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Mice lacking the thermogenic mitochondrial membrane protein UCP1 (uncoupling protein 1) - and thus all
heat production from brown adipose tissue - can still adapt to a cold environment (4 °C) if successively
transferred to the cold. The mechanism behind this adaptation has not been clarified. To examine possible
adaptive processes in the skeletal muscle, we isolated mitochondria from the hind limb muscles of cold-
acclimated wild-type and UCP1(–/–) mice and examined their bioenergetic chracteristics. We observed a
switch in metabolism, from carbohydrate towards lipid catabolism, and an increased total mitochondrial
complement, with an increased total ATP production capacity. The UCP1(–/–) muscle mitochondria did not
display a changed state-4 respiration rate (no uncoupling) and were less sensitive to the uncoupling effect of
fatty acids than the wild-type mitochondria. The content of UCP3 was increased 3-4 fold, but despite this,
endogenous superoxide could not invoke a higher proton leak, and the small inhibitory effect of GDP was
unaltered, indicating that it was not mediated by UCP3. Double mutant mice (UCP1(–/–) plus superoxide
dismutase 2-overexpression) were not more cold sensitive than UCP1(–/–), bringing into question an
involvement of reactive oxygen species (ROS) in activation of any alternative thermogenic mechanism. We
conclude that there is no evidence for an involvement of UCP3 in basal, fatty-acid- or superoxide-stimulated
oxygen consumption or in GDP sensitivity. The adaptations observed did not imply any direct alternative
process for nonshivering thermogenesis but the adaptations observed would be congruent with adaptation
to chronically enhanced muscle activity caused by incessant shivering in these mice.
A, bovine serumalbumin; COX1,
transferase; EDTA, ethylenedia-
cyanide p-(trifluoromethoxy)

-hydroxy nonenal; ROS, reactive
ling protein
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1. Introduction

Unexpectedly, mice that lack UCP1, the mitochondrial carrier that
is the molecular mechanism behind brown-fat-derived thermogenesis,
can survive in the cold provided that they are successively adapted to
decreasing temperatures [1,2]. In the cold, these UCP1(–/–) mice still
produce the same amount of “extra” heat that is necessary to com-
pensate heat loss [1], but the mechanism behind this is debated.
According to one view, the UCP1(–/–) mice in the cold not only
shiver initially, as wild-type mice do, but they continue to shiver in the
cold for weeks and months (i.e. during the time when nonshivering
thermogenesis develops in the wild-type due to recruitment of brown
adipose tissue [3]). In this view, mice lack any possibility to develop any
alternative means of nonshivering thermogenesis except that emanat-
ing from the activity of UCP1 in brownadipose tissue [1,4] and therefore
have to chronically rely on shivering for producing the heat necessary.

According to alternative views, alternative mechanism(s) of heat
production may develop in these mice, which will replace the heat
from brown adipose tissue/UCP1. These mechanisms are thought to
reflect abilities normally found in the animals, but the very special
situation found in the UCP1(–/–) mice in the cold means that such
mechanisms will be highly induced and thus become experimentally
evident. The UCP1(–/–) mice in the cold are thus unique models to
identify such processes.

Two different organs have been suggested to be responsible for
this putative alternative nonshivering thermogenesis. One is white
adipose tissue [2,5]; this possibility will not be further examined here.
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The other organ is skeletal muscle. Classically, skeletal muscle
has been suggested to possess means of (alternative) nonshivering
thermogenesis, even before brown adipose tissue and UCP1 were
introduced in this respect [6–13]. Particularly, uncoupling (increased
proton permeability) in skeletal muscle mitochondria has been sug-
gested as a source of heat production [6,7,9,10,13], especially for
physiological systems where brown adipose tissue is absent (e.g.
birds [9,14]). The UCP1(–/–) mice are an additional such system, and
suggestions that alternative mechanisms may develop in the muscle
of these mice have been forwarded [8,15,16].

We have here undertaken to examine skeletal muscle mitochon-
dria from cold-acclimated UCP1(–/–) and wild-type mice, to investi-
gate whether the UCP1(–/–) mice demonstrate metabolic alterations
indicative of alternative thermogenic mechanisms (certain features
concerning skeletal muscle in UCP1(–/–) mice have already been
described [1,15,17,18]). We found alterations in substrate preference
(a switch toward lipid metabolism) but no indications of basal or
induced uncoupling. Particularly, we observed a highly enhanced
UCP3 level in these mitochondria, and this allowed us to examine a
series of hypotheses concerning UCP3 function in a physiologically
relevant system. We could therefore additionally conclude that UCP3
does not mediate basal or fatty-acid- or endogenous superoxide-
induced uncoupling, and is not the mediator of GDP effects, con-
clusions contrasting to predominating hypotheses concerning UCP3
function and regulation.

2. Materials and Methods

2.1. Animals

UCP1(–/–) mice (progeny of those described in [19]) were back-
crossed to C57Bl/6 or to FVB/N mice for 10 generations and after
intercrossing were maintained as UCP1(-/-) (UCP1(–/–)) and UCP1
(+/+) (wild-type) genotypes on a C56Bl/6 or on a FVB/Nbackground.
Routinely mice on a C57Bl/6 background were used here. Mice on the
FVB/N background were used in this study only for obtaining double
mutants, UCP1(–/–) and SOD2-overexpressing (UCP1(–/–)/hSOD2tg)
andWT/hSOD2tgmice by crossingUCP1(-/-) andUCP1(+/+)mice on
the FVB/N backgroundwith hSOD2/+mice on the FVB/N background
[20]. UCP3-overexpressing mice (UCP3-Tg) and wild-type littermates,
original breeding pairs a gift from GlaxoSmithKline (Harlow, UK)
[21], were also used. The mice were fed ad libitum (R70 Standard Diet,
Lactamin), had free access to water, and were kept on a 12:12 h light:
dark cycle, routinely at normal (24 °C) animal house temperature.

For experiments on cold-acclimated animals, adult female mice
were divided into age-(7-8-week-old) and body weight (17-18 g)-
matched groups, one per cage, and acclimated at 24 °C, or successively
acclimated to cold by first placing them at 18 °C for 4 weeks with the
following 4-6 weeks at 4 °C (the intermediate 18 °C step is required to
allow for survival of the UCP1(–/–) animals at 4 °C [1]). Adult female
mice age-(10-12-week-old) and bodyweight (22-23 g)-matched, one
per cage, were used for experiments on short-term cold exposure. The
experiments were approved by the Animal Ethics Committee of the
North Stockholm region.

The body temperature of themicewasmeasuredwith a rectal probe
for mice (RET-3) plugged to amplifier BAT-12 (Physiterm Instruments
Inc., NJ, USA).

2.2. Skeletal muscle collection and mitochondrial isolation

Mice were anaesthetised for 1 min by a mixture of 79 % CO2 and
21 % O2 and decapitated. Combined skeletal muscles from the hind
limbs of one mouse were placed into ice-cold medium containing
100 mM sucrose, 50 mM KCl, 20 mMK-TES, 1 mM EDTA and 0.1 % (w/
v) fatty-acid-free bovine serum albumin andwere freed ofwhite fat and
connective tissue, weighed and used for isolation of skeletal muscle
mitochondria. The wet weights of the combined skeletal muscles from
the hind limbs were not different between UCP1(–/–) and WT mice
acclimated at any temperature. Lean body mass estimated using DEXA
also indicated no signs of muscle hypertrophy in the UCP1(–/–) mice
despite constant muscle activity in shivering (not shown).

