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Summary

The closely related RabGTPase-activating proteins (RabGAPs) TBC1D1 and TBC1D4 (AS160)
are key regulators of energy flux and GLUT4-mediated glucose uptake in skeletal muscle and
adipose tissue. In humans and rodents, genetic variants of the two RabGAPs have been associated
with insulin resistance and obesity. In Arctic populations, a common TBC1D4 p.Arg684Ter loss-
of-function variant in skeletal muscle defines a specific subtype of type 2 diabetes mellitus
(T2DM). The Arctic TBC1D4 variant is hypothesized as an evolutionary adaptation to a traditional
low-carbohydrate high-protein (LCHP) diet, whereas a Western high-carbohydrate low-protein
(HCLP) diet presumably promotes the development of T2DM in homozygous carriers of the
p.Arg684Ter variant. The present study aimed to elucidate how Arctic and Western diets affect
metabolic flexibility, the mechanisms of insulin resistance and the individual contributions of
skeletal muscle and adipose tissue in the regulation of whole-body glycemia. Therefore, whole-
body and tissue-specific RabGAP-deficient mice were metabolically characterized during LCHP
and HCLP dietary interventions.

The present study demonstrates that an Arctic diet protects Thcld4-deficient (D4KO) mice from
postprandial hyperglycemia by improving insulin-stimulated glucose uptake in oxidative and
glycolytic skeletal muscle. Proteome analysis of skeletal muscle revealed changes primarily in
intracellular trafficking in D4KO mice fed an Arctic diet. In particular, deubiquitinating enzymes
and proteins associated with endosomal recycling were found to be increased in skeletal muscle,
indicating a potential mechanism for controlling TBC1D4-regulated sorting and degradation of
GLUTH4. These findings suggest that the Arctic diet may prevent the onset of T2DM in individuals
with homozygous TBC1D4 p.Arg684Ter gene variants by overcoming genetically induced skeletal
muscle insulin resistance. This highlights the Arctic diet as a potential approach for precision
medicine. Furthermore, Arctic diet feeding resulted in enhanced insulin-stimulated glucose uptake
in adipose tissue of Thcldl-deficient and Thcldl/Thblcd4 double-deficient mice, which was
associated with reduced adipose tissue mass. Therefore, the current study highlights the pivotal
role of TBCIDI1 in the regulation of lipid and glucose metabolism, indicating its potential

protective function against diet-induced obesity and insulin resistance.



Zusammenfassung

Die RabGTPase-aktivierenden Proteine (RabGAPs) TBC1D1 und TBC1D4 (AS160) sind wichtige
Regulatoren des Energieflusses und der GLUT4-vermittelten Glukoseaufnahme im Skelettmuskel
und Fettgewebe. Bei Menschen und Nagern wurden genetische Varianten der beiden RabGAPs mit
Insulinresistenz und Fettleibigkeit in Verbindung gebracht. In arktischen Populationen definiert
eine hidufige TBC1D4 p.Arg684Ter-Variante in der Skelettmuskulatur einen spezifischen Subtyp
von Typ-2-Diabetes mellitus (T2DM). Es wird angenommen, dass die arktische TBC1D4-Variante
eine evolutiondre Adaptation an eine traditionelle Didt darstellt, wahrend eine westliche Diét die
Entwicklung von T2DM bei homozygoten Tragern der p.Arg684Ter-Variante vermutlich fordert.
In der vorliegenden Studie sollte geklart werden, wie sich arktische und westliche Diiten auf die
metabolische Flexibilitdt, die Mechanismen der Insulinresistenz und die individuellen Beitrdge der
Skelettmuskulatur und des Fettgewebes auf die Regulierung der Ganzkdrperglykdmie auswirken.
Daher wurden Ganzkorper- und gewebespezifische RabGAP-defiziente Maiuse wéhrend

verschiedener Didtinterventionen metabolisch charakterisiert.

Die vorliegende Studie zeigt, dass eine arktische Erndhrung Thcd4-defiziente (D4KO) Méuse vor
postprandialer Hyperglykdmie schiitzt, indem sie die insulinstimulierte Glukoseaufnahme in der
oxidative und glykolytische Skelettmuskulatur verbessert. Eine Proteomanalyse der
Skelettmuskulatur zeigte, dass eine arktische Diét zu Verdnderungen im intrazelluldren Transport
bei D4KO-Madusen fiihrt. Insbesondere wurde festgestellt, dass deubiquitinierende Enzyme und
Proteine, die mit endosomalem Recycling in Verbindung stehen, in der Skelettmuskulatur erhoht
sind, was auf einen moglichen Mechanismus der TBC1D4-regulierten Sortierung und des Abbaus
von GLUT4 hinweist. Diese Ergebnisse deuten darauf hin, dass die arktische Diét das Entstehung
von T2DM bei Personen mit homozygoten TBC1D4 p.Arg684Ter-Genvarianten verhindern kann,
indem sie die genetisch bedingte Insulinresistenz der Skelettmuskulatur iberwindet. Dies hebt die
arktische Diét als einen potenziellen Ansatz fiir die Prézisionsmedizin hervor. Dartiber hinaus
fiihrte die Fiitterung mit der arktischen Didt zu einer erhohten insulinstimulierten
Glukoseaufnahme im Fettgewebe von Méusen mit 7bcldl-Defizienz und Thcldl/Thlcd4-
Defizienz, was mit einer geringeren Fettgewebsmasse einherging. So unterstreicht die aktuelle
Studie die zentrale Rolle von TBC1DI1 bei der Regulierung des Lipid- und Glukosestoffwechsels
und weist auf eine potenzielle Schutzfunktion gegen ernidhrungsbedingte Fettleibigkeit und
Insulinresistenz hin.
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1. Introduction

1. Introduction

1.1 Diabetes mellitus, obesity and insulin resistance

Diabetes mellitus is an endocrine disorder that manifests primarily as chronic hyperglycemia as a
result from inadequate insulin secretion by pancreatic B-cells, insulin action in target tissues or a
combination of both [1]. Long-term complications include cardiovascular disorders, including
hypertension, which is associated with macro- and microvascular complications, and diabetic
kidney disease. Other complications include diabetic retinopathy, leading to reduced or lost vision;
peripheral neuropathy, leading to potential foot ulcers and amputation; as well as autonomic
neuropathy resulting in gastrointestinal, genitourinary and sexual dysfunction [1, 2]. According to
the International Diabetes Federation, 537 million adults worldwide were living with diabetes in
2021, but the incidence is steadily increasing, with the number of diagnosed cases projected to
reach 783 million by 2045 [3]. Apart from gestational diabetes and specific monogenic forms,

diabetes is classified into two main subtypes [4].

Type 1 diabetes mellitus (T1DM) is an autoimmune disease with progressive destruction of
pancreatic B-cells. With a prevalence of 5-10%, T1DM usually begins in childhood [5] and often
remains asymptomatic until a sudden onset characterized by weight loss, fatigue, blurred vision,
polydipsia, -uria and -phagia and nocturnal enuresis [6]. When firstly diagnosed, 30-46% of
children present with diabetic ketoacidosis due to delayed treatment as a result of lack of knowledge
and awareness of diabetic symptoms [7-9]. Compared to type 2 diabetes mellitus (T2DM), TIDM

is characterized by a lifelong dependence on insulin injections [10].

T2DM represents the predominant subtype of this metabolic disorder, affecting 90-95% of cases
with a usual onset in adulthood [11]. Recent approaches have identified T2DM clusters according
to clinical and genetic biomarkers that determine distinct diabetic complications and the clinical
outcome [12, 13]. Genome-wide association studies (GWAS) have linked more than 83 genes to
T2DM and another 53 genes to glucose and insulin concentrations [14, 15]. In addition to genetic
predisposition, environmental factors such as nutrition and physical activity are crucial in the
development of T2DM [16]. Additionally, increased body fat mass displays a major risk factor for
the development of metabolic disorders such as T2DM [17].

Obesity is characterized by excessive visceral adiposity due to either hyperplasia with an increased
number of adipocytes or hypertrophy with increased adipocyte size [18]. Furthermore, obesity is

9



1. Introduction

defined by a body mass index (BMI) >30 kg/m? [19]. While 1.9 billion adults worldwide were
overweight (BMI >25 kg/m?) in 2016, at least 650 million were obese [20]. The accumulation of
visceral adipose tissue leads to chronic low-grade inflammation through the recruitment of
macrophages, which release pro-inflammatory cytokines. Additionally, the secretion of specific
adipokines from the visceral fat depot links obesity to insulin resistance in peripheral tissues.
Despite the high expandability of adipocytes, their lipid storage capacity is limited. Thus, obesity
is associated with ectopic fat accumulation and consequent lipotoxicity that promotes insulin

resistance in the periphery [21].

Both T2DM and obesity are characterized by insulin resistance, an impaired response to insulin in
target tissues: skeletal muscle, adipose tissue and liver. While glucose uptake by skeletal muscle
and adipose tissue is decreased, glucose production by the liver is increased [22]. As a result,
insulin secretion by B-cells is increased to maintain normoglycemia. Hyperinsulinemia further
promotes insulin resistance by promoting hepatic de novo lipogenesis (DNL), hyperlipidemia, and
expansion of white adipose tissue (WAT) [23]. Consequently, persistent insulin resistance leads to
impaired B-cell function and eventual exhaustion [16]. Additionally, individuals with T2DM or
obesity present with elevated plasma free fatty acid (FFA) concentrations [24, 25] and increased
FFA uptake into skeletal muscle where lipid oxidation is impaired. This further promotes insulin

resistance by increased hepatic and intramuscular lipid (IMCL) accumulation [26].

1.2 Impact of lifestyle on metabolic flexibility

The progression of T2DM is associated with impaired metabolic flexibility [27]. Metabolic
flexibility defines the ability to adapt the selection and utilization of energy substrates according
to the metabolic state, such as fasting or postprandial periods [28], and resting or high energy
demand. Most commonly, the term metabolic flexibility is used to explain increased fatty acid (FA)
and simultaneously decreased glucose oxidation during insulin resistance [29, 30]. Early studies
confirmed metabolic inflexibility in individuals with T2DM and obesity, which exhibit increased

glucose and decreased lipid oxidation during post-absorptive conditions [31-33].
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1.2.1 Impact of nutritional state on metabolic flexibility

1.2.1.1 Metabolic flexibility in the post-absorptive phase

In the fasting state, energy is mobilized from glycogen and triglyceride stores in skeletal muscle,
adipose tissue and liver. A shift from carbohydrate to lipid utilization preserves glucose for vital
organs such as the brain, red blood cells and renal medulla that depend on glucose and essential
amino acid utilization [34]. While metabolic flexibility maintains normoglycemia by reducing
fasting insulin-stimulated glucose uptake into skeletal muscle and adipose tissue, it increases the
utilization of non-esterified fatty acids (NEFAs) from white adipose tissue as well as abundant
amino acids from hepatic amino acid metabolism [35]. Simultaneously, hepatic glycogenolysis and
gluconeogenesis are elevated [36]. Within the first 24 hours of fasting, hepatic glycogen stores are
depleted to maintain normoglycemia. After prolonged fasting, energy from adipose tissue and
protein stores are utilized [37]. Prolonged fasting or starvation, which rarely occurs in healthy
individuals [38], induces ketogenesis, the process of generating ketone bodies (KBs) from fatty
acids. Controlled induction of ketogenesis can be enhanced by ketogenic diets, which are
characterized by low-carbohydrate and high-fat content, and may offer a potential therapeutic

approach for metabolic diseases such as obesity and T2DM [39, 40].

1.2.1.2 Metabolic flexibility in the postprandial phase

Metabolic flexibility in the postprandial state is highly dynamic and complex, regulated by large
amounts of macronutrients and plasma concentrations of hormones, each with distinct peak
concentrations and specific timeframes [41]. Besides insulin, hormones released from the gut,
including bile acids, glucagon-like peptide-1 (GLP-1), fibroblast growth factor 19 (FGF19), and
ghrelin, exert anti-inflammatory properties [42-45]. Leptin is secreted by adipose tissue in response
to food ingestion and is known to regulate appetite and body weight [46]. However, leptin has also
been shown to link nutritional status and inflammation by exerting pro-inflammatory effects [47].
Plasma leptin concentrations are proportional to adipose tissue mass in mice and humans [48, 49].
Obese individuals show elevated plasma leptin levels and resistance to leptin-induced satiety [50].
In the postprandial state, the skeletal muscle accounts for approximately 80% of insulin-stimulated
glucose disposal [51, 52], suggesting a critical role of the skeletal muscle in the development of
insulin resistance and progression of T2DM [23, 53]. Compared to lean subjects, overweight
individuals show hyperinsulinemia after a mixed meal challenge [54] and elevated oxylipin

concentrations after a high-fat meal [55]. Postprandial hyperglycemia and -lipidemia are associated
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with low-grade inflammation, obesity, T2DM and non-alcoholic fatty liver disease (NAFLD). In
modern society, the fed state is frequently maintained for more than 16 hours per day [41, 56],
making management of the postprandial state is critical to maintaining metabolic health and

flexibility.

1.2.2 Impact of nutrition on metabolic flexibility

The recommended macronutrient intake consists of 45—-65% of calories from carbohydrates, 25—
35% from fat, and 10-30% of calories from protein [57]. Studies have demonstrated the beneficial
effects of specific dietary interventions on metabolic health and lifespan [58, 59]. For instance,
caloric restriction has been shown to improve insulin sensitivity, oxidative capacity and reduce
inflammation [60]. Other studies propose that dietary composition and balance, rather than total
energy intake, determine aging processes [61, 62]. Changes in dietary habits have been linked to
the prevalence of lifestyle-related diseases such as obesity, metabolic syndrome, cardiovascular

diseases and T2DM [63, 64].

1.2.2.1 Westernization and T2DM

In modern times, low physical activity is regularly combined with a dietary pattern characterized
by high caloric density with high amounts of saturated and trans fats as well as processed sugars
[65, 66]. Western diets result in daily oscillations between glucose and FA oxidation (FAO) and
high variability in plasma insulin concentrations [67]. Studies have shown that high-fat, high-
carbohydrate, or combined high-fat high-carbohydrate diets promote the generation of reactive
oxygen species (ROS) due to overnutrition, which induces excessive adenosine triphosphate (ATP)
production and thus increases mitochondrial membrane potential [68]. Furthermore, plasma
concentrations of lipopolysaccharides (LPS), interleukin (IL)-6, TNF-a levels, and expression of
Toll-like receptors (TLRs) have been shown to be elevated with a Westernized diet, indicating
postprandial inflammatory responses that contribute to the development of insulin resistance [69—
73]. Therefore, a Western lifestyle is associated with the development of metabolic complications

and diseases such as obesity, T2DM, NAFLD and atherosclerosis [74-76].

The human genome is highly conserved and lacks adaptation to significant dietary changes,
particularly over the last centuries [77]. In non-westernized and hunter-gatherer populations,
obesity and other metabolic diseases are rare when adhering to traditional lifestyles characterized
by “Paleolithic” diets [78—81], consisting solely of unprocessed animal- and plant products [82].

The Western diet has been implicated as a major contributor to diet-induced metabolic
12
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complications, mainly affecting the post-reproductive years [83], thus reducing selective pressure.
Consequently, Western dietary patterns have been suggested to increase the risk for T2DM in

individuals with a genetic predisposition [84].

1.2.2.2 Dietary carbohydrate restriction as potential treatment for metabolic diseases

Nutrition is crucial in the prevention of metabolic complications and essential in the management
of metabolic diseases. Low-carbohydrate (LC) and ketogenic (KD) diets have been advocated for
weight loss but are controversial for long-term maintenance [85, 86]. Although LC diets are
recommended, their composition is highly heterogeneous and is generally defined as less than 45%
or 100 g carbohydrate of daily macronutrients [87—89]. LC diets discussed include the Atkins, the
Zone, the South Beach and the Paleo diets. Glucose control and lipid profiles have been shown to

improve in individuals with T2DM on a Paleo diet [90, 91].

A KD is considered to be less than 50 g of carbohydrate pre day [88]. Such drastically reduced
amounts of dietary carbohydrates result in enhanced mobilization of fat stores with enhanced KB
production [92]. Traditional diets of hunter-gatherer populations are typically ketogenic, consisting
of high amounts of protein (19-35% of energy), low amounts of carbohydrate (22—40% of energy),
and similar or higher amounts of fat (28—-58% of energy) compared to a Western diet [93]. Thus,
initially elevated postprandial blood glucose and plasma insulin concentrations due to a Western
diet were reduced in response to a traditional, low-glycemic and low-insulinemic diet [81, 94, 95].
Additionally, individuals subjected to KD have reduced blood pressure and hunger [87]. Studies
have demonstrated anti-inflammatory properties of dietary amino acids, such as inhibition of pro-
inflammatory NF-«kB and oxidative stress, and reduction of LPS-stimulated TNF-a production [96-
98].

Animal studies have yielded controversial results regarding the effects of LC diets and KD on
metabolism and diabetes. On the one hand, a very low-carbohydrate diet resulted in elevated serum
concentrations of fibroblast growth factor 21 (FGF21), KB, markers of white adipose tissue
browning, brown adipose tissue (BAT) activation and hepatic lipogenesis in mice compared to a
low-fat diet. Additionally, healthy and diabetic mice subjected to a high glycemic diet exhibited
hyperinsulinemia, adiposity associated with decreased energy expenditure and increased hunger
[99-102]. A KD was shown to increase the lifespan of mice [103]. On the other hand, a study in
mice showed that long-term exposure to a KD resulted in impaired glucose tolerance, reduced

insulin secretion associated with decreased B-cell mass, and evidence of hepatic steatosis [104].
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Furthermore, diets high in essential BCAA have been associated with obesity, insulin resistance,
and T2DM. Elevated plasma branched-chain amino acid (BCAA) concentrations have been linked

to insulin resistance when associated with fat intake [105, 106].

Nevertheless, KD and low-glycemic diets may represent a promising approach to preventing
metabolic complications in individuals with a genetic predisposition to T2DM or diet-related

metabolic diseases.

1.3 Energy substrate metabolism in skeletal muscle, adipose tissue and the liver

The management of whole-body metabolism requires optimal storage, mobilization and utilization
of energy substrates during resting or energy-demanding states and during fasting or postprandial
periods [28]. Fats, proteins, and carbohydrates are macronutrients that provide energy to fuel the
body in all physiological states [107]. ATP is ultimately catabolized from energy substrates that
are preferentially utilized depending on the metabolic state. ATP can either be mobilized from
endogenous stores or catabolized directly from macronutrient disposal [108, 109]. Fat at 9 kcal/g
spares carbohydrate stores and represents a feasible fuel to meet increased energy demands such as
during prolonged exercise or fasting [110]. Crosstalk between skeletal muscle, adipose tissue, and
the liver is facilitated by neural, hormonal, and circulatory events to allow FA delivery from
adipose tissue to muscle during endurance training [111]. During high-intensity exercise, FAO
alone cannot meet the high energy demands. Therefore, protein, at 4 kcal/g, can provide
approximately 10% of total ATP turnover during prolonged or high-intensity exercise [110, 111].
Carbohydrates, at 4 kcal/g, provide the optimal energy substrate during short-term exercise by

optimizing glycogen storage, muscle fueling, and delaying muscle fatigue [110].

1.3.1 Glucose metabolism in skeletal muscle, adipose tissue and the liver

To generate ATP from glucose, insulin-stimulated glucose uptake by skeletal muscle and adipose
tissue is followed by its phosphorylation by hexokinase to glucose 6-phosphate (G6P), the initial
step of glycolysis, a process in which glucose is metabolized to pyruvate [112]. Pyruvate then
enters the mitochondria to undergo the tricarboxylic acid (TCA) cycle in the mitochondrial matrix
[113]. Oxidative decarboxylation generates NADH and CO; by converting pyruvate to acetyl
coenzyme A (CoA), which enters the TCA cycle to generate ATP, NADH and flavin adenine
dinucleotide (FADH:2) molecules. The rate of the TCA cycle is limited by the availability of NAD
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and FAD and is inhibited by NADH. Under aerobic conditions, NADH and FADH; are further
oxidized in the electron transport chain, the final process of ATP synthesis [114]. In the inner
mitochondrial membrane, ATP is synthesized from NADH and FADH> [115]. During periods of
oxygen deprivation, such as during high-intensity exercise, pyruvate is converted to lactate by
lactate dehydrogenase [116, 117]. Lactate can be converted back to pyruvate by pyruvate
dehydrogenase (PDH) and enter the TCA cycle as acetyl-CoA [118]. Moreover, lactate

accumulation induces gluconeogenesis in liver and skeletal muscle [119].

In addition to glycolysis, insulin also induces glycogen synthesis by converting G6P to glucose-1-
phosphate (G1P), which in turn is converted to uridine diphosphate (UDP)-glucose, which serves
as a donor for glycogen synthesis [120]. In the postprandial state, insulin induces phosphorylation
and subsequent inactivation of glycogen synthase kinase 3 (GSK-3) via Akt. Inhibition of GSK-3
results in increased glycogen synthase activity with concomitant dephosphorylation and
inactivation of glycogen phosphorylase, which suppresses glycogenolysis and promotes glycogen
accumulation in the liver and in skeletal muscle. To maintain normoglycemia and adequate energy
supply during fasting, skeletal muscle and hepatic glycogen stores are targeted [121]. Compared to
the liver, the skeletal muscle has approximately 4 times the glycogen storage capacity and accounts
for nearly 79% of endogenous glycogen storage [122], thus playing a critical role in metabolic

homeostasis.

1.3.1.1 Insulin-stimulated glucose uptake into skeletal muscle and adipose tissue
Glucose uptake into skeletal muscle and adipose tissue is regulated by the insulin-sensitive glucose
transporter type 4 (GLUT4) [123, 124]. In response to elevated postprandial plasma glucose
concentrations, pancreatic B-cells secrete insulin, which binds to the extracellular a-subunits of the
heterotetrameric insulin receptor (IR) in the membrane of adipocytes and myocytes. Subsequently,
the intracellular B-subunits of the IR are transautophosphorylated, resulting in phosphorylation of
the insulin receptor substrate (IRS) on multiple tyrosine residues through interaction with the
activated IR via a phosphotyrosine binding (PTB) module [125]. Phosphorylated IRS interacts with
the regulatory subunit of phosphatidylinositol-3’-kinase (PI3K), p85, which recruits the catalytic
p110a subunit. This initiates the phosphorylation of phosphoinositide (PI) lipids and the generation
of PI(3,4,5)-trisphosphate from PI(4,5)-bisphosphate and PI(3,4)-bisphosphate from PI(4)-
phosphate [126]. Subsequently, 3'-phosphoinositide-dependent kinase-1 (PDK-1) is activates Akt
(protein kinase B) by phosphorylation of threonine 308 (T308) [127, 128]. Full activation of Akt
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is additionally requires mTORC2-mediated phosphorylation of serine 473 (S473) [129].
Downstream targets of Akt include Rab GTPase-activating proteins (RabGAPs) TBC1DI1 and
TBCI1D4, also known as Akt substrate of 160 kDa (AS160) [130, 131], which can be
phosphorylated at multiple phosphorylation sites [132, 133]. TBC1D1 and TBC1D4 target Rab
GTPases, which are crucial regulatory proteins of vesicular trafficking [134]. Several Ras-related
in brain (Rab) proteins have been implicated in the trafficking of GLUT4, which facilitates glucose
uptake into skeletal muscle and adipose tissue [135, 136]. GLUT4 cycles dynamically between
intracellular compartments. In the unstimulated state, GLUT4 is located in intracellular storage
vesicles (GSVs) [137]. Following insulin stimulation and glucose uptake, membrane-bound
GLUT4 is incorporated into the endosomal recycling compartment (ERC) by endocytosis and
transported by endosomes to the trans-Golgi network (TGN) for recycling or de novo synthesis

[138].

Dysregulation of insulin signaling including insulin-stimulated glucose uptake in skeletal muscle
and adipose tissue, is a prominent feature of T2DM [139]. Studies demonstrate reduced insulin
action in obese individuals due to impaired insulin receptor signaling [140, 141] and blunted
activation of several downstream targets such as insulin receptor substrate 1 (IRS1) and Akt [142].
Skeletal muscle insulin resistance is considered to be a driving force in the development of T2DM
[53], occurring decades before the onset of B-cell failure and manifest T2DM [143]. While B-cell
loss is irreversible, skeletal muscle insulin resistance can be improved [52] and therefore represents

a target for therapeutic approaches.

1.3.1.2 Insulin-mediated inhibition of glucose production in the liver

The liver plays a critical role in the regulation and maintenance of systemic glucose homeostasis.
In the postprandial state, the liver contributes to the regulation of glucose tolerance [144], while in
the fasted state, the liver maintains normoglycemia by mobilizing stored glycogen to provide an

adequate glucose supply [145].

Endogenous glucose production includes the process of de novo glucose production
(gluconeogenesis), which accounts for 90% of hepatic glucose production, and glycogen hydrolysis
(glycogenolysis) [146]. Insulin has been implicated in the regulation of hepatic glucose metabolism
[147]. While gluconeogenesis is suppressed by approximately 20% in response to insulin,
glycogenolysis is entirely diminished [148]. In the postprandial state, gluconeogenic substrates

from adipose tissue and skeletal muscle, such as NEFAs, glycerol, and amino acids, are reduced
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[149, 150]. While glucose is generally the primary inhibitor of hepatic glycogenolysis, insulin is a
crucial activator of glycogen synthesis via multiple signaling pathways. Physiological
hyperinsulinemia inhibits hepatic gluconeogenesis via Akt-mediated phosphorylation and
inactivation of forkhead-box-O (FOXO)-1 [151, 152]. While in response to insulin Akt/FOXO1
gluconeogenic genes are down-regulated and hepatic gluconeogenesis is suppressed, lipogenesis
is promoted [153, 154]. Furthermore, insulin-stimulated activation of Akt mediates
phosphorylation and inhibition of GSK-3, which suppresses glycogen synthase [155]. Interestingly,
studies have shown that insulin is crucial for glycogen synthesis but not for suppressing

glycogenolysis in vivo [156].

In individuals with T2DM, gluconeogenesis is primarily responsible for elevated fasting blood
glucose concentrations [157]. Hepatic glucose production is elevated in the fasted and postprandial
states, the latter is generally associated with insulin resistance [145, 158]. Insulin resistance
contributes to elevated hepatic glucose production, which subsequently promotes hyperglycemia
in individuals with T2DM. Elevated blood glucose concentrations enhance carbohydrate response
element-binding protein (ChREBP) signaling resulting in further activation of glycolytic genes
[159]. Impaired inhibition of postprandial glucose production provides substrates for de novo
lipogenesis and promotes hepatic lipid accumulation [160], which is characteristic of non-alcoholic
fatty liver disease (NAFLD) [161]. Further progression of NAFLD to hepatic fibrosis and non-
alcoholic steatohepatitis (NASH) increases morbidity and mortality [162]. In contrast, insulin
counterregulatory hormones such as glucagon and catecholamines induce mobilization of stored

glycogen via glycogen phosphorylase-regulated glycogen hydrolysis [163, 164].

1.3.2 The role of adipose tissue as in whole-body metabolism
Classically, there are two major depots of adipose tissues: white WAT and BAT, which have

distinct metabolic roles [165].

WAT serves primarily as an energy reservoir. During periods of overnutrition the white adipose
tissue stores excess energy, in the form of TAG in adipocytes, to fuel peripheral tissues during
periods of increased energy demand or energy deficit. In lean individuals, the subcutaneous fat is
the most prominent WAT depot, accounting for 80% of total adipose tissue mass, and functions
primarily as a mechanical and thermal insulator [166, 167]. While subcutaneous WAT is associated
with reduced metabolic risk, studies have shown that visceral adipose tissue activity determines

metabolic risk [168, 169]. The visceral or abdominal adipose tissue is highly metabolically active
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and critical in the development of metabolic syndrome and T2DM [170]. Located in the mesentery
and omentum, it is and directly connected to the liver via the portal circulation and provides
mechanical protection to the internal organs [171]. In contrast to BAT, WAT adipocytes usually
consist of a single, large lipid droplet and few mitochondria [172]. BAT is characterized by
multilocular lipid droplets, a high density of mitochondria and the expression of uncoupling protein
1 (UCP1) [173, 174]. UCPI1 in mitochondria of brown adipocytes enables non-shivering
thermogenesis by uncoupling ATP synthesis from oxidative phosphorylation to generate heat. It
was believed to be abundant only in human infants, but studies have demonstrated metabolically
active BAT in adults [175, 176]. BAT activation increases FAO and energy expenditure and thus
has therapeutic potential in the treatment of metabolic disorders such as obesity and T2DM [177].

Dysregulated adipose tissue function due to weight gain has a crucial impact on the pathogenesis
of insulin resistance and T2DM. Several studies demonstrate that metabolic dysfunction due to
metabolically unhealthy adipose tissue, is reversible by lifestyle changes and therapeutic

interventions that reduce inflammation and restore adipose tissue functionality [178, 179].

1.3.3 Fatty acid metabolism in skeletal muscle, adipose tissue and the liver

The availability of FA varies according to the nutritional state. In the postprandial state, FAs are
provided by chylomicron from the circulation. In the fasted state, FAs are released from adipocyte
energy stores. Insulin is a key regulator of FA metabolism enhancing lipogenesis, the storage of

triacylglycerides (TAG), and suppressing lipolysis, the mobilization of stored TAG [180].

1.3.3.1 Insulin-stimulated storage of lipids

Insulin is a key regulator of lipogenesis by increasing intracellular glucose concentration, activating
glycolytic and lipogenic enzymes and further increasing lipogenic gene expression [181, 182].
Under postprandial conditions, chylomicrons in the circulation are hydrolyzed by lipoprotein lipase
(LPL), which is activated in adipocytes in response to insulin [180]. Subsequent disposal of FAs
from the circulation to target tissues is facilitated by protein-mediated transport. In target tissues,
fatty acid translocase/cluster of differentiation 36 (FAT/CD36), plasma membrane-associated fatty
acid binding protein (FABPpm), and fatty acid transport proteins (FATP1 and 4) regulate FA
uptake [183]. Additionally, FA are provided by glycolysis via de novo lipogenesis (DNL).
However, DNL contributes significantly to TAG storage in adipocytes only when the energy
demand for carbohydrates is exceeded, and therefore accounts for only about 10% of adipose tissue

TAG in healthy individuals [184]. DNL is highly regulated by nutrition and in responsive to
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hormonal changes. For storage in adipocytes, FA are re-esterified and insulin-stimulated glycolysis

provides glycerol-3-phosphate for TAG synthesis [185].

Studies have shown that polyunsaturated FAs reduce the expression of lipogenic genes in the liver
[186], whereas a high-carbohydrate diet enhances lipogenesis in the liver and adipose tissue [187].
Under conditions of energy surplus or when the energy storage capacity of adipocytes is exceeded,

TAG can also accumulate in skeletal muscle and liver [181].

1.3.3.2 Insulin-mediated inhibition of lipid mobilization

Endogenous TAG stores are mobilized by lipolysis in response to fasting or high energy demands
when glycogen stores are depleted. Hydrolysis of TAG in adipocytes produces NEFAs, which are
released into the circulation via fatty acid transporters to undergo B-oxidation and serve as fuel for
peripheral tissues [188]. Stored TAG and diacylglycerides are hydrolyzed by adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL) to release FA [189]. Monoacylglycerol lipase
catalyzes the final step of TAG lipolysis, releasing FA and glycerol, which can be converted to KB
and glucose, respectively, by the liver [190, 191] . Similar to lipids, KBs serve as an alternative
fuel during fasting to conserve glucose. In target tissues, FA are oxidized by coupling with
coenzyme A. Fatty acyl-CoA is converted to fatty acyl-carnitine for transport to mitochondria. In
the mitochondria, acyl-carnitine undergoes B-oxidation to form acetyl-CoA, which serves as a

substrate for the TCA cycle and NADH and FADH for the electron transport chain [192].

