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“And once the storm is over, you won’t remember how you made it through, how you
managed to survive. You won’t even be sure, whether the storm is really over. But one
thing is certain. When you come out of the storm, you won’t be the same person who
walked in. That’s what this storm’s all about.”

Haruki Murakami
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Resumo

A sociedade contemporanea estd repleta de casos de obesidade e diabetes tipo 2, com maior
incidéncia em paises desenvolvidos e a previsao para os proximos anos/décadas ndo é brilhante.
Um dos principais componentes desta epidemia é o consumo de frutose que excede a base evolutiva
em que 0s seres humanos estédo inseridos, resultado no metabolismo desequilibrado de hidratos de
carbono e lipidos.

Aqui propomo-nos a estudar o impacto da frutose no metabolismo hepatico, utilizando ratinhos
C57BL/6, que sdo suscetiveis a obesidade induzida pela dieta e diabetes tipo 2. A abordagem baseia-
se na utilizacdo da marcacdo de isdtopos estaveis, nomeadamente 2H (que permite o estudo dos
fluxos metabdlicos de todos os precursores de nutrientes) e *C (para estudar o destino especifico
dos carbonos da glucose e da frutose, com base no perfil de marcacao de isotopdémeros).

Este estudo foi realizado através da administragdo de paracetamol que se ligard ao precursor
imediato do glicogénio (UDPG, glucose difosfato de uridina) via ligacdo glicosidica, originando
um glucuronato (glucuronato-paracetamol). O glucuronato-paracetamol é excretado na urina como
parte de um processo de destoxificacdo que ocorre no figado, proporcionando um método de bidpsia
ndo invasiva que permite o estudo das vias metabdlicas hepaticas.

Para a analise de RMN do glucuronato-paracetamol, o processo mais comumente utilizado é a
derivatizacdo para MAGL (Lactona Glucuronica Monoacetonada). Como o foco deste estudo serd
em ratinhos e o protocolo de derivatizacdo tem rendimentos reduzidos (rendimento aproximado de
30-50%), ele iria causar perdas significativas de material durante o processo de derivatizagéo,
invalidando a capacidade de progredir no estudo. Para resolver este problema, propomos também
desenvolver e aperfeicoar um processo de purificagdo com maior eficiéncia, nomeadamente
utilizando colunas de SPE (rendimento aproximado de 80-92%).

Palavras-Chave

Metabolismo Hepatico, Frutose, Glucuronato-Paracetamol, Marcacéo de Is6topos, Colunas SPE
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Summary

Contemporary society abounds with cases of obesity and type 2 diabetes, with more incidence in
developed countries, and the forecast for the upcoming years/decades is not bright. One of the key
components of this epidemic is the consumption of fructose that exceeds the evolutionary basis in
which humans exist, resulting in the unbalanced metabolism of carbohydrates and lipids.

Here we propose to study the impact that fructose has on hepatic metabolism, using C57BL/6 mice:
a strain that is susceptible to diet-induced obesity and type 2 diabetes. The approach is based on the
use of stable isotope labelling, namely 2H (that allows metabolic fluxes from all nutrient precursors
to be studied) and *3C (in order to study the specific destiny of the carbons of glucose and fructose,
based on the isotopomer labelling profile).

This study was realized by administrating acetaminophen (commonly known as paracetamol) that
binds to the immediate precursor of glycogen (UDPG, uridine diphosphate glucose) via glycosidic
bond, originating a glucuronide (AG, acetaminophen-glucuronide). AG is excreted in the urine as a
part of a detoxification process that occurs in the liver, providing a non-invasive biopsy that allows
the study of hepatic metabolic pathways.

For NMR analysis of the AG, the most commonly used process is the derivatization to MAGL
(Monoacetone Glucuronic Lactone). Because the focus of this study will be on mice and the
derivatization protocol is characterized by having low yields (approximate yield 30-50%), it would
cause significant material loses during the derivatization process, invalidating the ability to progress
in the study. To solve this problem we also propose developing and perfecting a purification process
with a higher efficiency, namely using SPE-columns process (approximate yield 80-92%).

Keywords

Hepatic metabolism, Fructose, Acetaminophen-Glucuronide, Isotope Labelling, SPE-columns
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Introduction

Fructose context in human history

Current studies show that cases of obesity and type 2 diabetes are increasing at an alarming rate all
across the globe. A recent report estimates that in 2017 at least 451 million people worldwide have
diabetes, and predicted that by the year 2045 it will rise to 693 million [1]. Although the previous
study does not differentiate between type 1 and type 2 diabetes, another study estimates that in the
United States approximately 90-95% of diagnosed cases of diabetes are type 2 and only 5-10% are
type 1 diabetes [2]. This means that the estimated cases for diabetes for 2017 in the first article
mentioned (Cho et al. 2018 [1]) are mostly cases of type 2 diabetes.

According to the American Diabetes Association, in 2015 approximately 9,4% of the North
American population had diabetes, being the 7" leading cause of death in the United States [3].
One of the main factors for this epidemic is the increase of the consumption of refined
carbohydrates, such as sucrose [4]. Some of the most common ways of refined sugar consumption
is through soft drinks, sodas, sauces, canned fruit, cakes and candy. One type of refined sugar is
high-fructose corn syrup (HFCS).

HFCS were first introduced in the food and beverages industries in the late 1960s as a carbohydrate
sweetener. The increased culturing of corn led to a glut of corn-starch, whose conversion to HCFS
presented a more lucrative alternative to traditional sweeteners such as sucrose. This in turn led to
HFCS being increasingly used in US foods [5], [6].

HFCS is generated by hydrolysis of corn-starch to corn syrup that mostly contains glucose,
followed by its isomerization to fructose. There are three categories of HFCS: HFCS-90 (10%
glucose and 90% fructose), HFCS-42 (58% glucose and 42% fructose) and HFCS-55 (45% glucose
and 55% fructose). HFCS represented approximately 40% of all added caloric sweeteners in the
USA in 2004 [7].

Fructose is a sweet-tasting monosaccharide that is either naturally present, or is linked with glucose
to form sucrose. Fructose is found in some vegetables, cereals, fruits and honey. These sources
show variable percentages of fructose contents (0,7% in raw apricots; 7,6% in raw apples; 33,8%
in dried raisins; among others) [8]. During most of human evolution, fructose was consumed
infrequently and contributed a minor fraction of total caloric intake. From the second half of the
20" century onwards, fructose consumption (both as HFCS and sucrose) in Westernized societies
had a sharp increase. High-fructose diets are now recognized to be implicated in causing insulin
resistance, oxidative stress, decreased glucose tolerance and hypertension [9-11], as well as
metabolic diseases such as type 2 diabetes and obesity.



Fructose metabolism leads to its conversion into fructose-1-phosphate by a fructokinase or, as an
alternative route, into fructose-6-phosphate, although this specific hexokinase has low affinity for
fructose and this route is considered minor. The fructose-1-phosphate obtained is converted by
aldolase resulting in glyceraldehyde and DHAP (Figure 1) being then able to enter glycolysis or
glycogenesis pathways. There is relatively low control of this pathway resulting in an overflow of
carbons into the triose phosphate pool. Furthermore, fructose enhances the activation of pyruvate
kinase, leading to an increased amount of pyruvate entering the Krebs cycle [12].

Glyceraldehyde
fr/'ak.
(GA) (LT
fructokinase  Fructose 1-phosphate aidoiase Glyceraldehyde 3-phosphate
(F-1-P) g (G3P)
Dihydroxyacetone phosphate - Ee?“oe(gs*’—
(DHAP) W ot

FRUCTOSE

aldolase
Fructose 1,6-bisphosphate

Jructose bisphosphatase
UDPG

pyrophosphoiylose | cose 1-  phosphoglucomutase  Glucose 6- phosphoglucose isomerase
Fructose 6-phosphate

phosphate phosphate
glycogen synthase glucose 6-phosphatase
Glycogen Glucose

Figure 1- Overall perspective of fructolysis pathway leading to glycogen and/or glucose synthesis, and respective
enzymes.

Fructose metabolism, in particular its conversion to glucose, is thought to be controlled by insulin
[13]. Other studies showed that not only does fructose have a high impact on serum glucose levels,
but it also modulates hormones such as the appetite-inducing hormone ghrelin and the appetite-
inhibiting hormone leptin. Fructose and sucrose have been shown to activate the reward system in
the hypothalamus [14].

In summary, the literature shows that the initial metabolism of fructose in humans, rats and mice is
not strongly regulated; fructose has an impact in appetite-inducing/inhibiting hormones resulting in
an overall increased caloric intake, and is an hedonic factor that stimulates further desire for
consumption of foods with high sugar content. All these factors add up to make excessive fructose
consumption a risk factor for NAFLD and type 2 diabetes.



Hepatic Glycogenesis

In the fed state, the body stores glucose derived from dietary carbohydrate. Since glucose cannot
be stored as it is, many glucose units are arranged to form a polymer, which is glycogen. This
process is called glycogenesis, and the main storage organ of glycogen is the liver. Similarly to
fructose, hepatic glycogen may also be involved in appetite control with changes in key regulators
of food intake in the hypothalamus: animals with increased hepatic glycogen stores show less
appetite [15].

Liver cells have insulin receptors in the cell membrane surface and, when bond to insulin, they
become a dimer. The change in conformation leads to a cascade of kinase-mediated
phosphorylations. This process affects protein kinase B (PKB). PKB is responsible for
phosphorylating a monomeric G protein, stimulating the translocation of vesicles containing
glucose transporters (GLUTS) into the cell membrane surface, allowing glucose to enter the cell
through facilitated diffusion.

PKB is also responsible for phosphorylating glycogen synthase kinase (GSK-3), inhibiting it. The
inhibition of GSK-3 activates the enzyme glycogen synthase (GS), promoting the synthesis of
glycogen polymers. In fasting states however, blood insulin levels are lower and glucagon levels
are higher. The liver will be in a state where GS is inhibited and glycogen phosphorylase (GP) is
active, degrading glycogen into glucose [16].

This process has an impact in the whole body glucose levels: in a fasting state, insulin levels are
high, glucose is prompted into entering cells in different tissues and in the liver the intracellular
glucose is stored as glycogen. In a feeding state the insulin levels are low, and the liver is
responsible for maintaining glycaemia levels within a certain range by starting to degrade the
glycogen polymer and releasing glucose into the bloodstream.

There are two pathways for glycogenesis: the direct pathway (blue) and the indirect pathway
(orange) (Figure 2). The direct pathway consists in a process where units of six carbons (hexoses)
remain intact until they reach the glycogen polymer and merge with it. As showed in Figure 2,
glucose (a hexose) is phosphorylated by glucokinase forming glucose-6-phosphate. The glucose-6-
phosphate is converted it into glucose-1-phosphate via phosphoglucomutase, and then into UDPG
by UDPG pyrophosphorylase. At this point, the glucose moiety is ready to be incorporated into
glycogen via enzymatic reaction involving GS. This reaction combines the carbon 1 of the UDPG
with the carbon 4 of the non-reducing end of a glycogen chain. Glucose in particular can also
contribute to the indirect pathway by undergoing glycolysis and originating pyruvate (two
pyruvates per glucose unit) that will then enter the indirect pathway.

The indirect pathway has some steps in common with the direct pathway, but does not maintain the
hexose unit intact through all the process. The hexose breaks into two trioses at some point of the
pathway (although it can begin with a triose), returning into a hexose further on.



