Abnormal nonshivering thermogenesis in mice
with inherited defects of fatty acid oxidation.
C Guerra, … , P A Wood, L P Kozak
J Clin Invest. 1998;102(9):1724-1731. https://doi.org/10.1172/JCI4532.
Research Article

When placed in the cold (4 degreesC), BALB/cByJ mice of both genders rapidly lose body
temperature as compared with the control strain, C57BL/6J. This sensitivity to cold
resembles that previously described for mice with a defect in nonshivering thermogenesis
due to the targeted inactivation of the brown adipocyte-specific mitochondrial uncoupling
protein gene, Ucp1. Genetic mapping of the trait placed the gene on chromosome 5 near
Acads, a gene encoding the short chain acyl CoA dehydrogenase, which is mutated in
BALB/cByJ mice. The analysis of candidate genes in the region indicated a defect only in
the expression of Acads. Confirmation of the importance of fatty acid oxidation to
thermogenesis came from our finding that mice carrying the targeted inactivation of the long
chain acyl CoA dehydrogenase gene (Acadl) are also sensitive to the cold. Both of these
mutations attenuate the induction of genes normally responsive to adrenergic signaling in
brown adipocytes. These results suggest that the action of fatty acids as regulators of gene
expression has been perturbed in the mutant mice. From a clinical perspective, it is
important to determine whether defects in thermogenesis may be a phenotype in human
neonates with inherited deficiencies in fatty acid beta-oxidation.
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Abstract
When placed in the cold (48C), BALB/cByJ mice of both
genders rapidly lose body temperature as compared with
the control strain, C57BL/6J. This sensitivity to cold resembles that previously described for mice with a defect in nonshivering thermogenesis due to the targeted inactivation
of the brown adipocyte-specific mitochondrial uncoupling
protein gene, Ucp1. Genetic mapping of the trait placed the
gene on chromosome 5 near Acads, a gene encoding the
short chain acyl CoA dehydrogenase, which is mutated in
BALB/cByJ mice. The analysis of candidate genes in the region indicated a defect only in the expression of Acads. Confirmation of the importance of fatty acid oxidation to thermogenesis came from our finding that mice carrying the
targeted inactivation of the long chain acyl CoA dehydrogenase gene (Acadl) are also sensitive to the cold. Both of these
mutations attenuate the induction of genes normally responsive to adrenergic signaling in brown adipocytes. These
results suggest that the action of fatty acids as regulators of
gene expression has been perturbed in the mutant mice. From
a clinical perspective, it is important to determine whether
defects in thermogenesis may be a phenotype in human neonates with inherited deficiencies in fatty acid b-oxidation.
(J. Clin. Invest. 1998. 102:1724–1731.) Key words: thermogenesis • gene mutations • short and long chain acyl CoA
dehydrogenase • mitochondrial uncoupling protein

Introduction
The production of heat by brown adipose tissue (BAT)1 is accomplished by a specialized mechanism called nonshivering
thermogenesis (1). An electron motive force established across
the inner mitochondrial membrane during respiration is dissi-
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pated as heat by the mitochondrial uncoupling protein (UCP1)
rather than being used to drive the synthesis of ATP (2). An
essential role for UCP1 in this process, first deduced from biochemical analyses by Ricquier and Kader (3) and Heaton et al.
(4), was recently established by the targeted inactivation of the
Ucp1 gene in mice (5). Mice homozygous for the inactivated
allele failed to maintain normal body temperature when exposed to the cold at 48C (5). Similarly, the inactivation of the
dopamine b-hydroxylase gene results in mice deficient in norepinephrine and extremely sensitive to the cold, indicating that
the adrenergic signal transduction is essential for nonshivering
thermogenesis (6). However, several experimental observations indicate that mechanisms controlling thermogenesis may
be more complicated than the gene-targeting experiments suggest. Genetic models of obesity, including Lep/Lep and Lepr/
Lepr mice, do not survive exposure to cold (7), despite the fact
that the Ucp1 gene can be induced to normal levels of expression during this exposure to the cold (8). However, Lep/Lep
and Lepr/Lepr mice can tolerate exposure to the cold if they
are acclimated slowly (9), as can the Ucp1 KO mice (Koza,
R.A., and L.P. Kozak, unpublished observations).
Accordingly, the mechanisms associated with adaptation to
the cold need to be explored further to identify how other factors are implicated in the control of nonshivering thermogenesis and brown fat differentiation. Most important is the evidence that thyroid hormone is required for induction of Ucp1
expression (10) as well as the transcription factors PPARg
and the CCAAT-enhancing binding protein-a, which have
been implicated in the process from the analysis of the Ucp1
gene enhancer region (11) and gene targeting experiments
(12). We now report that spontaneous and induced mutations
to the long chain acyl CoA dehydrogenase (LCAD) and short
chain acyl CoA dehydrogenase (SCAD) genes in mice cause a
sensitivity to cold similar to mice deficient in UCP1. The data
indicate that, despite the fact that the family of dehydrogenase
enzymes catalyzing the b-oxidation of fatty acids has overlapping catalytic specificity (13), defects in only one of the acyl
CoA dehydrogenases results in major defects in thermogenesis. Given the abundance of brown fat in neonatal mammals,
including humans (14), BAT may play a critical role in temperature regulation in human neonates and could be an important
factor in the clinical syndromes seen in children with inherited
defects of fatty acid oxidation.

