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Chapter 1

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.
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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.
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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 



General Introduction

19

Ch
ap

te
r 1

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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Abstract

Mitochondrial enoyl-CoA isomerase (ECI1) is an auxiliary enzyme involved in unsaturated 
fatty acid oxidation. In contrast to most of the other enzymes involved in fatty acid oxidation, 
a deficiency of ECI1 has yet to be identified in man. We used WT and Eci1-deficient mice to 
explore a potential presentation of human ECI1 deficiency. Upon fasting, Eci1-deficient mice 
displayed normal blood β-hydroxybutyrate levels (WT 1.09 mM vs. KO 1.10 mM), a trend to 
lower blood glucose levels (WT 4.58 mM vs. KO 3.87 mM, P=0.09) and elevated blood levels 
of unsaturated acylcarnitines, in particular C12:1 acylcarnitine (WT 0.03 μM vs. KO 0.09 μM, 
P<0.01). Feeding an olive oil rich diet induced an even greater increase in C12:1 acylcarnitine 
levels (WT 0.01 μM vs. KO 0.04 μM, P<0.01). Overall, the phenotypic presentation of Eci1-
deficient mice is mild, possibly caused by the presence of a second enoyl-CoA isomerase 
(Eci2) in mitochondria. Knockdown of Eci2 in Eci1-deficient fibroblasts caused a more 
pronounced accumulation of C12:1 acylcarnitine upon incubation with unsaturated fatty 
acids (12-fold, P<0.05). We conclude that Eci2 compensates for Eci1 deficiency explaining 
the mild phenotype of Eci1-deficient mice. Hypoglycemia and accumulation of C12:1 
acylcarnitine might be diagnostic markers to identify ECI1 deficiency in humans.
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Introduction

Mitochondrial fatty acid β-oxidation (FAO) is the most important pathway for the degrada-
tion of saturated and unsaturated fatty acids. The β-oxidation cycle of fatty acids consists of 
four sequential reactions: dehydrogenation, hydration, a second dehydrogenation, and thi-
olytic cleavage. Every cycle shortens the acyl-CoA by two carbon atoms and an acetyl-CoA is 
generated. In addition to the set of enzymes involved in this β-oxidation cycle, the degrada-
tion of unsaturated fatty acids requires the obligatory participation of a set of three auxiliary 
enzymes: the 2,4-dienoyl-CoA reductase (DECR), the ∆3,5,∆2,4-dienoyl-CoA isomerase, and 
the ∆3,∆2-enoyl-CoA isomerase (ECI) (Hiltunen and Qin, 2000). An important reason for this 
phenomenon is that the first dehydrogenase in the oxidation cycle has a trans-2-enoyl-CoA 
intermediate as the product and therefore cannot metabolize directly the cis-3-enoyl-CoA 
configuration of unsaturated fatty acyl-CoAs. The combined set of three auxiliary enzymes 
can position different combinations of double bonds in the acyl-CoA to the trans-2 con-
figuration, allowing reentrance into the β-oxidation cycle (Schulz and Kunau, 1987). The 
action of these three auxiliary enzymes is illustrated by the metabolism of oleic acid (figure 
1a) and linoleic acid (figure 1b). Oleoyl-CoA (cis-9-C18:1-CoA) is converted by two cycles of 
β-oxidation to cis-5-C14:1-CoA, the substrate for long-chain acyl-CoA dehydrogenase (LCAD) 
that further converts it into trans-2,cis-5-C14:2-CoA. From thereon, the oxidation can oc-
cur via an isomerase- or a reductase-dependent pathway, but the major route is via the 
isomerase-dependent pathway (85%) (Ren and Schulz, 2003). For the reductase-dependent 
pathway, the auxiliary enzymes ∆3,5,∆2,4-dienoyl-CoA isomerase and DECR are needed. Both 
routes require the involvement of ECI (Ren and Schulz, 2003) (figure 1a). ECI catalyzes the 
conversion of the double bond in cis-3-enoyl-CoA or trans-3-enoyl-CoA to trans-2-enoyl-
CoA (figure 1a). In the reductase-dependent pathway, 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 (fi-
gure 1a). Linoleoyl-CoA (cis-9,12-C18:2-CoA) is converted by three cycles of β-oxidation to 
cis-3,6-C12:2-CoA. From thereon, the auxiliary enzymes ECI and DECR are needed (figure 
1b) (Schulz and Kunau, 1987).
Different ECIs have been purified, cloned, and characterized (Geisbrecht et al., 1999; Müller-
Newen and Stoffel, 1991; Palosaari et al., 1990; Stoffel et al., 1964). ECI can be present 
either as a monofunctional protein or as an integral part of the L-bifunctional protein also 
known as multifunctional β-oxidation enzyme type 1 (EHHADH) (Palosaari and Hiltunen, 
1990), but in all cases, the ECI belongs to the low similarity isomerase/hydratase superfami-
ly of proteins (Müller-Newen et al., 1995; Palosaari et al., 1991). In mammalian cells, three 
proteins with ECI activity have been characterized, including the mitochondrial ECI localized 
exclusively in mitochondria (encoded by Eci1, formerly known as Dci (Müller-Newen and 
Stoffel, 1991; Palosaari et al., 1990; Stoffel et al., 1964)), the peroxisomal ECI localized in 
mitochondria and peroxisomes (encoded by Eci2 formerly known as Peci (Geisbrecht et al., 
1999)), and EHHADH localized in peroxisomes (encoded by Ehhadh (Palosaari and Hiltunen, 
1990)). Recently, we discovered a fourth ECI (Eci3), which is a mouse and rat specific protein 
(Ofman et al., 2006). This ECI is expressed in peroxisomes of mouse kidney and more ubiqui-
tous in peroxisomes of rat tissue.
Although a human inherited metabolic disease has been described for most of the mito-
chondrial FAO enzymes, patients with ECI1 deficiency have yet to be identified. Such pa-
tients might have been missed because of unusual or mild phenotypes. To obtain more 
insight in the role of ECI1 in mitochondrial FAO, we further characterized a previously ge-
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nerated Eci1-deficient mouse model (Janssen and Stoffel, 2002). This mouse model might 
be suitable to identify potential presentations of human ECI1 deficiency as well as to define 
diagnostic markers for ECI1 deficiency. It was reported that Eci1-deficient mice showed he-
patic accumulation of lipids with unsaturated fatty acyl groups and developed dicarboxylic 
aciduria (Janssen and Stoffel, 2002). We compared WT and Eci1-deficient mice on a normal 
chow diet with overnight fasted mice or mice on a diet containing a high content of unsatu-
rated fatty acids. We found that Eci1-deficient mice have a tendency to develop hypoglyce-
mia and are characterized by a unique and novel aberrant acylcarnitine profile. In addition, 
we show that the relatively mild phenotypic presentation of Eci1-deficient mice is caused by 
functional redundancy with Eci2.

FIGURE 1. Mitochondrial β-oxidation of oleoyl-CoA and linoleoyl-CoA. A. The β-oxidation of oleoyl-CoA (C18:1-
CoA) via the isomerase-dependent route 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).
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Table 1: fatty acid content of the olive oil rich diet.

  fatty acid    % of total
  C14:0    0.09
  C16:0    10.46
  C16:1ω9    0.58
  C18:0    3.45
  C18:1ω9    72.39
  C18:1ω7    1.71
  C18:2ω6    10.62
  C18:3ω3    0.61
  C20:0    0.10

Experimental procedures

Materials
[U-13C]-oleic acid (C18:1, cis-9) was purchased from Cambridge Isotope Laboratories, [U-13C]-
linoleic acid (C18:2, cis-9,12), myristoleic acid (C14:1, cis-9), dodecenoic acid (C12:1, cis-5), 
C12:0-CoA, and C14:0-CoA were purchased from Sigma. 3-nonenoic acid was obtained from 
TCI Europe. The synthesis of 3-nonenoyl-CoA was performed as described by Rasmussen et 
al. (Rasmussen et al., 1990). Purity of the product was determined by high pressure liquid 
chromatography (HPLC) analysis. [9,10-3H(N)]-palmitic acid and [9,10-3H(N)]-oleic acid were 
purchased from PerkinElmer and bovine serum albumin (BSA; fatty acid free) from Sigma. 
The internal standards d3-C0, d3-C3, d3-C6, d3-C8, d3-C10 and d3-C16 carnitine were pur-
chased from Dr. Herman J. ten Brink (VU Medical Hospital, Amsterdam, The Netherlands).

Animal studies
Eci1-deficient mice on a mixed background were obtained from Memorec Biotec GmbH 
(Köln, Germany) (Janssen and Stoffel, 2002). The colony was maintained by crossing with 
C57BL/6N (Charles River). After 2 generations of backcrossing with C57BL/6, WT (wild type) 
and Eci1-deficient mouse were generated via heterozygous breeding pairs. Mice (WT, n=5 
and Eci1-deficient mouse, n=7) were housed at 21±1 °C, 40-50% humidity, on a 12h light-
dark cycle, with ad libitum access to water and a standard rodent diet. At 6 weeks of age, 50 
µl of blood was collected from the vena saphena for the measurements of glucose, acylcar-
nitines, and ketones. At 7 weeks of age, mice were weighed, placed in a clean cage without 
food but with access to water, and fasted for 24h. This was followed by blood collection 
to obtain equivalent measurements in the fasted state. Immediately thereafter, mice were 
fed an olive oil rich diet (Arie Blok, Woerden, The Netherlands, Diet olive oil, 4021.82, 42 
energy % fat; for fatty acid composition see table 1). Regular bleeding via the vena saphena 
was used for acylcarnitine measurements in blood. At 13 weeks of age, mice were fasted for 
24h and anesthetized with an ip injection of 100 mg/kg pentobarbital. Anesthetized mice 
were euthanized by exsanguination from the vena cava inferior. The heart, liver, and muscles 
were rapidly excised, weighed, and processed for biochemical and histological analysis. All 
experiments were approved by the institutional review board for animal experiments at the 
Academic Medical Center, Amsterdam.

Cell culture
Fibroblasts were obtained from WT and Eci1-deficient mouse (mixed background) ears and 
cultured in DMEM with glutamine, 10% fetal bovine serum (Gibco), 1% mixture of penicillin, 
streptomycin, fungizone (Gibco), and incubated in a CO2 incubator (5% CO2) at 37°C. 
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Antibodies and immunoblotting
The polyclonal antibodies against Eci1 and Eci2 were a generous gift from Dr. H. Schulz. The 
Eci2 antibody was affinity purified. Secondary antibodies goat anti-rabbit IrD cw800 were 
from Li-Cor and immunoblot images were obtained using the Odyssey infrared imaging sy-
stem (Li-Cor biosciences).

Acylcarnitine analysis
Fibroblasts cultured in 12 well plates were incubated for 72 hours at 37°C, 5% CO2 in MEM 
medium with 1% mixture of penicillin, streptomycin and fungizone (Gibco) containing 0.4 
mM L-carnitine, 0.4% BSA and 100 μM of the indicated fatty acids. After 72 hours, the in-
cubation was stopped by removing the medium from the cells and processed as described 
(Chegary et al., 2009) using internal standards (50 pmol d3-C3-, 20 pmol d3-C6-, 20 pmol d3-
C8-, 20 pmol d3-C10- and 20 pmol d3-C16-acylcarnitine). Semi-quantitative determination 
of the formed acylcarnitines in the medium was performed using tandem mass spectrome-
try (Ventura et al., 1999).
Plasma and blood acylcarnitines were measured as described (Vreken et al., 1999) using in-
ternal standards (25 μM d3-C0-, 5 μM d3-C3-, 2 μM d3-C6-, 2 μM d3-C8-, 2 μM d3-C10- and 
2 μM d3-C16-acylcarnitine).

Fatty acid β-oxidation measurements
Palmitic acid and oleic acid oxidation were measured by quantifying the production of 3H2O 
from either [9, 10-3H(N)]-palmitic acid or [9, 10-3H(N)]-oleic acid as described previously by 
Manning et al. (Manning et al., 1990). The assay was performed in quadruplicate. The cells 
were incubated for 2 hours at 37°C in Krebs-Henseleit buffer containing 0.1% (w/v) BSA, 100 
μM palmitic or oleic acid and a tracer of tritiated palmitic or oleic acid. Oxidation rate was 
expressed as nmol of fatty acid oxidized per hour per milligram of cell protein (nmol/h.mg).

Clinical chemistry measurements
Glucose and β-hydroxybutyrate were measured in blood of WT and Eci1-deficient mouse 
using standard enzymatic methods (Bergmeyer et al., 1986).

Quantitative real-time PCR
RNA was isolated from mouse tissue using Trizol extraction. cDNA was obtained by using 
the Superscript II Reverse Transcriptase Kit (Invitrogen). Quantitative real-time PCR analysis 
of Eci1, Eci2, Decr1, Cpt1a, Acadl, Ech1, Ehhadh,  Ppargc1a, and Cyp4a10 were performed 
using the LC480 Sybr Green I Master mix (Roche). All samples were analyzed in duplicate. 
Data analysis was done using the linear regression as described by Ramakers et al. (Rama-
kers et al., 2003). For the comparison of the genes, the values were normalized against the 
housekeeping gene cyclophilin B. Primer sequences are available upon request.

Synthesis of acylcarnitines standards
Commercially available C12:0-CoA and C14:0-CoA were used as substrates. The first step 
was the enzymatic conversion of C12:0-CoA or C14:0-CoA to trans-2-C12:1-CoA and trans-2-
C14:1-CoA via acyl-CoA oxidase (from Arthrobacter sp., Sigma) (reaction A). For the second 
step, we used purified mitochondrial ECI (a gift of Dr. H. Schulz, Department of Chemistry, 
City College and Graduate School of the City University of New York, NY), which converted 
the formed trans-2-C12:1-CoA or trans-2-C14:1-CoA of reaction A to either a cis-3-C12:1-
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CoA and cis-3-C14:1-CoA or a trans-3-C12:1-CoA and trans-3-C14:1-CoA (reaction B). The 
products of these reactions, as well as chemically synthesized cis-5-C12:1- and cis-9-C14:1-
CoA, were then converted from a CoA ester to a carnitine ester by incubation with a homo-
genate of S. cerevisiae overexpressing CPT1a (reaction C) (IJlst et al., 1998; van Vlies et al., 
2007).

Acylcarnitine isomer measurements
An ultra-performance liquid chromatography (UPLC) - tandem mass spectrometry (MS/MS) 
system was used to analyze the acylcarnitine isomers. Samples were applied on a Waters 
Acquity BEH C18 column (100 mm x 2.1 mm, 1.7 μm). Separation of acylcarnitines was per-
formed at a flow rate of 500 μL/min using gradient elution involving solvent A (0.1% hep-
tafluorobutyric acid in water) and solvent B (100% methanol). Acylcarnitine esters were 
eluted using solvent B increasing from 50% up to 85% in 7 min followed by a 2 min washing 
step with 100% solvent B and re-equilibration of the column for 2 min with 100% solvent 
A in a total run time of 11 min. Acylcarnitine esters were detected using a Waters Quattro 
Premier XE MS/MS set at the positive electrospray ionization (ESI) mode using nitrogen as 
nebulizing gas and argon as collision gas at a pressure of 2.5e-3 mbar. Voltages were set at 
3.5 kV capillary, 35 V cone and 25 V collision energies. Acylcarnitine esters were measured 
using the following transitions: m/z 342.3 > 85.0 for C12:1-carnitine and m/z 370.3 >85.0 for 
C14:1-carnitine. The system was operated by Masslynx software (v4.1).

Quantification of cis-3-C12:1 and cis-5-C14:1 acylcarnitine by HPLC-MS/MS
Quantification of cis-5-C14:1 acylcarnitine was performed using HPLC-MS/MS as described 
by Minkler et al. (Minkler et al., 2011; Minkler et al., 2008). Cis-5-C14:1 acylcarnitine, d3-
cis-9-C14:1 acylcarnitine, and trans-2-C12:1 acylcarnitine were synthesized by small modi-
fications to a standard method (Brendel and Bressler, 1967), purified by cation exchange 
SPE and preparative HPLC, and standardized by precisely determining their total carnitine 
content (Minkler et al., 2008). Multiple-point calibration curves were constructed using d3-
cis-9-C14:1 acylcarnitine as the internal standard for cis-5-C14:1 and trans-2-C12:1 over 
200-fold concentration ranges, ensuring accurate and precise absolute quantification of cis-
5-C14:1 acylcarnitine. Quantification of cis-3-C12:1 acylcarnitine was performed using the 
calibration curve generated from trans-2-C12:1 and assuming that the responses of the two 
C12:1 acylcarnitines are identical.

Subcellular fractionation of mouse kidney
Subcellular fractionation of mouse kidney was performed as described previously (Ofman 
et al., 2006). Kidney was obtained from WT and Eci1-deficient mice on a mixed background. 
Fractions of 1 mL were taken from the bottom of the gradient and were assayed for the 
marker enzymes glutamate dehydrogenase (GDH) (mitochondria), catalase (peroxisomes), 
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phosphoglucoisomerase (cytoplasm), β-hexosaminidase (lysosomes) and esterase (micro-
somes) as described previously (Wanders et al., 1984; Wanders et al., 1986). Protein con-
centration was measured according to the method of Bradford (Bradford, 1976), using BSA 
as standard.

ECI activity measurements
The ECI enzyme activity assay was performed by incubating protein samples for 5 minutes 
at 37°C in a medium containing: 100 mM TRIS buffer (pH 7.4) and 100 μM trans-3-nonenoyl-
CoA in a final volume of 100 μl. The reaction was stopped by the addition of 10 μl 2M HCl 
and neutralized by adding 10 μl 2 M KOH/0.4 M MES. Acetonitrile (ACN) was added to the 
mixture to a final concentration of 15% (v/v), followed by centrifugation for 5 minutes at 
10,000g. The reaction products were analyzed by reverse phase HPLC using a Supelcosil™ 
LC-18-DB semi-prep column (Supelco analytical). The column was developed isocratically 
using eluents containing 82% buffer A (10% ACN and 90% 16.9 mM NaPhosphate pH 6.9) 
and 18% buffer B (70% ACN and 30% 16.9 mM NaPhosphate pH 6.9) for 35 minutes at a flow 
rate of 3 mL/min followed by a wash step of 100% buffer B for 7 minutes at a flow rate of 
3mL/min. Absorbance of the eluate was continuously recorded using a spectrophotometer 
set at 260 nm. The substrate, trans-3-C9:1-CoA, yields one peak in the chromatogram. Incu-
bation with purified isomerase yields two additional peaks in the chromatogram, the major 
product trans-2-C9:1-CoA, and a small peak, which we believe is cis-3-C9:1-CoA that can be 
formed by the reverse reaction. In cell or tissue homogenates, the product trans-2-C9:1-CoA 
is further converted into L-3-hydroxy-C9:1-CoA as a result of the 2-enoyl-CoA hydratase (cro-
tonase) activity. Therefore, we expressed ECI activity as the sum of the products formed by 
ECI and 2-enoyl-CoA hydratase, i.e. trans-2-C9:1-CoA and L-3-hydroxy-C9:1-CoA.

Knockdown of Eci2 in mouse fibroblasts
For the production of virus containing shRNA against Eci2, HEK293 cells were transfected 
with pLKO.1-TRC cloning vector, which contains a puromycin resistance cassette and a for-
ward and a reverse oligo annealed (oligonucleotides used are mentioned below), psPAX2 
(packaging plasmid for producing virus particles), and pMD2.G (envelope plasmid for pro-
ducing virus particles) using the lipofectamine 2000 according to the protocol of the ma-
nufacturer (Invitrogen). Cells were grown overnight and medium containing the virus with 
shRNA1, shRNA2, or shRNA3 was collected. WT and Eci1-deficient fibroblasts were exposed 
to the medium containing the shRNA and were selected by adding 5 μg/mL puromycin. Oli-
gonucleotides used for the knockdown of Eci2, fw shRNA1 primer Mus musculus (Mm) pECI 
5' CCGG AAGCTAAGACTCTATGCACTG CTCGAG CAGTGCATAGAGTCTTAGCTT TTTTTG 3', rev 
shRNA1 primer Mm pECI 5' AATTCAAAAA AAGCTAAGACTCTATGCACTG CTCGAG CAGTGCA-
TAGAGTCTTAGCTT 3', fw shRNA2 primer Mm pECI 5' CCGG AAGACATCCTGGTAACTTCTG CT-
CGAG CAGAAGTTACCAGGATGTCTT TTTTTG 3', rev shRNA2 primer Mm pECI 5' AATTCAAAAA 
AAGACATCCTGGTAACTTCTG CTCGAG CAGAAGTTACCAGGATGTCTT 3', fw shRNA3 primer 
Mm pECI 5' CCGG AAGCCTCTGGTTGCGGTAGTA CTCGAG TACTACCGCAACCAGAGGCTT TTTT-
TG 3', rev shRNA3 primer Mm pECI 5' AATTCAAAAA AAGCCTCTGGTTGCGGTAGTA CTCGAG 
TACTACCGCAACCAGAGGCTT 3'. All three sets led to knockdown of Eci2 and identical bioche-
mical changes. The results for oligo set number 3 are shown as the knockdown was slightly 
more efficient for these oligonucleotides.
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Statistics
Statistical analysis was performed using Graphpad Prism 5. Data are displayed as the mean 
± SD. Differences were evaluated using a two sided t-test or a one-way analysis of variance 
(ANOVA) with Bonferroni's Multiple Comparison Test. Statistical significance is indicated as 
follows: *P < 0.05, **P <0.01 and ***P<0.001.

 
Results

Mild phenotypic presentation of Eci1-deficient mice
Janssen and Stoffel established that upon fasting, the Eci1-deficient mouse accumulates 
lipids with unsaturated fatty acyl groups in the liver and develops dicarboxylic aciduria (Jans-
sen and Stoffel, 2002). Other characteristic derangements observed in inherited FAO defects 
such as an aberrant acylcarnitine profile or hypoketotic hypoglycemia were not reported. 
Initially, we studied WT and Eci1-deficient mouse fibroblasts and determined the impact 
of Eci1 deficiency on FAO in these fibroblasts. We compared the oxidation rate of oleic acid 
to palmitic acid and surprisingly found no difference (Table 2). This indicates that in vitro 
in fibroblasts, oxidation of unsaturated fatty acids is only minimally affected by Eci1 de-
ficiency. To characterize the impact of Eci1 deficiency on the metabolism of unsaturated 
fatty acids in vivo, we compared WT and Eci1-deficient mice on a normal chow diet in the 
fed state and after an overnight fast. Upon fasting, Eci1-deficient mice showed a trend to 
lower blood glucose levels when compared to WT mice (P = 0.09) (figure 2b). Ketone body 
(i.e. β-hydroxybutyrate) levels in the fed and fasted state were not different between Eci1-
deficient and WT mice (figure 2b). Next, we determined the acylcarnitine profile in blood, 
plasma, liver, and heart of WT and Eci1-deficient mice. Tandem mass spectrometric analysis 
of the acylcarnitines in body fluids and tissue is the gold standard for the clinical diagnostics 
of FAO disorders. In the fed condition, Eci1-deficient mice showed a slight accumulation of 
C10:1, C12:1, and C14:1 acylcarnitines in blood (figure 2c) and plasma (data not shown). 
After the overnight fast, Eci1-deficient mice displayed an increase in the accumulation of 
unsaturated acylcarnitines. In blood, we detected the accumulation of C10:1, C12:2, C12:1, 
C14:2, C14:1 and C16:2 acylcarnitines (figure 2c and 2d). In liver and heart, a slight increase 
in C12:1 and C14:1 acylcarnitines was observed (figure 2d). Thus Eci1-deficient mice are 
characterized by a tendency to develop ketotic hypoglycemia and a unique and novel aber-
rant acylcarnitine profile.

An olive oil rich diet increases unsaturated acylcarnitine accumulation in Eci1-deficient mice
To further define the impact of Eci1 deficiency on the oxidation of unsaturated fatty acids, 
WT and Eci1-deficient mice were fed an olive oil rich diet containing 42 % of the energy 
derived from fat (for fatty acid composition see Table 1). Biochemical parameters in blood 
were measured at several consecutive time points during this feeding regimen. Eci1-defi-

Table 2: β-oxidation of oleic and palmitic acid

   oleic acid  palmitic acid ratio oleic/palmitic
   nmol/mg.h nmol/mg.h
 WT  17.9  17.6  1.02
 WT  10.6  12.9  0.82
 Eci1 KO  13.8  14.7  0.94
 Eci1 KO  12.3  12.4  0.99
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FIGURE 2. Metabolite levels in blood, plasma, liver and heart of WT and Eci1-deficient mice. A. Immunoblot 
analysis of Eci1 in WT and Eci1-deficient mouse hearts showing the absence of Eci1 in the Eci1-deficient mice. 
B. Glucose levels (in mmol/L) in blood of overnight fasted WT and Eci1-deficient mouse on a chow diet. Blood 
β-hydroxybutyrate levels in WT and Eci1-deficient mice on a chow diet in the fed and fasted state (in mmol/L). C. 
Acylcarnitine profiles in blood of WT and Eci1-deficient mice on a chow diet in the fed and overnight fasted state 
(in µM). D. Acylcarnitine profiles in liver and heart of WT and Eci1-deficient mice on a chow diet in fasted state. The 
ratio of the acylcarnitines with acetylcarnitine is displayed. E. Levels of C12:1 and C14:1 acylcarnitine measured in 
blood of WT and Eci1-deficient mice in the fed and fasted state on a chow diet and in the fed state when fed an 
olive oil rich diet (ORD) for different duration as indicated. Numbers indicate fold increase. Error bars indicate SD 
*P<0.05, **P<0.01.
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FIGURE 3. UPLC-MS/MS identifies isomers of C12:1 and C14:1 acylcarnitine in blood of Eci1-deficient mice. A. 
UPLC-MS/MS revealed the accumulation of cis-3-C12:1 acylcarnitine and cis-5-C14:1 acylcarnitine in Eci1-deficient 
mouse blood. Blood of Eci1-deficient mice is compared with blood from WT and LCAD KO mice. The identity of the 
peaks is confirmed by comparison of the elution profile with chemically and enzymatically prepared acylcarnitine 
standards. B. Absolute quantification of cis-3-C12:1 and cis-5-C14:1 acylcarnitine in blood of WT and Eci1-deficient 
mice using the method of Minkler (Minkler et al., 2008; Minkler et al., 2011).
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cient mice on an olive oil rich diet displayed an increase in the accumulation of C12:1 and 
C14:1 acylcarnitines when compared with mice on a normal chow diet (figure 2e) demon-
strating that Eci1 plays a role in the oxidation of oleic acid. In time, the absolute acylcarnitine 
levels decreased; however, the fold change with WT mice remained similar (figure 2e). This 
suggests compensatory adaptation to the olive oil rich diet in WT and Eci1-deficient mice.

