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The mitochondrial uncoupling protein-3 is a member of the mitochondrial carrier
protein family. As a homologueof the thermogenic brown fat uncoupling protein-1,
it possesses a mitochondrial uncoupling activity and thus can influence cell energy
metabolism but its exact biological function remains unclear. In the present study,
uncoupling protein-3 was expressed in 293 cells using the tetracycline-inducible
system and its impact on cell bioenergetics and responsiveness to the apoptotic
stimulus was determined. The induction of uncoupling protein-3 expression in
mitochondria did not lead to uncontrolled respiratory uncoupling in intact cells.
However, it caused a GDP-inhibition of state 4 respiration and a GDP-induced re-
polarization of the inner mitochondrial membrane in the presence of fatty acids, in
agreement with its expected physiological behavior as an uncoupling protein
(UCP). Uncoupling protein-3 expression did not cause apoptosis per se but
increased the responsiveness of the cells to amitochondrial apoptotic stimulus (i.e.,
addition of staurosporine in the culture medium). It enhanced caspase 3 and
caspase 9 activation and favored cytochrome c release. Moreover, cells in which
uncoupling protein-3 expression had been induced showed a highermitochondrial
Bax/Bcl-2 ratio essentially due to enhanced translocation of Bax from cytosol to
mitochondria. Finally, the induction of uncoupling protein-3 also increased the
sensitivity of mitochondria to open the permeability transition pore in response to
calcium. It is concluded that the presence of uncoupling protein-3 in mitochondria
sensitizes cells to apoptotic stimuli involving mitochondrial pathways. J. Cell.
Physiol. 201: 294–304, 2004. � 2004 Wiley-Liss, Inc.

In addition to their established function in energy
metabolism, mitochondria have a key role in the control
of cell death. Several events are important for signaling
apoptotic pathway stimuli from mitochondria, espe-
cially the release to the cytosol of proapoptotic factors
such as cytochrome c, apoptosis-inducing factor, and
Smac/Diablo (Ravagnan et al., 2002). In cytosol, these
factors collaborate to induce the caspase cascade and
nuclear endonuclease activation, which lead to cell
death. Caspase 9 is mainly activated by apoptotic factors
of mitochondrial origin, which causes caspase 3 activa-
tion, an end-point in the caspase activation cascade
(Kuida, 2000). A complex interplay of anti-apoptotic and
pro-apoptotic proteins is involved in the mitochondrial
control of the activation of apoptotic pathways. Thus,
members of the Bcl-2 family modulate apoptosis signal-
ing by acting on mitochondria. For instance, Bcl-2,
which interacts with the mitochondrial outer mem-
brane, behaves as an anti-apoptotic factor, whereas Bax
acts as a pro-apoptotic factor when it translocates from
the cytosol to mitochondria (Antonsson, 2001). The
opening of the permeability transition pore (PTP) is
another mitochondrial event involved in the commit-
ment to cell death activation. PTP activation brings

about collapse of the proton-motive force and mitochon-
drial swelling. The pore appears to be formed by a
multiprotein channel with components located both
in the inner and the outer mitochondrial membranes
(Kroemer and Reed, 2000). The bioenergetic status
of mitochondria can also alter the activity of the
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mitochondrial-dependent signaling pathways of apop-
tosis. For instance, a reduction in the mitochondrial
inner membrane potential, elicited by chemical uncou-
plers, can promote apoptosis (Dispersyn et al., 1999;
Armstrong et al., 2001) whereas low doses of chemical
uncouplers enhance or protect cells from apoptosis
depending on the inducing agent and cell type
(Linsinger et al., 1999; Stoetzer et al., 2002). Moreover,
also according to the cell type and apoptotic stimulus,
respiratory activity can be required (Huang et al., 2001;
Nishimura et al., 2001) or not (Jiang et al., 1999) for
cytochrome c release upon apoptotic stimuli. Finally,
the PTP opening sensitivity is also modulated by the
electron flux through the respiratory chain (Fontaine
et al., 1998).

The uncoupling proteins (UCPs) are a family of pro-
teins present in the inner mitochondrial membrane that
belongs to the super-family of mitochondrial carriers,
together with the adenine nucleotide translocase and
the phosphate carrier among others (Ricquier and
Bouillaud, 2000). UCP1 is preferentially expressed in
brown adipocytes and behaves as a natural uncoupler
of oxidative phosphorylation. It increases the proton
conductance of the mitochondrial inner membrane; its
activity requiring fatty acids and being specifically
inhibited by GDP (Nicholls et al., 1989). The physiolo-
gical role of UCP1 is heat production and, by the way,
non-shivering thermogenesis in rodents in response to
cold environments (Enerback et al., 1997). UCP2 is
expressed ubiquitously and appears to be involved in
pancreatic beta cell function and sensitivity to infections
(Arsenijevic et al., 2000; Zhang et al., 2001). UCP3 is
expressed preferentially in skeletal muscle cells and to a
minor extent in cardiomyocytes, brown and white
adipocytes (Boss et al., 1997; Vidal-Puig et al., 1997).
Its expression is dramatically induced in response to
metabolic signals related to stress such as an increase of
the concentration of free fatty acids in blood (Brun et al.,
1999) or due to the action of TNFa (Masaki et al., 1999),
as well as in cancer cachexia (Bing et al., 2000) or sepsis
(Sun et al., 2003). However, up-regulation of UCP3 in
human muscle in response to a high-fat diet is not
associated to significant changes in mitochondrial bio-
energetics (Hesselink et al., 2003). Although the precise
role of UCP2 and UCP3 in mitochondria is still a matter
of debate (Schrauwen, 2002; Nedergaard and Cannon,
2003), it is well established that both proteins can act as
natural uncouplers of oxidative phosphorylation upon
the influence of intracellular activators (e.g., fatty acids
and reactive oxygen species) or inhibitors (e.g., GDP and
ADP) (Echtay et al., 2001, 2002). However, the possibi-
lity that these proteins influence the control of cell death
elicited by mitochondria has been poorly explored.
According to a micro-array analysis, UCP2 expression
is dramatically increased during UV-induced apoptosis
in an apoptosis-sensitive murine B lymphoma cell line,
but unaffected in a non-sensitive cell line (Voehringer
et al., 2000). Recently, the over-expression of UCP2 in
HeLa cells has been reported to lead to a form of cell
death that is not inhibited by the anti-apoptotic gene
product Bcl-2 and that morphologically resembles
cellular oncosis (Mills et al., 2002). Other recent reports
have indicated that UCP2 over-expression prevents
neuronal cell death (Diano et al., 2003; Mattiasson

et al., 2003). However, the potential role of UCP3 in the
apoptotic process has not been studied.

We report in this study, the development of a cellular
system allowing a conditional expression of functional
UCP3 protein in mitochondria. We establish that the
induction of UCP3 expression, at a level compatible with
a functional physiological behavior, does not lead by
itself to apoptosis but sensitizes cells to apoptotic stimuli
involving mitochondrial pathways.

MATERIALS AND METHODS
Establishment of doxycycline-regulated

UCP3-expressing 293 cell lines

Human UCP3L cDNA (Vidal-Puig et al., 1997) was
subcloned into a tetracycline-inducible vector, pTRE
(BD Biosciences, San Diego, CA) to obtain pTRE-UCP3.
AHindIII fragment encoding the full-length long form of
human UCP3 was ligated into EcoRI-linearized pTRE.
293 Tet-On cells (Clontech), which stably express
reverse tetracycline-controlled transactivator, were co-
transfected with linearized pTRE-UCP3 and pTK-Hyg
(hygromycin-resistant plasmid) using the calcium phos-
phate procedure. One day after transfection, cells were
grown in a medium containing 200 mg/ml hygromycin.
After 14 days, hygromycin-resistant clones were iso-
lated, individually grown, aliquoted, and frozen for
storage. To test for doxycycline inducibility of UCP3
expression, cells were expanded in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% tetracycline-
free fetal bovine serum (Clontech) in the presence of
90 mg/ml hygromycin. Cells were left untreated or treat-
ed with various amounts of doxycycline for 48 h. The
content of NADH in cells under different treatments was
assessed as already reported (Klingenberg, 1974) and
the content of ATP was determined using a bioluminis-
cence-based assay and following the instructions of the
supplier (ATP Biolumiscence Assay Kit HSII, Roche
Diagnostics, St. Cugat del Valles, Spain).

When needed, mitochondrial-dependent apoptosis
induction in these cell lines was induced by adding
0.5 mM staurosporine in the culture medium for 6 h.

Oxygen consumption assays

Cells (5–15�106) were rinsed with phosphate buf-
fered saline (PBS) and dissociated from the plates by
incubation at room temperature with a buffer contain-
ing 7.5 mM tri-sodium citrate 2-hydrate, 7 mM KCl, pH
7.4. After centrifugation (2 min, 400g), they were resus-
pended in 1 ml of DMEM supplemented with 5 mM
HEPES, pH 7.4 (respiration medium). Oxygen con-
sumption rates were continuously measured polarogra-
phically at 378C using a Clark oxygen electrode (Rank
Brothers, Ltd., Cambridge, UK) connected to a micro-
computer giving an on-line display of oxygen concentra-
tion in the medium (PicoLog Recorder, Pico Technology,
Interworld Electronics, Point Roberts, UK). First, the
basal oxygen consumption rate was measured. There-
after, oxygen uptake was monitored, either in the
presence of the protonophoric uncoupler, carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) (0.25–1 mM), or
in the presence of the F1F0-ATP synthase inhibitor,
oligomycin (10 mg/ml). In all conditions, single measure-
ment did not exceed 20 min and cell viability, assessed
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by the trypan blue exclusion assay, was not significantly
changed for incubation times up to 1 h (about 90–95%).

Permeabilization of the cells and determination
of cytochrome c oxidase activity

Cells were collected as described above and resus-
pended in a permeabilization medium (250 mM sucrose,
1 mM EDTA, 50 mM KCl, 2 mM KH2PO4, 25 mM Tris-
HCl, pH 7.4). Digitonin, interacting with the cholesterol
of the cytoplasmic membrane, was used to permeabi-
lize the cells. To determine the minimal amount re-
quired for the complete permeabilization of cells, oxygen
consumption with 6 mM succinate and 1 mM ADP was
recorded, and the increase in state 3 respiration after
the addition of small amounts of digitonin was followed
as described elsewhere (Ouhabi et al., 1998). The
optimal digitonin concentration for 293 cells and 293-
UCP3 clones was established as 25 mg/ml after 5 min
of incubation of the cell suspensions with the deter-
gent. These modalities of permeabilization were used
throughout all the study.

For cytochrome c oxidase activity measurements, cells
were first permeabilized as described above in the
presence of antimycin A (0.25 mg/ml), CCCP (0.25 mM),
and ascorbate (1 mM). The reaction was then started by
the adding of 0.5 mM of N,N,N0,N0-tetramethyl-p-
phenylenediamine (TMPD) and monitored polarogra-
phically at 378C using a Clark oxygen electrode (Rank
Brothers, Ltd.) connected to a micro-computer giving an
on-line display of oxygen concentration in the medium
(PicoLog Recorder, Pico Technology).

Determination of mitochondrial DC variation
and state 4 respiration in permeabilized cells

Mitochondrial DC variations of permeabilized cells
were estimated by the changes in fluorescence emission
of rhodamine 123 (Sigma). 293 cells or 293-UCP3 clones
(12�106 in 1.5 ml of permeabilization medium) were
first permeabilized in the presence of 6 mM succinate
and 10 mg/ml oligomycin. They were then incubated with
0.5 mg/ml of rhodamine 123 and fluorescence emission
changes were continuously monitored at room tem-
perature with a Shimadzu RF-5001PC fluorimeter at
525 nm, the excitation wavelength being 485 nm.

State 4 respiratory rates were determined polarogra-
phically in cells permeabilized in the presence of 6 mM
succinate and 10 mg/ml oligomycin in the same condi-
tions than for the mitochondrial DC variation assays
except that rhodamine 123 was omitted.

Determination of the Ca2þ sensitivity of the
mitochondrial transition pore (PTP)

PTP was assayed in digitonin-permeabilized cells,
essentially as described elsewhere (Chauvin et al.,
2001). Briefly, uptake and release of Ca2þ were assessed
by loading cells with a train of 15 mM Ca2þ pulses at
2-min intervals. Permeabilized cells took up and
retained Ca2þ; and the Ca2þ retention capacity for every
cell type and culture condition was determined. Free
Ca2þ was measured fluorimetrically in the presence
of 0.5 mM Calcium Green-5N with excitation and emis-
sion wavelengths set at 506 and 532 nm, respectively.
To confirm that Ca2þ release was due to PTP opening,

parallel assays were performed in the presence of 0.5 mM
of the PTP inhibitor cyclosporin A.

Caspase 3 activity

Caspase activity was measured using the fluorimetric
CaspACE Assay System (Promega) based on the fluori-
metric detection of amino-4-trifluoromethyl coumarin
after proteolytic cleavage of the synthetic substrate
DEVD-amino-4-trifluoromethyl coumarin. Cells were
exposed to staurosporine as described above and lysed
by three cycles of freezing/thawing in ‘‘lysis buffer’’
(25 mM HEPES, 5 mM MgCl2, 5 mM EDTA, 5 mM DTT,
2 mM PMSF, 10 mg/ml pepstatin A, 10 mg/ml leupeptin)
and cytosolic extracts to be assayed were collected after
10,000g centrifugation for 20 min. Protein (0.4 mg), as
determined by the Bradford Assay Kit (Bio-Rad,
Hercules, USA), was used for the assay, which was
performed as indicated by the supplier (Promega).
Specificity of the assay was assessed by the use of
CPP32 inhibitor Ac-DEVD-CHO (Promega). Pre-incu-
bation of the cell extracts with 50 mM CPP32 inhibitor
led in all the assays to a residual activity of less of than
5% of the total activity detected.

Cell fractionation

Cells were harvested with a buffer containing 7.5 mM
tri-sodium citrate 2-hydrate, 7 mM KCl, pH 7.4, and
centrifuged at 400g for 2 min. The cell pellets were
washed once with PBS and then resuspended in 1 ml of
homogenization buffer (250 mM Sucrose, 1 mM EGTA,
10 mM HEPES, pH 7.4, 1 mM PMSF, 1 mM DTT,
Complete-Mini Protease Inhibitor cocktail tablets
(Roche)). After chilling on ice for 1 min, cells were dis-
rupted by 50 strokes in a glass homogenizer. The
homogenate was centrifuged once at 1,500g for 10 min
at 48C to remove unbroken cells, plasmatic membranes,
and nuclei. The mitochondria-enriched fraction (heavy
membrane fraction) was then pelleted by centrifugation
at 10,000g for 10 min. The supernatant was subjected to
further ultracentrifugation at 100,000g for 60 min at
48C with the resultant supernatant being used as the
cytosolic fraction. For controls using mitochondria from
tissue, mitochondria-enriched extracts were prepared
from gastrocnemius muscles obtained from fed or 24 h-
fasted Swiss mice and Wistar rats fed a regular chow or
a high-fat diet (80% fat/20% protein) for 3 months, as
described elsewhere (Pedraza et al., 2000). Protein
concentration of subcellular fractions was measured
using the BCA Protein Assay kit (Pierce) in the presence
of 0.1% TritonX-100 (Boehringer Mannheim).

Western blot analysis

For UCP3, cytochrome c, Bax, and Bcl-2 analysis,
samples of homogenates, mitochondria, or cytosolic
fractions were separated by SDS–PAGE on either 12.8
or 15% acrylamide gels, and transferred to polyvinyli-
dene fluoride membranes (PVDF membranes) (Immo-
bilon-P, Millipore). These were further incubated with
antibodies against UCP3 (Chemicon AB3046 (1:1,000)),
cytochrome c (Pharmingen clone 7H8.2C12 (1:500)), Bax
(Santa Cruz N-20 sc-493 (1:350)), and Bcl-2 (Santa
Cruz sc-509 (1:500)). For caspase-9 analysis, cytosolic
extracts (obtained by freezing/thawing cycles as
described above for caspase-3 assays) were separated
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by SDS–PAGE on 12.8% gels, transferred to PVDF
membranes, and incubated with a polyclonal antibody
against cleaved caspase-9 (New England Biolabs 9505
(1:1,000)). Antibodies against b-Actin (Sigma clone AC-
15 (1:10,000)), voltage-dependent anion carrier or porin
(VDAC) (Calbiochem Anti-Porin 31HL (1:1000)), or
cytochrome oxidase subunit I (CO I) (Molecular Probes
A-6403 (1:500)), were used to ensure equal protein
loading and correct cell fractionation. The binding of
antibodies was detected with a horseradish peroxidase-
coupled anti-mouse (Bio-Rad 170–6516 (1:3,000)) or
anti-rabbit (Santa Cruz sc-2004 (1:3,000)) secondary
antibody, and an enhanced chemiluminescence (ECL)
detection kit (Amersham). When required, densito-
metic analysis of immunoblot signals was performed
(Phoretics, Millipore, Bedford, USA).

Statistical analysis

Data, shown as means�SEM, were analyzed with
Student’s t-test for determination of the significance of
differences, which were considered to be significant at
a P value of less than 0.05.

RESULTS
Induction of the expression of UCP3 in 293 cells

To investigate how UCP3 influences mitochondrial
activity and apoptotic pathways, human UCP3 cDNA
was stably transfected into 293 cells. The transcription
of UCP3 cDNA was under the control of doxycycline
addition in the medium in a tetracycline-inducible
system. Twelve cell clones were obtained, all of them
expressing UCP3 after the induction of the tetracycline
inducible system. At least two independent clones, 293-
UCP3A and 293-UCP3B, were used for further studies
to rule out that the effects further observed were of
clonal origin. In the absence of doxycycline, UCP3 was
hardly expressed in total cell lysates or in mitochondria-
enriched preparations of these clones. Overexposure of
Western blots showed a faint band in the absence of
doxycycline in the 293-UCP3 clones, which was not
detected in parental cells, and surely corresponded to a
minor leaking of the doxycycline dependency of the
promoter driving UCP3 expression (not shown). The
levels of UCP3 expression in mitochondria were tightly
regulated by the doses of doxycycline (Fig. 1A, left).
Moreover, when doxycycline was withdrawn from the
medium after 48 h exposure, UCP3 remained present at
similar levels for at least 24 h (Fig. 1A, right). Therefore,
to minimize interferences on the functional studies of
293 and 293-UCP3 cells, doxycycline was always with-
drawn from the culture medium after cells had been
treated for 48 h.

Figure 1B shows Western blot analyses of mitochon-
drial-enriched and cytosolic fractions of cell lysates from
a representative 293-UCP3 clone after doxycycline
treatment. UCP3 expression induced by doxycycline
was detected in the mitochondrial fraction but not in
the cytosol. Correct separation of the mitochondrial
fraction was ensured by the parallel analysis of the
expression of subunit I of cytochrome c oxidase (COI)
and porin (VDAC), as representatives of mitochondrial
inner membrane and outer membrane components, re-
spectively (Fig. 1B). Thus, doxycycline-induced UCP3
was correctly delivered to mitochondria. The dose-

response to doxycycline, stability after doxycycline
withdrawal and correct delivery of the doxycycline-
induced expression of UCP3 into mitochondria occurred
equally for at least the two independent 293-UCP3
clones studied. The induction of UCP3 did neither alter
the mRNA levels of UCP2 nor the abundance of the
mRNA encoding for proteins of the respiratory chain
such as cytochrome c oxidase subunit IV (not shown).

