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An ATP-Mg2�/Pi inner mitochondrial membrane solute
transporter (SLC25A25), which is induced during adaptation to
cold stress in the skeletal muscle of mice with defective UCP1/
brown adipose tissue thermogenesis, has been evaluated for its
role in metabolic efficiency. SLC25A25 is thought to control
ATP homeostasis by functioning as a Ca2�-regulated shuttle of
ATP-Mg2� and Pi across the inner mitochondrial membrane.
Mice with an inactivated Slc25a25 gene have reducedmetabolic
efficiency as evidenced by enhanced resistance to diet-induced
obesity and impaired exercise performance on a treadmill.
Mouse embryo fibroblasts from Slc25a25�/� mice have reduced
Ca2� flux across the endoplasmic reticulum, basal mitochon-
drial respiration, andATP content. Although Slc25a25�/� mice
aremetabolically inefficient, the source of the inefficiency is not
fromaprimary function in thermogenesis, because Slc25a25�/�

mice maintain body temperature upon acute exposure to the
cold (4 °C). Rather, the role of SLC25A25 inmetabolic efficiency
is most likely linked to muscle function as evidenced from the
physical endurance test of mutant mice on a treadmill. Conse-
quently, in theabsenceofSLC25A25 theefficiencyofATPproduc-
tion required for skeletal muscle function is diminished with
secondary effects on adiposity. However, in the absence of UCP1-
based thermogenesis, induction of Slc25a25 inmicewith an intact
genemaycontribute toanalternative thermogenicpathway for the
maintenance of body temperature during cold stress.

Obesity and its associated co-morbidities develop from a
prolonged energy imbalance that occurs when food intake
exceeds energy expenditure. Although considerable progress
has been made in our understanding of the food intake side of
the energy balance equation (1), much less is known of mecha-
nisms of energy expenditure that can be utilized to reduce a
positive energy balance. Two major thermogenic systems are
known that can be activated voluntarily to increase energy
expenditure. One is brown adipose tissue that functions to reg-
ulate body temperature and will be activated or not depending

in part on whether a person chooses to become exposed to and
to tolerate a reduced ambient temperature. The other is skeletal
muscle, which functions primarily for motility, but is a major
site for caloric expenditure and can be recruited to reduce
excessive caloric stores. Although either exposure to reduced
ambient temperature or physical activity can increase energy
expenditure to maintain energy balance (2, 3), the modern life-
style of many individuals does not support these natural anti-
obesity solutions.
Given that skeletal muscle comprises up to 40% of total body

weight and is able to consume 90% of the whole body oxygen
uptake duringmaximal physical activity (4), the positive energy
balance of obese individuals could be determined by variations
in the efficiency of muscle energymetabolism (5). Mutations to
several genes encoding and/or regulating the sarcoendoplasmic
reticulum Ca2�-ATPases (SERCAs)4 show deleterious pheno-
types caused by defective Ca2� cycling, energymetabolism, and
muscle function (6–8); however, very few of these mutations
have been analyzed for their impact on susceptibility to obesity
and type 2 diabetes. Although the suppression of oxidative
phosphorylation by reducing the number of mitochondria has
beenproposed to provide the conditions for the development of
obesity and type 2 diabetes (5), in fact such suppression, as
occurs with a skeletal muscle-specific inactivation of PGC-1�,
leads to mice with a lean body composition and resistance to
diet-induced obesity (9). Therefore PGC-1�-deficient mice are
similar toUCP1-deficientmice in that a reduction in the capac-
ity for energy expenditure and reducedmitochondrial function
paradoxically reduces susceptibility to environmental obesity
(10).
It is generally observed that the inactivation of genes of

energymetabolism causes reducedmetabolic efficiency, that is,
the mutant mouse is more resistant to the effects of an obeso-
genic environment (3). The survival of a mouse in the wild
depends on maximal metabolic efficiency. A mouse can adapt
to the loss of a gene by utilizing alternative pathways; however,
it is highly probable that the pathway now functions with
reduced efficiency. For example, the targeted inactivation of
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of this function for maintaining body temperature is not lethal
in the laboratory environment and mice can be adapted to a
severely reduced ambient temperature (4 °C). However, the
alternative mechanism, which compensates for the lack of
UCP1, produces heat at an increased caloric cost that is
observed by a reduction in adipose stores during diet-induced
obesity (10).
Using microarray and gene expression analysis of skeletal

muscle from mice with mutations in Ucp1 and Lep we now
show that Slc25a25, which encodes a Ca2�-sensitive ATP-
Mg2�/Pi carrier in the inner mitochondria, is consistently up-
regulated in the skeletal muscle and inguinal fat in a number of
cold-adapted UCP1-deficient mouse models. Therefore,
up-regulation of Slc25a25 inmodels ofUCP1deficiency is asso-
ciated with adaptation to protect body temperature, but the
caloric cost, evident by a resistance to diet-induced obesity,
reflects a reduction in metabolic efficiency. To elucidate the
function of SLC25A25 in energy balance, mice with a global
deletion of Slc25a25 were created and shown to be resistant to
diet-induced obesity and have reduced physical endurance on a
treadmill. Therefore, reduced metabolic efficiency occurs with
both over- and underexpression of Slc25a25. Because
SLC25A25 is thought to maintain ATP homeostasis by func-
tioning as a Ca2�-regulated shuttle of ATP-Mg2� and Pi across
the inner mitochondrial membrane (11), SLC25A25 is pro-
posed to play an important function in the regulation of ATP
homeostasis necessary to support Ca2� cycling in skeletal mus-
cle. Its absence leads to energy inefficiency in the performance
of work, with secondary consequences on overall adiposity.

