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ABSTRACT

Metabonomics has emerged as the latest field of research within the recent 

‘omics’ generation. Like the predecessors, genomics and proteomics, 

metabonomics takes more o f 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 o f a specific 

pathway, or o f a particular disease. One-dimensional 'H-NMR has become one of 

the principle tools for metabolomic investigations. NMR analysis o f 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 o f metabolomics. Chapter II 

presents novel work that optimized NMR for the qualitative and quantitative 

analysis o f metabolites in biofluids. The defined procedures for proper 

acquisition, processing, and analysis o f NMR spectra provided a strong basis for 

later NMR quantitative analysis o f biofluids, such as urine. Chapter III applied the 

quantitative analysis to identify indices o f 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 o f 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 o f NMR for metabolomic studies o f 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 -NM R spectroscopy to human metabolomic
studies: lessons from asthma

l.A  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 o f the physiology of an organism.

1
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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 o f gene expression. Metabonomics attempts to track the flux o f 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 I 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 o f metabonomic

2
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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 o f metabolites and biomarkers. For human metabonomic 

studies the identified pathways and biomarkers can provide information beyond 

the endogenous biology, such as the influence o f 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 o f 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

3
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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 o f 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 o f NMR 

analysis includes its non-destructive nature, the relatively short time required for 

data acquisition, minimal sample preparation, as well as a wealth o f experiments 

that help to illuminate molecular structure and the dynamic nature of molecular 

interactions. The principle weakness o f NMR is the limited sensitivity; ID 1H- 

NMR can only confidently detect and quantify metabolites greater than roughly 

lpM . Technological advancements continue to increase the sensitivity and 

improve the overall stability o f the spectrometer, ease of data collection, and 

increase resolution. These spectroscopic improvements have seen a concurrent 

widening o f the applicability o f 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.
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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 o f 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 Moqbel, 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 o f the University of Alberta; Drs. Marrie (Dean of 

Medicine), Adamko (pediatric pulmonologist), and Rowe (Director o f Emergency
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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 o f 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 o f biofluids might identify 

key metabolites that are indicative of various phenotypes o f asthma, as well as 

enhance the current understanding of asthma and response to treatment. A more 

detailed background o f asthma, as well as some o f 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 disease state’? This thesis will outline the technical and philosophical 

challenges I encountered when applying high-resolution 'H-NMR spectroscopy to 

human metabolomic investigations.

I.B METABOLOMIC TECHNOLOGIES j

Several methods have demonstrated their usefulness in the identification 

and quantitation o f 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 o f these technologies has inherent advantages and 

disadvantages. O f 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.

LB. 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 

o f MS to most metabolomic investigations.

I.B.2 Nuclear Magnetic Resonance Spectroscopy_____________________________

High-resolution 1 H-NMR spectroscopy has a number o f 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 ID '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 o f urine, 

hundreds o f metabolites in a single spectrum. To extract quantitative information 

from ID 'H-NMR the area under the respective resonant peaks o f a metabolite 

may be integrated along with the resonance o f 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 o f samples to be analyzed by NMR. 

In contrast to traditional protein NMR, samples are not purified proteins 

undergoing structure determination over a period o f several months. 

Metabolomics requires the analysis o f 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 o f the information is vital. Therefore, the sampling of the particular 

biological pathway has been the source of a lot o f my work and many discussions.
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I.C METABOLOMIC SAMPLES

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.

I. C. 1 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.
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I.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 o f 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 o f 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

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



I. 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 o f biological 

sampling is essential in order to prove relevance. Some studies sample directly 

from the site of interest in human subjects through tissue biopsy. In some o f 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 o f biological events from more accessible biofluids, such as 

urine; sites that allow for less invasive methods o f 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
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control human subjects was not possible due to non-productive collection 

sessions. Although sputum collection provided a direct sampling method o f 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 o f biological relevance and invasiveness o f 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 o f 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 o f interest.

As mentioned before, the population to be sampled can limit accessibility 

because o f the degree o f invasiveness. Ethics concerning human investigations 

limits the degree o f stress researchers may place on the subject being sampled. As
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well, when studying a particular pathophysiology the disease itself will impact the 

availability of various biofluids.

l.C. 4 Ethics______________________________________________________________

The issues of human research ethics and subject compliance are related to 

the benefits o f direct sampling for biological relevance and the limitations of 

invasiveness. Human studies must conform to established guidelines o f research 

protocols and professional codes of conduct. The appropriate treatment o f 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 o f sampling, analysis, and the release of final conclusions.

l.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 o f the individual if  they wish to

participate in the study; this consideration can limit the design o f metabolomic

and other clinical investigations.
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I. C. 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 1 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 o f 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.
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l.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].

I.D 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 o f urine, and the key considerations listed below, my later studies 

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

l.D .l 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 o f the technique, the dangers o f 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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I.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 o f 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 ID 1 H-NMR spectral profile o f 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 lpM . 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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I.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 o f changes 

in pH. The range o f 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 HC1 

and NaOH (see the Methods section o f 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).

I.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 flora[93, 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 o f Alberta and Manitoba. During this 

time the patients provided a sample and proceeded with their appropriate clinical 

procedures and therapies. A risk o f this method of sample collection was the 

possibility that the urine sample sat on a countertop for a period o f 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].

I E HUMAN BIOLOGICAL HOMEOSTASIS vs. VARIATION

l .E .l  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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the human body, through various vessels and organs, and within the organelles of 

every cell. The complexity of the organization is remarkable when one considers 

that the human body has approximately 10 -  100 trillion cells, with all of the 

biochemical processes of every cell controlled in some fashion. Basic biology 

teaches that one o f the basic mechanisms of control is through the use of feedback 

loops. This process allows cells and the human body to coordinate the transport, 

conversion, and utilization o f metabolites in a controlled and relatively efficient 

manner. This leads to the understanding of biological homeostasis. Homeostasis 

teaches that individuals cannot survive if  all biological mechanisms of the human 

body are allowed to proceed un-checked. In order to maintain a cellular balance, 

and in order to perform specific tasks essential for life each o f the metabolic 

pathways must remain under some sort of control.

I.E .2 Biological Homeostasis______________________________________________

We can easily observe examples of biological homeostasis, such as the 

regulation o f body temperature. Human bodies maintain a constant temperature of 

37°C (98.6°F). There are a number o f mechanisms through which the human body 

regulates and maintains this temperature, including automatically closing pores 

(goosebumps) and rapidly contracting muscles (shiver) to increase body 

temperature, or perspiration to lower temperature. Too high (fever, 38°C), or low 

(hypothermia, 36.1°C) o f a body temperature causes cellular and organ function to 

fail and can lead to death. Similar biological and homeostatic control is required 

at the biochemical level; for example, the regulation of blood glucose
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concentrations. If control over blood glucose concentration is lost an individual 

may develop diabetes, which if left untreated will lead to death. Therefore, it is 

clear that the human body is not simply a container in which metabolism is 

allowed to proceed randomly, but rather is a tightly regulated dynamic process 

operating within defined extremes. It was believed that since all biochemical 

processes must be maintained and regulated to create life and since all ‘healthy’ 

individuals are relatively phenotypically similar, i.e. must maintain similar basic 

biochemical functions, then there must be a basic biochemical definition of 

metabolism. As well, because we can already clinically define ‘sick’ from 

‘healthy’, this basal metabolic definition must be known.

Surprisingly, little research has been conducted to define the normal and 

healthy excretion of metabolites in human urine. Often the assumption is that 

science already understands the excretion of metabolites from the human body, or 

there are citations to the Geigy tables, which try to define normal limits of 

physiological functions[95]. Careful review of scientific literature and textbooks 

reveals that very little is known regarding urine secretion for the majority of 

metabolites. Physiologically and clinically the attention has been given to a 

handful of ions and metabolites (e.g. urea, glucose, albumin, creatine/creatinine, 

Ca2+, Mg2+, and K+). The often-cited Geigy tables reference original scientific 

articles that use only a handful o f human subjects[95]. A recent project has begun 

at the University o f Alberta called the Human Metabolite Database. This project 

will attempt to identify and set normal ranges on a number o f metabolite
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concentrations found in various biofluids (www.hmdb.ca). Through my research 

it became clear that a better understanding of normal metabolite excretion was 

needed before any comparisons were made to a disease population.

I.E .3 Metabolic Homeostasis______________________________________________

A definition or a philosophical choice must also be made concerning what 

it means to be ‘normal’. If asked, the majority of individuals would self-diagnose 

themselves as normal. If  people are normal, they are physically stable, healthy, 

and therefore should have similar urine metabolite secretion. Clinically and 

intuitively it seems rather basic that a general healthy phenotype would produce 

similar urine metabolite profiles since at a basic level every healthy individual 

must perform similar biochemical reactions (e.g. glucose, protein, and nucleic 

acid metabolism). The phenotypic endpoint of many biochemical pathways, when 

altered, may be obvious in a medical context. Clinically, there is no need to 

provide a urine sample to differentiate a healthy individual from one undergoing 

an acute exacerbation o f asthma. However, in my research there remained a need 

to define the metabolic profile of healthy human subjects. With the earlier 

assumption o f biological homeostasis the biochemical definition of a normal 

population became very challenging. Under the gross physiology and phenotype 

o f the healthy human population, is there an underlying metabolic and 

biochemical variability or flexibility that we are unaware of?
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I.F NORMAL METABOLOM1C POPULATIONS |

l.F .l  Importance o f  Normal_______________________________________________

Since the historical periods of the Renaissance and The Enlightenment the 

Scientific Method has been the driving principle behind all scientific 

investigations. Experimental procedures attempt to isolate the system being 

studied as much as possible, measure and observe outcomes, and draw 

conclusions based upon the comparison of test measurements with those from a 

control or standard. Up to this point much of the focus has rested primarily upon 

the test population and the disease being studied. Often less attention has been 

awarded to the sampled population upon which all measurements are finally 

compared to and conclusions are based upon: the control or normal population. 

As I proceeded through my PhD research it became clear along that I needed to 

clarify, define, and/or remove as many assumptions as possible. One of the largest 

assumptions I came across was the idea that it was already known how a normal 

human population appears biochemically when sampled via the urine.

Defining the sampled population is particularly important in human 

studies where disease variability is compounded by genetic heterogeneity, 

variation in treatment, response to treatment, and socio-economic/lifestyle 

differences. Efforts were made to sample a ‘similar disease population’ so that 

measured observations may be correlated to the disease without significant 

deviations due to outside influences. The initial chapters of this thesis devote 

significant time to the consideration of analysis; how to appropriately sample
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patients and human subjects (Chapter III), and how to acquire and interpret the 

data (Chapter II) so that valuable information about the disease, physiology, or 

pathology may be extracted (Chapters V -  VIII).

In some avenues o f biological investigation the idea of a normal 

population might be easier to satisfy. As an example, in measuring cellular or a 

biological response to certain stimuli often the same animal or a cell line may be 

used in the control and test group. In other experiments it is possible to preserve 

the same subject throughout the experiment, i.e. take a baseline reading of a 

specific process, treat or stress the subject, and then repeat the measurement. 

These types o f experiments are able to remove many of the questions regarding 

inter-subject comparison of control and test groups by maintaining the same 

subject with a basic “before and after” type of analysis. However, in human 

studies this is often not possible, particularly when trying to elucidate the altered 

biochemistry or physiology of a disease state.

l.F .2 Definition o f  Normal________________________________________________

When trying to identify a normal population for investigation we must 

question our own inclusion and exclusion criteria and carefully scrutinize why 

they were selected. There are a number of unique stressors that influence a 

sampled normal population. My initial ‘normals’ study took place at a large 

academic institution and medical facility where there were predisposed socio

economic levels unique to the geographic region. With the rise of immigration in
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the province of Alberta there has also been an introduction of individuals from 

different cultures and genetic backgrounds. As well, in a Western culture there are 

unique dietary trends and a larger reliance on over-the-counter pharmaceuticals 

(e.g. ibuprofen, acetaminophen, multivitamins). As these issues were considered a 

list of confounding factors grew that could potentially influence the metabolite 

concentrations observed in the sampled normal population.

To investigate the metabolites in urine from a normal adult human 

population we selected 30 male and 30 female subjects. They were sampled 

morning and afternoon of every day, for 30 days. The primary exclusion criterion 

for this study was an absence of major chronic illness. I chose to ignore all of the 

possible influencing factors mentioned in the paragraph above for the preliminary 

sampling o f a normal population. Over the 30 day study some of the participants 

suffered a “cold” for a few days, others took vitamins, were social drinkers, took 

birth control, anti-depressants, medications etc. Each participant was required to 

keep a diary throughout the 30 days recording diet, supplements, activities, 

menstrual cycles, and stress levels. This detailed meta-information will allow for 

the additional exclusion o f some individuals and re-analysis at a later time, but for 

the first study it was decided to focus on a more inclusive normal population (see 

Chapter IV).

Philosophically I believe the study described in Chapter IV is 

representative o f normal. Some critics’ contest that all participants taking
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pharmaceuticals should be removed. However, do we then remove anyone who 

had a “cold” for a period of time over the 30 days o f the study? I argue that in our 

society it is normal to take the occasional pharmaceuticals for various ailments 

(e.g. ibuprofen, Sudafed®, etc), not participate in regular exercise, consume the 

occasional alcoholic drink, and experience high levels o f stress. My study 

attempted to sample and study metabolite excretion in urine from a normal 

population, not some conceptualized ideal population. Inevitably, I would like to 

extend my metabolomic research to asthma urine sampled from patients visiting 

the ER or the outpatient clinic. As such it is o f no use to determine metabolite 

excretion in an idealized healthy population, but rather an honest representation of 

the daily activities and lifestyles of regular human subjects that better incorporate 

the activities of a future test population (e.g. asthma patients).

I.G BIOMARKER DISCOVERY AND METABOLOMIC 
CORRELATIONS

Once a normal population has been carefully defined researchers can 

attempt to identify unique metabolic pathways that are altered in some way in a 

treated or diseased population, and correlate the observed changes to a particular 

altered state of physiology. Accurate identification and quantitation of key 

biomarkers are at the root of all metabolomic investigations. It was hypothesized 

that by identifying either unique metabolites, or by profiling a collection of 

metabolic pathways, insight may be gained regarding particular biological events
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associated with diseases that may lead to improvements in understanding, 

diagnosis, prognosis, and therapy.

I.G .I Systems Biology. Complex Questions__________________________________

“The failure of reductionism doesn’t mark the failure o f science, but only 

the replacement of an ultimately unworkable set o f assumptions by more 

appropriate styles of explanation that study complexity at its own level and 

respects influences, Stephen Jay Gould[96]. Metabolomic investigations 

sampled at the biofluid and cellular level, acquire data at the atomic and 

biochemical level, and attempt to correlate the metabolite profile to the unique 

pathophysiology of the disease under investigation. This is an extremely complex 

process requiring knowledge o f many different scientific disciplines. When does a 

metabolite cease being a simple molecule that is broken down or utilized in a 

biochemical manner and become a metabolite or biomarker important to 

clinicians and researchers? Beneath the simple idea o f identifying metabolites in a 

metabolomic investigation is the desire to draw definitive scientific conclusions 

regarding complex physiology and disease biochemistry. Therefore, what 

information is required for a metabolomic study? A black-box multivariate 

statistical analysis that simply returns a statistically significant separation of two 

populations, or an in-depth biochemical interpretation of the data involving an 

understanding of analytical chemistry, biochemistry, physiology, microbiology, 

immunology, histology, medicine, statistics, and systems biology?
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I.G .2 M etabolite or Marker?

A metabolite may represent a step along any portion o f an extensive 

pathway of metabolic reactions in the human body. The unique biomarker or 

metabolite may either represent a primary causation or a secondary indicator o f a 

particular pathway. The difficulty resides in the differentiation between a 

common metabolite, which represents basal biological processes, and a general 

indicator of ‘biologic stress’, or a biomarker, which represents a unique 

compound providing specific knowledge regarding the pathophysiology being 

investigated.

Often among the collaborations between basic researchers and clinicians 

there remains a discrepancy in the philosophical question regarding the final 

endpoint for metabolomic investigations. Is the purpose to separate populations 

based upon unknown ‘peaks’ and a linear combination of spectral signatures, or is 

the final purpose to address the metabolomic question at the biochemical level? 

Unlike the questions posed by clinicians, for the basic researcher a metabolomic 

investigation may continue past the identification of key metabolites to an 

understanding of the metabolic pathway and the interpretation of the biochemical 

information back to the pathophysiology of the disease being studied. This thesis 

attempts to address some early assumptions in the metabolomic field and 

optimizes scientific methods so that metabolomic analysis and interpretation can 

be drawn to a completed conclusion, allowing for the best understanding o f the 

biological system under investigation.
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I.G .3 Population Separation

Earlier in this chapter I introduced and provided examples of appropriate 

methods to correctly sample a biological system, analyze the biofluid by accepted 

analytical techniques, and identify a signature that is unique and provides relevant 

information when compared to a correctly formulated normal or control 

population. A pivotal question that I believe needed to be answered next was 

whether or not additional efforts needed to be taken once a unique spectral 

signature or metabolite was identified. Metabolomics has been heralded as a 

scientific investigation, which can directly sample biological endpoints 

(metabolites) that are the result of altered physiology and thus the disease in 

question. In a medical environment any clinical differentiation between two 

populations, healthy and diseased, is sufficient to warrant clinical intervention and 

the commencement o f appropriate therapeutic measures. A number of statistical 

techniques have been developed that attempt to take amassed data and either 

blindly sift for unique signatures and statistical correlations, or through a neural 

network fashioned ‘learn’ from a training set of known diseases and apply those 

metabolic limits and trends to any future samples. A consideration that needs to 

be applied to metabolomic studies, and specifically to its clinical application, is 

simply can “two populations can be separated?”.

Statistical analysis tools such as principle component analysis (PCA) [97, 

98]and relative distance plane (RDP) [99-101]allow for the decomposition and
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projection o f complex, multivariate, and high-dimensional data onto a simplified 

set of vectors that can be easily visualized and interpreted by researchers. Often 

this method o f analysis requires little to no prior knowledge and relies upon 

machine learning to separate distinct populations. This type of analysis is very 

attractive to non-hypothesis driven research as it allows for the possible discovery 

of novel compounds. A more detailed discussion of multivariate analysis for 

NMR-metabolomic investigations is provided in Appendix C.

The method of multivariate statistical analysis, or data mining requires 

large datasets (patients) in order to reduce the dimensionality and refine the 

statistical conclusions to spectral signatures that separate the two populations. 

Without appropriately sized datasets multivariate analysis is prone to ‘over

fitting’, which limits the effectiveness o f population separation when additional 

samples are studied. Many metabolomic studies, and most with a clinical interest, 

publish at this stage of investigation. The predominating question is whether the 

two populations are different and can be separated statistically. Often, the unique 

NMR signatures, that the PCA or RDP algorithms used to separate the 

populations, are not translated to actual metabolites. For many journal 

publications the metabolite concentrations are not reported, and the authors 

provide no definition o f concentration ranges, or any explanation regarding 

specific pathways.
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L G .4 Biochemical Interpretation

The strength o f a metabolomic study is the direct sampling of a human 

subject, the measurement and interpretation of final phenotypic outcomes of 

metabolic pathways, and the ability to trace those disease manifestations to a 

particular biochemical process. NMR spectra can be analyzed by specific 

metabolite identification, which requires prior knowledge of resonant frequencies 

and spectral signatures, or through multivariate statistical analysis. There is a 

methodological strength in combining the two techniques of analyzing NMR data 

acquired for metabolomic studies. Since my studies have primarily focused on 

human pulmonary disorders there is a preexisting wealth of knowledge that 

allows for a reasonable hypothesis regarding metabolic pathways unique to 

pulmonary disorders. For instance, there are known pathways, cellular responses, 

and immunological cascades that predominate in certain pulmonary 

pathophysiologies that lend themselves to metabolomic studies. Investigators are 

limited to known compounds, but may quickly and confidently qualitatively, and 

quantitatively analyze ID !H-NMR spectra. Researchers should keep in mind that 

the prior knowledge is not complete and new compounds may be identified 

through a metabolomic investigation. The two methods of analyzing NMR 

generated data that allows for a more complete extraction of pertinent 

information. Appendix D will continue the discussion regarding the interpretation 

and the continuing efforts to translate ‘spectral signatures’ of interest as 

determined by multivariate analysis to biochemical compounds with known 

structure and physiological involvement.

32

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



In human urine the number of compounds that may be identified by ID 

’H-NMR is theoretically over a thousand (including influences such as diet, 

pharmaceuticals, xenobiotics, and normal physiology). In any human urine 

sample the number of compounds present in a single sample, that may be easily 

identified and quantified by ID ’H-NMR, is estimated to be around 400. When 

identifying metabolites that may differentiate populations and diseases it is 

important to ensure that the compound is appropriate and unique to the disease, 

long-lived or stable, and is specific to a relevant pathway of the disorder.

LH THESIS RATIONALE

Metabolomics is quickly becoming a popular method for the sampling of 

complex pathways in organisms. Metabolomic investigations attempt to identify 

metabolites that are either causative or indicative of unique biological processes 

or disease pathophysiologies. Therefore, these studies are extremely useful as a 

basic research attempt to enhance the current state o f knowledge o f a particular 

biological process. As well, because metabolomics often samples directly from 

human patients clinicians are interested in the application of metabolomic- 

generated data towards patient diagnosis, prognosis, and the managing of 

appropriate therapeutics. This thesis attempts to carefully develop methods of 

collection, analysis, sample preparation and storage, as well as statistical
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correlation and interpretation to ensure proper scientific investigation in

metabolomic studies.

Specific Aim #1 -  Optimization o f  NMR data acquisition for metabolomic 

investigations

Chapter II -  NMR has become a leading analytical tool for metabolomic 

studies. There are significant differences in scientific methodology and 

acquisition requirements for metabolic studies that must be addressed. This 

chapter reviews operating procedures fo r  data acquisition, post-acquisition 

processing, and quantitative analysis. Acquisition parameters are optimized to 

ensure the excellent quality of the data, and to minimize the influence of 

spectrometer engineering. Different software packages for metabolite quantitation 

are identified and compared for accuracy and precision.

Specific Aim #2 -  Urine sample preparation and storage______________________

Chapter III -  Urine is a popular biofluid for human metabolomic studies 

because of the ease of collection and rapid time for analysis. It is necessary to 

identify that in human clinical investigations urine samples are often collected at 

hospitals where sample storage, preparation, and analysis can be delayed. This 

chapter investigates the impact o f  sample preparation and storage techniques on 

the fidelity o f  the urine to accurately represent the original metabolic state o f  the 

human subject.
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Specific Aim #3 -  Normal population

Chapter IV -  The majority of clinical and metabolomic investigations 

attempt to identify changes in concentration and elucidate fluctuations in 

particular metabolic pathways that diagnose and provide information regarding a 

disease state. Data from the disease population is compared to a sampled 

population of ‘normals’ to identify changes in metabolite concentrations. This 

chapter investigates metabolite variability in a sampled normal population over a 

period o f  30 days ((inter-individual variability and intra-individual variability).

Specific Aim #4 — Metabolomic analysis o f  sputum from CF patients____________

Chapter V -  Traditional pulmonary diagnosis and assessment techniques 

for asthma or CF involve invasive procedures such as bronchoscopy, measures of 

overall lung function, and general immunological assessments such as sputum cell 

counts. This chapter demonstrates the ability o f NMR to analyze induced sputum 

from  CF patients and identifies markers o f  immunological cellular activation. 

This preliminary paper points to the beneficial information obtained by 

identifying cellular activity rather than simply cell presence in conjunction with a 

specific disease pathophysiology.

Specific Aim #5 -  Guinea p ie  model o f  asthma_______________________________

Chapter VI -  The animal model o f asthma allows for the control of 

biological history, environment, and therapeutics, something not possible with 

human clinical studies. Urine was collected from control, sensitized, and
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challenged guinea pigs. This chapter presents the correlation o f  metabolic 

signatures from  NMR spectra o f  guinea p ig  urine as an animal model o f  allergy 

and asthma. The ability to separate differently treated animals by NMR analysis 

of the urine confirms the metabolic indices o f underlying pulmonary physiology.

Specific Aim #6 -  Analysis o f  acute and post-treatment human asthma__________

Chapter VII -  The first application of metabolomic techniques towards 

the study of asthma through the analysis o f human urine focused on patients 

admitted to the University o f Alberta emergency department. The patients were 

sampled a second time following clinical treatment. This chapter presents a 

metabolomic study o f  acute human asthma patients prior to, and following, 

corticosteroid treatment. This study is not fully completed, but demonstrates the 

application of metabolomics towards the understanding acute human asthma 

pathophysiology.

Specific Aim  #7 - Pediatric asthma longitudinal study_________________________

Chapter VIII -  In addition to acute patients, a useful medical application 

of metabolomics would be the investigation of therapeutics and stabilization of 

human asthma over long periods of time. This chapter documents the 

investigation o f  metabolic markers in relatively stable human pediatric asthma 

patients over repeat visits to an outpatient clinic. This study attempts to identify 

and follow metabolic indices o f stable human asthma following different 

therapeutic interventions and over extended periods o f time.
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Specific Aim #8 — Recommendations for future metabolomic studies___________

Chapter IV -  Metabolomics has received growing interest over the last 

few years. Its application has included studies o f simple metabolic pathways to 

complex disease diagnosis. This chapter reviews the contributing works o f  

Chapters II- VIII to the fie ld  o f  metabolomics, and reflects upon many 

philosophical challenges and questions that arose over the duration o f  the 

research fo r  this thesis.
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CH APTER II

Optimization o f  NMR qualitative and quantitative analysis o f body fluids 

OVERVIEW

With the growing interest in the use o f NMR spectroscopy for the study of 

biological fluids such as urine and serum for metabolomic or diagnostic purposes, 

new challenges have arisen concerning the efficacy o f NMR data acquisition and 

analysis[l, 2], In particular, the quantification of sample constituents such as 

metabolites is o f great importance. This chapter reviews a study that compared 

five  one-dimensional proton NMR pulse sequences using synthetic urine samples 

to determine appropriate acquisition parameters fo r  reasonable sample 

throughput and accuracy. Each pulse sequence that was chosen had its own 

advantages and limitations with respect to solvent suppression, baseline stability, 

exchangeable protons, and quantization of resonances near the residual water 

peak.

Issues pertaining to spectrometer hardware (low-pass filters), the pulse 

sequence used to collect the FID, the software to analyze the spectra, as well as 

NMR phenomena such as longitudinal relaxation impacted the accuracy and 

efficacy of the qualitative and quantitative analysis of urine samples. The 

optimization of analysis is extremely important to ensure that the data collected 

and the scientific conclusions are accurate.
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INTRODUCTION

Today, metabolomic and magnetic resonance diagnostic (MRD) 

investigations are beginning to harness the versatility of NMR to identify 

compounds from biological fluids such as urine, serum, or cerebral spinal fluid[l- 

5]. With a shift in focus from structural elucidation to more physiological 

questions arising from in vivo samples there is a need to review the efficacy of 

NMR data acquisition and the ability to identify and quantitate sample 

constituents that are thought to play a role in various pathophysiological states[6- 

8 ].

Concomitant with the use of NMR for metabolic investigations, sample 

numbers have also increased. Animal or clinically based studies require the 

analysis of multiple samples to produce statistically significant results. As such, 

investigators require pulse sequences that provide flat baselines, optimum solvent 

suppression, superior signal-to-noise, and resolution while remaining robust 

enough to analyze hundreds of samples without requiring lengthy pre-acquisition 

or pulse sequence set-up[9]. Our investigation of the efficacy of NMR qualitative 

and quantitative analysis focuses on synthetic urine samples analyzed by five 

widely used pulse sequences for the acquisition of NMR data[3, 10, 11], The data 

was then analyzed by spectral integration using standard NMR software, as well
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as the Chenomx NMR Suite software, which is designed for analysis of NMR 

metabolomics data.

This chapter outlines a study I conducted that demonstrates the impact 

different one-dimensional *H NMR pulse sequences and acquisition parameters 

have upon the efficacy of solvent suppression, baseline stability, exchangeable 

protons, and the accuracy of quantitative analysis. The effects of different 

acquisition parameters are o f particular importance when determining 

concentrations relative to the integration of internal standards and the knowledge 

o f relaxation rates (Ti) of the nuclei being studied. This study also addressed the 

impact spectrometer hardware, such as low-pass filters, had upon quantitation.

EXPERIMENTAL PROCEDURES

II-A. Sample preparation__________________________________________________

A synthetic urine buffer was used which provides a solution with similar 

chemical characteristics to that o f real urine, allows for a known and reproducible 

buffering system, and has a defined metabolic profile (408 mM urea, 77.9 mM 

NaCl, 20.5 mM KH2P 0 4, 16.0 mM Na2S 0 4, 18.6 mM NH4C1, 21.2 mM KC1, 

0.02%w/v NaN3, 3.26 mM CaCl2, 3.17 mM MgCl2*6H20 , 5% D20 , and 0.49 mM 

DSS (disodium-2, 2-dimethyl (2-silapentane-5-sulphonate))[12], Two samples 

containing specific chemical compounds were prepared in the laboratory using the 

synthetic urine buffer. Compounds included in the two samples were chosen to
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provide a range of NMR spectroscopic characteristics such as differing T i’s, 

signal multiplicities, and resonant frequencies. Standard Sample 1 contained final 

concentrations of 2-oxoisocaproic acid (5.02 mM), formic acid (3.78 mM), 2- 

oxoglutaric acid (4.95 mM), sodium acetate (1.06 mM), fumaric acid (2.99 mM), 

threonine (4.02 mM), and phenylalanine (4.01 mM). Standard Sample 2 contained 

final concentrations of fucose (10.1 mM), citric acid (3.08 mM), glutaric acid 

(2.15 mM), hippuric acid (7.07 mM), hypoxanthine (2.15 mM), and 

dimethylamine (3.19 mM). Both samples were brought to volume in the synthetic 

urine buffer solution (see above). All chemicals were purchased from Sigma- 

Aldrich (Mississauga, ON). The final pH for Samples 1 and 2 were 4.66 and 5.73, 

respectively. Aliquots of the two samples (600 pi) were then transferred to 

standard 5mm glass NMR tubes (Wilmad, NJ, USA).

A third sample was made from an amino acid standard ampoule (17 amino 

acids) purchased from the National Institute o f Standards and Technology (SRM 

2389, Standard Reference Materials, Gaithersburg, MD, USA). The 1ml ampoule 

was combined with 2.5 ml o f synthetic buffer solution (see above) and had a final 

pH of 5.94. A 600 pi aliquot was transferred to a standard 5 mm glass NMR tube.

ll-B. NMR Spectral Acquisition____________________________________________

NMR spectra were acquired on a 600 MHz Varian Inova spectrometer 

equipped with a 5 mm triple resonance probe with z-axis pulsed field gradients. 

One-dimensional 'H  spectra were collected at 25°C with a spectral width of 7200
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Hz, 4 steady state scans preceding acquisition, and 32 transients were acquired for 

each spectrum which were then apodized with an exponential decay 

corresponding to a line broadening of 0.5 Hz prior to Fourier Transformation. 

Spectra were zero-filled to 128k. The acquisition time per scan was 4s, with a 

varying preacquisition delay of about Is to ensure the total time per scan was 5s 

for all o f the pulse sequences. The total time per scan of 5s was chosen to balance 

sample throughput for metabolomic studies as well as relative accuracy of 

quantitation of metabolites. The five different pulse sequences were chosen from 

the Varian BioPack software package (circa November 2003), but are commonly 

used in all NMR laboratories and are available in all manufacturers’ software. All 

spectra were acquired in succession to minimize any spectrometer variations. For 

each spectrum the shimming was optimized so that the DSS linewidth was below 

0.9 Hz. The first pulse sequence used a WET type of water suppression (shaped 

pulses and gradients) followed by a final 90° read pulse[13, 14]. The tnnoesy 

pulse sequence is a one-dimensional NOESY with transmitter saturation during 

the preacquisition delay and mixing time[15]. The tpresat sequence uses a 

transmitter presaturation, followed by a 90° read pulse[16]. The s2pul pulse 

sequence uses the decoupler for presaturation, followed by a 90° read pulse[9]. 

Finally, the cpmgt2 sequence uses decoupler presaturation followed by a Carr- 

Purcell-Meiboom-Gill spin-echo pulse train[10, 11]. The optimized 90° pulse 

width was 7.3ps in all of the NMR experiments. The NMR pulse sequences that 

used presaturation had an effective yBi field of 60 Hz for 900ms. WET had a z- 

gradient level of 30G/cm for 2ms. CPMGT2 had a 5G/cm gradient for 1ms, a
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spacing of 540ms between 180° pulses, and an overall tau o f 80ms. Prior to 

acquisition each pulse sequence was optimized to ensure the best spectra were 

collected. Figure II-1 shows a graphical representation of the pulse sequences.

Samples 1 and 2 were re-acquired once a week for 3 weeks. To limit 

sample degradation, sodium azide was added to each sample (see sample 

preparation section above) and samples were stored in a refrigerator (4°C) 

between acquisitions.

_ &6ms &6ms 6u6ms 6u6ms
  IjOs   ljOms .—. LOms ljOms _ lOros
X x  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------

7-3 x x  s
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Figure II-1. Schematic of five different ID 1H-pulse sequences.
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Il-C. NMR Quantification

The buffer constituent DSS served as internal standard for spectral 

quantification. The methyl resonance peak o f DSS was utilized as an internal 

reference set to Oppm. Spectral quantification used both the VNMR 6.1C software 

package (Varian Inc, Palo Alto, CA) and the Chenomx NMR Suite Professional 

software package Version 3.1 (database available at pH 7.0, Chenomx Inc., 

Edmonton, AB). Spectral baselines were corrected using the ‘dc’ macro in 

VNMR 6.1C, which sets the extreme 10% regions on either side of the full 

spectrum to zero. Areas for spectral integration were chosen, as much as possible, 

to include resonant peaks of interest while excluding surrounding signals[8]. 

Integration regions were maintained for data collected from differing pulse 

sequences. NMR determined concentrations were confirmed by amino acid 

analysis o f Samples 1 and 3.

II-D. Ti_ measurement_____________________________________________________

Longitudinal relaxation rates for the chemical constituents o f all the 

samples were determined by an inversion -  recovery experiment using the s2pul 

pulse sequence. The relaxation delay in the middle o f the pulse sequence was 

arrayed from 0.1 to 20s, with a preacquisition delay of 25s before each transient to 

ensure all magnetization returned to equilibrium prior to subsequent scans.
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II-E. Filter attenuation mapping

A series o f spectra were collected on Sample 1 where the only differing 

variable during spectral acquisition was the sweep width (sw) in order to test the 

different effects o f attenuation observed by different compounds as a result of 

their chemical shift and relative distance from the edge of the spectrum. One

dimensional ’H-NMR spectra were acquired on a 600 MHz Varian Unity 

spectrometer using the s2pul pulse sequence, a temperature of 25°C, 4 steady- 

state scans preceding acquisition, and 32 transients. Each spectrum was apodized 

with an exponential decay corresponding to a line broadening of 0.5 Hz prior to 

Fourier Transformation.

To map the regions and the degree o f signal attenuation a doped 4 Hz 

linewidth H2O/D2O (1% H2O) sample was used with O.lmg/ml GdCl3 and 0.1% 

DSS in a sealed 5mm NMR tube (Varian Inc, Palo Alto, CA). A one-dimensional 

'H  spectrum was collected using the s2pul pulse sequence (saturation turned off), 

at 25°C, a sweep width of 7200 Hz, and the residual water peak (at the centre of 

the spectrum) was slowly moved to the edge of the spectrum. The experiment had 

an initial delay o f 10s and a 21-step array o f the transmitter offset, -220 Hz. to 

3780 Hz. One steady state scan preceded acquisition, and one transient was 

acquired for each acquisition in the array, which was apodized with an 

exponential decay corresponding to a line broadening of 0.5 Hz prior to Fourier
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Transformation. In order to compare the different low-pass filter systems of 

differing spectrometers the spectra were also acquired on a 600 MHz Varian 

“NMR system” equipped with a 5mm HX resonance probe with z-axis pulsed 

field gradients.

RESULTS and DISCUSSION

II-A. Pulse sequence choice and optimization________________________________

In metabolomic studies high-resolution NMR must answer both qualitative 

and quantitative questions. It becomes important to define the abilities of NMR to 

accurately report metabolite concentrations. To enhance the analytical capabilities 

o f NMR the methods of spectral acquisition and analysis must be investigated and 

optimized. This study compared five commonly used NMR pulse sequences to 

study metabolites in a synthetic urine buffer. The synthetic urine buffer provided 

a solution with similar chemical characteristics to that of real urine, allowed for a 

known and reproducible buffering system, and had a defined metabolic profile. 

Various NMR parameters and hardware issues were optimized to balance sample 

throughput for metabolomic research, as well as ensure quantitative accuracy of 

metabolite concentrations. The study compared quantitation using standard NMR 

integration and Chenomx NMR Suite software.

A choice must be made between the time required to collect the data and 

an acceptable signal-to-noise ratio. All spectra were acquired with 32 transients
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and four steady state scans. A comparison of the NMR spectra collected by the 

five pulse sequences is shown in Figure II-2. Differences in exchangeable 

protons, baseline stability, and solvent suppression were visible for spectra 

collected by different pulse sequences.

For the NMR analysis o f biological fluids it is important to suppress as 

much of the water resonance as possible so that nearby metabolite peaks may be 

resolved[3, 9, 17, 18]. Remaining solvent signal may affect quantitation through 

baseline perturbation and dynamic range issues in analogue-to-digital signal 

conversion. Protons from the water are in high concentration (110M) when 

compared with the metabolites (approximately ImM) and the remaining water 

signal may still have a signal that extends over a large frequency range. This 

results in an elevated baseline on either side of the water, which adds to peak 

height and resultant quantitation[19]. This is especially important in complex 

fluid analysis, such as urine, where multiple peaks resonate close to water and 

metabolic identification may only be realized given proper solvent suppression.
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Figure II-2. ID ’H-NMR spectra acquired by different pulse sequences. Full 
spectra of Sample 2 acquired by five different NMR pulse sequences. Spectral 
differences in baseline stability, solvent suppression, and exchangeable protons 
are visible.

The issue with the design and choice of appropriate NMR pulse sequences 

for use with water samples is maintaining acceptable solvent suppression and flat 

baseline in a sequence that is robust and easy to use. The five pulse sequences 

studied vary in efficacy of solvent suppression with the tnnoesy providing the 

greatest degree of water suppression, followed by tpresat as evident in the size of 

the remaining water signal resonating around 4.7ppm. The remaining pulse 

sequences were fairly similar, with tncpmgt2 the least effective (Figure II-3).
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Figure II-3. Differences in solvent suppression. Five common ID !H pulse 
sequences with different solvent suppression efficacy and baseline stability. The 
spectral region containing the residual water and urea peak o f Sample 2, collected 
by the five pulse sequences. Marked differences are observed in solvent 
suppression, exchangeable protons, and baseline stability. The degree to which 
acquisition parameters and pulse sequences impact resonance quantitation is 
visible in the baseline elevation for the resonances from HI (a/(3) of Fucose (4.5 
and 5.2ppm).

Although a few different factors may play a role in the quality of the 

spectral baseline the primary cause for any distortion of these samples was 

centered around the water and urea peaks. To quantitate baseline stability is 

difficult because it can be influenced by post-acquisition processing, but overall 

tnnoesy provided the flattest baseline across the entire spectrum. The transmitter 

presat pulse sequence provided a similar baseline. Spectra acquired by the s2pul 

and WET pulse sequences showed some distortions, especially around the water
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peak. Tncpmgt2 provided the lowest quality baseline due to poor solvent 

suppression.

The H I proton resonance of Fucose (Sample 2), which resonates near the 

water, was used to test the impact of solvent suppression and the resultant 

baseline effects upon quantitation of nuclei. The HI proton resonance o f Fucose 

has two chemical shifts corresponding to the two conformations a  and p. These 

resonances are flanked by water and urea. Tnnoesy provided the greatest degree 

o f quantitative accuracy for these two resonant peaks with a 15% error 

(concentration calculated by resonance integration divided by actual 

concentration), followed by WET and s2pul with about 30%, tpresat had an error 

of 49%, and tncpmgt2 had an error of 56% (following Ti correction, Figure II-3).

It is also important to note the influence different methods o f solvent 

suppression play on concentration determination. The pulse sequences that 

saturate water (e.g. presat and s2pul) also attenuate protons that exchange readily 

with the solvent. This attenuation affects quantitation and produces inaccuracies 

during analysis. The samples prepared for the study were composed of a synthetic 

urine buffer, which contained the approximate physiological concentration o f 407 

mM urea. Many metabolites contain exchangeable protons. As an example, the 

NH2 protons o f urea are known to exchange readily with water. If  the resonant 

peak for water is reduced during solvent suppression the resonant peak for urea 

can also be attenuated. Most studies do not attempt to quantitate urea so the
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inadvertent suppression of the urea peak may be o f little consequence, other than 

aiding in the resolution o f peaks close to the broad urea signal. However, the 

attenuation o f urea does point to the fact that other protons will also be attenuated 

as a result of exchange with water. Fortunately, compounds in solution typically 

possess multiple resonant signals and care must be taken to report metabolic 

concentrations based on signals not undergoing exchange with the solvent. The 

pulse sequences that use water saturation inadvertently affect the urea resonance 

as a result of proton exchange, but because WET uses shaped pulses that leave 

water along the z-axis the water remains unperturbed and therefore does not affect 

the urea peak. Among the five pulse sequences WET produced the largest 

resonant peak for urea, with the remaining pulse sequences providing a relatively 

similar sized, and greatly attenuated, urea peak (Figure II-3).

