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(FA) function not only as bulk molecules in
membrane and storage lipids but have also been shown to exert
signaling functions by modulation of nuclear receptor activation (4, 41). Such signaling processes implicate FA and related
metabolites in cellular feedback functions to reflect the metabolic status of the cell.
The bulk of the FA synthesis in cells is performed by the
cytosolic complex fatty acid synthase (FAS) (54). FAS produces medium- to long-chain FA (up to C16), which can be
further elongated by membrane-bound enzymes mostly residing in the endoplasmatic reticulum (ER). Members of the Elovl
(elongation of very long-chain fatty acids) gene family encode
for enzymes, which are believed to perform the first step
(condensation) in the elongation cycle to produce long-chain or

very long-chain fatty acids (LCFA/VLCFA) from shorter FA.
The family of enzymes consists of at least six members in
mouse and human, believed to exert substrate-specific elongation with respect to FA length and unsaturation (30, 31, 36,
53, 61).
One important factor regulating FA metabolism in adipocytes is the transcription factor liver X receptor-␣ (LXR␣)
(26), which is activated by endogenous oxysterols. Along with
the functionally overlapping LXR␤ isoform, LXR␣ is involved
in the control of cellular lipid homeostasis (24, 29) by activation of genes that are associated with FA and triglyceride
synthesis, for example, FAS and sterol regulatory elementbinding protein-1 (SREBP-1) (25, 44).
Two isoforms of SREBP-1 have been identified, SREBP-1a
and SREBP-1c, originating from the same gene by the use of
two different transcription start sites (60). Cleavage of the
inactive SREBP precursor proteins residing in the ER, by a
two-step proteolytic cascade, induces translocation of the NH2terminal part into the nucleus, where it exerts its effects on
transcription (21, 55, 59). One recently characterized member
of the Elovl family, long-chain elongase (Lce), which has an
apparent substrate specificity for saturated FA in the C12-C16
range, displays a lipogenic expression profile manifested in
transgenic mice overexpressing constitutively active isoforms
of SREBP-1 (36).
The Elovl1 and Elovl3 genes have been suggested to encode
for proteins involved in the elongation of saturated and monounsaturated FA in the C20-C24 range. In similarity to Lce and
Fas, Elovl1 is ubiquitously expressed in mice, whereas Elovl3
is expressed mainly in liver, skin, and brown adipose tissue
(BAT) (53). In BAT, Elovl3 expression is very low when mice
are housed at thermoneutrality but displays a dramatic upregulation during BAT activation and recruitment in response to
cold stress (4°C for 3 days) (52). Increased VLCFA elongation
activity in BAT in response to cold stress has previously been
shown by Tvrdik et al. (53). BAT activation and recruitment
processes, which include induction of Elovl3 expression, are
primarily controlled by sympathetic nerve activity and norepinephrine (NE) release. The resulting nonshivering thermogenesis primarily utilizes FA as substrate for mitochondrial respiration and subsequent heat generation through the uncoupling
protein UCP1 (reviewed in Ref. 10).
Differentiation of isolated primary brown adipocytes in
culture, indicated by multilocular fat accumulation and UCP1
expression, is spontaneously induced around day 5 after cell
isolation, depending mainly on cell confluence and supply of
nutrients from the culture medium. In cells that have already
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Jakobsson, Andreas, Johanna A. Jörgensen, and Anders Jacobsson. Differential regulation of fatty acid elongation enzymes in brown
adipocytes implies a unique role for Elovl3 during increased fatty acid
oxidation. Am J Physiol Endocrinol Metab 289: E517–E526, 2005. First
published April 26, 2005; doi:10.1152/ajpendo.00045.2005.—The expression of the Elovl3 gene, which belongs to the Elovl gene family
coding for microsomal enzymes involved in very long-chain fatty acid
(VLCFA) elongation, is dramatically increased in mouse brown adipose tissue upon cold stimulation. In the present study, we show that
the cold-induced Elovl3 expression is under the control of peroxisome
proliferator-activated receptor-␣ (PPAR␣) and that this regulation is
part of a fundamental divergence in the regulation of expression for
the different members of the Elovl gene family. In cultured brown
adipocytes, a mixture of norepinephrine, dexamethasone, and the
PPAR␣ ligand Wy-14643, which rendered the adipocytes a high
oxidative state, was required for substantial induction of Elovl3
expression, whereas the same treatment suppressed Elovl1 mRNA
levels. The nuclear liver X receptor (LXR) has been implicated in the
control of fatty acid synthesis and subsequent lipogenic processes in
several tissues. This regulation is also exerted in part by sterol
regulatory element-binding protein (SREBP-1), which is a target gene
of LXR. We found that stimulation of Elovl3 expression was independent of LXR and SREBP-1 activation. In addition, exposure to the
LXR agonist TO-901317 increased nuclear abundance of LXR and
mature SREBP-1 as well as expression of the elongases Lce and
Elovl1 in a lipogenic fashion but repressed Elovl3 expression. A
functional consequence of this was seen on the level of esterified
saturated fatty acids, such as C22:0, which was coupled to Elovl3
expression. These data demonstrate differential transcriptional regulation and concomitantly different functional roles for fatty acid
elongases in lipid metabolism of brown adipocytes, which reflects the
metabolic status of the cells.
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MATERIALS AND METHODS

