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Abstract

Uncoupling proteins (UCPs), which dissipate the mitochondrial proton gradient, have the ability to
decouple mitochodrial respiration from ATP production. Since mitochondrial electron transport is a
major source of free radical production, it is possible that UCP activity might impact free radical
production. Free radicals can react with and damage cellular proteins, DNA and lipids. Accumulated
damage from oxidative stress is believed to be a major contributor to cellular decline during aging.
If UCP function were to impact mitochondrial free radical production, then one would expect to find
a link between UCP activity and aging. This theory has recently been tested in a handful of organisms
whose genomes contain UCP1 homologs. Interestingly, these experiments indicate that UCP
homologs can affect lifespan, although they do not support a simple relationship between UCP
activity and aging. Instead, UCP-like proteins appear to have a variety of effects on lifespan, and on
pathways implicated in lifespan regulation. One possible explanation for this complex picture is that
UCP homologs may have tissue-specific effects that complicate their effects on aging. Furthermore,
the functional analysis of UCP1 homologs is incomplete. Thus, these proteins may perform functions
in addition to, or instead of, mitochondrial uncoupling. Although these studies have not revealed a
clear picture of UCP effects on aging, they have contributed to the growing knowledge base for these
interesting proteins. Future biochemical and genetic investigation of UCP-like proteins will do much
to clarify their functions and to identify the regulatory networks in which they are involved.
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1. Uncoupling proteins can “short-circuit” oxidative phosphorylation in
mitochondria

1.1. Electron transport in coupled mitochondria drives ATP synthesis

Uptake of extracellular sugar, such as circulating glucose, provides the reducing equivalents
necessary to initiate electron transport through the mitochondrial electron transport chain
(ETC), a series of protein complexes that reside in the mitochondrial inner membrane (MIM).
Either NADH or FADH2 can initiate electron transfer through the ETC (Fig. 1). NADH is
produced as a byproduct of malate oxidation and is, in turn, oxidized by complex | (Cl), the
NADH-CoQ reductase, which passes electrons to the membrane-bound electron carrier,
coenzyme Q (CoQ). FADH2 is an alternative substrate for initiating mitochondrial respiration
and is oxidized by complex Il (CII), succinate dehydrogenase, which then passes electrons
onto CoQ. Reduced CoQ from either Cl or ClI then passes electrons to complex I11, CoQ-
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cytochrome c reductase, which then transfers them to oxidized cytochrome c. Reduced
cytochrome c passes electrons to complex IV, cytochrome c oxidase, which reduces molecular
oxygen to water in the final step. Electron transfer by complexes I, 111 and IV is coupled to
proton transport across the MIM to the intermembrane space. Thus, electron transport through
the ETC is coupled to the export of 2 (via ClI) or 3 (via Cl) protons into the mitochondrial
intermembrane space.

What is the purpose of the proton gradient formed by mitochondrial respiration? The major
function of this proton gradient is to power mitochondrial complex V, ATP synthase, which
couples ATP synthesis to proton translocation back into the mitochondrial matrix. Since ATP
synthase couples ATP production to proton translocation, this enzyme is completely dependent
on the production of the proton gradient across the MIM by the ETC. However, under some
circumstances, ATP production is undesirable, particularly during ADP depletion. What, then,
would be the fate of the proton gradient in the absence of ATP synthesis? Under this scenario,
ATP synthase would be unable to diffuse the mitochondrial proton gradient, hypothetically
leading to unrestricted proton accumulation in the intermembrane space. An excessively high
proton gradient could have adverse effects, such as promoting reverse reactions of respiratory
chain complexes or side reactions between the reactive species trapped in the ETC. Indeed, the
formation of the reactive superoxide molecule is enhanced in the presence of high proton
gradient (Korshunov et al., 1997). For this reason, it could be advantageous for mitochondria
to possess pathways that can diffuse the proton gradient across the MIM. This activity is carried
out by uncoupling proteins (UCPs).

