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“It's on the strength of observation and reflection that one finds a way. So, we must dig
and delve unceasingly.”

Claude Monet
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Abstract

Chronic metabolic diseases related to obesity and lifestyle are imposing an ever-
increasing burden on healthcare worldwide. Incidences of non-alcoholic fatty liver
disease (NAFLD) and Type-2 diabetes (T2D) have been rising particularly rapidly in
Western Societies, showing strong associations with sedentary lifestyle and excessive
caloric intake in relation to daily expenditure. A significant fraction of this hypercaloric
intake is accounted by sugar, in particular fructose, present in processed food and
sweetened beverages. This diet promotes weight gain, insulin resistance and
dyslipidemia thereby providing the foundations for NAFLD and T2D development. In
addition to directly disrupting the control of systemic carbohydrate and lipid
metabolism, such diets may also mediate these effects indirectly via the gut microbiome.
The gut microbiome is a complex ecosystem that is normally in a symbiotic relationship
with the host and having a key role in nutrient processing and energy harvest. In obesity-
related diseases such as NAFLD and T2D, dysbiotic alterations in the microbiome
composition, its metabolic endproducts, and its interactions with host tissues, are
implicated in their pathogenesis.

The first part of this work aimed to study the effects of a diet high in simple sugars on
the composition of the intestinal microbiome and its metabolite products in mouse
models. It was hypothesized that dietary glucose and fructose have distinct effects on
these parameters with focus on the relative abundance of Gram-negative species and
alterations in SCFA levels. Three groups of mice were fed over 10 weeks with standard,
high glucose or high fructose chow. Fecal samples were periodically collected and the
microbiome was profiled by real-time quantitative polymerase chain reaction (qPCR).

Fecal metabolites were analyzed by proton nuclear magnetic resonance (1IH NMR).
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On the metabolites content significant differences were also observed with a reduction
in beneficial SCFA like butyrate, to be induced by fructose. For the mice fed the high
fructose diet, unmetabolized fructose was found in the feces indicating that the intestinal
absorption capacity had been saturated and that fructose was available to the entire
intestinal microbiome. Mice fed the high fructose diets also showed a shift in
microbiome species towards Gram-negative bacteria and decreased fecal levels of
butyrate relative to acetate and propionate. An increased abundance of Gram-negative
bacteria could promote visceral inflammation through increased abundance and
leakage of endotoxin from the intestinal lumen into surrounding tissues. In addition,
alterations in microbiome metabolic endproducts such as lactate and short-chain fatty
acids (SCFA) can have an impact on intestinal as well as hepatic and peripheral
metabolism through direct substrate effects as well as by activation of substrate-specific
receptors such as the GPR family.

In the second part of the Thesis, the specific contributions of dietary glucose and
fructose to hepatic and adipose tissue lipogenesis were determined by integrating *H-
enrichment of triglyceride from deuterated water to provide estimates of de novo
lipogenesis (DNL) and glycerol synthesis from all sources with ®C-triglyceride (TG)
enrichment from “C-glucose and fructose tracers to provide specific contributions of
each exogenous sugar. In liver, exogenous fructose contributed significantly more to
both DNL and glycerol synthesis compared to exogenous glucose. Moreover, fructose
promoted the synthesis of saturated fatty acids to a greater degree than that of oleate
whereas glucose did not. Fructose also contributed to mesenteric adipose tissue TG
synthesis, albeit to a lesser degree than glucose while only glucose contributed to

subcutaneous adipose tissue TG synthesis.
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In conclusion, this dissertation provided new insights on the role of the intestine and
visceral adipose tissue in the metabolism of dietary glucose and fructose and has opened
two important new lines of research. First, the potential for overflow of fructose into the
lower intestine: to what extent does this happen in humans in the Western diet setting
and how does this influence microbiome composition and metabolism? In this context,
there is evidence that fructose malabsorption in the human population may be more
widespread than initially thought. Second, the lipogenic utilization of fructose carbons
by mesenteric adipose tissue begs the question of how this sugar became available to
these adipocytes. Was it via direct absorption or was it converted beforehand to glucose
by intestinal gluconeogenesis? If it was by direct absorption, this implies that mesenteric
adipocytes have a capacity for fructose uptake and metabolism. Also, it suggests that
mesenteric adipose tissue has some degree of privileged access to nutrients that are

absorbed by the intestine.
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Resumo

As doencas metabolicas cronicas associadas a obesidade e estilo de vida representam
um encargo significativamente crescente na sadde mundial. Nas sociedades ocidentais,
as incidéncias de figado gordo nido alcoolico (NAFLD) e diabetes tipo 2 (T2D) tém
aumentado consideravelmente correlacionando-se com sedentarismo e consumo
excessivo de calorias perante o consumo diario. Nestas dietas hipercaloricas, o acacar é
maioritario em especial a frutose, presente em concentracoes elevadas nos alimentos
processados. Estas condi¢cdes estimulam o aumento de peso, resisténcia a insulina e
dislipidémia, que estdo na base do desenvolvimento de NAFLD e T2D. Para além destas
dietas promoverem distarbios diretos no metabolismo de lipidos e hidratos de carbono,
podem derivar indiretamente os mesmos efeitos, através do microbioma intestinal. Este
é um ecossistema complexo que normalmente se encontra em simbiose com o
hospedeiro, o que ¢ fundamental para o processamento de nutrientes e extracio de
energia. Alteracdes as populagdes microbianas e perda de simbiose, produtos
metabdlicos dessas espécies e a respetiva interacao com varios tecidos do hospedeiro
estdo na origem das patologias referidas.

A primeira parte deste trabalho visou estudar, em modelos de ratinho, o efeito de
dietas ricas em ac¢ucares simples, na composicao do microbioma intestinal e dos seus
produtos metabdlicos. A hipotese propunha que a glicose e frutose produzem efeitos
distintos, com foco para altera¢des na abundancia relativa de espécies Gram-negativas
e nos niveis de acidos gordos de cadeia curta (SCFA). Trés grupos foram alimentados
por um periodo de 10 semanas com 3 tipos de dieta: standard, rica em glucose ou rica

em frutose. Periodicamente, recolheram-se amostras fecais e o perfil microbiolégico
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analisado por real-time quantitative polymerase chain reaction (qPCR). Os metabolitos
fecais foram analisados por ressonincia magnética nuclear de protao (‘"H NMR).

Observaram-se diferencas significativas no contetido em metabolitos com uma
reducdo, induzida por frutose, em SCFA benéficos como o butirato. Nos animais
alimentados com elevados niveis de frutose, moléculas nio metabolizadas deste acicar
foram encontradas nas fezes, indicando uma saturacdo da absorcio intestinal que
resulta em maior disponibilidade de frutose para o microbioma. No mesmo grupo de
ratinhos verificou-se uma alteracdo na composicao microbiana com maior tendéncia
para espécies Gram-negativas e um decréscimo nas concentra¢des de butirato em
relacio a acetato e propionato. A prevaléncia destas bactérias pode promover
inflamacao visceral pelo seu crescimento e libertacio de endotoxinas do lumen
intestinal para os tecidos circundantes. Adicionalmente, variacdes nos metabolitos
bacterianos como lactato e SCFA podem alterar o metabolismo intestinal, hepatico e
periférico através de modificacdes diretas por substratos, como ativacao especifica de
recetores sensiveis a esses, tais como os da familia GPR.

Na segunda parte desta Tese, foram determinadas as contribui¢des especificas da
glucose e frutose nas dietas, para a lipogénese no figado e tecido adiposo, através da
integracio do enriquecimento nos triglicerideos (TG) em °H proveniente de agua
deuterada para quantificacdo da lipogénese de novo (DNL) e sintese de glicerol gerais,
com o enriquecimento nos mesmos TG em "C proveniente de marcadores “C-glucose
e BC-frutose para analisar as contribui¢des especificas destes acticares exogenos.

No figado, a frutose deteve um contributo significativamente superior para a DNL e
sintese de glicerol quando comparada com glucose. Neste contexto, a frutose promoveu

a producdo de acidos gordos saturados em maior escala, efeito ndo verificado com a
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glucose. No tecido adiposo mesentérico a frutose contribuiu para a sintese de TG
embora em menor porc¢ao que a glicose. No tecido adiposo subcutaneo apenas a glicose
contribuiu para a lipogénese.

Em nota conclusiva, esta dissertacdo apresenta novas evidéncias no papel do
intestino e tecido adiposo visceral no metabolismo da glicose e frutose e estabelece
bases para duas novas linhas de investigacdo. A primeira reporta a saturacao de frutose
no intestino grosso: em que medida este fenomeno ocorre em humanos sob dietas
ocidentais e a influéncia que tera na composicio do microbioma e metabolismo?
Existem evidéncias de que a malabsorc¢ao de frutose em humanos podera ser transversal
a um grupo maior de populacoes que inicialmente esperado. A segunda refere-se a
utilizacao dos carbonos da frutose para lipogénese no tecido adiposo mesentérico em
(ue se questiona por que processo este acucar fica disponivel aos adipocitos. Por via de
absorcao direta ou através de gluconeogénese intestinal por conversao prévia a glicose?
Se se verificar a absorcao direta, sera demonstrado que os adip6ocitos mesentéricos sao
capazes de assimilar e metabolizar frutose inferindo que o tecido adiposo mesentérico
possui, em alguma medida, um acesso privilegiado a nutrientes absorvidos pelo

intestino.

© Joao Silva



Abbreviations

’H,0 - Deuterated water

ACC - Acetyl coA carboxylase

ALT - Alanine-aminotransferase

AMP - Adenosine monophosphate

AST - Aspartate-aminotransferase

ATP - Adenosine triphosphate

AUC - Area under the curve

BCCA - Branched chain amino acids

BMI - Body mass index

ChREBP - Carbohydrate

element binding protein
CK-18 - Cytokeratin 18

CK18 - Cytokeratin-18

CVD - Cardiovascular Disease
DAG'’s - Diacylglycerols

DNL - De novo lipogenesis
F1P - Fructose-1-phosphate
FA - Fatty acid

FAS - Fatty acid synthase

FFA - Free fatty acids

receptor

FGF 21 - Fibroblast growth factor-21
FIAF - Fasting-induced adipose factor
FLI - Fatty liver index

GGT - Gamma-glutamyl transferase
GLP-1 - Glucagon-like peptide 1

GLY - Glycerol-3-phosphate

GPR - G-coupled protein receptor
HDAC - Histone deacetylases

HDL - High Density Lipoproteins
HFCS - High Fructose Corn Syrup
HMDB - Human metabolome database
IDF - International Diabetes Federation
IGT - Impaired Glucose Tolerance

IL-6 — Interleukin-6

IR - Insulin Resistance

ISA - Isotopomer spectral assay

KC - Kupfer Cells

KHK - Ketohexokinase

LDL - Low Density Lipoproteins

© Joao Silva



LPL - Lipoprotein lipase
LPS - Lipopolysaccharides
MAT - Mesenteric adipose tissue

MCP-1 - Monocyte chemoattractant

protein-1
MUFA - Mono-unsaturated fatty acids

NAFLD - Non-alcoholic Fatty Liver

Disease
NASH - Non-alcoholic Steatohepatitis
NEFA - Non-esterified fatty acids

NFS - NAFLD fibrosis score

NMR - Nuclear magnetic resonance
OGTT - Oral glucose tolerance test
PCA - Principal component analysis
PFKI1 - Phosphofructokinase-1

PGN - Peptidoglycan

PLD - Phenyllactate dehydratase
PLS-DA - least

Partial squares

discriminant analysis

PNPLA3 - Patatin-like phospholipase

domain containing protein 3

PPAR-y - Proliferator-activated receptor

Y coactivator

PQN - Probabilistic quotient
normalization
gPCR -  Realtime  quantitative

polymerase chain reaction

ROS - Reactive Oxygen Species
SCAT - Subcutaneous adipose tissue
SCD1 - stearoyl coA desaturase-1
SCFA - Short-chain fatty acid

SFA - Saturated fatty acids

snr - signal to noise ratios

SREBP-1c - Sterol receptor element

binding protein-lc

STOCSY - Statistical total correlation

spectroscopy

T2D - Type 2 Diabetes
TG - Triglyceride

TLR - Toll-like receptor

TM6SEF2 — Transmembrane 6

superfamily member protein 2
TMA - Trimethylamine
Triose-P - Triose-phosphate

TSP - Sodium 3-([2,2,3-d,|trimethylsilyl)

propionate

© Joao Silva



TZD’s — Thiazolidinediones VIP - Variable importance to the

projection
VAT - Visceral Adipose Tissue

VLDL - Very Low-Density Lipoproteins

© Joao Silva



Table of Contents

Chapter A 1
General Concepts 1
A.1 Metabolic Syndrome 2
A.2 Non-alcoholic Fatty Liver Disease (NAFLD) 3
A.2.1 Role of adipose tissues in NAFLD/NASH pathogenesis 4
A.3 Intestinal microbiome and diet-induced metabolic diseases 5)
A.3.1 Short Chain Fatty Acids — bacterial fermentation products with key functions 8
A.3.2 Microbiome dysbiosis and intestinal barrier integrity 10
A.4 Dietary fructose and metabolic disease 12
A.5 Bullet Summary 17
Chapter B 19
Intestinal microbial and metabolic profiling of mice fed with high-

glucose and high-fructose diets 19
B.1 Abstract 19
B.2 Keywords 20
B.3 Introduction 20
B.4 Experimental section 22
B.4.1 Animal model 22
B.4.2 Sample Collection 23
B.4.3 Oral glucose tolerance test 24
B.4.4 Metabolite extraction 24
B.4.5 NMR spectroscopy 24

© Joao Silva



B.4.6 Univariate and multivariate statistical analysis 25

B.4.7 DNA extraction and quantitative polymerase chain reaction (PCR) 26
B.5 Results 28
B.5.1 Weight gain and glucose tolerance 28
B.5.2 Fecal Metabolite Profiles 30
B.5.3 Fecal Microbial Profiles 41
B.6 Discussion 44

B.6.1 Replacement of normal chow carbohydrate with pure glucose or fructose for 10 weeks

did not result in increased body weight or glucose intolerance 44
B.6.2 Effects of fructose- and glucose-chow on fecal extract metabolite profiles 45
B.6.3 Incomplete intestinal fructose absorption 48
B.6.4 Different Taurine fecal levels among diets 48
B.6.5 Variability in microbial and metabolite profiles 49
B.7 Conclusions 50
Chapter C 51

Determining Contributions of Exogenous Glucose and Fructose to

de novo Fatty Acid and Glycerol Synthesis in Liver and Adipose Tissue

51
C.1 Abstract 51
C.2 Keywords 52
C.3 Introduction 52
C.4 Materials & Methods 54
C.4.1 Materials 54
C.4.2 Animal studies 55
C.4.3 Liver TG extraction and purification 55

© Joao Silva



C.4.4 NMR Analysis 57
C.4.5"C-Chemical shift assignments and quantification of FAs abundance 58
C.4.6 Quantification of TG positional 2H-enrichments and estimates of FA and glycerol

fractional synthetic rates 58

C.4.7 Quantification of TG 13C-enrichment from [U-13C]glucose and [U-13Clfructose in the

drinking water and the contribution of each sugar to TG glycerol and FA synthesis: 59
C.4.8 Statistics 61
C.5 Results 62

C.5.1”C NMR analysis of TG isotopomer enrichment from [U-"C]fructose and [U-"C]glucose 62
C.5.2”C NMR analysis of TG FA composition 66
C.5.3 Integration of ®C-isotopomer analysis and “H,O measurement of DNL to estimate the

contribution of [U-"Clfructose and [U-"C|glucose to newly-synthesized TG FAs and glycerol 70

C.6 Discussion 74
Chapter D 80
General Discussion 80

D.1 High Fructose feeding results in an overflow of fructose into the lower intestine
thereby providing a novel fermentable substrate for the intestinal microbiota 80

D.2 High fructose and high glucose feeding altered the intestinal short-chain fatty acids

(SCFA) profile 81
D.3 Lipogenic metabolism of dietary sugar by mesenteric fat and liver 84
D.4 Future Perspectives 85
Chapter E 88
References 88

© Joao Silva



Chapter A

General Concepts

Metabolism is presently defined as “all the chemical processes in your body, especially
those linked with the conversion of nutrients for energy and growth”. On its first
recorded use, in 1878, the word metabolism was proposed at the time as “the sum of the
chemical changes within the body by which the protoplasm is renewed, changed, or
prepared for excretion”. The study of metabolic phenomena dates further back, with
Sanctoriusidentified as the pioneer of scientific investigation into metabolic processes in
1561 [1].

The defective perspective of these processes functioning is the basis for the turnover
to a metabolic disease profile. On this dynamic the concept of metabolic flexibility has
emerged as an important paradigm to explain the transition from healthy to disease
state. Metabolic flexibility is the capacity of an organ or a whole organism to maintain its
metabolic functions when faced with different nutrient composition and quantities. For
example, the heart will oxidize glucose for energy if glucose is abundant, but if itbecomes
scarce it can switch instead to fatty acids or ketone bodies. This adaptability depends to
a significant degree on the correct functioning of regulatory components that include

insulin and glucagon-mediated actions as well as neuroendocrine signalling, among

others [2].
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A.1 Metabolic Syndrome

Eskil Kylin, a Swedish physician, was the first to introduce the term “Metabolic
syndrome” into the clinical setting in 1923, using it to describe the co-occurrence of
hypertension, hyperglycaemia and gout [3, 4]. Later, in 1947, Jean Vague described the
link of cardiovascular disease (CVD) and diabetes with metabolic syndrome [5, 6].
Specifically, he described the associations between atherosclerosis, renal calculi and
upper body adiposity. The association between general adiposity and fat accumulation
in the liver began to be established in 1970’s [7-9]. In 1988, Gerald Reaven proposed that
insulin resistance (IR) was a common factor linking the key co-morbidities of the
Metabolic syndrome, namely type 2 diabetes (12D) dyslipidaemia and cardiovascular
disease [10]. The central role of insulin resistance in the development of the Metabolic
syndrome was further reinforced in subsequent studies with new designations proposed
such as “the deadly quartet” [11] and “the insulin resistance syndrome” [12].

