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Reduction in energy efficiency induced by expression of the
uncoupling protein, UCP1, in mouse liver mitochondria
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Abstract. Uncoupling Protein 1 (UCPI) is an inner mito-
chondrial membrane protein, uniquely expressed in brown
adipocytes, which uncouples the mitochondrial respiration
impairing ATP production and energy efficiency. The aim of
the present study was to express UCP1 in liver mitochondria
using a non-viral system in order to affect energy utilization.
The effect of ectopic protein expression on liver energy
metabolism, which was evaluated 42 h after DNA transfer,
showed that mitochondria expressing UCP1 presented
decreased ATP production, lasted more time in membrane
potential state 3, and consumed more molecular oxygen to
produce the same amount of ATP than the control group. In
summary, the successful functionality of the mitochondrial
protein, UCP1, after hydrodynamic delivery is a novel and
significant finding. This approach could be useful to ectopic-
ally express mitochondrial proteins and, in this particular case,
to manage metabolic disorders related to energy efficiency
and expenditure, such as obesity.

Introduction

Mitochondria are the cellular organelles where respiration
and ATP synthesis occur (1). Dysfunctions in these processes
may be related to disorders in heat dissipation and energy
metabolism, such as obesity (2). The current definition of
obesity is an excessive accumulation of fat due to an inequality
in thermodynamic energy balance (3). This disequilibrium has
driven to an increasing worldwide prevalence of obesity,
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leading to a lower life expectancy and higher risk of developing
type 2 diabetes or metabolic syndrome (4,5).

In addition to inadequate food habits and sedentary life-
styles, more than 430 genes or chromosomal regions have
been associated with obesity (6). Therefore, in recent years,
the management of excessive weight gain has become not
only a therapeutic target but also a research goal using different
approaches to understand and influence energy efficiency
processes. Numerous studies have been published describing
different molecules playing a role in the genetic control of
energy balance (or imbalance) (5), including some putative
and suitable objectives for gene therapy, such as the family
of uncoupling proteins (7,8).

Gene therapy, defined as the transfer of genetic material to
cells in order to reach a therapeutic target, has been developed
as a practical approach with a potential impact on tissue
biological functions (9). The use of gene transfer technologies
in animal models of human diseases and pilot clinical studies
is aiding the understanding, prevention and treatment of
different genetic diseases, such as cancer (10) and diabetes
(11). Therapeutic genes can be incorporated into target cells
without any protection, as naked DNA (12), or enveloped by
molecular constructs named vectors, which can be viral (10,13)
or non-viral (14). The specificity of the transduction depends on
the promoter and/or on the delivery technique. Thus, there are
tissue-specific techniques, such as direct injection into muscle
(15,16) or hydrodynamic delivery, a liver-specific technique
administrating a rapid intravenous injection of a large aqueous
volume of a nucleic acid solution into the tail of the animal
(17,18).

The family of uncoupling proteins (UCPs) constitutes at
least six members which are candidates in regulating energy
expenditure (19-21). Thus, UCPs are mitochondrial anion
carrier proteins (22), whose main function appears to consist
of uncoupling ATP production by causing proton leakage from
mitochondria (7). Consequently, while these proteins have a
very well-documented relationship with energy metabolism
and, specifically, obesity (23), their overall functions are still
poorly known. It has been reported that UCPs are also
important for the inhibition of reactive oxygen species (ROS)
formation or for the prevention of atherosclerosis and inflam-
mation (24), although UCP1 and UCP2 do not appear to
participate in the in vitro production of superoxide from
respiring mitochondria (25). Other studies have demonstrated
that UCPs are related to an increase in life expectancy (26)
and prevention of glucose-induced neuronal oxidative stress
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and programmed cell death (27). In addition, some studies
concerning UCP1 (16,28), UCP2 (15) or UCP3 (29) gene
transfer have shown a clear relationship between these proteins
and the bioenergetic processes in the mitochondria.