Methods
Animals. BALB/cByJ, C57BL/6J (B6), and CXB recombinant inbred strains of mice and BALB/cBy mice were obtained from the
Production Colonies and the Mouse Mutant Resources of The Jackson Laboratory (Bar Harbor, ME), respectively. Backcross and intercross progeny of BALB/cByJ and B6 mice were generated in the research colonies of L.P. Kozak. The genealogy of these strains is
shown in Fig. 1. LCAD-deficient mice were generated in the laboratory of P.A. Wood from an intercross of B6,129/SvJ.Acadltm1Uab

Figure 1. Genealogy of the BALB/c strains.

(2/2) and B6,129/SvJ.Acadl (1/1) mice at generation 2–3 (Kurtz,
D.M., P. Rinaldo, W.J. Rhead, L. Tian, D.S. Millington, J. Vockley,
D. Hamm, A.E. Brix, J.R. Lindsey, C.A. Pinkert, et al., manuscript
submitted for publication). For Acadl gene targeting, TC-1 ES cells
and C57BL/6NtacfBR mice were obtained from Taconic Farms Inc.
(Germantown, NY).
Cold sensitivity. Cold sensitivity was assessed as described (5).
Time course cold exposure experiment. All mice were males 8 wk
of age. Differences in the induction of Ucp1 mRNA in BAT by cold
were determined in BALB/cByJ (C) and C57BL/6J (B6) mice by a
two-step procedure. First, mice were maintained at thermoneutrality
(298C) for 1 wk to reduce Ucp1 mRNA levels by minimizing the need
for thermogenesis. Second, mice were then housed individually at 48C
in precooled cages, and after 0.5, 2, and 4 h, of cold exposure, five animals from each strain were sacrificed by cervical dislocation, and
BAT was removed for RNA isolation for Northern Blot analysis. In
addition, five mice from each strain were sacrificed after 1 wk at 298C
(considered time zero of cold temperature exposure) and at 228C
(standard mouse room temperature) to prepare RNA for analysis.
Histology. BAT was fixed in Bouin’s solution. Paraffin-embedded sections were stained with hematoxylin and eosin.
Northern blots. Mice were sacrificed by cervical dislocation, and
the tissues were frozen immediately in liquid nitrogen. Total RNA
(20 mg) was isolated by the guanidinium thiocyanate method (15).
For some analyses of low abundant mRNAs, polyadenylated RNA
was isolated by chromatography on oligo dT-cellulose (16). Northern
blot analysis was conducted on 1.2% agarose-1 M formaldehyde gels
as described by Derman et al. (17). Following hybridization and
washing, signals were quantified first by the Fujix BAS1000 Bio-imaging Analyzer (Fuji Xerox Co., Ltd., Japan) and then by X-ray films
and densitometry on the ImageQuant (Molecular Dynamics, Sunnyvale, CA). The cDNA derived hybridization probes used in this study

