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Summary 

The RabGAP TBC1D4 is central to regulating glucose homeostasis and lipid 

metabolism in adipose tissue and skeletal muscle. Insulin-mediated translocation of 

GLUT4 to the plasma membrane facilitates glucose uptake. Tbc1d4-deficiency in mice 

reduces GLUT4 abundance and causes postprandial hyperglycemia and 

hyperinsulinemia. The loss-of-function mutation TBC1D4 p.Arg684Ter, identified in 

Arctic populations such as the Greenlandic Inuit, is linked to postprandial 

hyperglycemia, hyperinsulinemia, and a novel subtype of type 2 diabetes (T2D) in 

homozygous carriers. Over the past decades, the incidence of T2D has markedly 

increased in this population. With a high allele frequency (4 % homozygous carriers in 

indigenous Inuit populations), the mutation is considered a possible evolutionary 

adaptation to the Arctic lifestyle of hunter-gatherer populations, where prolonged 

glucose clearance may have been advantageous under scarce carbohydrate intake 

and high physical activity. In contrast, the shift to a sedentary lifestyle and Westernized 

diet is a key factor in the rising T2D incidence. Our working group recently showed that 

moderate treadmill training overcomes genetically induced insulin resistance in 

Tbc1d4-knockout mice (D4KO). A follow-up study from our group further demonstrated 

that dietary carbohydrate restriction prevents postprandial hyperglycemia in these 

animals, presumably via an interplay of insulin-responsive tissues such as liver, 

skeletal muscle, and adipose tissue. 

This study examined the impact of a Western, high-carbohydrate, low-protein diet 

(WD) versus a low-carbohydrate, high-protein diet (LCHP) on hepatic glucose and lipid 

metabolism in D4KO mice, as well as interactions between the liver and peripheral 

insulin-sensitive tissues. The results show that macronutrient ratios strongly influence 

metabolism: a WD promotes lipid turnover and hepatic triglyceride accumulation, 

whereas a LCHP diet protects glucose and lipid metabolism and prevents hepatic lipid 

accumulation. Insulin resistance in skeletal muscle and adipose tissue also alters 

hepatic gene and protein expression. These findings suggest that a LCHP diet could 

contribute to the prevention and treatment of T2D and associated liver complications 

in homozygous carriers of the p.Arg684Ter variant. 
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Zusammenfassung 
Das RabGAP TBC1D4 spielt eine zentrale Rolle bei der Regulierung der 

Glukosehomöostase und des Fettstoffwechsels in Fettgewebe und Skelettmuskel. Die 

insulinvermittelte Translokation von GLUT4 zur Plasmamembran erleichtert die 

Glukoseaufnahme. Ein Tbc1d4-Mangel bei Mäusen reduziert die GLUT4-Menge und 

verursacht postprandiale Hyperglykämie und Hyperinsulinämie. Die 

Funktionsverlustmutation TBC1D4 p.Arg684Ter, identifiziert in arktischen 

Populationen wie den grönländischen Inuit, steht in Zusammenhang mit postprandialer 

Hyperglykämie, Hyperinsulinämie und einem neuen Subtyp des Typ-2-Diabetes (T2D) 

bei homozygoten Trägern. In den letzten Jahrzehnten hat die T2D-Inzidenz in dieser 

Population deutlich zugenommen. Mit einer hohen Allelfrequenz (4 % homozygote 

Träger in indigenen Inuit-Populationen) gilt die Mutation als mögliche evolutionäre 

Anpassung an den arktischen Lebensstil von Jäger- und Sammlerpopulationen, bei 

dem eine verlängerte Glukose-Clearance unter knapper Kohlenhydratzufuhr und 

hoher körperlicher Aktivität vorteilhaft gewesen sein könnte. Im Gegensatz dazu trägt 

die Umstellung auf einen sitzenden Lebensstil und eine westliche Ernährung 

wesentlich zum Anstieg der T2D-Inzidenz bei. Unsere Arbeitsgruppe zeigte, dass 

moderates Laufbandtraining die genetisch bedingte Insulinresistenz bei Tbc1d4-

Knockout-Mäusen (D4KO) überwindet. Eine Folgestudie unserer Gruppe belegte 

zudem, dass kohlenhydratarme Ernährung bei diesen Tieren postprandiale 

Hyperglykämie verhindert, vermutlich durch das Zusammenspiel insulinempfindlicher 

Gewebe wie Leber, Muskel und Fett. 

Diese Studie untersuchte den Einfluss einer westlichen, kohlenhydratreichen, 

proteinarmen Diät (WD) gegenüber einer kohlenhydratarmen, proteinreichen Diät 

(LCHP) auf den hepatischen Glukose- und Lipidstoffwechsel in D4KO-Mäusen sowie 

die Wechselwirkungen zwischen Leber und peripheren insulinempfindlichen 

Geweben. Die Ergebnisse zeigen, dass das Makronährstoffverhältnis den 

Stoffwechsel stark beeinflusst: Eine WD fördert den Lipidumsatz und die 

Triglyceridakkumulation in der Leber, während eine LCHP-Diät den Glukose- und 

Lipidstoffwechsel schützt und die Lipidakkumulation verhindert. Zudem verändert die 

Insulinresistenz in Muskel und Fett die Gen- und Proteinexpression in der Leber. Diese 

Ergebnisse deuten darauf hin, dass eine LCHP-Diät zur Vorbeugung und Behandlung 

von T2D und damit verbundenen Leberkomplikationen bei homozygoten Trägern der 

p.Arg684Ter-Variante beitragen kann.   
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1 Introduction 

1.1 Diabetes mellitus  

Diabetes mellitus is a chronic metabolic disease, characterized by elevated plasma 

glucose levels, and insulin resistance, insulin deficiency, or both [1, 2]. Several 

subtypes have been identified, the most common of which fall into two broad categories 

- type 1 and type 2 [2, 3]. In type 1 diabetes (T1D), an autoimmune process causes 

the destruction of pancreatic beta cells, leading to an absolute insulin deficiency. Most 

cases manifest in childhood and patients require lifelong insulin replacement therapy. 

Type 2 diabetes (T2D), in contrast, is characterized by peripheral insulin resistance, 

resulting in reduced insulin secretion. It can occur at any age, but classically manifests 

in adulthood [1, 2]. As there is still some insulin secretion left, most patients with T2D 

do not require insulin substitution [2, 4]. 

In 2021, 537 million cases of diabetes have been diagnosed in adults, of which over 

90% can be attributed to T2D. The prevalence is increasing steadily and is expected 

to rise to 783 million by 2045 [5]. The etiology of T2D is multifactorial and has a strong 

genetic component. It is closely linked to the metabolic syndrome, which itself is 

defined by the presence of at least three out of the following criteria: abdominal obesity, 

hypertriglyceridemia, hypertension, low high-density lipoprotein (HDL) levels, and 

elevated fasting plasma glucose levels [6]. T2D is also strongly associated with a 

number of lifestyle factors, such as low physical activity, smoking, heavy alcohol use 

and air pollution [7]. Complications potentially arising from T2D include diabetic 

nephropathy, retinopathy, neuropathy, and cardiovascular diseases [2, 8]. T2D is 

thought to be largely preventable through changes in lifestyle, including dietary 

interventions [7, 9]. However, as eating behavior and the degree of metabolic 

improvements through exercise interventions are, to a substantial proportion, 

genetically determined, the identification of causal gene variants represents an 

important step in the development of personalized prevention and treatment options 

[10, 11]. 
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1.2 Insulin resistance in peripheral tissues 

T2D development is characterized by progressive insulin resistance (IR) in the liver, 

skeletal muscle, and adipose tissue, often developing over decades. IR is defined by 

the body's inability to respond to insulin, which results in impaired glucose uptake from 

the blood into the cells [12]. In the healthy state, an elevation of blood glucose levels 

triggers insulin production and secretion by pancreatic beta cells. In the insulin-

resistant state, insulin-responsive target tissues do not respond adequately to the 

stimulus. Beta cells respond to the elevated blood glucose levels with sustained 

compensatory hyperinsulinemia which, in the long term, leads to exhaustion of the 

insulin-producing cells and, as a consequence, to a state of chronic hyperglycemia 

[13].  

The liver plays a central role in glucose and lipid metabolism, with insulin being a critical 

regulator in both processes. The metabolism of glucose and lipids are intimately 

intertwined, with the body's capacity to switch between energy substrates dependent 

on substrate availability. In the fasting state, when insulin levels are low, fatty acids 

from adipose tissue reservoirs, mobilized through lipolysis, serve as the primary source 

of energy. Additionally, low insulin levels stimulate glycogenolysis and 

gluconeogenesis in the liver, maintaining plasma glucose levels within the desired 

range [14]. In the postprandial state, when glucose is readily available, insulin levels 

rise, suppressing hepatic glucose production. Insulin facilitates glucose uptake into 

muscle and adipose tissue, as well as hepatic glycogenesis and lipogenesis [15]. The 

ability of cells to switch between glucose and fatty acids for energy generation is 

defined as metabolic flexibility [16]. 

In the context of IR, despite elevated plasma glucose levels, insulin is unable to 

suppress hepatic glycogenolysis and gluconeogenesis, thereby further increasing 

hepatic glucose production (HGP). Concurrently, in insulin resistant adipose tissue, 

insulin is unable to inhibit lipolysis, resulting in the continuous release of non-esterified 

fatty acids into the circulation. This ultimately leads to ectopic lipid accumulation in 

muscle and liver tissue [17]. In skeletal muscle, IR is characterized by disturbed 

signaling downstream from the insulin receptor, ultimately leading to impaired GLUT4 

translocation to the plasma membrane [18]. Consequently, the persistent surplus of 

fatty acids, in conjunction with the impaired glucose uptake, prompts the reliance of 

skeletal muscle on fat oxidation for energy. This imbalance impedes the appropriate 
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switching between fat and glucose utilization by tissues, a hallmark of metabolic 

inflexibility in states of insulin resistance [19]. 

IR is a common metabolic complication associated with obesity. Adipocyte hypertrophy 

and low-grade inflammation impair insulin's capacity to regulate lipolysis. 

Consequently, an excess of non-esterified fatty acids and pro-inflammatory mediators 

is released into the circulation, contributing to ectopic lipid deposition in the liver, where 

it exacerbates hepatic IR and disrupts glucose homeostasis. In skeletal muscle, the 

accumulation of lipid intermediates, such as diacylglycerols and ceramides, has been 

shown to interfere with insulin signaling, thereby limiting glucose uptake. 

Consequently, the metabolic and inflammatory alterations that accompany obesity lead 

to the development of insulin resistance across peripheral tissues [20].  

 

1.3 MASLD and T2D 

Steatotic liver disease (SLD) encompasses a wide range of liver diseases. Metabolic 

dysfunction–associated steatotic liver disease (MASLD) accounts for the most 

common chronic liver disease and is defined as liver steatosis together with at least 

one cardiometabolic risk factor. MASLD itself is a generic term for a set of liver 

conditions that are closely related to each other. This includes metabolic dysfunction-

associated steatotic liver (MASL), which is defined as an ectopic accumulation of 

triglycerides (TGs) in the liver, called steatosis, metabolic dysfunction-associated 

steatohepatitis (MASH), which is characterized by inflammation and fibrosis in addition 

to liver steatosis, and cirrhosis. Cirrhosis is the most advanced form of MASLD and 

develops from progression of MASL and MASH [21].  

Given the shared pathogenesis and risk factors, including alterations in lipid and 

glucose metabolism, IR and obesity, MASLD and T2D are closely related. In an IR 

state, increased lipolysis from dysfunctional adipose tissue and increased hepatic 

lipogenesis result in an excess of free fatty acids, which promote hepatic lipid 

accumulation and lipotoxicity. Furthermore, insulin is unable to suppress hepatic 

gluconeogenesis, resulting in glucose toxicity. This is characterized by a chronic 

elevation of plasma glucose levels and IR induced by glucose [22]. The prevalence of 

MASLD in T2D patients is estimated to be between 70 and 80% globally, and the 

coexistence of both conditions is associated with a more rapid progression of either. 
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Approximately half of the patients with both conditions will eventually develop MASH, 

and 3-5 percent of T2D patients will progress to cirrhotic liver disease [23].  The 

progression of MASLD, as well as the associated prevalence in patients with T2D, is 

illustrated in Figure 1.   

Furthermore, glucotoxicity has been demonstrated to promote de novo lipogenesis 

(DNL), for example by activating Carbohydrate Responsive Element Binding Protein 

(ChREBP). In MASLD, DNL is significantly increased. A recent study has revealed that 

15% of hepatic lipid accumulation in patients with MASLD can be attributed to dietary 

factors. Dietary carbohydrates represent a significant stimulus for DNL, as they 

activate hepatic lipogenic enzymes, including ChREBP, within the liver. It appears that 

an important contributor to the activation of DNL is excessive intake of industrial 

fructose, which is primarily cleared in the liver. Its metabolism is associated with an 

increase in lipogenesis and a corresponding accumulation of hepatic TGs [22, 24, 25].  

