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During the recruitment process of brown adipose tissue, the 
mRNA level of the fatty acyl chain elongase Elovl3 is elevated more 
than 200-fold in cold-stressed mice. We have obtained Elovl3-ab- 
lated mice and report here that, although cold-acclimated Elovl3- 
ablated mice experienced an increased heat loss due to impaired 
skin barrier, they were unable to hyperrecruit their brown adipose 
tissue. Instead, they used muscle shivering in order to maintain 
body temperature. Lack of ElovlS resulted in a transient decrease in 
the capacity to elongate saturated fatty acyl-CoAs into very long 
chain fatty acids, concomitantly with the occurrence of reduced lev­
els of arachidic acid (C20:0) and behenic acid (C22:0) in brown adi­
pose tissue during the initial cold stress. This effect on very long 
chain fatty acid synthesis could be illustrated as a decrease in the 
condensation activity of the elongation enzyme. In addition, warm- 
acclimated £/oF/3-ablated mice showed diminished ability to accu­
mulate fat and reduced metabolic capacity within the brown fat 
cells. This points to ELOVL3 as an important regulator of endoge­
nous synthesis of saturated very long chain fatty acids and triglyc­
eride formation in brown adipose tissue during the early phase of 
the tissue recruitment.

Brown adipose tissue is the only tissue that functions exclusively to 
combust fat for heat production (1 -3). W hen mammals encounter cold, 
there is an induced synthesis of specific mRNA species in brown adipose 
tissue, which encode enzymes regulating energy expenditure and lipid 
metabolism (4 -6 ). Most notable is the increased mRNA level of the 
mitochondrial uncoupling protein 1 (UCP1), which can uncouple the 
mitochondrial respiratory chain and thereby dissipate heat instead of 
conserving energy in the form of ATP. The induction of processes 
needed for increased brown adipose tissue activity is referred to as 
brown fat recruitment.

The process is controlled by norepinephrine release from sympa­
thetic nerve endings found in the tissue (7,8) and can roughly be divided 
into two major phases, depending on how the animal experiences the 
cold (4 "Q  (i.e. cold stress or cold acclimation). During the first days of 
cold exposure (i.e. cold stress), the major effect on brown adipose tissue 
is the initiation of hypertrophy, and a few days later, during the onset of
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cold acclimation, hyperplasia occurs (9,10). After 4 days of cold expo­
sure, there is a doubling in DNA amount, and after 3 weeks, a 3-fold 
increase is detected, which is the maximal level achieved with this 
degree of cold (11, 12). The increase in the total amount of protein in 
cold-exposed mice occurs also as a two-phase phenomenon (5). The 
first phase is completed within 3 days, and the second phase of protein 
increase (i.e. during cold acclimation) is found in the tissue after 2 -3  
weeks of cold exposure. During these events, protein synthesis mainly 
reflects an increase in mRNA levels (5).

During the process of identifying specific cDNA molecules corre­
sponding to mRNA species that are induced in the brown adipose tissue 
upon cold stimulation (13), ElovlS (elongation of very long chain fatty 
acid) was identified. ElovlS, formerly denoted as CigSO (cold-induced 
glycoprotein of 30 kDa), is a member of a mammalian gene family whose 
products have been determined as being involved in the biosynthesis of 
very long chain fatty acids (VLCt’As)1 (14, 15).

Except for brown adipose tissue, ElovlS mRNA was also detected in 
liver, skin, kidney, white adipose tissue, and heart, whereas no signal was 
detected in lung, testis, muscle, spleen, brain, thymus, and intestine (14, 
15). Of particular interest is the fact that the expression of ElovlS was 
selectively elevated by more than 200-fold in brown adipose tissue of 
mice exposed to a 3-day cold stress. Prolonged cold exposure of mice for 
1 month gradually decreased Elovl.3 expression, but the level still 
remained 100-fold above the control level. This phenomenon was qual­
itatively mimicked both by the continuous administration of norepi­
nephrine via osmotic minipumps in mice kept at 28 "C and by intake of 
a calorie-rich diet (14). A similar increase in expression was detected 
during perinatal development, reaching a maximum level immediately 
after birth, demonstrating that Elovl.3 expression is highly correlated 
with recruitment of brown adipose tissue (14).

In recent years, the characterization of the F.LOVL members has 
indicated that they are condensing enzymes and, as such, rate-limiting 
in the elongation machinery (16 -20). Although the general function for 
the proteins is generally accepted, it is still not clear how the enzymes 
discriminate between different acyl chains as substrate (15, 20-23). 
F.LOVL3 has, for example, been shown to elongate saturated and 
monounsaturated fatty acids up to 24 carbons. Both human and mouse 
models exist that either totally lack or have decreased levels of members 
of the F.LOVL family (15,19, 24,25).

In order to ascribe a role to the F.LOVL3 protein within brown adi­
pose tissue during the recruitment process, we have obtained, by 
homologous recombination, a mouse strain that lacks a functional

2 The abbreviations used are: VLCFA, very long chain fatty acid; NE, norepinephrine; Tes, 
2-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino)ethanesulfonic acid; FCCP, carbonyl 
cyanide p-(trifluoromethoxy)phenylhydrazone; fluorescamine, 4-phenylspiro-[furan-2(3H), 
1-phthalan]-3,3'-dione.

4958 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 8• FEBRUARY 24, 2006

D
ow

nloaded 
from 

w
w

w
.jbc.org 

at 
UNIV 

OF 
U

TAH
, on 

N
ovem

ber 2, 2009

mailto:anders.jacobsson@wgi.su.se
http://www.jbc.org


Impaired Fat Accumulation

$
I
e
1
I 4
I

ELOVL3 protein. These mice exhibit a distinct skin phenotype, includ­
ing impaired barrier function (25).

Surprisingly, although the £/ov/3-ablated mice, compared with con­
trol mice, had a more than 100-fold reduced level of ElovlS mRNA in 
their brown adipose tissue when exposed to cold, a majority of the mice 
endured 4 °C cold exposure for several months. However, although the 
£/ov/3-ablated mice experienced the cold more acutely, they were 
unable to hyperrecruit their brown adipose tissue. Instead, the Elovl'3- 
ablated mice generated more heat by muscle shivering. As anticipated, 
the VLCFA elongation activity was significantly reduced in the brown 
adipose tissue of £/ov/3-ablated mice exposed to the cold. Surprisingly, 
this phenomenon was only seen in mice during the initial cold stress. 
Cold-acclimated £/ov3-ablated mice were equally efficient as normal 
mice at elongating fatty acids. In addition, warm-acclimated ElovlS- 
ablated mice showed dramatically reduced lipid accumulation within 
the brown adipocytes as well as reduced metabolic capacity when stim­
ulated by norepinephrine. Since the difference in lipid formation 
between wild-type and £/ov/3-ablated mice was transient (i.e. only seen 
in nonstimulated and acutely stimulated tissue), it implies that ELOVL3 
is a critical enzyme for lipid accumulation and metabolic activity in 
brown adipocytes during the early phase of the tissue recruitment.