The skeletal muscles were finely minced with scissors and homog-
enized in a Potter homogeniser with a Teflon pestle. During mincing
and homogenising, the skeletal muscle fragments were treated with
nagarse, added to themediumat a concentration of 1 mgper g of tissue.
Throughout the isolation process, tissues were kept at 0 - 2 °C.

Mitochondria were isolated by differential centrifugation. Skeletal
muscle homogenates were centrifuged at 8 500 g for 10 min at 2 °C
using a Beckman J2-21 M centrifuge. The resulting supernatant,
containing floating fat and nagarse, was discarded. The pellet was
resuspended in ice-cold medium containing 100 mM sucrose, 50 mM
KCl, 20 mM K-TES, 1 mM EDTA and 0.2 % (w/v) fatty-acid-free bovine
serumalbumin (BSA). The resuspended homogenatewas centrifuged at
800 g for 10 min, and the resulting supernatant was centrifuged at
8 500 g for 10 min. The resultingmitochondrial pellet was resuspended
in the same buffer (but albumin-free) and centrifuged again at 8 500 g
for 10 min. The final mitochondrial pellets were resuspended by hand
homogenisation in a small glass homogeniser in the appropriate final
centrifugationmedium. The concentration ofmitochondrial proteinwas
measured using fluorescamine [22] with BSA as a standard. Mitochon-
drial suspensions were kept on ice for no longer than 4 h during mea-
surements of oxygen consumption and membrane potential.

2.3. Oxygen Consumption

Skeletal musclemitochondria (0.25 mg protein/ml) were incubated
in a medium consisting of 100 mM sucrose, 20 mM K+-Tes (pH 7.2),
50 mM KCl, 2 mM MgCl2, 1 mM EDTA, 4 mM KPi, 0.1 % fatty-acid-free
BSA. The substrateswere 3 mMmalate plus 5 mMpyruvate or plus fatty
acid-derived substrate (20 µM palmitoyl-L-carnitine or 5 mM carnitine
plus 30 µM palmitoyl-CoA). Reverse electron flow was induced using
5 mM succinate in the absence of rotenone.

Oxygen consumption rates were monitored with a Clark-type oxy-
gen electrode (Yellow Springs Instrument Co., USA) in a sealed cham-
ber at 37 °C as described [23].

The free concentration of oleate and palmitate was calculated
using the equations in [24] for the binding of fatty acid to bovine
serum albumin at 37 °C: [Free oleate] (nM)=6.5n – 0.19+0.13 exp
(1.54n) and [Free palmitate] (nM)=4.4n – 0.03+0.23 exp (1.16n),
where n is the molar ratio of fatty acid to albumin. Concentration-
response curve data were analysed with the general fit option of
the KaleidaGraph application for Macintosh for adherence to simple
Michaelis-Menten kinetics, V(x)=basal+ΔVmax • (x/(Km+x)),
where x is the concentration of free fatty acid.

2.4. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential measurements were performed
with the dye safranin O [25]. The changes in absorbance of safranin O
were followed at 37 °C in an Aminco DW-2 dual-wavelength spectro-
photometer at 511 – 533 nm with a 3-nm slit. Signals were recorded
every 0.5 s via a PowerLab/ADInstrument. The data were stored and
analyzed using the Chart v4.1.1 program. Calibration curves weremade
for each mitochondrial preparation in K+-free medium and were ob-
tained from traces in which the extramitochondrial K+, [K+]out, was
altered by addition of KCl in a 0.1-20 mM final concentration range. The
change in absorbance then caused by the addition of 3 µM valinomycin
was plotted against [K+]out. The intramitochondrial K+, [K+]in, was
estimated by extrapolation of the line to the zero uptake point, as
described in [25]. The absorbance readings were used to calculate
the membrane potential (mV) by the Nernst equation according to:
ΔΨm=61mV · log ([K+]in/[K+]out).
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To determine the basal proton leak, mitochondrial membrane
potential and oxygen consumption measurements were performed
in parallel using the same media consisting of 100 mM sucrose,
20 mM K+-Tes (pH 7.2), 50 mM KCl, 2 mMMgCl2, 1 mM EDTA, 4 mM
KPi, 0.1 % fatty-acid-free BSA, 2 µg/ml oligomycin, 5 µM safranin and
5 mM succinate in the presence of increasing amounts of malonate up
to 0.33 mM. An energizing preincubation time of≈3.5 min was used
[26,27] before malonate additions; proton leak kinetic measurements
were finalized within 11-12 min (cf. Fig. 3CD).

2.5. Immunoblotting

Immunoblot analysiswas performed principally as in [28]. Aliquots
of freshly isolated mitochondrial suspension were stored under
nitrogen at –80 °C after supplementation with protease inhibitor
cocktail (CompleteMini, Roche). Protein concentrations of the thawed
mitochondrial samples were requantified using the Lowry method.

Skeletal muscle mitochondria were loaded on 15 % SDS-polyacryl-
amide gel (15 µg/lane), run for 3 h in 1 x Tris-glycine-SDS running
buffer (BioRad). Protein sampleswere transferredbyelectroblotting to a
PVDF membrane. The membrane was blotted with UCP3-antibodies
(Chemicon International, dilution 1:500). For detection of carnitine
palmitoyl transferase-1 (CPT1), cytochrome c oxidase subunit 1 (COX1)
or the β subunit of FoF1-ATP-synthase, the membranes used for
detection of UCP3 were stripped and re-blotted with CPT1M (Carnitine
Palmitoyl Transferase-1muscle, AlphaDiagnostic International, dilution
1:1000),withCOX1-monoclonal (Molecular Probes, dilution1:2000), or
with β subunit of FoF1-ATP-synthase (Molecular Probes, dilution
1:2000) primary antibodies. 4-hydroxy nonenal (HNE) protein adducts
were detected with polyclonal antibodies (Alpha Diagnostics (HNE12-
S), dilution 1:1000). After incubation with primary antibodies, the
membranes were washed in PBST buffer and incubated with secondary
antibodies, conjugated with horseradish peroxidase (Cell Signalling,
dilution 1:2000).

After incubation with secondary antibodies, the membrane was
washed in PBST and incubated with detection reagents (ECL Plus
Kit, Amersham Biosciences) and the chemiluminescence signal was
detected with a CCD camera (Fuji). Quantifications were performed
with the Image Gauge v. 3.45 (FujiFilm) software.

2.6. Chemicals

Fatty-acid-free bovine serum albumin, fraction V, was from Roche
Diagnostics GmbH (Germany). Safranin O, malonate, rotenone, FCCP
(carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone), oligomycin,
GDP (guanosine 5'-diphosphate) (sodium salt), pyruvic acid (sodium
salt) and EDTA (ethylenediamine tetraacetic acid) were all from Sigma-
Aldrich Co. (St. Louis, MO, USA). Fluorescamine (4-phenyl spiro-[furan-2
(3H),1-phthalan]-3,3'-dione) was from Fluka Chemie Gmbh. GDP was
dissolved in 20 mMTes (pH 7.2) and the pH of the solution readjusted to
7.2. FCCP was dissolved in 95 % ethanol and diluted in 50 % ethanol;
oligomycinwasdissolved in95%ethanol. Ethanol in afinal concentration
of 0.1 % did not in itself have any effects on the parameters measured.

