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Abstract
Carnitine palmitoyltransferase-1 (CPT-1) catalyzes the rate-limiting step of mitochondrial β-
oxidation of long chain fatty acids (LCFA), the most abundant fatty acids in mammalian membranes
and in energy metabolism. Human deficiency of the muscle isoform CPT-1b is poorly understood.
In the current study, embryos with a homozygous knockout of Cpt-1b were lost before embryonic
day 9.5 − 11.5. Also, while there were normal percentages of CPT-1b+/−pups born from both male
and female CPT-1b+/− mice crossed with wild-type mates, the number of CPT-1b+/− pups from
CPT-1b+/− breeding pairs was under-represented (63% of the expected number). Northern blot
analysis demonstrated ∼50% Cpt-1b mRNA expression in brown adipose tissue (BAT), heart and
skeletal muscles in the CPT-1b+/− male mice. Consistent with tissue-specific expression of Cpt-1b
mRNA in muscle but not liver, CPT-1+/− mice had ∼60% CPT-1 activity in skeletal muscle and no
change in total liver CPT-1 activity. CPT-1b+/− mice had normal fasting blood glucose
concentration. Consistent with expression of CPT-1b in BAT and muscle, ∼7% CPT-1b+/− mice
(n=30) developed fatal hypothermia following a 3 hr cold challenge, while none of the CPT-1b+/+
mice (n=30) did. With a prolonged cold challenge (6 hr), significantly more CPT-1b+/− mice
developed fatal hypothermia (52% CPT-1b+/− mice vs. 21% CPT-1b+/+ mice), with increased
frequency in females of both genotypes (67% female vs. 38% male CPT-1b+/− mice, and 33% female
vs. 8% male CPT-1b+/+ mice). Therefore, lethality of homozygous CPT-1b deficiency in the mice
is consistent with paucity of human cases.
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Introduction
Long chain fatty acids (LCFAs) are a major energy source for muscle and liver [1]. During
prolonged fasting, most tissues depend on fatty acid β-oxidation for cellular energy [2]. Infants
rely heavily on LCFA oxidation for energy due to their limited glycogen stores [3]. Carnitine
palmitoyltransferase 1 (CPT 1), an important enzyme for mitochondrial fatty acid oxidation
(FAO) found to exist in tissue-specific isoforms [4], regulates inward translocation of LCFAs
into mitochondrial matrix, and is rate-limiting for β-oxidation of LCFAs inside mitochondria
[5].

The activity and expression levels of each CPT-1 isoform, which are encoded on separate
chromosomes [6,7], are not only tissue-specific, but are also affected by nutritional and
hormonal regulation, by species, and by developmental stage [8,9]. CPT-1a, or the liver
isoform, is expressed in liver, kidney, white adipose tissue (WAT, in male but not female mice
[9,10]), testis, ovary, pancreatic islet, lung, spleen, brain, intestine [8,9], and at much lower
levels in heart [10]. In contrast, the muscle isoform, or CPT-1b, is expressed in brown adipose
tissue (BAT), heart, skeletal muscle, testis, and WAT (in male rats [11,12], in female but not
male mice, and in humans [9]). CPT-1c is expressed predominantly in brain [7], and regulates
energy homeostasis [13], but the substrates of this enzyme remain unknown.

Presently, CPT-1b deficiency in humans has been rarely reported and incompletely understood
[14-17], because some earlier cases of muscle CPT deficiency were described before the
discovery that CPT-1 and CPT-2 are two separate enzymes [14-18]. The clinical manifestations
include recurrent rhabdomyolysis precipitated by fasting or exercise [14-18], and in one patient,
by ibuprofen [17]. Therefore, it is still not clear whether the scarcity of human cases with
CPT-1b deficiency is due to embryonic lethality or asymptomatic existence.