EXPERIMENTAL PROCEDURES

Gene Targeting—The Cre/loxP system was used to generate
mice with a global Slc25a25 deletion (Fig. 2A). A floxed
Slc25a25 allele was created by introducing loxP sites into the
introns flanking exons 2 and 3, with the third loxP site flanking
a neo cassette (G418 resistance) as a selectable marker. Tar-
geted C57BL/6J embryonic stem cells carrying the conditional
floxed allele were introduced into C57BL/6J-Tyr c-2J host blas-
tocyts. Chimeric progeny were crossed with C57BL/6J-Tyrc-2J
mice to generate progeny heterozygous for the targeted allele.
The presence of the 3 loxP sites was validated by genomic PCR
(Fig. 2B). Mice with a global deletion of Slc25a25 were gener-
ated by breeding Slc25a25fl/fl to EIIa-Cremice that express Cre
under the control of the EIIa promoter leading to expression of
Cre recombinase in preimplantation embryos. The expression
of genes under control of the adenoviral EIIa promoter is
known to be restricted to the oocytes and preimplantation
stages of the embryo (12), thereby leading to excision of exons 2
and 3 in the germline and all subsequent tissues and progeny.
Progeny carrying the complete deletion were backcrossed to
wild type C57BL/6J (WT) mice to ensure germline transmis-
sion of the mutation and removal of the EIIa-Cre transgene.
Microarray Analysis—Total RNA isolated from gastrocne-

mius red muscle of leptin-treated and untreated (PBS) Ucp1�/��
Lep�/� mice were used. RNA isolation was performed as previ-
ously described (13). Mice were kept at 28 °C for 1 week, and
then ambient temperature was reduced 2 °C daily. Mice
received leptin (1 �g/g/day in divided doses at 8:30 a.m. and

4:30 p.m.) from 20 °C until 16 °C. Animals were sacrificed 24 h
after ambient temperature reached 16 °C. Quality of RNA was
determined using the Agilent 2100 Bioanalyzer. RNA integrity
number of samples ranged from 8.1 to 8.8. Each RNA sample
was labeled and hybridized to the Applied Biosystems Mouse
Genome Survey Microarray platform. Each microarray con-
tained �34,000 features that include a set of about 1,000 con-
trols. Eachmicroarray used 32,096 probes to interrogate 32,281
curated genes representing 44,996 transcripts. Labeling and
hybridizationwere performed as described previously (14). Sig-
nal intensities across microarrays were normalized by trimmed
means. Features with signal/noise values �3 and quality FLAG
values �5000 were considered “detected” and subjected to
analysis of variance with p value of 0.01 using Spotfire Decision
Site software (Spotfire, Somerville, MA). The complete list of
genes with statistically significant (p � 0.05) levels of induction
by leptin is shown in Table 1.
Molecular Cloning and DNA Sequence of Mouse Skeletal

Muscle Slc25a25—cDNA was prepared from leptin-treated
Ucp1�/��Lep�/� quadriceps muscle. Slc25a25NCBI reference
sequence NM146118 was used to design primers for PCR using
cDNA prepared from Ucp1�/��Lep�/� quadriceps muscle.
Final reaction products were phenol-chloroform extracted and
ethanol-precipitated.DNAwas cutwith appropriate restriction
enzymes, gel-purified, and subcloned to the pCI-neo mamma-
lian expression vector (Promega, Madison, WI). Nucleotide
sequence was verified and aligned with mouse major isoform
(NM146118). Slc25a25 sequence from Ucp1�/��Lep�/� quad-
riceps muscle corresponded to NCBI reference sequence
AK132201, which lacks exon 6 and corresponds to the human
SCaMC-2b spliced variant.
Animals and Study Design—Experiments were carried out

onC57BL/6J (WT) and Slc25a25�/�malemicemaintained in a
temperature-controlled room (28 °C) with a 12-h light/12-h
dark cycle and fed rodent chow (PicoLab Rodent Diet 20 with
12 kcal % fat, LabDiet, Richmond, IN). Mice carrying a condi-
tional floxed Slc25a25 allele were generated by the Pennington
Transgenic Core. All animal experiments were approved by the
Pennington Biomedical Research Center Institutional Animal
Care and Use Committee in accordance with National Insti-
tutes of Health guidelines for care and use of laboratory
animals.
Dietary Studies—Eight-week-old Slc25a25 WT and knock-

outmalemice previouslymaintained at 28 °C and fed chow diet
(PicoLab RodentDiet 20with 12 kcal % fat) were single-housed,
fed a high fat diet (D12331 with 58 kcal % fat, Research Diets
Inc., New Brunswick, NJ), and kept at 20 °C for 10 weeks. Mice
were subsequentlymaintained at 28 °C for another 10 weeks. In
another study, two groups of 8-week-old WT mice were fed
chow and a high fat diet at 23 °C for 30 weeks.
Phenotypes of Energy Balance—Body composition was ana-

lyzed by NMR (Minispec body composition analyzer, Bruker
Optics, Billerica, MA). Oxygen consumption, carbon dioxide
production, and physical activity of individual mice were mea-
sured in a 16-chamber Oxymax lab animal monitoring system
CLAMS (Columbus Instruments, Columbus,OH).Glucose tol-
erance and insulin tolerance tests were performed after an
overnight fast as previously described (13).
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Cold Exposure—Slc25a25 WT and knock-out mice main-
tained at 28 °C were single-housed in cages with corncob bed-
ding and exposed to ambient temperature of 4 °C, and body
temperature was measured with a rectal probe (TH-8, Physi-
temp Instruments Inc., Clifton, NJ).
Assessment of Exercise Endurance—Untrained, age- and

body weight-matched male mice were used in forced exercise
endurance testing using a six-lane motorized rodent treadmill
(Columbus Instruments, Columbus, OH). Mice were acclima-
tized to the treadmill for 4 days at a velocity of 8 m/min for 15
min. On day 5, exercise endurancewas tested at an initial veloc-
ity of 8 m/min for 1 min after which velocity was increased at
2-m/min increments everyminute until a maximum velocity of
14m/min. Exhaustionwas determined as the point at which the
animal would repeatedly fall onto the metal grid despite gentle
tapping on the back of the mouse.
Quantitative Reverse Transcription-PCR—Total RNA was

prepared from tissues homogenized in TRI reagent (Molecular
Research Center Inc., Cincinnati, OH) as described previously
(15). The gastrocnemius is divided into 2 parts, the outer gas-
trocnemius white and the inner gastrocnemius red. The gastro-
cnemius white is located on the superficial lateral and medial
portions, whereas the red part is in the deep medial and lateral
portions. Quantitative reverse transcription-PCR was per-
formed using total RNA with specific primers and probes
designed using Primer-ExpressTM, version 2.0.0 (Applied Bio-
systems, Foster City, CA). TaqMan probes were used for quan-
tification of genes using the TaqMan one-step reverse tran-
scriptase PCRmastermixture (Applied Biosystems). All of gene
expression datawere normalized to the level of cyclophilin B for
mouse studies, RPLPO for human studies, or total nanograms
of input RNA/reaction. Primer and probe sequences are avail-
able upon request. Probes were designed from sequences in the
C-terminal region to detect all 4 isoforms of human SLC25A25
(hSCaMC-2a to 2d).
Mouse Embryonic Fibroblasts—Mouse embryonic fibro-

