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Summary
Several mouse models for mitochondrial fatty acid β-oxidation (FAO) defects have been developed.
So far, these models have contributed little to our current understanding of the pathophysiology. The
objective of this study was to explore differences between murine and human FAO. Using a
combination of analytical, biochemical and molecular methods, we compared fibroblasts of long
chain acyl-CoA dehydrogenase knockout (LCAD−/−), very long chain acyl-CoA dehydrogenase
knockout (VLCAD−/−) and wild type mice with fibroblasts of VLCAD-deficient patients and human
controls. We show that in mice, LCAD and VLCAD have overlapping and distinct roles in FAO.
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. In strong contrast, LCAD is neither detectable at
the mRNA level nor at the protein level in men, making VLCAD indispensable in FAO. Our findings
open new avenues to employ the existing mouse models to study the pathophysiology of human FAO
defects.
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Introduction
Mitochondrial fatty acid β-oxidation (FAO) is essential for energy production, in particular,
during periods of fasting and other metabolic stress conditions. Fatty acids are oxidized in a
cycle of four subsequent reactions: dehydrogenation, hydration, a second dehydrogenation and
thiolytic cleavage. After each cycle, an acyl-CoA is shortened by two carbon atoms and an
acetyl-CoA is generated. The first reaction of the β-oxidation spiral is performed by acyl-CoA
dehydrogenases (ACADs) that catalyze the formation of a trans- α, β double bond. Different
ACADs are known, each with a specificity determined by the properties of the acyl group.
These include very long chain acyl-CoA dehydrogenase (VLCAD), long chain acyl-CoA
dehydrogenase (LCAD), acyl-CoA dehydrogenase 9 (ACAD9), medium chain acyl-CoA
dehydrogenase (MCAD) and short chain acyl-CoA dehydrogenase (SCAD). FAO deficiency
caused by ACAD defects are among the most common inborn errors of metabolism. Patients
typically accumulate intermediate metabolites (acylcarnitines) with profiles that reflect the
substrate use of the deficient enzyme in tissues or cells [1,2].

The main pathological consequences associated with FAO deficiency are hypoketotic
hypoglycaemia, metabolic acidosis, hyperammonemia and fatty liver, which can all be
prevented by the avoidance of fasting. Cardiac abnormalities and myopathy are only described
in patients with deficiencies affecting long chain FAO, like carnitine palmitoyltransferase 2
(CPT2) deficiency, carnitine-acylcarnitine translocase deficiency, VLCAD deficiency
(VLCADD) and defects in mitochondrial trifunctional protein (MTP) including long chain 3-
hydroxyacyl-CoA dehydrogenase deficiency [3–6]. Until now, no patients with LCAD
deficiency have been identified. Previously reported patients with LCAD deficiency were later
shown to be VLCAD deficient [7].

There is still a lack of therapeutic options to effectively prevent or causally treat the cardiac
signs and symptoms related to long chain FAO defects. Roe et al showed improvement of
cardiomyopathy and rhabdomyolysis in VLCAD and CPT2 patients treated with an anaplerotic
odd-chain triglyceride [8,9]. However, this treatment needs to be confirmed in a larger cohort
of patients.

Better understanding of the pathophysiological processes leading to cardiac disease in long
chain FAO defects is needed in order to design new therapeutics. To this end, several mouse
models have been developed. Mouse models are usually selected based on similarities in
phenotype and genetic defect. The characterized mouse models include deficiencies of
VLCAD, LCAD, MTP, CPT1a and CPT1b. The phenotype of these mouse models differ in
severity. The VLCAD knockout (VLCAD−/−) mouse has a surprisingly mild phenotype
consisting of mild hepatic steatosis and mild fatty change in the heart in response to fasting or
cold challenge [10–12]. Exil et al further characterized the VLCAD−/− hearts and demonstrated
microvesicular lipid accumulation, marked mitochondrial proliferation, and facilitated
induction of polymorphic ventricular tachycardia, without preceding stress [11,13]. The LCAD
knockout (LCAD−/−) mouse has a more severe phenotype, more closely resembling human
VLCADD [10,14]. Characteristics include fasting-induced hypoketotic hypoglycemia and
marked fatty changes in liver and heart. The MTP−/−, CPT1a−/− as well as CPT1b−/− mice have
very severe phenotypes [15–17]. The MTP−/− mouse model is lethal in the neonatal period
[15] and both CPT1a−/− and CTP1b−/− mice are embryonic lethal [16,17], which complicates
studies. Further characterization of the available mouse models may help to elucidate the
pathogenesis of FAO disorders. We therefore studied differences in mitochondrial FAO
between man and mouse by comparing human VLCADD fibroblasts and fibroblasts of two
mouse models, the VLCAD−/− and LCAD−/− mouse.
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Material and methods
Materials