Insulin is a key regulator of lipolysis by suppressing ATGL and HSL activity in Akt-dependent
and independent manners [193-195]. Additionally, lipolysis has been shown to be suppressed via
mTORC1-mediated decrease in ATGL transcription [196]. Elevated basal lipolysis and impaired
insulin-induced inhibition of lipolysis have been associated with insulin resistance [197]. In
individuals with obesity or T2DM, lipolysis has been shown to be impaired at multiple levels [198],
which promotes lipid accumulation and reduces insulin action [199]. Moreover, individuals with
obesity or T2DM have a reduced capacity for lipid oxidation in skeletal muscle [200], which has
been attributed to reduced mitochondrial density due to reduced mitochondrial biogenesis [201].
However, other studies suggest that respiration, not mitochondrial biogenesis, is impaired in
individuals with T2DM [202]. While FAO has been shown to be impaired in skeletal muscle of
obese individuals [203], transport, uptake and storage of FAs are enhanced [204].
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1.3.4 Amino acid metabolism in skeletal muscle, adipose tissue and the liver

Amino acids (AA) serve for protein biosynthesis and as a source of energy. They are categorized
as non-essential and essential AA, which the latter of which cannot be synthesized by the body and
must be supplied by nutrition. Non-essential AA are generated as intermediates in glycolysis and
the TCA cycle. Essential AA from the diet or degradation from cellular proteins are deaminated to
NH4" and a carbon skeleton [205]. Cytotoxic NH4" is excreted via the urea cycle or removed by
synthesis of nucleotides or amino acids, while carbon skeletons generate ATP, glucose, and FA.
During adequate energy supply, free amino acids can be transaminated to glutamate and pyruvate,
enter the TCA cycle, and generate glucose and FA, contributing approximately 10-15% to ATP
synthesis [205]. However, during periods of energy deprivation or ingestion of high-protein diets,
ATP is largely synthesized from AA. The liver plays a key role in the metabolism of AA. The
glucogenic amino acids, glutamine and alanine, comprise 30-40% of all circulating amino acids
and are carbon and nitrogen carriers in the glucose-alanine and glucose-glutamine cycles [206]. In
the post-absorptive state, glutamine and alanine serve for gluconeogenesis [207], while the hepatic
contribution is about 30-40% and the renal contribution to gluconeogenesis is about 20-25%.
While alanine-associated gluconeogenesis occurs exclusively in the liver, glutamine-associated
gluconeogenesis occurs predominantly in the kidney [208]. Glutamine is mainly produced by
skeletal muscle, which accounts for approximately 120 g of glutamine per day, depending on
dietary intake and muscle activity [209]. Glutamine and alanine account for approximately 80% of
the total AA released by skeletal muscle [210]. In addition to providing energy, AA are important
regulators of cell growth, metabolism, and immune pathways [211]. Alterations in AA metabolism

have been implicated in the development of obesity and T2DM [212].

1.3.4.1 The role of branched-chain amino acids in insulin resistance

Recently, BCAA catabolism has been associated with insulin resistance in obesity and T2DM.
Studies have associated increased plasma BCAA concentrations with obesity and T2DM,
highlighting circulating BCAA as potential biomarkers for T2DM [213-215]. However, the
underlying mechanism of the association between increased plasma BCAA concentrations and

insulin resistance remains unknown.

Protein turnover, namely the balance between protein synthesis and protein breakdown [216], in
skeletal muscle, adipose tissue and liver is significantly influenced by plasma insulin and BCAA
concentrations [217-219]. The BCAAs leucine, isoleucine, and valine contribute between 15% and
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35% of total AA in skeletal muscle and have been shown to be involved in several metabolic
processes and signaling pathways [220]. BCAAs are activators of the mTOR signaling pathway,
thereby enhancing protein synthesis [221]. In healthy individuals, insulin-mediated suppression of
protein breakdown results in decreased plasma BCAA concentrations [222]. Studies have shown
that withdrawal of insulin results in a significant increase in plasma BCAA concentrations [223,
224], indicating the strong correlation between insulin and BCAAs. In individuals with insulin
resistance, insulin-mediated suppression of protein catabolism is impaired, resulting in muscle
wasting [225], which interestingly occurred independently of plasma BCAA concentrations [226].
In contrast, other studies indicate that insulin resistance promotes increases in plasma BCAA

concentrations through impaired insulin-mediated inhibition of protein breakdown [227].

It is suggested that BCAAs act as signaling factors promoting insulin resistance via regulation of

glucose and lipid metabolism as well as interorgan crosstalk [228-231].
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Figure 1: Interaction of energy substrates in skeletal muscle, adipose tissue and the liver. Following the ingestion
of food, the following macronutrients are digested to provide energy substrates: carbohydrates, fat and protein.
Carbohydrates are broken down into glucose, which is taken up by the cells in response to insulin, and provides
pyruvate via glycolysis. In the mitochondrial matrix, pyruvate serves as a substrate for acetyl-CoA, which enters the
TCA cycle to generate ATP. Fatty acids are taken up into the cells from circulating lipids or hydrolyzed from stored
triglycerides via beta-oxidation and converted to acetyl-CoA in the mitochondrial matrix to enter the TCA cycle.
Essential BCAAs from the diet or protein catabolism are taken up into the cells by specialized transporters and
transaminated by branched-chain aminotransferase (BCAT) to branched-chain alpha-ketoacids (BCKAs). BCKAs are
metabolized to acetyl-CoA or succinyl-CoA and enter the TCA cycle for oxidation. In addition to ATP synthesis, TCA
cycle intermediates from energy substrates can also serve as substrates for gluconeogenesis [232]. o-KG: o-
ketoglutarate, BCAA: Branched-chain amino acids, BCATm: mitochondrial branched-chain aminotransferase, BCKA:
branched-chain alpha-ketoacids, CoA: Coenzyme-A, FA: fatty acids, FATP: fatty acid transporter protein, Glu:
glutamate, GLUT4: glucose transporter type 4, NEFA: non-esterified fatty acid, SLC7AS5: solute carrier family 7
member 5, TCA: tricarboxylic acid. Created by Biorender.com

1.4 The role of organ crosstalk in energy metabolism
Skeletal muscle accounts for approximately 40% of total body mass and thus plays a crucial role
in energy metabolism [233]. Metabolic diseases are often associated with alterations in skeletal

muscle metabolism [203]. Compared to lean individuals, individuals with obesity or T2DM show
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impaired insulin-stimulated glucose uptake, oxidative metabolism, and TCA cycle flux in skeletal
muscle [234]. However, accumulating evidence suggests that T2DM results from multiorgan
insulin resistance and altered interorgan crosstalk via multiple metabolites acting as mediators

[231].

1.4.1 Energy substrate-mediated crosstalk between skeletal muscle, adipose tissue and liver
Substrates and intermediates of energy substrate metabolism such as lipid species, AA, and
ketoacids have been described to mediate organ crosstalk and to promote the development of

insulin resistance [231].

One of the first signaling factors described to link obesity with insulin resistance and T2DM were
FFA. FFA released from adipose tissue have been shown to induce lipotoxic effects and fat
accumulation in liver and skeletal muscle and further lipotoxic effects in pancreatic B-cells [235,
236]. Specific circulating lipid species are biomarkers of ectopic lipid accumulation and T2DM
[237]. FA such as palmitate impair oxidative glucose metabolism, non-oxidative glucose storage,
and interfere with insulin signal transduction in skeletal muscle and liver [238, 239]. In addition to
adipose tissue, the liver releases lipids into the circulation, contributing to organ crosstalk and

potential peripheral insulin resistance [231].

Similar to FFA, AA have been shown to interfere with insulin signaling in both a direct (substrate-
mediated) and indirect (hormone-mediated) manner [240, 241]. Studies have shown that increased
plasma AA resulted in increased IRS-1 phosphorylation, but decreased PI3K activity in skeletal
muscle in response to insulin as well as overactivated mTOR-mediated S6K phosphorylation.
Similarly, the mTOR/S6K1 pathway is activated by AA in the liver [241]. Hepatic estrogen
receptor a (ERa) is positively regulated by AA via mTOR signaling, which further leads to
increased secretion of insulin-like growth factor-1 (IGF-1) [242]. Thus, studies highlight the
contribution of AA to hepatic insulin resistance via estrogen and IGF-1 signaling [243]. Studies
elucidating the effect of AA on adipose tissue showed no effect of AA on fasting FFA
concentrations in lean individuals. However, in individuals with T2DM, AA positively correlated
with adipose tissue sensitivity and decreased mTOR signaling. Furthermore, increased plasma AA
concentrations have been associated with decreased expression of lipid storage enzymes in adipose
tissue [244]. TCA cycle intermediates such as pyruvate, oxaloacetate, a-ketoglutarate as well as

ketone bodies, B-ketoacid acetoacetate and B-hydroxybutyrate (BHB) are ketoacid derivatives of
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AA and lipid metabolism that may additionally act as signaling factors for different tissues [245,
246].

1.4.2 The role of adipokines in interorgan-crosstalk

Adipose tissue accounts for approximately 10-15% of total body mass in normal-weight male
adults and 20-30% in female adults, with variations due to age, ethnicity, genetics, and nutrition
[247]. It is composed largely of adipocytes and preadipocytes, as well as endothelial cells,

fibroblasts and immune cells such as macrophages and leukocytes [165].

In recent decades, adipose tissue has been recognized as a crucial endocrine organ secreting so-
called adipokines, cytokines and chemokines [248]. These signaling factors allow communication
between adipose tissue and other organs such as skeletal muscle, liver, pancreas and the brain [235].
Metabolically healthy adipose tissue secretes adipokines with insulin-like functions and potentially
beneficial effects on glucose homeostasis during insulin resistance [249, 250]. Adipose tissue
inflammation and the associated altered secretory profile are thought to contribute to the
development of insulin resistance in obesity and T2DM [251]. Expanded adipose tissue has been
shown to contribute to systemic insulin resistance by secreting pro-inflammatory cytokines such
as TNFa, which has been shown to reduce adiponectin secretion, and IL-6, which decreases the

effect of insulin on lipolysis and increases resistin release [235, 236, 252].

1.5 RabGAPs as key regulators of glucose and lipid metabolism

1.5.1 The impact of RabGAP-deficiency in humans

The closely related RabGAPs TBC1D1 and TBC1D4 have been described as key regulators of
energy substrate utilization. The individual contribution and function of the two RabGAPs in
metabolism has not yet been fully elucidated. While TBC1D1 has been suggested to play a crucial
role in controlling exercise endurance, physical capacity and skeletal muscle development due to
its association with meat production [253, 254], TBC1D4 has been suggested to regulate insulin

sensitivity in skeletal muscle and adipose tissue [130, 131, 255].

To date, several RabGAP variants have been described in humans and linked to obesity, insulin
resistance and T2DM. A TBC1D1 R/25W variant was associated with susceptibility to obesity in
humans [256]. Furthermore, severe insulin resistance was mediated by a TBC1D4 (R363X)

mutation resulting in impaired GLUT4 translocation [257]. In addition, a common TBC1D4
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p.-Arg684Ter loss-of-function mutation was identified in Arctic populations in Greenland defining
a specific T2DM subtype [258]. Homozygous carriers of the p.Arg684Ter variant present with
postprandial hyperglycemia and reduced GLUT4 protein abundance in skeletal muscle. A high
allele frequency of 17%, with 4% homozygous carriers indicates a positive selection for the
p.Arg684Ter variant in these genetically isolated populations [259]. Interestingly, regular physical
exercise has been shown to improve postprandial glycemia in homozygous carriers of the
p.Arg684Ter variant [260], indicating lifestyle interventions as a potential non-pharmacological

treatment in the prevention and management of T2DM.

1.5.2 RabGAP-deficient mouse models

Studies indicate that deficiency of either of the two RabGAPs, TBC1D1 or TBCI1D4, in mice
results in impaired insulin response and glucose tolerance. Furthermore, studies suggest a possible
compensatory function of the remaining RabGAP in single RabGAP-deficient mice [130, 261,
262]. In contrast, double 7hcldI- and Thcld4-deficient mice present with significantly impaired
insulin- as well as AICAR (5-aminoimidazole-4-carboxamide ribonucleotide)-stimulated glucose
uptake into skeletal muscle and primary white adipocytes. Consequently, the effect on whole-body
glycemia is more severe compared to single RabGAP-deficient mice [131]. Studies in mice have
proposed that TBC1D1 may affect fasting blood glucose concentrations by regulating p-cell
function. Glucose-stimulated insulin secretion from B-cells was enhanced in response to TBC1D1-
deficiency, indicating a possible negative regulation of TBC1D1 in insulin secretion [263, 264].
TBC1D4-deficiency in mice results in postprandial hyperglycemia, indicating distinct functions of

the two RabGAPs in the regulation of whole-body glycemia [265, 266].

Despite high homology and overlapping functions, TBC1D1 and TBC1D4 have distinct expression
patterns in skeletal muscle and adipose tissue [267]. In mice, Thcld] is highly expressed in skeletal
muscle, predominantly in glycolytic skeletal muscle fibers as found in the Extensor digitorum
longus (EDL) [261, 268, 269]. In contrast, Thcld4 is highly expressed in adipose tissue and
oxidative skeletal muscle fibers such as Soleus and the cardiac muscle [270, 271]. Consistent with
the expression pattern, GLUT4 protein abundance in insulin-responsive tissues is reduced in
response to RabGAP-deficiency [131]. Compared to mice, there are no differences in the
expression pattern of the two RabGAPs described in human skeletal muscle [272]. Previous
discussions postulate different effects of TBC1D1 and TBC1D4 regarding their regulation in
substrate metabolism [273, 274]. RabGAP-deficient mice show a shift from glucose to FA
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metabolism as indicated by enhanced FAO in skeletal muscle, which may be facilitated by

increased SLC27A4/FATP4 abundance [130, 131, 261, 275].

To date, TBC1D1 and TBC1D4 have been shown to be crucial regulators of whole-body
metabolism by controlling GLUT4-mediated glucose uptake in skeletal muscle and adipose tissue,
as well as FAO in skeletal muscle. However, the exact functions of TBCID1 and its close

homologue TBC1D4 in glucose and lipid metabolism remain to be elucidated.

1.5.3 Regulators of cellular GLUTH4 trafficking

GLUT4 translocation to the plasma membrane has been well described to require PI3K signaling
followed by TBC1D4 phosphorylation in response to Akt activation [276]. TBC1D4 regulates the
activity of Rab proteins, small GTPases that regulate intracellular trafficking events including
vesicle budding, delivery, tethering and membrane fusion [134, 277]. Rab proteins cycle between
an inactive guanosine 5'-diphosphate (GDP)-bound and an active guanosine 5'-triphosphate (GTP)-
bound state and interact with three types of regulatory proteins. Guanine nucleotide exchange factor
(GEF) and Rab GTPase-activating proteins (GAPs) and GDP dissociation inhibitor (GDI) enhance
and inhibit Rab protein function, respectively. GEFs facilitate Rab activation by replacing GDP
with GTP, whereas RabGAPs promote the hydrolysis of bound GTP to GDP, allowing Rab
association with GDI, which induces Rab translocation to the cytosol [138]. Several Rab-GTPases

have been described to regulate both exocytic and endocytic GLUT4 trafficking [278-280].

Additionally, the signaling architecture of GLUT4 trafficking involves assistance from cytoskeletal
proteins such as filamentous actin (F-actin). Insulin induces the remodeling of actin filaments into
a cortical network, which is required for GLUT4 translocation and involves PIP3 and downstream
signaling components [281-283]. In addition, Cbl and Cbl-associated protein (CAP) are recruited
by adaptor molecules containing pleckstrin homology (PH) and Src-homology 2 (SH2) (APS)
domains [284]. Upon IR-mediated tyrosine phosphorylation of Cbl, CrkIl and the GEF C3G are
recruited to activate the GTP-binding protein TC10 [285, 286]. The downstream targets of TC10,
neural Wiskott-Aldrich syndrome protein (N-WASP) and actin related protein-3 (Arp3), have been
suggested to regulate actin polymerization [281], whereas GLUT4 vesicle attachment to the plasma
membrane is regulated by the exocyst protein complex [287]. SNARE proteins subsequently
mediate the fusion of GLUT4 vesicles with the plasma membrane to allow glucose uptake [288]

(Figure 2).
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Figure 2: Insulin-mediated regulators of GLUT4 trafficking. In response to insulin, GLUT4 translocation to the
plasma membrane requires IRS-mediated signaling for phosphorylation of TBC1D4 to initiate Rab-mediated
trafficking of intracellular GLUT4-storage vesicles. Simultaneously, insulin initiates actin filament polymerization and
GLUT4 vesicle tethering/docking to the plasma membrane. GLUT4 fusion with the plasma membrane allows glucose
uptake. APS: adaptor molecules containing pleckstrin homology and Src-homology 2, Arp3: actin related protein-3,
CAP: Cbl-associated protein, Exo70: Exocyst complex component, IRS: insulin receptor substrate, N-WASP: neural

Wiskott-Aldrich syndrome protein. Created by Biorender.com

1.6 Aim of the study
Previous studies have demonstrated the regulatory function of the two RabGAPs TBC1DI1 and

TBC1D4 in whole-body glycemia. Studies indicate a strong association of TBC1DI1 with the
susceptibility to obesity and a role in skeletal muscle development [131, 132, 256], suggesting
TBCIDI as a candidate for lifestyle intervention studies. In Arctic populations, a common
TBC1D4 p.Arg684Ter variant results in a loss-of-function mutation characterized by postprandial
hyperglycemia and an increased risk of T2DM in homozygous carriers of the gene variant [258].
Similarly, 7bhcld4-deficient mice exhibit postprandial hyperglycemia and impaired insulin-

stimulated glucose uptake in oxidative So/eus muscle and white adipose tissue [131, 266, 289, 290].
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We hypothesized that the Arctic p.Arg684Ter gene variant represents an evolutionary adaptation
to the traditional Arctic lifestyle characterized by a ketogenic diet, with a low-carbohydrate and
high-protein and -fat content. Thus, a traditional Arctic diet may represent a potential approach to
prevent the characteristic phenotype of 7hcld4-deficient mice and present a possible treatment in
precision medicine for homozygous carriers of the TBC1D4 p.Arg684Ter gene variant. To
elucidate the impact of macronutrient ratios on whole-body glycemia, interorgan crosstalk, insulin
resistance, and skeletal muscle development, the following key questions were addressed the in

present study (Figure 3):

@ ‘ g ‘ Glucose uptake into skeletal muscle [131, 266, 290] o g

) GLUT4
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1. How do Western and Arctic diets affect whole-body metabolism in RabGAP-deficient mice?
2. Does an Arctic diet improve the insulin resistance phenotype of Thcld4-deficient mice?

3. How do macronutrient ratios affect the individual contribution of the skeletal muscle and adipose

tissue to the management of whole-body glycemia in Thcld4-deficient mice?
N _/

Figure 3: Study design for addressing key questions of the present study. In the present study, ThcldI- (D1KO),
Tbcld4- (D4KO) and Tbcldl/4- deficient (D1/4KO) mice were metabolically characterized during dietary
interventions to clarify the impact of Western and Arctic diets on whole-body glycemia. In addition, it was evaluated
whether an Arctic diet is a potential approach to prevent the characteristic insulin resistance phenotype of D4KO mice.
Lastly, muscle- (mD4KO) and adipocyte-specific (aD4KO) Thcld4-deficient mice were metabolically characterized
to evaluate the individual contribution of skeletal muscle and adipose tissue to whole-body glycemia. Created by
Biorender.com
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2. Materials and methods
2.1 Materials
2.1.1Buffers and solutions

For the present study following buffers and solutions were used.

Table 1: Buffers and solutions

Buffer and solution Composition
DNA isolation
DNA lysis buffer 0.1 M Tris-HCI (pH 8.0), 0.2 M NaCl, 5 mM EDTA,
0.4% SDS
TE buffer 10 mM Tris-HCI (pH 8.0), | mM EDTA

Ex vivo glucose uptake into primary white adipocytes
Krebs-Ringer-Bicarbonate HEPES | Stock I: 118.5 mM NaCl, 4.7 mM KCI, 1.2 mM
buffer (KRBH) KH2POy4, 25 mM NaHCOs, gassed with carbogen gas

for 20 min on ice;

Added Stock II: 2.5 mM CaCl, - 2 HxO, 1.2
mM mgSO4-7 H20, 5 mM HEPES, gassed with
carbogen gas for 10 min on ice, 1% Bovine serum
albumin (BSA) added

Lipid extract solution 78 Vol.% 2-propanol, 20 Vol.% heptane, 2 Vol.%

sulphuric acid

Ex vivo glucose uptake into skeletal muscle

Avertin solution 10mL MQ water, 250uL Avertin (10 g dissolved in
10mL 2-methyl-2-butanol)
Krebs-Henseleit buffer (KHB) Stock I: 118.5 mM NaCl, 4.7 mM KCI, 1.2 mM

KH>POy4, 25 mM NaHCO;3, gassed with carbogen gas
for 20 min on ice;

Added Stock II: 2.5 mM CaCl; - 2

H>0, 1.2 mM mgSO4 - 7 H20, 5 mM HEPES, gassed
with carbogen gas for 10 min on ice, 1% BSA added

Hot incubation buffer 19 mM Mannitol, I mM 2-deoxyglucose
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+/- 120nM Insulin, 2.5 pCi/mL [*H]-2-deoxyglucose,
0.7 pCi/mL [**C]-mannitol (in KHB)

Incubation buffer

15 mM Mannitol, 5 mM Glucose +/-120nM Insulin
(in KHB)

Recovery buffer

15 mM Mannitol, 5 mM Glucose (in KHB)

Rinse buffer

20 mM Mannitol, +/- 120nM Insulin (in KHB)

Western Blot

Blocking solution

5% powdered milk, TBS-Tween (1x)

Electrophoresis buffer

25 mM Tris, 192 mM glycine, 0.1% SDS, 20 Vol%
glycerol, 8% SDS, 10 mM EDTA

LaemmLi sample buffer (4x LSB)

0.25 M Tris, 6% DTT, 0.2% bromophenol blue (pH
6.8)

Separating gel buffer

1.5 M Tris, 0.4% SDS (pH 8.8)

Stacking gel buffer

0.5 M Tris, 0.4% SDS (pH 6.8)

TBS-Tween buffer (TBS-T, 1x)

10 mM Tris, 150 mM NacCl, 0.05 Vol.% Tween 20

Transfer buffer

25 mM Tris, 192 mM glycine, 20% methanol

2.1.2 Chemicals

Following chemicals were used throughout the present study.

Table 2: Chemicals

Chemical

Supplier

2-deoxyglucose

Sigma-Aldrich (St. Louis, MO, USA)

2-methyl-2-butanol

Sigma-Aldrich (St. Louis, MO, USA)

2-propanol Applichem (Darmstadt, Germany)

5x HF Buffer Mobidiag (Espo, Finland)

6x DNA Loading Dye Thermo Scientific (Peqlab, Wilmington MA, USA)
10x Green Buffer Thermo Scientific (Peqlab, Wilmington MA, USA)

Acrylamid 4K Solution (37. 5:1; 30%)

Applichem (Darmstadt, Germany)

Actraprid Penfill Insulin human

Novo Nordisk (Bagsvard, Denmark)

Adenosine

Sigma-Aldrich (St. Louis, MO, USA)

30




2. Materials and methods

AICAR (5-Aminoimidazole-4-

carboxamide ribonucleotide)

Toronto Research Chemicals Inc., (Toronto, Canada)

Albumin Fraction V (BSA)

Merck (Darmstadt, Germany)

Ammonium persulfate (APS)

Serva (Heidelberg, Germany)

Avertin (2,2, -Tribromoethanol)

Sigma-Aldrich (St. Louis, MO, USA)

Bromophenol blue

Applichem (Darmstadt, Germany)

Calcium chloride dehydrate (CaCl; 2
H>0)

Merck (Darmstadt, Germany)

Chloroform

Applichem (Darmstadt, Germany)

Collagenase Type 1

Worthington Biochemical (Lakewood, NJ, USA)

Corn Oil

Sigma-Aldrich (St. Louis, MO, USA)

D-(+)-Glucose

Sigma-Aldrich (St. Louis, MO, USA)

Deoxynucleoside Triphosphate Set
(dNTPs)

Roche (Mannheim, Germany

Dimethylsulfoxide (DMSO)

Applichem (Darmstadt, Germany)

Dinonyl Phthalate

PHYWE (Goéttingen, Germany)

Dithiothreitol (DTT)

Carl Roth (Karlsruhe, Germany)

Dream Taq Polymerase

Thermo Scientific (Peqlab, Wilmington MA, USA)

Ethanol, absolute (EtOH)

Merck (Darmstadt, Germany)

Ethylenediaminetetraacetic acid

(EDTA)

Carl Roth (Karlsruhe, Germany)

Ethylene glycol bis (2-
aminoethylether)-N, N, N’, N’-tetra
acetic acid (EGTA)

Carl Roth (Karlsruhe, Germany)

Glucose (20%) B Braun (Melsungen, Germany)
Glycerol MP Biomedicals (Santa Ana, CA, USA)
Glycine Applichem (Darmstadt, Germany)

HD Green fluorescent dye

Intas Science Imaging (Gottingen, Germany)

HEPES 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid

Sigma-Aldrich (St. Louis, MO, USA)

Heptane (Isomers)

Carl Roth (Karlsruhe, Germany)
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Hydrochloric acid (HCL)

Carl Roth (Karlsruhe, Germany)

Magnesium sulfate heptahydrate
(MgSO4 7 H20)

Merck (Darmstadt, Germany)

Mannitol

Applichem (Darmstadt, Germany)

Methanol

Carl Roth (Karlsruhe, Germany)

Phosphatase inhibitor tablets
(PhosSTOP)

Roche (Mannheim, Germany)

Potassium chloride (KCl)

Merck (Darmstadt, Germany)

Potassium dihydrogen phosphate
(KH2PO4)

Merck (Darmstadt, Germany)

Powdered milk

Carl Roth (Karlsruhe, Germany)

Proteinase Inhibitor Cocktail

(cOmplete)

Roche (Mannheim, Germany)

Proteinase K

Carl Roth (Karlsruhe, Germany)

Rotiszint eco plus

Carl Roth (Karlsruhe, Germany)

Sodium acetate

Sigma-Aldrich (St. Louis, MO, USA)

Sodium chloride (NaCl)

Carl Roth (Karlsruhe, Germany)

Sodium dodecyl sulfate (SDS)

Carl Roth (Karlsruhe, Germany)

Sodium hydrogen carbonate (NaHCO3)

Merck (Darmstadt, Germany)

Sodium sulfate (Na2SOs)

Merck (Darmstadt, Germany)

Sulphuric acid

Carl Roth (Karlsruhe, Germany)

N, N, N’, N’-Tetramethylendiamine
(TEMED)

Carl Roth (Karlsruhe, Germany)

Tris

Carl Roth (Karlsruhe, Germany)

Triton X-100

Sigma-Aldrich (St. Louis, MO, USA)

TRIzol™ RNA Isolation Reagent

Thermo Scientific (Peqlab, Wilmington MA, USA)

Tween 20

Applichem (Darmstadt, Germany)
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2.1.3 Devices

Following devices were used throughout the present study.

Table 3: Devices

Device

Supplier

Centrifuge 5415 C

Eppendorf (Hamburg, Germany)

Centrifuge 5424 R

Eppendorf (Hamburg, Germany)

ChemiDoc XRS+

Bio-Rad Laboratories (Munich, Germany)

Contour Glucometer

Bayer (Leverkusen, Germany)

GelDoc XR+

Bio-Rad Laboratories (Munich, Germany)

iMARK Microplate Reader

Bio-Rad Laboratories (Munich, Germany)

Microbeta Counter

PerkinElmer (Waltham, MA, USA)

NanoDrop 2000

Thermo Scientific (Peqlab, Wilmington, MA, USA)

Shandon Excelsior

Thermo Fisher Scientific (Waltham, MA, USA)

Thermomixer Compact

Eppendorf (Hamburg, Germany)

TissueLyser II

Qiagen (Hilden, Germany)

Whole Body Composition Analyzer

Echo MRI (Houston, TX, USA)

TSE  PhenoMaster,

calorimetry

Indirect

gas | TSE systems (Berlin, Germany)

2.1.4 Primers

For the present study following primers were used.

Table 4: Primers for genotyping

Primer Sequence 5°-3’
Thcld4 Fwd: AGTAGACTCAGAGTGGTCTTGG
WT Rev: GTCTTCCGACTCCATATTTGC
Geo Rev: GCAGCGCATCGCCTTCTATC
floxed Tbcld4fl geno Fwd9: CTGTGAAGCCAAGCAGAGGA

CSD-loxF: GAGATGGCGCAACGCAATTAATG

CSD-R: GTAGGGACCTAGTGATGGTGGTCTC
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HSA-Cre

Fwd: GCGGTCTGGCAGTAAAAACTATC

Rev: GTGAAACAGCATTGCTGTCACTT

Adiponectin-Cre

Fwd: CTAGGCCACAGAATTGAAAGATCT

Rev: GTAGGTGGAAATTCTAGCATCATCC

Col F: TCCAATTTACTGACCGTACACCAA

Col R: CCTGATCCTGGCAATTTCGGCTA

2.1.5 Molecular weight size markers

Following molecular weight size markers were used throughout the present study for genotype

(2.2.4.2-2.2.4.3) and Western Blot (2.2.3.8-2.2.3.10) analysis.

Table 5: Molecular weight size markers

Molecular weight size marker

Supplier

50 bp DNA ladder

Thermo Scientific (Peqlab, Wilmington MA, USA)

100 bp DNA ladder

Thermo Scientific (Peqlab, Wilmington MA, USA)

PageRuler Prestained Protein Ladder

Thermo Scientific (Peqlab, Wilmington MA, USA)

2.1.6 Mouse diets

Experimental diets used throughout the present study were purchased from Research Diets Inc.

(New Brunswick, NJ, USA). Experimental animals were subjected to the diets after weaning at 3—

4 weeks of age. The following table summarizes the dietary composition.

Table 6: Composition of mouse diets

HCLP LCHP CON
(D20092413) (D20092414) (20092415)
kcal%
Carbohydrate 40 5 70
Fat 55 55 10
Protein 5 40 20
kcal/gm 5.1 5.1 3.8
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2.1.7 Mouse strains

The following mouse strains were used throughout the present study. B6.Tbc1d4'™! -Tg(Adipoq-

cre) BV mice were kindly provided by Prof. Maria Grandoch (University Hospital, Diisseldorf,

Germany)

Table 7: Mouse strains

Strain Abbreviation Supplier
C57BL/6J WT German Diabetes Center (DDZ),
RCS.B6.SJL-Nob1.108SE_The1d4*"* Diisseldorf, Germany
RCS.B6.SJL-Nob1.10B6/SIL-Thcld4”~ | D4KO DDZ, Diisseldorf, Germany
B6.Tbc1d4™! floxed DDZ, Diisseldorf, Germany
B6.Tbc1d4™!-Tg(ACTA1-cre)’me? mD4KO DDZ, Diisseldorf, Germany
B6.Thc1d4™ -Tg(Adipoq-cre)'Evd™ aD4KO DDZ, Diisseldorf, Germany

2.1.8 Reaction Kits

Following reaction kits were used for the present study.

Table 8: Reaction Kits

Reaction kit

Supplier

Bio-Plex Pro Mouse Diabetes Adiponectin
Assay

Bio-Rad Laboratories (Munich, Germany)

Bio-Plex Pro Mouse Diabetes 8-plex Assay

Bio-Rad Laboratories (Munich, Germany)

Bicinchoninic acid (BCA) Protein Assay Kit

Pierce (Rockford, IL, USA)

GoScript Reverse Transcription System

Promega (Madison, WI, USA)

GoTaq qPCR Master Mix

Promega (Madison, WI, USA)

Insulin (Mouse) Ultrasensitive ELISA

DRG Instruments (Marburg, Germany)

Autokit 3-HB (total ketone bodies)

Wako Chemicals (Neuss, Germany)

NEFA-HR (2) Assay Kit

Wako Chemicals (Neuss, Germany)

TGX™ and TGX Stain-Free™ FastCast™
Acrylamide Kit

Bio-Rad Laboratories (Munich, Germany)

Western Lightning ECL Enhanced

PerkinElmer (Waltham, MA, USA)
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Chemiluminescence Substrate

2.1.9 Radioactive isotopes

Following radioactively labeled chemicals were used for determination of ex vivo insulin-

stimulated glucose uptake into skeletal muscle (2.2.2.9) and primary white adipocytes (2.2.2.10).

Table 9: Radioactive isotopes

Isotope

Supplier

[*H]-2-deoxyglucose

Hartmann Analytic (Brunswick, Germany)

[*C]-D-glucose

Hartmann Analytic (Brunswick, Germany)

['*C]-mannitol

PerkinElmer (Waltham, MA, USA)

2.1.10 Software

Following software were used throughout the present study for data analysis.

Table 10: Software

Software

Supplier

Bio-Plex-Manager 6.0

Bio-Rad Laboratories (Munich, Germany)

ConsensusPathDB

Max-Planck-Institute for Molecular Genetics

(Berlin, Germany)

GraphPad Prism 10

GraphPad Software Inc (San Diego, CA, USA)

Image Lab 6.0.1

Bio-Rad Laboratories (Munich, Germany)

Microplate Manager 6

Bio-Rad Laboratories (Munich, Germany)

NanoDrop 2000

Thermo Scientific (Peqlab, Wilmington, MA,
USA)

Proteome Discoverer 2.5

Thermo Fisher Scientific Inc. (Waltham, MA,
USA)

Phenomaster

TSE Systems (Bad Homburg, Germany)
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2.1.11 Antibodies

For the present study following antibodies were used for determination of protein abundance via

Western blot (2.2.3.8-2.2.3.10).