blasts (MEF)were generated from Slc25a25WTand knock-out
E13.5 embryos. Carcasses were eviscerated, decapitated, and
finely minced. Tissue from each embryo was digested with
0.05% trypsin for 15 min at 37 °C, washed with 10% FBS/
DMEM, centrifuged at 1,000� g for 5min, and the supernatant
discarded. Cell pellet was re-suspended and cultured inDMEM
plus 10% FBS and penicillin-streptomycin. Genotype of each
embryo was validated by genomic PCR. Primary MEF up to
passage 7 were used for experiments.
CalciumMobilization Assay—MEF were seeded at a density

of 30,000 cells/well and incubated overnight at 37 °C. Medium
was replaced with Hanks’ balanced salt solution buffer and an
equal volumeof loading bufferwith fluorescent dye (FLIPRCal-
cium Assay Kit, Molecular Devices, Sunnyvale, CA) and 25 mM

probenecid was added. Cell plates were then incubated for 1 h
at 37 °C and then for 45 min at RT protected from light.
Changes in cytoplasmic calcium concentration in response
to 300 nM bradykinin, 1 �M thapsigargin, and 5 �M ionomy-
cin were recorded as relative fluorescence units using the
FlexStation fluorescence plate reader (Molecular Devices).
Probenecid, bradykinin, thapsigargin, and ionomycin were
from Sigma.

Cellular Metabolism—The XF24 Analyzer (Seahorse Biosci-
ence, Billerica, MA) was used tomeasure the oxygen consump-
tion rate in a 24-well format (16). Culturemediumwas replaced
with unbufferedDMEMsupplementedwith 25mM glucose, 0.5
mM glutamine, and 1mM pyruvate 1 h prior to assay. Optimum
number of cells for bioenergetic experiments was initially
determined with MEF seeded at different densities (25,000,
30,000, 35,000, and 40,000 cells/well). We used 30,000 cells/
well for subsequent experiments. Mitochondrial function in
MEF was determined through sequential addition of 5 �M oli-
gomycin, 1 �M carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone (FCCP), and 1.5 �M antimycin A, 1 �M rotenone.
This allowed determination of basal oxygen consumption, oxy-
gen consumption linked to ATP synthesis, non-ATP linked
oxygen consumption (proton leak), uncoupled respiration, and
non-mitochondrial oxygen consumption (17, 18). Oligomycin-
sensitive respiration is calculated from the mean of the four
measurements after addition of oligomycin. ATP synthesis-
linked oxygen consumption is the difference between basal res-
piration and oligomycin-sensitive respiration. Proton leak is
the difference between oligomycin-sensitive respiration and
respiration after injection of antimycin A and rotenone. Non-
mitochondrial respiration is residual respiration obtained from
themean of least three points after addition of antimycin A and
rotenone. Uncoupled respiration was calculated as the mean of
the first three points after FCCP addition. Protein content in
eachwell wasmeasured to confirm an equal number of cells per
well. Protein concentrations were determined by bicinchoninic
acid assay (Sigma). Oligomycin, FCCP, antimycin A, and rote-
none were from Sigma.
ATP Measurements—ATP levels in wild type and SLC25A25-

deficient MEF were determined using an ATPlite Lumines-
cence Assay System (PerkinElmer Life Sciences). Cells were
seeded at a density of 30,000 cells perwell in unbufferedDMEM
supplemented with 25 mM glucose, 0.5 mM glutamine, and 1
mM pyruvate, and incubated in a non-CO2 incubator at 37 °C
for 1 h. Cells were then exposed to the following compounds for
1 min: 5 �M oligomycin, 1 �M FCCP, 100 mM 2-deoxy-D-glu-
cose, 2 �M rotenone, and 25 �M carboxyatractyloside. Cells
were lysed and cellular ATP content was measured. Lumines-
cence intensity of each well was measured using a Berthold
EG&GMicroLumat PlusDLReady plate-reading luminometer.
Cell Viability—The viability of the MEF following a 1-min

exposure to test compounds was assessed using the CellTiter-
Blue Cell Viability Assay (Promega,Madison,WI). The fluores-
cence intensity of each well was measured using a FlexStation
fluorescence plate reader (Molecular Devices).
Muscle Fiber-type Analysis—Skeletal muscle fiber-type was

analyzed using a immunohistochemistry technique modified
from Bajpeyi et al. (19). In brief, soleus muscle were collected,
cleaned, and blotted dry prior tomounting in amixture of opti-
mal cutting temperature compound and tragacanth powder
and then frozen in isopentane cooled over liquid nitrogen.
Twelve-�msections were processed for immunohistochemical
staining. Muscle sections were incubated in blocking buffer
(donkey serum) for 2 h followed by overnight incubation at 4 °C
in primary antibodies (1:200, v/v) specific formyosin slowmus-
cle (MAB1628, Chemicon) and laminin (AB2500, Abcam Inc.,
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Cambridge, MA). After washing with phosphate-buffered
saline, sections were incubated in the secondary antibodies
(Alexa Fluor 680 donkey anti-mouse and Alexa Fluor 350 don-
key anti-rat at 1:200 and 1:500 (v/v) dilution, respectively, from
Invitrogen) for 2 h. After further washing, the sections were
mounted in permount and coverglass was applied. Images were
taken using confocal microscope (Zeiss 510 META, Carl Zeiss,
Thornwood, NY) and type I fibers were counted. The relative
numbers of the different fiber types were quantified by count-
ing 2–3 sections from each sample containing aminimumof 50
muscle fibers.
Statistical Analysis—The data are expressed as the mean �

S.E. Unpaired t test was used to compare differences between
groups. Analysis of variance with the Bonferroni post hoc test
was used when more than two groups were compared (Stat-
view, version 5.0.1; SAS Institute Inc., Cary, NC).

