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Uncoupling proteins (UCPs) are mitochondrial
membrane proton transporters that uncouple respira-
tion from oxidative phosphorylation by dissipating
the proton gradient across the membrane. Treatment
of primary culture of rat preadipocytes for 24 h with
40 uM etomoxir, an irreversible inhibitor of carnitine
palmitoyltransferase | (CPT-1), up-regulated UCP-3
MRNA levels (3.6-fold induction), whereas changes in
UCP-2 mRNA levels were not significant. As a conse-
quence of increased UCP-3 expression, a fall in the
mitochondrial membrane potential was detected by
flow cytometry. Etomoxir treatment modified neither
L-CPT-I (liver-type) nor PPARa mRNA levels in pre-
adipocytes. In contrast, mRNA expression of acyl-CoA
oxidase (ACO), the rate-limiting enzyme of peroxiso-
mal fatty acid pB-oxidation, whose transcription is con-
trolled by PPARe, was significantly induced (1.3-fold
induction, P = 0.015). These findings suggest that the
effects of etomoxir were mediated by PPARa. Since it
has been reported that the intracellular accumulation
of lipids following the inhibition of CPT-I by etomoxir
leads to a PPARa-mediated metabolic response that
increases the expression of genes involved in alternate
fatty acid oxidation pathways, these results seem to
implicate UCP-3 in this protective metabolic response.
It remains to be studied whether reductions in the
expression of UCP-3 could compromise this response,
giving rise to lipotoxic effects on cells. © 1999 Academic

Press

Uncoupling proteins (UCPs), which are inner mito-
chondrial proton transporters, stimulate heat produc-
tion by uncoupling respiration from ATP synthesis (1).
Three UCP subtypes have now been identified. UCP-1,
the first uncoupling protein identified, is expressed
exclusively in brown adipose tissue (1-3). Recently,
two new uncoupling proteins, UCP-2 and UCP-3, have
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been discovered (5-7). Like UCP-1, these new UCPs
seem to function as uncouplers of oxidative phosphor-
ylation in mitochondria (5,7,8), although their expres-
sion pattern is different. UCP-2 mRNA is widely ex-
pressed in many human and rat tissues, including
white adipose tissue (WAT) and skeletal muscle.
UCP-3 mRNA is expressed in rat skeletal muscle and
brown adipose tissue, and to a lesser extent in white
adipose tissue and heart, whereas in humans its ex-
pression is restricted to skeletal muscle, an important
site of energy expenditure (5-9).

UCP-3 has been implicated in thermogenesis, as it
diminishes the mitochondrial membrane potential
when expressed in yeast or the C,C,, myoblast cell line
(8,10). However, since the increase in plasma free fatty
acids (FFA) observed after fasting, a well-established
condition of suppressed thermogenesis (11), up-
regulates UCP-3 mRNA levels in skeletal muscle
(12,13), it has been suggested that UCP-3, in addition
to its thermogenic capacity, is also involved in lipid
metabolism. The molecular mechanism by which FFA
activate the expression of UCP-3 mRNA levels seems
to involve peroxisome proliferator activated-receptors
(PPARS). Ligands of these receptors, which are also
activated by fatty acids, increase UCP-3 mRNA levels
in muscle and WAT (14-16). Furthermore, three puta-
tive peroxisome proliferator response elements (PPRES)
have been found in the 5’ flanking region of the human
UCP-3 gene, pointing to the involvement of PPARs in
the expression of this gene (17). In addition, increased
glucose influx up-regulates UCP-3 mRNA expression
in muscle and WAT (18), although the molecular mech-
anism responsible has not been elucidated.

Carnitine palmitoyltransferase | (CPT-I) plays an
important role in the homeostasis of fuel substrates.
It catalyzes the entry of long-chain fatty acids to
the mitochondrial matrix, where they can undergo
B-oxidation as a source of energy (19). CPT-I activity
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and the availability of fatty acids are the main factors
that determine the flux of B—oxidation, which, in turn,
provides the reducing equivalents for the mitochon-
drial uncoupling reaction in a given tissue. CPT-I has
two isoforms encoded by separate genes: liver-type (L-
CPT-I) and muscle-type (M-CPT-1). L-CPT-l is ex-
pressed not only in liver, but also in human fibroblasts
(20), in intestine (21) and at lower levels in rat heart
(22) and white adipocytes (23). M-CPT-1, which is the
sole isoform in skeletal muscle, is also predominant in
rat heart and in both brown and white adipocytes (23).