Cis-3-C12:1 and cis-5-C14:1 acylcarnitine accumulate in the Eci1-deficient mice
The acylcarnitine profile of overnight fasted mice and mice fed an olive oil rich diet showed 
an increase in the accumulation of C12:1 and C14:1 acylcarnitine in blood and liver (figure 
2c, 2d and 2e). Taking the isomerase- and the reductase-dependent route into account (Ren 
and Schulz, 2003), we hypothesized that the isomers accumulating were the cis-3-C12:1 and 
the trans-3-C14:1 acylcarnitines (figure 1). To identify the different isomers of C12:1 and 
C14:1 acylcarnitine, we used chemically and enzymatically prepared isomers of C12:1 and 
C14:1 acylcarnitine and analyzed them by UPLC-tandem mass spectrometry. Using this ap-
proach, we were able to discriminate between the cis-5, cis-3, trans-3, and trans-2 isomers 
of C12:1 acylcarnitine, and the cis-9, cis-5, cis-3, trans-3 and trans-2 isomers of C14:1 acyl-
carnitine (figure 3a). In the blood of Eci1-deficient mice, we detected 4 peaks for C12:1 acyl-
carnitine identified as cis-5-C12:1 acylcarnitine (peak #2), cis-3-C12:1 acylcarnitine (peak 
#3), and trans-3-C12:1 acylcarnitine (peak #4, figure 3a, top panel). The fourth peak marked 
by a question mark may be cis-9 or cis-7-C12:1 acylcarnitine. As expected and consistent 
with the isomerase-dependent pathway, cis-3 C12:1 acylcarnitine was the most abundant 
isomer.
For C14:1 acylcarnitine, 2 peaks were identified: cis-9-C14:1 acylcarnitine (peak #1) and cis-
5-C14:1 acylcarnitine (peak #2). This accumulation of cis-5-C14:1 acylcarnitine is unexpec-
ted and not consistent with the reductase-dependent pathway. We have previously iden-
tified cis-5-C14:1 acylcarnitine as the primary accumulating acylcarnitine in the LCAD KO 
mice (Chegary et al., 2009). The accumulation of cis-5-C14:1 acylcarnitine in Eci1-deficient 
mice was confirmed by a direct comparison with blood from LCAD KO mice (figure 3a). Thus, 
accumulation of cis-5-C14:1 acylcarnitine is consistent with inhibition at the level of LCAD.
In addition, we accurately quantified cis-3-C12:1 (assumed to have the same response as the 
standard trans-2-C12:1) and cis-5-C14:1 acylcarnitine (for which we have standardized cali-
brants). Both acylcarnitines were significantly increased in the blood of Eci1-deficient mice 
(figure 3b, supplemental figure 1). These data suggest that the breakdown of cis-9-C18:1 
occurs primarily via the isomerase-dependent pathway. The accumulation of cis-5-C14:1 
indicates that in Eci1-deficient mice, FAO is inhibited also at the level of LCAD. We found no 
metabolites indicative of the reductase-dependent pathway.

Absence of compensatory upregulation of other ECIs in Eci1-deficient mice
Given the mild phenotypic presentation of Eci1 deficiency in mice, we performed expres-
sion analysis to identify potential compensatory mechanisms, with a special focus on the 
other ECIs and the peroxisome proliferator-activated receptor α (PPARα) signaling pathway. 
Expression levels of PGC1α (Ppargc1a), Eci2, Ech1, Cpt1a, Cyp4a10, and Decr1 were similar 
in livers of fasted WT and Eci1-deficient mice (figure 4). There was a small increase in the 
expression of Acadl, Pdk4 and Ehhadh in the Eci1-deficient mouse liver, suggesting that the 
PPARα pathway was more active (figure 4). Janssen and Stoffel also observed an increase 
of selected PPARα target genes after 24h and 48h of fasting, which supports our finding 
(Janssen and Stoffel, 2002). Despite this finding, these data show that the mild phenotypic 
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presentation of Eci1-deficient mice is not due to activation of compensatory pathways, as 
the expression of none of the other ECIs was upregulated at the transcriptional level. This 
suggests that similar expression levels of other ECIs are sufficient to compensate for Eci1 
deficiency.

Residual ECI activity in mitochondria of Eci1-deficient mice
It is known that Eci2, formerly known as the peroxisomal ECI, is also localized to the mito-
chondria (Zhang et al., 2002). To prove that mitochondria harbor more than one ECI, we 
performed subcellular fractionation of WT and Eci1-deficient mouse kidney and measured 
the ECI activity in the different fractions. In WT kidney, we detected ECI activity in the mi-
tochondrial fraction. In the mitochondrial fraction of Eci1-deficient kidney, however, there 
was still substantial residual ECI activity (figure 5). Therefore, we conclude that there is ad-

FIGURE 4. mRNA expression levels in fasted WT and Eci1-deficient mouse livers. Relative expression levels 
of PGC1α (Ppargc1a), Eci2, Ech1, Cpt1a, Ehhadh, Cyp4a10, Decr1, Acadl and Pdk4 in mouse liver. Expression is 
corrected for cyclophylin A. Error bars indicate SD *P<0.05.

FIGURE 5. Subcellular fractionation of ECI activity in kidney. Subcellular fractionation of WT and Eci1-deficient 
mouse kidney revealed residual isomerase activity in the mitochondria of the Eci1-deficient mouse. GDH and 
catalase activity were measured as marker enzymes for fractions containing mitochondrial or peroxisomal proteins 
respectively (in nmol/min).
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ditional ECI activity in the mitochondria of the Eci1-deficient mouse.

Eci2 is responsible for the residual ECI activity in Eci1-deficient fibroblasts
To prove that Eci2 is responsible for the residual ECI activity in the mitochondria of the Eci1-
deficient mouse, we knocked down Eci2 expression in Eci1-deficient fibroblasts. Eci2 protein 
levels were decreased by 90% in WT and Eci1-deficient fibroblasts as shown by western blot 
analysis (figure 6a). Furthermore, we measured ECI activity in these fibroblasts (figure 6b). 
Considerable residual ECI activity was detected in the Eci1-deficient fibroblasts and the WT 
fibroblasts with a knockdown for Eci2. The most deficient ECI activity was observed in the 
Eci1-deficient fibroblast, in which Eci2 was knocked down. This small residual ECI activity in 
the Eci1-deficient fibroblasts with a knockdown for Eci2 may be due to EHHADH, which is 
localized in the peroxisomes of these fibroblasts, or incomplete Eci2 knockdown. In order to 
determine the impact of combined Eci1 and Eci2 deficiency on FAO in these fibroblasts, we 
incubated the fibroblasts with [U-13C]-oleic or [U-13C]-linoleic acid (figure 6c). The formation 
of acylcarnitines was measured in the culture medium. Upon incubation with oleic acid, 
the Eci1-deficient fibroblasts have slightly elevated levels of C12:1 and C14:1 acylcarnitines, 
which became more pronounced after the knockdown of Eci2 (figure 6c). Furthermore, in 
these fibroblasts, the cis-3-C12:1 and cis-5-C14:1 isomers were responsible for the accumu-
lation of C12:1 and C14:1 acylcarnitines, consistent with the results obtained in the blood 
of the Eci1-deficient mouse (supplemental figure 1). Knockdown of Eci2 in WT fibroblasts 
does not lead to a significant increase in acylcarnitines upon oleic acid incubation. Upon 
incubation with linoleic acid, Eci1-deficient fibroblasts have slightly elevated levels of C10:1, 
C12:2, C14:2 and C18:2 acylcarnitines. Combined Eci1 and Eci2 deficiency prominently in-
creases C12:2 accumulation and also leads to a further increase of C10:1, C14:2 and C18:2 
acylcarnitines (Fig. 6c). Knockdown of Eci2 in WT fibroblasts does not lead to a significant 

FIGURE 6. Eci2 is responsible for the residual ECI activity in the mitochondria of the Eci1-deficient mouse. A. 
Western blot analysis using antibodies against Eci1 and Eci2 revealed a knockdown for Eci2 of 90% in the WT 
and Eci1-deficient mouse fibroblasts. B. ECI activity measurements in WT and Eci1-deficients fibroblast with or 
without Eci2 knockdown. C. Acylcarnitine profile in medium of WT and Eci1-deficient fibroblasts with or without 
Eci2 knockdown incubated with [U-13C]-oleic or [U-13C]-linoleic acid. Error bars indicate SD *P<0.05, **P<0.01, 
***P<0.001.
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increase in acylcarnitines upon linoleic acid incubation. From these data we conclude that 
Eci2 is responsible for the residual ECI activity in mitochondria of the Eci1-deficient mouse.

Discussion

Several mouse models for FAO disorders have been generated and characterized. Mice 
deficient in one of the enzymes of FAO may present with a similar phenotype as human 
patients. For example, the LCAD KO mouse serves as a model for human very long-chain 
acyl-CoA dehydrogenase deficiency because these mice display hypoketotic hypoglycemia, 
accumulation of specific acylcarnitines, as well as cardiac hypertrophy (Bakermans et al., 
2011; Chegary et al., 2009; Cox et al., 2001; Kurtz et al., 1998). Although a human inherited 
metabolic disease has been described for most of the mitochondrial FAO enzymes, patients 
with a deficiency in one of the ECIs have yet to be identified. These patients might have 
been missed because of unusual or mild phenotypes. To obtain more insight in the role of 
ECI1 in mitochondrial FAO, we further characterized a previously generated Eci1-deficient 
mouse model (Janssen and Stoffel, 2002). This mouse model might be suitable to identify 
potential presentations of human ECI1 deficiency as well as to define diagnostic markers for 
ECI1 deficiency. We focused on the acylcarnitine accumulation, as this currently constitutes 
the main tool in the diagnostics of FAO disorders.
Initially, we used Eci1-deficient mouse fibroblasts. In these fibroblasts, the rate of oleic acid 
and palmitic acid oxidation was not different when compared to WT fibroblasts, indicating 
a mild metabolic defect. Next, we studied Eci1-deficient mice. Overnight fasting or feeding 
an olive oil rich diet caused accumulation of C12:1 and C14:1 acylcarnitines in blood and 
tissues of Eci1-defcient mice. Moreover, Eci1-deficient mice display mild fasting-induced 
ketotic hypoglycemia. Interestingly, Decr1-deficient mice, in which another auxiliary FAO 
enzyme is defective, also have ketotic hypoglycemia, albeit more severe (Miinalainen et al., 
2009). This suggests that defects in different auxiliary enzymes are characterized by ketotic 
hypoglycemia. Similar to humans, mouse models for FAO defects such as Decr1- and LCAD-
deficient mice have a prominent fatty liver (Chegary et al., 2009; Miinalainen et al., 2009). 
In contrast to the initial observation by Janssen and Stoffel (Janssen and Stoffel, 2002), Eci1-
deficient mice do not have hepatic steatosis. This might be caused by a difference in the 
duration of the fasting period; Janssen and Stoffel analyzed after 48h of fasting, while we 
performed an overnight fast. Cardiac hypertrophy, which is present in LCAD-deficient mice 
(Kurtz et al., 1998), was absent in both Eci1-and Decr1-deficient mice ((Miinalainen et al., 
2009) and data not shown). Thus overall, the phenotypic presentation of Eci1 deficiency in 
mice is relatively mild.
By using UPLC-MS/MS, we found that cis-3-C12:1 and cis-5-C14:1 acylcarnitine accumulate 
and not trans-3-C14:1 acylcarnitine. Accumulation of trans-3-C14:1 acylcarnitine was ex-
pected if the oleic acid would be oxidized via the reductase-dependent pathway (figure 1a). 
Therefore, we conclude that the breakdown of oleic acid is primarily proceeding via the iso-
merase-dependent pathway as was originally proposed by Ren and Schulz (Ren and Schulz, 
2003), which is in line with the accumulation of cis-3-C12:1 acylcarnitine. In the murine FAO 
pathway, the cis-5-C14:1-CoA is known to be the substrate for LCAD, concluded from the 
fact that its acylcarnitine ester, cis-5-C14:1 acylcarnitine, is the primary metabolite accumu-
lating in the LCAD KO mouse (Chegary et al., 2009). We speculate that the accumulation of 
the primary substrate for Eci1 (cis-3-C12:1-CoA) inhibits the enzyme activity of LCAD, resul-
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ting in elevated levels of cis-5-C14:1-CoA and as a consequence cis-5-C14:1 acylcarnitine. In 
humans, expression of LCAD is very low and VLCAD is the major enzyme involved in metabo-
lism of cis-5-C14:1-CoA, therefore a potential human ECI1 deficiency may not present with 
C14:1 acylcarnitine accumulation.
In peroxisomes, Eci2 is the major monofunctional isomerase; however, Eci2 also is known to 
be localized in the mitochondria (Zhang et al., 2002). Eci1 deficiency in mice leads to a mild 
phenotype, suggesting that Eci2 can compensate for Eci1 deficiency in mitochondria. It is 
important to realize that this compensation can occur without an increase in the expression 
levels of Eci2 (figure 4). Indeed, when we knocked down Eci2 in the Eci1-deficient mouse 
fibroblasts, more pronounced accumulation of the unsaturated acylcarnitines was observed 
when incubated with either oleic acid or linoleic acid. When Eci2 was knocked down in WT 
mouse fibroblasts, no accumulation of unsaturated fatty acids was observed. This further 
substantiates that both ECIs can compensate for each other’s deficiency and thus are at 
least in part functionally redundant in unsaturated FAO.
Despite this functional redundancy, our data prove that both Eci1 and Eci2 play a role in the 
oxidation of oleic acid, with Eci1 being slightly more important. In addition, we also prove 
that Eci1 and Eci2 are involved in the oxidation of linoleic acid, again with a high degree of 
functional redundancy. Based on the pathway proposed by Schulz and Kunau (Schulz and 
Kunau, 1987), ECI activity is crucial for the conversion of two metabolites in linoleic acid 
degradation (figure 1b; cis-3,cis-6-C12:2-CoA and trans-3-C10:1-CoA). Indeed, upon incuba-
tion with [U-13C]-linoleic acid, we observed accumulation of labeled C10:1 and C12:2 acyl-
carnitine. Therefore, we speculate that these acylcarnitines are the cis-3,cis-6-C12:2 acyl-
carnitine, and the trans-3-C10:1 acylcarnitine. Since standards for these specific isomers are 
not yet available, we could not confirm the identity of these acylcarnitines.
The questions that remain are: why are there two ECIs present in the mitochondria, and 
why there are no unsaturated acylcarnitines accumulating in WT fibroblasts in which Eci2 
has been knocked down? A previous study, in which the substrate specificity of the mito-
chondrial ECIs was characterized, provided evidence that Eci1 is the dominant enzyme in 
catalyzing the conversions of cis-3-enoyl-CoA to trans-2-enoyl-CoA and trans-2,cis-5-enoyl-
CoA to trans-3,cis-5-enoyl-CoA, whereas Eci2 contributes significantly to the conversion of 
trans-3-enoyl-CoA to trans-2-enoyl-CoA (Zhang et al., 2002). This is in line with our data and 
suggests that the oxidation of oleic and linoleic acid is more dependent on the isomerase-
dependent pathway, with Eci1 as the most important isomerase. Eci2 could be more impor-
tant for the oxidation of trans fatty acids such as elaidic acid (trans-9-C18:1). As trans fatty 
acids are only present in small amounts in rodent chow and our diet, they do not contribute 
to the observed acylcarnitine profiles. Furthermore, we cannot exclude that EHHADH (lo-
cated in peroxisomes) could partially compensate for Eci1 and Eci2 deficiency as well. This, 
however, seems unlikely, as EHHADH is predicted to be involved in catalyzing the reaction of 
trans-2,cis-5-enoyl-CoA to trans-3,cis-5-enoyl-CoA (Zhang et al., 2002).
In conclusion: in mice a deficiency of Eci1 leads to a mild metabolic phenotypic presenta-
tion due to a high degree of functional redundancy of Eci1 and Eci2. Therefore, human ECI1 
deficiency might have been missed because of a very mild presentation or no disease pre-
sentation at all. Based on our studies, we suggest screening patients with a mild ketotic hy-
poglycemia for an accumulation of C10:1, C12:2 and C12:1 acylcarnitines, which are specific 
for Eci1-deficiency in mice. This might lead to future identification of ECI1-deficient patients.
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SUPPLEMENTAL FIGURE 1

Supplemental figure 1. C12:1 and C14:1 acylcarnitine isomers identified in blood and fibroblast 
medium of WT and Eci1-deficient mice using HPLC-MS/MS as described by Minkler et al. (22,23).
Acylcarnitine standard compounds (calibrators) used for the quantification of C12:1 and C14:1 
acylcarnitine isomers. Using this HPLC-MS/MS method, we were not able to separate the trans-2 and 
trans-3 isomers of C12:1 and C14:1 acylcarnitines. Separation of these compounds was accomplished 
using the UPLC-MS/MS method specifically optimized for separation of these compounds (Fig. 5).
 

SUPPLEMENTAL FIGURE 1. C12:1 and C14:1 acylcarnitine isomers identified in blood and fibroblast medium of 
WT and Eci1-deficient mice using HPLC-MS/MS as described by Minkler et al. (Minkler et al., 2008; Minkler et al., 
2011). Acylcarnitine standard compounds (calibrators) used for the quantification of C12:1 and C14:1 acylcarnitine 
isomers. Using this HPLC-MS/MS method, we were not able to separate the trans-2 and trans-3 isomers of C12:1 
and C14:1 acylcarnitines. Separation of these compounds was accomplished using the UPLC-MS/MS method spe-
cifically optimized for separation of these compounds (figure 5).
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Abstract

Proteomic analysis of mouse kidney peroxisomes revealed a novel protein resembling 
∆3,∆2-enoyl-CoA isomerases. Our subsequent detailed biochemical, molecular and evolu-
tionary characterization revealed that Eci3 is the fourth member of the mammalian enoyl-
CoA isomerase family. These are auxiliary enzymes necessary for β-oxidation of unsatura-
ted fatty acids. Eci3 is highly homologous to Eci2, and contains an isomerase/crotonase-like 
domain, a partial acyl-CoA binding domain and a peroxisomal targeting signal type 1. Only 
one ortholog, rat Eci3, could be identified, suggesting that Eci3 specifically evolved in the 
rodent lineage after gene duplication of Eci2. We show that mouse Eci3 is highly and almost 
exclusively expressed in kidney, explaining its alias kidney specific expressed protein 2. In 
contrast, Eci3 expression in rat is ubiquitous. Subcellular fractionation of mouse kidney and 
immunofluorescence studies revealed a specific peroxisomal localization for Eci3. In vitro 
Eci3 catalyzed the isomerization of trans-3-nonenoyl-CoA to trans-2-nonenoyl-CoA pointing 
to a role in the metabolism of unsaturated fatty acids. However, in contrast to Eci2, in silico 
gene co-expression analysis for Eci3 in kidney did not yield carboxylic acid metabolism, but 
rather several regulatory and signaling processes as the most enriched biological pathways 
in vivo. Thus Eci3 picked up a novel and unexpected role in kidney during rodent evolution.
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Introduction

Fatty acid β-oxidation (FAO) plays a pivotal role in metabolism and energy homeostasis in 
tissues with a high energy requirement such as the kidney. In animal cells, mitochondria oxi-
dize the bulk of long-chain saturated and unsaturated fatty acids present in our diet and fat 
stores, whereas peroxisomes oxidize specific carboxylic acids such as very long-chain fatty 
acids and fatty dicarboxylic acids (Wanders and Waterham, 2006). In addition to the enzy-
mes necessary for the oxidation of saturated fatty acids, auxiliary enzymes are needed for 
the metabolism of unsaturated fatty acids (Kunau et al., 1995). These auxiliary enzymes are 
∆3,∆2-enoyl-CoA isomerase (ECI), 2,4-dienoyl-CoA reductase (DECR) and ∆3,5,∆2,4-dienoyl-
CoA isomerase. ECI catalyzes the reversible isomerization of the double bond in cis-3-enoyl-
CoA or trans-3-enoyl-CoA to trans-2-enoyl-CoA and is crucial for the oxidation of mono- as 
well as the poly-unsaturated fatty acids (Janssen and Stoffel, 2002; Ren and Schulz, 2003; 
Schulz and Kunau, 1987; Stoffel et al., 1964; van Weeghel et al., 2012). After isomerization, 
the trans-2-enoyl-CoA reenters the FAO pathway. Several ECIs are present in mitochondria 
and peroxisomes of mammalian cells, which all belong to the low similarity isomerase/hy-
dratase superfamily of proteins (Geisbrecht et al., 1999; Holden et al., 2001; Muller-Newen 
et al., 1995; Osumi et al., 1985; Palosaari et al., 1990; Stoffel et al., 1993; Zhang et al., 2002). 
The peroxisomal 2-enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (L-bifunctional 
protein) encoded by EHHADH contains the ECI as a separate domain (Palosaari and Hiltu-
nen, 1990). The two other mammalian ECIs are monofunctional proteins and include the 
mitochondrial ECI (ECI1), which localizes solely to mitochondria (Muller-Newen and Stoffel, 
1991; Palosaari et al., 1990), and the peroxisomal ECI (ECI2), which localizes both to mito-
chondria and peroxisomes (Geisbrecht et al., 1999; Zhang et al., 2002). Recently, proteomic 
analysis of mouse kidney peroxisomes revealed a novel protein, kidney specific expressed 
protein 2 (KSEG2 or LOC69123) encoded by 1810022C23Rik, which has high homology to 
mouse Eci2 (Ofman et al., 2006; Wiese et al., 2007) and has been renamed Eci3. Here, we 
describe the characterization of Eci3 in rat and mouse.
 

Experimental procedures

Sequence analysis and alignments
The ClustalW2 algorithm software was used to create the phylogram guide tree of Eci1, Eci2 
and Eci3 and the sequence alignment of Homo sapiens Eci2 (gene ID: 10455), Rattus norve-
gicus Eci2 (gene ID: 291075), Mus musculus Eci2 (gene ID: 23986), R. norvegicus Eci3 (gene 
ID: 291076) and M. musculus Eci3 (gene ID: 69123).

Cloning procedures
The pMAL-c2X vector system (New England Biolabs) was used to express mouse Eci2 and 
Eci3 as maltose binding protein (MBP) fusion proteins in Escherichia coli. The pCMV-Tag2 
and pCMV-Tag4 vector system (Agilent technologies) were used to express human ECI2, 
mouse Eci2 and mouse Eci3 in fibroblasts with either an N-terminal FLAG-tag (pCMV-Tag2) 
or a C-terminal FLAG-tag (pCMV-Tag4). The human ECI2 open reading frame (ORF) was am-
plified by PCR from human liver cDNA using the following primers: a BglII-tagged forward 
primer 5’-agatctATGAATAGAACAGCAATG-3’, a SalI-tagged reverse primer 5’-gtcgacTCACA-
GTTTTGATTTTCT-3’ or a SalI-tagged reverse primer without stop codon 5’-gtcgacTCTCAG-
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TTTTGATTTTCT-3’. The mouse Eci2 ORF was amplified from mouse kidney cDNA using the 
following primers: a BglII-tagged forward primer 5’-agatctATGGCGGCAGTGACCTGGAGT-3’ 
as forward primer, a SalI-tagged reverse primer 5’-gtcgacTCACAGCTTTGGTTTTCT-3’ or a SalI-
tagged reverse primer without stop codon 5’-gtcgacTCTCAGCTTTGGTTTTCT-3’. The mouse 
Eci3 ORF was amplified from mouse kidney cDNA using the following primers: a BglII-tagged 
forward primer 5’-agatctATGCCTAAGCCTGGTGTG-3’, a SalI-tagged reverse primer 5’-gtcg-
acTCATAGCTTAGCCTTTGC-3’ or a SalI-tagged reverse primer without stop codon 5’-gtcg-
acTCTTAGCTTAGCCTTTGC-3’.

Expression and purification of recombinant ECI proteins
pMAL-Eci2 and pMAL-Eci3 were used for protein expression in E. coli. For this, 100 mL rich 
broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, 2 g/L glucose, 100 µg/mL ampicillin) 
was inoculated with 1 mL of an overnight culture. At A600 of ~0.5 protein expression was in-
duced by the addition of isopropyl-β-D-thiogalactopyranoside to a final concentration of 0.3 
mM. After 2 hours at 37°C cells were harvested by centrifugation at 4000g for 10 minutes 
and resuspended in 5 mL phosphate buffered saline (PBS) containing protease inhibitors 
(complete mini, Roche). After sonicating 3 times at 8 watt for 10 seconds with 1 minute 
interval, the soluble extract was separated from debris by centrifugation at 10,000g for 10 
minutes and diluted with 5 volumes of buffer A (20 mM TRIS-HCl, pH 7.4, 200 mM NaCl, 1 
mM EDTA and 1 mM DTT). Amylose-resin was prepared according to the instructions of the 
supplier (New England Biolabs) and added to the diluted extract. After 1 hour batch-wise 
incubation at 4°C, a column was prepared and washed with 12 bed volumes of buffer A. 
MBP-fusion proteins were eluted with 2 bed volumes of buffer A containing 10 mM maltose. 
Protein concentration was determined using the Bradford assay.

Synthesis of 3-nonenoyl-CoA and ECI activity measurement
Trans-3-nonenoic acid was obtained from TCI Europe (N0312; TCI Europe). The synthesis of 
trans-3-nonenoyl-CoA was performed as described by Rasmussen et al. (Rasmussen et al., 
1990). The product was purified on a C18 SPE column (J.T. Baker) and its purity was deter-
mined by high pressure liquid chromatography (HPLC) analysis. The ECI activity of purified 
recombinant Eci2 or Eci3 was measured as described previously (van Weeghel et al., 2012).

Antibodies and immunoblotting
The rabbit polyclonal antiserum against mouse Eci2 was a generous gift of Dr. H. Schulz 
(Department of Chemistry, The City College of the City University of New York, New York, 
10031). This antiserum was affinity purified using recombinant Eci3. The resulting Eci2/3 
antibody recognizes Eci2 and Eci3 in immunoblotting as well as histologic procedures. A 
monoclonal anti-tubulin antibody (T6199; clone DM1A) was obtained from Sigma. Goat 
anti-rabbit IrD cw800 and monkey anti-mouse IrD cw680 were from Li-Cor and immunoblot 
images were obtained using the Odyssey infrared imaging system (Li-Cor biosciences).

Isopycnic Nycodenz density gradient analysis of mouse kidney and liver
Mouse kidney and liver (strain Swiss and C57BL/6, respectively) were obtained in studies 
approved by the institutional review board for animal experiments at the Academic Medi-
cal Center, Amsterdam, the Netherlands. Isopycnic Nycodenz density gradient analysis of 
mouse kidney and liver was performed as described previously (Ofman et al., 2006). Frac-
tions of 1 mL were taken from the bottom of the isopycnic Nycodenz density gradient and 
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were assayed for the marker enzymes glutamate dehydrogenase (mitochondria), catalase 
(peroxisomes), phosphoglucoisomerase (cytoplasm), β-hexosaminidase (lysosomes) and es-
terase (microsomes) as described previously (Wanders et al., 1984; Wanders et al., 1986). 
Protein concentration was measured according to the method of Bradford using BSA as 
standard.

Immunofluorescence of Eci2 and Eci3 in mouse fibroblasts
Mouse fibroblasts were cultured in DMEM (Lonza) with 4.5 g/L glucose, L-glutamine, 10% 
FBS (Invitrogen 10270-106), 100 µg/mL penicillin/streptomycin (Invitrogen), 0.25 µg/mL 
fungizone (Invitrogen) and 25 mM HEPES (Invitrogen). Fibroblasts were transfected using 
the AMAXA system (Nucleofector I) according to the protocol of the manufacturer (Lonza). 
Two days after transfection, fibroblasts were fixed and incubated with anti-FLAG clone M2 
antibody (Agilent technologies) together with either anti-ABCD3 (anti-ABCD3, Santa Cruz) to 
localize the peroxisomes or MitoTracker Red FM (M22425; Invitrogen) to localize the mito-
chondria. Biotinylated goat anti-mouse (Abcam) was used as a secondary antibody followed 
by streptavidin-FITC (Invitrogen) to identify the FLAG epitope. Alexa fluor anti-rabbit 546 
(Invitrogen) was used to identify ABCD3.