In 1998, the World Health Organization (WHO) provisionally defined Metabolic
syndrome as insulin resistance (or its surrogates Type 2 diabetes or impaired glucose
tolerance) in combination with any two of the following conditions: abdominal obesity,
hypertriglyceridemia, high blood pressure or microalbuminuria [13]. However, there was
a lack of consensus on this definition with regards to the co-morbidities that should be
included [14-18]. In 2009, the International Diabetes Federation (IDF), the American
Heart Association (AHA) and the National Heart, Lung, and Blood Institute (NHLBI)
published a consensus definition [19].

Metabolic syndrome was indicated by abnormalities in any three of the following five
conditions: 1) increased waist circumferences to threshold values varying according the

different regional populations, genetics and dietary factors; 2) circulating triglyceride

Chapter A 2 © Joao Silva



levels higher than 150 mg/dL; 3) concentration of HDL-cholesterol lower than 40 mg/dL
in men and 50 mg/dL in women; 4) Blood pressure levels higher than 130/85 mmHg; and
5) circulating fasting glucose concentration higher than 100 mg/dL. In a review of
metabolic syndrome definitions conducted in 2005, the importance of visceral obesity -
which was not in Reaven s original definition, was emphasized [18] — but the role of non-

alcoholic fatty liver disease (NAFLD) per se was not explicitly considered.

A.2 Non-alcoholic Fatty Liver Disease (NAFLD)

NAFLD was first described in 1980 [20] and is defined by elevated lipid accumulation in
liver which is not related to excessive alcohol consumption. Affecting around 24% of
global population [21] among which 30% of men and 20% women [22], NAFLD is now
considered as a key component of the metabolic syndrome [23] given its strong
associations with both obesity and IR. On diagnosis, fatty liver disease is designated as
NAFLD when alcohol consumption is established to be less than 30 g/day for men and
20/g day for women [24].

The accumulation of triglycerides in the liver is initially benign, but when combined
with the development of inflammation it leads to a more severe state known as non-
alcoholic steatohepatitis (NASH). NASH can then proceed to cirrhosis and/or
hepatocellular carcinoma. The two hits hypothesis, conceived by Day and James [25],
has been proposed to explain NAFLD progression to NASH. Alongside triglyceride
accumulation, the liver is also exposed to increased inflow of circulating FFA that are in
part a consequence of peripheral IR. In response, there is an increase in hepatic -

oxidation of FFA resulting in high ROS levels that induce lipid peroxidation of
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unsaturated fatty acids. This in turn promotes an inflammatory cascade leading to
hepatocellular mitochondrial dysfunction, and stimulation of liver fibrosis by hepatic
stellate cells. In addition, FFA directly mediate endoplasmic reticulum oxidative stress in
hepatocytes leading to the activation of c-Jun-N-terminal kinases and NF-kB pathway
which results in the production of cytokines and other pro-inflammatory molecules.
Moreover, they promote the synthesis of Fas ligands that activate Fas receptors known
to promote apoptosis through effector caspases in liver such as caspase 3 [26]. During
this cell damage and death process, intracellular components from hepatocytes such the
intermediate filament component cytokeratin 18 (CK-18), are detected at high levels in
the circulation of NAFLD patients [27].

Following apoptosis, hepatic Kupffer cells (KC) are activated by apoptotic fragments
thereby potentiating hepatic inflammation. This is mediated via Toll-like receptors
(TLR’s), particularly TLR-3 and TLR-4, and the scavenger phagocytosis receptors. This
cellular response results in the production of cytokines such as TNF-a and several other

interleukins [28] that perpetuate the vicious cycle of inflammation.

A.2.1 Role of adipose tissues in NAFLD/NASH pathogenesis

As the principal source of circulating FFA, adipose tissue plays a major role in NAFLD
pathogenesis. Subcutaneous adipose tissue stores account for about 60% of total body
triglyceride [29] while visceral adipose tissue (VAT) holds about 20% [30]. However,
since VAT is entirely drained by the hepatic portal vein, it can account for a
disproportionately large proportion of FFA reaching the liver. It is generally recognised

that increased waist circumference, which reflects an expansion of VAT depots, is

Chapter A 4 © Joao Silva



strongly linked to NAFLD [31]. VAT expansion not only leads to potentially higher FFA
release to the liver but is also associated with increased secretion of cytokines such as
TNF-a that promote the progression of benign NAFLD to NASH. This is accompanied by
a decreased secretion of adiponectin, a hormone that inhibits lipogenesis and promotes
B-oxidation and is considered to play an important role in hepatic lipid homeostasis [32].
Thus, in addition to an increased inflammatory burden, NAFLD patients are also

deficient in circulating adiponectin [33].

A.3 Intestinal microbiome and diet-induced metabolic

diseases

The intestine is the principal site where dietary components are processed into nutrients
that can be absorbed and utilized by the rest of the body. The large and diverse
population of microorganisms that reside in the intestinal lumen normally play a key role
in this process through a symbiotic relationship with the surrounding intestinal tissue.
In essence, the microorganisms have access to dietary components that are otherwise
undigestible and therefore provide no nutritional benefit to the host, and through their
own metabolic activities they generate metabolic by-products that the host can utilize,
and indeed have become somewhat reliant on them during evolution.

The best example of this is the microbial fermentation of complex carbohydrates to
yield short chain fatty acid products. In return, the microorganisms are provided with a
regular food supply in a protected environment at constant temperature. Since infection
of the intestine or any other tissue by microorganisms is an existential threat to the host,

this relationship can be threatened by an increased presence of pathogenic microbes
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and/or increased contact between microbes and the intestinal epithelium or microbial
passage through the intestinal barrier into the general circulation. Additionally, the
microorganisms may generate metabolic by-products that are harmful to the organism,
for example ethanol or trimethylamine N-oxide. This so-called state of dysbiosis
between the intestinal microbiota and host can be triggered by diet, and/or may be
predisposed by the genetic composition of the host —in particular regarding the function
of the immune system. In diseases such as NAFLD and T2D, which are strongly
associated with unbalanced hypercaloric diets, many of the symptoms can be linked to
the effects of intestinal microbiota dysbiosis [34-37].

The gut microbiome is defined by the group of microbes and bacterial species
inhabiting the intestinal lumen. It is an extremely diverse ecosystem that includes more
than 160 different bacterial species [38] and almost 10,000,000 identified genes [39] -
more than three times that of the human genome. The composition of gut microflora is
dominated by two major phyla: Bacteroidetes and Firmicutes [38]. While these account
for 90 % of the total microbial content, the remaining 10% is represented by a high
diversity of bacteria as well as several yeast species. This intestinal microbiome is highly
sensitive and responsive to factors such as the environment, genetics and diet [40].
While the species/abundance profile of the gut microbome is unique for each individual
it is nevertheless highly influenced by both lifestyle and diet [41].

Both the species composition of the intestinal microbiome and its metabolic products
can be categorized as being beneficial or harmful to the host (see Table A.1 and Table
A.2) Uliimately, it is the integrated effects of all these parameters on intestinal function,
neuroendocrine energy sensing, and inflammatory status that determines whether the

microbiome is acting symbiotically or dysbiotically.
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The development of obesity is associated with shifts in the abundance of different
bacterial species. For example, a group of obese subjects were reported to have an
increased ratio of Firmicutes to Bacteroidetes compared to lean controls [42]. Moreover,
transferring the microbiome of obese subjects to germ-free mice induced obesity in
these animals [43]. In addition, germ-free mice show resistance for obesity development
even under the typical western diets largely enriched in fat and carbohydrates and under

similar intake levels [44-46].

Table A.1 - Major groups of microorganisms considered to be beneficial or harmful to the host

Beneficial Species Harmful Species

Firmicutes to Bacteroides ratio [47, 48]

Lactobacillus [49, 50] Proteobacteria [51-53]
Roseburia [54-56] Ruminococcus [57-59]
Faecalibacterium [54, 60, 61] Bacteroides [50, 55, 56]
Bifidobacterium [50, 57] Enterococcus [50, 55]
Lachnospiraceae [55] Streptococcus [55]

The ratio of Gram-negative to Gram positive bacteria may also be a determinant of
dysbiosis [35]. Gram-negative species release lipopolysaccharides (LPS) that are potent
activators of the innate immune system [62]. LPS is recognized by toll-like receptors
(TLR) leading to inflammation, particularly in adipocytes [63] with macrophage
infiltration.

Gut microbiota changes are also associated with Type 2 diabetes. It was observed that
diabetics present a typical reduction of butyrate-producing bacteria and higher levels of

Lactobacillus spp. which is associated to fructose metabolism. Indeed, there are types of
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Lactobacillus specifically designated as fructophilic [56]. In obese humans, a decrease in
Gram-positive bacteria, which include butyrate-producing species, was found to be
associated with reduced insulin sensitivity [64]. When these subjects were transplanted
with faeces from lean healthy subjects, insulin sensitivity was restored in association

with an increased abundance of butyrate producers in their gut microbiome [64].

Table A.2 — Gut microbial products that are considered to be beneficial or harmful to the host

Beneficial products Harmful products
Bile Acids [65, 66] LPS [67-71]
Short Chain F a;tg]Acids (SCFA) [72- Peptidoglycan (PGN) [77-79]
Tryptophan/Indole [80-83] Bacterial DNA [84-87]

Carotenoids and Phenolic

compounds [88-90] Trimethylamine (TMA) [91-93]

A.3.1 Short Chain Fatty Acids - bacterial fermentation products with

key functions

Short-chain fatty acids (SCFA) are produced by the bacterial fermentation of complex
carbohydrates [94] and account for up to 10% of daily energy requirements [95], [96].
Acetate, propionate and butyrate are the principal SCFA, and are normally generated in
the molar proportion of 60:20:20, respectively [97]. Acetate and propionate are mainly
produced by Bacteroidetes while butyrate is generated by Firmicutes [98]. Different
tissues of the host have different SCFA preferences. Butyrate is a highly preferred energy
source for colonocytes and much of it is therefore immediately utilized as soon as it is
generated in the luminal space. Butyrate that is not utilized by the intestine enters the

portal vein blood and is captured and metabolized by the liver. Butyrate has shown to
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improve insulin sensitivity and attenuate adiposity [99]. Propionate may be utilized for
intestinal gluconeogenesis [100] with the balance being efficiently extracted by the liver
and utilized for hepatic gluconeogenesis [101]. While the majority of butyrate and
propionate are metabolized by splanchnic tissues and are therefore not usually available
to peripheral tissues, net extraction of acetate by the intestine and liver is much lower.
Hence, a significant fraction of endogenously generated acetate enters the general
circulation where it is metabolized by a wide range of tissues, including heart, skeletal
muscle and brain astrocytes.

In addition to being oxidizable substrates, SCFA also trigger signalling actions via
specific G-coupled protein receptors, namely GPR41 and GPR43. Through these
signalling actions SCFA mediate the effects of the microbiome on many physiological
processes in the host, including inflammation and obesity progression, by yet unclear
mechanisms [102]. Butyrate and acetate also modulate acetylation/deacetylation of
histones, through histone deacetylase inhibition [103]. Short chain fatty acids have been
shown to promote fatty acid oxidation preventing obesity and reducing insulin
resistance and an anti-tumorigenic effect which can prevent fibrosis in NAFLD [99, 104].

Microbiota harvesting causes a significant decrease of angiopoietin-like protein 4
[105], also designated as fasting-induced adipose factor (FIAF), which is an inhibitor of
LPL. This bacterial effect thus increases LPL activity resulting in increased adiposity
through higher lipoprotein absorption.

Gut bacterial species also have an active role in the modulation and recirculation of
bile acids. This mediation occurs via farnesoid X receptors on the intestinal border which
are responsible for bile acids absorption [106]. Microbiota mediate the formation of

secondary bile acids such as lithocholic and deoxycholic acids. Among other things,

Chapter A 9 © Joao Silva



secondary bile acids act as agonists for the G-protein coupled receptors TGR5 which
promote increased secretion of glucagon-like peptide 1 (GLP-1), especially in liver
Kupffer cells, which improve glucose sensitivity [107]. Certain metabolites derived by
microbial metabolism and even bacterial DNA have been implicated as potential pro-

inflammatory components [108].

A.3.2 Microbiome dysbiosis and intestinal barrier integrity

Among the most important outcomes of intestinal microbiome dysbiosis is the loss of
intestinal barrier integrity, which among other things results in the leakage of LPS and
other potent pro-inflammatory agents into the host circulation. Indeed, an increase in
intestinal permeability is implicated in the pathology of obesity-related diseases such as
NAFLD and Type 2 diabetes [109].

Having a surface of about 400 m’in humans, the intestinal barrier is the main site of
nutrient absorption, a process that requires around 35% of the resting energy
expenditure of the human body [110]. The gut wall is composed of 4 layers starting from
the side of the lumen: the mucosa, submucosa, muscularis and serosa (Figure A.1). The
major part of the physical barrier is constituted by the epithelial cells that divide the
lumen and mucosal tissues.

For maintaining integrity there are proteins designated as tight junctions that allow
paracellular passage of water, ions and small molecules (< 0.4 nm) but are impermeable
to larger macromolecules such as endotoxins and dietary antigens. These proteins also
bind the endothelial cells together in the layer structure [111]. Important for structure

stability and cell-cell signalling, adherence junctions are also localized below tight
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junctions. Two types of proteins are involved in these complexes, occludins and
claudins. They interact and form connections with adjacent cells through the actin

cytoskeleton and as well for the bridging of pores for water and ion exchange.
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Figure A.1 - Cross section of the intestinal layer — The lumen of the intestine is enclosed by a complex and

highly functional barrier. This is composed of four distinct layers: the serosa that constitutes the outer
structure of the intestine; the muscularis, a thick section composed essentially by muscle — long and
circular cells; the submucosa that holds vasculature that connects to epithelium; the mucosa where there
are the villus and the epithelial cell lining linked together by tight junctions and incorporating all the

functional cells for producing mucus and to perform phagocytoic functions.

Within the cells there are zonula occludens proteins, that link the cytoskeleton to other
proteins. Deficiencies in the expression of any of these proteins can compromise the
intestinal barrier [112]. In addition, enterocyte tight junction structure and intestinal
barrier function can be disrupted by zonulin, a protein involved in tissue morphogenesis,
fluid movement, and innate immunity of the intestinal lumen. This endogenously-
secreted protein is a homolog of the Zot enterotoxin that causes actin polymerization

and tight junction detachment [113]. Like its homolog, zonulin increases the permeability
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of the jejunum and ileum regions [114]. Its mode of action involves the activation of the
protease receptor PAR-2 and protein kinase-C, inducing an increase in endothelial
growth factors that modulate the actin cytoskeleton [115, 116]. Subsequently, this cellular
stress leads to occludin and zoluna occludens ZO-1 being displaced from the intestinal
layer [117] causing intestinal permeability to increase. Increased levels of zonulin have
been found to be associated with an excess of Gram-negative bacteria, small intestine
bacterial overgrowth and circulating endotoxin levels, that in turn are also linked with

obesity, type 2 diabetes and NAFLD [118-121].

A.4 Dietary fructose and metabolic disease

In Western societies, the increased consumption of simple carbohydrates is implicated
in the high rates of obesity, metabolic syndrome and NAFLD. It is estimated that in the
USA, 15 - 25 % of total food calories come from refined sugars [122]. In North America,
the majority of refined sugar is in the form of High Fructose Corn Syrup (HFCS). HFCS
consists of a mixture of glucose and fructose, and has largely replaced sucrose [123].
HFCS-55, which is the most highly used formulation for soft drinks and processed foods,
is nominally composed of 45% glucose and 55% fructose although the true proportions
of fructose/glucose may be somewhat higher [124].

Introduction of HFCS in the 1970s has augmented the steep rise in fructose
consumption in the US. In 1900, fructose consumption was estimated at 15 g/day; by 1977
it had risen to 37 g/day and in 2004 it stood at 55 g/day [125]. This increased HCFS
consumption is associated with a 20% higher prevalence of diabetes [126] while the

increased consumption of fructose per se has been associated with rises in rates of
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obesity, NAFLD and type 2 diabetes [127-129]. High fructose consumption is considered
as one of the major predictors for NAFLD [130-132].

Fructose absorption occurs via GLUT5: a transporter with a passive diffusion
centralized mechanism and with high specificity for fructose. The intestinal luminal side
has a high abundance of this transporter. On the basolateral side, fructose can pass via
GLUT?2, which also transports glucose [133, 134]. As with other absorbed nutrients,
fructose is transported from the intestine via blood draining the portal vein where it then
enters the liver. The liver has high levels of GLUT5 as well as lesser amounts of other
transporters that can take up fructose such as GLUT2 and GLUTS [135]. As a result, any
fructose that is present in portal vein blood is almost quantitatively absorbed by the liver
during first passage [136, 137] hence its concentration in peripheral blood is typically low.
Despite this absorptive capacity, intestinal fructose uptake may be saturated during high
fructose feeding. In mice fed a diet where the carbohydrate component was 100%
fructose, un-metabolized fructose was detected in the faeces indicating that its
absorption had not been complete [138].

