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Uncoupling protein 3 (UCP3) may reduce mitochondrial ROS production, and thereby protect
against mitochondrial dysfunction in skeletal muscle. UCP3 has been suggested to specifically fulfill
this role under high-fat conditions. Here we show that UCP3 knockout mice indeed have elevated
mitochondrial ROS production after short-term (8 weeks) high-fat feeding. After 26 weeks of
high-fat feeding, UCP3 knockout mice exhibited reduced mitochondrial function as measured
ex vivo in isolated mitochondria. In conclusion, these data suggest that UCP3 may have a role in
the protection of mitochondria against lipid-induced mitochondrial dysfunction, but only after
long-term exposure to high-fat.
� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Uncoupling protein 3 (UCP3), which is mainly present in skele-
tal muscle [1,2], has been suggested to play a role in fatty acid
metabolism. Several recent hypotheses suppose a protective role
for the protein against (lipid-induced) mitochondrial dysfunction
or oxidative stress [3–5], by facilitating transport of fatty acid
anions [3] or fatty acid hydroperoxides [4] across the inner mito-
chondrial membrane to the cytoplasm, or by directly attenuating
reactive oxygen species (ROS) production [5]. In response to
high-fat feeding, UCP3 overexpressing (UCP3Tg) mice show
increased oxygen consumption [6], reduced body weight gain [7]
and decreased accumulation of intramyocellular lipids (IMCL) [8]
compared to WT control mice as well as protection against fat-
induced insulin resistance [9]. In contrast, high-fat feeding in
chemical Societies. Published by E
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UCP3 knockout (UCP3�/�) animals resulted in increased accumula-
tion of IMCL [8], increased plasma free fatty acids and a tendency
to increased body weight [10] compared to wildtype (WT) control
animals. Taken together, these findings indicate that UCP3 may
indeed affect fatty acid metabolism.

In this context, we recently compared isolated skeletal muscle
mitochondria from UCP3�/� and WT mice and examined the role
of UCP3 in maintaining mitochondrial oxidative capacity under
conditions of acute fatty acid exposure. Although the presence of
fatty acids led to diminished maximal mitochondrial oxidative
capacity, the absence of UCP3 did not aggravate the inhibitory
effect of fatty acids on maximal oxidative capacity [11]. Addition-
ally, no differences between genotypes were found in the fatty
acid-induced decrease in membrane integrity or in basal lipid
(per)oxidation products, indicating similar mitochondrial damage
between UCP3�/� and WT animals.

Although these results do not fit a role for UCP3 in preserving
mitochondrial functional capacity, it should be noted that these re-
sults were obtained upon acute exposure of isolated mitochondria
to high levels of fatty acids. This hampers the extrapolation of the
results from this in vitro approach to the in vivo situation, when
the mitochondria are chronically exposed to fatty acids. In this
context it is interesting to note that several studies indicate that
lsevier B.V. All rights reserved.
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prolonged high-fat feeding – in contrast to short-term high-fat
feeding – in rodents results in mitochondrial dysfunction (re-
viewed in [12]). Thus, Bonnard et al. [13] showed that one month
of high-fat/high-sucrose feeding in mice induced glucose intoler-
ance, without affecting mitochondrial function, while extending
the dietary intervention up to 4 months did result in altered skel-
etal muscle mitochondrial biogenesis, – morphology and – func-
tion. These authors suggested that elevated reactive oxygen
species (ROS) production was responsible for the high-fat diet-in-
duced reduction in mitochondrial function. Although increased
levels of UCP3 mRNA upon the prolonged dietary intervention
were reported, the role of UCP3 in the enhanced oxidative stress
and decreased mitochondrial function was not examined. Taken
together, it is likely that long-term exposure to fatty acids is neces-
sary before the putative protective effect(s) of UCP3 on skeletal
muscle mitochondria become evident.

So far only one study [14] has examined the effects of short- and
long-term high-fat feeding (1, 2, 3, 4 and 8 months) in UCP3�/� and
WT mice. Importantly, this study focused on intracellular lipid lev-
els and insulin sensitivity rather than on mitochondrial functional
capacity. Consequently, the significance of UCP3 in relation to skel-
etal muscle mitochondrial function and/or ROS production upon
long-term exposure to a high-fat diet remains unclear.

