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MINI-REVIEW

Human Uncoupling Proteins and Obesity
Patrick Schrauwen, *t Ken Walder, * and Eric Ravussin*

Abstract
SCHRAUWEN, PATRICK, KEN WALDER, AND ERIC
RAVUSSIN. Human coupling proteins and obesity. Obes.
Res. 1999;7:97-105.
Uncoupling protein (UCP) 2 and UCP3 are newly discov
ered proteins that can uncouple ATP production from mi
tochondrial respiration, thereby dissipating energy as heat
and affecting energy metabolism efficiency. In contrast to
UCPl, which is only present in brown adipose tissue, UCP2
has a wide tissue distribution, whereas UCP3 is expressed
predominantly in skeletal muscle. Some evidence of a role
for UCPs in modulating metabolic rate was provided by
linkage and association studies. Furthermore, UCP3 gene
expression was found to correlate negatively with body
mass index and positively with sleeping metabolic rate in
Pima Indians. Treatment with thyroid hormone increases
expression of the UCP2 and UCP3 genes. Other regulators
of UCP2 and UCP3 gene expression are I3radrenergic ago
nists and glucocorticoids. Surprisingly, fasting has a stimu
latory effect on UCP2 and UCP3 mRNA levels, possibly
explained by the effects of free fatty acid on UCP2 and
UCP3 gene expression.

Key words: uncoupling proteins, energy expenditure,
obesity, humans

Introduction
Many processes in living cells consume energy. These

processes include muscle contraction, protein turnover,
Na.Kt-pump, Ca2+ pump, and substrate cycles. In these
processes, the energy is provided by adenosine triphosphate
(ATP). This molecule can release energy by donating I or 2
phosphate groups, leaving adenosine diphosphate (ADP) or
adenosine monophosphate, respectively. At any time, the
amount of ATP in the human body is sufficient to supply the

Submitted for publication July I. 1998.
Accepted for publication October 28. 1998.
From the 'Clinical Diabetes and Nutrition Section. National Institute of Diabetes and
Digestive and Kidney Diseases, National Institutes of Health, Phoenix AZ 85016; and
the tDepartment of Human Biology. Maastricht University. 6200 MD Maastricht,
The Netherlands.
No reprints available.
Copyright @ 1999 NAASO.

body's energy needs for only a few seconds. Therefore,
ATP has to be continuously resynthesized from ADP in a
process called oxidative phosphorylation. During the oxida
tion of substrates (fat, carbohydrate, and protein), the co
factors NADH and a reduced form of flavin adenine di
nucleotide are formed in the mitochondrial matrix. At the
level of the inner mitochondrial membrane, NADH and a
reduced form of flavin adenine dinucleotide are converted
to NAD+, flavin adenine dinucleotide, and H+. According to
the chemiosmotic hypothesis of Mitchell (I), the protons are
then transported to the cytosolic side of the inner mitochon
drial membrane by a series of reactions. This eventually
generates a proton gradient across the membrane, which
causes protons to flow back over the inner mitochondrial
membrane. The energy generated is used by ATPase to
transform ADP into ATP. Therefore, the processes of sub
strate oxidation are coupled to the formation of ATP.

The resting metabolic rate (RMR) represents the basal
energy requirements of the body and constitutes 60% to
70% of total energy expenditure (2). Under resting condi
tions and without change in energy storage, all of the energy
expenditure is lost as heat, because no external work is
performed. The processes involved in energy expenditure
can be divided into two categories: ATP consuming pro
cesses and non-ATP consuming processes (3).

ATP Consuming Processes
Many processes in the body require ATP as an energy

delivering substrate, including the Nat.Kt-pump that is re
sponsible for -20% of the ATP consuming energy expen
diture, protein turnover (12% to 25% of RMR), and the Ca2+

pump (4% to 6% of RMR). Muscle contraction and, more
specifically, actin-myosin ATPase, is also a significant con
tributor to energy expenditure. Substrate cycling contributes
up to 8% of RMR, composed mainly of cycling in glycol
ysis, triglyceride turnover, and the Cori cycle. Other ATP
consuming processes include gluconeogenesis (5% to 8% of
RMR), urea synthesis (2%), enzyme phosphorylation, and
RNAIDNA turnover (3) (Figure I). All of these processes
are continuously operating because they are counterbal
anced by opposing reactions: protein degradation vs. protein
synthesis, Na+channels vs. Na+ pumping, muscle relaxation
vs. muscle contraction, etc. Therefore, a continuous supply
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protons from the cytosolic side of the membrane into the
mitochondrial matrix provides the energy to transform
ADP to ATP. However, when inner mitochondrial mem
brane proton conductance is increased, insufficient pro
ton gradient is generated and oxygen consumption is
uncoupled from ATP production. In humans, such pro
ton leaks are present in many tissues, partly uncoupling
oxygen consumption from ATP synthesis and thus di
rectly dissipating energy as heat. It has been calculated
that the overall contribution of proton leaks to RMR is
-20% (3).

of ATP is required. It has been estimated that ATP consum
ing processes account for -70% to 80% of RMR (3).

Non-ATP Consuming Processes
Not all energy expenditure in the human body is

coupled to ATP use. There are at least two processes that
contribute to energy expenditure and thus heat production
without the involvement of ATP:

I. Nonmitochondrial oxygen consumption: There are a
number of processes in mammals that use oxygen out
side the mitochondria (e.g., peroxisomal fatty acid oxi
dation). The total contribution of nonmitochondrial
oxygen consumption has been estimated at -10% of
RMR (3).

