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ABSTRACT

Non-alcoholic fatty liver disease, characterised as an abnormal accumulation of triglyceride in
hepatocytes, is one of the most prevalent chronic liver disease globally in current times. It is
associated with many metabolic disorders related to overfeeding including type 2 diabetes
mellitus, insulin resistance, and hyperlipidemia. NAFLD represents a spectrum of liver
diseases ranging from simple steatosis to steatohepatitis, fibrosis, cirrhosis and ultimately,
hepatocellular carcinoma or liver failure. NAFLD has a multifactorial cause with genetic
susceptibility and an unhealthy lifestyle playing a central role in its development. Hepatic de
novo lipogenesis (DNL) may play an important role in the accumulation of lipids in the liver
during NAFLD. Deuterated water (°H0) is a widely used tracer for quantifying DNL rates in
both animal models and humans. A major uncertainty of this method is that exchange of water
hydrogens with those of fatty acid precursors and/or NADPH may be incomplete, resulting in
under-estimates of DNL. In mice, we measured the 2H enrichment of fatty acid hydrogens in
positions 2, 3 and terminal methyls from [U-?H7]glucose to determine H transfer from glucose
to fatty acid via malonyl-CoA, NADPH, and acetyl-CoA, respectively. Our study indicates that
glucose 2H are transferred at different fractional rates into the different fatty-acid sites during
lipogenesis. Transfer of hydrogen from unlabeled glucose to fatty acids via NADPH was the
most important factor in the non-stoichiometric incorporation of ?H into fatty acids during
DNL. This information allows better modelling of lipid enrichment from 2H.O and also

provides insight on NADPH sources for lipogenesis.

The pentose phosphate pathway (PPP) is an important component of hepatic intermediary
metabolism, and is a key requirement for de novo lipogenesis since it generates NADPH
equivalents for fatty acid synthesis and/or elongation. Recently, Jin et al developed an elegant

13C-NMR method for measuring hepatic PPP flux by quantifying the distribution of glucose
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13C-isotopomers formed from [U-13C]glycerol. In chapter 3, we demonstrate this approach can
be extended to exogenous [U-13C]fructose and [U-3C]glucose precursors by *C-NMR
analysis of glycogen. Our study revealed that the PPP preferentially utilized the glucose-6
phosphate generated via glucokinase and the direct pathway as compared to glucose-6-P

obtained from indirect pathway precursors, such as [U-*C]fructose.

An excessive consumption of fat and/or fructose either as part of sucrose or in the form of high-
fructose corn syrup results a higher accumulation of lipid in the liver, implicated in the surge
of NAFLD development and pathogenesis. In chapter 4, we established mouse models to
determine the contribution of fructose in high sugar and/or high fat diets to de novo synthesis
of liver triglyceride in diet induced mice models of NAFLD. Mice were provided with a
combination of deuterated water and [U-*3C]fructose tracers. Our study showed that high-fat,
high sugar and a combination of high fat and high sugar diets provided over an 18 week period
resulted in significant increases in adiposity over standard chow for adult male C57BL6/J mice.
Moreover, high sugar and high fat plus high sugar feeding resulted in significant increased
hepatic TG levels that associated with elevated lipogenesis rates in which the fructose
component contributed sizable fractions of both acetyl-CoA and glycerol-3-phosphate
precursors. Thus, both the fat and sugar components of this diet contribute to hepatic steatosis

in an additive manner.

Keywords: Non-alcoholic fatty liver disease, De novo lipogenesis, Stable isotope tracers,

High-fat and/or High-sugar diets, Pentose Phosphate Pathway, NMR, NADPH
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RESUMO

O Figado Gordo Nao-Alcoolico (NAFLD), caracterizado por uma acumulacdo anormal de
triglicerideos nos hepatocitos, € uma das doencas cronicas associadas ao figado mais
prevalentes & escala global. E uma condigio normalmente associada com diversas patologias
metabolicas especialmente as relacionadas com dietas excessivas tais como Diabetes Mellitus
tipo 2, resisténcia a insulina e hiperlipidémia. A NAFLD representa o espectro das doencas de
figado desde esteatose simples até esteatohepatite, fibrose, cirrose e, nos estagios mais
avancados, em carcinoma hepatocelular e faléncia hepéatica. As causas para NAFLD sao
multifatoriais, tendo a suscetibilidade genética e estilos de vida menos saudaveis um papel
central no seu desenvolvimento. A lipogénese de novo hepéatica (DNL) pode desempenhar um
papel crucial de acumulacdo de lipidos no figado durante progressdo de NAFLD. A &gua
deuterada (?H20) é amplamente utilizada como marcador para quantificacio das taxas de DNL
em diversos modelos animais e também em humanos. Uma das maiores subjetividades deste
método relaciona-se com a troca de hidrogénios da agua com os acidos gordos percursores e/ou
0 NADPH, que pode ser incompleta resultando em sub-estimagdo da DNL. Em modelos de
ratinho, medimos o enriquecimento em 2H nos hidrogénios dos &cidos gordos, nas posicoes 2,
3 e grupos metilo terminais, provenientes do substrato externo [U-2H]glucose, por forma a
determinar a transferéncia de 2H da glucose para os acidos gordos, via malonil-coA, NADPH
e acetil-CoA respetivamente. O nosso estudo indica que os 2H da glucose séo transferidos para
as diferentes posi¢cdes dos acidos gordos durante a lipogénese, a taxas fracionais diferentes. A
transferéncia de hidrogénio da glucose ndo marcada para os acidos gordos via NADPH,
revelou-se o fator mais relevante na incorporago nao-estequiométrica de 2H nos acidos gordos
durante a DNL. Esta informacdo permite assim uma modelacdo melhorada do enriquecimento

lipidico do 2H20 providenciando ainda evidéncia das fontes de NADPH para a lipogénese.
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A via das pentoses fosfato (PPP) é um importante componente do metabolismo intermédio
hepético, sendo um requisito crucial para a lipogénese de novo, uma vez que gera equivalentes
NADPH para a sintese de acidos gordos e/ou elongagdo dos mesmos. Recentemente, Jin et al.
desenvolveram um elegante método de 3C-NMR, para medir os fluxos PPP hepaéticos, através
da quantificagdo da distribuicdo de isotopomeros de glucose *C formados através de [U-
13C]glicerol. No capitulo 3 desta dissertagdo, demonstramos que este desenho experimental
pode ser estendido e aplicado aos percursores exogenos [U-13C]glucose e [U-3C]frutose por
andlise 3C-NMR de glicogénio. Os nossos estudos revelaram que a PPP utiliza
preferencialmente a glucose-6-fosfato gerada via glucokinase por via direta quando comparado

com glucose-6-P obtida pela via dos percursores indiretos, tal como a [U-*C]frutose.

O consumo excessivo de gordura e/ou frutose, como parte da sacarose ou “high-fructose corn
syrup” resulta no incremento da acumulagdo lipidica no figado, que esta presente no
surgimento e progressdo de NAFLD e evolucdo patolégica. No capitulo 4, estabelecemos
modelos de ratinho por forma a determinar a contribuicdo da frutose em dietas enriquecidas
em acucar e/ou gordura, para a sintese de novo de triglicerideos no figado, em modelos de
ratinho NAFLD induzida por dieta. Aos ratinhos foi administrada uma combinagdo de
marcadores de agua deuterada e [U-3C]frutose. Os nossos resultados demonstraram que dietas
enriquecidas em gordura, agclcar e uma combinacdo destes dois, providenciados durante um
periodo de 18 semanas, resultaram num aumento significativo da adiposidade em comparacéo
com ratinhos adultos C57BL6/J alimentados com dieta standard. Adicionalmente, dietas
enriquecidas em acucar e gordura mais agucar, levaram a um incremento significativo dos
niveis de TG hepaticos, correlacionando-se com taxas de lipogénese aumentadas, em que a

frutose se revelou como componente contributivo significativo para as fragdes dos percursores
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acetil-CoA e glicerol-3-fosfato. Desta forma, ambos o0s substratos, agucar e gordura, nestas

dietas, contribuiram para a esteatose hepatica de modo aditivo.

Palavras-chave: Doenca hepética gordurosa ndo alcodlica, lipogénese de novo, tracadores de
isGtopos estaveis, dietas com alto teor de gordura e / ou agUcar, via da pentose fosfato, RMN,

NADPH
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NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD)

1. INCIDENCE, RISK FACTORS, TREATMENT AND

STUDY OF NAFLD

Non-Alcoholic Fatty Liver Disease (NAFLD) is the condition of a liver, which has an abnormal
accumulation of fat in the absence of causes such as substantial use of alcohol or any drugs that
can induce fatty liver or other chronic diseases of the liver: for instance chronic viral hepatitis,
autoimmune hepatitis, Wilson’s disease or haemochromatosis (Marjot et al., 2020). NAFLD
commonly coexists with insulin resistance, obesity, and dyslipidaemia (Marjot et al., 2020).
The term NAFLD refers to a spectrum of fatty liver conditions, which range from non-alcoholic
fatty liver (NAFL), also called simple steatosis, to non-alcoholic steatohepatitis (NASH).
These conditions can also involve fibrosis, cirrhosis and the development of hepatocellular
carcinoma (HCC) (Figure 1). These diseases start with the accumulation of fat in the liver
(NAFL), without any histological indications of inflammation or hepatocellular injury
(hepatic steatosis), but it can potentially progress to non-alcoholic steatohepatitis (NASH), a
condition in which hepatic steatosis is accompanied by hepatocyte ballooning, inflammation,
and onset of fibrosis. The disease can further progress to cirrhosis and/or HCC (Chalasani et
al., 2018a; Friedman et al., 2018; Marjot et al., 2020) (Figure 1). Recently, a panel of
international experts proposed a new term for NAFLD: metabolic dysfunction associated fatty

liver disease (MAFLD) (Eslam et al., 2020)
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Figure 1: The spectrum of non-alcoholic fatty liver disease (NAFLD). It starts when a healthy
liver has an abnormal accumulation of fat (hepatic steatosis), and possibly progressed to
NASH when hepatic steatosis accompanied by hepatic inflammation and fibrosis, and further
developed to cirrhosis and HCC. Abbreviations: HCC, Hepatocellular carcinoma; NAFL,

Non-alcoholic fatty liver; NASH, Non-alcoholic steatohepatitis.

Meta-analysis of studies from 1989-2015 has confirmed that NAFLD is a global disease in
which the overall prevalence has now reached one-quarter of the global population (Younossi
et al., 2016). Its prevalence ranges from 13% in Africa to 24% in Europe and North America,
27% in Asia, 30% in South America, with the Middle East having the highest at 32% (see
Figure 2) (Younossi et al., 2018, 2016). The current prevalence of NAFLD represents a rapid
increase over a relatively short interval: from 15% in 2005 to 25% in 2010 (Younossi et al.,
2016). From 7 to 30% of NAFLD patients confirmed by ultrasound will have NASH verified
by biopsy (Younossi et al., 2016), hence the overall prevalence of NASH is estimated to be
1.5-6.5% of the general population. Moreover, around 40% of patients with NASH will have
developed fibrosis, with a corresponding mean fibrosis annual progression rate of 0.09 per

1000 person-years (Younossi et al., 2016).
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Figure 2: The estimated prevalence of NAFLD and the PNPLA3 genotypes distribution across
the globe. PNPLAS is presented as minor allele frequency (light blue section of the pie chart
adapted from (Younossi et al., 2018). Abbreviations: NAFLD, Non-alcoholic fatty liver

disease; PNPLA3, Patatin-like phospholipase domain-containing protein 3.

Although the role of ethnicity on NAFLD prevalence and severity remains ambiguous, in the
USA population Hispanic patients have a higher prevalence of NAFLD in comparison with
Caucasian and African-American populations (Rich et al., 2018). Males have a considerably
higher prevalence of NAFLD compared to females in the general population (Ballestri et al.,
2017) although women may have higher NAFLD prevalence among normal weight or lean
people (BMI < 25 kg/m?) (Younossi et al., 2012). Also, there seem to be gender-specific
variations in respect to age; men have relatively little differences in NAFLD prevalence across
age groups (S. H. Park et al., 2006) while the prevalence in women older than 50 years of age

is considerably higher than younger women (J. G. Fan et al., 2005; S. H. Park et al., 2006).
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1.1. Dietary factors in NAFLD development

1.1.1. Excess caloric intake

Dietary factors, both in terms of caloric intake as well as nutrient composition, play a key role
in NAFLD and NASH development. A study of 18 healthy individuals showed significant
elevations in alanine aminotransferase (ALT) and increased hepatic fat after doubling the
regular caloric intake with fast-food based meals in less than 4 weeks (Kechagias et al., 2008).
NAFLD is highly associated with consumption of high-calorie diets, typically high in
carbohydrate (mainly refined sugars) and fat (primarily saturated fats). Sweetened beverages
that comprised of fructose-containing sugars, for example high fructose corn syrup or sucrose,
are associated with increased risk of NAFLD and NASH development, particularly in
overweight/obese individuals (Ma et al., 2015). The total energy intake share from such sugars
has increased from 3.9% to 9.2% between 1977 and 2001 (Nielsen & Popkin, 2004). Moreover,
Zelber-Sagi et al. have showed that patients with NAFLD consume a higher quantity of soft
drinks and meat than healthy individuals (Zelber-Sagi et al., 2007). Thus, soft drinks are a
significant source of added sugar globally and their intake is associated with the development
of NAFLD (Abid et al., 2009; Assy et al., 2008). Diets that are high in refined sugar promote
hyperinsulinemia and arouse the activity of lipogenic enzymes in the liver resulting in increased
de novo synthesis of fatty acids, and augmented secretion of very low-density lipoprotein
(VLDL) (Bourgeois et al., 1995; J. Park et al., 1997; Wiggins et al., 1995). Also, Musso et al.
established that NAFLD patients have an increased dietary protein intake compared to healthy
individuals (Musso et al., 2003). Moreover, in comparison to the healthy individuals, NAFLD
patients were inclined to ingest dietary lipids with a higher proportion of saturated fat and

cholesterol, and with lower amounts of polyunsaturated fatty acids (PUFASs) (Cortez-Pinto et
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al., 2006; Musso et al., 2003). Furthermore, individuals with NAFLD tended to have a lower

intake of fish rich in omega-3 fatty acids (Capanni et al., 2006; Zelber-Sagi et al., 2007).

1.1.2. More sedentary lifestyle vs exercise interventions

Physical activity results in increased expenditure of energy above the resting metabolic rate
and can be characterised by modality, intensity, frequency, duration and framework of practice
(Thivel et al., 2018). Exercise is a sub-class of physical activity that is scheduled, organized
and repetitive, and results in the development and maintenance of physical fitness (Thivel et
al., 2018). Meanwhile, sedentary behaviour has been defined as waking actions that expend <
1.5 metabolic equivalents (MET) of resting metabolic rate in a sitting or reclining position
(Thivel et al., 2018). Recent studies have revealed an association of sedentary behaviour with
adverse health outcomes (Thivel et al.,, 2018). Moreover, a strong association between
sedentary lifestyle and NAFLD prevalence has been found in an observational study (Ryu et
al., 2015). Furthermore, Palve et al. has reported that fit obese persons were at a significantly
lower risk of NAFLD than unfit obese indicating that sedentary behaviour is an independent
risk factor for NAFLD (Pélve et al., 2017). A number of studies have been conducted to study
the effect of exercise on liver fat content in sedentary, obese individual with NAFLD, and
overall results showed that exercising training substantially decreased the liver fat content
without notable body weight/body fat loss (Johnson et al., 2009; Keating et al., 2012; Sullivan
et al., 2012). Other studies showed reversals in liver fat content and circulating markers of
liver injury (Baba et al., 2006; Bassuk & Manson, 2005; Lamonte et al., 2005; Suzuki et al.,
2005). Hickman et al. studied 31 NASH patients over a 3 month interval who undertook well-
structured moderate exercise (150 min/week of aerobic exercise) in combination with dietary

modifications (55% carbohydrate, 15% protein, and 30% fat diets). They found a 4% mean
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weight loss accompanied by a marked reduction in serum alanine aminotransferase (ALT)
(Hickman et al., 2004). In a randomized controlled trial (RCT), Vilar Gomez et al. studied 60
liver biopsy-proven NAFLD patients allocated into two groups (n = 30 each), where the first
group assigned to a daily aerobic exercise plus hypocaloric diet and three Viusid? sachets, and
the other group only exercise and hypocaloric diet for a period of six months. They showed a
notable improvement in histological features of NAFLD if the NAFLD patients treated with a

combination of diet and exercise (Vilar Gomez et al., 2009).

1.1.3. High intake of saturated fat

The amount and composition of dietary lipid plays a significant role in NAFLD development
and progression (Zivkovic et al., 2007). Dietary lipid is absorbed as chylomicrons via the
lymphatic system which does not directly perfuse the liver thereby explaining its relatively
small direct contribution to intrahepatic triglyceride in the postprandial state (Donnelly et al.,
2005). Nevertheless, saturated fatty acids (SFAS) and trans-fatty acids have adverse systemic
effects on insulin-mediated control of hepatic glucose and lipid metabolism thereby
potentiating NAFLD, while polyunsaturated fatty acids (PUFA) and monounsaturated fatty
acids (MUFA) appear to reduce insulin resistance, liver steatosis and inflammation in NAFLD
patients (Capanni et al., 2006; McCarthy & Rinella, 2012; Vallim & Salter, 2010). Saturated
fatty acids and trans-fatty acids may promote hepatic inflammation directly through
intracellular processes. Endoplasmic reticulum (ER) stress induced by an increase in saturated
fatty acids leads to cellular dysfunction and apoptosis (Leamy et al., 2013). The lipotoxicity of

an increased load of saturated fatty acids is not only visited on the liver, but also in other tissues

L A nutritional supplement with recognised antioxidant and immunomodulatory properties which could have
beneficial effects on cirrhosis-related clinical outcomes such as survival, disease progression and development
of hepatocellular carcinoma (HCC).
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such as endothelial cells, pancreatic beta cells, cardiomyocytes and skeletal muscle (Nolan &
Larter, 2009; Suvitaival et al., 2018). Saturated fatty acids can also indirectly provoke hepatic
inflammation prior to absorption through the perturbation of intestinal microflora resulting in
dysbiosis, impaired intestinal barrier function and subsequent exposure of the liver to pro-

inflammatory bacterial components (Estadella et al., 2013).

In contrast to saturated fatty acids, PUFA generally have beneficial effects on both hepatic lipid
levels and inflammation. They reduce the overall hepatic lipid burden in part by modulating
the expression of numerous genes involved in fatty acid oxidation and hepatic lipogenesis,
including sterol regulatory element-binding proteins (SREBP) and peroxisome proliferator-
activated receptor (PPAR) alpha (Clarke & Jump, 1996; H. J. Kim et al., 1999). PUFA are
precursors to eicosanoids that have roles in immunity and inflammation control, of which ®-3
PUFA (also known as omega-3) are anti-inflammatory, whereas »-6 PUFA (omega-6) have
pro-inflammatory properties (Patterson et al., 2012). Since eicosanoids play a significant role
in the regulation of inflammation, they involved in several diseases, including atherosclerosis,

cancer, obesity, and NAFLD (Azrad et al., 2013; Simopoulos, 2002).

1.1.4. High sugar intake — fructose

Consumption of fructose in the USA has risen from around 15 g per day in 1900 to 54.7 g in
2008 (Lim et al., 2010; Y. K. Park & Yetley, 1993; Vos et al., 2008), and now accounts for
around 15% of dietary caloric intake (Welsh et al., 2011). NAFLD patients consume nearly 3
times more fructose compared to control subjects with matching BMI, age and sex (Ouyang et
al., 2008) while daily intake of soft drinks sweetened with sucrose is associated with

significantly higher levels of visceral and hepatic fat compared to intake of water, milk, or diet
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cola (Maersk et al., 2012). A study of 427 adults recruited in the NASH Clinical Research
Network showed that consumption of fructose was associated with a higher stage of fibrosis
(Abdelmalek et al., 2010). Accordingly, NAFLD development in obese subjects may be

protected by low intake of fructose (O’Sullivan et al., 2014).

In addition to its caloric contribution, fructose may also augment hepatocellular metabolic
dysfunction and oxidative stress. Its uncontrolled phosphorylation by fructokinase leads to an
acute depletion of ATP. This is thought to contribute to mitochondrial dysfunction, oxidative
stress, and protein synthesis impairment (Choi et al., 2014; Lanaspa et al., 2012). It also triggers
purine catabolism resulting in the generation of uric acid, which has been also associated with
NAFLD pathogenesis through impaired p-oxidation and oxidative stress (Choi et al., 2014;
Lanaspa et al., 2012). Epidemiological researches have revealed an association between
NAFLD and hyperuricemia (Zhou et al., 2016) with a meta-analysis study indicated that in
every Img/dL rise in serum uric acid is associated with a 3% upsurge in NAFLD incidence (Z.

Liu et al., 2015).

1.2. Genetic factors in NAFLD development

There exists a considerable inter-individual variation in the NAFLD spectrum regardless of
shared environmental risk factors, for instance, individuals with morbid obesity can have a
normal liver histology (Xanthakos et al., 2006) and only a minority of NAFLD patients will
develop NASH, fibrosis and HCC. This leaves open the possibility of genetic components that
promote NAFLD progression (Marjot et al., 2020). Several variants of genes that encode
proteins involved in hepatic lipid metabolism have emerged out of genome-wide association

studies, which have strong association with NAFLD development and progression
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(Dongiovanni, Romeo, et al., 2015). The most robust and genetic variant associated with
NAFLD is the Patatin-like phospholipase domain-containing protein 3 (PNPLA3) isoleucine
to methionine substitution at position 148 (rs738409 C>G encoding for PNPLA3 1148M)
(Dongiovanni et al., 2013; Romeo et al., 2008; Singal et al., 2014). The worldwide distribution
of PNPLA3 genotypes are presented in Figure 2 (Younossi et al., 2018). Romeo and colleagues,
screening adults with diverse ethnicity from the Dallas Heart Study, were the first to identify
the association between excess hepatic fat and PNPLA3 1148M independently of other
determinants of the metabolic syndrome (Romeo et al., 2008). Subsequently, several studies
confirmed the association of this single nucleotide polymorphism with liver disease, including
NASH, fibrosis, cirrhosis and HCC, yet the mechanistic basis of its association with NAFLD
remains to be fully characterized (Dai et al., 2019; Huang et al., 2019; Shen et al., 2015).
Functional PNPLAS has a hydrolase activity towards triglycerides and retinyl esters (Pingitore
et al., 2014; Pirazzi et al., 2014). The loss-of-function induced by the substitution of 148M
variant protein results in its accumulation on the lipid droplets, where it escapes proteasome
degradation and obstructs the actions of other lipases (mostly Adipose triglyceride
lipase (ATGL/PNPLAZ2)) activity, thereby resulting in an entrapment of triglycerides in lipid
droplets within hepatocytes (BasuRay et al., 2017; Pingitore et al., 2014). This not only
promotes fatty liver disease (BasuRay et al., 2017; Pingitore et al., 2014) but also potentiates
fibrosis through hepatic stellate cell (HSC) activation (Pingitore et al., 2016). This has been
supported by mouse model studies showing that PNPLAS3 deletion has no distinctive hepatic
phenotype (Chen et al., 2010), whereas knock-in or over-expression of the 1148M mutation
renders mice more susceptible to the accumulation of hepatic fat by high carbohydrate diet
feeding. Additionally, the reduced expression of PNPLA3 148M due to the co-presence of the

434K variant ameliorates liver damage in patients with the 148M mutant protein (Donati et al.,

Getachew Debas Belew 42 July, 2021



2016) emphasising the down-regulation of PNPLA3 148M as a prospective target in NAFLD

treatment (Valenti & Dongiovanni, 2017).