2.7. Statistics

All data are expressed as means±standard errors. Statistical
analysis was performed by Student's t-test, using MultiStat software.

3. Results

Adaptive changes occurring in skeletal muscle mitochondria from
UCP1(–/–) mice after acclimation to cold were examined here. As
UCP1 is not expressed in skeletal muscle, all changes observed must
necessarily be secondary to the altered physiological state of the mice.
As UCP1(–/–) mice cannot produce heat from brown adipose tissue
[29,30], these mice may thus be seen as a providing a unique model
where alternative nonshivering thermogenic processes should become
unveiled. Alternatively, if the view is held that skeletal muscle-derived
shivering thermogenesis is constantly activated in mice lacking
uncoupling protein-1 (UCP1), even during prolonged cold exposure
[1], and this is their only source of extra energy, effects of enhanced
muscle action should be observable in these mitochondria.

3.1. Cold acclimation enhances fatty acid oxidative capacity in skeletal
muscle mitochondria from UCP1(–/–) mice

The bioenergetics of skeletal muscle mitochondria were charac-
terized using two types of substrates: carbohydrate-derived substrate
(pyruvate) and fatty acid-derived substrates (palmitoyl-l-carnitine
or palmitoyl-CoA plus carnitine). The mitochondria were examined in
experiments exemplified (for palmitoyl-CoA+carnitine) in Fig. 1A.
After addition of substrate, the "state 3" respiratory ratewas defined as
that after addition of ADP, the basal respiratory rate ("state 4") as that
after the further addition of the ATP-synthase inhibitor oligomycin,
and the total respiratory capacity (on that substrate) as the rate after
addition of the uncoupler FCCP. The data are summarized in Table 1.

In skeletal muscle mitochondria isolated from room temperature-
acclimated mice, no bioenergetic parameter on either type of sub-
strate was different between UCP1(–/–) and wild-type mice (Table 1).
Specifically, there was no effect of cold acclimation – or of genotype
(wild-type versusUCP1(–/–))–on thebasal rate of respiration (state 4).
Thus, even in the absence of brown-fat-derived heat, and after ac-
climation to the cold, muscle mitochondria do not acquire any innate
thermogenic function.

However, cold acclimation led to significant changes in other
parameters. These changes were dependent on the type of substrate
utilised, in that cold acclimation did not change the capacity for
carbohydrate-derived substrate oxidation but significantly improved
oxidative phosphorylation on fatty acid-derived substrates (Table 1).
The magnitude of the cold-induced changes in capacity of utilisation
of fatty acids was significantly higher in UCP1(–/–) mice compared to
wild-type mice (Fig. 1A, Table 1).

3.2. Cold acclimation leads to increased mitochondrial yield and
increased total ATP production capacity in UCP1(–/–) mice

The above data were expressed per mg mitochondrial protein. To
relate these data to a physiological context, we measured mitochon-
drial yield and estimated total ATP production capacity (mitochon-
drial yield multiplied by ATP synthesis rate).

In mice acclimated to room temperature, mitochondrial yields
were not different between the two genotypes (wild-type and UCP1
(–/–)) (data not shown), but the yield was higher in cold-acclimated
UCP1(–/–) mice as compared to cold-acclimated WT mice (Fig. 1B).
Due to this, the total capacity for ATP production per gram muscle
was higher in UCP1(–/–) mice on both carbohydrate- (Fig. 1C) and
fatty acid- (Fig. 1D) derived substrates. As the total amount of muscle
(gram wet weight) was not different between the two genotypes,
these results indicate that the total ability of the muscle mitochondria
to supply ATP for muscle function is markedly improved in the UCP1
(–/–) mice.

3.3. Cold acclimation leads to specific up-regulation of carnitine palmitoyl
transferase-1 (CPT1) and UCP3 in skeletal muscle mitochondria from
UCP1(–/–) mice

To evaluate the background for the increased ability for fatty acid
catabolism, we examined the mitochondrial content of several relevant
enzymes: COX1 (respiratory chain enzyme), FoF1-ATP-synthase (phos-
phorylation system enzyme), carnitine palmitoyl transferase-1 (CPT1)
(fatty acid-derivates transport enzyme) and UCP3 (a mitochondrial



Fig. 1. Augmentation of oxidative phosphorylation capacity in skeletal muscle mitochondria from cold-acclimated UCP1(–/–) mice. (A) Representative recordings from oxygen
consumption measurements of skeletal muscle mitochondria isolated fromwild-type (thin lines) or UCP1(–/–) (heavy line) mice acclimated to cold. Additions were 5 mM carnitine,
20 µM palmitoyl-CoA, 450 µM ADP, 2 µg/ml oligomycin, 1.0-1.4 µM FCCP. (B) Mitochondrial yield from skeletal muscle from hind limbs of mice acclimated to the cold. Mean
recovery in the mitochondrial fraction from 3 mice from each genotype. (CD) Total mitochondrial ADP phosphorylation capacity in skeletal muscle from hind limbs of mice
acclimated to the cold. ADP phosphorylation capacity was estimated as the respiratory response to ADPminus the oligomycin-sensitive oxygen consumption (as performed in A) and
multiplied with the mitochondrial yield in the same mitochondrial preparation. The values in B, C and D represent the means±SE of independent mitochondrial preparations of 3
mice from each genotype. * - statistically significant difference between WT and UCP1(–/–) mice, Pb0.05.
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carrier protein family member proposed to be involved in fatty acid
metabolism in the mitochondria [31–33]) (Fig. 2).

At room temperature, none of measured protein levels were dif-
ferent between wild-type and UCP1(–/–) (Fig. 2A-E), consistent with
equal catabolic activities in the mitochondria (Table 1). The content of
COX1 and FoF1-ATP-synthase in the muscle mitochondria remained
unchanged in cold-acclimated mice of both genotypes (Fig. 2A-C);
Table 1
Augmentation by cold of fatty acid oxidative capacity of skeletal muscle mitochondria.

Substrate Genotype Acclimation
temperature

Oxidative phosphorylation

State 3
(ADP)

State 4
(oligomycin)

Uncoupled

Pyruvate WT 24 °C 316±25 13±2 445±21
4 °C 329±22 14±2 487±26

UCP1(–/
–)

24 °C 307±25 12±1 441±28

4 °C 281±18* 11±2 416±20*
Palmitoyl CoA +
carnitine

WT 24 °C 96±9 20±2 158±11
4 °C 138±12X 21±2 180±7X

UCP1(–/
–)

24 °C 108±25 21±2 164±18

4 °C 172±19X* 22±3 209
±10X*

The rates of oxygen consumption are expressed as nmol O2 • min-1 • mg protein-1. The
values represent the means±SE of 4-9 independent mitochondrial preparations in each
group, analysed in single or duplicate traces. * - statistically significant difference between
WT and UCP1(–/–), X – statistically significant effect of acclimation temperature, both
Pb0.05. Palmitoyl-l-carnitine exhibited similar parameters of oxidation (data not shown).
thus, the increased ability for ATP synthesis was not due to a higher
content of FoF1-ATP-synthase. In both wild-type and UCP1(–/–) mice,
cold acclimation led to up-regulation of CPT1 (Fig. 2A,D), consistently
with the improved fatty acid oxidative capacity in skeletal muscle
mitochondria from cold-acclimated animals (Fig. 1A, Table 1), and the
increase was even higher in the mitochondria from the UCP1(–/–)
mice, also in agreement with the functional data.

