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Physiological Increases in Uncoupling Protein 3
Augment Fatty Acid Oxidation and Decrease Reactive
Oxygen Species Production Without Uncoupling
Respiration in Muscle Cells
J. Darcy MacLellan,1 Martin F. Gerrits,1 Adrienne Gowing,1 Peter J.S. Smith,2 Michael B. Wheeler,3
and Mary-Ellen Harper1

Decreased uncoupling protein (UCP)3 is associated
with insulin resistance in muscle of pre-diabetic and
diabetic individuals, but the function of UCP3 remains
unclear. Our goal was to elucidate mechanisms underlying the negative correlation between UCP3 and insulin
resistance in muscle. We determined effects of physiologic UCP3 overexpression on glucose and fatty acid
oxidation and on mitochondrial uncoupling and reactive
oxygen species (ROS) production in L6 muscle cells. An
adenoviral construct caused a 2.2- to 2.5-fold increase in
UCP3 protein. Palmitate oxidation was increased in
muscle cells incubated under normoglycemic or hyperglycemic conditions, whereas adenoviral green fluorescent protein infection or chronic low doses of the
uncoupler dinitrophenol had no effect. Increased UCP3
did not affect glucose oxidation, whereas dinitrophenol
and insulin treatments caused increases. Basal oxygen
consumption, assessed in situ using self-referencing
microelectrodes, was not significantly affected, whereas
dinitrophenol caused increases. Mitochondrial membrane potential was decreased by dinitrophenol but was
not affected by increased UCP3 expression. Finally,
mitochondrial ROS production decreased significantly
with increased UCP3 expression. Results are consistent
with UCP3 functioning to facilitate fatty acid oxidation
and minimize ROS production. As impaired fatty acid
metabolism and ROS handling are important precursors
in muscular insulin resistance, UCP3 is an important
therapeutic target in type 2 diabetes. Diabetes 54:
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I