2. Mitochondrial proton leak: As previously described, the
formation of ATP from ADP requires a proton gradient
across the inner mitochondrial membrane. The flow of

Figure J: Estimated contribution of processes to energy utilization
in standard state. First column shows contribution of mitochondrial
(80%) and nonmitochondrial (10%) oxygen consumption to total
respiration rate in standard state. Second column shows proportion
of mitochondrial respiration used to drive ATP synthesis (80%)
and proton leak (20%) in standard state. Data shown in first and
second columns were calculated using data for proton leak and
nonmitochondrial oxygen consumption from liver, heart, and skel
etal muscle only and ignoring possible contribution of these pro
cesses in other tissues (see section liB). Third column represents
contribution of ATP-consuming processes to total ATP consump
tion in standard state calculated as outlined in section liE. (From
David F.S. Rolfe and Guy C. Brown. Cellular energy utilization
and molecular origin of standard metabolic rate in mammals.
Physiological Reviews, Vol 77 (3), July 1997.)

The Role of Brown Adipose Tissue in
Energy Metabolism

Mammals have two types of adipose tissue: white adi
pose tissue that consists of lipid storing adipocytes; and
brown adipose tissue that is composed of multilocular lipid
storing adipocytes, and also contains abundant mitochon
dria. The functions of the two types of adipose tissue are
different. The primary function of white adipose tissue is
energy storage, and obesity is characterized by an increase
in the amount of white adipose tissue. In contrast, brown
adipose tissue has a very active metabolism resulting in
thermogenesis. It has been shown that brown adipose tissue
can account for up to 40% of the two-fold increase in RMR
of rats infused with norepinephrine or exposed to cold (4,5).
Food intake can also increase the thermogenic activity of
brown adipose tissue, thereby contributing to diet-induced
thermogenesis (6). Mitochondria of brown adipose tissue
are exceptionally permeable to protons, and this could lead
to leakage (7). Possible pathways for the mitochondrial pro
ton leak are membrane proteins, the phospholipid bilayer,
and protein/phospholipid interfaces (8). In 1978, it was
demonstrated that a 32 kDa mitochondrial membrane pro
tein, called thermogenin or uncoupling protein (UCPI), was
responsible for the mitochondrial proton leak, and therefore
the thermogenic activity of brown adipose tissue (9) (Figure
2). Uncoupling proteins act as H+ or (OH-) ions translo
cators in a carrier-like fashion, and can also function as
anion (such as 0-) transporters. Both H+ and anion trans
port are inhibited by purine nucleotides (7). Further
more, fatty acids are known to activate UCP-mediated
uncoupling, by a mechanism that is presently not com
pletely understood (10).

Brown adipose tissue thermogenesis is thought to play
a role in the development of obesity in animals. For ex
ample, leptin-deficient ob/ob mice, which are morbidly
obese, have defective brown adipose tissue thermogenesis
and are cold-sensitive (II). In 1993, a transgenic mouse was
created with targeted ablation of brown adipose tissue.
These mice lacked UCPI and became obese at a young age,
before developing hyperphagia (12). However, UCPI
knock-out mice were cold-sensitive, but did not become
obese (13). This indicates that the brown adipose tissue may
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contain other signals that are involved in the regulation of
body weight. Together, these results indicate the importance
of UCPI in the thermogenic activity of brown adipose tis
sue; however, the role of UCPI in body weight regulation is
still unclear.

Figure 2: The VCP (thermogenin) of brown fat mitochondria, by
providing an alternative route for protons to re-enter the mitochon
drial matrix, causes the energy conserved by proton pumping to be
dissipated as heat. (From Oxidative phosphorylation and photo
phosphorylation. In: Lehninger AL, Nelson DL, Cox MM, eds.
Principles of Biochemistry. 2nd ed. chap. 18. New York: Worth
Publishers; 1993.)

UCP in Skeletal Muscle: UCP3
Inspired by the discovery of UCP2, by the fact that

skeletal muscle determines 40% of whole-body adrenaline
induced thermogenesis (19) and that chronic treatment of
mice with I3ragonists induced expression of UCPI in skel
etal muscle (20), Boss et al. (21) searched for UCP ho
mologs in skeletal muscle. They found three products simi
lar to the rat muscle UCPI product, with amino acid lengths
of 309,312, and 275. The 309 amino acid product turned
out to be the recently discovered UCP2 protein. The other
two products were identical for the first 275 amino acids,
suggesting that they were isoforms of the same protein.
They had 57% and 73% amino acid identity to UCPI and
UCP2, respectively, and were called UCP3 long and short
forms (UCP3L and UCP3S). When comparing UCPI,
UCP2, and UCP3, it appeared that many of the nonidentical
residues were conservative substitutions and in regions that
also showed substantial variation in UCPI between species
(21). This indicated that all three UCPs belonged to the
same gene family. Both UCP2 and UCP3L contain six
transmembrane domains and have a potential purine nucleo
tide binding region (aa 279-301). Binding of GDP to this
nucleotide binding region in UCPI has been shown to result
in a change in conformation and inhibition of H+ and Cl"
permeability (22). UCP3S only has five transmembrane do-