To estimate the amounts of UCP3 induced in 293-
UCP3 clones in relation to the UCP3 protein levels
invivo,mitochondrial proteinextracts fromdoxycycline-
induced clones and skeletal muscle of mice and rats
in various physiological situations were analyzed. The
levels of expression of mitochondrial UCP3 attained in
the clones after exposure to 1 mg/ml doxycycline were
higher than those in mouse or rats fed a regular diet and
still higher than in 24 h-fasted rats but in the range of
those attained in rats chronically fed a high-fat diet, a
known nutritional activator of UCP3 gene expression
in skeletal muscle (Pedraza et al., 2000). Hence, the

Fig. 1. Characterization of doxycycline-dependent induction of UCP3
expression. A: Dose-response analysis of UCP3 protein expression
induced by doxycycline (dox) (left) and time-course analysis of UCP3
levels after doxycycline withdrawal (right) in the 293-UCP3A clone.
Immunodetections were performed on 12 mg of mitochondrial protein.
B: Cell fractionation analysis of UCP3 induction. In this case, 25 mg
protein of whole cells homogenate (W), cytosol (C), and mitochondrial
(M) fractions from 293 or 293-UCP3A cells, exposed or not to 1 mg/ml
doxycycline (dox), were probed with antibodies against UCP3, COI,
and VDAC. C: Comparison of mitochondrial UCP3 levels in the
doxycycline-treated 293-UCP3A mitochondrial fractions versus mito-
chondrial fractions of gastrocnemius muscle of mice (M), rats (R), rats
fed with a high-fat diet (HF-R), or 24 h-fasted rats (F-R). Immunode-
tections of UCP3 and VDAC were performed on 20 mg mitochondrial
protein (see Materials and Methods).
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induction dose of 1 mg/ml doxycycline was selected and
used for further studies.

UCP3 allows in situ GDP-dependent
re-polarization of the mitochondrial inner
membrane and a GDP-dependent reduction

of state 4 respiration in the presence
of fatty acids

Changes in mitochondrial membrane potential were
determined in cells permeabilized in the presence of
succinate and oligomycin (i.e., state 4, a functional
condition in which the mitochondrial membrane poten-
tial is maximal) using the fluorescent lipophilic cation
rhodamine 123. The upper trace of Figure 2 illustrates
a representative experiment in control 293 cells that
were exposed to doxycycline identically to 293-UCP3
clones. Low concentrations of palmitic acid added to the
medium caused a slight reduction in mitochondrial DC.
No effect on the mitochondrial membrane potential was
observed when GDP was added. Mitochondrial DC
collapsed upon addition of the protonophoric uncoupler
CCCP. Addition of palmitic acid to permeabilized cells
293-UCP3 (293-UCP3A clone), in which UCP3 had been
induced, caused a similar depolarization of the mito-

chondrial inner membrane. However, in contrast to
293 cells, GDP increased the mitochondrial membrane
potential in 293-UCP3 cells induced to express UCP3
(5.7�1.5% with respect to the total signal intensity in
the presence of CCCP in 293-UCP3A cells treated with
doxycycline versus 0.9�1% in 293 cells treated with
doxycycline, n¼ 3 and P� 0.05; compare upper and
lower traces in Fig. 2). Re-polarization caused by GDP
was only observed upon prior addition of palmitic acid
to the medium and was in the range of that elicited
by GDP in other models of expression of UCP proteins
(Fink et al., 2002). Similar results were obtained for an
independent UCP3-expressing clone (293-UCP3B) (not
shown).

To determine the effects of fatty acids and GDP on
state 4 mitochondrial respiratory rates, cells were
permeabilized in the presence of succinate and oligomy-
cin, and oxygen consumption was recorded in basal
conditions and after the addition of palmitate alone or
palmitate plus GDP. Results are shown in Figure 3. In
293 cells, palmitate elicited a small but significant rise
in oligomycin insensitive respiration, which was unaf-
fected by GDP, regardless of pre-treatment with
doxycycline. 293-UCP3 respiratory rates showed the
same pattern of response to palmitate and palmitate
plus GDP in the absence of doxycyline. However, when
UCP3 had been induced, the rise in state 4 respiration
elicited by palmitate was enhanced and addition of GDP
blocked this effect. These results demonstrate that
UCP3 confers a GDP-dependent sensitivity to fatty acid
of mitochondrial state 4 respiration.

Fig. 2. Influence of UCP3 on mitochondrial DC variations of
permeabilized cells. Effects of palmitate and GDP. 293 and 293-
UCP3 cells were cultivated, exposed to 1 mg/ml doxycycline for 48 h
(dox) and subjected to digitonin treatment as described in ‘‘Materials
and Methods.’’ This figure shows representative recordings of the
mitochondrial membrane potential evolution estimated from the DC-
dependent red shift and fluorescence quenching of rhodamine 123.
r.u.: fluorescence relative unit.

Fig. 3. State 4 respiratory activities in permeabilized 293 and 293-
UCP3 cells. Effects of palmitate and GDP. The respiratory rates of 293
and 293-UCP3A cells were determined after a treatment or not with
1 mg/ml doxycycline during 48 h and permeabilization with digitonin,
as described in Materials and Methods. Cells were incubated
in permeabilization medium in the presence of 6 mM succinate and
10 mg/ml oligomycin. The effects of addition of 10 mM palmitate
and subsequent addition of 1 mM GDP was determined. The
respiratory activities of 293 and 293-UCP3A cells are shown as
the ratio between their oxygen consumption rates and their respective
cytochrome c oxidase activities (n¼3 for each activity measured in
each condition). Statistically significant differences (P� 0.05) due to
doxycycline for every experimental situation are shown as *, and those
obtained by comparing 293-UCP3A respect to 293 by #. ns: non-
statistically significant.
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These results indicate that UCP3 induction in
293 cells caused a fatty acid-dependent, GDP-regulated
proton, and/or ionic transport(s) throughout the inner
mitochondrial membrane and that fatty acids are re-
quired for this regulation, in agreement with the ex-
pected behavior of physiological UCP3 activity in
mitochondria (Echtay et al., 2001).

UCP3 induction does not cause uncontrolled,
uncoupled cellular respiration

The degree of coupling of the mitochondrial respira-
tory chain was estimated in intact, non-permeabilized
293 and 293-UCP3 cells cultivated either in the presence
or absence of doxycycline. First, basal oxygen consump-
tion was determined (JObasal) and the part of oxygen
uptake not coupled to ATP synthesis was then assessed
by addition of oligomycin to the respiration medium
(JOoligomycin). The maximal respiratory activity of the
cells in conditions of complete uncoupling was then
measured using the protonophoric uncoupler CCCP,
which dissipates the proton electrochemical gradient
across the inner mitochondrial membrane and thereby
stimulates the respiratory rate to its maximal value
(JOCCCP). All of these respiratory activities were com-
pletely inhibited when antimycin A 0.25 mg/ml, an
inhibitor of the respiratory chain complex III, was added
to the respiration medium. Finally, as cytochrome c
oxidase has been shown to be the principal respiratory
control step in several cell lines (Villani et al., 1998), we
also measured cytochrome c oxidase activity in all the
clones tested; and the respiratory activities measured
were expressed as their percentage with respect to
complex IV activity (Fig. 4). Measurement of cytochrome
c oxidase activities in permeabilized 293 cells was

performed with 0.5 mM TMPD and 1 mM ascorbate in
the presence of antimycin A (0.25 mg/ml) and CCCP
(0.5 mM) as described in the Methods section. These
activities were 76.0�2.5, 70.0� 2.0, 90.0� 4.0, and
78.0�3.0 nat.O/min/107 cells for 293 cells, 293 cells
treated with doxycycline, 293-UCP3A cells and 293-
UCP3A cells treated with doxycycline, respectively
(n¼3 for each condition).

There was no difference in basal oxygen consumption
between 293 and 293-UCP3A cells (Fig. 4). Moreover,
exposure of control 293 cells or 293-UCP3A clones to
doxycycline, and subsequent induction of UCP3 in the
latter case, did not modify basal oxygen consumption.
Neither oligomycin-insensitive residual oxygen uptake
nor the uncoupled respiration was affected by doxycy-
cline in intact 293 cells or intact 293-UCP3A cells
(Fig. 4). The same results were obtained with 293-
UCP3B cells (not shown). This indicates that UCP3 ex-
pression: (i) does not enhance the amount of uncoupled
mitochondrial respiration of 293 cells; and (ii) did not
induce an uncontrolled uncoupling of oxidative phos-
phorylation in mitochondria of 293 cells due to a mis-
folding of this protein in the inner mitochondrial
membrane, in contrast to reports in rat L6 cells (Guerini
et al., 2002).

Further evidence that the induction of UCP3 did not
modify the overall basal energetic status of cells was
obtained by measurements of cellular ATP, which was
not significantly changed by doxycycline pre-treatment
of either parental 293 cells or 293-UCP3 clones (14.4�
1.3 nmol/mg protein in 293 cells, 12.9�1.0 nmol/mg
protein in 293 cells plus doxycycline; 12.1�1.1 nmol/mg
protein in 293-UCP3A cells, 15.0� 1.7 nmol/mg protein
in 293-UCP3A cells plus doxycycline, n¼ 5). Moreover,
cellular NADH was not significantly changed in the
same conditions (8.3�1.6 nmol/mg protein in 293 cells,
10.3�1.8 nmol/mg protein in 293 cells plus doxycycline;
9.5�1.3 nmol/mg protein in 293-UCP3A cells, 7.8�
2.3 nmol/mg protein in 293-UCP3A cells plus doxycy-
cline, n¼5).

UCP3 enhances the induction of caspase-3
activity in response to staurosporine

To determine how the presence of UCP3 affects
the responsiveness to an apoptotic stimulus involving
mitochondrial pathways, cells were exposed to stauros-
porine, a specific mitochondrion-mediated pro-apoptotic
reagent. This treatment was performed either before
or after UCP3 expression had been induced, and the
activity of caspase-3 was determined in cytosolic ex-
tracts (see Materials and Methods). Preliminary experi-
ments were performed to determine a dose and time of
exposure to staurosporine that elicited sub-maximal
induction of caspase-3 activity in control 293 cells (see
Materials and Methods). Staurosporine treatment
increased caspase-3 activity, whereas pre-treatment
with doxycycline before staurosporine exposure slightly
reduced this increase (Fig. 5). The induction of UCP3
expression by doxycycline treatment of 293-UCP3
clones did not enhance basal caspase-3 activity, even
after a longer (96 h) incubation of these cells with this
drug (data not shown). However, prior doxycycline-
induced UCP3 expression in 293-UCP3 cells signifi-
cantly increased the extent of staurosporine-induced

Fig. 4. Respiratory activities of 293 and 293-UCP3 cells. The
respiratory rates of 293 and 293-UCP3A cells were determined after
a treatment or not with 1 mg/ml doxycycline during 48 h. Cells were
incubated in DMEM supplemented with 5 mM HEPES without any
addition (JObasal) or either in the presence of 1 mM of the protonophoric
uncoupler CCCP (JOCCCP) or 10 mg/ml of the F1F0-ATP synthase
inhibitor oligomycin (JOoligomycin) as described in Materials and
Methods. The respiratory activities of 293 and 293-UCP3A cells are
shown as the ratio between their oxygen consumption rates and their
respective cytochrome c oxidase activities (n¼ 3 for each activity
measured in each condition). ns: non statistically significant.
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caspase-3 activity compared with that observed for
similarly treated 293 cells.

The induction of UCP3 enhances cytochrome c
release from mitochondria and cleavage of

caspase-9 in response to staurosporine

As caspase-3 activation is considered an end-point in
the apoptotic cascade involving either mitochondrial-
dependent or independent pathways, we next determin-
ed whether UCP3 induction affected the responsiveness
of cells to two apoptotic events more closely related
to mitochondrial pathways: caspase-9 activation and
cytochrome c release. Exposure of 293 cells to staur-
osporine induced the release of cytochrome c from
the mitochondrial to the cytosolic fraction. This effect
was significantly reduced in the presence of doxycy-
cline. In contrast, the extent of cytochrome c release to
the cytosol in 293-UCP3 cells exposed to staurosporine
was not reduced and was even slightly enhanced by
pre-treatment with doxycycline (Fig. 6). Thus, in the
presence of doxycycline, the amount of cytochrome c
released to the cytosol was significantly higher in 293-
UCP3A cells, in which UCP3 is induced, than in the
parental 293 cells (Fig. 6B).

A parallel analysis was performed for caspase-9
activity by assessing the cleavage of pro-caspase-9. Ex-
posure of 293 cells to staurosporine enhanced the
appearance of the cleaved, 37 kDa active form, of
caspase-9 in cell lysates, as shown by Western blot
analysis, and the action of staurosporine was not
affected by doxycycline treatment (Fig. 7). Exposure of
293-UCP3 clones to doxycycline and induction of UCP3
in mitochondria significantly increased the abundance
of cleaved caspase-9 in response to staurosporine
(Fig. 7B).

UCP3 expression favors Bax
translocation to mitochondria

Since the expression and localization of anti-apoptotic
and pro-apoptotic mitochondrial proteins of the Bcl-2
family favors or represses apoptosis, we assessed the
effects of UCP3 expression on Bax and Bcl-2 expression
as well as on the extent of Bax translocation from the
cytosol to mitochondria. When corrected for gel loading
using b-actin (whole cell homogenates) or VDAC
(mitochondria) immunoblot signals, no significant dif-
ferences were detected in basal levels of Bcl-2 when 293
cells and 293-UCP3A cells were compared, either in
whole cell homogenates (89�14% in 293-UCP3A cells
with respect to 293 cells, n¼4) or in the mitochondrial
fraction (107�18% in 293-UCP3A cells with respect to
293 cells, n¼ 4). Moreover, doxycycline treatment did
not significantly modify Bcl-2 levels in the mitochon-
drial fractions from either 293 cells (93�15% in
293þdoxycycline, with respect to 293, n¼ 3) or 293-
UCP3A cells (114�17% in 293-UCP3Aþdoxycycline,
with respect to 293-UCP3A, n¼ 4).

Fig. 5. Effects of UCP3 on caspase-3 activity in response to
staurosporine. 293 controls and 293-UCP3 cells, previously treated
or untreated with 1 mg/ml doxycycline, were exposed to 0.5 mM
staurosporine for 6 h. Cytosolic extracts were prepared after freezing/
thawing cycles and caspase-3 activity was measured fluorimetrically
as described in ‘‘Materials and Methods.’’ Bars show the caspase-3
activity (r.u.: fluorescence relative unit/mg protein) and are means�
SEM of 5 to 7 independent experiments performed in duplicate.
Statistically significant differences due to staurosporine for every
situation are shown by *, and those between the 293-UCP3A clone and
293 control cells were shown by #.

Fig. 6. Effects of UCP3 on cytochrome c release to cytosol in response
to staurosporine. 293 controls and 293-UCP3 cells, previously treated
or untreated with doxycycline (dox), were exposed to 0.5 mM
staurosporine for 6 h. Cytosolic fractions were prepared after cell
homogenization, centrifugation and ultracentrifugation as described
in ‘‘Materials and Methods.’’ A: example of immunodetection
performed on 50 mg protein from cytosolic extracts with antibodies
against cytochrome c and b-actin; (B) bars are means�SEM (3–
4 independent experiments) of densitometric scanning of cytochrome c
immunodetected signals in cytosol, corrected for loading variability by
the use of the b-actin signal. Statistically significant differences due to
staurosporine for every situation are shown by *, and those between
the 293-UCP3A clone and 293 control cells were shown by #.
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Neither doxycycline treatment of 293 cells nor UCP3
induction by doxycycline in the 293-UCP3A clone
significantly modified the expression of Bax in whole
cell homogenates. However, UCP3 induction by doxycy-
cline in 293-UCP3A cells significantly increased the
presence of Bax in the mitochondrial fraction as well as
significantly lowered the levels of Bax in the cytosolic
fraction (Fig. 8). This effect was not observed when
parental 293 cells were treated with doxycycline. This
resulted in a higher Bax/Bcl-2 ratio in mitochondria in
which UCP3 had been induced with respect to controls
(4.3-fold increase in the mitochondrial Bax/Bcl-2 ratio
in 293-UCP3A cellsþdoxyxycline with respect to 293
cellsþdoxycycline). As for the other parameters, paral-
lel testing of at least two assays in an independent 293-
UCP3 clone led to the same conclusions.

UCP3 sensitizes mitochondria to Ca2þ-induced
mitochondrial permeability transition

The effect of UCP3 induction on the sensitivity of cells
to mitochondrial permeability transition in response to
an increase in extramitochondrial Ca2þ was determined

by using a recently developed technique to assess this
parameter in permeabilized cells (Chauvin et al., 2001).
Figure 9 shows a representative determination of the
amount of Ca2þ pulses required to induce mitochondrial
permeability transition in cells in which UCP3 expres-
sion had been induced with doxycycline. It also shows
the same determination in 293 controls cells previously
treated with doxycycline. The mean amount of Ca2þ

required for permeability transition was of 100.5þ
9.9 mM (n¼5) in doxycyclin-treated 293 control cells
but only of 67.6þ13.0 mM (n¼6) in 293-UCP3 cells
in which UCP3 expression had been induced. Addition

Fig. 7. Effects of UCP3 on caspase-9 activation in response to
staurosporine. 293 controls and 293-UCP3 cells, previously treated or
untreated with doxycycline (dox), were exposed to 0.5 mM staurospor-
ine for 6 h. Cytosolic fractions were prepared as in Figure 6.
A: Example of immunodetection performed on 75 mg protein from
cytosolic extracts with antibodies against the active, cleaved-form, of
caspase-9, and b-actin. B: Bars are means�SEM (3–4 independent
experiments) of densitometric scanning of cleaved caspase 9 signal
corrected for loading variability by the use of the b-actin signal, and
expressed as percents respect to basal activity in 293 untreated cells.
Statistically significant differences due to staurosporine for every
situation are shown by *, and those between the 293-UCP3A clone and
293 control cells were shown by #.

Fig. 8. Effects of UCP3 on Bax levels in cells and mitochondria. 293
controls and 293-UCP3 cells, previously treated or untreated with
doxycycline (dox) were analyzed. Cells were homogenized and
mitochondrial and cytosolic fractions were prepared by centrifugation
and ultracentrifugation, as described in ‘‘Materials and Methods.’’
A: Example of immunodetections performed on 30 mg protein of whole
cell homogenates (W), cytosolic extracts (C), and mitochondrial
extracts (M) with antibodies against Bcl-2, Bax, and VDAC proteins.
B: Bars are means�SEM (3–4 independent experiments) of the fold-
change in Bax content in every cell fraction respect to basal levels in
293 cells. Quantitative data were calculated on the basis of densito-
metric scanning of the Bax immunodetected signal corrected for
loading variability by the use of the b-actin signal in W and C, and by
the VDAC signal in M. Statistically significant differences (P� 0.05)
between the 293-UCP3A clone and 293 controls for every cellular
fraction are shown by #.
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of 0.5 mM cyclosporine A to the incubation medium
dramatically increased the amounts of Ca2þ required for
permeability transition, in agreement with the known
role of cyclosporin A as a PTP inhibitor. The amounts of
calcium required for PTP opening in 293 controls and
293-UCP3 cells without treatment with doxycycline did
not differ significantly (data not shown).

DISCUSSION

We have established a novel model of inducible UCP3
gene expression in cultured cells. In this model, UCP3
expression in cell mitochondria, within similar amounts
to those elicited in physiological situations of maximal
induction of the endogenous gene, confers to mito-
chondria a GDP-regulated re-polarization of their inner
membrane in the presence of fatty acids. Moreover, it
caused an enhancement in fatty acid induction of state 4
respiration that could be inhibited by GDP. This be-
havior is similar to that observed in reconstituted
systems (Echtay et al., 2001; Zackova et al., 2003) and
confirms the properties of UCP3 as a fatty acid and GDP
regulated UCP in mitochondria. Moreover, this model
does not show any signs of uncontrolled uncoupling
when UCP3 is expressed, in contrast with other models
of high over-expression of the protein (Guerini et al.,
2002). It is free of endogenous expression of UCP3,
which allows a high sensitivity in the detection of spe-
cific effects driven by the presence of UCP3 in mitochon-
dria.

The presence of UCP3 in mitochondria did not lead to
apoptosis per se, but it sensitizes cells to apoptosis, as
evidenced by the enhanced activation of caspase 3
activity, an end-point of the apoptotic signaling cascade,
in response to the apoptotic inducer staurosporine.
The induction of apoptosis elicited by this chemical is
known to involve mitochondrial events such as enhanc-

ed cytochrome c release and activation of capsase-9. Our
observations indicate that these events are over-stimu-
lated upon exposure to staurosporine when cells contain
UCP3 in their mitochondria. We also show that, in the
absence of apoptotic stimuli, this apoptosis-sensitive
status of cells due to UCP3 in mitochondria is associated
with a higher mitochondrial versus cytosolic Bax con-
tent and with a higher sensitivity of the mitochondrial
PTP to open in response to a cytosolic Ca2þ overload.