nsulin resistance in muscle is a primary component
of type 2 diabetes, a disease with a prevalence that is
increasing at an alarming rate in modern society.
The importance of mitochondrial oxidative phosphorylation in the development of type 2 diabetes has
recently been demonstrated through gene expression profiling studies in muscle of pre-diabetic, diabetic, and
nondiabetic populations. Individuals with type 2 diabetes
were shown to have reduced expression of genes for key
proteins in oxidative metabolism and mitochondrial function in muscle (1). Furthermore, pre-diabetic individuals
with insulin resistance but normal glucose tolerance display the same pattern of decreased expression of genes
related to mitochondrial oxidative metabolism, consistent
with the possibility that such characteristics are directly
relevant to the origins and development of type 2 diabetes
(2).
One of the mitochondrial proteins having decreased
mRNA expression in pre-diabetic and diabetic subjects is
uncoupling protein (UCP)3 (2). Not only are the levels of
mRNA for UCP3 decreased but also are the levels of UCP3
protein. Schrauwen et al. (3) demonstrated decreased
UCP3 protein in vastus lateralis of type 2 diabetic patients
and no significant association between UCP3 protein and
BMI of patients.
Mitochondrial UCPs belong to a large family of anion
carrier proteins that facilitate the exchange of substrates
across the mitochondrial inner membrane. Members of
this family play essential roles in the trafficking of intermediary metabolites into and out of the mitochondrial
matrix. The archetypal UCP, UCP1, is abundantly expressed in brown adipose tissue, where it dissipates the
energy potential generated by respiration to serve both
thermoregulatory and metaboregulatory roles (4 – 6). However, UCP1 knockout mice, although cold intolerant, are
no more susceptible to obesity than their wild-type littermates (7) and in fact demonstrate some resistance to
diet-induced obesity (8). The latter suggests that the
compensatory mechanisms are energetically more costly
than UCP1-mediated thermogenesis (8).
In 1997, genes for two additional anion carrier proteins
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having ⬃56% sequence homology to UCP1 were identified
and named UCP2 (9,10) and UCP3 (11,12). The corresponding proteins are both expressed in brown adipocytes, albeit at levels far less than that of UCP1. In other
tissues, UCP2 protein is localized to areas of the pancreas,
immune system, white adipose tissue, and the brain (13)
and has been linked to insulin secretion and protection
from reactive oxygen species (ROS) (14 –16). Although
UCP3 is expressed predominantly in skeletal muscle, it is
also found in brown adipose tissue, cardiac muscle, and in
certain areas of the brain (11,12,17). Originally it was
thought that these additional UCPs functioned in a thermoregulatory manner similar to UCP1. However, expression patterns of UCP2 and UCP3 are not always consistent
with changes in thermogenesis (18) or mitochondrial
uncoupling (19,20). Moreover, in overexpression studies in
which uncoupling has been observed, there is concern that
uncoupling is an artifact of supraphysiological levels of the
protein in the mitochondrial inner membrane (21,22).
It has also been proposed that UCP3 protects against
ROS damage. This is supported both in vivo (increased
ROS damage in muscle of UCP3 knockout mice) and in
vitro (mitochondria from knockout versus control mice
treated with superoxide or hydroxynonenal). ROS are
normal by-products of mitochondrial respiration. However, ROS produced in excess of scavenging systems can
mediate cellular damage, which is known to contribute to
hyperglycemia-induced diabetes complications (23,24). Elevated mitochondrial membrane potential can be a direct
cause of accelerated cellular ROS production, so one way
to mitigate ROS-mediated damage is to increase the proton
“leakiness” of the mitochondrial inner membrane (25).
Because mitochondrial ROS production is exquisitely sensitive to membrane potential, even mild uncoupling is
thought to be highly effective for reducing ROS at this
source. Thus, an alternative explanation for UCP3-dependent protection against hyperglycemia-induced damage in
muscle may be a reduction in ROS production through
mild uncoupling of oxidative phosphorylation.
The goal of the research described herein was to study
the mechanisms underlying the negative correlation between UCP3 expression and insulin resistance in muscle.
Specifically the aim was to determine, in intact L6 muscle
cells, the effects of physiological increases in UCP3 expression on glucose and fatty acid oxidation and on the
interrelationship between ROS production and mitochondrial uncoupling. We demonstrate that moderate (2.2- to
2.5-fold) overexpression of UCP3 protein in L6 myotubes
specifically increases fatty acid oxidation but is without
effect on glucose oxidation. Furthermore, we demonstrate
for the first time that UCP3 overexpression mitigates the
production of ROS in a manner that is independent of
mitochondrial uncoupling. The findings thus imply that the
decreased expression of UCP3 in muscle of pre-diabetic
and diabetic individuals may be specifically mediated
through some impairment in fatty acid metabolism and/or
by increasing ROS-mediated cellular damage.
RESEARCH DESIGN AND METHODS
Cell culture reagents, including ␣-minimum essential medium, fetal bovine
serum, and antibiotics/antimycotics were purchased from Invitrogen-Gibco
(Burlington, ON). Fluorescent probes were obtained from Molecular Probes
(Eugene, OR). Radioactive [U-14C]glucose and [1-14C]palmitate were from
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New England Nuclear (Boston, MA). Affinity-purified polyclonal rabbit antiUCP3, directed against a 19 –amino acid sequence in the COOH-terminus was
purchased from Chemicon (Temecula, CA). All other chemicals were purchased from Sigma (Oakville, ON).
Cell culture and treatment. L6 rat myoblasts were maintained in ␣-minimum Eagle’s medium containing 10% (vol/vol) fetal bovine serum, 100
units/ml penicillin G, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B
(growth medium). For experiments, myoblasts were reseeded into 6-cm2 cell
culture dishes, 10-cm2 cell culture dishes, opaque 96-well plates, or 25-cm2
flasks, depending on the experiment to be performed. Once cells reached
confluency, differentiation was induced by lowering the serum concentration
to 2% (differentiation medium). Differentiation medium was replaced every
48 h for 5 days, unless otherwise stated, allowing sufficient time for myotubes
formation. All experiments were initiated 5 days’ postdifferentiation.
Adenoviral transfection. Transfection of L6 cells with an adenoviral vector
(1 ⫻ 107 pfu/ml) containing recombinant UCP3 was performed 2 days’
postdifferentiation. The virus was removed after a 48-h incubation period, and
fresh differentiation medium was added. The efficacy of infection was
determined by transfecting parallel plates with an equivalent titer of green
fluorescent protein (GFP). GFP-transfected myotubes were also used to verify
that experimental outcomes were not adenoviral mediated. To simultaneously
study the effects of chemical uncoupling, separate plates were treated with 50
mol/l 2,4-dinitrophenol starting 2 days’ postdifferentiation for 72 h with the
dinitrophenol being replaced every 24 h. This concentration was used based