Fructose metabolism is shown in Figure A.2. Recent studies indicate that it can be
metabolized by enterocytes and adipocytes as well as hepatocytes [139-142]. In fact, the
intestine has been recently proposed as the primary site for fructose metabolism under
conditions of low or moderate fructose loads, with the liver only participating following
dietary fructose loads that exceed the intestinal metabolic capacity [143]. After uptake,
fructose is phosphorylated by ketohexokinase (KHK), also known as fructokinase, to
form fructose-1-phosphate (FIP). FIP is then cleaved to dihydroxyacetone phosphate
and glyceraldehyde by aldolase B. Triokinase converts glyceraldehyde to

glyceraldehyde-3-phosphate. Unlike glucose, whose conversion to triose-P is highly
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regulated by glucokinase and phosphofructokinase (see Figure A.2), none of the steps
involved in fructose conversion to triose-P are under insulin control but are instead only

limited by fructose and ATP levels.
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Figure A.2 — Metabolic pathways associated with fructose, including its catabolism into glycolytic triose
phosphates, its endogenous production from glucose and formation of uric acid secondary to ATP and
inorganic phosphate depletion — Code: KHK - Ketohexokinase; F-1-P — Fructose-1-phosphate; GA -
Glyceraldehyde; DHAP - Dihydroxyacetone phosphate; G-3-P — Glyceraldehyde-3-phosphate; AR —
Aldose reductase; SDH — Sorbitol dehydrogenase; GK — Glucokinase; G-6-P — Glucose-6-phosphate; F-6-
P - Fructose-6-phosphate; PFK-1 — Phosphofructokinase-1; F-1,6-P2 — Fructose-1,6-bisphosphate; LDH —
Lactate dehydrogenase; ACLY — ATP Citrate lyase; ACC — Acetyl-CoA carboxylase; FAS — Fatty acid
synthase; PGM1 - Phosphoglucomutase 1; G-1-P — Glucose-1-phosphate; UTP — Uridine triphosphate; PPi
— Pyrophosphate; UDPG - Uridine diphosphate glucose; UDP — Uridine diphosphate; GS - Glycogen

synthase.

The immediate triose-phosphate products can feed several pathways including fatty acid

synthesis via de novo lipogenesis (DNL), synthesis of glycerol-3-phosphate that then
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undergoes esterification with fatty acids to form triglycerides [144], synthesis of glucose
and glycogen via gluconeogenesis and the indirect pathway, and production of lactate
following conversion to pyruvate. It has been proposed that fructose metabolism may
cause extensive “futile cycling” at the level of F1,6-P, and F6P, possibly disrupting the
reciprocal regulation of these pathways [145, 146]. More recently, a functional pathway
for endogenous fructose production from glucose via sorbitol has been identified in
mammals [147]. Recent studies also demonstrate that fructolytic enzymes are also highly
expressed in intestinal tissues indicating that at least some dietary fructose may be
metabolized as soon as it is absorbed [148].

Fructose metabolism promotes high rates of hepatic triglyceride synthesis by
providing high inflows of glycolytic precursors as well as through the activation of
transcription factors ChREBP and SREBP-1c, both of which upregulate the expression of
DNL-pathway enzymes. These transcription factors appear to be activated through a
number of parallel mechanisms. Recent studies indicate that ChREBP is activated by
increased levels of xylulose-5-phosphate and/or glucose-6-phosphate resulting from
fructose catabolism [146]. These metabolites in turn stimulate phosphatase 2A [149] that
itself increases the production of one of ChREBP isoforms, ChREBP-a. that subsequently
promotes the generation of the other isoform, ChREBP-f. ChREBP-f is more potent in
activating lipogenic genes independently of insulin action [150] (Figure A.3). Fructose has
also been shown to promote a rise in SREBP-1c levels [151] that potentiates expression
of DNL enzymes. This may be mediated in part by peroxisome proliferator-activated
receptor y coactivator (PPAR-y) activation [152] (Figure A.3). Acetyl-coA carboxylase
(ACC), and fatty acid synthase (FAS) were shown to be increased in expression and

activity in more than 60% in response to high fructose diets [153]. Additionally, fructose
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has been shown to activate transcription factor XBP-1, that in turn increases ACC 1 and

2 isoforms, FAS and stearoyl-coA desaturase 1 (SCD1) [154].
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Figure A.3 - Fructose induction of lipogenesis transcription factors ChREBP and SREBP-1c¢ — Metabolites
resultant from fructolysis, namely F-6-P, F-1-P and xylulose-5-P lead to the activation of transcription
factors that stimulate directly the expression of lipid synthesis enzymes. Code: F-6-P: Fructose-6-
phosphate; F-1,6-P::  Fructose-1-6-bis-phosphate; DHAP: Dihydroxyacetone phosphate; G-3-P:
Glyceraldehyde-3-phosphate; F-1-P: Fructose-1-phosphate; GA: Glyceraldehyde; PPAR-y: Peroxisome
proliferator activated receptor; SREBP-1c: Sterol receptor element binding protein 1lc; Xylulose-5-P:
Xylulose-5-phosphate; ChREBP: Carbohydrate receptor element binding protein; ACLY: ATP Citrate
lyase; ACC: Acetyl-coA carboxylase; FAS: Fatty acid synthase

Concomitantly, it is observed that high fructose does not cause a postprandial peak in
insulin levels thereby attenuating systemic triglyceride clearance and adding to hepatic
fat storage [155]. While triglycerides per se do not seem to be involved in metabolic

regulation or signalling activities, incomplete products of fatty acid
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esterification/lipolysis such as diacylglycerols directly interfere with insulin signalling
[152].

In addition to lipogenesis, there are several aspects of fructose metabolism that
promote tissue damage starting with its initial phosphorylation and resulting disruption
of ATP/ADP/AMP balance, which in the case of the liver, leads to increased uric acid
production. Itis well established that high uric acid concentrations promote intracellular
oxidative stress, in part via nitric oxide signalling [156, 157]. Compared to glucose,
fructose metabolism is estimated to produce one hundred times more ROS [125] which
among other things contributes to intracellular stress and ubiquitin-driven apoptosis.
Additionally there is one product of fructose metabolism, methylglyoxal, that is a
powerful glycating modifying agent leading to cell stress as well as modification of
insulin signalling [158]. Finally, high fructose feeding has also been shown to be
associated with alterations in microbiota species composition and increased intestinal

permeability [159].

A.5 Bullet Summary

e Asignificant proportion of people in Western societies are overweight or obese.

e The majority of these have significant co-morbidities including NAFLD and Type 2

Diabetes.

¢ These conditions are closely linked to overnutrition in general and increased intake

of refined sugars in particular.
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e These dietary components promote NAFLD and Type 2 diabetes in part through
disruption of a) the symbiotic relationship between the intestinal microbiome and

surrounding tissues and b) hepatic control of glucose and lipid metabolism.
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Chapter B

Intestinal microbial and metabolic profiling of
mice fed with high-glucose and high-fructose

diets

(Published [138])

B.1 Abstract

Increased sugar intake is implicated in Type-2 diabetes and fatty liver disease, however,
the mechanisms through which glucose and fructose promote these conditions are
unclear. We hypothesize that alterations in intestinal metabolite and microbiota profiles
specific to each monosaccharide are involved. Two groups of six adult C57BL/6 mice
were fed for 10-weeks with diets with glucose (G) or fructose (F) as sole carbohydrates,
and a third group was fed with a normal chow carbohydrate mixture (N). Fecal
metabolites were profiled by nuclear magnetic resonance (NMR) and microbial
composition by real-time polymerase chain reaction (qPCR). Although N, G and F mice
exhibited similar weight gains (with slight slower gains for F) and glucose tolerance,
multivariate analysis of NMR data indicated that F mice were separated from N and G,
with decreased butyrate and glutamate and increased fructose, succinate, taurine,
tyrosine and xylose. The different sugar diets also resulted in distinct intestinal

microbiota profiles. That associated with fructose seemed to hold more potential to
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induce host metabolic disturbances compared to glucose, mainly by compromising
intestinal barrier integrity. This may reflect the noted non-quantitative intestinal fructose
absorption hence increasing its availability for microbial metabolism, a subject for

further investigation.

B.2 Keywords

Fructose; absorption; short-chain fatty acids; metabolic profiling; metabolomics;

intestinal microbiota

B.3 Introduction

In recent decades, Western societies have seen steep increases in obesity rates and a
surge of associated complications such as non-alcoholic fatty liver disease (NAFLD) and
Type 2 Diabetes (T2D) [160-162]. Over this same period, the average daily caloric intake
has risen, driven in large part by a substantial increase in sugar consumption [155]. In
European countries, sugar is consumed as sucrose, while in North America there has
been an increased utilization of high fructose corn syrup (HFCS). Both formulations
resultin the delivery of approximately equivalent amounts of glucose and fructose to the
gastrointestinal tract (sucrose being rapidly hydrolysed to fructose and glucose in the
upper small intestine) followed by absorption of glucose and fructose by specific
transporters: SGLT1 for glucose and GLUT5 and GLUT?2 for fructose. Therefore, when
sugar intake is low, these monosaccharides are rapidly and quantitatively absorbed

becoming unavailable for intestinal microbiota metabolism, particularly those residing
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in the lower intestine. However, with high sugar intake, these transporters, particularly
those involved with fructose uptake, may become saturated thereby increasing the
residence time of monosaccharides in the intestinal lumen and providing an increased
opportunity for microbial metabolism.

There is now extensive evidence that interactions between gut microbiota and diet
promote obesity per se as well as obesity-related complications such as NAFLD and T2D
[163]. In animal models, high fat feeding resulted in impaired intestinal integrity and
leakage of pro-inflammatory endotoxins into portal vein blood that in turn provoked
hepatic inflammation. This process was associated with a shift in intestinal bacterial
species distribution [164, 165]. Diet composition has also been shown to alter intestinal
metabolites, including those generated by microbial activity such as short-chain fatty
acids. These changes can be noninvasively followed by metabolomic analysis of feces
[166-168].

Of the monosaccharide components of dietary sucrose or high-fructose corn syrup
(HFCS), fructose is more pro-inflammatory and lipogenic to liver than glucose [169-172].
To date, the search for possible mechanisms has focused on liver, since this organ is
responsible for the majority of systemic fructose metabolism. We hypothesized that, in
addition to hepatic mechanisms, part of the deleterious effects of high fructose feeding
are mediated through intestinal metabolism of fructose by resident microbiota. To
examine if fructose and glucose have different effects on the intestinal metabolome we
fed mice with diets in which carbohydrate components were solely comprised of
fructose or glucose and periodically compared their fecal metabolite and microbial

profiles over a10-week period. To determine the effects of replacing the standard dietary
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mixture of simple and complex carbohydrates by either of these simple sugars on these

parameters, a third group of animals fed on normal chow was also included in the study.

B.4 Experimental section

B.4.1 Animal model

All animal studies were approved by the University of Coimbra Ethics Committee on
Animal Studies (ORBEA) and the Portuguese National Authority for Animal Health
(DGAV), approval code 0421/000/000/2013. Eighteen adult male C57BL/6 mice (8 weeks
of age at start of study) were obtained from Charles River Labs, Barcelona, Spain, and
housed at the Faculty of Medicine Bioterium, University of Coimbra. The study was
limited to mice of a single gender because of space constraints. Power analyses and
sample size calculations were based on circulating metabolites and hepatic metabolic
parameters measured in our previous studies of fat and sucrose metabolism in rats [173,
174]. Animals were housed 3 to a cage, 2 cages per group (or diet, see below), and were
maintained in a well-ventilated environment, and a 12h light/12h dark cycle. Upon
delivery to the Bioterium, mice were given a two-week interval for acclimation, with free
access to food (standard chow, see composition below) and water. After this period
animals were randomly assigned to three synthetic diets supplied by Special Diets
Services, Argenteuil, France over a 10-week period. These were standard chow (60%
carbohydrate, 16% protein and 3% lipid by weight); high glucose (60% glucose, 16%
protein and 3% lipid by weight); high fructose (60% fructose, 16% protein and 3% lipid

by weight). The carbohydrate component of the normal diet was composed of
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cornstarch (63%), maltodextrin (21%) and sucrose (16%); the total fiber composition was
17% by weight for each diet. These synthetic diets were formulated on an AIN-93G
background and packaged in coarse powder form (the high glucose and fructose
formulations could not be pelletized). For this reason, the mice were provided with the
powdered standard chow placed in small open Petri dishes during the initial 2-week
adjustment period and this method of feed delivery was used in the subsequent studies.
Hereafter, the three diets will be referred to as normal (N), glucose (G), and fructose

chow (F).

B.4.2 Sample Collection

Fecal samples were collected every two weeks for analysis by 'H NMR spectroscopy and
gPCR. Collections were performed on three consecutive days (one day for each of the
diets) and six mice at a time in a clean and sterile flow chamber to minimize sample
contamination (Figure B.1). One-half of each fecal sample was used for NMR studies and
the other half for qPCR analysis. Samples were placed in Eppendorf tubes and
immediately frozen in liquid nitrogen followed by storage at -80 °C until further

processing and analysis.
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Figure B.1 - Scheme of sample collection
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B.4.3 Oral glucose tolerance test

Mice were fasted throughout the dark period and through the initial 4 h of the light
period for a total time of 16 h. Mice were then gavaged with a solution of 10% glucose
prepared in sterilized drinking water whose volume corresponded to 2 mg glucose/g
body weight. Blood glucose levels were monitored from tail tip samples at 0, 15, 30, 60

and 120 min after gavage using a OneTouch Vita (LifeScan) glucometer.

B.4.4 Metabolite extraction

Processing of samples to obtain fecal extracts was performed according to previously
published methods [175, 176]. Briefly, 70 mg of thawed stool samples were homogenized
by vortex mixing in 700 pl phosphate buffer (0,IM K;HPO,/NaH,PO,, pH 7.4) containing
10% D,0, 0.01% (w/v) of NaN; and 0.5 mM of sodium 3-([2,2,3,3-d,|trimethylsilyl)
propionate (TSP). After mixing, samples were submitted to 3 rapid freeze-thaw cycles
using liquid nitrogen. Homogenization was next performed for 10 cycles as follows:
ultrasonication — vortex — break. In the end, slurries were centrifuged (16,000 g, 10 min)
and the supernatants collected. The remaining residues were subjected once again to
homogenization and centrifugation and their supernatants were combined with those

from first pass extractions. Extracts were stored at -80°C until analysis.

B.4.5 NMR spectroscopy

Fecal extracts were thawed at room temperature and 225 pl transferred to a 5 mm NMR

tube. The same volume of 99% D,O containing 0.002% TSP was added [175].
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Unidimensional standard 'H NMR spectra of fecal extracts were obtained at 298 K on a
Bruker Avance III spectrometer operating at 500.13 MHz for 'H, using a noesy 1D pulse
sequence (Bruker library) with 100 ms mixing time, a 3 ps tl delay, and water suppression
during relaxation delay and mixing time. 256 transients were acquired into 32 k complex
data points, with 7 KHz spectral width, 4 s relaxation delay and 2.34 s acquisition time.
Each free-induction-decay was multiplied by a 0.3 Hz exponential line-broadening
function prior to Fourier transformation. Spectra were manually phased and baseline
corrected. Chemical shifts were referenced internally to TSP at 8=0.0 ppm. Peak
assignments were carried out based on 2D NMR of selected samples, existing literature
[176-178] and spectral databases, mainly the Bruker Biorefcode database and the human
metabolome database (HMDB) [179]. Statistical total correlation spectroscopy

(STOCSY) was performed to aid assignment.

B.4.6 Univariate and multivariate statistical analysis

Two-Way analysis of variance (ANOVA) was used to assess differences in body weight
and OGTT values. Multivariate analysis was applied to the 'H NMR spectra of fecal
extracts, after exclusion of the water (4.60-5.05 ppm) region. Spectra were aligned using
recursive segment-wise peak alignment [180] and normalized through probabilistic
quotient normalization (PQN) [181], to account for sample differences impacting
significantly on total spectral area and profile. Principal component analysis (PCA) and
partial least squares discriminant analysis (PLS-DA) were performed after unit variance
scaling (SIMCA-P 11.5, Umetrics, Sweden). PLS-DA loading weights were obtained by

multiplying each variable by its standard deviation and were coloured according to each
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variable importance to the projection (VIP). In addition, the relevant peaks were selected
and integrated (Amix 3.9.14, BrukerBioSpin, Rheinstetten, Germany), normalized and
variations assessed using the non-parametric t-test (Wilcoxon test). Effect sizes [182]
were computed for all relevant resonances (p<0.05) and corrected for multiple
comparisons using the Benjamini and Hochberg method [183]. Statistical tests, boxplots

and loadings plots were carried out using R-statistical software (version 3.2.0, R Project)

and MATLAB (version 8.3.0, MathWorks Inc.).

B.4.7 DNA extraction and quantitative polymerase chain reaction

(PCR)

Frozen fecal samples were weighed immediately after collection. Upon thawing, 300 pL
of sterile phosphate buffer (PBS 1x) was added and the mixture was submitted to
ultrasonication for 20 min. 270 uL of lysis buffer (MagNa Pure Bacteria Lysis Buffer,
Roche, Basel, Switzerland) were added to the fecal slurry, followed by 30 uL of
proteinase K (Qiagen, Netherlands). This mix was incubated at 65°C for 10 min, vortexed
and incubated for 10 min at 95°C. Samples were filtered in a filter tube (Becton DiKinson
Biosciences) to remove the debris and the filtrate was centrifuged (8,787 g, 15 min, 4°C)
and the supernatant collected. DNA was extracted using a kit (MagNa Pure Nucleic Acid
Isolation Kit I, Roche, Basel, Switzerland) and performed on a MagNa Pure Compact
Instrument (Roche, Basel, Switzerland). Fecal DNA samples were then stored at -80°C.