Massive Bax translocation to mitochondria and open-
ing of the PTP are considered primary events eliciting
the cascade of mitochondrial events leading to apoptosis
(Ravagnan et al., 2002). However, the relationship
between both phenomena and the precise sequence of
activation of these and other events such as cytochrome
c release remain unclear. Issues such as whether PTP
opening is prior to cytochrome c release or not, or
whether Bax translocation is the main event leading to
PTP opening and cytochrome c release from mitochon-
dria to the cytosol, are a matter of current debate con-
cerning the understanding of the regulation of apoptotic
pathways, and discrepancies are probably due to the
diversity of cell systems and experimental models
studied (Herrera et al., 2001; De Giorgi et al., 2002;
Polster et al., 2003). In any case, whichever is primary,
the presence of UCP3 in mitochondria increases all
these pro-apoptotic parameters.

The effects of UCP3-sensitizing cells to apoptosis may
be indirect and related to the impact of the presence of
UCP3 in the mitochondrial inner membrane on the
bioenergetic status of the cells. The parameters tested
here in permeabilized cells indicate that UCP3 facil-
itates mitochondrial proton conductance but only in a
regulated manner, requiring fatty acids and inhibited by
purine nucleotides such as GDP. This result, together
with the unchanged respiration rates in intact cells

Fig. 9. Mitochondrial Ca2þ retention capacity in permeabilized
UCP3-expressing cells. The incubation medium contained 250 mM
sucrose, 50 mM KCl, 2 mM KH2PO4, 25 mM Tris-HCl (pH 7.3), 1 mM
MgCl2, and 0.5 mM Calcium Green-5N. Cells (3� 106/2 ml) were
permeabilized by incubation for 5 min under stirring with 25 mg/ml
digitonin. Extra-mitochondrial Ca2þ concentration was continuously
measured fluorimetrically with excitation and emission wavelengths

at 506 and 532 nm, respectively. After incubation for 48 h with
doxycycline, Ca2þ retention capacity was determined in permeabilized
293 control cells (293þdox, left part), permeabilized 293-UCP3A cells
(293-UCP3Aþdox, central part), and 293-UCP3A in the presence of
0.5 mM cyclosporine A (293-UCP3AþdoxþCsA, right part). Each
arrow indicates the addition of a 15 mM Ca2þ pulse.
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induced to express UCP3, rules out the possibility that a
non-specific collapse of mitochondrial DC due to UCP3
acts as an apoptotic sensitizing mechanism. This is also
consistent with the fact that UCP3 expression never
caused the cells to undergo apoptosis in the absence of
staurosporine. However, it has been reported that
treatments with chemical uncouplers that do not lead
to apoptosis by themselves can enhance sensitivity to
Fas-induced apoptosis (Linsinger et al., 1999). There-
fore, it cannot be ruled out that a mild reduction in the
proton membrane potential, such as that elicited by
UCPs under the physiological stimulus of intracellular
metabolites, could alter the sensitivity of 293 cells to
apoptosis.

UCP3 may also promote sensitivity to apoptosis by
direct interaction with other mitochondrial proteins
involved in the apoptotic machinery. To date, the only
study that has addressed the issue of potential interac-
tions of UCP3 with other proteins has established the
interaction of UCP3 with 14.3.3 proteins (Pierrat et al.,
2000). Although the exact function of 14.3.3 proteins
is unknown, they are involved in multiple processes
including the control of apoptosis (Van Hemert et al.,
2001). These proteins act as anti-apoptotic factors
through the binding and the resulting inhibition of the
activity of pro-apoptotic proteins such as Bad (Subra-
manian et al., 2001) and Bax (Nomura et al., 2003).
Whether the capacity of UCP3 to bind anti-apoptotic
14.3.3 proteins mediates the sensitization to apoptotic
stimuli provided by UCP3 should deserve further
research. Moreover, it should be considered that UCP3
is a member of the super-family of mitochondrial
carriers that includes the adenine nucleotide translo-
case (Ricquier and Bouillaud, 2000). This protein, in
addition with its function as an ADP/ATP translocator,
appears to participate in the multi-protein complex that
constitutes the PTP (Vieira et al., 2000). It cannot be
ruled out that UCP3 could interact directly with this
complex in a similar way and thus influence the
behavior of the PTP reported here. Further research is
under-way to explore these possibilities.

Recent studies on UCP2, a closely similar protein to
UCP3, indicate that UCP2 can favor or prevent cell
death depending on the cell type (Mills et al., 2002,
Diano et al., 2003; Mattiasson et al., 2003). The cell-
specific expression of UCP3 should be taken into account
when considering the biological role of its apoptosis-
sensitizing activity. Skeletal muscle cells are the major
site for UCP3 expression in vivo although other cells
types such as brown adipocytes, white adipocytes, or
cardiomyocytes show substantial expression, at least in
rodents (Vidal-Puig et al., 1997). UCP3 is up-regulated
in most of these cells by stimuli related to metabolic
stress signals, such as a rise in the concentration of free
fatty acids (Brun et al., 1999) or by other agents related
to cellular stress such as TNFa (Masaki et al., 1999).
These factors are also known as activators of apoptosis
in several cell types (Gupta, 2001; Penzo et al., 2002).
Apoptosis has also been described in skeletal muscle in
association with development, aging, and pathologies
such as muscle dystrophies and atrophies (Sandri and
Carraro, 1999; Dirks and Leeuwenburgh, 2002).
Recently, UCP3 up-regulation in skeletal muscle has
been reported as an early metabolic defect in amy-

otrophic lateral sclerosis and it has been proposed to
contribute to skeletal muscle damage in this disease
(Dupuis et al., 2003). Cardiomyocytes, another spe-
cialized cell type expressing UCP3, can also undergo
apoptotic through intracellular pathways involving
mitochondria (Bishopric et al., 2001).

In conclusion, our results indicate that UCP3 may act
as a pro-apoptotic factor activated in response to
physiological signals that can lead to apoptosis. The
functional consequences of the sensitization to apoptosis
due the presence of high levels of UCP3 in mitochondria
and the specific mechanisms mediating the apoptotic
sensitization by UCP3 should deserve further studies
using specific cell-type models.
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ABSTRACT 

 

Acquisition of an apoptosis-resistant status is a part of differentiation program of 

skeletal muscle cells. However, skeletal muscle can undergo apoptosis as a post-mitotic 

tissue both in response to specific physiological stimuli or in pathological processes. 

Whereas intracellular redox state and mitochondrial activity are closely related to apoptosis 

in most cell types, their relative role in apoptotic signalling in muscle cells is unclear. The 

responsiveness of myoblasts and myotubes of rat L6 to the induction of mitochondrial 

apoptotic pathways was studied. We show that staurosporine, a mitochondrial apoptotic 

inducer, promotes ROS generation in myoblasts and myotubes but in a larger extent in non-

differentiated stage. This oxidative stress is not required for activation of staurosporine-

induced apoptosis in skeletal muscle cells and it does not appear to be involved in the 

differential sensitivity of myoblasts and myotubes to the apoptotic stimuli. Moreover, the 

expression of the muscle uncoupling protein UCP3, in myotubes does not affect ROS 

production although its exerts a slightly sensitization to staurosporine-induced apoptosis, 

suggesting that this sensitization is achieved by ROS-independent mechanisms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

INTRODUCTION 

 

Apoptosis is a genetically programmed process of cellular self-death that accounts for 

numerous destructive effects associated with pathological processes, but that is also 

necessary to ensure normal development and tissue homeostasis. Apoptotic pathways 

activation can be triggered in response to both external and internal stimuli, starting either in 

cell membrane death receptors, or in mitochondria. Indeed, In addition to their established 

function in energy metabolism, mitochondria have a key role in the control of the apoptotic 

cell death in response to certain stimuli. Several events are important for signalling apoptotic 

pathway stimuli from mitochondria, especially the release to the cytosol of proapoptotic 

factors such as cytochrome c, AIF (Apoptotis inducing factor), Smac/Diablo…. Once in the 

cytosol, these factors collaborate to induce the caspase cascade and nuclear endonuclease 

activation that together with the loss of mitochondrial functions, finally leads to cell death. 

Caspase-9 is mainly activated by apoptotic factors of mitochondrial origin, which causes 

caspase-3 activation, an end-point in the caspase activation cascade (1). Programmed cell 

death is indeed a process highly regulated by a complex interplay of factors, including anti-

apoptotic and pro-apoptotic proteins (such as members of Bcl-2 family, IAPs, etc) that can 

modulate the process before commitment to cell death is reached.   

Reactive oxygen species (ROS) which are major by-products of mitochondrial 

respiratory chain in non-phagocytic cells are among the factors considered to modulate cell 

death. Increases in ROS are associated with both the early and late stages of apoptosis 

regulation, often as side effects of other changes. Excessive ROS production results in 

oxidative stress, which usually damages cell function and may elicit apoptosis (2-7). 

However, ROS can also promote cell survival whenever they are not exceeding cellular 

detoxification capacities (8-10). These beneficial effects of ROS are essentially related to 

their capacity to act as signaling messengers inside the cell (11; 12) as is evidenced by their 

ability to induce survival signaling pathways as PI3 kinase, MAP kinases and transcription 

factors as NFkappa B activation (13). This transcription factor regulates the inducible 

expression of several genes involved in cell survival and execution (i.e. Bcl-2, Bax, p53, 

thioredoxin...) (14; 15). 

Skeletal muscle is a unique tissue in terms of apoptosis, in particular as regards to 

differentiated myotubes. Muscle cells are multi-nucleated, and myonuclei can undergo 

apoptosis individually, maintaining cell integrity and function (16; 17). Moreover, myotubes 

contain variable mitochondrial content, dependent both on fiber type and the extent of 

training.  However, despite of scarce data on apoptotic pathways in skeletal muscle, several 

mechanistic have been shown to be similar to those described for other cell types (18). On 

the other hand, differentiated muscle cells are particularly resistant to apoptosis. Acquisition 



  

of apoptosis resistance occurs during normal skeletal muscle cell differentiation. During early 

stages of differentiation, myogenic precursor cells withdraw irreversibly from the cell cycle, 

confering mature myotubes a resistance to apoptosis. In addition, skeletal muscle exhibits in 

vivo an unusually high concentration of apoptosis repressors (19-23). However, skeletal 

muscle can undergo apoptosis as a post-mitotic tissue, both in response to specific 

physiological stimuli or in pathological processes (24-26). Whereas intracellular redox state 

and mitochondrial activity are closely related to apoptosis in most cell types, their relative role 

in apoptotic signaling in muscle cells is unclear. Skeletal muscle is a highly specialized tissue 

in which mitochondrial ROS production is relevant to physiological (i.e. contraction, exercise) 

or pathological situations. Indeed, oxidative stress appears to be associated to myogenic cell 

death activation in conditions such as ageing (27), muscle dystrophy (28-30), 

ischemia/reperfusion (31) and others.  

The uncoupling proteins (UCPs) belong to the super-family of mitochondrial anion 

carriers located in the inner mitochondrial membrane. UCP1 was the first member to be 

identified. It is exclusively expressed in brown adipose tissue where it behaves as a natural 

uncoupler of oxidative phosphorilation (32). It increases proton conductance of the 

mitochondrial inner membrane with the consequent production of heat. Its activity requires of 

the presence of free fatty acids and it is inhibited by purine nucleotides. New members of the 

family have been recently characterized. Among these ones, there is UCP3, which is 

preferentially expressed in skeletal muscle and in a minor extent also in heart, white adipose 

tissue, and neuronal cells (33). Whereas UCP1 role in the generation of heat is clearly 

established, the physiological function of UCP3 is still a matter of current debate. Although its 

ability for uncoupling has been proved in vitro, it is not clear that this activity is closely related 

to its actual function in vivo. Moreover, its expression is dramatically induced in response to 

metabolic stress signals such as an increase in free fatty acids concentration in blood, the 

action of TNFα, cancer cachexia or sepsis. Evidence suggests that it may not have a role in 

energy dissipation. Indeed, several data have recently suggested a possible role for UCP3 in 

the control of ROS production and cell death sensitivity. Maximal ROS production is 

associated with high membrane potential (34; 35). Therefore, it has been suggested that a 

UCP3-driven mild uncoupling could decrease membrane potential beneath a threshold that 

avoids ROS production. In this sense, the only observed modification in ucp3-/- mice is that 

skeletal muscle mitochondria lacking UCP3 are more coupled and generate more ROS than 

mitochondria from wild type animals, according to a UCP3 induced-mild uncoupling (36). On 

the other hand, superoxide anion itself and lipid peroxidation products such as 4-hydroxy-

nonenal have been shown to induce UCP3-mediated proton conductance (37; 38). There is a 

widespread consensus that one of the biological activities of mitochondrial UCPs (at least 

UCP2 and UCP3), in addition to its metabolic effects promoting substrate oxidation, is to 



  

influence ROS production in mitochondria. Mild uncoupling, such as that originated by UCP 

activity, has long been known to reduce ROS production in association with reduction with 

mitochondrial proton-motive potential. Therefore, UCP3 amount and activity may control 

responsiveness of skeletal muscle cells to challenges involving mitochondrial activity, either 

by controlling ROS production or by other mechanisms that remain to be explored. While in 

neuronal cells UCP3 seems to have a protective role against pro-apoptotic stimuli such as 

hyperglycaemia (33; 39), we have previously reported that this protein sensitized human 

kidney cells to a mitochondrial dependent stimulus of apoptosis (40). This is in agreement 

with the observation that UCP3 expression is among the first events leading to muscle 

damage in amyotrophic lateral sclerosis (41). So it appears that UCP3 effects on ROS and 

cell death modulation strongly depend on type cell. 

Little is known about ROS effects and their relationship to cell death in skeletal muscle. 

Besides high complexity of these studies due to special characteristics of differentiated 

muscle cells, it should be noted that this effects may depend on differentiation stage. In this 

study, we first have analysed basal redox state along myogenic differentiation of rat skeletal 

muscle cells: L6 cells. Then we have analyzed responsiveness of L6 myoblasts and 

myotubes to a pro-apoptotic stimuli known to involve mainly mitochondrial pathways, such as 

staurosporine (42-44), to determine possible ROS involvement in this process regulation. It is 

concluded that staurosporine promotes ROS generation in skeletal muscle cells; myoblasts 

as myotubes but in a larger extend in non-differentiated stages. However, this oxidative 

stress is not required for activation of staurosporine-induced apoptosis in skeletal muscle 

cells and it does not appear to be involved in the differential sensitivity of myoblasts and 

myotubes to the apoptotic stimuli. On the other hand, UCP3 over-expression on myotubes 

does not affect ROS production although it exerts a slightly sensitization to staurosporine-

induced apoptosis, suggesting that this sensitization is achieved by mechanisms 

independent of ROS generation.  

 

 

 

 

 

 

 

 

 

 

 



  

MATERIAL AND METHODS 

 

Chemicals and reagents 

DMEM with Glutamax, phenol red free RPMI-1640, and fetal bovine serum (FBS) 

were purchased from GIBCO (Grand Island, N.Y.). The ROS-sensitive fluorescent probe 6-

carboxy-2’, 7’-dichlorodihydrofluorescein diacetate, diacetoxymethyl-ester (H2-DCFDA; DCF, 

2’, 7’ –dichlorodihydrofluorescein) and monochlorobimane were purchased from Molecular 

Probes (Eugene, OR, U.S.A) and dissolved in DMSO and acetonitrile respectively. 

Staurosporine was purchased from Sigma-Aldrich and dissolved in DMSO. Other reagents 

and chemicals were obtained from Sigma, Merck and Roche. 

 

Cell culture 
Rat L6 cells (ATCC Rockville, MD, USA) were grown in Dulbecco’s minimal essential 

medium (DMEM) containing 10% fetal bovine serum (FBS). To induce differentiation, L6 cells 

at 80% confluence were placed in DMEM containing 2% FBS. L6 were then maintained for 5 

days in these conditions of culture to acquire myotube morphology. Mouse C2C12 cells 

(ATCC Rockville, MD, USA) were grown in Dulbecco’s minimal essential medium (DMEM) 

containing 10% fetal bovine serum (FBS). To induce differentiation, C2C12 cells at 80% 

confluence were placed in DMEM containing 2% Horse serum (HS). C2C12 were then 

maintained for 5 days in these conditions of culture to acquire myotube morphology. 

 

Determination of intracellular ROS 
The H2-DCFDA probe was used to estimate the generation of intracellular ROS (45; 

46). After incubation with 10 µM H2-DCFDA for 1 h, cells were washed twice with PBS and 

scraped into water. After sonication, the fluorescence of H2-DCFDA stained cells was 

measured with a spectrofluorometer (excitation wavelength 493 nm, emission wavelength 

527 nm). 

 

Reduced glutathione determination 
 The intracellular content of reduced GSH was determined using monochlorobimane, 

a thiol-reactive probe. Total cellular extracts were labeled with 20 µM of monochlorobimane. 

After 2h of incubation, fluorescence was quantified at excitation and emission wavelengths of 

380 nm and 460 nm, respectively, using a spectrofluorimeter. A standard curve was 

generated with known amounts of reduced GSH to infer GSH concentration in samples.  

 

 
 



  

Caspase 3 activity 

Caspase 3 activity was measured using the fluorimetric CaspACE Assay System 

(Promega) based on the fluorimetric detection of amino-4-trifluoromethyl coumarin after 

proteolytic cleavage of the synthetic substrate DEVD-amino-4-trifluoromethyl coumarin. Cells 

were exposed to staurosporine and were homogenized by 15 strokes of a 22G syringe in cell 

“lysis buffer” (25 mM Hepes, 5 mM MgCl2, 5mM EDTA, 5 mM DTT, 2mM PMSF, 10 µg/ml 

pepstatin A, 10 µg/ml leupeptin). To assure complete disruption of cellular homogenates, 

they were finally lysed by 3 cycles of freezing/thawing and cytosolic extracts to be assayed 

were collected after 10.000 x g centrifugation for 20 min. 100 µg protein, as determined by 

the Bradford Assay Kit (Bio-Rad), were used for the assays, which were performed as 

indicated by the supplier (Promega). Specificity of the assay was assessed by the use of 

CPP32 caspase 3 inhibitor, which led in all the assays to a residual activity of less of a 5% of 

the total activity detected (Promega). 

 

Immunoblot analysis 
Samples of homogenates or mitochondria were separated by SDS-PAGE on 12.8% 

and transferred to polyvinylidene fluoride membranes (PVDF membranes) (Immobilon-P, 

Millipore). They were incubated with antibodies against UCP3 (Chemicon AB3046 (1:1000)), 

caveolin-3 (BD Pharmingen 610421 (1:1000)) or VDAC (Calbiochem Anti-Porin 31HL 

(1:1000)). VDAC detection was used to ensure equal loading of mitochondria. The binding of 

antibodies was detected with a horseradish peroxidase-coupled anti-mouse (Bio-Rad 170-

6516 (1:3000)) or anti-rabbit (Santa Cruz sc-2004 (1:3000)) secondary antibody, and an 

enhanced chemiluminescence (ECL) detection kit (Amersham).  

 

Nuclear extract preparation 
 Extracts were prepared using a modified method from Zamora et al. (47). For the 

isolation of nuclear protein extracts of either L6 myoblasts or myotubes, cells were washed 

twice with ice-cold PBS and scrapped off the plates in buffer A (10 mM Hepes, pH 7.9, 10 

mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM PMSF, and protease 

inhibitors (5 µg/ml each of aprotinin, leupeptin, and pepstatin)). Cells were allowed to swell 

on ice for 15 min; then 25 µl of Nonidet P-40 (0.5%) was added, and the suspension was 

thoroughly mixed for 10 s. The homogenate was centrifuged (16.000 x g, 4ºC, 60 s.), and the 

nuclear pellet was resuspended in 50 µl of ice-cold buffer C (20 mM Hepes, pH 7.9, 0.4 M 

NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF, and protease inhibitors (5 

µg/ml each of aprotinin, leupeptin, and pepstatin)). Nuclear lysates were maintained on ice 

for 15 min with occasional mixing. The nuclear extract was cleared (16.000 x g, 4ºC, 5 min), 



  

and the supernatant containing the proteins from the nuclear extract was transferred to a 

fresh tube and stored at –80ºC. Protein concentrations were determined by the Bradford 

assay (Bio-Rad). 