Myristic acid (C14:0), myristoleic acid (C14:1(n-5) or cis-tetradec-9-enoic acid), palmitic acid
(C16:0), palmitoleic acid (C16:1(n-7)), stearic acid (C18:0), oleic acid (C18:1(n-9)) and
linoleic acid (C18:2(n-6)) were purchased from Sigma. Physeteric acid (C14:1(n-9) or cis-
tetradec-5-enoic acid) was synthesized as described [18]. [9,10-3H(N)] oleic acid was
purchased from PerkinElmer and bovine serum albumin (BSA, fatty acid free) from Sigma.
The internal standards d3-C3-, d3-C8- and d3-C16-acylcarnitine were obtained from Dr.
Herman J. ten Brink (VU Medical Hospital, The Netherlands). pYes2.0-CPT1a was provided
by dr. Carina Prip-Buus. All other reagents were of analytical grade.

Animals
LCAD+/− (B6.129S6-Acadltm1UAB/Mmmh) [14] on a pure C57BL/6 background were obtained
from mutant mouse regional resource centers. Male LCAD−/− and LCAD+/+ mice were
generated and liver fatty acid profile was analyzed at 6 months of age (n = 4–6 per group). For
the fed condition, mice were placed in a clean cage at 8 am and sacrificed 4 to 6 hours later.
For the fasted condition, mice were placed in a clean cage at 4 pm and fasted overnight (16 to
20 hours).

Cell culture
Human skin fibroblasts were from controls and a VLCADD patient, homozygous for a
c.AGTT798del mutation. Fibroblasts from ears of wild-type (WT) and VLCAD−/− were a gift
from Dr. Wood, University of Alabama. These mice were on a mixed background [10].
Fibroblast cell lines from WT and LCAD−/− mice on a pure C57BL/6 background were
established from the tail tip. All fibroblasts cell lines were cultured in Ham’s F10 medium
(Gibco) with glutamine, 10% fetal bovine serum (Gibco), 1% mixture of penicillin,
streptomycin, fungizone (Gibco) and incubated in a humidified CO2 incubator (5% CO2, 95%
air) at 37°C.

Overexpression of human LCAD
293 (human embryo kidney) cells were transfected with pcDNA3-human LCAD or empty
pcDNA3 using lipofectamine 2000 (Invitrogen), according to the instructions of the
manufacturer.

Synthesis of acylcarnitines
The C14:1(n-9) and C14:1(n-5) acyl-CoA esters were synthesized as described [19]. These
CoA esters were converted into the corresponding carnitine esters using recombinant rat CPT1a
expressed in Saccharomyces cerevisiae as described [20,21].

Acylcarnitine analysis
Fibroblasts were cultured in 12 well plates at 37°C, 5% CO2 in MEM medium (Gibco)
containing 1% mixture of penicillin, streptomycin, fungizone and 0.4mM L-carnitine, 0.4%
(w/v) BSA and 100µM of saturated or unsaturated fatty acids as indicated in the figure. After
72 hours the incubation was stopped by removing the medium from the cells. The medium was
diluted 1:1 with water containing internal standards (50pmol d3-C3-, 20pmol d3-C8-, and
20pmol d3-C16-carnitine). Subsequently, acetonitrile was added to deproteinise the medium.
Samples were centrifuged and the supernatant collected and dried at 45°C under N2, followed
by butylation for 15 minutes at 60°C using 1-butanol/acetylchloride (4:1), drying at 45°C under
N2, and dissolving the samples in acetonitrile. Quantitative determination of the formed
acylcarnitines in the medium was performed using tandem mass spectrometry [22]. The cells
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were washed twice with PBS and dissolved with 0.1% (v/v) Triton X-100 in PBS. Protein
concentration was determined using BCA reagent. The same assay was performed by
incubating fibroblasts with 100 µM [U-13C]-oleic acid, in the presence of 0.4% or 0.1% (w/v)
BSA. The formed [U-13C]-acylcarnitines were quantified by tandem mass spectrometry as
described above. HPLC MS-MS analysis of acylcarnitine pentafluorophenacyl esters was
performed as described by Minkler et al [23,24].

