with their appropriate clinical
procedures and therapies. A risk of this method of sample collection was the
possibility that the urine sample sat on a countertop for a period of time before it
was frozen. In addition, there was a high probability that the urine would remain
in the clinic freezer for a few hours before being taken to a laboratory deep-freeze
(-80°C) to await final analysis. Depending on spectrometer usage, acquisition of
the NMR spectra can be delayed by weeks. Each of these steps has the potential to
cause further sample deterioration or modification to take place. It is not known to
what extent samples degrade, change, or if bacterial contamination alters the
metabolite profile before the sample is analyzed. I designed an investigation,
which helps to outline appropriate urine sample collection, preparation, and
storage techniques to ensure the final analysis represents the original metabolic

profile of the subject (Chapter III)[63].

LE HUMAN BIOLOGICAL HOMEOSTASIS vs. VARIATION .. |

1.E.1 Biological Complexity

The human body is composed of a vast array of metabolic processes. It is

astounding to consider the constant flux of metabolites and chemicals throughout
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