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General introduction

Fatty acid oxidation
In life, carbohydrates, amino acids and fatty acids are the substrates used in metabolism 
to maintain energy homeostasis. These substrates are used for the generation of energy 
or serve as building blocks for the biosynthesis of (macro)molecules. The most important 
pathway for the breakdown of fatty acids for energy generation is the mitochondrial fatty 
acid β-oxidation pathway (FAO) (Bartlett and Eaton, 2004). During fasting or endurance 
exercise, when glucose levels are limiting, FAO is the main pathway for the generation of 
energy in organs such as the liver, heart and skeletal muscle. In the liver, FAO generates 
acetyl-CoA, which is crucial for the synthesis of β-hydroxybutyrate and acetoacetate 
(ketogenesis). Circulating ketone bodies can be used as an additional energy source in 
most tissues, including the brain. In cardiac and skeletal muscle, FAO is critical to meet 
the high energy demand by channeling acetyl-CoA into the Krebs cycle to produce NADH, 
which is used in oxidative phosphorylation for the production of energy in the form of 
adenosine triphosphate (ATP). Moreover, acetyl-CoA is needed to support ureagenesis 
and gluconeogenesis by the allosteric activation of carbamoyl phosphate synthase (by 
N-acetylglutamate) and pyruvate carboxylase (by acetyl-CoA) (Pilkis and Claus, 1991). The 
competition between glucose and fatty acids as sources of energy is known as the Randle 
or glucose-fatty acid cycle (Randle et al., 1963). Because of this reciprocal relationship, FAO 
and ketone body utilization serve to spare glucose. As such, glucose can be saved for use in 
the brain when nutritional sources are scarce.

The import and transport of fatty acids for FAO
Fatty acids destined for FAO arrive at their target tissue either esterified as triglycerides 
present in lipoprotein particles (VLDL) or non-esterified with the majority bound to albumin. 
Several specific steps are needed for the fatty acids to enter the cell. Triglycerides are first 
hydrolyzed by endothelium-bound lipoprotein lipase. The uptake of fatty acids by the cell 
occurs primarily by membrane proteins, however, passive uptake probably also occurs.
The import of long chain and very long chain fatty acids into cells is enhanced by fatty acid 
transport proteins (FATPs). In humans, six highly homologous FATPs, FATP1 – FATP6, are 
found in all fatty acid-utilizing tissues of the body (Doege and Stahl, 2006). Because FATPs 
also have acyl-CoA synthetase activity, it is suggested that the imported fatty acids by FATPs 
are rapidly converted in their acyl-CoA counterpart (figure 1). Besides the FATPs, plasma 
membrane fatty acid-binding protein (FABPpm) and fatty acid translocase (FAT, CD36) are 
involved in the uptake of fatty acids in order to maintain high rates of FAO (figure 1) (Glatz 
et al., 2006; Kiens, 2006).
Once the acyl-CoAs are in the cytosol of the cell, they need to cross the mitochondrial 
membrane for FAO. Acyl-CoAs are not able to cross the mitochondrial membrane by 
diffusion and need the carnitine shuttle for mitochondrial import. In the first action of the 
carnitine shuttle, acyl-CoAs are converted to an acylcarnitine by the action of carnitine 
palmitoyltransferase 1 (CPT1) (figure 1). CPT1 is located at the outer mitochondrial membrane 
and is sensitive to inhibition by malonyl-CoA (Saggerson, 2008). The next step in the carnitine 
shuttle is the transport of acylcarnitines across the inner mitochondrial membrane. The 
import of the acylcarnitines is mediated via a specific carrier, i.e. carnitine acylcarnitine 
translocase (CACT, gene SLC25A20) (figure 1). Acylcarnitine import is stoicheometrically 
coupled to the transport of acylcarnitines and carnitine out of the mitochondria into the 
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FIGURE 1. The human mitochondrial fatty acid oxidation pathway. FATPs: fatty acid transport proteins, FAT, CD36: 
fatty acid translocase, FABPpm: fatty acid-binding protein, OCTN2: Na+-dependent organic cation transporter, CPT1: 
carnitine palmitoyltranferase 1, CACT: carnitine-acylcarnitine translocase, CPT2: carnitine palmitoyltransferase 2, 
VLCAD: very long chain acyl-CoA dehydrogenase, MCAD: medium chain acyl-CoA dehydrogenase, SCAD: short 
chain acyl-CoA dehydrogenase, MTP: mitochondrial trifunctional protein, M/SCHAD: medium/short chain hydroxy-
acyl-CoA dehydrogenase, MCKAT: medium chain 3-ketoacyl-CoA thiolase, DECR: 2,4-dienoyl-CoA reductase, ECI: 
∆3,∆2-enoyl-CoA isomerase, ECH1: ∆3,5,∆2,4-dienoyl-CoA isomerase, OMM: outer mitochondrial membrane, IMM: 
inner mitochondrial membrane.

CPT1
OMM

IMMCACT

Fatty acid

Acyl-CoA
synthetase

Acyl-CoA Acylcarnitine

Malonyl-CoA

Carnitine HSCoA
Carnitine

Carnitine

CPT2

Acylcarnitine

HSCoACarnitine

Acyl-CoA

VLCAD

Enoyl-CoA

MTP

MTP

MTP

3-hydroxyacyl-CoA

3-ketoacyl-CoA

Acyl-CoA + acetyl-CoA

MCAD SCAD

Crotonase

M/SCHAD

MCKAT

DECR
ECI

ECH1

OCTN2FATPs

Carnitine

Carnitine

FAT, CD36 FABPpm

Fatty acid

Fatty acid

Cell membrane

M

T

P



Chapter 1

10

Chapter 1

cytosol. The last step of the carnitine shuttle is the conversion of acylcarnitines back to their 
acyl-CoA counterpart by carnitine palmitoyltransferase 2 (CPT2) (figure 1). The acyl-CoAs 
can then undergo FAO (Bonnefont et al., 2004; Ramsay et al., 2001; van der Leij et al., 2000). 
Both CPT1 and CPT2 are primarily involved in the import of long-chain acyl-CoAs, such as 
palmitoyl-CoA, oleoyl-CoA, and linoleoyl-CoA.

