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General introduction

1

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 
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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.
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aBstract

Confl icting data have been reported on the eff ect of fi sh oil on insulin resistance 
and type 2 diabetes. Fish oil suppresses fat synthesis while promoting fat oxidation. 
We evaluated the metabolic consequences of fi sh oil with regard to substrate utiliza-
tion and related this to alterations in glucose metabolism in diet-induced insulin 
resistant mice.

C57Bl/6J mice were fed high fat diets containing beef tallow or tallow/fi sh oil and 
compared to animals receiving low-fat chow. Whole-body substrate utilization and 
energy expenditure were determined by indirect calorimetry. Glucose metabolism 
was studied by stable isotope infusion. All experiments were performed in con-
scious, unrestrained animals.

Fish oil decreased the respiratory exchange ration (RER) in mice fed a high fat 
diet while energy expenditure remained unaff ected. Furthermore, fi sh oil impaired 
glucose clearance. In contrast, fi sh oil decreased basal hepatic glucose production 
and normalized clamped hepatic glucose production.

In conclusion, fi sh oil increases the fat to glucose oxidation ratio without a con-
comitant rise in energy expenditure. Th is is associated with a deterioration of high 
fat diet-induced peripheral insulin resistance, while hepatic insulin sensitivity is 
restored. Th ese data indicate that an increase in fat oxidation alone is not suffi  cient 
to prevent high fat diet induced peripheral insulin resistance in mice.
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introDUction

Intake of high fat diets is associated with dyslipidemia, increased cardiovascular 
risk and insulin resistance in humans [1]. Although fi sh consumption has benefi cial 
eff ects on blood lipid profi les and cardiovascular risk [2,3], its consequences for the 
development of insulin resistance are not conclusive; both improvement and dete-
rioration have been reported [4–10].

PUFA, the bioactive component of fi sh oil, alter the activity of several transcrip-
tional regulators such as peroxisome proliferator activated receptors (PPARs), the 
liver X receptors (LXRs), the farnesoid X receptors (FXRs), and the sterol and car-
bohydrate response element binding proteins (SREBP and ChREBP) [11–13]. As a 
result, expression of genes encoding enzymes involved in fat synthesis is suppressed 
while that of enzymes facilitating fat oxidation is increased. However, the eff ect 
of fi sh oil on substrate utilization in vivo is currently unknown. Th is is particu-
larly interesting considering recent animal studies which have shown that high fat 
oxidation rates are linked to insulin resistance [14–18] and that glucose disposal is 
increased when fat oxidation is suppressed [14,19–21]. Clearly, more insight into the 
metabolic adaptations in response to fi sh oil is needed to establish its therapeutic 
potential in the prevention of diet-induced insulin resistance.

We therefore determined the eff ect of fi sh oil on substrate utilization in mice fed 
a high fat diet in relation to alterations in glucose metabolism. C57Bl/6J mice were 
subjected to a 6-week dietary challenge of a diet rich in beef tallow or a similar diet 
in which part of the tallow was replaced by fi sh oil and compared them to mice 
that were fed standard low-fat laboratory chow. We assessed whole-body substrate 
utilization, energy expenditure and basal and hyperinsulinemic glucose metabolism 
in vivo by dedicated techniques and related outcome to biometric and biochemical 
parameters as well as gene expression patterns.

eXPeriMentaL ProceDUres

Animals and experimental design

Male C57Bl/6J mice (Charles River, L'Arbresle Cedex, France), three months of age, 
were housed in a light- and temperature-controlled facility (lights on 6:30 AM-6:30 
PM, 21 °C). Th ey were divided into groups and fed three diff erent diets for six weeks. 
One group received laboratory chow (RMH-B), the second group received high fat 
diet (beef tallow, 60 energy% fat) and the third group received a diet in which part 
of the tallow was replaced by fi sh oil (tallow: 35, fi sh oil: 25 energy% fat). Th e two 
high fat diets were hypercaloric compared to laboratory chow (chow, 3.3; tallow, 
5.5; tallow/fi sh oil, 5.5 kcal/g). All diets were obtained from Abdiets, Woerden, Th e 
Netherlands. For dietary fatty acid composition see Table 1. At the end of the dietary 
period, mice were either sacrifi ced for basal plasma and tissue collection, subjected 
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to indirect calorimetry or to in vivo measurements of glucose metabolism. Experi-
mental procedures were approved by the Ethics Committees for Animal Experi-
ments of the Universities of Groningen and Leiden.

Plasma and tissue sampling and analysis

Th e mice were fasted from 6-10 AM. Blood concentrations were measured using 
an EuroFlash meter (Lifescan Benelux, Beerse, Belgium). Mice were subsequently 
sacrifi ced by cardiac puncture under isofl urane anesthesia. Livers and skeletal 
muscles were quickly removed, snap-frozen in liquid nitrogen and stored at -80 
°C. For adipocyte histology, epididymal fat was fi xed in 4% paraformaldehyde in 
PBS and embedded in paraffi  n. Blood was centrifuged (4000 xg for 10 min at 4 °C) 
and plasma was stored at -20 °C. Plasma triglyceride (TG) concentrations were de-
termined using a commercially available kit (Roche Diagnostics, Mannheim, Ger-
many). Plasma insulin concentrations were determined using ELISA (Ultrasensitive 
Mouse Insulin kit; Mercodia, Uppsala, Sweden). Plasma leptin concentrations were 
determined by Luminex® Multiplex technology (Luminex Corporation, Austin, TX) 
using Multiplex Immunoassays (Mouse adipokine panel; Millipore, Amsterdam, 
Th e Netherlands). Hepatic fatty acid content was determined by gas chromatography 
aft e  r transmethylation [22]. Hepatic glycogen content was determined as previously 
described [23]. For adipocyte histology, 3 µm paraffi  n sections were stained with 
hematoxylin and eosin and analyzed at 10x magnifi cation. Fat cell area of two rep-
resentative sections per group was quantifi ed using image analysis soft ware (Qwin, 
Leica, Wetzlar, Germany). RNA was extracted from liver and skeletal muscle using 
Tri reagent (Sigma-Aldrich, St. Louis, MO, USA). RNA was converted into cDNA 
by a reverse transcription procedure using M-MLV (Sigma) and random primers 

Table 1: Fatty acid composition experimental diets. 
Values are given in g/kg.

chow tallow tallow/fi sh oil

C14:0 0.5 12.2 16.1

C16:0 8.4 92.5 79.5

C16:1 0.7 11.5 18.0

C18:0 3.7 76.3 50.5

C18:1 13.7 133.2 101.0

C18:2 16.9 11.5 9.7

C18:3 1.9 2.9 15.2

C20-22 0.4 4.0 53.3
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according to the manufacturer’s protocol. For realtime PCR, cDNA was amplifi ed 
using the qPCR core kit (Eurogentec, Seraing, Belgium) and the appropriate prim-
ers and probes. Primer and probe sequences of the following genes have been pub-
lished (www.LabPediatricsRug.nl): 18S, 36B4, carnitine-acylcarnitine translocase 
(Cact), fatty acid transporter (CD36), carnitine palmitoyltransferase 1b/2 (Cpt1b/2), 
carnitine acyltransferase (Crat), glucose-6-phosphate hydrolase (G6ph), glucose-6-
phosphate translocase (G6pt), Pepck and peroxisome proliferator activated receptor 
gamma co-activator 1α (Pgc-1α). For acyl-CoA synthase (Acs), the following prim-
ers/probe were used: sense, gga gct tcg cag tgg cat c; antisense, ccc agg ctc 
gac tgt atc ttg t; probe, cag aaa caa cag cct gtg gga taa act cat ctt (ac-
cession number NM_007981). For long-chain acetyl-Coenzyme A dehydrogenase 
(Lcad), the following primers/probe were used: sense, tac ggc aca aaa gaa cag 
atc g; antisense, cag gct ctg tca tgg cta tgg; probe, cac ttg ccc gcc gtc atc 
tgg (accession number NM_007381). All mRNA levels were calculated relative to 
the expression of 18S (liver) or 36B4 (skeletal muscle) and normalized for expression 
levels of chow-fed mice.

Indirect calorimetry

We assessed in vivo energy metabolism in tallow and tallow/fi sh oil-fed mice us-
ing a Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus 
Instruments, Columbus, USA). Mice were housed individually to enable real time 
and continuous monitoring of metabolic gas exchange. Detectors measured O2 and 
CO2 sequentially across each chamber for 45 seconds at seven-minute intervals. 
RER was calculated as the ratio between the volume of CO2 produced (VCO2) and 
the volume of O2 consumed (VO2). RER values were compared to data obtained 
in mice receiving a low-fat diet (Research Diet Services, Wijk bij Duurstede, Th e 
Netherlands). Carbohydrate and fat oxidation rates were calculated from VO2 and 
VCO2 using the following formulas [24]:

Carbohydrate oxidation (kcal/h)= ((4.585 x VCO2)-(3.226 x VO2)) x 4/1000
Fat oxidation (kcal/h)= ((1.695 x VO2)-(1.701 x VCO2)) x 9/1000
With VO2 and VCO2 given in mL/h. Total energy expenditure was calculated 

from the sum of carbohydrate and fat oxidation.

In vivo glucose metabolism

Five days prior to the experiment, mice were equipped with a permanent catheter 
in the right atrium via the jugular vein [25]. Th e two-way entrance of the catheter 
was attached to the skull using acrylic glue. Food was withdrawn nine hours (from 
11 PM-8 AM) prior to the start and during the experiment. Th e mice were kept in 
experimental cages and had free access to water. All in vivo infusion experiments 
lasted six hours and were performed in conscious, unrestrained mice, since the 
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cages allowed frequent collection of blood spots without the use of anesthesia. Dur-
ing the experiment, we measured blood glucose concentrations every 15 minutes in 
a small drop of blood that was taken from the tail vein using an EuroFlash glucose 
meter. Every 30 minutes, a bloodspot was collected on fi lter paper via tail bleeding 
for GC-MS measurements. Basal glucose metabolism was studied by infusion of 
[U-13C]-glucose at 7.5 μmol/h for 120 minutes. Subsequently, a hyperinsulinemic 
euglycemic clamp was performed for 240 minutes. During the clamp, mice were in-
fused with two solutions. Th e fi rst solution consisted of BSA(1% w/v, Sigma-Aldrich) 
containing somatostatin (40 μg/mL, UCB, Breda, Th e Netherlands), insulin (44 mU/
mL, Actrapid; Novo Nordisk, Bagsvaerd, Denmark), glucose (1078 mmol/L) and [U-
13C]-glucose (33 mmol/L, 99% 13C atom %excess; Cambridge Isotope Laboratories, 
Andover, MA, USA) and was infused at a constant rate of 0.135 mL/h. Th e second 
solution consisted of glucose (1078 mmol/L) and [U-13C]-glucose (33 mmol/L and 
its infusion rate was adjusted according to the blood glucose concentration in order 
to maintain euglycemia. Prior to these experiments, dose-responsiveness of insulin-
mediated suppression of hepatic glucose production and stimulation of glucose 
clearance was tested in separate groups of mice. We performed hyperinsulinemic 
euglycemic clamps using the protocol described earlier and applied diff erent insulin 
doses (0-30 mU/hr) and determined at which insulin dose the half-maximal eff ect 
on peripheral glucose clearance and hepatic glucose production was reached. Th is 
dose (6 mU/hr) was used for the clamps performed on the animals fed the diff erent 
diets. At the end of all in vivo infusion experiments, the mice were sacrifi ced under 
isofl urane anesthesia.

Analysis of in vivo glucose metabolism

Analytical procedures for extraction of glucose from blood spots, derivatization of 
the extracted compounds and GC-MS measurements of derivatives were performed 
according to van Dijk et al. [26]. Calculations were performed according to Gref-
horst et al. [27]. Mean hepatic glucose production rates and metabolic clearance rates 
(MCR; a measure of glucose disposal) were calculated for the period of steady-state 
isotope dilution.

Statistics

All data are presented as means ± SEM. Statistical analysis was performed using 
SPSS for Windows soft ware (SPSS 12.02, Chicago, IL, USA). Analysis of two groups 
(chow versus tallow, tallow versus tallow/fi sh oil) was assessed by Mann-Whitney 
U-test for biometric, plasma and tissue parameters or by ANOVA for repeated mea-
surements for the infusion experiments. In all statistical tests performed, the null 
hypothesis was rejected at the 0.05 level of probability.



25

Fish oil potentiates high-fat diet-induced peripheral insulin resistance in mice

2

resULts

Fish oil induces additional weight gain and increases plasma adipokine levels in 
mice fed a tallow diet

Caloric intake was higher in mice fed the tallow and tallow/fi sh oil diets compared 
to chow-fed animals (Table 2). Despite similar caloric intake, body weight gain in 
mice fed the tallow/fi sh oil diet was more pronounced compared to mice fed the 
tallow diet. Adipose tissue mass was also increased in these animals (unpublished 
observations). Plasma leptin concentrations were increased in mice fed the tallow/
fi sh oil diet compared to mice fed chow and tallow diet (Table 2). Average adipocyte 
size of mice fed the tallow/fi sh oil diet was increased compared to that of mice fed 
the tallow diet and chow (Figure 1A and B).

Increased fat to glucose oxidation in mice fed a tallow or tallow/fish oil diet

Fish oil is thought to lower plasma and tissue lipid levels by suppressing hepatic 
VLDL production and de novo lipogenesis while promoting lipid clearance and oxi-
dation [3]. As expected, plasma TG concentrations (Table 2) and hepatic TG content 
(unpublished observations) were decreased in mice fed the tallow/fi sh oil diet. Total 
hepatic fatty acid content was increased in mice fed the tallow diet and normalized 
in mice fed the tallow/fi sh oil diet to levels observed in mice fed chow (Table 2). 
Blood glucose and plasma insulin levels were increased in mice fed the tallow and 
tallow/fi sh oil diets compared to chow-fed mice (Table 2).

Table 2: Metabolic parameters and metabolite levels in C57Bl/6J mice fed chow, tallow and tallow/� sh oil 
diets for 6 weeks.
Mice were fasted from 6-10 AM. Glucose concentrations were measured in tail blood using an Euro-
Flash meter. Plasma was obtained by centrifugation of blood from cardiac puncture. Leptin , insulin 
and triglyceride concentrations were determined using commercially available kits. Hepatic fatty acid 
content was determined by gas chromatography aft er transmethylation. Values represent means ± SEM 
for n=5-7; * p<0.05 tallow vs. chow; # p<0.05 tallow/fi sh oil vs. tallow (Mann-Whitney U-test).

chow tallow tallow/fi sh oil

Body weight gain (%) 11±2 17±2 27±4#

Caloric intake (kcal/24 h) 12.3±0.1 17.1±0.8* 16.8±1.0

Plasma leptin (ng/mL) 1.4±0.2 2.9±0.3 6.3±1.1#

Blood glucose (mmol/L) 8.7±0.9 9.5±0.6 12.9±0.8#

Plasma insulin (ng/mL) 0.2±0.0 0.7±0.2* 0.8±0.2

Plasma triglycerides (mmol/L) 0.6±0.1 0.6±0.1 0.4±0.1#

Hepatic fatty acids (μmol/g) 123±8 158±6* 120±8#
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Mice fed a low-fat diet exhibit a high RER during the dark phase, which de-
creases during the light phase (dark: 0.95±0.01, light: 0.90±0.02, p<0.05 dark versus 
light, Figure 2A), indicating a switch from whole-body fat (dark: 0.12±0.02, light: 
0.08±0.02 kcal/h, p<0.05 dark versus light) to carbohydrate (dark: 0.44±0.02, light: 
0.33±0.03 kcal/h, p<0.05 dark versus light) oxidation. In contrast, tallow-fed mice 
exhibited a low RER during both the dark and light phase (dark: 0.79±0.01, light: 
0.79±0.01, Figure 2A). Th is reduction in RER was even more pronounced in mice fed 
the tallow/fi sh oil diet (dark: 0.76±0.01, light: 0.76±0.01, Figure 2A). No signifi cant 
diff erences in RER between dark the dark and light phase were observed in both 
tallow and tallow/fi sh oil-fed animals (tallow: p=0.17, tallow/fi sh oil: p=0.18). Direct 
comparison of the groups on high fat diets revealed a lower 24-h RER in tallow/fi sh 
oil-fed mice (tallow: 0.78±0.01, tallow/fi sh oil: 0.75±0.01, p<0.05), indicating a higher 

A

B

Figure 1: Adipocyte morphology in C57Bl/6J mice fed chow, tallow and tallow/� sh oil diets for 6 weeks. 
Hematoxylin and eosin stained paraffi  n sections were analyzed and fat cell area was estimated using 
image analysis soft ware. A: adipocyte morphology and B: adipocyte size distribution in representative 
samples of epididymal fat tissue. Open bars, chow diet; fi lled bars, tallow diet; dotted bars, tallow/fi sh 
oil diet. 
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Figure 2: Substrate utilization in C57Bl/6J mice fed a low-fat diet, tallow and tallow/� sh oil diets for 6 
weeks. Whole-body substrate utilization was analyzed by indirect calorimetry using the Comprehen-
sive Laboratory Animal Monitoring System (CLAMS). Gene expression levels in skeletal muscles were 
determined by qPCR. A: Respiratory Exhange Ratio (RER) and B: expression of genes involved in fat 
oxidation. Dashed line, chow diet; black line, tallow diet; grey line, tallow/fi sh oil diet. Open bars, chow 
diet; fi lled bars, tallow diet; dotted bars, tallow/fi sh oil diet. Average RER values respresent means for 
n=7-8. Average qPCR values represent means ± SEM for n=5-7; * p<0.05 tallow vs. chow; # p<0.05 tallow/
fi sh oil vs. tallow (Mann-Whitney U-test).
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fat to carbohydrate oxidation ratio. Absolute 24-h carbohydrate oxidation rates were 
signifi cantly lower in animals on tallow-fi sh oil compared to mice fed tallow (tallow: 
0.12±0.01, tallow/fi sh oil: 0.07±0.01 kcal/h, p<0.05) while absolute 24-h fat oxidation 
rates only tended to be increased in these mice (tallow: 0.28±0.01, tallow/fi sh oil: 
0.32±0.02 kcal/h, p=0.09). Calculated 24-h whole-body energy expenditure was not 
diff erent between mice fed the tallow and tallow/fi sh oil diets (tallow: 0.40±0.01, tal-
low/fi sh oil: 0.39±0.01 kcal/h, p=0.15) because of the increased contribution of fatty 
acid oxidation to total energy expenditure in tallow/fi sh oil-fed animals.

Consistent with this increase in fat to carbohydrate oxidation ratio, expression 
of genes involved in fatty acid uptake and oxidation was solely increased in skeletal 
muscles of mice fed the tallow/fi sh oil diet compared to mice fed chow and tallow 
diet (Figure 2B) while Pgc-1α expression was decreased in both high fat diet groups 
(Figure 2B).

Fish oil aggravates impaired basal and insulin-stimulated glucose clearance in 
tallow-fed mice

Insulin resistance has been shown to be associated by elevated β-oxidation and 
impaired switching to carbohydrate utilization during the fasted-to-fed transition 
[14]. Th erefore, we determined basal and insulin-stimulated glucose clearance in 
mice receiving chow, tallow and tallow/fi sh oil diets. Basal glucose clearance was 
slightly reduced in tallow-fed mice (chow: 19±2, tallow: 16±1 mL/kg/min, p=0.09), 

Figure 3: Peripheral glucose clearance in C57Bl/6J mice fed chow, tallow and tallow/� sh oil diets for 6 
weeks. Glucose disposal was quantifi ed by infusing tracer amounts of [U-13C]glucose (basal period) or 
insulin (6 mU/h) and [U-13C]glucose (hyperinsulinemic euglycemic clamp) in conscious, unrestrained 
mice. Glucose kinetics were determined by GC-MS analysis of blood spots taken via tail bleeding on fi lter 
paper at regular time intervals. Blood glucose concentrations were measured in tail blood using a Eu-
roFlash meter.   Metabolic clearance rate was calculated as previously described [27]. A: metabolic clear-
ance rate during the basal period and B: metabolic clearance rate during the hyperinsulinemic clamp. 
Open bars, chow diet; fi lled bars, tallow diet; dotted bars, tallow/fi sh oil diet. Inset, relative increase 
of metabolic clearance rate from basal to hyperinsulinemic period. Values represent means ± SEM for 
n=5-9 during stable isotope infusion (t=75-120 min for basal period; t=270-360 min for hyperinsulinemic 
clamp); # p<0.05 tallow/fi sh oil vs. tallow (ANOVA for repeated measurements).
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but signifi cantly impaired in mice fed the tallow/fi sh oil diet (tallow/fi sh oil: 12±1 
mL/kg/min, p<0.05 tallow/fi sh oil versus tallow,  F igure 3A). Prolonged continuous 
insulin  infusion (6 mU/h) increased glucose clearance in all mice compared to basal 
conditions. However, the hyperinsulinemic glucose clearance (chow: 71±2, tallow: 
54±2, tallow/fi sh oil: 31±3 mL/kg/min, p<0.05 tallow versus chow and tallow/fi sh oil 
versus tallow, Figure 3B) as well as the stimulation of glucose clearance by insulin 
infusion was impaired in mice fed the tallow diet and even furth er deteriorated by 
fi sh oil (p<0.05 tallow versus chow and tallow/fi sh oil versus tallow, Figure 3B), indi-
cating peripheral insulin resistance in tallow and tallow/fi sh oil-fed animals. Blood 
glucose concentrations and the glucose infusion rates are given in Table 3. Glucose 
infusion rate under hyperinsulinemic conditions was lower in mice fed the tallow 
diet and further reduced by fi sh oil.

Fish oil suppresses basal and insulin-stimulated hepatic glucose production in 
tallow-fed mice

Fish oil has recently been shown to protect against hepatic insulin resistance in mice 
fed a saffl  ower oil diet [28]. mRNA expression of Pgc1α, Pepck, G6ph and G6pt, 
genes involved in hepatic gluconeogenesis was decreased in mice fed the tallow/
fi sh oil diet (Figure 4A). Furthermore, hepatic glycogen content was lower in these 
mice (chow: 334±24, tallow: 357±37, tallow/fi sh oil: 269±26 μmol/g p<0.05 tallow/
fi sh oil versus tallow). We determined hepatic glucose production under basal and 
hyperinsulinemic conditions in mice fed chow, tallow and  tallow/fi sh oil diets. Tal-
low feeding did not aff ect basal endogenous production (chow: 128±6, tallow: 136±5 
μmol/kg/min, p=0.42, Figure 4B) while it was reduced in tallow/fi sh oil fed mice 
compared to mice fed chow or tallow (tallow/fi sh oil: 102±5 μmol/kg/min, p<0.05 
tallow/fi sh oil versus tallow, Figure 4B). Prolonged continuous insulin infusion (6 
mU/h) suppressed hepatic glucose production in all mice compared to basal condi-
tions. Hepatic glucose production under hyperinsulinemic conditions was higher 
in mice fed the tallow diet compared to chow-fed mice, (chow: 43±10, tallow: 75±8 
μmol/kg/min, p<0.05 tallow versus chow, Figure 4C) and insulin-mediated sup-
pression of hepatic glucose production was blunted in these animals (p<0.05 tallow 

Table 3: Clamped blood glucose concentrations and glucose infusion rates required to maintain euglycemia 
under hyperinsulinemic conditions in C57Bl/6J mice fed chow, tallow and tallow/� sh oil diets for 6 weeks. 
Glucose metabolism was assessed by infusing insulin (6 mU/h) and [U-13C]glucose in conscious, un-
restrained mice. Glucose concentrations were measured in tail blood using an EuroFlash meter. Values 
represent means ± SEM for n=5-9 during stable isotope infusion (t=270-360 min); * p<0.05 tallow vs. 
chow; # p<0.05 tallow/fi sh oil vs. tallow (ANOVA for repeated measurements). 

chow tallow tallow/fi sh oil

Clamped blood glucose concentration (mmol/L) 7.0±0.2 7.1±0.2 6.9±0.2

Glucose infusion rate (μmol/kg/min) 443±14 304±14* 145±10#
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versus chow, Figure 4C). Fish oil partially normalized hepatic glucose production 
to control values under hyperinsulinemic conditions (tallow/fi sh oil: 55±7 μmol/
kg/min, p=0.15 tallow/fi sh oil versus tallow, Figure 4C). However , insulin-mediated 
suppression of hepatic glucose production in these mice was similar to that observed 
in tallow-fed mice (p=0.70, Figure 4C).

Figure 4: Hepatic glucose production in C57Bl/6J mice fed chow, tallow and tallow/� sh oil diets for 6 
weeks. Gene expression levels in livers were determined by qPCR. Glucose production was quantifi ed by 
infusing tracer amounts of [U-13C]glucose (basal period) or insulin (6 mU/hr) and [U-13C]glucose (hy-
perinsulinemic euglycemic clamp) in conscious, unrestrained mice. Glucose kinetics were determined 
by GC-MS analysis of blood spots taken via tail bleeding on fi lter paper at regular time intervals. Hepatic 
glucose production was calculated as previously described [27]. A: expression of genes involved in glucose 
production. B: hepatic glucose metabolism during the basal period and C: hepatic glucose metabolism 
during the hyperinsulinemic clamp. Open bars, chow diet; fi lled bars, tallow diet; dotted bars, tallow/
fi sh oil diet. Inset, relative decrease of hepatic glucose production from basal to hyperinsulinemic period. 
Values represent means ± SEM for n=5-9 during stable isotope infusion (t=75-120 min for basal period; 
t=270-360 min for hyperinsulinemic clamp); * p<0.05 tallow vs. chow; # p<0.05 tallow/fi sh oil vs. tallow 
(Figures A and C, ANOVA for repeated measurements; Figure B, Mann-Whitney U-test). 
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DiscUssion

High fat diets predispose to development of insulin resistance and type 2 diabetes 
[5]. So far, studies on the eff ect of fi sh oil supplementation on glucose control are 
inconclusive [4–10]. Moreover, the relationship between fatty acid oxidation and 
glucose disposal is unclear [14–21] and in vivo data on the concurrent alterations 
in substrate utilization and glucose metabolism are lacking. Th is prompted us to 
study the metabolic eff ects of fi sh oil in mice fed a high fat diet. C57Bl/6J mice were 
subjected to a 6-week dietary challenge by a diet rich in beef tallow or a similar diet 
in which part of the tallow was replaced by fi sh oil and outcome was compared to 
animals that were fed normal laboratory chow.

Mice fed the tallow/fi sh oil diet exhibited a larger body weight gain compared 
to mice fed the tallow diet and histological analysis revealed remarkable adipocyte 
enlargement in these animals. Accordingly, plasma levels of leptin were increased 
in tallow/fi sh oil-fed mice. A similar phenotype in high fat-fed mice receiving fi sh 
oil has recently been reported by Coenen et al. [29]. However, others have found a 
body weight-reducing eff ect of fi sh oil in obese diabetic mice [30–32], mice on high 
α-linoleic acid diets [33] and in case of long-term dietary intervention [34,35]. Taken 
together, these data illustrate that the metabolic state of the animal determines the 
eff ects of fi sh oil on adipose tissue development [36].

Tallow feeding clearly altered the circadian pattern of substrate utilization. 
Animals fed a chow diet switch from glucose oxidation during the dark phase to 
fat oxidation during the light phase. Th ese day-night variations in substrate utiliza-
tion correlate with those reported for plasma insulin levels [37]. Kohsaka et al. [38] 
have reported disturbed circadian rhythmicity of serum insulin concentrations (i.e. 
increased insulin concentrations during both day and light phases) upon high fat 
feeding in mice. In our study, mice fed a tallow diet did not switch from fat oxidation 
during the light phase toward carbohydrate oxidation during the dark phase. Th ese 
mice displayed sustained high fat to carbohydrate oxidation ratios and, thus, insulin 
responsiveness of substrate utilization must have been disturbed. RER values in 
mice fed the tallow/fi sh oil diet were consistently lower compared to animals fed tal-
low and fat to carbohydrate oxidation ratio was further increased while fat oxidation 
was somewhat increased. However, total energy expenditure was similar in tallow 
and tallow/fi sh oil-fed mice and the increased fat oxidation therefore coincided with 
a reduced glucose oxiImpaired ability to switch between glucose and lipid oxidation 
has been reported in obese and/or diabetic subjects [39,40]. Moreover, metabolic 
infl exibility to glucose is related to impaired glucose clearance in type 2 diabetic 
subjects [41]. We therefore studied the consequences of the altered substrate utiliza-
tion in more detail under basal conditions and during prolonged hyperinsulinemia. 
Basal glucose clearance was reduced in both tallow and tallow/fi sh oil-fed animals 
compared to mice receiving chow. Insulin-mediated stimulation of glucose clear-
ance was impaired by tallow feeding, indicative for peripheral insulin resistance. 
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Th is eff ect was potentiated by fi sh oil. Th us, the reduced rates of carbohydrate oxida-
tion in tallow and tallow/fi sh oil-fed mice during the light and dark phase were par-
alleled by and correlated to an impaired glucose clearance. Th is phenotype in which 
an increased whole body fat to carbohydrate oxidation ratio is associated with a 
deterioration of insulin sensitivity has also been observed in type 2 diabetic subjects 
receiving long-term fi sh oil supplementation [6]. Skeletal muscle is the major site 
for insulin-stimulated glucose clearance [42] and an increased fatty acid oxidation 
in skeletal muscle is associated with an impaired glucose metabolism [14–17] while 
inhibition of fatty acid uptake and oxidation enhances glucose disposal in vivo in 
normal and insulin-resistant mice [14,19–21]. It is therefore tempting to speculate 
that the peripheral insulin resistance in mice fed the tallow and tallow/fi sh oil diets 
mainly resulted from an impaired glucose clearance into the muscles [41]. However, 
the obese phenotypes may to some extent have contributed to an impaired glucose 
disposal into the adipose tissue of these animals.

Basal hepatic glucose production rates were comparable in chow and tallow-fed 
mice (Figure 4A), despite the fasting hyperinsulinemia observed in the animals re-
ceiving tallow. Consistent with this hepatic insulin insensitivity under basal condi-
tions, hepatic glucose production was higher in tallow-fed mice under hyperinsulin-
emic conditions as compared to animals on chow. Basal hepatic glucose production 
was lower in tallow/fi sh oil-fed mice (-25% vs. tallow), indicating an improvement 
of hepatic insulin responsiveness under these conditions. In parallel, hepatic gluco-
neogenic gene expression levels were decreased and hepatic glycogen content was re-
duced in tallow/fi sh oil-fed animals. Although additional in vivo isotope studies are 
needed to quantify the actual gluconeogenic fl ux in fi sh oil fed-mice, these observa-
tions suggest a decreased gluconeogenic fl ux in these mice [43,44]. Consistent with 
the lower basal hepatic glucose output, fi sh oil partially normalized hepatic glucose 
production under hyperinsulinemic clamp conditions (-27% vs. tallow). However, as 
a result of the reduction of basal hepatic glucose production by fi sh oil, the relative 
suppression of hepatic glucose production from basal to hyperinsulinemic condi-
tions was similarly impaired in tallow and tallow/fi sh-oil fed mice. One possibility 
for this similar relative suppression is that maximal insulin-responsiveness was 
reached in fi sh oil-fed mice under hyperinsulinemic conditions. Alternatively, the 
reduced basal glucose production in tallow/fi sh oil fed mice may therefore not just 
result from a restoration of hepatic insulin sensitivity. As yet unidentifi ed mecha-
nisms could be mediating the eff ect of fi sh oil on basal hepatic glucose production.