The UCP3 content was elevated 3-4-fold in skeletal muscle mito-
chondria from cold-acclimated UCP1(–/–) mice compared both to
room temperature-acclimated UCP1(–/–) mice and to wild-type mice
at any temperature (Fig. 2A,E). Physiologically induced increases in
UCP3 amount have earlier been reported. UCP3 protein levels were
increased nearly five-fold in skeletal muscle mitochondria isolated
from fasted ground squirrels compared with nonhibernators [34],
and 3-fold increases have earlier been reported in short-time cold-
exposed mice [7,35] (although not all studies report an increase [36])
and in exercising rodents [37–39]. It may be noted that the increase
reported here is expressed per mg mitochondrial protein and is thus
not a reflection of an increase in total mitochondrial complement
(contrast [40]). This effect of the combination of UCP1 ablation and
acclimation to cold provided us therefore with a physiologically rele-
vant model to examine effects of changes in UCP3 levels in isolated
mitochondria.

3.4. Oxidative stress

Continuous shivering of UCP1(–/–) mice could be considered as
a form of intense endurance exercise (skeletal muscle contraction), a
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condition known to induce oxidative stress [41]. The muscle
mitochondria of cold-acclimated UCP1(–/–) mice could therefore be
expected to exhibit high levels of oxidative damage. However, skeletal
muscle mitochondria from UCP1(–/–) showed no increase in 4-
hydroxy nonenal (HNE) adducts, used as a marker of oxidative
damage (Fig. 2FG).
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3.5. Mitochondria with high levels of UCP3 do not exhibit higher
uncoupling, even when exposed to putative UCP3 activators

The mitochondrial protein UCP3 has been suggested to possess
uncoupling properties [42,43]. We analysed here whether its higher
protein expression level in the skeletal muscle mitochondria of cold-
acclimated UCP1-ablated mice would be associated with a higher
uncoupling level. We first confirmed earlier observations [21,44] that
artificially overexpressed UCP3 in muscle mitochondria increases the
proton leak, i.e. uncouples the mitochondria (Supplementary mate-
rial). The choice of parameters for further analysis of uncoupling in
skeletal muscle was based on established features of UCP1 in brown-
fat mitochondria [3,23,45] and on suggested regulators for UCP3 [43].

In isolated brown-fat mitochondria, the presence of UCP1 in itself
results in innate uncoupling (increased thermogenesis), i.e. high res-
piration upon addition of only substrate without activators [23,45,46].
However, as pointed out above, the rate of oligomycin-insensitive oxy-
gen consumption in the muscle mitochondria studied here was similar
between the two genotypes (Fig. 1A and Table 1). Thus, cold acclimation
in general – and the increased UCP3 level specifically – did not affect
basal respiration in skeletal muscle mitochondria.

3.5.1. Fatty acids
UCP1 exhibits high sensitivity to fatty acids as (re)activators [45].

Similarly, fatty acids have been discussed as activators for UCP3
[7,47,48]. We therefore analysed the effects of fatty acids as potential
activators of UCP3-mediated uncoupling, in experiments as that illus-
trated in Fig. 3A for muscle mitochondria of wild-type mice acclimated
to 4 °C. As expected, the two analysed fatty acids, the saturated fatty
acid palmitate (Fig. 3A) and the unsaturated fatty acid oleate (data
not shown), stimulated oligomycin–insensitive respiration in a dose-
dependent manner in all muscle mitochondria preparations (Fig. 3AB,
Table 2). In mitochondria from wild-type mice, cold acclimation led
to an increased sensitivity to fatty acids as uncoupling agents (Table 2),
in agreement with earlier studies [7,10], where this change has been
suggested to be associated with (alternative) thermogenesis. The in-
creased sensitivity could, however, not be due to increased UCP3
content, as the UCP3 level was not increased in wild-type muscle mito-
chondria (Fig. 2E). Remarkably, cold acclimation of UCP1(–/–) mice
decreased the sensitivity to free fatty acids (Table 2). Thus, free fatty
acids became significantly lesspotentmitochondrial uncouplers in cold-
acclimated UCP1(–/–) mice (with a highUCP3 content) as compared to
cold-acclimated wild-type (with a low UCP3 content) (Fig. 3B, Table 2)
and improved fatty acid-induced uncoupling cannot be considered as
a means for alternative thermogenesis.

3.5.2. Superoxide
It has been proposed that superoxide is a better activator of UCP3

than are fatty acids [43]. Therefore, possible UCP3-mediated uncou-
pling (increased basal respiration and increased proton leak) was
investigated in muscle mitochondria under reverse electron flow
conditions, obtained by using succinate without rotenone. It has been
reported that the mitochondrial proton leak is enhanced in muscle
mitochondria energized for 2.5 or 5 min as compared to mitochondria
energized for 1.5 min [26,27]. Accordingly, the proton leak kinetics
studies reported here (Fig. 3C-E) were all performed after energisa-
Fig. 2. Carnitine palmitoyl transferase-1, cytochrome oxidase, ATP-synthase, UCP3 protein lev
of skeletal muscle mitochondria (15 µg mitochondrial protein/lane) isolated from mice a
palmitoyl transferase-1, CPT1; middle panels: UCP3; lower panels: β subunit of FoF1ATP-synt
proteins. The total amount of mitochondrial protein in wild-type mice acclimated to 24 °C w
expressed relative to this. The values represent the means±SE of 4-7 independent mitocho
significant difference between wild-type and UCP1(–/–). X – statistically significant effect of a
Western blot analysis of 4-hydroxy-nonenal adducts (HNE adducts) in mitochondria from
lower panel: COX1. (G). Quantification of HNE adducts in mitochondria from cold-acclimated
+) mice was set to 100 % and the levels of HNE adducts in other mitochondria expressed
preparations from UCP1(+/+) and UCP1(-/-) mice.
tion for at least 3.5 min (150 sec stabilization+60 sec steady-state, cf.
Fig. 3CD).

Reverse electron flow condition is a condition with an established
high net superoxide release [20,49]. However, despite the elevated
level of superoxide, both basal respiration (Figs. 3C and 4A) and
proton leak characteristics (Fig. 3E) were similar in mitochondria
from cold-acclimated wild-type and UCP1(–/–) mice, i.e. in mito-
chondria with low and high UCP3 levels, respectively (Fig. 2A,E).

3.5.3. Combined activators
Since fatty acid and superoxide, when tested separately, did not

induce any uncoupling that correlated with UCP3 content, we tested
the combination of fatty acid and superoxide, i.e. reverse electron flow
in the presence of fatty acid (palmitate or oleate), as suggested [43].
Also under conditions of reverse electron flow, palmitate induced an
uncoupling (Fig. 4B). However, even in the presence of both putative
activators of UCP3 (fatty acid+superoxide), the observed uncoupling
(increased respiration≈30 % above the basal succinate level) was the
same inmitochondria from cold-acclimated wild-type and UCP1(–/–)
mice (Fig. 4B), i.e. it was independent of UCP3 content.

Thus, in muscle mitochondria with 4-fold increased levels of UCP3,
there was no evidence for any basal uncoupling or that additional
uncoupling could be activated by fatty acid or superoxide or by a
combination of both.