on the results of our preliminary studies and on the concentrations used
chronically with the same cell line by others (26). For acute uncoupling,
higher concentrations ranging from 0.5 to 5 mmol/l can be used and effects
observed within minutes. However, the use of such higher concentrations for
longer periods of time will cause cell death. Control myotubes were left
untreated.
Western blotting. Cells were removed from flasks following incubation with
0.25% trypsin, washed, and then total protein was isolated using Trizol. To
increase the concentration of protein before Western blotting, cell extracts
were passed through Microcon YM-10 centrifugal filters (Millipore, Etobicoke,
ON, Canada) following manufacturer’s guidelines. The filters were spun at
14,000g to exclude proteins having molecular weights ⬍10 kDa and to
concentrate protein for Western blotting. To prevent increases in the concentration of SDS during these procedures, concentrated protein was diluted in
PBS and respun twice at 14,000g. Equal amounts of cellular protein (80 g)
were loaded into each lane of a BioRad Minigel (12% polyacrylamide) system.
After transfer to nitrocellulose membranes, primary antibody (UCP3, AB-3046;
Chemicon) was incubated at a 1:1,000 dilution overnight at 4°C. The secondary antibody was a peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz,
Santa Cruz, CA) and was incubated at a 1:500 dilution for 1 h at room
temperature. As a negative control, muscle mitochondrial proteins (75 g)
from UCP3⫺/⫺ mice were used. As a positive control, recombinant murine
UCP3 (prepared in our laboratory) was used. For detection, blots were
processed using enhanced chemiluminescence kits (Amersham Pharmacia; Baie
d’Urfe, Quebec, Canada).
Substrate oxidation. Rates of palmitate and glucose oxidation were measured in L6 myotubes cultured in 25-cm2 flasks using a method similar to that
described by Roduit et al. (27). Briefly, myotubes were washed once and
incubated for 30 min at 37°C in Krebs-Ringer bicarbonate buffer containing 10
mmol/l HEPES (pH 7.4), 0.5% (wt/vol) defatted BSA, and 5 mmol/l glucose. For
palmitate oxidation, myotubes were incubated for 1 h at 37°C in Krebs-Ringer
bicarbonate HEPES buffer containing 0.2 mmol/l palmitate (bound to BSA at
0.5% [wt/vol]), 0.2 Ci/ml [1-14C]palmitate, 1 mmol/l carnitine, and either 5.0 or
16.0 mmol/l glucose (oxidation medium). Glucose oxidation was measured
under identical conditions but in the presence of 16 mmol/l glucose and 0.2
Ci/ml [U-14C]glucose, 1 mmol/l carnitine, and either 0.05 or 0.2 mmol/l
palmitate. To collect liberated 14CO2, Whatman GF/B paper (one-third of a
25-mm circle) was soaked in 150 l of 5% KOH and placed in the lumen of a
3-cm piece of polyvinyl chloride tubing (internal diameter 4.7 mm). The tube
was then inserted into a rubber stopper, and the stopper was used to seal the
flask with the tube facing inward. At the end of the incubation period, 200 l
of 40% (vol/vol) perchloric acid was injected into the flasks through the rubber
stopper. The following day, the filter paper and 100 l oxidation medium from
each flask were collected and placed in scintillation vials containing 4 ml
scintillation fluid. The vials were then left overnight before the radioactivity
was measured by scintillation counting. As a positive control to verify that the
assay was measuring glucose and palmitate oxidation, 100 nmol/l insulin was
added into separate flasks during the 15-min preincubation period to influence
their respective oxidation rates.
Oxygen uptake. Rates of oxygen consumption from individual L6 myotubes
were determined using a self-referencing microelectrode system (28) and
methods described by Porterfield et al. (29). Oxygen microelectrodes were
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FIG. 1. Adenoviral-mediated increases in UCP3 protein expression.
Representative Western blot for UCP3 expressed in infected and
noninfected L6 myotubes. Lane 1: Molecular weight markers (MWM).
The 34-kDa marker is the prominent band. Lane 2: Recombinant mouse
UCP3 (Rec) migrates at a corresponding molecular weight of 39 kDa
rather than 34 kDa, due to a 5-kDa fusion peptide. Lane 3: UCP3infected L6 myotubes. Lane 4: Dinitrophenol (DNP)-treated cells.
Lane 5: GFP-infected cells. Lane 6: Control (CON) (untreated) cells.
Lane 7: Mitochondria (mito) (75 g protein) isolated from hindlimb
skeletal muscle of UCP3ⴚ/ⴚ mice. For lanes 3–7, 80-g cellular proteins
were loaded per lane. Densitometric analyses indicated that UCP3infected cells expressed ⬃2.2- to 2.5-fold higher levels of UCP3 than
cells infected with GFP or uninfected control cells. Note that the
antibody reacts with two unknown proteins having slightly higher and
lower molecular weights than UCP3; these nonspecific bands are
present in mitochondria from UCP3ⴚ/ⴚ mice.
manufactured using the methods of Jung et al. (30). Myotubes, cultured in a
6-cm2 dish, were placed in an Earle’s basic salt solution containing 117 mmol/l
NaCl, 5.4 KCl, 1.5 CaCl2, 0.8 MgSO4, 0.9 mmol/l NaH2PO4, 10 mmol/l HEPES,
and 5.6 mmol/l glucose. The dish was then placed under an Axiovert 200
(Zeiss) inverted microscope that is housed within an insulated Faraday box
equipped with temperature control equipment that allowed the internal
environment to be maintained at 37°C. The tip of an oxygen microelectrode
was placed ⬃2 m from the surface of a myotube and was oscillated at a
frequency of 0.3 Hz to collect alternating oxygen flux and reference measurements. Translational movement of the microelectrode was accomplished with
a translational motion control system mounted onto the head stage of the
microscope. Movement was driven by IonView software developed, along
with motion controllers and amplifiers, at the Biocurrents Research Center
(MBL, Woods Hole, MA). The differential current outputs (in fA) obtained
from three separate myotubes per plate were averaged and converted to
oxygen flux using the Fick equation: J ⫽ ⫺D (⌬C/⌬r), where J is the flux rate,
D is the diffusion coefficient of oxygen in water, ⌬C is the oxygen concentration difference between the flux and reference positions, and ⌬r is the
distance of measurement. ⌬C was determined by multiplying the differential
current obtained with the slope of an independently determined electrode
calibration curve.
Mitochondrial membrane potential. The mitochondrial membrane potential of myotubes cultured in opaque 96-well plates was determined using
tetramethylrhodamine ethyl ester (TMRE). Myotubes were incubated in
differentiation medium containing 100 mol/l TMRE for 15 min in the dark at
37°C. Fresh differentiation medium was then added after washing the myotubes twice with PBS to remove extracellular TMRE. Fluorescence intensity
was detected with excitation and emission wavelengths of 544 and 590 nm,
respectively.
ROS production. Myotubes cultured in opaque 96-well plates were incubated
in PBS containing 1 mol/l carboxy-H2[5-(and-6)-carboxy-2⬘,7⬘-dichlorohydofluorescein diacetate] (DCFDA) for 10 min in the dark. After addition of 16.0
mmol/l glucose, fluorescence emission was followed for 1 h with measurements collected every 2 min (excitation ⫽ 490 nm; emission ⫽ 516 nm).
Statistical analysis. Statistical analysis was performed using ANOVA and
Bonferroni post hoc tests. Results are presented as means ⫾ SE, unless
otherwise stated. Analyses were conducted using GraphPad Prism 4 (San
Diego, CA) software.