Figure 2 shows fructose as an example of a hexose that is converted into trioses, namely glycerol-
3-phosphate that has an equilibrium with dihydroxyacetone phosphate and, by the action of
aldolase, turns into a hexose (fructose-1-6-biphosphate). This hexose loses one phosphate group
through the enzymatic reaction with a phosphatase, and lastly an isomerase converts this fructose-
6-phosphate (F-6-P) into a glucose-6-phosphate (G-6-P) that will follow the same reactions
described for the direct pathway. Phosphoenolpyruvate (PEP) is also a precursor for the indirect
pathway, having particular importance because of the phosphoenolpyruvate carboxykinase enzyme
(pckA) that converts a Krebs cycle intermediate (oxaloacetate, OAA) to PEP. The labelling pattern
of tracers that enter the Krebs cycle that are transmitted into glucose and glycogen via
phosphoenolpyruvate provides a way to study fluxes through the Krebs cycle.
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Figure 2- Direct (blue) and indirect (orange) pathways for glycogenesis with examples of two hexoses entering the
pathway and being metabolized.



Use of Acetaminophen as a non-invasive chemical biopsy strateqy

There are examples of xenobiotics such as menthol [17] and acetaminophen [18], [23-24]
(commonly known as paracetamol) being applied as a non-invasive way to perform a “chemical
biopsy” in animals for metabolic studies. Not only this strategy improves data statistical
significance in animal models, since the same individual can be used as experimental subject and
its own control, but also this protocol can be used in humans. The fact that this can be translated
into human studies boosts its magnitude and impact.

Acetaminophen binds to a glucose moiety of uridine diphosphate glucose (UDPG) via a glycosidic
bond in the position 1 of the glucose ring, forming a glucuronide, as showed in Figure 2.

The glucuronide is then expelled in the urine as part of a detoxification process (for both menthol
and acetaminophen) hence it is possible to collect the urine and analyse the glucuronide via NMR
spectroscopy, avoiding the animal sacrifice. This protocol can be used in humans, providing a way
to perform metabolic studies for diseases like diabetes type 2, obesity and even non-alcoholic fatty
liver disease (NAFLD).

Menthol is metabolized to menthol-glucuronide (MG) and acetaminophen is also metabolized in a
similar way to form acetaminophen-glucuronide (AG). Acetaminophen shows some disadvantages
when compared to menthol: it has higher toxicity and is contraindicated for individuals with liver
damage. Menthol administered via enteric capsules does not present any significant discomfort to
humans [17] but in mouse models it has been reported to cause mouth lesions. Both acetaminophen
and menthol have on rare occasions caused allergic reactions [28-29]. In terms of the glucuronide
product, AG is more heat-stable than MG, which allows NMR spectra to be obtained at higher
temperatures (seen in this thesis on “Methods” and “Discussion and Results”).

The detoxification pathway for acetaminophen occurs mostly in the liver (Figure 3). It is rapidly
absorbed, with its rate of absorption limited only by the rate of gastric emptying [23]. Most of the
acetaminophen administrated is immediately consumed by conjugation reactions including
glucuronidation, but about 5-10% is converted into N-acetyl-p-benzoquinone imine via N-
hydroxylation by the action of the P450 cytochrome [24]. This imine is conjugated with a
glutathione (GSH) leading to harmless non-toxic metabolites, like cysteine and mercapturic acid
conjugates. In case of an overdose of acetaminophen (human oral LD50 is 143 mg/kg, mouse oral
and intraperitoneal (IP) LD50 are 338 mg/kg and 367 mg/kg, respectively [32-33]), this
detoxification pathway is saturated and the imine can react with proteins and nucleic acids, which
can cause liver failure, renal failure and, in extreme cases, death.

Therapeutic dosage of acetaminophen in human subjects ranges from 500 mg to 1000 mg per day,
with a maximum dosage of 4000 mg per day. Intravenous (IV) administration of acetaminophen
was approved by the US Food and Drug Administration in January 2011 at a dose of 15 mg/Kg
every 6 h, not exceeding 60 mg/Kg/day [34-35] .
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Figure 3- Acetaminophen detoxification pathway that occurs in the liver (GSH-glutathione; NAPQI- N-acetyl-p-
benzoquinone imine).

Acetaminophen metabolism is similar in humans and mice, and results in three different
metabolites: acetaminophen-glucuronide (AG), acetaminophen-sulphate (AS) and free
acetaminophen (A). The relative percentages of each metabolite differ between individuals and
species. AG usually presents itself as the major component with values around 72% in man and
55% in mice, AS is the second major component with approximately 27% in man and 10% in mice,
and the free acetaminophen is usually presented in very small percentages, averaging 10% for both
man and mice [36-37].

A more detailed approach to the use of acetaminophen as a non-invasive way to perform a metabolic
study shows that, because acetaminophen conjugates with the precursor immediately before
glycogen synthesis (UDPG), it allows the study of direct and indirect pathway activities and their
contributions to glycogenesis.



Derivatization of AG

To study the enrichment of UDPG (and by extension, newly synthesized glycogen) with ?H and *C
tracers by NMR, it has typically been derivatized in order to improve the dispersion of both ?H and
13C signals. Burgess et al. [19] developed a protocol with human subjects involving purification of
AG from urine using DSC-18 SPE columns followed derivatization of AG to MAG.

In the NMR spectra of native AG, the fifth position signal of the glucuronide moiety lies very close
to the water signal, and the signals corresponding to the positions 2 to 4 overlap severely with each
other, making it impossible to quantify enrichments of these sites from the 2H NMR signals. While
the position 1 signal is relatively well resolved, its enrichment from 2H,O provides very limited
information about glycogen synthesis fluxes. Thus, AG is typically derivatized into one of three
molecules: monoacetone glucose (MAG, 1,2-O-lsopropylidene-a-D-glucofuranose), monoacetone
glucuronic lactone (MAGL, 1,2-O-lsopropylidene-a-D-glucofuranurono-6,3-lactone) or 5-O-
acetyl monoacetone glucuronic lactone (MAGLA, 5-O-acetyl-1,2-O-Isopropylidene-a-D-
glucofuranurono-6,3-lactone), as seen in Figure 4.
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Figure 4- Derivatization of AG into MAG (monoacetone glucose), MAGL (monoacetone glucuronic lactone) and
MAGLA (5-O-acetyl monoacetone glucuronic lactone).



Derivatization of AG to MAG is a tedious process and the yields are often unpredictable (40-80%)
[20,35]. The MAG product has well resolved 2H and **C NMR signals allowing complete analysis
and quantification of all seven 2H and six *C-enrichment sites of the hexose unit. One of the main
uncertainties of this process is the reduction step using lithium borohydride (LiBH.) as the yield of
this step is highly unpredictable.

An alternative to this problem is not reducing to MAG, but stopping the derivatization process in
the molecule before: MAGL (Figure 4). While it eliminates the very troublesome reduction step,
the MAGL deuterium NMR spectrum has a well-resolved position 5 signal, but the position 2 and
3 signals are overlapping. This means that it can be used if the interest of the study is determining
the enrichment of position 5 relative to body water (H5/body water), but is not suitable if the
enrichment of position 2 relative to body water (H2/body water) or H5/H2 are required. With
carbon-13 NMR spectra, all six hexose signals are fully resolved. Conversion of AG to MAGL is
highly reproducible with yields ranging from 30% to 50% [20].

Acetylation of MAGL to MAGLA (Figure 4) is performed, using acetic anhydride and pyridine
resolves the position 2 and 3 signals in the 2H NMR spectrum at 11.7 Tesla or higher [17]. The
derivatization of AG to MAGLA shows an overall yield averaging 20-45% [20].

All molecules (MAG/MAGL/MAGLA) have some steps in common, as mentioned previously.
This protocol is usually applied to urine samples obtained from humans, where at 2-4 hours after
1000 mg acetaminophen ingestion there is a range of urine production of 100-300 mL containing
300-900 umol of AG [17]. With these glucuronide quantities, the MAGL or MAGLA Yyields are
such that deuterium NMR spectra with high signal-to-noise ratios are obtained providing a precise
analysis of positional 2H-enrichments. Mice urine samples, on the other hand, have volumes
averaging 1-2 mL, with AG yields of 10-20 umol, meaning that any loss during the derivatization
process can have very significant impact on the signal-to-noise ratios of the spectra.



DSC-18 SPE column purification

An alternative approach to the derivatization process mentioned previously is described by Burgess
et al. [19]. The end goal is to simplify the purification and isolation process of AG. This method
used perchloric acid to initially adjust the urine pH to approximately 4.5, and then maintain it while
urease was added to remove urea, which can smother the DSC-18 SPE column surfaces. Urease is
an enzyme that catalyzes the hydrolysis of urea into carbon dioxide and ammonia. As it produces
ammonia, the pH of the sample increases and the enzyme becomes inactive. To maintain activity,
the pH was continuously adjusted with perchloric acid. The sample was then loaded in a SPE
column (after its preparation with acidic water), washed with acidic water, eluted with 10%
methanol and a final wash with 100% methanol was also performed.

For the present study, this protocol was adapted from humans to mice. With the amounts of AG a
factor of ten lower than in human samples, it is imperative that the protocol is optimized to minimize
the loss of AG along the way. Another point of adapting the process is also to avoid the use of
urease since maintaining the low pH required in such a small sample would be very troublesome.
Since only the 2H signal in position 5 was required for this study (to quantify indirect pathway
contribution by H5/body water enrichment [20]), the aim of this dissertation was to minimize the
number of steps in the derivatization protocol that can provide this information. We thus chose to
focus on AG to MAGL conversion since it yields a fully-resolved position 5 2H signal. The SPE
column protocol was adapted to mice samples and perfected so that the final sample is pure enough
to make the signal 5 quantification possible by deuterium NMR.



Assessment of hepatic glycogen metabolism using stable-isotope-

tracers

Deuterium is a stable isotope of hydrogen that has one neutron, giving an atomic mass of 2.
Deuterium is found in nature at an abundance of 0.0015%. As a tracer, deuterium can be
administered either in the form of deuterated substrates, for example [U-?H7]glucose, or as
deuterated water, also known as heavy water (°H,O).

The basis of 2H,0 as a metabolic tracer is that almost all cellular biosynthetic pathways directly or
indirectly incorporate body water into their molecular structures. Thus, the 2H present in water will
be incorporated into the bound hydrogens of any product that was synthesized by the cell, including
carbohydrate, lipids, proteins and nucleotides. 2H,0 is rapidly distributed into all body water giving
a constant level of body water 2H-enrichment in all tissues, organs and body fluids. In rats, 2H,0O is
fully distributed into body water within 5 to 10 minutes following IP injection [31]. Deuterium
distribution in humans takes somewhat longer: approximately 2 to 4 hours after oral ingestion of
deuterated water [18-19].

For studies involving 2H,0, the range of ?H-body water percentage (bw%) used for small animal
models (3-5%) is approximatively 10-fold higher compared to humans (0.3-0.5%) [19-21]. This is
because bw% of 3-5% can be achieved by intraperitoneal injection of 99% 2H,0O in small animals
while for humans it is administered by drinking with a limit of approximately 300-400 ml in one
sitting.

Hepatic glycogen synthesis can be studied with 2H,O since 2H from body water is incorporated into
specific sites of newly synthesized glycogen hexose units, which reflect direct and indirect pathway
activities.

The indirect pathway relative contribution to glycogenesis corresponds to the ratio between the
deuterium enrichment found in the fifth position of AG and the total body water deuterium
enrichment. Since the direct pathway has no 2H enrichment in the fifth position of AG, it does not
contribute to the ratio mentioned above and this value is the result of subtracting the ratio of the
indirect pathway to 1.