Interestingly, Neschen et al. [28] performed a similar study on fi sh oil replacement 
of a diet rich in vegetable oil in mice on a SV129 background. Major diff erences in 
the response to the dietary challenges were observed compared to our study. Strik-
ingly, Neschen et al. did not observe peripheral insulin resistance in mice either fed 
saffl  ower oil or a saffl  ower/fi sh oil diet for 2 weeks. Moreover, these authors observed 
severe hepatic insulin resistance in saffl  ower oil-fed animals, which was partially 
prevented by fi sh oil. In addition to diff erences in duration of dietary intervention, 
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fat sources and the genetic background of the mice [45], the experimental condi-
tions under which in vivo glucose metabolism was studied were diff erent from ours. 
Th is may be of importance in this respect [46]. We performed 6-h stable isotope 
infusion studies in awake, freely-moving mice. In this experimental setup, insulin 
dose-dependen  tly increases glucose clearance while hepatic glucose production is 
suppressed (Figure 5). Tissue glucose demand is diminished if animals are anaesthe-
tized or restrained (unpublished observations). Th erefore, in our opinion, relevant 
outcome is best guaranteed using methods in which normal physiology is minimally 
disturbed.

In summa ry, we have shown that fi sh oil alters substrate utilization by increasing 
the fat to glucose oxidation ratio. Th is is associated with a further detoriation of 
insulin-mediated glucose clearance in mice fed a high fat diet. Our data indicate that 
an increased fat to carbohydrate oxidation ratio per se does not improve obesity and 
peripheral insulin sensitivity and emphasizes the need for a change in energy bal-
ance to arrest diet-induced obesity and peripheral insulin resistance. Th ese insights 
will allow us to defi ne the metabolic conditions under which dietary approaches 
may be useful to prevent the development of insulin resistance and type 2 diabetes.

Figure 5: Dose-dependent e� ect of insulin on glucose disposal and glucose production under clamp con-
ditions. Clamps were performed diff erent doses of insulin (0-30 mU/h) and [U-13C]glucose in conscious, 
unrestrained mice. Glucose kinetics were determined by GC-MS analysis of blood spots taken via tail 
bleeding on fi lter paper at regular time intervals. Blood glucose concentrations were measured in tail 
blood using a EuroFlash meter. Metabolic clearance rate was calculated as previously described [33]. 
A: metabolic clearance rate and B: hepatic glucose production rate. Values represent means ± SEM for 
n=4-6.
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aBstract 

Aim/hypothesis:  Blockade of the Acetyl-CoA carboxylase (ACC) system has been 
proposed for treatment of obesity-associated disorders like insulin resistance. We 
have evaluated the metabolic eff ects of the general ACC inhibitor CP-640186 on 
diet-induced obesity and insulin resistance in mice. 

Methods:  Male C57Bl/6 mice were fed control chow, a high fat (HF) diet or a 
HF-diet containing CP-640186, respectively, for 6 weeks. A fourth group of mice 
received the HF-diet for 4 weeks followed by 2 weeks on the HF-diet containing 
CP-640186 (CP intervention group). We assessed general biochemical parameters as 
well as in vivo kinetics of glucose metabolism using stable isotope infusion during a 
hyperinsulinemic euglycemic clamp. 

Results:  Mice continuously treated with CP-640186 showed a reduced body 
weight (~10%) from 30 days onwards compared to HF-fed mice. No diff erences 
between the three HF-fed groups of animals were observed for plasma and hepatic 
lipid and glucose parameters. Th e glucose infusion rate required to maintain eug-
lycemia was slightly, but signifi cantly higher (+17%) in the CP-640186 treated mice 
compared to the HF-fed animals, indicative for improved insulin sensitivity. Th e 
mice on the intervention diet did not show improvements of body weight or insulin 
sensitivity, however, mRNA expression levels of key genes involved in glucose and 
lipid metabolism were normalized in these animals compared to the HF-fed animals. 

Conclusions/interpretation:  Pharmacological inhibition of the ACC system may 
contribute to future treatment of diet-associated obesity and insulin resistance. 
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introDUction 

Th e global prevalence of insulin resistance and type II diabetes is rising at alarm-
ing rates worldwide in association with the current obesity epidemic. According to 
the World Health Organization (WHO) over 366 million people will suff er from 
diabetes worldwide in 2030. 

Th e Acetyl-CoA Carboxylase (ACC) system has recently been found to be of rel-
evance in development of insulin resistance. ACC catalyzes the carboxylation of ace-
tyl-CoA to yield malonyl-CoA. Two isoforms of ACC are encoded by separate genes 
and appear to have diff erent metabolic functions as evidenced by studies in global 
ACC2 knock-out mice and in liver-specifi c ACC1 knock-out mice [1–3]. ACC1 is a 
265 kDa protein that is expressed mainly in liver and adipose tissue. Th e malonyl-
CoA synthesized by this enzyme is fueled into the fatty acid synthesis pathway (lipo-
genesis). Mice lacking ACC1 are not viable which indicates that lipogenesis is crucial 
for fetal development. ACC2 is expressed mainly in muscle but, to a lower extent, 
also in liver. Th is protein is 280 kDa in size due to the presence of 114 additional 
amino acids at its N-terminus, which anchors the protein onto the mitochondrial 
membrane. Malonyl-CoA generated by ACC2 is primarily involved in suppression 
of mitochondrial β-oxidation by allosteric inhibition of carnitine palmitoyltrans-
ferase 1 (CPT). Accordingly, mice lacking the ACC2 gene have a normal fatty acid 
synthesis but a strongly induced mitochondrial β-oxidation [1–5]. 

Pharmacological agents have been developed to inhibit ACC with the aim to 
prevent or treat insulin resistance and other components of the metabolic syndrome 
by facilitating fat oxidation. Harwood et al. reported that inhibition of ACC by 
CP-640186 in rats fed a high sucrose diet improves insulin sensitivity. However, ex-
periments with leptin-defi cient insulin resistant ob/ob mice performed by the same 
group showed that CP-640186 caused a further impairment of insulin sensitivity 
[6–9]. Whether or not leptin-defi ciency in the ob/ob model is causally involved 
herein remains unclear. More recently, Savage et al. used liver-specifi c antisense 
oligonucleotide inhibitors (ASO’s) of ACC1 and ACC2 in rats fed a high fat diet 
and showed a reversal of hepatic steatosis and hepatic insulin resistance in animals 
treated with a combination of both ASO’s [10]. Th ese results indicate that ACC in-
hibitors may provide a means for treatment of insulin resistance and other aspects 
of the metabolic syndrome. 

In the current study, we have evaluated the metabolic consequences of long-term 
treatment with the ACC inhibitor CP-640186 in C57Bl/6 mice with insulin resis-
tance induced by feeding a high fat diet. 
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MateriaL anD MethoDs

Animals and experimental design 

Male C57Bl/6 mice of ~25 g (Charles River, l'Arbresle, France) were housed in an 
environmentally-controlled facility. Mice had free access to food and water. All 
animal experiments were performed in strict accordance with good animal prac-
tice as defi ned by the relevant local animal welfare bodies, and all animal work was 
approved by the animal welfare committee of the Rijksuniversiteit Groningen. Th e 
mice were randomized into four groups. Control mice were fed a normal lab chow 
diet (carbohydrates 52, protein 35, fat 13 energy%, Abdiets, Woerden, Th e Nether-
lands), whereas the three experimental groups were either fed a high fat diet (bovine 
lard) (carbohydrate 21, protein 21, fat 58 energy%, Abdiets, Woerden, Th e Nether-
lands) for six weeks, the high fat diet mixed with CP-640186 (50 mg/kg/d, kind gift  
of Dr. H.J.Kempen, Speedel Inc, Basel, Switserland) for six weeks or during the last 
two weeks only. At the end of the six weeks mice were killed for plasma and tissue 
collection or were subjected to in vivo measurements of glucose metabolism.

Basal experiments 

Mice were killed by cardiac puncture under isofl urane anesthesia aft er four hours 
of fasting. Livers were removed, immediately frozen in liquid nitrogen, and stored 
at -80 °C until analysis. Blood samples were centrifuged at 5000 rpm for 5 minutes, 
plasma was removed and stored at -20 °C till analysis.

Biochemical analyses

Liver lipid extraction was performed according to the procedure of Bligh and Dyer 
[11]. Protein concentrations of these livers were determined according to the Lowry 
method [12]. Hepatic concentrations of triglycerides (TG), free and total cholesterol 
were determined using commercially available kits (Roche Diagnostics, Mannheim, 
Germany and Wako Chemicals, Neuss, Germany). Th e hepatic glycogen levels were 
measured as described by Bergmeyer [13].  Malonyl-CoA content of the liver was 
measured according to the protocol of Berge et al [14] with minor modifi cations on 
a Nova-Pak C-18 column (Waters, Etten Leur, Th e Netherlands).

Plasma analyses 

Plasma TG, free and total cholesterol and free fatty acids were determined using 
commercially available kits (Roche Diagnostics, Mannheim, Germany and Wako 
Chemicals, Neuss, Germany). Plasma insulin levels were determined using the insu-
lin ultrasensitive mouse ELISA kit (Mercodia, Upsala, Sweden). Total ketone bodies 
were determined with the total ketone body kit (Wako Chemicals, Neuss, Germany). 
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Acylcarnitines were determined according to the method of Chase et al.[15] with 
adaptations described by Derks et al. [16].

RNA isolation and mRNA levels by Real Time PCR 

Liver was treated with Tri reagents (Invitrogen, Paisley, UK (according to manufac-
turer’s guidelines) to isolate RNA. Th e concentration of RNA was determined using 
the Nanodrop system (ND1000, Isogen Life Science, IJsselstein, Th e Netherlands), 
1 μl of RNA was used. Th e cDNA reaction was performed using 1 μg of RNA per 
sample using M-MLV (Sigma, Zwijndrecht, Th e Netherlands). Quantitive real time 
PCR was performed using qPCR core kit (Eurogentech, Seraing, Belgium). PCR 
results were normalized to 18S mRNA levels. 

Hyperinsulinemic euglycemic clamping 

Mice were provided with a permanent jugular catheter of which the two-way en-
trance was attached to the skull [17]. Th is was done fi ve days before the clamping 
experiments. Nine hours before the hyperinsulinemic euglycemic clamp experi-
ment, food was withdrawn and mice were kept in metabolic cages with free access to 
water. During the clamp experiment blood samples were taken every 15 minutes by 
tail bleeding without anesthesia for determination of blood glucose levels.

Hyperinsulinemic euglycemic clamp was performed according to the method of 
van Dijk et al. [17] with modifi cations in the fi rst two hours of the clamping period. 

Mice were infused two hours with a solution containing 1,5 mg/ml U-13C glucose 
(3% [U-13C] 99% 13C atom %excess, Cambridge Isotope Laboratories, Andover, 
MA, USA)) per hour, to determine basal glucose turnover. Aft er those two hours the 
hyperinsulinemic euglycemic clamp was performed for an other four hours in those 
mice as described earlier [17]. Aft er the hyperinsulinemic euglycemic clamp, mice 
were killed with CO2. 

Statistics 

All values represent mean ± standard error of the mean for the number of animals 
indicated. Statistical analysis was assessed by Kruskall-Wallis followed by Mann-
Whitney U test corrected for multiple testing. Th e level of signifi cance was set at 
p<0,05. Th e soft ware used for the analysis was SPSS 12.0 for Windows (SpSS, Ch-
igaco, IL, USA). 
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resULts 

ACC inhibition reduces body weight gain in mice fed a high fat diet, but does not 
affect plasma and hepatic parameters of lipid metabolism

High fat feeding induced pronounced more weight gain during the 6 week experi-
mental period than control chow feeding (Figure 1). Mice fed the ACC inhibitor for 
6 weeks showed a remarkable defi cit in body weight gain compared to mice fed the 
high fat diet (Figure 1). Such an eff ect was not seen for the CP-intervention group: 
this group gained a similar amount of weight as the HF-fed animals did during the 
last 14 days of the experiment when CP-640186 was provided with the diet.

No diff erences between the HF, CP-treated, and CP-intervention animals were 
observed with respect to plasma concentrations of triglycerides, cholesterol and free 
fatty acids, as determined aft er 4 hours of fasting (Table 1). As expected, cholesterol 
levels were signifi cantly higher in the three HF-fed groups than in the chow-fed 
animals. Surprisingly, plasma ketone bodies in the HF-fed, CP-treated and CP- 
intervention animals were signifi cantly lower than in the control mice. Likewise, 
plasma acylcarnitines in these 3 groups were decreased compared to the control 
mice (Table 1).

Hepatic triglyceride levels did not signifi cantly diff er in the treated groups versus 
the control animals, however, there was a clear tendency towards a decreased TG 
content in CP-treated animals compared to HF-fed (-30%) and intervention animals 
(-23%). Total hepatic cholesterol levels were signifi cantly higher in CP-intervention 
group only compared to control. Hepatic glycogen did not diff er between the 4 
groups (Table 1). Hepatic malonyl-CoA content was lower in the HF-fed groups. 
However, no diff erence between the CP-640186 treated and control HF-fed group 
was observed (Figure 2).  

Figure 1: Relative gain of body weight as a percentage of initial body weight. Control: open circles, high 
fat: black circles, CP-640186: black square and CP-640186 intervention: black triangle. Values are mean 
± s.e.m (n=7). Start of CP-640186 intervention diet indicated by arrow.
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Table 1: Plasma and hepatic parameters a� er 4 hours of fasting in mice fed a high fat diet for six weeks, 
high fat diet containing CP-640186 for six weeks and the CP-640186 intervention animals fed the high fat 
diet for 4 weeks followed by the high fat diet supplied with CP-640186 for 2 weeks. Values are represented as  
means ± S.E.M, n=6 for hepatic parameters and n=5 for plasma values. p<0.05 versus control, # p<0.05 versus 
chronic CP-640186 treatment

Control High fat CP-640186 Intervention 
CP-640186

Plasma parameters

Triglycerides 
(mmol/l) 0.6 ± 0.07 0.6 ± 0.08 0.7 ± 0.08 0.7 ± 0.04

Total cholesterol 
(mmol/l) 1.9 ± 0.2 4.5 ± 0.2* 4.0 ± 0.3* 4.3 ± 0.4*

Free fatty acids 
(mmol/l) 0.8 ± 0.09 0.6 ± 0.04 0.6 ± 0.03 0.7 ± 0.06

BHB 
(mmol/l) 0.69 ± 0.16 0.19 ± 0.03* 0.22 ± 0.03* 0.20 ± 0.02*

Acylcarnitines
(µmol/l) 28.2 ± 0.68 17.7 ± 0.77* 16.2 ± 0.95* 17.0 ± 0.54*

Hepatic parameters

Triglycerides 
(µmol/g liver) 13.0 ± 1.8 27.4 ± 5.6 19.2 ± 2.7 24.8 ± 2.5

Total cholesterol 
(µmol/g liver) 4.3 ± 0.8 5.8 ± 0.7 5.5 ± 0.2 7.8 ± 0.6*#

Protein 
(µmol/g liver) 165 ± 3.9 184 ± 17.9 184 ± 15.3 157 ± 8.1

Glycogen
(µmol/g liver) 319 ± 22.7 375 ± 39.5 289 ± 18.9 335 ± 23.3

Figure 2: Hepatic Malonyl-CoA levels. White bars control mice, black bars high fat-fed mice, dark grey 
bars CP-640186 mice. Values are mean ± s.e.m. (n=5), * p<0.05 vs control. 
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Elevated plasma insulin levels during high fat feeding tend to normalize with CP-
640186 treatment

Plasma insulin levels measured in the fasted state (4 hr) were almost doubled in the 
HF-group compared to the control mice. For the CP-group, insulin levels were also 
signifi cantly higher than in the control animals, however, the increase was less pro-
nounced than in HF-fed animals. Th e intervention animals showed plasma insulin 
levels comparable to those of control animals (Figure 3). Fasting glucose levels and 
glucose levels aft er the basal glucose infusion did not diff er between the groups, 
however, values in the HF-group tended to be higher than in the other groups 
(Figure 4).

Figure 4: Blood glucose levels of the four groups of animals. White bars control, black bars high fat, dark 
grey bars CP-640186 and light grey bars CP-640186 intervention. Aft er overnight fasting, during basal 
and hyperinsulinemic euglycemic clamp. Values are mean ± s.e.m. (n=6)

Figure 3: Plasma insulin levels a� er four hours of fasting. White bars control mice, black bars high fat-
fed mice, dark grey bars CP-640186 mice and light grey CP-640186 intervention mice. Values are mean 
± s.e.m. (n=4-6), * p<0.05 vs control. 
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Insulin sensitivity determined by glucose infusion rate hyperinsulinemic euglyce-
mic clamping is improved after treatment with CP-640186 

Assessment of basal glucose parameters by infusion of tracer of 13C-glucose for 2 
hours showed no diff erences between the four groups of animals, indicating that 
basal glucose metabolism was not altered in either group (table 2). A tendency of 
a higher peripheral uptake (Rd) and a higher hepatic glucose production (Ra) was 
observed in all HF-groups. Th is eff ect was less pronounced during chronic treat-
ment with CP-640186 (table 2).

Hyperinsulinemic euglycemic clamp studies were performed under the condi-
tions described earlier [18–20]. Blood glucose levels under clamped conditions were 
similar in all groups (Figure 4). 

Th e glucose infusion rate (GIR) required to maintain euglycemia was signifi -
cantly lower in all the HF-fed groups, including the CP-treated and CP-intervention 
animals, than in controls. Th is is indicative for HF-induced insulin resistance. 
However, the GIR of the CP-treated mice was signifi cantly higher than those of the 
HF-mice, indicating that the CP-treated animals were less insulin resistant than the 
HF-mice. Yet, it is evident that the GIR in the CP-group did not completely normal-
ize to control levels (Figure 5A).

Th e glucose disposal rate (Rd), which indicates the degree of insulin resistance in 
the periphery, was decreased signifi cantly in the HF-fed group, as expected, as well 
as in  the CP-treated and the CP-intervention groups. However, there was a clear 
tendency towards improvement in the CP-treated group (Figure 5B).  Th e disposal 
rate in the CP-intervention animals was lower than in the chronically CP-treated 
animals, indicating a better peripheral glucose uptake in the latter. 

Table 2: Basal glucose infusion parameters a� er an overnight fast followed by 2 hours of labelled glucose 
infusion with 1.5 mg/ml U-13C glucose.
Values are represented as means ± S.E.M, n=6

Basal glucose infusion Control High fat CP-640186 Intervention 
CP-640186

Tracer infusion
(μmol kg-1 min-1) 4.9 ± 0.0 4.8 ± 0.2 5.1 ± 0.1 4.8 ± 0.0

Rd 
(μmol kg-1 min-1) 123 ± 9 144 ± 5 134 ± 12 138 ± 8

Ra 
(μmol kg-1 min-1) 118 ± 9 140 ± 5 129 ± 13 133 ± 8

MCR 
(ml kg-1 min-1) 16 ± 1 16 ± 2 17 ± 1 15 ± 1
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Th e glucose production rate (Ra) was similar in all 4 groups, with a tendency to be 
higher in the HF-group as well as the animals treated chronically with CP-640186. 
Th e mice of the intervention group showed the same pattern as the control animals 
(fi gure 5C). Th is was also observed at hepatic gene expression levels (fi gure 6) and 
might indicate a transient eff ect during short-term treatment with CP-640186.

Metabolic clearance tended to improve in mice treated with the CP-compound 
for the full experimental period. Th is value was impaired for the HF-fed animals as 
well as the CP-intervention group, indicating that CP-treated animals had a better 
plasma clearance and were less insulin resistant compared to their HF-fed controls 
as well as the CP-intervention mice (Figure 5D).   

ACC inhibition via the CP-intervention diet normalizes gene expression levels of key 
enzymes involved in lipid metabolism

Hepatic mRNA expression levels of key genes of glucose metabolism, like glucoki-
nase (GK), glycogen synthase (GS), glycogen phosphorylase (GP), glucose-6-phos-
phatase translocase and hydrolase (G6Pt, G6Ph, respectively), phosphoenolpyruvate 

Figure 5: Glucose infusion rate (GIR), glucose disposal rate (Rd), glucose production rate (Ra) and meta-
bolic clearance rate (MCR) (respectively � gure A, B,C and D) during the hyperinsulinemic euglycemic 
clamp. White bars control, black bars high fat, dark grey bars CP-640186 and light grey bars CP-640186 
intervention. Values are mean ± s.e.m. (n=6), * p<0.05 vs control, # p<0.05 vs CP-640186.
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carboxykinase (PEPCK) and pyruvate kinase (PK) were measured by Q-PCR. Genes 
involved in gluconeogenesis such as G6pt as well as G6ph and Pk expression levels 
were clearly altered upon HF-feeding. For Gk and Pk, this eff ect was also observed 
upon chronic treatment with CP-640186. Surprisingly, for Gs, G6ph and Pepck the 
hepatic gene expression levels of the intervention mice were decreased compared to 
control mice (Figure 6A). 

Genes involved in lipogenesis and triglyceride synthesis, like acetyl-CoA car-
boxylase 1 (ACC1), acetyl-CoA carboxylase 2 (ACC2), malonyl-CoA decarboxylase 
(MCD), fatty acid synthase (FAS) and sterol regulatory element binding protein 1c 
(SREBP1c) were modifi ed particularly by the HF-diet (Figure 4B). For Acc1 and Fas, 
up-regulation in both the HF-fed animals and in the chronic treated animals was 
observed. Srebp1c gene expression levels of the HF-fed and the chronic CP-640186 

Figure 6: Genes involved in glucose and lipid metabolism (A and B respectively). White bars control, 
black bars high fat, dark grey bars CP-640186 and light grey bars CP-640186 intervention. Values are 
mean ± s.e.m. (n=6-7), * p<0.05 vs control # p<0.05 vs HF. 
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treated mice were also increased. Surprisingly, this eff ect was not seen for the in-
tervention treatment, indicating a transient suppressive eff ect on lipogenesis by 
CP-intervention treatment. For Acc2, Foxa2 and Mcd no diff erences were observed 
during HF-feeding and chronic CP-640186 treatment. Surprisingly, a clear decrease 
was seen during the intervention treatment compared to the HF and CP-treated 
groups, which is an indication of reduced lipogenesis in mice fed a high fat diet 
during short-term treatment with CP-640186 (Figure 6B) and is an indication for a 
transient eff ect of CP-640186. 

DiscUssion 

Th e aim of these studies was to assess the potency of the general ACC inhibitor 
CP-640186 to modify diet-induced obesity and/or insulin resistance in mice. Our 
data show that pharmacological inhibition of the ACC system by CP-640186 has 
benefi cial eff ects with respect to development of obesity and insulin resistance in 
mice fed a high fat diet for 6 weeks. Mice fed the compound chronically showed less 
body weight gain and an improvement in peripheral insulin sensitivity compared to 
HF-fed control mice. However, liver and plasma parameters like triglycerides and 
cholesterol were not altered upon chronic treatment. Initiation of CP-640186 treat-
ment aft er 4 weeks of HF-feeding did not improve insulin sensitivity, but did lead to 
marked changes in hepatic gene expression patterns that were not seen upon chronic 
treatment. Th is indicates that (some of) the eff ects of ACC blockade may be transient 
in nature. Also hepatic glucose production in the intervention mice seemed to be 
only transiently aff ected.

 Th e diff erence in duration of the CP-640186 administration may be critical for 
metabolic eff ects to occur, since clear eff ects on body weight development in chroni-
cally treated mice were only seen aft er about 3 weeks of CP-640186 administration. 
Data on hepatic gene expression levels also indicate that the CP-compound has 
‘direct’ but transient eff ects in the liver. Gene expression patterns of the high fat-
fed animals showed similar patterns as the CP-640186-fed animals aft er 6 weeks, 
particularly with respect to glycolysis and lipogenesis. 

Plasma ketone bodies, i.e., β-hydroxybutyrate, levels were decreased in the HF-
fed mice. Th is is an indication that feeding a HF-diet does reduce fatty acid oxida-
tion and ketogenesis, supported by previous experiments by our group in which 
RQ-values were found to be reduced aft er a period of HF-feeding. Intriguingly, no 
diff erences in β-hydroxybutyrate levels upon treatment with CP-640186 were ob-
served.  Mice were fasted for only four hours and since mice fed a HF-diet are not 
expected to have any problems with energy generation, it is plausible to assume that 
mice fed a HF diet adapt to the situation in which large amounts of fatty acids are 
provided. An increase in β-hydroxybutyrate levels can be expected aft er a prolonged 
period of fasting, e.g., as observed in the experiments of Savage et al. [10]. Th is study, 
in which selective ASO’s against ACC1 and ACC2 were used in rats, showed that 
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aft er an overnight fast, no diff erences in β-hydroxybutyrate levels were seen between 
animals fed the HF-diet and those fed HF and treated with both ASO’s. However, 
a tendency towards lower β-hydroxybutyrate levels was observed. In the fed state, 
an increase of 83% in β-hydroxybutyrate levels was observed during the combined 
ASO-treatment. So, most likely the reported diff erences in β-hydroxybutyrate levels 
are not due to treatment with either CP-640186 or a selective ASO, but to the dura-
tion of the fasting period and the use of a HF diet. 

In the current study we used, for practical reasons, only a single relatively high 
dose of CP-640186. In contrast, Harwood et al. [9] used two diff erent doses of CP-
640186 (50 mg/kg/d and 100 mg/kg/d compared to 50 mg/kg/d in our study) to assess 
the metabolic consequences of ACC inhibition in ob/ob mice. Th ese mice were fed a 
normal chow diet, since the ob/ob mice are highly insulin resistant related to their 
genetically determined leptin-defi ciency. In these experiments no improvement of 
insulin sensitivity was seen upon CP-640186 treatment, although reductions in body 
weight were noted. Counter intuitively, increases in plasma glucose and triglycerides 
with both doses of CP-640186 were seen [21]. In our study we observed a clear defi cit 
in body weight gain and improvement in insulin sensitivity by chronic treatment 
with CP-640186, but plasma glucose levels and triglycerides were not altered upon 
treatment compared to HF-feeding. 

Th e results of the current study are in accordance with those obtained with ACC2 
knock-out mice [1,2]. ACC2-/- mice were shown to be protected from obesity and 
insulin resistance during high fat feeding. Th ese mice became leaner while eat-
ing more food compared to wild-type mice. In our study, mice fed CP-640186 did 
not alter their food intake but body weight gain was signifi cantly reduced. In the 
liver-specifi c ACC1 knock-out mouse, Mao et al. found less accumulation of he-
patic triglycerides without any change in glucose homeostasis [5]. We observed a 
trend towards reduction of hepatic triglycerides, yet, no diff erences in expression 
levels of genes involved in glucose or lipid metabolism in mice chronically treated 
with CP-640186 were seen. However, we did observe an improvement in peripheral 
insulin sensitivity. Th is may be related to the fact that in our experiments not only 
ACC1 but also ACC2 was suppressed. Th is may have led to an enhanced peripheral 
mitochondrial β-oxidation and less accumulation of fat in tissues and organs. Th is 
may, in the end, underlie the improved insulin sensitivity found aft er CP-640186 
treatment. It may be that the less pronounced body weight gain in the chronically 
treated mice contributes to the improved insulin sensitivity. Data from the ASO-
study and the ACC2-/- mice fed a high fat diet show an increase in total energy ex-
penditure [10,22]. We therefore expect that chronically-treated mice also displayed 
an increased total energy expenditure. Th is eff ect is likely less pronounced in the 
short-term treated mice. 

A major diff erence between our own work and that of Savage et al. concerns 
the fact that these authors observed an improvement in ‘hepatic’ insulin resistance 
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whereas we found only an improvement in ‘peripheral’ insulin resistance. Th is eff ect 
might be explained by the choice of experimental animals. Savage et al. [10] used rats 
fed a high fat diet as a model for insulin resistance whereas we used mice on a similar 
diet. It is known that hepatic insulin resistance by dietary intervention is more rap-
idly induced in rats than in mice [23]. A methodological diff erence that also should 
be noted refers to the procedure of the hyperinsulinemic euglycemic clamps in both 
studies. We used somatostatin to suppress endogenous insulin secretion, which was 
not done in the study of Savage et al. Th e duration of the total clamp period was dif-
ferent, i.e., 6 hours in our study versus 4 hours in the rat study, which may infl uence 
the outcome of the experiments. Observations related to malonyl-CoA levels were 
comparable in both studies, i.e., no diff erence in malonyl-CoA levels were observed 
upon either mode of ACC inhibition. Savage et al. observed a dramatic decrease in 
malonyl-CoA levels only aft er a fasting and refeeding [10]. Th is can be explained by 
the mode of ACC inhibition since ASO’s act at the RNA level of the gene of interest 
(in this case ACC), whereas CP-640186 interacts with the ACC protein. Accurate 
assessment of malonyl-CoA turnover rates is required to gain insight in the mode of 
actions of either strategy. 

A recent paper by Choi et al. showed that ACC2-/- mice fed a HF-diet displayed 
reduced plasma insulin values and low blood glucose levels (~30%) [22]. Also body 
weight gain was less pronounced in these mice, as observed upon ACC inhibition 
in our experiments. Th is provides a strong indication that the ACC system is of 
potential interest for treatment of symptoms of the metabolic syndrome like obesity 
and insulin resistance. In conjunction with the present results, it is evident that 
pharmacological inhibition of the ACC system is of potential use for the treatment 
of obesity and/or insulin resistance. 
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aBstract

Aim: Inhibition of the acetyl-CoA carboxylase (ACC) system, consisting of the iso-
zymes ACC1 and ACC2, may be benefi cial for treatment of insulin resistance and/ 
or obesity by interfering with de novo lipogenesis and β-oxidation processes. We 
have evaluated metabolic eff ects of pharmacological inhibition of ACC by Soraphen 
on high fat diet-induced insulin resistance in mice. 

Methods: Male C57Bl6/J mice were fed either a control chow, a high fat (HF) diet 
or a HF diet supplemented with Soraphen (50 mg/kg/d or 100 mg/kg/d). 