RESULTS

Induction of UCP3 protein expression through adenoviral infection. Western blots of cellular homogenates indicated that the level of UCP3 protein expression
in UCP3-infected L6 myotubes was ⬃2.2- to 2.5-fold higher
than that in uninfected control cells, cells that were
infected with GFP, or cells that were treated with the
chemical uncoupler dinitrophenol (Fig. 1). As cross-reactivity is a common (although not widely appreciated)
problem with the polyclonal UCP3 antibodies that are
currently available, we used mouse recombinant UCP3
DIABETES, VOL. 54, AUGUST 2005

FIG. 2. Palmitate oxidation is increased by moderate overexpression of
UCP3 but is unaffected by mild chemical uncoupling. Palmitate oxidation was measured in L6 myotubes incubated at normal (5 mmol/l; 䡺)
and high (16 mmol/l; f) concentrations of glucose in the presence of 0.2
mmol/l palmitate. From left to right, results are shown for control
(CON) (untreated) cells, GFP-infected cells, dinitrophenol (DNP)treated cells, UCP3-infected cells, and control cells that were treated
acutely with insulin (100 nmol/l). n ⴝ 8 –16 for each treatment condition. **P < 0.01; ***P < 0.001.

fusion protein as a positive control. It migrates at a
molecular weight of 39 kDa due to a 5-kDa fusion peptide.
As a negative control, protein isolated from purified mitochondria of muscle from UCP3 knockout mice was used.
The immunoblotted proteins from muscle mitochondria of
UCP3 knockout mice consistently showed that the middle
band of three bands was absent, indicating that this band
was indeed UCP3. This band is increased in the cells
infected with UCP3. The identities of the two other bands
are unknown but both appeared in the immunoblots of
cellular and muscle mitochondrial proteins.
Moderate overexpression of UCP3 increases palmitate oxidation. Myotubes that were left untreated (i.e.,
uninfected control) and GFP-infected myotubes showed
similar rates of palmitate oxidation at normal (5.0 mmol/l)
and high (16.0 mmol/l) glucose concentrations (Fig. 2).
Thus, adenoviral treatment itself had no effect on fatty
acid oxidation. However, UCP3-infected myotubes oxidized 68% more palmitate in the presence of 5.0 mmol/l
(P ⬍ 0.001) and 32% more palmitate in the presence of 16.0
mmol/l glucose (P ⬍ 0.01) compared with corresponding
GFP-infected myotubes.
To test for any effect of chemical uncoupling of mitochondrial oxidative phosphorylation on fatty acid oxidation, cells were treated chronically with low
concentrations of dinitrophenol (50 mol/l for 72 h).
Results showed that dinitrophenol had no effect on palmitate oxidation at either normal or high concentrations of
glucose (P ⬎ 0.05). The effect of high glucose concentrations on the oxidation of this fatty acid was also assessed.
Incubation in the presence of high concentrations of
glucose (16 mmol/l) led to statistically significant decreases in palmitate oxidation in control cells, dinitrophenol-treated cells, and UCP3-infected cells compared with
oxidation rates under normoglycemic (5 mmol/l) conditions (P ⬍ 0.05).
Glucose oxidation is unaltered by moderate overexpression of UCP3 but is increased by dinitrophenolmediated uncoupling. Uninfected control myotubes,
GFP-infected myotubes, and UCP3-infected myotubes
demonstrated similar rates of glucose oxidation in the
presence of 0.05 and 0.2 mmol/l palmitate (Fig. 3). How2345
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FIG. 3. Glucose oxidation is unaltered by moderate overexpression of
UCP3 but is increased by mild chemical uncoupling. Glucose oxidation
was measured in L6 myotubes incubated at low (0.05 mmol/l; 䡺) and
high (0.20 mmol/l; f) concentrations of palmitate in the presence of 16
mmol/l glucose. From left to right, results are shown for control (CON)
(untreated) cells, GFP-infected cells, dinitrophenol (DNP)-treated
cells, UCP3-infected cells, and control cells that were treated acutely
with insulin (100 nmol/l). n ⴝ 5–15 for each treatment condition. **P <
0.01; ***P < 0.001.

ever, treatment with the chemical uncoupler dinitrophenol
(50 mol/l) dramatically increased glucose oxidation in
the presence of either 0.05 or 0.2 mmol/l palmitate compared with control myotubes and GFP-infected myotubes
(all P ⬍ 0.01). As expected, insulin (100 nmol/l) increased
glucose oxidation in the presence of 0.05 or 0.2 mmol/l
palmitate compared with either control myotubes or GFPinfected myotubes (all P ⬍ 0.01).
Moderate overexpression of UCP3 does not significantly increase basal cellular oxygen consumption.
Basal cellular oxygen consumption of cells was assessed
in situ using self-referencing microelectrodes (see above).
The oxygen consumption of myotubes infected with GFP
or UCP3 was similar to that of uninfected control myotubes (Fig. 4). However, oxygen uptake of myotubes
treated chronically with low concentrations of dinitrophenol was significantly elevated compared with uninfected
controls (80% increase; P ⬍ 0.001) and GFP-infected cells
(64% increase; P ⬍ 0.01).
Mitochondrial membrane potential is unaffected by
moderate overexpression of UCP3. To determine

FIG. 4. L6 cellular oxygen consumption is not significantly increased by
moderate overexpression of UCP3 but is increased by mild chemical
uncoupling. In situ oxygen consumption of L6 cells was measured using
oxygen-sensitive microelectrodes as described in the text. From left to
right, results are shown for control (CON) (untreated) cells, GFPinfected cells, dinitrophenol (DNP)-treated cells, and UCP3-infected
cells. n ⴝ 8 –10 for each treatment condition. **P < 0.01; ***P < 0.001.
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FIG. 5. Mitochondrial membrane potential is unaffected by moderate
overexpression of UCP3. Mitochondrial membrane potential was assessed in intact L6 myotubes using the fluorescent marker TMRE as
described in the text. From left to right, results are shown for control
(CON) (untreated) cells, GFP-infected cells, dinitrophenol (DNP)treated cells, and UCP3-infected cells. n ⴝ 5 for each treatment
condition. **P < 0.01; ***P < 0.001.

