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shown that insulin does not acutely regulate UCP2
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Uncoupling protein-2 (UCP2) is a novel mitochon-
rial protein that may be involved in the control of
nergy expenditure. We have previously reported an
pregulation of adipose tissue UCP2 mRNA expres-
ion during fasting in humans. Analysis of changes in
etabolic parameters suggested that fatty acids may

e associated with the increased UCP2 mRNA level.
ulture of human adipose tissue explants was used to
tudy in vitro regulation of adipocyte UCP2 gene ex-
ression. A 48-h treatment with BRL49653 and bromo-
almitate, two potent activators of PPARg, resulted in
dose-dependent increase in UCP2 mRNA levels. The

nduction by BRL49653 was rapid (from 6 h) and main-
ained up to 5 days. TNFa provoked a 2-fold decrease
n UCP2 mRNA levels. Human recombinant leptin did
ot affect UCP2 mRNA expression. The data support
he hypothesis that fatty acids are involved in the
ontrol of adipocyte UCP2 mRNA expression in humans.
1999 Academic Press

Uncoupling protein-2 (UCP2) is a novel member of
he mitochondrial carrier family expressed in a wide
ange of tissues (1, 2). The postulated role of the pro-
ein is to contribute to the partial coupling of respira-
ion to ADP phosphorylation that exists in mitochon-
ria from most tissues. UCP2 could therefore play a
ole in the control of energy expenditure. Recently, we
ave investigated the effect of a 5-day severe calorie
estriction in humans (3). Dieting resulted in a 2-fold
nduction of UCP2 mRNA in adipose tissue. Fasting
rovokes a complex physiological adaptation with nu-
erous hormonal and metabolic changes that could

xplain the increase in UCP2 mRNA levels. Among the
ormones that have been shown to upregulate UCP2
ene expression in rodents (4, 5), leptin and triiodothy-
onine are not likely to play a role because their plasma
evels decrease during fasting. Moreover, we have

1 To whom correspondence should be addressed. Fax: 1 33 5 61331721.
-mail: langin@rangueil.inserm.fr.
138006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
RNA levels in humans (3). Calorie restriction induces
n increase in adipose tissue lipolysis (6), resulting in
n important fatty acid release from body fat stores.
hiazolidinediones (TZD) and fatty acids stimulate
CP2 gene expression in murine adipocyte cell lines (7,
). Therefore, fatty acids may be positive regulators of
CP2 mRNA expression in human adipose tissue.
To study the regulation of UCP2 mRNA expression

n human adipocytes, we used a system based on cul-
ure of adipose tissue explants and subsequent isola-
ion of mature adipocytes. In the present work, the
ffects of a stable analog of fatty acid (bromopalmitate),
ZD (BRL49653 and ciglitazone) and cytokines (leptin
nd TNFa) on UCP2 mRNA levels are reported.

ATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM) and fe-
al calf serum (FCS) were from Life Technology (Gaithersburg, MD),
uman recombinant leptin from Calbiochem-Novabiochem (Nothing-
am, UK), collagenase A from Boehringer Mannheim (Mannheim,
ermany), penicillin, streptomycin, gentamycin, 2-bromopalmitate,
NFa and bovine serum albumin (fraction V) from Sigma Aldrich
hemicals (St-Louis, MO). BRL 49653 was a kind gift from Smith-
line Beecham Pharmaceuticals (Harlow, UK).

Tissue culture. Human adipose tissue was obtained from the
ubcutaneous fat depots of female subjects with the agreement of the
thics Committee of Toulouse University Hospitals. Subjects were

rom 28 to 64 years old and their body mass indexes ranged from 19
o 32 kg/m2. Surgical samples were dissected out from skin and
essels, rinsed once in phosphate buffer saline (PBS) and transferred
nto a sterile environment. Part of the samples was used for adipo-
yte isolation from fresh adipose tissue. Then, fat pads were cut into
mall pieces ranging from 100 to 400 mg, then placed in DMEM
upplemented with 5% FCS, penicillin (200U/ml), streptomycin (50
g/ml) and gentamycin (200 mg/ml). Fat pieces corresponding to 6 to
g of adipose tissue were distributed into medium-containing 25 cm2