3.6. The inhibitory effect of GDP is not correlated with the expression
level of UCP3

Purine nucleotides (GDP) are recognised inhibitors of UCP1 [3,45].
Also for UCP3, a purine nucleotide binding domain has been predicted
from the translated mRNA sequence [50], and any effect of GDP on
respiration (proton permeability) has broadly been equated with the
quantitative involvement of the relevant UCP (here UCP3) in the
process. Therefore, the possible effect of GDP on mitochondrial ther-
mogenesis in skeletal muscle from UCP1(–/–) mice was analysed.
We detected no effect of GDP on basal respiration in skeletal muscle
fromwild-type mice, principally in agreement with Cadenas et al. [51]
(Fig. 4C, 0 palmitate result; Table 2). Even in the muscle mitochondria
from UCP1(–/–) mice, no effect was observable, despite the 3-4-fold
higher UCP3 level (Fig. 4D, 0 palmitate result; Table 2).

Concerning UCP1, GDP inhibits fatty acid-induced uncoupling.
Therefore, the effect of GDP on fatty acid-induced uncoupling was also
tested in the muscle mitochondria (Fig. 4 C,D; Table 2), but the sen-
sitivities to fatty acid were not changed by GDP treatment in any
type of mitochondria analysed. The presence of GDP decreased the
maximal response to fatty acid (Fig. 4 C,D). However, the magnitude
of this decrease tended to be lower in UCP1(–/–) mitochondria (with
high UCP3), compared to wild-type mitochondria (with low UCP3)
(Table 2). The cause of this effect is unknown.

The effect of GDP was also analysed in mitochondria under con-
dition of reverse electron flow (Fig. 4A). GDP had only a minor effect
on basal respiration under conditions of high superoxide (Fig. 4A),
and the magnitude of this effect was equal in mitochondria with
different contents of UCP3 (Fig. 4E, open squares).

In the combined condition of reverse electron flow and fatty acid
addition, GDP clearly decreased respiration (Fig. 4B). The magnitude
els and HNE-adducts in skeletal muscle mitochondria. (A) Representative immunoblots
t room temperature (24 °C) or acclimated to the cold (4 °C). Upper panel: Carnitine
hase (left) or cytochrome oxidase COX1 (right). (B-E) Quantification of mitochondrial
as set to 100 % in each blot and the levels of protein in the other groups of mitochondria
ndrial preparations in each group, analysed in single or duplicate lanes. * - statistically
cclimation temperature (one symbol Pb0.05, two symbols P b 0.01). (F) Representative
cold-acclimated mice (15 µg mitochondrial protein/lane). Upper panel: HNE-adducts;
mice. Western blots were quantified and the total amount of HNE adducts in UCP1(+/
relative to this. The values represent the means±SE of 3 independent mitochondrial



Fig. 3. Fatty acid-induced uncoupling and proton leak kinetics in skeletal muscle mitochondria isolated from cold-acclimated mice. (A) Fatty acid titration of oxygen consumption in
skeletal muscle mitochondria (Mit) of wild-type mice acclimated to 4 °C. Substrate was 5 mM pyruvate. Palmitate was added at the time points indicated to reach the indicated final
concentrations. 2 µg/ml oligomycin was present. (B) Palmitate concentration - oxygen consumption response curves in skeletal muscle mitochondria from mice acclimated to 4 °C.
The filled symbols and thin line indicatemitochondria isolated fromwild-typemice, open symbols and heavy line indicatemitochondria isolated fromUCP1(–/–)mice. The points are
means±SE of 8-9 independent mitochondrial preparations for each group, examined principally as in A. The x-axis refers to the free palmitate concentration. (C,D) Representative
recordings from oxygen consumption (C) and membrane potential (D) measurements of skeletal muscle mitochondria isolated from UCP1(–/–) mice acclimated to cold. Additions
were 2 µg/ml oligomycin, 5 mM succinate (in the absence of rotenone), without (thin line) or with (thick line) increasing amounts of malonate added, up to 0.33 mM. The rate of
succinate-induced response wasmeasured during 60 sec when a steady-state in the rate of oxygen consumption and in the level of safranin O absorbance had been reached. The time
to stabilization of succinate-supported oxygen consumption was similar in all kind of mitochondria (160±6 sec for wild-type, 24 °C; 165 ± 26 for UCP1(–/–), 24 °C; 190 ± 15 for
wild-type, 4 °C; 176 ± 16 for UCP1(–/–), 4 °C). (E) Proton-leak kinetics in skeletal muscle mitochondria under reverse electron flow conditions (5 mM succinate in the absence of
rotenone as in C, D). The filled symbols and thin line indicatemitochondria isolated fromwild-typemice, open symbols and heavy line indicatemitochondria isolated fromUCP1(–/–)
mice. The points are means±SE from 3 independent mitochondrial preparations for each group, examined principally as in C, D.

974 I.G. Shabalina et al. / Biochimica et Biophysica Acta 1797 (2010) 968–980
of this effect of GDP was higher than it was under conditions of
reverse electron flow without fatty acid (Fig. 4 A,E). However, this
GDP effect on fatty acid-stimulated uncoupling had a tendency to be
lower in mitochondria with high UCP3 (Fig. 4E, filled squares).

Thus, these results are not consistent with the idea that the GDP-
induced decrease in respiration occurs through UCP3.

3.7. Superoxide level does not play a role in the development of cold
tolerance in UCP1(–/–) mice

UCP3 (and related members of themitochondrial inner membrane
anion carrier family (avian and plant UCP and the adenine nucleotide
translocase (ANT)) have been implied as potential physiologically
relevant sources of additional mitochondrial heat production when
they are activated by superoxide [9,52].

Mice with global overexpression of the mitochondrial superoxide
dismutase (hSOD2tg mice) display a reduced net superoxide release in
different tissues, includingmuscle [20], and the activity of this increased
superoxidedismutase is sufficiently high todiminish “oxidativedamage”
(here HNE adducts) in muscle mitochondria (Fig. 5A). To examine
whether themechanism for increased cold tolerance in UCP1(–/–) mice
is dependent on superoxide-induced activation of UCP3 (or UCP2 or
ANT), we compared the cold tolerance of mice that only lacked UCP1
(UCP1(–/–)) with that of mice both lacking UCP1 and overexpressing
superoxide dismutase (i.e. lacking – or at least having diminished –

superoxide release), i.e. UCP1(–/–)/hSOD2tg double mutant mice.



Table 2
Basal respiration and parameters of palmitate concentration-response curves of skeletal
muscle mitochondria.