were: Ucp1 (8), Ucp2 (5), Ucp3 (18), type II iodothyronine deiodinase (19), leptin (20), b1- and b3-adrenergic receptors (generously
provided by Dr. Sheila Collins), 18S RNA (21), b-adrenergic receptor
kinase 2 (22), neuronal nitric oxide synthase (23), F1/Fo ATP synthase subunit e (24), SCAD (25), and LCAD (26).
Genome wide-scan and mapping strategy. To map the chromosomal location of the gene(s) involved in the cold-sensitive phenotype, we generated (BALB/cByJ 3 B6)F1 3 BALB/cByJ backcross
and intercross (F2) progeny from the BALB/cByJ (cold-sensitive)
and B6 (cold-resistant) strains. A genome-wide scan using 80 MIT
microsatellite markers distributed at 15–20 cM intervals was carried
out with 15 cold-sensitive and 15 cold-resistant F2 mice using the
DNA pooling method developed by Taylor (27). The region of interest on chromosome 5 was analyzed in detail by individually genotyping 100 intercross and 24 backcross mice. The CXB recombinant inbred strains (four male mice per line) were also used to map the
gene(s) conferring cold sensitivity. Primers for amplification of microsatellites by PCR were obtained from Research Genetics, Inc.
(Huntsville, AL).
A method for separating PCR products using horizontal PAGE
was developed by Dr. Wendy A. Pitman at The Jackson Laboratory
(unpublished data). Essentially, a 5% (19:1 bis) acrylamide solution
in 13 TBE is polymerized with 0.8 ml of 10% ammonium persulfate
and 0.4 ml of TEMED/100 ml of gel solution. After PCR samples are
loaded, the polyacrylamide gels are run at 200 V, post-stained with 20
ml of a 10 mg/ml ethidium bromide solution in 100 ml of distilled
H2O, and DNA bands are detected using an ultraviolet source.

Results
Genetics of cold sensitivity. We have recently shown that inactivation of the Ucp1 gene on a C57BL/6J 3 129/SvPas genetic
background by gene targeting produces mice intolerant to
cold. A second, independent targeted inactivation of Ucp1 was
made in BALB/cByJ (Kozak, L.P., unpublished results). Surprisingly, on this genetic background, both the mutant and the
wild-type mice were sensitive to the cold. In Fig. 2, we show
the kinetics of cold sensitivity in B6 and BALB/cByJ mice.
Body temperature in most BALB/cByJ mice dropped 108C in
less than 4 h at 48C, with none able to maintain body temperature for longer than 8 h in the cold; whereas B6 mice maintained their body temperature indefinitely under these conditions. The cold-sensitive phenotype is independent of the
gender of the animal. We initiated a genetic analysis to determine the basis of the sensitivity to cold. F1 progeny between
B6 (the cold-resistant strain) and BALB/cByJ mice (the cold-

Figure 2. Changes in body temperature in BALB/
cByJ (r) and C57BL/6J (d) mice during exposure
to 58C of cold.
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Figure 3. Mapping of the cold-sensitive
phenotype in BALB/cByJ mice. Cold sensitivity was mapped to chromosome 5 with
MIT microsatellite markers and a polymorphism of Acads. No recombinants were detected between D5Mit188 and Acads. That
2 of 130 mice had a phenotype not predicted from the genotype at Acads places
the gene controlling cold sensitivity to a region within 2 cM of Acads.

sensitive strain) were cold resistant, whereas approximately
25% (22 of 106) of the F2 mice were cold sensitive and 50%
(13 of 24) backcross (BALB/cByJ 3 B6)F1 3 BALB/cByJ
mice were sensitive to cold. This distribution of phenotypes
suggests that a single recessive gene controls cold sensitivity. A
genome-wide scan using the DNA pooling method with 15
sensitive and 15 resistant mice from the F2 cross showed significant association of the cold-sensitive phenotype with the
D5Mit7 marker, positioned at approximately 50 cM on chromosome 5.
To define more precisely the linkage on chromosome 5,
106 F2 mice and 24 backcross mice were individually analyzed
with a series of MIT markers in the region of interest. The region was narrowed down to about 14 cM, between 54 and 68
cM (Fig. 3). Several possible candidate genes that could be in-