Fatty acid oxidation
Oleic acid oxidation was measured by quantifying the production of 3H2O from [9,10-3H(N)]
oleic acid as described previously by Manning et al [25]. Briefly, the fibroblasts were
trypsinized, plated in 48-well plates and allowed to adhere overnight. Assays were performed
in quadruplicate. The β-oxidation assay was carried out for 2 hr at 37°C cells in Krebs-
Henselheit buffer containing 0.1% or 0.4% (w/v) BSA, 100µM oleic acid and a tracer of
[9,10-3H] oleic acid. The reaction was stopped by applying the medium to an ion-exchange
column containing Dowex-OH − (1×8-200; Sigma-Aldrich). The columns were washed twice
with water and the radioactivity of the eluate was determined using liquid scintillation counting.
Protein concentration was determined using BCA reagent (Sigma). Oleic acid oxidation rates
were expressed as nmol of fatty acid oxidized per hour per milligram of cell protein (nmol/
h.mg). The oleic acid oxidation in soleus muscle was measured as described above. The
incubation time was 30 minutes. Oleic acid oxidation rates were expressed as pmol of fatty
acid oxidized per minute corrected for the wet weight of the tissue (pmol/min.mg).

Quantitative real-time RT-PCR analysis
Total RNA was isolated from human and mouse fibroblasts using Trizol (Invitrogen)
extraction, after which cDNA was prepared using the Superscript II Reverse Transcriptase kit
(Invitrogen). Quantitative real-time PCR analysis of MCAD, LCAD, VLCAD, ACAD9 and
cyclophilin-B of both human and 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 was carried
out. All samples were analyzed in duplicate. Data were analyzed using linear regression
analysis as described by Ramakers et al [26]. To compare the MCAD, LCAD, VLCAD and
ACAD9 expression between different samples, values were normalized against the values for
the housekeeping gene cyclophilin-B.

Gene expression profile of VLCAD and LCAD
The gene expression profile of VLCAD and LCAD as suggested by the analysis of expressed
sequence tags (EST) counts was performed by expression profile analysis at the UniGene
database of NCBI.

Acyl-CoA dehydrogenase enzyme measurements
Acyl-CoA dehydrogenase activity was determined in homogenates of human and mouse
fibroblasts by using ferricenium hexafluorophosphate as electron acceptor followed by HPLC
to separate the different acyl-CoA species [27]. C16:0-CoA, C18:1-CoA and 2,6-
dimethylheptanoyl-CoA (DMH-CoA) were used as substrates.

Immunoblot
The rabbit anti rat LCAD antibodies were a gift from Dr. T. Hashimoto, Shinshu University,
Matsumoto, Japan [28].
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Fatty acid analysis
Liver tissue was homogenized using a dispersion tool (Ika T10 basic). After sonication (twice
at 8W output, 40J, on ice), protein concentration was measured and all samples were diluted
to 2mg/mL. Fatty acids from a 100µg sample were directly transesterified and analyzed by gas
chromatography with flame ionization detection [29].

Results
Acylcarnitine accumulation of the LCAD−/− mouse resembles human VLCADD

Routine biochemical diagnosis of FAO disorders is carried out by detection of abnormal
concentrations of acylcarnitines in body fluids using tandem mass spectrometry. The diagnosis
of VLCADD is predominantly based on elevated plasma levels of C14:1 acylcarnitine and
other long chain acylcarnitines like C18:1 and C16:0 acylcarnitine. Similar analyses performed
in VLCAD−/− and LCAD−/− mice, showed a small increase of plasma C16-C18 acylcarnitines
in the VLCAD−/− after exercise and fasting in the cold, and a prominent elevation of C14:1
acylcarnitine in the LCAD−/− mouse [10,12,14]. In order to determine to what extent
LCAD−/− and VLCAD−/− mice resemble human VLCADD, we incubated the respective
fibroblasts with different saturated and unsaturated fatty acids. The formation of acylcarnitines
was measured in the culture medium.

Human VLCADD fibroblasts accumulate acylcarnitines after incubation with saturated and
unsaturated fatty acids. Interestingly, incubation with palmitic acid leads to accumulation of
C16 and C14 acylcarnitine (Figure 1A), whereas upon incubation with oleic acid C18:1, there
is accumulation of C16:1 and C14:1 acylcarnitine, indicative of low residual FAO (Figure 1B).
The acylcarnitine profile in culture medium of LCAD−/− fibroblasts resembles human
VLCADD more than the profile observed in the culture medium of VLCAD−/− fibroblasts.
Especially after incubation with unsaturated fatty acids there is a marked acylcarnitine
accumulation. Treatment with oleic acid leads to accumulation of C14:1 acylcarnitine (Figure
1B), whereas treatment with linoleic acid causes C14:2 acylcarnitine accumulation (Figure
1C). Incubation with palmitic acid leads to low C12 acylcarnitine accumulation (Figure 1A).
In VLCAD−/− fibroblasts there is no significant acylcarnitine accumulation with any of the
substrates.