Reagents. L-Norepinephrine bitartrate (NE; Arterenol), dexamethasone, TO-901317, 9-cis-retinoic acid, WY-14643, 22(S)-hydroxycholesterol, and all other chemicals when otherwise not stated, were
obtained from Sigma. NE was dissolved in water, whereas all other
compounds used for cell stimulation were dissolved in ethanol. The
concentrations used for NE, dexamethasone, TO-901317, 9-cis-retinoic acid, and WY-14643 were chosen on the basis of titration
experiments and shown to give the optimal estimated effects in
primary cultured brown adipocytes.
Animals. PPAR␣-ablated mice were a kind gift from Dr. F. Gonzales (28), backcrossed on a DBA background. As control mice, agematched mice from this back-cross, which were bred under the same
conditions as the PPAR␣-ablated mice, was used. Animals were
housed in groups of three to four mice per cage and were fed ad
libitum (Rat and Mouse Standard Diet No. 1; BeeKay Feeds, B&K
Universal, Stockholm, Sweden), had free access to water, and were
kept on a 12:12-h light-dark cycle at room temperature. Before the
cold exposure experiments, the mice were kept at 30°C (thermoneutrality) for 6 days. After this period, animals were exposed to 22°C for
the indicated times or remained at 30°C.
Cell culture. Brown adipocyte precursors were isolated from the
interscapular, axillary, and cervical BAT depots of 3- to 4-wk-old
male mice of the NMRI strain (B&K) and the DBA strain containing
a PPAR␣-ablation (28) and grown in culture principally as described
by Néchad et al. (37). Briefly, tissues were minced in HEPES-buffered
solution containing 0.2% (wt/vol) collagenase type II (Sigma), and
digestion was allowed for 30 min at 37°C. The digest was filtered
through 250- and 25-m nylon filters to remove undigested parts and
mature cells. Precursor cells were pelleted by centrifugation (700 g),
washed in Dulbecco’s modified Eagle’s medium, pelleted, and resuspended in 0.5 ml of culture medium/mouse. The cells were seeded in
six-well plates (Corning) at a density of 1–2 ⫻ 104 cells/cm2. The
cells were cultured in Dulbecco’s modified Eagle’s medium (1 g
glucose/liter) supplemented with 10% newborn calf serum, 4 nM
insulin, 25 g/ml sodium ascorbate, 10 mM HEPES, 4 mM glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin at 37°C in an
atmosphere of 8% CO2 in air. The cells were washed with Dulbecco’s
modified Eagle’s medium on day 1, and the medium was changed on
days 1, 3, and 6 of culture. Administration of agents was performed as
described in the figure legends, and the respective solvents (ethanol
and water) were added to control wells to exclude unspecific effects.
RNA analysis. Cells were harvested in 1 ml of Ultraspec solution
(Biotec, Houston, TX), and total RNA was isolated according to the
procedure described by the manufacturer. Ten micrograms of total
RNA were separated by electrophoresis in an ethidium bromidecontaining agarose-formaldehyde gel and blotted onto Hybond N
membranes (Amersham). Prehybridization and hybridization were
carried out in 50% formamide, 5⫻ SSC, 5⫻ Denhardt’s solution, 50
AJP-Endocrinol Metab • VOL