volved in the regulation of thermogenesis have been localized
within this region. These genes included beta adrenergic receptor kinase type II (Adrbk2; 64 cM) and SCAD (Acads; 65
cM). Two other genes, F1/Fo ATP synthase subunit e (Atp5k)
at 50 cM and neuronal NOS (NosI) at 70 cM, located slightly
outside the region, were also tested as possible candidate
genes. The position of these candidate genes is shown on the
chromosome 5 linkage map (Fig. 3).
Alterations in the expression of the four candidate genes
on chromosome 5 were assessed by Northern blot analysis of
RNA isolated from the brain and brown fat of B6 and BALB/
cByJ mice (Fig. 4). Only the Acads gene showed a difference
in the pattern of RNA expression. An RNA species of smaller
size was detected in BALB/cByJ mice, while B6 showed a single strong band (Fig. 5). This variant expression of the Acads

Figure 4. Analysis of candidate genes on chromosome 5 for variant expression in cold-sensitive
BALB/cByJ mice. Poly(A)1 RNA from the brain
and brown adipose tissue was analyzed by Northern blot analysis as described in Methods.
BARK2, b-adrenergic receptor kinase 2; nNos,
neuronal nitric oxide synthase; ByJ, BALB/cByJ;
B6, C57BL/6J.
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Figure 5. Abnormal expression of mRNA encoding
SCAD in the brown fat of
BALB/cByJ mice under various conditions of environmental temperature. Northern blots of RNA were
hybridized to the indicated
probes.

RNA has been well described (28, 29). It results from the deletion of 278 bp of the gene that includes part of intron 8, exon 9,
intron 9, and part of exon 10. The deletion causes missplicing
of the RNA and abolishes the production of functional enzyme activity. Mice that carry the mutant allele can be identified by a PCR assay that gives a product of 870 bp for the wildtype Acads allele and 592 bp for the mutant Acads allele. The
mutation, first described as an activity null mutation (30), occurred in the BALB/cByJ subline of mice after it was separated from the original BALB/cBy subline around 1982 (31).
These two lines are virtually coisogenic and provide a genetic
aid for establishing the identity of the mutant gene. Accordingly, BALB/cBy mice were obtained from stocks at The Jackson Laboratory to evaluate the relationship between the deletion mutation at the Acads gene and the cold sensitivity
phenotype. These BALB/cBy mice possessed the wild-type
Acads allele and were resistant to the cold in a manner indistinguishable from C57BL/6J mice (data not shown). Consistent with this result is the fact that all CXB recombinant inbred
mice are resistant to the cold. This result is predicted because
the CXB recombinant lines were derived from the BALB/cBy
line before the mutation of Acads in the BALB/cByJ line. All
F2 and backcross mice, generated from the C57BL/6J and
BALB/cByJ cross and used to map the cold-sensitive phenotype to chromosome 5, were then tested for the presence of the
wild-type or mutant Acads allele. Out of 24 backcross and 106
intercross progeny, 128 of 130 mice expressed the cold sensitivity predicted from the allele present at Acads; two heterozygous mice were sensitive to the cold. The most likely explanation is an error in phenotyping, which has on occasion been
found to be due to internal physical injury caused by repeated
insertion of the thermal probe. Nevertheless, we sought an independent assessment of the effect of mutations to components of the fatty acid b-oxidation pathway on thermoregulation in mice.
SCAD is a mitochondrial enzyme that catalyzes the first reaction in the b-oxidation of short-chain fatty acids (C4–C6). A
mutation that inactivated this gene would reduce fatty acid oxidation, thereby limiting the availability of reducing equivalents to establish the electromotive force necessary for heat
production by the uncoupling protein mechanism. Since the
Acads gene is one of four acyl CoA dehydrogenases that participate in fatty acid oxidation, mutations to other members of
the group may also affect thermogenesis. The recent generation of a targeted mutation to the LCAD (Acadl) has enabled
us to establish further the role of fatty acid oxidation on
nonshivering thermogenesis (Kurtz, D.M., P. Rinaldo, W.J.
Rhead, L. Tian, D.S. Millington, J. Vockley, D. Hamm, A.E.
Brix, J.R. Lindsey, C.A. Pinkert, et al., manuscript submitted
for publication). Accordingly, Acadl mutant mice were ex-