 

Electrophoretic Mobility Shift Assay 
Nuclear extracts from L6 myoblasts or myotubes were used in electrophoretic mobility 

shift assays. For gel retardation assays, a double stranded oligonucleotide containig a 

consensus NFkappa B DNA binding site (5’-TCT AGA GTT GAG GGG ACT TTC CCA G-3’, 

obtained from Roche Applied Science) was end-labeled using [α-32P]dCTP and Klenow 

enzyme. Nuclear protein extracts (10 µg) were incubated for 30 min at room temperature 

with binding buffer (25 mM Hepes, pH 7.6, 0.5 dithiothreitol, 12.5 mM ZnSO4, 50 mM KCl, 1 

mg/ml bovine serum albumin, 5% glycerol, 0.1% Nonidet P-40, and 2.5 µg of poly(dI-dC) 

(deoxyinosinic-deoxycytidylic acid)). The DNA probe (30.000 cpm) was added and incubated 

for 20 min at room temperature. Samples were run on 5% non-denaturing polyacrilamide 

gels in 0.5 X Tris-borate-EDTA at 130 V and 4ºC for 60 min. Specific NFkappa B activity was 

assessed in competition tests. In these assays, random samples were pre-incubated with 

100-fold molar excess of unlabeled doubled-stranded oligonucleotides before the addition of 

the DNA probe to compete specific NFkappa B binding. 

 

Real time PCR 
Total RNA was extracted from cells using the method of the Tripure Isolation Reagent 

(Boehringer Mannheim). Quantitative mRNA expression analysis was done in a two-step 

reaction: first, 1µg of total RNA was transcribed into cDNA by means of RT-PCR (real time 

reverse transcriptase chain reaction) on the GeneAmp PCR system 2400 (Applied 

Biosystems, USA), and then, a Real-Time PCR was performed on the ABI PRISM 7700HT 

sequence detection (Applied Biosystems, U.S.A). The RT-PCR was done in a final volume of 

50µl using TaqMan Reverse Transcription Reagents (Applied Biosystems, U.S.A), which 

contains MultiScribeTM  Reverse Transcriptase, RNase inhibitor, dNTP Mixture, Random 

Hexamers, 10X RT buffer, and MgCl2 solution. TaqMan Real-Time PCR reaction was 

performed in a final volume of 25µl using TaqMan Universal PCR Master Mix, and gene 

expression probes (Applied Biosystems, U.S.A) for rat L6 cell samples: 18S ribosomal RNA 

(Hs99999901_s1), glutathione peroxidase-1 (Rn00577994_g1), uncoupling protein-2 

(Rn00571166_m1), uncoupling protein-3 (Rn00565874_m1), superoxide dismutase-2 

(Rn00566942_g1), and superoxide dismutase-1 (Rn00584772_m1), and gene expression 

probes for mouse C2C12 cell samples: uncoupling protein 3 (Mm00494074_m1), uncoupling 

protein 2 (Mm00495907_g1), myogenin (Mm00446194_m1), PGC-1α (Mm00447183_m1), 



  

glutathione peroxidase 1 (Mm00656767_g1), glutathione peroxidase 4 (Mm00515041_m1), 

heme oxygenase 1 (Mm00516004_m1), superoxide dismutase 2 (Mm00449726-m1), 

sequestosome 1 (Mm00448091_m1), c-fos (Mm00487425_m1), c-jun (Mm00495062_s1), 

Transformation relation protein 53 (Mm00441964_g1), Nfκb1 (p105) (Mm00476361_m1), 

carnitine palmitoyltransferase 1 (Mm00487200_m1), acetyl-Coenzyme A dehydrogenase, 

medium chain (Mm00431611_m1). Appropriate controls with no RNA, primers, or reverse 

transcriptase were included in each set of experiments. Each sample was run in duplicate, 

and the mean value of the duplicate was used to calculate the mRNA expression of the gene 

of interest. The quantity of the gene of interest in each sample was normalized to that of the 

endogenous control using comparative (2-∆CT) method according to manufacturer’s 

instructions (Applied Biosystems, U.S.A). 18S was used as endogenous control gene.  

 
 

Statistical analysis 

 Data, shown as means + SEM, were analyzed with Student's t-test for determination 

of the significance of differences, which were considered to be significant at a P value of less 

than 0.05. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

RESULTS 

 

Changes in ROS production, glutathione content, NFkappaB activity and 
oxidative-stress related gene expression in differentiating myogenic L6 cells. 

We studied changes in oxidative stress related parameters in differentiating myogenic 

L6 cells. First, intracellular ROS content was measured using the H2-DCFA probe (for details, 

see material and methods). The profile of intracellular ROS level along the myogenic 

differentiation is shown figure 1 A. The initiation of differentiation (day 1) is linked to a 

decrease in intracellular ROS of about 60% compared to the value obtained in myoblasts 

(day 0). From day 2 to day 5 of differentiation, intracellular ROS level increases to about 60% 

(day 2) or even up to 115 % (day 5) of myoblasts content. It is concluded that although no 

significant difference is observed in intracellular ROS generation between myoblasts and 

differentiated myotubes at day 5, the process of myogenic cells differentiation is associated 

with a transient decrease in intracellular ROS. The intracellular GSH is also modified along 

L6 differentiation being 82 ± 6 % in myotubes respected to myoblasts (p<= 0.05). L6 

differentiation is associated with a progressive decrease of basal NFkappa B activation 

starting from first day of differentiation (Fig 1C). As changes in ROS content could be due to 

differential antioxidant capacity along myogenic differentiation, we studied the gene 

expression of three main antioxidant enzymes: the cytosolic superoxide dismutase (SOD1), 

the mitochondrial superoxide dismutase (SOD2), and the cytosolic glutathione peroxidase 

(Gpx1) (Fig 1D). For the three mRNA, there was a progressive decrease during 

differentiation although the intensity of the decrease was variable. A significant decrease was 

reached in day 2 of differentiation for SOD1 mRNA, in day 4 of differentiation for SOD2 

mRNA and in day 1 of differentiation for Gpx1 mRNA. For the three genes, mRNA 

expression in day 5 myotubes was less than 50% that in myoblasts.   

Concerning UCPs, UCP2 mRNA was progressively down-regulated throughout the 

myogenic differentiation process, similarly to the observations for mRNA expression of the 

oxidative-stress related genes. Conversely, UCP3 mRNA was induced in association with the 

differentiation process, in parallel with the induction of expression of marker genes of 

myogenesis (myogenin), as expected. 

 

Differential responsiveness to the apoptotic inducer staurosporine in 
myoblasts and myotubes.   

In order to compare the responsiveness of myogenic differentiating L6 cells to an 

apoptotic stimulus involving mitochondrial pathways, myoblasts and myotubes (day 5 of 

differentiation) were exposed to staurosporine, a pro-apoptotic reagent acting through 



  

mitochondrial dependent mechanisms. For this purpose, we studied the activation of 

caspases. A dose-response analysis of the effect of staurosporine treatment during 4 hours 

on caspase-3 activity in myoblasts and myotubes is shown figure 2A. Staurosporine induces 

a significant increase in caspase-3 activity in a dose dependent manner, in myoblasts and 

myotubes but the extent of induction was completely different depending on differentiation 

stage. In myoblasts, a two-fold increase in caspase-3 activity is observed after exposing cells 

to 0,5 µM of staurosporine for 4 hours, whereas this increase is only achieved in myotubes 

after a dose of 2 µM of staurosporine. The greatest significant difference in caspase-3 activity 

induction between myoblasts and myotubes is observed at a dose of 5 µM staurosporine, 

reaching an eight-fold induction in myoblasts, and only a two-fold induction in myotubes. 

These results indicate a significant difference of sensitivity to staurosporine between 

myoblasts and myotubes. As caspase-3 activation is considered to be an end-point in the 

apoptotic cascade involving either mitochondrial dependent and mitochondrial independent 

pathways, we next determined which was the myoblast and myotube responsiveness to 

staurosporine in terms of caspase-9 ativation which is known to occur via mitochondrial 

pathways (1). As expected, no basal activation of caspase-9 was observed in untreated 

myoblasts and myotubes. Treatment with growing concentrations of staurosporine induced a 

significant activation of caspase-9 both in myoblasts and myotubes (Fig 2B). However, 

caspase-9 induction in response to 5 µM of staurosporine was greater in myoblast than in 

myotubes. These results demonstrate that staurosporine can induce apoptosis in both L6 

myoblasts and myotubes through a mitochondrial-dependent pathway; and that myoblasts 

are more sensitive than myotubes to the induction of apoptosis via mitochondrial pathways.  

 
Changes in ROS, GSH, and NFKappa B activation in myoblasts and myotubes 

in response to the apoptotic inducer, staurosporine. 
We assessed oxidative stress in myoblasts and myotubes treated with staurosporine. 

As shown in Figure 3A, staurosporine induces an increase in intracellular ROS generation in 

a dose-dependent manner, in myoblasts and myotubes. Treatment with 2 µM staurosporine 

for 4 hours induces an increase of intracellular ROS generation of around two fold in 

myoblasts but only a 10 % increase was observed in myotubes. The highest increase in 

intracellular ROS generation is attained in myoblasts at 2µM staurosporine. Such an increase 

requires 10 µM staurosporine in myotubes (150% of untreated control). 

Staurosporine can also decrease the levels of intracellular GSH in a dose dependent 

manner, as shown in Fig 3B. Again, myoblasts respond with a more marked decrease in 

GSH and at lower concentrations of staurosporine than myotubes. The decrease in GSH in 

myotubes is observed only in treatments of staurosporine higher than 5 µM. However, in 



  

myoblasts, the decrease in GSH is observed with staurosporine treatment from 0,1 to 5 µM. 

On the contrary, higher concentrations of staurosporine, induced in myoblasts, an increase in 

intracellular GSH. Then GSH content has in both differentiating stages biphasic and opposite 

behaviour. We studied the staurosporine-induced activation of NFkappa B in myoblasts and 

myotubes. Basal NFkappa B activation is very low in myoblasts and in myotubes. We 

observed that staurosporine can activate NFkappa B in a dose dependent manner in 

myotubes (Fig 3C), with a maximum activation with 20 µM staurosporine. In contrast, 

maximum activation is obtained in myoblasts at 5 µM staurosporine. We conclude that 

staurosporine induces oxidative stress in myoblasts and in myotubes but the extent of 

response depends on differentiation stage, being higher in non-differentiated cells for any 

oxidative stress-related parameter tested. 

 
Role of ROS scavengers on the apoptotic responsiveness of myoblasts to 

myotubes to staurosporine.  
In order to establish whether the oxidative stress induced by staurosporine in 

myoblasts and myotubes is implicated in the apoptotic process, we used different 

approaches.  

First, we observed that the pre-incubation of cells with ascorbic acid or trolox, two 

soluble ROS scavengers, could block the staurosporine induced-ROS production in 

myoblasts and myotubes (Fig 4A). However, ROS scavengers did not influence 

staurosporine-induced caspase-3 activity (Fig 4B). The same results were obtained for 

caspase-9 (data not shown). The staurosporine-induced activation of NFkappa B was also 

insensitive to antioxidants. Indeed, we observed (Fig 4C), that staurosporine-induced 

NFkappa B activation (at 5 µM and 10 µM of staurosporine) by ascorbic acid or trolox  was 

even increased in both myotubes and myoblasts. These results show, that staurosporine 

induced-intracellular ROS are not involved in the apoptotic responsiveness to staurosporine 

neither in myoblasts nor in myotubes, and that NFkappa B activitation induced by 

staurosporine is independent on ROS generation in both differentiation stages.  

In order to determine the role of ROS to elicit apoptosis and NFkappaB activity, we 

studied the effect of hydrogen peroxide on caspase-3 induction and NFkappaB activation. 

H2O2 treatment alone for 1 hour can induce caspase-3 activation only at a low concentration 

(ranging from 0.1 to 0,5 mM) and again, mainly in myoblasts (Fig 5A). At higher 

concentrations (from 1mM to 2,5mM) H2O2 didn’t induce caspase-3 activation, probably due 

to a direct toxic effect of hydrogen peroxide as is shown by a significant decrease in protein 

content on cellular extracts of these cells (Data not shown). In myotubes, H2O2 causes a 

minor activation of caspase 3, much lower than that attained in myoblasts. To determine 



  

whether ROS induced during staurosporine treatment could play a protective role against 

apoptosis, we investigated the role of H2O2, on staurosporine-induced apoptosis in myoblasts 

and myotubes. Results (Fig 5B) demonstrate that H2O2, enhances staurosporine-induced 

caspase-3 activation in myoblasts. Whereas it doesn’t have any effect on staurosporine-

induced caspase-3 activity in myotubes.  

We also investigated the role of H2O2 treatment on NFkappa B activation in myoblasts 

and myotubes. Results, show that H2O2 is able to induce NFkappa B activation in both 

myoblasts and myotubes, but the profile of activation is different between differentiation 

stages. Indeed, NFkappa B activation appears in myoblasts at 0,25 mM  H2O2 , whereas it is 

necessary to treat myotubes with at least 5mM  H2O2 to obtain the same extent of NFkappa 

B activation observed in myoblasts at 0,25 mM H2O2. In conclusion, ROS themselves can  

induce apoptotsis at least in non-differentiated cells and they are not in any case triggering 

any efficient protective response against staurosporine-induced cell death in spite of being 

efficient inducers of NF kappa B activation.  

We tested the effect of GSH depletion on ROS production and activation of apoptotic 

pathways.  For this purpose, we used buthionine sulfoximine which inhibits the “de novo” 

synthesis of GSH, by blocking the GSH synthase. Treatment of cells with 250 µM of 

buthionine sulfoximine overnight permits the reduction of at least 60% of intracellular GSH in 

myoblasts and in myotubes (Fig 6A). 10 µM staurosporine did not modify significantly GSH 

levels in myoblasts and reduce slightly in myotubes. However, in the presence of buthionine 

sulfoximine (BSO), levels of GSH were lowered when staurosporine was present in the 

medium to a similar extent than when staurosporine had not been added (Fig 6A).  Figure 6 

B shows that depletion of GSH neither affect basal levels of ROS nor the extent of induction 

of ROS in response to staurosporine in myoblasts and myotubes. Finally, we studied 

caspase-3 activation in myoblasts and myotubes treated with staurosporine, either in the 

presence or in the absence of buthionine sulfoximine. The results show (Fig 6C) that 

depletion of intracellular GSH doesn’t enhance the staurosporine-induced caspase-3 

activation, suggesting that neither ROS, nor GSH depletion are involved in staurosporine-

induced apoptosis in myoblasts or myotubes.  

 

Effect of UCP3 on the relationship between ROS and apoptotic responsiveness 
of myotubes 

In order to analyse the effects of UCP3 in L6 muscle cells differentiated in culture, a 

recombinant adenoviral vector containing the full-length cDNA for the human UCP3 was 

used (AdCMV-UCP3). A time response of infection with this adenoviral vector AdCMV-UCP3 

was performed (Fig 7) and compared with an adenoviral control AdCMV-LacZ, driving beta-

Galactosidase (Lac Z-control). We show that UCP3 expression begins to be detected 12 



  

hours after transduction, as shown in Fig 7, and reaches a maximum expression level 48h 

after transduction. Equal loading of mitochondrial proteins was assessed by parallel 

detection of the mitochondrial protein VDAC (Fig 7). The absence of significant changes in 

caveoline-3 detection allows us to confirm that transduction of the adenoviral vector didn’t 

alter the normal differentiation process in L6 cells. Moreover, the levels of UCP3 obtained 

after 48 hours of transduction were in the range of physiological levels in skeletal muscle 

from high-fat treated rats (data not shown). The expression of high levels of UCP3 in L6 

myotubes led to a significant reduction of about 37.1 ± 7.4  % p≤0,05 in ∆Ψm respect to cells 

transduced with the adenoviral vector control. ∆Ψmin in UCP3-expressing myotubes was 

intermediate between the ∆Ψm of control cells and the ∆Ψm in cells treated with 5 µM CCCP 

(about 4.8 ± 0.7 % of control ∆Ψm, p≤0,05). Confocal microscopy examination of cultured 

myotubes after treatment with the ∆Ψm-sensitive coumpound JC-1 indicated a homogenous 

decrease in the ∆Ψm-dependent fluorescence (590/527 fluorescence ratio) in mitochondria 

from myotubes transduced with the AdCMV-UCP3 vector (data not shown). L6 myotubes 

expressing UCP3 were treated with growing concentrations of staurosporine for 4 hours. The 

presence of UCP3 didn’t induce per se caspase-3 activation in myotubes. UCP3 didn’t 

protect staurosporine-induced caspase-3 induction, but the opposite, it led to a moderate 

enhancement in the activation of caspase-3 by staurosporine (Fig 8A). Exposure of cells to 

10 µM CCCP overnight, followed by staurosporine treatment, didn’t affect caspase-3 

activation suggesting that the effect of UCP3 on apoptosis responsiveness doesn’t involve 

∆Ψm (Fig 8A). Moreover, UCP3 expression in L6 myotubes slightly increased the abundance 

of cleaved-caspase 9 in response to staurosporine in comparison to the levels achieved in 

cells transduced with LacZ adenoviral vector. These results indicate that UCP3 does not 

protect but sensitizes cells to staurosporine-induced apoptosis in myotubes. On the  other 

hand, the presence of UCP3 neither decreased basal intracellular ROS generation (Fig 9A) 

nor modified staurosporine-induced intracellular ROS production. Moreover, we observed no 

significant changes due to the presence of UCP3 on staurosporine-induced NFkappa B 

activation (Fig 9B).  

 
 

Effect of UCP3 on gene expression in myotubes 
We investigated the effect of UCP3 transduction on the expression of mRNAs of 

genes potentially related to ROS metabolism and oxidative stress in differentiated L6 

myotubes. We observed no major changes in any of the analyzed genes but for UCP2 

expression that was significantly decreased (Table 1) due to the presence of UCP3.  



  

We expanded our gene expression analysis to a more wide set of genes, and for this 

purpose we transduced C2C12 myotube cells with the same procedure previously detailed 

for L6 cells, to induce UCP3 expression. At a MOI of 100, UCP3 levels were in the same 

range as those obtained in L6 cells (data not shown). Neither genes corresponding to anti-

oxidant machinery, nor UCPs, nor genes related to cellular stress were modified by the 

presence of high UCP3 levels. The only significant change observed was a near two-fold 

induction of mitochondrial carnitine palmitoyl transferase-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

DISCUSSION 

 
Present findings indicate that the responsiveness of apoptotic activation to 

staurosporine, an inducer of apoptosis involving mitochondrial pathways, is lowered in 

differentiated rat L6 muscle cells. This is consistent with the resistance to apoptosis occurring 

in muscle fibers “in vivo” (48) despite it is also known that numerous skeletal muscle 

myopathies and physiological processes such as ageing or exercise are associated with 

apoptosis in skeletal muscle (24; 25; 27; 49; 50). Present findings confirm that the 

appearance of resistance to activate apoptotic pathways occurs at the cellular level,  in 

association with the acquisition of the differentiated status of the muscle cell, and it 

implicates apoptotic pathways elicited preferentially by mitochondrial-dependent 

mechanisms, such as caspase-9 activation.  Multiple reasons for the resistance to apoptosis 

in differentiated muscle cells have been proposed, among them the high expression of anti-

apoptotic proteins (21; 22). We attempted to establish the role of ROS production and 

signalling in the triggering of apoptosis in muscle cells, particularly when mitochondrial-

dependent pathways are involved. 