To investigate whether the accumulating acylcarnitines in the culture medium are similar to
the plasma acylcarnitines in VLCADD patients and LCAD−/− mice, we derivatized the
acylcarnitines with pentafluorophenacyl trifluoromethanesulfonate and used HPLC MS/MS.
Using this method, we are able to separate acylcarnitine pentafluorophenacyl ester
constitutional isomers [23,24]. In both plasma of a VLCADD patient and the LCAD−/− mouse,
C14:1 acylcarnitine was elevated (Figure 2A). Two isomeric forms of C14:1 acylcarnitine were
observed, one abundant C14:1 acylcarnitine pentafluorophenacyl ester and a minor isoform
visible as a small shoulder on the major C14:1 acylcarnitine pentafluorophenacyl ester peak
(Figure 2B). The most abundant of this C14:1 acylcarnitine isomer was also observed in
medium of LCAD−/− mouse fibroblasts incubated with oleic acid (Figure 2A, B). Moreover,
upon linoleic acid treatment of these fibroblasts, a C14:2 acylcarnitine was formed that was
also detected in plasma of both the human VLCADD patient and the LCAD−/− mouse (Figure
2A). These results indicate that deficient oleic- and linoleic acid oxidation is responsible for
the increased C14:1 and C14:2 acylcarnitine detected in the plasma of LCAD−/− mice.
Moreover, it suggests that C14:1(n-9) acylcarnitine formed after 2 cycles of oleic acid
oxidation, is the most abundant C14:1 acylcarnitine in plasma of VLCADD patients and the
LCAD−/− mouse. A similar conclusion for VLCADD was made based on the analysis of free
fatty acid and total fatty acid profiles in plasma [30].
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To obtain additional evidence for the identity of these acylcarnitines, we prepared and analyzed
C14:1(n-5), C14:1(n-9) and t-C14:1(n-12) (trans-tetradec-2-enoic) acylcarnitine
pentafluorophenacyl esters. Interestingly, C14:1(n-9) acylcarnitine pentafluorophenacyl ester
has a specific fragment ion (m/z 311) that is not observed for C14:1(n-5) and t-C14:1(n-12)
acylcarnitine pentafluorophenacyl esters (Figure 2C, D). The major C14:1 acylcarnitine
pentafluorophenacyl ester in VLCADD and LCAD−/− plasma is C14:1(n-9) acylcarnitine
pentafluorophenacyl ester based on the MS/MS chromatogram for the m/z 311 ion and the
retention time (Figure 2B).

Differences in C14:1 oxidation between human and mouse
Next, we studied the oxidation of C14:1 in more detail. Interestingly, incubation with C14:1
(n-5) did not lead to an increased C14:1 acylcarnitine level in LCAD−/− fibroblasts, whereas
in VLCADD fibroblasts there was C14:1 acylcarnitine accumulation (Figure 3). This suggests
that mouse LCAD reacts differently on the C14:1(n-9)-CoA. Therefore, we reasoned that the
position of the double bond in C14:1-CoA is essential for mouse LCAD activity. To further
investigate this, we incubated human VLCADD fibroblasts and mouse VLCAD−/− and
LCAD−/− fibroblasts also with C14:1(n-9). Incubation with C14:1(n-9) caused accumulation
of C14:1 acylcarnitine in human VLCADD as well as LCAD−/− fibroblasts, whereas C14:1
(n-5) only caused accumulation of C14:1 acylcarnitine in human VLCADD fibroblasts (Figure
3). In VLCAD−/− fibroblasts none of the substrates resulted in elevated levels of acylcarnitine
(Figure 3). In conclusion, in human fibroblasts the length of the acyl-CoA determines whether
human VLCAD is active, whereas in mouse fibroblasts the position of the double bond
determines the reactivity of mouse LCAD.

Mild FAO deficiency in the LCAD−/− fibroblasts
Since oleic acid treatment revealed interesting differences in acylcarnitine accumulation, we
determined the rate of oleic acid oxidation in all fibroblast cell lines. Oleic acid oxidation was
severely impaired in human VLCADD fibroblasts, but not in the VLCAD−/− and LCAD−/−

fibroblasts (Figure 4A). Although this confirms to some degree the milder acylcarnitine
accumulation in these mouse cell lines, the completely normal oleic acid oxidation rate in the
LCAD−/− fibroblasts was unexpected based on our observations described above. We reasoned
that by increasing the workload on the FAO pathway, oleic acid oxidation impairment might
become evident in LCAD−/− fibroblasts as well. Therefore, we decreased the BSA
concentration from 0.4% to 0.1% while keeping the oleic acid concentration constant.
Interestingly, the higher free fatty acid levels caused an increase in the rate of oleic acid
oxidation in wild-type and VLCAD−/− mouse fibroblasts, but not in the LCAD−/− fibroblasts
(Figure 4B). Thus, increasing FAO flux by lowering the BSA concentration uncovered the
defect in oleic acid oxidation in LCAD−/− fibroblasts.