Carnitine palmitoyl transferase 1 (CPT1)
As described previously, CPT1 plays an important role in the carnitine shuttle by regulating 
the import of acyl-CoAs into the mitochondria. Three isoenzymes of CPT1 have been 
described in mammalian cells, including, CPT1a, CPT1b and CPT1c, which are encoded by 
different genes (McGarry and Brown, 1997; Price et al., 2002). CPT1a, referred to as the liver 
or L-isoform, is the primary isoform for liver, lung, spleen, intestine, ovary, pancreas and 
fibroblast. CPT1a is also expressed in neonatal and late fetal rat heart, but is replaced quickly 
after birth by CPT1b (Brown et al., 1995). CPT1b, also known as the muscle or M-isoform, is 
expressed in skeletal muscle, heart, testis, brown adipose tissue and white adipose tissue. 
CPT1c, also known as the brain isoform, is expressed mainly in the brain, more specifically, 
in the centers that are involved in appetite control and regulation of diurnal rhythm. Despite 
the high degree of sequence similarity between CPT1a, CPT1b, and CPT1c, their kinetic 
properties are widely different. Although CPT1c binds malonyl-CoA with a similar affinity 
as CPT1a and contains binding motifs for carnitine, the carnitine acyltransferase activity is 
very low, and appears to be microsomal (Price et al., 2002; Wolfgang et al., 2006). Moreover, 
in human lung tumors CPT1c is upregulated inducing FAO, ATP production, and resistance 
to glucose deprivation or hypoxia. This indicates a mechanism involving CPT1c and FA 
metabolism to protect tumor cells against metabolic stress (Zaugg et al., 2011). CPT1b has 
a nearly 100-fold lower IC50 for malonyl-CoA and a ~15-fold higher Km for L-carnitine than 
CPT1a (McGarry et al., 1983; Saggerson, 1982). In addition, the malonyl-CoA sensitivity 
of CPT1a is modulated by the physiological state, whereas, for CPT1b this is not the case 
(Park and Cook, 1998; Paulson et al., 1984). Malonyl-CoA sensitivity of CPT1a is increased in 
fasted rats after refeeding with carbohydrates, and in obese and diabetic rats after insulin 
administration, whereas malonyl-CoA sensitivity is decreased by starvation and diabetes 
(Bremer, 1981; Grantham and Zammit, 1986, 1988; Ontko and Johns, 1980). The role of 
malonyl-CoA as a physiological regulator of CPT1b activity is under debate. Measurements 
estimated the intracellular malonyl-CoA levels in the heart to be 1-10 µM, exceeding the 
IC50 of CPT1b for malonyl-CoA (0.02 µM) (Awan and Saggerson, 1993; Eaton, 2002; Saddik 
et al., 1993). Hence, FAO would be theoretically permanently blocked if CPT1b is rate-
limiting for FAO. Rats treated with etomoxir, which is an irreversible inhibitor of CPT1b, 
decreased CPT1b activity by 44%. In these rats long-chain fatty acid uptake via FABPpm-
CD36 was not altered, and FAO rates were maintained during basal and maximal metabolic 
demands, suggesting that CPT1b does not appear to be rate-limiting in regulating cardiac 
long-chain fatty acid fluxes (Luiken et al., 2009). In contrast, knockin mice harboring a point 
mutation that renders CPT1b less sensitive for malonyl-CoA (Glu3Ala position 3, Cpt1bE3A), 
had decreased cardiac CPT1b activity coinciding with lower CPT1b protein levels. FAO rates 
were maintained during basal metabolic demands, suggesting that the reduced malonyl-
CoA sensitivity of CPT1b was compensated at the level of protein abundance. These results 
indicate an important role for CPT1b in the regulation of FAO. A preliminary characterization 
of the Cpt1bE3A mice is described in chapter 4.
The enzyme kinetics of CPT1 have been investigated extensively for CPT1a. The kinetics of 
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CPT1a in situ in liver mitochondria or purified mitochondrial outer membrane fractions is 
complex. Inhibition of CPT1a involves the binding of malonyl-CoA at two sites within the 
catalytic domain. One is a low-affinity site through which malonyl-CoA competes with the 
fatty acyl-CoA binding site, whereas the second, high-affinity site shows no interaction with 
the fatty acyl-CoA binding site (Bird and Saggerson, 1984; Shi et al., 1999, 2000; Zammit et 
al., 1984). However, both malonyl-CoA binding sites share the same L-carnitine-binding site 
(Lopez-Vinas et al., 2007). Although the N-terminal domain does not contain a malonyl-CoA 
binding site, it contains both positive and negative determinants of malonyl-CoA sensitivity 
(Jackson et al., 2000a; Jackson et al., 2000b) and is essential for maintaining the integrity of 
the high-affinity malonyl-CoA binding site (Shi et al., 1998). Malonyl-CoA increases the Km 
for the fatty acyl-CoA and decreases the efficiency of L-carnitine as a substrate. On the other 
hand, L-carnitine decreases the efficiency of malonyl-CoA as an inhibitor (Saggerson, 2008; 
Saggerson, 1982).
To further understand the malonyl-CoA sensitivity of CPT1a, selected mutations in the 
CPT1a protein have been investigated (Jackson et al., 2001; Jackson et al., 2000b; Shi et 
al., 1998; Shi et al., 1999). CPT1a is known to have two transmembrane (TM) segments 
with the amino- and carboxy-terminal segments exposed to the cytosolic face of the outer 
mitochondrial membrane (Saggerson, 1982). The amino-terminus of CPT1a is retained in 
the mature protein and is essential for malonyl-CoA sensitivity (Fraser et al., 1997; Jackson 
et al., 2000a; Zammit et al., 1997). Deletion of the amino-terminal highly conserved 6 amino 
acid residues of CPT1a resulted in the loss of high affinity malonyl-CoA sensitivity (Shi et 
al., 1998). Glu-3, and to a lesser extent His-5, have been identified as residues within the 
amino-terminal that allow malonyl-CoA to bind with high affinity (Shi et al., 1999; Swanson 
et al., 1998). Thus, the Glu3Ala point mutation (E3A) causes loss of malonyl-CoA sensitivity. 
It is however unknown if this residue contributes directly to a malonyl-CoA binding site or 
is required to allow the amino-terminal segment to interact effectively with the carboxyl-
terminal segment and maintaining a conformation that binds malonyl-CoA optimally. The 
importance of the interaction between the amino-terminal and carboxyl-terminal segments 
for malonyl-CoA sensitivity in CPT1a was demonstrated by the generation of CPT1a chimeras 
with combinations of three segments from CPT1a and CPT1b including the amino-terminus 
plus TM1, loop plus TM2, and the carboxy-terminus (Jackson et al., 2000a). The pairing of 
the amino and  carboxy-terminal segments was found to affect the sensitivity for malonyl-
CoA and the Km for palmitoyl-CoA, whereas the TM1/TM2 pairing affected the affinity for 
carnitine (Jackson et al., 2000a).
The decrease in malonyl-CoA inhibition was most remarkable in case of the E3A point 
mutation. There was even an increase in the Km for palmitoyl-CoA binding in the E3A point 
mutation (Shi et al., 1999). The pattern of inhibition turned out to be competitive.
To investigate the interplay between glucose metabolism and FAO in heart and muscle and 
the role of FAO in insulin resistance, we generated the CPT1bE3A mouse model. The CPT1bE3A 
mouse model was designed based on the decreased malonyl-CoA sensitivity of the E3A 
mutation in CPT1a. Indeed, malonyl-CoA sensitivity was decreased in the CPT1bE3A mouse. 
However, also protein expression of CPT1b was decreased with normal CPT1b mRNA levels 
(chapter 4).