In the present study, we therefore provided UCP3�/� and WT
control mice to 8 or 26 weeks chow versus high-fat diet and subse-
quently assessed mitochondrial functional capacity by high-
resolution respirometry and mitochondrial ROS production by
electron spin resonance (ESR) spectroscopy. We hypothesized that
mitochondria from UCP3�/� mice would display elevated ROS pro-
duction and decreased mitochondrial oxidative capacity, and that
these effects would specifically become apparent upon long-term
high-fat feeding.
2. Materials and methods

2.1. Animals

Male C57Bl/6 WT and UCP3�/� mice (backcrossed 10 genera-
tions onto a C57Bl/6 background) were used. The creation of
UCP3�/� mice has been described before [15]. At 10–15 weeks of
age, mice were randomly assigned to an 8-week 45 energy%
high-fat dietary intervention (HF-diet; D01060502, Research Diets,
New Brunswick, USA; containing 35 E% carbohydrates, 20 E% pro-
tein and 45 E% fat), or maintained on standard laboratory chow
diet (Sniff R/M H chow, Sniff spezialdiäten, Soest, Germany; con-
taining 58 E% carbohydrates, 33 E% protein and 9 E% fat) for a sim-
ilar period. In a second experiment, a separate group of animals
(10–15 weeks of age) was randomly assigned to a 26-week dietary
intervention with the same high-fat or chow diet. Animals were
housed individually in a controlled environment (21–22 �C) with
a 12:12 h light–dark cycle (light from 0700 to 1900 h) and unlim-
ited access to food and tap water. Body weights were recorded at
the end of dietary intervention. All experiments were approved
by the Animal Care and Use committee of Maastricht University
and complied with principles of laboratory animal care.
2.2. Tissue collection

At the end of the dietary intervention, animals were sedated by
a mixture of 79% CO2 and 21% O2 and sacrificed by decapitation.
Hind limb skeletal muscle (�2.0 g) was rapidly dissected and
transferred into ice-cold mitochondrial isolation buffer containing
100 mM sucrose, 50 mM KCL, 20 mM K+-TES, 1 mM EDTA, and 0.2%
(w/v) fatty acid free bovine serum albumin (BSA). Tissue was used
immediately for fresh isolation of skeletal muscle mitochondria,
except for both tibialis anterior muscles that were frozen in liquid
nitrogen and stored at �80 �C until further analysis.

2.3. UCP3 protein levels

Protein expression levels of UCP3 were determined by western
blotting in tibialis anterior muscle tissue homogenates of 8 weeks
chow fed UCP3�/� and WT mice to confirm genotype. Densitomet-
ric analysis of Instant Blue staining (Expedeon, Cambridge, UK) was
used to quantify the total protein content of every sample. Western
blotting was performed using 13% polyacrylamide SDS-gels as de-
scribed before [2,16]. Rabbit polyclonal antibody detecting UCP3
(code 1338, kindly provided by LJ Slieker, Eli Lilly) was used. The
UCP3 protein band was visualized by chemiluminescence and ana-
lyzed by densitometry using Image Master (Pharmacia Biotech,
Roosendaal, the Netherlands). Blots were loaded with similar
amounts of WT and UCP3�/� samples per blot and intensity was
expressed in arbitrary units.

2.4. Mitochondrial isolation

Skeletal muscle mitochondria were isolated as previously
described [17,18]. Briefly, tissue was finely minced with scissors
and a mechanical potter homogenizer in the presence of 8.4 U/g
muscle proteinase (Subtilisin, Sigma–Aldrich, St. Louis, MO, USA).
The mixture was then centrifuged at 8500�g for 10 min at 4 �C.
Remaining pellets were resuspended in isolation buffer, homoge-
nized by hand, using a Potter homogenizer, and centrifuged at
800�g for 10 min at 4 �C. Supernatants were then centrifuged at
8500�g for 10 min at 4 �C. The final resulting mitochondrial pellets
were gently resuspended by hand-homogenization in a small glass
homogenizer. Mitochondrial protein concentration was deter-
mined using fluorescamine (Fluram�, Fluka, Zwijndrecht, the Neth-
erlands) with BSA as a standard.

Freshly isolated mitochondria were used immediately for anal-
yses of ROS production and mitochondrial function.