RESULTS

Microarray and Gene Expression Analysis of Skeletal Muscle
for Genes Associated with Induction of Thermogenesis—The
body temperature of Ucp1�/� or Lep�/� mice drops 10 °C
within 3 h when they are acutely exposed to an ambient
temperature of 5 °C. If the ambient temperature is gradually
reduced about 2 degrees/day both mutant mice can tolerate
the cold at 5 °C for weeks (20, 21). Double mutant Ucp1�/��

Lep�/� mice are not able to tolerate the cold under this
protocol of gradually reducing the ambient temperature;
however, they can be rescued, if they are administered leptin as
the ambient temperature is gradually reduced (22). A microar-
ray analysis was performed on skeletal muscle RNA from
Ucp1�/��Lep�/� mice with and without treatment with leptin
to identify inducible thermogenic pathways. Table 1 provides a

TABLE 1
Microarray gene expression data in gastrocnemius red muscle of Ucp1�/��Lep�/� mice treated with leptin

Gene p value Lep(�)/Lep(�)

Fold-change
Ion transport
Slc25a25, ATP-Mg2� mitochondrial carrier 0.001 3.3
Solute carrier family 20, member 2 0.047 2.4
Calcium channel, voltage-dependent � subunit 6 0.039 2.1
ATPase, H� transporting, lysosomal accessory protein 2 0.032 1.5

Protein translocation
Exportin 0.031 2.4

Mitochondrial enzyme
Aldehyde dehydrogenase family 7, member A1 0.009 3.3
Thioredoxin reductase 2 0.014 2.0

Phosphate metabolism
Paraoxonase 20.012 2.6

Peroxisomal/mitochondrial enzyme
Catalase 0.006 1.5
Serine hydrolase-like 0.046 1.8

Transcription factors
GCN5 general control of amino acid synthesis-like 2 (yeast) 0.030 4.1
Zinc finger protein 295 0.030 3.8
Homeo box A5 0.012 2.4
cAMP responsive element binding protein 1: RIKEN cDNA 3526402H1 gene 0.027 2.2
Metal response element-binding protein transcription factor 2 0.006 1.8
TGF� inducible early growth response 3 0.042 2.0
Core promoter element-binding protein 0.020 1.8

Stress and muscle fiber type
Heat shock protein 1 (chaperonin) 0.038 1.7

Wnt signaling related proteins
Dishevelled, dsh homolog 1 (Drosophila) 0.035 2.1
Transducin-like enhancer of split 4, homolog of Drosophila E (spl) 0.006 1.9

PAI regulation
Vitronection 0.005 2.0

Angiogenesis and obesity
Vascular endothelial growth factor A 0.012 1.7

Lipid mediator, inflammation
Leukotriene A4 hydrolase 0.018 2.0

Carbohydrate metabolism
Phosphofructokinase, muscle 0.033 1.7
Sorbitol dehydrogenase 1 0.010 1.6

Intracellular lipid storage
Adipose differentiation related protein 0.016 2.0

Adipocyte differentiation
Cyclin D1 0.004 2.0

Fatty acid oxidation
Hydroxyacyl-coenzyme A dehydrogenase/3-ketoacyl-coenzyme A thiolase/
enoyl-coenzyme A hydratase (trifunctional protein), � subunit

0.046 1.9

Endoplasmic reticulum calcium-binding protein
Reticulocalbin 0.026 1.5
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list of 29 genes with significant levels of induction. That 5 of
these genes are associated with Ca2� metabolism in skeletal
muscle underscores the pivotal role for this metabolism in the
induction of thermogenesis by leptin. We selected Slc25a25,
which encodes a ATP-Mg2�/inorganic phosphate carrier
located in the innermitochondrial membrane, for further anal-
ysis, because it is structurally analogous to UCP1 andmay have
a related transport function. Up-regulation of Slc25a25 (ATP-
Mg2�/Pi carrier) consistently occurs in skeletal muscle of other
cold-adapted UCP1-deficient mouse models, including, induc-
tion in Ucp1�/��Lep�/� (Fig. 1A), Dbh�/� (dopamine �-hy-
droxylase) (Fig. 1B), and Gdm�/��Ucp1�/� (Gdm; mitochon-
drial glycerol-3-phosphate dehydrogenase) mice (Fig. 1C).
SLC25A25 is thought to maintain ATP homeostasis by func-
tioning as a Ca2�-regulated shuttle of ATP-Mg2� and Pi
across the inner mitochondrial membrane (11), however, the
induction of Slc25a25 expression under severe cold stress
suggests that SLC25A25 is able to contribute to thermogen-

esis in skeletal muscle and inguinal fat. How this thermo-
genic activity is achieved by the putative function of
SLC25A25 as an inner mitochondrial solute transporter is
not understood.
TheDNA sequence analysis of the Slc25a25 isoform induced

in muscle was performed on a cDNA cloned from leptin-
treatedUcp1�/��Lep�/� quadriceps muscle. The Slc25a25 iso-
form overexpressed in skeletal muscle of UCP1-deficient
mouse models corresponded to the human SCaMC-2b spliced
variant lacking exon 6.
Generation and Validation of Global Slc25a25 Knock-out

Mice—To determine the role of Slc25a25 in overall energy
homeostasis, we used the Cre/loxP system to generate mice
with a global Slc25a25deletion as described under “Experimen-
tal Procedures” (Fig. 2A). Micewith a global deletion of Slc25a25
were generated by breeding Slc25a25fl/fl to EIIa-Cremice leading
toSlc25a25excision in thegermlineandall subsequent tissues and
progeny (Fig. 2B). At 28 °C ambient temperature, newborn

FIGURE 1. Gene expression of Slc25a25 in UCP1-deficient mouse models. A, gene expression in skeletal muscle of PBS and leptin-treated Ucp1�/��Lep�/�

mice adapted to 20 °C. Gast is gastronemius muscle. Muscle dissection is described under “Experimental Procedures.” B, gene expression in skeletal muscle of
Dbh�/� (dopamine �-hydroxylase) mice adapted to 16 °C. C, gene expression in skeletal muscle and inguinal fat in Gdm�/� (mitochondrial glycerol-3-
phosphate dehydrogenase) mice fed chow diet adapted to 4 °C and in high fat diet fed (HFD) mice were housed at 20 °C for 10 weeks and then at 28 °C
for 10 weeks.
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Slc25a25�/� progeny are viable, born at the expected Mendelian
ratio and fertile.Gene expression for Slc25a25 in liver, quadriceps,
and inguinal fat measured by qRT-PCR showed similar levels in
expression inWT and Slc25a25fl/flmice, intermediate expression
in Slc25a25�/� mice, and absence of expression in Slc25a25�/�

mice (Fig. 2C). Importantly, expression in each tissue was propor-
tional to the number of intact alleles.
Body Weight Regulation and Metabolic Efficiency in

Slc25a25�/� Mice—At weaning (24 days of age) there was no
difference in body weight or composition in Slc25a25�/� or
Slc25a25�/� mice raised by mothers fed a chow diet (�12 Kcal
% fat) at 28 °C ambient temperature. During the subsequent 5
weeks of development, mutant mice began to show slight, but
significant, reductions in both fat and fat-free (lean) mass (Fig.
3A). Mice at 8 weeks of age were then fed a high fat diet and
maintained first at 20 °C and then at 28 °C (Fig. 3B). We pre-
dicted that if SLC25A25 is a part of a thermogenic mechanism
that is involved in the regulation of body temperature, reduc-
tions in adiposity in the KO mice will be robust at 20 °C and
then disappear when the ambient temperature is increased to
28 °C, as we previously observed for Ucp1�/� mice (10, 13).
Similar to the Ucp1�/� mice, at 20 °C fat mass gain was much
lower in Slc25a25�/� than WT mice; however, the phenotype
of Slc25a25�/� mice deviated from Ucp1�/� mice in 2 ways
(Fig. 3B). First, fat mass remained much lower in Slc25a25�/�

micewhen the ambient temperaturewas increased to 28 °C and
second, leanmasswas lower in the Slc25a25�/�mice at both 20
and 28 °C. Ucp1�/� mice did not have reduced lean mass (13).