This fundament allows the differentiation of metabolic pathways: glucose metabolism in fed and
fasted states, and the direct pathway from the indirect pathway. The direct pathway has water
exchange steps that occur on the second position of the hexose ring, while the indirect pathway has
water-exchanging steps for both second and fifth positions.
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A brief note about the 2H labelling in the sixth position of MAG/MAGL/MAGLA obtained from
hepatic glycogen purification and breakdown. The pathway that turns pyruvate into
glyceraldehyde-3-phosphate contains a hydration step that converts phosphoenolpyruvate (PEP)
into 2-phosphoglycerate (2-Phosphoglycerate). If deuterium is incorporated into the triose through
this reaction, it will label the resulting hexose in the sixth position. The indirect pathway accounts
for this contribution, since the resulting hexose is also labelled in the fifth position [35]. During the
conversion of UDPG to UDP-glucuronic acid, the position 6 hydrogens are lost in the oxidation of
the carbon 6 alcohol to carboxylic acid, hence AG does not retain 2H-enrichment in the sixth
position.

Enrichment of the second position is due to the glucose-6-phosphatase isomerase reaction that
interchanges glucose-6-phosphate with fructose-6-phosphate. During this reaction, there is a water
hydrogen exchange step, labelling the glycogenic intermediate with 2H, specifically in the second
position. This step is common for both direct and indirect pathways but the fifth position enrichment
occurs only in the indirect pathway. The fifth position enrichment follows the same principal as the
one mentioned for the second position enrichment, but is specific for the reaction involving a triose
phosphate isomerase that exchanges dihydroxyacetone phosphate (DHAP) with glyceraldehyde-3-
phosphate (G-3-P). DHAP and the G-3-P are converted into fructose-1,6-bisphosphate by the
enzymatic reaction catalysed by aldolase. Thus, the second position enrichment in the triose
phosphate becomes the fifth position enrichment in the hexose [35].

Carbon tracers have also been used in studies of glycogen synthesis such as: [U-*Cs]propionate,
[U-3C]glycerol, [U-*3C]galactose, [U-*C]glucose and [1-*C]glucose,[23-27,31-32].
[U-3C]glycerol was utilised to study gluconeogenic fluxes as well as [U-**C]propionate: the latter
was also applied to assess the hepatic Krebs cycle flux in human subjects, animal models and
perfused livers. [U-13C]galactose (in humans) and [U-*C]glucose (in rats) were used to study the
direct and indirect pathway contributions. [1-**C]glucose was applied to study the hepatic glycogen
kinetics in humans in periods of feeding and fasting.

Carbon-13 (*3C) is a stable isotope, with six protons and seven neutrons (one more neutron than
12C). Carbon-13 is found in nature at an abundance of 1.1%. Upon administration of uniformly-
labelled [U-*C]glucose, the glucose is taken up and metabolized. The *C-containing metabolites
can be detected by *C nuclear magnetic resonance (NMR) spectroscopy. *C labelling patterns in
intracellular metabolites resulting from the metabolism a **C labelled precursor, cellular uptake and
secretion rates, and prior knowledge of the biochemical reaction network are combined to
computationally estimate metabolic fluxes. In many cases, however, direct interpretation of *C
labelling patterns is sufficient to provide information on relative pathway activities, qualitative
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changes in pathway contributions via alternative metabolic routes, and nutrient contributions to the
production of different metabolites including glycogen. Although many carbon-13 tracers have
been used in different studies, there have been few if any studies of hepatic glycogen enrichment
from 3C enriched fructose.

By providing a way of measuring the contribution of a single specific substrate to glycogen
synthesis, carbon tracers complement the information derived from 2H,0.

The lack of previous studies using [U-C]fructose to analyse its contribution to hepatic glycogen
synthesis means that predicting the outcome of using this tracer is not completely clear.
Nevertheless, it is expected to have some similarities with [U-*C]glucose labelling.

Direct pathway conversion of glucose to glycogen via G-6-P does not cleave the hexose carbon
skeleton thus [U-*C]glucose, and the relative contribution to glycogenesis is proportional to the
amount of uniformly labelled tracer observed by *C NMR analysis in glycogen (invasive biopsy)
or in glucuronide (non-invasive biopsy).

The indirect pathway metabolism of glucose to glycogen involves its initial conversion to pyruvate
via glycolysis, breaking the hexose into trioses.

The same principle as for the deuterium labelling also applies here: the probability that two labelled
trioses bind to re-form an uniformly labelled hexose is insignificant.

Figure 5 shows the different glucuronide labelling patterns that result from the administration of
[U-C]glucose and [U-t*C]fructose.
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Figure 5- AG 13C isotopomers labelling resulting from the metabolism of [U-13C]glucose and [U-13C]fructose. Carbons
correlation between the trioses and the hexose for the reaction involving the trioses DHAP and G-3-P and an aldolase,

forming fructose-1-6-bisphosphate.
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[U-13Cg]glucose can be converted to glycogen by the direct pathway, with this route the hexose
skeleton remains intact.

[U-C]fructose is metabolized via the indirect pathway, where the hexose ring is broken, resulting
in two trioses: DHAP and G-3-P. The trioses are merged together into a hexose in a specific order:
DHAP carbons 1,2 and 3 correspond to carbons 3, 2 and 1 of the hexose (respectively), while G-3-
P carbons 1, 2 and 3 correspond to carbons 4, 5 and 6 respectively (as showed in Figure 5).

The labelling difference between [1,2-1*C3]AG and [5,6-1*C3]AG is due to the activity of the
pentose phosphate pathway (PPP). This was shown for individuals administered with [U-
13C]glycerol [38], which is metabolized in a similar way to [U-C]fructose.

°H and 3C NMR

Although carbon-13 NMR is far less sensitive than either *C-detection by mass spectrometry or
14C radioisotope detection, it is widely used in metabolic studies because it is possible to precisely
assign and quantify complex *3C-labeling patterns in a variety of metabolites. 3C NMR analysis
can utilize on both invasive and non-invasive methods of metabolite extraction from tissues as
described previously. This approach has been used to quantify metabolic fluxes through the hepatic
Krebs cycle, gluconeogenesis and glycogenolysis [31, 39-40].

Analysis of metabolite ?H-enrichment by deuterium NMR is relatively more recent than the *C
NMR. 2H has a low natural abundance but since it has a very short relaxation time, it is possible
rapidly pulse the nucleus without saturation and acquire quantitative 2H signals in a relatively short
time period. This technique has been used to study the incorporation of 2H from ?H,O into a range
of products including glycogen, lipids and proteins [20, 41-42], among other uses such as tumoral
metabolic studies and hepatic glycogen kinetics in fasting and feeding states [33, 43-44].

'H and 2H NMR signals of a given metabolite position are isochronous, that is, they have the same
chemical shift values. Because of its quadrupolar relaxation, the 2H NMR signals are inherently
broader than those of *H. Moreover, the gyromagnetic ratio of 2H is only about 1/7" that of H
hence the 2H NMR signals are much more crowded together compared to those of *H. Because of
this, it is imperative that the 2H peak of interest is resolved from all other ?H signals. Because of
the isochronous nature of ?H and *H signals, the 2H signal resolution of a given sample can be in
part predicted by inspection of the *H NMR spectrum. The *H NMR spectrum also provides
information on the sample purity and can be used to verify that the observed 2H signal is originating
from the correct position of the correct molecule.

In this case, for the 2H NMR experiment to be successful, the AG fifth signal needs to be resolved
from all other peaks in the 2H NMR spectrum. The signal closest to it is the water peak, and the
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resolution can be improved by increasing the NMR acquisition temperature or changing solvents
and modifying the chemical environment (all of which move the position of the water signal but
leave the AG signal relatively unchanged). Figure 6 shows a spectrum from commercial AG that
was added to an urine sample without AG. At 7.14-7.37 ppm there is a double-doublet from the
AG aromatic ring, specifically from the acetaminophen moiety, between 3.6 and 5.1 ppm there are
the signals from the hexose ring of AG. The signal 1 (H1) is a doublet that appears at 5.1 and 5.0
ppm, the signal 5 (H5) is a doublet at 3.89 and 3.90 ppm, and the remaining signals (H2-H4) are
overlapping at around 3.6 ppm, and it is not possible to study or quantify any of the three signals.
The methyl group peak from the acetaminophen moiety (singlet) appears at 2.16 ppm is used to
quantify the amount of AG present on the sample. The quantification is made by weighing the
sample that is put in the NMR tube and the NMR pyrazine standard (that was not used in the
experiment showed in the Figure 6). Measuring the peak intensity and normalizing with the
respective weight the quantification is then made.

The spectrum showed in Figure 6 has the water peak saturated (4.8 ppm), but this is not always the
case. When the water peak is overlapping or very close to a signal, it cannot be saturated since it
would also eradiate the signal. It is important to note that the ppm at which the signals appear may
change upon the chemical environment, meaning that urine samples after acetaminophen
administration and water samples with commercial acetaminophen B-D-glucuronide may present
'H, 2H and **C NMR peaks at different ppm.
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Figure 6- *H NMR from native urine sample spiked with commercial acetaminophen B-D-glucuronide, and the referred
molecule with the glucuronide protons numbered with water peak saturation.
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There is also interest in studying the isotope labelling resulting from 3C labelled tracer
administration, in this case uniformly labelled glucose and fructose ([U-'*C]glucose and [U-
13C]fructose).

As explained before, glucose can contribute to the direct pathway or the indirect pathway, while
fructose contributes only to the indirect pathway.

The AG carbons origin can be assessed by studying the position 1 via *C NMR spectroscopy. This
carbon has a singlet that corresponds to the 1.11% natural abundance C of this isotope, while the
presence of multiply-labeled *C fragments from metabolism of [U-3C]fructose precursors (see
Figure 5) will generate multiplet signals as a result of **C-**C-coupling..

The 3C NMR spectrum of AG has better resolved signals compared to the 2H spectrum, in large
part because *C resonances have a much larger range of chemical shift dispersion (0-200 ppm)
compared with 2H or *H nuclei (0-12 ppm). The carbon-13 spectra of AG, shows signals at 101.0
ppm (C1), 73.4 ppm (C2), 76.1 ppm (C3), 72.3 ppm (C4), 76.5 ppm (C5) and 175.6 ppm (C6). In
the case where the *C spectrum has *C-**C-coupled multiplets, i.e. following incorporation of [U-
13C]glucose into glucuronide, the multiplets of carbons 3 and 5 will partially overlap at fields of
14.1 T or less [20]. The **C NMR spectrum of the MAGL derivative presents signals at 106.9 ppm
(C1), 83.0 ppm (C2), 81.5 ppm (C3), 78.9 ppm (C4), 70.3 ppm (C5) and 174.2 ppm (C6). The
signals are sufficiently dispersed such that there are no overlapping **C-*C-coupled multiplets
thereby enabling more reliable quantification of multiplet components for all six resonances.
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Dissertation objectives

The primary objective of this dissertation was to develop and optimize a purification technique that
would avoid the derivatization of AG to MAG/MAGL/MAGLA. This process is not only laborious,
but it also results in a significant loss of analyte that can severely reduce the signal-to-noise ratio
of the NMR spectrum.

The approach being develop in this work is intended to be faster, easier and giving better yields
particularly with small sample sizes such as those from mice. Based on the protocol described in
Burgess et al. [19], the present study used DSC18 SPE-columns to purify and isolate the urinary
AG.

This technique was then applied to mice animal models that were fed high sugar diets mimicking
high intake of HFCS-55, (a mixture of 55% fructose and 45% glucose).

Using 2H and 3C stable isotope tracers mentioned previously, the goal is to study the contributions
of different sources to hepatic glycogen synthesis. Deuterated water is delivered via intraperitoneal
injection and drinking water, and *3C-tracers are provided by uniformly-labeled fructose and
glucose ([U-C]fructose and [U-*C]glucose) that are included in the sugar formulation.