1.2. Identification and cellular functions of the mammalian UCP gene family

The first UCP identified was UCP1, which is highly induced in brown adipose tissue (BAT)
for non-shivering thermogenesis in the cold (Bouillaud et al., 1985). Proton gradient diffusion
by UCP1 in BAT stimulates mitochondrial respiratory chain (MRC) electron transport activity,
generating heat. Several UCP1 homologs have also been identified that do not have apparent
roles in thermogenesis, although only a few have been shown to function as bona fide
uncoupling proteins (Klingenberg and Echtay, 2001; Krauss et al., 2005). UCP2 is widely
expressed and plays roles in the regulation of insulin release (see below), immunity and
neuroprotection (Arsenijevic et al., 2000; Zhang et al., 2001; Diano et al., 2003; Krauss et al.,
2003; Mattiasson et al., 2003). UCP3 is primarily expressed in muscle and UCP3-knockout
mice exhibit symptoms of increased oxidative stress, consistent with a role for UCP3 in
antioxidant defense (Vidal-Puig et al., 1997, 2000; Cline et al., 2001). UCP4 and UCP5/BCMP
are preferentially expressed in the nervous system, where they may also contribute to
antioxidant defenses (Mao et al., 1999; Yu et al., 2000; Kim-Han et al., 2001; Liu et al., in
press). Additional UCP1 homologs have also been identified in several invertebrate species,
including the nematode, Caenorhabditis elegans, and fruitfly, Drosophila melanogaster
(Hanak and Jezek, 2001; Sokolova and Sokolov, 2005). In vitro uncoupling activity has been
demonstrated for UCP2, UCP3 and DmUCPS5 (Vidal-Puig et al., 2000; Krauss et al., 2002;
Fridell et al., 2004). However, the biochemical function of most UCP1 homologs remains
poorly characterized.

UCP-mediated proton pumping activity can be positively or negatively regulated by several
factors. Fatty acids stimulate uncoupling by the UCPs (Klingenberg and Echtay, 2001; Fridell
et al., 2004; Krauss et al., 2005). This could mean that UCPs can function to transport fatty
acids across the MIM, or may be a sign that UCPs are coordinately regulated in a shift to a fat-
based metabolism (Sullivan et al., 2004; Krauss et al., 2005). Another factor that stimulates
UCP activity is the reactive oxygen species (ROS) superoxide, which is generated as a side-
reaction between coenzyme Q and molecular oxygen (Echtay et al., 2002; Brand et al.,
2004). Purine nucleotides are inhibitory to UCP activity in vitro, although the physiological
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basis for this feature of UCPs is not known (Klingenberg and Echtay, 2001; Krauss et al.,
2005). These regulatory inputs may be important factors for setting the level of proton leak
under a variety of in vivo conditions.

1.3. Why investigate the effect of UCP function on aging and lifespan?

In all organisms, tissue deterioration is associated with increased age. One major cause for this
deterioration is believed to be cumulative damage to cellular components from reactions with
free radical species, which are primarily generated by mitochondria. This theory is usually
referred to as the free radical theory of aging and was first formally proposed by Harman in
the 1950s (Harman, 1956). This hypothesis has been extensively investigated and debated, but
has not yet been clearly validated or disproven (Finkel and Holbrook, 2000; Golden et al.,
2002). Most tests of the free-radical theory of aging have taken the approach of altering cellular
antioxidant capacity and examining the effects on aging-related phenotypes. This approach has
produced positive results, suggesting that damage from free radicals play some role in aging
and lifespan determination (Sun et al., 2002; Sampayo et al., 2003; Walker and Lithgow,
2003; Sun et al., 2004; Landis and Tower, 2005). In addition, a genetic mutation in the
nematode, Caenorhabditis elegans, that disrupts mitochondrial electron transport, causing
superoxide overproduction and increased oxidative stress, has been associated with reduced
lifespan (Ishii et al., 1998; Senoo-Matsuda et al., 2001). However, lifespan was not shortened
in mutant mice with deficiencies in one antioxidant defense, despite significantly increased
oxidative stress, possibly contradicting the importance of free radicals in aging (Van Remmen
et al., 2003). In light of such discrepancies, investigators have endeavored to reduce
mitochondrial free radical production as an alternative means of testing the free-radical theory
of aging. In C. elegans, reductions of mitochondrial electron transport have consistently led to
increased lifespan, although it has been difficult to separate the effects of reduced oxidative
stress from reductions in metabolic rate itself, as the causal factor in lifespan extension (Feng
et al., 2001; Dillin et al., 2002; Lee et al., 2003). However, there is evidence linking reduced
metabolic rate with long lifespan in C. elegans (Van Voorhies, 2004).