et al. (17) recently cloned a homolog of UCP I, called
UCP2. The amino acid sequence of UCP2 is 59% identical
to UCPI and consists of 309 amino acids with a molecular
weight of 33 kDa. Several protein motifs are conserved in
the two UCPs, including three mitochondrial carrier protein
motifs and the amino acids essential for ATP binding, sug
gesting that UCP2 also has a functional role as a mitochon
drial uncoupler. To test this, the decrease in mitochondrial
potential was measured in yeast after introducing UCP2 in
a vector. The results showed that UCP2 influenced mito
chondrial activity and could partially uncouple respiration
from ATP synthesis (16). The tissue distribution of UCP2
gene expression was investigated by Northern blot analysis
and was shown to be markedly different from UCPI. UCP2
mRNA was present in skeletal muscle, lung, heart, and kid
ney as well as in tissues of the immune system (16). Further
evidence for the uncoupling capacity of UCP2 was provided
by Negre-Salvayre et al. (18), who showed that, in brown
adipose tissue, the production of H20 2 (an index of mito
chondrial respiration) was increased by guanosine diphos
phate (GDP), probably by an inhibiting effect on UCPI
and/or UCP2. GDP had a similar effect on H20 2 production
in nonparenchymal cells as in brown adipose tissue, but had
no effect on H20 2 production in hepatocytes (18). In con
trast to hepatocytes, nonparenchymal cells do contain
UCP2; therefore, these results suggested that the effect of
GDP was through an inhibiting effect on UCP2, giving
further evidence for an uncoupling effect of UCP2.

Heat
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A Novel UCP: UCP2
In adult humans, brown adipose tissue is very scarce. In

neonates, brown adipose tissue is present but, later in life,
the expansion of white adipose tissue overgrows brown adi
pose tissue (14). Under prolonged periods of cold exposure,
some brown adipose tissue may remain in adult humans
(15), but in general, the amount is very limited. Therefore,
the role of UCPI in human energy expenditure has long
been controversial. However, Fleury et al. (16) and Gimeno
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1 OOAC'l'CACAOgtaagacccc •.• 2000 bp••• tctcctgcagCCCCACCGCT 2 (221 bpI

muscle UCP3 expression and BMI, and a positive correla
tion between UCP3 mRNA levels and RMR in Pima Indians
(27) (Figure 4). Assuming that mRNA levels reflect UCP3
protein concentrations and activity, these data indicate that
reduced skeletal muscle UCP3 may result in a reduced
RMR. Because a low relative RMR is a predisposing factor
for weight gain (28), it was expected that individuals with
low UCP3 gene expression would have increased BMI,
which is in accordance with the negative correlation be
tween BMI and UCP3 gene expression in our study (27).

Both the UCP2 and UCP3 genes have been mapped to
human chromosome Ilgl3. Solanes et al. (24) demon
strated that PI clones containing human genomic inserts
contained both the UCP2 and UCP3 genes. This indicates
that the UCP2 and UCP3 genes were located within 75-150

Exan(oIze)

--=l000bp

Intran
SIze

.~r
UCP3seDNA(275a.a.)

Exon

2 CCGCC'l'GCAGgtaggtgccc •.•• 750 bp••• tgtccctcagATCCAGOOOG 3 (211 bpI
R L Q x Q G

3 GGCGCOOACAgtgagtgacc ...• 240 bp••• cccctcccagACTCCAGCCT 4(204 bpI
GAD N S S

4 C'l'G'.\'GGAAAGtaglJtctgg ••• 1200 bp••• ttcctaacagGAAC'I'TTClCC 5 (102 bp)
L W X G T L

5 CTGCTCACTGgtlJaggccct •••. 470 bp••• tcctctlJcalJACAAC'1"l'CCC 6L (181 bpI
L LTD N F 6.(-1.2 kb)

6 'I'CTACAAOOOg.tQAIJcctcc ••• 1800 bp ••• ttcttatcagATTTACACCC 7(-1.1 kb)
P Y K G * P T P

+
Slop for lICP3a

Figure 3: Human UCP3 gene structure. Human UCP3 gene with
start codon (ATG), stop codons (TGAs for UCP3s and TGAL for
UCP3 L ) , and cleavage and poly(A) adenylation signals
(AATAAAs for UCP3s and AATAAA L for UCP3L ) are shown
herein. Exons are coded from I through 7. 3'-Untranslated regions
for UCP3s and UCP3L are shown as UTRs and UTRL , respec
tively. The Genlsank" accession numbers for each exon and
flanking intronic sequences are consecutive from exon I to exon 7:
AF012196, AF012197, AF012198, AF012199, AF012200,
AF012201, and AF012202. Schematic cDNAs are shown below
the gene structure. On the bottom is the exact location of the splice
donors and splice acceptors (uppercase letters refer to exon se
quence; lowercase letters refer to intron sequence). Amino acids
adjacent to the splice sites are shown below the nucleotide se
quence. (From Gemma Solanes, Antonio Vidal-Puig, Danica Gru
jic, Jeffrey S. Flier, and Bradford B. Lowell. The human uncou
pling protein-3 gene: genomic structure, chromosomal localiza
tion, and genetic basis for short and long form transcripts. J. BioI.
Chern. 1997;272:25433-25436.)