To obtain additional proof for the deficiency of oleic acid oxidation in LCAD−/− fibroblasts,
we quantified the production of C2-acylcarnitine from [U-13C] oleic acid. Lowering the BSA
concentration from 0.4% to 0.1% increased acetylcarnitine production in wild type mouse
fibroblasts, indicating an increase in oleic acid oxidation. Interestingly, LCAD−/− fibroblasts
did not raise acetylcarnitine production suggesting that the FAO rate could not increase further
(Figure 4C). This perfectly mirrors the results obtained with the oleic acid oxidation assay.

In order to verify whether a similar deficiency can also be observed in LCAD−/− mouse tissue,
we measured the oleic acid oxidation rate in isolated soleus muscle. As in fibroblasts, soleus
muscle of LCAD−/− mice had deficient oleic acid oxidation (Figure 4D).
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Differences in the expression of ACAD enzymes
We hypothesized that substrate overlap between LCAD and VLCAD or other acyl-CoA
dehydrogenases in mice could explain the biochemical differences and the relatively mild
phenotype in the LCAD−/− and VLCAD−/− mouse models when compared with human
VLCADD. To test if there are differences in the expression levels of the different acyl-CoA
dehydrogenases between human and mouse fibroblasts, we used Q-RT-PCR (Figure 5A). In
human VLCADD, neither ACAD9 nor MCAD expression was changed. LCAD expression
was undetectable in both control and VLCADD fibroblasts. In this particular VLCADD patient,
VLCAD expression was lower, most probably because the mutation leads to an unstable
mRNA. In both VLCAD−/− and LCAD−/− fibroblasts, there were no marked differences in
expression levels of other ACADs. In LCAD−/− fibroblasts, ACAD9 expression was slightly
elevated. The VLCAD mRNA was unstable in the VLCAD−/− fibroblasts, whereas the LCAD
mRNA was stable in the LCAD−/− fibroblasts. In contrast to human fibroblasts, LCAD
expression is readily detectable in mouse fibroblasts. Aoyama et al also suggested that LCAD
is expressed at low levels in human cells and tissues. This could provide an attractive
explanation for the differences in the long chain FAO between human and mice [31,32].

We looked for additional evidence for this difference in LCAD expression using the gene
expression profile analysis of the UniGene database (Figure 5B). This analysis shows that
VLCAD ESTs are abundantly present in human and mouse tissues. For LCAD the situation is
entirely different. Numerous LCAD ESTs are present in mouse tissues, whereas only few ESTs
are found for human tissues. These data further strengthen the hypothesis that differences in
FAO between human and mouse are primarily caused by differences in LCAD expression.

Besides LCAD expression analysis we also performed immunoblot analysis by using an LCAD
antibody on lysates of these cell lines (Figure 5C). LCAD protein was detectable in mouse
fibroblasts, whereas it was not in human fibroblasts, which is in line with the expression data.
Furthermore, LCAD was not detectable in the LCAD−/− fibroblasts, confirming the original
data showing that in this mouse model, the LCAD protein is unstable [14]. To prove that the
LCAD antibody recognizes human LCAD, we overexpressed human LCAD in 293 cells using
transient transfection. In 293 cells transfected with an empty plasmid, LCAD protein is
undetectable. After transfection of the human cDNA encoding LCAD, expression is detected
in abundance (Figure 5D). In addition, we included a human liver and a human heart
homogenate and compared LCAD protein levels with mouse liver. LCAD protein levels were
very low in human liver and heart, suggesting that also in vivo in humans LCAD is expressed
at low level, confirming the fibroblast data (Figure 5D).