To provide a non-invasive chemical biopsy, the animals are also administrated with acetaminophen
and AG is recovered from the urine. AG is then analyzed for 2H and **C enrichment by ?H and *C
NMR, from this information, the contributions of various endogenous and exogenous substrates,
including the glucose and fructose components are estimated.
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Methods

AG solubilisation in water

Commercial acetaminophen B-D-glucuronide (Sigma-Aldrich) was dissolved in water. Each
sample had approximately 3.49 mg of AG in order to achieve 10 umol in 1 mL of distilled water.
This experiment was then concluded with *H and *C NMR acquisition, to make sure that 10 pmol
was enough AG to result in good NMR signals.

AG stability test

1-2 mL of native human urine was spiked with commercial acetaminophen B-D-glucuronide and
dissolved, with each sample having 10 umol of AG. Four samples were made and put under
different temperatures: room temperature (sample A), refrigerated (sample B), refrigerated with a
bacteriostatic agent sodium azide (sample C) and frozen (sample D). Sample A was checked
periodically (0 h, 8 h, 24 h, 1 week, 2 weeks, 1 month and 6 months) and *H NMR spectra was
acquired.

Further studies for the stability, to acquire deuterium spectra, were perfomed later on. Two samples
were put under high temperatures (50 °C and 65 °C) for 24 h and then *H NMR spectra were
acquired to assess the stability of each one.

DSC-18 SPE columns

The DSC-18 SPE columns work via Van der Waals interactions, meaning that the urine sample pH
needs to be lowered to 2.0-2.5 to protonate the glucuronic acid moiety of the AG (since its pka is
3.21) and promote the bond between the molecule and the column. The pH cannot be lowered too
much because there is a risk of hydrolyzing the glyosidic bond, between the glucuronic acid and
the acetaminophen, that makes the AG.
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1-2 mL of native human urine was spiked with commercial acetaminophen B-D-glucuronide and
dissolved, with each sample having 10 pmol of AG.

The protocol described at Burgess et al. [19], was adapted by avoiding the use of urease (using
acidic water to clear urea from the columns instead) and avoiding the derivatization steps.

0.5 mg/3 mL DSC-18 SPE columns were used and prepared with 3 mL of 100% methanol and 10
mL of acidic water (0.024% Trifluoroacetic acid, TFA). The sample had its pH lowered to 2-2.5 to
promote the bind to the column, and was loaded into the column. The column was washed first with
4 mL of acidic water, then eluted with 3 mL of 10% methanol in acidic water, and a final wash with
2 mL of 100% methanol. The elution phase was collected into 5 fractions.

The results of this experiment were analysed through a colorimetric method using Cytation 3 Cell
Imaging Multi-Mode Reader by BioTek Instruments, Inc. Because AG has an aromatic ring, it
abosrbs light, specifically at 295 nm after adding and also by *H NMR spectroscopy.

Using native human urine and spiking it with commercial AG, the same experiment was scaled up
to 1 g/6 mL DSC-18 SPE columns, resulting in doubling all volumes.

The protocol was adapted using 1 g/6 mL DSC-18 SPE columns and maintaining the preparation
phase (6 mL of 100% methanol and 20 mL of acidic water (0.024% TFA)), but adjusting the wash
and elution volumes. The first wash was performed using 5 mL of acidic water (0.024% TFA) and
the elution was performed with 4 mL of 10% methanol in acidic water. The final wash using 100%
methanol was not performed, but the column was guarded if further studies were needed.

This experiment was concluded with *H NMR spectra acquisition and analysis.

Human administration of acetaminophen

A voluntary ingested orally 1 g of acetaminophen and the urine was collected at time stamps (0 h,
2 h, 4 h and 6 h), totaling 4 samples. A fraction of each sample was collected (approximately 30
pL) and *H NMR spectra were acquired to quantify the amount of AG present using a pyrazine
standard. The results were then extrapolated to the total urine sample volume. The experiment was
intended to be conducted with the amounts expected in mice (10 umol of AG in 1-2 mL of urine),
so the human urine was adjusted to 10 pmol by measuring the respective volume and adding
distilled water to totalize 1 mL. In cases where the volume was greater than 1 mL, the sample
volume was reduced using a Buchi R-200 Rotary Evaporator.

These samples were processed using the protocol described previously with 1 g/6 mL DSC-18 SPE
columns.
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The acidic water (washing phase) and 10% methanol in acidic water (elution phase) were collected
and analyzed via proton NMR, with a pyrazine standard to assess the efficiency of this process in
isolating and purifying AG.

After this experiment, the human samples mentioned were scaled up to human quantities and the
protocol was adapted to use 10 g/60 mL DSC-18 SPE columns and the tenfold of all the volumes.
The expected human quantities are variable between individuals, but average around 300-900 umol
and 100-300 mL of urine. The volumes were adjusted using the same techniques mentioned for the
10 umol/1-2 mL urine samples, but to the adequate volumes.

Mice

The laboratory mice used (C57BL/6) were susceptible do diet-induced obesity and type 2 diabetes.
Twenty-one male mice that were 8 weeks old and housed three to a cage were divided into three
groups (A, B and C) for the diet trials. Within each group, some mice were maintained as control
(Teklad Diet, without sugar added to the drinking water), while other mice groups were submitted
to a HS where they had normal chow supplemented with 55/45 mixture of fructose and glucose, as
to mimic HFCS-55, totalling 30% of the drinking water mass.

The groups were fed these diets for 16-18 weeks. Three days before sacrificing the mice, they were
moved into a metabolic cage (Figure 7), 3 days for acclimatization and the last dark cycle on the
third day for the metabolic study. The relatively long period of acclimatization is because of the
environmental change, that usually increases the stress levels. While they were provided with
cardboard “igloo” structure where they could hide, in the metabolic cage there are no hiding spots.
The other source of stress is the inability for the mice to socialize in the metabolic cage. While
normally there are 3-4 animals sharing a cage, in the metabolic cage they are alone.
The animal is placed in the top compartment, as seen in Figure 7 with free access to food and
drinking water. Both faeces and urine go down through the funnel placed bellow. On the bottom of
the funnel there is a plate that separates the solid (faeces) from the liquid (urine), and stores the
urine into a cup.

On the start of the dark period of the third day, the glucose/fructose mixture in the drinking water
was substituted by identical mixtures where each sugar was enriched with **C and were divided
into two groups: HS1 (group with high sugar diet, with 20% [U-**C]glucose labelling) and HS2
(group with high sugar diet, with 20% [U-'3C]fructose labelling).

At the start of the dark period, mice of all three groups received an intraperitoneal injection of
99.9% deuterated water (4 ¢/100 g body weight) in which 10 mg/100 g body weight of
acetaminophen had been dissolved and the drinking water was supplemented with 5% deuterated
water. Each mouse was allowed to feed naturally overnight and its urine was collected over this
period, and the urine was collected for posterior purification using a DSC-18 SPE column, and
subsequent ?H and *C NMR analysis.
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This thesis is inserted in a bigger project. The mice protocol and its procedures were performed by
other scientists. The author of this thesis did not partake in the experiments mentioned above.

Figure 7- Tecniplast™ Metabolic Cage for single mouse.

Acetaminophen-glucuronide hydrolysis

AG was hydrolysed into glucuronic acid and paracetamol. The followed protocol is an adaptation
of the one described in Jones et al. [20], specifically a scale down from human to mice amounts.
The 10% methanol in acidic water phase (elution phase) resulting from the DSC-18 SPE column
purification process was evaporated to dryness. This residue was re-suspended in 5-8 mL of
distilled water and the pH was adjusted to approximately 4.5 by adding a low concentration solution
of sodium hydroxide (0.5 and 0.25 molar). For the hydrolysis of acetaminophen-glucuronide, 200
units of f—glucuronidase (Sigma Chemical Company) were added and the solution was incubated
at 40 °C for 72 h. The solution was then passed through 1 mL of Dowex™ 50WX8 100-200 resin
[20]. The purified solution was collected and evaporated to reduce the volume, but without reaching
complete dryness and avoiding the formation of the lactone.

The same procedure was applied to some human samples. The residue was re-suspended in 40-50
mL of distilled water and the pH was adjusted the same way mentioned previously. The hydrolysis
was performed with 2000 units of g—glucuronidase (Sigma Chemical Company) followed by
incubation at 40 °C for 72 h. The solution was then passed through 3 mL of Dowex™ 50WX8 100-
200 resin [20]. The purified solution was collected and evaporated to reduce the volume. This
specific resin has a 50-58% water retention capacity and contains 8% of a copolymer of styrene
and divinylbenzene that confers the resin with maximum resistance to oxidation, reduction,
mechanical wear and breakage [45]. This will filtrate all the salts and ions from the pH adjusting
step and the enzymatic reaction with the glucuronidase.

Some samples were evaporated to dryness to follow to MAGL derivatization.
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Glucuronic acid derivatization to MAGL

The derivatization of glucuronic acid to MAGL was adapted from Jones et al. [20]. A solution
containing 5 mL of deuterated acetone and 10 pL of deuterated sulphuric acid was prepared. The
solution was stirred for 5-10 minutes and refrigerated for an equal period of time. After that, 5 mL
of the solution were added to each sample with glucuronic acid (after 72 h of incubation of the
sample with the enzyme p—glucuronidase). The mixture was stirred for 24 h, after which 5 mL of
distilled water were added and the pH of the sample was adjusted to 4.5-5 with 1 molar and 0.25
molar Na,COs. Usually 1 mL of 1 M Na,COs raises the sample pH to approximately 3.5. After that,
small increments of 0.25 M Na,COs were added until the pH reached 4.5-5.0 (approximately 200-
400 pL). The sample was then evaporated to dryness using a Genevac evaporator. At this point,

MAGL is formed and all that is left is to isolate it from other compounds.

The same hydrolysis was executed in the human samples mentioned previously in the scale up of
mice AG and urine volumes quantities to test the DSC18 SPE-columns efficiency in isolating AG.
The sample was re-suspended in 40 mL of distilled water and its pH was adjusted to 4.5 by adding
a low concentration of sodium hydroxide (0.25 molar). The AG was hydrolysed using 2000 units
of g-glucuronidase, for the same period of time and at the same temperature as for the mice samples.
The solution was then passed through 3 mL of Dowex™ 50WX8 100-200 resin [20]. The purified
solution was collected and evaporated to reduce the volume.

The residue was re-suspended using 1 mL of acetonitrile (for mice samples) and 2 mL of acetonitrile
(for human samples). Because the pellet is very dry, it is required to scrape off the residue from the
interior of the glass balloon. The re-suspended solution is transferred into an Eppendorf. Some parts
of the residue does not dissolve and cannot be transferred using the pipette, but instead using a
spatula. The Eppendorf is centrifuged at 7000 rotations per minute for approximately 5 minutes.
The supernatant is collected into a different Eppendorf and the acetonitrile is evaporated in a fume-
hood at room temperature for 84 hours.

A DSC-18 SPE column purification protocol followed. 500 mg/3 mL columns were prepared using
3 mL of acetonitrile and 10 mL of acidic water (pH higher than 4.5). The pellet was re-suspended
with 200 uL of acidic water and loaded into the column a total of three times. The column was
washed with 1 mL of acidic water and eluted with 2 mL of a mixture of 80% acidic water and 20%
acetonitrile. The elution phase was collected. The acetonitrile was evaporated using the hotte at
room temperature for 24 hours, and the water was evaporated using a lyophilizer or Genevac
evaporator.

Human urine samples (after administration of acetaminophen and deuterated water to achieve 0.5
% body water deuterium enrichment) containing AG were also derivatized to MAGL. The protocol
was a scale up of the one mentioned immediately above using DSC-18 SPE columns of 2 g/ 12 mL.
All the volumes augmented 4 times: 12 mL and 40 mL of acetonitrile and acidic water, respectively
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for the column preparation, 800 uL of acidic water to re-suspend the pellet, 4 mL of acidic water
to wash the sample through the column and finally 8 mL of the 20% acetonitrile in acidic water.