whether infection with UCP3 was associated with any
inherent decreases in mitochondrial membrane potential,
the latter was assessed using TMRE fluorescence. During
these measurements, the incubation medium was the one
in which cells were maintained (differentiation medium;
see above). Results in Fig. 5 demonstrate that dinitrophenol (chronic treatment, as above) significantly lowered
mitochondrial membrane potential (P ⬍ 0.001). However,
L6 myotubes infected with UCP3 had membrane potentials
that were not significantly different from uninfected control cells and GFP-infected cells (P ⬎ 0.05).
Cellular ROS production is decreased by moderate
overexpression of UCP3. Increased expression of UCP3
in L6 myotubes decreased the rate of cellular ROS production, as assessed by DCFDA fluorescence, compared with
that in uninfected control cells and GFP-infected cells
(P ⬍ 0.001 and ⬍ 0.01, respectively) (Fig. 6). Chronic
treatment with low concentrations of dinitrophenol also
significantly reduced ROS production in L6 myotubes
compared with uninfected control cells and GFP-infected
cells (P ⬍ 0.001 for both).
DISCUSSION

The upregulation of UCP3 in skeletal muscle in response
to fasting, a period characterized by energy conservation

FIG. 6. L6 cellular ROS production is decreased by moderate overexpression of UCP3 and by mild chemical uncoupling. ROS production
was assessed in intact L6 myotubes using the fluorescent marker,
carboxy-H2-DCFDA, as described in the text. From left to right, results
are shown for control (CON) (untreated) cells, GFP-infected cells,
dinitrophenol (DNP)-treated cells, and UCP3-infected cells. n ⴝ 10 –13
for each treatment condition. RF, relative fluorescence. **P < 0.01;
***P < 0.001.
DIABETES, VOL. 54, AUGUST 2005
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FIG. 7. Hypothesized functions of UCP3. The function of UCP3 is as yet unresolved, but four functions have been proposed and are presented in
their chronological order of publication. 1) UCP3 removes long-chain fatty acids (LCFA) produced by MTE1; the latter liberates mitochondrial
matrix CoASH, a rate-limiting coenzyme for ␤-oxidation and the Krebs cycle. Long-chain fatty acids are exported from the matrix by UCP3 for
reactivation by acyl-CoA synthase in the intermembrane space. Thus, MTE1 and UCP3 are proposed to function in tandem to facilitate fatty acid
oxidation (35). 2) UCP3 removes excess long-chain fatty acids that have entered the mitochondrial matrix independently of the CPT system. This
would serve to remove potentially damaging fatty acid anions from the matrix (40). 3) UCP3 translocates lipid peroxide anions, generated from
the interaction of matrix ROS with unsaturated fatty acids of the inner leaflet, from the inner to the outer leaflets of the mitochondrial inner
membrane (44). This would remove fatty acid peroxides and prevent damage of mitochondrial DNA, aconitase, and other matrix components. 4)
4-hydroxynonenal (HNE), a lipid by-product of mitochondrial superoxide (SOD) production, is proposed to activate a UCP3-mediated proton leak
(43). It is proposed that this decreases mitochondrial membrane potential and hence decreases ROS production.

and increased fatty acid oxidation rates, strongly suggests
that the physiological function of UCP3 (unlike that of
UCP1) is not thermoregulation. Free fatty acids are reported as being obligatory for UCP3 activity (31) and are
known agonists of peroxisome proliferator–activated receptors, which may activate UCP3 gene expression
through the putative peroxisome proliferator response
elements in the promoter region of the UCP3 gene (32).
There is a high correlation between UCP3 expression
patterns and conditions in which free fatty acids are the
predominant fuel source, such as fasting, free fatty acid
infusion, and high-fat feeding (33,34). The physiological
function of UCP3 is as yet unknown, but its association
with enhanced fatty acid metabolism and increased insulin
responsiveness in muscle lead to the possibility that it may
be involved in protection from lipotoxicity in muscle.
Two hypotheses have been forwarded to outline mechanistic roles for UCP3 in fatty acid metabolism (mechanisms 1 and 2 in Fig. 7). The first proposed that UCP3 and
mitochondrial thioesterase 1 (MTE1) function in tandem
to facilitate high rates of fatty acid oxidation (35). During
DIABETES, VOL. 54, AUGUST 2005