II-B. Influence o f  relaxation_______________________________________________

Acquisition time and the delays within a pulse sequence influence the total 

time and the recycling time allotted spin systems during acquisition. The effect of 

delays was tested using the s2pul experiment. The delay and acquisition time 

were arrayed separately (d2=l, 2, 4, and 8s; at=4, 5, and 7s), see Figure II-4. By 

extending the acquisition time from 4 to 7s resonance heights were significantly 

enhanced. The extra 3s o f acquisition time allowed for an enhanced DSS methyl 

signal of 15% (Figure II-4). In addition, by extending the d2 delay o f the s2pul 

pulse sequence from 1 to 8s the DSS signal improved by 18% (Figure II-5).
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7.3 cm 7.8 cm 5.4 cm

at=4s at=5s at=7s JV_
0.15 0.10 0.05 0.00-0.05 -0.10 -0.15 ppm  0.15 0.10 0.05 0.00-0.05 -0.10 -0.15 pp m  0.15 0.10 0.05 0.00-0.05 -0.10 -0.15 ppm

Figure II-4. Longer acquisition time allows relaxation. Referenced DSS 
resonant singlet following NMR spectral acquisition using the s2pul pulse 
sequence with different acquisition times. By lengthening the acquisition time, 
and therefore the recycling time, the DSS singlet is allowed more time to relax 
which is manifest by increased intensity.
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1 2 .1 12.3

d2-ls d2*2s d2«4s d2«8s

0.08 0.02 -0.04 ppm 0.08 0.Q2 -0.04 ppm 0.08 0.02 -0.04 ppm 0.08 0.02 -0.04 ppm

Figure 11-5. Lengthening delay tim e allows for fuller DSS relaxation.
Referenced DSS resonant singlet following NMR spectral acquisition using the 
s2pul pulse sequence with different delay times (d2). By lengthening the delay 
and, therefore the recycling time, the DSS singlet is allowed more time to relax 
before each transient, which results in an increased intensity.

Chemical concentrations were determined through integration of 

resonance peaks and referencing with the known internal standard DSS. It is 

evident that peaks from different metabolites relax and return to positive peaks at 

different rates. O f particular interest were the differing relaxation rates of resonant 

peaks originating from the same metabolite. See Figures II-6 and -7 for examples 

of the different relaxation rates o f resonant peaks. As a result o f differing Ti
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delays of the chemicals found in the samples (including DSS) a Ti correction 

factor was included in the study’s quantitation calculations (t=dl + at):

I  f i t  Unknown C O H O  Un̂ nOWn |^ |  11T \ unknown j
E^ ‘ IntDSS =  ConcDSS[ \ - e ,mDSS]

» .* 
• »• 
i »r

r f
yv

¥
a

Figure 11-6. Ti relaxation of multiple metabolites in one sample. Stacked 
spectra of the resonant peaks from Sample 2 following an inversion-recovery 
experiment for the measurement of T i relaxation. The pulse sequence delay was 
arrayed from 0.1s to 20s; different relaxation rates are evident between the 
different compounds in the sample.
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5.2 ppm 4 . 55 ppm 4 . 19 ppm 3.78 ppm 3 . 44 ppm 1 . 22 ppm

Figure II-7. Evidence of different Ti relaxation in one metabolite. Stacked 
spectra o f the resonant peaks from Fucose (Sample 2) following an inversion- 
recovery experiment for the measurement o f Ti relaxation. The pulse sequence 
delay was arrayed from 0.1s to 20s; different relaxation rates are evident from 
different resonant peaks of Fucose.

Evolution of magnetization following a frequency pulse may be correlated 

with the initial equilibrium magnetization, the exponential decay o f perturbed 

magnetization by the time the signal is allowed to relax (5s), and the compounds 

longitudinal relaxation rate (Ti). The initial concentration for each compound was 

calculated by referencing resonant integration with that o f DSS. The 

concentration was then multiplied by the correction factor to provide a compound
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specific quantitation that was not affected by differing relaxation rates. See Table

II-1 for a demonstration of quantitation calculations and T i correction.

Compound ppm H's Initial Conc(mM)’ T, TI Corr Fact1’ Corr Conc(mM) Actual(mM) Ratio1

Fucose 1.2 /1 .25 CH3 (6a)
1.25 CH3 (6|3) 15.82 0.88 1.00 12.89 10.06 1.28
3.4 CH <2p)

14.81 2.35 0.88 13.66 1.36
3.5 CH (3P)

15.58 1.44 0.97 13.06 1.30
3.74 CH (4p)
3.75 CH (2a)
3.8 CH *2 (4 a ,50)

3.85 CH (3a)
4.19 CH (5a)
4.55 CH ( lp ) 15.93 1.45 0.97 13.36 10.06 1.33
5.2 CH ( la ) 2.08 0.91

Citric Acid 2.5 CH2 4.47 0.86 1.00 3.64 3.08 1.18
2.6 CH2 0.89 1.00 3.08

Glularic Acid 2.2 (CH2) * 2 3.17 1.64 0.95 2.71 2.15 1.26

Hippuric Acid 3.9 CH2 10.84 1.52 0.96 9.15 7.07 1.29
7.6 (CH) * 2 9.71 3.25 0.79 10.04 1.42

7.65 CH 9.07 3.66 0.75 9.88 1.40
7.8 (CH) * 2 9.94 2.95 0.82 9.90 1.40
8.5 NH 8.09 0.58 1.00 6.57 0.93

Hypoxan thine 8.2 (CH) * 2 2.70 4.97 0.63 3.45 2.15 1.61

Dimethylamine 2.7 (CH3) * 2 3.35 3.94 0.72 3.79 3.19 1.19

Table 11-1. Metabolite concentration determination via resonance integration and T 1 correction o f Sample 2

\  integration^ j \  # p r o to n s ^ . j .

b. See Eq. 1 in text
c. Ratio o f calculated concentration/Actual concentration; expression o f quantitative accuracy

Raw calculation of concentrations produced an inaccuracy ranging over 

differing resonant peaks from 1 -  86%, depending on the compound, resonant of 

choice, and pulse sequence. Over the five pulse sequences the average non

corrected accuracy error was 35%. To determine the influence o f relaxation and 

Ti differences inherent to the multiple small molecules found in biological 

samples the resonant specific T f s  were calculated for all the compounds, see 

Figure II-5. After incorporating the Ti correction factor the inaccuracy over
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differing peaks and pulse sequences dropped to 1- 56%. Over the five pulse 

sequences, the average Ti-corrected concentration inaccuracy was 28%, see Table

II-1.

One of the most important results o f the study was the influence of 

relaxation upon quantitative accuracy[7]. By altering the length o f the delays and 

acquisition time in pulse sequences the overall recycling time for the entire pulse 

sequence became greater. This lengthening o f the recycling time allowed for 

greater, and in some cases, full relaxation of magnetization prior to continued 

pulsing. The allowance for complete relaxation following each scan allowed for 

the acquisition of the full resonant intensities, but required exceedingly long 

acquisition times for each sample and the overall study. Metabolomic studies 

typically require the analysis o f hundreds of samples, which places limitations on 

collection time. As a result it is not practical to allow full relaxation of 

magnetization following each transient during data collection (i.e. five times Ti). 

Instead a compromise was made whereby an acceptable amount of time was 

allowed for the magnetization to evolve and relax during acquisition. A correction 

factor was included during quantitative calculations that took into account the 

recycling time and the differing relaxation rates between particular resonant 

peaks, particularly the internal standard. The study demonstrated that the Ti 

correction factor improved quantitative accuracy. The inclusion of the Ti 

correction factor consistently showed an improvement o f at least 10% in 

quantitation accuracy. The Ti values in urine may, of course, be different from
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those measured herein for synthetic urine, and therefore would have to be 

measured for the actual samples studied. For example, T l ’s could be shortened if 

paramagnetic metal ions are present. This would in fact improve accuracy for 

shorter spectral acquisition times.

II-C. Filter Attenuation___________________________________________________

Spectra were collected on a 600 MHz Varian Unity spectrometer using the 

s2pul pulse sequence and varying only the sweep width (7200 Hz, 8000 Hz, and 

9000 Hz) (Figure II-8). Ten minutes was allowed to pass between the completion 

of the preceding and the subsequent experiment; this was to ensure full relaxation 

of all compounds prior to the next acquisition. The referenced singlet peak from 

the methyl functional group of DSS increased as a result of changing the sweep 

width.

The relative attenuation also depended on the chemical shift. In Figure II-8 

it is apparent that the relative increase in peak height is disproportionate. The 

resonance at 1.3ppm (Threonine) increased the least over the increasing sweep 

widths. However, the resonance at 0.9ppm (2-oxoisocaproic acid) increased by a 

significant amount. It becomes clear that resonant peaks at the edge o f the 

spectrum (e.g. DSS) are affected to a greater extent than those more towards the 

middle of the spectrum (e.g. Threonine). Due to slight fluctuations in linewidth 

(inconsistencies with shimming) between the three experiments a direct 

comparison was not possible or accurate; however, it raised the possibility that
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frequency filters were disproportionately introducing resonant attenuation 

according to resonant frequency.

2-oxoisocaproate

Threonine

DSS

1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0-0.2 ppm 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0-0.2 ppm 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0-0.2 ppm

sw=7,000Hz sw=8,000Hz sw=9,000Hz

Figure II-8. Resonance attenuation based upon chemical shift. Aliphatic region 
(0-2ppm) of NMR spectra of Sample 1 collected by s2pul pulse sequence on a 
600 MHz Inova spectrometer with different sweep widths. By changing only the 
sweep width resonant peaks increase in intensity. Resonant peaks near the center 
o f the spectra experienced less of an increase when compared to those near the 
spectral edge (Oppm). Similar effects were seen in the aromatic region (8ppm) of 
the spectrum, indicating probable filter attenuation effects.

To map the extent and the limits of filter attenuation an experiment was 

conducted where a D2O sample was analyzed and the residual water peak, which
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began at the centre of the spectrum, was slowly shifted to the edge of the 

spectrum by arraying transmitter offset. As the water peak approached the edge of 

the spectrum the peak height slowly deteriorated allowing for the mapping of the 

degree o f filter attenuation relative to chemical shift. The experiment was 

acquired on an Inova 600 MHz spectrometer (Figure II-9) and again on a recently 

purchased Varian 600MHz NMR system (Figure 11-10). These spectrometers have 

different types of filters, which had a clearly visible effect on the shape and 

degree of attenuation of the signals being detected and measured. The Inova 

600MHz spectrometer has elliptical filters, while the Varian 600MHz NMR 

system has a ‘brick wall’ filter.

Every NMR system has unique low-pass frequency filters that remove 

unwanted noise from the external environment. These low-pass filters are 

engineered to vary along with the sweep width (region of collected frequencies) 

so that appropriate frequency signals are collected from the sample while 

disregarding additional noise. The frequency specific attenuation within the 

spectrum demonstrated that the further away a frequency was from the cut-off 

points o f the sweep width and filters the less the attenuation experienced (Figure

II-9). This study found that even at 3ppm there remained a 1% attenuation on 

peak height. By mapping the degree of attenuation at a given sweep width for 

different resonant frequencies I was able to implement a filter correction factor 

that cancelled any attenuation during post-acquisition quantitation calculation. 

The effect o f filters may extend beyond metabolic studies when considering the
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effects they may have within two-dimensional experiments. In many 2D NMR 

experiments signal from outside the spectral window is purposefully folded into 

the spectrum. These frequencies may be significantly attenuated, effectively 

reducing the qualitative strength o f two-dimensional NMR experiments.

0 -500 -1000 -1500 -2000 -2500 -3000 Hz

Figure 11-9. Elliptical filter attenuation of signal intensity. Overlay of multiple 
NMR spectra acquired on an Inova 600 MHz magnet where the residual water 
peak of a deuterated sample was shifted from the center of the spectrum to the far 
edge by arraying the transmitter offset. As the water resonance nears the spectral 
edge the intensity drops indicating probable filter attenuation of resonant 
frequencies (elliptical phase filter). Severity of attenuation mapped to chemical 
shift so that a quantitation correction factor may be used to improve quantitative 
accuracy.

The Varian NMR system has a ‘brick wall’ filter, which had little to no 

attenuation of the DSS or other frequencies of interest (Figure 11-10). Therefore 

spectra collected on this system are not attenuated and require no post-acquisition
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quantitation correction as long as the reference DSS singlet is not at the extreme 

spectral edge.

O -500 -1000 -1500 -2000 -2500 -3000 Hz

Figure 11-10. ‘Brick w all’ filter attenuation of signal intensity. Overlay of 
multiple NMR spectra acquired on a Varian 600 MHz NMR system where the 
residual water peak of a deuterated sample was shifted from the center o f the 
spectrum to the far edge by arraying the transmitter offset. As the water resonance 
neared the spectral edge the intensity remained roughly the same, until reaching 
the extreme edge. The Varian 600 MHz NMR system possessed a ‘brick wall’ 
low-pass filter.

Including a correction factor for each resonance based upon its chemical 

shift correct for the attenuation of signals by the filters:

Eq. 2  C o r r F a c t  =  ^
(141-5xl0"7/ - 2 v l 0 - 13/ )

71

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



Equation 2 represents a fitting of the shape o f the filter attenuation o f peak 

intensity as a function o f the offset y (Hz) o f the resonance from the center of the 

spectrum (Figure II-9). The corrected integrals are shown in Table II-2. Following 

filter correction quantitative accuracy averaged 15%.

C o m p o u n d p p m H ' s F i l t  C o r r ( m M ) * T , T ,  C o r r  F a c t 6 C o r r  C o n c ( m M ) A c t u a l ( m M ) R a t i o '

2 - O x o i s o c a p r o a t e 0.9 (CH3)2 1.06 2.07 0.91 5.63 5.13 1.10
2.09 H 1.02 3.87 0.72 5 . 6 5 1.10
2.6 CH2 1.01 3.79 0.73 6.42 1.25

F o r m i c  A c i d 8.4 H 1.05 8.07 0.46 4.36 3.68 1.19

2 - O x o g l u t a r a t e 2.4 CH2 1.01 2.05 0.91 5.34 5.05 1.06
3 CH2 1.01 2.01 0.92 5.25 1.04

A c e t i c  A c i d 1.9 CH3 1.02 4.75 0.65 1.24 1.38 0.89

F u m a r i c 6.5 CH * 2 1.01 5.76 0.58 3.92 3.13 1.25

T h r e o n i n e 1.3 CH3 1.04 1.10 0.99 4.61 4.07 1.13
3.6 CH 1.00 2.43 0.87 4.56 1.12

4.25 CH 1.00 2.23 0.89 6.53 1.60

P h e n y l a l a n i n e 3.1 CH 1.00 0.96 0.99 5.15 4.02 1.28
3.3 CH 1.00 0.95 0.99 5.46 1.36
4 CH 1.00 1.82 0.94 4.75 1.18

7.45 CH2 1.02 3.01 0.81 4.88 1.21
7.35 CH 1.02 3.30 0.78 5.21 1.30
7.32 CH2 1.02 2.57 0.86 6.45 1.60

Table II-2. Metabolite concentration determination via resonance integration with T I and filter correction for Sample 1
a. See text for filter correction, Eq.2
b. See text for T, correction, Eq. 1
c. Ratio of calculated concentration/Actual concentration; expression of quantitative accuracy

There remains some known error in the integration as a result of peak 

width and the inability to fully integrate the full area o f every resonance[8]. The 

integration package within the Varian software calculates the area under a certain 

peak, as specified by the user. The difficulty is that in the artificial urine samples, 

and certainly in rich biological spectra, resonant peaks often overlap one and 

another. The user may choose to include overlapping regions or to disregard them 

in an attempt to limit integration to spectral regions occupied by a single

72

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



resonance. As an example, the internal reference singlet at Oppm is from the 

methyl groups on DSS. If one looks closely at the referenced singlet further 

splitting and couplings are observed that arise as a result of natural abundance 13C 

and Si on the DSS molecule. The satellites o f Si are quite close to the DSS 

singlet and are often included in the integration, however the 13C satellites are 

roughly +/-0.12 ppm away. The natural abundance of 13C is roughly 1%; 

therefore, during analysis the integral window is chosen to be just proximal to the 

singlet you will knowingly lose at least 1% of the DSS integration. However, 

even when disregarding the 13C satellites o f DSS the integration window remains 

large (0.2ppm) when compared to regions such as around 3.7ppm where Fucose 

(Sample 2) has multiple resonant peaks from four different protons within a 

similar spectral span of 0.2ppm. During integration o f resonant-rich regions the 

window must be kept small so that surrounding resonant peaks from different 

protons are not included. I f  the integration window is reduced to the region of 

DSS, where the threshold from the top of the 13C satellites (0.5% each o f the full 

DSS peak) intersects the DSS singlet, the integration is reduced to 95-96% of the 

full DSS peak. This is a simple example of how a 5% integration error is quickly 

included by simply reducing the integration window by a small amount. This loss 

o f integration is perpetuated throughout the spectrum where integral windows 

must be small enough to incorporate as much o f the peak as possible while 

limiting the inclusion of surrounding peaks. This error due to the limitations of 

integration window size could equate to a 10% error in concentration calculation
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when compounded between the resonance being quantitated and the DSS 

reference peak.

II-D. Amino acid analysis_________________________________________________

Amino acid analysis was used to estimate any error that could have been 

attributed to inaccuracies in sample preparation. A vial containing known amino 

acid concentrations was purchased from the National Institute o f Standards and 

Technology (SRM 2389, Standard Reference Materials, Gaithersburg, MD, 

USA), and the standard synthetic urine buffer was added. NMR quantitative 

analysis was limited to 15 amino acids present in solution whose resonant peaks 

did not overlap with surrounding signals. Among the five pulse sequences and the 

resonant peaks chosen the overall quantitative accuracy varied from 10-15%. 

Amino acid analysis of the sample (n=5) indicated a maximum 5-8% error due to 

sample preparation techniques.

II-E. Software _____ ____________________________________________________

Spectra from Samples 1 and 2, acquired by the five pulse sequences, were 

also analyzed using the software package available from Chenomx (Chenomx 

Inc., Edmonton, AB, Canada). The underlying principle of the software is that 

experimental spectra o f pure compounds are reconstructed (fit) from a linear sum 

of the individual spectral signatures stored in the metabolic database. Samples 1 

and 2 were processed using the available software, but because the compounds 

were fitted as a profile including all of the resonant peaks for the metabolite, a
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filter correction factor could not be applied (Ti correction is intrinsic to the 

specific acquisition parameters the spectral signatures were acquired under for the 

software database), Table II-3. Among the five different pulse sequences the 

quantitative inaccuracy was 10% (concentration determined by the software 

divided by expected concentration).

Compound ppm H's Calc. Cone. Actual Cone. Ratio*

Fucose 1 .2 /1 .2 5 CH3 (6a) 9 .28 10.06 0 .92
1.25 CH3 (6b)
3.4 CH (2b) 9 .28 0.92
3.6 CH (3b) 9 .28 0.92

3 .74 CH (4b)
3 .76 CH (2a)
3.8 CH *2 (4 a ,5 b )
3.8 H (3a)

4 .19 H (5a)
4 .55 H ( lb ) 9 .28 10 .06 0.92
5.2 CH ( la ) 9 .28

Citric Acid 2.5 CH2 3.33 3 .08 1.08
2.6 CH2 3.33 3 .08 1.08

Glutaric Acid 2.2 (CH2) * 2 2 .48 2 .15 1.15

Hippuric Acid 3.9 CH2 6.71 7.07 0.95
7 .6 (CH) * 2 6.71 0 .95

7.65 CH 6.71 0 .95
7.8 (CH) * 2 6.71 0 .95
8 .5 NH 6.71 0 .95

Dimethylamine 2.7 (CH3) * 2 3 .28 3 .19 1.03

Table 11-3. Concentration determination by Chenomx NM R Suite Software (Sample 2)
a. Ratio of calculated concentration/actual concentration; expression of quantitative accuracy

This study demonstrated that peak intensities differ, even within a 

compound, as a result of differing relaxation rates and filter attenuation. The 

disadvantage with the software’s method of spectral fitting is that it compares the 

full spectral profile of the pure compound leading to some discrepancy in 

intensity fitting between different peaks o f a given compound and therefore 

concentration determination. As such, a compromise had to be made among
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different peaks from the same compound. Often, if one resonance peak was fit 

another resonance for the same compound, although present at the correct 

frequency, was not at the correct height (due to different relaxation rates and filter 

attenuation of resonances within the same compound). A compromise of 

resonance height, and therefore concentration, had to be made among the different 

resonance peaks for each compound when analyzed by the Chenomx software. 

Since the Chenomx database is composed of previously acquired spectra o f pure 

compounds using particular acquisition parameters, for optimum fitting and 

quantitative analysis subsequent spectra analyzed by the software must be 

collected with exactly the same parameters as those used for the database. This 

increases the probability o f maximum compatibility.

The advantage o f the Chenomx software was that if  a resonance was 

overlapped in the spectrum being analyzed the peak height could still be estimated 

and a concentration determined. Alternately, in the integration software from 

Varian the overlapping portion o f the resonance would be disregarded, the 

integration window reduced, and an error in quantitation would occur. Across the 

five different pulse sequences and the different samples analyzed, the quantitative 

inaccuracy for the Chenomx software remained roughly 10%.

II-F. Precision _______________________________________________________

The sections above attempt to define and optimize the quantitative 

accuracy of 1D-NMR (the ability to correctly describe the true concentration of a
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compound). However, it is also important to define the precision of NMR analysis 

(similar concentrations upon repeated o f measurements). To separate accuracy 

from precision, Samples 1 and 2 were collected every week for 3 weeks on the 

Inova 600 MHz spectrometer. Following repeated quantitative analysis of the 

sequential spectra the final conclusions were identical (data not shown). The 

samples were also run on a Unity 600 MHz magnet and the spectra were analyzed 

to investigate differences between similar magnets. Following quantitative 

analysis the calculated metabolite concentrations were found to be identical to 

those from the Inova 600 MHz magnet. Due to the similar software and hardware 

the spectra were very similar between the two spectrometers. As well, repeated 

data acquisition returned nearly identical spectra, indicating spectrometer 

stability[19, 20],

Finally, to determine the effect of operator-set phasing upon quantitative 

accuracy the same spectra were analyzed, cleared, re-phased, and then analyzed 

again. The calculated concentrations were within 1-2% of the original analysis 

(data not shown).

CONCLUSION

This study demonstrates that by adopting and maintaining the NMR 

acquisition parameters one may now assign a well characterized confidence 

interval to their quantitative analysis[6, 20], I have shown that this quantitative
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analysis has an accuracy limit that may be defined and will remain precise among 

similar magnets and spectral acquisition runs. The quantitative integration is also 

robust enough to handle repeat analysis and minor changes in user-set phasing. 

Although the tnnoesy pulse sequence provided superior water suppression and 

baseline, the five pulse sequences were quite similar in overall quantitative 

accuracy. Each o f the five pulse sequences had its own advantages and 

disadvantages, such as solvent suppression, exchange, and baseline effects. To 

minimize the effect of T i relaxation it is best to choose a relatively long overall 

recycling time (i.e. 5s). To minimize the effect of any filter attenuation, the 

simplest solution is to extend the spectral width used.

My study demonstrated that the optimization of the NMR acquisition, as 

well as the quantitative analysis, is key for the movement o f NMR to the unique 

field of metabolic investigations. Investigators may proceed with confidence in 

their analysis o f biological fluids, having optimized their data acquisition and 

characterized the specific limitations of their quantitative accuracy.
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CH A PTER III

Urine as a biofluid fo r  metabolomic studies 

OVERVIEW i

Metabolomic studies attempt to identify and profile unique metabolic 

differences among test populations, which may be correlated to a specific 

pathophysiology. Due to the ease o f collection and the metabolite-rich nature of 

urine, it is frequently used as a bio-fluid for human and animal metabolic studies. 

However, the method of urine collection is often restricted in human clinical 

studies due to the location o f the individual, the hospital or clinic, and the 

immediacy of medical care. It is important to identify and define proper sample 

handling and storing procedures to ensure the sample has been preserved 

appropriately. This chapter describes my investigation into the impact 

preparatory and storage procedures have on urine metabolites.

Urine was collected from a relatively healthy male and female subject. 

The urine was prepared: raw, following centrifugation, filtration, or the addition 

o f the bacteriostatic preservative sodium azide, and analyzed by NMR. Triplicates 

of each preparatory step were stored at room temperature (22°C), in a refrigerator 

(4°C), or in a deep-freeze (-80°C). Metabolites that were easily identified and 

commonly reported in other metabolic studies were quantified and followed over 

30 days. Urine samples used in clinical and metabolomic studies are often 

collected and allowed to sit at room temperature for extended periods o f time. In
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addition, the samples usually remain in a freezer until enough samples accumulate 

to begin to prepare and acquire the NMR spectra.

INTRODUCTION

Metabolomic investigations attempt to detect and profile fluctuations in 

metabolites, which may reflect changes in metabolic pathways with relation to a 

certain disease [1, 2], To follow human metabolic pathways, biological tissues or 

fluids are sampled from the subject or patient, and analyzed for changes in 

metabolite concentrations from baseline levels.

Currently the metabolic analysis of a whole human subject is not possible 

so a sample of tissue or biofluid is used. Studies have analyzed many different 

biological fluids, including urine, sputum, bronchoalveolar lavage, breath 

condensate, whole blood, serum, feces, and cerebral spinal fluid [3, 4], Urine is a 

popular biofluid for metabolomic investigations due to the opportunity for non- 

invasive collection, the complex metabolic nature o f the fluid, and the ability to 

collect multiple samples over a period of time.

The detection of metabolites and the information gained by tracking 

metabolic flux provides information regarding an animals’ physiology or disease 

state. Many different methods of detection have been used for metabolomic 

studies, such as high performance liquid chromatography (HPLC), high-resolution
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NMR spectroscopy, and mass spectrometry (MS)[2, 5, 6]. Recent technological 

advancements and studies have enhanced and defined the ability of 'H-NMR to 

accurately profile the metabolic makeup o f a biofluid qualitatively and 

quantitatively [7].

The correlation of metabolite changes with a particular physiology is the 

basis for metabolomic investigations. Many studies have found correlations of 

key metabolites with particular diseases, metabolites that may be used for 

diagnosis, or changes that may arise due to laboratory conditions of the study [8- 

10]. Human urine studies have found changes in metabolite concentrations as a 

result of age and diet, variation in urine metabolite concentrations within large 

populations, and variation o f particular urine metabolites in individuals over time 

[3, 11-16]. Studies o f animal urine have found metabolic differences within 

genetically similar animal models[17, 18]. In addition, studies have found 

metabolic changes following the movement of animals from a sterile environment 

to one that is open to ambient pathogens[19]. To ensure the fidelity o f the 

biological sample it is clear that attention must be given to how a sample is 

prepared and stored prior to analysis.

This chapter documents a study into the effect sample handling has upon 

the metabolic make-up of urine. Different methods of sample preparation 

(centrifugation, filtration, or addition of the preservative sodium azide), as well as 

sample storage (room temperature (22°C), refrigerator (4°C), or the deep-ffeeze (-
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80°C)) have significant effects upon the changes of urine metabolites over time, 

as detected by ’H-NMR. By outlining proper sample handling and storage 

techniques for urine samples further metabolomic studies may ensure that the 

sample reflects the original metabolic state o f the subject.

EXPERIMENTAL PROCEDURES

III-A. Urine Collection____________________________________________________

One healthy male and female volunteer provided urine samples in 

accordance with the guidelines established by the University of Alberta Health 

Research Ethics Board. Mid-stream urine samples were collected in the morning 

in a sterile container and immediately prepared as outlined below.

III-B. Sample Preparation_________________________________________________

Sample preparation was duplicated for both male and female urine 

samples and in triplicate for the three different methods of storage. In a biosafety 

fume hood the fresh urine samples were prepared by transferring a 630 pi aliquot 

of urine to a 1.5 ml Eppendorff tube followed by the addition o f 70 pi o f a 

standard solution (4.9 mM DSS (disodium-2, 2-dimethyl 2-silapentane-5- 

sulphonate), and 100.0 mM imidazole in D2O, Sigma-Aldrich, Mississauga, ON). 

Filtered urine samples were prepared by filtering 1 ml of urine through a 0.22 pm 

syringe filter (Millipore, Cambridge, ON,). A 630 pi aliquot o f the filtered urine 

was transferred to a new Eppendorff tube and 70 pi of the standard solution was
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added (see above). Spun urine samples were prepared by the centrifugation of 1ml 

o f urine in an Eppendorff tube at 10,000 rpm for 10 min (MSE Microcentaur, 

Sanyo-Gallenkamp). A 630 pi aliquot o f the spun urine was placed in a new 

Eppendorff followed by the addition o f 70 pi o f the standard solution (see above). 

For urine samples with the preservative sodium azide, 1 ml of raw urine was 

transferred to a 1.5 ml Eppendorff tube followed by the addition o f a stock 

solution o f sodium azide (Sigma Aldrich) to reach a final sample concentration of 

0.1, 1.0, and 10 mM sodium azide. A 630 pi aliquot of the urine and sodium azide 

solution was transferred to a 1.5 ml Eppendorff tube followed by the addition of 

70 pi o f the standard solution (see above). For each of the urine samples (fresh, 

spun, filtered, and those containing sodium azide) a final aliquot of 600 pi was 

transferred to a standard 5 mm glass NMR tube (Wilmad, NJ, USA).

III-C. Sample Storage_____________________________________________________

Urine samples for each o f the preparatory methods above (in triplicate) 

were stored in the 5 mm NMR tubes at room temperature (22°C), a refrigerator 

(4°C), or a deep-freeze (-80°C) for the 4 week duration of the study. Once a week 

samples were removed from storage and allowed to equilibrate to room 

temperature (roughly 1 hour) prior to NMR data acquisition.

To investigate the effects of freeze-thaw cycles on metabolites found in 

the urine, additional samples were prepared from the male and female subjects. 

Male and female urine samples were prepared as raw urine and another with 10
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mM azide (see sample preparation outlined above); both were stored at -80°C and 

thawed twice a week (left at room temperature for 1 hour and then returned to the 

freezer).

III-D. NMR Analysis______________________________________________________

All ’H-NMR spectra were acquired on a 500 MHz Inova (Varian Inc, Palo 

Alto, CA) spectrometer equipped with a 5 mm triple-resonance probe with z-axis 

pulsed field gradients. One-dimensional 'H-NMR spectra were collected at 25°C 

using a standard presaturation pulse sequence (one-dimensional, transmitter pre

saturation delay of 1 s for water suppression, followed by a 8.4 p,s 90° read pulse), 

and a spectral width o f 8000 Hz [20], The time-domain data points were 64k, 

acquisition time was 4s, repetition time was 5s, four steady state scans, and the 

number of acquired scans was 128. The FID was apodized with an exponential 

window function corresponding to a line broadening of 0.5 Hz and Fourier 

transformed.

III-E. NMR Quantification_________________________________________________

The methyl singlet of the buffer constituent DSS served as internal 

standard for chemical shifts (set to 0 ppm), and for quantification. Spectral 

quantification of 55 clearly identifiable metabolites were chosen for quantification 

using the Chenomx NMR Suite Professional software package Version 3.1 

(database available at pH 7.0, Chenomx Inc., Edmonton, AB). For a list of the 

metabolites identified by NMR refer to Table III-1. For qualitative and
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quantitative analysis Chenomx NMR Suite software took a database o f pure 

compounds (metabolites) and compared the spectral signatures to those found in 

the urine spectrum. Reference spectra stored in the software are fit to the urine 

spectra to quantify selected metabolites. The internal DSS signal was utilized as 

the concentration reference (0.49 mM). Work in our laboratory has demonstrated 

that this procedure provides absolute concentration accuracies of 90% or 

better[21].

Typically urine metabolites are reported as ratios with the metabolite 

creatinine. As a result o f the changing concentration o f creatinine over long-term 

storage in this study all metabolites were reported as absolute concentrations 

(mM). The metabolite urea is not listed in Table III-1. Caution must be used when 

drawing any conclusions based upon changes in the concentration o f urea. Solvent 

suppression by presaturation (pulse sequence) lends to the likelihood of resonant 

suppression of the urea peak due to proton exchange with water. As a result urea 

is not included as a metabolite, but allowing for this caveat, it will be discussed 

later in this chapter as a potential metabolite of interest.
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1,3-Dimethylurate Glycine
1,6-Anhydro-D-glucose Glycolate
2-Hydroxyisobutyrate Guanidoacetate
2-Oxoglutarate Hippurate
3 -Hy droxybuty rate Histidine
3 -Hydroxyi sovalerate Indole-3-acetate
3 -Methylxanthine Lactate
3 -Phenylpropionate Malonate
4-Aminobutyrate Methylmalonate
4-Hydroxybutyrate Methylsuccinate
Acetate N,N-Dimethylglycine
Acetoacetate N-Methylhistidine
Adenine O-Phosphocholine
Alanine p-Cresol
Arginine Phenyl acetate
Aspartate Phenylacetylglycine
Benzoate Ribose
Citrate Salicylate
Creatine Sarcosine
Creatinine Succinate
Cysteine Taurine
Dimethylamine Threonine
Ethanol Trimethylamine
Ethanolamine Tryptophan
Formate Tyrosine
Fucose Uracil
Glucose Valine
Glycerol

Table 111-T. Urine M etabolites
a. List o f metabolites identified by Chenomx
b. NM R Suite Professional software v. 3.1

III-F. Statistical Analysis__________________________________________________

Differences between variables were assessed using paired t-tests and 

analysis of variance (ANOVA). A p-value of < 0.05 was considered significant.
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RESULTS and DISCUSSION

Studies have investigated different properties of urine; bactericidal 

factors[22, 23], precipitation potentials[24], the array o f metabolites present[25], 

and even the effect of different preservatives in urine collection tubes[26, 27], 

Such studies have provided a basic understanding o f urine as a biofluid that can 

be utilized in the laboratory for a number o f investigative studies concerning 

changes in an organisms’ metabolism. However, before any differences in urine 

metabolites are correlated to a biological response it is important to address 

possible causes of changing metabolite concentrations. My study investigates the 

influence laboratory sample preparation and storage can have on the profile of 

metabolites in a normal urine sample.

III-A. Gender Differences_________________________________________________

Throughout this study differences were noted in the metabolites that 

changed for male and female urine samples over the 4 week period. O f the 55 

metabolites I chose to follow in female urine: acetate, benzoate, creatine, glycine, 

lactate, malonate, succinate, trimethylamine, and formate increased; while 

creatinine, urea, guanidinoacetate, hippurate and citrate decreased over the 4 

weeks. Table III-2 lists the changes in female urine metabolite concentrations 

after a 4 week period of storage at room temperature.
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Initial Acetate Benzoate Citrate Creatine Creatinine Formate Glycine Hippurate Lactate Malonate Succinate Trimethylamine Uracil Urea

Raw 0.00 0.00 2.74 0.30 13.1 0.22 1.49 1.69 0.21 0.07 0.02 0.07 0.18 1000
Spun 0.00 0.00 2.87 0.30 13.1 0.22 1.49 1.69 0.21 0.07 0.02 0.07 0.05 1000
Filtered 0.00 0.00 2.58 0.27 12.7 0.22 1.40 1.54 0.21 0.07 0.02 0.07 0.06 42.5
0.1 mM Azide 0.00 0.00 2.66 0.30 13.1 0.22 1.49 1.69 0.21 0.07 0.02 0.07 0.08 42.7
l.OmM Azide 0.00 0.00 2.74 0.30 13.4 0.22 1.49 1.69 0.23 0.05 0.02 0.07 0.05 1000
lOmM Azide 0.00 0.00 3.03 0.30 14.4 0.22 1.61 1.95 0.26 0.07 0.02 0.07 0.05 1000

Week 4

Raw 4.66 1.02 1.00 1.38 10.1 0.76 2.42 0.06 0.75 0.15 1.03 0.57 0.26 29.9
Spun 0.82 1.08 2.47 1.27 9.26 0.49 2.08 0.09 0.79 0.09 0.13 0.06 0.06 48.5
Filtered 0.20 0.09 2.16 1.17 9.44 0.24 1.09 1.76 0.23 0.09 0.17 0.05 0.06 40.7
0. ImM Azide 0.23 1.02 2.27 1.03 9.57 0.24 1.79 0.31 0.51 0.11 0.16 0.05 0.03 40.3
l.OmM Azide 0.22 1.02 2.44 1.18 10.1 0.25 2.03 0.44 0.31 0.06 0.18 0.06 0.07 45.1
lOmM Azide 0.22 0.26 2.43 1.22 10.1 0.26 1.53 1.45 0.29 0.09 0.16 0.05 0.06 47.9

vo Table III-2: Female Urine Preparation
1-1 a. Female urine samples prepared by different methods and stored at room temperature

b. Metabolite concentrations reported as millimolar



In the male urine: creatinine, creatine, and phenylacetylglycine were the 
only metabolites that changed significantly following storage at room temperature 
(22°C) over 4 weeks. Table III-3 lists the metabolites in the male urine that 
changed significantly.

Initial Creatine Creatinine Phenylacetylglycine Urea

Raw 0.48 15.1 0.77 58.2
Spun 0.48 17.8 0.77 67.2
Filtered 0.48 17.2 0.77 65.1
O.lmM Azide 0.48 16.9 0.77 64.0
1 .OmM Azide 0.35 17.1 0.77 68.3
lOmM Azide 0.48 16.5 0.77 63.0

Week 4 

Raw 1.71 12.2 2.77 58.2
Spun 2.26 11.9 3.05 66.6
Filtered 2.00 11.5 2.81 63.6
O.lmM Azide 2.08 12.3 2.62 66.6
1 .OmM Azide 2.04 11.8 2.60 66.1
lOmM Azide 2.15 10.8 2.82 70.8

Table 111-3: Male Urine Preparation

a. Male urine samples prepared by different methods 
and stored at room temperature

b. Metabolite concentrations reported as millimolar

III-B. Urine Preparation__________________________________________________

This study was concerned with maintaining the composition of 

metabolites in a normal urine sample over a period of time. The efficacy of each 

preparatory step was determined according to the fidelity of the metabolite profile
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over the 4 week period. Table III-2 shows the effect urine preparation has on the 

degree of metabolite change of female urine over time. Spinning the urine in a 

counter top centrifuge reduced the degree of change in the metabolites over the 4 

weeks. Filtering the urine produced an even greater reduction in the degree of 

metabolite change. Increasing the concentration of the preservative sodium azide 

(0.1, 1, and 10 mM) had a correlated rise in efficacy of inhibition o f metabolite 

changes over the 4 week period. Both male and female urine samples with 10 mM 

of sodium azide demonstrated the greatest degree o f metabolite stability (Tables

III-2 and 3). Across all methods of urine preparation the male urine had a smaller 

degree o f change in metabolites when compared to the female urine.

Figure III-l shows the change in absolute concentrations of three random 

metabolites (benzoate, creatine, and lactate) in female urine that was prepared 

raw, or following filtration, and stored at room temperature for 4 weeks. Benzoate 

and lactate demonstrated a dramatic increase in concentration within the first 

week of storage, followed by only a slight increase over the next 3 weeks for raw 

urine. However, following filtration benzoate and lactate did not change 

significantly over the 4 weeks. Both raw and filtered female urine showed a 

steady increase in creatine concentration over 4 weeks of storage at room 

temperature.
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Fresh and Filtered Female Urine Stored at Room Temperature
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Figure 111-1. Metabolite changes in raw and filtered urine. Absolute 
concentrations o f three random metabolites: benzoate, creatine, and lactate, in 
fresh (red, solid line) and filtered (blue, dotted line) normal female urine stored at 
room temperature (22°C) over a 4 week period.
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III-C. Urine Storage

Primarily, human urine collection for research studies takes place at a 

clinic or hospital setting. In some instances it can occur at the residence of the 

volunteer, so it is important to determine proper urine storage techniques to 

ensure accurate metabolite analysis at a later time. For my study urine samples 

were stored at room temperature (22°C), in a refrigerator (4°C), and a deep freeze 

(-80°C) for a 4 week period. Table III-4 demonstrates the change in raw female 

urine metabolite concentrations relative to the method of storage over the 4 week 

period. Both male and female urine samples stored at room temperature for 4 

weeks had a significant change in a number of metabolites. Storage of the urine in 

a refrigerator produced a slight reduction in the degree of metabolite change, but 

storage in the deep-freeze provided urine with a metabolite profile that best 

reflected the original metabolite concentrations (comparing raw urine only, Table

III-4). The raw urine samples that underwent repeated cycles o f freeze/thaw over 

the 4 weeks had an intermediate degree of metabolite change when compared 

with raw urine stored at room temperature and in the deep-freeze (Table III-4).
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vcetate Benzoate Citrate Creatine Creatinine Formate Glycii

0.00 0.00 2.74 0.30 13.1 0.22 1.49

4.66 1.02 1.00 1.38 10.1 0.76 2.42
0.17 0.11 2.55 0.29 10.9 0.23 1.35
0.13 0.09 2.45 0.22 11.4 0.24 1.31
0.16 0.19 2.36 0.30 11.2 0.17 1.33

VO
ON

Initial
Room Temp

W eek 4 
Room Temp 
Fridgerator 
Deep Freeze 
Freeze/Thaw

Table III-4: Female Urine Storage

a. Raw fem ale urine samples stored under different conditions

b. Metabolite concentrations reported as millimolar

Hippurate Lactate M alonate Succinate Trim ethylamine Urea

1.69 0.21 0.07 0.02 0.07 1000

0.06 0.75 0.15 1.03 0.57 29.9
1.73 0.25 0.12 0.09 0.05 55.9
1.64 0.23 0.13 0.09 0.06 52.0
1.52 0.21 0.11 0.09 0.06 47.0



Figure III-2 shows changes in absolute concentrations o f three randomly 

selected metabolites in raw female urine over a 4 week period of storage at either 

room temperature or in a deep-freeze. The metabolites citrate and glycine had a 

slight decrease in concentration when stored in the deep-freeze. When stored at 

room temperature citrate showed a significant and linear decrease in 

concentration, while glycine had a significant increase in concentration over the 4 

weeks. The metabolite hippurate remained fairly constant when stored in the 

deep-freeze, but when raw female urine was stored at room temperature hippurate 

dropped within 1 week and then remained unchanged.
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Fem ale Urine Stored at R oom  T em perature and -80°C
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Figure III-2. Female urine stored in a deep-freeze and at room temperature.
Concentration o f citrate, hippurate, and glycine in fresh female urine stored at 
room temperature (red, solid line, 22°C) and in a deep-freeze (blue, dotted line, - 
80°C) over a 4 week period.
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Similar differences in the rate and degree o f metabolite change were 

present in female urine that was spun on the countertop centrifuge. Figure III-3 

shows absolute concentration changes for three randomly chosen metabolites as 

identified in spun female urine and stored at either room temperature or in a deep

freeze. Benzoate and lactate showed significant increases in concentration during 

the first 2 weeks of storage at room temperature, with a reduction in the rate of 

change during the last 2 weeks o f analysis. Creatine demonstrated a linear 

increase in concentration throughout the 4 weeks of storage at room temperature. 