EXPERIMENTAL PROCEDURES

A nim als—Elovl3-ablated mice were generated as described previ­
ously (25) and were back-crossed with C57B1/6 (B & K Universal, Stock­
holm, Sweden). As control mice, age-matched mice from this back- 
cross, which were bred under the same conditions as the £/ov/3-ablated 
mice, were used. W here indicated, wild-type or heterozygote litter- 
mates from heterozygote £/ov/3-ablated ( + / —) intercrosses were used 
as control mice. During the course of the described experiments, no 
difference in results between the two control groups was noticed. Ani­
mals were fed ad libitum  (Rat and Mouse Standard Diet No. 1; BeeKay 
Feeds; B & K Universal), had free access to water, and were kept in a 12 
h /12 h light/dark cycle in single cages. Wild-type and Elovl3-ablated 
mice were bred at room temperature. Before the cold exposure experi­
ments, the mice were kept at 30 °C (thermoneutrality) for 10 days where 
not indicated otherwise. After this period, animals were exposed to 4 °C 
for the indicated times or remained at 30 °C.

RNA Analysis—Total RNA was isolated using Ultraspec (Biotecx 
Laboratory) from 50-100 mg (w/w) of each tissue, as described earlier
(14). For Northern blot analysis, total RNA was separated on a 1.2% 
(w/v) formaldehyde agarose gel and blotted onto Hybond-N membrane 
(Amersham Biosciences) in 20 X SSC. The membrane was prehybrid­
ized with a solution containing 5X SSC, 5X Denhardt's solution, 0.5% 
SDS, 50 niM sodium phosphate, 50% formamide, and 100 mg/ml 
degraded DNA from herring sperm (Sigma) at 45 °C. After prehybrid­
ization, the membrane was transferred to a similar solution containing 
the denatured probe. The hybridization was carried out overnight at 
45 °C. The membrane was then washed twice in 2X SSC, 0.2% SDS at 
30 °C for 20 -3 0  min each and then twice in 0.1 X SSC, 0.2% SDS at 50 °C 
for 45 min. Corresponding cDNA fragments of U cpl (680 bp), Elovll 
(923 bp), and Elovl3 (980 bp) were used as probes as previously 
described (14, 15). The probes were labeled using a random-primed 
DNA labeling kit (Roche Applied Science) with [3’P]dCTP. The filters 
were analyzed on an Amersham Biosciences Phosphorlmager and 
quantified with the ImageQuant program.

Reverse Transcription-PCR Transcription Analysis— DNase-treated 
total RNA (2.5 mg from interscapular brown fat) was reverse-tran­
scribed using a Fermentas RevertAid™  H Minus First Strand cDNA 
Synthesis Kit. The PCR reaction was carried out with Taq DNA polym­

erase (5 units//xl) and primers forward (exon 3) (5'-CGTAGTCAGAT- 
TCTGGTCCT-3') and reverse (exon 4) (5 '-CCAGAAGAAGTGTTC- 
CGTTG-3') for the Elovl3 mRNA amplification, with the following 
cycle parameters: 94 °C for 2 min (1 cycle); 94 °C for 30 s, 64 °C for 30 s, 
72 °C for 30 s (35 cycles); 72 °C for 2 min (1 cycle). The PCR products 
were electrophoresed in a 2% agarose gel in 0.5X TBE and 
photographed.

Body Temperature Measurement— Mice were housed at room tem ­
perature in single cages, and colonic tem perature was measured (model 
BAT-12 thermometer; Physitemp Instruments Inc.) once before the 
experiment. The animals were then exposed to 4 °C for 8 h, during 
which colonic tem perature was measured every 30 min.

In Vivo 0 2 Consumption M easurement— Oxygen consumption 
measurements were performed in an open circuit system, as described 
by Dicker et al. (26). In all experiments, oxygen consumption was recal­
culated to ml of 0 2-niin_ l '(kg of body weight-0" 1’). Before the experi­
ment, the mice had been exposed to 30 °C or 4 °C for 3 weeks as indi­
cated. Resting metabolic rate was measured at 30 °C for 3 h with the 
Somedic indirect calorimeter (50). The resting metabolic rate was 
defined as the mean of the three lowest 2-min oxygen consumption 
measuring points, during the last hour of the experimental period. A few 
days after the resting metabolic rate measurements, the thermogenic 
response to norepinephrine (NE) was measured. The animals were 
injected with sodium pentobarbital (pentobarbital natricum; 90 mg/kg 
of body weight intraperitoneally, final volume 0.3 ml; Apoteksbolaget, 
Stockholm, Sweden) and transferred to the calorimetric chamber at 
30 °C. After about 30 min, when the metabolic rate during anesthesia 
had stabilized, NE (1 mg/kg of body weight, (-)-artereno l bitartrate; 
Sigma) was injected subcutaneously dissolved in physiological saline in 
a final volume of 0.1 ml. For measurements of metabolic rate at different 
environmental tem peratures (thermoneutrality (30 °C), room tem per­
ature (21 °C), and acute response to mild (15 °C) and heavy (4 °C) cold 
stress), the animals were kept in the chamber at the relevant tem pera­
ture for 1 h. The metabolic rate was determined as the mean rate of 
oxygen consumption within the last 20 min of the 1-h period.

Mitochondrial 0 2 Consumption M easurement— Brown adipose tis­
sue mitochondria were isolated and analyzed in parallel from male 
10-14-week-old wild-type and£/ov/3-ablated mice. Interscapular, peri­
aortic, and axillary brown adipose tissue of four mice was pooled and 
used for isolation of mitochondria. The standard procedure of differen­
tial centrifugation was modified as described by Cannon and Neder- 
gaard (27). M itochondria were isolated using medium consisting of 250 
niM sucrose that in final centrifugation was changed to medium con­
taining 20 niM K "-Tes (pH 7.2), 100 KCl, 0.6% fatty acid-free bovine 
serum albumin in order to re-expand the mitochondrial matrix. M ito­
chondrial protein concentration was measured using the 4-phenyl- 
spiro-[furan-2(3H),l-phthalan]-3,3'-dione (fluorescamine) method
(28), and the suspensions were diluted to stock concentrations of 25 mg 
of mitochondrial protein/ml in 20 niM K "-Tes (pH 7.2), 100 KCl with 
0.3% fatty acid-free bovine serum albumin. Oxygen consumption rates 
were monitored with a Clark-type oxygen electrode (YSI Inc.) in a sealed 
chamber at 30 °C. The output signal from the oxygen electrode ampli­
fier was electronically time-differentiated and collected every 0.5 s by a 
PowerLab/ADInstrument (application program Chart version 4.1.1). 
Mitochondria (0.3 mg of protein/ml) were incubated in medium con­
sisting of 100 niM KCl, 20 niM K "-Tes (pH 7.2), 2 niM MgCU, 1 niM 
EDTA, 4 niM KPif 3 niM malate, and 0.3% fatty acid-free bovine serum 
albumin.

Palmitoyl-CoA, carbonyl cyanide p-(trifluoromethoxy)phenylhydra- 
zone (FCCP), oligomycin, GDP (sodium salt), I-(-)-m alic  acid (diso-

FEBRUARY 24, 2006-VOLUME 281 -NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 4959

D
ow

nloaded 
from 

w
w

w
.jbc.org 

at 
UNIV 

OF 
U

TAH
, on 

N
ovem

ber 2, 2009

http://www.jbc.org


Impaired Fat Accumulation

$
I
e
1
I 4
I

dium salt), pyruvic acid (sodium salt), and EDTA were all from Sigma. 
GDP was dissolved in 20 mw K+-Tes (pH 7.2), and the solution was 
readjusted in pH. Fluorescamine was from Fluka. FCCP was dissolved in 
50% ethanol; oligomycin was dissolved in 95% ethanol. Palmitate 
(sodium salt) and palmitoyl-L-carnitine were dissolved in 90% ethanol. 
Ethanol in a final concentration of 0.1 % did not in itself have any effects 
on the parameters measured.