periods of elevated fatty acid oxidation, when ⬃90% of
mitochondrial uncombined CoA (CoASH) is bound to free
fatty acids (36,37), MTE1 liberates CoASH to support fatty
acid oxidation. CoASH-requiring steps include fatty acid
entry into the mitochondria through carnitine palmitoyl
transferase (CPT)2, ␣-ketoglutarate dehydrogenase in the
Krebs cycle, and ␤-ketothiolase in the ␤-oxidation pathway. The expression of MTE1, like that of UCP3, is
regulated by peroxisome proliferator–activated receptors
(37), and recent studies show that expression patterns of
the two genes are similar (38,39). In mechanism 1, UCP3 is
proposed to export the MTE-liberated fatty acid anions,
which cannot be reesterified to CoASH in the matrix due
to the absence of acyl-CoA synthetase. Thus, UCP3 is
proposed to export the potentially detrimental fatty acid
anions to the intermembrane space and cytosol where
they can be reesterified to CoASH for subsequent use in
other pathways (e.g., phospholipids, triacylglycerol synthesis, or reentry into the matrix for oxidation).
The second mechanism also involves mitochondrial
fatty acid handling and is schematically depicted in Fig. 7.
2347
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Schrauwen et al. (40) hypothesized that when fatty acid
supply exceeds oxidation, fatty acids spontaneously enter
the mitochondria independent of CPT mechanisms and
accumulate as nonesterified fatty acid anions in the matrix. UCP3, according to this second hypothesis, also
translocates free fatty acid anions out of the matrix. The
latter hypothesis thus proposes a mechanism for efflux of
potentially detrimental fatty acid anions but does not implicate UCP3 in facilitating increased fatty acid oxidation.
The results of this study support the first hypothesized
mechanism, as we observed increased fatty acid oxidation
due to increased UCP3 expression. The latter was not
related to any effects of the adenoviral infection process
itself as there was no change in fatty acid oxidation in
GFP-infected cells. Previous studies involving supraphysiological expression of the UCPs have been criticized for
the artifactual uncoupling of oxidative phosphorylation
that results (21). By inducing UCP3 protein expression
within the physiological range, we aimed to avoid any
artifactual uncoupling. As the 2.2- to 2.5-fold induction of
UCP3 expression resulted in no inherent decreases in
mitochondrial membrane potential (Fig. 5) or any significant increases in basal oxygen consumption (Fig. 4) of
cells, it is clear that artifactual uncoupling was not an
issue. Although there was a trend for increased oxygen
consumption with increased UCP3 expression, this however did not coincide with any decrease in mitochondria
membrane potential (Fig. 5). It is possible that with
substantially increased sample sizes, a statistically significant increase might be detected. If there were actually an
increase in coupled oxygen consumption, then it would
presumably be driven by increased ATP demands (e.g.,
acyl-CoA synthase activity). Our findings indicate that
uncoupled respiration does not necessarily follow overexpression, an important advance in our understanding of
this mitochondrial anion carrier protein.
There are reports that increased UCP3 expression increases glucose metabolism. Mice that overexpress UCP3
protein in muscle at levels ⬃20-fold normal have improved
glucose homeostasis (41) and protection against hyperglycemic-induced damage (17). Further, Huppertz et al. (26)
demonstrated that substantial UCP3 overexpression using
adenovirus gene transfer in L6 myotubes increases GLUT4
translocation and glucose uptake. The relative levels of
UCP3 expression in the latter study were much higher
than those herein. Although a very pronounced band for
UCP3 was detected in Western blots of infected cells, no
UCP3 was detected in the uninfected control cells. The
latter findings may reflect artifactual uncoupling (e.g., due
to supraphysiologic UCP3 levels). For example, the
chronic treatment of the L6 cells with doses of dinitrophenol similar to those used herein (10 –50 mol/l) resulted in
increased glucose uptake and metabolism through a phosphatidylinositol-3-kinase mechanism, similar to the effects
observed for UCP3 infection. Although these authors did
not assess either mitochondrial membrane potential or
oxygen consumption, they did demonstrate increased lactate production in UCP3-infected cells, consistent with the
possibility that mitochondria were uncoupled (i.e., cells
would need to rely exclusively on glycolytic ATP production). Our results showing dinitrophenol-activated glucose
oxidation but no effect of UCP3 infection thus suggest that
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the effects on glucose metabolism in the latter study
resulted from secondary uncoupling due to supraphysiological levels of UCP3.
A number of other investigations into UCP3 function
have identified a role for the protein in the protection from
ROS. The UCP3 knockout mouse provided the first
evidence of such a role (42). Elegant in vitro studies
conducted thereafter identified a potential role for byproducts of ROS, such as the lipid peroxide 4-hydroxynonenal, as activators of UCP3 (43). Hydroxynonenal was
shown to activate UCP3 as evidenced by mitochondrial
uncoupling. This was interpreted as a mechanism to lower
membrane potential and minimize further ROS production. This mechanism for UCP3 activation is depicted as
mechanism 4 in Fig. 7.
It has also been proposed that UCP3 functions to
remove lipid peroxides from mitochondria and thus protect cells from potentially damaging ROS and their byproducts (mechanism 3 in Fig. 7) (44). Based on the latter
two proposed mechanisms, we investigated ROS production in our treated and untreated L6 muscle cells.
Our findings demonstrate that moderate increases in
UCP3 protein and chronic dinitrophenol treatment both
decrease ROS production. However, classic evidence of
mitochondrial uncoupling was evident only in the case of
dinitrophenol treatment, which caused increased cellular
oxygen consumption and a corresponding reduction in
membrane potential. This is consistent with earlier observations indicating that mild uncoupling, by reducing membrane potential, can diminish ROS production at complex
I of the electron transport chain (25). It has been hypothesized that UCPs (including UCP3) function within a
negative-feedback pathway that limits mitochondrial ROS
production through mild uncoupling. In vitro evidence for
this hypothesis comes from the observation that superoxide-dependent activation of UCP3 causes mild uncoupling
