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introDUction

Diabetes mellitus (further referred to as diabetes) comprises a group of disorders 
primarily characterized by chronically elevated plasma glucose levels. Th e common 
types of diabetes are type I diabetes (T1D), type 2 diabetes (T2D) and maturity-on-
set diabetes of the young (MODY). Th e latter comprises a group of genetic diseases 
caused by mutations in genes involved in control of glucose metabolism and insulin 
action, like glucokinase and insulin promoter factor 1, and will not be discussed 
further [1]. T2D is the most common form of diabetes worldwide: about 90% of 
patients suff ering from diabetes are diagnosed as T2D. Th is disease is characterized 
by the inability of the body to properly respond to prevailing insulin concentra-
tions in blood under various metabolic conditions, a situation referred to as insulin 
resistance [2,3]. Development of insulin resistance is related to obesity and hence 
to a caloric intake that exceeds energy expenditure. However, multiple factors may 
contribute to development of insulin resistance in diff erent organs and tissues. In 
the early stage of the disease, T2D is associated with hyperinsulinemia due to the 
overproduction of insulin by the pancreatic β-cells to compensate for the insulin 
resistance [2,4–6]. In later stages of the disease, β-cell failure occurs and patients 
become dependent on insulin injections for maintenance of normoglycemia. T2D 
is oft en associated with hyperlipidemia (triglycerides and cholesterol) as well as 
elevated levels of free fatty acids (FFA). Levels of FFA are known to be associated 
with increased glucose production in the liver [3–8]. In general, one can say that the 
balance between glucose production/output on the one hand and glucose uptake/
consumption on the other hand is disturbed in T2D. T1D is an autoimmune disease, 
leading to loss of function of pancreatic β-cells. Destruction of β-cells is mainly 
facilitated by CD4+ and CD8+ T cells that infi ltrate the islets of Langerhans [9]. 
Th ere are indications that B cells are also involved in the pathology of T1D, via the 
production of β-cell-specifi c autoantibodies. Moreover, B cells can be recruited as 
antigen-presenting cells for effi  cient expansion of diabetogenic CD4+ T cells [10–
13]. Th is type of diabetes is associated with microvascular as well as macrovascular 
complications. Th e last is the main cause of death in these patients [14]. T1D is oft en 
diagnosed in young children whereas T2D has been associated with elderly people. 
However, the prevalence of T2D in youngsters is rapidly increasing as a consequence 
of the current obesity epidemic.

Ketoacidosis yearly aff ects 8% of children and adolescents with type 1 diabetes 
(T1D) [15]. Prevention of ketoacidosis is usually achieved by an adequate insulin 
treatment regime. Yet, patients suff ering from T1D become at risk when their eating 
pattern changes due to illness or during fasting. Psychosocial factors, i.e., environ-
ment and age may also contribute to poor diabetes control. Despite novel promising 
therapeutic options to treat T1D, for instance by pancreatic islet-transplantation, it 
is therefore important to continue a focus on metabolic interventions to prevent and 
acutely treat life-threatening complications of T1D like ketoacidosis.
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Several pharmaceuticals that have been designed to treat ketoacidosis aim to 
block hepatic fatty acid β-oxidation and, thereby, ketogenesis. Indeed, the control 
of the ketogenic fl ux resides at the entry of the β-oxidation process [16] and eff ective 
blockers of β-oxidation drastically reduce ketogenesis in the liver [17]. However, ma-
jor side-eff ects, such as hypertrophic cardiomyopathy [18–21], have so far prevented 
clinical application.

Acetyl-CoA carboxylase (ACC) catalyzes the formation of malonyl-CoA, rep-
resenting “the fi rst committed product in fatty acid synthesis”. Malonyl-CoA also 
inhibits mitochondrial fatty acid oxidation by allosteric blockade of carnitine pal-
mitoyltransferase 1 (CPT1) and, therefore, of ketogenesis. Malonyl-CoA therefore 
is an important mediator in “cross-talk” between these metabolic pathways. In the 
nineteen-nineties it has been established that two isoforms of ACC exist, i.e., ACC1 
and ACC2 [22,23]. Recently, it has become clear that ACC2 is primarily involved in 
malonyl-CoA formation for the regulation of fatty acid oxidation and ketogenesis in 
the liver [23,24]. Th e ACC enzymes are major targets for drugs widely used to control 
diabetes, such as metformin, which stimulate AMP-activated kinase (AMPK). On 
the other hand, synthetic compounds that act in a similar manner as malonyl-CoA, 
i.e., compounds that inhibit fatty acid oxidation, have been proposed for decades as 
potent drugs for prevention and treatment of ketoacidosis in type 1 diabetes [25,26].