The other significant gene variant is the transmembrane 6 superfamily 2 (TM6SF2 rs58542926)
that is involved in the transfer of triglycerides to apolipoprotein B100 in the VLDL pathway.
A guanine to adenine substitution at position 167 (rs58542926 E>K encoding for TM6SF2
E167K) results in loss-of-function, which promotes steatosis by preventing the clearance of
hepatocyte triglyceride via VLDL (Kim et al., 2017; Kozlitina et al., 2014; Liu et al., 2014).
Interestingly, carriers of this mutation are protected against cardiovascular risks and circulating
dyslipidaemia (Dongiovanni, Petta, et al., 2015; Pirola & Sookoian, 2015). Studies in humans
also suggested that this gene variant regulates not only the qualitative enrichment of liver
triglycerides but also the synthesis of lipids and amount of secreted lipoprotein particles
(Luukkonen et al., 2017). Additionally, the gene variant with moderate effect in association
with the NAFLD risk include loss-of-function polymorphisms in membrane bound O-
acyltransferase domain containing 7 (MBOATY7), a protein that involves in the
phosphatidylinositol remodelling with arachidonic acid in the Lands cycle. The downregulated
MBOATY (the rs641738 C>T variant) appears to associate with hepatic steatosis, inflammation
and fibrosis (Luukkonen et al., 2016; Mancina et al., 2016) and NAFLD progression to
carcinogenesis (Donati et al., 2017) through impaired incorporation of polyunsaturated fatty
acids into hepatocyte phospholipids. Moreover, the gene locus variant glucokinase regulator
(GCKR) has been associated with NAFLD in which GCKR regulates de novo lipogenesis
(DNL) by controlling glucose influx in hepatocytes (Petta et al., 2014; Santoro et al., 2012).
Indeed, the loss-of-function GCKR mutation (rs1260326) causes hepatic fat accumulation
(Beer et al., 2009) through preventing glucokinase inhibition by fructose-6-phosphate, such

that hepatic glucose uptake and conversion to glucose-6-Phosphateee is enhanced (Valenti et
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al., 2012). This in turn promotes glycolytic glucose utilization resulting in increased malonyl-
CoA production that drives hepatic de novo lipogenesis (DNL) while inhibiting fatty acid
oxidation (Santoro et al., 2012). These studies highlight the high degree of interaction between
genes and environment that characterize NAFLD onset and progression. Further work is
required to cross-examine the precise molecular mechanisms behind the association
between genetic variants and progressive liver diseases including NAFLD so as to spot on

novel and customized therapeutic targets.

Aside from the aforementioned gender and genetic factors: high caloric intake in a diet, low
level of physical exercise, and subsequent development of obesity are the main risk factors for
NAFLD development. It has a multifactorial etiology and yet not known completely, however,
it consists of alterations of energy metabolism, intrahepatic lipids (IHL) accumulation,
inflammatory processes, and insulin resistance (IR) (Tilg et al., 2017). A number of studies
have now revealed that individual subjects with NAFLD or NASH are at a greater risk of Type
2 diabetes (T2D) development (Anstee et al., 2016; Gastaldelli & Cusi, 2019; Mantovani et al.,
2018; Marchesini et al., 2016). Furthermore, both T2D and NAFLD patients share metabolic
syndrome associated co-morbidities, including low high-density lipoprotein-cholesterol (HDL)
and/or abdominal fat accumulation as well as hypertriglyceridemia, fasting hyperglycaemia,

and hypertension (Vernon et al., 2011; Yki-Jarvinen, 2014).
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1.3. NAFLD Treatment

1.3.1. Life-style modification to treat NAFLD

As NAFLD has no approved pharmacological treatment agents at the current time (2020),
lifestyle alteration has been recommended as the first approach to its mitigation, according to
a consensus statement by the European Association for the Study of Diabetes (EASD),
European Association for the Study of the Liver (EASL), and European Association for the
Study of Obesity (EASO) (Marchesini et al., 2016). This intervention entails a 500-1000 kcal
energy shortfall that leads to 7-10% weight loss accompanied by moderate-intensity aerobic
exercise with other resistance training, low-to-moderate fat and high-protein diets or low-
carbohydrate ketogenic diets (Marchesini et al., 2016). Also, NAFLD practice guidelines from
the American Association for the Study of Liver Diseases (AASLD) recommend body-weight
reduction of a minimum of 3% for hepatic steatosis improvement, and a better (> 7%) body-
weight reduction for improving the histological features of NASH including fibrosis (Chalasani
et al., 2018a). The guideline recommends, hypocaloric diet (daily reduction of 500-100 kcal)
accompanied with moderate-intensity exercise (Chalasani et al., 2018b). Both the EASL-
EASD-EASO and AASLD guidelines report the beneficial effects of the Mediterranean diet.
Nevertheless, even though there is strong evidence demonstrating the efficacy of weight loss
in decreasing IHL levels, in reality only a small proportion of NAFLD patients are able to attain
and maintain the modest weight loss described in the clinical practice guidelines (EI-Agroudy

et al., 2019; Romero-Gémez et al., 2017).
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1.3.2. Pharmacotherapy for NAFLD treatment

The development of the therapeutic landscape in NAFLD is progressing rapidly although there
are still no currently approved drugs specifically for this condition. A number of therapeutic
modalities are currently in Phase 2 and 3 development, yet while it is still too early to prioritize
the most promising therapeutics, it is highly likely that the first approved therapies specifically

licensed for the treatment of NAFLD will become available within the next few years.

A large and diverse number of agents are currently being investigated for the treatment of
NAFLD. They include glucose lowering agents/anti-diabetic agents (e.g. Pioglitazone,
Biguanides, Glucagon-like peptide 1 analogues, Dipeptidyl peptidase IV inhibitors, and
Sodium glucose co-transporter 2 inhibitors), lipid lowering agents (e.g. Hydroxy-3-methyl-
glutaryl-coenzyme A reductase inhibitors, Omega-3 poly-unsaturated fatty acids, Peroxisome
proliferator-activated receptor alpha agonists, and Proprotein convertase subtilisin kexin type
9 (PCSKO9) inhibitors). Moreover, there are also several drugs that target the liver; including
FXR-agonists (Obeticholic acid), dual and pan-PPAR agonist (Elafibranor, Lanifibranor,
Saroglitazar), C-C chemokine receptor type 2 (CCR2) and type 5 (CCR5) dual antagonist
(Cenicriviroc), Vitamin E, Galectin-3 protein inhibitors (GR-MD-02), Fibroblast Growth
Factor 19 (FGF19) analogues (NGM282), FGF21 analogues, Thyroid Hormone Receptor-
(THR-B) Agonists (MGL-3196), Apoptosis Signal Regulating Kinase 1 (ASK 1) inhibitors
(Selonsertib), Pentoxifyline, Caspase inhibition (Emricasan). In addition, some of the therapies
target hepatic lipid synthesis (e.g. Acetyl-Coenzyme A Carboxylase (ACC) Inhibition, Stearoyl
coenzyme A desaturase 1 (SCD1) inhibition, for the treatment of NAFLD (Marjot et al., 2020).
Those medications that have demonstrated the most robust effects on counteracting NAFLD at

the population level are discussed in more detail below.
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A. Pioglitazone

Pioglitazone is a member of the thiazolidinedione class of drugs currently used as an anti-
diabetic therapeutic agent as it improves insulin sensitivity in type 2 diabetes, thereby
improving both fasting and postprandial glycemic control. It has shown improvement of both
NAFLD and NASH in several studies (Aithal et al., 2008; Belfort et al., 2006; Cusi et al., 2016;
Sanyal et al., 2010). Pioglitazone acts by binding and activating the peroxisome proliferator-
activated receptor gamma (PPARy), a nuclear receptor superfamily member that plays an
important role in regulation of glucose and lipid metabolism (Gross et al., 2017; Liss & Finck,
2017). Its activation improves insulin sensitivity, which in turn improves the metabolism of
glucose and lipid. Systemically, it promotes the redistribution of ectopic lipid, including that
of the liver, into adipose tissue. Thus, it improves steatosis, inflammation and hepatocellular
ballooning as well as hepatic fibrosis (Mahady et al., 2011; Sanyal et al., 2010). This may in
part be mediated by a 2-3 fold increase in plasma adiponectin (Soccio et al., 2014) as well as
its partial agonism of hepatic peroxisome proliferator-activated receptor alfa (PPAR-a)
(Kintscher, 2008; Orasanu et al., 2008). This promotes hepatocyte fatty acid oxidation, a
decrease in plasma triglyceride levels, and an increase in HDL-cholesterol concentrations. The
land-mark PIVENS study undertaken on NASH patients without T2D compared the role of
pioglitazone to vitamin E and placebo (Sanyal et al., 2010). Reductions in hepatic steatosis
and inflammation and resolution of NASH were observed in 47%, 34% and 18% of patients
given pioglitazone, vitamin E and placebo respectively. More recent studies have demonstrated
the benefits of pioglitazone treatment in mitigating fibrosis (Belfort et al., 2006). Four
Randomized Controlled Trial studies (RCTs) have delivered a supporting evidence of the
clinical practice guidelines in the United States (Chalasani et al., 2018b) and Europe

(Marchesini et al., 2016) in which pioglitazone has been recognised and may be prescribed for
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biopsy proven NASH patients (Aithal et al., 2008; Belfort et al., 2006; Cusi et al., 2016; Sanyal
et al., 2010). However, its side effects, including weight gain (up to 5kg over 3 years), fluid
retention, osteopenia and increased fracture risk - especially in older women - has limited its
therapeutic use (Viscoli et al., 2017). While there were initial concerns about increased risk of
bladder cancer from Pioglitazone therapy, more recent studies have failed to demonstrate a
significant association (Filipova et al., 2017). Nevertheless, it is likely that an increase use of
pioglitazone in patients with NASH will continue to prevent fibrosis progression and other
accompanied healthy effects. Interestingly, with the purpose of achieving a better safety and
efficacy profile, a number of novel insulin sensitizers are being studied for NASH treatment

(Khan et al., 2019).

B. Sodium glucose co-transporter 2 inhibitors

Sodium glucose co-transporter 2 (SGLT2) inhibitors are the most recent class of glucose-
lowering agents to obtain approval for clinical use. They have demonstrated improved glucose
homeostasis, as well as conferring cardio-renal protection via several mechanisms in both pre-
clinical models and clinical studies including large multicentre RCTs (Verma & McMurray,
2018). They prevent renal reabsorption of >90% of glucose and are therefore not only
extremely effective as glucose lowering agents per se but also promote weight loss (Zinman,
etal., 2015; Neal et al., 2017; Wiviott et al., 2019). Accordingly, SGLT2 inhibitors (along with
GLP-1RAs) have been placed as second-line agents for the management of T2D (Davies et al.,
2018). As recently reviewed (Khan et al., 2019), several recent in vivo studies report substantial
benefits of SGLT2 inhibitors, including reversal of liver steatosis, hepatocyte necrosis,
inflammation and/or fibrosis. Therefore, there is ongoing expectation on deploying these

agents for the treatment of NASH. In addition, although the mechanisms are not yet fully
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elucidated, many studies have revealed the association of SGLT2 use with significant
improvements in cardiovascular risk outcomes (Zinman et al., 2015; Neal et al., 2017; Wiviott
etal., 2019). While several small studies have between them shown evidence of improvements
in body weight, liver chemistry, glycaemic control, and liver triglyceride content, to date there
have been no double-blinded clinical trials of SGLT2 inhibitors with liver histology as the
primary endpoint (Bajaj et al., 2018; Ito et al., 2017; Kuchay et al., 2018; Sattar et al., 2018;
Seko et al., 2018; Shibuya et al., 2018). Recently, controlled and double-blind placebo studies
using dapagliflozin (Eriksson et al., 2018; Latva-Rasku et al., 2019), and canagliflozin (Cusi et
al., 2019) in patients with T2D reported that canagliflozin but not dapagliflozin significantly
improved hepatic insulin sensitivity - however both medications caused modest reductions of
intrahepatic triglyceride (Cusi et al., 2019; Latva-Rasku et al., 2019). Moreover, a single
uncontrolled study of canagliflozin treatment for 24-weeks in patients with T2D revealed
histological improvements in the severity of NAFLD as well as improvements in hepatic
insulin sensitivity (Akuta et al., 2019). However, studies in NAFLD patients without T2D have

not yet been reported (Cusi et al., 2019).

While there is potential that SGLT2 inhibitors may convey significant clinical benefits
including reduction of plasma ALT concentrations, weight loss, hepatic steatosis, as well as
cardiovascular risk reduction, the clinical translation of these findings to the treatment of
NASH is yet to be determined. Therefore, there is an urgent need for prospective and well-
structured clinical studies to address this. Of note, these agents are generally well tolerated but
up to 5% of individuals have reported genitourinary infections and there is the potential to
develop increased urinary frequency, postural hypotension and dehydration (Donnan et al.,

2019; Hamblin et al., 2019). Also, worries have been raised about development of diabetic
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ketoacidosis (although rare in patients with T2D) (Lupsa & Inzucchi, 2018), and while recent
data appears to be promising, there is still a need to look out for potentially life-threatening
risks (Donnan et al., 2019; Hamblin et al., 2019). Currently, studies are examining the impact
of Licogliflozin, a dual SGLT1 and 2 inhibitor that promotes weight loss in patients with and

without T2D on hepatic steatosis (He et al., 2019).

C. Glucagon-like peptide 1 analogues

Incretins potentiate the secretion of insulin in response to meal glucose with glucagon-like
peptide 1 (GLP-1) released from the intestinal L-cells being the best known example.
Currently, GLP-1 receptor agonist (GLP-1RA) therapy has been recognised as a highly
effective approach for decreasing glucose levels and promoting weight loss. GLP-1RAs also
reduce the risk of CVD and chronic kidney disease, thus along with SGLT2 inhibitors, are used
as a second-line therapy for T2D patients (metformin being the first-line medication)
(Armstrong et al., 2013; Davies et al., 2018). A retrospective study showed that Liraglutide
resulted in a dose-dependent reduction of circulating alanine aminotransferase (ALT) in study
subjects with abnormal liver blood chemistry at baseline, whereas it had no impact in
individuals with normal liver blood chemistry (Armstrong et al., 2013). Prospective studies of
Liraglutide revealed improvements in liver histological outcomes and resolution of NASH in
36% of subjects compared with 9% within the placebo treated group (Armstrong et al., 2016).
Other GLP-1RA studies including those of Lixisenatide and Exenatide, as well as Liraglutide,
revealed improvements in liver biochemistry, hepatic insulin sensitivity and hepatic lipid
content (Feng et al., 2017; Frgssing et al., 2018; Gastaldelli et al., 2016; Gluud et al., 2014;
Petit et al., 2017). The GLP-1 analogues mechanism of action for improving NAFLD remains

unclear. Although an in vitro study in the primary cultures of human hepatocytes revealed that
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hepatic DNL was decreased by GLP-1 agonism, there is still controversy surrounding the
expression levels of the GLP-1 receptor in human hepatocytes (Armstrong et al., 2016).
Nevertheless, several studies have failed to detect the GLP-1 receptor in rodent and human
hepatocytes (Panjwani et al., 2013; Pyke et al., 2014). The confounding issue of weight loss
and enhancements in glycaemic control remain to be untangled from the potential direct benefit
of GLP-1 analogue therapy and thus a mechanism of action that obliquely benefits the liver

remains entirely acceptable.

While initial studies suggested that GLP-1 analogues mediated a direct beneficial effect on
hepatic lipid metabolism via GLP-1 signalling (Ben-Shlomo et al., 2011; Svegliati-Baroni et
al., 2011), this mechanism was not supported by data from subsequent follow-up studies
(Panjwani et al., 2013; Pyke et al., 2014). Therefore, the current view is that the hepatic effects
of GLP-1 analogues are indirectly mediated through both acute and long-term actions on other
tissues, including modulation of glucagon and insulin levels and improvement of IR through
body weight loss. The hepatic effect of Exenatide (one of a short-acting GLP-1RA) is acute
and noticeable from the first dose (Gastaldelli et al., 2016). It acutely reduces hepatic IR by
enhancing uptake of hepatic glucose during an OGTT and decreasing hepatic glucose output
(Gastaldelli et al., 2016). A recent study on a NASH animal model has reported that Exenatide
reversed mitochondrial dysfunction and lipotoxicity, but was accompanied by only minor loss
of body weight (Kalavalapalli et al., 2019). Improvement of hepatic IR following treatment
with GLP-1RA has not only been observed in T2D patients (Cersosimo et al., 2011), but also
in individuals with morbid obesity (Camastra et al., 2017) as well as in NASH patients
(Armstrong et al., 2016). This therapy has also showed reductions in chronic kidney disease
and CVD risks, but the mechanisms remain unclear (Nauck et al., 2017). Considering that

NAFLD is an important risk factor for CVD, there is mounting evidence that GLP-1RA would
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provide clinical benefits to NAFLD patients whether or not they have T2D. In general, GLP-
1RA are well tolerated and the gastrointestinal side effects are diminished with careful titration.
Finally, the potential role of “dual agonists”, combining GLP-1RAs with glucagon (Soni, 2016)
for treatment of NASH and T2D are also being explored. Recently, novel compounds with
multiple agonist properties have been developed. As an example, HM1522 is a GLP-

1/GIP/glucagon triple agonist that is currently being tested as a therapy for NAFLD in obese

subjects (NCT03744182, www.clinicaltrials.gov) (accessed date 21/02/2020).

D. Acetyl-Coenzyme A Carboxylase (ACC) Inhibition

Acetyl-CoA carboxylase (ACC) is a rate limiting enzyme for the endogenous synthesis of fatty
acids from acetyl-CoA via de novo lipogenesis (DNL). Its product, malonyl-CoA, is also a
potent inhibitor of mitochondrial long-chain fatty acid oxidation. Therefore, ACC is a target
for inhibiting the de novo synthesis of hepatic triglyceride fatty acids while at the same time
promoting hepatic fatty acid oxidation. Firsocosta (GS-0976), a small molecular inhibitor of
ACC, has been studied in a small number of clinical studies. In an uncontrolled, open label,
prospective study of 10 subjects treated with GS-0976 for 12-weeks, where hepatic fatty acid
synthesis was measured by incorporation of deuterated water into palmitate, this activity was
decreased by 22%. This was accompanied by reductions in hepatic lipid levels and liver
stiffness, a marker of fibrosis, as well as circulating ALT (Lawitz et al., 2018). However, in a
larger placebo-controlled randomized study (n=126), hepatic steatosis was decreased only at
the highest doses of GS-0976 (20mg), with no alteration in liver stiffness. Circulating levels of
tissue inhibitor of metalloproteinase 1 (TIMP1), a marker of tissue wounding, were decreased
(Loomba et al., 2018) Although all the groups treated with GS-0976 showed increased levels

of serum triglyceride, the drug was otherwise well tolerated.
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1.4. Study of NAFLD

1.4.1. Animal Models

Of the rodent species and strains used as models for NAFLD, Sprague Dawley and Wistar rats
and C57BL/6 mice have been preferred due to their higher susceptibility for developing
NAFLD, obesity and insulin resistance compared to other strains (Y. Takahashi et al., 2012).
Animal models for NAFLD can be grouped as diet-induced, genetic, or a combination of more
than one intervention (Santhekadur et al., 2018). Accordingly, the commonly used animal
models for NAFLD are listed in the table below as reviewed by Friedman et al. (see Table 1)
(Friedman et al., 2018). While accumulation of lipid in the liver is a common feature, other
aspects of human NAFLD/NASH such as the development of fibrosis secondary to lipid
accumulation, have not been fully recapitulated (Friedman et al., 2018). Additionally, many
metabolic, proteomic and transcriptomic changes that characterize NAFLD progression in

humans have not been fully reproduced in animal models (Tsuchida et al., 2018).

For induction of NAFLD by diet, rodents are fed for several weeks on a high fat diet (HFD),
in which saturated fats account for 50-60% of caloric content, compared to ~10% for standard
chow. While this is effective in inducing hepatic steatosis in most mice strains, there is usually
no subsequent development of inflammation or fibrosis (Nakagawa et al., 2014). Recently,
studies have also shown that chow supplementation with fructose promotes NAFLD
development, primarily through the induction of liver ER stress and increased DNL (Softic et
al., 2016). Mice provided with high in trans-fats and high-fructose corn syrup diet as well as a
sedentary lifestyle developed liver inflammation and associated fibrosis after one year
(Dowman et al., 2014). A substantially higher degree of hepatic injury can be produced by

supplying western diet (WD) in which the highest calorie compositions are carbohydrates
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(about 40-50%) an fat (20-35%) and is aimed at recapitulating the average caloric composition
of fast foods, confectionary, soft drinks, refined grains, red and processed meats, and full-fat

dairy products (Oddy et al., 2013; Trovato et al., 2018).
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Table 1: Most commonly used animal models (mice and rats) of NAFLD reviewed by and adapted from (Friedman et al., 2018)

Reference

High-fat, fructose and Diet high in fat (40%, of which Animals develop both histologic and metabolic features of

cholesterol (AMLN 18% is trans-fat), plus fructose human NASH with diffuse fibrosis but no cirrhosis.

diet) (Clapper et al., (22%) and cholesterol (2%)

2013) administered for 30 weeks

Methionine and High-fat and sucrose diet, deficient The histologic appearance in 2—4 weeks resembles human
choline deficiency in methionine and choline NASH, but animals lose weight and are not insulin resistant,
(MCD) (Matsumoto with lack of concordance of the liver transcriptome with
etal., 2013) human NASH.

Choline-deficient, I-  High-fat, choline-deficient, Like the MCD diet, animals do not gain weight or exhibit
amino acid—defined reduced-methionine diet for 24 insulin resistance, but can develop fibrosis within 6-8 weeks.

supplemented, high-  weeks
fat diet (CDAA)
(Matsumoto et al.,

2013)
ob/ob (Hummel et al., Leptin-deficient mice Animals develop severe insulin resistance and steatosis but are
1966) resistant to fibrosis without a second insult (e.g., LPS). Unlike

this model, humans with NASH have normal or elevated serum
leptin.
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Genetic

db/db (Hummel et al., Leptin receptor—deficient mouse
1966)

Obese (fa/fa) Zucker  Nonfunctional leptin receptor due

rat (Oana et al., 2005) to mutation

foz/foz (Arsov et al.,  Truncating mutation in Alstrom

2006) syndrome | (ALMS1) protein, a
ciliary protein

SREBP-1c transgenic  Hepatocyte-specific

(Nakayama et al., overexpression of SREBP-1c
2007)

MUP-uPA transgenic  Hepatocyte-specific
(Nakagawa et al., overexpression of urokinase
2014) plasminogen activator

LDLR knockout LDL receptor global knockout
(Subramanian et al.,

2011)

Phosphatase and Alb-Cre-mediated hepatocyte-
tensin homolog specific knockout of PTEN

Getachew Debas Belew

Severe glucose intolerance, obesity and hepatic steatosis;
susceptible to fibrosis with a second insult (e.g., MCD or high-
fat diet).