Table 11: Antibodies

Antibody

Supplier, Catalog #

Dilution in TBS-T

Primary antibodies

Anti-rabbit-AS160/TBC1D4

Abcam (Cambridge, UK),

1:1000 + 5% milk

#ab189890 powder
Anti-rabbit-FATP4 Abcam (Cambridge, UK), 1:1000 + 5% milk
#ab200353 powder

Anti-rabbit-GAPDH

Cell Signaling (Danvers, MA, USA),
#2118

1:5000 + 5% milk

powder

Anti-rabbit-GLUT4

Anti-rat-GLUT4

Custom-made  (Sam  Cushman,
University of Oxford, UK)
Custom-made (Helmholtz, Munich)

1:1000 + 5% milk
powder
1:10 + 5% milk

powder

Anti-rabbit-TBC1D1

Cell Signaling (Danvers, MA, USA),
#4629S

1:1000 + 5% milk

powder

Secondary antibodies

Goat-anti-rabbit IgG

Dianova (Hamburg, Germany),

#111-035-003

1:20.000 + 5% milk

powder

Anti-rat

Custom-made (Helmholtz, Munich)

1:1000 + 5% milk

powder
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2.2 Methods
2.2.1 Study design

For the present study, experimental animals were subjected to a Control diet (CON) or two high-
fat diets differing in their carbohydrate to protein ratio: a high-carbohydrate low-protein (HCLP)
or a low-carbohydrate high-protein (LCHP) diet, after weaning. During the different dietary

interventions, experimental animals underwent metabolic characterization.

2.2.2 Animal experiments
All experiments were approved by the Ethics Committee of the State Agency for Nature,
Environment and Consumer Protection (LANUV, North Rhine-Westphalia, Germany; reference

number 81-02.04.2019.A492).

2.2.2.1 General animal housing

Male mice were housed in Makrolon type IlI-cages (EBECO, Castrop-Rauxel, Germany) in groups
of 2—6 animals at an environmental temperature of 22°C and a 12-hour light-dark cycle with lights
off from 6 pm to 6 am. Animals had ad libitum access to their respective experimental diet (Table
6) and water and were kept in accordance with the National Institutes of Health guidelines for the

care and use of laboratory animals.

2.2.2.2 Body composition via nuclear magnetic resonance (NMR)

Body composition of the animals was determined by NMR (Whole Body Composition Analyzer,
Echo MRI, Houston, TX, USA). Body fat and lean mass were measured in duplicate with a
40-seconds interval between each measurement. Total body weight was determined using scales
(Sartorius, Goettingen, Germany) and may differ from the sum of body fat and lean mass due to
possible movement of the animal in then NMR tube and elimination of water content determination

during the measurement.

2.2.2.3 Carbohydrate and fatty acid oxidation (indirect calorimetry)

The original technique of indirect calorimetry to measure carbohydrate and FAO was established
in 1956 [291]. To measure the respiratory exchange ratio (RER) by indirect calorimetry the
experimental animals are placed in individual cages in a calorimetric climate chamber system (TSE
PhenoMaster, TSE Systems, Bad Homburg, Germany) for three days at a temperature of 22°C and
a 12-hour light-dark cycle (lights turn on from 6 am to 6 pm) adapted to the general animal housing

conditions. For data analysis, the 24-hour averages were calculated, excluding the first 24 hours of
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acclimatization. The analysis of the calorimetric parameters includes VO, VCO>, RER and
voluntary activity, which are measured every 30 minutes at a constant flow rate of 0.4 L/min
(sample flow rate of 0.38 L/min). CHO and FAO are calculated using the respiratory quotient and
the corresponding equations: CHO = 4.585 x VCO: (L/min)-3.226 x VO,; FAO = 1.695 x VO,
(L/min)-1.701 x VCO; (L/min) [131, 292]. Voluntary activity is measured by the number of
infrared light beam interruptions in the x/y axis using the Phenomaster system. Depending on the
composition of the experimental diet, food intake is measured using the PhenoMaster software or
manually by weighing the diet pellets before and after the measurement. To ensure a clear
light/dark circle, the experimental animals are given an ad libitum excess of the experimental diet

only during their naturally active phase (from 6 pm to 6 am).

2.2.2.4 Determination of blood glucose

To measure blood glucose concentrations, a small portion of the tail tip was cut off and glucose
concentrations were assessed by using a glucose meter and glucose strips (Contour next blood
glucose meter, Bayer, Leverkusen, Germany). Blood samples were collected in microvettes
(Microvette CB 300 LH, Sarstedt, Niimbrecht, Germany) during the glucose tolerance tests
(2.2.2.5), and 6 h fasted blood glucose (6 h FBG) measurements. Blood samples collected during
a Fasting-Refeeding experiment (2.2.2.8) were collected in EDTA-covered microvettes
(Microvette CB 300 K2 EDTA, Sarstedt, Niimbrecht, Germany). For further analysis, blood
samples were centrifuged at 5000 xg for 5 minutes at 4°C. Blood plasma was then collected and

stored at -80°C until further use.

2.2.2.5 Intraperitoneal glucose tolerance test (i.p. GTT)

To determine whole-body glucose tolerance, animals underwent an intraperitoneal glucose
tolerance test (i.p. GTT) at 12 weeks of age. Animals were fasted overnight for 16 h prior to the
experiment. Basal blood glucose levels were assessed, mice were weighed and injected with a
sterile glucose solution (2 g/kg body weight, 20% solution). Blood glucose levels were then
measured 15, 30, 60, 120, and 240 minutes after the injection. Blood samples were taken from the
tail tip and processed for later analysis of plasma insulin levels. Blood glucose levels returned to
basal levels after 240 minutes. During the experimental period, the animals were kept in individual

cages without access to the experimental diet, but with ad libitum access to water.
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2.2.2.6 Intraperitoneal insulin tolerance test (i.p. ITT)

To assess whole-body insulin sensitivity, random fed mice underwent an intraperitoneal insulin
tolerance test (i.p. ITT). Basal blood glucose levels were measured and mice were injected with
1 U/kg body weight of insulin dissolved in 0.9% NaCl. Blood glucose concentrations were
measured at 15, 30, and 60 minutes after the injection. During the test period, mice were

individually caged without access to the experimental diet but with ad libitum access to water.

2.2.2.7 Intraperitoneal AICAR tolerance test (i.p. ATT)

To determine whole-body sensitivity to S5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), intraperitoneal AICAR tolerance tests (i.p. ATT) were conducted in random fed
14-week-old mice. Basal blood glucose levels were measured and mice were injected with
250 mg/kg body weight of AICAR dissolved in 0.9% NaCl. Blood glucose concentrations were
measured at 15, 30, and 60 minutes after the injection. During the test period, mice were

individually caged without access to the experimental diet but with ad libitum access to water.

2.2.2.8 Fasting and Refeeding

To assess postprandial glycemia, a Fasting-Refeeding experiment was conducted in week 16 of the
metabolic characterization. The animals were fasted overnight for 16 hours prior to the experiment.
After 16 hours of fasting, body weight and basal blood glucose concentrations were measured. The
mice were then refed with the respective experimental diets. Blood glucose concentrations were
measured and blood samples were collected for later plasma analysis at 1, 2, and 4 hours after
refeeding. Mice were housed in individual cages with ad libitum access to the experimental diet

and water.

2.2.2.9 Ex vivo glucose uptake into isolated skeletal muscle

To assess glucose uptake into skeletal muscle ex vivo, the incorporation of radioactively labelled
[*H]-2-deoxyglucose (2-DOG) was measured. Animals were fasted for 4 hours prior to the
experiment and anesthetized by intraperitoneal injection of 500 mg/kg body weight Avertin (Table
1). Soleus and EDL muscles were carefully isolated under anesthesia before animals were sacrificed
by cervical dislocation to collect the remaining tissues. Isolated muscles were incubated in four
different buffers (Table 1) at 30°C in a shaking water bath with a constant supply of carbogen gas
(95% O2, 5% COz). Muscles were incubated in small glass vials containing 1 mL of each buffer
per muscle. Muscles were incubated with recovery buffer for 30 minutes. Thereafter, muscles were

transferred to new glass vials containing incubation buffer for an additional 30 minutes. While one
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muscle was incubated under basal conditions, the second muscle was incubated in buffer
supplemented with 120 nM of insulin. Muscles were then incubated in basal or insulin
supplemented rinse buffer for 10 minutes. Finally, Soleus and EDL muscles were incubated under
basal or insulin-stimulated conditions in HOT buffer containing radioactively labelled
[*'H]-2-DOG, and ['*C]-mannitol for 20 minutes. After the HOT incubation, tendons were removed

from the muscles and frozen in liquid nitrogen before further processing.

For scintillation counting muscles were homogenized in 300 pL of lysis buffer (Table 1). 40 uL of
the resulting protein lysate (2.2.3.5) were transferred to 1.5 mL of Rotiszint scintillation liquid
(Table 2) to count the radioactivity of incorporated 2-DOG and ['*C]-mannitol in a scintillation
counter (Beckman Coulter, Krefeld, Germany). 2-DOG uptake was calculated as counts per minute
(cpm) that were normalized to protein concentrations as determined by BCA analysis (2.2.3.6).
Glucose uptake values are given as nmol/ mg protein/20 min. The calculation considers
extracellularly bound 2-DOG by the detection of the extracellular space with ['*C]-mannitol and

subtraction from intracellular 2-deoxyglucose [293].

2.2.2.10 Ex vivo glucose uptake into isolated adipocytes
Glucose uptake into primary white adipocytes from epididymal WAT was assessed ex vivo by
incorporation of radioactively labelled ['*C]-D-glucose. Adipocytes were isolated by dissecting
epididymal WAT from mice followed by transfer to 3 mL of prewarmed (37°C) KRBH buffer
containing 200 nM adenosine and 5% BSA (Table 1). 16 mg of collagenase diluted in 500 KRBH
buffer were added to the sheared WAT and incubated for 1 hour at 37°C for collagenase digestion.
The resulting cell lysate was filtered through 400 pm polyamide nylon mesh into a falcon tube and
centrifuged at 50 xg for 1 minute at RT. After centrifugation the upper layer contained white
adipocytes and the lower aqueous phase was discarded. The cells were shortly centrifuged for three
times with 5 mL of freshly added KRBH buffer. After washing, equal volumes of adipocytes and
KRBH buffer were combined to a final 6.25% adipocyte cell suspension. Subsequently, 200 puL of
adipocyte suspension and KRBH buffer were incubated with or without 120nM of insulin shaking
for 30 minutes at 37°C in a water bath. To assess glucose uptake, the adipocyte suspension was
incubated with 0.1 uCi/pL ['*C]-D-glucose for 30 minutes at 37°C. After incubation, 280 pL of
adipocyte suspension were transferred to small tubes supplemented with 125 puL of dinonyl
phthalate oil and centrifuged at 9391 xg for 10 minutes at RT to remove excess radioactivity and
stop glucose uptake. After centrifugation, the upper part of the tube containing the adipocytes was
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cut off and transferred to counting vials containing 3 mL of Rotiszint scintillation liquid (Table 2).
Vials were incubated for 30 minutes at RT, rotating overhead, before measuring the incorporated
['*C]-D-glucose in a scintillation counter (Beckman Coulter, Krefeld, Germany). The resulting
values were given as counts per minute (cpm) and normalized to the lipid weight of the samples.
For quantitative determination of lipid weight, 200 pL of adipocyte suspension were transferred to
2.7 mL of lipid extract solution (Table 1) and stored overnight at 4°C. After the addition of 1.2 mL
heptane and 800 uL ddH»O, samples were vortexed and centrifuged at 201 xg for 5 minutes at RT.
Subsequently, 1mL of the supernatant was transferred to tared glass tubes (Rotilabo-test tubes, Carl
Roth, Karlsruhe, Germany). Samples were dried and evaporated by heating and gassing with
nitrogen for 15 minutes using a Reacti-Therm and Reacti-Vap Evaporating Unit (Pierce, Rockford,
IL, USA). Samples were measured in quintuple for basal and insulin-stimulated conditions and
final values were given as cpm/ mg lipid. This assay was kindly performed by Anette Kurowski

and Heidrun Podini.

2.2.3 Biochemical methods

2.2.3.1 Determination of plasma insulin concentrations

For quantitative determination of plasma insulin concentration, the Insulin (Mouse) Ultrasensitive
ELISA Kit (Table 8) was used according to the manufacturer’s instructions. This method is based
on an enzyme-linked immunoassay using a 96-well plate coated with anti-insulin antibody and a
horseradish peroxidase (HRP)-coupled secondary antibody that catalyzes the oxidation of
3,3°,5,5 -tetramethylbenzidine (TMB). TMB was additionally added to form a violet substrate that
was read colorimetrically at 450 nm (iMark Microplate Absorbance Reader, Bio-Rad, Hercules,
CA, USA). Samples were measured as a single measurement due to low sample volume and values

were given as ng/l.

2.2.3.2 Determination of plasma ketone bodies

A photometrical assay kit was used for the quantitative determination of plasma ketone body
concentrations, as a sum of acetoacetate (AcAc) and 3-hydroxybutyrat (3-HB) (Table 8). The
method is based on the cyclic conversion of AcAc and 3-HB to 3-HB and AcAc, respectively, in
the presence of 3-HB dehydrogenase, NADH, and thio-NAD. As a result, NAD and thio-NADH
are produced. The total ketone body content is determined by spectrophotometrical measurement

of Thio-NADH.
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4 uL of each plasma sample were pipetted into a 96-well plate and incubated with 135 pL of
enzymatic reagent R1 for 5 minutes at 37°C. Subsequently, 45 pL of enzymatic reagent R2 were
added to each well and the samples were further incubated for 2 minutes at 37°C. The absorbance
of the samples was measured at 415 and 595 nm (iMARK Microplate Absorbance Reader, Bio-
Rad, Hercules, CA, USA) and the values were given as umol/I.

2.2.3.3 Determination of plasma free fatty acids

To determine total concentration of plasma NEFAs, the NEFA-HR (2) Assay Kit (Table 8) was
used according to the manufacturer’s instructions. Plasma samples were diluted 1:2 with ddH»O,
incubated with 100 pL enzyme reagent A for 15 minutes at RT, followed by incubation of
15 minutes at RT with 50 pL of enzyme reagent B. By converting free fatty acids to Acyl-CoA,
catalyzed by peroxidases, a blue colored substrate was generated. Samples were measured in
technical duplicates and absorption was assessed at 560 nm (iMARK Microplate Absorbance

Reader, Bio-Rad, Hercules, CA, USA). Total values were given as mmol/l.

2.2.3.4 Determination of plasma diabetes biomarker concentrations

For determination of plasma concentrations of diabetes biomarkers ghrelin, Glucose-dependent
insulinotropic polypeptide (GIP), Glucagon-like peptide-1 (GLP-1), glucagon, insulin. leptin,
Plasminogen activator inhibitor-1 (PAI-1) and resistin, the Bio-Plex Pro Mouse Diabetes 8-plex
Assay (Table 8), a magnetic bead-based multiplex immunoassay, was used according to
manufacturer’s instructions. Analysis was performed using a Bio-Plex200 suspension array system
(Biorad). Total concentrations were calculated with optimized standard curves using the Bio-Plex-

Manager-Software version 6.0 (Biorad). This assay was kindly performed by Martina Schiller.

2.2.3.5 Preparation of protein lysates from murine tissue

Frozen muscle tissue (EDL, Soleus) was transferred into a 2 mL Safe-Lock tube with a steel ball
and 300 pL of lysis buffer (Table 1) were added. Muscle and liver samples were homogenized for
5 minutes at 25 Hz using a TissueLyser (Qiagen, Hilden, Germany) and subsequently centrifuged
at 15871 xg for 10 minutes at 4°C. The supernatant was transferred to a new 1.5mL Eppendorf tube
and centrifuged again for 10 minutes at 4°C. The final supernatant was used immediately for

quantitative determination of protein content via BCA (2.2.3.6) or stored at -80°C for later use.
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2.2.3.6 Determination of protein concentration

For quantitative determination of protein content, the BCA Protein Assay Kit (Table 8) was used
according to the manufacturer’s instructions. This method is based on the Biuret reaction. A violet
complex is formed by the reduction of Cu?" ions interacting with proteins and BCA. Samples were
diluted 1:20. Protein concentration was measured colorimetrically in technical duplicates at 560 nm

(iIMARK Microplate Absorbance Reader, Bio-Rad, Hercules, CA, USA).

2.2.3.8 Sodium-dodecylsulfate-polyacrylamide gel electrophoresis (SDS-page)

Proteins from lysates (2.2.3.5) were separated electrophoretically according to the molecular
weight by denaturating sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Thus, 20 pg of protein from lysates were diluted with ddH20 and 4x LSB (Table 2) to a total
volume of 20 pL. Samples were shortly vortexed and denatured for 30 minutes at RT.
Subsequently, EDL and Soleus samples were briefly centrifuged and loaded onto 10% SDS gels
(Table 12) or stain-free gels (Table 13) (Protein Gels, Bio-Rad, Hercules, CA, USA), respectively.
A pre-stained protein ladder (Table 5) was used to determine the molecular weight of separated
proteins. Electrophoretic separation was performed at an initial 50 V for 15 minutes and 150 V for
45-60 minutes in electrophoresis buffer (Table 1) using the Mini-PROTEAN Tetra Vertical
Electrophoresis Cell System (Bio-Rad, Hercules, CA, USA).

Table 12: Composition of SDS-gels

Compound Separating gel (10%) Stacking gel
Acrylamide (30%) 3mL 390 uL
Ammonium persulfate (APS, 18 L 6 uL
50%)
ddH>O 3.66 mL 1.83 mL
Separation buffer (Table 1) 2.34 mL
Stacking gel buffer (Table 1) 780 uL
TEMED 9 uL 3uL
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Table 13: Composition stain-free gels

Compound Separating gel (10%) Stacking gel
Resolver A 4mL
Resolver B 4mL
Stacker A 1.5mL
Stacker B 1.5mL
TEMED 4uL 3ul
Ammonium persulfate (APS, 40uL 15uL
10%)

2.2.3.9 Immunochemical protein detection

After electrophoresis, the separated proteins from the SDS gel were transferred to nitrocellulose
membranes for 2 hours at 0.2 A using tank blots (Tankblot Eco-Mini, Biometra, Gottingen,
Germany). Subsequently, non-specific antibody binding sites were covered by blocking the
membrane for 1 hour with 5% fat-free powdered milk in TBS-T (Table 1). The membrane was
briefly washed 3 times with TBS-T and incubated with the respective primary antibody (Table 11)
overnight in cold at approximately 7°C shaking. After incubation, the membrane was shortly
washed 3 times followed by TBS-T incubation for 30 minutes. After washing, the membranes were
incubated with a primary antibody-dependent secondary antibody (Table 11) for 1 hour. After
another incubation with TBS-T for 30 minutes, protein-bound antibodies were detected with
Western Lightning ECL Pro or Ultra solution (Table 8) and visualized using the ChemiDoc
Western Blot documentation system (Table 3). Quantitative analysis was performed using the

Image Lab software (Table 10).

2.2.3.10 Immunochemical protein detection using stain-free gels

To normalize protein abundance to a non-heterogeneous housekeeping protein in Soleus muscle,
normalization to the total protein content was performed. Therefore, proteins were separated in
stain-free gels by SDS-PAGE (2.2.3.8). The total protein content was then detected by UV radiation
using the ChemiDoc before transfer to nitrocellulose membranes. Subsequent antibody incubation

and detection of proteins was performed as previously described (2.2.3.9).
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2.2.4 Molecular biological methods

2.2.4.1 Isolation of genomic DNA from murine tail tips

To determine the genotype of the experimental animals, ear notches were collected from the
animals after weaning. Genomic DNA was then isolated. Biopsies were incubated with 200 pL
lysis buffer supplemented with 10 pL. Proteinase K, at 1200 rpm and 55°C overnight in a
Thermomixer (Table 3). To remove cell debris, samples were centrifuged at 9391 rcf for 1 minute
at RT. 150 pL of the supernatant were transferred to a new 1.5 mL Eppendorf tube. For DNA
extraction, 200 pL of isopropanol were added and samples were centrifuged at 9391 rcf for
10 minutes at RT. The supernatant was removed and the DNA-containing pellet was washed by
adding 200 pL of 75% ethanol followed by centrifugation at 9391 rcf for 5 minutes, after which
the supernatant was removed and the pellet was incubated at 55°C for 15 minutes to evaporate the
remaining ethanol. Samples were eluted with 100 uL TE buffer (Table 1) for 5 minutes at 55°C in

a Themomixer prior to DNA concentration determination using the Nanodrop (Table 3).

2.2.4.2 Polymerase Chain Reaction (PCR)

To verify the genotype of the experimental animals, the genetic region of interest was amplified by
polymerase chain reaction (PCR). First, double-stranded DNA is denaturated at 98°C, breaking the
hydrogen bonds between the nucleic bases to generate single-stranded DNA. Subsequently,
forward and reverse primers anneal at 65°C to elongate and synthesize complementary strands with
dNTPs. The following PCR reactions were performed to determine the genotype of whole-body
Thcldl/4-deficient mice, muscle- or adipose tissue-specific Thcd4-deficient mice, overexpressing

the HSA- and Adiponectin-Cre recombinase, as well as mice carrying floxed 7hcld4 alleles.

Table 14: PCR reaction setup for RCS-Thcldl

Compound Volume (uL) Stock concentration

MQ H20 5.8

HF Buffer 5x 4.0

dNTPs 2.0 8 mM
SJL forward 1.0 10 nM
SJL reverse 1.0 10 nM
B6 forward 1.0 10 nM
B6 reverse 1.0 10 nM
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Phusion-Taq

0.2

2 U/uL

DNA

4.0

10 ng/uL

Table 15: PCR reaction setup for the 7hcld4 knockout

Compound Volume (nL) Stock concentration

MQ H20 5.8

GreenGoTag-Buffer 10x 4.0

dNTPs 2.0 8 mM
Tbcld4 forward 2.0 10 nM
Tbcld4 WT reverse 1.0 10 nM
Tbcld4 Geo reverse 1.0 10 nM
Dream Taq Green 0.2 2 U/uL

DNA 4.0 10 ng/uL

Table 16: PCR reaction setup for the HSA-Cre recombinase

Compound Volume (nL) Stock concentration

MQ H20 7.8

GreenGoTag-Buffer 10x 4.0

dNTPs 2.0 8 mM

Cre forward (0IMR1084) 1.0 10 nM

Cre reverse (0IMR1085) 1.0 10 nM
Dream Taq Green 0.2 2 U/uL

DNA 4.0 10 ng/pLL

Table 17: PCR reaction setup for the Adiponectin-Cre recombinase

Compound Volume (uL) Stock concentration
MQ H20 5.8
HF Buffer 5x 4.0
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dNTPs 2.0 8 mM
iIMR7338 1.0 10 nM
iIMR7339 1.0 10 nM
Col 12249 1.0 10 nM
Col 12250 1.0 10 nM
Phusion-Polymerase 0.2 2 U/uL
DNA 4.0 10 ng/uL

Table 18: PCR reaction setup for the floxed 7Thcld4 allele

Compound Volume (nL) Stock concentration
MQ H20
HF Buffer 5x
DMSO
dNTPs 0.5 8§ mM
Tbcld4fl Geno Fwd9 0.5 10 nM
CSD-loxF 0.5 10 nM
CSD-R 1.0 10 nM
Phusion-Polymerase 0.2 2 U/pL
DNA 2.0 10 ng/pLL

2.2.4.3 Agarose gel electrophoresis

The resulting PCR products were separated and visualized by agarose gel electrophoresis with 1%

(floxed) or 2% (Thcldl, Tbcld4, Cre) agarose gels supplemented with 4.5uL/100mL of the

fluorescent dye HD Green (Table 2). HD Green allows visualization of DNA fragments under UV

irradiation by intercalating into the DNA double helix. For 7bcldl, Adiponection-Cre and floxed

PCR products, 4uL of 6x Loading dye was added after the PCR reaction. PCR products were

separated in an electrophoresis chamber at 120 V for 30 minutes. PCR fragments were then

visualized using the GelDoc UV gel imager (Table 3).
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2.2.5 Histological methods

2.2.5.1 Paraffin embedding of murine white adipose tissue

Epididymal adipose tissue was collected from experimental animals and transferred to a cassette
for overnight fixation in 4% paraformaldehyde. Subsequent embedding was performed using the
Shandon Excelsior (Thermo Fisher Scientific., Waltham, MA, USA). Tissue dehydration under

vacuum was kindly performed by Carmen Weidlich according to the following protocol:

Table 19: Paraffin embedding protocol

Process Time
EtOH 70% 1 hour
EtOH 70% 1 hour
EtOH 96% 1 hour
EtOH 96% 1 hour
EtOH absolute 1 hour
EtOH absolute 2 hours
Xylol 1 hour
Xylol 1 hour
Xylol 1 hour
Paraffin 1 hour
Paraffin 1 hour
Paraffin 2 hours

2.2.5.2 Hematoxylin and eosin (HE) staining of white adipose tissue sections
To visualize adipocytes of epididymal adipose tissue, 10 um thick sections were kindly prepared
by Carmen Weidlich. For subsequent Hematoxylin and Eosin (HE) staining, tissue sections were

deparaffinized and rehydrated to allow adipocyte staining according to the following steps:
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Table 20: HE-staining protocol

Process Time
Xylol 5 minutes
Xylol 5 minutes
EtOH absolute 5 minutes
EtOH absolute 5 minutes
EtOH 96% 5 minutes
EtOH 96% 5 minutes
EtOH 70% 5 minutes
EtOH 70% 5 minutes
H>O (bidestilate) shortly
Mayer’s Hemalum solution 2 minutes
H>O (bidestilate) shortly
Tap water 10 minutes
EtOH 70% 2 minutes
0.1% eosin in EtOH 70% +50uL acetic acid 30 seconds
99%/ 100mL
EtOH 96% shortly
EtOH 96% 2 minutes
EtOH absolute 2 minutes
EtOH absolute 2 minutes
Xylol 5 minutes
Xylol 5 minutes
EZ-Mount

2.2.5.3 Imaging and quantification of adipocytes

HE staining allowed visualization of adipocytes. For quantification and determination of adipocyte

size, images were taken with a VS200 Slide Scanner (Olympus, Tokyo, Japan) at a 40x resolution.

Adipocyte size (um?) was analyzed using the open-source Software QuPath plugin with ImagelJ
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with the following settings Area min. (sq um): 400; Area max (sq um): 15,000; Circularity min:

0.4; Circularity max: 1.00; “Check if inversion is needed”.

2.2.6 Proteome analysis

2.2.6.1 Proteomic profiling of skeletal muscle

For proteomic profiling, muscle tissue was ground on liquid nitrogen. Proteins were solubilized in
denaturing SDS buffer (100 mM Tris-HCI, 4% SDS and 20 mM DTT, supplemented with
CompleteTM (Roche) and Phosphatase Inhibitors (Sigma)), using a PrecellysTM (Bertin)
homogenizer (soft program: 5,800 rpm for 2 x 15 s with 30 s pause; ceramic bead mix (#P000918-
LYSKO-A.O, Bertin)). After sonication—2 x pulse 0.09sec_10sec (Sonoplus, Bandelin), samples
were centrifuged at 75,000 xg for 30min at 4°C and the supernatants were transferred to new
reaction tubes. Protein concentrations were determined by direct photometric measurements
(NanoDrop, ThermoFisher Scientific). Subsequently, 200 pg of protein was digested with
LysC/trypsin mix (1:25 w/w, Promega) using miniS-TrapTM columns (ProtiFi) according to the
manufacturer’s recommendations. 100 pg of the resulting peptides were fractionated (eight
fractions; 5, 7.5, 10, 12.5, 15, 17.5, 20 and 50% ACN) by using the PierceTM High pH Reversed-
Phase Peptide Fractionation Kit (#84868, ThermoFisher Scientific) according to the

manufacturer’s recommendations.

For MS analysis, lyophilized peptides were reconstituted in 1% TFA (v/v) and peptide
concentrations were measured using a quantitative Colorimetric Peptide Assay (Pierce™,
ThermoFisher Scientific). Samples (400 ng) were separated by liquid chromatography (Vanquish
Neo, ThermoFisher Scientific) and measured on an Orbitrap Exploris OE480 (ThermoFisher

Scientific).

Peptides were captured and desalted on an Acclaim PepMap C18-LC column (ID: 75 um, 2 cm
length; ThermoFisher Scientific) and then separated with an Aurora C18 column (AUR2-
25075C18A, 25 cm x 75 um C18 1.6 um; IonOpticks) using a 2-hour, three-step gradient at a total
flow rate of 300 nl/min with buffer A (0.1% formic acid) and buffer B (80% ACN, 0.1% formic
acid). First, a linear gradient from 2—1% buffer B for 72 minutes, second, from 19-29% buffer B
for 28 minutes, followed by 20 minutes from 29—41% buffer B and a 1 minute increasing buffer B

to 95% was applied.
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MS data were acquired in data dependent acquisition (DDA) mode at 120,000 resolution (2 seconds
cycle time), m/z range of 350-1,200 and a normalized AGC target value of 300%. For
fragmentation, precursor selection filters were set to charge state between 2 and 6 and dynamic
exclusion of 45 seconds. Fragmentation of precursors was performed with an isolation window
(m/z) of 1.6, Higher-energy collisional dissociation (HCD) energy of 30% at 15,000 resolution

with automatic AGC target setting and an injection time of 22 ms.

Proteomic profiling and mass spectrometry analysis were kindly performed by Martina Schiller,

Ulrike Kettel, Sonja Hartwig and Stefan Lehr.

2.2.6.2 Proteomic profiling of white adipose tissue

For proteomic profiling, adipose tissue was homogenized in two volumes (w/v) TES buffer (50
mM Tris-HCI, ImM EDTA and 8.7% sucrose, supplemented with CompleteTM (Roche) and
Phosphatase Inhibitors (Sigma)), using PrecellysTM (Bertin) homogenizer (soft program: 5,800
rpm for 2 x 15 seconds with 30 seconds pause; ceramic bead mix (#P000918-LYSKO-A.O,
Bertin)). The homogenates were transferred to fresh reaction tubes and then sonicated twice (pulse
0.09seconds_10seconds (Sonoplus, Bandelin)). To remove the lipids, the samples were centrifuged
at 1,000 xg for 5 minutes at 4°C and the aqueous phase was transferred to a fresh reaction tube.
This procedure was repeated three times. SDS (final concentration 2%) was added to the clarified
protein samples. After freezing (1 hour, liquid N2) and thawing, the samples were centrifuged at
4°C for 30 minutes at 75,000 xg. Protein concentrations were determined using the BCA protein
assay (ThermoScientific). Subsequently, 30 pg of protein was digested with LysC/trypsin mix
(1:25 w/w, Promega) using pS-TrapTM columns (ProtiFi) according to the manufacturer's

recommendations.

Proteomic profiling and mass spectrometry analysis were kindly performed by Martina Schiller,

Ulrike Kettel, Sonja Hartwig and Stefan Lehr.

2.2.6.3 Analysis of mass spectrometry data

Mass spectrometry raw files, were analyzed using Proteome DiscovererTM 3.0 software
(ThermoFisher Scientific). The SpectrumRC node was used with the FASTA database (reviewed
SwissProt, Mus musculus canonical (v2023-03-01) to recalibrate spectra. For quantification, the
Minora feature detector node was used with default settings (minimum trace length 5, maximum

delta RT of isoptope pattern multiplets of 0.2 minutes, and only high confident PSMs were used
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for feature-ID linking). For identification, search was performed with Chimerys
(inferys 2.1 fragmentation) against the UniProtKB database (reviewed SwissProt, Mus musculus
with isoforms (v2023-03-01) and an in-house contaminant FASTA file). Enzymatic digest was set
to trypsin with a maximum of 2 missed cleavage sites allowed. Carbamidomethylation of cysteine
was set as static modification and methionine oxidation were allowed as dynamic modifications.
Percolator was used to validate the FDR data. Label-free quantification was performed on precursor
intensity present in at least 20% of the replicates. Protein ratios were calculated on a pairwise ratio

basis (t-test, background based).

The analysis of the mass spectrometry data was kindly performed by Sonja Hartwig and Stefan
Lehr.

2.2.6.4 Filtering criteria for mass spectrometry data

To identify candidate proteins, the following filtering criteria were applied to the mass
spectrometry data obtained using Proteome DiscovererTM 3.0 software (ThermoFisher Scientific):
Master is equal to Master - Protein FDR Confidence has level High in Protein FDR Confidence
Combined - Species Map is true in species Mus musculus - #Unique peptides is greater than or

equal to 1.

Canonical pathways over-representation analyses were then conducted using ConsensusPathDB

[294] for differentially regulated proteins (p < 0.05).