During myogenic differentiation of L6 cells, we observed that the basal levels of ROS 

are reduced only in initial stages of the differentiation process but not in fully differentiated 

myotubes. Our present data indicate that staurosporine increase ROS levels, but, similarly to 

apoptotic pathways, this induction is diminished in differentiated myotubes. Activation of 

NFkappaB, traditionnally considered as a sensor of oxidative stress mediating transcriptional 

responses, was equally impaired in myotubes exposed to staurosporine. However, with the 

use of ascorbic acid or trolox, we demonstrate that NFkappa B activation due to 

staurosporine is independent of staurosporine-induced ROS in myoblasts and myotubes. It is 

known that the capacity of oxidative stress to activate NFkappa B depends on the type of cell 

or stimulus, and NFkappa B isn't always activated by ROS (51; 52) Moreover, staurosporine 

is known to induce apoptosis by acting on distinct cell processes, suggesting that different 

pathways could be responsible for NFkappa B activation in myoblasts and myotubes.  

The status of myotubes respect to myoblasts in relation to the anti-oxidant system did 

not explain this refractoriness to increase ROS levels in response to staurosporine as both 

GSH content and gene expression for enzymes of the anti-oxidant system are down-

regulated in myotubes respect to myoblasts. Thus, it is likely that it was the extent of ROS 

production itself what is impaired in response to staurosporine. The parallel impairment in 

ROS production and in apoptotic activation in myotubes suggests the possibility that it was 

the reduced ROS production the main mechanism explaining lowered apoptotic activation in 

myotubes. Direct assessment of this possibility did not support such statement. Blunting the 



  

up-regulation of ROS levels in response to staurosporine by the use of anti-oxidants did not 

impair at all the activation of caspase-3 or caspase-9 neither in myoblasts nor in myotubes. 

Thus, it appears that in myogenic cells, regardless of their stage of differentiation, apoptotic 

activation by staurosporine did not require a rise in ROS levels. Another approach in the 

same direction, i.e. reduction of some of the anti-oxidant system by depletion of GSH, led to 

the same conclusion: no effect on the sensitivity of myoblasts and myotubes to the activation 

of apoptotic pathways. When cells were directly challenged with oxidative stress through the 

exposure to hydrogen peroxide, we could observe an activation of apoptotic pathways but 

myotubes showed also refractoriness to apoptotic activation in terms of caspase-3 and 

caspase-9 activation, thus indicating that resistance of myotubes to activate apoptosis occur 

also in response to a direct stimulus of oxidative stress. Similar observations have been 

reported in other myogenic cells lines (53). The additivity of the effects of staurosporine and 

hydrogen peroxide in eliciting apoptotic activation further supports that the mechanisms of 

activation of apoptosis in myogenic cells involve mechanisms other than an increase in ROS. 

In fact, agents other than staurosporine, like palmitate at high concentration, are capable of 

eliciting a rise in ROS levels in myotubes similar to that obtained with staurosporine, without 

leading to any activation of caspases (Duval, Camara and Villarroya, unpublished 

observations) thus indicating that a physiological induction of ROS is not enough to trigger 

apoptotic activation. 

Current concepts on the role of UCP3 obtained from studies on isolated mitochondria 

indicate that a potential role for this mitochondrial protein could be to reduce ROS production 

and therefore it has been proposed that UCP3 could constitute a potential mechanism of 

protection against excessive ROS production in response to metabolic challenges or other 

stressor (36; 38; 54-56). UCP3 is preferentially expressed in skeletal muscle and such a role 

would be expected to be specifically relevant in skeletal muscle cells. Thus, UCP3 could 

constitute a system of protection for excessive ROS production, in this case behaving not as 

a scavenger of already produced ROS, like the chemical or enzymatic anti-oxidant systems, 

but acting as a modulator of the generation of ROS in mitochondria, due to its ability of mild 

uncoupling. However, no direct assessment of this proposal in muscle cells, has been 

reported to date. UCP3 gene expression is practically undetectable in myoblasts and its 

expression is associated with myogenic differentiation. However, the UCP3 levels attained in 

differentiated muscle cells either from myogenic cell lines or primary cultures of myoblasts 

differentiated into myotubes in culture are much lower than skeletal muscle in vivo (57; 58)). 

We induced UCP3 in mitochondrial from L6 myotubes at levels similar to those found in 

muscle “in vivo” by the use of an adenoviral vector, and we determined the behavior of the 

cells in relation to ROS production and apoptotic responsiveness in comparison with 



  

myotubes transduced with a control vector. Results indicated that the presence of high levels 

of UCP3 caused a mild reduction in mitochondrial membrane potential, but had no significant 

consequences in patterns of gene expression for components of the antioxidant cellular 

system nor in gene markers of cell stress. The presence of UCP3 had no consequences on 

ROS levels in myotubes, neither in basal conditions nor in response to staurosporine. For 

apoptotic activation, UCP3 did not protect but the opposite, it caused a mild sensitization in 

the responsiveness of myotubes to staurosporine. These findings indicate that, despite 

UCP3 acts as a mitochondrial uncoupler, in the cellular context of myogenic cells, this does 

not modify significantly the ROS status. The sensitization effect observed for apoptotic 

activation is not likely to be related to ROS considering the lack of specific effects of UCP3 

and, in general, the absence of a significant involvement of ROS in the activation of apoptotic 

pathways in myogenic cells described above. These findings are conmitent with those 

already reported in 293-HEK cells induced to express UCP3 (40) and contrast with those 

reported in dorsal root ganglion neurons indicating  a protective effect of UCP3 respect to 

apoptotic activation in response to hyperglycemia (33). It is possible that the specificity of cell 

environment or the type of simuli led to opposite consequences of the presence of a high 

UCP3 activity in relation to the activation of cell death. This is similar to what has been 

reported to UCP2, which can favor or impair cell death depending on the cell context or type 

of stimulus (59-61). 

 

AAss  wwee  hhaavvee  sshhoowwnn,,  UUCCPP33  eexxpprreessssiioonn  iiss  iinnccrreeaasseedd  aalloonngg  mmyyooggeenniicc  ddiiffffeerreennttiiaattiioonn  iinn  LL66  cceellllss..  

OOnn  tthhee  ootthheerr  hhaanndd,,  UUCCPP22  mmRRNNAA  iiss  ddeeccrreeaasseedd  dduurriinngg  LL66  ddiiffffeerreennttiiaattiioonn  iinn  aa  pprrooffiillee  ssiimmiillaarr  ttoo  

tthhaatt  oobbsseerrvveedd  ffoorr  aannttii--ooxxiiddaanntt  eennzzyymmeess  ((SSOODD22,,  GGppxx11,,  SSOODD11))..     
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Gene

Superoxide dismutase 1

Superoxide dismutase 2

Glutathione peroxidase 1

Uncoupling protein 2
Uncoupling protein 3

m-TFB1

myogenin

Table 1: Gene expression in L6 cells expressing hUCP3. Results
correspond to the fold-change for every mRNA respect to values in 
myotubes non transduced with adenoviral vectors, which were set to 1. 
Data are means ± SEM of 4-5 assays. Significant differences between
AdCMV-LacZ and AdCMV-UCP3-treated cells are shown as *, p≤0.05.

AdCMV-LacZ AdCMV-UCP3

0.95 ± 0.06        0.86  ± 0.09 

0.93 ± 0.05        0.77  ± 0.07 

0.95 ± 0.07        0.81  ± 0.06 

0.98 ± 0.08        0.61  ± 0.14 *
0.99 ± 0.10        0.73  ± 0.13 

1.04 ± 0.14        0.87  ± 0.15 

0.99 ± 0.07        0.84  ± 0.06 

m-CPT-1 0.92 ± 0.14        0.80  ± 0.12 



  

 

 

 

LEGENDS TO FIGURES 

 

Figure 1: Characterization of changes in ROS content, NFkappaB activity and oxidant-
stress related gene expression in differentiating myogenic cells 
A: Effect of myogenic differentiation of L6 cells on intracellular ROS content. Rat L6 cells 

were grown in Dulbecco’s minimal essential medium (DMEM) containing 10% fetal bovine 

serum (FBS). To induce differentiation, L6 cells at 80% confluence were changed to DMEM 

containing 2% FBS. Cells, at indicated days of differentiation were loaded with the H2-

DCFDA 10 µm, for 1h, to detect intracellular ROS. Data are expressed as a percentage of 

control myoblasts. Results are means ± S.E.M. for at least 3 separate experiments. 

Statistical significance of differences between myotubes and control myoblasts are shown as 

*p<0, 05. 

B: NFkappa B binding activity of L6 cells along differentiation. Nuclear extracts from L6 

myoblasts and myotubes at the indicated day of differentiation (see Materials and Methods) 

were subjected to EMSA assay to determine NFkappa B binding activity. Example of a 

representative experiment. Arrow in the left indicates the specific band corresponding to 

active NFkappa B. 

C: Effect of myogenic differentiation on oxidative stress-gene expression (SOD1, SOD2 and 

GPx1) in L6 cells. Total RNA was extracted from L6 myoblasts and myotubes. Quantitative 

mRNA expression analysis was performed by a Real-time PCR procedure as explained in 

materials and methods. 

 

 
Figure 2: Activation of caspase 3 and caspase 9 in response to the apoptotic inducer 
staurosporine, in myoblasts and myotubes. 
A: Caspase-3 activity induction in L6 myoblasts and myotubes exposed to growing 

concentrations of staurosporine during 4 h. Data are expressed as fold induction of caspase-

3 activity at any given concentration of staurosporine respect to values in untreated cells. 

Results are means ± S.E.M. for at least 5 separate experiments. Statistical significance of 

differences between treated cells and untreated controls are shown as *p<0,05; **p<0,01. 

Statistical significance of differences between myoblasts and myotubes at any concentration 

of staurosporine are shown as #p<0,05. 



  

B: Caspase-9 induction in myoblasts and myotubes in response to staurosporine. Example 

of immunodetection of the cleaved, active form of caspase-9 performed on cytosolic extracts 

from cell treated as in A.  

 

Figure 3: Involvement of ROS in the responsiveness of myoblasts and myotubes to 
the apoptotic inducer: staurosporine.  
A: Intracellular ROS generation in L6 myoblasts and myotubes, measure with H2-DCFDA (for 

details see material and methods) in response to staurosporine. Data are expressed as a 

percentage of untreated control. Results are means ± S.E.M. for at least 3 separate 

experiments. Statistical significance of differences between cells and untreated controls are 

shown as *p<0,05. Statistical significance of differences between myoblasts and myotubes at 

any concentration of staurosporine are shown as #p<0,05. 

B: Effect of staurosporine on intracellular GSH (for details see material and methods). Data 

are expressed as a percentage of untreated control. Results are means  ± S.E.M. for at least 

3 separate experiments. Statistical significance of differences between cells and untreated 

controls are shown as *p<0,05. Statistical significance of differences between myoblasts and 

myotubes at any concentration of staurosporine are shown as #p<0,05. 

C: NFkappa B binding activity of L6 cells exposed to growing concentrations of 

staurosporine: Nuclear extracts from L6 myoblasts and myotubes stimulated with different 

concentrations of staurosporine were subjected to EMSA assay to determine NFkappa B 

binding activity. Arrow in the left indicates the specific band corresponding to active NFkappa 

B.  

 

Figure 4: Effect of antioxidants on ROS and the responsiveness of myoblasts and 
myotubes to staurosporine 
A: Effect of ascorbic acid and trolox pre-incubation (2 mM, overnight) on intracellular ROS 

generation, measured with H2-DCFDA probe in L6 myoblasts and myotubes exposed to 10 

µM staurosporine. Data are expressed as a percentage of untreated control. Results are 

means ± S.E.M. for at least 3 separate experiments. Statistical significance of differences 

between cells and untreated controls are shown as *p<0,05.  

B: Effect of ascorbic acid and trolox on staurosporine induced caspase-3 activation in L6 

myoblasts and myotubes. Cells were pre-incubated overnight with 2 mM of the indicated 

antioxidants and caspase-3 activation was measured fluorimetrically after 10 µM 

staurosporine treatment for 4 hours. Data are expressed as fold respect to untreated control. 

Results are means ± S.E.M. for at least 4 separate experiments.  



  

C: Effect of ascorbic acid and trolox on staurosporine induced NFkappa B activation in L6 

myoblasts and myotubes. Nuclear extracts from L6 myoblasts and myotubes pre-treated with 

antioxidants (2 mM, overnight) and stimulated with different concentrations of staurosporine 

for 4 hours, were subjected to EMSA assay to determine NFkappa B binding activity. Arrow 

in the left indicates the specific band corresponding to active NFkappa B.  

 

Figure 5: Effect of  H2O2 on caspase 3 and NFkappa B activity in myoblasts and 
myotubes . 
A: H2O2 effect on caspase-3 activation in L6 myoblasts and myotubes. Myoblasts or 

myotubes were exposed to growing concentrations of H2O2 for one hour, and then caspase-3 

activation was measured. Results are means ± S.E.M. for at least 4 separate experiments. 

Statistical significance of differences between cells and untreated controls are shown as 

*p<0,05. Statistical significance of differences between myoblasts and myotubes at any 

concentration of staurosporine are shown as #p<0,05. 

B: Effect of 0.25mM H2O2 on 10 µM staurosporine induced caspase-3 activation in L6 

myoblasts and myotubes. Cells at myoblast or myotube stage of differentiation were 

previously exposed to the indicated concentration of H2O2 for one hour. Caspase-3 activation 

was fluorimetrically measured after 4 hours treatment with staurosporine 10 µM. Data are 

expressed as fold respect to untreated control. 

C:  Effect of H2O2 on NFkappa B activation in L6 myoblasts and myotubes. Nuclear extracts 

from L6 myoblasts and myotubes treated with the indicated concentrations of H2O2 for 1 hour 

were subjected to EMSA assay to determine NFkappa B binding activity. Arrow in the left 

indicates the specific band corresponding to active NFkappa B.  

 

 

Figure 6: Effect of glutathione depletion on ROS and the apoptotic responsiveness of 
myoblasts to myotubes to staurosporine.  
A: Buthionine sulfoximine effect on intracellular GSH in L6 myoblasts and myotubes. L6 

myoblast and myotubes were treated with buthionine sulfoximine, at 250 µM, overnight 

before 10 µM staurosporine treatment for 4h and then GSH levels were determined  using 

the probe monochlorobimane. Data are expressed as a percentage of untreated control 

myoblasts. Results are means of ± S.E.M. for at least 3 separate experiments. Statistical 

significance of differences between cells and untreated controls are shown as *p<0,05.  

B: Buthionine sulfoximine effect on staurosporine induced-intracellular ROS generation in L6 

myoblasts and myotubes. L6 myoblast and myotubes were treated with buthionine 

sulfoximine, at 250 µM, overnight, before 10 µM staurosporine treatment for 4h and ROS 



  

were evaluated with H2-DCFDA. Data are expressed as a percentage of untreated control 

cells. Results are means of ± S.E.M. for at least 3 separate experiments. 

C: Buthionine sulfoximine effect on Staurosporine induced-caspase 3 activation in L6 

myoblasts and myotubes. Results are means of ± standard deviation of two independent 

experiments.  

 
Figure 7: Induction of UCP3 in L6 myotubes using the adenoviral vector AdCMV-UCP3 

Immunodetection of UCP3, VDAC and Caveolin-3 was performed on 30 µg of whole 

homogenate protein (see Material and Methods) from myotubes at the indicated time after 

transduction. 

 
Figure 8: Effect of UCP3 on the apoptotic responsiveness to staurosporine 
A: Caspase-3 activation was fluorimetrically measured in cellular extracts from L6 myotubes 

previously transduced or not with AdCMV-LacZ or AdCMV-UCP3 as described in Material 

and Methods. Not infected myotubes were pre-treated or not with 10 µM CCCP for 1h. All 

cells were then exposed to increasing concentrations of staurosporine for 4h. Points are the 

fold-induction of caspase-3 activation respect to basal activity present in each condition, and 

which was set to 1, and are means ± SEM of 5-7 independent experiments.  

B: Example of immunodetection using cytosolic extracts obtained as in A, of the active, 

cleaved-form, of rat caspase-9. β-actin detection was used to assure equal protein loading of 

samples.  

 
Figure 9: Effect of UCP3 on staurosporine induced ROS production and NFkappa B 
activation.  
A: Effect of UCP3 expression on staurosporine-induced intracellular ROS generation in 

myotubes L6. L6 myotubes were infected (day 3) with the AdCMV-UCP3 or the AdCMV-LacZ 

control. At day 5, they were exposed to staurosporine, at indicated concentrations for 4h. 

ROS were estimated using H2-DCFDA  Data are expressed as a percentage of untreated 

control. Results are means of ± S.E.M. for at least 3 separate experiments. 

B: Effect of UCP3 on staurosporine induced NFkappa B activation in L6 myotubes, 

previously transduced or not with AdCMV-LacZ or AdCMV-UCP3. All cells were then 

exposed to different concentrations of staurosporine for 4h. Nuclear extracts were subjected 

to EMSA assay to determine NFkappa B binding activity. Arrow in the left indicates the 

specific band corresponding to active NFkappa B.  
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ABSTRACT 

 

Fatty acids induce an increase in ROS and enhance NF-κB activation in L6 

myotubes differentiated in culture, being palmitate more effective than oleate in eliciting 

such effect. The induction of high levels of expression of the mitochondrial uncoupling 

protein-3 (UCP3) in L6 myotubes achieved through the use of an adenoviral vector, 

lead to a moderate reduction of mitochondrial membrane potential. However, the 

capacity of fatty acids to increase ROS is not reduced but the opposite, moderately 

enhanced, due to the presence of UCP3. The presence of UCP3 in mitochondria did 

not modify gene expression for the antioxidant enzymes superoxide dismutase-1 and –

2, and glutathione peroxidase-1, either in basal conditions or in the presence of 

palmitate. However, in the presence of UCP3, UCP2 mRNA expression was down-

regulated in response to palmitate. It is concluded that, at the cellular level, UCP3 does 

not act as protective against the action of fatty acids increasing ROS in differentiated 

skeletal muscle cells. 

 



  
INTRODUCTION 

 

Uncoupling proteins (UCPs) belong to the family of mitochondrial anion carriers 

present in the inner membrane of mitochondria (1). The founder member of the family, 

UCP1 is only expressed in brown adipocytes and its physiological role is related to 

non-shivering thermogenesis (2). UCP1 uncouple respiratory chain function from ATP 

synthesis by catalysing a highly regulated proton leak across the inner mitochondrial 

membrane, thereby dissipating energy as heat (3). Its activity requires fatty acids and is 

specifically inhibited by GDP (4).  

UCP3 is a member of the UCP family with preferential expression in skeletal 

muscle. It shares a 56% sequence identity with UCP1, and 72% with UCP2, another 

member of the UCP family expressed ubiquitously. Like UCP1, UCP3 can uncouple 

respiratory chain from oxidative phosphorylation, as confirmed by studies using 

heterologous yeast and mammalian cell expression systems (5-7). Over-expression of 

UCP3 in several cell and tissue systems has been reported to reduce mitochondrial 

membrane potential, whereas mitochondria from UCP3 gene-null mice show a high 

membrane potential (8; 9). Multiple evidences indicate also that fatty acids activate 

directly the proton conductance of UCP3 whereas the capacity of GDP to inhibit it has 

been shown in reconstituted systems or in permeabilized cells expressing UCP3, but 

not in heterologous yeast expression systems (7; 10; 11). However, from a 

physiological point of view, it appears that UCP3 is not particularly involved in 

mediating cold-induced or diet-induced thermogenesis and its involvement in heat 

production has only been demonstrated in relation to drug-induced hyperthermia (12; 

13).  