For all three metabolites there was no significant change in absolute concentration 

when spun female urine was stored in the deep-freeze over 4 weeks.

99

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



Spun Female Urine Stored at Room Temperature and -80°C
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Figure III-3. Spun urine stored in a deep-freeze and at room temperature.
Absolute concentrations for three random metabolites: benzoate, creatine, and 
lactate, measured in centrifuged female urine stored at room temperature (red, 
solid line, 22°C) and in a deep-freeze (blue, dotted line, -80°C) over a 4 week 
period.
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III-D. Bacterial Contribution

In this study female urine benzoate concentrations increased significantly 

over time (Table III-2 and Figure III-3). Studies have found that when laboratory 

animals are moved from sterile to ambient-air environments there is an associated 

increase in the presence of benzoate in the urine[19, 28, 29]. This increase has 

been correlated with increased bacterial activity in the animals. In this study the 

increase in the formation o f benzoate in female urine, and the reduction of 

benzoate formation in urine that was either filtered or possessed sodium azide 

suggests that bacteria in the urine may be the cause of such a change. It is known 

that some bacterial species are able to metabolize hippurate to benzoic acid [29], 

This study found increased concentrations of benzoic acid with a correlated 

decrease in hippurate in the female urine; again, this is suggestive o f bacterial 

activity in the sample (Table III-2, Figures III-2 and 3).

Over the 4 week period raw female urine demonstrated a significant 

increase in the concentration of the metabolite trimethylamine (Tables III-2 and 

4). Previous studies have shown that trimethylamine is produced by the bacterial 

breakdown o f dietary choline [30-32], As well, bacteria are known to produce 

formic acid from the substrate citrate[33]. In the present study raw female urine 

showed a large increase in formic acid with a reduction in the metabolite citrate. 

The correlated rise o f formate and fall of citrate concentrations in female urine
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stored over 4 weeks suggests bacterial activity in the female urine. The limiting of 

these absolute concentration changes by particular sample preparation {i.e. 

filtering) and storage (i.e. deep-freeze) techniques leads to the conclusion that 

such measures should be taken when using urine as a biofluid for metabolomic 

studies.

The concentration of creatinine fell for both the male and female urine 

samples, while the concentration o f creatine increased. Studies have shown that 

creatinine in the urine can be used by bacteria and can be converted by the 

enzyme creatininase to creatine[34, 35]. The coordinated reduction of creatinine 

with an increase in creatine concentration is suggestive of bacterial activity in 

both male and female urine samples. Figure III-l shows that filtering female urine 

had a limited reduction in the degree of change in creatine concentration over 4 

weeks (stored at room temperature). It is known that creatinine is formed non- 

enzymatically from creatine over a period of time[36]. However, the data shows 

that creatinine concentrations fell while creatine concentrations grew. This may 

provide further evidence of the predominantly bacterial influence on metabolite 

levels over time as opposed to non-enzymatic reactions.

Similar to creatinine, urea is a metabolite found in urine that is rapidly 

broken-down by bacteria. Numerous investigations have looked at the breakdown 

o f urea by bacteria; the formation o f urinary stones from urease-producing 

bacteria[37], the blockage o f urine-collecting systems[38], and breath tests for H.
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pylori detection in gastric ulcer patients[39, 40]. My study demonstrated a 

reduction in the concentration of urea in normal urine over time. This reduction in 

urea concentration was ameliorated somewhat by centrifugation, filtration, and 

the addition o f the preservative sodium azide when compared to raw urine. 

Storage in a refrigerator or deep-freeze limited the loss of urea somewhat, 

however, no storage method was able to halt the significant reduction in urea.

The absolute concentrations for succinate and malonate increased in 

female urine over the 4 week period (Tables III-2 and 4). Although sample 

preparation steps reduced the rise in the metabolites, there remained a significant 

increase in these two metabolites over long-term storage. Other studies have 

shown that these metabolites increase over time as a result of the activity of 

bacteria in urine[19, 41, 42],

The metabolite lactate also increased over time. Lactate increased in the 

female urine over time and once again may be the result of metabolic activity of 

bacteria in the urine sample. Processing o f the urine and storage in the refrigerator 

or deep-freeze helped to reduce the rise in lactate when compared to raw urine at 

room temperature (Table III-4). An increase in lactate has been shown to correlate 

with bacterial activity in a number of pathophysiologies; such as bacteraemia[43], 

urinary tract infections[44], pneumonia[45], and meningitis[46, 47].
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Another metabolite that increased significantly in raw female urine was 

acetate. Storage of urine in a refrigerator, deep-freeze, filtering, or the addition of 

sodium azide reduced the increase in acetate significantly (Tables III-2 and III-4). 

Acetate, formate, lactate, and succinate are known to rise significantly during 

bacterial metabolism in media where carbohydrate substrates are present[48, 49]. 

This study has shown that these metabolites increase over time and different 

methods of sample preparation and storage has an effect of reducing the amount 

o f change in the urine metabolites. When considering the changing metabolites as 

a whole the data suggests that bacterial activity in the urine is changing the 

metabolite profile o f the original sample.

The presence of bacteria in human urine is well known to the scientific 

and medical communities. Urinary tract infections[50-52] and the influence o f gut 

microflora on metabolites found in the urine are all examples o f the influence 

bacteria on detectable metabolites in human urine [53]. The metabolites that 

changed from the original urine samples over the 4 week period o f this study are 

highly suggestive o f bacterial contamination o f the urine. This study suggests that 

the presence o f bacteria in normal urine samples can dramatically affect the 

metabolic profile o f the urine and appropriate measures must be taken to preserve 

the sample.

Differences in the degree of metabolite change between male and female 

urine samples over time, as well as the number of changing metabolites are
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possibly due to the differences in the degree of bacterial contamination. It is 

possible that the urological differences between male and female urinary tracts 

allows for greater bacterial culture and urine contamination in female 

patients [54].

My study focused primarily upon sample preparation and storage of 

normal urine samples. Urine samples were collected from a male and female 

volunteer. Due to biological variance observed in human urine another extended 

study would be beneficial. A number of individuals could be sampled and the 

effect o f biological variability on the degree of metabolite change in stored urine 

over time may be determined.

CONCLUSION ;

Urine is an attractive biofluid for metabolomic and metabonomic 

investigations due to the ease of sample collection and the rich metabolite nature 

of the fluid. However, as investigators identify and follow changes in urine 

metabolite concentrations it becomes increasingly important to define the origin 

of the observed differences. This study has shown that appropriate storage and 

preparatory measures must be taken immediately following urine collection to 

that ensure the metabolite composition o f the sample is maintained throughout the 

collection and analytical process. The bacteriostatic preservative sodium azide 

should be added to all urine samples, the samples should be stored in a deep-
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freeze, and cycles of sample freeze-thaw should be avoided whenever possible. 

The filtration of urine provided additional preservation o f original metabolite 

concentrations, likely due to the removal of bacterial contamination, but caution is 

advised in some cases due to the possibility of losing larger metabolites, such as 

some proteins, during the filtration process. Investigators must take appropriate 

measures to remove or inhibit bacterial influence upon the metabolic profile of the 

urine sample. Standard procedures for urine preparation and storage and the 

continued monitoring of any metabolite changes will ensure sample fidelity for 

future metabolomic investigations.
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CH APTER IV

Variation o f  M etabolites in Normal Human Urine

OVERVIEW

Urine is often sampled from patients participating in clinical and 

metabolomic studies. Biological homeostasis is known to occur in humans, but 

little is known about the variability o f metabolites found in urine. Scientific 

studies rely upon baseline measurements in order to identify and quantify 

differences and changes. In clinical and metabolomic studies the baseline that is 

typically chosen is a normal or a control population. Scientists use the comparison 

o f a studied or diseased group with the normal group to highlight the significant 

biological changes or pathophysiological processes involved. However, very little 

is known regarding the metabolite variability of human urine. This must be 

studied before normal human urine is used as a baseline for future clinical and 

metabolomic investigations. The study discussed in this chapter investigates the 

variability o f  selected urine metabolites in a group o f  healthy men and women 

over a period o f  30 days. To monitor individual variation, six women from the 

normal population were randomly selected and followed for 30 days. To 

determine the influence o f extraneous environmental factors, urine was collected 

from 25 guinea pigs with similar genetics, diet, and living environment. This 

study identifies the possible variation o f urine metabolites. In addition, this study 

also addressed a philosophical question “What is normal?” and initiated future 

discussions regarding the reconciliation o f homeostasis with urine variability.
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INTRODUCTION

The human body is composed of a complex and dynamic array of 

interacting metabolic pathways. These complex chemical reactions are generally 

kept in balance in a healthy individual; otherwise the slightest metabolic deviation 

can produce devastating results[l, 2], It is believed that tight control over the 

metabolic profile o f an individual, referred to as homeostasis, is required to 

maintain health.

Whether a primary cause, or a secondary indicator, metabolite changes 

have long been observed in diseased individuals[3-7]. Metabolomic studies 

attempt to detect, monitor, and in some cases predict the metabolic response to an 

insult or disease state[8]. These studies include investigations o f single-celled 

organisms, plants, animals, tissues, organs, and human subjects[9-15]. Some 

metabolomic studies have attempted to understand specific metabolic pathways 

and processes, while others have attempted to diagnose a particular disease[l, 2, 

16-20]. Therefore, such metabolic conclusions rely heavily upon having a well- 

defined healthy group with well-characterized metabolite homeostasis.

High-resolution NMR (most often 'H-NMR) has emerged as a promising 

non-invasive technique for metabolomic studies due to its ability to 

simultaneously detect a large number of compounds in a rapid and high-
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throughput manner that requires little sample manipulation. The lack of invasive 

mechanical or chemical sample modification for NMR is important because it 

allows the samples to be analyzed, stored, and re-analyzed if  methods improve at 

a later date. In addition, the data collected (spectra) may be analyzed by several 

techniques, including spectral integration, principal components analysis (PCA), 

partial least squares (PLS), and neural networks [21-23].

Currently, there is limited information available regarding normal 

metabolite concentrations and degrees of variance found in urine [24-26]. Due to 

limitations in laboratory resources most studies have tested samples from 10-30 

patients, with a control or normal group of at least similar size. This limitation in 

the number o f samples is compounded in human studies where subject 

compliance may be poor[27]. Although reference to Geigy scientific tables is 

common, the information is based upon limited research with similarly small 

sample sizes[26].

Most human or clinical studies recruit healthy volunteers based upon the 

absence of medical co-morbidities. The metabolite measurements of the normal 

cohort are then pooled and used for comparison with test subjects (usually those 

with a defined disease, e.g. diabetes). A certain degree of homeostasis is assumed 

to occur in the excretion of metabolites in normal urine; however, it is extremely 

important to define the inter- and intra-individual metabolite variance within the 

control group before conclusions are made regarding metabolite changes in
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diseased individuals. The definition of the normal metabolic profile is 

fundamental in human studies where additional variance is introduced through a 

number of uncontrolled factors (e.g. genetics, ethnicity, stress, exercise level, and 

diet)[6, 28]. The primary goal of this study was to investigate the degree o f inter- 

and intra- subject metabolite variance in a group o f normal healthy human 

subjects using 'H-NMR analysis of urine to provide a normal human urine 

metabolic baseline necessary for future metabolomic and clinical studies. For 

comparison, 25 guinea pigs o f the same strain, gender, diet, and environment were 

analyzed to investigate the influence of extraneous factors on urine metabolite 

excretion often observed in human clinical investigations. This human and animal 

model normal study identified urine metabolite variability and inter- and intra

subject variability, and possible causes o f the variation.

EXPERIMENTAL PROCEDURES >

IV-A. Human Control Sample Collection____________________________________

Informed consent was obtained from healthy normal volunteers (30 male, 

30 female) in accordance with guidelines established by the University o f Alberta 

Health Research Ethics Board. The study attempted to sample a representative 

cohort of normal or ‘relatively’ healthy control individuals. Each volunteer was 

accepted based upon a physician’s opinion that no chronic or major illness was 

present. For the normal population, each individual collected two daily mid

stream urine samples, one after waking (early AM), and another in the mid-
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afternoon. Sample collection continued for 30 days, which provided 3600 urine 

samples.

IV-B. Human Sample Handling____________________________________________

The urine samples were treated with sodium azide (Sigma Aldrich) to a 

final concentration of 2.5 mM immediately following collection and stored at - 

10°C for periods less than one week. Samples were catalogued and stored at the 

Canadian National High Field NMR Centre (NANUC) in a deep-freeze (-80°C). 

To obtain a general understanding of inter- individual metabolite variation within 

a ‘normal’ group 1 day of morning urine was randomly selected, for a total of 57 

samples (30 male and 27 female). To determine intra- individual variation 6 

female subjects were randomly chosen and their morning urine samples were 

analyzed over the 30 day period. As a result of subject compliance to regular 

sample collection the female subjects (randomly numbered 1 - 6 )  had differing 

number of total samples over the 30 days (21, 24, 29, 30, 29, and 29 samples 

respectively). To investigate metabolite differences as a result of gender one day 

was randomly chosen and the morning and afternoon urine samples from the 

female and male subjects were analyzed (total o f 60 male, and 55 female samples 

from one day). Differences in urine metabolites due to time of sampling was 

investigated by using the same day selected for the ‘gender analysis’, and 

comparing the morning and afternoon urine samples from the male and female 

subjects (30 male samples from both morning and afternoon collections from one 

day; 27 female morning and 28 female afternoon samples from one day).
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IV-C. Guinea P is  Control Sample Collection

Urine samples were taken from 25 female Dunkin-Hartley guinea pigs 

(pathogen-free, 180-450 g, Charles River Laboratories). All animals were shipped 

in filtered crates and kept in high-efficiency, particulate-filtered air. All animals 

were fed a standard guinea pig diet (Prolab; Agway) including water ad libitum. 

Animals were handled in accordance with the Canadian Council on Animal Care 

guidelines. The Health Sciences Animal Policy and Welfare Committee, 

University o f Alberta approved the ethics for the use of the animals. The guinea 

pigs were anesthetized intraperitoneally with urethane (1.5 g/kg). Adequate depth 

of anesthesia was assessed via the pedal reflex. Urine samples were collected by 

trans-abdominal cystocentesis using a sterile 21-gauge needle. The needle was 

inserted at a 45° angle, on the midline, midway between the umbilicus and brim 

of the pelvis, while creating negative pressure by pulling back on the plunger of 

the syringe. I f  urine was not obtained with the first puncture, two additional 

punctures were attempted from 0.2 to 1.0 centimeters cranial or caudal to the 

initial puncture site. The needle was changed before making each attempt to avoid 

contamination. Urine samples (1.0-2.0 ml) were stored at -80°C for later ’H-NMR 

analysis.
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IV-D. Sample Preparation

Both human and guinea pig urine samples were thawed in a biosafety 

fume hood and a 630 pi aliquot was removed and placed in a 1.5 ml Eppendorff 

tube followed by the addition of 70 pi of a reference buffer solution ((4.9 mM 

DSS (disodium-2, 2-dimethyl 2-silapentane-5-sulphonate) and 100 mM imidazole 

in D2O) Sigma-Aldrich, Mississauga, ON). Each sample was brought to a pH of

7.0 +/- 0.1 using HC1 and NaOH. An aliquot of 600 pi was taken and transferred 

to a standard 5 mm glass NMR tube (Wilmad, NJ, USA).

IV-E. NMR Analysis______________________________________________________

All 'H-NMR spectra were acquired on a 600 MHz Inova (Varian Inc, Palo 

Alto, CA.) spectrometer equipped with a 5 mm triple-resonance probe with z-axis 

gradient coil. One-dimensional 'H-NMR spectra were collected at 25°C with a 

tnnoesy pulse sequence (one-dimensional, three pulse NOESY, with a transmitter 

pre-saturation delay o f 900 ms for water suppression during the pre-acquisition 

delay and 100 ms mixing time), and a spectral width of 7200 Hz. The time- 

domain data points were 64k, acquisition time was 4s, the 90° pulse was 6.8ps, 

repetition time was 5s, steady state scans were four, and the number of acquired 

scans was 32. The FID was apodized with an exponential window function 

corresponding to a line broadening of 0.5 Hz, zero-filled to 128k, and Fourier 

transformed [29],
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IV-F. NMR Quantification

The methyl singlet of the buffer constituent DSS served as internal 

standard for chemical shifts (set to 0 ppm), and quantification. Spectral 

identification and quantification of 24 clearly identifiable metabolites was 

performed using the Chenomx NMR Suite Professional software package Version

3.1 (database available at pH 7.0, Chenomx Inc., Edmonton, AB). Figure IV-1 

shows the expanded aromatic (7.2 -  8.3 ppm) and aliphatic regions (3.3 -  4.7 

ppm) o f a ID 1 H-NMR spectrum of a typical human urine sample together with 

the spectral regions and resonant peaks o f a reference sample o f pure hippuric 

acid. For qualitative and quantitative analysis Chenomx NMR Suite software 

takes a database of pure compounds (metabolites) and compares the spectral 

signatures to those found in the urine spectrum. A least-squares fit o f the 

reference spectra to the urine spectra was used to quantify selected metabolites. 

The internal DSS signal was utilized as the concentration reference (0.49 mM). 

The software includes an appropriate correction for urine dilution due to the 

addition o f buffer. Work in our laboratory has demonstrated that this procedure 

provides absolute concentration accuracies in excess of 90%[30].
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Figure IV-1. Spectral analysis by Chenomx software. Expanded aromatic (6.7- 
8.7 ppm) and aliphatic (3.3-4.7 ppm) regions of a 600 MHz ID 'H-NMR 
spectrum of healthy human urine (top). The bottom trace shows the reference 
spectrum of hippurate used by the Chenomx NMR Suite software for qualitative 
identification and quantitative determination for the metabolite hippurate.

Metabolite concentrations were expressed as absolute values (Figure IV- 

2), and as ratios relative to creatinine to correct for dilution assuming a constant 

rate of creatinine excretion for each urine sample[31], Following normalization of 

metabolite concentrations a large degree o f metabolite variability remained. 

Scaling the normalized metabolite concentrations according to the approximate 

population average concentration o f creatinine (for the human samples: Eq. 1 

[mM metabolite/mM creatinine] x 10, and for the guinea pig samples: Eq. 2 [mM 

metabolite/mM creatinine] x 3), returned metabolite values of a similar scale to 

the raw metabolite concentrations. This allowed for graphical comparison to 

determine the remaining degree of metabolite variability. Scaling does not alter 

the statistical metabolite variability (i.e. coefficients of variation remain constant); 

however, it does allow for graphical overlay of raw and normalized metabolite
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concentrations to determine if the degree o f metabolite variability is reduced 

following dilution correction with creatinine.
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Figure IV-2. Creatinine variability in a normal human population. Absolute 
creatinine concentrations of 57 healthy subject urine samples from a single day 
(30 male, 27 female), and the morning sampling time (9.03 + 4.4 mM). This 
sampling was randomly selected from a large dataset o f serial samples collected 
from our normal population of 30 men and 30 women.

IV-G. Statistical Analysis__________________________________________________

Metabolite concentration and normalized results are expressed as means, 

ranges, and coefficients of variation ((standard deviation/mean)*100)). 

Differences between variables and sub-groups were investigated using Box-Cox 

transformation (to ensure normality and equality o f variance) of normalized 

metabolite values followed by one-way analysis o f variance (ANOVA). A p-value 

of < 0.05 was considered to indicate statistical significance.
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RESULTS

IV-A. Human Demographics_____________________________________________________________________________________________________

Urine samples were collected from 30 men with a mean age o f 39.6 (± 14, 

range: 20 - 74), and 30 women with a mean age of 41.3 (+ 16, range: 18 - 68).

IV-B. Metabolite Identification_____________________________________________

The 24 metabolites chosen for this study are all major metabolites found in 

urine and were unequivocally identified and quantified with concentrations 

ranging from 0.01 to 10.00 mM. The mean metabolite concentrations, standard 

deviation, range, and coefficient o f variation for the normal population are listed 

in Table IV -1. The variability of metabolites in the urine were analyzed as group 

means, coefficients o f variance, and in terms of intra-subject variance over time.
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Metabolite Absolute (mM) Coeff Var Normalized Coeff Var
mean + SD min/max mean + SD min/max

2-Hydroxyisobutyrate 0.05 ± 0.03 (0.01/0.17) 63.83 0.06 ± 0.02 (0.02-0.15) 36.36
2-Oxoisocaproate 0.02 + 0.01 (0.00/0.07) 47.62 0.03 ± 0.02 (0.00 - 0.08) 80.00
4-A m i noh ippurate 0.02 ± 0.02 (0.00/0.06) 100.0 0.02 ± 0.02 (0.00-0.12) 83.33
4-Hydroxyphenylacetate 0.11+0.05 (0.02/0.24) 47.62 0.12 ±0.05 (0.06 - 0.29) 40.32
Alanine 0.24+0.16 (0.04/0.80) 66.67 0.28 + 0.12 (0.07 - 0.73) 43.48
Aspartate 0.14+0.07 (0.00/0.34) 51.85 0.17 ±0.11 (0.00 - 0.53) 63.58
Citrate 2.54+ 1.81 (0.05/9.50) 46.55 3.05 ± 1.98 (0.12 -10.9) 64.83
Creatine 0.55 + 0.49 (0.00/2.05) 88.77 0.66 ±0.55 (0.00 - 2.54) 83.46
Creatinine 9.03 ± 4.37 (1.78/20.35) 48.37 10.0 ±0.0 (0.00-10.0)
Cytidine 0.03 ± 0.08 (0.00/0.40) 235.3 0.05 ±0.11 (0.00 - 0.49) 239.1
Formate 0.33 + 0.48 (0.03/3.47) 14.46 0.41 ±0.50 (0.07 -3.10) 121.1
Glutamate 0.14 ± 0.11 (0.00/0.59) 81.48 0.16 ±0.12 (0.00 - 0.70) 75.95
Hippurate 1.83+1.24 (0.26/5.72) 67.95 2.28 ±1.43 (0.27 - 6.87) 62.86
Histidine 0.49+0.41 (0.01/1.35) 84.36 0.53 ± 0.36 (0.02-1.45) 68.44
Hypoxanthine 0.04 + 0.03 (0.00/0.15) 78.95 0.04 ±0.03 (0.00-0.16) 69.77
Lactate 0.38+ 1.28 (0.03/9.79) 334.2 0.40+ 1.08 (0.07 - 8.28) 270.0
N-Methylhistidine 0.24+0.19 (0.00/0.83) 79.83 0.25 ±0.13 (0.00 - 0.60) 52.00
Phenylalanine 0.12 + 0.07 (0.01/0.33) 59.32 0.14 ±0.08 (0.04 - 0.40) 57.97
Salicylurate 0.06 ± 0.07 (0.00/0.31) 125.0 0.07 ±0.11 (0.00 - 0.48) 148.6
Trans-Aconitate 0.04 ±0.04 (0.00/0.21) 90.91 0.05 ±0.04 (0.00 - 0.20) 81.63
Threonine 0.08 ±0.06 (0.00/0.32) 80.00 0.10 ±0.07 (0.00 - 0.32) 72.16
Tryptophan 0.11 ±0.07 (0.02/0.28) 63.06 0.13 ±0.07 (0.03 - 0.33) 53.44
Tyrosine 0.10 ±0.07 (0.01/0.29) 69.31 0.13 ±0.14 (0.02- 1.09) 109.4
Uridine 0.00 ±0.01 (0.00/0.06) 250.0 0.01 ±0.01 (0.00 - 0.06) 100.0

Table TV-1. Urine metabolites analyzed

a. 24 urine metabolites were quantified for variability in normal subjects

b. Concentrations reported as millimolar; 30 male and 27 female samples

c. Creatinine was used for urine normalization (Eq. [1])

d. Buffer constituents DSS and imidazole were 0.49 and 10.0 mM respectively

e. Coefficient of variation 100*(SD/Mean)

IV-C. Normalization to Creatinine

Absolute urine metabolite concentrations are affected by urine volume, 

which can be correlated to the amount of liquid taken in by the diet. The 

compound creatinine is easily identified in the urine, is correlated to overall body 

size (related to muscle mass), and in present literature is said to have little 

metabolic or excretory variance in healthy individuals. As a result, creatinine is 

often used to compensate for variations in urine volume, and metabolite 

concentrations are commonly expressed as ratios relative to creatinine [24]. The 

variation of creatinine concentrations in 57 urine samples (30 male and 27 female,
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morning samples) from the cohort of normal subjects is shown in Figure IV-2. 

The mean and standard deviation (9.03 +/- 4.37 mM) demonstrates that there is 

substantial variation o f the absolute creatinine concentration in the normal adult 

cohort.

IV-D. Inter-individual Variability__________________________________________

To determine the effect o f urine volume on metabolite concentration 

variance and the proper method o f reporting metabolite concentrations, two 

clearly identifiable metabolites (hippurate and citrate) were chosen from the set of 

24 metabolites. Absolute hippurate concentrations for normal subjects are shown 

graphically in Figure IV-3 (a), (mean: 1.83 ±  1.24 mM). The normalized 

hippurate concentrations following individual standardization to creatinine as 10 

mM are shown in Figure IV-3 (b), (mean: 2.28 ± 1.43).
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Figure IV-3. Human urine hippurate concentration normalization. Urine 
hippurate concentrations for the normal population (57 urine samples from a 
single day, morning sampling time, 30 male and 27 female) prior to (1.83 +1.24 
mM, A), and following normalization to creatinine (see Eq. 1., 2.28 + 1.43, B).

This analysis was repeated for the metabolite citrate (Figure IV-4), 

whereby means for the absolute and scaled concentrations were 2.54 +1.81 mM,
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and 3.05 + 1.98, respectively. The analysis of all 24 chosen metabolites revealed 

similarly large standard deviations and coefficients of variation for both absolute 

and scaled concentrations within the adult normal cohort (Table IV -1).
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Figure IV-4. Human urine citrate concentration normalization. Citrate levels 
in the urine for the normal population (57 urine samples from a single day, 
morning sampling time, 30 male and 27 female) prior to (2.54 + 1.81 mM, A), 
and following normalization to creatinine (3.05 + 1.98, B).
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IV-E. Gender

Within the 30 day collection period a single day was randomly selected for 

analysis o f gender differences in urinary metabolite secretion. Morning and 

afternoon urine samples were included for the male and female subjects (total of 

60 samples for the male, and 55 samples for the female). Following Box-Cox 

normalization o f the concentrations for the 24 metabolites identified in the normal 

urine, the following twelve metabolites were found to be statistically different 

(p<0.05) for male vs. female subjects: 2-hydroxyisobutyrate, 4-aminohippurate, 

aspartate, citrate, creatine, formate, hippurate, histidine, lactate, threonine, trans- 

aconitate, and N-methylhistidine.

IV-F. Sampling Time_____________________________________________________

The same random day of urine collection selected for the analysis of 

gender differences was used to determine differences in urine metabolite 

concentrations as a result o f urine collection time. Male and female morning urine 

samples for the day (57 samples) were included as the ‘morning urine samples’, 

as were the male and female afternoon urine collections (58 urine samples). 

Following Box-Cox normalization of the metabolite concentrations, the following 

nine metabolites were found to be statistically different (p<0.05): 4- 

aminohippurate, aspartate, creatine, formate, glutamate, phenylalanine, 

salicylurate, tryptophan, and trans-aconitate.
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IV-G. Intra-individual Variability

From the initial 57 subjects in our randomly selected normal population, 

six female subjects were randomly chosen and 10 unequivocally identifiable 

metabolites were followed over a 4 week period using morning voids only. 

Metabolite concentrations were normalized to creatinine levels according to Eq. 

[1] (see Methods section). Longitudinal values, the mean, and the coefficient of 

variance for six randomly selected normalized metabolites are shown in Table IV-

2. Morning citrate concentrations for six normal female subjects over the 4 week 

period are shown in Figure IV-5. The data demonstrates that normalized citrate 

concentrations for each individual remain relatively stable for periods of time; 

however, during other periods o f time vary by over one-to-two times the female 

cohort standard deviation. Morning tyrosine normalized concentrations for the 

same six female subjects, over the same 4 week period, are shown in Figure IV-6. 

In contrast, individual tyrosine variation is <1 cohort standard deviation, except 

for one aberrant spike for female #2.

128

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



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Subject Alanine CoeffVar Citrate Coeff Var Creatine Coeff Var Hippurate
Female 1 0.17 ±0.05 30.30 3.89 + 0.92 23.66 0.71 +0.39 55.16 2.44± 1.51
Female 2 0.16 + 0.07 44.30 2.07 ± 0.69 33.40 1.09 + 0.97 89.32 1.41 ±0.53
Female 3 0.22 ± 0.07 31.82 4.34 ± 1.77 40.83 0.96 + 0.73 75.96 1.11 ± 0.87
Female 4 0.24 + 0.05 20.83 6.05+1.55 25.62 0.54 ±0.66 121.8 2.07 ± 0.90
Female 5 0.29 + 0.09 31.25 3.59+ 1.01 28.14 0.66 + 0.31 46.90 1.93 ± 1.77
Female 6 0.30 + 0.11 36.67 3.83 + 1.29 33.66 0.88 ±0.67 76.14 2.21 ± 1.40

Table IV-2. Fem ale urine m etabolite variation over thirty days.

a. Six randomly selected urine metabolites o f six fem ale subjects over thirty days.

b. Normalized m etabolite concentrations (([m etabolite m M ]/[Creatinine mM ])* 10), ±  SD

c. Coefficient of variation 100*(SD/mean)

to

Coeff Var Lactate Coeff Var Tyrosine Coeff Var
61.96 0.16 ±0.05 30.86 0.04 ±0.01 27.78
24.75 0.18 + 0.07 38.04 0.05 ± 0.06 122.4
78.38 0.22 + 0.25 115.7 0.04 ±0.01 23.81
43.39 0.18 ±0.06 32.61 0.07 ± 0.03 41.10
91.76 0.28 ±0.12 42.40 0.04 ±0.02 48.78
63.32 0.45 ± 0.23 50.77 0.09 ± 0.03 35.29
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Figure IV-5. Intra-individual urine citrate variability. Normalized citrate levels 
for morning urine samples taken from six randomly selected female subjects over 
a period o f 30 days. Thick black line denotes the female normal population mean 
(3.88); thinner black lines represent the population standard deviation (+/- 2.4).
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Normalized Female Urinary Tyrosine Variation
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Figure IV-6. Intra-individual urine tyrosine variability. Normalized tyrosine 
levels for morning urine samples from six randomly selected female subjects over 
a period of 30 days. Thick black line denotes the female normal population mean 
(0.13); thinner black lines represent the population standard deviation (+/- 0.2).

V-H. Guinea Pig Variability_______________________________________________

To investigate the possible influences o f extraneous factors on the human 

population urine metabolite concentrations and variability (e.g. genetics, diet, 

stress, environment, etc.) 25 guinea pigs that were raised in a controlled
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environment were fed identical food, and were from similar genetic background, 

provided urine samples. Similar to the human data, the guinea pig urine creatinine 

levels varied considerably (2.85+ 2.1mM) (Figure IV-7). The metabolites 

hippurate and citrate, chosen randomly before for the human normal population, 

were also quantified in guinea pig urine and are shown in Figures IV-8 and -9. 

Absolute urine hippurate concentrations for the guinea pig normal population are 

shown graphically in Figure IV-8 (a), (mean: 9.69 + 9.0 mM). The normalized 

hippurate concentrations following individual normalization to creatinine (Eq.2) 

are shown in Figure IV-8 (b), (mean: 10.16 + 7.3). For citrate the absolute 

concentration mean was 0.23 + 0.42 (Figure IV-9a), and the normalized mean 

concentration was 0.57 ± 1 .4  (Figure IV-9b). Analysis for 24 metabolites revealed 

similarly large standard deviations and coefficients of variation for both absolute 

and normalized concentrations for the guinea pig group (Table IV-3).
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Figure IV-7. Guinea pig urine creatinine variability. Absolute creatinine 
concentrations of 25 control guinea pig urine samples (2.84 + 2.05 mM).
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Figure IV-8. Urine hippurate normalization in control guinea pigs. Guinea pig 
urine hippurate concentrations prior to (9.58 ± 8.95 mM, A), and following 
normalization to creatinine (see Eq. 2., 10.2 + 7.31,B).
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Figure IV-9. Normalization of urine citrate in control guinea pigs. Citrate 
levels in control guinea pig urine prior to (0.22 + 0.42 mM, A), and following 
normalization to creatinine (see Eq. 2., 0.57 + 1.35, B).
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Metabolite Absolute (mM) C oeff Var Normalizec Coeff Var
m ean + SD min/max m ean + SD min/max

2-Hydroxyisobutyrate 0.13 ±0.11 (0.01 0.37) 80.0 0.19 ± 0.14 0.00- 0.75) 76.2
2-Oxoisocaproate 0.05 ± 0.05 (0.00 0.18) 113 0.08 ±0.15 0.00- 0.75) 175
4-Am inohippurate 0.03 ± 0.02 (0.00 0.06) 63.3 0.07 ±0.15 0.01 - 0.75) 212
4-Hydroxyphenylacetate 0.20 ± 0.25 (0.00 0.74) 122 0.23 ±0.22 0.00- 0.75) 93.5
Alanine 0.16 + 0.15 (0.06 0.69) 89.2 0.68 ±2.21 0.03 - 11.3) 323
Aspartate 0.08 ±0.06 (0.00 0.20) 68.8 0.13 ±0.14 0.04- 0.75) 105
Citrate 0.22 ± 0.42 (0.01 2.03) 185 0.57 ±1.35 0.02- 6.75) 236
Creatine 0.13 + 0.12 (0.02 0.62) 98.6 0.28 ±0.58 0.04- 3.00) 207
Creatinine 2.84 ±2.05 (0.04 8.11) 72.2 3.00 ±0.00 3.00- 3.00)
Cytidine 0.02 ±0.03 (0.00 0.10) 132 0.06±0.15 0.00- 0.75) 262
Formate 0.48 ± 0.43 (0.00 1.71) 88.7 2.37 ±6.24 0.00- 30.8) 263
Glutamate 0.11 ±0.08 (0.00 0.25) 68.8 0.21 ±0.29 0.00- 1-5) 139
Hippurate 9.58 + 8.95 (0.01 30.2) 93.4 10.2 ±7.31 0.06- 30.9) 71.9
Histidine 0.00±_0.01 (0.00 0.03) 322 0.00 ±0.00 0.00- 0.07) 327
Hypoxanthine 0.00 ±0.01 (0.00 0.02) 136 0.01 ±0.01 0.00- 0.06) 190
Lactate 0.27 ± 0.43 (0.03 2.06) 158 6.62 ±30.8 0.05- 155) 465
N-M ethylhistidine 0.00 ±0.00 (0.00 0.00) 0.00 0.00 ±0.00 0.00- 0.00) 0
Phenylalanine 0.13 + 0.11 (0.00 0.36) 83.4 0.18 ±0.14 0.00- 0.75) 79.9
Salicylurate 0.06 ±0.07 (0.00 0.27) 113 0.06 ±0.05 0.00- 0.21) 94
Trans-A conitate 0.02 ±0.02 (0.00 0.06) 108 0.03 + 0.04 0.00- 0.18) 135
Threonine 0.06 ± 0.05 (0.00 0.16) 81.9 0.20 ±0.59 0.00- 3.00) 299
Tryptophan 0.06 ±0.05 (0.00 0.16) 80.2 0.10 ± 0.14 0.00- 0.75) 134
Tyrosine 0.33 + 0.31 (0.02 1.07) 94.8 0.41 ±0.44 0.07- 2.25) 107
Uridine 0.02 ± 0.02 (0.00 0.07) 111 0.05 ±0.15 0.00- 0.75) 273

T able IV-3. G uinea pig urine m etabolite  concentrations

a. M etabolites w ere quantified  fo r variability  in norm al guinea p igs (m M )

b. C reatin ine w as used  fo r urine norm alization  (Eq. [2])

c. B uffer constituents DSS and  im idazole w ere 0.49 and 10.0 m M  respectively

d. C oefficien t o f  variation  100*(SD /M ean)

DISCUSSION and CONCLUSION

The results from this study have important implications for those 

interested in examining urine for future metabolomic research. First, prior to a 

study describing a diseased state, as well as the unique properties and metabolic 

differences associated with the pathophysiology, it is important to define a 

‘normal, or control population’. Often studies compare different test or disease 

subjects to a normal cohort o f a similar sample size. The difficulty is that the 

limited sample size, particularly when dealing with human clinical studies, can
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influence the conclusions of the study. Moreover, without examining trends and 

variation over time, single comparison o f control values can generate misleading 

results.

In this study, questions were raised regarding the sampled population, and 

the philosophical definition of a “healthy, or normal human population”. My 

inclusion criteria rested upon a physician’s judgment that every subject had no 

underlying chronic illness or major medical problem, and a general understanding 

that the subject was ‘healthy’. We intentionally avoided choosing ‘idealized’ 

normal subjects, as this would not represent an actual ‘normal’ population (i.e. 

most people use some pharmaceuticals, and very few are varsity athletes). No 

attempt was made to normalize diet, or other factors in order to best determine the 

actual variation present in normal individuals. Any additional attempt to regulate 

extraneous factors like sleep or exercise would falsely skew results towards an 

unattainable clinical scenario. Most previously published metabolomic and 

clinical studies that compare disease and control cohorts have not insisted upon a 

regimented ‘control’ group with regulated sleep, diet, exercise, and stress. 

Therefore, my study sampled a more inclusive normal population that better 

reflected the majority of the human control subjects

‘H-NMR spectroscopy was used to identify and quantitate metabolites in 

urine samples from a normal human cohort to determine the metabolite variability 

observed at the level of the population and the individual. A key finding of this
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study was that the variance (standard deviation and coefficient of variation) of the 

pooled metabolite concentrations within the normal population was high, as was 

the degree of variation of the metabolites for individuals over time. It is clear that 

individual metabolite profiles, as sampled in the urine, are capable of impressive 

variation and a clearer understanding o f metabolite variability within control 

human subjects is needed in future metabolomic and clinical investigations.

Variation in urine volume as a result o f dietary liquid intake has a direct 

effect on absolute metabolite concentrations. Previously, volume effects have 

been normalized by expressing metabolite concentrations as ratios relative to the 

endogenous creatinine levels for each urine sample. Creatinine is associated with 

overall muscle mass and body size and current literature states that creatinine 

exhibits little concentration variability related to normal biological functional]. 

Clinically, serum creatinine is often used as an indicator of kidney function. 

Therefore, it is reasonable to assume creatinine offers the best possible internal 

standard for correcting urine volume effects. Table IV-1 and Figures IV-3 and -4 

demonstrate that the standard deviations and coefficients of variation for absolute 

and normalized (Eq. [1]) metabolite concentrations in the human control group 

are similar. Therefore, volume effect (subject hydration) is not the major 

contributing factor to the observed variance in metabolite concentrations. The 

observed large coefficients of variation (up to 270 for the metabolite lactate) for 

normalized metabolite concentrations within the study’s normal population was of 

interest because studies often attempt to diagnosis pathological metabolic profiles
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based upon limited population information {e.g. small sample size). The data 

shows that large variance in urinary metabolite concentrations in the normal 

human group is not due to urine volume effects, but rather reflects actual 

metabolite variance. Adequate knowledge and understanding o f the variance of 

urinary metabolite concentrations in the normal human population is necessary for 

the interpretation of future metabolomic studies.

It is possible that the large population variance may be due to inter-subject 

variance (differences in individual mean values) due to gender, age, or diet, while 

each individual maintains a tight biological homeostasis[32]. From six random 

healthy female volunteers 10 metabolites were monitored over a 4 week period. 

The data demonstrated that individual citrate and tyrosine levels are capable of 

ranging through the full standard deviation o f the entire population. Similar 

degrees o f variability were observed for the other metabolites studied (Table IV-2, 

and similarly for the normal cohort, Table IV-1). This study clearly shows that a 

single individual is capable o f varying greatly, and is able to span the same 

metabolite range as that for an entire group.

When we followed individual subjects over the 30 day period some 

metabolite ‘spikes’ were observed in some subjects (Figures IV-5 and 6). No 

correlation was found with the changes in metabolite concentrations and changes 

in the subjects’ daily routine. However, female #1 had an increase in citrate 

excretion immediately before the beginning o f her menstrual cycle. Although this
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only occurred for the one subject, it may point to an area requiring further 

research[33].

This study also chose to look at sampling time because o f the infrequency 

o f collection observed in actual clinical settings. Although morning sampling is 

typically sought there are many instances where this is not possible. Therefore, it 

was important to determine whether there was any urinary metabolite variation 

that resulted from differences in the timing of sample collection. O f the 24 

metabolites examined during this study, the concentrations of nine were 

statistically different between morning and afternoon urine collection. Thus, 

differences in metabolite excretion should be noted during metabolic studies using 

urine as the biofluid. Urine metabolite variability has been seen in earlier 

metabolomic studies; such as public health and exposure limits to certain 

agents[34]. The metabolite variability observed in this human study is similar to 

that found in studies by Tate[12] and Holmes[35].

Twenty-five control guinea pigs were sampled to identify possible sources 

for the large metabolite variability identified in the normal human population. The 

guinea pigs were o f similar genetic background, were raised in in a controlled 

environment, and were fed identical diets. Our data demonstrated that the guinea 

pig urine metabolites varied significantly (Figures IV-7-9 and Table IV-3). 