mM sodium phosphate, pH 6.5, 0.5% SDS, and 100 g/ml degraded
herring sperm DNA at 42°C overnight. Membranes were washed once
in 2⫻ SSC and 0.1% SDS at room temperature for 15 min and once
in 0.1⫻ SSC and 0.1% SDS at 42°C for 15–30 min. cDNA fragments,
identified by BLAST (1) and verified by sequencing for Elovl1
and Elovl3 (53), SREBP-1 (51), 11␤-hydroxysteroid dehydrogenase
1 (11␤-HSD1; IMAGE EST clone gi:14605089), and LCE
(gi:15715540), were [32P]dCTP-labeled using a random-primed DNA
labeling kit (Amersham Biosciences) and used as probes. Phosphorimaging plates were exposed to the hybridized membranes for 24 –72
h and subsequently analyzed in a FLA-3000 reader (Fuji). 18S rRNA
was detected using a 473-nm laser in the FLA-3000 reader and used
for normalization. Blots were quantified using Fuji Film Science Lab
software and statistically analyzed by repeated-measures ANOVA
and Tukey’s multiple comparison test in GraphPad PRISM.
Isolation of subcellular protein fractions. Crude nuclear extracts
were isolated according to Andrews and Faller (2). Medium was
removed, and cells were scraped into 1 ml of cold phosphate-buffered
saline, pelleted for 10 s, and resuspended in 400 l of cold buffer A
[10 mM HEPES-KOH, pH 7.9, at 4°C, 1.5 mM MgCl2, 10 mM KCl,
0.5 mM dithiothreitol, complete miniprotease inhibitor cocktail
(Roche)] by flicking the tube. Cells were allowed to swell on ice for
10 min and were then vortexed for 10 s. Nuclei were pelleted by
centrifugation at 2000 g for 1 min, and the supernatant (S1 fraction)
was transferred to a new tube. Pellets were resuspended in 50 l of
cold buffer B [20 mM HEPES-KOH, pH 7.9, at 4°C, 25% glycerol,
420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, complete miniprotease inhibitor cocktail (Roche)] and incubated
on ice for 20 min for high salt extraction. Cellular debris was removed
by centrifugation (20.000 g) for 2 min at 4°C, and the supernatant
(containing DNA-binding proteins) was stored at ⫺80°C. The S1
fraction was centrifuged at 20,000 g for 15 min, and the supernatant
was discarded, whereas the pellet (containing mitochondria and peroxisomes) was resuspended in 30 l of cold buffer B and stored at
⫺80°C. Protein concentration was determined by protein assay kit
(Bio-Rad) for the isolated fractions before gel electrophoresis. Recovery of the nuclear and mitochondrial/peroxisomal proteins in the
subcellular fractions was assessed by detection of marker proteins
[cAMP response element-binding protein (CREB; not shown), UCP1,
and acyl-CoA oxidase (AOx), respectively].
Protein analysis. Nuclear proteins (7.5 g) and 3 g of proteins
from the 20,000-g fraction were separated on NuPAGE 10% Bis-Tris
gels (Invitrogen) using NuPAGE MOPS-SDS running buffer according to the manufacturer’s protocol and blotted onto nitrocellulose
membranes. Membranes were blocked in 5% milk, washed in Trisbuffered saline containing 0.1% Tween-20 (TBST), incubated with
primary antibody diluted in TBST and 5% BSA overnight, washed
three times in TBST, and incubated with horseradish peroxidaselinked secondary antibody (Cell Signaling) for 1 h. Proteins were
visualized using the ECLplus kit (Amersham Biosciences) and detected in a LAS-1000 charge-coupled device camera (Fuji). Proteins
were quantified and statistically analyzed as described for RNA.
SREBP-1 antibodies were purchased from Santa Cruz Biotechnologies and diluted 1:500, UCP1 antibodies were generated by Neosystem (COOH-terminal part, 1:2,000 dilution), and AOx (58) and
multifunctional enzyme type 1 (MFE-1) (42) antibodies (1:2,000
dilution) were kindly provided as a gift from Dr. S. H. Alexsson,
Karolinska Hospital and Dr. J. K. Hiltunen, University of Oulu.
Lipid analysis. Exogenous [14C]palmitic acid (0.1 Ci/ml, 16 M;
GE Healthcare) bound to BSA (0.5%) was added to the culture
medium 4 h before harvest of the cells. Cells were scraped in cold
phosphate-buffered saline, pelleted, vigorously vortexed in the lipid
extraction solvent mixture chloroform(C)-methanol(M)-water (4:8:3)
for 1 min, left at room temperature for 20 min, and reextracted in C-M
(2:1). Extracts were pooled, evaporated in speed-vac and redissolved
in C-M (2:1). Lipid aliquots were applied to a silica gel 60 TLC plate
(VWR International), and the plate was developed as previously
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acquired adipocyte characteristics, NE advances final differentiation, including a dramatic increase in the expression of
UCP1 and other genes associated with increased thermogenic
capacity (reviewed in Refs. 10 and 39). However, to substantially induce Elovl3 expression in cultured cells, the addition of
glucocorticoids together with chronic exposure to NE is required (52).
In the present study, we show that the induced Elovl3
expression in brown fat of cold-stimulated mice requires the
transcription factor peroxisome proliferator-activated receptor-␣ (PPAR␣). By using primary brown adipocyte cultures,
we further demonstrate differential regulation between Elovl3
and the two other FA elongases, Lce and Elovl1, involved in
the synthesis of saturated FA, which was correlated with FA
oxidation processes.

