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A B S T R A C T

In humans, low brown adipose tissue (BAT) mass and activity have been associated with increased adiposity and
fasting glucose levels, suggesting that defective BAT-dependent thermogenesis could contribute to the devel-
opment of obesity and/or type 2 diabetes. The thermogenic function of BAT relies on a vast network of mi-
tochondria exclusively equipped with UCP1. Mitochondrial biogenesis is exquisitely regulated by a well-defined
network of transcription factors that coordinate the expression of nuclear genes required for the formation of
functional mitochondria. However, less is known about the mitochondrial factors that control the expression of
the genes encoded by the mitochondrial genome. Here, we have studied the role of mitochondrial transcription
termination factor-4 (MTERF4) in BAT by using a new mouse model devoid of MTERF4 specifically in adipocytes
(MTERF4-FAT-KO mice). Lack of MTERF4 in BAT leads to reduced OxPhos mitochondrial protein levels and
impaired assembly of OxPhos complexes I, III and IV due to deficient translation of mtDNA-encoded proteins. As
a result, brown adipocytes lacking MTERF4 exhibit impaired respiratory capacity. MTERF4-FAT-KO mice show a
blunted thermogenic response and are unable to maintain body temperature when exposed to cold. Despite
impaired BAT function, MTERF4-FAT-KO mice do not develop obesity or insulin resistance. Still, MTERF4-FAT-
KO mice became resistant to the insulin-sensitizing effects of β3-specific adrenergic receptor agonists. Our results
demonstrate that MTERF4 regulates mitochondrial protein translation and is essential for proper BAT thermo-
genic activity. Our study also supports the notion that pharmacological activation of BAT is a plausible ther-
apeutic target for the treatment of insulin resistance.

1. Introduction

Brown adipose tissue (BAT) is specialized in the generation of heat
to maintain body temperature in response to cold through a process
known as non-shivering adaptive thermogenesis [1]. The thermogenic
activity of BAT depends on the exclusive expression in brown adipo-
cytes of UCP1, a protein located in the inner membrane of mitochondria
that functions as a proton channel and uncouples substrate oxidation
(i.e. fatty acids and glucose) from the synthesis of ATP. As a result, the

energy accumulated as an electrochemical gradient generated by the
respiratory chain is dissipated as heat [2]. In addition to brown adi-
pocytes located in BAT depots, brown-like adipocytes can be also found
interspersed within white adipose tissue (WAT) [3,4]. These so-called
“brite” or “beige” adipocytes, which are ontogenically distinct from
“classical” brown adipocytes of BAT [5], express UCP1 in sufficient
amounts to become thermogenically competent [6]. Increased occur-
rence and thermogenic activity of both brown and beige adipocytes
have been shown to protect against obesity and metabolic disease in a
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variety of rodent models (reviewed in [7]). Interestingly, low BAT mass
and activity in adult humans have been associated with increased
adiposity and high fasting glucose levels, suggesting that defective BAT-
dependent thermogenesis could contribute to the development of obe-
sity and/or type 2 diabetes [8,9]. Given its capacity to influence whole
body energy and glucose homeostasis, BAT is nowadays viewed as a
promising target for the treatment of metabolic diseases.

Unlike white adipocytes, which show low mitochondrial mass and
limited oxidative capacity, the thermogenic function of brown and
beige adipocytes relies on the presence of a vast mitochondrial network.
Although subjected to dynamic changes in response to nutritional and
environmental cues, the mitochondrial population of brown adipocytes
is acquired during the maturation of BAT at late fetal stages in the
absence of thermogenic stress or as the result of the differentiation of
precursor cells in response to thermogenic stimuli [10,11]. The gen-
eration of new mitochondria is a complex process that requires the
coordinated expression of hundred of genes encoded by two compart-
mentalized genomes: the nuclear (nDNA) and the mitochondrial
(mtDNA) genomes. Mitochondrial biogenesis in BAT has been shown to
be tightly controlled at the transcriptional level by set of key tran-
scription factors that include NRF-2/GABP [12], ERRα/γ [13,14] and
the transcriptional co-activators PGC-1α and β [10,15,16], all of which
directly control the expression of nDNA-encoded mitochondrial genes.
Less is known about how the expression of mtDNA-encoded genes is
controlled in brown adipocytes. Mitochondrial transcription factors
TFAM and TFB2M are known to coordinate the transcription of the
mtDNA genes in several cell types and tissues (reviewed in [17]), but
detailed information about their specific functional relevance in BAT is
still missing.