Results: Body weight gain and total body fat content of Soraphen-treated animals 
was signifi cantly reduced compared to HF-fed mice. Hepatic triglyceride content 
was not aff ected upon treatment, while plasma triglycerides were slightly increased 
by Soraphen. Th e fractional synthesis of palmitate was signifi cantly reduced in 
mice treated with Soraphen compared to controls, indicative for ACC1 inhibition. 
Plasma β-hydroxybutyrate levels were signifi cantly elevated by Soraphen, refl ect-
ing simultaneous inhibition of ACC2 activity. Mice treated with Soraphen showed a 
dose-dependent improvement of peripheral insulin sensitivity, as assessed by hyper-
insulinemic euglycemic clamps (glucose infusion rate: HF -43±11%, SP50 -15±6%, 
SP100 -1±9 % vs chow fed mice). 

Conclusions: Pharmacological inhibition of the ACC system is of potential use 
for treatment of key components of the metabolic syndrome. 
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introDUction 

Th e acetyl-CoA carboxylase (ACC) system is involved in the regulation of both 
lipogenesis and mitochondrial β-oxidation. ACC catalyzes the carboxylation of 
acetyl-CoA to form malonyl-CoA. Malonyl-CoA is utilized for the synthesis of fatty 
acids but also inhibits the action of carnitine palmitoyltransferase 1 (CPT), the key 
enzyme in control of mitochondrial β-oxidation. In this way, ACC contributes to 
control of both fatty acid synthesis and fatty acid utilization. Two isoforms of ACC 
have been identifi ed that are encoded by separate genes. ACC1 (also known as ACCα) 
is a 265 kDalton protein located in the endoplasmic reticulum (ER) and is mainly 
present in “lipogenic” organs and tissues such as liver and adipose tissue. ACC2, or 
ACCβ, contains 114 additional amino acids at its N-terminus and is 280 kDalton in 
size. Th is extension anchors the protein onto the outer mitochondrial membrane 
where the generated malonyl-CoA inhibits CPT1 activity. ACC2 is highly expressed 
in skeletal muscle and the heart, but also in the liver. 

Studies by Wakil et al. have clearly established that malonyl-CoA generated by 
the two isoforms fulfi lls diff erent physiological actions. ACC2-/- mice showed a 
continuously high β-oxidation activity and an unaff ected synthesis of fatty acids 
[1–4]. ACC1-/- mice were found to be not viable which confi rms that lipogenesis 
is essential for early (fetal) development [5]. Experiments in heterozygous ACC1+/- 
mice showed a normal β-oxidation rate in these animals but reduced lipogenesis [5]. 
Th us, malonyl-CoA generated by the ACC1 isoform is primarily used for lipogenesis 
and ACC2 is actively involved in repression of mitochondrial β-oxidation. Th is has 
been confi rmed by Savage et al. [6] who used an antisense oligonucleotide approach 
(ASO) against either ACC1 or ACC2 or against both isoforms in rats fed a high 
fat diet [6]. Recently, Choi et al. showed that ACC2-/- mice fed a high fat diet were 
protected from diet-induced insulin resistance. Th ese animals even showed signs of 
improved insulin sensitivity, since fasting plasma insulin and glucose levels were re-
duced by about 30% [7]. Th e phenotype of the ACC2-/- mice supports the notion that 
inhibition of ACC, or more specifi cally of ACC2, might be a promising approach for 
treatment of insulin resistance [7]. 

Pharmacological agents for inhibition of the ACC system have been developed 
in the past years and are of potential use for treatment of specifi c components of 
the metabolic syndrome like insulin resistance and obesity. Harwood et al. [8–11] 
showed that wild-type mice treated with the general ACC inhibitor CP-640186 
developed improved insulin sensitivity. However, in insulin-resistant ob/ob mice a 
further, unexplained deterioration of their metabolic condition was observed upon 
CP-640186-treatment [8]. 

Soraphen has been identifi ed as a compound with inhibitory actions on both 
isoforms of ACC. Th is compound, originally isolated from the myxobacterium 
Sorangium cellulosum, inhibits fungal and other eukaryotic ACC systems [8,12–14] 
as well as mammalian ACC’s [8,14].
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In this study, we have supplied Soraphen at two diff erent doses (50 mg/kg/d and 
100 mg/kg/d) to mice fed a high fat (HF) diet. Treated mice showed a remarkable 
defi cit in body weight gain and total body fat content compared to HF-fed control 
mice. De novo lipogenesis in Soraphen-treated mice was clearly decreased, indi-
cating inhibition of ACC1. Ketone body levels were elevated upon treatment with 
Soraphen which is indicative for functional ACC2 blockade. Hyperinsulinemic 
euglycemic clamp studies showed a remarkable improvement of insulin sensitivity, 
which was most pronounced in mice treated with the highest dose of Soraphen. Th us, 
this study shows that pharmacological blockade of the ACC system with Soraphen 
provides powerful means to reverse diet-induced obesity and insulin resistance in 
mice, which provides new options for development of treatment strategies against 
obesity-related disorders. 

MateriaL anD MethoDs

Animals and experimental design

Male mice (C57Bl6/J, Charles River, l’Arbresle, France) were housed in an environ-
mentally controlled facility and randomized in four groups. Water and food were 
freely accessible, and the light-dark cycle was set at 12 h light and 12 h dark (light on 
at 7:00 a.m.). Th e experiments were performed in accordance with local guidelines 
for the use of experimental animals. Th e control mice were fed a standard lab chow 
(C) diet (carbohydrate 52, protein 35, fat 13 energy%, Abdiets, Woerden, Th e Neth-
erlands). Th e other three groups were either fed a high fat (HF) diet (carbohydrate 
21, protein 21, fat 58 energy%, Abdiets, Woerden, Th e Netherlands) or the HF-diet 
supplemented with Soraphen (SP) (provided by Dr. Rolf Jansen, Helmholtz Centre 
for Infection Research, Braunsweig, Germany) in a concentration aimed at 50 mg/
kg/d or 100 mg/kg/d (SP50 and SP100), respectively. Th e mice received the diet for six 
weeks. At the end of the dietary period, mice were subjected to in vivo measure-
ments of glucose metabolism and substrate utilization or were sacrifi ced for plasma 
and tissue collection and carcass analysis. 

Tissue and organ collection

Mice were sacrifi ced by cardiac puncture under isofl urane anesthesia aft er a period 
of 4 h of fasting to avoid postprandial eff ects. Liver, skeletal muscle from the limb 
and white adipose tissue (epidydimal fat) were removed and immediately frozen in 
liquid nitrogen and stored at -80 °C for biochemical analysis. Blood samples were 
centrifuged and plasma was removed and stored at -20 °C until analysis. Th e re-
maining of the carcass was wrapped in aluminum foil and stored at -20 °C for total 
fat content analysis by carcass analysis. 
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Carcass analysis

Animals were dissected and the total fat content of the separate tissues was deter-
mined by drying the organs at 103 °C followed by a fat extraction procedure using 
petroleum ether (Boom BV, Meppel, Th e Netherlands) and subsequent drying at 103 
°C as described by Vaanholt et al. [15].

Analyses of plasma parameters

Commercially available kits were used to determine plasma triglycerides (TG), free 
and total cholesterol, free fatty acids, β-hydroxybutyrate and ALAT/ASAT levels 
(Roche Diagnostics, Mannheim, Germany; Wako Chemicals, Neuss, Germany and 
Spinreact, Sant Esteve de Bas, Spain). Plasma insulin levels were determined using 
the mouse insulin ultrasensitive ELISA kit (Mercodia, Upsala, Sweden). 

Hepatic metabolite analyses 

Liver lipid extraction was performed according to the method of Bligh and Dyer [16]. 
Th e protein content of these livers was determined by the method of Lowry. Com-
mercially available kits were used to determine hepatic concentrations of TG and 
total cholesterol (Roche Diagnostics, Mannheim, Germany and Wako Chemicals, 
Neuss, Germany). Malonyl-CoA levels were determined according to the protocol 
of Berge et al. [17] with minor modifi cations on a Nova-Pak C-18 column (Waters, 
Etten Leur, Th e Netherlands). Hepatic glycogen levels were determined as described 
by Keppler et al. [18].

RNA isolation and mRNA expression levels by Q-PCR

Total RNA was isolated using Tri-reagents (Sigma, Zwijndrecht, Th e Netherlands) 
according to manufacturer guidelines. Th e RNA concentrations were measured 
using the nanodrop system (ND1000, Isogen Life Science, IJsselstein, Th e Nether-
lands). cDNA was generated using 2 µg of RNA per sample using M-MLV (Sigma, 
Zwijndrecht, Th e Netherlands). Quantitative real time PCR was performed using 
qPCR core kit (Eurogentech, Seraing, Belgium). Th e results were normalized to 36B4 
mRNA expression levels. Th e sequences of the primers can be found at the website of 
pediatrics (www.LabPediatricsRug.nl) 

Fat absorption test

High fat-fed and Soraphen-treated (100 mg/kg/d) mice were subjected to a fat ab-
sorption test. Nine hour fasted mice were given 200 µl of olive oil by gavage. Serial 
blood samples were taken at indicated times for up to 105 minutes. Plasma triglycer-
ide (TG) levels were determined in these samples using a commercially available kit.
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Determination of de novo lipogenesis

Animals fed either the high fat diet or the high fat diet supplemented with the high-
est dose of Soraphen received drinking water containing 2 %(wt/v) [1-13C]-acetate 
(Isotech, Miamisburg, OH, USA) for three days. Blood spots from tail bleeding 
were taken twice a day (8.00 a.m. and 5.00 p.m.) for GC-MS analysis for calculating 
incorporation of label into blood to allow for calculation of fractional cholesterol 
synthesis by mass isotopomer distribution analyses (MIDA). Th e contribution of de 
novo lipogenesis refl ected by [1-13C]-acetate incorporation into palmitate (C16:0) 
was determined by MIDA as described by Hellerstein et al. [19,20] in liver homog-
enates of these mice. 

Hyperinsulinemic euglycemic clamp experiment

Th e hyperinsulinemic euglycemic clamp procedure was performed as described by 
van Dijk et al. and Grefh orst et al. [21,22] with minor modifi cations. In short the 
mice were provided with a permanent jugular vein catheter with a two-way entrance. 
Nine hours before the start of the hyperinsulinemic euglycemic clamp, food was 
withdrawn. Th e fi rst two hours of the clamp, mice received a solution containing 
2.5 mg/ml [U-13C] glucose (3% [U-13C] 99% 13C atom %excess, Cambridge Iso-
tope Laboratories, Andover, MA, USA) per hour, for determination of basal glucose 
turnover. During the last four hours mice were subjected to the hyperinsulinemic 
euglycemic clamp. Blood glucose levels were monitored with the Lifescan glucose 
meter (Lifescan Benelux, Beerse, Belgium) every 15 minutes. For GC-MS analysis 
and the calculation of the glucose turnover rate, glucose disposal and hepatic glucose 
production, a bloodspot was taken every 30 minutes by tail bleeding. Calculations 
were performed as described by van Dijk et al. [22].

Statistics 

All values represent mean ± standard error for the number of animals indicated. 
Statistical analyses were assessed by Kruskall-Wallis followed by Conover test for 
multiple comparisons. Th e p-value was set at p<0.05 for being signifi cant. 

resULts 

Hepatic and plasma parameters of lipid metabolism were not affected by inhibi-
tion of acetyl-CoA carboxylase but body weights were reduced 

Mice treated with Soraphen for six weeks showed a reduction in body weight gain 
compared to mice fed a HF-diet (Figure 1). Th is was the case for both treated groups, 
however, in animals receiving 100 mg/kg/d this eff ect was statistically signifi cant 
(SP50 -4±6, SP100 -9±4 % vs HF mice). In the SP100 group, the eff ect on body weight 
was already evident aft er the fi rst week of treatment, while it appeared only aft er 3 
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weeks of treatment in the SP50 group. Food intake of the mice was not aff ected by 
Soraphen treatment (data not shown). 

To exclude impaired intestinal fat absorption as the cause of reduced body weight 
gain, a fat absorption test was performed. Fat absorption in the mice fed the high fat 
diet and mice given Soraphen at a dose of 100 mg/kg/d was comparable, as revealed 
by similar increases in plasma TG levels aft er administration of an oral bolus of olive 
oil (Figure 2). 

Plasma levels of cholesterol and free fatty acids were not aff ected during treat-
ment with Soraphen and were elevated in all groups of HF-fed animals compared to 
the control mice. Plasma triglyceride levels were signifi cantly higher in mice treated 
with both concentrations of Soraphen compared to control and HF-fed mice. Ketone 
body levels as refl ected by β-hydroxybutyrate were signifi cantly lower in the HF-fed 
mice compared to chow-fed controls, but back to control levels in the SP-treated 
groups. Plasma insulin levels were signifi cantly higher in the HF-fed animals aft er a 
basal period of fasting compared to the other three groups (+94% vs control). Insulin 

Figure 2: Plasma triglyceride values were measured at indicated time points a� er an oral olive-oil bolus. 
Values are mean ± SEM (n=5). 

Figure 1: Body weight gain as a percentage of initial body weight. Values are mean ± SEM (n=6). # p<0.05 
vs high fat and $ p <0.05 vs SP50
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levels of the treated mice both groups were back at control levels (Table 1). Th e ALAT 
and ASAT values were somewhat higher in the treated groups, but the diff erences 
did not reach signifi cance, indicating that liver function in Soraphen-treated ani-
mals was not disturbed (Table 1).

Table 2: Hepatic metabolic parameters a� er 4 hours of fasting. C: control, HF: high fat, SP50: high fat 
supplemented with Soraphen 50 mg/kg/d and SP 100: high fat supplemented with Soraphen 100 mg/kg/d. 
Values are represented as mean ± SEM, number of animals 5-6. * p<0.05 vs control.

Liver parameters C HF SP50 SP100

TG
(µmol/g liver) 9.6±0.76 13.9±1.84 12.3±2.29 13.4±1.99

Total cholesterol
(µmol/g liver) 3.06±0.49 2.47±0.11 2.26±0.36 2.37±0.45

Glycogen
(µmol/g liver) 259.9±9.5 334.1±18.5 379.5±40.8 289.3±47.4

Protein
(mg/g liver) 242±19.6 187±19.2 205±21.3 241±22.3

Malonyl-CoA
(nmol/g liver) 35±3 28±1* 27±2* 30±2

Table 1: Plasma metabolic parameters a� er 4 hours of fasting. C: control, HF: high 
fat, SP50: high fat supplemented with Soraphen 50 mg/kg/d and SP 100: high fat 
supplemented with Soraphen 100 mg/kg/d. Values are represented as mean ± 
SEM, number of animals 5-6. * p<0.05 vs control, # p<0.05 vs high fat.

Plasma parameters C HF SP50 SP100

TG
(mmol/l) 0.64±0.07 0.96±0.14 1.56 ±0.06* 1.32±0.19*

Total cholesterol
(mmol/l) 2.51±0.15 4.33±0.27* 4.22±0.47* 3.43±0.32*

Free fatty acids
(mmol/l) 0.97±0.05 0.85±0.07 1.17±0.10 0.97±0.10

ΒHB
(mmol/l) 0.23±0.03 0.13±0.01* 0.20±0.02# 0.23±0.03#

Insulin
(µg/l) 0.35±0.03 0.68±0.21* 0.26±0.05# 0.39±0.13#

ASAT
(U/l) 8.37 ± 1.17 10.30 ± 2.08 12.73 ± 1.70 9.18 ± 1.07

ALAT
(U/l) 3.41±0.94 4.45±0.65 8.50±1.03 5.74±0.76
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Hepatic metabolic parameters determined aft er 4 hrs of fasting, i.e., total cho-
lesterol, triglyceride and glycogen contents of the three groups of HF-fed mice did 
not diff er, also not when compared to the chow-fed animals. Hepatic malonyl-CoA 
levels were somewhat lower in the HF-fed mice and the SP50 mice compared to 
chow-fed animals (Table 2). Hepatic malonyl-CoA levels in SP100 mice were not 
diff erent from those in control mice (Table 2).

Carcass analysis revealed that the total fat content of the animals treated with So-
raphen was reduced to control levels

Th e total amount of fat in the HF-animals was signifi cantly higher compared to that 
of the chow-fed control mice (9.75 % of total BW for control vs 18.35 % of total BW 
for HF). Th e SP50 group showed a reduction compared to the HF-fed mice in total 
body fat content. Th is eff ect was even more pronounced in the SP100 group: these 
mice had a similar amount of total body fat as the control mice did (Table 3). 

Th e visceral fat content of all three HF-groups was higher compared to the con-
trol mice, however, a tendency towards normalized levels was seen in the SP-treated 
animals which was signifi cant for mice treated with the highest dose of Soraphen. 
Th e other fat pads analyzed were increased in the HF-group and reduced in the 
SP-treated groups, with most pronounced eff ects in the animals that received the 
highest dose of Soraphen (Table 3). 

Hepatic gene expression levels of genes involved in both glucose and lipid metabo-
lism were not altered during treatment with Soraphen

Hepatic mRNA levels were analyzed by Q-PCR to gain insight in expression pat-
terns of genes involved in both lipid and glucose metabolism. Lipogenic genes like 
acetyl-CoA carboxylase (Acc1), malonyl-CoA decarboxylase (Mcd), fatty acid syn-
thase (Fas) were not aff ected, with the exception of Fas in all three HF-fed groups. 
Th ese expression levels were at least 3.5 fold higher compared to the control mice 
(Figure 3). Likewise, Acc2 mRNA levels were not aff ected by HF feeding or Soraphen 
treatment.

Genes encoding key enzymes of glucose metabolism, including glucokinase (Gk), 
glycogen phosphorylase (Gp), glycogen synthase (Gs) and glucose-6-phosphatase 
translocase and hydrolase (G6pt, G6ph) were not aff ected upon treatment with So-
raphen (Figure 3). Gk expression levels, however, were increased during HF feeding 
alone, but reduced to control levels aft er treatment with Soraphen. 

Expression levels of genes involved in lipolysis and infl ammation were not af-
fected in livers of the treated animals compared to the control animals. Tnfα levels 
were slightly induced in the HF-mice, but back to control levels in the Soraphen 
mice indicating that there was no indication for infl ammation in the treated animals 
(Figure 3). 
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Gene expression patterns in skeletal muscle (Figure 4A) and in white adipose 
tissue (WAT) (Figure 4B) were not altered upon either high fat feeding or treatment 
with Soraphen compared to chow-fed controls. Only Glut1 expression levels in WAT 
tended to be increased in the SP50 animals. 

De novo lipogenesis is suppressed in Soraphen-treated mice 

Both de novo lipogenesis and cholesterol synthesis were measured aft er 2 weeks 
of treatment with Soraphen by supplying animals with 2% (w/v) labeled [1-13C]-

Table 3: Carcass analysis a� er Soraphen-treatment. C: control, HF: high fat, SP50: high fat supple-
mented with Soraphen 50 mg/kg/d and SP 100: high fat supplemented with Soraphen 100 mg/kg/d. 
Values are represented as mean ± SEM, number of animals 3. * p<0.05 vs control, # p<0.05 vs high fat.

Carcass analysis C HF SP50 SP100

Visceral fat
(% of tot BW) 1.77±0.02 4.37±0.04* 3.23±0.1 2.13±0.02#

Subcutaneous fat
(% of tot BW) 3.78±0.03 7.79±0.05* 4.95±0.1# 3.95±0.03#

Epidydimal fat
(% of tot BW) 0.76±0.01 2.31±0.03* 1.78±0.1 1.16±0.01#

Mesenchymal fat
(% of tot BW) 0.60±0.01 1.13±0.0* 0.90±0.02 0.62±0.01#

Retroperitoneal fat
(% of tot BW) 0.41±0.01 0.93±0.03* 0.55±0.1 0.36±0.01#

Total fat 
(% of tot BW) 9.75±0.1 18.35±0.1* 12.96±0.2# 9.99±0.1#

Figure 3: Hepatic gene expression levels of genes involved in glucose and lipid metabolism. Values are 
mean ± SEM (n=6). * p<0.05 vs control
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acetate in their drinking water for 3 days. Mice fed the high fat diet supplemented 
with Soraphen (SP100) showed a small decrease in precursor-pool enrichment of the 
acetyl-CoA pool used for the synthesis of palmitate (C16:0) at 72 hrs in the liver (Fig-
ure 5A). Th e precursor-pool enrichment of newly synthesized cholesterol present in 
plasma was not aff ected (Figure 5A).Th e fractional synthesis of palmitate in the liver 
was reduced to 30% of the control value aft er treatment with Soraphen compared 
to the HF diet only. Th ese results thus demonstrate a signifi cant reduction of de 
novo lipogenesis upon ACC inhibition. Th e fraction of newly synthesized plasma 
cholesterol was not altered upon Soraphen treatment (Figure 5B).

Inhibition of acetyl-CoA carboxylase by Soraphen improves insulin sensitivity in 
mice fed a high fat diet

Blood glucose levels in the fed state were not diff erent between the groups (data 
not shown). Also aft er a 9 h period of fasting, blood glucose levels were similar in 
all groups. During the fi rst two hours of the experiment (basal period), the HF-fed 
group and the SP50 group showed somewhat elevated glucose levels compared to 

Figure 4: Gene expression patterns in skeletal muscle and white adipose tissue (respectively � gure A and 
B). Expression patterns were measured in pooled samples of 6 animals. 
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the control mice. Th is was not the case for the mice treated with the highest dose 
of Soraphen. During the hyperinsulinemic euglycemic clamp period, glucose levels 
were similar except for the SP100 mice: these levels were slightly lower compared to 
the other three groups (Figure 6). Th e glucose infusion rate (GIR), required to main-
tain euglycemia was signifi cantly lower in HF-fed mice than in the chow-fed con-
trols, indicative for diet-induced insulin resistance. Th e GIR in the two SP-treated 
groups was signifi cantly improved compared to the HF-mice. Th is eff ect was more 
pronounced in the SP100 group than in the SP50 group (Figure 7A). Th e diff erence 
between the two SP-treated groups did not reach statistical signifi cance. Th e insulin-
stimulated glucose disposal rate (Rd) was improved in the SP-treated groups during 
the clamp. A dose-dependency similar to that observed for the GIR was also seen 
for Rd: the diff erence between the two Soraphen groups was statistically signifi cant 

Figure 5: Precursor pool enrichment (Figure A) and fractional synthesis rate (Figure B) mice fed a high 
fat diet and SP100 a� er 3 days of drinking 2% (w/v) [1-13C]-acetate. Palmitate levels were measured in liver 
whereas cholesterol values were determined in plasma. Values are mean ± SEM (n=6). * p<0.05 vs high fat

Figure 6: Blood glucose levels a� er a period of nine hours of fasting, a� er the basal glucose infusion and 
during the hyperinsulinemic euglycemic clamp. Values are mean ± SEM (n=6). * p<0.05 vs control
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(HF -36±9, SP50 -17±6, SP100 +8±8 % vs control mice). As expected, the metabolic 
clearance of glucose in HF-fed mice was decreased and back to control levels in 
both SP-treated groups (Figure 7C). During the clamp, hepatic glucose production 
(Ra) was reduced by about 50% compared to basal in all groups except in the SP100 
group. Th is group showed a decrease of only 10% (NS vs basal) during the hyperin-
sulinemic euglycemic clamp (Figure 7D). 

DiscUssion 

Th is study demonstrates that pharmacological inhibition of the ACC system pro-
vides possibilities for the treatment of diet-induced insulin resistance and obesity. 
We observed a marked decrease in body weight gain in SP-treated mice compared 
to high fat-fed mice without indications for intestinal malabsorption or reduced 
food intake. Peripheral insulin sensitivity was signifi cantly improved in animals 
treated with Soraphen. De novo lipogenesis in these mice was decreased, indicating 
that ACC1 was functionally inhibited in these experiments. Alterations of plasma 
β-hydroxybutyrate levels confi rm inhibitory action of Soraphen on ACC2 activity 
as well.

Figure 7: Glucose infusion rate (GIR), glucose disposal rate (Rd), metabolic clearance rate (MCR) and 
glucose production rate (Ra) (respectively � gure A, B, C and D) during the basal state and hyperinsu-
linemic euglycemic clamp. Values are mean ± SEM (n=6). * p<0.05 vs control, # p<0.05 vs high fat and $ 
p <0.05 vs SP50
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Experiments in fungi showed that high doses of Soraphen may have toxic eff ects 
[12,13,23]. However, we did not observe any abnormalities with respect to terato-
genic eff ects in both groups treated with Soraphen which was also refl ected by basi-
cally unchanged ALAT and ASAT values and also by hepatic TNFα gene expression. 

Results presented in this paper in part confi rm data obtained in the ACC1+/- 
mice, ACC2-/- mice [1–5,7,24] and rats treated with antisense oligonucleotide (ASO) 
therapy to block ACC1 and ACC2 [6]. Generalized pharmacological ACC inhibi-
tion simultaneously reduced fatty acid synthesis and increased β-oxidation rate. 
Our data delineate the potential application of pharmacological ACC inhibitors for 
treatment of key components of the metabolic syndrome. Earlier experiments with 
CP-640186, another generalized pharmacological ACC inhibitor (own experiments 
(unpublished results) and from others [8,10,11]), also showed reduced body weight 
gain on a HF-diet and improved insulin sensitivity upon ACC blockade in mice 
[8,10,11]. Th e diff erent approaches clearly establish that inhibition of the ACC sys-
tem is of potential use for treatment of obesity and insulin resistance. 

We observed a feeding behavior similar to that of control and high fat-fed mice 
in animals treated with Soraphen which was, however, associated with less body 
weight gain. Fat malabsorption could be excluded as a cause of this eff ect since fat 
absorption was similar in HF-fed control mice as in SP100- treated animals. Body fat 
distribution in SP-treated mice was clearly diff erent from that in HF mice although 
the caloric intake in these mice was similar. Mice fed the high fat diet supplemented 
with Soraphen most likely had a higher β-oxidation rate in view of their elevated 
plasma levels of β-hydroxybutyrate. Th is has also been reported for ACC2-/- mice 
fed a high fat diet [4,7]. We observed a clear decrease in the fractional synthesis of 
palmitate in livers of SP100 mice compared to the HF-fed mice, demonstrating that 
ACC1 is indeed inhibited by Soraphen treatment. Measurements of energy expendi-
ture are required to elucidate the underlying mechanisms of impaired body weight 
gain. A remarkable observation was the increase of plasma TG values in mice treated 
with both doses of Soraphen, whereas in the liver only a tendency towards increased 
levels was noted. Th is hepatic eff ect was caused by the HF diet, since there was no 
diff erence between the HF diet alone and the HF diet supplemented with Soraphen. 
Th e reason of increased plasma TG levels is still unknown and needs further inves-
tigation. 

Analysis of gene expression patterns in liver, skeletal muscle and white adipose 
tissue showed few alterations in response to Soraphen treatment. We only observed 
an increase in hepatic Fas mRNA expression levels in all three HF-fed groups, likely 
refl ecting Pgc1β-induced response to HF feeding [25,26]. Increased Fas expression, 
however, was not refl ected in increased de novo lipogenesis since Soraphen acts by 
inhibition of enzyme activity at the protein level. We also observed an increase in 
hepatic Gk expression levels upon HF feeding. Ferre et al. showed that long-term 
hepatic overexpression of glucokinase results in a marked insulin resistance in mice 
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upon HF feeding [27]. However, other studies on type I and type II diabetes mellitus 
showed decreased levels of hepatic glucokinase expression [28,29]. Th e expression 
pattern of glucokinase in diabetic models apparently strongly depends on the model 
that is used. 

Th e hyperinsulinemic euglycemic clamp in non-anaesthetized mice was used 
as the ‘gold standard’ for determining the insulin sensitivity of both liver, related 
to glucose production, and peripheral tissues, related to the uptake of glucose by 
several tissues like skeletal muscle, adipose tissue and the brain. Peripheral insu-
lin sensitivity in mice treated with both doses of Soraphen was clearly improved, 
although no alterations on skeletal muscle or white adipose tissue gene expression 
patterns were seen. Th is supports the fact inhibition of ACC by Soraphen indeed 
improves peripheral insulin sensitivity in mice fed a high fat diet.

 Surprisingly, hepatic glucose production (Ra; fi gure 7D) in mice treated with the 
highest dose of Soraphen appeared to be insulin resistant. Only a non-signifi cant 
reduction of Ra by 10% was observed compared to a reduction of 50% in the other 
three groups during the clamp compared to the basal state. Th e relatively high dose 
of Soraphen is most likely the cause of this eff ect since it was not observed when 
using either the 50 mg/kg/d dose (Ra; Figure 7D) or CP-640186 in the dose of 50 
mg/kg/d (unpublished data). Probably, the therapeutic range of Soraphen is rather 
narrow. However, in the periphery a clear improvement of insulin sensitivity was 
observed in the SP100 mice. 

From fi gure 5A it is evident that the acetyl-CoA pool used for de novo lipogenesis 
is infl uenced by SP100. Th e lower precursor-pool enrichment in the presence of So-
raphen, compared to control, indicates an increased supply of acetyl-CoA moiety. It 
is also evident from plasma ketone body concentrations that β-oxidation was stimu-
lated. Th e question arises whether this increased delivery of lipogenic acetyl-CoA 
derives from enhanced β-oxidation. Furthermore, induction of β-oxidation might 
alter pyruvate metabolism. We speculate that an increased carbon fl ux through 
pyruvate carboxylase towards oxaloacetate and glucose by gluconeogenesis might 
result in an apparent insulin resistance of glucose production in the liver. However, 
no experimental data is available yet to substantiate this suggestion. In this respect, 
it is of interest to note that Derks et al found only a minor inhibition of gluconeogen-
esis in vivo in mice during pharmacological inhibition of β-oxidation [30]. 

In conclusion, our data demonstrate that pharmacological inhibition of the ACC 
system with Soraphen provides a powerful means to reverse diet-induced obesity 
and peripheral insulin resistance in mice. In this way, our data provides new op-
tions for development of treatment strategies for these components of the metabolic 
syndrome. We also found, however, that inhibiting hepatic ACC activity might have 
unexpected consequences for hepatic glucose metabolism. Th is aspect, pointing to a 
tight relationship between ACC activity and pyruvate metabolism, requires further 
attention. 



70

Chapter 4

4

Acknowledgements

Th e research of this study was supported by the Dutch Diabetes Research Founda-
tion (grant 2003.00.009). 



71

Soraphen improves peripheral insulin sensitivity in mice fed a high fat diet

4

reference List
1.   Abu-Elheiga L, Almarza-Ortega DB, Baldini 

A, Wakil SJ (1997) Human acetyl-CoA car-
boxylase 2. Molecular cloning, characteriza-
tion, chromosomal mapping, and evidence for 
two isoforms. J Biol Chem 272: 10669-10677.