CPT-I is uniquely inhibited by malonyl-CoA, the
product of acetyl-CoA carboxylase. Thus, in the fed
state, or in conditions of increased glucose flux into
skeletal muscle and WAT, malonyl-CoA levels are ele-
vated, causing the inhibition of CPT-1 and thus of fatty
acid oxidation (24,25). In fasting, however, malonyl-
CoA levels decrease and B—oxidation can proceed.

Increased fatty acid p—oxidation, as a result of ele-
vated plasma FFA, may contribute to insulin resis-
tance (26). This hypothesis led to the development of
inhibitors of fatty acid oxidation for the treatment of
non-insulin-dependent diabetes mellitus (NIDDM).
Etomoxir, sodium 2-[6-(4-chlorophenoxy)hexyl]oxirane-
2-carboxylate, is converted to etomoxir-CoA, an irre-
versible inhibitor of CPT-1. The inhibition by this drug
of the transport of long-chain acyl-CoA compounds into
the mitochondria increases the long-chain fatty acyl-
CoAllong-chain fatty acyl-carnitine ratio in the cyto-
plasm and inhibits B-oxidation.

Here we examine the effects of etomoxir on UCP-3
and UCP-2 mRNA levels in primary monolayer cul-
tures of undifferentiated rat preadipocytes. These cells
have been shown to be precursors of adipocytes both in
vitro and in vivo (27). We report that treatment with
etomoxir for 24 h up-regulated UCP-3 mRNA expres-
sion. In contrast, UCP-2 mRNA levels were not signif-
icantly modified. The increase in UCP-3 expression
induced by etomoxir reduced the mitochondrial mem-
brane potential of rat primary preadipocytes, which is
consistent with the role proposed for UCPs.

MATERIALS AND METHODS

Cell isolation and primary culture of rat preadipocytes. Fibro-
blastic preadipocytes were isolated from adipose tissue following
Robdell (28), with some modifications. The epididymal adipose tissue
from 200-250g male Sprague-Dawley rats was removed in sterile
conditions and washed in Hank’s balanced salt solution (HBSS) (Life
Technologies). Minced tissue was transferred to a sterile polypropo-
pylene Erlenmeyer flask containing collagenase (2 mg/ml, type 11,
Sigma) and 5% bovine serum albumin. Following incubation at 37°C
for 45 min in a shaking water bath, the digest was filtered through
a sterile 250 um nylon mesh. The digested tissue was then centri-
fuged at 250xg for 10 min and mature adipocytes were removed by
aspiration. The pellet was resuspended in HBSS, filtered through 25
wm nylon mesh and centrifuged again. The pellet obtained consisted
mainly of preadipocytes. It was resuspended in MEM Alpha medium
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(Life Technologies) supplemented with penicillin, streptomycin and
fungizone (100 units/ml, 100 png/ml and 2.5 ug/ml, respectively; Life
Technologies), and refiltered. To eliminate red blood cells, preadipo-
cytes were incubated with an erythrocyte lysing buffer consisting of
0.154 M NH,CI, 10 mM KHCO,, and 0.1 mM EDTA for 5 min at room
temperature. In these conditions, >95% of red blood cells were lysed
without damaging the nucleus-containing cells as assessed by
Trypan blue exclusion. The suspension was centrifuged (250xg for
10 min) and the cells were counted using a haemocytometer. Cells
were plated in 60 mm culture dishes at a density of 1.5 X 10° cells/ml
in MEM Alpha medium with 10% fetal calf serum (FCS). Cells were
maintained in this medium until 80% confluence was reached (usu-
ally 2 days). Preadipocytes were then treated in serum-free MEM
Alpha medium with either vehicle (0.1% DMSO) or 40 uM etomoxir
for 24 h. After the incubation, RNA was extracted from the preadi-
pocytes as described below.