Methods
Mice

The mutant mouse line had been generated previously using a targeted mutagenesis strategy
by replacing a segment of 1468 bp (exons 1−3) in mouse Cpt-1b with a 3 kb neo-tk cassette
in the C57BL/6J × 129X1/SvJ ES cells [19]. Mice in the current study were the second
generation from 3 male founders, which were offspring from a male chimera and C57BL/6J
(B6J) females. Mice were fasted for ∼18 h and euthanized with CO2 before collecting blood
for biochemical markers. The mice were also fasted for ∼18 h prior to cold tolerance testing.
Alternatively, the mice used to measure mRNA expression and for collecting tissue for activity
assays were not fasted before being euthanized with CO2 inhalation. Also, two different mating
pair arrangements were setup to obtain fetal tissue for genotyping and to isolate the
corresponding placenta for RNA preparation. One strategy included male CPT-1b+/+ mice
mated with female CPT-1b+/− mice; the other included male CPT-1b+/− mice mated with
female CPT-1b+/+ mice. At embryonic day 12−14, pregnant females were sacrificed. Blood
was collected from the retro-orbital venous plexus with the exception of the mice used to
measure mRNA expression where blood was collected by cardiac puncture. Blood samples
were allowed to briefly coagulate at room temperature, and then placed on ice and centrifuged
for serum collection. All animal protocols were approved by the Institutional Animal Care and
Use Committee of the University of Alabama at Birmingham. Mice were fed a standard rodent
diet (Purina RMH2500).

Genotyping
Mice were genotyped by standard PCR analysis of tail DNA using PCR Master Mix (Roche,
Indianapolis). The wild type allele was detected by the primer pair cpt1b-genoF1
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(CTACTGAAGATTGGGCTCCT) and cpt-1bgenoR2 (CAGCAATGGTGCAGGAATCT),
which produced a 625 bp product. The mutant allele was detected by the primer pair cpt1b-
genoF1 and Neo-pR2 (ACC GCT TCC TCG TGC TTT ACG GTA), which produced a 440
bp product. The annealing temperature was 58 °C.

Gestation studies
After finding no live-born CPT-1b−/− mice, meetings timed were used to investigate the
suspected gestational lethality and the fertility of that genotype. CPT-1b+/− breeding pairs
were checked for plugs for several days to determine the time of conception. The day on which
the female was found plugged was considered day 0.5, and embryos and fetuses were collected
from day 9.5 − 11.5. The mice were euthanized with CO2, fetuses were excised, and DNA was
isolated followed by PCR analysis for genotyping.

Inheritance pattern investigation
To investigate possible parental sex preference of transmitting the mutant allele, breeders were
set up with either the male or the female transmitting the mutant allele and paired with wild-
type mates. Live-born pups of both crosses were genotyped by PCR.

Northern blots analysis of mRNA levels and size
Northern blots were used to evaluate Cpt-1a and Cpt-1b tissue expression in both wild-type
and mutant mice. Liver, BAT, heart, and skeletal muscle were collected aseptically for RNA
analysis. A 100 mg sample of tissue was placed in 1 ml TRIzol reagent (Invitrogen),
homogenized, and processed for RNA isolation. Gel electrophoresis, blotting, probe synthesis
(Strip EZ DNA Ambion), and hybridization were carried out as described previously [20].

Real time quantitative RT-PCR analysis
First strand cDNA was generated from 1 μg of RNA in 20 μl volume reaction containing both
oligo-(dT) and random hexamers (Invitrogen First Strand Synthesis Kit) according to the
manufacturer's instructions. Real time quantitative RT-PCR was carried out in a 20 μl reaction
volume containing 10 μl Supermix UDG (Invitrogen Life Technologies, Inc.), 2 μl cDNA, 0.3
μM LUX Cpt-1a and Cpt-1b primer pairs (Cpt-1a forward primer:
CACTGCCCTTGGACCCAAATTGCAG[FAM]G, Cpt-1a reverse primer:
AATTTGTGGCCCACCAGGAT; Cpt-1b forward primer:
GACCATAGAGGCACTTCTCAGCATGG[FAM]C, Cpt-1b reverse primer:
GCAGCAGCTTCAGGGTTTGT, [Invitrogen, Life Technologies]), 0.05 μM 18S RNA
forward and reverse primers (JOE labeled, Invitrogen, Life Technologies). Cycling conditions
included incubation at 50 °C for 2 min, a 2 min 95 °C denaturing step, followed by 49 cycles
of 95 °C denaturation (manual ramp rate of 2 °C per second), incubation at 60 °C for 2 min
(manual ramp rate of 2 °C per second). A final extension was achieved by denaturing at 95 °
C for 1 sec (manual ramp rate of 2 °C per second), when melting curve was read from 55 to
95 °C every 0.5 °C (hold 1 sec), followed by incubation at 25 °C for 30 min.