The transcription of the UCP3 gene is extremely sensitive to availability of free 

fatty acids to skeletal muscle. Thus, in multiple physiological or pathological situations 

(fasting, high-fat diets, lactation, exercise…) UCP3 mRNA and protein levels are 

dramatically modulated according to the changes in free fatty acids. This happens 

regardless of whether the source of circulating free fatty acids is diet or lipolysis in 

white fat depots. Experimental manipulations leading to increased levels of intracellular 

fatty acids in muscle, such as over-expression of lipoprotein lipase in the tissue, or 

inhibition of fatty acid oxidation by etomoxir treatment, lead to enhanced UCP3 gene 

expression (14). Despite all these observations did not provide any direct information 

on the physiological role of UCP3, they suggested that UCP3 function could be related 

to fatty acid metabolism in skeletal muscle. A high expression of UCP3 favours fatty 

acid versus glucose oxidation in skeletal muscle cells (15; 16) and some authors have 



  
hypothesized that UCP3 could favour the export of fatty acid from mitochondria when 

its capacity of oxidation is exceeded by fatty acid availability (17-19) 

Recent data on the biochemical behaviour of UCP3 has led to the proposal that 

the major role of its uncoupling activity is to reduce reactive oxygen production by 

mitochondria (20), similarly to what has been proposed for UCP2 (21-25). Thus, UCP3-

null mice show enhanced ROS production in skeletal muscle mitochondria and 

accumulation of products resulting from oxidative stress in this tissue (9; 26). These 

findings would be consistent with former bioenergetic studies in mitochondria that led 

to the conclusion that “mild-uncoupling” is associated with a protection against ROS 

production (27-29) It has been also reported that ROS themselves, either directly or via 

the production of 4-OH-nonenal, act as positive regulators of the proton conductance 

mediated by UCP2 or UCP3 (30; 31), although other reports have questioned these 

observations (32).  

Fatty acids are energy-rich substrates that, when metabolised in mitochondria, 

result in a high electron flow in the respiratory chain with the subsequent mitochondrial 

ROS generation (33). Thus, fatty acids could elicit intracellular events closely related to 

the expected functions of UCP3 as they can enhance ROS production during oxidation 

in mitochondria. A likely hypothesis for the role of UCP3 in skeletal muscle could be 

that, when high free fatty acids become available, UCP3 gene expression is induced as 

a protective mechanism to favour a higher capacity of oxidizing these fatty acids 

without excess ROS production. Such a hypothesis would link events such as fatty 

acid-dependent regulation of UCP3 gene and the control of ROS production. However, 

direct evidence for this scenario is lacking, and, for instance, there is no experimental 

data on the effects of fatty acids on ROS production specifically in skeletal muscle 

cells. It has been reported that fatty acid effects on ROS are highly variable and range 

from induction to inhibition depending on the cell type. Moreover, it is also unknown 

whether UCP3 levels influence ROS production in skeletal muscle cells specifically in 

response to a high availability of fatty acids. 

In the present work we have analyzed the effects of fatty acids on ROS 

generation in differentiated L6 muscle cells as well as on NF-κB activity, a sensor of 

the ROS exposure of cells mediating some of the cellular effects of ROS. We have 

analyzed how the presence of UCP3 in muscle cell mitochondria influences fatty acids-

induced ROS generation.  

We show that fatty acids induce ROS production and NF-κB activity in 

differentiated skeletal muscle cells but UCP3, despite lowering membrane potential, 

does not act as protective for this effects.  



  
 



  
 

MATERIAL AND METHODS 

  
Chemicals and reagents 

DMEM with Glutamax, phenol red free RPMI-1640, and fetal bovine serum 

(FBS) were purchased from GIBCO (Grand Island, N.Y.). The ROS-sensitive 

fluorescent probe 6-carboxy-2’, 7’-dichlorodihydrofluorescein diacetate, 

diacetoxymethyl-ester (H2-DCFDA; DCF, 2’, 7’ –dichlorodihydrofluorescein) and the 

5,5’, 6,6’-tetrachloro-1, 1’, 3, 3’-tetraethylbenzimidazole carbocyanide  iodide (JC-1) 

were purchased from Molecular Probes (Eugene, OR, U.S.A) and dissolved in DMSO. 

Etomoxir, carbonyl cyanide m-chlorophenylhydrazone (CCCP), fatty acids, and fatty-

acid-free BSA (FAF-BSA) were purchased from Sigma-Aldrich. Other reagents and 

chemicals were obtained from Sigma-Aldrich, Merck and Roche. 

 

 Cell Culture and adenoviral-mediated gene transfer 
Rat L6 cells (ATCC Rockville, MD, USA) were grown in Dulbecco’s minimal 

essential medium (DMEM) containing 10% fetal bovine serum (FBS). To induce 

differentiation, L6 cells at 80% confluence were changed to DMEM containing 2% FBS. 

Then L6 were maintained for 5 days in these conditions of culture to acquire myotube 

morphology. After 3 days of differentiation, L6 myotubes were infected with adenoviral 

vectors at a multiplicity of infection of 500, after 2 h. This treatment led to an efficiency 

of transduction of about 90%. Analyses (ROS levels, NF-κB activation, real time PCR, 

and western blot) were performed 2 days after transduction. Recombinant adenovirus 

expressing the human UCP3 cDNA (AdCMV-UCP3) or E.coli betagalactosidase 

(AdCMV-LacZ) under the control of the cytomegalovirus promoter (CMV) were 

obtained and handed as reported elsewhere (15). 

 

 Fatty acids treatment  
Oleate and palmitate salts were prepared immediately before use by dissolving 

the fatty acid in deionized water containing 1.2 equivalents of NaOH at 70°C, and 95°C 

respectively until obtaining an optically clear dispersion. The fatty acid salt solution was 

immediately added to DMEM medium containing fatty acid free bovine serum albumin 

(BSA) (Sigma) with continuous agitation to avoid precipitation. After 1h of conjugation 

at 37ºC this medium was added to the cells. The FA: BSA molar ratio was 5:1.  

 

 



  
 

 

Determination of intracellular ROS 
The probe H2-DCFDA was used to estimate the generation of intracellular ROS 

as reported elsewhere (34; 35). After incubation with the probe at 10µM for 1h, cells 

were washed twice with PBS and scraped into water. After sonication, the fluorescence 

of H2-DCFDA stained cells was measured fluorimetrically (excitation wavelength 493 

nm, emission wavelength 527 nm).  

 

Determination of mitochondrial membrane potential (∆Ψm) 

∆Ψm was estimated by using the probe JC-1, and following previously 

established procedures as indicated by the supplier. JC-1 is a fluorescent compound 

(excitation maximum 490nm) that exists as a monomer at low concentrations and 

fluoresce red (emission, 527 nm); whereas at high concentrations it forms aggregates 

and its fluorescence is green (emission, 590 nm). JC-1 aggregates with red 

fluorescence are formed in mitochondria due to membrane potential-dependent uptake 

of the dye. L6 Myotubes 2 days after being transduced with the adenoviral vectors, and 

L6 myotubes treated with CCCP (5µM, 40min) were rinsed in serum-free medium and 

incubated with 5µM JC-1 at 37°C in a 5% CO2 incubator for 15min in the dark. After 

rinsing the cells with serum-free culture medium the cell plates were analyzed by using 

a confocal microscope. The ratio of the reading at 590 nm to the reading at 527 nm 

(590:527 ratios) was taken as the relative ∆Ψm value.  

 

Cell fractionation 

 Cells were harvested with a buffer containing 7.5 mM tri-sodium citrate 2-

hydrate, 7 mM KCl, pH 7.4 and centrifuged at 400 x g for 2 min. The cell pellets were 

washed once with PBS and then resuspended in 1 ml of homogenization buffer (250 

mM Sucrose, 1 mM EGTA, 10 mM Hepes, pH 7.4, 1 mM PMSF, 1 mM DTT, Complete-

Mini Protease Inhibitor cocktail tablets (Roche)). After chilling on ice for 1 min, cells 

were disrupted by 50 strokes in a glass homogenizer. The homogenate was 

centrifuged once at 1500 x g for 10 min at 4ºC to remove unbroken cells, plasmatic 

membranes and nuclei. The mitochondria-enriched fraction (heavy membrane fraction) 

was then pelleted by centrifugation at 10.000 x g for 10 min. For controls using 

mitochondria from tissue, mitochondria-enriched extracts were prepared from 

gastrocnemius muscles obtained from  Wistar rats fed a regular chow or a high-fat diet 

(80% fat/20%protein) for three months, as described elsewhere (36). Protein 



  
concentration of subcellular fractions was measured using the BCA Protein Assay kit 

(Pierce) in the presence of 0.1% TritonX-100 (Boehringer Mannheim). 

 

Western blot analysis 
Samples of homogenates or mitochondria were separated by SDS-PAGE on 

12.8% and transferred to polyvinylidene fluoride membranes (PVDF membranes) 

(Immobilon-P, Millipore). These were incubated with antibodies against UCP3 

(Chemicon AB3046 (1:1000)) or voltage-dependent anion carrier or porin (VDAC) 

(Calbiochem Anti-Porin 31HL (1:1000)). VDAC detection was used to ensure equal 

loading of mitochondrial protein and correct cell fractionation. The binding of antibodies 

was detected with a horseradish peroxidase-coupled anti-mouse (Bio-Rad 170-6516 

(1:3000)) or anti-rabbit (Santa Cruz sc-2004 (1:3000)) secondary antibody, and an 

enhanced chemiluminescence (ECL) detection kit (Amersham).  

 

Nuclear extract preparation 
 Extracts were prepared as reported elsewhere (37). For the isolation of nuclear 

protein extracts of L6 myotubes, 2 plates of 58.1 cm2 cells were washed twice with ice-

cold PBS and scrapped off the plates in 400 µl of buffer A (10 mM Hepes, pH 7.9, 10 

mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM PMSF, and 

protease inhibitors (5 µg/ml each of aprotinin, leupeptin, and pepstatin)). Cells were 

allowed to swell on ice for 15 min; then 25 µl of Nonidet P-40 (0.5%) was added, and 

the suspension was thoroughly mixed for 10 s. The homogenate was centrifuged 

(16.000 x g, 4ºC, 60 s.), and the nuclear pellet was resuspended in 50 µl of ice-cold 

buffer C (20 mM Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 

dithiothreitol, 1 mM PMSF, and protease inhibitors (5 µg/ml each of aprotinin, 

leupeptin, and pepstatin)). Nuclear lysates were maintained on ice for 15 min with 

occasional mixing. The nuclear extract was cleared (16.000 x g, 4ºC, 5 min), and the 

supernatant containing the proteins from the nuclear extract was transferred to a fresh 

tube and stored at –80ºC. Proteins concentrations were determined by the Bradford 

assay (Bio-Rad). 

 

Electrophoretic Mobility Shift Assay 
Nuclear extracts from L6 myotubes were used in electrophoretic mobility shift 

assays. A double stranded oligonucleotide corresponding to a consensus NF- κB DNA 

binding site (5’-TCT AGA GTT GAG GGG ACT TTC CCA G-3’, obtained from Roche  

 



  
Applied Science) was end-labeled using [α-32P]dCTP and Klenow enzyme. 

Nuclear protein extracts (10 µg) were incubated for 30 min at room temperature with 

binding buffer (25 mM Hepes, pH 7.6, 0.5 dithiothreitol, 12.5 mM ZnSO4, 50 mM KCl, 1 

mg/ml bovine serum albumin, 5% glycerol, 0.1% Nonidet P-40, and 2.5 µg of poly(dI-

dC) (deoxyinosinic-deoxycytidylic- acid)). The DNA probe (30.000 cpm) was added and 

incubated for 20 min at room temperature. Samples were run on 5% non-denaturing 

polyacrilamide gels in 0.5 X Tris-borate-EDTA at 130 V and 4ºC for 60 min.  Specific 

NFkappa B activity was assessed in competition tests. In these assays, random 

samples were pre-incubated with 100-fold molar excess of unlabeled doubled-stranded 

oligonucleotides before the addition of the DNA probe to compete specific NFkappa B 

binding. 

 

Real time PCR 
Total RNA was extracted from cells with the method of the Tripure Isolation 

Reagent (Boehringer Mannheim). Quantitative mRNA expression analysis was done in 

a two-step reaction: first, 1µg of total RNA was transcribed into cDNA by means of RT-

PCR (real time reverse transcriptase chain reaction) on the GeneAmp PCR system 

2400 (Applied Biosystems, USA), and then, a Real-Time PCR was performed on the 

ABI PRISM 7700HT sequence detection (Applied Biosystems, U.S.A). The RT-PCR 

was done in a final volume of 50µl using TaqMan Reverse Transcription Reagents 

(Applied Biosystems, U.S.A), which contains MultiScribeTM  Reverse Transcriptase, 

RNase inhibitor, dNTP Mixture, Random Hexamers, 10X RT buffer, and MgCl2 solution. 

TaqMan Real-Time PCR reaction was performed in a final volume of 25µl using 

TaqMan Universal PCR Master Mix, and gene expression probes (Applied 

Biosystems, U.S.A): 18S ribosomal RNA (Hs99999901_s1), glutathione peroxidase-1 

(Rn00577994_g1), uncoupling protein-2 (Rn00571166_m1), uncoupling protein-3 

(Rn00565874_m1), superoxide dismutase-2 (Rn00566942_g1), and superoxide 

dismutase-1 (Rn00584772_m1).  

Appropriate controls with no RNA, primers, or reverse transcriptase were included in 

each set of experiments. Each sample was run in duplicate, and the mean value of the 

duplicate was used to calculate the mRNA expression of the gene of interest. The 

quantity of the gene of interest in each sample was normalized to that of the 

endogenous control using comparative (2-∆CT) method according to manufacturer’s 

instructions (Applied Biosystems, U.S.A). 18S ribosomal RNA was used as 

endogenous control.   

 



  
 

 

Statistical analysis 

 Data, shown as means + SEM, were analyzed with Student's t-test for 

determination of the significance of differences, which were considered to be significant 

at a P value of less than 0.05. 



  
 

RESULTS 

 

Gene transfer delivery of UCP3 to L6 myotubes. Effects on ∆Ψm. 

To deliver UCP3 to L6 rat muscle cells differentiated in culture, a recombinant 

adenoviral vector containing the full-length cDNA for the human UCP3 was used. Fig 

1A shows that UCP3 protein was not detectable in differentiated L6 myotubes. This is 

in agreement with the very low expression of UCP3 mRNA in skeletal muscle cells in 

culture respect to skeletal muscle in vivo (38). There was a dose-dependent increase 

in the presence of UCP3 in mitochondria from myotubes treated with increasing 

amounts of AdCMV-UCP3, as shown by the appearance of a single band of around 34 

kDa in immunoblot analysis. Parallel assays were performed using mitochondrial 

fractions from gasctrocnemius muscle of control rats and rats fed a high-fat, 

carbohydrate-free, diet, a known inducer of UCP3 gene expression in muscle. Equal 

loading of mitochondrial proteins was assessed by parallel detection of the 

mitochondrial protein VDAC. Results indicated that the induction of UCP3 protein 

expression in mitochondria attained using the m.o.i. 500 transduction dose of AdCMV-

UCP3 was in the range of physiological levels in muscle from the high-fat treated rats. 

The induction of UCP3 protein levels in mitochondria was also time-dependent, and 

time course studies using the m.o.i indicated a maximum 48h after the transduction 

with the adenoviral vector (data not shown). Immunoblot analysis of cytosolic or 

nuclear fractions of myotubes transduced with AdCMV-UCP3 did not show any specific 

band, thus indicating a correct delivery of the mitochondria to the mitochondrial fraction 

(data not shown). 

The expression of high levels of UCP3 in L6 cells led to a significant reduction 

in ∆Ψm respect to cells transduced with a control adenoviral vector driving beta-

galactosidase (LacZ, control) (Fig 1B). However, there was no collapse of ∆Ψm, as 

evidenced by a higher levels respect to cells treated with the chemical uncoupler 

CCCP. Confocal microscopy examination of cultured myotubes after treatment with the 

∆Ψm-sensitive compound JC-1 indicated a homogeneous decrease in the ∆Ψm-

dependent fluorescence (590/527 fluorescence ratio) in mitochondria from myotubes 

transduced with the AdCMV-UCP3 vector. 

 

 

 

 



  
 

Intracellular ROS generation in L6 myotubes treated with fatty acids. 

Effects of  UCP3.  
Dose-response analysis of the effects of two types of fatty acid, palmitate and 

oleate, on ROS production estimated as H2-DCFDA fluorescence is shown in Fig 2A. 

Oleate had a low but significant effect on ROS production, with a maximum of around 

20% induction respect to control cells (BSA-treated) that was attained at 0.1 mM. No 

effect was observed at lower concentrations. Palmitate causes a much higher effect on 

ROS production, with a maximum of 80% induction at 0.5 mM. The levels of ROS 

induction by palmitate were higher that those induced by equivalent amounts of oleate 

except at the low dose of 0,1mM fatty acid. The addition of 40µM etomoxir 1h before 

the treatment with fatty acids, increases ROS production induced by palmitate 1mM 

(three-fold induction, data not shown). 

Basal levels of ROS in myotubes expressing high levels of UCP3 were not significantly 

different from cells treated with equivalent amounts of a control adenoviral vector (Fig 

2B). When these cells were treated with palmitate, the induction of ROS was higher in 

myotubes expressing UCP3. 

 High concentrations of palmitate are known to trigger apoptosis in some cell 

types (39; 40)  but we did not observe an induction of caspase-3 or caspase-9 activity 

after exposing cells expressing or not UCP3 to any of the palmitate concentrations 

tested (0.1 mM; 0.5 mM; 1 mM) neither in the absence or the presence of UCP3. 

 

Effects of fatty acids on NF-κB activity in L6 myotubes. Effects of UCP3.  

L6 myotubes were treated with increasing amounts of oleate or palmitate and 

the activation of NF-κB was determined through an electrophoretic mobility shift assay. 

Results indicated that oleate elicited a moderate dose-dependent increase in the levels 

of the specific NF-κB band whereas palmitate led to a much more robust effect, with a 

maximal induction of about 2-fold respect to controls at 1 mM (Fig 3). 

Results on the effects of palmitate on L6 myotubes that had been induced to express 

high levels of UCP3 in mitochondria are shown in Fig 4. UCP3 expression did not 

cause any significant effect on NF-κB activity in comparison with L6 myotubes with no 

treatment or transduced wih the control adenoviral vector. Addition of palmitate elicited 

a significant induction of NF-κB activity in L6 myotubes that was higher in cells showing 

a high expression of UCP3.   

 

 



  
Gene expression in L6 myotubes in response to palmitate. Effects of 

UCP3. 
The effects of palmitate on the expression of mRNAs of genes potentially 

related to ROS and oxidative stress were determined in L6 myotubes that had been 

treated with the control adenoviral vector or transduced with the vector leading to high 

UCP3 protrein levels (Fig 5). Palmitate treatment did not modify significantly the mRNA 

levels for SOD1, SOD2 and GPx1 in control cells, but led to an increase in UCP2 

mRNA. The high UCP3 expression achieved with the adenoviral vector caused a 

reduction in UCP2 mRNA both en basal and palmitate-treated myotubes but did not 

alter SOD1, SOD2, and GPx1 mRNA neither in basal conditions nor in response to 

palmitate.   



  
 

DISCUSSION 

 

The current concepts on the biochemical behavior of UCP3 in isolated 

mitochondria suggest that the reduction in mitochondrial membrane potential elicited 

by its proton conductance activity, especially in the presence of fatty acids, could be 

protective for ROS. However, our results indicate that, in skeletal muscle cells in 

culture, high levels of UCP3 did reduce ROS neither in basal conditions nor in respose 

to palmitate. 

Exposure of differentiated muscle cells to fatty acids results in an increase in 

intracellular ROS, much more pronounced for palmitate than for oleate. This was 

observed both by direct assessment using a ROS-sensitive fluorescent probe, and 

indirectly by by the analysis of NF-κB activation, a sensor of ROS-mediated stress in 

cells. The induction of ROS production and NF-κB in skeletal muscle myotubes in 

response to fatty acids is similar to that observed in  cardiomyocytes (41) or beta-cells 

(42)  but contrasts with reports in other cells systems, such as endothelial cells, in 

which fatty acids reduce ROS (43). The rise in ROS in response to fatty acids is 

consistent with the enhancement in mitochondrial oxidative pathways when fatty acids 

act as fuel substrates. The highest effects of palmitate have been attributed in other 

cell systems to the activation of ceramide synthesis pathways as well as to the 

activation of non-mitochondrial pathways of ROS production such as NAD(P)H oxidase 

activities (44).   