Preparations ofMicrosomes and the Fatty Acid Elongation Assay— In­
terscapular brown adipose tissue was dissected and homogenized in 4 
ml of ice-cold 0.25 M sucrose. Following a 30-min stepwise centrifuga­
tion (10 min at 700 X g, 8,000 X g, and 17,000 X g) at 4 -1 0  °C, the 
supernatant was carefully transferred to  fresh tubes, and microsomes 
were sedimented at 105,000 X g for 45 min. The pellet was resuspended 
in 20 mw Tris-HCl (pH 7.4) containing 0.4 m KCl and centrifuged at
105,000 X g for 45 min. The final microsomal pellet was resuspended in 
200 /xl of 0.1 m Tris-HCl (pH 7.4), and the protein concentration was 
determined according to  Bradford (29).

Total fatty acid elongation activity was measured essentially accord­
ing to Suneja et al. (19). The assay mixtures (0.5 ml total, including a 
25-/Ag protein addition) contained 0.1 M Tris-HCl (pH 7.4); either 50 /am 
palmitoyl-CoA (Cl 6:0) or 15 /am arachidoyl-CoA (C20:0); substrate/ 
bovine serum albumin ratio of 2:1; 1 niM NADPH; and 50 /am malonyl 
CoA (containing 0.050 /aCi of [2-14C]malonyl-CoA). The reaction was 
carried out for 17 min at 37 °C and terminated by the addition of 0.5 ml 
of 15% KOH in methanol and saponified at 65 °C for 45 min. The sam­
ples were cooled and acidified with 0.5 ml of cold 5 M HC1. Free fatty 
acids were extracted from the mixture three times with 1.5 ml of w-hex- 
ane and dried under vacuum. The extract was dissolved in 1 ml of 
chloroform and measured for radioactivity, after the addition of 10 ml of 
scintillation mixture, in a Beckman liquid scintillation system 3801.

The assay conditions for determining the condensation reaction were 
the same as for total elongation activity, except that NADPH was omit­
ted from the mixture.

Lipid Analysis—Samples of about 100 mg of tissue were used for lipid 
extraction with 3 ml of chloroform/methanol/water 4:8:3 (by volume)
(30). After centrifugation, the sediment was extracted with another por­
tion of the same solvent. The combined supernatants were evaporated 
to dryness and dissolved in chloroform/methanol/water 60:30:4.5 (by 
volume). I.ow molecular weight contaminants and gangliosides were 
removed by partition against 0.1 M KCl in the proportion chloroform/ 
methanol/KCl, 4:2:1. After centrifugation, the upper phase was 
removed and discarded. I.ipid extract corresponding to 10 mg of tissue 
was evaporated to  dryness under nitrogen. Heptadecenoic acid methyl 
ester was added as an internal calibrator. Transmethylation was per­
formed with 0.2 M sodium methylate in methanol for 2 h at 60 °C. The 
fatty acid methyl esters formed from glycerolipids and cholesterol esters 
were purified from cholesterol and sphingolipids by thin layer chrom a­
tography with methylene chloride as developing solvent. The purified 
fatty acid methyl ester fraction was assayed by gas chromatography on a 
DB-23 column (30 m X 0.53 mm inner diameter, J&W Scientific, Fol­
som, CA). The total amount of fatty acids was calculated using the 
internal calibrator and expressed as /xniol/g of fresh tissue, and the fatty 
acid compositions are given as molar distributions/mol %. The 
between-day coefficients of variation varied between 0.9 and 3.5% for 
the different fatty acids. Total fat content was measured in three or four 
anesthetized mice of each group using a DEXA scanner from I.unar/GE 
Medical Systems (PLXImus2). DEXA scans, except for head regions, 
were analyzed using the PIXImus2 software (version 1.46.007). The per­
centage of fat was obtained by dividing total fat content (g) by total tissue

Electromyogram Measurements—Electromyogram recordings were 
obtained principally as in Ref. 31. Mice were anesthetized with halo- 
thane, and then safety pin-type electrodes (two recording, one refer­
ence) were placed over the back muscles of the mice. After recovery 
from anesthesia, the mice were placed in the chamber with a defined 
ambient temperature. Recording was started at 4 °C, and then the tem ­
perature in the chamber was increased to 30 °C, where basal muscle 
activity was measured.

The electromyogram signal picked up by the electrodes was amplified 
(X I,000) and noise-filtered (high pass filter 10 Hz, low pass filter 3 kHz) 
with a low noise preamplifier (World Precision Instruments) and recti­
fied and integrated in a purpose-built RC integrator, principally as in 
Ref. 32. The signal from the RC integrator, corresponding to a running 
mean over 37.6 s, was digitalized and recorded with a Macl.ab system at 
a rate of 40 data points/min. The data obtained in this way represented 
the mean rectified value (Umrv), as defined in Ref. 32, which is equivalent 
to the mean deviation around the sample mean. Electromyogram meas­
urements in cold and at thermoneutrality were performed on the same 
experimental occasion.

Histology—Interscapular brown adipose tissue was taken from age- 
and sex-matched animals. Specimens were fixed in 10% buffered forma­
line for 24 h and embedded in paraffin. Sections were cut at 4 /Ain, 
stained with hematoxylin and eosin, and examined by light microscopy.

RESULTS

Normal Body Temperature in Elovl3-ablated Mice— W e  have shown 
previously that ElovlS gene expression is induced in brown adipose tis­
sue in mice under circumstances when a high demand for heat produc­
tion is required (14). The Northern blot in Fig. 1A  shows the increase in 
ElovlS mRNA in mice exposed to  the cold, reaching maximum levels 
between days 1 and 3. This corresponds to an approximately 100-fold 
increase in ElovlS mRNA, compared with the level in control mice 
housed at 30 °C  Prolonged exposure of the mice to 1 month of cold 
gradually decreased the ElovlS mRNA expression to about 60% of the 
maximum value. In the £/ov/3-ablated mice, there was no detectable 
ElovlS mRNA species in cold-exposed (i.e. 3 days at 4 °C) or in cold- 
acclimated (i.e. 3 weeks at 4 °C) mice (Fig. IB).

Compared with wild-type mice, £/ov/3-ablated mice displayed a tou­
sled hair coat. In addition, the mice exhibit a disturbed hair lipid con­
tent, resulting in a severe defect in water repulsion and increased trans- 
epidermal water loss (25). This has dramatic effects on the 
thermoregulation of the £/ov/3-ablated mice, since wet fur led to a 
severe drop in body tem perature within 1 h (25). To further investigate 
the ability of the £/ov/3-ablated mice to control their body temperature, 
we acutely exposed the mice to cold (4 °C) and measured their colonic 
temperature during an 8-h period. Surprisingly, although there was a 
slight drop in body temperature during the first hours in cold, there was 
no significant difference between wild-type and £/ov/3-ablated mice 
(Fig. 1C). However, with increased number of experiments and mice 
used, we could detect a sporadic mortality among £/ov/3-ablated mice 
within the first 24 h of cold exposure. The majority of the £/ov/3-ablated 
mice seemed, however, to be fully normal with respect to their ability to 
maintain body weight and body temperature even after several weeks of 
cold exposure (data not shown).