in mitochondria (45). In vivo overexpression of UCP1
completely reverses hyperglycemia-induced mitochondrial
ROS overproduction in aortic endothelial cells (46). However, we found that UCP3 overexpression was not accompanied by changes in either cellular oxygen consumption or
membrane potential, despite its significant negative impact
on ROS production. This implies that diminished ROS production in myotubes, although UCP3 dependent, is not
mediated by uncoupling of oxidative phosphorylation.
Mitochondrial ROS has been implicated as a central
mediator of hyperglycemia-induced diabetes complications in endothelial cells (23). This, together with our
observation that UCP3 mitigates ROS production in myotubes and a growing body of evidence that UCP3 overexpression improves glucose homeostasis (17,26,41),
underscores the central role and potential importance of
UCP3 function in the development treatment of diabetes.
In conclusion, our results demonstrate that moderate
physiological induction of UCP3 protein expression in
muscle cells results in increased fatty acid oxidation in the
absence of uncoupling. The results are consistent with the
clinical findings of Argyropoulos et al. (47) who demonstrated decreased fat oxidation by indirect calorimetry in a
population of Gullah-speaking African Americans with an
exon six-splice donor single nucleotide polymorphism in
the UCP3 gene. The latter single nucleotide polymorphism
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was not, however, associated with decreased fat oxidation
in the Maywood African-American population (48), in
whom the degree of genetic admixture was greater than
that in the Gullah-speaking population. Decreased fat
oxidation has also been documented through indirect
calorimetry in UCP3⫺/⫺ mice (20). In recent studies of
skeletal muscle of UCP3tg mice with a ⬃twofold increase
in UCP3 expression (49), there was an increased capacity
for fat oxidation (e.g., increased carnitine palmitoyltransferase I and ␤-hydroxyacyl-CoA dehydrogenase activities)
in the absence of significant increases in thermogenesis.
Thus, our current findings support and extend the latter
and provide a potential mechanism for the detrimental
effects of decreased UCP3 expression in muscle with
regard to the development of lipotoxicity and insulin
resistance in muscle.
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Collins S, Ricquier D, Bouillaud F, Miroux B: Uncoupling protein 2, in vivo
distribution, induction upon oxidative stress, and evidence for translational regulation. J Biol Chem 276:8705– 8712, 2001
14. Arsenijevic D, Onuma H, Pecqueur C, Raimbault S, Manning BS, Miroux B,
Couplan E, Alves-Guerra MC, Goubern M, Surwit R: Disruption of the
uncoupling protein-2 gene in mice reveals a role in immunity and reactive
oxygen species production. Nat Genet 26:435– 439, 2000
15. Harper ME, Antoniou A, Villalobos-Menuey E, Russo A, Trauger R,
Vendemelio M, George A, Bartholomew R, Carlo D, Shaikh A: Characterization of a novel metabolic strategy used by drug-resistant tumor cells.
FASEB J 16:1550 –1557, 2002
16. Chan CB, Saleh MC, Koshkin V, Wheeler MB: Uncoupling protein 2 and
islet function. Diabetes 53:S136 –S142, 2004
17. Vincent AM, Olzmann JA, Brownlee M, Sivitz WI, Russell JW: Uncoupling
proteins prevent glucose-induced neuronal oxidative stress and programmed cell death. Diabetes 53:726 –734, 2004
18. Argyropoulos G, Harper ME: Uncoupling proteins and thermoregulation.
J Appl Physiol 92:2187–2198, 2002
19. Cadenas S, Buckingham JA, Samec S, Seydoux J, Din N, Dulloo AG, Brand
MD: UCP2 and UCP3 rise in starved rat skeletal muscle but mitochondrial
proton conductance is unchanged. FEBS Lett 462:257–260, 1999
20. Bezaire V, Hofmann W, Kramer JK, Kozak LP, Harper ME: Effects of fasting
on muscle mitochondrial energetics and fatty acid metabolism in Ucp3⫺/⫺
and wild-type mice. Am J Physiol Endocrinol Metab 281:E975–E982, 2001
21. Stuart JA, Cadenas S, Jekabsons MB, Roussel D, Brand MD: Mitochondrial
proton leak and the uncoupling protein 1 homologues. Biochim Biophys
Acta 1504:144 –158, 2001
22. Stuart JA, Harper JA, Brindle KM, Jekabsons MB, Brand MD: Physiological
levels of mammalian uncoupling protein 2 do not uncouple yeast mitochondria. J Biol Chem 276:18633–18639, 2001
23. Du X-L, Edelstein D, Rossetti L, Fantus IG, Goldberg H, Ziyadeh F, Wu J,
Brownlee M: Hyperglycemia-induced mitochondrial superoxide overproduction activates the hexosamine pathway and induces plasminogen
activator inhibitor-1 expression by increasing Sp1 glycosylation. Proc Natl
Acad Sci U S A 97:12222–12226, 2000
24. Brownlee M: Biochemistry and molecular cell biology of diabetic complications. Nature 414:813– 820, 2001
25. Miwa S, St-Pierre J, Partridge L, Brand MD: Superoxide and hydrogen
peroxide production by Drosophila mitochondria. Free Radic Biol Med
35:938 –948, 2003
26. Huppertz C, Fischer BM, Kim YB, Kotani K, Vidal-Puig A, Slieker LJ, Sloop
KW, Lowell BB, Kahn BB: Uncoupling protein 3 (UCP3) stimulates glucose
uptake in muscle cells through a phosphoinositide 3-kinase-dependent
mechanism. J Biol Chem 276:12520 –12529, 2001
27. Roduit R, Nolan C, Alarcon C, Moore P, Barbeau A, Delghingaro-Augusto
V, Przybykowski E, Morin J, Masse F, Massie B: A role for the malonylCoA/long-chain acyl-CoA pathway of lipid signaling in the regulation of
insulin secretion in response to both fuel and nonfuel stimuli. Diabetes
53:1007–1019, 2004
28. Land SC, Porterfield DM, Sanger RH, Smith PJS: The self-referencing
oxygen-selective microelectrode: detection of transmembrane oxygen flux
from single cells. J Exp Biol 202:211–218, 1999
29. Porterfield DM, Corkey RF, Sanger RH, Tornheim K, Smith PJ, Corkey BE:
Oxygen consumption oscillates in single clonal pancreatic ␤-cells (HIT).
Diabetes 49:1511–1516, 2000
30. Jung SK, Gorski W, Aspinwall CW, Kauri LM, Kennedy RT: Oxygen
microsensor and its application to single cells and mouse pancreatic islets.
Anal Chem 71:3642–3649, 1999
31. Jaburek M, Varecha M, Gimeno RE, Dembski M, Jezek P, Zhang M, Burn P,
Tartaglia LA, Garlid KD: Transport function and regulation of mitochondrial uncoupling proteins 2 and 3. J Biol Chem 274:26003–26007, 1999
32. Acin A, Rodriguez M, Rique H, Canet E, Boutin JA, Galizzi JP: Cloning and
characterization of the 5⬘ flanking region of the human uncoupling protein
3 (UCP3) gene. Biochem Biophys Res Commun 258:278 –283, 1999
33. Weigle DS, Selfridge LE, Schwartz MW, Seeley RJ, Cummings DE, Havel
PJ, Kuijper JL, BeltrandelRio H: Elevated free fatty acids induce uncoupling protein 3 expression in muscle: a potential explanation for the effect
of fasting. Diabetes 47:298 –302, 1998
2349

