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ABSTRACT Abnormalities of fatty acid metabolism are
recognized to play a significant role in human disease, but the
mechanisms remain poorly understood. Long-chain acyl-CoA
dehydrogenase (LCAD) catalyzes the initial step in mitochon-
drial fatty acid oxidation (FAO). We produced a mouse model
of LCAD deficiency with severely impaired FAO. Matings
between LCAD 1y2 mice yielded an abnormally low number
of LCAD 1y2 and 2y2 offspring, indicating frequent ges-
tational loss. LCAD 2y2 mice that reached birth appeared
normal, but had severely reduced fasting tolerance with
hepatic and cardiac lipidosis, hypoglycemia, elevated serum
free fatty acids, and nonketotic dicarboxylic aciduria. Approx-
imately 10% of adult LCAD 2y2 males developed cardiomy-
opathy, and sudden death was observed in 4 of 75 LCAD 2y2
mice. These results demonstrate the crucial roles of mitochon-
drial FAO and LCAD in vivo.

Mitochondrial fatty acid oxidation (FAO) is the primary
means by which energy is derived from metabolism of fatty
acids. This process is important during periods of fasting or
prolonged strenuous activity, providing as much as 80 to 90%
of fatty acid-derived energy for heart and liver function (1).
Mitochondrial FAO also provides acetyl-CoA for hepatic
ketogenesis and the energy required for nonshivering thermo-
genesis by brown adipose tissue (2). The initial step in mito-
chondrial FAO is the a-b dehydrogenation of the acyl-CoA
ester by a family of four closely related, chain length-specific
enzymes, the acyl-CoA dehydrogenases, which include very-
long-chain, long-chain, medium-chain, and short-chain acyl-
CoA dehydrogenases (VLCAD, LCAD, MCAD, and SCAD,
respectively). These enzymes catalyze the same type of reac-
tion but differ in specificity according to the chain length of
their fatty acid (acyl-CoA) substrates.

Human diseases caused by deficiencies in each of these
enzymes except LCAD have been reported, with MCAD
deficiency having the highest prevalence (3). Patients affected
with any one of these deficiencies present with a wide range of
clinical phenotypes ranging from lethargy and muscle weak-
ness to severe liver disease and potentially fatal cardiomyop-
athy. MCAD deficiency has been implicated in cases of sudden
infant death (4). Specific mutations that cause disease have
been identified in the genes encoding human SCAD (ACADS;
ref. 5), MCAD (ACADM; ref. 6), and VLCAD (ACADVL; ref.
7). Although human patients have been reported with putative
LCAD deficiency (8), they were diagnosed before the discov-

ery of VLCAD (9), and most of them were found later to be
VLCAD deficient (10). Thus far, no specific mutations have
been identified in the gene encoding human LCAD (ACADL),
and no definitively diagnosed cases of human LCAD defi-
ciency are known. The failure to identify patients with LCAD
deficiency is surprising given the recognition of disease caused
by deficiencies in all other members of this gene family. This
has put into question both the role of LCAD in the metabolism
of long-chain fatty acids and the potential of LCAD deficiency
to produce disease. Human LCAD deficiency may not cause
clinical disease or it could result in gestational lethality, either
of which could account for the lack of identified human cases.
To evaluate the functional role of LCAD in mitochondrial
FAO in vivo, we developed a mouse model of LCAD deficiency
by targeted mutagenesis of the gene encoding LCAD (Acadl)
in mouse embryonic stem (ES) cells.