Real-time quantitative PCR (qPCR) was used to quantify populations of total bacteria,
Enterobacteria and Lactobacilli. Specific reactions for each different type of bacteria were

performed with specific primers [184]. For total bacteria, the following 16S rRNA primer
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was used: F (forward) 5 AACGCGAAGAACCTTAC 3, R (reverse) 5
CGGTGTGTACAAGACCC 3 [185]. For Enterobacteriaz F (forward) 5
ATGGCTGTCGTCAGCTCGT 3, R (reverse) 5° CCTACTTCTTTTGCAACCCACTC 3,
and for Lactobacilli: F (forward) 5> GCAGCAGTAGGGAATCTTCCA 3, R (reverse) 5’
GCATTYCACCGCTACACAT 3’ were used. The specificity of the primers was tested by
sequencing of the amplicon resulting from the PCR reaction of one sample of fecal DNA.
Standard curves were established prior to sample analysis using plated cultures of
Escherichia Coli (E. coli) and Lactobacillus fermentum. DNA was extracted, PCR products
were purified, and concentrations were measured by spectrophotometry at 260 nm
(Eppendorf Biophotometer ®). DNA from E.coli was used for the total bacteria standard
curve. For E. coli, 10*-10" gene copies were used to establish the linearity of standard
curves while for Lactobacillus, 10°>-10% copies were used. Real time PCR reactions for
bacteria quantification were carried out on a LightCycler ® (Roche, Basel, Switzerland).
PCR reactions were prepared on a total volume of 20 pL containing 2 uL of LightCycler
FastStart DNA MasterPLUS SYBR Green I (Roche, Basel, Switzerland), 0.3 uM of each
specific primer and 2 pl. of DNA sample, diluted 1/100. To exclude carryover

contamination, a negative control was included in each PCR experiment.
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B.5 Results

B.5.1 Weight gain and glucose tolerance

Mice fed with either glucose or fructose carbohydrate diets had overall similar weight
gains to those fed with standard chow (consisting of a mixture of cornstarch,
maltodextrin and sucrose in proportions of 4.0:1.3:1.0) over the 10-week period, as
shown in (Figure B.2a). At weeks 4 and 6 of feeding schedule, the group of fructose-fed
mice had less weight gain compared to either glucose- or normal chow-fed mice, but by
week 10, growth rates from the three groups had converged. Glucose tolerance, as
assessed by the area under the curve (AUC) of plasma glucose levels from 0-120 minutes
following an oral glucose load, showed no significant differences between the different
diets nor were there any significant longitudinal changes in this parameter (Figure B.2b-
e). However, by the end of the study, the group fed with fructose carbohydrate showed
a tendency towards faster recovery from the glucose load and presented lower values of

circulating glucose at 120 min post-load (Figure B.2e).
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Figure B.2 — Body weight alteration along time and oral glucose tolerance tests (OGTT) performed at 3
time points (Week 0, Week 5, Week 10): a) Body weight curves monitored each two weeks of the three
different diets; b) Area under the curve (AUC) of the different obtained profiles for OGTT tests on week 0,
week 5 and week 10; ¢), d) and e) OGTT profiles for the three different diets groups performed at week O,
week 5 and week 10, respectively. 2-way-ANOVA’s with time and diet as variables were performed on body
weight and OGTT results and turned the following outcomes: Body Weight — Time (P < 0.0001; F = 38.54;
DF = 5), Diet (P = 0.0140; F = 5.745; DF = 2); OGTT Basal — Time (P < 0.0001; F = 142.8; DF = 4), Diet (P =
0.09004; F = 0.1056; DF = 2); OGTT Week 5 — Time (P < 0.0001; F = 82.69; DF = 4), Diet (P = 0.3784; F =
1.042; DF = 2); OGTT Week 10 - Time (P < 0.0001; F = 79; DF = 4), Diet (P = 0.2012; F = 1.788; DF = 2).
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B.5.2 Fecal Metabolite Profiles

A typical 'H NMR spectrum of a fecal extract of a mouse before intervention (Figure B.3)
shows the predominance of branched-chain amino acids (BCCA) and other amino acids
(threonine, alanine, lysine, aspartate, taurine, tyrosine and phenylalanine), several
organic acids (butyrate, propionate, lactate, acetate, pyruvate, succinate, fumarate, 4-
hydroxyphenylacetate (4-HPA) and formate), trimethylamine (TMA), methanol, uracil

and xylose. Table B.1lists the full set of identified spin systems.

26 ih
28 27 /\ 24
/ /f\ s 25 /
IR

A ~
W W > /v A NN W .
AW Wty W N -~ N W

Figure B.3 — Typical 'H NMR spectrum of a rat fecal extract at week 0 - Main assignments shown: 1, bile
acids (tentative assignment), 2, butyrate; 3, leucine; 4, isoleucine; 5, valine; 6, propionate; 7, lactate; 8,
threonine, 9, alanine; 10, lysine; 11, acetate; 12, N-acetylglycoproteins; 13, pyruvate; 14, succinate; 15,
aspartate; 16, TMA (trimethylamine); 17, methanol; 18, taurine; 19, glycine; 20, xylose; 21, a-glucose; 22, [3-
glucose 23, uracil; 24, fumarate; 25, 4-HPA (4-hydroxyphenylacetate); 26, tyrosine; 27, phenylalanine; 28,

formate.
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Table B.1 - List of metabolites found in the 'H NMR spectra (500 MHz) of fecal extracts. Ui: unassigned spin

systems. s: singlet, dd: doublet of doublets, t: triplet, m: multiplet, br: broad resonance. a: tentative

assignment; TMA: trimethylamine; TMAO: trimethylamine-N-oxide.

Metabolite Su /ppm (multiplicity)

4-hydroxyphenylacetate  3.46 (s), 6.87 (dd), 7.16 (dd),

Acetate 1.92 (s)

Acetoacetate 227 (s), 3.46 (s)

Acetone 2.23(s)

Alanine 1.48 (d), 3.78 (q)

Aspartate 2.69 (dd), 2.82 (dd), 3.91 (dd)

Bile acids - 0.68 (s), 0.70 (s), 0.72 (s)

Butyrate 0.90 (1), 1.57 (m), 2.17 (v)

Choline 3.20 (s), 3.52 (m), 4.08 (m)

Ethanol 1.19 (v), 3.65 (q)

Formate 8.46 (s)

Fructose 3.58 (m), 3.66 (dd), 3.70 (m), 3.81 (dd), 3.83 (m), 3.90 (dd), 3.95 (m), 4.01
(m), 4.04 (m), 4.06 (m), 4.12 (m)

Fumarate 6.53(s)

Galactose 3.49 (dd), 3.64 (dd), 3.75 (m), 3.83 (m), 3.93 (d), 3.98 (d), 4.10 (t, C1H), 4.60
(d, CH2), 5.28 (d, C5H)

Glutamate 2.04 (m), 2.12 (m), 2.34 (m), 3.75 (dd)

Glutamine 2.15 (m), 2.47 (m), 3.79 (1)

o-Glucose 3.42 (v), 3.54 (dd), 3.71 (1), 3.77 (dd), 3.84 (m), 5.23 (d)

B-Glucose 3.23 (dd); 3.44 (m), 3.50 (v), 3.72 (dd), 3.90 (m), 4.65 (d)

Glycerol 3.55 (m), 3.65 (dd), 3.78 (m)

Glycine 3.56 (s)

Hypoxanthine 8.19 (s), 8.21 (s)

Isoleucine 0.94 (1), 1.01 (d), 1.26 (m), 1.47(m), 1.98 (m), 3.62 (d)

Lactate 1.34 (d), 4.11 (q)

Leucine 0.96 (1), 1.73 (m)

Lysine 1.48 (m), 1.73 (m), 1.92 (m), 3.03 (v), 3.77 (v)

Methanol 3.36 (s)

Phenylalanine 3.13(dd), 3,29(dd), 4.00(dd), 7.34(m), 7.38(m), 7.44(m)

N-acetyl residue - 2.05(s)

Propionate 1.06 (v), 2.18 (q)

Pyruvate 2.38(s)

Succinate 2.41(s)

Sucrose 3.48 (1), 3.56 (dd), 3.63 (s), 3.77 (1), 3.83 (dd), 3.85 (m), 3.89 (m), 4.06 (v),
4.22 (d), 5.41 (d)

Taurine 3.26 (1), 3.43 (v)

TMA 2.88(s)

TMAO 328 (s)

Threonine 1.33(d), 3.61 (d), 4.26 (dd)

Tyrosine 6.98 (dd), 7.20 (dd), 3.95 (dd), 3.20 (dd), 3.06 (dd)

Uracil 5.78 (d), 7.54 (d)

Urea 5.80 (s,br)

Valine 0.99 (d), 1.04 (d), 2.27 (m), 3.61 (d)

Xylose 3.23(dd), 3.33 (dd), 3.42 (v), 3.53 (dd), 3.63 (m), 3.93 (dd), 4.59 (d), 5.21 (d)

Unassigned spin systems varying significantly between groups

Ul 5.93(d), 5.98 (d), 6.07 (d), 6.11 (d), 8.03 (s), 8.27 (s), 8.38 (s)

U2 8.63(s)

PCA scores of all 'HNMR spectra for the three groups of animals (Figure B.4a) showed

that normal (blue) and high-glucose (green) diets had similar effects on fecal extracts
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metabolic profile, with slightly higher dispersion for the latter (Figure B.4a,c).
Conversely, high-fructose diet induced significant changes in about half of the samples
and suggested two different directions in PCA space (Figure B.4a,b), although apparently
not following a clear trend over the 10-week feeding trial.

o Normal chow diet = High glucose diet a High fructose diet
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Figure B.4 — PCA scores scatter plots using 'H NMR spectra of fecal extracts for a) all three diets, b) normal
chow and high-fructose diets and ¢) normal chow and high-glucose diets (note the lower range in PC axis
in ¢), in order to clarify the differences between these two diets). Outlier G12 was removed from dataset.
Data points for fructose- and glucose-chow fed mice are identified by diet (F,G), mouse ID number (1-6 per

diet) and the week of sampling. For example, G12 signifies glucose-fed mouse number 1 that was sampled

at week 2.
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Pairwise PLS-DA scores (Figure B.5, left) confirmed the separation of high-fructose diet
from both normal and high-glucose diets (Figure B.5a, ¢) and indicated a small
separation between animals on high-glucose and normal chow diets (Figure B.5b). It
should be noted that model predictive power (Q?) is, in this context, expected to be low
(indeed Q*=0.38-0.19), as time progression is observed to be an important source of
variability within each group reflected in the partial overlap between groups. The basis
for the sample separations noted were specified through inspection of PLS-DA loading
weights (Figure B.5, right), peak integration and univariate analysis. Table B.2 lists all
detected metabolite changes separating animal classes based on their diet, also
represented in boxplot form in Figure B.6, Figure B.7, Figure B.8. Notably, two
unassigned spin systems are also part of these changes: Ul singlets at 8 8.03 and 8.39
and U2 singlet at 8 8.62 (the latter tentatively assigned to nicotinate).

High-glucose diet induces significant changes in 8 fecal metabolites (Table B.2 and
Figure B.6), namely acetate (1), aspartate (|), formate (1), methanol (1), propionate (1),
pyruvate (1), taurine and unassigned singlet U2 at § 8.62 (|). All of these changes are also
noted in high-fructose animals, with the exception of propionate levels which are close
to controls (Table B.2 and Figure B.7) and with enhanced effect size and statistical
relevance for formate (1), methanol (1) and taurine (1), in fructose-fed mice. Direct
comparison between the two sugar diets (Table B.2 and Figure B.8) unveils relevant
changes specific of the fructose diet, namely: butyrate (|), fructose (1), glucose (1),
lactate/threonine (1), phenylalanine (1), propionate (1), succinate (1), tyrosine (1), xylose
(1) and Ul at 6 8.03, 8.39 (|). Notably, propionate levels seem to respond differently to

high-glucose and high-fructose diets, increasing and decreasing, respectively.
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Figure B.5 — PLS-DA scores (left) and loadings weights (right) for animals fed with a) fructose- vs normal
chow, : 0.38, R:X 0.96, R:Y 0.40; b) glucose- vs normal chow, Q: 0.36, RX 0.81, R:Y 0.55; ¢) fructose vs
glucose-chow, Q: 0.19, R:X 0.98, R'Y 0.26. The outlier G12 was removed from the dataset.
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Table B.2 — Statistically relevant (p-value < 0.05) metabolite changes separating animal classes based on
their diet. The chemical shifts shown correspond to the integrated peaks (Table Sl lists the full set of
metabolites). N, normal chow; F, fructose-chow; G, glucose-chow. Values correspond to changes in the
first named group, compared to the second named group e.g. aspartate is decreased in G, compared to N.
ES: effect size. Ui: unassigned resonances. s: singlet, dd: doublet of doublets, t: triplet, m: multiplet.
*Metabolite with p-value > 0.05 after false discovery rate correction based on Benjamini and Hochberg

method; b this resonance is tentatively assigned to nicotinate.

GvsN FvsN FvsG
. 8/ppm p- p- p-
Metabolite (multiplicity) ES value ES value ES value
Acetate 1.92 (s) 0'96;0'5 1.4E-6 1.12+0.54 1.2E-7 - -
Aspartate 2.82 (dd) 138-0.56 6.6E-8 -138+0.56 4.9E-7 - -
Butyrate 0.90 (o) - - 0.86:0.52 29E-3 -1.06+£0.53 1.6E-4
Formate 8.46 (s) 0'69;0'5 6.6E-5 1.36+0.55 5.3E-8 - -
Fructose 4.04 (m) - - 1.07+0.53 72E-8 1.07+0.53 1.0E-6
Glucose 523 (d) - - - - 0.77+0.51 9.7E-3
Glutamate 2.15(m) - - -0.79+0.52  2.1E-3 - -
Methanol 3.36(s) 0.58+0.51 11E-4 0.80+0.52 11E-5 - -
Lactate/ 133 (d) : - : - 0.61:051  82E3
threonine
Phenylalanine 7.34 (m), 7.38 (m) - - 0.80+0.52 3.7E-3 0.55+0.50 1.3E-2
Propionate 218 (q) 0.92+0.53 7.6E-4 - - 0.55-0.50 1.1E-2
Pyruvate 2.38(s) 0'69;0'5 37E2* 0.74+0.52 1.2E-3 - -
Succinate 2.41(s) - - 1.40+0.56 6.6E-9 0.99+0.52 6.6E-6
Taurine 3.43(v) 0.75+0.52 6.1E-5 1.70+£0.58 42E-9 1.02+0.53 9.4E-5
Tyrosine 720 (d) - - 0.66+0.51 2.7E-2 0.69+0.51 5.8E-3
Uracil 7.58 (d) - - 056-0.50 3.7E-3 - -
Xylose 5.21(d) - - 1.53+0.57 57E-10  0.78+0.51 11E-3
Ul 8.03(s), 8.39(s) - - - - -0.72+0.51 6.3E-3
U2k 8.62(s) -1.21+0.55  4.7E-6 -1.11+0.54 5.6E-5 - -
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The average time trajectories of these differentiating metabolites for fructose-chow are
shown in Figure B.9. Notably, butyrate levels were persistently lower (except for week 8)
and propionate levels remained close to those of normal chow-fed mice (again with the
exception of week 8). Fructose, succinate, phenylalanine, tyrosine and xylose all
exhibited relatively higher levels in fructose-chow fed mice compared to mice fed with
the other diets. As seen by the magnitude of the error bars, these metabolite levels
showed high inter-animal variability, with the sole exception of fructose. Lactate
overlaps with threonine and lactate/threonine levels increased at week 10, albeit with
high variability. The unassigned spin system Ul exhibited consistently low levels in
fructose-chow, compared to both normal- and glucose-chow groups, and therefore
contributed to the metabolic signature of mice fed with fructose-chow. In addition, the
interesting bidirectional behaviour of the animals fed with fructose-chow (Figure B.4 and
Figure B.5) was further explored through PLS-DA of the deviant high-fructose samples
(Figure B.10), revealing that separation of data points within the cohort fed with fructose-
chow related to the extent of incomplete fructose absorption (expressed by high levels
of fructose in fecal extracts). Correlation studies showed no correlation of fructose-chow

sample composition to animal body weight.
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Figure B.9 — Time-course variations for main metabolites distinguishing animals fed with fructose-chow
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in Table 1. Normal chow: blue line, glucose-chow: green line, fructose chow: red line.
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Figure B.10 - PLS-DA scores of the two subgroups of high-fructose fed animals

B.5.3 Fecal Microbial Profiles

Intestinal microbiota plays a significant role in dietary carbohydrate metabolism, in
particular the fermentative breakdown of complex carbohydrates into simple
absorbable metabolites such as short chain fatty acids (SCFA) [186]. Recent studies
suggest that increased consumption of simple over complex carbohydrates promotes
intestinal dysbiosis and wider metabolic disruption. Since dysbiosis is thought to be
mediated in part by a shift in bacterial species distributions [187], we compared the
effects of normal-chow, glucose-chow and fructose-chow feeding on the abundances of
Enterobacteria and Lactobacillus, representing gram-negative and gram-positive bacterial
groups, respectively. The total abundances of Enterobacteria and Lactobacillus showed
high variability between individuals fed with the same diet, as shown in the supplemental

data (Table B.3).
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Table B.3 - Real-time qPCR quantification absolute values (copies/ug of DNA) of bacterial groups in animal

faeces: intra and intervariability between animals.