Immunofluorescence of human and mouse kidney
Human renal tissue specimens from the archives of the department of Pathology, Acade-
mic Medical Center, University of Amsterdam, were studied after completion of diagnostic 
procedures and according to the Code for Proper Secondary Use of Human Tissues (2011) 
of the Dutch Federation of Medical Research Associations (www.federa.org). Control ma-
ture tissue from tumor-free, macroscopically normal portions of nephrectomy specimens 
was used. Kidneys from adult control mice used in another study for which the committee 
for experimental animal procedures of the University of Amsterdam approved all applied 
procedures were used. For immunofluorescence, 4-µm-thick sections were cut from for-
malin-fixed, paraffin-embedded tissue. After dewaxing and rehydration, heat-induced epi-
tope retrieval (HIER) was performed, using 10 mM citrate, pH 6.0, for 10 min at 98 °C. The 
sections were subsequently incubated using the following primary antibodies: polyclonal 
rabbit IgG anti-Eci2/3 (generous gift of Dr. H. Schulz) in combination with either monoclonal 
mouse IgG2b anti-VDAC1 (clone 20B12AF; Abcam, Cambridge, UK) or polyclonal goat IgG 
anti-ABCD3 (SAB4200181; Sigma-Aldrich, Zwijndrecht, The Netherlands or sc-21384; Santa 
Cruz Biotechnology, Santa Cruz, CA). Upon washing, sections were incubated either with 
AlexaFluor488-conjugated donkey anti-rabbit IgG (A-21206; Life Technologies, Grand Island, 
NY) in combination with Texas Red-conjugated donkey anti-goat IgG (605-709-125; Rockland 
Immunochemicals, Gilbertsville, PA) or with Texas Red-conjugated goat anti-rabbit IgG (111-
075-047; Jackson ImmunoResearch, West Grove, PA) in combination with FITC-conjugated 
goat anti-mouse IgG2b (1090-02; Southern Biotech, Birmingham, AL). After washing, secti-
ons were mounted with Vectashield containing DAPI (Vector Laboratories, Burlingame, CA). 
Epifluorescence imaging was performed using a Leica DM5000B microscope with HC PLAN 
APO 20x/0.70 dry and HCX PL APO 63x/1.40 oil immersion objectives. Images were recorded 
using a Leica DFC500 camera and LAS software (Leica Microsystems, Rijswijk, The Nether-
lands). For convenience, in the Results section Eci2/3 images are presented in red, and those 
of both VDAC1 and ABCD3 in green.
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Gene co-expression analysis
Gene co-expression analysis for Eci2 and Eci3 was performed using GeneNetwork (www.
genenetwork.org (Chesler et al., 2004; Wang et al., 2003)). Kidney array data were available 
from recombinant inbred strains of rats (HXB/BXH) and mice (BXD). We used microarray 
analysis data from kidney, since this tissue expresses Eci2 and Eci3 in both rat and mouse. 
HXB/BXH strains were derived from a cross between the spontaneously hypertensive rat 
(SHR/OlaIpcv = H) and Brown Norway (BN.Lx/Cub or BN = B)(Pravenec et al., 1989; Pravenec 
et al., 2004). BXD strains were derived by crossing C57BL/6J (B6) and DBA/2J (D2). For rat, 
we used the MDC/CAS/ICL Kidney 230A (Apr05) RMA database and probesets 1388908_at 
(Peci) and 1388884_at (RGD1310224) as traits. The top ~200 gene gene correlates were 
selected for further analysis. For mouse, we used the Mouse kidney M430v2 Sex Balan-
ced (Aug06) RMA and probesets 1431012_a_at (Eci2) and 1451588_at (Eci3) as traits. For 
Eci2, we selected the top 200 gene correlates of all BXD strains available. For Eci3, the BxD 
strains were separated according to the C57BL/6 or DBA/2J genotype at the Eci3 locus. The 
top ~200 gene gene correlates from both groups were selected for further analysis. All Eci 
probesets were checked for specificity. The resulting genelists were uploaded to MetaCore 
(Thomson Reuters) for pathway enrichment analysis.
 

Results

Identification of Eci3 as a novel ∆3,∆2-enoyl-CoA isomerase
Proteomic analysis of mouse kidney peroxisomes resulted in the identification of several dis-
tinct proteins most of which are established peroxisomal proteins (Ofman et al., 2006; Wie-
se et al., 2007). However, one of the identified proteins was a previously uncharacterized 
ECI, known as kidney specific expressed protein 2 (KSEG2 or LOC69123). Upon our request, 
the official names for the ECI genes have been changed by the human, mouse, and rat gene 
nomenclature committees. Instead of naming by localization, which can lead to confusion, 
the different monofunctional ECIs are now named numerically, as is the case for plant ECIs 
(Goepfert et al., 2008), with the number indicating their order of discovery. Therefore, the 
mitochondrial ECI (also known as DCI) was renamed to Eci1, the peroxisomal ECI to Eci2 and 
KSEG2 to Eci3. The calculated mass of the full-length Eci3 protein is 35.2 kDa. Based on the 
result of the two-dimensional gel-electrophoresis experiments, Eci3 appears to be mono-
meric under native conditions with a native molecular mass <50 kDa (Ofman et al., 2006), 
which is in contrast to other members of this protein family that appear to be hexameric 
proteins, composed of a dimer of trimers (Hubbard et al., 2006; Mursula et al., 2001).

Eci3 is rodent specific and highly homologous to Eci2
The gene encoding mouse Eci3 is located on chromosome 13 in a head to tail configuration 
to the Eci2 gene (figure 1a). We searched for Eci3 orthologs and identified only a rat ortho-
log. Like in mice, rat Eci3 is positioned head to tail to the Eci2 gene on chromosome 17. A 
phylogram guide tree of mouse Eci3, rat Eci3 and Eci2 of different mammalian species sho-
wed that Eci3 of mouse and rat are highly homologous and form a separate branch (figure 
1b). Taken together, these observations suggest that Eci3 specifically evolved in the rodent 
lineage after a gene duplication event. The primary sequence of mouse and rat Eci3 consists 
of 317 and 303 amino acids. A clustalW multiple sequence alignment of the protein sequen-
ce of mouse Eci3, rat Eci3 and mouse, rat and human ECI2 revealed a high level of identity 
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(Supplemental figure 1). Eci2 and Eci3 contain a domain characteristic for the low similarity 
isomerase/hydratase superfamily of proteins, and a peroxisomal targeting sequence (PTS) 
type 1 (AKL) that suggests peroxisomal localization. But unlike Eci2, Eci3 does not contain a 
mitochondrial targeting sequence (MTS). In addition, it has only a partial acyl-CoA binding 
protein (ACBP) domain. 
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FIGURE 1. Eci3, a novel Δ3,Δ2-enoyl-CoA isomerase in mouse and rat. (A) Gene alignment of mouse Eci2 and Eci3 
on chromosome 13 showing head to tail localization. (B) Phylogram guide tree showing a separate branch for rat 
and mouse Eci3 in the Eci subfamily.

Eci3 has ∆3,∆2-enoyl-CoA isomerase activity
To test whether Eci3 has ECI activity, we expressed Eci2 and Eci3 as MBP fusion proteins and 
assayed these recombinant proteins for ECI activity (figure 2). Eci3 catalyzed the isomeriza-
tion of trans-3-nonenoyl-CoA to trans-2-nonenoyl-CoA (figure 2b). The activity was compa-
rable to the ECI activity of Eci2 (figure 2a). As enoyl-CoA isomerases and hydratases belong 
to the same protein superfamily, we also assayed Eci3 for 2-enoyl-CoA hydratase activity, 
but were unable to detect this (figure 2b). Thus Eci3 has ECI activity and could function as 
an auxiliary enzyme in FAO.

Eci3 is localized in the peroxisomes of mouse kidney
Eci3 was identified by proteomic analysis of mouse kidney peroxisomes. Indeed, the amino 
acid sequence of Eci3 contains a typical PTS1 (AKL, Supplemental figure 1) suggesting per-
oxisomal localization. To further confirm the subcellular localization of Eci2 and Eci3, we 
performed density gradient analysis of mouse kidney and liver homogenates (figure 3a and 
3b). Catalase (CAT) and glutamate dehydrogenase (GDH) were measured as marker for per-
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oxisomes and mitochondria, respectively. The distribution of Eci2 and Eci3 was studied using 
immunoblot analysis. Eci2 in mouse kidney and liver co-localizes mainly with the activity of 
GDH (figure 3a and 3b). A small fraction of Eci2 was observed in the peroxisomal fractions 
(figure 3a and 3b). This is consistent with the previously observed dual localization of Eci2 
(Zhang et al., 2002). In contrast, in mouse kidney Eci3 is mainly detected in the peroxisomes 
(Fig. 3A). Some Eci3 is also detected in the mitochondrial fractions, but this coincides with 
a parallel increase in the amount of CAT activity in these fractions and thus most likely re-
presents some peroxisomal contamination. As expected, Eci3 is not present in mouse liver 
(figure 3B). Taken together, these results suggest that in mouse kidney Eci3 has an exclusive 
peroxisomal localization.
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FIGURE 2. Eci3 has Δ3,Δ2-enoyl-CoA isomerase activity. (A) Activity measurements for Eci2 and Eci3 using trans-
3-nonenoyl-CoA as a substrate. (B) Chromatograms showing the formation of trans-2-nonenoyl-CoA from trans-
3-nonenoyl-CoA for both Eci2 and Eci3. A fibroblast homogenate was used as a positive control showing the for-
mation of trans-2-nonenoyl-CoA and 3-hydroxy-nonenoyl-CoA. No formation of 3-hydroxy-nonenoyl-CoA was 
observed for both isomerases.
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FIGURE 3. Mouse Eci2 and Eci3 distribution in subcellular fractions of kidney and liver. Affinity purified anti-Eci2/3 
was used to identify Eci2 and Eci3 in Nycodenz gradient fractions of mouse kidney (A) and liver (B). Eci2 and Eci3 
distribution in the fractions was compared to marker enzymes for mitochondria (GDH) and peroxisomes (CAT) in 
both the kidney (A) and the liver (B).
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Immunofluorescence confirms exclusive peroxisomal localization for Eci3
To obtain additional evidence for the subcellular localization of the different ECIs, we over-
expressed mouse Eci2, mouse Eci3 and human ECI2 with either an N-terminal or C-terminal 
FLAG-tag in mouse fibroblasts. The N- or C-terminal FLAG-tag will interfere with either the 
mitochondrial targeting or the peroxisomal targeting, respectively. Co-localization was in-
vestigated using either a peroxisomal marker (ABCD3) or a mitochondrial marker (mitotrac-
ker). We observed that mouse Eci2 with an N-terminal FLAG-tag was localized to the per-
oxisomes (figure 4a), whereas the C-terminal FLAG-tagged mouse Eci2 was localized to the 
mitochondria (figure 4b), again consistent with the previously reported dual localization of 
Eci2 (Zhang et al., 2002). Human ECI2 was localized in the mitochondria or the peroxisomes 
depending on the localization of the FLAG-tag, identical to mouse Eci2 (data not shown). N-
terminal FLAG-tagged Eci3 was localized to the peroxisomes (figure 4c), whereas Eci3 with a 
C-terminal FLAG-tag showed no specific localization (figure 4d). Thus, immunofluorescence 
studies confirm the exclusive peroxisomal localization of Eci3.
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α-Abcd3α-FLAG Merge

Eci2-FLAG

α-FLAG Mitotracker Merge
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α-FLAG α-Abcd3 Merge
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FIGURE 4. Mouse Eci3 is a peroxisomal matrix protein. Eci2 and Eci3 tagged with an N- or C-terminal FLAG-tag 
were transfected in mouse fibroblasts and localization was compared with either a mitochondrial marker (mito-
tracker) or a peroxisomal marker (Abcd3). (A) FLAG-Eci2 is localized to the peroxisomes, whereas, (B) Eci2-FLAG is 
localized to the mitochondria. (C) FLAG-Eci3 is localized to the peroxisomes, whereas, (D) Eci3-FLAG has no specific 
localization profile and fluorescence is scattered throughout the whole cell.
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The tissue expression profile of Eci3 in mouse and rat
Data publicly available in gene expression databases such as the EST profile of UniGene and 
the GEO datasets, suggest that in mice, Eci3 is highly expressed in adult kidney and at very 
low levels in small intestine, colon, brown adipose tissue (BAT) and white adipose tissue 
(WAT). Expression of Eci3 was absent in other tissues. Surprisingly, similar analysis for rat 
Eci3 show a more ubiquitous expression pattern. The Eci2/3 antibody was used for immu-
noblot analysis to further explore the expression of Eci2 and Eci3 in selected tissues from 
mouse and rat. Eci3 can be distinguished from Eci2 on the basis of its molecular weight. 
Expression of Eci2 (37 kDa) was observed in all mouse and rat tissues tested (figure 5a and 
b). In mouse tissues, we observed high Eci3 (30 kDa) expression in kidney and much lower 
levels in WAT (figure 5a). In rat, Eci3 was detected in all tissues tested with highest levels in 
kidney and liver (figure 5b). As expected, we did not observe Eci3 in human kidney (figure 
5a and b). These results are in agreement with the in silico expression data of Eci3 and il-
lustrate that in mouse Eci3 is specifically expressed in kidney, whereas in rat expression is 
more ubiquitous.
To identify cells that express Eci2 and Eci3 in mouse kidney, we queried a publicly available 
serial analysis of gene expression (SAGE) database that allows comparing quantitative gene 
expression profiles along the mouse nephron (Cheval et al., 2011). These SAGE data show 
that in mice Eci3 is highly expressed in the proximal tubule with levels increasing from the 
convolute to the straight segment (figure 5c). Some SAGE tags were also found in the glo-
merulus, but Eci3 expression was not detected in other segments of the nephron. Eci2 and 
Eci1 are expressed more ubiquitous in the mouse kidney, although Eci1 expression was not 
observed in the glomerulus (figure 5c).

Immunofluorescence confirms the expression of Eci2 and Eci3 in murine and ECI2 in human 
kidney
To further investigate the expression of Eci2 and Eci3 in mouse kidney, we performed im-
munofluorescence and compared mouse and human kidney. We used anti-Eci2/3 to identify 
Eci2 and Eci3. Antibodies against VDAC1 and ABCD3 were used as mitochondrial and per-
oxisomal markers, respectively. Subsets of tubular epithelial cells, predominantly located 
in the proximal compartment of mouse (figure 6a and c) and human kidney (figure 6b and 
c) stained strongly with anti-Eci2/3. ABCD3 staining in the tubular epithelial cells revealed 
a punctuated pattern showing the peroxisomal localization. The Eci2/3 staining in mouse 
(and human) was less granular and resembled VDAC1 staining suggesting that we primarily 
detected Eci2. In addition, we detected positive stained cells within the mesangial area of 
the mouse glomeruli (figure 6a), but not of human glomeruli (figure 6b). In addition, anti-
Eci2/3 stained endothelial cells in arterioles of mouse kidney (figure 6a and c), but not in 
human kidney (figure 6b and c). Also a subset of cells associated with peritubular capillaries 
was found to be stained by anti-Eci2/3 in mouse kidney (figure 6a and c), but not in human 
kidney (figure 6b and c). Mouse adipocytes, associated with the renal vascular pole, also 
stained positive with anti-Eci2/3 (data not shown). Interestingly, these unique Eci2/3 po-
sitive cells in mouse kidney are not positive for ABCD3. This does not exclude peroxisomal 
localization, as it could indicate low ABCD3 expression in these cells. These differences bet-
ween human and mouse kidney suggest that Eci2 and Eci3 are expressed in a cell-specific 
manner in mouse kidney.
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FIGURE 5. Tissue expression profile of Eci2 and Eci3 in mouse and rat. (A) Immunoblot of Eci2 and Eci3 in selec-
ted mouse tissues with quantification of the tissue distribution. (B) Immunoblot of Eci2 and Eci3 in selected rat 
tissues with quantification of the tissue distribution. (C) SAGE tags detected along the mouse nephron for Eci1, 
Eci2 and Eci3 (Cheval et al., 2011). Abbreviations used are: GLOM, glomerulus; S1, convoluted proximal tubule; 
S2, straight proximal tubule; S3, straight proximal tubule; MTAL and CTAL, medullary and cortical portion of the 
thick ascending limb of Henle’s loop; DCT, distal convoluted tubules; CNT, connecting tubules; CCD and OMCD, 
cortical and medullary collecting ducts.
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Eci3 has a highly significant expression quantitative trait locus in recombinant inbred BXD 
mice
To obtain additional information on the role of Eci2 and Eci3 in cellular metabolism and their 
regulation, we performed in silico gene co-expression analysis using GeneNetwork (http://
www.genenetwork.org/). We selected two experimental models; the BXD (an intercross 
between C57BL/6J and DBA/2J) and the HXB/BXH recombinant inbred genetic reference po-
pulations (an intercross between the spontaneously hypertensive rat and Brown Norway). 
From both experiments, we used microarray analysis data from kidney, since this tissue ex-
presses Eci2 and Eci3 in both rat and mouse. In rat, expression levels of Eci2 and Eci3 varied 
between the different strains, but seemed normally distributed. In contrast, Eci3 expression 
in mouse kidney varied over 5-fold and deviated from normality (Supplemental figure 2a). 
By interval mapping for Eci3 expression, we found a highly significant expression quantita-
tive trait locus with an LRS of 86 at the location of the gene itself (cis-eQTL, Supplemental 
figure 2b). Detailed haplotype analysis of this trait to chromosome 13 clearly showed that 
the DBA/2J allele leads to low expression, whereas the C57BL/6J allele confers high expres-
sion (Supplemental figure 2a). Next, we surveyed 5 different common inbred mouse strains 
for Eci3 protein expression using immunoblot. Indeed, Eci3 protein expression was very low 
in DBA/2J mice when compared to C57BL/6N, BALB/cJ, BALB/cByJ and C3H/HeNHsd (figure 
7a). Eci2 expression in mouse was normally distributed and did not correlate with Eci3 ex-
pression (Supplemental figure 2a).
Using the GeneNetwork variant browser, we found many intronic SNPs, synonymous exonic 
SNPs and two nonsynonymous exonic SNPs (p.S262P and p.A171S). These missense SNPs 
occur in the low similarity isomerase/hydratase domain and change Eci3-specific amino 
acids into their Eci2 variant (figure 1b, Supplemental figure 1). This means that the DBA/2J 
Eci3 has a low similarity isomerase/hydratase domain that is more alike Eci2 than C57BL/6J 
Eci3. We have shown that the C57BL/6J Eci3 is enzymatically active (figure 2) and we specu-
late that these missense SNPs are unlikely to decrease mRNA or protein stability of DBA/2J 
Eci3. While this strong cis-eQTL is interesting, there are no obvious variants that could be 
responsible for the difference in expression levels.

Gene co-expression analysis reveals divergence of Eci function
Genes that function in a particular biochemical pathway or physiological process often have 
co-regulated expression. To perform gene co-expression analysis, we generated lists of ge-
nes with expression levels that correlated with the different Ecis in the kidney samples of 
the above described experiments. For mouse Eci2 and rat Eci2 and Eci3, we used one list 
containing data from all individual animals, but for mouse Eci3, separate lists were genera-
ted for BxD mice carrying the DBA/2J or C57BL/6J haplotype. These lists were used for Meta-
Core pathway enrichment analysis. Mouse and rat Eci2 have significant overlap in enriched 
biological processes with carboxylic acid metabolism as the common denominator, which is 
consistent with a role in FAO (figure 7b and 7d). Interestingly, the pathway enrichments for 
Eci3 were not related to carboxylic acid metabolism, which is further reflected by the lack 
of overlap between the Eci2 and Eci3 genelists (figure 7c and 7e). Remarkably, there was no 
overlap in the enriched biological processes for rat, C57BL/6 and DBA/2J Eci3. For rat Eci3, 
the analysis yielded several regulatory processes some of them related to macromolecule 
metabolism (figure 7b). Genes correlating with Eci3 in DBA/2J were related to phosphatidy-
linositol signaling, whereas in C57BL/6 Eci3 was associated with adenylate cyclase activity 
(figure 7d).
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FIGURE 6. Immunofluorescence of Eci2 and Eci3 in mouse kidney and ECI2 in human kidney. Sections of formalin-
fixed and paraffin-embedded renal tissue were processed for double immunofluorescence to detect mitochondrial 
Vdac1/VDAC1 or peroxisomal Abcd3/ABCD3 (green), in combination with Eci2/3 or ECI2 (red) in mouse kidney (A 
and C) and human kidney (B and C). Nuclei were stained using DAPI (blue). Scale bars represent 50 µm (A, B) or 25 
µm (C).
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FIGURE 7. Gene co-expression analysis of Eci2 and Eci3 in rat and mouse kidney. Genes which co-express with Eci2 
and Eci3 were compared in rat (B, C) and mouse (D, E). The results for the pathway enrichments are displayed in a 
table (B, D). The overlap between the gene sets is shown as a Venn Diagrams (C, E).

The data derived from gene co-expression analysis suggest that the function of Eci2 in car-
boxylic acid metabolism and FAO is conserved between rat and mouse. This is consistent 
with the fact that Eci2, but also Eci1, are bonafide PPARα target genes. In a microarray analy-
sis of intestine from WT and PPARα KO mice treated with vehicle or Wy14643 both Eci1 and 
Eci2 responded in a PPARα-dependent fashion (Supplemental figure 3) (Bunger et al., 2007). 
In contrast, Eci3, which is expressed at low levels in intestine, was not PPARα-dependent 
again suggesting that Eci3 function may not be primarily related to FAO.
 

Discussion

In mammals two peroxisomal ECIs are known, as integral part of the peroxisomal 2-enoyl-
CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (EHHADH) and as a monofunctional 
protein, ECI2 (Geisbrecht et al., 1999; Palosaari and Hiltunen, 1990). Proteomic analysis of 
mouse kidney peroxisomes revealed a novel protein, kidney specific expressed protein 2 
(KSEG2), which showed high homology to mouse Eci2 (Ofman et al., 2006; Wiese et al., 
2007) and was renamed to Eci3. In this report we described the characterization of mouse 
Eci3 and its rat ortholog.
Eci3 belongs to the low similarity isomerase/hydratase superfamily of proteins and the co-
ding region of Eci3 shows a high degree of similarity with Eci2. Indeed, we show that Eci3 has 
ECI activity with trans-3-nonenoyl-CoA similar to Eci2. Using density gradient analysis and 
immunofluorescence, we show that Eci3 has an exclusive peroxisomal localization, which 
is consistent with the presence of a typical PTS1 signal. Combined, these results suggest a 
role for Eci3 in peroxisomal FAO. This raises the question as to why there are three enzymes 
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with the same apparent activity in the peroxisomal lumen of rodent cells. This question is 
even more relevant given the fact that functional redundancy is expected, based on our 
recent characterization of the Eci1-deficient mice. The phenotypic presentation in these 
mice is mild, which is caused by the compensation of Eci2 in mitochondria (van Weeghel et 
al., 2012). Peroxisomes, however, differ from mitochondria in the wide variety of substrates 
they can handle. Indeed, different substrate preferences have been described for Eci1, Eci2 
and Ehhadh (Zhang et al., 2002). The ACBP domain could influence substrate preference 
since it is involved in the intracellular acyl-CoA transport by binding saturated and unsatu-
rated long-chain acyl-CoA esters (Rosendal et al., 1993). Moreover, ACBPs can control fatty 
acid metabolism by protecting the long-chain acyl-CoA esters from being hydrolysed (Faer-
geman and Knudsen, 1997). Many ACBP isoforms are known and can occur as a subdomain 
in acyl-CoA metabolizing enzymes, as in the case of Eci2 (Knudsen et al., 2000). In the case 
of Eci3, a difference in substrate preference could be caused by the presence of a smaller 
ACBP domain when compared to Eci2. Moreover, the ACBP domain of rat Eci3 is completely 
absent. Therefore, we hypothesize that Eci2 is able to bind and handle long-chain enoyl-CoA 
esters. On the other hand, Eci3 may not be able to bind long-chain enoyl-CoA esters efficien-
tly and could be responsible for handling of the short- and medium-chain enoyl-CoA esters. 
Another possible explanation for the existence of multiple Ecis may be provided by tissue- or 
cell-specific expression of the different Ecis. Indeed, we show that in mouse, Eci3 is primarily 
expressed in kidney. Other tissues such as the liver are devoid of Eci3 and may need other 
isomerases such as Eci2 or Ehhadh for sufficient isomerase activity in their peroxisomes.
The kidneys are one of the highest energy consuming organs in the body. FAO is very im-
portant for energy generation in the kidney and is located in all regions with a rate decre-
ase from the cortex toward the papilla. Mitochondrial FAO has the highest activity in the 
proximal convolute tubule and the distal convolute tubule. Peroxisomal FAO is the highest 
in the cortical portion of the straight proximal tubule (Wirthensohn and Guder, 1986). Our 
gene co-expression analysis suggests that Eci2 function is related to FAO. The strong staining 
for Eci2/3 in tubular epithelial cells of mouse and human kidney was not punctuated as 
for ABCD3 and resembled the mitochondrial VDAC1 staining. In combination with the high 
expression of other FAO genes in this region this suggests that it is Eci2 that is expressed in 
this region of the kidney. Indeed, SAGE showed that Eci2 was expressed along the nephron. 
Despite the absence of clear Eci2/3 puncta in the tubular epithelium, SAGE data suggested 
that Eci3 was expressed specifically in the proximal tubule, the region with the highest per-
oxisomal content. To further elucidate the localization of Eci3 and Eci2 in mouse kidney 
cells, in situ hybridization on kidney with probes specific for Eci2 and Eci3 would be a good 
approach, but the high degree of similarity makes this challenging. By using relatively short 
specific RNA probes, we were able to confirm expression of Eci2 and Eci3 in the tubular 
epithelium (data not shown).
We found evidence that Eci3 specifically evolved in the rodent lineage after a gene dupli-
cation event. In the mouse, Eci3 is found head to tail to Eci2 on chromosome 13. In the rat 
Eci3 is found head to tail to Eci2 on chromosome 17. In addition, mouse and rat Eci3 form 
a separate branch in the phylogram guide tree of the ECI subfamily of proteins (Fig. 1). 
Thus Eci2 and Eci3 are paralogous genes. Gene duplication is an important driver in mole-
cular evolution, because a duplicated gene can acquire a new function crucial for survival 
(neofunctionalization). Alternatively, the new gene will be lost over time by accumulation 
of mutations (degradation) or the expression pattern is partitioned between the original 
and new gene (subfunctionalization)(Gogarten and Olendzenski, 1999; Hurles, 2004; Kaess-
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mann, 2010; Soskine and Tawfik, 2010). The rodent lineage split approximately 12-24Myr 
ago (Adkins et al., 2001; Springer et al., 2003), which makes neo- or subfunctionalization a 
more likely scenario for Eci3 than degradation. We found some striking differences between 
rat and mouse Eci3. The tissue distribution of Eci3 differs between mouse and rat. In mouse, 
Eci3 is almost expressed exclusively in kidney, whereas in rat Eci3 expression is more ubiqui-
tously. We also identified a strong cis-eQTL in the BXD recombinant inbred strains with the 
DBA/2J allele leading to low expression and the C57BL/6J allele conferring high expression. 
All other mouse strains tested appeared to express high levels of Eci3 in kidney, suggesting 
that the Eci3 deficiency in DBA/2J is a consequence of genetic drift within this specific inbred 
mouse strain. Furthermore, in silico gene co-expression analysis for Eci2 and Eci3 suggests 
that in rat and mouse kidney, Eci2 is co-expressed with other genes involved in carboxylic 
acid metabolism. For rat and mouse Eci3 there was no pathway enrichment for carboxylic 
acid metabolism, but rather for several regulatory and signaling processes. In addition, we 
found no evidence for an overlapping function of Eci3 in rat and mice indicating there might 
be neo- or subfunctionalization in progress after the initial gene duplication event.
In summary, in peroxisomes Eci2 and EHHADH are major auxiliary enzymes in FAO. Our 
identification and characterization of Eci3 raises the question if this enzyme is also involved 
as an auxiliary enzyme in peroxisomal FAO. Indeed, Eci3 displays ECI activity, however, gene 
co-expression analysis does not indicate a specific role for Eci3 in FAO but a novel and unex-
pected role in signaling.
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MmEci2     ------------------------------------------------------------ 
RnEci2     ------------------------------------------------------------ 
MmEci1     --MAAVTWSRARCWCPSVLQVFRLQVAKLHLGRPTMRASQQDFENALNQVKLLKKDPGNE    58 
RnEci1     --MAAVTWSRARCWCPSLLQVLRLPVTKLHLGRPAMRATQQDFENAMNQVKLLKKDPGNE    58 
HsECI1     MAMAYLAWRLARRSCPSSLQVTSFPVVQLHMNRTAMRASQKDFENSMNQVKLLKKDPGNE    60 
 