2.   Abu-Elheiga L, Brinkley WR, Zhong L, Chi-
rala SS, Woldegiorgis G, Wakil SJ (2000) Th e 
subcellular localization of acetyl-CoA car-
boxylase 2. Proc Natl Acad Sci U S A 97: 1444-
1449.

3.   Abu-Elheiga L, Matzuk MM, Abo-Hashema 
KA, Wakil SJ (2001) Continuous fatty acid ox-
idation and reduced fat storage in mice lacking 
acetyl-CoA carboxylase 2. Science 291: 2613-
2616.

4.   Abu-Elheiga L, Oh W, Kordari P, Wakil SJ 
(2003) Acetyl-CoA carboxylase 2 mutant mice 
are protected against obesity and diabetes in-
duced by high-fat/high-carbohydrate diets. 
Proc Natl Acad Sci U S A 100: 10207-10212.

5.   Abu-Elheiga L, Matzuk MM, Kordari P, Oh 
W, Shaikenov T, Gu Z, Wakil SJ (2005) Mu-
tant mice lacking acetyl-CoA carboxylase 1 
are embryonically lethal. Proc Natl Acad Sci U 
S A 102: 12011-12016.

6.   Savage DB, Choi CS, Samuel VT, Liu ZX, 
Zhang D, Wang A, Zhang XM, Cline GW, Yu 
XX, Geisler JG, Bhanot S, Monia BP, Shulman 
GI (2006) Reversal of diet-induced hepatic ste-
atosis and hepatic insulin resistance by anti-
sense oligonucleotide inhibitors of acetyl-CoA 
carboxylases 1 and 2. J Clin Invest 116: 817-
824.

7.   Choi CS, Savage DB, Abu-Elheiga L, Liu ZX, 
Kim S, Kulkarni A, Distefano A, Hwang YJ, 
Reznick RM, Codella R, Zhang D, Cline GW, 
Wakil SJ, Shulman GI (2007) Continuous fat 
oxidation in acetyl-CoA carboxylase 2 knock-
out mice increases total energy expenditure, 
reduces fat mass, and improves insulin sensi-
tivity. Proc Natl Acad Sci U S A 104: 16480-
16485.

8.   Judith L.Treadway, R.K.McPherson, Stephen 
F.Petras, Lorraine D.Shelly, Kosea S.Frederick, 
Kazuko Sagawa, David A.Perry, H.J Harwood 
(2004) Eff ect of the Acetyl-CoA Carboxylase 
Inhibitor CP-640186 on Glycemic Control in 
Diabetic ob/ob Mice. Diabetes 53: 

9.   Harwood HJ, Jr., Petras SF, Shelly LD, Zaccaro 
LM, Perry DA, Makowski MR, Hargrove DM, 

Martin KA, Tracey WR, Chapman JG, Magee 
WP, Dalvie DK, Soliman VF, Martin WH, Mu-
larski CJ, Eisenbeis SA (2003) Isozyme-nonse-
lective N-substituted bipiperidylcarboxamide 
acetyl-CoA carboxylase inhibitors reduce tis-
sue malonyl-CoA concentrations, inhibit fatty 
acid synthesis, and increase fatty acid oxidation 
in cultured cells and in experimental animals. J 
Biol Chem 278: 37099-37111.

10.   Harwood HJ, Jr. (2004) Acetyl-CoA carboxylase 
inhibition for the treatment of metabolic syn-
drome. Curr Opin Investig Drugs 5: 283-289.

11.   Harwood HJ, Jr. (2005) Treating the metabolic 
syndrome: acetyl-CoA carboxylase inhibition. 
Expert Opin Th er Targets 9: 267-281.

12.   Shen Y, Volrath SL, Weatherly SC, Elich TD, 
Tong L (2004) A mechanism for the potent inhi-
bition of eukaryotic acetyl-coenzyme A carbox-
ylase by soraphen A, a macrocyclic polyketide 
natural product. Mol Cell 16: 881-891.

13.   Gerth K, Bedorf N, Irschik H, Hofl e G, Reichen-
bach H (1994) Th e soraphens: a family of nov-
el antifungal compounds from Sorangium cel-
lulosum (Myxobacteria). I. Soraphen A1 alpha: 
fermentation, isolation, biological properties. J 
Antibiot (Tokyo) 47: 23-31.

14.   Beckers A, Organe S, Timmermans L, Scheys K, 
Peeters A, Brusselmans K, Verhoeven G, Swin-
nen JV (2007) Chemical inhibition of acetyl-
CoA carboxylase induces growth arrest and cy-
totoxicity selectively in cancer cells. Cancer Res 
67: 8180-8187.

15.   Vaanholt LM, Meerlo P, Garland T, Jr., Visser 
GH, van Dijk G (2007) Plasma adiponectin is in-
creased in mice selectively bred for high wheel-
running activity, but not by wheel running per 
se. Horm Metab Res 39: 377-383.

16.   Bligh EG, Dyer WJ (1959) A rapid method of to-
tal lipid extraction and purifi cation. Can J Bio-
chem Physiol 37: 911-917.

17.   Demoz A, Garras A, Asiedu DK, Netteland B, 
Berge RK (1995) Rapid method for the separa-
tion and detection of tissue short-chain coen-
zyme A esters by reversed-phase high-perfor-
mance liquid chromatography. J Chromatogr B 
Biomed Appl 667: 148-152.

18.   Keppler D, Decker K, Bergmeyer HUGlyko-
gen. Bestimmung mit amyloglucosidase. Verlag 
Chemie 1089-1094.



72

Chapter 4

4

19.   Hellerstein MK, Neese RA (1992) Mass isoto-
pomer distribution analysis: a technique for 
measuring biosynthesis and turnover of poly-
mers. Am J Physiol 263: E988-1001.

20.   Hellerstein MK, Neese RA (1999) Mass isoto-
pomer distribution analysis at eight years: the-
oretical, analytic, and experimental consider-
ations. Am J Physiol 276: E1146-E1170.

21.   Grefh orst A, van Dijk TH, Hammer A, van der 
Sluijs FH, Havinga R, Havekes LM, Romijn JA, 
Groot PH, Reijngoud DJ, Kuipers F (2005) Dif-
ferential eff ects of pharmacological liver X re-
ceptor activation on hepatic and peripheral in-
sulin sensitivity in lean and ob/ob mice. Am J 
Physiol Endocrinol Metab 289: E829-E838.

22.   van Dijk TH, Boer TS, Havinga R, Stellaard F, 
Kuipers F, Reijngoud DJ (2003) Quantifi cation 
of hepatic carbohydrate metabolism in con-
scious mice using serial blood and urine spots. 
Anal Biochem 322: 1-13.

23.   Weatherly SC, Volrath SL, Elich TD (2004) Ex-
pression and characterization of recombinant 
fungal acetyl-CoA carboxylase and isolation 
of a soraphen-binding domain. Biochem J 380: 
105-110.

24.   Abu-Elheiga L, Jayakumar A, Baldini A, Chi-
rala SS, Wakil SJ (1995) Human acetyl-CoA 
carboxylase: characterization, molecular clon-
ing, and evidence for two isoforms. Proc Natl 
Acad Sci U S A 92: 4011-4015.

25.   Lin J, Yang R, Tarr PT, Wu PH, Handschin 
C, Li S, Yang W, Pei L, Uldry M, Tontonoz P, 
Newgard CB, Spiegelman BM (2005) Hyper-
lipidemic Eff ects of Dietary Saturated Fats 
Mediated through PGC-1beta Coactivation of 
SREBP. Cell 120: 261-273.

26.   Lin J, Tarr PT, Yang R, Rhee J, Puigserver P, 
Newgard CB, Spiegelman BM (2003) PGC-
1beta in the regulation of hepatic glucose and 
energy metabolism. J Biol Chem 278: 30843-
30848.

27.   Ferre T, Riu E, Franckhauser S, Agudo J, Bosch 
F (2003) Long-term overexpression of glucoki-
nase in the liver of transgenic mice leads to in-
sulin resistance. Diabetologia 46: 1662-1668.

28.   Caro JF, Triester S, Patel VK, Tapscott EB, Fra-
zier NL, Dohm GL (1995) Liver glucokinase: 
decreased activity in patients with type II dia-
betes. Horm Metab Res 27: 19-22.

29.   Lenzen S, Freytag S, Panten U (1988) Inhibi-
tion of glucokinase by alloxan through inter-

action with SH groups in the sugar-binding site 
of the enzyme. Mol Pharmacol 34: 395-400.

30.   Derks TG, van Dijk TH, Grefh orst A, Rake JP, 
Smit GP, Kuipers F, Reijngoud DJ (2008) Inhi-
bition of mitochondrial fatty acid oxidation in 
vivo only slightly suppresses gluconeogenesis 
but enhances clearance of glucose in mice. Hep-
atology 47: 1032-1042.



Marijke Schreurs1, 

Albert Gerding2, 

Sander M Houten3, 

Dirk-Jan Reijngoud2 and 

Folkert Kuipers1,2

inhiBition of carnitine 
PaLMitoYLtransferase 2 BY 
aMinocarnitine PreVents KetoaciDosis 
in a MoUse MoDeL of tYPe i DiaBetes: 
a MetaBoLoMic aPProach 

1 Departments of Pediatrics and 2 Laboratory Medicine, Center for Liver, 
Digestive and Metabolic Diseases, University Medical Center Groningen, 
University of Groningen, Groningen, � e Netherlands
3 Academic Medical Center, Departments of Pediatrics and Clinical Chem-
istry, Laboratory Genetic Metabolic Diseases, Amsterdam, � e Netherlands

Under revision

C
H

APTER 5



74

Chapter 5

5

ABSTRACT 

Inhibition of mitochondrial fatty acid β-oxidation (FAO) has been proposed for 
prevention of hyperglycemia and ketoacidosis in patients with type I diabetes. We 
have used a metabolomic approach to characterize the acute eff ects of FAO inhibi-
tion with the carnitine palmitoyltransferase 2 (CPT2) inhibitor L-aminocarnitine 
(L-AC) in mice. Type I diabetes with severe hyperglycemia and ketoacidosis was 
induced using alloxan in male C57Bl6/OlaHsd mice. Diabetic and control mice were 
treated with L-AC (16 mg/kg) and sacrifi ced aft er 6 hours.L-AC treatment of control 
and diabetic mice reduced plasma ketone bodies in plasma, resolving the ketonemia. 
Blood glucose levels were lowered only in the control mice. Long-chain acylcarni-
tines in L-AC treated animals as well as in control animals were highly elevated in 
liver, associated with a marked hepatic steatosis. Remarkably, L-AC strongly reduced 
branched chain amino acids in diabetic mice, indicative for less breakdown of skel-
etal muscle upon L-AC treatment. 

In conclusion, acute CPT2 inhibition by L-AC improves hyperketonemia in type 
I diabetes, however, for chronic therapeutic treatment L-AC may not be feasible be-
cause it causes hepatic steatosis.
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introDUction

In patients with type I diabetes, diabetic ketoacidosis (DKA) is an acute life-threat-
ening event comprising three components: hyperglycemia, ketonemia and meta-
bolic acidosis. Th e underlying cause is a hormonal disbalance predisposing towards 
a catabolic state in which insulin is almost absent and elevated levels of counter-
regulatory hormones like glucagon, catecholamines and glucocorticoids are noted. 
In this situation, a sequence of events is initiated by diminished glucose uptake by 
peripheral tissues and induced lipolysis in adipose tissue. In liver, the increase of 
free fatty acids, together with an increased activity of enzymes involved in fatty acid 
b-oxidation (FAO) and ketogenesis, results in an enhanced production of ketone 
bodies. Elevated concentrations of counter-regulatory hormones induce proteolysis 
which, together with high concentrations of glycerol and lactate, results in the deliv-
ery of large amounts of gluconeogenic precursors to the liver and kidney. Combined 
with high activity of gluconeogenic enzymes, a high rate of gluconeogenesis can 
be anticipated that contributes to hyperglycemia [1]. Causes of DKA are infections 
and omission as well as undertreatment with insulin. Particularly, children and 
adolescents with type I diabetes appear to be more susceptible to DKA, likely as a 
refl ection of their oft en irregular feeding pattern and less controlled insulin therapy 
[2–5]. Prevention of DKA requires a strict insulin treatment regime. So far, eff ective 
therapy for treatment of ketoacidotic shocks depends on insulin administration and 
intensive hydration.

In healthy conditions, ketogenesis takes place in the liver as a response to fasting 
or prolonged exercise to provide organs like the brain and heart with suffi  cient en-
ergy. Ketone bodies (acetoacetate and β-hydroxybutyrate) are produced from acetyl-
CoA, the product of FAO [6,7]. Since ketogenesis is localized in liver, interference 
with hepatic FAO has been proposed as a therapeutic option to curtail DKA. To this 
purpose, several FAO inhibitors have been developed. Th ese inhibitors target the so-
called carnitine shuttle, which functions in the import of acyl-CoAs into the mito-
chondrial matrix, the initial step of the FAO pathway. Most of these compounds are 
modifi ed long-chain fatty acids, such as the acyl-substituted 2-oxirane carboxylic 
acids etomoxir and 2-tetradecylglycidic acid (TDGA). Th e specifi c target of these 
drugs is carnitine palmitoyltransferase 1 (CPT1) that converts acyl-CoAs into acyl-
carnitines in the fi rst step of the carnitine shuttle. Etomoxir and TDGA have been 
tested clinically, however, severe side eff ects such as hypertrophic cardiomyopathy 
and hepatic steatosis has prevented their introduction into daily clinical practice 
[8–10]. To the best of our knowledge these compounds have never been tested in ani-
mal models or humans with insulin-dependent diabetes. Besides being inhibitors of 
FAO, these drugs are also direct ligands of PPARα, a nuclear hormone receptor and 
a well-known inducer of FAO and ketogenesis upon fasting [11–13]. Another class 
of compounds, which inhibit FAO, are substituted carnitines such as L-3-amino-4-
trimethylaminobutyric acid (L-aminocarnitine (L-AC)). L-AC acts mainly on CPT2 
[12,14,15], the inner-mitochondrial carnitine palmitoyltransferase that catalyzes the 
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reverse reaction of CPT1. In vitro data suggest that L-AC may also inhibit CPT1 at 
higher concentration [12,16]. L-AC is a potent inhibitor of FAO in vivo in rodents 
[17]. Importantly, recent data indicate that L-AC is not a direct PPARα agonist, in 
contrast to above mentioned CPT1 inhibitors [12]. Yet, no data are available on the 
effi  cacy of L-AC in the treatment of DKA in a model of type I diabetes.

We studied the metabolic consequences of FAO inhibition by L-AC in alloxan-
induced type I diabetes in mice. Moreover, we examined the eff ects of this com-
pound on expression levels of genes involved in glucose metabolism, hepatic FAO 
and ketogenesis.

MateriaL anD MethoDs

Animals

Male C57Bl6/OlaHsd mice were treated with alloxan (i.v. 80 mg/kg in PBS) to induce 
type I diabetes. Another group of mice was injected with vehicle (PBS) to serve as 
control group. Blood glucose levels were measured two days aft er treatment by tail 
bleeding. A blood glucose value exceeding 18 mmol/l was considered indicative for 
successful induction of diabetes. One week aft er alloxan or vehicle treatment, mice 
were i.p. injected with either aminocarnitine (L-AC, a gift  from Sigma-Tau) or vehicle 
(PBS) in a total volume of 200 μl at a dose of 16mg/kg. Six hours aft er L-AC or vehicle 
injection, mice were sacrifi ced and blood and tissues were collected for assessment 
of biochemical parameters. During the 6 hour experiment, blood glucose levels were 
measured at the start of the experiment and subsequently every three hours (One 
Touch glucose meter, LifeScan Benelux, Beerse, Belguim). During the time course of 
the experiment, mice had free access to water, but were deprived from food.

Tissue biochemical metabolic parameters

Plasma triglycerides (TG), total cholesterol and total fatty acids were determined 
using commercially available kits (Roche Diagnostics, Mannheim, Germany, Wako 
Chemicals, Neuss). Total ketone bodies were determined with the total ketone body 
kit (Wako Chemicals, Neuss, Germany). Lactate was measured using standard labo-
ratory methods. Acylcarnitines were determined according to the method of Chase 
et al. [18] as described by Derks et al. [19]. Liver lipid extraction was performed ac-
cording to the procedure of Bligh and Dyer [20]. Protein concentrations of these 
livers were determined according to the Lowry method [21]. Hepatic concentrations 
of TG, free and total cholesterol were determined using commercially available kits 
(Roche Diagnostics, Mannheim, Germany and Wako Chemicals, Neuss, Germany). 
Th e hepatic glycogen levels were measured as described by Keppler [22]. Malonyl-
CoA content of the liver was measured according to the protocol of Demoz et al. 
[23] with minor modifi cations on a Nova-Pak Reversed Phase C-18 column (Waters, 
Etten Leur, Th e Netherlands). Th e fatty acid profi le was determined according to the 
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method of Gates et al.[24]. Amino acids were quantifi ed by cation exchange chro-
matography. Column material consists of Ultrapac 8 remaining resin as delivered 
by manufacturer. Analysis was performed on a Biochrom20® amino acid analyzer 
according to manufacturer’s protocol. Measurements of TCA cycle metabolites were 
performed according to the method of Gates et al.[24] modifi ed for tissue homog-
enates. Tissue homogenates of 15% (w/v; using about 250 mg tissue) in PBS were 
sonicated and centrifuged. Supernatants were extracted with an equivolume of 
ether: ethylacetate (1:1, v:v). Th e organic layers were collected, evaporated and the 
residues were derivatized using BSTFA: TCMS: pyridine (5:0.06:1, v:v:v). Samples 
were injected split and splitless on a Finnigan Trace Plus GCMS (Interscience, 
Breda, Th e Netherlands). Metabolites were separated with a Grace AT™-1701 column 
(Grace Davison Discovery Science), Length 30 meters, ID 0.25 mm, Film 0.25µm. 
Temperature program: 5 min at 80 degrees C followed by a program rate of 4°C/min.
until 280°C. Separated TCA cycle components were identifi ed and quantifi ed on the 
MS analyzer in Electron Impact mode.

RNA isolation and mRNA levels by Real Time PCR

Liver was treated with TRIzol (Invitrogen, Paisley, UK) according to manufacturer’s 
guidelines to isolate RNA. Th e concentration of RNA was determined using the 
Nanodrop system (ND1000, Isogen Life Science, IJsselstein, Th e Netherlands). Th e 
cDNA reaction was performed using 1 μg of RNA per sample according to manu-
facturer’s protocol using M-MLV-Reverse Transcriptase (Sigma, Zwijndrecht, Th e 
Netherlands). Quantitative real time PCR was performed using the Applied Bio-
systems 7900HT system with the FAST taqman PCR protocol (Applied Biosystems, 
Nieuwekerk a/d IJssel, Th e Netherlands). PCR results were normalized to 36B4 
mRNA levels.

Statistics

Statistics were performed using non-parametric Kruskall-Wallis, followed by Mann-
Whitney U test corrected for multiple testing. A p-value of p<0.05 was defi ned to 
be signifi cant diff erent. Calculations were made in SPSS 14.0 for Windows (SpSS, 
Chicago, IL, USA). All values are represented as mean ± sd.

resULts

Treatment of diabetic mice with L-AC prevents hyperketonemia

Mice treated with a single i.v. injection of alloxan showed major hyperglycemia 
with values >18 mmol/l. Th ese mice displayed polyurea as well as hyperphagia and 
polydipsia as indication of severe diabetes. Body weight of diabetic mice decreased 
during the 7 days of hyperglycemia (24.9 ± 1.3 g at time of alloxan injection ver-
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these parameters. Plasma free fatty acid concentration was not aff ected by alloxan 
treatment (Table 1). Plasma β-hydroxybutyrate (BHB) levels in diabetic mice, how-
ever, were signifi cantly higher compared to non-diabetic control mice (Figure 1: 
+800%; p<0.05). A single i.p. injection of L-AC normalized BHB levels in diabetic 
mice. Moreover, the decrease in BHB levels were more pronounced in diabetic mice 
(Figure 1: -93%; p<0.05) compared to healthy controls (Figure 1: -66%; p=0.06). 
Free fatty acid levels were more than doubled aft er treatment with a single dose of 
L-AC in both control and diabetic mice (Table 1). Interestingly, glucose levels were 
only signifi cantly aff ected in control mice treated with L-AC. L-AC did not lower 
blood glucose in diabetic mice (Figure 2). Plasma lactate and cholesterol levels were 
not altered by either alloxan or treatment with L-AC (Table 1) in either diabetic or 
non-diabetic mice. Plasma TG levels were higher in diabetic mice as compared to 
healthy control mice (Table 1). Treatment with L-AC did not have additional eff ects 
on plasma TG, although there was a tendency towards an increase upon L-AC treat-
ment in both groups (Table 1). Th us, L-AC is able to prevent hyperketonemia in mice 
with alloxan-induced diabetes.

Table 1: Plasma concentrations of various metabolites in mice at 6 hours a� er injection with either vehicle 
or 16 mg/kg L-AC. Values are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle, # p<0.05 vs alloxan 
vehicle.

Plasma parameters control control + L-AC alloxan alloxan + L-AC

Triglycerides
(mmol/l) 0.7 ± 0.2 1.4 ± 0.8 1.6 ± 1.2* 2.3 ± 1.7

Tot cholesterol
(mmol/l) 3.0 ± 0.3 2.8 ± 0.4 3.3 ± 0.6 3.1 ± 0.7

Free fatty acids
(mmol/l) 0.4 ± 0.0 1.2 ± 0.4* 0.5 ± 0.3 1.0 ± 0.3#

Lactate 
(mmol/l) 6.3 ± 1.2 4.7 ± 0.9 6.5 ± 1.5 7.0 ± 1.8

Figure 1: Plasma BHB levels of the four groups of mice a� er 6 hours of treatment with either vehicle or 16 
mg/kg L-AC. Values are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle.
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L-AC strongly affects hepatic metabolism

Th e liver produces glucose and ketone bodies, which serve as energy substrates for 
other organs during fasting. We looked at changes in hepatic intermediate metabo-
lism to profi le the eff ects of L-AC treatment on alloxan-induced diabetes. Hepatic 
glycogen levels showed a remarkable decrease in non-diabetic control mice aft er 
short-term treatment with L-AC (Table 2: -40%; p<0.05). However, no signifi cant 
eff ect of L-AC on hepatic glycogen content was observed in the alloxan-treated mice 

Table 2: Hepatic metabolic parameters of mice a� er 6 hours of treatment with 
either vehicle or 16 mg/kg L-AC. Values are represented as mean ± sd (n=6-
8). * p<0.05 vs control vehicle, # p<0.05 vs alloxan vehicle.

Hepatic parameters control control + L-AC alloxan alloxan + L-AC 

Protein 
(mg/g liver) 137.2 ± 15.3 121.3 ± 31.5 150.0 ± 31.7 138.0 ± 25.6

Triglycerides
(umol/g liver) 18.4 ± 3.6 34.8 ± 4.6* 5.9 ± 3.4* 25.9 ± 9.3#

Tot cholesterol
(umol/g liver) 10.4 ± 0.8 12.4 ± 2.0* 11.3 ± 1.7 10.9 ± 0.8

Free cholesterol
(umol/g liver) 6.4 ± 0.4 8.4 ± 1.6* 7.6 ± 1.5 10.9 ± 0.8#

Glycogen 
(umol/g liver) 350 ± 107 212 ± 50* 356 ± 140 294 ± 116

Malonyl-CoA
(nmol/g liver) 11.1 ± 3.5 10.7 ± 1.7 20.8 ± 10.2 14.5 ± 6.6

Figure 2: Glucose values of the four groups of mice during the 6 hours of treatment with either vehicle 
or 16 mg/kg L-AC. Values are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle. Due to the 
upper range of the glucose meter of 33 mmol/l, values above 33 mmol/l could not be measured in this 
experiment. Th erefore, time point 0 of the alloxan animals has been set to 33mmol/l and has no sd bar. 
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(Table 2). Th e results on hepatic glycogen mirror the eff ects observed on blood glu-
cose levels.

Defects in FAO are routinely detected in acylcarnitine spectrum analysis. In 
order to determine the eff ect of L-AC treatment, we determined the hepatic acylcar-
nitine profi le. Alloxan treatment had only a minor eff ect on acylcarnitine profi les, 
although the concentration of free carnitine was almost doubled (Table 3). L-AC 
treatment caused major changes in the long-chain acylcarnitine profi les (Figure 
3). In both healthy control and diabetic mice, treatment with L-AC caused a sig-
nifi cant increase in long-chain acylcarnitine (total of C16:0; C18:1; C18:2 and C18:0 
carnitine) levels in liver (Figure 3: ~32 times for treated control mice and ~11 times 
for treated diabetic mice, respectively). Hepatic TG levels were reduced in diabetic 
mice compared to control mice (Table 2: -68%; p<0.05). Upon inhibition of FAO by 
L-AC hepatic TG levels were signifi cantly increased in the control (Table 2: +190%; 
p<0.05), but more pronounced in diabetic mice (Table 2: +440%; p<0.05). Combined 
with the acylcarnitine results, these results are consistent with inhibition of FAO.

Table 3: Free carnitine levels of mice a� er 6 hours of treatment with either vehicle or 16 mg/kg L-AC. 
Values are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle, # p<0.05 vs alloxan vehicle.

Free carnitine levels
(nmol/g) control control  + L-AC alloxan alloxan + L-AC

liver 164.4 ± 25.5 332.0 ± 38.5* 309.5 ± 97.1* 345.7 ± 61.4

muscle 117.9 ± 20.6 113.8 ± 22.6 160.7 ± 60.8 144.3 ± 44.2

Figure 3: Long-chain acylcarnitine (sum of C16:0, C18:2, C18:1 and C18:0) accumulation in liver and 
skeletal muscle. Values are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle, # p<0.05 vs 
alloxan vehicle. 
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We measured hepatic malonyl-CoA levels, which are an important regulator 
of FAO fl ux. Remarkably, despite high ketone body synthesis, basal malonyl-CoA 
levels only tended to be elevated in the diabetic animals, suggesting repressed FAO 
fl ux. L-AC treatment did not aff ect hepatic malonyl-CoA levels in control or diabetic 
mice (Table 2).

An enhanced activity of FAO results in an increased production of acetyl-CoA. 
In the liver, formation of ketone bodies is an important route to metabolize acetyl-
CoA, but acetyl-CoA is also used in the TCA cycle for the generation of energy. We 
determined hepatic content of intermediates of the TCA cycle to trace the eff ects of 
insulin defi ciency in the absence and presence of L-AC. Citrate, succinate, fumarate 
and malate levels were all increased in livers of diabetic mice. Treatment with L-AC 
lowered hepatic fumarate and malate levels. For hepatic citrate and succinate values, 
a tendency towards lower levels was observed, which did not reach statistical sig-
nifi cance (Table 4). Our results indicate that in alloxan-induced diabetes TCA cycle 

Table 4: TCA metabolites of mice a� er 6 hours of treatment with either vehicle or 16 mg/kg L-AC. Values 
are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle, # p<0.05 vs alloxan vehicle.

control control + L-AC alloxan alloxan + L-AC

TCA metabolites liver

Citrate
(nmol/g) 1265 ± 598 851 ± 705 5852 ± 6121* 3154 ± 2886

Malate
(nmol/g) 6584 ± 2567 3130 ± 113* 8659 ± 2408 4513 ± 781#

Succinate
 (nmol/g) 852 ± 211 712 ± 187 2211 ± 1646* 1201 ± 1058

Fumarate
(nmol/g) 2451 ± 941 1117 ± 400* 3065 ± 733 1643 ± 332#

Succinate:fumarate
0.40 ± 0.19 0.69 ± 0.21 0.52 ± 0.26 0.52 ± 0.28

 muscle

Citrate
(nmol/g) 243 ± 70 278 ± 105 448 ± 113* 343 ± 77

Malate
(nmol/g) 1222 ± 109 1106 ± 208 1495 ± 482 855 ± 219#

Succinate
 (nmol/g) 407 ± 264 363 ± 213 264 ± 152 312 ± 183

Fumarate
(nmol/g) 394 ± 159 422 ± 145 546 ± 219 404 ± 150

Succinate:fumarate
0.98 ± 0.51 0.75 ± 0.35 0.46 ± 0.14 0.70 ± 0.28
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intermediates are increased (anaplerosis), whereas L-AC treatment leads to depletion 
of TCA cycle intermediates. Th us, metabolite analysis suggests that L-AC strongly 
aff ects hepatic metabolism.

We also measured acylcarnitines and TCA cycle intermediates in skeletal muscle. 
Free carnitine as well as long-chain acylcarnitine levels were not aff ected by diabetes 
and L-AC treatment. For TCA cycle metabolites, only citrate was signifi cantly el-
evated in alloxan-induced diabetes. Treatment with L-AC only lowered malate levels 
in the diabetic animals (Table 4). Interestingly, diabetic mice showed a 50% lower 
ratio in the succinate:fumarate ratio compared to control mice. Treatment with 
L-AC increased this ratio by 60% in diabetic animals, normalizing it again. Th us, in 
contrast to the liver, L-AC caused only subtle changes in muscle metabolite content.

Changes in hepatic gene expression levels upon treatment with L-AC

To defi ne the underlying mechanisms of the major changes in hepatic metabolism 
aft er induction of diabetes and L-AC treatment, we measured hepatic gene expres-
sion levels of genes involved in glucose metabolism, FAO, ketogenesis and lipogen-
esis. Gck (glucokinase) levels were lower in mice treated with alloxan, consistent 
with its regulation by insulin. L-AC treatment did not change expression of this 
gene in both groups (Figure 4). Expression levels of G6ph (glucose-6-phosphatase 
hydrolase) were increased upon L-AC treatment in non-diabetic mice, a response 
that was absent in the diabetic mice. For G6pt (glucose-6-phosphatase translocase), 
expression levels were increased in diabetic animals compared to non-diabetic mice. 
L-AC treatment normalized expression levels in the diabetic animals. Expression 
of Pepck was increased only in alloxan treated animals, indicative for increased 
gluconeogenesis. Subsequent treatment with L-AC decreased expression of Pepck. 
Expression levels of Pdk4 (pyruvate dehydrogenase kinase 4), which inactivates py-
ruvate dehydrogenase by phosphorylation, were massively increased in both control 
and diabetic mice aft er short-term treatment with L-AC (Figure 4).