PPAR␣ REGULATION OF ELOVL3 GENE EXPRESSION

RESULTS

Reduced Elovl3 expression in BAT of cold-exposed PPAR␣ablated mice. In liver, PPAR␣ controls the expression of
several genes involved in FA oxidation (3). Because the
adrenergic pathway stimulates UCP1-mediated heat production, via increased FA ␤-oxidation and uncoupled cellular
respiration (reviewed in Ref. 10), along with increased Elovl3
synthesis (52), we investigated whether Elovl3 expression was
effected in PPAR␣-ablated mice upon cold stimulation. As
seen in Fig. 1A, the expression of Elovl3 was severely reduced
in the PPAR␣-ablated mice after both 12 h and 3 days of mild
cold exposure. This effect was specific for Elovl3, since the
mRNA levels for the elongase Elovl1 was not affected by the
PPAR␣ ablation.
Elevated Elovl3 expression and FA oxidation by PPAR␣
ligand Wy-14643 in brown fat primary cultures. Cultured
primary brown adipocytes are the only cell culture system
described that expresses significant amounts of endogenous
Elovl3. As shown earlier, 3 days of chronic NE stimulation in
combination with glucocorticoids (dexamethasone) induces the
expression of Elovl3 in cultured brown adipocytes (52). Because NE, in conjunction with PPAR␣, stimulates the expression of Elovl3 in vivo as shown above, we asked whether
Elovl3 expression could be augmented along with improved
thermogenic capacity of the cultured brown adipocytes by
AJP-Endocrinol Metab • VOL

