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Abstract One of the significant naturally occurring short-
circuits in the chemiosmotic process is manifest through the
activity of uncoupling protein 1, most notably present in the
inner membrane of mitochondria in brown adipose tissue.
Much has been learnt about the mechanism of action of
uncoupling protein 1 since its discovery in the 1970’s, yet
many areas of controversy surround (i) the mechanism of
its action, (ii) novel regulators of its activity, and (iii) the
tissue specificity of its expression. In this mini-review,
areas of controversy are highlighted from the aforemen-
tioned categories using selected key experiments to dem-
onstrate the arguments.

Introduction

Uncoupling protein 1 (UCP 1 also known as UCP and
thermogenin) is a 33 kDa mitochondrial inner membrane
protein and has classically been associated with brown
adipose tissue (BAT) of mammals and human infants (and
in adult human patients with phaeochromocytoma). Sym-
pathetic innervation of BAT, usually as a result of cold
adaptation/acclimation, results in dissipation of the proton
electrochemical gradient (Δp) across the mitochondrial
inner membrane by UCP 1. The resulting futile cycle of
proton pumping and proton leak increases flux through
fatty acid oxidation and increases electron transport chain
activity. The heat generated from the increase in metabolic
flux defines the molecular basis of non-shivering thermo-
genesis in mammals. Extensive blood supply to the brown

adipose tissue ensures that the whole animal (and human
infant) is kept warm under cold conditions (for reviews see:
Nicholls and Locke 1984; Nicholls 2001; Cannon and
Nedergaard 2004; Nicholls 2006).

The mechanism behind the noradrenalin signal that
activates mature brown adipose tissue is interesting and
multifaceted in that there are three types of adrenergic
receptor on the surface of mature brown adipocytes (β, α2

and α1), all of which are associated with activation of
brown fat (reviewed in Cannon and Nedergaard 2004). β3-
adrenergic receptors are the most significant β-receptors in
terms of mature brown adipocyte activation, certainly in
rats and mice. Noradrenalin and agonists such as BRL-
37344 (Arch et al. 1984) and CL-316243 (Himms-Hagen et
al. 1994) have all been used to activate brown adipocytes
through the β3-receptor in vitro. The β3-adrenergic receptor
is coupled to a G-protein activated adenylate cyclase. The
noradrenalin induced increase in intracellular cAMP levels
activate protein kinase A which phosphorylates a series of
proteins in the cytosol, and possibly mitochondria through
A-kinase anchoring proteins (Sardinalli et al. 2006; Dyson
et al. 2008). Thermogenesis in BAT is dependent on protein
kinase A phosphorylation of perilipin which facilitates
access of hormone sensitive lipase to intracellular fat stores,
releasing free fatty acids into the cytosol (Souza et al.
2007). So, in short, activation of UCP 1 in vivo requires
interaction with free fatty acids and the ability of free fatty
acids to overcome the inhibition of UCP 1 by purine
nucleotides (at millimolar concentrations inside the cell).

Apart from the β3-adrenergeic response, brown adipo-
cytes also have α2-adrenergeic receptors. Inhibitors of the
α2-adrenergic receptor response have been shown to
enhance the β3-stimulated cAMP response (Bronnikov et
al. 1999a), implying that the α2-adrenergic response can be
antagonistic to the β3-response. α1-adrenergic receptors are
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abundant on the surface of brown adipocytes, are predicted
to result in mobilisation of intracellular Ca2+and appear also
to be antagonist to the β3-response (Bronnikov et al.
1999b). However, Ca2+ is a stimulator of metabolism in
mitochondria e.g. Krebs cycle enzymes and glycerol-3-
phosphate dehydrogenase, and would be predicted to
stimulate mitochondrial phosphatases (Lee et al. 2005;
Hopper et al. 2006). Clearly, the activation of brown
adipose tissue results from a balance between the β- and
α-receptor responses and the activation of UCP 1 by free
fatty acids, coupled with activation of metabolism in
mitochondria is consistent with the thermogenic response
in BAT following sympatheic innervation.