Week no.
2 4 6 8 10
Normal Chow
9,578E+12 2,013E+13 3,232E+12 9,017E+11 4,794E+10
1,564E+13 9,107E+11 1,066E+13 5386E+11
1,046E+12 5,561E+12 9,437E+11 1,201E+12 2,537E+10
991E+s11 8,022E+11 5,726E+11 8,240E+10
2,178E+13 4,592E+11 1,091E+12 1411E+12 3,429E+10
< 2,066E+13 3,345E+12 6,329E+11 5379e+1
§ High Glucose
% 2,02E+12 1,862E+12 1938E+12
m 1,23E+12 2,032E+12 1,388E+12 5429E+12 2,847E+10
= | @ LI3OE+12 1,521E+12 4,414E+12 2,240E+10
= | 6,671E+12 2,936E+12 2,655E+13 LI36E+10
g 517E+12 9,965E+11 53UE+11 L151E+10
7777777777 1,432E+13 1,049E+13 5E+11 7,577E+10
High Fructose
2,265E+12 1,438E+13 6,697E+11 1,966E+12 1,018E+10
1,776E+12 5,571E+12 6,577E+11 1,494E+12 6,598E+09
7,296E+11 1,327E+12 1,023E+12 1,729E+12 1,303E+10
6,654E+11 1,696E+13 2,352E+13 9,208E+11 9,933E+09
9,116E+12 7,614E+11 1,359E+13 2,320E+12 9,268E+09
7777777777 6,654E+11 1L112E+12 7,707E+11 7,161E+09
Normal Chow
2,121E-04 2,418E-04 7,250E-05 3,286E-03 2,323E-04
6,572E-05 1,264E-01 9,670E-05 2,004E04
4,479E-04 7,659E-04 8,015E-02 2,332E-04 6,861E-03
142603 4,373E-02 7,614E-03 5,133E-01
1,474E-04 4,146E-02 7,069E-03 3,717E-03 2,165E-02
1,448E-04 4,994E-04 9,021E-03 9285E-03
3 -
S High Glucose
—
S 2,300E-04 1,592E-02 2667602 e
= 6,193E-03 6,805E-04 3,813E-05 6,220E-03 2,358E-03
S R —— 2,509E-04 7,515E-03 5,095E-04 6,226E-04
s 1714E-04 1128E-03 1,248E-04 1,893E-01
LE 5,906E-03 1,928E-02 8743E-04 e 3,044E-02
P — 3,860E-04 6,588E-06 2,571E-01 1481E-02
S|
High Fructose
6,555E-04 3,568E-04 6,524E-02 3,009E-03 1,741E-01
3,072E-02 1,487E-04 7,537E-01 1,I25E-03 1,844E-02
5,624E-05 3,509E-03 2,682E-02 4,017E-03 1,287E-01
3,645E-03 1,533E-05 1,024E-04 2,613E-03 4,126E-02
1,913E-04 5,059E-03 1,878E-04 2,239E-04 9,725E-02
7777777777 6,919E-03 1,437E-02 5,731E-03 1,I68E-01
Normal Chow
3,153E-03 1,484E-03 1,256E-01 1,628E-01 2,771E-02
7,965E-03 2,789E-02 2,256E-02 251200 e
4,826E-02 1,300E-02 2,084E-01 1,015E-01 5,432E-02
622601 2,272E-01 8,595E-01 1,331E-03
2,191E-02 1,729E-02 2,935E-01 4,321E-01 5,783E-03
5,255E-02 5,411E-02 5,616E-01 1087010
2
= High Glucose
g 2,199E-02 1,102E-01 2,601E02
'g 4,704E-01 L153E+00 2,367E-02 2,761E-02 1,825E-02
kot 3,171E-01 9,000E-02 9,793E-02 1,471E-02
S 1,046E-01 9,720E-03 6,342E-03 3,156E-02
j 4,131E-01 5,453E+00 11,0840 6,181E-02
= | 2,388E-02 6,237E-05 6,565E-02 LI91E-01
High Fructose
3,939E-03 1,770E-03 1,713E-01 5,976E-02 4,785E-01
8,149E-02 6,061E-03 1,549E-02 7,070E-02 2,940E-02
4,509E-01 2,862E-03 1,401E-02 1,986E-02 1,328E-01
7,745E-02 1,614E-03 1,318E-02 8,862E-01 2,406E-01
3,997E-03 1,485E-01 1,294E-02 9,392E-03 5,190E-01
7777777777 2,673E-02 7,729E-02 1,309E-01 1,646E-01
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To get a measure of the relative abundances of these bacteria classes, ratios of
Enterobacteria to total and Lactobacillus to total were calculated (Table B.4). While the
proportion of Enterobacteria generally increased over the 10-week period for all three
diets, the rate of increase was slower for glucose- and fructose-chow compared to
standard chow (Table B.4). The proportion of Lactobacillus showed a general decrease
in mice fed with normal chow or glucose-chow over the 10-week interval. However, for
mice fed with fructose-chow, the proportion of Lactobacillus increased over the same
period (Table B.4). Given that the Lactobacillus genre encompasses fructophilic bacteria,
and that our NMR data showed a carry-over of dietary fructose into feces, these results
could reflect an intestinal substrate profile that promotes the growth of Lactobacillus over
other species under conditions of high fructose feeding.

Table B.4 — Values of the variation of Enterobacteria and Lactobacillus bacteria, given as the count ratio of

each bacteria type over total bacteria in feces, as a function of time, every two weeks, for 10 weeks. High

biological variability is evident and can be further observed in Table B.3 for inter and intra-animal diversity.

Week
2 4 6 8 10

. Normal-chow
=

& 4,07E-04 £ 5,16E-04 3,39E-02 + 5,47E-02 2,34E-02 £+ 3,22E-02 4,06E-03 + 3,75E-03 1,35E-01 £ 2,52E-01
o

I~}
"g Glucose-chow

1.

S

"E 4,11E-03 £ 3,36E-03 6,11E-03 £+ 8,96E-03 6,04E-03 +£1,05E-02 6,6E-02 +1,27E-01 4,75E-02 £ 8,02E-02
<5
X Fructose-chow

7,05E-03 +1,33E-02 2,67E-03 +£2,94E-03 1,43E-01+ 3E-01 2,79E-03 £1,98E-03 9,61E-02 + 5,77E-02
Normal-chow

£

E 1,26E-01 £ 2,44E-01 2,28E-02 £ 1,99E-02 2,4E-01+1,85E-01 3,19E-01 £ 2,92E-01 2,23E-02 +2,43E-02
o

[~}

= Glucose-chow

g

S 3,02E-01 +2,44E-01 1,19+213 4,3E-02 + 4,5E-02 4,94E-02 + 4,06E-02 491E-02 + 4,33E-02
N

° Fructose-chow

1,24E-01£1,87E-01

3,13E-02 £ 5,82E-02

5,07E-02 £ 6,43E-02

1,96E-01 £ 3,41E-01

2,61E-01+1,97E-01
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B.6 Discussion

B.6.1 Replacement of normal chow carbohydrate with pure glucose
or fructose for 10 weeks did not result in increased body weight or

glucose intolerance

Our study showed that for C57BL/6 mice, substitution of normal chow carbohydrate
constituents with pure glucose, over a period of 10 weeks, did not significantly alter
overall weight gain, and were in fact gaining significantly less weight up until the sixth
week of the study. Mice that received fructose-chow had noticeably slower weight gain
compared to both glucose-chow and normal-chow groups, although converging at the
end of the study period. These observations are consistent with those of Mellor et al.,
who found that either weaned or adult mice fed for 6 weeks with fructose-chow (of a
similar composition as that used here) showed 11% and 18% less weight gain,
respectively, compared to controls fed with standard chow [188]. We also did not see
any significant differences in glucose tolerance between the three groups. In the study of
Nunes et al. where mice were fed for 8 weeks with glucose- and fructose-chow
formulations identical to those used in our study, no differences in glucose tolerance and
insulin sensitivity were observed, while weight gain was significantly less for mice fed
with fructose-chow [189]. Hence, in our study, the fecal metabolite and microbiota
distributions observed for the three diets are not related to glucose tolerance status,
although they may in part reflect the transitory slower weight gain of animals fed with

the high-fructose diet.
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B.6.2 Effects of fructose- and glucose-chow on fecal extract

metabolite profiles

The intestinal microbiome is associated with a complex array of intra- and extracellular
metabolites. Some of these are end-products of nutrient breakdown that are cleared into
the surrounding medium, for example SCFA and lactate, while others represent
intracellular metabolic pathway intermediates. Since feces contain a very high density of
bacteria, the fraction of the total metabolite recovery contributed by intracellular sources
is likely to be considerable, given that intracellular concentrations of certain metabolites
such as glutamate and taurine can reach millimolar levels. Moreover, metabolic products
of one bacterium species may be utilized for energy and/or converted to new metabolites
by another species. Thus, the effects of different diets on the profile of metabolites that
are predominantly intracellular, such as taurine, glutamate and aromatic amino acids,
involve complex metabolic interactions both within and between different bacterial
species. We will focus on those metabolites that are considered to have a significant
influence on the host metabolic health.

Alterations in SCFA production, namely acetate, propionate and butyrate, via
microbial fermentation are recognised as key links between intestinal microbiota activity
and risks for metabolic diseases such as Type 2 diabetes and NAFLD [34, 187]. Butyrate
is a preferred oxidative substrate for enterocyte (and specifically colonocytes) energy
generation, and it also shows tumour suppression and anti-inflammatory effects [190,
191]. Our results indicate that mice fed with fructose-chow had lower levels of fecal
butyrate compared to those fed glucose- or normal chow. If this was a limiting factor in
enterocyte energy generation, it could compromise energy-intensive enterocyte

functions such as tight-junction maintenance thereby increasing intestinal permeability
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and leakage of pro-inflammatory endotoxin into portal vein blood, which provokes
hepatic inflammation [163, 164]. Such a mechanism might contribute to the so-called
“second hit”; a cellular insult that when superimposed on high lipid levels transforms
benign NAFLD into more severe forms such as non-alcoholic steatohepatitis (NASH).
Other animal studies have demonstrated a link between dietary fructose
supplementation, increased intestinal permeability, and augmented NAFLD severity. In
a study of C57BL/6 mice fed with either normal chow or a Western-style diet high in fat
and sugar, the addition of fructose to the drinking water increased endotoxin
translocation for both diets [159]. In normal-chow-fed mice that were supplemented
with 30% fructose in drinking water, elevated hepatic lipid and plasma transaminase
levels were associated with impaired intestinal barrier function and increased
concentrations of portal plasma endotoxin [192]. Since these studies did not examine the
effects of fructose supplementation on fecal SCFA levels, a direct link between the
detrimental effects of high fructose feeding on intestinal integrity and a decreased
abundance of fecal butyrate remains to be established. Interestingly, certain Lactobacilli
counteract the inhibition of enterocyte butyrate uptake by enteropathogenic E. coli [193].
Thus, the increased abundance of Lactobacilli over Enterobacteria that we observed in
fructose-chow fed mice over glucose- and normal-chow fed animals could mitigate the
lower abundance of butyrate.

Acetate, which accounts for the majority (60-80%) of intestinal SCFA production, was
elevated in mice fed with both glucose- and fructose-chow compared to normal-chow
fed animals, while propionate levels were not different between fructose-chow and
normal-chow fed animals but were significantly higher in the glucose-chow fed group.

Whether increased intestinal acetate production is beneficial or detrimental remains
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unclear. On the one hand it is an agonist of the intestinal GPR43/FFAR2 receptor that,
among other effects, promotes intestinal secretion of incretins such as GLP-1, thereby
contributing to better postprandial glycemic control [194]. On the other hand, in a cross-
sectional study of lean and obese youths, elevated plasma acetate levels (as well as
butyrate and propionate) and enhanced fermentation of fructose by fecal microbe
cultures were found to be associated with increased body mass index, adiposity and de
novo lipogenesis rates [195]. Fecal levels of propionate, the only gluconeogenic SCFA of
the three and accounting for 10-15% of SCFA production, were similar between fructose-
and normal-chow fed mice but were significantly elevated in glucose-chow fed mice. As
for acetate, the effects of altered intestinal propionate levels on metabolic dysfunctions
associated with obesity and ectopic lipid accumulation are also unclear. Increased levels
of circulating propionate has been associated with obesity and steatosis [195], while
other reports claim that increased intestinal propionate levels hasten the postprandial
satiety response thereby protecting against obesity [196].

The elevated levels of fecal aromatic amino acids in mice fed fructose-chow compared
to either glucose- or normal-chow fed mice may have also important implications on
intestinal integrity and immune status. Both tyrosine and phenylalanine can be
metabolized by bacteria to aryl propionates via the dehydration of phenyllactic acid,
mediated by phenyllactate dehydratase (PLD) [197]. Tryptophan is also degraded by this
pathway to form 3-indole-propionate, a potent antioxidant that also preserves intestinal
barrier function. The higher levels of tyrosine and phenylalanine observed during
fructose feeding may indicate a reduced PLD capacity, which would also result in less 3-
indole propionate production from tryptophan and therefore less protection of

intestinal barrier function. The higher dietary amounts of phenylalanine and tyrosine
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(1.07% and 0.74%, respectively), over tryptophan (0.27%) could explain their higher

visibility in the 'H NMR spectrum.

B.6.3 Incomplete intestinal fructose absorption

In mice provided with fructose-chow, there were significant amounts of unabsorbed
fructose in the feces indicating insufficient intestinal capacity for its absorption. There
were no significant levels of hexose in the feces of either glucose-chow or normal-chow
fed mice. Intestinal fructose absorption is largely mediated by the constitutive GLUT-5
transporter [133], whose expression is upregulated by high-fructose feeding [148].
Despite this, it appears that at least in humans, the intestinal capacity for fructose uptake
is overwhelmed by high fructose intake resulting in malabsorption and discomfort from
microbial fructose fermentation [198, 199]. While defective fructose absorption has been
previously documented in GLUT5-knockout mice [133], to our knowledge our study is
the first to report incomplete fructose absorption in wild-type mice. Given that fructose
absorption is facilitated by the presence of dietary glucose [186], the absence of glucose
in the high-fructose chow may have potentiated its incomplete absorption by mice that

were fed on this diet.

B.6.4 Different Taurine fecal levels among diets

Fecal levels of taurine also showed significant differences between the diet groups, with
the highest levels observed for fructose-chow fed mice. Taurine has a wide range of
cytoprotective actions and inhibits the development of diet-related diseases such as

diabetes and NAFLD [200, 201]. All three diets were formulated with the same AIN-93G
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background, which does not contain taurine [202]. Therefore, intestinal taurine must
have originated from endogenous sources. Under these conditions, the principal
mechanism for taurine appearance in the intestine is secretion of taurine-conjugated bile
acids from the gall bladder followed by microbial deconjugation and release of taurine.
Re-absorption of this released taurine is low since taurine transporters are mostly
located upstream in the small intestine. Lactobacillus species are effective at
deconjugating bile acids, particularly those conjugated to taurine [203]. These species
were more abundant in fructose-chow compared to glucose- and normal-chow groups.
Moreover, bile acid deconjugation by Lactobacillus can be further stimulated by high
glycolytic activity [204]. Since fructose can be efficiently utilized as a glycolytic substrate
by these species [205] the presence of unabsorbed fructose in the lower intestine may
further promote bile acid deconjugation and taurine release. Increased deconjugation of
bile acids has several potentially adverse outcomes. Firstly, it promotes the elimination
of taurine thereby depleting endogenous taurine pools. Among other things, this may
reduce protection against complications of diabetes and NAFLD. Secondly, increased
levels of hydrophobic unconjugated bile acids and/or their secondary products may
directly compromise intestinal barrier function [206] or modify whole-body cholesterol

and fatty acid homeostasis through altering bile acid signalling via farnesoid X receptors

in the liver [207].

B.6.5 Variability in microbial and metabolite profiles

Our study revealed substantial variability in both faecal metabolite and microbial

profiles between different animals fed with the same diet, as well as for individual
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animals across the 10-week feeding interval. Such variability has been observed in rodent
studies [208] and, in a study of repeated fecal sampling of humans, the intra-individual
coefficient of variation was over 40% [209]. Our results highlight the importance of
multiple feces sampling per individual, during a feeding trial or interval, to obtain

representative levels of fecal metabolites and microbial populations.

B.7 Conclusions

In Western societies, increased intake of refined sugar, consisting of roughly equimolar
amounts of glucose and fructose, is implicated in the surge of Type 2 Diabetes and
NAFLD incidences. While glucose and fructose are isocaloric, they are metabolized quite
differently by the tissues and organs of the body. Our study indicates that the intake of
these sugars also results in different profiles of intestinal microbiota and their associated
metabolites. The intestinal metabolite profile associated with fructose feeding seems to
have more potential for inducing host metabolic disturbances compared to that of
glucose, mainly through compromising intestinal barrier integrity. When taken in high
amounts, intestinal fructose absorption is not quantitative hence its availability as a
substrate for microbial metabolism is increased. It remains to be determined whether
this characteristic explains the differences in intestinal microbiota and metabolite
profiles between fructose and glucose. Our results show that in tandem metabolomics
and microbial characterisation of animal fecal extracts are a particularly valuable

strategy to study the role of sugar intake in relation to diabetes or fatty liver disease.
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Chapter C

Determining Contributions of Exogenous
Glucose and Fructose to de novo Fatty Acid and

Glycerol Synthesis in Liver and Adipose Tissue

(Published [210])

C.1 Abstract

The de novo synthesis of triglyceride (TG) fatty acids (FA) and glycerol can be measured
with stable isotope tracers. However, these methods typically do not inform the
contribution of a given substrate to specific pathways on these synthetic processes. We
integrated deuterated water (*H,O) measurement of de novo lipogenesis (DNL) and
glycerol-3-phosphate (GLY) synthesis from all substrates with a ”C nuclear magnetic
resonance (NMR) method that quantifies TG FA and glycerol enrichment from a specific
|U-"Clprecursor. This allowed the [U-"C]precursor contribution to DNL and GLY to be
estimated. We applied this method in mice to determine the contributions of fructose
and glucose supplemented in the drinking water to DNL and GLY in liver, mesenteric
adipose tissue (MAT) and subcutaneous adipose tissue (SCAT). In liver, fructose
contributed significantly more to DNL of saturated fatty acids (SFA) and oleate as well as
to GLY compared to glucose. Moreover, its contribution to SFA synthesis was

significantly higher compared to that of oleate. MAT and SCAT had lower fractional rates
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of total DNL and GLY compared to liver and glucose was utilized more predominantly
than fructose for TG synthesis in these tissues. This novel ’H,0/BC integrated method
revealed for the first time, tissue specific selection of substrates for DNL, particularly
fructose in regard to glucose in liver. Also, was able to discriminate the distribution of
specific FAs into the TG sn2 and 1,3 sites.