NMR experiments

'H NMR spectra of AG samples were obtained at 25 °C with a 9.4 T with a Bruker Avance |1l HD
Unity 400 system equipped with a 5 mm broadband probe (*H operating frequency 400MHz).

For H acquisition, a spectral width of 6 kHz (15 ppm), 90-degree pulse angle, 5.45 s acquisition
time and 5 s interpulse delay were used with 32768 points acquired. Each *H spectrum was acquired
with 16 free-induction decays (FID).

The dried sample was re-suspended with 450 puL of 99% deuterium depleted water and it was added
25 L of pyrazine standard and 50 pL of hexafluoroacetone for the lock capture. The *H pyrazine
peak intensity was compared with the AG methyl peak to make its quantification.

Plasma body water 2H-enrichments were determined from 30 uL of human urine samples/ 10 pL
of mice urine samples by 2H NMR as described by Jones et al. [46]. This study used 30uL of sample,
1 mL of acetone (assuming the acetone weight 791 mg, the correspondent of 1 mL [46]) and 50 uL
of hexafluorobenzene for capture lock. The ratio between the water peak area and the acetone peak
gives the plasma body water 2H-enrichment (in percentage if the ratio is multiplied by 100). This
value can be normalized by using a constant multiplying it to the ratio of the acetone weight and
the sample weight.

Proton-decoupled 2H NMR spectra of AG samples were obtained at 25 °C with a 11.7 T (*H
operating frequency 500MHz) with a Bruker Avance 111 HD equipped with an UltraShieldPlus™
magnet, with a 5 mm selective probe with *H-acquisition/decoupling coil and *°F lock.

Spectra were obtained with a 90° pulse angle, an acquisition time of 2.2 seconds (2048 data points),
a sweep width of 77 MHz (10 ppm), and a pulse delay of 0.1 seconds. Number of acquisitions
approximately 28.700 (18 h). The summed free induction decays were processed with 0.5-1.0 Hz
line-broadening before Fourier transform.

Deuterium spectra acquisition was optimized by promoting ppm shift to isolate the signal 5 from
the water signal. Two separate experiments were done: adding trifluoroacetic acid (TFA) and
adding a mixture of 10% acetonitrile in distilled water.

AG 2H-enrichments were quantified from the 2H NMR spectra by measuring the area of each signal
of the AG hexose moiety (1 to 5) relative to the peak area of the reference pyrazine signal at 8.6
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ppm. Spectra were analysed with the NUTS Pro™ PC-based NMR spectral analysis software
(Acorn NMR Inc., USA).

The relative contributions of the direct and indirect pathways were calculated with equations 1 and
2, where H5 corresponds to the deuterium enrichment found in the position 5 of the AG.

Equation 1
H5

body water *H enrichment

Indirect pathway contribution (%) = 100 x

Equation 2
H5

body water *H enrichment

Direct pathway contribution (%) = 100 x (1 — )

Proton-decoupled *C NMR spectra were acquired at 14.1 T with a Varian600 spectrometer
equipped with a 3-mm broadband ‘‘switchable’’ probe with z-gradient (Varian, Palo Alto, CA).
Spectra were obtained with a 90° pulse angle, an acquisition time of 4.3 seconds (131072 data
points), a sweep width of 30 KHz (200 ppm), and a pulse delay of 0.5 seconds. The number of
acquisitions were 32,000.

The WALTZ-16 decoupling sequence was used for proton decoupling of both 2H and *3C. 2H free
induction decays (FIDs) were multiplied by an exponential function corresponding to 0.5to 1.0 Hz
line-broadening before Fourier trans- form while **C FIDs were processed with 0.1 to 0.5 Hz line
broadening. The relative areas of 3C NMR multiplets were quantified using the curve-fitting
routine supplied with the NUTS Pro™ PC-based NMR spectral analysis software (Acorn NMR
Inc., USA).

The relative contributions of the direct and indirect pathways were calculated with equations 3 and
4. [U-1C6]AG is the carbon-13 enrichment found in AG, and [U-*C]glucose corresponds to the
percent of uniformly labelled glucose enrichment added in the chow. For the indirect pathway
contribution (equation 4), it is considered that [1,2-C,]AG and [5,6-1*C,]AG, [1,2,3-1*C3]AG and
[4,5,6-1*C5]AG are equivalent isotopomers, correspondingly. The 1.5 factor accounts for carbon-
13 tracer dilution by the Krebs cycle and is based on the assumption that net anaplerotic outflow is
approximately 2-fold that of Krebs cycle oxidative flux.

Equation 3
[U—'3C4]AG enrichment
[U—13C]glucose enrichment
g

Direct pathway = 100 x
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Equation 4
[1,2—13C,]AG + [1,2,3 —13 C5]AG enrichments

Indirect path =100x1,5
nairect pathway XX [U—13C]glucose enrichment

It is assumed that the fructose was metabolized entirely by the indirect pathway.
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Results and Discussion

DSC-18 SPE column protocol development

The first step of this study was to assess if the expected AG mice quantity excreted in urine (~10
umol) would be enough to acquire quality 2H and *3C NMR spectra. Commercial AG was dissolved
in distilled water to reach the concentration of 10 umol of AG. 'H and *C NMR spectra were
acquired (Figure 6 and Figure 8).

The spectrum shown in Figure 8 reflects the dissolved commercial AG with the positions 1-6
numbered (101.0 ppm; 73.4 ppm; 76.1 ppm; 72.3 ppm; 76.5 ppm and 175.6 ppm respectively, in
numerical order from 1 to 6). While the carbon-13 spectra has signal for the position six, the proton
spectra does not, because the carbon 6 is part of a carboxyl group, hence not having a proton signal.
The peak at 154.3 ppm corresponds to the aromatic ring carbon bond to the oxygen which is part
of the glycosidic bond between the acetaminophen and the glucuronide, 132.1 ppm is the peak of
the aromatic ring carbon bond to the nitrogen, 124.2 ppm and 117.3 ppm are the carbons at the meta
and ortho positions, respectively, in relation to the carbon responsible for the glycosidic bond. The
carbony! group has a **C NMR peak at 173.4 ppm and the methy!l group at 22.5 ppm.
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Figure 8- 3C NMR spectra of 10 pmol of commercial AG dissolved in 1-2 mL of distilled water with the numbered
carbons of the glucuronide.
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NMR experiments can be conducted under high temperatures to promote ppm shifts and isolate
some peaks, and/or with a chemical environment that differs from the optimal for the sample in
use. Both these parameters can lead to AG degradation, so it was required to perform stability tests
under the conditions mentioned above. One factor to take in account is that there might be a large
period of time between the sample collection and the NMR spectra acquisition. For this reason is
important for the sample to remain intact through that period of time, therefore being also important
to study its stability over time.

The expected mice urine volume and AG excretion were mimicked by spiking native urine from a
human voluntary with commercial AG. Four samples were made and put under different
temperatures: room temperature (sample A), refrigerated (sample B), refrigerated with a
bacteriostatic agent sodium azide (sample C) and frozen (sample D). Sample A was checked
periodically (0 h, 8 h, 24 h, 1 week, 2 weeks, 1 month and 6 months) and *H NMR spectra was
acquired at those time stamps. None of the spectra of the sample A showed any signs of degradation,
so the remaining samples (B, C and D) were never tested

Further studies for the stability, to acquire deuterium spectra, were perfomed later on. Spiking a
native human urine sample with commercial AG. The sample was put under high temperatures (50
°C and 65 °C) for 24 h and then *H NMR spectra were acquired to assess the stability. No signs of
degradation were observed in any of the samples (Figure 9). This experiment used pyrazine
standard referenced at 8.63 ppm. The signals from the aromatic ring (between 7.10 and 7.35 ppm),
the signal from the methyl group (2.15 ppm) and the signal H1 (5.10 ppm) are similar in all 3
spectra, provinding proof that the high temperature is not promoting sample degradation. Some
peaks present ppm shift, moving to higher ppm’s (lower field) with higher temperatures. Although
some spectra showed the signal H5, that would further confirm the absence of sample degradation,
other spectra did not have a quality signal to be comparable with each other therefore this peak
being absent in the Figure 9.
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Figure 9- IH NMR spectra of AG samples under different conditions: room temperature (native elution sample), 50 °C
(elution sample put under 50 °C for 24 h previously to the *H NMR experiment) and 65 °C (elution sample put under 65
°C for 24 h previously to the *H NMR experiment). The several spectra shown are not at the same scale.

The column preparation is based on a protocol described on Burgess et al. [19]
as part of a protocol for DSC-18 SPE columns. This type of columns are silica based, and are
characterized for having narrow spaces that allow molecules to bind to the silica. Such
characteristics make this column a perfect choice to separate drugs (because of their small size)
from aqueous solutions. Another factor to take into account is that this columns work in reversed-
phase. Among others, Van der Waals interactions are in this category.

AG has a more polar side (the glucuronic acid moiety of the molecule) and a more apolar side (the
acetaminophen moiety of the molecule). The last referred part will interact with the silica polymer
through hydrophobic interactions, in other words, the more apolar part of the AG will bind to the
column.
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To prepare the column the standard procedure is to use water to wet the column and remove any
impurities, followed by methanol that penetrates the narrow gaps in order to prepare the column to
receive the sample. These two solvents (water and methanol) are specific because they are the ones
that are going to be used: to wash the column acidic water, that will wash all the polar analytes; and
to elute the column 10% methanol in acidic water, that will unbind the AG from the column, without
changing the polar environment.

The low pH of the water and 10% MeOH are justified because of the acidic nature of the sample
that is going to be loaded in the column, even though pH was lowered even further to promote the
Van de Waals interaction of the molecule with the column [47]. The acidic water is an attempt to
replace the use of urease as described in Burgess et al. [19] to wash the urea. Urease is used to
decrease the sample density, easing the passage of the sample through the column and the
purification of the sample. This step requires pH maintenance, since urease only works at low pH
and as it reacts with urea, the pH tends to go up, inhibiting this enzyme. The way to keep this
reaction going for long enough to lower the sample density is by slowly adding acid. In theory this
is the optimal way to deal with urine samples in DSC-18 SPE columns, but maintaining and
controlling the pH in samples averaging 1-2 mL is difficult.

In a first approach to this protocol 0.5 g/3 mL DSC-18 SPE columns were used. They were prepared
with 3 mL of 100% methanol and 10 mL of acidic water (0,024% TFA). A urine sample spiked
with commercial AG had its pH lowered to 2-2.5 using TFA to promote the bind to the column,
and was loaded into the column. The column was then washed first with 4 mL of acidic water,
eluted with 3 mL of 10% methanol in acidic water, followed by a final wash with 2 mL of 100%
methanol. To assess when the AG was disconecting from the column, the elution phase was divided
into 5 fractions of aproximately equal volume.

The results of this experiment were analysed through a colorimetric method using Cytation 3 Cell
Imaging Multi-Mode Reader by BioTek Instruments, Inc. Because AG has an aromatic ring in the
acetaminophen moiety of the molecule, it abosrbs light, specifically at 295 nm (Figure 10).
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AG isolation with DSC-18 column, acidic water
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Figure 10 - Graphical representation of the colorimetric results of the purification of AG using DSC-18 SPE column.
Each sample was made in triplicate and is represented with different colours. Loading volumes (pre-acidic H20), first
washing phase (acidic H20), elution with 10% methanol (fraction 1 to 5, averaging 1 mL per fraction) and final washing
phase (100% methanol). The purple line represents the average value for each phase.

As the Figure 10 shows, most of the AG binds to the column, since the “pre-acidic H,O” phase has
a very low absorbance. This means that there is little to no AG being disconnected from the column.
The absorbance being higher than zero is justified by the urine having aromatic compounds that
might not bind to the column and are immediately released.