posed to the cold as described for BALB/cByJ mice. The five
Acadl mutant mice tested were very sensitive to the cold, with
rectal temperature dropping 10–158C within 2 h (Fig. 6 a). Accordingly, the Acadl targeted mutation produces a cold intolerance phenotype as severe as the Acads mutation. These data
strongly indicate that mutations to acyl CoA dehydrogenases
cause the cold sensitivity phenotype, and this strengthens our
conclusion that cold sensitivity in BALB/cByJ mice is caused
by a mutation to Acads.
Effects on gene expression. While it is intuitive that mutations to the pathway that provides the fuel to produce heat
would have serious consequences on thermoregulation, these
mutations also provide an opportunity to evaluate other aspects of fatty acid action in the cell, particularly those associated with the regulation of gene expression. Genes studied encoded: receptors that could be involved in cold stimulation,
such as b1- and b3-adrenergic receptors; Ucp1, and 59 deiodinase type II, genes activated by adrenergic signaling; Ucp2 and

Figure 6. Cold sensitivity (a) and Ucp1 expression (b) in wild-type
(1/1) mice and mice homozygous for the inactivated Acadl (2/2)
gene.
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Figure 7. Patterns of expression of genes with
thermogenic functions
during the manipulation
of the environmental
temperature. Data
are presented as the
mean6the standard error of the density signals
from Northern blots of
total RNA isolated from
the brown adipose tissue
and analyzed by a Fuji
Bioimager. Five male
mice are present in each
group. On the abscissa,
228C is the temperature
mice maintained in the
animal room, 298C is a
thermoneutral temperature at which mice were
maintained for 7 d before
being exposed to the cold
(48C) for 0.5, 2, and 4 h.
The statistical significance of differences between B6 and BALB/
cByJ mice under any
given condition was determined by an unpaired t
test (Statview version
4.57).

Ucp3, homologs of Ucp1 that may have a function in nonshivering thermogenesis; and Lep, a gene that is downregulated by
adrenergic stimulation and that has been proposed to be a
stimulator of energy expenditure (32).
As previously observed, Ucp1 mRNA levels in BALB/
cByJ and B6 mice were not significantly different at room temperature, nor after 7 d at thermoneutrality, 298C (Fig. 7). Ucp1
expression during the cold exposure was three times higher
and was induced more rapidly in B6 than in BALB/cByJ (P ,
0.0002). A similar difference in the rate of induction of the
type II 59-deiodinase gene resulted in more than sixfold
greater expression in B6 mice after 4 h (P , 0.02). These patterns of expression indicate that the ability of adrenergic signal
transduction to activate its target genes has been strongly
blunted in BALB/cByJ mice. A similar effect on the expression of Ucp1 was also found to occur in mice carrying the targeted mutation to the gene encoding LCAD (Fig. 6 b). In contrast, the expression of mRNA for b1- and b3-adrenergic
receptors involved in the regulation of the thermogenic activity of brown adipocytes was not significantly different between
B6 and BALB/cByJ mice (Fig. 8). Thus, the effects of cold exposure on Ucp1 and type 59-DII gene induction may be determined at a site downstream of the adrenergic receptors.
Ucp2 mRNA levels were increased by cold stimulation in
both strains; however, these levels were higher at all the points
in BALB/cByJ mice (Fig. 7). After 4 h at 48C, the levels were
more than fourfold higher in BALB/cByJ (P 5 0.003). No significant differences in Ucp3 expression levels were observed
between these two strains (Fig. 7). Similar to Ucp2 expression,
the levels of leptin mRNA (Fig. 8) were fivefold higher at 228C
1728
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in BALB/cByJ than in B6 (P , 0.05). At 298C, leptin mRNA
increased to similar levels (P 5 0.72), and then following exposure to the cold, the levels were reduced as previously reported
(33). However, the leptin mRNA levels were threefold higher
in BALB/cByJ after 4 h of cold exposure (P 5 0.02). Since it is
known that leptin expression is suppressed by adrenergic signaling (33), these effects may reflect the blunted adrenergic action in the BALB/cByJ mice, possibly reflecting the reciprocal
effects of the mechanism affecting Ucp1 and deiodinase gene
expression.
Brown fat morphology. We have previously found that elevated expression of Ucp2 occurs in the brown fat of UCP1deficient mice (5) and in mice that overexpress the glycerol
3–phosphate dehydrogenase gene (34). In both of these genetic models, lipid hypertrophy occurs in the brown adipocytes. Since steatosis occurs in the liver of BALB/cByJ mice,
we analyzed the brown fat of these mice histologically to determine whether lipid may also be accumulating in the adipocyte
of the BALB/cByJ mice. The photomicrograph in Fig. 9 shows
that brown adipocytes of BALB/cByJ mice also accumulate
more lipids than B6. As with the UCP1-deficient mice, an increase in lipid accumulation in the BAT of BALB/cByJ mice
correlates with higher expression of Ucp2 (Fig. 7). The increase in Ucp2 and leptin also parallel each other (35). Although it is possible that Ucp2 overexpression in UCP1-deficient mice is part of a compensatory mechanism responsible
for the resistance to obesity, nevertheless the higher Ucp2 expression that is present in BAT during acute exposure to cold
failed to maintain body temperature of UCP1-deficient or
BALB/cByJ mice.