MATERIALS AND METHODS

Generation of LCAD-Deficient Mice. The targeting vector
pAcadltm1Uab was constructed by using a 7.5-kb Acadl (NotIy
HindIII) fragment of 129ySvJ DNA and a neor cassette derived
from PGKneobpA (11), under the control of the phospho-
glycerate kinase gene promoter and a bovine poly(A) signal
and subcloned into pGEM-11zf(1) (Promega). An 821-bp
deletion of the Acadl sequence, spanning exon 3 with flanking
intron sequence, was created in the vector before electropo-
ration and served as the site of linearization. Repair of this
deletion on homologous recombination via the double-
stranded-break repair model (12) served as the basis for
screening ES cell colonies for correct targeting by Southern
blot analysis. Duplication of exon 3 can occur only on homol-
ogous recombination. Linearized vector was electroporated
into TC-1 ES cells (13) derived from 129ySvEvTacfBR (129)
mice, and G418-resistant clones were analyzed by using South-
ern blot analysis. Correctly targeted clones were microinjected
into C57BLy6J (B6) blastocysts to generate chimeras that were
backcrossed to C57BLy6NTacfBR mice (Taconic). All mice
analyzed in these studies were generation 2–3 with B6,129-
Acadltm1Uabytm1Uab (LCAD 2y2) or B6,129-Acadl1/1 (normal
control) genotypes from intercrosses of B6,129-Acadltm1Uab/1

(LCAD 2/1) mice. Genotypes were determined by using
Southern blot analysis. Mice were negative for murine patho-
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gens based on a panel of 10 virus serologies, aerobic bacterial
cultures of nasopharynx and cecum, endo- and ectoparasite
exams, and histopathology of all major organs. All animal exper-
iments were approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham.

RNA Analysis. Total RNA from liver, heart, skeletal muscle,
kidney, and brain was isolated from 21-to-28-day-old mice by
using the guanidinium thiocyanate method (14). First-round
cDNA synthesis was performed by using 1–2 mg of total RNA
from heart and random primers as recommended by the
manufacturer (Invitrogen). PCR was performed by using
Acadl-specific primers to amplify the first 5 exons of the Acadl1
or Acadltm1Uab transcripts (59-ATGGCTGCG CGCCTGCTC-
CTC and 39-CTTGCTTCCATTGAGAATCCA). After an
initial 4.5-min, 94°C denaturation, 32 cycles were performed at
94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min. Products
were visualized by electrophoresis on a 2% agarose gel. PCR
products from Acadl1 or Acadltm1Uab transcripts were sub-
cloned into pGEM-T Easy vector (Promega) for sequence
analysis.

Enzymology. Liver mitochondria were isolated from 4- to
5-wk-old mice, and immunoblot analysis was performed on 50
mg of liver mitochondrial protein as described (15) by using rat,
anti-LCAD antibodies. Enzyme activity toward palmitoyl-CoA
(C16:0) and octanoyl-CoA(C8:0) was determined on extracts
from cultured fibroblasts by using the electron transport
f lavoprotein fluorescence-reduction assay (16).

Biochemical Analysis. Serum glucose analysis was per-
formed by using the glucose oxidase method (Sigma). Urine
organic acids, as well as serum and tissue free fatty acids
(FFA), were analyzed by using GC-MS (17, 18). Bile acylcar-
nitine analysis was performed by using electrospray tandem
mass spectrometry (19). Whole blood spots and skeletal
muscle were analyzed for specific acylcarnitine derivatives by
using fast-atom bombardment–tandem mass spectrometry
(20).

Statistical Analysis. Statistical analysis was performed by
using a one-way ANOVA for comparison of the means of
measured values. Paired-means comparison was done by using
the Tukey method with P , 0.05 accepted as significant.
Genotype distribution of pups from LCAD heterozygous
crosses was analyzed by the x2 test for variance from expected
results. All statistical analyses were performed using the
STATISTIX 4.0 program (Analytical Software).

RESULTS

Targeting of Acadl in Mice. A 7.5-kb HindIII/NotI fragment of
Acadl (21) containing exons 3 and 4 with flanking intron se-
quence along with a neor gene was used as an insertion vector for
homologous recombination in TC-1 mouse ES cells (Fig. 1A).
The insertion created a duplication of exons 3 and 4 separated by
the neor gene and plasmid sequence. Two cell lines with the
correct targeting were identified by using Southern blot analysis.
One of these lines produced 10 chimeric mice, of which 5 were
found to pass the mutant allele (Acadltm1Uab) to offspring. The
heterozygous offspring (B6, 129-Acadl1/tm1Uab) were then inter-
crossed to produce the three genotypes: LCAD 1y1 (B6,
129-Acadl1/1), LCAD 1y2 (B6, 129-Acadl1/tm1Uab), and
LCAD 2y2 (B6, 129-Acadltm1Uab/tm1Uab) (Fig. 1B).