 
 
MmEci2     ------------------MPKPGVFNFVNKATWDARNALGSLPKETARKNYVDLVSSLSS    42 
RnEci2     ------------------MHKPGVFDFDNKAKQDAR-------KETA----MDLKSSLSS    31 
MmEci1     VKLRLYALYKQATEGPCNMPKPGMLDFVNKAKWDAWNALGSLPKETARQNYVDLVSSLSS   118 
RnEci1     VKLRLYALYKQATEGPCTMPKPGVFDFVNKAKWDAWNALGSLPKETARQNYVDLVSSLSS   118 
HsECI1     VKLKLYALYKQATEGPCNMPKPGVFDLINKAKWDAWNALGSLPKEAARQNYVDLVSSLSP   120 
 
 
 
MmEci2     SSEAPSQGKRGADEKARESKDILVTSEDGITKITFNRPTKKNAISFQMYLDIMHALKNAS   102 
RnEci2     S-ETSSQGKGGADKKAQESKDILVTSEDGITTITFNRPSKKNAISFQMYKDIMLALKNAS    90 
MmEci1     SSEAPSQGKRGADEKARESKDILVTSEDGITKITFNRPTKKNAISFQMYRDIILALKNAS   178 
RnEci1     SSEASSQGKGGADGKAQESKGILVTSEGGITKITFNRPSKKNAITFQMYQDIILALKNAS   178 
HsECI1     SLESSSQVEPGTDRKSTGFETLVVTSEDGITKIMFNRPKKKNAINTEMYHEIMRALKAAS   180 
 
 
 
MmEci2     TDNSVVTVFTGTGDYYSSGNDLKNLINDA-GEIQDVVATSTKILREFVNCFIDFPKPLVA   161 
RnEci2     TDNSVITVFTGVGDYYSSGNDLRNFINDA-GEIQDKVTMCAVLLREFVNTFIDFPKPLVA   149 
MmEci1     TDNTVMAVFTGTGDYYCSGNDLTNFTSAT-GGIEEAASNGAVLLRDFVNSFIDFPKPLVA   237 
RnEci1     TDDTVITVFTGAGDYYSSGNDLTNFTSAS-GGMEEAANKGAIVLREFVNTFIDFPKPLVA   237 
HsECI1     KDDSIITVLTGNGDYYSSGNDLTNFTDIPPGGVEEKAKNNAVLLREFVGCFIDFPKPLIA   240 
 
 
 
MmEci2     VVNGPAVGIAVTILALFDAVFASDRATFHTPFSQLSQIPEACSTYMFPKIMGPTKAAEML   221 
RnEci2     VVNGPAVGIAVTLLGLFDAVYASDRATFHTPFIHLGQNPEACSSYTFPKMMGSAKAAEML   209 
MmEci1     VVNGPAVGISVTLLGLFDAVFASDRATFHTPFSQLGQSPEACSSYTFPKMMGSAKAAEML   297 
RnEci1     VVNGPAVGISVTLLGLFDAVYASDRATFHTPFSHLGQSPEACSSYTFPKMMGSAKAAEML   297 
HsECI1     VVNGPAVGISVTLLGLFDAVYASDRATFHTPFSHLGQSPEGCSSYTFPKIMSPAKATEML   300 
 
 
 
MmEci2     LFGKKLTAREAWAQGLVTEVFPESTFETEVWTRLKPYSKLSPNVMRISKELIRKHEKQKL   281 
RnEci2     LFGKKLTAREAWAQGLVTEVFPESTFETEVWTRLKTYAKLSPNGMRVFKELIRNHERQKL   269 
MmEci1     LFGKKLTAREAWAQGLVTEVFPESTFETEVWTRLKTYAKLPPNAMRISKELIRKNEKEKL   357 
RnEci1     LFGKKLTAREAWAQGLVTEVFPESTFETEVWTRLKTYAKLPPNSMRISKELIRKNEKEKL   357 
HsECI1     IFGKKLTAGEACAQGLVTEVFPDSTFQKEVWTRLKAFAKLPPNALRISKEVIRKREREKL   360 
 
 
 
MmEci2     YTVNAEECAAALERMPREEYAKALRNFLFRKAKAKL   317 
RnEci2     YTVNAEECAVGQERLKSEEWKDALRNFLSRK--AKL   303 
MmEci1     YAVNAEECTTLQARWLSEECMNAIMSFVSRK--PKL   391 
RnEci1    HAVNEEECTTLRARWLSEECINAIMSFVTRK--PKL   391 
HsECI1     HAVNAEECNVLQGRWLSDECTNAVVNFLSRK--SKL   394 
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SUPPLEMENTAL FIGURE 1. ClustalW2 amino acid alignment of human, rat and mouse Eci2 with rat and mouse 
Eci3. Conserved residues are boxed and specific domains indicated. MTS: mitochondrial targeting sequence, ACBP: 
acyl-CoA binding protein domain, PTS1, peroxisome targeting sequence. Arrows indicate SNPs in the Eci3 protein.
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SUPPLEMENTAL FIGURE 2. Expression levels of Eci2 and Eci3 across BxD strains. (A) Haplotype analysis of a selec-
ted region on chromosome 13 and the correlation with Eci3 expression. The highest LRS score lies on the position 
of Eci3. (B) Eci2 expression does not correlate with the same haplotype. (C) Graphic illustration of simple and com-
posite mapping of Eci3 expression in kidney. A significant eQTL is present at the location of Eci3 on chromosome 
13, making it a candidate cis-eQTL.
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SUPPLEMENTAL FIGURE 3. Expression of Eci1, Eci2 and Eci3 in mouse intestine. Expression of Eci1, Eci2 and Eci3 
in WT and PPAR KO mice with or without Wy14643.
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Abstract

Carnitine palmitoyltransferase 1b (CPT1b) is involved in the carnitine shuttle as it generates 
the acylcarnitines that are translocated across the inner mitochondrial membrane. CPT1b 
is primarily expressed in heart, skeletal muscle and BAT and is considered to be the rate-
limiting enzyme for fatty acid β-oxidation (FAO). Its activity is feedback-inhibited by malonyl-
CoA, but the role of malonyl-CoA-dependent inhibition of CPT1b in the reciprocal relation-
ship between glucose metabolism and FAO is still incompletely understood. Therefore, we 
generated a knockin mouse model expressing a Cpt1bE3A mutant enzyme. We hypothesized 
that this enzyme is less sensitive to the inhibition by malonyl-CoA and hence would increase 
FAO and decrease glucose oxidation in tissues that express Cpt1b. Cpt1bE3A/E3A mice had nor-
mal glucose tolerance, and refeeding did not show significant changes in any of the tested 
plasma and tissue metabolites. Biochemically, Cpt1bE3A/E3A mice had decreased malonyl-CoA 
sensitivity, but total Cpt1b activity was decreased as well. This was caused by lower Cpt1b 
protein expression with normal Cpt1b mRNA levels. The protein levels of ectopically expres-
sed Cpt1b increased under conditions that promote protein folding such as low temperature 
suggesting reduced stability of the mutant protein. Despite the overall mild phenotypic pre-
sentation, Cpt1bE3A/E3A mice had deficient adaptive thermogenesis suggesting an important 
role for Cpt1b in regulation of FAO.
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Introduction

Mitochondrial fatty acid β-oxidation (FAO) is the main pathway for the breakdown of fatty 
acids to obtain energy (Neubauer, 2007). Before long-chain fatty acids can be oxidized they 
are converted in their CoA ester by long-chain acyl-CoA synthetases. The transport of these 
long-chain acyl-CoA esters across the mitochondrial membrane requires the action of the 
carnitine shuttle. The carnitine shuttle consists of three proteins, including carnitine palmi-
toyltransferase 1 (CPT1), the carnitine acylcarnitine carrier (CACT), and CPT2 (McGarry and 
Brown, 1997). CPT1 converts the long-chain acyl-CoA esters to the respective long-chain 
acylcarnitine esters, after which CACT transports the acylcarnitine across the inner mito-
chondrial membrane. Once inside the mitochondrial matrix, CPT2 converts the acylcarnitine 
back to its CoA ester, which then serves as a substrate for FAO (Faye et al., 2005).
It has been shown that malonyl-CoA regulates FAO and ketogenesis via the inhibition of 
CPT1a in the liver. In other tissues, including muscle, the pancreatic β-cell, endothelium, 
adipocytes and the central nervous system it is not known if malonyl-CoA regulates FAO, 
but it has been shown that malonyl-CoA can inhibit CPT1 in these tissues (Ruderman et al., 
2003). Consequently, a rise in malonyl-CoA levels (during the fed state) will decrease the 
mitochondrial fatty acid uptake and oxidation, whereas a decrease in malonyl-CoA (during 
starvation) promotes long-chain FAO, since CPT1 becomes uninhibited (Folmes and Lopa-
schuk, 2007; Obici et al., 2003). Malonyl-CoA is an intermediate in fatty acid biosynthesis 
and is synthesized by acetyl-CoA carboxylase (ACC). There are two isoforms of ACC known. 
ACC1 is expressed in adipose tissue and liver and is essential for survival (Abu-Elheiga et al., 
2001; Abu-Elheiga et al., 2005). ACC2 is expressed in oxidative tissues, such as the heart and 
skeletal muscle, but in liver and adipose tissue (Abu-Elheiga et al., 2001). The activity of both 
ACC isoforms is regulated by AMP-activated protein kinase (AMPK). AMPK is activated and 
phosphorylated during cellular energy stress. After activation, AMPK phosphorylates and 
inactivates ACC (Park et al., 2002; Winder and Hardie, 1996) leading to a drop in malonyl-
CoA levels and stimulation of FAO.
There are three different CPT1 isoforms described in mammalian tissues, the liver (L-CPT1 
or CPT1a), muscle (M-CPT1 or CPT1b) and brain (CPT1c) isoforms, which are encoded by 
different genes (Britton et al., 1997; McGarry and Brown, 1997; Price et al., 2002). CPT1a 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 is expressed in skeletal muscle, heart, testis, brown adi-
pose tissue (BAT) and white adipose tissue (WAT). CPT1c is expressed mainly in the brain, 
more specifically, in the centers that are involved in appetite control and regulation of di-
urnal rhythm. Despite the high degree of sequence similarity between CPT1a, CPT1b, and 
CPT1c, their kinetic properties are widely different. CPT1b has a nearly 100-fold lower IC50 
for malonyl-CoA and a ~15-fold higher Km for ʟ-carnitine than CPT1a (McGarry et al., 1983; 
Saggerson, 1982). 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; Sierra et al., 2008; Wolfgang et al., 2006).
For CPT1a, malonyl-CoA sensitivity has been investigated extensively (Jackson et al., 2000; 
Jackson et al., 2001; Shi et al., 1998; Shi et al., 1999). The amino-terminus of CPT1a is re-
tained in the mature protein and is an essential domain involved in malonyl-CoA sensitivity 
(Fraser et al., 1997; Jackson et al., 2000; Zammit et al., 1997). Specifically, Glu-3, and to a 
lesser extent His-5, have been identified as residues that allow malonyl-CoA to bind with 
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high affinity (Shi et al., 1999; Swanson et al., 1998). Indeed, the Glu3Ala point mutation 
(E3A) caused loss of malonyl-CoA sensitivity (Shi et al., 1999). It is unknown, however, 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. Furthermore, the E3A point 
mutation increased the Km for palmitoyl-CoA binding (Shi et al., 1999).
In order to investigate the interplay between glucose metabolism and FAO in heart and mus-
cle and the role of FAO in insulin resistance, we generated the Cpt1bE3A knockin mouse mo-
del. The Cpt1bE3A mouse model was designed based on the decreased malonyl-CoA sensiti-
vity of the E3A mutation in Cpt1a. Here, we show that malonyl-CoA sensitivity was indeed 
decreased in the Cpt1bE3A/E3A mouse. However, protein expression of Cpt1b was also decre-
ased with normal Cpt1b mRNA levels. Interestingly, similar to FAO deficient mouse models, 
Cpt1bE3A/E3A mice displayed cold intolerance, indicating a deficient FAO in BAT of these mice.

Experimental procedures

Materials
Human serum albumin (HSA), L-carnitine, malonyl-CoA, bicinchoninic acid (BCA) were ob-
tained from Sigma-Aldrich. Complete mini protease inhibitor cocktail tablets were obtained 
from Roche. The cell culture medium DMEM, nutrient mixture (25 mM HEPES + ʟ-glutamine) 
and the trypsin-EDTA solution were acquired from Gibco. 1-butanol and acetylchloride were 
obtained from Merck. Acetonitrile (ACN) gradient grade was obtained from Biosolve. The 
[2H3]-C3, [2H3]-C8 and [2H3]-C16 acylcarnitine internal standards were obtained from Dr. H.J. 
ten Brink (Vrije University Medical Center, Amsterdam, The Netherlands). 

Site-directed mutagenesis
Site-directed mutagenesis was performed using the Quickchange II-E Site-directed mu-
tagenesis kit from Stratagene. Primers for Cpt1a and Cpt1b E3A were designed using the 
Stratagene website. Cpt1a was amplified from pGEM-T-CPT1a plasmid using the following 
primers: a forward primer containing the E3A mutation 5'-CACTCAAGATGGCAGCGGCTCAC-
CAAGCTGT-3' and a reverse primer 5'-ACAGCTTGGTGAGCCGCTGCCATCTTGAGTG-3'. Cpt1b 
was amplified from pGEM-T-CPT1b plasmid using the following primers: a forward primer 
containing the E3A mutation 5'-CCAGGATGGCGGCAGCACACCAGGC-3' and a reverse primer 
5'-GCCTGGTGTGCTGCCGCCATCCTGG-3'.

Mouse Cpt1a and Cpt1b plasmid expression in S. cerevisiae
Cpt1a, Cpt1b, Cpt1aE3A and Cpt1bE3A were expressed in the Saccharomyces cerevisiae strain 
BY4742 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 ∆CAT2 (ATCC number 4016728 from Invitrogen) 
using the pYES vector. The cells were grown in glucose medium (20g/L glucose, 6.7 g/L yeast 
nitrogen base (without amino acids), and amino acids (0.3 g/L Leu, 0.2 g/L Try, 0.2 g/L His, 
0.3 g/L Lys) for 24h at 28°C in a gyro shaker, harvested by centrifugation and transferred 
to galactose medium (20 g/L galactose, 6.7 g/L yeast nitrogen base, amino acids and 1 g/L 
yeast extract). The cells from overnight cultures were harvested again by centrifugation and 
protoplasts were prepared using the lytic enzyme zymolyase, as described by Spaan et al. 
(Spaan et al., 2005). The resulting protoplasts were centrifuged for 5 min at 700g and the 
obtained pellets were stored at -80°C until usage for enzyme activity measurements. Protein 
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concentration in the homogenates was determined using BCA solution and HSA as standard.

Cpt1b constitutive knock-in generation
The Cpt1b constitutive knock-in mouse (c.8_9delinsCT, coding effect Glu3Ala (E3A)) was ge-
nerated on a C57BL/6N background by Taconic Artemis (figure 1a, b). The positive selection 
marker (Puromycin resistance) was flanked by F3 sites and inserted within intron 7, into a 
region with minimal sequence conservation among species, in order to minimize the risk 
of interfering with elements important for the regulation of transcription or splicing of the 
Cpt1b gene. The targeting vector was generated using BAC clones from the C57BL/6J RPCI-
23 BAC library and transfected into Taconic Artemis C57BL/6N Tac ES cell lines. Homologous 
recombinant clones were isolated using positive (Puromycin resistance) and negative (Thy-
midine kinase) selections. The constitutive KI allele was left over after Flp-mediated removal 
of the selection marker. This allele expressed the mutated Cpt1b E3A protein. The remaining 
recombination site will be located in non-conserved region of the genome. The Cpt1bE3A 

colony was maintained by crossing with C57BL/6N (Charles River) mice.

Animal studies
Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mouse were generated via heterozygous breeding 
pairs. Mice (Cpt1bWT/WT, n=6, Cpt1bWT/E3A, n=5 and Cpt1bE3A/E3A, n=7) were housed at 21±1 °C, 
40-50% humidity, and a 12h light-dark cycle, with ad libitum access to water and a standard 
rodent diet. At 8 weeks of age, 50 µl of blood was collected from the vena saphena for 
the measurements of glucose, acylcarnitines, and ketones in the fed state. At 9 weeks of 
age, mice were fasted for 4h, followed by an injection intraperitoneal (ip) of 2g/kg glucose 
(20% D-glucose) at T=0 minutes. Glucose level was measured via a tail cut at time points, 
t=0, 15, 30, 60, 90 and 120 minutes. At 12 weeks of age, mice were fasted overnight, fol-
lowed by an ip injection of 2g/kg glucose (20% D-glucose) at T=0 minutes. Glucose level was 
measured via a tail cut at time points, t=0, 15, 30, 60, 90 and 120 minutes. At 15 weeks of 
age, mice were weighed, placed in a clean cage without food but with access to water, and 
fasted overnight. This was followed by refeeding the mice for 4h, where after, the mice were 
anesthetized with an ip injection of 100 mg/kg pentobarbital. Anesthetized mice were eu-
thanized by exsanguination from the vena cava inferior. The heart, liver, BAT, WAT, and mus-
cles were rapidly excised, weighed, and processed for biochemical analysis. All experiments 
were approved by the institutional review board for animal experiments at the Academic 
Medical Center, Amsterdam or were carried our according to national Swiss and EU ethical 
guidelines and approved by the local animal experimentation committee of the Canton de 
Vaud under license #2469.

Quantitative real-time PCR
RNA was isolated from mouse heart using Trizol extraction. cDNA was obtained by using the 
Superscript II Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA). Quantitative real-
time PCR analysis of Cpt1b, Cpt1a, Glut4, Pdk4, and, Pgc1α were performed using the LC480 
Sybr Green I Master mix (Roche Applied Science, Indianapolis, IN, USA). All samples were 
analyzed in duplicate. Data analysis was done using the linear regression as described by Ra-
makers et al. (Ramakers et al., 2003). For the comparison of the genes, the values were nor-
malized against the housekeeping gene 36B4. Primer sequences are available on request.
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Acylcarnitine analysis
Tissue acylcarnitine levels were determined in freeze-dried tissue specimens using tandem 
mass spectrometry as described previously (van Vlies et al., 2005). In short, acylcarnitines 
were extracted using 80% acetonitrile (ACN), dried, propylated, dissolved in ACN, and stored 
at -20°C until analysis. Semiquantitative determination of the formed acylcarnitines in the 
samples was done using internal standards (650 µM d3-C0, 5 µM d3-C3, 2 µM d3-C6, 2 µM 
d3-C8, 2 µM d3-C10, and 2 µM d3-C16 acylcarnitine).

Overexpression in HEK293 cells
Approximately 20.000 HEK293 cells were seeded in a 6 wells plate and cultured o/n in 
DMEM with glutamine, 10% fetal bovine serum (Gibco, Carlsbad, CA, USA), and 1% mixture 
of penicillin, streptomycin, fungizone (Gibco). Cells were incubated in a CO2 incubator (5% 
CO2) at 37°C. The cells were transfected using lipofectamine 2000 (Invitrogen) with 3.6 µg 
POG44 and either 0.4 µg pcDNA5-EV, pcDNA5-Cpt1bWT or pcDNA5-Cpt1bE3A in optimem. Af-
ter 5-6 hours, the transfection medium was removed and replaced by fresh DMEM culture 
medium.

Antibodies and immunoblotting
The polyclonal antibody against Cpt1b (HPA029583) was obtained from Sigma-Aldrich. The 
polyclonal antibody against UCP1 was obtained from Merck Millipore (662045, USA). Secon-
dary antibodies goat anti-rabbit IrD cw800 were from Li-Cor Biosciences (Lincoln, NE, USA), 
and immunoblot images were obtained using the Odyssey infrared imaging system (Li-Cor 
Biosciences).

In vitro Cpt1 activity measurements
Mouse tissues were homogenized using the ultra-turrax T10 (IKA-Werke Germany) in PBS 
+ protease inhibitors, sonicated 3 x 10s (8W) and diluted to 1 mg/mL. The Cpt1 activity in 
these tissues was measured in vitro after incubating the cells (final protein concentration 
of 10 µg/mL) with 25 μM [U-13C]-palmitoyl-CoA (C16:0-CoA), 0.5 mM L-carnitine, 1 mg/ml 
BSA, 150 mM KCL, 25 mM Tris (pH 7.4), 10 mM KPi (pH 7.4) and 2 mM EDTA at 37°C, for 10 
min. The activity of Cpt1 was evaluated in the presence or absence of its specific inhibitor 
malonyl-CoA (0-256 µM) or after the addition of 0.1% triton X-100.
The protoplasts of the yeast strains expressing Cpt1 proteins (5 µg/mL final concentration 
suspended in PBS + protease inhibitors) were sonicated 3 x 10s (8W) and used for Cpt1 acti-
vity measurements to determine the IC50 for malonyl-CoA (0-1 mM) and the affinities for the 
substrates, [U-13C]-C16:0-CoA (0-40 µM) and L-carnitine (0-1.25 mM).
The Cpt1 activity was measured as the synthesis rate of [U-13C]-C16:0-carnitine, which was 
analyzed and quantified by ESI-MS/MS (van Vlies et al., 2007). A mixture of acylcarnitines 
internal standard (50 pmol [2H3]-propionyl-carnitine, 50 pmol [2H3]-octanoyl-carnitine and 
25 pmol [2H3]-palmitoyl-carnitine) was added to each sample. The samples were analyzed in 
duplicate. The peak height ratio of the formed [U-13C]-C16:0-carnitine to the peak height of 
the internal standard [2H3]-palmitoyl-carnitine was determined using MassLynx NT software 
version 4.1 (Waters – Micromass, Manchester, UK). This ratio was used to calculate the Cpt1 
activity.

Cold test
Adaptive thermoregulation was evaluated by the cold test (Picard et al., 2002). Cpt1bE3A/E3A 
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mice (n=10) and Cpt1bWT/WT mice (n=10) were placed in individual cages without food but 
with free access to water. Body temperature is recorded by inserting a small thermoprobe 
into the rectum of the mice. The mice were placed in a cold room at 6 °C and rectal body 
temperature was recorded every hour during a 6 hour period. After 6 hours or when the 
mice reached a body temperature of <29 °C, the cages with the mice were placed close to a 
37 °C heating source for 15 to 30 minutes to warm the mice (Argmann et al., 2006).

Statistics
Statistical analysis was performed using GraphPad Prism 5 (GraphPad, La Jolla, CA, USA). 
Data are presented as means ± sd. Differences were evaluated using a 2-sided t test or a 
1-way analysis of variance (ANOVA) with Bonferroni’s multiple comparison test. Statistical 
significance is indicated as follows: *P<0.05, **P<0.01 and ***P<0.001.
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FIGURE 1. Generation and characterization of Cpt1bE3A KI mice. A. Targeting strategy for the generation of Cpt1bE3A 
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Results

Activity and kinetic parameters for WT and mutant E3A Cpt1a and Cpt1b
The Glu3Ala point mutation (E3A) is known to decrease malonyl-CoA sensitivity in rat Cpt1a 
(Shi et al., 1999). In order to determine whether the E3A point mutation also affects malo-
nyl-CoA sensitivity in Cpt1b, we expressed mouse Cpt1a and Cpt1b and the E3A mutants for 
both isoforms in S. cerevisiae and measured their kinetic properties in homogenates. We 
determined the IC50 values for malonyl-CoA for the different enzymes (table 1). Cpt1a and 
Cpt1b differ in their malonyl-CoA sensitivity (116 µM vs. 0.29 µM, respectively), which is 
already well described (McGarry et al., 1983; Saggerson, 1982). When we compared mutant 
Cpt1E3A with their WT counterparts there was a 17-fold and 123-fold decrease in malonyl-
CoA sensitivity for Cpt1a and Cpt1b, respectively. The Km for palmitoyl-CoA and carnitine, 
as well as the specific activity were unchanged in the Cpt1E3A mutants when compared to 
their WT counterparts (table 1). Thus, as for Cpt1aE3A, the Cpt1bE3A mutant has a decreased 
malonyl-CoA sensitivity and retains normal Cpt1 activity and kinetics.

Generation and characterization of the Cpt1bE3A mutation in the Cpt1bE3A mouse
To investigate the impact of high FAO flux on insulin resistance in heart and skeletal muscle, 
we generated a knockin mouse model expressing the mutant Cpt1bE3A. The E3A mutation 
(c.8_9delinsCT) was introduced into the Cpt1b gene using homologous recombination in 
C57BL/6N ES cells (figure 1a). Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mice were born accor-
ding to Mendelian ratios (28%, 47% and 25% (n=60)). Pups appeared to be healthy. To verify 
equal expression of the Cpt1bwt and Cpt1bE3A allele, we sequenced Cpt1b cDNA derived from 
Cpt1bWT/E3A mice heart, which revealed that both alleles are expressed properly (figure 1b). 
To establish whether the Cpt1bE3A mouse exhibited decreased malonyl-CoA sensitivity in 
heart and skeletal muscle, we performed Cpt1 activity measurements using a range of ma-
lonyl-CoA concentrations in Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mouse tissue extracts. 
Cpt activity in Cpt1bE3A/E3A mouse heart and quadriceps muscle had a pronounced decrease 
in malonyl-CoA sensitivity (figure 1c). In Cpt1bWT/E3A mice, Cpt activity was only slightly less 
malonyl-CoA sensitive as compared to Cpt1bWT/WT mice which indicates that the E3A muta-
tion is not dominant. As expected, the malonyl-CoA sensitivity of Cpt activity in liver was not 
changed as this activity is catalyzed by Cpt1a (figure 1c). Thus as for the Cpt1bE3A mutation in 
yeast, we observed decreased malonyl-CoA sensitivity in the hearts and quadriceps of the 
Cpt1bE3A/E3A mouse.

