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Abstract

Uncoupling proteins (UCPs) are localized in the inner membrane of the mitochondria in diverse tissues and decrease mitochondrial
membrane potential. The first of these proteins, UCP1, was discovered in brown adipose tissue, where it has a well-described role
in thermogenesis. The functional significance of other UCPs, including UCP2, is less well understood. Here we summarize the recent
advancements on the role of UCP2 in the brain and portray this uncoupler as an important player in normal neuronal function as
well as a key cell death-suppressing device. These previously unknown functions of UCPs offer new avenues not only for the
better understanding of these proteins but also for the furthering of our knowledge on the central nervous system in healthy and

disease states.
© 2003 Elsevier Science Inc. All rights reserved.
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1. UCPs

UCPs encoded by nuclear DNA are located in the inner
membrane of the mitochondria, and their primary function
is thought to be to leak hydrogen protons from the inter-
membrane space to the matrix of the mitochondria [1-6].
In the individual mitochondrion, these proteins, through
this process (see Fig. 1), may deprive the driving force of
ATP synthase from catalyzing ATP synthesis, dissipate
energy in the form of heat, diminish the production of
superoxides, and decrease the likelihood of calcium entry
to the mitochondrial matrix [7—-12]. UCP1, the most well-
characterized UCP, is expressed solely in brown adipose
tissue and is responsible for thermogenesis in small rodents
[1,9]. Because brown adipose tissue is virtually insignif-
icant for the normal primate, including human physiology,
little attention has been paid until recently to this mechan-
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ism with regard to other tissues. In the last few years,
however, several other members of the UCP family have
been discovered and found to promote partial uncoupling
of oxidation from phosphorylation in vitro. These proteins
include UCP2, UCP3, UCP4, and BMCP1 [2-6]. The five
putative UCPs differ greatly in tissue distribution and
regulation and may have distinct physiological roles.
While UCP1 and UCP3 are expressed only in peripheral
tissues (UCP1 only in brown adipose tissue and UCP3
solely in skeletal muscle and the heart in humans) and
UCP4 and BMCP1 are predominantly expressed in the
central nervous system [5,6], UCP2 is expressed in muscle,
adipose tissue, spleen, and the central nervous system
[2,13—-15]. It is of significance to note, however, that
UCP4 and BMCP1 have only 30% similarity to UCPI
in amino acid sequence [5,6]. In addition, these proteins
were not proven to be mitochondrial uncouplers either in
vivo or in vitro in knockout animals. Because artificial
insertion of proteins into the inner mitochondrial mem-
brane can elevate uncoupling even though the protein is ab
ovo a mitochondrial uncoupler [16], the question as to
whether UCP4 and BMCP1 are natural mitochondrial
UCPs remains to be proven.

0006-2952/03/$ — see front matter © 2003 Elsevier Science Inc. All rights reserved.

doi:10.1016/S0006-2952(03)00143-6



1918 T.L. Horvath et al./Biochemical Pharmacology 65 (2003) 1917-1921

ATP SYNTHASE-PROTON PUMP UCP2-PROTON PUMP

H* H* H* H* .+
H* aHt H;.r* HY nH* g

Fig. 1. Schematic illustration of functioning ATP synthase on the left and
the potential effects of UCP2 on the right. The proton gradient drives ATP
synthase and the production of ATP. If that proton gradient is decreased
due to the activity of UCP2, ATP production is decreased, energy is
dissipated in the form of heat (thermogenesis), superoxide (O, )
production is decreased, and calcium efflux is increased. However, despite
decreased ATP production by individual mitochondria, overall the neurons
will have more ATP available, because uncoupling supports mitochondrial
proliferation.

2. UCP2 in the brain

In the brain, UCP2 is expressed predominantly in neu-
ronal populations of subcortical regions that are involved in
the central regulation of autonomic, endocrine, and meta-
bolic processes [13—15]. While UCP2 mRNA was found to
be absent from the human brain, it was detected at low
levels in the mouse central nervous system [2]. In that study
by Fleury et al. [2], human brain samples were analyzed
from commercially available tissue blots, raising the pos-
sibility that sampling error, together with a site-specific
expression of UCP2, may have contributed to the negative
results. To test for the cross-species existence of UCP2 and
to reveal whether UCP2 mRNA actually underlies the
production of UCP2 in the central nervous system, we
carried out several experiments [14,15].