This stable isotope integrated approach yielded information so far uncovered by other
lipidomic tools and should powerfully assist in other nutritional, pathological or

environmental contexts.

C.2 Keywords

Lipogenesis, deuterated water, fructose, NAFLD

C.3 Introduction

The increased consumption of glucose and fructose, either as sucrose or in the form of
high-fructose corn syrup, is implicated in the surge of non-alcoholic fatty liver disease
(NAFLD) and systemic dyslipidemia [211-213]. These sugars promote the accumulation
of triglycerides (TG) by several interconnected mechanisms that include the activation
of factors such as ChREBP and PGC-18 that induce the transcription of metabolic
pathway enzymes and cofactors for the transformation of sugar to fat [152, 214/, allosteric
inhibition of fatty acid (FA) oxidation via metabolites such as malonyl-CoA [215], and
increased availability of acetyl-CoA and triose phosphate (Triose-P) precursors for FA

formation via de novo lipogenesis (DNL) and glycerol-3-phosphate (GLY) biosynthesis.
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Although glucose and fructose are ingested in approximately equal quantities”, fructose
is considered to be the more potent lipogenic substrate, particularly for the liver.
However, to our knowledge, the contributions of exogenous glucose and fructose to the
acetyl-CoA precursor pool of DNL and to GLY synthesis have not been directly measured
in either humans or animal models.

In this report, we demonstrate that in mice provided with a mix of glucose and fructose
where one or the other sugar was uniformly enriched with BC, the contribution of the
BC-enriched sugar to DNL and GLY synthesis can be estimated from “C NMR analysis of
hepatic TG "C-isotopomers. To account for dilution of the newly-synthesized FA “C-
isotopomers by pre-existing unlabeled TG, deuterated water (*H,0O) was administered
alongside the [U-"C|sugars (Figure C.1). The positional “H-enrichment and “C-
isotopomer distributions of TG can be resolved and quantified by sequential ?H and “C
nuclear magnetic resonance (NMR) spectroscopy which constitutes an innovative
integration method developed during this study. Moreover, the "C NMR spectrum of TG
yields a wealth of information on the identity and position of individual FAs [216-219]. In
our experimental setting, this allowed the contribution of the “C-enriched sugar to the
synthesis of specific FAs or FA classes to be resolved while at the same time providing a

detailed compositional analysis of the TG sample.

* Even with high fructose corn syrup, the proportion of fructose to glucose is typically 55/45.

T This is typically unavoidable due to the relatively slow turnover rates of TG pools.
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Figure C.1 - Integration of ‘H,O and [U-*Clfructose tracers to quantify the contribution of exogenous
fructose as part of a glucose/fructose mixture to de novo synthesis of TG FA and glycerol moieties - The [U-
sClfructose carbon skeleton and selected metabolic intermediates are represented as red filled circles
while the carbon skeletons of unlabeled glucose and other endogenous metabolites (lactate and
microbially-generated acetate) are represented by light gray circles. Pre-existing FA and glycerol carbons
are represented by unfilled circles. :H-enrichment of triose-P and glycerol hydrogens, the methyl
hydrogens of pyruvate, acetate, acetyl-CoA, and the terminal (®) hydrogens of TG fatty acyls, are
represented by blue boxes. Note that the combination of unlabeled fructose and [U-*C]glucose generates

the same set of triose-P and FA =C-isotopomers. Some metabolic intermediates were omitted for clarity.

C.4 Materials & Methods

C.4.1 Materials

Unless otherwise specified, non-deuterated chloroform (CHCI;) used to prepare TG

extracts for 'H/’H NMR spectroscopy had a purity of 99.8% and contained 100-200 ppm
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amylenes as stabilizers (Sigma-Aldrich). 99% enriched [U-"Clglucose and [U-
BClfructose and 99.9% enriched *H,O were manufactured by Cambridge Isotopes

Limited, Cambridge, MA, USA and purchased though Tracertec, Madrid, Spain.

C.4.2 Animal studies

Forty 12-week-old C57BL/6 mice were used in this study (20 male and 20 female).
Animals were fed with standard chow and maintained in a 12-hour light cycle as well as
controlled humidity, ventilated air and temperature at the CEDOC-NOVA Medical
School bioterium. At the beginning of the dark period, animals were injected
intraperitoneally with 99.9% enriched “H,O containing 0.9% NaCl (4 mL/100 g body
weight). The drinking water was supplemented with 5% of *H,O and glucose and
fructose were added (17.5 g of each sugar to 100g water). For 10 of the male and 10 of the
female mice, the glucose portion was enriched to 50% with [U-"Clglucose. For the
remaining 10 male and 10 females, the fructose portion was enriched to 20% with [U-
BClfructose. Animals were allowed to feed and drink ad libitum during the entire 12-hour
dark period and were euthanized by cervical dislocation the following morning. Livers
and adipose tissue depots were freeze-clamped and stored at -80°C until further
processing for TG extraction and purification. Urine was also collected overnight for

analysis of body water H-enrichment.

C.4.3 Liver TG extraction and purification

Liver TGs were extracted and purified as previously described [220, 221]. Briefly, livers

were powdered under liquid nitrogen and then rapidly mixed with HPLC-grade
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methanol (4.6 mL/g) followed by methyl-tert-butyl ether (MTBE) (15.4 mlL/g). The
mixture was placed in a shaker for 1 hour at room temperature then centrifuged at
13,000x g for 10 min. The liquid fraction was collected, and phase separation was
induced by adding 4 mL of distilled water to the liquid fraction and letting it rest at room
temperature for 10 min. The liquid was then centrifuged for 10 min. at 1,000x g The
upper organic phase containing the lipids was carefully separated and dried under
nitrogen gas in an amber glass vial. TGs from the dried organic fraction were purified
with a solid phase extraction (SPE) process. Discovery DSC-Si SPE cartridges (2g/12 mL)
were washed with 8 mL of hexane/MTBE (96/4; v/v) followed by 24 mL of hexane. The
dried lipids were re-suspended in 800 uL of hexane/MTBE (200/3; v/v) and loaded into
the column after washing. The lipid vials were washed with a further 500 ulL of solvent
to quantitatively transfer the lipids to the column. TGs were eluted with 32 mL of
hexane/MTBE (96/4; v/v), collected in 4 mL fractions. Fractions containing TGs were
identified by thin-layer chromatography [222]. A few microliters of the eluted fractions
were spotted on the TLC plate alongside TG standards and the plate was developed with
petroleum ether/diethyl ether/acetic acid (7.0/1.0/0.1; v/v/v). After drying, lipid spots
were visualized under iodine vapor. The TG-containing fractions were pooled and dried
under nitrogen gas and stored at -20°C until NMR analysis. For analysis of adipose tissue
TGs, 40-60 mg of frozen adipose tissue portions were placed for a few minutes in al mL
glass vial containing ~0.5 mL. CHCIl; and gently shaken. The supernatant was pipetted
away from the solid tissue and prepared for NMR analysis without any further

purification.
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C.4.4 NMR Analysis

Purified TGs were dissolved in ~0.4 mL CHCI;. To these, as well as to the adipose tissue
CHCI; fractions, 25 pl of a pyrazine standard enriched to 1% with pyrazine-d, and
dissolved in CHCI; (0.07g pyrazine/g CHCl;) and 50 uL C¢Fs were added. 'H and *H NMR
spectra were acquired with an 11.7 T Bruker Avance III HD system using a dedicated 5
mm “H-probe with F lock and 'H-decoupling coil as previously described [220]. 'H
spectra at 500.1 MHz were acquired with a 90-degree pulse, 10 kHz spectral width, 3 s of
acquisition time and 5 s of pulse delay. Sixteen free-induction decays (fid) were collected
for each spectrum. ?H NMR spectra at 76.7 MHz were obtained with a 90-degree pulse, a
1230 Hz spectral width, an acquisition time of 0.37 s and a pulse delay of 0.1 s.
Approximately 20,000 fid were acquired for each spectrum. Correction factors for
partially-saturated “H signals were obtained from a set of seven samples where for each
sample, a spectrum was acquired with the described parameters and immediately
followed by a spectrum acquired under the same parameters with the exception of the
acquisition time and pulse delay, which were set to 1 s and 8 s, respectively. For analysis
of body water *H-enrichment, 10 pL of urine were mixed with 1 mL acetone and ~0.5 mL
were loaded in a 5 mm NMR tube to which 50 pL. C¢Fs were added. ’H NMR spectra of
these samples were acquired with a 23° pulse angle, 922 Hz spectral width, 4 s acquisition
time and 8 s pulse delay [223]. Sixteen fid were collected for each spectrum and water
‘H-enrichment was estimated from a calibration curve calculated from *H-enriched
water standards [223].

For C isotopomer analysis by "C NMR, dried TG samples were dissolved in 0.2 mL
99.96% enriched CDCI; (Sigma-Aldrich) and placed in 3 mm NMR tubes. BC NMR

spectra were acquired at 150.8 MHz with an Agilent V600 spectrometer equipped with
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a 3 mm broadband probe. Spectra were acquired with a 70° pulse, an acquisition time of

2.5s,and a 0.5 s pulse delay. Between 4,000-12,000 fid were collected for each spectrum.

C.4.5 BC-Chemical shift assignments and quantification of FAs

abundance

The C chemical shifts of FA carbons are sensitive to their overall concentration in the
NMR sample [224]. Therefore, *C-chemical shifts of individual FAs were verified with a
mixture of five TG standards whose FAs collectively compromise 90-95% of TG FAs in
mouse hepatic and adipose tissue [225, 226]. The mixture was based on the reported
composition of TG FAs in mouse and human adipose tissues [226, 227] and consisted of
glyceryl tripalmitate (16:0) (21 mol%), trioleate (18:1) (52 mol%), tristearate (18:0) (4
mol%), tripalmitoleate (16:1) (4 mol%) and trilinoleate (18:2) (19 mol%). The relative
abundance of TG FAs was determined from the relative areas of their o-2 *C signals. No
corrections were made for differential longitudinal relaxation times or nuclear

Overhauser effects.

C.4.6 Quantification of TG positional 2H-enrichments and estimates

of FA and glycerol fractional synthetic rates

TG positional *H-enrichments in the glycerol and FA moieties were quantified by
analysis of 'H and “H NMR TG spectra as previously described [220, 228]. Fractional
synthetic rates for the TG glycerol (FSRg,) and FA moieties (FSRg,) over the overnight

feeding period when ’H,0 was administered were estimated from the *H-enrichments of
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the 1,3-glycerol and FA o-1 hydrogens and those of body water as previously described

[220, 228].

C.4.7 Quantification of TG 13C-enrichment from [U-13C]glucose and
[U-13C]fructose in the drinking water and the contribution of each

sugar to TG glycerol and FA synthesis:

From the -1 singlet and doublet *C NMR signals, which are a composite of all saturated
fatty acids (SFA) and monounsaturated fatty acids (MUFA) species, the weighted mean
excess “C-enrichment of all SFA + MUFA species in the o-1 position from [1,2-"C,]acetyl-

CoA was calculated as follows:

Weighted mean excess ®C-enrichment of SFA + MUFA (%) = o-1 D/o-1S x 111 1)

Where o-1D and o-1 S are the doublet and singlet components, respectively, of the ®-1

BC-resonance and 1.11 represents the background BC-enrichment (%).

Enrichments of individual FAs (oleate and palmitoleate) as well as that of SFA were

estimated from their resolved ®-2 ®*C-resonances as follows:

Excess BC-enrichment of FA x (%) = ®-2 D /-2 S, x 1.11 )

Where ®-2 D, and ®-2 S, are the ®-2 doublet and singlet components of fatty acyl x, and

111 represents the background "C-enrichment (%).
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Enrichment of the glycerol moiety from C-enriched Triose-P precursors was estimated

as follows:

Glycerol ®C-enrichment (%) = GL®C-Doublet/GL”C-Singlet x 1.11 (3)

Where GL®C-Doublet is the glycerol carbon 1 and carbon 3 (C1,C3) doublet signal
originating from [U-"C|Triose-P + [2,3-"C,]- or [1,2-®C,|Triose-P# incorporation into
glycerol and GL”C-Singlet is the singlet signal representing the 1.11% background "C-

enrichment of C1,C3.

The fractional contribution of glucose or fructose in the drinking water to the TG FA and

glycerol moieties was calculated as follows:

Sugar contribution to FA (%) = *C-FA /*C-Sugar x 100 (4)

Where ®C-FA is the "C-excess enrichment of the o-1, »-2 FA moiety given by Equations
1 and 2, and C-Sugar is the enrichment of glucose or fructose in the drinking water.

Sugar contribution to glycerol (%) = *C-Glycerol/*C-Sugar x 100 (5)
Where ®C-Glycerol is the enrichment of the glycerol moiety given by Equation (3) and

BC-Sugar is the enrichment of glucose or fructose in the drinking water.

 Triose-P isotopomers with 13C in carbons 1 and 2 and/or carbons 2 and 3 are generated by pentose
pathway activity and/or carbon cycling between triose-P and the Krebs cycle. They have a minor

contribution (10-15%) to the total Triose-P isotopomer population.
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The contributions of glucose or fructose in the drinking water to newly-synthesized
glyceryl and fatty acyl TG moieties (i.e. formed during the period when [U-"C]glucose or

fructose and *H,O tracers were administered) were estimated as follows:

Sugar contribution to new glyceryl (%) = *C-Glyceryl/*C-Sugar x 100/FSR¢1, x100% (6)

Sugar contribution to new fatty acyl (%) = ®C-acyl/C-Sugar x 100/FSRg, x 100%  (7)

C.4.8 Statistics

Data are represented as quartile distributions from the 25" to 75" percentiles under box
and whisker plots. D’Agostino-Pearson omnibus analysis was applied to test for
normality. According to the variables number different tests were applied. One-way
ANOVA followed by Tukey’s multiple comparison for single variables (with more than
two groups) or two-way ANOVA with Tukey’s multiple comparison for two variables. If
in the presence of interaction between both variables, analysis proceeded separately for
each one of them: two-tailed t-tests for variable pair comparison (two groups) or one-
way ANOVA followed by Tukey’s multiple comparisons (more than two groups).

Statistical significance was defined by a p value < 0.05.
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C.5 Results

C.5153C NMR analysis of TG isotopomer enrichment from [U-

BC]fructose and [U-"*C]glucose

BC NMR spectra of liver TGs revealed quantifiable “C-"C-spin coupled isotopomer
signals from mice that had fed on sugar enriched with [U-BClfructose as well as with [U-
13C]glucose. These signals were also detected in mesenteric (MAT) and subcutaneous
adipose (SCAT) TGs of animals fed with the labeled sugars. However, they were
generally less intense, or absent altogether in the case of SCAT of mice fed the sugar
mixture enriched with [U-"Clfructose (Figure C.2). Figure C.3 shows a ?C NMR spectrum
of liver TG from a female mouse following feeding with the exogenous sugar mixture
enriched with [U-"C]lfructose. Signals from the FA ©o—1 and w-2 carbons, as well as those
of glycerol 1 and 3, are shown in expanded view. The ®—-1 natural-abundance
resonances of the principal SFA and MUFA species (palmitate, stearate, oleate and
palmitoleate) are almost isochronous at 14.1T, hence when the fid is processed with
moderate line broadening (~1 Hz) they yield a composite singlet signal (S) that is resolved
from that of linoleic acid (S;0). The doublet components (D) originate from “C-"C-spin-
spin coupling of ®—1 carbons with their neighbors (Jc ¢ = 34.8 Hz). Since D represents the
sum of all *C-SFA and MUFA -1, ®-2 isotopomer abundances, its intensity relative to S
represents the weighted average of excess SFA and MUFA enrichment from [1,2-
BC,lacetyl-CoA (see Equation 1). The linoleate singlet did not have any associated
doublet signals. This is consistent with the known capacity of mammalian liver to

synthesize various SFA and MUFA species, but not linoleate.
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Figure C.2 - sC NMR spectrum of subcutaneous adipose tissue (SCAT) TG obtained from a mouse provided
with a mixture of [U-*Clfructose and unlabeled glucose. The »-2 and carboxyl signals (Cl-snl,3 and Cl-sn2)

are shown in expanded form. LO = linoleate, MUFA = monounsaturated FAs, OL = oleate, PO =

palmitoleate, SFA = saturated FAs, X = unknown.
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Figure C.3 — »C NMR spectrum of hepatic TG obtained from a mouse provided with a mixture of [U-
sClfructose and unlabeled glucose — The FA -1 and o-2 signals and the glyceryl signal corresponding to
carbons 1 and 3 (Gly-snl,3) are shown in expanded form. For the -1 resonances, S = composite natural
abundance singlet from SFA and MUFA, D = composite *C-*C spin-coupled doublet from SFA and MUFA,
and Sio = linoleate natural abundance singlet. For the ®-2 resonances, SoL = oleate natural abundance
singlet, DoL = oleate »C-*C spin-coupled doublet, Spo = palmitoleate natural abundance singlet, Dro =
palmitoleate *C-+C spin-coupled doublet, palmitoleate, Ssra = saturated FAs natural abundance singlet,
Dsea = saturated FAs »C-*C spin-coupled doublet. For the glyceryl 1,3 signals, SeLy = natural abundance

singlet, DeLy = "C-»C spin-coupled doublet.