Table 1: Comparison of the kinetic parameters of recombinant WT and E3A Cpt1a and Cpt1b

Construct  Specific activity IC50 malonyl-CoA K0.5 palmitoyl-CoA   Km carnitine  
               nmol/min.mg protein           µM              µM                              µM

Cpt1a WT     0.76 ± 0.07           116                          5.64 ± 1.70 45.09 ± 9.93
Cpt1a E3A     0.39            1957                          5.91 ± 1.40 44.77 ± 9.31
    
Cpt1b WT     0.59 ± 0.10           0.29                          8.41 ± 1.78 6925 ± 2770
Cpt1b E3A     0.47 ± 0.02           41.53      5.59 ± 2.17 15783 ± 10716
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Biochemical characterization of the Cpt1bE3A mouse
To characterize the physiological effects of the Cpt1b E3A mutation, we compared plasma 
metabolites of Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mice. Upon refeeding, blood levels of 
glucose, pyruvate, lactate, ketone bodies, free fatty acids, glycerol and triglycerides were 
not different between Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mice (figure 2a). The plasma 
amino acid profile was also not different (data not shown). Furthermore, glucose levels in 
fed and overnight fasted mice were also unchanged in Cpt1bWT/E3A and Cpt1bE3A/E3A mice when 
compared to Cpt1bWT/WT mice (figure 2a). Next, we determined glucose tolerance in all three 
genotypes in the fed and fasted state. In both conditions, the glucose tolerance was not 
affected in Cpt1bWT/E3A and Cpt1bE3A/E3A mice when compared to Cpt1bWT/WT mice (figure 2b).
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Based on the decreased malonyl-CoA sensitivity observed in tissues expressing Cpt1bE3A, we 
expected an increased FAO flux in these tissues. To investigate the consequence of the E3A 
mutation on FAO, we determined the acylcarnitine profile in blood, plasma, heart, quadri-
ceps, BAT and liver of Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mice using MS/MS analysis. 
In the refed condition, Cpt1bWT/E3A and Cpt1bE3A/E3A mice showed a slight but not significant 
increase of all long-chain acylcarnitines in heart and BAT which was genotype-dependent (fi-
gure 3a and 3b). Furthermore, free carnitine levels showed a parallel genotype-dependent 
decrease in the heart of Cpt1bWT/E3A and Cpt1bE3A/E3A mice. In blood, plasma, quadriceps and 
liver, no differences in the acylcarnitine profile was observed between Cpt1bWT/WT, Cpt1bWT/

E3A and Cpt1bE3A/E3A mice (data not shown). Thus, the acylcarnitine levels showed a small 
increase in some Cpt1b-dependent tissues which may point to increased rates of FAO in 
these tissues.
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Absence of compensatory regulation in Cpt1bE3A/E3A mice
Given the mild phenotypic presentation of Cpt1bE3A/E3A mice, we explored potential compen-
satory mechanisms at the transcriptional level in heart and BAT. Expression levels of Cpt1b 
(figure 5d), Cpt1a, Glut4, Pdk4, and Pgc1α (Ppargc1α) (figure 4a) were similar in hearts of 
refed Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mice. In BAT, the expression levels of Cpt1b and 
Pgc1α were similar in refed Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A mice, but Pdk4 expres-
sion levels were significantly increased in Cpt1bE3A/E3A mice (figure 4b). Our data suggest that 
there are limited changes in expression of key genes of metabolic regulation in heart and 
BAT.

Cpt1 activity is decreased in mutant Cpt1bE3A/E3A mice due to lower Cpt1b protein
Based on the decreased malonyl-CoA sensitivity, we expected increased FAO flux in tissues 
expressing Cpt1b. Our results presented so far, however, did not provide convincing eviden-
ce for this hypothesis. In our Cpt1 activity assays we noted an unexpected decrease in total 
Cpt1 activity in the Cpt1bE3A/E3A mice hearts and quadriceps muscle (figure 5a). This decrease 
in Cpt1b activity in these mice appeared to be due to lower Cpt1b protein levels (figure 5b 
and 5c), which is not explained by lower gene expression of mutant Cpt1b mRNA (figure 1b 
and 5d). These data show that Cpt1b protein expression and activity is decreased in parallel 
with the increased malonyl-CoA insensitivity. The decrease in Cpt1b activity could therefore 
mask the effect of the increased malonyl-CoA insensitivity on the FAO flux.
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The expression of mutant Cpt1bE3A is temperature sensitive
Next, we investigated whether the decreased protein expression of Cpt1bE3A/E3A in heart and 
skeletal muscle of our knockin model could be caused by decreased stability of the mutant 
protein. To address this, we overexpressed mouse Cpt1bWT and Cpt1bE3A in yeast cells and 
grew them at 30°C and 37°C (figure 6a). We observed no differences in expression of Cpt1bWT 
and Cpt1bE3A in yeast cells grown at 30°C and 37°C suggesting that the E3A Cpt1b protein is 
equally stable when compared to the WT enzyme. However, because yeast cells differ from 
mammalian cells, we performed a similar experiment in HEK293 cells again employing con-
ditions that are known to promote stability and folding of proteins. We compared expres-
sion at 30°C or in medium supplemented with 5% glycerol with cells cultured under regular 
conditions. In HEK293 cells grown at 30°C there was no difference in protein expression 
if we compared the Cpt1bWT with Cpt1bE3A (figure 6b). However, in HEK293 cells grown at 
37°C, a lower Cpt1bE3A protein level was observed when compared with Cpt1bWT (figure 6b). 
Furthermore, expression of Cpt1bE3A was also increased when cells were incubated with 5% 
glycerol. Overall, these data show that Cpt1bE3A protein is less stable than Cpt1bWT protein 
in HEK293 cells, likely caused by a posttranscriptional mechanisms involving protein folding.

Cpt1bE3A mice are intolerant to acute cold exposure
All different mouse models with a defect in FAO cannot adapt to cold (Guerra et al., 1998). 
Thermogenesis is coordinated by the core regulator PGC-1α and mediated by UCP1 (Puig-
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server et al., 1998; Vega et al., 2000). To investigate adaptive thermogenesis, Cpt1bWT/WT and 
Cpt1bE3A/E3A mice were challenged by exposing them for several hours to cold. There was no 
difference in rectal temperature observed at room temperature (control) (figure 7a). When 
the mice were exposed to 6°C, CPT1bE3A/E3A mice displayed a drastic drop in rectal tempe-
rature when compared to Cpt1bWT/WT mice (figure 7a). Immunoblot analysis revealed that 
Cpt1b protein levels in BAT of Cpt1bE3A/E3A mice were decreased, whereas UCP1 levels were 
equal when compared to Cpt1bWT/WT mice (figure 7b). Thus Cpt1bE3A/E3A mice have a defect in 
adaptive thermogenesis, which may be caused by a failure to induce FAO in BAT.
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FIGURE 7. CPT1bE3A/E3A mice are intolerant to acute cold exposure. A. Cpt1bWT/WT and CPT1bE3A/E3A mice were chal-
lenged to 6 °C cold for several hours. Body temperature was recorded by a rectal temperature probe. B. CPT1b and 
UCP1 protein expression in Cpt1bWT/WT, Cpt1bWT/E3A and Cpt1bE3A/E3A BAT. Protein expression is corrected for tubulin. 
Error bars indicate SD *P<0.05, **P<0.01, ***P<0.001.

Discussion

Several mouse models with impaired (mitochondrial) FAO have been generated and charac-
terized. Most of these models have reduced FAO and may serve as models for FAO disor-
ders. Indeed, mice with deficient FAO may present with similar phenotypic characteristics 
as human patients, for example the LCAD KO mouse displays hypoglycemia, fatty liver and 
cardiac hypertrophy resembling human VLCAD deficiency (Bakermans et al., 2011; Chegary 
et al., 2009; Kurtz et al., 1998). To investigate the interplay between glucose metabolism and 
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FAO in heart and skeletal muscle, we developed a mouse model for increased FAO by intro-
ducing a point mutation in the CPT1b gene rendering this enzyme malonyl-CoA insensitive 
(Shi et al., 1999). Based on its high sensitivity for malonyl-CoA, Cpt1b is thought to perform 
the rate-limiting step in FAO in heart, skeletal muscle and BAT. The E3A mutation is known 
to decrease the malonyl-CoA sensitivity of rat CPT1a. Initially, we used yeast overexpressing 
mouse CPT1a and CPT1b to verify whether the E3A mutation also decreased malonyl-CoA 
sensitivity in CPT1b. We confirmed that the E3A mutation in CPT1b was associated with a 
decreased malonyl-CoA sensitivity while retaining normal CPT1b activity and kinetics.
Next, we generated the Cpt1bE3A mouse using a knockin strategy. We characterized the 
Cpt1bE3A mice by measuring plasma and tissue metabolites, and studying tissue mRNA and 
protein abundance. Upon refeeding in Cpt1bE3A mice, there were no changes in metaboli-
tes derived from glucose metabolism, ketone body formation and FAO. Glucose tolerance 
was unaffected in the fed as well as the fasted condition. When we analyzed tissues which 
primarily express Cpt1b, we observed a slight increase in long-chain acylcarnitines with a 
parallel decrease in free carnitine in the heart of Cpt1bE3A mice. Similar changes were not 
observed in other tissues and plasma. Since Cpt1b is crucial for the formation of long-chain 
acylcarnitines, these data suggest that FAO is slightly induced in Cpt1bE3A hearts. Overall, the 
consequences of decreasing malonyl-CoA sensitivity of Cpt1b appear rather mild.
The role of Cpt1b as a rate-limiting enzyme in FAO as well as the physiological role of ma-
lonyl-CoA as a regulator of Cpt1b activity are 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 
in theory, FAO would be permanently blocked if Cpt1b is rate-limiting for FAO. In addition, 
rats treated with etomoxir, which is an irreversible inhibitor of Cpt1b, had a 44% decrease in 
Cpt1b activity. 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). The mild consequences of decreasing malonyl-CoA sensitivity 
in our Cpt1bE3A mice appear to support the notion that Cpt1b is not rate-limiting for FAO.
Interestingly, Cpt1bE3A mice have decreased Cpt1b activity coinciding with lower Cpt1b pro-
tein levels in all tissues examined. Cardiac long-chain acylcarnitines tended to increase with 
a parallel decrease in free carnitine levels, suggesting that the reduced malonyl-CoA sensi-
tivity of Cpt1b coincided with and thereby counteracted the decreased protein abundance. 
Studies using isolated perfused hearts will be necessary to address the exact consequence 
of the E3A mutation on FAO flux in the heart.
As Cpt1b is also expressed in BAT, we studied adaptive thermogenesis, which is mediated 
through stimulation of shivering and non-shivering thermogenesis in skeletal muscle and 
BAT, respectively. BAT is the main thermogenic tissue in rodents and generates heat through 
the induction of UCP1 activity (Matthias et al., 2000; Ricquier et al., 1979). Thermogenesis 
and FAO are stimulated by the sympathetic nervous system and coordinated by the core 
regulator PGC-1α (Puigserver et al., 1998; Vega et al., 2000). Cpt1bE3A mice are cold intole-
rant indicating a defect in adaptive thermogenesis. This resembles the situation in mouse 
models of deficient FAO (Guerra et al., 1998) and thus suggests that the low Cpt1b protein 
levels in BAT interferes with proper induction of FAO during acute cold exposure.
The decreased protein expression of Cpt1b in heart, quadriceps muscle and BAT of Cpt1bE3A 
mice was not due to lower expression of the Cpt1b gene. This suggests that protein stability 
of Cpt1bE3A is affected. Indeed, overexpression of Cpt1bE3A protein in HEK293 under conditi-
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ons that promote protein stability i.e. culturing at 30°C and in the presence of 5% glycerol, 
yields more protein and suggests that stability and folding of Cpt1bE3A is affected. A similar 
experiment in yeast did not show affected Cpt1 activity, suggesting that besides protein fol-
ding, other posttranscriptional mechanisms may also be involved in the regulation of Cpt1b 
protein expression.
In conclusion, the Cpt1bE3A mutation in mice leads to a mild metabolic phenotypic presen-
tation with no clear disturbance in glucose metabolism and FAO. Although this could be 
explained by a limited role for Cpt1b in controlling FAO rate, we speculate that it is more 
likely caused by the fact that the decreased malonyl-CoA sensitivity is counteracted by lower 
Cpt1b protein levels. We have evidence that this phenomenon is caused by reduced stabi-
lity/folding of the Cpt1bE3A mutant protein. The reduced stability/folding was not observed 
with recombinant protein in yeast. Therefore, the reduced folding of the Cpt1bE3A could 
represent a novel regulatory mechanism for controlling FAO flux. Future studies will have to 
address such a mechanism.
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Abstract

Background—Lipotoxicity may be a key contributor to the pathogenesis of cardiac abnorma-
lities in mitochondrial long-chain fatty acid -oxidation (FAO) disorders. Few data are availa-
ble on myocardial lipid levels and cardiac performance in FAO deficiencies. The purpose of 
this animal study is to assess fasting-induced changes in cardiac morphology, function, and 
triglyceride (TG) storage as a consequence of FAO deficiency in a noninvasive fashion.

Methods and Results—MRI and proton magnetic resonance spectroscopy (1H-MRS) were 
applied in vivo in long-chain acyl-CoA dehydrogenase (LCAD) knockout (KO) mice and wild-
type (WT) mice (n=8 per genotype). Fasting was used to increase the heart’s dependency 
on FAO for maintenance of energy homeostasis. In vivo data were complemented with ex 
vivo measurements of myocardial lipids. Left ventricular (LV) mass was higher in LCAD KO 
mice compared with WT mice (P<0.05), indicating LV myocardial hypertrophy. Myocardial 
TG content was higher in LCAD KO mice at baseline (P<0.001) and further increased in fasted 
LCAD KO mice (P<0.05). Concomitantly, LV ejection fraction (P<0.01) and diastolic filling rate 
(P<0.01) decreased after fasting, whereas these functional parameters did not change in 
fasted WT mice. Myocardial ceramide content was higher in fasted LCAD KO mice compared 
with fasted WT mice (P<0.05).

Conclusions—Using a noninvasive approach, this study reveals accumulation of myocardial 
TG in LCAD KO mice. Toxicity of accumulating lipid metabolites such as ceramides may be 
responsible for the fasting-induced impairment of cardiac function observed in the LCAD KO 
mouse.
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Introduction

The heart has a high energy demand, and ATP must be continuously available for the myocar-
dium in order to maintain its contractile function. The main fuel for cardiac ATP production 
are long-chain fatty acids, which are degraded through mitochondrial fatty acid β-oxidation 
(FAO) (Neubauer, 2007). Recessively inherited defects are known for most of the enzymes 
involved in FAO. Neonates and infants affected by long-chain FAO disorders may present 
with hypoketotic hypoglycemia, hypertrophic cardiomyopathy, arrhythmia, and sudden 
death (Houten and Wanders, 2010; Rinaldo et al., 2002). Neonatal screening for FAO disor-
ders can be effective in reducing death and serious adverse events in patients, as manage-
ment plans to avoid periods of fasting generally prevent hypoketotic hypoglycemia (Wilcken 
et al., 2007). Current interventions used to prevent cardiac disease in FAO disorders are 
based on expert opinion and are not evidence-based (Spiekerkoetter and Mayatepek, 2010). 
In order to critically assess these interventions and to design novel therapeutic strategies, 
better understanding of the etiology of cardiac disease in FAO disorders is instrumental. 
In obese and diabetic patients, an increased supply of fatty acids is responsible for an im-
balance between fatty acid import and utilization. The resulting elevated myocardial lipid 
levels are associated with decreased cardiac function (Rijzewijk et al., 2008; Szczepaniak et 
al., 2003), suggesting that myocardial lipid accumulation may be detrimental for the heart. 
Due to a genetic defect in FAO, lipids may accumulate as well, and their toxicity may be a key 
contributor to the pathogenesis of cardiac abnormalities found in FAO disorders. Previously, 
histological and biochemical analyses revealed elevation of myocardial lipid levels and car-
diac hypertrophy in mouse models of FAO disorders (Cox et al., 2001; Cox et al., 2009; Exil 
et al., 2003; Kurtz et al., 1998). Until now, few data are available on myocardial lipid levels in 
combination with measurements of cardiac performance in models for FAO defects. 
MRI is the modality of choice to accurately assess cardiac morphology and function due to 
its excellent soft tissue contrast combined with the relatively high spatial and temporal reso-
lution needed for small animal studies. Proton magnetic resonance spectroscopy (1H-MRS) 
is a powerful tool to non-invasively assess mobile intracellular lipid pools, predominantly 
present as triglyceride (TG) droplets in tissues such as skeletal muscle and liver (Machann 
et al., 2008). 1H-MRS of the mouse heart was introduced as a tool to study myocardial cre-
atine levels in mice (Schneider et al., 2004). Recently, this approach was used to examine 
myocardial lipid levels in mice predisposed to cardiac steatosis. Remarkably, the lipid signal 
as detected by 1H-MRS in this study was not exclusively attributable to TG (Hankiewicz et al., 
2010; Ruberg, 2010).
The purpose of this animal study is to examine, for the first time, changes in cardiac mor-
phology, function, and TG storage as a consequence of FAO deficiency. MRI and 1H-MRS 
were applied in vivo in long-chain acyl-CoA dehydrogenase (LCAD) knock-out (KO) mice and 
wild type (WT) C57BL/6 mice. In the mouse, LCAD plays an essential role in long-chain FAO, 
and catalyzes the first of four enzymatic reactions that form the mitochondrial FAO spiral 
(Chegary et al., 2009). The LCAD KO mouse model displays a phenotype similar to human 
very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) (Chegary et al., 2009; Cox et 
al., 2001; Kurtz et al., 1998). Fasting was used to further increase the heart’s dependency 
on FAO for ATP production. We hypothesized that due to the deficient FAO in LCAD KO mice, 
fasting would increase myocardial TG content and decrease cardiac performance.
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Experimental procedures

Animals
Heterozygous LCAD KO mice (B6.129S6-Acadltm1UAB/Mmmh) (Kurtz et al., 1998) on a pure 
C57BL/6 background were obtained from Mutant Mouse Regional Resource Centers. Male 
LCAD KO and WT mice were generated via heterozygote as well as homozygote breeding 
pairs and were backcrossed 15 times with C57BL/6. Mice (n=8 per genotype) were housed 
at 21±1 ºC, 40-50% humidity, on a 12 h light-dark cycle, with ad libitum access to water and 
a standard rodent diet (ssniff Spezialdiäten, Soest, Germany). At 13 weeks of age, baseline 
data were acquired in the fed state as described below. Within two weeks, mice were weig-
hed, placed solitary in a clean cage without food, but with access to water, and fasted for 
24 h, followed by measurements in the fasted state. Immediately thereafter, anesthetized 
mice were euthanized by exsanguination from the vena cava inferior. The heart was rapidly 
excised, weighed, and processed for biochemical and histological analysis. All procedures 
were approved by the Animal Ethics Committee of Maastricht University (Maastricht, The 
Netherlands).

MR protocol
Mice were anesthetized with 2% isoflurane in 0.4 L/min medical air and positioned supine 
in a purpose-built support cradle. Anesthesia was maintained by administering 1.6% isoflu-
rane in a continuous flow of 0.4 L/min medical air through a nose cone. Body temperature 
was maintained at 37±0.5 ºC using a warm water flow integrated in the setup, and monito-
red with a rectal fiber optic probe. ECG electrodes were placed on the front paws and a res-
piratory sensor balloon was taped onto the abdomen. Vital signs were monitored and used 
for MR gating/triggering by the SA Monitoring & Gating System (Model 1025, Small Animal 
Instruments, NY, USA). The cradle was positioned into a horizontal-bore 9.4 T magnet (Mag-
nex Scientific, Oxon, UK) interfaced to a Bruker Avance III console (Bruker Biospin MRI, Et-
tlingen, Germany) and controlled by the ParaVision 5.0 software package (Bruker Biospin). A 
quadrature driven birdcage coil (Ø 35 mm, Bruker Biospin) was used for radiofrequency (RF) 
transmission and signal reception.
A segmented, prospective cardiac-triggered respiratory-gated FLASH sequence was used to 
acquire cinematographic MR image series of 14-16 frames per cardiac cycle. Six 1-mm con-
tiguous left-ventricular (LV) short-axis slices were complemented with 4- and 2-chamber 
long-axis views. Imaging parameters: field of view=30×30 mm2; matrix=192×192; echo time 
(TE)=1.8 ms; repetition time (TR)=7 ms; flip angle=15º, number of averages (NA)=6. To as-
sess diastolic function, 22-26 frames of the equatorial short-axis view were acquired with a 
higher temporal resolution (TR=4.8 ms; matrix=128×128) and an increased flip angle (30º) 
for enhanced contrast between LV cavity and myocardial wall (Wiesmann et al., 2001).
Immediately after MR imaging, localized 1H-MRS was performed using a cardiac-triggered 
respiratory-gated point resolved spectroscopy (PRESS) sequence.(Schneider et al., 2004) A 
4 μL voxel was positioned in the diastolic interventricular septum, avoiding contamination 
of the spectra with signal originating from pericardial lipid deposits. PRESS parameters: 
TE=9.1 ms; TR≈2 s; 0.41 ms 90º Hermite-shaped excitation pulse; 0.9 ms 180º Mao-type 
refocusing pulses. Triggering was timed at ~75% of the cardiac period after ECG R-wave 
upslope detection. Volume selective shimming of the voxel of interest was done manually 
using the same PRESS sequence, until a water line width less than 40 Hz was achieved. Wa-
ter suppression was performed by preceding the PRESS sequence with a cardiac-triggered 
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respiratory-gated chemical shift selective (CHESS) module consisting of three frequency-
selective RF pulses (bandwidth=250 Hz) each followed by spoiler gradients in orthogonal 
directions. Total CHESS duration was 90.8 ms. Steady state of magnetization, required for 
accurate quantification of metabolite levels (Schneider et al., 2004), was maintained by ap-
plying dummy excitations during respiratory gates, allowing a window of <30 ms for trigger 
detection. Water-suppressed spectra were acquired on-resonance on creatine (1.71 parts 
per million (ppm) upfield of water; NA=256; acquisition time ~13 min). As a quantification 
reference, water spectra (NA=32) were acquired on-resonance on water with the RF pulses 
for water suppression turned off.

Image analysis
LV cavity and wall volumes were determined by semi-automatic segmentation (PIE Medical 
Imaging, Maastricht, The Netherlands) (Heijman et al., 2008). LV mass was calculated by 
multiplying the end-diastolic myocardial wall volume with a myocardial density of 1.05 g/
mL (Manning et al., 1994). End-diastolic volume (EDV), end-systolic volume (ESV), stroke 
volume (SV), and ejection fraction (EF) were calculated as described previously (Heijman et 
al., 2008). Cardiac output (CO) was calculated by multiplying the SV with the average heart 
rate. Peak ejection rate and peak filling rate were determined from the high temporal reso-
lution cine series as respectively the minimum and maximum in the time-derivative of the 
LV cavity volume (Wiesmann et al., 2001).

Spectral analysis
Spectral fitting was performed using AMARES in jMRUI (Vanhamme et al., 1997). The unsup-
pressed water spectrum was corrected for eddy-current distortions, after which DC offset 
was removed. The water peak was fitted to a Lorentzian line shape. The water-suppressed 
spectrum was phased using the corresponding unsuppressed water spectrum as a referen-
ce. The TG methylene resonance at 1.28 ppm was used as internal chemical shift reference. 
Peaks of metabolites were assigned according to reports in literature (Griffin et al., 2001) 
and fitted to Gaussian line shapes. The metabolite concentrations were expressed as a per-
centage of the unsuppressed water signal measured in the same voxel. 

Ex vivo myocardial lipid measurements
Total TG content was determined biochemically from myocardial tissue collected immedia-
tely after the MR measurements in the fasted state. Tissue (50-100 mg wet weight) was ho-
mogenized on ice in 2.5 mL Dole’s extraction mixture (isopropanol:heptane:1 mol/L H2SO4; 
40:10:1) using a dispersion tool (Ika T10 basic).(Dole, 1956) Next, 1.5 mL heptane and 0.6 mL 
0.4 mol/L MOPS buffer (pH 6.4) was added, followed by thorough mixing and centrifugation 
(4 ºC, 3000 g). The upper phase was collected and the lower phase was extracted again with 
1.5 mL heptane. Upper phases were pooled and evaporated to dryness. The residue was 
dissolved in 1 mL chloroform containing 1% Triton-X100, followed by evaporation to dryness 
and resuspension in 0.25 mL water. This solution was used for colorimetric quantification of 
total TG (Triglycerides LiquiColor, Instruchemie, Delfzijl, The Netherlands). 
As the in vivo 1H-MRS measurements do not allow for a detailed analysis of lipid composi-
tion, we measured the total fatty acid profile. Myocardial tissue was homogenized in PBS 
using a dispersion tool. After sonication (twice at 8 W output, 40 J, on ice), the protein con-
centration was measured using the bicinchoninic acid assay. All samples were diluted to a 
protein concentration of 10 mg/mL. Fatty acids from a 500 μg protein sample were directly 
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transesterified and analyzed by gas chromatography with flame ionization detection (GC-
FID) (Chegary et al., 2009; Dacremont and Vincent, 1995). Myocardial ceramide levels were 
determined as described previously (Groener et al., 2007).

Histology
To detect neutral lipids, 4-μm thick cryostat sections of frozen tissue were stained with 0.3% 
Oil Red O (BDH, Poole, UK). After washing, sections were counterstained with hematoxylin. 
The sections were analyzed by light microscopy. Multispectral imaging was performed using 
a Nuance N-MSI-420-20 camera with Nuance 3.0 software (Cambridge Research & Instru-
mentation, Woburn, MA, USA). Data sets were acquired at 420-720 nm at 10 nm intervals. 
Spectral libraries for hematoxylin and Oil Red O, each obtained from single-stained cells, 
were used to unmix the staining patterns into the individual components and to separate 
these from background. The fraction of Oil Red O-stained surface of tissue section surface 
was quantified using Image-Pro 7.0 software (Media Cybernetics, Bethesda, MD, USA).

Statistical analysis
Statistical analyses were performed using SPSS 17.0 (SPSS, Chicago, IL, USA). Statistical sig-
nificance of fasting and genotype effects on in vivo MR data were assessed using analysis of 
variance (ANOVA) for repeated measures, with one between-subjects factor (genotype) and 
one within-subjects factor (fasting). If the interaction term between the factors was signifi-
cant, the effects of genotype and fasting were analyzed separately using two-sided unpaired 
and paired t-tests, respectively. The effect of genotype on ex vivo determined lipid content 
was determined using a two-sided t-test. Relations between variables were assessed by 
Pearson r correlation coefficients. All data are presented as mean±standard deviation (SD), 
with the level of significance set at P<0.05. 
 

Results

Left ventricular morphology and function
We assessed cardiac LV morphology and function from cine MR images acquired in fed and 
fasted LCAD KO mice and controls (figure 1, Table 1). At baseline, body weight was similar 
for both genotypes. During 24 h fasting, body weight decreased by 17% compared to body 
weight at the start of fasting. LV mass was 10% higher in fed LCAD KO mice compared to fed 
WT mice (P<0.05), indicating mild LV myocardial hypertrophy. Minor loss of LV mass (-7%, 
P<0.01) was observed in fasted WT mice, whereas LV mass of LCAD KO mice was unaffected 
by fasting. EDV was 14% lower in fed LCAD KO mice than in fed WT mice (P<0.05). After 
fasting, EDV decreased (-10%, P<0.01) in WT mice, while ESV remained the same in fasted 
WT mice. In contrast, ESV increased in fasted LCAD KO mice (+54%, P<0.05), whereas EDV 
did not change in fasted LCAD KO mice. Peak ejection rate, SV, and CO were similar in both 
genotypes, and were not affected by fasting. In the fed state, EF was not different between 
genotypes. After fasting, EF was preserved in WT mice, but decreased in LCAD KO mice 
(-13%, P<0.01). Additionally, in LCAD KO mice, peak filling rate was significantly reduced 
by fasting (-23%, P<0.01), indicating decreased LV diastolic function. Combined, these data 
reveal impaired LV performance in the fasted LCAD KO mouse.
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Table 1: Animal characteristics, LV morphology, and LV function of wild type and LCAD KO mice in fed conditions 
and after 24 h fasting (N=8/group)

    Fed    Fasted
   WT  LCAD KO  WT   LCAD KO
Age (weeks)   13.8 ± 0.5  13.0 ± 0.4  15.4 ± 0.2  14.9 ± 0.2
Body weight (g)***  29.9 ± 1.7  29.7 ± 0.8   25.3 ± 0.8  24.8 ± 1.1
Heart mass at autopsy (mg)      122.9 ± 5.3  151.6 ± 7.3‡‡‡
LV mass (mg)   120.5 ± 10.2  132.3 ± 12.2‡  112.3 ± 11.7§§ 138.5 ± 9.2‡‡‡
End-diastolic volume (μL)  77.5 ± 5.9  66.4 ± 9.4‡  70.1 ± 8.1§§  76.6 ± 12.1
End-systolic volume (μL)  24.9 ± 4.5  19.4 ± 3.3‡  21.8 ± 4.4  29.9 ± 7.5‡, §
Stroke volume (μL)  52.6 ± 3.1  47.0 ± 7.4  48.3 ± 5.0  47.1 ± 6.6
Ejection fraction (%)  68.0 ± 3.9  70.6 ± 3.7  69.1 ± 3.7  61.7 ± 4.7‡‡, §§
Heart rate (1/min)  526 ± 49  512 ± 57  511 ± 57  509 ± 43
Cardiac output (mL/min)  27.7 ± 3.1  24.0 ± 4.0  24.5 ± 2.4  23.9 ± 3.3
Peak ejection rate (mL/s)  0.30 ± 0.04  0.31 ± 0.03  0.31 ± 0.04  0.27 ± 0.03
Peak filling rate (mL/s)  0.25 ± 0.01  0.26 ± 0.02  0.22 ± 0.02  0.20 ± 0.01§§

Data are expressed as mean±SD. General fasting effect: ***, P<0.001. If interaction was significant, the results of 
two-sided t-tests are given: ‡, P<0.05; ‡‡, P<0.01; ‡‡‡, P<0.001 vs. WT, §, P<0.05; §§, P<0.01 vs. fed.

