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To the chicken producers, without whom there would be no thesis

And to my family, without whom there would also be no thesis



ABSTRACT

Stress has the potential to adversely affect the health of chickens. Using Nuclear
Magnetic Resonance (NMR) spectroscopy-based metabolomics objectives were to:
ascertain the effects of physiological stress on the metabolomes of chicken liver, kidney,
and breast muscle; compare sample preparation techniques for fecal metabolomics; and
determine if NMR spectra can be obtained from feather pulp, and the effects of age and
stress on the pulp metabolome. Physiological stress modulated chicken metabolism in all
tissues examined, and caused the diversion of energy to muscle catabolism and
gluconeogenesis. Ultrafiltration was the most versatile, reproducible, and efficient fecal
metabolite extraction method; however, Bligh-Dyer extraction and no extraction with
baseline correction produced comparable results. High quality NMR spectra were
obtained from chicken feather pulp, and both age and stress significantly altered the pulp
metabolome. The results obtained are foundational to the identification of novel

biomarkers of stress for use in chicken production settings.
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1 INTRODUCTION

1.1 The domestic chicken

The modern-day chicken (Gallus Gallus domesticus) is believed to have evolved
from Red Jungle Fowl (Gallus gallus gallus) [1,2]. It is not known exactly how long-ago
chickens were domesticated, but current archeological evidence indicates that
domesticated chickens existed 8,000 years ago [3-5], and phylogenetic studies suggest
genetic divergence from G. gallus gallus occurred between 74,000 — 42,000 years ago
[6]. Chickens are now one of the most populous birds on Earth, and they are one of the
most important domesticated animals [7].

There are two main purposes for which chickens are commercially reared. These are
laying eggs and producing meat. Different strains of chickens have been selectively bred
for different characteristics, and they are roughly divided into layer and broiler breeds [8].
Layers have been bred for high feed conversion efficiency and high egg yield, and
modern breeds of layers can produce over 300 eggs per year [2,8]. In contrast, broiler
breeds have been selected for enhanced growth rate and meat yield. To illustrate the
impact of breeding programs, the average carcass mass of broiler chickens was 1.3 kg in
1961, as compared to 1.7 kg in 2013, representing a 30% increase in mass [9,10].
Moreover, modern breeds of broiler chickens reach market weight in about a third the
amount of time it took in the 1950s. The decrease in time to market weight is largely
attributed to genetics, although nutrition and management practices have changed over

the years and have also contributed to the improved growth rates [11].



1.2 The chicken industry

Worldwide there were approximately 25 billion chickens in 2019 [12], and over 100
million metric tonnes of chicken meat was produced in 2020 [12]. Although production of
chicken meat occurs in the majority of countries, relative rates of production vary from
country to country (Figure 1-1). The poultry (domesticated birds including chickens,
turkeys, guinea fowl, and quail) population has increased about five-fold over the last 50
years, along with the consumption of poultry meat [9]. In 2011, the world poultry meat
consumption was 14.4 kg/person/year with people living in Oceania and the Americas
consuming higher than the world average of meat, at 42.1 and 38.6 kg/person/year,
respectively [10,13]. It is predicted that in 2021 the world will consume 132.4 metric
kilotonnes of poultry meat [12]. Poultry meat production was estimated to be 98.4 million
tonnes in 2014, with chicken meat representing about 88% of the global poultry meat
production [14], and approximately 96 million tons of meat [15]. Poultry is one of the
fastest growing agricultural sub-sectors [9], and between 1970 and 2005, poultry meat
production increased faster than both that of beef and pork [16]. Poultry meat production
will soon be the largest contributor to the meat industry [15]. With greenhouse gas
emissions from livestock production under increasing scrutiny, broilers possess one of the
most efficient feed conversion rates of all meat production animals. In this regard,
broilers require 26.4 kg of dry matter feed to produce 1 kg of protein, while ruminants
need an average of 133.4 kg per kg of protein [9]. Chicken feed efficiency is 4.5 kg
feed/kg edible weight, which is much better than beef (20.0 kg feed/kg edible weight) and
pork (7.3 kg feed/kg edible weight) (Table 1-1). The only commercially farmed animals
with better feed efficiency than chicken are fish such as carp (2.3 kg feed/kg edible

weight) and salmon (1.4 kg feed/kg edible weight) [17].
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Broiler chickens consume 1.6 to 2.0 times as much water as feed and overall daily
water consumption steadily increases as birds grow [18]. However, the water footprint of
meat from beef cattle is on average 15,400 L/kg globally, which is much greater than the
footprints for sheep (10,400 L/kg), pigs (6,000 L/kg), goats (5,500 L/kg), and chickens
(4,300 L/kg) [19-21]. In summary, poultry production accounts for only 11% of the total
water and approximately 11% of the total greenhouse gas emissions from livestock
production, making it the smallest contributor to the global livestock sector’s emissions
[9]. More specifically, poultry meat production generates only 40 kg CO:2 equivalent/kg
protein [9], compared to beef cattle production that generates approximately 300 CO2
equivalent/kg protein.

Globally, economic contributions of the poultry industry are significant, generating
billions of dollars annually with the global poultry market valued at $310.7 billion in
2020 and expected to grow to $322.6 billion in 2021 [22]. The largest exporter of broiler
meat in 2021 is Brazil, with the United States a close second [12]. The largest importer of
broiler meat is Japan [12]. How a country manages production influences both rates of
exportation and importation. For example, Canada has implemented a supply
management system [23], in which production rates are managed by producer quotas to
achieve the following: avoid over supply; facilitate access to locally produced chicken
products; ensure a sustainable and consistent local food supply for consumers; achieve
optimal food safety and animal care standards; and to reduce the requirement for subsidy
inputs from Government [24]. The volume of broiler meat imported into Canada is
limited by tariff rate quotas, under which very high tariffs are applied on imports above a
specific level [25]. Although Canada is not a leading poultry producing country, in 2019,

1.3 million metric tonnes of chicken meat were produced [10,12]. Even though the
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majority of chicken meat produced in Canada is consumed domestically, in 2018, 0.127
million tonnes of broiler meat was exported, primarily to the USA, Philippines, Taiwan,
Jamaica, and Cuba [26]. In Canada, the chicken industry is a multibillion-dollar industry,
consisting of 2,803 farmers, 191 processors, and contributing 87,000 total jobs, $6.8
billion dollars to the GDP, and $2.2 billion in taxes [24]. The province of Alberta alone
generated 8,031 total jobs, $623 million to GDP, and $203 million in taxes [24], and
produced more than 165 million live kg of chicken meat in 2020 [27].

Broiler production in Canada is vertically integrated, which has contributed to
economically efficient production of poultry meat. Vertical integrated production
involves the control of the production continuum by a limited number of companies.
Thus, companies own or control broiler egg production, hatching of eggs, broiler
production, and processing (Figure 1-2). Moreover, broiler breeds are developed by a
limited number of companies (e.g. Aviagen, Inc. and Cobb North America), who work in
coordination with the production and processing companies. Although broiler hatching
egg producers and broiler producers are independently owned and operated, producers
operate under contract to the integrated chicken production and processing companies,
and under their assigned quota, which is controlled by national and provincial marketing
boards [24].

The poultry industry in Canada is currently undergoing some major changes. In 2014,
the Canadian chicken sector decided to stop the use of Category I antibiotics for disease
prevention [28]. By 2018, the use of Category II antibiotics for the prophylactic-
administration of antimicrobials was also eliminated, and by the end of 2020, the
preventive use of Category III antibiotics was stopped [28]. Category I, II and III

antibiotics are still permitted in broiler production as a therapeutic treatment, but they
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must be prescribed by a licensed veterinarian [29,30]. The purpose of reducing the use of
antibiotics in livestock production is to reduce the emergence of antibiotic resistance in
zoonotic bacterial pathogens [31], such as Salmonella enterica and Campylobacter jejuni.
However, the loss of antibiotics for growth promotion has necessitated that the industry
identifies suitable non-antibiotic replacements [32,33].

There are three main uses of antibiotics in poultry rearing: (1) prophylactic / disease
prevention; (2) treatment of an outbreak of disease (i.e. therapeutic administration); and
(3) as antibacterial growth promoters (AGPs). For poultry, antibiotics used for therapeutic
reasons are usually administered through water, whereas AGPs are usually administered
at non-therapeutic doses for prolonged periods via feed [34]. Moore et al. [35] was the first
to publish about the positive effects of antibiotics on chicken growth. Followed shortly by
Stokstad and Jukes in 1950 and 1956, who showed the benefits of antibiotics on growth
of livestock in general [36,37]. Although the exact mode of action by which AGPs
function are unknown even today, antibiotics have been used globally to increase weight
gain and feed efficiency in livestock species [32,38]. The mechanisms by which AGPs
function may be by modulating the microbiota and/or the immune systems of livestock
[38].

Although a definitive link between the use of antibiotics in food animals and the
increase in antibiotic resistant bacterial pathogens in people has not been definitively
established [32], many governments have adopted a precautionary approach due to the risk
posed by resistant bacterial pathogens to human health [9,34,39,40]. Sweden was the first
country to ban all AGPs in 1986, followed by Denmark in 2000, the EU in 2006 [38],
Canada in 2018 [41,42], and most recently China in 2020 [39]. China is the largest

producer and consumer of antibiotics in the world, using almost 30,000 tons of antibiotics
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for animal husbandry in 2018, 53% of which were administered as AGPs [39]. Some
studies have indicated that, in poultry, the benefits of AGP are not worth the cost of the
antibiotics [43]. It is currently unknown what the effects of these bans will have on disease
and losses from disease in livestock production, but it is expected that rates of disease will
increase [39]. Thus, rationale-based alternatives to antibiotics will be needed to mitigate
bird morbidity and mortality in poultry production. It is also important to fully identify

indicators of disease risk.

1.3 Stress in poultry

Due to the changes to the Canadian poultry industry, producers have started looking
at other ways to maintain the health of their flocks, and it is becoming increasingly
apparent that stress plays an important role [44-47]. The definition of stress used herein is a
state when the Hypothalamo-Pituitary-Adrenal (HPA) axis is activated with increased
secretion of glucocorticoid hormones in response to a stressor [48]. When a chicken
experiences a stressor, the hypothalamus releases both Arginine Vasotocin (AVT) and
Corticotropin Releasing Factor (CRF), and these hormones travel to the anterior pituitary,
which produces adrenocorticotropic hormone (ACTH), which acts on the adrenal gland.
In birds, ACTH causes the adrenocortical hormone, corticosterone (CORT) to be secreted
from the cortex of the adrenal gland, which is located near the kidney (Figure 1-3) [48-
50]. The HPA axis can respond to a stressor in less than three minutes [51].

The most commonly measured biomarkers, or biological characteristics that can be
objectively measured as indicators of physiological stress in chickens are circulating
concentrations of CORT, and the heterophil: lymphocyte (H:L) ratio in blood [48].

However, the stress response in chickens is complex, resulting in a systemic response,



which requires the examination of multiple parameters of stress [48]. An extra level of
complication in quantifying stress is that two identical chickens, when faced with the
same stimulus, may not both perceive the stimulus to be a stressor; therefore, variation in
the population, usually referred to the effect of the “personality” of the chickens, occurs
[50].

In addition to a physiological response to stress, an organism also responds to stress
on a cellular level. Cells respond to stress in a multitude of ways. This includes activation
of a various pathways with outcomes that range from the promotion of cell survival to
eliciting programmed cell death (e.g. apoptosis) and autophagy [52]. When a tissue is in
homeostatic state, an equilibrium exists between the net growth and death rates of the
cells making up the tissue [53]. Upon exposure to cellular stress, homeostasis is disrupted,
which can precipitate a number of cellular processes. Examples of stressors that disrupt
cell homeostasis include exposure to heavy metals, ethanol, oxidative stress, or other
toxic substances [54]. The overarching goal of cellular stress responses is to return the cell
to a homeostatic state, and failing this, cells may commit to a death pathway [52]. For the
model of physiological stress presented in this thesis, the goal was to stimulate a
physiological stress response at an organismal level. However, as CORT administration is
known to cause oxidative stress responses in birds [53,55,56], it is important to recognize

that the foundation of the stress response measured is at a cellular level.

1.4 Impacts of stress on bird health
Stress has been shown to be associated with decreased production [48,57] as
evidenced in previous studies by a decrease in growth rate and an increase in abdominal

fat, which is undesirable in broiler chickens [58], and can also lead to fatty liver disease



[59]. Stress in general, but specifically heat stress, can result in a significant reduction in
feed intake, which can adversely affect the growth performance of chickens [60,61], and
substantially increase the feed conversion ratio (lower values are more cost effective)
[62,63]. Stress leads to reductions in growth rate because energy is diverted from growth
(building new protein for muscle and skeletal development) to processes that provide
energy to tissues such as glycogenolysis [64], which converts stored glycogen into
glucose. Heat stress in particular has been shown to increase oxidative stress in skeletal
muscle [63,65]. Oxidative stress occurs when the balance of oxidants and antioxidants are
in favour of the oxidants. Maintaining this redox homeostasis is important for good
broiler health [55]. Birds have more robust antioxidant systems than mammals [66], but
they can still be overwhelmed by oxidative stress conditions which can be brought on by
a physiological stress condition. Stress leads to the formation of free radicals, the
beginnings of oxidative stress, which can lead to muscular membranes losing their
integrity [55]. The most common responses to oxidative stress are increased lipid
peroxidation and creatine kinase activity. Although both combat oxidative stress, they can
also cause tissue damage that can lead to the inhibition of growth [67]. Lipid peroxidation
has been shown to increase in the liver and muscle of broiler chickens administered
CORT [67]. Stress is clearly something to be avoided if possible as it has clear deleterious
effects on production metrics. Another effect of stress is that it can predispose broilers to
disease [68] as a result of immune system suppression [69,70], although the exact
mechanisms are not fully understood. Stress also puts flocks at risk of vaccine failure and
increased morbidity and mortality [71,72]. As a result of the profound negative effects that
stress can impart on chicken well-being and production health, it would be beneficial to

both chicken producers and bird researchers in general to have a biomarker of stress that
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is correlated with bird health and is predictive of subsequent adverse health outcomes
(e.g. disease manifestation). Moreover, a biomarker that can be measured in a non-

destructively obtained sample from birds would be highly beneficial.

1.5 Biomarkers of stress in chickens

As a result of the transitory presence of hormones following exposure to a stressor,
coupled with the logistical challenges of obtaining representative blood samples from
birds in a production flock, the ability to measure relevant biomarkers in samples such as
feces and feathers, which can be obtained with little to no handling of the birds, is of
considerable interest. Although the stress hormone, CORT, cannot be directly measured
in feces, metabolites of CORT can be measured in chicken feces as an indicator of stress
[73-75]. However, there has been little research into other biomarkers of stress that can be
measured in fecal samples. Feces also allows for analyses that blood does not permit,
such as characterization of the fecal bacterial microbiome and its functional output
(metabolome). For example, the fecal metabolome reflects host-microbiome interactions,
with up to 68% of its variance arising from the gut microbiota, not the host [76]. As the
relationship between the gut microbiome and the host’s health becomes more evident,
there is increasing interest in using fecal metabolomics as an indirect and non-invasive
diagnostic indicator of host health.

Feathers are much like hair in that they are produced and supported by follicles in the
skin [77]. A feather consists of a cylindrical shaft, called a calamus, which starts in the
follicle and a long portion called a rachis [78-80]. The rachis is highly vascularized and
creates a dermal core, referred to as feather pulp or feather follicle epithelium (FFE),

which is surrounded by feather tissue and an outer sheath (Figure 1-4) [81].



Although there are similarities with hair, feathers differ in that they have nerves and
their own muscles [80]. Feather collection can be less invasive than blood, particularly if
molted feathers can be used [82]. Furthermore, feathers are often used for detecting
pathogens that incite important diseases such as avian leukosis virus [83], West Nile virus
[84], and Marek’s disease virus [85]. It is currently unclear how CORT is deposited in
feathers and how well CORT in feather reflects stress levels [86], but it is known that the
concentration of CORT in feathers fluctuates [49] and is only representative of the time
while the feather was actively growing [49]. Thus, feathers incorporate both the duration
and amplitude of glucocorticoid secretion [87], and as such, are best suited to study the
activity of the HPA axis over relatively long time frames. This contrasts with blood,
which provides a snapshot of the activity of the HPA (e.g. at the time of blood sampling),
because blood CORT levels change quickly and frequently. There are disadvantages to
using CORT in feathers as a biomarker of stress. In this regard, CORT levels fluctuate in
feathers depending on the season (with a particularly large drop during breeding season)
resulting in a need for control matched samples [49]. There has been some research into
other biomarkers of stress that can be measured in feathers, such as heat shock protein 70
(HSP70), although this technique has been patented meaning it may be difficult and
costly to adapt to different needs [88]. Feather pulp is highly vascularized during growth
and it is a fairly easy sample to obtain as the calamus of a feather can be squeezed
between a sample tube and its lid to collect the sample [83]. The disadvantage of targeting
feather pulp is that feathers in rest phase, in which the feather is preparing to molt, have
much less pulp due to the shrinking of the size of the follicle, and the older the bird, the
larger the number of feathers in rest phase [89]. Thus, in older birds there may be

insufficient quantities of feather pulp to obtain a sufficient sample quantity. There are
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many potential advantages to using feather pulp as a sample, and the identification of a
quantifiable biomarker of stress response and disease susceptibility in feather pulp would

be of significant value to chicken producers and wild bird researchers alike.

1.6 Metabolomics

One possible way to evaluate the biological effects of stress in a sensitive and
comprehensive manner is through metabolomics, which is the study of small molecular
weight compounds, referred to as metabolites. Studying the metabolites present in a tissue
or biofluid allows for the analysis of the metabolic responses of living systems to external
stimuli, such as stressors. This is because metabolites are the end products of metabolism,
and as such, represent the functional responses of a cell [90]. The collective
characterization of metabolites can provide valuable insight into the biochemical
pathways that are potentially dysregulated due to physiological stress. Importantly, this
can identify novel and diagnostic biomarkers. For example, recent research has explored
the use of metabolomics to examine chicken tissues for both model development [91] and
to identify biomarkers of disease [59,92-94]. Another key advantage of looking at
metabolites (metabolomics), instead of genes (genomics) or proteins (proteomics) is
logistical. For example, there are approximately 10%-10° genes and 107 proteins, but there
are only 10°-10* metabolites, which simplifies the identification of relevant biomarkers
[95].

There are two main methods of studying metabolomics: Mass Spectrometry (MS)
and Nuclear Magnetic Resonance (NMR) spectroscopy [96-99]. MS provides a higher
degree of sensitivity and is often used for targeted or selective analyses; however, this

technique requires a large amount of demanding sample preparation, often involving

11



chemical derivatization, and offers only moderate reproducibility. NMR offers
quantitative measurement, high reproducibility, and requires relatively minimal sample
preparation [97,99-101], but has a lower level of sensitivity and specificity. However, as
technology improves, the sensitivity of NMR is expected to increase through the
development of larger magnetic fields, signal enhancement techniques, and more
accessible cryogenic probe technology [102]; Also, if quantification of the metabolites is
required, concentrations determined by NMR are more reliable [103]. Research presented
in this thesis will focus on the use of NMR based metabolomics.

Samples selected for metabolomics analysis can be solids, such as tissues, or
biofluids, such as saliva, blood (plasma or serum), cerebrospinal fluid, amniotic fluid, or
urine [97]. Regardless of the sample chosen, the first step is to extract the metabolites
from the sample. In the case of NMR-based metabolomics, it is typically the water-
soluble and non-volatile metabolites that are investigated as the samples are dissolved in a
buffer containing a mixture of deuterated and non-deuterated water, although it is also
possible to investigate the lipid-soluble metabolites using alternative NMR solvents.
There are many different extraction methods that can be utilized to obtain water soluble
metabolites from biofluids and tissues [90,104,105], but common to all is the requirement to
remove large macromolecules (ex. DNA and RNA), proteins, and fats from the sample.
This is because all three of these biomolecules produce too many overlapping NMR
peaks and broad NMR signals, both of which are undesirable for carrying out accurate
NMR-based metabolomic measurements. In addition, proteins can bind to the chemical
shift indicator, sodium 3-trimethylsilylpropanoate-2,2,3,3-d4 (TSP), and this leads to the
acquisition of lower quality NMR spectra. The three extraction methods used in this

thesis are: (1) ultrafiltration using a 3 kDa cut-off filter; (2) a methanol-chloroform-based
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fat and protein extraction (Bligh & Dyer, 1959; Wu et al., 2008); and (3) no extraction in
which the sample is added to buffer, vortexed/homogenized, and centrifuged.
1.7 'H-NMR

Introduction to spin and angular momentum

Proton NMR ('H-NMR) is becoming one of the most popular ways to characterize
the metabolome. All atoms are made up of three fundamental particles, which are
electrons, protons, and neutrons, with the exception of 'H. The nucleus of an atom is
made up of protons and neutrons (called nucleons), and it is the nucleus of atoms that are
important in NMR. Every nucleus possesses mass, charge, and spin. Spin (I) can be a
positive integer (0, 1, 2, ..., n) or half-integer (14, 3%, ..., %), and isotopes of the same
element may have different quantum numbers (e.g. 1>C has a spin quantum number of 0,
whereas °C has a spin quantum number of ). Nuclei with non-zero spin possess spin
angular momentum (I), a vector, where both the magnitude and the direction are
quantized. This gives 2I + 1 possible projections of the vector onto an axis, z, which is
called the magnetic quantum number, m. For example, a nucleus with spin of }2 has two
possible spin angular momentum values, which are m = 2 and -2, while a nucleus with
spin of 1 has three possible values, which are m = -1, 0, and 1.

Usually, the energies from the different spin angular momentum values are
equivalent (degenerate), and therefore cannot be used spectroscopically (the 2I+1 energy
levels of a spin -1 nucleus have the same energy); however, when an external magnetic
field is applied it creates a difference in the energies that can be used to perform NMR
spectroscopy. When a nucleus is placed in an external magnetic field its magnetic
moment (p) interacts with the magnetic field (Bo) and experiences a torque (t). The
torque causes the nucleus to precess (rotate) along the direction of the applied magnetic
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field at an angular frequency of ® (Figure 1-5). The angular frequency is proportional to
the strength of the applied magnetic field and the gyromagnetic ratio (also called
magnetogyric ratio), which is a scaling factor derived from the mass ratio of each nucleus.
The gyromagnetic ratio is unique to each nucleus and by Equation 1 the angular
frequency is also unique to each nucleus and is known as the Larmor frequency.

w = —YyB, Equation 1

o is the angular frequency / Lamor frequency (unique to each nucleus)
y is the gyromagnetic ratio of the nucleus (T"'s™!)
Bo is the strength of the magnetic field (T)
The energy of a magnetic moment in a magnetic field associated with this angular motion
is then given by Equation 2.
E = —mhyB, Equation 2
Where E is the energy of a magnetic moment in a magnetic field
h is a constant called the reduced Planck’s constant (1.055x1073* J-s).
v is the gyromagnetic ratio of the nucleus (T-'s™)
Bo is the strength of the magnetic field (T)

In the absence of a strong magnetic field, nuclear spins exist in all directions, and are
not aligned to anything (Figure 1-6A). However, in the presence of a strong magnetic
field, individual spins will align either with or against the field (Figure 1-6B). Parallel
orientations correspond to the lower energy state (m = 1/2, spin up), and anti-parallel
orientations correspond to a slightly higher energy state (m = -1/2, spin down). Due to the

preference of being in a lower energy state, there will always be slightly more spins in the
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spin up orientation creating a net magnetization parallel to the static magnetic field
(Figure 1-6C).

The NMR experiment

There are three main components needed for an NMR experiment: (1) a strong
magnetic field to polarize the spins; (2) radiofrequency (RF) radiation to excite the
nuclear spins; and (3) equipment to detect the resulting NMR signal. The magnetic field
is most often provided by running a constant current through a solenoid made of a metal
alloy, such as niobium and tin or niobium and titanium, that superconducts (i.e. is
resistance free) at extremely low temperatures (< 8 K) and can support a persistent current
(Figure 1-7D). In order to achieve the required extreme low temperatures, the solenoid of
the NMR magnet is submersed in a bath of liquid helium (T = 4.2 K, Figure 1-7H),
which is then further surrounded by a vacuum jacket (Figure 1-7G), a secondary bath of
liquid nitrogen (T = 77 K, Figure 1-7F) to reduce helium boil, and a final vacuum jacket
(Figure 1-7E) to isolate the entire cryogenic system from atmospheric temperatures. This
design, along with frequent fills of both liquid helium (once every 3 to 4 months) and
liquid nitrogen (once every 1 to 2 weeks) ensures the magnet retains the current in the
solenoid and continues to produce a strong and persistent magnetic field.

The NMR signal is detected as a change in the magnetization through time. Although
the net nuclear magnetization is aligned with the z-axis, no change in the magnetization
(signal) can be detected as the nuclear spins are rotating around the z-axis in a rapid
(nanosecond time scale) and symmetric fashion. In this case, the change in the signal over
time in the x- and y-axes averages to zero, as the modern electronics can only detect
motion on the microsecond time scale, and the z component does not change. In order to

detect the NMR signal, the magnetization from the nuclear spins must be put into the
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transverse (X, y) plane. This is accomplished using a radio frequency (RF) pulse that is
produced by a coil placed along the x-y plane (Figure 1-7K). The RF pulse must be
applied at a frequency that is on-resonance, or the same frequency, as the nuclear spins
being observed (the Larmor frequency) and be applied for the right amount of time to
result in a 90-degree rotation of the spins into the transverse plane. Once the
magnetization is in the transverse plane the RF pulse is turned off and the magnetization
will precess back to where it normally aligns in a magnetic field (equilibrium), which is
along the z-axis, through a process called relaxation (Figure 1-8A). During this relaxation
process the precession in the x-y plane does not average to zero (there is a change to
detect) and produces an oscillating magnetic field, which in turn induces a current in the
same coil that was used to produce the RF pulse. The change over time in the induced
current (signal) is referred to as the free induction delay (FID) (Figure 1-8B). The FID
then undergoes Fourier Transformation to produce a spectrum (signal as a function of
frequency) (Figure 1-8C).

Chemical shift and J-coupling

All hydrogen nuclei in a sample are placed in the same strength of static magnetic
field (Bo) and based on equation 1, it would be expected that all the protons in the sample
would precess at the same frequency ®. However, this is not the case. The magnetic field
experienced by each proton is not just Bo but the sum of Bo plus the tiny magnetic fields
generated by the circulating electrons surrounding each nucleus. In other words, nuclear
spins experience a local magnetic field (By,.4;) Which is the total of the static magnetic
field and an induced magnetic field (Equation 3).

® = ¥Brocar = ¥(Bo — Beiectrons) Equation 3
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Where o is the angular frequency of the precession of the nucleus

y is the gyromagnetic ratio of the nucleus (T-'s™)

BrLocal 1s the magnetic field experienced by the nucleus (T)

Bo is the strength of the magnetic field (T)

Belectrons 15 the strength of the magnetic field created by the electrons near

the nucleus (T)

The induced magnetic field is small, especially when compared to the static magnetic
field, but produces a small shift in the angular frequency known as the chemical shift (5).
Electrons around a proton nucleus tend to create a small magnetic field in the opposing
direction of Bo, which effectively decreases the magnitude of the external magnetic field
experienced by the proton. The more electrons near a proton, the lower the frequency
(shielding), and the fewer electrons near a proton, the higher the frequency (deshielding).
In addition, there is a high degree of consistency in the amount of shielding or deshielding
that is caused by different functional groups, and this knowledge has been applied to help
identify structural elements of molecules using NMR. This sensitivity of the nuclear
frequency to its immediate and surrounding chemical environment is what leads to each
metabolite having a unique fingerprint.

Frequencies of chemical shifts in an NMR spectrum are given in parts per million
(ppm), which makes the chemical shift independent of the strength of the static magnetic
field (Bo). The reference frequency is usually the proton shifts from a standard molecule
that are assigned to be zero ppm. In the case of non-water-soluble compounds, the zero
ppm frequency is usually assigned to the resonance frequency of protons in

tetramethylsilane (TMS). However, in metabolomics the solvent used is water and TMS
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is not water soluble. In this case, the water soluble 4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS) or trimethylsilylpropionic acid (TSP) are most often used as chemical shift
references. The methyl protons of TSP and DSS have almost identical chemical shifts to
TMS and are used as the zero ppm chemical shift reference for metabolomics.

In solution-state NMR, spins are not isolated from one another, and neighbouring
spins that are not chemically equivalent affect the chemical shift in a process called J-
coupling. J-coupling results in multiplets in the spectrum based on the 2NI + 1 rule,
where I is the spin of the nucleus and n is the number of inequivalent spin neighbours
within three bonds. For example, in the case of the protons (I = %) in a terminal ethyl
group (R-CH2CH3), where R is not a methyl (CH3), methylene (CHz2), or methine (CH),
the methyl group is adjacent to two inequivalent hydrogens spins (N = 2), and this results
in the chemical shift of the methyl group being split into three lines, or a triplet (2 x 2 x Y4
+1 = 3) (Figure 1-9). Inversely, the hydrogens in the CH2 group are adjacent to three (N
= 3) inequivalent hydrogen spins and the chemical shift of the CHz is split into four lines
or a quartet (2 x 3 x 2 +1 = 4) (Figure 1-9). Ultimately, the multiplet structure and
chemical shift of a proton signal provide a wealth of information about the connectivity of
functional groups (bonding network) of the molecule.

1.8 Thesis scope

There is currently a lack of reliable and quantifiable biomarkers of stress for
chickens, which will become more important in an increasingly antibiotic-free world. It is
known that stress predisposes birds to disease and has adverse effects on the production
and health of chickens. However, the identification of biomarkers in samples that require

minimal or no handling of chickens, such as feathers and feces, correlated with stress
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would be very beneficial in managing disease and optimizing production. In that regard,
this thesis has three main hypotheses and objectives:

Hypothesis 1: CORT administered in water will incite a systemic metabolic cascade
including the stimulation of catabolic processes in liver, kidney, and breast muscle.

Objective 1: Investigate the effects of CORT administered in water on the
metabolome of liver, kidney, and breast muscle of chickens.

Discussed in chapter 2

Hypothesis 2: In silico baseline correction following solvent extraction of feces will
provide comparable 'H-NMR metabolomics profiles to those obtained with the
ultrafiltration method, but at a lower cost.

Objective 2: Compare and contrast water-soluble metabolite extraction protocols for
"H-NMR metabolomics analysis of fecal samples, including the application of in silico
spectral baseline correction, to determine the most reproducible and cost-effective
method.

Discussed in chapter 3

Hypothesis 3: The vascularized feather pulp will generate a 'TH-NMR spectrum
containing quantifiable information from numerous metabolites, similar to the metabolites
found in serum, and the feather pulp metabolome will be sensitive to biological factors
such as age and CORT administered to chickens.

Objective 3: Determine if "TH-NMR spectra can be produced from chicken feather
pulp and the best processing method for metabolomics studies, as well as the effects of
age and stress on the feather pulp metabolome.

Discussed in chapter 4
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Table 1-1: Animal food production efficiencies [17]

Chicken Pork Beef Carp Salmon

Feed Efficiency (kg feed / kg live weight) 2.5 4.0 8.0 1.5 0.9
Edible portion of live weight (%) 55.0 550 400 65.0 65.0
Feed Efficiency (kg feed / kg edible weight) 4.5 73 200 23 1.4
Protein content (% of edible weight) 20.0 140 15.0 18.0 22.0
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Figure 1-1: Average global production of chicken meat. The star shows southwestern Alberta. The figure was generated from data
obtained from the Food and Agriculture Organization of the United Nations [10] (Figure provided by Douglas Inglis)

21



Corn, soybean meal, and
& other feed ingredients

v

Breeder

Allied industry of Facilities owned by Facilities owned by vertically
the poultry industry contract growers integrated poultry farm
[y
Breeder| ——

farm | Fortiized @@Hat"he“’
eggs

@ZjﬁPrimaw breeder

A X
chicks S
company —> SOX

/ E,:?;E Byproducts Rendering, ByProducts
plant
Market ready NP,
broilers G processing
’ plant K

A
& \
- Distributor

Grocery store
Food service institution
Export

E -
Broiler
% farm

Figure 1-2: Typical operation of a vertically integrated broiler chicken farm

22



Endocrine organs
H  Hypothalamus

\ p Anterior

Pituitary

A Adrenals

Hormones

ATV & CRH
ACTH
CORT

Figure 1-3: The Hypothalamo-Pituitary-Adrenal (HPA) axis
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Figure 1-5: Precession of the magnetic moment of a nucleus in a static magnetic field
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Figure 1-6: Spin. A) the spins of nuclei not in a magnetic field; B) the spins aligned in a
static magnetic field; C) the net magnetization caused by the spins aligning in a static
magnetic field
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Figure 1-7: Inside an NMR magnet and probe. A) Sample transport tube; B) Room
temperature shim sleeve; C) Probe; D) Superconducting solenoid; E) Vacuum jacket with
mylar insulation; F) Liquid nitrogen cooling jacket; G) Second vacuum jacket; H) Liquid

helium bath; I) Glass NMR sample tube; J) Spinner; K) Radiofrequency (RF); coils L) RF
circuit tuning components
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2  CORTICOSTERONE-MEDIATED PHYSIOLOGICAL STRESS ALTERS
LIVER, KIDNEY, AND BREAST MUSCLE METABOLOMIC PROFILES IN

CHICKENS!

2.1 Abstract

The impact of physiological stress on the metabolomes of liver, kidney, and breast
muscle were investigated in chickens. To incite a stress response, birds were continuously
administered corticosterone (CORT) in their drinking water at three doses (0, 10, and 30
mg L—1), and they were sampled 1, 5, and 12 days after the start of the CORT
administration. To solubilize CORT, it was first dissolved in ethanol and then added to
water. The administration of ethanol alone significantly altered branched chain amino
acid metabolism in both the liver and the kidney, and amino acid and nitrogen
metabolism in breast muscle. CORT significantly altered sugar and amino acid
metabolism in all three tissues, but to a much greater degree than ethanol alone. In this
regard, CORT administration significantly altered 11, 46, and 14 unique metabolites in
liver, kidney, and breast muscle, respectively. Many of the metabolites that were affected
by CORT administration, such as mannose and glucose, were previously linked to
increases in glycosylation and gluconeogenesis in chickens under conditions of
production stress. Moreover, several of these metabolites, such as dimethylglycine,
galactose, and carnosine were also previously linked to reduced meat quality. In

summary, the administration of CORT in chickens modulated host metabolism, and

! A version of this chapter was published as: Brown, C.L.J.; Zaytsoff, S.J.M.; Montina, T.; Inglis, G.D.
Corticosterone-mediated physiological stress alters liver, kidney, and breast muscle metabolomic profiles in
chickens. Animals, 2021, 11, 3056, doi:doi.org/10.3390/anil11113056.
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indicated that energy potentials may be diverted from muscle anabolism to muscle

catabolism and gluconeogenesis during periods of stress.

2.2 Introduction

Chickens are exposed to many stressors during production. These include
transportation from the hatchery to the barn, handling by people, and exposure to
temperature fluctuations. When chickens experience a stressor, it stimulates the
hypothalamic-pituitary-adrenal (HPA) axis and causes behavioral and physiological
changes that help the chickens to cope with the stressor [1]. The glucocorticoid,
corticosterone (CORT), is the major stress hormone in birds and is produced upon HPA
activation [1,2]. Previous research has shown that an increase in the concentration of
circulating CORT can lead to an altered cellular immune response [3] and that
physiological stress negatively impacts the chicken immune system [4,5], which can have
deleterious effects on production performance. For example, exposure to stressors can
have a negative impact on poultry production metrics such as weight gain and feed
conversion [6]. However, the systemic effects of stress on bird physiology, including
impacts on metabolic processes, has not been extensively investigated to date.

One way to investigate the effects of stressors on metabolic processes is through
metabolomics. Metabolomics is the study of the small molecular weight compounds, or
metabolites, present in a tissue or biofluid, and allows for the analysis of the metabolic
responses of living systems to external stimuli, such as stressors. An understanding of this
response can provide valuable insight into the biochemical pathways that are potentially
dysregulated due to physiological stress. Metabolomics can be used to study both

pathological and physiological states, as well as to identify biomarkers in biological fluids
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and tissues. The metabolomics research that has been conducted in chickens to date is
often focused on the detection of drugs and drug metabolites such as anti-virals [7],
antibiotics [8], pesticides [9], and banned feed additives such as animal growth promoters
[10] and chicken bone meal [11] in chicken meat. In addition, there were chicken
metabolomic studies that investigated biomarkers of spoiled meat [12], the effects of
different cooking methods [13], the effects of diet [ 14], and the quality of the final meat
[15-17] and cooked product [18].