The progression of MASL to MASH and fibrosis is significantly influenced by the effects 

of lipotoxicity and glucotoxicity. The accumulation of free fatty acids leads to the 

formation of toxic lipid intermediates, including diacylglycerols, ceramides, as well as 

oxidative stress and the formation of reactive oxygen species. The activation of 

inflammatory pathways causes the disease to progress [22, 23]. 

 

Figure 1: Progression and prevalence of MASLD. 
Progression of metabolic dysfunction-associated liver disease (MASLD). 70-80% of patients with T2D 
develop metabolic dysfunction-associated steatotic liver (MASL), of which approximately 50% will 
further progress to metabolic dysfunction-associated steatohepatitis (MASH). 3-5% of patients will 
eventually develop liver cirrhosis [23]. Created with BioRender.com. 
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1.4  The impact of diet on T2D development 

Obesity is closely associated with a Western lifestyle, which is typically characterized 

by smoking, excessive alcohol consumption, physical inactivity, and diets high in 

refined carbohydrates and calories [7]. Constant snacking and the consumption of 

foods with a high glycemic index and glycemic load contribute to sustained 

postprandial hyperglycemia and prolonged insulin secretion, leading to chronic 

hyperinsulinemia and an increased risk of developing T2D [26].  

The Western diet (WD) is distinguished by a high intake of saturated and trans fats, 

carbohydrates, and ultra-processed food [27]. It is associated with an increased 

production of reactive oxygen species, IR, and low-grade inflammation [28]. The 

consumption of a WD has been linked to a number of chronic illnesses, including T2D, 

hypertension, cardiovascular diseases, and dementia [29]. 

The role of dietary carbohydrates in the development of T2D has been subject of 

considerable research interest, largely due to their effect on blood glucose levels. As 

glucose is primarily derived from carbohydrates, they exert a significant influence on 

postprandial blood glucose levels [30]. The recommended macronutrient ratios for 

energy uptake are 45 % to 65% for carbohydrates, 10% to 35% for protein, and 20% 

to 35% for fats [31].  

A ketogenic diet is distinguished by a high fat content and a very low carbohydrate 

component, with the consumption of less than 50 grams of carbohydrates per day. This 

induces β-oxidation of fatty acids in skeletal muscle for energy production and in the 

liver, where excess acetyl-CoA is converted into ketone bodies for use by extrahepatic 

tissues. Ketogenic diets have been shown to have beneficial effects on weight 

reduction, particularly in individuals with T2D [32].  

Further insights into the relationship between diet and metabolic health can be drawn 

from hunter-gatherer (HG) populations. They adhere to a so-called paleolithic diet, 

which is characterized by a low carbohydrate and high protein content compared to a 

WD, but with a similar fat content. Interestingly, in these populations and other non-

westernized populations, civilization diseases occur relatively rarely, indicating a 

protective effect of those diets [26].  

This aligns with the findings of a study conducted on diabetic Australian Aboriginal 

individuals. The study's results indicated that a temporary reversion to their traditional 
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HG lifestyle and diet led to significant improvements in fasting glucose, insulin, and TG 

levels. Consequently, this reversion resulted in an improvement in their risk of 

developing T2D [33]. 

In addition to dietary and lifestyle factors, genetics, and evolutionary adaptation also 

play an important role in the development of specific metabolic phenotypes. It has been 

observed that certain genetic variants have emerged in isolated populations, 

suggesting a genetic adaptation to climate and diet over time [34, 35]. Greenlandic 

Inuit, for instance, have developed a genetic adaptation to a diet rich in polyunsaturated 

fatty acids (PUFAs). These fatty acids have a considerable impact on size and weight, 

thereby influencing positive selection in this population [35]. One of the most notable 

examples underscoring the genetic contribution to T2D is the population of the Pima 

Indians in Arizona [34], whose exceptionally high prevalence of the disease, the 

highest reported worldwide, indicates a strong heritable component, with more than 

half of adults over 35 years of age being affected [36].  

 

1.5 Insulin signaling in glucose and lipid metabolism  

Glucose serves as the primary source of energy for the human body [37]. It can be 

derived directly from the breakdown of macronutrients or mobilized from energy stores 

through gluconeogenesis or glycogenolysis [38]. Despite fluctuations in substrate 

availability, blood glucose levels are maintained within a narrow range between 4 and 

7 mM [39].  

Insulin is the primary regulator of glucose homeostasis, controlling the uptake of 

glucose into cells. It is a peptide hormone that is produced and secreted by pancreatic 

beta cells in response to elevated blood glucose levels [24]. In the postprandial state, 

insulin exerts its effects on tissues involved in glucose metabolism, including skeletal 

muscle, adipose tissue, and the liver. These tissues possess insulin receptors on their 

cell surfaces, to which insulin binds. The primary mechanism through which insulin 

mediates its effects involves the phosphorylation of Insulin receptor substrates (IRS), 

which subsequently recruit phosphatidylinositol-3-OH (PI3K). This process leads to the 

formation of phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phosphatidylinositol-

4,5-bisphosphate (PIP2). PIP3 has been shown to induce the translocation of Akt to 



7 
 

the plasma membrane, where it undergoes activation and subsequently functions on 

other downstream substrates implicated in glucose and lipid metabolism [15].  

In the liver, activation of Akt2 leads to decreased HGP and promotes glycogenesis, as 

well as the activation of lipogenesis. In a fed state, insulin mediates phosphorylation 

and thereby inactivation of the gluconeogenic transcription factor Forkhead box O1 

(FoxO1) by Akt. This leads to inhibition of glycogenolysis and gluconeogenesis, while 

concurrently promoting the expression of Sterol regulatory element-binding protein 1c 

(SREBP-1c) to drive lipogenesis [17, 40]. SREBP1c is an important regulator of hepatic 

lipid and cholesterol metabolism that is activated by insulin. A key activator of SREBP-

1c is mechanistic target of rapamycin complex 1 (mTORC1), which is a downstream 

target of Akt. Another regulator of hepatic lipid metabolism is ChREBP. In response to 

high insulin levels, hepatic glucose uptake is increased, activating the glucose-

responsive transcription factor [40]. 

Insulin facilitates glucose uptake into skeletal muscle and adipose tissue by 

translocation of glucose transporter type 4 (GLUT4) from intracellular storage vesicles 

to the plasma membrane. Upon insulin binding, the insulin receptor undergoes 

autophosphorylation, initiating a signaling cascade involving IRS and subsequent 

activation of Akt2, the predominant isoform in insulin-responsive tissues [41]. 

Activated Akt2 phosphorylates AS160 (TBC1D4), a Rab-GTPase-activating protein 

(RabGAP), thereby inhibiting its activity. This enables the activation of Rab-GTPases, 

which regulate the translocation of GLUT4-containing vesicles to the plasma 

membrane, thereby increasing glucose uptake into the cell [42].  

Although insulin is primarily recognized for its role in glucose metabolism, insulin 

signaling also plays a central role in lipid metabolism. Insulin exerts its influence on 

lipid metabolism primarily through the inhibition of lipolysis of TGs and the promotion 

of lipogenesis and glycogen synthesis [43].  

 

1.6 RabGAPs and their role in glucose and lipid metabolism  

The RabGAPs TBC1D1 and TBC1D4 are important regulators of GLUT4 vesicular 

trafficking in skeletal muscle and adipose tissue. Upon stimulation by insulin, AMPK, 

and exercise/ muscle contraction, they undergo phosphorylation and regulate the 

translocation of intracellular GLUT4 storage vesicles (GSV) to the plasma membrane, 
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thereby enabling the uptake of glucose from the bloodstream into the cells [44]. The 

structure of the RabGAPs comprises two amino-terminal phosphotyrosine-binding 

domains, in addition to a RabGAP domain [45]. 

As illustrated in Figure 2, following stimulation by insulin or muscle contraction, 

TBC1D4 and TBC1D1 undergo phosphorylation, which in turn regulates the 

recruitment of these proteins to GSV [46]. In this state, it is postulated that the Rab 

protein bound to the GSV is loaded with guanosine triphosphate (GTP), thereby 

enabling its translocation to the plasma membrane. In this way, the RabGAPs play a 

critical role in regulating insulin-stimulated glucose uptake from the blood into skeletal 

muscle and adipose tissue [47]. TBC1D1 is considered more critical for exercise 

endurance and physical capacity, whereas TBC1D4 is primarily involved in regulating 

insulin sensitivity in skeletal muscle and adipose tissue [48].  

In vitro studies have identified several Ras-related in brain (Rab) proteins Rab2, Rab8, 

Rab10, Rab14, and Rab28 as substrates for the GAP domain of TBC1D4 and TBC1D1 

[44, 49, 50].  

Furthermore, both Rab-GAPs have been demonstrated to play a role in lipid 

metabolism. For instance, both TBC1D4 and TBC1D1 have been implicated in the 

cellular entry of fatty acids via fatty acid transporters through Rab proteins in muscle 

tissue [51, 52].  In the myocardium of mice, TBC1D4 has been demonstrated to 

regulate the insulin-stimulated translocation of the FA translocase cluster of 

differentiation 36 (FAT/CD36) to the plasma membrane via the Rab protein Rab8a [53]. 

These findings underscore the significance of Rab-GAPs in lipid metabolism, though 

further research is necessary to elucidate the full scope of their function. 
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Figure 2: Involvement of RabGAPs in glucose and fatty acid uptake into skeletal/ myocardial 
muscle. 
In response to insulin or muscle contraction, the insulin receptor undergoes conformational changes 
and phosphorylation, which in turn leads to phosphorylation of the IRS. This eventually leads to 
phosphorylation of Akt2. Phosphorylation of TBC1D4/ TBC1D1 enables the GTP-loaded GSV and 
FAT/CD36 SV to translocate to the plasma membrane, thereby facilitating their uptake. IRS = Insulin 
receptor substrate; Akt = Protein kinase B; AMPK = AMP-activated protein kinase; TBC1D4 = TBC1 
family member 4; TBC1D1 = TBC1 family member 1; GSV = Glucose storage vesicle. SV = Storage 
Vesicle. Modification of an illustration from Dr. rer. nat. Pia M. Förster. Created with BioRender.com.  
 

1.6.1 RabGAP variants in humans  

A number of RabGAP variants have been identified in humans that are associated with 

obesity, insulin resistance, and T2D.  For instance, a genetic variation in TBC1D1, 

R125W, has been linked to a predisposition to obesity in females [54]. Additionally, 

heterozygosity for a mutation in TBC1D4, R363X, has been associated with insulin 

resistance caused by reduced insulin stimulated GLUT4 cell membrane translocation 

[55].  

Furthermore, a nonsense mutation in TBC1D4, p.Arg684Ter, was identified in Arctic 

populations, specifically in a Greenlandic Inuit population. Homozygosity for this 

variant resulted in a decrease in skeletal muscle GLUT4 abundance, which was 

associated with a reduction in insulin dependent GLUT4 translocation to the plasma 

membrane of skeletal muscle. This, in turn, was associated with postprandial 
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hyperglycemia, hyperinsulinemia, impaired glucose tolerance, and an increased 

susceptibility to developing T2DM. The mutation affects the long isoform of TBC1D4, 

which is primarily expressed in skeletal muscle and found on exon 11 [56]. It has been 

described that 4% of the Greenlandic Inuit population are homozygous carriers of the 

variant, which has been demonstrated to elevate the risk of developing T2D tenfold 

[57]. Additionally, by the age of 61, 80% of those carriers were found to have become 

diabetic [56]. It is postulated that the elevated prevalence of T2D in the Greenlandic 

Inuit population is at least partially attributable to an increasingly westernized lifestyle, 

including the consumption of processed, highly caloric food [58]. This contrasts with 

the traditional Arctic lifestyle, which is typified by a high level of physical activity, 

including hunting and fishing, and a diet rich in seafood [59]. 

A cross-sectional study of Greenlandic Inuit revealed that glycemic control improved 

following a dietary trial involving the traditional diet, which is marine food-based and 

low in carbohydrates, in comparison to a trial utilizing a WD, which is high in imported 

meats and carbohydrates. Moreover, the traditional diet was associated with weight 

loss and enhanced HDL levels [60]. These findings reinforce the significance of lifestyle 

and dietary habits in this population regarding the development of T2D. 