FIGURE 1. Equatorial short-axis MR images at end-diastole from a WT mouse (A) and a LCAD KO mouse (B) in fed 
condition. Note the increased left ventricular (LV) wall thickness in the LCAD KO mouse, indicating LV hypertrophy. 
(C) LV cavity volume in the equatorial short-axis slice plotted against time after ECG R-wave upslope detection for a 
WT mouse, before and after fasting. (D) LV cavity volume-time curves for a LCAD KO mouse. (E) LV ejection fraction. 
**, P<0.01 vs. WT, §§, P<0.01 vs. fed.
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In vivo myocardial metabolite levels 
In order to assess myocardial metabolite levels, we applied in vivo localized 1H-MRS to the 
mouse heart. Several resonances can be distinguished in the water-suppressed 1H-MR spec-
tra (figure 2). Concentrations of nine metabolites were quantified relative to the unsuppres-
sed water signal obtained from the same voxel (Table 2). At baseline, the prominent TG me-
thylene signal at 1.28 ppm was higher in LCAD KO myocardium than in controls, indicating 
elevated myocardial TG levels in fed LCAD KO mice. Importantly, the TG methylene signal 
strongly increased in fasted LCAD KO mice (+63±56%, P<0.05), whereas this signal decreased 
after fasting in WT mice (-40±33%, P<0.05). Other TG associated peaks showed a similar pat-
tern, such as those from the α-methylene protons (CαH2COO, 2.21 ppm) and the allylic me-
thylene protons (CH2-CH=CH-CH2, 1.99 ppm). The residual water peak at 4.7 ppm hampered 
accurate quantification of nearby peaks. Consequently, the resonances originating from the 
glycerol backbone at 4.1 ppm and the olefinic protons (CH=CH) at 5.3 ppm could not be 
quantified. Nevertheless, the peak originating from olefinic protons was more prominent in 
the spectra obtained from LCAD KO myocardium, illustrating that the increased TG methy-
lene signal was paralleled by increased signal associated with unsaturated bonds in LCAD 
KO myocardial TG. This observation is corroborated by a higher signal of allylic methylene 
in LCAD KO mice, which increased further upon fasting. Taurine, choline/carnitine, and total 
creatine levels were similar in both genotypes, and were not affected by fasting. These data 
show that in WT mice, myocardial TG pools are depleted during fasting, while in LCAD KO 
mice, myocardial TG levels are elevated in fed conditions and further increase upon fasting.

Table 2: Myocardial metabolite concentrations as a percentage of the total water signal.

     δ         Fed        Fasted
  (ppm) WT (n = 8)  LCAD KO (n = 8) WT (n = 8)  LCAD KO (n = 7)
Taurine (1)  3.39  0.10 ± 0.03  0.13 ± 0.07  0.13 ± 0.03  0.12 ± 0.03
Choline/carnitine (2) 3.21 0.13 ± 0.06  0.15 ± 0.08  0.20 ± 0.05  0.15 ± 0.07
Creatine -CH3 (3) 2.99 0.08 ± 0.04  0.12 ± 0.08  0.12 ± 0.05  0.08 ± 0.03
TG CH=CH-CH2-CH=CH (4) 2.72 0.05 ± 0.02  0.08 ± 0.04  0.07 ± 0.02  0.08 ± 0.03
TG CαH2COO (5) 2.21 0.08 ± 0.03  0.13 ± 0.04‡  0.07 ± 0.02  0.19 ± 0.06‡‡‡, §
TG CH2-CH=CH-CH2 (6) 1.99 0.12 ± 0.03  0.21 ± 0.06‡‡  0.13 ± 0.05  0.31 ± 0.09‡‡‡, §
TG CβH2CH2COO (7)*,†† 1.57 0.06 ± 0.02  0.11 ± 0.04  0.07 ± 0.03  0.17 ± 0.08
TG -(CH2)n- (8)  1.28 0.65 ± 0.16  1.10 ± 0.20‡‡‡ 0.39 ± 0.16§  1.79 ± 0.60‡‡‡, § 

TG -CH3 (9)†  0.84 0.14 ± 0.05  0.24 ± 0.11  0.14 ± 0.04  0.27 ± 0.08

Chemical shift (δ) given in ppm (parts per million). Numbers in parentheses refer to the peaks assigned in 
Figure 2. Data are expressed as mean±SD. General fasting effect: *, P<0.05. General genotype effect: †, P<0.05; 
††, P<0.01. If interaction was significant, the results of two-sided t-tests are given: ‡, P<0.05; ‡‡, P<0.01; ‡‡‡, 
P<0.001 vs. WT, §, P<0.05 vs. fed.

Ex vivo myocardial lipid analysis
We compared the results obtained with 1H-MRS to biochemical TG measurement. As shown 
in figure 3, TG methylene levels measured in vivo with 1H-MRS correlated with the bioche-
mical measurements of total TG (r=0.91, P<0.0001). Corresponding to in vivo observations, 
total myocardial TG in fasted LCAD KO mice was higher than in fasted WT mice (P<0.01). 
Histology confirmed the accumulation of lipid droplets in cardiomyocytes of fasted LCAD KO 
mice as compared to fasted WT mice, indicating development of microvesicular steatosis 
(figure 4).
Next, GC-FID was used to obtain total fatty acid profiles. Total myocardial fatty acid content 
was significantly higher in fasted LCAD KO mice compared to fasted WT mice (LCAD KO, 
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(B) in fed condition and after 24 h fasting. Spectra are scaled equally. Metabolite peaks were assigned according to 
literature.(Griffin et al., 2001) 1, taurine, 3.39 ppm; 2, choline/carnitine, 3.21 ppm; 3, creatine -CH3, 2.99 ppm; 4, TG 
CH=CH-CH2-CH=CH, 2.72 ppm; 5, TG CαH2COO, 2.21 ppm; 6, TG CH2-CH=CH-CH2, 1.99 ppm; 7, TG CβH2CH2COO, 1.57 
ppm; 8, TG -(CH2)n-, 1.28 ppm; 9, TG -CH3, 0.84 ppm. Glc, composite resonances from the glycerol backbone, glu-
cose and other carbohydrates; TG, triglyceride. (C) Myocardial TG derived from the methylene peak. ***, P<0.001 
vs. WT, §, P<0.05 vs. fed.

FIGURE 3. Regression analysis shows good 
correlation (r=0.91, P<0.0001) between myo-
cardial triglyceride levels as measured in vivo 
with 1H-MRS, and ex vivo with a standard bio-
chemical assay in WT and LCAD KO mice after 
24 h fasting. Solid line represents the linear fit.
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570.9±104.8 nmol/mg protein versus WT, 407.5±47.8 nmol/mg protein; P<0.01). The rela-
tive contributions of both saturated (SFA) and polyunsaturated fatty acids (PUFA) to the total 
myocardial fatty acid content were slightly lower, whereas the relative content of monoun-
saturated fatty acid (MUFA) was higher in LCAD KO mice (figure 5A). Detailed analysis of the 
individual fatty acid species in the myocardium revealed a prominent, 2.5 fold higher level of 
oleate (C18:1[n-9]) in LCAD KO mice (P<0.001), and a mild elevation of linoleate (C18:2[n-6]) 
(P<0.05). Notably, of all fatty acid species, only docosahexaenoic acid (DHA, C22:6[n-3]) con-
tent was lower in the LCAD KO myocardium, both in absolute terms (P<0.05), and relative 
to the total myocardial fatty acid content (P<0.0001, figure 5B). Downstream of oleate and 
linoleate in the FAO pathway are C14:1[n-9] and C14:2[n-6], respectively. These fatty acids 
were strongly elevated in the LCAD KO myocardium (P<0.0001, figure 5B), although the ab-
solute levels were low. These elevations are paralleled by prominently increased levels of 
the corresponding C14:1 and C14:2 acylcarnitines in blood, plasma, and tissue samples of 
LCAD KO mice as reported previously.(Chegary et al., 2009; Cox et al., 2001; Kurtz et al., 
1998) Taken together, these data underscore the essential role of LCAD in the oxidation of 
oleate and linoleate. 
In order to establish whether increased TG accumulation coincides with an increase in lipo-
toxic compounds, we measured myocardial ceramide levels. Ceramide content was elevated 
in fasted LCAD KO mice compared to fasted WT mice (P<0.05, figure 5C).
 

Discussion

An imbalance between fatty acid utilization and supply may lead to cardiac steatosis. As 
such, excessive lipid accumulation has been proposed as a contributor to the pathogenesis 
of cardiac abnormalities in long-chain FAO disorders. Until now, limited data were available 
on the effects of impaired FAO on myocardial performance and lipid accumulation. We as-
sessed cardiac morphology, function, and myocardial TG storage of WT and LCAD KO mice 
using non-invasive MR methods. Previous studies have shown that the LCAD KO mouse phe-
notype resembles human VLCADD, and that it is currently the best preclinical model for 
long-chain FAO disorders (Chegary et al., 2009; Cox et al., 2001; Cox et al., 2009; Kurtz et 
al., 1998). We show that fasting decreased myocardial TG content in WT mice, while car-
diac performance was not affected. In contrast, elevated levels of myocardial TG in fasted 
LCAD KO mice were accompanied by decreased LV EF and reduced peak filling rate. Cardiac 
steatosis was confirmed by histology, revealing prominent accumulation of lipid droplets in 
cardiomyocytes of fasted LCAD KO mice.
The MR images obtained in fed conditions illustrate cardiac hypertrophy and maintenance 
of systolic cardiac performance in LCAD KO mice compared to WT mice, confirming previous 
M-mode echocardiography measurements (Cox et al., 2009). In addition, we show that, due 
to an increase of ESV, EF decreases in fasted LCAD KO mice, which suggests that fasting indu-
ces contractile dysfunction of the LCAD KO myocardium. No quantitative measures of dias-
tolic function were previously reported. Here, we show that diastolic performance, in terms 
of peak filling rate, is similar for both genotypes in the fed state, but decreases after 24 h 
fasting in the LCAD KO mice. Myocardial fibrosis, previously reported for 10% of 14-16 week 
old male LCAD KO mice (Kurtz et al., 1998), may alter LV filling rates (Jellis et al., 2010). It is 
unlikely that fibrotic tissue will develop within a 24 h fasting period, since in mouse models 
of myocardial ischemia or progressive heart failure, fibrosis occurs only after several days or 
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FIGURE 4. Oil Red O staining of frozen LV myocar-
dium of a WT mouse (A) and a LCAD KO mouse (B) 
after 24 h fasting. Intracellular lipid droplets are 
abundant in the cardiomyocytes of the LCAD KO 
mouse. (C) Percentage of Oil Red O-positive surface 
area, as determined with spectral imaging analysis. 
*, P<0.05 vs. WT.

FIGURE 5. (A) Relative contributions of saturated 
(SFA), monounsaturated (MUFA), and polyunsa-
turated (PUFA) fatty acids to the total myocardial 
fatty acid content of fasted WT and LCAD KO mice, 
as determined using gas chromatography with flame 
ionization detection. (B) Myocardial fatty acid pro-
files after 24 h fasting. (C) Total myocardial cera-
mide after 24 h fasting. *, P<0.05; **, P<0.01; ***, 
P<0.001 vs. WT.



Chapter 5

100

Chapter 5

even weeks from disease onset (Cleutjens et al., 1995). Furthermore, the LV hypertrophy al-
ready present in LCAD KO mice at baseline was not exacerbated after fasting. Indeed, histo-
logical analysis did not show prominent myocardial fibrosis in fed and fasted LCAD KO mice 
(data not shown). Moreover, expression of brain natriuretic peptide and atrial natriuretic 
factor, markers for hypertrophic myocardial adaptation, was not different between LCAD KO 
mice and controls, and was not affected by (repeated) fasting (data not shown). Apparently, 
the heart of LCAD KO mice is able to compensate the relatively mild metabolic defect in the 
fed condition, and this compensation fails upon fasting. A shift from FAO towards glucose 
metabolism for maintaining energy homeostasis may account for normal cardiac function as 
observed under fed conditions, but may become inadequate when glucose levels drop after 
a prolonged period of fasting (Kurtz et al., 1998). Diastolic dysfunction often precedes systo-
lic failure, which may develop over longer time, in more severe long-chain FAO deficiencies, 
or after a more strenuous nutritional challenge. Altogether, our findings suggest that the 
LV functional alterations in the LCAD KO mouse are not caused by fasting-induced fibrotic 
changes of the myocardium, but more likely by a metabolic effect of fasting. 
In healthy human volunteers, it was shown that short-term caloric restriction induces im-
paired diastolic LV function without altering systolic function. Myocardial phosphocrea-
tine-to-ATP ratio was maintained, suggesting that energy shortage is not the main cause 
of impaired diastolic function after caloric restriction in healthy subjects. Increased levels 
of myocardial TG correlated negatively with diastolic function, suggesting that lipotoxicity 
plays a role (van der Meer et al., 2007). In line with these findings, Hammer et al. showed 
that, after a three-day period of complete starvation, myocardial TG content increases up 
to three-fold compared to baseline levels in healthy humans, and that diastolic function 
decreases concomitantly (Hammer et al., 2008). Insufficient FAO leads to accumulation of 
TG in non-adipose tissue such as the myocardium, as was demonstrated in a rodent model 
for extreme obesity (Zhou et al., 2000). As expected, LCAD KO mice display elevated myo-
cardial TG levels, which increase even further after fasting. In accordance with findings in 
lean healthy men (Hammer et al., 2008; van der Meer et al., 2007) and diabetic patients, 
(Rijzewijk et al., 2008) increased myocardial TG levels were accompanied by decreased di-
astolic function in LCAD KO mice. In addition, total myocardial ceramide content was higher 
in fasted LCAD KO mice compared to fasted WT mice, showing that elevated myocardial TG 
levels may be accompanied by increased levels of lipotoxic compounds such as ceramide. 
Further investigations of the myocardial energy homeostasis in the LCAD KO mouse are re-
quired, before the detrimental effects of fasting on cardiac function can be fully attributed 
to lipotoxicity.
In sharp contrast with LCAD KO mice, WT mice in the current study showed a decrease in 
myocardial TG content after 24 h fasting. For these mice, a fasting period of 24 h may be 
sufficient to shift the equilibrium between cardiac storage of fatty acids and their utiliza-
tion towards the latter, resulting in a depletion of the myocardial TG pool. The loss of LV 
mass found in fasted WT mice is consistent with a previous study, and may be explained by 
starvation-induced autophagy (Kanamori et al., 2009). 
In apparent contrast to a recent 1H-MRS study of the mouse heart, (Hankiewicz et al., 2010) 
we find a good correlation between myocardial lipid levels measured in vivo and the TG 
content determined biochemically. In addition, histology supports that the TG signal in the 
1H-MR spectra originates from lipid droplets inside cardiomyocytes. So far, assessment of 
myocardial TG levels in laboratory animals has been limited to histology, biochemical assays 
on tissue samples, 1H-MRS of isolated intact or dissected hearts, or a combination of those 
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techniques (Szczepaniak et al., 2003). The current work demonstrates that non-invasive, 
in vivo cardiac 1H-MRS at physiological heart rates can be applied to animal models of di-
sease in a longitudinal study design, allowing monitoring changes in myocardial TG levels 
and other 1H-MRS observable metabolites. 
In conclusion, this study reveals accumulation of myocardial TG in LCAD KO mice, which 
increases even further upon fasting. Concomitantly, LV EF and diastolic function in LCAD KO 
mice decrease after fasting, suggesting adverse effects of increased lipid metabolite levels. 
The results obtained here provide a basis for future longitudinal investigations in animal 
models of FAO defects to non-invasively assess the impact of therapeutic interventions on 
myocardial TG levels and cardiac function.
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Abstract

Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) is an inherited disorder of mi-
tochondrial long-chain fatty acid β-oxidation (FAO). VLCADD patients present with hypogly-
cemia, hepatomegaly, cardiomyopathy and myopathy. Although the phenotype of the LCAD 
KO mouse closely resembles the phenotype in humans, this mouse model does not exhibit 
myopathy. As mice harbor two enzymes for the degradation of long-chain fatty acids, LCAD 
and VLCAD, we hypothesized that a mouse model in which one VLCAD allele is deleted in 
the LCAD KO mouse might present with a more severe phenotype including myopathy. The 
LCAD/VLCAD double knockout mouse is not viable. Palmitoyl-CoA dehydrogenase activity 
was significantly decreased and the C14:1/C2 acylcarnitine ratio was significantly increased 
in the LCAD-/-; VLCAD+/- mice opposed to all other genotypes tested. After an overnight fast, 
LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice were both equally hypoglycemic. During fasting, 
heat production and locomotor activity was decreased in the LCAD-/-; VLCAD+/+ and LCAD-/-; 
VLCAD+/- mice, but the RER was not changed. Creatine kinase levels were within the normal 
range in all groups. Our preliminary data suggest that although LCAD-/-; VLCAD+/- mice have 
lower FAO flux compared to LCAD-/-; VLCAD+/+ mice, they do not have a much more severe 
phenotype. Unfortunately, we did not observe fasting-induced myopathy.
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Introduction

Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) is a disorder of mitochondrial 
fatty acid β-oxidation (FAO) that compromises energy homeostasis and leads to the accumu-
lation of long-chain fatty acid derivatives. Patients may develop hypoketotic hypoglycemia, 
hepatomegaly, cardiomyopathy and myopathy with rhabdomyolysis. These features can be 
induced by illness, fever, exercise, and fasting (Bonnet et al., 1999; Rinaldo et al., 2002; Spie-
kerkoetter et al., 2004; Wanders et al., 1999). Fasting-induced hypoglycemia is the mean 
reason for the inclusion of FAO defects in the expanded neonatal screening programs since 
this life-threatening presentation can be prevented.
There is still a lack of therapeutic approaches to prevent or causally treat cardiomyopathy 
and myopathy except for dietary long-chain triglyceride (LCT) restriction and medium-chain 
triglyceride (MCT) supplementation. Interestingly, VLCADD patients improved by the treat-
ment with anaplerotic odd-chain triglycerides (Roe et al., 2002). In addition, other studies 
using D- and L-3-hydroxybutyrate, and bezafibrate, as therapeutic agents have shown im-
provement of the (cardio)myopathy and rhabdomyolysis in patients with long-chain FAO 
disorders (Bastin et al., 2011; Bonnefont et al., 2010; Van Hove et al., 2003). However, these 
treatments need to be confirmed in a larger cohort of patients.
Several mouse models have been developed to aid in the study of the pathogenesis of long-
chain FAO defects. Mouse models are usually selected based on similarities in phenotype 
and genetic defect. For the first step of long–chain FAO, mice have two acyl-CoA dehydro-
genase (ACAD) enzymes, very long-chain acyl-CoA dehydrogenase (VLCAD) and long-chain 
acyl-CoA dehydrogenase (LCAD). VLCAD KO (VLCAD-/-) and LCAD KO (LCAD-/-) mice have been 
generated and characterized (Cox et al., 2001; Exil et al., 2006; Exil et al., 2003; Kurtz et al., 
1998). Based on studies in fibroblasts, we and others have shown that LCAD and VLCAD 
have overlapping and distinct roles in FAO (Chegary et al., 2009; Kurtz et al., 1998). Surpri-
singly, the absence of VLCAD is apparently fully compensated, whereas LCAD deficiency is 
not. LCAD plays an essential role in the oxidation of unsaturated fatty acids such as oleic 
acid, but seems redundant in the oxidation of saturated fatty acids (Chegary et al., 2009). 
In agreement with this, the VLCAD-/- mouse has a mild phenotype consisting of mild he-
patic steatosis, mild fatty changes and microvesicular lipid accumulation in the heart, and 
facilitated induction of polymorphic ventricular tachycardia in response to fasting and cold 
challenge (Cox et al., 2001; Exil et al., 2006; Exil et al., 2003). The LCAD-/- mouse has a more 
severe phenotype, more closely resembling human VLCADD (Chegary et al., 2009; Cox et al., 
2001; Kurtz et al., 1998). Characteristics include fasting-induced hypoketotic hypoglycemia 
and marked fatty changes in liver and heart. LCAD-/- mice display myocardial triglyceride and 
ceramide accumulation, and develop fasting-induced cardiac dysfunction (Bakermans et al., 
2011). Although the LCAD-/- mouse model is closely related to VLCADD, it does not exhibit 
myopathy. We hypothesize that in the LCAD-/- mouse, VLCAD is partly rate-limiting for FAO. 
We reasoned that deletion of VLCAD in the LCAD-/- mouse would make a mouse model that 
resembles human VLCADD better. As LCAD/VLCAD double KO mice are not viable (Cox et al., 
2001), we generated a mouse model in which one VLCAD allele was deleted in the LCAD-/- 
mice, which would lead to a considerable decrease in the FAO capacity assuming a rate-limi-
ting role for VLCAD. 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.
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Experimental procedures

Materials
Human serum albumin (HSA), L-carnitine, malonyl-CoA, bicinchoninic acid (BCA) were ob-
tained from Sigma-Aldrich. Complete mini protease inhibitor cocktail tablets were obtained 
from Roche. The cell culture medium DMEM, nutrient mixture (25 mM HEPES + L-glutami-
ne) and the trypsin-EDTA solution were acquired from Gibco. 1-butanol, 1-propanol, and 
acetylchloride were obtained from Merck. Acetonitrile (ACN) gradient grade was obtained 
from Biosolve. The d3-C0, d3-C3, d3-C6, d3-C8, d3-C10 and d3-C16 acylcarnitine internal 
standards were obtained from Dr. H.J. ten Brink (Vrije University Medical Center, Amster-
dam, The Netherlands). [U-13C]-palmitic acid (C16:0), [U-13C]-oleic acid (C18:1, cis-9) were 
purchased from Cambridge Isotope Laboratories, [U-13C]-linoleic acid (C18:2, cis-9,12), my-
ristoleic acid (C14:1, cis-9), C16:0-CoA was purchased from Sigma. [9,10-3H(N)]-palmitic acid 
and [9,10-3H(N)]-oleic acid were purchased from PerkinElmer.

Animals
Acadl+/- (B6.129S6-Acadltm1UAB/Mmmh) on a pure C57BL/6 background and Acadvl+/- 
(B6.129S6-Acadvltm1Uab) on a mixed background (% C57BL/6 unknown) were obtained from 
Mutant Mouse Regional Resource Centers (http://www.mmrrc.org/). Colonies were main-
tained by crossing with C57BL/6N mice (Charles River Breeding Laboratories, Inc, Wilming-
ton, MA, USA). The 4 different genotypes the LCAD+/-; VLCAD+/+, the LCAD+/-; VLCAD+/-, the 
LCAD-/-; VLCAD+/+, and the LCAD-/-; VLCAD+/- were generated by crossbreeding after 2 or 3 
generations of backcrossing with C57BL/6N. The VLCAD allele was genotyped as described 
(Exil et al., 2003). The LCAD allele was genotyped using PCR in combination with acylcarni-
tine analysis on bloodspots with C14:1/C2 ratio being predictive for the LCAD KO genotype. 
Mice were housed at 21 ± 1 °C, 40-50% humidity, on a 12-h light-dark cycle, with ad libitum 
access to water and a standard rodent diet. At 9 to 10 weeks of age, mice were placed 
individually. Oxygen consumption, CO2 production, food and water intake, and locomotor 
activity were measured by a PhenoMaster system (TSE systems, Bad Homberg, Germany). 
Mice were allowed to adapt to their new environment and were then placed in metabolic 
cages for 2 days at room temperature (22-24°C). Data obtained during the second day were 
used for analysis. After 48h with a normal feeding regime, the mice were fasted overnight 
and refed for 4h the next morning. After refeeding, 50 µl of blood was collected from the 
vena saphena for the measurements of CK, glucose, acylcarnitines, ketones, lactate and py-
ruvate. Metabolic measurements were done again in the TSE during the night and refeeding 
cycle. After the TSE mice were housed again at their normal cages and every two weeks 50 
µl of blood was collected from the vena saphena for the measurements of CK, glucose, acyl-
carnitines, ketones, lactate and pyruvate. At 12 weeks of age, 50 µl of blood was collected 
from the vena saphena for the measurements of glucose, ketones, lactate and pyruvate. At 
14 week of age, mice were fasted overnight and anesthetized with an ip injection of 100 
mg/kg pentobarbital. Anesthetized mice were euthanized by exsanguination from the vena 
cava inferior. The heart, liver, and muscles were rapidly excised, weighed, and processed for 
biochemical and histological analysis. All experiments were approved by the institutional 
review board for animal experiments at the Academic Medical Center (Amsterdam, The 
Netherlands).
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Acylcarnitine analysis
Fibroblasts cultured in 12 well plates were incubated for 72 hours at 37°C, 5% CO2 in MEM 
medium with 1% mixture of penicillin, streptomycin and fungizone (Gibco) containing 0.4 
mM L-carnitine, 0.4% BSA and 100 µM of the indicated fatty acids. After 72 hours, the in-
cubation was stopped by removing the medium from the cells and processed as described 
(Chegary et al., 2009) using internal standards (50 pmol d3-C3-, 20 pmol d3-C6-, 20 pmol d3-
C8-, 20 pmol d3-C10- and 20 pmol d3-C16-acylcarnitine). Semi-quantitative determination 
of the formed acylcarnitines in the medium was performed using tandem mass spectrome-
try (Ventura et al., 1999).
Plasma and blood acylcarnitines were measured as described previously (Vreken et al., 
1999) using internal standards (25 µM d3-C0, 5 µM d3-C3, 2 µM d3-C6, 2 µM d3-C8, 2 µM 
d3-C10, and 2 µM d3-C16 acylcarnitine).
Tissue acylcarnitine levels were determined in freeze-dried tissue specimens using tandem 
mass spectrometry as described previously (van Vlies et al., 2005). In short, acylcarnitines 
were extracted using 80% acetonitrile (ACN), dried, propylated, dissolved in ACN, and stored 
at -20°C until analysis. Semiquantitative determination of the formed acylcarnitines in the 
samples was done using internal standards (650 µM d3-C0, 5 µM d3-C3, 2 µM d3-C6, 2 µM 
d3-C8, 2 µM d3-C10, and 2 µM d3-C16 acylcarnitine).

Clinical chemistry measurements
Glucose and creatine kinase were measured using standard enzymatic methods (Bergmey-
er et al., 1986). Alternatively, glucose was determined using a Contour glucometer (Bayer, 
Mijdrecht, The Netherlands). Blood lactate, pyruvate, β-hydroxybutyrate, acetoacetate and 
plasma amino acids were measured using LC-MS/MS (Casetta et al., 2000; Chuang et al., 
2009; Piraud et al., 2003). Blood for lactate, pyruvate and ketones was treated with 1M 
perchloric acid (1:1) immediately after blood withdrawal. Glycerol (Instruchemie, 2319), 
free fatty acids (Wako, 434-91795) and triglycerides (Human Gesellschaft, 1072401D) were 
measured in plasma using standard enzymatic assays.