RNA preparation and analysis. Total RNA was isolated using the
Ultraspec reagent (Biotecx). Relative levels of specific mMRNAs were
assessed by the reverse transcription-polymerase chain reaction
(RT-PCR). Complementary DNA was synthesized from RNA samples
by mixing 1 pg of total RNA, 125 ng of random hexamers as primers
in the presence of 50 mM Tris-HCI buffer (pH 8.3), 75 mM KCI, 3mM
MgCl,, 10 mM dithiothreitol, 200 U. Moloney murine leukemia virus
reverse transcriptase (Life Technologies), 20 U RNAsin (Life Tech-
nologies) and 0.5 mM of each dNTP (Sigma) in a total volume of 20
wnl. Samples were incubated at 37°C for 60 min. A 5 ul aliquot of the
RT reaction was then used for subsequent PCR amplification with
specific primers.

Each 25-ul PCR reaction contained 5ul of the RT reaction, 1.2 mM
MgCl,, 200 uM dNTPs, 1.25 uCi [*P]-dATP (3000 Ci/mmol, Amer-
sham), 1 unit of Taq polymerase (Ecogen, Barcelona, Spain), 0.5 ug
of each primer and 20 mM Tris-HCI, pH 8.5. To avoid unspecific
annealling, cDNA and Taq polymerase were separated from primers
and dNTPs by using a layer of paraffin (reaction components contact
only when paraffin fuses, at 60°C). The sequences of the sense and
antisense primers used for amplification were: UCP-3, 5'-
GGAGCCATGGCAGTGACCTGT-3' and 5'-TGTGATGTTGGGC-
CAAGTCCC-3'; UCP-2, 5'-AACAGTTCTACACCAAGGGC-3' and
5'-AGCATGGTAAGGGCACAGTG-3'; L-CPT-l, 5'-TATGTGAG-
GATGCTGCTT-3" and 5'-CTCGGAGAGCTAAGCTTG; ACO, 5'-
ACTATATTTGGCCAATTTTGTG-3" and 5'-TGTGGCAGTGGTTTC-
CAAGCC-3’; PPARea, 5'-GGCTCGGAGGGCTCTGTCATC-3’ and
5’-ACATGCACTGGCAGCAGTGGA-3" and APRT (adenosyl phos-
phoribosyl transferase), 5'-AGCTTCCCGGACTTCCCCATC-3' and
5'-GACCACTTTCTGCCCCGGTTC-3'. The aprt gene was used as
internal control in the PCR to normalize the results, except for
UCP-3 and L-CPT-I, where co-amplifications for these genes and
aprt were performed in separate tubes and in duplicate. PCR was
performed in an MJ Research Thermocycler equipped with a peltier
system and temperature probe. After an initial denaturation for 1
min at 94°C, PCR was performed for 23 (UCP-2, ACO, PPARGa), 25
(L-CPT-1) or 30 (UCP-3) cycles. Each cycle consisted of denaturation
at 92°C for 1 min, primer annealing at 60°C, and primer extension at
72°C for 1 min and 50 s. A final 5-min extension step at 72°C was
performed. Five microliters of each PCR sample was electrophoresed
on a 1-mm-thick 5% polyacrylamide gel. The gels were dried and
subjected to autoradiography using Kodak X-ray films to show the
amplified DNA products. Amplification of each gene yielded a unique
band of the expected size (UCP-3: 179 bp, UCP-2: 471 bp, L-CPT-I:
629 bp, ACO: 195 bp, PPARa: 654 bp, APRT: 329 bp). Preliminary
experiments were carried out with various amounts of cDNA to
determine non-saturating conditions of PCR amplification for all the
genes studied. Thus cDNA amplification was performed in compar-
ative and semiquantitative conditions. Radioactive bands were
quantified by video-densitometric scanning (Vilbert Lourmat Imag-
ing). The results for the expression of specific mMRNAs are always
presented relative to the expression of the control gene (aprt).
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Effect of etomoxir on the expression of UCP-3 (A) and UCP-2 (B) mRNA in primary culture of rat preadipocytes. Cells were

incubated for 24 h with or without 40 uM etomoxir. All cells were exposed to 0.1% DMSO. 0.5 g of total RNA was analyzed by RT-PCR. A
representative autoradiogram and the quantification of the aprt-normalized UCPs mRNA levels are shown. Data are expressed as mean *=
S.D. of 3 experiments. *P = 0.0003 compared with control experiments. Fl, fold induction.