Evaluation of carnitine palmitoyltransferase 1 activity
Frozen liver specimens were homogenized to yield a 10% (w/v) homogenate in 10 mM
potassium phosphate/150 mM NaCl, pH 7.4, supplemented with protease inhibitor cocktail,
and protein phosphatase inhibitor cocktail I and II (Sigma) at a 1/100 dilution. Carnitine
palmitoyltransferase 1 (CPT-1) activity was determined in duplicate using the modified
radiochemical forward assay by measuring the formation of 14C-labeled palmitoylcarnitine
from [14C]-carnitine and palmitoyl-CoA at 37 °C, and is defined as the activity in nmoles/min/
g wet weight inhibited by 200 μM malonyl-CoA [21,22]. Briefly, 10 μl aliquots of the 10%
(w/v) liver homogenate were preincubated for 2 min with 50 μM palmitoyl-CoA at fixed
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palmitoyl-CoA/BSA ratio (0.85) alone or plus 200 μM malonyl-CoA in 250 μl reaction mixture
containing 50 mM MOPS, 80 mM KCl, 1.0 mM EGTA, and 2.0 mM KCN. The reaction was
initiated with [14C]carnitine (2.0 mM final concentration), specific radioactivity 1823 dpm/
nmole, and stopped after one and a half min with 1.0 ml of 1 N HCl. Following extraction of
[14C]-palmitoylcarnitine with water-saturated butanol and re-extraction of the butanol phase
with butanol-saturated water an aliquot of the organic layer was used for scintillation counting.

Biochemical analysis
Total non-esterified fatty acids (NEFA) were measured by an enzymatic, colorimetric method
(“NEFA-C” reagents, Wako Diagnostics, Richmond, Virginia). The assay was modified to
accommodate a reduced sample size (10 μl), and use of a microplate reader for measurement
of optical density at 550 nm. Serum acylcarnitine analysis was performed by using electrospray
tandem mass spectrometry [23-25]. Urinary organic acid analysis was performed as described
previously [26]. Glucose concentration was measured in 10 μl serum using an Ektachem DT
II system (Johnson and Johnson Clinical Diagnostics).

Cold tolerance testing
Routine cold tolerance of male and female CPT-1b +/− and CPT-1b +/+ mice was assessed by
exposure to 4 °C room temperature for 3 h with measurements at 1 h intervals, as we described
previously [27]. Rectal temperatures were measured prior to cold exposure and repeated hourly
using Barnant Thermocouple thermometer. A prolonged cold tolerance was assessed by
exposure to 4 °C temperatures for 6 h. Following our standard protocol, cold challenge
experiments were terminated when rectal temperatures dropped to 25 °C and the mice were
deemed to have reached “fatal hypothermia”, or after a total of 6 h of exposure.

Histologic characterization
Male and female mice, age 6 − 8 weeks, were examined after cold-challenge. At necropsy, the
mice were examined for internal and external abnormalities. Heart, liver, BAT, WAT, and
skeletal muscle were fixed by immersion in formalin. Fixed tissues were processed routinely,
embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin (H&E).

Statistical analysis
Biochemical measurements were reported as mean values with standard deviations and p-
values from Student's t tests. The χ2 tests of variance and Fisher's exact test were used to test
whether the pattern of inheritance and fertility, respectively, were significantly different.
Survival curves were generated by the Kaplan-Meier product-limit method and were compared
using the log-rank test. Survival times were calculated from the study onset to death or
termination due to study protocol (e.g., lowest tolerable temperature was reached and mouse
was euthanized). Survival rates were reported as percentage surviving +/− standard errors.
Results were considered significantly different with a p < 0.05.