Newly available molecular tools to specifi cally alter either ACC or CPT activities 
enables us to test the hypothesis that ketoacidosis can be prevented by (liver) specifi c 
inhibition of fatty acid oxidation without appreciable undesired side-eff ects and to 
establish the role of the ACC enzymes as well as CPT1 and CPT2 in the development 
of insulin resistance.

fattY aciD oXiDation

Fatty acid oxidation (FAO) is an important process for supplying the body with suf-
fi cient energy for optimal functioning. Rates of hepatic FAO are elevated in diabetic 
subjects, probably due to increased circulating FFA levels, leading to hepatic insulin 
resistance as well as enhanced hepatic glucose production [8,27], whereas in skeletal 
muscle FAO is decreased [8]. Randle and his co-workers [28] proposed that FAO 
inhibits glucose oxidation at multiple levels. Th ese authors proposed that (elevated) 
FFA levels would lead to increased intracellular concentrations of acetyl-CoA and 
citrate. Th is glucose-fatty-acid-cycle is also known as the Randle-cycle [28,29]. Glu-
cose and fat metabolism are connected at various levels, e.g., several interactions 
exist between the synthetic pathways of glucose and fat. For instance, high levels 
of glucose promote de novo lipogenesis via interactions with the carbohydrate re-
sponsive element binding protein (ChREBP) and sterol regulatory element binding 
proteins (SREBPs) [30]. High glucose levels are able to increase hepatic SREBP1c 
activity which, in turn, can induce the expression of several lipogenic enzymes [31]. 
Upon exercise, stress and periods of (prolonged) fasting as well as in diabetes, fatty 
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acids are mobilized from triglycerides present in the adipose tissue under the control 
of adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL). Th is pro-
cess is called lipolysis and is stimulated by adrenalin and inhibited by insulin. Upon 
the release from adipose tissue, free fatty acids are transported via the blood to be 
oxidized in mitochondrial β-oxidation in liver or skeletal muscle [27,32]. Short-and 
medium chain fatty acids can directly enter the mitochondria, however, long chain 
fatty acids fi rst have to be activated by acyl-CoA synthetase (ACS). Upon activation 
by ACS the resulting fatty acyl-CoA’s can be transported accross the mitochondrial 
membrane using the carnitine shuttle which consists of three enzymes: carnitine 
palmitoyltransferase (CPT) 1 and 2 and carnitine-acylcarnitine translocase (CACT). 
CPT1 exchanges the CoA-group of the acyl-CoA generated by ACS by carnitine 
to form long-chain-acylcarnitines. Th ese LC-acylcarnitines are then transported 
across the inner mitochondrial membrane by CACT. Finally, inside the mitochon-
dria, CPT2 releases the carnitine-group for a CoA-group and the LC-acyl-CoA’s can 
be oxidized by the diff erent enzymes of the β-oxidation spiral [17,33]. Th e generated 
acetyl-CoA can be used for diff erent purposes, i.e., it can enter the TCA cycle for 
generation of ATP but can also be used as a precursor for the production of ketone 
bodies in the liver.

Mitochondrial β-oxidation is a key process in the generation of energy. Several 
disorders in the β-oxidation spiral are known. Two of examples of such disorders 
are characterized by an inability to oxidize certain acyl-CoA’s: very long-chain acyl-
CoA’s in the case of VLCAD defi ciency and medium-chain acyl-CoA’s in MCAD 
defi ciency [34,35]. Th ese disorders are oft en associated with hypoketotic hypoglyce-
mic events, oft en combined with elevated levels of acylcarnitines in blood and urine. 
Th e disorders are, when acutely presenting, life-threatening [36].

Peroxisomes are also capable of oxidizing fatty acids. About 10% of the short and 
medium-chain fatty acids are oxidized in these organelles under normal conditions 
[37]. However, there are also conditions known in which a higher oxidation rate 
in the peroxisomes is noted, e.g., upon high fat feeding as well as during the use of 
drugs like clofi brate [38]. Th is mechanism is proposed to be protective against the 
accumulation of (potentially toxic) fatty acids in the liver [38]. It is thought that the 
main function of the peroxisomes is to decrease the length of very long chain fatty 
acids, which are then subsequently transported to the mitochondria to be oxidized 
to acetyl-CoA [37].