An expanded view of the w-2 cluster of resonances following fid processing with 0.1 Hz
line broadening reveals resolved natural abundance “C singlet resonances of SFA,
oleate, and palmitoleate. These are accompanied by flanking doublet signals
representing their respective o-1, -2 "C-isotopomers. At 14.1 T, the C-chemical shift of

the natural abundance linoleate singlet coincides with the upfield component of the SFA
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doublet. In many liver spectra, the palmitoleate doublet signals had insufficient signal-
to-noise ratios (snr) for reliable quantification therefore palmitoleate enrichment from
[U-"C]glucose and [U-"Clfructose was not reported. “C-"C-spin-coupled doublets of
carboxyl carbons representing FA isotopomers enriched in both carboxyl and the
neighboring o carbon were also observed (Jcc = 57.5 Hz) but their snr were also
insufficient for reliable quantification (data not shown).

Finally, "C-"C-spin-coupled doublet signals (J ¢ = 43.7 Hz), were observed for the Cl,
C3 TG-glycerol resonance indicating enrichment of these carbons from “C-enriched
Triose-P precursors. From the ratio of the "C-"C-spin coupled signals to that of the
natural abundance singlet signal, the fractional enrichments of SFA and oleate ®-1, ®-2
BC-isotopomers and those of glycerol carbons 1,3 were calculated (Equations 2 and 3 in
the methods and Table C.1).

Table C.1 - Enrichment of TG =C-isotopomers at the FA o-1 and ©-2 and the glyceryl 1,3 positions for liver,

mesenteric adipose (MAT) tissue and subcutaneous adipose tissue (SCAT). Means and standard errors are

shown.
BC Liver TG isotopomer enrichments
Mean FA o-1 SFA »-2 Oleate -2 1,3-Glyceryl
[U-8BC]glucose + unlabeled fructose (n=10)
0.78 £0.40 0.7+0.31 0.59 + 0.27 1.3+0.33
Liver
[U-BC]fructose + unlabeled glucose (n=9)
0.82+0.31 1.01+0.32 0.79 £ 0.33 3.69+0.83
[U-8BC]glucose + unlabeled fructose (n=10)
0.62+0.28 0.95+0.37 0.56 +0.32 1.03+0.47
MAT
[U-BC]fructose + unlabeled glucose (n=18)
0.09 +0.08 0.1+0.13 0.02 +0.06 0.180.14
[U-BC|glucose + unlabeled fructose (n=12)
0.11+0.11 0.12+0.14 0.02+0.08 0.35+0.23
SCAT
[U-BC]fructose + unlabeled glucose (n=8)
0.02 +0.05 0.02 +0.06 00 0.07+0.11
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C.5.2 BC NMR analysis of TG FA composition

The natural-abundance "C NMR signals inform the relative abundance of certain FA
species as well as their distribution between the sn2 and snl,3 sites of the glycerol moiety
[216-219, 224, 229]. For the »-2 sites, three *C signals arising from individual FAs (oleate,
palmitoleate and linoleate) and a fourth signal representing SFA were well resolved
(Table C.2 and Figure C.2). For the carbon 1 sites, there were resolved signals
representing SFA, MUFA, and linoleate. These were distributed in two sets, an upfield
cluster representing FAs attached to carbons 1 and 3 of glycerol (Cl-snl,3) and a
downfield cluster representing FAs attached to glycerol carbon 2 (Cl-sn2). Analysis of the
natural-abundance (S) w-2 signals allowed the relative proportions of SFA, oleate,
palmitoleate and linoleate to be estimated while the ClI signals (S) provide information
on the distribution of SFA, MUFA and linoleate between the sn2 and snl,3 sites of

glycerol.

Table C.2 — C Chemical shift assignments for the wl, ®2 and carbon 1 of individual FAs within TG as
determined from a mixture of synthetic TGs approximating the FA composition of adipose tissue TG (see
methods section). The FA carbon 1 resonances are split into two sets of signals: those attached to carbons
1 and 3 of glycerol (Cl-snl,3) and those attached to carbon 2 of glycerol (Cl-sn2). All chemical shifts are

referenced to the center signal of the CDCI, triplet which was assigned a value of 77.23 ppm.

SFA MUFA PUFA
Palmitate Stearate Oleate Palmitoleate  Linoleate
o-1 14.321 14.321 14.315 14.308 14.274
o2 22.898 22.898 22.889 22.864 22.780
Cl-sn2 173.081 173.081 173.046 173.046 173.034
Cl-sn1,3 173.492 173.492 173.459 173.459 173.448
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The natural abundance data (S) indicated that for all the tissues studied, SFA and oleate
were the main FA constituents, followed by linoleate and palmitoleate (Figure C.4).
Linoleate was more abundant in adipose tissue TG compared to liver. This is broadly
consistent with previous GC-MS assays of mouse liver and adipose tissue FA
distributions [226]. Analysis of the Cl signals (S) revealed a markedly non-uniform
distribution of FA classes between snl,3 and sn2 sites (Figure C.5 A, B, C). Linoleic acid
and MUFA were more abundant in sn2 relative to snl,3 sites while SFA were largely
restricted to snl,3 with only minor proportions at the sn2 site. The FA abundances and
positional distributions in the liver, MAT and SCAT TGs did not differ significantly

between male and female mice (data not shown).
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Figure C.4 — TG FA profiles of liver, mesenteric adipose tissue (MAT) and subcutaneous adipose tissues
(SCAT). The relative abundances of saturated fatty acids (SFA), oleate, palmitoleate (PO) and linoleate
(LO) are shown for each tissue. Significant differences in the abundance of FA species between liver, MAT
and SCAT were analyzed by one-way ANOVA and are represented by different letters. The p values are
shown in Table C.3.
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Figure C.5 — Distribution of saturated (SFA), monounsaturated (MUFA), and linoleic (LO) FAs between the
glycerol snl,3 and sn2 sites in A - liver; B—mesenteric adipose tissue (MAT), and C - subcutaneous adipose
tissues (SCAT) (n = 28). Two-way ANOVA revealed interactions between variables, so the statistical
analysis proceeded separately for each variable.

Fatty acid abundance differences within each snsite are represented by letters (one-way ANOVA; p < 0.05).
For each FA, differences between sn positions are indicated by asterisks (t-test; * p < 0.05, * p < 0.01 **p
<0.001, *** p < 0.0001). Complete p values are shown in Table C.4.
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Table C.3 — Results from one-way ANOVA (p values) applied to data on Figure C.4 representing FAs

composition among different tissues: Liver, MAT and SCAT.

Tukey’s multiple comparisons

One-way
ANOVA (n=28) Liver vsMAT  Livervs SCAT  MAT vs SCAT
SFA p < 0.0001 p=0.7932 p < 0.0001 p < 0.0001
Oleate p=0.5406 p=0.9854 p=0.6869 p=0.5346
PO p=0.0018 p = 0.0051 p=0.9620 p=0.0102
LO p < 0.0001 p=0.8526 p < 0.0001 p < 0.0001

Table C.4 — Results from one-way ANOVA (p values) applied to data on Figure C.5 representing FAs
distribution in each position — sn2 or snl,3 — for the three different analyzed tissues: Liver, MAT and SCAT.
Previous analysis under a two-way ANOVA for the two variables (FA; position) showed significant
interactions for every tissue: Liver — Interaction (p < 0.0001), position (p = 0.6220), FA (p < 0.0001); MAT
— Interaction (p < 0.0001), position (p = 0.2001), FA (p < 0.0001); SCAT - Interaction (p < 0.0001), position
(p = 0.1360), FA (p < 0.0001). Due to interactions separate analysis were applied: one-way ANOVA for FA

differences in each position; t-test for sn2 vs snl,3 in each FA.

Tukey’s multiple comparisons

One-way
ANOVA (n=28) SFA vs MUFA SFA vs LO MUFA vs LO

A (LIVER)
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

2 B (MAT)
p < 0.0001 p < 0.0001 p < 0.0001 p=02167

C (SCAT)
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

A (LIVER)
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

snl,3 B (MAT)
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

C (SCAT)
p < 0.0001 p=0.3814 p < 0.0001 p < 0.0001

t-test sn2vs snl,3
(n=28) SFA MUFA LO
Liver p < 0.0001 p < 0.0001 p < 0.0001
MAT p < 0.0001 p < 0.0001 p < 0.0001
SCAT p < 0.0001 p=0.8847 p < 0.0001
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C.5.3 Integration of *C-isotopomer analysis and ?H.O measurement
of DNL to estimate the contribution of [U-®C]fructose and [U-

*C]glucose to newly-synthesized TG FAs and glycerol

By resolving the “C-enriched sugar contributions to newly synthesized TG, the
proportion of acetyl-CoA and glycerol derived from the glucose and fructose provided
in the drinking water relative to all other sources can be estimated. The fractions of newly
synthesized TG-FAs and glycerol moieties for liver and adipose tissues (Figure C.6 A, B,
C) were estimated from H-enrichment of selected TG sites from *H,O via analysis of TG
'"H/’H-NMR spectra (Figure C.7 and Table C.5). Enrichment of hepatic TG-FA and glycerol
moieties were substantially higher than those of adipose tissues indicating a faster
turnover of the hepatic TG pool compared to that of MAT or SCAT. Mesenteric adipose
tissue showed a strong tendency towards higher fractional synthetic rates of TG-FAs and
TG-glycerol compared to SCAT, see Table C.5. Integration of the “H- and "C-tracer data
yields the contributions of fructose and glucose in the drinking water relative to all other
substrates to TG-glycerol and TG-FA synthesis during the time that the mice were
administered with the tracers. These data are shown in Figure C.6 D, E, F. For liver, this
fructose contributed ~30% of the acetyl-CoA used for synthesis of all FAs whereas the
contribution from the accompanying glucose was significantly lower, amounting to
~10% (Figure C.6D). Moreover, the fractional contribution of fructose to SFA synthesis
was significantly higher compared to oleate while glucose contributions to de novo SFA
and oleate synthesis were not significantly different. For both SFA and oleate, the
majority of acetyl-CoA was derived from unlabeled substrates (~60 and 75%,

respectively). For TG-glycerol, the fructose provided in the drinking water was highly
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preferred over the accompanying glucose and accounted for about 60% of the newly
synthesized TG-glycerol (Figure C.6A).

Mesenteric adipose tissue TG had low levels of “C-isotopomers from both [U-
BClglucose and [U-"Clfructose precursors, while SCAT had low enrichment from [U-
BClglucose but negligible enrichment from [U-"C]fructose (Table C.1). Estimates of [U-
BClglucose and fructose contributions to FA and glycerol synthesis in MAT and SCAT
presented relatively high variance (Figure C.6E, F), due in part to the much lower FSRs
in these tissues compared to the liver (Figure C.6B, C). The higher coefficients of
variation associated with these FSR estimates propagate larger variances in the estimates
of sugar contributions to DNL and glycerol. These uncertainties notwithstanding,
exogenous glucose contributed significantly more than fructose to TG-glycerol synthesis
in both MAT and SCAT. In MAT, the contribution of glucose from the drinking water to
TG-FAs tended to be higher than that of fructose. For SCAT, the contribution of fructose
to those FAs that had been formed via DNL was negligible. Overall, unlabeled substrates
either from endogenous sources or the chow diet accounted for the majority of DNL and

glycerol synthesis in both MAT and SCAT TGs.
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Figure C.6 — Fraction of newly formed TG FAs and glycerol in liver, mesenteric adipose tissue (MAT) and
subcutaneous adipose tissues (SCAT) and the contributions of exogenous glucose and fructose to these
newly formed TG components. Data for liver are shown in panels A and D, for MAT in panels B and E, and
for SCAT in panels C and F. Data in blue represent those derived from :H.O (n = 36), those in red from the
combination of :H,O and [U-*C|fructose (n = 18) and those in green from the combination of :H.O and [U-
sClglucose (n = 18). Differences between newly formed TG FAs and glycerol for each tissue (A, B, C) are
indicated by asterisks (t-test; * p < 0.05, * p < 0.01 ** p < 0.001, *** p < 0.0001). Differences on the specific
contribution for newly formed FAs (D, E, F) were analyzed under two variables — Tracer ([U-*C|fructose or
[U-sClglucose) & FA (Weighted Mean, SFA or OL) (two-way ANOVA). For each FA differences between
tracers are indicated by asterisks (* p < 0.05, * p < 0.01 ** p < 0.001, *** p < 0.0001); for each tracer,
differences between FA are indicated by different letters. Differences on the specific contribution for newly
formed glycerol are indicated by asterisks (t-test; * p < 0.05, ** p < 0.01 ** p < 0.00L, * p < 0.0001).

Individual tissue results are described in Table C.6.
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Figure C.7 —'H and :H NMR spectra of TG obtained from a mouse administered with :H.O and provided
with a mixture of [U-*C|fructose and unlabeled glucose. MUFA = monounsaturated FAs, PUFA =
polyunsaturated FAs, ®-1 = terminal methyl hydrogens, Fa2, Fa3 = FA position 2 and position 3 hydrogens,
Glyl1,3 = hydrogens attached to carbons 1,3 of the glyceryl moiety, Gly2 = hydrogens attached to carbon 2
of the glyceryl moiety, Methylenes = FA chain methylene hydrogens, Olefinic = hydrogens attached to

olefinic carbons.

Table C.5 - :H Enrichment of the TG -1 and glycerol Cl1, C3 hydrogens in mice provided with :H.O and

combinations of [U-*C]- and unlabeled glucose and fructose in their drinking water.

’H TG enrichment

FA o1 snl,3-Glyceryl Body water
[U-BCglucose + unlabeled fructose (n=14)
1.78 +1.03 3.74 £1.28 454 +1.56
[U-BC]fructose + unlabeled glucose (n=16)

1.49 + 0.96 411+1.30 4.09 + 0.55
[U-BCglucose + unlabeled fructose (n=14)
0.7+0.53 0.66 +0.44 459 +1.55
[U-BC]fructose + unlabeled glucose (n=21)

0.46 +0.28 0.68 + 0.41 4.10 = 0.51
[U-BCglucose + unlabeled fructose (n=16)
0.12+0.15 0.21+0.17 497 £1.79
[U-BC]fructose + unlabeled glucose (n=13)
0.15+0.13 0.29 +0.19 43+0.35

Liver

MAT

SCAT
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Table C.6 — Results from two-way ANOVA applied on data from specific contributions of [U-*C]glucose and

[U-sClfructose to newly synthesized fractions of FA and two-tailed t-tests on specific contributions of [U-

sClglucose and [U-+Clfructose to newly synthesized fractions of glycerol for Liver, MAT and SCAT

(represented on Figure C.6D, E, F).

. . t-test
Two-way ANOVA Tukey’s Multiple Comparisons
. (Glycerol)
[U-BC]Glucose
Tracer FA Interactions Mean vs SFA Mean vs OL SFA vs OL A\
[U-BC]Fructose
|UBC]Glucose
-
2 - \ . p>0.9999 p=0.9766 p=0.9943 e
o
- p<0.0001 p=0.0161 p=0.1214 p <0.0001
|UBC]Fructose
p=0.9346 p=0.1619 p=0.0167
|UBC]Glucose
g s - o p=0.9740 p=05144 p=0.1402 »
p=02368  p=0.0034 p=0.7214 p=0.0088
|UBC]Fructose
p=0.6557 p=0.9216 p=0.1369
— |UBC]Glucose
_ — — g
5 " " " p=0.9873 p=0.9633 p=0.7091 .
P p=0.1265 p=0.1295 p = 0.8691 p=0.0294
|UBC]Fructose
p=0.7917 p>0.9999 p=0.6971

C.6 Discussion

There is currently strong interest in the study of lipogenesis given its crucial role in the

pathogenesis of major diseases such as NAFLD, Type 2 diabetes and cancer [230, 231].

Tracer methodologies based on either H,O or "C-acetate isotopes have been developed

since the 1990 ’s for quantifying lipogenesis and TG-glycerol synthesis fluxes in humans,

animal models and cell cultures [213, 232-236]. However, the sources of lipogenic acetyl-

CoA and triose-Ps for FA and GLY synthesis remain largely undefined despite renewed

interest in the role of specific substrates such as fructose in the pathogenesis of NAFLD,

and glutamine in tumor lipid biosynthesis. Yoo et al. developed an isotopomer spectral
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assay (ISA) method for quantifying contributions of specific [U-*Clenriched precursors
to DNL and glycerol synthesis in cultured pre-adipocytes [236]. With this approach, they
quantified the fractional contributions of glutamine, acetate and ketone bodies to total
DNL. More recently, ISA of fatty acid enrichment from [U-?C|branched chain amino
acids was applied to demonstrate the biosynthesis of monomethyl branched chain fatty
acids (mmBCFA) by mammalian cells [237]. These data were integrated with parallel ISA
studies of fatty acid enrichment from *H,O and [3-°H]|glucose allowing the source of
lipogenic NADPH, and therefore the probable intracellular sites of mmBCFA
biosynthesis and elongation, to be determined.

Unlike ISA, our method is not dependent on having multiple [U-"Clacetyl-CoA or *H
incorporated into each fatty acid chain, therefore in principle it can function with the
lower [U-"C|precursor and *H-body water enrichments attained in animal models (the
limitations are discussed in more detail subsequently). In addition to quantifying
fractional substrate contributions to FA and glycerol synthesis, the *C NMR spectrum
also provides lipidomic information that includes the distribution of SFA, MUFA and
PUFA between the sn-1,3 and sn-2 positions of the glycerol unit. Lipidomic mass
spectrometry approaches can provide the composition of the TG-FAs but do not provide
positional information [238].