Analysis of mitochondrial membrane potential by flow cytometry.
Subconfluent preadipocytes treated with either vehicle (0.1% DMSO)
or 40 uM etomoxir for 24 h were washed, trypsinized, and resus-
pended in HBSS. Cells were incubated at 37°C for 30 min in the dark
with 10 nM tetramethylrhodamine ethyl ester (TMRE, Molecular
Probes) in the presence or in the absence of the uncoupler carbonyl-
cyanide m-chlorophenylhydrazone (CCCP, Sigma) (75 uM). Flow
cytometry was carried out using an Epics XL flow cytometer (Coulter
Corporation). Excitation of the sample was performed using a stan-
dard 488 nm air-cooled argon-ion laser at 15 mW. The instrument
was set up with the standard configuration. Forward scatter (FSC),
side scatter (SSC) and orange (575 nm) fluorescence for TMRE were
acquired. Orange fluorescence was collected with a 600 nm dichroic
long filter and a 575 band pass filter. Optical alignment was based on
the optimized signal from 10 nm fluorescent beads (Immunocheck,
Epics Division). A minimum of 10,000 cells/sample were acquired
and analyzed.

Statistical analyses. Results are expressed as means =+ s.d. Sta-
tistical significance was evaluated using Student’s t-test.

RESULTS

The main goal of this work was to study the effects of
etomoxir treatment on UCP mRNA levels in rat pri-
mary culture of preadipocytes. The addition of 40 uM
etomoxir, an irreversible inhibitor of CPT-I, caused a
3.6-fold induction in UCP-3 mRNA levels (P = 0.0003)
(Fig. 1A). In contrast, although UCP-2 mRNA levels
increased 2-fold after etomoxir treatment, differences
were not significant (Fig. 1B).

Fibroblastic preadipocytes mainly express liver type
CPT-1 (29). Etomoxir treatment did not affect the
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MRNA expression of L-CPT-I in preadipocytes (Fig.
2A). On the other hand, it has been reported that
irreversible inhibition of CPT-1 by etomoxir, which
leads to an accumulation of intracellular lipids, in-
duces a PPARa-mediated feedback activation of target
genes, such as acyl-CoA oxidase (ACO), involved in
alternate oxidation pathways (30). Thus, in order to
explore a similar response in preadipocytes we studied
the effect of etomoxir treatment on ACO, the rate-
limiting enzyme of peroxisomal fatty acid g-oxidation,
whose transcription is controlled by PPARa (31).
Treatment with etomoxir caused an increase in ACO
mRNA levels (1.3-fold induction, P = 0.015) (Fig. 2B).
The mRNA levels of PPARa in these preadipocytes
were not modify by etomoxir (Fig. 2C).

In order to study whether the up-regulation of
UCP-3 mRNA levels caused by etomoxir in preadipo-
cytes was correlated with an increase in the activity of
this protein, we analyzed the mitochondrial membrane
potential by flow cytometry (Fig. 3). The fluorescence
intensity of the dye tetramethylrhodamine ethyl ester
(TMRE) has been used as an indicator of mitochondrial
membrane potential (10). This fluorescent dye is sen-
sitive to the mitochondrial potential, and therefore, to
the electrochemical gradient across the mitochondrial
inner membrane. Using confocal microscopy studies we
confirmed that the fluorescence was specifically local-
ized in mitochondria of the preadipocytes (data not
shown), as previously described (10,32). In this study,
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Effect of etomoxir on the expression of L-CPT-1 (A), ACO (B), and PPARa (C) mRNA in primary culture of rat preadipocytes. Cells

were incubated for 24 h with or without 40 uM etomoxir. All cells were exposed to 0.1% DMSO. 0.5 ng of total RNA was analyzed by RT-PCR.
A representative autoradiogram and the quantification of the aprt-normalized mRNA levels are shown. Data are expressed as mean = S.D.
of 3 experiments. *P = 0.015 compared with control experiments. Fl, fold induction.