mains and lacks the purine nucleotide binding region.
Northern blotting revealed that the UCP3 gene was ex
pressed predominantly in skeletal muscle and brown adi
pose tissue, and at low levels in heart muscle, and that
UCP3 gene expression in skeletal muscle was four-fold
higher than that of the UCP2 gene (23). Furthermore, the
ratio of UCP3L to UCP3S gene expression was I (21). The
genomic structure of the UCP3 gene was first described by
Solanes et al. (24), who reported that the UCP3 gene con
sists of 7 exons, of which exon I is untranslated (Figure 3).
Furthermore, intron 6 contains a cleavage and polyadenyl
ation site that terminates the message elongation -50% of
the time. If this occurs, message elongation terminates in
exon 6, where a stop codon (codon 275) is located and
UCP3S is produced. If message elongation is not ended by
the polyadenylation signal in intron 6, message elongation
continues to a polyadenylation signal in exon 7, producing
UCP3L. The last exon (exon 7) encodes a 37 amino acid
C-terminus. In UCPl, this segment has been shown to be
important in purine nucleotide-mediated inhibition of UCPl
activity (25). It is therefore suggested that UCP3S may have
altered uncoupling activity.

In summary, both UCP2 and UCP3 have uncoupling
activity and are expressed in tissues that have an impor
tant role in energy expenditure. Therefore, it can be as
sumed that those UCPs might have a major influence on
energy balance.

Role of UCP2 and UCP3 in Obesity and
Energy Expenditure

In animals, a direct comparison of UCP2 gene expres
sion in obesity-resistant (NJ) mice and obesity-prone (B6)
mice showed higher UCP2 mRNA levels in the obesity
resistant mice (16). mRNA levels of UCP2 were increased
in white adipose tissue by a high-fat diet in the NJ strain,
but not in the B6 strain mice (6). This result suggested that
UCP2 plays a role in preventing obesity in NJ mice fed a
high-fat diet, possibly by increasing energy expenditure.
Surprising results were provided by Enerback et al. (13),
who showed that mice lacking UCPl (UCPl knock-out) did
not become obese when fed a high-fat diet. Therefore, ad
ditional mechanism(s) (other than UCPl) for maintaining
body weight must be present. UCP2 was upregulated
five-fold in brown adipose tissue of these mice, possibly
compensating for the absence of UCPI. These results sug
gest that UCP2 may be involved in the regulation of
body weight.

In humans, Millet et al. (26) showed a positive corre
lation between UCP2 mRNA levels in adipose tissue and
body mas index (BMI). However, no difference in the ex
pression of UCP2 and UCP3 in skeletal muscle was found
between subjects with obesity and lean subjects, suggesting
no major role for UCPs in obesity (26). In contrast, we
recently showed a negative correlation between skeletal
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Cold Exposure
In brown adipose tissue, UCPI is responsible for the

increase in energy expenditure during cold exposure (4,5).
The increase in UCPI leads to more energy dissipated as
heat for the regulation of body temperature. Therefore, cold
exposure is one of the candidates for upregulation of UCP2
and UCP3 expression. In one study, UCP2 in mice was not
upregulated after 10 days of cold exposure (4°C) in brown
adipose tissue, white adipose tissue, skeletal muscle, or liver
(16). In contrast, Boss et al. (35) found that both UCPI and
UCP2 mRNA in brown adipose tissue were upregulated by
48 hours of cold exposure (6°C) in rats. As previously de
scribed, UCPI knock-out mice had a five-fold increase in
brown adipose tissue UCP2, but were not able to maintain
body temperature when exposed to cold (5°C) (13). This
indicates that, even if UCP2 expression is increased in
brown adipose tissue by cold exposure, this increase is not
sufficient for the maintenance of body temperature. In two
studies, UCP3 mRNA expression was found to be upregu-

Regulation of UCP2 and UCP3
Gene Expression

Urhammer et al. (33) were the first to report a common
polymorphism in the UCP2 gene. This polymorphism was a
single nucleotide substitution, which resulted in an alanine
to a valine amino acid substitution at position 55. The
Ala55Vai variant was located in a nonfunctional domain
and the substitution of valine for alanine is a conservative
amino acid substitution, probably not resulting in major
changes in the structure of the protein. In Danish Cauca
sians, this polymorphism was not associated with BMI, fat
mass, or waist-to-hip ratio (33). We identified a second
polymorphism in UCP2, a 45 base pair insertion/deletion
(I/O) variant located 158 base pairs after the stop codon in
exon 8. This polymorphism was found to be associated
with sleeping metabolic rate in a small group (n =76) of
Pima Indians. There was also some evidence of associa
tion between this polymorphism and BMI in Pima Indians
over 45 years of age (p = 0.04, n = 105) (34). The inser
tion/deletion variant was highly polymorphic in this popu
lation, with a genotype frequency of 16%, 49%, and 35%
for III, I/O, and DID, respectively. Although the position of
this polymorphism suggests possible involvement in mRNA
stability, no differences in UCP2 mRNA levels in skeletal
muscle were found between the genotypes .