Mitochondrial β-oxidation cycle
There are four key enzymatic reactions in the FAO cycle (figure 1). Acyl-CoAs transported 
into the mitochondria are chain shortened by releasing two carboxy-terminal carbon atoms 
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as acetyl-CoA units each time a cycle is fully completed. In the first step of β-oxidation, 
an acyl-CoA ester is dehydrogenated to trans-2-enoyl-CoA followed by the hydration of 
the double bond forming L-3-hydroxy-acyl-CoA in the second step. The third step is the 
dehydrogenation of L-3-hydroxy-acyl-CoA to 3-keto-acyl-CoA. In the fourth and final step of 
a FAO cycle the 3-keto-acyl-CoA is thiolytically cleaved to produce acetyl-CoA, and a two-
carbon chain-shortened acyl-CoA that reenters the β-oxidation cycle. FAO also produces 
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). The 
formed acetyl-CoA can enter the Krebs cycle and the electrons of NADH and FADH2 are fed 
into the electron transport chain.

The enzymes involved in FAO
Long chain acyl-CoAs which are imported into the mitochondria will be first metabolized by 
the inner mitochondrial membrane-bound enzymes, very long chain acyl-CoA dehydrogenase 
(VLCAD, encoded by ACADVL) and mitochondrial trifunctional protein (MTP, encoded by 
HADHA and HADHB), which harbors long chain enoyl-CoA hydratase, long chain hydroxyl-
CoA dehydrogenase (LCHAD) and long chain 3-ketoacyl-CoA thiolase activity (figure 1). 
The medium and short chain acyl-CoAs are metabolized by different mitochondrial matrix 
enzymes including medium chain acyl-CoA dehydrogenase (MCAD, encoded by ACADM), 
short chain acyl-CoA dehydrogenase (SCAD, encoded by ACADS), enoyl-CoA hydratase 
(encoded by ECHS1), medium and short chain hydroxyacyl-CoA dehydrogenase (M/SCHAD, 
encoded by HADH) and medium chain 3-ketoacyl-CoA thiolase (MCKAT, encoded by ACAA2). 
All the enzymes have a broad substrate specificity towards acyl-CoA esters.
The first step in the FAO cycle is performed by the acyl-CoA dehydrogenase (ACAD) enzyme. 
The ACAD enzymes have tightly bound FAD as a prosthetic group. After their reduction in 
the dehydrogenation step, the flavoproteins are reoxidized by electron transfer flavoprotein 
(ETF). ETF consists of two flavoproteins, the α and β subunits (ETFA and ETFB), which form 
a heterodimer. From there, the electrons are transferred to ETF dehydrogenase (ETFDH), 
which directs the electrons via ubiquinone into the respiratory chain. Another interesting 
feature of ACAD enzymes is that, whereas it seems to be only one membrane-associated 
enzyme system and one matrix localized enzyme system for the second, third and fourth 
FAO steps, five different ACAD enzymes may catalyze the first step in FAO. VLCAD is known to 
be responsible for the long chain acyl-CoAs, whereas LCAD has a broad substrate specificity 
and is able to handle the long and medium chain acyl-CoAs. LCAD also accepts branched-
chain acyl-CoAs and some mono- and poly-unsaturated acyl-CoAs (Chegary et al., 2009; Lea 
et al., 2000; Wanders et al., 1998). VLCAD is bound to the inner mitochondrial membrane, 
whereas LCAD is a mitochondrial matrix enzyme. In humans, VLCAD seems to play a more 
prominent role in FAO than LCAD, due to the low protein expression levels of LCAD (Chegary 
et al., 2009; Maher et al., 2010). In rodents, however, LCAD appears to play a significant role 
in FAO, as demonstrated by the phenotype of the LCAD-/- mouse (Chegary et al., 2009; Cox 
et al., 2001; Kurtz et al., 1998). Another enzyme associated with the mitochondrial inner 
membrane and with long chain acyl-CoA dehydrogenase activity is ACAD9 (Ensenauer et al., 
2005; Zhang et al., 2002). Although initially associated with FAO deficiency (He et al., 2007), 
recent studies revealed that ACAD9 deficiency presents as a respiratory chain complex I 
deficiency. ACAD9 is required for the biogenesis of the complex I (Gerards et al., 2011; Haack 
et al., 2010; Nouws et al., 2010). However, the role of ACAD9 in FAO still remains elusive. 
Medium and short chain acyl-CoAs are handled by MCAD and SCAD, respectively, which are 
both also localized in the mitochondrial matrix.
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Auxiliary enzymes involved in FAO
The FAO pathway described above is able to complete the breakdown of saturated fatty 
acids and unsaturated fatty acids with trans double bonds at even-numbered positions. 