Mechanism of action of UCP 1

The nature of the fatty acid dependency and purine
nucleotide inhibition of proton leak, through UCP 1, is
crucial to the understanding of the process of non-shivering
thermogenesis. Consequently, this has been investigated at
the cellular and subcellular level as well as at the
reductionist level of (native) UCP 1 reconstituted into
liposomes membranes. It has long been known that
mitochondria isolated from active BAT are essentially
uncoupled, but on addition of purine nucleotides, oxygen
consumption rates due to the UCP 1 catalysed proton leak
are inhibited (reviewed in Nicholls and Locke 1984; Cannon
and Nedergaard 2004). It has been clearly demonstrated

that addition of nanomolar concentrations of long chain free
fatty acids can alleviate the purine nucleotide inhibition of
isolated BAT mitochondria (Nicholls and Rial 1999). This
evidence for fatty acid dependent alleviation of purine
nucleotide inhibition of UCP 1 activity at the subcellular
level is consistent with observations at the cellular level for
UCP 1 activation. Some of the most convincing studies,
demonstrating fatty acid dependent UCP 1 activity emanate
from work on brown adipocytes isolated from wild-type
and UCP 1 knock-out mice (summarized in Cannon and
Nedergaard 2004). Brown adipocytes from UCP 1 wild-
type mice clearly display an increase in oxygen consump-
tion on addition of noradrenaline, whereas there is no
increase in oxygen consumption rates on addition of
noradrenaline to brown adipocytes from UCP 1 knock-out
mice. Moreover, the fatty acid dependency of UCP1 is
further highlighted by the observation that brown adipo-
cytes from UCP 1 wild-type mice clearly display an
increase in oxygen consumption on addition of oleate,
whereas brown adipocytes from UCP 1 knock-out mice do
not respond to oleate to the same extent.

However the nature by which free fatty acids are
involved in the UCP uncoupling process is controversial.
The two main models for the role of fatty acids in the
mechanism of action of UCP 1 are (a) that UCP 1 acts as a
proton conduit across the mitochondrial inner membrane
and importantly that fatty acids act as cofactors/activators
providing an addition carboxyl group at a key intramem-
brane site enhancing the rate of proton movement (Fig. 1a)
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Fig. 1 The two main models for
the role of fatty acids in the
mechanism of action of UCP 1
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(for reviews see Klingenberg and Huang 1999; Nicholls
and Rial 1999). The second model (b) proposes that
protonated fatty acids freely flip across the mitochondrial
inner membrane, independently of UCP 1, and uncouple
the mitochondria. In this instance, uncoupling proteins act
as ‘flippases’ translocating the resulting anionic fatty acids
back across the bilayer leaflets of the mitochondrial inner
membrane (Fig. 1b)(for review see Garlid et al. 2001). This
latter mechanism was originally proposed by Skulachev
(1991) and has been championed by Garlid and Ježek
(Ježek and Garlid 1990; Garlid et al. 2000). Thus in this
latter model, UCP 1 doesn’t transport protons per se but
facilitates a cycle of uncoupling by free fatty acids.

Remarkably, there is evidence for both models. A key
piece of evidence, for the cofactor/activator model, stems
from tabulations in two reviews by Klingenberg reporting
that the chemically modified, unflippable yet α-carboxyl
unmodified fatty acid, glucose pyranoside-O-ω-palmitate
were able to “activate” native reconstituted UCP 1 present
in liposome membranes (Klingenberg and Huang 1999;
Klingenberg et al. 1999). In fact, the rate of proton
translocation through UCP 1 in the presence of glucose
pyranoside-O-ω-palmitate was shown to be twice that of
using palmitate alone. Clearly if UCP 1 was a flippase then
glucose pyranoside-O-ω-palmitate should not work be-
cause, of the hydrophilic glucose on the ω-end of the fatty
acid. Unfortunately, no information was published by
Klingenberg for the synthesis of glucose pyranoside-O-ω-
palmitate nor indeed was the original data published
demonstrating that glucose pyranoside-O-ω-palmitate
could “activate” UCP 1.

In contrast, the key evidence for the flippase model
stems from the many observations that native UCP 1
reconstituted into liposome membranes can transfer charge
across the liposome membrane using fatty acids and most
notably a non-protonatable fatty acid analogue, namely
undecanesulphonate (C11SO3

−, pK∼ 2)(reviewed in Garlid
et al. 2000). A requirement for the cofactor/activator model
is a protonatable and deprotonatable carboxyl group
provided by the α-carboxyl of long chain fatty acids. The
sulphonate group on undecanesulphonate is unprotonatable
at neutral pH and therefore should not facilitate proton
translocation/charge transfer according to the cofactor/
activation model. Yet the only logical explanation for the
observed (GDP-sensitive) charge transfer in the presence of
undecanesulphonate is that UCP 1 flipped the anionic fatty
acid analogue across the lipid bilayer.