Severe hyperphagia, insulin resistance and obesity on a high-
fat diet, with hepatic steatosis but modest fibrosis.

Severe obesity, insulin resistance, hepatic steatosis and mild
fibrosis on a high-fat diet for 300 days, with
hypoadiponectinemia. Phenotype may be strain-dependent.
Severe insulin resistance and spontaneous steatohepatitis with

oxidant stress at 30 weeks, with some perivenular fibrosis.

Severe ER stress, hepatic steatosis, mild fibrosis and HCC on
high-fat diet (60% of calories), with TNF-a-driven
inflammation

Marked steatosis on a diabetogenic diet for 24 weeks, made
worse with addition of dietary cholesterol, and association with
inflammation, oxidant stress, increased fatty acid production
and mild fibrosis.

Spontaneous hepatomegaly, steatohepatitis and triglyceride

accumulation with lipogenic gene induction at 40 weeks and

July, 2021



Combinations

(PTEN) knockout high penetrance of ademomas, then carcinomas at 74—78
(Horie et al., 2004) weeks.

Streptozotocin plus Streptozotocin administered at 2 Steatohepatitis and mild fibrosis with occasional HCCs at 20

high fat-diet (STAM) days, followed by high-fat diet weeks. However, animals have type 1 not type 2 diabetes, do
model (Fujii et al., not gain weight, and the liver transcriptome is discordant from
2013) human NASH.

DIAMOND mouse Inbred isogenic strain of C57BI6/J  Progressive steatohepatitis, fibrosis then cirrhosis and HCC at
(Asgharpour et al., and S129S1/svimj fed a high-fat, 1 year. High transcriptomic concordance to human NASH.
2016) high-carbohydrate diet

Western diet plus High-fat, high-fructose, high- Progressive steatosis, insulin resistance and fibrosis at 12
CCl4 addition cholesterol diet with weekly weeks, with cirrhosis and frequent HCC at 24 weeks. High
(Tsuchida et al., intraperitoneal CCls dosing transcriptomic concordance to human NASH.

2018)

High-fat diet with Animals housed at thermoneutral Greatly amplified steatohepatitis compared to standard (22 °C)
thermoneutral (30 °C) conditions, high-fat diet housing, with altered microbiome, increased inflammatory
housing (Giles etal.,  for 8 weeks signaling but modest fibrosis.

2017)
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Mice models fed the methionine and choline deficient (MCD) or choline deficient (CD) alone
defined diet develop histologically more severe NASH-like appearance with fat inflammation
and fibrosis (Machado et al., 2015). The lack of these essential nutrients, especially deficiency
of choline, result in impaired hepatic -oxidation and VLDL production, which in turn results
in accumulation of liver lipids, oxidative stress, changes in adipokines and cytokines, and death
for a portion of hepatocytes (Ibrahim et al., 2016; Library et al., 2017). Moreover, these diets
result in rapid weight loss for both lean and fat mass, decreases in fasting circulating glucose
and lipids, and maintenance of insulin sensitivity (Kammoun et al., 2017). Thus systemically,
this model shows little similarity to the metabolic and pathogenesis features of NAFLD patients
(Febbraio et al., 2019). A combination of CD with HFD (CD+HFD) does not result in weight
loss and NAFLD progresses to HCC in about 25% of the mice (Wolf et al., 2014). Mice that
have been made deficient in ApoE, a protein structural component of lipoprotein transport
particles, showed symptoms of NASH and modest fibrosis after feeding with WD
(Schierwagen et al., 2015). Moreover, animal models administered WD with weekly CCls4 (a
hepatotoxin that promotes liver injury and fibrosis), also showed a close resemblance to the
human NASH (Tsuchida et al., 2018). Thus, the whole spectrum of NAFLD ranging from
simple steatosis via NASH to cirrhosis and HCC can be modelled by combinations of diet, diet
or genetic manipulation of lipid transport components, and non-carcinogenic hepatotoxic

agents (Friedman et al., 2018).

The db/db (leptin receptor deficient) and ob/ob (leptin deficient) mice, the Zucker (fa/fa) rat,
foz mice (deficient in the Alstrom syndrome 1 gene) and several transgenic or conditional
knockout mice are among the main genetic animal models of NAFLD/NASH (Table 1)
(Friedman et al., 2018). Recently, studies done on the mice model obtained by crossing a stable

isogenic C57BI/6J with s129/SvimJ (a strain used to create targeted mutations) have shown the
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development of many metabolic disorders including NAFLD that progressed to NASH, fibrosis
and HCC with similar transcriptomic, lipidomic and cell signalling changes to human NASH.
Moreover, they showed dyslipidemia, adipose tissue inflammation, hypoadiponectinemia,

obesity, and insulin resistance (Asgharpour et al., 2016; Sanyal & Pacana, 2015).

Other animal models, ranging from zebrafish (Lai et al., 2018) and fruit flies (Musselman et
al., 2013) to the Ossabaw pig (L. Lee et al., 2009), have also been used for the study of
NAFLD/NASH. Factors that limit their general use include the relevance to human NAFLD
(for example zebrafish and flies) as well as logistics (for example increased lifespan and
NAFLD development time for pig models) (Friedman et al., 2018). Nevertheless, they can
provide important data for specific disease parameters. For instance, compared to mice and
rats, guinea pigs have a much closer lipid profile to the humans that may be useful for studying
the cardiovascular co-morbidities of NAFLD (Ye et al., 2013). New Zealand white rabbits are
well-suited for investigating pediatric NAFLD as they have a long pre-pubertal period (Fu et
al., 2009). Tree shrews tend to develop NAFLD induced by a high-fat diet (HFD) in the absence
of obesity, thus they could be a suitable model to study non-obese NAFLD, which has high

prevalence in Asia (L. Zhang et al., 2016).

2. METABOLIC BASIS OF NAFLD

In comparison to adipose tissue depots, the hepatic triglyceride pool is very small, even with
well-developed steatosis?. However, there is a substantial flux of lipid entering and exiting the

liver alongside a significant capacity for both de novo synthesis and oxidation of fatty acids

2 Assuming a liver weight of 1.5 kg, and advanced steatosis (20% of liver weight as triglyceride), the total liver
triglyceride mass is 0.3 kg
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within the organ itself (Figure 3). Therefore, relatively small imbalances in net lipid inflow
and/or synthesis versus outflow and/or oxidation can have major effects on hepatic lipid levels.

This is important in both pathogenesis and resolution of NAFLD.
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Figure 3: Metabolic pathways leading to hepatic steatosis adapted from Postic and Girard et
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al. (Postic & Girard, 2008). Abbreviations: CM, Chylomicron; DNL, de novo lipogenesis; FA,
Fatty acids; HSL, hormone-sensitive lipase; NEFA, Non-esterified fatty acids; TG,

Triglycerides; VLDL, Very low density lipoprotein.

There are sources of fatty acids that contribute to the development of fatty liver (NAFLD) (see
Figure 3) (Postic & Girard, 2008). Under insulin resistance conditions, insulin does not
sufficiently inhibit the hormone sensitive lipase (HSL), and lipolysis is not suppressed in the
white adipose tissue. As a result, adipose tissue lipid is transported to the liver via plasma non-
esterified fatty acids (NEFA). A portion of dietary fatty acids are also transferred to the liver
via  intestinally-derived chylomicron remnants.  Additionally,  hyperglycemia and

hyperinsulinemia promote hepatic DNL. Consequently, these excesses of lipid inflow and

e
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synthesis over clearance and oxidation lead to the development of hepatic steatosis (Friedman
et al., 2018; Lomonaco et al., 2012; Postic & Girard, 2008). Once fatty acids are esterified to
triglyceride (TG), the TG can then be either accumulated within hepatocytes as lipid droplets
or secreted as VLDL into the circulation. They can also be saponified with the fatty
acids products serving as precursors for  B-oxidation . Therefore, TG accumulation in
the liver can occur as a result of elevated fat synthesis, decreased fat oxidation,
increased fat delivery, and/or reduced exportation of fat in the form of VLDL (Figure 3)
(Postic & Girard, 2008). Studies of both humans and rodent models have revealed that
excessive hepatic triglyceride levels are predominantly associated with increased NEFA
delivery into the liver from TG lipolysis in peripheral adipose tissues and increased hepatic
de novo synthesis of TG, while lipid clearance via -oxidation and VLDL export are only
moderately impaired (G. F. Lewis et al., 2002). Moreover, these studies strongly indicate that
insulin does not suppress peripheral adipose tissue lipolysis as efficiently in NAFLD patients
compared to healthy individuals (G. F. Lewis et al., 2002). Since insulin has a strong
inhibitory effect on HSL (Ginsberg et al., 2005), this has raised the question of whether HSL
resistance to insulin per se explains the elevated flux of NEFA from adipose tissue.
Accordingly, studies have documented that there is increased hepatic insulin sensitivity in
HSL-knockout mice that is associated with decreased plasma NEFA and liver triglyceride
concentrations (S. Y. Park et al., 2005; Voshol et al., 2003). Thus, these studies indicate that
targeting NEFA “spill-over” from adipose tissue could be an effective strategy for improving

hepatic insulin resistance and steatosis.
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2.1. The role of DNL in NAFLD

The accumulation of triglyceride within hepatocytes defines NAFLD (Donnelly et al., 2005)
and involves contributions from lipolysis of peripheral free fatty acids as well as from hepatic
DNL (Ameer et al., 2014; Kawano & Cohen, 2013). The measured contribution of hepatic
DNL to liver TG levels is highly sensitive to the study design, in particular whether subjects
are studied after overnight fasting or following a defined meal (Paglialunga & Dehn, 2016). In
healthy lean individuals, it was estimated that DNL contributed < 5 % of total TG synthesis
after overnight fasting (Hellerstein, 1999; Parks et al., 1999; J. M. Schwarz et al., 1995),
whereas in the fed state the DNL rate increases by ~25 % over fasting levels (Barrows & Parks,
2006; Donnelly et al., 2005; Marques-Lopes et al., 2001; Jean Marc Schwarz et al., 2003).
Moreover, although the number of studies reported to date are very limited (F. Diraison et al.,
2003; Donnelly et al., 2005; Lambert et al., 2014), DNL rates were increased approximately 3-
fold in individuals with NAFLD as compared to BMI-matched healthy subjects fasted for 18hrs
after the last meal (Lambert et al., 2014). This is consistent with the augmented presence of
DNL-derived triglycerides in very-low-density lipoproteins (VLDLS) produced in NAFLD,
accounting for 15% of total VLDL TG (F. Diraison et al., 2003), in comparison to 2-5% for
healthy subjects (F. Diraison et al., 1997). The impact of diet on DNL rates even in the absence
of NAFLD was demonstrated in a study where DNL accounted ~20% of VLDL TG in healthy
subjects following a meal high in carbohydrate (Aarsland et al., 1996). For NAFLD subjects,
Donnelly et al. estimated that 26% of hepatic triglyceride was derived from DNL, 15% from
the diet, and 59% from NEFA generated by endogenous lipolysis (Donnelly et al., 2005). This
is supported by the study undertaken the triglycerides fatty acid composition in individuals
with and without NAFLD. Individuals with NAFLD have shown increased levels of saturated

fatty acids (Kotronen, Peltonen, et al., 2009; Kotronen, Velagapudi, et al., 2009), pointing
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towards DNL as the contributor of NAFLD. Since saturated fatty acids are the major products
of DNL and thus, high rates of DNL may lead to an increased proportion of hepatic saturated
fatty acids that possibly explaining why DNL is associated with metabolic diseases including
NAFLD. However, the DNL-derived TG contribution to the total TG content in both healthy
and diseased states is still the minority but connects with the overall production of VLDL (G.

F. Lewis et al., 2002).

In addition to the above measurements of the DNL products in NAFLD, transcriptional data
for ACC1 (Acetyl-CoA carboxylase 1), FAS (fatty acid synthase), and SREBP1c display an
elevation in expression of these key regulatory enzymes of DNL in NAFLD patients (Higuchi
etal., 2008). The role of SREBP1c in the pathogenesis of NAFLD is further indicated by mouse
studies where the expression of the transcriptionally active form of SREBP1c in a liver-specific
way results in accumulation of hepatic lipid droplets (Knebel et al., 2012). Deletion of
SREBP1c in the ob/ob mouse, a hyperphagic mouse model that develops harsh hepatic steatosis
(Y. Zhang et al., 1994), showed a ~50% reduction in hepatic TG accumulation (Moon et al.,
2012). Moreover, deletion of SCAP (SREBP cleavage-activating protein), the companion
protein for immature SREBP1c, also protected against the accumulation of TG in ob/ob mice
(Moon et al., 2012). As well as directly contributing to TG increase, DNL may also prevent the
clearance of lipid by B-oxidation through its malonyl-CoA intermediate (Foster, 2012;
McGarry et al., 1977, 1978). Malonyl-CoA hinders carnitine palmitoyltransferase 1 activity
and therefore the translocation of long-chain fatty acids (> 8 carbon chain length) for the
initiation of p-oxidation in the mitochondrial matrix (Ruderman et al., 2003). A second isoform
of ACC, ACC2, is proposed to be more functionally orientated to f-oxidation inhibition since

it is associated with the mitochondrial outer membrane (Abu-Elheiga et al., 2000).
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2.2. DNL regulation, substrates and co-factors

Hepatic de novo lipogenesis (DNL) is a constitutive pathway that transforms acetyl-CoA into
long-chain fatty acids. In humans, DNL occurs primarily in the liver, (Frédérique Diraison et
al., 2003) while in rodents and other mammals, adipose tissue can also have significant activity
(Bergen & Mersmann, 2005; Frédérique Diraison et al., 2003). A widely accepted teleological
function of this pathway is the conversion of excess nutrient carbons into an inert and energy-
dense triglyceride product that can be stored and mobilized at a later time for energy generation
in times of nutrient scarcity. Among the possible mechanisms for lipid deposition, DNL is the
most energetically costly with the synthesis of one equivalent of palmitate from acetyl-CoA
expending 7 ATP and 14 NADPH (Chwalibog & Thorbek, 2001). Due to this, DNL activity
is highly regulated both allosterically and transcriptionally such that it normally only operates
during conditions of nutrient and energy satiety. For the liver, this corresponds to the absorptive
and early post-absorptive feeding phase where there are high portal vein levels of simple sugars
and amino acids coupled with peak levels of insulin. The transcriptional regulation of DNL has
two major activating pathways: sterol regulatory element binding protein 1¢c (SREBP1c) and
carbohydrate response element binding protein (ChREBP). These two pathways are activated
by increased insulin signalling and increased glucose concentrations respectively, conditions
that are associated with feeding (Kawano & Cohen, 2013; Oosterveer & Schoonjans, 2014).
The loss of regulation of hepatic DNL flux secondary to excess nutrient consumption may be
an important early event in the development of fatty liver and hypertriglyceridemia. Given the
steep parallel increases in obesity rates and NAFLD in most Westernized societies, there is a
pressing need for a better understanding of the metabolic mechanisms that contribute to lipid
overload, of which DNL is likely a key component. Over-nutrition, accompanied by

hyperinsulinemia and hyperglycemia, drives DNL activity. Lipogenic transcription factors
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including carbohydrate response element binding protein (ChREBP) and sterol regulatory
element binding protein-1c (SREBP-1c) are upregulated, leading to increased expression of
lipogenic genes, increased flux through ACC, and elevations in hepatic malonyl-CoA (Hooper
etal., 2011). This promotes increased hepatic DNL and suppressed hepatic fatty acid oxidation,
which together potentiate steatosis (Hooper et al., 2011). Hepatic SREBP1c has also been
reported to be upregulated in patients with NAFLD (Kohjima et al., 2007; Pettinelli et al.,
2009) and elevated rates of hepatic DNL have been found to be a distinctive characteristic of
NAFLD (Lambert et al., 2014). Humans with elevated liver fat showed a >3-fold increase in
hepatic DNL relative to subjects with normal liver fat, while endogenous free fatty acid (FFA)
influx from peripheral adipose tissue lipolysis and production of very low-density lipoprotein

(VLDL) were not different (Lambert et al., 2014).

However, despite the clear association between elevated DNL activity and increased hepatic
triglyceride levels, surprisingly little is known about the sources of acetyl-CoA that fuel this
process. For nutrients that are widely held to be “lipogenic,” such as fructose and ethanol, the
handful of studies performed to date indicate that their contribution to the lipogenic acetyl-
CoA pool is unexpectedly low. In reality, the liver has a wide choice of potential acetyl-CoA
sources that in addition to dietary carbohydrates and ethanol, can also include ketogenic amino
acids as well as products of intestinal microflora fermentation such as short-chain fatty acids
(SCFA) and ethanol. SCFA (the relative amounts of acetate, propionate and butyrate), among
the most abundant microbiota-derived metabolites, can be synthesised through the
fermentation of dietary carbohydrates by the gut microbiota (Tan et al., 2014). Even if the exact
mechanisms in which SCFA contribute to metabolic diseases including obesity remain unclear,
one among the hypothesis is that they contribute as substrates for hepatic DNL and result in

augmented capacity for energy yield from diet (Goffredo et al., 2016; Turnbaugh et al., 2006).
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SCFA have been proposed to increase liver triglyceride levels and promote weight gain
(Lepage et al., 2011) as they are involved in both fatty acid synthesis and gluconeogenesis (K.
Takahashi et al., 2016). Also, a study has found that when gut microbiota produced acetate in
higher quantities, it could stimulate the parasympathetic nervous system, thereby leads to
increased ghrelin secretion, glucose-activated insulin secretion, hyperphagia, and obesity
(Perry et al., 2016). The study also documented that the rats directly infused with acetate
showed an impaired disposal of glucose and impaired insulin suppression of hepatic
gluconeogenesis throughout a hyperglycemic-euglycemic clamp. These rats also revealed an
increased triglyceride content in the liver, plasma, and skeletal muscle (Perry et al., 2016). On
the other hand, supplementation of high fiber diets both to rodent models and human showed
tremendous effect on weight loss, hepatic glucose and lipid control as well as maintained
insulin sensitivity when compared with individual baselines (De Vadder et al., 2014; Fechner
et al., 2014). Thus, these data of the study display that SCFAs derived from microbes are
bioactive by-products, yet they have complex ways of interaction with the host metabolism so

that the end effect being negative or positive is likely highly context-dependent.

Production of ethanol by the gut microbiota could also play a part in NAFLD pathophysiology.
In children, the gut microbiota of individuals with NAFLD were more enriched with ethanol
producing bacteria compared with those from either obese children with no NAFLD, or healthy
lean children (Ding et al., 2010). A study performed in mice and further validated in humans
identified bacteria (namely Klebsiella pneumoniae) that were able to produce ethanol from
glucose endogenously (Alang & Kelly, 2015). Moreover, under conditions of dysregulated
metabolism, where the tight reciprocal regulation of fat oxidation and fat synthesis pathways
is loosened, endogenous substrates such as fatty acids and ketone bodies that would normally

not contribute lipogenic acetyl-CoA may augment the more conventional dietary sources.
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In addition to acetyl-CoA precursors, DNL is also dependent on NADPH: a cofactor that is
required for many other cellular metabolic activities including the regeneration of reduced
glutathione. The pentose phosphate pathway (PPP) is an important component of glucose
metabolism. In many tissues including the liver, the PPP is thought to be the major source of
NADPH. Two NADPH equivalents are generated through the stepwise oxidation of glucose-
6-phosphate via glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase.
Thus, the PPP is often assumed to be essential for both DNL and glutathione reduction. This
suggests that PPP activity should be elevated in NAFLD, where DNL is active and oxidative
stress may also be present. However, little is known about the activity of the PPP in the
evolution of fatty liver. Recently, Jin et al. demonstrated that hepatic PPP flux was associated
with DNL activity, but was independent of oxidative stress burden suggesting that the reducing
equivalents generated by the PPP were dedicated to fatty acid biosynthesis (Jin et al., 2018).
NADPH can be generated by three other cytoplasmic enzymes: isocitrate dehydrogenase 1
(IDH1), malic enzyme 1 (ME1) and 10-formyltetrahydrofolate dehydrogenase (ALDH1L1)
(Bradshaw, 2019) hence it is possible that these might contribute NADPH for glutathione

reduction.

2.3. How DNL is measured:

Due to the importance of lipid biosynthetic fluxes in NAFLD, T2D and cancer metabolism,
multiple tracer methodologies have been developed for their study and quantification. The use
of stable isotopes to study DNL dates back more than 80 years to the pioneering work of

Schoenheimer and Rittenberg (Schoenheimer & Rittenberg, 1936). However, it had been not
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until relatively recently that it has been routinely applied for human and animal model studies.
Among the complications of stable isotope studies is determining of the correct precursor pool
enrichment when that precursor is biochemically unavailable (for instance, cytosolic acetyl
coenzyme-A for fatty acid synthesis). Historically, tracer experiments for measuring the lipids
synthesis were first developed using radioisotope tracers, such as *H-labelled water, 4C-
labelled acetate, and ®H- and *C- labelled fatty acids (Murphy, 2006). The metabolic
information gained from radioisotope tracer research laid the groundwork for stable isotope
tracer research. With stable isotopes, it became possible to carry out routine studies in both pre-
clinical and clinical settings without the safety and ethical constraints associated with the use

of radioisotopes.

With isotopic tracers, the fraction of hepatic or VLDL lipid that was synthesized via DNL can
be measured. The principal tracer approaches for quantifying fractional DNL rates have
involved carbon-based tracers such as *C- or *C-acetate as well as labelled water (°H.0
or 3H20) (J. G. Jones, 2014). Carbon-based tracers result in obligatory enrichment of the acetyl-
CoA precursor pool followed by passage of the carbon label through subsequent intermediates
of the DNL pathway. In the case of the labelled hydrogens of water (which from this point on
will focus on the stable 2H isotope), these are partially incorporated at the level of acetyl-CoA
or precursor substrates as well as in the subsequent hydration and reduction steps of fatty acyl
synthase (FAS). The terminal methyl hydrogens of synthesized fatty acyls are directly
descended from the initial acetyl-CoA molecule that became bound to FAS and therefore
reflects the isotopic enrichment of acetyl-CoA at the moment of recruitment by DNL (J. G.