Interestingly the coefficients of variability for the metabolites identified were 

similar, and in some cases greater, when compared to the human control
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population. Many studies choose to use animal models because many o f the 

extraneous factors identified as possible sources o f error in human studies can be 

controlled. This study demonstrates that similar variation is possible in a control 

guinea pig population. For example, control rat urine metabolites have varied 

during estrus cycles[33], animal species [6, 36], diet [37], and even metabolic 

variation within similar species [12, 35]. A recent article in Science identifies the 

remarkable diversity in genetically identical cells, even following identical 

histories of environmental exposures[32].

Data from this study supported the conclusions of other human urine 

studies, which found that there was a significant difference in metabolite 

excretion between male and female subjects. My data shows that half o f the 

metabolites examined demonstrated a statistically significant difference between 

sex groups. It is important that investigators choose the appropriate gender to 

compare between test and control populations (i.e. both populations of same sex, 

or equal mixture of gender) since I have shown that differences in metabolite 

excretion, as a result o f gender, may influence metabolic conclusions.

Although studies for urine metabolites in human control subjects are 

limited, there are studies which attempt to find correlation of urinary metabolites 

with age and diet [38], variation within large populations [34, 39], and variation 

o f metabolites over time [24, 40], Investigators have identified high inter

individual variations in urine metabolites, while intra-individual variation was low
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[24], These investigators concluded that most subjects had a characteristic profde 

that did not change with time and was independent o f diet. Those results are not 

consistent with the degree of metabolite variation observed in this study. 

Although the average metabolite concentrations and standard deviations were 

strikingly similar for the normal population compared with Zuppi et al. [24], the 

large degree o f variability was not reduced when single individuals were followed 

over time in this study. Since Zuppi et al. collected urine only once a month for 

four months; the difference in collection frequency may explain the discrepancy. 

In addition, the larger population sampled in this study did not reduce the degree 

of variability. This suggests a unique population distribution that should be 

considered when performing the most basic statistical analysis. Other 

investigators have found that although there was high inter-individual variability, 

the intra- individual variability remained small [40]. Of the 24 metabolites 

measured in this study, I found high inter- and intra-individual variability, as well, 

the different findings may be the result of the limited diet and short duration of 

the Lenz study. Unfortunately, they do not report actual metabolite concentrations 

making comparison to this study difficult.

Despite the intra-individual variability between our study and Zuppi et al., 

the population averages for three o f the four metabolites (e.g. hippurate and 

citrate) reported in their study were strikingly similar to the population averages 

found in my study. Given the geographic difference (Rome, Italy for Zuppi 

[24]vs. Edmonton, Canada for this study), and the probable genetic and diet
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differences between subjects in our study and those from Italy, the similarity in 

population averages between four metabolites from the two studies is intriguing.

Urine is not a fluid in constant circulation throughout the body that 

requires monitoring like the blood. Rather, urine is a collection o f waste and 

biological by-products that are reflective o f a larger mixture o f metabolic 

processes that may have occurred over a long time period. The large variability in 

metabolite concentrations within the control subjects may be a reflection of the 

overall biological function of urine. However, the ease of urine sample collection 

has lead to its widespread use as the biofluid for metabolomic studies o f many 

different human disease states. This study has highlighted important factors such 

as metabolite excretion differences due to sampling time, gender, and inter- and 

intra- individual variability; each o f which impact the growing use of urine in 

metabolomic and future clinical diagnostic studies. This investigation 

demonstrates the great care that must be taken when establishing normal 

metabolite baselines for comparison in basic research or clinical investigations.

143

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



LITERATURE CITED

1. Kraut, J.A. and I. Kurtz, Metabolic acidosis of CKD: diagnosis, clinical 

characteristics, and treatment. Am J Kidney Dis, 2005. 45(6); 978-93.

2. Trachtenbarg, D.E., Diabetic ketoacidosis. Am Fam Physician, 2005. 

71(9); 1705-14.

3. Shockcor, J.P. and E. Holmes, Metabonomic applications in toxicity 

screening and disease diagnosis. Curr Top Med Chem, 2002. 2(1); 35-51.

4. Kubitz, R., V. Keitel, and D. Haussinger, Inborn errors o f biliary 

canalicular transport systems. Methods Enzymol, 2005. 400; 558-69.

5. Green, R.H., et al., Asthma exacerbations and sputum eosinophil counts: a

randomised controlled trial. Lancet, 2002. 360(9347); 1715-21.

6. Bollard, M.E., et al., NMR-based metabonomic approaches for evaluating 

physiological influences on biofluid composition. NMR Biomed, 2005. 

18(3); 143-62.

7. Moolenaar, S.H., U.F. Engelke, and R.A. Wevers, Proton nuclear 

magnetic resonance spectroscopy of body fluids in the field of inborn 

errors of metabolism. Ann Clin Biochem, 2003. 40(Pt 1); 16-24.

8. Weckwerth, W., Metabolomics in systems biology. Annu Rev Plant Biol, 

2003. 54; 669-89.

9. Rastall, R.A., et al., Modulation o f the microbial ecology o f the human

colon by probiotics, prebiotics and synbiotics to enhance human health: an

overview of enabling science and potential applications. FEMS Microbiol 

Ecol, 2005. 52(2); 145-52.

10. Keller, N.P., G. Turner, and J.W. Bennett, Fungal secondary metabolism -

from biochemistry to genomics. Nat Rev Microbiol, 2005. 3(12); 937-47.

11. Singer, M., Metabolic failure. Crit Care Med, 2005. 33(12 Suppl); S539- 

42.

12. Tate, A.R., S.J. Damment, and J.C. Lindon, Investigation o f the metabolite 

variation in control rat urine using (1)H NMR spectroscopy. Anal 

Biochem, 2001. 291(1); 17-26.

144

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



13. Coen, M., et al., Proton nuclear magnetic resonance-based metabonomics 

for rapid diagnosis of meningitis and ventriculitis. Clin Infect Dis, 2005. 

41(11); 1582-90.

14. Duarte, I.F., et al., Metabolic assessment of human liver transplants from 

biopsy samples at the donor and recipient stages using high-resolution 

magic angle spinning 1H NMR spectroscopy. Anal Chem, 2005. 77(17); 

5570-8.

15. Stanley, E.G., et al., Sexual dimorphism in urinary metabolite profiles of 

Han Wistar rats revealed by nuclear-magnetic-resonance-based 

metabonomics. Anal Biochem, 2005. 343(2); 195-202.

16. Sabatine, M.S., et al., Metabolomic identification of novel biomarkers of 

myocardial ischemia. Circulation, 2005. 112(25); 3868-75.

17. Wennergren, G., Inflammatory mediators in blood and urine. Paediatr 

RespirRev, 2000. 1(3); 259-65.

18. Brindle, J.T., et al., Rapid and noninvasive diagnosis o f the presence and 

severity of coronary heart disease using lH-NMR-based metabonomics. 

Nat Med, 2002. 8(12); 1439-44.

19. van Rhijn, B.W., H.G. van der Poel, and T.H. van der Kwast, Urine 

markers for bladder cancer surveillance: a systematic review. Eur Urol,

2005. 47(6); 736-48.

20. de Jongste, J.C., Surrogate markers of airway inflammation: 

inflammometry in paediatric respiratory medicine. Paediatr Respir Rev, 

2000. 1(4); 354-60.

21. Stoyanova, R. and T.R. Brown, NMR spectral quantitation by principal 

component analysis. NMRBiomed, 2001. 14(4); 271-7.

22. Sardari, S. and D. Sardari, Applications of artificial neural network in 

AIDS research and therapy. Curr Pharm Des, 2002. 8(8); 659-70.

23. Gavaghan, C.L., I.D. Wilson, and J.K. Nicholson, Physiological variation 

in metabolic phenotyping and functional genomic studies: use of 

orthogonal signal correction and PLS-DA. FEBS Lett, 2002. 530(1-3); 

191-6.

145

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



24. Zuppi, C., et al., 1H NMR spectra of normal urines: reference ranges of 

the major metabolites. Clin Chim Acta, 1997. 265(1); 85-97.

25. Keun, H.C., et al., Analytical reproducibility in (1)H NMR-based 

metabonomic urinalysis. Chem Res Toxicol, 2002. 15(11); 1380-6.

26. Geigy, a.L., Geigy scientific tables. 8th, rev. and enl. ed. ed, ed. C.

Lentner. Vol. 1. 1981 - 1992, West Cadwell, NJ: Ciba-Geigy Corp.

27. Chung, Y.L., et al., Muscle metabolites, detected in urine by proton 

spectroscopy, correlate with disease damage in juvenile idiopathic 

inflammatory myopathies. Arthritis Rheum, 2005. 53(4); 565-70.

28. Lenz, E.M., et al., Metabonomics, dietary influences and cultural 

differences: a 1H NMR-based study of urine samples obtained from 

healthy British and Swedish subjects. J Pharm Biomed Anal, 2004. 36(4); 

841-9.

29. Kumar, A., R.R. Ernst, and K. Wuthrich, A two-dimensional nuclear 

Overhauser enhancement (2D NOE) experiment for the elucidation of 

complete proton-proton cross-relaxation networks in biological 

macromolecules. Biochem Biophys Res Commun, 1980. 95(1); 1-6.

30. Saude, E.J., C.M. Slupsky, and B.D. Sykes, Optimization of NMR 

analysis o f biological fluids for quantitative accuracy. Metabolomics,

2006. 2(3); 113-23.

31. Wyss, M. and R. Kaddurah-Daouk, Creatine and creatinine metabolism. 

Physiol Rev, 2000. 80(3); 1107-213.

32. Raser, J.M. and E.K. O'Shea, Noise in gene expression: origins, 

consequences, and control. Science, 2005. 309(5743); 2010-3.

33. Bollard, M.E., et al., Investigations into biochemical changes due to 

diurnal variation and estrus cycle in female rats using high-resolution (1)H 

NMR spectroscopy of urine and pattern recognition. Anal Biochem, 2001. 

295(2); 194-202.

34. Symanski, E. and N.M. Greeson, Assessment o f variability in 

biomonitoring data using a large database o f biological measures of 

exposure. AIHA J (Fairfax, Va), 2002. 63(4); 390-401.

146

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



35. Holmes, E., et al., Chemometric models for toxicity classification based 

on NMR spectra of biofluids. Chem Res Toxicol, 2000. 13(6); 471-8.

36. Ebbels, T.M., et al., Evaluation of metabolic variation in normal rat strains 

from a statistical analysis of 1H NMR spectra o f urine. J Pharm Biomed 

Anal, 2004. 36(4); 823-33.

37. Phipps, A.N., et al., Effect of diet on the urinary excretion of hippuric acid 

and other dietary-derived aromatics in rat. A complex interaction between 

diet, gut microflora and substrate specificity. Xenobiotica, 1998. 28(5); 

527-37.

38. Guneral, F. and C. Bachmann, Age-related reference values for urinary 

organic acids in a healthy Turkish pediatric population. Clin Chem, 1994. 

40(6); 862-6.

39. Dyer, A., et al., Urinary biochemical markers of dietary intake in the 

INTERSALT study. Am J ClinNutr, 1997. 65(4 Suppl); 1246S-53S.

40. Lenz, E.M., et al., A 1H NMR-based metabonomic study of urine and 

plasma samples obtained from healthy human subjects. J Pharm Biomed 

Anal, 2003. 33(5); 1103-15.

147

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



CH APTER V

M etabolomic investigation o f  cellular biochemistry and pulmonary
pathophysiology

OVERVIEW I
Disorders in the respiratory system, such as cystic fibrosis (CF), involve 

the infiltration and activation o f airway inflammatory cells, including neutrophils. 

The infiltration and activation of the neutrophil leads to the secretion of 

peroxidases, which react further with substrates in solution to produce oxidative 

metabolites such as 3-chlorotyrosine. Elevation of modified tyrosine residues in 

the airways o f patients with CF may be detectable by NMR spectroscopy in 

correlation with inflammatory cell influx. This chapter demonstrates the 

possibility o f  correlating measured metabolites in human sputum to a unique 

clinical pathophysiological state through metabolomic analysis by NMR. High- 

resolution lH-NMR spectroscopy was used to analyze the production o f modified 

tyrosine residues from in vitro stimulation of peripheral blood eosinophils and 

neutrophils, as well as in sputum samples from control subjects and patients with 

CF. The in vitro stimulation of the purified peripheral blood neutrophils generated 

3-chlorotyrosine, while eosinophils produced predominantly 3-bromotyrosine and

3,5-dibromotyrosine. Similar metabolites were identified and quantified in sputum 

samples taken from CF patients. In addition, cell counts from the sputum samples 

were correlated with the generation o f modified tyrosine residues. This study was 

important for demonstrating the applicability of NMR analysis for clinical 

metabolomic investigations.
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INTRODUCTION

Cystic fibrosis is an autosomal recessive disorder caused by mutations in 

the CF transmembrane regulator (CFTR) gene and is the most common serious 

genetic disease in Caucasian populations[l]. Evidence suggests that the lungs are 

histologically normal at birth and pulmonary damage is initiated later due to 

altered epithelial Cl" and water transport, increased mucus viscosity, reduced 

mucociliary clearance, and decreased antibacterial defense within the respiratory 

tract[2]. Patients with the disease become increasingly susceptible to bacteria- 

induced respiratory tract infections, and often die of respiratory failure due to 

repeated acute pulmonary infections[l-3]. Bronchial secretions from CF patients 

are commonly enriched in neutrophils and contain high amounts o f neutrophil- 

derived mediators including the neutrophil granule enzyme myeloperoxidase 

(MPO) [3-5].

Stimulation of neutrophils leads to the activation of superoxide-generating 

NADPH oxidase as well as the release o f MPO by degranulation[6-8]. Superoxide 

produced from NADPH oxidase is rapidly dismutated to form H2O2, which is 

utilized by MPO along with physiological concentrations o f Cl" to produce 

hypochlorous acid (HOC1). HOC1, the active ingredient of bleach, is a crucial 

mediator in microbial killing, and can also evoke oxidative damage to the various 

cellular or extracellular constituents within inflamed tissues, including oxidative
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modification of free tyrosine leading to the formation of 3-chlorotyrosine and its 

derivatives[9].

A key granule protein and an important effector molecule released during 

eosinophil degranulation is the enzyme eosinophil peroxidase (EPO), which is 

stored in the matrix o f the eosinophil crystalloid granule[10-12]. Eosinophils also 

undergo respiratory burst due to the activation of NADPH oxidase. EPO 

preferentially interacts with Br' along with H2O2 to generate hypobromous acid 

(HOBr), even in physiological conditions where Cl' and other halide ions are 

present in much greater concentrations[10]. Wu et al [13], and others [14] have 

demonstrated the propensity o f hypobromous acid to target numerous compounds, 

including the amino acid tyrosine, leading to the production o f 3-bromotyrosine 

and its derivative, 3,5-dibromotyrosine.

Earlier studies have utilized GC, MS, and HPLC to analyze the presence 

of modified tyrosine residues in biological specimens[9, 13, 14]. This study set 

out to investigate the feasibility of applying high-resolution NMR spectroscopy to 

measure modified tyrosine residues in peripheral blood eosinophils and 

neutrophils, and to determine whether brominated and/or chlorinated tyrosine 

residues can be detected in induced sputum samples from patients with CF. The 

capacity of NMR to detect a wide range of biologically relevant compounds from 

samples that require little to no preparation and are not chemically modified adds 

to the attractiveness of NMR as a tool for medically relevant investigations.
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The use of induced sputum, a relatively non-invasive technique, has 

shown excellent reproducibility [15, 16] and validity in its measurement of 

inflammatory changes in the lower airways [15-18]. This study demonstrates that 

levels o f 3-chlorotyrosine are elevated relative to control subjects in sputum 

samples from CF patients, and that these increased levels correlate with the 

numbers of sputum neutrophils. While 3-bromotyrosine was nearly always 

undetectable in control sputum samples, it was present in CF sputum, suggesting 

that eosinophil activation may occur in CF. These findings confirm that high 

resolution NMR spectroscopy is a valid tool for the analytical investigation of in 

vitro biological experiments and in vivo samples taken directly from patients.

EXPERIMENTAL PROCEDURES

V-A. Volunteers_______________________________________________________

Informed consent was obtained from non-smoking volunteers in 

accordance with guidelines established by the University o f Alberta Health 

Research Ethics Board.

V-B. Isolation and Purification o f  Eosinophils and Neutrophils________________

To isolate neutrophils, 50-100 ml of peripheral blood was obtained from 

normal (non-atopic) subjects and subjected to erythrocyte sedimentation, followed 

by density centrifugation on Ficoll, resulting in high neutrophil purity (average

151

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



>98%). Eosinophils were purified from the peripheral blood as previously 

described[19]. Briefly, peripheral blood samples (100 ml) were obtained from 

mild atopic asthmatic and atopic non-asthmatic subjects displaying eosinophilia 

>2%, who were not receiving oral corticosteroids[19, 20], Whole blood was 

subjected to erythrocyte sedimentation in 6% dextran and upper phase cells were 

centrifuged on a single-step Ficoll gradient before highly purified CD 16” 

eosinophils (>99%) were isolated using negative immunomagnetic selection.

V-C. NMR Spectral Analysis o f  Resting and Stimulated Cells___________________

To test the ability o f high-resolution NMR spectroscopy to identify indices 

o f cellular stimulation in vitro isolated neutrophils (4 x 106) were placed in a 1.5- 

ml Eppendorff tube containing 550 p.1 o f NMR buffer solution (Dulbecco’s PBS, 

pH 7.4, 5% D2O (Sigma-Aldrich, Mississauga, ON), 1 mM disodium-2, 2- 

dimethyl (2-silapentane-5-sulphonate) (DSS, Sigma-Aldrich), and 10 mM 

imidazole (Isotech, Matheson, OH)) supplemented with 1 mM L-tyrosine (Sigma- 

Aldrich), 100 uM NaBr, and 1.75 mM CaCf. The sample was transferred to a 

standard 5 mm-glass NMR sample tube. Cellular sedimentation and oxygenation 

was not a factor given the short spectral acquisition time (less than 10 minutes). 

All NMR spectra were acquired on a 500 MHz Varian Inova spectrometer 

equipped with a 5 mm triple resonance probe with actively shielded Z-gradient 

(NANUC, University of Alberta, Edmonton). One-dimensional ’H spectra were 

collected at 25°C with a spectrum width of 8000 Hz, an acquisition time per scan 

o f 4 s, 16 steady state scans preceding acquisition, and 128 transients were
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acquired for each spectrum, which was apodized with an exponential decay 

corresponding to a line broadening of 0.5 Hz prior to Fourier Transformation. 

Buffer constituents DSS and imidazole served as internal standards for spectral 

quantification and sample pH determination, respectively. The methyl resonance 

peak of DSS was utilized as an internal reference set to 0 ppm. Spectral analysis 

and chemical identification was determined according to known chemical shifts, 

scalar couplings, and by sample spiking with pure standards. Spectral 

quantification o f chemical constituents utilized a VNMR 6.1C software package 

(Varian Inc, Palo Alto, CA). Areas for spectral integration were carefully chosen 

to include resonant peaks o f interest while excluding surrounding signals. 

Integration regions were maintained for similar resonant peaks between patients. 

Following an initial scan of control unstimulated neutrophils a stimulatory process 

was applied, involving a pre-incubation with cytochalasin B (5 pg/ml) at 37°C for 

5 minutes followed by the addition of 5 pM f-Met-Leu-Phe (fMLP) for at least 15 

min, followed by a second NMR scan (nt=1024). Isolated eosinophils (3 x 106) 

underwent a similar procedure, but instead were stimulated by the addition of a 

cytokine cocktail (10 ng/ml each of interleukin (IL)-3, IL-5, and 

granulocyte/macrophage colony-stimulating factor (GM-CSF)).

V-D. Sputum Collection and Processing_____________________________________

To test the ability of high resolution NMR spectroscopy to identify indices 

of cellular stimulation in vivo, patients were recruited through the University of 

Alberta Hospital asthma clinic (Table V -l). The CF subjects were chronically
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colonized by Pseudomonas aeruginosa but did not have an acute infection and 

were receiving neither systemic nor inhaled corticosteroids at the time o f sputum 

collection. As controls, sputum samples were collected from nine life-long non

smoking subjects of similar age. For all subjects, pretreatment with 200 qg of 

salbutamol was administered to reduce the risk of bronchoconstrictive episodes 

during sputum induction. Baseline spirometry was obtained using American 

Thoracic Society standards and was measured during sputum induction to ensure 

safety o f the procedure[15, 16]. The sputum induction procedure was done as 

previously described[15, 16]. Briefly, an ultrasonic nebulizer was used to deliver 

normal (0.9% NaCl) and hypertonic sterile saline solutions at 3%, 4%, or 5% 

NaCl. Each solution was inhaled for a duration of 7 minutes. The induction 

procedure was terminated when the subject’s FEVi (forced expiratory volume in 

one second) fell >10% from baseline with normal saline or > 20% with hypertonic 

saline. Subjects were required to cough deeply to produce a suitable sample for 

testing. After each interval of saline inhalation, subjects were instructed to clear 

their throat and nasal passages in order to prevent any contamination by upper 

airway or oral secretions. Plugs o f sputum were manually separated from 

expectorate and stored free o f preservatives at -80°C. Sample identification was 

blinded with an accession number including the date of collection to coordinate 

with the subject’s induction and differential evaluation.
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Sample N Age
(avg.)

Sex Eosinophil 
(% cell pop)

Neutrophil 
(%cell pop)

Pre-
Bronchodilator
(FEV1/FVC)

Contro 1 9 28+5 4 male
5 female

1.3 + 0.4 13.3 + 6.8 83.0 + 2.4

Cystic
Fibrosis

7 29+13 4 male 
3 female

0.64 + 0.6 97.1 +2.0 53.8+4.9

Table V-l. Patient characteristics, sputum cell counts, and spirometry

V-E. Cell Counts_______________________________________________________

Cytospin preparations were prepared from sputum samples using methods 

previously described[15, 16], and were counted by a technician blinded to the 

source o f the samples.

V-F. NMR Spectroscopy o f  Sputum_______________________________________

Immediately before analysis, 90 mg of sputum was placed in a 1.5-ml 

Eppendorff tube containing 550 pi of NMR buffer solution supplemented with 2.5 

mM NaN3. The sample was subjected to sonication (single burst of 10 s at 12 W) 

using a micro-tip sonicator (Fisher Scientific, Mississauga, ON). The sample 

(600 pi) was removed from the Eppendorff tube and placed in a standard 5 mm- 

glass NMR sample tube (Wilmad-Labglass, Buena, NJ) for spectral analysis. 

Spectra were collected and analyzed in the same manner as described above, with 

the exception that 512 transients were acquired for each spectrum.
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V-G. Statistical Analysis

A subset of both sputum cell counts and NMR-measured biomarker 

variables were chosen to reduce the dimensionality of analysis. Forward and 

backward stepwise regression analyses were used. This resulted in retaining both 

cell count variables in the induced sputum (neutrophil, eosinophil, macrophages, 

and lymphocytes), and NMR-detected variables (3-bromotyrosine, 3- 

chlorotyrosine, and 3,5-dibromotyrosine). NMR also identified dityrosine 

according to known chemical shifts, scalar couplings, and sample spiking with 

pure standards. Since dityrosine can be formed as a result of both eosinophil and 

neutrophil stimulation no significant correlations were found between dityrosine 

formation and either eosinophil or neutrophil stimulation in vivo.

The primary analysis consisted o f finding significant associations between 

clinical and NMR variables. A correlation matrix containing all pair-wise 

correlations between clinical and NMR variables for the CF population was 

computed. For outcome variables o f control and CF populations, a two-sided 

nonparametric Mann-Whitney U test was used. Data was considered statistically 

significant when the analysis generatedp  < 0.05.
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RESULTS

V-A. Chlorination of Free Tyrosine Residues_________________________________________________________________________

To investigate whether neutrophils produce chlorotyrosine residues during 

in vitro stimulation in the presence of free tyrosine and if  these oxidative 

metabolites are detectable by NMR, I examined chlorotyrosine formation by 

NMR analysis. Physiological concentrations of halides (C f and Br') were 

used[10], and although physiological concentrations o f tyrosine were visible by 

NMR tenfold higher concentrations were used to ensure sufficient free tyrosine 

for the chemical reactions[21]. Purified neutrophils were preincubated with 

cytochalasin B (5 pg/ml) for 5 min followed by fMLP (5 pM) in NMR buffer 

supplemented with physiological concentrations o f Cl', Br' and 1 mM L-tyrosine. 

It was found that neutrophils preferentially generated 3-chlorotyrosine following 

the release of MPO and oxidative metabolites (Figure IV-la). The specificity of 

MPO for chloride ions was demonstrated by the identification of chlorinated 

tyrosyl-rings in the presence o f physiologically relevant levels of other halide 

ions. Identification of 3-chlorotyrosine (7.086 and 7.305 ppm) was made by 

comparison of NMR chemical shifts and coupling constants with those from a 

known standard of 3-chlorotyrosine (Figure V-lb).
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Figure V-l. Formation of 3-chlorotyrosine by stimulated neutrophils. In vitro 
formation of 3-chlorotyrosine in fMLP-stimulated neutrophils. One-dimensional 
'H  NMR spectra (phenolic region) of isolated blood neutrophils (4xl06, nt=128, 
lb=0.5 Hz). (A) Neutrophils were activated with cytochalasin B and fMLP, which 
led to the generation o f 3-chlorotyrosine (nt=1024 lb=0.5 Hz). (B) For 
comparison, a spectrum of pure tyrosine and chlorinated tyrosine standards is also 
shown (nt=32, lb=0.5 Hz) (n=3).

Stimulation o f neutrophils in a buffer lacking C f resulted in no 3- 

chlorotyrosine production (data not shown). Slight frequency shifts were noticed 

upon comparison of pure chlorotyrosine standards with cell preparations. Such 

minor frequency shifts were attributed to pH differences between cell preparations 

during cellular activation and the pure standards. Chlorotyrosine identification 

was further confirmed by spiking samples with standard 3-chlorotyrosine. Later
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analysis also demonstrated the presence of 3,5-dichlorotyrosine (7.42ppm), but 

due to the lack of purified standards and difficulty in identification o f this 

compound during sputum analysis, the study focused the analysis on 3- 

chlorotyrosine formation. Additional peaks are visible in Figures V -l and -2, 

which arise from the one percent natural abundance 13C-satellites o f the tyrosine 

phenolic ring (7.35ppm, 7.02ppm and 7.06ppm, 6.72ppm). During integration the 

carbon satellites were omitted from the integration region, as they make only a 

minor contribution to overall quantitative accuracy. The amount o f 3- 

chlorotyrosine produced by neutrophils during in vitro stimulation averaged 58 ± 

7.1 mM 3-chlorotyrosine/106 neutrophils. These findings suggest that in vitro 

stimulation of neutrophils in the presence of physiological concentrations o f C f 

and Br' results in the formation of only 3-chlorotyrosine, with undetectable levels 

of 3-bromotyrosine or 3,5-dibromotyrosine.

V-B. Bromination o f  Free Tyrosine Residues_________________________________

This study determined the ability o f NMR to measure the generation of 

brominated tyrosine residues by eosinophils in vitro. Samples of highly purified 

human eosinophils were buffered in a NMR solution supplemented with 

physiological concentrations o f C f, Br' and 1 mM L-tyrosine. The samples were 

inserted into the core o f a 500 MHz magnet and analyzed prior to stimulation. 

After the addition o f a cytokine cocktail (10 ng/ml each of IL-3, IL-5, and GM- 

CSF), eosinophils were re-analyzed for spectral changes from the control baseline 

values. From this information I was able to readily identify the formation of free
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tyrosine residues modified at the 3 ’ and 3’, 5 ’ positions of the tyrosyl phenolic 

ring by the addition o f a bromide ion as early as eight minutes following 

stimulation of the isolated eosinophils with the cytokine cocktail (Figure V-2a). 

Identification o f 3-bromotyrosine (resonance peaks at 6.965 and 7.130 ppm) and

3,5-dibromotyrosine (7.355 ppm) were made by comparison o f the observed 

NMR chemical shifts and scalar-coupling constants to known standards, shown in 

Figure V-2b. NMR identification was further confirmed through the spiking of 

experimental samples with pure standards o f brominated tyrosine residues. 

Stimulation of eosinophils in a buffer containing C f, but no Br- resulted in no 

production o f oxidatively modified free tyrosine residues (data not shown).
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Figure V-2. Formation of brominated tyrosine in stimulated eosinophils. One
dimensional 'id NMR spectra (phenolic region) of isolated blood eosinophils 
(3x106). The spectrum of unstimulated eosinophils demonstrates the presence of 
exogenous L-tyrosine, but lacks any evidence o f oxidative modifications (nt=128, 
lb=0.5 Hz). The spectrum of stimulated (11-3, IL-5, GM-CSF) eosinophils 
demonstrates cellular activation, and the subsequent production of (A) 3- 
bromotyrosine and 3,5-dibromotyrosine (nt=1024, lb=0.5 Hz). (B) The NMR 
spectrum of tyrosine and brominated tyrosine is also included (nt=32, lb=0.5 Hz).

An average of 1.5 mM ± 1 . 6  mM 3-bromotyrosine/106 eosinophils were 

generated in these experiments and are similar to previously published in vitro 

experiments [13] (4.5 mM + ImM  3-bromotyrosine/106 eosinophil). In a separate 

experiment, eosinophils were lysed with 0.1% Triton X-100 and incubated in the 

presence o f bromide ions, L-tyrosine, and H20 2, which led to enzymatic 

production of HOBr, 3-bromotyrosine and 3,5-dibromotyrosine that could be
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detected by NMR analysis (data not shown). These findings suggest that 

eosinophils generate mainly 3-bromotyrosine and 3,5-dibromotyrosine, and not 3- 

chlorotyrosine, in the presence of physiological concentrations of C f and Br', 

even though Cl' is well in excess of Br'.

V-C. Modified Tyrosine Residue Detection by NMR in Patient Sputum Samples

This study investigated the potential contribution of neutrophil- and 

eosinophil-specific peroxidase activity to the formation of modified tyrosine 

residues in sputum samples from control subjects in comparison with CF patients. 

As expected, cell counts were markedly different between the control subjects and 

CF patients, and agree with previously published results[22], (Table V -l). 

Increased neutrophil counts were found in CF patients (97.1 ± 2.0%) when 

compared with control samples, while eosinophil counts were similar (Table V -l). 

NMR spectra of samples from the control subjects were compared with CF 

sputum samples (Figure V-3). This study observed many spectral differences 

between sputum samples from the two groups. Although the aliphatic regions of 

the spectra demonstrates visible difference between the CF and control groups 

this study deals with the modification of tyrosine residues and therefore the 

phenolic region where resonant peaks from tyrosine are easily identified. The 

phenolic region of the spectra was the focus of this analysis since these exhibited 

peaks are associated with free L-tyrosine and modified tyrosine residues (shown 

as insets in Figure V-3). Care was taken when interpreting the data due to the 

wealth of resonance peaks surrounding the biomarkers of interest. Peaks
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corresponding to free tyrosine were detected in both the control and CF sputum 

samples, while peaks corresponding to oxidatively modified tyrosine residues 

were found solely in CF sputum samples. Control subjects had no identifiable 

oxidatively modified tyrosine residues, which may correspond with their 

negligible eosinophil and neutrophil cell counts, and suggested a lack of 

inflammatory cellular activation.
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Figure V-3. Spectra of sputum from CF and control subjects. Full 'H one
dimensional NMR spectra of (A) cystic fibrosis and (B) control sputum samples 
(nt=512, lb=0.5 Hz). Insets showing the phenolic regions (7.0-7.5 ppm) are also 
provided to demonstrate detectable levels of naturally occurring tyrosine and 
oxidized tyrosine produced as a result of eosinophil and neutrophil activation and 
peroxidase modification.
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In agreement with previous findings, the oxidative marker dityrosine was 

observed in sputum samples taken from CF patients. However, due to the non

specific nature of dityrosine formation [23] no statistically significant correlation 

was found between its detection and the presence of exclusively neutrophils or 

eosinophils. The analysis focused upon oxidatively modified tyrosine residues, 

which produced statistically significant correlations with cellular populations.

Figure V-4 shows a summary of the differences in oxidative metabolites 

measured by NMR in control and CF populations. A highly significant difference 

in 3-chlorotyrosine formation was observed between samples from control and the 

CF populations (p < 0.01, Figure V-4a). By incorporating sputum neutrophil cell 

counts from CF patient sputum samples I was able to standardize the amount of 3- 

chlorotyrosine produced by a million neutrophils in CF patients’ sputum. Within 

the CF samples, the standardized 3-chlorotyrosine production averaged 5.5 mM ±

0.5 mM 3-chlorotyrosine/106 neutrophils. Although this is higher than that 

obtained with neutrophils stimulated in vitro, the finding is in agreement with 

earlier papers investigating 3-chlorotyrosine production taken from CF sputum 

[24, 25] (5.82 mM + 0.76 mM) and suggests that neutrophil activation in vivo 

exceeds that achieved under in vitro conditions.
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Interestingly, brominated tyrosine in CF sputum was found to be at levels 

that were elevated and statistically significant when compared to control levels 

(Figure V-4b, p  < 0.05 3-bromotyrosine, and Figure V-4c, p  < 0.01 3,5- 

dibromotyrosine). Standardization o f 3-bromotyrosine production to eosinophil 

cell counts was 4.94 mM ± 0.51 mM 3-bromotyrosine/106 eosinophils in CF 

sputum, which is higher than values obtained in vitro. Despite the finding that 

eosinophil cell counts were similar in control and CF subjects, NMR analysis 

showed elevated levels of brominated tyrosine residues in CF sputum. This 

finding was exciting as it showed that eosinophil activation occurs in the CF 

airway.
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Figure V-4. Oxidized tyrosine formation in CF and normal subjects. Oxidative 
modification o f free tyrosine residues in control and CF patient populations as 
measured by NMR. (A) 3-chlorotyrosine, (B) 3-bromotyrosine, and (C) 3,5- 
dibromotyrosine levels are shown for control and CF populations. Horizontal bars 
represent population median.
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There were also several significant correlations observed between cell 

counts and modified tyrosine residue formation in sputum samples from CF 

patients, as described in the correlation matrix (Table V-2). A statistically 

significant relationships was observed between 3-chlorotyrosine and neutrophil 

cell counts (r2 = 0.869, p  = 0.01). In addition, a strongly negative correlation was 

found for 3-chlorotyrosine and macrophage counts (r2 = -0.838, p  < 0.02) in 

samples from CF patients (Table V-2). This suggests that macrophages, which 

also produce MPO and reactive oxygen species in a similar manner to neutrophils, 

do not significantly contribute to the production o f 3-chlorotyrosine in the CF 

airway. The inverse correlation of increasing neutrophil populations with 

decreasing eosinophil, macrophage, and lymphocyte populations may also 

indicate the unique pathophysiology and immunological response indicative of 

CF patients.
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Neutrophil
Neutrophil Eosinophil Macrophage Lymphocyte 3-Bromotyrosine 3-Chorotyrosine Dibromotyrosine

1
Eosinophil -0.83 1
Macrophage -0.95 0.68 1
Lymphocyte -0.89 0.80 0.79 1
3-Bromotyrosine 0.43 -0.04 -0.39 0.39 1
3-Chlorotyrosine 0.87 -0.56 -0.84 -0.76 0.61 1
Dibromotyrosine 0.33 0.17 -0.34 -0.29 0.83 0.60 1

Table V-2. Bivariate correlation o f CF patient oxidative metabolites
a. Bivariate correlations between cell counts and indices o f oxidative 

metabolites from sputum samples of CF patients as measured with 
high-resolution 'H-NMR



A regression analysis was performed on the CF data showing the linear 

relationship between clinical cell counts and modified tyrosine residues as 

measured by NMR (Figure V-5). A positive correlation was found when plotting 

neutrophil populations and 3-chlorotyrosine production (Figure V-5A); however, 

negative correlations were found when plotting macrophage or lymphocyte 

populations and 3-chlorotyrosine (Figure V-5B, C). These findings suggest that 

the neutrophil is a primary source of 3-chlorotyrosine formation in the airways of 

CF patients.
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Figure V-5. Correlations between cellular infiltration and 3-chlorotyrosine.
Graphical representation of the relationship between clinical cell counts and 
indices o f oxidative damage, as measured with NMR, within CF patients. 
Graphical correlations are demonstrated between (A) 3-chlorotyrosine and 
neutrophils, (B) 3-chlorotyrosine and macrophages, and (C) 3-chlorotyrosine and 
lymphocyte cell counts.
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DISCUSSION

This study reports the detection of modified tyrosine residues by NMR 

spectroscopy in purified cell preparations of eosinophils and neutrophils, and 

confirms their presence in sputum samples from control subjects and patients with 

CF. This study has demonstrated that neutrophils produce chlorinated tyrosine 

residues during stimulation by CB/fMLP, a potent secretagogue and inducer of 

respiratory burst in these cells, as previously shown[26]. The amount o f 3- 

chlorotyrosine detected following in vitro stimulation o f peripheral blood 

neutrophils was slightly elevated when compared with previously published 

results [24](4.5 + 1.0 pM 3-chlorotyrosine, Eiserich et al.). This may be explained 

by the focus of Eiserich et al. on the modification of peptidyl tyrosine residues, 

which showed a significant dependence upon the primary structure, as compared 

to my analysis o f free tyrosine residues that are easily modified following in vitro 

neutrophil activation. Similarly, I found that human peripheral blood eosinophils 

generated brominated tyrosine residues 3-bromotyrosine and 3,5-dibromotyrosine 

following stimulation with a cytokine cocktail (IL-3, IL-5, and GM-CSF).

The formation of modified tyrosine residues has been previously 

demonstrated following exposure to chemical brominating agents (e.g. HOBr, N- 

bromo amines, and N, N-dibromoamines) using a cell-free system, or by 

stimulating peripheral blood eosinophils[13, 14], However, samples were 

typically analyzed by mass spectrometry (MS) or high performance liquid 

chromatography (HPLC) [26, 27], This study is the first to use high-resolution 'H
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NMR spectroscopy to identify modified tyrosine residues generated by stimulated 

peripheral blood eosinophils and neutrophils, as well as in induced sputum 

samples from control subjects and CF patients. This is o f great importance given 

the increased ease with which NMR identification can be carried out. HPLC and 

MS require the addition of numerous chemicals during sample preparation and 

data acquisition, which may inadvertently modify the final results. NMR requires 

little to no sample preparation and takes only a few minutes to collect the data. 

The samples are not modified in any way and may be frozen and re-analyzed at a 

later date. The ease of data acquisition and sample preparation, in conjunction 

with findings in agreement with earlier studies regarding CF and cellular 

stimulation accommodates the hypothesis that NMR can serve as a tool for in 

vitro and in vivo studies.

In CF sputum, neutrophils were substantially elevated and their numbers 

correlated strongly with the presence of 3-chlorotyrosine, confirming an earlier 

study, which used gas chromatography-mass spectrometry to detect 3- 

chlorotyrosine in CF sputum[28]. The formation of chlorinated tyrosine residues 

is dependent on MPO-mediated catalysis o f physiologically relevant 

concentrations o f bromide ions and H2O2, using free L-tyrosine as a substrate for 

the reaction[24, 25, 29]. There was a negative correlation between 3- 

chlorotyrosine formation and macrophage counts, suggesting that 3- 

chlorotyrosine formation is specific to neutrophilic infiltration. The strong 

correlation between neutrophil counts and 3-chlorotyrosine levels in sputum
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samples from CF patients also suggests an association between airway neutrophil 

activation and potential oxidative damage.

The analysis o f in vitro stimulation o f eosinophils in this study 

demonstrated similar 3-bromotyrosine production levels to those described in 

previous publications[13]. Eosinophils were detected in CF sputum and the 

number of infiltrated eosinophils were correlated to 3-bromotyrosine and 3,5- 

dibromotyrosine formation using NMR metabolite quantitation of mucus plugs 

from sputum. Because of the relatively small eosinophil population in CF sputum, 

cellular correlations with tyrosine residue oxidative modification were weakened. 

However, brominated tyrosine residues were detectable at elevated levels in the 

sputum of CF patients. These findings suggest that eosinophils, although present 

in numbers similar to those of control subjects, may well be activated in the 

airways of CF patients. Intact sputum eosinophils in CF airways may degranulate 

in situ as well as release superoxide (which is rapidly dismutated to form H2O2) 

through the activation o f a respiratory burst. However, due to the complex nature 

of substrate specificity o f peroxidases, which occasionally show reactivity with 

other halides, I can only suggest that 3-bromotyrosine and 3,5-dibromotyrosine 

may be specific markers of eosinophil activation in tissues and airways.

When normalized for cell counts, the amount o f modified tyrosine 

production in CF sputum suggests a slightly heightened degree of activation and 

degranulation o f both eosinophils and neutrophils in sputum compared to
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peripheral blood cells from control subjects during in vitro stimulation. The 

increased degree of neutrophil and eosinophil activation in CF sputum samples is 

suggestive o f multiple pathways o f cellular stimulation in CF airways. This 

finding reinforces the need for a greater understanding of how these cells, 

particularly eosinophils, behave in CF.