RNA Analysis. Northern blot analysis of total RNA isolated
from liver, heart, skeletal muscle, kidney, and brain demon-
strated the two prominent bands as described (22). There were
no detectable differences observed from LCAD 2y2, 1y2,
and 1y1 mice (data not shown). Reverse transcriptase-PCR
analysis of total RNA from heart, amplifying the first five
exons of the Acadl1 or Acadltm1Uab transcripts from LCAD
2y2, 1y2, or 1y1 mice, demonstrated a single product from
the 1y1 and 2y2 mice (604 bp vs. 907 bp, respectively) and
both products (604 and 907 bp) from the 1y2 mice (data not

shown). Analysis of the wild-type (1y1) cDNA demonstrated
the expected normal mRNA sequence as reported (22), and
the cDNA from the targeted allele (Acadltm1Uab) demonstrated
an exact duplication of exons 3 and 4 with removal of the neor

and plasmid sequence on splicing (data not shown). The
duplication of exons 3 and 4 in the mRNA did not disrupt the
reading frame with premature stop codons. However, in
proteins isolated from liver mitochondria of LCAD 2y2 mice,
no LCAD could be detected by immunoblotting with rat
anti-LCAD antibody (Fig. 2).

Gestational Loss. Matings of LCAD 1y2 mice did not
produce the expected number of progeny. There were 500 pups
born (87 litters 5 5.8 6 3.5 pups per litter) compared with
LCAD 1y1 controls (12 litters 5 8.1 6 2.8 pups per litter).
There were 479y500 (95.8% of total born) pups genotyped
(LCAD 1y1 5 192; LCAD 1y2 5 173; LCAD 2y2 5 114),
and 434 of them (85.6% of total born) were weaned. Analyzing
the results based on the number genotyped with an expected
1:2:1 (LCAD 1y1:1y2:2y2) distribution, we find that these
results deviate significantly from the expected (P , 0.001),

FIG. 1. Targeting of the mouse Acadl gene. (A) Schematic diagram
of the targeting vector, pAcadltm1Uab, the endogenous Acadl locus, and
the targeted Acadltm1Uab locus. Gap repair of the deleted region (an
821-bp NheI deletion of exon 3 and flanking intron sequence) in the
targeting vector occurs on homologous recombination and was the
basis for genotype screening by Southern blot analysis of EcoRI-
digested DNA. E, EcoRI; H, HindIII; N, NotI; Nh, NheI. (B) Repre-
sentative Southern blot from Acadl-targeted mice showing three
genotypes. EcoRI-digested genomic DNA was probed with a 304-bp
Acadl genomic fragment containing exon 3 and flanking intron
sequence. Banding patterns are as follows: Acadl normal controls
(1y1), 211 kb; heterozygous (1y2), 215 kb, 11 kb, and 8 kb; and
homozygous mutant (2y2), 215 kb and 8 kb.
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indicating an abnormally low number of LCAD 1y2 and an
abnormally high number of LCAD 1y1 phenotypes. There
were, however, significantly lower numbers of pups per litter
(P , 0.02) in the heterozygous matings than in wild-type
controls (5.8 vs. 8.1). Alternatively, if we assume that the
number of LCAD 1y1 offspring represents the expected
number for a 25% distribution, then we would expect a total
of 768 pups born from the 87 litters, or 8.8 pups per litter, which
is closer to the number actually observed (8.1 pups per litter)
in control matings. By using this assumption, the distribution
deviates significantly from the expected (P , 0.001), with a
lower number of LCAD 1y2 and LCAD 2y2 pups born,
which would account for the small litter size found, i.e., [LCAD
1y1 (192 expected:192 observed (100%)], LCAD 1y2 [384
expected: 173 observed (45%)] and LCAD 2y2 [192 ex-
pected: 114 observed (60%)]. These breeding pairs were
closely observed by three different individuals at least twice
per day, and any neonatal deaths were accounted for in the
results described here.