Nuclear magnetic resonance spectroscopy (NMR) is an experimental technique used
to characterize the metabolome of various biological tissues and fluids that is high
throughput, non-destructive, and highly reproducible [19-21]. Recent research has
explored the use of NMR-based metabolomics to examine chicken tissues for both model
development [22] and to identify biomarkers of disease [23,24]. NMR-based
metabolomics was also utilized to study the effects of stress in rat and human models, and
focused largely on pre-natal maternal stress [25,26] or early life stress [27] and not
lifetime stress or its effect on animal production. Previous work from our team has
utilized a targeted approach to NMR based metabolomics analysis, in which only certain
subsets of metabolites were analyzed, and combined this analysis with both genomics and
histology to investigate the effect of physiological stress [28]. This study relied on the
addition of ethanol to drinking water to administer CORT to the chickens as proposed in
Post et al. [29]; however, it did not investigate the effects of this delivery method, nor did
it comprehensively examine the metabolic effects of CORT administration in an
untargeted manner whereby all metabolites present in the tissues were considered.

Understanding the effects of physiological stress on metabolism in a comprehensive

and untargeted manner is an important step towards identifying biomarkers of stress. This
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may facilitate the development of tools to help producers identify when stress may be
adversely affecting their flocks so that mitigations can be employed early to prevent
production losses. In the current study, we applied an untargeted NMR-based
metabolomics approach to investigate the effects of both the ethanol-based delivery
method of CORT administration and physiological stress, through dosage effects of
CORT, on the metabolome of chicken kidney, liver, and breast muscle. We hypothesized
that physiological stress modulates the metabolome of liver, kidney, and breast muscle

due to increases in catabolism and gluconeogenesis.

2.3 Materials and methods
Ethics statement

The study was carried out in strict accordance with the recommendations specified in
the Canadian Council on Animal Care Guidelines. The project was reviewed and
approved by the Lethbridge Research and Development Centre (LeRDC) Animal Care
Committee (Animal Use Protocol Review #1526) before commencement of the research.
Experimental design

The study was designed as a factorial experiment with four levels of stress treatment
and three levels of time arranged as a completely randomized design. The four stress
treatments were: (1) control birds provided untreated drinking water (n = 9 chicks); (2)
ethanol control birds provided with 0.2% ethanol in drinking water (n = 9); (3) 10 mg L™
CORT in drinking water (n = 9); and (4) 30 mg L™! CORT in drinking water (n = 9). The
dose and method of CORT administration are detailed in a previous study [28]. Samples

were obtained at 1, 5, and 12 days after initiation of the ethanol or CORT. Each replicate
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included 12 birds, and replicates were conducted on three separate occasions to ensure
independence.
Corticosterone administration

CORT (Sigma Aldrich Inc., Oakville, ON, Canada) was dissolved in 2 mL of
anhydrous ethanol and added to 1 L of drinking water. Water containing CORT was
prepared fresh each day and added to animal cages twice daily.
Bird husbandry

Thirty-six specific-pathogen-free white leghorn chickens were used in this study.
Eggs were purchased from the Canadian Food Inspection Agency (Ottawa, ON, Canada),
and upon arrival at Lethbridge (shipped by air) were incubated in a Brinsea Octagon 40
Advanced Digital Egg Incubator according to the manufacturer’s recommendations
(Brinsea Products Inc., Titusville, FL, USA). In this regard, eggs were maintained at 37.5
°C and 45% humidity with hourly turning for the first 18 days of incubation. Thereafter,
eggs were set flat for hatching and humidity was increased to 60%. All hatched chicks
were acclimatized in a group within one large animal pen (1.1 m?) for 10 days and had
access to a brooder (Brinsea Products Inc., Titusville, FL, USA). Birds had ad libitum
access to a non-medicated starter diet (Hi-Pro Feeds, Lethbridge, AB, Canada) and water.
Birds were maintained on a 12 h light: 12 h dark cycle. At 11 days-of-age, birds were
randomly assigned to the four stress treatments and housed within individually ventilated
cages (IVCs) (Techniplast, Montreal, QC, Canada). Each animal cage contained a
companion bird to ensure no birds were socially isolated. Corticosterone treatment began

when chicks reached 14 days-of-age and continued until the end of the experiment.
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Sample collection

One bird per IVC was randomly sampled at each of the three sample times. Birds
were anesthetized with isoflurane (5% isoflurane; 1 L O2 min™!) and euthanized by
cervical dislocation under general anesthesia. The abdomen was opened with a ventral
midline incision and the liver, a kidney, and a sample of breast muscle were aseptically
removed and stored at —80 °C until processing. Liver, kidney, and breast muscle were
examined because the metabolome of these tissues was previously shown to be
significantly altered in response to stress in chickens [14,28].
Sample preparation

Tissues from liver, kidney, and breast muscle were homogenized in 4 mL g~!
methanol and 1.6 mL g~! deionized water. Tissues were homogenized with 6-mm-
diameter steel beads for 5 min intervals using a Qiagen Tissue Lyser at 50 Hz followed by
1 min of vortexing. This step was repeated two additional times to ensure complete tissue
homogenization. To each sample, 2 mL g~! chloroform was added and vortexed
thoroughly. Next, 2 mL g~! chloroform and 4 mL g™' deionized water were added to each
sample and vortexed until thoroughly mixed. Samples were then incubated at 4 °C for 15
min to allow for protein precipitation and then centrifuged at 1,000% g for 15 min at 4 °C.
Next, 700 pL of the supernatant was removed and left until evaporated. Samples were
rehydrated in 480 pL of metabolomics buffer (0.125 M KH2PO4, 0.5 M K2HPO4, 0.00375
M NaN3, and 0.375 M KF; pH 7.4). A 120 puL aliquot of deuterium oxide containing
0.05% v/v trimethylsilylpropanoic acid (TSP) was added to each sample (final total
volume of 600 uL); TSP was used as a chemical shift reference for 'H-NMR
spectroscopy. The solution was vortexed and then centrifuged at 12,000% g for 5 min at 4

°C to pellet any particulate matter. Following centrifugation, a 550 pL aliquot was loaded
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into a 5 mm NMR tube and run on a 700 MHz Bruker Avance I1I HD spectrometer
(Bruker, Milton, ON, Canada) for spectral collection.
Nuclear magnetic resonance data acquisition and processing

Spectra were collected on a 700 MHz Bruker Avance III HD spectrometer (Bruker,
Milton, ON, Canada). The Bruker 1-D NOESY gradient water suppression pulse
sequence ‘noesygpprld’ was used with 10 ms mixing time. Each sample was run for 512
scans to a total acquisition size of 128 k, a spectral window of 20.5 ppm, a transmitter
offset of 4.7 ppm, and a recycle delay of 4 s. All measurements were recorded using a
Bruker triple resonance TBO-Z probe. The Bruker automation program “pulsal” was used
on each sample before data acquisition to guarantee that the 90-degree pulse was
calibrated correctly, ensuring quantitative and comparable data across samples [26]. The
spectra were zero filled to 256 k, automatically phased, baseline corrected, and line-
broadened by 0.3 Hz [25]. Spectra were then exported to MATLAB (MathWorks, Natick,
MA, USA) as ASCII files, and underwent dynamic adaptive binning [30], followed by
manual inspection and correction. Spectral binning resulted in 439, 460, and 379 spectral
bins for kidney, liver, and breast muscle, respectively. The dataset was then normalized to
the total metabolome, excluding the region containing the water peak, and pareto scaled.
Statistical analysis

Spectral bins were subjected to both a univariate paired z-test and a multivariate
variable importance analysis based on random variable combination (VIAVC) [31]
analysis in MATLAB (Math Works, Natick, MA, USA) to determine which metabolites
were significantly altered between treatments. For the paired #-test each comparison was
paired within each replicate, and samples from all three time points, (1, 5, and 12 days

after CORT administration) were pooled to provide an adequate sample size. The
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univariate measures were calculated using a decision tree algorithm as described by
Goodpaster et al. [32]. All p-values obtained from this analysis were Bonferroni-Holm
corrected for multiple comparisons. The VIAVC algorithm uses both Partial Least
Squares Discriminant Analysis (PLS-DA) and the area under the Receiver Operating
Characteristics (ROC) curve to determine the best subset of bins for group classification
while also accounting for the significance of the bins; thus the algorithm considers the
synergistic effects of bins [31]. MATLAB was also used to calculate the percent
difference of the bins between treatments. The R package, MetaboanalystR [33] was used
to carry out the Principle Component Analysis (PCA) and Orthogonal Partial Least
Squares Discriminant Analysis (OPLS-DA). Metabolites were identified using the
Chenomx 8.2 NMR Suite (Chenomx Inc, Edmonton, AB, Canada) and the complete list
of significant metabolites was used to carry out pathway topology analysis using the
Metaboanalyst’s Metabolomics Pathway Analysis (MetPA) web-based tool. The
Hypergeometric Test was used to calculate relative betweenness centrality and out degree
centrality measures to determine the importance of the compounds identified in the
samples [34]; the KEGG database [35] for chicken pathways was selected for this

analysis.

2.4 Results
Ethanol alters the metabolome of kidneys, liver, and breast muscle

Paired ¢-test and VIAVC tests revealed the bins that were significantly altered (p <
0.05) between the control and ethanol control treatments in kidney (18 bins by #-test, 9
bins by VIAVC, no bins in common between the two tests), liver (53 bins by #-test, 9 bins

by VIAVC, 5 common bins), and breast (no bins by #-test, 9 bins by VIAVC, no common
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bins). Examination of bins that were observed to be significantly altered via the paired -
test and/or the VIAVC analysis was done using a PCA score plot which showed little to
no unsupervised group separation in any of the tissues (Figure 2-1). Subsequent OPLS-
DA analyses for the ethanol control treatment showed supervised group separation and a
good model fit (as indicated by the Q?) in liver (Q*>=0.85, p < 0.001, R2=0.97, p < 0.050)
and breast (Q*=0.66, p < 0.001, R2=0.76, p < 0.050), but not kidney (Q*=0.16, p =
0.076, R?=0.65, p = 0.062) tissues (Figure 2-2).

Double cross-validation and permutation tests validated the observed supervised
separation results as a function of ethanol in the drinking water in liver and breast (p <
0.001), but not kidney (p = 0.076) tissues. Quantities of specific metabolites differed (p <
0.050) between the control and ethanol control treatments as determined by paired #-test
and/or VIAVC analysis. In the kidney, 5/10 (50%), in liver, 11/27 (40%), and in breast
muscle, 1/5 (20%) unique metabolites were significantly up-regulated (Figure 2-3).
Pathway topology analysis showed that the inclusion of ethanol in the drinking water
affected aminoacyl-tRNA biosynthesis (p < 0.001), and alanine, aspartate, and glutamate
metabolism (p < 0.050) in kidney and liver, as well as D-glutamine and D-glutamate
metabolism and nitrogen metabolism (p < 0.050) in kidney and breast muscle (Figure
2-4). Only in the kidney was the branched chain amino acid (BCAA) (e.g., valine, leucine
and isoleucine) degradation pathway altered (p < 0.050). In the liver, other amino acid
metabolism pathways that were altered included the phenylalanine metabolism pathway

(» <0.050) and the arginine and proline metabolism pathway (p < 0.050).

49



Corticosterone substantively alters the metabolome of kidneys, liver, and breast
muscle

To ascertain the impact of CORT, the metabolome of birds administered CORT at a
dose of 10 mg L™! or 30 mg L~! was compared to birds administered ethanol without
CORT in drinking water to eliminate metabolite bias as a result of the ethanol carrier.
Paired t-test and VIAVC tests were applied to each CORT treatment. The liver tissues
had the largest number of significantly altered bins across all tissues and dosages (Table
2-1). The relative concentration changed for 46 metabolites in kidney, 71 in liver, and 75
in breast with CORT administration (Tables A1-A3). A PCA score plot shows that at the
lower dose of CORT there was no unsupervised separation in kidney tissue (Figure
2-5A), but there was unsupervised separation in liver and breast muscle tissues (Figure
2-5C,E) with some confidence interval overlap. At the higher dose of CORT there was
unsupervised separation observed in all three tissues (Figure 2-5B,D,F) with complete
separation of the confidence intervals for breast muscle and less overlaps for both the
kidney and liver tissues. Subsequent OPLS-DA analyses showed supervised group
separation and a good model fit for 10 mg L™! CORT in liver (Q*=0.80, p < 0.001, R?=
0.99, p < 0.050) and breast muscle (Q*=0.44, p = 0.050, R>=0.63, p < 0.050), but not in
kidney (Q*=0.02, p =0.151, R>=0.66, p = 0.111) (Figure 2-6A,C,E). Likewise,
supervised separation was observed for the 30 mg L™' CORT dosage in liver (Q*=0.81, p
<0.001, R?=0.93, p <0.001), breast muscle (Q*=0.87, p < 0.001, R2=0.92, p < 0.001),
and kidney (Q*=0.71, p <0.001, R>=0.92, p < 0.050) (Figure 2-6B,D,F). At 10 mg L™,
CORT significantly up-regulated 39/43 (90%) of the unique metabolites in the kidney,
20/115 (17%) in the liver, and 20/25 (80%) in breast muscle. At 30 mg L™!, CORT

significantly up-regulated 13/36 (36%) of the unique metabolites in the kidney, 26/93
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(28%) in the liver, and 17/96 (18%) in breast muscle (data not shown). There were 11
metabolites that were significantly altered at both the 10 and 30 mg L~! CORT doses in
kidney, 46 in liver, and 14 in breast muscle (Figure 2-7). Glucose and N-methylhydatoin
were significantly altered in all three tissues. In kidney and breast muscle, all metabolites
that were altered at both doses showed a greater percentage difference at 30 mg L™
CORT than at 10 mg L™! CORT. In liver there were 16 metabolites that showed a greater
change in regulation at 10 mg L~! CORT than at 30 mg L' CORT, and 27 metabolites
that followed the same trend observed in kidney and breast muscle, with three metabolites
that had equal changes in regulation at both concentrations of CORT.

Pathway topology analysis indicates that the inclusion of 10 mg L™! CORT in the
drinking water affected galactose (p < 0.001); starch and sucrose (p < 0.050); and inositol
phosphate (p < 0.050) metabolism. In liver and kidney alanine, aspartate, and glutamate
(» <0.050); and histidine (p < 0.050) metabolism were altered (data not shown). For the
30 mg L' CORT, treatment pathway topology analysis indicated that two pathways were
altered in all three tissues: these were the aminoacyl-tRNA biosynthesis (p < 0.001) and
galactose metabolism (p < 0.050) pathways (Figure 2-8). In liver and kidney, glutathione
(p <0.050), and starch and sucrose (p < 0.050) metabolism were also altered. In liver and
breast muscle, pantothenate and CoA biosynthesis (p < 0.050), histidine (p < 0.050), and
purine (p < 0.050) metabolism were also all significantly altered. In kidney and breast
muscle, alanine, aspartate, and glutamate metabolism (p < 0.050), pyruvate metabolism (p

< 0.050), and glycine, serine, and threonine metabolism (p < 0.050) were also altered.
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2.5 Discussion

Metabolomics provides a comprehensive understanding of all the responses of whole
living systems to pathophysiological stimuli, genetic modification, diet, and the
environment. Furthermore, metabolomics is particularly adapted to identify biomarkers as
it provides a snapshot of all the metabolic activity occurring in a system [21,36]. For
these reasons, identifying biomarkers of physiological stress and disease using
metabolomics is gaining more momentum in human biomedical research, as well as in
poultry science [23,37,38].

When chickens are exposed to a stressor, the HPA axis is activated to help the bird
cope with the stressor [3,39]. This activation leads to an increased concentration of
circulating CORT, the main glucocorticoid in birds. Factors that stimulate CORT release
are relevant to poultry producers as the hormone can be linked to detrimental effects on
bird health [23,40], growth rate [41], and the overall quality of the meat [17,42]. Previous
studies showed that CORT decreases mass gain [41,43,44], increases the amount of lipids
in the liver [43], decreases skeletal muscle growth [41], and decreases nitrogen retention
[45] by increasing the degradation of muscle proteins [41,44]. In addition, CORT has
previously been shown to cause an increase in plasma glucose [41] and fatty acid
concentrations [45]. In the current study, we investigated the effect of CORT
administered at two doses in drinking water (10 and 30 mg L") on white leghorn
chickens using "H-NMR metabolomics, and we observed distinct changes in the
metabolomes of liver, kidney, and breast muscle regardless of the dose administered.
Moreover, CORT administration was observed to alter several metabolite concentrations
that can be linked to alterations in metabolic pathways related to both bird health and

meat quality.
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Ethanol impacts on kidneys

Previous studies reported that rats administered ethanol in drinking water exhibit
reduced renal function due to kidney injury [46,47]. Both the liver and the kidney have
the ability to catabolize ethanol, but the formation of free radicals occurs during
catabolism, which can damage these organs and cause energy-intensive inflammatory
responses [48]. As a result of increased energy demand, the process of gluconeogenesis
can be utilized by the kidney to convert glycerol into glucose and to provide energy for
cells in need [49,50]. The decrease in glycerol concentrations observed in the kidney of
birds administered ethanol supports this mechanism, and suggests that gluconeogenesis
was increased in the kidney to provide more energy due to the higher energy demands
due to the inflammatory response caused by the ethanol. In chickens, gluconeogenesis
occurs in both the liver and the kidney; however, the kidney is the primary site of
gluconeogenesis in chickens [51]. A further indication that the kidney indeed had higher
energy demands is supported by the observed decrease in alanine. The Cabhill cycle, or the
glucose-alanine cycle, occurs in most extrahepatic tissues, and the resultant molecules
from the breakdown of BCAA are converted to alanine, which can more easily be
transported to the liver where it can be converted into glucose [50-53]. Although we did
not observe an increase in alanine within the livers of birds administered ethanol, the
accumulation of alanine could have been obscured by the rapid conversion of alanine to
urea via the urea cycle within the liver.
Ethanol impacts on liver

The liver is the primary site of ethanol catabolism, and chronic ethanol ingestion and
metabolism causes mild damage to the liver through oxidative stress [48] and can induce

fatty liver disease [48,54]. Furthermore, the administration of ethanol to chickens has
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been shown in previous studies to decrease liver antioxidant enzyme activities [55]. The
combination of increased oxidative stress and reduced antioxidant enzymes would be
expected to result in an increase in energy demands in the liver. The liver is the major site
of the Cori cycle in chickens, in which lactate is converted to glucose to supply these
energy demands [45,51]. The observed down-regulation of lactate in the livers of the
ethanol control birds in the current study is consistent with an increase in the use of
energy in chickens [14]. We also observed that phenylalanine was down-regulated in the
livers of birds administered ethanol. Phenylalanine is a precursor for tyrosine, which is
then used for the synthesis of neurotransmitters [56], and a decrease in phenylalanine
concentration may adversely affect a chicken’s ability to respond to stimuli [14].
Ethanol impacts on breast muscle

In breast muscle of birds administered ethanol, the metabolites of the glutamine and
glutamate metabolism pathways, along with the metabolites of the nitrogen metabolism
pathway, were significantly altered. Glutamine is normally the most abundant amino acid
in healthy skeletal muscle; however, when muscle is stressed, the concentration of
glutamine drops significantly. Therefore, glutamine is designated as a conditionally
essential amino acid during periods of stress [57,58]. Studies have shown the glutamine
supplementation in broilers was associated with improved growth, carcass characteristics,
and overall meat quality while under stress [57,59]. Under stress conditions, there is a
depletion of glutamine [59], as was observed in breast muscle of birds administered
ethanol in the current study, suggesting that ethanol can lead to a decrease in breast meat

quality.

54



Corticosterone impacts on the kidney metabolome

The concentration of glutamate in the kidney was decreased in CORT stressed birds
regardless of the concentration administered. Glutamate is a neurotransmitter, but is also
present in peripheral tissues, like kidney, where it plays an important role in energy
production, nitrogen metabolism, and the body’s response to oxidative stress [50,60].
Glutamate receptors in the kidney are coupled to a number of G-protein cascades [60].
There are many N-methyl-D-aspartate (NMDA) receptors in the kidney to which
glutamate can bind. Although glutamate spectra are included in the Chenomx database for
identification, glutamate bound to its receptor is not, meaning that bound glutamate
cannot be identified in '"H-NMR spectra. The lower concentration of glutamate that we
observed in the kidney of birds administered CORT could be caused by greater amounts
of the metabolite being bound to its receptor. The activation of these receptors affects
renal function, and in some cases may induce renal dysfunction; for example, a previous
study showed that prolonged exposure to NMDA caused excessive NMDA receptor
activation that led to an accumulation of reactive oxygen species [60] which are toxic for
renal cells; and this agrees with the metabolite changes observed in the current study. In
addition, the concentration of glucose in the kidneys of the CORT birds was increased,
and this agrees with the previously suggested increased role of the Cahill cycle. In the
Cahill cycle, alanine is converted to glucose, and one key source of alanine is the
conversion of glutamate and pyruvate into alanine and alpha-ketoglutarate. Previous
studies also showed an increase in glucose in kidneys under stressed conditions [50-53].
This suggests that the combination of relative changes in both glucose and glutamate

might serve as a strong biomarker of stress in chickens.
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All metabolites altered in the kidney following CORT administration were affected
to a greater extent in birds administered CORT at the 30 mg L' dose relative to the 10
mg L' dose. For example, the concentration of 4-hydroxyproline was substantially
increased for birds administered CORT at the higher dose. In most animals, including
chickens, hydroxyproline is required for the synthesis of glycine. Glycine is known to
scavenge oxidants and help regulate the redox state of cells [61]. Moreover, up-regulation
of hydroxyproline has been observed in response to many different kinds of stress, such
as inflammatory and genotoxic stresses [62,63]. Elevated concentrations of malate were
linked to kidney dysfunction in rats [64], and the increased concentration of malate
observed in the kidneys of the birds administered CORT could indicate that the CORT
treatment is a biomarker of renal dysfunction and this warrants further investigation.
Corticosterone impacts on the liver metabolome

A key function of the liver is to provide glucose to tissues. Under conditions of stress
the liver increases rates of both glycogenolysis and gluconeogenesis to meet the body’s
increased energy demands [65]. Amino acids represent the main metabolic source of
energy for the liver [66,67]. The essential amino acids that were identified in the liver of
CORT-treated chickens in the current study (i.e., threonine, valine, isoleucine,
methionine, phenylalanine, and tryptophan) were all down-regulated, indicating that
energy demands in the liver were higher in birds administered CORT (i.e., relative to
birds administered ethanol alone). This agrees with previous research that showed that
concentrations of amino acids drop in liver under stress due to increases in metabolic
demands [65,67,68]

In contrast to essential amino acids, mannose concentrations were significantly

increased in the livers of birds administered CORT at 10 and 30 mg L' as compared to
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the ethanol control treatments. Previous studies observed up-regulation of mannose-6-
phosphase, which is indistinguishable from mannose in 1D 'H-NMR spectra; mannose-6-
phosphate is an integral metabolite in the formation of GDP-mannose which is important
for N-linked glycosylation [67]. Glycosylation has been shown to be increased under
acute stress conditions [67], and mannose is often used as the substrate for glycosylation
if the cell experiences stress [69]. The function of glycosylation under acute stress is
poorly understood at present, but is likely involved in the regulation of heat shock
proteins, which are often up-regulated under various conditions of stress [69].

Previous studies observed an increase in glucose in chicken livers when the birds
were stressed by high temperatures [67]. The up-regulation of glucose observed in the
livers of chickens administered CORT in the current study is consistent with these
findings, thereby suggesting that increases in the concentration of glucose in the liver may
be indicative of physiological stress regardless of the incitant. Furthermore, excessive
CORT exposure was shown to cause fatty liver in chickens [70,71]. Steatosis, which is a
buildup of fat in the liver, was noted in the livers of the birds receiving CORT after 5
days, which was previously published on the same cohort of birds from which tissues
were obtained and analyzed in the current study [28].

Corticosterone impacts on the breast muscle metabolome

We observed that BCAAs in breast muscle were significantly down-regulated in
CORT-treated birds as compared to control treatment birds. BCAAs are mostly
metabolized in skeletal muscle and other peripheral tissues [72], and the decrease in
BCAAs observed in the current study is consistent with an increase in metabolic demands
imparted due to stress. Protein synthesis is an energy intensive process, and much more so

than proteolysis [73,74]. Thus, insufficient energy to build protein, as would be the case if
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the birds’ energy was used for other metabolic processes, may have contributed to the
lower body weights that were previously observed on this cohort of stressed chickens
[28]. It is noteworthy that stress is known to reduce feed intake [67,75]. Although we did
not measure feed intake in the current study, it is possible that the decrease in bird
weights could be caused entirely or partly by a reduced appetite in the birds, as seen in
previous studies [67]. However, reduced food intake would still be expected to result in
the observed changes in BCAAs related to muscle metabolism and increased energy
demand. It is widely accepted that high concentrations of circulating CORT suppress
muscle growth and protein synthesis [65], and can even lead to muscle atrophy [76],
which would also contribute to the lack of mass gain in the CORT chickens.

We observed an increased concentration of glucose in breast muscle of birds
administered CORT as compared to control treatment birds. As indicated previously,
stress increases gluconeogenesis in the liver [17,67]. This results in increased levels of
glucose in liver tissue, as well as transport of glucose to other tissues [77]. Stress was
shown to increase the level of glucose in breast muscle [28,78], and previous studies have
correlated meat quality to glucose levels [16], with higher quality breast meat possessing
lower levels of glucose than poorer quality meat [16,42]. Thus, the findings of higher
concentrations of glucose in breast muscle of birds administered CORT suggest that stress
contributes to poor meat quality. Consistent with this conclusion, anserine, carnosine,
proline, dimethylglycine, and phenylalanine concentrations were significantly reduced,
while mannose-6-phosphate was significantly increased in CORT-treated birds. This
agrees with previous research that showed similar concentration changes in these

metabolites associated with overall meat quality measures [16,38,79].
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Galactose metabolism is a pathway that has previously been determined to be
significantly up-regulated in lower quality breast meat samples [16]. Metabolites
associated with the galactose metabolism pathway, including glucose and glucose-1-
phosphate, were observed to be significantly up-regulated in birds administered CORT as
compared to the control birds in the current study, further implicating stress as an
important contributor to meat quality. Overall, we identified and confirmed a variety of
breast muscle metabolites that were significantly altered due to physiological stress
incited by CORT, which may be of value as biomarkers of stress and impacts of stress on

breast meat quality.

2.6 Conclusions

In the current study we showed that ethanol altered the metabolomes of the liver,
kidney, and breast muscle of chickens; however, the effects of ethanol alone were
substantially less than the metabolomic effects of CORT orally administered in ethanol. It
is possible that CORT and ethanol together exerted a larger effect than either alone would
have. Study results indicate that CORT should be administered in an alternate fashion
(e.g., incorporated into the feed) in future studies to remove the confounding effects of
ethanol on the metabolome. Despite the observed effects of ethanol, the data from this
study showed that the stress hormone, CORT, was linked to changes in metabolite
concentrations across several important tissues in chickens that could be linked to overall
health and production. This includes kidney glutamate concentrations, liver amino acid
concentrations, and increases in glucose concentrations in the kidney, liver, and breast
muscle of white leghorn chickens. Significantly, several stress induced changes in

metabolite concentrations observed in breast muscle may be associated with meat quality
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which warrants further investigation. Moreover, alterations to the metabolome of
chickens incited by CORT were consistent with increases in metabolism due to stress
induction, which were consistent with a previously published reduction in the mass of
CORT administered birds relative to control treatments in the same chicken cohort.
Future research should focus on relating metabolite changes in tissues to non-destructive
markers like blood, feces, or feathers relative to metrics of birds’ health and meat quality
with the goal of developing new diagnostic tools to better monitor on-farm stress.
Ultimately, the identification of quantitative biomarkers of stress will allow producers to
utilize the markers to develop and objectively evaluate mitigation strategies to proactively

enhance bird health and flock performance.
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Figure 2-1: Principal component analysis score plots for the control treatment vs. the
ethanol treatment. (A) Kidney. (B) Liver. (C) Breast muscle. The X and Y axes show
principal components with brackets indicating percent variance and the shaded ellipse
represents the 95% confidence interval
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Figure 2-2: Orthogonal partial least squares determinant analysis score plots for the
control treatment vs. the ethanol control treatment. (A) Kidney (Q*=0.16, p = 0.076, R?=
0.65, p = 0.062). (B) Liver (Q*=0.85, p <0.001, R2=0.97, p < 0.050). (C) Breast muscle
(Q*=0.66, p <0.001, R?=0.76, p < 0.050). Each triangle or square represents one
chicken under study (n =9), plotted using a list of bins found to be statistically significant
via paired ¢-test and/or multivariate variable importance analysis based on random
variable combination analysis. The x- and y-axis represent the predictive (between group
separation) and orthogonal (within group variation) components of the data, respectively.
The shaded ellipse represents the 95% confidence interval
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Table 2-1: Number of significantly altered bins across all tissues and corticosterone
(CORT) doses

Kidney Paired T-test VIAVC Common to both tests
10 mg CORT/L water 63 12 4
30 mg CORT/L water 45 7 1

Liver
10 mg CORT/L water 236
30 mg CORT/L water 217

Breast
10 mg CORT/L water 31 10 1
30 mg CORT/L water 251 75 72
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Figure 2-6: Orthogonal partial least squares determinant analysis score plots for the
corticosterone treatments vs. the ethanol control treatment. (A) Kidney—10 mg L™!
corticosterone (Q*=0.02, p = 0.151, R>=0.66, p = 0.111). (B) Kidney—30 mg L
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0.81, p <0.001, R?=0.93, p < 0.001). (E) Breast muscle—10 mg L' corticosterone (Q*=
0.44, p = 0.050, R*= 0.63, p < 0.050). (F) Breast muscle—30 mg L' corticosterone (Q*=
0.87, p <0.001, R?=0.92, p < 0.001). Each triangle or square represents one chicken
under study (n = 9), plotted using a list of bins found to be statistically significant via
paired t-test and/or multivariate variable importance analysis based on random variable
combination analysis. All three tissues show supervised separation at the highest
corticosterone dose. All but kidney also show supervised separation at the lower dose.
The x- and y-axis represent the predictive (between group separation) and orthogonal
(within group variation) component of the data, respectively. The shaded ellipse
represents the 95% confidence interval
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3 FECAL 'H-NMR METABOLOMICS: A COMPARISON OF SAMPLE
PREPARATION METHODS FOR NMR AND NOVEL IN SILICO BASELINE

CORRECTION

3.1 Abstract

Analysis of the functioning of the enteric microbiota indirectly through analysis of
the fecal metabolome has the potential to be a cost-effective and informative diagnostic
tool. However, metabolomic analysis of feces is hampered by the difficulty of effectively
removing high concentrations of fats and large macromolecules like proteins and fiber
from samples. Using rat fecal samples, the efficacy of four different sample preparation
methods for "TH-NMR analysis were investigated. The three most promising methods,
ultrafiltration (UF), Bligh-Dyer methanol-chloroform extraction (BD), and no extraction
(samples added directly to buffer, vortexed, and centrifuged) were then tested on fecal
samples obtained from multiple rats (n=10) and chickens (n==8) to ascertain whether the
methods chosen worked equally well across species and individuals within species. An in
silico baseline correction method was also evaluated to determine if a cost-effective data
processing algorithm could be utilized to obtain reproducible results similar to those
obtained via UF. For both rat and chicken feces, UF removed all macromolecules and
produced no baseline distortion among samples. In contrast, the BD and no extraction
methods did not remove all the macromolecules and produced significant baseline
distortions. The application of in silico baseline correction removed the effects of the
distortion and produced spectra comparable to the UF spectra. In the case of no
extraction, spectra with more intense peaks were produced. This suggests that baseline

correction may be a cost-effective and reproducible method for metabolomic analysis of

78



fecal samples as an alternative to the more costly UF method. UF was the most versatile,
reproducible, and efficient method to extract metabolites from fecal samples; however,

BD and no extraction followed by baseline correction can produce comparable results.

3.2 Introduction

The enteric microbiota plays a critical role in the health of mammals and avians, and
the structure and function of the microbiota can be an indicator of the health status of the
host. The enteric microbiota impacts host health in a number of ways, including digestion
of foods (e.g. fermentation of plant fiber), production of short-chain fatty acids and
vitamins, stimulation and modulation of immune responses, and protecting the host from
pathogens to name a few [1,2]. Alterations to the normal structure of the microbiota (i.e.
dysbiosis) is associated with a number of adverse acute and chronic health conditions
such as pseudomembraneous colitis [3,4], Inflammatory Bowel Disease (IBD) [5], and
Irritable Bowel Syndrome (IBS) [6]. Autoimmune disorders such as Multiple Sclerosis
(MS) [7], mood disorders such as Major Depressive Disorder (MDD) [8], Autism
Spectrum Disorder (ASD) [9], and neurodegenerative diseases such as human Motor
Neuron Disease (MND) [10] have also been linked to dysbioses in the enteric microbiota.
However, whether this is cause or effect, and the mechanisms by which the microbiome
affects host health are currently enigmatic.

In recent years an emphasis has been placed on characterizing the composition and
structure of the enteric microbiota using 16S rRNA gene sequencing [11]. However, this
technique does not directly measure bacterial function such as metabolic processes [12].
Another disadvantage of 16S rRNA gene sequencing is that it currently delivers poor

taxonomic resolution (i.e. family or genus), it is relatively time and bioinformatically
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intensive, and it can be cost prohibitive [12,13]. Using metabolomics to ascertain the
function of the microbiota, including the impact of enteric dysbioses on host health has
considerable benefits, and it is receiving increasing attention for applications in human
and non-human medicine. Metabolomics, the study of the small molecular weight
molecules forming and resulting from the biochemical pathways of an organism, can be
used to characterize the metabolome in a variety of tissues and biofluids [14-16]. The
fecal metabolome reflects host-microbiome interactions. However, up to 68% of its
variance arises from the enteric microbiota, and not the host [17]. As the relationship
between the enteric microbiome and health of the host becomes more evident, there is
increasing interest in using fecal metabolomics as an indirect and non-invasive diagnostic
indicator of host health.

Despite the presence of established methods and databases for proton nuclear
magnetic resonance ('H-NMR)-based metabolomic analysis of serum [18], urine [19],
and saliva [20], characterization of the fecal metabolome is an emerging field with a large
amount of variation in sample preparation methods reported among studies [21-25]. The
analysis of fecal samples using metabolomic methods presents a series of unique
challenges, namely the solid nature of the sample, and the presence of varying and large
amounts of molecules such as water, proteins, fats, and fiber. Notably, inconsistent and
incomplete removal of fats and macromolecules from fecal samples can result in an
increase in the number of broad signals in the baseline of "TH-NMR spectra, and these
signals can often span several parts per million on the NMR chemical shift scale. As a
direct result of this, there is a great deal of inaccuracy in the quantification of any

metabolite that overlaps with these broad signals [26].
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Previous studies have examined the effects of various sample processing and
metabolite extraction methods of feces to determine which are the most unbiased,
efficient, and reproducible. These include but are not limited to fresh versus frozen fecal
samples [27,28], pooled versus un-pooled samples [29], freeze-dried versus frozen
samples [21,24,25,27,29-32], refrigerated versus frozen samples [33], different
homogenization methods, and the ratio of feces to buffer (Wr:Vp) [34]. Although
currently published studies present important information, there is currently no universal
consensus on the best methods by which to prepare and analyze fecal samples for
metabolomic analysis using "H-NMR [35]. In this regard, Cui et al. [35] evaluated several
different methods for preparation of fecal samples for 'H-NMR, including a comparison
of extraction solvents and processing on the reproducibility of signature metabolites.
However, they did not test ultrafiltration (UF), which has been recommended for many
types of samples [18,36]; UF provides good signal-to-noise, provides good
reproducibility without unwanted evaporation of volatile metabolites, and avoids loss of
metabolites by dissolution in solvents or the hydrolysis of metabolites due to the need to
neutralize the solution [36]. An alternative approach for the consistent removal of broad
signals from NMR spectra is in silico baseline correction. With respect to metabolomics,
these methods have only been applied to smoothing or flattening distortions in the
baseline of a spectrum, such as rolling baselines, and they have not been applied to the
removal of the large broad signals that may be present due to residual macromolecules
[37,38].

The goal of the current study was to compare a number of sample preparation
methods for fecal metabolomics analysis by "H-NMR. The methods tested were: (1) no

extraction in which the fecal sample is added to buffer, vortexed, and centrifuged
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(hereafter referred to as “no extraction™); (2) UF [25]; (3) the traditional Bligh-Dyer (BD)
fat and protein extraction method [34,39]; and (4) a modified version of the BD (M-BD)
method that was intended for samples which have high fatty acid content [40]. Lastly, the
most effective of these methods, UF, was compared to results achieved using both the no-
extraction and BD methods in which the spectra were processed using a in silico baseline
correction. These methods were evaluated both qualitatively and quantitatively based on

the least amount of baseline variation and the most consistent results across samples.