2.5. ROS production

Mitochondrial superoxide anion radical production by freshly
isolated mitochondria was measured as described earlier using X-
band electron spin resonance (ESR) spectroscopy (Bruker EMX
1273) in combination with a spin trapping technique [17]. Briefly,
a combination of malate (3 mM), glutamate (5 mM) and succinate
(5 mM) was added in an attempt to mimic formation of intermedi-
ates of the citric acid cycle as is the case in vivo. Furthermore, acti-
vated charcoal purified 5,5-dimethyl-1-pyrolline N-oxide (DMPO)
(100 mM; Sigma–Aldrich, St Louis, MO, USA) was added as spin trap-
ping agent. Superoxide anion radical derived DMPO-OH� signals,
previously shown to be completely inhibited by superoxide dismu-
tase [17], were measured using the WIN-EPR spectrum qualification
program (version 2.11, Bruker, Rheinstetten, Germany). Quantifica-
tion of the spectra by peak height measurements was performed by
summation of four peaks of the DMPO-OH� signal. Values are ex-
pressed as percentage of the radical signal intensity of the WT mice.

2.6. Mitochondrial function

Mitochondrial respiration rates, as a measure of mitochondrial
function, were determined as described earlier [17] using a two-
chambered Oxygraph (Oroboros� Instruments, Innsbruck, Austria).
Pyruvate (5 mM) was used as a carbohydrate-derived substrate while
palmitoyl-CoA (2 mM) + L-carnitine (50 lM) was used as a fatty acid
substrate. All conditions were in the presence of malate (3 mM) as
this was present in the respiration buffer. State 3 respiration was ini-
tiated by addition of ADP (450 lM) whereas state 4o respiration was



Table 1
Body weights of mice after 8- and 26-week dietary intervention.

Body weight (g) WT UCP3�/�

8 Weeks chow diet 29.2 ± 0.7 27.3 ± 0.7
8 Weeks high-fat diet 29.0 ± 1.7 30.6 ± 0.8
26 Weeks chow diet 31.2 ± 0.4 31.5 ± 1.0
26 Weeks high-fat diet 36.8 ± 1.8 44.6 ± 2.81

Values are expressed as mean ± SEM.
1 Compared to WT, P = 0.07 (n = 7–11).
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measured in the presence of the ATP-synthase inhibitor oligomycin
(1 lg/ml). Maximal capacity of the electron transport chain (state
U) was determined upon titration with the chemical uncoupler car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP).

2.7. Statistical analyses

Statistical analyses were performed using SPSS for Windows
15.0 software (SPSS Inc., Chicago, IL, USA). All data are presented
as means ± S.E.M. Unpaired t-test was performed with statistically
significance threshold set at P = 0.05.

3. Results

3.1. UCP3 protein expression and body weight

UCP3 protein was undetectably low in UCP3�/� animals con-
firming their genotype. In WT animals, UCP3 protein levels were:
1.0 ± 0.3 AU after 8 weeks of chow, 1.5 ± 0.3 AU after 8 weeks
high-fat, 0.10 ± 0.06 AU after 26 weeks chow and 0.86 ± 0.46 AU
after 26 weeks high-fat feeding.

No differences in body weight were detected between genotype
after either 8 weeks of chow or high-fat feeding (Table 1). Body
weight was also similar between genotypes after 26 weeks of chow
feeding. However, UCP3�/� animals did show a tendency to higher
body weight after 26 weeks of high-fat feeding, when compared to
WT.

3.2. Effect of UCP3 on mitochondrial metabolism: 8 Weeks chow diet

Mitochondrial superoxide anion radical production, determined
under state 4o conditions, was similar in both genotypes upon
8 weeks of chow diet feeding (Table 2). In accordance with mito-
chondrial ROS production, also mitochondrial function was similar
between both genotypes either when fuelled by pyruvate or by
palmitoyl-CoA + L-carnitine, i.e. both ADP-stimulated respiration
and maximally uncoupled respiration rates were similar (Table
2). Despite the putative role of UCP3 in mediating mitochondrial
Table 2
Effect of 8 weeks chow feeding on skeletal muscle mitochondrial metabolism of WT and U

Body weight (g)

ROS production (% of WT radical signal intensity)
Superoxide anion production
ADP-stimulated respiratory rate (nmol O2/mg/min)
Glycolytic substrate (pyruvate)
Fatty acid substrate (palmitoyl-CoA + L-carnitine)
Maximal electron transport chain capacity (nmol O2/mg/min)
Glycolytic substrate (pyruvate)
Fatty acid substrate (palmitoyl-CoA + L-carnitine)
State 4 uncoupled respiratory rate (nmol O2/mg/min)
Glycolytic substrate (pyruvate)
Fatty acid substrate (palmitoyl-CoA + L-carnitine)

Quantification of mitchondrial superoxide anion radical production as determined by
substrates. (WT; n = 7 and UCP3�/�; n = 8) Mitochondrial function (as determined as ADP-
state 4 uncoupled respiratory rate are determined by high resolution respirometry upo
UCP3�/�; n = 7). Values are expressed as mean ± SEM.
proton leak, state 4o respiration rates were similar in UCP3�/�

and WT mice (Table 2).