The first wash collection shows a higher absorbance and the results are common for all the 3
columns. The absorbance intensity is similar for both the first and final wash, with acidic water and
100% methanol ,respectively. Although the elution fractions show a curve that indicates that the
AG is disconnecting from the column progressively.

The overall conclusion is that there is either a lot of AG being washed away with acidic water, or
that other compounds present in the urine also have an absorbance at 295 nm and are interfering
with the plate-reading experiment (false positive).

To clarify what was happening in the column, the fractions of both the wash phases and the elution
phase were also analyzed through *H NMR spectroscopy. This experiment showed approximately
30% of AG disconnecting from the column with the first wash (acidic water), 70% of AG present
in the elution phase (10% methanol in acidic water), and no traces of AG in the final wash using
100% methanol. This experiment was made in triplicate.

Figure 11 shows three of the *H NMR spectra obtained from this experiment. Peak A corresponds
to the pyrazine standard used is observed at 8.5 ppm in all spectra (A, B and C). The A spectrum is
relative to the wash phase with acidic water and there is present several urine metabolites, such as
urea, creatinine and glycine, between 2.5 and 4.25 ppm. This is the range at which the signal 5 (H5)
from the AG appears.
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The B spectrum corresponds to the elution phase with 10% methanol in acidic water. When
comparing A and B spectra, it is clear that most of the urine metabolites were washed away and
that the B spectrum is relatively pure and has the peak of interest (H5) isolated from any other
signals. Furthermore, the peaks H2-4 from the glucuronide moiety are also observable in this
spectrum, but they are overlapped as explain previously. Nonetheless, this agglomeration of peaks
is also isolated, which indicates a purified sample.

The C spectrum is the final wash with 100% methanol. The AG quantification is made by using a
pyrazine standard and comparing to the methyl group peak (2.1 ppm). In other words, the methyl
group peak area is directly proportional to the amount of AG present in the sample. In the C
spectrum there is no methyl group signal, which means that there is no AG in the last wash. Most
peaks are from urine metabolites, like the aromatics compounds.
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Figure 11- 'H NMR spectra from the results of using a SPE-column to purify AG from urine obtained after spike with
commercial AG. H1 to H5 refers to the protons of the glycosidic moiety of the AG. First wash phase using acidic water
(A), elution phase using 10% methanol in acidic water (A), elution phase using 10% methanol in acidic water (B), and a
final wash phase with 100% methanol (C).
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Knowing that the last wash presents no detectable AG signals, it is safe to assume that 100% of the
acetaminophen-glucuronide is in the first wash and the elution, disregarding the possibility that
some small amount of AG stood in the column.

The quantification of the methyl peaks of the spectra acquired yielded an average of 70% AG in
the elution phase and 30% in the first wash. Although 70% of purified and isolated AG is a higher
yield than the derivatization protocols mentioned before, it was intended for this process to have an
even higher efficiency.

Further tests to improve the DSC-18 SPE column efficiency were performed in 1 g/6 mL columns,
since they were more suitable to the AG amounts and urine volumes expected from mice samples.
Lowering the urine sample pH even further to promote the bind between the molecule and the
column was hypothesised as a solution, but the low pH could potentially break the glycosidic bond
between the glucuronic acid and the acetaminophen. This was an unviable solution.

A potential problem with this process might have been due to column bind competition. The acidic
water could be competing with the AG for the bind to the column. This idea was tested by
undergoing the same protocol as before, but with water at a higher pH (approximately 7). Figure
12 shows that both the acidic water and the neutral pH water had similar results through all the
experiments, meaning that this was not the problem either.
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Figure 12- Graph comparing the efficiency of using water with different pH (2.5 and 7 coloured with blue and orange,
respectively) to wash the native human urine sample spiked with commercial AG in DSC-18 SPE columns.

Still on the train of thought that the 70% AG in the elute could mean a column bind competition in
the washing phase prior, it was used a second column to purify some of the 30% AG lost in the
washing phase of the first column. The protocol used for both columns was the same as described
previously. The first column was prepared, loaded with a urine sample, washed and eluted. The
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second column was prepared, loaded with the collected washing phase from the first column,
washed and eluted. The results showed that only 6% of AG was recovered in the elution phase of
the second column, totaling 76% of AG being purified (70% on the first column and 6% on the
second column). It is a better result than the first one (70%), but the slight increase in performance
by 6% does not justify the use of a second column.

As a last resort to improve the efficiency of this process, the volume of acidic water used to wash
the sample was reduced from 8 mL to 5 mL. The idea here was that the acidic water was probably
saturating the column. Since Van de Waals interactions are very weak and using too much solvent
could lead to some of the AG to simply disconnect from the column. Several experiments were
performed using this protocol, and resulted in better recoveries of AG (shown below).

In short, the lastly developed protocol consisted in a 1 g/6 mL column preparation with 6 mL of
100% methanol followed by 20 mL of acidic water (0.024% TFA). The sample pH was lowered to
2-2.5 using TFA and loaded into the column. The column was washed with 5 mL of acidic water
(0.024% TFA) and eluted with 10% methanol in acidic water. The final wash with 100% methanol
was discarded since many experiments were performed and none showed traces of AG.

TFA was the chosen acid because of its high volability. Since TFA is easily evaporated, it is safe
to assume that when the elution fraction is dried and re-suspended into a NMR tube,there will not
be any TFA present. This way there will be no interference in the chemical environment while
acquiring NMR spectra causing ppm shifts or sample degradation.

Acetaminophen administration experiments followed. A voluntary took 1 g of acetaminophen
orally with the interest of closing the gap towards the expected results from an animal model. Urine
samples were collected at time 0-2 h, 2-4 h and 4-6 h.

The protocol described was performed using human samples that were scaled down to mice
quantities (10 pmol in 1-2 mL of sample). All the samples were quantified using 'H NMR
spectroscopy. The methyl peak area was determined and used to quantify the amount of AG present
in the sample, as explained in “Methods”.

It is expected that the 'H NMR spectra have AG, acetaminophen-sulphate (AS) and free
acetaminophen (A) [48]. Figure 13 shows part of the *H NMR spectra acquired from the sample
obtained at the 2 h timestamp, and the acetaminophen metabolites mentioned before.
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Figure 13- 'H NMR spectra of the 10% MeOH elution of the 2-4 h human urine sample.

The administration of acetaminophen, contrary to spiking the urine, results in more than one
acetaminophen metabolite derivate. In fact, as mentioned previously, the administration of
acetaminophen results in three components (AG, AS and free acetaminophen). All of them have an
aromatic ring provenient from the acetaminophen moiety of the molecule. This results in all of the
molecules mentioned absorbing at 295 nm, precluding the quantification of AG seperately from the
other two compounds. These can be resolved by *H NMR spectroscopy, as shown in Figure 13.

The acidic water (washing phase) was collected and analyzed via 'H NMR, with a pyrazine
standard. None of the wash collections showed any detectable signals from AG.

The 10% methanol in acidic water (elution phase) was also collected and analyzed using a pyrazine
standard. This experiment was made in duplicate for each timestamp sample and showed
approximately 84.2% and 64.0% (sample collected at 0-2 h), 85.5% and 78.9% (collected at 2-4 h),
73.4% and 108.8% (collected at 4-6 h) of AG yields. Disregarding the values of 64.0% and 108.8%
(assuming a quantification error), on average 80.5% + 5.6% of AG was being purified and isolated
using this protocol.

The protocol used previously was scaled up to human amounts: 10 g/60 mL DSC-18 SPE columns
instead of 1 g/6 mL, and all the volumes were also scaled up ten-fold. This experiment also relied
on the *H NMR quantification using the methyl peak area integration.

Similar results for the first washing phase when compared to the previous experiments, with no
traces of AG. The elution phase showed recovery rates of approximately 85.89%, 91.86% and
91.69%. On average, 89.81% = 3.4% of AG is isolated using this protocol adapted to human
quantities.

To provide some clarity, the samples that showed 80.5% + 5.6% and 89.8 % = 3.4% of AG recovery
yields were sourced from human samples, with AG amounts higher than 100 pmol and urine
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volumes greater than 100 mL. Those samples were quantified using *H NMR spectroscopy, as
explained previously, and were adapted to mice and human quantities. The human quantities
mentioned cannot be the whole sample since the higher capacity DSC-18 SPE columns available
are 10 g/ 60 mL. The adaptation of the human samples to “human quantities” is required in order
to not saturate those columns.

Mice quantities corresponds to 10 pmol in 1-2 mL of sample and are loaded into 1 g/6 mL DSC-18
SPE columns. Human quantities corresponds to 100 umol in 100 mL of sample and are loaded into
10 g/ 60 mL DSC-18 SPE columns.

In summary, the newly developed protocol in this thesis that uses DSC-18 SPE columns to purify
urine samples in order to study hepatic glycogenesis, shows an overall AG recovery of
approximately 85.16% + 4.5% and can be done in approximately 8 hours, instead of 20-45% yields
using a protocol that needs approximately 2 weeks to be complete, as it happens in the derivatization
process [20].

It is also important to assess the purity of the fraction obtained from the elution with 10% MeOH.
In scope of this study, where there is a focus on the hepatic glycogenic flux, the 2H enrichment in
the position 5 is the most important. Figure 14 shows the *H NMR of the 4 mL collected on the
elution phase with 10% methanol in acidic water which presents itself with high purity and in a
well resolved manner, showing that the purification protocol is efficient. This is the intended result,
and shows that the column is doing the expected: bind specifically to AG and not to other
substances, allowing its separation and purification. Although the signals 2, 3 and 4 are overlapping
and are not available to be studied and quantified, the signal 5 is well resolved and isolated.
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Figure 14- 'H NMR spectra of the column elution of urine sample with 4 mL of 10% methanol in acidic water. H1 to H5

refers to protons of the glycosidic moiety of AG.
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All that remains is to acquire 2H spectra and study the viability of the signal 5 (H5), as well as *C
spectra. As said before, it is important that this signal is isolated from all the others so it can be
quantified. Figure 15 shows that the H5 could potentially be too close to the water signal. Moreover,
the 2H signals of AG are broad, with linewidths of approximately 3.13 Hz for signals 1 and 5, and
8.17 Hz for the overlapping peaks (2, 3 and 4). These results were unexpected and are yet to be
fully understood. It is thought that one of the main reasons for such broad signals could be the
solvent used, even though AG is very soluble in water.

Water
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Figure 15- Deuterium spectra of a SPE column purified human urine sample after acetaminophen and deuterated water
administration.

Figure 16 shows three spectra of three different samples of the elution phase (10% methanol in
acidic water) of the purified AG at different conditions: one sample was put at 50 °C for 24 h, one
at 65 °C for 24 h, and the last one was maintained at room temperature (25 °C) and added an acid
(TFA) in the NMR at the same time as the sample was loaded.
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Figure 16- 'H NMR spectra of the 10% methanol in acidic water elution phase containing purified urinary AG at different
conditions: fraction under 50 °C for 24 h before spectra acquisition (blue), same protocol but at 65 °C (green), adding
TFA as the sample is loaded into the NMR tube (red).

Adding TFA to the sample prior to the spectrum acquisition shifted the water signal to higher ppm,
but it also shifted the H5 signal in the same direction. Therefore, the resolution of H5 from the
water signal was not improved. (Figure 15).

The sample at 50 °C does not show any peak shifts when compared to the sample at room
temperature. The *H NMR spectra of the sample under 65 °C shows slight ppm shifts: the methyl
group and aromatic ring peaks shift to higher ppm, and the remaining peaks to lower ppm.

A mixture of 10% acetonitrile in distilled water (not showed) was also added to a sample to promote
ppm shift. This resulted in a similar effect to increasing the temperature. The water signal shifts to
higher fields (lower ppm) and becomes closer to the H5 signal.

