












tissue homogenates; see above), and we observed a 27%
reduction in UCP1 content, which was marginally different
(P � 0.05; Fig. 3A). Despite the reduction in the amount of
UCP1, the kinetics of the proton leak assayed in BAT mito-
chondria in the absence of GDP were identical in fed and fasted
groups: mitochondrial membrane potential was not increased,
and respiration was not decreased (Fig. 3B). It is unlikely that
the inability to resolve a difference in proton leak at 0 mM
GDP was due to disruption of the mitochondrial membrane
during isolation, inasmuch as proton leak in the same mito-
chondria was markedly reduced in the presence of 2 mM GDP:
oxygen consumption at a membrane potential of �130 mV was
�10-fold lower in the presence of 2 mM GDP (Fig. 3B). The
inability to detect changes in proton leak at 0 mM GDP could
be due to the persistence of UCP1 protein in the fasted group
(�12 �g UCP1/mg mitochondrial protein). Although the level
of UCP1 protein was reduced by 27% compared with the fed
group, the amount of UCP1 in the fasted group may have been
sufficient to allow mitochondrial uncoupling that was indistin-
guishable from that of the fed group when measured in vitro.
We are not aware of any study describing the relation between
mitochondrial proton leak in BAT and physiological changes
in UCP1; therefore, it is possible that this method of mitochon-
drial proton leak estimation is of limited utility for study of
tissues with a large capacity for mitochondrial uncoupling in
vivo. Nonetheless, further studies are needed to determine the
relation between levels of UCP1 protein and mitochondrial
proton leak in BAT.

Regulation of Ucp3 by temperature, fasting, and hiberna-
tion. We observed that the regulation of Ucp3 was inconsistent
with a role in NST, wherein Ucp3 mRNA levels were not
increased with cold exposure and were increased �10-fold
after a 48-h fast (Fig. 4). Interestingly, levels of Ucp3 mRNA
were significantly increased more than threefold in hibernators
compared with fed nonhibernators; this is similar to a previous
study in this species, where it was proposed that UCP3 may
mediate NST in skeletal muscle during hibernation (8). How-
ever, we show in this study that an increase in Ucp3 expression
is inconsistent with a role in NST during hibernation: Ucp3
mRNA levels were substantially higher in fasted animals when
energy metabolism should be reduced, and the pattern of Ucp3
expression was similar between animals housed at warm and
cold temperatures. Furthermore, the temperature of skeletal
muscle in hibernators housed at �10°C was significantly lower
than the temperature of BAT, a known site of NST; in fact, the
temperature of skeletal was the lowest of all tissues measured,
averaging �1.5°C (Table 1). The increased temperature of
skeletal muscle relative to the ambient temperature is more
likely achieved by perfusion of blood warmed by BAT (23),
rather than a local increase in mitochondrial uncoupling.

UCP3-mediated proton leak. In the proton leak experiments,
the level of UCP3 protein in isolated mitochondria was ele-
vated nearly fivefold after a 48-h fast (Fig. 5A). Despite the
marked increase in UCP3 protein, proton leak kinetics in
mitochondria isolated from skeletal muscle were unchanged
(Fig. 5B). These data agree with other studies where changes in
proton leak in skeletal muscle mitochondria did not correlate
with diet-induced changes in UCP3 (5, 15, 31) but are incon-
sistent with other studies that suggest that mitochondrial proton
leak is increased in yeast expressing human Ucp3 (30, 54) and
transgenic mice overexpressing human Ucp3 (19). However, it

has now been clearly demonstrated that increased proton leak
observed with UCP3 overexpression is due to artifactual un-
coupling: increased proton leak is only observed in yeast when
UCP3 levels are sevenfold higher than in wild-type mice,
whereas proton leak is not changed when yeast express UCP3
at levels seen in fasted mice (28). Moreover, in transgenic mice
showing increased proton leak, UCP3 levels are 20-fold higher
than in wild-type mice (16). Importantly, recent studies of mice
with UCP3 levels elevated within the physiological range
demonstrate no change in proton leak (35), and an increase in
UCP3 induced by long-term calorie restriction is associated
with decreased rate of mitochondrial proton leak (5). Because
it has been well demonstrated that proton leak does not change
with UCP3 protein levels in the physiological range, the
unchanged proton leak observed in this study is likely to be real
and not due to any methodological considerations (as opposed
to the measurement of proton leak in BAT; see above). Fur-
thermore, we observed a lower expression of Ucp3 in hiber-
nating than in fasted animals (Fig. 4), providing additional
evidence that UCP3 is not a physiologically relevant mediator
of NST during hibernation.

Role of Ucp3 in fatty acid metabolism. The hypothesis that
UCP3 plays a role in fatty acid handling (29) has garnered the
most experimental support to date. Expression of Ucp3 is
stimulated by fasting-induced increases in fatty acids (49) and
by lipid infusion (52), and mice overexpressing UCP3 within
the physiological range (�2.5-fold) show enhanced capacity
for fatty acid oxidation (6). In arctic ground squirrels, fasting
induced a 10-fold increase in skeletal muscle Ucp3 mRNA
(pooled across temperature groups) and a 5-fold increase in
UCP3 protein, although the resulting 2-fold increase in NEFA
levels was not significantly different from that in active squir-
rels (Fig. 6). It is possible that the elevated levels of Ucp3
mRNA and UCP3 protein effectively increased fatty acid
oxidation to the extent that NEFA levels were similar between
fed and fasted animals; Bezaire et al. (6) reported that serum
NEFA levels are significantly lower in transgenic mice exhib-
iting a 2.5-fold increase in UCP3 than in controls. We observed
the highest levels of NEFAs in hibernating squirrels (�5-fold
increase compared with fasted animals); yet skeletal muscle
Ucp3 mRNA levels in hibernators were one-third of the levels
in fasted squirrels. It is unclear why the high levels of NEFA
in hibernators does not translate to increased Ucp3 expression
relative to fasted animals, but a likely explanation is that
skeletal muscle is metabolically quiescent during hibernation
and, thus, the expression of metabolic genes is unwarranted.
The observation that skeletal muscle temperature is �1.4°C in
hibernators housed at �10°C supports the hypothesis that
substrate oxidation is minimal in skeletal muscle during hiber-
nation. Furthermore, this extremely low temperature casts
doubt on any potential NST mediated by UCP3 in this tissue.

In summary, we have shown that expression of Ucp3 in
skeletal muscle sharply contrasts with expression of Ucp1 in
BAT and is inconsistent with a role in thermogenesis: Ucp3
expression is unaffected by cold exposure and is increased with
fasting, whereas Ucp1 expression and UCP1 protein levels are
increased with cold exposure and decreased with fasting.
Furthermore, temperature measurements of these tissues sug-
gest that BAT is the primary source of thermogenesis during
hibernation, whereas the skeletal muscle temperature is ex-
tremely low, despite an increase in the level of Ucp3 mRNA.
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It is possible that, using alternative assay conditions, we may
have observed an increase in UCP homolog-mediated proton
leak; however, any uncoupling of oxidative phosphorylation
through UCP3 is unlikely to be thermogenic because of the
very low absolute abundance of UCP3 compared with UCP1
(�300-fold lower in fed animals; cf. Figs. 3A 5A). Although
our findings refer specifically to the role of UCP homologs
during hibernation, they are consistent with the growing body
of evidence suggesting that these proteins are not likely to be
physiologically relevant mediators of NST.
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