Results
Initial characterization of Cpt-1b mutant mice

The CPT-1b+/− mice appear normal, with no differences in bodyweight in both male and
female CPT-1b+/− mice, as measured in 6- to 7-week-old mice when fed, following an 18-hr-
fast, or a 6-hr-cold challenge (data not shown). Also, the heart weight and the ratio of heart to
bodyweight were not different across genotypes (data not shown). Moreover, there were no
significant changes in the histology of liver, WAT, BAT and heart (data not shown).
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Early embryonic lethality, placental Cpt-1 expression, and skewed pattern of inheritance
Although an expected ratio among genotypes is 1:2:1 for CPT-1b+/+: CPT-1b+/−: CPT-1b−/
−, after PCR analysis of 53 offspring from CPT-1b+/− breeders (Table 1A, first row), not a
single CPT-1b−/− pup was found. Also, the expected numbers of pups with CPT-1b+/+ and
CPT-1b+/− genotypes are indicated and were compared with the observed numbers (Table 1A,
second row), suggesting an under-representation of CPT-1b+/− pups. Subsequently, we set up
timed-mating experiments with CPT-1b+/− breeders and genotyped 30 fetuses at embryonic
day 9.5−11.5 (Table 1B). After finding no CPT-1b−/− embryos, and 15 CPT-1b+/− and 15
CPT-1b+/+ embryos, we concluded that homozygous CPT-1b deficiency was lethal at earlier
embryonic stages and that there was an under-representation of CPT-1b +/− fetuses.

To investigate the potential role of CPT-1b expression in placenta, we used real time
quantitative RT-PCR analysis of placental mRNA. We found that Cpt-1b mRNA levels in
CPT-1b+/+ placenta (n=5) derived from CPT-1b+/+ female mice mated with CPT-1b+/− males
were about ∼0.3% of that detected in BAT of 6-week-old non-fasted CPT-1b+/+ male mice
(n=4, data not shown). In contrast, Cpt-1a mRNA levels in such placenta (n=5) were ∼15.1%
of that detected in livers of the CPT-1b+/+ mice (n=4, data not shown). Therefore, Cpt-1a
mRNA was found to be the predominant isoform expressed in placenta.

Transmission of the mutant allele from both the female and male parent of origin followed the
Mendelian pattern (Tables 2A and 2B). Female CPT-1b +/− and male CPT-1b+/+ breeding
pairs had 49% heterozygous pups and 51% wild-type pups (Table 2A), while male CPT-1b +/
− and a B6J female CPT-1b +/+ breeding pairs produced 51% CPT-1b +/− and 49% wild-type
offspring (Table 2B).

Reduced fertility
Deficiency in FAO may compromise reproduction, which was compared between the two
genotypes. Two sets of breeders, CPT-1b+/− × CPT-1b+/−, and CPT-1b+/+ × CPT-1b+/+,
were set up using 8-week-old littermates born from a founder CPT-1b +/− male and a C57BL/
6J female. Among the 12 plugged CPT-1b+/− females sacrificed at embryonic day 9.5 − 11.5,
8 of them were found to have no fetuses at all, whereas 11 of 12 CPT-1b+/+ females were
pregnant with a litter size similar to the B6J mice (n=6−9) (Table 3). Therefore, the CPT-1b+/
− female mice in a heterozygous breeding pair are either less prone to conceive or more prone
to undergo spontaneous abortion of fetuses.

Analysis of Cpt-1a and Cpt-1b gene expression
The current mouse model with CPT-1b deficiency was developed with the 3 kb Neo-tk double
cassette replacing the 1.4 kb exons 1−3 of Cpt-1b gene in the anti-sense orientation which,
according to a previous study, is often related to rapid degradation of the “recombinant” RNA
[28]. Indeed, in our northern blot analysis of the CPT-1b+/− samples of heart, BAT, and skeletal
muscles, there was only one Cpt-1b band detected at 47 − 50% of the “integrated intensity” of
that in the CPT-1b +/+ samples (Fig. 1A and 1B), suggesting the following: first, the mutant
mRNA with a larger molecular weight is not detectable; second, there was no up-regulation of
gene expression from the wild-type Cpt-1b allele; third, the normal absence of the Cpt-1a
mRNA band in both wild-type and CPT-1b+/− samples of heart, BAT, and skeletal muscles
suggested that there was no compensatory up-regulation.

CPT-1 enzyme activities
To investigate if the reduction of Cpt-1b mRNA to ∼50% in non-fasted male and female
CPT-1b+/− mice resulted in reduced CPT-1 activity (Fig. 2), we determined that male CPT-1b
+/−mice had ∼60% and ∼92% CPT-1 activity in muscle and liver, respectively, as compared
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to the male CPT-1b+/+ mice. Similarly, female CPT-1b+/− mice had ∼55% and ∼89% CPT-1
activity in muscle and liver, respectively, as compared to the female CPT-1b+/+ mice. This is
consistent with the predominate expression of the CPT-1b and CPT-1a isoforms in skeletal
muscle and liver, respectively, as well as the about ∼50% Cpt-1b mRNA levels and no up-
regulation of Cpt-1a mRNA (Fig. 1A and B). Therefore, about 60% of total CPT-1 enzyme
activity in skeletal muscle of non-fasted CPT-1b+/− mice appears to be sufficient for an
unchallenged normal phenotype.