 

1.6.2 RabGAP deficiency in mouse models  

Global Tbc1d4 knockout mice (D4KO) exhibit a phenotype comparable to that 

observed in human homozygous carriers of the p.Arg684Ter variant, including 

decreased fasting glucose levels and a reduction in insulin-mediated glucose uptake 

into skeletal muscle [56]. Moreover, similarly to humans, GLUT4 abundance in skeletal 

muscle was also decreased, leading to postprandial hyperglycemia and 

hyperinsulinemia [61]. Our group recently discovered that feeding of a traditional low-

carbohydrate, high-protein (LCHP) diet was associated with enhanced insulin 

sensitivity in skeletal muscle of D4KO mice [62]. Fig. 3 demonstrates reduced plasma 

glucose levels after a 16 hour fast, followed by postprandial hyperglycemia on a control 

(CON) and high-carbohydrate, low-protein (HCLP) diet in D4KO and adipocyte-specific 

Tbc1d4 knockout (aD4KO) mice, but not in muscle-specific Tbc1d4 knockout (mD4KO) 

mice. Fig. 3.C, F, and I shows that on a LCHP diet, postprandial glucose levels remain 

low.  
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In addition to the reduced fasting plasma glucose levels observed in Tbc1d4-deficient 

mice, our study group also found that these findings were accompanied by elevated 

fasting plasma ketone bodies, particularly in mice fed a HCLP diet (Fig. 4.B and 4.H) 

[62].  This finding indicates that in Tbc1d4-deficiency, despite adequate glucose and 

fat availability, glucose utilization is inadequate leading to hepatic ketogenesis. These 

observations were exclusively discernible in D4KO mice and aD4KO mice, while they 

were absent in mD4KO mice (Fig. 4) [62]. The differences in blood glucose levels and 

ketone body concentrations between genotypes suggests a complex interplay between 

peripheral insulin sensitive tissues, as well as an involvement of the liver.  

Furthermore, the two RabGAPs play an important role in lipid metabolism. Both 

TBC1D4 and TBC1D1 have been implicated in the cellular entry of fatty acids via fatty 

acid transporters through Rab proteins in muscle tissue [51, 52]. Additionally, previous 

studies from our group have shown that the combined absence of Tbc1d1 and Tbc1d4 

in mice (D1/4KO) resulted in a shift in substrate utilization from glucose to fatty acids, 

as evidenced by a reduced respiratory quotient and increased fatty acid oxidation in 

isolated skeletal muscle [44]. 

Additionally, our group recently demonstrated that chronic moderate endurance 

exercise improved glucose and insulin tolerance in D4KO mice fed a high-fat diet. It 

also increased the expression of mitochondrial and browning markers in white adipose 

tissue and enhanced glucose clearance in brown and white adipose tissues, thereby 

compensating for the genetically induced peripheral insulin resistance in Tbc1d4-

deficiency [63]. 
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Figure 3: Impact of dietary macronutrient ratios on postprandial glycemia of Tbc1d4-
deficient mice.  
Determination of fasted and postprandial blood glucose concentrations and AUC (A.1–C.1) from 
Tbc1d4- (D4KO) 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. D4KO (One-way ANOVA). Data by Dr. rer. nat. Anna K. Scheel, PhD Thesis, 2024. 
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Figure 4: Impact of different macronutrient ratios on fasted plasma ketone bodies in mice with 
global (D4KO), skeletal muscle-specific (mD4KO) or adipocyte-specific (aD4KO) Tbc1d4-
deficiency.  
Determination of fasted plasma ketone bodies in D4KO (A-C), mD4KO (D-E) and aD4KO (G-I) mice fed 
a control diet (white), a HCLP diet (yellow), and a LCHP diet (orange). 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). Data by Dr. rer. nat. Anna 
K. Scheel, PhD Thesis, 2024. 
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1.7 Aim of the thesis  

The observation of improvements in the alterations associated with T2D in both 

humans [60] and mice [62] with Tbc1d4-deficiency, when fed a LCHP diet, indicates a 

beneficial effect of the diet on the risk of developing T2D. This thesis focuses on the 

effects of nutrition and tissue-specific Tbc1d4-deficiency on hepatic energy substrate 

metabolism, with a particular emphasis on the liver. It is of particular interest to 

ascertain whether a LCHP diet offers protection against alterations in hepatic lipid and 

glucose metabolism in mice deficient in Tbc1d4. 

Furthermore, a cross-sectional study indicates that Greenlanders with T2D have a 

diminished probability of developing T2D-related liver complications when compared 

to a reference population [64]. The objective of this thesis is to elucidate the impact of 

nutrition on hepatic triglyceride accumulation in D4KO mice. Hepatic TG levels were 

measured in liver tissue samples of mice fed different macronutrient ratios and 

compared to their WT littermates. A particular focus is placed on the effects that a 

LCHP diet could have on hepatic TG levels and the potentially protective effects that 

the diet could have on the development of MASLD. 
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2 Material and Methods  

2.1 Material  

2.1.1 Mouse strains  

This study utilized liver tissue samples from male C57BL/6J mice, sacrificed at 17-19 

weeks of age. The samples were kindly provided by Dr. rer. nat. Anna K. Scheel, and 

the B6.Tbc1d4tm1-Tg(Adipoq- cre)1Evdr/J mouse line was originally provided by Prof. 

Dr. rer. nat. Jens W. Fischer and Prof. Dr. med. Maria Grandoch (University Hospital 

Düsseldorf, Germany). All animals were derived from experiments approved by the 

State Agency for Nature, Environment and Consumer Protection of North Rhine-

Westphalia (LANUV, North Rhine-Westphalia, Germany) with the reference number 

81-02.04.2019.A492, as previously described [62]. The following table (Table 1) 

provides a comprehensive listing of all mouse strains utilized in this study.   

Table 1: Mouse strains 

Strain  Abbreviation  Supplier  
RCS.B6.SJL-

Nob1.10B6/SJL-Tbc1d4-/-  

D4KO DDZ, Düsseldorf, 

Germany  

B6.Tbc1d4tm1-

Tg(ACTA1-cre)79Jme/J  

mD4KO DDZ, Düsseldorf, 

Germany  

B6.Tbc1d4tm1-

Tg(Adipoq-cre)1Evdr/J  

aD4KO DDZ, Düsseldorf, 

Germany  

 

2.1.2 Mouse diets  

Following a period of 3-4 weeks of weaning, the mice were subjected to either a control 

diet (CON), a HCLP, or a LCHP diet. The precise composition of the diets can be found 

in the following table (Table 2). The diets were provided by Research Diets (New 

Brunswick, NJ, USA).  

Table 2: Composition of mouse diets 

 CON 
(20092415) 

HCLP 
(D20092413) 

LCHP 
(D20092414) 

kcal % 

Carbohydrate  70 40 5 
Fat  10 55 55 

Protein  20 5 40 
Kcal/gm  3.8 5.1 5.1 
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2.1.3 Chemicals  

Throughout this study, the following chemicals were used: 

 

Table 3: Chemicals 

Chemical  Supplier  
2-propanol (100%) AppliChem, Darmstadt, Germany  
5x HF Buffer  Mobidiag (Espo, Finland)  

Acrylamid 4K Solution (37. 5:1, 30%)  AppliChem, Darmstadt, Germany  
Agarose Biozym Scientific, Oldendorf, Germany  
Ammonium persulfate (APS)  Serva, Heidelberg, Germany  
Chloroform  AppliChem, Darmstadt, Germany  
Deoxynucleoside triphosphates (dNTPs)  Roche Diagnostics, Mannheim, 

Germany 
Ethanol, absolute (EtOH)  Merck, Darmstadt, Germany 
Ethylenediaminetetraacetic acid (EDTA)  Carl Roth, Karlsruhe, Germany  
Ethylene-glycol-bis-(2-aminoethylether)-

N,N,N’,N’-tetraacetic acid (EGTA)  

Carl Roth, Karlsruhe, Germany  

HDGreenTM Plus DNA Stain  Intas Science Imaging Instruments, 

Göttingen, Germany  
Hexanucleotide primer  Roche Diagnostics, Mannheim, 

Germany  

Magnesium chloride (MgCl2)  Promega, Madison WI, USA 
Methanol  Carl Roth, Karlsruhe, Germany  
Nuclease-free water  Promega, Madison WI, USA  
Phosphatase inhibitor tablets 

(PhosSTOP) 

Roche Diagnostics, Mannheim, 

Germany  

Powdered milk  Carl Roth, Karlsruhe, Germany  
Protease Inhibitor Cocktail tablets 

(complete)  

Roche Diagnostics, Mannheim, 

Germany  

Proteinase K Carl Roth, Karlsruhe, Germany  
Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany  
Tetramethylendiamine (TEMED) Carl Roth, Karlsruhe, Germany  
Tris Carl Roth, Karlsruhe, Germany  
Triton X-100  Sigma-Aldrich, St. Louis MO, USA  
TRIzol Reagent  Thermo Scientific, Peqlab, Wilmington 

MA, USA  

Tween 20  AppliChem, Darmstadt, Germany  
 

2.1.4 Buffers and solutions   

Throughout this study, the following buffers and solutions were used: 
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Table 4: Buffers and solutions 

Buffer/ Solution Composition/ Supplier  
DNA isolation 

TAE buffer   40 mM Tris-HCl, 1 mM EDTA, 57.1 ml 

acetic acid, pH 8.0  

TE buffer  10 mM Tris-HCl (pH 8.0), 1 mM EDTA 

(pH 8.0)  

Protein and Western blot analysis 
Blocking solution  5 % powdered milk, TBS-Tween (1 x)  

BSA standard (2 mg/ml)  Thermo Scientific, Perbio Science, 

Bonn, Germany  

Electrophoresis buffer (10 x)  

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

250 mM Tris, 1.92 mM glycine, 1 % 

SDS  

Laemmli sample buffer (LSB) (4 x)  250 mM Tris, 10 mM EDTA, 20 % 

glycerol, 6 % DTT, 8 % SDS, 0.2 % 

bromophenol blue (pH 6.8)  

Protein lysis buffer  20 mM Tris-HCl, 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 1 % Triton X-100 

(pH 7.5) + freshly added 40 μl/ml 

protease inhibitor (cOmplete) and 100 

μl/ml phosphatase inhibitor (PhosSTOP)  
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 (Tris-buffered- saline 

with Tween 20, TBS-T) (10 x)  

100 mM Tris, 1.5 mM NaCl (+ 0.05 % 

Tween 20)  

Transfer buffer (10 x)  250 mM Tris, 1.92 mM glycine (+ 20 % 

methanol)  
Triglyceride analysis 

Phosphate buffered saline (PBS) 

without Mg2+ and Ca2+  
136.9 mM NaCl, 2.7 mM KCl, 1.5 mM 

KH2PO4, 8.06 mM Na2HPO4 x 2H2O 

(pH = 7.4)  
 

2.1.5 Reaction kits  

Throughout this study, the following reactions kits were used:  

 

Table 5: Reactions kits 

Reaction kit  Application  Supplier  
BCA Protein Assay Kit  Determination of protein 

concentration  

Pierce, Rockford IL, USA  

GoScript Reverse 

Transcription System  

cDNA synthesis  Promega, Madison WI, 

USA  

GoTaq qPCR Master Mix  qPCR  Promega, Madison WI, 

USA  

Triglyceride-Glo Assay  Determination of TAGs in 

the liver 

Promega, Madison WI, 

USA  
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Western Lightning ECL 

Enhanced  

Western blot  PerkinElmer (Waltham, 

MA, USA)  

 

2.1.6 Molecular weight size markers  

Throughout this study, the following molecular weight size markers were used:  

 

Table 6: Molecular weight size markers 

Molecular weight size marker  Supplier  
GeneRuler 100 bp DNA ladder  Thermo Scientific (Peqlab, Wilmington 

MA, USA)  

Page Ruler  Thermo Scientific (Peqlab, Wilmington 

MA, USA) 

Precision Plus Protein Dual Color 

Standards  

BIO-RAD (Hercules, CA, USA)  

 

2.1.7 Antibodies 

Throughout this study, the following antibodies were used for Western blot analysis:  

 

Table 7: Antibodies 

Name of 
protein  

Host species  Supplier  Catalog 
number  

Dilution in 
TBS-T 

Primary antibodies 
FASN  Rabbit  New England 

Biolabs (NEB)  

C20G5 1:10,000 + 5% 

powdered milk  

diluted in 1x 

TBS-T 

GAPDH  Rabbit  NEB  2118 1:2,000 + 5% 

powdered milk 

diluted in 1x 

TBS-T  
GYS2  Rabbit  NEB  98348 1:10,000 + 5% 

powdered milk  

diluted in 1x 

TBS-T 

PCK1  Rabbit 

polyclonal  

Abcam  Ab87340 1:10,000 + 5% 

powdered milk 

diluted in 1x 

TBS-T  

PCK2  Rabbit 

polyclonal  

NEB  6924 1:10,000 + 5% 

powdered milk 

diluted in 1x 

TBS-T 
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Secondary antibodies 
Anti-rabbit IgG Goat  Dianova, 

Hamburg, 

Germany - 

Jackson 

Immuno 

Research 

Laboratories  

111-035-003  

 

1:20,000 + 5 

% powdered 

milk diluted in 

1x TBS-T, 

1:10,000 + 5 

% powdered 

milk diluted in 

1x TBS-T 
 

2.1.8 Primers 

Throughout this study, the following Primers were used for gene expression studies:  

 