Figure 9. Comparison of lipid deposition in brown adipocytes of
BALB/cByJ (a) and C57BL/6J (b) mice.

Figure 8. Patterns of expression of genes associated with signaling in
brown adipocytes. Data were obtained and analyzed as described in
legend to Fig. 6.

Discussion
We found that BALB/cByJ cannot maintain body temperature
when exposed to the cold at 48C. The similarity between the
cold-sensitive phenotype of BALB/cByJ mice and that observed in mice with an inactive Ucp1 or in mice deficient in
norepinephrine suggested that the cold sensitivity in the
BALB/cByJ strain may also be caused by a defect in Ucp1 expression. Our strategy to determine the molecular defect causing the phenotype sought to determine the number of genes
controlling the phenotype and to map the location of the
gene(s). Although there was no reason to assume that the phenotype was the result of a mutation to a single gene, the genetic analysis showed that cold sensitivity in BALB/cByJ mice
was controlled by a single gene located between 54 and 68 cM
on chromosome 5.

Several candidate genes reside in this region on chromosome 5 that could account for a defect in nonshivering thermogenesis. Of the four genes evaluated for defects in mRNA expression by Northern blot analysis, only the SCAD (Acads)
gene showed an abnormal pattern of mRNA expression. A
mutation of the Acads gene, located at 65 cM, has recently occurred in BALB/cByJ mice. The mutation has been characterized as a deletion of 278 bp near the 39 end that causes missplicing of the RNA (29). No protein or biological activity can
be detected in mutant mice (36). BALB/cBy sublines prior to
1982 have neither the mutant Acads gene nor the cold-sensitive phenotype. Thus, defects in one of the proteins associated
with b-oxidation of fatty acids render mice cold sensitive. This
conclusion has been greatly strengthened by our finding that
mice in which the LCAD has been inactivated by gene targeting are also cold sensitive.
SCAD is one of four different acyl CoA dehydrogenase enzymes that catalyze the initial dehydrogenation of straightchain fatty acids in mitochondria. Three of them: SCAD, medium chain acyl CoA dehydrogenase (MCAD), and LCAD
are soluble enzymes located in the mitochondria matrix as homotetramers. A fourth, the very long acyl CoA dehydrogenase
(VLCAD) is attached to the inner membrane as a homodimer.
Their name derives from the length of the fatty acids that they
process. VLCAD and LCAD will shorten the long-chain fatty
acids into medium-chain fatty acids that can then be processed
Abnormal Nonshivering Thermogenesis in Mice
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by MCAD and SCAD (37). The SCAD, MCAD, and LCAD
monomers share a high degree of homology between them but
not with VLCAD. Except for LCAD, independent deficiencies in each of the straight-chain acyl CoA dehydrogenases has
been described in humans (38). All of them are inherited as
autosomal recessive traits. The SCAD-deficient mice show no
overt clinical signs of disease; however, they develop a prominent fatty liver with hypoglycemia after fasting and accumulate
and secrete fatty acid metabolites in the urine (36). In contrast,
the SCAD deficiency in humans has more severe and variable
clinical symptoms that include metabolic acidosis, chronic lipid
storage myopathy, and neonatal hyperammonemic coma (38).
Given that the LCAD- and SCAD-deficient mice are very sensitive to the cold, children deficient for any of the acyl CoA dehydrogenases could also be unusually sensitive to the cold. The
potential importance of this phenotype in humans with deficiencies in mitochondrial b-oxidation is underscored by the
fact that like most mammals, human neonates have high levels
of brown fat, presumably for protection against exposure to
the cold (14).
Fatty acid oxidation plays an important role in energy production. After sympathetic stimulation of brown adipocytes,
there is activation of the hormone-sensitive lipase producing
free fatty acids. Two important functions for free fatty acids in
nonshivering thermogenesis have been postulated. First, free