Jones, 2014).
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13C-Enriched acetate was developed as a tracer for DNL studies in both animal models and
humans. Acetate is directly converted in the cytosol to the acetyl-CoA precursor. Infusion with
either [1-3Clacetate or [2-'*C]acetate yield similar results (Hellerstein et al., 1991), therefore
the less costly [1-13CJacetate has been the most widely used. For determining the fatty acid
fractional synthetic rate from plasma triglyceride enriched with 3C following infusion of [1-
13CJacetate, an approach known as Mass Isotopomer Distribution Analysis (MIDA) was
developed by Hellerstein and Neese (Hellerstein & Neese, 1992). Essentially, MIDA considers
that, in the synthesis of polymers (fatty acids can be considered a polymer of acetyl-CoA) the
enrichment of the final polymer follows a binomial distribution which is a function of the
enrichment of the monomers (the p value) and the number of monomers that constitute the
polymer (the n value). Therefore, if both the p and the n value are known, the synthesis rate of
the polymer can be determined based on the polymer’s enrichment ratio. MIDA has also been
applied to the analysis of fatty acid enrichment from deuterated water (F. Diraison et al., 1996,
1997; W. N. P. Lee, Bassilian, Ajie, et al., 1994; W. N. P. Lee, Bassilian, Guo, et al., 1994;
Leitch & Jones, 1993). *C-Acetate administration requires a lengthy intravenous infusion
period prior to sampling of C-enrichment in the lipid product because turnover and
appearance rates for lipid products are usually much slower than for other metabolites such as
glucose. Even for lipid pools with relatively fast turnover such as liver and VLDL triglyceride,
8-hour infusions yield fractional synthetic rates of <5 % with 24 hour infusions yielding ~3-
fold higher values (Parks et al., 1999; Timlin et al., 2005). These lengthy infusion times require
several grams of [1-1®Clacetate per subject but are essential for achieving quantifiable
enrichment levels of the lipid products (Vedala et al., 2006). In addition, zonation across the
liver may result in gradients of precursor enrichment that can lead to underestimates of fatty
acid fractional synthetic rates (I. R. Bederman, Kasumov, et al., 2004; 1. R. Bederman, Reszko,

et al., 2004). In any event, this method becomes impractical for the study of lipid metabolites
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with slow turnover, such as the triglyceride fatty acids of peripheral adipose tissues, since
infusion times of several days would be required to achieve measurable **C-enrichment of the

product.

Deuterated water (2H20) is an alternative lipogenesis tracer that is being increasingly used due
to several advantages over carbon-based tracers. In addition to being relatively inexpensive,
2H,0 quickly equilibrates with the total body water (TBW) pool, is easily administered over
long periods (necessary for adipose TG and fatty acid kinetics), requires no intravenous
infusion, and allows for the simultaneous measurement of several processes, notably the
synthesis of both fatty acid and glycerol components of triglyceride. In animal models, an
initial loading dose of 2H,0 is given orally or via intraperitoneal injection to achieve a target
body water enrichment of 3-5%. This enrichment level can then be maintained indefinitely by
enriching the drinking water with 2H;O. The steady-state body water enrichment is
systematically lower than that of the drinking water, presumably due to dilution from unlabeled
metabolic water generated from food and due to water exchange through respiration (W. N. P.
Lee, Bassilian, Ajie, et al., 1994). Because of this, enrichment of the drinking water is usually
set to be higher than that of the target body water (i.e. for a target body water of 4%, a drinking
water enrichment of 5% would be prepared). For human studies, body water enrichment levels
of 0.3-0.5% are typically achieved by drinking 250-350 ml of 70-99% enriched 2H20. Since a
single of ingestion of >200 ml of highly-enriched deuterated water induces vertigo (Brandt,

1990), the loading dose is typically divided into 3 portions and ingested over a 1-hour interval.

2H from water is incorporated into the triglyceride fatty acid acyl chain and glycerol moiety by
several mechanisms as follows: 1), chemical exchange of water and precursor metabolite

hydrogens catalyzed by enzymes of glycolysis, TCA cycle and aminotransferases; 2), direct
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addition of water hydrogen to the growing fatty acid chain via the enoyl-CoA reductase step,
and 3), exchange of water hydrogens with NADPH followed by reductive incorporation into
the growing fatty acid chain at the 3-ketoacyl-ACP reductase and enoyl-CoA reductase steps.
Exchange between water and NADPH hydrogens in turn will depend on whether NADPH was

formed via the pentose pathway, malic enzyme or 10-formyl tetrahydrofolate routes.

A principal uncertainty in the use of 2H,O for measuring of lipid biosynthesis is the lack of
information on the efficacy of these various exchange processes in transferring 2H from body
water to the lipid product via the precursors and metabolic intermediates. It has been previously
assumed that acetyl-CoA enrichment is equivalent to that of body water; that is, exchange of
acetyl-CoA methyl and water hydrogens is complete at the point of ACC and FAS (T. C.
Delgado et al., 2009; Soares et al., 2012). However from analysis of hepatic glutamine
hydrogen 4 to hydrogen 3 enrichments from 2H,O in humans, the estimated acetyl-CoA ?H-
enrichment was only 66% of its theoretical value (Barosa et al., 2010) while the same
methodology applied to in situ and perfused rat livers revealed enrichments that were 71% and
53% of theoretical values, respectively (A. M. Silva et al., 2011). On the other hand, analysis
of cytosolic acetyl-CoA enrichment via N-acetyl p-amino benzoic acid (N-acetyl-PABA) in
feeding mice reported enrichments that were equivalent to that of body water (F Carvalho et
al., 2011; Duarte et al., 2014). In rodents administered 2H.O, GC-MS analyses of liver
triglyceride palmitate reported 2H enrichment levels that were only ~70% of the theoretical
value (F. Diraison et al., 1996; W. N. P. Lee, Bassilian, Ajie, et al., 1994; W. N. P. Lee,
Bassilian, Guo, et al., 1994). Based on these data, a correction factor (N) representing the
average number of palmitate hydrogens enriched with 2H is used to adjust the measured molar
2H-enrichment of palmitate. Since GC-MS does not resolve different fatty acid ?H-enrichment

sites, it does not reveal to what degree the different mechanisms of 2H labeling (i.e., reductive
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NADPH transfer, hydration, acetyl-CoA and malonyl-CoA incorporation) contribute to the
incomplete stoichiometry of fatty acyl ?H enrichment. Factors that might be involved include
discrimination of 2H versus 'H incorporation into metabolites due to Kinetic isotope effects
and/or slow exchange rates of body water and metabolite hydrogens relative to the rate of flow
of metabolic intermediates through the DNL pathway. In the case of palmitate, three of its 31
hydrogens are derived from acetyl-CoA, with the remainder originating from NADPH (14),
malonyl-CoA (7) and directly from body water (7) (Duarte et al., 2014). While the reducing
hydrogen of NADPH does not directly undergo spontaneous exchange with that of water, redox
cycling between NADPH and intracellular flavin enzymes such as glutathione reductase enable
exchange between water and NADPH hydrogens (Z. Zhang et al., 2017). Whether this (or
indeed any other exchange process) is sufficiently rapid to fully equilibrate 2H-enrichment of
body water and intracellular NADPH between the time it was generated from NADP* and then
utilized for DNL is not currently known. Malonyl-CoA is generated from acetyl-CoA via ACC,
hence its methylene hydrogens are derived from the methyl hydrogens of acetyl-CoA.
Therefore, 2H-enrichment of the malonyl-CoA methylene hydrogens is assumed to be at least
equal to that of the acetyl-CoA methyl hydrogens. For studies where the level of excess 2H
enrichment from administered 2H,O is not substantially above background levels, the
background 2H enrichment level of the analyte must be directly measured since it may differ
considerably from the benchmark Vienna Standard Mean Ocean Water value of 0.015576%

(Leitch & Jones, 1993).

Enrichment of lipid hydrogens from 2H,0 can also be resolved and quantified by 2H NMR
spectroscopy of isolated lipids (Belew et al., 2019; T. C. Delgado et al., 2009; Duarte et al.,
2014;J. C. P. Silvaetal., 2019; Soares et al., 2012; Viegas et al., 2016). This method has much

lower sensitivity compared to MS, requiring 5-50 umol of analyte in the typical experimental
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setting for 2H,0 studies (0.5-5.0 % body water enrichment). However, in addition to being non-
destructive to the sample, NMR provides a much higher level of positional enrichment
information compared to MS which yields a more detailed picture of lipid biosynthetic.
Resolution of 2H enrichment in the fatty acid position 2 and 3 hydrogens provides a direct
measure of fatty acid elongation activity since enrichment of position 2 is the sum of elongation
and DNL while that of position 3 is from DNL only (Duarte et al., 2014). Resolution of the 2H
NMR signal representing the allyl hydrogens of monounsaturated fatty acids (principally oleate
and palmitoleate) gives a measure of fatty acid desaturation activity (Duarte et al., 2014).
Finally for intact triglyceride, signals representing the methylene hydrogens of glycerol inform

the fractional rate of triglyceride glycerol synthesis (Duarte et al., 2014).

In addition to providing positional 2H-enrichment information, NMR analysis can also be used
to quantify low levels of lipid **C-enrichment from a second tracer such as [U-'*C]fructose
with minimal interference of one tracer with the other (J. C. P. Silva et al., 2019). This
combination provides a means of determining contributions of individual substrates such as

fructose and glucose to lipid biosynthesis.

2.4. How contributions of individual substrates to DNL are
measured

Acetyl-CoA can be generated from a diversity of precursors including glucose, fructose and
microbially-generated acetate (Figure 4). Profiling the sources of lipogenic acetyl-CoA in the
liver is challenging for three principal reasons. First, the diversity of potential acetyl-CoA
sources hinders the identification and quantification of contributing substrates by conventional
tracer methods. Second, hepatic intermediary metabolism features a number of substrate and

metabolite recycling pathways that, among other things, randomize the positional **C-
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enrichment during conversion of a **C-enriched substrate to **C-enriched acetyl-CoA. Thirdly,
there is substantial evidence that hepatocytes have distinctive intracellular acetyl-CoA pools
that are enriched to different levels by 3C-enriched acetyl-CoA precursors (J. G. Jones, 2014).
Thus, for determining 2*C-enriched substrate contributions to DNL, either the true cytosolic
acetyl-CoA precursor pool must be selectively sampled (F Carvalho et al., 2011; Filipa
Carvalho et al., 2013), or alternatively, enrichment of acetyl-CoA units within newly
synthesized fatty acids needs to be measured (J. C. P. Silva et al., 2019). This is achieved by
integrating lipid ?H-enrichment NMR data which informs the fraction of newly-synthesized
fatty acid or glycerol moieties within tissue triglyceride, with 3C-NMR isotopomer analysis
which precisely measures the enrichment of the fatty acid chain from [U-'Clacetyl-CoA

generated from a [U-*C]sugar substrate (Figure 4) (J. C. P. Silva et al., 2019).
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Figure 4: Integration of 2H,O and [U-*C]sugar substrates to quantify the contribution of
exogenous sugar as part of a glucose/fructose mixture to de novo synthesis of TG fatty acid

and glycerol moieties adapted from Silva et al. (J. C. P. Silva et al., 2019). The [U-*C]fructose

Getachew Debas Belew 74 July, 2021




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. 2H-enrichment of triose-P and glycerol
hydrogens, the methyl hydrogens of pyruvate, acetate, acetyl-CoA, and the terminal (w)
hydrogens of TG fatty acyls, are represented by blue boxes. Note that the combination of
unlabeled fructose and [U-3C]glucose generates the same set of triose-P and FA 13C-
isotopomers (J. C. P. Silva et al., 2019). Some metabolic intermediates were omitted for clarity.
Abbreviations: 2H,0, Deuterated water; F-1-P, Fructose 1-phophate; F-6-P, Fructose 6-
phosphate; F-1,6-P, Fructose 1,6-bisphosphate; G-3-P, Glyceraldehyde 3-phosphate; G-6-P,

Glucose 6-phosphate.
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3. RESEARCH OBJECTIVES

Hepatic steatosis is a result of an over accumulation of lipids within the liver secondary to
excess consumption of carbohydrate and/or fat. Since refined sugar, and in particular, fructose,
is assumed to be largely metabolized in liver, its role in promoting NAFLD has been to date
explained by its unregulated conversion to fatty acids via DNL. In the Western diet, high sugar
ingestion is typically accompanied by high levels of saturated fat. To what extent high sugar
per se accentuates the already high NAFLD risk from high fat feeding is unclear. In addition,
many mouse models of high sugar feeding fail to induce weight gain and adiposity and only
develop relatively mild NAFLD. Moreover, different mouse strains show different
susceptibilities to developing NAFLD from high sugar diets. The C57BL/6J mouse strain has
been shown to be more susceptible to diet-induced obesity compared to other strains. In order
to better understand the relationship between high sugar feeding and DNL in this setting, we
will clarify some current uncertainties in quantifying DNL rates from deuterated water in order
to obtain more precise estimates of these fluxes. We will also determine the role of dietary
fructose and glucose in sustaining PPP activity — an essential requirement for DNL. Finally,
the effects of high dietary fat on sugar-induced DNL activity in this mouse model will be

evaluated.
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1. RESEARCH METHODOLOGY

This is distributed among four main tasks as follows:

Task 1 Validation of NAFLD development from high sugar and/or high fat feeding in
mouse models: The aim was to verify NAFLD in the C57BL/J6 mouse by high sugar and/or
high fat feeding. The C57BL/J6 mouse is reported to develop NAFLD when fed a normal
chow diet supplemented with 30% sucrose in the drinking water for 8 weeks (Bedogni et al.,
2006; Bergheim et al., 2008). To confirm NAFLD onset in our experimental setting, adult
mice were placed on this diet and compared to controls fed normal chow only. Food intake
and body weight were periodically monitored. In order to fully validate and confirm the
development of NAFLD and NASH the high-sugar feeding was continued for 18 weeks until
these NAFLD markers reach significance. Cohorts of mice fed with high fat and high fat +
30% sucrose in drinking water diets were undergo the same evaluations. The details of the

animal studies are discussed in the following chapters.

Task 2 Implementing tracer administration and tissue analysis protocols on the NAFLD
mouse model: The aim is to implement tracer and permeability measurements in the NAFLD
mouse models under natural feeding conditions and develop post-mortem tissue sampling
protocols for liver and portal vein blood such that all of the proposed tracer, intestinal
permeability, and microbiota measurements are performed for each animal. At the onset of the
final evening, the mice were placed in metabolic cages and intraperitoneally injected with
99.9% 2H,0 in saline (40 mg/g body mass). The drinking water was replaced with water
enriched to 5% with 2H,0 and containing 30% sucrose (a mixture of 45% glucose and 55%

fructose) where one or the other sugar was enriched with [U-*C]hexose. The next morning,
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the mice were euthanized and dissected for harvesting of portal vein blood and liver into liquid
nitrogen. The details of tracer implementation and administrations are discussed in each

research works of the following chapters.

Task 3 Tissue processing and analysis: the freeze-clamped liver tissues were processed for
extracting and purifying the liver triglyceride as previously described (Belew et al., 2019; J. C.
P. Silva et al., 2019; Viegas et al., 2016). Then, analysed sequentially by *H, 2H and *3C NMR
to obtain overall metabolite profiles and to assess metabolite **C-enrichment from [U-13C]
fructose and glucose, and profiling the triglyceride as well as measuring the DNL and
glyceroneogensis. The details of liver tissue processing and analysis method are covered in the

following chapters.

Task 4: Data Processing, Statistics & Power analysis: The objectives were to define
significance levels of alterations in metabolic, physiological and microbiological parameters
for sugar-fed and/or high-fat versus control mice and also examine correlations between
different sets of variables within groups (i.e. lipogenic fluxes and intestinal permeability). All
data were presented in tables using appropriate and accepted units and accompanied with
standard errors of mean. In this work, parameters between different conditions (i.e. control
versus high sugar feeding) were compared. Also, longitudinal changes in certain parameters
within individual animals were evaluated (for example weight). Statistical significance
between different subject groups were evaluated using the appropriate ANOVA tests. P values
of less than 0.05 were considered as significant. From previous experience, the metabolic flux
measurements were associated with the highest amount of variability compared to other
parameters such as metabolite levels etc., hence the minimum number of animals per group

were based on the predicted variances of the proposed lipid metabolic flux data. Based on the
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means and coefficients of variation of our previously published data (Duarte et al., 2014), we
predicted that to resolve a 20 % difference in metabolic flux parameters required 12-16 animals

per study group to achieve a study power of 80% at a significance level of 5%.
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TRANSFER OF GLUCOSE HYDROGENS VIA
ACETYL-COA, MALONYL-COA AND NADPH TO
FATTY ACIDS DURING DE NOVO LIPOGENESIS

1. INTRODUCTION

There is currently high interest in the measurement of de novo lipogenesis (DNL) to better
understand its role in the dyslipidemia of diseases such as type 2 diabetes and fatty liver disease
(F. Diraison et al., 2003; Forcheron et al., 2002; Saponaro et al., 2015). Fractional DNL rates
can be measured from incorporation of deuterated water (°H.0) into fatty acids (F. Diraison et
al., 1997; Duarte et al., 2014), an inexpensive and simple method that can be applied to humans,
animal models, and cell cultures. 2H enrichment of fatty acids from 2H2O is conventionally
measured by MS, where all the fatty acid chain hydrogens are considered as a single traceable
entity (F. Diraison et al., 1997). While this provides amplification of the m+1 signal arising
from 2H incorporation, it does not resolve the carbon-bound fatty acid hydrogens according to
their metabolic sources (see Figure 5). It was reported that in rats, about 30% of plasma
triglyceride palmitate hydrogens had not exchanged with ?H body water (F. Diraison et al.,
1996; W. N. P. Lee, Bassilian, Ajie, et al., 1994), while for palmitate derived from cultured
cells, this non-exchanged fraction was even higher (W. N. P. Lee, Bassilian, Guo, et al., 1994).
Therefore, for DNL measurement, the 2H enrichment of fatty acids measured by MS needs to
be corrected by a predetermined factor related to the number of deuterium atoms that were
incorporated per molecule of fatty acid, referred to as N (F. Diraison et al., 1996).
Stoichiometric 2H enrichment of fatty acids from 2H,O is conditional on full exchange between
the hydrogens of water and those of the acetyl-CoA methyls, the malonyl-CoA methylenes,

and the reducing hydrogen of NADPH.
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Figure 5: Sources of hydrogens for the synthesis of palmitoyl-CoA from glucose and body
water via fatty acyl-CoA synthase, with the butyryl acyl carrier protein (Butyryl-ACP)
intermediate also shown. When glucose is metabolized via glycolysis, hydrogens 1 and 6
(shown in blue) are transferred to pyruvate and then to acetyl-CoA and malonyl-CoA
(represented by blue italic). During the first cycle of fatty acid synthesis, acetyl-CoA and
malonyl-CoA hydrogens are incorporated into the terminal methyl group and one of the
position 2 hydrogens of butyryl-ACP, respectively. In the palmitoyl-CoA product, this
corresponds to the terminal methyl hydrogens and one of the methylene hydrogens attached to
each even-numbered carbon. When glucose is metabolized via the pentose phosphate pathway
(PPP), hydrogens 1 and 3 (shown in red) are transferred to NADPH. During the first cycle of
fatty acid synthesis, these are incorporated into both position 3 hydrogens of butyryl-ACP and
subsequently into both methylene hydrogens attached to each odd-numbered carbon of

palmitoyl-CoA. The remaining hydrogen in position 2 of butyryl-ACP is derived from body
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water (shown in gray) and is incorporated into one of the methylene hydrogens attached to
each even-numbered carbon of palmitoyl-CoA. The color scheme indicates possible labeling

sites only and is not meant to represent the stoichiometry of hydrogen transfer.

A less than theoretical 2H enrichment of the fatty acids implies that hydrogen exchange is
incomplete, but to what degree this occurs for each of the metabolic precursors is not known.
To address this, we provided mice with [U-?H7]glucose and performed 2H NMR analysis of
liver triglyceride (T. C. Delgado et al., 2009; Duarte et al., 2014; Viegas et al., 2016) to
determine the extent to which the ?H were transferred into positions 2 and 3 and the terminal
methyl hydrogens of hepatic fatty acids: each position reflecting 2H transfer from glucose via
malonyl-CoA, NADPH, and acetyl-CoA, respectively. Our data indicate that there was a
substantial transfer of glucose hydrogen to newly synthesized fatty acids via NADPH,
corresponding to a limited exchange with water hydrogen, but relatively low transfer via
malonyl-CoA and acetyl-CoA intermediates, indicating extensive hydrogen exchange at these

loci of the DNL pathway.
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2. METHODS

2.1. Materials

[U-2H7]- and [U-13Cg]glucose at 98-99% enrichment were obtained from Sigma-Aldrich. [3-
2H]glucose at 98% enrichment was obtained from Omicron Biochemicals, South Bend, IN,

USA.

2.2. Animal studies

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. Adult male C57BL/6J mice were obtained from Charles
River Laboratories, Barcelona, Spain, and housed at the University of Coimbra Faculty of
Medicine Bioterium, where they were maintained with a 12 hours light/12 hours dark cycle.
Upon delivery to the Bioterium, mice were provided a 2 week interval for acclimation, with
free access to water and standard chow. Following acclimation, the drinking water was
supplemented with glucose and fructose (15.0 g of each sugar to 100 g of water). In the first
set of studies, the glucose was enriched to 20% each with [U-2H7]glucose and [U-'3Cs]glucose.
In a second set of studies, glucose was enriched to 16% each with [3-?H]glucose and [U-
13Ce]glucose. In the third set of experiments, mice were administered an intraperitoneal
injection of 99.9% 2H,0 containing 9 mg NaCl per milliliter at a dose of 4 g/100 g body mass
at the start of the dark period. For these animals, the drinking water was enriched to 5%
with 2H,0 and the glucose was enriched to 50% with [U-*Cg]glucose but not with 2H. 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

Getachew Debas Belew 84 July, 2021



were freeze-clamped and stored at —80°C until further processing for triglyceride extraction

and purification.