To determine the degree of functional overlap in long chain acyl-CoA dehydrogenases, we
performed enzyme analysis using C16:0-CoA, C18:1-CoA and DMH-CoA as substrates. In
human VLCADD fibroblast lysates C16:0-CoA as well as C18:1-CoA dehydrogenation was
completely deficient, indicating there are no other ACADs that significantly contribute to the
oxidation of these substrates (Figure 5E). In contrast to the human situation, no reduction in
C16:0-CoA and C18:1-CoA dehydrogenation was observed in the VLCAD−/− fibroblast
extracts. Taken into account that VLCAD−/− fibroblasts also showed minor changes in
acylcarnitine profile and no impaired oleic acid oxidation, this suggests that a deficiency of
VLCAD is compensated by other ACADs such as LCAD. In the LCAD−/− fibroblast
homogenates, the dehydrogenation of C16:0-CoA as well as C18:1-CoA was reduced, but not
absent (Figure 5D). This suggests that the deficiency of LCAD is partially compensated by
other ACADs such as VLCAD.

As expected, DMH-CoA dehydrogenation was virtually undetectable in the LCAD−/−

fibroblasts, since DMH-CoA is a specific substrate for LCAD as previously shown by us
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[33]. In human fibroblasts, we observed very low DMH-CoA activities, which can be explained
by the fact that LCAD is not expressed in human fibroblasts (Figure 5D).

Fatty acid profile in LCAD−/− mice
To obtain in vivo evidence for the role of LCAD in the oxidation of unsaturated fatty acids,
we determined the hepatic fatty acid profile in LCAD−/− mice and wild type littermates in the
fed and fasted state. In the fed state, there are no significant differences in total fatty acid content
and the relative contributions of the different saturated (SFA), monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA) (Figure 6A, B). After an overnight fast, LCAD−/− mice
have a fatty liver as evidenced by an increased liver weight (not shown) and higher total fatty
acid content (Figure 6A). Under this condition, the relative contribution of SFA was lower in
LCAD−/− livers, whereas the MUFA content was higher. The contribution of PUFA was not
changed (Figure 6B). Analysis of the relative contribution of individual fatty acids showed that
this difference was primarily caused by a decrease in C16:0 and an increase in C18:1(n-9) and
C16:1(n-7) (Figure 6C). These results are consistent with a role of LCAD in the oxidation of
unsaturated fatty acids.

Discussion
To obtain insight in the pathogenesis of FAO disorders, several mouse models of these inborn
errors have been developed and characterized. The objective of this study was to explore
differences in the FAO pathway of man and mouse and to study two mouse models for human
VLCADD. Therefore we compared mitochondrial FAO of LCAD−/− and VLCAD−/− mouse
fibroblasts with fibroblasts of human VLCADD patients, using a combination of analytical,
biochemical and molecular methods. Previous studies showed that the phenotype of the
LCAD−/− mouse is more severe compared to the VLCAD−/− mouse [10]. In addition, the
LCAD−/− mouse displays some of the clinical and metabolic features of patients with
VLCADD [14]. In this study we show that the acylcarnitine profile as observed in medium of
LCAD−/− fibroblasts compares relatively well with the profile produced in human VLCADD
fibroblasts after incubation with unsaturated fatty acids. Nevertheless, the LCAD−/− mouse
also differs from human VLCADD fibroblasts in certain aspects. We observed differences in
the degradation of C14:1-CoA. In humans, the length of these CoA-esters determines that it
will be handled by VLCAD. In mouse the position of the double bond determines that it is
handled preferentially by LCAD. Supportive data have been reported by Le and Yu et al, who
demonstrated that in vitro C14:1(n-9)-CoA is effectively dehydrogenated by purified LCAD,
whereas it was a poor substrate of VLCAD [34,35]. Interestingly, in human fibroblasts,
VLCAD is largely responsible for the dehydrogenation of C14:1(n-9)-CoA [36]. This is
illustrated by the accumulation of C14:1 acylcarnitine after incubation with oleic acid (Figure
1).

Furthermore, we observed major differences in the severity of the mitochondrial FAO
deficiency in fibroblasts of both mouse models and the human VLCADD patient. In human
VLCADD, oleic acid oxidation was severely deficient. In contrast, oleic acid oxidation and,
in addition, palmitic acid and myristic acid oxidation (data not shown) were not impaired in
the VLCAD−/− fibroblasts consistent with the mild phenotype of the mouse model.
Interestingly, despite evident C14:1 acylcarnitine accumulation, oleic acid oxidation in
LCAD−/− fibroblasts was normal. Importantly, when the free fatty acid level was increased by
decreasing the concentration of BSA in the medium, a (partial) deficiency of oleic acid
oxidation did become apparent. Control fibroblasts were able to increase their FAO rate,
whereas LCAD−/− fibroblasts were not. This was further substantiated by a decreased
acetylcarnitine production from oleic acid. These results strongly suggest that VLCAD−/− and
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LCAD−/− mice have a relatively mild phenotype due to the functional overlap of ACADs that
is absent in humans.