Cold challenge
Cold challenge is a useful metabolic test for mouse models with deficiency of FAO enzymes.
Wild-type 129/S6 mice are completely “cold tolerant”, with less than 3 °C drop following a 3
hr cold-challenge [10]. In the present study, 65% and 30% of the CPT-1b+/+ male (n=17) and
female (n=10) mice, respectively, on a mixed genetic background (third generation offspring
from a B6J×129X1/SvJ chimera backcrossed to B6J females) were “cold tolerant” (as defined
above), suggesting that the B6J genetic background of CPT-1b+/+ mice might predispose to
increased susceptibility to cold. We found no significant difference in the percentage of mice
demonstrating cold tolerance and fatal hypothermia between the two Cpt-1b genotypes within
each sex (p>0.1, Fisher's exact test) (Fig. 3). Also, when data from male and female mice were
combined, there was still no significant difference in the percentage of mice demonstrating
cold tolerance and fatal hypothermia between the two Cpt-1b genotypes, although 6% male
(n=17) and 7% female (n=15) CPT-1b+/− mice, respectively, developed fatal hypothermia
(rectal temperature below 25 °C) over 3 hours, while both male (n=17) and female (n=13)
CPT-1b+/+ mice did not.

Among those taking a 6-hr cold challenge, 38% CPT-1b+/− male mice verses 8% CPT-1b+/+
control male mice developed fatal hypothermia (Fig. 3A). In females, 67% CPT-1b+/− mice
compared to 33% CPT-1b+/+ littermates developed fatal hypothermia, suggesting an additive
effect between female and Cpt-1b+/− genotype. When male and female data were combined
(Fig. 3B), the survival curves were significantly different between genotypes.

Biochemical analysis
Because CPT-1b+/− mice had higher frequency of fatal hypothermia, we proceeded to evaluate
biochemical measurements that might be altered by reduced CPT-1 enzyme activity. However,
no consistent or significant differences in urine ketone body levels or other urine organic acids
were noted when comparing these samples (data not shown). In contrast, consistent with CPT-1
being the rate-limiting enzyme for converting acyl-CoA to acylcarnitine, the levels of C18- and
C16-acylcarnitines were mildly but significantly lowered in serum of CPT-1b+/− female mice
as compared to those of CPT-1b +/+ female mice (Fig. 4), but differences were found in the
males.

Because deficiencies in FAO are often related to (fasting) hypoglycemia, and increased plasma
free fatty acid levels, these metabolites were examined. In both male and female mice aged 6
−8 weeks, there was no difference in fasting free fatty acid concentrations in plasma between
CPT-1b+/− and CPT-1b+/+ mice (data not shown). In both male and female mice aged 6−8
weeks, fasting blood glucose following 18-hr food removal did not differ between genotypes
(Fig. 5). Interestingly, all mice had increased blood glucose levels following 3- but not 6-hr
cold challenge; also, the blood glucose levels following 6-hr-cold are significantly less in
female CPT-1b+/− mice compared to female CPT-1b+/+ mice.
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Histology
There were no significant lesions in BAT, heart, and liver in both male and female CPT-1b+/
−mice for (n=6 male and 1 for females, respectively) compared to CPT-1b+/+ mice at 6 weeks
of age (n=3 and 2, respectively).