Next, we analyzed expression of genes involved in FAO. In animal models of 
type I diabetes, lower hepatic CPT1a expression levels have been reported [25,26]. 
However, in our experiments Cpt1a mRNA expression levels were not altered in 
alloxan-induced diabetic mice. L-AC treatment signifi cantly induced Cpt1a mRNA 
expression levels in both control and diabetic mice (Figure 4). Expression of Aox 
(acyl-CoA oxidase 1), Octn2 (organic cation/carnitine transporter) and Acc2 (acetyl-
CoA carboxylase 2) was also induced by L-AC (Figure 4). In general this induction 
was somewhat weaker in the diabetic animals. Aox is an enzyme of peroxisomal 
β-oxidation. Octn2 is the Na+-dependent carnitine transporter that is involved in 
the uptake of carnitine in tissues. Acc2 synthesizes malonyl-CoA. Quite surpris-
ingly, despite massive ketonemia no eff ects were observed on the expression of mito-
chondrial HMG-CoA synthase (mHMGCoAs) in diabetic animals.
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Genes involved in lipogenesis like Acc1 (acetyl-CoA carboxylase) and Fas (fatty 
acid synthase) were signifi cantly decreased in diabetic mice. Scd1 (stearyl-CoA de-
saturase) was almost undetectable in these animals. Treatment with L-AC lowered 
gene expression levels of Acc1 and Fas in diabetic mice even further. L-AC treatment 
did not infl uence gene expression levels of these lipogenic genes in control mice 
(Figure 4). Th us L-AC treatment has prominent eff ects on the gene expression of 
genes involved in FAO, an eff ect most probably mediated via PPARa.

Figure 4: Hepatic gene expression levels of genes involved in FAO, glucose and lipid metabolism. Values 
are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle, 
# p<0.05 vs alloxan vehicle.
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Proteolysis was induced by alloxan treatment and partially normalized upon L-AC 
treatment

In alloxan-induced diabetic mice, plasma levels of branched-chain amino acids (leu-
cine, isoleucine and valine) were elevated indicating breakdown of muscle protein. 
In non-diabetic control mice, L-AC did not alter branched chain amino acid concen-
trations in plasma. Treatment of diabetic mice with L-AC lowered branched chain 
amino acid concentrations by about 25%. Alanine levels were decreased by ~50% in 
the non-diabetic control animals. Th is eff ect was not observed in the diabetic mice 
(Table 5).

DiscUssion

Th e objective of this study was to elucidate whether inhibition of FAO using L-AC 
could contribute to a therapy for the treatment of DKA in type I diabetes. In patients 
suff ering from type I diabetes insulin therapy is the fi rst choice to treat hypergly-
cemia and ketoacidosis. However, in acute (life-threatening) DKA, an additional 
therapy like L-AC might be benefi cial to rapidly reduce ketone body levels. We show 
in this study that L-AC rapidly decreases plasma BHB levels in diabetic mice. In 
control mice, blood glucose levels were reduced also upon L-AC treatment, however, 
this eff ect was not seen in diabetic mice. Th e main mechanism of action of L-AC 
was inhibition of FAO, as evidenced by an increase of long-chain acylcarnitines in 
liver (Figure 3) and heart (data not shown). Th is proves that L-AC inhibits CPT2 
in vivo in both healthy and diabetic mice. As a consequence of the FAO inhibition, 
acute L-AC treatment caused hepatic steatosis. Although this is an unwanted side 
eff ect, we believe that the accumulated TGs will disappear aft er discontinuation of 
the L-AC treatment. Long term treatment with L-AC, however, may not be possible, 
since chronic steatosis might induce hepatic insulin resistance, atherosclerosis and 
other (cardiovascular) problems. In addition, we also tested a higher dose of L-AC 

Table 5: Branched-chain amino acids and other relevant amino acids of mice a� er 6 hours of treatment 
with either vehicle or 16 mg/kg L-AC. Values are represented as mean ± sd (n=6-8). * p<0.05 vs control vehicle, 
# p<0.05 vs alloxan vehicle.

amino acids plasma control control  +L-AC alloxan alloxan + L-AC

valine 
(umol/l) 170 ± 2 205 ± 60 580 ± 166* 418 ± 79

leucine
 (umol/l) 139 ± 13 163 ± 46 443 ± 127* 280 ± 52#

isoleucine
 (umol/l) 81 ± 6 88 ± 18 252 ± 64* 164 ± 28#

alanine
(umol/l) 309 ± 70 148 ± 64* 298 ± 54 298 ± 115
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(32 mg/kg of body weight, unpublished results), which resulted in severe side eff ects 
and lethargy in the diabetic animals. We speculate that in the absence of insulin, 
major organs are not able to use glucose effi  ciently. Consequently, inhibition of 
FAO becomes live-threatening under these conditions. Th is indicates that L-AC or 
other FAO inhibitors may be used in the treatment of DKA, but probably additional 
therapy of insulin is required.

Th is is further illustrated by our fi nding that treatment of diabetic mice with 
L-AC caused a fast reduction of plasma BHB levels in these mice, but no reduction 
of blood glucose levels, which is in contrast to the control animals. Th is is a clear 
indication that insulin is needed to use glucose effi  ciently. In another study by our 
group, we found similar eff ects of whole body FAO inhibition on both blood glucose 
levels as well as plasma BHB levels. In these experiments, TDGA was used to block 
CPT1a, resulting in lower blood glucose levels as well as lower plasma BHB levels. 
Plasma values of FFA and TG were elevated in the TDGA study similar to what 
was found in the present study [27,28]. At the molecular level, the eff ects of insulin 
defi ciency are refl ected by the lowered expression levels of Gck and Scd1, which are 
known to be insulin-dependent genes [29–31].

Our fi nding that L-AC vey effi  ciently decreases plasma BHB, clearly shows that 
acetyl-CoA derived from FAO is used for the excessive ketogenesis in the diabetic 
animals. Th e lower hepatic TG levels in the diabetic animals may indicate also that 
fatty acids are preferentially oxidized. Th e insulin defi ciency and the relative excess 
of glucagon mediate these eff ect, but the exact mechanism is unclear. Interestingly, 
hepatic gene expression levels of Cpt1a and mHMGCoAs, the rate-limiting enzymes 
in FAO and ketogenesis [32] were not diff erent between healthy control mice com-
pared to the diabetic mice. Moreover, we did not observe major changes in malonyl-
CoA levels. Th is suggests that the acetyl-CoA synthesis rate and the partitioning of 
acetyl-CoA to ketogenesis are not determined by transcriptional mechanisms, but 
most likely by regulation of enzyme activity by other mechanisms.

An important diff erence between our current study and the TDGA study is the 
fact that TDGA is a direct PPARα agonist, whereas L-AC is not. L-AC was not able 
to act as a PPARα ligand in a recent in vitro study using expression analysis and 
luciferase reporter assays [12]. However, in contrast to the eff ects of L-AC observed 
in cell cultures, in vivo L-AC administration resulted in a strong activation of Pparα 
as evidenced by the induction of several PPARα target genes such as PDK4, CPT1a 
and Aox. We believe that this eff ect is due to the accumulation of fatty acids second-
ary to the inhibition of CPT2. As fatty acids are agonists of Pparα, this will result 
in increased expression levels of PPARα target genes. Moreover our results suggests 
that the increased levels of PPARα target genes aft er administration of TDGA may 
be a combined eff ect of PPARα activation by TDGA itself and the accumulating fatty 
acids.
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 A remarkable fi nding in our experiments was the observation that, in 
diabetic mice, plasma branched chain amino acids were not aff ected upon L-AC 
treatment whereas these levels were strongly elevated upon alloxan-induced diabetes 
alone. Th is is a clear indication that upon induction of diabetes by alloxan, protein 
degradation of the muscle is used to gather suffi  cient substrates for gluconeogenesis. 
Th e increase in hepatic TCA cycle intermediates may be a refl ection of this phenom-
enon. Although the elevated protein degradation may be caused by low insulin and 
elevated counter regulatory hormones, it is unclear how treatment with L-AC in the 
diabetic animals protects against protein degradation. Th e protective eff ect of L-AC 
was noted only in the diabetic animals and not in the control mice.

 In summary, we demonstrated that L-AC can be used for lowering plasma 
BHB levels in mice with type I diabetes. Our results also indicate that insulin may 
be crucial for basal glucose use. We speculate that FAO inhibitors might be used for 
treatment of DKA only in combination with insulin therapy. Chronic treatment of 
type I diabetic patients is counter indicated by the occurrence of hepatic steatosis.
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aBstract

Th e carnitine shuttle, consisting of the enzymes carnitine palmitoyltransferase 
(CPT) 1 and 2 and carnitine-acylcarnitine translocase (CACT), is of importance 
for the regulation of fatty acid oxidation and whole body energy supply. In humans, 
CPT1a-defi ciency is associated with hypoketotic and hyperglycemic events. To de-
velop new therapeutic options for this defi ciency, mice defi cient in CPT1a have been 
generated. In this study we used male mice heterozygous (HE) for CPT1a -defi ciency. 
Th ese mice were fed a high fat (HF) diet to test the hypothesis that mildly impaired 
β-oxidation enhances the susceptibility to develop impaired glucose metabolism 
upon HF feeding. CPT1a+/-mice fed a HF diet showed only subtle changes in fat and 
glucose metabolism as was evident from assessment of several hepatic and plasma 
parameters as well as whole body glucose kinetics and hepatic gene expression levels. 
Th us, this study refutes our hypothesis since HF feeding in HE mice resulted in plas-
ma glucose and insulin concentrations very similar to those observed in wild-type 
control mice. Th e phenotype in HE mice appeared to be much more complex than 
reported so far, with only subtle changes in hepatic lipid and glucose metabolism.
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introDUction

Fat storage in the liver depends on the net balance of fatty acid uptake, mitochondrial 
fatty acid oxidation (FAO), de novo lipogenesis and triglyceride (TG) secretion in the 
form of VLDL particles. In addition, biliary phospholipid secretion contributes to 
hepatic fatty acid turnover. FAO starts with the transport of the acyl-residue in acyl-
CoA from the cytosol into the mitochondrial matrix [1,2]. Th is is accomplished by 
the so-called carnitine shuttle. Carnitine palmitoyltransferase 1 (CPT1) is the fi rst 
enzyme  of the carnitine shuttle which further consists of carnitine-acylcarnitine 
translocase (CACT) and carnitine palmitoyltransferase 2 (CPT2) [1,2]. CPT1 cata-
lyzes the condensation of the fatty acid acyl-residue from acyl-CoA with carnitine 
leading to the formation of acylcarnitine, which can subsequently be transported 
across the mitochondrial membrane by CACT in exchange of carnitine. Th is is 
followed by the action of CPT2 which, inside the mitochondria, transfers the acyl-
residue back into CoA to regenerate acyl-CoA. Th is acyl-CoA is then available to be 
oxidized by intra-mitochondrial β-oxidation enzymes to fi nally yield acetyl-CoA. 
Th e activity of CPT1 is allosterically inhibited by malonyl-CoA. Malonyl-CoA is 
generated from the carboxylation of two acetyl-CoA moieties by one of the acetyl-
CoA carboxylase (ACC) isoforms. ACC1 generates malonyl-CoA which is primarily 
used in de novo lipogenesis, whereas ACC2 generates malonyl-CoA that inhibits 
CPT1 and therefore FAO [3,4]. In this way, the activities of fatty acid oxidation and 
synthesis are physiologically balanced to optimally meet the demands of the body.

In humans, CPT1a defi ciency presents with hypoketotic hypoglycemia due to 
the lack of fatty acid transport though the mitochondria leading to impaired FAO, 
ketogenesis and acetyl-CoA for ATP-production [5,6]. Attempts have been made to 
generate a knockout mice model for CPT1a to evaluate the etiology of the presenting 
symptoms in an animal model and to design therapeutic options. However, lack-
ing this gene appeared to be embryonically lethal in mice [7]. Quite surprisingly, 
mice heterozygous for CPT1a-defi ciency appeared to display a metabolic phenotype, 
although rather mild. Glucose concentration in plasma was mildly but signifi cantly 
decreased aft er 24 h of fasting in CPT1a+/- mice while plasma free fatty acid concen-
tration was somewhat increased [7]. Similar observations have not been reported in 
human obligate heterozygotes of CPT1a mutations [5,6].

Experiments in which overexpression of CPT1a was achieved by transduction 
with an adenoviral construct showed an enhanced expression of CPT1a in liver 
resulting in reduced hepatic triglyceride levels [8] and enhanced ketogenesis [8–10]. 
Results obtained in L6E9 muscle cells in which CPT1 was overexpressed showed that 
these cells were protected from fatty acid-induced insulin resistance [9–11]. Appar-
ently, enhanced expression of CPT1 by itself stimulates mitochondrial β-oxidation 
and ketogenesis and therefore prevents diet-induced insulin resistance.

In the current experiments, mice heterozygous (HE) for Cpt1a -defi ciency were fed 
a high fat (HF) diet to test the hypothesis that mildly impaired β-oxidation enhances 
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the susceptibility to develop impaired glucose metabolism upon HF feeding. We 
used HE mice on a mixed C57Bl/6-Sv129 background, since it is known that feeding 
mice of this strain a HF diet induces insulin resistance and glucose intolerance [12]. 
Aft er 4 weeks on a HF diet, whole body glucose kinetics was studied aft er injecting a 
bolus of [6, 6-2H2]-glucose intraperitonally and the decay of isotope enrichment in 
time was measured. Th e results of this study refuted our hypothesis since HF feeding 
in HE mice resulted in glucose and insulin concentrations in plasma very similar 
to those observed in wild-type (WT) control mice. Th e phenotype appeared to be 
much more complex than reported until now with only subtle changes in hepatic 
lipid and glucose metabolism in HE mice.

MateriaL anD MethoDs

Animals and experimental design

Male and female Cpt1a+/- and their wild-type (WT) littermates on a mixed C57Bl/6-
Sv129 background were kindly provided by Dr. P.A. Wood (Birmingham, Alabama, 
USA) [7] and bred and housed in an environmentally-controlled facility. Mice were 
genotyped by multiplex PCR using the following primers: CPT1aF: cacgagc-
cagactcctcagcagcaggt; CPT1aR: gtaggaaacaccatagccgtcatcagc; NeoF: 
gatggattgcacgcaggttc; NeoR: taaagcacgaggaagcggtcag

HE mice showed two bands (CPT1a band of 326 bp and a neomycine band of 
700 bp) whereas WT mice showed only the CPT1a band of 326 bp. A representative 
picture for HE and WT mice is shown in fi gure 1. Mice had free access to food and 
water. All experiments were performed in male mice and were in accordance with 
local guidelines for the use of experimental animals. Mice (12 weeks of age) of each 
genotype were randomized into two groups. Th ey were fed either a normal lab chow 
diet (52 energy% of carbohydrates, 35 energy% of protein and 13 energy% of fat 
(Abdiets, Woerden, Th e Netherlands)), or a high fat (HF) diet (21 energy% of carbo-
hydrate 21 energy% of protein and 58 energy% of fat as lard (Abdiets, Woerden, Th e 
Netherlands)) for 4 weeks.

Basal experiment

For the measurements of basal liver and plasma parameters, mice were sacrifi ced 
aft er 4 h or 15 h of fasting by cardiac puncture under isofl urane anesthesia. Livers 
were removed quickly, immediately snap-frozen in liquid nitrogen and stored at -80 
°C until analysis. Blood samples were immediately centrifuged at 5000 rpm for 5 
min. Plasma was collected and stored at -20°C for later analysis.

Biochemical analyses

Liver lipid extraction was performed according to the procedure of Bligh and Dyer 
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[13]. Protein concentrations of these livers were determined according to the method 
of Lowry [14]. Hepatic concentrations of triglycerides (TG), free and total cholesterol 
were determined using commercially available kits (Roche Diagnostics, Mannheim, 
Germany and Wako Chemicals, Neuss, Germany). Hepatic glycogen levels were 
measured as described by Keppler et al. [15]. Malonyl-CoA content of the liver was 
measured according to the protocol of Demoz et al. [16] with minor modifi cations 
on a Nova-Pak C-18 column (Waters, Etten Leur, Th e Netherlands) [17].

CPT1 activity was assessed using a modifi ed version of an assay developed for hu-
man fi broblasts [18]. In short, liver tissue was homogenized in PBS (0.15-0.25% w/v). 
Th e resulting homogenate was diluted 5 times in PBS followed by sonication (twice 
at 8-watt output, 40 J, on ice). Th e homogenates were centrifuged for 5 minutes at 
1000g. Protein concentration was determined in the supernatant. CPT1 activity was 
determined in duplicate using the forward reaction by measuring the formation 
of [U-13C]-palmitoylcarnitine from carnitine and [U-13C]-palmitoyl-CoA. CPT1 
activity is defi ned as the activity in nmol/min/mg protein inhibited by 200mM 
malonyl-CoA. Th erefore all samples are measured in the presence and absence of 
malonyl-CoA. Each assay was performed in a 250mL reaction mixture containing 
150mM KCl, 25mM Tris, 2mM EDTA, 20mM KH2PO4, 4.5mM reduced glutathi-
one, 0.5mM L-carnitine, 1mg/mL BSA (15mM) and 25mM [U-13C]-palmitoyl-CoA 
(pH7.0, palmitoyl-CoA/BSA ratio is 1.67). Th e reaction mixture contained approxi-
mately 5mg of liver protein extract. Samples were incubated for 10 minutes at 37°C 
aft er which the reaction was terminated by the addition of 800mL acetonitril con-
taining [2H3]-propionylcarnitine, [2H3]-octanoylcarnitine and [2H3]-palmitoyl-
carnitine. Quantifi cation of the formed [U-13C]-palmitoylcarnitine was performed 
using tandem mass spectrometry as described by Van Vlies et al. [18].

Plasma analyses

Plasma TG, free and total cholesterol and free fatty acids of 4 h and 15 h fasted mice 
were determined using commercially available kits (Roche Diagnostics, Mannheim, 
Germany and Wako Chemicals, Neuss, Germany). Total ketone bodies of 4 h and 15 
h fasted mice were determined with the total ketone bodies kit using 4 µl of plasma 
(Wako Chemicals, Neuss, Germany). Total carnitine and acyl-carnitines from blood 
spots of fed and 15 h fasted mice were measured with tandem mass spectrometry 
according to Chace et al. [19] with minor modifi cations [17].

RNA isolation and mRNA levels by Real Time PCR

RNA was isolated from livers of 4 h fasted mice with Tri-reagents according to 
manufacturer guidelines (Sigma, Zwijndrecht, Th e Netherlands). Th e concentra-
tion of RNA was determined in 1 μl of RNA solution using the Nanodrop system 
(ND1000, Isogen Life Science, IJsselstein, Th e Netherlands). Th e cDNA reaction was 
performed with 1 μg of RNA per sample using M-MLV reverse transcriptase (Sigma, 
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Zwijndrecht, Th e Netherlands). Quantitative real time PCR was performed using 
qPCR core kit (Eurogentech, Seraing, Belgium). PCR results were normalized to 
36B4 mRNA levels.

Glucose kinetics

At the start and at the end of the dietary period mice glucose kinetics was measured in 
over-night fasted mice. Mice received an i.p. injection of a bolus of [6,6-2H2]-glucose 
(110 mmol/l; 5ml/kg BW). Sequential blood spots were taken by tail bleeding every 
10 min for 90 min for GC-MS analyses of isotopic enrichments in blood glucose. 
Blood glucose levels were measured every 10 minutes with a Lifescan glucose meter 
(Lifescan Benelux, Beerse, Belgium). Analytical procedures for extraction of isotopi-
cally labelled glucose from blood spots, derivatization of the extracted glucose into 
penta-acetate glucose derivative and GC-MS measurements of this derivative were 
performed according to Van Dijk et al. [20,21]. Th e fractional isotopomer distribu-
tion measured by GC-MS (m0-m2) was corrected for the fractional distribution due 
to natural abundance by multiple linear regression as described by Katz et al. [22] to 
obtain the excess fractional distribution of mass isotopomers (M0-M2) due to dilu-
tion of [6,6-2H2]-glucose. Th e excess fractional distribution of mass isotopomers 
was fi tted to a single compartmental model of glucose kinetics for the calculation of 
glucose production and consumption using SAAM-II soft ware (version 1.2.1, SAAM 
Institute, University of Washington, Seattle, WA, USA). Plasma insulin levels aft er 
the whole body glucose test were determined using the insulin ultra sensitive mouse 
ELISA kit (Mercodia, Upsala, Sweden).

Statistics

All values represent mean ± standard deviation for the number of animals indicated. 
Statistical analysis was assessed by Kruskall-Wallis and Mann-Whitney U tests cor-
rected for multiple groups. Th e level of signifi cance was set at p<0.05. Th e soft ware 
used for the analysis was SPSS 12.01 for Windows (SpSS, Chigaco, IL, USA).

resULts

CPT1a+/- did not show decreased total CPT1 activity in liver

Mice were divided into WT and HE groups based on genotyping by multiplex PCR 
(Figure 1). Total CPT1 activities measured in liver tissue are shown for WT and HE 
mice on chow or HF feeding for 4 weeks (Figure 2). Quite strikingly, no diff erence 
in liver CPT1 activity was observed between WT and HE mice when fed lab chow 
(Figure 2). HF feeding for 4 weeks in HE mice had a counterintuitive eff ect on CPT1 
activity, i.e., HF increased CPT1 activity to values almost twice as high when com-
pared to WT on a HF diet (Figure 2). Furthermore, CPT1 activity in HE mice on HF 
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diet was increased signifi cantly compared to that observed in HE mice on lab chow. 
Th is striking eff ect of HF feeding was not observed in WT mice.

CPT1a+/- did not show altered glucose and lipid parameters in plasma and liver 
upon fasting

WT and HE mice were fed a HF-diet for 4 weeks and at the end of the dietary period 
fasted for diff erent lengths of time (Table 1). When mice on a chow diet were fasted 
for 15 h, HE mice showed a tendency towards elevated plasma TG levels compared 
to WT mice, however, these diff erences did not reach statistical signifi cance. Th e 
eff ects of HF feeding on plasma parameters were similar in both genotypes aft er 4 
h and 15 h of fasting. Fasting of HE mice for 4 h or 15 h did not modulate ketone 
body concentrations in plasma diff erent from those in WT mice. WT mice fed a 
HF diet followed by 15 h of fasting showed a signifi cant drop in β-hydroxybutyrate 
(BHB) levels compared to chow-fed WT mice. In the liver, subtle diff erences in TG 
content were observed during fasting between WT and HE mice. In chow-fed WT 
and HE mice 4 h of fasting resulted in very similar changes in hepatic TG contents. 
In contrast, when chow-fed WT and HE mice were fasted for 15 h an increase in he-
patic TG content was observed that was more pronounced in HE mice. Th ere was no 
additional eff ect on hepatic TG levels in either genotype upon fasting on HF feeding.

Aft er 15 h of fasting hepatic malonyl-CoA content tended to be decreased in HF-
fed animals when compared to chow fed animals, however, this diff erence did not 
reach statistical signifi cance. No eff ects of genotype on malonyl-CoA levels were 
observed.

Figure 2: CPT1 activity in livers of WT and HE mice fed a chow or HF diet. * p<0.05 vs chow. 

Figure 1: Representative picture of multiplex PCR for genotyping of CPT1a+/- mice. WT mice show only 
the 326 bp band whereas the heterozygous mice also show the neomycin band of 700 bp.
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CPT1a+/- mice show differences in fasting-associated alterations of hepatic acylcar-
nitine content only during HF feeding.

Table 2 shows the eff ect of CPT1a heterozygosity on the contents of free and total 
carnitine and the molar ratio of free carnitine (C0) over the sum of palmitoyl- 
(C16:0) and stearylcarnitine (C18:0). Th is ratio is considered to be indicative for 
CPT1 defi ciency in humans [6]. In WT mice on chow, 15 h of fasting resulted in 
acylation of carnitine: the content of free carnitine decreased together with the mo-
lar ratio of C(0)/(C16:0+C18:0). In HE mice on chow the same eff ect was observed 
and to a similar extent. In HF-fed WT mice, however, free carnitine concentrations 

Table 1: Plasma and liver basal parameters of WT and HE mice fed a chow or high fat diet a� er 4 h and 
15 h of fasting. Values represent mean ± stdev. a: p<0.05 versus WT chow, b: p<0.05 versus HE chow, c: p<0.05 
versus WT HF, *: p<0.05 versus 4 hr fast

4 h fast (n=5-6 animals per group) 15 h fast (n=4 animals per group)

Chow HF Chow HF

WT (n=5) HE (n=6) WT (n=5) HE (n=6) WT (n=4) HE (n=4) WT (n=4) HE (n=4)

Plasma
Glucose
(mmol/l) - - - - 5.0 ± 0.4 4.5± 0.1 4.5± 2.2 4.4± 0.2

TG
(mmol/l) 0.88 ± 0.3 0.87 ± 0.6 1.13 ± 0.3 0.89 ± 0.5 0.47 ± 0.2 0.62 ± 0.1 0.71 ± 0.2* 0.75 ± 0.1

Tot chol
(mmol/l) 2.99 ± 0.6 2.94 ± 0.6 5.64 ± 0.9a 6.41 ± 0.9b 2.08 ± 0.1 2.17 ± 0.2 4.13± 0.4a* 3.14±0.2b*

FFA
(mmol/l) 1.14 ± 0.3 1.25 ± 0.5 1.13 ± 0.2 1.05 ± 0.1 0.96 ± 0.2 0.90 ± 0.1 0.98 ± 0.1 1.12 ± 0.1

BHB
(mmol/l) 0.55 ± 0.2 0.54 ± 0.0 0.40 ± 0.1 0.28 ± 0.1 2.94 ± 0.3* 2.10 ± 0.5* 1.29 ± 0.1a* 2.78±0.4c*

Liver

Protein
(mg/g) 270.4 ± 59.3 202.7±62.8 151.5±38.2a 135.1±27.9b 108.4 ± 1.4* 95.9 ± 23.2* 76.9± 11.7* 98.0±19.4*

TG
(µmol/g) 15.2 ± 4.6 16.4 ± 12.0 34.2 ± 15.7 46.6 ± 22.1 49.3 ± 7.5* 60.5 ± 18.0* 46.3 ± 9.0 65.5 ± 9.0

Tot chol
(µmol/g) 4.1 ± 1.2 3.7 ± 3.0 6.2 ± 3.7 7.3 ± 3.6b 5.8 ± 0.4 6.6 ± 2.2 5.7 ± 0.7 9.8 ± 1.2c

Free Chol
(µmol/g) 4.7 ± 1.0 4.1 ± 2.0 5.1 ± 2.3 6.4 ± 3.0 - - - -

Glycogeen
(µmol/g) 130.9 ± 54.5 153.7±55.7 203.6 ± 68.7 261.3 ± 42.9 - - - -

MalCoA
(nmol/g) - - - - 22.0 ± 5.3 19.9 ± 3.0 10.2 ± 2.7 10.3 ± 2.6
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tended to be lower both in the fed and fasted state. Th is resulted in an increased 
ratio C(0)/(C16:0+C18:0). Feeding HE mice with the HF diet resulted in a marked 
decrease of C(0)/(C16:0+C18:0), however, this could be fully explained by lower free 
carnitine levels. Moreover, HF feeding abolished the shift  in acylation of carnitine. 
In contrast, in HE mice HF feeding resulted in an even more pronounced decrease 
in free carnitine concentrations when compared to the eff ect in WT mice both in the 
fed and fasted state.

Altered glucose kinetics in CPT1a+/- mice affects plasma glucose and insulin con-
centrations

HF feeding resulted in an increased plasma glucose concentration in both WT and 
HE mice, but insulin levels were not aff ected (Table 3). Aft er the dietary period of 
4 weeks, a bolus of [6,6-2H2]-glucose was injected intraperitonally in both groups 
of mice. Th e decay of the labeled-glucose concentration in time could be fi tted to a 
single compartmental model to calculate (hepatic) glucose production (Ra) and (pe-
ripheral) glucose consumption, expressed as metabolic clearance rate (MCR). Quite 
strikingly, CPT1a heterozygosity induced a two-fold increase both in Ra and MCR 
in mice fed a chow diet. HF feeding induced opposite alterations in WT and HE 
mice; whereas in WT mice HF feeding caused an increased Ra, in HF-fed HE mice 
the MCR was decreased. Th is might indicate that in WT mice the high plasma glu-
cose concentration was due to an increased glucose production whereas in HF-fed 
HE mice a decreased peripheral glucose consumption caused the increased plasma 
glucose concentration.

Table 2: Acyl-carnitine parameters of WT and HE mice fed a chow or high fat diet. Values represent mean ± 
stdev. a: p<0.05 versus WT chow, b: p<0.05 versus HE chow, c: p<0.05 versus WT HF

Acylcarnitines
Chow HF

WT (n=4) HE (n=4) WT (n=4) HE (n=4)

Fed

Total carnitine (μmol/l) 44.8 ± 6.6 48.2 ± 9.0 31.4 ± 3.0a 24.7 ±1.1bc

Free carnitine (μmol/l) 27.7 ± 3.2 31.9 ± 5.3 22.4 ± 1.2 16.2 ± 1.0bc

C0/(C16:0+C18:0) 29.7 ± 3.4 36.4 ± 2.4 36.6 ± 3.6 18.1 ± 3.0bc

Fasted (15 h)

Total carnitine (μmol/l) 41.8 ± 5.2 40.3 ± 1.4 22.2 ± 3.6a 16.5 ± 1.4bc

Free carnitine (μmol/l) 14.5 ± 3.0 16.1 ± 0.6 13.7 ± 2.2 7.5 ± 0.8bc

C0/(C16:0+C18:0) 12.4 ± 3.0 17.1 ± 1.7 34.3 ± 8.2a 10.1 ± 1.9bc
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CPT1a+/- mice display subtle effects on gene expression patterns of enzymes in-
volved in hepatic lipid metabolism

Figure 3 shows hepatic gene expressions levels of enzymes involved in β-oxidation, 
ketogenesis and lipogenesis in 4 h fasted mice. High fat feeding of WT and HE mice 
did not result in signifi cant changes of gene expression patterns. Gene expression of 
both CPT1 genes (Cpt1a and Cpt1b) was not reduced in HE mice, whereas a reduc-
tion of about 50% was expected for the CPT1a gene [7]. Only subtle changes were 
seen. Independent of HF feeding, CPT1a heterozygosity resulted in slight decreases 
in expression of Cpt2, Acc1, Acc2, Ucp1, Scd1 and Hmgs. Th e data obtained aft er 15 
h of fasting were very similar to the data shown in fi gure 2 (data not shown).

Gene expression patterns in skeletal muscle did not show any diff erences between 
genotype and dietary intervention (data not shown).