Table 8: SYBR-Green Primers 

Gene 
symbol  

Gene name  Primer sequence (5`à 3`) 

Acc1 Acetyl-CoA Carboxylase 

Alpha 

Fwd: CC-GCC-AGC-CTG-AGT-TCT  
Rev: GGG-AGT-GCT-GGT-TTA-GCT-CC  
Rev: AGC-ACC-CGA-ACT-AGG-TGA-CA  

Mlxipl  MLX Interacting Protein 

like  

Fwd: AGG-TCC-CAG-GAT-CCG-AGC  
Rev: TCC-TCC-GTT-GCA-CAT-ACT-GAA  

Cpt1a Carnitine 

Palmitoyltransferase 1A 

Fwd: ACT-CCG-CTC-GCT-CAT-TCC-G  
Rev: CAT-CTT-GAG-TGG-TGA-CCG-AGT  

Cpt2 Carnitine 

Palmitoyltransferase 2 

Fwd: GAA-TGA-CAG-CCA-GTT-CAG-GAA-G  
Rev: TGA-GAT-GTA-GCT-GGT-GTG-CT  

Elovl6 Fatty Acid Elongase 5 Fwd: AGC-ACC-CGA-ACT-AGG-TGA-CA  
Rev: CCG-CAA-GGC-GTA-GTA-AGA-GT 

Fas Fas Cell Surface Death 

Receptor 

Fwd: GTC-CTG-CCT-CTG-GTG-CTT-G  
Rev: TGG-TTG-ACA-GCA-AAA-TGG-GC  

FoxO1 Forkhead Box O1 Fwd: CTA-AGA-GTT-AGT-GAG-CAG-GCT-
ACA-T  
Rev: CAT-CCT-GCA-CAG-GAA-AGT-GC  

H3f3a Histone H3.3 i Fwd: CAA-TTG-TGT-TCG-CAG-CCT-TC  
Rev: GAC-ACC-TCC-TTA-CTT-ACC-CCC  

Me1 Malic Enzyme 1 Fwd: CGG-GAC-CCG-CAT-CTC-AAC-A  
Rev: TCC-ATT-AAC-AGG-AGA-TAC-CTG-TCG  

Ppara Peroxisome Proliferator-

Activated Receptor 

Alpha 

Fwd: GAG-TGC-AGC-CTC-AGC-CAA  
Rev: CAG-TGG-GGA-GAG-AGG-ACA-GA  

Pck1 Phosphoenolpyruvate 

Carboxykinase 1 

Fwd: GAG-ATG-TGG-CCA-GGA-TCG-AA  
Rev: ATA-CAT-GGT-GCG-GCC-TTT-CAT  

Pklr Pyruvate Kinase L/R Fwd: CTG-TAA-AGA-TGC-AAC-ATG-CGA-TTG  
Rev: GGT-AGC-GAG-ACA-GAA-GCT-GA  

Sirt1 Sirtuin 1  Fwd: TGA-CCG-ATG-GAC-TCC-TCA-CT  
Rev: ACA-AAA-GTA-TAT-GGA-CCT-ATC-CGC  

Srebf1 Sterol Regulatory 

Element Binding 

Transcription Factor 1 

Fwd: CTT-TTC-CTT-AAC-GTG-GGC-CT  
Rev: AGC-TGG-AGC-ATG-TCT-TCG-AT  
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Srebf2 Sterol Regulatory 

Element Binding 

Transcription Factor 2 

Fwd: CTG-TCG-GGT-GTC-ATG-GGC  
Rev: GAC-AAA-CTG-TAG-CAT-CTC-GTC-G  

 

2.1.9 Devices  

Throughout this study, the following devices were used:  

 

Table 9: Devices 

Device  Supplier  
Centrifuge 5415 C  Eppendorf (Hamburg, Germany) 

Centrifuge 5424 R  Eppendorf (Hamburg, Germany) 

ChemiDoc XRS+ Bio-Rad Laboratories (Munich, 

Germany) 

GelDoc XR+ Bio-Rad Laboratories (Munich, 

Germany) 

iMARK Microplate Reader  Bio-Rad Laboratories (Munich, 

Germany)  

Mastercycler  Eppendorf, Hamburg, Germany  

NanoDrop 2000  Thermo Scientific (Peqlab, Wilmington, 

MA, USA)  

Quant Studio 7 Flex  Thermo Scientific (Peqlab, Wilmington, 

MA, USA) 

Thermomixer Compact  Eppendorf (Hamburg, Germany) 

TissueLyser II Qiagen (Hilden, Germany) 

Tecan infinite M200 Tecan (Crailsheim, Germany)  

 

2.1.10 Software 

Throughout this study, the following software were used:  

 

Table 10: Software 

Software Supplier  
GraphPad Prism 10 GraphPad Software Inc (San Diego, CA, 

USA)  

Image Lab 6.0.1  Bio-Rad Laboratories (Munich, 

Germany)  

NanoDrop 2000  Thermo Scientific (Peqlab, Wilmington, 

MA, USA)  

ChatGPT (version GPT-5.3) Open AI (San Francisco, CA, USA)  

DeepL Write  DeepL GmbH, Cologne, Germany  
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2.2 Methods 

2.2.1 Molecular biological methods 

2.2.1.1 RNA isolation from murine liver tissue  

Prior to gene expression studies, RNA was extracted from murine liver tissue samples. 

For the experiment, 40-50 g of ground tissue was utilized, to which 1 ml of TRIzol 

reagent (Table 3) and a steel ball were added to homogenize the sample in the Tissue 

Lyser II (Table 9) for 5 minutes at 25 Hz. Subsequently, the supernatant was incubated 

for 5 minutes at room temperature (RT) and transferred to a new 1.5-mL Eppendorf 

tube. Next, 200 μL of chloroform was added, and the samples were inverted for 15 

seconds to ensure phase separation. Subsequently, the samples were incubated for 

2-3 minutes at RT before centrifugation at 13.523 x g for 15 minutes at 4°C. Here, the 

samples were separated into three distinct phases: a lower red phase containing 

phenolchloroforme, an interphase, and a clear upper phase. The RNA-containing 

interphase was extracted and transferred to a new 1.5 mL tube. Then, 500 μL of 100% 

isopropanol was added and briefly inverted. Subsequently, the samples were 

incubated for 10 minutes at -20°C, after which they were centrifuged at a speed of 

13.523 x g for 10 minutes at -4°C. The supernatant was discarded, and the remaining 

pellet was washed two times with 500 μL 75% ethanol, followed by centrifugation at 

5.283 x g for 5 minutes at 4°C. After this, the samples were vortexed to loosen the 

pellet. The supernatant was discarded, and the remaining pellet was dried on a 

thermomixer (Table 9) for 30 minutes. The pellet was resuspended in 150 μL of RNase-

free water and then incubated on a thermomixer for two minutes at 55°C. Finally, the 

samples were placed on ice for approximately one hour, after which the RNA 

concentration was determined using the NanoDrop 2000 spectrophotometer (Table 9) 

with UV absorbance measurements. 

 

2.2.1.2 cDNA synthesis  

To determine gene expression levels via quantitative polymerase chain reaction 

(qPCR), RNA was first transcribed into complementary DNA (cDNA), which was used 

as an amplification template. Initially, the RNA was diluted with RNase free water, using 

2 μL and 8 μL, respectively. Subsequently, 1 μL of dNTPs and 2 μL of hexanucleotide 

primer (1:10 dilution) were added to each sample to obtain a final volume of 13 μL. 
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Subsequently, the samples were incubated in the Mastercycler (Table 9) for five 

minutes at 65°C (program cDNAPRE2), to allow primer annealing to the RNA template. 

Subsequently, the samples were incubated on ice for one minute, followed by 10 

seconds of centrifugation. In the subsequent step, the reverse transcriptase mixture 

(RT-mix) was prepared, containing the following: per sample a total of 7 μL was 

prepared, comprising 4 μL of GoScript 5x reaction buffer, 2 μL of magnesium chloride 

(MgCl2), and 1 μL of GoScript Reverse Transcriptase. Finally, the RT-mix was added 

to the RNA mixture, and the samples were shortly centrifuged. The samples, with a 

final volume of 20 μL, were placed in the Mastercycler for the cDNA synthesis, program 

designated as cDNAPRO. During the course of the program, the samples were 

subjected to a series of temperature-dependent processes, including annealing for 5 

minutes at 25°C, for primers bind to their complementary DNA sequence. Next, cDNA 

synthesis occurs during the elongation step for 60 minutes at 45°C. Finally, enzyme 

inactivation for 15 minutes at 70°C terminates the activity of the reverse transcriptase 

after successful synthesis of the cDNA strand. Subsequently, the samples were 

maintained in an infinite hold at 4°C. The cDNA was then diluted with DNase-free water 

in a 1:40 ratio and stored at a temperature of -20°C, while the RNA was stored at a 

temperature of -80°C, until further use.  

 

2.2.1.3 (Quantitative Real-Time polymerase chain reaction (qPCR) 

Quantitative real-time polymerase chain reaction (RT-qPCR) was employed to quantify 

the expression levels of genes of interest (Table 8).  

For each experiment, a master mix was prepared, containing 5 μL of 2x GoTaq qPCR 

Master Mix (Table 5), 0.5 μL of forward primer, 0.5 μL of reverse primer (each working 

solution), and 4 μL of cDNA (1:40 dilution) to yield a total volume of 10 μL. This solution 

was pipetted as triplicates into a 384-well plate. Furthermore, 20 μL of Reference Dye 

CXR (Table 5) were added to 1 mL of 2x GoTaq qPCR Master Mix. 

During qPCR, the samples are subjected to the following processes: a hot start 2 

minutes at 95°C, to ensure the activation of the DNA polymerase; a denaturation step 

of 15 seconds at the same temperature, which is repeated 40 times to separate the 

double-stranded DNA into single-stranded DNA. Subsequently, annealing occurs at 
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60°C. In the final step, the process of dissociation occurs at temperatures between 60 

and 95°C.  

The results were analyzed using the GraphPad Prism 10 software (Table 10). The 

relative gene expression levels were normalized to the housekeeping gene H3.3 

Histone A (H3f3a) using the ∆∆Ct method, which was employed for the analysis and 

comparison of the data.  

 

2.2.2 Biochemical methods  

2.2.2.1 Preparation of protein lysates  

Protein lysates were prepared using 40-50 g of ground frozen murine liver tissue. 

Subsequently, a steel ball and 600 μL of protein lysis buffer (Table 4) were added to a 

2mL Safe-Lock Tube, which was then homogenized in the Tissue Lyser II (Table 9) for 

5 minutes at 25 Hz. The homogenized tissue was then transferred to a new 1.5-mL 

Eppendorf tube and centrifuged at 15.871 x g for 10 minutes at 4°C. Finally, the 

supernatant was transferred to a new 1.5mL Eppendorf tube, leaving the insoluble 

debris. Furthermore, a 1:40 dilution of the lysate with MQ water was prepared for the 

subsequent determination of protein concentration. The remaining lysate was stored 

at -80°C for later use.  

 

2.2.2.2 Determination of total protein concentration  

Determination of total protein concentration was accomplished through the 

implementation of a bicinchoninic acid (BCA) assay, using the BCA Protein Assay Kit 

(Table 5) according to the manufacturer’s instructions. This assay is dependent upon 

the capacity of proteins to reduce Cu²⁺ to Cu⁺ in an alkaline milieu. The reduced Cu²⁺ 
then reacts with the bicinchoninic acid, forming a purple-colored complex. The intensity 

of the color produced is proportional to the amount of protein present in the solution 

[65].  

20 μL of the diluted protein lysates were pipetted as duplicates onto a 96-well plate 

together with a standard series, as detailed in Table 11. A reagent mixture was 

prepared containing solution A with bicinchoninic acid and solution B with copper 
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sulfate from the Protein Assay Kit in a 50:1 ratio. 200 μL of this reagent mix were added 

to the wells, followed by a 30-minute incubation of the plate at 37°C. Subsequently, the 

plate was transferred to the iMARK Microplate Reader (Table 9) for the measurement 

of protein concentration at a wavelength of 562 nm to determine protein concentration. 

 

2.2.2.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)  

Proteins were separated electrophoretically by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE). In the initial phase of this technique, the proteins are 

denatured to impart a negative charge, utilizing SDS. Subsequently, the proteins are 

separated by applying an electrical current, which facilitates their migration to the 

electrodes through the polyacrylamide gel. The rate of migration of proteins through 

the gel is dependent upon their molecular weight. Smaller proteins migrate at a faster 

rate than larger proteins [66].  

The protein lysates were diluted with 4x Laemmli sample buffer (Table 4) and MQ 

water. After dilution, the samples were boiled for 5 minutes at 95°C to ensure complete 

denaturation of the proteins, allowing for accurate size-based separation. 