KetoGenesis

Ketogenesis is the process in which ketone bodies are being produced to provide 
organs like the brain with suffi  cient energy to maintain their function during 
starvation or prolonged exercise. Th e process of ketone body formation takes place 
in the mitochondria of the liver [39–44]. Th e ketone bodies (acetoacetate (AcAc), 
β-hydroxybutyrate (BHB) and acetone) are mainly generated from fatty acids, but to 
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a lesser extent also from ketogenic amino acids like leucine, tyrosine, phenylalanine 
and hydroxyproline [41–43]. Also 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 
can be converted to acetoacetate by the action of HMG-CoA lyase. HMG-CoA is 
synthesized from acetoacetyl-CoA and acetyl-CoA by HMG-CoA synthase. Two 
HMG-CoA synthases are known, a cytosolic variant and a variant which is local-
ized in the mitochondria. Cytosolic HMG-CoA synthase is involved in the synthesis 
of cholesterol via the mevalonate pathway whereas the mitochondrial synthase is a 
key-enzyme in ketogenesis [43,45,46].

the transferases of the carnitine shUttLe

Long-chain fatty acids can not enter the mitochondria without the actions of en-
zymes of the carnitine shuttle, i.e., CPT1, CPT2 and CACT. Th ese enzymes act 
together with ACS to transport long-chain acyl-CoA’s (LC-acyl-CoA) across the 
mitochondrial membrane and hence control the rate of oxidation of LC-fatty acids. 
Th e carnitine shuttle is tightly regulated by malonyl-CoA, a natural inhibitor of 
CPT1 [44,47–49]. Details of the regulatory mechanisms of the carnitine shuttle via 
malonyl-CoA are provided in the paragraph “malonyl-CoA” of this chapter as well 
as in chapter 8.

Th ree CPT1 isoforms are known, which are encoded by diff erent genes. All CPT1 
isoforms are localized at the outer mitochondrial membranes, with their C-termini 
present at the cytosolic face of the outer mitochondrial membrane [33]. Th e liver 
isoform (L-CPT1 or CPT1A) consist of a single polypeptide about 88 kDa in size 
[50,51]. It is mainly present in the liver, but at low levels also in other organs like 
spleen, lungs and kidney [17,52–54]. Th e muscle isoform (M-CPT1 or CPT1B) has a 
predicted size of 88 kDa but SDS-PAGE analysis showed an apparent size of 82 kDa 
[55]. Th is isoform is also present in brown but not in white adipose tissue [56]. Th e 
third isoform is only present in brain and testis and is called CPT1C [57]. Th e func-
tion of this protein is not clear yet, but it is suggested that this enzyme is involved 
in regulation of whole body energy homeostasis [58,59]. Th is isoform is not able to 
catalyze fatty acid transfer to carnitine, however, it can bind the natural inhibitor 
malonyl-CoA [58]. Carnitine palmitoyltransferase 2 (CPT2) is located on the inner 
mitochondrial membrane. Th is protein is 71 kDa in size. Th e N-terminus of the 
protein is cleaved upon mitochondrial import. Th ere is no evidence for the existence 
of more isoforms of this protein [60–62]. CPT2 is not sensitive for the inhibition by 
malonyl-CoA. (See chapter 8 for more details.)

acetYL-coa carBoXYLases in LiPoGenesis anD Mitochon-
DriaL Β-oXiDation

Acetyl-CoA carboxylase (ACC) is an enzyme system that plays a role in lipogenesis 
as well as in β-oxidation. Th is enzyme catalyzes the carboxylation of acetyl-CoA 
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to malonyl-CoA. Malonyl-CoA can be used as a substrate for the synthesis of fatty 
acids but also serves as the natural inhibitor of mitochondrial β-oxidation by block-
ing the activity of CPT1 [47,63]. Two isoforms of the enzyme have been identifi ed, 
encoded by diff erent genes, indicating that each isoform has its own function. Th is 
has been confi rmed in experiments employing selective knock-out models [64,65].

ACC1 or ACCα is a 265 kDa protein which is mainly expressed in liver and adi-
pose tissue [22]. Th e malonyl-CoA generated by this enzyme appears to be crucial 
for lipogenesis. ACC2 or ACCβ is a 280 kDa protein due to the presence of 114 ad-
ditional amino acids at the N-terminus which anchors the protein onto the mito-
chondrial membrane. ACC2 is mainly expressed in muscle, but to a lesser extent 
also in the liver and other organs. Malonyl-CoA generated in this reaction acts as an 
inhibitor of CPT1 [22,24].