Transduction of skeletal muscle myotubes with an adenoviral vector leading to 

high levels of UCP3 protein in mitochondria, in the range of those present in muscle 

mitochondria from rats under a  high-fat diet, cause a reduction in mitochondrial 

membrane potential, that, similarly to what has been already reported in human 

myotubes (15), is much less that the overall collapse elicited by chemical uncouplers. 

In these conditions, the presence of high levels of UCP3, did not reduce but even 

enhanced somewhat ROS production when myotubes were exposed to fatty acids. The 

lack of protective effect and even some enhancement in ROS production in response 

to fatty acids in myotubes expressing UCP3 was evidenced by the extent of activation 

of the oxidative stress-sensitive transcription factor NF-κB, a distinct event respect to 

ROS production itself but indicative of oxidative stress experienced by cells. These 

findings were  surprising, despite previous works in other cell systems have already 

reported the association between lowered mitochondrial membrane potential and 

enhanced ROS production in the presence of palmitate (42). Several hypothesis can 



  
be proposed to explain such an effect.  When muscle cells express high levels of 

UCP3,  fatty acid oxidation is enhanced (15; 16). The potential effect that mild 

uncoupling due to UCP3 might have in the reduction of ROS production can be 

compensated by this enhancement of oxidative activity of fatty acids in mitochondria 

and subsequent increase in ROS production.  

On the other hand, distinct mechanisms for the action of UCP3 may be 

considered. Enhancement of ROS production when palmitate oxidation is blocked by 

etomoxir suggests that palmitate oxidation does not lead to a higher ROS production 

but the opposite, high concentrations of palmitate inside the cells elicited by impaired 

oxidation promote other pathways of ROS production not associated to palmitate 

oxidation itself. Among them, production of ceramide is a previously recognized 

mechanism (40). It has been described that ceramide can inhibit respiratory complex III 

and, similarly to pharmacological agents such as antimycin A, favor ROS production in 

this way (45; 46). It is also known that the combination of complex III inhibition and 

uncoupling may lead to maximal production of ROS (47) and this could explain the 

enhancement of ROS production by UCP3 in the presence of palmitate. Experimental 

research is under way to establish this possibility.   

Another mechanism by which UCP3 activity could enhance ROS production 

could be indirectly, via its effects on UCP2 gene expression in response to fatty acids. 

UCP2 and UCP3 are similar proteins and UCP2 has been also proposed to be 

protective from ROS production (21-25). We could observe that UCP2 gene expression 

is up-regulated in response to palmitate in myotubes, in agreement with previous 

reports indicating that fatty acids activate the UCP2 gene promoter (48). However, we 

observed that the up-regulation of UCP2 in response to palmitate is lowered by the 

presence of high levels of UCP3. Again, this effect can be related to the enhancement 

of palmitate oxydation due to the presence of UCP3 because this would result in an 

enhanced removal of fatty acids as activators of UCP2 gene transcription via their 

oxydation. If UCP2 was more effective than UCP3 in the reduction of ROS production, 

the down-regulaiton observed could contribute to the enhancment in ROS production 

elicited by UCP3 in muscle cells.  

In summary, present findings indicate that, at the cellular level, fatty acids 

promote ROS in differentiated muscle cells, and the activity of UCP3, including 

lowering of mitochondrial membrane potential, does not result in protection against 

ROS production. 
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LEGENDS TO FIGURES  

 

Figure 1: Characterization of adenoviral-mediated UCP3 overexpression on L6 

myotubes.  

A: Comparison of mitochondrial UCP3 levels in L6 myotubes transduced with AdCMV-

UCP3 at the indicated MOI and AdCMV-LacZ (MOI 200) versus mitochondrial fraction 

of the skeletal muscle from rats fed a normal diet (R) or a high-fat diet (HF-D). 

Immunodetections of UCP3 and VDAC were performed on 30 µg of mitochondrial 

protein (see Material and Methods). 

B: Relative membrane potential (∆Ψm) was estimated on cells transduced with either 

AdCMV-LacZ  or AdCMV-UCP3 by the fluorescence ratio 590/527 after treatment with 

JC-1 (see Materials and Methods). On the top:Confocal microscopy photographies of 

cells loaded with JC1, expressing or not UCP3, or incubated with CCCP. In the bottom: 

results expressed as percentages of change with respect to the control cells (AdCMV-

LacZ) that was set to 100. Cells were treated under standard conditions of culture. As a 

positive control for DYm reduction, nontransduced cells were treated with 5 mM CCCP 

4h before determination and the expected collapse of DYm was observed. Bars are 

means ± SE of three experiments performed in triplicate dishes. The significance of the 

differences between controls and UCP-overexpression is *p<0.001. The significance of 

the differences between CCCP and UCP-overexpression is # p<0.001. 

 
 

 

 

Figure 2: Intracellular ROS generation in L6 myotubes treated with FA, effect of 

UCP3 expression 

A: Dose effect of BSA-conjugated palmitate or oleate during 24h on intracellular ROS 

generation in L6 myotubes. ROS generation is measured as explained in materials and 

methods. Data are expressed as a percentage of BSA control. Results are means  ± 

S.E.M. for at least 3 separate experiments. Statistical significance of differences 

between palmitate treated and controls are shown as *p<0, 05. 

B: Effect of UCP3 expression on FA induced-intracellular ROS generation in L6 

myotubes. L6 myotubes previously transduced with AdCMV-LacZ or AdCMV-UCP3 

were exposed to 1 mM BSA-conjugated palmitate for 24h. Data are expressed as a 



  
percentage of the control AdCMV-LacZ treated with BSA. Results are means  ± 

S.E.M. for at least 3 separate experiments. Statistical significance of differences 

between palmitate treated and controls BSA are shown as *p<0, 05. 

 

 

 

Figure 3: Effect of FA treatment on NF-κB binding activity of L6 myotubes.  

Nuclear extracts from L6 myotubes treated with different concentrations of BSA-

conjugated Oleate or Palmitate (see Materials and Methods) were subjected to EMSA 

assay to determine NF-κB binding activity. 

 

 

Figure 4: Effect of UCP3 overexpression on palmitate-induced NF-κB activitation 

in L6 myotubes.  
L6 myotubes were transduced or not with AdCMV-LacZ or AdCMV-UCP3 and were 

subsequently treated with 1 mM of BSA-conjugated palmitate (see Materials and 

Methods) 48h after infection with adenoviral vectors. Nuclear extracts from these cells 

were subjected to EMSA assay to determine NF-κB binding activity. 

 

 

Figure 5: Effect of FA and UCP3 overexpression on oxidative stress-gene 

expression in L6 myotubes. 
L6 myotubes previously transduced with AdCMV-LacZ or AdCMV-UCP3 were exposed 

to 1 mM BSA-conjugated palmitate for 24h. Then total RNA was extracted from cells. 

Quantitative mRNA expression analysis was done in a two-step reaction, as explained 

in materials and methods. 
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La expresión ectópica de UCP3 en mitocondrias de hígado 
sensibiliza a la apertura del poro de transición en la 

permeabilidad mitocondrial (MPTP) 
 
INTRODUCCIÓN  

 Las proteínas desacopladoras mitocondriales (UCPs) son miembros de la 

familia de transportadores localizados en la membrana mitocondrial interna. UCP2 y 

UCP3 son similares al primer miembro descrito de la familia, UCP1, que se expresa 

exclusivamente en tejido adiposo marrón dónde media la termogénesis no asociada a 

temblor gracias a su capacidad para desacoplar la respiración de la fosforilación 

oxidativa (1). 

 Los niveles de expresión de los miembros de la familia UCP en hígado son 

bajos. La expresión de UCP2, cuya expresión es bastante ubicua en el organismo, es 

baja en el hígado. De hecho, estudios de inmunocitoquímica, revelaron que, en 

condiciones basales, su expresión en hígado, está restringida a las células de Kupffer, 

y no está presente por tanto, en hepatocitos (2). Sin embargo, otros estudios indicaron 

que bajo el estrés inducido por LPS (3), o en respuesta a estímulos que conlleven 

elevados niveles de catabolismo lipídico (dieta rica en grasas, tratamiento con 

fibratos...), aparecen niveles substanciales de UCP2 en hepatocitos (4; 5). Patologías 

asociadas a una alteración del metabolismo lipídico en el hígado, como la esteatosis 

hepática no asociada a alcoholismo, están también asociadas a una elevada expresión 

de UCP2 en el hígado (6).  

UCP3 tiene un patrón de expresión tisular más restringido que UCP2, 

expresándose en elevados niveles en músculo esquelético, tejido adiposo marrón, y 

en menor medida también en corazón, tejido adiposo blanco y algunos tipos 

específicos de neuronas (7-11) no se expresa en el hígado, pero datos recientes 

muestran que en situaciones de máxima actividad del catabolismo de ácidos grasos en 

hígado (por ejemplo con una dieta rica en grasas más un tratamiento con bezafibrato), 

se induce la expresión de elevados niveles de UCP3 en hígado (12). La capacidad de 

los ácidos grasos para inducir la expresión de UCP3 en tejidos periféricos, como el 

tejido adiposo o el hígado, parece estar mediada por la activación de elementos de 

respuesta a PPAR localizados en el promotor del gen UCP3, por lo menos en lo que 

se refiere a células musculares (13-15). Los mecanismos moleculares que sostienen la 

represión de la expresión de UCP3 en hepatocitos, cualesquiera que sean, parecen 
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ser evitados tan sólo por tratamientos que conllevan una presencia extremadamente 

elevada de ácidos grasos y un elevado catabolismo lipídico en el hígado.  

La importancia funcional de una elevada expresión de UCP2 o UCP3 en hígado 

no es totalmente comprendida actualmente. La hipótesis actual sobre la función 

fisiológica de dichas proteínas, sugiere un papel como favorecedoras de la oxidación 

y/o transporte de ácidos grasos, así como un papel en la protección contra una 

elevada producción de especies reactivas de oxígeno. Recientemente, las UCPs han 

sido relacionadas con la regulación de la muerte celular programada (11; 16-19) o de 

los eventos críticos en la muerte celular programada regulada por vías mitocondriales, 

es la permeabilización de la membrana mitocondrial externa, que puede estar mediada 

por la apertura de un canal multiproteico que respondería a ciertos estímulos 

aumentando la conductancia de la membrana a moléculas de hasta 1,5 kDa, conocido 

como MPTP o mitochondrial permeability transition pore. El MPTP puede abrirse en 

respuesta a diferentes estímulos, entre los que aparecen por ejemplo, una disminución 

de potencial, o una concentración elevada de calcio o atractilato (20). En un trabajo 

realizado como parte de esta tesis doctoral, se muestra como la expresión de UCP3 

en células HEK-293, sensibilizaba al MPTP al estímulo del calcio (21), por lo que al 

disponer de mitocondrias funcionales de hígado, nos propusimos determinar también 

si UCP3 puede actuar como modulador de la actividad del MPTP. Para profundizar en 

estos aspectos, desarrollamos un modelo ectópico de expresión de elevados niveles 

de UCP3 a través de la transferencia in vivo, usando un vector adenovírico para la 

expresión de la forma humana de UCP3. En el presente estudio determinamos las 

consecuencias de una elevada expresión de UCP3 en hígado, sobre la función 

mitocondrial y el metabolismo global del organismo. 

 

MATERIAL Y MÉTODOS 

 

Inducción de la Expresión de UCP3 en el hígado de ratones 
Los ratones utilizados eran de la cepa C57Bl6/J (Harlan Interfauna) y fueron 

mantenidos hasta el momento de su sacrificio en el estabulario de la Facultad de 

Biología (Universidad de Barcelona), en condiciones estándar de iluminación (ciclos de 

12h luz/oscuridad) y temperatura (21 ± 1 ºC). Fueron alimentados con una dieta 

estándar compuesta por un 72% de carbohidratos, 6% grasas, 22% proteína (% 

energía bruta) (B.K. Universal, España). Los experimentos se realizaron con ratones 

macho de 6.5 semanas de edad que fueron inyectados por la vena lateral de la cola, 

con 109 pfu de un vector adenovírico para la expresión de la β-galactosidasa (AdCMV-

LacZ) o de la forma humana de UCP3 (AdCMV-UCP3). En estudios preliminares 
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determinamos que 72h después de la inyección se lograba un nivel óptimo de 

expresión del transgen, con lo que éste fue el tiempo utilizado en todos los 

experimentos posteriores. Los grupos experimentales sometidos a ayuno, lo fueron 

durante las 36h previas a su sacrificio. 

 

Aislamiento de la Fracción Mitocondrial de Músculo 
El músculo gastrocnemio de ratones fue inmediatamente homogenizado con un 

politrón tras su extracción, en un tampón de homogenización conteniendo 440 mM 

Sacarosa, 20 mM Na+/MOPS pH 7.2, 1 mM EDTA, y 0.1 mM PMSF. Todo el proceso 

se realizó a 4ºC. Se centrifugó el homogenado a 1000g durante 10 minutos a 4ºC. El 

sobrenadante se centrifugó de nuevo a 1000g durante 10 minutos a 4ºC. El 

sobrenadante recuperado se centrifugó a10.000 g durante 10 minutos a 4ºC. El 

sedimento se resuspende en unos 400 µl de tampón de homogenización y constituye 

la fracción mitocondrial de músculo. La valoración de la concentración de proteína se 

realizó sobre un volumen de muestra conteniendo un 0.1% final de Tritón X-100, a fin 

de solubilizar completamente todas las membranas.  

 

Inmunodetección o Análisis Western blot 

Para la detección de citocromo c y UCP3, muestras de la fracción mitocondrial 

de músculo o hígado de ratón se separaron en una electroforesis en gel de acrilamida 

desnaturalizante (SDS-PAGE) al 12,8%. Posteriormente fueron transferidas a 

membranas de polyvinylidene fluoride (PVDF membranes, Immobilon-P, Millipore). 

Éstas fueron posteriormente incubadas con anticuerpos contra UCP3 (Chemicon 

AB3046 (1:1000)) y contra el citocromo c (Pharmingen clone 7H8.2C12 (1:500)) que 

se utilizó para determinar la corrección tanto de la carga de proteína como del 

fraccionamiento mitocondrial. La unión de anticuerpos se detectó con un anticuerpo 

secundario anti-ratón (Bio-Rad 170-6516 (1:3000)) o anti-conejo (Santa Cruz sc-2004 

(1:3000)), ambos asociados a la peroxidasa de rábano, mediante el kit de detección 

quimioluminsicente enhanced chemiluminiscence (ECL, Amersham). 

 
Valoración de la Concentración de Metabolitos Circulantes 
La valoración de metabolitos circulantes en plasma se ha realizado con los 

lectores Accu-Chek Sensor (Roche) para la Glucosa, AccuTrendGCT (Roche) para 

los triacilglicéridos y AccuTrendLactate para el Lactato según las indicaciones del 

fabricante. Los cuerpos cetónicos y NEFA en plasma fueron valorados mediante los 



RESULTADOS 

4 

kits colorimétricos β-hydroxybutyrate Liquid Color (Stanbio), y NEFA C ACS-ACOD 

Method (Wako).  

 
Obtención de mitocondrias funcionales de hígado 
El hígado extraído de los ratones fue inmediatamente homogenizado en un 

tampón de homogenización conteniendo 250 mM Sacarosa desionizada, 1 mM EDTA, 

50 mM KCl y 25 mM Tris, con la ayuda de un homogenizador de vidrio. El 

homogenado se centrifugó a 700g durante 10 min y a 4ºC. El sobrenadante resultante, 

se centrifugó a 7000g durante 10 min y a 4ºC. El precipitado que se resuspendió en un 

pequeño volumen (aproximadamente 400 µl) de tampón de homogenización 

corresponde a la fracción mitocondrial del hígado. Es importante realizar todo el 

proceso a 4ºC y/o en contacto con hielo. Recuperaremos una pequeña parte de la 

fracción mitocondrial para su análisis por western blot. Centrifugamos a 10.000g a 4ºC, 

y resuspendemos en tampón homogenización suplementado con 2 mM PMSF, 2 µg/ml 

de leupeptina, pepstatina, aprotinina y 2 mM de Benzamidina. La valoración de la 

concentración de proteína de las muestras se realiza tras diluir las muestras 1/10 en 

tampón de homogenización con un 0,3% Tritón mediante el método BCA Protein 

Assay (PIERCE) . 

 

Ensayos de Consumo de Oxígeno 
Las tasas de respiración de la fracción mitocondrial obtenida de hígado de 

ratón, fueron determinadas polarográficamente a 25ºC utilizando un electrodo de 

oxígeno de Clark (Rank Brothers, Ltd.) conectado a un micro-computador que permite 

una lectura continua de la concentración de oxígeno en el medio. El medio en el que 

se realizaron las medidas contenía 250 mM Sacarosa desionizada, 1 mM EDTA, 50 

mM KCl, 25 mM Tris, 5 mM KH2PO4, y 0.3% BSA delipidada (Sigma).  

 Las mediciones del consumo de oxígeno en estado 4 se realizaron utilizando 

como substrato 6 mM de glutamato/malato o 6 mM de succinato (en presencia de 5 

µM de rotenona). El consumo de oxígeno en respuesta a 1 mM de ADP se consideró 

como la respiración en estado 3. El índice del control respiratorio se calculó en base a 

la relación estado 3/estado 4 para cada una de las muestras.  

Sobre la respiración en estado 4 (succinato 6 mM; 5 µM rotenona; 10 µg/ml 

oligomicina), se determinó el efecto de la adición secuencial de 300 µM de palmitato y 

1 mM de GDP. 
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Análisis de la Expresión Génica mediante PCR a Tiempo Real 
El RNA total fue extraído de las muestras de hígado de ratón con el kit Rneasy 

(Qiagen). El análisis cuantitativo de la expresión de los mRNA se llevó a cabo en una 

reacción de PCR en dos pasos: en primer lugar, 1µg del RNA total se retrotranscribió a 

cDNA mediante una RT-PCR (reverse transcriptase polymerase chain reaction) en el 

GeneAmp PCR system 2400 (Applied Biosystems, USA), y seguidamente, una Real-

Time PCR se llevó a cabo en el ABI PRISM 7700HT sequence detection (Applied 

Biosystems, U.S.A). La RT-PCR se realizó en un volumen final de 50µl utilizando el kit 

TaqMan Reverse Transcription Reagents (Applied Biosystems, U.S.A), que contiene 

la Transcriptasa Reversa MultiScribeTM, un inhibidor de RNasas, una mezcla de dNTP, 

Random Hexamers, tampón 10X para la RT , y una solución de MgCl2. La reacción de 

PCR a tiempo real se realizó en un volumen final de 25µl utilizando la TaqMan 

Universal PCR Master Mix, y las sondas para expresión génica TaqMan diseñadas 

por Applied Biosystems (U.S.A): 18S ribosomal RNA (Hs99999901_s1), uncoupling 

protein 2 (Mm00495907_g1), PGC-1α (Mm00447183_m1), glutathione peroxidase 1 

(Mm00656767_g1), glutathione peroxidase 4 (Mm00515041_m1), heme oxygenase 1 

(Mm00516004_m1), superoxide dismutase 2 (Mm00449726-m1), sequestosome 1 

(Mm00448091_m1), Transformation related protein 53 (Mm00441964_g1), c-fos 

(Mm00487425_m1), c-jun (Mm00495062_s1), Nfκb1 (p105) (Mm00476361_m1), 

acetyl-Coenzyme A dehydrogenase, medium chain (Mm00431611_m1), peroxisome 

proliferator activated receptor α (Mm00440939_m1), y peroxisome proliferator 

activated receptor α  (Mm00803186_g1). 

Se incluyó un control sin RNA, mix de reacción o transcriptasa reversa en cada 

serie experimental. Cada muestra se analizó por duplicado, y la media de los valores 

de cada duplicado se utilizó para determinar el nivel de expresión de cada mRNA a 

estudio. La cantidad del gen de interés contenido en cada muestra se normalizó en 

relación a un control endógeno utilizando el método de comparación de (2-∆CT) 

deacuerdo a las instrucciones del fabricante (Applied Biosystems, USA). En nuestro 

caso, el RNA ribosómico 18S se utilizó como control endógeno.  