An alternative approach to altering free radical production may be by manipulating the proton
gradient across the mitochondrial inner membrane. It has been shown that the magnitude of
the proton gradient is directly correlated with superoxide production by the ETC (Korshunov
etal., 1997). The basis for this feature of mitochondria is that the rate of electron passage
through the ETC is impeded by high magnitude proton gradients. This scenario would then
favor side reactions between molecular oxygen and the reduced electron carrier, coenzyme Q,
producing superoxide. Thus, if free radical production indeed promotes aging and shortens
lifespan, and if UCPs can alleviate free radical production, then manipulations of UCP levels
should affect aging (Fig. 2). Specifically, animals with high uncoupling should have lower
oxidative stress and age slowly and, conversely, animals with low uncoupling should have
relatively greater levels of oxidative stress and age more quickly (Van Voorhies, 2004).

2. Testing the ‘uncoupling-to-survive’ hypothesis

One approach to assess the importance of mitochondrial UCP function in aging and lifespan
is to examine the correlation between the level of mitochondrial uncoupling and lifespan in
individual animals. This has recently been done using population cohorts of hon-sibling mice
of an outbred strain (Speakman et al., 2004). A positive correlation was observed between
lifespan of individual animals and whole-animal energy consumption. This correlation was
most evident among individuals within the highest and lowest energy consumption quartiles.
A positive correlation was also found for mitochondrial proton leak and whole-body energy
consumption, for the highest and lowest quartiles of energy consumption. Together, these
findings suggest that animals with the highest overall energy consumption also possessed the
most uncoupled mitochondria in the population, and these characteristics appeared to be
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correlated with increased longevity. The lesson from this set of experiments seems to be that
more uncoupled mitochondria may be favorable for long lifespan. These observations may
provide indirect support for the hypothesis that oxidative stress can be reduced by higher proton
flux through uncoupling proteins (Van Voorhies, 2004). Subsequent studies will be necessary
to determine whether there is also a direct correlation between mitochondrial uncoupling and
symptoms of oxidative stress in vivo.

3. The effect of genetic manipulation of UCP levels on aging and lifespan

A handful of studies have directly examined the effects of UCP deletion or overexpression on
aging and lifespan. To date, the physiological functions of UCP family members have been
best studied in mammals. However, it is costly and slow to measure aging and lifespan
phenotypes in mammals. An alternative approach to directly examining the effects of UCPs
on lifespan is to use shorter-lived invertebrate species, such as the fruitfly, Drosophila
melanogaster, and nematode, Caenorhabditis elegans. The genomes of both species contain
genes encoding UCP-like proteins, suggesting that functions of UCP-like proteins may have
been conserved in these species.

3.1. Characterization of a UCP5/BMCP-like protein in Drosophila

According to phylogenic analysis, the genome of the fruitfly, Drosophila melanogaster,
contains three genes encoding UCP4-like proteins, and one gene encoding a protein most
closely resembling UCP5/BMCP, named DmUCP5 (Hanak and Jezek, 2001). To date, only
DmUCPS5 has been characterized. Evidence in support of DmUCP5’s role as a bona fide
uncoupling protein comes from heterologous expression in yeast. DmUCP5 expression was
associated with increased oxygen consumption in the presence of NADH, a phenotype
consistent with increased uncoupling (Fridell et al., 2004). In addition, this rise in oxygen
consumption was further stimulated by addition of fatty acids, such as laurine, and reduced in
the presence of GDP. Together, these findings provide evidence that DmUCP5 can diffuse the
mitochondrial proton gradient. However, there are caveats to this interpretation, due to inherent
problems with such heterologous overexpression systems (Krauss et al., 2005). Furthermore,
genetic disruption of the DmUCPS5 locus was not correlated with increased ATP levels, one
phenotype that might be expected in animals with more coupled mitochondria (Sanchez-Blanco
etal., 2006). This negative result is also difficult to interpret since other UCP family members
could functionally substitute for DmUCPS5 in the mutant animals. In any case, more remains
to be discovered about the biochemical function of DmUCP5.