In summary, the previously described data suggest a
role for these new uncoupling proteins in energy balance.
Impairment of the expression of these proteins, or expres
sion of less active forms, could lead to reduced energy
expenditure and therefore contribute to the development of
obesity. Therefore, UCPs may represent a new possible tar
get for the treatment of obesity. However, a lot more data is
required regarding the regulation of these genes in normal
human physiology.
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kb of each other. Surwit et al. (29) showed that the mouse
UCP3 gene is 5' to the UCP2 gene and that the two genes
are only 8 kb apart. Chromosome Ilq13 is in the proximity
(-15 cM) of a locus (II q21-q22), which was found to be
linked to percent body fat in Pima Indians (30). Bouchard et
al. (31) typed three markers in the vicinity of IIq13 in 640
individuals from 155 pedigrees from the Quebec Family
Study. A linkage between marker DIIS9I1 and RMR was
found, suggesting a role for UCP2 and/or UCP3 in energy
metabolism (31). In contrast, Elbein et a. (32) did not find
linkage between markers in the IIq13 region and BMI in 42
North European families with type 2 diabetic siblings.
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Figure 4: From Patrick Schrauwen, James Xia, Clifton Bogardus,
Richard Pratley and Eric Ravussin. Skeletal muscle UCP3 expres
sion is a determinant of energy expenditure in Pima Indians. Sub
mitted 1998.
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lated by 10 days of cold exposure (4°C or 6°C) in brown
adipose tissue of rats, but not in skeletal muscle (21,36).
Overall, these results indicate a role for the UCPs in the
adaptive response to cold exposure in rodent brown adipose
tissue, but not skeletal muscle. The role of these UCPs in
human response to cold exposure is unclear.

Thyroid Hormone
An explanation for the different effects of cold expo

sure on UCP2 and UCP3 in brown adipose tissue and skel
etal muscle was provided by Larkin et at. (36). In brown
adipose tissue, cold exposure leads to an increase in triio
dothyronine (T3)' by the conversion of thyroxine to T3' This
conversion is catalyzed by thyroxine 5' deiodinase type II,
an enzyme induced 17-fold by cold exposure in brown adi
pose tissue, but not present in skeletal muscle. T3 is secreted
by the thyroid gland and has widespread stimulatory effects
on metabolism, such as increasing the rate of oxygen con
sumption, protein synthesis, glycogenolysis, and lipolysis.
T3 had a stimulatory effect on the expression of UCP2 and
UCP3 (36). Masaki et at. (37) gave rats daily infusions of T3
for 7 days. This procedure made the rats hyperthyroid and
they lost weight, compared with a control group given daily
infusions of saline. UCP2 mRNA expression increased in
brown adipose tissue, white adipose tissue, and skeletal
muscle, and UCPI increased in brown adipose tissue of the
T3-treated rats. A stimulatory effect of T3 injection for I
week on UCP2 mRNA in heart and skeletal muscle was also
found by Lanni et at. (38). The effect of thyroid hormone on
UCP3 mRNA expression was examined by Larkin et at.
(36), who showed a five-fold increase in UCP3 mRNA
expression after 5 days of T3 hormone treatment. In hypo
thyroid rats, skeletal muscle UCP3 mRNA levels were de
creased 3-fold, and treatment of these rats with a single
dose of T3 increased the UCP3 mRNA levels 6-fold (39).
Overall, these results provide clear evidence of a role for
thyroid hormone on both UCP2 and UCP3 gene expression
in rodents.

Fasting and High-Fat Feeding
Fasting is known to cause a decrease in RMR. In ro

dents, UCPI expression was decreased in brown adipose
tissue with fasting (40). However, after a 48-hour fast,
UCP2 gene expression was not changed in brown adipose
tissue of rats, but was increased in skeletal muscle (35).
Fasting (48 hours) decreased UCP3 mRNA in brown adi
pose tissue of rats, but increased UCP3 expression six-fold
in skeletal muscle (39,41). In humans, Millet et at. (26)
showed that a 5-day hypocaloric diet (1045 kJ/day) resulted
in a two- to three-fold increase in UCP2 mRNA in white
adipose tissue and skeletal muscle, and two- to three-fold
increase in UCP3 mRNA in skeletal muscle. These results
are surprising, because fasting decreases metabolic rate, and
an increase in UCP2 and UCP3 in skeletal muscle and white

102 OBESITY RESEARCH Vol. 7 No. 1 Jan. 1999

adipose tissue would be expected to increase metabolic rate.
One possible explanation is that the increase in lipolysis and
free fatty acid (FFA) during fasting may upregulate UCP2
and UCP3 gene expression. FFAs are ligands for peroxi
some proliferator-activated receptors, which were shown to
stimulate UCP2 expression (42,43), although results are still
somewhat inconclusive. Therefore, Weigle et at. (44) ex
amined whether the effects of fasting on UCP3 mRNA ex
pression could be explained by the effects of FFAs. They
administered infusions of an emulsion of triglycerides to
rats, resulting in FFA concentrations similar to those in
duced by fasting, and showed an increase in UCP3 mRNA
in skeletal muscle similar to that induced by fasting. This
suggests an important role for FFAs in the regulation of
UCP3 expression. Recently, Samec et at. (45) also showed
an increase in UCP2 and UCP3 mRNA in skeletal muscle in
response to fasting and a subsequent decrease in response to
refeeding, following the pattern of FFA levels. In addition,
in obesity-resistant AlJ mice, UCP2 mRNA levels in white
adipose tissue were increased after consumption of a high
fat diet for 7 days, 18 days, and 25 days. Matsuda et at. (46)
also found increased UCP3 levels in skeletal muscle and
increased UCP2 levels in white adipose tissue of rats after 4
weeks of high-fat diet. In contrast, Surwit et at. (29) ob
served no change in UCP2 or UCP3 mRNA levels in skel
etal muscle after 2 weeks of a high-fat diet in obesity-prone
and obesity-resistant strains of mice. Overall, these results
suggest a role for diet and FFA in the regulation of UCP2
and UCP3 expression.