We demonstrated that brain UCP2 is present in the inner
membranes of mitochondria in neuronal profiles of brain
regions that are known to regulate autonomic, metabolic,
and endocrine processes in both rodents and primates
[14,15]. These regions included key brain stem and hypotha-
lamic nuclei. We then hypothesized that if UCP2 in neuronal
circuits is a functional uncoupler in a manner similar to what
was found in a yeast model [2], the proton leak of mitochon-
dria in UCP2-containing brain regions should be increased.
Indeed, we found that the mitochondrial respiratory control
ratio (RCR) in rat extracts from regions with abundant UCP2
expression (hypothalamus) was significantly higher than
that measured in regions that lack UCP2 expression (the
striatum-lateral thalamus region). The presence of decreased
mitochondrial energy coupling efficiency (increased proton
leak) in UCP2-containing brain regions supported our
hypothesis that a thermogenic mechanism is intrinsic to
distinct neuronal pathways. To test this further, brain tissue
temperature in the face of steady core body temperature was
determined at several dorso-ventral and medio-lateral loca-
tions in rats, and it was found that UCP2-containing brain

regions have a significantly higher local temperature when
compared to other sites or to the core body temperature. The
observation of a dorso-ventral temperature gradient was not
novel. However, our studies showed for the first time that this
increasing dorso-ventral temperature gradient does not fol-
low a linear pattern and that the interruption of the linear
pattern coincides with the appearance of UCP2 mRNA and
protein in the lower diencephalon [14]. These studies also
showed that brain sites other than those containing UCP2,
such as the striatum and thalamus, exhibit a significant
mitochondrial proton leak, which is consistent with the
subsequent discovery of other putative brain uncouplers,
UCP4 and BMCP1 [5,6].

3. Effect of UCPs on neuronal function

Regardless of the type of mitochondrial uncoupler pre-
sent in neurons, the fact that neuronal mitochondria can be
uncoupled by these proteins raised several intriguing pos-
sibilities regarding their impact on the central nervous
system (Fig. 1).

3.1. Thermogenesis

In relation to neuronal functions, one of the most excit-
ing and provocative aspects of controlled mitochondrial
uncoupling by UCPs is the potential to affect the tempera-
ture in the microenvironment of presynaptic terminals, and
hence to provide a basis for temperature as a neuromodu-
lator [14]. There has been a great debate regarding the
thermogenic capacity of UCPs other than that of UCPI.
However, this debate is focusing on thermogenesis as it
pertains to core body temperature rather then energy
dissipation in the form of heat at the mitochondrial level.
The distinction between these is critical. For example, the
failure to do that led to the false conclusion that UCP2 and
3 are not thermogenic, because UCP2 and 3 do not appear
to contribute to the generation of core body temperature
[8,12]. When we propose thermogenic functions to UCP2
in the brain (let it be a mandatory by-product of their other
functions such as antioxidants, see below), we simply
address it in relation to the microenvironment of synapses
and not to core body temperature. Thereby, when we
consider that (a) UCPs are expressed in neuronal mito-
chondria, frequently accumulated in axon terminals in
close proximity to synaptic vesicles and synaptic mem-
branes, and (b) activation of UCPs leads to heat generation,
it is only reasonable to conclude that this change in
presynaptic temperature will have an impact on synaptic
transmission as temperature affects all biological mechan-
isms. The regional and temporal specificity of this mechan-
ism may be determined by the selective brain distribution
of different UCPs and their availability for activating
substances such as circulating free fatty acids and cofactors
such as coenzyme Q.
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3.2. ATP