2.2.7 Statistical analysis

All experiments were performed with n = 8—12 animals per group and are presented as mean values
+ SEM. Significant differences were determined by one- or two-way ANOVA (post hoc test,
Bonferroni multiple comparison test) or two-tailed Student’s t-test using GraphPad Prism 10
software. P-values < 0.05 were considered statistically significant. Exact conditions and tests are

indicated in the figure legends.
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3. Results

Similar to humans, RabGAP-deficiency in mice has previously been associated with
impaired glucose tolerance, reduced insulin sensitivity, postprandial hyperglycemia and
severely impaired insulin-stimulated glucose uptake to skeletal muscle and white adipose
tissue [131, 262, 266, 270, 290]. To further elucidate the impact of nutrition on whole-
body glycemia and the regulatory functions of the two RabGAP TBC1D1 and TBC1D4,
RabGAP-deficient mice were subjected to different dietary interventions. In addition,
mice with a skeletal muscle-specific 7hcld4-deficiency (mD4KO) were metabolically
characterized to resemble the Arctic muscle-specific TBC1D4-variant. Furthermore,
adipocyte-specific D4KO (aD4KO) mice were metabolically characterized to evaluate the
individual contribution of adipose tissue to whole-body glycemia. For the present study,
the following dietary interventions were performed: 1. a control (CON) diet, indicated in
white below; 2. a high-carbohydrate low-protein (HCLP) diet, indicated in yellow below;
or 3. a low-carbohydrate high-protein (LCHP) diet, indicated in orange below (Figure 4).

Fasting-
Refeeding
Indirect
calorimetry
Ex vivo glucose
Lp. ip ITT, uptake (EDL,
GTT |6hFBG Soleus, eWAT)
L. week 73 6 9 2 13 14 15 16 17>
of age
. to1 1
CON NMR NMR NMR NMR
70 keal% carb
20 keal% prot :>
10 keal%s fat
HCLP
40 keal% carb
5 keal% prot >
55 keal% fat
LCHP
5 keal% carb gha
40 keal% prot rt"ﬂ)?,fg/“- | >
55 kcal fat

Figure 4: Study design for the experimental dietary interventions and metabolic characterization of
experimental animals. After weaning, male mice were subjected to chronic dietary interventions and
undergo metabolic characterization. CON: control, EDL: Extensor digitorum longus, eWAT: epididymal
white adipose tissue, FBG: fasted blood glucose, HCLP: high-carbohydrate low-protein, i.p. GTT:
intraperitoneal glucose tolerance test, i.p. ITT: intraperitoneal insulin tolerance test, LCHP: Low-
carbohydrate high-protein,nMR: nuclear magnetic resonance. Created with Biorender.com
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3. Results

3.1 Impact of dietary macronutrient ratios on the energy metabolism of mice with a
global RabGAP-deficiency

TBCIDI has been shown to convey susceptibility to obesity and to play a role in skeletal
muscle development [131, 253, 254], suggesting that nutrition may affect its regulatory
function. In addition, TBC1D4-regulated glycemia, has been suggested to be influenced
by nutrition [295]. Therefore, the present study aimed to investigate the regulatory
function of the two RabGAPs TBCID1 and TBC1D4 as molecular switches of energy
substrate utilization and the impact of Arctic and Western diets on whole-body glycemia

in Thcldl- and Tbcld4-deficiency.

3.1.1 Body weight and body composition of RabGAP-deficient mice on HCLP and
LCHP diets

To evaluate the impact of dietary macronutrient ratios on body composition, total body
weight was assessed via weighing experimental animals to analyze body lean and body
fat mass by NMR (2.2.2.2). Therefore, Thcldi- (D1KO), Thcld4- (D4KO) and Thcidl/4-
knockout (D1/4KO) mice were subjected to a CON (indicated by a white background), a
HCLP (indicated by a yellow background) or a LCHP (indicated by an orange

background) diet and body composition was assessed at 6, 9 12 and 15 weeks of age.

In the present study, body weight of RabGAP-deficient mice was unaltered compared to
wildtype (WT) littermates when subjected to the CON diet (Figure 5 A.1). On the HCLP
diet, however, total body weight was significantly reduced in D1/4KO mice compared to
D4KO mice at 6, 9, 12 and 15 weeks of age. Furthermore, total body weight of D4KO
mice tended to be increased compared to WT and D1KO littermates (Figure 5 B.1). On
the LCHP diet, total body weight remained unaltered between RabGAP-deficient mice
and WT mice, whereas ThcldI-deficiency in mice tendentially resulted in reduced total
body weight (Figure 5 C.1). Body fat mass was unaltered between the genotypes on a
CON diet (Figure 5 A.2) and significantly elevated in D4KO and D1/4KO mice compared
to WT and D1KO littermates at 6 and 9 weeks of age and in D4KO mice compared to WT
and DIKO mice at 12 and 15 weeks of age when subjected to a HCLP diet (Figure 5 B.2).
When subjected to a LCHP diet, body fat mass was tendentially elevated in D4KO mice
at 6, 9 and 12 weeks of age and significantly elevated compared to D1KO mice at 15

55



3. Results

weeks of age (Figure 5 C.2). Body lean mass was unaltered between the genotypes on a

CON diet (Figure 5 A.3), but was significantly reduced in D1/4KO mice compared to the

other genotypes at 6, 9 and 12 weeks of age and significantly lower compared to D4KO
mice at 15 weeks of age on a HCLP diet (Figure 5 B.3). On the LCHP diet, body lean

mass was tendentially increased in D1KO mice at 6 and 9 weeks of age and significantly

elevated compared to D4KO mice at 12 and 15 weeks of age (Figure 5 C.3).
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Figure 5: Impact of dietary macronutrient ratios on body composition of RabGAP-deficient mice.
Determination of body composition in total body weight (A.1-C.1), body fat mass (A.2—C.2) and lean mass
(A3-C.3) in Thcldl- (D1KO), Thcld4- (DAKO) and Tbcldl/4-deficient (D1/4KO) mice and WT
littermates subjected to a CON (A), HCLP (B) or LCHP (C) diet at 6, 9, 12 and 15 weeks of age. Data are
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presented as mean = SEM (n = 8—13). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, WT vs. D1KO,
D4KO, D1/4KO (One-way ANOVA with Bonferroni correction).

3.1.2 Whole-body glycemia in RabGAP-deficient mice on HCLP and LCHP diets
3.1.2.1 Blood glucose levels in RabGAP-deficient mice on HCLP and LCHP diets

Moreover, random fed and fasted blood glucose concentrations were assessed (2.2.2.4).
Random fed blood glucose concentrations remained unaltered between the genotypes
when subjected to the CON diet (Figure 6 A.1). When subjected to the HCLP diet, random
fed blood glucose concentrations were significantly reduced in D4KO and D1/4KO mice
compared to D1KO littermates (Figure 6 B.1), but were unchanged between the genotypes
on the LCHP diet (Figure 6 C.1).

After 6 h of fasting, blood glucose concentrations of D4KO and D1/4KO mice were
significantly reduced compared to D1KO and WT littermates on the CON diet (WT: 126
+ 7 mg/dL, D1KO: 141 + 8§ mg/dL, D4KO: 103 + 3 mg/dL, D1/4KO: 108 + 3 mg/dL,
Figure 6 A.2). When subjected to a HCLP diet, 6 h fasted blood glucose concentrations
were significantly reduced in D4KO and D1/4KO mice compared to D1KO and WT mice
(WT: 168 £ 9 mg/dL, DIKO: 165 + 10 mg/dL, D4KO: 93 + 4 mg/dL, D1/4KO: 101 +
7 mg/dL, Figure 3 B.2) and remained unaltered between the genotypes on the LCHP diet
(Figure 6 C.2)

After an overnight fast of 16 h, blood glucose concentrations were unchanged between the
genotypes when fed the CON (Figure 6 A.3), the HCLP (Figure 6 B.3) or the LCHP diet
(Figure 6 C.3).
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Figure 6: Impact of dietary macronutrient ratios on blood glucose of RabGAP-deficient mice.
Determination of random fed (A.1-C.1), 6 h fasted (A.2—C.2) and 16 h fasted (A.3—C.3) blood glucose
concentrations of male ThcldI-, Tbcld4- and Thcldl/4-deficient (D4KO) mice and WT littermates aged
12—14 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean + SEM (n
= 7-12). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (One-way ANOVA with Bonferroni

correction).

3.1.2.2 Glucose, insulin and AICAR tolerance in RabGAP-deficient mice on HCLP and
LCHP diets

To determine whole-body glycemia, glucose tolerance by i.p. GTT (2.2.2.5, Figure 7 A.1—
C.1), insulin tolerance by i.p. ITT (2.2.2.6, Figure 7 A.2-C.2), and AICAR tolerance
(2.2.2.7, Figure 7 A.3—C.3) were assessed.
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While glucose tolerance on each experimental diet remained unaltered between the
genotypes, absolute blood glucose concentrations were elevated when mice were
subjected to the LCHP diet, as indicated by the area under the curve (AUC) (WT: 45217
+ 1277 (CON) vs. 37037 £ 1736 (HCLP) vs. 57119 + 3161 (LCHP), D1KO: 43724 + 1410
(CON)vs. 41191 +£2116 (HCLP) vs. 51554 + 1175 (LCHP), D4KO: 41279 + 2672 (CON)
vs. 34850 + 1576 (HCLP) vs. 56085 + 2492 (LCHP), D1/4KO: 49229 + 3412 (CON) vs.
33502 £ 2183 (HCLP) vs. 62628 + 1884 (LCHP)).

Similarly, insulin tolerance was unaffected by the genotype when mice were fed the CON
(Figure 7 A.2) or the HCLP (Figure 7 B.2) diet. However, when fed the LCHP diet (Figure
7 B.2), insulin tolerance was impaired in D1/4KO mice compared to DIKO mice.
Moreover, the AUC was higher in mice fed the LCHP diet compared to the CON or HCLP
diet (WT: 5435 + 167 (CON) vs. 5277 + 253 (HCLP) vs. 7191 + 312 (LCHP), D1KO:
5870 + 238 (CON) vs. 4846 + 123 (HCLP) vs. 6506 + 214 (LCHP), D4KO: 5852 + 183
(CON) vs. 5428 £ 152 (HCLP) vs. 7435 + 260 (LCHP), D1/4KO: 6181 + 589 (CON) vs.
5088 + 188 (HCLP) vs. 8003 + 180 (LCHP)).

Interestingly, AICAR tolerance was significantly elevated in D4KO and D1/4KO mice
compared to WT and D1KO littermates when subjected to a CON diet, as indicated by a
reduced AUC (WT: 8427 + 1588, D1KO: 8596 + 258, D4KO: 4585 + 279, D1/4KO: 6009
+ 559, Figure 4 A.3), or a HCLP diet (WT: 9116 + 283, D1KO: 8878 £ 472, D4KO: 4664
+ 272, D1/4KO: 4671 + 337, Figure 7 B.3). When subjected to a LCHP diet, AICAR
tolerance was significantly enhanced in D4KO compared to the other genotypes as
indicated by a reduced AUC (WT: 7051 + 318, D1KO: 7335 + 361, D4KO: 5030 + 145,
D1/4KO: 6851 + 428, Figure 7 C.3).
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Figure 7: Impact of dietary macronutrient ratios on glucose, insulin and AICAR tolerance in
RabGAP-deficient mice. Determination of intraperitoneal tolerance for glucose (GTT), insulin (ITT), and
AICAR (ATT) of male Thcidl- (D1KO), Thcld4- (D4KO) and Thcldl/4-deficient (D1/4KO) mice and
WT littermates aged 12—14 weeks. Blood glucose concentrations in D1KO, D4KO and D1/4KO mice after
intraperitoneal injection of glucose (2 g/kg) subjected to a CON (A.1), HCLP (B.1) or LCHP (C.1) diet.
Blood glucose concentrations after intraperitoneal injection of insulin (1 IU/kg) subjected to a CON (A.2),
HCLP (B.2) or LCHP (C.2) diet. Blood glucose concentrations after intraperitoneal injection of AICAR
(250 mg/kg) subjected to a CON (A.3), HCLP (B.3) or LCHP (C.3) diet. Data are presented as mean = SEM
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(n=28-12). *p<0.05, **p <0.01, ***p <0.001, ****p <0.0001, AUC (One-way ANOVA with Bonferroni
correction).

3.1.2.3 Postprandial glycemia in RabGAP-deficient mice on HCLP and LCHP diets

To determine the impact of dietary macronutrient ratios on postprandial glycemia,
experimental animals were fasted overnight and refed with the respective experimental
diets after blood withdrawal (2.2.2.8). Over the course of four hours, blood glucose

(2.2.2.4) and plasma insulin concentrations (2.2.3.1) were assessed, as was food intake.

Postprandial blood glucose concentrations were significantly elevated in D4KO and
D1/4KO mice compared to WT and D1KO littermates 1 h and 2 h after refeeding with the
CON (Figure 8 A.l1) and HCLP (Figure 8 B.1) diets. Interestingly, blood glucose
concentrations in D4KO mice on the LCHP diet tended to be lower than in WT littermates
at all time points examined, as reflected by a significantly lower AUC (WT:33171 + 1042,
D4KO: 29270 + 664, Figure 8 C.1). Plasma insulin concentrations were unchanged
between the genotypes when refed with the CON diet (Figure 8 A.2), but showed a strong
tendency to be elevated in D4KO and D1/4KO mice compared to WT and D1KO
littermates 1 h after refeeding with a HCLP diet (WT: 2.88 + 0.62 ng/l, D1IKO: 3.62 +
0.74 pg/l, D4KO: 5.85 = 1.11 pg/l, D1/4KO: 6.85 + 1.3 pg/l, Figure 8 B.2). Similarly,
when mice were refed with a LCHP, plasma insulin concentrations were tendentially
elevated 1 h after refeeding in D4KO and D1/4KO mice compared to WT and D1KO mice
(Figure 8 C.2). Food intake was unaltered between the genotypes regardless of the diet
(Figure 8 A.3-C.3). However, when refed with a CON diet, food intake of DIKO and
D4KO was significantly reduced 2 h after refeeding compared to 1 h and significantly
increased after 4 h of refeeding compared to 2 h. Moreover, after 4 h food intake was
significantly increased in WT and D1/4KO mice compared to 2 h after refeeding (Figure
8 A.3). On the HCLP diet intervention, food intake at 2 h of refeeding was significantly
reduced in WT mice and tendentially reduced in RabGAP-deficient mice compared to 1 h
after refeeding. Moreover, food intake was significantly elevated in D1KO mice and
tendentially increased in WT, D4KO and D1/4KO mice 4 h after refeeding with a HCLP
diet compared to 2 h (Figure 8 B.3). When subjected to the LCHP diet, food intake was
significantly decreased in WT mice and tendentially decreased in RabGAP-deficient
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littermates 2 h compared to 1 h after refeeding. 4 h after refeeding, food intake was

tendentially increased in all genotypes compared to 2 h after refeeding (Figure 8 C.3).
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Impact of dietary macronutrient ratios on postprandial glycemia, plasma insulin
concentrations and food intake of RabGAP-deficient mice. Determination of fasted and postprandial
blood glucose concentrations and AUC (A.1-C.1), postprandial plasma insulin concentrations (A.2—C.2)
and food intake (A.3—C.3) from TbcldI- (D1KO), Thcld4- (D4KO) and Thcid1/4-deficient (D1/4KO) mice
and WT littermates aged 16—17 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are
presented as mean + SEM (n = 8-13). *p < 0.05, **p < 0.01, ***p < 0.001, AUC WT vs. DIKO, D4KO,
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D1/4KO (One-way ANOVA), #p < 0.05, ##p < 0.01, 1 h refed vs. 2 h refed, 2 h refed vs. 4 h refed (Two-
way ANOVA with Bonferroni correction).

3.1.2.4 Postprandial incretin concentrations in RabGAP-deficient mice on HCLP and
LCHP diets

Besides insulin, incretins are crucial in the regulation of postprandial glycemia.
Alterations in incretin secretion are associated with insulin resistance [296, 297].
Therefore, plasma concentrations of ghrelin, GIP, GLP, glucagon, PAI-1 and resistin were

determined in the postprandial state (2.2.3.4, Figure 9 A—F).

Fasted plasma ghrelin concentrations were significantly elevated in RabGAP-deficient
mice subjected to a HCLP or LCHP compared to a CON diet. Further, plasma ghrelin
concentrations were significantly elevated in D1KO and D1/4KO mice compared to WT
littermates when subjected to a HCLP diet (Figure 9 A). Postprandial GIP concentrations
were significantly increased in mice subjected to a CON diet compared to a HCLP or
LCHP diet. Moreover, plasma GIP concentrations were significantly elevated in D1/4KO
mice compared to WT littermates on a CON diet, but remained unchanged on a HCLP
and LCHP diet between the genotypes (Figure 9 B). Plasma GLP concentrations in
response to different dietary interventions were unchanged between genotypes (Figure 9
C). Postprandial plasma glucagon concentrations were unchanged between the genotypes,
however, were significantly elevated in mice subjected to a HCLP diet compared to a
CON and a LCHP diet (Figure 9 D). PAI-1 concentrations were unaltered between the
genotypes after refeeding, but were significantly elevated in response to the HCLP diet
compared to the CON or LCHP diets (Figure 9 E). Postprandial resistin concentrations
were 2- to 3- fold higher in mice subjected to a HCLP and LCHP diet compared to a CON
diet. Tendentially plasma resistin concentrations were lower in D4KO and D1/4KO mice
compared to WT littermates, however remained otherwise unaltered between the

genotypes (Figure 9 F).
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Figure 9: Impact of dietary macronutrient ratios on postprandial incretin concentrations of RabGAP-
deficient mice. Determination of postprandial plasma concentrations of ghrelin (A), GIP (B), GLP (C),
glucagon (D), PAI-1 (E), resistin (F) from Thcidi- (D1KO), Thcid4- (D4KO) and Thcidl/4-deficient
(D1/4KO) mice and WT littermates aged 16—17 weeks subjected to a CON (indicated in white), HCLP
(indicated in yellow) or LCHP (indicated in orange) diet. Data are presented as mean + SEM (n = 3-8). *p
<0.05, **p <0.01, ***p <0.001, ****p <0.0001 (Two-way ANOVA with Bonferroni correction).

3.1.3 Plasma parameters in RabGAP-deficient mice on HCLP and LCHP diets
Moreover, 6 h fasted plasma concentrations of insulin (2.2.3.1), ketone bodies (2.2.3.2)

and NEFAs (2.2.3.3) were determined. Fasted plasma insulin concentrations were
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tendentially increased in D4KO compared to WT, D1KO and D1/4KO mice on the CON
diet (WT: 0.32 + 0.05 pg/l, DIKO: 0.33 £ 0.02 pg/l, D4KO: 0.46 + 0.06 pg/l, D1/4KO:
0.28 + 0.09 pg/l, Figure 10 A.1) but remained unchanged on the HCLP (Figure 10 B.1)
and LCHP (Figure 10 C.1) diets.

Fasted plasma ketone body concentrations were significantly increased in D4KO and
D1/4KO mice compared to WT and D1KO littermates when fed the CON (WT: 416 + 24
umol/l, D1KO: 331 £ 22 umol/l, D4KO: 756 + 124 umol/l, D1/4KO: 714 + 45 pumol/l,
Figure 10 A.2) and a HCLP (WT: 327 &+ 88 pmol/l, D1KO: 333 + 47 umol/l, D4KO: 1264
+ 95 umol/l, D1/4KO: 896 + 66 umol/l). In addition, fasted plasma ketone bodies were
significantly higher in D4KO compared to D1/4KO mice on the HCLP diet (Figure 10
B.2). Moreover, fasted plasma ketone bodies were significantly increased in D4KO and
D1/4KO mice compared to WT and D1KO mice when subjected to a LCHP diet (WT:
307 £ 49 umol/l, D1KO: 204 + 19 pmol/l, D4KO: 443 + 35 umol/l, D1/4KO: 402 + 46
pumol/l, Figure 10 C.2).

When subjected to a CON diet, fasted plasma NEFAs concentrations were significantly
elevated in D1/4KO mice compared to WT and D1KO mice (WT: 1.20 £ 0.06 mmol/l,
D1KO: 1.14 £ 0.12 mmol/l, D4KO: 1.29 £+ 0.08 mmol/l, D1/4KO: 1.56 + 0.09 mmol/I,
Figure 10 A.3) and compared to D1KO mice when subjected to a HCLP. Further, fasted
plasma NEFA concentrations were markedly increased in D4KO mice compared to D1KO
mice when subjected to a HCLP diet (WT: 0.91 £ 0.09 mmol/l, DIKO: 0.63 + 0.02
mmol/l, D4KO: 1.15 £ 0.14 mmol/l, D1/4KO: 1.22 + 0.09 mmol/l, Figure 10 B.3) and a
LCHP diet (WT: 0.81 = 0.1 mmol/l, D1KO: 0.64 £ 0.04 mmol/l, D4KO: 0.78 + 0.06
mmol/l, D1/4KO: 1.01 + 0.07 mmol/l, Figure 10 C.3) diet.
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Figure 10: Impact of dietary macronutrient ratios on fasted plasma parameters of RabGAP-deficient
mice. Determination of 6 h fasted plasma insulin (A.1-C.1), ketone bodies (A.2—-C.2) and NEFA (A.3-C.3)
concentrations of male 7bcldI-(D1KO), Thcld4- (D4KO) and Thcldl/4-deficient (D1/4KO) mice and WT
littermates aged 14 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean
+ SEM (n=8-12). ¥*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 (One-way ANOV A with Bonferroni
correction).

3.1.4 Energy substrate utilization in RabGAP-deficient mice on HCLP and LCHP diets

Energy substrate utilization and preference may affect whole-body glycemia. Therefore,
the respiratory quotient was assessed (Figure 11 A.1-C.1) to determine whole-body CHO
and FAO over two consecutive days (2.2.2.3). In all genotypes whole-body CHO was
significantly increased (Figure 11 A.2) and whole-body FAO was significantly decreased
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(Figure 11 A.3) in the dark phase compared to the light phase, when mice were fed the
CON diet.

On the HCLP diet, whole-body CHO (Figure 11 B.2) was significantly increased in the
dark phase compared to the light phase, while whole-body FAO (Figure 11 B.3) was
significantly decreased in the dark phase compared to the light phase in all genotypes.
Interestingly, in the dark phase, whole-body CHO was significantly lower in RabGAP-
deficient mice compared to WT littermates. Moreover, in the light phase, whole-body
FAO was significantly lower in D1/4KO mice compared to WT and D1KO mice, and in
the dark phase, whole-body FAO was significantly higher in D4KO compared to WT mice
(WT: 0.27 £ 0.02 mg/min, D4KO: 0.4 + 0.03 mg/min).

Interestingly, on the LCHP diet, whole-body CHO (Figure 11 C.2) in the dark phase was
significantly elevated in all genotypes as well as whole-body FAO (Figure 11 C.3) in WT,
D4KO and D1/4KO mice compared to the light phase.
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Figure 11: Impact of dietary macronutrient ratios on energy substrate preference in RabGAP-
deficient mice. Determination of respiratory quotient (A.1-C.1), whole body carbohydrate oxidation (A.2—
C.2) and whole-body fatty acid oxidation (A.3—C.3) during light and dark phase in male 7hcldl- (D1KO),
Thcld4-(D4KO) and Thcldl/4-deficient (D1/4KO) mice and WT littermates aged 12—13 weeks subjected
to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean = SEM (n = 8—12). *p < 0.05, **p
<0.01, ***p < 0.001, ****p <0.0001 (Two-way ANOVA with Bonferroni correction).

3.1.5 Ex vivo substrate utilization in RabGAP-deficient mice on HCLP and LCHP diets
3.1.5.1 Insulin-stimulated glucose uptake into skeletal muscle from RabGAP-deficient
mice on HCLP and LCHP diets

Skeletal muscle presents the predominant site of postprandial glucose uptake. Therefore,
insulin-stimulated glucose uptake was assessed in oxidative Soleus and glycolytic EDL

muscle (2.2.2.9). Basal glucose uptake into Soleus muscle was significantly decreased in
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D1/4KO mice and tendentially decreased in D4KO mice compared to WT littermates
when subjected to a CON diet (Figure 12 A.1). On the other hand, when subjected to a
HCLP diet (Figure 12 A.2), basal glucose uptake was tendentially decreased in D1KO and
D4KO mice, and significantly reduced in D1/4KO mice compared to WT littermates.
Furthermore, when fed the LCHP diet (Figure 12 A.3), basal glucose uptake was
tendentially decreased in D1KO and D1/4KO mice compared to WT littermates.

Insulin-stimulated glucose uptake into Soleus muscle was significantly impaired in D4KO
and D1/4KO mice compared to WT and DIKO mice on a CON diet (Figure 12 A.1) as
well as on a HCLP diet (Figure 12 A.2). Interestingly, when fed the LCHP diet, insulin-
stimulated glucose uptake in Soleus muscle of D4KO mice was similar to that of WT
littermates (WT: 2.97 £+ 0.42 nmol/ mg/ 20 min, D4KO: 3.03 + 0.21 nmol/ mg/ 20 min),
whereas insulin-stimulated glucose uptake in Soleus muscle of DIKO and D1/4KO mice

tended to be reduced (Figure 12 A.3).

In EDL muscle, basal glucose uptake was significantly reduced in D1KO and D1/4KO
mice compared to D4KO and WT mice regardless of the diet. Similarly, insulin-stimulated
glucose uptake in EDL muscle of DIKO and D1/4KO mice was significantly impaired
compared to D4KO and WT mice (Figure 12 B.1-B.3). Surprisingly, insulin-stimulated
glucose uptake in EDL muscle of D4KO mice was significantly elevated compared to WT
mice when fed the LCHP diet (WT: 3.19 £+ 0.26 nmol/ mg/ 20 min, D4KO: 4.18 + 0.42
nmol/ mg/ 20 min, Figure 12 B.3)
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Figure 12: Impact of dietary macronutrient ratios on glucose uptake into skeletal muscle of RabGAP-
deficient mice. Insulin-stimulated [*H]-deoxyglucose uptake into oxidative Soleus muscle from ThcldI-
(D1KO), Thcld4- (D4KO) and Thcldi/4-deficient (D1/4KO) mice aged 17—19 weeks (n = 7-12) subjected
to a CON (A.1), HCLP (A.2) or LCHP (A.3) diet. Insulin-stimulated [*H]-deoxyglucose uptake into
glycolytic Extensor digitorum longus (EDL) muscle (n = 8—13) of mice subjected to a CON (B.1), HCLP
(B.2) or LCHP (B.3) diet (n = 9—12). Data are presented as mean = SEM. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < (0.0001 WT vs. DIKO, D4KO, D1/4KO and #p < 0.05, ##p < 0.01, ##ip < 0.001, #Http <
0.0001 basal vs. insulin (Two-way ANOVA with Bonferroni correction).

3.1.5.2 Insulin-stimulated glucose uptake into white adipocytes from RabGAP-deficient
mice on HCLP and LCHP diets

Besides skeletal muscle, adipose tissue contributes to postprandial glucose uptake.
Previous studies have shown that TBC1D4 ablation in white adipose tissue is associated
with severely impaired insulin-stimulated glucose uptake in primary white adipocytes
from epididymal adipose tissue. Chronic exercise training resulted in enhanced insulin-
stimulated glucose uptake in primary white adipocytes from D4KO mice subjected to a
high-fat diet [290]. Therefore, the effects of different dietary interventions on insulin-

stimulated glucose uptake into primary white adipocytes were determined (2.2.2.10).
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Under basal conditions, glucose uptake was unchanged between the genotypes on a CON
diet (Figure 13 A). On the HCLP diet, basal glucose uptake tended to be reduced in D4KO
and D1/4KO mice compared to D1KO and WT mice (Figure 13 B) and remained unaltered
between the genotypes on the LCHP diet (Figure 13 C). Insulin-stimulated glucose uptake
was significantly impaired in D4KO and D1/4KO mice compared to D1KO and WT mice
when fed the CON (Figure 13 A) or the HCLP (Figure 13 B) diet. Interestingly, on the
LCHP diet, insulin-stimulated glucose uptake in primary white adipocytes was
significantly enhanced in D1KO and DI1/4KO mice (Figure 13 C). While insulin-
stimulated glucose uptake in WAT of D1KO mice was significantly increased compared
to WT littermates, insulin-stimulated glucose uptake into WAT of D1/4KO mice was
significantly higher compared to D4KO and similar to WT mice (WT: 67.5 £ 9.5 cpm/ mg
lipid, D1KO: 108.6 = 48 cpm/ mg lipid, D4KO: 31.9 £ 15.7 cpm/ mg lipid, D1/4KO: 73.8
+ 31.2 cpm/ mg lipid).

In addition, insulin-stimulated glucose uptake in WAT of WT mice fed the LCHP diet
was 56% lower compared to the CON diet, and 61% lower compared to the HCLP diet
(CON: 153.3 £17.2 cpm/ mg lipid; HCLP: 174.2 + 26.6 cpm/ mg lipid, LCHP: 67.5+9.5

cpm/ mg lipid).
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Figure 13: Impact of dietary macronutrient ratios on glucose uptake into primary white adipocytes
of RabGAP-deficient mice Insulin-stimulated ['*C]-D-glucose (U) uptake into primary adipocytes (A) from
epididymal WAT of Tbcldi- (D1KO), Thcild4- (DAKO) and Thcldl/4-deficient (D1/4KO) mice and WT
littermates aged 17—19 weeks subjected to a CON (A), HCLP (B) or LCHP (A.4) diet (n = 10—13). Data are
presented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, WT vs. D1KO, D4KO,
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D1/4KO and #p < 0.05, ##p < 0.01, ###p < 0.001, ##H###p < 0.0001 basal vs. insulin (Two-way ANOVA
with Bonferroni correction).

3.1.6 In-depth analyses on the phenotype of Thcld4-deficient mice in response to HCLP
and LCHP diets

3.1.6.1 Impact of an acute carbohydrate challenge on postprandial glycemia in Thcld4-
deficient mice on HCLP and LCHP diets

To distinguish between possible chronic and acute effects of different macronutrient ratios
on postprandial glycemia, experimental animals were subjected to a chronic HCLP or
LCHP dietary interventions. Only during the Fasting-Refeeding experiment (2.2.2.8),
D4KO and WT mice were refed with the LCHP or HCLP diet, respectively, for an acute
dietary challenge.

Similar to D4KO mice that received the HCLP dietary intervention and were refed with
the HCLP diet (Figure 14 B.1), D4KO mice that received the LCHP dietary intervention
but refed with the HCLP diet exhibited significantly higher blood glucose concentrations
1 h after refeeding compared to WT mice. Interestingly, 2 h after refeeding, blood glucose
concentrations were unaltered between D4KO and WT mice that were subjected to the
LCHP dietary intervention and refed with a HCLP diet (Figure 14 A). Postprandial blood
glucose concentrations after refeeding with the LCHP diet tended to be lower in D4KO
compared to WT mice subjected to the HCLP dietary intervention, resulting in a

significantly lower AUC in D4KO compared to WT mice (Figure 14 B).
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Figure 14: Impact of an acute carbohydrate challenge on postprandial glycemia of Thcld4-deficient
mice after chronic dietary intervention. Determination of postprandial blood glucose concentrations and
AUC from Thcld4-deficient (D4KO) mice and WT littermates aged 16—17 weeks subjected to a chronic
intervention with a LCHP (A) or a HCLP (B) diet when acutely subjected to a HCLP and LCHP diet,
respectively. Data are presented as mean = SEM (n = 6-11). *p < 0.05, **p < 0.01, ***p < 0.001, ***p <
0.0001, WT vs. D4KO (Student’s t-test).

3.1.6.2 Adipocyte size in Tbcld4-deficient mice on HCLP and LCHP diets

Body composition analysis (2.2.2.2) revealed a differential effect of macronutrient ratios
on body fat mass of D4KO mice compared to WT littermates. Therefore, adipocyte size
was determined in epididymal adipose tissue (2.2.5.3) following the different dietary
interventions by HE-staining (2.2.5.2, Figure 15 A). Adipocyte size remained unaltered
between the genotypes in response to all dietary interventions. However, adipocyte size
was increased by 2-fold in both D4KO and WT mice when fed the HCLP diet and by 3-
to 4-fold in those fed the LCHP diet compared to the CON diet (Figure 15 B). Similar to
adipocyte size, plasma leptin concentrations (2.2.3.4) were significantly increased in
D4KO and WT mice after 16 h of fasting (Figure 15 C) and 1 h of refeeding (Figure 15
D) when fed the LCHP diet compared to the CON and HCLP diets.
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Figure 15: Impact of dietary macronutrient ratios on adipocyte size in 7hcld4-deficient mice.
Representative images of HE-staining of epididymal adipose tissue, resolution: 40x, scale bar: 500 um (A).
Determination of adipocyte size (B) (n = 3—4). Determination of plasma leptin concentrations after 16 h
fasting (C) and 1 h refeeding (D) of Thcld4-deficient (D4KO) mice and WT littermates aged 17—-19 weeks
subjected to a CON (indicated in white), HCLP (indicated in yellow) or LCHP (indicated in orange) diet (n
= 6-8). Data are presented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < (0.0001 (Two-
way ANOVA with Bonferroni correction).