However, the oxidation of unsaturated fatty acids with cis or trans double bonds at odd-
numbered positions, or cis double bonds at even-numbered positions requires auxiliary 
enzymes. There are three auxiliary enzymes involved in the degradation of unsaturated 
fatty acids including 2,4-dienoyl-CoA reductase (DECR), ∆3,5,∆2,4-dienoyl-CoA isomerase, and 
∆3,∆2-enoyl-CoA isomerase (ECI) (Hiltunen and Qin, 2000). This set of three auxiliary enzymes 
is able to rearrange different combinations of double bonds in unsaturated acyl-CoAs to the 
trans-2 configuration, allowing entrance into the β-oxidation cycle (Schulz and Kunau, 1987) 
(figure 1). The action of these three enzymes is illustrated by the metabolism of oleic acid 
(figure 2a) and linoleic acid (figure 2b). Oleoyl-CoA (cis-9-C18:1-CoA) is converted by two 
cycles of β-oxidation to form cis-5-C14:1-CoA. This substrate can be converted by (very) long 
chain acyl-CoA dehydrogenase (VLCAD/LCAD), which converts it into trans-2,cis-5-C14:2-
CoA. From here the substrate can be further broken down via two independent routes, the 
isomerase- or the reductase- dependent route. However, the major route in unsaturated 
fatty acid oxidation is via the isomerase-dependent route (85%) (Ren and Schulz, 2003). 
For the reductase-dependent route, the auxiliary enzymes ∆3,5,∆2,4-dienoyl-CoA isomerase 
and DECR are needed. ECI is required in both routes (Ren and Schulz, 2003) (figure 2a). 
∆3,5,∆2,4-dienoyl-CoA isomerase is encoded by (ECH1) and harbors a N- and C-terminal signal 
sequence targeting the enzyme to mitochondria or peroxisomes respectively (Filppula et 
al., 1998). The enzyme catalyzes the reaction of trans-3,cis-5-dienoyl-CoA to trans-2,trans-
4-dienoyl-CoA. DECR, which was originally referred to as 4-enoyl-CoA reductase (Kunau and 
Dommes, 1978; Kunau et al., 1995), catalyzes the reaction of trans-2,trans-4-dienoyl-CoA to 
trans-3-enoyl-CoA. The reaction requires NADPH as was first established for the beef liver 
enzyme (Kunau and Dommes, 1978; Kunau et al., 1995). ECI catalyzes the conversion of 
the double bond in cis-3-enoyl-CoA or trans-3-enoyl-CoA to trans-2-enoyl-CoA (figure 2a). 
In the reductase-dependent route, ECI is also responsible for the reverse reaction in which 
the trans-2,cis-5-C14:2-CoA is converted into trans-3,cis-5-C14:2-CoA (figure 2a). Linoleoyl-
CoA (cis-9,12-C18:2-CoA) is first converted by three cycles of β-oxidation to cis-3,6-C12:2-
CoA. ECI then converts it into trans-2,cis-6-C12:2-CoA, followed by one cycle of β-oxidation 
to trans-2,cis-4-C10:2-CoA. DECR then converts this intermediate into trans-3-C10:1-CoA 
followed by ECI which converts it further into trans-2-C10:1-CoA. This substrate can then be 
completely metabolized by β-oxidation (figure 2b) (Schulz and Kunau, 1987).
ECI is localized in both mitochondria and peroxisomes (Karki et al., 1987; Stoffel et al., 1964). 
There are three ECIs known in mammalian cells including, [1] ECI1, which is also known as 
dodecenoyl-CoA isomerase or mitochondrial ECI (Euler-Bertram and Stoffel, 1990; Kilponen 
and Hiltunen, 1993; Müller-Newen and Stoffel, 1991; Palosaari et al., 1990; Stoffel and Grol, 
1978), [2] ECI2, formerly known as peroxisomal ECI (Engeland and Kindl, 1991; Geisbrecht 
et al., 1999) and [3] EHHADH, which harbors an ECI as an integral part of the peroxisomal 
multifunctional enzyme type 1 (Palosaari and Hiltunen, 1990; Palosaari et al., 1991). ECI1 
is localized in the mitochondria, ECI2 is localized in both mitochondria and peroxisomes 
and EHHADH is localized in peroxisomes. Interestingly, in mouse and rat there is even a 
fourth ECI (Eci3) identified in peroxisomes (Ofman et al., 2006). In mouse, Eci3 is primarily 
expressed in kidney, whereas, in rat Eci3 is expressed ubiquitously (chapter 3, (van Weeghel 
et al., 2012a)). Eci3 has a high degree of sequence similarity to Eci2, and has isomerase 
activity. However, in contrast to Eci2, co-expression network analysis of Eci3 in mouse did 
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FIGURE 2. Mitochondrial β-oxidation of oleoyl-CoA and linoleoyl-CoA. A. The β-oxidation of oleoyl-CoA (C18:1-
CoA) via the isomerase-dependent and the reductase-dependent route. The major route for oleoyl-CoA oxidation 
is via the isomerase-dependent route (85%). Figure based on (Ren and Schulz, 2003). B. The β-oxidation of 
linoleoyl-CoA (C18:2-CoA). Figure based on (Schulz and Kunau, 1987).