3.3. Effect of UCP3 on mitochondrial metabolism: 8 Weeks high-fat
diet

After 8 weeks of high-fat feeding, the superoxide production
was higher in UCP3�/� animals when compared to WT mice
(Fig. 1a, P < 0.05). However, this did not result in altered mitochon-
drial function between the genotypes, neither on pyruvate (Fig. 1b)
nor on palmitoyl-CoA + L-carnitine (Fig. 1c). Also, mitochondrial
uncoupling was not affected by genotype, on either of the sub-
strates (Fig. 1d, e).

To exclude the possibility that the dietary intervention would
be too short to reveal the putative protective effect of UCP3 on
mitochondrial function, we also subjected the mice to a more pro-
longed, i.e., 26-week dietary intervention. Again, body weight was
not different after 26 weeks of chow diet in UCP3�/� versus WT
mice. Upon 26 weeks of high-fat diet feeding, the UCP3�/� mice
tended to have higher body weights as compared to the WT
(P = 0.07, Table 1).

3.4. Effect of UCP3 on mitochondrial metabolism: 26 Weeks chow diet

Upon 26 weeks of chow diet (Fig. 2a), mitochondrial superoxide
anion radical production was higher in UCP3�/� versus WT animals
(P < 0.01). Again, this did not result in differences in mitochondrial
function between the genotypes, neither on pyruvate (Fig. 2b) nor
on palmitoyl-CoA + L-carnitine (Fig. 2c) Also state 4o respiration
levels – indicative of mitochondrial uncoupling – were not differ-
ent between UCP3�/� versus WT mice (pyruvate: Fig. 2d, and pal-
mitoyl-CoA + L-carnitine: Fig. 2e).

3.5. Effect of UCP3 on mitochondrial metabolism: 26 Weeks high-fat
diet

Unexpectedly, after 26 weeks of the high-fat diet mitochondrial
superoxide anion radical production was similar in both genotypes
(Fig. 3a). At this stage UCP3�/� mice showed a significantly lower
mitochondrial capacity as compared to WT animals when fuelled
by pyruvate. Thus, both ADP-stimulated respiration (P < 0.01) and
maximal mitochondrial capacity (P < 0.01) were reduced in
UCP3�/� mice (Fig. 3b). Also upon palmitoyl-CoA + L-carnitine, the
ADP-stimulated respiration was significantly lower in UCP3�/�

mice as compared to WT animals (Fig. 3c; P < 0.05), while the
reduction in maximal mitochondrial capacity did not reach statis-
tical significance (Fig. 3c). Finally, state 4o respiration was signifi-
cantly lower in UCP3�/� versus WT mice, both on pyruvate
CP3�/� mice.

WT UCP3�/�

100 ± 8.3 89.9 ± 3.8

306.8 ± 21.8 323.4 ± 57.0
92.1 ± 11.8 80.2 ± 8.2

413.1 ± 16.2 443.4 ± 46.6
129.4 ± 18.3 115.5 ± 12.3

17.5 ± 1.5 17.2 ± 1.8
16.7 ± 2.8 12.9 ± 1.3

electron spin resonance spectroscopy, using glutamate, succinate and malate as
stimulated respiratory rate and maximal electron transport chain activity) as well as
n glycolytic (WT; n = 6 and UCP3�/�; n = 7) and fatty acid substrate (WT; n = 6 and