Enzymology. The degree of functional overlap in chain-
length specificity of the four acyl-CoA dehydrogenase enzymes
has caused considerable difficulty in the diagnosis of human
acyl-CoA dehydrogenase deficiencies based on biochemical
and enzymatic data, and affected patients often cannot be
given a specific diagnosis. Extracts from cultured fibroblasts of
LCAD 2y2 mice demonstrated a 28% reduction in ability to
dehydrogenate palmitoyl-CoA (C16:0) in comparison to ex-
tracts from LCAD 1y1 fibroblasts (Table 1). The residual
activity in the LCAD 2y2 extracts toward palmitoyl-CoA was
the result of endogenous VLCAD activity and could be
abolished by preincubation with anti-VLCAD antibodies, in-
dicating the LCAD-specific activity was undetectable.

Fasting Intolerance. After an overnight fast (18–20 hr),
LCAD 2y2 mice developed severe and diffuse micro- and
macrovesicular hepatic steatosis (Figs. 3 A and B) as well as
microvesicular cardiac lipidosis (Figs. 3 C and D). The fasted
LCAD 2y2 mice had significantly (P , 0.005) reduced mean
serum glucose concentration (78.9 6 59.7 mgydl) in contrast
to fasted normal controls (147.7 6 95.3 mgydl). The serum
glucose concentrations in the LCAD 2y2 mice were highly

variable as is often seen in patients with other FAO disorders
(3). Serum FFA analysis of fasted mice demonstrated a
significant elevation (P , 0.05) in total FFAs in the LCAD
2y2 mice as compared with fasted normal controls, with
specific elevations in unsaturated fatty acids: docenedioic
(C12:1), tetradecenedioic (C14:1), tetradecadienoic (C14:2), oleic
(C18:1), and linoleic (C18:2) acids (Table 2). Liver FFA analysis
showed no significant differences in total FFA, but elevations
of C10–C14 fatty acids were observed in the fasted LCAD 2y2
mice (Table 2).

Organic Acid and Carnitine Analyses. The initial diagnosis
of long-chain FAO disorders is made most often by analyzing
a variety of biochemical markers such as organic acids and
acylcarnitines. Urine organic acid analysis of fasted LCAD
2y2 mice demonstrated excretion of high levels of adipic
(C6:0), octenedioic (C8:1), decenedioic (C10:1), and hydroxyde-
cenedioic (C10:1) acids compared with fasted normal controls
(data not shown). In particular, high levels of octenedioic acid
have not been observed in the urine of patients with other
FAO disorders and may represent a possible distinctive feature
of LCAD deficiency. Acylcarnitine analysis of whole blood and
skeletal muscle from fasted LCAD 2y2 mice demonstrated
elevations of C12–C14 acylcarnitines with a predominance of
tetradecenoyl-(C14:1) and tetradecadienoyl-(C14:2) carnitines
compared with fasted normal controls (Table 2). Long-chain
acylcarnitines also have been observed in postmortem bile
samples from patients with FAO defects (19). In bile from
fasted LCAD 2y2 mice, we detected extremely high concen-
trations of C14:1 and C14:2 acylcarnitines (Fig. 4) with values
exceeding 1 mM (fasted, normal controls: 0.05–0.07 mM).
These results indicate that a major route of excretion for
long-chain fatty acids is the bile and confirm the importance
of bile acylcarnitine profiles in the diagnosis of FAO disorders
(19).