not include known genes involved in FAO. Moreover, the co-expression networks of Eci3 in 
rat and mouse had little overlap suggesting that the role of Eci3 may not be primarily related 
to FAO (chapter 3, (van Weeghel et al., 2012a)).
Each of these ECIs is a member of the isomerase/hydratase superfamily. The hydratase/
isomerase superfamily was first defined to consist of 2-enoyl-CoA hydratases and 
∆3,∆2-enoyl-CoA isomerases participating in β-oxidation (Müller-Newen and Stoffel, 1993). 
These enzymes have low but significant similarity in their amino acid sequence (25-27%), 
and they share at least one common catalytic amino acid (Müller-Newen et al., 1995; Müller-
Newen and Stoffel, 1993). Currently, the hydratase/isomerase superfamily has expanded 
to over 30 members acting in a wide range of metabolic pathways but still possessing an 
amino acid sequence pattern typical of the superfamily (Holden et al., 2001; Müller-Newen 
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and Stoffel, 1993). The reactions catalyzed by the hydratase/isomerase superfamily include, 
dehalogenation, hydration/dehydration, isomerization, decarboxylation, formation/
cleavage of carbon-carbon bonds, and hydrolysis of thioesters. All the enzymes involved 
in the hydratase/isomerase superfamily use CoA esters as substrate and their catalytic 
mechanisms involve the stabilization of an oxyanion intermediate (Holden et al., 2001).
ECI2 of human and mice has in addition to its hydratase/isomerase-like sequence, an extra 
domain of about 80 amino acids in length at its N-terminus showing sequence similarity to 
the acyl-CoA binding protein (ACBP). ACBP is predicted to be involved in the intracellular 
acyl-CoA transport. In addition, ECI2 harbors both a mitochondrial and peroxisomal targeting 
sequence at the N- and C-terminus, respectively. This explains the dual localization of ECI2 
to mitochondria and peroxisomes (Zhang et al., 2002). 
The most extensive enzymological characterization of ECI has been done by Zhang et al. 
(Zhang et al., 2002). They reported the kinetic constants of rat ECI1, ECI2 and EHHADH 
for a wide variety of enoyl-CoA esters (table 1). In mitochondria, where ECI1 and ECI2 are 
coexpressed, ECI1 is predicted to make the major contribution (~75%) to total cis-3 to 
trans-2 isomerization, taken into account the increased catalytic efficiency of ECI2 with 
increasing acyl chain length of the cis-3 substrates (table 1). In contrast, ECI2 is estimated 
to contribute one-third to half of the trans-3 to trans-2 isomerase activity with again an 
increased catalytic efficiency for longer acyl chain lengths (table 1) (Zhang et al., 2002)). The 
contribution of ECI2 to the ∆2, ∆5 to ∆3, ∆5 isomerase activity in mitochondria is negligible 
because the catalytic efficiencies of ECI2 with trans-2,cis-5-tetradecadienoyl-CoA, an 
oxidation intermediate of oleate (figure 2), is relatively low (table 1). However, for ECI1 there 
is little ∆2, ∆5 to ∆3, ∆5 isomerase activity, supporting the theory that 85% of oleate oxidation 
is directed via the isomerase- and 15% via the reductase-dependent pathway (figure 2). In 
peroxisomes, ECI2 also contributes significantly to the trans-3 to trans-2 isomerase activity 
(~40% for trans-3-octenoyl-CoA), with expected higher activities with increasing acyl 
chain length. The contribution of ECI2 to (poly)unsaturated fatty acid oxidation could not 
be estimated. If long-chain and very long-chain (poly)unsaturated fatty acids are partially 
degraded in peroxisomes, ECI2 is expected to have a major function in the necessary cis-3 
to trans-2 double bond isomerization because of its preference for long-chain substrates 
in contrast to EHHADH, which does not exhibit such specificity (table 1). EHHADH will be 
the dominant isomerase in catalyzing the trans-2,cis-5-dienoyl-CoA into trans-3,cis-5-
dienoyl-CoA (table 1). This product is a substrate for dienoyl-CoA isomerase and thus the 
participation in dienoyl-CoA isomerase dependent degradation of (poly)unsaturated fatty 
acids has been proposed as the in vivo function of EHHADH in mammals. 

Table 1: The relative efficiency of ECI1, ECI2 and EHHADH for different substrates. Table based on (Zhang et al., 
2002).

Substrate   ECI1   ECI2   EHHADH
   kcat/km         kcat/km   kcat/km
trans-3-C6:1-CoA  0.57   0.063   0.047
trans-3-C8:1-CoA  0.13   1.8   0.071
trans-3-C14:1-CoA  0.42   19   0.044
cis-3-C6:1-CoA  0.82   0.049   0.052
cis-3-C8:1-CoA  1.2   0.45   0.075
cis-3-C14:1-CoA  1.7   10   0.06
trans-2,cis-5-C8:2-CoA 0.54   0.15   2.5
trans-2,cis-5-C14:2-CoA 0.42   0.52   1.3
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Recently EHHADH was shown to be also crucial for the production of medium-chain dicarboxylic 
acids. This suggest that EHHADH is essential to efficiently metabolize the dicarboxylyl-CoAs 
of unsaturated fatty acids such as cis-9-octadecenedioic acid, the dicarboylic acid of oleic 
acid (Houten et al., 2012). Noteworthy, when heterologous expression of rat EHHADH was 
performed in ECI1-deleted yeast strain, growth on oleic acid was restored demonstrating 
that ECI activity is functional in vivo (Gurvitz et al., 1998). Furthermore, our characterization 
of Eci1 KO mice showed that there is functional redundancy between ECI1 and ECI2 in 
mitochondria of mammalian cells (Chapter 2, (van Weeghel et al., 2012b)).

Fatty acid oxidation disorders
For most of the enzymes involved in FAO, inherited defects have been described (Rinaldo 
et al., 2002; Wanders et al., 1999). The described defects are VLCAD, MCAD, SCAD, MTP 
(including isolated LCHAD or thiolase deficiency), M/SCHAD, CPT1a, CPT2, CACT and DECR 
deficiency. However, for other important enzymes in FAO such as CPT1b, crotonase, MCKAT, 
ECI1 en ECI2, a deficiency has not described in humans yet. For MCKAT deficiency a single 
patient has been described based on biochemical data (Kamijo et al., 1994). However, the 
molecular defect has not been clarified making the true underlying defect unsure. The most 
common FAO disorder is MCAD deficiency (MCADD) with an estimated incidence of 1 in 
10.000 – 50.000 births (Hoffmann et al., 2004; Wilcken et al., 2003). For the remainder of 
the enzyme deficiencies the incidence is unknown, however, for all FAO disorders combined, 
it is estimated to be 1 in 100.000 births or less. In general, FAO disorders have three different 
presentations (Rinaldo et al., 2002; Wanders et al., 1999). The first classical presentation of 
FAO disorders is hypoketotic hypoglycemia combined with a “Reye-like syndrome”, which 
is characterized by fatty liver, liver dysfunction and hyperammonemia. This can be a severe 
or lethal disease presentation in infancy or the neonatal period. These typical features 
are provoked by a minor illness combined with prolonged fasting. These symptoms can 
be prevented by avoidance of fasting (Rinaldo et al., 2002; Wanders et al., 1999), which 
is the main reason for the inclusion of FAO defects in the expanded neonatal screening 
programs. The second presentation of FAO disorders is cardiac disease, which can be dilated 
or hypertrophic cardiomyopathy and/or arrhythmias (Bonnet et al., 1999; Saudubray et al., 
1999). The third presentation of FAO disorders is a milder, later (‘adult’) onset disease. It 
is characterized by exercise-induced myopathy and rhabdomyolysis. Severe patients often 
display a combination of the three clinical presentations. In addition, FAO defects have been 
associated with coma and sudden infant death caused by hypoketotic hypoglycemia or cardiac 
disease. The pathophysiology of most of the symptoms of FAO disorders is not completely 
clarified as of yet. Treatment strategies are mainly based on dietary interventions and they 
are often not able to improve the (cardio)myopathy observed in patients. An interesting 
approach is the use of bezafibrate in patients to increase residual activity of the deficient 
enzyme. Although effective in CPT2 deficiency and very promising for VLCAD deficiency, 
this therapy works only for a selected group of (milder) patients (Bonnefont et al., 2010; 
Gobin-Limballe et al., 2007). Therefore, understanding the underlying mechanisms in FAO 
disorders can lead to future design of rational and better targeted therapeutic strategies.