In an endeavour to reconcile the two models, our
laboratory revisited the aforementioned key pieces of
evidence for both models. Using liposomes containing
native UCP 1, it was possible to confirm that undecane-
sulphonate could catalyse charge transfer across liposome
membranes, in accordance with the key evidence for the

“flippase” model. In the case of the key evidence for the
cofactor/activation model we had to synthesize glucose
pyranoside-O-ω-palmitate (or glucose-O-ω-palmitate as
denoted in our publications) de novo. Importantly, it was
possible to demonstrate that the de novo synthesized
glucose-O-ω-palmitate had >93% purity and was stable at
neutral pH (Gouin et al. 2005). Dramatically, and in
contrast to the data reported by Klingenberg in his reviews,
we demonstrated that glucose-O-ω-palmitate could not
“activate” proton translocation in liposomes containing
native reconstituted UCP 1 nor could it “activate” oxygen
consumption by mitochondria from brown adipose tissue in
the presence of purine nucleotides (Breen et al. 2006).
Although these latter observations do not distinguish
between the two models, they do question key evidence
for the cofactor/activation model for UCP 1.

Controversy also surrounds the nature of the interaction
between the fatty acids and the purine nucleotides on UCP
1. Using isolated mitochondria from BAT Shabalina et al.
(2004) demonstrated that oleate competes with GDP for the
GDP-binding site. This conclusion however, is at odds with
data for isolated BAT mitochondria demonstrating that nano-
molar concentrations of fatty acids can alleviate inhibition of
UCP1 at micromolar concentrations of purine nucleotide, an
observation which intuitively suggests an allosteric interac-
tions between two separate binding sites, one for purine
nucleotides and one for fatty acids. Two independent binding
sites are also inferred from structural studies. Like all
mitochondrial inner membrane transporters so far character-
ized, UCP 1 is predicted to have a tripartite structure
(Klingenberg et al. 1999). Photoaffinity studies suggest that
residues in the third domain and the C terminus are required
for purine nucleotide binding (Klingenberg et al. 1999).
Chimeric studies have predicted that the central domain is
required for fatty acid binding (Jimenez-Jimenez et al. 2006).

Another area of controversy, under the heading of “UCP
1 mechanism”, relates to the requirement of ubiquinone for
UCP 1 activity. As already mentioned, native UCP 1 from
rat or hamster BAT can be reconstituted into liposomes
(Klingenberg and Huang 1999; Nicholls and Rial 1999;
Garlid et al. 2001) and using a fluorimeter and pH-sensitive
fluorescent dyes, GDP sensitive, fatty acid dependent
proton (and chloride) transport through UCP1 can be
demonstrated. In addition to natively purified UCP1,
hamster, rat and human UCP 1 (Breen et al. 2006) has also
been expressed in Escherichia coli and reconstituted in
liposomes where proton (and chloride) transport studies
were undertaken. Data using the UCP 1 reconstitution and
assay systems in the Klingenberg laboratory show that
proton flux is fatty acid (micromolar) dependent, ubiqui-
none dependent and inhibited by nanomolar purine nucle-
otide concentrations (Echtay et al. 2000). Chloride flux
could also be measured.
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On the other hand data from the Garlid laboratory using a
different reconstitution system and assay systems, gave
different results. In this instance, native UCP 1 or E. coli or
yeast expressed UCP 1 were reconstituted into liposomes
and a fluorimeter using indirect measurements of proton
flux and charge movement [to assay flippase activity/
uncoupling activity] was undertaken. Chloride flux was
not measured but proton flux was shown to be dependent on
micromolar fatty acids and nucleotide sensitive (micromo-
lar) (Jabůrek et al. 1999; Jabůrek and Garlid 2003). The
bottom line was that flippase activity showed no ubiquinone
dependence. The discrepancy over ubiquinone dependency
may reflect methodological difference in UCP 1 reconstitu-
tion and assay systems between the Garlid and Klingenberg
laboratories.

Novel regulators of UCP 1 activity

A relatively recent protagonist in the area of UCP 1
function has been the discovery that fatty acid breakdown
products (e.g. 4-hydroxy-2-nonenals) can activate UCP 1
and other mitochondrial transporters, presumably through
direct covalent modification (Echtay et al. 2003; Esteves
and Brand 2005). 4-hydroxy-2-nonenals can occur as a
result of superoxide damage to polyunsaturated fatty acids
associated with phospholipids in membranes. Consequent-
ly, a role for UCP’s in increasing proton leak to reduce free
radical production by mitochondria has been proposed,
particularly for UCP‘s other than UCP 1. However data
also exist demonstrating that 4-hydroxl-2-nonenals increase
proton leak across the mitochondrial inner membrane of
BAT mitochondria from UCP1 wild-type and UCP1 knock-
out mice suggesting that the proton leak catalyzed by these
aldehydes is a non-UCP specific leak (Shabalina et al.
2006).