3.3 Materials and methods
Ethics approval

Procedures involving the handling of rats were approved by the University of
Lethbridge Animal Care Committee under guidelines put forth by the Canadian Council
on Animal Care. The chicken component of this project was reviewed and approved by
the Agriculture and Agri-Food Canada (AAFC) Lethbridge Research and Development
Centre (LeRDC) Animal Care Committee (Animal Use Protocol Review 1903). The
study was carried out in strict accordance with the recommendations established in the
Canadian Council on Animal Care Guidelines.
Animal protocol

Long-Evans rats were born and housed in the University of Lethbridge vivarium on
12:12 hr day/night cycle in standard polycarbonate cages on corn chip bedding. The
ambient temperature in the animal room was 22°C, and animals had access to food and
water ad libitum. White Leghorn chickens were born and housed at the LeRDC vivarium
on 16:8 hr day/night cycle. Chickens were maintained in individually ventilated cages

(Techniplast, Montreal, QC) on autoclaved wood shavings (United Farmers of Alberta
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Co-operative Ltd., Lethbridge, AB). The ambient temperature in the animal room was
30°C for the first 2 days, 28°C for the next 2 days, and 26°C thereafter and birds had
access to food (Hi-Pro Feeds, Lethbridge, AB) and water ad libitum.
Sample preparation — Comparing methods without variation across individuals

Recently excreted fecal pellets were collected from a single adult Long-Evans rat at a
single time point, and placed at -80°C within 20 min of collection. Frozen samples were
later divided into four equal aliquots with the goal of conducting analyses on samples
with identical metabolomes. The four fecal subsamples were thawed on ice, mixed with
metabolomics buffer at a 2:1 volume to mass ratio, vortexed until the sample became
homogenous, centrifuged at 14,000 x g for 20 min, and the supernatant was removed and
is hereafter is referred to as fecal water. The metabolomics buffer consists of a 4:1 ratio of
mono and dibasic potassium phosphate salts (K2HPO4/KH2PO4) in H20 with 3 mM
sodium azide (NaN3). The resulting pH of this buffer was 7.4; sodium azide was added as
an anti-microbial agent. Fecal water samples were then stored at -80°C until processed.
As previously indicated, water soluble metabolites were isolated from the fecal water
using the following four techniques: (1) no extraction (2) UF, (3) BD extraction, and (4)
fatty acid favoring extraction. In the case of the no extraction method, 275 pL of each
fecal water sample was used to prepare the NMR sample without further processing.
Ultrafiltration

Amicon Ultra 0.5 mL Centrifugal Filters (Merck Millipore, Cork, IRL) with a
molecular weight cutoff of 3 kDa were utilized. Each filter was washed by adding 500 puL
of Millipore water (Merck Millipore) to the filter, and centrifuging at 14,000 x g for 5
min. This washing step was repeated ten times in order to ensure that all the glycerol in

the filter had been removed [36,41]. Following the wash step, 350 uL of the fecal water
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was added to the filter and centrifuged at 14,000 x g for 30 min at 4°C. A 275 uL aliquot
of the fecal water filtrate was set aside for NMR sample preparation.
Bligh-Dyer methanol-chloroform extraction

In a2 mL tube, 275 pL of each fecal water sample was combined with 387.5 uL of
methanol and 343.8 pL of chloroform. The tube was then vortexed and stored at -20°C for
15 min to precipitate proteins, and then centrifuged at 15,300 x g for 15 min at 4°C. The
supernatant from each sample was decanted into a new tube containing equal volumes of
343.8 pL of chloroform and deionized water. This mixture was then vortexed briefly, and
centrifuged at 6,700 x g for 5 min at 4°C. Following centrifugation, 1 mL of the top
aqueous layer containing the water-soluble metabolites of each sample was pipetted into
new tube, and samples were placed in a nitrogen gas flow box for 5-6 days to dry. Once
dry, samples were rehydrated in 275 pL of deionized water, and the rehydrated samples
were set aside for NMR sample preparation.
Fatty acid removal favoring liquid-liquid extraction

In a2 mL tube, 275 pL of each fecal water sample was combined with 1,500 uL of
methanol and 1,500 pL of chloroform. The sample tube was vortexed and stored at -20°C
for 15 min to allow precipitation of proteins, and then centrifuged at 15,000 x g for 15
min at 4°C. The supernatant from each sample was then transferred to a new
microcentrifuge tube containing 375 pL. of methanol, 375 pL of chloroform, and 475 pL.
of deionized water. Each sample was vortexed and centrifuged at 6,800 x g for 5 min at
4°C. After centrifugation, 1 mL of the top layer containing the water-soluble metabolites
of each sample was pipetted into a new tube, left to dry in a nitrogen gas flow box, and

rehydrated as described above.
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Sample preparation — Replication of preparation methods across multiple samples

Individual fecal samples were obtained from rats (n = 10) and chickens (n = 8). Each
fecal sample was split into three aliquots (i.e. subsamples) with each having a mass of at
least 150 mg, and each aliquot was used to prepare fecal water as described previously.
The following three methods were evaluated for variation within and across fecal samples
by species: (1) no extraction; (2) UF; and (3) BD extraction as described previously. In
silico baseline correction was applied to the spectra obtained from fecal water samples
processed by the BD and no-extraction methods. This allowed for a comparison of the
application of in silico baseline correction filter to the spectra obtained using the UF
method.
Sample preparation for 'TH-NMR spectroscopy

From each sample, 275 pL was mixed with a 120 pL of deuterium oxide (D20)
containing 0.027% w/v sodium 3-trimethylsilylpropanoate-2,2,3,3-d4 (TSP), and 205 puL
of metabolomics buffer (total volume of 600 puL); TSP was used as a chemical shift
reference for 'H-NMR spectroscopy. The solution was vortexed and then centrifuged at
12,000 x g for 5 min at 4 °C to pellet particulate matter. Following centrifugation, a 550
uL aliquot of the supernatant was loaded into a 5 mm NMR tube.
NMR data acquisition and processing

Spectra were obtained on a 700 MHz Bruker Avance III HD spectrometer using the
1-D NOESY gradient pulse pre-saturation water suppression pulse sequence
‘noesygpprld’ with 10 ms mixing time. Each sample was run for 512 scans to a total
acquisition size of 128 k, a spectral window of 20.5 ppm, a transmitter offset of 4.7 ppm,
and a recycle delay of 4 sec. All measurements were recorded using a Bruker triple

resonance TBO-Z probe. The Bruker automation program “pulsecal” was used on each
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sample before data acquisition to guarantee that the 90-degree pulse was calibrated
correctly, ensuring quantitative and comparable data across samples [42]. The spectra
were zero filled to 256 k, automatically phased, baseline corrected and line-broadened by
0.3 Hz [43].
In silico baseline correction

The baseline correction algorithm provided with the Bruker AssureNMR software
(Bruker, Billerica MA), referenced as underground baseline correction by the
manufacturer, was used to create a python macro that was applied in Bruker’s TopSpin
software. The first step in this macro was to enter a filter width in hertz (Hz) applicable to
the baseline correction. This width is then converted from Hz to the number of spectral
data points by dividing the width by the digital resolution (number of spectral points per
Hz). For each datum point in the spectrum, the algorithm determines a minimum intensity
value (baseline) by searching to the left and right of the datum point by the number or
points set as the filter width. This minimum value was then subtracted from the current
datum point, and the process was repeated until all data points had been searched.
Following this process, an average value was calculated from the first corrected point to
that point plus 1/16"™ of the total spectral points. This average value was then subtracted
from every datum point in the spectrum.
Metabolite quantification

Metabolites were identified and quantified using Chenomx NMR Suite 8.5 standard
(Edmonton, AB) with custom libraries of metabolites that were previously identified in
mammalian [21] and chicken [44] feces. The mammalian library contained 415
metabolites previously detected in feces and present as NMR spectra in either the Human

Fecal Metabolome Database (HFMDB) [45] or Chenomx database. The chicken library
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contained 37 metabolites previously detected in chicken feces [44] and present as NMR
spectra in the Chenomx database. The concentration of each metabolite was calculated

using the known internal concentration of the TSP peak for each sample (0.37 mM).

3.4 Results and discussion

Quantifying changes in the fecal metabolome can provide valuable insights into the
functioning of the enteric microbiota, and interactions with the host. However, fecal
samples present a unique challenge due to the varying amounts of water and
macromolecules, such as proteins, fats, and fiber that are present and interfere with
quantification in NMR-based metabolomics. Currently, there are many different methods
proposed for the preparation of fecal samples for 'H-NMR; however, there is no universal
consensus on the most cost-effective and reproducible method for water-soluble
metabolite extraction. Thus, an overarching goal of the current study was to investigate
various sample preparation methods in order to determine the best way to effectively and
reproducibly remove unwanted macromolecules, while preserving the small molecule
water-soluble metabolites [35]. We evaluated four different extraction methods, as well as
the application of in silico baseline correction.
Comparison of different metabolite extraction methods

The fatty acid favoring extraction method (M-BD) provided a spectrum with a
greatly reduced number of peaks, and the signals were much less intense when compared
to the other methods (Figure 3-1A). This was particularly evident for the peaks
corresponding to glucose and succinic acid at ~5.3 and 2.4 ppm, respectively. The only
exception was the formic acid peak at 8.4 ppm, which was most intense when using the

M-BD extraction. Overall, the M-BD extraction removed or reduced almost all of the
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metabolite peaks, and thus it was not pursued further. The peaks in the no extraction
spectrum (Figure 3-1B) were more intense than the majority of the peaks in the BD
extraction (Figure 3-1C) and UF (Figure 3-1D) spectra. For example, the
argininosuccinic acid, glucose, and butyric acid peaks at 6.5 ppm, 5.3/4.7 ppm, and 1.6
ppm, respectively, were noticeably more intense. In addition, a conspicuous reduction in
the spectral intensity of all metabolites was observed for the BD extraction method versus
the no extraction and UF methods. The UF, no extraction, and BD extraction methods
were all chosen for analysis of inter-sample variability, as in contrast to the M-BD
method, all three contained sufficient metabolite information to conduct non-targeted
metabolomic analyses.
Inter-sample variability and baseline distortion

All of the fecal samples that were extracted using the UF method showed a consistent
baseline (Figure 3-2A). However, upon close examination, the samples that were
processed using both the BD (Figure 3-2B) and no extraction (Figure 3-2C) methods
displayed a baseline distortion that was most prominent in the 1-5 ppm region of the
spectra, with this effect being most pronounced for the BD method (Figure 3-2B). The
BD and no extraction spectra were produced from the same samples that were used for
testing the UF method, where a consistent baseline was observed, suggesting that the
observed variability is due to the extraction method and is most likely caused by residual
macromolecules in the samples. For example, lipids in the sample give broad signals
mainly at 0.8-0.9 ppm, 1.1-1.4 ppm, and 5.2-5.4 ppm from CH3 groups, (CH2)a groups,
and = CH groups, respectively [26]. Thus, even though the no extraction method provided
more intense metabolite peaks as compared to the UF method (Figure 3-1), the

quantification of these results will not be reliable due to baseline distortions, as broad

88



signals cause the integral of the peaks to be increased, making quantification inaccurate
[26].

To investigate the effects of inter-species variability on metabolite extraction from
fecal samples, the same test was conducted with fecal samples obtained from chickens
(Figure 3-3). A similar trend to rats was observed. That is, the baseline of the UF spectra
showed little to no distortions, while the BD and no extraction methods exhibited
significant baseline distortions in the 1-5 ppm range of the spectra. This suggests that this
problem is not species specific, and it needs to be considered when processing fecal
samples regardless of the species under examination.

In silico baseline correction removed the baseline distortions from macromolecules

A relatively unexplored option for removing the baseline distortions observed in the
spectra obtained for the BD or no extraction methods is the application of in silico
baseline correction. Baseline correction is an attractive alternative to the molecular cut-off
filters used in the UF method, as these filters can be quite expensive on a per sample basis
as compared to baseline correction which has no per-sample cost. However, the correct
filter width must be selected to achieve optimal baseline correction (i.e. that most closely
resembles the baseline obtained with the UF method). Several different filter widths for in
silico baseline correction were tested and a filter width of 175 Hz was observed to
produce a spectral baseline that was most similar to the UF spectrum (Figure 3-4).
Subsequently, baseline correction was applied using the 175 Hz filter width to each of the
spectra obtained for rat fecal samples processed with the BD and no extraction methods
(Figure 3-5). Both the BD and no extraction methods followed by in silico baseline
correction (Figure 3-5B and 3-5C, respectively) produced baselines with little to no

distortions across samples, and both closely resembled the spectrum acquired for the UF
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method (Figure 3-5A). It is noteworthy that the application of baseline correction
appeared to cause two additional changes. Firstly, the application of baseline correction
resulted in a larger section of the spectrum around the water peak being unusable, which
is a result of the way in which the filter is applied (see methods section). Secondly, the
overall height of the baseline between 1 and 5 ppm was slightly reduced compared to the
UF method. The latter of these two could be seen as a benefit with respect to consistent
metabolite quantification.

In silico baseline correction with a filter width of 175 Hz was also applied to the
chicken fecal samples prepared using the BD and no extraction methods (Figure 3-6B
and 3-6C, respectively). In the case of chicken feces, when combined with in silico
baseline correction, both the BD and no extraction methods provided more consistent
spectral baselines than BD and no extraction alone. However, the spectral baselines were
not as consistent as the spectral baseline produced by UF. This indicates that in silico
baseline correction can be effectively applied to correct baseline distortions regardless of
the species under investigation, but the choice of filter width is most likely species
specific.

Another method that is frequently used to accommodate samples with large
quantities of macromolecules, such as whole blood samples, is the Carr Purcell Meiboom
Gill (CPMG) pulse sequence for data acquisition. This pulse sequence functions through
the application of multiple repeated Hahn echoes, whereby the NMR signals from
macromolecules, which have much more rapid transverse relaxation times (T2), are fully
relaxed during the echo evolution period whereas small molecule metabolites are not (i.e.
they have much longer T2 times) [46]. This is known as relaxation editing or filtering and

the resulting spectra do not contain the signals from the macromolecules. However, there
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are some issues with the application of the CPMG pulse sequence. Firstly, if the sample
contains a lot of proteins, the proteins can bind to small molecules, and this subsequently
reduces the T2 times and also broadens the small molecule metabolite NMR peaks leading
to an overestimation of metabolite quantities [47,48]. Secondly, the application of the pulse
sequence-based relaxation method inherently removes the ability to accurately quantify
absolute concentrations of metabolites, as their signals are differentially reduced by the
application of the Hahn echo train (i.e. each metabolite is differentially affected by this
relaxation editing) [49-51]. As a result, the application of the CPMG pulse sequence leads
to data that can only be quantified on a relative scale. For example, only the metabolite
concentration normalized to the total metabolome can be reported. For these reasons, our
findings show that both the no extraction and BD method followed by in silico baseline
correction offer a cost-effective choice as an alternative to the UF method.

Different extraction methods produce different fecal metabolomes

In total, 372 unique metabolites were identified from the rat fecal spectra (Table A2-
1). A total of 133 of these metabolites were common to the five extraction methods and
only 53 had an occurrence of 50 percent or higher (Table 3-1). The average rat fecal
metabolome is shown in Figure 3-7, with the numbers corresponding to the metabolite
numbering shown in Table 3-1. Thirty-four metabolites were identified in the chicken
fecal spectra from the custom library of 37 metabolites (Figure 3-8, Table 3-2).

The concentrations observed for the no extraction and UF methods were similar for
most metabolites, and higher relative to the other three methods. However, in some cases,
metabolite concentrations were higher for the no extraction method as compared to UF. In
the case of chickens, the concentrations of metabolites obtained using the no extraction

method were consistently higher than those obtained using both the UF and BD methods
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(Table 3-2). The higher concentrations observed for the no extraction method could be
caused by the incomplete removal of fats, which makes the peak areas appear larger than
they are. Alternatively, the decreased concentrations observed for the UF extraction
method could be caused by incomplete filtration, whereby the proteins that concentrate on
the membrane bind to metabolites and prevent them from passing through the filter. This
is exacerbated by the hydrophobic nature of the membranes, as the membranes adsorb
proteins both on the surface and inside the pores due to membrane-protein interactions
resulting from higher retention [52]. In addition, as filters are used they accumulate the
impermeable macromolecules that have been filtered out on top of the filter, and this can
cause both concentration polarization and membrane fouling which prevents the
metabolites from passing through the filter [52]. This may be a bigger issue in samples
that contain higher concentrations of macromolecules to be removed. For example, this
might be the case for fecal samples obtained from animals that are being fed a protein
enriched diet. Lastly, the concentrations of metabolites from the BD methanol chloroform
extraction were consistently lower than concentrations of metabolites for the UF and no
extraction methods, likely due to the metabolites of interest being removed during the
extraction. For example, the solvents used can result in the loss of some metabolites. In
this regard, liquid-liquid extractions depend on the variable solubility of the metabolites
in two immiscible solvents; however, there is no guarantee that the metabolites may not
be more soluble in the chloroform than the water, meaning that they may be lost when the
chloroform evaporates. Volatile metabolites can also be lost during the drying step.
Conversely, the no extraction method does not remove any of the interfering
macromolecules, and it is possible that proteins in the samples will bind to the chemical

shift reference TSP. If the TSP is fully bound to proteins it can cause broadening of the
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chemical shift reference peak. Moreover, partial binding of proteins can lead to a splitting
of the chemical shift indicator peak [53]. In the case of the baseline correction, the
concentrations obtained via the no extraction and BD methods generally decreased, which
supports the possibility that incomplete removal of macromolecules increased the
calculated concentrations. However, there are a few key exceptions to this that were
observed. In this regard, the concentration of galactose was increased for both methods
followed by baseline correction, while glucose only exhibited an increase for the BD
method. Similarly, the concentration of betaine increased only for the no extraction
method with baseline correction. Lastly, following the application of baseline correction,
a limited number of metabolites either became quantifiable or not. For example,
methylamine, citrate, and valerate were quantified following the application of baseline
correction; however, only valerate was detected at a level greater than 10 mM, with both
methylamine and citrate quantified at levels that were near the detection threshold of
NMR. Lastly, 2-hydroxybutyrate, which was quantifiable for the no extraction method,
was undetectable following the application of baseline correction. These changes should
be considered when choosing the extraction method of choice for a targeted
characterization of the fecal metabolome using 'H-NMR.

When determining the best extraction method to use, it is also important to consider
if the samples being extracted potentially contain pathogens (e.g. if the samples were
obtained from animals inoculated with a pathogen). In the case of samples containing
pathogens, UF will physically remove pathogen cells rendering samples sterile. It is also
possible that the solvents used in the BD extraction will effectively kill pathogens, but
this should be ascertained for individual pathogens of interest (e.g. endospores produced

by bacterial pathogens may be resistant to solvents).
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A diversity of metabolites were quantified in rat fecal samples by each method
(Figure 3-9). The following number of metabolites were identified by each method in
descending order: (i) BD method followed by baseline correction (313); (ii) the BD
method with no baseline correction (267); (iii) the UF method (260); (iv) no extraction
followed by baseline correction (229); and (v) no extraction (213). There were 46
metabolites that were unique to a single extraction method, with the largest number, 28,
unique to the BD method followed by baseline correction. Furthermore, more metabolites
were identified for both the BD and no extraction methods when they were followed by in
silico baseline correction in comparison to the same method without baseline correction
(313 and 229 versus 267 and 213, respectively). These findings further support the use of
either the UF method or the BD method followed by in silico baseline correction for
NMR-based metabolomic analysis of feces, as they provide more metabolite information
than the no extraction methods, and both have the potential to be applied to the study
samples obtained from animals infected with pathogens.

Principal Component Analysis (PCA) of the different extraction methods that we
evaluated showed unsupervised separation between metabolite bins among the UF, BD,
and no extraction methods for both rats (Figure 3-10A) and chickens (Figure 3-10B).
This indicates that the extraction method chosen alters the metabolome obtained, and is
concordant with the variation observed in the quantification of metabolites reported in
Table 3-1, Table A2- 1, and Table 3-2. For feces obtained from both species, the
variation observed in the metabolite spectra obtained for the no extraction method more
closely resemble the spectra obtained for the UF method. The spectra generated from the
BD method showed a higher degree of separation relative to the no extraction and UF

methods, as evidenced by minimal to no overlap in the 95% confidence intervals. These
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findings further support the need to carefully choose an extraction method, and reinforces
that any fecal metabolomic findings reported in the literature must take the extraction
method used into consideration. The similarity between the spectra obtained using the no
extraction and UF methods further supports the use of either UF or the no extraction with
in silico baseline correction to characterize the water-soluble metabolome in feces using

"H-NMR metabolomics.

3.5 Conclusions

The aims of the current study were to: (i) examine the variance observed in the fecal
metabolomic data obtained from NMR following the application of the most common
small molecule water-soluble metabolite extraction methods; (ii) assess the utility of
applying in silico baseline correction as a means to deal with incomplete removal of
macromolecules from fecal samples; and (iii) to provide a recommendation for the best
extraction method, in terms of efficiency, reproducibility, and cost, to be utilized for
NMR-based metabolomic studies of feces. To this end, results obtained showed that the
no extraction method provided the best signal to noise ratio as compared to either the UF
or BD extraction methods. However, an examination of inter-sample variability showed
that both the no extraction and BD methods resulted in baseline distortions that were
caused by the incomplete removal of macromolecules during extraction. Notably,
baseline distortions were not evident for samples extracted using the UF method. In
addition, the baseline distortions observed for both the no extraction and BD methods
were shown to be species independent, as they were observed for fecal samples obtained
from both rats and chickens. The application of in silico baseline correction with a filter

width of 175 Hz to the spectra obtained following the no extraction and BD method
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effectively removed the distortions and produced spectra with a consistent baseline
similar to that obtained with the UF method, regardless of the species investigated.
However, the UF method can be utilized in the case of both normal and pathogen-
containing samples, whereas the no extraction method cannot be used on samples
potentially containing pathogens, and the BD method must be tested on each pathogen to
ensure that the solvents used effectively kill the pathogen. To this end, this study found
that the most versatile, reproducible, and efficient method to extract water soluble small
molecule metabolites from fecal samples was the UF method. However, salient
disadvantages of the UF method were its higher cost and the potential for membrane
fouling. Although the no extraction and BD methods were subject to significant baseline
distortion, the application of in silico baseline correction largely negated the distortion.
Thus, these two methods with baseline correction should be explored further, including
their applicability to characterization the fecal metabolome of other species as well as

non-fecal samples using 'H-NMR-based metabolomics.
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Figure 3-1: NMR spectra of rat fecal samples that were processed using four different techniques: (A) fatty acid favoring extraction;
(B) no extraction; (C) ultrafiltration; and (D) Bligh-Dyer extraction. The spectra have been split at the water peak and the vertical scale
has been increased to better illustrate the metabolites that are present
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Figure 3-2: Overlaid NMR spectra in the 1-5 ppm range of rat feces that were processed
by: (A) ultrafiltration; (B) Bligh-Dyer extraction; and (C) no extraction. The fanning of
the spectra baseline indicates variability across samples. The vertical scale has been
increased to better illustrate spectral fanning
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Figure 3-3: Overlaid NMR spectra of water-soluble metabolites in the 1-5 ppm region of
chicken feces that was processed by: (A) ultrafiltration; (B) Bligh-Dyer extraction; and
(C) no extraction. The fanning of the spectra baseline indicates variability in the same
method across samples. The spectra have been split at the water peak, and the vertical
scale has been increased to better illustrate spectral fanning
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Figure 3-4: The effect of different in silico baseline correction filter widths on a
representative rat fecal spectrum. A filter width of 175 Hz was chosen as it most closely
resembled the spectrum produced by ultrafiltration and is shown in blue superimposed on
top of the spectrum obtained using a filter width of 175 Hz
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Figure 3-5: Comparison of NMR water-soluble metabolite spectra in the 1-5 ppm of
range of rat feces that were processed by: (A) ultrafiltration; (B) Bligh-Dyer extraction;
and (C) no extraction. In the case of B and C, spectra were also processed after data
collection using in silico baseline correction with a filter width of 175 Hz
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Figure 3-6: Comparison of NMR water-soluble metabolite spectra in the 1-5 ppm range
of chicken feces that was processed by: (A) ultrafiltration; (B) Bligh-Dyer extraction; and
(C) no extraction. In the case of B and C, the spectra were processed after data collection
using in silico baseline correction with a filter width of 175 Hz
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Figure 3-7: Average rat fecal metabolome. Numbers correspond to the metabolites listed
in Table 3-1
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Figure 3-8: Average chicken fecal metabolome. Numbers correspond to the metabolites
listed in Table 3-2
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Table 3-1: Average concentrations (mM) of select metabolites in rat feces that were
processed by ultrafiltration, no extraction without baseline correction, Bligh-Dyer (BD)
extraction without baseline correction, no extraction with baseline correction, and BD
with baseline correction. Metabolites were identified and quantified using Chenomx, and
only metabolites with a percent occurrence of 50 or higher are shown. Metabolite
numbers correspond to Figure 3-7, and the numbers presented in brackets correspond to
the standard deviation and percent occurrence of each metabolite, respectively

# Compound No Bligh-Dyer Ultra- No Bligh-Dyer
Name Extraction filtration Extraction BC
BC
1 1,3-Dimethyluric 0.078 0.039 0.080 0.058 0.036
acid (0.041/100) (0.011/80) (0.033/100)  (0.029/100) (0.014/80)
2 1- 1.837 0.445 1.171 1.013 0.350
Methyladenosine (0.645/75) (0.117/70) (0.639/80) (0.462/75) (0.139/80)
3 2-Isopropylmalic 0.058 0.019 0.049 0.026 0.012
acid (0.025/50) (0.005/60) (0.020/90) (0.013/100)  (0.003/100)
4 3- 0.101 0.033 0.138 0.070 0.031
Hydroxyisovaleri (0.034/50) (0.012/90) (0.061/80) (0.034/75) (0.012/90)
cacid
5 3- 0.037 0.013 0.035 0.031 0.029
Hydroxymandelic ~ (0.010/50) (0.006/80) (0.006/90) (0.003/100) (0.058/70)
acid
6 3- 0.112 0.036 0.101 0.063 0.032

Hydroxymethylgl (0.010/75) (0.012/90) (0.019/90) (0.014/100) (0.008/90)
utaric acid

7 3- 2.543 1.005 1.793 2.544 1.039

Hydroxyphenylac  (0.247/100) (0.177/70) (0.436/90) (0.246/50) (0.159/80)
etic acid

8 3-Methylxanthine 0.042 0.009 0.022 0.008 0.002
(0.010/75) (0.004/80) (0.009/70) (0.005/100) (0.001/80)

9 4-Pyridoxic acid 0.054 0.028 0.055 0.042 0.020
(0.030/75) (0.009/100)  (0.023/100)  (0.031/100) (0.014/90)

10 5- 0.115 0.030 0.113 0.110 0.033
Hydroxyindoleac (0.044/50) (0.009/80) (0.046/90) (0.056/75) (0.008/90)

etic acid

11  7-Methylxanthine 11.815 4.602 8.367 11.802 4.652
(1.319/75) (0.774/90) (1.864/90) (1.312/100) (0.798/90)

12 Acetic acid 0.521 0.194 0.565 0.531 0.189
(0.445/100)  (0.100/100)  (0.306/100)  (0.433/100) (0.094/90)

13 Allantoin 0.010 0.004 0.007 0.006 0.008
(0.002/100) (0.001/60) (0.002/100)  (0.002/100) (0.011/60)

14  Alpha-D-Glucose 0.752 0.200 0.350 0.079 0.126
(0.425/75) (0.109/50) (0.180/90) (0.038/75) (0.070/70)

15 Argininosuccinic 1.147 0.167 1.000 1.381 0.300
acid (0.310/50) (0.057/70) (0.251/60) (0.319/100) (0.043/90)

16 Biotin 0.186 0.050 0.085 0.188 0.079
(0.147/100)  (0.035/100)  (0.061/100) (0.171/50) (0.028/90)

17 Butyric acid 0.037 0.011 0.034 0.049 0.038
(0.015/100)  (0.004/100)  (0.011/100)  (0.013/100) (0.013/90)

18 Cytidine 1.129 0.333 0.887 0.117 0.112
monophosphate (0.188/75) (0.106/50) (0.210/80) (0.053/50) (0.059/60)

19 D-Glucose 0.080 0.015 0.046 0.014 0.010

(0.043/50)  (0.010/90)  (0.017/100)  (0.002/100)  (0.008/60)
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20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

D-Maltose
Ethanol
Formic acid
Galacturonic acid

Glucose 6-
phosphate
Glycine

Homoveratric
acid
Hydrocinnamic
acid
Hydroxyacetone

Isovalerylglycine
L-Alanine
L-Arabinose
L-Phenylalanine
L-Valine
Malic acid
Methyl isobutyl
ketone
Methylimidazole
acetic acid
N-Acetyl-L-
methionine
N-
Acetylneuraminic
acid
N-Formyl-L-
methionine
Nicotinic acid
Pantothenic acid
p-Cresol sulfate
Phenylacetic acid
Propionic acid

Raffinose

Riboflavin

0.028
(0.017/75)
0.634
(0.122/75)
0.751
(0.254/50)
0.147
(0.051/100)
0.747
(0.137/75)
3.848
(1.948/50)
0.033
(0.005/100)
0.166
(0.027/100)
5.395
(1.241/100)
0.036
(0.018/50)
0.320
(0.116/75)
0.448
(0.015/100)
6.985
(2.362/100)
0.325
(0.184/100)
0.179
(0.043/100)
0.072
(0.059/100)
0.214
(0.115/100)
0.441
(0.090/100)
0.106
(0.069/100)

1.099
(0.181/75)
0.181
(0.053/100)
0.091
(0.016/100)
2.040
(0.679/100)
0.099
(0.030/50)
0.158
(0.077/100)
0.338
(0.152/75)
0.220
(0.064/100)

0.004
(0.003/50)
0.121
(0.055/90)
0.132
(0.078/80)
0.026
(0.014/100)
0.236
(0.078/80)
1.324
(0.467/90)
0.007
(0.001/50)
0.068
(0.024/90)
1411
(0.457/90)
0.004
(0.002/60)
0.045
(0.014/100)
0.086
(0.033/50)
0.460
(0.288/70)
0.124
(0.040/100)
0.019
(0.008/100)
0.074
(0.019/70)
0.154
(0.076/100)
0.113
(0.058/70)
0.073
(0.039/100)

0.343
(0.141/50)
0.038
(0.010/80)
0.035
(0.011/100)
0.594
(0.304/90)
0.024
(0.010/80)
0.015
(0.005/100)
0.159
(0.054/80)
0.050
(0.011/100)
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0.011
(0.005/80)
0.239
(0.262/100)
0.413
(0.166/100)
0.086
(0.013/100)
1.155
(0.971/100)
2.551
(1.217/90)
0.022
(0.012/80)
0.094
(0.058/90)
5.416
(0.907/80)
0.012
(0.013/80)
0213
(0.069/100)
0.372
(0.077/90)
0.576
(0.638/100)
0.176
(0.126/90)
0.124
(0.056/100)
0.156
(0.041/100)
0.199
(0.083/100)
0.329
(0.132/60)
0.091
(0.053/100)

0.979
(0.191/100)
0.118
(0.041/100)
0.074
(0.013/100)
0.927
(0.465/100)
0.045
(0.021/80)
0.058
(0.037/100)
0.477
(0.166/70)
0.164
(0.028/100)

0.004
(0.002/50)
0.378
(0.231/75)
0.142
(0.074/75)
0.022
(0.001/100)
0.922
(0.775/75)
3.734
(2.067/75)
0.016
(0.007/50)
0.132
(0.022/100)
2.046
(1.035/75)
0.004
(0.001/75)
0.108
(0.067/100)
0.334
(0.058/50)
2.502
(0.997/100)
0.279
(0.140/100)
0.159
(0.047/100)
0.157
(0.050/100)
0211
(0.117/100)
0.227
(0.062/100)
0.076
(0.038/100)

0.351
(0.189/100)
0.116
(0.011/100)
0.076
(0.017/100)
0.184
(0.062/100)
0.053
(0.001/75)
0.020
(0.003/100)
0.340
(0.134/100)
0.663
(0.132/100)

0.003
(0.001/70)
0.285
(0.211/90)
0.442
(1.226/70)
0.131
(0.313/90)
0.227
(0.115/50)
1.305
(0.457/90)
0.007
(0.001/100)
0.035
(0.023/90)
0.691
(0.397/90)
0.004
(0.002/60)
0.048
(0.012/90)
0.097
(0.047/50)
0.719
(0.405/70)
0.153
(0.065/100)
0.023
(0.013/100)
0.038
(0.026/50)
0.165
(0.072/90)
0.074
(0.030/100)
0.062
(0.019/100)

0.236
(0.063/70)
0.035
(0.009/70)
0.037
(0.010/100)
0.129
(0.069/90)
0.024
(0.007/90)
0.037
(0.022/90)
0.168
(0.052/90)
0.147
(0.053/90)



47 Sebacic acid 0.028 0.088 0.034 0.026 0.091
(0.001/100) (0.027/90) (0.017/100) (0.004/75) (0.026/80)

48 Succinic acid 0.264 0.094 0.163 0.081 0.054
(0.166/100) (0.030/100) (0.128/100) (0.016/100) (0.008/90)

49 Sumiki's acid 0.399 0.160 0.331 0.402 0.164
(0.157/75) (0.027/80) (0.090/80) (0.153/50) (0.026/50)

50 Thiamine 0.151 0.034 0.094 0.173 0.060
(0.083/75) (0.018/70) (0.030/70) (0.058/75) (0.021/60)

51 Undecanedioic 4.792 1.785 4.081 0.396 0.357
acid (2.549/100) (1.351/100) (1.655/100) (0.097/100) (0.243/80)

52 Urocanic acid 0.016 0.012 0.021 0.022 0.014
(0.003/100) (0.002/70) (0.004/90) (0.008/75) (0.004/60)

53 Xanthine 0.121 0.057 0.197 0.330 0.065
(0.107/75) (0.030/100) (0.155/100) (0.073/100) (0.014/90)
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Table 3-2: Average concentrations (mM) of all metabolites identified in chicken feces
that were processed by ultrafiltration, no extraction without baseline correction, Bligh-
Dyer (BD) extraction without baseline correction, no extraction with baseline correction,
and BD with baseline correction. Metabolites were identified and quantified using
Chenomx. Metabolite numbers correspond to Figure 3-8, and the numbers presented in
brackets correspond to the standard deviation and percent occurrence of each metabolite,

respectively
# Compound No Bligh-Dyer Ultra- No Bligh-Dyer
Name Extraction Average filtration Extraction with
Average Average with Baseline
Baseline Correction
Correction Average
Average
1 2-Hydroxy- 0.121 0.051 0.059 - (-/0) 0.037
butyrate (0.051/75) (0.022/75) (0.028/75) (0.007/50)
2 3-Hydroxyiso- 0.010 - (-/0) 0.007 0.009 - (-/0)
butyrat  (0.005/37.5) (0.000/12.5)  (0.003/37.5)
e
3 Acetate 2.046 1.124 0.864 2.045 1.124
(0.647/100)  (0.492/100)  (0.322/87.5)  (0.648/100) (0.491/100)
4 Alanine 0.134 0.070 0.059 0.134 0.070
(0.055/100)  (0.026/100)  (0.019/87.5)  (0.055/100) (0.026/100)
5 Aspartate 0.105 0.034 0.044 0.072 0.034
(0.050/50) (0.012/50) (0.011/87.5)  (0.023/62.5) (0.012/50)
6 Betaine 0.117 0.092 0.076 0.132 0.092
(0.047/87.5)  (0.058/100)  (0.056/87.5)  (0.120/100) (0.058/100)
7 Butyrate 0.117 0.083 0.033 0.154 0.092
(0.123/50) (0.095/87.5)  (0.015/37.5)  (0.090/100) (0.087/100)
8 Choline 0.140 0.127 0.076 0.139 0.127
(0.096/100)  (0.040/100)  (0.040/87.5)  (0.096/100) (0.040/100)
9 Citrate 0.017 - (-/0) - (-/0) 0.021 0.008
(0.000/12.5) (0.007/37.5)  (0.000/12.5)
10 Creatine 0.097 0.129 0.067 0.109 0.130
(0.125/75) (0.110/100) (0.059/75) (0.120/100) (0.107/100)
11 Creatinine 0.166 0.035 0.074 0.117 0.034
(0.070/100)  (0.016/100)  (0.037/87.5)  (0.073/100) (0.023/100)
12 Dimethylamine 0.066 0.009 0.043 0.054 0.007
(0.032/100) (0.004/25) (0.017/87.5)  (0.039/100) (0.004/75)
13 Formate 0.560 0.309 0.295 0.560 0.309
(0.187/100)  (0.115/100)  (0.081/87.5)  (0.187/100) (0.115/100)
14 Galactose 0.288 0.050 0.088 0.331 0.230
(0.221/37.5) (0.028/50) (0.034/87.5)  (0.000/12.5) (0.043/50)
15 Glucose 0.371 0.059 0.333 0.370 0.125
(0.176/87.5)  (0.040/87.5)  (0.136/87.5) (0.117/62.5)  (0.067/62.5)
16 Glutamate - (-/0) 0.160 - (-/0) - (-/0) 0.146
(0.095/25) (0.057/50)
17 Glycine 0.080 0.050 0.112 0.080 0.050
(0.000/12.5)  (0.023/100) (0.045/75) (0.000/12.5) (0.023/100)
18 Isoleucine 0.080 0.033 0.031 0.080 0.032
(0.033/100)  (0.013/100)  (0.011/87.5)  (0.033/100) (0.011/75)
19 Lactate 0.185 0.169 0.117 0.175 0.135
(0.000/12.5)  (0.050/62.5)  (0.000/12.5)  (0.000/12.5) (0.061/100)
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20 Lysine 0.191 0.032 0.074 0.114 0.049
(0.000/12.5)  (0.000/12.5)  (0.000/12.5)  (0.033/37.5) (0.015/25)
21 Methionine 0.026 0.009 0.014 0.015 0.008
(0.011/50)  (0.006/37.5)  (0.006/75) (0.006/75) (0.004/100)
22 Methylamine 0.012 - (-/0) 0.007 0.004 0.001
(0.000/12.5) (0.002/62.5)  (0.004/100)  (0.000/12.5)
23 N-Acetylglucos- 0.145 0.056 0.054 0.106 0.046
amine  (0.066/100)  (0.012/62.5) (0.027/87.5)  (0.047/100) (0.014/75)
24 N- 0.019 0.015 0.015 0.015 0.013
Acetylt  (0.006/37.5)  (0.005/87.5)  (0.002/25) (0.007/100)  (0.005/87.5)
yrosine
25 Phenylalanine 0.084 0.040 0.039 0.079 0.040
(0.026/100)  (0.012/62.5)  (0.009/87.5)  (0.026/100)  (0.012/62.5)
26 Propionate 0.071 0.030 0.024 0.037 0.017
(0.000/12.5)  (0.017/25)  (0.000/12.5)  (0.025/50) (0.007/50)
27 Succinate 0.020 0.013 0.008 0.018 0.013
(0.009/87.5)  (0.005/100)  (0.002/87.5)  (0.009/100) (0.005/100)
28 Threonine 0.226 0.067 0.106 0.218 0.044
(0.120/75) (0.043/100)  (0.063/87.5)  (0.119/75) (0.035/100)
29 Trigonelline 0.032 0.021 0.016 0.027 0.020
(0.015/100)  (0.007/87.5)  (0.007/87.5)  (0.014/100)  (0.007/87.5)
30 Trimethyl- 0.167 0.021 0.011 0.125 0.013
amine  (0.154/37.5)  (0.018/50) (0.006/75)  (0.139/62.5)  (0.016/87.5)
N-oxide
31 Tryptophan 0.019 0.012 0.013 0.018 0.013
(0.006/87.5)  (0.003/87.5)  (0.004/75)  (0.005/87.5)  (0.004/100)
32 Tyrosine 0.085 0.039 0.040 0.082 0.041
(0.024/50) (0.014/75)  (0.010/62.5)  (0.024/62.5)  (0.012/62.5)
33 Valerate - (-/0) - (-/0) - (-/0) - (-/0) 0.042
(0.000/12.5)
34 Valine 0.107 0.046 0.039 0.107 0.047
(0.048/100)  (0.018/100)  (0.014/87.5)  (0.048/100) (0.019/100)
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Figure 3-9: Venn diagram showing the number of water-soluble metabolites identified in
rat feces that was processed by ultrafiltration, no extraction, Bligh-Dyer (BD) extraction,

no extraction with baseline correction, and BD with baseline correction

110



A B * BlighDyer

w0 - 4 NoExtraction
UltraFiltration

PC 2 (27.1 %)
PC 2(8.5%)
0
1

T r T T T T T r T T
10 5 0 5 10 20 10 0 10 20
PC1(38.1 %) PC 1(69.3 %)