3.1.6.2 GLUT4 and FATP4 protein abundance in skeletal muscle of Tbcld4-deficient
mice on HCLP and HCLP diets

Previous studies have observed alterations in the abundance of the glucose transporter
GLUT4 and the FA transporter FATP4 in skeletal muscle in response to TBC1D4
deficiency [266, 275, 290]. GLUT4 presents the primary transporter regulating insulin-
stimulated glucose uptake in skeletal muscle. Therefore, the impact of different
macronutrient ratios on GLUT4 and FATP4 abundance was determined in skeletal muscle
of D4KO and WT mice (2.2.3.8). TBC1D4 ablation was validated in Soleus (Figure 16
A.1) and EDL (Figure 16 B.1) muscles. Interestingly, TBC1D4 abundance tended to be
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increased in Soleus muscle and was significantly elevated in EDL muscle of WT mice
subjected to the HCLP diet compared to the CON diet. GLUT4 abundance was
significantly reduced in D4KO mice compared to WT littermates regardless of the diet
(Figure 16 A.2), and remained unchanged between the genotypes in EDL muscle on the
CON and the LCHP diets. However, on the HCLP diet, GLUT4 abundance tended to be
decreased in D4KO mice compared to WT mice (Figure 16 B.2). FATP4 abundance was
unchanged in Soleus (Figure 16 A.3) and EDL (Figure 16 B.3) muscles between D4KO
and WT mice in response to the CON, the HCLP and the LCHP dietary intervention.
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Figure 16: Impact of dietary macronutrient ratios on GLUT4 and FATP4 protein abundance in
skeletal muscle of Thcld4-deficient mice. Representative Western blots and quantification of TBC1D4
(A.1,B.1), GLUT4 (A.2, B.2) and FATP4 (A.3, B.3) protein abundances in Soleus (A) and EDL (B) muscle
of Thcld4-deficient (D4KO) mice and WT littermates aged 17—19 weeks subjected to a CON (indicated in
white), HCLP (indicated in yellow) or LCHP (indicated in orange) diet (n = 10—13). Protein abundance in
Soleus muscle was normalized to total protein via stain-free gels and protein abundance in EDL muscle was
normalized to GAPDH. Data are presented as mean = SEM. *p <0.05, **p <0.01, WT vs. D4KO (unpaired
Student’s t-test), *p < 0.05, **p <0.01, CON vs. HCLP (Two-way ANOVA with Bonferroni correction).
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3.2 Impact of dietary macronutrient ratios on the energy metabolism of mice with a
muscle-specific Tbcld4-deficiency

In Arctic populations, a nonsense mutation leading to loss of TBC1D4 in skeletal muscle
results in impaired glycemic control, postprandial hyperglycemia, and has been associated
with a significantly elevated risk of T2DM [258, 298]. Interestingly, enhanced physical
activity correlates with improved glycemia in individuals with muscular TBC1D4-
deficiency [260]. Previously, mice with a skeletal muscle Thcld4-deficiency (mD4KO)
were generated to elucidate the individual contribution of skeletal muscle to whole-body
glycemia. Therefore, mice carrying floxed Thcld4 alleles were crossed with mice
overexpressing a Cre recombinase regulated by a human skeletal muscle actin (HSA)
promotor [266]. To elucidate the impact of nutrition on skeletal muscle and its
contribution to whole-body glycemia, mD4KO mice were metabolically characterized
during dietary interventions. In the following, mice carrying floxed 7hcld4 alleles lacking

HSA-Cre recombinase, termed floxed, were used as control mice.

3.2.1 Body weight and body composition of mD4KO mice on HCLP and LCHP diets

In the present study, body composition (2.2.2.2) was unaltered in mD4K O mice compared
to floxed mice when subjected to the CON diet (Figure 17 A.1-A.3), the HCLP diet
(Figure 17 B.1-B.3) or the LCHP diet (Figure 17 C.1-C.3). In contrast to whole-body
D4KO mice, the body fat mass of mD4KO mice on the HCLP diet was unchanged
compared to floxed mice (Figure 17 B.2). Moreover, mice fed the HCLP diet had lower
total body weight (Figure 17 B.1) and lean mass (Figure 17 B.3) compared to littermates
on the CON or LCHP diets.
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Figure 17: Impact of dietary macronutrient ratios on body composition of muscle-specific 7hc1d4-
deficient mice. Determination of body composition in total body weight (A.1-C.1), body fat mass (A.2—
C.2) and lean mass (A.3—C.3) in muscle-specific Tbcld4-deficient (mD4KO) and floxed control mice
subjected to a CON (A), HCLP (B) or LCHP (C) diet at 6, 9, 12 and 15 weeks of age. Data are presented as
mean = SEM (n = 7-10).

3.2.2 Whole-body glycemia in mD4KO mice on HCLP and HCLP diets
3.2.2.1 Blood glucose levels in mD4KO mice on HCLP and LCHP diets

In addition, random fed and fasted blood glucose concentrations were assessed (2.2.2.4).
Similar to whole-body D4KO mice, random fed blood glucose concentrations remained
unaltered between mD4KO and floxed mice during the CON (Figure 18 A.1), the HCLP
(Figure 18 B.1) and the LCHP (Figure 18 C.1) dietary intervention. However, in contrast
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to whole-body D4KO mice, 6 h fasted blood glucose concentrations of mD4KO mice were
unaltered compared to floxed control mice on all diets (Figure 18 A.2—C.2). Moreover,
after an overnight fast of 16 h, blood glucose concentrations were unchanged between

mD4KO and floxed mice on all diets (Figure 18 A.3—C.3).
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Figure 18: Impact of dietary macronutrient ratios on blood glucose of muscle-specific Thcld4-
deficient mice. Determination of random fed (A.1-C.1), 6 h fasted (A.2—C.2) and 16 h fasted (A.3—C.3)
blood glucose concentrations of male muscle-specific Thcld4-deficient (mD4KO) and floxed control mice
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aged 12—14 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean + SEM
(n="7-10).

3.2.2.2 Glucose and insulin tolerance in mD4KO mice on HCLP and LCHP diets

To determine the impact of skeletal muscle 7hcld4-deficiency on whole-body glycemia,
glucose tolerance via i.p. GTT (2.2.2.5, Figure 19 A.1-C.1) and insulin tolerance via i.p.
ITT (2.2.2.6, Figure 19 A.2-C.2) were determined in mD4KO mice. Similar to whole-
body D4KO mice, glucose tolerance on each experimental diet remained unaltered
between mD4KO and floxed mice, however, absolute blood glucose concentrations were
elevated when mice were fed the LCHP diet, as indicated by the AUC (floxed: 42968 +
2010 (CON), 44480 + 2504 (HCLP), 65315 + 3458 (LCHP), mD4KO: 42260 + 1563
(CON), 43233 + 2435 (HCLP), 62495 + 3884 (LCHP), Figure 19 A.1-C.1).

Insulin tolerance was also unaffected by the genotype. However, absolute blood glucose
concentrations were lower when mice were fed the HCLP diet, as indicated by the AUC
(floxed: 5434 + 382 (CON), 4436 = 215 (HCLP), 6135 + 193 (LCHP), mD4KO: 5981 +
437 (CON), 4803 =225 (HCLP), 6625 + 445 (LCHP), Figure 19 A.2-C.2).
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Figure 19: Impact of dietary macronutrient ratios on glucose and insulin tolerance in muscle-specific
Thcld4-deficient mice. Determination of intraperitoneal tolerance for glucose (GTT) and insulin (ITT) of
male muscle-specific Thbcld4-deficient (mD4KO) and floxed control mice aged 12-14 weeks. Blood
glucose concentrations in mD4KO mice after intraperitoneal injection of glucose (2 g/kg) subjected to a
CON (A.1), HCLP (B.1) or LCHP (C.1) diet. Blood glucose concentrations after intraperitoneal injection
of insulin (1 TU/kg) subjected to a CON (A.2), HCLP (B.2) or LCHP (C.2) diet. Data are presented as mean
+ SEM (n = 7-10).
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3.2.2.3 Postprandial glycemia in mD4KO mice on HCLP and LCHP diets

In addition, the impact of dietary macronutrient ratios on postprandial glycemia was
determined in mD4KO mice (2.2.2.8). Similar to whole-body D4KO mice, postprandial
blood glucose concentrations in mD4KO mice were significantly elevated compared to
floxed control mice 1 h and 2 h after refeeding with the CON diet (Figure 20 A.1).
Interestingly, postprandial blood glucose concentrations remained unchanged between
mD4KO and floxed mice when subjected and refed with a HCLP diet (Figure 20 B.1).
Consistent with whole-body D4KO mice, when subjected to and refed with a LCHP diet,
blood glucose concentrations were unaltered between the genotypes (Figure 20 C.1).
Plasma insulin concentrations (2.2.3.1) were unchanged between mD4KO and floxed
mice on a CON diet (Figure 20 A.2). However, mD4KO mice fed the HCLP diet, showed
tendentially elevated plasma insulin concentrations compared to floxed control mice, but
remained unchanged on the LCHP diet (Figure 20 C.2). In addition, there was no
significant difference in food intake between mD4KO and floxed mice regardless of the

diet (Figure 20 A.3—C.3).
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Figure 20: Impact of dietary macronutrient ratios on fasted and postprandial glycemia, plasma
insulin concentrations and food intake of muscle-specific Thcld4-deficient mice. Determination of
fasted and postprandial blood glucose concentrations and AUC (A.1-C.1), postprandial plasma insulin
concentrations (A.2—C.2) and food intake (A.3—C.3) from muscle-specific Tbc1d4-deficient (mD4KO) and
floxed control mice aged 16—17 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are
presented as mean + SEM (n = 7-10). *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test).

3.2.4 Plasma parameters in mD4KO mice on HCLP and LCHP diets

Moreover, 6 h fasted plasma concentrations of insulin (2.2.3.1), ketone bodies (2.2.3.2),
and NEFAs (2.2.3.3) were determined. Fasted plasma insulin concentrations were
tendentially decreased in mD4KO compared to floxed mice on a CON diet (Figure 21
A.1) and tendentially increased on a LCHP diet (Figure 21 C.1). Interestingly, 6 h fasted

plasma insulin concentrations were 4- to 6-fold higher in mD4KO and floxed mice fed the
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CON or LCHP diets compared to a HCLP diet (Figure 21 B.1). Fasted plasma ketone body
concentrations were unchanged in mD4KO mice compared to floxed control mice on all
diets (Figure 21 A.2—C.2). Fasted plasma NEFA concentrations were unaltered between
the two genotypes on the CON (Figure 21 A.3), but significantly elevated in mD4KO mice
compared to floxed mice on the HCLP diet (floxed: 0.58 = 0.06 mmol/l, mD4KO: 0.90 +
0.12 mmol/l, Figure 21 B.3) and unchanged on the LCHP diet (Figure 21 C.3).
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Figure 21: Impact of dietary macronutrient ratios on fasted plasma parameters of muscle-specific
Tbcld4-deficient mice. Determination of 6 h fasted plasma insulin (A.1-C.1), ketone bodies (A.2—C.2) and
NEFA (A.3-C.3) concentrations of male muscle-specific Thcld4-deficient (mD4KO) and floxed control
mice aged 14 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean =+
SEM (n = 7-9). *p < 0.05, **p < 0.01, ***p <0.001, ****p < (0.0001 (Student’s t-test).
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3.2.5 Ex vivo substrate utilization in mD4KO mice on HCLP and LCHP diets

3.2.5.1 Insulin-stimulated glucose uptake into skeletal muscle from mD4KQO mice on
HCLP and LCHP diets

Additionally, glucose uptake in oxidative Soleus muscle was determined ex vivo (2.2.2.9).
Consistent with data from whole-body D4KO mice, basal glucose uptake was unaltered
between the genotypes regardless of the diet (Figure 22 A—C). However, when fed the
CON diet basal glucose uptake was tendentially lower in mD4KO mice compared to
floxed control mice. Furthermore, insulin-stimulated glucose uptake was significantly
impaired in mD4KO compared to floxed mice fed the CON diet (Figure 22 A).
Interestingly, insulin-stimulated glucose uptake in Soleus muscle of mD4KO mice
remained unchanged compared to floxed mice when subjected to HCLP (Figure 22 B) and
LCHP (Figure 22 C) diets.
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Figure 22: Impact of dietary macronutrient ratios on glucose uptake into oxidative Soleus muscle of
muscle-specific 7hc1d4-deficient mice. Insulin-stimulated [*H]-deoxyglucose uptake into oxidative Soleus
muscle from muscle-specific Thcld4-deficient (mD4KO) and floxed control mice aged 17-19 weeks
subjected to a CON (A), HCLP (B) or LCHP (C) diet (n = 7-9). Data are presented as mean £ SEM. *p <
0.05, floxed vs. mD4KO and #p < 0.05, ##p < 0.01, ###p < 0.001, ##HHtp < 0.0001 basal vs. insulin (Two-
way ANOVA with Bonferroni correction).

3.2.5.2 Insulin-stimulated glucose uptake into white adipocytes from mD4KO mice on
HCLP and LCHP diets

Glucose uptake was also determined in primary white adipocytes from mD4KO mice
(2.2.2.10). Both basal and insulin-stimulated glucose uptake were unchanged between the
genotypes regardless of the diet. While basal glucose uptake was similar between the diets,
insulin-stimulated glucose uptake in primary white adipocytes was higher in both

genotypes when fed the CON (Figure 23 A) diet compared to a HCLP (Figure 23 B) or
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LCHP (Figure 23 C) diet (floxed: 299.3 £ 69.7 cpm/ mg lipid (CON), 182.3 + 25.5
cpm/ mg lipid (HCLP), 197.5 + 47.6 cpm/ mg lipid (LCHP); mD4KO: 283.6 + 35.7
cpm/ mg lipid (CON), 160.1 £ 11.8 cpm/ mg lipid (HCLP), 124.4 + 23 cpm/ mg lipid

(LCHP)).
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Figure 23: Impact of dietary macronutrient ratios on glucose uptake into primary white adipocytes
of muscle-specific Thcld4-deficient mice Insulin-stimulated ['*C]-D-glucose (U) uptake into primary
adipocytes from epididymal WAT of muscle-specific 7hcld4-deficient (mD4KO) and floxed control mice
aged 17-19 weeks subjected to a CON (A), HCLP (B) or LCHP (A.4) diet (n = 7-10). Data are presented
as mean £ SEM. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 basal vs. insulin (Two-way ANOVA

with Bonferroni correction).
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3.3 Impact of dietary macronutrient ratios on the energy metabolism of mice with an
adipose tissue-specific Thcld4-deficiency

Besides skeletal muscle, TBC1D4 further presents a key regulator of insulin-stimulated
glucose uptake in adipose tissue. Recent findings from our group indicate differential
contributions of skeletal muscle and adipose tissue to whole-body glycemia in Thcld4-
deficient mice [266, 290]. To elucidate the individual contribution of the adipose tissue to
whole-body glycemia, mice deficient in 7hcld4 in adipocytes (aD4KO) were generated
by crossing mice carrying floxed 7bcld4 alleles with mice overexpressing a Cre
recombinase regulated by an adiponectin promotor [266]. To evaluate the impact of
macronutrient ratios on the adipose tissue and its contribution to whole-body glycemia,
aD4KO mice were metabolically characterized during dietary interventions. In the
following, mice carrying floxed 7hcld4 alleles lacking adiponectin-Cre recombinase,

termed floxed, were used as control mice.

3.3.1 Body weight and body composition of aD4KO mice on HCLP and LCHP diets

In the present study, body composition was determined in aD4KO mice (2.2.2.2). Total
body weight was unaltered in aD4KO mice compared to floxed mice when subjected to a
CON (Figure 24 A.1), a HCLP (Figure 24 B.1), or a LCHP (Figure 24 C.1) diet. Similar
to mD4KO mice, the body fat mass of aD4KO mice was unchanged compared to floxed
control mice when fed the CON diet (Figure 24 A.2). However, when fed the HCLP diet,
aD4KO mice showed tendentially elevated body fat mass at 6, 9, and 12 weeks of age and
significantly elevated body fat mass at 15 weeks of age compared to floxed control mice
(Figure 24 B.2). When fed the LCHP diet, body fat mass was unchanged between the
genotypes (Figure 24 C.2). Moreover, total body lean mass tended to be elevated in
aD4KO mice compared to floxed control mice on all diet (Figure 24 A.3—C.3).
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Figure 24: Impact of dietary macronutrient ratios on body composition of adipocyte-specific 7hcld4-
deficient mice. Determination of body composition in total body weight (A.1-C.1), body fat mass (A.2—
C.2) and lean mass (A.3—C.3) in adipocyte-specific Tbcld4-deficient (aD4KO) and floxed control mice
subjected to a CON (A), HCLP (B) or LCHP (C) diet at 6, 9, 12 and 15 weeks of age. Data are presented as
mean = SEM (n = 7-9).

3.3.2 Whole-body glycemia in aD4KO mice on HCLP and HCLP diets
3.3.2.1 Blood glucose concentrations in aD4KO mice on HCLP and HCLP diets

In addition, random fed and fasted blood glucose concentrations were determined
(2.2.2.4). Interestingly, in contrast to whole-body D4KO and mD4KO mice, random fed
blood glucose concentrations were significantly reduced in aD4KO compared to floxed

mice when subjected to the CON (Figure 25 A.1) and the HCLP (Figure 25 B.1), but not
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the LCHP (Figure 25 C.1) dietary intervention. 6 h fasted blood glucose concentrations of
aD4KO mice tended to be decreased compared to floxed control mice on the CON diet
(Figure 25 A.2). However, when fed the HCLP diet, 6 h fasted blood glucose
concentrations were significantly decreased in aD4KO mice compared to floxed control
mice (Figure 25 B.2), but remained unaltered on the LCHP diet (Figure 25 C.2).
Moreover, after an overnight fast of 16 h, blood glucose concentrations were unchanged
between aD4KO and floxed mice during all dietary interventions (Figure 25 A.3—C.3),
but were increased in both genotypes on a LCHP compared to a CON or HCLP diet
(floxed: 73 = 2 mg/dL (CON), 61 £+ 3 mg/dL (HCLP), 105 = 7 mg/dL (LCHP), aD4KO:
74 + 3 mg/dL (CON), 63 + 2 mg/dL (HCLP), 94 + 5 mg/dL (LCHP)).
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Figure 25: Impact of dietary macronutrient ratios on blood glucose of adipocyte-specific 7hc1d4-
deficient mice. Determination of random fed (A.1-C.1), 6 h fasted (A.2—C.2) and 16 h fasted (A.3—C.3)
blood glucose concentrations of male adipocyte-specific Thcd4-deficient (aD4KO) and floxed control mice
aged 12—14 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean + SEM
(n=7-10). *p <0.05, **p <0.01 (Student’s t-test).
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3.3.2.2 Glucose and insulin tolerance in aD4KO mice on HCLP and LCHP diets

To evaluate the impact of adipose tissue on whole-body glycemia, glucose tolerance by
1.p. GTT (2.2.2.5, Figure 26 A.1-C.1) and insulin tolerance by i.p. ITT (2.2.2.6, Figure 26
A.2—C.2) were determined in aD4KO mice.

Similar to whole-body D4KO and mD4KO mice, glucose tolerance remained unaltered
between aD4KO and floxed mice when subjected to a CON diet (Figure 26 A.1).
However, when fed the HCLP diet (Figure 26 B.1), glucose tolerance tended to be elevated
in a aD4KO mice compared to floxed control mice, and was significantly elevated when
subjected to the LCHP diet as indicated by the AUC (HCLP: 48060 + 3946 (floxed),
45597 £+ 3324 (aD4KO), LCHP: 64406 + 3218 (floxed), 56247 + 2038 (aD4KO), Figure
26 C.1). Similar to whole-body D4KO and mD4KO mice, absolute blood glucose
concentrations were elevated when mice were subjected to the LCHP diet compared to
the CON or HCLP diets as indicated by the AUC (floxed: 46123 = 1291 (CON), 48060 +
3946 (HCLP), 64406 + 3218 (LCHP), aD4KO: 44576 + 959 (CON), 45597 + 3324
(HCLP), 56247 + 2038 (LCHP)).

Insulin tolerance was also unaltered between the genotypes. However, absolute blood
glucose concentrations were lowest when mice were fed the HCLP diet compared to the
CON or LCHP diets as indicated by the AUC (floxed: 6454 + 387 (CON), 5514 + 304
(HCLP), 6364 + 492 (LCHP), aD4KO: 5763 + 252 (CON), 5338 + 222 (HCLP), 6508 +
343 (LCHP), Figure 26 A.2—C.2).
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Figure 26: Impact of dietary macronutrient ratios on glucose and insulin tolerance in adipocyte-
specific Thcld4-deficient mice. Determination of intraperitoneal tolerance for glucose (GTT) and insulin
(ITT) of male adipocyte-specific Thcld4-deficient (aD4KO) and floxed control mice aged 12—14 weeks.
Blood glucose concentrations in aD4KO mice after intraperitoneal injection of glucose (2 g/kg) subjected
to a CON (A.1), HCLP (B.1) or LCHP (C.1) diet. Blood glucose concentrations after intraperitoneal
injection of insulin (1 TU/kg) subjected to a CON (A.2), HCLP (B.2) or LCHP (C.2) diet. Data are presented
as mean = SEM (n = 7-9). *p < 0.05, (Student’s t-test).
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3.3.2.3 Postprandial glycemia in aD4KO mice on HCLP and LCHP diets

Subsequently, the impact of dietary macronutrient ratios on postprandial glycemia was
determined in aD4KO mice (2.2.2.8). Unlike whole-body D4KO and mD4KO mice,
postprandial blood glucose concentrations in aD4KO mice were unchanged compared to
floxed control mice when subjected and refed with the CON diet (Figure 27 A.l).
However, when subjected and refed with the HCLP diet, postprandial blood glucose
concentrations were significantly increased in aD4KO compared to floxed mice 1 h, 2 h,
and 4 h after refeeding (Figure 27 B.1). Consistent with whole-body D4KO and mD4KO
mice, blood glucose concentrations were unaltered between the genotypes when subjected
and refed with the LCHP diet (Figure 27 C.1). Plasma insulin concentrations were
tendentially increased in aD4KO compared to floxed mice 1 h and 2 h after refeeding and
significantly increased 4 h after refeeding on a CON diet (Figure 27 A.2). However, when
subjected to a HCLP (Figure 27 B.2) or LCHP (Figure 27 C.2) diets, plasma insulin
concentrations remained unaltered between aD4KO and floxed control mice.
Furthermore, there was no significant difference in food intake between aD4KO and

floxed mice regardless of the diet (Figure 27 A.3—C.3).
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Figure 27: Impact of dietary macronutrient ratios on fasted and postprandial glycemia, plasma
insulin concentrations and food intake of adipocyte-specific Thcld4-deficient mice. Determination of
fasted and postprandial blood glucose concentrations and AUC (A.1-C.1), postprandial plasma insulin
concentrations (A.2—C.2) and food intake (A.3—C.3) from adipocyte-specific Thcld4-deficient (aD4KO)
and floxed control mice aged 16—17 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are
presented as mean + SEM (n = 7-9). *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test).

3.3.4 Plasma parameters in aD4KO mice on HCLP and LCHP diets

In addition, 6 h fasted plasma concentrations of insulin (2.2.3.1), ketone bodies (2.2.3.2),
and NEFAs (2.2.3.3) were analyzed. Fasted plasma insulin concentrations were similar
between the genotypes on CON (Figure 28 A.1), HCLP (Figure 28 B.1), and LCHP
(Figure 28 C.1) diets. Similar to the whole-body D4KO and mD4KO cohorts, 6 h fasted

plasma insulin concentrations were lowest when mice were subjected to the HCLP diet.
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Similar to whole-body D4KO, but not mD4KO mice, concentrations of fasted plasma
ketone body concentrations were significantly increased in aD4KO mice compared to
floxed control mice on all diets (Figure 28 A.2—C.2). Fasted plasma NEFA concentrations
were unaltered between the genotypes when subjected to a CON diet (Figure 28 A.3), but
were significantly elevated in aD4KO mice compared to floxed control mice when
subjected to the HCLP diet (floxed: 0.62 £ 0.06 mmol/l, aD4KO: 0.86 £+ 0.09 mmol/l,
Figure 24 B.3), similar to the concentrations observed in mD4KO mice. When subjected

to the LCHP diet, fasted plasma NEFA concentrations were unchanged (Figure 28 C.3).
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Figure 28: Impact of dietary macronutrient ratios on fasted plasma parameters of adipocyte-specific
Thcld4-deficient mice. Determination of 6 h fasted plasma insulin (A.1-C.1), ketone bodies (A.2—C.2) and
NEFA (A.3—C.3) concentrations of male adipocyte-specific 7hcld4-deficient (aD4KO) and floxed control
mice aged 14 weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean +
SEM (n = 7-9). *p < 0.05, **p < 0.01, (Student’s t-test).

96



3. Results

3.3.5 Ex vivo substrate utilization in aD4KO mice on HCLP and LCHP diets

3.3.5.1 Insulin-stimulated glucose uptake into skeletal muscle from aD4KO mice on
HCLP and LCHP diets

Subsequently, ex vivo glucose uptake in oxidative Soleus muscle was determined (2.2.2.9).
Basal and insulin-stimulated glucose uptake into Soleus muscle indicated no significant
differences between the genotypes (Figure 29 A—C). However, when subjected to the
HCLP diet, basal and insulin-stimulated glucose uptake tended to be lower in aD4KO
mice compared to floxed control mice (Figure 29 B). Interestingly, basal and insulin-
stimulated glucose uptake in Soleus muscle of aD4KO mice was lowest when subjected

to a LCHP diet (Figure 29 C).
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Figure 29: Impact of dietary macronutrient ratios on glucose uptake into oxidative Soleus muscle of
adipocyte-specific Thcld4-deficient mice. Insulin-stimulated [*H]-deoxyglucose uptake into oxidative
Soleus muscle from adipocyte-specific Thcld4-deficient (aD4KO) and floxed control mice aged 17-19
weeks subjected to a CON (A), HCLP (B) or LCHP (C) diet (n = 6-9). Data are presented as mean + SEM.
#p < 0.05, ##p < 0.01, basal vs. insulin (Two-way ANOVA).

3.3.5.2 Insulin-stimulated glucose uptake into white adipocytes from aD4KO mice on
HCLP and LCHP diets

Additionally, glucose uptake was determined in primary white adipocytes from aD4KO
mice (2.2.2.10). Basal glucose uptake was altered between the genotypes on all diets.
However, similar to whole-body D4KO mice, insulin-stimulated glucose uptake into

WAT was impaired in aD4KO mice compared to floxed control mice when subjected to
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a CON diet (Figure 30 A) and significantly decreased in aD4KO when subjected to a
HCLP (Figure 30 B) and LCHP (Figure 30 C) diets.
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Figure 30: Impact of dietary macronutrient ratios on glucose uptake into primary white adipocytes
of adipocyte-specific Thcld4-deficient mice Insulin-stimulated ['*C]-D-glucose (U) uptake into primary
adipocytes from epididymal WAT of adipocyte-specific 7hcld4-deficient (aD4KO) and floxed control mice
aged 17—-19 weeks subjected to a CON (A), HCLP (B) or LCHP (A.4) diet (n = 6-9). Data are presented as
mean £ SEM. *p < 0.05 floxed vs. aD4KO and #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 basal

vs. insulin (Two-way ANOV A with Bonferroni correction).
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3.4 Chronic adaptations in skeletal muscle and white adipose tissue of D4KO mice

Data obtained from metabolic characterization of whole-body D4KO and tissue-specific
D4KO mice revealed differential effects of different macronutrient ratios on skeletal
muscle and adipose tissue. In addition, the results indicate distinct contributions of skeletal
muscle and adipose tissue to whole-body glycemia. Although TBC1D4 was shown to be
an acute regulator of postprandial blood glucose concentrations, further results indicated
chronic adaptations in skeletal muscle and adipose tissue in response to dietary
intervention. Therefore, a bottom-up proteomics approach (2.2.6) was used to elucidate
chronic changes in the proteome of whole-body D4KO mice and WT littermates induced

by a HCLP and LCHP dietary intervention.

3.4.1 Impact of a nutrition on skeletal muscle proteome of D4KO mice

To investigate the chronic adaptations in skeletal muscle of whole-body D4KO mice, an
untargeted proteomic analysis was performed on Gastrocnemius muscle of WT and
D4KO subjected to chronic dietary intervention with HCLP or LCHP diets (2.2.6.1). Mass
spectrometry analysis (2.2.6.4) revealed a total of 366 proteins significantly regulated in
the Gastrocnemius muscle of D4KO mice compared to WT littermates on the HCLP diet,
of which 160 proteins were up-regulated and 206 were down-regulated. When subjected
to the LCHP diet, 313 proteins were differentially regulated in D4KO compared to WT
mice, of which 164 were up-regulated and 149 down-regulated. In WT mice, a total of
293 proteins were differentially regulated on a LCHP vs. a HCLP diet. While 134 proteins
were up-regulated, 159 proteins were down-regulated in WT mice subjected to a LCHP
vs. a HCLP diet. In D4KO mice, 386 proteins were shown to be differentially regulated
on a LCHP vs. a HCLP diet, including 202 up-regulated and 184 down-regulated proteins
(Figure 31).
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Figure 31: Impact of nutrition on proteome of Gastrocnemius muscle of Thcld4-deficient mice.
Overview of differentially regulated proteins (indicated by black arrows) in Gastrocnemius muscle of
Thcld4-deficient mice and WT littermates aged 17-19 weeks subjected to a HCLP (indicated in yellow) or
LCHP (indicated in orange) diet. Red arrows indicate up-regulated and blue arrows indicate down-regulated
proteins. Significance threshold was set at p <0.05 (n=6). Created with Biorender.com

3.4.1.1 Differentially regulated proteins in Gastrocnemius muscle in response to a
LCHP vs. a HCLP diet in Tbcld4-deficient mice

To evaluate potential proteins involved in regulation of postprandial glycemia and
improvement of insulin sensitivity in skeletal muscle of 7hc/d4-deficient mice in response
to a LCHP diet, the proteome of Gastrocnemius muscle was visualized in volcano plots.
In addition, unregulated and differentially down- and up-regulated proteins were revealed,
indicated in black, blue and red, respectively. Proteome analysis highlighted differentially
regulated proteins in D4KO vs. WT mice subjected to a HCLP (Figure 32 A) or a LCHP
(Figure 32 B) as well as in WT (Figure 32 C) and D4KO (Figure 32 D) mice subjected to
a LCHP vs. a HCLP diets.
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Figure 32: Impact of nutrition on regulation of proteins in Gastrocnemius muscle of Thcld4-deficient
mice. Volcano plots of differentially regulated proteins in Gastrocnemius muscle of Thcld4-deficient vs.
WT mice in response to a LCHP diet (A) and in D4KO mice on a LCHP vs. HCLP diet (B) diet displaying
the size of differential regulation and significance. Significance threshold was set at p <0.05 (n=6).

Subsequently, correction for multiple testing (adjusted p-value < 0.05) and the effect size
estimation (log2 fold change) revealed top regulated proteins, as listed in (Table 21).
According to KEGG and Reactome database, selected differentially regulated proteins in
D4KO vs. WT subjected to a HCLP diet included proteins associated with signal
transduction that were down-regulated in D4KO vs. WT mice. In D4KO vs. WT subjected
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to a LCHP diet, proteins associated with transport and signal transduction were up-

regulated and proteins associated with endosomal sorting were down-regulated.

In WT mice, proteins associated with stress response were up-regulated, whereas in D4KO

mice, proteins associated with signal transduction were up-regulated on a LCHP vs. a

HCLP diet.

Inf2 was the top regulated candidate protein, which was significantly down-regulated in
D4KO vs. WT mice subjected to a HCLP diet (adjusted p-value =2.63719E-16, Log?2 fold
change = -2.44) and in WT mice subjected to a LCHP vs a HCLP diet (adjusted p-value
= 2.5671E-16, Log2 fold change = -1.79). In D4KO vs. WT mice subjected to a LCHP
diet, Inf2 was significantly up-regulated (adjusted p-value = 2.4782E-16, Log2 fold
change = 2.42) as well as in D4KO mice subjected to a LCHP vs. a HCLP diet (adjusted
p-value = 2.4921E-16, Log2 fold change = 3.38).