Leptin
Leptin is absent in a strain of obese mice (ob/ob), and

injection of these mice with leptin caused weight loss by
decreasing food intake and increasing energy expenditure
(47,48). UCP3 mRNA levels in skeletal muscle of ob/ob
mice were not different to wild-type mice (39). Treatment of
the ob/ob mice with leptin (2 u.g/day) resulted in an increase
in UCP3 mRNA levels in skeletal muscle and brown adi
pose tissue (39). However, no data on food intake were
presented in this study, so the increase in UCP3 gene ex
pression may have been the result of decreased food intake
and weight loss. Zhou et at. (49) studied UCP2 mRNA
levels in hyperleptinemic rats, compared with pair-fed con
trols, thereby controlling for the effect of food intake. UCP2
mRNA levels in pancreatic islets were increased IO-fold in
hyperleptinemic rats, compared with pair-fed controls.
These data suggest a role for leptin in the regulation of
expression of UCP2 and UCP3. However, it should be re
membered that both of these animal models are very un
usual, compared with the physiology of human obesity. Evi
dence against a role for leptin on UCP expression was given
by Surwit et at. (29). They found no effect of twice-daily
leptin (20 ug) injections for 4 days on UCP2 expression in
white adipose tissue of mice (50). Indirect evidence against
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a role for leptin was provided by the stimulatory effects of
fasting on VCP2 and VCP3 levels. Fasting decreases plasma
leptin, yet VCP2 and VCP3 are upregulated (26). Overall,
data indicate that leptin has no direct effect on the expres
sion of the VCP2 and VCP3 genes under normal physiologi
cal conditions.

llJ-Agonists
The sympathetic nervous system is thought to play an

important role in energy balance. A low sympathetic output
has been associated with obesity in some animal models,
and low sympathetic nervous system activity predicts
weight gain in Pima Indians (51). I3rAdrenergic stimulation
of adipocytes results in increased lipolysis and thermogen
esis, largely mediated by 133-adrenoreceptors. VCPI is in
duced by I3ragonists, but treatment of mice for 10 days
with a I3ragonist (C316243) did not affect VCP2 mRNA
levels in brown adipose tissue, white adipose tissue, muscle,
or liver (16). In contrast, an increase in VCP2 mRNA levels
in brown adipose tissue after treatment with 133-agonist (Ro
168714) for 32 hours was reported in rats (35). Interest
ingly, treatment of rats with a I3ragonist (CL214613) in
creased VCP3 mRNA levels in white adipose tissue, in
which no VCP3 can normally be detected (39). It has been
shown previously that, under strong 133-adrenergic stimula
tion, white adipose tissue develops some characteristics of
brown adipose tissue.

Glucocorticoids
During fasting, an increase in glucocorticoids is ob

served, and glucocorticoids are regulators of fuel metabo
lism and gene transcription. Gong et al. (39) showed an
increase in VCP3 mRNA in muscle and a decrease in brown
adipose tissue 18 hours after a single dose (3.7 u.g/g) of
dexamethasone in mice. However, food intake was not con
trolled in this study. In contrast, Weigle et al. (44) compared
fasted rats, fed rats, and fed rats given twice-daily injections
of hydrocortisone (50 mg/kg). They found no effect of glu
cocorticoids on VCP2 and VCP3 mRNA expression.

Conclusions and Future Directions
The discovery of the VCP2 and VCP3 genes could be

a breakthrough in understanding the complex mechanisms
regulating energy expenditure and has given new stimuli for
research in this field. The results so far strongly suggest a
role for the VCPs in energy balance and obesity. However,
a lot of questions have yet to be answered to understand
fully the importance of these novel genes. The first barrier
to be overcome is generating antibodies for the proteins and
developing assays to measure protein levels directly. Only
then the question of whether mRNA levels reflect protein
concentrations can be answered. Furthermore, it would be
even better to measure the activity of the proteins in vivo.

Alterations of the activity of the VCPs could be a new
therapeutic target for obesity.

Acknowledgments
This review appears as a chapter in: Westerterp

Plantega MS, Steffens AB, Tremblay A, eds. Regulation of
Food Intake and Energy Expenditure. Milan: EDRA; 1999.

References
I. Mitchell P. Chemiosmotic coupling in oxidative and photo

synthetic phosphorylation. Bioi Rev Camb Philos Soc. 1966;
41:445-502.

2. Ravussin E, Lilloija S, Anderson TE, Christin L, Bogardus
C. Determinants of 24-hour energy expenditure in man. Meth
ods and results using a respiratory chamber. J Clin Invest.
1986;78:1568-78.

3. Rolfe DFS, Brown GC. Cellular energy utilization and mo
lecular origin of standard metabolic rat in mammals. Physiol
Rev. 1997;77:731-58.

4. Foster DO, Frydman ML. Nonshivering thermogenesis in
the rat. II. Measurements of blood flow with microspheres
point to brown adipose tissue as the dominant site of the
calorigenesis induced by noradrenaline. Can J Physiol Phar
macal. 1978;56:110--22.