General Introduction

17

Ch
ap

te
r 1

Human FAO deficiencies

CPT1 deficiency
As described previously, there are three CPT1 isoenzymes known, the liver CPT1a, the muscle 
CPT1b, and the brain CPT1c. In humans only a deficiency for CPT1a has been described 
(Bonnefont et al., 2004; Bougneres et al., 1981). These patients usually present with a 
Reye-like episode with elevated plasma transaminases in combination with hypoketotic 
hypoglycemia and the absence of dicarboxylic aciduria, which is not always associated 
with fasting or a viral illness. Furthermore, plasma FFA concentrations are elevated. Free 
carnitine levels in plasma are most of the times elevated, but in some cases normal. 
Blood acylcarnitine profiling usually shows reduced C16:0, C18:0 and C18:1 acylcarnitines. 
Alternatively, patients present with hepatomegaly with or without acute liver failure, and 
subsequent hypoglycemic attacks. Hepatomegaly is constantly found during the acute 
attacks, along with an elevation of liver enzymes and ammonia in plasma. Heart and skeletal 
muscle involvement is classically absent in CPT1a deficiency, which may be explained by 
the absence of significant CPT1a expression in these tissues. However, some of the patients 
display renal tubular acidosis, which can be explained by the fact that CPT1a is also expressed 
in kidney cells (Bergman et al., 1994; Falik-Borenstein et al., 1992).

CPT2 and CACT deficiency
Approximately 150 patients have been described with CPT2 deficiency worldwide. In 
this disorder, long-chain acylcarnitines are translocated across the inner mitochondrial 
membrane but are not efficiently converted to acyl-CoAs. The accumulating acylcarnitines 
may be transported out of cells as suggested by the prominent long-chain acylcarnitine 
species seen in plasma. In the adult form of CPT2 deficiency, myolysis attacks are triggered 
by fasting or prolonged exercise, which is consistent with the fact that LCFA are the main 
energy source for skeletal muscle during these periods. Ubiquitous expression of CPT2 
is in agreement with the generalized expression of the clinical symptomatology in CPT2-
deficient infants or neonates, predominating in organs highly dependent upon FAO (e.g., 
liver, heart, skeletal muscle) for energy homeostasis. It has been speculated that increased 
concentrations of long-chain acylcarnitines in patients with the severe form of CPT2 
deficiency may promote cardiac arrhythmia (Demaugre et al., 1991), as described in a cat 
heart model (Corr et al., 1989). Biochemically, CACT deficiency resembles CPT2 deficiency, 
but the disorder is relatively rare and usually has a severe disease course (IJlst et al., 2001; 
Pande et al., 1993).

VLCAD and LCAD deficiency
There are three major presentations for VLCAD deficiency described in humans. The first 
presentation is a severe childhood form, with early onset, high mortality, and high incidence 
of cardiomyopathy. The second presentation is a milder childhood form, with later onset, 
usually with hypoketotic hypoglycemia, low mortality, and rarely cardiomyopathy. The third 
presentation of VLCAD deficiency is described as the adult form, with isolated skeletal 
muscle involvement, rhabdomyolysis, and myoglobinuria mostly caused by exercise and 
fasting. In humans, LCAD deficiency has not been identified, which is most likely explained 
by the low expression levels of LCAD. Indeed in humans, LCAD expression is very low in all 
organs studied (Chegary et al., 2009; Maher et al., 2010). Another theoretically possible 
explanation could be that LCAD deficiency is lethal before birth (Kurtz et al., 1998).
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MCAD deficiency 
MCAD deficiency is the most common disorder of FAO and is inherited as an autosomal 
recessive disease (Grosse et al., 2006; Tanaka et al., 1997). MCADD usually presents between 
infancy and 2 years of age (Wilcken et al., 2007). MCADD patients are often asymptomatic, 
but can present with severe hypoketotic hypoglycemia during prolonged fasting and 
metabolic stress, usually associated with an intercurrent infectious disease (Derks et al., 
2006). If undiagnosed, 20% to 25% of affected patients die during the first hypoglycemic 
episode (Grosse et al., 2006). Indeed, neonatal screening is effective in reducing death and 
serious adverse events in patients with MCADD (Wilcken et al., 2007).

SCAD deficiency 
SCAD deficiency is an autosomal recessive disorder. Patients generally present between 2 
months and 2 years of age during an illness or period of fasting. Symptoms are heterogeneous 
and different from those seen in other FAO defects (Bok et al., 2003; Gregersen et al., 
2004; van Maldegem et al., 2006). Patients may present with hypoketotic hypoglycemia, 
development delay, hypotonia, and seizures. Most SCAD deficient patients, however, do not 
display any symptoms whatsoever and there is no strong correlation found between the 
clinical phenotype and genotype or the degree of SCAD activity (Gregersen et al., 2004; van 
Maldegem et al., 2006).