Figure 3-10: Principal component analysis score plots of water-soluble fecal metabolite
bins showing unsupervised separation among the three methods evaluated for: (A) rats;
and (B) chickens. Each symbol represents one fecal sample and is plotted with respect to
the variability in the metabolome as given by the principal components. The x- and y-
axes show principal components one and two, respectively, with brackets indicating
percent variance explained by each component. The shaded ellipses represent the 95%

confidence intervals
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4 FEATHER PULP: A NOVEL SAMPLE FOR 'H-NMR METABOLOMICS

SENSITIVE TO BIOLOGICAL FACTORS IN CHICKENS

4.1 Abstract

Non-invasive biomarkers of stress that are predictive of poultry health are needed.
Feather pulp is highly vascularized and represents a potential source of biomarkers that
has not been extensively explored. We investigated the feasibility and use of feather pulp
for novel biomarker discovery using Nuclear Magnetic Resonance Spectroscopy (NMR)-
based metabolomics. To this end, high quality 'H-NMR metabolomic spectra were
obtained from chicken feather pulp extracted using either ultrafiltration (UF) or Bligh-
Dyer methanol-chloroform (BD) methods. In total, 121 and 160 metabolites were
identified using the UF and BD extraction methods, respectively, with 71 of these
common to both methods. The metabolome of feather pulp differed in broiler breeders
that were 1-, 23-, and 45-weeks-of-age. Moreover, feather pulp was more difficult to
obtain from older birds, indicating that age must be considered when targeting feather
pulp as a source of biomarkers. The metabolomic profile of feather pulp obtained from
12-day-old broilers administered corticosterone differed significantly from control birds,
indicating that the metabolome of feather pulp was sensitive to induced physiological
stress. A comparative examination of feather pulp and serum in 12-day-old broilers
revealed that the feather pulp metabolome differed from that of serum, but provided more
information. The study findings showed that metabolite biomarkers in chicken feather
pulp may allow producers to effectively monitor stress, and to objectively develop and
evaluate on-farm mitigations, including practices that reduce stress and enhance bird

health.
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4.2 Introduction

Stress is known to have a substantial impact on bird health, but is also very difficult
to quantify [1]. As such, there is an increasing need for reliable and non-invasive
biomarkers of stress [2,3]. Ideally, a biomarker should be sensitive and provide an early
indication of the stress status of birds before there are any outward signs of distress [4].
For example, physiological stress has been shown to adversely affect chicken production
[5,6] as evidenced in previous studies by reduced feed intake [7,8], decreased growth rate
and increased abdominal fat [9], and the development of fatty liver disease [10].
Significantly, stress has also been shown to pre-dispose chickens to a variety of diseases
incited by pathogens, such as necrotic enteritis [11,12], colibacillosis [13-16], and
salmonellosis [17,18], due at least in part to a suppression of the immune system
[12,19,20]. For these reasons, an effective biomarker of stress would be beneficial to the
chicken industry, as it would allow for early detection and the implementation of
mitigation strategies before stress can negatively affect bird health and production.

When birds experience a stressor, it stimulates the hypothalamic-pituitary-adrenal
(HPA) axis, which results in varying behavioral, physiological, and metabolic changes
that help the birds cope with the stressor [21,22]. In chickens, exposure to a stressor
stimulates production of the glucocorticoid hormone, corticosterone (CORT) [21,23], and
CORT levels in blood are often used as a biomarker of stress [24,25]. However, there are
difficulties associated with CORT as a biomarker in blood. Firstly, the act of collecting
blood is a stressor for birds, and the collection process has been shown to result in an
increase in the concentration of CORT [26-29]. Secondly, CORT levels are known to
fluctuate tremendously throughout the day [5,22,30-35]. Some groups have attempted to

identify alternative biomarkers of stress in broiler chickens, primarily targeting
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biomarkers that are immune markers or mRNA transcripts measured in blood or tissues
[36-38] that require destructive sampling, making them unsuitable for tracking stress in a
production setting. There is an imminent need for the discovery of biomarkers in novel
substrates (e.g. tissue or biofluid) to effectively measure stress and subsequently bird
health on farm.

Several alternative substrates, such as feces and feathers, can be obtained with little
to no handling of the birds and provide additional possibilities for biomarker discovery
[39-41]. The use of feces for biomarker discovery has garnered some interest [42-45];
however, feces are the accumulated results of both microbial and host metabolism. Thus,
the relationship between stress and metabolites in feces is not straightforward nor fully
understood [29]. Feathers are much like hair in that they are produced and supported by
follicles in the skin [46], and they are not subjected to the same metabolome altering
processes as feces. A feather consists of a cylindrical shaft, called a calamus, which starts
in the follicle, and a long portion called a rachis. The two are connected by a region called
the superior umbilical region [47-49]. The rachis is highly vascularized and creates a
dermal core, referred to as feather pulp or feather follicle epithelium, which is surrounded
by feather tissue and an outer sheath [25]. Feathers differ from hair in that they have
nerves and their own muscles [49]. Relative to blood, feathers have a sampling advantage
in that their collection can be less invasive [50] as they can be collected once molted
[25,51]. Furthermore, feather pulp is often used for detecting pathogens that incite
important diseases such as West Nile virus [52], Marek’s disease virus [53], and avian
leukosis virus [54]. Ample research measuring CORT in whole feathers has been
conducted; however, interpretation of CORT concentrations in feathers can be difficult

because the exact mechanism by which CORT is incorporated into feathers is currently
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unclear [22,24,34,55], and CORT concentrations within different feathers from the same
individual vary [25,26]. The relationship between feather CORT and blood CORT
concentrations is not straightforward [23,28,51,56-59], and the relationship between
feather CORT and stress is also nebulous [23,59-63].

Metabolomics is the study of endogenous small molecular weight compounds, or
metabolites, present in a tissue or biofluid, and allows for the analysis of all the metabolic
responses of living systems [64] to external stimuli, such as stressors. 'H-nuclear
magnetic resonance (NMR) spectroscopy-based metabolomics is used to characterize the
metabolome of various biological tissues and fluids. NMR spectroscopy is a non-
destructive and highly reproducible technique [65-67] that does not require lengthy
chemical derivatization unlike other instruments used for metabolomic analyses such as
liquid chromatography (LC) mass spectrometry (MS) and gas chromatography (GC)-MS
[68]. Recent research has explored the use of 'H-NMR to elucidate the metabolomes of
different chicken samples including eggs, breast muscle, liver, kidney, and feces for
model development [69], as well as to identify biomarkers of health [10,70-73]. However,
limited research to date has focused on identifying novel biomarkers of stress that are
correlated with bird health, and to our knowledge none have examined metabolomic
biomarkers in feather pulp. Given the high degree of vascularization in the feather pulp,
we hypothesized that the metabolome of the feather pulp will possess a diverse
metabolome that is comparable to the metabolome of blood, and that metabolites will be
altered by a physiological stressor, as well as other biological factors, such as age. To test
this hypothesis, the following objectives were established: (1) determine if "TH-NMR
spectra can be produced from chicken feather pulp and the best metabolite extraction

method for NMR-based metabolomic studies; (2) ascertain if the feather pulp
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metabolome is affected by bird age; (3) determine if the feather pulp metabolome differs
in birds in which stress is induced; and (4) comparatively examine the feather pulp and

blood metabolomes.

4.3 Materials and methods
Ethics statement

The studies involving broilers were carried out in strict accordance with the
recommendations specified in the Canadian Council on Animal Care Guidelines. The
project was reviewed and approved by the Lethbridge Research and Development Centre
(LeRDC) Animal Care Committee (Animal Use Protocol Review #2010) before
commencement of the research. For analysis of the metabolome of feather pulp obtained
from broiler breeder chickens of different ages, birds were euthanized on farm by a
producer following industry standards for animal euthanization; researchers had no
contact with living broiler breeder chickens.
Broiler breeder birds for age analysis

Ross 308FF broiler breeder chickens were obtained from a broiler breeder farm
located near Lethbridge, AB. Chickens from the following three age classes were
examined: (1) I-week-old birds (n = 6); (2) 23-week-old birds (n = 4); and (3) 45-week-
old birds (n = 4).
Stress induction in broiler birds

The study was designed as a factorial experiment with two levels of stress treatment
arranged as a completely randomized design. The two stress treatments were: (1) control
birds provided a basal diet (n = 6); and (2) birds provided the basal diet containing CORT

to induce physiological stress (n = 6). Each bird was treated as a replicate, and the
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replicates were conducted on three separate occasions to ensure independence (two
replicate birds per time).

Ross 308FF broiler chicks were obtained from a local hatchery on the day they
hatched (day 0). The chicks originated from a single broiler breeder farm from adults of
known health status. Upon arrival at the LeRDC small animal facility, chicks were
randomly assigned to the control or CORT treatment, and placed in individually
ventilated cages (IVCs) (Techniplast, Montreal, QC) on autoclaved wood shavings
(United Farmers of Alberta Co-operative Ltd., Lethbridge, AB) at a stocking density of
two birds per IVC. Birds had ad libitum access to a non-medicated starter diet (Hi-Pro
Feeds, Lethbridge, AB) and water. Birds were maintained on a 12 hr light: 12 hr dark
cycle. The ambient temperature in the animal room was 30°C for the first 2 days, 28°C
for the next 2 days, and 26°C thereafter. On day 5, chickens assigned to the CORT
treatment were provided feed containing 15 mg kg'! CORT, and were maintained on the
CORT-amended diet until the end of the experiment (day 12).

Processing of samples obtained from broiler breeders of different ages

Within 5 min of euthanization, 5-10 of the largest feathers from the right wing of
each bird were removed; the number of feathers collected per bird depending on its size,
with fewer feathers taken from larger birds. A composite feather pulp sample from each
bird was obtained by squeezing the calamus of the feathers into a 1.5 mL centrifuge tube
[54], and the collected feather pulp was mixed to ensure uniformity. Within ca. 5 min of
collection, feather pulp samples were snap frozen in liquid nitrogen, transported to the
laboratory on dry ice, and stored at -80°C until processed. In preparation for metabolomic
analysis, feather pulp samples were thawed on ice, and samples were divided into two

aliquots of approximately 150 mg each. One aliquot was used for ultrafiltration (UF) and
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the other for Bligh-Dyer (BD) methanol chloroform extraction allowing for direct
comparison of identical metabolomes via the two methods.
Ultrafiltration

Amicon Ultra 0.5 mL centrifugal filters with a molecular weight cut-off of 3 kDa
(Millipore Sigma, Oakville, ON) were used. Each filter was washed by adding 500 pL of
Millipore water (Merck Millipore) to the filter and centrifuging at 14,000 x g for 5 min.
This washing step was repeated ten times in order to ensure that all glycerol in the filter
had been removed [74,75]. Metabolomics buffer (0.125 M KH2POs4, 0.5 M K2HPOs4,
0.00375 M NaNs, and 0.375 M KF; pH 7.4) was added to the feather pulp samples at a
2:1 volume to mass ratio, and samples were homogenized using a Bullet Blender tissue
homogenizer (Next Advance, Troy, NY) and 150 mg of 2-mm-diameter zirconium oxide
beads (Next Advance, Troy, NY) on setting eight for 5 min. Samples were then
centrifuged at 14,000 x g for 5 min, and 365 pL of the supernatant was added to a pre-
washed filter along with 135 pL of metabolomics buffer. The filters were then
centrifuged at 14,000 x g for 30 min at 4°C.
Bligh-Dyer methanol chloroform extraction

A 275 uL subsample of the homogenized feather pulp was combined with 687.5 puL
of methanol and 343.8 puL of chloroform in a 2 mL tube. The sample was vortexed,
placed at -20°C for 15 min to precipitate proteins, and then centrifuged at 15,300 x g for
15 min at 4°C. The supernatant was decanted into a new tube containing equal volumes
(343.8 puL) of chloroform and deionized water. This mixture was vortexed and then
centrifuged at 6,700 x g for 5 min at 4°C. Following centrifugation, 1 mL of the top layer

containing the water-soluble metabolites was pipetted into a 1.5 mL tube, and placed in a
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nitrogen gas flow box for 5-6 days to dry. Once dry, samples were rehydrated in 360 pL
of Millipore water.
Processing of samples obtained from broiler chickens

Birds were anesthetized with isoflurane (5% isoflurane; 1 L Oz min™') and blood was
collected via intracardiac puncture into serum separator tubes (Mississauga, ON). Under
anesthesia, birds were euthanized by cervical dislocation, ten feathers from the end of
each wing were removed (20 feathers total), and pulp samples were collected, mixed,
frozen, and stored as described above. To obtain serum, blood in separator tubes were left
at room temperature for 1 hr, centrifuged at 1,000 x g for 2 min, and the serum was
decanted and stored at -80°C. Feather pulp and serum samples were processed via UF as
described above with the exception that the homogenization step was not used for serum
samples; 150 puL of serum was added directly to a pre-washed filter along with 350 uL of
metabolomics buffer and centrifuged as previously described.
Sample preparation for 'TH-NMR spectroscopy

A 140 pL aliquot of deuterium oxide containing 0.05% v/v trimethylsilylpropanoic
acid (TSP) and 200 pL of metabolomics buffer was added to 360 pL of the samples
extracted using the BD method and/or by UF (total volume of 700 uL); the TSP was used
as a chemical shift reference for "TH-NMR spectroscopy. The solution was vortexed on
high setting, and then centrifuged at 12,000 x g for 5 min at 4°C to pellet any remaining
particulate matter. A 550 pL aliquot of the supernatant was placed into a 5 mm NMR
tube, and each sample was run on a 700 MHz Bruker Avance I1I HD spectrometer

(Bruker, Milton, ON) for spectral data collection.
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NMR data acquisition and processing

Spectra were obtained using the Bruker 1-D NOESY gradient water suppression
pulse sequence ‘noesygpprld’ with 10 ms mixing time. Each sample was run for 512
scans to a total acquisition size of 128 k, a spectral window of 20.5 ppm, a transmitter
offset of 4.7 ppm, and a recycle delay of 4 sec. All measurements were recorded using a
Bruker triple resonance room temperature TBO-Z probe. The above acquisition
parameters correspond to an approximate data collection time of 1 hr per sample. The
Bruker automation program “pulsecal” was used on each sample before data acquisition
to guarantee that the 90-degree pulse was calibrated correctly, ensuring quantitative and
comparable data across samples [76]. The spectra were zero filled to 256 k, automatically
phased, baseline corrected, and line-broadened by 0.3 Hz [77]. Spectra were then exported
to MATLAB (MathWorks, Natick, MA) as ASCII files where they underwent Dynamic
Adaptive Binning [78], followed by manual inspection and correction. The dataset was
then normalized to the total metabolome, excluding the region containing the water peak,
and pareto scaled.
Statistical analysis

Metabolomics analysis was performed using MATLAB (Math Works, MA, USA)
and the MetaboanalystR R package [79]. Spectral bins were subjected to both univariate
and multivariate analysis to determine which bins were significantly altered among
independent variables (e.g. bird age, stress versus no stress, and feather pulp versus
serum). MATLAB was also used to calculate the percent difference of the bins.
MetaboanalystR was used to carry out the principle component analysis (PCA) and
orthogonal partial least squares discriminant analysis (OPLS-DA). Metabolites were

identified using the Chenomx 8.2 NMR Suite (Chenomx Inc, Edmonton, AB).
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4.4 Results and discussion
TH-NMR spectra were obtained from feather pulp

A large number of metabolites were observed in feather pulp following extraction by
both the UF and BD methods (Figure 4-1). In total, 210 metabolites were identified in the
NMR spectra. For samples extracted using the UF and BD methods, 121 and 160
metabolites were identified, respectively, with 71 metabolites common to both methods
(Table A3- 1, Table A3-2). In total, 50 and 89 metabolites were unique to the UF and
BD methods, respectively (Figure 4-2). In comparison, the human serum metabolome,
which has been explored extensively for biomarker discovery, was only able to quantify
49 previously detected metabolites by NMR [80]. Moreover, only 37 of the metabolites
were previously detected in chicken plasma by NMR [69]. As more metabolites were
observed in feather pulp extracted using the BD method relative to samples extracted
using UF this suggests that the BD method of extraction may be better suited for
untargeted metabolomics studies of feather pulp. Relative to UF, the spectra of feather
pulp extracted using the BD method contained a larger number of metabolites involved in
the citric acid cycle, such as succinate, cis-aconitate, oxaloacetate, and citrate. In addition,
more of the metabolites identified with the BD method are involved in the beta-Alanine
(L-aspartate, carnosine, beta-alanyl-N(pi)-methyl-L-histidine, uracil, and L-histidine),
phenylalanine (L-tyrosine, 2-hydroxyphenylacetate, and L-phenylalanine), and pyruvate
(oxaloacetate, pyruvate, (S)-lactate, acetate, and fumarate) metabolism pathways.
Conversely, more metabolites involved in the arginine and proline metabolism
(guanidinoacetate, creatine, agmatine, hydroxyproline, L-proline, L-glutamate,
phosphocreatine, and homocarnosine), ascorbate and aldarate metabolism (ascorbate,

myo-Inositol, and UDP-glucose), and galactose metabolism (sucrose, UDP-glucose,
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glycerol, D-sorbitol, and myo-inositol) pathways were observed in the spectra of samples
extracted by UF. Although the BD extraction method resulted in the detection of the most
metabolites from feather pulp, the value of the metabolites as biomarkers is far more
important than metabolite number, particularly as a relatively large number of metabolites
were detected for both extraction methods. For targeted metabolomic analyses, care
should be taken to make sure the extraction method used is best suited for the metabolites
and pathways of interest.

Citric acid often experiences selective signal loss when processed using UF [75],
which is consistent with the findings of this study in that citric acid was only identified in
BD processed samples. Isopropanol, serine, and choline were previously found to be
present at higher concentrations in human blood processed using UF as compared to
samples processed using BD [81], which is consistent with the findings of the current
study of feather pulp. Other NMR studies have shown that UF removes methionine [82],
acetate [83], and leucine [74,83] from blood samples, whereas BD does not. Methionine,
acetate, and leucine were not identified by either UF or BD in feather pulp in the current
study, and other studies have observed that UF does not preferentially retain acetate,
alanine, lactate, or valine [84]. Despite some inconsistency within the literature on the
relative metabolite extraction merits of the UF and BD methods, UF is often
recommended for the extraction of metabolites from many types of samples [74,80] as it
provides a good signal-to-noise ratio, exhibits excellent reproducibility without
undesirable evaporation of volatile metabolites, and has minimal loss of metabolites due
to dissolution in various solvents, or due to hydrolysis caused by the need to neutralize
the solution [74]. From a logistics perspective, UF is the quickest of the two extraction

methods that we evaluated, with the least amount of manipulation of the sample. A salient
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downside of UF is the cost, as the filters can be prohibitively expensive (=$5 USD/filter).
There is also the possibility that the filters can break or become clogged, which would
require re-prepping, or possibly, total loss of the sample. Another issue that can arise with
UF is incomplete filtration, where proteins filtered out of the sample become concentrated
on the membrane surface and inside the pores due to adsorption, and block other
metabolites from passing through the filter [85]. Also, during filtration, impermeable
macromolecules accumulate on the surface of the membrane, and this can cause both
concentration polarization and membrane fouling, which prevents metabolites that are
smaller than the molecular weight cut-off from passing through the filter [85].

One potential limitation of the BD extraction method is the occurrence of significant
baseline distortions due to the incomplete removal of macromolecules in samples that are
high in proteins, fats, and/or fiber such as feces [86]. We did not observe significant
baseline distortions for feather pulp samples extracted with the BD method. The BD
method is capable of removing some fat and protein in the sample [87,88], and the lack of
any significant baseline distortion suggests that the method was able to sufficiently
remove problematic macromolecules that were present in feather pulp. The effectiveness
of the BD method for extracting feather pulp metabolites from different feather types and
feathers from different species remains to be determined. Moreover, as the BD method
requires more manipulation of the sample than UF, it can result in a decrease in
reproducibility and the possible loss of volatile metabolites during the drying step, as well
as due to dissolution in methanol and chloroform [74]. Salient advantages of the BD
method are the generation of fractions for analysis of both water-soluble and water-
insoluble metabolites [89], it is much less expensive than UF, and it extracted a larger

number of metabolites from feather pulp than UF. For targeted metabolomic analyses the
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variability caused by the chosen extraction method should be considered to ensure that
the targeted metabolites are not adversely affected by the method. As the effectiveness of
extraction methods may be differently affected by the substrate extracted, comparative
validation of methods should be conducted in advance.
Bird age influences metabolite profiles in feather pulp

To ascertain the impact of age on the chicken feather pulp metabolome, broiler
breeder chickens at three ages were compared (i.e. 1-, 23-, and 45-weeks-old). The PCA
score plots from both the UF and BD methods show unsupervised separation of
metabolite bins among the three age groups examined, with some confidence interval
overlap observed for the BD method (Figure 4-3A and 4-3C). For samples extracted
using UF, OPLS-DA analysis provided a good model fit for the three age classes of birds
(Q*=0.804, p < 0.001, R>=0.982, p < 0.001), and supervised group separation of
metabolite bins among the age classes (Figure 4-3B). For samples extracted using the BD
method, OPLS-DA analysis also showed supervised group separation, but a poorer model
fit between the three age classes (Q*= 0.673, p = 0.026, R>=0.980, p = 0.342) (Figure
4-3D) relative to UF. Thus, the BD method delivered better unsupervised results, whereas
UF provided better supervised results. For metabolomics studies, unsupervised separation
is preferred as it is not prone to model overfitting [90], further suggesting that the BD
method may be better suited for untargeted metabolomic studies of feather pulp.
Regardless of extraction method used, the different metabolomes in feather pulp obtained
from broiler breeders of different ages indicates that the feather pulp metabolome is

highly sensitive to biological host factors.
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The feather pulp metabolome is altered in birds administered corticosterone

To explore the utility of using feather pulp as a substrate for measuring the impacts
of physiological stress on the host, CORT was administered to broiler chickens in feed.
Previous research has shown that CORT administered to chickens in water or feed
induces a defined physiological stress response [10,12,91], including conspicuous impacts
on the metabolome of the liver, kidney, and breast muscle of chickens [10,73]. We
observed that the feather pulp metabolome was significantly altered in 12-day-old birds
that were administered CORT relative to control birds, as indicated by the unsupervised
separation observed in the PCA score plot (Figure 4-4A).

Several metabolites were significantly altered in feather pulp due to CORT
administration (Table 4-1). Interestingly, CORT was quantifiable by NMR in the feather
pulp of birds that were administered the glucocorticoid, but was not detected in serum. In
addition, many of the identified amino acids, including tyrosine, threonine, glycine, and
phenylalanine, were down-regulated in the feather pulp of birds administered CORT
(Table 4-1). Previous work has shown a reduction in feather growth rates [58,92] and
feather quality [23,62,63] due to stress. The primary protein in feathers is -keratin
[49,93], which comprises ~80% of the crude protein of feathers [94]. Thus, the decrease
in amino acids that we observed in feather pulp from birds administered CORT could be
an important contributor to a reduction in feather growth and quality. Cysteine, which is a
precursor to glutathione, was up-regulated in feather pulp of birds administered CORT.
Glutathione is a well-known antioxidant that protects cells from oxidative stress [95,96],
and it is possible that the observed increase in cysteine levels in CORT treatment birds
was caused by increased reactive oxidative species that are commonly associated with the

stress response [97]. B-keratin is high in cysteine residues, which form disulfide bridges
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providing strength and rigidity [98]. It is thus plausible that the higher concentration of
free cysteine that was observed is due to reduced incorporation of this amino acid into
keratin, thereby adversely affecting feather growth and quality. Future studies
investigating the use of feather pulp as a biomarker of stress and bird health should
consider metabolites and metabolomic pathways related to feather biosynthesis.
The feather pulp metabolome is not reflective of the serum metabolome

The metabolome of feather pulp of 12-day-old broiler chickens was comparatively
examined to serum to ascertain if feather pulp is a good surrogate for serum. Despite
being highly vascularized during growth [26], unsupervised analyses indicated that the
metabolome of feather pulp and serum obtained from control birds differed significantly
(Figure 4-4B). This is contrary to the study hypothesis that the feather pulp metabolome
is reflective of the serum metabolome. To examine this further, the metabolome of feather
pulp was compared to the metabolome of serum of birds administered CORT. A distinct
unsupervised separation between the metabolomes of these two treatments was observed
(Figure 4-4C). Moreover, the total percentage of variance explained by Principal
Component 1 (PC1) increased between feather pulp and serum of birds administered
CORT. Significantly, the relative scale of the variance along PC1 was increased by
almost 20-fold as compared to the percent variation between control pulp and serum of
birds not administered CORT, indicating that instead of making the pulp and serum
metabolomes more similar, the administration of CORT made them more dissimilar.

To further examine the effects of stress, the serum metabolome after CORT treatment
was compared to control broilers and the observed differences were then compared with
those in feather pulp. A distinct unsupervised separation between the control and CORT

serum metabolomes was observed (Figure 4-4D). In serum, all of the identified amino
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acids were down-regulated except for proline (Table 4-2). Three of these, tyrosine,
threonine, and phenylalanine, were also significantly altered in feather pulp due to CORT
administration (Table 4-1). It has previously been shown that under conditions of stress
collagen is broken down to make more proline available for downstream cell cycle arrest,
autophagy, and apoptosis [99], which have been shown to increase under some stress
conditions [100]. Proline is also a main substrate required to produce glutamate, which is
also involved in the body’s response to oxidative stress [101,102]. We observed that
hydroxyproline was significantly altered in serum of birds administered CORT, and this
metabolite is involved in the synthesis of glycine, which is an essential amino acid for
chickens [103]. Glycine is also involved in redox regulation [99].

Although feather pulp was not a good surrogate for serum, the high number of
metabolites detected in feather pulp, coupled with superior sampling logistics and the
clear separation observed between the control and CORT treatment, indicates that feather
pulp may be a good, and possibly superior alternative to serum for biomarker discovery.
These results further support feather pulp as a substrate for biomarker discovery in
chickens.

Advantages and limitations of feather pulp

We confirmed that feather pulp is an easy sample to obtain as the calamus of a
feather can be squeezed between a sample tube and its lid for collection [54]. Another
advantage of using feather pulp is that it leaves the rest of the feather for further analysis,
as it has been shown that acute stressors can increase the incidence of fault bars, which
are malformations perpendicular to the rachis of the feather caused by stressful
experiences during feather growth [62]. In the current study we showed that feather pulp

contains a diverse metabolome that is sensitive to both biological and experimental
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factors. Collectively our data indicates that feather pulp may be an excellent substrate for
novel biomarker discovery, including biomarkers of stress. Consistent with this
conclusion, we showed that there are more metabolites in the feather pulp metabolome
than the serum metabolome. The current study did not however examine if the feather
pulp from different feathers from the same bird differed in their 'H-NMR spectra, as all
the feather samples analyzed were composites of wing feathers pulled from the same
place on each bird. This requires further investigation. A salient disadvantage of feather
pulp is that feathers in rest phase have much less pulp due to the shrinking of size of the
follicle, and depending on how close the birds are to molting, it is possible to collect
feathers that have little to no pulp [104]. In this regard, we observed that the collection of
feather pulp was more difficult from feathers obtained from birds at 23 days-of-age,

which is the approximate time of the first molt.

4.5 Conclusions

The metabolomics research that has been conducted in chickens to date is often
focused on the quality of the chicken meat produced [105-109]. The discovery of
biomarkers that are predictive of bird health is in its infancy. We observed that NMR-
based metabolomics was able to identify a large number of metabolites in feather pulp.
Moreover, we showed that broiler feather pulp is an easily obtained sample that is
sensitive to biological and experimental variations within its metabolome. Two different
extraction methods were used, and both the UF and BD methods produced excellent
spectra with both overlapping and unique metabolites. The choice of extraction method
for feather pulp will depend on the goals of the research. In this regard, if a larger number

of metabolites are desired, such as the case in an untargeted analysis, the BD extraction
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method may be the most appropriate method of extraction. In the case of untargeted
analysis, the extraction method must be carefully chosen based on the biochemical
pathways of interest. We hypothesized that the feather pulp metabolome would be very
similar to the serum metabolome, as feather pulp is highly vascularized during growth.
Contrary to our hypothesis, the feather pulp metabolome differed from the serum
metabolome, and this difference was maintained in birds administered CORT as a
physiological stressor. Although feather pulp was not a good proxy for the metabolome of
serum, more metabolites were detected in feather pulp relative to serum. Furthermore, the
metabolome of feather pulp differed across both broiler age and in birds experiencing
physiological stress. The ease of feather pulp collection coupled with its diverse
metabolome that was influenced by biological parameters suggests that feather pulp may
be a good target to ascertain the impacts of various factors important for optimizing and

monitoring bird health.
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Figure 4-1: Average water-soluble chicken feather pulp metabolome. The numbering in the figure corresponds to Table A3- 1 and
A3- 2. Numbers in blue and yellow were only identified using ultrafiltration and Bligh-Dyer extraction, respectively. Numbers in green

were found using both extraction methods. The spectrum has been split at the water peak and the vertical scale has been increased to
better illustrate the metabolites that are present.
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Figure 4-2: Venn Diagram showing the metabolites identified in chicken feather pulp
spectra using both the ultrafiltration and Bligh-Dyer methanol-chloroform extraction
methods
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Figure 4-3: P Principal component analysis score plots of feather pulp from chicks, 23-
week-old, and 45-week-old birds processed using: (A) ultrafiltration; and (C) Bligh-Dyer.
The x- and y-axes show principal components one and two, respectively, with brackets
indicating percent variance explained by each component. Orthogonal partial least
squares determinant analysis score plots of feather pulp from chicks, 23-week-old, and
45-week-old birds processed using: (B) ultrafiltration Q* = 0.804, p < 0.001, R =0.982, p
<0.001; and (D) Bligh-Dyer Q*= 0.673, p = 0.026, R>= 0.980, p = 0.342. The x- and y-
axis represent the predictive (between group separation) and orthogonal (within group
variation) components of the data, respectively. Each shape represents one chicken under
study (n=14) plotted using all bins. The shaded ellipses represent the 95% confidence
intervals. All figures were plotted using all variables.
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Figure 4-4: Principal component analysis score plots for the following comparisons: (A)
feather pulp after 8 d of corticosterone (CORT) administration vs. control feather pulp;
(B) control feather pulp vs. control serum; (C) feather pulp with CORT vs. serum with
CORT; and (D) serum with CORT vs. control serum. Each marker represents one bird,
and the shaded ellipses represents the 95% confidence interval for each group. The x- and
y-axes show principal components one and two, respectively, with the number in brackets
indicating the percent variance explained by each component. Bins that were determined
to be significant via univariate Mann-Whitney were plotted in A and D, whereas all bins
were plotted in B and C.
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Table 4-1: Significantly altered metabolites between control feather pulp and feather pulp
from birds administered corticosterone for 8 days

VIAVC p-value MW p-value Metabolite Percent Difference
6.44E-03 0.002 L-Tyrosine -63.01
1.61E-03 0.008 Threonine -23.81

0.009 2-Hydroxy-2-methylbutyric Acid -35.72
0.009 Ethanol 88.85
0.015 Creatine 43.88
0.015 Glycine -254
0.015 L-Cysteine 15.13
0.015 L-Phenylalanine -33.45
0.019 Glutamate 20.1

0.023 Ribose -11.78
0.026 1,3,7 - Trimethyluric Acid 25.92
0.026 Corticosterone 95.84
0.026 L-Homoserine -16.21
0.026 N1-Acetylspermine 27.93
0.041 1,9- Dimethyluric Acid 19.08
0.041 3,7-Dimethyluric Acid 19.01
0.041 D-Lysine 18.9

0.041 Myoinositol -9.22
0.041 N-Methyl-D-aspartic acid -22.08
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Table 4-2: Significantly altered metabolites between control serum and serum from birds
administered corticosterone for eight days

MW p-value Metabolite Regulation
0.002 Mannose 17.93
0.004 Citramalic acid -37.5
0.009 D-Glucose -23.03
0.01 Traumatic acid 26.78
0.015 4-Aminobutyrate 39.33
0.015 4-Hydroxyproline -22.82
0.015 D-Alanine -41.34
0.015 L-Phenylalanine -27.92
0.018 DL-2-Aminooctanoic acid 21.65
0.02 L-Threonine -30.7
0.02 L-Tyrosine -61.48
0.023 2-Hydroxy-2-methylbutyric acid 18.77
0.026 Malonic acid -56.86
0.026 Proline 18.75
0.027 Citric acid -21.79
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S GENERAL CONCLUSIONS, CONSIDERATIONS FOR FUTURE

RESEARCH, AND FUTURE DIRECTIONS

5.1 General conclusions

Mounting restrictions on antibiotic use in poultry production has resulted in an urgent
need to develop non-antibiotic strategies to mitigate diseases and enhance bird production
health. Although the mechanisms are currently unresolved, stress is recognized as an
important factor in determining bird health and susceptibility to disease. My thesis
research applied metabolomics to provide insights into the chicken metabolome with a
focus on identifying biomarkers of stress in birds. Currently, many of the biomarkers of
stress are from tissue samples that require terminal sampling, which is not a logistically
viable option in a chicken production setting. In this regard, the chicken industry would
benefit greatly from a knowledge of biomarkers of stress that are correlated with bird
health and that can be measured in a non-destructive manner. Blood can be taken non-
destructively, but the process is quite stressful to the bird which confounds analyses and
actively adds to the stress problem. Samples such as feces and feathers can be collected
with minimal handling of the bird, thereby allowing stakeholders to monitor stress
without excessively stressing the birds during sample collection. An overarching goal of
my thesis research is to pave the way for the identification of novel biomarkers of stress
predictive of disease manifestation in broiler chickens, which will provide stakeholders
with the tools to quantify stress, and allow producers to objectively develop and evaluate
mitigation strategies to enhance bird health.