olystyrene flasks (Falcon, Becton Dickinson, Meylan, France) and
aintained at 37°C in a 7% CO2 chamber. One day later, the medium
as replaced by 1% FCS-enriched DMEM containing the drug

ested. The medium was changed every day during the culture. At
he end of the treatment, the medium was removed and the fat pieces
ere immediately digested for 1 h with 0.5 mg/ml collagenase A in
MEM containing 3% (w/v) bovine serum albumin at 37°C under
entle agitation. Isolated adipocytes were filtered through a nylon
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esh and washed twice with PBS. The infranatant was removed and
he resulting packed cells (about 5 ml) were lysed with an equivalent
mount of denaturing buffer from RNeasy kit (Qiagen, Hilden, Ger-
any) then stored at 280°C. For each time point, control flasks

ontaining untreated explants were prepared.

RNA analysis. Total RNA was extracted using the Qiagen
Neasy kit and stored at 280°C. Total RNA was electrophoresed in
1% agarose, 2.2 M formaldehyde gel, transferred onto a nylon
embrane (Schleicher and Schuell, Dassell, Germany) and UV-

rosslinked. Hybridization was carried out for 1 hour at 68°C in
xpress Hyb solution (Clontech, Palo Alto, CA) with 32P-labelled
DNA probes. Blots were washed at a final stringency of 15 mM
aCl, 1.5 mM citric acid, 0.1% SDS at 65°C. The blots were hybrid-

zed with a 290 bp human UCP2 probe then stripwashed and re-
robed with a 388 bp human b-actin probe. The UCP2 hybridization
ignals were analysed with a Phosphorimager (Molecular Dynamics,
unnyvale, CA) and quantified using ImageQuant Software.

ESULTS

Our initial attempts to study the regulation of UCP2
RNA expression in cultured human adipocytes were
nsuccessful because of a decrease in gene expression
ver time and large differences in the viability of cells
rom various individuals. To alleviate this problem, we
et up a culture system based on drug treatment of
dipose tissue explants and measurements of mRNA
evels in isolated adipocytes. Compared to freshly iso-
ated adipocytes, UCP2 mRNA levels did not change
fter 3 days of culture (95 6 22%, n 5 4). Explants were
reated for 48 h in the presence or the absence of TZD
Table 1). BRL49653 is a TZD that binds to PPARg, an
mportant transcriptional regulator of gene expression
n adipocytes. BRL49653 induced a dose-dependent in-
rease in UCP2 mRNA levels (Fig. 1). The compound
as active in the low mM range and induced a more

han 2-fold increase at 10 mM. A study of the time
ourse of induction with 1 mM of BRL49653 (n 5 2)
howed that the effect was rapid with a 2.3-fold in-
rease after 6h of treatment. The level of induction was
aintained for 2 days, and slightly decreased after 3

ays (1.8-fold) and 5 days (1.6-fold). Ciglitazone, an-
ther PPARg agonist, also induced an increase in

Effects of Thiazolidinediones, Bromopalmitate, and Cytokines
on UCP2 mRNA Levels in Human Adipocytes

Drugs Mean 6 SD n

BRL49653 (1 mM) 191 6 18 23
Ciglitazone (10 mM) 165 2
Bromopalmitate (250 mM) 238 6 20 6
Leptin (1 nM) 107 6 32 9
TNFa (3 nM) 57 6 8 3

Note. Values are expressed as percentages of the ratio of UCP2 to
-actin mRNA levels obtained without treatment. mRNA levels were
easured on isolated adipocyte total RNA from adipose tissue

xplants treated for 12 h (TNFa) for 2 days (other drugs). n, number
f independent experiments.
139
cids, we used bromopalmitate which is a slowly me-
abolized analog of palmitate (9). A dose-dependent
nduction of UCP2 mRNA expression was obtained
ith a 2.4-fold increase at 250 mM (Fig. 2). Leptin and
NFa are cytokines that provoke, in vivo, an increase
nd a decrease in rodent adipose tissue UCP2 mRNA
evels, respectively (5, 10). Human recombinant leptin
id not modify UCP2 mRNA levels (Table 1). A marked
ecrease was observed with TNFa.