MaLonYL-coa

As stated previously, malonyl-CoA is an important intermediate in the synthesis of 
fatty acids as well as for regulation of mitochondrial β-oxidation via CPT1 [48,49,66]. 
Th e sensitivity of CPT1 inhibition by malonyl-CoA is diff erent for L-CPT1 and M-
CPT1. Th e diff erence is about 100-fold, as is evident from IC50 values of 2.7 µM for 
L-CPT1 versus 0.03 µM for M-CPT1 [49]. Malonyl-CoA also binds CPT1C, however, 
the IC50 value is not known. Th e control of fatty acid oxidation by malonyl-CoA is 
therefore most pronounced and important in the liver. In the fed state, i.e., a state 
with high plasma glucose levels and a high rate of lipogenesis, malonyl-CoA levels 
rise and prevent the newly formed long-chain fatty acids from being oxidized. In the 
fasted state, glucose levels drop, malonyl-CoA levels diminish and circulating fatty 
acids released from adipose tissue (lipolysis) can be eff ectively oxidized to generate 
energy and allow formation of ketone bodies [44,67] (see chapter 8).

MoUse MoDeLs Deficient in either cPt1 or acc1 or acc2

Mouse models defi cient in CPT1 have been developed to study the mode of actions 
and physiological relevance of these proteins under various conditions [68,69]. 
CPT1a-/- mice appeared to be non-viable: pups were no longer present aft er day 
8 of gestation and hence likely resorbed before this point of time. Heterozygous 
CPT1a male mice showed a reduction in CPT activity of about 50%. In female mice, 
however, this eff ect was less pronounced with a residual activity of 90% [68]. Both 
sexes were exposed to cold tolerance tests aft er 24 hour of fasting without any eff ect 
evident in comparison to wild-type littermates [68].

Th e same group that developed the L-CPT1 knock-out mouse also generated the 
CPT1b-/- mouse [69]. Homozygous deletion of this gene led to embryonic lethality. 
During a cold tolerance test, heterozygous CPT1b mice developed lethal hypother-
mia which was not the case for their wild-type littermates [69]. Both mouse models 
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give an indication that CPT1 is essential during early gestation and for the develop-
ment of the fetus. However, it is presently unclear why mice defi cient for CPT1 are 
not viable while CPT1-defi cient humans are [70,71].

Mouse models defi cient in either one of the isoforms of ACC have also been gen-
erated [64,65]. ACC2-/- mice showed a continuous fatty acid oxidation, a reduced 
fat storage and improved insulin sensitivity in spite of an increased food intake by 
about 30% compared to their wild-type littermates [72]. Lipogenesis in these mice 
was not aff ected [23,72]. Mice were also protected from diet-induced obesity aft er 
feeding a high fat or high carbohydrate diet [64,72,73]. ACC1-/- mice were found to 
die at embryonic day 8.5 and appeared to be totally resorbed at embryonic day 11.5 
[65]. Th is is a clear indication that lipogenesis is essential in the early development. 
Heterozygous ACC1 mice did not show any diff erences in lifespan and fertility 
compared to wild-type controls. Also the incorporation of acetate into fatty acids 
(palmitoyl-CoA) was similar as in their wild-type littermates. Th is confi rms that 
there are two pools of malonyl-CoA that are used in diff erent processes [65]. Th e 
group of Mao et al. generated liver-specifi c ACC1 knock-out mice [74]. Th ese mice 
show that liver-specifi c deletion of ACC1 did not induce any health problem under 
normal feeding conditions. Hepatic triglyceride accumulation was reduced in mice 
fed a fat-free, high carbohydrate lipogenic diet without aff ecting fatty acid oxidation 
and glucose homeostasis. However, upon feeding a high fat diet obesity and insulin 
resistance were not prevented in these mice [74].

aniMaL MoDeLs of tYPe 1 anD 2 DiaBetes

Genetic models

Animal models have been developed to study both type 1 and type 2 diabetes. A 
model that is widely used for the study of type 2 diabetes is the leptin-defi cient ob/
ob mouse. Th ese mice develop severe obesity and insulin resistance [75]. Th e db/db 
model, defi cient in the leptin receptor, is oft en used as well [76]. Also IRS1 (insulin 
receptor substrate) or IRS2 knock-out models have been generated to study organ-
specifi c insulin. It appeared that IRS1 is closely linked to glucose homeostasis where-
as IRS2 is more strongly involved in lipid metabolism [77]. In the dual knock-out 
mouse, in which both insulin receptor substrate proteins are absent, hyperglycemia 
and severe insulin resistance have been reported [77]. Th ese and a large variety of 
other genetic models [78] will not be discussed in more detail in this thesis.