The metabolomics strategy that I employed involved the use of Nuclear Magnetic

Resonance (NMR) spectroscopy. NMR is an ideal starting point for novel biomarker
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discovery due to the ability to conduct global and untargeted metabolomic analyses of
tissues of small size and/or limited availability. Furthermore, NMR metabolomics is a
non-destructive technique facilitating follow-up analyses on individual samples. Another
advantage of NMR metabolomics is that it is a high throughput technique requiring
minimal sample preparation and data collection is rapid [1-3].

In the first study conducted (presented in chapter 2), corticosterone (CORT), a
physiological stressor, was administered to chickens at two different concentrations (10
and 30 mg/L) in drinking water to determine the effects of stress on the metabolomes of
three different chicken tissues (i.e. liver, kidney, and breast muscle). Also investigated
were the effects of the ethanol carrier used to dissolve the non-polar CORT in the
drinking water on the chicken metabolomes. NMR-based metabolomics was
demonstrated to detect stress-induced and systemic changes in chickens in a highly
sensitive manner. In this regard, I showed that CORT administration significantly altered
the kidney, liver, and breast muscle metabolomes. More specifically, CORT
administration caused a decrease in kidney glutamate, an increase in glucose and a
decrease in amino acids in liver, and increased glucose and decreased branched chain
amino acids in breast muscle. Other metabolites identified as significantly altered in
breast muscle have been previously linked to decreased meat quality. The high detection
sensitivity of CORT-induced changes in the metabolome of all three tissues examined
indicated that this method will have value in identifying biomarkers induced by stressors
in production settings, such as temperature fluctuations, overcrowding, and social
interactions (e.g. isolation). In stress-based studies in chickens, CORT is often
administered in water. However, since CORT is non-polar, ethanol is used as a solvent.

My research showed that ethanol alone significantly altered the metabolome of the
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chicken tissues studied. More specifically, ethanol resulted in a decrease in glycerol and
alanine in kidney, a decrease in lactate in liver, and a decrease in glutamine in breast
muscle. Thus, alternate strategies of administering CORT are required (e.g.
administration in feed). It is noteworthy that although ethanol affected the metabolomes
of the liver, kidney, and breast muscle of chickens, the effects of ethanol alone were
substantially less than the metabolomic effects of CORT orally administered in ethanol.
However, the experimental design that I applied did not allow me to determine if CORT
and ethanol together had a synergistic effect.

As indicated previously, feces can be non-destructively obtained from chickens, and
it has potential to provide key information on bird health (e.g. function of the enteric
microbiota). As a prelude to ascertaining the value of the fecal metabolome to ascertain
bird health status, a study was conducted with the goal of optimizing fecal sample
preparation for 'TH-NMR metabolomics (presented in Chapter 3). Crucially, a consensus
method for preparing fecal samples for 'H-NMR metabolomics does not exist. Four
different fecal sample metabolite extraction methods were tested, which included
ultrafiltration (UF), Bligh-Dyer (BD) methanol chloroform extraction, a modified BD
extraction method that favours the extraction of fatty acids (M-BD), and no extraction
where the sample was homogenized in buffer only. The M-BD method produced spectra
with minimal to no metabolite information in comparison to the other three methods. For
this reason, the UF, BD, and no extraction method were further investigated with respect
to inter-sample variation in mammalian and avian fecal samples. The UF method
provided a consistent baseline across all samples and both species tested; however, the
BD and no extraction methods resulted in significant baseline distortions that were caused

by the incomplete removal of macromolecules (fats and proteins). These distortions led to
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inaccurate quantification of metabolites and need to be corrected. Thus, a novel in silico
baseline correction method was also tested on the samples that had been processed using
the BD and no extraction methods. In the case of mammalian fecal samples, the baseline
correction method was able to produce a consistent baseline for the spectra obtained from
both the BD and no extraction methods. In the case of avian fecal samples, the baseline
correction method was only able to produce a consistent baseline for spectra obtained
from the no extraction method. This suggests that future studies should focus on either
utilizing the UF method of metabolite extraction or the no extraction method followed by
in-silico baseline correction. Each of these methods provide a similar amount of
metabolite information (260 versus 227 for the UF and no extraction methods,
respectively) and have pros and cons. On the one hand, the UF method requires no
additional data processing steps, such as baseline correction, but the cost of the filters is
high. On the other hand, the no extraction method has a lower cost and a simpler sample
preparation, but the application of in silico baseline correction adds an additional data
processing step. Often the best option will be situation dependent, but the advantages of
investigating fecal metabolites cannot be overstated as the ease of collection without
having to handle and stress the chickens makes it an excellent target for an assay for
biomarkers of stress.

Feathers unlike mammalian hair are highly vascularized (i.e. vascularized feather
pulp located at the base of the rachis) (Figure 1-4). To my knowledge using feather pulp
to measure biomarkers of stress has not previously been examined. Importantly, feathers
like feces represent a logistically available sample source, but may be superior to feces
for examining the metabolome of the host. Thus, I examined the metabolome within

feather pulp of broiler chickens, and how the metabolome is affected by bird age and
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stress incited by CORT administration (presented in Chapter 4). Moreover, |
comparatively examined the metabolome of feather pulp and blood to determine whether
the metabolome of pulp was reflective of blood. Two different methods of extracting the
metabolome of feather pulp were tested (BD and UF), and it was observed using both
extraction methods that pulp possesses a diverse metabolome. Although both methods
produced 'H-NMR spectra with no acquisition problems, conspicuously more metabolites
were observed in pulp extracted with the BD method suggesting that this method is better
suited for conducting untargeted metabolomics of feather pulp. An examination of the
metabolome of feather pulp revealed that metabolite profiles differed as birds aged, thus
suggesting that feather pulp may be a good target to ascertain the impact of a variety of
intrinsic and extrinsic factors on the host, including stress. In this regard, the
administration of CORT to broiler chickens was demonstrated to impact the metabolome
of feather pulp further supporting pulp as a potentially excellent sample type to ascertain
the health status of chickens and likely other bird species. Unexpectedly, the metabolome
of feather pulp and blood serum differed. Moreover, more and different metabolites were
observed in feather pulp than in blood. These results led me to conclude that feather pulp
has considerable potential as a novel and non-destructive sample type to sensitively

monitor biomarkers of stress in chickens.

5.2 Considerations for future research

My research findings indicate that CORT should be administered in an alternate
fashion to water to remove the confounding effects of ethanol on the metabolome of
chickens. This could include incorporation of CORT into the feed in future studies. To

my knowledge it is currently unknown if the addition of CORT to the feed alters its
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palatability, and if this has an impact on how much of the feed containing CORT that
chickens consume compared to the feed with no CORT. An examination of the feather
pulp metabolome from different feather types (e.g. wing feathers vs body feathers) to
ascertain if there are metabolomic differences among feathers is also required. Such
information is need to determine if the metabolome differs among feather types, and to
inform decisions on the best types of feathers to sample as a function of biological factors
(e.g. bird sex and age) with the goal of measuring biomarkers of stress and bird health.
The breed of broiler chicken most commonly used by my research team is Ross 308 Fast
Feather (FF). This breed of chickens grows feathers too quickly to be feather sexed (an art
form in itself); thus, the only way to currently determine sex in our studies is at necropsy
or by DNA analysis. Necropsies cannot be performed at the commencement of the study
to ensure that an equal number of males and females are in each treatment group.
Moreover, Ross 308FF chickens grow rapidly, and the time required to complete DNA-
based determination of bird sex represents a significant obstacle to using this technology
in practice. Thus, it would be exceptionally useful to identify a metabolite biomarker that

can be quickly and easily detected in feces or feathers for sexing of birds.

5.3 Future research

In conjunction with the considerations for future research presented above, my
research findings have precipitated the formulation of a variety of follow-up studies.
Three such studies include: (i) a comparative examination of the metabolome of chickens
administered CORT (i.e. defined model of stress) with the metabolome of chickens
exposed to simulated production stressors; (i1) identification of biomarkers of stress that

are correlated with chicken health (e.g. disease); and (iii) evaluation/validation of
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biomarkers of stress and bird health in a production setting (e.g. correlated with
production parameters) (Figure 5-1). The results presented in chapter 2 showed that it is
possible to alter the metabolome of chickens in response to stress induced by the
administration of CORT. However, it is currently unknown if the stress response
generated by CORT is representative of stress impacts on the metabolome of chickens
exposed to common production stressors. The next logical step is to compare the stress
response created by administering CORT to the stress response generated by important
production stressors, such as temperature fluctuations, overcrowding, social interactions
(e.g. isolation), and feed and or water disruptions (e.g. inability of a chicken to locate feed
and water during brooding). Some study objectives could be to: (1) induce physiological
stress by administering CORT; (2) induce stress using simulated production stressors (e.g.
thermal and social stress); (3) obtain a variety of samples, and comprehensively identify
biomarkers of stress; (4) compare the impacts of CORT versus production stressors.
Another logical experiment is to correlate physiological stress, including biomarkers of
stress, with disease. There are many bacterial and viral pathogens that can have negative
effects on the health of a chicken flock. Some bacterial pathogens that are at the forefront
of producers’ minds are Clostridium perfringens (cause of necrotic enteritis; NE), avian
pathogenic Escherichia coli (APEC) (cause of colibacillosis; CBAC), and Sal/monella
enterica (cause of salmonellosis), which are responsible for significant bird morbidity and
mortality [4,5]. Moreover, S. enterica represents a significant zoonotic threat to people
[6,7], along with other bacteria, such as Campylobacter jejuni [8].

The clinical form of NE, most often seen in 2-5-week-old birds, results in closed eyes
and ruffled feathers, severe depression, decreased appetite, diarrhea, followed quickly by

death [7,9]. The subclinical form of the disease is chronic and often undetected but leads
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to reductions in growth and feed conversions rates. Together, both forms of NE cost the
poultry industry an estimated $6 billion USD a year [7]. The etiology of NE is still
nebulous, and it is often difficult to recreate in a laboratory setting, but it is known that
strains of C. perfringens that produce Necrotic enteritis Beta toxin (NetB) [10] in
combination with, poorly understood pre-disposing factors, such as changes in the
immune system [11], changes in the gut [11], and stress [12], produces NE in all poultry.
It is noteworthy that CBAC is a broad term for a variety of diseases incited by APEC,
and includes, but is not limited to, infections of the respiratory tract (e.g. airsacculitis),
infections of the reproductive tract (e.g. salpingitis), infections of the skin (e.g. cellulitis),
infections of the digestive tract (enteric infections), as well as diseases like swollen head
syndrome [13-16]. Salmonellosis is one of the most common food-borne illnesses in the
world [17,18] causing mild gastroenteritis to death depending on the severity of the
infection [19]. Chickens are known to be a major reservoir of S. enterica leading to many
of the cases of human salmonellosis [20]. Zoonotic pathogens, such as S. enterica and C.
Jjejuni, are responsible for considerable morbidity in people, the estimated total cost for
human Salmonella infections is in excess of 14 billion USD/year in the United States
alone [21], but the disease can also impact chicken producers by killing chickens and
subclinical forms of the disease lead to lower egg yields and quality [18]. Importantly, all
three of these diseases result in billions of dollars in economic losses to the poultry
industry annually.
Recent research conducted by other members of the research team has demonstrated

that physiological stress has a profound impact on the metabolism of birds and renders
them susceptible to NE incited by C. perfringens [12,22]. However, the degree to which,

and how, normal production stressors affect bird metabolism and the ability of birds to
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mount an immune response is poorly understood at present. Moreover, the impact of
stress on other important diseases, such as CBAC are currently unknown. Anecdotal
evidence suggests that CBAC and NE are diseases of predisposed birds. Regarding
CBAC, research is needed to: (i) develop a robust model of CBAC; (ii) elucidate the
interactive role that physiological stress has on bird metabolism, the immune system, and
the manifestation of CBAC; (iii) identify biomarkers of stress and disease; and (iv)
deliver knowledge/tools to the poultry industry to enhance bird health, and mitigate
morbidity and mortality caused by CBAC without the use of antibiotics. Following the
identification of biomarkers of stress that are correlated with bird health, the next step
should be to develop methodologies to accurately and logistically measure the
biomarkers; my research has demonstrated that NMR-based metabolomics holds
considerable promise in this regard (e.g. metabolome of feather pulp). Subsequent
activities should then focus on optimizing assays for on farm applications, and validating
them in production settings (e.g. temporally monitoring biomarkers within production
flocks as a function of flock health and performance). The acquisition of the above data is
crucial to ultimately translate the technology to the marketplace, which will allow
stakeholders to monitor the health status of their flocks, and to deploy and evaluate
mitigations in an objective manner before disease is manifested.

The goal of my research is to gain insight on the effects of stress on bird metabolism;
however, it cannot be overlooked that stress and metabolism are only two small parts of
the whole. The overarching goals of the research team are elucidating the systematic
effects of stress on chickens. Stress also affects the immune system, behaviour, organ
function, and the microbiota (Figure 5-2). How each of these different aspects interact

with each other and with pathogens, as well as how they lead to morbidity and mortality
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in chickens, is still unknown. The research presented in this thesis provides the initial
steps required to address this uncertainty. I contend that the research I have conducted in
my M.Sc., and the strategy proposed above for which my research provides foundational
information, will provide stakeholders with the ability to monitor and promote bird health

in production settings.
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Figure 5-1: Proposed experimental progression and study variables
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6 Appendix 1: Supplemental tables for Chapter 2

Table Al- 1: p-values of metabolites found to be significantly altered in kidneys of birds
administered 10 mg L™! corticosterone (CORT) and 30 mg L™! CORT as compared to
ethanol alone as determined by a paired t-test and/or the variable importance analysis
based on random variable combination analysis

Treatment Metabolite Chs(ill?fltcal prf\-f;elite :)7-1‘21};(; Regulation
(ppm)

S-Adenosylhomocysteine 1 4.45 0.0019 13.90
Fumaric Acid 6.53 0.002 4.450E-60 23.13
Nicotinate/Nicotinic acid 8.27 0.0039 28.74
Phenylalanine 1 3.11 0.0057 10.30
sn-Glycero-3-phosphocholine 1 3.88 0.0073 12.84
Proline 1 3.36 0.0078 16.50

Lactate 1 1.32 0.0078 -31.41

Malate 1 4.30 0.0115 11.85

Glutamate 1 2.15 0.0117 -15.04
Glutamate 2 2.11 0.0117 -7.59

Lactate 2 1.35 0.0117 -23.43

Malate 2 4.30 0.0129 21.82
N-Acetylaspartate 1 4.38 0.0137 20.79
UNIDENTIFIED 1 3.87 0.015 11.11
AMP 1 6.15 0.0178 38.70

CORT  Sadenowlhomooysieme2 828 00193 2.8
UDP-N-Acetylglucosamine 6.00 0.0195 19.19
Lactate 3 4.13 0.0195 -20.31

Lactate 4 4.12 0.0195 -18.84
Glutamate 3 2.12 0.0195 -9.05

Isoleucine 1 0.96 0.0195 -10.19

Isoleucine 2 0.95 0.0195 -11.45
sn-Glycero-3-phosphocholine 2 3.70 0.0213 16.11
Inosine 1 8.37 0.022 2.055E-07 45.32
N6-Acetyl-L-lysine 3.20 0.0228 15.06
N-Acetylaspartate 2 4.39 0.0248 14.45
O-Phosphocholine 3.59 0.0254 7.67
1,3-Dimethyluric Acid 3.45 0.0254 16.00
Citicoline 1 4.29 0.0255 20.24

Glucose 1 3.84 0.0269 18.88

Choline 1 4.07 0.0273 13.16
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4-Hydroxyproline 1
Xylulose

AMP 2 and Carnosine 1

S-Adenosylhomocysteine 3
Glutamate 4

AMP 3 and Carnosine 2

S-Adenosylhomocysteine 4
UMP and Citicoline 2

Proline 2 and
1,5-Anhydrosorbitol 1

UNIDENTIFIED 2
Uridine 1

sn-Glycero-3-phosphocholine 3
sn-Glycero-3-phosphocholine 4

(R)-3-Hydroxybutyric acid
AMP 4
Glutamate 5
Uridine 2
Agmatine and Carnosine 3
Glutamate 6
Glutamate 7
Proline 3 and Glucose 2
Choline 2
Citicoline 3
Citicoline 4
3-Mercaptopyruvic acid
3-Methyladenine 2
1,5-Anhydrosorbitol 2
Inosine 2
Phenylalanine 2
Inosinic Acid

Pyruvate

N-Acetylaspartate 3 and
Citicoline 5

Malate 3
Inosine 3
Malate 4
UNIDENTIFIED 3
N-Methylhydantoin
Aspartate

4-Hydroxyproline 2 and
Isovalerylglycine
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3.48
4.37
4.50
2.99
2.06
4.51
8.38
4.42

3.36

4.24
4.22
3.69
3.89
1.21
8.60
2.13
4.23
3.07
2.34
2.07
3.39
4.06
4.28
4.33
2.87
3.98
3.44
6.10
3.12
8.57
2.39

4.41

2.66
6.11
2.38
7.57
2.93
2.81

2.17

0.0281
0.0282
0.0287
0.0305
0.0309
0.0311
0.0314
0.0322

0.0323

0.0325
0.034
0.0347
0.0348
0.0351
0.0354
0.0354
0.0362
0.039
0.0391
0.0391
0.0394
0.0401
0.0408
0.0411
0.0413
0.0424
0.0438
0.0443
0.0457
0.047
0.047

0.0492

0.0514
0.0568
0.0615
0.2198
0.3445
0.4076

0.5372

1.494E-16

7.267E-09

7.272E-47
1.078E-19
1.668E-44
1.749E-04
6.001E-34
1.320E-23

1.172E-42

13.43
21.54
26.57
8.48
-6.13
29.46
41.10
20.47

11.98

9.62
13.19
14.16
13.36
16.83
31.76

-10.01

19.41

7.09

-11.71

-8.36
14.34
18.50
18.04
14.94
21.55

9.33

8.65
45.66
4.85
44.15
10.26

27.92

12.97
51.44
6.35
31.36
10.16
4.55

2.20



Carnitine 2.45 0.6014 5.047E-38 -3.14
Acetic acid 1.93 0.0004 -23.13
4-Hydroxyproline 1 3.48 0.0009 39.50
UNIDENTIFIED 1 1.78 0.0018 -18.88
Glutamate 1 2.13 0.0033 -20.46
1,5-Anhydrosorbitol 3.44 0.0036 33.31
Fumaric Acid 6.53 0.0036 29.42
Glucose-6-phosphate 3.99 0.0039 -19.09
Glutamate 2 2.15 0.0039 -32.83
Glucose 1 3.84 0.0052 34.01
L-Lysine 3.75 0.0053 15.20
UNIDENTIFIED 2 4.00 0.007 -20.85
Choline 1 3.53 0.0078 17.54
Glutamate 3 2.33 0.0116 -14.21
Glutamate 4 2.12 0.0117 -17.53
UNIDENTIFIED 3 3.98 0.0117 -14.13
UNIDENTIFIED 4 0.97 0.0117 -18.44
Glutamate 5 2.06 0.0118 -13.58
Choline 2 3.52 0.0195 29.51
Glutamate 6 2.11 0.0195 -13.66
Phosphorylcholine 1 4.17 0.0207 -19.51
(3:%‘}’{1% Glucose 2 3.71 0.0229 2433
UNIDENTIFIED 5 3.27 0.023 -35.03
Serine 4.01 0.0246 -15.08
UNIDENTIFIED 6 2.71 0.026 -15.43
Isoleucine 1 0.95 0.0273 -25.52
Malate 431 0.0273 12.99
Dimethylamine and Sarcosine 2.74 0.0291 -10.96
Beta-Alanine 3.18 0.0308 -12.60
Glutamate 7 2.05 0.032 -17.57
sn—Glycer0-3-phosphocholine 2 3.69 0.0339 790
and Isoleucine 2
Argininosuccinic acid 1.92 0.0391 -7.81
Glycerol 1 3.67 0.0391 9.35
Glycine 3.57 0.0391 -25.30
Isoleucine 3 0.94 0.0391 -16.92
Pyroglutamic Acid 1 242 0.0391 4.908E-15 -24.88
sn-Glycero-3-phosphocholine 1 3.69 0.0391 20.40
Glucose 3 3.49 0.0412 22.87
Creatine 3.94 0.0422 -11.89
D-Glucuronic acid 3.75 0.0423 18.74
Malate 4.30 0.0443 15.87

168



Creatinine and Creatine

Phosphate 3.04 0.0445 23.67
Phosphorylcholine 2 3.60 0.0471 -10.37
Glycerol 2 3.65 0.0491 8.66
Choline 3 4.07 0.0663  2.548E-09 21.64
Myoinositol 3.28 0.0813  1.064E-21 -19.12
UNIDENTIFIED 7 4.20 0.7344  4.809E-10 0.31
N-Methylhydantoin 2.93 0.748  1.860E-17 10.99
Eyeplimiie Aol 2 gl - 2.49 0.8203  2.616E-21 2385
Phenylpropionate
UNIDENTIFIED 8 2.43 0.8867  4.816E-13 -1.03
“Ilzgrv‘:l‘g’rpyrl‘;ll;; ﬁeand 2.17 09102 1.221E-11 571
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Table A1- 2: p-values of metabolites found to be significantly altered in livers of birds
administered 10 mg L™! corticosterone (CORT) and 30 mg L™! CORT as compared to
ethanol alone as determined by a paired t-test and/or the variable importance analysis
based on random variable combination analysis

Treatment Metabolite Chemical T-test VIAVC Regulation
shift p-value p-value
(ppm)
10 mg UNIDENTIFIED 1 8.02 0.0004 -36.78
CORT UNIDENTIFIED 2 3.17 0.0005 -24.67
Mannose 5.20 0.0011 46.89
4-Hydroxyproline 1 3.37 0.0019 0.00166 -19.53
Inosine 1 4.45 0.002 -24.91
Tryptophan 1 7.55 0.0021 -36.39
Coenzyme A 0.76 0.0028 -27.10
UNIDENTIFIED 3 4.46 0.003 -27.16
UMP 1 4.42 0.0031 -26.20
Phenylalanine 1 7.35 0.0033 -37.46
Quinone 6.81 0.0036 -41.61
Tyrosine 1 6.92 0.0037 -43.42
UNIDENTIFIED 4 441 0.0037 -25.20
Inosine 2 4.45 0.0038 -20.24
UNIDENTIFIED 5 0.87 0.0038 -32.91
(R)-3-Hydroxybutyric Acid 1 1.22 0.0039 -45.42
Glycerophosphocholine 1 3.69 0.0039 28.82
N-Carbamoylaspartate 1 247 0.0039 -35.46
N-Methylhydantoin 4.10 0.0039 -22.30
UNIDENTIFIED 6 2.48 0.0039 -32.42
UNIDENTIFIED 7 2.32 0.0039 -27.16
UNIDENTIFIED 8 1.19 0.0039 -26.02
Valine 1 2.30 0.0039 -33.74
L-Threonine 1 4.28 0.0046 -23.04
Tryptophan 2 7.21 0.0046 -34.30
Myoinositol 1 3.63 0.0047 -31.65
Phenylalanine 2 7.33 0.0049 -35.37
Valine 2 2.29 0.0051 -27.60
O-Phosphocholine 1 3.59 0.0054 17.05
Phenylalanine 3 7.45 0.0055 -31.08
Tyrosine 2 7.19 0.0055 -36.15
Tryptophan 3 7.75 0.0057 -29.20
Myoinositol 2 4.08 0.0062 -37.47
Gamma-Glutamylcysteine 1 2.19 0.0063 -16.40
Tyrosine 3 7.20 0.0065 -37.41
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UNIDENTIFIED 9
Uridine 1
UNIDENTIFIED 10
Isoleucine 1
Tryptophan 4
Isoleucine 2
Beta-Alanine 1
Gamma-Glutamylcysteine 2
Flavin Mononucleotide
(R)-3-Hydroxybutyric Acid 2
(R)-3-Hydroxybutyric Acid 3
Glycerophosphocholine 2
Isoleucine 3
N-Acetylglutamate 1
Phenylalanine 4
Tyrosine 4
Tyrosine 5
UNIDENTIFIED 11
UNIDENTIFIED 12
UNIDENTIFIED 13
Proline 1
Gluconate
Phenylalanine 5
Phenylalanine 6
4-Hydroxyproline 2
Inosine 3
Allantoin
UNIDENTIFIED 14
Glutamate 1
UMP 2
1-Methyladenosine
UNIDENTIFIED 15
Norspermidine 1
O-Phosphocholine 2
Xanthine 1
Gamma-Glutamylcysteine 3
Myoinositol 3
Glucose 1
Phenylalanine 7
UNIDENTIFIED 16
Myoinositol 4
Tyrosine 6
UNIDENTIFIED 17

3.00
7.88
4.46
0.94
7.29
0.93
3.17
2.58
7.81
242
1.20
3.69
1.26
2.23
3.16
3.08
3.07
4.49
2.32
231
3.34
4.13
7.44
7.37
2.16
4.44
5.40
0.95
2.11
4.43
6.09
4.25
1.69
3.24
7.93
2.17
3.54
342
7.38
3.36
3.64
6.91
4.40
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0.0065
0.0071
0.0072
0.0073
0.0073
0.0074
0.0075
0.0075
0.0076
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.008
0.0081
0.0083
0.0083
0.0086
0.0087
0.0089
0.009
0.0091
0.0092
0.0094
0.0094
0.0095
0.0095
0.0095
0.0097
0.0098
0.01
0.0101
0.0101
0.0104
0.0104
0.0105

-16.43
-35.83
-26.05
-28.97
-34.32
-29.89
-24.23
-14.88
-36.70
-26.88
-52.53
28.34
-20.34
-20.19
-19.48
-18.98
-20.91
-23.03
-22.57
-28.06
18.45
21.36
-32.78
-28.40
-17.81
-21.19
-30.92
-30.19
-25.80
-24.52
-14.62
-22.29
-27.66
27.37
-30.11
-16.27
-8.45
11.83
-30.68
12.00
-22.60
-33.50
-19.78



UNIDENTIFIED 18
UNIDENTIFIED 19
Valine 3
Pantothenic acid 1
Inosine 4
Glucose 2
L-Threonine 2
Niacinamide 1
Tyrosine 7
UNIDENTIFIED 20
Uridine 2
Uridine 3
Uridine 4
Xanthine 2
Tryptophan 5
Myoinositol 10
L-Threonine 3

Betaine and Trimethylamine
N-Oxide
UNIDENTIFIED 21

Ribose
UNIDENTIFIED 22
UNIDENTIFIED 23

Myoinositol 5
UNIDENTIFIED 24
UNIDENTIFIED 25

Norspermidine 2
Gamma-Glutamylcysteine 4
Methionine
Glucose 3
Citric Acid 1
Glutamate 2

Beta-Alanine 2 and Isocitrate
1 and Argininosuccinic acid 1
Uridine 5

Valine 4
Myoinositol 6
Proline 2
Myoinositol 7
Gamma-Glutamylcysteine 5
UNIDENTIFIED 26
Myoinositol 8
UNIDENTIFIED 27
(R)-3-Hydroxybutyric Acid 4

2.15
5.99
2.28
0.92
6.08
3.89
4.27
7.60
3.09
4.47
7.89
593
5.92
7.91
7.73
3.30
4.25
3.27

0.91
5.40
7.57
0.98
3.56
7.92
1.70
1.68
2.59
2.14
343
2.53
2.07
2.56

5.91
2.28
3.56
3.35
3.31
2.99
2.49
3.61
1.42
243
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0.0107
0.0109
0.0113
0.0114
0.0115
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0118
0.0121
0.0122
0.013
0.0131

0.0136
0.0138
0.0139
0.0139
0.0141
0.0143
0.0143
0.0145
0.0146
0.0146
0.0147
0.0149
0.0149
0.015

0.015

0.015
0.0152
0.0152
0.0153
0.0154
0.0154
0.0159
0.0161
0.0163

-22.45
18.45
-26.72
-22.00
-22.16
12.65
-20.98
-19.54
-16.70
-25.14
-34.37
-37.72
-37.22
-18.70
-32.14
-29.32
-20.82
-32.81

-27.43
-22.85
-23.37
-27.71
-9.29
-18.63
-27.47
-22.91
-15.30
-28.84
12.70
-15.65
-18.61
-12.19

-31.84
-26.66
-9.56
17.50
-27.01
-12.54
-18.18
-22.07
-21.41
-28.10



UNIDENTIFIED 28
Glucose 4
UNIDENTIFIED 29
1-Methyladenine
Dimethylamine
Pantothenic acid 2
Phenylalanine 8
Phenylalanine 9
7-Methyladenine 1
Inosine triphosphate
N-Carbamoylaspartate 2
UNIDENTIFIED 30
UDP-N-Acetylglucosamine 1
Valine 5
Valine 6
Gamma-Glutamylcysteine 6
Gamma-Glutamylcysteine 7
Gamma-Glutamylcysteine 8
Glucose 5
Isoleucine 4
N-Acetylglutamate 2
Niacinamide 2
Nicotinurate 1
Tryptophan 6
Tryptophan 7
Tyrosine 8
UDP-N-Acetylglucosamine 2
UNIDENTIFIED 31
UNIDENTIFIED 32
UNIDENTIFIED 33
UNIDENTIFIED 34
Isoleucine 5
Fucose
Citric Acid 2
Argininosuccinic acid 2
Selenomethionine 1
Adenosine Monophosphate 1
Proline 3
UNIDENTIFIED 35

Adenosine Monophosphate 2
and Cytidine Monophosphate
1
Selenomethionine 2

Nicotinurate 2

0.96
3.39
4.57
8.31
2.50
0.89
7.42
7.40
8.11
8.50
2.46
1.64
5.98
2.27
2.27
2.22
221
2.20
3.71
1.26
2.24
7.62
7.61
7.28
7.30
3.06
5.98
4.56
4.49
4.48
1.18
1.02
4.55
2.57
2.54
2.64
8.60
3.35
4.14
6.15

2.65
8.72
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0.0163
0.0164
0.0164
0.0166
0.017
0.0176
0.0177
0.0178
0.018
0.0181
0.0181
0.0182
0.0186
0.0186
0.0191
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0196
0.0203
0.0204
0.0205
0.0207
0.021
0.0211
0.0217
0.0221

0.0226
0.0234

0.00312

0.00275

-29.47
11.93
-30.89
-15.59
-16.02
-25.76
-26.17
-25.88
-24.15
-18.01
-37.36
-17.96
18.87
-24.88
-24.55
-16.39
-15.16
-15.18
17.22
-15.96
-19.70
-20.02
-16.33
-28.97
-30.56
-11.85
22.09
-28.46
-20.11
-22.41
-18.12
-26.51
-21.26
-12.16
-12.79
-26.55
41.94
19.15
15.45
34.84

-26.70
-14.76



L-Threonine 4
Norspermidine 3
Glycerophosphocholine 3
UNIDENTIFIED 36
UNIDENTIFIED 37
Adenine
UMP 3
Tryptophan 8
UNIDENTIFIED 38
Thiamine pyrophosphate
Fructose
Glucose 10
Glucose 11
Glucose 12
Glucose 6
Glucose 7
Glucose 8
Glucose 9
Nicotinurate 3
Nicotinurate 4
S-Adenosylhomocysteine 1
Uridine 6
Valine 7
Valine 8
Inosine 5 and Hypoxanthine
Uridine 7

Argininosuccinic acid 3 and
Isocitrate 2
S-Adenosylhomocysteine 1
and Inosine 5 and Adenosine
Isocitrate 3

Myoinositol 9
Methionine Sulfoxide
UNIDENTIFIED 39
7-Methyladenine 2

Adenosine Monophosphate 3
and Cytidine Monophosphate
2

Isoleucine 6
Valine 9
Imidazole
UNIDENTIFIED 40
Glucose 13
Glutamate 3

4.26
1.67
3.68
1.63
1.15
8.22
8.09
7.56
1.43
8.05
4.03
3.53
3.45
3.80
5.24
3.86
3.84
3.83
8.95
8.71
8.39
4.36
2.26
0.99
8.23
5.94
2.52

8.36

2.51
3.55
2.77
1.66
8.19
6.14

1.01
1.04
8.32
3.85
3.78
2.13
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0.0238
0.024
0.0247
0.0261
0.0261
0.0264
0.0264
0.0265
0.0266
0.027
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0275
0.0282
0.0302
0.0304
0.0312

0.0323

0.0327
0.0336
0.034
0.0347
0.0358
0.0365

0.0366
0.037
0.0373
0.0374
0.0385
0.0389

-18.65
-18.87
18.22
-15.65
-18.95
-23.43
-49.31
-23.45
-19.37
-16.90
15.22
6.84
13.62
8.44
21.35
10.57
13.22
12.71
-15.33
-14.90
-26.52
-25.18
-21.66
-23.44
-23.67
-29.41
-12.97

-9.50

-13.26
-8.70
-20.13
-17.11
-13.83
29.75

-24.80
-23.31
6.19
10.16
3.73
-21.32



(R)-3-Hydroxybutyric Acid 5 2.39 0.0391 -22.09
Beta-Alanine 3 3.18 0.0391 -16.47
Glucose 14 3.84 0.0391 14.28

Glucose 15 3.76 0.0391 11.64

Glucose 16 3.73 0.0391 13.64

Glucose 17 3.72 0.0391 15.32
Glycogen 541 0.0391 45.07
L-Threonine 5 4.25 0.0391 -17.25
N-Acetylglutamate 3 2.25 0.0391 -19.22
Nicotinurate 5 8.73 0.0391 -15.74
Nicotinurate 6 7.62 0.0391 -15.76
Phenylalanine 10 3.15 0.0391 -20.66
Phenylalanine 11 3.14 0.0391 -17.66
Tyrosine 9 and Beta-Alanine 4 3.19 0.0391 -16.04
UNIDENTIFIED 41 4.52 0.0391 -16.81
Uridine 8 4.24 0.0391 -21.65
Uridine 9 4.23 0.0391 -18.24
UNIDENTIFIED 42 0.90 0.0394 -22.91
Pi-Methylhistidine 7.16 0.0397 -24.13
UNIDENTIFIED 43 2.42 0.0422 -25.33
Methylmalonate 1 1.24 0.0427 -16.16
Methylmalonate 2 1.23 0.0432 -15.63
UDP-N-Acetylglucosamine 3 7.95 0.0434 8.70
UNIDENTIFIED 44 3.62 0.0437 -13.62
Valine 10 1.05 0.045 -23.13
UNIDENTIFIED 45 1.65 0.0451 -16.78
Anserine 7.15 0.0454 -20.47
Gamma-Glutamylcysteine 9 2.98 0.0461 -10.03
Glutamate 4 2.10 0.0472 -16.12
UNIDENTIFIED 46 1.65 0.0481 -15.62
Glycerol 3.81 0.0488 5.69
3-Methyladenine 8.29 0.0492 20.31
Thiamine 8.06 0.0493 -17.94
3-Mercaptopyruvic Acid 2.86 0.0547 0.00208 11.19

Threonate 4.02 0.2451 0.00039 6.81
30 mg Betaine and Trimethylamine 3.274811 0.00001 1.40E- -55.02

CORT N-Oxide 03
Coenzyme A 0.762045 0.00001 -43.08
Glycerophosphocholine 1 3.69339025 0.00001 48.05
Mannose 5.19833 0.00001 75.00
UNIDENTIFIED 1 3.8724865 0.00001 9.85E- 26.44
04

UNIDENTIFIED 2 3.6352585 0.00001 21.92

UNIDENTIFIED 3 3.16603875 0.00001 -36.08
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Glycerophosphocholine 2 and
Maltose
Glycerophosphocholine 3