Comparisons of body weight and composition of wild type
and Slc25a25�/� mice suggested that the capacity for growth

and maintenance of both fat and fat-free mass is attenuated
when the mice are placed on a high fat diet. To assess this
phenotype further we calculated metabolic efficiency from
body weight and food intake data (Table 2). Food intake was
about 10% higher in WT than KO mice at 28 °C but not differ-
ent at 20 °C.Metabolic efficiency increased 2.1- and 2.2-fold for
WT and KO, respectively, in the transition from 20 to 28 °C,
indicating that the effects of ambient temperature were similar
for WT and KO mice; however, at 20 °C metabolic efficiency
was 1.45-fold greater inWT than inKOmice and at 28 °C it was
1.35-fold higher in Wt than KO mice. This suggests that inac-
tivation of Slc25a25 reduces metabolic efficiency and leads to a
reduction in both fat and fat-freemass.Whethermetabolic effi-
ciency is reduced in aging mice on a low fat diet is not known,
but should be investigated. Young adult Slc25a25�/� mice
maintained a normal body temperature when acutely exposed
to the cold at 4 °C (data not shown), indicating that SLC25A25
is not required for the normal regulation of body temperature.
At 18 weeks, described in Fig. 3B, glucose tolerance and insulin
tolerance tests showed no difference in insulin resistance
between wild type and Slc25a25�/� mice (data not shown).
Indirect Calorimetry in Slc25a25 Knock-out Mice Indicates

Reduced Metabolic Efficiency in the Context of Diet-induced
Obesity—As shown in Fig. 3A, slight, but significant reductions,
in fat mass can be detected in Slc25a25�/� mice fed a low-fat
chow diet. Energy expenditure in high fat fed mice was
not different in KO and wild typemicemaintained at 28 °C, but
upon the shift to 4 °C oxygen consumption increased about
300% in both genotypes (Fig. 4A), consistentwith indistinguish-
able cold-sensitive phenotypes in wild type and KO mice, that

FIGURE 2. Generation and validation of Slc25a25 knock-out mice. A, scheme describing generation of Slc25a25 knock-out. Rectangles and triangles corre-
spond to exons and loxP sites, respectively. B, genomic PCR to demonstrate the presence of 3 loxP sites in Slc25a25 wild-type, heterozygous floxed, and
homozygous floxed mice. C, gene expression profile in liver, quadriceps, and inguinal fat showing Slc25a25 gene expression in wild-type (n � 3) and floxed
mice (n � 3); and a reduction and absence of expression in heterozygotes (n � 3) and knock-out (n � 3) mice, respectively. Data are mean � S.E.
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is,mice of both genotypes housed at 28 °Cwere able tomaintain
body temperaturewhen acutely exposed to an ambient temper-
ature of 5 °C for up to 17 h.5 The data on RER showed the
expected reduction (increased fat oxidation) in mice when
maintained at 4 °C, but no biologically significant difference in
RERbetweenwild type and Slc25a25�/�mice. It is unlikely that
the slight increase observed in heterozygote mice only has any
biological significance (Fig. 4A). On the other hand, oxygen
consumption was slightly higher in Slc25a25�/� mice fed a
high fat diet at 4 °C, and at 20 and 28 °C than in wild-type mice

5 R. P. Anunciado-Koza and L. P. Kozak, unpublished data.

TABLE 2
Food intake, body weight gain, and metabolic efficiency

20 °C 28 °C

BW gain (g) Weeks 2 to 7 Weeks 11 to 20
WT 5.6 � 0.4a (22) 15.2 � 0.7a (14)
KO 3.83 � 0.4 (20) 11.1 � 0.5 (11)

Total food intake (g)
WT 131.5 � 2.5 (22) 175 � 4.6a (11)
KO 126.6 � 2.7 (20) 156 � 3.2 (6)

Metabolic efficiency
WT 4.2 � 0.3a (22) 8.8 � 0.2a (11)
KO 2.9 � 0.02 (20) 6.5 � 0.3 (6)

a p � 0.01, WT versus KO. Metabolic efficiency � body weight gain (g)/ food in-
take (g) � 100. Data are mean � S.E.

FIGURE 3. Body weight and body composition in Slc25a25 wild-type (WT), heterozygous (HET), and KO mice. A, body weight, fat mass, and fat-free mass
in Slc25a25 WT (n � 9 –13), heterozygotes (n � 14 –22), and KO (n � 9 –22) mice fed chow diet and kept at 28 °C ambient temperature. Data are mean � S.E. a
and b, with different superscripts are significantly different at p � 0.05. B, body weight, fat mass and fat-free mass in Slc25a25 WT (n � 18) and KO (n � 11) mice
a fed high fat diet, and kept at 20 and 28 °C ambient temperature for 20 weeks. Data are mean � S.E. p � 0.01; #, WT versus KO.
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during long-term feeding of a high fat diet (Fig. 4B). This is
different from the response of Ucp1�/�, which showed differ-
ences in diet-induced obesity at 4 and 20 °C, but not at 28 °C,
and no genotype-dependent differences in oxygen consump-
tion until the temperature was well below 20 °C (13, 23).
Accordingly, between 28 and 20 °C the effects of inactivation of
Slc25a25 on energy expenditure are stronger than those seen in
Ucp1�/� mice where oxygen consumption does not exceed
that of control mice until the ambient temperature is reduced
to about 12 °C (23). Whatever physiological pathway
SLC25A25 is involved in, it does not seem to be directly associ-
atedwith thermogenesis regulating body temperature. Further-
more, the levels ofUcp1mRNA in interscapular brown adipose
tissue from wild type, Slc25a25�/�, and Slc25a25�/� mice
expressed as arbitrary units relative to cyclophilin mRNA were

14.1 � 0.4 (n � 9), 13.6 � 0.9 (n � 9), and 12.7 � 0.9 (n � 11),
respectively; differences were not statistically significant.
Altered Exercise Endurance in Slc25a25 Knock-out Mice—