The most documented component of the UCP family is
UCP1 or thermogenin (24). This inner mitochondrial membrane
protein is uniquely expressed in BAT (30) and seems to be
physiologically relevant for cold- and diet-induced thermo-
genesis (31,32). Moreover, UCP1 interacting with free fatty
acids (33) catalyses the thermogenic net transfer of protons
from the mitochondrial intermembrane space to the matrix (24),
making an important contribution to resting energy expenditure
and body weight regulation in small mammals, although it
appears to be of relatively lower importance in large mammals
(24).

Considering these findings and observations, our purpose
was to ascertain the viability of a nonviral gene transfer (like
hydrodynamics) for achieving an ectopic expression of UCP1
in liver in order to impair the mitochondrial energy efficiency.
In order to do this, different bioenergetic markers of meta-
bolism were assessed.

Materials and methods

Animals. Fourteen male FVB mice (Harlan, Spain) of <30 g
were kept at 23°C on a 12:12 light-dark cycle with free access
to food and water. All animal manipulations were made in
accordance with European Community guidelines for the use
of laboratory animals and the Ethics Committee for Animal
Experimentation (CEEA) of the University of Navarra.

Plasmid and DNA transfer method. After an adaptation period,
the mice received, in approximately 6 sec, a bolus injection
in the tail vein with 10% of their weight (g) in volume (ml)
of a complex containing Mirus Polymer Solution, Mirus
Delivery Solution and 20 pgg of DNA according to the
manufacturer's instructions (Mirus Corporation, WI, USA).
The applied DNA plasmid utilized in each case was plasmid
pCMV-Luc (and empty plasmid pCMV as control) for in vivo
bioluminescent imaging (BLI), plasmid pCMV-LacZ (and
empty plasmid pCMV as control) for Bgal staining, and
plasmid pXC1 (UCP1 group) or empty plasmid pXAV2
(control group) for measurement of the functionality of trans-
ferred UCP1. The plasmid (pXC1) contained pXAV2 and rat
UCP1 cDNA under the control of the CMV promoter (16).

In vivo bioluminescent imaging (BLI). In vivo BLI was
performed using an IVIS Imaging System (Xenogen, CA,
USA). Images and measurements of bioluminescent signals
were acquired and analyzed using Living Image (Xenogen)
software. Mice were anaesthetized and shaved before receiving
p-luciferin (Promega, WI, USA) at 100 mg/kg in Dulbecco's
PBS (D-PBS; Gibco, Invitrogen Corporation, UK) by i.p.
injection 10 min before imaging. All images were acquired
with a I-min exposure.

LacZ activity. Expression from the LacZ transgene, 42 h after
the injection, was monitored by B-galactosidase staining on
cryostat liver sections (10-20 pm). Liver sections were fixed
for 10 min with 0.5% glutaraldehyde, washed three times
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with PBS and stained for 4-16 h at 37°C in 5 mM K;Fe(CN)y,
5 mM K, Fe(CN),, 1 mM MgCl, and 1 mg/ml X-gal in PBS.
For tissue sections, liver slices were embedded in OCT (Sakura
Finetek Europe B.V., The Netherlands) before freezing.

Reverse transcription-PCR (RT-PCR) analysis. RNA was
extracted according to a standardized procedure with Trizol
using the instructions of the supplier (Life Technologies, Inc,
UK). The UCP1 mRNA expression was confirmed by RT-
PCR using the following primers: 5'-CTCACCTTTGAGCT
CCTC-3'(sense) and 5'-CTGATTTGCCTCTGGATG-3'
(antisense). PCR was run for 32 cycles and the melting
temperature was 55°C (15).

Mitochondrial preparations. Approximately 42 h after DNA
transfer, livers were carefully minced with scissors and rinsed
thoroughly in an isolation buffer (8-10 ml/g tissue) containing
250 mM sucrose, | mM EDTA and 5 mM MOPS, pH=7.4.
The tissue was further homogenized in a Potter Elvehjem
homogenizer as previously reported (34). Each step of the
mitochondrial isolation was performed at 4°C. The homogenate
was centrifuged for 10 min at 1000 x g, and the supernatant
was centrifuged for 10 min at 9000 x g. The mitochondrial
pellet was resuspended in an approximate volume of 2/5 of
the initial volume containing 250 mM sucrose, 5 mg/ml BSA
and 5 mM MOPS, pH=7.4. The homogenate was again
centrifuged for 10 min at 1000 x g and the supernatant was
centrifuged for 10 min at 9000 x g. The mitochondrial pellet
was resuspended in a minimal volume (~0.5 ml) and mito-
chondrial protein content was assayed by the pyrogallol red
method (35). Mitochondrial membrane potential, respiration
rate and ATP measurement were evaluated using fresh
mitochondria, with some aliquots being frozen for further
analysis of protein expression by inmunoblotting, as described
elsewhere (36).