5. Foster DO, Frydman ML. Tissue distribution of cold
induced thermogenesis in conscious warm- or cold-acclimated
rats reevaluated from changes in tissue blood flow: the dom
inant role of brown adipose tissue in the replacement of shiv
ering by nonshivering thermogenesis. Can J Physiol Pharma
cal. 1979;57:257-70.

6. Rothwell NJ, Stock MJ. A role for brown adipose tissue in
diet-induced thermogenesis. Nature. 1979;281:31-5.

7. Nicholls DG, Locke RM. Thermogenic mechanisms in brown
fat. Physiol Rev. 1984;64:1-64.

8. Brown GC, Brand MD. On the nature of the mitochondrial
proton leak. Biochem Biophys Acta. 1991;I059:55-62.

9. Nicholls D, Bernson V, Heaton G. The identification of the
component in the inner membrane responsible for regulating
energy dissipation. In: Girardier L, Seydoux J, eds. Effectors
of Thermogenesis. Basel: Birkhauser Verlag; 1978.

10. Garlid KD, Orosz DE, Modriansky, M, VassaneIli S, Jezek
P. On the mechanism of fatty acid-induced proton transport by
mitochondrial uncoupling protein. J Bioi Chem. 1996;271:
2615-20.

II. Himms-Hagen J, Desautels M. A mitochondrial defect in
brown adipose tissue of the obese (ob/ob) mouse: reduced
binding of purine nucleotides and a failure to respond to cold
by an increase in binding. Biochem Biophys Res Commun.
1978;83:628-34.

12. Lowell B, Susulic VS, Hamann A, Lawitts JA, Himms
Hagen J, Boyer Bea, Development of obesity in transgenic
mice after genetic ablation of brown adipose tissue. Nature.
1993;366:740--2.

13. Enerback S, Jacobsson A, Simpson EM, et al. Mice lacking
mitochondrial uncoupling protein are cold-sensitive but not
obese. Nature Genet. 1997;387:90--4.

14. Lean ME, James WP, Jennings G, Trayhurn P. Brown

OBESITY RESEARCH Vol. 7 No. 1 Jan. 1999 103



Human Uncoupling Proteins and Obesity, Schrauwen et al.

adipose tissue uncoupling protein content in human infants,
children and adults. C/in Sci. 1986;71:291-7.

15. Huttunen P, Hirvonen J, Kinnula V. The occurrence of
brown adipose tissue in outdoor workers. Eur J Appl Physiol
1981 ;46:339-45.

16. Fleury C, Neverova M, Collins S, et al, Uncoupling protein
2: a novel gene linked to obesity and hyperinsulinemia. Nature
Genet. 1997;15:269-73.

17. Gimeno RE, Dembski M, Weng X, et al. Cloning and char
acterization of an uncoupling protein homolog: a potential
molecular mediator of human thermogenesis. Diabetes. 1997;
46:900-6.

18. Negre-Salvayre A, Hirtz C, Carrera G, et al. A role for
uncoupling protein-2 as a regulator of mitochondrial hydrogen
peroxide generation. FASEB J. 1997;11:809-15.

19. Simonsen L, Stallknecht B, Billow J. Contribution of skel
etal muscle and adipose tissue to adrenaline-induced thermo
genesis in man. Int JObes. 1993;17:S47-S51.

20. Nagase I, Yoshida T, Kumamoto K, et al. Expression of
uncoupling protein in skeletal muscle and white fat of obese
mice treated with thermogenic beta 3-adrenergic agonist. J
C/in Invest. 1996;97:2898-904.

21. Boss 0, Samec S, Paoloni-Giacobino A, et al. Uncoupling
protein-3: a new member of the mitochondrial carrier family
with tissue-specific expression. FEBS Lett. 1997;408:39-42.

22. Nedergaard J, Cannon B. In: L. Ernster, eds. New Compre
hensive Biochemistry (Bioenergetics). Stockholm: Elsevier
Science; 1992.

23. Vidal-Puig A, Solanes G, Grujic D, Flier JS, Lowell BB.
UCP3: An uncoupling protein homologue expressed prefer
entially and abundantly in skeletal muscle and brown adipose
tissue. Biochem Biophys Res Commun. 1997;235:79-82.

24. Solanes G, Vidal-Puig A, Grujic D, Flier JS, Lowell BB.
The human uncoupling protein-3 gene: genomic structure,
chromosomal localization, and genetic basis for short and long
form transcripts. J Bioi Chem. 1997;272:25433-6.

25. Bouillaud F, Arechage I, Petit PX, et al. A sequence related
to a DNA recognition element is essential for the inhibition by
nucleotides of proton transport through the mitochondrial un
coupling protein. EMBO J. 1994;13:1990-7.

26. Millet L, Vidal H, Andreelli F, et al, Increased uncoupling
protein-2 and -3 mRNA expression during fasting in obese
and lean humans. J C/in Invest. 1997;100:2665-70.

27. Schrauwen P, Xia J, Bogardus C, Pratley R, Ravussin E.
Skeletal muscle UCP3 expression is a determinant of energy
expenditure in Pima Indians. Diabetes. in press, Jan. 1999.

28. Ravussin E, Lillioja S, Knowler WC, et al. Reduced rate of
energy expenditure as a risk factor for body-weight gain. N
Engl J Med. 1988;318:467-72.

29. Surwit RS, Wang S, Petro AE, et al. Diet-induced changes.
in uncoupling proteins in obesity-prone and obesity-resistant
strains of mice. Proc Natl Acad Sci USA. 1998;95:4061-5.