Table 21: Selected differentially regulated proteins in Gastrocnemius muscle

Gene Adjusted p- log2 Gene Adjusted p- log2
Symbol value fold change Symbol value fold change
HCLP D4KO vs. WT LCHP D4KO vs. WT
Inf2 2.63719E-16 -2.44 Tmubl 2.4782E-16 -2.77
Usp8 5.90805E-07 -1.37 Tbcld4 6.2663E-08 -1.29
Smad2 6.52999E-07 -1.22 Cdc42epl 0.01 -1.17
Adaml17 4.20582E-12 -1.11 Vps37a 0.00048 -1.02
Tbcld4 1.6953E-06 -0.90 Ubapl 0.00065 -0.91
Uchl5 0.03650602 -0.72 Usp8 0.027 0.71
Plin5 0.00223504 0.71 Ube2d3 1.1152E-08 0.72
Pdk4 7.89647E-11 0.71 Washc4 3.0636E-05 0.88
Ankfyl 0.00080279 0.80 Uspl5 2.4782E-16 0.96
Ranbp9 2.38E+06 1.68 Cdc26 1.9209E-08 2.21
Them4 2.64E-02 2.27 Inf2 2.4782E-16 2.42
WT LCHP vs. HCLP D4KO LCHP vs. HCLP
Inf2 2.5671E-16 -1.79 Leprotl1 3.91395E-06 -1.72
Adam17 2.6429E-13 -1.69 Cdc42epl 5.3766E-05 -1.54
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Rab8a 0.033 -0.85 Vpsl18 0.0001 -0.86
Aldoc 0.005 -0.62 Aktlsl 7.92742E-08 -0.68
Fasn 0.004 -0.52 Pik3c3 0.024907347 -0.67
Akt2 0.0028 -0.42 Rab5b 0.0058 -0.43
Fabp3 0.025 0.61 Adam17 0.042 0.55
Pdk4 0.008569437 0.69 Uspl5 3.4436E-06 0.57
Ormdl1 0.00014 1.18 Vps51 4.4894E-05 1.06
Orml 2.5671E-16 2.05 Usp8 2.0073E-09 1.77
Them4 2.5671E-16 2.67 Orm1 2.4921E-16 2.04
Pik3cb 2.5671E-16 2.78 Inf2 2.4921E-16 3.38

3.4.1.2 Differentially regulated canonical pathways in Gastrocnemius muscle of
Thcld4-deficient mice in response to a LCHP vs. a HCLP diet

To investigate the differential effects of macronutrient ratios on canonical pathways in
skeletal muscle, a ConsensusPathDB (CPDB) (2.2.6.3) was performed for differentially
regulated proteins (p < 0.05). Selected differentially regulated canonical pathways in
Gastrocnemius muscle of D4KO and WT mice in response to a HCLP and LCHP diets

are shown in Table 22.

CPDB analysis highlighted over-represented Reactome and KEGG canonical pathways in
Gastrocnemius muscle of D4KO vs. WT mice in response to a HCLP diet, which showed
significant regulation of pathways associated with inflammation and immune response
such as “Toll-like receptor cascades” and insulin signaling such as “Insulin receptor
signalling cascade”, “PI3K cascade” and “IRS-mediated signalling”. In addition,
canonical pathways associated with lipid metabolism such as “Mitochondrial fatty acid
beta-oxidation” and “Fatty acid elongation” were significantly regulated in D4KO vs. WT

mice subjected to the HCLP diet.

When subjected to the LCHP diet, CPDB analysis of Gastrocnemius muscle revealed
differential regulation of canonical pathways associated with ubiquitin signaling such as

“Ub-specific processing proteases” and “Deubiquitination” as well as signal transduction
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and metabolic pathways such as “RHO GTPase Effectors”, “Utilization of Ketone Bodies”

and “mTOR signaling pathway” in D4KO vs. WT mice.

Furthermore, pathways associated with insulin signaling were significantly regulated in

WT mice subjected to a LCHP vs HCLP diet such as “PI3K Cascade” and “IRS-mediated

signalling”. In addition, pathways associated with lipid metabolism “Biosynthesis of

unsaturated fatty acids” were differentially regulated in WT subjected to a LCHP diet vs

a HCLP diet.

Significantly regulated canonical pathways in D4KO mice subjected to a LCHP vs a

HCLP diet included pathways associated with immunity such as “Complement and

coagulation cascades” and “Toll-like Receptor Cascades” and lipid metabolism “Plasma

lipoprotein assembly” as well as signaling pathways “Integrin cell surface interactions”

and “Signaling by Interleukins” (Table 22).

Table 22: Over-represented Reactome and KEGG canonical pathways in

Gastrocnemius muscle

Canonical pathway p-value Candidates contained
(%)
HCLP D4KO vs. WT
Toll-like Receptor Cascades 0.0024131 15.87
Insulin receptor signalling cascade 0.00328842 26.32
PI3K Cascade 0.00467837 30.77
Mitochondrial Fatty Acid Beta-Oxidation 0.00566591 20.00
Activation of AKT2 0.00911752 66.67
Fatty acid elongation 0.01042026 25.00
LCHP D4KO vs. WT
RHO GTPase Effectors 2.00E-05 7.69
Toll-like Receptor Cascades 0.00195828 14.29
Ub-specific processing proteases 0.00230138 4.27
Signal Transduction 0.00534448 5.37
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Utilization of Ketone Bodies 0.00600506 66.67
Deubiquitination 0.0147868 3.42

mTOR signaling pathway 0.0279732 10.00
Branched-chain amino acid catabolism 0.03946502 17.65
Ketone body metabolism 0.04819678 25.00
PI3K-Akt signaling pathway 0.04842812 7.97

WT LCHP vs. HCLP
Biosynthesis of unsaturated fatty acids 0.00146249 33.33
PI3K Cascade 0.00203899 30.77
IRS-mediated signalling 0.00275541 28.57
Activation of AKT2 0.00582767 66.67
Deubiquitination 0.01314463 3.42
D4KO LCHP vs. HCLP

Complement and coagulation cascades 5.18E-13 38.18
Integrin cell surface interactions 0.00013675 25.00
Post-translational protein phosphorylation 0.00068717 18.87
Regulation of Insulin-like Growth Factor 0.00068717 18.87
(IGF) transport and uptake by Insulin-like

Growth Factor Binding Proteins (IGFBPs)

Toll-like Receptor Cascades 0.00074471 17.46
Plasma lipoprotein assembly 0.00076912 35.71
Signaling by Interleukins 0.01492142 12.50
Ketone oxidation 0.02905674 40.00

3.4.2 Impact of nutrition on white adipose tissue proteome of D4KO mice

To determine the impact of nutrition on white adipose tissue proteome of whole-body

D4KO mice, untargeted proteomic analysis of epididymal WAT from WT and D4KO

mice subjected to chronic dietary intervention with a HCLP or a LCHP diets was

performed (2.2.6.2-2.2.6.4). Mass spectrometry analysis revealed a total of 181 proteins

significantly regulated in epididymal WAT of D4KO mice compared to WT littermates
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on the HCLP diet, including 75 up-regulated and 106 down-regulated proteins. When
subjected to a LCHP diet, 188 proteins were differentially regulated in D4KO compared
to WT mice, of which 101 were up-regulated and 87 down-regulated. In WT mice, a total
of 237 proteins were differentially regulated on a LCHP vs. a HCLP diet. While 84
proteins were up-regulated, 159 proteins were down-regulated in WT mice subjected to a
LCHP vs. a HCLP diet. In D4KO mice, 279 proteins were shown to be differentially
regulated on a LCHP vs. a HCLP diet, including 118 up-regulated and 161 down-regulated
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Figure 33: Impact of nutrition on proteome of white adipose tissue of 7hc1d4-deficient mice. Overview
of differentially regulated proteins (indicated by black arrows) in epididymal adipose tissue of Thcld4-
deficient mice and WT littermates aged 17—19 weeks subjected to a HCLP (indicated in yellow) or LCHP
(indicated in orange) diet. Red arrows indicate up-regulated and blue arrows indicate down-regulated
proteins. Significance threshold was set at p <0.05 (n=6). Created with Biorender.com

3.4.2.1 Differentially regulated proteins in white adipose tissue in response to a LCHP
vs. a HCLP diet in Thc1d4-deficient mice

To elucidate potential proteins involved in the regulation of whole-body glycemia and
insulin sensitivity in white adipose tissue of 7hcld4-deficient and WT mice in response
to different macronutrient ratios, the proteome of epididymal white adipose tissue was
visualized in volcano plots. In addition, unregulated and differentially down- and up-

regulated proteins were revealed, indicated in black, blue and red, respectively. Proteome
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analysis identified differentially regulated proteins in D4KO vs. WT mice subjected to a

HCLP (Figure 34 A) or a LCHP (Figure 34 B) as well as in WT (Figure 34 C) and D4KO

(Figure 34 D) mice subjected to a LCHP vs a HCLP diet.
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Figure 34: Impact of nutrition on regulation of proteins in white adipose tissue of 7hcld4-deficient
mice. Volcano plots of differentially regulated proteins in epididymal adipose tissue of Thcld4-deficient
vs. WT mice in response to a LCHP diet (A) and in D4KO mice on a LCHP vs. HCLP diet (B) diet displaying
the size of differential regulation and significance. Significance threshold was set at p <0.05 (n=16).

Subsequent correction for multiple testing (adjusted p-value < 0.05) and the effect size

estimation (log2 fold change) revealed top regulated proteins, as listed in Table 23.
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According to KEGG and Reactome database, selected differentially down-regulated

proteins in D4KO vs. WT mice subjected to a HCLP diet included proteins associated

with FA biosynthesis, while proteins associated with stress response were up-regulated.

On a LCHP diet, proteins associated with stress response and signal transduction were

down-regulated in D4KO vs. WT mice, while proteins associated with protein metabolism

were up-regulated.

In WT mice, proteins associated with FA biosynthesis were down-regulated on a LCHP

vs. HCLP diet, whereas proteins associated with stress response were up-regulated. In

D4KO mice, several proteins associated with enzyme regulator activity and stress

response were differentially regulated.

Table 23: Selected differentially regulated proteins in white adipose tissue

Gene Adjusted log2 Gene Adjusted log2
Symbol p-value fold change Symbol p-value fold change
HCLP D4KO vs. WT LCHP D4KO vs. WT
Phosphol 0.003 -2.99 Fafl 2.1643E-05 -1.05
Fasn 0.002 -1.88 Vars2 0.0006 -1.05
Gdel 0.002 -1.83 Mt2 1.0837E-05 -1.03
Acaca 0.001 -1.66 Mtl 0.00026174 -0.9
Acly 0.001 -1.63 Acly 0.0002 -0.82
Acsm3 0.0003 -1.23 Pgam?2 0.0002 -0.69
Acss2 2.04E-06 -1.01 Itga3 1.5991E-05 0.75
Fabpl 4.1665E-16 0.59 Apoa2 1.9475E-05 0.8
Plin2 4.1665E-16 0.85 Wwtrl 0.0003 0.96
Mt2 4.1665E-16 1.03 Mrpl49 9.9679E-05 0.98
Bicdl 4.1665E-16 1.29 Fbpl 2.0542E-05 1
Gpnmb 4.1665E-16 1.64 Eng 0.0007 1.03
WT LCHP vs. HCLP D4KO LCHP vs. HCLP
Asap?2 2.8529E-16 -2.96 Asap2 2.8371E-16 -3.51
Acaca 3.5043E-13 2.1 Hsd11bl | 2.8371E-16 -2.23
Phosphol | 5.9857E-06 -1.76 Stx6 2.8371E-16 -1.95
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Eng 1.6728E-05 -1,72 Serpina7 5.3285E-12 -1.5
Ptges 7.6967E-06 -1.43 Apoad 1.1958E-09 -1.32
Acly 0.0001 -1.29 Ptges 1.3069E-09 -1.24
Serpinale 0.004 0.87 Ctrbl 0.00552877 0.84
Mt2 0.0084 0.91 Serpinald | 3.7701E-06 0.9
Fbnl 0.001 0.94 Phosphol | 0.00511519 0.99
Lifr 5.6812E-10 1.58 Orm1 3.4526E-12 1.32
Orm1 6.2877E-12 1.7 Gpnmb 3.6425E-12 1.45
Gpnmb 1.4898E-12 2.16 Lifr 2.8371E-16 1.56

3.4.2.2 Differentially regulated canonical pathways in white adipose tissue of Thc1d4-
deficient mice in response to a LCHP vs. a HCLP diet

For differentially regulated proteins (p < 0.05) in WAT from D4KO and WT mice in
response to a HCLP and LCHP diet, differentially regulated canonical pathways were
highlighted using ConsensusPathDB analysis (2.2.6.3). Selected differentially regulated
canonical pathways in WAT from D4KO and WT mice in response to a HCLP and LCHP

diets are shown in Table 24.

CPDB analysis highlighted over-represented Reactome and KEGG canonical pathways,
in D4KO vs. WT mice in response to the HCLP diet associated with “Metabolism of
lipids” such as “Fatty acid biosynthesis”, “Triglyceride catabolism” and “PPAR signaling
pathway” and signal transduction “RHO GTPases Activate Formins” as well as “AMPK
signaling pathway”.

When subjected to a LCHP diet, CPDB analysis of differentially regulated proteins
revealed differential regulation of canonical pathways associated with lipid “HDL
clearance” and glucose “Glycolysis” metabolism as well as transport processes “Transport

of small molecules” and “ABC transporters in lipid homeostasis”.

Further, lipid metabolism associated pathways were significantly regulated in WT mice
subjected to a LCHP vs HCLP diet such as “Fat digestion and absorption”, “Plasma
lipoprotein assembly” and “PPAR signaling pathway”.
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Overrepresented canonical pathways in D4KO mice subjected to a LCHP vs a HCLP diet

included pathways associated with fatty acid metabolism “Peroxisomal lipid metabolism”,

“Biosynthesis of unsaturated fatty acids”, immunity “Terminal pathway of complement”,

“Complement cascade” and Ubiquitionation “Ub-specific processing proteases”.

Table 24: Over-represented Reactome and KEGG canonical pathways in white

adipose tissue

Canonical pathway

p-value

Candidates contained (%)

HCLP D4KO vs. WT

Fatty acid biosynthesis 2.92E-04 30,77
Valine, leucine and isoleucine 6.61E-03 11.11
degradation
PPAR signaling pathway 9.48E-03 10.20
Triglyceride catabolism 9.98E-03 33.33
Synthesis of Ketone Bodies 9.98E-03 33.33
RHO GTPases Activate Formins 2.15E-02 8.33
AMPK signaling pathway 3.67E-02 7.25
Beta-oxidation of VLCFA 3.95E-02 16.67
LCHP D4KO vs. WT
HDL clearance 2.34E-03 66.67
Plasma lipoprotein assembly 6.40E-03 21.43
Glycolysis 1.18E-02 10.20
Transport of small molecules 1.40E-02 5.56
Plasma lipoprotein assembly, 2.14E-02 10,53
remodeling, and clearance
ABC transporters in lipid homeostasis 2.51E-02 22.22
Synthesis of PIPs at the plasma 2.59E-02 13.04
membrane
WT LCHP vs. HCLP
Triglyceride metabolism 1.65E-03 28.57
Fat digestion and absorption 1.11E-02 17.39
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Plasma lipoprotein assembly 1.55E-02 21.43
Synthesis of PC 1.55E-02 21.43
AMPK signaling pathway 1.71E-02 10.14
Synthesis of PE 2.05E-02 33.33
PPAR signaling pathway 4.07E-02 10.20
D4KO LCHP vs. HCLP
Peroxisomal lipid metabolism 5.58E-06 34.78
Terminal pathway of complement 2.30E-05 80.00
Complement cascade 1.32E-04 23.53
Metabolism of lipids 6.25E-04 8.92
Biosynthesis of unsaturated fatty acids 1.14E-03 27.78
Beta-oxidation of VLCFA 1.75E-03 33.33
PPAR signaling pathway 1.79E-03 16.33
Ub-specific processing proteases 2.49E-02 1.90
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4. Discussion

The RabGTPase-activating proteins (RabGAPs) TBCID1 and TBCI1D4 represent non-
redundant key proteins in GLUT4-mediated glucose uptake, and are therefore crucial regulators
of whole-body glycemia. Studies from our group have shown that FAO is favored over
carbohydrate utilization in RabGAP-deficient mice, suggesting an additional role for TBC1D1
and TBC1D4 as metabolic switches regulating energy substrate utilization [131]. In humans, a
mutation in TBCIDI was associated with severe obesity [256], while TBC1D4 variants were
associated with insulin resistance and T2DM [257, 258]. In Arctic populations, homozygosity
for a muscle-specific loss-of-function mutation in the 7TBCID4 gene was shown to convey
postprandial hyperglycemia and an increased risk for T2DM. This 7BC1D4 variant has been
proposed to represent an evolutionary adaptation to the indigenous lifestyle characterized by a
high degree of physical activity and a traditional Arctic diet high in protein and (unsaturated)
lipids but being low in carbohydrates [258, 295]. Similarly, whole-body 7bcld4-deficient
(D4KO) mice are characterized by postprandial hyperglycemia due to impaired insulin-
stimulated glucose uptake in skeletal muscle and white adipose tissue accompanied by
decreased GLUT4 protein abundance in these tissues [131]. The present study aims to elucidate
the impact of macronutrient ratios on whole-body glycemia and insulin resistance in RabGAP-
deficient mice. We hypothesize that a low-carbohydrate high-protein diet (LCHP), representing

a traditional Arctic diet, will restore insulin sensitivity in D4KO mice.

4.1 The impact of Western and Arctic diets on whole-body metabolism of RabGAP-deficient
mice

4.1.1 An Arctic diet impairs whole-body glycemia in WT mice

Traditional diets of hunter-gatherer populations, such as the Arctic diet, are typically ketogenic
[93]. Since 1921, the beneficial effects of a “ketogenic” diet have been suggested by mimicking
a state of fasting [299]. However, since then, studies have shown that a ketogenic diet is
mechanistically very different from fasting and have argued for its beneficial effects on
metabolic health [300-302]. Previous studies demonstrated the effects of amino acids (AA) and
dietary protein on glucose homeostasis and have associated increased dietary protein intake
with improved insulin sensitivity in healthy individuals and individuals with insulin resistance
[303-306]. However, in these studies, improved insulin sensitivity was associated with reduced
body weight due to hypocaloric diets. Therefore, it remained unclear whether the improved

insulin sensitivity was due to the reduction in body weight or to the effect of a high dietary
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protein content. The present study showed that mice fed the LCHP diet had an increased body
weight compared to mice fed the HCLP diet, thus ruling out the possibility that any
improvements in insulin sensitivity were due to weight loss. Mice fed the LCHP diet showed
impaired insulin tolerance in response to insulin injection compared to mice fed the HCLP diet.
In WT mice, the LCHP diet resulted in decreased insulin-stimulated glucose uptake into
primary white adipocytes, which was associated with increased adipocyte size compared to the
HCLP diet. These results indicate that the LCHP diet promoted insulin resistance in WT mice,
which is consistent with other studies linking elevated plasma BCAA concentrations with

insulin resistance and T2DM [106, 228, 307-309].

In addition to the controversy regarding the effects of ketogenic diets on insulin sensitivity, the
effects of ketogenic diets on lipid metabolism have also been debated. While some studies have
shown that a ketogenic diet ameliorates lipid metabolism [310, 311], others have suggested that
ketogenic diets may increase circulating lipid concentrations, due to high dietary lipid content,
which potentially affects hepatic metabolism [312]. In the present study, mice showed elevated
fasting blood glucose concentrations in response to a LCHP diet, indicating alterations in
hepatic glucose metabolism. It was shown that in individuals with prediabetes and T2DM,
excessive hepatic glucose production during post-absorptive conditions contributes to elevated
fasted blood glucose concentrations [313-316]. Moreover, a short-term ketogenic diet
intervention induced hepatic insulin resistance [317], whereas long-term effects may include
glucose intolerance and reduced B- and a-cell mass despite initial weight loss [104]. The present
study showed that mice fed the LCHP diet had elevated blood glucose concentrations and
reduced glucose clearance during a glucose tolerance test. These results may indicate impaired
insulin-mediated suppression of endogenous glucose production in response to a LCHP diet,

which is common in individuals with T2DM [318, 319].

4.1.2 An Arctic diet improves glycemia in whole-body RabGAP-deficient mice

4.1.2.1 RabGAPs regulate adipose tissue expansion in response to different macronutrient
ratios

Previous studies indicate regulatory roles of TBC1D1 and TBCI1D4 in lipid metabolism
showing that deficiency of TBC1D1 and TBC1D4 increases the transport of long-chain fatty
acids (LCFAs) into muscle and human fat cells via fatty acid handling proteins [275, 320].

In the current study, D1KO mice presented with reduced adipose tissue mass when fed the
HCLP or the LCHP diet. Contrary to 7hcldI-deficiency, Thcld4-deficiency appears to induce
an increase in adipose tissue mass when mice are subjected to a high-fat diet (Figure 35), which
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is consistent with previous findings from our research group [290]. The current study further
suggests that predominantly 7hc1d4-deficiency in adipose tissue is responsible for the increased
expansion of adipose tissue in whole-body D4KO mice since in contrast to muscle-specific
(m)D4KO mice, only adipose tissue-specific (a)D4KO mice exhibited increased fat mass.
TBC1D4 deficiency has been shown to result in increased FATP4 and CD36 abundance
accompanied by increased LCFA uptake into adipocytes and increased FAO [321]. However,
in the current study, adipocyte size remained unchanged in D4KO compared to WT mice,
suggesting that 7bcld4-deficiency in mice may enhance adipogenesis in response to high-fat

diets.

Interestingly, the present study showed that 7hc/d4-deficiency in mice resulted in significantly
elevated plasma leptin concentrations compared to Thcldl-deficiency when subjected to a
LCHP. Elevated plasma leptin concentrations are commonly associated with obesity and
adipocyte hypertrophy [322, 323]. Previously, it was shown that in obese leptin-deficient mice,
Thcldl-deficiency did not affect feeding behavior but was associated with reduced body weight
due to increased energy expenditure and skeletal muscle FAO [261, 324]. Contrary to these
findings, whole-body FAO was unaltered in D1KO mice in the current study. Therefore, in this
study, the reduced adipose tissue mass and protection against diet-induced changes in fat mass
due to Thcldl-deficiency appear to be independent of FAO. Additionally, food intake was
unchanged between D1KO and WT mice during a fasting refeeding experiment, indicating that
reduced fat mass is also independent of feeding behavior. This may indicate, as previously
suggested [130], that TBC1D4 compensates for a defect in TBC1D1 signaling. Interestingly, in
D1/4KO mice adipose tissue mass was unaltered on the HCLP diet and reduced on the LCHP
diet, which indicates, as previously suggested [256, 324], a possible role of TBC1D1 during the
development of obesity that dominates the potential increase in adipose tissue mass due to
Thbcld4-deficiency. However, it remains to be determined whether ThcldI-deficiency 1is

associated with reduced adipogenesis, adipocyte hypertrophy or both.

Hyperinsulinemia is associated with insulin resistance, increased plasma FFA concentrations,
increased lipogenesis and consequently elevated fat mass [325, 326]. D4KO mice exhibited
postprandial hyperinsulinemia when fed the HCLP diet and elevated postprandial plasma
insulin concentrations in response to feeding the LCHP diet. This correlates with a significantly
increased fat mass in D4KO subjected to the HCLP and a tendentially elevated fat mass on a
LCHP diet compared to WT littermates. In conclusion, while DIKO mice showed reduced

adipose tissue mass, D4KO mice showed increased fat mass (Figure 35). Contrary to previous
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findings in skeletal muscle [275], the results of the present study indicate rather opposite roles

of TBC1D1 and TBC1D4 in adipose tissue lipid metabolism.

4.1.2.2 RabGAPs regulate lipid metabolism in response to different macronutrient ratios
Studies have demonstrated the impact of TBC1D1 and TBC1D4 as regulators of glucose and
lipid metabolism in skeletal muscle and adipose tissue [131, 264, 327]. The current study further

introduces the two RabGAPs as potential regulators of hepatic lipid metabolism.

Ketone bodies are produced by the liver via fatty acid catabolism as an alternative energy source
when glucose supply is insufficient [328, 329]. The present study revealed that Thcld4-
deficiency resulted in reduced blood glucose accompanied by increased ketone body
concentrations when mice were subjected to high-carbohydrate diets, especially a HCLP diet
(Figure 35). This indicates that despite adequate glucose and fat availability, 7bcld4-deficiency
results in inadequate glucose utilization inducing hepatic ketogenesis. Moreover, plasma NEFA
concentrations were elevated in D4KO mice when fed the HCLP diet, consistent with previous
findings [270], and remained unchanged when fed the LCHP diet. Furthermore, aD4K O but not
mD4KO mice had elevated plasma NEFA concentrations when fed the HCLP diet. These
findings are consistent with previous studies, suggesting that increased adipose tissue mass is
associated with increased plasma NEFA concentrations [330] and that 7hcld4-deficiency in
adipose tissue might promote ectopic fat accumulation in peripheral tissues and consequently

promote metabolic complications.

Consistent with these findings, studies have shown that fasted plasma FFA concentrations were
reduced in individuals with T2DM in response to a 6-week high-protein diet intervention,
accompanied by decreased hepatic lipid content [244]. However, as mentioned above, the
findings on the impact of ketogenic diets on hepatic lipid metabolism are controversial, as other
studies have shown no change of FFA concentrations in individuals with T2DM after a 5-week
or an 8-week high-protein diet intervention [331, 332]. Considering the different study
characteristics, including individuals with untreated T2DM as well as obese individuals, the
findings are not exactly comparable [244, 331, 332]. Nevertheless, studies agree that elevated
plasma NEFA concentrations are associated with insulin resistance [330]. Moreover, similar to
whole-body D4KOs, aD4KOs showed reduced random fed plasma glucose concentrations in
response to high carbohydrate diets, which appears to be independent of plasma insulin. Insulin-
independent random hypoglycemia may be caused by malnutrition or inadequate glycogen
storage and mobilization [333, 334]. Furthermore, 6 h fasting blood glucose concentrations

were reduced in aD4KOs. As previously discussed, reduced plasma glucose accompanied by
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elevated plasma ketone body concentrations in the fasted state, indicate inadequate glucose
utilization leading to hepatic ketogenesis [328, 334]. Therefore, the current study demonstrates
that HCLP diet feeding promotes insulin resistance in D4KO mice, presumably due to

alterations in adipose tissue lipid metabolism.

Contrary, Thcldl-deficiency in mice resulted in reduced plasma ketone bodies, which
correlated with decreased plasma NEFA concentrations. Interestingly, when fed the HCLP diet,
D1/4KO compared to D4KO mice showed decreased plasma ketone bodies but increased
NEFA concentrations. This suggests, non-redundant regulatory roles of TBC1D1 and TBC1D4
in hepatic lipid metabolism. While knockout of both RabGAPs appears to further impair lipid
metabolism in adipocytes compared to single RabGAP-deficiency, ablation of both RabGAPs
proposes possible protection from altered hepatic lipid metabolism compared to 7Thcld4-
deficiency likely due to compensation by TBC1DI1. Several studies describe a protective
function of TBC1D1 in obesity by mediating leanness [261, 335]. To date, no studies have
demonstrated a direct impact of TBC1D1 on hepatic lipid metabolism. However, it has been
shown that D1KO, D4KO and D1/4KO mice have elevated triglyceride concentrations in the
liver [131]. Nevertheless, it remains to be determined whether alterations in hepatic lipid
metabolism are a direct consequence of RabGAP-deficiency or a secondary consequence of

altered lipid metabolism in adipose tissue and skeletal muscle.

4.1.2.3 An Arctic diet enhances insulin-stimulated glucose uptake into white adipose tissue of
Thbcldl-deficient mice

Skeletal muscle represents the predominant site of postprandial glucose uptake [53], whereas
the contribution of adipose tissue is significantly lower [336]. However, a study revealed that
adipose tissue-specific GLUT4-deficiency promotes the development of insulin resistance and
increases the risk of T2DM in mice [337], indicating the critical role of the adipose tissue in the
regulation of whole-body glycemia. Previous studies have shown that Thcld4-deficiency
results in impaired GLUT4-mediated glucose uptake in adipose tissue [131, 266, 290].
Similarly, in the present study D4KO mice showed significantly impaired insulin-stimulated
glucose uptake regardless of the diet. Previous findings from our research groups demonstrated
that insulin-stimulated glucose uptake into primary white adipocytes is rescued in D4KO mice
in response to a chronic exercise intervention, which was associated with increased expression
of browning markers in subcutaneous adipose tissue [290]. In contrast to these findings, the
dietary interventions of the present study did not appear to have a beneficial effect on adipose

tissue insulin sensitivity in D4KO mice.
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Contrary to Thcld4-deficiency, ThcldI-deficiency has not been associated with impaired
insulin-stimulated glucose uptake in adipose tissue [131], which correlates with the tissue-
specific expression of TBC1D1 and TBCI1D4 in mice [132]. In 3T3-L1 adipocytes the
abundance of TBC1D1 compared to TBC1D4 has been shown to be 1:20 [338], indicating that
TBCIDI1 plays a minor role in adipocyte glucose uptake. Surprisingly, when mice were
subjected to the LCHP diet, insulin-stimulated glucose uptake in primary white adipocytes was
significantly enhanced in DIKO compared to WT mice. Furthermore, D1/4KO mice,
previously shown to have impaired insulin-stimulated glucose uptake on a standard Chow diet
[131], showed increased insulin-stimulated glucose uptake in WAT compared to D4KO mice.
As discussed above, ThcldI-deficiency resulted in reduced leptin concentrations on the LCHP
diet (Supplemental figure 1), which is hypothesized to be associated with reduced adipocyte
size. Studies have shown that increased adipocyte size correlates with decreased insulin
sensitivity [339, 340]. In conclusion, Thcld4-deficiency results in impaired insulin-stimulated
glucose uptake into adipose tissue independent of macronutrient rations. In adipose tissue from
Thcldl-deficient mice, insulin-stimulated glucose uptake is unaltered in response to diets rich
in carbohydrates but is enhanced in response to the LCHP diet (Figure 35). In this study, diet-
induced adipocytes enlargement in WT correlated with decreased adipocyte insulin sensitivity.
The results further indicate that in D1KO mice, adipocyte insulin sensitivity is maintained

possibly due to reduced adipocyte size.

4.2 Carbohydrate restriction improves the insulin resistance phenotype of Tbcld4-deficient
mice

4.2.1 An Arctic diet restores postprandial glycemia and skeletal muscle insulin sensitivity in
Thcld4-deficient mice

Postprandial glycemia presents a crucial predictor of diabetes [341]. In individuals with T2DM,
postprandial hyperglycemia has been shown to correlate with oxidative stress and
inflammation, and is often accompanied by hyperinsulinemia and elevated FFA concentrations.

Therefore, it’s difficult to elucidate the individual impact of each metabolic abnormality [342].

In Arctic populations, a loss-of-function mutation in the 7BCI1D4 gene is characterized by
postprandial hyperglycemia and an increased risk to developing T2DM [258]. Previous studies
from our research group have shown that Thcld4-deficiency in mice resembles the human
phenotype and is associated with postprandial hyperglycemia accompanied by impaired
insulin-stimulated glucose uptake into skeletal muscle and adipose tissue [266, 290]. Similar to
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these findings, in the current study, 7hcld4-deficiency resulted in postprandial hyperglycemia
when mice were subjected to high-carbohydrate diets, CON and HCLP. Surprisingly,
postprandial hyperglycemia was accompanied by hyperinsulinemia only on the HCLP diet,
indicating that feeding the HCLP diet exacerbates insulin resistance in D4KO and D1/4KO
mice compared to the CON diet. Interestingly, postprandial glycemia was restored when D4KO
and D1/4KO mice were fed the LCHP diet. As shown in other studies, high dietary protein
intake reduces postprandial hyperglycemia in individuals with T2DM and in rodent models
[343-345]. It has been suggested that excess AA from high dietary protein intake may
overactivate mTOR, resulting in reduced insulin-mediated glucose uptake [346]. Others suggest
that high dietary protein leads to enhanced insulin secretion [303-305, 347]. In the current study,
plasma insulin concentrations of D4KO mice on the LCHP were unchanged compared WT
littermates, indicating that the improved postprandial hyperglycemia is independent of plasma

insulin concentrations.

Previous studies have shown that 7hcld4-deficiency in mice results in impaired insulin-
stimulated glucose uptake in oxidative Soleus muscle [290]. This is consistent with the results
of the present study, in which D4KO mice subjected to a CON or HCLP diet had impaired
insulin-stimulated glucose uptake in Soleus muscle. However, when fed the LCHP diet, insulin-
stimulated glucose uptake in Soleus muscle was rescued. Furthermore, the present study for the
first time that insulin-stimulated glucose uptake into glycolytic EDL muscle is additionally
enhanced and significantly higher in D4KO compared to WT mice when subjected to a LCHP
diet. Previously, it has been shown that insulin-stimulated glucose uptake into EDL muscle is
unaltered in D4KO mice [131]. In conclusion, the present study demonstrated that 7hcd4-, but
not Tbcldl-deficiency results in postprandial hyperglycemia in response to diets rich in
carbohydrate, which is accompanied by impaired insulin-stimulated glucose uptake in skeletal

muscle and adipose tissue (Figure 35).