ISCUSSION

In vivo studies in humans and in rodents have
ointed to a role for fatty acids, TZD and cytokines in
he regulation of white adipose tissue UCP2 gene ex-
ression. To our knowledge, the effect of TZD and fatty
cids on gene expression has not been studied in hu-
an mature adipocytes. Maintenance of isolated hu-
an adipocytes for several days is difficult because of

he fragility of the cells and marked decrease in gene
xpression ((11) and present work). An alternative ap-
roach is the use of human adipose tissue explants that
artly maintain the in vivo structure of the tissue and

FIG. 1. The effect of BRL49653 on UCP2 mRNA levels in human
dipocytes. (A) Northern blot showing adipocyte UCP2 and b-actin
RNA levels from adipose tissue explants treated or not (control) for
days. (B) Dose-response effect of BRL49653. Values (means 6 SD

f 4 experiments) are expressed as percentages of the ratio of UCP2
o b-actin mRNA levels obtained without treatment.
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ermits long-term culture (12, 13). Because UCP2 is
xpressed in adipose tissue cell types other than adi-
ocytes, we combined the culture of explants to the
easurement of mRNA levels on isolated mature adi-

ocytes. The present report shows that fatty acids and
ZD are direct regulators of UCP2 mRNA levels. The
oncentrations of compounds required to increase gene
xpression are compatible with an activation of
PARg, which is the main form of PPAR expressed in
uman adipocytes (14). The data are also consistent
ith the effect of TZD and fatty acids in murine adi-
ocyte cell lines (7, 8). A positive regulation of UCP2
ene expression by fatty acids could explain the up-
egulation observed during fasting in human adipose
issue (3). An upregulation of UCP2 by fatty acids is
lso of interest in view of recent data obtained in mice
fter high fat feeding (15). High fat diet increases
hite adipose tissue UCP2 gene expression in the

besity-resistant A/J and C57BL/KsJ strains but not in
he obesity-prone C57BL/6J mice. Interestingly, the
iet does not affect UCP2 and UCP3 mRNA expression
n skeletal muscle and brown adipose tissue. There-
ore, an early induction of adipose tissue UCP2 expres-

FIG. 2. The effect of 2-bromopalmitate on UCP2 mRNA levels in
uman adipocytes. (A) Northern blot showing adipocyte UCP2 and
-actin mRNA levels from adipose tissue explants treated or not (con-
rol) for 2 days. (B) Dose-response effect of 2-bromopalmitate. Values
means 6 SD of 3 experiments) are expressed as percentages of the
atio of UCP2 to b-actin mRNA levels obtained without treatment.
140
besity in rodents.
The effect of cytokines was also investigated. Injec-

ion of bacterial lipopolysaccharide (LPS) increases
CP2 mRNA expression in liver, skeletal muscle and
hite adipose tissue in mice (10). The effect could
artly be mediated by TNFa. We therefore examined
hether the proinflammatory cytokine had an effect on
CP2 mRNA level in human adipose tissue. TNFa

nduced a marked decrease in UCP2 mRNA expres-
ion. A downregulation of the level of UCP2 mRNA by
PS has recently been observed in vitro in rat perito-
eal macrophages whereas TNFa induces UCP2
RNA expression in primary hepatocytes (16). It

eems therefore that the effect of TNFa on UCP2 gene
xpression is cell-specific. In adipocytes, TNFa de-
reases the expression of C/EBPa and PPARg, that are
ranscription factors crucial for adipogenesis (17, 18).

hether C/EBPa and PPARg participate in the tran-
criptional control of the UCP2 gene remains to be
emonstrated. Interestingly, as observed for other
enes expressed in adipocytes (18), BRL49653 and
NFa have opposite effects on UCP2 gene expression.
ntracerebroventricular leptin infusion with no change
n peripheral plasma levels favors UCP2 mRNA ex-
ression in rat white adipose tissue (5). An in vitro
nduction of UCP2 mRNA was observed in rat pancre-
tic islets in the presence of leptin (19). A similar
oncentration was used to study the effect of leptin on
CP2 mRNA levels in human adipocytes. No variation

n UCP2 mRNA expression was observed. The data
uggest that the in vivo induction of adipose tissue
CP2 expression is mediated by a central effect of

eptin.
In conclusion, UCP2 mRNA levels are induced by

atty acid and TZD in human adipocytes. These results
upport the hypothesis that the in vivo induction of
dipose tissue UCP2 mRNA during fasting is mediated
y fatty acids.
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