30. Norman RA, Thompson DB, Foroud T, et al. Genomewide
search for genes influencing percent body fat in Pima Indians:
suggestive linkage at chromosome Ilq21-q22. Am J Hum
Genet. 1997;60:166-73.

31. Bouchard C, Perusse L, Chagnon YC, Warden G, Ric-

104 OBESITY RESEARCH Vol. 7 No. 1 Jan. 1999

quier D. Linkage between markers in the vicinity of the un
coupling protein 2 gene and resting metabolic rate in humans.
Hum Mol Genet. 1997;6:1887-9.

32. Elbein SC, Leppert M, Hasstedt S. Uncoupling protein 2
region on chromosome II q13 is not linked to markers of
obesity in familial type 2 diabetes. Diabetes 1997;46:2105-7.

33. Urhammer SA, Dalgaard LT, Serensen TIA, et al, Muta
tional analysis of the coding region of the uncoupling protein
2 gene in obese NIDDM patients: impact of a common amino
acid polymorphism on juvenile and maturity onset forms of
obesity and insulin resistance. Diabetologia. 1997;40:
1227-30.

34. Walder K, Norman RA, Hanson RL, et al, Association
between uncoupling protein polymorphisms (UCP2-UCP3)
and energy metabolism/obesity in Pima Indians. Hum Mol
Genet. 1998;7:1431-5.

35. Boss 0, Samec S, Dulloo A, Seydoux J, Muzzin P, Giaco
bino J-P. Tissue-dependent upregulation of rat uncoupling
protein-2 expression in response to fasting or cold. FEBS Lett.
1997;412:111-4.

36. Larkin S, Mull E, Miao W, et al, Regulation of the third
member of the uncoupling protein family, UCP3, by cold and
thyroid hormone. Biochem Biophys Res Commun. 1997;240:
222-7.

37. Masaki T, Yoshimatsu H, Kakuma T, Hidaka S, Kuro
kawa M, Sakata T. Enhanced expression of uncoupling pro
tein 2 gene in rat white adipose tissue and skeletal muscle
following chronic treatment with thyroid hormone. FEBS Lett.
1997;418:323-6.

38. Lanni A, De Felice M, Lombardi A, et al. Induction of
UCP2 mRNA by thyroid hormones in rat heart. FEBS Lett.
1997;418:171-4.

39. Gong D-W, He Y, Karas M, Reitman M. Uncoupling pro
tein-3 is a mediator of thermogenesis regulated by thyroid
hormone. ~3-adrenergic agonists, and leptin. J Bioi Chem.
1997;272:24129-32.

40. Trayhurn P, Jennings G. Nonshivering thermogenesis and
the thermogenic capacity of brown fat in fasted and/or refed
mice. Am J Physiol. 1988;254:RII-6.

41. Boss 0, Samec S, Kuhne F, et al. Uncoupling protein-3
expression in rodent skeletal muscle is modulated by food
intake but not by changes in environmental temperature. J Bioi
Chem. 1998;273:5-8.

42. Aubert J, Champigny 0, Saint-Marc P, et al, Up-regulation
of UCP-2 gene expression by PPAR agonists in preadipose
and adipose cells. Biochem Biophys Res Commun. 1997;238:
606-11.

43. Camirand A, Marie V, Rabelo R, Silva JE. Thiazolidine
diones stimulate uncoupling protein-2 expression in cell lines
representing white and brown adipose tissue and skeletal
muscle. Endocrinology. 1998;139:428-31.

44. Weigle DS, Selfridge LE, Schwartz MW, et al, Elevated free
fatty acids induce uncoupling protein 3 expression in muscle.
A potential explanation for the effect of fasting. Diabetes.
1998;47:298-302.

45. Samec S, Seydoux J, Dulloo AG. Role of UCP homologues
in skeletal muscles and brown adipose tissue: mediators of



Human Uncoupling Proteins and Obesity, Schrauwen et al.

thermogenesis or regulators of lipids as fuel substrate? FASEB
J. 1998;12:715-24.

46. Matsuda J, Hosoda K, Itoh H, et al, Cloning of rat uncou
pling protein-3 and uncoupling protein-2 cDNAs: their gene
expression in rats fed high-fat diet. FEBS Lett. 1997;418:
2~.

47. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P.
Recombinant mouse OB protein: evidence for a peripheral
signal linking adiposity and central neural networks. Science.
1995;269:546-9.

48. Weigle OS, Bukowski TR, Foster DC, et al. Recombinant ob

protein reduces feeding and body weight in the ob/ob mouse.
J Clin Invest. 1995;96:2065-70.

49. Zhou Y-T, Shimabukuro M, Koyama K, et al. Induction by
leptin of uncoupling protein-2 and enzymes of fatty acid oxi
dation. Proc Natl Acad Sci USA. 1997;94:6386-90.

50. Surwit RS, Petro AE, Parekh P, Collins S. Low plasma
leptin in response to dietary fat in diabetes- and obesity-prone
mice. Diabetes. 1997;46:1516-20.

51. Ravussin E, Tataranni PA. The role of altered sympathetic
nervous system activity in the pathogenesis of obesity. Proc
Nutr Soc. 1996;55:793-802.

OBESITY RESEARCH Vol. 7 No. 1 Jan. 1999 105