More recently, further evidence for covalent modifica-
tion of UCP1 has come from our laboratory (Carroll et al.
2008). Mass spectrometry has identified phosphorylation
on serine 51 in UCP1 purified from cold-acclimated rats.
Furthermore, immunoblot analysis of UCP 1 purified from
BAT mitochondria, using antibodies to serine phosphate,
demonstrates that there is a greater proportion of serine
phosphorylation associated with UCP 1 purified from cold-
acclimated rats when compared to rats kept at room
temperature. Our observation is consistent with the possi-
bility of mitochondrial phosphorylation events via protein
kinase A downstream of noradrenalin activation of brown
adipose tissue (Sardinalli et al. 2006; Dyson et al. 2008),
but inconsistent with the predicted dephosphorylation of
mitochondrial proteins through the same noradrenalin event
(Lee et al. 2005). Furthermore it is hard to postulate what
role phosphorylation of serine 51 might have in UCP 1

function. As already mentioned the third domain and the C
terminus of UCP1 are required for purine nucleotide
binding (Klingenberg et al. 1999). The central domain is
required for fatty acid binding (Jimenez-Jimenez et al.
2006). Serine 51 is in the first domain, so the role of this
domain or the significance associated with its phosphory-
lation has yet to be determined.

Tissue specificity of constitutively expressed UCP 1

There have been two reports of constitutive UCP 1 protein
expression in tissues other than BAT. Detection of UCP 1 in
uterine longitudinal smooth muscle cells was reported by
Nibbelink et al. (2001) using (a) a commercially available
peptide antibodies (11A) to the C terminus of UCP 1 and
(b) antibodies raised to full-length rat UCP 1 (Ricquier et
al. 1983). However, investigations by Rousset et al. (2003)
challenged these data based on the non-specificity of the
11A peptide antibodies to the C terminus of UCP 1 used by
Nibbelink et al. (2001).

Our laboratory has recently discovered UCP 1 in
mitochondria from rat and mouse whole thymus and
thymocytes (Carroll et al. 2004; Carroll et al. 2005; Porter,
2006). The thymus is the site of T-helper and cytotoxic T-
cell maturation and selection (Ritter and Crispe 1992).
There is a sizeable (>90%) attrition rate of thymocytes, by
apoptosis, in the thymus as a result of positive and negative
selection. Evidence for the existence of UCP 1 in thymus
includes (a) reverse transcriptase-polymerase chain reaction
detection of RNA transcripts for UCP 1 in whole thymus
and in isolated thymocytes of rats and mice (thymocytes
were not contaminated with brown adipocytes, but
contained >99% Thy-1 (CD90) positive lymphocytes as
identified by FACS analysis and cell size (Cinti et al. 1997;
Adams et al. 2008), (b) antibodies specific to UCP 1
peptide, detected protein of appropriate molecular mass in
mitochondria isolated from whole thymus and thymocytes
of rats and mice, but not in thymus mitochondria from UCP
1 knock-out mice (c) confocal images of UCP 1 associated
with mitochondria in situ in thymocytes from wild-type but
not UCP 1 knock-out mice (Adams et al. 2007, 2008).

The existence of constitutively expressed UCP 1 in
thymus has been challenged by Frontini et al. (2007) who
showed histological/confocal images of UCP 1 detection
associated with BAT in the vicinity of thymus tissue from
mouse/rat, using antibodies to full-length UCP 1. These
authors suggest that any detection of UCP 1 in thymus is
solely due to associated BAT. However, it has been clearly
demonstrated that the full-length antibody used by Frontini
et al. (2007) is not specific for UCP 1 as it detects many
unidentified proteins (Adams et al. 2008). However,
although the role of UCP 1 in brown adipose tissue in
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mammals is non-shivering thermogenesis, it does not have
that role in thymus (Brennan et al. 2006). Ongoing
phenotypic studies aim to decipher its role in thymus
function.

In summary, UCP 1 was identified over 30 years ago, yet
key elements of its mechanism, regulation and tissue
localization are still not fully known but are being fervently
investigated.
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