stimulating the cells with a synthetic PPAR␣ agonist (Wy14643). Activation of PPAR␣ has been shown to increase the
rate of ␤-oxidation through upregulation of both mitochondrial
and peroxisomal enzymes (6, 17, 27). As seen in Fig. 1B,
Wy-14643, both alone (W) and in combination with NE,
dexamethasone, and RXR ligand 9-cis-retinoic acid (heterodimerizing partner of PPARs) (NDRW), increased the level
of the peroxisomal enzymes AOx and MFE-1, which are
known PPAR␣ target genes. Wy-14643 also induced an increase in the mitochondrial protein content of UCP1 when
added in combination with adrenergic, retinoid, and glucocorticoid stimuli (NDRW), which implies an increased capacity
for uncoupled respiration. In agreement with this, the oxidative
response to adrenergic stimuli and PPAR␣ activation
(NDRW), measured by released CO2 generated from ␤-oxidation of exogenously added labeled palmitic acid, was also
increased compared with vehicle-treated cells (Fig. 1C). The
level of Elovl3 expression correlated with the oxidative capacity of the brown adipocytes; i.e., it was further elevated by the
addition of PPAR␣ ligand Wy-14643 (Fig. 1D). In accord with
the in vivo data, the Elovl3 expression was markedly reduced
in NDRW-stimulated brown adipocytes obtained from
PPAR␣-ablated mice (Fig. 1E). As expected, no expression
was detected by Northern blot in unstimulated cells. Elovl3
expression could not be detected in wild-type cells stimulated
with dexamethasone, WY-14643, or 9-cis-retinoic acid alone
(not shown), implying that adrenergic stimuli are essential for
the activation processes involving elevated Elovl3 expression
in brown adipocytes.
Induction of Elovl3 expression is not mediated via induction
of lipogenic factors LXR and SREBP-1. Activation of LXRs by
natural and synthetic agonists induces SREBP-1 mRNA and
protein expression, and subsequently also elevated levels of
mature SREBP-1 in the nucleus, which in turn can induce
transcription of downstream lipogenic genes as shown for Fas
and Lce (7, 36). To elucidate the signals inducing Elovl3
expression, we investigated whether the NDRW mixture activated the transcription factors LXR and SREBP-1 in brown
adipocytes. Interestingly, no increase in the nuclear abundance
of SREBP-1 was detected when maximal induction of Elovl3
expression was obtained (Fig. 2, A and B).
To further investigate whether LXR- and SREBP-1-mediated signaling pathways can, in fact, be activated in cultured
primary brown adipocytes and, as a consequence, stimulate
Elovl3 expression, cells were stimulated with the synthetic
LXR agonist TO-901317. Ligand activation increased the
amount of SREBP-1 mRNA and nuclear protein levels (Fig. 2,
A and B). In contrast, NDRW-induced Elovl3 mRNA levels
were markedly suppressed by the LXR agonist (Fig. 3A). In
addition, Elovl3 expression was not restored upon simultaneous addition of 22(S)-hydroxycholesterol, which inhibits
SREBP-1 cleavage and nuclear translocation without interfering with activation of LXR (11, 23, 55) (Figs. 2B and 3A). This
suggests that changes in nuclear levels of SREBP-1 did not
contribute to the LXR-mediated suppression of Elovl3 mRNA
levels in NDRW-stimulated brown adipocytes. In contrast, and
as expected, the expression profile of the two other elongases,
Elovl1 and Lce, followed the level of nuclear SREBP-1 (Figs.
2B and 3, B and C).
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described by Downing (13). Briefly, the plate was prewashed with
chloroform and placed in 105°C for 30 min before sample application.
Development was as follows: first phase using hexane (to the end of
the plate), air dried for 15 min; second phase using toluene (end of the
plate), air dried for 15 min; third phase containing hexane-ether-acetic
acid (70:30:1) run on half the plate. The thin-layer chromatography
(TLC) plate was sprayed with sulfuric acid-ethanol (1:1) and charred
at 150°C. Lipids were detected in the LAS-1000 and quantified as
described earlier. Lipid identities were determined by standards run in
parallel.
FA analysis. Cellular lipids were extracted in the presence of
authentic internal standards by the method of Folch et al. (14) using
chloroform-methanol (2:1, vol/vol). Approximately 25 million cells
per treatment from three independent experiments were pooled and
used for FA analysis. Individual lipid classes within each extract were
separated by preparative TLC, as described previously (56). Authentic
lipid class standard compounds were spotted onto the two outside
lanes of the TLC plate to enable localization of the sample lipid
classes. Each lipid fraction was scraped from the plate and transesterified in 3 N methanolic-HCl in a sealed vial under a nitrogen
atmosphere at 100°C for 45 min. The resulting FA methyl esters were
extracted from the mixture with hexane containing 0.05% butylated
hydroxytoluene and prepared for gas chromatography by sealing the
hexane extracts under nitrogen.
FA methyl esters were separated and quantified by capillary gas
chromatography using a gas chromatograph (Hewlett-Packard model
6890, Wilmington, DE) equipped with a 30-m DB-225MS capillary
column (J&W Scientific, Folsom, CA) and a flame ionization detector
as described previously (56).
FA oxidation. Fifty microliters of NCSII tissue solubilizer (GE
Healthcare) was applied on pieces of filter paper left to dry overnight.
[14C]palmitic acid (0.1 Ci/ml, 16 M; GE Healthcare) was added to
cell culture wells as described for lipid analysis, and the culture plates
were sealed using super sealing film (Life systems) with NCSIItreated filter papers attached over each well to collect released CO2
from cells. After 4 h of incubation at 37°C, filters were collected and
the amount absorbed CO2 was quantified using liquid scintillation
counting.

E519

E520

PPAR␣ REGULATION OF ELOVL3 GENE EXPRESSION

Elovl3 expression correlated with expression of the main
regulatory enzyme in glucocorticoid metabolism. Because the
regulation of Elovl3 expression did not follow an ordinary
lipogenic pattern controlled by LXR and SREBP-1, we asked
whether other factors related to lipid metabolism would show
a similar expression profile to Elovl3. We (52) have previously
shown glucocorticoid stimulation of Elovl3 gene expression in
cultured brown adipocytes, which is also shown here in Fig. 1.
The glucocorticoid-metabolizing enzyme 11␤-HSD1 primarily
activates cellular glucocorticoids to sustain proper glucocorticoid signaling, although the enzyme has also been suggested to
catalyze the reverse, inactivating reaction at a slower rate. To
investigate whether Elovl3 expression was paralleled by
changes in the regulation of glucocorticoid turnover, 11␤HSD1 expression was measured. As shown for Elovl3, a
combination of NE and dexamethasone (NDRW mixture) inAJP-Endocrinol Metab • VOL