Hyperinduced Metabolic Rate in Cold-exposed Elovl3-ablated Mice— 
Since the £/ov/3-ablated mice were capable of sustaining normal body 
temperature, we assumed that a normal heat-producing function of 
brown adipose tissue is maintained in the ablated mice. In order to 
confirm this, we measured oxygen consumption in cold-acclimated 
wild-type and £/ov/3-ablated mice. As seen in Fig. 2A, no difference in
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oxygen consumption between cold-acclimated wild-type and £!ov!3- 
ablated mice could be detected at therm oneutral temperature (30 °C). 
As expected, there was a gradual increase in the demand for heat pro­
duction in both mouse strains with decreased environmental tem pera­
ture, but remarkably, the increase was constantly higher in £/ov/3-ab- 
lated mice. The difference was most pronounced in mice kept at 4 °C, 
where the £/ov/3-ablated mice showed a 40% higher increase than the 
control mice (Fig. 2A). This demonstrates that the£/ov/3-ablated mice 
require more heat production for body temperature defense than the 
control mice upon cold exposure, presumably because of their poorer 
insulation (25), indicated by the greater slope of the oxygen consum p­
tion curve.

FIGURE 1. RNA levels and body tem perature in brown adipose tissue of Elovl3-ab­
lated m ice./I Elovl3 mRNA levels in tissues taken from wild-type mice exposed to 30 C 
(control) or4 C for 3 h, 24 h, 72 h, or4 weeks, respectively. B, Elovl3 mRNA levels in tissues 
taken from wild-type (+ /+ ) and EtoWJ-ablated mice (—/ —) exposed to cold (4 Ct for 3 
days or 3 weeks. Each group is represented by three animals. Ten jug of total RNA was 
loaded into each lane. C, mice were exposed to 4 X. for 8 h, and colon temperature was 
measured every 30 min. The values are expressed as mean ■ S.E. of eight wild-type (filled 
circles and indicated by + /+ ) and eight E/oW3 ablated (open circles and indicated by 
—/ —) animals, respectively, at each point.

Oxidative Capacity o f Brown Adipose Tissue in £!ov!3-ab!ated Mice— 
The observation that £/ov/3-ablated mice showed a hyperinduced meta­
bolic rate at 4°C even after a prolonged time in cold indicated a higher 
capacity for brown fat-mediated nonshivering thermogenesis {cf. Golozo- 
ubova (31)). The nonshivering capacity can be determined by injection of 
norepinephrine, the mediator of heat production in brown adipose tissue.

Norepinephrine was injected, at thermoneutrality, into wild-type and 
£/ov/3-ablated mice that had previously been acclimated to 4 °C. As 
expected, wild-type animals responded with a large increase in oxygen 
consumption (Fig. 2B), which was equal to the oxygen consumption 
observed in the cold. In the £/ov/3-ablated mice, the effect of norepi­
nephrine was identical to that in the wild-type mice (Fig. 2B), which is 
far below that required by the £/ov/3-ablated mice at 4 °C (Fig. 2A). This 
demonstrates that the hyperinduced metabolic rate in £/ov/3-ablated 
mice was not due to a greater capacity of BAT for heat production.

Normal Mitochondrial UCP1 Activity and Oxidative Capacity in 
£!ov!3-ab!ated Alice— The heat production of the brown adipocyte is 
obtained through an uncoupling mechanism of the mitochondrial res­
piratory chain (33). The synthesis of the uncoupling protein 1 (UCP1) 
has been shown to be regulated by norepinephrine directly via its 
mRNA (5). In order to see if the suboptimal capacity of the brown 
adipose tissue, in the absence of £!ov!3, could be explained by impaired 
Ucpl expression, we analyzed Ucpl mRNA levels in both cold-stressed 
and cold-acclimated £/ov/3-ablated mice. Although there was a larger 
variation of Ucpl expression within the £/ov/3-ablated mice after 3 days 
of cold exposure, as seen in Fig. 3/5, there was no significant difference in 
Ucpl mRNA levels between £/ov/3-ablated mice and control mice.

As elucidated from studies of UCP1-ablated mice, brown fat m ito­
chondria from wild-type mice exhibit innate U CPl-dependent high 
oxygen consumption (uncoupling) that can be inhibited by GDP and 
reactivated by fatty acids (3,34). To see whether this innate uncoupling 
was affected by the EI.OVI.3 deficiency, we analyzed mitochondria from 
£/ov/3-ablated mice. As seen in Fig. 3B and Table 1, basal rates of oxygen 
consumption, in the presence of substrate (pyruvate), and UCP1-de- 
pendent oxygen consumption, calculated as difference between sub­
strate-stimulated and GDP-inhibited oxygen consumption rates, were 
not different from brown fat mitochondria isolated from wild-type 
mice, indicating that UCP1 activity is independent of EI.OVI.3 activity. 
In addition, the oxidative capacity, estimated as maximal oxygen con­
sumption induced by the uncoupler FCCP, was not different in brown 
fat mitochondria isolated from wild-type and £/ov/3-ablated mice.

Mitochondrial fatty acid oxidation is the major source of energy for 
heat production in brown adipose tissue (6). To see if fatty acid activation, 
transport, or mitochondrial fatty acid combustion was affected by deletion 
of EI.OVI.3, experiments were designed to examine each of these steps.

FIGURE 2. Hyperinduced metabolic rate in 
£/oW3-ablated mice. A, oxygen consumption of 
cold-acclimated mice for 1 h at different environ­
mental temperatures. Each point represents five 
wild-type (+ /+) and five E/oW3 ablated (—/ —) ani­
mals with corresponding S.E. Statistical difference 
between wild-type (filled circles) and Elovl3-ab­
lated mice (open circles) are calculated with an 
unpaired t test. *, p <  0.05; **, p <  0.01; ***, p <
0.001. B, resting metabolic rate (RMR) of 4-week 
cold-acclimated (4 ’C) wild-type and Elovl3-ab­
lated mice determined at thermoneutrality (30 X) 
in a metabolic chamber at 30 X. for 3h. NE (1 
mg/kg of body weight) was injected at 30 X. The 
values represent means ■ S.E., based on five wild- 
type mice (blackbars) and five E/oW3 ablated mice 
(open bars) in each group.
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FIGURE 3. Normal mitochondrial capacity in £/ov/3-ablated mice. A, Ucp 1 mRNA levels in brown adipose tissue taken from wild-type (+ /+) and floWj ablated mice (—/ —) 
cold-exposed (4 "Q for 3 days [left) or 3 weeks [right). Ucp 1 mRNA levels from wild-type mice kept at 30 C were set to 100%, and the values are expressed as mean ■ S.E. from two 
independent experiments with three mice in each group. B, mitochondrial analysis of UCP1 activity. Representative trace showing the effects of GDP and FCCP on oxygen 
consumption supported by pyruvate in brown adipose tissue mitochondria isolated from Elovl3-ablated mice. The additions were 0.3 mg of brown fat mitochondria (M) and 5 mM 
pyruvate. GDP and FCCP were successively added to the indicated final concentrations. C, mitochondrial analysis of fatty acid oxidation. Representative trace showing a recording 
from oxygen consumption measurements of brown-fat mitochondria supported by palmitoyl-CoA in the presence of Di-carnitine. The additions were 0.3 mg of brown fat mitochon­
dria isolated from 0oW3-ablated mice (M), 2 /xm FCCP, 30 /xm palmitoyl-CoA. Medium contained 5 mM Di-carnitine.

Results in Fig. 3C  and Table 1 show that the mitochondrial capacity of 
utilizing fatty acids for oxidation was not affected in Hov/3-ablated mice.