Genotype Acclimation
temperature

GDP State 4
(oligomycin)

EC50 nM Vmax

UCP1(+/+) 24 °C - 20±2 524±18 197±14
4 °C - 22±2 455±43X 207±10

+ 22±1 491±32 170±15#
UCP1(-/-) 24 °C - 19±2 536±21 181±13

4 °C - 21±2 697±50X* 201±14
+ 20±1 726±36* 180±20

The EC50 is expressed as nM free palmitate. The State 4 (oligomycin) and the Vmax of
the rate of oxygen consumption of mitochondria are expressed as nmol O2 · min-1 · mg
protein-1. Concentration-response curve experiments were performed as shown in
Fig. 3AB. The values represent the means±SE of 7, 9, 4, 6, 8 and 4 independent
mitochondrial preparations, respectively. * - statistically significant difference between
genotypes. X – statistically significant effect of acclimation temperature. # - statistically
significant effect of GDP, all Pb0.05. Similar effects were seen with oleate (not shown).
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As expected [1,19], UCP1(–/–) mice that had only been pre-
acclimated to 24 °C did not tolerate acute transfer to 4 °C: their body
temperature declined very rapidly in the cold (Fig. 5B). As these mice
do not have increased muscle mitochondrial UCP3 (Fig. 2E), it could
not be considered surprising that the UCP1(–/–)/hSOD2tg behaved
similarly to the UCP1(–/–) mice (Fig. 5B). In agreement with earlier
observations, pre-acclimation to 18 °C [1] (or slow successive transfer
to cold [2,16]) enables the UCP1(–/–) mice to survive in the cold (as
did all mice examined in the present paper (Fig. 5B)). If superoxide
were the agent inducing alternative thermogenesis through activation
of UCP3 (or UCP2 or ANT), as has been suggested [9], UCP1(–/–)/
hSOD2tg mice would be expected to demonstrate an inability to keep
their body temperature in the cold, even after 18 °C pre-acclimation.
However, as seen in Fig. 5B, the pre-acclimated UCP1(–/–)/hSOD2tr
were able to keep their body temperature aswell as did pre-acclimated
UCP1(–/–). Thus, superoxide does not play a regulatory role in the
mechanism for additional heat production in UCP1(–/–) mice.

4. Discussion

In the present investigation, we have examined the bioenergetic
adaptations taking place in skeletal muscle during cold acclimation of
mice. Wild-type mice transiently utilize skeletal muscle during the
initial phase of cold acclimation, but as brown adipose tissue thermo-
genic capacity is successively recruited during some 3-4 weeks in the
cold, the need formuscle activity diminishes, and there should therefore
only be minor or no effects of cold acclimation on muscle bioenergetics
parameters in fully cold-acclimated wild-type mice. However, in UCP1
(–/–)mice, the situation is qualitatively different. In thesemice, no heat
can be generated in brown adipose tissue [29], and other mechanisms
must provide the necessary heat. We have therefore focused mainly on
a comparison of muscle mitochondria from cold-acclimated wild-type
and UCP1(–/–) mice.

We found that UCP3 levels were markedly up-regulated in muscle
mitochondria from UCP1(–/–) mice in the cold, and this gave us an
additional possibility to study the proposed functions of UCP3 under
conditions where UCP3 levels are physiologically up-regulated (in
contrast to the levels found following artificial overexpression of UCP3
(Supplementary material) [44]. We found that chronic cold acclima-
tion of UCP1(–/–) mice led to a metabolic shift in the mitochondria
which would support higher rates of lipid oxidation and that the
results did not support commonly discussed functions of UCP3.

4.1. General metabolic effects on muscle mitochondria

4.1.1. A substrate switch
The muscle mitochondria from cold-acclimated UCP1(–/–) mice

demonstrated amarked switch towards an increased capacity for lipid
catabolism, accompanied with a somewhat diminished capacity for
carbohydrate catabolism (Fig. 1A, Table 1). This may be understand-
able if the constant shivering occurring in the cold-acclimated mice is
interpreted as an endurance training phenomenon. Although in gen-
eral a more lipid-directed metabolism is associated with endurance
training, there are only few investigations in rodents directly dem-
onstrating substrate-switching effects of endurance training. In one
study, a trend towards increased capacity for oxidative phosphory-
lation based on lipid substrate was found, but the effect was bor-
derline [53]. However, it should be realised that such studies of
endurance training use paradigms of a few hours of treadmill running
per day, whereas the cold-exposed UCP1(–/–) mice have to shiver
24 h a day, an intensity that clearly results in robust effects on lipid
oxidation capacity in these mice.

4.1.2. An augmentation of total oxidative phosphorylation capacity
When expressed per mg mitochondrial protein, only the lipid

catabolic capacity was increased while the carbohydrate catabolic
capacity was diminished. However, the result can alternatively be
expressed from a physiological point of view. This is because the UCP1
(–/–) mice also demonstrate an increase in total mitochondrial com-
plement (Fig. 1B), principally in agreement with what is seen during
endurance training in rodents [53]. Functionally, this means that
the cold-acclimated UCP1(–/–) mice have an increased capacity for
producing ATP formuscular contractions (or other processes), both on
carbohydrate and lipid substrates.

4.1.3. In wild-type mice, cold acclimation led to increased sensitivity to
fatty acids as uncoupling agents

In skeletal muscle mitochondria from wild-type mice, cold ac-
climation led to increased sensitivity to fatty acids as uncoupling
agents (Table 2). This is in agreement with earlier reports [7,10]. As
the UCP3 protein level remained unchanged in cold-acclimated WT
mice (Fig. 2), UCP3 cannot be responsible for this phenomenon. The
mechanism for the increased sensitivity is thus not presently known,
but different members of the mitochondrial carrier family can be
activated by fatty acids (e.g. the isoform 2 of the ANT [54]). Whether
alterations of any of these occur in cold acclimation has not been
clarified.

An increase in sensitivity to fatty acids as uncoupling agents has
been discussed as a mechanism for alternative thermogenesis [55].
However, sincemusclemitochondria fromcold-acclimatedUCP1(–/–)
mice had a decreased sensitivity to fatty acids (not an increased, as
would be expected), such amechanism cannot be relevant in theUCP1
(–/–) mice.

4.1.4. No oxidative damage
Although exercise is discussed as a condition increasing the risk

for oxidative damage [39,41,56], we found no evidence for this in the
present study where the muscles examined are constantly active due
to the incessant shivering. This is also in agreement with our ob-
servations in athletes where extreme exercise in itself did not lead
acutely to signs of oxidative damage - but where oxidative damage
was visible after recovery [57].

4.1.5. Alternative means of nonshivering thermogenesis
As implied, themodel investigated heremay be considered optimal

for examining the ability of mice to demonstrate an alternative means
of nonshivering thermogenesis (i.e. alternative to that occurring in
brown adipose tissue through the function of UCP1). Mice similar to
those studied here have earlier been analysed in this context [2,16].

From a mitochondrial point of view, such alternative mechanisms
could be direct or indirect. By directmechanismswe implymechanisms
that allow for enhanced "uncoupled" oxidation (thermogenesis), i.e.
basal or induced uncoupling (heremeaning an increased combustion of
substrate not corresponding to an increased ATP production). Indirect



Fig. 4. GDP effects in skeletal muscle mitochondria isolated from cold-acclimated mice. (A) GDP-induced inhibition of oxygen consumption in skeletal muscle mitochondria from
wild-type (thin lines) or from UCP1(–/–) mice (thick lines) under conditions inducing reverse electron flow (5 mM succinate in the absence of rotenone in the presence (thick line)
or absence (thin line) of 1 mM GDP). (B) As (A) but with addition of 100 µM palmitate (equivalent to 265 nM free palmitate). (CD) Palmitate concentration-oxygen consumption
response curves in skeletal muscle mitochondria of wild-type (C) or UCP1(–/–) (D) mice in the presence (solid line) or absence (dashed line) of 1 mM GDP. The curves are means
from 4 independent experiments examined as in Fig. 3A. The x-axes refer to the free palmitate concentrations. At 0 palmitate concentration, the points for wild-type and UCP1(–/–)
coincide. (E) Themagnitude of the inhibitory effect of GDP plotted against UCP3 levels in individual mitochondrial preparations. UCP3 level was examined as in Fig. 2. Themean UCP3
value for wild-type mice acclimated to 24 °C was set to 100 % and the values for all mitochondrial preparations expressed relative to this. The inhibitory effect of GDP was estimated
as the GDP-induced change in oxygen consumption (analysed as in A and B) under conditions of reverse electron flow in the presence (solid line, filled symbols) or absence (dashed
line, open symbols) of palmitate.
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mechanisms would be those in which oxidative phosphorylation spe-
cifically and the mitochondria in general are unaffected by the process
but where the ATP produced is not utilized for muscle contraction but
for some alternative process(es), effectively giving rise to a type of
"futile cycle".