creased the 11␤-HSD1 expression, whereas LXR activation
decreased 11␤-HSD1 mRNA levels (Fig. 4) in parallel with
Elovl3 expression. Again, similar to Elovl3 expression, the
TO-901317-induced suppression was not blocked by addition
of 22(S)-hydroxycholesterol, why a SREBP-1 dependent
mechanism was excluded. This suggests that the regulation of
local glucocorticoid activation and Elovl3-expression in BAT
are closely associated and in a similar way restrained by LXR.
Elovl3 expression and lipid composition. To assess a functional consequence of altered Elovl3 expression in the brown
adipocytes, we analyzed the lipid composition by TLC and gas
chromatography as described in MATERIALS AND METHODS. In
NDRW-treated cells where Elovl3 expression was high, incorporation of 14C label (originating from exogenous FA) into
sterol esters and fatty alcohols was selectively increased (Fig.
5A). This effect was abolished by the addition of LXR agonist,
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Fig. 1. Peroxisome proliferator-activated receptor-␣ (PPAR␣)-regulated Elovl3 mRNA expression in conjunction with increased fatty acid
(FA) oxidation in brown adipocytes. A: representative Northern blots showing RNA levels of
Elovl3, Elovl1, and ribosomal RNA, respectively, in control and PPAR␣-ablated mice exposed to 30 or 22°C for indicated times. RNA
levels were quantified, indicated as fold induction, by densitometric analysis. Primary brown
adipocytes were cultured for 6 days up to confluence. From day 6, cells were treated (when
indicated) with 0.1 M norepinephrine (N) (every 12 h) and/or 1 M dexamethsone (D) for 3
days. Wy-14643 (20 M, W) and/or 500 nM
9-cis-retinoic acid (R) was added (when indicated) on day 7.5 (for 36 h). B: proteins in
subcellular fraction containing mitochondria and
peroxisomes were separated on SDS-PAGE, and
typical marker proteins of FA ␤-oxidation, acylCoA oxidase 1 (AOx), multifunctional enzyme
type 1 (MFE-1), and uncoupling protein-1
(UCP1), were detected by immunoblotting and
quantified. C: oxidation of palmitic acid was
measured on day 9 as released CO2. Bars represent means ⫾ SE of 4 experiments performed in
triplicate. The difference between the 2 groups
was not statistically significant. D: total RNA
was isolated on day 9 and analyzed by Northern
blot. Membranes were probed with Elovl3 cDNA
and results normalized to 18S rRNA (see EXPERIMENTAL PROCEDURES). Bars represent means ⫾
SE of 3 experiments performed in duplicate (autoradiogram shows representative blot). Significance at **P ⬍ 0.01 and ***P ⬍ 0.001 by
comparing Elovl3 mRNA levels in respective
treatments with (NDRW; set to 100%). E: total
RNA isolated from NDRW-stimulated cells, as
in D, obtained from control and PPAR␣-ablated
mice.

PPAR␣ REGULATION OF ELOVL3 GENE EXPRESSION

E521

Fig. 2. Effects of nuclear receptor agonists and adrenergic brown adipocyte
activation on abundance of sterol regulatory element-binding protein
(SREBP)-1. Brown adipocytes were cultured and treated as described in Fig.
1. SREBP-1 mRNA levels (A) and SREBP-1 nuclear protein levels (B) were
analyzed following indicated treatments. Visible bands are 1a and 1c isoforms,
as indicated by arrows. TO-901317 (T1317) and 22(S)-hydroxycholesterol
(22(S)-HC) (20 M) were added to cells on day 7.5 (for 36 h). Bars represent
3 individual experiments in duplicate ⫾ SE. Significance at *P ⬍ 0.05, **P ⬍
0.01, and ***P ⬍ 0.001.
AJP-Endocrinol Metab • VOL
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both in the presence and in the absence of 22(S)-hydroxycholesterol, as shown earlier to inhibit SREBP maturation. In
addition, in NDRW-treated cells, 22(S)-hydroxycholesterol did
not have any effect on the incorporation of 14C label into sterol
esters and fatty alcohols, which was in accord with sustained
high Elovl3 expression in these cells.
To look for changes in specific FA incorporation, which
could be linked to the level of Elovl3 expression, we analyzed
the sterol ester fractions further. To obtain a sufficient amount
of material for measurements of the FA composition, ⬃25
million cells per treatment were pooled from three independent
experiments. Noticeably, the FA composition in the sterol ester
fractions displayed alterations in behenic acid (22:0) content
between the different treatments (Fig. 5B), which was in
accordance with the amount of incorporated FA label into
sterol esters (Fig. 5A) and the level of Elovl3 expression (Fig.
3A); high levels in NDRW-treated cells and low levels in cells
stimulated by the LXR agonist. The alterations in sterol ester