As proof-of-concept, we applied our approach to compare the contributions of
glucose and fructose that were added to the drinking water of animals fed with standard
chow to TG synthesis in liver, MAT and SCAT. A key objective of our work was to
determine if this fructose supplied a greater fraction of carbon units for hepatic DNL
compared to an equivalent amount of glucose. Elegant stable-isotope tracer studies have

shown that ingestion of a fructose bolus acutely increases hepatic de-novo lipogenesis
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(DNL) in humans [213, 239, 240]. Moreover, this increase is greater than that from an
equivalent amount of glucose. Animal studies have shown a higher TG clearance with
increased plasma circulating FAs and concomitantly higher hepatic DNL levels upon
high fructose feeding [189, 241]. Lastly, for overweight and obese subjects, it was
observed that DNL rates, postprandial TG levels and visceral adiposity were all
significantly increased following sustained hypercaloric consumption of fructose-, but
not glucose-sweetened beverages [242]. When these sugars were presented in the
drinking water, our results indicate a higher recruitment of fructose over glucose from
this source for hepatic DNL. Our data also indicate that fructose appears to be
preferentially utilized for hepatic SFA synthesis over that of oleate, at least under the
conditions of our study. Given that the SFA component is mainly palmitate [226, 227],
then elongation activity could account for a lower BC-enrichment of oleate ®-1, ®-2
compared to that of SFA [243]. However, this does not explain the greater difference
between SFA and oleate enrichment from [U-"Clfructose compared to that from [U-
BClglucose.

C NMR analysis of TG also provided new information on the arrangement of FAs in
the TG molecule. While non-uniform distributions of FAs in the snl,3 and sn2 positions
have been previously reported in olive oil [219] and marine fish oils [217], to our
knowledge this has not been previously described for mammalian TG pools. As was
found in both fish and olive oils, SFA are mainly distributed in the snl,3 positions while
mono- and polyunsaturated FAs are mainly confined to the sn2 position. These
observations are broadly consistent with biochemical studies of FA preference by each
enzyme of the TG biosynthesis pathway. Glycerol-3-phosphate acyltransferase has a

higher affinity for saturated over unsaturated FAs while acylglycerophosphate
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acyltransferase has a preference for mono- and polyunsaturated FAs over SFA [244].
However diacylglycerol acyltransferase 2, which esterifies the final FA into the sn3
position, has been reported to have a high affinity for oleate in vivo, possibly due to co-
localization with stearoyl-CoA desaturase [245]. Since the "C NMR method cannot
resolve FAs in the snl and sn3 positions, we cannot confirm if MUFA is more prevalent in
sn3 than snl or vice-versa.

Our method has several important limitations. Our estimates are limited to those
substrate pools that can be reliably enriched with [U-"Cltracers. In our experiment, this
was comprised of glucose and fructose that were added to the drinking water. In addition
to absorbed macronutrients, a diversity of endogenous substrates including
endogenously-generated glucose, lactate, glycogen, amino acids and microbially-
generated acetate can be recruited for lipogenesis and/or glyceroneogenesis. For the [U-
BClglucose tracer, it is certain that it was diluted by unlabeled glucose originating from
other dietary sources, for example digestion of the chow maltose. There could be further
dilution from endogenously generated glucose, for example from intestinal and hepatic
gluconeogenesis. To account for these glucose sources, enrichment of [U-"C]glucose at
its point of entry into glycolysis (i.e. in hepatocytes) would need to be measured.
Estimates of the contribution of “C-enriched substrate to lipogenesis become highly
uncertain when lipid FSRs are low and/or when the “C-enriched substrate is
contributing a small fraction of acetyl-CoA precursors. Inspection of equations 6 and 7
indicate that when FSRy, or FSRgy are low, they need to be quantified very precisely.
This is because uncertainties are amplified by the (100/FSR) coefficient and propagated
into estimates of “C-sugar contributions to newly synthesized lipids. Likewise, the

minimum contribution of ®C-enriched glycerol or FA that can be reliably quantified is
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determined by the limit of quantification of the "C-isotopomer doublet signals according
to their signal-to-noise ratios. For our data, we estimate this to be about 0.10% (i.e. a BC-
doublet/singlet ratio of 1:10) for the more abundant fatty acids. The method cannot
distinguish between "C-enriched FAs synthesized on site versus those made elsewhere
and then imported into the tissue of interest. Thus, the BC-enriched FAs observed in
adipose tissue could have been formed on site, or they could have been initially
synthesized in the liver and then transferred to the adipose tissue via VLDL. With
fructose, it is also possible that it was not directly utilized for lipogenesis but instead was
converted beforehand to glucose by the liver and/or intestine [143]. These processes are
likely to have substantially modified MAT enrichment from [U-"C]fructose. On the one
hand, immediately upon its conversion to glucose, there would be substantial dilution of
the ®C-label by unlabeled glucose. On the other hand, adipocyte glucose uptake is likely
to be maximally stimulated by insulin under the study conditions. In terms of delivering
the [U-2C]fructose label into MAT TG, this would offset, at least in part, any prior dilution
by glucose.

[t should also be noted that while FSR of adipose tissues were lower compared to liver,
their absolute rates of fatty acid synthesis and sugar utilization could well be higher on
account of their much larger triglyceride mass. Finally, for the analysis of substrate
contributions to TG-glycerol, estimates of FSR¢y assume that the snl and sn3 hydrogens
of GLY are fully exchanged with those of body water. During the synthesis of GLY from
fructose via triose-P, exchange of GLY hydrogens, in particular the sn3 pair, may be
incomplete. Chen et al showed that mice had equivalent enrichments of TG-glycerol and
water hydrogens from ’H,0 at baseline, but after infusion of a fructose load the TG-

glycerol “H-enrichment dropped significantly below that of body water [246]. In our
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study setting, this would result in an underestimate of FSR¢.y and a corresponding
overestimate of the contributions of [U-"Clglucose and [U-"C]fructose to newly-
synthesized TG-glycerol.

In conclusion, we describe the integration of ’H,O and "C-enriched substrates with *H
and "C NMR spectroscopy for quantifying the contribution of a specific precursor to the
synthesis of FAs and GLY of tissue TG. This approach revealed important differences in
how the carbons of exogenous glucose and fructose are utilized for lipogenesis and GLY
synthesis in the liver. Fructose contributed a greater share of carbons than glucose for
GLY synthesis. It also contributed a higher share of acetyl-CoA to FA synthesis with an

apparent preference for de novo synthesis of SFA over that of oleate.
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Chapter D

General Discussion

A high intake of simple carbohydrates in general and fructose in particular promotes the
development and progression of NAFLD. The longstanding view that the metabolic
effects of fructose are mediated by changes in liver metabolism alone is now recognized
as being incomplete. By providing evidence that diets high in simple sugars a) modify the
intestinal microbiome and absorbable metabolites [138] and b) sustain de novo
lipogenesis fluxes in visceral adipose tissues [210] the experimental studies of this thesis

provides further evidence to reinforce this view.

D.1 High Fructose feeding results in an overflow of fructose
into the Ilower intestine thereby providing a novel

fermentable substrate for the intestinal microbiota

Mice that were fed a diet where 60% of total calories were from fructose, with no other
carbohydrate components present, showed varying amounts of un-metabolized
fructose in their faeces. This indicates that the intestinal capacity for fructose absorption
had been exceeded, and that the entire intestinal microbiome had been exposed to
fructose. Fructose malabsorption has been associated with decreased intestinal motility,

gas production and pathologies such as inflammatory bowel disease [247]. Fructose
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malabsorption has also been connected to disruption in the regulation of sugar
metabolism by the host. Thus, mice that were unable to express ChREBP, a transcription
factor that couples glucose and fructose metabolism to lipogenesis, showed
gastrointestinal intolerance to high fructose feeding [248]. This suggests that the
systemic regulation of fructose metabolism includes controlling the expression of the
intestinal GLUT5 transporters. Lastly, exposure of the entire microbiome and intestinal
tract to fructose could promote the establishment of fructophilic microorganisms such
as the fructophilic Lactobacillus species [249]. The impact of such changes on the

symbiotic relationship between host and microbiome remains unclear.

D.2 High fructose and high glucose feeding altered the

intestinal short-chain fatty acids (SCFA) profile

SCFA are normally generated by microbial fermentation of complex carbohydrates and
are absorbed alongside other nutrients through MCT-1 transporters [250]. In addition to
being oxidized for energy by host tissues, SCFA also trigger intracellular signalling events
in visceral tissues through a set of receptors that includes FFA2, FFA3 and GPR109a [251-
253]. Activation of these receptors in intestinal tissues by SCFA is associated with anti-
inflammatory processes as the modulation of cytokines, immune cells migration,
differentiation and inflammasomes activation [254-257]. Effects also include intestinal
permeability mediation [258] as well as cell proliferation control [259]. Intestinal
metabolic signals are also influenced by SCFA that mediate GLP-1 release [260] for
insulin secretion control and induce YY peptide synthesis that increases satiety through

intestinal transit rates lowering [261]. Considering that FFA3 is expressed in tissues that
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are innervated by the sympathetic nervous system, this implies a role of SCFA in gut-
brain communication of nutrient sensing [262]. As we demonstrated in our study,
alterations in the diet - in this case providing glucose or fructose as the sole dietary
carbohydrate component, led to changes in intestinal SCFA levels, as measured by faecal
acetate, propionate, and butyrate levels [138]. Changes in SCFA can mean alterations in
the concentrations of the individual species as well as in the amount of one species
relative to the other. Moreover, these changes may reflect a shift in the substrate profile
that is being seen by the microbiome (for example fructose appearance in the lower
intestine) as well as alterations in the microbiome species distribution. For example, we
found that intestinal acetate levels were increased with glucose- and fructose-only
carbohydrate diets that were correlated with an increased abundance of Lactobacillus.
While lactate is the primary metabolite generated by this species, this can be
metabolized to acetate through cross-feeding interactions with acetogenic species [263].
In women, increased faecal acetate levels were found to be positively correlated with risk
factors for metabolic syndrome [264]. On the other hand, butyrate is considered to be
important for colonocyte function since it is the main energy-providing substrate for
these cells [265], hence increased levels of this SCFA species would be expected to be
beneficial. In fact, we found that in comparison to normal chow and glucose-only
carbohydrate diets, mice fed the fructose-only carbohydrate diet had a marked decrease
in faecal butyrate levels. This could have a significant impact on intestinal barrier
maintenance and inflammatory status.

Mice that were fed the glucose-only carbohydrate had lower faecal propionate levels
compared to both normal chow and fructose-only carbohydrate diets. While propionate

is efficiently extracted by the liver and is utilized as a gluconeogenic substrate, it also
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suppresses hepatic lipogenesis [266]. Therefore, a decrease in propionate production
could contribute to higher lipogenic activity and an increased potential for NAFLD
development.

Considering lipogenesis, attention is normally drawn to hepatic mechanisms that lead
to steatosis. However the influence can start even earlier and it has been proved that
colonocytes are able to incur in lipid synthesis [267]. In this context, locally produced
SCFA’s serve as main lipogenic substrates with particular preference for butyrate and
acetate [268]. To reinforce this role, itis also described that the carbon backbone sources
for intestinal lipogenesis are not majorly derived from Krebs cycle so acetyl-coA primary
precursors are most likely being derived by SCFA’s. Generally, the intestinal lipid
synthesis serves predominantly cell growth and membrane assembly but it also
produces considerable amounts of free fatty acids [269]. Additionally to SCFA’s, glucose
is also a fuel for colonocytes lipid synthesis that was even demonstrated to potentiate
lipogenesis in synergy with butyrate [267]. Under pathological conditions, on a colitis
inflammatory phenotype it was observed an increase in glucose oxidation as opposed to
a decrease in butyrate oxidation regarding lipid production [270]. The mechanisms
involved are not clear and it deserves further investigation. Given this glucose role in
disease conditions, the potential effect of high fructose conditions in colonocytes
lipogenesis is worthwhile exploring considering as well this thesis results in which these

diets promote a considerable lowering on intestinal butyrate availability [138].
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D.3 Lipogenic metabolism of dietary sugar by mesenteric fat

and liver

This dissertation reports results from studies integrating *H,O and [U-"C]sugar tracers
that a) measured DNL rates in both liver and MAT, and b) allowed the contributions of
exogenous fructose and glucose to these DNL activities to be determined for specific
classes of fatty acids (saturated fatty acids, oleate and palmitoleate) [210]. Palmitoleate is
a lipokine that among other things suppresses hepatic lipogenesis [271]. These data
confirmed that for liver TG, exogenous fructose contributed a fraction of lipogenic
acetyl-CoA that was about three times that of exogenous glucose. Moreover, fructose
was utilized to an even greater extent that glucose for the synthesis of saturated fatty
acids (SFA), which are considered to be the most lipotoxic in terms of macrophage
activation, pro-inflammatory agents like IL-6 and TNF production [272].

Normally, there is a defence mechanism involving the activity of stearoyl-CoA
desaturase-1 (SCD-1) that converts SFA (mainly palmitate and stearate) to mono-
unsaturated fatty acids (MUFA) via desaturation. Gut microbiota and SCFA’s are known
to be involved in SCD-1 regulation including the activation of TLR’s. Mice lacking TLR5
showed high expression levels of SCD-1 [273]. Thus, a relevant hypothesis can be
proposed in which fructose, through changes in intestinal microbiota and SCFA
production, leads to a decrease in hepatic SCD-1 levels. Concomitantly, the
accumulation of lipotoxic SFA’s will be favoured over the more beneficial MUFAs.

Generally, mesenteric adipose tissue (MAT), presented higher fractional rates of
lipogenesis than subcutaneous adipose tissue (SCAT). It was clear that resultant lipid

patterns were healthier in SCAT immediately by the observation that general SFA had
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lower concentrations in this tissue when comparing to liver and MAT. Also, linoleate
levels were exclusively higher in SCAT and considering that this lipid is the precursor for
the synthesis of the essential fatty acids, docosahexaenoic (DHA) and eicosapentaenoic
(EPA), that have beneficial effects on triglyceride levels control. It has even been
demonstrated that gut microbiota derived polyunsaturated fatty acids can prevent
obesity and metabolic syndrome [274]. Contrarily, MAT has demonstrated SFA levels
similar to liver and an exclusive effect among all three different analysed tissues in which
palmitoleate levels were decreased. This fatty acid is considered an important adipokine
with its activity centralised on the mediation of the crosstalk between liver and adipose

tissue [271] and normally improves systemic insulin sensitivity.

D.4 Future Perspectives

Our studies of lipogenic glucose and fructose metabolism involved giving a single
overnight load of these sugars in healthy mice that had been previously fed a standard
chow diet. Our results demonstrate a robust constitutive capacity for metabolizing both
sugars into triglyceride fatty acid and glycerol moieties, with exogenous fructose being
more extensively utilized than exogenous glucose [210]. How is this altered in mice that
have been fed long term with a high sugar diet? It is known that in the case of prolonged
feeding with a high fructose diet, there is upregulation of both intestinal GLUT5 and
ketohexokinase expression [275, 276]. Therefore, the enterocyte capacity for absorption
and conversion of fructose to triose-P is increased. This has to be balanced by an
increased carbon efflux into the portal vein circulation. This can either be in the form of

lactate via glycolysis or as glucose via intestinal gluconeogenesis [277, 278]. The extent of
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these intestinal metabolic activities may have implications on hepatic lipid metabolism,
in particular de novo lipogenesis.

Our study also demonstrated that mesenteric adipose tissue (MAT) had far higher
DNL rates per unit mass compared to subcutaneous adipose tissues. Moreover,
following a single night of glucose and fructose feeding, we found that a significant
fraction of the acetyl-CoA sources were derived from exogenous fructose, as measured
with ®C-enriched fructose [210]. We do not know if fructose was directly metabolized by
MAT - according to Varma et al. adipocytes have the capacity to uptake and metabolize
fructose [279] - or if instead it was converted beforehand to glucose or lactate via
intestinal metabolism. As a first step towards resolving these possibilities, it will be
important to determine to what extent MAT are exposed to fructose during absorption.
If exposure to fructose is limited, then the most likely explanation is that MAT utilize
downstream products of intestinal fructose metabolism, i.e. lactate or glucose, as
lipogenic precursors.

The combined contributions of glucose and fructose to hepatic DNL amounted to
about 40% of the total lipogenic acetyl-CoA pool. This begs the question of where the
remaining 60% of acetyl-CoA precursors had originated. Based on the analysis of fecal
metabolites where acetate was found to be highly abundant [138], it is plausible that this
metabolite could be a significant contributor to lipogenesis. This could be tested by
labeling the colonic acetate pool with “C-enriched acetate and measuring its lipogenic
incorporation into fatty acids. Metabolically, acetate lipogenesis bypasses the citrate
shuttle and is primarily dependent on its uptake rate and the activity of cytosolic acetyl-
CoA synthetase. Therefore, assessing these parameters could inform the capacity of liver

and MAT for acetate lipogenesis.
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Lastly, our long-term studies of mice that received either glucose or fructose as their sole
dietary carbohydrate source revealed the effects of these diets on both the species and
metabolic activities of lower intestine microbes [138]. In particular, there were significant
changes in fecal SCFA levels, with a general shift towards increased abundance of
acetate and decreased levels of butyrate. In the mice fed the fructose diet, the presence
of un-metabolized fructose in the feces indicates that the lower intestine microbes must
have had access to this sugar. By using "C-fructose and analyzing "C-enrichment of fecal
metabolites by "C NMR, it should be feasible to determine the specific contribution of

fructose to SCFA and other microbial fermentation products.
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