TBC1D4 regulates glycemia via GLUT4-mediated glucose uptake in skeletal muscle and
adipose tissue [348]. Previous studies have shown that impaired insulin-stimulated glucose
uptake in D4KO mice is accompanied by decreased GLUT4 protein abundance [131, 266, 290]
presumably due missorting and lysosomal degradation promoted by 7hcld4-deficiency [131,
265]. Interestingly, GLUT4 protein abundance in adipose tissue, but not skeletal muscle, was
shown to be restored in response to chronic exercise resulting in rescued insulin-stimulated
glucose uptake in white adipose tissue [290]. Surprisingly, in the current study, improved

insulin-stimulated glucose uptake in skeletal muscle, which likely contributes to improved
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postprandial glycemia in D4KO mice on the LCHP diet, was not accompanied by an increase
in GLUT4 protein abundance. Studies have shown that glucose uptake in skeletal muscle is
unaltered in mice with a skeletal muscle GLUT4-deficiency [349], presumably due to
compensation by other transporters such as GLUT12 [350, 351]. However, more recent studies
rather indicate distinct roles for GLUT4 and GLUTI12, showing that similar to GLUTI,
GLUTI12-mediated glucose transport is suppressed by glucose-1-phosphate and glucose-6-
phosphate [352]. In conclusion, the present study indicates that the enhanced glucose uptake in
skeletal muscle in D4KO in response to LCHP diet feeding (Figure 35) is independent of total
GLUT4 protein abundance.
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Figure 35: Key findings of the impact of macronutrient rations in whole-body RabGAP-deficient mice.
When fed a CON diet, fat mass was unchanged between RabGAP-deficient mice, whereas when fed the HCLP or
the LCHP diet, Thcld4-deficient (D4KO, indicated in dark gray) mice showed elevated fat mass and Thcldl-
(DIKO, indicated in light gray) and Thcld1/4-deficient (D1/4KO, indicated in white) mice showed reduced fat
mass. Fasted blood glucose concentrations were reduced in D4KO and D1/4KO mice, which was accompanied by
increased plasma ketone bodies in response to the CON and the HCLP diets. D4KO and D1/4KO mice exhibited
a carbohydrate-dependent postprandial hyperglycemia associated with impaired insulin-stimulated glucose uptake
in epididymal WAT and skeletal muscle. When fed the LCHP diet, insulin-stimulated glucose uptake in adipose
tissue was enhanced in D1KO and D1/4KO mice, whereas insulin-stimulated glucose uptake in skeletal muscle
was enhanced in D4KO mice. Carb: carbohydrates, CON: control diet, HCLP: high-carbohydrate low-protein diet,
LCHP: low-carbohydrate high-protein diet, prot: protein. Created with Biorender.com

4.2.2 An Arctic diet affects endosomal sorting in skeletal muscle of Thcld4-deficient mice

Proteomic profiling of skeletal muscle revealed significant regulation of deubiquitinating
enzymes (Usp8, Usp,13, Uspl5) and proteins associated with ubiquitination (Vps37a, Smad2,
Ubapl, Ube2d3, Cdc26) in D4KO compared to WT mice in response to a LCHP diet.
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Previously, the impact of dietary AA and interventions on ubiquitination have been
demonstrated [353, 354]. Ubiquitination is a reversible post-translational modification that
regulates protein trafficking by regulating lysosomal trafficking and degradation of plasma
membrane proteins upon endocytosis from the cell surface [355, 356]. It has been suggested to
induce plasma membrane internalization by promoting the incorporation of membrane
receptors into intralumenal vesicles and subsequent sorting for lysosomal degradation [357].
Deubiquitinating enzymes (DUBs) have been shown to rescue membrane receptors from
lysosomal degradation and enhance receptor recycling to the plasma membrane [358].
Ubiquitination by Usp25 was shown to be critical for GLUT4 sorting into GLUT4 storage
vesicles [359], whereas depletion reduced GLUT4 abundance in adipocytes [360]. Furthermore,
Usp25 was shown to regulate the endoproteolytic cleavage of ubiquitin-like processing of TUG
(Tether, containing a UBX domain, for GLUT4) proteins in adipocytes and muscle cells, which
promotes GLUT4 trafficking from the Golgi matrix to the plasma membrane [361, 362].
Moreover, GLUT4 trafficking in insulin-sensitive tissues is regulated by Endosomal Sorting
Complex Required for Transport (ESCRT)-dependent sorting [363], which has been linked to
ubiquitination cycles involving Usp8 [364]. These studies highlight the importance of (de-)

ubiquitination processes in insulin-dependent GLUT4 trafficking.

In the present study, proteomic profiling of skeletal muscle identified inverted formin 2 (Inf2)
as the most significantly up-regulated protein in skeletal muscle of D4KO mice after the LCHP
diet intervention. Recent studies demonstrate the localization of Inf2 to early and recycling
endosomes and its requirement for endosomal transport, indicating a putative role of Inf2 in
membrane trafficking and endosomal recycling [365-368]. Consistent with this, it has been
shown that Inf2 mutation enhances trafficking to proteolytic pathways and decreases recycling

[369].

As discussed above, in the current study, total GLUT4 protein abundance was unaltered by the
LCHP diet, whereas insulin-stimulated glucose uptake into skeletal muscle was significantly
improved in D4KO mice. Thus, due to reduced GLUT4 protein abundance, D4KO animals
exhibited postprandial hyperglycemia in response to high-carbohydrate diets. However,
proteomic profiling indicated a potential role for DUBs and Inf2-mediated mechanisms,
induced by LCHP diet feeding in D4KO mice, which could promote a shift from missorting
and lysosomal GLUT4 degradation, induced by 7bcld4-deficiency [131, 265], to GLUT4

recycling. Furthermore, this could compensate for the reduced GLUT4 protein abundance,
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resulting in elevated glucose clearance by skeletal muscle and consequently improved

postprandial glycemia.
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Figure 36: Putative mechanism of enhanced GLUT4 recycling in skeletal muscle of Thcld4-deficient mice
on an Arctic diet. In addition to the well-described regulatory role of TBC1D4 in GLUT4 trafficking from GSVs
to the plasma membrane to allow glucose uptake, TBC1D4 presumably has a function in GLUT4 recycling. In
response to an Arctic diet, proteins associated with deubiquitination are up-regulated, while proteins associated
with ubiquitination are down-regulated, determining degradation of target proteins. An Arctic diet may enhance
GLUT4 recycling and retrograde trafficking to the Golgi apparatus, while decreasing protein degradation via late
endosomes. In response to an Arctic diet, GTP-associated Inf2 and Rab3d are upregulated in skeletal muscle of
D4KO mice resulting in enhanced GLUT4 recycling and subsequent improved glucose clearance and insulin-
stimulated glucose uptake. Red indicates up-regulation, while blue indicates down-regulation. GEF = guanosine
exchange factor, Ub = Ubiquitin, Created with Biorender.com

4.2.3 An Arctic diet enhances glucose clearance in Tbcld4-deficient mice

Since GLUT4 protein abundance in skeletal muscle of D4KO mice was unaltered in response
to different dietary interventions, it further remained to be clarified whether postprandial
normoglycemia on the LCHP diet was solely due to the lack of dietary carbohydrates.
Therefore, D4KO mice were subjected to a chronic LCHP diet intervention and postprandial

glycemia was assessed in response to acute feeding with a high carbohydrate diet.
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D4KO mice that underwent a chronic LCHP dietary intervention showed postprandial
hyperglycemia in response to an acute carbohydrate challenge 1h after refeeding. This is likely
due to reduced GLUT4 protein abundance in oxidative muscle as well as adipose tissue.
However, postprandial glycemia was restored in these mice as early as 2 h after refeeding
compared to 4 h after chronic high-carbohydrate dietary interventions. As suggested by others
[370], the results of the present study indicate that the LCHP diet improves glucose clearance
and therefore enhance postprandial glycemia presumably through a putative enhanced GLUT4

recycling.

4.3 The impact of macronutrient ratios on insulin-responsive tissues

4.3.1 Macronutrient ratios differentially affect skeletal muscle and adipose tissue of Thcld4-
deficient mice

In the present study, mD4KO mice resembled homozygous allele carriers of an Arctic TBCI1D4
loss-of-function variant resulting in postprandial hyperglycemia and an increased risk for
T2DM [258]. Interestingly, a previous study revealed that mD4KO mice only partially resemble
the human phenotype, exhibiting less pronounced postprandial hyperglycemia compared to
whole-body D4KO mice [266, 290]. However, similar to whole-body D4KO mice, mD4KO
presented with postprandial hyperglycemia, accompanied by impaired insulin-stimulated
glucose uptake into oxidative Soleus muscle, when subjected to a CON diet. The CON diet
consists of 70% carbohydrates mainly in the form of complex carbohydrates derived from corn
starch. Interestingly, the postprandial blood glucose concentration of mD4KO mice remained
unchanged when subjected to an HCLP diet with 40% carbohydrates, which mainly derive form
sucrose. Thus, in the present study, muscle-specific Thcld4-deficiency resulted in less
pronounced postprandial hyperglycemia in a carbohydrate-dependent manner. These results are

AROIX mutation

consistent with previous observations, which indicate that mice with a TBC1D
affecting the long isoform of 7BC1D4, resembling the Arctic TBC1D4 loss-of-function variant
in humans, resulted in postprandial normoglycemia. This study further demonstrated that
insulin-stimulated glucose uptake in skeletal muscle was unaltered presumably due to
compensatory up-regulation of a short 7TBC1D4 splice isoform [371]. Contrary, rats with a
TBC1D4R*3X mutation, analogous to the murine TBCI1D4%%°'X variant, exhibited postprandial
hyperglycemia associated with impaired GLUT4-mediated glucose uptake possibly due to the

lack of compensatory up-regulation of the short 7BC1D4 variant [371].
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Interestingly, studies suggest that a high-sucrose diet may induce greater blood glucose
oscillations than high-starch diets [372]. Obese mice fed a high-starch diet remained glucose
and insulin tolerant similar to lean mice [373]. Therefore, the postprandial hyperglycemia
induced by muscle-specific Thcld4-deficiency appears to be due to total carbohydrate content
rather than carbohydrate complexity, supporting the previously discussed impaired ability of
Thcld4-deficient mice to utilize glucose. However, it appears that intact TBC1D4-regulated
glucose uptake in adipose tissue may compensate for muscle-specific Thcld4-deficiency to

maintain postprandial normoglycemia when subjected to the HCLP diet.

Contrary to mD4KO mice, aD4KO mice exhibited postprandial hyperglycemia when fed the
HCLP diet, but not when subjected to the CON diet. This is consistent with the previously
discussed observations that a HCLP diet predominately leads to alterations in glucose and lipid
metabolism in aD4KO mice compared to a CON diet. Interestingly, similar to whole-body and
mD4KO mice, postprandial hyperglycemia in aD4KO mice was accompanied by reduced
insulin-stimulated glucose uptake into oxidative Soleus muscle. Despite intact functionality of
TBC1D4 in skeletal muscle of aD4KO, glucose uptake was reduced in response to HCLP diet
feeding. Therefore, additional impairment of insulin-stimulated glucose uptake in primary
white adipocytes may lead to postprandial hyperglycemia in aD4KO mice on a HCLP diet.
While insulin-stimulated glucose uptake in primary white adipocytes was impaired regardless
of the diet, postprandial normoglycemia was likely maintained in aD4KO mice on the CON

and the LCHP diet due to unaltered glucose uptake in skeletal muscle.

These findings indicate that on the one hand the HCLP diet, which represents a westernized
diet, affects predominately the adipose tissue and exacerbates the impaired glucose metabolism
caused by Thcld4-deficiency. Therefore, adipocyte metabolism of D4KO mice on high-
carbohydrate diets appears to be maintained to some extent despite the indicated lack of glucose
utilization, possibly due to compensation by skeletal muscle. On the other hand, impaired
skeletal muscle glucose metabolism due to 7hcld4-deficiency is predominantly affected by
carbohydrates and exacerbated by the high-carbohydrate CON diet, but not by the reduced-
carbohydrate HCLP diet, possibly due to compensation by adipose tissue. Thus, the observed
postprandial hyperglycemia in whole-body D4KO mice appears to be diet-dependent and
caused by a combined Thcld4-deficiency in skeletal muscle and adipose tissue. Similar to
previous findings of our research group [266], the present study indicates that improved whole-
body glycemia in response to certain macronutrient rations depends on interorgan crosstalk

between 7hcld4-deficient adipose tissue and skeletal muscle.
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4.3.2 Macronutrient rations determine chronic alterations in skeletal muscle and adipose
tissue of Tbcld4-deficient mice

The current study presents alterations in glucose and lipid metabolism in response to different
dietary interventions in Thcld4-deficient mice. In vivo measurements demonstrated milder
phenotypes in muscle- and adipose tissue-specific compared to whole-body D4KO mice.
However, the different diets appeared to have distinct effects on the two tissues resulting in an
additive effect in whole-body D4KO mice. The LCHP diet, representing an Arctic diet,
significantly enhanced insulin-stimulated glucose uptake in oxidative and glycolytic muscle.
To identify possible chronic adaptations in skeletal muscle of D4KO mice in response to a
LCHP diet, which presumably enhances insulin-stimulated glucose uptake, mass spectrometry-
based analysis of the mixed-fiber type Gastrocnemius muscle was conducted. Analysis of over-
represented canonical pathways highlighted that several canonical pathways associated with
insulin signaling were significantly regulated in D4KO compared to WT mice. Mass
spectrometry-based analysis further showed that candidates included in CPDB highlighted
canonical pathways were down-regulated in D4KO compared to WT mice (Supplemental table
1). This is consistent with the present in vivo measurements showing that D4KO mice fed the
HCLP diet, resembling a Western diet, show impaired insulin-stimulated glucose uptake,
presumably leading to postprandial hyperglycemia accompanied by hyperinsulinemia.
Similarly, previous studies have suggested the impact of a Western diet on insulin signaling
[374]. Moreover, Westernization accompanied by a characteristic HCLP diet promotes the
development of T2DM, especially in individuals with a genetic predisposition [83, 84]. On the
other hand, indigenous diets, as represented by the LCHP diet, are hypothesized to improve
metabolic health in individuals with genetic predisposition as identified in indigenous
populations [375, 376], but are controversial when applied to individuals without a genetic
predisposition for T2DM [317, 377]. CPDB analysis revealed that in WT mice several
canonical pathways associated with insulin signaling were differentially regulated when
exposed to the LCHP compared to the HCLP diet. Mass spectrometry-based analysis further
demonstrated that candidates, included in insulin signaling-associated canonical pathways were
down-regulated in WT mice on a LCHP (Supplemental table 2). Thus, the present study
supports the hypothesis that an Arctic diet may impair metabolic health in individuals without

genetic predisposition.

In skeletal muscle, Thcld4-deficiency was accompanied by alterations in canonical pathways
associated with insulin signaling in response to a Western diet. Although insulin-stimulated

glucose uptake was significantly impaired in white adipose tissue of D4KO mice regardless of
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the diet, CPDB analysis revealed that fatty acid metabolism was differentially regulated in white
adipose tissue of D4KO compared to WT mice fed the Western diet. Consistent with this, others
have demonstrated the impact of a Western diet on lipid metabolism in multiple organs [378-
380]. Mass spectrometry-based analysis revealed that metallothioneins (Mt)l and 2 are
differentially regulated in D4KO compared to WT mice in an opposite manner with respect to
the different diets. While zinc-binding metallothioneins were up-regulated on a Western diet in
D4KO, they were down-regulated in response to the LCHP diet. Dysfunctional zinc signaling
has been implicated with metabolic diseases, including T2DM [381]. Metallothioneins have
been suggested to regulate adipogenesis. Mtl and Mt2 are upregulated during adipocyte
differentiation and MT1 and MT2-deficient mice show increased adipocyte size and fat mass.
Furthermore, alterations in metallothionein expression are associated with insulin signaling
[382]. Similar to the current study, Mtl and Mt2 have been shown to be regulated in response
to nutrition in white adipose tissue [383] and to be associated with Rab5a, Rab8a and Rab14-
mediated exocytosis [384, 385], suggesting a regulatory role for TBC1D4 in metallothionein-

associated adipocyte differentiation.

Interestingly, the dietary interventions differentially affected white adipose tissue in WT
compared to D4KO mice. While in WT mice predominantly fatty acid metabolism was
regulated in response to the diets, in D4KO mice canonical pathways associated with immune
response and peroxisomal metabolism were differentially regulated. Leukemia inhibitory factor
receptor (Lifr) was the most up-regulated protein in D4KO mice in response to the LCHP diet
compared to the HCLP diet. LIFR binds IL-6 family member leukemia inhibitory factor and is
associated with PI3Ks signaling [386]. These results may suggest a link between adipocyte

inflammation and insulin resistance as a result of 7bc/d4-deficiency.

4.4 Conclusion

In conclusion, the present study showed that an Arctic diet resulted in reduced insulin sensitivity
and adiposity in WT mice. Thcldl-deficiency resulted in reduced adipocyte mass and
presumably adipocyte size on an Arctic diet, indicating that 7hcldI-deficiency is associated
with the maintenance of adipose tissue insulin sensitivity during diet-induced obesity. Contrary,
Thcld4-deficiency elevated adipocyte mass in response to high-fat diets accompanied by
alterations in lipid metabolism in adipose tissue and skeletal muscle. In conclusion, both
TBC1D1 and TBC1D4 were shown to be critical regulators of lipid metabolism. While 7hcld1-
deficiency conveys leanness and maintains insulin sensitivity of adipocytes, Thcld4-deficiency
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in mice results in marked alterations in lipid metabolism and potentially promotes ectopic fat

accumulation, which consequently affects insulin sensitivity of peripheral tissues.

Tissue-specific Thcld4-deficiency results in less pronounced alterations in glucose and lipid
metabolism compared to systemic TBC1D4 ablation. More specifically, muscle-specific
Tbcld4-deficiency resulted in impaired insulin-stimulated glucose uptake in oxidative Soleus
muscle leading to postprandial hyperglycemia in a carbohydrate-dependent manner. Contrary,
adipose tissue-specific Thcld4-deficiency resulted in reduced insulin-stimulated glucose
uptake in white adipose tissue and oxidative Soleus muscle leading to postprandial
hyperglycemia when subjected to a Western diet. In conclusion, an additive phenotype was
observed in whole-body D4KO mice as a result of 7bcld4-deficiency in both tissues, but likely
additionally due to interorgan crosstalk. Presumably, this interorgan crosstalk is critical to
enhance insulin-stimulated glucose uptake in skeletal muscle induced by an Arctic diet in
whole-body D4KO mice. This was shown to be independent of total GLUT4 protein abundance,
but may result from alterations in endosomal GLUT4 sorting that suppress lysosomal

degradation and favor GLUT4 recycling.
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5. Outlook

The present study highlighted TBC1D1 and TBCI1D4 as crucial regulators of adipocyte
metabolism, however, providing evidence for rather opposite roles in the development of adipose
tissue mass and insulin sensitivity. To evaluate the results of the present study, it would be
interesting to clarify the impact of ThcldI-deficiency on adipocyte size in response to the dietary
interventions. Additionally, the impact of ThcldI- and Thcld4-deficiency on adipogenesis could

be clarified via gene expression analysis.

Moreover, this study provides evidence that 7hcld4-deficiency alters lipid metabolism, possibly
promoting ectopic fat accumulation in peripheral organs, which consequently impairs insulin
sensitivity due to certain lipid species. Therefore, it would be interesting to analyze triglyceride
content in skeletal muscle and liver. Additionally, lipid profiling of these tissues would clarify if
certain lipid species accumulate in response to different macronutrient ratios in D4KO mice and

enhance or diminish insulin signaling.

Mass spectrometry-based analysis revealed the impact of nutrition on the skeletal muscle proteome
of D4KO mice. The present thesis highlighted the crucial role of TBC1D4 in energy substrate
metabolism and firstly demonstrated that an Arctic diet enhances insulin-stimulated glucose uptake
into skeletal muscle of D4KO mice. Various proteins were differentially regulated in D4KO mice
in response to the dietary interventions, providing evidence that an Arctic diet alters GLUT4
ubiquitination presumably via ubiquitin specific peptidase (Usp) 8, 13 and 15. This potentially
favors GLUT4 recycling via Inf2, which regulates actin filament polymerization and therefore
potentially GLUTH4 trafficking. In order to evaluate these finding, deubiquitinating proteins or Inf2
could be overexpressed in oxidative Soleus muscle of D4KO mice and analyze the impact on
insulin-stimulated glucose uptake. Additionally, it would be interesting to localize endosomal
GLUT4 subsequent to insulin associated endocytosis. To clarify the association of TBC1D4 to
Inf2, an in vitro GAP assay could be performed to evaluate if the Rho GTPase Cdc42, a key
regulator of Inf2, presents a substrate of TBC1D4.
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7.2 Abbreviations

AA
Acetyl-CoA
aD4KO
AICAR
AMPK
APS
AS160
ATP
ATT
AUC
BAT
BCA
BCAA
Bp
BSA
CHO
CON
CPDB
Cpm
D1KO
D4KO
D1/4KO
DNL
dNTP
DUB
EDTA
EGTA

Amino acid

Acetyl coenzyme A
adipocyte-specific Thc1d4-deficient mouse
5-Aminoimidazole-4-carboxamide ribonucleotide
AMP-activated protein kinase
Ammonium persulfate

Akt substrate of 160 kDa
Adenosine triphosphate

AICAR tolerance test

Area under the curve

Brown adipose tissue
Bicinchonic acid assay
Branched-chain amino acid

Base pair

Bovine serum albumin
Carbohydrate oxidation

control diet

ConsensusPathDB

Counts per minute
ThcldI-deficient mouse
Thcld4-deficient mouse

Thcldl- Tbcld4-deficient mouse
de novo lipogenesis
Deoxynucleoside triphosphate
deubiquitinating enzyme

Ethylenediaminetetraacetic acid

Ethylene glycol bis (2-aminoethylether)-N, N, N’, N’-tetra acetic acid

143



7. Supplement

EtOH
eWAT
FADH2
FABPpm
FAO
FAT/CD36
FATP1
FATP4
FA

FFA
G1P
Go6P
GAP
GAPDH
GEF
GIP
GLP-1
GLUT4
GSV
GTT
HCLP
HEPES
HRP
HSA

IL
IMCL
Inf2

IR

Ethanol

epididymal WAT

Flavin adenine dinucleotide

Fatty acid-binding protein

Fatty acid oxidation

Fatty acid translocase

Fatty acid transporter protein 1

Fatty acid transporter protein 4

Fatty acid

Free fatty acids

Glucose-1-phosphate

Glucose-6-phosphate

GTPase activating protein

Glyceraldehyde 3-phosphate dehydrogenase
Guanine nucleotide exchange factor
Glucose-dependent insulinotropic polypeptide
Glucagon-like peptide-1

Glucose transporter type 4

GLUT4 containing storage vesicle

Glucose tolerance test

high-carbohydrate low-protein
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
horseradish-peroxidase

Human-skeletal actin

Interleukin

Intramyocellular lipids

Inverted formin 2

Intraperitoneal

Insulin receptor
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IRS
ITT
KB

KHB
KO
KRBH
LCFA
LCHP
mD4KO
Mt
NADH
NEFA
NMR
PAI-1
PCR
PDH
PI3K
PIP3
PPAR
PTB
Rab
RabGAP
RER
SCWAT
SDS
SEM
T1DM
T2DM

Insulin receptor substrate

Insulin tolerance test

Ketone bodies

ketogenic diet

Krebs-Henseleit buffer

Knockout

Krebs-Ringer-Bicarbonate HEPES buffer
Long-chain fatty acids

low-carbohydrate high-protein
Muscle-specific Tbcld4-deficient mouse
Metallothionein

Nicotinamide adenine dinucleotide
Non-esterified free fatty acids

Nuclear magnetic resonance
Plasminogen activator inhibitor-1
Polymerase chain reaction

Pyruvate dehydrogenase
Phosphatidylinositol-3’-kinase
Phosphatidylinositol (3,4,5)-trisphosphate
Peroxisome proliferator-activated receptor
Phosphotyrosine binding domain

Ras related in brain

GTPase-activating protein

Respiratory exchange ratio

Subcutaneous white adipose tissue
Sodium dodecyl sulfate

Standard error of the mean

Type 1 diabetes mellitus

Type 2 diabetes mellitus
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TCA
TEMED
TGN
TUG
Ub
UCP1
UDP
Usp
ViSWAT
WAT
WHO
WT

tricarboxylic acid

N, N, N’, N’-Tetramethylendiamine
Trans-Golgi-Network

Tether, containing a UBX domain, for GLUT4
Ubiquitin

Uncoupling protein 1

Uridine diphoshate

ubiquitin specific peptidase
Visceral white adipose tissue

White adipose tissue

World Health Organization
Wildtype
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7.3 Supplemental figures
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Supplemental figure 1: Impact of dietary macronutrient ratios on postprandial incretin concentrations of
RabGAP-deficient mice. Determination of 16 h fasted and postprandial plasma leptin concentrations from Thcldl-
(D1KO), Thcld4- (DAKO) and Thcldl/4-deficient (D1/4KO) mice and WT littermates aged 16—17 weeks subjected
to a CON (A), HCLP (B) or LCHP (C) diet. Data are presented as mean + SEM (n = 5-8). *p < 0.05, **p <0.01, WT
vs. D1IKO, D4KO, D1/4KO (Two-way ANOVA).
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7.4 Supplemental tables

Supplemental table 1: Differentially regulated proteins in Gastrocnemius muscle of D4KO vs. WT mice on HCLP
diet and LCHP diets

S syl Adjusted p- log2 fold Giore gyl Adjusted p- log2 fold
value change value change
HCLP D4KO vs. WT LCHP D4KO vs. WT
Ythdc2 2.63719E-16 6.64 Stn 2.47822E-16 -6.64
Nt5c3b 2.63719E-16 -6.64 Dph2 2.47822E-16 -6.64
Them4 2.63719E-16 2.27 Acbd5 2.47822E-16 6.64
Retsat 2.63719E-16 -6.64 Ces2c 2.47822E-16 -6.64
Adh7 2.63719E-16 -6.64 Alpk2 2.47822E-16 -6.64
Txlna 2.63719E-16 -6.64 Asb12 2.47822E-16 -6.64
Asbl2 2.63719E-16 -6.64 Ankrd40 2.47822E-16 6.64
Apom 2.63719E-16 6.64 Apom 2.47822E-16 6.64
Natl 2.63719E-16 6.64 Glbl 2.47822E-16 -6.64
Betl 2.63719E-16 -6.64 Borcs5 2.47822E-16 -6.64
Glbl 2.63719E-16 -6.64 Calhm5 2.47822E-16 -6.64
Abcbll 2.63719E-16 -6.64 Calm4 2.47822E-16 6.64
BorcesS 2.63719E-16 -6.64 Slc7a2 2.47822E-16 6.64
Borcs6 2.63719E-16 -6.64 Cnotl 1 2.47822E-16 6.64
Clecl0a 2.63719E-16 -6.64 Cd2bp2 2.47822E-16 6.64
Micu2 2.63719E-16 -6.64 Cd59a 2.47822E-16 -6.64
Pde4d 2.63719E-16 6.64 Cdogn2 2.47822E-16 6.64
Ceacaml 2.63719E-16 6.64 Cemip2 2.47822E-16 6.64
Ctnna3 2.63719E-16 -6.64 Cers2 2.47822E-16 6.64
Cnotl10 2.63719E-16 6.64 Cntf 2.47822E-16 -6.64
Cd59a 2.63719E-16 6.64 Cstf2t 2.47822E-16 6.64
Cemip2 2.63719E-16 -6.64 F13b 2.47822E-16 6.64
Zw10 2.63719E-16 -6.64 Crtc2 2.47822E-16 6.64
Cntf 2.63719E-16 6.64 Tmem63b 2.47822E-16 6.64
Cpsfl 2.63719E-16 -6.64 Nubpl 2.47822E-16 -6.64
Cstf2t 2.63719E-16 6.64 Dera 2.47822E-16 6.64
Ccdcl2 2.63719E-16 6.64 Dnmt3b 2.47822E-16 -3.33
Cpne2 2.63719E-16 -6.64 Polr2d 2.47822E-16 -6.64
Cuedcl 2.63719E-16 1.35 Dnajcl 2.47822E-16 6.64
Coxbal 2.63719E-16 -2.54 Dusp26 2.47822E-16 6.64
Cyp20al 2.63719E-16 6.64 Ltnl 2.47822E-16 6.64
Agbll 2.63719E-16 6.64 Entpd4 2.47822E-16 6.64
Nubpl 2.63719E-16 6.64 Enpp3 2.47822E-16 -6.64
Bdh2 2.63719E-16 -6.64 Ethdl 2.47822E-16 -1.57
Dera 2.63719E-16 -6.64 Ehbpl 2.47822E-16 -6.64
Polb 2.63719E-16 6.64 Elp2 2.47822E-16 -6.64
Polr2a 2.63719E-16 6.64 Emcn 2.47822E-16 6.64
Dnajcl 2.63719E-16 6.64 Ergic2 2.47822E-16 6.64
Dnajc24 2.63719E-16 -6.64 Ecel 2.47822E-16 -6.64
Dnajc30 2.63719E-16 6.64 Kdelrl 2.47822E-16 -6.64
Dolk 2.63719E-16 6.64 Eif4e2 2.47822E-16 6.64
Dctn5 2.63719E-16 6.64 Eif4ebp2 2.47822E-16 6.64
Itch 2.63719E-16 -6.64 Ecml 2.47822E-16 6.64
Znf598 2.63719E-16 -6.64 Suptl6h 2.47822E-16 -6.64
Ethdl 2.63719E-16 6.64 Farl 2.47822E-16 -6.64
Ehbpl 2.63719E-16 -6.64 Fhipla 2.47822E-16 6.64
Elp2 2.63719E-16 -6.64 Ptk2 2.47822E-16 6.64
Ergic2 2.63719E-16 6.64 GprcSc 2.47822E-16 -6.64
Kdelrl 2.63719E-16 -6.64 Pofutl 2.47822E-16 -6.64
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Akrlc6 2.63719E-16 6.64 Ghde 2.47822E-16 6.64
Fcho2 2.63719E-16 -6.64 Gnpda2 2.47822E-16 6.64
Flg2 2.63719E-16 -6.64 Glipr2 2.47822E-16 6.64
Ptk2 2.63719E-16 6.64 Grb10 2.47822E-16 6.64
Fbpl 2.63719E-16 6.64 Gtpbp4 2.47822E-16 -6.64
Pofutl 2.63719E-16 -6.64 H2-K1 2.47822E-16 -6.64
Gnpnatl 2.63719E-16 -6.64 Tscl 2.47822E-16 6.64
Grb10 2.63719E-16 6.64 Hbb-y 2.47822E-16 131
Gtpbp4 2.63719E-16 -6.64 H mgn5 2.47822E-16 6.64
H2K1 2.63719E-16 6.64 H mgb3 2.47822E-16 6.64
H1-2 2.63719E-16 1.1 H mgal 2.47822E-16 6.64
Hit 2.63719E-16 -6.64 H2ac7 2.47822E-16 -6.64