Subsequently, the 20 μL of the protein samples were loaded into the wells of a 10% 

SDS gel (Table 11). Additionally, a protein marker (ladder) was included in one well to 

estimate the molecular weight of each protein. In conducting the experiments, 5 μL of 

Precision Plus Protein Dual Color Standards or Page ruler (Table 6) was employed, 

contingent upon the molecular weight of the protein of interest.  

Following the loading of the gels, they were placed into an electrophoresis chamber, 

which was filled with 1x electrophoresis buffer (Table 4). 

In the initial phase of the electrophoresis, a lower voltage of 50-70 V was applied for 

approximately 15 minutes for the samples to enter and align in the stacking gel. The 

electrophoresis was conducted for another 30-45 minutes at 150 V for protein 

separation. 

 

Table 11: Composition of the SDS gel 

Reagent  Separating gel 10%  
(in ml) 

Stacking gel  
(in ml) 
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ddH2O  3.66 1.83 

Separating or stacking gel 

buffer  

2.34 780 

Acrylamide (30%)  3 390 

Ammonium persulfate (APS) 18 6 

Tetramethyletyhlenediamine 

(TEMED) 

9 3 

 

2.2.2.4 Western blot and protein abundance analysis  

The previously separated proteins were transferred to a nitrocellulose membrane. To 

transfer the proteins from the gel to the membrane, the gel was placed on the 

nitrocellulose membrane. Filter papers and a sponge pad were placed on each side, 

and the combination was placed in a transfer chamber filled with transfer buffer and a 

current was applied between the electrodes. The transfer was conducted for a period 

of 2 hours at a current of 0.2A. 

Following the successful transfer, the membrane was incubated in 5% milk at room 

temperature to block any unspecific protein-binding sites. After one hour, the 

membrane was incubated with the primary antibody (Table 7) over night. Given the 

use of proteins of varying molecular weights, the membrane was divided into three 

sections, allowing for the identification of three distinct proteins with a single 

membrane.  

Following an overnight incubation period, the membrane was subjected to a 30-minute 

wash with TBS-T (Table 4) on a seesaw. Subsequently, the membrane was incubated 

with the second antibody (Table 7) for an additional hour on a seesaw at room 

temperature. Subsequently, the membrane was washed again for a 30-minute period.   

In the next step, the protein abundance was measured using either Western Lightning 

ECL Pro or Ultra solution (Table 5) and detected via the Chemidoc (Table 9). 

Subsequently, the Image Lab software (Table 10) was used for quantification of protein 

abundance.  

 

2.2.2.5 Measurement of triglyceride levels in murine liver tissue  

TG levels were measured using the Promega Triglyceride-Glo Assay (Table 5) 

according to the manufacturer’s instructions.  
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For the assay, 10 mg of frozen liver tissue was combined with 500 μL of phosphate-

buffered saline (PBS) (Table 4) and a steel ball in a 2 mL Eppendorf tube. 

Subsequently, the samples were homogenized in the Tissue Lyser II (Table 9) for 5 

minutes at 25 Hz. The samples were then diluted with glycerol lysis solution at a 1:50 

ratio. The remaining homogenized tissue was transferred into a new 1.5 mL Eppendorf 

tube and stored at -80°C for subsequent analysis. A glycerol standard series was 

prepared using 2 μL of the glycerol standard (20 μM) and 248 μL of glycerol lysis 

solution. This was further diluted to generate seven standards and a blank, each 

containing 240 μL. The standard series can be utilized for two plates. Subsequently, 

25 μL of diluted samples, standard, and background control were added to a 96-well 

plate, briefly vortexed, and incubated for 30 minutes at 37°C. Following the incubation, 

50 μL of glycerol detection reagent was added to each well, and the plates were placed 

on a plate shaker for 30 to 60 seconds at 500 rpm. Following an additional hour of 

incubation at room temperature, the plates were transferred to the Tecan Infinite M200 

(Table 9) for luminescence measurement. The data were analyzed using GraphPad 

Prism 10 (Table 10). 

 

2.2.2.6 Statistical analysis  

All data presented in this thesis are expressed as mean ± standard error of the mean 

(SEM). The sample numbers (n) used for each experiment are illustrated in the figure 

legends and ranged from 6-9 for all experiments.  A two-way ANOVA was used to 

determine statistically significant differences between groups with Bonferroni 

correction. P-values of < 0.05 were considered statistically significant and are indicated 

in the figure legends. The statistical analysis and graphical illustration were conducted 

using GraphPad Prism 10 software.  

 

2.2.2.7 Use of AI-based language tools  

Language editing and phrasing assistance was provided using ChatGPT (Table 10) 

and DeepL Write (Table 10). All scientific content, data interpretation, analyses, and 

conclusions were solely developed by the author, who takes full responsibility. The use 

of these tools was strictly limited to language refinement and did not contribute to the 

scientific content or interpretation.  
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3 Results  

3.1 Impact of different dietary macronutrient ratios on hepatic energy substrate 
metabolism of Tbc1d4-deficient mice  

TBC1D4 is an important regulator of glucose and lipid metabolism [51]. Our research 

group previously demonstrated that D4KO and aD4KO mice fed a HCLP diet exhibited 

elevated plasma ketone bodies and correspondingly reduced fasting plasma glucose 

levels. However, these effects were reversed when the mice were placed on a LCHP 

diet [62]. Given that ketogenesis occurs in the liver [67], the objective of this study is 

to further elucidate the involvement of the liver in whole-body glycemia in Tbc1d4-

deficient mice. Gene expression studies and protein abundance analyses of key 

regulators of lipid and glucose metabolism were conducted in liver tissue from D4KO, 

mD4KO, and aD4KO mice subjected to a CON, a HCLP, and a LCHP diet. 

 

3.1.1 Impact of dietary macronutrient ratios on expression levels of genes and protein 

abundance of key regulators of lipid metabolism in Tbc1d4-deficient mice 

To determine the impact that different dietary macronutrient ratios have on lipid 

metabolism of Tbc1d4-deficient mice, studies were conducted at both gene and protein 

levels. 

3.1.1.1 Impact of dietary macronutrient ratios on the expression levels of genes and 

abundance of proteins involved in lipid synthesis in the liver of Tbc1d4-

deficient mice 

In this study, the expression levels of genes involved in lipid synthesis were measured 

in liver samples of Tbc1d4-deficient mice using qPCR (2.2.1.3). Additionally, the 

abundance of a key protein regulator of lipid synthesis was assessed by Western 

blotting (2.2.2.4). This evaluation examined changes at both the transcriptional and 

protein levels to identify where the most pronounced effects occur. 

Acetyl-CoA Carboxylase Alpha (Acc1) encodes for a protein that catalyzes the rate-

limiting step of fatty acid synthesis [68].  

In control animals, hepatic Acc1 expression levels were significantly increased on a 

HCLP diet compared to the CON diet (Fig. 5.A–C). In both mD4KO and aD4KO mice, 
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Acc1 expression levels were significantly increased on the HCLP compared to the 

CON or LCHP diets (Fig. 5.B and C). Additionally, in these genotypes, expression 

levels on the LCHP diet were significantly lower than those observed with CON 

feeding. Acc1 expression levels were significantly increased in D4KO mice on the 

LCHP diet compared to the CON diet (Fig. 5.A). There were no statistically significant 

differences in Acc1 expression levels between genotypes within the same dietary 

group. 

 
Figure 5: Gene expression levels of Acc1 in the liver of global and tissue-specific D4KO 
mice. 
Relative mRNA expression of Acetyl-CoA Carboxylase Alpha (Acc1) in D4KO (A), mD4KO (B), and 
aD4KO (C) mice and their WT/ floxed littermates subjected to a CON, HCLP or LCHP diet (n=6-9). Gene 
expression was normalized to the housekeeping gene H3f3a. Data shown represent mean ± SEM. Two-
way ANOVA with Bonferroni-correction was used for statistical analysis. #p <0.05, ##p <0.01, ####p 
<0.0001, CON vs. HCLP. §p <0.05, §§§ <0.001, CON vs. LCHP. $$$$p <0.0001, HCLP vs. LCHP.  
 
 
Sterol Regulatory Element Binding Transcription Factor 1 (Srebf1) is a transcription 

factor that regulates the expression of genes involved in the synthesis of lipids. It has 

been demonstrated that Sterol Regulatory Element Binding Transcription Factor 2 

(Srebf2) regulates genes involved in the biosynthesis of cholesterol [69].  

In control animals, hepatic Srebf1 expression levels did not differ significantly among 

dietary conditions (Fig. 6.A–C). However, in D4KO mice, Srebf1 expression levels 

were significantly higher on the LCHP diet than on the HCLP diet (Fig. 6.A). No 

significant dietary effects were observed in mD4KO or aD4KO mice (Fig. 6.B and C). 

There were no statistically significant differences in Srebf1 expression levels between 

genotypes within the same dietary group. 

As illustrated in Fig. 6.D, Srebf2 expression levels were elevated in WT mice on HCLP 

and LCHP dietary groups relative to the CON group. No significant dietary effects were 

observed in mD4KO or aD4KO mice (Fig. 6.E and F). There were no statistically 
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significant differences in Srebf2 expression levels between genotypes within the same 

dietary group. 

 
Figure 6: Gene expression levels of Srebf1 and Srebf2 in the liver of global and tissue-
specific-D4KO mice.  
Relative mRNA expression of Sterol regulatory element-binding protein 1 (Srebf1) and Sterol 
regulatory element-binding protein 2 (Srebf2) in D4KO (A, D), mD4KO (B, E), and aD4KO (C, F) 
mice and their WT/ floxed littermates subjected to a CON, HCLP or LCHP diet (n=6-9). Normalization 
was accomplished by applying the ∆∆CT-method, using H3f3a as the reference gene. Data shown 
represent mean ± SEM. Two-way ANOVA with Bonferroni-correction was used for statistical analysis. 
##p <0.01, CON vs. HCLP. §p <0.05, §§p <0.01, CON vs. LCHP. $p <0.05, HCLP vs. LCHP.  
 

Fatty acid synthase (FASN) is a key enzyme involved in the biosynthesis of saturated 

long-chain fatty acids from acetyl-CoA and malonyl-CoA [70].  

In control animals, the abundance of FASN was significantly reduced on both the HCLP 

and LCLP diets compared to the CON diet, as shown in Fig. 7.A and C. Similar patterns 

were observed in D4KO, mD4KO, and aD4KO mice (Fig. 7.A–C). Additionally, FASN 

abundance was significantly lower in D4KO mice than in WT controls under HCLP 

feeding (Fig. 7.A). Figure 7.C shows that protein abundance in aD4KO mice was 

significantly lower on the CON diet compared to their floxed littermates. 
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Figure 7: Protein abundance of FASN in the liver of global and tissue-specific D4KO mice.  
Fatty acid synthase (FASN) abundance in D4KO (A), mD4KO (B), and aD4KO (C) mice and their WT/ 
floxed littermates subjected to a CON, HCLP or LCHP diet (n=6-9). Protein abundance was normalized 
to GAPDH. Data shown represent mean ± SEM. Two-way ANOVA with Bonferroni-correction was used 
for statistical analysis. **p <0.01, KO vs. WT. #p <0.05, ###p <0.001, #### <0.0001, CON vs. HCLP. 
§§p <0.01, §§§§p <0.0001, CON vs. LCHP.  
 
 
 
3.1.1.2 Impact of diets on expression levels of genes involved in modification of fatty 

acids (desaturation and elongation) in the liver of Tbc1d4-deficient mice  

In this study, hepatic expression levels of genes involved in fatty acid modification were 

assessed by qPCR in Tbc1d4-deficient mice (2.2.1.3).  

Stearoyl-CoA Desaturase 1 (Scd1) encodes a desaturase that generates 

monounsaturated fatty acids [71].  

Hepatic Scd1 expression levels were significantly reduced in control animals on both 

the HCLP and LCHP diets compared to the CON diet (Fig. 8.A–C). The same pattern 

was observed in D4KO, mD4KO, and aD4KO mice, with significantly lower expression 

levels on both HCLP and LCHP diets relative to CON (Fig. 8.A–C). Additionally, Scd1 

expression levels were significantly higher in D4KO mice compared to WT controls 

under CON feeding (Fig. 8.A). In contrast, aD4KO mice showed significantly lower 

Scd1 expression levels compared to floxed controls on the CON diet (Fig. 8.C). 

Fatty Acid Desaturase 1 (Fads1) encodes a desaturase enzyme that is involved in the 

production of polyunsaturated fatty acids [72].  

In control animals, no significant changes in Fads1 expression levels were observed 

across diets in WT and floxed mice (Fig. 8.D and E). However, Fig. 8.F shows that a 

significant reduction in Fads1 expression occured in floxed mice on both the HCLP and 

LCHP diets compared to the CON diet. In D4KO mice, expression levels were 
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significantly increased on the LCHP diet and decreased on the HCLP diet when 

compared to the CON diet (Fig. 8.D). There were no statistically significant differences 

in Fads1 expression levels between genotypes within the same dietary group. 