In summary, high-resolution NMR spectroscopic analysis has been shown 

to be a rapid and efficient approach for the measurement of metabolites in sputum 

samples in patients with CF, and may lend itself readily to metabolomic analysis 

of disease phenotypes. In addition to the unique findings of this study, much of 

the preliminary data is in agreement with previous studies, which utilized HPLC 

or MS for data analysis, thereby strengthening and ensuring the analytical 

accuracy of high-resolution NMR and the application to in vivo studies. The 

advantage of high-resolution NMR over other analytical methods such as HPLC, 

or GC is evident in the ability of NMR to detect all the constituents of a sample, 

which includes a wide range of proteins, carbohydrates, and metabolites, without 

sample purification, processing, or modification. By using this technique this 

study was able to demonstrate a strong correlation between neutrophil counts and 

3-chlorotyrosine formation in CF sputum. In addition, I was surprised to detect 

the presence of eosinophil-derived 3-bromotyrosine in sputum samples from CF 

patients. Although this study focused on the production of modified tyrosine 

residues in sputum samples, NMR may be an important new tool in the search for 

broader diagnostic and prognostic applications.
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CHAPTER VI

Animal model o f  asthma

OVERVIEW i

As an asthma attack develops immunological effector cells are sequestered 

to the lungs and initiate an inflammatory response. Current pharmacological 

measures, such as corticosteroids, attempt to control the severity o f inflammation 

in an effort to maintain proper airflow in the lungs. Typically, measurements of 

pulmonary inflammation rely on invasive procedures, such as induced sputum or 

bronchoscopy, to determine the severity and physiological process. This chapter 

highlights a study into the ability o f  NMR to detect on-going inflammation in the 

lungs o f  a guinea p ig  model o f  asthma. Urine was collected and analyzed for key 

metabolites, in an effort to obtain a biochemical understanding of the 

immunological effector mechanisms, access the progression of inflammation, 

effects on pulmonary function, and overall pathophysiology. The ability of NMR 

to detect indices o f changing pulmonary physiological states, in a patient’s urine, 

during an asthma attack could provide for a non-invasive technique to monitor 

pulmonary inflammation and direct therapeutic treatment in future human studies.
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INTRODUCTION

Asthma exacerbations are responsible for over 1.9 million emergency 

department visits in America[l], and roughly 500,000 hospitalizations 

annually[l]. The worldwide market for asthma medication is valued at $5.5 

billion a year (U.S. dollars) [2]. A national survey in Canada reported that 

approximately 60% of individuals with asthma have poor control of the disease as 

evident in short-term symptoms, medication use, functional impact, and long-term 

disease burden[3]. For an individual patient with acute exacerbation of asthma, an 

emergency department visit will cost an estimated $324 and over $600 per day if 

hospitalized (CDN dollars) [4], The growing population affected by asthma and 

the cost of treatment demonstrates the need for a non-invasive method of 

diagnosis, and the monitoring of therapeutics.

Traditionally, asthma was thought o f as a disease dictated by airway 

smooth muscle contraction and airflow obstruction[5]. Treatment typically rested 

upon the use o f bronchodilators. It is now understood that asthma is a disease 

manifested by inflammation and as such is optimally managed through treatment 

with anti-inflammatory medications (e.g. inhaled corticosteroids) [6-10]. The 

inflammatory response in asthma is characterized by the activity o f many 

different immunological cells, such as mast cells, eosinophils, basophils, and 

lymphocytes; as well as their secreted products [2, 11-21], Together these cells 

and their effector mechanisms produce an altered airway, which exhibits
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microvascular permeability with exudation of plasma, increased mucus secretion, 

desquamation of epithelial cells, airway hyperresponsiveness, and structural 

remodeling such as peribronchial collagen deposition and hypertrophy of airway 

smooth muscle [2, 16-21],

The severity o f asthma and the degree o f airway hyperresponsiveness 

correlates with the degree of inflammation [22], However, the mechanism through 

which inflammation causes airway hyperresponsiveness and airway obstruction is 

largely unknown[23]. Data suggest that the mediators released from the effector 

cells in the airway cause airway damage at many levels and subsequent activation 

o f additional inflammatory cells. Release o f mediators such as leukotrienes, 

histamine, tryptase, and eosinophil granule products (i.e. EPO, major basic 

protein (MBP), and eosinophil derived neurotoxin (EDN)) cause 

bronchoconstriction, airway hyperresponsiveness, and the clinical manifestations 

of inflammation (e.g. cough, wheeze, and dyspnea)[12, 24],

One methodological block to the elucidation o f many o f the mechanisms 

implicit to human asthma is the difficulty of measuring inflammatory cells and 

their mediators qualitatively and quantitatively in an accurate manner. The ability 

to detect and monitor airway inflammation accurately is key to understanding and 

managing the pathophysiology associated with asthma[12, 25], The early 

detection and measurement of inflammation could provide information about 

diseased airways that may not be revealed by other techniques presently used in
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clinics (e.g. symptoms, pulmonary function, and airway hyper- 

responsiveness)^ , 25]. For example, indicators of asthma such as symptoms or 

pulmonary function tests represent the physiological endpoint o f asthma, limited 

airflow. A more appropriate clinical management of asthma would involve the 

identification o f an impending acute episode to ensure the disease is controlled as 

much as possible. A metabolomic study of asthma could allow for the 

idenitification o f on-going physiological changes in the airways and might allow 

for improved management of the disease.

An appropriate preliminary study of asthma urine metabolites would 

involve the correlation of pulmonary inflammatory mechanisms with different 

urine metabolites detected by NMR, and accepted laboratory techniques (e.g. 

differential cell counts and lung function). The animal model of asthma provides 

an opportunity to control the disease process o f asthma, perform pulmonary 

function analysis, and pulmonary cellular analysis, as well as limit the degree of 

environmental influences that often confound human studies. The guinea pig is 

frequently used as an animal model because o f the similarity o f airway physiology 

to the human, as well as the functional analysis o f cellular and mediator 

responses. Guinea pig models of bronchopulmonary inflammation have shown to 

be extremely useful when examining basic mechanisms of allergic inflammation 

and the underlying physiological response. Guinea pig models have helped to 

create an understanding of the roles o f airway smooth muscle[26], the mediators 

and adhesion molecules involved in leukocyte recruitment[27, 28], goblet cell
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hyperplasia[29], the role of eosinophils in the allergic response[30, 31], and 

neuronal controls[32-34].

In collaboration with Dr. Adamko, UofA, a guinea pig model o f asthma 

was produced that demonstrated cellular infiltration and pulmonary function in a 

manner similar to human asthma pathophysiology. Urine was collected from 

control, sensitized, and challenged guinea pigs, and analyzed by NMR. My 

sincere thanks to Dr. Idongesit Obiefuna who performed all o f the animal and 

histological work. Qualitative and quantitative spectral analysis, as well as the use 

of multivariate statistical tools identified spectral regions and metabolites that 

were unique to the different physiological states of the animals

EXPERIMENTAL PROCEDURES

VI-A. Guinea P is  Animals_________________________________________________

Specific pathogen-free female Dunkin-Hartley guinea pigs (180—450 g; 

Charles River Laboratories) were used. All animals were shipped in filtered crates 

and kept in high-efficiency particulate- filtered air, and fed a normal guinea pig 

diet (Prolab; Agway). The animals were handled in accordance with the standards 

established by the Health Sciences Animal Policy and Welfare Committee, 

guidelines o f the Canadian Council on Animal Care, and requirements o f the 

provincial legislation entitled ‘The Universities Act”, Section 52, o f the province 

of Alberta.
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VI-B. Guinea P is  Treatment

Some animals were sensitized to ovalbumin (OVA) (Sigma-Aldrich, Ont.) 

by intraperitoneal injection with 10 mg/kg OVA (0.3 ml) on days 0 and 3. 

Twenty-one days later some o f the animals were exposed to nebulized 0.5% 

ovalbumin by inhalation for 10-20s (challenged group). Studies of airway 

function, inflammatory response, and lung histological studies were performed 

four days after ovalbumin challenge. Nonsensitized, pathogen-free guinea pigs 

were used as controls. Some control animals were subjected to inhalation of 

ovalbumin without prior sensitization to confirm that inhalation alone did not 

induce airway pathology (data not shown). The final number of animals included 

in the study were; 24 control, 23 sensitized, and 29 challenged guinea pigs.

VI-C. Airway responsiveness to histamine___________________________________

Experiments were conducted four days after antigen challenge. The guinea 

pigs were anesthetized intraperitoneally with urethane (1.5 g/kg) (Sigma-Aldrich, 

Ont.). This dose produced a deep anesthesia lasting 8-10 hours although none of 

these experiments lasted longer than four hours (Green, 1982). Adequate depth of 

anesthesia was assessed via the pedal reflex. A cannula was placed in the left 

jugular vein to allow for the administration of histamine solutions. The trachea 

was cannulated and the animals were ventilated with a positive pressure, constant 

volume rodent respirator (Harvard Apparatus, Inc., MA) at a tidal volume of 10 

ml/kg and a respiratory rate of 100 breaths/min. The animals were paralyzed by
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intravenously infusing succinylcholine (10 gg/kg/min). The animal’s body 

temperature was maintained at 37°C using a water heating pad. Pulmonary 

inflation pressure (Ppi) was measured at the trachea using a DTX™ pressure 

transducer. All signals were recorded by AD Instruments software (Mountain 

View, CA). Bronchoconstriction was measured as the increase in Ppi above the 

basal inflation pressure produced by the ventilator. With this method, increases in 

Ppi as small as 2-3 mm H2O could be accurately recorded. Increasing bolus doses 

o f histamine (1-50 pg-kg-1 i.v.) were administered at 6 min. intervals and the 

resulting bronchoconstrictor responses were recorded as increases in PPi.

VI-D. Assessment o f  Pulmonary Inflammation -  Bronchoalveolar Lavage________

At the end of the experiment, bronchoalveolar lavage was performed via 

the tracheal cannula. The lungs were lavaged with 5 aliquots of 10.0 ml phosphate 

buffered saline (PBS). The recovered lavage fluid (40^15 ml) was centrifuged 

(350 g for 7min). The cells were resuspended briefly in 10 ml o f deionized water 

to remove any erythrocytes before an additional 40 ml of PBS was added. Cells 

were centrifuged again, the supernatant was poured off, and the cells were 

resuspended in 10 ml o f PBS. Cells were counted using a Neubauer 

Hemocytometer (Hausser Scientific Co., PA). Aliquots of the cell suspension 

were spun onto glass slides, stained with Diff-Quik® (Baxter Healthcare Corp., 

Deerfield, IL), and counted to obtain differential cell counts. At least 200 cells 

were counted on each slide. Cells were differentiated using standard 

morphological criteria.
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VI-E. Histological Evaluation

At the end of each experiment, the lungs were removed, inflated and fixed 

with 3.7% formaldehyde in PBS. Twenty-four hours later the lungs were removed 

from fixative and transverse sections o f the trachea and each lobe of the lung were 

taken for histological evaluation. Sections were embedded in paraffin blocks, 

sliced in consecutive 6.0 pm sections, and mounted onto glass slides for light 

microscopy.

Vl-F. Histological Identification o f  Eosinophils______________________________

A carbol chromotrope stain was used to identify guinea pig eosinophils, 

with an adaptation of the method described by Lendrum[35], This stain was 

concentrated in the granules of eosinophils due to their avidity for acid dyes and 

has been shown by several investigators to be specific for eosinophils. Briefly, 

paraffin slides were dewaxed in xylenes, rehydrated through graded alcohols, and 

washed in PBS. The slides were transferred to Mayer's hematoxylin solution for 

4 min and then washed in deionized water. Next, they were incubated in acidified 

alcohol (1% HCL, 70% EtOH) for 2 min, washed in deionized water, incubated in 

an aqueous solution o f 1% wt/vol chromotrope 2R (Sigma, St. Louis, MO) with 

5% wt/vol phenol (Sigma) for 20 min, and washed again in deionized water. The 

slides were then dehydrated and a cover slip was applied.
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VI-G. Histological Analysis

Two cartilaginous bronchi from each o f the animal groups were examined. 

Airways were selected by starting at the top left comer o f the slide and moving in 

a counter clockwise manner. An obvious landmark within an airway was chosen 

under low power as the starting point for analysis. Beginning at this point, the 

sections were viewed under an oil immersion lens (100X). The image was 

oriented so that the basement membrane was uppermost, thus, a section o f airway 

containing submucosa and airway smooth muscle was examined. Ten consecutive 

sections were examined and eosinophil numbers per high power field was 

determined.

VI-H. Guinea Pig Urine Collection_________________________________________

While under anaesthesia urine samples were collected by trans-abdominal 

cystocentesis using a sterile 21-gauge needle. The needle was inserted at a 45° 

angle, on the midline, midway between the umbilicus and brim o f the pelvis, 

while creating negative pressure by pulling back on the plunger o f the syringe. If  

urine was not obtained with the first puncture, two additional punctures were 

attempted from 0.2 to 1.0 centimeters cranial or caudal to the initial puncture site. 

The needle was changed before making each attempt to avoid contamination. 

Urine samples (1.0-2.0 cc) were stored at -80°C for later 'H-NMR analysis.

186

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



VI-I. Urine Sample Preparation

Samples were catalogued and stored at the Canadian National High Field 

NMR Centre (NANUC) at -80°C. Urine samples were thawed in a biosafety fume 

hood and a 630 pi aliquot was removed and placed in a 1.5 ml Eppendorff tube 

followed by the addition of 70 pi o f a reference buffer solution ((4.9 mM DSS 

(disodium-2, 2-dimethyl 2-silapentane-5-sulphonate) and 100 mM imidazole in 

D20 )  Sigma-Aldrich, Mississauga, ON). Each sample was then brought to a pH of

7.0 +/- 0.1 using HC1 and NaOH. An aliquot of 600 pi was taken and transferred 

to a standard 5 mm glass NMR tube (Wilmad, NJ).

VI-J. NMR Analysis______________________________________________________

All !H-NMR spectra were acquired on a 600 MHz Inova (Varian Inc, Palo 

Alto, CA.) spectrometer equipped with a 5 mm triple-resonance (HCN) probe 

with z-axis gradient coil. One-dimensional 'H-NMR spectra were collected at 

25°C with a tnnoesy pulse sequence (one-dimensional, three pulse NOESY, with 

a transmitter pre-saturation delay of 900 ms for water suppression during the pre

acquisition delay and 100 ms mixing time) and a spectral width of 7200 Hz. The 

time-domain data points were 64k complex points, acquisition time was 4s, the 

90° pulse was 6.8ps, repetition time was 5s, 4 steady state scans, and the number 

o f acquired scans was 32 per FID. The data was apodized with an exponential 

window function corresponding to a line broadening o f 0.5 Hz, zero-filled to 128k 

complex points, and Fourier transformed [36],
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VI-K. NMR Quantification

The methyl singlet o f the buffer constituent DSS served as internal 

standard for chemical shifts (set to 0 ppm) and for quantification. Spectral 

identification and quantification of 24 clearly identifiable metabolites were 

performed using the Chenomx NMR Suite Professional software package Version

3.1 (database available at pH 7.0, Chenomx Inc., Edmonton, AB). The internal 

DSS signal was utilized as the concentration reference (0.49 mM). The software 

included an appropriate correction for urine dilution due to the addition of buffer. 

Work in the laboratory demonstrated that this procedure provides absolute 

concentration accuracies in excess of 90%[37].

VI-L. Multivariate Statistical Analysis_______________________________________

The xytrace o f the NMR spectra (ASCII format) were sent to Brion 

Dolenko and Ray Somorjai at the Institute for Biodiagnostics (Winnipeg, MB.) 

for multivariate analysis.

The guinea pig data was comprised of three classes: Normal (24), 

Sensitized (ovalbumin sensitized), and Challenged (ovalbumin sensitized + 

ovalbumin challenge) (29) (23). Three pair classifiers were developed; Normal vs. 

Challenged, Sensitized vs. Challenged, and Normal vs. Sensitized. For all three 

pair classifiers, the optimal spectral regions were first determined. This feature 

selection was carried out by a genetic-algorithm-based feature selection
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approach[38]. The feature selection was wrapper-based: i.e. a classifier, in this 

case linear discriminate analysis (LDA), with leave-one-out (LOO) internal cross- 

validation was used to decide which were the best features.

Having obtained the optimal feature set for each pair o f classifier, external 

cross validation (EXV) helped estimate a more realistic error estimate. EXV is 

carried out by splitting randomly each dataset into a training set and a test set 

(50:50). The splitting is stratified, i.e., the relative proportions of the samples in 

the two classes are retained in the splits. Ten splits were done for each dataset and 

the averages and standard deviations calculated. Given the small sample sizes, 

this gives more realistic results than using the entire dataset. Details of the 

statistical classification techniques used are found in a recent textbook[39].

VI-M. Statistical Analysis__________________________________________________

All guinea pig physiological data were expressed as mean and standard 

error of the mean (SEM). Baseline heart rates, blood pressures, Ppi, histological 

measurements, and bronchoalveolar lavage were analyzed using analysis of 

variance (Statview 4.5; Abacus Concepts, Inc.). A P-value of < 0.05 was 

considered significant.
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RESULTS

VI-A. Pulmonary Function___________________________________________________________________________________________________________

There were no significant differences between the groups for animal 

weight (kg) (control, 0.449 ± 0.02; sensitized, 0.476 ± 0.03; sensitized challenged

0.434 ± 0.02). A positive pressure of 60-170 mniHiO (mean 103± 3.4 mmH20)

was needed to ventilate the animals. Sensitization of pathogen free guinea pigs 

did not alter baseline pulmonary inflation pressure (80.0±3.1, n=25) compared to 

nonsensitized controls (76.0±3.4, n=25). Challenge with the allergen plus 

sensitization, increased baseline pulmonary inflation pressure compared to 

respective controls (130.0±6.0, n=25).

VI-B. Ovalbumin Sensitization and Challenge Induces Airway Hyperreactivity

In the guinea pigs, histamine (l-20pg kg-1 i.v.) caused a dose-dependent 

bronchoconstriction in the control animals (black crosshairs, Figure VI-1). This 

was not affected by sensitization as dose-dependent bronchoconstriction was 

similar to control animals (blue boxes, Figure V I-1) In contrast, ovalbumin 

sensitization and challenge lead to airway hyperreactivity as the degree of 

bronchoconstriction increased compared to control (red triangles, Figure VI-1).
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Figure VI-1. Antigen challenged animals develop airway
hyperresponsiveness. Control and sensitized animals produced a similar 
response to histamine exposure (n=25). Allergen sensitized and challenged 
guinea pigs produced a marked response histamine exposure (n=25), indicating 
airway hyperreactivity.

VI-C. Ovalbumin Sensitization and Challenge Induces Airway Inflammation_____

At the end of each experiment, lung lavage was performed to quantitate 

the number of inflammatory cells in the lumen o f the lung. The total number of 

cells recovered by lung lavage was increased by allergen sensitization and 

challenge (Figure VI-2). The cellular increase was comprised of macrophages, 

eosinophils and neutrophils. Lymphocyte numbers were not significantly affected
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by the challenge. Sensitization significantly increased the number of eosinophils 

recovered in the lavage fluid when compared to nonsensitized controls.

1.5X 1006-!
Control

E I.OxlO06-

Sensitized
Challenged

0.0x10 00

5-OxlO05

Mac Lym Eos Neut

Differential Cell Count in Lung 
Lavage

Figure VI-2. Antigen challenge induces inflam m atory cell influx to airw ay 
lumen. Total cell counts were significantly increased in sensitized as well as 
sensitized-challenged guinea pigs. Lymphocytes were not significantly affected 
by challenge. Lavage cell populations were comprised of macrophages (Mac), 
lymphocytes (Lym), eosinophils (Eos), and neutrophils (Neut).

Vl-D. Airway Tissue Inflammation__________________________________________

Airway sections were stained to quantitate the average number of 

eosinophils per high power field over the entire thickness of the airway (Figure

VI-3). Sensitization alone caused increased presence of eosinophils in the airway
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wall. Challenge of sensitized animals caused a further increase in eosinophil 

number.

3 0 0 -.

oo

Control Sensitized Challenged

Eosinophil Count in the Cartiliginous Airways

Figure VI-3. Antigen challenge induces eosinophil influx into airw ay walls.
Sensitization caused an increase in the number o f eosinophils in the wall of the 
airway. Challenged guinea pigs produced a greater influx of eosinophils.

Vl-E. Multivariate Statistical Analysis______________________________________

Multivariate analysis of the guinea pig urine returned three NMR spectral 

regions that were able to separate the different populations. The ability of the
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multivariate analysis to separate the different populations was expressed as an 

average accuracy, which reports the probability that the software correctly 

separated the populations over three different attempts, see Table V I-1.

Guinea Pig Treatment Average Accuracy (%)

Normal vs. Sensitized 
Normal vs. Challenged 
Sensitized vs. Challenged

87.1+8.7 
82.5 ±  11 
85.2 ±  13

Table VI-1. Accuracy of guinea pig diagnosis by multivariate analysis

a. Likelihood that the multivariate analysis will correctly separate urine
based upon NMR spectra

b. Expressed as average accuracy over three attempts (± standard deviation)

VI-F. NMR and Biochemical Interpretation__________________________________

Multivariate analysis returned the spectral regions and signatures that were 

able to differentiate the different guinea pig populations. Translating the 

multivariate information to the original NMR spectra allowed for the 

identification o f the spectral resonance peaks and the metabolites that separated 

the different guinea pigs.

DISCUSSION

Airway hyperreactivity, marked increase of inflammation in the lumen and 

walls of the airway, and obstructed airflow are classic indicators of asthma. 

Asthma places large amounts of stress on the human body, there are continuing
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physiological changes in the airway, as well as an increase in immunological 

activity in lung. Clinically, there remains great difficulty in the diagnosis of 

asthma, in particular, the diagnosis of the very young. It was hypothesized that 

urine could be sampled from a guinea pig model o f asthma and analyzed by NMR 

spectroscopy. This metabolomic analysis was hypothesized to identify key 

metabolites in the urine that correlate with the diseased state of the animal. The 

development of NMR as a non-invasive tool to identify metabolites indicative of 

asthma would aid in the clinical identification and intervention o f asthma, as well 

as the current understanding of asthma pathophysiology.

Pulmonary function analysis, as assessed by the pulmonary inflation 

pressure, revealed that control and sensitized animals had similar function. 

Sensitization followed by an additional challenge with the allergen OVA caused a 

significant increase in the airway reactivity to histamine. This indicated that the 

challenged guinea pig produced a hyperreactive and bronchoconstrictive response 

to allergen exposure (Figure V I-1). These types o f responses by the challenged 

guinea pig are in agreement with the current understanding o f airway 

hyperreactivity in humans.

The cellular infiltrates recovered by BAL indicate that the challenged 

guinea pig underwent active recruitment of immunological cells to the lumen of 

the lung. Macrophages increased slightly for each of the control, sensitized, and 

challenged, but the number lumen eosinophils in the challenged guinea pig
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increased significantly, indicating an active immunological response (Figure VI- 

2). Histological examination of sectioned airways also revealed significantly 

increased eosinophil deposition in the walls of challenged guinea pig airways 

(Figure VI-3). Although sensitized animals revealed an increase in the presence of 

eosinophils when compared with controls (roughly twice the amount), the 

challenged animals produced an eosinophil count ten times that found in the 

control guinea pigs.

Pulmonary function, hyperreactivity, and histological analysis, along with 

the differential cell counts revealed that the sensitization and challenge techniques 

for the animal model were successful in creating a pathophysiology similar to 

asthma. Urine was sampled from every guinea pig animal and analyzed by ID *H- 

NMR spectroscopy. The spectra were exported for multivariate statistical analysis 

by LDA and LOO cross-validation. The analysis returned three spectral regions 

that were able to separate the three guinea pig populations. Time did not allow for 

the final biochemical identification of the metabolites selected by the algorithms. 

Using the Chenomx software (Edmonton, AB), which contains a database o f over 

300 known urine metabolites the NMR signature that was able to separate the 

different guinea pig populations was not identified. Work is continuing with 

additional analytical techniques, such as MS, to identify the spectral features 

indicative o f the different guinea pig physiological states.
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CHAPTER VII

Analysis o f  acute and post-treatment human asthma

OVERVIEW

This chapter describes a study where urine was used as the biofluid for the 

metabolomic investigation of human asthma. Patients that visited the UofA 

hospital emergency department (ED) with acute asthma provided urine samples 

during their clinical stay. The patients were prescribed corticosteroids 

(prednisone), discharged, and returned to the hospital for a two-week follow-up 

examination where they provided a second urine sample. It was believed that 

inter-individual metabolite and disease variability might be reduced by repeatedly 

sampling the same individual (pre/post-treatment). However, given the results 

from the normal study (Chapter IV) the intra-individual variability may not be 

reduced by repeated sampling o f the same individual. It was anticipated that acute 

asthma patients would provide the best example of an active asthma 

pathophysiology allowing for the greatest likelihood of identifying unique 

metabolites indicative of the disease. Multivariate statistical analysis of ID 1H- 

NMR spectra identified patient separation between the pre- and post-prednisone 

time points. Continuing analysis at the biochemical level identified important 

metabolites that changed in an asthma patient following two weeks of steroid 

treatment.
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This chapter is intended to provide an update on continuing work in the 

metabolomic study o f  asthma. Due to the amount o f time required to properly 

recruit a large enough sample size of acute asthma patients a formal conclusion 

was not possible, therefore a brief update is provided in this appendix.

INTRODUCTION

The preceding chapters document studies designed to optimize and 

address important considerations in the application o f NMR as an analytical tool 

of biological samples for clinical metabolomic investigations. The application of 

NMR metabolomic research for this thesis was to provide a method to easily 

sample and study human asthma. For the first human study it was considered best 

to sample exacerbating, or highly inflamed, subjects. Representing patients at the 

‘extreme end’ o f the disease acute asthma patients from the University o f Alberta 

Emergency Department were recruited to the study. Urine samples were collected 

from the participants during their initial hospital visit. It was hypothesized that the 

progression of the immunological and surrounding physiological activity of 

severely acute asthma patients would lead to an increased likelihood of capturing 

various indicative molecules and metabolites in the urine.
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EXPERIMENTAL PROCEDURES

VII-A. Acute Asthma Patient Recruitment

During the initial ED visit adult and pediatric patients were diagnosed 

with an acute asthma exacerbation. The patients provided an initial urine sample, 

which was stored in an ED freezer (-10°C) for no more than 2 hr before being 

transferred to either the deep-ffeeze (-80°C) at the Canadian National High Field 

NMR Centre (NANUC) or the clinical studies laboratory at the University of 

Alberta hospital.

Prior to being discharged patients were prescribed inhaled corticosteroids 

(ICS), and l-2mg/kg to 60mg daily prednisone to be used for five days. Following 

the treatment period patients returned to the ER for a follow-up clinical 

evaluation. At this time a ‘follow-up’ urine sample was collected.

To date 38 adult and 31 pediatric pre/post-prednisone urine samples have 

been collected, catalogued, and analyzed by NMR. An equal number of normal 

urine samples were randomly selected from the larger normals database (Chapter 

IV) for comparison to the asthma patients.
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VIl-B. Sample Preparation

Urine samples were thawed in a biosafety fume hood and a 630 pil aliquot 

was removed and placed in a 1.5 ml Eppendorff tube followed by the addition of 

70 pi o f a reference buffer solution ((4.9 mM DSS (disodium-2, 2-dimethyl 2- 

silapentane-5-sulphonate) and 100 mM imidazole in D2O) Sigma-Aldrich, 

Mississauga, ON). Each sample was then brought to a pH of 7.0 +/- 0.1 using HC1 

and NaOH. An aliquot of 600 pi was taken and transferred to a standard 5 mm 

glass NMR tube (Wilmad, NJ, USA).

VII-C. NMR Analysis_____________________________________________________

All 'H-NMR spectra were acquired on a 600 MHz Inova (Varian Inc, Palo 

Alto, CA.) spectrometer equipped with a 5 mm triple-resonance (HCN) probe 

with Z-axis gradient coil. One-dimensional 'H-NMR spectra were collected at 

25°C with a tnnoesy pulse sequence (one-dimensional, three pulse NOESY, with 

a transmitter pre-saturation delay of 900 ms for water suppression during the pre

acquisition delay and 100 ms mixing time), and a spectral width of 7200 Hz. The 

time-domain data points were 64k complex points, acquisition time was 4 s, the 

90° pulse was 6.8ps, repetition time was 5 s, four steady state scans, and the 

number o f acquired scans was 32 per FID. The data was apodized with an 

exponential window function corresponding to a line broadening o f 0.5 Hz, zero- 

filled to 128k complex points, and Fourier transformed [1].
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VII-D. Exporting NMR Spectra for Analysis__________________________________________________________________________

The exporting of the spectra in XY format, the re-saving o f the spectra for 

Chenomx analysis, and the re-naming o f all the files was automated using a macro 

created by Pascal Mercier, Erik Saude, and Robert Boyko (autoprocess), see 

Appendix C. The spectra were exported into an ASCII file, which contained two 

columns: data point in Hz. (X) and the corresponding amplitude (Y). Spectra were 

exported into 32k data points (32768).

VII-E. Multivariate Statistical Analysis______________________________________

The xytrace (ASCII format) files of the spectra were sent to Brion 

Dolenko and Ray Somorjai at the Institute for Biodiagnostics (Winnipeg, MB.) 

for multivariate statistical analysis.

The prednisone data was categorized into four classes: pediatric pre

prednisone (31), pediatric post-prednisone (31), adult pre-prednisone (38), and 

adult post-prednisone (38). Classifiers were developed that separated the different 

classes. For all classifiers, the optimal spectral regions were determined first. This 

feature selection was carried out by a genetic-algorithm-based feature selection 

approach[2]. The feature selection was wrapper-based: i.e. a classifier, in this case 

linear discriminate analysis (LDA) with leave-one-out (LOO) internal cross 

validation. This was used to decide which were the best features.
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Having obtained the optimal feature set for each pair classifier, external 

cross validation (EXV) helped estimate a more realistic error estimate. EXV was 

carried out by randomly splitting each dataset into a training set and a test set 

(50:50). The splitting was stratified, i.e. the relative proportions o f the samples in 

the two classes were retained in the splits. Details o f the statistical classification 

used can found in a recent textbook[3].

VII-F. NMR Quantification________________________________________________

The methyl singlet o f the buffer constituent DSS served as an internal 

standard for chemical shifts (set to 0 ppm), and for quantification. Spectral 

identification and quantification was performed using the Chenomx NMR Suite 

Professional software package Version 3.1 (database available at pH 7.0, 

Chenomx Inc., Edmonton, AB). Work highlighted in Chapter II has demonstrated 

that this procedure provides absolute concentration accuracies in excess of 

90%[4].

RESULTS

VII-A. Multivariate Classification__________________________________________

Spectra were divided into two portions, aliphatic (0 -  4.7 ppm) and 

aromatic (5.1 -  11 ppm), with the exclusion of the remaining water peak. The 

xytrace of the aliphatic and aromatic spectral regions were analyzed for spectral
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signatures that were able to distinguish the different patient and normal 

populations (see Methods section above).

Table V II-1 demonstrates the statistical evaluation of the algorithms’ 

ability to distinguish between the different classes using the aliphatic portion of 

the spectra. For the initial analysis comparisons were drawn between all 

combinations o f normal, adult asthma pre and post-treatment, as well as pediatric 

asthma pre and post-treatment. Class assignment was defined confident (“crisp”) 

if  the sample-assignment probability was greater than 75%. The algorithms were 

able to distinguish normal subjects from adult asthma pre-treatment (86.2%), 

adult post-treatment (76.5%), pediatric pre-treatment (77.8%), and pediatric post

treatment (85.7%). Within the disease populations the algorithms were not able to 

distinguish between the populations very well. Only adult pre-treatment vs. 

pediatric post-treatment was statistically significant (90.8%). It should be 

considered that due to the different ages o f the populations this might not be a 

valid comparison.

207

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



Classifier Pair #  of R egions
W eight 

W, o rW 2
SE

Sensitivity
S P

Specificity
Overall

A ccuracy Crisp SE Crisp SP
Crisp

Accuracy % Crisp
N vs Adult Pre 7 W2 = 3.5 97.5 93.3 96.6 98.6 96.8 98.3 86.2

N vs Adult Post 6 W2 = 3.25 93.7 92.1 93.4 97.6 95.8 97.3 76.5
N vs Ped Pre 7 W2 = 5.0 96.8 95.6 96.6 98.4 100.0 98.7 77.8
N vs P ed  Post 6 W2 = 5.0 97.5 93.5 96.8 98.5 96.2 98.1 85.7

Adult Pre vs Adult post 7 W2 = 1.6 88.9 89.5 89.2 86.2 96.7 91.5 71.1
Adult Pre v s P ed  Pre 7 W2 = 1.5 91.1 91.1 91.1 92.3 96.6 94.5 61.1

Adult Pre v s P ed  Post 7 W2 = 1.5 95.6 96.8 96.1 97.6 96.4 97.1 90.8
P ed  Pre vs Ped Post 7 W2 = 1.0 91.1 93.5 92.1 94.1 90.9 92.9 73.7

Adult Post v s  P ed  P ost 7 W2 = 1.25 94.7 93.5 94.2 100.0 88.2 95.8 69.6
Adult Post vs P ed  Pre 7 W2 = 1.65 86.8 91.1 89.2 89.5 96.7 93.9 59.0

Table VII-1. Multivariate diagnosis using aliphatic NMR signatures
a. Multivariate analysis that statistically separates adult pre and post
treatment, as well as pediatric (Ped) pre and post-treatment asthma and 
normal (N) population using the aliphatic region of NMR spectra.
b. Pre, pre-treatment; Post, post-treatment

Table VII-2 shows the statistical evaluation of the algorithms ability to 

distinguish between the different classes using the aromatic portion o f the spectra 

(roughly 6.5ppm -  ll.Oppm). This included separating normal subjects from adult 

asthma pre-treatment (89.2%), adult post-treatment (93.4%), pediatric pre

treatment (98.5%), and pediatric post-treatment (97.9%). Within the asthma 

populations the aromatic region was able to distinguish adult pre-treatment from 

adult post-treatment (79.5%), adult pre-treatment vs. pediatric pre-treatment 

(97.8%), adult pre-treatment vs. pediatric pos-treatment (97.4%), pediatric pre

treatment vs. pediatric post-treatment (76.3%), adult post-treatment vs. pediatric 

post-treatment (100%), and finally adult post-treatment vs. pediatric pre-treatment 

(94%).
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C la ss if ie r  Pair #  of R egions
W eight 

W, o rW 2
S E

Sensitivity
S P

Specificity
Overall

A ccuracy Crisp SE Crisp S P
Crisp

A ccuracy %  Crisp
N vs Adult P re 7 W2 = 2.5 93.7 93.3 93.6 97.2 97.3 97.2 89.2

N vs Adult Post 6 W2 = 1.5 97.5 100.0 98.0 97.4 100.0 97.8 93.4
N vs P ed  Pre 4 W2 = 1.35 99.4 97.8 99.0 99.4 97.7 99.0 98.5

N vs P ed  Post 3 W2 = 1.35 100.0 96.8 99.5 100.0 96.4 99.5 97.9
Adult Pre v s Adult Post 7 W1 = 2.5 88.9 89.5 89.2 88.2 93.8 90.9 79.5
Adult Pre v s  P ed  Pre 6 W1 = 1.1 97.8 100.0 98.9 97.7 100.0 98.9 97.8

Adult Pre v s P ed  P o st 4 W2 = 2.0 100.0 96.8 98.7 100.0 96.6 98.6 97.4
P ed  Pre v s P ed  P ost 6 OCOII

CM?

88.9 83.9 86.8 89.5 85.0 87.9 76.3
Adult Post v s  P ed P o st 3 W1 =1.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Adult Post v s  P ed  Pre 3 W1 = 1.0 97.4 97.8 97.6 97.3 97.6 97.4 94.0

Table VII-2. Multivariate diagnosis using aromatic NMR signatures
a. Ability o f multivariate analysis to statistically separate adult pre and 

post-treatment, as well as pediatric (Ped) pre and post-treatment 
asthma and normal (N) populations using the aromatic region of 
NMR spectra.

b. Pre, pre-treatment; Post, post-treatment

Spectral regions that allowed for multivariate separation of the disease and 

normal populations were identified and are presented in Tables VII-3 and 4. Table

VII-3 shows the aliphatic regions o f data points that contain the unique spectral 

indices that enable population separation. Often population separation required 

the identification o f seven different regions. Table VII-4 similarly demonstrates 

the range of data points that contain unique spectral traits that separate the 

different populations. For analysis o f the aromatic regions often less than seven 

spectral characteristics were required for population separation.
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Classifier Pair 1 1 2 2 3 3 4 4 5 5 6 6 7 7
N vs Adult Pre 732 805 2031 2067 2446 2496 2649 2683 2958 3032 3573 3604 3933 3992
N vs Adult Post 585 627 782 805 2035 2051 2475 2535 2708 2732 3739 3791
N vs Ped Pre 964 1006 1060 1077 1312 1368 2029 2062 2516 2541 3595 3622 3938 3994
N vs Ped Post 798 816 2034 2065 2182 2206 2225 2286 3185 3262 3547 3596

Adult Pre vs Adult Post 721 764 1144 1165 1685 1721 2352 2382 2386 2430 3466 3490 3766 3807
Adult Pre vs Ped Pre 790 829 1122 1171 1377 1397 2101 2165 2313 2363 2373 2448 2614 2633
Adult Pre vs Ped Post 324 355 1376 1444 1445 1477 2192 2209 3131 3164 3420 3457 3717 3750

Ped Pre vs P Post 391 436 1091 1120 1161 1219 1511 1544 1567 1614 1689 1728 3109 3142
Adult Post vs Ped Post 789 856 1146 1211 1276 1325 1342 1397 1602 1627 1792 1857 3118 3144
Adult Post vs P ed  Pre 416 433 788 822 1596 1636 2195 2253 2263 2356 2973 2993 3772 3802

Table VII-3. Aliphatic spectral data points that separate populations
a. Aliphatic data point windows that contain the data to statistically separate adult pre and post-treatment, as well as pediatric 

(Ped) pre and post-treatment asthma and normal (N) populations using the aromatic region of NMR spectra.
b. Pre, pre-treatment; Post, post-treatment

Classifier Pair 1 1 2 2 3 3 4 4 5 5 6 6 7 7
N vs Adult Pre 876 940 1824 1839 2342 2391 3644 3670 4664 4721 6432 6460 6663 6690
N vs Adult Post 1093 1104 2684 2716 3647 3661 5224 5269 6357 6389 6398 6406
N vs Ped Pre 1076 1145 3553 3598 5911 5982 6291 6348

N vs Ped Post 1110 1153 5888 5935 6301 6375
Adult Pre vs Adult Post 1506 1549 3000 3009 3504 3576 6129 6201 6548 6575 7276 7327 7375 7425
Adult Pre vs Ped Pre 1086 1154 1371 1447 2303 2343 5508 5565 5918 5960 8340 8401
Adult Pre vs Ped Post 1089 1164 1474 1542 5033 5601 5885 5954
Ped pre vs Ped Post 1435 1497 2941 2979 4441 4481 4519 4570 6098 6149 7060 7136

Adult Post vs Ped Post 1092 1154 3076 3144 5921 5951
Adult Post vs Ped Pre 1089 1161 5879 5982 8365 8439

Table VII-4. Aromatic spectral data points that separate populations
a. Aromatic data point windows that contain the data to statistically separate adult pre and post-treatment, as well as pediatric 

(Ped) pre and post-treatment asthma and normal (N) populations using the aromatic region of NMR spectra.
b. Pre, pre-treatment; Post, post-treatment



The data presented in Tables VII-3 and VII-4 are preliminary. Due to the 

limited sample size it is probable that further analysis, as well as the inclusion of 

additional samples would reveal shifted, or new regions of interest. Therefore, 

further NMR interpretation of spectral features and metabolites was not carried 

out. However, for the purpose of later discussion it is important to note that it was 

possible to convert data points to actual spectral regions (Hz. or ppm) according 

to the following equations:

Aliphatic
Hz = 2700.2441426 -  0.2441426 * DataPt.

Eq (1).
PPM = 4.5004069 -  0.0004069 * DataPt.

Aromatic
Hz = 5 176.5441426 -  0.2441426 * DataPt. 

Eq (2). 
PPM = 8.6276069 -  0.0004069 * DataPt.

DISCUSSION

Metabolomic investigations attempt to identify, quantify, and correlate 

changes with particular pathophysiologies. Often the disease being studied has 

numerous pathways in flux and the list of possible compounds to identify can be 

very large. As well, metabolomics allows for non-hypothesis driven 

investigations, which may lead to the identification of new metabolites and
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disease pathways. Multivariate analysis may be the ideal manner in which to 

perform data reduction to a minimal number of key spectral signatures, which 

allows for population separation.

Multivariate analysis is capable of analyzing large datasets and reducing 

information to a level that is easily interpreted by the investigator. Metabolomic 

investigations often collect data from hundreds o f patients or subjects. NMR 

spectral analysis of the individual subjects contains a large amount o f information 

(32 -  65k). In the study discussed in this appendix the NMR spectra were 

exported to 32K data points. The data quickly adds up to roughly 1.5 million data 

points per cohort (pediatric pre-treatment, adult post-treatment, etc.). The 

identification, quantitation, and statistical analysis of every metabolite, in each 

urine sample would not be feasible via traditional methods. As well, the 

pathophysiology of a disease would likely a very complex process requiring the 

modification of a number o f metabolic pathways. Multivariate analysis could be 

the method by which investigators can handle large datasets, reduce the 

information to key metabolites (sometimes novel metabolites), and separate 

distinct populations with statistical significance.

As mentioned in the introduction, there are a few things that must be 

addressed when performing multivariate analysis. More specific to NMR 

investigations carried out during the work for this thesis were the issues of 

constant number o f data points, Hz/pt. (hertz per point), DSS reference, H2O
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residual peak, and the final conversion of multivariate signatures to NMR spectra. 

In Appendix B I will discuss further the identification of novel spectral signatures 

by advanced NMR techniques and MS.

Data acquisition for NMR involves the digitization of an analogue signal. 

This digitization process results in data points that are a function o f 2X (where 

x= l, 2, 3, etc.). Initially the data was collected with 32k (actually 32768, 215), but 

now data collection is standardized to 64k data points (65536, 216). This is 

important to consider when looking at spectral resolution as well as performing 

multivariate analysis. During RDP, PCA, or most other methods of analysis the 

data (multiple spectra) are put into a large matrix and diagonalized to determine 

the eigenvectors and eigenvalues. It is important that all the spectra being 

compared have identical number of data points. Related to this is the importance 

o f Hz/pt. In order to allow for similar regions of the spectra to be compared after 

exporting to the XY format the Hz/pt. must be identical. To achieve this all 

spectra are acquired with identical sweep width (usually 8012 Hz) and number of 

data points (64k) while acquisition time is then set by the instrument (roughly 4 

s).