2.3. Triglyceride extraction and purification

Liver triglyceride was extracted and purified as previously described (Viegas et al., 2016).
Briefly, livers were powdered under liquid nitrogen and then rapidly mixed with HPLC-grade
methanol (4.6 ml/g) followed by methyl-tert-butyl ether (MTBE) (15.4 ml/g). The mixture was
placed in a shaker for 1 hour at room temperature and then centrifuged at 13,000 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 1,000 g. The upper organic phase containing the lipids was
carefully separated and dried under nitrogen gas in a dark glass vial. Triglycerides from the
dried lipid extracts were purified with a solid phase extraction (SPE) process. Discovery DSC-
Si SPE cartridges (2 9/12 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 pul of hexane/MTBE (200/3;
v/v) and added to the column after washing. The lipid vials were washed with a further 500 pl
solvent to quantitatively transfer the lipids to the column. Triglycerides were eluted with 32 ml
of hexane/MTBE (96/4; v/v), collected in 4 ml fractions. Fractions containing triglycerides
were identified by thin-layer chromatography (TLC). A few microliters of the eluted fractions
were spotted on the TLC plate alongside triglyceride 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 by iodine vapor. The triglyceride-containing fractions were pooled and dried under

nitrogen gas and stored at —20°C until ready for NMR analysis.
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2.4. NMR analysis

Purified triglycerides were dissolved in ~0.5 ml CHCIz. To these, 25 ul of a pyrazine standard
enriched to 1% with pyrazine-ds and dissolved in CHCI3 (0.07 g pyrazine/1 g CHCIs), and 50
ul of CsFs were added. *H and 2H NMR spectra were acquired with an 11.7 T Bruker Avance
Il HD system using a dedicated 5 mm 2H-probe with ‘°F lock and 'H-decoupling coil as
previously described. *H spectra at 500.1 MHz were acquired with a 90° pulse, 10 kHz spectral
width, 3 seconds acquisition time, and 5 seconds pulse delay. Sixteen free-induction decays
(fid) were collected for each spectrum. 2H NMR spectra at 76.7 MHz were obtained with a 90°
pulse, a 1,230 Hz sweep width, an acquisition time of 0.37 seconds, and a pulse delay of 0.1
seconds. Between 10,000 and 20,000 fid were acquired for each spectrum. Correction factors
were applied to all 2H triglyceride signals to adjust their intensities relative to the partially
saturated 2H pyrazine standard signal. These were obtained as mean values from a set of seven
liver triglyceride samples obtained from mice administered with 2H,O. 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. The correction factors for the 2H signals in fatty
acid position 2, position 3, and methyl hydrogens were 0.51, 0.52, and 0.88, respectively.
For 13C isotopomer analysis by *3C NMR, dried triglyceride samples were dissolved in 0.2 ml
99.96% enriched CDCls (Sigma-Aldrich) and placed in 3 mm NMR tubes. 1*C NMR spectra
were acquired at 150.8 MHz with an Agilent V600 spectrometer equipped with a 3 mm
broadband probe. Spectra were acquired with a 70° pulse, an acquisition time of 2.5 s, and a

0.5 s pulse delay. For each spectrum, 2,000-4,000 fid were collected.
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2.5. Quantification of triglyceride positional 2H and 3C
enrichments

Positional 2H enrichments of triglyceride fatty acids were quantified by analysis of *H and ?H
NMR triglyceride spectra as previously described (Duarte et al., 2014; Viegas et al., 2016).
From the methyl and carboxyl **C NMR resonances, positional *3C enrichments of fatty acids
were estimated from the ratio of 3C-1*C-spin-coupled doublet signals (representing positional
isotopomers derived from [1,2-13C]acetyl-CoA) to the singlet signal, representing the 1.11%
natural abundance *C (see Figure 6). From the methyl singlet and doublet *3C NMR signals,
the 13C enrichment of fatty acids from [1,2-13C;]acetyl-CoA in the methyl position was

calculated as follows:

Excess *C-enrichment of fatty acid methyls (%) = Methyl D/Methyl S x 1.11
Where Methyl D and Methyl S are the doublet and singlet components, respectively, of
the *C-signal of the fatty acid terminal methyls and 1.11 represents the background *3C

enrichment (%).
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Figure 6: Representative 3C NMR spectrum of liver triglyceride isolated from a mouse that
ingested glucose enriched with [U-*Cg]- and [U-2H7]glucose. The insets show the *C-3C-
spin-coupled doublets for the fatty acid methyl and position 1 sn1,3 carboxyls enriched with
[U-13C;]acetyl-CoA derived from [U-3Cg]glucose metabolism (D) and natural-abundance
singlets from fatty acids that were not enriched (S). Under these conditions, excess 3C-
enrichment of positions 1 and 2 are equivalent therefore position 2 enrichment can be inferred

from analysis of the position 1 signals.
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Assuming that fatty acid enrichment from [1,2-*C;]Jacetyl-CoA via elongation was limited to
position 1 and 2 carbons, enrichment of carbon 3 was assumed to be equivalent to that of the

terminal methyl carbon.

From analysis of the fatty acid singlet and doublet carboxyl *3C-signals, excess enrichment of

the position 1 of fatty acids from [1,2-*C;]acetyl-CoA was estimated as follows:

Position 1 Excess '*C-enrichment (%) =X D/Z S x 1.11

Where D and IS are the summed doublet and singlet components, respectively, of the 13C-
carboxyl resonances and 1.11 represents the background *C enrichment (%). Excess

enrichment of the fatty acid position 2 carbon was assumed to be equal to that of position 1.

For determining the fractional rate of [U-?H7]glucose transfer into acetyl- and malonyl-CoA
relative to that of [U-Cs]glucose, the 2H/*3C enrichment ratios of the terminal methyl and
carbon 2 positions were divided by 1.5 to account for the fact that there are three 2H for every
two °C in the initial glucose mixture. For estimating the fractional rate of [U-?H7]glucose
transfer into NADPH relative to the lipogenic utilization of [U-*Cg]glucose, we assumed that
two 2H were transferred per glucose molecule corresponding to one ?H per acetyl-CoA derived

from glucose.

2.6. Statistics

All results are presented as mean + standard error and comparisons were made by an unpaired

two-tailed Student's t-test performed with Microsoft Excel.
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3. RESULTS

Mice that were provided with the mix of [U-?H7]- and [U-'3Cs]glucose yielded liver
triglycerides that were enriched in both $3C and ?H (Table 2). Both 2H and **C NMR spectra
featured composite signals of the inner fatty acid methylenes and well-resolved resonances
representing both ends of the fatty acid chain (Figure 6, Figure 7A). Enrichment from [U-
13Cg]glucose was relatively uniform between terminal and proximal carbons indicating that
DNL was the main route for incorporation of glucose carbons into fatty acids with elongation
playing a relatively insignificant role ®. In comparison, enrichment of fatty acid sites from [U-
Hr]glucose was highly heterogeneous, as seen by the very different intensities of positions 2
and 3 and the terminal methyl resonances (Figure 7A) and the excess 2H enrichments estimated
from these signals (Table 2). Normalizing the fatty acid enrichment from [U-2H7]glucose to
that of [U-13Cg]glucose provides a measure of the fractional retention of the [U-2H7]glucose ?H
atoms in a given position (Table 3). These data revealed that for those fatty acids that were
synthesized from exogenous glucose, far more 2H was transferred into the position 3 hydrogens
compared with either position 2 or the terminal methyl hydrogens. This indicates a greater
exchange of 2H and water hydrogens during the conversion of [U-?H7]glucose to acetyl-CoA
and malonyl-CoA compared with hydrogen transfer via pentose phosphate pathway (PPP)
oxidation and NADPH. Only one of the fatty acid position 2 hydrogens is derived from
malonyl-CoA, the other originates from body water. Therefore, based on the observed fatty
acid position 2 2H/*3C enrichment ratio of 6%, we can infer that the 2H/**C enrichment ratio of
the malonyl-CoA precursor was 12%. This is similar to the 14% estimated for the initial acetyl-

CoA pool recruited by fatty acyl-CoA synthase (FAS).

3f elongation had been a significant route for [U-*Cs]glucose incorporation, enrichment of the proximal fatty
acid carbons would be significantly higher than that of the terminal carbons.
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Table 2: Fatty acid *C and 2H enrichments from mice provided with glucose enriched with

[U-13C¢]- and [U-?H7]glucose and [U-3Cg]- and [3-?H]glucose.

Experiment Isotope
Methyl Position 2 Position 3

200 [U-Ce]glucose 13C 0.99+0.06 | 1.04+0.07* | 0.99+0.06*

+
20% [U-*H7]glucose (n=11) 2H 023+0.02 | 0.09+001 | 0.49+0.05

13

169 [U-Ce]glucose C 0.77 £ 0.02 0.83 +0.03 0.77 £0.02

+
16% [3-“H]glucose (n=5) 2 0.01+0.01 nd. 0.17 £0.02

Fatty acid *C and 2H enrichments from a group of eleven mice provided with glucose enriched

to 20% with [U-13Cs]- and [U-2H7]glucose and a second group of five mice provided with

glucose enriched to 16% with [U-3Cs]- and [3-2H]glucose.

n.d., not detected (signal-to-noise ratio <3:1).

# 13C-excess enrichment of fatty acid position 1 carboxyl carbons was assumed to be

equivalent to that of position 2.

*
13C-excess enrichment of fatty acid position 3 was assumed to be equivalent to that of

the methyl carbon.
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Figure 7: A: A representative 2H NMR spectrum of purified liver triglyceride acquired from a
mouse provided with glucose enriched with equimolar amounts of [U-?H7]glucose and [U-
13Ce]glucose. B: A 2H NMR spectrum of triglyceride acquired from a mouse provided with
glucose enriched with equimolar amounts of [3-?H]glucose and [U-*Cg]glucose. C: A 2H
NMR spectrum of triglyceride acquired from a mouse provided with ?H,O and [U-
13Ce]glucose. For the spectra, the signals corresponding to 2H in the fatty acid terminal methyl
(TM) as well as in fatty acid position 2 (H2) and position 3 (H3) are indicated in bold. Also
indicated are signals from 2H in fatty acid olefinic sites and glyceryl position 2 (OL-G2), 2H
from glycerol sn1,3 positions (G1,3), H bound to the allylic carbon of monounsaturated fatty

acids (AL), and 2H bound to the inner methylene carbons (ME).
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We performed an additional a set of studies where [U-*Cg]glucose was accompanied by [3-
H]glucose, where incorporation of H into fatty acids from this precursor occurs exclusively
via NADPH. Taking into account the lower 2H/*C precursor enrichment (16% versus 20% for
the [U-2H7]glucose/[U-13Cs]glucose experiments), the fatty acid *3C enrichment distributions
were consistent with those of the [U-2H7]glucose/[U-'Cs]glucose study. This indicates that for
both studies, exogenous glucose had been utilized to the same extent for DNL. Figure 7B shows
a representative 2H NMR spectrum of liver triglyceride from a mouse provided with the [3-
2H]glucose/[U-3Cg]glucose mixture. In accordance with the predicted metabolic fate of the 2H
label, fatty acids were enriched in position 3, while enrichment of position 2 was not detectable
and the terminal methyl had a vestigial 2H signal. Given the substantial transfer of glucose
hydrogens into the position 3 of fatty acid relative to position 2, it might be expected that for
mice administered with 2H,0, enrichment of fatty acid position 3 would also be less than that
of position 2. However, as shown by Figure 7C, the intensities of position 2 and 3 signals were
similar, and there was no significant difference between the ?H enrichments quantified for each

site (1.79 £ 0.19% and 1.81 + 0.19% for positions 2 and 3, respectively).
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Table 3: 2H/®C enrichment ratios for fatty acid position 2, position 3, and terminal methyl

Fatty acid positional 2H/*C enrichment ratios

Position 2 Position 3 Methyl
[U-2H7]/[U-3Cs]glucose 0.06 + 0.01* 0.46 + 0.04** 0.14 +0.01
2 13
ARG = Not determined 0.22 £0.02 Not determined

13C/2H enrichment ratios for fatty acid positions 2 and 3 and methyls estimated from the group
of eleven mice provided with [U-?H7]- and [U-*3Cg]glucose and that of fatty position 3 from
the group of five mice provided with [3-2H]- and [U-*3Cs]glucose.

*p < 0.005 compared to methyl.

**p < 10~ compared to methyl.
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4. DISCUSSION

Since the pioneering studies of Beylot and coworkers (F. Diraison et al., 1996, 1997), 2H,0 has
been extensively used as a tracer for quantifying fractional DNL rates. From the beginning, it
was understood that 2H incorporation into fatty acids might be limited by a) incomplete
exchange of body water and metabolite hydrogens and/or b) discrimination against the
incorporation of H into these precursors or intermediates of FAS due to Kinetic isotope effects.
In the present study, by quantifying fatty acid positional enrichments corresponding to the
transfer of 2H from [U-2H7]glucose via acetyl-CoA, malonyl-CoA, and NADPH, the extent of
glucose hydrogen exchange during its conversion to fatty acids via each intermediate was

evaluated.

4.1. Exchange of glucose ?H during the formation of acetyl-
CoA and malonyl-CoA

Glycolysis of [U-2H7]glucose yields one pyruvate with a single 2H and a second pyruvate with
two 2H in the methyl position. Therefore, there are 1.5 equivalents of ?H for each pyruvate. If
this pyruvate is recruited for lipogenesis via acetyl-CoA, citrate, and cytosolic acetyl-CoA, one
of the methyl hydrogens undergoes obligatory exchange with water, resulting in one equivalent
of 2H per cytosolic acetyl-CoA. While pyruvate methyl hydrogens can undergo extensive
exchange with water via alanine aminotransferase (WALTER et al., 1975), there is evidence
that not all intracellular pyruvate participates in this process. For example, in perfused rat hearts
supplied with [3-2Hs,1-*C]pyruvate, Funk et al. observed a significantly higher retention of 2H
in lactate compared with alanine at 3 and 6 min of perfusion (Funk et al., 2019). Moreover,
pyruvate molecules with 2H in the methyl position may be metabolized at different rates to

those without ?H. In the same setting, [U-?H7, U-13Cg]glucose was less efficiently incorporated
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into the Krebs cycle compared with [U-13Cg]glucose (Funk et al., 2017), suggesting that the
presence of H in the methyl hydrogens of acetyl-CoA was attenuating its conversion to citrate
via citrate synthase. Thus, while there is an efficient exchange mechanism for incorporating *H
from water into the methyl sites of pyruvate, there may be intracellular pyruvate pools that do
not experience this exchange. Moreover, pyruvate molecules that do become enriched with 2H
may be transformed into citrate and cytosolic acetyl-CoA at slower rates in comparison to their
non-deuterated counterparts. In our study, we found that for the initial FAS-bound acetyl-CoA
that was derived from exogenous [U-2H7]glucose, 86% of 2H had been exchanged for *H. From
analysis of cytosolic acetyl-CoA ?H enrichment from 2H,O via chemical biopsy, Duarte et al.
concluded that exchange between the methyl hydrogens of this precursor and body water was
~100% (Duarte et al., 2014). In our experimental setting, exogenous glucose contributes a
minor fraction (~10%) of hepatic DNL (J. C. P. Silva et al., 2019). In the presence of 2H0, it
is probable that endogenous DNL sources, including acetyl-CoA derived from fructose, lactate,
and microbial acetate, will be already enriched to a significant extent with 2H prior to being
recruited for DNL. For these reasons, we believe that the overall hydrogen exchange fraction
of the lipogenic acetyl-CoA pool is closer to 100% than to 86%. Thus, in our experimental
setting, animals provided with ?H,O would be expected to have near-equivalent ?H
enrichments of acetyl-CoA methyl hydrogens and body water. For [U-?H]glucose that was
metabolized to fatty acid via malonyl-CoA, exchange of ?H with *H was similar to that
observed for acetyl-CoA. Therefore, enrichment of malonyl-CoA from ?H,0O would also be

expected to approach that of body water.
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4.2. 2H transfer from glucose to fatty acids via NADPH

2H that were metabolized from glucose to fatty acids via NADPH were more highly retained
in comparison to those transferred via acetyl-CoA and malonyl-CoA. During PPP oxidation,
the first and third hydrogens of glucose are transferred to NADPH, hence [U-?H7]glucose
contributes two 2H, while [3-H]glucose only contributes one. In accordance, transfer of ?H to
fatty acid position 3 from [U-2H7]glucose was found to be approximately twice that from [3-
2H]glucose (46% vs. 22%, see Table 3). This indicates that under our study conditions, there
was no additional loss of 2H from glucose position 1 compared with position 3, for example,
by exchange of glucose-6-phosphate with fructose-6-phosphate and mannose-6-phosphate
(Chandramouli et al., 1999). Direct studies of intracellular NADPH enrichment from ?H,0
report a greater degree of exchange between the reducing hydrogen and body water than might
be expected based on our observations (Z. Zhang et al., 2017). One explanation for this is that
the PPP is not the sole source of intracellular NADPH, as illustrated by Figure 8. In
mitochondria, NADPH can be generated from NADH by nicotinamide nucleotide
transhydrogenase. In mitochondria as well as cytosol, NADPH can also be generated via
NADP*-malic enzyme and NADP*-isocitrate dehydrogenase. In all of these cases, the
likelihood that the hydrogen that was transferred to NADP* had previously exchanged with
body water is high. For NADPH formed via the NADP*-malic enzyme, the reducing hydrogen
originates from hydrogen 2 of malate, which in turn originated from water during the hydration
of fumarate. If the malate is metabolized via the Krebs cycle to citrate and isocitrate, this
hydrogen is transferred to NADPH via NADP*-isocitrate dehydrogenase. The bulk of
mitochondrial NADH hydrogens are also derived from Krebs cycle intermediates, such as
malate, whose hydrogens are highly exchanged with those of water. In addition, NADPH and

water hydrogens may also be exchanged via NADP-linked redox enzymes (J. Fan et al., 2014;
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Z. Zhang et al., 2017). Another consideration, and an important caveat of our assessment of
hydrogen exchange at the level of NADPH, is that fatty acid ?H enrichment from [U-
?H7]glucose via this pathway was quantified relative to [U-*Cs]glucose conversion to fatty
acid via malonyl-CoA. If the rate of glucose oxidation by the PPP was different to that of its
conversion to fatty acid via malonyl-CoA, then the fractional rate of 2H/*H exchange at the
level of NADPH would also differ from the 2H/*3C ratio of fatty acid position 34. However,
this does not alter the conclusion that the relative amounts of ?H transferred from glucose to
fatty acid via NADPH were significantly higher than those transferred via acetyl-CoA and

malonyl-CoA intermediates.

4 For example, if the rate of glucose oxidation via PPP was twice the rate of glucose conversion to fatty acid via
malonyl-CoA, then NADPH 2H enrichment would be one-half of the fatty acid position 3 2H/*3C ratio (i.e 23%
compared to 46%).
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Figure 8: Schematic of intracellular NADPH hydrogen sources. On the left-hand side are the
pathways that are involved in the transfer of water hydrogen to NADPH (depicted in gray).
These include cycling between NADPH and other redox cofactors such as FAD whose
hydrogens are exchanged with those of water; generation of NADPH from malate and
isocitrate via NADP*-malic enzyme and NADP™-isocitrate dehydrogenase, respectively; and
exchange of NADH and NADPH via transhydrogenase. On the right-hand side are the two
principal pathways that transfer hydrogens to NADPH from nutrient substrates, namely,
glucose and serine. Abbreviations: FAD/FADH., Flavin adenine dinucleotide;

NADH/NADPH, Non-protonated nicotinamide adenine dinucleotide phosphate

Our observation of extensive ?H transfer from glucose to fatty acid synthesis via NADPH
suggests that this process is tightly coupled to the extent that NADPH generated by the PPP

does not fully mix with other intracellular NADPH pools. This apparent compartmentation of
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PPP and lipogenic NADPH metabolism has also been reported in other laboratories using
different isotopic approaches and models. In mice with fatty liver, hepatic PPP fluxes measured
by a 1*C-isotopomer approach were found to be highly correlated with lipogenesis but were not
associated with antioxidant activity (Jin et al., 2018). This suggests that in the postprandial
liver, NADPH derived from the PPP is prioritized for DNL rather than being utilized for
antioxidant defense, such as the reduction of oxidized glutathione. In the H1299 tumor cell line
supplied with various ?H-enriched substrates, Lewis et al. also demonstrated a substantial
transfer of 2H label from [3-2H]glucose to fatty acids, while fatty acid ?H enrichment via

NADPH from [2,3,3-2Hs]serine was much more limited (C. A. Lewis et al., 2014).

4.3. Fatty acid enrichment from ?H.O

We observed extensive exchange of exogenous glucose hydrogens with water during its
conversion to fatty acids via both acetyl- and malonyl-CoA. In contrast, glucose hydrogens that
were transferred to fatty acids via NADPH experienced more limited exchange. Based on these
observations, it would be anticipated that enrichment of the fatty acid position 2 hydrogens
from 2H,0 (derived from water and malonyl-CoA) would be equivalent to those of body water,
while those of position 3 (derived via NADPH) would be significantly less enriched. Instead,
we observed that positions 2 and 3 were enriched to the same level. As mentioned previously,
exogenous glucose is a minor contributor of acetyl-CoA to DNL in our experimental setting
(although it may have a more substantial contribution to the NADPH equivalents for DNL).
Moreover, following 2H.O administration under both fed and fasted conditions, hepatic
glucose-6-phosphate becomes highly enriched with 2H in all positions due to extensive cycling
between glucose-6-phosphate and gluconeogenic precursors (li. R. Bederman et al., 2009;

Teresa C. Delgado et al., 2013). Under these conditions, NADPH derived from PPP oxidation
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of glucose-6-phosphate will also become highly enriched with 2H and this will be transferred

to the respective fatty acid positions.

4.4. Implications for estimating the number of deuterium
atoms incorporated per fatty acid

Under our study conditions, the number of deuterium atoms incorporated per fatty acid
molecule (N) appears to approach the theoretical value (i.e., 31 for palmitate). Therefore, in
this instance, no correction needs to be applied to the observed fatty acid 2H enrichment
from 2H,0. This differs from previous studies in rats, where N was estimated to be 21 and 22
out of 31 (68% and 71% of the theoretical value) by mass isotopomer distribution analysis for
plasma and liver triglyceride palmitate, respectively (F. Diraison et al., 1996; W. N. P. Lee,
Bassilian, Ajie, et al., 1994) To our knowledge, N has not been determined in the mouse by
mass isotopomer distribution analysis, but given its smaller size and higher basal metabolic
rate, it might be expected to be higher compared with the rat. The mice in our study also
ingested significant amounts of fructose, a sugar that is rapidly metabolized via triose
phosphate intermediates to glucose-6-phosphate, lactate, and acetyl-CoA, thereby further
promoting 2H enrichment of these metabolites from 2H,0. It is possible that for mice fed a
standard chow diet featuring maltose as the main carbohydrate component, whose digestion
yields unlabeled glucose, there could be less complete ?H incorporation from ?Hz0 into fatty
acids, particularly via NADPH. In cultured cells, N for palmitate was estimated to be 17 (W.
N. P. Lee, Bassilian, Guo, et al., 1994). This is 55% of the theoretical value and is also
substantially lower than that determined for in vivo rat studies. Our data for mice indicate that
if glucose was the sole source of DNL in vivo, the value of N would be 24 based on ?H transfer

from exogenous [U-2H7]glucose to fatty acids via acetyl-CoA, malonyl-CoA, and
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NADPHS®. Because there is more opportunity for the loss of glucose H by Cori cycling and
other inter-organ transfer of glucose metabolites in vivo compared with in vitro, we anticipate
that there would be a greater degree of transfer of 2H from glucose to fatty acids in vitro,

corresponding to a lower N value.

In conclusion, N may vary considerably according to the type of organism as well as the
substrates that were utilized for DNL. Our study indicates that transfer of hydrogen from
unlabelled glucose to fatty acids via NADPH is an important factor in the nonstoichiometric
incorporation of 2H into fatty acids during DNL. For the measurement of DNL with 2H,0, the
ratio of 2H enrichment in fatty acid positions 2 and 3 as measured by 2H NMR provides a

convenient internal check for assessing the extent to which this might have occurred.

5 For palmitate, this is calculated as 31 — [(3x 0.14) + (14 x 0.46) + (7 x 0.06)].
e
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ESTIMATING PENTOSE PHOSPHATE PATHWAY
ACTIVITY FROM THE ANALYSIS OF HEPATIC
GLYCOGEN %C-ISOTOPOMERS DERIVED FROM [U-
13C]JFRUCTOSE AND [U-*C]GLUCOSE

1. INTRODUCTION

When carbohydrate intake surpasses the capacity for oxidation and storage, the
additional energy is converted to endogenous triglycerides within the liver by passing through
the hepatic de novo lipogenesis process. Though this process may benefit short-term glucose
homeostasis, it may have the adverse effect of elevating triglyceride accumulation and thus
contributing to hepatic steatosis, oxidative stress and liver injury. In the process of the
development of oxidative stress and fat accumulation, nicotinamide adenine dinucleotide
phosphate (NADPH) plays a vital role in both reductive biosynthesis and protection from
oxidative damage (Jin et al., 2018).The pentose phosphate pathway (PPP) plays a critical role
in intermediary metabolism by providing the reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) for both biosynthetic activities and regeneration of reduced
glutathione as well as ribose-5-phosphate for nucleotide biosynthesis. In the liver, there is high
interest in the role of the PPP in the pathogenesis of diseases, such as non-alcoholic fatty liver
disease (NAFLD), where PPP activity may be linked to elevated rates of de novo lipogenesis
(Jin et al., 2018), and hepatocellular carcinoma, where among other things, de novo synthesis

of nucleotides is upregulated (Kowalik et al., 2017).