Western blot analysis. Mitochondrial fractions were sonicated
(Branson Sonifier 250, CT, USA) and normalized for protein
prior to loading onto gel for Western blot analysis. Samples
were electrophoretically separated in 12% SDS-PAGE and
electrotransferred to nitrocellulose membranes (Schleicher &
Schuell BioScience, Inc., NH, USA). Membranes were
incubated overnight with affinity-purified rabbit polyclonal
antibody to UCP1 (UCP11-A; Alpha Diagnostic Intl., Inc.,
TX, USA). Secondary goat anti-rabbit IgG-HRP (Santa Cruz
Biotechnology, Inc., CA, USA) was added for one hour of
incubation and blots were developed by chemiluminescent
detection (Pierce Biotechnology, Inc., IL, USA).

Mitochondrial proton leak measurements. Respiration and
membrane potential measurements were performed under the
same conditions, as previously described (37). Mitochondrial
oxygen consumption was determined simultaneously and
in parallel with changes in membrane potential. For all
measurements, respiration medium containing 75 mM NaCl,
1 mM EGTA, 2 mM Na,HPO,, I mg/ml BSA and 10 mM
MOPS, pH=7.0, was applied.

Oxygen consumption. Mitochondrial respiration was measured
using a Hansatech (UK) Clark-type oxygen electrode (Respire
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Figure 1. Hydrodynamics effectivity tissue assessment. A, in vivo bioluminescent imaging allows the measurement of luciferase expression and its
localization in CMV-Luc-treated mice. Data were obtained 4 days after the intravenous injection. B, graph showing luciferase expression (units: photons/sec)

2,4,7, 11 and 16 days after gene transfer delivery.

1 model), whose incubation chamber was thermostatically set
at 25°C and magnetically stirred. Each sample was assessed
by incubating 1.0 ml of respiration medium with 0.5 mg
mitochondrial protein in the electrode chamber. Respiratory
rates were calculated from the chart recordings using an
oxygen solubility coefficient of 253 nmol O,/ml buffer at
25°C and 1 atmosphere pressure (37).

Membrane potential. Mitochondrial membrane potential was
monitored using the potential-sensitive fluorescent dye
DiSC3 5 (3,30-dipropylthiadicarbocyanine iodide; Molecular
Probes, OR, USA), following a previously described protocol
(16).

ATP measurement. ATP production was quantified by bio-
luminescence following the manufacturer's instructions (Enliten
rLuciferase/Luciferin reagent; Promega corporation, WI, USA),
in a Sirius luminometer (Berthold Detection Systems, TN,
USA).

Statistical analysis and presentation of results. The data are
presented as mean + SD, and difference significance was
evaluated using the Wilcoxon test where relevant. All analyses
were performed using the SPSS version 11.0 statistical package
(SPSS, Inc., IL, USA). A p-value of <0.05 was considered as
statistically significant.

Reagents. Rotenone, succinate, ADP, CCCP, BSA and MOPS
were purchased from Sigma (MO, USA). Other chemicals
were from Panreac Quimica, S.A. (Spain).

Results
Assessment of the efficiency of hydrodynamic delivery to the

liver. Luciferase expression in mouse liver, as detected by BLI
(Fig. 1A), indicated that the gene delivery method was suitable

B-gal

Figure 2. Hydrodynamics effectivity liver tissue assessment. Liver slices of
10 ym were cut in cryostat and prepared for X-gal staining as described
under ‘Materials and methods’. Liver slices from 2 different mice (one
control and one X-gal mouse) were visualized through a 3x camera zoom.
The blue point indicates the liver cell expressing 8-gal.

for reaching the target organ and for obtaining adequate gene
expression. In vivo analysis allowed, in addition, definition of
the period of time for measuring gene expression and func-
tionality (Fig. 1B). According to these results, a 42-h period
was finally chosen.