MTP/LCHAD deficiency
MTP deficiency is an autosomal recessive disorder characterized by reduced activity of all 
3 enzyme activities located on the MTP protein (Jackson et al., 1992; Wanders et al., 1992). 
There are also patients described, which have isolated deficiencies of the LCHAD or thiolase 
activity (Das et al., 2006; Wanders et al., 1989; Wanders et al., 1992). LCHAD deficiency is the 
most common defect. All deficiencies have an early clinical onset, although the prognosis of 
MTP deficiency appears to be poor and fatal in most patients (Schwab et al., 2003). Patients 
with MTP deficiency usually present in early infancy with fasting hypoketotic hypoglycemia 
and hepatic encephalopathy and can exhibit hypotonia, areflexia, rhabdomyolysis, and 
cardiomyopathy resulting in sudden infant death (Spiekerkoetter et al., 2004). In patients 
surviving MTP deficiency, cardiomyopathy was absent, however, recurrent myopathy, 
peripheral neuropathy and retinopathy was present (den Boer et al., 2002).

DECR deficiency
Until now only 1 patient with a deficiency in DECR has been described, a black female who 
developed persistent hypotonia and poor feeding shortly after birth (Roe et al., 1990). 
Further clinical features were microcephaly with a short trunk, arms, fingers, small feet and 
a large face. Biochemical analysis revealed plasma hyperlysinemia and carnitine deficiency 
with normal organic acids. Urine acylcarnitine analysis showed an accumulation of trans-
2,cis-4-decadienoylcarnitine (C10:2). The patient died at 4 months of age by biventricular 
hypertrophy. Unfortunately, this defect has not been confirmed at the molecular level. 
Interestingly, no human deficiencies were found yet for the other auxiliary enzymes involved 
in FAO.

Animal models of FAO disorders
Several mouse models with defects in FAO have been described. A key contribution to 
our understanding of the metabolic pathogenesis of FAO disorders has come from the 
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study of either spontaneous (jvs and SCAD) (Koizumi et al., 1988; Wood et al., 1989) or 
gene knockout models. All known FAO knockout mouse models are intolerant to acute 
cold exposure. Many FAO knockout mouse models have lethal phenotypes, except for the 
different ACAD knockouts. If we consider that the severe (neonatal) disease presentation in 
humans is often caused by mutations that completely inactivate the enzyme, the lethality in 
these mouse models may not be completely unexpected. It also illustrates that there is more 
functional redundancy among ACAD enzymes than for other FAO enzymes. These mouse 
models are important to understand the disease mechanisms and will be instrumental in 
the development of novel therapeutic interventions.

CPT1-deficient mice
The generation of a Cpt1a KO mouse was reported by Nyman et al. (Nyman et al., 2005), 
however, this mouse was not viable as no pups, embryos or fetuses were found. Heterozygous 
male mice had reduced CPT1a activity in the liver, whereas activity was normal in female 
mice. Fasting FFA concentrations were significantly elevated, while blood glucose levels 
were lower in male mice (Nyman et al., 2005). As for Cpt1a, Cpt1b knockout mice were 
lethal (Ji et al., 2008). Transgenic mice in which the Cpt1c gene is disrupted have disturbed 
energy metabolism, and are unable to regulate body weight when placed on a high-fat 
diet (Wolfgang et al., 2006). Localized overexpression of Cpt1c in the hypothalamus of WT 
mouse protects animals against weight gain (Dai et al., 2007).

VLCAD- and LCAD-deficient mice
The phenotype of VLCAD KO mice is relatively mild compared to human VLCAD deficiency. 
VLCAD-deficient mice have mild hepatic steatosis and mild fatty changes in the heart 
in response to fasting or a cold challenge (Cox et al., 2001; Exil et al., 2006). Further 
characterization of VLCAD-deficient mice demonstrated microvesicular lipid accumulation, 
marked mitochondrial proliferation, and facilitated induction of polymorphic ventricular 
tachycardia, without preceding stress (Exil et al., 2006; Exil et al., 2003). The LCAD KO 
mouse has a more severe phenotype, more closely resembling human VLCAD deficiency 
(Chegary et al., 2009; Cox et al., 2001; Kurtz et al., 1998). The LCAD KO mouse presents 
with a fasting-induced hypoketotic hypoglycemia and marked fatty changes in liver and 
heart. Nevertheless, the LCAD KO mouse also differs from human VLCAD deficiency. There 
are biochemical differences in the long-chain FAO oxidation. In humans, the length of the 
acyl-CoA determines whether it will be handled by VLCAD, whereas in mouse the position 
and presence of the double bond in the acyl-CoA determines if it is handled preferentially 
by LCAD or VLCAD (Chegary et al., 2009). A phenotypic difference between human VLCAD 
deficiency and LCAD KO mice is that the mouse does not develop rhabdomyolysis. Overall, 
the LCAD KO mouse is still relatively mild when compared with human VLCAD deficiency. 
Unfortunately, the LCAD-/-; VLCAD-/- double KO was reported to be lethal (Cox et al., 2001). In 
order to develop a better model for VLCAD deficiency, we generated LCAD KO mice with an 
additional deletion of a VLCAD allele, and VLCAD KO mice with an additional deletion of an 
LCAD allele. The characterization of these models is described in chapter 6.

MCAD-deficient mice
The MCAD KO mouse was first described by Tolwani et al. (Tolwani et al., 2005). Fasted MCAD 
KO mice were hypoglycemic, had a fatty liver, organic aciduria and were cold intolerant. 
Furthermore, a study of Herrema et al. showed that loss of MCAD function in the mouse 
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is associated with specific changes in hepatic carbohydrate management on exposure to 
metabolic stress, preserving de novo synthesis of G6P, probably due to the existence of 
compensatory mechanisms or limited rate control of MCAD in murine FAO (Herrema et 
al., 2008). Overall, the phenotype of MCAD KO mice was relatively mild when compared to 
other FAO-deficient mouse models and MCAD-deficient patients. However, the phenotype 
of the MCAD mouse mostly resembles the human phenotype for MCAD deficiency making 
it a valuable mouse model to study MCAD deficiency.