It is important to ensure that the reference standard (DSS for my studies) 

was properly referenced before spectra were exported. Following referencing the 

spectrum it is important to remember that although the NMR chemical shift scale 

o f ppm has been referenced to 0, the data points will extend past the reference
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peak to the outer portions of the spectrum. Furthermore, it should be understood 

that because the reference peak is now situated at 0 ppm, the peak is data point 

56203 along the 64k data conversion scale. Other peaks common to NMR are 

important to note when performing multivariate analysis. The residual water peak, 

roughly 4.7 ppm, will vary slightly from spectrum to spectrum. Although this is 

largely not due to the physiology of the subject and the sample multivariate 

analysis will identify this peak as being the primary source of difference between 

spectra. This is something that can be easily corrected by removing the water peak 

from the data set (xy trace) before performing the statistical analysis. Also, as 

mentioned in Chapter IV, subject hydration will alter urine metabolite 

concentrations. It is important that the statistical tool identify the creatinine peaks 

(data points 41236 -  41481, and 36246 -  36574) and standardize each individual 

spectrum before performing the multivariate analysis.

This chapter provides a brief outline of a continuing study that attempts to 

initiate the use of NMR to analyze human asthma urine to diagnose and track 

asthma improvement and treatment through the identification and quantification 

of key metabolites. Patient recruitment, compound identification, and multivariate 

analysis are still proceeding at the time this thesis was written so a final 

conclusion of the study was not possible. However, the study highlights some 

important findings that should be considered.
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The primary advantage of multivariate statistical analysis is the 

identification o f unique and novel spectral signatures that may lead toward the 

discovery of new metabolites and relevant metabolic pathways. This could prove 

to be useful for basic research as it expands the current understanding of disease 

pathophysiology. In addition, drug development could benefit greatly since the 

physiological impact o f new pharmaceuticals is often not known. Metabolomic 

investigations could allow for the identification o f specific pharmaceutical 

metabolites and the metabolic pathways impacted by the new therapies.

Although multivariate analysis often requires collaborations with experts 

in the statistical or engineering fields to ensure it is performed correctly, the 

possibilities of the analysis are encouraging. Work is ongoing to optimize the 

capabilities and ability to identify new metabolites that could prove useful in the 

understanding of disease pathophysiology, and thus further the development of 

improved patient therapeutics.
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CH APTER V III

Pediatric asthma longitudinal study

OVERVIEW

Chapter VII provided a brief description o f a continuing study of human 

asthma. The initial project chose acute and treated asthma because it was believed 

that the two extremes were physiologically distinct enough to provide the best 

separation clinically and differential metabolic profiles. Perhaps a more difficult 

consideration is not whether a diseased and a control population can be 

distinguished, but rather can a disease process be followed through all the 

subtleties o f the clinical presentaion. This chapter briefly describes a research 

project that worked to identify and distinguish slight metabolic alterations 

following the pharmacological maintenance o f  asthma. Pediatric asthma patients 

who frequented the outpatient clinic at the UofA hospital were sampled over 

subsequent visits. These patients were also followed through changes to their 

medication. Following a single individual over a period of two years could 

produce metabolic indicators that correlate with the proper treatment o f asthma, or 

metabolites that are predictive of future exacerbations.

INTRODUCTION

Investigations toward a fuller understanding of particular disease 

processes often involve the comparison of normal and diseased groups. Chapters
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IV - VII highlighted studies that provided a metabolic definition of a normal 

human and guinea pig population, as well as examples o f comparative 

metabolomic studies for asthma and CF. As the studies progressed the guiding 

question changed from ‘What are the gross metabolic and associated 

physiological differences between the two populations?’ to perhaps a more 

clinically relevant question ‘What are the different stages or disease processes 

underlying the broader patient diagnosis?’. This chapter highlights on-going work 

attempting to identify metabolic and immunological pathways responsible for, 

and influenced by, the progression and treatment of asthma.

Chapter VII demonstrated the initial investigation into human asthma 

metabolomics through the sampling of urine. The preliminary study focused on 

two distinct populations; acute emergency asthma patients and control subjects 

(for one study the controls were patients subjected to two-weeks of steroid 

treatment) It was hypothesized that by choosing these distinct populations 

differences in metabolic and immunological pathways would be easier to identify. 

This identification would provide insight into the pathways affected by, and those 

producing, the acute asthma episode. It was readily acknowledged that in order to 

determine a better understanding o f the basic mechanisms underlying asthma it 

would be useful to identify the subtle changes in stable asthma patients.

Asthma is a disorder that has episodes of severe acute exacerbation, as 

well as a sustained level of inflammation that can cause significant physiological
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damage and pulmonary remodeling to the lungs over time[l-5]. Therapeutic 

intervention attempts to limit the number and severity of acute episodes for 

patients and tries to manage the continual state o f inflammation[l, 6], The 

pediatric asthma and allergy outpatient clinics at the Universities of Alberta and 

Manitoba care for sick children at varying stages o f treatment for pulmonary 

disorders. Pulmonary function tests and allergen skin prick testing were 

conducted in addition to standard medical care in order to assess treatment 

efficacy. Pediatric patients provided urine samples that were analyzed by ID 1H- 

NMR. NMR was used to identify metabolic pathways unique to asthma patients, 

as well as the metabolites that might respond to therapeutic measures in order to 

obtain a more detailed understanding of asthma [7]. The metabolic understanding 

o f baseline asthma, acute exacerbation, and the indicators that precede the acute 

exacerbation is necessary as this metabolic information provides an adjunct to 

medical decisions regarding appropriate therapeutic intervention[8].

EXPERIMENTAL PROCEDURES

VIII-A. Pediatric Patient Recruitment_______________________________________

Informed consent was obtained from asthma patients in accordance with 

guidelines established by the University of Alberta Health Research Ethics Board. 

Presently 61 initial pediatric samples, with a total of 130 pediatric samples have 

been collected as of July 2006 (multiple samples per patient). Some patients have 

had as many as six urine samples collected during repeat visits to the UofA
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pediatric outpatient clinic. All samples were immediately stored at -20°C at the 

clinic and then brought to the laboratory where sodium azide was added to a final 

concentration of 2.5mM and stored in a deep-freeze (-80°C).

In addition, samples collected at the University of Manitoba Childrens 

Hospital included an additional 202 pediatric asthma patients, as well as 267 

pediatric control urine samples. All samples were stored at -20°C at the clinic and 

then placed in a deep-freeze (-80°C) until they were shipped to the NANUC. The 

samples were shipped with dry ice and remained frozen during transport. The 

samples were immediately transferred to the NANUC deep-freeze.

For a preliminary analysis, 38 children aged 4 to 16 were selected from the 

larger pediatric outpatient database. Two urine samples per patient, the initial and 

follow-up visit, were selected and analyzed (see below). In addition, an equal 

number of control pediatric samples were randomly selected and analyzed. For 

the preliminary analysis 38 pediatric asthma patients were separated into two 

groups. Patients who showed improvement based upon clinical history, exam, and 

pulmonary function tests between the first and second visits were identified as 

better. Those that showed a decline in the management of asthma were termed 

worse.
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VIII-B. Sample Preparation

Urine samples were thawed in a biosafety fume hood. A 630 ql aliquot 

was taken and placed in a 1.5ml Eppendorff tube followed by the addition of 70 

pi of a standard solution (4.9mM DSS {disodium-2, 2-dimethyl 2-silapentane-5- 

sulphonate} Sigma-Aldrich, Mississauga, ON). Each sample was brought to a pH 

of 7.0 +/- 0.1. An aliquot o f 600pl was taken and transferred to a standard 5mm 

glass NMR tube (Wilmad, NJ).

VIII-C. NMR Analysis__________________________________________________ _

All 'H  NMR spectra were acquired on a 600 MHz Inova (Varian Inc, Palo 

Alto, CA.) spectrometer equipped with a 5mm triple resonance probe with z-axis 

pulsed field gradients. One-dimensional XH NMR spectra were collected at 25°C 

with a tnnoesy pulse sequence (one-dimensional NOESY with transmitter 

saturation during the preacquisition delay and 100ms mixing time) with a spectral 

width o f 8200 Hz, four steady state scans preceding acquisition, and 32 transients 

were acquired for each spectrum which was apodized with an exponential decay 

corresponding to a line broadening o f 0.5 Hz prior to Fourier Transformation^]. 

Spectra were zero-filled to 128k. The acquisition time per scan was 4s, with a 

preacquisition 900ms for a total recycling time o f 5s. Presaturation had an 

effective yBi field of 60Hz.
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VIII-D. Multivariate Analysis

NMR spectra were exported to XY format using the macro autoprocess as 

described in Appendix A. Each spectrum was decomposed into 64k data points 

(65536) in text format. The spectral xytrace files were sent to Brion Dolenko and 

Ray Somorjai at the Institute for Biodiagnostics (Winnipeg, MB.) for feature 

selection, which was wrapper-based: e.g. a classifier, in this case linear 

discriminate analysis (LDA) with leave-one-out (LOO) internal cross validation, 

was used to decide which features were the best.

Once the optimal feature set for each pair classifier was obtained, external 

cross validation (EXV) helped estimate a more realistic error estimate. EXV was 

performed by splitting each dataset, randomly, into a training set and a test set 

(50:50). The splitting was stratified, i.e. the relative proportions of the samples in 

the two classes were retained in the splits. Details o f the statistical classification 

used can be found in a recent textbook[10].

VIII-E. NMR Quantification_______________________________________________

The buffer constituent DSS served as internal standard for spectral 

quantification, while the methyl resonance peak o f DSS was utilized as an internal 

reference set to 0 ppm. Spectral quantification o f chemical constituents utilized 

Chenomx NMR Suite Professional software package Version 3.1 (database 

available at pH 7.0, Chenomx Inc., Edmonton, AB). Urine metabolites were
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normalized to internal creatinine concentrations in order to correct for dilution or 

hydration effects.

VIII-F. Statistical Analysis_________________________________________________

Statistical significance of the urine metabolites was determined by 

performing an analysis of variation (ANOVA). A p-value < 0.05 was determined 

to be statistically significant.

RESULTS - i

VIII-A. Pulmonary Function_______________________________________________

As part of the clinical assessment, pediatric patients produced a FEV1 

(forced expiratory volume in Is) for each visit. Improvements in FEV1 correlated 

with the patient feeling better on the second visit. The inverse was also true, those 

patients that felt worse on their second visit showed a significant reduction in 

FEV1. Figure VIII-1 demonstrates the correlated rise and fall o f FEV1 with a 

patients’ improvement or deterioration upon the second visit, respectively.
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Figure VIII-1. FEV1 correlates w ith clinical presentation between visits. FEV1 
analysis was performed on the first and second visit, which correlated with the 
patients’ improvement or deterioration.

VIII-B. NMR Metabolite Quantitation_______________________________________

Preliminary spectral analysis by a summer student Chris Skappak included 

38 easily identifiable metabolites. The only metabolite to reach statistical 

significance, between the better and worse patients, was 1-methylhistamine.

Normalized 1-methylhistamine showed a significant reduction in 

concentration in the second sample collected from patients who presented to the 

clinic as better. Conversely, patients whose lung function deteriorated leading up 

to the second visit demonstrated elevated levels o f 1-methylhistamine in the urine. 

Figure VIII-2 demonstrates the difference in normalized 1-methylhistamine from 

the follow-up and the initial visit (day two minus day one).
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Figure VIII-2. 1-m ethylhistamine correlates w ith clinical follow-up. This figure 
shows the difference in the normalized 1-methylhistamine levels in the follow-up 
compared to the initial urine sample for patients who were better or worse during 
the second visit.

The level o f 1-methylhistamine was elevated in the initial visit urine 

sample from pediatric patients who presented as worse on the follow-up visit 

when compared to patients that presented as better on the follow-up visit. Figure

VIII-3 demonstrates the elevated level of normalized 1-methylhistamine on the 

initial visit in patients who presented as worse at the follow-up visit to the clinic.
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Figure VIII-3. 1-methylhistamine predicts follow-up presentation. Normalized 
1-methylhistamine was significantly increased in the initial urine sample for 
patients that presented as worse at the follow-up evaluation.

VIII-C. Multivariate Separation____________________________________________

Although multivariate analysis was able to distinguish pediatric asthma 

patients between their initial and subsequent visits, the final version of the 

multivariate analysis was not returned in time for documentation in this thesis.

DISCUSSION !

Although this study is still in the preliminary phase a significant amount of 

pediatric asthma urine samples were collected and additional samples will
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continue to be analyzed by NMR and multivariate statistical analysis. This initial 

investigation demonstrated the ability of NMR to identify the immunologically 

relevant metabolite 1-methylhistamine. With continued analysis, and the return of 

the multivariate analysis, additional metabolites might be identified that could 

serve as biomarkers for pediatric asthma patients who present to the clinic with 

worse pulmonary function.

Higher normalized urinary levels o f 1-methylhistamine on the follow-up 

visit, when compared with the initial visit, correlated with a patients’ worse 

presentation (Figure VIII-2). A worse follow-up presentation also correlated 

significantly with a reduction in pulmonary function (FEV1, Figure VIII-1). It 

appears that 1-methylhistamine served as a biomarker for the reduction in 

pulmonary function. Also o f interest is that a greater normalized level of 1- 

methylhistamine in the initial visit urine sample correlated significantly with a 

patients’ likelihood o f presenting as worse on the follow-up visit (Figure VIII-3). 

This suggests that 1-methylhistamine could be prognostic and could warn of a 

patients’ deteriorating pulmonary function. This work is being confirmed by MS 

as well.

The cause for elevated 1-methylhistamine in worsening asthmatic lungs 

could be because only 2 -  3% of histamine is excreted in the urine as unchanged 

histamine. Seventy percent is converted to 1-methylhistamine (10% of which is 

excreted in the urine), while the rest is converted to methylimidazole acetic
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acid[l 1-13]. Histamine is known to be a mediator of acute allergic reactions, and 

was one of the first chemical substances to be associated with mast cells [14-20], 

Histamine is a potent bronchospastic and a vasodilator and is known to be 

associated with allergic reactions and asthma[21-24].

This study will continue with the multivariate analysis and the 

identification o f additional metabolites. The metabolites identified by the 

multivariate analysis should provide both a diagnostic use, as well as provide a 

new understanding of the pathways responsible for the unique physiology found 

in asthma. With a large longitudinal database complete with pulmonary function 

tests, prescribed treatments, as well as sequential urine samples from patients this 

project should enjoy continued success.
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CH APTER IX

Conclusion

OVERVIEW I

The final chapter o f this thesis provides a unifying discussion regarding 

the application of NMR spectroscopy toward metabolomic and clinical research. 

This fina l discussion begins with an overview o f  the previous eight chapters, the 

major conclusions fo r  each, and their contributions to the growing fie ld  o f  

metabolic research. The chapter also provides additional comments regarding 

some of the directions the field o f metabolomics and clinical research may be 

heading.

SUMMARY |

This thesis has presented research that is not typical to the historical 

application of NMR. The broader field of basic metabolic research has been a 

focus of scientific research for hundreds o f years[l]. More recently the field of 

metabolomics has created a resurgence in the interest of metabolism and the 

wealth of information that may be garnered from the study o f metabolic 

pathways[2]. The relationship between metabolism, phenotype, and 

pathophysiology has initiated a philosophical shift from reductionism to a more 

global analysis that has captured the interest of many clinical researchers[3-8]. 

The possibility of detecting and tracing key metabolites is of primary interest to
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clinical researchers because of the close connection between active metabolic 

pathways and the continually changing physiology of a diseased individual[9, 10].

Although a powerful tool for protein structure determination, NMR has 

many features that distinguish itself as an application suited for metabolic 

research. The basic theories and technology have been around for decades and 

advancements in the field continue to increase the breadth of NMR applications. 

Today, there is a wealth o f acquisition experiments available to NMR; however, 

ID ’H-NMR remains the workhorse of spectroscopy[ll-14]. Against a backdrop 

of different nuclei, mutli-dimensional pulse sequences, solid state NMR, and 

high-powered pulses, the ID proton spectrum is deceivingly simple. Chapter II 

documents research conducted that optimized the efficacy of ID proton spectrum 

acquisition and quantitative analysis[15]. Appropriate acquisition parameters and 

quantitative software have significant effects on metabolite concentration 

accuracy. As well, engineered hardware and quantum physical phenomena, such 

as spin-lattice (Ti) relaxation, had to be considered to ensure final accuracy 

during analysis.

A biochemical continuation of this work is shown in Chapter III where the 

importance o f sample preparation and storage procedures to the preservation of 

metabolites in the urine was demonstrated. This research was of particular 

importance to human studies where urine samples are collected at separate 

locations, often as an additional step during a medical exam or treatment.
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Following collection, the urine samples are stored briefly on site, transported, and 

stored again at the NMR lab for a period ranging from a couple weeks, for data 

acquisition, and up to years, as part of a continuing biological database. Due to 

the nature of urine and the inevitability of bacterial contamination Chapter III 

demonstrates the appropriate measures that must be taken to ensure metabolite 

fidelity prior to data acquisition.

An intriguing addition to my research, which turned out to be a major 

focus of my thesis, was the normal study documented in Chapter IV. Scientific 

analysis involves the measurement of a treated phenomena followed by 

comparison with a baseline or control measurement. In human and clinical 

research the selection of control subjects is often based upon proximity, if  the 

subject is in the lab, is a friend, or a relative they are sampled (while attempting to 

limit ethical conflicts). Chapter IV catalogues the large degree o f metabolite 

variability in the urine and initiates some thought regarding biological normality, 

homeostasis, and appropriate statistical tools. Chapter V documents my first 

application of NMR to clinical and metabolomic research. NMR analysis of 

sputum samples from CF patients revealed indices o f immunological effector cell 

infiltration and activation[16]. Although this was the first study carried out in the 

field of metabolomics by myself and collaborating laboratories, it opened the door 

to the possibilities of metabolic research in biological samples to understand 

unique disease processes. To understand pulmonary pathophysiology further a 

study was conducted by sampling urine from a guinea pig model of asthma, as
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described in Chapter VI. Unlike human studies, the animal model allows for a 

controlled environment and disease state with minimal environmental influence 

and an absence of pharmaceuticals. The guinea pig study provided detailed 

pulmonary function information and cell count differentials, as well as an 

opportunity to develop a multivariate statistical analysis tool for population 

separation based upon urine spectra. Work continues to detail the metabolic 

pathways indicative o f the different pulmonary states associated with allergy and 

asthma.

The transition to human disease metabolomics as sampled through the 

urine began with a study of acute asthma patients prior to and following treatment 

with corticosteroid (Chapter VII). The sampling of acute patients admitted to the 

emergency department allowed for a study o f ‘active’ asthma patients. Although a 

complete biochemical analysis was not completed by the time of this thesis, 

multivariate statistical analysis was able to separate the different patients based 

upon NMR spectral signatures from their respective urine samples. This study 

was the first to use NMR as an analytical tool to investigate urine samples and 

distinguish asthma patients prior to and following treatment, as well as from 

control samples. Future work will provide a biochemical understanding o f the 

unique spectral signatures indicative of the acute and treated subjects.

Although it is a unique technique to diagnose acute asthma patients by 

NMR analysis o f the urine it was thought a greater challenge to follow the more
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subtle metabolic changes of stable asthma patients. Chapter VIII documents a 

longitudinal study where pediatric outpatients provided samples during follow-up 

visits. The metabolomic investigation allowed for the identification o f compounds 

that changed during episodes of severe asthma and different therapeutic 

medications. It is believed that with continuing work these metabolic changes 

could provide indices o f therapeutic efficacy as well as prognostic markers of 

imminent acute asthmatic episodes.

DISCUSSION

The research for this thesis commenced roughly around the same time as 

the first release o f the Human Genome Project in 2001 [17]. The initial excitement 

about the work accomplished by the project and the newfound knowledge was felt 

throughout the scientific community. There was also a growing excitement 

toward the possibilities for future studies. That same anticipation launched similar 

initiatives in proteomics and helped push the creation of the terms metabonomics 

and metabolomics. My interest in human and clinical research drew me to a 

metabolic focus. In addition, my instruction in NMR provided me with an ideal 

tool through which to perform metabolomic investigations. This thesis follows my 

development o f NMR spectroscopy as a tool for metabolomic studies, as well as 

my attempts to study normal metabolism and disease processes in pulmonary 

diseases.
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NMR has become a primary tool for metabolomic investigations. Chapter 

I highlighted aspects that should be optimized to ensure accurate data collection 

and quantitative analysis. As the technology improves standard tests should 

continue to ensure that the accuracy remains above 90%. For metabolomic studies 

new techniques, such as in-line LC-NMR, have created new possibilities for the 

detection and resolution of metabolites by separating compounds before they 

enter the spectrometer. For these experiments solvent suppression becomes a 

priority; to solve this some pulse sequences, such as WET, can be modified to 

remove different types of solvents[18]. Robotics and automated sample changers 

have also been introduced into the field to assist with the large number o f samples 

required for metabolomic studies. However, the area of robotics is progressing 

slowly due to issues such as programming and the reproducibility of data 

acquisition. NMR continues to be one o f the leading technologies for 

metabolomic research, and further developments in hardware and software will 

continue to enhance the applicability of NMR for metabolic studies.

The qualitative and quantitative ability of NMR spectroscopy lead to the 

discovery that urine metabolites change within the same sample over time. 

Similar to NMR optimization, sample preparation is a laboratory step that is often 

overlooked. However, it is important to recognize that it has serious implications 

for final analysis. Chapter II describes a study into the degree o f metabolite 

change and the effects o f preparation and storage on the fidelity of urine samples. 

Certainly the subject providing the sample, the scenario surrounding collection,
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and the sample itself has implications on the degree of change during the 

analytical process. It was important to my research that I establish the proper 

procedures for clinical studies with urine. Investigators should also consider the 

use of standardized procedures in similar studies, as well; these techniques should 

be implemented with every project that includes a new type o f sample. Often 

metabolomic studies involve additional chemical or physical preparatory steps. 

Some studies perform LC-MS, while other studies sample whole tissues followed 

by grinding and extraction (acetonitrile or perchloric acid extraction). Each of 

these rather intensive laboratory procedures can have important effects on the 

metabolites identified during final analysis. My sample preparation study 

(Chapter III) demonstrated the significant changes that can take place due to 

bacterial contamination, or simply through non-enzymatic degradation; samples 

that require extensive physical and chemical laboratory preparation can influence 

the metabolic profile even greater. The Metabolomics Society has begun to 

standardize both laboratory and reporting methods for metabolic studies, which 

will offer direction to future research practices.

One area that is beginning to attract attention is MRS, which eliminates 

the need to sample a research subject [19, 20]. For human studies a MRI machine 

is used to detect specific molecules that are important for a particular disease 

process. Traditionally MRI is used in the clinical setting to identify larger 

physiological changes associated with tissues and organs. MRS focuses the 

analysis to key metabolites and biomarkers in the human body that are correlated

238

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



with a disease. MRS allows for metabolite identification and the tracking of 

particular metabolic pathways within the human body. Although the technique is 

still being developed, future work could allow for a large number of metabolites 

to be identified within the human body, thereby circumventing many of the issues 

that arise as a result of biological sampling[21].

One important issue I dealt with was deciding upon the appropriate sample 

type. I performed NMR analysis on ground tissue, ground tissue following 

perchloric acid extraction, cardiomyocytes, cell cultures, cell culture supernatant, 

blood, serum, urine, sputum, bronchoalveolar lavage, and breath condensate. 

Chapter V outlines my investigation of CF through the use o f sputum samples. 

Although sampled directly from the lung, sputum is difficult to collect, and a 

‘plug’ must be separated from the liquid phase of the sputum. In addition, due to 

the thick nature of sputum (especially for CF patients) the NMR spectra were 

difficult to analyze. On the other hand urine collection for other studies such as 

pneumonia and asthma allowed for easy collection of a biofluid from patients. In 

addition, sputum is nearly impossible to obtain from some of the patients; e.g. the 

elderly pneumonia patients and pediatric asthma patients. The quintessential 

dilemma for my thesis research was between the direct sampling nature of 

sputum, though difficult to obtain, and the ease o f urine collection, which is a 

‘distant’ biofluid removed from the pulmonary space. Some questions remain 

regarding the transition o f pulmonary metabolites to the urine (i.e. dilution and 

modification), as well as the feasibility o f ‘intermediate fluids’ such as blood. A
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study was drafted to collect human sputum, blood, and urine (I ran a similar 

investigation as part of a mouse pneumonia study with Dr. Lacy) to follow 

metabolites from the lung, through the blood, and into the urine. Unfortunately, 

time did not allow for this human study to be completed; however, this would be 

helpful to find an appropriate balance between ease of sample collection and 

sampling invasiveness for pulmonary metabolomic investigations.

Using urine as the primary biofluid for the majority of my PhD. research I 

was surprised to discover how little is known about urine. On a purely clinical 

basis a lot of research has focused on the implications o f ion transport and general 

filtration (creatine and creatinine) from a physiological standpoint, but very little 

was known about urine metabolites. With the support o f Dr. Marrie I established a 

normals study, which revealed a significantly large degree o f variability o f urine 

metabolites in normal urine. To satisfy the variability of the larger population it 

was believed that each individual must maintain a restricted metabolite window 

within the larger variation achieved by the population. In fact almost every 

subject was able to traverse the population metabolite distribution. This variation 

was generally maintained for all metabolites detected, including amino acids, 

citric acid cycle intermediates, and other dietary metabolites. If the variability was 

not the result of poorly chosen metabolites the next philosophical question was 

“How does one reconcile between homeostasis and such a large normal 

variation?”. The additional data from the control guinea pigs, with many of the 

biological, environmental, and dietary factors controlled, produced similarly large
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fluctuations in metabolite variation. I believe this variability is true, is not an 

aberration, and might be a reflection o f the biological nature o f urine. Urine is 

collected fdtration o f the blood (representing metabolites from all over the body), 

and is stored in the bladder for hours. Therefore urine could represent biological 

processes that occurred over the period of a few hours throughout the body. For 

comparison, other metabolites are known to vary to a lesser degree in other 

biofluids, such as blood (or over 24 hr. analysis). The ability to control blood 

metabolite concentrations is maintained by removing excess to the surrounding 

cells or through the kidneys. However, having shown the large degree of 

metabolite variability it was intriguing that there was an identical population 

mean for two metabolites in a normal study carried out in Italy[22]. This raises 

the possibility that what my study observed was, in fact, ‘normal’. Even though 

the degrees of variability are large, perhaps diseased processes will still 

overshadow such large variation.

Basic researchers and clinicians have observed correlations between 

biological processes and the pathophysiology o f a disease. Therefore, even with 

the large human metabolic variability, it is possible to identify disease processes 

and make general statements regarding perturbed physiology 

(Chapters VII and VIII). However, in human metabolomic investigations, how do 

we identify the underlying disease processes amongst the highly variable normal 

human physiology?
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The degree o f metabolite variability found in the normal study raised some 

interesting questions regarding appropriate methods of statistical analysis. I 

recently began working with Dr. Brian Rowe, as well as a clinical statistician, Dr. 

Akhmetshin, to review current methods of statistical analysis and how human 

variation and metabolic behaviour should be expressed. Appendix A briefly 

addresses some o f the issues pertaining to statistical analysis. The observed 

metabolite variation does not conform to basic statistical assumptions found in 

statistical tools often used by researchers (e.g. non-parametric vs. parametric 

analysis, Anova and student t-test). Another philosophical and statistical question 

remains “How best do we represent human variability, and within such 

variability, how do we properly identify significant differences?”.

Metabolomics represents an attempt to capture all the metabolic 

information possible from a biological system by sampling and identifying as 

many unique molecules and active pathways as possible. The raw data can then be 

quantified, statistically interpreted, and relevant pathways described in an 

appropriate manner to provide unique information about a biological stress or 

disease state. The multi-disciplinary requirements o f metabolomic investigations 

offers tremendous opportunities for collaboration and the further development of 

scientific skills. I have tried to assist in the development of the tools required for 

metabolomic research, as well as further the understanding of asthma and other 

diseases. The work presented in this thesis has demonstrated some of the 

appropriate procedures for metabolomic investigations, and hopefully has
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stimulated philosophical and scientific discussions surrounding these studies. 

Through careful thought and the implementation of rigorous analytical 

techniques, metabolomic investigations will continue to help elucidate disease 

states through the understanding of metabolic pathways.
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APPENDIX A

Multivariate analysis o f  NMR metabolomic data 

OVERVIEW i

Multivariate statistical analysis is a tool often used in metabolomic 

investigations for data reduction and the correlation o f spectral signatures to 

population identification and statistically significant separation. Although 

multivariate analysis has been around for many years it was primarily developed 

by, and for, those specializing in the field of statistics. Due to this fact 

collaborations are usually formed between biologists or clinicians and 

biostatisticians in order to bring together the two disciplines. It is important to 

have a basic understanding of the two fields to ensure both the analytical and the 

statistical tools are implemented appropriately, allowing for the proper analysis 

and extraction o f the data. This appendix offers some discussion points that are 

important to consider when using multivariate statistical tools with NMR analysis 

in metabolomic investigations.

INTRODUCTION

Following NMR spectral acquisition it is important to consider the 

methods used to extract the relevant information. One-dimensional ’H-NMR 

provides spectral data that contains both qualitative and quantitative information.
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Resonant peaks unique to each particular metabolite are separated according to 

frequency, with the area under the peak corresponding to the concentration. This 

amount of detailed information is extremely useful for the identification and 

monitoring of metabolites as pathways are altered during a specific disease 

pathophysiology. However, because NMR spectra are full of metabolite resonant 

peaks it is extremely important that as much of the data as possible is extracted to 

ensure vital information is not lost.

Chapter II described work that ensured the information acquired by NMR 

and quantified by different software techniques was optimized for accuracy and 

precision. Software provided by Varian Inc. (Palo Alto, CA.) and Chenomx 

(Edmonton, AB.) allowed for the identification and quantitation o f a number of 

metabolites with a defined and acceptable window of quantitative error. Such a 

priori methods o f metabolite identification allowed for rapid qualitative and 

quantitative metabolic profiling of sampled biofluids. When the metabolites are 

known, the NMR resonant peaks can be quickly identified and quantified, and a 

general understanding of the biofluid and the metabolic state o f the sampled 

subject can be quickly surmised. Both software techniques highlighted in Chapter 

II depend upon the identification of known resonant signatures and a pre-existing 

knowledge of the metabolites being quantified.

Another technique used to analyze large datasets is multivariate statistical 

analysis. Many different algorithms fit within this method of data analysis, but
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generally the purpose o f this method is to take large amounts o f information and 

reduce the dimensionality to a size that is more manageable and can easily be 

visualized and interpreted by the investigator. This method of analysis is 

mathematically intensive and highly specialized. Often this causes most 

researchers to form collaborations with a statistics lab or a mathematician who 

specializes in this form of analysis. The potential contribution of multivariate 

statistical analysis in metabolomic investigations is the ability to probe the data 

without having any prior knowledge of the spectral signatures, metabolites, or 

metabolic pathways that are expected to appear or to be altered.

This thesis is not the appropriate venue for an in-depth review of all 

multivariate methods used in metabolomic investigations. Rather, I will outline 

some o f the considerations that investigators should be aware o f when using 

multivariate analysis, in particular when applied towards ID ’H-NMR 

metabolomic studies. I will also identify some of the solutions discovered during 

my research.

A. 1 Data Export_________________________________________________________

Primarily, the conversion of NMR data to a format convenient for 

multivariate analysis utilizes a binning or windowing technique. Essentially the 

spectra are divided into segments o f equal size with a value for each specified 

region expressed as an integration o f the spectral features {i.e. area under the 

curve for each window). Often with different software packages users are able to
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specify the size o f the bin windows, or the number of windows used over the 

whole spectrum.

C hallenged
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Figure A -l. Highlighted regions of stacked guinea pig spectra. Stacked 
sections of ID H-NMR urine spectra collected from a guinea pig model of 
asthma. The highlighted region represents a typical binned region for multivariate 
analysis. Although the resonant peaks are similar in each guinea pig group the 
binning window almost completely misses the peaks in the challenged group, 
while sensitized and control binned regions contain the resonant peaks.

The spectra collected for the majority o f this thesis contained 65K 

complex data points (65536). The Varian software used in my research contains a 

macro called ‘xytrace’ which divides the spectrum into a number of points 

specified by the data digitization (number o f points, np). Statisticians find it 

helpful to consider each data point representing a compound or metabolite and the 

amplitude as the rough estimation o f the concentration.
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The exporting of the spectra in XY format, the re-saving of the spectra 

for Chenomx analysis, and the re-naming of all the files was automated using a 

macro created by Pascal Mercier, Erik Saude, and Robert Boyko (autoprocess). 

Spectra were exported into individual ASCII files using the software suppliers’ 

macro ‘xytrace’ and the software package VNMR 6.1C (Varian Inc, Palo Alto, 

CA). The spectra were exported into an ASCII file, which contained two columns: 

data point in Hz. (X) and the corresponding amplitude (Y). Spectra were exported 

into 32k data points (32768). Figure A-2 shows the macro autoprocess and the 

spectral processing that took place prior to export. Figure A-3 shows the modified 

VNMR svfph macro used by ‘autoprocess’ (‘writexy’ modifications not shown).
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" vnmr m acro to load multiple fids having the sam e
” rootnam e. The fids a re  loaded sequentially and put "
" in an  experim ent num ber specified by the user. The "
” p rocessed  fids and  phasefiles a re  placed in a  newly "
u generated  folder along with asso c ia ted  xytrace ascii "
" files. "
" P ascal Mercier, Chenom x; Erik S au d e , UofA; "
" Robert Boyko, UofA "

input(’en ter the  rootnam e of the  fids to reprocess:'):$rootnam e

getfile('.’):$entries

$fileindex=1
length($rootnam e):$rootnam elength

while ($fileindex <= Sentries) do

getfile{’.',$fileindex):$filename,$ext

substr($filenam e,1 ,$rootnam elength):$partialnam e 
if ($ext=r‘fid‘) and ($partialnam e=$rootnam e) then

$path='.'+$filenam e
rt(Sfilename)
clear(2)
exists{'gcoil’,’pa ram eter’) :$ex 
ex ists(’updtgcoil','m aclib,):$ex2 
if (Sex) and  ($ex2) then 

updtgcoil 
endif

tcl(’stopU pdate')

dg
tcl(*set seqfil ’+seqfil+';set curexp ’+curexp+' ;startUpdate') 
m enu(’m ain’)

wft ds
fn=128k
wft
tm sref lb=0.5 
wft f full dsca le
ds

svfph_force3($filename)
writexy3($filename)

endif

$fileindex=$fileindex+1
endwhile

Figure A-2. Macro for autoprocessing and exporting multiple spectra.
Autoprocess macro created to automatically enter a large folder of NMR data, 
create a new folder in which to store the autoprocessed spectra exported into XY 
ASCII files and re-saved with the datdir file for later Chenomx analysis.
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"@ (#)svf 16.1 10/25/02 Copyright (c) 1991-1996  V arian A ssoc.,Inc. All R ights R eserved ."

" svfph - sa v e  d a ta  se t  and datdir for third party p rocessing"

“m odified by Erik S a u d e  and  R obert Boyko,NANUC, 2005

sbell(V m  -rf A utoprocess '):$dum  

shell('m kdir A utoprocess ') :$dum 

Soutdir = 'A utoprocess' + '/’ + $1

if ($# >  0.5) then  

$ a rg s  = 'SVF(V'+$outdir 

$i = 1

while ($i<$#) do 

$i —  $i *r* 1

S arg s = Sargs+Y,\"+${$i} 

endw hile

$ a rg s  = $args+V,YforceY)' 

dg

ex ec($ arg s)

$cm d= 'cp  - f r ' + curexp  + '/p lo t.d e f ' + $outdir + '.fid 2>  /dev/null;cat'

$cmd1 = 'cp - f r ' + curexp  + '/p ro c e s s .d e f ' + $outdir + '.fid 2>  /dev/null;cat'

$cm d2= 'cp  - f r ' + curexp  + '/Icdata 1 + $outdir + '.fid 2>  /dev/null ;cat'

$cm d3= 'cp  - f r ' + curexp + '/Icrunlog ' + $outdir + '.fid 2> /dev /nu ll ;cat'

$cm d4= 'cp  - f r ' + curexp  + '/d a td ir ' + Soutdir + '.fid' 

e lse  

$filenam e = "

SV F:$filenam e

$cm d= 'cp  - f r 1 + curexp  + '/p lo t.d e f ' + Sfilenam e + ' 2>  /dev/null ;cat'

$cm d1= 'cp  - f r ' +  cu rexp  + '/p ro c e s s .d e f ' + $ filenam e + ' 2>  /dev/null;cat'

$cm d2= 'cp  - f r ' + curexp  + '/Icdata ' + $filenam e + ' 2>  /dev/null;cat'

$cm d3= 'cp  - f r 1 + curexp  + '/Icrunlog ' + Sfilenam e + ' 2>  /dev/null ;cat'

$ cm d 4 = ’cp - f r ' + curexp  + '/d a td ir ' + Sfilenam e 

endif 

d s

flush

shell($cm d):$dum

shell($cm d1):$dum

shell($cm d2):$dum

shell($cm d3):$dum

shell($cm d4):$dum

Figure A-3. M acro for processing and exporting multiple spectra. VNMR 

macro svfph force modified by Erik Saude and Robert Boyko to allow for 

automated multiple-spectrum export for third-party analysis.

252

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



Generally, multivariate algorithms take the data from all the spectra and 

perform a diagonalization of the matrix in order to identify the appropriate 

eigenvalues and eigenfunctions. The eigenfunctions correlate to unique NMR 

spectral features that distinguish the different populations being studied. 

Typically, the signatures or classifications used to identify and separate the 

different populations are a linear combination and only together do they allow for 

statistically significant separation. The ability to separate different populations is 

often the final goal of more clinically focused studies.

A.2 Binnins Bifurcation o f  Resonance Signatures_____________________________

Binning of NMR spectra usually involves the segregation of each 

spectrum into bin windows that have a set width and periodicity. Since each 

window is o f a specified size (e.g. 0.01 ppm) there is an assumption that the 

spectral signatures captured within will be similar between different spectra. The 

difficulty is that window placement and width is usually specified over the full 

spectrum and often a single peak can traverse different windows. With one peak 

bifurcated by a window border a certain amount of information regarding that 

metabolite is lost.

Work in collaboration with the Dr. Shah laboratory in the Faculty of 

Engineering has allowed for the creations o f ‘floating’ bin windows that have 

variable widths. The computer program has a minimization algorithm that allows 

for some minor freedom in placement o f the window borders. In the event that the
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window falls within the middle o f a peak, the algorithm tries to find a nearby 

minimum in which to place the final border. This will reduce the number of 

resonant peaks bifurcated by window borders, although it also creates some 

discrepancies in the number o f bins per spectrum and bin regions when comparing 

different spectra during multivariate analysis.

C hallenged

Sensitized

Control

Figure A-4. Stacked spectra with shifted highlighted region. Stacked sections 
o f ID ’H-NMR urine spectra collected from a guinea pig model o f asthma. The 
highlighted region represents a binned region for multivariate analysis that is 
allowed to shift slightly left and right in order to limit the bifurcation of resonant 
peaks. This method helps to capture the resonant peaks in each guinea pig group.
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A.3 Resonant Shifts

Resonant peaks within each window can differ between spectra due to 

changes in chemical shift. This difference may lead a researcher to claim absence 

o f a signature or metabolite in one sample, when in fact it is simply in an adjacent 

bin. Errors in resonance capturing through automated binning is typically the 

result o f minor fluctuations in metabolite chemical shifts as a result o f pH, sample 

temperature during acquisition, or differing salts concentrations in the sample. 

These factors can cause changes in chemical shift significant enough to move 

resonant peaks from one bin window to another. To complicate this further the 

direction and degree of the change in chemical shift is unique to each compound 

and spin system so a generalized correction function is difficult to implement.

As a result o f these binning errors samples are prepared and spectra are 

acquired following established standard operating procedures (SOP’s). As an 

example, all o f the urine samples for the purpose of this thesis were pH ’d to 7.0 

+/- 0.1, spectra were acquired at 25°C with a specified equilibration time before 

acquisition, and all spectra were shimmed to a set linewidth. These measures 

helped reduce the fluctuation of chemical shifts when compared over hundreds of 

samples.

A .4 Principle Components_________________________________________________

During multivariate analysis the algorithms pick out spectral features 

that characterize or distinguish the different populations under investigation.
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During PCA the first two or three principal components in the analysis describe 

roughly 98% of the variation between the two populations being studied. 

However, this is misleading since the first principal component is often the 

residual water peak in the NMR spectrum and the second principal component is 

the urea peak. Often neither of these peaks contain relevant information for the 

disease being studied and spectral fluctuations can occur as a result of NMR 

acquisition and not necessarily the result o f actual physiological differences in the 

populations. As well, sometimes compounds identified in the sample are the result 

o f sample preparation or handling. Chemicals such as DSS and imidazole are 

often added to urine samples to serve as a reference peak and a pH indicator, 

respectively. The position and concentration o f these chemicals can vary slightly 

(e.g. pipetting error, binding, resonant shifts) and may alter statistical analysis.

It is important to identify and understand the multivariate techniques 

being used, what the algorithms are identifying as statistically significant 

differences, and the final relevance or biological interpretation of the analysis. 

Many journals accept studies and analysis that simply demonstrates population 

separation and publish figures showing separation based upon a blind multivariate 

analysis approach with no spectral or metabolic interpretation o f the data. Without 

a continuation o f the analysis the reason behind the separation is not known and is 

equally likely to be the result o f error than a novel discovery.
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A.5 Bin Normalization

Basic multivariate analysis for general population separation based on 

exported NMR data is not ideal. In order to ensure the analysis is performed 

properly the initial data acquisition should be optimized and the statistical 

analysis should also be understood before any conclusions are drawn. In addition, 

studies typically lack urine normalization of the bins before analysis. Similar to 

absolute metabolite concentrations when determined by software packages like 

Chenomx (see Chapter IV), the spectral signatures should be normalized to 

creatinine prior to multivariate analysis. As discussed in Chapter IV, metabolite 

concentrations can fluctuate as a result o f subject hydration and may not represent 

the particular physiology being studied. The accepted practice of the general 

scientific community is to normalize metabolite concentrations to the creatinine 

concentration o f the sample.