Elongation of Very Long Chain Fatty Acids Protein 6 (Elovl6) encodes for an enzyme 

that is responsible for the elongation of saturated and monounsaturated fatty acids 

[73].  

No significant changes in Elovl6 expression levels were observed in WT and floxed 

mice across diets (Fig. 8.G and H). However, Fig. 8.I shows a reduction in Elovl6 

expression levels on both the HCLP and LCHP diets compared to the CON diet. Elovl6 

expression levels were significantly increased in both mD4KO and aD4KO mice on the 

HCLP diet compared to the LCHP diet (Fig. 8.H and I). There were no statistically 

significant differences in Elovl6 expression levels between genotypes within the same 

dietary group. 
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Figure 8: Gene expression levels of Scd1, Fads1, and Elovl6 in the liver of global and tissue-
specific-D4KO mice.  
Relative mRNA expression of Steaoryl-CoA desaturase 1 (Scd1), Fatty acid desaturase (Fads1) and 
Elongation of very long chain fatty acids 6 (Elovl6) in D4KO (A, D, G), mD4KO (B, E, H), and aD4KO 
(C, F, I) mice and their WT/ floxed littermates subjected to a CON, HCLP or LCHP diet (n=6-9). 
Normalization was accomplished by applying the ∆∆CT-method, using H3f3a as the reference gene. 
Data shown represent mean ± SEM. Two-way ANOVA with Bonferroni- correction was used for 
statistical analysis. **p <0.01 KO vs. WT. ##p <0.01, ###p <0.001, #### <0.0001, CON vs. HCLP. §p 
<0.05, §§p <0.01, §§§§p <0.0001, CON vs. LCHP. $p <0.05, $$$$p <0.0001, HCLP vs. LCHP.  
 

3.1.1.3 Impact of diets on expression levels of genes involved in fatty acid oxidation 

in the liver of Tbc1d4-deficient mice 

Tbc1d4-deficient mice have been shown to exhibit a metabolic shift from utilizing 

glucose to oxidizing fatty acids [51]. This study quantified the hepatic expression levels 

of genes involved in fatty acid oxidation using qPCR (2.2.1.3).   

Acyl-CoA thioesterase 2 (Acot2) functions as a catalyst for the hydrolysis of acyl-CoA 

thioesters, resulting in the liberation of free fatty acids and CoA. This process plays a 

pivotal role in regulating beta oxidation [74].  

A significant increase in Acot2 expression levels were observed in control animals on 

the HCLP diet compared to the LCHP and CON diets (see Fig. 9.A and B). A similar 

trend was observed in floxed controls in Fig. 9.C. D4KO, mD4KO, and aD4KO mice 

showed a comparable pattern, with significantly higher Acot2 expression levels on the 

HCLP diet compared to the LCHP diet (Fig. 9.A–C). There were no statistically 

significant differences in Acot2 expression levels between genotypes within the same 

dietary group. 

Carnitine palmitoyltransferase 1 (Cpt1) plays a pivotal role in regulating the rate-limiting 

step of β-oxidation by facilitating the transport of long-chain fatty acids into the 

mitochondria. This is achieved by converting the acyl-CoA of the fatty acids to acyl-

carnitine, which is then able to cross the mitochondrial membrane [74].  
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Regardless of dietary interventions, no changes in gene expression levels were 

observed in either control animals or KO mice (Fig. 9.D-F). D4KO mice showed 

significantly increased Cpt1 expression levels on the HCLP diet compared to WT 

animals on the same diet (Fig. 9.D). 

Carnitine palmitoyltransferase 2 (Cpt2) catalyzes the conversion of acyl-carnitine back 

into acyl-CoA within the mitochondrial matrix, thereby facilitating the entry of fatty acids 

into β-oxidation [75].  

No notable differences in Cpt2 expression levels were observed between the dietary 

groups or between genotypes (Fig. 9.G-I).  

Peroxisome Proliferator-Activated Receptor Alpha (Ppara) is a nuclear receptor that 

regulates the expression of genes involved in lipid metabolism, including beta oxidation 

[76].  

In control animals, Ppara expression levels were significantly elevated in WT mice on 

the LCHP diet compared to both the HCLP and CON diets (Fig. 9.J). In contrast, floxed 

mice showed significantly reduced Ppara expression levels on both HCLP and LCHP 

diets compared to the CON diet (Fig. 9.L). In D4KO mice, a similar pattern to that of 

WT controls was observed, with increased expression levels on the LCHP diet relative 

to the other diets (Fig. 9.J). Additionally, Ppara expression levels were significantly 

reduced in aD4KO mice compared to floxed controls under CON feeding (Fig. 9.L). 
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Figure 9: Gene expression levels of Acot2, Cpt1, Cpt2, and Ppara in the liver of global and 
tissue-specific-D4KO mice.  
Relative mRNA expression of Acyl-CoA Thioesterase 2 (Acot2), Carinitine palmitoyltransferase 1 (Cpt1), 
Carinitine palmitoyltransferase 2 (Cpt2) and Peroxisome proliferator-activated receptor alpha (Ppara) in 
D4KO (A, D, G, J), mD4KO (B, E, H, K), and aD4KO (C, F, I, L) mice and their WT/ floxed littermates 
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subjected to a CON, HCLP or LCHP diet (n=6-9). Normalization was accomplished by applying the 
∆∆CT-method, using H3f3a as the reference gene. Data shown represent mean ± SEM. Two-way 
ANOVA with Bonferroni- correction was used for statistical analysis. *p <0,05, KO vs. WT. #p <0,05, 
##p <0.01, ###p < 0.001, CON vs. HCLP. §p <0.05, §§p <0.01, CON vs. LCHP. $p <0.05, $$p <0.01, 
$$$p <0.001, HCLP vs. LCHP.  
 

 
3.2 Hepatic triglyceride levels of Tbc1d4-deficient mice fed diets of differing 

macronutrient ratios 

MASLD is a prevalent diagnosis among patients with T2D [77]. The quantity of TGs in 

the liver can serve as an indicator of the presence of hepatic steatosis, which can 

progress to MASLD [78]. The present study examined TG levels in the livers of Tbc1d4-

deficient mice fed a CON, HCLP, and LCHP diet. To quantify TG levels in the liver, 

total and free glycerol levels were measured (2.2.2.5).   

In control animals, free glycerol levels were significantly reduced in WT mice on the 

LCHP diet compared to the CON diet (Fig. 10.A). No significant dietary differences 

were observed in total glycerol or TG levels in WT mice (Fig. 10.B and C). 

In D4KO mice, total glycerol and TG levels were significantly increased on the HCLP 

diet compared to both the LCHP and CON diets (Fig. 10.B and C). No significant 

changes in free glycerol levels were observed in D4KO mice across diets (Fig. 10.A). 

Additionally, total glycerol and TG levels showed a tendency to be higher in D4KO 

mice compared to WT controls under HCLP feeding (Fig. 10.B and C). 

 

Figure 10: Glycerol and triglyceride levels in the liver of global D4KO.  
Free Glycerol (A), total Glycerol (B) and Triglyceride (C) levels (in µM) of D4KO mice and their WT 
littermates subjected to a CON, HCLP, and LCHP diet. Data represent mean ± SEM. N = 2-6. Statistical 
analysis with two-way ANOVA with Bonferroni-correction. **p <0.01, WT vs. D4KO, #p <0.05, ##p <0.01, 
CON vs. HCLP, §p <0.05, §§p <0.01, CON vs. LCHP, $p <0.05, HCLP vs. LCHP.  
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3.3 Impact of differing dietary macronutrient ratios on key regulators of 
glucose metabolism in the liver of Tbc1d4-deficient mice 

To determine the impact that different dietary macronutrient ratios have on glucose 

metabolism of Tbc1d4-deficient mice, studies were conducted at both gene and protein 

levels. 

 

3.3.1 Impact of differing dietary macronutrient ratios on expression levels of genes 

and abundance of proteins regulating hepatic gluconeogenesis in the liver of 

Tbc1d4-deficient mice  

Tbc1d4-deficiency has been associated with postprandial hyperglycemia in both 

humans and mice [56, 61]. In this study, hepatic expression levels of key 

gluconeogenic genes were measured in Tbc1d4-deficient mice using qPCR (2.2.1.3) 

and Western Blot (2.2.2.4).   

Phosphoenolpyruvate carboxykinase 1 (PCK1) is a cytoplasmic enzyme that plays a 

pivotal role in gluconeogenesis by catalyzing the conversion of oxaloacetate to 

phosphoenolpyruvate [79].  

No significant alterations in Pck1 expression levels were observed in control animals 

across dietary conditions (Fig. 11.A–C). In D4KO mice, Pck1 expression levels were 

significantly elevated on the HCLP diet compared to the LCHP diet, but not compared 

to the CON diet (Fig. 11.A). Additionally, expression levels were significantly higher in 

D4KO mice than in WT controls under HCLP feeding (Fig. 11.A). A similar tendency 

toward increased expression levels on the HCLP diet were observed in mD4KO and 

aD4KO mice compared to their respective controls (Fig. 11.B and C). 

FoxO1 is a transcription factor that plays a crucial role in regulating various 

physiological processes, including glucose metabolism [80].  

In control animals, FoxO1 expression levels were significantly increased in WT mice 

on the HCLP diet compared to the CON diet, with a tendency toward increased 

expression levels compared to the LCHP diet (Fig. 11.D). Furthermore, there was a 

tendency towards increased FoxO1 expression levels on the LCHP diet, which was 

significant in the floxed mice when compared to those on the HCLP diet (Fig. 11.F). 

No significant dietary differences were observed in D4KO, mD4KO, or aD4KO mice 
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(Fig. 11.D–F). However, FoxO1 expression levels showed a tendency to be lower in 

D4KO mice compared to WT controls under HCLP feeding (Fig. 11.D). 

 
Figure 11: Gene expression levels of Pck1 and FoxO1 in the liver of global and tissue-
specific-D4KO mice.  
Relative mRNA expression of Phoshoenolpyruvate carboxykinsae 1 (Pck1) and Forkhead box O1 
(FoxO1) in D4KO (A, D), mD4KO (B, E), and aD4KO (C, F) mice and their WT/ floxed littermates 
subjected to a CON, HCLP or LCHP diet (n=6-9). Normalization was accomplished by applying the 
∆∆CT-method, using H3f3a as the reference gene. Data shown represent mean ± SEM. Two-way 
ANOVA with Bonferroni- correction was used for statistical analysis. * p < 0.05, KO vs. WT. ##p <0.01, 
CON vs. HCLP. $p <0.05 HCLP vs. LCHP.   
 

PCK1 abundance was significantly decreased on the HCLP diet relative to the LCHP 

diet in both WT and floxed mice (Fig. 12.A and B). No significant changes in PCK1 

levels were observed across dietary conditions in D4KO, mD4KO, or aD4KO mice (Fig. 

12.A–C). However, a tendency toward increased protein abundance in D4KO and 

aD4KO mice compared to their respective control groups was observed (Fig. 12.A and 

C). 

Phosphoenolpyruvate Carboxykinase 2 (PCK2) catalyzes the conversion of 

oxaloacetate to phosphoenolpyruvate in the mitochondria, thereby regulating 

gluconeogenesis [81].  

In control animals, PCK2 abundance was significantly increased in floxed mice on the 

HCLP diet compared to both the CON and LCHP diets (Fig. 12.F). A similar tendency 
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toward increased abundance on the HCLP diet was observed in WT and floxed mice 

in Fig. 12.A and B. 

In D4KO mice, PCK2 abundance was significantly higher on the HCLP diet compared 

to the LCHP diet (Fig. 12.A). A similar pattern was observed in mD4KO and aD4KO 

mice (Fig. 12.B and C). There were no statistically significant differences in PCK2 

abundance between genotypes within the same dietary group. 

 

Figure 12: Protein abundance of PCK1 and PCK2 in the liver of global and tissue-specific-
D4KO mice.  
Phoshoenolpyruvate carboxykinsae 1 (PCK1) and Phoshoenolpyruvate carboxykinsae 2 (PCK2) 
abundance in D4KO (A, D), mD4KO (B, E), and aD4KO (C, F) mice and their WT/ floxed littermates 
subjected to a CON, HCLP or LCHP diet (n=6-9). Protein abundance was normalized to GAPDH. Data 
shown represent mean ± SEM. Two-way ANOVA with Bonferroni-correction was used for statistical 
analysis. #p <0.05, CON vs. HCLP. $p <0.05, HCLP vs. LCHP.  
 

 

3.3.2 Impact of differing dietary macronutrient ratios on expression levels of genes 

and protein abundance of regulators of glycolysis and lipogenesis in the liver of 
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In this study, hepatic gene expression levels of key glycolytic and lipogenic regulators 

were quantified by qPCR (2.2.1.3), and corresponding protein levels were assessed 

by Western blotting (2.2.2.4) in Tbc1d4-deficient mice. 