X-gal staining showed that -galactosidase expression
was detected in at least 20% of the liver cells (extensive X-gal
staining cells) 42 h after the single injection (Fig. 2). These
two methods confirmed the suitability both of the hydro-
dynamic delivery method and the FVB mouse strain (38) for
these experiments.

Appraisal of the mRNA expression and UCPI protein. UCP1
mRNA expression levels were analyzed in a representative
sample of livers from the UCP1 and control groups. Brown
adipose tissue (BAT) was used as positive control and water as
negative control. UCP1 mRNA was not found in control livers,
as described by other authors (39), whereas its expression
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Figure 3. UCP1 mRNA expression confirmation in livers from the UCP1
group. A, UCP1 m-RNA expression in liver was measured by RT-PCR as
described under ‘Materials and methods’. Lane 1, 1 kb Plus DNA ladder
(Invitrogen Corporation, UK) showing a band of 500 bp. Lane 2, water
sample as negative control. Lane 3, BAT sample as positive control. Lane 4,
mouse control group. Lane 5, mouse selected from the UCP1-group
showing a band similar to the positive control and with the correct height in
comparison with ladder.

was detected in livers from the UCP1 group and in the BAT
sample (Fig. 3).

Inmunoblotting was performed in six samples and a
representative gel is presented (Fig. 4). A marked band between
32 and 33 kDa was observed by Western blotting in isolated
liver mitochondria from UCP1-transfected mice and in BAT
mitochondria, whereas it was not detected in isolated liver
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Figure 4. UCPI1 expression confirmation in the liver mitochondria of the
UCPI1 group. UCP1 protein was measured in mitochondrial protein extract
from the liver by Western blotting as described in ‘Materials and methods’.
Lane 1, ladder showing a band of 34 kD and another one of 29 kD. Lane 2,
BAT sample as positive control for UCP1. Lane 3, mouse chosen from the
control group. Lane 4, mouse selected from the UCPI group showing a band
of 32-33 kd and with the correct height in comparison with ladder and
positive control.

mitochondria from the control group. This analysis confirmed
that a single administration of the plasmid by using a hydro-
dynamic method via the tail vein resulted in the expression of
the analyzed protein at 42 h post injection.

Effect of UCPI expression on liver mitochondrial proton
leakage. Mitochondrial membrane potential (A¥) and thermo-
genesis (oxygen consumption and the production of ATP)
processes were studied in isolated liver mitochondria from
the UCP1 and control groups. Thus, the expression of UCP1
diminished the ATP production in the UCP1 group (Fig. 5A)
in comparison with the control group (0.020+0.013 mol
ATP/g protein, n=7, vs. 0.027+0.014 mol ATP/g protein,
n=7; p=0.021).
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Figure 5. Energy efficiency reduction in the UCP1 group. Measurements realized in isolated liver mitochondria from the UCP1 group (filled column) and
control group (empty column). A, the content of ATP. Columns are given as mol ATP/g protein + SD (n=7), *p<0.05. B, respiration control ratio (RCR).
Columns are given as RCR (no units) + SD (n=6), *p=0.058. C, energy efficiency may be explained by the oxygen consumption needed to produce an equal

amount of ATP. Columns are given as nmolO2/nmolATP + SD (n=6), *p<0.05.
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Figure 6. Membrane potential. A, membrane potential of the liver mitochondria was measured as described in ‘Materials and methods’ from the control group
(gray line) and UCP1 group (black dotted line). Lines are given as fluorescence ratio [mV of membrane potential normalized by the uncoupled state (with
CCCP)] and accumulated time (min), (n=5). B, time spent in state 3 from the control group (gray column) and UCPI1 group (black column). Columns are

given as sec + SD (n=5), *p<0.05.