The initial induction of Slc25a25 in skeletal muscle of cold-
stressed mice, the slight reduction in lean mass under low fat
chow diet, and the increased oxygen consumption per g of lean
mass in Slc25a25�/� mice suggested that skeletal muscle func-
tion was perturbed. The impact of the deletion in Slc25a25 on
skeletal muscle function was determined by subjecting
Slc25a25�/�mice to a forced treadmill exercise test.Mice lack-
ing Slc25a25 expression showed less than half the running
capacity of WT mice and heterozygotes had an intermediate
phenotype (Fig. 5A). Fiber-type analysis in soleus muscle, com-
posed of oxidative fibers, collected from mice 1 week after the
endurance test showed no difference in quantity of type 1 and

FIGURE 4. Oxygen consumption and RER in Slc25a25 wild-type (WT) and KO mice. A, VO2 consumption and RER in 9-week-old WT (n � 5), heterozygous (n �
6), and KO (n � 5) mice fed a high fat diet for 8 days and exposed to 4 °C for 56 h. Bar graphs represent VO2 and RER for 24 h at 28 °C and 48 h at 4 °C. Data are
mean � S.E. a-c, means are statistically significant at p � 0.05. B, VO2 consumption in WT (n � 8) and KO (n � 8) mice fed high fat diet at 20 and 28 °C ambient
temperature. Bar graph represents VO2 during light and dark hours for 3 days on week 10 at 20 °C and for 3 days on week 20 at 28 °C. Data are mean � S.E.
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type 2 fibers (Fig. 5B) indicating that loss of SLC25A25 did not
affect skeletal fiber type distribution. Mitochondrial content
estimated by citrate synthase activity in mitochondrial prepa-
rations isolated from the gastronemius and quadriceps skeletal
muscle was not different between the wild type and knock-out
mice (data not shown). Immunoblot analysis of the composi-
tion of the respiratory complexes from mitochondria isolated
from the quadriceps femoris with theMS604 antibody mixture
fromMitosciences, Inc. (Eugene, OR) showed no differences in
composition between wild type and mutant mice when fed a
low fat chow diet or a high fat diet (data not shown). The
hearts of SLC25A25-deficient mice have normal size (% of
body weight: 0.65 � 0.02 in WT versus 0.64 � 0.03 in
Slc25a25�/�) and do not show evidence of hypertrophy.
Thus disruption of Slc25a25 function leads to a compro-
mised muscle function under conditions of forced physical
exertion. At present we do not know whether the difference
in physical endurance is a consequence of skeletal or heart
muscle function.
SLC25A25-deficient Mouse Embryonic Fibroblasts Show

Reduced Ca2� Flux and ATP Content—Based upon the fact
that SLC25A25 has Ca2�-binding EF-hand domains and its
ATP-Mg2�/Pi activity is regulated by Ca2� (24), we next com-
pared Ca2� mobilization in MEF from WT and Slc25a25�/�

mice. Cells were exposed to 300 nM bradykinin, an agonist of
phospholipase C-coupled bradykinin receptor, to trigger Ca2�

release from the endoplasmic reticulum (ER). Bradykinin appli-
cation induced a Ca2� flux that was significantly less in mutant
thanWTMEF (area under the curve: 1,141,495 relative fluores-
cence units in WT versus 1,044,953 relative fluorescence units
in Slc25a25�/�, p � 0.05), indicating a difference in the filling
state of the ER Ca2� stores (Fig. 6A). Ca2� flux in response to
thapsigargin (Fig. 6A), a SERCA inhibitor, and ionomycin (Fig.
6A), an ionophore that induces pore formation in the endoplas-
mic reticulum membrane, did not show differences between
WT and mutant Slc25a25 MEF. Our study shows that the
genetic manipulation of the transporter does not have any
effect on calcium entry but does have an effect on ER calcium
accumulation.
To identify bioenergetic defects incurred by inactivation of

Slc25a25, we used an assay for mitochondrial function previ-
ously described (17, 18). MEF established from Slc25a25 WT

and knock-out mice were exposed to oligomycin (inhibitor of
ATP synthase), FCCP (a protonophore and uncoupler of elec-
tron transport), antimycin A/rotenone (mitochondrial com-
plex III/complex I inhibitor, respectively). The rate of basal res-
piration was 11% lower in Slc25a25�/� MEF compared with
WT (Fig. 6B). SLC25A25-deficient MEF, in an effort to com-
pensate for lower basal respiration, had a significantly higher
rate of glycolysis as shown by extracellular acidification rate
measurements (Fig. 6B). Similarly, the oligomycin-sensitive
oxygen consumption rate, which corresponds to respiration
linked to ATP synthesis was also 10% less in SLC25A25-defi-
cient MEF (Fig. 6, B and C) compared with WT. Respiration
associatedwith proton leak and FCCP-stimulatedmaximal res-
piratory rate was indistinguishable between WT and
SLC25A25-deficient MEF; however, non-mitochondrial respi-
rationwas 19% lower inmutantMEF (Fig. 6,B andC) compared
withWT. Measurement of cellular ATP levels showed that the
basal ATP levels are 11% lower in mutant MEF (Fig. 6D). Inhi-
bition of ATP synthesis by oligomycin treatment and glycolysis
by 2-deoxyglucose treatment showed that ATP levels are sig-
nificantly lower in Slc25a25-deficient MEF (Fig. 6D). Treat-
ment of cells with inhibitors did not reduce cell viability and the
activity of the mitochondrial marker, citrate synthase, was sim-
ilar. These findings suggest that overall cellular respiration in
mutant MEF is significantly reduced and that these cells are
unable to compensate for sufficient ATP production by
increasing glycolysis in the face of reduced mitochondrial res-
piration. Therefore, disruption of Slc25a25 leads to altered cel-
lularmetabolism characterized by reduction in total mitochon-
drial and non-mitochondrial respiration, which leads to
reduction in ATP levels. This may have significant implications
in the ability of SLC25A25-deficient mice to produce sufficient
ATP under conditions of increased energy demand such as
skeletal muscle contraction and thus is consistent with the
reduced endurance phenotype earlier described. ATP-Mg2�/Pi
carriers possess Ca2�-binding motifs facing the extramito-
chondrial space, which allows regulation of the carrier trans-
port activity by cytosolicCa2�without the requirement ofCa2�

entry in the organelle (25). In SLC25A25-deficient cells, the
reduced Ca2� flux paralleled the decrease in the capacity for
ATP synthesis.