Table 3: Summary of kinetic parameters a� er an i.p. injection of a bolus of [6,6-2H2]-glucose in WT and HE 
mice fed a chow or high fat diet for 4 weeks. Values represent mean ± stdev. a: p<0.05 versus WT chow (start), 
b: p<0.05 versus HE chow (start), c: p<0.05 versus WT HF

Genotype WT HE

Diet Start
(n=6)

4 wks chow
(n=2)

4 wks HF
(n=4)

Start
(n=6)

4 wks chow
(n=2)

4 wks HF
(n=4)

Glucose (μmol/l) 4.2 ± 1.2 4.2 ± 0.7 6.4 ± 1.6 4.2 ± 1.3 4.5 ± 0.4 7.1 ± 3.2

Insulin (μg/l) 0.11±0.03 0.07 ± 0.02 0.09±0.02 0.10±0.02 0.12 ± 0.01 0.09± 0.02

Ra (μmol/kg.min) 21.1 ± 1.9 21.1 and 23.1
(22.1 ± 1.4) 39.5±6.4a 42.8±12.3a 38.5 and 45.0

(41.8 ± 4.6) 15.4±7.7bc

MCR (ml/kg.min) 5.3 ± 1.3 5.8 and 4.9
5.3 ± 0.6) 6.2 ± 0.8 10.4 ± 1.8a 9.1 and 9.5

(9.3 ± 0.2) 2.1 ± 0.3bc

Figure 3: Hepatic gene expression levels of WT and HE mice. Mice were fed either a chow or HF diet for 
4 weeks. Values were aft er 4 hrs of fasting. Values are represented as mean ± stdev. 
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DiscUssion

Heterozygosity for CPT1a-defi ciency in mice has been reported to impair FAO with 
increased fatty acid concentration in plasma aft er 24 h of fasting concomitantly 
with a decrease in plasma glucose concentration [7]. Adenoviral transduction of 
CPT1a in livers of mice protects against high fat feeding-induced insulin resistance 
[8–10]. Th is raised the question whether HF feeding of HE mice would result in 
an enhanced susceptibility to HF feeding-induced glucose intolerance. Our data, 
however, revealed a more complex phenotype. In HE mice the in vitro measured 
malonyl-CoA sensitive CPT1 activity in liver was very similar to WT mice aft er 15 
h fasting. Moreover, expression of Cpt1a in livers of HE mice was even enhanced. In 
plasma, fasting and HF feeding had their well-established eff ects on plasma lipids 
but these eff ects were independent of the genotype. Livers of 15 h fasted HE mice 
showed an increase in hepatic TG content when compared to 15 h fasted WT mice, 
although this diff erence did not reach statistical signifi cance. Moreover, HF feeding 
did not enhance this eff ect. Eff ects of HF feeding and fasting on carnitine content 
were more pronounced in HE mice than in WT mice. Moreover, whole body glucose 
kinetics were also aff ected by heterozygosity for Cpt1a-defi ciency. HE mice on a 
chow diet showed an increased glucose production and clearance although glucose 
concentrations in plasma not diff erent from those observed in WT mice. HF feed-
ing resulted in glucose intolerance as shown by higher glucose concentrations, but 
due to diff erent mechanisms in WT and HE mice. In WT mice, hyperglycemia was 
probably due to increased glucose production whereas in HE mice it was due to a 
small decrease in glucose production accompanied by a more pronounced decrease 
in glucose clearance by the peripheral tissues.

Breeding of mice in which the Cpt1a gene was inactivated resulted in the birth 
of only WT and HE mice and no Cpt1a-/- defi cient mice were born, similar to the 
observations of Nyman et al. [7]. Irrespective of heterozygosity of Cpt1a, expression 
of the gene measured by qPCR was similar to that in WT mice. In this respect, it 
should be realized that the primers and probe used were positioned across the exon-
intron boundary of exon 9, which is still present in the targeted Cpt1a. When we 
measured the resulting in vitro enzyme activity of CPT1a in liver tissue of chow-fed 
mice, we observed that hepatic CPT1 activity in HE mice was very similar to that 
observed in WT mice. Th is in contrast to observations by Nyman et al., who showed 
that hepatic CPT1a activity in 24 h fasted male HE mice was half of that observed in 
WT chow-fed animals [7]. Th e stimulatory eff ect of HF feeding on CPT I activity in 
HE mice appeared to be post-translationally modifi ed: no eff ect on gene expression 
was observed. As yet, the underlying mechanism remains obscure.

In humans only homozygous patients with a CPT1a defi ciency were found to 
display a phenotype, like cardiomyopathy and Reye’s-like syndrome [5,6,23]. Chil-
dren suff ering from a CPT1a defi ciency are more sensitive to metabolic stress like 
long-term fasting and fever during infections. For this reason, one might argue that 
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the experiments were performed in mice that were too old to show a clear pheno-
type. For this reason, tests in 3-days as well as 14-days old pups were also performed 
(data not shown). In these experiments, however, we did not observe any diff erence 
between the WT and HE pups. Th erefore, it suggests that environmental infl uences 
(housing, food composition) might be more prominent than expected. It should be 
realizes as well that the breeding in our facility was done by intercrossing which 
could have resulted in slight drift  of the genetic make-up of the HE mice compared 
to those used by Nyman et al [7].HF feeding of WT and HE mice did not result in 
diff erent outcome with respect to lipid concentrations in plasma either aft er 4 h or 
15 h of fasting. Moreover, in HE mice fasted for 15 h, glucose intolerance was not 
deteriorated in comparison with WT mice. Th is observation refutes the hypothesis 
that heterozygosity of CPT1a-defi ciency results in enhanced susceptibility of these 
mice to HF feeding-induced insulin resistance.

In liver, the picture was more complex. Fasting chow-fed HE mice resulted in a 
higher TG content of liver in HE mice compared to WT mice. Apparently, partial 
CPT1a defi ciency did result in an unbalanced hepatic lipid metabolism, although 
the in vitro measured enzyme activity was not aff ected. HF feeding did not enhance 
triglyceride storage in liver. Furthermore, changes in hepatic concentration of carni-
tine metabolites on HF feeding were more pronounced in HE mice compared to WT 
mice. Th is also points to changes in hepatic handling of intermediates of fatty acid 
oxidation by impaired expression of Cpt1a, irrespective the normal in vitro activ-
ity of CPT I. Finally, the small changes in expression of genes of enzymes involved 
in malonyl-CoA metabolism also indicate subtle eff ects of Cpt1a heterozygosity on 
liver lipid metabolism.

Th e most obvious eff ect of heterozygosity of Cpt1a-defi ciency was on glucose ki-
netics. In HE mice on chow, hepatic glucose production was twice that calculated for 
WT mice. Furthermore, peripheral glucose consumption was doubled in HE mice 
compared to WT mice. HF feeding has opposite eff ects depending on genotype. In 
WT mice the increased blood glucose concentration brought about by HF feeding 
was due to increased glucose production, while insulin concentrations remained 
unaff ected. It is noteworthy that the hepatic glucose production in HF-fed WT mice 
was not diff erent from that observed in HE mice on chow. It is tempting to speculate 
that livers of HE mice are insulin resistant even on chow. However, the eff ects of 
HF feeding of HE mice on whole body glucose kinetics then become puzzling. In 
HE mice on HF, glucose kinetics slowed down quite drastically. Glucose production 
and glucose consumption decreased 3-fold and 4.5-fold, respectively. Until now, no 
explanation can be given for these observations.

In summary, the results of this study show that heterozygosity for Cpt1a has subtle 
eff ects on hepatic fat and glucose metabolism when mice were fed a chow-based diet. 
We did not observe the same phenotype as was published by Nyman et al [7]. We 
observed normal in vitro enzyme activity in chow fed WT and HE mice. Th e lack of 



101

Changes in fat and glucose metabolism in CPT1a heterozygous mice upon feeding a high fat diet

6

eff ect of HF feeding in HE mice compared to WT mice refuted our hypothesis that 
impairment of hepatic CPT1a activity makes mice more susceptible to diet-induced 
glucose intolerance. In view of the specifi c hepatic eff ects, particularly on glucose 
production, this model shows that the absence of a clear overall phenotype does not 
exclude organ-specifi c metabolic alterations.
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introDUction

Metabolic syndrome is defi ned as a cluster of metabolic derangements, including 
insulin resistance, which increases the risk of developing diabetes and cardiovas-
cular disease. In view of the evident lack of success of behavioral measures to pre-
vent or treat components of the metabolic syndrome such as obesity [1], additional 
strategies that include pharmacological interventions are needed to halt the current 
diabetes epidemic. Th is review focuses on intervention in the fatty acid oxidation 
process as a potential means to prevent or treat obesity and insulin resistance. Most 
current pharmacological treatment options for diabetes, e.g., metformin, interfere 
with AMP-activated protein kinase (AMPK) [2] and other energy-sensing pathways. 
Drugs that act downstream of AMPK (Figure 1) may therefore be potential modula-
tors or partial substitutes for drugs like metformin.

Mitochondrial β-oxidation represents a crucial process in energy metabolism and 
is tightly regulated by interactions between the key enzymes carnitine palmitoyl-
transferase 1 (CPT1) [3] and acetyl-CoA carboxylase 2 (ACC2) [4] via the intermedi-
ate malonyl-CoA [5] (Figure 2). During fasting or prolonged exercise, plasma glucose 
levels drop and ketone bodies are produced to provide important organs like the 
brain with suffi  cient energy to maintain their functions. Th e process of ketone body 
formation primarily takes place in mitochondria of liver cells but also in intestine 
and kidney [6,7]. Ketone bodies (acetoacetate, β-hydroxybutyrate and acetone) are 
generated from fatty acids and, to a lesser extent, from ketogenic amino acids [2,3,6]. 
Long-chain fatty acids (LCFA) derived from the diet or from de novo lipogenesis can 
be stored as triglycerides in adipose tissue, from where they are released (lipolysis) 
into the blood compartment upon fasting and exercise. LCFA can be taken up from 

Figure 1: � e AMPK-ACC-CPT1 axis. Various stimuli act on AMP-activated protein kinase (AMPK) to 
signal low ATP/AMP ratios, leading to multiple downstream actions to save and generate ATP. Acetyl-
CoA carboxylase (ACC) is inhibited through phosphorylation, and it’s inhibiting eff ect on carnitine 
palmitoyltransferase 1 (CPT1) is relieved to allow mitochondrial long-chain fatty acid (LCFA)-oxidation 
to occur.
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blood into cells via fatty acid transporter proteins [8]. One example hereof is CD36, 
the expression levels of which are known to be increased in livers of patients with 
type 2 diabetes [9] leading to enhanced hepatic LCFA uptake. One of the actions of 
metformin is to dampen this eff ect, thereby improving the cellular lipid status [10].

Upon their uptake by cells LCFA are activated in cytosol by acyl-CoA synthases 
(ACS; Figure 2). Th e so-called carnitine-shuttle is of critical importance for activated 
LCFA to enter the mitochondria and hence for entry in the β-oxidation spiral. Th is 
shuttle enables the net transport of long-chain acyl-CoA across the mitochondrial 
membranes [3,11]. Th e carnitine shuttle is facilitated by three proteins, also known 

Figure 2: Schematic representation of the regulation of mitochondrial β-oxidation. Th e enzymes acetyl-
CoA carboxylase 2 (ACC2), carnitine palmitoyltransferase1 (CPT1) and 2 (CPT2), acyl-CoA synthase 
(ACS) and the transporter canitine acylcarnitine translocase (CACT) are shown relative to the mito-
chondrial outer membrane (MOM), - inner membrane (MIM) and matrix. Mammals have 5 diff erent 
ACS enzymes specifi c for LC-fatty acids, and these are located in various membranes, like the plasma 
membrane (PM), endoplasmatic reticulum (ER) and the mitochondrial outer membrane. For clarity, 
some of the metabolites (i.e. carnitine and free coenzyme A) have been left  out. LC = long-chain; LCFA 
= long-chain fatty acids.
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as the CPT system (Figure 3). In patients with a defect in one of the components of 
the CPT system, intracellular accumulation of long-chain acyl-carnitine and LCFA 
occurs which can lead to excessive triglyceride storage. Since the heart is primarily 
dependent on LCFA-oxidation, such a defect can lead to severe cardiac problems 
[12,13].

In the fed state, most of the acetyl-CoA generated as part of the β-oxidation 
pathway will enter the TCA cycle. During fasting, as well as in uncontrolled diabe-
tes, acetyl-CoA is mainly used for ketogenesis [6]. Diabetic ketoacidosis, a serious 
complication of diabetes mellitus, is associated with an increased hepatic output 
of glucose which contributes to the development of hyperglycemia. In situations 
characterized by low insulin levels and elevated levels of glucagon, cortisol and cat-
echolamines, hepatic glucose production is induced by enhanced gluconeogenesis 
and glycogenolysis. At the same time, lipolysis is stimulated to release free fatty 
acids from adipose tissues. In this situation, peripheral utilization of glucose is im-
paired due to prevailing low insulin levels. Ketoacidosis is due to overproduction of 
β-hydroxybutyric acid and acetoacetic acid by the liver. Th e incidence of diabetic 
ketoacidosis is highest in patients with a poorly controlled diabetes mellitus type I, 
however, it also occurs in poorly controlled type II patients. A ketoacidotic event can 
be prevented by a strictly controlled therapeutic insulin regime. Ketoacidotic events 

Carnitine

Carnitine

LC-Acylcarnitine

LC-Acyl-CoA + Carnitine

LC-Acylcarnitine + HSCCoA

LC-Acylcarnitine

LC-Acylcarnitine + HCSCoA

LC-Acylcarnitine + HCSCoA

CACT

CPT2

CPT1

Figure 3: � e three proteins that enable the carnitine shuttle. Th e reactions of carnitine palmitoyltrans-
ferase 1 (CPT1) and 2 (CPT2) are essentially the same and at 50% equilibrium. Physiologically this means 
that the reactions are pulled towards β-oxidation. Of CPT1, a liver-, muscle- and brain isoform exists. 
Th e transporter CACT exchanges one molecule of long-chain acylcarnitine for one molecule of carnitine. 
LC = long-chain; HSCoA = free coenzyme A.
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are mostly seen in children and adolescents with type I diabetes because of their 
oft en irregular (social) life pattern and feeding behaviors [14].

Th e initial rationale to develop CPT1 inhibitors was to prevent ketoacidosis in 
type I diabetes as well as hyperglycemia due to insulin resistance [15]. However, as 
reviewed before [16], serious side-eff ects have hampered the development of CPT1 
inhibitors for these purposes. Irreversible systemic inhibition of CPT1 is life-threat-
ening due to the importance of CPT1 activity in heart and other organs. Reversible, 
liver-specifi c inhibitors [17] have been clinically tested [18,19]. Up till now these de-
velopments have not reached broad application for reasons not documented yet. Al-
ternatively, stimulation of systemic CPT1 activity may provide an attractive means 
to accelerate peripheral fatty acid oxidation. Since in patients with type 2 diabetes 
β-oxidation is decreased and accumulation of triglycerides in peripheral tissue is 
observed [20], an induction of the oxidation rate in these patients may reduce the 
levels of triglycerides and improve peripheral insulin resistance. Whether success-
ful stimulation can be achieved directly is questionable. However, indirect CPT1 
stimulation can be achieved in several ways (Table 1).

Inhibition of the other carnitine palmitoyltransferase, CPT2, was proposed for 
inhibiting gluconeogenesis, since by lowering the amount of acetyl-CoA’s less stimu-
lation of pyruvate carboxylase would occur, fi nally leading to less gluconeogenesis. 
In our lab we investigated whether using CPT2 inhibitors, like L-aminocarnitine (L-
AC) could have benefi cial eff ects in combination with insulin upon an acute diabetic 
ketoacidotic (DKA) event (Schreurs et al, under revision).

Table 1: Strategies to indirectly stimulate carnitine palmitoyltransferase 1 

Strategy Example

Inhibition of ACC2 AMPK-agonists (Metformin, AICAR) 

ACC antagonists (TOFA, Soraphen)

ASO-mediated inhibition

PPAR-beta/delta agonism GW501516

Drugs that target co-activators (PGC1; 
Krüppel-like transcription factor 5)

PPAR-alpha agonism Fibrates

Note: CPT1 activity also can be “stimulated” by protection against damage caused by reactive oxygen 
species. Th e protective anti-oxidative compound astaxanthin improves muscle lipid metabolism during 
exercise by preventing oxidative CPT1 modifi cations [102].
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the cPt sYsteM

LCFA enter the cell by diff usion or via CD36-mediated transport. Other fatty acid 
transporter proteins have been identifi ed [8]. Once LCFAs have been activated to 
LC-acyl-CoA’s by ACS, they cannot enter the mitochondria without the carnitine-
shuttle. Th is shuttle involves the subsequent actions of three proteins: CPT1, carni-
tine acylcarnitine translocase (CACT) and CPT2 [3,11]. Th ese activities collectively 
facilitate transport of activated long-chain acyl-CoA’s across the mitochondrial 
inner membrane and hence control the rate of fatty acid oxidation. As a fi rst step, 
CPT1 exchanges the CoA-group of LC-acyl-CoA’s for carnitine to form long-chain 
acylcarnitines (Figure 3). Th e LC-acylcarnitines are transported across the mito-
chondrial inner membrane by CACT. Finally, inside the mitochondria, CPT2 re-
leases the carnitine-group in exchange for a CoA-group and the carnitine shuttles 
back to the cytosol. In the mitochondrial matrix, the LC-acyl-CoA’s are oxidized by 
the enzymes of the β-oxidation spiral [3,11]. Th e processes of carnitine transfer by 
CPT1 and CPT2 are energy-neutral [11].

carnitine PaLMitoYLtransferase 1

In mammals, including humans, three CPT1 isoforms exists, that are encoded by 
diff erent genes [21–23]. Th e liver isoform (CPT1A) and the muscle isoform (CPT1B) 
are localized in the outer mitochondrial membrane and expose their active sites 
at the cytosolic face of the mitochondrion [24–26] (Fig1,2). CPT1A, ~ 88 kDa in 
size [21], represents the major hepatic isoform and is also expressed in the heart, 
spleen, lungs, kidney and adipose tissue [3,27,28]. CPT1B also has a predicted size of 
~ 88 kDa, but folds in such a way that its apparent size is about 82 kDa [28–30]. In 
humans, this isoform is present in white adipose tissue, cardiac and skeletal muscle 
as well as in testis [27,29–31]. Profound species- and gender-dependent diff erences 
in expression of CPT1A and CPT1B exist. For example, CPT1A is expressed in white 
adipose tissue of male but not of female mice. CPT1B is expressed in white adipose 
tissue of humans, female mice and male rats, but not of male mice and female rats 
[27,30]. Th e cardiac expression patterns of CPT1A and CPT1B change during devel-
opment [29,32]. In general, heart CPT1A expression levels are high around birth and 
drop thereaft er whereas CPT1B shows the opposite pattern [28,29,32,33]. CPT1B is 
the main isoform in the adult heart and skeletal muscle [28,29,31–33]. In the diabetic 
state, expression diff erences between the isoforms have been noted, i.e., increased 
CPT1A expression levels have been reported in the liver and the heart during dia-
betes as well as a small increase of CPT1A expression levels in the skeletal muscle 
[33]. Whereas CPT1A is the main CPT1 in the liver, hepatic expression of CPT1B 
is induced in vivo under specifi c circumstances [34]. However, in view of the high 
sensitivity of CPT1B to inhibition by malonyl-CoA, such an induction of hepatic 
expression seems to be of limited physiological relevance.
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A third isoform of carnitine palmitoyltransferase 1 (CPT1C) is exclusively pres-
ent in brain and testis [22]. Th is enzyme has been discovered later than CPT1A 
and CPT1B and the function of this protein is not yet fully understood. It has been 
suggested that CPT1C regulates whole body energy homeostasis [22] and, indeed, 
evidence from animal studies points in that direction [35,36]. Functional studies 
have been hampered by the fact that the enzyme is not active in mitochondria, al-
though it is able to bind to the natural CPT1 inhibitor malonyl-CoA [22,35]. It has 
recently been reported that CPT1C has a prevalent role in the endoplasmic reticu-
lum [37]. Th is fi nding warrants further investigation because it will be important 
to understand the contribution of each CPT1 isoform to brain energy metabolism 
and hypothalamic fuel sensing [38,39]. Another recent study showed the impor-
tance of CPT1C in the critical centers of the brain that regulate the energy balance 
[40]. CPT1A is also expressed in the brain and hypothalamic intervention directed 
against this isoform aff ects appetite control and glucose production [38]. Th erefore, 
brain CPT1A is important for glucose homeostasis and energy metabolism. Th ese 
experiments were subsequently extended to establish CPT1A involvement in fuel 
sensing [39]. Although sometimes stated otherwise [41], CPT1B is also expressed 
in important brain areas in mice [42], rats [39] and humans (see e.g., the AceView 
database at www.ncbi.nlm.nih.gov or GeneCards at www.genecards.org), and its ex-
pression coincides with that of ACC2 [42].

carnitine PaLMitoYLtransferase 2

Carnitine palmitoyltransferase 2 (CPT2) is located in the mitochondrial matrix as 
a protein loosely attached to (but not integrated in) the mitochondrial inner mem-
brane. Th is protein is 71 kDa in size aft er the N-terminus of the precursor protein 
is cleaved upon mitochondrial import. Th ere is no evidence of more isoforms en-
coded by diff erent genes of this protein and CPT2 is generally considered as being 
expressed in all organs [43–45]. CPT2 is not sensitive for the inhibitory action of 
malonyl-CoA [43]. Still, CPT2 is an attractive target for fundamental inhibition 
studies since the accumulation of upstream intermediates like LC-acylcarnitines 
and LC-acyl-CoA’s causes severe eff ects on membrane stability and cell function as 
well as glucose metabolism (Schreurs et al., under revision).

MaLonYL-coa

Malonyl-CoA, produced by condensation of two acetyl-CoA moieties as catalyzed 
by acetyl-CoA carboxylase (ACC), is a natural inhibitor of CPT1 [3–5]. Th e sensitiv-
ity for inhibition is diff erent for CPT1A and CPT1B, the latter being about 100-fold 
more sensitive [46]. Insulin and thyroid hormone can regulate the sensitivity of 
CPT1A for malonyl-CoA in the liver [47,48], but the sensitivity of CPT1B is not al-
tered by these hormones [49]. Studies in ACC2-defi cient mice [50,51] have indicated 
the existence of separate cellular malonyl-CoA pools. Malonyl-CoA produced by the 
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cytosolic enzyme ACC1 is primarily used for lipogenesis [52], whereas the product 
of ACC2 mainly functions as CPT1 inhibitor [50,51]. Th e latter mode of action pro-
vides major fl ux control over mitochondrial β-oxidation [53].

UPstreaM reGULation of the cPt sYsteM

Insulin negatively regulates hepatic CPT1A activity via insulin growth factor I-
receptor. Insulin is able to reverse the eff ects of diabetes on the sensitivity of CPT1 
for malonyl-CoA and on CPT1 activity itself [48]. Th e Ki value of malonyl-CoA-
induced inhibition of CPT1 activity decreases when diabetic animals are injected 
with insulin, indicating an increase in malonyl-CoA sensitivity. Hepatic CPT1A 
activity is increased in the diabetic state and the ability of malonyl-CoA to inhibit 
this activity is reduced [47]. Insulin is capable to reduce CPT1A mRNA levels [48] 
but short-term treatment with insulin does not always change CPT1A activity 
[47,48]. In ketotic rats, CPT1 activity is increased [54] and this can be reduced by 
insulin treatment. Th yroid hormone is another hormonal regulator of CPT1A with 
profound eff ects on the β-oxidation in the liver. In rats, thyroid hormone treatment 
caused a 5-fold increase in hepatic mRNA expression levels of CPT1A [55] while in 
hypothyroid rats a decrease of hepatic mRNA levels of CPT1A was observed [56]. 
Th ese eff ects are mediated via transactivation of CPT1A gene transcription upon 
binding to its promoter of the thyroid hormone receptor as an active heterodimer 
with the retinoid X receptor [55].

Transcriptional regulation of CPT1A involves several other transcription fac-
tors, including the peroxisomal proliferator-activated receptor gamma coactivator-1 
(PGC-1). Song et al. showed that PGC-1α is capable to stimulate CPT1A expression 
in both liver and heart [57]. PGC-1 acts via hepatocyte nuclear receptor 4, peroxi-
somal proliferator-activated receptor alpha (PPARα) and the glucocorticoid recep-
tor. Although not consistently at signifi cant levels, PPARα is also found to regulate 
CPT1A gene expression [34,58,59]. Napal et al. have identifi ed a peroxisome prolif-
erator responsive element (PPRE) in a conserved region of mammalian CPT1A [60]. 
Upon stimulation with the PPARα agonist fenofi brate in vitro we found upregula-
tion of CPT1A mRNA in rat hepatocytes but not in mouse hepatocytes (unpublished 
data). Other data suggest PPARα-independent pathways, at least in rodents [61,62]. 
Th erefore, the transcriptional regulation of CPT1A involves several independent 
processes.

In muscle, CPT1B expression is regulated by PPARα and retinoid X receptor 
[63,64] and appears to be even more responsive to PPARβ/δ [65,66]. Human CPT1B 
transcription is regulated via a strongly conserved PPRE [11], that is responsible for 
high responsiveness to cellular fatty acid accumulation in cardiac myocytes and 
myocyte tubules [65]. An unexpected family of proteins that interact with PPARβ/δ 
in the regulation of CPT1B is the family of Krüppel-like transcription factors that 
are subject to SUMOylation (modifi cation by small ubiquitin-related proteins) 
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[66]. Th is recent fi nding may open new roads for drug development to accelerate 
muscle β-oxidation. Although the third member of the PPAR family, PPARγ, is 
able to interact with the CPT1B promoter in vitro [64], this appears not to be of 
physiological relevance. However, its natural co-activator PGC1 is involved in the 
regulation of CPT1B in heart by acting together with myocyte enhancer factor 2 to 
activate gene transcription [67]. Th us, subtle diff erences in the regulation of CPT1A 
and CPT1B expression exist, as represented by diff erent (sub)sets of transcription 
factors involved. Since PPARγ barely infl uences CPT1A and CPT1B expression, 
thiazolidinediones have no direct eff ects at this level of regulation. No studies on the 
transcriptional regulation of CPT1C have been reported thus far.

Genetic tarGetinG of cPt1 in Mice

Unconditional gene disruptions of Cpt1a, Cpt1b and Cpt1c have now been achieved 
in mice [36,68,69]. Th ese studies have revealed that, in mice, neither CPT1A defi -
ciency nor CPT1B defi ciency is compatible with life. Th e lethality of homozygotic 
CPT1A defi ciency in mice was unexpected based on the phenotype humans with 
CPT1A defi ciency. Several patients with CPT1A defi ciency have been identifi ed and 
appear to reach adult age when avoiding LCFA in exchange for medium-chain fatty 
acids in their diet [12]. Although CPT1B-defi cient patients have so far not been di-
agnosed, a recent report on human /CPT1B /promoter mutations indicate a possible 
involvement of low levels of CPT1B in sleep disorders, i.e., narcolepsy [70]. Th is is a 
clear illustration of the potential dangers of CPT1B inhibition in the hypothalamus.

Two independent CPT1C-defi cient mouse models have been generated to evalu-
ate the eff ects of disruption of this brain-specifi c gene [35,36]. Results obtained 
with the classic Cpt1c knockout mouse showed a decrease in food intake and body 
weight gain. However, these Cpt1c-/- mice were shown to be highly susceptible to 
diet-induced obesity upon feeding a high fat diet [36], demonstrating the complex-
ity of CPT1C involvement in body weight regulation. Th us, therapeutic agents to 
modulate hypothalamic CPT1C activity may be of interest for treatment of specifi c 
components of the metabolic syndrome. A second murine model of CPT1C defi -
ciency has been published [38] and a full characterization is eagerly awaited for. 
Th is model resulted from a gene-trap program and has the advantage of expressing 
a reporter for Cpt1c promoter activity. Th erefore, more extended experiments in 
the latter model are expected to focus on regulation of hypothalamic transcription 
Cpt1c gene expression. Th e presence of a Cpt1c-LacZ reporter system makes this 
model attractive for drug development.

PharMacoLoGicaL inhiBition of cPt1

Available inhibitors of CPT1 can be divided in substrate analogues, transition state 
analogues and irreversible inhibitors with an oxirane carboxyl group [11]. Th e latter 
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class of inhibitors has been developed and studied extensively since the 1980’s [15] 
and include tetradecyl glycidic acid (TDGA) and etomoxir. A variant of etomoxir 
has been applied in biochemical studies to specifi cally target CPT1A [3] but this 
variant, dinitrophenoxy-etomoxir, is highly toxic and not applicable in vivo (See ref. 
11 for structure comparisons).

Since hyperglycemia in type 2 diabetic patients is caused among others by in-
creased glucose production due to (hepatic) insulin resistance [71], inhibition of 
CPT1 activity by etomoxir or TDGA has been put forward to be a potential treat-
ment of type 2 diabetes to reduce blood glucose levels. However, experiments in 
mice treated with TDGA showed only a marginal reduction of de novo glucose 
production upon TDGA treatment [72]. Clinical trials with etomoxir indeed showed 
an improvement of hyperglycemia [73], however, severe side eff ects like myocardial 
hypertrophy and hepatic steatosis put an end to the development of etomoxir and 
TDGA as therapeutic tools [17,74]. Remarkably, administration of TDGA to experi-
mental animals caused the expected hepatic steatosis, but this eff ect was not associ-
ated with reduced hepatic insulin sensitivity [75]. Etomoxir has later experienced 
a revival as potential drug to modulate energy metabolism in cardiac disease, but 
clinical trials to test its feasibility led to cancelation of the trial due to an unaccept-
able elevation of transaminase levels [74].

Since the irreversible inhibitors discussed above are not clinically applicable, re-
versible CPT1 inhibitors have been developed [17]. Th ese inhibitors were developed 
for liver-specifi c inhibition of CPT1, with the aim to prevent undesired side eff ects 
in heart and other organs. However, little progress has been reported in this fi eld. 
Th e last peer-reviewed publication of the development of such an agent dates back to 
2003 [18]. Treatment of db/db mice twice a day for 45 days with the reversible CPT1A 
inhibitor ST1326, named Teglicar [19], caused a reduction of plasma glucose levels. 
However, insulin levels and other plasma parameters like plasma triglycerides were 
not aff ected upon treatment with this compound. Recent in vivo studies revealed an 
improvement of hyperglycemia upon 4 days of treatment with Teglicar followed by 
metformin treatment for 1 day. Clinical trials with this compound showed marginal 
improvements of the insulin values in diabetic patients [18,19]. Chronic systemic 
inhibition of CPT1 showed a major increase in intracellular lipid accumulation as 
well as insulin resistance in rats treated with etomoxir [76]. Moreover, it would be 
anticipated that inhibition of CPT1A, even when localized to the liver alone, would 
have the adverse risk of initiating hepatic steatosis, a potential prelude to insulin 
resistance and, eventually, type II diabetes [77]. It has been concluded earlier that the 
inhibition of CPT1 may be a dead end story in terms of pharmacological feasibilities 
[16].