Discussion
Inherited enzyme deficiencies of mitochondrial fatty acid β-oxidation are diseases with variable
presentations from asymptomatic existence to life-threatening acute disease episodes. This is
because deficiency in FAO not only reduces fat-derived energy supply but also leads to
accumulation of fatty acid substrates or metabolites in the blood and other extra-cellular fluid
compartment, in cytoplasm, and in mitochondria. Because CPT-1 is the rate-limiting enzyme
for mitochondrial LCFA β-oxidation important in gametogenesis and embryogenesis [29-31],
it is not surprising that, among available mouse models with enzyme deficiencies of FAO, a
severe phenotype, or homozygous lethality is found in mice deficient in either CPT-1a [10] or
CPT-1b (this study), in contrast to those with homozygous deficiency of any one of the four
fatty acyl-CoA dehydrogenases (ACADs), which include very-long-, long-, medium-, and
short-chain acyl-CoA dehydrogenases (VLCAD [32]; LCAD [33], MCAD [34]; and SCAD
[35,36]). Also, among the four mouse models with deficiency in one of the ACADs, LCAD−/
− mice have the most severe phenotype including fatty liver, fasting and cold intolerance and
gestational loss [33]. Moreover, no live mice with a double homozygous LCAD(−/−)/VLCAD
(−/−) genotype were detected from double heterozygous matings [32]. A potential explanation
for embryonic lethality of CPT-1b−/− mice is that CPT-1b activity might be required during
mouse pre-implantation development, because Cpt-1b mRNA is first and temporally detected
at the 2-cell stage and reappears at the morula and blastocyst stage [30]. The importance of
LCFA oxidation at this stage is also supported by our previous findings that the LCAD−/−
genotype is associated with frequent gestational loss at the morula-to-blastocyst conversion
[31].

In humans, loss of function mutations have been identified in genes encoding SCAD
(ACADS [37]), MCAD (ACADM [38].), VLCAD (ACADVL [39]), and CPT-1A [40], but not
CPT-1B or LCAD [41]. While homozygous CPT-1a deficiency is rare and potentially fatal in
humans [40], heterozygous CPT-1a deficiency has not been reported with abnormalities.
Similarly, the scarcity of reported CPT-1b deficient human cases is possibly due to embryonic
lethality, as implied by our current mouse study. Also, heterozygous CPT-1b deficiency in
humans would likely be free of symptoms, unless metabolically challenged with extreme
exercise or offending drugs.

In our study, northern blot analysis suggested no up-regulation of Cpt-1b mRNA expression
from the only functional copy of Cpt-1b gene in the CPT-1b+/− mice. Also, in contrast to the
up-regulation of Cpt-1b mRNA expression in livers of CPT-1a+/− mice [10], there was no
compensatory up-regulation of Cpt-1a mRNA in heart and BAT of CPT-1b+/− mice.
Therefore, ∼50% of the wild-type levels of Cpt-1b mRNA, as well as ∼60% of the CPT-1
enzyme activities in CPT-1b predominant tissues were sufficient for a normal gross
appearance, histology, and general physiologic functions in the CPT-1b+/− mice.

Interestingly, some animal models of FAO enzyme deficiency are associated with skewed
patterns of inheritance [10]. Whereas LCAD+/− genotype is under-represented in offspring
[31], probably due to frequent gestational loss, as similar to the LCAD−/− pups, it is not clear
why both the VLCAD+/− [32] and CPT-1a+/− [10] genotypes are over-represented. In the
current study, the mutant Cpt-1b (-) allele was under-represented during germ-line transmission
in heterozygous matings.
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Because Cpt-1b mRNA was found to be expressed at a very low level in wild-type placenta,
as compare to Cpt-1a mRNA, we concluded that CPT-1a is the major isoform expressed.
Furthermore, it is unlikely that CPT-1b deficiency is an important factor in the lethality of
CPT-1b−/− embryos. The timing of Cpt-1b mRNA expression suggests that it is involved in
spermatogenesis [8]; while CPT-1a is the sole isoform detected in immature testis, adult testis
is much richer in Cpt-1b mRNA, which predominates in spermatids [9], and in meiotic and
post-meiotic germ cells [8]. However, given the equal percentage of CPT-1b+/+ and CPT-1b
+/− offspring from breeders consisting of either a CPT-1b+/− male mice with a B6/J female
or a CPT-1b+/− female and a 129S6 male, it is unlikely that the percentage of sperm and oocyte
with the mutant allele of Cpt-1b is reduced. Also, gestational loss of CPT-1b+/− pups is not a
likely explanation. That is, the CPT-1b+/− breeders produced CPT-1b+/− pups and CPT-1b+/
+ pups at a 1:1 ratio and that led us to postulate that perhaps the CPT-1b (+) sperm survive
predominately before fertilization in heterozygous mating pairs. This is another possible
explanation of the absence of CPT-1b−/− fetuses at embryonic day 9.5−11.5. Further study is
required to investigate the mechanisms for under-representation of CPT-1b+/− pups from
heterozygous mating.