Sudden Death and Cardiac Lesions. Surprisingly, we ob-
served sudden death in 4 phenotypically normal, nonfasted,
LCAD 2y2 mice of a total of 75 mutants used in these studies.
Two of these mice were 4–5 weeks of age, and 2 were 14 weeks
of age. These mice died suddenly in the absence of undue stress
from handling or other environmental conditions. In his-
topathologic examination of mice presented in these studies,
microvesicular fatty change in the heart of 4- to 5-wk-old fasted
LCAD 2y2 mice was the only cardiac lesion noted in this age
group. In adult (14–16-wk-old) LCAD 2y2 mice, fasting
produced similar cardiac and hepatic fatty change as seen in 4-
to 5-wk-old LCAD 2y2 mice. Additionally, 10% of adult (14
to 16 week old) LCAD 2y2 males were found to have severe,
multifocal myocardial fibrosis, suggesting cardiomyocyte de-
generation with replacement by connective tissue (Fig. 3F).
These lesions were not seen in age-matched normal control
mice (Fig. 3E) or LCAD 2y2 female mice.

FIG. 2. LCAD immunoblot. Immunoblot of liver mitochondrial
proteins (50 mg) isolated from normal control (1y1), heterozygous
mutant (1y2), and homozygous mutant (2y2) mice and probed with
a rat anti-LCAD antibody. No detectable LCAD protein was observed
in samples from the homozygous mutant mice.

Table 1. Dehydrogenation of palmitoyl-CoA (C16:0) and octanoyl-CoA (C8:0) using the electron
transport f lavoprotein reduction fluorescence assay in cellular extracts from cultured fibroblasts

LCAD
Genotype Substrate Antibody

Specific activity,
milliunitymg protein

Wild-type
activity,

%

1y1 Palmitoyl-CoA None 2.17 6 0.005 100
Palmitoyl-CoA Anti-VLCAD 1.34 6 0.09 62*
Octanoyl-CoA None 2.90

1y2 Palmitoyl-CoA None 2.45 6 0.10 110
Palmitoyl-CoA Anti-VLCAD 1.60 6 0.04 65
Octanoyl-CoA None 2.32

2y2 Palmitoyl-CoA None 1.56 6 0.11 72
Palmitoyl-CoA Anti-VLCAD Not detectable 0
Octanoyl-CoA None 2.16

Values reported are mean 6 SD, n 5 3. *, % Activity with no VLCAD antibody.
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DISCUSSION

Currently, there is much interest in the role of fatty acids in
human diseases including obesity, diabetes, insulin resistance,
cancer, and cardiovascular disease (23, 24, 25). Thus far, no
animal model has existed with a specific genetic defect of
long-chain FAO to evaluate this pivotal component in vivo.
Long-chain fatty acids are the primary fatty acids found in
human and other animal diets and the ultimate components of
stored body fat.

One of the first striking results found in these mice was the
gestational loss of both LCAD 1y2 and 2y2 pups. The
metabolic cavitation model (26) proposed that mitochondria
in the outer blastomeres colocalize with lipid droplets to the
basolateral aspects for b-oxidation of fatty acids, e.g., palmitic
acid. This would supply the required ATP for Na1yK1 ATPase
activity essential for producing the nascent blastocoel f luid.
Therefore, one possible explanation in LCAD deficiency
would be that FAO is required during blastocyst formation,
and this process is insufficient in some LCAD 1y2 or 2y2

embryos, causing them to die very early in gestation. Alter-
natively, severe maternal complications like acute fatty liver of
pregnancy and HELLP (hemolysis, elevated liver enzymes,
and low platelets) syndrome have been reported in women who
were heterozygous deficient for another enzyme involved in
mitochondrial FAO, long-chain 3-hydroxyacyl-CoA dehydro-
genase (LCHAD) and carrying an LCHAD2y2 fetus (27).
The mechanism of the hepatocellular damage in this disorder
is still unclear, but is likely to include the accumulation by the
fetus of abnormal fatty acid metabolites that enter the mater-
nal circulation and overwhelm the mitochondrial oxidation
pathway of the heterozygous mother. Similarly, in the LCAD
1y2 mouse carrying several LCAD 2y2 offspring, it appears
feasible that a metabolic environment may exist that is detri-
mental to the development of LCAD 1y2 and 2y2 fetuses.
Finally, these effects conceivably could result from the influ-
ences of unknown background genetic factors. Clearly, the
mechanism involved in this finding is unknown and requires
further investigation.