UCP3 INCREASES FATTY ACID OXIDATION

34. Boss O, Hagen T, Lowell BB: Uncoupling proteins 2 and 3: potential
regulators of mitochondrial energy metabolism. Diabetes 49:143–156, 2000
35. Himms-Hagen J, Harper ME: Physiological role of UCP3 may be export of
fatty acids from mitochondria when fatty acid oxidation predominates: an
hypothesis. Exp Biol Med 226:78 – 84, 2001
36. Eaton S: Current Views of Fatty Acid Oxidation and Ketogenesis : From
Organelles to Point Mutations. New York, Kluwer Academic/Plenum
Publishers, 1999
37. Hunt MC, Nousiainen SE, Huttunen MK, Orii KE, Svensson LT, Alexson SE:
Peroxisome proliferator-induced long chain acyl-CoA thioesterases comprise a highly conserved novel multi-gene family involved in lipid metabolism. J Biol Chem 274:34317–34326, 1999
38. Moore GB, Himms-Hagen J, Harper ME, Clapham JC: Overexpression of
UCP-3 in skeletal muscle of mice results in increased expression of
mitochondrial thioesterase mRNA. Biochem Biophys Res Commun 283:
785–790, 2001
39. Stavinoha MA, RaySpellicy JW, Essop MF, Graveleau C, Abel ED, HartSailors ML, Mersmann HJ, Bray MS, Young ME: Evidence for mitochondrial thioesterase 1 as a peroxisome proliferator-activated receptor-␣regulated gene in cardiac and skeletal muscle. Am J Physiol Endocrinol
Metab 287:E878 –E887, 2004
40. Schrauwen P, Saris WH, Hesselink MK: An alternative function for human
uncoupling protein 3: protection of mitochondria against accumulation of
nonesterified fatty acids. FASEB J 15:2497–2502, 2001
41. Clapham JC, Arch JR, Chapman H, Haynes A, Lister C, Moore GB, Piercy
V, Carter SA, Lehner I, Smith SA: Mice overexpressing human uncoupling
protein-3 in skeletal muscle are hyperphagic and lean. Nature 406:415– 418,
2000
42. Vidal-Puig AJ, Grujic D, Zhang CY, Hagen T, Boss O, Ido Y, Szczepanik A,

2350

Wade J, Mootha V, Cortright R: Energy metabolism in uncoupling protein
3 gene knockout mice. J Biol Chem 275:16258 –16266, 2000
43. Echtay KS, Esteves TC, Pakay JL, Jekabsons MB, Lambert AJ, Portero-Otin
M, Pamplona R, Vidal-Puig AJ, Wang S, Roebuck SJ: A signalling role for
4-hydroxy-2-nonenal in regulation of mitochondrial uncoupling. EMBO J
22:4103– 4110, 2003
44. Goglia F, Skulachev VP: A function for novel uncoupling proteins: antioxidant defense of mitochondrial matrix by translocating fatty acid peroxides
from the inner to the outer membrane leaflet. FASEB J 17:1585–1591, 2003
45. Echtay KS, Roussel D, St-Pierre J, Jekabsons MB, Cadenas S, Stuart JA,
Harper JA, Roebuck SJ, Morrison A, Pickering S: Superoxide activates
mitochondrial uncoupling proteins. Nature 415:96 –99, 2002
46. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y,
Yorek MA, Beebe D, Oates PJ, Hammes HP: Normalizing mitochondrial
superoxide production blocks three pathways of hyperglycaemic damage.
Nature 404:787–790, 2000
47. Argyropoulos G, Brown AM, Willi SM, Zhu J, He Y, Reitman M, Gevao SM,
Spruill I, Garvey WT: Effects of mutations in the human uncoupling protein
3 gene on the respiratory quotient and fat oxidation in severe obesity and
type 2 diabetes. J Clin Invest 102:1345–1351, 1998
48. Chung WK, Luke A, Cooper RS, Rotini C, Vidal-Puig A, Rosenbaum M,
Chua M, Solanes G, Zheng M, Zhao L: Genetic and physiologic analysis of
the role of uncoupling protein 3 in human energy homeostasis. Diabetes
48:1890 –1895, 1999
49. Bezaire V, Spriet LL, Campbell S, Sabet N, Gerrits M, Bonen A, Harper M-E:
Constitutive UCP3 overexpression at physiological levels increases mouse
skeletal muscle capacity for fatty acid transport and oxidation. FASEB J
19:977–979, 2005

DIABETES, VOL. 54, AUGUST 2005