SCAD-deficient mice
The SCAD-deficient mouse was first described by Wood et al. (Wood et al., 1989). They 
detected a genetic variant in BALB/c mice with a null allele for SCAD, or butyryl-CoA 
dehydrogenase as it was known then. After characterizing and cloning the butyryl-
CoA dehydrogenase, it has been renamed to SCAD. The SCAD-deficient mouse has no 
abnormal phenotype, however, upon fasting the mice, prominent organic aciduria and the 
development of fatty liver and kidney was observed (Armstrong et al., 1993).

MTP-deficient mice
The MTP KO mice suffer from intrauterine growth retardation, hypoglycemia and early 
neonatal death as described by Ibdah et al. (Ibdah et al., 2001). The histopathological 
observations in MTP-deficient mice revealed hepatic steatosis after birth and later a 
significant degree of necrosis and acute degeneration of the cardiac and diaphragmatic 
myocytes. Thus the human and mouse phenotype of MTP deficiency is severe. This mouse 
model also indicates that long-chain FAO is important in fetal development.

DECR1-deficient mice
A DECR1-deficient mouse was generated by Miinalainen et al. (Miinalainen et al., 2009). In 
fasted DECR1-deficient mice, increased serum acylcarnitines, especially decadienoylcarnitine 
(C10:2), a product of the incomplete oxidation of linoleic acid (C18:2), urinary excretion 
of unsaturated dicarboxylic acids, and hepatic steatosis, wherein unsaturated fatty acids 
accumulate in liver triacylglycerols, were found. Metabolically challenged DECR1 KO mice 
turned on ketogenesis, but developed hypoglycemia. Induced expression of peroxisomal 
β-oxidation and microsomal β-oxidation enzymes reflect the increased lipid load, whereas 
reduced mRNA levels of PGC-1α and CREB, as well as enzymes in the gluconeogenetic 
pathway, can contribute to stress-induced hypoglycemia. Furthermore, the thermogenic 
response was perturbed, as demonstrated by intolerance to acute cold exposure.

Eci1-deficient mice
An Eci1-deficient mouse model was generated by Janssen and Stoffel (Janssen and Stoffel, 
2002). Fasted Eci1-deficient mice displayed a mild ketotic hypoglycemia with elevated 
levels of C12:1 acylcarnitine in blood and liver (van Weeghel et al., 2012b). Furthermore, 
gene expression studies revealed peroxisome proliferator-activated receptor activation 
as evidenced by induction of selected peroxisomal β-oxidation enzymes (Janssen and 
Stoffel, 2002; van Weeghel et al., 2012b). The peroxisomal β-oxidation of the 3-enoyl-CoA 
intermediates leads to a specific pattern of medium chain unsaturated dicarboxylic acids 
excreted in the urine in high concentrations (dicarboxylic aciduria) (Janssen and Stoffel, 
2002). Overall the phenotypic presentation of Eci1 deficient mice is mild, which is caused by 
the presence of Eci2 in the mitochondria (van Weeghel et al., 2012b).
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Aim and outline of this thesis
The aim of this thesis is to understand the specific role of FAO enzymes in physiology. We 
studied the enoyl-CoA isomerases, which are auxiliary FAO enzymes for which no human 
deficiencies have been described so far. By characterizing the Eci1 KO mouse, we hope to 
identify a potential presentation of such a FAO disorder in humans. In addition, with the 
characterization of the Eci1 KO mouse and a new mouse model combining LCAD and VLCAD 
KO alleles, we aimed to study the pathophysiology of FAO defects in general. We also studied 
Cpt1b, another enzyme for which no human deficiencies have been identified. Cpt1b is 
believed to catalyze one of the rate-limiting steps in FAO in cardiac and skeletal muscle. We 
hypothesized that an imbalance between FAO and glucose metabolism plays an important 
role in the development of insulin resistance in muscle. To address this hypothesis, we 
generated and characterized a mouse model with a Cpt1b mutation that renders Cpt1b 
insensitive for malonyl-CoA.
In order to find a potential presentation of human ECI1 deficiency, we characterized a 
mouse model lacking Eci1, one of the auxiliary enzymes necessary for the breakdown of 
unsaturated fatty acids. Here, we found that the mild phenotype of these mice is explained 
by functional redundancy between Eci1 and Eci2. Based on our findings described in chapter 
2, we speculate that human ECI1 deficiency might present as ketotic hypoglycemia with a 
marked elevation of C12:1 acylcarnitine. The molecular and functional characterization of 
Eci3, a novel peroxisomal Eci, is described in chapter 3. Eci3 is a rodent-specific isomerase 
that arose after a duplication of the Eci2 gene.
To investigate the reciprocal relation between glucose metabolism and FAO in muscle and 
the role of FAO in the development of insulin resistance, we generated and studied a mouse 
model harboring a point mutation in the CPT1b gene, which renders the enzyme insensitive 
for malonyl-CoA inhibition (chapter 4). Indeed, CPT1bE3A mice have less malonyl-CoA 
sensitivity leading to increased FAO fluxes in the heart and skeletal muscle, the total CPT1b 
activity however is decreased due to lower CPT1b protein levels and normal CPT1b mRNA 
levels. This suggests compensatory mechanisms for CPT1b protein expression.
In chapter 5, we studied a mouse model most similar to human VLCAD deficiency. Here 
we studied fasting-induced changes in cardiac morphology, function, and triglyceride (TG) 
storage as a concequence of FAO deficiency in a noninvasive fashion. Using this noninvasive 
approach, we revealed accumulation of myocardial TG in the LCAD KO mice. The toxicity of 
accumulating lipid metabolites may be responsible for the fasting-induced impairment of 
cardiac function observed. 
Unfortunately, the LCAD KO mouse has a relatively mild phenotypic presentation, most 
notably, myopathy and rhabdomyolysis are absent. In order to obtain a better model, we 
combined the LCAD and VLCAD KO mouse models by generating mice carrying one deletion 
of VLCAD on the LCAD KO background (chapter 6). Our preliminary data suggest that 
although LCAD-/-; VLCAD+/- mice have a slightly lower FAO flux compared to LCAD-/-; VLCAD+/+ 
mice, they do not develop myopathy and rhabdomyolysis.

In the final chapter of this thesis, a summary is presented, together with directions for 
future research.
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