Quinone
1-Methylguanosine
Glycerophosphocholine 4
Inosine 1
Tryptophan 1
O-Phosphocholine 1
Nicotinurate 1
Tryptophan 2
Allantoin 1
Tryptophan 3
Tryptophan 4
Valine 1
Phenylalanine 1
Nicotinurate 2
Tyrosine 1
Myoinositol 1
O-Phosphocholine 2
4-Hydroxyproline
UNIDENTIFIED 4
Beta-Alanine 1
UNIDENTIFIED 5
Glucose 1
UNIDENTIFIED 6
Gluconate
Tyrosine 2
Valine 2
Isoleucine 1
Histamine 1
Inosine 2
Inosine 3
Tryptophan 5
7-Methyladenine 1
Inosine triphosphate
Myoinositol 2
Myoinositol 3
Tryptophan 6
UDP-N-Acetylglucosamine 1
Valine 3
Tyrosine 3
(R)-3-Hydroxybutyric Acid 1

3.67813075

3.68501725

6.81344075
8.01996375
3.2250335
4.451543
7.55075
3.5931865
8.253198
7.733
5.3965
7.28869675
7.214888
2.289244
7.447597
8.7221
7.1892
4.0815
3.236193
3.3730335
4.248287
3.17114475
3.95
3.7765
3.848027
4.127
7.204088
2.2769985
0.9422585
7.93006425
4.4453885
6.08357225
7.277904
8.1092455
8.5015
3.6284505
3.312
7.56175
5.97683275
2.281673
6.9070865
1.2171995
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0.0001

0.0002

0.0002
0.0003
0.0004
0.0004
0.0004
0.0005
0.0008
0.0009
0.0011
0.0012
0.0012
0.0012
0.0013
0.0015
0.0015
0.0016
0.0016
0.0019
0.002
0.0022
0.0022
0.0023
0.0023
0.0024
0.0024
0.0024
0.0027
0.0028
0.0028
0.0029
0.003
0.0031
0.0031
0.0031
0.0032
0.0033
0.0034
0.0034
0.0038
0.0039

7.60E-
04

39.49

50.20

-55.24
-35.27
42.15
-27.68
-38.80
31.26
-22.60
-26.08
-33.81
-32.83
-33.75
-27.33
-36.26
-26.86
-36.82
-34.35
45.15
-25.92
-21.32
-30.05
26.25

4.89
10.55
29.28
-35.70
-24.99
-33.68
-44.51
-22.06
-31.71
-27.31
-26.10
-24.98
-24.92
-24.39
-27.83
41.80
-25.11
-36.27
-35.05



Glucose 2 3.8908375 0.0039 11.25

Glucose 3 3.85905 0.0039 12.93
Glucose 4 3.830115 0.0039 11.62
Glucose 5 3.70511225 0.0039 15.95
Glucose 6 and 3.2476595 0.0039 20.84
Glycerophosphocholine 5
Glycogen 1 5.436698 0.0039 41.55
Glycogen 2 5.4231095 0.0039 58.92
Glycogen 3 5.4149115 0.0039 51.66
NADP+ 9.303 0.0039 40.69
Nicotinurate 3 8.9535 0.0039 -23.92
Nicotinurate 4 8.7258 0.0039 -27.84
Nicotinurate 5 8.71475 0.0039 -25.78
Nicotinurate 6 7.624 0.0039 -24.39
Nicotinurate 7 7.615 0.0039 -25.20
Nicotinurate 8 7.609 0.0039 -25.09
Nicotinurate 9 7.601 0.0039 -27.14
Phenylalanine 2 7.43567725 0.0039 -42.46
Phenylalanine 3 7.3454015 0.0039 -49.18
Phenylalanine 4 7.3313645 0.0039 -49.59
Phenylalanine 5 3.1581545 0.0039 -26.59
Phenylalanine 6 3.1452235 0.0039 -26.75
Phenylalanine 7 3.136225 0.0039 -24.29
S-Adenosylhomocysteine 8.3945 0.0039 -23.91
Selenomethionine 1 2.63583075 0.0039 -34.74
Tyrosine 4 6.9235865 0.0039 -35.95
Tyrosine 5 3.079 0.0039 -20.60
Tyrosine 6 3.07036725 0.0039 -22.32
UNIDENTIFIED 7 3.181 0.0039 -22.75
UNIDENTIFIED 8 3.1744625 0.0039 -20.60
UNIDENTIFIED 9 3.1517965 0.0039 -26.52
UNIDENTIFIED 10 2.3206385 0.0039 -24.36
UNIDENTIFIED 11 2.3084785 0.0039 -26.53
Valine 4 2.2992225 0.0039 -31.43
UNIDENTIFIED 12 0.95341 0.004 -34.29
Tryptophan 7 7.7455 0.0041 -22.86
Nicotinurate 10 8.27271725 0.0042 -16.74
Threonine 1 4.2810135 0.0043 -20.05
Valine 5 2.26676675 0.0044 -24.26
Phosphocreatine 3.958 0.0045 25.44
Isoleucine 2 0.9329915 0.0048 -31.49
O-Phosphocholine 3 3.606269 0.0048 16.80
UNIDENTIFIED 13 4.4564145 0.0051 -27.19
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UNIDENTIFIED 14
Uridine 1
Myoinositol 4
UNIDENTIFIED 15
Myoinositol 5
(R)-3-Hydroxybutyric Acid 2
Beta-Alanine 2
Glucose 7
Glucose 8
Glucose 9
Glutamate 1
Glutamate 2
Glycine
Nicotinurate 11
Norspermidine 1
Phenylalanine 8
Phenylalanine 9
Phenylalanine 10
Phenylalanine 11
Isoleucine 3
UNIDENTIFIED 16
Isoleucine 4
Valine 6
UNIDENTIFIED 17
Flavin Mononucleotide
Glucose 10
Inosine 4 and Hypoxanthine
Lactate 1
Acetylcholine
Adenosine monophosphate 1
Uridine 2
Glutamate 3
Ribose
(R)-3-Hydroxybutyric Acid 3
(R)-3-Hydroxybutyric Acid 4
Gamma-Glutamylcysteine 1
Gamma-Glutamylcysteine 2
Glucose 11
Glucose 12
Selenomethionine 2
Tryptophan 8
UNIDENTIFIED 18
Glycerophosphocholine 6

3.967
7.8785
3.641821
0.964489
3.6147985
2.426871
3.1915
5.2418
3.843958
3.837573
2.107325
2.06925
3.5715
8.73345
1.68882425
7.41981125
7.3996215
7.3839405
7.37366075
1.02094425
0.976129
1.00844425
2.271912
2.3156385
7.8095
3.430133
8.2305
4.1205
2.142
8.598
5.9215235
2.1007245
5.402
2.41629
1.2005
2.21658675
2.19575175
3.797585
3.7555
2.647295
7.29929275
0.8680155
4.3325
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0.0059
0.0066
0.0067
0.007
0.0072
0.0077
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0079
0.008
0.0084
0.0086
0.0088
0.0089
0.0091
0.0097
0.0099
0.0102
0.0108
0.011
0.0113
0.0113
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0118
0.0118
0.0121

21.58
-29.06
-20.15
-33.19
-15.87
-26.07
-21.22
13.95
10.86
10.78
-31.24
-23.25
-15.30
-20.45
-27.78
-35.88
-36.29
-42.74
-34.63
-28.43
-30.51
-28.38
-20.44
-22.14
-35.37
9.80
-37.39
26.44
-30.99
45.52
-30.78
-20.24
-24.18
-24.98
-39.53
-16.64
-14.98
8.74
8.17
-33.69
-28.82
-29.99
39.67



Valine 7
Adenosine
Adenine
Glycerol 1
Myoinositol 6
Norspermidine 2
UMP 1
Uridine 3
Threonine 2
UNIDENTIFIED 19
Myoinositol 7
Inosine 5
UDP-glucose
Pi-Methylhistidine
Glucose 13
Uridine 4
Methionine Sulfoxide
UNIDENTIFIED 20
Valine 8
Glycerol 2
Threonine 3
Gamma-Glutamylcysteine 3
Glucose 14
N-Acetylglutamate 1
N-Methylhydantoin 1
UDP-N-Acetylglucosamine 2
UNIDENTIFIED 21
UNIDENTIFIED 22
UNIDENTIFIED 23
UNIDENTIFIED 24
UNIDENTIFIED 25
Uridine 5
Uridine 6
Valine 9
UNIDENTIFIED 26
Valine 10
Adenosine monophosphate 2
Lactate 2
Valine 11
UNIDENTIFIED 27
Myoinositol 8
Allantoin 2
7-Methyladenine 2

0.9887275
8.1415
8.2165
3.8075

3.557273
1.67632325
4.42397
5.9120235
4.27273825
4.4624675
3.541
4.4383065
5.989744
7.1644

3.4151865

5.9298575

2.7659685

7.9168785

1.037221
3.81235
4.254254
2.2056115
3.446852
2.228325
4.099
5.96753825
7.573
4.48502425
4.47825525
4.36566
1.702597

4.3613245
4.2407

0.9993275

441
2.25968475
6.152
4.1421505
1.051221
4.404
3.2992265
5.39
8.18565
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0.0121
0.0122
0.0128
0.0141
0.0146
0.0153
0.0154
0.0155
0.0161
0.0161
0.0164
0.0165
0.0169
0.017
0.018
0.0183
0.0184
0.0187
0.0187
0.0188
0.0191
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0212
0.0218
0.022
0.0224
0.0227
0.0236
0.0251
0.0255
0.0256
0.0257

-25.56
29.65
-33.95
9.76
-11.58
-23.13
-26.08
-24.23
-17.57
-24.73
-11.55
-18.87
32.96
-23.31
11.87
-29.03
-23.30
-20.02
-25.19
8.99
-17.16
-14.49
9.57
-17.97
-20.63
32.60
-18.25
-23.62
-22.29
-19.62
-28.60
-24.69
-19.58
-22.16
-22.82
-17.86
43.18
11.07
-25.81
-19.36
-21.20
-20.86
-13.35



Choline
Myoinositol 9
(R)-3-Hydroxybutyric Acid 5
Glucose 15
Tyrosine 7
UNIDENTIFIED 28
Uridine 7
Adenosine Triphosphate
Lactate and Gluconate
Threonine 4
Glucose 16
Imidazole
N-Methylhydantoin 2
Pantothenic acid
Myoinositol 10
Sucrose
O-Phosphocholine 4
Glucose 17
Glucose 18
Glucose 19
Glucose 20
N-Acetylglutamate 2
N-Carbamoylaspartate
Tyrosine 8
UDP-N-Acetylglucosamine 3
UNIDENTIFIED 29

UMP 2 and Cytidine
Monophosphate
Carnosine and Histamine 2

Norspermidine 3
Glucose 21
UNIDENTIFIED 30
UMP 3
Proline
Glucose 22
7-Methyladenine 3
UDP-N-Acetylglucosamine 4
Glutamate 4
Uridine 8

4.0672235
3.5485
24213375
3.74596475
3.0902355
3.9405
4.23414275
8.547
4.1321445
4.26354675
3.7865425
8.32305
2.929548
0.9227405
3.563
4.0632235
3.5996425
3.7282915
3.718924
3.462855
4.6792105
2.23953475
2.47906925
3.2005
5.9837385
4.470371
8.09032775

7.149295
1.66812625
3.39272
0.911374
4.430931
3.336
4.6503985
4.0585
7.9454045
2.059403
7.8935

0.0261
0.0264
0.0273
0.0273
0.0273
0.0273
0.0273
0.0295
0.0299
0.0307
0.0325
0.0342
0.0358
0.0366
0.0372
0.0381
0.0388
0.0391
0.0391
0.0391
0.0391
0.0391
0.0391
0.0391
0.0391
0.0391
0.0405

0.0414
0.0417
0.042
0.0429
0.0433
0.0437
0.0445
0.045
0.0467
0.0486
0.0492

-17.16
-10.81
-26.68
7.27
-15.01
23.54
-15.68
39.03
18.66
-16.72
5.65
14.44
-23.91
-20.80
-9.69
-13.70
14.67
8.49
8.99
8.62
7.88
-15.84
-27.81
-16.18
35.01
-23.05
-49.99

-22.55
-18.63
6.38
-22.58
-20.99
15.76
8.27
-12.64
22.49
-15.62
-21.80
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Table A1- 3: p-values of metabolites found to be significantly altered in breast muscle of
birds administered 10 mg L™! corticosterone (CORT) and 30 mg L™! CORT as compared
to ethanol alone as determined by a paired t-test and/or the variable importance analysis
based on random variable combination analysis

Chemical
Treatment Metabolite shift T-test VIAVC Regulation
p-value p-value

(ppm)

Glucose 1 3.90 0.001 22.54
Glucose 2 3.84 0.001 1.61E-07 19.00
Glycine and Glycerol 1 3.57 0.0022 28.44
UNIDENTIFIED 1 8.26 0.0023 -69.84
Glucose 3 3.73 0.0026 19.55
Glucose 4 3.75 0.0042 17.89
Sl O e 400 0.0055 33.76
Glucose-6-phosphate 2 4.02 0.0061 12.99
Inosine 1 and Glu3005e—6-Phosphate 389 0.0064 43.44
Gluc"s;}fozgﬁagjcose'6' 352 0.0076 48.08
Inosine 2 and Ghlscose—6-Phosphate 387 0.008 38.83
Glucose 6 and Myoinositol 1 3.53 0.0098 53.29
Glucosl‘j}zozggag‘;cose'6' 526 00103 43.54

Glucose 8 and Glucose-6-
10 mg Phosphate 7 and 3.55 0.0124 38.38

CORT Myoinositol 2

Glucosgfozggg‘g"’se'& 351 0.0128 28.27
UNIDENTIFIED 2 4.01 0.0136 21.87
Glucose 10 3.72 0.0178 19.16
Glucose 11 and Carnitine 343 0.0195 15.09
UNIDENTIFIED 3 4.01 0.0203 33.85
Glucose 12 and Glycerol 2 3.56 0.0204 27.44
1,5-Anhydrosorbitol 1 3.98 0.022 30.14
Creatine phosphate 3.03 0.0254 -16.49
UNIDENTIFIED 4 3.96 0.0273 57.96
1,5-Anhydrosorbitol 2 3.97 0.0283 29.97
UNIDENTIFIED 5 3.82 0.0286 24.57
Glucose-6-phosphate 9 3.29 0.0356 32.09
Creatinine 4.07 0.0377 13.26
Glucose-6-phosphate 10 5.25 0.039 28.39
Anserine 1 2.71 0.04 -14.48
Betaine 3.90 0.0443 18.91
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UNIDENTIFIED 6 3.86 0.0447 17.93
N-Methylhydantoin 2.93 0.1061 1.02E-32 -25.42
UNIDENTIFIED 7 8.57 0.1289  4.80E-07 11.44
Glucose 13 3.71 0.2629  5.48E-08 16.68
Glucose 14 3.83 0.3878  9.75E-20 15.37
Glucose 15 3.69 0.4453 8.14E-21 11.71
UNIDENTIFIED 8 3.06 0.6912 1.18E-13 2.26
S-Adenosylhomocysteine 1 2.17 0.6916  4.16E-11 -6.19
Anserine 2 2.67 0.8203 7.23E-13 -1.26
S-Adenosylhomocysteine 2 2.19 0.8461 1.33E-14 -2.61
Glucose 1 3.43 0.00001 43.97
Glucosgﬁozggag‘fose'& 5.26 0.00001 77.26
Gl“""s;}fozgga?;‘;cose'6' 3.51 0.00001 56.99
Phosphate 3 and Myoinostol | 353 000001 7265
Glucose 5 and Glycerol 1 3.56 0.00001 55.13
Glucose-6-phosphate 4 3.72 0.00001 41.01
Histamine 1 3.03 0.00001 -28.33
Inosine 1 and Glulcose—6-Phosphate 3.89 0.00001 76.84
Glucose-6-phosphate 2 4.02 0.0001 19.55
Histamine 2 3.02 0.0001 -47.40
Glucose-6-phosphate 3 3.29 0.0003 54.51
Glucose 6 3.41 0.0004 29.60
30 m Gl“"os;}zozgggjcose 6 525 0.0004 57.35
CORT Glucose-6-phosphate 5 4.01 0.0005 36.30
Glucose 8 3.82 0.0006 34.76
Glucose 9 and Glycerol 2 3.56 0.0006 42.46
Glutathione 1 3.00 0.0006 -69.36
Anserine 1 3.07 0.0007 -29.23
Glucose 10 3.26 0.0007 23.34
Anserine 2 3.09 0.001 -41.91
Glucose 11 and Betaine 1 3.91 0.0012 33.48
Citric acid 2.64 0.0016 -44.84
1,5-Anhydrosorbitol 1 3.98 0.0017 45.55
Acetic acid and Acetylphosphate 1.93 0.0022 -43.83
Carnosine 1 8.08 0.0023 -78.86
N-Methylhydantoin 2.93 0.0023 -61.90
Proline 1 2.35 0.0023 -39.43
1,5-Anhydrosorbitol 2 3.97 0.0027 42.68
Proline 2 2.34 0.003 -44.44



UNIDENTIFIED 2
Glucose 12
Glucose 13
Glucose 14

Glucose 15

Glucose 16 and Glucose-6-
Phosphate 6

Glucose 17 and Myoinositol 2
Glucose-6-phosphate 7

Glucose-6-phosphate 8 and
Nicotinurate 1

Glycine and Glycerol 3

Inosine 2 and Glucose-6-Phosphate

9
Carnitine 1

Methylmalonate 1

Carnitine 2

Acetylphosphate and S-
Adenosylhomocysteine 1 and
Glutamine 1

Carnitine 3
Carnitine 4
Methylmalonate 2
ATP 1, ADP 1, AMP 1, IMP 1
Glutamine 2
Niacinamide 1

Glutamine 3

Argininosuccinic Acid 1 and
Glycylproline 1 and Ornithine 1

Glucose 18
Lactate
Anserine 3 and Carnosine 1
Acetylcholine
Niacinamide 2
Tryptophan 1
Niacinamide 3
Uridine 1
GTP or GDP 1 and Uridine 2
Proline 3 and Malic acid
Niacinamide 4
Niacinamide 5
UNIDENTIFED 3
Adenine 1
AMP 2 and ATP 2
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4.01
3.90
3.85
3.84
3.75

3.52

3.53
3.73

4.00
3.57
3.87

2.44
1.24
2.43

2.12

2.47
2.46
1.25
6.13
2.16
8.95
2.16

1.94

3.25
4.15
2.66
2.15
8.72
7.73
7.61
591
5.92
2.36
7.61
7.60
6.02
8.22
8.24

0.003
0.0039
0.0039
0.0039
0.0039

0.0039

0.0039
0.0039

0.0039
0.0039
0.0039

0.0041
0.0042
0.0044

0.0046

0.0046
0.0047
0.0047
0.0048
0.0048
0.0054
0.0056

0.006

0.0062
0.0062
0.0068
0.0072
0.0072
0.0072
0.0074
0.0074
0.0075
0.0075
0.0076
0.0076
0.0077
0.0078
0.0078

52.87
46.98
22.86
36.36
38.47

89.14

89.57
56.38

62.74
61.33
59.35

-54.11
-43.16
-62.29

-31.69

-55.08
-57.82
-41.57
-80.51
-68.52
-59.53
-65.38

-95.85

17.83
11.92
-8.73
-32.75
-82.11
-103.36
-93.38
-118.62
-118.27
-44.50
-94.71
-93.65
-96.88
-87.13
-80.34



GTP or GDP 2 and Uridine 3
Histamine 3
Niacinamide 6
S-Adenosylhomocysteine 2
Tryptophan 2
Tyrosine 1
UNIDENTIFED 4
UNIDENTIFIED 5
Niacinamide 7
Tryptophan 3
4-Pyridoxic Acid
Hypoxanthine
Phenylalanine 1
Aspartic Acid 1
1,5-Anhydrosorbitol 3
UNIDENTIFED 6
AMP 3

Betaine 2

S-Adenosylhomocysteine 3 and
Proline 4
N-Acetylmannosamine 1 and
S-Adenosylhomocysteine 4 and
Proline 5

Nicotinurate 2

S-Adenosylhomocysteine 5 and
Proline 6

Tryptophan 4
UNIDENTIFED 7
UNIDENTIFIED 8

S-Adenosylhomocysteine 6

UNIDENTIFED 9
UNIDENTIFED 10
UNIDENTIFIED 11

Carnosine 2

1-Methyladenine

Argininosuccinic Acid 2 and
Glycylproline 2 and Ornithine 2

Argininosuccinic Acid 3 and
Glycylproline 3 and Ornithine 3

Argininosuccinic Acid 4 and
Glycylproline 4 and Ornithine 4

Carnitine 5

Dimethylglycine

5.93
7.09
8.73
4.46
7.56
7.21
2.99
8.27
7.62
7.74
7.55
8.17
7.45
2.82
3.99
7.88
8.60
3.90

2.07

2.06

4.00
2.09

7.57
7.49
7.49
6.10
8.26
6.34
8.02
8.18
8.28

1.95

1.94

1.92
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2.94

0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0081
0.0084
0.0088
0.0091
0.0091
0.0091
0.0095
0.01
0.0101
0.0102
0.0102

0.0102

0.0103

0.0103
0.0105

0.0105
0.0105
0.0105
0.0106
0.0107
0.0107
0.0112
0.0113
0.0117

0.0117

0.0117

0.0117

0.0117
0.0117

-116.02
-88.48
-74.97
-47.05

-109.84
-76.81
-82.69
-43.24
-90.78

-105.59

-109.17
-66.64
-97.35
-84.27
35.49

-112.06
-94.48
24.28

-40.28

-48.99

35.59
-74.65

-114.96
-108.97
-109.20
-39.68
-46.65
-115.62
-110.98
-71.52
-46.50

-86.80

-89.24

-72.04

-62.88
-49.62



Glutamine 4 and S-
Adenosylhomocysteine 7
Glutamine 5 and S-
Adenosylhomocysteine 8

Glutathione 2
Glutathione 3
Glutathione 4
Glutathione 5
Guanidinoacetate
IMP 2
Malonate
Ornithine 5
Phenylalanine 1
1-Methylhistidine 1
S-Adenosylhomocysteine 9
Tyrosine 2
Tyrosine 3
Tyrosine 4
UMP 1
UMP 2
UMP 3
t-Methylhistidine 1
Glucose-6-phosphate 10
UNIDENTIFED 12
UNIDENTIFED 13
Proline 7 and Glycylproline 1
UNIDENTIFIED 14
S-Adenosylhomocysteine 10
UNIDENTIFED 15
1-Methylhistidine 2
Aspartic Acid 2
Aspartic Acid 3
UNIDENTIFED 16
UNIDENTIFIED 17
S-Adenosylhomocysteine 11
Valine 1
Phenylalanine 2
Riboflavin 1
Valine 2
UNIDENTIFED 18
Beta-Alanine 1
UNIDENTIFED 19

185

2.14

2.13

3.00
2.99
2.98
2.95
3.80
8.23
3.14
1.91
3.16
7.01
2.17
7.19
6.92
6.91
6.01
5.99
5.98
3.17
4.03
2.21
6.03
2.04
7.89
4.45
7.37
7.70
2.82
2.80
6.10
7.27
6.11
2.26
7.33
7.38
2.27
4.67
3.17
8.83

0.0117

0.0117

0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0117
0.0118
0.0119
0.0119
0.0121
0.0122
0.0124
0.0124
0.0125
0.0125
0.0125
0.0125
0.0126
0.0131
0.0135
0.0137
0.0138
0.0138
0.0139
0.0141
0.0145

-63.42

-63.40

-77.46
-84.29
-75.23
-76.94
20.29
-87.69
-33.54
-70.12
-46.52
-108.70
-56.16
-73.90
-84.36
-87.34
-111.73
-97.27
-104.68
-51.86
14.69
-75.81
-89.81
-57.53
-113.08
-32.49
-104.61
-110.84
-78.08
-66.09
-81.15
-77.51
-45.45
-90.65
-77.21
-92.38
-85.03
29.68
-54.48
-78.94



UNIDENTIFIED 20 2.25 0.0145 -72.22

Phenylalanine 3 7.35 0.0146 -70.65
Aspartic Acid 4 2.79 0.0147 -62.02
Carnosine 3 7.15 0.015 -39.52
Valine 3 2.27 0.015 -86.26
Valine 1 2.26 0.0151 -87.22
UNIDENTIFED 21 8.82 0.0152 -80.15
UNIDENTIFED 22 2.20 0.0153 -69.84
Valine 4 2.28 0.0153 -88.46
Riboflavin 2 7.39 0.0154 -95.96
Valine 5 2.28 0.0154 -84.55
O-Phosphocholine 3.24 0.0156 -14.97
1-Methyladenosine 1 8.42 0.0158 -57.07
Imidazole 1 7.23 0.0162 -100.91
UNIDENTIFIED 23 3.86 0.0175 25.13
Valine 2 2.29 0.0176 -71.13
Glycylproline 2 and Proline 8 1.97 0.0184 -55.63
Glycylproline 3 and Proline 9 2.01 0.0189 -56.17
Glycylproline 4 and Proline 10 2.03 0.0191 -49.00
Glycylproline 5 and Proline 11 2.02 0.0192 -46.46
Mannose-6-Phosphate 5.21 0.0194 82.74
1-Methyladenosine 2 8.15 0.0195 -74.27
Adenine 2 8.19 0.0195 -93.21
ADP 2 8.53 0.0195 -99.53
Alpha-ketoisovaleric acid 1 1.15 0.0195 -87.04
Alpha-ketoisovaleric acid 2 1.14 0.0195 -86.74
Argininosuccinic Acid 5 1.89 0.0195 -67.89
Argininosuccinic .Acid 6 and 1.95 0.0195 7471
Glycylproline 6
Giyeylproline 7and Omithmes 193 00193 £3.89
Argininosucgin'ic Acid 8 and 1.90 0.0195 7592
Ornithine 7
ATP 3 8.53 0.0195 -84.34
Carnitine 6 242 0.0195 -62.19
Ethanol 1 1.19 0.0195 -96.84
Ethanol 2 1.18 0.0195 -96.35
Ethylmalonic acid 0.92 0.0195 -88.73
Fumaric Acid 6.53 0.0195 -105.01
Glutamine 6 2.15 0.0195 -72.33
Glutathione 6 2.96 0.0195 -81.40
Glutathione 7 2.94 0.0195 -87.36
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Glycylproline 8 and Proline 12
GMP 1
GMP 2
Imidazole 2
Isoleucine
Pantothenic Acid
Phenylalanine 4
Phenylalanine 5
Proline 13
Proline 14

S-Adenosylhomocysteine 12 and
Proline 15

Trimethylamine

UMP 4

UMP 5
UNIDENTIFED 1
UNIDENTIFED 24
UNIDENTIFED 25
UNIDENTIFIED 26
UNIDENTIFED 27
UNIDENTIFED 28
UNIDENTIFIED 29
UNIDENTIFED 30
UNIDENTIFED 31
UNIDENTIFIED 32
UNIDENTIFED 33
UNIDENTIFED 34
UNIDENTIFIED 35
UNIDENTIFED 36
t-Methylhistidine 2

N-Acetylgalactosamine 2 and
S-Adenosylhomocysteine 13 and
Proline 16

Proline 17 and Malic acid

Glucose 19 and Glucose-6-
phosphate 11

Glycylproline 9 and Proline 18
Anserine 4
Inosine 3
UNIDENTIFED 37
Inosine 4

Inosine 5

1.96
5.95
5.94
7.29
0.93
0.89
7.44
7.42
3.36
2.33

2.10

2.90
8.11
8.10
1.90
7.50
5.63
5.62
291
2.89
2.54
8.21
7.48
5.62
5.61
291
2.88
2.24
6.99

2.05

2.37
3.50

2.00
271
4.28
9.34
4.44
4.29

0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195

0.0195

0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195
0.0195

0.02

0.0208
0.0217

0.0229
0.023
0.0257
0.0258
0.0264
0.0264

-65.06
-109.02
-112.16

-89.19

-46.58

-83.48

-71.40

-79.43

-59.94

-58.53

-74.59

-102.38
-97.56
-101.07
-84.43
-108.72
-133.76
-128.54
-86.08
-93.94
-92.98
-101.25
-106.98
-128.41
-131.71
-89.52
-91.59
-67.57
-83.84

-27.57

-40.15
20.82

-55.26
-16.05
-49.17
-62.58
-39.88
-36.25



Beta-Alanine 2 and N-
Nitrosodimethylamine and
Anserine 5 and Carnosine 4

S-Adenosylhomocysteine 14 and
Proline 19

1-Methyladenosine 3
3-Hydroxyisobutyrate
Adenosine Phosphosulfate
Alanine 1
Methionine
Phenylalanine 2
UNIDENTIFIED 38
Glycylproline 10 and Proline 20
Purine
Glycylproline 11 and Proline 21
S-Adenosylhomocysteine 15
UNIDENTIFED 39
sn-Glycero-3-phosphocholine 1
UNIDENTIFED 40
Inosine 6
3-Hydroxybutyric acid 1

3-Hydroxybutyric acid 2 and
Ethanol 3

Lactic acid 1
Lactic acid 2
UNIDENTIFIED 41
UNIDENTIFED 42
UNIDENTIFED 43
Inosine 7
Beta-Alanine 3
Threonine
sn-Glycero-3-phosphocholine 2
Beta-Alanine 4
Alanine 2
Carnosine 5 and Beta-Alanine 5
Glucose 1-Phosphate 1
Glucose 1-Phosphate 2
UNIDENTIFIED 44

3.19

2.08

8.46
1.08
8.51
3.77
2.19
3.15
7.17
1.98
9.11
1.99
8.37
4.27
3.64
1.52
4.28
1.21

1.20

1.43
1.42
3.96
2.23
2.81
4.30
2.56
3.60
3.68
2.58
1.48
3.18
5.47
5.46
8.57

0.0266

0.0267

0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0273
0.0285
0.0311
0.0316
0.0324
0.0335
0.0365
0.0373
0.039
0.0391

0.0391

0.0391
0.0391
0.0391
0.0391
0.0391
0.0395
0.0397
0.04
0.0426
0.0448
0.0455
0.0481
0.1641
0.1641
0.8203

-9.64

-37.03

-62.84
-85.52
-75.78
-16.96
-45.02
-45.74
-50.92
-46.57
-57.96
-46.28
-24.85
-48.15
-52.67
-59.10
-32.39
-84.07

-78.79

-28.25
-30.27
44.06
-77.23
-65.80
-40.02
-61.35
28.46
-60.89
-65.34
-18.07
-14.24
-94.16
-89.79
6.69




7 Appendix 2: Supplemental tables for Chapter 3

Table A2- 1: Average concentrations (mM) of all metabolites identified in rat feces that
were processed by ultrafiltration, no extraction without baseline correction, Bligh-Dyer
(BD) extraction without baseline correction, no extraction with baseline correction, and
BD with baseline correction. Metabolites were identified and quantified using Chenomx.
The numbers identified in presented in brackets correspond to the standard deviation and
percent occurrence of each metabolite, respectively

Compound Name No Bligh-Dyer Ultra- No Bligh-Dyer
extraction Average filtration extraction BC Average
Average Average BC Average
Sebacic acid 0.078 0.039 0.080 0.058 0.036
(0.041/100) (0.011/90) (0.033/100) (0.029/75) (0.014/80)
Nervonic acid 2.734 0.713 1.681 3.007 1.386
(0.989/100) (0.025/20) (0.391/70) (0.582/100) (0.565/90)
5-Hydroxy-L-tryptophan 0.100 0.042 0.083 0.017 0.032
(0.006/50) (0.018/80) (0.034/100) (0.000/25) (0.008/70)
Methyl isobutyl ketone 1.837 0.445 1.171 1.013 0.350
(0.645/100) (0.117/70) (0.639/100)  (0.462/100) (0.139/50)
Erythrose 5.015 0.539 2.611 2.772 1.051
(2.183/50) (0.179/20) (1.437/40) (0.000/25) (0.330/30)
p-Cresol 0.086 0.015 0.054 0.041 0.012
(0.005/50) (0.008/40) (0.013/60) (0.008/100) (0.001/20)
Urocanic acid 0.058 0.019 0.049 0.026 0.012
(0.025/100) (0.005/70) (0.020/90) (0.013/75) (0.003/60)
m-Coumaric acid 0.055 0.015 0.035 0.014 0.012
(0.000/25) (0.003/70) (0.009/60) (0.002/50) (0.004/80)
Acetoin 0.169 0.040 0.183 0.158 0.042
(0.036/75) (0.006/40) (0.053/30) (0.046/75) (0.006/30)
Acetylglycine 2917 0.777 1.661 1.393 0.543
(0.342/100)  (0.276/100)  (0.542/100) (0.000/25) (0.173/90)
Homovanillic acid 0.078 0.013 0.028 0.033 0.012
(0.044/50) (0.006/80) (0.021/40) (0.013/75) (0.004/100)
Sucrose 0.039 0.010 0.041 0.030 0.028
(0.033/50) (0.005/30) (0.014/90) (0.037/100) (0.013/90)
Deoxycytidine 0.016 0.012 0.018 0.015 0.013
(0.000/25) (0.002/70) (0.006/80) (0.000/25) (0.002/40)
L-Valine 0.101 0.033 0.138 0.070 0.031
(0.034/100)  (0.012/100) (0.061/90) (0.034/100)  (0.012/100)
L-Leucine 0.123 0.062 0.096 0.110 0.041
(0.000/25) (0.000/10) (0.025/90) (0.017/50) (0.000/10)
N-Acetyl-L-methionine 0.037 0.013 0.035 0.031 0.029
(0.010/100) (0.006/70) (0.006/60) (0.003/100)  (0.058/100)
N-Acetyl-L-aspartic acid 0.230 0.119 0.179 0.079 0.202
(0.169/75) (0.021/20) (0.107/30) (0.037/100)  (0.461/100)
4,5-Dihydroorotic acid 0.028 0.062 0.154 0.059 0.022
(0.015/50) (0.000/10) (0.149/30) (0.035/50) (0.012/20)
Normetanephrine 0.004 0.005 0.007 0.006 0.004

(0.000/25)  (0.000/20)  (0.000/10)  (0.002/75)  (0.001/50)
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Thymine
Phenylacetic acid
Propionic acid
1,3-Dimethyluric acid
Undecanedioic acid

L-Phenylalanine

p-Hydroxyphenylacetic

acid
Acetic acid

34-

Dihydroxybenzeneacetic

acid
Ethanol

Pyridoxal
Histamine
Indoxyl sulfate
3-Cresotinic acid
p-Cresol sulfate
L-Glutamic acid
Uracil
Methylimidazoleacetic
acid
D-Xylulose
Betaine
Galacturonic acid
D-Galactose
D-Maltose
Phenol
5-Thymidylic acid
Allantoin

Serotonin

0.050
(0.000/25)
0.112
(0.010/50)
2.543
(0.247/100)
0.042
(0.010/100)
0.054
(0.030/100)
0.115
(0.044/100)
0.056
(0.000/25)
11.815
(1.319/100)
0.025
(0.007/75)

0.521
(0.445/75)
0.022
(0.010/50)
0.052
(0.000/25)
1.167
(0.503/100)
0.208
(0.087/100)
0.010
(0.002/100)
0.428
(0.172/75)
0.226
(0.000/25)
0.752
(0.425/100)
4.564
(1.992/100)
0.134
(0.066/50)
1.147
(0.310/100)
0.140
(0.037/50)
0.186
(0.147/75)
0.034
(0.000/25)
0.083
(0.000/25)
0.037
(0.015/100)
0.026
(0.000/25)

0.028
(0.010/100)
0.036
(0.012/80)
1.005
(0.177/100)
0.009
(0.004/80)
0.028
(0.009/100)
0.030
(0.009/70)
0.014
(0.007/90)
4.602
(0.774/100)
0.034
(0.013/30)

0.194
(0.100/90)
0.003
(0.003/80)
0.006
(0.000/10)
0.400
(0.144/80)
0.113
(0.058/70)
0.004
(0.001/90)
0.169
(0.050/70)
0.248
(0.058/100)
0.200
(0.109/100)
2.447
(0.778/20)
0.049
(0.015/20)
0.167
(0.057/100)
0.023
(0.016/50)
0.050
(0.035/50)
0.088
(0.030/90)
0.020
(0.005/80)
0.011
(0.004/60)
0.031
(0.013/90)

0.075
(0.013/60)
0.101
(0.019/80)
1.793
(0.436/100)
0.022
(0.009/100)
0.055
(0.023/100)
0.113
(0.046/100)
0.035
(0.011/60)
8.367
(1.864/100)
0.088
(0.035/70)

0.565
(0.306/100)
0.015
(0.002/20)
0.022
(0.000/10)
0.676
(0.240/100)
0.108
(0.016/40)
0.007
(0.002/100)
0.347
(0.073/30)
0.470
(0.205/90)
0.350
(0.180/100)
7.173
(4.898/100)
0.132
(0.049/60)
1.000
(0.251/100)
0.105
(0.014/60)
0.085
(0.061/80)
0.092
(0.016/30)
0.067
(0.013/70)
0.034
(0.011/100)
0.054
(0.022/70)

0.048
(0.001/50)
0.063
(0.014/75)
2.544
(0.246/100)
0.008
(0.005/100)
0.042
(0.031/100)
0.110
(0.056/100)
0.018
(0.007/75)
11.802
(1.312/100)
0.031
(0.013/100)