Increased Muscle Shivering in the Elovl3-ablated Mice—We have 
shown that, although the Hov/3-ablated mice showed normal m ito­
chondrial capacity for oxidizing fatty acids, the mice were unable to 
hyperactivate their brown adipose tissue in order to maintain normal 
body tem perature at 4 °C. To analyze whether the hyperinduced meta­
bolic rate in the cold-acclimated Hov/3-ablated mice included an 
increased activity in other heat-producing sources, such as increased 
muscle activity (shivering), we performed electromyogram measure­
ments. Since the skin of the Hov/3-ablated mice was very elastic and 
loose, the contact between muscle and electrode was weak, and as a 
result, the recorded signal was low as well. As a consequence, compar­
ison of the absolute values obtained for the wild-type andHov/3-ablated 
mice is not valid. Instead, the parameter of interest is the difference in 
magnitude of muscle electrical activity at 30 and 4 °C. In agreement with 
previous data (31), there was no major difference in muscle electrical 
activity of cold-acclimated wild-type mice and£/ov/3-ablated mice kept 
at thermoneutrality (Fig. 4, A  and £), demonstrating that these mice 
possessed satisfactory body temperature maintenance. However, there 
was a clear difference for the Hov/3-ablated mice, since muscle electri­
cal activity was much higher at 4 °C than at 30 °C (Fig. 46). This dem ­
onstrates that the hyperinduced metabolic rate in Hov/3-ablated mice

TABLE 1
Oxygen consumption in brown fa t m itochondria from  w ild-type and 
E/cw/3-ablated mice
The rates o f oxygen consum ption  o f b row n fat m itochondria are expressed as nm ol 
o f 0 2 m in” 1 m g p ro te in” 1. Pyruvate was 5 mM, m alate w as 3 mM, and  GDP was 2 
mM. M axim al ra te  o f oxygen consum ption  (state uncoupled) was induced by titra ­
tion  o f  FCCP (2 .0 -2 .8  /xm). 50 /xm palmitoyl-L-carnitine o r  30 /am palmitoyl Co A  +  
5 mM carnitine o r 60 /am palm itate +  1 mM ATP +  5 mM carnitine +  20 /am CoA-SH 
w ere used for investigation o f fatty acid oxidation. 2.0 /am FCCP was added to  
m itochondria in fatty acid oxidation analysis. T he values are means ±  S.E. of four 
independent m itochondria isolations for each group. M edia com position  and  
experim ental conditions o f isolation and  analysis are described under “Experim ental 
Procedures."

P rocess and  ra te s  o f  oxygen co n su m p tio n +  / +  (// — 4) —/ — (n =  4)

U C P -d e p en d en t oxygen co n su m p tio n  
and  ox idative  capacity

Substrate (pyruvate +  malate)
GDP
U C P1-dependent (substrate-G DP) 
State uncoupled  (FCCP)

112.3 ±  3.3
31.2 ±  3.4
81.2 ±  0.8 

170.2 ±  8.3

110.4 ±  8.4 
29.1 ±  3.6 
81.4 ±  6.4 

174.1 ±  15.9

Fatty  acid  o x id a tio n
Palmitoyl-! -carnitine 
Palm itoyl-CoA (+ carn itine)
Palm itate ( +  C0A-SH, + A T P , +carn itine)

239.6 ±  19.1 
229.9 ±  18.9
155.7 ±  13.9

223.5 ±  21.0 
231.2 ±  21.7 
156.7 ±  10.9

was not due to a greater capacity of BAT for heat production but rather 
was the sum of adrenergically stimulated thermogenesis (nonshivering) 
and muscle-derived thermogenesis (shivering).
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FIGURE4. Increased muscle shivering in cold-ac- 
d im ated £/oW3-ablated mice. Three-week cold- 
acclimated mice were placed in a chamber at 4 "C 
and muscle activity was recorded (blue line). The 
same mice were used for measurement of basal 
muscle activity at 30 "C (red line). Representative 
recordings from wild-type (+ /+) (A) and ElovB- 
ablated ( - / - )  (S) mice are shown.
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ElovlS-ablated Mice Have a Temporally Diminished Ability to Elon­
gate Fatty Acyl-CoAs—We have recently shown that £/oi'/3-ablated 
mice have an altered composition of saturated and monounsaturated 
VLCFA in their hair lipids (25), which is in agreement with the postu­
lated function of F.LOVL3 (15). Therefore, we performed experiments 
in order to elucidate a putative difference in the ability of brown adipose 
tissue to synthesize VLCFA in isolated microsomes from brown fat of 
wild-type and £/oi'/3-ablated mice after 3 days of cold stress (i.e. when 
the ElovlS mRNA level in wild-type mice was at a maximum), and at 3 
weeks, when the mice were fully cold-acclimated.

Results in Fig. 5 show that the elongation activity in wild-type mice 
increases 6 -1 0  times in cold compared with warm-acclimated mice 
when using palmitoyl-CoA (Cl 6:0 CoA) as a substrate. These results 
were representative for stearoyl-CoA (C l8:0 CoA) precursor as well 
(not shown). W hen we compared the elongation activity between wild- 
type and £/oi'/3-ablated mice, 3 days cold-exposed £/oi'/3-ablated mice 
demonstrated a significant decrease in elongation capacity compared 
with the control mice. W ith palmitoyl-CoA (Cl 6:0 CoA) as substrate, 
the elongation activity was about 40% of control, whereas with 
arachidoyl-CoA (C20:0 CoA) as substrate, the elongation activity was 
further decreased to about 20% of that in control mice (Fig. 6/5). Sur­
prisingly, the difference in elongation capacity between wild-type and 
£/oi'/3-ablated mice was abolished in mice kept in the cold for 3 weeks 
(Fig. 6B).

Decreased Elongation Activity o f the Condensation Step in the ElovlS- 
ablated Mouse—The four-step reaction cycle in the biosynthesis of 
VLCFAs is regulated by the first rate-limiting condensation step, since 
the activities of the proceeding (NADPH-dependent) reductases and 
dehydrase are 1 -3  orders of magnitude greater than the condensing 
enzyme (19). This implies that the condensing enzyme controls fatty 
acid chain elongation. Regarding the importance of ElovlS for the con­
densation step, this hypothesis can be addressed by omitting NADPH 
from the microsomal reaction mixture. The reaction will then accum u­
late the condensation product 0-ketoacyl-CoA and will not be able to 
proceed any further.

W hen we analyzed microsomes from 3-day cold-exposed mice in the 
absence of NADPH, the elongation decreased to 5-10% of the activity 
found in microsomes when NADPH was present in the solution. How­
ever, the relative difference in elongation activity between wild-type and 
£/oi'/3-ablated mice was always similar, irrespective of the presence or 
absence of NADPH (compare Fig. 6/5). W ith palmitoyl-CoA (C l6:0 
CoA) as substrate, the activity was 60% of the control value (Fig. 7A), and 
with arachidoyl-CoA (C20:0 CoA) as substrate, the elongation activity 
was 15% of that in control microsomes (Fig. 7B), as was the relative 
decrease in total enzyme activity when NADPH was included (Fig. 6/1).

FIGURE 5. Increased fatty acid elongation activity in brown fat microsomes from 
cold-exposed mice. Relative elongation activity of palmitoyl-CoA (Cl 6:0 CoA) in brown 
fat microsomes from wild-type mice exposed 3 days or 3 weeks to cold. Mice acclimated 
to 30 "C are included as controls. The values of 3-day cold-stressed (4 T ) mice are nor­
malized to 100%. Each bar represents two or three independent experiments on micro­
somes pooled from seven mice in each. The values are expressed as means and with S.E. 
for 30 "C and 3-week cold-acclimated mice.