FIGURE 5. Endurance phenotype and fiber-type distribution in Slc25a25 wild-type and knock-out mice. A, 12-week-old male Slc25a25 wild-type (n � 5),
heterozygous (n � 5), and knock-out (n � 5) mice were subjected to forced treadmill endurance test. Slc25a25 knock-out mice have significantly reduced
running time compared with wild-type mice. Data are mean � S.E. a and b, statistically significant at p � 0.05. B, fiber type distribution in soleus muscle of
Slc25a25 wild-type (n � 5), heterozygous (n � 5), and knock-out (n � 5) mice. Samples were collected 1 week post-endurance test. No significant difference in
distribution of type 1 and type 2 fibers was observed.
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Reduced Viability of Slc25a25�/��Gdm�/� Double Mutant
Mice—Given the striking similarities in phenotypes of
Slc25a25�/� and Gdm�/� mice, their Ca2� binding domains
and locations in the mitochondria, we used a number of different
breeding strategies (Slc25a25�/�/Gdm�/� � Slc25a25�/�/
Gdm�/�, Slc25a25�/�/Gdm�/� � Slc25a25�/�/Gdm�/�,

Slc25a25�/�/Gdm�/� � Slc25a25�/�/Gdm�/� and
Slc25a25�/�/Gdm�/� � Slc25a25�/�/Gdm�/�) to gener-
ate Slc25a25�/��Gdm1�/� mice. Only 8 double mutants were
obtained out of the expected 17 mice from a total of 159 off-
spring produced (� square test, p � 1.5 � 10�8). Three of the 8
viable double mutants had observable abnormalities: 1 had a

FIGURE 6. Ca2� flux and bioenergetic profile in MEF from Slc25a25 wild-type and KO mice. A, Ca2� flux in WT and KO MEF exposed to 300 nM bradykinin,
1 �M thapsigargin, and 5 �M ionomycin. Data are from three independent experiments. Twenty replicates per genotype were used in each experiment.
B, oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) in WT and KO MEF. 5 �M oligomycin, 1 �M FCCP, and 1.5 �M antimycin A, 1 �M

rotenone were injected at times indicated with measurements recorded after each injection. p � 0.05, *, WT versus KO. C, mitochondrial and non-mitochondrial
respiration rates calculated from B. p � 0.05, Student’s t test. D, cellular ATP levels in MEF at basal conditions and after a 1-min exposure to 5 �M oligomycin, 100
mM 2-deoxyglucose, 1 �M FCCP, 25 �M carboxyatractyloside, and 2 �M rotenone. All data presented are mean � S.E.
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unilateral cataract, another was runted, and 1 was found dead
shortly after weaning. The reduction in viability of the
Slc25a25�/��Gdm1�/� suggests that inactivation of both genes
in a mouse disrupts mitochondrial function to a degree that
survival is affected.

DISCUSSION

The phenotypes of Slc25a25�/� mice, resistance to diet-in-
duced obesity and reduced physical endurance on a treadmill,
are both consistent with reduced metabolic efficiency. The lat-
ter fits into amodel inwhich an inability tomaintainATP levels
impairs Ca2� cycling in the ER and the subsequent efficiency of
muscle contraction. A similar explanation can also apply to the
resistance to diet-induced obesity, whichmanifests itself over a
period of months rather than the minutes of a treadmill stress
test, that is, muscular activity for normal daily functioning of
Slc25a25�/� mice is less efficient and requires more caloric
energy, which becomes evident over several months through
reduced fat stores. Reduced ATP levels estimated from oxygen
consumption rates and direct measurements inMEF, as well as
attenuation of bradykinin-stimulated Ca2� cycling in MEF,
support the phenotypic data indicating that the capacity for
ATP synthesis is compromised by inactivation of Slc25a25.
TheATP-Mg2�/Pi Carrier Function and the SLC25A25Mito-

chondrial Carrier—In the 1980s an ATP-Mg2�/Pi carrier func-
tion, located on the inner mitochondrial membrane, was pro-
posed to be involved in uptake and accumulation of adenine
nucleotides in newborn rat liver (26). This ATP-Mg2�/Pi car-
rier catalyzes an electroneutral exchange of ATP-Mg2� for Pi
(27) and it is not inhibited by carboxyatractyloside and there-
fore not a ADP/ATP translocator. Importantly, the ATP trans-
port activity can be activated by cytosolic Ca2� (28, 29) and
because variations in the concentration of adenine nucleotides
were shown to affect state 3 respiration and ATP synthase-F0F1
activity (26), it is plausible that this carrier plays an important
function in the regulation of ATP homeostasis during skeletal
muscle contraction. Although, a structural analysis of the puri-
fied ATP-Mg2�/Pi carrier from the mitochondrial membrane
has not been achieved (30), structural and functional evidence
suggested that SLC25A25 has properties consistent with that of
the ATP-Mg2�/Pi carrier (31, 32). SLC25A25 is a member of a
family of inner membrane mitochondrial carriers (MC) that
function to shuttle metabolites, nucleotides, and cofactors
between the cytosol and mitochondria. SLC25A25 belongs to a
subgroup of SCaMCs (short calcium-binding MC) having a
bipartite structure; the C-terminal half is homologous withMC
family members and the N-terminal extension harbors
EF-hand motifs (corresponding to �-helices E and F of parval-
bumin, the archetypical calcium-binding protein) (11). The
extensions, which face the inter-membrane space, enable
CaMCs to transduce Ca2� signals without the need of Ca2�

uptake into themitochondrial matrix. These structural proper-
ties, together with the fact that SLC25A25 is expressed at much
higher levels in skeletal muscle than in liver or adipose tissue
suggest an important function in controlling ATP and Ca2�

homeostasis in muscle.

Metabolic Inefficiency from Over- and Underexpression of
Slc2a25—A challenge toward understanding the function of
SLC25A25 in energy metabolism lies in explaining how both
overexpression and underexpression of Slc25a25 leads to
reduced metabolic efficiency in mice fed an obesogenic diet.
Slc25a25 is overexpressed in mouse models of thermogenic
deficiency when they are acutely exposed to an ambient tem-
perature of 5 °C and cannotmaintain normal body temperature
(Fig. 1). We have reasoned that the maintenance of body tem-
perature in the mouse is so critical to its survival that it was
necessary to evolve a highly efficient system for the production,
regulation, and distribution of heat, that is, brown adipose tis-
sue. Therefore, if brown fat thermogenesis is inactivated by
mutations to Ucp1, then alternative thermogenesis must be
activated. As Slc25a25, which encodes a mitochondrial mem-
brane protein associated with ATP regulation, was one of the
major genes up-regulated in skeletal muscle in three models of
cold-sensitive UCP1-deficient mice (Fig. 1), it became a candi-
date for alternative thermogenesis. To support this correlative
data on induced overexpression implicating SLC25A25 in ther-
mogenesis, we sought additional correlative data by producing
mice with an inactivated Slc25a25 gene. Similar to Ucp1�/�

mice, Slc25a25�/� mice are resistant to diet-induced obesity,
but unlike Ucp1�/� mice, resistance to diet-induced obesity is
independent of the ambient temperature, that is, Slc25a25�/�

mice are resistant to diet-induced obesity after the ambient
temperature was increased to 28 °C (Fig. 3B). Therefore,
Slc25a25�/� are metabolically inefficient (Table 2), but the
source of inefficiency is not from a primary function in thermo-
regulation, because Slc25a25�/� mice maintain body temper-
ature upon acute exposure to the cold (data not shown). Rather,
the role of SLC25A25 in metabolic efficiency is most likely
linked to the reduced efficiency of muscle function as evident
from the physical endurance test of Slc25a25�/� mice on a
treadmill. Accordingly, in the absence of SLC25A25 the effi-
ciency of ATP production required for skeletal muscle function
is diminished with secondary effects on adiposity.
The ultimate underlying cause for reduced muscle endur-

ance lies in a reduced capacity for ATP synthesis (33). Indeed
our studies onmitochondrial respiration inMEF fromwild type
and Slc25a25�/� mice show reduced basal and oligomycin-
sensitive respiration in MEF from KO mice, as well as reduced
ATP levels estimated by the luciferase/luciferin assay (Fig. 6).
Consistent with this reduced ATP synthesis activity, Ca2�

cycling is attenuated inMEF of SLC25A25-deficientmice stim-
ulated with bradykinin. During the muscle contraction process
in Slc25a25mutants forced to exercise on a treadmill, it is pos-
sible that the reduced capacity for ATP synthesis cannot sup-
port activity of SERCA to maintain the sarcoplasmic reticulum
Ca2� pool. With time, insufficient Ca2� will be released via the
Ca2� release channels impairing cross-bridge cycling causing
diminished power output or muscle fatigue. In human patients
with reduced Ca2� sensitivity of force, a higher myoplasmic
Ca2� concentration is required to activate skeletal muscle
fibers at the same level as controls through increased SERCA
activity, thereby, diminishing the efficiency of muscle contrac-
tion (34).
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Although the EF-hand structural domains of SLC25A25 sug-
gest a function in Ca2� metabolism, the reduced levels of ATP
may affect muscle performance through reduced myosin activ-
ity. If reduced myosin activity occurs, the potential effects of
reducedATPproduction in SLC25A25-deficientmicemay also
extend to myosin-dependent skeletal muscle shivering. Shiver-
ing is thought to be the first line of defense to avoid a reduction
in core temperature upon acute exposure to the cold, with
induction of non-shivering thermogenesis subsequently being
the main defense during chronic cold exposure (35). Several
genetic models of mice with defective brown adipose tissue
thermogenesis, e.g. UCP1 (21), acyl-CoA dehydrogenases (36),
dopamine�-hydroxylase (37), or leptin (20), are cold intolerant
during acute exposure to an ambient temperature of 4 °C,
which suggests that shivering is incapable of maintaining body
temperature in the acute phase. However, all of these mutants
can tolerate the cold if gradually adapted by slowly lowering the
ambient temperature (22, 23, 38). So what is the thermogenic
mechanism in the brown adipose tissue-deficient cold adapted
mice? The induction of Slc25a25 in skeletal muscle of mice
chronically exposed to the cold suggests it could contribute to
adaptive thermogenesis in muscle. Given that its absence leads
to accelerated muscle fatigue, it is worthwhile to consider
whether SLC25A25 may be involved not only providing energy
for muscle contraction associated with physical activity, but
also with that associated with shivering and the possibility that
there is an adaptive aspect to shivering associated with chronic
exposure to cold.
Similarities between Gdm and Slc25a25—There is a remark-

able similarity in the phenotypes of Slc25a25�/� and Gdm�/�

mice that we and others have described (13, 39). Both mice
have reduced lean mass, both maintain body temperature
during an acute exposure to the cold at 4 °C, and both show
the same adiposity profile during feeding of a high fat diet,
first at 20 °C for 10 weeks and then at 28 °C for 10 weeks.
Bothmutant mice show increased oxygen consumption per g
of lean mass when they are cold stressed. In addition, double
mutant Slc25a25�/��Gdm�/� mice are obtained below the
expected Mendelian ratios in appropriate crosses. One phe-
notypic difference is thatGdm�/� mice do not show reduced
physical endurance.5 There are also striking structural sim-
ilarities, both proteins are located on the inner mitochon-
drial where they have EF-hand Ca2�-binding domains facing
the cytoplasmic space (11, 40). These enzymatic and trans-
port activities and the molecular structures of SLC25A25
and GDM, together with the phenotypes of Slc25a25�/�

mice, suggest a model in which both proteins are located in
the inner mitochondrial membranes where their EF-hand
Ca2�-binding domains sense fluctuating Ca2� and ATP con-
centrations associated with muscle contraction (Fig. 7).
In summary, the ability of UCP1-deficient mice to adapt to

cold led us to search for an alternative thermogenic system. A
microarray experiment of RNA from Ucp1�/� and wild type
mice identified Slc25a25 as a promising candidate. The pheno-
types of Slc25a25�/� mice reveals that SLC25A25 is located in
the inner mitochondria where its absence perturbs both mito-
chondrial respiration andCa2� cycling in the ERwith effects on
skeletal muscle function. Furthermore, the loss of SLC25A25

activity has effects on systemic energy balance as indicated by
the resistance of Slc25a25�/� mice to diet-induced obesity.
These studies on a role for mitochondrial Ca2� proteins in
muscle dovetail with a recently described role for an ATP-sen-
sitive K� channel protein (Kir6.2) in energy homeostasis as evi-
dence by a resistance to obesity and reducedmuscle endurance
in the Kir6.2-deficient mice (41, 42). These phenotypes of
Slc25a25�/� and Kir6.2�/� mice point to a pivotal role for
these proteins in systemic energy balance as well as muscle
function.
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J. K., Morrison, D. K., Tschöp, M. H., and Lewis, R. E. (2009) Cell Metab.
10, 366–378

43. Block, B. A. (1994) Annu. Rev. Physiol. 56, 535–577
44. Aprille, J. R. (1993) J. Bioenerg. Biomembr. 25, 473–481

Inactivation of a Mitochondrial Carrier

APRIL 1, 2011 • VOLUME 286 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 11671