0.531
(0.433/75)
0.002
(0.000/25)
0.016
(0.003/100)
0.261
(0.000/25)
0.116
(0.005/50)
0.006
(0.002/100)
0.307
(0.042/50)
0212
(0.057/75)
0.079
(0.038/100)
4342
(2.146/100)
0.053
(0.016/100)
1.381
(0.319/100)
0.219
(0.067/100)
0.188
(0.171/50)
0.096
(0.047/100)
0.034
(0.007/75)
0.049
(0.013/100)
0.020
(0.002/50)

0.019
(0.005/90)
0.032
(0.008/90)
1.039
(0.159/90)
0.002
(0.001/80)
0.020
(0.014/80)
0.033
(0.008/70)
0.020
(0.012/80)
4.652
(0.798/90)
0.033
(0.014/60)

0.189
(0.094/90)
0.002
(0.000/80)
0.011
(0.002/30)
0.231
(0.062/90)
0.093
(0.037/80)
0.008
(0.011/90)
0.098
(0.025/30)
0.243
(0.066/100)
0.126
(0.070/90)
2.520
(1.140/60)
0.017
(0.009/80)
0.300
(0.043/90)
0.151
(0.000/10)
0.079
(0.028/70)
0.077
(0.020/100)
0.021
(0.007/90)
0.038
(0.013/60)
0.018
(0.008/80)
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L-Aspartic acid
N-Acetylneuraminic acid
FAD
D-Xylose
5-Hydroxyindoleacetic
acid
Thiamine
Raffinose
L-Histidine
Malic acid
Homoveratric acid
7-Methylxanthine
Glycerophosphocholine
Erythritol
Butyric acid
4-Pyridoxic acid
1-Methylhistidine
Mevalonolactone
Levoglucosan
3-Hydroxymethylglutaric
acid
3-Methylxanthine
3-Methylhistidine
2-Heptanone
Sumiki's acid
Flavin Mononucleotide
1-Methylnicotinamide
L-Cystine
N-Formyl-L-methionine

3-Hydroxymandelic acid

0.169 ~(-/70)
(0.068/75)

1.129 0.333
(0.188/100)  (0.106/100)
2311 0.409
(0.614/100)  (0.214/90)
0.121 0.036
(0.024/50)  (0.013/30)
0.080 0.015
(0.043/50)  (0.010/80)
0.028 0.004
(0.017/75)  (0.003/70)
0.634 0.121
(0.122/75)  (0.055/80)
0.111 0.027
(0.028/50)  (0.009/80)
0.751 0.132
(0.254/100)  (0.078/100)
0.147 0.026
(0.051/100)  (0.014/50)
0.747 0.236
(0.137/75)  (0.078/90)
0.191 0.039
(0.000/25)  (0.000/10)
0.554 0.221
(0.326/75)  (0.054/40)
3.848 1.324
(1.948/100)  (0.467/100)
0.033 0.007
(0.005/75)  (0.001/100)
0.029 0.023
(0.000/25)  (0.014/100)
0.027 0.010
(0.000/25)  (0.002/50)
0.118 0.018
(0.019/50)  (0.007/50)
0.166 0.068
(0.027/75)  (0.024/90)
5.395 1.411
(1.241/75)  (0.457/80)
0.140 0.025
(0.047/75)  (0.017/90)
1.176 0313
(0.243/75)  (0.092/80)
0.036 0.004
(0.018/75)  (0.002/80)
2.821 0.659
(0.000/25)  (0.335/90)
0.004 0.002
(0.001/75)  (0.000/80)
0.111 0.078
(0.000/25)  (0.043/40)
0.320 0.045
(0.116/75)  (0.014/50)
0.448 0.086
(0.015/50)  (0.033/80)

0.152
(0.081/90)
0.887
(0.210/100)
1.082
(0.514/90)
0.081
(0.026/60)
0.046
(0.017/90)
0.011
(0.005/70)
0.239
(0.262/70)
0.077
(0.005/30)
0.413
(0.166/100)
0.086
(0.013/80)
1.155
(0.971/90)
0.161
(0.046/60)
0.583
(0.178/100)
2.551
(1.217/100)
0.022
(0.012/100)
0.056
(0.017/100)
0.021
(0.004/60)
0.092
(0.002/20)
0.094
(0.058/90)
5.416
(0.907/70)
0.061
(0.023/20)
0.583
(0.255/60)
0.012
(0.013/80)
1.637
(0.411/60)
0.003
(0.001/80)
0213
(0.177/20)
0.213
(0.069/100)
0.372
(0.077/90)

0.105
(0.030/100)
0.117
(0.053/100)
0.180
(0.000/25)
0.070
(0.047/100)
0.014
(0.002/75)
0.004
(0.002/75)
0.378
(0.231/100)
0.013
(0.002/50)
0.142
(0.074/100)
0.022
(0.001/50)
0.922
(0.775/100)
0.157
(0.065/100)
0.264
(0.054/100)
3.734
(2.067/100)
0.016
(0.007/100)
0.013
(0.002/100)
0.019
(0.007/100)
0.157
(0.030/100)
0.132
(0.022/100)
2.046
(1.035/100)
0.011
(0.005/100)
0.084
(0.000/25)
0.004
(0.001/50)
0.378
(0.143/75)
0.003
(0.000/25)
0.069
(0.026/50)
0.108
(0.067/100)
0.334
(0.058/100)

0.020
(0.011/30)
0.112
(0.059/100)
0.284
(0.057/90)
0.018
(0.005/70)
0.010
(0.008/90)
0.003
(0.001/60)
0.285
(0.211/90)
0.016
(0.008/40)
0.442
(1.226/100)
0.131
(0.313/100)
0.227
(0.115/90)
0.013
(0.005/70)
0.151
(0.069/30)
1.305
(0.457/90)
0.007
(0.001/90)
0.019
(0.007/100)
0.012
(0.016/100)
0.074
(0.022/50)
0.035
(0.023/90)
0.691
(0.397/80)
0.013
(0.012/100)
0.131
(0.026/30)
0.004
(0.002/50)
0.294
(0.113/100)
0.002
(0.000/90)
0.018
(0.000/10)
0.048
(0.012/70)
0.097
(0.047/70)
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Capric acid
L-Threonine
Beta-Alanine

Alpha-D-Glucose
Desaminotyrosine
Xanthine
Indoleacetic acid
Glycine
3-Hydroxyisovaleric acid

Putrescine
Succinic acid

Riboflavin

N-Acetyl-L-alanine
N-Acetylserotonin
Pantothenic acid
m-Cresol

Valeric acid

Glyceraldehyde
Gamma-Butyrolactone
Cyclic AMP
N-Acetylmannosamine
Argininosuccinic acid
Citramalic acid
Ureidosuccinic acid
2-Furoylglycine
Isovalerylglycine
Xanthosine

Hydrocinnamic acid

0.504
(0.079/50)
0.155
(0.046/75)
0.094
(0.023/50)
6.985
(2.362/75)
0.014
(0.000/25)
0.325
(0.184/75)
0.021
(0.019/75)
0.179
(0.043/50)
0.072
(0.059/50)
0.067
(0.000/50)
0.214
(0.115/100)
0.441
(0.090/100)
0.055
(0.000/25)
0.049
(0.005/75)
0.106
(0.069/100)
0.050
(0.000/25)
3.050
(0.000/25)
0.227
(0.000/25)
0.055
(0.000/25)
0.013
(0.000/25)
1.348
(0.000/25)
1.099
(0.181/50)
1.462
(0.000/25)
1.304
(0.616/100)
0.887
(0.572/75)
0.181
(0.053/50)
0.011
(0.000/25)
0.091
(0.016/100)

0.301
(0.113/60)
0.041
(0.000/10)
0.036
(0.020/80)
0.460
(0.288/50)
0.004
(0.002/20)
0.124

(0.040/100)

0.012
(0.010/80)
0.019
(0.008/90)
0.074
(0.019/90)
0.039
(0.000/10)
0.154

(0.076/100)

0.113

(0.058/100)

0.032
(0.015/40)
0.016
(0.011/60)
0.073

(0.039/100)

0.017
(0.012/40)
1.560
(0.206/40)
0.159
(0.032/90)
0.015
(0.002/30)
0.004
(0.001/60)
0.142
(0.155/90)
0.343
(0.141/70)
0.907
(0.318/70)
0.183
(0.096/40)
0.123
(0.040/60)
0.038
(0.010/60)
0.011
(0.005/50)
0.035
(0.011/90)

0.448
(0.149/40)
0.133
(0.040/100)
0.070
(0.017/50)
0.576
(0.638/90)
0.019
(0.006/70)
0.176
(0.126/100)
0.022
(0.024/60)
0.124
(0.056/90)
0.156
(0.041/80)
0.097
(0.000/10)
0.199
(0.083/100)
0.329
(0.132/100)
0.054
(0.013/20)
0.049
(0.009/80)
0.091
(0.053/100)
0.046
(0.008/50)
4.654
(2.348/40)
0.177
(0.026/60)
0.033
(0.000/10)
0.013
(0.003/50)
0.427
(0.297/60)
0.979
(0.191/60)
0.810
(0.321/50)
2.014
(0.368/60)
0.403
(0.241/40)
0.118
(0.041/80)
0.031
(0.017/70)
0.074
(0.013/90)

0.294
(0.000/25)
0.253
(0.000/50)
0.070
(0.000/25)
2.502
(0.997/75)
0.014
(0.000/25)
0.279
(0.140/100)
0.009
(0.000/25)
0.159
(0.047/75)
0.157
(0.050/75)
0.027
(0.000/25)
0211
(0.117/100)
0.227
(0.062/100)
0.024
(0.000/25)
0.006
(0.000/25)
0.076
(0.038/100)
0.044
(0.001/50)
1.741
(0.000/25)
0.226
(0.000/25)
0.028
(0.006/50)
0.012
(0.004/75)
0.940
(0.178/50)
0.351
(0.189/100)
0.248
(0.231/100)
0.473
(0.217/75)
0.142
(0.056/75)
0.116
(0.011/75)
0.033
(0.018/75)
0.076
(0.017/100)

0.301
(0.124/20)
0.048
(0.042/30)
0.024
(0.011/30)
0.719
(0.405/70)
0.004
(0.001/50)
0.153
(0.065/90)
0.006
(0.001/30)
0.023
(0.013/90)
0.038
(0.026/90)
0.014
(0.007/60)
0.165
(0.072/90)
0.074
(0.030/90)
0.013
(0.021/70)
0.007
(0.006/80)
0.062
(0.019/100)
0.008
(0.002/70)
0.448
(0.438/20)
0.157
(0.044/80)
0.020
(0.009/20)
0.004
(0.000/10)
0.075
(0.069/80)
0.236
(0.063/90)
0.181
(0.069/90)
0.142
(0.107/20)
0.107
(0.028/50)
0.035
(0.009/60)
0.014
(0.011/60)
0.037
(0.010/90)
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Gulonic acid
Biotin
5-Methylcytidine
3-Hydroxyphenylacetic
acid
L-3-Phenyllactic acid
1-Methyladenosine
4-Hydroxyproline
Picolinic acid
L-Alanine
L-Arabinose
Formic acid
Mevalonic acid
Indolelactic acid
Methylsuccinic acid
Glucose 6-phosphate
4-Methylcatechol
Dimethylsulfide
Nicotinic acid
Gluconic acid
N-Butyrylglycine
Theophylline
Gabapentin
L-Lactic acid
Hydroxyacetone
2-Isopropylmalic acid
N-
Phenylacetylphenylalani
ne

Hydroxyphenyllactic
acid

3.278
(1.476/50)
2.040
(0.679/100)
0.046
(0.000/25)
0.099
(0.030/100)
0.057
(0.014/50)
0.158
(0.077/75)
0.130
(0.070/100)
0.059
(0.035/50)
0.338
(0.152/75)
0.220
(0.064/100)
0.028
(0.001/50)
0.220
(0.058/50)
0.016
(0.002/75)
0.063
(0.020/50)
0.264
(0.166/75)
0.131
(0.000/25)
2.028
(0.451/75)
0.399
(0.157/100)
0.986
(0.311/75)
0.243
(0.016/50)
0.006
(0.000/25)
0.248
(0.172/100)
0.151
(0.052/50)
0.151
(0.083/100)
4792
(2.549/50)
0.031
(0.010/50)

0.287
(0.056/75)

0.857
(0.232/60)
0.594
(0.304/100)
0.051
(0.021/70)
0.024
(0.010/70)
0.011
(0.007/60)
0.015
(0.005/70)
0.033
(0.016/90)
0.015
(0.004/40)
0.159
(0.054/100)
0.050
(0.011/50)
0.088
(0.027/80)
0.053
(0.018/20)
0.022
(0.014/70)
0.007
(0.000/20)
0.094
(0.030/80)
0.012
(0.014/90)
0.233
(0.050/30)
0.160
(0.027/80)
0.167
(0.070/100)
0.040
(0.000/10)
0.005
(0.003/30)
0.019
(0.000/10)
0.040
(0.019/30)
0.034
(0.018/90)
1.785
(1.351/60)
0.026
(0.008/90)

0.079
(0.023/70)

2.693
(0.426/40)
0.927
(0.465/100)
0.095
(0.027/20)
0.045
(0.021/90)
0.040
(0.006/30)
0.058
(0.037/80)
0.100
(0.031/100)
0.035
(0.025/40)
0.261
(0.088/100)
0.164
(0.028/90)
0.034
(0.017/100)
0.121
(0.021/30)
0.026
(0.022/90)
0.043
(0.019/50)
0.163
(0.128/100)
0.047
(0.023/90)
1.324
(0.426/100)
0.331
(0.090/100)
0.669
(0.312/100)
0.257
(0.061/90)
0.021
(0.009/40)
0.158
(0.071/70)
0.105
(0.027/40)
0.094
(0.030/80)
4.081
(1.655/90)
0.052
(0.000/10)

0.182
(0.032/70)

2.162
(0.400/50)
0.184
(0.062/50)
0.035
(0.007/100)
0.053
(0.001/50)
0.037
(0.000/25)
0.020
(0.003/75)
0.020
(0.000/25)
0.019
(0.000/25)
0.340
(0.134/100)
0.663
(0.132/50)
0.026
(0.004/75)
0.129
(0.045/75)
0.010
(0.000/25)
0.040
(0.000/25)
0.081
(0.016/75)
0.031
(0.004/100)
0.666
(0.241/100)
0.402
(0.153/100)
0.888
(0.000/25)
0.067
(0.000/25)
0.003
(0.001/100)
0.036
(0.023/100)
0.137
(0.000/25)
0.173
(0.058/75)
0.396
(0.097/100)
0.016
(0.005/50)

0.172
(0.000/25)

0.755
(0.118/90)
0.129
(0.069/90)
0.033
(0.012/90)
0.024
(0.007/80)
0.018
(0.015/60)
0.037
(0.022/80)
0.016
(0.005/80)
0.016
(0.005/20)
0.118
(0.033/90)
0.147
(0.053/50)
0.091
(0.026/70)
0.036
(0.017/90)
0.020
(0.008/40)
0.009
(0.009/50)
0.054
(0.008/50)
0.009
(0.006/70)
0.207
(0.020/60)
0.164
(0.026/70)
0.155
(0.059/90)
0.048
(0.000/10)
0.196
(0.432/60)
0.025
(0.007/50)
0.093
(0.031/20)
0.060
(0.021/90)
0.357
(0.243/100)
0.016
(0.003/60)

0.072
(0.028/80)
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Cytidine monophosphate
N-Acetyl-L-tyrosine
Butanone
D-Glucose
Paraxanthine
Isoferulic acid
Cytidine
Ortho-

Hydroxyphenylacetic
acid

4-Hydroxyphenylpyruvic

acid
Rhamnose

Alpha-
Hydroxyisobutyric acid
p-Aminobenzoic acid
2-Hydroxybutyric acid
Beta-N-
Acetylglucosamine
Tartaric acid
Hydroxyoctanoic acid
L-Methionine
S-
Adenosylhomocysteine
L-Acetylcarnitine
N-Acetylgalactosamine
Methylcysteine
Trigonelline
1,3,7-Trimethyluric acid
Homogentisic acid
D-Threitol
Glycyl-glycine

2-Aminoisobutyric acid

0.016
(0.003/75)
0.594
(0.191/50)
0.196
(0.028/75)
0.121
(0.107/50)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.376
(0.000/25)
0.391
(0.000/25)
0.450
(0.000/25)
0.115
(0.000/25)

0.059
(0.000/25)

0.012
(0.002/50)
0.171
(0.055/70)
0.037
(0.020/60)
0.057
(0.030/90)
0.003
(0.001/100)
0.013
(0.005/40)
0.013
(0.002/50)
0.078
(0.022/40)

0.002
(0.000/10)
0.018
(0.019/80)
0.011
(0.000/10)
0.007
(0.002/30)
0.105
(0.000/10)
0.170
(0.072/80)
0.075
(0.026/60)
0.081
(0.020/70)
0.009
(0.006/20)
0.016
(0.002/60)
0.049
(0.014/70)
0.095
(0.000/10)
0.183
(0.208/100)
0.004
(0.001/90)
- (-/0)

- (-/0)
- (-/0)
- (-/0)

- (-/0)

0.021
(0.004/80)
0.369
(0.089/60)
0.064
(0.044/70)
0.197
(0.155/100)
0.003
(0.002/80)
0.022
(0.010/70)
0.019
(0.000/10)
0.214
(0.035/30)

0.007
(0.001/30)
0.016
(0.000/10)
0.015
(0.005/30)
0.012
(0.000/10)
0.575
(0.477/40)
0.475
(0.267/80)
0.238
(0.000/10)
0.194
(0.074/30)
0.040
(0.006/40)
0.062
(0.023/90)
0.114
(0.019/20)
0.582
(0.144/40)
0.766
(0.716/60)
0.005
(0.000/10)
0.049
(0.023/50)
0.183
(0.032/50)
0.306
(0.000/10)
0.080
(0.016/30)
0.016
(0.006/30)

0.022
(0.008/50)
0.104
(0.000/25)
0.065
(0.000/25)
0.330
(0.073/100)
0.004
(0.001/100)
0.006
(0.002/50)
0.046
(0.000/25)
0.082
(0.014/50)

0.002
(0.000/25)
0.107
(0.055/50)
0.050
(0.014/75)
0.017
(0.000/25)
0.353
(0.000/25)
0.358
(0.211/100)
0.152
(0.000/25)
0.186
(0.000/25)
0.027
(0.007/75)
0.047
(0.000/25)
0.052
(0.000/25)
0.095
(0.000/25)
0.494
(0.157/75)
0.005
(0.000/25)
0.037
(0.029/100)
0.082
(0.000/25)
0.259
(0.025/50)
0.078
(0.019/100)
0.008
(0.004/100)

0.014
(0.004/60)
0.124
(0.042/80)
0.020
(0.005/40)
0.065
(0.014/60)
0.005
(0.008/100)
0.035
(0.040/30)
0.019
(0.008/60)
0.048
(0.012/70)

0.009
(0.000/10)
0.056
(0.016/50)
0.014
(0.006/40)
0.007
(0.001/20)
0.163
(0.020/20)
0.158
(0.099/90)
0.092
(0.007/20)
0.078
(0.017/60)
0.002
(0.000/10)
0.029
(0.000/10)
0.023
(0.022/80)
0.159
(0.058/50)
0.066
(0.053/90)
0.006
(0.003/50)
0.037
(0.041/50)
0.073
(0.018/70)
0.061
(0.044/20)
0.012
(0.002/30)
0.029
(0.063/80)
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Methylamine

Adenosine
monophosphate
Pyruvic acid

Guanidinosuccinic acid
Cysteine-S-sulfate
dCMP
2-Hydroxy-3-
methylbutyric acid
3-Methyl-2-oxovaleric

acid
Methanol

Trimethylamine N-oxide

Methylguanidine
Citric acid
Alpha-ketoisovaleric
acid
Trehalose
Epicatechin
Ribothymidine
Uridine 5'-
monophosphate
Phosphorylcholine
Sarcosine
Hypoxanthine
1-Methylguanosine
Indole
Pyrimidine
Ureidopropionic acid
N-Acetylglutamine
Sedoheptulose

Tryptamine

L-Kynurenine

0.159
(0.000/25)
0.031
(0.009/50)
0.046
(0.000/25)
0.030
(0.000/25)
0.587
(0.335/50)
0.166
(0.000/25)
3.252
(0.000/25)
1.134
(0.404/100)
0.206
(0.042/100)
0.006
(0.000/25)
0.031
(0.000/25)
0.043
(0.000/25)
0.030
(0.008/75)
0.090
(0.040/75)
0.120
(0.040/50)
0.048
(0.000/25)
0.030
(0.000/25)
0.343
(0.000/25)
0.023
(0.000/25)
0.040
(0.000/25)
0.031
(0.000/25)
0.128
(0.000/25)
0.048
(0.000/25)
0.170
(0.000/25)
0.091
(0.035/75)
0.327
(0.009/75)
0.086
(0.044/75)
1.569
(0.641/100)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

0.060
(0.032/50)
0.009
(0.003/50)
0.021
(0.000/10)
0.028
(0.000/10)
0.011
(0.000/10)
0.048
(0.022/20)
0.037
(0.000/10)
0.025
(0.005/70)
0.042
(0.000/10)
0.060
(0.000/10)
0.032
(0.013/30)
0.066
(0.017/50)
0.031
(0.009/80)
0.372
(0.215/90)

0.114
(0.065/80)
0.010
(0.000/10)
0.049
(0.005/20)
0.010
(0.000/10)
0.715
(0.000/10)
0.129
(0.000/10)
1.575
(0.000/10)
0.500
(0.319/70)
0.665
(0.143/100)
0.011
(0.010/20)
0.134
(0.075/50)
0.057
(0.012/80)
0.039
(0.017/80)
0.093
(0.059/50)
- (-/0)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

0.050
(0.000/10)
0.042
(0.006/30)
0.147
(0.000/10)
0.076
(0.043/20)
0.232
(0.040/20)
0.049
(0.027/90)
0.970
(0.299/100)

0.146
(0.031/100)
0.006
(0.000/25)
0.020
(0.015/100)
0.020
(0.000/25)
0.716
(0.000/25)
0.169
(0.000/25)
2.796
(1.273/50)
0.965
(0.267/50)
0.068
(0.112/100)
0.003
(0.001/100)
0.041
(0.014/75)
0.008
(0.004/75)
0.023
(0.000/25)
0.177
(0.018/50)
0.104
(0.057/50)
0.014
(0.007/75)
0.032
(0.000/25)
0.028
(0.000/25)
0.009
(0.005/100)
0.007
(0.000/25)
0.016
(0.006/50)
- (-/0)

- (/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)

0.011
(0.008/70)
0.007
(0.001/30)
0.011
(0.004/40)
0.024
(0.010/30)
0.038
(0.030/20)
0.020
(0.000/10)
0.935
(0.215/20)
0.004
(0.000/10)
0.001
(0.000/30)
0.001
(0.001/40)
0.019
(0.009/40)
0.007
(0.003/70)
0.098
(0.000/10)
- (-/0)

0.111
(0.062/80)
0.117
(0.250/70)
0.020
(0.000/10)
0.006
(0.000/10)
0.007
(0.003/90)
0.033
(0.024/30)
0.021
(0.011/40)
0.029
(0.013/60)
0.040
(0.000/10)
0.029
(0.009/60)
0.005
(0.000/10)
0.052
(0.009/50)
0.016
(0.008/90)
0.321
(0.116/60)
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Hexadecanedioic acid
3-Methylindole
L-Dopa
0-Cresol
5'-Methylthioadenosine
N6-Acetyl-L-lysine
Deoxyuridine
D-Mannose
Mannose 6-phosphate
Cinnamic acid
Taurodeoxycholic acid
Kynurenic acid
2-Oxohexane
Caffeic acid
4-Hydroxybenzoic acid
Hydrochlorothiazide
L-Tryptophan
D-Glucuronic acid
Deoxyinosine
2-Aminobenzoic acid
Fumaric acid
Uridine
D-Ribose 5-phosphate
Gallic acid
Folic acid
Suberic acid
Guanidoacetic acid

Thymidine

0.435
(0.170/75)
0.023
(0.015/100)
0.033
(0.000/25)
0.149
(0.124/75)
0.003
(0.000/25)
2.009
(0.000/25)
0.057
(0.028/75)
0.697
(0.245/100)
0.076
(0.035/50)
0.230
(0.097/100)
0.034
(0.000/25)
0.039
(0.016/75)
0.584
(0.076/75)
0.084
(0.024/50)
0.005
(0.000/25)
0.663
(0.179/50)
0.044
(0.021/100)
0.096
(0.006/50)
0.628
(0.000/25)
0.210
(0.000/25)
0.013
(0.009/100)
0.017
(0.000/25)
1.802
(0.000/25)
- (-/0)

0.015
(0.004/50)
- (-/0)

- (-/0)

0.056
(0.000/25)

0.095

(0.034/100)

0.010

(0.004/100)

0.024
(0.008/60)
0.127
(0.032/50)
0.002
(0.001/40)
0.484
(0.293/50)
0.016
(0.004/50)
0.126

(0.067/100)

0.066
(0.025/70)
0.042
(0.015/50)
0.018
(0.009/90)
0.013
(0.003/40)
0.170
(0.130/50)
0.021
(0.002/30)
0.008
(0.005/20)
0.169
(0.062/70)
0.024

(0.012/100)

0.019
(0.002/50)
0.232
(0.038/30)
0.183
(0.041/70)
0.002
(0.000/20)
0.004
(0.000/10)
0.956
(0.000/10)
0.015
(0.008/50)
- (-/0)

0.087
(0.011/30)
0.199
(0.027/20)
0.012
(0.003/20)

0.855
(0.359/80)
0.029
(0.008/100)
0.014
(0.000/10)
0.143
(0.130/70)
0.002
(0.000/10)
1.148
(0.160/40)
0.041
(0.016/80)
0.387
(0.298/80)
0.171
(0.068/80)
0.123
(0.056/100)
0.030
(0.025/100)
0.031
(0.004/50)
0.472
(0.259/80)
0.075
(0.026/40)
0.021
(0.004/40)
0.230
(0.160/20)
0.044
(0.016/100)
0.075
(0.045/100)
0312
(0.000/10)
0.408
(0.102/50)
0.014
(0.009/90)
0.032
(0.000/20)
1.871
(0.712/50)
- (-/0)

0.016
(0.005/70)
0.266
(0.014/20)
- (-/0)

- (-/0)

~(-0)
- (-10)
- (-10)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-10)
- (-10)

- (-10)
0.029
(0.012/100)
0.028
(0.000/25)
1.806
(0.188/50)
0.015
(0.001/50)
- (-10)

- (-10)
0.735

(0.000/25)
- (-/0)

0.026
(0.000/10)
0.012
(0.005/50)
0.025
(0.010/50)
0.063
(0.037/100)
0.053
(0.086/40)
0.089
(0.024/40)
0.019
(0.006/50)
0.124
(0.014/80)
0.424
(0.399/20)
0.026
(0.009/50)
0.019
(0.002/30)
0.014
(0.004/60)
0.095
(0.035/50)
0.016
(0.001/40)
0.014
(0.000/10)
0.113
(0.029/40)
0.016
(0.007/80)
0.045
(0.021/20)
0.145
(0.077/50)
0.145
(0.030/50)
- (-/0)

- (-/0)
- (-/0)

0.021
(0.009/80)
0.015
(0.000/10)
0.116
(0.000/10)
0.165
(0.034/70)
0.006
(0.003/70)
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Decanoylcarnitine
Aminocaproic acid
L-Dihydroorotic acid
Methionine sulfoxide
Biocytin
Propyl alcohol
Salicyluric acid
3,7-Dimethyluric acid
Deoxycholig acid glycine
conjugate
Pelargonic acid
Glyoxylic acid
3-Methyladipic acid
Geraniol
Alpha-Lactose
Propanal
1-Butanol
Chenodeoxycholic acid
1-Methyluric acid
N-Methylhydantoin
Xanthurenic acid
Maltotriose
3-Aminoisobutanoic acid
Traumatic acid
Carnosine
Caproic acid
Anserine
Niacinamide

Pyridoxine

- (-/0)

- (-/0)
1.380
(0.000/25)
- (-/0)

- (-/0)

- (-/0)

- (-/0)
0.252
(0.092/75)
- (-/0)

- (-/0)

- (-/0)
0.534
(0.060/75)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
0.457
(0.000/25)
- (-/0)

- (-/0)

- (-/0)

- (-/0)
0.027
(0.010/100)
- (-/0)

- (-/0)

- (-/0)
0.014

(0.004/100)
- (-/0)

- (-/0)

0.227
(0.051/50)
0.225
(0.082/20)
0.007
(0.003/30)
0.200
(0.077/30)
0.115
(0.000/10)
0.030
(0.000/10)
- (-/0)

0.006
(0.003/50)
0.055
(0.011/20)
0.002
(0.000/10)
- (-/0)

0.190
(0.012/20)
0.038
(0.019/30)
0.007
(0.002/60)
0.017
(0.000/10)
0.097
(0.049/90)
- (-/0)

0.061
(0.000/10)
0.009
(0.003/60)
0.076
(0.015/20)
0.596
(0.000/10)
0.007
(0.000/10)
0.016
(0.000/10)
0.165
(0.048/20)
0.028
(0.000/10)
- (-/0)

0.003
(0.000/10)

0.063
(0.002/20)
0.696
(0.200/20)
0.909
(0.808/20)
0.003
(0.002/20)
0.749
(0.000/10)
0.646
(0.312/20)
0.026
(0.008/20)
- (-/0)

0.016
(0.009/70)
0.091
(0.006/20)
- (-/0)

0.692
(0.178/50)
- (-/0)

0212
(0.008/20)
0.009
(0.000/10)
0.064
(0.006/20)
0.201
(0.167/90)
- (-/0)

- (-/0)

0.016
(0.008/20)
0.193
(0.028/50)
- (-/0)

0.021
(0.006/50)
- (-/0)

0.275
(0.114/30)
- (-/0)

0.020
(0.015/30)
- (-/0)

0.034
(0.008/75)
- (-/0)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

0.558
(0.179/100)
- (-/0)

- (-/0)

0.049
(0.006/75)
0.305
(0.000/25)
0.112
(0.042/75)
0.199
(0.000/25)
- (-/0)

- (-/0)
- (-/0)

0213
(0.128/75)
0.040
(0.006/75)
- (-/0)

- (-/0)

0.330
(0.089/75)
- (-/0)

0.016
(0.004/50)
- (-/0)

0.068
(0.045/100)
- (-/0)

0.007
(0.000/25)

0.021
(0.005/70)
0.126
(0.044/40)
- (-/0)

0.009
(0.002/90)
0.066
(0.028/50)
0.165
(0.014/50)
0.015
(0.007/30)
0.048
(0.035/20)
0.010
(0.005/20)
0.057
(0.004/20)
0.072
(0.012/90)
- (-/0)

0.032
(0.010/90)
- (-/0)

0.092
(0.000/10)
0.025
(0.007/60)
0.085
(0.026/80)
0.383
(0.000/10)
0.044
(0.021/80)
0.010
(0.002/80)
0.307
(0.092/80)
0.303
(0.000/10)
- (-/0)

0.024
(0.013/20)
0.104
(0.015/20)
0.069
(0.018/30)
0.147
(0.138/20)
0.006
(0.002/50)
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Glycerol 0.639 0.280 1.744 - (-/0) - (-/0)
(0.000/25) (0.000/10) (0.344/30)
L-Norleucine - (-/0) 2.509 5.294 - (-/0) 1.647
(0.361/20) (0.014/20) (0.444/30)
Ethylmethylacetic acid - (-/0) - (-/0) 0.279 0.116 0.019
(0.118/50) (0.015/50) (0.000/10)
Quinolinic acid - (-/0) 0.012 0.014 - (-/0) 0.015
(0.002/40) (0.003/30) (0.003/50)
Quinic acid 1.043 - (-/0) - (-/0) 0.144 0.095
(0.000/25) (0.065/75) (0.009/20)
L-Isoleucine - (-/0) 0.061 0.156 - (-/0) 0.054
(0.014/70) (0.053/90) (0.014/80)
4-Heptanone - (-/0) 0.249 0.493 - (-/0) 0.005
(0.058/50) (0.039/30) (0.000/10)
Glycylproline 0.151 0.146 - (-/0) - (-/0) 0.091
(0.000/25) (0.042/90) (0.036/90)
Choline - (-/0) 0.019 - (-/0) 0.017 0.007
(0.005/30) (0.000/25) (0.005/30)
Phenyllactic acid - (-/0) 0.022 0.080 0.051 - (-/0)
(0.000/10) (0.000/10) (0.000/25)
Inosinic acid - (-/0) 0.004 - (-/0) 0.005 0.027
(0.000/10) (0.000/25) (0.023/20)
Methylglutaric acid - (-/0) 0.140 0.305 - (-/0) 0.008
(0.000/10) (0.000/10) (0.000/10)
L-Tyrosine - (-/0) 0.328 - (-/0) 0.843 0.358
(0.103/20) (0.000/25) (0.151/20)
3,4- 0.392 - (-/0) - (-/0) 0.141 0.098
Dihydroxyhydrocinnami (0.000/25) (0.000/25) (0.018/30)
c acid
5-Hydroxylysine 0.091 0.032 0.075 - (-/0) - (-/0)
(0.000/25) (0.011/60) (0.051/80)
myo-Inositol 0.200 - (-/0) - (-/0) 0.077 0.027
(0.006/50) (0.000/25) (0.004/20)
Tyramine - (-/0) 0.003 - (-/0) 0.008 0.002
(0.000/10) (0.000/25) (0.000/10)
Gentisic acid - (-/0) 0.014 0.011 - (-/0) 0.019
(0.000/10) (0.000/10) (0.007/20)
N-Acetyl-L- - (-/0) 0.026 0.054 - (-/0) 0.022
phenylalanine (0.000/10) (0.010/30) (0.006/20)
Ribitol 0.550 - (-/0) 0.367 0.307 - (-/0)
(0.001/50) (0.050/40) (0.000/25)
4-Aminohippuric acid - (-/0) 0.007 0.012 - (-/0) 0.004
(0.000/10) (0.005/20) (0.000/10)
L-Cysteine 0.086 0.174 0.323 - (-/0) - (-/0)
(0.000/25) (0.000/10) (0.000/10)
Pseudouridine - (-/0) 0.006 - (-/0) 0.003 0.004
(0.002/40) (0.000/25) (0.001/30)
Acetoacetic acid - (-/0) - (-/0) 0.154 0.095 0.032
(0.000/10) (0.030/100) (0.007/30)
1-Methyladenine - (-/0) 0.010 - (-/0) 0.011 0.010
(0.002/30) (0.002/75) (0.005/20)
Dopamine 0.098 0.021 - (-/0) - (-/0) 0.016
(0.082/50) (0.007/50) (0.003/30)
Pyridoxamine 0.220 - (-/0) - (-/0) 0.068 0.065
(0.000/25) (0.023/50) (0.042/60)
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Urea
4-Guanidinobutanoic
acid
Adenosine
L-Lysine
N-Acetylputrescine
Mannitol
Acetylcysteine
Ethanolamine
Creatine
1,11-
Undecanedicarboxylic
acid
Vanillylmandelic acid
L-Asparagine
Galactonic acid
L-Allothreonine
Glycocholic acid
Octanal
Leucinic acid
Hippuric acid
Isopropyl alcohol
3-Hydroxybutyric acid
Undecanoic acid
Symmetric
dimethylarginine
2-Piperidinone
Agmatine
2-Furoic acid

Deoxyguanosine

L-Alloisoleucine

- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.009
(0.000/25)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

0.218
(0.028/50)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.019
(0.000/25)
- (-/0)

- (-/0)

- (-/0)
0.008
(0.000/25)
- (-/0)

- (-/0)
0.051
(0.000/25)
- (-/0)

- (-/0)

0.147
(0.020/30)
0315
(0.000/10)
- (-/0)

0.024
(0.006/40)
- (-/0)

0.294
(0.081/40)
- (-/0)

- (-/0)

0.012
(0.002/60)
- (-/0)

- (-/0)
- (-/0)

0.350
(0.157/20)
0.142
(0.000/10)
0.009
(0.006/30)
1.623
(0.000/10)
- (-/0)

- (-/0)

0.017
(0.000/10)
- (-/0)

0.057
(0.000/10)
- (-/0)

0.043
(0.000/10)
- (-/0)

- (-/0)

0.025
(0.003/30)
0.063
(0.000/10)

0237
(0.010/20)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

0.105
(0.000/10)
- (-/0)

- (-/0)

0.014
(0.010/40)
- (-/0)

0.172
(0.000/10)
0.014
(0.000/10)
0.029
(0.000/10)
0.795
(0.000/10)
- (-/0)

- (-/0)
0.060
(0.000/10)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
0.006
(0.002/50)
- (-/0)