“Chemical” models

Chemically-induced insulin-dependent (T1D) diabetes has been subject of investiga-
tion for decades. Th e two most widely used chemicals to induce T1D in rodents are 
streptozotocin and alloxan. Both chemicals are cytotoxic glucose analogues which 
induce selective destruction of the pancreatic β-cells. However, the mechanism of 



17

General introduction

1

action of these two compounds is diff erent.
Alloxan (1,3-diazinane-2,4,5,6-tetrone) is a hydrophobic and unstable substance, 

which selectively destroys pancreatic β-cells. It is recognized by glucose transporter 
2 (GLUT2) in the plasma membrane of the β-cells and transported into the cytosol. 
Within the β-cells it causes oxidation of SH-containing cellular compounds and 
generation of reactive oxygen species (ROS), especially superoxide radicals, which 
in turn can activate the NF-kB pathway and induce other destructive eff ects [79]. 
Moreover, alloxan treatment inactivates glucokinase (GK) and disrupts intracel-
lular calcium homeostasis [80,81]. More than fi ve-fold elevated blood glucose and 
acetoacetate/ β-hydroxybutyrate levels indicate that alloxan induces a ketotic vari-
ant of T1D in rodents [82–84]. Hepatic CPT1a mRNA expression levels were el-
evated in alloxan-induced diabetes, associated with an increased rate of β-oxidation 
[80,81,83–88].

Streptozotocin (1-methyl-1-nitroso-3-[2,4,5-trihydroxy-6- (hydroxymethyl) 
oxan-3-yl]-urea) causes necrosis of pancreatic beta cells by alkylation of DNA. Like 
alloxan, streptozotocin is transported into β-cells via GLUT2, where it impairs glu-
cose oxidation and decreases the biosynthesis and secretion of insulin [83–87].

aiM anD oUtLine thesis

Th e aim of this thesis is to delineate the (patho)-physiological relevance of the two 
acetyl-CoA carboxylases (ACC1 and ACC2) as well as two enzymes of the carnitine 
shuttle, i.e., CPT1 and CPT2 in the development of insulin resistance in mouse mod-
els to test whether these enzymes are of potential interest as targets for treatment 
of components of the metabolic syndrome and for prevention of hyperglycemic/ 
hyperketotic events in type 1 diabetes.

In chapter 2 the rationale for using a specifi c high fat diet for induction of insulin 
resistance and the conditions required for hyperinsulinemic euglycemic clamping 
in mouse models are described. Th is high fat diet was also used in chapter 3 and 4 
for the induction of insulin resistance. Chapter 3 describes the eff ects of short-term 
and chronic treatment of mice fed a high fat diet with the general ACC inhibitor 
CP-640186 with respect with to development of insulin resistance. Another general 
ACC inhibitor, i.e., Soraphen, was used in two diff erent dosages for 6 weeks in mice 
fed the high fat diet. In chapter 4 we assessed the potential use of this compound for 
treatment of diet-induced insulin resistance in C57Bl6 mice.

Chapter 5 of this thesis describes the characterization of the alloxan-induced 
model of T1D and the consequences of CPT2 blockade. We used the alloxan model, 
and not the streptozotocin model, since this model displays hyperketotic hypergly-
cemia. Th is model was used to evaluate the metabolic eff ects of aminocarnitine, a 
general CPT2 inhibitor, in order to address its potential role in prevention of hyper-
ketonemia using a metabolic approach.
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Chapter 6 describes a characterization of the CPT1a+/- mouse fed a high fat diet: 
this model was assumed to represent a model of impaired β-oxidation with a low 
sensitivity to develop diet-induced insulin resistance.

Chapter 7 provides a general discussion in which the potential use of enzymes of 
the ACC system and the carnitine shuttle as targets for treatment of the metabolic 
syndrome and prevention of ketoacidosis are addressed with a number of future 
perspectives.