We provide evidence that the differences in FAO between man and mouse are primarily caused
by a difference in LCAD expression levels. Analysis of the gene expression profile using the
EST database showed that in mice both LCAD and VLCAD are expressed, whereas in most
of the human tissues LCAD ESTs are absent or scarce. We now show that in human fibroblasts,
LCAD is not detectable at the mRNA level nor at the protein level. In human heart and liver,
LCAD protein level was also very low. In agreement with our results, extremely low LCAD
mRNA expression levels were measured in different human tissues by He et al [37]. Therefore,
we believe that LCAD does not play an essential role in FAO in most human tissues. In contrast
to the situation in man, substrate overlap between VLCAD and LCAD could explain the mild
phenotype in the LCAD−/− and VLCAD−/− mice.

We determined the degree of substrate overlap between different ACADs by enzyme assays
using different long chain acyl-CoAs. C16:0-CoA and C18:1-CoA dehydrogenation was
severely deficient in VLCADD fibroblasts. The long chain-CoA dehydrogenation was less
reduced in the LCAD−/− fibroblasts and normal in the VLCAD−/− fibroblasts. Similar results
have been reported in liver, heart and skeletal muscle extracts of LCAD−/− and VLCAD−/−

mice [10]. In addition, Kurtz et al measured a 28% reduction in the ability to dehydrogenate
C16:0-CoA in extracts from LCAD−/− fibroblasts [14]. By using a VLCAD antibody that
blocks VLCAD activity they further showed that the residual activity in the LCAD−/−

fibroblasts towards C16:0-CoA was the result of VLCAD activity. This proves that in mice
there is substrate overlap between LCAD and VLCAD, which is absent in humans. This is
further supported by the fact that breeding of the VLCAD−/− mice with LCAD−/− mice does
not produce live double knockout mice [10].

Finally, we have provided in vivo evidence for a role of LCAD in the oxidation of unsaturated
fatty acids. First, oleic acid oxidation was deficient in LCAD−/− soleus muscle. Second, fasting
changed the hepatic fatty acid profile of LCAD−/− mice, SFA decreased and MUFA increased,
strongly suggesting preferential oxidation of SFA.

The differences in LCAD expression between human and mouse could be caused by changes
in the LCAD promoter region. As coding regions of proteins, promoters also contain well
conserved DNA sequences. Database searches revealed that the mouse LCAD promoter has
no significant homology with the human LCAD promoter [38,39]. The mouse LCAD promoter
is homologous to the rat promoter, whereas the human promoter is homologous to the
chimpanzee promoter (data not shown). This suggests that the LCAD promoter region
dramatically changed after divergence of the rodent and primate lineage. It is, however, at this
moment not clear if this is related to the loss high LCAD expression levels. For this LCAD
expression levels have to be analyzed in primates such as the chimpanzee.

Several in vitro studies have suggested a role for ACAD9 in long chain FAO based on
experiments with purified recombinant ACAD9. This enzyme was active with many long chain
(unsaturated) acyl-CoAs [37,40]. Immunoinactivation experiments combined with
immunohistochemical and immunofluoresent staining suggest an important role for ACAD9
in brain [37]. Although ACAD9 is well expressed in human and mouse fibroblasts, we found
no evidence for functional overlap between VLCAD and LCAD. For functional studies on
ACAD9, the generation of a knockout mouse seems instrumental.

It is remarkable that despite the absence of detectable long chain acyl-CoA dehydrogenase
activity in VLCADD patients, long-chain acyl-CoAs do undergo a few cycles of FAO. This
has been shown before and is for example illustrated by the accumulation of C16:1 and C14:1
acylcarnitines after incubation with oleic acid as well as by the residual activity in the oleic
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acid oxidation (Figure 1 and Figure 4a) [36]. Since it is C14:1(n-9) that accumulates in human
VLCADD, it is tempting to speculate that this residual activity is not LCAD activity, but
MCAD or ACAD9. Selective inhibition of these enzymes, using inhibitors or RNAi is expected
to resolve this issue.