The MTERF (mitochondrial transcription termination factor) family
of proteins, that include MTERF1, 2, 3 and 4, constitute, from the
functional point of view, a heterogeneous group of mitochondrial fac-
tors whose function in the control of the expression of mtDNA-encoded
genes remains to be fully elucidated. MTERF1, the founding member of
the family, was described as a terminator of the transcription of the
mtDNA H-strand [18]. However, more recent studies suggest that
MTERF1 only acts as a partial terminator of H-strand transcription
whereas it completely terminates L-strand transcription as a way to
prevent the antisense transcription of the ribosomal RNA genes [18].
The function of MTERF2 remains completely unknown, although it has
been suggested that it could work as a positive regulator of mtDNA
transcription [19]. Contrarily, MTERF3 has been described as a re-
pressor of mtDNA transcription [20]. Still, others studies have sug-
gested that MTERF3 could be involved in the control of mitochondrial
protein translation by participating in the assembly of the large mi-
tochondrial ribosomal subunit through its interaction with the 16S
rRNA [21]. Contrarily to MTERF2 and 3, no direct role in mtDNA
transcription or replication has been attributed to MTERF4. Instead, the
most recent studies suggest that MTERF4 participates in the assembly of
mitochondrial ribosomes by partnering with the mitochondrial me-
thyltransferase NSUN4 and by this means it regulates mitochondrial
protein translation [22]. Global loss of MTERF4-NSUN4 complexes
leads to embryonic lethality, whereas heart-specific deletion of either
protein leads to reduced assembly of mitochondrial ribosomes and
impaired cardiac mitochondrial function that results in premature
death [22,23]. Still, the functional relevance of MTERF4 in other tis-
sues, such as BAT, where mitochondria are highly abundant, remains to
be explored.

2. Material and methods

2.1. Generation of adipose-specific Mterf4 knockout mice

Adipose-specific Mterf4 knockout mice, from now on referred as
MTERF4-FAT-KO, were generated by crossing mice carrying loxP sites
flanking exon 2 of the Mterf4 gene (Mterf4flox/flox) [22] with transgenic

mice that overexpress Cre recombinase under the adipocyte-specific
promoter of adiponectin (AdipoQ-Cre) (The Jackson Laboratory) [24].
For all our experiments, animals were housed in a temperature-con-
trolled environment at 21 °C, subjected to a 12/12 h light/dark cycle
and fed a standard diet (2018 Tecklad Global 18% Protein Rodent Diet,
18% Kcal from fat, Harlan Laboratories, USA) unless otherwise stated.
Only males were used in this study.

All procedures involving animal experimentation were approved by
the Animal Experimentation and Ethics Committee of the Vall d'Hebron
Research Institute (ID 66/17 CEEA) and were carried out according to
the EU Directive 2010/63/EU for animal experimentation.

2.2. Acute cold exposure

For the acute cold exposure experiments, 10-week old MTERF4-
FAT-KO male mice fed a standard diet and their wild type (Wt) litter-
mates were used. Animals were first individually caged with free access
to water and food (standard diet) but no bedding. Basal core body
temperature was determined with a rectal probe and then mice were
immediately transferred to a room set at 4 °C. Body temperature was
regularly measured every hour for a period of 5 h. A group of control Wt
and MTERF4-FAT-KO mice was maintained in parallel at room tem-
perature (21 °C) for the entire duration of the experiment. Afterwards,
mice were euthanized by cervical dislocation, BAT and WAT depots
isolated, snap frozen in liquid nitrogen and stored at −80 °C until
further analysis. Additionally, a small piece of BAT was kept for his-
tological analysis.

2.3. Whole body composition and indirect calorimetry

Whole-body composition was measured using nuclear magnetic
resonance (NMR) imaging (Whole Body Composition Analyzer;
EchoMRI, Houston, TX, USA). Energy expenditure and locomotor ac-
tivity was assessed using a TSE LabMaster modular research platform
(TSE Systems, Germany), as previously described [25]. Briefly, 16-week
old male mice fed a standard diet were first acclimated to the test
chambers during 48 h prior to the collection of O2 consumption, CO2

production and ambulatory activity data, which were recorded for an
additional period of 48 h. The data collected were used to determine
energy expenditure and locomotor activity.

To evaluate the thermogenic function of BAT in MTERF4-FAT-KO
mice, oxygen consumption was determined immediately after an acute
injection of the β3-adrenoreceptor agonist CL316,243. For this, Wt and
MTERF4-FAT-KO mice were placed in and acclimated to the calori-
metric system cages for 48 h and then a single dose (1mg/Kg) of
CL316,243 was intraperitoneally administered. Oxygen consumption
was measured 2 h before and 2 h after the administration of the β3-
receptor agonist.