Regardless of whether DmUCPS5 turns out to be a bona fide uncoupling protein, its phylogenetic
relationship to the vertebrate UCPs makes its functional characterization of interest in an
evolutionary sense. DmUCP5 was preferentially expressed in the fruitfly head, suggesting
neuronal function for certain UCP family members may be evolutionary conserved (Fridell et
al., 2004). To study the functional role of DmUCP5, a genetic mutation in DmUCP5 was
identified in a strain carrying a P-element transposon insertion within the DmUCPS5 coding
region. The P-element insertion abrogated expression of the DmUCPS gene, as determined by
the absence of detectable DmUCPS transcript by RT-PCR (Sanchez-Blanco et al., 2006). The
lifespan of DmUCP5-deficient animals was not different from wildtype controls under normal
growth conditions. However, DmUCP5-deficient flies lived longer during calorie-restriction,
but had reduced survival during starvation, as compared to wildtype flies. During starvation,
triglyceride stores were consumed more rapidly in the DmUCP5-deficient flies compared with
wildtype, suggesting that DmUCP5 may be necessary for the proper regulation of metabolic
homeostasis during periods of reduced food availability. This function may be specific to
conditions where it is favorable for the animals to shift to a fat-based metabolism, although
there could be a more general role for this protein as well. There are clearly more exciting
insights to be learned about the function of this invertebrate UCP homolog.
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3.2. Extension of Drosophila lifespan by overexpression of human UCP2

In an experimental tour de force, the group studying DmUCPS5 also determined that fruitfly
lifespan could be lengthened approximately 10-30% by overexpression of human UCP2 in the
nervous system (Fridell et al., 2005). Ubiquitous hUCP2 overexpression was lethal. Closer
inspection indicated that the production of ROS was reduced in hUCP2-expressing flies and
the transgenic flies were more resistant to exogenously applied oxidative stress than non-
transgenic controls. This evidence supports the hypothesis that high UCP activity may augment
antioxidant defenses and increase lifespan.

However, there have been consistent problems with interpretation of data obtained from
heterologous overexpression of UCP proteins, particularly when UCP homologs were
overexpressed in yeast cells (Heidkaemper et al., 2000). To demonstrate that hUCP2 was
functional when expressed in Drosophila neurons, respiration in the absence of ATP synthesis
was measured in mitochondria isolated from the heads of transgenic hUCP2-expressing flies.
As expected, transgenic hUCP2-expression was correlated with increased oxygen consumption
under conditions of low ATP synthesis, consistent with increased proton leak in the transgenic
flies.

3.3. Deletion of a C. elegans UCP-4-like protein did not affect lifespan

The genome of the nematode, C. elegans, encodes one protein with significant similarity to
vertebrate UCPs, which is referred to as CeUCP-4 (Hanak and Jezek, 2001). Thus, in this
organism, redundancy between UCP-family members does not complicate experimental
analysis, as it does with flies and vertebrates. CeUCP-4 is highly expressed in the muscles of
the pharynx, which is the C. elegans feeding organ, and in the body muscles, which promote
locomotion (Iser et al., 2005). In order to examine the requirement for CeUCP-4 for normal
lifespan, a deletion mutation was obtained using standard chemical mutagenesis and the
phenotypes of the mutant animals were characterized (Iser et al., 2005). ATP levels were
determined to be elevated in the UCP-4(0k195) knock-out animals, compared with isogenic
wildtype animals. This would be consistent with an antagonistic effect of CeUCP-4 on
mitochondrial respiration, as expected if CeUCP-4 increased the mitochondrial proton leak.
Nevertheless, CeUCP-4 knockout animals displayed no differences in lifespan or stress
resistance in comparison to wildtype animals. However, further characterization of the
mitochondria of CeUCP-4(0ok195) animals is necessary to more clearly determine whether
CeUCP-4 is a true uncoupler.

4. Mammalian UCP1 homologs provide a link between mitochondrial
respiration and metabolic control

As mentioned earlier, direct examination of the effects of vertebrate UCPs on aging has not be
performed, primarily because of the cost and long duration of lifespan studies in these species.
However, functional studies of mammalian UCPs, primarily in genetically altered mice, have
revealed several important functions of UCPs that could impact aging and lifespan (Fig. 2).