The acquisition of 13C spectra in deuterated water buffered to pH 7.4 with 10 mM sodium phosphate
resulted in unexpectedly broad peaks, even though the proton NMR spectra had relatively narrow
signals. A second attempt used deuterated water alone to re-suspend the sample and acquire new
spectra, but the result was similar to the previous experiment.

Therefore, to obtain better resolved *C NMR signals, the AG was hydrolysed into acetaminophen
and glucuronic acid. The result from the elution phase with the DSC-18 SPE column was
evaporated to dryness. The pellet was re-suspended in 5-8 mL of distilled water and the pH was
adjusted to approximately 4.5 by adding a low concentration solution of sodium hydroxide. The
acetaminophen-glucuronide was derivatized to glucuronic acid and acetaminophen using 200 units
of p-glucuronidase and the solution was incubated at 40 °C for 72 h. The solution was then passed
through 1 mL of a cationic resin (Dowex™ 50wx8 100-200) [20]. The purified solution was
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collected and evaporated to reduce the volume, but without reaching complete dryness. This would
result in the closure of the glucuronic acid ring and forming the lactone.

The glucuronic acid was analysed via *H and *C NMR spectroscopy. The proton NMR spectra
showed well resolved and narrow signals. After that, phosphate buffer with pH 7.4 was added to
then evaporate the sample to dryness without converting the glucuronic acid into the lactone. This
residue was re-suspended with deuterated water and analysed via **C NMR spectroscopy. As for
AG, the BC NMR spectra of the glucuronic acid had relatively broad *C NMR signals (1-2 Hz)
that hindered the resolution of *C-isotopomer signals in the form of 3C-13C coupled spin multiplets
(data not shown).

These human samples as well as the the mice samples were later derivatized to MAGL. To note
that while mice were administrated deuterated water and carbon-13 tracers, humans were
administrated deuterated water only (discussed further on in this thesis).

As mentioned previously, human samples were also derivatized to MAGL. This process used 2

9/12 mL DSC-18 SPE column, and the protocol was the same as for mice, but with volumes scaled
up to four times.
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Application of the developed protocol in mice under a High Sugar
diet

Several mice were studied in order to assess the impact of a high sugar (HS) diet on hepatic glucose
metabolism.

The mice were divided in two groups: control and high sugar diet. The diet was maintained for 18
weeks. Before sacrifice, the mice were administrated deuterated water and acetaminophen, and,
from the animals under high sugar diet, half were administrated [U-3C]glucose and the other half
[U-BC]fructose. Mice were transferred to a metabolic cage for 3 days of acclimation. On the last
dark period of the last day, they were administrated acetaminophen (all of them), carbon-13 tracers
respectively and urine was collected. Mice were not handled by the author of this dissertation.
These experiments are ground breaking not only for using mice for studies involving AG, but also
for using [U-*C]fructose as a metabolic tracer. Table 1 and Table 2 show novel data about the
micromoles of urinary AG and AS present in the urine of each animal (determined by *H NMR,
using a pyrazine standard), as well as urine volumes excreted by mice and weight variation during
a period of 4 months (from the start of the high sugar diet until mice sacrifice).

Table 1- Data from lab mice (C57BL/6), weight variation, urine excretion and acetaminophen derivatives
quantification. Mice were under different feeding conditions: normal chow and drinking water (control), high
sugar diet (55% fructose and 45% glucose), with [U-*C]glucose (HS1) and [U-*3C]fructose (HS2).

. rin B water
ID ngg/}I][[c(eg) e>L(Jcretgd 2H Zg?/ich?rzznt (u?n(il) (u'rb\nsol)
(@) (%)

CTR A1+A2 4.1 2.16 541 35.26 10.23
CTR A3 4.7 2.00 4.19 32.20 9.42
HS1 Al 14.9 4.46 6.58 16.26 3.11
HS1 A2 15.4 3.86 6.65 21.03 3.47
HS2 Al 17.2 2.66 7.27 15.53 4.10
HS2 A2 114 2.66 6.18 8.56 1.92
CTRB1 10.2 2.16 5.30 17.83 10.06
CTR B3 8.9 2.00 4.42 28.18 13.81
HS1 B1 13.1 4.46 5.49 48.15 17.71
HS1 B2 14.9 3.86 6.35 54.72 16.26
HS2 B1 10.6 2.66 5.44 15.53 4,10
HS2 B2 11.5 2.66 5.43 22.71 8,02

CTR C1+C2 9.4 5.26 4.86 34,53 15.76
CTRC3 11.5 1.36 4.43 16.14 6.26
HS1C1 12.2 3.36 6.55 20.67 -
HS1 C2 4.0 3.26 5.77 17.73 -
HS2 C1 8.3 4.56 5.60 19.63 1.97
HS2 C2 11.2 2.06 6.62 14.17 1.74
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Table 2- Data from lab mice (C57BL/6), weight variation, urine excretion and acetaminophen derivatives

quantification. Aggregation of specimens showed on Table 1 according to the feeding: control and high sugar

diet. Average data and standard deviation.

Number . . BW 2H
ID of Wéil\ﬁ{[c(e ) exchJertI:; @ enrichment | AG (umol) | AS (umol) ArC;{SS
subjects gntig g (%)
Control 6 8.40+0.28* | 249+0.92 | 4.77+0.42* |27.36 £9.90 | 10.92+3.14 | 2.50*
HS 12 11.63+1.94*| 3.38+0.72 | 6.16 +0.51* [22.89+9.51 | 6.24 +4.65Y | 3.679"

3 Animals HS1_C1 and HS1_C2 show no traces of AS, therefore being excluded of this calculations
*statistical t-test, comparing differences between control and HS with p<0.05 shows a statistically significant
difference between the mentioned groups

This study accounted for a total of three batches of mice, with each batch having three individuals
for control, two for HS1 and two for HS2. The values showed above are relative to nine mice
(control), and twelve for the High Sugar diet (six for HS1 and six for HS2). The deuterium
enrichment quantification of the body water was made in duplicate for each sample.

The urinary yield for AG is, on average, twice-fold as the expected, with high variability between
individuals as expected, similarly to human studies [48]. The average AG and AS for each group
(A, B and C) are showed in Figure 17, but separated according to the mice feeding (control and
high sugar diet). The disparity of results between groups of mice result in high values of standard
deviation observed in Table 2.

In this animal groups it was observed that acetaminophen was excreted mostly as AG, as expected
from the literature [25,41].

Table 2 shows an increase of the AG/AS ratio when comparing the control and High Sugar mice
groups (t-test with p<0.05), with a higher ratio for the HS mice.. The difference between AG and
AS for both control and HS groups (separately) is also statistically significant (p<0.05).

These data suggest that the glucuronidation process is more active in mice under high sugar diet in
comparison to the conjugation by sulfotransferases. Sulfotransferases availability is dependent of
essential amino acids such as methionine and cysteine [49]. Mice that are provided with sugar in
their drinking water tend to get fewer calories and nutrients from the solid chow therefore it could
be possible that their reduced intake of essential amino acids could be limiting the production of
AS in this setting.

Data also suggests that the body water deuterium enrichment achieved was higher, on average, in
mice under high sugar diet (t-test with p<0.05). These animals had a higher increase of body weight
than control mice because of the dietary intake, having less body water than leaner mice. Control
mice increased 1.3 times their initial weight, while mice under high sugar diet increased 1.5 times
their initial weight. The administrated deuterated water was more diluted in less heavy mice
(control) resulting in less deuterium enrichment overall, while for heavier mice (HS1&2) the body
water enrichment was higher. Another interesting set of data shown is the volume of urine excreted
by these mice. Although the differences between control and HS groups is not statistically

39



significant, it is an important set of data to take in count. In the existing literature there is a lack of
information relative to this topic.

This thesis presents novel data in this subject, with mice excreting volumes of urine averaging 2.49
+0.92 mL and 3.38 £ 0.72 mL, for control and HS groups respectively.
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Figure 17- Comparison of the values for the average for mice under control and high sugar diet, separated according to

the batch (A, B and C) with standard deviation error bars.

The urine collected was processed using DSC-18 SPE columns, in order to obtain purified AG.
Since the AG yields were 27.36 = 9.90 umol for control and 22.89 + 9.51 pumol for animals under
high sugar diet, the developed protocol was adapted to columns with a higher capacity than those
originally tested. 2 g/12 mL DSC-18 SPE columns were prepared accordingly. The elution phase
(10% methanol) was collected and evaporated to dryness. The residue was re-suspended with the
appropriate solvents for 1*C and *H NMR (mentioned previously), and spectra were acquired.
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AG samples labelled with carbon-13 showed small amounts of enrichment via *C NMR
spectroscopy and broad peaks, while having *H NMR spectra with well-defined and well-resolved
peaks.

In order to obtain some results about the carbon-13 enrichment and later compare with the results
of other studies being made in parallel, it was performed a derivatization of AG to MAGL. Since
previous attempts to hydrolyse AG into glucuronic acid showed no improvements in the *C spectra
quality, the samples were promptly derivatized to MAGL, since this molecule has narrower *C
signals. The derivatization protocol followed was the same as described in “Methods” for mice
samples.

Figure 18 shows the carbon-13 spectra of a mouse urinary sample where AG was derivatized to
MAGL. This mouse was under a high sugar diet and was administrated acetaminophen and [U-
13C]fructose (HS2). Although **C NMR spectra of AG did not show multiplets, suggesting that
there was no carbon-13 labelling present, Figure 18 presents evidence that there is carbon labelling
and the problem was due to AG carbon-13 spectra’s broad signals (1-2 Hz).

Carbon 1 Carbon 4 Carbon 5
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Figure 18- 3C NMR spectra of MAGL derivatized from urinary AG from mice under high sugar diet (55% fructose and

45% glucose) after administration of acetaminophen. Signals of carbons 1, 4 and 5 are showed, with identification of
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singlets (S), doublets (D) and quartets (Q). Mice chow was enriched with 20% [U-'*C]fructose (HS2) and 20% [U-
13C]glucose (HS1), correspondent to mouse A and B, respectively.

Most of the mice samples yielded spectra with very low *C signal-to-noise ratios, reflecting the
limited yield of AG from a single mouse urine collection combined with unavoidable loss of
material during the MAGL derivatization process. Finally, samples that yielded spectra with low
13C signal-to-noise ratios were subject to interference from artifact signals that were clustered in
the 80-110 ppm region of the *C spectrum, mainly affecting the carbon 1-3 signals.

Figure 18 shows multiplets from the best example spectra obtained from mice provided with [U-
13C]fructose (A) and [U-*C]glucose (B), respectively. The MAGL yield from mouse A was poor,
as seen by the low signal-to-nose ratio of the natural abundance singlets (approximately 10:1 signal-
to-noise ratio for the singlets) while enrichment from [U-*C]fructose was relatively high as seen
by the intensities of the 3C-*C coupled multiplet signals relative to the singlet. Since only one
spectrum per group was obtained, it is impossible to know if each spectrum is representative of its
group. In other words, it is not possible to conclude if the mice that were given [U-BC]fructose
really had higher glucuronide **C-enrichments compared to the mice provided with [U-**C]glucose.
Qualitatively, the spectra do have **C-3C multiplet structures that are consistent with previous
assignments (Jones et al. [20]). For carbon 1, the doublet (D) signals originate from 1-bond *C-1*C
coupling between carbons 1 and 2 (Jci-c2 = 33.7 Hz). Long range C-*3C coupling interactions
between carbon 1 and both carbons 3 and 6 cause additional splitting [20] which could not be
resolved in these samples. In the spectrum from the mouse fed with [U-*C]fructose, the quartet (Q)
signals from carbon 4 originate from 1-bond *C-*C coupling between carbons 4 and 5 (Jca-cs =
41.5 Hz) and 2-bond **C-*3C coupling between carbons 4 and 6 (Jcacs = 1.9 Hz). The Q signals
from carbon 5 originate from 1-bond *C-3C coupling between carbons 4 and 5 (Jca-cs = 41.5 Hz)
and 1-bond BC-*3C coupling between carbons 5 and 6 (Jcs.cs = 56.5 Hz). Both sets of Q signals
report the same [4,5,6-3Cs]glucuronide isotopomer, which originates from the metabolism of [U-
13C]fructose to [U-C]triose phosphates followed by indirect pathway incorporation into the triose
moieties of glucose-6-phosphate and UDPG.