In conclusion, our results show that there is a significant overlap in function of the VLCAD
and LCAD enzyme in the mouse, which is in contrast to the remarkable absence of significant
LCAD function in man. Our findings offer an explanation for the different phenotypic
presentation of these FAO defects in man and mouse.
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Figure 1.
Acylcarnitine profile analysis by tandem MS. Selected acylcarnitines in medium of human
control fibroblasts compared to VLCADD fibroblasts, and wild type mouse fibroblasts
compared to VLCAD−/− and LCAD−/− fibroblasts incubated with palmitic acid (A), oleic acid
(B), and linoleic acid (C). Data are expressed as nmol/mg protein produced in 72h. Values are
the mean concentration of 3 independent incubations. ND denotes not detectable.
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Figure 2.
HPLC MS/MS analysis of acylcarnitine pentafluorophenacyl esters. (A) The full scan MS
qualitative chromatogram, with the actual intensity of the common ion (m/z 292.5–293.5) on
the y-axis. The concentration of the C11 internal standard (IS) is 2.5 nmol/mL. The figure
shows the acylcarnitine profile in plasma of a human VLCADD patient, plasma of a
LCAD−/− mouse, plasma of a LCAD+/+ mouse, plasma of a human non relevant disease control,
medium of LCAD−/− fibroblasts incubated with oleic acid and medium of LCAD−/− fibroblasts
incubated with linoleic acid. (B) MS/MS quantitative chromatogram of selected samples for
the common (m/z 293) and specific (m/z 311) ion of C14:1 acylcarnitine pentafluorophenacyl
ester. (C) Full scan MS/MS chromatogram for C14:1 acylcarnitine and the MS/MS spectrum
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for C14:1(n-5), C14:1(n-9), and t-C14:1(n-12) acylcarnitine pentafluorophenacyl ester. (D)
Proposed fragmentation of C14:1(n-9) acylcarnitine pentafluorophenacyl ester.
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Figure 3.
C14:1 acylcarnitine analysis by tandem MS. Fibroblasts were incubated with 120µM C14:1
(n-9) or 120µM C14:1(n-5). On the y-axis, C14:1 acylcarnitine levels are represented as %
with VLCADD fibroblasts loaded with C14:1(n-9) set as 100%.
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Figure 4.
Differences in oleic acid oxidation between human and mouse fibroblasts. A. Oleic acid
oxidation in human VLCADD fibroblasts (D, white bar) compared to control fibroblasts (C,
black bar), and VLCAD−/− and LCAD−/− mouse fibroblasts (white bars) compared to wild type
fibroblasts (black bars), using 0.4% BSA and 100µM oleic acid. B. Oleic acid oxidation
measured with 0.4% BSA and 0.1% BSA in fibroblasts of the VLCAD−/− and CAD−/− mouse
compared with wild type fibroblasts. Differences between 0.1% and 0.4% treated cells were
analyzed by a paired t test, ** denotes P < 0.01. C. C2-acylcarnitine production in fibroblasts
of the LCAD−/− and wild type fibroblasts after 72 hr incubation with 100µM [U-13C]-oleic
acid, in the presence of 0.4% BSA and 0.1% BSA. D. Oleic acid oxidation in soleus muscle
of LCAD+/+ and LCAD−/− mice measured using 0.1% BSA and 100mM fatty acid. Differences
were analyzed by an unpaired t test. ** denotes P < 0.01.
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Figure 5.
Expression levels of different acyl-CoA dehydrogenases. A. Gene expression of MCAD,
ACAD9, LCAD and VLCAD in human VLCADD fibroblasts compared to control fibroblasts,
and fibroblasts of the VLCAD−/− and LCAD−/− mouse compared to wild type fibroblasts, ND
denotes not detectable. B. VLCAD and LCAD gene expression in different human and mouse
tissue. The gene expression is expressed as the total number of EST per 1 million transcripts.
C. Immunoblot analysis of different human and mouse fibroblast extracts (22.5µg of protein
per lane) as indicated in the figure using an LCAD antibody. D. Immunoblot analysis of extracts
of LCAD+/+ and LCAD−/− liver, human liver and human heart (25µg of protein per lane) as
indicated in the figure using an LCAD antibody. As a positive control, we overexpressed human
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LCAD cDNA in 293 cells. E. Long chain acyl-CoA dehydrogenase activity. Dehydrogenation
of C18:1-CoA, C16:0-CoA and DMH-CoA was measured in human control (C, black bars)
and VLCADD (D, white bars) fibroblasts, and in mouse wild type (black bars) and
VLCAD−/− and LCAD−/− fibroblasts (white bars). SA denotes specific activity.
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Figure 6.
The fatty acid spectrum in livers of LCAD−/− mice. A. Total hepatic fatty acid content in fed
and fasted LCAD+/+ and LCAD−/− mice. B. Relative contribution of saturated (SFA),
monounsaturated (MUFA) and polyunsaturated fatty acid (PUFA) to the total fatty acids. C.
Relative contribution of selected fatty acids to the total fatty acid content. Differences were
analyzed by an oneway ANOVA followed by a Dunnett post hoc test. * denotes P < 0.05 and
**denotes P < 0.01.
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