Fig. 1. Effect of 8 weeks high-fat feeding on skeletal muscle mitochondrial metabolism of WT and UCP3�/�mice. (a) Superoxide anion radical production measurements were
performed using malate + glutamate + succinate as substrates. The radical signal intensity of the WT mice is set to 100%. (WT; n = 10 and UCP3�/�; n = 9). Mitochondrial
function was assessed using both ADP-stimulated ‘‘state 3’’ respiratory rates (filled bars) as well as maximal capacity of the electron transport chain (or maximal uncoupled
‘‘state U’’ respiratory rates) (hatched bars) upon carbohydrate-derived (WT; n = 9 and UCP3�/�; n = 7) (b) and fatty acid (WT; n = 10 and UCP3�/�; n = 7) (c) substrates.
Mitochondrial uncoupling or ‘‘state 4o’’ respiratory rates, i.e. which were not coupled to ATP synthesis were analyzed using carbohydrate-derived (WT; n = 9 and UCP3�/�;
n = 7) (d) and fatty acid (WT; n = 9 and UCP3�/�; n = 7) (e) substrates. Values are expressed as mean ± SEM. ⁄ – statistically significant different compared to WT, P < 0.05.
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(P < 0.001) and on palmitoyl-CoA + L-carnitine (P < 0.05), indicating
lower proton leak in animals lacking UCP3 (Fig. 3d, e).
4. Discussion

In the present study we show that lack of UCP3 increases mito-
chondrial ROS production, as measured ex vivo in isolated
mitochondria, although we only observed this after short-term
high-fat or long-term chow feeding. Furthermore, we show that
lack of UCP3 is associated with a reduced mitochondrial function
both on pyruvate and palmitoyl-CoA + L-carnitine, but only after
long-term high-fat feeding. These data suggest that UCP3 exerts
a mild effect in the protection of mitochondria against lipid-in-
duced mitochondrial dysfunction, which only becomes apparent
after long-term exposure to high-fat environments.



Fig. 2. Effect of 26 weeks chow feeding on skeletal muscle mitochondrial metabolism of WT and UCP3�/� mice. (a) Superoxide anion radical production measurements were
performed using malate + glutamate + succinate as substrates. The radical signal intensity of the WT mice is set to 100%. (WT; n = 8 and UCP3�/�; n = 7) Mitochondrial
function was assessed using both ADP-stimulated ‘‘state 3’’ respiratory rates (filled bars) as well as maximal capacity of the electron transport chain (or maximal uncoupled
‘‘state U’’ respiratory rates) (hatched bars) upon carbohydrate-derived (WT; n = 9 and UCP3�/�; n = 10) (b) and fatty acid (WT; n = 8 and UCP3�/�; n = 9) (c) substrates.
Mitochondrial uncoupling or ‘‘state 4o’’ respiratory rates, i.e. which were not coupled to ATP synthesis were analyzed using carbohydrate-derived (WT; n = 9 and UCP3�/�;
n = 10) (d) and fatty acid (WT; n = 8 and UCP3�/�; n = 9) (e) substrates. Values are expressed as mean ± SEM. ⁄ – statistically significant different compared to WT, P < 0.05.
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4.1. Mitochondrial uncoupling

UCP3, if operating as a genuine and thermogenic uncoupling
protein, i.e., releasing energy as heat instead of ATP, has been sug-
gested to affect body weight.

Interestingly, only after 26 weeks of high-fat feeding, UCP3�/�

animals tended to have higher body weights. This is in agree-
ment with previous reports that showed that long-term
high-fat feeding (>8 weeks) [10] and not short-term high-fat or
chow feeding [8,10,15] resulted in a more pronounced increase
in body weight in UCP3�/� animals when compared to WT. Addi-
tionally, the higher body weights in the UCP3�/� mice after
26 weeks of high-fat diet feeding were accompanied by higher
coupling rates (i.e. lower state 4o respiration), which may suggest
that effects of UCP3 on body weight become apparent after long-
term high-fat feeding, perhaps because the effect of UCP3 on



Fig. 3. Effect of 26 weeks high-fat feeding on skeletal muscle mitochondrial metabolism of WT and UCP3�/� mice. (a) Superoxide anion radical production measurements
were performed using malate + glutamate + succinate as substrates. The radical signal intensity of the WT mice is set to 100%. (WT; n = 7 and UCP3�/�; n = 8) Mitochondrial
function was assessed using both ADP-stimulated ‘‘state 3’’ respiratory rates (filled bars) as well as maximal capacity of the electron transport chain (or maximal uncoupled
‘‘state U’’ respiratory rates) (hatched bars) upon carbohydrate-derived (WT; n = 7 and UCP3�/�; n = 7) (b) and fatty acid (WT; n = 6 and UCP3�/�; n = 8) (c) substrates.
Mitochondrial uncoupling or ‘‘state 4o’’ respiratory rates, i.e. which were not coupled to ATP synthesis were analyzed using carbohydrate-derived (WT; n = 7 and UCP3�/�;
n = 7) (d) and fatty acid (WT; n = 6 and UCP3�/�; n = 7) (e) substrates. Values are expressed as mean ± SEM. ⁄ – statistically significant different compared to WT, P < 0.05.
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uncoupling is so small that only long-term effects on body
weight can be detected.