we used as a positive control carbonylcyanide
m-chlorophenylhydrazone (CCCP), a very effective un-
coupler of mitochondria which decreases the fluores-
cence emission. The CCCP-dependent fluorescence is
normally considered to derive from the mitochondrial
contribution. Etomoxir treatment resulted in a shift of
the fluorescence peak of untreated cells to the left,
which reflects a decrease in the level of fluorescence per
cell. The mean values of arbitrary fluorescence units in
control and etomoxir-treated cells were 60.5 = 2.8 (n =
3) and 44.0 £ 2.3 (n = 3) (P = 0.001), respectively.
Addition of CCCP induced a large shift to the left in
control and treated-cells (values of arbitrary fluores-
cence units were 13.7 and 12.6, respectively). Thus,
since UCP-2 expression was not significantly altered
by the treatment, the changes in fluorescence could be
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attributed to the induction in UCP-3 expression caused
by etomoxir.

DISCUSSION

In the present study we show that etomoxir, which is
an irreversible inhibitor of CPT-1, and therefore, of
mitochondrial B-oxidation of fatty acids, increases the
expression of UCP-3 mRNA in rat primary culture of
preadipocytes. UCP-2 mRNA expression, however, was
not significantly altered by the treatment. According to
the role proposed for the UCP family, the increase in
UCP-3 mRNA levels induced by etomoxir led to a re-
duction in the mitochondrial membrane potential.

Acute administration of etomoxir and other 2-oxirane-
carboxylates, such as clomoxir or palmoxirate, to ani-



Vol. 263, No. 1, 1999

256

Etomoxir

Everts

Etomoxir >
+CCCP {

Control

O

102
Fluorescence Irtensity

10° 10*

FIG. 3. Etomoxir effect decreases the mitochondrial membrane
potential in primary culture of rat preadipocytes. Cells treated for
24 h with or without 40 uM etomoxir were incubated with the
mitochondrial potential-sensitive dye TMRE and analyzed by flow
cytometry. The chemical uncoupler CCCP (75 uM) was used as a
positive control. One experiment representative of three is shown,
with a minimum of 10,000 events/sample. A decrease in fluorescence
intensity indicates a reduction in mitochondria membrane potential.

mals and man increases plasma FFA (33,34). This
makes it difficult to study the direct effects of etomoxir
on UCP-3 expression in vivo, since FFA are potent
inducers of this UCP subtype (12,13). Here we have
studied the effects of etomoxir in a rat primary culture
of undifferentiated preadipocytes incubated without
exogenous fatty acids. Preadipocytes, in addition to
adipocytes, express UCP-3 and UCP-2, affording a
chance to study their regulation. Further, the meta-
bolic effects of B-oxidation inhibitors have been exam-
ined mainly in hepatocytes and muscle, whereas the
effects of these drugs on either adipocytes or preadipo-
cytes have remained undocumented.

Changes induced by etomoxir are due to inhibition of
CPT-I, leading to the increase in the long-chain fatty
acyl-CoA/fatty acyl carnitine ratio in the cytoplasm,
which has been reported to affect a large number of
cellular systems and functions, including ion channels,
ion pumps, translocators, enzymes, membrane fusion
and gene regulation (35). Thus, for example, acyl-CoA
esters have been shown to be potent inhibitors of the
mitochondrial adenine nucleotide translocase (ANT)
(36), which catalyses the exchange of ADP and ATP
across the mitochondrial inner membrane, considered
the overall rate-limiting step in energy metabolism
(37). Therefore, etomoxir treatment may induce
changes in the ATP/ADP ratio. Since a high ATP/ADP
ratio could have harmful effects on the cells, it has been
hypothesized that this ratio is kept constant through
an increase in UCP-3 activity, which would dissipate
the proton gradient across the mitochondrial mem-
brane, uncoupling oxidative phosphorylation (18,39).
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Our results support the recent hypothesis which indi-
cates that, in addition to thermogenesis (38), the met-
abolic role of UCP-3 up-regulation by increased sub-
strate (both FA and glucose) flux into tissues (mainly
WAT and skeletal muscle) is to regulate cellular ATP
and ADP homeostasis by uncoupling oxidative phos-
phorylation. In the absence of UCP-3 up-regulation, an
ADP deficit would appear, causing a reduced state of
the electron transport system, which is known to re-
lease excessive amounts of superoxide and other toxic
reactive oxygen species (40,41). Inhibition of B-oxidation
by etomoxir could also shift the respiratory chain into
a reduced state. However, this seems unlikely since
treatment of preadipocytes for 24 h with 100 uM
4-pentenoic acid, an established inhibitor of long-chain
fatty acid B-oxidation at the level of acyl-CoA dehydro-
genase (42), did not modify the expression of UCP-3
MRNA (data not shown).