UCPs dissociate oxidation from phosphorylation and
dissipate energy in the form of heat. By this, UCPs will
decrease mitochondrial ATP production. The outcome of
this will clearly affect cellular activity. Indeed, observa-
tions on UCP2 knockout animals revealed increased pan-
creatic ATP and ADP levels, which were temporarily
associated with increased insulin secretion by pancreatic
B cells [12]. Intriguingly, however, in the brain (our
unpublished observation) as well as in the muscle [17],
induction of neuronal mitochondrial uncoupling by UCP2
and UCP3, respectively, elevated levels of ATP and ADP. It
is also likely that, in these areas, increased mitochondrial
uncoupling suppresses ATP production per the mitochon-
dria. But, in the brain (our unpublished observation) as
well in adipose tissue [18], UCPs induce mitochondrial
proliferation, which, in turn, will provide higher levels
of ATP and ADP for a given cell. That UCPs could
participate in mitochondriogenesis was already eluded
to when a cold-activated transcriptional factor, PGC-1,
was studied [19]. Whether UCPs are downstream or
upstream in PGC-1-induced mitochondrial proliferation
needs to be resolved.

3.3. Calcium

The mitochondrion is a major site of calcium storage in
cells. Calcium influx or efflux in the mitochondria is
dependent upon the inner mitochondrial membrane poten-
tial [11,20-22]. A significant drop in mitochondrial mem-
brane potential underlies the release of calcium from the
mitochondria, while elevation of membrane potential
enhances influx. Because UCP2 regulates mitochondrial
membrane potential, it is then reasonable to suggest that it
will have an influence on establishing the set point for
calcium transport. If activation of UCP2 causes not only
the membrane potential to drop significantly, but also
thermogenic uncoupling, calcium would also be released
from the mitochondria. This, in turn, could enhance cal-
cium-dependent presynaptic mechanisms. In addition, in
the case of glutamate excitotoxicity, when there is a rapid
elevation of cytosolic calcium due to the opening of
ionotropic glutamate receptors at the perikaryal mem-
brane, UCP2-induced lowering of mitochondrial mem-
brane potential could limit the overloading of
mitochondria with calcium, and hence decrease the poten-
tial for apoptotic events.

3.4. Superoxide

One of the functions of mitochondrial UCPs is their
ability to reduce free radical production [7,8]. In UCP2
knockout animals, increased free radical production by
monocytes has been attributed to strengthening the innate
immune system and preventing Toxoplasma gondii-

induced lethality [8]. On the other hand, in UCP2 over-
expressing animals, lipid peroxidation (a consequence of
free radical action) is suppressed in the brain (our unpub-
lished observation). Intriguingly, superoxides themselves
have been shown to induce the expression of UCPs,
including UCP2 [23], and to participate in the induction
of proton transport by UCP1-3 [24,25]. This aspect of UCP
function further strengthens the proposition that UCPs act,
at least in part, as antioxidants, and, thus, may participate in
neuroprotection.

In relation to brain functions, the effect of UCP2 will
probably involve all of the aforementioned possibilities,
but most likely to a various extent. For example, during
degenerative processes, if UCP2 was expressed prior to the
initiation of cellular stress (which can be achieved either in
transgenic animals or by repetitive small subclinical stres-
sors before a large insult), it is likely that increased
mitochondria and ATP levels together with decreased free
radical production will diminish neuronal loss. Regarding
neurodegeneration (and any cellular degeneration in the
periphery as well), it is very likely that functioning UCP2
provides preconditioning for cells to better withstand
stress. In support of that, we found an inverse relationship
between UCP2 expression levels and activation of an
apoptotic signal, caspase-3, during acute brain injury
[26]. Because most of the neurodegenerative disorders
involve free radical production, it is very reasonable to
propose that UCP2 induction will be part of the etiology of
all of these disorders, including epilepsy, Parkinson’s
disease, Alzheimer’s disease, as well as hypoxia and
stroke. Thus, it is likely that if UCP2 activity can be
enhanced in the initial phase of these disorders, neuronal
loss could be diminished. In a similar vein, if UCP2 is
active during critical developmental periods, its activity
level may determine the adult cell number in different
tissue types. In addition, the ability of developing neurons
to respond to different stimuli may also be regulated by
UCP2 via regulation of ATP, calcium homeostasis, and
mitochondrial metabolism in general.