Fig. 3. Contrasted Elovl3 mRNA expression pattern from Elovl1 and Lce.
Cells were cultured and treated as described in Fig. 1. Shown are relative
mRNA levels following indicated treatments, as in Fig. 2, for Elovl3 (A),
Elovl1 (B), and Lce (C), analyzed by Northern blot. TO-901317 treatment is set
to 100%, except for Elovl3 where NDRW represents 100%. Bars represent 3
individual experiments in duplicate ⫾ SE. Significance at *P ⬍ 0.05, **P ⬍
0.01, and ***P ⬍ 0.001.
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Fig. 4. Liver X receptor (LXR) agonist suppresses 11␤-hydroxysteroid dehydrogenase-1 (11␤-HSD1) mRNA levels. 11␤HSD1 mRNA levels in brown adipocytes analyzed by Northern
blot, following indicated treatments as in Fig. 2. Bars represent
3 individual experiments in duplicate ⫾ SE. Significance at
*P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001.

DISCUSSION

The stimulatory effect of LXR agonists on genes involved in
FA synthesis has been suggested to be mediated both directly
through LXR and via SREBP-1c (25, 45). From our experiments, we conclude that, although LXR and SREBP-1 could be
activated in primary brown adipocytes in response to a synthetic LXR agonist, the induction of Elovl3 expression by
NDRW stimuli was not mediated via activation of LXR- or
SREBP-mediated signaling pathways. In contrast to Lce and
Elovl1, the LXR agonist TO-901317 exerted a negative effect
on Elovl3 expression, although all of these three Elovl enzymes
have been suggested to elongate saturated FA. Stimulation of
Elovl3 expression was instead accomplished by the addition of
a stimulatory mix including a PPAR␣ agonist, which proved to
be a unique regulatory feature among the Elovl genes in the
present study. The PPAR␣ regulation of Elovl3 expression in
brown adipocytes was confirmed both in cultured cells obtained from PPAR␣-ablated mice and in whole animals when
exposed to cold.
PPAR␣ and LXR␣ have been proposed to form atypical
heterodimers, working as negative regulators of the respective
target genes (15, 35). The suppressive effect of LXR agonist on
PPAR␣ agonist-stimulated Elovl3 expression putatively suggests similar regulation in BAT, but the same relative suppression of Elovl3 expression in response to LXR agonist was seen
when 9-cis-retinoic acid and Wy-14643 was excluded from the
stimulatory mix. This indicates that the suppressive effect on
AJP-Endocrinol Metab • VOL