Respiration control ratio (RCR) assessment showed a
tendency to be lower in the group expressing ectopic UCPI
(Fig. 5B) than in control (2.39+0.52, n=6, vs. 3.12+1.53, n=6;
p=0.058), which was attributed to a simultaneous increase in
state 4 and decrease in state 3 in the UCP1 group (data not
shown).

Regarding oxygen consumption, the UCP1 group needed
more molecular oxygen (Fig. 5C) to produce the same
amount of ATP as control mice did (0.0129+0.0041 nmol
O,/nmol ATP, n=6, vs. 0.0092+0.0040 nmol O,/nmol ATP,
n=6; p=0.037), suggesting a diminished energy efficiency in
the UCP1 group.

Finally, although no significant changes in the different
states of membrane potential were observed, there was an
increase of approximately 75% in the duration of state 3 in
the UCP1 group (Fig. 6B) in comparison with the control
group (574204 sec, n=5, vs. 327+166.5 sec, n=5; p=0.021),
which suggests an impairment in ATP synthesis in UCPI-
transferred animals.

Discussion

The present study demonstrates that UCP1 gene transfer in
hepatocytes by using hydrodynamic-based transfection affects
energy utilization in liver mitochondria of FVB mice.

The liver is a very interesting and suitable organ as a target
for gene therapy because it is well irrigated and vascularized,
is highly metabolically active, and is involved in glucose and
lipid homeostasis (10,40) In this context, whereas viral vectors
currently present limited usefulness in gene therapy due to
their pathogenic risks, hydrodynamic-based procedures have
a well-documented liver expression, no limitation in DNA
size, an adequate safety level, are cost-effective and reach
high levels of gene expression in hepatocytes (17,18).

UCP1 is a very interesting target gene for enhancing energy
utilization and substrate oxidation. Thus, gene therapy using
UCP1 has been applied in rodents in order to find a therapeutic
approach for obesity and other energy disorders (11). However,

although a hydrodynamic-based method is the simplest, the
present study is apparently the first to utilize this approach to
transfer UCP1 in rodents for altering energy metabolism,
owing to its limitations regarding transfection efficiency and
level of expression compared with viral vectors.

Figs. 1 and 2 show that both methods (BLI and Lac Z
activity) confirmed the suitability both of the hydrodynamic
method and the FVB mouse strain for these experiments,
serving to acquire a better understanding of the expression
level and to select the time of expression. As has been
described by other authors (41), the best results are obtained
with administration volumes of 2-3 ml per 30 g mouse and
injection times of less than 8 sec. Regarding DNA dose, gene
expression reaches a saturation level at approximately 5 ug
of injected DNA per mouse.

RT-PCR and Western blotting showed measurable levels of
UCP1 mRNA (Fig. 3) and UCP!1 protein (Fig. 4), respectively.
This initial approach validated the gene delivery method and
the artificial polymer complex chosen for the ectopic expression
of UCP1 in mouse liver mitochondria.

After confirming the ectopic expression of UCPI1, the
mitochondrial bioenergetics were analyzed. The production
of ATP is the final objective of aerobic respiration due to the
mitochondrial proton gradient generated by complexes of the
respiratory chain used by ATP synthase in order to phos-
phorylate ADP (42). A proton leak, such as with UCPI,
consumes part of the gradient and lowers ATP synthesis (43).
As expected, in the present study, the measurements of ATP
showed that the expression of ectopic UCPI results in a
decreased production of ATP when compared with the control
group, suggesting that our ectopic UCP1 was functionally
operative. These results are in accordance with in vitro data
obtained by our group in HepG2 cells (14), but also by another
group in a diet-induced obese mouse model (11).

Different steps participate in mitochondrial respiration,
which are designated as states (37). State 2 is characterized
by the presence of substrate, absence of ADP and a slow rate
of oxygen uptake. The addition of a given amount of ADP to
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this suspension of nonphosphorylating mitochondria stimulates
oxygen consumption and marks the beginning of State 3
concomitant with increased proton transport. This state is
characterized by maximal phosphorylation and oxygen
consumption rates. State 4 starts when the ADP amount
added to the suspension is transformed into ATP molecules
and no more ADP is available for phosphorylation. RCR, a
respiratory parameter linking states 3 and 4, quantifies the
coupled state of mitochondria and can be used to compare
mitochondrial populations obtained from a given tissue in the
same physiological status and isolation procedure (44).