Quantitative real-time RT-PCR analysis
Total RNA was isolated from mouse tissue using Trizol (Invitrogen) extraction, after which 
cDNA was prepared using the Superscript II Reverse Transcriptase kit (Invitrogen). Quanti-
tative real-time PCR analysis of LCAD, VLCAD, ACAD9 and 36B4 of mouse was performed in 
this cDNA using the LC480 Sybr Green I Master mix (Roche). Primer sequences are available 
upon request. To confirm the amplification of a single product both melting curve analysis 
and sequence analysis were carried out. All samples were analyzed in duplicate. Data were 
analyzed using linear regression analysis as described by Ramakers et al. (Ramakers et al., 
2003). To compare the LCAD, VLCAD and ACAD9 expression between different samples, va-
lues were normalized against the values for the housekeeping gene 36B4.

Acyl-CoA dehydrogenase enzyme measurements
Acyl-CoA dehydrogenase activity was determined in liver homogenates by using ferricenium 
hexafluorophosphate as electron acceptor followed by UPLC to separate the different acyl-
CoA species (Lehman et al., 1990). C16:0-CoA was used as substrate.

Fatty acid oxidation
Palmitic and oleic acid oxidation was measured by quantifying the production of 3H2O from 
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[9,10-3H(N)]-palmitic acid and [9,10-3H(N)] oleic acid as described previously (Manning et 
al., 1990). Oxidation rates were expressed as nmol of fatty acid oxidized per hour per mil-
ligram of cell protein (nmol/h mg).

Statistics
Statistical analysis was performed using Graphpad Prism 5. Data are displayed as the mean 
± SD. Differences were evaluated using a two sided t-test or a one-way analysis of variance 
(ANOVA) with Bonferroni’s Multiple Comparison Test. Statistical significance is indicated as 
follows: *P < 0.05, **P <0.01, ***P<0.001, and ****P<0.0001. The deviation of the distribu-
tion of genotypes from Mendelian ratio was calculated using a ᵡ2 test.
 

Results

Generation and biochemical characterization of LCAD-/-; VLCAD+/- mice
To generate a new mouse model with a more severe long-chain acyl-CoA dehydrogenase de-
ficiency, we generated LCAD-/-; VLCAD+/- mice by crossing LCAD+/-; VLCAD+/- mice with LCAD-

/-; VLCAD+/+ mice. Pedigree analysis revealed the expected 4 different genotypes: LCAD+/-; 
VLCAD+/+, LCAD+/-; VLCAD+/-, LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- (Table 1), however the 
observed number of animals with each of the genotypes was not according to the Mende-
lian distribution (ᵡ2 = 9.29, df1 P < 0.05). The number of mice born with LCAD-/-; VLCAD+/+ and 
LCAD-/-; VLCAD+/- genotypes was decreased with the LCAD-/-; VLCAD+/- genotype being most 
underrepresented. Breeding using double heterozygous mice (LCAD+/-; VLCAD+/- X LCAD+/-; 
VLCAD+/-) confirmed the absence of double KO animals in the progeny (data not shown), 
which is in line with previously reported findings (Cox et al., 2001). LCAD-/-; VLCAD+/- mice 
appeared healthy and displayed normal weight gain.
Whole blood acylcarnitines were measured in all 4 genotypes at time of weaning. No dif-
ferences were observed when the acylcarnitine profile of LCAD+/-; VLCAD+/+ and LCAD+/-; VL-
CAD+/- mice was compared (figure 1). Previous work already established that the acylcarni-
tine profile of WT mice does not differ from LCAD+/- mice (data not shown). This suggests 
that the acylcarnitine profile of LCAD+/-; VLCAD+/- mice is also indistinguishable from WT 
mice. LCAD-/-; VLCAD+/+ mice displayed a significant decrease in C0-, C2-, and an increase in 
C12-, C12:1-, C14:1-acylcarnitine (figure 1a), which is in line with previous reports (Cox et al., 
2001; Kurtz et al., 1998). The C14:1/C2 ratio is particularly indicative of the LCAD-/- genotype. 
When we compared the acylcarnitine profiles of the LCAD-/-; VLCAD+/- mice to the LCAD-/-; 
VLCAD+/+ mice, only C12-acylcarnitine was significantly further increased. The C14:1/C2 and 
C12/C2 ratios were also found to be further increased in blood of the LCAD-/-; VLCAD+/- mice 
as compared to the LCAD-/- mouse (figure 1b). These basic characterizations indicate that 
deletion of one VLCAD allele in the LCAD-/- background further aggravates the FAO defect.

Table 1: Genotype distribution of pedigree from LCAD+/-; VLCAD+/- and LCAD-/-; VLCAD+/+ breeding pairs.

Genotype    Observed    Expected

LCAD+/-; VLCAD+/+   32 (31%)    26 (25%)
LCAD+/-; VLCAD+/-   33 (32%)    26 (25%)
LCAD-/-; VLCAD+/+   23 (23%)    26 (25%)
LCAD-/-; VLCAD+/-   14 (14%)    26 (25%)
    102    102 (100%)
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FIGURE 1. Acylcarnitine profiles in blood of fed mice with different LCAD and VLCAD genotypes (in µM). A. Levels 
of different acylcarnitines measured in blood of all genotype mice fed a chow diet. B. The ratio of the acylcarniti-
nes C14:1 and C12 with acylcarnitine C2 are displayed. The different genotypes are indicated in the figure legend 
(LCAD+/-; VLCAD+/+ (n=25), LCAD+/-; VLCAD+/- (n=26), LCAD-/-; VLCAD+/+ (n=16), and LCAD-/-; VLCAD+/- (n=8)). Error bars 
indicate SD **P<0.01, ***P<0.001, ****P<0.0001.

No evidence for increased cardiac hypertrophy in LCAD-/-; VLCAD+/- mice
Cardiac hypertrophy and fasting-induced hepatic steatosis were observed in LCAD-/- mice 
(Cox et al., 2001; Kurtz et al., 1998). Indeed, heart and liver weight were significantly incre-
ased in LCAD-/- opposed to LCAD+/- mice (figure 2). Heart and liver weight of LCAD-/-; VLCAD+/+ 
and LCAD-/-; VLCAD+/- mice were not significantly different. As skeletal muscle is heavily af-
fected in VLCADD patients, we determined skeletal muscle weight as well. No difference in 
gastrocnemius, soleus and quadriceps muscle weight could be observed between the vari-
ous genotypes (data not shown). In addition, kidney and white adipose tissue weight was 
also similar between all genotypes (data not shown).
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Biochemical parameters in fasted mice
LCAD-/- mice as well as humans with a FAO defect develop hypoketotic hypoglycemia upon 
fasting. We investigated several biochemical parameters in mice of all 4 genotypes. In the 
fed state and after refeeding, there was no difference in glucose levels in mice of all 4 ge-
notypes (Supplemental figure 1). After an overnight fast, blood glucose levels in LCAD-/-; 
VLCAD+/- as well as LCAD-/-; VLCAD+/+ mice was lower compared to LCAD+/-; VLCAD+/+ and 
LCAD+/-; VLCAD+/- mice (figure 3a). Thus, hypoglycemia is apparent in LCAD-/- mice, but does 
not appear to be aggravated upon deletion of one VLCAD allele.
Blood lactate and pyruvate levels decrease upon fasting due to a shift towards fatty acid oxi-
dation at the expense of glucose metabolism. In the fasted state, lactate levels were indeed 
lower in all genotypes compared to the fed state (figure 3a and supplemental figure 1). No 
significant difference could be observed between the 4 genotypes. Upon refeeding, lactate 
levels rose 10-fold. This increase was most apparent in LCAD-/-; VLCAD+/- mice (Supplemental 
figure 1).
Next we determined the plasma acylcarnitine profile upon fasting. In contrast to our fin-
dings in whole blood of mice at the time of weaning (non-fasted), the C14:1/C2 and C12/C2 
acylcarnitine ratios in plasma did not differ between LCAD-/-; VLCAD+/- and LCAD-/-; VLCAD+/+ 
mice (figure 3b).
As expected, levels of acetoacetate and β-hydroxybutyrate are undetectable or very low in 
the fed state (data not shown). Upon fasting, ketone body levels increase, however there 
were no differences between the 4 genotypes (figure 3c). This is unexpected given the dif-
ferent degrees to which FAO is deficient in these mice.
Amino acids play an important role during fasting because they serve as gluconeogenic pre-
cursors. We therefore measured fasting plasma amino acids in the mice with the different 
genotypes. Surprisingly, none of the amino acids was significantly altered. There is however, 
a tendency towards increased levels of branched-chain amino acids (BCAAs) upon fasting in 
mice with the most severe FAO defect (figure 3d). This effect is even more pronounced when 
the BCAAs are expressed relative to the total amount of amino acids (figure 3d). Glycerol 
levels, another gluconeogenic precursor, were also similar in all genotypes (figure 3e).
Plasma NEFA levels increase upon fasting in mice and humans. Moreover, increased NEFA le-
vels have been described in LCAD-/- mice (Kurtz et al., 1998). We therefore measured plasma 
triglycerides and NEFA (figure 3e). NEFA levels are significantly higher in LCAD-/-; VLCAD+/- 
mice compared to all other genotypes. Taken together, deletion of one VLCAD allele on 
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the LCAD-/- background does not seem to aggravate clinical and biochemical signs of a FAO 
defect.

Characterization of LCAD-/-; VLCAD+/- mice using indirect calorimetry
To explore energy homeostasis in mice with a FAO defect, we performed indirect calorime-
try. First we measured all parameters without intervention. No differences between the 
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genotypes were observed (data not shown). During an overnight fast, O2 consumption, 
CO2 production and thus heat generation are significantly lower in mice with the LCAD-/- 
genotype. No significant difference was observed between LCAD-/-; VLCAD+/+ and LCAD-/-; 
VLCAD+/- (figure 4a). Moreover, the RER was not different between the genotypes. Although 
not significant, locomotor activity was reduced in parallel with heat generation. Overall, a 
trend in decreased locomotor activity could be observed in all three axes (X, Y and Z). This 
effect was most pronounced in LCAD-/-; VLCAD+/- mice (figure 4b). These results suggest that 
during fasting, mice with a FAO defect become progressively inactive, which may explain the 
observed reduced energy expenditure.
VLCADD patients suffer from episodes of myopathy and rhabdomyolysis, which can be trig-
gered by fasting or exercise. To assess whether reduced locomotor activity is caused by my-
opathy, we measured plasma CK levels after fasting. CK levels were within the normal range 
of 0-100 U/L in all genotypes (data not shown). We therefore conclude that these mice do 
not develop muscle damage upon fasting.

No functional compensation of deficient acyl-CoA dehydrogenase activity in LCAD-/-; VLCAD+/- 
mice
To explore potential compensatory changes, we analyzed mRNA and protein expression of 
the different ACADs in liver. As reported before, LCAD mRNA levels were not different bet-
ween LCAD+/- and LCAD-/- mice demonstrating that the mutant allele does not affect mRNA 
stability (Kurtz et al., 1998) (figure 5a). Western blot analysis showed that the LCAD protein 
was absent in LCAD-/- mice (figure 5b). As expected, liver VLCAD mRNA expression in VL-
CAD+/- mice was roughly half of that in VLCAD+/+ mice. Interestingly, western blot analysis of 
liver homogenates revealed that VLCAD protein expression increased with the severity of 
the ACAD defect with the highest VLCAD protein expression in the LCAD-/-; VLCAD+/- liver ho-
mogenates (figure 5b). mRNA expression of ACAD9, which theoretically could compensate 
for deficient (V)LCAD activity was not significantly changed (figure 5a). To test whether these 
differences in mRNA and protein levels reflect the ACAD activity, we measured palmitoyl-
CoA dehydrogenase activity. The palmitoyl-CoA dehydrogenase activity was decreased in a 
pattern that fits the different genotypes with LCAD-/-; VLCAD+/- mice having the most defi-
cient activity (figure 5c). However, this result is not in line with the VLCAD protein expression 
data (figure 5b), suggesting that in LCAD-/-; VLCAD+/- mouse liver, a significant part of the 
VLCAD protein is inactive.

Minimal decrease in FAO capacity in LCAD-/-; VLCAD+/- mouse fibroblasts
We established fibroblast cell lines of mice with all 4 different genotypes in order to assess 
the FAO capacity. First, we measured palmitic and oleic acid oxidation rates. It has been es-
tablished that LCAD-/- mouse fibroblasts have deficient oleic acid oxidation, while retaining 
normal palmitic acid oxidation (Chegary et al., 2009) (figure 6a and 6d). We confirmed the 
deficient oleic acid oxidation in LCAD-/-; VLCAD+/+ mouse fibroblasts (figure 6d). Unexpec-
tedly, oleic acid oxidation rate did not decrease further upon deletion of one VLCAD allele. 
Palmitic acid oxidation was largely unaffected in the different fibroblasts except for those 
with the LCAD-/-; VLCAD+/- genotype, which showed a small but significant decrease (figure 
6a). Thus fibroblasts with the LCAD-/-; VLCAD+/- genotype only have a minimal decrease in the 
FAO capacity when compared to LCAD-/-; VLCAD+/+ mouse fibroblasts.
Next, we incubated the respective fibroblasts with different saturated and unsaturated fatty 
acids and measured the formation of acylcarnitines in the culture medium. As reported 
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FIGURE 5. mRNA and protein expression levels in overnight fasted mice of all genotypes. A. mRNA relative ex-
pression levels of VLCAD, LCAD, and ACAD9 in mouse liver. Expression is corrected for 36B4. B. Immunoblot analysis 
of LCAD and VLCAD protein expression in mouse liver. Quantification of VLCAD protein expression. C. C16-CoA 
dehydrogenase activity measurements in mouse liver homogenates. Error bars indicate SD *P<0.05, **P<0.01, 
***P<0.001.

before, incubation with palmitic, oleic and linoleic acid resulted in the accumulation of C12, 
C14:1 and C14:2 acylcarnitine in LCAD-/-; VLCAD+/+ mouse fibroblasts (figure 6b, 6e and 6g). 
The same acylcarnitines accumulate in LCAD-/-; VLCAD+/- fibroblasts. We did observe that the 
ratios of the primary accumulating acylcarnitines (C12-, C14:1- and C14:2-) with the product 
(C2-) and substrate (C16-, C18:1- and C18:2-) acylcarnitines changed(figure 6c, 6f and 6h), 
again indicating that the additional deletion of one VLCAD allele results in small decrease in 
FAO capacity.
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FIGURE 6. Biochemical studies in fibroblasts of mice of all genotypes. A. and D. Palmitic acid oxidation in fibro-
blasts of mice of all genotypes. B., E and G. Cells were incubated with [U-13C]-palmitic, [U-13C]-oleic or [U-13C]-
linoleic acid. Acylcarnitine production (in µmol/mg protein.min) in medium of mice with all genotypes tested. C., F. 
and H. Ratios of acylcarnitines in all genotypes tested. C. Error bars indicate SD *P<0.05, **P<0.01, ****P<0.0001.

Discussion

Mouse models are vital to study the pathogenesis of human inherited metabolic disorders. 
We aimed to generate a new mouse model that reflects VLCADD in humans better than the 
currently available models, the LCAD-/- and VLCAD-/- mouse. The VLCAD-/- mouse has a mild 
phenotype consisting of mild hepatic steatosis, mild fatty change and microvesicular lipid 
accumulation in the heart, and facilitated induction of polymorphic ventricular tachycardia 
in response to fasting and cold challenge (Cox et al., 2001; Exil et al., 2006; Exil et al., 2003). 
The LCAD-/- mouse model shows fasting-induced hypoglycemia and hepatomegaly, hyper-
trophic cardiomyopathy, and an acylcarnitine profile comparable to VLCADD in humans 
(Chegary et al., 2009; Cox et al., 2001; Kurtz et al., 1998). However, important symptoms 
such as fatigability, exercise intolerance, and myopathy are lacking in both mouse models. 
We hypothesize that in the LCAD-/- mouse, VLCAD is partly rate-limiting for FAO. Based on 
this, reduction of VLCAD enzyme activity should have a pronounced effect on FAO capacity. 
Therefore, we generated and characterized a mouse model in which one VLCAD allele was 
deleted in the LCAD-/- background, the LCAD-/-; VLCAD+/- mouse.
As previously reported, the number of LCAD-/-; VLCAD+/+ progeny was reduced (Cox et al., 
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2001; Kurtz et al., 1998). We found that the gestational loss of progeny with the LCAD-/-; VL-
CAD+/- genotype was even higher. This is not unexpected since FAO plays an important role 
in the development of the foetus (Kurtz et al., 1998; Oey et al., 2006). In addition, in the fed 
state, long-chain acylcarnitine levels in the LCAD-/-; VLCAD+/- mice were increased compared 
to LCAD-/-; VLCAD+/+ mice, which is especially evident from the significantly elevated C14:1/
C2 and C12:1/C2 ratios. These data suggest a decrease in the FAO capacity of the LCAD-/-; 
VLCAD+/- mice.
Prominent features in the LCAD-/-; VLCAD+/+ mice are cardiac hypertrophy and fasting-indu-
ced hepatic steatosis and hypoglycemia (Bakermans et al., 2011; Kurtz et al., 1998). Indeed, 
we found increased heart and liver weight and hypoglycemia in the LCAD-/-; VLCAD+/+ mice, 
which did not further increase in the LCAD-/-; VLCAD+/- mice. These findings are not consi-
stent with a more severe FAO defect in LCAD-/-; VLCAD+/- mice.
Interestingly, some parameters were different between the LCAD-/-; VLCAD+/+ mice and the 
LCAD-/-; VLCAD+/- mice. Plasma NEFA levels were higher in the LCAD-/-; VLCAD+/- mice. There 
are two possible explanations for this phenomenon. LCAD-/-; VLCAD+/- mice could have in-
creased lipolytic activity or reduced cellular NEFA uptake. Fasted LCAD-/-; VLCAD+/- mice also 
display an increase in BCAAs. As BCAAs are considered to be markers for muscle protein 
degradation (Felig and Wahren, 1975), which could be in line with our hypothesis that a FAO 
defect induces muscle degradation. Alternatively, elevated BCAAs could be indicative of an 
impaired oxidation of BCAAs.
Indirect calorimetry revealed no clear increase in RER in mice with the most severely af-
fected FAO. This is unexpected despite the fact that biochemical measurements revealed 
only small differences in FAO flux. A possible explanation might be the decreased heat pro-
duction in LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice, which is supported by decreased O2 
utilization and CO2 production. Decreased energy expenditure might enable these mice to 
maintain similar ratios between FAO and glucose oxidation. The decrease in energy expen-
diture coincides with a decreased locomotor activity in the LCAD-/-; VLCAD+/+ and LCAD-/-; 
VLCAD+/- mice. Especially rearings were decreased. Interestingly, with every extra LCAD or 
VLCAD allele knocked out, mice appear to become less active. This decrease in activity may 
be explained by impaired FAO, since less energy can be produced from fat as energy source, 
forcing mice into a torpor-like state upon fasting in order to preserve energy. An alternative 
explanation could be the muscle damage due to rhabdomyolysis after prolonged fasting. 
Rhabdomyolysis impairs muscle function and leads to pain. Upon fasting, CK levels in plasma 
were not different between genotypes, which argues against rhabdomyolysis as an expla-
nation for inactivity.
We hypothesized that VLCAD was rate-limiting for FAO in LCAD-/- mice. Based on this, we 
expected a pronounced phenotype upon deletion of one VLCAD allele, however, the con-
sequence of this deletion appears rather mild. To explore potentially compensating mecha-
nisms, we investigated expression of LCAD, VLCAD and ACAD9. At the mRNA level, deletion 
of VLCAD resulted in a 50% decrease in VLCAD expression. At the protein level, however, 
VLCAD protein levels were increased in LCAD-/-; VLCAD+/- mice, suggesting a compensatory 
mechanism by means of reduced turnover or breakdown of VLCAD. As a consequence of 
the increased VLCAD protein levels an increase in palmitoyl-CoA dehydrogenase activity was 
expected. Unexpectedly, the enzymatic activity is lowest in LCAD-/-; VLCAD+/- liver homo-
genates compared to all other genotypes. This discrepancy between gene expression and 
protein expression, suggests that a significant part of the VLCAD protein in LCAD-/-; VLCAD+/- 
liver homogenates is inactive. This may be explained by a defective proteolytic degradation 
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of proteins, but this mechanism should not affect only VLCAD. Levels of other mitochondrial 
proteins should be determined to investigate this hypothesis.
We also studied FAO capacity in vitro in fibroblasts from the mice with the 4 different geno-
types. We confirmed that oleic acid oxidation is deficient in LCAD-/- mice, whereas palmitic 
acid oxidation remains unaffected. Oleic acid oxidation did not decrease upon deletion of 
one VLCAD allele, while palmitic acid oxidation was slightly decreased. Acylcarnitine profi-
ling was consistent with these results. These results appear to confirm that LCAD plays a 
very important role in the oxidation in unsaturated fatty acids, while VLCAD might be more 
specific for saturated fatty acids. These results are, however, not fully consistent with this 
hypothesis. The fact that oleic acid oxidation is deficient in LCAD-/- fibroblasts strongly sug-
gests that under the given conditions, VLCAD is limiting for the rate of oleic acid oxidation. 
That would imply that deletion of one VLCAD allele should decrease oleic acid oxidation 
by up to 50%. We find no decrease at all, which suggests that VLCAD and LCAD work in a 
completely independent manner and are in fact not compensating for each other’s func-
tion. This may be explained by the differential localization of LCAD and VLCAD. VLCAD is 
associated with the inner mitochondrial membrane, whereas LCAD is soluble and localized 
in the matrix of the mitochondria. Alternatively, the different kinetic constants of LCAD and 
VLCAD may provide an explanation. We suggest that these issues could be addressed using 
a mathematical model.
In summary, our preliminary study suggests that although LCAD-/-; VLCAD+/- mice have lower 
FAO flux compared to LCAD-/-; VLCAD+/+ mice, they do not develop more severe phenotype. 
Unfortunately, we did not observe fasting-induced myopathy.
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SUPPLEMENTAL FIGURE 1: Glucose, lactate and pyruvate (in mmol/L) in fed and refed mice of all 4 genotypes.
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Chapter 7

Perspectives

The aim of this thesis was to understand the specific role of FAO enzymes in (patho)physio-
logy. We first focused on the auxiliary enoyl-CoA isomerases for which no human deficien-
cies have been described so far. We studied a mouse model (Eci1 KO) in order to identify a 
potential presentation of enoyl-CoA deficiency in humans. Although this approach seems 
indirect, the lack of human patients makes the use of a mouse model inevitable at this stage. 
Recent developments in human genetics however enabled the rapid and cheap sequen-
cing of the complete exome or genome of patients. This approach is now very successful in 
identifying the molecular cause in many inborn errors. We expect that these so-called next 
generation sequencing techniques will identify patients with defects in auxiliary enzymes, 
who display mild or unexpected phenotypes.
Mouse models are also very helpful in studying the pathophysiology of inborn errors. Sever-
al mouse models for FAO disorders were characterized and investigated. Many symptoms of 
FAO defects are also observed in FAO deficient mice, notably hypoketotic hypoglycemia and 
cardiac hypertrophy. Skeletal muscle pathology is not observed. Therefore, we continued to 
explore new models such as the LCAD-/-; VLCAD+/- mouse. However, initial characterization 
of the LCAD-/-; VLCAD+/- mouse revealed no indications for fasting-induced rhabdomyolysis. 
Therefore, we will proceed by exercising these mice to induce a muscle phenotype. Another 
possibility to investigate rhabdomyolysis is to generate an inducible knockout mouse mo-
del, for example for the MTP gene. MTP is the most interesting gene, because the MTP KO 
mouse has a very severe phenotype (Ibdah et al., 2001). A muscle-specific KO can be gene-
rated using a transgenic mouse line expressing Cre recombinase under the control of the 
human alpha-skeletal actin promoter. In general, the use of new and improved FAO deficient 
mouse models will further contribute to our knowledge of the (patho)physiology of FAO. 
From the perspective of therapy, new mouse models like the LCAD-/-; VLCAD+/- mouse  are 
necessary to critically evaluate existing and new therapeutic opportunities.
The most common disease presentation in FAO deficiencies is hypoketotic hypoglycemia, 
which is often provoked by fasting in combination with an illness. This clinical feature can 
lead to coma or even sudden death, but can be easily prevented by the avoidance of fasting 
or intravenous glucose administration. There is however, still a lack of therapeutic approa-
ches to prevent or causally treat cardiomyopathy and myopathy except for dietary long-
chain triglyceride (LCT) restriction and medium-chain triglyceride (MCT) supplementation. 
Interestingly, VLCADD patients improved by the treatment with anaplerotic odd-chain trigly-
ceride (triheptanoin) (Roe et al., 2002). In addition, other studies using D- and L-3-hydroxy-
butyrate and bezafibrate as therapeutic agents have shown improvement of the (cardio)
myopathy and rhabdomyolysis in patients with (long) chain FAO disorders (Bastin et al., 
2011; Bonnefont et al., 2010; Van Hove et al., 2003). However, these treatments need to be 
investigated in a larger cohort of patients.
In our work we hypothesized that the pathogenesis of a FAO deficiency is related to the ac-
cumulation of toxic lipid intermediates and/or a decreased metabolic flexibility for energy 
generation. Unexpectedly, we have also found chronic activation of mTOR in tissues of the 
LCAD-/- mouse upon fasting (unpublished observations). This suggests that some of the pa-
thogenic processes might be related to chronic mTOR activation and that inhibition of mTOR 
using rapamycin might be a novel therapy for FAO disorders. Future experiments will ad-
dress the effect of rapamycin on fasting-induced hypoglycemia and cardiac hypertrophy.
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Summary

In mammalian cells energy homeostasis is maintained by the oxidation of carbohydrates, 
amino acids and fatty acids. Mitochondrial fatty acid β-oxidation (FAO) is the primary pa-
thway for the degradation of fatty acids in mammals. FAO is catalyzed by a series of enzymes 
that degrade an acyl-CoA in a cycle of 4 enzymatic steps to acetyl-CoA units. Inborn errors 
have been described for most of these enzymes in humans. The most common disease 
presentation in FAO deficiencies is hypoketotic hypoglycemia, which is often provoked by 
fasting in combination with an illness. This clinical feature can lead to coma or even sud-
den death, but can be easily prevented by the avoidance of fasting or intravenous glucose 
administration. Because of this, the Dutch expanded neonatal screening includes medium-
chain acyl-CoA dehydrogenase (MCAD), very long-chain acyl-CoA dehydrogenase (VLCAD) 
and long-chain hydroxyacyl-CoA dehydrogenase (LCHAD) deficiency (since January 1, 2007).
Other symptoms that occur in FAO disorders are cardiomyopathy and rhabdomyolysis. The 
pathophysiology of all symptoms is still poorly understood. Unfortunately, interventions 
that prevent hypoglycemia, do not seem to prevent the development of cardiomyopathy 
and rhabdomyolysis. Although neonatal screening will prevent mortality associated with 
hypoglycemia, it will also identify patients who are at risk to develop cardiomyopathy and 
rhabdomyolysis. It is therefore of great importance to gain more knowledge on the patho-
physiology of FAO disorders in order to develop rational therapeutic strategies to prevent or 
treat cardiomyopathy and rhabdomyolysis. Therefore, the overall aim of this thesis was to 
understand the specific functions of FAO enzymes in physiology. Using this knowledge we 
also addressed the pathophysiology of FAO deficiencies.