Mice with impaired FAO often have reduced cold tolerance. Exposure to cold is detected by
the brain, leading to activation of the sympathetic nervous system, which heavily innervates
thermogenic targets such as BAT and skeletal muscle. Fatal hypothermia is 100% in
homozygous knockout mice of VLCAD, LCAD, MCAD, and SCAD, whereas “single
heterozygous” enzyme-deficient mice are usually cold-tolerant [42]. There was ∼33% fatal
hypothermia in double heterozygous with VLCAD/LCAD, LCAD/SCAD, VLCAD/SCAD
combinations on a mixed genetic background [42]. In the current study, it took an extended
challenge (4 − 6 hrs), yet significantly more CPT-1b+/− mice developed fatal hypothermia
following a 6-hr cold challenge (Fig. 3B). This and the finding that 6−7% CPT-1b+/− mice
verses none of the control mice had fatal hypothermia following a 3-hr cold challenge are
consistent with tissue-specific expression of this enzyme in BAT and skeletal muscle, which
mediates nonshivering and shivering thermogenesis, respectively. Also, it is interesting that
there was a trend for an increase in frequency of fatal hypothermia in female verses male mice
with both CPT-1b+/+ and CPT-1b+/− genotypes. While we cannot rule out the lower body
weight of female littermates might contribute to increased susceptibility to cold, as compared
to the males, we found no correlation between lower body weight and fatal hypothermia within
each genotype and each sex (data not shown). In fact, those that developed fatal hypothermia
tended to be slightly heavier. Moreover, the additive effects of being female with Cpt-1b+/−
genotype is consistent with cold susceptibility as an autosomal dominant trait of the mutant
Cpt-1b gene with variable penetrance.

Glucose metabolism can be altered in some mouse models deficient in a FAO enzyme. For
example, CPT-1a+/− mice have lower fasting blood glucose and higher fasting free fatty acid
in plasma [10]. In the current study, young CPT-1b+/− mice at 6−9 weeks of age had normal
indexes of glucose homeostasis: random and fasting blood glucose and fasting insulin. Also,
while it has not been observed previously in mice of other genetic backgrounds such as the
129S6 mice (data not shown), blood glucose concentrations significantly increased following
a 3-hr cold challenge in both Cpt-1b genotypes and sexes (Fig. 5). Cold challenge increases
FAO, which might inhibit glucose utilization in these mice. Therefore, simply reducing
Cpt-1b mRNA levels by half is not sufficient to alter glucose metabolism enough to cause any
changes in plasma insulin and blood glucose levels.