4.1. UCP2 regulates metabolism via pancreatic insulin release

As noted above, UCP-mediated proton leak is favored under conditions of reduced ATP
synthesis, such as during periods of low ADP. Thus, deficiency of UCP activity could lead to
increased ATP production. This connection to ATP/ADP ratios may link UCPs to
mitochondrial energy balance and cellular functions that are sensitive to ATP levels. One such
ATP-requiring function is the release of insulin from intracellular vesicles by beta cells in the
pancreas. Theoretically, UCP-mediated uncoupling should antagonize ATP-promoted insulin
release by attenuating ATP production. Indeed, several studies have demonstrated a role for
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UCP2, which is expressed in pancreatic beta cells, as an antagonist of insulin release (Zhang
et al., 2001; Krauss et al., 2003). The theory behind UCP2’s role in insulin signaling is as
follows (Krauss et al., 2005). Glucose uptake by pancreatic beta cells contributes electrons to
mitochondrial respiration for the production of ATP from ADP. The increase in ATP
concentrations stimulates fusion of insulin-containing vesicles with the cell surface, allowing
insulin to be released into the bloodstream. When the ATP/ADP ratios reach a high threshold,
UCP2 may be activated, diffusing the proton gradient to antagonize ATP synthesis, thus
attenuating ATP production. The consequential drop in ATP levels in the beta cells would
reduce the rate of insulin vesicle fusion, decreasing insulin release, and attenuating glucose
uptake. The sensor of ATP/ADP ratio may be the production of superoxide by the complexes
of the ETC, which can stimulate UCP2-mediated proton translocation.

There are two ways that UCP2 regulation of insulin release could affect lifespan. First,
dysfunction of the UCP2-mediated switch controlling insulin release from pancreatic beta cells
could result in hyper- or hypoinsulinemia, depending on the type of dysfunction.
Overactivation of UCP2 via enhanced superoxide production during respiration prematurely
attenuated insulin release from pancreatic beta cells, resulting in impaired glucose uptake and
hyperglycemia, one of the hallmarks of diabetes (Krauss et al., 2003). Diabetes is a serious and
potentially costly disease with aging-related onset. Therefore, the relationship between UCP
function and diabetes may provide new therapeutic approaches for treating this disease.

There is also a second possible mechanism for UCP regulation of insulin secretion to affect
lifespan. This possible mechanism draws on findings that reductions in insulin-like signaling
have dramatic effects on lifespan in C. elegans and D. melanogaster. In both species, mutations
that decrease insulin-like signaling lead to significantly increased lifespan and stress resistance
(Tatar et al., 2003; Gami and Wolkow, 2006). These effects are mediated by FOXO-
transcription factors encoded by the C. elegans gene daf-16 and by the Drosophila dFOXO
gene (Ogg et al., 1997; Kramer et al., 2003). Signaling downstream of the insulin receptor
antagonizes FOXO function via phosphorylation by AKT/PKB (Paradis and Ruvkun, 1998).
Vertebrates contain at least three DAF-16 orthologs, named FOXO1, 3 and 4, and at least one
has been shown to enhance stress resistance in response to IGF-1 signaling (Brunet et al.,
1999, 2001). Itis possible that lifespan regulation is a conserved output of insulin-like signaling
pathways across metazoan evolution, with tantilizing hints that this is the case from the finding
that mice heterozygous for an IGF receptor knockout allele reportedly lived longer than
controls (Holzenberger et al., 2003; Ahamed et al., 2005). If the parallels hold true, and the
vertebrate FOXOs are regulated by insulin, as well as by IGF-I, then it is possible that
attenuation of insulin release by UCP2 could provide a protective effect against the stresses
that contribute to aging.