We found no signs of direct mitochondrial mechanisms for alter-
native thermogenesis. The basal level of respiration ("state 4") was
not different between the two phenotypes and there was no im-
provement in the ability of fatty acids, endogenous superoxide or a
combination of these to induce enhanced "uncoupling".

Concerning indirect means of alternative thermogenesis, the
present studies cannot provide clear answers, as such mechanisms
were not directly examined. It is clear from the results that the muscle
mitochondria from the UCP1(–/–) mice are well capable of producing
ATP that could be utilized in such processes. Thus, if, as has been
suggested [2,11], the sarcoplasmic reticulum is more leaky to Ca2+,
higher amounts of ATPwould be necessary to counteract this leakiness
and this would result in an increased respiration/heat production.
The main experimental argument for such a process is that increased
amounts of SERCA, the Ca2+ pump of the sarcoplasmic reticulum,
are sometimes [16] but not always [12] observed in themuscle of UCP1
(–/–) mice; however, an increase in SERCA would not be unexpected
as a training effect associated with enhanced muscle contractile
activity and it is thus not necessarily associated with alternative
mechanisms of nonshivering thermogenesis. If such alternative
mechanisms for nonshivering thermogenesis did exist, with signifi-
cant capacity, it would be expected thatwith time in the cold the UCP1
(–/–) mice would develop nonshivering thermogenesis, i.e. they
would stop (or at least clearly diminish) their shivering. The data
available clearly indicate that this is not the case [1], and even cursory



Fig. 5. Effect of cold exposureonbody temperature ofmicewithdifferent levels of superoxideproduction. (A)HNE-adduct levels in skeletalmusclemitochondria fromwild-type and SOD2
overexpressing mice. Overexpression of SOD2 reduces the adduct level. The experimental conditions were different from those in Fig. 2FG. (B) UCP1(-/-) and UCP1(-/-)hSOD2/+mice
were pre-acclimated to 24 °C or to 18 °C and acutely exposed to 4 °C. The values represent the means±SE of 7 mice in each group.
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observation of the mice in the cold reveals that the behaviour of the
cold-acclimated UCP1(–/–) and the wild-type mice is substantially
different (not shown), with the wild-type mice being apparently
unaffected by the cold but with the UCP1(–/–) doing their best to
avoid heat loss, while visibly shivering.

4.2. An increased UCP3 level

We found a 3-4-fold increase in the level of UCP3 in the muscle
mitochondria from cold-acclimated UCP1(–/–) mice versus wild-type
mice. This thus makes the system ideal for examining the function of
UCP3, because the mitochondria with high and low UCP3 levels both
originate from cold-acclimated animals, i.e. there are no confounding
factors in this respect. UCP3 is increased per mg mitochondrial pro-
tein (and per respiratory chain unit and per FoF1-ATP-synthase unit)
(Fig. 2). The increase is thus not of the kind previously described [40]
in which UCP3 increases in parallel with all mitochondrial proteins in
the tissue but it shows a specific increase per mitochondrial measure.
Earlier studies have observed increases in UCP3 after short-term cold
exposure or exercise [7,35,37,38] while the present study examines
the effects of weeks of cold acclimation. It is likely that the effect of
cold, reported here and earlier, can be equated with that of exercise.
This is because short-term cold exposure leads to shivering in both
wild-type and UCP1(–/–) mice [1], and because shivering persists in
UCP1(–/–) mice but disappears in wild-type mice with time [1].

Analysis of the 5’ flanking region and promotor region of the UCP3
gene has revealed several potential sequences for regulatory tran-
scription factors, including muscle-specific regulatory factors, retinoic
acid-responsive element, putative peroxisome proliferator-activated
receptor (PPAR)-responsive elements, several motifs responsive to
thyroid hormone and cAMP response-like element [58,59]. Also glu-
cocorticoids and leptin have been implicated in regulation of the UCP3
level [60,61]. Altogether, these studies indicate that the UCP3 gene
may be regulated by free fatty acid (PPAR), thyroid hormones and
cAMP (i.e. during β-adrenergic stimulation). In this context, it is
interesting that we have found elevated levels of thyroid hormones,
cortisone and leptin in cold-acclimated UCP1(–/–) mice, as compared
to cold-acclimated wild-type mice (Bihu Gao, Irina Shabalina and Jan
Nedergaard unpublished). These factors may molecularly explain the
increase in UCP3 levels.

4.3. Issues related to increased UCP3 levels

The 3-4-fold increase in UCP3 levels has provided us with a unique
ability to analyze issues discussed earlier concerning the participation
of UCP3 in different metabolic processes, discussed in detail below.
4.3.1. UCP3 does not catalyze innate uncoupling
The original report on UCP3 KO mice presented results including a

lower state-4 respiration of muscle mitochondria, implicating a spon-
taneous uncoupling catalyzed by UCP3 [42]. Based on this, clear dif-
ferences in state-4 would be expected when 3-4-fold higher levels of
UCP3 are present. However, we saw no such difference. Our results are
in agreement with others in which no increase in basal uncoupling in
skeletal muscle mitochondria has been demonstrated in several phys-
iological experimental models that have established increases in UCP3
protein levels (hibernation, fasting, caloric restriction, starvation, re-
feeding, aging, type 1 diabetes) [34,62–66]. The apparent discrepancy
between the implications of theoriginal study [42] and these later studies
may be due to the use of non-backcrossed UCP3 KO in the original study.

It has been suggested that UCP3 could be involved in lowering
ROS production in skeletal muscle mitochondria through a mecha-
nism often referred to as “mild” uncoupling. Such a weak uncoupling
should be able to decrease ROS production but not lead to increased
mitochondrial respiration [43,67,68]. A 10 mV depolarisation does
lead to a substantial decrease in the rate of ROS production under
certain experimental conditions [69]. A decrease of 10 mV may not
seem to be a major decrease, and it is therefore understandable that
this has been referred to as "mild uncoupling". However, based on
established Mitchelian control of respiratory chain activity, any de-
crease in mitochondrial membrane potential must lead to substantial
increases in the rate of oxygen consumption, as was in fact also
observed by Korshunov et al. [69] (a 3-fold increase in respiration)
(see also comments in [70]). This implies that if “mild” uncoupling
constantly were to occur due to the activity of UCP3, UCP3 must be
thermogenic (uncoupling) [68]. This is clearly not seen in the muscle
mitochondria from the UCP1(–/–) mice.

4.3.2. UCP3 does not mediate fatty acid-induced uncoupling
The sensitivity to fatty acids of the mitochondria from cold-

acclimated UCP1KO mice (with high UCP3 content) was lower than
that of wild-type (with low UCP3 levels). Similar properties, i.e. de-
creased fatty acid sensitivity in parallel with increased UCP3 content,
have been observed in skeletal muscle mitochondria from old rats [64].
Thus, in contrast to several suggestions [7,47,48], we find no evidence
that UCP3 should mediate fatty-acid-induced uncoupling.