The enzymology of the LCAD-deficient mice demonstrates
clearly an antigen-negative phenotype with severely impaired

FIG. 3. Histopathology on LCAD 1/1 (normal control) and LCAD 2y2 (deficient mice). (A) 1y1 and (B) 2y2: Oil-Red-O staining of frozen
liver sections from 4- to 5-wk-old mice after an 18- to 20-hr fast. Abundant large lipid droplets present in the LCAD-deficient mice compared with
minimal lipid accumulation in normal control. (C) 1y1 and (D) 2y2: Oil-Red-O staining of frozen hearts from 14- to 16-wk-old mice after an
18- to 20-hr fast. Note lipid accumulation in all cardiomyocytes of the LCAD-deficient mouse as compared with the LCAD-normal control. (E)
1y1 and (F) 2y2: Hematoxylinyeosin-stained heart sections from 16-wk-old, nonfasted male mice. Note prominent myocardial degeneration and
fibrosis (arrows) present in the LCAD 2y2 mice (F). (A and B, 325, C and D, 340, and E and F, 310.)
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oxidation of fatty acids as shown in fibroblasts. In contrast,
cultured human fibroblasts demonstrated dehydrogenation
activity toward palmitoyl-CoA that was .97% attributable to
VLCAD activity (7). Additionally, recent evidence has shown
that human LCAD has significant activity toward branched
long-chain substrates (28). Our data may point to a species
variation in the substrate specificity of LCAD and VLCAD, as
has been demonstrated with purified pig LCAD and recom-
binant human LCAD (29) or to differences between mouse
and man in the absolute expression of LCAD and VLCAD.

LCAD 2y2 mice that achieve birth appear normal, as do
most children with other acyl-CoA dehydrogenase deficien-
cies. In such human patients, clinical disease is most often
exacerbated during fasting, when FAO is needed to maintain
energy homeostasis. Affected patients often present with
hypoglycemia, hypoketonemia, elevated serum free fatty acids,

and nonketotic organic aciduria. LCAD 2y2 mice developed
macroscopic evidence of a fatty liver that is visible grossly after
only 4 hr of fasting, compared with no gross changes in normal
controls. We witnessed sudden death in the LCAD 2y2 mice
during conditions of no apparent external stress. In contrast,
we have never seen sudden death in the BALBycByJ mouse
model of SCAD deficiency (17) nor in the LCAD 1y1 or 1y2
mice. Patients with VLCAD deficiency can develop cardiac
arrhythmias (30) and cardiomyopathy (31), resulting in death
at an early age. Although the exact cause of these cardiac
changes was unknown, the elevated concentrations of long-
chain acylcarnitines observed in these patients are known to be
arrhythmogenic (25). Animal studies also have shown that
pharmacological inhibition of long-chain FAO by 2-tetrade-
cylglycidate leads to the development of cardiomyopathy (32).

These studies indicate that LCAD has an important role in
mitochondrial FAO and the maintenance of fasting energy
homeostasis. LCAD deficiency results in gestational loss,
severe fasting intolerance with subsequent hepatic and cardiac
lipidosis, hypoglycemia, elevated serum FFAs, nonketotic di-
carboxylic aciduria, and myocardial degeneration. Although
the data suggest that LCAD may have a greater role in
mitochondrial FAO in mice than in humans, the complete
LCAD deficiency found in this mouse model can be used to
predict the phenotype of putative human LCAD deficiency.
Moreover, the LCAD-deficient mouse develops a clinical
syndrome virtually identical to human VLCAD deficiency.
These studies provide strong evidence that mitochondrial FAO
in the mouse has crucial roles in embryonicyfetal develop-
ment, fasting energy homeostasis, and cardiac function and
that LCAD is essential for these functions.
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