- (-/0)

- (-/0)
0.073
(0.015/50)
0.014
(0.006/50)
- (-/0)

- (-/0)
0.095
(0.016/75)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
0.007
(0.000/25)
- (-10)
0.382
(0.000/25)
- (-/0)

- (-/0)

- (-/0)

0.423
(0.079/30)
0.041
(0.007/20)
0.003
(0.000/10)
0.045
(0.036/80)
0.019
(0.018/40)
0.350
(0.000/10)
0.043
(0.013/60)
0.008
(0.000/10)
0.008
(0.003/70)
0.064
(0.000/10)

0.039
(0.023/70)
0.031
(0.000/10)
0.673
(0.091/20)
0.049
(0.002/20)
- (-/0)

1.602
(0.000/10)
0.018
(0.000/10)
- (-/0)

- (-/0)

0.416
(0.000/10)
0.384
(0.000/10)
- (-/0)

- (-/0)

0.245
(0.000/10)
0.009
(0.000/20)
0.026
(0.003/40)
0.005
(0.000/10)
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D-Alpha-aminobutyric
acid
Oxoglutaric acid
Protocatechuic acid
Butanal
Dihydrouracil
6-Hydroxynicotinic acid
Taurine
Saccharopine
Citrulline
Maleic acid
O-Phosphoethanolamine
2-Hydroxycaproic acid
Glycolic acid
Gamma-
Glutamylcysteine
Dimethylamine
Guaiacol
Ethyl isopropyl ketone
Delta-Hexanolactone
(S)-3-Hydroxyisobutyric
acid
Citraconic acid
Dimethylglycine
D-Fructose
L-Fucose
Dihydrothymine
Trimethylamine
o-Tyrosine
L-Arabitol

Benzoic acid

(-0 ~(-/0)

- (-/0) - (-/0)

- (-/0) 0.016
(0.000/10)

- (-/0) 0.614
(0.000/10)

- (-/0) 0.066
(0.000/10)

- (-/0) - (-/0)

- (-/0) - (-/0)

- (-/0) - (-/0)

- (-/0) - (-/0)

- (-/0) 0.001
(0.000/10)

- (-/0) - (-/0)

- (-/0) - (-/0)

- (-/0) 0.007
(0.002/100)

- (-/0) 0.026
(0.000/20)

- (-/0) - (-/0)

- (-/0) 0.062
(0.024/40)

- (-/0) 0.733
(0.204/60)

- (-/0) 0.236
(0.207/20)

- (-/0) - (-/0)

- (-/0) - (-/0)

- (-/0) - (-/0)

- (-/0) 3.931
(0.512/20)

- (-/0) 0.029
(0.025/40)

- (-/0) 0.146
(0.000/10)

- (-/0) - (-/0)

- (-/0) 0.114
(0.051/30)

- (-/0) 0.342
(0.000/10)

- (-/0) - (-/0)

0.176
(0.141/20)
0.215
(0.000/10)
- (-/0)

- (-/0)

- (-/0)
0.064
(0.000/10)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
0.258
(0.000/10)
- (-/0)

- (-/0)

- (-/0)

- (-/0)
1.546
(0.890/70)
1.011
(0.000/10)
0.034
(0.005/20)
- (-/0)

- (-/0)

- (-/0)
0.034
(0.020/20)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

0.028
(0.000/10)

- (-/0)
- (-/0)

0.014
(0.002/50)
0.525
(0.000/25)
- (-/0)

- (-/0)

0.039
(0.000/25)
0.728
(0.000/25)
0.046
(0.000/25)
- (-/0)

0.108
(0.000/25)
- (-/0)

- (-/0)

- (-/0)
0.011
(0.002/75)
- (-/0)

- (-/0)

- (-/0)
0.055
(0.012/50)
0.107
(0.000/25)
0.002
(0.001/100)
- (-/0)

- (-/0)

- (-/0)
0.002
(0.001/100)
- (-/0)

- (-/0)

- (-/0)

0.054
(0.000/10)
0.092
(0.000/10)
- (-/0)

- (-/0)

0.003
(0.000/10)
0.039
(0.000/10)
0.006
(0.000/10)
0.481
(0.371/20)
0.061
(0.000/10)
0.439
(0.000/10)
0.015
(0.000/10)
0.031
(0.000/10)
0.011
(0.003/90)
0.006
(0.000/10)
0.004
(0.000/10)
0.064
(0.026/50)
- (-/0)

- (-/0)
- (-/0)

0.033
(0.011/50)
0.002
(0.001/60)
2.705
(1.244/60)
- (-/0)

0.030
(0.003/20)
0.003
(0.002/80)
0.082
(0.059/60)
0.154
(0.000/10)
0.007
(0.000/10)
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Aminoadipic acid
Hydroxyisocaproic acid
L-Octanoylcarnitine
Guanosine
Deoxyadenosine
monophosphate
Hexanoylcarnitine
Homocitrulline
1-Hexadecanol
Azelaic acid
Gamma-Aminobutyric
acid
5-Aminopentanoic acid
Ethylmalonic acid
Ketoleucine
2-Hydroxyadipic acid
3-Hexanone
Glyceric acid
L-Iditol
Adenine
D-Xylitol
Levulinic acid
Acetamide
Glucaric acid
Malonic acid
Guanine
Creatinine
Dihydroxyacetone

Diethanolamine

L-Serine

0.224
(0.000/25)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)

- (-/0)
0.036
(0.008/30)
0.004
(0.000/20)
0.001
(0.000/10)
0.018
(0.002/20)
0.062
(0.000/10)
0.147
(0.000/10)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-10)
0.161
(0.000/10)
0.196
(0.033/20)
0.202
(0.030/20)
0.519
(0.000/10)
0.248
(0.000/10)
1.178
(0.000/10)
0.099
(0.000/10)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

~(-0)
- (-10)
- (-10)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
1.309
(0.000/25)
1.460
(0.116/50)
0.006
(0.000/25)
1.590
(0.000/25)
- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

0.014
(0.002/40)
0.020
(0.005/60)
0.131
(0.088/20)
0.009
(0.003/30)
0.017
(0.000/10)
0.008
(0.003/40)
0.084
(0.000/10)
0.045
(0.000/10)
0.083
(0.000/10)
0.021
(0.000/10)
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Propylene glycol
Cyclohexanone
Diaminopimelic acid
Homocysteine
L-Homoserine
Heptanoic acid
Gamma-Caprolactone
Adipic acid
Benzaldehyde
2,3-Butanediol
Isocitric acid
Glutaric acid
Spermidine
Cytosine
Glycerol 3-phosphate
Pyroglutamic acid
Tetrahydrofuran
Phthalic acid
D-Ribose
Orotic acid
Hypotaurine

Dimethylmalonic acid

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.078
(0.041/100)
2.734
(0.989/100)
0.100
(0.006/50)

1.837
(0.645/100)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.039
(0.011/90)
0.713
(0.025/20)
0.042
(0.018/80)

0.445
(0.117/70)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.080
(0.033/100)
1.681
(0.391/70)
0.083
(0.034/100)

1.171
(0.639/100)

- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)
- (-/0)

- (-/0)
0.058
(0.029/75)
3.007
(0.582/100)
0.017
(0.000/25)

1.013
(0.462/100)

0.187
(0.070/50)
0.041
(0.000/10)
0.032
(0.000/10)
0.128
(0.000/10)
0.035
(0.000/10)
0.030
(0.000/10)
0.006
(0.000/10)
0.049
(0.000/10)
0.014
(0.000/10)
0.039
(0.000/10)
0.002
(0.000/10)
0.401
(0.000/10)
0.116
(0.000/10)
0.223
(0.000/10)
0.019
(0.000/10)
0.103
(0.000/10)
0.005
(0.000/10)
0.065
(0.000/10)
0.036
(0.014/80)
1.386
(0.565/90)
0.032
(0.008/70)
0.350
(0.139/50)
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8 Appendix 3: Supplemental tables for Chapter 4

Table A3- 1: Metabolites from chicken feather pulp processed using ultrafiltration

Average ppm Metabolite Number
8.263, 8.274, 8.723, 8.953 Niacinamide* 151
8.603 Adenosine diphosphate* and Adenosine 52,53
monophosphate*
8.465 Formate* 90
2.705, 6.087, 8.284. 8.392 S-Adenosylhomocysteine® 176
8.365 FAPy-adenine®** and Inosine* 89, 117
4.287,4.292, 6.108, 8.227 Inosine* 117
8.216 Oxypurinol* 158
8.038 Imidazole®"* 115
8.020 Guanosine and Theophylline* 107, 188
8.001 Histamine* 111
7.972 3-Methylxanthine* 33
7.915 FAPy-adenine®®* 89
7.906 Carnosine®* and Xanthine* 68,207
7.894 Histamine* and Terephthalic acid 111,187
3.172, 7.881 Anserine®* 58
7.861 7-Methylxanthine* and Deoxyuridine? 44, 80
7.851 Deoxyuridine® 80
7.846 1,7-Dimethylxanthine* 6
7.215,7.289, 7.742 Tryptophan* 200
4.370, 7.610 5-Hydroxymethyluracil 40
7.572 4-Pyridoxic acid and Tryptophan* and Uracil** 37,200, 204
3.098, 3.109, 3.992, 7.436 Phenylalanine* 163
7.373, 7.394 Phenylalanine* and Riboflavin* 163,174
7.383 Phenylalanine* and Thymine 163, 192
7.345 Phenylalanine* and Tryptophan* 163, 200
7.329 Imidazole*** and Phenylalanine* 115, 163
7.197 Tryptophan* and Tyrosine* 200, 201
7.135 Histamine* and 1-Methylhistidine* 111,10
7.088 Homocarnosine™® 113
2.693, 7.044 Carnosine** 68
6.915 Anserine®** and Tyrosine* 58,201
6.536 Argininosuccinic acid and Fumaric acid* 60, 91
6.167, 6.175 Adenosine diphosphate* 52
6.150 Cytidine monophosphate*** and Inosine triphosphate? 76,118
6.139 Adenosine monophosphate* and Inosine triphosphate® 53,118
6.128 Adenosine monophosphate* 53
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5.618, 6.010
5.995, 6.000
5.985, 5.991
5.959, 5.968
1.991, 4.217, 4.227, 4.232,
5.931,5.94
5.910, 5.922
5.811
5.426
4.653, 4.667, 5.253

2.157,2.170, 2.180, 2.451,
2.473, 3.476,
3.488, 3.506,
4.340,4.351,
4.680
3.736, 3.757, 4.026, 4.537

4.450

2.312,2.318,4.434
4.425
4.412,4.419
4.183, 4.189, 4.196, 4.391,
4.401
4.363
4.328
2.373,2.689, 4.300, 4.313

3.728, 3.962, 4.282
4.241,4.251,4.269, 4276
4.260
4.207,4.223
4.174
3.225,4.159, 4.163, 4.167
4.149
1.424, 4.109, 4.120, 4.131,

4.141

1.999, 2.008, 3.326, 3.335,
3.345,3.364,
4.127,4.136

4.082

4.067

3.210, 3.537, 3.544, 4.063
4.059
4.053

UDP-glucose®*

Cytidine monophosphate®** and UDP-glucose*

Cytidine triphosphate®

Guanosine monophosphate®“*

5-Methylcytidine*

1-Methylguanosine* and Deoxyuridine® and Guanosine

Uracil®*

Glycogen and Maltose* and Sucrose

Glucose®* and Maltose*

4-Hydroxyproline®®

Ascorbate*

1-Methylguanosine* and Inosine* and S-
Adenosylhomocysteine*
5-Hydroxymethyl-4-methyluracil

Guanosine
Xylulose and Guanosine
Xylulose

4-Hydroxyproline*® and Tartrate

N-Acetylmannosamine and Glycerophosphocholine

Malic acid*

Galactarate*

Threonine®*

Galactonate* and Threonine®*

Sucrose

Allose and Xylulose and Phosphocholine*

Phosphocholine*
Gluconate and Proline**

Lactate*

Proline**

myo-Inositol* and Tryptophan*

Choline and Creatinine*
Choline

Choline and Xylulose and Tryptophan*

Xylulose and Tryptophan*

202
76,202
77
108
42

9, 80,107
204
104, 129, 184
98, 129
36

61

9,177,176

39
107
209, 107
209

36, 185
147, 102
126

93
191

94, 191
184

57,209, 164

164

97, 168
125

168

140, 200
69, 74
69
69, 209, 200
209, 200
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4.045
4.035

3.971, 3.997, 4.005, 4.014,

4.020

3.957
3.950
3.938

3.662,3.922,3.928

3.913
3.905

3.745, 3.752, 3.390, 3.834,

3.901
3.895

3.887
3.882
3.872
3.862
3.844, 3.857
3.851
3.823,4.156
3.811
3.804
3.796
3.657,3.791
3.785

3.770, 3.778
3.774

2.121,2.132,3.765

3.760
3.720
3.713
3.706

3.699
3.694
3.256, 3.687
3.679
3.667,3.672
3.649

3.553,3.614, 3.628, 3.641

2.101, 3.635
3.621

Ascorbate* and Xylulose and Threonate
Ascorbate* and Xylulose and Gluconate
Serine

Serine and Tyrosine*
1,7-Dimethylxanthine* and Tyrosine* and Serine
Creatine* and Tyrosine*
Arabinitol*?
1-Methylguanosine* and Betaine* and Glucose®*
1-Methylguanosine* and 7-Methylxanthine*
Glucose®*

1,5-Anhydrosorbitol and 1-Methylguanosine* and
Glucose®*
1-Methylguanosine* and Guanosine

Glucose®* and Guanosine

Glucitol*® and Glucose*
Maltose*

Glucose* and Serine
Glucose®* and Glycyl-glycine* and Serine
Gluconate
2-Amino-3-phosphonopropionic acid*
2-Amino-3-phosphonopropionic acid* and Alanine*
Ascorbate* and Glucose®* and Alanine*

Glycerol*

Ascorbate* and Glucose®* and Guanidoacetic acid*
and Alanine*
Ascorbate* and Glucose®* and Glutamate*

Alanine* and Methylacetoacetic acid
Glutamate*
Glucose®* and Glutamate*
Anserine®** and Galactonate*
Threonate

Allose and Galactonate* and Glucose®* and 1-
Methylhistidine*
Allose

Maltose* and Sucrose
Glycerophosphocholine
Arabinitol*® and Isoleucine*
Arabinitol*® and Glycerol*
Glycerol* and Threonate

myo-Inositol*
N-Acetylmannosamine

Xylulose and Sarcosine*

61,209, 190
61,209, 97
181

181, 201
6,201, 181
73,201
59
9, 64,98
9,44
98

5,9,98

9,107
98, 107
96, 98
129
98, 181
98, 105, 181
97
13
13, 56
61,98, 56
101
61,98, 106, 56

61, 98,99
56,98, 135
99
98, 99
58, 94
190
57,94, 98, 10

57
129, 184
102
59, 121
59, 101
101, 190

140
147

209, 177
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3.598

3.587
3.586
3.584
3.571
3.530
0.897, 3.520
3.459
3.443

3.409, 3.418, 3.430

3.401
3.379
3.373
3.355
3312

3.295

3.282
3.271

3.262
3.251
3.244
3.235

3.218
3.181, 3.110
3.190
3.157
3.151
3.120, 3.133

3.065, 3.077, 3.088

3.052
3.038
3.015, 3.026
2.936
2.928

1.660, 1.910, 1.916, 1.937,

1.941, 1.946,
2.525,2.538,
2.551,2.795,

2.821
2.736

1,5-Anhydrosorbitol and Phosphocholine* and
Threonine®®* and Valine*
1,5-Anhydrosorbitol and Glycerol*

Glycerol* and Glycine
Glycerol* and Theophylline*
Glycerol* and myo-Inositol*

3-Methylxanthine* and Choline
Pantothenic acid
1,5-Anhydrosorbitol and Acetoacetic acid*
1,5-Anhydrosorbitol
Taurine™*
1,3,7-Trimethyluric acid
Methanol*
Theophylline*
1,3,7-Trimethyluric acid and Proline®*

1,5-Anhydrosorbitol and 1-Methyluric acid* and
Phenylalanine*
1-Methyluric acid* and Histamine* and
Phenylalanine* and myo-Inositol* and
Taurine*
Histamine* and Phenylalanine* and myo-Inositol* and
Taurine*
Betaine* and Histamine* and Phenylalanine* and
Taurine™*
Trimethylamine N-oxide*

Agmatinium and Glycerophosphocholine
Agmatinium and Acetylcholine*

1,3,7-Trimethyluric acid and Agmatinium and
Anserine®** and Glycerophosphocholine
Acetylcholine* and Carnitine and Tyrosine*

Anserine®** and Beta-Alanine
Anserine®“* and Beta-Alanine and Tyrosine*
Dimethyl sulfone
Malonate*

Phenylalanine* and N1-Acetylspermine*
Tyrosine*

Agmatinium and Anserine®** and Phosphocreatine™
Creatine* and Creatinine*
Anserine®** and Histamine*
N-Methylhydantoin*
Trimethylamine

Argininosuccinic acid

Sarcosine*

5,164, 191, 205

5,101
101, 103
101, 188
101, 140
33,69
160
5,47
5
186
3
132
118
3,168
5,11, 163

11,111, 163,
140
,186
111, 163, 140,
186
64,163, 111,
186
198

55,102
55,49
3,55, 58, 102

49, 67,201
58, 63
58, 63,201
82
128
163, 142
201
55, 58, 165
73,74
58,111
152
197
60

177
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2.729

2.635,2.645,2.699, 2.710,
2.719

2.683

2.676

2.668

2.661

2.658

2.653

2.622

2.571

2.499

2.489

2.457
1.688, 2.087, 2.407,2.419

2.396

2.385

2.378

2.368
2.048,2.093, 2.340, 2.352,

2.362

2.329

2.306
0.994, 1.045, 2.298
2.289
2.260, 2.269, 2.278
2.239
2.144
2.080

2.069
2.060
2.036
2.028

2.018

1.927
1.874
1.830
1.728, 1.753, 1.762, 1.804
1.782

1.702

Dimethylamine* and Norspermidine®*

Norspermidine®©*

2,2-Dimethylsuccinic acid* and Malic acid*
Carnosine®* and Phosphonoacetate™
Carnosine®* and Malic acid*
Anserine®** and Malic acid*
Carnosine®* and Norspermidine®°*
Anserine®** and Carnosine™*
Ketoleucine
Argininosuccinic acid and Beta-Alanine
(S)-3-Hydroxybutyric acid®
(S)-3-Hydroxybutyric acid?® and 4-Hydroxyproline*®
4-Hydroxyproline*® and Pyruvic acid*
Saccharopine®®
Pyruvate* and Saccharopine®®
Pyruvate*
Malic acid* and Proline®*
3-Hydroxyisovalerate®®

Glutamate* and Proline**

2-Piperidinone*® and 4-Pyridoxic acid and Glutamate*
and Proline®*
Acetoacetic acid*

Valine*
Acetoacetic acid* and Valine*
2-Piperidinone®® and Valine*

Riboflavin*
Dimethylsulfide and Glutamate*

2-Amino-3-phosphonopropionic acid* and Glutamate*
and Proline** and Saccharopine®®
Glutamate* and Proline®* and N-Acetylmannosamine

Beta-N-Acetylglucosamine* and N-Acetylornithine
Glutamate* and Proline®* and N-Acetyl-L-aspartic acid

Proline®* and N1-Acetylspermine* and N-Alpha-
acetyllysine
Proline** and N-Acetyl-L-alanine and N-Alpha-
acetyllysine
Acetic acid*
Thymine
2-Piperidinone*® and N1-Acetylspermine*
2-Piperidinone®®
2-Hydroxy-2-methylbutyric acid®** and 2-
Piperidinone®® and Ethylmalonate
2-Piperidinone*® and Saccharopine®®

83, 154
154

12, 126
68, 166
68, 126
58,126
68, 154
58, 68
124
60, 63
2
2,36
36, 173
175
172,175
172
126, 168
23
99, 168

22,37,99, 168

47
205
47, 205
22,205
174
85,99
13,99, 168, 175

99, 168,147
65, 149
99, 168, 145
168, 142, 150

168, 150

46
192
22,142
22
16,22, 88

22,175
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1.669, 1.677 2-Amino-3-phosphonopropionic acid* and
Argininosuccinic acid

1.497 Alanine*
1.014, 1.442, 1.454,1.473 Isoleucine*
1.461 Dimethylmalonic acid* and Isoleucine*
1.327 Lactate* and Isoleucine*
1.278, 1.288 Isoleucine* and Methylmalonic acid®
1.268 2,2-Dimethylsuccinic acid* and 3-
Hydroxyisovalerate*® and Isoleucine*
1.248, 1.258 (S)-3-Hydroxybutyric acid* and Isoleucine*
1.189 Isopropanol
1.065, 1.076 Isobutyrate®®
0.964, 0.974 2-Hydroxy-2-methylbutyric acid***
0.954 2-Hydroxy-2-methylbutyric acid*** and Isoleucine*
0.933, 0.944 Ketoleucine and Isoleucine*
0.892, 0.903, 0914 Ethylmalonate
0.892, 0.903, 0.914 Ethylmalonate

13, 60

56
121
84, 121
125, 121
121, 84
12,23,121

2,121
122
119

16
16, 121

124, 121
88
88

All metabolites found in all three ages unless otherwise specified
2 found in chicks

® found in 23-week-old chickens

¢ found in 45-week-old chickens

* Metabolite found using both extraction methods
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Table A3- 2: Metabolites from chicken feather pulp processed using Bligh-Dyer
methanol chloroform extraction

Average ppm Metabolite Number
7.610, 8.723, 8.953 Niacinamide®* 151
8.603 Adenosine diphosphate®* and Adenosine 52,53, 169
monophosphate* and Purine®®
8.465 1-Methyladenosine* and Formate* 7,90
6.087, 8.392 1-Methyladenosine®* 7
7.921, 8.379 FAPy-adenine* 89
4.292,3.844,4.282,4.287, Inosine®** 117
6.108, 8.364
8.284 3-Methyladenine and Niacinamide®* 27,151
8.274 1-Methyladenosine* and Niacinamide®* 7,151
8.263 Adenosine diphosphate®® and Adenosine 52,53, 54
monophosphate* and Adenosine
triphosphate
8.227 Hypoxanthine and Inosine** 114,117
8.216 Guanosine monophosphate®“* and Hypoxanthine 108, 114, 158
and Oxypurinol*
8.038 Carnosine®™* 68
8.020 1-Methylguanosine* and Histamine** 9,111
8.001 3-Methylxanthine* and Anserine®* and 33,58, 188
Theophylline*
7.946 3-Nitrotyrosine and N-Acetyl-L-phenylalanine®® 34, 146
7.936 N-Acetyl-L-phenylalanine®* 146
7.927 3-Methylhistidine 30
3.706, 7.697, 7.9145 1-Methylhistidine* 10
7.906 dCTP° and Xanthine* 79, 207
7.894 dCTP* and Methylimidazoleacetic acid 79, 136
7.881 1-Methylguanine 8
7.861 7-Methylxanthine* 44
7.850 Histidine 112
3.335, 7.845 1,7-Dimethylxanthine* 6
3.478,4.067,7.215,7.562, Tryptophan®“* 200
7.741
4.005, 7.329, 7.435 Phenylalanine* 163
7.373,7.383,7.394 2-Phenylpropionate and N-Acetyl-L- 21, 146, 163
phenylalanine®* and Phenylalanine*
7.345 Phenylalanine* and Tryptophan®“* 163, 200
7.289 3-Hydroxymandelate and Imidazole* and 24,115, 200
Tryptophan®©*
7.197 Tryptophan®“* and Tyrosine* 200, 201
7.135 1-Methylhistidine* and 3-Methylphenylacetic acid 10, 32
3.326, 7.088 3-Methylhistamine 29
7.044 3-Methylhistidine and Methylimidazoleacetic acid 30, 136
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6.915
6.526
6.167, 6.175
1.937, 1.941, 1.946, 1.953,
6.159

6.150

6.139

6.128
6.010

2.101, 4.196, 4.351, 6.000

5.995
4.378,5.985, 5.991
5.968, 5.978
5.931, 5.940
5910, 5.922
5.811
5.426
5.253
3.598, 4.68
4.667
3.250, 3.262, 4.653
4.026, 4.035, 4.044, 4.527

4.450
4.391

4.328

2.378,4.300, 4.313
4.276
4.269
4.260

4.251
4.241

4.232
4.223

Tyrosine*
Fumaric acid***
Adenosine diphosphate®*
Methyl propenyl ketone

Adenosine diphosphate®* and Adenosine
monophosphate* and Adenosine
triphosphate and Cytidine
monophosphate®©*
Adenosine diphosphate®* and Adenosine
monophosphate* and Adenosine
triphosphate and dCMP* and Methyl
propenyl ketone
dCMP® and dCTP

Cytidine monophosphate®** and UDP-N-
Acetylglucosamine®*
UDP-N-Acetylglucosamine®®

UDP-glucose*** and UDP-N-Acetylglucosamine®*
UDP-glucose®*

Guanosine monophosphate®**
5-Methylcytidine®“*
1-Methylguanosine*

Uracil*

Maltose* and Maltotriose®
Glucose®* and Maltose* and Maltotriose®
Maltose*

Glucose®* and Maltose*
Glucose®*

Ascorbate*

1-Methylguanosine* and Inosine®“*

Adenosine diphosphate®* and Adenosine
monophosphate* and Adenosine
triphosphate and UDP-glucose®*
Cytidine monophosphate®** and UDP-N-
Acetylglucosamine®®
Malic acid*

Galactarate* and Inosine®“* and Threonine*
Galactarate* and Threonine*

5-Methylcytidine®** and Galactonate* and
Threonine*
5-Methylcytidine®** and Threonine*
1-Methylguanosine* and 5-Methylcytidine®* and
Threonine*
1-Methylguanosine* and Threonine*

dCTP®
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201
91
52
134

52,53,54,76

52,53, 54,78,
134

78,79
76,203

203

202,203
202
108
42
9
204
129, 130
98,129, 130
129
98, 129
98
61

9,117
52,53, 54,202

76

126
93,117, 191
93, 191
42,94, 191

42,191
9,42, 191

9,191
79



4.217
1.327,4.109, 4.120, 4.131,
4.141

3.312,3.556, 3.628, 3.641,
4.082

4.063
4.058
4.052
4.020
4.014
3.997

3.120, 3.992
3.984
3.971
3.949
3.938
3.913
3.905
3.901

3.834,3.857
3.850
3.823

3.816
3.774, 3.796, 3.804
2.457,2.489,3.791

3.785

2.121,3.778
2.036, 2.093, 2.361, 3.765,
3.770

3.760

3.751
2.705,2.975, 3.728

3.720

3.679

3.243,3.345, 3.649, 3.672
3.667

3.662

3.656
1.044, 2.278, 3.621

3.614

3.582
3.571

dCTP¢ and UDP-glucose®*

Lactate*
myo-Inositol*

Creatinine*
7-Methyladenine and Tryptophan®**
2-Methylhippuric acid
Paraxanthine
Sedoheptulose®
3-Methyladenine
Histidine and Phenylalanine*
Galactose®®
Galactarate*
Phosphocreatine™
Creatine*

Betaine*
5-Methoxytryptamine and Melatonin®®
trans-Ferulic acid
Glycyl-glycine*
Trehalose®

2-Amino-3-phosphonopropionic acid* and
Galactose™®
N-Nitrosodimethylamine

Alanine*
Glutamine
Alanine* and Glutamine and Guanidoacetic acid*
Glutamate* and Glutamine

Glutamate*

Ascorbate* and Glutamate*
Methylimidazoleacetic acid
Anserine®*
3-Methylhistamine and 3-Methylhistidine
Isoleucine®** and Sedoheptulose™®

Xylose
Galactose™ and Sedoheptulose®® and Xylose

Maltotriose®
Indoleacetic acid and Xylose
Valine*

myo-Inositol* and Phosphocholine®** and
Threonine*
Glycerol®* and Ortho-Hydroxyphenylacetic acid®®

Glycerol®* and Glycine
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79,202
125

140

74
43,200
20
161
178
27
112, 163
95
93
165
73
64
41,131
195
105
196
13,95

153
56
100
56, 100, 106
99, 100
99

61,99
136
58

29, 30

121, 178

208
95,178, 208

130
116,208
205
140, 164, 191

101, 156
101, 103



0.892,

3.564
3.543
3.534
3.379, 3.527
3.520
3.510
3.496

3.485
3471
3.443
3.430

3.409, 3.418

3.065,

3.401
3.373
3.364
3.355
3.295
3.282

3.271
3.255
3.225
3.218
3.210
3.200
3.190

3.181
3.172
3.165

3.157
3.150
3.133
3.098
3.077,3.088

3.052
3.038
3.026
3.015
2.928
2.864

Glycerol®* and Theophylline*
Glycerol®* and myo-Inositol*
3-Methylxanthine* and Pantethine®®
Pantethine®®
Galactose®® and Pantethine®®
Glucose®* and Methylimidazoleacetic acid

3-Hydroxyphenylacetic acid and Glucose®* and
Melatonin®®
Melatonin®*

Maltotriose® and p-Hydroxyphenylacetic acid
Maltose* and trans-Aconitate
1,3-Dimethyluric acid and Taurine***
Taurine®**

Itaconic acid™®
Vanylglycol
Tryptaminium
Methanol* and Theophylline* and Tryptaminium
myo-Inositol* and Taurine®**

1-Methyluric acid* and myo-Inositol* and
Taurine®**
Betaine* and Taurine®*

Trimethylamine N-oxide*
Acetylcholine*
Acetylcarnitine

Acetylcarnitine and Phosphocholine®*
Octanoylcarnitine® and Tyrosine*

Isobutyryl-L-carnitine and Tryptaminium and
Tyrosine*
Anserine®* and Hexanoylcarnitine® and
Methylmalonate and Tryptaminium
5-Hydroxylysine® and N-Nitrosodimethylamine and
Tryptaminium
1-Methylhistidine* and 5-Hydroxylysine® and
Ethanolamine®*
1-Methylhistidine* and Ethanolamine®*
Ethanolamine®® and Phenylalanine™
cis-Aconitate and Malonate*
1-Methylhistidine* and 3-Nitrotyrosine

1-Methylhistidine* and 3-Methylhistamine and 3-
Nitrotyrosine and Tyrosine*
Creatinine* and Tyrosine*

Creatine* and Histamine®*
Histamine®* and Phosphocreatine*
Gabapentin®® and Histamine®*
N-Methylhydantoin*
N,N-Dimethylformamide**
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101, 188
101, 140
33,159
159
95,159
98, 136
26,98, 131

131
130, 167
129, 194
4,186

186

123

206

199

132, 188, 199
140, 186
11, 140, 186

64, 186
198
49
48
48,164
155, 201
120, 199, 201

58,110, 137,
199
38, 153, 199

10, 38, 86

10, 86
86, 163
70, 128
10, 34

10, 29, 34, 201

74,201
73,111
111, 165
92,111
152
141



2.841
2.699, 2.795,2.821
2.744
2.736
1.660, 1.669, 1.688, 2.653,
2.710,2.719
2.689
2.683
2.676
2.668
2.661
2.657
2.645
2.566
2.541
2.528
2.515
2.501
2.443,2.479
2.468
2431

2.419

2.407
2.396

2.351,2.385
2373
2.340
2.329
2318
2312
2.306
2.298
2.289
2.269
2.259

2.239
2.170, 2.180, 2.195
2.157

2.143

Succinylacetone®
Aspartate
Dimethylamine*
Norspermidine®“* and Sarcosine®“*

Norspermidine™*

Aspartate and Malic acid*
Citric acid
Aspartate and Phosphonoacetate*

Malic acid* and Norspermidine®“*
Aspartate and Norspermidine®©*
Acetylcarnitine and Anserine®* and Citric acid
Phosphonoacetate*

Citric acid and Thiamine
(+)-(S)-Carvone® and Acetylcarnitine and Thiamine
Acetylcarnitine and Citric acid
Acetylcarnitine and Dimethylamine*
Acetylcarnitine and Pyridoxal and Riboflavin®*
3-Hydroxymethylglutaric acid and Glutamine
Glutamine and Pyridoxine and Pyruvic acid*

Monomethyl glutaric acid and Gabapentin®© and
Glutamine and Succinylacetone®
3-Hydroxymethylglutaric acid and Monomethyl
glutaric acid and Succinylacetone®
Oxalacetic acid and Succinate

2-Methylhippuric acid and 3-
Hydroxymethylglutaric acid and Malic
acid*

Glutamate* and Malic acid*
Glutamate* and Pyruvate*
3-Methylindole and Glutamate*
3-Methylphenylacetic acid and Glutamate*
Glutamate* and Methyl propenyl ketone
Methylacetoacetic acid
Cresol**

Acetoacetic acid*
Succinylacetone® and Valine*
Cresol*® and p-Cresol sulfate and Valine*

2-Aminoadipate® and 4-Hydroxy-3-methylbenzoic
acid and Valine*
2-Aminoadipate ¢ and 3-Methylglutarate

Monomethyl glutaric acid

Acetylcarnitine and Glutamate* and Glutamine and
Monomethyl glutaric acid
Acetylcholine* and Glutamate* and Glutamine
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183

62

83
154, 177

154

62,126
72
62, 166
126, 154
62,154
48, 58,72
166
72, 189
1,48, 189
48,72
48, 83
48,170, 174
25, 100
100, 171, 173

139, 92, 100,
183
25,139, 183

157, 182
20, 25, 126

99, 126
99, 172
31,99
32,99
99, 134
135
75
47
183, 205
75, 162, 205
14, 35, 205

14, 28
139
48,99, 100, 139

49, 99,100



2.110, 2.132
2.080

2.069
2.059
2.048
2.028

2.018
2.008
1.999
1.991
1.981
1.961, 1.971
1.927
1.916
1.910

1.782

0.974, 0.981, 1.761

1.752

1.727

1.642, 1.702
1.677

1.487

1.468

1.014, 1.258, 1.288, 1.453,

1.460

1.442
1.424
1.362
1.278

1.268
1.247
1.236
1.210
1.200
1.065, 1.076
0.994

2-Amino-3-phosphonopropionic acid* and
Glutamate* and Glutamine
2-Amino-3-phosphonopropionic acid* and
Glutamate*
Glutamate* and N-Acetylneuraminic acid®

Acetylglycine and Glutamate*
Beta-N-Acetylglucosamine®** and Glutamate*

Acetamide and Canthaxanthin and N1-
Acetylspermine®* and Proline*
Proline®* and Selenomethionine®®

N6-Acetyl-L-lysine*¢ and Proline®
Canthaxanthin and Proline®
3-Methylglutarate and Isoleucine®** and Proline®
5-Methylcytidine®** and Proline®
Proline®
Melatonin®® and N-Acetyl-L-phenylalanine®®
Hexadecanedioic acid®

5-Hydroxylysine® and Acetic acid* and Senecioic
acid
Senecioic acid
2-Hydroxy-2-methylbutyric acid***
(+)-(S)-Carvone® and 2-Amino-3-
phosphonopropionic acid* and 2-
Hydroxy-2-methylbutyric acid®*
2-Hydroxy-2-methylbutyric acid>“* and (+)-(S)-
Carvone ¢ and 2-Amino-3-
phosphonopropionic acid*
Geraniol®
2-Amino-3-phosphonopropionic acid* and
Norspermidine®©*
Alanine* and 2-Aminoisobutyric acid®* and
Gabapentin®®
2-Hydroxy-2-methylbutyric acid*** and
Isoleucine®**
Isoleucine®**

Dimethylmalonic acid* and Isoleucine®*
2-Phenylpropionate
Citramalic acid

2,2-Dimethylsuccinic acid* and Isoleucine®** and
Methylmalonic acid
Isoleucine®** and Methylmalonic acid

Isoleucine®** and Methylmalonate
Methylmalonate
Dihydrothymine®®
Canthaxanthin and Dihydrothymine*¢
2-Methylglutarate®* and Ethyl isopropyl ketone®
Valine* and 2-Hydroxy-2-methylbutyric acid®*
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13, 99, 100
13,99

99, 148
50, 99
65, 99

45, 66, 142, 168

168, 179
143, 168
66, 168
28,121, 168
42,168
168
51, 131, 146
109
38, 46, 180

180
16
1,13, 16

16,1, 13

210
13, 154

56, 15,92
16, 121

121

84,121
21
71
12, 121, 138

121, 138
121, 137
137
81
66, 81
19, 87
205, 16



0.954 2-Hydroxyvalerate®® and Isoleucine®“*

0.933, 0.943 2-Hydroxyvalerate®® and 3-Methylglutarate and
Isoleucine®**
0914 2-Hydroxyisocaproate®™®
0.897 Methyl isobutyl ketone*®

18, 121
18,28, 121

17
133

All metabolites found in all three ages unless otherwise specified
2 found in chicks

b found in 23-week-old chickens

¢ found in 45-week-old chickens

* Metabolite found using both extraction methods
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