4.3.3. UCP3 does not mediate superoxide-induced uncoupling
Endogenous superoxide – or downstream products such as HNE –

have been suggested to be activators of UCP3 [71,72]. However, even
under conditions of high endogenous superoxide production, we
failed to observe any difference in proton leak between the muscle
mitochondria with high or low UCP3 content, implying that there is
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no superoxide-induced activation of a proton conductance mediated
by UCP3. In agreement with these results, several other studies have
reported that conditions of high superoxide production do not induce
a higher proton conductance in muscle mitochondria with high
UCP3 content (LPS treatment [73] thyroid hormone treatment [74]),
and in addition UCP3 expression in CHO cells does not induce any
uncoupling activity following prolonged exposure to oligomycin and
to the superoxide generated by mitochondria under these condi-
tions [75]. Moreover, lowering of superoxide levels in vivo by over-
expression of mitochondrial superoxide dismutase (SOD2) in mice
does not influence mitochondrial basal proton leak, neither by UCP3
nor by any other mechanism [20].

In the original paper on the superoxide effect [71], a role for UCP3
was established based on an inability of superoxide to induce in-
creased proton permeability in UCP3-KOmice, in contrast to case with
the wild-type mice. This study as such is convincing; however, we are
unaware of later studies confirming a qualitative difference in this
respect between wild-type and UCP3-KO mice. Concerning HNE ef-
fects, there is clearly no qualitative difference and only a small quan-
titative difference between wild-type and UCP3-KO mice [27,72].
Thus, the relative significance of UCP3 for mediating superoxide (or
downstream products) effects on proton leak may be discussed.

4.3.4. UCP3 does not mediate the effect of GDP on respiration
An ability of GDP to inhibit proton leak has been used as an

indication (and often the only indication) that this proton leak is
mediated by a UCP, in muscle mitochondria thus by UCP3. In certain
reconstituted systems, purine nucleotides have been proposed to be
inhibitors of UCP3-mediated membrane permeability [76], and this
characteristic of inhibition by GDP has been extended to mitochon-
drial studies of the uncoupling activity of UCP3 [7,49,71]. The original
view was thus that effects of GDP represented inhibition of UCP3,
while atractylate effects represented inhibition of ANT. However, it is
clear that the effects of these inhibitors are not additive [7,72]. A
current view is therefore that GDP (also) inhibits ANT [26,77].

The present conditions allowed us to examine whether any mea-
surable effect of GDP could be ascribed to UCP3. If the effect of GDP in
wild-typemitochondria is due to the presence of UCP3, then a 3-4-fold
increase in UCP3 should become visible as a proportional increase in
the GDP-inhibitable respiration. We examined the effect of GDP
on basal respiration and under conditions of high superoxide and high
fatty acid and a combination of these.Weobserved, if anything, a lower
effect of GDP when more UCP3 was present. GDP was also unable to
competitively inhibit fatty acid-induced uncoupling, in contrast to the
interaction between GDP and fatty acids observed for UCP1 [45].

We therefore suggest that there is no GDP effect mediated by
UCP3. It would seem that a similar conclusion has been reached by
Parker et al. [26], although that the full implications of this insight
have so far not been drawn. Minimally, it must now be stated that any
indication of functional UCP3 effects based only on the ability of GDP
to inhibit respiration must be considered very preliminary.

4.3.5. Does UCP3 protect against oxidative damage?
We were not able to observe any difference in oxidative "damage"

(HNE-adducts) between UCP1(–/–) and wild-type mitochondria
(Fig. 2F). This observation may be discussed in relation to the many
papers and especially reviews that discuss (or even claim) that UCP3
is involved in protection against oxidative damage. The origin of this
idea may be said to relate to the purported ability of UCP3 to cause
("mild") uncoupling. Since accumulated data now strongly argue
against such a role for UCP3, this mechanistic argument is no longer
valid. Notably, the experimental evidence for a protective function of
UCP3 is still [78] meager, as earlier pointed out [68]. A reasonable
expectation would be that muscle mitochondria from UCP3 KO mice
would display augmented ROS production and oxidative damage.
Concerning ROS production, the only experiments available [42] were
performed on UCP3 KO that were not backcrossed, and the borderline
data showing oxidative damage [79] were performed on and com-
pared to complex population mixes. Considering the interest these
results have generated, it is surprising that the experiments have
never been verified in backcrossed mice. (Artificial overexpression of
UCP3 leads to uncontrolled uncoupling [44] (and our Supplementary
data) and is therefore not physiologically meaningful, since it is the
equivalent of adding chemical uncouplers to the mitochondria, with
well-documented effects on ROS production.)

Clearly, our observations of no differences in the degree of oxidative
damage between wild-type and UCP1(–/–) mice, can be interpreted
such that either the increased UCP3 is functional against oxidative
damage or that UCP3 is not involved in this protection. Experiments
with double UCP1/UCP3 KOs could clarify this issue.

4.3.6. UCP3 is not limiting for or involved in fatty acid metabolism
Although an involvement of UCP3 in fatty acid metabolism has

often been discussed, there is little evidence for this, either in artificial
[42] or in spontaneous [80] UCP3 KO animals (although borderline
tendencies have later been published concerning the spontaneous
UCP3 KOs [81,82]. In our studies, the increase in fatty acid oxidation
capacity in wild-type mice (Table 1) occurred without any increase in
the amount of UCP3, and UCP3 activity can therefore not be limiting
for fatty acid oxidation.

An involvement of UCP2/3 in control of pyruvate oxidation has
been suggested [75,83]. Althoughwe observed a low rate of pyruvate
oxidation in the mitochondria with high UCP3, the effect is minimal
(- 15 %), as compared to the 3-4 fold increase in UCP3. Thus, the
present data did not strongly support this hypothesis.

5. Conclusions

The muscle mitochondria from UCP1(–/–) mice constitute
important objects of study concerning the possible presence of
alternative mechanisms for nonshivering thermogenesis and, as it
transpires, also concerning the function of UCP3.

Concerning alternative mechanisms for thermogenesis, we found
no evidence that the muscle mitochondria from the cold-acclimated
UCP1(–/–) mice were modified in any way that would indicate that
they could become an alternative source of heat through some form
of uncoupling - but they did show a switch towards a higher capacity
for lipid oxidation, and the total mitochondrial capacity for ATP pro-
duction was markedly increased.

Concerning UCP3, the present study adds further evidence to
earlier implications that UCP3 is not innately uncoupling, that it
cannot be induced to act as an uncoupler by either fatty acids or by
endogenous reactive oxygen species, and that effects of GDP on
respiration are notmediated by UCP3. The present study cannot refute
that UCP3 participates in fatty acid metabolism in some way, but it is
not rate limiting for fatty acid oxidation; neither can the study refute
that UCP3 could be involved in protection against oxidative damage,
but the study does not support such an activity, and, if it exists, it
cannot mechanistically occur through UCP3-mediated uncoupling.

Thus, the present study neither demonstrates any alterations in
musclemitochondria that could easily be associatedwith an induction
of alternative nonshivering thermogenic mechanisms in the mito-
chondria of cold-acclimated UCP1(–/–) mice, nor does it identify a
function for UCP3. However, scientifically, critical experimental eval-
uation of suggested hypotheses is of significance, and the outcome
of the present study questions several hypotheses earlier forwarded
for alternative thermogenesis and for UCP3 function and regulation.
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