MLX interacting protein-like (Mlxipl) is a transcription factor that regulates the 

expression of genes involved in glycolysis and lipogenesis, thereby promoting the 

conversion of glucose into pyruvate and the synthesis of fatty acids. The Mlxipl gene 

encodes ChREBP1 [82].  

In control animals, Mlxipl expression levels were significantly increased on the HCLP 

diet compared to both the LCHP and CON diets in WT and floxed mice (Fig. 13.A and 

B). In D4KO and mD4KO mice, a similar trend was observed, with expression levels 

significantly elevated on the HCLP diet compared to the CON diet (Fig. 13.A and B). 

Across all genotypes, a reduction in Mlxipl expression levels were observed on the 

LCHP diet relative to other dietary conditions. There were no statistically significant 

differences in Mlxipl expression levels between genotypes within the same dietary 

group. 

Malic enzyme 1 (Me1) encodes for an enzyme that generates nicotinamide adenine 

dinucleotide phosphate (NADPH) by reducing malate to pyruvate. This is a crucial step 

in fatty acid synthesis and serves to integrate glycolysis with fatty acid synthesis [83].  

In control animals, Me1 expression levels were increased on the HCLP diet compared 

to the LCHP diet in both WT and floxed mice (Fig. 13.D and E). In floxed mice, 

expression levels were also significantly higher on the HCLP diet compared to the CON 

diet (Fig. 13.E). Across all genotypes, a reduction in Me1 expression levels were 

observed on the LCHP diet relative to other dietary conditions, with significant 

differences in D4KO and mD4KO mice when compared to the HCLP diet (Fig. 13.D 

and E). Furthermore, Me1 expression levels in mD4KO mice were considerably higher 

than those in floxed controls under CON feeding (Fig. 13.E). Conversely, aD4KO mice 

exhibited significantly reduced expression levels compared to floxed controls on the 

CON diet (Fig. 13.F). 

Pyruvate Kinase Liver/Red Blood Cell (Pklr) encodes for the enzyme that catalyzes the 

final step in glycolysis, generating pyruvate and adenosine triphosphate (ATP) [84]. 

Pklr expression levels were significantly increased in both control animals and knock 

out mice on the HCLP diet compared to other dietary groups (Fig. 13.G-I). A significant 
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increase could be observed in mD4KO and aD4KO mice on the HCLP diet compared 

to the LCHP diet (Fig. 13.H-I). There were no statistically significant differences in Pklr 

expression levels between genotypes within the same dietary group. 

 

 
Figure 13: Gene expression levels of Mlxipl, Me1, and Pklr in the liver of global and tissue-
specific-D4KO mice.  
Relative mRNA expression of MLX Interacting Protein Like protein (Mlxipl), Malic Enzyme 1 (Me1) and 
Pyruvate kinase L/R (Pklr) in D4KO (A, D, G), mD4KO (B, E, H), and aD4KO (C, F, I) mice and their 
WT/ floxed littermates subjected to a CON, HCLP or LCHP diet (n=6-9). Normalization was 
accomplished by applying the ∆∆CT-method, using H3f3a as the reference gene. Data shown represent 
mean ± SEM. Two-way ANOVA with Bonferroni- correction was used for statistical analysis. *p <0.05, 
KO vs. WT. #p <0.05, ##p <0.01, ###p <0.001, ####p <0.0001, CON vs. HCLP. §p <0.05, §§p <0.01, 
§§§ <0.001, CON vs. LCHP. $$p <0.01, $$$p <0.001, $$$$p <0.0001, HCLP vs. LCHP.  
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3.3.3 Impact of differing dietary macronutrient ratios on mRNA expression levels of 

key factors regulating glycogen synthesis in the liver of Tbc1d4-deficient mice  

Glycogen synthase 2 (GYS2) catalyzes the conversion of glucose to glycogen, which 

can then be stored in the liver [85]. 

GYS2 abundance in WT and floxed mice remained unchanged across dietary 

conditions (Fig. 14.A–C). In D4KO and mD4KO mice, no significant differences in 

protein abundance were observed in response to dietary intervention (Fig. 14.A and 

B). In aD4KO mice, GYS2 abundance was significantly increased on the HCLP diet 

compared to the LCHP diet (Fig. 14.C). Additionally, a tendency toward increased 

protein abundance on the HCLP diet was observed in both D4KO and aD4KO mice 

when compared to WT and floxed controls, respectively (Fig. 14.A and C). 

 

Figure 14: Protein abundance of GYS2 in the liver of global and tissue-specific-D4KO mice. 
Glycogen synthase 2 (GYS2) abundance in D4KO (A), mD4KO (B), and aD4KO (C) mice and their WT/ 
floxed littermates subjected to a CON, HCLP or LCHP diet (n=6-9). Protein abundance was normalized 
to GAPDH. Data shown represent mean ± SEM. Two-way ANOVA with Bonferroni-correction was used 
for statistical analysis. $$p <0.01, HCLP vs. LCHP.  
 
 
3.3.4 Impact of differing dietary macronutrient ratios on expression levels of genes 

involved in the regulation of insulin signaling in the liver of Tbc1d4-deficient mice  

In Tbc1d4-deficiency, insulin-stimulated GLUT4 vesicle trafficking is impaired [44]. This 

study quantified the hepatic gene expression levels of key insulin signaling regulators 

by qPCR (2.2.1.3).   

Sirtuin1 (Sirt1) encodes for a NAD+-dependent deacetylase that has been 

demonstrated to promote gluconeogenesis in the liver and to stimulate insulin signaling 

[86]. 
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In control animals, Sirt1 expression levels remained unchanged across dietary 

conditions in WT and floxed mice (Fig. 15.A and C). However, in Fig. 15.B, floxed mice 

showed a significant increase in gene expression levels on the LCHP diet compared 

to both the HCLP and CON diets. In D4KO, mD4KO, and aD4KO mice, no alterations 

in Sirt1 expression levels were observed across dietary interventions (Fig. 15.A–C). 

There were no statistically significant differences in Sirt1 expression levels between 

genotypes within the same dietary group. 

TBC1 Domain Family Member 1 (Tbc1d1) encodes a protein that plays a regulatory 

role in glucose and lipid metabolism [51].  

In Fig. 15.D, Tbc1d1 expression levels were significantly increased in WT mice on the 

HCLP diet compared to the CON diet. In In Fig. 15.F, expression levels were 

significantly reduced in floxed mice on the LCHP diet compared to the CON diet. In 

D4KO, mD4KO, and aD4KO mice, Tbc1d1 expression levels remained unchanged 

across dietary interventions (Fig. 15.D–F). Additionally, Tbc1d1 expression levels were 

significantly reduced in aD4KO mice compared to floxed controls under CON feeding 

(Fig. 15.F). 

 

 
Figure 15: Gene expression levels of Sirt1 and Tbc1d1 in the liver of global and tissue-
specific-D4KO mice.  
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Relative mRNA expression of Sirtuin 1 (Sirt1) and TBC1 Domain Family Member 1 (Tbc1d1) in D4KO 
(A, C), mD4KO (B, E), and aD4KO (C, F) mice and their WT/ floxed littermates subjected to a CON, 
HCLP or LCHP diet (n=6-9). Normalization was accomplished by applying the ∆∆CT-method, using 
H3f3a as the reference gene. Data shown represent mean ± SEM. Two-way ANOVA with Bonferroni- 
correction was used for statistical analysis. **p <0.01, KO vs. WT. #p <0.05, CON vs. HCLP. §§p <0.01, 
CON vs. LCHP. $p <0.05, HCLP vs. LCHP.  
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4 Discussion  

TBC1D4 is a RabGAP that promotes insulin-stimulated GLUT4 translocation and 

glucose uptake into skeletal muscle and adipose tissue [50]. This process regulates 

systemic glucose and lipid metabolism [52]. A nonsense mutation (p.Arg684Ter) in 

TBC1D4 that is specific to skeletal muscle and common in Arctic populations is 

associated with postprandial hyperglycemia, insulin resistance, and a specific subtype 

of T2D [58]. This mutation may reflect an adaptation to a traditional high-fat, high-

protein, low-carbohydrate diet. The rising prevalence of T2D in this population may be 

linked to lifestyle changes toward a Western diet [60]. Mouse models with Tbc1d4 

knockout exhibit a similar phenotype, including postprandial hyperglycemia and 

reduced GLUT4 abundance in insulin-sensitive tissues [56].  

Previous results from our group demonstrated that D4KO and aD4KO mice show 

postprandial hyperglycemia and hyperinsulinemia when subjected to a Western, HCLP 

diet. Feeding the mice a LCHP diet prevented postprandial hyperglycemia and 

improved skeletal muscle insulin sensitivity. Interestingly, Dr. Scheel observed 

elevated levels of fasting plasma ketone bodies in global D4KO and aD4KO mice, but 

not mD4KO mice, subjected to a HCLP diet, which were normalized by subjecting the 

mice to an LCHP diet [62]. The elevation of plasma ketone bodies indicates an 

involvement of the liver and a shift from glucose to lipid metabolism in response to D4-

deficiency. Furthermore, the observation that only global D4KO and aD4KO mice 

exhibited elevated plasma ketone bodies, but not mD4KO mice, suggests an interplay 

between insulin-responsive tissues and the liver.  

These findings prompted further investigation into the role of hepatic energy substrate 

metabolism of D4KO mice and the impact of peripheral insulin-responsive tissues on 

glucose and lipid metabolism of these mice. The focus was on the impact of different 

macronutrient ratios, with special regard to the potentially protective effects of a LCHP 

diet. Additionally, the role of different diets on lipid accumulation in Tbc1d4-deficient 

mice was further investigated. 
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4.1 A LCHP diet exerts protective effects on hepatic lipid accumulation in 
Tbc1d4-deficiency 

Downregulation of key hepatic lipogenic genes in Tbc1d4-deficient mice fed a LCHP 

diet suggests that this dietary intervention has protective effects against hepatic lipid 

accumulation. These gene expression patterns, together with a reduced hepatic 

triglyceride content, highlight the significance of macronutrient composition in 

regulating liver metabolism when peripheral insulin signaling is impaired. 

A diet comprising a high proportion of carbohydrates has been demonstrated to induce 

DNL primarily via activation of the glucose-responsive enzyme ChREBP. Enhanced 

DNL contributes to hepatic lipid deposition and the pathogenesis of MASLD [22].  

In the present study, D4KO mice exhibited a significant increase in hepatic TG 

accumulation under HCLP feeding compared to both LCHP and control diets, 

indicating that carbohydrate restriction ameliorates hepatic steatosis and therefore its 

complications, including MASLD, in these mice. 

At the molecular level, this dietary effect was accompanied by changes in the 

expression of enzymes involved in lipid metabolism. ACC1 plays a pivotal role in fatty 

acid synthesis, acting as a crucial enzyme in lipid metabolism. A previous study has 

demonstrated that Acc1 is upregulated in patients with MASLD, and that the inhibition 

of the gene is associated with improvements in hepatic steatosis and fibrosis [87]. The 

present study demonstrates that hepatic Acc1 expression levels are increased in 

mD4KO and aD4KO mice that have been fed a HCLP diet, in comparison to those that 

have been fed a LCHP diet. The reduced expression levels observed on the LCHP diet 

indicate that this dietary regimen may confer advantageous effects on hepatic lipid 

content, which could potentially attenuate the development of MASLD in Tbc1d4 

knockdown models. This finding emphasizes the idea of a complex interplay between 

peripheral tissues and the liver in energy substrate metabolism. 

ME1 catalyzes the conversion of malate to pyruvate, generating NADPH for fatty acid 

synthesis, and therefore links glycolysis to lipogenesis [83]. In a previous study, a 

global Me1 knockout was observed to protect male C57BL/6 mice from high-fat diet-

induced obesity and its associated complications, including hyperinsulinemia and 

hepatic steatosis [88]. The present study demonstrated significantly elevated Me1 

expression levels in global D4KO and mD4KO mice fed a HCLP diet in comparison to 
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a LCHP diet. A reduction in gene expression levels on a LCHP diet suggest that this 

diet may exert a protective effect on hepatic lipid metabolism and may also prevent 

hepatic lipid accumulation in Tbc1d4-deficient mice. Furthermore, the dissimilarities in 

gene expression between the tissues provide additional evidence for an interplay of 

these tissues in metabolic processes. 

Para is a transcription factor that plays a significant role in lipid metabolism by 

regulating the expression of genes involved in fatty acid oxidation [89]. A previous 

study demonstrated that the deletion of hepatic Ppara resulted in impaired lipid 

metabolism and hepatic lipid accumulation during fasting in mice [90]. The current 

study demonstrates a notable decline in hepatic Ppara expression levels in global 

D4KO mice fed a HCLP diet when compared to a LCHP diet. These findings further 

indicate possible protective effects of a LCHP diet, compared to a HCLP diet, on lipid 

metabolism and the development of MASLD.  