This confirms that F.LOVL3 is controlling the rate-limiting condensa­
tion step in the elongation reaction.

Unaffected Expression o f Elovll in ElovlS-ablated Mice—In m am ­
mals, fatty acids up to 16 carbons in length are generally synthesized by 
the cytosolic enzyme fatty acid synthase (FAS) (35). The resulting acyl 
chains can then be further elongated by elongases within the endoplas­
mic reticulum. Since F.LOVL1 and F.LOVL3 have been proposed to 
elongate saturated and monounsaturated fatty acids and to have over­
lapping activities, as seen by complementation studies in yeast (i.e. 
F.LOVL1 is suggested to elongate VLCFAs of up to 26 carbon atoms, 
whereas F.LOVL3 elongates VLCFAs of up to  24 carbon atoms (15)), we 
asked whether there was increased expression of Elovll in the ElovlS- 
ablated mice, explaining a compensatory mechanism in 3-week cold- 
acclimated mice (cf. Fig. bB). As shown in Fig. 8, there was no statistical 
difference in mRNA levels between cold-exposed control and ElovlS- 
ablated mice at any time. This is in accordance with our earlier results 
showing no effect on Elovll expression of cold exposure (15). In addi­
tion, there was no difference in Fas (fatty acid synthase) or Acc (acetyl 
CoA carboxylase) expression as well as of any polyunsaturated fatty acid 
elongase (Elovll, -4, and -5) between cold-acclimated wild-type and 
£/oi'/-ablated mice (not shown).

Changes in Levels o f Individual VLCFAs in ElovlS-ablated Mice—In 
order to see if the difference in microsomal elongation activity between 
£/oi'/3-ablated mice cold-stimulated 3 days and 3 weeks was paralleled 
by changes in specific VLCFA, we performed gas chromatography anal-
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I FIGURE 6. Disturbed fatty acid elongation activity in cold-stressed £/oW3-ablated mice. Elongation activity in brown fat microsomes is shown. Relative NADPH-supported 

elongation activity in microsomes from wild-type and f/ov/3-ablated mice with palmitoyl-CoA (Cl 6:0 CoA) and arachidoyl-CoA (C20:0 CoA) as substrate is shown. Microsomes from 
wild-type mice, exposed for 3 days (A) and 3 weeks (B)to4 "C, were each normalized to 100%. Each ('represents the mean of 2-4  independent experiments with 6 -8  animals pooled 
in each.

FIGURE 7. Diminished activity of the  condensa­
tion step of fatty acid elongation in brown fat 
microsomes from £/ov/3-ablated mice. Relative 
condensation activity in microsomes from 3-day 
cold-exposed (4 C) wild-type and Sov/J-ablated 
mice, with palmitoyl-CoA (Cl6:0 CoA) (A) and 
arachidoyl-CoA (C20:0 CoA) (B) as substrates. Each 
bar represents two or three independent experi­
ments with seven mice pooled in each with S.E. 
The control values are normalized to 100%.

ysis on extracted glycerolipids from brown adipose tissue. As seen in 
Table 2, although the amount of stearic acid (C18:0) was slightly less in 
control mice, it was approximately doubled in both the control and the 
£/ov/3-ablated mice after 3 days of cold exposure. However, the levels of 
arachidic (C20:0) and behenic (C22:0) acid were suppressed in the 
£/ov/3-ablated mice to the same extent as the elongation activity of 
C20:0 in the same animals (i.e. about 20% of normal levels) (Table 2, Fig. 
6A). After 3 weeks in the cold, both wild-type and £/ov/3-ablated mice 
had approximately similar amounts of C18:0 and C22:0, whereas C20:0 
was only increased in Elovl3-ablated mice to about one-third of the level 
seen in control mice.

The results for the polyunsaturated fatty acids arachidonic acid 
(C20:4) and docosahexaenoic acid (C22:6) (Table 3) contrast with those

for saturated fatty acids. The amount of arachidonic acid and docosa­
hexaenoic acid was more increased in brown adipose tissue from 3-day 
cold-exposed £/ov/3-ablated mice compared with control mice. In 
3-week cold-acclimated mice, as with the saturated fatty acids, there 
were similar amounts of C20:4 and C22:6 in the brown adipose tissue 
from both types of mice. F.icosapentaenoic acid (C20:5) was increased in 
cold-acclimated mice in both strains (Table 3).

Since it is well documented that mice show increased food intake 
when exposed to cold, we analyzed whether the increase in certain 
polyunsaturated fatty acids in the £/ov/3-ablated mice could be linked to 
a greater food intake in these mice. As seen in Table 4, food intake per kg 
of body weight was significantly increased in the knock-out mice already 
during the first week of cold exposure. After 3 weeks, the increase was
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17% above that for control mice. Despite an elevated food intake, the ElovlS- 
ablated mice did not weigh more than the control mice. Instead, when we 
analyzed the total fat content in 4-weeks cold-exposed mice, the ElovlS- 
ablated mice contained less fat (17%) than control mice (22%). This shows 
that the increased energy expenditure in cold-exposed £/ov/3-ablated mice 
could not be fully compensated by increased food intake.

Impaired Eat Accumulation and Metabolic Capacity in Warm-accli­
m ated ElovlS-ablated Alice—Since £/ov/3-ablation has been shown to 
cause hyperplastic sebocytes with a disturbed triglycerides content of

FIGURE 8. Unaffected ElovH mRNA levels in E/oW3-ablated mice. Northern blot anal­
ysis of Elovll mRNA expression from brown adipose tissue in wild-type and ElovB-ab­
lated mice exposed to 4 X. for 3 days or 3 weeks. Each bar represents the mean value of 
three independent experiments with three animals in each. Ten /ng of total RNA was 
loaded into each lane.

saturated and monounsaturated VLCFA (25), we asked whether the 
disturbed content of VLCFA in the brown adipocytes had any effect on 
fat accumulation in these mice. In general terms, the recruitment proc­
ess of brown adipose tissue is initiated when animals experience cold 
and the adrenergic pathway is activated. In nonactivated tissue, the 
mature cells fill up with fat droplets as energy reserves for combustion 
upon norepinephrine stimulation. This can be seen in wild-type mice 
when comparing Fig. 9A  (+ / + , 30 °C versus 4°C). Unexpectedly, in 
3-week warm-acclimated £/ov/3-ablated mice, the brown adipose tissue 
seemed shrunken (not shown) and showed dramatically reduced fat 
droplets within the vast majority of the brown adipocytes (Fig. 9 A (—/ — , 
30 °C)). After 3 days or 3 weeks of cold exposure, cells from both wild- 
type and £/ov/3-ablated mice displayed similar phenotypes (i.e. many 
small fat droplets, which is consistent with activated brown fat tissue). 
This result suggests that even at 30 °C, the £/ov/3-ablated mice are 
unable to accumulate fat.

Under normal conditions, ElovlS expression is not detectable in 
brown adipose tissue in warm-acclimated wild-type mice using N orth­
ern blot analysis. In order to ascertain whether any ElovlS expression 
really occurs within the tissue in 3-week warm-acclimated, “non-cold- 
stimulated," wild-type mice, reverse transcription-PCR analysis was 
performed. As seen in Fig. 9, B and C, a specific fragment of 381 bp, 
originating from ElovlS mRNA, was detected in wild-type mice. In 
£/ov/3-ablated mice, only a 603-bp-long fragment, originating from dis­
torted transcripts, was detected.