For the multivariate analysis performed in the studies for this thesis an 

in-house macro had to be written to ensure all urine sample spectral bins were 

normalized. This was executed by first identifying and restricting the creatinine 

bin to the single metabolite resonance and determining the bin volume. The bin 

volume for creatinine was then used to normalize remaining spectral regions in an 

attempt to remove hydration variation in urine metabolite quantitation. This 

method tends not to be ideal because o f the differences in resonance volume, as 

well as the number of protons contributing to the resonance. However, this
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method is superior to other multivariate normalization methods such mean- 

centering or normalizing to total spectral area.

A. 6 Data Conversion_____________________________________________________

It is important to understand the translation of data from one format to 

another, particularly when exchanging data with collaborators that use different 

formats (e.g. spectra in ppm, and exported data expressed as data point). 

Multivariate analysis computer programs and algorithms use raw binary formatted 

data (e.g. data points, or number of points, np) while the spectroscopist prefers to 

use spectral terms such as hertz or ppm. Sometimes individuals or programs have 

to automatically interconvert the information between data points, hertz, and ppm 

data. The concern is that often neither individual has enough understanding of the 

other discipline and as such errors often occur as a result. For instance to achieve 

ppm from data expressed in hertz, a program might automatically divide hertz by 

the spectrometer strength, 600MHz, when a more accurate resonant frequency 

would be 599.978Hz. This inaccuracy is significant enough to shift binning 

windows and the statistically significant spectral signatures to new regions 

causing errors in the final correlation o f spectral characters to actual resonant 

peaks.
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Figure A-5. Spectral axis defined as ppm, Hz, and data points. A typical 
guinea pig ID 1H-NMR spectrum with the widely accepted ‘ppm ’ frequency 
scale, Hz scale, and exported data point axes. This figure demonstrates the errors 
that might arise when changing from different reference axis formats.

A. 7 Statistical Analysis____________________________________________________

There are many methods for multivariate statistical analysis; principal 

component analysis (PCA), neural networks, relative distance planes (RDP), 

partial least square (PLS), etc. Although a review of each method would be far too 

lengthy for the purpose of this thesis appendix, it is important to mention that the 

questions posed by the researcher will ultimately dictate which multivariate 

method is most appropriate. As well, researchers should be reminded that often 

some preparation of the data is required prior to analysis (see above).
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Researchers should be cognizant of the general outcomes they require 

following multivariate analysis. Often analysis will allow for separation of the 

different populations in the study, however, if  an investigator expects to identify 

specific compounds and metabolic pathways additional work is required. As an 

additional reminder, the principal components or spectral signatures identified by 

multivariate analysis are ‘diagnostic’ when used in combination so no single 

spectral region or metabolite will be able to separate the populations if the 

analysis is repeated.

A.8 Statistics_____________________________________________________________

When discussing multivariate analysis and statistics it is appropriate to 

address the issue that arose in Chapter IV, the normals study, regarding proper 

statistical analysis of human metabolic data. Inherent in the methods of statistical 

analysis commonly used in biology (e.g. ANOVA, student t-test) are assumptions 

regarding variance. For example the ANOVA (analysis o f variance) tests the null 

hypothesis that group means do not differ. It is not a test of differences in 

variances, but rather assumes relative homogeneity o f variance. Therefore, an 

assumption remains that the groups formed by the independent variables are 

relatively equal in size and have similar variances on the dependent variable 

(‘homogeneity of variances’). As in regression analysis, the ANOVA is a 

parametric procedure, which assumes multivariate normality (i.e. the dependent 

has a normal distribution for each value category o f the independent). Following 

the normal study and the large degrees o f variation observed I have some
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hesitations regarding the currently accepted methods of reporting statistical 

significance in many of the scientific journals when dealing with metabolomic 

data.

I am currently conducting a large literature review o f metabolomic and 

metabolomic research articles and their methods of statistical analysis. I believe 

efforts should be made to improve and standardize statistical and reporting 

methods to ensure final conclusions are as accurate as possible. I recently 

attended a scientific talk that discussed efforts currently underway by the 

Metabolomics Society to do just this; standardize statistical analysis and reporting 

methods.
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APPENDIX B

Novel biomarker identification

OVERVIEW

Metabolomics attempts to identify metabolites in sampled biofluids and 

correlate qualitative and quantitative differences or fluctuations to the disease 

being studied. Typically metabolites are commonly occurring and may indicate 

general biological distress (e.g. lactic acid). In some instances novel spectral 

signatures are resolved and further biochemical experiments are required in order 

to identify the chemical structure of the new biomarker and pathophysiological 

pathway of origin. This appendix depicts some experiences I  have had regarding 

the identification o f  some novel spectral signatures, their chemical description, 

and the biological relevance.

INTRODUCTION I

Metabolomic investigations involve the collection o f large amounts of 

data (e.g. NMR spectra) through biofluids collected from different test subjects 

experiencing different physiological states. Through the use o f multivariate 

statistical analysis researchers may circumvent the requirement for any prior 

knowledge regarding known metabolites in a studied biofluid, as well as the 

possible changes during a disease process. Through multivariate analysis different
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populations are distinguished based on the identification of unique spectral 

signatures. The advantage of multivariate analysis, for metabolomic studies, is the 

often non-supervised nature o f the method. This minimizes the possibility o f over 

fitting by the researcher. Through multivariate analysis researchers hope to 

receive identifiers from the algorithm that represent unique spectral characteristics 

that can potentially be novel biomarkers.

Appendix A discussed some of the considerations when performing 

multivariate analysis on NMR data for metabolomic studies. Chapters III and V 

have discussed the importance of correlating distinctive NMR signatures to a 

biochemical or physiological understanding of the biological system. Once 

multivariate analysis has reduced the dimensionality of the analysis to a few key 

spectral characteristics additional NMR and biochemical experiments can be 

performed to help with the identification o f the metabolite. This appendix 

provides examples o f analytical techniques and experiments I have used in order 

to identify novel biomarkers that have arisen following metabolomic investigation 

of biofluids.

BA ID  NMR_____________________________________________________________

Asthma investigations using urine analysis allowed for a much easier 

sampling of a larger population than earlier studies that utilized sputum collection. 

Initial asthma urine analysis attempted to find the oxidized tyrosine residues 

bromo- and chlorotyrosine that had been identified earlier in the sputum.
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However, due to dilution effects the modified tyrosine residues were in much too 

low of a concentration for NMR detection. Early analysis continued to focus on 

the aromatic region of the spectrum (6 -  lOppm) and returned the initial discovery 

of a compound never before identified by my laboratory. The initial finding was 

o f a doublet/doublet resonance pattern (7.1 ppm) similar to the oxidized tyrosine 

residues, but at a different chemical shift.

A d u lt  A s th m a

^  P e d ia t r ic  A s th m a

N o r m a l

B r o n c h io l i t is

7 . 5  7 . 4  7 . 3  7 . 2  7 . 1  7 . 0  6 . 9  6 . 8  ppm

Figure B -l. ID ’H NMR spectra of the unknown compound. Stacked plot of 
four ID *H-NMR spectral aromatic regions o f urine from adult asthma, pediatric 
asthma, normal, and bronchiolitis patients. The doublet-doublet at 7.1 ppm is 
highlighted as a unique spectral signature from an unknown metabolite.

The identification of an unknown compound represented a new task for 

metabolomic investigations, a unique spectral signature with an unknown origin,
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but with possible biological relevance to a unique clinical state. The first step was 

to identify correlated resonant peaks. NMR spectra offers structural and 

biochemical information through interpretation o f the different resonant 

frequencies, multiplicities, and couplings a compound can produce.

To identify correlated resonant peaks a one-dimensional NOE experiment 

was designed where the magnetization was allowed to transfer between coupled 

spins. This allowed for the identification of correlated resonance systems in the 

one-dimensional spectrum. With help o f Dr. Ryan Mckay, we created a one

dimensional !H NOE experiment with an initial shaped pulse that excited the 

doublet-doublet spin system that resonated at 7.1 ppm and allowed the 

magnetization to exchange with nearby spins.

2 . 2 u  6 . 6 u  1 3 . 9 u  1 3 . 9 u  6 . 6 u  2 . 2 u

e s a u d e _ 7 . I _ g 4 9 0

/ ' \
/  \

d 3  d 3  d 3  d 3  d3
pw g t 2 g t 2

Figure B-2. Schematic of the 1D-NOE pulse sequence. The shaped pulse at the 
beginning of the pulse sequence was optimized for yellow 7.1 (doublet-doublet at 
7.1 ppm).
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The ID NOE experiment showed some signal exchange that helped to 

identify possible resonant peaks that originated from the same compound as ‘7.1’. 

For ease o f identification and communication the different spin systems were 

colour coded (see Figure B-3). The yellow resonant peaks are those that were 

excited by the shaped pulse and originated from the same metabolite. The orange 

peaks represent a correlated coupling system, possibly from another molecule. 

The identical coupling structure, but slightly shifted frequencies of the orange 

compound when compared to the yellow-7.1 compound, opens the possibility that 

the orange compound was either similar or the yellow, but might be in another 

conformation (Figure B-3). The blue resonance peaks are from tyrosine and were 

excited by the original shaped pulse focused around 7.1ppm.
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N O E

7 . 5  7 . 4  7 . 3  7 . 2  7 . 1  7 . 0  6 . 9  6 . 8  6 . 7  ppm

Figure B-3. 1D-NOE and ID *H spectra of asthma urine. Stacked plot of ID 
NOE and presat pulse sequences. Selective excitation of the doublet/doublet of 
yellow 7.1 by the NOE experiment helped to identify correlated resonances. 
Correlated peaks were confirmed by 2D experiments, see Figure D-4.

B.2 Multidimensional NMR _______________________________________________

Following the initial ID NOE experiment, some two-dimensional 

experiments were run to help support and perhaps identify additional resonant 

peaks originating from the ‘yellow and orange’ metabolites. Some optimization of 

the 2D data acquisition was required due the NMR behaviour of the small 

metabolites (see Figure B-4). The experiments included COSY (correlation 

spectroscopy), DQF-COSY (double quantum filtered correlation spectroscopy), 

NOESY (nuclear Overhauser effect spectroscopy), ROESY (rotational NOE 

spectroscopy), and DISPI (decoupling in the presence of scalar interactions).
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8 . 6  8 . 4  8 . 2  8 . 0  7 . 8  7 . 6  7 . 4  7 . 2  7 . 0  ppm

8 . 6  8 . 4  8 . 2  8 . 0  7 . 8  7 . 6  7 . 4  7 . 2  7 . 0  6 . 8

P I  ( p p m )

Figure B-4. 2D and ID NMR spectra of the unknown metabolite in human 
urine. 2D NOESY spectrum with a ID 'H-NMR aligned on top in order to 
identify correlated peaks in the two experiments (both spectra from one asthma 
patient’s urine). Correlated peaks in the 2D and ID experiments are coloured 
accordingly. The unknown resonance yellow 7.1 has a similar pattern that is 
duplicated and shifted up-field, orange 6.8.

The information provided by the ID and 2D experiments indicated that the 

metabolite was likely a bi-substituted benzene ring. Although not shown in the 

figure above, some weak couplings were observed in the 2D experiments between 

the benzene ring and likely a CH2 group. This raised the possibility that the 

metabolite might be similar to hippurate, but with a substituted benzene ring.
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Chemical standards were purchased and analyzed by NMR in order to identify 

similar coupling patterns and chemical shifts as the unknown metabolite.

B.3 Chemical Standard________________________________________________

The strength of NMR is easily observed in the stack plot o f the different 

spectra from the chemical standards (Figure B-5). Each chemical has a relatively 

similar pattern of resonant peaks and couplings; however, chemical shifts are 

unique to each compound. The different electronegativity of each substituent 

alters the resonant frequency o f the nearby spin systems generating a unique 

spectral pattern. Information from multidimensional NMR and the comparison 

with chemical standards suggests that a substituted hippurate, for instance 4- 

aminohippurate, is likely the unidentified metabolite yellow 7.1 identified in the 

urine. Continuing work with other techniques such as MS will help confirm the 

presence o f this compound in the urine.
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3-lodobenzoic acid

ft ft ft ft 3-Brbenzoic acid

k hb Aft l i  V . 3-Clbenzoic acid

I 3-Aminobenzoic acid

l!
3-OHbenzoic acid

3-Aminobenzamide

Figure B-5. ID 'H-NMR spectra of chemical standards. Stacked aromatic 
regions from pure chemical standards thought to be similar to yellow 7.1 analyzed 
by ID 1 H-NMR. Though the chemicals are structurally similar and produce 
similar resonant peaks, this figure demonstrates significant chemical shift 
fluctuations between different chemicals.

B.4 Double Quantum Filtered 1D-NMR_____________________________________

Earlier asthma work for this thesis identified the possibility o f brominated 

tyrosine residues in the sputum as biomarkers for the disease. My supervisor, Dr. 

Sykes, and I developed a double quantum filtered ID 1 H-NMR pulse sequence 

that allowed for the removal of the majority of the resonant peaks in the aromatic 

region while leaving the singlet from 3,5-dibromotyrosine largely untouched (see 

Chapter V). Unfortunately, the concentration of brominated tyrosine residues in 

human urine is below the detection limit of NMR so the pulse sequence is no
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longer used; therefore, the technique will not be explained further. However, the 

double quantum filtered ID ’H-NMR pulse sequence provides yet another 

example o f possible pulse sequences that may be developed in order to assist in 

biomarker identification.

B.5 Mass Spectrometry____________________________________________________

In Chapter I, some disadvantages of MS were highlighted. In short, MS 

requires lengthy sample preparation and involves sample destruction during 

analysis. However, an advantage to MS analysis is the greater sensitivity when 

compared to NMR. By combining the strengths o f both NMR and MS researchers 

are able to gather a more complete profile of metabolites present in urine. This 

thesis has already shown through the asthma metabolite investigation mentioned 

above, how NMR is able to identify a novel metabolite resonance and formulate a 

likely chemical structure. With the rough chemical formula HPLC and MS 

analysis of the urine is able to confirm and offer additional information regarding 

NMR metabolite identification.

B. 6 Unique Metabolite in Guinea P is  Urine_________________________________

Another unique compound was identified in the ID 1 H-NMR spectra of 

guinea pig urine. The resonant peaks were very large and were strikingly similar 

to the resonant patterns for ethanol. However, the chemical shifts of the unknown 

compound were downfield from where ethanol is usually found.
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Figure B-6. Spectral analysis of a guinea pig urine NMR spectrum. ID 1H-
NMR spectra ( 0 - 4  ppm) of guinea pig urine (A), the Chenomx NMR Suite 
Database signature, and chemical shifts for ethanol (B). Although the couplings 
and relative amplitudes are similar, the difference in chemical shift between the 
resonances in the guinea pig urine and the database indicated that the compound 
in question was not ethanol.

The general chemical shift, coupling pattern, and area of integration 

indicated that the resonant peaks were due to a CH2 and CH3 spin system (4.0 and 

1.2ppm, respectively). The shift in resonant frequency with respect to ethanol 

indicated that the substitute on the aliphatic compound was not a hydroxyl group. 

A lack o f other resonant peaks with similar amplitude in the NMR spectrum 

indicated that the substitute on the unknown compound was not NMR active. The 

urine was submitted for HPLC and MS analysis to determine the mass of the
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compound. Automated analysis of the MS spectra offered a number o f chemicals 

that could theoretically have a mass similar the compound under investigation, but 

none of the chemicals had any biological relevance.

During a discussion Dr. Adamko (supervisor o f animal work) regarding

the handling o f the guinea pigs it was identified that the anesthesia used for the 

animals during sample collection was called Urethane, or ethyl carbamate. This 

compound has a molecular mass identified during MS analysis, a CH3CH2 group 

observed by NMR, and was later confirmed by NMR analysis o f a pure chemical 

standard o f urethane. Since a portion of urethane cannot be observed by NMR, 

MS helped identify a list o f possible chemical compounds, which helped lead to 

the identification of the anesthesia in the guinea pig urine.

H 2N

Figure B -7. Chemical structure of the anesthetic urethane.
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This example also lends importance to the careful and thorough 

investigation of body fluids. Compounds identified in urine may originate from a 

number of sources, including; sample handling, sample collection, and animal 

care. Great efforts must be taken to ensure analytical analysis and final data 

interpretation have accounted for all experimental factors in order to limit 

scientific error.

CONCLUSION

This analysis offers examples of additional work performed following the 

identification of unique spectral signatures in an effort to reach a final 

biochemical understanding. This appendix raises the importance of conducting 

further analysis to achieve a complete biochemical understanding in order to 

avoid ‘false diagnosis’ based upon a spectral signature that is not truly diagnostic.

As well, this appendix reveals some examples that demonstrate the wealth 

of experiments available to analytical investigations through the tandem use of 

NMR and MS. By exploiting the strengths of the two techniques a fuller 

description of the metabolic profile is possible.
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APPENDIX C

NMR Spectral Baseline

OVERVIEW

As a supplemental to Chapter II, this appendix will continue the discussion 

surrounding metabolite quantitation. The strength o f NMR lies in the ability to 

analyze complex biofluids in both a qualitative and quantitative manner. Clinical 

and metabolomic research would be much easier if  there was a single metabolite 

unique to every disease. The reality is that diseases often share similar metabolites 

and the distinction from one disorder to another is the unique combination of 

metabolites, as well as their respective quantity. A significant factor to spectral 

quantitation is the stability o f the NMR baseline. In Chapter II some baseline 

issues were raised. I would like to further discuss some physiological and 

chemical considerations. This appendix will describe work conducted to further  

the accuracy o f  NMR quantification; some o f  the methods included removing or 

stabilizing the spectral baseline through chemical, mechanical, and 

computational means.

INTRODUCTION i

Accurate metabolite concentration determination is extremely important in 

metabolomic investigations. Although some biological differences may be 

identified by the simple presence or absence of a key metabolite, the majority of
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metabolic clinical investigations include the identification of metabolites that are 

present in both normal and diseased states. The final manifestation of the disease 

is when the common metabolite reaches a concentration outside the normal range. 

This raises the importance of NMR-derived metabolite concentrations, from 

compound identification to accurate quantitation, and final physiological 

interpretation. The true strength of metabolomic investigations likely arise, not 

from the identification o f a disease, which can often be determined by simpler 

clinical methods (e.g. runny nose and diarrhea; you have the flu), but in the finer 

identification of disease progression, severity, and response to treatment. The 

potential ability o f metabolomics to follow minor shifts in metabolic pathways 

will allow for a greater understanding of biological processes, allow clinicians to 

follow patient improvements, and help tailor fine changes to therapeutic 

interventions.

Key questions emerge from Chapters II and V surrounding metabolite 

quantification and NMR or software-based quantitative error. NMR derived 

metabolite concentrations are calculated by integrating the area of a resonant peak 

and correlating that area with a reference peak of known concentration. Different 

software packages, such as those provided by Varian and Chenomx, attempt to 

reduce quantitative error by allowing the user to define the areas to be integrated. 

There are many spectroscopic sources of error that must be defined in order to 

fully understand how to properly and accurately determine metabolite 

concentrations (see Chapter II). As well, newly developed software or macro
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based approaches to concentration determination might allow for greater

accuracy.

C. 1 Classic NMR Concentration Determination______________________________

Chapter II outlines how concentrations are determined using the Varian 

and Chenomx software packages. Varian software allows the user to place 

integration windows around the peak o f interest and the program returns an 

integrated area for that peak. A similar measurement is performed on the 

reference peak, often DSS, which has a known concentration. A comparison of 

integration areas, number of protons, and the known concentration o f DSS allows 

for the calculation of the spectral metabolite concentrations. The Chenomx 

software performs a similar task to the Varian software, however, the calculations 

as well as some correction factors are included, in a black-box fashion, and the 

user is just given the final concentration. The Chenomx software performs a least- 

squares fit o f the spectral signature to a database spectrum and calculates the 

concentration accordingly (see Figure IV-1).

Regular NMR practice stresses the importance of spectral quality and the 

impact it may have on quantitation (addressed in Chapter II). Although I will not 

discuss these issues further now, they were mentioned in Chapter II. It is 

important to remember that the general spectroscopic factors tuning and 

matching, spectrometer shimming, and post-acquisition processing o f phasing and
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baseline correction affect quantitative accuracy. Figure C-l shows the integration 

o f DSS and citrate by Varian software for one random asthma urine spectra.

f
/
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Figure C-l. Quantitation of resonant peaks by integration. ID ^ -N M R  
spectral regions for the metabolite citrate and the NMR reference compound DSS 
(600 MHz). Red lines indicate integration regions used for concentration 
calculations.

The calculation o f metabolite concentrations require the identification of 

specific peaks and the integration of the signature region. The strength, and yet 

also the challenge, of high-resolution ID 'H-NMR is the ability to simultaneously 

visualize numerous compounds at once. In a metabolomic investigation of 

cultured cells, tissue, or sampled biofluid the spectral richness is a challenge. 

Resonance overlap is compounded with other issues of quantitation, such as 

baseline, and is discussed below.
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Figure C-2. Spectral richness and resonance overlap. ID ‘H-NMR spectrum of 
pure cultured S. pneumonia (sonicated) and human pneumonia patient urine. 
Spectra demonstrate metabolite richness, unique signature profiles, and baseline 
issues.

C.2 13 Carbon _______________________________________________________

The spectral area chosen to be included for integration is arbitrarily set by 

the user and has a large impact on quantitative accuracy. As an example, the

1 T JQ
referenced DSS singlet is in fact split by naturally abundant C and Si on the 

DSS molecule. The 29Si satellites are very close to the larger DSS singlet and are 

usually included in the integration. However, 13C satellites are roughly +/- 0.1 

ppm away from the DSS singlet and are easily excluded from the integration. The
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natural abundance of 13C is roughly 1%, so the exclusion of 13C satellites from 

DSS integration accounts for a drop to 99% quantitative accuracy. If  the 

integration is limited to the points of intersect on the DSS peak from the tops of 

the 13C satellites the integration is reduced to 96%. Remembering that each 13C 

satellite peak is only about 0.55% of the central DSS singlet, the reduction of the 

integration window has an extremely significant effect on quantitation accuracy.

1001

A ,

991 961

Figure C-3. Spectral integration: effect of window size. Spectral region of 
referenced DSS singlet (ID  1H-NMR) integrated with three different integration 
windows. Demonstrates significant loss o f integrated peak with minor reduction 
in integration window.

It is extremely important that the size o f the integration window 

incorporates as much of the resonant peak as possible to ensure the calculated 

concentration is as accurate as possible.
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C.3 Peak Overlap ______________________________________________ _ _

Although the spectral richness of human urine is a strength, when it comes 

to metabolite quantitation peak overlap is a significant concern. Figures C-l and 

C-2 demonstrate resonance integration of separated peaks with relatively little 

overlap. As discussed above even the slightest reduction in the size o f the 

integration window greatly impacts the concentration calculations. The user is 

forced to visually optimize the exclusion of surrounding peaks while 

incorporating as much of the desired resonant peak as possible.

/i A * \

cxH2

« H \P H

c x H

11/a r

F u c o s e

pH 4

PH3 pH 2

1) V

3 . 4  ppm

Figure C-4. Resonance overlap in a ID  'H -N M R spectrum . Selected region of 
a ID 1H-NMR spectrum of pure chemical compounds, including the carbohydrate 
fucose. Resonant peaks originating from fucose protons are labeled accordingly 
and demonstrate spectral complexity such as multiplicity and peak overlap.
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The example o f spectral overlap in Figure C-3 is of a chemically created 

NMR sample with the sugar fucose. Clearly some resonant peaks cannot be used 

for concentration determination due to spectral overlap. The integration of 

resonant peaks such as aH 4 and |3H5 is impossible due to the contribution of 

spectral area from both spin systems. Resonant peaks that clearly interfere with 

each other must be excluded during concentration determination and only those 

signatures that can be integrated exclusively should be considered.

C. 4 Macromolecules_____________________________________________________

Biofluids are collected for metabolomic investigations due to their rich 

composition of metabolites. However, other compounds are also present that may 

interfere with metabolites directly, or may interfere with the spectral resolution 

and quantitation. Large proteins and lipids are present in biofluids such as blood, 

and to a lesser extent urine. These macromolecules can interfere by directly 

binding to metabolites thereby interfering with their spectral resolution (e.g. 

resonance broadening or removal from the spectrum.
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Figure C-5. Sample filtration improves baseline. Urine sampled from a human 
pneumonia patient and analyzed by ID 'H-NMR. Spectra demonstrate significant 
spectral improvement in baseline and metabolite resolution following urine 
filtration.

The urine in Figure C-4 was taken from a bacterial pneumonia patient 

acquired, and processed according to the methods outlined in Chapter II. Another 

aliquot o f the same urine was then filtered (see methods section o f Chapter III) 

and re-acquired. There was a significant change in spectral baseline after filtering 

the urine of macromolecules. General baseline features around 7-8 ppm, 3-4 ppm, 

and 0-2 ppm are greatly affected following urine filtration. As an example, the 

DSS singlet at 0 ppm is of the same concentration in both samples. In the filtered 

sample the DSS has a much greater amplitude and the resonance is no longer
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broadened. Similar effects are seen in other resonant peaks in the spectrum as a 

result of binding and interference by macromolecules.

Raw  Urine

1 . 4  1 . 2  1 . 0  0 . 8  0 . 6  0 . 4  0 . 2  0 . 0  - 0 . 2  ppm

Filtered Urine

1 . 4  1 . 2  1 . 0  0 . 8  0 . 6  0 . 4  0 . 2  0 . 0  - 0 . 2  ppm

Figure C-6. Effect of urine filtration on NM R spectral lineshape. Focused 
spectral region of a human pneumonia patient urine sample analyzed by ID *H- 
NMR. Spectra demonstrate improvement in baseline, lineshape, and resonant 
resolution following the filtration o f the urine.

Similarly, Figure C-5 contains two spectrum taken before and after 

filtering a urine sample donated from a bacterial pneumonia patient. NMR 

acquisition and post-processing was identical, however, there remains a clear
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difference in the spectral baseline and lineshapes o f the resonant peaks. The DSS 

singlet at 0 ppm in the raw urine had a linewidth o f 3.43 Hz at 50%, 26.96 Hz at 

0.55%, and 37.24 Hz at 0.11% peak height. In the filtered urine the DSS singlet of 

similar concentration had a linewidth o f 0.66 Hz at 50%, 8.44 Hz at 0.55%, and 

10.47 Hz at 0.11% peak height. In addition, the DSS resonance at 0.6 ppm was 

unobservable in the raw urine, except for a generalized Tump’; while the filtered 

urine produced a clearly resolvable DSS resonance at 0.6 ppm.

Macromolecules have a significant impact on the ability to resolve and 

quantitate metabolite resonances. Investigators must be aware of the impact 

macromolecules can have on the identification and the accuracy of concentration 

calculations, and take appropriate methodological actions to correct or ameliorate 

such effects.

C.5 Baseline Quantitation_________________________________________________

As mentioned above metabolite concentrations are determined by 

integrating the area within a resonance and within a user-defined window. It is 

important to consider that the baseline, as well as any distortions or elevations of 

the baseline are incorporated into the integration calculations. A question that 

arose during this study was “To what degree does the baseline affect quantitative 

accuracy?” “Does the resonance peak sit atop the baseline, or is the broadened 

baseline simply surrounding the peak and essentially not affecting the peak?” In
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Figure C-6 the DSS singlet is atop a stable baseline so any integration will be 

representative of the DSS concentration, but the resonances from 0.6 -  1.5 ppm 

are amongst a broadened baseline. Should the peaks be lowered because they are 

atop a false baseline?

\ | VIIV v--i
* fi it
ii

W
1 . 4  1 . 2  1 . 0  0 . 8  0 . 6  0 . 4  0 . 2  0 . 0  - 0 . 2

r  ft

M
1 . 4  1 . 2  1 . 0  0 . 8  0 . 6  0 . 4  0 . 2  0 . 0  - 0 . 2  ppm

Figure C-7. Quantification by circumventing baseline. Graphical representation 
o f the conceptual removal o f a rolling or broadened baseline from selected 
metabolite peaks before concentration determination by resonance integration.

Through a collaboration with Dr. Shah in the Faculty o f Engineering, 

UofA, an automated processing program was created to model and remove excess 

baseline features while retaining the resonant peaks to be integrated. Further
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research is continuing to optimize such processes and determine the best solution 

to deal with baseline issues and improve quantitative accuracy.

40

1600 2000600 1000 1200 1400 1800400 800

Figure C-8. Post-acquisition baseline removal by computer modeling.
Graphical demonstration of baseline fitting and removal from ID ’H-NMR 
spectrum of urine by software created through a collaboration with Dr. Shah. 
Baseline fitting is optimized to remove the broad-rolling features while retaining 
the sharper metabolite peaks.

C. 6 Quantitation Macro ‘Lines ’_________________________________________

Due to the limitation of resonance integration for quantitative calculations 

in situations o f peak overlap and baseline perturbations a macro was written that 

allows peaks to be automatically picked, integration windows set (without peak 

overlap), and peak quantitation calculated with reduced influence of the baseline.
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The macro was called Lines. Work is continuing to define its efficacy for 

quantitative accuracy. Lines works by picking peaks above a certain threshold 

specified by the user, automatically places integration windows of a specified 

width as determined by the linewidth, and integrates that region.

"Lines P rogram "

"S num ber is th e  n u m b e r of p e a k s  found in th e  spec trum "

"Sheight is th e  h e ig h t of re sp ec tiv e  peak"

"Sposition is th e  position  (in HZ) of re sp ec tiv e  peak"

"u se r a d d e d  v a riab le  for con tro l of linewidth a t  a  particu lar p e a k  he ig h t e .g . 0.1 width a t 10%  of height" 

c le a r  "c lears  bo ttom  display"

if ($#>0) th e n  "d e te rm in e s  if th e  u s e r  h a s  e n te re d  a  v a lue , if y e s  $#=1 , if no  $#=0"

$ m ea su re = $ 1  "this a s s ig n s  S m e a su re  to  th e  va lue  e n te re d  by th e  u ser"  

e lse

w rite ('a lpha ','D efau lt of 0 .5  he igh t u s e d  for linewidth d e term ina tion ')

$ m e a su re = 0 .5

endif

"line below  for p ro p e r in tegra tion  v a lues"

fn= 132k lb=0 .5  ins=1 io= 50  in sref= 1 .3e-6  is= 1 e5  v s= 1 0 0 0 0  wft

$i=1 "variable  u s e d  to  con tro l loop"

w rite ( 'rese t',u serd ir+ 7 ../line .tx tl) "m ak es  s u re  file isn 't a lre a d y  th e re"  

n ll:$num ber "nil vnm r c o m m a n d  finds freq u e n c ie s  a n d  heights" 

re p e a t

"if it's th e  first line s e tu p  th e  h ead er"  

if $i = 1 th en

getll(1 ):$he igh t,$position  

d res($ p o sitio n ,$ m easu re):$ lin ew id th ,$ reso lu tio n  

m ark($position+ ($linew idth*0.5),$ linew idth):$m arkht,$ in t 

w rite ( 'a lpha ','#  H eight P osition  Linewidth R eso lu tion  Integral')

w rite ( 'a lpha ','% 4 .0f% 10.4f% 10.4f% 10.4f% 10.4f% 10.6f',$ i,S heigh t,$position ,$ linew id th ,$ reso lu tion ,$ in t) 

w rite('file ',userdir+7../line.tx t',1#  H eight Position  Linew idth R eso lu tio n  In teg ra l)

w rite(file ',userd ir+ 7 ../line .tx t','% 4 .0f% 10.4f% 10.4f% 10.4f% 10.4f% 10.6f',$ i, Sheigh t, $position ,$ linew id th ,$ reso lu tion , Sint) 

e ls e

getll($ i):$heigh t,$position  "specifically g e ts  o n e  of th e  p e a k s"

d re s ($ p o sitio n ,$ m easu re):$ lin ew id th ,$ reso lu tio n

m ark($position+ ($linew idth*0.5),$ linew idth):$m arkht,$ in t

w rite('a lpha ','% 4 .0f% 10.4f% 10.4f% 10.4f% 10.4f% 10.6f',S i,Sheigh t,Sposition ,$ linew id th ,$ reso lu tion ,S in t)

write( file ',userd ir+ 7 ../line .tx t','% 4 .0f% 10.4f% 10.4f% 10.4f% 10.4f% 10.6f',$ i,Sheigh t,S position ,$ linew id th ,$ reso lu tion ,S in t)

endif

$i=$i+1

until $ i> $num ber

Figure C-9. Lines macro created for automated quantitation. The macro 
‘Lines’ automatically selects metabolite resonance peaks, determines peak height 
and linewidth, sets integration regions to a user-specified linewidth, and 
automatically returns a table outlining every peak and the calculated integration.
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C. 7  Biochemical Definition o f  Baseline___________________________________________________________________________________

Various biochemical techniques were used to isolate, identify, and 

determine a ‘average normal’ urine baseline component as visualized in ID 'H- 

NMR spectrum. Urine was sampled from normal subjects and different 

biochemical components of the urine were isolated. Urine was spun, filtered, 

lyophilized, dialyzed, and underwent a Folch extract. Emulsified tissue samples 

underwent trichloroacetic acid extraction. The different separation and isolation 

techniques allowed for a general understanding of lipid, protein, salt, and 

metabolite content in normal urine. This aided in defining the source o f NMR 

baseline rolls and will assist in the future development of methods to remove the 

baseline effects from metabolite quantitation.
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Figure C-10. Pre-acquisition chemical removal of NMR baseline. ID 'H-NMR 
spectra of emulsified rabbit cardiac tissue before and after TCA extraction. 
Baseline is improved following extraction, but with this method some metabolite 
peaks are also lost.

C.8 M S o f  Urine Macromolecules__________________________________________

The normal human urine samples were submitted for HPLC and mass 

spectrometry analysis in order to identify some of the major macromolecular 

components o f urine. A few automated ‘hits’ were confirmed following a 

MASCOT database search, however, many of the peaks remain unidentified. 

Work is continuing, largely in collaboration with the Human Metabolome 

Database, to broaden the number o f identified protein and lipid components of 

normal human urine.
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CONCLUSION

Baseline is a significant challenge with NMR qualitative and quantitative 

analysis. The baseline hides low-concentration molecules and distorts quantitative 

accuracy. Methods to remove the effects of spectral baseline include sample 

extraction o f large molecules, pulse sequence removal o f large molecule 

resonances, and post-acquisition processing such as computer modeling of 

baselines and different quantitation software that circumvents the influence of the 

baseline. My research is continuing to identify and refine the best method for 

removing the influence of a ‘rolling’ baseline. In the meantime researchers should 

be aware o f these considerations so that errors in quantitation are kept to a 

minimum.
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APPENDIX D

Binding kinetics o f  calcium, cardiac troponin I  peptide, and cardiac troponin C 

OVERVIEW

This appendix reviews the first cardiac protein structure and function 

project I  participated in upon entering the Sykes lab January o f  2001. Ca2+ and 

human cardiac troponin I (cTnl) peptide binding to human cardiac troponin C 

(cTnC) have been investigated with the use o f 2D {'H, 15N}-HSQC NMR 

spectroscopy. The spectral intensity, chemical shift, and line-shape changes were 

analyzed to obtain the dissociation (K d) and off rate (koff) constants at 30°C. The 

results show that sites III and IV exhibit 100 fold higher Ca2+ affinity than site II 

( K d (i h ,i v ) =  ~ 0.2 pM, KD(ii)= ~ 20 pM), but site II is partially occupied before sites 

III and IV are saturated. The addition of the first two equivalents o f Ca2+ 

saturates 90% of sites III and IV and 20% of site II. This suggests that the Ca2+ 

occupancy o f all three sites may contribute to the Ca2+-dependent regulation in 

muscle contraction. We have determined a koff o f 5000 s '1 for site II Ca2+ 

dissociation at 30°C. Such a rapid off rate had not yet been measured. Three 

cTnl peptides, cTnl34.7i, cTnIi28-i47, and CT11I147-163 were titrated to Ca2+-saturated 

cTnC. In each case, the binding occurs with a 1:1 stoichiometry. The determined 

KdS and koffS are < 1 pM and 5 s '1 for cTnl34-7i, 78 ± 10 pM and 5000 s '1 for 

cTnIi28-i47, and 150 ± 10 pM and 5000 s'1 for cTnIi47_i63, respectively. Thus, the 

dissociation of Ca2+ from site II and cTnIi28-i47 and cTnIi47.i63 from cTnC are
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rapid enough to be involved in the contraction-relaxation cycle of cardiac muscle, 

while that of c T n f^ i  from cTnC may be too slow for this process.

INTRODUCTION

As the Ca2+ binding member of the troponin complex, troponin C (TnC) 

plays a key role in the Ca2+ regulation o f contraction/relaxation in striated muscle. 

Conformational changes in TnC induced by Ca association/dissociation are 

believed to be transmitted through other thin filament proteins, troponin I, 

troponin T, tropomyosin, and actin, resulting in activation/inhibition of 

actomyosin ATPase and muscle contraction/relaxation (see [1] [2]for reviews). 

Two isoforms o f TnC exist in striated muscle, skeletal muscle troponin C (sTnC) 

and cardiac muscle TnC (cTnC). Both molecules are dumbbell-shaped (see [3] 

for a review) with two domains, N- and C-, connected through a linker and 

comprise four EF-hand helix-loop-helix motifs as potential Ca2+-binding sites 

(sites I-IV). Sites I and II are paired as a unit in the N-terminal half, and sites III 

and IV form another pair in the C-terminal half o f the molecule. Sites III and IV 

are of relatively higher affinity for Ca2+ and also bind Mg2+. Sites I and II are of 

lower affinity and are believed to be specific for Ca2+. Site I in cTnC is unable to 

bind Ca2+ at physiological concentrations due to key amino acid substitutions [4]. 

Current evidence indicates a largely structural role for the C-domain whose sites 

would be occupied by Ca2+/Mg2+ throughout the contraction/relaxation cycle. 

The regulatory role is considered to be associated with the conformational
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changes induced by the association and dissociation of Ca2+ from N-domain sites 

I and II of sTnC or site II of cTnC.

The fundamental difference between sTnC and cTnC is that the binding of 

Ca2+ to sTnC is coupled by a large structural ‘opening’[5], while the association 

of Ca2+ with cTnC results in minimal conformational changes[6 , 7]. This is 

mainly due to the fact that both sites I and II are functional in sTnC [8], while 

only site II is active in cTnC [9]. The exposed hydrophobic surface in the Ca2+- 

saturated sTnC has long been proposed [10] and has subsequently been proven 

[11, 12] as the sTnl binding site. The significant reduction in the hydrophobic 

surface exposure o f Ca2+-saturated cTnC suggested that the mode o f interaction 

between cTnC-cTnl may be different than that between sTnC-sTnl. However, we 

have found that both the regulatory domains o f sTnC and cTnC adopt similar 

‘open’ conformations when bound to their respective Tnl regions (sTnf 15.131 and 

cTnIi47-i63)[13, 14], This region of Tnl has been identified by many biological 

and biophysical studies to be the region responsible for binding to the regulatory 

domain o f TnC and this interaction modulates the interaction between the N- 

terminal (sTnIi.40 and cTnl34-7i) and the inhibitory regions (sTnI96-ii5 and cTnlns- 

147) of Tnl and TnC (see [15, 16] for a review). Thus, the sequence o f events 

involved in initiating skeletal and cardiac muscle contraction are actually very 

similar. However, the kinetics and thermodynamics o f these events must differ 

for the two systems to account for the different physiological behavior of the two 

muscle types (see [17, 18]for discussions).
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To understand the unique delicate energetic balance that exists for each 

system, it is important to study the time scales of Ca2+ binding and release from 

TnC, the accompanied structural changes, and the subsequent interactions o f Tnl 

with TnC. A number of studies have been performed on the kinetics o f Ca2+ 

binding to TnC, isolated or in the troponin complex. There are major differences 

between the skeletal and cardiac isoforms. In sTnC, Ca2+ binding to sites I/II 

appears to be diffusion limited (kon = ~ 108 M'V1) with a Ca2+ dissociation rate 

(koff) of ~ 400-500 s '1 and the conformational change occurs almost 

simultaneously with the Ca2+ association/dissociation[ 19-21], In cTnC, although 

Ca2+ binding to site II is also diffusion limited (kon = ~ 108 M'V1, koff = ~ 500-800

1 2~fs ' ), the conformational change was found to be significantly slower than the Ca 

on- and off-rates [22-24]. These reported on- and off- rates may not, however, 

represent the time scales of the molecular events that occur at physiological 

temperature (e.g. 37°C in human heart), since most of these experiments were 

performed at 4°C because Ca2+ kinetics become too fast to be measured by 

stopped flow methods at temperatures higher than 4°C [24].

In this appendix, I examined the kinetics of Ca and three cTnl peptides 

(cTnI34-7i, cTnIi28-i47, and CT11I 147.163) binding to cTnC at 30°C with the use o f 2D 

I 1!!, 15N} HSQC NMR spectroscopy. An advantage o f NMR spectroscopy is that 

this technique can measure the time scales o f the molecular events on proteins at 

temperatures close to physiological and can report information related to
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individual atoms throughout the sequence. Ca2+ and peptide titrations of sTnC 

and cTnC domains followed in detail by 2D {!H, 15N} HSQC NMR spectroscopy 

have been proven to be a powerful way of providing information such as binding 

stoichiometry, affinity, and energetics. For example, using this technique, we 

have previously characterized Ca2+ binding to sNTnC and sCTnC[25, 26], to the 

cNTnC and an E41A mutant o f sNTnC [27]. We also monitored the binding of 

sTnIii5_i3i to sNTnC and E41A sN TnC [ll, 17], CT11I 147-163 to cNTnC [13], sTnli. 

40 and sTnI96-i,5 to sCTnC [26], and CT11I34.71 and cTnIi28-i47 to cCTnC [28]. In 

this study, the analysis of NMR spectral intensity, chemical shift, and line-shape 

changes induced by Ca2+ binding to cTnC and cTnl peptide binding to Ca2+- 

saturated cTnC allow us to determine the dissociation ( K d )  and off rate (k o ff)  

constants at 30°C for these binding events. These measurements provide new 

insights into the time course of the important molecular events involved in the 

regulation o f cardiac muscle contraction. In turn, it allows us to understand 

further the differences between cardiac and skeletal muscle contraction.