In conclusion, we have developed a mouse model of CPT-1b deficiency that resulted in no
homozygous fetuses found at any stages examined. We did find a normal mode of allelic
transmission from the CPT-1b+/− male and female mice in breeding pairs with wild-type
mates. In contrast, the number of CPT-1b+/− pups produced from CPT-1b+/− breeding pairs
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was under-represented. Heterozygous CPT-1b mice had virtually a normal phenotype,
including normal body weight, normal fasting blood glucose levels. Also, increased blood
glucose following a 3-hr cold challenge might reflect decreased glucose utilization during cold
challenge. Moreover, CPT-1b+/− mice tended to have decreased cold tolerance as compared
to CPT-1b+/+ mice at >3 hrs of cold challenge, although the difference was not significant.
Following an extended time of cold challenge, there was a significant increase in the percentage
of CPT-1b+/− mice developing lethal hypothermia compared to CPT-1b+/+ mice. Thus since
there have been few human patients described with CPT-1b deficiency, this may also represent
a high rate of gestational lethality in humans.
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Figure 1.
Levels of Cpt-1a and Cpt-1b mRNA. A) Northern blot analysis of total RNA in 6- to 8- week-
old non-fasted CPT-1b+/− male mice (born from a founder CPT-1b+/− male and a C56BL/6J
female): Cpt-1a and Cpt-1b mRNA expression in heart (H), brown adipose tissue (BAT), and
skeletal muscles including quadricep (Q) and gastrocnemus muscles (G). B) Densitometry
quantification of Cpt-1b mRNA expression. The integrated density reading of each band of
Cpt-1b mRNA were first standardized with the amount of total RNA shown in (A), and then
the average levels of which in the CPT-1b+/+ hearts (n=3) were arbitrarily set to 1. Mean+/−
SE, *p<0.05, **p<0.005.
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Figure 2. Enzyme activity of CPT-1 in skeletal muscle (gastroc) and liver
Male CPT-1b+/− mice (n=5) had ∼60% and ∼92% CPT-1 activity in gastroc muscles and liver,
respectively as compared to the male CPT-1b+/+ mice (n=4, **p<0.001). Results were also
significantly different in female CPT-1b+/− mice (n=5) and CPT-1b+/+ mice (n=2, *p<0.05).
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Figure 3. Survival curves of 6 hr cold challenge
A) Among male mice, there were 5 CPT-1b+/− mice and 1 CPT-1b+/+ mouse with fatal
hypothermia; the survival rates at 6 hr for the CPT-1b+/− mice and the CPT-1b+/+ mice were
62% and 92%, respectively. Among the female mice, there were 8 CPT-1b+/− mice and 4
CPT-1b+/+ mice with fatal hypothermia; the survival rates at 6 hr for the CPT-1b+/− mice and
the CPT-1b+/+ mice were 33% and 67%, respectively. In both sexes, there was no significant
difference between survival of the CPT-1b+/− and CPT-1b+/+ groups (p=0.160 in male,
p=0.198 in female). B) When combining the data from both sexes, there were 13 CPT-1b+/−
mice and 4 CPT-1b+/+ mice that developed fatal hypothermia. The survival rates at 6h for the
CPT-1b+/− mice and the CPT-1b+/+ were 48% and 79%, respectively (*p<0.05 by Kaplan-
Meier survival analysis: Gehan-Breslow test).
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Figure 4. Serum acylcarnitines
Following an 18 h fast, in CPT-1b+/− female mice (7−10 weeks old), there were small
reductions in serum C16 and C18 acylcarnitine levels (n=6 for each genotype, mean+/−S.E,
*p<0.05); however, the males (n=6 for each genotype, mean+/−S.E) showed no differences.
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Figure 5. Blood glucose levels
In both sexes (6−8 weeks old), there was no significant difference in blood glucose
concentrations following either an 18 h fast or a 6h cold challenge between the two genotypes.
Also, blood glucose levels in all 4 groups increased significantly following a 3 h but not a 6h
cold challenge (n=12−14 for each group, mean+/−S.E, *p<0.05, †p<0.005, ‡p<0.001).
Moreover, following a 6h cold challenge in female CPT-1b+/− mice (n=13), blood glucose
concentrations were significantly lower than that in CPT-1b+/+ controls (n=12, mean+/−S.E,
*p<0.05).
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Table 1
A. CPT-1b +/−(M) × CPT-1b +/− (F), 9 litters of live born pups

pups CPT-1b+/+ CPT-1b+/− CPT-1b−/− Total
Observed (Expected)* 31 (13.25) 22 (26.5) 0 (13.25) 53
Observed (Expected)* 31 (17.7) 22(35.3) 0 (0) 53
B. CPT-1b +/−(M) × CPT-1b +/− (F), 12 breeding pairs, 4 pregnant females sacrificed

fetuses CPT-1b+/+ CPT-1b+/− CPT-1b−/− Total
Observed (Expected) 15 (7.5) 15 (15) 0 30

Expected 7.5 15 7.5 30
p<0.001 by chi-square test of variance

*
p<0.001 by chi-square test of variance
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Table 2
A. Transmission via female CPT-1b +/− mice (mated with male CPT-1b +/+ mice)

Pups (10 litters) CPT-1b+/+ CPT-1b+/− Total
Observed 39 (51%) 37 (49%) 76
Expected 38 (50%) 38 (50%) 76

B. Transmission via males CPT-1b +/− mice (mated with female CPT-1b +/+ mice)
Pups (26 litters) CPT-1b+/+ CPT-1b+/− Total

Observed 84 (49%) 87 (51%) 171
Expected 85.5 (50%) 85.5 (50%) 171

p>0.1 by chi-square test of variance

p>0.1 by chi-square test of variance
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Table 3
Reproductive function study in plugged female mice at embryonic day 9.5−11.5

Breeding pairs With Fetuses Without Fetuses Plugged
CPT-1b+/− × CPT-1b+/− 4 8 12
CPT-1b+/+ × CPT-1b+/+ 11 1 12
p<0.05 by Fisher's exact test
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