Impaired Fat Accumulation

TABLE 2
Levels o f saturated fa tty  acids in brown adipose tissue
Levels o f stearic acid (Cl 8:0), arachidic acid (C20:0), and behenic acid (C22:0) in brown adipose tissue were determ ined by gas-chrom atographic analysis from wild-type and 
/TfovS-ablated mice exposed to  30 'C to r 10 days and to  4 'C to r 3 days o r 3 weeks. Each value is represented  by a pool o f three  animals.

Fatty acid
Wild-type f7oW3-ablated

30 "C 4 "C 3 days 4 "C 3 weeks 30 "C 4 "C 3 days 4 "C 3 weeks

18:0 6.1 10.4 16.4 8.5 16.7 16.3
20:0 0.3 0.5 0.6 0.1 <0.1 0.2
22:0 <0.1 0.4 0.3 <0.1 <0.1 0.3

TABLE 3
Levels o f (n-6) and (n-3) polyunsaturated fa tty  acid in brown adipose tissue
Levels o f PUFA belonging to  the (n-6) and (n-3) family in brown adipose tissue were determ ined by gas-chrom atographic analysis from wild-type and F.lovl'3-ablated mice 
exposed to  30 'C to r 10 days and to  4 'C to r 3 days o r 3 weeks. F.ach value is represented by a pool o f three  animals.

Wild type f7oW3-ablated
30 "C 4 "C 3 days 4 "C 3 weeks 30 "C 4 'C 3  days 4 "C 3 weeks

(n-6)
18:2 25.8 29.3 22.2 25.9 32.5 23.6
20:2 0.2 0.2 0.2 0.3 <0.1 0.2
20:3 0.1 0.1 0.3 0.1 0.3 0.2
20:4 0.4 1.0 6.2 0.6 3.1 5.4

(n-3)
18:3 1.4 1.0 0.4 1.3 0.6 0.6
20:5 0.1 0.2 0.9 <0.1 < 0.1 0.9
22:5 0.1 0.1 0.2 0.1 0.2 0.2
22:6 1.0 1.2 3.4 1.0 2.6 2.6

TABLE 4
Food intake and body weight in w ild-type and E/cw/3-ablated mice at 4 °C
Food intake and bodv weight were m easured to r wild-tvpe and H ov/3-ablated mice housed a t 4 'C a tth e  indicated times. The values represent means ±  S.F.. based on 4 mice
in each group. Statistical difference between wild-type and  H ovG -ablated mice is calculated with an unpaired i-test.

0 days in cold 3 days in cold 7 days in cold 21 days in cold

Food intake
W ild-tvpe 0 21.4 ±  1.3 54.4 ±  2.3 184.8 ±  9.0
£/oi'/3 -ablated 0 21.9 ±  1.9 59.2 ±  2.5 216.6 ±  17.3”

Body weight
W ild-tvpe 28.4 ±  0.8 NM '' 29.2 ±  0.8 29.6 ±  0.8
£/oi'/3 -ablated 26.8 ±  1.1 NM '' 27.3 ±  1.4 29.7 ±  0.4

ap <  0.05.
N M , not m easured.
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FIGURE 9. Impaired fat accumulation and metabolic capacity in warm-acclimated Elovl3-ablated mice. A, microscopic overview of interscapular brown adipose tissue from 
wild-type and E/oWj ablated mice housed at 30 °C for 3 weeks or at 4 °C for 3 days or 3 weeks, respectively. S, DNase-treated total RNA (2.5 mg) was reverse-transcribed and amplified 
with E/ov/3-specific primers. Lanes ? and 2, wild-type mice; lanes 3 and4, £/oW3-ablated mice; lane 5, cold-stimulated wild-type brown adipose tissue (0.25 mg). M, 1 kb Plus DNA Ladder 
molecular weight marker (Invitrogen). C, schematic overview of the ElovB exon/intron structure and the sites of the PCR primers. D, resting metabolic rate (RMR) of 3-week 
warm-acclimated (30 °C) wild-type and E/oWj-ablated mice determined at 30 °C for 3 h. The values represent means ■ S.E., based on 5 wild-type (black bars) and E/oWj-ablated (white 
bars) mice in each group. E, relative increase in metabolic rate after NE (1 mg/kg of body weight) injection of anesthetized 3-week warm-acclimated (30 °C) wild-type and Elovl3- 
ablated mice determined at 30 °C for 3 h. The values represent means ■ S.E., based on seven wild-type mice (black bars) and six E/oWJ-ablated mice (open bars) in each group. 
Statistical differences between wild-type and ElovB-ablated mice are calculated with an unpaired t test. ',p  <  0.05.

Since the most pronounced effect on fatty acid formation in ElovB- 
ablated mice was detected at thermoneutrality and within the first days 
of cold exposure, we analyzed the metabolic capacity of the brown adi­
pose tissue by injecting NE into warm-acclimated anesthetized mice at 
30 ”C.

As seen for cold-acclimated mice in Fig. 213, no difference in oxygen 
consumption between warm-acclimated wild-type and £foW3-ablated 
mice could be detected at 30 °C (Fig. 9D). W hen norepinephrine was 
injected, there was a low but significant increase in oxygen consumption 
in both wild-type and £foW3-ablated mice. However, the relative 
increase (shown as A values) in ElovB-ablated mice was significantly 
lower than for the wild-type mice, indicating that the metabolic capacity 
of the brown adipose tissue in these mice is reduced (Fig. 9£).

DISCUSSION

Although the existence of a machinery to elongate fatty acids from 
the FAS complex has been known for a long time, one exciting devel­
opm ent over the last decade has been to identify the genes and proteins

involved in the elongation pathways of fatty acids and their specific roles 
in lipid formation. In this paper, we present data that show that the 
elongase F.LOVL3 does affect the condensation reaction, which is the 
rate-limiting step for the elongation cycle of VLCFAs (16-19).

All Elovl genes show a distinct tissue-specific expression pattern, and 
one intriguing question is why brown adipose tissue requires an increase 
in ElovB  mRNA levels of 2 orders of magnitude in cold-exposed mice. 
Surprisingly, the lack of ElovB  did not obviously impair the ability of 
brown adipose tissue to function as a heat-producing organ. However, 
even if the £foW3-ablated mice experienced the cold more acutely than 
wild-type mice, due to  an impaired skin barrier (25), the £foW3-ablated 
mice were unable to hyperactivate their brown adipose tissue, as esti­
mated by normal levels of Ucpl expression after cold stimulation and 
the inability of norepinephrine to hyperinduce oxygen consumption in 
these mice. Instead, they generated more heat by muscle shivering. Our 
previous study on the skin barrier of these mice showed that although 
the £foW3-ablated mice could withstand a 4 °C cold exposure, as shown 
in this study, they were unable to maintain their body temperature with
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wet fur (due to an impaired water repulsion) even at room temperature 
(22 °C) (25). Together with the present data on 3 weeks of cold acclima­
tion, it suggests that the brown adipose tissue of £/oi'/3-ablated mice has 
a limited ability to develop and to produce heat and that the maximal 
value of activity has been reached in these mice.