In the present study, RCR tended to be lower in the group
overexpressing UCP1, which can be attributed to an increase
in inner proton permeability during state 4. Nevertheless,
oxygen consumption from the UCP1-transferred group showed
no statistical differences in states 3 and 4 when compared
with the control group (Fig. 3B), confirming the data previously
published in an earlier study in muscle (16).

The energy efficiency of liver mitochondria was affected
by the expression of ectopic UCP1; i.e., the control mito-
chondria consumed less molecular oxygen to produce the
same amount of ATP than the group of mice that ectopically
expressed UCPI in their livers. In the mitochondria expressing
UCPI, the uncoupling protein reduced energy efficiency due
to increased proton transport from the intermembrane space
to the matrix. The respiratory chain consumes oxygen and
transports protons from the matrix to the intermembrane space,
and these protons and the potential difference originated is
used by ATP synthase to produce ATP. However, when UCP1
is expressed (naturally or ectopically), the protons and the
potential difference used by ATP synthase are substantially
reduced due to the proton flux mediated by this protein to
produce heat. Therefore, the UCP1 group should need more
oxygen consumption (more energy expenditure) to maintain
the same activity level as the control group (i.e., reduced energy
efficiency). At this time, a surplus of energy substrates (free
fatty acids, glucose) should be mobilized in order to maintain
metabolic energy production in the usable form of ATP.

The fluorescence intensity of the dye DiSC3 5 was used as
an indicator of potential (AW) in biological membranes. This
method is based on the potential-dependent partitioning of
the dye between the mitochondria and the medium, leading
to a decrease in the fluorescence (‘quenching’) with increasing
AW (45,46) The addition of succinate (state 2) activates the
respiratory chain by increasing the membrane potential (proton
transport to the intermembrane space) and diminishes fluor-
escence intensity. The addition of ADP (state 3) produces the
inverse effect and, when ADP is consumed by the mitochondria
respiratory chain (state 4), the proton flux is reactivated
producing nearly the same reduction in fluorescence as in
state 2. Our results show similar fluorescent activity in all
respiratory states between control and UCP1 groups. When
present, UCP1 is continuously translocating protons and
reducing the membrane potential, diminishing ATP production.
This is reflected in the slowing down of ADP consumption
(state 3 duration, Fig. 4B), which is longer in UCP1 transfected
mitochondria than in those of the control group. Consequently,
if mitochondria expressing UCP1 spend more time consuming
the same quantity of ADP (which can be assumed to produce
the same quantity of ATP), it should be concomitant with
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increases in oxygen consumption and energy expenditure
47).

Hence, a greater heat loss induced by UCP1 DNA transfer
may be consistent with higher energy expenditure, and could
have potential applications in the understanding of energy
efficiency mechanisms as well as in the manipulation of
energy homeostasis. There are several experiments concerning
uncoupling proteins, either in animals (11,16,48) or in cells
(14), supporting the use of UCPs in gene therapy as a potential
tool for controlling different diseases related to energy homeo-
stasis, but there has been no report using the cheap and simple
hydrodynamic-based procedure. Our experiments demonstrate
that ectopic UCPI1 expression in the liver affects mitochondria
energy metabolism by decreasing the energy efficiency
related to thermogenesis and body weight homeostasis, and
provides additional data about the mechanisms of action of
this protein.

In summary, the successful expression of UCP1 (a mito-
chondrial protein) in mouse liver after a single injection in
the tail vein using a hydrodynamic method, showed changes
in bioenergetic properties of isolated liver mitochondria and
in energy efficiency. These results suggest that UCP1 gene
transfer in mouse liver by hydrodynamic-based procedures
could be a useful approach, by dissipating energy surplus, to
understand and manage metabolic disorders related to energy
efficiency and expenditure in mice, and confirms that gene
therapy is expected to be useful in the treatment of diseases
such as obesity.
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