regulate UCP2 expression in the pancreas

Restriction of caloric intake can extend lifespan in a large variety of species, including rodents,
fruitflies, nematodes and, even, yeast cells. While the health benefits of CR are relatively well-
known, the mechanisms behind these effects have only begun to be uncovered. Sirtuins are
critical mediators of CR in every organism examined. Sirtuins are a class of NAD-dependent
histone deacetylases that were first identified by the SIR2 gene in Saccharomyces cerevisiae.
In yeast, SIR2 represses expression of the HML and HMR mating type loci and SIR2 mutations
relieve transcriptional repression at these loci (Rine and Herskowitz, 1987). More recently,
increased SIR2 activity was also found to prolong replicative lifespan in S. cerevisiae, which
is measured as the number of daughter cells a single mother cell is able to produce (Kennedy
etal., 1997; Guarente, 1999). Although this effect of SIR2 was due to repression of
recombination at the genomic rDNA loci, which produced toxic extrachromosomal circles
(ERCs), SIR2’s dependence on the metabolic intermediate, NAD, also suggested an additional
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role for this gene in reponses to metabolic conditions (Vaziri et al., 2001). Since CR was
hypothesized to cause dramatic change in metabolic balance, a role for SIR2 in this process
was investigated and successfully identified (Lin et al., 2000). Since these landmark studies in
S. cerevisiae, further work has elegantly demonstrated that some physiological effects of CR
in other species, including mice, are also dependent on the presence of the sirtuin gene family
(Wood et al., 2004; Chen et al., 2005; Guarente, 2005).

Recently, a direct link was identified between a vertebrate sirtuin, SIRT1, and the metabolic
control pathways involving insulin and UCP2. Deficiencies in SIRT1 activity had been
correlated with hypoinsulinaemia, as well as increased glucose uptake upon glucose challenge
(Bordone et al., 2005). Unexpectedly, ATP/ADP ratios were reduced in the SIRT1 -deficient
background, even in the presence of added glucose. These findings suggest that rapid glucose
uptake did not immediately translate to greater ATP production, as would have normally been
expected. Thus, it was possible that the energy derived from glucose uptake was diverted away
from ATP production, possibly by increased uncoupling. Indeed, further investigation revealed
that SIRT1-deficient cells had greatly increased levels of UCP2 mRNA and protein, indicating
that SIRT1 actually functions to repress UCP2 expression. In addition, reductions in UCP2
levels could relieve the metabolic changes associated with SIRT1-deficiencies and restore
normal insulin production in response to glucose administration.

5. Conclusions and caveats about possible roles for UCPs in regulating

lifespan

In this review, we have attempted to highlight the findings from several elegant investigations
into the connections between UCP-mediated uncoupling and lifespan. However, the
conclusions from this work do not provide a clear picture of the effect of UCP-mediated
uncoupling on lifespan. For instance, while hUCP2 overexpression was associated with
increased lifespan in Drosophila, the deletion of one of the endogenous Drosophila UCP
homologs, DmUCP5, could also extend lifespan (Fridell et al., 2005; Sanchez-Blanco et al.,
2006). Furthermore, SIRT1 has been found to negatively regulate UCP2 in pancreatic beta
cells, thus promoting insulin release, despite the fact that the overwhelming evidence supports
the model that SIRT1 activity is limiting for long lifespan. In both these cases, the problem
likely stems from our incomplete understanding of the endogenous functions of UCP
homologs, both in invertebrate and vertebrate species. Further investigation of these interesting
proteins is sure to reveal new ways that mitochondria can impact physiology of the entire
organism.
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Fig. 1.

Schematic of mitochondrial electron transport chain (ETC). Dashed lines indicate the flow of
electrons donated from either NADH or FADH2 to oxidative phosphorylation complexes |-
IV (CI-CIV). As a result of electron transport, protons (H*) are translocated into the
intermembrane space of the mitochondria creating a proton gradient across the inner
mitochondrial membrane. The proton gradient is necessary to drive ATP production via ATP
synthase, but under certain conditions, uncoupling proteins (UCP) are used to dissipate the
proton gradient. Uncoupling proteins may be associated with cell protection, the prevention of
free radical production, and lifespan.
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Modalities by which UCP homologs could affect aging and lifespan. Evidence from both
biochemical and genetic experimentation suggests two possible modalities by which UCP
function could affect aging: free radical protection (purple) or by modulating metabolic
homeostasis (orange). Upper boxes outline the basic theory behind each potential modality.
Lower boxes list some of the evidence supporting each theory. The upper part of the figure
illustrates the UCP-stimulatory factors, superoxide and fatty acids. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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