The synthesis of VI.CFAs was clearly affected in 3-day cold-stressed 
mice. Since the effect disappeared within 3 weeks of cold exposure, one 
can always speculate on a compensatory mechanism in the cold with 
time in the m utant mice. As described earlier (15, 36), the ability of 
Elovll and ElovlS to complement each other in yeast mutants indicated 
a similar function for the two proteins (i.e. involvement in the synthesis 
of saturated and monounsaturated VI.CFAs with 26 and 24 carbons, 
respectively). Analysis of the expression of Elovll in the £/oi'/3-ablated 
mice failed to show any compensatory mechanism through ElovlI at the 
mRNA level. However, it is still possible that a compensation can occur 
on the level of protein activity, although it is difficult to imagine that the 
100-fold induction of ElovlS expression could be compensated by a 
similar activity of the F.I.OVI.l protein without having effects on the 
level of other VI.CFA species such as C26 fatty acids, which have been 
shown to be the major products of Elovll activity. In addition, to 
date, there are no data available that suggest any regulatory m echa­
nism o ther than the level of transcription in controlling the activity 
of the enzymes (including FAS) involved in fatty acid elongation. 
Since the phenotype of the £/oW3-ablated mice is clearly manifested 
in the skin, where Elovll is also normally expressed (15, 25), no 
obvious com pensatory m echanism  for loss of Elovl3 was developed 
there. Although the elongation activity is strongly decreased in 
microsom es of cold-stressed £/oi'/3-ablated mice, there is a residual 
elongation activity that is F.I.OVI.3-independent.

Most data on fatty acid content in brown adipose tissue are based on 
analysis of triglycerides and glycerophospholipids because of their 
importance as energy reserves and constituents of the cellular mem­
branes, respectively. Together with previous data on the hair lipids of 
£/oi'/3-ablated mice, where the triglyceride pool showed the most dra­
matic changes in VI.CFA levels (25), we here demonstrate that EI.OVI.3 
has a role in the regulation of the amount of certain saturated and 
monounsaturated VI.CFAs for triglyceride formation also in brown adi­
pose tissue. An explanation for the dramatic differences in effects of 
ElovlS ablation between brown adipose tissue and skin may be found in 
their different areas of function and usage of similar lipid molecules. The 
triglycerides in the sebum are mainly hydrolyzed for glycerol produc­
tion and hydration of the stratum corneum (37), whereas in brown 
adipose tissue, the main function of the triglycerides is for storage of 
fatty acids for combustion.

Cold acclimation leads to a decrease in total triglyceride content and 
an increase in total cholesterol and phospholipid levels in both mouse 
and rat brown adipose tissue (38-40). The latter is mainly due to an 
increase in the amount of mitochondrial membranes (41). Although 
there is a decrease in triglyceride content, there is at the same time an 
increased triacylglycerol/fatty acid turnover in brown adipose tissue, 
which can be detected already during the first day of cold exposure (42, 
43). It is suggested that the decrease in triacylglycerol content seen with 
norepinephrine is secondary to activation of fatty ad d  oxidation (44). 
The triglycerides comprise ~75% of the total lipids in the interscapular 
brown adipose tissue of mice and are mainly composed of unsaturated 
fats, with oleic (18:1) and linoleic (18:2) acids predominating. O f the 
saturated fatty acids, palmitic (C l6:0) and stearic (C18:0) acids appear to 
be the most prevalent (41,45,46).

The predominant acyl chains in the phospholipid fraction are very 
similar to the triglyceride content (39, 47). Although the amount of

saturated fatty acids is increased (saturation index is increased) in cold- 
acclimated rats and monounsaturated fatty acids are decreased in the 
same animals (48), it has been shown that the phospholipids become 
more unsaturated and the triglycerides become more saturated with 
prolonged cold exposure (40).

The principal differences between £/oi'/3-ablated and wild-type mice 
were the reduced levels of C20:0 and C22:0 in cold-stressed Elovl3- 
ablated mice. This did not drastically affect the saturation index in the 
£/oi'/3-ablated mice, since the amount of stearic acid (C18:0) was higher 
in these animals, compared with wild-type mice. No difference could be 
seen between the two strains at 30 °C, primarily because of VI.CFA 
levels too low to be analyzed. Although the levels of arachidic acid 
(C20:0) and behenic acid (C22:0) are very low compared with the bulk 
lipids in brown adipose tissue, it is shown that long hydrophobic fatty 
acids are im portant components in the formation of triglycerides (49). A 
dramatic change in the fatty acid composition of triglycerides (e.g. in 
£/oi'/3-ablated mice during cold exposure) may therefore drastically 
influence their metabolic fate. Since ElovlS expression is correlated with 
increased ^-oxidation, the function of ElovlS is probably to replenish 
intracellular pools of saturated VI.CFA when the fatty acid turnover rate 
is high.

Regarding polyunsaturated fatty acids, such as arachidonic acid 
(C20:4) and docosahexaenoic acid (C22:6), our analysis made on cold- 
acclimated wild-type mice supports earlier data indicating that these 
fatty acids are found to be increased in cold-acclimated mice and rats 
(38, 39, 47). Surprisingly, in 3-day cold-exposed mice (i.e. cold stress 
versus cold acclimation), we found that £/oi'/3-ablated mice but not 
wild-type mice also showed increased levels of arachidonic acid (C20:4) 
and docosahexaenoic acid (C22:6). One explanation for this could be 
that the £/oi'/3-ablated mice experienced the cold more strongly than 
wild-type mice, which also was emphasized in the shivering experiment. 
This, in turn, increased their metabolic activity and also their food 
intake, leading to increased tissue levels of, for example, arachidonic 
acid (C20:4) and docosahexaenoic acid (C22:6) from the high dietary 
content of these fatty acids. However, since cold-exposed £/oi'/3-ablated 
mice showed less fat mass than control mice, increased food intake 
could not fully compensate for the elevated energy expenditure seen in 
these mice. The reason for this is unclear. One explanation could be that 
the mice are unable to eat more or that the capacity of food utilization 
has reached its maximum. Since regular chow diet contains limited 
amounts of calories, this may simply not be enough in a situation like 
this.

The fact that warm-acclimated £/oi'/3-ablated mice had dramatically 
reduced fat content in their brown adipocytes as well as diminished 
metabolic capacity, even when fed ad libitum  with normal diet, under­
lines the importance of Elovl3 in the control of lipid recruitment, even 
before any cold stimuli has been encountered. We have earlier shown 
that induced Elovl3 expression in brown adipocytes is dependent on a 
combination of both norepinephrine and glucocorticoid exposure (14). 
Together with our data presented here, this suggests that there is a low, 
but significant, basal Elovl3 activity of fatty acid elongation in brown 
adipose tissue in wild-type mice, which is controlled by serum factors 
(e.g. glucocorticoids). The activity can then be further stimulated by cold 
exposure via the adrenergic pathway as fatty acid oxidation is induced 
and, accordingly, an increased demand for fatty acid supplementation is 
required. This is in line with our recent data showing that induced 
lipolysis is required for optimal Elovl3 expression in brown fat cells (51).

Finally, since differences in fatty acid composition, as well as in elon­
gation activity, were detected only in cold-stressed mice, one can 
assume that an essential role for F.I.OVI.3 activity in brown adipose
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tissue could be found only during the early recruitm ent process of the 
tissue. However, since the £/oi'/3-ablated mice were unable to hyperin- 
duce their brown adipose tissue after prolonged cold stimulation, it 
suggests that the optimal function of brown adipose tissue is reduced 
also in cold-acclimated £/ov/3-ablated mice.
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