4.2. UCP3 and mitochondrial ROS production

UCP3 is suggested to modulate ROS production by reducing the
mitochondrial proton gradient and it can be hypothesized that this
occurs especially under conditions of high fatty acid availability
[19,20]. Consistently, we here show higher ROS production in the
UCP3�/� mice compared to the WT mice after 8 weeks of a high-
fat diet, but not after 8 weeks of a chow diet. Using electron spin
resonance spectroscopy, our data adds to studies that showed sim-
ilar ROS related effects of UCP3 using indirect measurements
[10,21–23].

Interestingly, higher ROS production was also detected in
UCP3�/� mice after 26 weeks of chow diet, which is in line with
our previous study in which we showed that 75 week-old UCP3Tg
mice were protected against age-induced increases in ROS
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production, whereas ROS production at younger age was similar to
WT mice [17]. Although speculative, these results may suggest that
the higher levels of ROS in UCP3�/� mitochondria after 26 weeks of
chow diet may represent an exaggerated age-induced induction of
ROS in UCP3�/�. The contrary finding that lack of UCP3 had no ef-
fect on ROS production after 26 weeks of high-fat feeding, might be
explained by reduced mitochondrial function (see below).

4.3. Mitochondrial function

UCP3 has been implicated in the protection against (lipid-
induced) mitochondrial dysfunction or oxidative stress [3–5]. In a
recent study [11] we found that acutely exposing isolated skeletal
muscle mitochondria to fatty acids reduced the maximal mitochon-
drial oxidative capacity, but this decrease in mitochondrial function
was similar between WT and UCP3�/� animals. However, in vivo the
body is exposed to high levels of fatty acids and ROS for a life-long
period, and UCP3 may still function to prevent deterioration of mito-
chondrial function in time. We therefore examined the role of UCP3
in maintaining mitochondrial capacity upon prolonged in vivo expo-
sure to high-fat diets. In general, after a relatively short period of die-
tary intervention (8 weeks) we did not find a relation between the
lack of UCP3 and the functional capacity of the mitochondria, neither
under normal chow-fed conditions nor after 8 weeks of high-fat
feeding, which is consistent with our acute experiments. However,
8 weeks of high-fat diet might still be too short to elicit mitochon-
drial dysfunction and long-term high-fat interventions might be
needed to decrease mitochondrial function [13]. Indeed, after
26 weeks of high-fat diet feeding mitochondrial function was lower
in UCP3�/�mice as compared to WTs. The lower mitochondrial func-
tion in the UCP3�/� animals appears in line with data from Seifert
et al. [24] who showed that under chow fed conditions, UCP3�/�

and WT mice have a similar fatty acid oxidation, whereas after over-
night fasting, i.e., upon high levels of fatty acids, UCP3 was found
obligatory to augment palmitoyl–carnitine oxidation rate. Remark-
ably however, whereas the 26 weeks of high-fat feeding is the only
condition in which mitochondrial function fuelled by both pyruvate
and fatty acids is blunted in UCP3�/�mice, this is also the condition
in which unexpectedly no effects on ROS production were found.
Possibly the lower mitochondrial respiration in this group underlies
the blunted ROS production as measured ex vivo in isolated mito-
chondria, although no clear correlation can be made as oxygen con-
sumption and ROS production measurements were performed using
different substrates. Alternatively, the changes in mitochondrial
function observed in UCP3�/�mice are not causally related to mito-
chondrial ROS production.

In summary, we report that UCP3 may have direct effects on
mitochondrial ROS production and can protect mitochondria
against high-fat diet induced reduction in mitochondrial function,
but only after prolonged consumption of high-fat diets. Interest-
ingly, UCP3 levels are reduced by 50% in human patients with type
2 diabetes mellitus and these patients are also characterized by
reduced mitochondrial function and elevated oxidative stress
[25,26]. As also type 2 diabetes is a disease, which takes years to
fully develop, it is tempting to speculate that UCP3 may also in
humans play a role in the regulation of ROS production and the
prevention of the long-term deterioration of mitochondrial func-
tion. Further research is needed to investigate this suggestion
and to examine the exact mechanisms by which UCP3 may affect
ROS and/or mitochondrial function.
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