Because UCP2 is constitutively expressed in certain
brain areas even when neurodegeneration is not eminent,
such as the spinal cord and basal brain structures [13—
15,27], it is anticipated that this mitochondrial uncoupler
plays a role in normal neuronal functions as well. For
example, we found that animals that express different
levels of UCP2 respond to sensory cues differently: using
UCP?2 overexpressing and knockout animals, we observed
a negative correlation in ethanol-sensitized mice between
UCP?2 expression level and the time spent on the hot plate,
suggesting that UCP2 lowers the threshold for pain sensa-
tion [28]. Pain and temperature perception are mediated by
primary sensory afferents of the spinal cord that express
UCP2 [27]; thus it may be that neurotransmission within
these pathways is affected by UCP2 via the mechanisms
described above (temperature, ATP, and calcium home-
ostasis).
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4. Regulation of UCP2

To date, limited information is available on the regula-
tion of UCP2 mRNA expression and translation, as well as
protein function, in the brain. UCP2 acting as a proto-
nophore, similar to UCPI1, requires fatty acids and is
nucleotide-dependent [2,23-25,29,30]. In vitro and in vivo
data that are available on peripheral UCP2 expression show
varying levels of UCP2 regulation by different hormones,
including leptin [31-33] and thyroid hormone [33,34]. It
appears, however, that the regulation of UCP2 by these
hormones is tissue-specific and most likely involves indir-
ect mechanisms of action. Transcriptional regulation of
UCP2 is further complicated by the robust promoter
polymorphism of the UCP2 gene [35].

Other biologically active substances were also shown to
affect transcription, translation, and/or activity of UCP2.
These include retinoic acid [36,37], lipopolysaccharides
[38], coenzyme Q [29,30], and superoxides [24,25]. In fact,
recently, in vitro evidence emerged to suggest the critical
involvement of coenzyme Q [29,30] and superoxides
[24,25] in the activation of UCP2 as an uncoupler in
peripheral tissues. After the revelation that superoxides
regulate UCP2 transcriptionally and posttranslationally
[23], Klingenberg and his colleagues [29,30] showed that
the functionality of UCP2 as a mitochondrial uncoupler
requires coenzyme Q as a mandatory cofactor. Subse-
quently, through a chain of sophisticated, state-of-the-art
in vitro experiments, Brand and his colleagues [24] came to
the conclusion that it is superoxide from within the matrix
of the mitochondria that is quintessential for the uncou-
pling activity of UCP2. Whether these findings apply in
vivo, and whether tissue specificity and other endogenous
activating substances will emerge, will be determined in
future experiments.

Our results on UCP2 induction in the brain support the
proposition that superoxides are the main controllers of
UCP?2 transcription: first, we have found that UCP2 mRNA
expression is present in brain areas with the highest lipid
peroxidation levels (our unpublished data). Subsequently,
we demonstrated that acute brain injury, which is likely to
result in increased free radical production, induces expres-
sion of UCP2 mRNA in areas of the brain where normally
UCP2 is not expressed, such as the entorhinal cortex [26]. In
fact, it is very likely that most of the neurodegenerative
disorders that are associated with free radical production
will involve UCP2. In this regard, we are currently studying
the involvement of UCP2 in epilepsy, Parkinson’s disease,
hypoxia, and experimental allergic encephalomyelitis.

5. Synopsis
There is much to be done to decipher the full array of

actions of UCPs in the functioning brain. However, from
the early signs it is clear that these novel mitochondrial

proteins are readily present in the nervous system and will
offer an entirely unique approach to both the normal and
diseased central nervous system. One of the current chal-
lenges and obstacles of UCP research is the lack of a broad
understanding of what endogenous substances activate
UCPs and, perhaps more importantly, what pharmacolo-
gical compounds could selectively activate different UCPs.
The availability of these compounds will be quintessential
to an in-depth analysis of the functionality of these pro-
teins. Until then, however, data must be collected in vitro
and in vivo and cross-checked with each other continuously
in order to decipher a meaningful understanding of the
functionality of these proteins.
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