2.63719E-16 -6.64 H2bc21 2.47822E-16 6.64

2.63719E-16 -6.64 Hit 2.47822E-16 -6.64

2.63719E-16 -1.45 Ighv3-6 2.47822E-16 -6.64
Ighm 2.63719E-16 -1.18 1g heavy chain V 2.47822E-16 -6.64

region 5-84
Igkv9-120 2.63719E-16 6.64 Igkv9-120 2.47822E-16 -6.64
Inf2 2.63719E-16 -2.44 Itprl 2.47822E-16 -6.64
MIF 2.63719E-16 6.64 Gpr180 2.47822E-16 6.64
Synel 2.63719E-16 6.64 Inf2 2.47822E-16 2.42
Nrip2 2.63719E-16 -6.64 Kcnj2 2.47822E-16 -6.64
Pnkd 2.63719E-16 6.64 Synel 2.47822E-16 -6.64
Lyn 2.63719E-16 -1.57 Tmub 2.47822E-16 277
Raplgds] 2.63719E-16 6.64 Ubglnl 2.47822E-16 6.64
Fblnl 2.63719E-16 -6.64 Raplgds| 2.47822E-16 -6.64
Katnb 2.63719E-16 6.64 Uspl5 2.47822E-16 0.96
Krt19 2.63719E-16 3.8 Gnaol 2.47822E-16 6.64
Krt84 2.63719E-16 -6.64 Fbinl 2.47822E-16 -6.64
KrtS 2.63719E-16 -6.64 Katnb 2.47822E-16 6.64
Lgmn 2.63719E-16 6.64 Krt10 2.47822E-16 -6.64
Lircl4 2.63719E-16 6.64 Krt4 2.47822E-16 6.64
Mitrr 2.63719E-16 -6.64 Krtap19-5 2.47822E-16 6.64
Mief] 2.63719E-16 6.64 Dexr 2.47822E-16 6.64
Timm21 2.63719E-16 -6.64 Leprotll 2.47822E-16 6.64
Immpll 2.63719E-16 6.64 Clptm11 2.47822E-16 -6.64
Map3kd4 2.63719E-16 -6.64 Lmbrdl 2.47822E-16 6.64
Madlll 2.63719E-16 -6.64 Mitrr 2.47822E-16 6.64
Morf4l1 2.63719E-16 -6.64 Timm21 2.47822E-16 -6.64
Nelfb 2.63719E-16 -6.64 Mad1l1 2.47822E-16 -6.64
Nfyc 2.63719E-16 6.64 Rael 2.47822E-16 -6.64
Nop9 2.63719E-16 -6.64 Myl7 2.47822E-16 6.64
Nup37 2.63719E-16 -6.64 Naa38 2.47822E-16 6.64
Otc 2.63719E-16 6.64 Sirt4 2.47822E-16 -6.64
Osbpl2 2.63719E-16 -6.64 Nup107 2.47822E-16 -6.64
Pil6 2.63719E-16 -6.64 Nop9 2.47822E-16 -6.64
Mirfl 2.63719E-16 -6.64 Nup37 2.47822E-16 6.64
Ppig 2.63719E-16 6.64 Nrm 2.47822E-16 -6.64
Pik3cb 2.63719E-16 -6.64 Ote 2.47822E-16 -6.64
Gplbb 2.63719E-16 -6.64 Ppig 2.47822E-16 6.64
Beas2 2.63719E-16 6.64 Pik3cb 2.47822E-16 -2.01
Egf 2.63719E-16 -6.64 Pik3r4 2.47822E-16 6.64
Ddx20 2.63719E-16 6.64 Pla2g15 2.47822E-16 6.64
Gn 2.63719E-16 -6.64 Pfas 2.47822E-16 -6.64
Ptgis 2.63719E-16 6.64 Piezol 2.47822E-16 6.64
Efi3a 2.63719E-16 -6.64 Gplbb 2.47822E-16 6.64
Fam3c 2.63719E-16 6.64 GpS 2.47822E-16 6.64
Ltvl 2.63719E-16 6.64 1116 2.47822E-16 6.64
Mitss2 2.63719E-16 6.64 Protein CI8orf25 |5 47620816 6.64
homolog
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Ntanl 2.63719E-16 -6.64 Drl 2.47822E-16 -6.64
S100al4 2.63719E-16 -6.64 Efr3a 2.47822E-16 6.64
S100al6 2.63719E-16 6.64 Fam241b 2.47822E-16 -6.64
Son 2.63719E-16 -6.64 Mtss2 2.47822E-16 -6.64
Tgml 2.63719E-16 -6.64 Ntanl 2.47822E-16 6.64
Dhx57 2.63719E-16 -6.64 Ppplrl4a 2.47822E-16 6.64
Pyroxdl 2.63719E-16 -6.64 Poflb 2.47822E-16 6.64
Repsl 2.63719E-16 6.64 Iemt 2.47822E-16 6.64
Rab3d 2.63719E-16 -6.64 Pyroxdl 2.47822E-16 6.64
Recll 2.63719E-16 6.64 Lamtor4 2.47822E-16 -6.64
Retn 2.63719E-16 6.64 Repsl 2.47822E-16 6.64
Arhgap18 2.63719E-16 -6.64 Retn 2.47822E-16 6.64
Wdrl2 2.63719E-16 6.64 Arhgapl8 2.47822E-16 -6.64
Rrn3 2.63719E-16 -6.64 Rrm2b 2.47822E-16 -6.64
Rpap3 2.63719E-16 6.64 Ctr9 2.47822E-16 6.64
Ctr9 2.63719E-16 6.64 Rbpms 2.47822E-16 6.64
Rbpms 2.63719E-16 -6.64 Slc25a26 2.47822E-16 -6.64
Slc25a26 2.63719E-16 -6.64 Htra4 2.47822E-16 6.64
Sltm 2.63719E-16 -6.64 Ccser2 2.47822E-16 6.64
Serincl 2.63719E-16 6.64 Stk25 2.47822E-16 6.64
Ccser2 2.63719E-16 -6.64 Ulk3 2.47822E-16 6.64
Cdc42bpb 2.63719E-16 -6.64 Stxnl 2.47822E-16 6.64
Nek3 2.63719E-16 6.64 Slc25a36 2.47822E-16 6.64
Ulk3 2.63719E-16 6.64 Sortl 2.47822E-16 6.64
Sfxnl 2.63719E-16 6.64 Snx21 2.47822E-16 6.64
Snx21 2.63719E-16 -6.64 Ston2 2.47822E-16 -6.64
Ston2 2.63719E-16 -6.64 Smap1 2.47822E-16 6.64
Stx18 2.63719E-16 6.64 Smchdl 2.47822E-16 6.64
Stxbp5 2.63719E-16 6.64 TCAIM 2.47822E-16 -6.64
Tbcld? 2.63719E-16 6.64 Tpkl 2.47822E-16 6.64
Tbcld9 2.63719E-16 -6.64 Serpina7 2.47822E-16 6.64
Traf6 2.63719E-16 -6.64 Traf6 2.47822E-16 6.64
Rela 2.63719E-16 -6.64 Teadl 2.47822E-16 6.64
Tmem245 2.63719E-16 6.64 Tra2a 2.47822E-16 6.64
TremL1 2.63719E-16 -6.64 Tspo 2.47822E-16 -6.64
Tnntl 2.63719E-16 -6.64 TremL 1 2.47822E-16 6.64
Tradd 2.63719E-16 -6.64 Ptpn23 2.47822E-16 6.64
Sartl 2.63719E-16 6.64 Atgl2 2.47822E-16 6.64
Uncharacterized
Atgl2 2.63719E-16 -6.64 protein C150rf61 2.47822E-16 -6.64
homolog
Uncharacterized
Myole 2.63719E-16 6.64 protein CXorf38 2.47822E-16 -6.64
homolog
Vps53 2.63719E-16 6.64 Myole 2.47822E-16 6.64
Proz 2.63719E-16 -6.64 Xpnpep2 2.47822E-16 6.64
Wipil 2.63719E-16 6.64 Zbtb20 2.47822E-16 6.64
Xpnpep2 2.63719E-16 6.64 Comp 2.57778E-12 -0.61
Zbtb20 2.63719E-16 6.64 Adaml7 2.84804E-11 1.32
Hck 2.68622E-13 -1.97 S100a8 4.30421E-11 1.63
Gemin5 3.70231E-13 -1.91 Saysdl 3.15077E-10 -1.24
Fbx14 7.4362E-13 -1.2 Ighm 4.10893E-10 -0.57
Col6a6 1.77072E-12 -0.68 Bdhl 8.37845E-10 -0.68
Tmem230 3.15735E-12 -1.11 Myoc 3.85504E-09 -0.58
Adaml7 4.20582E-12 -1.11 Ube2d3 1.1152E-08 0.72
Né6amtl 4.6606E-12 -0.99 Cdc26 1.92089E-08 221
Gabpa 4.59718E-11 1.02 Rps6kas 2.49664E-08 -1.44
Pdk4 7.89647E-11 0.71 Igfnl 3.93759E-08 -1.05
Ig kappa chain V-
Fasn 2.37264E-10 -0.71 I1I region CBPC 5.32981E-08 1.38
101
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Nimrk2 4.82184E-10 -0.72 Theld4 6.26627E-08 -1.29
Krt$1 1.20989E-09 -0.59 lg gamma-2A 1.71586E-07 0.52
chain C region
Gbp6 3.19053E-09 1.53 Zfand1 1.90965E-07 0.51
Tspan9 4.38011E-09 118 S100al4 2.01732E-07 2.01
Glul 1.70136E-08 -0.64 Zw10 9.3924E-07 -0.78
Serpinale 1.73187E-08 -0.55 Chkb 2.0088E-06 0.99
Ranbp9 2.37653E-08 1.68 Hbb-b2 3.3687E-06 -0.48
Smox 4.24329E-08 -0.62 Proz 1.27546E-05 1.01
Stbd1 1.73051E-07 -0.51 H1-2 1.60144E-05 -0.5
Fabpl 1.7621E-07 1.53 Ptrhdl 1.60229E-05 -0.69
Jchain 2.11426E-07 -0.89 Ldhb 2.66237E-05 -0.48
Hsd17b11 2.62093E-07 -0.73 Washc4 3.06361E-05 0.88
Antkmt 2.95645E-07 1.4 Fam98a 4.72431E-05 0.75
Fgb 3.02973E-07 -0.48 Kyat3 4.86802E-05 -0.39
Poflb 3.43444E-07 -1.43 lg gamma-3 chain | 5 53730k 05 0.36
C region
Cnn2 3.62187E-07 -0.91 Rela 5.45927E-05 117
Cbr2 3.81962E-07 -0.53 Oxctl 6.39342E-05 -0.46
Usps 5.90805E-07 -1.37 Smad2 6.42443E-05 -0.94
Smad2 6.52999E-07 122 Nisch 0.000105406 122
Tbcld4 1.69533E-06 0.9 Thgll 0.000117995 -1.6
Helb 1.84666E-06 1.85 Kera 0.000129075 -0.38
Echl 2.0541E-06 0.55 Fga 0.000139229 0.37
Cfd 2.09275E-06 0.6 Gabpa 0.000147142 0.57
Krt2 2.20415E-06 -1.57 Rpap3 0.000173239 -1.49
Cesld 2.43277E-06 -0.44 Cntnd 0.000222274 1.4
Aldoc 2.50435E-06 -0.63 Angptl7 0.000249091 -0.79
Dsp 3.49827E-06 -0.47 Ppplri2c 0.000279378 -0.63
Amd2 6.14094E-06 -0.45 Clra 0.000283886 1.29
Rsclal 6.63968E-06 123 Ndufab! 0.000470477 0.31
Nudt13 8.74224E-06 1.09 Vps37a 0.000488345 -1.02
Acaca 9.29749E-06 1.07 Tne 0.000527025 -0.39
Pex10 9.39421E-06 -0.96 Abcdd 0.000528851 114
Kri31 1.51406E-05 0.5 Stk11 0.000619536 1.45
H2-Abl 1.71789E-05 134 Map2ks 0.000619962 1.47
Tubal3 2.39384E-05 -0.59 Ubapl 0.000654395 -0.91
Mocs2 2.50346E-05 -0.39 Ddt 0.000672608 -0.33
Hbb-y 3.4927E-05 -0.66 Spes2 0.000698452 0.31
Thbs! 4.4225E-05 -0.47 Chchd4 0.000707062 -0.7
Jup 4.8829E-05 -0.48 Ivd 0.000756709 0.4
Myl7 5.34437E-05 13 Tbeld? 0.001069273 -1.07
Seracl 5.61984E-05 -0.52 Rrn3 0.00119248 139
Scyl2 5.74829E-05 -1.16 Slc25a19 0.001572944 0.73
Myold 8.11853E-05 0.79 Scaf8 0.001600494 -1.29
Fabp3 8.6521E-05 0.48 Serpinale 0.001840316 -0.41
Plin3 9.67756E-05 -0.46 Tnnil 0.002077449 -0.35
Acot2 9.7282E-05 0.48 Kat6b 0.002153035 0.72
Krt42 0.000149167 121 Cpne2 0.002179771 -0.74
Txnip 0.000149499 0.77 Teofl 0.002179771 0.85
Zfand1 0.000166669 -0.44 Igkv12-41 0.002262598 115
1kbkb 0.000182236 0.55 Psmb4 0.002276143 0.28
Argl 0.000201821 -1.09 Chchd6 0.002567924 -0.44
Slc27al 0.00023361 0.47 Prkar2b 0.002852752 123
Igkv12-41 0.000267635 -1.06 Rilp 0.003939925 -0.45
Mril 0.000280225 -0.41 Necap2 0.00395824 131
Fga 0.000365581 -0.35 Geat 0.004037483 -0.75
Fkbp9 0.000376569 -0.91 Tmemd41a 0.004987615 0.39
Tm9sf4 0.000427326 -0.52 Thbs4 0.005142103 -0.34
Mettl22 0.000448024 0.45 Sugp2 0.005431911 0.3
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mgll 0.000448024 0.53 Fmol 0.006326128 -0.29
Tpenl 0.000481343 13 Dnaselll 0.006545327 0.35
Cygb 0.000481656 0.64 Tmem230 0.006620253 0.61
Dglucy 0.000488644 -0.44 Tpm3 0.00753138 -0.33
Mvk 0.000492293 0.51 Cyb5d2 0.008236096 0.51
Pcna 0.000492293 -0.59 Coll5al 0.008368722 0.27
Hspbl 0.000548161 0.33 Ormdl1 0.00839033 -0.77
Pip4p2 0.000608666 0.74 Gbp6 0.00855757 -0.77
Mrps18¢ 0.000629453 -1 Cearl 0.008762717 -0.28
Pus? 0.000629453 0.85 Myl2 0.008762717 -0.36
Rrm2b 0.000672465 -0.88 Aktlsl 0.008812477 -0.32
Ankfyl 0.000802793 0.8 Mblac2 0.008815744 0.33
Col4a2 0.00081901 0.52 Beasl 0.009308638 1.24
Ngqol 0.000839393 -0.32 Ig heavy chain V 0.009468498 1.24
region 93G7
Pc 0.000851545 0.32 Trappel3 0.009945392 0.7
Enpp3 0.000903957 1.08 Suclg? 0.010160034 0.28
Sh3glb2 0.000953647 0.69 Cdc42epl 0.010242695 117
Macol 0.001050404 -0.96 Wipil 0.010673071 0.87
Col4al 0.001065735 0.57 Kbtbd13 0.011008838 1.2
Smox 0.001119789 -0.48 Coql0b 0.011074403 -0.29
Tnncl 0.001196627 0.42 Fgb 0.011548211 0.27
Uspl3 0.001296536 -0.4 Agpat5 0.012160156 0.8
Acadl 0.001538847 0.42 Bcas2 0.012547193 -1.15
Decrl 0.001549205 0.42 Bst2 0.013308525 -0.79
Tnnil 0.001578749 0.42 Apoa2 0.013387726 0.67
Pik3c3 0.00167854 0.76 Ig heavy chain V- 0.013387726 0.89
II1 region J606
Mtx2 0.00184611 0.49 Enah 0.013387726 -0.36
Fhil 0.001938677 0.42 Slc25a15 0.013387726 0.61
Npr2 0.001995008 -1.25 Zswim8 0.013387726 08
Mapkapk3 0.002073105 -0.45 Iqgap2 0.013391167 -0.46
Pwpl 0.002206922 0.75 Ugerh 0.013785848 -0.34
Abcd3 0.002221239 0.58 Tnncl 0.013883358 -0.28
Plin5 0.002235041 0.71 Mrpl51 0.01391113 0.69
S100a10 0.002611804 0.46 Theel 0.014239101 0.38
Krt33b 0.002848835 -0.69 Tubgep3 0.014358282 1.15
Apoal 0.002851486 -0.29 Aldoc 0.014636679 041
Mocsl 0.004068612 035 Sh2b1 0.015220222 0.37
Tpmt 0.004192065 1.03 Fgg 0.015278866 0.26
Serpina3k 0.004223926 -0.28 Aplp2 0.01564688 0.75
Nudt2 0.004614686 0.45 Acotl3 0.016284968 -0.29
Nudt7 0.005446589 0.53 Maob 0.01663537 0.24
Arf6 0.005492588 0.42 Gstkl 0.016636318 -0.27
Acox1 0.00550781 0.49 Timm23 0.017776147 0.42
Procr 0.005570221 117 Nosl 0.017840024 -0.31
S100a9 0.005809123 -0.58 Ptms 0.017840024 0.42
Krt85 0.006057283 117 Ighg2b 0.017994031 -0.28
Pts 0.006356755 -1.15 Krts1 0.018539353 0.24
Bckdhb 0.006754546 -0.34 Mrps17 0.019557448 -0.64
Ndufbl 0.007029449 0.39 Fill 0.0195821 -0.28
Myom3 0.007113024 0.38 Tspanls 0.019587296 1.05
Slc25a20 0.007223437 0.38 Ndufv3 0.02090465 0.23
Coasy 0.007430959 0.53 Apoe 0.021166365 0.26
Sh3kbpl 0.007430959 0.63 Apocl 0.021490659 0.26
Dhrs4 0.008087104 0.39 Pus? 0.022023665 -0.69
Gsdma 0.008150571 -0.83 Ndrgl 0.022050105 0.39
0.008150571 0.78 Csnk2a2 0.022505291 0.72
Ivd 0.008150571 027 Vps33a 0.022974231 -0.34
Plekhb1 0.008443573 0.73 Ybx3 0.023137342 08
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Ter3ipl 0.00854196 -0.86 Atadl 0.023213737 -0.27
Ceslc 0.008549016 0.27 Ly6a 0.025739539 0.72
Ces2c 0.009264579 1.21 Rpl35 0.026815861 0.23
Col3al 0.009381562 0.93 Usp8 0.026983036 0.71
Lipe 0.00973257 0.44 Mrps27 0.027744333 -0.39
Hspala 0.009823846 0.3 Fundcl 0.027744333 0.58
Kngl 0.010604791 0.27 Protein Njmu-R1 0.027744333 1.04
Mrpl10 0.010673532 0.5 Prgd 0.027744333 -0.88
KIhI31 0.010673532 -0.25 Ap2sl 0.02861796 0.34
Serpina6 0.011430677 -0.38 Acadsb 0.02861796 -0.28
Plec 0.011430677 -0.39 Birc6 0.029820533 -0.49
Hk2 0.012206155 -0.25 Ncoa5 0.030850106 -1.03
Myl6b 0.012206155 0.37 Ncln 0.032147422 0.23
Eci2 0.012445516 0.36 Synm 0.032384047 -0.43
Pyml 0.013006845 -0.8 Cltb 0.034415397 -0.29
Atp2a2 0.013182119 0.36 Laptmda 0.034471562 0.9
Cat 0.013360766 0.37 Serpinhl 0.035533072 0.22
Selenow 0.013835399 -0.34 Krt33a 0.035608633 0.74
Sfxn3 0.013885952 0.43 Nudt12 0.036298421 -0.67
Mtatp6 0.013917066 0.36 Eif2b5 0.036602545 0.32
Acaa2 0.014242964 0.36 H2azl 0.036388202 0.22
Tnntl 0.015027038 0.36 Dynlt3 0.037452265 0.55
Tfeb 0.015903131 -0.56 Dbt 0.037812785 -0.28
Ly6a 0.016163384 -0.84 Arhgefl 0.03814374 -0.78
Rab22a 0.016273741 0.42 Seracl 0.03814374 0.4
Mrpl22 0.016609183 0.68 Lyn 0.038570651 -0.65
Iqgap2 0.017262191 0.37 Baspl 0.038623481 -0.65
Tomm20 0.018158721 0.42 Myh7 0.039494302 -0.31
Rps29 0.018256624 0.57 Gatd3 0.040424157 -0.31
Suclg2 0.018995347 0.37 Gtpbp8 0.040742298 -0.51
Dnajcl 1 0.019353448 0.38 H2-Abl 0.041550945 -0.95
Trappc2l 0.019578143 0.63 Pdxdcl 0.042107484 0.68
Oxctl 0.019895847 -0.24 G6pc3 0.042908665 -0.48
Sdhd 0.020464642 -0.25 Scp2 0.043266574 0.27
Vpsl18 0.020732001 0.56 Mocs2 0.044622366 0.22
Fxn 0.021581818 0.3

Nmel 0.021581818 0.35

Tspo 0.021581818 -0.79

Atp6vlel 0.022249101 -0.33

Bltp2 0.022255588 0.6

Adgre5 0.022431299 0.73

Cntnd 0.022431299 L12

Psme2 0.022431299 0.42

Stsf10 0.022431299 -0.75

Smdtl 0.022450817 0.57

Srrm2 0.022450817 -0.29

Aplp2 0.022560928 -0.64

Neerpl 0.022590427 -1.05

Tbeld10b 0.023043999 0.49

Fgg 0.023274388 -0.23

Gm10881 0.023274388 -0.29

AtpSmpl 0.023566999 0.35

Krt87 0.023566999 0.77

Grbl4 0.023912642 0.86

Snapd7 0.025584563 1.1

Akt2 0.025822798 -0.28

Pfkfbl 0.028567125 -0.25

Antxr2 0.028779788 -0.56

Prkag? 0.029082992 -0.76

Camk2a 0.029912242 -0.29
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Myh7 0.03003865 0.34
Sqor 0.03003865 -0.26
Pdk3 0.031378347 -0.4
Pefl 0.032239614 -0.32
Afm 0.032548997 -0.35
Fastkd2 0.033140731 0.82
Oat 0.033714733 -0.24
Mtfmt 0.034019966 -0.73
Dsglb 0.034155678 -0.5

Hscb 0.036167591 -0.28
Uchl5 0.036506024 -0.72
Rpl32 0.036590692 0.43
Dip2b 0.036600898 -0.83
Hadha 0.037110468 0.33
Naprt 0.037691897 0.84
Pacs1 0.037691897 -0.87
Plinl 0.038211253 0.4

Tango6 0.039425074 1.09
Spg21 0.039569451 -0.7
Csrp3 0.042725677 0.35
Tmem4la 0.042725677 -0.28
Tuba3a; Tuba3b 0.042725677 0.41
Plpp7 0.044016429 -0.4
Fetub 0.044335066 -0.31
Nt5c3a 0.044373232 0.55
Plcd4 0.044373232 -0.27
Eny2 0.044373232 1.11
Tmemo65 0.044671048 0.38

Supplemental table 2: Differentially regulated proteins in Gastrocnemius muscle of WT and D4KO mice on a
LCHP vs. a HCLP diet

Gl gyl Adjusted p- log2 fold Gl iyl Adjusted p- log2 fold
value change value change
WT LCHP vs. HCLP D4KO LCHP vs. HCLP

Ythdc2 2.5671E-16 6.64 Stn 2.4921E-16 -6.64
Prkag? 2.5671E-16 -6.64 Dph2 2.4921E-16 -6.64
Nt5¢c3b 2.5671E-16 -6.64 Prkag2 2.4921E-16 -6.64
Mical3 2.5671E-16 -6.64 Mical3 2.4921E-16 -6.64
Acbd5 2.5671E-16 -6.64 Ces2c 2.4921E-16 -6.64
Them4 2.5671E-16 2.67 Retsat 2.4921E-16 6.64
Orml 2.5671E-16 2.05 Adh7 2.4921E-16 6.64
Aqp4 2.5671E-16 -6.64 Orml 2.4921E-16 2.04
Natl 2.5671E-16 6.64 Serpinald 2.4921E-16 1.09
Becnl 2.5671E-16 -6.64 Serpinale 2.4921E-16 1.02
C4bpa 2.5671E-16 -6.64 Alpk2 2.4921E-16 -6.64
Calhm5 2.5671E-16 6.64 TxIna 2.4921E-16 6.64
Ceacaml 2.5671E-16 6.64 Zfand1 2.4921E-16 1.2

Slc7a2 2.5671E-16 -6.64 Ankrd40 2.4921E-16 6.64
Cnot10 2.5671E-16 6.64 Apoa4 2.4921E-16 -1.04
Cnotl 1 2.5671E-16 -6.64 Aqp4 2.4921E-16 -6.64
Cd2bp2 2.5671E-16 -6.64 Becnl 2.4921E-16 -6.64
Cd59a 2.5671E-16 6.64 Betl 2.4921E-16 6.64
Cdo912 2.5671E-16 -6.64 Actbl2 2.4921E-16 -1.03
Cemip2 2.5671E-16 -6.64 Abcbl11 2.4921E-16 6.64
Cntf 2.5671E-16 6.64 Borcs6 2.4921E-16 6.64

154



7. Supplement

Cedel2 2.5671E-16 6.64 Clec10a 2.4921E-16 6.64
C9 2.5671E-16 1.93 C4bpa 2.4921E-16 -6.64
Cox6al 2.5671E-16 -6.64 Micu2 2.4921E-16 6.64
Cyp20al 2.5671E-16 6.64 Calm4 2.4921E-16 6.64
Nubpl 2.5671E-16 6.64 Pdedd 2.4921E-16 -6.64
Dera 2.5671E-16 -6.64 Ctnna3 2.4921E-16 6.64
Dgke 2.5671E-16 -6.64 Cd59a 2.4921E-16 -6.64
Dnmt3b 2.5671E-16 3.12 Cemip2 2.4921E-16 6.64
Polb 2.5671E-16 6.64 Zw10 2.4921E-16 6.64
Dolk 2.5671E-16 6.64 Cers2 2.4921E-16 6.64
Dusp26 2.5671E-16 -6.64 Cntf 2.4921E-16 -6.64
Detn5 2.5671E-16 6.64 Cpsfl 2.4921E-16 6.64
Ltnl 2.5671E-16 -6.64 F13b 2.4921E-16 6.64
Entpd4 2.5671E-16 -6.64 Col4a2 2.4921E-16 111
Efhdl 2.5671E-16 6.64 9 2.4921E-16 1.48
Emen 2.5671E-16 -6.64 Cpne2 2.4921E-16 6.64
Eif4e2 2.5671E-16 -6.64 Crtc2 2.4921E-16 6.64
Eifdebp2 2.5671E-16 -6.64 Tmemé63b 2.4921E-16 6.64
Exoscd 2.5671E-16 -6.64 Cuedcl 2.4921E-16 1.64
Ecml 2.5671E-16 -6.64 Cox6al 2.4921E-16 -6.64
Ezr 2.5671E-16 -6.64 Agbll 2.4921E-16 -6.64
Fcho2 2.5671E-16 -6.64 Nubpl 2.4921E-16 -6.64
Farl 2.5671E-16 6.64 Bdh2 2.4921E-16 6.64
Fhipla 2.5671E-16 -6.64 Dera 2.4921E-16 6.64
Fah 2.5671E-16 -6.64 Dgke 2.4921E-16 -6.64
Gnpda2 2.5671E-16 -6.64 Polr2a 2.4921E-16 -6.64
Glipr2 2.5671E-16 -6.64 Polr2d 2.4921E-16 -6.64
H2-K1 2.5671E-16 6.64 Dnajc24 2.4921E-16 6.64
Hbb-b2 2.5671E-16 1.29 Dnajc30 2.4921E-16 -6.64
H mgn5 2.5671E-16 -6.64 Itch 2.4921E-16 6.64
H mgb3 2.5671E-16 -6.64 Znf598 2.4921E-16 6.64
H mgal 2.5671E-16 -6.64 Enpp3 2.4921E-16 -6.64
H2ac7 2.5671E-16 6.64 Ecel 2.4921E-16 -6.64
H2bc21 2.5671E-16 -6.64 Akrlc6 2.4921E-16 -6.64
Eg?‘(ﬂ‘a chain C 2.5671E-16 3.03 Exoscd 2.4921E-16 -6.64
Ighv3-6 2.5671E-16 6.64 Ezr 2.4921E-16 -6.64
Ig heavy chain V
rlesg/ls"fosgggm ) 2.5671E-16 -6.64 Supt16h 2.4921E-16 6.64
HPCM2/HPCM3
Ig kappa chain V-
11 region CBPC 2.5671E-16 6.64 Flg2 2.4921E-16 6.64
101
Igkv9-120 2.5671E-16 6.64 Fbpl 2.4921E-16 -6.64
Kpna2 2.5671E-16 -6.64 Fah 2.4921E-16 -6.64
Gpr180 2.5671E-16 -6.64 Gpre5e 2.4921E-16 -6.64
Itgb6 2.5671E-16 6.64 Ghde 2.4921E-16 6.64
Inf2 2.5671E-16 -1.79 Gnpnatl 2.4921E-16 6.64
Kenj2 2.5671E-16 6.64 H2-K1 2.4921E-16 -6.64
MSff 2.5671E-16 6.64 Tscl 2.4921E-16 6.64
Synel 2.5671E-16 6.64 Hbb-b2 2.4921E-16 1
Nrip2 2.5671E-16 -6.64 Hbb-y 2.4921E-16 1.68
Acoxl 2.5671E-16 1.34 I alpha chain C 2.4921E-16 -1.68
region
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Pnkd 2.5671E-16 6.64 Ig heavy chain V 2.4921E-16 -6.64
region 5-84
Tmubl 2.5671E-16 2.76 g kappa chain V-II 2.4921E-16 6.64
region 17529.1
Raplgdsl 2.5671E-16 6.64 igglggﬁpé‘gg‘éml (\)/1-111 2.4921E-16 6.64
Fbinl 2.5671E-16 2.13 Igkv9-120 2.4921E-16 -6.64
Krt10 2.5671E-16 6.64 Kpna2 2.4921E-16 -6.64
Krt19 2.5671E-16 -6.64 Itprl 2.4921E-16 -6.64
Krt84 2.5671E-16 -6.64 Ttgb6 2.4921E-16 6.64
Krtd 2.5671E-16 -6.64 Inf2 2.4921E-16 3.38
Krt75 2.5671E-16 -6.64 Synel 2.4921E-16 -6.64
Krtap19-5 2.5671E-16 -6.64 Ubglnl 2.4921E-16 6.64
Lgmn 2.5671E-16 6.64 Raplgdsl 2.4921E-16 -6.64
Leprotl1 2.5671E-16 -6.64 Gnaol 2.4921E-16 6.64
Ligll 2.5671E-16 -6.64 Krtl9 2.4921E-16 -6.64
Lrrcl4 2.5671E-16 6.64 Krt5 2.4921E-16 6.64
Lmbrdl 2.5671E-16 -6.64 Krt75 2.4921E-16 -6.64
Mrs2 2.5671E-16 6.64 Dexr 2.4921E-16 6.64
Mtrr 2.5671E-16 -6.64 Ligll 2.4921E-16 -6.64
Immpl1 2.5671E-16 6.64 Clptml11 2.4921E-16 -6.64
Map3k4 2.5671E-16 -6.64 Mrs2 2.4921E-16 6.64
MLV-related
proviral Env 2.5671E-16 -6.64 Mtrr 2.4921E-16 6.64
polyprotein
Rael 2.5671E-16 6.64 Miefl 2.4921E-16 -6.64
MLV-related
Myl7 2.5671E-16 -6.64 proviral Env 2.4921E-16 -6.64
polyprotein
Naa38 2.5671E-16 -6.64 Morf4l1 2.4921E-16 6.64
Nfyc 2.5671E-16 6.64 Sirt4 2.4921E-16 -6.64
Nup37 2.5671E-16 -6.64 Nelfb 2.4921E-16 6.64
Nrm 2.5671E-16 6.64 Nup107 2.4921E-16 -6.64
Otc 2.5671E-16 6.64 Nup37 2.4921E-16 6.64
Osbpl2 2.5671E-16 -6.64 Otc 2.4921E-16 -6.64
Abhd10 2.5671E-16 -6.64 Abhd10 2.4921E-16 -6.64
Pex10 2.5671E-16 -6.64 Pil6 2.4921E-16 6.64
Pik3cb 2.5671E-16 2.78 Mtrfl 2.4921E-16 6.64
Pik3rd 2.5671E-16 -6.64 Pxdn 2.4921E-16 13
Pla2gl5 2.5671E-16 -6.64 Pex10 2.4921E-16 -6.64
Pfas 2.5671E-16 6.64 Pik3cb 2.4921E-16 6.64
Gplbb 2.5671E-16 -6.64 Piezol 2.4921E-16 6.64
Plekha2 2.5671E-16 6.64 Gplbb 2.4921E-16 6.64
Alox12 2.5671E-16 -6.64 Gp5 2.4921E-16 6.64
Beas2 2.5671E-16 6.64 Plekha2 2.4921E-16 6.64
Bgf 2.5671E-16 -6.64 Alox12 2.4921E-16 -6.64
Thgll 2.5671E-16 6.64 116 2.4921E-16 6.64
Grn 2.5671E-16 -6.64 Ddx20 2.4921E-16 6.64
Ptgis 2.5671E-16 6.64 Thgll 2.4921E-16 6.64
Efr3a 2.5671E-16 -6.64 Protein C180rf25 2.4921E-16 6.64
homolog
Ltvl 2.5671E-16 6.64 Drl 2.4921E-16 -6.64
Mtss2 2.5671E-16 6.64 Efr3a 2.4921E-16 6.64
Ntanl 2.5671E-16 -6.64 Fam241b 2.4921E-16 -6.64
Ppplrl4a 2.5671E-16 -6.64 Fam3c 2.4921E-16 -6.64
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