At the level of gene regulation it has been shown that
the accumulation of intracellular long-chain fatty acyl-
CoA, induced by etomoxir inhibition of mitochondrial
fatty acid import, causes a PPARa-mediated activation
of target genes involved in alternate oxidation path-
ways. As a consequence, peroxisomal ACO, a known
PPAR« target gene, and other similar genes were in-
duced in heart and liver of mice receiving etomoxir
(50 ng/g body weight, for 5 days) (30). This induction
appears to be consistent with the present study, where
we have shown a significant induction of ACO mRNA
levels just 24 h after 40 uM etomoxir treatment.
Djouadi et al. (1998) demonstrated the involvement of
PPAR« in this response by using mice lacking PPARq,
in which the response of PPAR« target genes to eto-
moxir was abolished (30). As a consequence of the lack
of this response in these mice, there was a massive
accumulation of intracellular lipids in liver and heart.

Several lines of evidence indicate that PPAR is in-
volved in the control of UCP-3 expression. Thus, both
PPAR« and PPARvy activators, including fatty acids,
up-regulate its expression (14-16) and, recently, three
putative PPREs have been found in the 5’ flanking
region of the human UCP-3 gene (17), converting
UCP-3 to a possible new PPAR-target gene. In this
study we show that in fibroblastic preadipocytes, which
express PPARa, etomoxir would cause similar effects
to those described in liver and heart regarding the
induction of target genes involved in alternate oxida-
tion pathways, such as the ACO gene. In addition, in
these conditions of PPAR«a activation, UCP-3 mRNA
would also be strongly induced as well as its activity,
detected by the fall in the mitochondrial membrane
potential. Therefore, it seems likely that up-regulation
of UCP-3 expression by etomoxir is mediated by
PPARs.

Furthermore, inhibition of CPT-I by etomoxir could
explain recently published results, in which overex-
pression of GLUT4 in skeletal muscle and WAT of
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transgenic mice harboring a GLUT4 minigene led to
up-regulation of UCP3 in these tissues (18). Increased
glucose entry to skeletal myocytes and white adipo-
cytes, due to high GLUT4 levels, increases the concen-
tration of malonyl-CoA, a known inhibitor of CPT-I
(24). Therefore, forced glucose flux into the cells may
lead to CPT-I inhibition by malonyl-CoA, causing an
accumulation of intracellular long-chain fatty acyl-
CoA, which in turn would activate PPAR, increasing
the expression of UCP-3 mRNA.

In summary, we show an up-regulation of UCP-3
MRNA levels after etomoxir treatment in rat primary
culture of preadipocytes. Further, UCP-3 activity was
also increased, as shown by the fall in the mitochon-
drial membrane potential. In our opinion, UCP-3 in-
duction could be included in the context of a general-
ized response of the cells to a major perturbation in
fatty acid flux caused by etomoxir, in which PPAR«
activates target genes involved in alternate cellular
fatty oxidation. This response tries to counteract mas-
sive accumulation of intracellular lipids in tissues.
Thus, UCP-3 would form part of an important cellular
response to reduce lipotoxic effects of fatty acids. Since
UCP-3 mRNA levels are reduced in skeletal muscle of
NIDDM patients (43), it remains to be stablished
whether reduced expression of UCP-3 leads to a low
capacity of tissues to overcome these toxic effects of
fatty acids.
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