Recently, a stable-isotope tracer method for quantifying hepatic PPP activity by analysis of
plasma glucose 3C-isotopomers generated from [U-3C]glycerol was reported (Jin et al., 2014,

2016, 2018). The 3C-labeling arrays deliver an important source of information about the
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multiple pathways including triglyceride synthesis, gluconeogenesis, glycogenesis, the PPP,
and tricarboxylic acid (TCA) cycle activity (Jin et al., 2016). The *C-label reaches glucose-6-
Phosphate via gluconeogenesis and the glucose 3C-isotopomer distribution reports the
proportion of $3C-enriched glucose-6-Phosphate that was directly converted to glucose, versus
the fraction that had cycled through the PPP beforehand (See Figure 9). Previously, in most
cases, PPP fluxes had been evaluated with a labeled glucose precursor by analyzing the label
distribution in a downstream glycolytic product, such as lactate (Delgada et al., 2004; M. H.
Lee et al., 2019; Ross et al., 1994). In the liver, glucose-6-Phosphate enrichment from both
glucose and gluconeogenic *C-tracers is transferred to glycogen via the so-called direct and
indirect pathways (Newgard et al., 1983). Therefore, we applied the hexose *C-isotopomer
analysis developed by Jin et al. (Jinet al., 2014, 2016, 2018) to liver glycogen to determine the
extent of PPP metabolism of exogenous [U-C]glucose and [U-'*C]fructose destined for

hepatic glycogen synthesis (Figure 9).
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2. METHODS

2.1.Materials:

[U-13C]fructose at 99% enrichment was obtained from Omicron Biochemicals Inc., IN, USA
and [U-*C]glucose at 99% enrichment was manufactured by Cambridge Isotopes Limited,

Cambridge, MA, USA and purchased through Tracertec, Madrid, Spain.

2.2. Animal Studies

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. Adult male C57BL/6 mice were obtained from Charles
River Labs, Barcelona, Spain, and housed at the UC Biotech Bioterium. They were maintained
in a well-ventilated environment, and a 12 hour light/12 hour dark cycle. Upon delivery to the
Bioterium, mice were provided a two week interval for acclimation, with free access to water
and standard chow, comprising of 60% mixed carbohydrate, 16% protein and 3% lipid. After
this period, the drinking water was supplemented with a 55/45 mixture of fructose and glucose.
This mixture was present at a concentration of 30% wi/v and was provided for a period of 18
weeks. On the ultimate evening, the fructose/glucose mixture was replaced with a mixture,
where the fructose was enriched to 20% with [U-'3C]fructose for six of the mice, with the
remaining six provided with a mixture, where the glucose was enriched to 20% with [U-
13C]glucose. As part of a separate study on triglyceride and glycogen synthesis sources, the
mice also received 99.8% deuterated water (*H.0) with 0.9% NaCl as an intraperitoneal

loading dose (4 g/100 g body weight). At the end of this dark cycle, mice were deeply
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anesthetized with ketamine/xylazine and sacrificed by cardiac puncture. Livers were freeze-

clamped and stored at -80°C until further analysis.

2.3.Glycogen extraction and monoacetone glucose synthesis

Samples were prepared as described previously by Rito et al. (Rito et al., 2018). Briefly,
glycogen was extracted from frozen liver powder after basic digestion with 30% KOH (2 ml/g
of liver) at 70°C for one hour. The mixture was treated with 6% Na>SO4 (1 ml/g of liver) and
glycogen precipitated with ethanol (7 ml/g of liver). After centrifugation, the solid residue was
dried and resuspended in acetate buffer (0.05 M, pH = 4.5). Aqueous solution containing 20 U
of amyloglucosidase from Aspergillus niger (Glucose-free preparation, Sigma-Aldrich,
Germany) was added and incubated overnight at 55°C. The supernatant was lyophilized and
mixed with 5 ml 2H-enriched acetone prepared as described (J. Jones et al., 2006) and 4%
sulfuric acid enriched to 2% with 2H2SO4 (v/v). The mixture was stirred overnight at room
temperature. The reaction was quenched with water (5 ml, enriched to 2% with 2H,0), the pH
adjusted with HCI (pH = 2.0) and the mixture incubated at 40°C for 5 hours. The solution pH
was adjusted to 8 with NaHCO3 and the samples evaporated to dryness. Monoacetone glucose
(MAG) in the residue was extracted with boiling ethyl acetate. Ethyl acetate was evaporated,
the residue dissolved in H,0 and purified by solid phase Discovery® DSC-18 3 mL/500 mg
disposable columns (Sigma-Aldrich) as previously described (Rito et al., 2018). MAG samples

were dissolved in 0.2 ml 99.9% ?H,0 for 1*C NMR analysis.
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2.4.NMR analysis:

Proton-decoupled **C NMR spectra were obtained with a Varian VNMRS 600 MHz NMR
(Agilent) spectrometer equipped with a 3-mm broadband probe. *C NMR spectra were
acquired at 25 °C using a 60° pulse, 30.5 kHz spectral width, and 4.1 seconds of recycling time
(4.0 seconds of acquisition time and 0.1 second pulse delay). The number of acquisitions
ranged from 2,000 to 12,000. The spectra were processed with 0.2 Hz line-broadening before
Fourier transformation. Spectra were analyzed using NUTS PC-based NMR spectral analysis

software (Acorn NMR Inc., USA).

2.5.Quantification of PPP fluxes

PPP fluxes were quantified from the analysis of glycogen carbon 2 and carbon 5 C-
isotopomer multiplets based on the method of Jin et al. for [U-*C]glycerol (Jin et al., 2014,
2016). Translating this method to [U-3C]fructose is straightforward since this sugar is
metabolized to the same triose-P intermediates as glycerol (Figure 11). In the case of [U-
13C]glucose, although the initial pentose phosphate intermediates are uniformly enriched
following the oxidative removal of carbon 1, the subsequent transaldolase/transketolase
exchange pathways generate [1,2-1*C]fructose-6-P that is stoichiometric with the oxidative
PPP step (Figure 10). Thus, quantification of the resulting [1,2-3C2]glycogen isotopomer from
the *3C NMR doublet 12 signal component (D12ppp) With correction for contributions from
non-PPP activity (Jin et al., 2014, 2016, 2018), can yield fractional PPP rates relative to the

conversion of [U-'3C]glucose to glycogen.

D12ppp = D12total — D12kc 1)

Getachew Debas Belew 109 July, 2021



Where D12t IS the observed doublet fraction relative to all other carbon 2 signals and D12«c
is the doublet contribution from Krebs cycle sources. D12kc was estimated as follows (Jin et

al., 2014, 2016, 2018):

D12«c = D23 x D56/D45 (2)

Where D23 is the area of the 2,3-13C doublet relative to the total carbon 2 signal and D56 and

D45 are the areas of the 5,6-13C and 4,5-13C doublet signals relative to the total carbon 5 signal,

respectively.
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Figure 10: Schematic of [U-13C]glucose-6-P conversion to fructose-6-P through the PPP with
the carbon skeleton passing via xylulose-5-phosphate (A) or ribose-5-phosphate (B). It is
assumed that there is sufficient dilution of $3C by 2C such that the probability of two [U-

13C]pentose-P precursors interacting with each other is negligible
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Figure 11: Schematic of glycogen enrichment from exogenous [U-13C]fructose, via the PPP. In the presence of unlabeled glucose-6-phosphate (G6P), it initially forms a mixture of [1,2,3-13C3]-
and [4,5,6-13C3]G6P. Metabolism through the PPP leads to the formation of [1,2-13Cz]fructose-6-P (in red) which becomes [1,2-13C2]glycogen . Smaller amounts of [1,2-13Cz]fructose-6-P can
also be formed if the 13C-label from fructose is metabolized through glycolysis and the Krebs cycle and back into G6P (not shown).
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The 13C-fractional enrichment of the D12ppp component was estimated as follows:

D12ppp fractional 13C-enrichment (%) = D12ppp signal area/carbon 2 singlet area x 1.11  (3)

The fraction of [U-C]glucose utilized by the pentose phosphate pathway relative to that

entering the direct pathway was estimated from the ratios of glycogen D12ppp and [U-

13C]glycogen fractional $3C-enrichments as follows:

[U-13C]glucose PPP fraction = 100 x D12ppp /[U-C]glycogen fractional *3C-enrichment (4)

Where the [U-13C]glucose fractional **C-enrichment was calculated from the MAG carbon 1

multiplet as previously described (Perdigoto et al., 2003; Rito et al., 2018).

The fraction of [U-3C]fructose utilized by the pentose phosphate pathway relative to that

entering glycogen via the indirect pathway was estimated from the ratios of glycogen D12ppp

and [4,5,6-3C]glycogen fractional *3C-enrichments as follows:

[U-13C]fructose PPP fraction = D12ppp/[4,5,6-13C]glycogen fractional **C-enrichment  (5)

The [4,5,6-13C]glycogen fractional **C-enrichment was measured from the ratio of the carbon

5 quartet and singlet as follows:

[4,5,6-3C]glycogen fractional *3C-enrichment (%) = carbon 5 quartet/singlet x 1.11 (6)
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2.6.Statistics

All results are presented as means + standard error and comparisons were made by an unpaired
t-test (two tailed) performed using Microsoft Excel. Statistical significance was defined by p

values of < 0.05.

Getachew Debas Belew 114 July, 2021



3. RESULTS

The 3C NMR signals of carbons 2 and 5 of MAG derived from hepatic glycogen of a mouse
provided with [U-13C]glucose are shown in Figure 12. The multiplet (M) component of the
carbon 2 signal represents a mixture of [U-13C]glucose and [1,2,3-*Cs]glucose isotopomers
while the M component of the carbon 5 resonance represents a mixture of [U-*C]glucose and
[4,5,6-3C3]glucose isotopomers. Its complex structure reflects the presence of long-range 3C-
13C couplings within the [U-13C]glucose moiety between carbons 5 and 1, carbons 5 and 2, and
carbons 5 and 3 (Perdigoto et al., 2003). Likewise, the M component of carbon 2 features long-
range 3C-13C couplings between carbon 2 and 4, and carbons 2 and 5 (Perdigoto et al., 2003).
The low intensities of the D45 and D56 components relative to M reflect the minor proportion
of 13C-isotopomers that were formed via the indirect pathway and Krebs cycle relative to direct
pathway conversion of [U-13C]glucose to glycogen. In the carbon 2 resonance, the D23
contribution, which also represents **C-Krebs cycle isotopomers, was correspondingly low in
relation to the M signals. In comparison, the D12 signal was substantially stronger, indicative

of PPP metabolism of the [U-*C]glucose precursor.

The carbon 2 and 5 resonances of MAG obtained from a mouse provided with a mixture of
unlabeled glucose and [U-C]fructose are also shown in Figure 12. Qualitatively, the main
difference between these resonances and those derived from [U-*C]glucose is the presence of
well-resolved quartet structures for both carbons 2 and 5 reflecting the presence of discrete
[1,2,3-3C3]- and [4,5,6-1*Cs]glycogen isotopomers. This resembles the glucose carbon 2 and
carbon 5 multiplet structures observed in rats that were administered with [U-13C]glycerol (Jin

etal., 2014, 2016, 2018).
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Figure 12: Carbon 2 and carbon 5 resonances of glycogen following derivatization to MAG
from a mouse administered with [U-13C]glucose (top) and a mouse administered with [U-
13C]fructose (bottom). The multiplet components are indicated as follows: S = natural-
abundance singlet, M = multiplet representing [1,2,3-13C3]- plus [U-3C]glycogen in carbon
2 and [4,5,6-13C3]- plus [U-'3C]glycogen in carbon 5, D12 = doublet representing [1,2-
13C;]glycogenoar, D23 = doublet representing [2,3-13Cz]glycogen, D45 = doublet
representing [4,5-13Cz]glycogen, D56 = doublet representing [5,6-*C2]glycogen, Q = quartet

representing [1,2,3-*Cs]glycogen in carbon 2 and [4,5,6-*Cs]glycogen in carbon 5.
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Quantitatively, direct pathway metabolism of [U-*C]glucose and indirect pathway metabolism
of [U-*C]fructose via triose-P yielded similar enrichments of [U-*C]glycogen and [4,5,6-
13C3]glycogen isotopomers (see Table 4). Considering the abundance of these primary
isotopomers plus pentose phosphate pathway contributions ([1,2-13C,]glycogenppp), exogenous
fructose and glucose contributed almost equally to hepatic glycogen synthesis with 15 + 1%
derived from fructose and 14 + 2% from glucose. For the [U-*C]fructose experiments, while
the proportion of 1*C-isotopomers derived via the Krebs cycle was small in comparison to those
derived via triose-P, it was nevertheless substantially higher compared to that from the [U-
13C]glucose experiments (see Table 4). Thus, the ratio of [2,3-13C,]/[4,5,6-*3C3]glycogen from
the [U-13C]fructose study is approximately 0.036 while the ratio of [2,3-13C]/[U-1*C]glycogen
from the [U-'3C]glucose study is only 0.008. This resulted in substantially higher Krebs cycle
contributions to the observed [1,2-*C2]glycogen enrichment for mice administered with [U-
13C]fructose compared to those given [U-13C]glucose. As a result, the difference between [1,2-
13C5]glycogenioa and  [1,2-13C;]glycogenpep abundance was more pronounced in the [U-
13C]fructose compared to the [U-3C]glucose studies. Finally, the 13C-isotopomer data revealed
that a significantly larger proportion of exogenous glucose metabolized to glycogen via the
direct pathway had been recruited by the PPP in comparison to that from fructose converted

glycogen via the indirect pathway (Table 4).
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Table 4: Selected liver glycogen 13C-isotopomers from mice provided with fructose/glucose mixture in their drinking water enriched with either

[U-13C]fructose or [U-13C]glucose. The values represent means and standard errors of six mice for each condition.

Glycogen *C-isotopomers from mice provided with [U-*C]glucose and unlabeled fructose

Fraction of direct pathway
[U-BC]IGLY (%0) [1,2-BC2]GLY7or (%)  [2,3-BC2]JGLY (%) D56/D45  [1,2-33C2]GLYppp (%)
glucose metabolized via PPP (%0)
2.57 0.39 0.02 1.18 0.36 14

(0.32) (0.04) (0.01) (0.02) (0.04) (1)
Glycogen *C-isotopomers from mice provided with [U-3*C]fructose and unlabeled glucose
Fraction of indirect pathway

[4,5,6-1°C3]GLY (%) [1,2-13C2]GLY 107 (%)  [2,3-BC2]GLY (%) D56/D45 [1,2-3C2]GLYeppr (%0)
fructose metabolized via PPP (%0)

2.51 0.38 0.09 1.60 0.24 10*

(0.10) (0.03) (0.01) (0.10) (0.02) (1)

*p = 0.00032 compared to PPP fraction from glucose

Getachew Debas Belew 118 July, 2021



4. DISCUSSION

In the liver, the PPP plays a critical role in the conversion of exogenous sugars to fat by
providing the necessary NADPH equivalents for fatty acid biosynthesis. While glucose is the
canonical substrate for the PPP, any substrate that is converted to glucose-6-P, including
glycerol and lactate, can also in principle provide carbon skeletons for this pathway (Jin et al.,
2014). Our study took a recently developed assay of hepatic PPP flux based on analysis of
plasma glucose **C-isotopomers derived from [U-13C]glycerol (Jin et al., 2014, 2016, 2018)
and adapted it to read PPP flux from other substrates, including the canonical glucose substrate.
By reading ‘C-isotopomers of hepatic glycogen instead of plasma glucose, our approach
allowed PPP utilization of glucose-6-P derived from direct pathway metabolism of glucose to
be specifically measured and compared to glucose-6-P derived from gluconeogenesis. The
main significance of our work is the finding that glucose-6-P formed from glucose via the direct
pathway was more heavily utilized by the PPP compared to glucose-6-P derived from fructose

via gluconeogenesis

The fraction of [U-3C]fructose that underwent PPP cycling prior to being converted to
glycogen (10%) in our study was similar to the reported fraction of [U-13C]glycerol that
underwent PPP utilization prior to being converted to glucose in fed rats (8%) (Jin et al., 2014).
Jin et al also measured PPP recruitment of glucose-6-P that had been synthesized from [U-
13Cllactate and found this contribution to be less than that from [U-3C]glycerol (Jin et al.,
2014). The results of our study indicates that a significantly larger fraction of glucose-6-P
derived via the direct pathway was recruited by the PPP compared to glucose-6-P generated by
indirect pathway metabolism of fructose. Glucose-6-P derived via the direct pathway is

synthesized via glucokinase, while indirect pathway glucose-6-P is generated by glucose-6-
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phosphate isomerase. In the fed condition, glucokinase activation is highly coupled to
upregulation of the main pathways of glucose disposal such as glycogen synthesis and de novo
lipogenesis (Petersen et al., 2017). This may involve the co-ordinated activation of glucokinase
and glucose-6-phosphate disposal pathways by upstream effectors such as insulin, as well as
intracellular co-localization of glucokinase with the enzymes of pathways involved in glucose-
6-P disposal, such as glycogen synthase (Agius et al., 1996). Under essentially the same
conditions as that of the present study, we demonstrated a strong coupling of de novo
lipogenesis from exogenous glucose with PPP activity as seen by a high fractional transfer of
exogenous glucose hydrogens to newly-synthesized fatty acids via the PPP (Belew et al., 2019).
Others have shown that hepatic PPP activity is more closely linked with lipogenic activity than
with mitigation of oxidative stress — a process that potentially competes with biosynthetic
pathways for intracellular NADPH (Jin et al., 2018). To what extent the activity and/or
intracellular location of glucose-6-phosphate dehydrogenase - the committing enzyme of the
PPP - is co-ordinated with that of glucokinase and glycogen synthesis is unclear. Frederiks et
al. reported that glucose-6-phosphate dehydrogenase in rat liver parenchymal cells was
associated with the ribosomes of granular endoplasmic reticulum (Frederiks & Vreeling-
Sindeléarova, 2001). Agius et al. concluded that the very strong control exerted by glucokinase
on the conversion of glucose to glycogen suggests that active glucokinase and glycogen
synthase exist in close proximity to each other in the cell (Agius et al., 1996). Moreover,
glucose-6-phosphate derived from sources other than glucokinase is utilized to a lesser extent
by glycogen synthase (Seoane et al., 1996). Since glycogen synthesis is also initiated in the
endoplasmic reticulum (Prats et al., 2018), this raises the possibility that glucokinase, glycogen
synthase and glucose-6-phosphate dehydrogenase could be in close proximity to each other
thereby explaining the higher recruitment of glucokinase-derived glucose-6-P for PPP activity

as well as for glycogen synthesis. Whether glucose-6-P derived from glucokinase is always
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highly utilized by the PPP is unclear. For example, in the initial stages of refeeding, glucokinase
may be active while transcription of lipogenesis pathway enzymes may be incomplete. Under
these conditions, demand for NADPH formation via PPP may be temporarily low; hence, the

fraction of glucose-6-P consumed by the PPP might be small.

Jin et al have successfully translated their methodology into humans with the procedure
involving ingestion of a few grams of [U-13C]glycerol followed by blood sampling and analysis
of glucose *C-isotopomers (Jin et al., 2016). While this procedure can be used for [U-
13C]fructose, it cannot be applied to [U-*C]glucose. This is because [U-!3C]glucose that
participated in hepatic metabolism and was returned to the blood via glucose-glucose-6-P
cycling cannot be distinguished from [U-*C]glucose that appeared via absorption and was not
metabolized by the liver. Alternatively, hepatic UDP-glucose *C-isotopomers, which provide
equivalent information to those of glycogen, can be noninvasively assayed following
conversion of UDP-glucose to glucuronide and clearance into urine. This so-called “chemical
biopsy” approach involves ingestion of acetaminophen or other glucuronidation agent and can
be integrated with oral *3C-tracer administration in human studies (Barosa et al., 2012; Mendes

et al., 2006).

In conclusion, we applied the hepatic PPP analysis originally developed by Jin et al. to study
PPP utilization of glucose and fructose that are destined for glycogen synthesis. From the
analysis of glycogen 3C-isotopomers derived from [U-3C]glucose, PPP recruitment of
glucose-6-phosphate derived specifically from glucokinase can be evaluated. Our results
suggest that this source of glucose-6-P is preferentially utilized for PPP flux compared to

glucose-6-P obtained from indirect pathway precursors such as [U-*C]fructose.

Getachew Debas Belew 121 July, 2021



(HAPTER FOUR

Getachew Debuos Belew 122 July, 2021



QUANTIFYING THE EFFECTS OF HIGH FAT, HIGH
SUGAR AND A COMBINATION OF HIGH FAT AND
HIGH SUGAR FEEDING ON HEPATIC
TRIGLYCERIDE SYNTHESIS AND SOURCES IN THE
MOUSE MODEL

1. INTRODUCTION

Non-alcoholic fatty liver disease, one of the most prevalent chronic liver disease globally in
current times, is characterized as an irregular accumulation of triglycerides in hepatocytes
(Garcia-Ruiz et al., 2014; Hardy et al., 2016; Priore et al., 2015). It has repeatedly been
associated with many metabolic disorders including obesity, type 2 diabetes mellitus (T2DM),
insulin resistance (IR) and hyperlipidemia that are considered as the main aspects of the
metabolic syndrome (Abenavoli et al., 2016). Even though genetic predisposition expressed
in metabolic derangement situation has been suggested to influence the pathogenic endpoint of
NAFLD, in the metabolic sense, the occurrence and development of NAFLD is a result of an
excessive lipid accumulation in the liver mostly from a surplus consumption of fat and/or

carbohydrate (Abenavoli et al., 2016; Diehl & Day, 2017; Friedman et al., 2018).

In Western countries, an increased fructose consumption either as part of sucrose or in the form
of high-fructose corn syrup, is implicated in the surge of non-alcoholic fatty liver disease
(NAFLD) (Musso et al., 2008). Since fructose is assumed to be largely metabolized in liver,
its role in promoting NAFLD has been to date explained by its unregulated conversion to fatty
acids via de novo lipogenesis, which in turn promotes hyperlipidemia and lipotoxicity.
Moreover, in a typical of the so-called Western diet, high fructose ingestion is regularly

accompanied by high consumption of fat specifically high levels of saturated fat, which has
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also been associated with insulin resistance, dyslipidemia and other metabolic/cardiovascular
diseases (Lian et al., 2020; Parks et al., 2008; Stanhope, 2012; Yki-Jarvinen, 2010). However,
to what extent fructose per se accentuates the already high NAFLD risk from fat overnutrition
is unclear. Also, animal models of fructose feeding show different responses to this sugar
compared to humans. Many mouse models of high fructose feeding fail to induce weight gain
and adiposity (Nunes et al., 2014; Tillman et al., 2014). Also, different mouse strains show
different susceptibility to developing NAFLD from high fructose diets (Montgomery et al.,
2015). So far, the C57BL/6J mouse strain has been shown to be more susceptible to diet-

induced obesity compared to other strains (Montgomery et al., 2015).