 

Determinación del Swelling en Mitocondrias de Hígado 
Determinamos el swelling o hinchamiento mitocondrial valorando el descenso 

de la absorbancia a 540 nm y 25ºC de una solución de mitocondrias (22). Las 

mitocondrias de hígado fueron obtenidas según el procedimiento descrito previamente, 

pero resuspendiendo el último precipitado correspondiente a la fracción mitocondrial, 

en un tampón  213 mM manitol, 71 mM sacarosa, y 5 mM Hepes/Tris pH 7,8. Se 
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incubaron 0,25 mg/ml de solución mitocondrial en un tampón 250 mM Sacarosa 

desionizada, 5 mM succinato, 10 µM EGTA, 2 µM rotenona, 1 mM KH2PO4 y 10 mM 

TrisMOPS pH 7,4, a 25ºC. En este momento se añadió 5 µM de CsA (Ciclosporina A) 

cuando se requería. Transcurridos 2 minutos, se realizó una lectura continua de la 

absorbancia a 540 nm durante 6 minutos, con el programa cinético del 

espectrofotómetro Shimadzu- UV-160A. Los reactivos requeridos, a la concentración 

indicada, se añadieron y mezclaron por inversión con la solución mitocondrial justo 

antes de iniciar la lectura. El atractilato y Ciclosporina A fueron adquiridos de Sigma. 

 

Análisis Estadístico 

Los datos se muestran como media  + error estándar, y fueron analizados con 

el Test de la T-Student para la determinación de diferencias significativas que se 

consideraron significativas para p-valores inferiores a  0.05. 

 

RESULTADOS 

 

Establecimiento de la expresión ectópica de UCP3 en hígado de ratón 
La expresión ectópica de UCP3 en las mitocondrias de hígado proporciona una 

herramienta única para analizar el impacto de UCP3 en la bioenergética: UCP3 

aparece en un contexto prácticamente “libre de UCPs” y es posible estudiar su 

actividad en mitocondrias altamente acopladas, gracias a la facilidad para obtener 

mitocondrias funcionales y en suficiente cantidad para realizar análisis bioenergéticos. 

La transferencia génica mediada por vectores adenovíricos in vivo, permite la 

expresión de elevados niveles de UCP3 en las mitocondrias del hígado, mayores que 

los presentes en el músculo esquelético, entorno natural de expresión de la proteína 

(Figura 1B). Comprobamos además que UCP3 se dirigía correctamente a la 

mitocondria (no detectábamos expresión de la proteína en núcleos o citosol) y que la 

máxima expresión se lograba a 72h de la inyección del vector en nuestro modelo 

experimental (Datos no mostrados). 

  
La expresión ectópica de UCP3 en hígado no provoca una alteración en 

los niveles de metabolitos circulantes 
La presencia de elevados niveles de UCP3 en el hígado de ratones inyectados 

con el vector adenovírico, no provocó una alteración significativa en la concentración 

de ninguno de los metabolitos circulantes analizados (Glucosa, NEFA, Lactato, 

Triglicéridos, o β-hidroxibutirato) (Tabla 1).  
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 Tras someter a los ratones inyectados a ayuno durante las 36h previas al 

sacrificio, los parámetros circulantes respondieron de la forma esperada (descenso en 

los niveles de glucosa, aumento en los niveles de β-hidroxibutirato). Sin embargo, los 

niveles de NEFA no sufrían cambios significativos (Tabla 1). En los ratones ayunados, 

la expresión de UCP3 tampoco supuso ninguna modificación de los metabolitos 

circulantes. 

 

La presencia de elevados niveles de UCP3 en hígado no provoca una 
alteración del índice de control respiratorio ni la respiración en estado 4 

Niveles elevados de inducción de UCP3 no supusieron una modificación de la 

tasa respiratoria en estado 3 o estado 4, en presencia de ninguno de los substratos 

utilizados: Glutamato/malato (que aporta los electrones al complejo I de la cadena 

respiratoria) o Succinato (que aporta los electrones directamente al complejo II) 

(Figura 2A). Igualmente, el control respiratorio o relación entre las tasas de consumo 

de oxígeno en estado 3 respecto a las de estado 4, no sufrió alteraciones en presencia 

de UCP3 para ninguno de los substratos utilizados. (Figura 2B)  

La tasa de respiración en estado 4 se estimulaba en presencia de 300 µM de 

palmitato, de igual forma en presencia o ausencia de UCP3. Igualmente, la posterior 

adición de 1 mM de GDP no revertía el desacoplamiento inducido por el ácido graso, 

ya fuera en presencia o ausencia de UCP3 (Figura 2C). 

 

Efecto de UCP3 sobre la expresión de genes relacionados con el 
metabolismo lipídico y estrés celular 

Se determinaron las consecuencias de la expresión de UCP3 sobre la 

expresión génica en hígado. Se determinó que los genes codificantes para los 

componentes de la maquinaria antioxidante celular (superóxido dismutasa, glutatión 

peroxidasas...) están inalterados en presencia de UCP3. Sin embargo, la expresión de 

c-fos y Trp53 se induce con la expresión de la proteína. (Figura 3B).  

El ayuno de los ratones durante 36h, provoca a su vez, un incremento en los 

genes que codifican para proteínas implicadas en el control del estrés oxidativo, como 

la glutatión peroxidasa 4, la superóxido dismutasa 2 o la sqtm 1, así como la expresión 

de genes implicados en el metabolismo lipídico (Mcad, PGC-1α). De hecho, la 

expresión de UCP3 en ratones ayunados durante 36h, favorece la inducción de la 

expresión de estos genes implicados en el metabolismo lipídico (Figura 3). 

La presencia de UCP3 afecta también de forma positiva a la expresión de 

genes relacionados con la fase aguda de la respuesta celular al estrés, como son 

Trp53 y c-fos. En presencia de UCP3, existe también cierta tendencia a inducir la 
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expresión de UCP2, aunque la inducción no llega a ser significativa estadísticamente. 

(Figura 3B). 

  
La expresión ectópica de UCP3 en hígado favorece la apertura del MPTP  

 Las mitocondrias aisladas tienen la propiedad de hincharse o sufrir un swelling 

ante un aumento de la permeabilidad de la membrana mitocondrial externa, fenómeno 

que puede detectarse como el descenso en la absorbancia a 540 nm de una muestra 

de mitocondrias y que, en tanto que inhibible por ciclosporina A, es un índice de la 

apertura del MPTP. Las mitocondrias aisladas de hígado de ratón inyectado con UCP3 

mostraron un mayor swelling, o descenso más rápido de absorbancia ya en estado 

basal. Igualmente, observamos como respondían repetidamente con una mayor 

pendiente, mayor swelling a concentraciones crecientes de dos conocidos inductores 

de la apertura del MPTP (Calcio (Figura 4A) y atractilato (Figura 4B). El descenso en la 

absorbancia era revertido en cualquier caso en presencia de CsA, con lo que podemos 

asegurar que el fenómeno era dependiente de la apertura del MPTP. 

 

DISCUSIÓN 

UCP3 se expresa preferencialmente en músculo esquelético y TAM. De hecho, 

el hígado constituye en condiciones basales, un entorno libre de UCPs, ya que la 

expresión de UCP2 se cree que está restringida a  las células de Kupffer (2), aunque 

pueda inducirse su expresión en determinadas situaciones (3-6)  Por ello, la expresión 

de UCP3 en el hígado resulta un modelo ideal para el estudio de las propiedades 

bioquímicas de la proteína. Por otro lado, se sabe que UCP3 puede llegar a 

expresarse en hígado ante una situación de estrés metabólico como la que supone 

una dieta hiperlipídica asociada al tratamiento con fibratos (12). 

 La inyección de vectores adenovíricos por la vena lateral de la cola del ratón, 

nos permitió una expresión eficiente de UCP3, que además quedaba restringida al 

hígado, como demuestra el hecho de que no se produzca variación en los niveles de la 

proteína en el músculo esquelético de los ratones inyectados. Los niveles de expresión 

que inducimos en hígado, son muy superiores a los que se dan en el músculo, sin 

embargo, esta elevada expresión no está asociada a ninguna alteración en la tasa de 

consumo de oxígeno en estado 4, con lo que podemos descartar la existencia de un 

desacoplamiento inespecífico como se ha descrito en otros modelos de sobre-

expresión de UCP3 (23; 24). De hecho, los elevados niveles de UCP3 no parecen 

afectar de forma general al metabolismo del organismo, que no muestra ninguna 

alteración significativa en la concentración de metabolitos circulantes. 
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Actualmente existe un intenso debate sobre si la actividad desacoplante que se 

describió para UCP3 in vitro constituye o forma parte de su función fisiológica. La falta 

de una alteración en la tasa de respiración en estado 4, parece contradecir el que 

UCP3 tenga una actividad desacoplante in vivo. Algunos autores consideran que dicha 

actividad desacoplante tiene lugar únicamente en presencia de cofactores como los 

ácidos grasos, y que es sensible a GDP, como fue descrito anteriormente para UCP1 

(1). No obstante, no observamos ninguna alteración significativa del consumo de 

oxígeno tras la adición de un ácido graso como el palmitato, ni tampoco un 

reacoplamiento inducido por GDP. Dado que este órgano no es el entorno natural de 

expresión de UCP3, es posible que carezca de algún cofactor necesario para que la 

proteína desarrolle dicha actividad. 

La expresión de UCP3 en músculo esquelético correlaciona con el nivel de 

ácidos grasos libres y se induce en situaciones de estrés como la sepsis (25), 

caquexia (26) y el ayuno (7; 27)... Datos obtenidos del estudio de UCP2 y de ratones 

deficientes para la expresión de UCP3, sugieren que la proteína tendría un papel 

fundamental en la limitación de la producción de ROS, gracias a su capacidad para 

acelerar el consumo de oxígeno (28). Recientemente se ha propuesto además, que el 

propio estrés oxidativo estaría regulando la actividad de la proteína (29; 30). El ayuno 

comporta un aumento en la disponibilidad de ácidos grasos para el metabolismo 

hepático, y un acúmulo de estos ácidos grasos, puede resultar perjudicial, debido a la 

posibilidad de formación de metabolitos reactivos como los lipoperóxidos o las 

ceramidas, que podrían dañar estructuras y funciones celulares. En nuestro caso, 

sorprendentemente, no detectamos el aumento esperado en el nivel de NEFA con el 

ayuno, sin embargo, el aumento en los niveles de β-hidroxibutirato, indican que 

efectivamente, se está produciendo una activación del catabolismo lipídico en el 

hígado. Los ácidos grasos pueden inducir la producción de ROS (31; 32). De hecho, 

observamos como 36h de ayuno, eran suficientes para inducir significativamente la 

expresión de diversos genes relacionados con el control de los ROS, como las 

enzimas antioxidantes SOD2, y Gpx4 y la proteína Sqtm1, sugiriendo que se estaba 

creando una situación de estrés oxidativo que requiere de la expresión de dichos 

productos génicos. Así mismo, y como esperábamos, el ayuno inducía la expresión de 

genes implicados en el metabolismo lipídico, como son la Mcad (Acil-CoA 

deshidrogenase medium chain) y PGC-1α, potencial coactivador transcripcional de 

PPARs, a fin de acelerar la oxidación de los ácidos grasos y reducir su acumulación.   

El modelo de ayuno, nos permitía, exponer a UCP3, a un entorno proclive a su 

activación. Por ello, utilizamos el modelo de ayuno combinado con la inducción de la 

expresión de la proteína en hígado.  Pudimos observar que la expresión de UCP3 no 
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afecta de forma generalizada a la expresión de genes relacionados con el estrés 

oxidativo, ni siquiera en una situación de ayuno. Sin embargo, en presencia de UCP3, 

se produce una inducción de proteínas implicadas en mecanismos de estrés celular, 

como son la p53 y c-fos (33). También existe cierta tendencia a la inducción de la 

expresión de UCP2, aunque no de forma estadísticamente significativa. Se considera 

que UCP2 podría jugar un papel en el control de la generación de ROS, (34; 35), 

sugiriendo que UCP3 contribuye a crear un entorno que requiere de la presencia de 

UCP2 y apuntando de nuevo a la generación de un estrés celular por parte de UCP3. 

Recientemente, se ha descrito la capacidad de UCP3 para proteger a células 

neuronales de la apoptosis, mediante su capacidad para limitar la producción de ROS 

(11). Sin embargo, trabajos previos de nuestro grupo, mostraban la capacidad de la 

proteína para sensibilizar a células de riñón frente a un estímulo pro-apoptótico 

dependiente de regulación mitocondrial (21). Uno de los mecanismos a través de los 

cuáles, UCP3 podría estar afectando a la regulación de la muerte celular, es a través 

de su influencia sobre el MPTP, ya sea gracias a su actividad desacoplante o debido a 

una interacción con proteínas implicadas en la regulación del proceso. De hecho, en el 

modelo celular de células HEK-293, observábamos como el MPTP presentaba una 

mayor sensibilidad a la apertura en respuesta a un conocido inductor como es el 

calcio. En el presente estudio, y utilizando una metodología y aproximación 

experimental totalmente distintas, observamos, como las mitocondrias respondían a 

conocidos inductores de la apertura del MPTP, como son el calcio y el atractilato (20), 

con un mayor swelling o hinchamiento. Además, en ausencia de la adición de 

inductores, las mitocondrias que contenían UCP3, mostraban un nivel de swelling 

superior. El swelling, puede deberse a una inestabilidad de las membranas 

mitocondriales, pero en nuestro caso, era revertido por la adición de un inhibidor 

específico del MPTP, como es la ciclosporina A (36). La apertura del MPTP es un 

evento estrechamente relacionado con la muerte celular dependiente de vías 

reguladas a nivel mitocondrial (37). No obstante, tanto el aspecto macroscópico del 

hígado, como los datos de consumo de oxígeno, metabolitos circulantes y expresión 

génica, sugieren que no se está produciendo una mortalidad celular en el tejido. De 

hecho, la apertura del MPTP en condiciones basales, podría deberse a la presencia de 

trazas de inductores de la apertura (posiblemente calcio) en el tampón de ensayo. Así, 

de nuevo la expresión de UCP3, parece sensibilizar al MPTP ante sus inductores. 

Además, la acción sensibilizadora de la apertura del MPTP por parte de UCP3 se da 

con independencia del tipo de estímulo inductor, ya que el mecanismo de acción de 

atractilato y calcio sobre el MPTP es diferente (20). 
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Por otro lado, la presencia de UCP3 tiende a favorecer la expresión de genes 

relacionados con la oxidación de ácidos grasos, como es la Mcad, y PGC-1α (aunque 

no de forma significativa en este último caso), ambos en una situación de ayuno, y por 

tanto, proclive a la activación de UCP3. Estos datos sugieren, que UCP3 podría estar 

favoreciendo la oxidación de ácidos grasos como ya se ha descrito en diversos 

modelos in vitro (38; 39). 

Posiblemente, la acción de la proteína UCP3 dependa del tipo celular, el 

estímulo y la intensidad del mismo, pudiendo afectar a diferentes procesos celulares, 

como son la oxidación de ácidos grasos y la modulación de la muerte celular 

programada. 
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Figura 1: Inducción de la expresión de UCP3 en las mitocondrias de hígado de 
ratón mediada por un vector adenovírico. A. Esquema del planteamiento 
experimental B. Análisis por western blot de 30 µg de proteína mitocondrial 
proveniente del hígado (liver) o el músculo esquelético (skeletal muscle) de 
ratones control o inyectados con un vector adenovírico para la expresión de la β-
galactosidasa (AdCMV-LacZ) o UCP3 (AdCMV-UCP3). La obtención de las 
muestras tubo lugar 72 h después de inyectar los vectores adenovíricos.
Inmunodetección con anticuerpos específicos contra el citocromo c o UCP3. 
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Tabla 1

AdCMV-LacZ AdCMV-UCP3

Glucose (mg/dl)

Lactate (mg/dl)

Triglycerides (mg/dl)

NEFA (µM)

β-hidroxybutirate (µM)

Fed Fed FastedFasted
18.9 ± 0.5 11.2 ± 1.5 17.1 ± 0.1 12.2 ± 0.8

1615.6 ± 247.5 863.2 ± 140.9 1642.3 ± 268.4 1063.9 ± 200.9

1.5 ± 0.26 1.7 ± 0.8--- ---

374.5 ± 61.4 445.8 ± 32.1 287.5 ± 73.5

162.2 ± 40.4 153.4 ± 19.01516.6 ± 297.4 1293.2 ± 724.9

Tabla 1: Concentración plasmática de metabolitos circulantes en presencia de 
UCP3 y en respuesta al ayuno

La concentración plasmática de los indicados metabolitos circulantes se estimó en 
ratones inyectados con AdCMV-LacZ o AdCMV-UCP3, sometidos (fasted) o no (fed) a 
36h de ayuno antes del sacrificio. Los resultados son medias ± error estándar de 3-6 
experimentos independientes. Las diferencias significativas debidas al ayuno se 
muestran como *p<0,05; * * p<0,01. NEFA: ácidos grasos libres.

Metabolite

---

** *

** **



Figure 2: Efecto de UCP3 sobre la tasa de respiración mitocondrial. Efecto 
sobre el control respiratorio y la respuesta a palmitato y GDP. Se obtuvieron 
mitocondrias funcionales del higado de ratones 72 después de la inyección con los 
AdCMV-LacZ o AdCMVUCP y se valoró el consumo de oxígeno en diferentes 
condiciones según lo descrito en el Material y Métodos. A. Determinación de la tasa
de consumo de oxígeno en estado 4 y 3 (en presencia de 1 mM ADP), utilizando 
como substrato succinato 6 mM (en presencia de 5 µM de rotenona) o una mezcla
de Glutamato/Malato 6 mM. B. Índice de Control respiratorio (relación
estado3/estado 4) utilizando las mismas condiciones que en A. C. Determinación de 
la tasa de consumo de oxígeno en estado 4 (succinato 6 mM; rotenona 5 µM; y 10 
µg/ml de oligomicina) tras la adición secuenacial de 300 µM de palmitato, 1 mM
GDP y 3 µM de CCCP.
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Figure 3: Efecto de UCP3 sobre la expresión de genes relacionados con 
estrés celular y metabolismo lipídico en el hígado. Ratones C57Bl6/J fueron 
inyectados con un vector adenovírico que induce la expresión de la β-galactosidasa
(AdCMV-LacZ) o de UCP3 (AdCMV-LacZ). Un grupo de los ratones inyectados se 
mantuvo ayunado (fasted) durante las 36 h previas al sacrificio. 72 h después de la 
inyección se sacrificaron los animales y se obtuvo el RNA total del hígado. Se 
cuantificó la expresión de los genes indicados mediante Real-time PCR. A. Análisis 
cuantitativo de genes implicados en el metabolismo hepático B. Análisis cuantitativo
de genes relacionados con estrés celular. Los resultados representan las veces de 
inducción/represión de un determinado mRNA en un grupo experimental, respecto
al nivel de dicho mRNA en ratones transducidos con el AdCMV-LacZ. Las 
diferencias significativas debidas a la presencia de UCP3 se muestran como 
*p<0,05. Las diferencias significativas debidas al ayuno se muestran como #p<0,05 
o # # p<0,01. 
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Figure 4: Efecto de UCP3 sobre la apertura del MPTP. Mitocondrias aisladas del 
hígado de ratones inyectados con vectores adenovíricos para la expresión de la β-
galactosidasa (AdCMV-LacZ) o de UCP3 (AdCMV-UCP3), fueron analizadas para 
determinar el nivel de swelling mitocondrial en respuesta a diferentes compuestos. 
En la figura se muestra un ejemplo de un ensayo en el que se valoró el descenso
en la absorbancia a 540 nm y 25ºC de las soluciones mitocondriales, tras la adición
de las concentraciones indicadas de A. CaCl2 y B. Atractilato. La CsA se añadió
dónde se indica, a una concentración de 5 µM, 2 minutos antes de iniciarse la 
lectura.
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