The hypothesis to justify the lack of carbon-13 labelling is that the mice metabolism is faster than
expected. Acetaminophen was administrated before the carbon-13 tracer (glucose and fructose,
respectively), and it is possible that it could have been metabolized to AG ahead of the *3C-enriched
sugars.

Since some peaks of the MAGL spectra acquired show traces of carbon-13 labelling, even if they
have low signal-to-noise ratio doublets, it is safe to assume that the acetaminophen and the *C
tracers did not “miss each other” completely in the hepatic glycogenesis. This hypothesis is
furthermore supported by the fact that a parallel experiment (performed by other scientists)
involving glycogen isolation and purification from the livers of these mice, followed by its
derivatization to MAG, showed high intensity multiplets, with high signal-to-noise ratios.
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While C-enrichment of AG from the dietary sugars is dependent on the mice ingesting the sugar
followed by conversion to UDPG, AG enrichment from 2H might have occurred sooner because
this 2H,O was injected in a single dose at the same time that acetaminophen was administered. 2H,0
equilibrates very rapidly with body water and would have been present in the liver within minutes
of being administered.

As showed previously in Figure 15, 2H spectra of AG presented broad signals. It is expected that,
since the samples underwent derivatization to MAGL, the signals are narrower and have a higher
signal-to-noise ratio. 2H spectra acquired from mice samples are only of MAGL.

Figure 19 shows a spectrum of MAGL obtained from the derivatization of urinary AG. The sample
is from mice that were under a high sugar diet (55% fructose and 45% glucose). This spectrum has
signals that are considerably narrower than those of native AG showed in Figure 15. The referenced
signals are from the glucuronide moiety. Signal 1 width is 1.2 Hz, signal 4 is 1.44 Hz, signals 2 and
3are 2.9 Hz, signal 5 is 2.14 Hz..
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Figure 19 — 2H spectrum of MAGL derivatized from urinary AG of a single mouse fed on the high sugar diet and
administrated with deuterated water. Signals 1-5 are identified in the spectrum.

Similarly to the results showed and described for *C NMR, since there are only spectra from mice
that were under high sugar diet and no control spectra were acquired, it is impossible to know if
this 2H spectrum is representative of its group.

The methyl groups from the deuterated acetone were incorporated into the derivatization end
product (MAGL). The methyl signals appear at 1.32 ppm and 1.49 ppm (not shown). By knowing
the deuterium enrichment of these signals (2.26%), they can work as an internal reference, making
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it is possible to calculate the relative intensity of each signal from the glucuronide moiety of MAGL.
Taking in consideration the deuterium labelling of the acetone used (2.26%), it is feasible to
calculate the absolute deuterium enrichment for the isolated signals: 2H1 = 1.47 % and 2H5 = 1.42%.
Since signals 2 and 3 are overlapped, they cannot be individually quantified, but the sum of 2H2
and 2H3 signals show 5.26% of deuterium enrichment. 2H4 is partially overlapped by the signals 2
and 3, making it impossible to quantify with certainty, but approximately ?H4 = 1.99%.

This specific mouse is denominated as HS2 C2 and has a body water deuterium enrichment of
6.62% (Table 1). The relative contributions of the direct and indirect pathways are estimated to be
21.38% and 78.62%, respectively.

Compared with previous assignments [18, 32, 35], the values for the deuterium enrichment for all
positions are higher. This difference could be due to the fact that this dissertation uses mice as
animal models, while the mentioned articles report experiments done in human subjects. Moreover,
the mice weight increase, lowers the amount of body water. This increases the overall concentration
of deuterium after the IP injection of deuterated water, explaining the high body water deuterium
enrichment and the MAGL ?H enrichment.

The indirect pathway shows a lower percentage when compared with previous studies (Jarak, et al.
2019 [35]). Glucose is being the major contributor to the hepatic glycogenesis and this could be
explained by the fructose being used in other metabolic pathways and/or that the fructose is
stimulating a glycolytic enzyme, such as glucokinase, that would increase the direct pathway
relative contribution.

A parallel study being performed using the mice mentioned in this dissertation, in which the hepatic
glycogen was isolated, purified, broken into hexose units and derivatized into MAG, showed
similar indirect pathway relative contribution (20%). This study presented body water deuterium
enrichment of 6.18%. The fact that both this values are in accordance to the ones showed in this
dissertation suggests that the 2H spectrum in Figure 19 is representative.

Assuming that most MAGL was labelled with deuterium from the deuterated water administrated,
the low signal-to-noise signals observed in Figure 19 is caused by the derivatization protocol losing
a lot of material or not sufficient amount of the starting material (AG) to begin with. Knowing the
results yielded by *C NMR spectroscopy, the most likely scenario is that mice are not excreting
sufficient glucuronide to acquire spectra with a high signal-to-noise ratio. Proceeding to the
derivatization to MAGL provided spectra with better quality signals, but did not compensate for
the low amount of material.
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Conclusion

The newly developed protocol for AG purification from urine samples that uses DSC18 SPE-
columns showed great results, providing yields averaging 85.2% + 4.5% of purified AG. The
protocol is based on the one described by Burgess et al. [19]. This protocol was adapted to mice,
since this dissertation was focused on animal studies, and was optimized for greater yields.

The 1 g/6 mL DSC18 SPE-column preparation consists in 6 mL of 100% methanol followed by 20
mL of acidic water (0,024% TFA). The sample pH is lowered to 2-2.5 pH using TFA and then
loaded into the column. If the sample contains more or less than 10 umol in 1 mL of sample, either
evaporate some of the water in the sample/dilute the sample with distilled water respectively, or
use a higher/lower capacity column for the desired sample. After loading the sample into the
column, wash with 5mL of acidic water (0,024% TFA) and elute with 10% methanol in acidic
water. The elution phase will contain the purified AG. A final wash using 100% methanol can be
performed if desired.

The AG showed stability for long periods of time (more than six months) at room temperature, and
at 50 °C and 65 °C for 24 h. The stability tests at high temperature were performed in a purified
fraction of AG corresponding to the 10% MeOH elution phase. This molecule does not show any
particular signs of bacterial degradation of contamination when present in urine.

This study showed different values of AG and AS in mice urine, changing between the control
group and animals under high sugar diet. The control group presented an average of 27.36 + 9.90
umol of AG and 1092 = 3.14 umol of AS in 2.49 = 0.92 mL of urine excreted.
Mice under high sugar diet were separated into two groups only differentiated by the **C labelling
administered the day prior to the sacrifice, meaning that both had the same diet. The overall high
sugar group (HS1 and HS2) showed 22.89 + 9.51 umol of AG and 6.24 + 4.65 umol of AS excreted
in 3.38 £ 0.72 mL of urine

To note that the body water deuterium enrichment also presented in this thesis had higher values
for the group under high sugar diet, than those from the control group. The high sugar diet induces
weight gain, lowering the total body water amount in those animals, therefore lowering the overall
body water deuterium enrichment.

AG proton NMR showed well-resolved and defined peaks, with signals H1 and H5 isolated. The
present study had primary focus on the signal 5, because it gives information about the glucose
metabolism pathway activity: when administrated deuterated water, the position 5 is labelled in the
indirect pathway, but not in the direct pathway, providing a way to distinguish between both.
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AG carbon-13 NMR spectra did not show multiplets because the peaks were too broad (1-2 Hz).
Derivatization protocol of AG to MAGL followed. **C NMR spectra were acquired and showed
multiplets with a low signal-to-noise ratio. Spectra of samples from mice administrated tracer [U-
13C]glucose had a lower enrichment than those that were administrated [U-3C]fructose. Since only
one spectrum per group was obtained, it is impossible to know if each spectrum is representative
of its group.

From a qualitative point of view, the carbon-13 spectra show *C-1*C multiplets that are consistent
with data present in previous studies [20].

This results are an indication that the mice metabolism is faster than expected. The administrated
acetaminophen was metabolized before the carbon-13 labelled tracer reached the liver, providing
little labelling to the urinary AG.

AG 2H NMR spectra had broad peaks (3-8 Hz). MAGL deuterium spectra obtained from the
derivatization mentioned above had narrower signals (1-3 Hz). Similarly to the carbon-13 results,
the single spectrum showed could not be representative of the whole high sugar diet group.

The mouse was administrated deuterated water (99,9%) via IP injection in order to achieve 4%
deuterium body water enrichment but presented a body water enrichment of 6.62% due to the
weight gain, as explained previously. 2H MAGL spectrum acquired from a urine sample from a
mouse that was under a high sugar diet showed a relative contribution of 21.38% to the indirect
pathway, being consistent with results from a parallel experiment using MAG derivatized from
hepatic glycogen from the same animal model. This presents solid evidence that the results are
accurate.

The 2H NMR results for AG and MAGL furthermore support the hypothesis that was mentioned
for the 3C NMR results: the starting amount of material was not enough to proceed to NMR
experiments, making it impossible to make a quantitative study and assess about the hepatic
glycogenesis and the fate of the administrated carbon-13 tracers, specifically [U-*C]glucose and
[U-C]fructose.
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Future Perspectives

In future experiments it would be in the best interest to remake the mice experiments in the same
conditions and same high sugar diet. Using 3 groups: controls fed standard chow only, standard
chow diet plus high sugar diet enriched [U-**C]glucose in the drinking water and another group
under high sugar diet enriched with [U-*C]fructose, but with some modifications. The carbon-13
results in this thesis were compromised because of the acetaminophen administration (10 mg of
acetaminophen/100 g of body weight). To solve this, it is proposed a protocol with a lower dosage
of acetaminophen (5 mg/100 g) administrated twice during the last dark cycle: two times in periods
of 6 h, instead of a single administration for 12 h. This change would ensure a greater incorporation
of [U-*3C] tracers in the acetaminophen-glucuronide, increasing the signal-to-noise ratio of the 3C
NMR spectra and allow further assessments to be made about the pathways that each tracer took.
Another approach that could grant a more reliable NMR spectra and data is to increase the amount
of material per sample. Since the described methods are non-invasive, this study could be
performed several times in the same mouse (2-3 times). Pooling the urine samples of each mouse
would increase the amount of glucuronide by 2-3 times. Note that this protocol demands an interval
of 2-3 weeks in between each tracer administration to allow the previous tracers to fully wash out.
This approach could also be used to improve deuterium NMR results, increasing the signal-to-noise
ratio of the spectra. Following this protocol could ensure better 2H NMR spectra, allowing for the
signals to be quantified and make assessments about the direct and indirect pathways, specifically
their relative contributions to glycogenesis.

The non-invasive character of this protocol would also allow a subject selection based on urinary
AG vyields. Mice would be administrated acetaminophen, without tracers, to assess urinary AG
yields. This would allow the selection of mice with higher AG yields for the labelling study. The
risk of this approach is that it might be inadvertently selecting a particular metabolic phenotype
(high glucuronide producer) that would not representative of the general mice population. Also,
mice that are genetically modified and/or diseased may also have different rates of glucuronide
production than wild-type healthy animals. To account for this variable, these healthy animals
would need to be tested beforehand.

It would also be interesting to acquire a significant number of 2H and **C NMR spectra and combine
results in order to comprehend in a more complete way the action of the metabolic pathways in
mice under high sugar diet, and what differs for glucose and fructose in those pathways.
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