Auxiliary enzymes in FAO are crucial for the oxidation of unsaturated fatty acids. There are 
three different types of auxiliary enzymes involved, including 2,4-dienoyl-CoA reductases 
(DECR), ∆3,5,∆2,4-dienoyl-CoA isomerases and ∆3,∆2-enoyl-CoA isomerases (ECI). At this mo-
ment, there are no deficiencies described for the isomerases. To obtain more insight in the 
function of auxiliary enzymes in FAO and to explore a potential presentation of a human 
deficiency, we characterized a mouse model deficient in Eci1 in chapter 2. Eci1 is one of the 
enzymes converting cis-3 or trans-3 enoyl-CoAs to trans-2 enoyl-CoAs, which is crucial for 
further oxidation by the regular FAO enzymes. We found that Eci1 deficient mice present 
with a mild phenotype. Upon fasting, Eci1 mice displayed a trend to ketotic hypoglycemia 
with elevated levels of C12:1- and C14:1-acylcarnitine. We provide evidence that Eci2, a 
second Eci expressed in mitochondria, can (partially) take over the function of Eci1. There-
fore, the mild phenotype is explained by functional redundancy between Eci1 and Eci2. To 
identify potential patients with Eci1 deficiency, we suggest screening patients with ketotic 
hypoglycemia for an accumulation of C12:1-acylcarnitine.

In mammalian cells there are three Ecis described, Eci1 expressed in mitochondria, Eci2 ex-
pressed in mitochondria and peroxisomes, and Eci as an integral part of EHHADH expressed 
in peroxisomes. In chapter 3 we described the molecular and functional characterization of 
Eci3, a novel peroxisomal Eci. Eci3 is rodent-specific and arose after duplication of the Eci2 
gene. We show that mouse Eci3 is selectively expressed in kidney. In contrast, Eci3 expres-
sion in the rat is ubiquitous. In silico gene co-expression analysis for Eci3 in kidney did not 
yield (lipid) metabolism as enriched biological process. Moreover, the co-expressed genes 
for rat and mouse Eci3 had little overlap suggesting that the molecular evolution of Eci3 



Perspectives, Summary, Samenvatting

125

Ch
ap

te
r 7

function is still ongoing and its primary role may not be related to FAO.

To study the reciprocal relationship between glucose metabolism and FAO in heart and ske-
letal 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 as described in chap-
ter 4. This E3A point mutation renders the Cpt1b enzyme insensitive to feedback inhibition 
by malonyl-CoA. We hypothesized that Cpt1bE3A mice exhibit increased FAO flux in heart and 
skeletal muscle due to decreased malonyl-CoA sensitivity. Indeed, CPT1bE3A mice have less 
malonyl-CoA sensitivity, but based on acylcarnitine profiling only the heart showed signs of 
increased FAO flux. Interestingly, in the heart, skeletal muscle and BAT of the Cpt1bE3A mice, 
the total Cpt1b activity is decreased due to lower Cpt1b protein levels with normal Cpt1b 
mRNA levels. The protein levels of Cpt1b could be increased under conditions that promote 
protein folding such as low temperature suggesting reduced stability of the mutant protein. 
Furthermore, Cpt1bE3A mice had deficient adaptive thermogenesis, similar to well-establis-
hed FAO deficiency models. Despite the overall mild phenotypic presentation of Cpt1bE3A 

mice, our data suggest an important role for Cpt1b in the regulation of FAO.

The long-chain acyl-CoA dehydrogenase (LCAD) KO mouse model is a good model for human 
VLCAD deficiency. In chapter 5, we studied the fasting-induced changes in cardiac morpho-
logy, function, and triglyceride (TG) storage in the LCAD KO mouse in a noninvasive fashion 
using magnetic resonance imaging (MRI) and proton magnetic resonance spectroscopy (1H-
MRS). The left ventricular (LV) mass was higher in LCAD KO mice indicating LV myocardial 
hypertrophy. TG content at baseline was already higher in the LCAD KO mice and increased 
further in fasted LCAD KO mice. Furthermore, the LV ejection fraction and diastolic filling 
rate decreased after fasting. Ex vivo analysis revealed increased myocardial ceramide con-
tent in fasted LCAD KO mice. Taken together, this study revealed accumulation of myocardial 
TG in LCAD KO mice. The accumulating lipid metabolites such as ceramide could be respon-
sible for the observed fasting-induced impairment of cardiac function.

Unfortunately, the LCAD KO mouse has a relatively mild phenotypic presentation. It recapi-
tulates human VLCAD deficiency with respect to the hypoketotic hypoglycemia and some 
cardiac abnormalities. However, myopathy and rhabdomyolysis, which are very common in 
VLCAD deficiency are absent in the LCAD KO mouse. In chapter 6, we described an attempt 
to generate a better model. Because the LCAD/VLCAD double KO mouse is reported to be 
lethal, we combined the LCAD and VLCAD KO mouse models by generating mice that lack 
one VLCAD allele on the LCAD KO background. We hypothesized that these LCAD/VLCAD-
deficient mice would have a more severe phenotype including myopathy and rhabdomyo-
lysis. We identified in the LCAD/VLCAD-deficient mice a significant increase in the C14:1/C2 
acylcarnitine ratio when compared with all other genotypes tested. Furthermore, energy 
expenditure in the LCAD/VLCAD deficient mice was decreased. However, plasma levels of 
creatine kinase, a marker for rhabdomyolysis, were unchanged in all genotypes tested. The-
se data suggest that despite a lower FAO capacity, the LCAD/VLCAD deficient mice do not 
develop myopathy and rhabdomyolysis.
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Samenvatting

Cellen hebben energie nodig om te kunnen overleven. Energie kan worden verkregen uit 
suikers, eiwitten en vetten in onze voeding. Deze energie wordt onder andere geproduceerd 
in de mitochondriën die als de energiecentrales van onze cellen functioneren. Een van de 
belangrijke grondstoffen voor de productie van energie, de vetten oftewel de vetzuren, wor-
den verwerkt door de mitochondriale vetzuur β-oxidatie (β-oxidatie). De β-oxidatie bestaat 
uit een reeks enzymen die nauw met elkaar samenwerken. Voor elk van deze enzymen zijn 
wel erfelijke defecten beschreven. Een belangrijk risico van een β-oxidatie stoornis is het 
ontwikkelen van een levensbedreigende lage suikerspiegel in het bloed. Bij een β-oxidatie 
stoornis gaat dit altijd gepaard met lage waarden van ketonlichamen (een energierijke ver-
binding) in het bloed. Dit wordt ook wel een hypoketotische hypoglycemie genoemd. Deze 
hypoketotische hypoglycemieën ontstaan meestal door vasten in combinatie met ziek zijn. 
Een patiënt met een β-oxidatie stoornis kan ook andere symptomen hebben, de meest 
voorkomende zijn hartafwijkingen en afbraak van spierweefsel. Echter de exacte oorzaken 
van deze symptomen zijn nog onbegrepen. De lage bloedsuikerspiegel kan leiden tot coma 
of zelfs een plotselinge dood, maar kan eenvoudig vermeden worden door niet te vasten 
of intraveneus glucose toe te dienen. Om deze reden zijn aan het Nederlandse screenings-
programma voor pasgeborenen vanaf 1 januari 2007 drie enzym deficiënties toegevoegd, 
waarbij sprake is van een defect in de β-oxidatie. Dit zijn de deficiënties voor de enzymen 
medium chain-acyl-CoA dehydrogenase (MCAD), very long-chain acyl-CoA dehydrogenase 
(VLCAD) en long-chain hydroxyacyl-CoA dehydrogenase (LCHAD). In de afgelopen jaren zijn 
ondanks de uitbreiding van de neonatale screening de behandelingen voor deze deficiën-
ties nauwelijks vooruit gegaan. De huidige behandelingen (het voorkomen van vasten, dieet 
aanpassingen en L-carnitine als voedingssupplement) zijn gericht op het voorkomen van 
symptomen zoals de hypoglycemie of de correctie van een biochemische waarde (L-carni-
tine). Dieet aanpassingen zijn gebaseerd op biochemische kennis en ervaring, maar zelden 
onderzocht in een goed gecontroleerd experiment. Het is dus onbekend hoe effectief een 
behandeling is voor de hartziekte en bovendien lijkt het weinig effect te hebben op het 
voorkomen van spierschade. Het onderzoek naar de oorzaak van de ontwikkeling van de 
hartziekte en spierschade is daarom dus erg belangrijk. Ons onderzoek is erop gericht om 
meer inzicht te krijgen in de (patho-)fysiologie van de β-oxidatie enzymen en het ontstaan 
van verslechterde hartfunctie en spierschade om zo te komen tot een logische therapeuti-
sche behandeling voor kinderen en volwassenen. Wij denken dat wanneer de rol van de ver-
schillende β-oxidatie enzymen beter begrepen wordt dit kan leiden tot het ontdekken van 
nog niet eerder beschreven β-oxidatie defecten. Het onderzoek, beschreven in dit proef-
schrift is gedaan door gebruik te maken van in vitro (buiten het lichaam, bijv. cellen) en in 
vivo (in het lichaam, bijv. muismodellen) modellen.

Vetzuren worden dus afgebroken door de enzymen van de β-oxidatie. Voor de afbraak van 
onverzadigde vetzuren heeft de β-oxidatie zogenaamde “hulpenzymen” nodig. Interessant 
is dat er nog geen mensen zijn beschreven die een β-oxidatie defect hebben door een defect 
in één van deze “hulpenzymen”. Om meer inzicht te krijgen in de afbraak van onverzadigde 
vetzuren door de β-oxidatie en de rol van deze “hulpenzymen” hebben wij in hoofdstuk 2 
een muismodel gebruikt welke het “hulpenzym” enoyl-CoA isomerase 1 (Eci1) mist (Eci1 KO 
muis). Dit enzym is essentieel voor het verplaatsen van een onverzadigde binding binnen 
een vetzuur om het geschikt te maken voor β-oxidatie. Onze resultaten laten zien dat een 
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Eci1 KO muis bijna niet ziek is. Namelijk, na een periode van vasten laat dit muismodel maar 
een heel kleine verlaging zien in de bloedsuikerspiegel, met normale ketonlichaam waarden 
(een ketotische hypoglycemie). Acylcarnitines welke belangrijke klinisch chemische parame-
ters in het bloed zijn om een mogelijke β-oxidatie defect aan te tonen, waren verhoogd in 
de Eci1 KO muis (met name C12:1- en C14:1-acylcarnitine). Daarna hebben we onderzocht 
waarom deze muis bijna niet ziek is. Mitochondriën bleken nog een tweede Eci enzym te 
hebben, namelijk Eci2. Wij laten in dit hoofdstuk zien dat Eci2 voor een belangrijk deel de 
functie van Eci1 kan overnemen. Dit verklaart waarom de Eci1 KO muis niet ziek wordt en 
kan mede de oorzaak zijn waarom er nog geen mensen beschreven zijn met een β-oxidatie 
defect door ECI1 deficiëntie. Om toch te screenen op een mogelijke ECI1 deficiëntie in men-
sen raden wij aan om te kijken naar patiënten met lage bloedsuikerwaarden in de aanwezig-
heid van ketonen en een verhoogd C12:1-acylcarnitine.

In hoofdstuk 3 beschrijven we een derde Eci, namelijk Eci3. Dit Eci3 enzym hebben we ge-
vonden in de peroxisomen van de nier van een muis . Peroxisomen zijn net als mitochondri-
en een onderdeel van de cel en spelen een rol bij de β-oxidatie van zeer lang keten vetzuren 
en andere bijzondere vetzuren. Eci3 is een enzym specifiek voor knaagdieren en komt niet 
voor bij de mens. In dit hoofdstuk kijken wij welke rol Eci3 speelt in de muis en rat. Eci3 is 
ontstaan door een duplicatie van het Eci2 gen. Eci2 functioneert zowel in de mitochondriën 
en peroxisomen. In de muis is het Eci3 gen alleen actief in de nier, terwijl in de rat Eci3 in 
meerdere organen actief is. Eci3 lijkt erg veel op Eci2 en heeft ook Eci enzym activiteit. 
Desondanks lijkt het erop dat Eci3 niet betrokken is bij de β-oxidatie, omdat Eci3 niet wordt 
gereguleerd samen met andere β-oxidatie enzymen. Omdat Eci3 relatief recent ontstaan is 
in de evolutie, denken wij dat de rol van Eci3 zich nog steeds ontwikkelt.

De balans tussen suiker stofwisseling (koolhydraten afbraak) en β-oxidatie (vetzuren af-
braak) is erg belangrijk. Om meer te weten te komen over deze balans in het hart en de 
spieren en de relatie met de ontwikkeling van insuline resistentie hebben we een muismo-
del ontwikkeld dat een puntmutatie heeft in het carnitine palmitoyltransferase 1b (Cpt1b) 
gen (de Cpt1bE3A muis). Door deze puntmutatie is het enzym Cpt1b minder gevoelig voor 
zijn natuurlijke “remmer” malonyl-CoA. Cpt1b is cruciaal voor de import van vetzuren in 
het mitochondrium. Omdat er zonder import geen β-oxidatie kan plaatsvinden wordt er 
aangenomen dat Cpt1b snelheidsbepalend is voor de β-oxidatie. Malonyl-CoA is een stof die 
voortkomt uit de vetzuursynthese. Onder condities waarin vetzuursynthese hoog is, zoals na 
een maaltijd is er meer malonyl-CoA en dus weinig β-oxidatie. Tijdens vasten is er weinig 
vetzuursynthese, een lage malonyl-CoA productie, en dus meer β-oxidatie. In hoofdstuk 4 
laten we zien dat Cpt1bE3A minder gevoelig is voor malonyl-CoA en daardoor dus minder 
of niet geremd wordt in zijn activiteit. Vervolgens onderzochten we in de Cpt1bE3A muis of 
dit kan leiden tot een verhoogde β-oxidatie in het hart en de spieren en hierdoor een ver-
stoorde balans tussen glucose stofwisseling en β-oxidatie. Gebaseerd op het acylcarnitine 
profiel lijkt het erop dat β-oxidatie verhoogd is in het hart van de Cpt1bE3A muis. In andere 
weefsels was het acylcarnitine profiel niet verschillend. Verder was de totale Cpt1b activi-
teit verlaagd in het hart, de spieren en het bruine vet door een verlaagde hoeveelheid van 
het Cpt1b enzym in deze weefsels. Deze verlaagde hoeveelheid van het Cpt1b enzym in de 
weefsels komt doordat Cpt1bE3A minder stabiel is. Bruin vet is een orgaan voor warmtepro-
ductie en dus cruciaal om het lichaam van de muis warm te houden. We hebben vastgesteld 
dat de Cpt1bE3A muizen moeite hadden om hun lichaamstemperatuur in stand te houden 
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bij kou. Dit duidt op een β-oxidatie defect in het bruine vet. Ondanks dat de Cpt1bE3A muis 
nauwelijks een verhoogde β-oxidatie lijkt te hebben in het hart en de spieren en misschien 
zelfs wel een deficiënte β-oxidatie in het bruine vet, denken we dat deze gegevens toch een 
belangrijke rol voor Cpt1b suggereren in het reguleren van β-oxidatie.

Om beter te begrijpen waarom patiënten met een β-oxidatie defect ziek worden, hebben 
we in hoofdstuk 5 long-chain acyl-CoA dehydrogenase (LCAD) deficiënte muizen (de LCAD 
KO muis) bestudeerd. In eerder werk is al aangetoond dat de LCAD KO muis gelijkenissen 
vertoont met VLCAD deficiëntie in de mens. In onze studie hebben wij de veranderingen 
in het hart onderzocht na vasten. We onderzochten hart morfologie, functie en vet opslag 
op een niet invasieve manier door gebruik te maken van een magnetische resonantie (MR) 
scanner. We vonden dat het hart van LCAD KO muizen slechter functioneerde wanneer deze 
muizen werden gevast. Dit ging samen met een significante verhoging van de hoeveelheid 
vet in het hart. We speculeren dat de verhoogde vet metabolieten in het hart verantwoor-
delijk zijn voor verstoring van de hartfunctie in de LCAD KO muis tijdens vasten.

De LCAD KO muis is een goed model om very long-chain acyl-CoA dehydrogenase deficiëntie 
(VLCADD) in mensen te bestuderen, echter enkele symptomen van VLCADD zijn niet waar-
genomen bij de LCAD KO muis. Een van deze ziekteverschijnselen is spierpijn en spierschade 
(rhabdomyolyse). Meestal treedt de rhabdomyolyse bij een VLCADD patiënt op na inspan-
ning, maar vasten en ziekte kunnen ook rhabdomyolyse uitlokken. Om de rhabdomyolyse 
beter te kunnen onderzoeken, hebben we in hoofdstuk 6 getracht een beter muismodel te 
ontwikkelen. Dit muismodel heeft een gecombineerd defect in het LCAD en VLCAD enzym. 
We hebben muizen gemaakt met een heterozygote deletie van VLCAD op een LCAD KO ach-
tergrond. Onze hypothese was om op deze manier rhabdomyolyse uit te lokken en dit te on-
derzoeken. Het acylcarnitine profiel liet zien dat de gecombineerde LCAD/VLCAD KO muizen 
een iets verslechterde β-oxidatie hebben. Creatine kinase (CK) waarden in bloedplasma (een 
maat voor spierschade) waren onveranderd. Wij concluderen hieruit dat de gecombineerde 
LCAD/VLCAD KO muismodel een verder verlaagde β-oxidatie capaciteit heeft, maar dat dit 
geen spierschade induceert.
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Dankwoord

Na 4,5 jaar met heel veel plezier op lab GMZ te hebben gewerkt wordt het nu tijd voor één 
van de leukste hoofdstukken, het dankwoord. Hierin wil ik graag iedereen bedanken die mij 
geholpen en gesteund hebben bij het voltooien van dit proefschrift.

Als eerste mijn promotor en copromotor,

Beste Ronald heel erg bedankt dat ik op het laboratorium GMZ mijn promotieonderzoek mocht 
doen. Je onvermoeibare enthousiasme, support, frisse input en subtiele schouderklopjes 
waren altijd weer een goede motivatie om goed bezig te zijn, met als resultaat dit mooie 
proefschrift.

Beste Sander ook jou wil ik heel erg graag bedanken voor het geweldige promotieonderzoek 
welke ik onder jou supervisie heb mogen doen. Geweldig zoals jij je AIOs en analisten 
aanstuurt. Je geeft altijd goede input, bent enorm enthousiast, zit vol goede nieuwe ideeën 
en hebt leuke samenwerkingen met andere groepen. Ik heb ook heel veel geleerd van 
jou manier van schrijven. Je voerde correcties zo door dat de hoofdstukken een helder en 
goed lopend verhaal werden. De verschillende congressen (karaoke in Lunteren, biertjes in 
Oxford) en het werkbezoek in Cleveland bij Dr. “Chuck” Hoppel was een geweldige (leer)
ervaring. Jij gaat nu ook een nieuw avontuur tegemoet samen met je vrouw Carmen in New 
York. Ik wens jullie daar het allerbeste toe en kom je er zeker een keertje opzoeken. Heel erg 
bedankt voor de mogelijkheden die je me hebt gegeven!

De verschillende hoofdstukken in dit proefschrift zijn natuurlijk niet door mij alleen bij elkaar 
gepipetteerd. Hierbij wil ik graag alle mensen van lab GMZ bedanken die hier aan hebben 
meegedragen.

Beste Heleen, bedankt voor de goede zorgen op het lab. Je was altijd bereid om proeven 
voor me te doen als ik er niet was, maar ook als ik er wel was. Ook was je altijd bereid wat 
van je buffers af te staan als ik had verzuimd buffers te maken. Je zult af en toe wel helemaal 
gek zijn geworden van mijn rommel op de labtafel en mijn (soms) enthousiaste uitlatingen 
op het lab.

De mensen van mijn AIO kamer, beste Vincent, jij was altijd een waardevolle buurman voor 
mij op het lab alsook in de AIO kamer. Je wetenschappelijke input maar ook de gezellige 
momenten na het werk in het oude gasthuis en congressen heb ik enorm gewaardeerd. 
Riekelt, tijdens het begin en het einde van mijn AIO periode heb ik nog veel aan je gehad 
(CPT1b, promotie), ook jij was er altijd voor in om even een drankje te doen in het oude 
gasthuis. Rob, analisten die bijna alles weten en ook nog heel gezellig zijn, zijn echt waardevol 
en handig. Zonder jou had ik veel proeven niet kunnen doen en was er nooit een mooi Eci3 
stuk gekomen. Naomi, wat had/heb jij het soms zwaar met al die mannen op de AIO kamer 
die je maar half serieus nemen. Bedankt voor het delen van al je leuke verhalen. Eugene, 
als mede AIO van Sander hebben we leuk samen gewerkt aan onze muizenmodellen (met 
toepasselijke muziek), maar ook het weekendje in de MRI scanner was super. Buiten het 
werk waren de mountainbike tripjes met Tom en Arno erg gezellig (bedankt jongens). 
Eugene, veel succes nog met je laatste half jaar. Max, altijd wat te ouwehoeren over vage 
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(gezonde) drankjes en de fitness. Veel succes nog met jou promotieonderzoek. Stephan, als 
achterbuurman altijd gezellig. Onze AIO kamer was, is en blijft natuurlijk de leukste van Lab 
GMZ.

Dan wil ik graag de mensen bedanken die ik veel heb lastig gevallen op het lab, Jos (voor het 
helpen opzetten van de Eci enzym bepaling en je begeleiding op de HPLC), de MS-groep Arno, 
Henk, Femke, Wim en Martin (voor het bepalen van alle acylcarnitines en acyl-CoA esters), 
Simone (voor de goede samenwerking in groep Houten), Conny, Patricia, Mirjam, Moniek 
en Petra (voor de oneindige gezelligheid en hulp), Rene (voor de leuke gesprekken op het 
muizenlab), Lida Z (als laboverbuurvrouw), Janet K, Inge en Marjolein (voor de labtechnische 
vragen), Lodewijk (voor de goede kritiek), Carlo (altijd gezellig en behulpzaam op het VMT), 
Wilma (voor het meten van mijn muizenvoer), en de dames van de DNA diagnostiek Maaike, 
Wendy, Janet H, Christa en Sandra.

Ook de mensen die een lab logistiek draaiende houden bedankt, Maddy, Rally, Jan, Desi, 
Michel, Gerrit-Jan, Annelies, Maya en natuurlijk Annie. En ook de rest van lab GMZ heel erg 
bedankt voor jullie betrokkenheid, hulp en gezelligheid tijdens de experimenten, lunches, 
borrels en labdagen.

Dan de mensen waar ik de promotiestress mee kon delen, de (ex-)AIOs van lab GMZ: Sandra 
(Noami’s minion?), Olga (altijd gezellig op het lab en tijdens de borrels), Martin, Cathrine 
(succes nog met jullie laatste lootjes), Kevin (opvolger organiseren Lunteren meeting), Catia 
(starting up the CPT1 activity measurements), Sarah (reverter, se possível), Paula (Eu tenho 
batatas em minha horta), Marli (zuid-afrikaans is best moeilijk te verstaan), Merel (altijd 
aardig en behulpzaam), Linda (jouw laatste stressmaanden), Nelly (exbuurvrouw), Marieke, 
Malika (beiden (ex-)AIOs Sander) en Roos (altijd vrolijk) bedankt voor jullie gezelligheid en 
behulpzaamheid op en buiten het lab.

Ook mijn student Saskia, bedankt voor de immunofluorescentie van de Eci3 constructen. 
Veel succes met je eigen AIO-baan bij biochemie.

Dan zijn er ook nog samenwerkingen geweest met mensen buiten lab GMZ die ik graag wil 
bedanken.

Beste Ot, eveneens mede AIO van Sander (bijna gelijktijdig gepromoveerd), superleuke 
samenwerking gehad in Eindhoven met de muizen MRI maar ook het congres in Oxford was 
heel erg gezellig en leerzaam.

Jan Aten, heel erg bedankt dat je zo veel energie hebt gestoken in het Eci3 stuk om de locatie 
van Eci3 in de muizen nier te achterhalen.

The people from Cleveland,
Dear Dr. Hoppel, thank you for your kindness, hospitality, enthusiastic approach and for 
having me for 4 weeks on your laboratory measuring acylcarnitines and acyl-CoA esters. 
Maria, thank you very much for your kindness and the invitation to your home at the 4th 
of July. I hope Maarten is still keeping you warm during the winter. Paul, thank you very 
much for teaching me the ins and outs of measuring acylcarnitines and acyl-CoA esters on 
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the mass spectrometer, and for introducing me to your friends. To all the other people from 
Cleveland and the employees of Dr. Hoppels lab thank you very much for all your kindness, 
technical help, and for making me feel welcome in the USA.

En natuurlijk wil ik ook graag mijn familie en vrienden bedanken.

Arnold (paranimf), als goede vriend heb je altijd tijd om naar me te luisteren en je was 
ook erg geïnteresseerd in mijn onderzoek. Fijn om te weten dat ik altijd bij je terecht kan 
voor adviezen en steun. Ik heb ook erg genoten van de ontspannende momenten in onze 
groentetuin. Altijd leuk om onze eigen aardappelen en groentes uit de tuin te kunnen halen. 

Ik heb nog een groot deel van mijn promotie op Uilenstede gewoond. Beste vrienden, 
bedankt voor jullie interesse, kookkunsten en “rustige” feestjes.

Dan mijn vrienden uit het Oosten des Nederland! Heel erg bedankt voor jullie getoonde 
interesse in mijn onderzoek. Maar natuurlijk ook bedankt voor alle gezellige momenten in 
cafés, discotheken en verjaardagen.

Beste pap en mam, bedankt voor jullie oneindige interesse in mijn onderzoek. Ook al was 
het vaak wel lastig te begrijpen, toch hadden jullie uiteindelijk een briefje met een korte 
samenvatting over mijn onderzoek om ook aan andere mensen uit te kunnen leggen wat 
jullie zoon voor werk deed. Ook mijn broertjes, Vincent, Christian (paranimfen), Annemieke 
B., Annemieke H., mijn familie en natuurlijk de familie van Maaike bedankt voor jullie 
getoonde interesse in mijn onderzoek.

Lieve Maaike, in 8 jaar hebben we veel meegemaakt en samen gedeeld. Je hebt me altijd 
gesteund tijdens mijn studies en ook gedurende deze 4,5 jaar promotieonderzoek. Vooral 
het laatste jaar van mijn promotie was voor jou denk ik ook behoorlijk stressvol. Bedankt 
dat je mijn steun en toeverlaat wilt zijn waar ik altijd op kan rekenen. Ik weet dat je er altijd 
voor me zal zijn. Hou van je!
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Michel van Weeghel is geboren op 13 december 1980 te Heerde. In 1997 rondde hij de 
MAVO af aan de Buys Ballot te Hattem, waarna hij medische laboratorium techniek ging 
studeren aan het ROC Aventus te Deventer (MLO). Na deze studie in 2001 te hebben afge-
rond is hij de Bachelor biology and medical laboratory research gaan doen aan het Saxion 
hogeschool IJsselland te Deventer welke hij in 2005 heeft afgerond (HLO). Daarna begon 
hij aan de Master Biomedical Sciences aan de Vrije Universiteit te Amsterdam, welke hij in 
2008 heeft afgerond met als differentiaties Immunologie en Infectieziekten. In Juni 2008 
werd Michel aangesteld als promovendus op het laboratorium Genetisch Metabole Ziekten 
onder leiding van de promotor prof. dr. R.J.A. Wanders en copromotor dr. S.M. Houten, dat 
resulteerde in de totstandkoming van dit proefschrift. Michel heeft tijdens zijn promotietra-
ject in de organisatie gezeten van de jaarlijkse ACM/MDL meetingen (2010 en 2011). Verder 
heeft Michel in 2010 het Ter Meulen fonds (KNAW) gehonoreerd gekregen voor een werk-
bezoek van vier weken op het laboratorium Pharmacology, Case Western Reserve University 
te Cleveland (USA) onder leiding van Prof. dr. C.L. Hoppel. Momenteel is Michel werkzaam 
als postdoctoral fellow op het project “tracer-based metabolomics” in het Leiden Academic 
Center for Drug Research (LACDR) en het Netherlands Metabolomics Centre (NMC) aan de 
Universiteit van Leiden.
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