fatty acids directly interact with UCP1 in the mitochondrial inner membrane to establish a conformation that uncouples mitochondria respiration from the ATP synthesis. A model has
also been advanced in which the fatty acids are transported by
the uncoupling protein, the protons being passively associated
with the fatty acids. Second, b-oxidation of fatty acids is the
principal source of electrons for mitochondrial respiration.
The failure of one or both processes could result in defective
thermoregulation in BALB/cByJ mice or in LCAD-deficient
mice. However, these metabolic events do not explain why induction of Ucp1 and the type II 59-deiodinase genes were attenuated during cold exposure, nor why the expression of
Ucp2 is enhanced. These effects on gene expression suggest a
third role for fatty acids in the activation of nonshivering thermogenesis based upon emerging data that fatty acids could
have a role as second messengers through the activation of the
peroxisome proliferator activated receptors (PPARs). PPARs
(a, b, and g), members of the steroid nuclear receptor superfamily, have been shown to have tissue specificity and to be activated by various compounds, such as fibrates, thiazolidindiones, prostaglandins, and fatty acids (39–41). It has been
shown that these nuclear factors have a very important role in
the differentiation program of adipocytes in general and
brown adipocytes in particular (11, 42). It is somewhat of a
paradox that defects in fatty acid oxidation do not promote an
increased expression of Ucp1, presuming that fatty acids build
up in acyl CoA dehydrogenase deficiency and act as ligands
for PPAR-mediated activation of gene expression. However,
the upregulation of Ucp2 mRNA by fatty acids in the brown
fat of mutant mice is consistent with the reported effects of
PPARg agonists on Ucp2 expression in cultured adipocytes
(43). It is possible that free fatty acids are not elevated in the
cytosol but may be efficiently converted to triglycerides, thus
removing them as potential ligands. Alternatively, free fatty
acids could act antagonistically toward functions of PPARg in
adipose tissue, rather than as the activator role they appear to
have with PPARa in hepatocytes (44). These mutant mice pro1730
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vide an opportunity to establish the levels of free fatty acids
and the state of PPARg activation in the adipocyte in relation
to alter the states of gene expression in vivo.
The role of PPAR transcription factors in fatty acid homeostasis is becoming evident from the phenotype associated
with gene knockouts. Mice in which the PPARa gene has been
inactivated by gene targeting have reduced mRNA levels for
several genes associated with mitochondria and peroxisomal
fatty acid oxidation (45). An abnormally high hepatic lipid accumulation occurs in the PPARa null mice that resembles the
accumulation of lipids found in the livers of mice with an inactive Acads gene (36). Several genes that are associated with
the fatty acid metabolism carry the response element motif that
binds to PPAR and have severely reduced levels of expression
in mice with an inactivated PPARa gene (44). Accordingly,
the physiological and morphological phenotype of mice is similar for the PPARa and fatty acid acyl CoA dehydrogenase
null mutants, suggesting that the genes are acting on common
metabolic pathways. While lipid accumulation occurs in both
the liver and brown fat of the fatty acid acyl CoA dehydrogenase–deficient mice, the SCAD-deficient BALB/cByJ mice
do not appear to be susceptible to the development of obesity
whether they are fed a standard or a high fat diet (L.P. Kozak,
unpublished results).
In summary, we have demonstrated that intact fatty acid
oxidation is essential for nonshivering thermogenesis. Disruption of this pathway markedly affects the expression of genes
encoding functionally related proteins such as UCP1, UCP2,
and T4-deiodinase. Given these results, we speculate that cold
intolerance is a potentially important phenotype to be aware
of in children with inborn errors of fatty acid oxidation.
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