Elovl3 levels is not dependent on downregulation of PPAR␣and RXR-mediated signals.
The assembly of nuclear receptor coactivator/corepressor
complexes is an important determinant of the impact on transcriptional activity. Recent data on transcriptional control of
lipid synthesis by the PPAR␥ coactivators PGC-1␣ and PGC1␤, which have been shown to coactivate, e.g., PPAR␣ and
LXR␣, suggest a gene-specific displacement of corepressors
by PGC-1␣ upon nuclear receptor ligand activation (16) and
PGC-1␤ mediated activation during energy storage (33). A
specific recruitment of PGC-1␣ and PGC-1␤ on different
promoters, such as for Lce, Elovl1, and Elovl3, may explain, in
part, the discrepancy in regulation by LXR on the expression of
these genes.
SREBPs are important transcription factors in the regulation
of lipogenic processes, as many of the target genes are involved in the synthesis of lipids. SREBP-2 is suggested to
primarily regulate cholesterol homeostasis, whereas the two
characterized isoforms of SREBP-1 (a and c) are implicated in
FA and triglyceride synthesis, as suggested from studies in
transgenic mice (19, 47, 48). Although several studies indicate
distinct functions for the two SREBP-1 isoforms (20, 32, 49),
we could not detect any difference in the induction or translocation of the mature SREBP-1a and -1c proteins in response to
LXR agonist (Fig. 3C).
A possible candidate to be involved in the regulation of
Elovl3 expression is the main regulatory enzyme in glucocorticoid metabolism, 11␤-HSD1, which proved to be regulated in
a similar way to Elovl3 at the mRNA level in primary brown
adipocytes. In white adipose tissue, glucocorticoids enhance
adipogenesis by inducing 11␤-HSD1 activity in preadipocytes,
which creates a feed-forward loop contributing to adipocyte
differentiation (9, 18). In addition to fluctuating glucocorticoid
levels in the circulation, this enzyme constitutes a local determinant of the active glucocorticoid levels within peripheral
tissues, as 11␤-HSD1 catalyzes the interconvertion of inactive
keto- and active hydroxycorticosteroids in most tissues favoring the dehydrogenase (activating) reaction. In this context, it
is noteworthy that the synthetic glucocorticoid dexamethasone
is also metabolized by the normal cellular mechanisms, but at
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behenic acid content was specific, as no similar changes was
seen for LCFA, such as palmitic acid (16:0; Fig. 5B), in
response to the respective treatments. This is of particular
interest because Elovl3 is suggested to be involved in the
synthesis of saturated VLCFA in that range of C22–24 acylchain lengths (Ref. 53 and A. Jacobsson, unpublished observations).
These data suggest a function for Elovl3 in the formation of
saturated VLCFA, such as behenic acid, in a situation when the
rate of cellular FA oxidation is stimulated. Ligand activation of
LXR appears to inhibit similar lipid synthesis, in conjunction
with a suppressive effect on Elovl3 expression.
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a slower rate compared with endogenous glucocorticoids due
to its structural properties (12). A decrease in the cellular
expression of 11␤-HSD1 in response to LXR activation, which
has previously also been shown in 3T3-L1 cells by Stulnig et
al. (50), may result in lower levels of endogenous as well as
synthetic active glucocorticoids. Although the enzyme may
play a more-or-less different role in BAT than in white adipose
AJP-Endocrinol Metab • VOL

tissue, the inhibitory effect of TO-901317 on Elovl3 expression
may in part be explained by a decrease in glucocorticoid
receptor signaling (Fig. 6).
In contrast to our findings, Hummasti et al. (22) recently
reported a positive effect of LXR agonist GW-3965 on Elovl3
expression in differentiated 3T3-L1 white adipocytes. However, gene expression in a highly oxidative tissue such as BAT
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Fig. 5. Elovl3 expression and FA incorporation. A: thin-layer
chromatography (TLC) separation of labeled cellular lipids
from total lipid extract. Incorporation of 14C label originating
from [U-14C]palmitic acid into cellular lipids was detected by
phosphorimaging after TLC separation and identified by lipid
standards run in parallel. Cells were cultured and treated as
described in Fig. 2. [U-14C]palmitic acid was added 4 h before
harvest. Samples are shown in triplicates. B: content of
palmitic (16:0) and behenic acid (C22:0) expressed as normalized mole percent of total FA content within the sterol ester
fraction, analyzed by gas chromatography. C: scheme FA
esterification pathways. MG, monoglycerides; DG, diglycerides; TG, triglycerides; SE, sterol esters; Falc, fatty alcohols.
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and a lipid storage tissue such as white adipose tissue may be
subject to differential regulation as a consequence of different
sets of transcription factors and their cell-specific modulations.
In addition, Elovl3 expression is normally very low in white
adipose tissue, and the ways of inducing adipocyte differentiation in cultured cell lines, such as 3T3-L1, may interfere with
the physiological response to various stimuli. Analysis of the
Elovl3 promoter region revealed putative binding sites for, e.g.,
cAMP response element-binding protein (CREB; NE-cAMP
stimulation), PPAR␣, and glucocorticoid receptor (GR).
Whether any of these elements is actually involved in the
Elovl3 expression has yet to be investigated.
The physiological activator of brown adipocytes, NE, confers the basis for induction of FA oxidation, including peroxisomal ␤-oxidation (38), and thermogenesis in BAT.
The stimuli required for induction of Elovl3 expression,
further emphasizes the “unique” cellular condition leading to
transcription of this gene. As Elovl3 mRNA levels are correlated with increased ␤-oxidation, the function of Elovl3 may be
to replenish intracellular pools of specific FAs when the FA
turnover rate is high. In vitro elongation experiments on
microsomes from murine BAT, as well as functional complementation studies in yeast, indicated ELOVL3 activity for
saturated and monounsaturated FA substrates in the C16-C24
range (53) (A. Jacobsson, unpublished observations). Our data
from this study on the correlation between cellular behenic acid
(22:0) content and the level of Elovl3 expression are in accordance with this. Even though we did not see any major
AJP-Endocrinol Metab • VOL
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