FADS1 is responsible for the generation of ω-3 and ω-6 PUFAs [72]. Prior research 

has indicated a correlation between reduced Fads1 expression levels and hepatic lipid 

accumulation [91]. The present study demonstrated that Fads1 expression levels were 

diminished in global D4KO mice fed a HCLP diet when compared to a LCHP diet, 

suggesting that a HCLP diet exerts deleterious effects on hepatic lipid accumulation in 

global Tbc1d4-deficient mice. Conversely, the results indicate that a LCHP exerts 

beneficial effects on lipid metabolism and hepatic fat accumulation in global Tbc1d4-

deficiency. 

The findings collectively demonstrate that Tbc1d4 deficiency leads to insulin 

resistance, which subsequently alters hepatic lipid metabolism through interorgan 

communication. A HCLP diet appears to result in an upregulation of lipogenic genes, 

which may consequently lead to hepatic lipid accumulation.  A LCHP diet appears to 

counteract peripheral insulin resistance by downregulating lipogenic pathways and 

increasing fatty acid oxidation. This further highlights its potentially protective effects 

in the context of insulin-resistance and MASLD. 

These results emphasize the complex interplay between insulin-responsive peripheral 

tissues and hepatic energy substrate metabolism in Tbc1d4-deficient states. 
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4.2 A HCLP causes a shift from glucose to lipid metabolism in Tbc1d4-
deficiency 

An increase in hepatic expression levels of genes associated with lipid catabolism in 

Tbc1d4-deficient mice fed a HCLP diet indicates a compensatory shift from glucose to 

lipid metabolism under conditions of peripheral insulin resistance. This response 

appears to be attenuated by a LCHP diet, suggesting an important role of 

macronutrient composition in regulating systemic metabolic adaptation in the context 

of Tbc1d4-deficiency. 

ACOT2 is involved in fatty acid oxidation by catalyzing the hydrolysis of long-chain fatty 

acyl-CoA into free fatty acids and CoASH. Prior research has demonstrated a 

correlation between elevated Acot2 activity and increased beta-oxidation of fatty acids 

[74]. The present study shows increased hepatic Acot2 expression levels in D4KO, 

mD4KO, and aD4KO mice fed a HCLP diet compared to those provided a LCHP diet. 

The findings indicate that Tbc1d4-deficiency leads to increased lipid oxidation, 

particularly when carbohydrate availability is high. This is supported by the observation 

that the upregulation is consistent across all knockout models. Conversely, a reduction 

of Acot2 expression levels under LCHP feeding suggests that under a low-

carbohydrate diet, Tbc1d4-deficient mice are not reliant on lipid oxidation, indicating 

improved glucose utilization and peripheral insulin sensitivity. 

The upregulation of Acot2 in Tbc1d4-deficient mice may reflect a hepatic response to 

reduced glucose uptake in insulin-sensitive tissues. Despite glucose availability, insulin 

resistance limits glucose utilization in peripheral tissues, causing the liver to shift 

toward lipid oxidation as an alternative energy source.  

Taken together, these findings indicate that Tbc1d4-deficiency promotes a shift from 

glucose to lipid metabolism, driven by peripheral insulin resistance. The upregulation 

of Acot2 under HCLP conditions emphasizes the metabolic inflexibility of Tbc1d4-

deficient mice. A downregulation on a LCHP diet highlights how dietary composition, 

specifically carbohydrate restriction, can partially restore glucose utilization and 

thereby metabolic flexibility.  
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4.3 Downregulation of Pklr on a LCHP diet potentially improves glucose 
metabolism and hepatic lipid accumulation in peripheral tissues of Tbc1d4-
deficient mice  

Reduced expression levels of Pklr in Tbc1d4-deficient mice fed a LCHP diet suggest 

a protective role of this dietary regimen in attenuating hepatic metabolic dysfunction. 

These findings align with previous studies demonstrating that suppression of Pklr 

improves glucose tolerance and reduces hepatic lipid accumulation, whereas its 

upregulation is associated with the progression of MASLD [92].  

Pklr catalyzes the final step of glycolysis, converting phosphoenolpyruvate to pyruvate, 

generating substrates essential for both gluconeogenesis and DNL [84]. In the present 

study, hepatic Pklr expression levels were elevated in mD4KO and aD4KO mice on a 

HCLP diet but reduced under LCHP feeding. This indicates that a LCHP diet may 

attenuate DNL and hepatic lipid accumulation. Elevated Pklr expression levels under 

HCLP feeding likely reflect impaired peripheral glucose uptake, leading to increased 

hepatic glucose metabolism and lipogenesis. A LCHP diet may prevent this by 

enhancing insulin sensitivity and facilitating glucose uptake. 

These findings suggest that Tbc1d4-deficiency alters hepatic glycolytic gene 

expression in response to diet. The absence of this effect in global knockouts 

underscores the role of inter-organ communication in regulating hepatic metabolism. 

The data support the hypothesis that carbohydrate restriction may help reduce the risk 

of MASLD and T2D in metabolically compromised conditions. 

 

4.4 Reduced hepatic Elovl6 expression on a LCHP diet may indicate improved 
insulin sensitivity in peripheral tissues of Tbc1d4-deficient mice  

Reduced Elovl6 expression levels in Tbc1d4-deficient mice fed a LCHP diet suggest 

beneficial effects of this dietary intervention on glucose metabolism in insulin-sensitive 

tissues. Elovl6 is involved in the elongation of saturated and monounsaturated fatty 

acids [73]. Previous studies have shown that suppression of Elovl6 improves insulin 

sensitivity and glucose tolerance in models of T2D [93] [73].  

In the present study, Elovl6 expression levels were elevated in mD4KO and aD4KO 

mice on a HCLP diet, but significantly reduced under LCHP feeding. These findings 
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suggest that a high carbohydrate intake may contribute to unfavorable metabolic 

changes in skeletal muscle and adipose tissue, while carbohydrate restriction may 

attenuate these effects. 

These results indicate that Tbc1d4-deficiency influences the expression of genes 

involved in lipid metabolism in peripheral tissues in response to macronutrient 

composition. Under LCHP feeding, reduced Elovl6 expression levels suggest that 

carbohydrate restriction may improve insulin sensitivity in states of metabolic 

dysfunction, potentially lowering the risk of T2D. 

 

4.5 Hepatic FASN abundance is influenced by a high-fat diet in Tbc1d4 
deficiency 

Reduced hepatic FASN abundance in response to high-fat diets suggests that dietary 

fat content plays a central role in regulating enzymes responsible for lipid synthesis in 

Tbc1d4-deficient mice. FASN is a pivotal enzyme in de novo lipogenesis, catalyzing 

the synthesis of long-chain fatty acids such as palmitate. Inhibition of Fasn has 

previously been shown to prevent hepatic steatosis and fibrosis [94].  

In the present study, FASN protein abundance was consistently lower across all 

genotypes under both HCLP and LCHP diets compared to the control diet. The highest 

abundance of FASN was observed under control feeding conditions, suggesting that 

the fat content of the diet, rather than the carbohydrate content, is the primary factor 

suppressing hepatic FASN abundance. 

These findings suggest that high-fat diets, irrespective of carbohydrate content or 

Tbc1d4 genotype, suppress hepatic FASN abundance, which may contribute to 

reduced DNL. This finding highlights the impact of dietary fat composition on hepatic 

lipid metabolism, irrespective of peripheral insulin sensitivity or glucose metabolism. 

 

4.6 Potential link between GLUT4 dysfunction and Hepatic Mlxipl expression in 
aD4KO mice 

Reduced Mlxipl expression levels in aD4KO mice fed a LCHP diet suggest a potential 

association between reduced GLUT4-mediated glucose uptake in adipose tissue and 

hepatic ChREBP signaling in response to dietary carbohydrates. Mlxipl encodes 
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ChREBP, a transcription factor that is activated by glucose and that has been shown 

to promote the expression of lipogenic genes, such as Fasn, in hepatocytes. ChREBP 

functions as a central regulator of hepatic metabolic adaptation by coupling 

carbohydrate availability to lipogenesis [95].  

In this study, hepatic Mlxipl expression levels were elevated in all Tbc1d4-deficient 

genotypes under HCLP feeding, while expression levels were lowest in aD4KO mice 

fed a LCHP diet. These findings are somewhat unexpected, as ChREBP has been 

shown to exert protective effects on hepatic glucose and lipid metabolism in prior 

studies, as well as on hepatic lipid accumulation in mice [96, 97]. However, it is 

important to note that previous studies used different mouse models and dietary 

regimens, and none directly examined Tbc1d4-deficiency. 

Interestingly, Mlxipl expression levels were lowest in aD4KO mice on the LCHP diet, 

possibly indicating that impaired GLUT4-mediated glucose uptake in adipose tissue 

influences hepatic ChREBP activity. Supporting this, previous work has shown that 

ChREBP knockdown in adipose tissue can impair GLUT4 expression and function [82]. 

Collectively, these findings suggest a genotype- and diet-specific regulation of Mlxipl 

and imply a potential association between adipose GLUT4 dysfunction and hepatic 

ChREBP signaling in Tbc1d4-deficient mice. 
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4.7 Conclusion and outlook  

The present study aimed to further confirm the deleterious effects of a HCLP diet on 

glucose and lipid metabolism in Tbc1d4-deficient mice and to provide additional data 

that would further support the protective effects of a LCHP diet. This study, with a 

particular emphasis on the liver, demonstrates that the two diets induce modifications 

in hepatic glucose and, more markedly, lipid metabolism. A HCLP diet was observed 

to modulate the gene expression of central enzymes in lipid metabolism, thereby 

promoting increased lipid accumulation. These deleterious effects could be attenuated 

when mice were fed a LCHP diet. 

Furthermore, alterations in hepatic gene expression or protein abundance are 

dependent on the tissue in which Tbc1d4 is knocked out, which serves to confirm the 

complex interplay between the liver and peripheral insulin-responsive tissues in the 

regulation of glucose and lipid metabolism. Additionally, these changes appear to be 

dependent on the macronutrient ratios of the diet fed to these mice.  

It is noteworthy that we observed discrepancies in expression levels between D4KO, 

mD4KO, and aD4KO mice subjected to different diets. We also observed 

discrepancies between their respective WT or floxed controls under identical dietary 

conditions. This outcome is not anticipated, as loxP sites alone are not expected to 

alter gene function. It is important to note, however, that D4KO mice and their WT 

controls were maintained on an RCS.B6.SJL recombinant congenic background, 

whereas mD4KO, aD4KO, and their floxed controls were on a pure C57BL/6J 

background. These disparate genetic backgrounds likely contributed to the observed 

discrepancies and limit the direct comparability across models. Additionally, variations 

in the sample size of the animal subjects could further contribute to the observed 

discrepancies. The sample size ranged from n=6 to 9. 

The alterations in lipid and glucose metabolism are not only noticeable at the gene and 

protein level, but also manifest as changes in hepatic TG levels. The elevated TG 

levels observed in global D4KO mice fed a HCLP diet indicate that this diet may 

promote TG accumulation in the liver, thereby potentially contributing to the 

development and progression of MASLD in Tbc1d4-deficiency. These findings are 

consistent with our observations of enhanced lipid metabolism in knockout mice on a 

HCLP diet. A LCHP diet was demonstrated to impede TG accumulation in global D4KO 
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mice, indicating that this dietary regimen may confer protective effects against hepatic 

lipid accumulation and MASLD. In the light of the findings of Muhammad et al. that 

Greenlanders with diabetes appeared to be protected from liver complications [64], a 

further investigation into the role of diet and genetic testing in this cohort would be of 

interest. This would help to elucidate whether diet is one of the protective factors on 

liver complications in this population. 

With regard to individuals who are homozygous for the p.Arg684Ter variant, it is 

possible that the traditional dietary patterns, low in carbohydrates and high in protein 

and fat, could serve to protect this population from alterations in glucose and lipid 

metabolism that predispose them to developing T2D and MASLD. While the response 

to a LCHP diet appears to be individual and possibly genetically determined [98, 99], 

some individuals may benefit from this dietary intervention. Consequently, a LCHP diet 

could be utilized as a preventative measure for specific individuals and potentially 

serve as a therapeutic option for patients with T2D or MASLD. 

The objective of this study was to examine the impact of carbohydrate and protein 

composition on hepatic energy substrate metabolism. As the specific component of the 

WD that causes deleterious effects on metabolism and the development of metabolic 

diseases remains unknown, further elucidation of the effects of specific diet 

components would be of interest. For instance, fructose has been identified as a key 

factor in DNL and the pathogenesis of MASLD [100, 101]. Moreover, saturated fatty 

acids have been linked to adverse effects on metabolism and the development of 

metabolic diseases, whereas polyunsaturated n-3 fatty acids have been shown to exert 

protective effects [102, 103]. It would be beneficial for future research to gain a deeper 

understanding of the impact of these specific dietary components on lipid and glucose 

metabolism in Tbc1d4-deficient mice. This would enable the development of a more 

targeted dietary plan for individuals carrying the homozygous p.Arg684Ter variant. 
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