Therefore, in the current study, we established mouse models, using previously suggested
approaches (Marin et al., 2016; Sellmann et al., 2015), for studying fructose metabolism and
the contribution of increased dietary fructose intake with and without high dietary fat to de
novo synthesis of liver triglyceride in diet induced mice models of NAFLD under normal
feeding condition of stayed for about 18 weeks of feeding trial study. The mice under different
feeding trial conditions were provided with a combination of deuterated water (?H20) (T. C.
Delgado et al., 2009; Duarte et al., 2014; Soares et al., 2012) and/or [U-*C]fructose tracers (F
Carvalho et al., 2011; J. C. P. Silva et al., 2019) to quantify the enrichment level, where
enrichment from 2H,0 revealed the fractional synthetic rates of TG-fatty acids and glycerol
from all lipogenic precursors (Duarte et al., 2014), while enrichment [U-3C]fructose provided
the specific contribution of exogenous fructose to the processes. The contribution of the 3C-
enriched fructose to de novo synthesis of TG-fatty acid and glycerol can be estimated from **C
NMR analysis of hepatic TG *C-isotopomers (Figure 4). The positional 2H-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
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integration method developed by our lab group (J. C. P. Silva et al., 2019). Moreover, the *C
NMR spectrum of TG yields a riches of information on the identity and position of individual
fatty acids (Gouk et al., 2012; Siddiqui et al., 2003; Tengku-Rozaina & Birch, 2014; Vlahov et
al., 2010), which provided a detailed compositional analysis of the TG sample as well as
allowed to resolve the contribution of the **C-enriched sugar to the synthesis of specific fatty

acids or fatty acid classes.
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2. MATERIALS AND METHODS

2.1.Materials

Unless otherwise specified, [U-3C]fructose at 99% enrichment was obtained from Omicron
Biochemicals Inc., IN, USA and purchased through Tracertec, Madrid, Spain. Non-deuterated
chloroform (CHClIs) used to prepare TG extracts for *H/?H NMR spectroscopy had a purity of
99.8% and contained 100—200 ppm amylenes as stabilizers (Sigma-Aldrich). 2H20 at 99.8%
isotopic enrichment was also manufactured by Cambridge Isotopes Limited and purchased

through Tracertec, Madrid, Spain.

2.2.Animal Studies

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. Moreover, all animal procedures hereby described were
accomplished in full accordance with DGAV guidelines and European regulations (European
Union Directive 2010/63/EU). Forty six adult male C57BL/6 mice were obtained from Charles
River Labs, Barcelona, Spain, and housed at the University of Coimbra (UC) Biotech
Bioterium. They were maintained in a controlled and well-ventilated environment, and a twelve
hour light/twelve hour dark cycle. Upon arrival to the Bioterium, mice were provided a two
week interval for acclimation, with free access to water and standard chow, comprising of 60%
mixed carbohydrate, 16% protein and 3% lipid by weight. After this period, the mice were
distributed among four groups according to diet. The first group (n =11) was fed a high-fat diet
(HFD) group provided with chow where fat accounted for 30% by weight, while the second
group (n = 11) was fed a high-fat and high-sugar diet (HFHSD) where the high-fat chow was

supplemented with drinking water containing a 55/45 mixture of fructose and glucose at a
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concentration of 30% wi/v. The third group (n =12) was fed a high-sugar diet (HSD) where
standard chow was supplemented with drinking water containing the same 55/45 mixture of
fructose and glucose as for the HFHSD group. Lastly, a fourth group (n=12) designated as
control (CTL) was maintained on standard chow. The mice were maintained on the diets for

18 weeks.

On the starting of the ultimate evening, all the mice were received 99.8% deuterated water
(?°H20) containing 0.9% NaCl as an intraperitoneal (IP) loading dose (4 m1/100 g body weight)
and the drinking water was enriched to 5% with ?H,O. For the twenty three mice that were
provided with fructose/glucose mixture in their drinking water, this was replaced with mixture
of same composition, yet, the fructose was enriched to 20% with [U-3C]fructose in their
drinking water. The mice were allowed to feed and drink for the entire dark period. At the end
of this dark cycle, mice were deeply anesthetized with ketamine/xylazine and sacrificed by
cardiac puncture and cervical dislocation. Both hepatic portal and arterial blood were collected
and immediately centrifuged and plasma was isolated and stored at — 80 °C for further
experimental analysis including for the analysis of body water 2H-enrichment. Livers and other
tissues including adipose tissues depots were freeze-clamped and stored at -80°C until further

processing for TG extraction and purification.

2.3. Liver triglyceride extraction and purification

Liver TGs were extracted and purified as previously described (Belew et al., 2019; Matyash et
al., 2008; J. C. P. Silva et al., 2019; Viegas et al., 2016). Briefly, livers were powdered under
liquid nitrogen and then rapidly mixed with HPLC-grade methanol (4.6 mL/g) followed by
methyl-tert-butyl ether (MTBE) (15.4 mL/g). The mixture was placed in a shaker for 1 hour at

room temperature then centrifuged at 13,000 g for 10 min. The liquid fraction was collected,
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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
1000 g. The upper organic phase containing the lipids was carefully separated and dried under
nitrogen gas in an amber glass vial. The triglycerides from the dried organic fraction were
purified with a solid phase extraction (SPE) process. Discovery DSC-Si SPE cartridges
(2 g/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 pl of hexane/MTBE (200/3; v/v) and added into the
column after washing. The lipid vials were washed with a further 500 ul of solvent to
quantitatively transfer the lipids to the column. Triglycerides were eluted with 32 ml of
hexane/MTBE (96/4; vl/v), collected in 4 ml fractions. 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 (TLC) (Hamilton & Comai, 1988). 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.

2.4.NMR analysis

The analysis plasma body water 2H-enrichments were determined from 10 pl aliquots by ?H
NMR as previously described (J. G. Jones et al., 2001). In details, triplicate 10 ul of plasma
samples were mixed with 1 ml acetone of each and ~0.5 ml were loaded in a 5 mm NMR tube
to which 50 ul CsFs were added. 2H 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 (J. G. Jones et al.,
2001; J. C. P. Silva et al., 2019). Sixteen fid were collected for each spectrum and water 2H-

enrichment was estimated from a calibration curve calculated from 2H-enriched water
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standards (J. G. Jones et al., 2001; J. C. P. Silva et al., 2019). Purified liver triglycerides were
dissolved in ~0.5 ml CHCIs. To these, 25 ul of a pyrazine standard enriched to 1% with
pyrazine-ds and dissolved in CHCIs (0.07 g pyrazine/1 g CHCIs), and 50 ul of CeFs were
added. *H and 2H NMR spectra were acquired with an 11.7 T Bruker Avance |11 HD system
using a dedicated 5 mm 2H-probe with °F lock and *H-decoupling coil as previously described
(Belew et al., 2019; J. C. P. Silva et al., 2019; Viegas et al., 2016). 'H spectra at 500.1 MHz
were acquired with a 90-degree pulse, 10 kHz spectral width, 3 seconds of acquisition time,
and 5 seconds of pulse delay. Sixteen 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 seconds, and a pulse delay of 0.1 seconds. Approximately 16,000 to 20,000 fid
were acquired for each spectrum. Quantification of liver triglyceride ?H-enrichments were
determined from the *H and 2H NMR spectra by measuring the *H and 2H intensities of selected
signals relative to the *H and 2H intensities of a pyrazine standard, as previously described

(Belew et al., 2019; Duarte et al., 2014; J. C. P. Silva et al., 2019; Viegas et al., 2016).

For 13C isotopomer analysis by *3C NMR, dried triglyceride samples were dissolved in 0.2 ml
99.96% enriched CDCl3 (Sigma-Aldrich) and placed in 3 mm NMR tubes. Proton-decoupled
13C NMR spectra were acquired at 150.8 MHz with an Agilent V600 spectrometer equipped
with a 3 mm broadband probe. Spectra were acquired with a 70° pulse, an acquisition time of
2.5 s, and a 0.5 s pulse delay. For each spectrum, between 8,000-14,000 fid were collected.
The spectra were processed with 0.2 Hz line-broadening before Fourier transformation.
Spectra were analyzed using NUTS PC-based NMR spectral analysis software (Acorn NMR

Inc., USA).
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2.5.Estimation of body fat fraction

The analysis of body composition measurement from 2H body water in mice were determined
as previously described (McCabe et al., 2006). The ?H labeling of plasma water was determined
as described above, and the degree of dilution of a known 99.8% 2H,O bolus after
administration is a function of total body water (TBW). Assuming that the body weight (total
body mass) is composed of fat mass (FM) and fat-free mass (FFM), FM can be calculated using

the following equations:

FM (g) = body weight — [TBW (g) + FFM (g)] (McCabe et al., 2006)

And, because TBW can be determined via ?H dilution and there is a constant relationship

between FFM and body water, FM can then be calculated from the 2H dilution space;

FM (g) = TBM (g) - [?H dilution space (ml) x 1.23]

Where,

?H Dilution space = ?H20 injected (ml) / 2H enrichment of plasma

“1.23” is the total correction factors that accounted for the overestimate of body water by 2H
dilution and a hydration constant, and 1 ml of water is equal to 1 g (McCabe et al., 2006;
Speakman, 2001; Wolfe & Chinkes, 2004).

The main caveat when applying this analysis to our typical studies is that the mice drink water
ad libitum with the maintenance enrichment of 2H (usually 5%) so this will alter the body water
enrichment to some extent as well as changing the amount of 2H,O entering the body. For

overnight period this is typically a relatively small effect. If a more precise measurement is
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required, then the mouse should be sampled for blood in an environment free of food or water

15-20 min after ?H.O administration.

2.6. 3C-chemical shift assignments and quantification of FAs
abundance

The 3C chemical shifts of FA carbons are sensitive to their overall concentration in the NMR
sample (Mannina et al., 2000). 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 (Angrish et al., 2013; Nelson, 1962). The mixture was
based on the reported composition of TG FAs in mouse and human adipose tissues (Angrish et
al., 2013; Garaulet et al., 2001) 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 ©-2 *C signals. No corrections were made for differential longitudinal

relaxation times or nuclear Overhauser effects (J. C. P. Silva et al., 2019).

2.7. Quantification of TG positional ?H-enrichments and
estimates of FA and glycerol fractional synthetic rates:

TG positional 2H-enrichments in the glycerol and FA moieties were quantified by analysis
of 'H and ?H NMR TG spectra as previously described (Duarte et al., 2014; J. C. P. Silva et al.,
2019; Viegas et al., 2016). Fractional synthetic rates for the TG glycerol (FSRacly) and FA
moieties (FSRra) over the overnight feeding period when ?H,O was administered were

estimated from the 2H-enrichments of the 1,3-glycerol and FA -1 hydrogens and those of
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body water as previously described (Duarte et al., 2014; J. C. P. Silva et al., 2019; Viegas et

al., 2016).

Quantification of TG *3C-enrichment from [U-*C]fructose in the drinking water and its
contribution to TG glycerol and FA synthesis as previously described (J. C. P. Silva et al.,

2019):

From the o-1 singlet and doublet 1*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 [1,2-3C,]acetyl-CoA was
calculated as follows:

Weighted mean excess *C-enrichment of SFA + MUFA (%) = ®-1D/®-1 S x 1.11 -------- (1)

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

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

Enrichments of individual FAs, oleate and palmitoleate, as well as that of SFA were estimated

from their resolved -2 3C-resonances as follows:

Excess *C-enrichment of FA X (%) = @-2 Dx/®-2 Sx X 1.11 ===-mmmmmmmmmmmmem oo 2)

Where ®-2 Dy and ®-2 Sy are the o-2 doublet and singlet components of fatty acyl x, and 1.11

represents the background *C-enrichment (%).
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Enrichment of the glycerol moiety from 3C-enriched Triose-P precursors was estimated as

follows:

Glycerol Y3 C-enrichment (%) = GLYC-Doublet/GLYC-Singlet x 1.11 -=---=-nnnnmmnn-- (3)
Where GLY*3C-Doublet is the glycerol carbon 1 and carbon 3 (C1,C3) doublet signal
originating from [U-C]Triose-P + [2,3-3C;]- or [1,2-13C;]Triose-P® incorporation into
glycerol and GLY3C-Singlet is the singlet signal representing the 1.11% background *C-

enrichment of C1,C3.

The fractional contribution of fructose in the drinking water to the TG FA and glycerol moieties

was calculated as follows:

Fructose contribution to FA (%) =3C-FA /*3C-Fructose x 100 --=--==========mnzmmmmmmmmmne- 4)

Where 13C-FA is the *C-excess enrichment of the ©-1, -2 FA moiety given by

Equations (1), (2), and *C-Fructose is the enrichment of fructose in the drinking water.

Fructose contribution to glycerol (%) =13C-Glycerol/**C-Fructose x 100 ------------------- (5)

Where 13C-Glycerol is the enrichment of the glycerol moiety given by Equation (3) and *C-

Fructose is the enrichment of fructose in the drinking water.

& Triose-P isotopomers with *3C 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 contribution of fructose in the drinking water to newly-synthesized glyceryl and fatty acyl
TG moieties (i.e. formed during the period when [U-13C]fructose and 2H.O tracers were

administered) were estimated as follows:

Fructose contribution to new glyceryl (%) = 1*C-Glyceryl/**C-Fructose x 100/FSRaly x 100%

2.8. Statistics

Data from different subject groups (CTL, HFD, HSD and HFHSD) are represented as box and
whisker plots with the box spanning the 25" to 75" percentiles the whiskers extending to the
lowest and highest value and the center line representing the median value. 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). Differences were considered statistically significant by

a p value <0.05. Analyses were performed with GraphPad Prism 9 software.
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3. RESULTS

3.1. Effects of the diets on body weight, adiposity and liver TG

We performed an 18-week feeding study with 46 young adult male C57BL/6 mice. In
comparison to CTL mice, significant gains in both weight and adiposity were recorded for HFD
and HFHSD mice, whereas HSD mice showed a significant increase in body weight gain from
the 8™ week onwards compared to CTL mice (see Figure 13). Among the diet groups, HFHSD
mice had significantly higher weight gain and adiposity compared to all the other groups.
Likewise, the highest body water enrichment and fat mass accumulation were recorded in
HFHSD mice followed by HFD mice (Figure 13). Liver TG concentrations in both HSD and
HFHSD mice were significantly elevated over CTL mice. In contrast, HFD mice did not have
significantly elevated liver TG over CTL mice although there was a tendency towards this (p

= 0.1786).
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Figure 13: Effects of the diets on body weight, adiposity and liver TG. Effects of 18 weeks of
feeding with standard chow diet (CTRL, n=12), high-fat chow diet (HFD n=11), standard
chow diet supplemented with HFCS-55 formulation in the drinking water (HSD n=12), and

high-fat chow diet supplemented with HFCS-55 formulation in the drinking water (HFHSD

n=11) on the following parameters: (A), body weight evolution, (B), body water enrichment
from a standardized dose of ?H,0, (C), body weight fat fraction, and (D), liver triglyceride

concentration.
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3.2. Effects of the diets on hepatic triglyceride lipidomics

The natural-abundance 3C NMR spectrum of intact triglyceride informs the relative
abundance of different fatty acid classes, including some individual fatty acid species within a
class (for example oleate and palmitoleate within MUFA and linoleic acid within PUFA), as
well as the distributions of SFA, MUFA and PUFA between the sn1,3 and sn2 positions of the
glycerol moiety (Gouk et al., 2012; Mannina et al., 2000; Siddiqui et al., 2003; J. C. P. Silva et
al., 2019; Tengku-Rozaina & Birch, 2014; Vlahov et al., 2010; Willker & Leibfritz, 1998).
These characteristics were compared between feeding trial mice groups; CTL, HFD, HSD, and
HFHSD. Fatty acid abundances and positional distributions for the four diet groups are
described in Figures 16 and 17, and Tables 5 and 6. Saturated fatty acid, poly-and
monounsaturated fatty acid, and the special cases of linoleic, ®-3 fatty acids, and DHA were
distinguishable by *H/ ?H and *3C NMR spectra of liver tissue extracts (Figure 14 and 15). For
all the diet groups studied, oleate and SFA were the main FA constituents, followed by linoleate
and palmitoleate (see Figure 16 and Table 5). HSD mice had significantly lower fractions of
linoleate, -3 fatty acids and DHA compared to the other three diet groups. HFD mice had the
lowest levels of palmitoleate and the highest abundance of linoleate, -3 fatty acids, and DHA

compared to the other three diet groups (Figure 16A and B).
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Figure 14: ?H (upper) and *H (lower) NMR spectra of a purified triglyceride fraction obtained
from a HFHSD mouse provided with a mixture of 2H,0 and a combination of [U-*C]fructose
and unlabelled glucose. A: Non w-3 methyl; B: Partial w-6 methyl; C: @w-3 methyl; D:
Aliphatic chain; E: a3 aliphatic; F: Protons adjacent to monounsaturated olefinic; G: protons
adjacent to polyunsaturated olefinic; H: o2 aliphatic; I: DHA o2 and a3 ally; J: Linoleic acid
bisallylic; K: Other bisallylic; L: sn1,sn3 of esterified glycerol; M: sn2 of esterified glycerol;

N: Olefinic; O: Chloroform; P:Pyrazine standard.
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Figure 15: 3C NMR spectrum of hepatic TG obtained from a HFHSD mouse provided with a
mixture of [U-*C]fructose and unlabeled glucose. The FA w-2 signals and the glyceryl signal
corresponding to carbons 1 and 3 (Gly-sn1,3) are shown in expanded form. For the FA w-2
resonances; SFA = saturated FAs natural abundance singlet, SFA = saturated FAs 13¢c-13¢
spin-coupled doublet, OL =oleate natural abundance singlet, OL = oleate **C-13C spin-
coupled doublet, PO = palmitoleate natural abundance singlet, PO = palmitoleate *3C-1*C
spin-coupled doublet. For the Gly-sn1,3 signals, Gly 1,3 = natural abundance singlet and Gly

1,3 = B3C-13C spin coupled doublet.
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Figure 16: Hepatic triglyceride fatty acid profiles for mice fed normal chow (CTRL, n=12),
high-fat chow diet (HFD n=11), standard chow diet supplemented with HFCS-55 formulation
in the drinking water (HSD n=12), and high-fat chow diet supplemented with HFCS-55
formulation in the drinking water (HFHSD n=11): The fatty acid species resolved by 3C NMR
are shown in (A) and include saturated fatty acids (SFA), oleate (OL), palmitoleate (PO) and
linoleate (LO). The fatty acid species resolved by *H NMR are shown in (B) and include the

total fraction of w-3 fatty acids (w-3 FA) and the fraction of docosahexaenoic acid (DHA).
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Table 5: Results from one-way ANOVA (p-values) applied to data representing on Figure 16 “Hepatic triglyceride fatty acid profiles” among

different diet based groups of mice: normal chow (CTRL), high fat chow (HFD), high sugar diets (HSD), and high fat and high sugar diet

(HFHSD).
One-way Tukey’s multiple comparisons

ANOVA Control vs HSD vs

n=46 .

(n=46) Control vs HFD | Control vs HSD . HFDvs. HSD | HFDvs. HFHSD | 2o~
SFA p =0.0784 p = 0.0922 p =0.1420 p = 0.6538 p = 0.9833 p =0.6291 p=0.7974
Oleate p < 0.0001 p=0.0141 p < 0.0001 p = 0.9953 p < 0.0001 p = 0.0130 p < 0.0001
PO p < 0.0001 p < 0.0001 p =0.4288 p < 0.0001 p < 0.0001 p =0.0285 p < 0.0001
LO p < 0.0001 p < 0.0001 p =0.0251 p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
o—-3FA p =0.1281 p=0.0177 P =0.0065 P =0.4383 p <0.0001 p < 0.0003 P =0.2537
DHA p < 0.0001 p < 0.0001 P =0.1957 P =0.9828 p < 0.0001 p < 0.0001 P =0.1038

o
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For all diet groups, **C NMR revealed a markedly non-uniform distribution of fatty acid
classes between sn2 and sn1,3 sites among the different diet groups (Figure 17 A, B and C and
Table 6). The majority of SFA were bound to the sn1,3 positions with only minor quantities at
the sn2 site. In contrast, both MUFA and PUFA were more abundant in the sn2 compared
to snl,3 sites. The fraction of MUFA in the sn2 position was significantly higher in HSD mice,
whereas the PUFA fraction in the sn2 position was significantly more abundant in HFD mice

compared to the other dietary groups (Figure 17 B and C).
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Figure 17: The distribution of different fatty acid classes in the glycerol sn1,3 and sn2 positions
of hepatic triglyceride resolved by *C NMR for mice fed normal chow (Control, n=12), high-
fat chow diet (HFD n=11), standard chow diet supplemented with HFCS-55 formulation in the
drinking water (HSD n=12), and high-fat chow diet supplemented with HFCS-55 formulation
in the drinking water (HFHSD n=11): Distributions of saturated fatty acids (SFA),

monounsaturated fatty acids (MUFA) and linoleate (LO) are shown in panels A, B and C,
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respectively. The fatty acid abundances in different dietary groups within each sn site are
represented by letters (one-way ANOVA; p <0.05). For each dietary group fatty acid,
differences between sn2 and snl1,3 positions are indicated by asterisks (t-test; * p < 0.05,

** < (.01 *** < 0.001,**** p< 0.000])
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Table 6: Results from one-way ANOVA (p values) applied to data on Figure 17 representing FAs distribution in each position — sn2 or snl1,3 — for the four

different analyzed diet groups. Previous analysis under a two-way ANOVA for the two variables (diet; position) showed significant interactions for MUFA and
LO but not for SFA: MUFA — Interaction (p < 0.0001), position (p < 0.0001), diet (p < 0.0001); LO — Interaction (p < 0.0001), position (p < 0.0001), diet (p
< 0.0001); SFA — Interaction (p = 0.1522), position ((p < 0.0001), diet (p < 0.0001). Due to interactions separate analysis were applied: one-way ANOVA for

FA differences in each position; t-test for sn2 vs sn1,3 in each FA for each diet group

One-way Tukey’s multiple comparisons
ANOVA  cControl vs Control vs HSD Control vs HFDvs HSD HFDvs HFHSD  HSD vs HFHSD
(n=46) HFD HFHSD
A (SFA)
p=0.0003 p=0.0003 p = 0.0095 p =0.0113 p = 0.4104 p = 0.3762 p = 0.9999
a2 B (MUFA)
p <0.0001 p<0.0001 p = 0.0008 p =0.0145 p < 0.0001 p <0.0001 p < 0.0001
C(LO)
p<0.0001 p<0.0001 p=0.0125 p = 0.0037 p < 0.0001 p < 0.0001 p < 0.0001
A (SFA)
p=00201 p=0.3655 b = 0.0620 b = 0.9927 p=08545 p=0.2456 p=0.0335
L3 B (MUFA)
0=00423 p=0.1272 b = 0.8889 0 = 0.9874 p=0.5234 p=0.2235 p=0.7231
C (LO)
p<0.0001 p<0.0001 p = 0.9095 p = 0.0501 p < 0.0001 p =0.0004 p =0.0103
t-test sn2 vs sn1,3
(n=46) SFA MUFA LO
Control p < 0.0001 p < 0.0001 p <0.0001
HFD p < 0.0001 p=0.0317 p < 0.0001
HSD p < 0.0001 p < 0.0001 p = 0.0004
HFHSD p < 0.0001 p < 0.0001 p < 0.0001
e
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3.3. Effects of the diets on hepatic triglyceride lipid fluxes

Among all the diet trial study groups, 2H incorporation from body water into fatty acid
and glycerol moieties of hepatic TG was resolved by 2H NMR spectroscopy. The
fractional synthetic rate (FSR) of fatty acids was significantly higher in CTL and HSD
compared to the other two diet groups (Figure 18A and Table 7). However, when fatty
acid FSR was adjusted for total liver triglyceride levels (Figure 19A and Table 8), there
was a clear progression in fatty acid FSR with the lowest rates found for CTL and HFD
with significantly higher values for both HSD and HFHSD. Similar trends were observed
for fatty acid elongation and desaturation rates (Figure 19B and 19C, respectively).
Glycerol synthesis rates were not significantly different between CTL, HFD and HSD
while for HFHSD mice, these rates were significantly higher relative to the other three
diet conditions (Figure 19D).

