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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.



109

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

7

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.



112

Chapter 7

7

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.
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