EXPERIMENTAL PROCEDURES

D-A. Sample Preparation__________________________________________________

Recombinant human cTnC (residues 1-161) with the mutations C35S and 

C84S [denoted cTnC (C35S,C84S)] was used in this study. Since cTnC 

(C35S,C84S) is the only protein used throughout this work, (C35S,C84S) is 

omitted in this paper. The engineering o f the expression vector o f cTnC (C35S,
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C84S) was as follows: pET3a.cTnC(WT) was constructed as described previously 

[18] and is used as template for the construction of pET3a.cTnC(C35S,C84S); 

two rounds of mutagenesis (Stratagene) were performed using paired 31-mer 

oligonucleotides 5 ’-GGCGCTGAGGATGGCAGCATCAGCACCAAGG-3’ and 

5’-CCTTGGTGCTGATGCTGCCATCCTCAGCGCC-3 ’ for C35S mutation and 

paired 37-mer primers 5’-

CCT GGT CAT GAT GGTT CGCAGC AT G AAGG ACG AC AGC-3 ’ and 5’- 

GCT GT CGT CCTT CAT GCTGCG A ACC AT CAT G ACC AGG-3 ’ for C84S 

mutation (with base changes underlined). DNA sequence analysis was used to 

confirm the correctness of all the mutants. The expression and purification o f the 

15N-cTnC in BL21(DE3)pLysS cells were as described previously for 15N-cNTnC 

[27]. Decalcification o f 15N-cTnC follows the procedure for 15N-cNTnC [27] 

except that 200 mM EDTA was used instead of 100 mM. A higher concentration 

o f  EDTA helps to remove the tightly bound metal ions in the C-domain o f cTnC. 

Three synthetic cTnl peptides, CT11I34.71,

Acetyl-AKKKSKISASRKLQLKTLLLQIAKQELEREAEERRGEK-Amide, 

cTnIi28-i47, Acetyl-TQKIFDLRGKFKRPTLRRVR-Amide, and CT11I147.163, 

Acetyl-RISADAMMQALLGARAK-Amide, respectively, were prepared using 

standard methodology for a typical Tnl peptide [29]. The sequences were 

confirmed by amino acid analysis [30] and the mass verified by electrospray mass 

spectrometry. All NMR samples were 500 pL in volume. The buffer conditions 

were 100 mM KC1, 10 mM imidazole, 0.2 mM 2,2-dimethyl-2- 

silapentanesulfonic acid (DSS), and 0.01% NaN3 in 90% H2O /10% D2O, and the
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pH was 6.9. The concentration of the apo 15N-cTnC sample used for Ca2+ 

titration was determined to be 0.95 mM. The concentration of the 15N-cTnC 

sample used for cT n T ^ i titration followed by cTnIi47_i63 were 0.80 mM and the 

15N-cTnC samples used for cTnIi28-i47 titrations were 0.56 mM. Each o f the 

sample contains ~ 3-5 mM CaCl2. Gilson Pipetman P (model P2) was used to 

deliver the CaCh solution and cTnl34„7i and cTnIi28-i47 peptide solutions for 

titrations. Solid CT11I147-163 was added during titration.

D-B. Ca2+ titration o f 15N-cTnC____________________________________________

Stock solutions o f standardized 50 mM and 100 mM CaCh in water were 

used for the titrations. To a NMR tube containing a 500 pL sample of 0.95 mM 

15N-cTnC were added consecutively aliquots of 0.5, 1.0, and 1.5 pL of 50 mM 

CaCb for the first three titration points, and aliquots o f 1.0, 1.0, 1.0, 1.0, 1.5, 1.5, 

1.5, 1.0, 1.0, 1.0, 1.0, 2.0, 2.0, 3.0 pL of 100 mM CaCh were added consecutively 

for the next 14 individual titration points. The sample was mixed thoroughly with 

each addition (total o f 17 additions). The total volume increase was 22.5 pL, and 

the change in protein concentration due to dilution was taken into account for data

2+ i
analysis. The change in pH from Ca addition was negligible. Both ID H and 

2D {*H, 15N}-HSQC NMR spectra were acquired at every titration point.

D-C. cTnIi4_7, titration o f ,5N-cTnC*3Ca2+___________________________________

To a NMR tube containing a 500 pL sample of 0.80 mM 15N-cTnC and 5 

mM CaCl2 were added consecutive aliquots of 1.0 pL of 31 mM cTnI34_71 stock
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solution in water for the 13 individual titration points. The sample was mixed 

thoroughly with each addition. The total volume increase was 13 pL, and the 

change in protein concentration due to dilution was taken into account for data 

analysis. The decrease in pH associated with cTnI34.71 additions were adjusted by 

1 M NaOH to pH 6.9 at every titration point. Both ID JH and 2D {]H, 15N}- 

HSQC NMR spectra were acquired at every titration point.

D-D. cTnlI47_I6, titration o f I5N-cTnC93Ca2+9cTnIM.7I__________________________

Following titration B, the sample was filtered, and the appropriate amount 

of NMR buffer was added to generate a 500 pL NMR sample containing the 

cT n03C a2+,cTnI34.71 complex. The total cTnC concentration in this sample is

0.75 mM. cTnIi47.163 peptide is highly soluble in aqueous solution but tends to 

form a gel at high concentrations, likely due to aggregation. Thus, no stock 

peptide solution was prepared; instead, solid peptide was added at every titration 

point (total 6  additions). The concentrations of 15N-cTnC and cTnI147.163 were 

determined by amino acid analysis [30] at every titration point, giving the 

peptide/protein ratios. The decrease in pH associated with cTnI147_163 additions was 

adjusted by 1 M NaOH to pH 6.9. Both ID JH and 2D {‘H, 15N}-HSQC NMR 

spectra were acquired at every titration point.

D-E. cTnlnR.u7 titration o f 15N-cTnC*3Ca2+_________________________________

This titration was as described previously [31]. In the previous report, the 

binding affinity (K d)  was determined but the line shape analysis was not done.
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The titration data were analyzed further here to determine the exchange 

broadening and off rate constant (koff), for the purpose of comparing with the 

results o f cTnl34-7i and cTnIn7-i63 binding to cTnC.

D-F. NMR Spectroscopy__________________________________________________

All o f the NMR spectra were obtained at 30°C using Unity 600 MHz and 

Unity Inova 500 MHz spectrometers. 2D {'H, 15N}-HSQC NMR spectra were 

acquired using the sensitivity-enhanced gradient pulse scheme developed by 

Lewis E. Kay and co-workers[32, 33]. The ’H and 15N sweep widths were 7000 

and 1500 Hz, respectively on the 500 MHz spectrometer and were 8000 and 1650 

Hz, respectively on the 600 MHz spectrometer. All spectra were processed and 

analyzed using VNMR (Varian Associates) and NMRPipe [34] and referenced 

according to the IUPAC conventions.

RESULTS

D-A. Ca2+ titration o f  cTnC_______________________________________________

This study involves the use of 2D {’H,15N} HSQC NMR spectroscopy to 

characterize Ca2+ and Tnl peptide binding to the full length cTnC. In previous 

studies, we have demonstrated the utility of 2D {*H,15N} HSQC NMR 

spectroscopy in characterizing Ca2+ and Tnl peptide binding to the isolated N- or 

C- domains of sTnC or cTnC (see [17]and references therein). The 2D {!H, 15N}- 

HSQC NMR spectrum of Ca2+-saturated cTnC is completely assigned [6] and
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used as a guide to assign the Ca2+-induced spectral changes. Figure F -l depicts 

the Ca2+-induced 2D {'H, 15N}-HSQC NMR spectral changes of backbone amide 

resonance in cTnC. The spectrum of apo cTnC is shown as multiple contours in 

Figure D-1A, in which the N-domain peaks (e.g. G70 and G42) are well 

dispersed, while the C-domain peaks fall within regions of 'H and 15N chemical 

shifts characterized as “random coil” by Wuthrich [35]. This suggests that the 

apo C-domain does not adopt a defined structure in solution, while the apo N- 

domain possesses a folded structure. Sites III/IV possess higher affinity than site 

II, so the C-domain is filled first by Ca2+ and this binding occurs with slow 

exchange kinetics on the NMR time scale. Thus, as titration progresses, the 

resonance peaks corresponding to a structured C-domain appear and grow (single 

contour peaks in Figure D-1A).
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Figure D -l. T itration  of hum an cTnC with Ca2+. Titration of human intact 
cTnC with Ca2+ as monitored by 2D {'H, 15N}-HSQC NMR spectra of the 
backbone amide regions of cTnC. (A) The cross peaks corresponding to apo 
cTnC are shown as multiple contours, whereas the peaks corresponding to the 
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contours and the spectra representing various Ca2+ additions after the 
[Ca2+]tota,/[cTnC]total ratio of 1.47 are superimposed and shown as single contours.
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This is better illustrated by the growth of D 113 and D149 peaks in Figure 

D-2. It is interesting to notice that this growth did not stop when the 

[Ca2+]total: [cTnC]total ratio reached 2:1 and the resonance peaks corresponding to 

the N-domain started shifting at [Ca2+]total:[cTnC]total ratio of 1.47:1 (Figure D-1B). 

G70 and V72 are typical examples (Figure D-2). This indicates that site II is 

being partially filled before sites III/IV are completely saturated. When the 

intensities of D113 and D149, respectively, and the chemical shifts (both 'H and 

1SN) of G70 and V72, respectively, were measured at every titration point and the 

changes were averaged, normalized, and plotted as a function of 

[Ca2+]toal/|cTnC]total ratio, curve A (Figure D-3) corresponding to Ca2+ binding to 

sites III/IV increases rapidly and in a parallel fashion during the addition of the 

first and second equivalent of Ca2+. During the addition of the third equivalent of 

Ca2+, it increases slowly to reach 100% occupancy. On the other hand, the 

gradient of curve B (Figure D-3) corresponding to Ca2+ binding to site II increases 

slowly during addition of the first 2 equivalents of Ca2+ and increase rapidly in the 

region between 2 and 3 equivalent to reach 100% occupancy. The curves indicate 

that all three sites have some degree of occupancy from the first addition of Ca2+ 

and that the occupancy of all three sites is essentially completed when 3 

equivalents of Ca2+have been added.
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changes of D149 and D 113, representing Ca2+ binding to the C-domain, while the 
B curve is normalized according to averaged chemical shift changes of G70 and 
V72, representing Ca2+ binding to the N-domain. The best-fit curves to the data 
are shown by solid lines. The curve fitting procedures are as described in Results.

Assuming sites III and IV in the C-domain are independent and equal, 

which is not distinguished from 100% positive cooperativity and site II is 

independent of sites III and IV, and assuming each of the three sites (II, III, IV) 

binds Ca2+ in a 1:1 stoichiometry, the spectral changes as a function of 

[Ca2+]total/[cTnC]total were fit to the equations

Site III + Ca2+ -*-> Site III*Ca2+
Site IV + Ca2+ Site IV*Ca2+
Site II + Ca2+ Site II-Ca2+

305

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



and yielded macroscopic dissociation constants of KD(1II IV) = ~ 0.2 pM for sites III 

and IV and KD(1I) = ~ 20 pM for site II, respectively. This fitting also permits the 

calculation of a site III and IV occupancy of ~ 90% and a site II occupancy of ~ 

20% at 2 equivalents of Ca2+ (The curve fitting script used is available upon 

request from brian.sykes@ualberta.ca). These results are consistent with the 

consensus results that the C-domain sites III/IV have ~100 fold higher Ca2+ 

binding affinity than the N-domain site II. However, the determined site II 

dissociation constant of KD = ~ 20 pM is approximately 10 times weaker than that 

for native cTnC reported previously[24, 36-38]. This discrepancy is probably due 

to the fact that the previous reported affinities were measured at lower 

temperatures (e.g. 4°C) and it is likely that site II binds Ca2+ tighter at lower 

temperatures than 30°C. Ca2+ titration of cTnC at lower temperatures (e.g. 4°C) 

by the use of 2D { 'H ,1SN} HSQC NMR spectroscopy would provide insights into 

this matter, a project currently in progress in our laboratory. Somewhat 

surprisingly, this affinity is also ~10 times weaker than what we have observed in 

the Ca2+ titration of cNTnC (KD = 2.6 pM) [27], It seems that the presence of the 

C-terminal domain somehow reduced the affinity of Ca2+ for the N-domain of 

cTnC. At present, there is no compelling data for rationalization.

In addition to the Ca2+-induced intensity and chemical shift changes, 

individual cross peaks in the 2D {'H, 15N} HSQC NMR spectra during Ca2+ 

titration display differential broadening, especially those in the N-domain,
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indicating exchange broadening. Typical examples are G70 and V72 as shown in 

Figure D-2. The NMR spectral changes can occur in fast, intermediate, and/or 

slow exchange limit on the NMR time scale depending on the size of the Ca2+- 

induced resonance shift [25]. In the intermediate to fast exchange limit, the effect 

of chemical exchange on line width is dependent on the chemical shift differences 

between free and the bound species:

Avex = PfPbxex(A6,)2

where Avex is the observed line width, Pf and Pb are the populations of free and 

bound cTnC, and xex is the exchange lifetime defined as (xfXb)/(xf + Xb). 

Previously, we have used the line width simulation to analyze the behavior o f the 

2D {!H ,15N} HSQC NMR spectra taken during titrations o f sTnC with sTnl 

peptides[ll, 12]. Here we use the same approach to analyze the 2D {’H ,15N} 

HSQC NMR spectral changes induced by Ca2+ binding to the N-domain of cTnC. 

One dimensional ID traces in the 'H-dimension through the cross peaks of 

residues G42, D73, G70, and V72 are shown in Figure D-4 to demonstrate the 

effect o f exchange at various titration points during the addition o f Ca2+. For 

G42, where the A6 = 43 Hz, the line shape only slightly broadens during the 

titration. On the other hand, V72, which has an A6 of 424 Hz, broadens 

substantially during the titration and then sharpens dramatically at the end. The 

ASs for D73 and G70 are 92 Hz and 201 Hz, respectively, and the line broadening 

fell between G42 and V72. The line shape changes for these four residues were
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simulated to obtain the site II Ca2+ off rate constant koff. The line widths of the 

free (Avf) and the bound (Avb) species and the starting (6f) and the final (5b) 

resonance positions for those four residues are listed in the legend of Figure D-4. 

The simulation were done using the experimentally derived values for Avf, Avb, 

Sf, 6b, and Ko(ii) = 20 pM and K d(iii/iv) = 0.2 pM and adjusting koff. A koff of 5000 

s '1 provides the closest fit to the experimental data for all four residues (Figure D- 

4). Since the simulation program does not take into account the relaxation in both 

’fl and 15N dimensions during the 2D {*H, 15N} HSQC pulse sequence, which 

will lead to lower intensities in the middle of the titration when the line 

broadening is the largest, differential intensities o f the cross peaks between the 

simulated and experimental spectra are observed (Xu Wang, Monica X. Li, and 

Brian D. Sykes, unpublished data). The most obvious is with V72 (Figure D-4). 

The site II Ca2+ off rate of 5000 s'1 at 30°C had not been measured because this 

rate is too fast to be measured by fluorescence stopped flow experiments. Using

O 1 1
the relationship, Kd = koff/kon, the calculated ko„ is 2.5 x 10 M s ’ , indicating that 

Ca2+ binding to site II is diffusion controlled at 30°C.
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D-B. cfn lu .7 , titration o f cTnC*3Ca ____________________________________

Previously, we have shown that cTnI34_71 binds cC T n02C a2+ in a 1:1 

stoichiometry to form a stable cC T n02C a2+,cTnI34.71 complex (KD < 1 pM) and 

the interaction of cTnI34 71 with cC T n02C a2+ occurs with slow exchange kinetics 

on the NMR time scale [28]. Here we show a similar binding behavior of cTnI34_ 

71 for cTnC*3Ca2+, indicating the interaction of this region of cTnl binds 

specifically to the C-domain of cTnC»3Ca2+ regardless of the presence of the N- 

domain. Figure D-5A shows a superimposition of the 2D {'H, 15N} HSQC NMR 

spectra of cTnC»3Ca2+ and the cTnC»3Ca2+,cTnI3471 complex. As the titration 

progresses, the resonance peaks corresponding to cTnC»3Ca2+ becomes less 

intense while those corresponding to the cTnC»3Ca2+»cTnI34_71 complex grow. 

Only the C-domain residues are affected (Figure D-5A). For example, G110 and 

G146 shifted to new positions, while G70 peak did not move at all.
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Figure D-5. Titration of cTnC«3Ca2+ with cTnl peptides. Titration of (A) 
cTnC*3Ca2+ with CT11I34.71, (B) cTnC*3 Ca2+,cTnl34.7i with cTnI)47-i63, and (C) 
cTnC*3Ca2+ with cTnI)28-i47 as monitored 2D {*H, 15N}-HSQC NMR spectra 
from the backbone amide regions of cTnC. In all three cases, the binding 
stoichiometry is 1:1. (A) The cross peaks corresponding to cTnC*3Ca2+ are 
shown as multiple contours, whereas those corresponding to cT n03C a2+»cTnl34. 
71 are shown as single contours. (B) The cross peaks corresponding to 
cT n03C a2+*cTnl34_7i are shown as multiple contours and the spectra representing 
various cTnIi47.i63 additions are superimposed and shown as single contours. (C) 
The cross peaks corresponding to cT n03C a2+ are shown as multiple contours and 
the spectra representing various CT11I128-147 additions are superimposed and shown 
as single contours.
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When the peptide to protein ratio reaches 1:1, all cross peaks 

corresponding to the C-domain of cTnC»3Ca2+ have completely disappeared while 

those corresponding to the complex attain maximum intensity. This phenomenon 

is more clearly illustrated in Figure D-6A. The intensity changes as a function of 

peptide to protein ratios were fit to the equation:

cTnC*3Ca2+ + cTnl34-7i ^  cTnC*3Ca2+*cTnl34-7i

and yielded a dissociation constant (KD) of < 1 pM, agreeing with the affinity of 

cTnI34.7i for cCTnC*2Ca2+ [28] and that o f sTnI,.4o for sCTnC*2Ca2t [26], The 

line shapes o f G 110 were simulated using experimentally derived values of Avf = 

20 Hz, Avb = 24 Hz, 5f = 6215 Hz, 5b = 6329 Hz, A6 = 114 Hz, and KD = 1 pM 

and adjusting koff. A koff o f 5 s'1 provides the closest fit to the experimental data 

(Figure D-7A). This indicates that the dissociation of this region of cTnl may be 

too slow to participate in muscle regulation.
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D-C. cTnIu7-i*i titration o f  cTnC'SCa v,cTnIu-a_____________________________

Previously, we have titrated CT11I 147-163 to cNTnOCa2+ and determined a 

binding affinity (KD) of 154 ± 10 pM [13], In this study, we show the titration of 

this peptide to cT n03C a2+*cTnl34-7i. In this complex, the C-domain hydrophobic 

pocket is occupied by CT11I34-71, which binds tightly (Kd < 1 pM). Figure D-5B 

shows the superimposition of the 2D {*H, 15N} HSQC NMR spectra of 

cTnC*3Ca2+«cTnl34.7i titrated by cTnIi47_i63- Similar to cTnIi47_i63 binding to 

cNTnC*Ca2+, this reaction occurs with fast exchange kinetics on the NMR time 

scale. Figure D-6B shows the shifts of A31 resonance and the chemical shift 

changes of A31 as a function of peptide to protein ratios were fit to the equation

cTnC»3 Ca2+,cTnl34-7i + CT11I147.163 ** cTnC*3Ca2+*cTnl34-7i*cTnIi47-i63

and yielded a Kd of 150 ± 10 pM. Within experimental error, this affinity agrees 

with that of cTnIi47.i63 for cNTnC*Ca2+, indicating that the affinity o f this peptide 

for the N-domain o f cTnC is independent o f the presence of the C-domain. The 

line shapes o f A 31 were simulated using experimentally derived values o f Avf = 

21 Hz, Avb = 16 Hz, 8f = 3938 Hz, 6b = 4012 Hz, A8 = 74 Hz, and KD = 150 pM 

and adjusting k o f f .  A k o f f  of 5000 s'1 provides the closest fit to the experimental 

data (Figure D-7B). This indicates that the dissociation rate o f this region of cTnl 

from cTnC is in the same order of Ca2+ dissociation from site II and is fast enough 

to regulate muscle contraction.
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D-D. cTnL?ft.u7 titration o f  cTnCm3Ca2+_________________________________________________________________________________

This titration was done in a previous study and we have reported the 

binding affinity of 78 ± 10 pM [31], but the line shape analysis was not done. For 

the purpose o f comparing with the binding of the other two regions o f cTnl to 

cTnC, the titration plot of cTnC*3Ca2+ with cTnIi28-i47 is shown in Figure D-5C. 

Figure D-6C shows the shifts of the 1128 resonance. The chemical shift changes 

of 1128 as a function of peptide to protein ratios were fit to the equation

cTnC»3Ca2+ + cTnIi28-i47 cTnC*3Ca2+,cTnI 128-147

and yielded a Kd o f 78 ± 10 pM. The line shape of 1128 resonances were 

simulated using experimentally derived values of Avf = 1 8  Hz, Avb = 20 Hz, 6f = 

4037 Hz, 6b = 4103 Hz, A6 = 66 Hz, and Kd = 78 pM and adjusting koff. A koff of 

5000 s"1 provides the closest fit to the experimental data (Figure D-7C). This 

indicates that the dissociation rate o f this region o f cTnl from cTnC is in the same 

order o f Ca2+ dissociation from site II and is fast enough to regulate muscle 

contraction.
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DISCUSSION

The key events in regulating skeletal and cardiac muscle contraction 

involve Ca2+ binding and release from TnC, the accompanied structural changes, 

and the subsequent TnC-Tnl interactions. Although the sequence o f events 

involved in initiating skeletal and cardiac muscle contraction are very similar, the 

kinetics and thermodynamics o f these events must differ for the two systems to 

account for the different physiological behavior of the two muscle types. The

94-goal of this study is to characterize the kinetics o f Ca binding to intact human 

cTnC and o f three cTnl peptides binding to the Ca2+-saturated cTnC by the means 

o f 2D {’H, 15N} HSQC NMR spectroscopy at 30°C, a temperature close to that of 

human heart (~ 37°C). The kinetics of these events are reflected in the Ca2+- and 

peptide- induced NMR spectral intensity, chemical shift, and line-shape changes 

of cTnC. Analysis of the NMR spectral changes allow us to determine the 

dissociation ( K d )  and off rate (koff) constants and to derive the association rate 

(kon) constants using the relationship Kd = koff/kon.

We first examined Ca2+ binding to both classes of sites in intact human 

cTnC. The results show that sites III and IV exhibit 100 fold higher Ca2+ affinity 

than site II (K d(iii,iv)= ~  0 .2  pM, K D(ii)== ~  2 0  pM), but that site II is partially 

occupied before sites III and IV are saturated. The addition o f the first two 

equivalents o f Ca2+ saturates ~ 9 0 %  of sites III and IV and ~ 2 0 %  of site II and 

three equivalents saturate all three sites completely. This suggests that the Ca2+ 

occupancy of all three sites may contribute to the Ca2+-dependent regulation in
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muscle contraction. A similar phenomenon in Ca2+ binding to CaM has been 

reported [39], demonstrating that the addition of 2 equivalents of Ca2+ saturates 

15-35% of the N-domain sites (I/II) and 85-55% of the C-domain sites (III/IV). 

This is not surprising since both classes of binding sites in CaM play regulatory 

roles (see [40] for a review). For cTnC or sTnC, such a behavior had not been 

reported. Biekofsky et al. 1998 also reported line broadening of the N-domain 

resonances (e.g. 127 and 163) during Ca2+ binding to the C-domain and interpreted 

it as due to the partial occupancy of sites I/II in CaM. In this work, we also 

observed line broadening o f the N-domain resonances (e.g. G70 and V72, Figure 

VI-2) during Ca2+ binding to the C-domain of cTnC. V72 is the residue 

equivalent to 163 in CaM. Clearly, this is the result o f the partial occupancy of 

site II before the [Ca2+]totai/[cTnC]totai ratio reaches 2. Thus, no domain-domain 

interactions need be introduced to understand the NMR spectral changes 

occurring during Ca2+ titration of cTnC.

A second major finding from this study is that a much higher site II Ca2+ 

dissociation rate (koff = 5000 s '1, 30°C) was observed as compared to previous 

published results. Such a rapid off rate had not yet been measured. A number of 

studies have been performed on the kinetics of Ca2+ binding to sTnC or cTnC, 

isolated or in the troponin complex and the experiments involve the use of 

proteins with mutated or attached fluorescent reporter groups. In sTnC, Ca2+ 

binding to sites I/II appears to be diffusion limited (ko„ = ~ 108 M'V1) with a Ca2+ 

dissociation rate (koff) of ~ 400-500 s'1 and the conformational change occur
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almost simultaneously with the Ca2+ association/dissociation[19-21], In cTnC, 

Ca2+ binding to site II is also diffusion limited (kon = ~ 108 M'V1, koff = ~ 500-800 

s '1), but the conformational change was found to be significantly slower than the 

Ca2+ on- and off-rates[22-24], These reported on- and off- rates may not, 

however, represent the time scales o f the molecular events that would occur at 

physiological temperature (e.g. 37°C in human heart), since most o f these 

experiments were performed at 4°C because Ca2+ kinetics become too fast to be 

measured by stopped flow methods at temperatures higher than 4°C [24]. 

Moreover, it is well known that both the time to peak tension after excitation and 

the relaxation time can vary widely with temperature, and are species-dependent. 

Knowing the dissociation constant Kd(ii) = 20 pM and off rate constant koff = 5000

1 2t* 8 11s' , the calculated on-rate of Ca ( K d (i i> = k o f f /k o n)  for site II is 2.5x10 M' s' , 

indicating that Ca2+ binding to site II of cTnC is diffusion-controlled. Hence, at a 

temperature (30°C) close to the physiological level, Ca2+ association and 

dissociation from site II is rapid enough to account for the speed of cardiac 

muscle contraction and relaxation, which occur on the time scale of miliseconds 

[41].

The rapid rate of the rise of the tension necessitates a rapid binding of Ca2+ 

to the Ca2+-specific regulatory site II of cTnC as well as a rapid propagation of 

these Ca2+ induced conformational changes to other components of the thin 

filaments, such as cTnl. Limited information is available on the kinetics of sTnC- 

sTnl or cTnC-cTnl interactions. In a previous study, we initiated the kinetic
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analysis of sTnC-sTnl interaction by studying the binding of sTnli 15-131 peptide to 

sNTnC*2Ca2+ [11], In the present work, we have determined the off rate 

constants for the binding of three cTnl peptide to cTnC: these are 5 s' 1 for cTnI34- 

71, 5000 s 1 for cTnIm-147, and 5000 s' 1 for cTnIi47.]63, respectively. Thus, it 

appears that the koff for the binding of CT11I128-147 and cTnIi47-i63 to cTnC are in the 

same order as the koff for the binding of Ca2+ to site II o f cTnC and these events 

are fast enough to be kinetically competent for muscle contraction, while that of 

cTnI34-7i may be too slow for this process. These three regions of cTnl have been 

identified by many biophysical and biological studies to be responsible for 

interacting with cTnC. In the antiparallel arrangement of cTnC-cTnl

2”binteraction[15, 42], cTnl34.7i, corresponding to sTnIi.40, binds tightly to the Ca - 

saturated C-domain of cTnC and the binding site was identified to be in the 

hydrophobic pocket o f the C-domain [43]. This region o f cTnl presumably 

adopts a similar a-helical conformation similar to that o f sTnIi.47 observed in the 

X-ray structure o f sTnC*2Ca2+*sTnl 1.47 complex [44], The inhibitory domain of 

cTnl (cTnIi28-i47) binds to the central helix area toward the C-domain of cTnC and 

this binding constitutes a major switch between muscle contraction and relaxation 

[45], and this switch is modulated by the interaction of the C-terminal region of 

cTnl and cTnC[46, 47]. The residues (~ 147-163) immediately following the 

inhibitory region bind to the hydrophobic pocket of the N-domain of cTnC. In the 

NMR structure of CT11I 147.163 in complex with cNTnC«Ca2+, cTnIi47-i63 forms an 

a-helix and interacts with the hydrophobic surface o f the N-domain stabilizing its 

open conformation [13]. Two models o f sTnC-sTnl interactions have been
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proposed to rationalize the functional roles of these three regions of Tnl. One 

proposes that the N-terminal and the inhibitory regions share overlapping binding 

sites on the C-domain of sTnC, which are alternatively occupied by either one or 

the other depending on the interactions between the N-domain of TnC and the C- 

domain o f Tnl [29]. Another proposes that the N-terminal region of Tnl always 

binds to the C-domain of TnC regardless of the Ca2+-dependent interaction 

between the N-domain of TnC and the C-domain o f Tnl, while the inhibitory 

region interacts with the central helix area[48, 49]. Clearly, our results are in line 

with the second model, which implies a structural role for the CT11I34-71 region but 

functional roles for both the cTn!i28-i47 and cTn!i47_i63 regions.
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APPENDIX E

Database

OVERVIEW

Typically NMR research laboratories are similar to a basic chemistry lab. 

In the Sykes lab there is some microbiology equipment for the expression, 

isolation, and purification of peptides and proteins. Samples are prepared by 

dissolving pure protein powder in a standard buffer and then a number o f ID, 2D, 

and 3D experiments are conducted over a few weeks. For metabolomic 

investigations the focus is no longer on one sample with multiple experiments, but 

rather one NMR experiment used to acquire spectra from hundreds o f samples. 

This appendix provides some insight to the administrative work I  accomplished in 

order to handle the unique requirements o f  large clinical metabolomic 

investigations.

INTRODUCTION

Having decided that my PhD. focus would be on clinical metabolomics of 

cardiac and pulmonary disorders it was clear that the Sykes laboratory located in 

the Medical Sciences Building would not be sufficient for the types and number 

o f samples I would be accumulating. I moved to the Canadian National High 

Field NMR Centre (NANUC) to set up the spare wet lab as a biohazard
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laboratory. The appropriate equipment was ordered, the required documentation 

was prepared, the training of personnel was conducted, and the certification of the 

space was acquired.

Once the physical space was created the need arose to properly organize 

the growing amount of information and samples. Human clinical investigations 

have a need to handle samples and information in an ethical manner, ensuring 

only key individuals are privy to secure data, while allowing access to sample 

preparation and storage information for the technicians. The business manager of 

NANUC, Bruce Lix, and I developed a database system with the software File 

Maker Pro version 8.3 (Santa Clara, CA.). It was necessary that the database have 

the capacity to manage the growing number of collaborations, each with multiple 

on-going studies, the hundreds o f samples associated with each study, and the 

pertinent information regarding sample receiving, preparation, acquisition, and 

analysis. In addition, for human studies there is a large amount of clinical 

information that is associated with each sample.

Below are some examples of the different processes that had to be 

captured and documented in the database. In the end a bar-coding system was 

integrated into the database so that each sample could be assigned a barcode. With 

this system the technician could quickly scan the top of the Eppendorff or NMR 

tube and automatically retrieve all the relevant information about the particular 

sample.
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E. 1 Patient Information_____________________ ______________ _______________________________________________________________________________

Within the clinical portion of the database it was decided to organize the 

patients principally by four items; Study Number (the ethics number), Clinical 

Patient Number (patient ID number from the hospital), Storage Prefix (a linked 

number for sample retrieval in NANUC), and Hospital Number (the number of 

the hospital where admitted). Next is a Private Investigator (PI) section, which 

was established to distinguish the particular study the patient is participating in 

(often a single PI has multiple studies).

329

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



MRDG„M«*y I S r u O o  C o - ,

B ro w se

T 9 f  j
La/out: 

R .T ab  Mil

. . .  . {
Ii
i '  i

Record:

Total:
1
Un sorted

v ;

*

iP nh  v - ,  RSS ti.'i

IV! r ’ t ‘■•ii, ;

Prefit }

H o s p i t a l , N o .  10 o f  A  h o s p i ta l

p f  v  f u r y !  A d a m k o

Om. SO

SH v f t d  a t r ic  L o n g i t u d in a l

•> • M o P e rv  O i l  ( S e n 's  H o s p i t a l

s A s ltm a

iu r i Date

iiiTKitt Tvoe 1 iUrirw 

S am p le  .T y p e .1  j

rH , , ;

s a m p le  T y p e  4  j

Gir.lol Nurse J  .OonnaTbg

J ,:i:f ,i! .Vcirse 2 Ktm Coo's

f finical Nurse 3 :

Figure E -l. Principle investigator section.

Under the Individual tab a number o f fields can be completed regarding 

the patient’s: name, place o f residence, health care number, DOB, age, gender, 

and ethnicity. This tab is particularly important for epidemiological studies and 

was useful when reviewing the ethnicity o f the normal subjects in Chapter IV. For 

privacy purposes I will not show the Individual screen here.
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By selecting the Patient tab three fields appear as well as three sub-screens 

that may be chosen. The three fields are Patient ID (the same as the Clinical 

Patient number from above), Project ID  (the separate number assigned to the 

patient upon entering the study), and Date Collected. The first o f the three sub

screens that may be selected is titled medication and is where all o f the prescribed 

medications are filled in (e.g. inhaled corticosteroids, short acting beta agonists, 

anticholinergics, theophylline, leukotriene receptor antagonists, anti-histamine, 

antibiotics), as well as any allergies the patient may have. The second sub-screen 

is Cell Work-up and provides fields to be filled in following a BAL; total cell 

count, viability, neutrophils, eosinophils, macrophages, lymphocytes, and 

epithelial cells. Finally, the last sub-screen is identified as Pulmonary Function. 

Here data such as atopy, forced expiratory volume (FEV1), forced vital capacity 

(FVC), FEV1/FVC, forced expiratory flow (FEF 25-75%), and peak expiratory 

flow (PEF) can be entered.
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Figure E-2. Patient clinical information section.

The Analytical tab provides a textbox for the addition of comments that 

may be pertinent to the care o f the patient and the study. There are also two fields 

for the documentation of the patient’s height and weight progress.
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Figure E-3. Analytical textbox.

Finally the Sample tab opens a sub-region with five fields, the unique 

fields include; Study No (the study number is the patients research project 

number), NANUC number (is the sequential number given to all samples received 

by NANUC), and finally Etiology (used primarily for the pneumonia project).
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Within the Sample tab are five additional sub-category tabs. These include 

urine, blood, BAL, sputum, and tissue. These sample types were selected, as they 

were the primary biological sampling methods I employed in my investigations. 

Additional tabs may be added at any time. Within each sample type is a field, 

which allows for the documentation of where the sample is physically located in 

NANUC. For urine there are three samples always on hand. ‘P ’ is the pH ’d urine 

sample (700pl), ‘R ’ is the raw and unhandled sample (700pl), and ‘S’ is the 3 ml 

untouched stored sample. Each sample has a particular cardboard box that it is 

stored in and placed within the deep-freeze. Within the box the sample has a 

designated row and column. The Sample Storage number and Sample number are 

additional cross-referencing tools. The new bar coding system allows for 

automated retrieval o f this information by simply scanning the top of the 

Eppendorff, or sample tube.
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Figure E-4. Sample storage page.

E.2 Sample Inventory_____________________________________________________

When I began my PhD. research an organizational platform needed to be 

created due to my multiple collaborations, each with many ongoing research 

projects. A group called MRDG (magnetic resonance diagnostic group) was 

formed and served as a larger collaborative organization through which ideas and 

resources could be pooled. This grew into what is now called MRDC (magnetic 

resonance diagnostic centre) and includes research projects outside my immediate
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involvement. However, with so many samples arriving to NANUC from countless 

locations (different countries, provinces, and hospitals) and for multiple projects 

the sample inventory database was created.

The sample inventory database presents a Barcode Quick Access column 

on the right o f the screen that presents the Storage and Access information for the 

sample. In the main page the basic information is depicted; NANUC ID number, 

blinded ID, date received, PI, study name, sub-study name, clinical ID, gender, 

location, type, time of collection, initials, DOB, and age.

The first row of tabs begins with Sample Summary. This tab opens a text 

window that documents a general overview o f the sample arrival to NANUC, bar 

coding, preparation, and acquisition.
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Figure E-5. Sample inventory main page and sample summary.

The second tab is termed Patient Information and retrieves a simple text 

window with basic patient information such as smoking status, diabetes, alcohol 

consumption, and level of education.
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Figure E-6. Patient information.

The next tab is Clinical Information and is primarily concerned with an 

ongoing study of pneumonia patients and associated etiology.

338

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



MRDC Sample Inventory System

y ,»  a F,y NANUC 10: 

BUND iD:

NM05180

D A T E  R E C E IV E D :

Pnrdepd In v e s tig a to r : D r . A d am k O s t u d y  N a ? f i s :  A s t h m a  S t u d y

sub study Name A d u lt P re /P os t P redn isone  C o n tro l

Clinical H am elfl 308-C $s#rpe  G enre Human Date of C o llecbon : OB/06/2065

S am p le  Type: Urine Study  Day

S a m p te lo c a t io o ;  -80C Freezer S a m p le  Time. 9:35

Sam p) e  N o te? : Ccrrtrol

X-Ray: P a tien t Initials: PIB O afs of 8 irth :

A 8P H N S e n d e r . Female A ge: 50

Sgyh teaaay j Peuat Maamm j j 

pH S im ple R a w S n p ic  }

Sifoiflfanwiaair--. :1 
Storage Sample I T«c

Bk>od Culture Information

Blood O jttjre Obbmad:

BSochI Culture fceiuft

if pojit>«, rnkroarjjni?m

E t i d o g y  o f  P n e u m o n i a

Eticte-iy

ESotosy

Barcode Quick A c ce ss

A00F675

NMR:

Access: DA APC 01P.13

Raw 

Storage: A00F676 

NMR:

DA_APC_01R.13

Storage: A00F677 

NMR:

Access: DA_APC_01S.13

Test

Storage:

NMR:

Access: H/E

B  MRDC

Figure E-7. Clinical information.

The final tab in this series is Diary Information. This tab retrieves all the 

meta information catalogued during the normals study (see Chapter IV). This 

additional information includes a ChemStick (blood, ketones, glucose, etc), a 

diary outlining the diet, stress, and exercise of the individual, as well as all the 

medication taken during the 30-day study.
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Figure E-8. D iary information.

Selection o f one of the Sample tabs calls on another three sub-categories 

for selection. As an example I will select p H  Sample, and within that page I will 

select p H  Sample Processing. This window retrieves all the information regarding 

the processing of the sample, e.g. the storage barcode, storage code, sample ID 

code, page number in the log book, date, and who processed the samples.
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Figure E-9. pH  sample processing.

The next tab called p H  Sample Preparation provides all of the storage and 

processing information, as well as how the sample was prepared. This information 

includes the sample volume, pH, and what was added to the sample during 

preparation.
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MRDC Sample Inventory System
N A N U C  103̂*2 t'fe'A
B U N D  10:

M RDCsa- t 1 >

NM05180

D A T E  R E C E tV E D :

AinPfSi In v e s tig a to r : D r. A tto m to Study  N »m s: A s th m a  S u d y

Sub  S tudy Nan’* :  M u t t  P re /P ost P redn isone  C o n tro l

C linical K a rra  I0 :3 0 8 <

X-Ray: 

AB PHN

S a rn ie  G enre: Human

S a m p le  Type. Urine

S am p!*  U »;afeon; -8 0 C F r* m r

S am ple-N otes- Control

P a H e n tN tia iS '

•Gender:

PIB

Female

Date d  C ollection . 08^)8/2005

Study Day,

S am p le  Time: 9:35

Date of Birth: 

Aq s :

! pHSnnploPnxgiint ] pH Sample Preparation pH Sample Acquirition^]

Simple Storijte Code; DA._APC_0IP.I3 

NMR Data LGcaSoft

Sample pH:

Simple Stonge Barcode: AD0W 5 

NMR Sample Barcode:

Lcj Book and Pi£*

S arnie Prsp Date .

Sample Pneparaton;

BGOuLofunrw’twlhBOuLof ip H  7 00  butler contwwnj SrnM D3S.
lOOmfl Imidaaofe. and 02% N»N3 in D20. Lot#04812-
BO I Simple w  then pHd »  -S B  by lddini either H d  o r  NiOH.

Simple FVepared by

Sample ID Code. NM0SI80P

Barcode Quick Access

pH
Storage: A00F675 

NMR:

DA_APC_01P.13

Raw

AOOF676

Access: DA AFC 01R.13

Storage

A00F677

DA APC 01S.13

MRDC

Figure E-10. pH  sample preparation

The final tab is the p H  Sample Acquisition tab. This tab allows the 

researcher to quickly view the particular spectrometer the data was collected. By 

clicking on the spectrometer the textbox fills with the acquisition date, name of 

the FID, location of the FID, the FID barcode, and the DSS linewidth.
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Figure E- l l .  pH  sample acquisition

CONCLUSION

At first glance sample receiving, handling, and data acquisition seem 

relatively simple aspects of a research project. However, as collaborations grow 

and research projects expand the amount of data and samples that need to be 

catalogued carefully grows exponentially. This is a particular concern for clinical 

metabolomic studies because the research requires the collection o f hundreds of 

samples, stored in duplicate or triplicate, each with individualized meta-
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information (e.g. patient/clinical information, diagnosis, and medications). 

Therefore, it is extremely important that the samples and information is sorted and 

linked appropriately to ensure that all of the data is correct.

Human clinical and metabolomic studies have the added pressure o f the 

ethical treatment of information and biological samples. This involves password 

protecting and backing-up all information in a secure fashion. Samples are often 

double or triple blinded to ensure the privacy and anonymity o f the research 

participants and the bias of the researcher. Together with Bruce Lix, Chris 

Skappak, Kathryn Rankin, and Shana Regush this database was created to 

facilitate the constant influx of samples and information, as well as to enable the 

continuing clinical and metabolomic research in NANUC.
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