Table 7: Results from one-way ANOVA (p-values) applied to data on Figure 18
representing the effect of diets on hepatic triglyceride lipid fluxes (%) for the four
different analyzed diet groups, normal chow (CTRL), high fat chow (HFD), high sugar

diets (HSD), and high fat and high sugar diet (HFHSD) groups.

2H Liver TG lipid fluxes (°H.0 and [U-'3C]fructose + unlabeled glucose (n=46)

% CTL vs CTL vs CTL vs HFD vs HFD vs HSD vs
HFD HSD HFHSD HSD HFHSD HFHSD
DNL p<0.0001 p=0.5036 p=0.0013 p=0.0002 p=0.2018 p=0.0541
Elongation p<0.0001 p=0.0002 p<0.0001 p=0.3700 p=0.7904 p=0.0618
Desaturation p<0.0001 p=0.0006 p<0.0001 p=0.0043 p=0.2677 p=0.3202

Glyceroneogenesis p=0.1161 p=0.1253 p=0.0016 p=0.9998 p=0.3781 p=0.3152
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Figure 18: Fractional rates of fatty acid synthesis (A), fatty acid elongation (B), fatty
acid desaturation (C) and glycerol synthesis (D) of hepatic triglyceride for mice fed
normal chow (Control, n=12), high-fat chow diet (HFD n=11), standard chow diet
supplemented with HFCS-55 formulation in the drinking water (HSD n=12), and high-
fat chow diet supplemented with HFCS-55 formulation in the drinking water (HFHSD

n=11):
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Table 8: Results from one-way ANOVA (p-values) applied to data on Figure 19

representing the effect of diets on hepatic triglyceride lipid fluxes (g/100g of tissue) for

the four different analysed diet groups, mice fed normal chow (CTRL), high fat chow

(HFD), high sugar diets (HSD), and high fat and high sugar diet (HFHSD).

2H Liver TG lipid fluxes (H.0 and [U-*C]fructose + unlabeled glucose (n=46)

9/100g CTL CTL CTL HFD HFD HSD

Vs Vs VS Vs Vs Vs

HFD HSD HFHSD HSD HFHSD HFHSD
DNL p>0.9999 p=0.0009 p<0.0001 p=0.0010 p<0.0001 p=0.2109
Elongation p=0.8559 p=0.0041 p<0.0001 p=0.0414 p=0.0002 p=0.1934
Desaturation p=0.9220 p=0.0079 p<0.0001 p=0.0016 p<0.0001 p=0.0811
Glyceroneogenesis p=0.1391 p=0.0631 p<0.0001 p=0.9891 p=0.0018 p=0.0036
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Figure 19: Fractional mass of newly synthesized fatty acid (A), fatty acid elongation
mass (B), desaturated fatty acid mass (C) and newly synthesized glycerol mass (D) of
hepatic triglyceride for mice fed normal chow (Control, n=12), high-fat chow diet (HFD,
n=11), standard chow diet supplemented with HFCS-55 formulation in the drinking water

(HSD, n=12), and high-fat chow diet supplemented with HFCS-55 formulation in the
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3.4. Effects of a high fat background on HFCS-55 fructose
metabolism into hepatic triglyceride fatty acids and
glycerol.

As described by Silva et al. (J. C. P. Silva et al., 2019), we applied *C-isotopomer
analysis to the TG samples to estimate the contribution of the dietary fructose component
to selected newly-synthesized triglyceride fatty acids and to glycerol in HSD and HFHSD
mice (Figure 20 and Table 10). Also, the ?H enrichment of TG -1 and glycerol C1, C3
hydrogens in HSD and HFHSD mice group provided with ?H,0 and [U-*C]fructose in
their drinking water presented in Table 9. In HSD mice, fructose contributed 28 + 4%
of acetyl-CoA to the synthesis of SFA compared to 16 + 3% to oleate synthesis (p = 0.054
vs. SFA) and 18 £ 3% to palmitoleate synthesis (p = 0.118 vs. SFA). For HFHSD mice,
fructose contributed 18 + 3% of acetyl-CoA to the synthesis of SFA compared to 7 + 2%
towards oleate synthesis (p = 0.002 vs. SFA) and 7 + 2% to palmitoleate synthesis (p =
0.003 vs. SFA). Moreover, the exogenous fructose contributed more for the synthesis of
selective FAs in HSD group as compared to HFHSD. It accounted for 30-40% of newly
synthesized glycerol, with a tendency for a higher contribution in HSD compared to
HFHSD.

Table 9: 2H Enrichment of the TG «-1 and glycerol sn1, sn3 hydrogens in mice group
provided with ?H,0 and the combinations of [U-3C]fructose and unlabeled glucose in

their drinking water.

H Liver TG enrichment (*H20 and [U-*C]fructose + unlabeled glucose (n=23)

FA o1 sn1,3-Glyceryl Body water
HSD 0.15+0.02 0.38 £ 0.07 524 +0.18
HFHSD 0.09 £ 0.01 0.23£0.02 6.14 + 0.08
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Figure 20: Contribution of dietary fructose to the synthesis of fatty acid (A) and glycerol
(B) components of hepatic triglyceride for mice fed standard chow diet supplemented
with HFCS-55 formulation in the drinking water (HSD n=12), and high-fat chow diet
supplemented with HFCS-55 formulation in the drinking water (HFHSD n=11): The

fatty acid abundances in different dietary groups are represented by letters (one-way
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ANOVA; p < 0.05). For each fatty acid, differences between HFD and HFHSD are
indicated by asterisks (t-test; * p < 0.05, **p<0.01 ***p < 0.001, **** p < 0.0001)

(Figure 20 A)

Table 10: Results from one-way ANOVA (p-values) applied on data from specific
contributions [U-C]fructose to newly synthesized fractions of FA in each diet group
(high sugar diets (HSD), and high fat and high sugar diet (HFHSD)), and two-tailed t-
tests on specific contributions [U-13C] fructose to newly synthesized fractions of glycerol

and FA between the diets (HSD vs HFHSD).

One-way
Tukey’s multiple comparisons
ANOVA
(n = 23) SFAvsOL SFAvsPO SFAVvs OL vs PO OL vs Mean PO vs Mean
Mean

HSD p=00635 p=00627 p=0.1479 p=05985 p=09775 p=05543 p=0.7952

HFHSD p=0.0015 p=0.0042 p=00032 p=02184 p=09996 p=0.3537 p=0.3027

t-test FA Glycerol
(n=23) SFA oL PO Mean weighted
HSDvs HFHSD p=0.0804 p=0.0245 p=0.0078 p=0.0101 p=0.1717
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4. DISCUSSION

4.1. Influence of the diet on liver adiposity and fat levels

Numerous studies of C57BL6 mice have demonstrated that overall adiposity in general
and hepatic fat levels in particular are increased following an extended interval of feeding
with chow that is highly enriched with lipid (Garcia-Ruiz et al., 2014), refined sugar
(Mock et al., 2017; Montgomery et al., 2015; Tillman et al., 2014), or both (Asgharpour
etal., 2016; Jensen et al., 2018). This accumulation of lipid is a consequence of increased
inflow of dietary fatty acids as well as increased DNL rates. In terms of overall adiposity
and liver fat levels, our data indicate that the combination of high fat and high sugar
feeding was more obesogenic that either high sugar or high fat supplementation alone.
This likely reflects an overall increased caloric intake for HFHSD mice compared to
either HF or HSD mice, and an additive effect of lipogenic conversion of sugar to fat and

increased dietary fat absorption.

4.2. Influence of the diets on hepatic triglyceride
lipidomics:
High fat and high sugar feeding resulted in distinctive lipidomic phenotypes, with HSD
mice featuring significantly higher levels of oleate and a depletion in linoleate and other
essential fatty acids relative to controls. In contrast, HFD mice had lower amounts of
oleate and higher abundances of linoleate and other essential fatty acids. The differences
in oleate levels are well correlated with the systematically higher rates of DNL, elongation
and desaturation for HSD compared to HFD mice (Figure 19). Given that palmitate

(16:0) is the principal fatty acid product of DNL, elongation and desaturation would
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generate stearate (18:0) and oleate (18:1), respectively. Linoleate is exclusively derived
from dietary lipid and will therefore be ingested in higher amounts by HFD compared to
CTL. In contrast, HSD mice derive a significant fraction of their caloric intake from the
sugar-enriched drinking water, therefore they have a reduced intake of dietary lipid from
the standard chow even compared to CTL. The lipid profile of HFHSD mice lies in-
between that of HSD and HFD reflecting a partial dilution of dietary lipids with de-novo
synthesized fatty acids generated from the dietary sugar. The differences in positional
distributions of different fatty acid classes (SFA, MUFA and LO) appear to be directly
related to their overall abundances. As previously reported (J. C. P. Silva et al., 2019), we
found a strong preference for MUFA and LO to be bound to the glyceryl sn2 position

while the large majority of SFA were esterified at the snl,3 sites.

4.3. Influence of the diets on hepatic lipogenesis and
triglyceride synthesis rates:

The enrichment of triglyceride fatty acids from 2H,O provides a measure of the fraction
of newly synthesized fatty acids relative to the total triglyceride pool. In order to translate
fractional synthetic rates (FSR) to absolute synthetic rates, the total pool size needs to be
known. In the absence of this information, similar FSR rates measured under conditions
where the TG pool sizes are very different may in fact disguise highly significant changes
in absolute synthetic rates. Thus, the fractional synthetic rate estimates shown in Figure
18, which are not adjusted for hepatic TG pool size, show apparent decreases in lipogenic
activity for each of the HFD, HS and HFHSD groups relative to CTL. When these data
were adjusted for hepatic TG concentrations (Figure 19), significant increases in

lipogenic activity were found for both HS and HFHSD compared to CTL, with HFD
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yielding similar rates to CTL. However, this adjustment comes with an important caveat.
The hepatic TG pool is undergoing constant turnover, with newly formed TG being
exported as very-low density lipoproteins (VLDL). Thus, alterations in hepatic lipid
levels can reflect changes in both inflow and outflow fluxes and elevations in hepatic TG
concentrations may not necessarily reflect absolute increases in DNL and/or fatty acid
import rates. Indeed, the elevation in hepatic TG in mice fed methionine and choline-
deficient diets is explained by a reduction in VLDL export capacity due to a deficiency
in hepatic lipoprotein synthesis (Postic & Girard, 2008; Rinella et al., 2008) The
relationship between hepatic fat accumulation and VLDL export rates may in part depend
on the diet. Martins et al. found that increased hepatic TG levels in rats fed a high sucrose
diet was accompanied by proportionally higher VLDL export rates (Martins et al., 2015).
On the other hand, mice that were fed a diet high in saturated fat had significant elevations
in hepatic TG levels but unchanged VLDL export rates (Oosterveer et al., 2009). Another
study comparing mice fed a high-fat versus a low-fat diet showed that increased hepatic
TG levels were accompanied by significantly lower VLDL export rates (Ono-Moore et
al., 2017). In the case of high fat and sugar feeding, Gasparin et al. showed proportionate
increases in liver TG concentrations and VLDL export rates for male mice fed a “cafeteria
diet” high in both refined sugar and saturated fat compared to mice fed standard chow
(Gasparin et al., 2018). Thus, in summary, hepatic VLDL export rates are not altered or
may even be decreased by high fat feeding, while high sugar or high fat-high sugar diets
promote higher VLDL export rates over normal chow. The implications for our study are
that the adjusted FSR data for HFD mice may somewhat overstate absolute lipogenesis
rate for HFD mice, but likely understate absolute rates for both HSD and HFHSD mice.
Taking this into account, the results indicate that lipogenesis rates in the HFHSD are

comparable to those of HSD mice and several-fold higher than that of CTL mice.
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Meanwhile, despite a significantly lower FSR, after adjusting for hepatic TG levels the
lipogenesis rates of HFD mice are similar to CTL mice. Thus, in the case of HFHSD, the
increased liver TG levels and adiposity reflect an additive effect of increased dietary lipid

intake and increased lipogenic activity secondary to the high intake of sugar.

4.4. Contribution of dietary fructose to hepatic TG
synthesis during high sugar and high sugar + high fat
feeding:

Dietary fructose is considered to be a highly lipogenic sugar in comparison to dietary
glucose and in a previous study where a 50/50 fructose/glucose mixture was ingested over
a single night by mice that were otherwise on a normal chow diet, it provided a
significantly higher fraction of acetyl-CoA for both newly synthesized fatty acids and
glycerol compared to the glucose component (J. C. P. Silva et al., 2019). In the current
study, we emulated the widely used HFCS-55 sweetener with a 55/45 mix of fructose and
glucose and measured the contribution of the fructose component only to fatty acid and
glycerol synthesis. For the HSD mice, the fraction of acetyl-CoA derived from fructose
(~25%) was somewhat less than the ~30% reported for the study of Silva et al. while for
HFHSD mice, its contribution tended to be lower, averaging about 15% of the lipogenic
acetyl-CoA pool. Given that the adjusted DNL rates of HSD and HFHSD were similar
(see Figure 19A) the lower contribution of fructose carbons to lipogenic acetyl-CoA
production in HFHSD relative to HSD represents a shift in the sourcing of lipogenic
acetyl-CoA towards other substrates. Fructose also contributed substantially to liver TG
glycerol synthesis in both HSD and HFHSD mice, accounting for 30-40% of glycerol that

was synthesized overnight. This is consistent with the efficient entry of fructose carbons
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into the hepatic triose phosphate pool via the ketohexokinase, aldolase and triokinase
enyzmes. The study of Silva et al. not only revealed that fructose was more lipogenic than
glucose overall, but also demonstrated that fructose contributed a greater fraction of
acetyl-CoA to synthesized SFA compared to oleate (J. C. P. Silva et al., 2019). In the
current study, which included data from palmitoleic acid as well as oleic acid, there was
a tendency for a higher fructose contribution to the synthesis of SFA over oleate or
palmitoleate for HSD mice while for HFHSD mice these differences were statistically
significant. Given that the SFA component is mainly palmitate (Angrish et al., 2013;
Garaulet et al., 2001), then elongation activity could account for a lower **C-enrichment
of oleate w-1, ®-2 compared to that of SFA (Oosterveer et al., 2009). However, this does
not explain the difference between SFA and oleate enrichment from [U-*C]fructose.
Fructose is efficiently extracted by the liver implying that a significant concentration
gradient exists across the hepatic lobule. We speculate that this could result in a
heterogeneous enrichment of hepatic acetyl-CoA pools with those used for SFA synthesis
having a higher enrichment of [U-*3CJacetyl-CoA compared to those used for de novo
oleate synthesis. Based on analysis of lipogenesis pathway enzyme activities such as
ATP-isocitrate lyase, acetyl-CoA carboxylase and fatty acid synthase, lipogenesis is
considered to occur predominantly in the perivenous region (Postic & Girard, 2008). As
far as we know, there have been no reported data on the localization of fatty acid
elongases and desaturases in relation to those of the DNL pathway. Since DNL
contributes fatty acid precursors for elongation and desaturation, from a teleological
perspective, these enzymes would be expected to be located downstream of the DNL

ones.
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In conclusion, high-fat, high sugar and a combination of high sugar and high fat diets
provided over an 18 week period resulted in significant increases in adiposity over
standard chow for adult male C57BL6/J mice. High sugar and high fat plus high sugar
feeding resulted in significant increased hepatic TG levels as well. The increased liver
TG from high sugar feeding was associated with elevated lipogenesis rates, with the
fructose component contributing sizable fractions of both acetyl-CoA and glycerol-3-
phosphate precursors. This lipogenic activity and the contributions from fructose were
not significantly diminished in a diet where high sugar was accompanied by high fat.
Thus, the fat and sugar components of this diet contribute to overall adiposity and hepatic

steatosis in an additive manner.
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GENERAL CONCLUSIONS AND FUTURE
PERSPECTIVES

1. GENERAL CONCLUSION

Deuterated water (?H20) is a widely used tracer for quantifying fatty-acid synthesis.
However, a major uncertainty of this method is that exchange of water hydrogens with
those of fatty acid precursors and/or NADPH is considered to be incomplete. Due to this,
a correction factor based on an estimate of the average number of 2H hydrogens
incorportated into palmitate (N) is applied for the calculation of DNL. In our study, we
monitored transfer of 2H and *C from glucose into fatty-acid position-2 (°H originating
via malonyl-CoA), position-3 (?H originating via NADPH), and methyl (?H originating
via acetyl-CoA\) in feeding mice. Our study indicates that glucose 2H are transferred at
different fractional rates into different fatty-acid sites during lipogenesis, with transfer
via NADPH being the most extensive, and therefore the most implicated in the potential
for reduced incorporation of 2H from 2H,0 into fatty acids during DNL. Interestingly, for
mice administered with 2H,0, this process did not result in a significantly reduced
enrichment of fatty acid position 3 hydrogens relative to those of position 2 as measured
by 2H NMR. This may be explained by extensive 2H-enrichment of circulating glucose
and exchange of NADPH hydrogens via cofactors. This information allows better
modelling of lipid enrichment from ?H,0 and also provides insight on NADPH sources
for lipogenesis. The N value for palmitate that was calculated from our 2H retention data
in mice is consistent with that calculated from a previous MIDA analysis of palmitate

enrichment from 2H,O in rats (F. Diraison et al., 1996), nevertheless, N may vary
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considerably according to the type of organism as well as the substrates that were utilized

for DNL.

In the fed state, sugar phosphate flux through the pentose phosphate pathway is a key
requirement for de novo lipogenesis since it generates NADPH equivalents for fatty acid
synthesis and/or elongation. In our study, we applied an elegant *C-NMR analysis
approach to exogenous [U-'*C]fructose and [U-3C]glucose precursors originally
developed by Jin et al to study the PPP utilization of fructose and glucose that are destined
for glycogen synthesis (Jin et al., 2018). Hepatic PPP fluxes from both [U-*C]glucose
and [U-'3C]fructose precursors were assessed by *C NMR analysis of glycogen 3C-
isotopomers. PPP recruitment of glucose-6-phosphate derived specifically from
glucokinase can be evaluated from the analysis of glycogen *C-isotopomers derived from
[U-13C]glucose. Our results suggest that this source of glucose-6-P is preferentially
utilized for PPP flux compared to glucose-6-P obtained from indirect pathway precursors,
such as [U-'3C]fructose, indicating that the PPP was active under our experimental
conditions. Our study also revealed that the PPP has preferentially utilized the glucose-6
phosphate generated via glucokinase and the direct pathway. Fructose is considered to be
a highly lipogenic sugar and it has been previously shown to contribute substantially to
de novo lipogenesis in mouse models. In this dissertation, we demonstrate for the first
time that it also supports PPP activity, thereby contributing NADPH for the reductive

formation of fatty acids during de novo lipogenesis.

An increased consumption of fat and/or fructose either as part of sucrose or in the form
of high-fructose corn syrup composed of 55/45 fructose/glucose (HFCS-55) results an

excessive accumulation of lipid in the liver. In this study, we determined the impact of
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high dietary fat levels on the contribution of the HFCS-55 fructose component to de novo
synthesis of liver triglyceride. Our study demonstrate that high-fat, high sugar and a
combination of high sugar and high fat diets provided over an 18 week period resulted in
significant increases in adiposity over standard chow for adult male C57BL6/J mice.
Moreover, high sugar and high fat plus high sugar feeding resulted in significantly
increased hepatic TG levels as well. The increased liver TG from high sugar feeding was
associated with elevated lipogenesis rates, with the fructose component contributing
sizable fractions of both acetyl-CoA and glycerol-3-phosphate precursors. This lipogenic
activity and the contributions from fructose were not significantly diminished in a diet
where HFCS-55 was accompanied by high fat. Furthermore, our study documented that
for mice fed a normal chow diet supplemented with HFCS-55, there was a tendency for
higher contributions of fructose to SFA synthesis in comparison to oleate or palmitoleate,
while for mice fed high-fat diets that were supplemented with HFCS-55, fructose
contributed significantly more acetyl-CoA to SFA synthesis than to either oleate or
palmitoleate synthesis thereby promoting a more lipotoxic lipid profile. Thus, the fat and
sugar components of this diet contribute to overall adiposity and hepatic steatosis in an

additive manner.
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2. FUTURE PERSPECTIVES

Given the steep parallel increases in obesity rates and NAFLD in most Westernized
societies, there is a pressing need for a better understanding of the metabolic mechanisms
that contribute to lipid overload, of which DNL is likely a key component. Over-nutrition,
accompanied by hyperinsulinemia and hyperglycemia, drives DNL activity. However,
despite the clear association between elevated DNL activity and increased hepatic
triglyceride levels, surprisingly little is known about the sources of acetyl-CoA that fuel
this process. Our study indicates that while dietary fructose does contribute carbons to
DNL, it is not an overwhelmingly large fraction. Thus, it will be important to identify the
remaining acetyl-CoA sources that supply the majority of DNL carbons. These likely
include products of intestinal microflora fermentation such as short-chain fatty acids
(SCFA) and ethanol. The more important role lipogenic role of fructose may be in
activating lipogenic transcription factors such as ChREPB that in turn upregulate
expression of DNL pathway enzymes thereby creating conditions where acetyl-CoA

derived from other substrates are recruited for DNL.

The development of the therapeutic landscape in NAFLD is progressing rapidly although
there are still no currently approved drugs specifically for this condition. A large and
diverse number of agents are currently being investigated for the treatment of NAFLD.
They include glucose lowering agents/anti-diabetic agents, lipid lowering agents.
Moreover, there are also several drugs that target the liver. In addition, some of the
therapies target hepatic lipid synthesis (e.g. Acetyl-Coenzyme A Carboxylase (ACC)

Inhibition, Stearoyl coenzyme A desaturase 1 (SCD1) inhibition, for the treatment of
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NAFLD. In addition to targeting ACC, considering other lipogenic enzymes such as fatty
acid synthase (FAS), and diacylglycerol O-acyltransferase (DGAT) will be other
potential pharmacologic agents to reduce steatosis and lipotoxicity. Our methodologies
will allow better evaluation of the effects of these and other medications on DNL activity
and substrate selection, in particular during the early development phase which is

typically performed in rodent models.

We observed strong coupling between DNL and the pentose phosphate pathway (PPP) in
mice fed a high sugar diet. Whether this applies in humans and the extent to which it is
depends on the diet will be important to elucidate. PPP activity is also an important
characteristic of tumour cells, and a key future question to be addressed is to what extent
PPP fluxes are remodelled during the development of hepatocellular carcinoma in the
setting of NAFLD. It may well be that hepatic PPP fluxes are “trained” by high sugar
feeding in such a way as to facilitate subsequent tumour development. Our

methodologies will allow such changes, should they exist, to be observed and quantified.
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