As mentioned before, Obici et al. used various forms of intervention to inhibit 
hypothalamic CPT1 expression and activity. Both brain-specifi c genetic deletion of 
CPT1A and pharmacological CPT1A inhibition in rats caused considerable decreas-
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es in food intake as well as reduction of endogenous glucose production [38]. Th ese 
fi ndings promote a clear indication that central inhibition of fatty acid oxidation is 
of potential interest to prevent and/or treat components of the metabolic syndrome 
like obesity and insulin resistance.

PharMacoLoGicaL inhiBition of cPt2

As mentioned above, CPT inhibitors were initially developed to inhibit gluconeo-
genesis [17] and hyperglycemia and we investigated the use of CPT2 inhibitors for 
acute treatment of a DKA. L-AC was reported in literature for PPARα independent 
inhibition of fatty acid oxidation as was shown by Chegary et al. [78]. However, our 
in vivo studies showed PPARα dependent action of L-AC, as was evidenced by the 
induction of several PPARα genes, e.g. PDK4 and AOX (Schreurs et al, in revision). 
Th is eff ect is probably due to the accumulation of fatty acids as a result of the in-
hibition of CPT2. However, just like in the TDGA and etomoxir experiments, an 
increase in hepatic lipid content was observed in L-AC treated mice [74,75] although 
we believe that these temporarily elevated hepatic triglyceride levels would be re-
duced when the treatment with L-AC is stopped. A remarkable observation from 
the L-AC treatment in a model of type I diabetes was that is seems that a (very) 
small amount of insulin still is needed to have a good functioning of the glucose 
metabolism. Th is was shown mainly by gene expression levels of key genes involved 
in glucose homeostasis as well as by the use of a higher dose of L-AC. i.e. these mice 
developed lethargy and severe side eff ects in the major organs. Th erefore more re-
search and development is needed before L-AC can be used in clinical practice, but 
only if the side eff ects like steato-hepatitis can be solved (Schreurs et al, in revision).

Direct stiMULation of cPt1

CPT1 is a complex enzyme whose activity is regulated by malonyl-CoA through al-
losteric inhibition [11]. C75 is a compound designed to mimic cerulenin, an inhibitor 
of fatty acid synthase (FAS). FAS catalyzes the malonyl-CoA consuming step in lipo-
genesis that succeeds ACC1. Remarkably, C75 was found to act as a direct stimulator 
of CPT1 activity [79]. Treatment with high doses of C75 increased peripheral fatty 
acid oxidation and energy utilization in obese mice. Although this part of action 
is diffi  cult to distinguish from FAS inhibition, another compound (C89b) was also 
found to stimulate CPT1 [80], and several biochemical studies confi rmed CPT1-
stimulation by C75. In 2006, however, it was discovered that low doses of C75 that 
are activated to C75-CoA, act as inhibitor of CPT1 [81]. Th ese fi ndings have recently 
been confi rmed for C75-CoA action in the brain [41]. Aja et al. showed that phar-
macological stimulation of brain CPT1 in mice by C89b, another cerulenin-mimick, 
resulted in a decrease in body weight gain and food intake without aff ecting fatty 
acid synthesis [80]. Yet, Mera et al. [41] concluded that these phenomena are due to 
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inhibition rather than stimulation of brain CPT1. It should be noted that CPT1B and 
CPT1C are not considered to be subject of hypothalamic C75-CoA inhibition [41], 
however, this discussion is not settled yet.

the acc sYsteM

Acetyl-CoA carboxylases (ACCs) are important enzymes for both the lipogenic cas-
cade and for regulation of mitochondrial β-oxidation. Th ese enzymes catalyze the 
carboxylation of acetyl-CoA into malonyl-CoA. Malonyl-CoA is an intermediate in 
the synthesis of fatty acids [52], and, as discussed above, serves as natural inhibitor 
of mitochondrial β-oxidation via CPT1 (Figure 4). Two isoforms of ACC, i.e., ACC1 
and ACC2, have been indentifi ed and are encoded by separate genes for which the 
acronyms ACACA and ACACB are being used (Acaca and Acacb in mice). We refer 
to these genes as ACC1 and ACC2 (in humans and rats) and Acc1 and Acc2 (in mice). 
Th e notion that the two gene products have diff erent functions became evident from 
studies in specifi c- knockout mouse models [50,51,82,83] as well as from studies 
applying RNA interference technology [84]. In fact, data indicate that the two iso-
forms deliver malonyl-CoA into separate pools: a cytosolic pool used for lipogenesis 
and a subcytosolic pool – presumably in close proximity to the mitochondrial outer 
membrane – to inhibit CPT1.

ACC1 or ACCα is a 265 kDa protein which is mainly expressed in liver and adi-
pose tissue [85]. Th e malonyl-CoA generated by this enzyme is preferably used for 
lipogenesis [50]. ACC2 or ACCβ is a 280 kDa protein which, in comparison to ACC1, 
contains 114 additional amino acids at the N-terminus to anchor the protein to the 
mitochondrial membrane (Figure 1) [4,86]. ACC2 is mainly expressed in muscle, but 
its expression in the liver and several other organs is also of signifi cant importance 
[50].

reGULation of acc enZYMe actiVitY anD transcriPtion

AMPK is a major regulator of ACC1 and ACC2 activities (Figure 1). In situations in 
which energy is required, AMPK will become activated by several protein kinases 
that phosphorylate this protein at specifi c serine and thyrosine residues. Phosphory-
lated AMPK, in turn, is able to phosphorylate ACC to inactivate this enzyme [87] 
(Figure 4). Th is cascade can be reversed by protein phosphatases. At metabolic level, 
citrate allosterically stimulates both isoforms of ACC [52,88] (Figure 4). Th us, en-
ergy shortage and excess control ACC activity at short-term intervals.

Transcription factors that infl uence the expression of both isoforms of ACC pro-
vide regulation at the mid- and long-term. Sterol regulatory element binding protein 
1c (SREBP1c) is an important transcription factor in this respect. Aft er dietary in-
take of cholesterol and upon stimulation by insulin, ER-bound SREBP1c is cleaved 
and its activated form is transported to the nucleus where it promotes transcription 
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of ACC1 [89] and ACC2 [90–92]. Shimomura et al. were the fi rst to show that insulin 
stimulates the expression of SREBP1c and its target genes [92].

Th e carbohydrate responsive element binding protein (ChREBP) is also involved 
in the transcriptional regulation of ACC1 gene expression and most likely also of 
ACC2 [93]. Ishii et al. showed that exposure of hepatocytes of wild-type mice to high 
glucose levels resulted in induction of mRNA levels of genes involved in lipogen-
esis, including those for ACC1 and FAS. High glucose failed to induce this response 
in hepatocytes of ChREBP-/- mice [93]. It is likely that also ACC2 is regulated by 
ChREBP since these ACC1 and ACC2 are closely related and maintain the balance 
between anabolism and catabolism.

In our laboratory we addressed the transcriptional regulation of both isoforms of 
ACC in the liver under various metabolic conditions in mice by assessment of steady 
state mRNA levels by real time PCR, resulting in the compilation shown in fi gure 5.
Th e most notable observation from these experiments is the strong induction of 
hepatic Acc2 expression in wild-type mice aft er 24 hours of fasting. Th e expression 
levels of Acc2 were in livers of fasted mice about 5 times higher than those of Acc1 
which remained similar to non-fasted control values. Th is may well refl ect the diff er-

Figure 4: Regulation of acetyl-CoA carboxylase. Solid arrows indicate (series of) reactions; dashed 
arrows indicate stimulation; blunted dashed lines indicate inhibition. ACC: acetyl-CoA carboxylase, 
AMPK: AMP activated protein kinase, CL: citrate lyase, LCFA: long-chain fatty acid, MCD: malonyl-
CoA decarboxylase
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ent functions of the two isoforms i.e., ACC1 being involved in lipogenesis and ACC2 
in regulation of β-oxidation and ketogenesis. Th e strong induction of Acc2 mRNA 
levels upon 24 hours of fasting indicates a counterintuitive response to inhibit 
mitochondrial β-oxidation and ketogenesis. It can be assumed that this transcrip-
tional response is part of a vital mechanism to prevent uncontrolled β-oxidation 
and uncontrolled ketogenesis since the latter might lead to a ketoacidotic shock. In 
PPARα knock-out mice, refeeding induced a massive increase in mRNA levels of 
both Acc isoforms. Th is response is obviously independent of PPARα, since stimula-
tion via PPARα is not possible in these knock-out mice. Stimulation of PPARα with 
ciprofi brate led to increased mRNA levels of both Acc isoforms in wild-type mice, 
however, Acc2 expression levels were induced twice as much compared to those of 
Acc1 (Figure 5).

In conclusion, Acc gene expression is responsive to fi brates and the induction of 
Acc2 seems to coincide with Cpt1b responses in mouse liver. Balanced increases 
in gene expression may lead to higher sensitivities and quicker responses to subtle 
metabolic changes and in that way improve insulin sensitivity.

Genetic tarGetinG of acc in Mice

Mouse models defi cient in either one of the ACC isoforms have yielded a wealth of in-
formation about their physiological roles. Th ese mouse models clearly demonstrated 
the existence of two functionally separate malonyl-CoA pools [51]. Acc2-/- mice 
showed continuous fatty acid oxidation, reduced fat storage and improved insulin 
sensitivity, although they also showed a 30% increase in food intake compared to 
the intake of wild-type littermates [50]. Moreover, lipogenesis in these mice was not 
aff ected, indicating that malonyl-CoA generated by mitochondrial ACC2 is not re-
quired for progression of fatty acid synthesis [4,50]. Acc2-/- mice are protected from 

Figure 5: Acc1 and Acc2 mRNA expression levels in mice. Steady state levels of transcripts were mea-
sured by quantitative reverse transcription followed by realtime PCR on an Applied Biosystems Sequence 
detector 7700. WT: wild type mice C57BL6; PPAR KO: Peroxisome Proliferator Activated Receptor 
α-/- mice; cipro: ciprofi brate-treatment. All values represent 4-6 mice per group ± standard deviation. 
Relative expression is the amount of mRNA measured in comparison to 18S RNA. 
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diet-induced obesity upon feeding a high fat or a high carbohydrate diet [50,51,83]. 
Experiments performed in liver-specifi c Acc1 knock-out mice showed a reduction in 
triglyceride accumulation in this organ without aff ecting glucose metabolism [94], 
which is another indication for the existence of distinct malonyl-CoA pools.

Similar to Cpt1a-/- and Cpt1b-/- knockout mice, Acc1-/- knockout mice are not 
viable and die at embryonic day 8.5 [82], underscoring the importance of lipogenesis 
in early embryonic development. Mao et al. [94] showed that - under normal feed-
ing conditions - liver-specifi c deletion of ACC1 does not cause any health problem. 
Hepatic triglyceride content was reduced in these mice upon feeding a fat-free diet 
without aff ecting LCFA oxidation and glucose homeostasis. However, upon feeding 
a high fat diet the liver-specifi c absence of ACC1 did not prevent obesity and insulin 
resistance [94].

PharMacoLoGicaL inhiBition of acc

In view of the diff erent functions of the two putative malonyl-CoA pools, inhibition 
of either one or both ACC isoforms can be of interest for treatment of obesity and/or 
insulin resistance. Inhibition of ACC1 would decrease the rate of lipogenesis and in-
hibition of ACC2 would stimulate mitochondrial β-oxidation. Th e benefi cial eff ects 
of such strategies were shown in the antisense oligonucleotide (ASO) study by Sav-
age et al. [84]. In these studies reduction of mRNA of both ACC isoforms using ASO 
technology showed that diet-induced hepatic steatosis and hepatic insulin resistance 
could be reversed in rats [84]. Th erefore, clinical applications of ASOs against ACC2 
expression may be a future promise to treat insulin resistance, yet, several technical 
issues concerning the formulation of the compounds need to be solved.

One of the earliest developed chemical ACC-inhibitors is 5-(tetradecloxy)-2-
fuoric acid (TOFA). Th is compound induces the hepatic accumulation of glucose as 
well as ketogenesis and β-oxidation [95]. Th e CoA-ester of TOFA is able to inhibit 
both ACC isoforms and causes a decrease in malonyl-CoA levels which leads to the 
stimulation of β-oxidation and a reduction in fatty acid synthesis [95]. Other, more 
recently developed compounds are CP-640186 [96] and Soraphen [97]. CP-640186 
is a reversible non-selective ACC inhibitor. It has similar affi  nity for both ACC iso-
forms [96] and animals treated with this compound showed a reduction in fatty acid 
synthesis and triglyceride synthesis. Malonyl-CoA levels of lipogenic as well as oxi-
dative tissues were decreased and whole-body fatty acid oxidation was increased in 
these animals [96]. However, experiments in diabetic ob/ob mice showed an increase 
in plasma glucose and triglyceride levels while glucose tolerance was worsened in 
these mice [98]. Own experiments with the CP-640186 in mice with diet-induced 
insulin resistance showed a reduction in body weight gain and an improvement in 
peripheral insulin sensitivity [99].

Soraphen has been suggested to be a more potent ACC inhibitor compared to 
CP-640186 [100]. Soraphen was originally isolated from Sorangium cellulosum, a 
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myxobacterium. It has potent antifungal activity and is used as a broad spectrum 
fungicide [97]. It has the ability to bind the biotin carboxylase domain of ACC which 
disrupts the oligomerization of the enzyme and thereby its activity [97,100,101]. In 
malignant cancer cells, inhibition of ACC by Soraphen induces growth arrest and 
cytotoxicity. In these cells, fatty acid synthesis is completely blocked upon exposure 
to Soraphen [102]. In experiments using mice fed a high fat diet, treatment with 
Soraphen (50 mg/kg/d or 100 mg/kg/d) caused a reduction in body weight gain and 
a major improvement in peripheral insulin sensitivity. We also observed about 70% 
reduction of de novo lipogenesis [99]. Results of these studies show that, indeed, 
ACC is an interesting target for drug aimed to improve insulin sensitivity.

concLUsion anD fUtUre PersPectiVes

Direct intervention in the CPT system, or indirect intervention via the ACC system, 
potentially has benefi cial eff ects for the prevention and treatment of obesity and 
other aspects of the metabolic syndrome (ACC inhibition) as well as the prevention 
of hyperketonemia (CPT2 inhibition). However, awareness of potential side-eff ects 
remains a major issue. For that reason, chronic and/or systemic CPT inhibition may 
not be a fruitful choice as it leads to lipid accumulation, systemic insulin resistance 
and cardiac energy defi cits.

 Inhibition of the ACC system, however, has shown its potential in several 
experimental models without obvious side eff ects. Although various issues need to 
be resolved, the application of tools such as antisense oligonucleotides seems prom-
ising, however, for use in clinical practice other routes of administration would be 
preferable. Potential other means to indirectly promote systemic CPT1 activity via 
transcriptional mechanisms include the application of PPAR-beta/delta agonists 
and the prevention of damage to CPT1 by counteracting reactive oxygen species.

 Recent work has pointed to crucial roles of hypothalamic ACC and CPT1 in 
control of food intake and energy homeostasis. Th e contribution and precise mode 
of action of each hypothalamic CPT1 isoform has not been fully established. Yet, 
CPT1C may provide a new and unique target for intervention, as it appears to be 
active in the endoplasmic reticulum rather than in mitochondria.



122

Chapter 7

7

reference List

1.  Holmes DM (1986) Th e person and diabetes in 
psychosocial context. Diabetes Care 9: 194-206.

2.  Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-
Melody J, Wu M, Ventre J, Doebber T, Fujii N, 
Musi N, Hirshman MF, Goodyear LJ, Moller DE 
(2001) Role of AMP-activated protein kinase in 
mechanism of metformin action. J Clin Invest 
108: 1167-1174.

3.  McGarry JD, Brown NF (1997) Th e mitochon-
drial carnitine palmitoyltransferase system. 
From concept to molecular analysis. Eur J Bio-
chem 244: 1-14.

4.  Abu-Elheiga L, Almarza-Ortega DB, Baldini A, 
Wakil SJ (1997) Human acetyl-CoA carboxylase 
2. Molecular cloning, characterization, chro-
mosomal mapping, and evidence for two iso-
forms. J Biol Chem 272: 10669-10677.

5.  McGarry JD, Mannaerts GP, Foster DW (1977) 
A possible role for malonyl-CoA in the regula-
tion of hepatic fatty acid oxidation and ketogen-
esis. J Clin Invest 60: 265-270.

6.  Laff el L (1999) Ketone bodies: a review of physi-
ology, pathophysiology and application of mon-
itoring to diabetes. Diabetes Metab Res Rev 15: 
412-426.

7.  McGarry JD, Foster DW (1980) Regulation of 
hepatic fatty acid oxidation and ketone body 
production. Annu Rev Biochem 49: 395-420.

8.  Schlegel A, Stainier DY (2007) Lessons from 
"lower" organisms: what worms, fl ies, and ze-
brafi sh can teach us about human energy me-
tabolism. PLoS Genet 3: e199.

9.  Koonen DP, Jacobs RL, Febbraio M, Young ME, 
Soltys CL, Ong H, Vance DE, Dyck JR (2007) In-
creased hepatic CD36 expression contributes to 
dyslipidemia associated with diet-induced obe-
sity. Diabetes 56: 2863-2871.

10.  Smith AC, Mullen KL, Junkin KA, Nickerson J, 
Chabowski A, Bonen A, Dyck DJ (2007) Metfor-
min and exercise reduce muscle FAT/CD36 and 
lipid accumulation and blunt the progression 
of high-fat diet-induced hyperglycemia. Am J 
Physiol Endocrinol Metab 293: E172-E181.

11.  Ramsay RR, Gandour RD, van der Leij FR (2001) 
Molecular enzymology of carnitine transfer and 
transport. Biochim Biophys Acta 1546: 21-43.

12.  Bonnefont JP, Demaugre F, Prip-Buus C, Saudu-
bray JM, Brivet M, Abadi N, Th uillier L (1999) 

Carnitine palmitoyltransferase defi ciencies. 
Mol Genet Metab 68: 424-440.

13.  Hulsmann WC, Peschechera A, Schneijdenberg 
CT, Verkleij AJ (1994) Comparison of the ef-
fects of carnitine palmitoyltransferase-1 and -2 
inhibitors on rat heart hypertrophy. Cardiosci-
ence 5: 193-197.

14.  Cardella F (2005) Insulin therapy during dia-
betic ketoacidosis in children. Acta Biomed 76 
Suppl 3: 49-54.

15.  Wolf HP, Engel DW (1985) Decrease of fatty 
acid oxidation, ketogenesis and gluconeogenesis 
in isolated perfused rat liver by phenylalkyl oxi-
rane carboxylate (B 807-27) due to inhibition of 
CPT I (EC 2.3.1.21). Eur J Biochem 146: 359-363.

16.  Anderson RC (1998) Carnitine palmitoyltrans-
ferase: a viable target for the treatment of NID-
DM? Curr Pharm Des 4: 1-16.

17.  Giannessi F, Chiodi P, Marzi M, Minetti P, Pes-
sotto P, De Angelis F, Tassoni E, Conti R, Giorgi 
F, Mabilia M, Dell'Uomo N, Muck S, Tinti MO, 
Carminati P, Arduini A (2001) Reversible carni-
tine palmitoyltransferase inhibitors with broad 
chemical diversity as potential antidiabetic 
agents. J Med Chem 44: 2383-2386.

18.  Giannessi F, Pessotto P, Tassoni E, Chiodi P, 
Conti R, De Angelis F, Dell'Uomo N, Cati-
ni R, Deias R, Tinti MO, Carminati P, Arduini 
A (2003) Discovery of a long-chain carbamoyl 
aminocarnitine derivative, a reversible carni-
tine palmitoyltransferase inhibitor with antik-
etotic and antidiabetic activity. J Med Chem 46: 
303-309.

19.  Valentini G, Bianchetti M, Pace S, Carminati P 
(2008) Eff ect of a selective and reversible hepat-
ic CPT1 inhibitor on HOMA index and fasting 
blood glucose in diabetic type 2 patients. Diabe-
tologia 51: S23.

20.  Wensaas AJ, Rustan AC, Just M, Berge RK, 
Drevon CA, Gaster M (2008) Fatty Acid Incu-
bation of Myotubues from Humans with Type 
2 Diabetes Leads to Enhanced Release of Beta 
Oxidation Products Due to Impaired Fatty Acid 
Oxidation: Eff ects of Tetradecylthioacetic Acid 
and Eicosapentaenoic Acid. Diabetes 

21.  Esser V, Britton CH, Weis BC, Foster DW, Mc-
Garry JD (1993) Cloning, sequencing, and ex-
pression of a cDNA encoding rat liver carnitine 
palmitoyltransferase I. Direct evidence that a 
single polypeptide is involved in inhibitor inter-
action and catalytic function. J Biol Chem 268: 
5817-5822.



123

Regulatory enzymes of mitochondrial β-oxidation as targets for treatment of the metabolic syndrome

7

22.  Price N, van der Leij F, Jackson V, Corstorphine 
C, Th omson R, Sorensen A, Zammit V (2002) A 
novel brain-expressed protein related to carni-
tine palmitoyltransferase I. Genomics 80: 433-
442.

23.  Yamazaki N, Shinohara Y, Kajimoto K, Shindo 
M, Terada H (2000) Novel expression of equiv-
ocal messages containing both regions of cho-
line/ethanolamine kinase and muscle type car-
nitine palmitoyltransferase I. J Biol Chem 275: 
31739-31746.

24.  Jackson VN, Cameron JM, Fraser F, Zammit 
VA, Price NT (2000) Use of six chimeric pro-
teins to investigate the role of intramolecular 
interactions in determining the kinetics of car-
nitine palmitoyltransferase I isoforms. J Biol 
Chem 275: 19560-19566.

25.  van der Leij FR, Kram AM, Bartelds B, Roelof-
sen H, Smid GB, Takens J, Zammit VA, Kuipe-
rs JR (1999) Cytological evidence that the C-
terminus of carnitine palmitoyltransferase I is 
on the cytosolic face of the mitochondrial outer 
membrane. Biochem J 341 ( Pt 3): 777-784.

26.  Swanson ST, Foster DW, McGarry JD, Brown 
NF (1998) Roles of the N- and C-terminal do-
mains of carnitine palmitoyltransferase I iso-
forms in malonyl-CoA sensitivity of the en-
zymes: insights from expression of chimaeric 
proteins and mutation of conserved histidine 
residues. Biochem J 335 ( Pt 3): 513-519.

27.  Brown NF, Hill JK, Esser V, Kirkland JL, Cor-
key BE, Foster DW, McGarry JD (1997) Mouse 
white adipocytes and 3T3-L1 cells display an 
anomalous pattern of carnitine palmitoyltrans-
ferase (CPT) I isoform expression during diff er-
entiation. Inter-tissue and inter-species expres-
sion of CPT I and CPT II enzymes. Biochem J 
327 ( Pt 1): 225-231.

28.  Weis BC, Esser V, Foster DW, McGarry JD 
(1994) Rat heart expresses two forms of mito-
chondrial carnitine palmitoyltransferase I. Th e 
minor component is identical to the liver en-
zyme. J Biol Chem 269: 18712-18715.

29.  Bartelds B, Takens J, Smid GB, Zammit VA, 
Prip-Buus C, Kuipers JR, van der Leij FR (2004) 
Myocardial carnitine palmitoyltransferase I ex-
pression and long-chain fatty acid oxidation in 
fetal and newborn lambs. Am J Physiol Heart 
Circ Physiol 286: H2243-H2248.

30.  Esser V, Brown NF, Cowan AT, Foster DW, Mc-
Garry JD (1996) Expression of a cDNA isolated 
from rat brown adipose tissue and heart identi-

fi es the product as the muscle isoform of carni-
tine palmitoyltransferase I (M-CPT I). M-CPT I 
is the predominant CPT I isoform expressed in 
both white (epididymal) and brown adipocytes. 
J Biol Chem 271: 6972-6977.

31.  van der Leij FR, Cox KB, Jackson VN, Huijk-
man NC, Bartelds B, Kuipers JR, Dijkhuizen 
T, Terpstra P, Wood PA, Zammit VA, Price NT 
(2002) Structural and functional genomics of 
the CPT1B gene for muscle-type carnitine pal-
mitoyltransferase I in mammals. J Biol Chem 
277: 26994-27005.

32.  Brown NF, Weis BC, Husti JE, Foster DW, Mc-
Garry JD (1995) Mitochondrial carnitine palmi-
toyltransferase I isoform switching in the devel-
oping rat heart. J Biol Chem 270: 8952-8957.

33.  Cook GA, Edwards TL, Jansen MS, Bahouth 
SW, Wilcox HG, Park EA (2001) Diff erential 
regulation of carnitine palmitoyltransferase-I 
gene isoforms (CPT-I alpha and CPT-I beta) in 
the rat heart. J Mol Cell Cardiol 33: 317-329.

34.  van der Leij FR, Bloks VW, Grefh orst A, Hoeks-
tra J, Gerding A, Kooi K, Gerbens F, te MG, Kui-
pers F (2007) Gene expression profi ling in livers 
of mice aft er acute inhibition of beta-oxidation. 
Genomics 90: 680-689.

35.  Lane MD, Wolfgang M, Cha SH, Dai Y (2008) 
Regulation of food intake and energy expendi-
ture by hypothalamic malonyl-CoA. Int J Obes 
(Lond) 32 Suppl 4: S49-S54.

36.  Wolfgang MJ, Kurama T, Dai Y, Suwa A, Asau-
mi M, Matsumoto S, Cha SH, Shimokawa T, 
Lane MD (2006) Th e brain-specifi c carnitine 
palmitoyltransferase-1c regulates energy ho-
meostasis. Proc Natl Acad Sci U S A 103: 7282-
7287.

37.  Sierra AY, Gratacos E, Carrasco P, Clotet J, Ure-
na J, Serra D, Asins G, Hegardt FG, Casals N 
(2008) CPT1c is localized in endoplasmic retic-
ulum of neurons and has carnitine palmitoyl-
transferase activity. J Biol Chem 283: 6878-6885.

38.  Obici S, Feng Z, Arduini A, Conti R, Rossetti 
L (2003) Inhibition of hypothalamic carnitine 
palmitoyltransferase-1 decreases food intake 
and glucose production. Nat Med 9: 756-761.

39.  Pocai A, Lam TK, Obici S, Gutierrez-Juarez R, 
Muse ED, Arduini A, Rossetti L (2006) Resto-
ration of hypothalamic lipid sensing normalizes 
energy and glucose homeostasis in overfed rats. 
J Clin Invest 116: 1081-1091.

40.  Dai Y, Wolfgang MJ, Cha SH, Lane MD (2007) 



124

Chapter 7

7

Localization and eff ect of ectopic expression of 
CPT1c in CNS feeding centers. Biochem Bio-
phys Res Commun 359: 469-474.

41.  Mera P, Bentebibel A, Lopez-Vinas E, Corden-
te AG, Gurunathan C, Sebastian D, Vazquez I, 
Herrero L, Ariza X, Gomez-Puertas P, Asins G, 
Serra D, Garcia J, Hegardt FG (2008) C75 is con-
verted to C75-CoA in the hypothalamus, where 
it inhibits carnitine palmitoyltransferase 1 and 
decreases food intake and body weight. Bio-
chem Pharmacol 

42.  Sorensen A, Travers MT, Vernon RG, Price NT, 
Barber MC (2002) Localization of messenger 
RNAs encoding enzymes associated with malo-
nyl-CoA metabolism in mouse brain. Brain Res 
Gene Expr Patterns 1: 167-173.

43.  McGarry JD, Sen A, Esser V, Woeltje KF, Weis 
B, Foster DW (1991) New insights into the mi-
tochondrial carnitine palmitoyltransferase en-
zyme system. Biochimie 73: 77-84.

44.  Woeltje KF, Esser V, Weis BC, Sen A, Cox WF, 
McPhaul MJ, Slaughter CA, Foster DW, McGar-
ry JD (1990) Cloning, sequencing, and expres-
sion of a cDNA encoding rat liver mitochondri-
al carnitine palmitoyltransferase II. J Biol Chem 
265: 10720-10725.

45.  Woeltje KF, Esser V, Weis BC, Cox WF, Schro-
eder JG, Liao ST, Foster DW, McGarry JD (1990) 
Inter-tissue and inter-species characteristics of 
the mitochondrial carnitine palmitoyltrans-
ferase enzyme system. J Biol Chem 265: 10714-
10719.

46.  McGarry JD, Mills SE, Long CS, Foster DW 
(1983) Observations on the affi  nity for carni-
tine, and malonyl-CoA sensitivity, of carnitine 
palmitoyltransferase I in animal and human 
tissues. Demonstration of the presence of mal-
onyl-CoA in non-hepatic tissues of the rat. Bio-
chem J 214: 21-28.

47.  Cook GA, Gamble MS (1987) Regulation of car-
nitine palmitoyltransferase by insulin results in 
decreased activity and decreased apparent Ki 
values for malonyl-CoA. J Biol Chem 262: 2050-
2055.

48.  Park EA, Mynatt RL, Cook GA, Kashfi  K (1995) 
Insulin regulates enzyme activity, malonyl-CoA 
sensitivity and mRNA abundance of hepatic 
carnitine palmitoyltransferase-I. Biochem J 310 
( Pt 3): 853-858.

49.  Saggerson ED, Carpenter CA (1981) Eff ects of 
fasting and malonyl CoA on the kinetics of car-
nitine palmitoyltransferase and carnitine oc-

tanoyltransferase in intact rat liver mitochon-
dria. FEBS Lett 132: 166-168.

50.  Abu-Elheiga L, Matzuk MM, Abo-Hashema 
KA, Wakil SJ (2001) Continuous fatty acid oxi-
dation and reduced fat storage in mice lacking 
acetyl-CoA carboxylase 2. Science 291: 2613-
2616.

51.  Abu-Elheiga L, Oh W, Kordari P, Wakil SJ 
(2003) Acetyl-CoA carboxylase 2 mutant mice 
are protected against obesity and diabetes in-
duced by high-fat/high-carbohydrate diets. 
Proc Natl Acad Sci U S A 100: 10207-10212.

52.  Wakil SJ, Stoops JK, Joshi VC (1983) Fatty acid 
synthesis and its regulation. Annu Rev Biochem 
52: 537-579.

53.  Krauss S, Lascelles CV, Zammit VA, Quant PA 
(1996) Flux control exerted by overt carnitine 
palmitoyltransferase over palmitoyl-CoA oxi-
dation and ketogenesis is lower in suckling than 
in adult rats. Biochem J 319 ( Pt 2): 427-433.

54.  Grantham BD, Zammit VA (1988) Role of carni-
tine palmitoyltransferase I in the regulation of 
hepatic ketogenesis during the onset and rever-
sal of chronic diabetes. Biochem J 249: 409-414.

55.  Louet JF, Le May C, Pegorier JP, Decaux JF, Gi-
rard J (2001) Regulation of liver carnitine pal-
mitoyltransferase I gene expression by hor-
mones and fatty acids. Biochem Soc Trans 29: 
310-316.

56.  Heimberg M, Olubadewo JO, Wilcox HG (1985) 
Plasma lipoproteins and regulation of hepat-
ic metabolism of fatty acids in altered thyroid 
states. Endocr Rev 6: 590-607.

57.  Song S, Zhang Y, Ma K, Jackson-Hayes L, 
Lavrentyev EN, Cook GA, Elam MB, Park EA 
(2004) Peroxisomal proliferator activated recep-
tor gamma coactivator (PGC-1alpha) stimulates 
carnitine palmitoyltransferase I (CPT-Ialpha) 
through the fi rst intron. Biochim Biophys Acta 
1679: 164-173.

58.  Kersten S, Seydoux J, Peters JM, Gonzalez FJ, 
Desvergne B, Wahli W (1999) Peroxisome pro-
liferator-activated receptor alpha mediates the 
adaptive response to fasting. J Clin Invest 103: 
1489-1498.

59.  Roglans N, Bellido A, Rodriguez C, Cabrero A, 
Novell F, Ros E, Zambon D, Laguna JC (2002) 
Fibrate treatment does not modify the expres-
sion of acyl coenzyme A oxidase in human liver. 
Clin Pharmacol Th er 72: 692-701.



125

Regulatory enzymes of mitochondrial β-oxidation as targets for treatment of the metabolic syndrome

7

60.  Napal L, Marrero PF, Haro D (2005) An intron-
ic peroxisome proliferator-activated receptor-
binding sequence mediates fatty acid induction 
of the human carnitine palmitoyltransferase 
1A. J Mol Biol 354: 751-759.

61.  Leone TC, Weinheimer CJ, Kelly DP (1999) A 
critical role for the peroxisome proliferator-ac-
tivated receptor alpha (PPARalpha) in the cellu-
lar fasting response: the PPARalpha-null mouse 
as a model of fatty acid oxidation disorders. 
Proc Natl Acad Sci U S A 96: 7473-7478.

62.  Louet JF, Chatelain F, Decaux JF, Park EA, Kohl 
C, Pineau T, Girard J, Pegorier JP (2001) Long-
chain fatty acids regulate liver carnitine pal-
mitoyltransferase I gene (L-CPT I) expression 
through a peroxisome-proliferator-activated 
receptor alpha (PPARalpha)-independent path-
way. Biochem J 354: 189-197.

63.  Brandt JM, Djouadi F, Kelly DP (1998) Fatty ac-
ids activate transcription of the muscle carni-
tine palmitoyltransferase I gene in cardiac myo-
cytes via the peroxisome proliferator-activated 
receptor alpha. J Biol Chem 273: 23786-23792.

64.  Mascaro C, Acosta E, Ortiz JA, Marrero PF, 
Hegardt FG, Haro D (1998) Control of human 
muscle-type carnitine palmitoyltransferase I 
gene transcription by peroxisome proliferator-
activated receptor. J Biol Chem 273: 8560-8563.

65.  Gilde AJ, van der Lee KA, Willemsen PH, Chi-
netti G, van der Leij FR, van d, V, Staels B, van 
BM (2003) Peroxisome proliferator-activated 
receptor (PPAR) alpha and PPARbeta/delta, but 
not PPARgamma, modulate the expression of 
genes involved in cardiac lipid metabolism. Circ 
Res 92: 518-524.

66.  Oishi Y, Manabe I, Tobe K, Ohsugi M, Kubota 
T, Fujiu K, Maemura K, Kubota N, Kadowaki T, 
Nagai R (2008) SUMOylation of Kruppel-like 
transcription factor 5 acts as a molecular switch 
in transcriptional programs of lipid metabolism 
involving PPAR-delta. Nat Med 14: 656-666.

67.  Moore ML, Park EA, McMillin JB (2003) Up-
stream stimulatory factor represses the induc-
tion of carnitine palmitoyltransferase-Ibeta 
expression by PGC-1. J Biol Chem 278: 17263-
17268.

68.  Ji S, You Y, Kerner J, Hoppel CL, Schoeb TR, 
Chick WS, Hamm DA, Daniel SJ, Wood PA 
(2008) Homozygous carnitine palmitoyltrans-
ferase 1b (muscle isoform) defi ciency is lethal in 
the mouse. Mol Genet Metab 93: 314-322.

69.  Nyman LR, Cox KB, Hoppel CL, Kerner J, Bar-

noski BL, Hamm DA, Tian L, Schoeb TR, Wood 
PA (2005) Homozygous carnitine palmitoyl-
transferase 1a (liver isoform) defi ciency is lethal 
in the mouse. Mol Genet Metab 86: 179-187.

70.  Miyagawa T, Kawashima M, Nishida N, Ohashi 
J, Kimura R, Fujimoto A, Shimada M, Morishita 
S, Shigeta T, Lin L, Hong SC, Faraco J, Shin YK, 
Jeong JH, Okazaki Y, Tsuji S, Honda M, Hon-
da Y, Mignot E, Tokunaga K (2008) Variant be-
tween CPT1B and CHKB associated with sus-
ceptibility to narcolepsy. Nat Genet 40: 1324-
1328.

71.  Ferrannini E (1998) Insulin resistance versus in-
sulin defi ciency in non-insulin-dependent dia-
betes mellitus: problems and prospects. Endocr 
Rev 19: 477-490.

72.  Derks TG, van Dijk TH, Grefh orst A, Rake JP, 
Smit GP, Kuipers F, Reijngoud DJ (2008) Inhi-
bition of mitochondrial fatty acid oxidation in 
vivo only slightly suppresses gluconeogenesis 
but enhances clearance of glucose in mice. Hep-
atology 47: 1032-1042.

73.  Ratheiser K, Schneeweiss B, Waldhausl W, Fas-
ching P, Korn A, Nowotny P, Rohac M, Wolf HP 
(1991) Inhibition by etomoxir of carnitine pal-
mitoyltransferase I reduces hepatic glucose pro-
duction and plasma lipids in non-insulin-de-
pendent diabetes mellitus. Metabolism 40: 1185-
1190.

74.  Holubarsch CJ, Rohrbach M, Karrasch M, 
Boehm E, Polonski L, Ponikowski P, Rhein S 
(2007) A double-blind randomized multicentre 
clinical trial to evaluate the effi  cacy and safety of 
two doses of etomoxir in comparison with pla-
cebo in patients with moderate congestive heart 
failure: the ERGO (etomoxir for the recovery of 
glucose oxidation) study. Clin Sci (Lond) 113: 
205-212.

75.  Grefh orst A, Hoekstra J, Derks TG, Ouwens 
DM, Baller JF, Havinga R, Havekes LM, Romi-
jn JA, Kuipers F (2005) Acute hepatic steatosis 
in mice by blocking beta-oxidation does not re-
duce insulin sensitivity of very-low-density li-
poprotein production. Am J Physiol Gastroin-
test Liver Physiol 289: G592-G598.

76.  Dobbins RL, Szczepaniak LS, Bentley B, Esser V, 
Myhill J, McGarry JD (2001) Prolonged inhibi-
tion of muscle carnitine palmitoyltransferase-1 
promotes intramyocellular lipid accumulation 
and insulin resistance in rats. Diabetes 50: 123-
130.

77.  Rector RS, Th yfault JP, Wei Y, Ibdah JA (2008) 



126

Chapter 7

7

Non-alcoholic fatty liver disease and the meta-
bolic syndrome: an update. World J Gastroen-
terol 14: 185-192.

78.  Chegary M, Te BH, Doolaard M, IJlst L, Wijburg 
FA, Wanders RJ, Houten SM (2007) Character-
ization of l-aminocarnitine, an inhibitor of fatty 
acid oxidation. Mol Genet Metab 

79.  Th upari JN, Landree LE, Ronnett GV, Kuhajda 
FP (2002) C75 increases peripheral energy utili-
zation and fatty acid oxidation in diet-induced 
obesity. Proc Natl Acad Sci U S A 99: 9498-9502.

80.  Aja S, Landree LE, Kleman AM, Medghal-
chi SM, Vadlamudi A, McFadden JM, Aplasca 
A, Hyun J, Plummer E, Daniels K, Kemm M, 
Townsend CA, Th upari JN, Kuhajda FP, Mo-
ran TH, Ronnett GV (2008) Pharmacological 
stimulation of brain carnitine palmitoyl-trans-
ferase-1 decreases food intake and body weight. 
Am J Physiol Regul Integr Comp Physiol 294: 
R352-R361.

81.  Bentebibel A, Sebastian D, Herrero L, Lopez-Vi-
nas E, Serra D, Asins G, Gomez-Puertas P, He-
gardt FG (2006) Novel eff ect of C75 on carnitine 
palmitoyltransferase I activity and palmitate 
oxidation. Biochemistry 45: 4339-4350.

82.  Abu-Elheiga L, Matzuk MM, Kordari P, Oh 
W, Shaikenov T, Gu Z, Wakil SJ (2005) Mutant 
mice lacking acetyl-CoA carboxylase 1 are em-
bryonically lethal. Proc Natl Acad Sci U S A 102: 
12011-12016.

83.  Choi CS, Savage DB, Abu-Elheiga L, Liu ZX, 
Kim S, Kulkarni A, Distefano A, Hwang YJ, 
Reznick RM, Codella R, Zhang D, Cline GW, 
Wakil SJ, Shulman GI (2007) Continuous fat 
oxidation in acetyl-CoA carboxylase 2 knock-
out mice increases total energy expenditure, re-
duces fat mass, and improves insulin sensitivity. 
Proc Natl Acad Sci U S A 104: 16480-16485.

84.  Savage DB, Choi CS, Samuel VT, Liu ZX, Zhang 
D, Wang A, Zhang XM, Cline GW, Yu XX, 
Geisler JG, Bhanot S, Monia BP, Shulman GI 
(2006) Reversal of diet-induced hepatic steatosis 
and hepatic insulin resistance by antisense oli-
gonucleotide inhibitors of acetyl-CoA carboxyl-
ases 1 and 2. J Clin Invest 116: 817-824.

85.  Abu-Elheiga L, Jayakumar A, Baldini A, Chirala 
SS, Wakil SJ (1995) Human acetyl-CoA carbox-
ylase: characterization, molecular cloning, and 
evidence for two isoforms. Proc Natl Acad Sci U 
S A 92: 4011-4015.

86.  Abu-Elheiga L, Brinkley WR, Zhong L, Chirala 
SS, Woldegiorgis G, Wakil SJ (2000) Th e subcel-

lular localization of acetyl-CoA carboxylase 2. 
Proc Natl Acad Sci U S A 97: 1444-1449.

87.  Winder WW, Hardie DG (1996) Inactivation of 
acetyl-CoA carboxylase and activation of AMP-
activated protein kinase in muscle during exer-
cise. Am J Physiol 270: E299-E304.

88.  Munday MR, Hemingway CJ (1999) Th e regula-
tion of acetyl-CoA carboxylase--a potential tar-
get for the action of hypolipidemic agents. Adv 
Enzyme Regul 39: 205-234.

89.  Magana MM, Lin SS, Dooley KA, Osborne TF 
(1997) Sterol regulation of acetyl coenzyme A 
carboxylase promoter requires two interdepen-
dent binding sites for sterol regulatory element 
binding proteins. J Lipid Res 38: 1630-1638.

90.  Oh SY, Park SK, Kim JW, Ahn YH, Park SW, 
Kim KS (2003) Acetyl-CoA carboxylase beta 
gene is regulated by sterol regulatory element-
binding protein-1 in liver. J Biol Chem 278: 
28410-28417.

91.  Horton JD, Goldstein JL, Brown MS (2002) 
SREBPs: activators of the complete program of 
cholesterol and fatty acid synthesis in the liver. J 
Clin Invest 109: 1125-1131.

92.  Shimomura I, Bashmakov Y, Ikemoto S, Horton 
JD, Brown MS, Goldstein JL (1999) Insulin se-
lectively increases SREBP-1c mRNA in the liv-
ers of rats with streptozotocin-induced diabetes. 
Proc Natl Acad Sci U S A 96: 13656-13661.

93.  Ishii S, Iizuka K, Miller BC, Uyeda K (2004) 
Carbohydrate response element binding protein 
directly promotes lipogenic enzyme gene tran-
scription. Proc Natl Acad Sci U S A 101: 15597-
15602.

94.  Mao J, DeMayo FJ, Li H, Abu-Elheiga L, Gu Z, 
Shaikenov TE, Kordari P, Chirala SS, Heird WC, 
Wakil SJ (2006) Liver-specifi c deletion of acetyl-
CoA carboxylase 1 reduces hepatic triglyceride 
accumulation without aff ecting glucose homeo-
stasis. Proc Natl Acad Sci U S A 103: 8552-8557.

95.  McCune SA, Harris RA (1979) Mechanism re-
sponsible for 5-(tetradecyloxy)-2-furoic acid in-
hibition of hepatic lipogenesis. J Biol Chem 254: 
10095-10101.

96.  Harwood HJ, Jr., Petras SF, Shelly LD, Zaccaro 
LM, Perry DA, Makowski MR, Hargrove DM, 
Martin KA, Tracey WR, Chapman JG, Magee 
WP, Dalvie DK, Soliman VF, Martin WH, Mu-
larski CJ, Eisenbeis SA (2003) Isozyme-nonse-
lective N-substituted bipiperidylcarboxamide 
acetyl-CoA carboxylase inhibitors reduce tis-



127

Regulatory enzymes of mitochondrial β-oxidation as targets for treatment of the metabolic syndrome

7

sue malonyl-CoA concentrations, inhibit fatty 
acid synthesis, and increase fatty acid oxidation 
in cultured cells and in experimental animals. J 
Biol Chem 278: 37099-37111.

97.  Gerth K, Bedorf N, Irschik H, Hofl e G, Reichen-
bach H (1994) Th e soraphens: a family of nov-
el antifungal compounds from Sorangium cel-
lulosum (Myxobacteria). I. Soraphen A1 alpha: 
fermentation, isolation, biological properties. J 
Antibiot (Tokyo) 47: 23-31.

98.  J L.Treadway, R.K.McPherson, S F.Petras, L 
D.Shelly, K S.Frederick, K Sagawa, D A.Perry, 
H.J Harwood (2004) Eff ect of the Acetyl-CoA 
Carboxylase Inhibitor CP-640186 on Glycemic 
Control in Diabetic ob/ob Mice. Diabetes 53: 

99.  Schreurs M, van Dijk TH, Gerding A, Havinga 
R, Reijngoud DJ, Kuipers F (2009) Soraphen, an 
inhibitor of the acetyl-CoA carboxylase system, 
improves peripheral insulin sensitivity in mice 
fed a high-fat diet. Diabetes Obes Metab 

100.  Shen Y, Volrath SL, Weatherly SC, Elich TD, 
Tong L (2004) A mechanism for the potent inhi-
bition of eukaryotic acetyl-coenzyme A carbox-
ylase by soraphen A, a macrocyclic polyketide 
natural product. Mol Cell 16: 881-891.

101.  Weatherly SC, Volrath SL, Elich TD (2004) Ex-
pression and characterization of recombinant 
fungal acetyl-CoA carboxylase and isolation 
of a soraphen-binding domain. Biochem J 380: 
105-110.

102.  Beckers A, Organe S, Timmermans L, Scheys K, 
Peeters A, Brusselmans K, Verhoeven G, Swin-
nen JV (2007) Chemical inhibition of acetyl-
CoA carboxylase induces growth arrest and cy-
totoxicity selectively in cancer cells. Cancer Res 
67: 8180-8187.

103.  Aoi W, Naito Y, Takanami Y, Ishii T, Kawai Y, 
Akagiri S, Kato Y, Osawa T, Yoshikawa T (2008) 
Astaxanthin improves muscle lipid metabolism 
in exercise via inhibitory eff ect of oxidative CPT 
I modifi cation. Biochem Biophys Res Commun 
366: 892-897.





sUMMaries

DanKWoorD

cUrricULUM Vitae

C
H

APTER 8



130

Chapter 8

8

sUMMarY

Th e incidence of insulin resistance and obesity is rising to alarming numbers in the de-
veloping world. Th is is mainly attributable to the intake of excessive amounts of calories 
combined with a lack of exercise. Prevention and/or treatment of obesity and insulin 
resistance is crucial, not only to reduce the costs of our daily health care but also, even 
more importantly, to improve the quality of life of these patients and of their children. It 
is obvious that behavioral aspects should also not be underestimated in this respect but 
these have not been addressed in this thesis. 

Several animal models to evaluate the relationship between obesity, food intake and 
insulin resistance were developed over the past years, including the ob/ob and the db/
db mouse (leptin-defi cient and leptin receptor-defi cient, respectively) but also models of 
diet-induced insulin resistance such as a high saturated fat diet or a high carbohydrate 
diet. Th e rationale for using the high fat diet and the consequences for hepatic and pe-
ripheral insulin resistance in mice assessed by novel techniques is described in chapter 2. 

Targets like acetyl-CoA carboxylase (ACC) and carnitine palmitoyltransferase (CPT) 
have been considered to be of interest for treatment of components of the metabolic 
syndrome for quite some years. However, so far clinical applications have not been de-
veloped. In chapter 3 and 4 we assessed the role of ACC in the development of insu-
lin resistance in an animal model of diet-induced insulin resistance. Both CP-640186 
(chapter 3) and Soraphen (chapter 4), general ACC inhibitors of diff erent structure, were 
found to improve peripheral insulin resistance and metabolic clearance of glucose aft er 
6 weeks of treatment. In view of the presumed role of ACC, in the synthesis of fat, de 
novo lipogenesis was assessed by stable isotope procedures in mice treated with Soraphen: 
results showed that de novo lipogenesis in these mice was actually inhibited by Soraphen 
(via ACC1). Ketone body levels were dramatically increased in Soraphen-treated mice 
indicating inhibition of β-oxidation and ketogenesis via ACC2 as well. Total body fat 
content in HF-fed mice treated with Soraphen was reduced to levels of chow-fed controls 
aft er 6 weeks of treatment. 

To evaluate the eff ects of insulin-dependent diabetes (type I) in mice, alloxan (glucose 
analogues) was applied to induce damage to the pancreatic β-cells via DNA alkylation 
and ROS production.  Alloxan-induced diabetes is accompanied by high plasma lev-
els of ketone bodies. We used the alloxan model in mice whether hyperglycemia and 
hyperketonemia could be reversed by CPT2 inhibition (chapter 5). CPT2 inhibition by 
aminocarnitine showed also lowered plasma ketone body levels. However, in the diabetic 
mice model used, a glucose-lowering eff ect was not observed. 

Chapter 6 describes the results of our experiments with the CPT1a+/- heterozygous 
mice and their wild-type littermates. During these experiments it became clear that the 
heterozygous mice did not have a clear phenotype as was expected from their CPT1a 
heterozygosity. Also stressing the system with a high fat diet and fasting periods of vari-
ous lengths did not reveal a clear phenotype for these animals. 

Chapter 7 is a general discussion and describes future perspectives with respect with 
the utilization of the use of ACC inhibitors and inhibitors of fatty acid oxidation, respec-
tively, in clinical practice. 



131

Samenvatting

8

saMenVattinG

Obesitas en insuline resistentie worden steeds vaker geassocieerd met een veranderd 
levenspatroon zoals het gemakkelijk toegankelijk zijn van voedsel, maar ook gebrek aan 
beweging speelt hierbij een belangrijke rol. Om de kosten in de zorg te reduceren is het 
voorkomen van obesitas en insuline resistentie van groot belang, maar ook om de kwalit-
eit van leven voor deze groep patiënten te verbeteren is interventie noodzakelijk. 

Een levensbedreigend probleem bij ongecontroleerde diabetes is de overmatige vorm-
ing van ketonlichamen in de lever waardoor een z.g. keto-acidose kan ontstaan. In de 
VS is gevonden dat keto-acidose optreedt bij 8 % van de kinderen en adolescenten met 
Type I diabetes. In Nederland zal dat percentage waarschijnlijk vergelijkbaar zijn. Het 
probleem van overmatig ketonlichaam vorming is reeds lang bekend en het is ook bekend 
welke stappen in de stofwisseling ervoor verantwoordelijk zijn. Een centrale rol speelt een 
eiwitcomplex dat bestaat uit onder andere carnitine palmitoyl transferase 1 en 2 (CPT1 
en CPT2), welke in belangrijke mate bepaalt hoeveel vet wordt verbrand en ook hoeveel 
ketonlichamen door de lever worden gevormd. In de 70-er en 80-er jaren van de vorige 
eeuw waren reeds potentiële geneesmiddelen bekend die de vorming van ketonlicha-
men remmen door aan te grijpen op CPT1. Deze middelen hadden daarbij echter zoveel 
bijwerkingen dat ze nooit in de kliniek toepasbaar bleken. De belangrijkste bijwerking 
is het optreden van problemen in het hart (hypertrofi sche cardiomyopathie) omdat de 
vetverbranding voor de hartfunctie erg belangrijk is en niet verstoord mag worden. 

De natuurlijke remmer van CPT1 is de stof malonyl-CoA. Dit stofwisselingsproduct 
komt veel voor wanneer cellen in het lichaam veel energie bevatten en de vetverbranding 
getemperd moet worden. In de lever wordt onder die omstandigheden juist vet gemaakt. 
De eerste stap daarbij wordt uitgevoerd door het eiwit acetyl-CoA carboxylase (ACC). 
Van ACC zijn meerdere vormen bekend. ACC1 komt in de lever voor en is nodig om vet 
te maken, en ACC2 komt in de lever, het hart en spieren voor en heeft  als functie malonyl-
CoA te vormen om CPT1 te remmen. 

In dit project hebben we gekeken naar de toepasbaarheid van remming van ACC om te 
zorgen dat er minder vetten geproduceerd worden en via malonyl-CoA minder remming 
van CPT1 optreedt en hierdoor dus meer vetten verbrand kunnen worden ter voorkom-
ing van insuline resistentie en obesitas. We hebben twee remmers getest en bij beide rem-
mers kwam naar voren dat er minder insuline resistentie optrad. Hierbij moet echter wel 
aangemerkt worden dat er nog wel een vervetting van de lever ontstond door nog onbek-
ende oorzaak, daarom moet er nog verder onderzoek naar deze remmers gedaan worden. 
Verder hebben we in dit project gekeken wat het eff ect was van remming van CPT2 op de 
productie van onder andere ketonlichamen. Hierbij zagen we een duidelijke afname van 
de ketonlichamen productie, maar net als bij de remmers uit de jaren 70 en 80 zagen we 
problemen in het hart. Er is dus nog meer onderzoek naar de mechanismes nodig voordat 
deze remmers (zowel ACC als CPT) in de kliniek toegepast kunnen worden. 
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Yes, het is af! De afgelopen jaren op het lab zijn echt omgevlogen, heel veel geleerd (niet al-
leen op wetenschappelijk gebied) en (meestal) met veel plezier hier gewerkt. En daarvoor 
wil ik iedereen die mij hierbij geholpen hebben graag bedanken.

Feike, jou wil ik al eerste bedanken, het is voor ons beiden helaas niet zo gelopen als we 
in 2004 gedacht hadden, maar ik denk dat we allebei goed terecht zijn gekomen. Aan het 
eind hebben we toch nog weer wat meer contact gehad met een mooi review als gevolg. 
Dank voor het vertrouwen dat je in me hebt gehad.

Folkert, de grote baas van het lab, in het begin was het wel even wennen om jou als 
baas te hebben, maar inmiddels kan ik me bijna niet anders meer voorstellen. Dank voor 
je opbeurende woorden en suggesties als het even tegen zat en de positieve instelling die 
je altijd door geeft  al dan niet met een vleugje sigarenlucht. En dat je deur ook op de 9e 
verdieping door Ann open wordt gehouden.

Dirk-Jan, dank voor alle biochemische kennis die je probeert door te geven, helaas heb 
ik nog steeds de ‘labbijbel’ hiervoor nodig, maar de basis is gelegd. 

Dan de leescommissie: Prof. Groen, beste Bert, dank voor de bemoedigende woorden 
en je hulp bij de laatste loodjes. Prof. Hofk er, beste Marten, dank voor je vertrouwen en 
de vrijheid die je me het laatste jaar gegeven hebt voor het afronden van mijn boekje. Prof 
Wanders, beste Ron, hartelijk dank voor de leerzame commentaren tijdens de AMGRO 
meetings. 

De mensen in en om het lab: Th eo dankjewel voor het meedenken en hulp bij alle 
glucosestudies en natuurlijk ook voor het puppy-knuff elen. Albert, vooral het laatste jaar 
ben je erg betrokken geweest bij de laatste experimenten. Super dat je mee dacht over alle 
mogelijke mechanismen. Dankjewel! Rick, jij bedankt voor je fl exibiliteit als het licht iets 
te lang aan stond op ADL08 en de operaties verplaatst moesten worden. En niet minder 
belangrijk ook voor de gezelligheid bij de operaties. Nicolette en Janny, vooral in het 
begin heb ik heel veel van jullie geleerd. Dank jullie wel voor alles! 

De muizen, zonder jullie was dit boekje niet mogelijk geweest. Dank jullie wel, op de 
eeuwige kaasvelden hebben jullie het vast beter. Alle dierverzorgers jullie dankjewel voor 
alle goede zorgen voor de kleine mormels en tot ziens in het nieuwe gebouw. 

Alle andere medewerkers wil ik ook van harte bedanken voor hun betrokkenheid: 
Vincent (dank voor de nuttige tips met statistiek), Renze, Henk-Jan, Klary, Henk, Wytse, 
Juul (dank voor de goede zorgen voor de CPT muizen), Edmond en Trijnie (het was gezel-
lig op het isotopenlab, ja,mag het al?). Ook alle metabolers hartelijk dank: Janneke, Pim 
M, Pim de B, Th eo, Elles, Annet (dank voor alle acylcarnitines), Hermie, Fjodor, Jenny, 
Ingrid, Conny, Tineke (dank voor de snelle metingen van BHB), Klaas, Stieny en Marjan. 
Gea, en Hilde bedankt voor de gezelligheid tijdens het faxen. Ook Sander Houten (Am-
sterdam) dank voor het meedenken en schrijven met de twee CPT stukken. 

Dan mijn lieve (oud) kamergenoten, Harmen we denken nog steeds aan je. Elise, dank 
voor je onverstoorbaarheid bij ons op de kamer. Hilde dank voor de goede zorgen en je 
opvangtechnieken ;-). Jurre, je paste je al snel aan bij ons, al die meidenpraat kan je echt 
geen biet schelen je doet er gewoon net zo hard aan mee. Gemma, dankjewel voor alles, 
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de leuke tijd in Barcelona, de lol tijdens het skaten en de rest. Lieve Anke, wat heb je ons 
laten schrikken zeg! Super dat het nu weer zo goed met je gaat en dat je erbij kunt zijn 
vandaag. Voor mij ben jij de enige echte ere-nimf! Ook Aldo (het is ons niet gegund om 
geen problemen te hebben bij de Dc en Ch experimenten maar het gaat vast allemaal een 
keer lukken), Anja, Janine, Laura, Antonella, Th ierry en Alberto dank jullie wel.

Ook alle andere (oud) AIO’s en postdocs en MDL-ers dank jullie wel! Leonie (glit-
tergirl!), Jelske (dank voor het beantwoorden van al mijn vragen), Esther, Martijn, Titia, 
Niels (dank voor de dextro tijdens het fi etsen), Jaana, Margot, Wytske, Anniek (in herin-
nering), AnniekK (ja die K staat nog steeds voor koekje), Annelies, Arne, Maxi, Sabina 
(sorry voor het toetje), Jan-Freark, Kryzstof, Robert, Terry, Miriam, Yan, Th omas, Mar-
riet, Axel, Karin, Sandra, Jannes, Frans C, Jaap, Torsten, Mark, Uwe, Janette, Mariska, 
Manon, Fiona, Klaas-Nico, Han, Lisette, Tjasso. Zwanine, het was erg gezellig om je 
een half jaar als student te hebben, een beetje passen en meten in het begin, maar dat is 
uiteindelijk ook goed gekomen. Heel veel succes in de grote-mensen-wereld, maar dat 
gaat je helemaal lukken. Johan, dank je wel voor het lay-outen van mijn boekje en het 
beantwoorden van al mijn Prism vragen. 

Ook de mensen in mijn nieuwe lab wil ik graag bedanken: Ingrid, Bart, Niels, Henk, 
Nicolette (ja ook hier), Elinda, Anouk, Marcela, Jana, Marten en Marcel bedankt! 

Tja, en dan buiten het lab zijn er natuurlijk ook mensen die ik graag wil bedanken 
voor hun geduld en (on)begrip. De Farmaclan met aanhang super! Fokaline, we zaten 
in het zelfde schuitje, fi jn om daar af en toe eens heerlijk over te klagen en ervaringen 
te delen. Nanja en Erik, het is altijd erg gezellig bij jullie en de kids. Lieve Ingrid, jam-
mer dat je naar Tiel bent gegaan ik mis onze theeavonden wel hoor, maar zoals de heren 
zeggen: gelukkig hebben ze de telefoon uitgevonden. Dank dat je er altijd voor me bent. 
Leontine, gelukkig spreken we elkaar de laatste tijd weer wat vaker. Dames, ik zal het 
griezelgrietenhuis met jullie nooit vergeten! Jeroen&Carrie en Martine&Meine, jullie 
hebben altijd veel belangstelling getoond voor wat ik nu eigenlijk aan het doen was. Ik 
vond onze weekendjes weg altijd erg gezellig! Die houden we erin. Jeroen, ook jij succes 
met de laatste loodjes.

Michiel, dank voor het lekkere eten als we moe terugkwamen van het fi etsen. Maaike, 
ja nu kom jij pas, ik weet het, ik ben je echt niet vergeten. Dank voor alle gezelligheid op 
het lab en vooral daarbuiten. Het is geen stelling geworden, maar vergeten doe ik het niet: 
wij zijn niet gek, zij zijn gek (moet je af en toe maar even aan denken)! Ik zal ook nooit 
onze M&M-song vergeten. Fijn dat je deze dag mijn paranimf wilt zijn! Wanneer gaan 
we op vakantie? 

Ook kan je niet zonder je (schoon)familie, Peet&Ank, Arwen dank voor jullie vertrou-
wen in mij; zoals Peet zegt: alles komt goed! Jesse, leuk dat je er bent. Esther, lief zusje, 
fi jn dat je er ook bij bent vandaag. Pap en mam, jullie hebben altijd vertrouwen in mij 
gehouden ook als het even tegen zat, dank jullie wel!

Jelle, ja wat moet ik tegen jou nog zeggen, je weet het allemaal al! Je bent mijn schat! 
We gaan ervan genieten dat het nu echt af is!
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