2.4. Thermal imaging

Skin temperature of the interscapular region was recorded with an
infrared thermal imaging camera (T420 Compact-Infrared-Thermal-
Imaging-Camera, FLIR Systems) in 9-week old male mice fed a standard
diet. For this, the day prior to the acquisition of thermal images, the
interscapular region of mice was depilated. On the next day, 5–6 dorsal
images of each mouse were taken and analyzed with the FLIR
QuickReport 2.1 SP2 software. Specifically, for each image, a region of
interest (ROI) covering the interscapular region was drawn and the
maximal temperature within this region was determined. The maximal
temperature of the interscapular region of each mouse was calculated
by averaging the maximal temperature obtained for all the images
taken from every mouse.
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2.5. Gene expression

Gene expression was analyzed as previously described [26]. Briefly,
total RNA was first isolated from tissues with Trizol (Invitrogen) and
cDNA was then synthesized from 400 ng of RNA using SuperScript II
reverse transcriptase (Invitrogen) and oligo dT primers. Gene expres-
sion was assessed by quantitative PCR using gene-specific primers
(Supplementary Table 1) and SYBR green dye. Forty amplification cy-
cles were carried out at the following conditions: denaturing 95 °C 20s,
annealing 60 °C 20s, extension 72 °C 34s. Relative gene expression was
calculated according to the 2–ΔΔCt threshold method using cyclophilin A
as reference gene.

2.6. Western blot

Protein from WAT, BAT and skeletal muscle was prepared in ex-
traction buffer (50mM Tris pH=8.0, 150mM NaCl, 0.5% Sodium
deoxycolate, 1% SDS, 1% Triton X-100) supplemented with protease
inhibitors. Thirty to fifty microgram of protein extract were subjected to
electrophoresis in a 10% or 12% SDS/PAGE and transferred to a PVDF
membrane. Immunodetection was performed with specific antibodies to
detect UCP1 (uncoupling protein 1), COXI (cytochrome c oxidase sub-
unit I), NDUFB9 (NADH:ubiquinone oxidoreductase subunit B9), ACO2
(aconitase 2), SDHB (succinate dehydrogenase subunit B) (Abcam, UK),
COXIV (cytochrome c oxidase subunit IV) and α-tubulin (Merck
Millipore, USA).

2.7. Histology

Interscapular BAT was fixed overnight in 4% formaldehyde. After
dehydration in a series of ethanol solutions of increasing concentration,
the tissue was embedded in paraffin for subsequent sectioning. Tissue
sections (5–8 μm) were stained with hematoxylin/eosin and images
were taken using a BX61 Olympus microscope.

2.8. Transmission electron microscopy

BAT of 12-week old MTERF4-FAT-KO male mice and their Wt lit-
termates was dissected, cut into small pieces of 1–2mm3 and fixed in
2.5% glutaraldehyde/2% paraformaldehyde in 0.1M phosphate buffer
(pH=7.4). After washing, samples were postfixed with 1% OsO4 in
cacodylate buffer. Samples were dehydrated in graded acetone series
and embedded in epoxy resin. Ultrathin sections were mounted on
copper grids, contrasted with uranyl acetate/lead citrate and examined
in a Jeol JEM-1400 transmission electron microscope equipped with a
Gatan Ultrascan ES1000 CCD camera.

2.9. Enzymatic activity of mitochondrial respiratory chain complexes

To determine the activity of mitochondrial respiratory chain com-
plexes, mitochondria were first purified by differential centrifugation.
Interscapular, axillar, and cervical BAT depots from 10- to 12-week old
MTERF4-FAT-KO mice and Wt littermates fed a standard diet were
isolated, pooled and homogenized in a Potter-Elvehjem tissue homo-
genizer in homogenization buffer (0.25M sucrose, 5 mM TES, 0.2mM
EGTA and 0.5% fatty acid-free BSA, pH=7.2). Samples were then
centrifuged at 8500g for 10min, the supernatant discarded and the
mitochondria-containing pellet resuspended in homogenization buffer.
Samples were then centrifuged at 800 g for 10min to pellet nuclei and
cell debris. Next, the supernatant was centrifuged at 8500g for 10min
to recover the mitochondrial fraction. The pelleted mitochondria were
washed once in KCl/TES buffer (100mM KCl/20mM TES, pH=7.2)
and finally resuspended in the same buffer. Mitochondria were sub-
jected to three cycles of freezing and thawing to disrupt membrane
integrity and then protein content was measured by using the bi-
cinchoninic acid method (Pierce, IL, USA). Eighty to one hundred and

sixty microgram of protein were used to measure respiratory chain
complex activity by spectrophotometric methods as follows:

NADH-ubiquinone oxidoreductase (complex I)
Reaction mix was prepared by adding protein extracts and 10 μl of

10mM NADH to 950 μl of reaction buffer (50mM KCl, 1 mM EDTA,
10mM Tris-HCl, 2 mM KCN, 300 nM antimycin, pH=7.4). After 1min,
5 μl of 10mM decylubiquinone were added to start the reaction. The
oxidation rate of NADH was measured on a spectrophotometer at
340 nm during 2min at 30 °C. Then, rotenone was added to stop the
NADH-ubiquinone oxidoreductase specific activity. The rotenone-in-
sensitive rate was measured for 10min and subtracted from the rate of
NADH disappearance.

Succinate dehydrogenase (complex II)
Reaction was carried at 30 °C in 950 μl of buffer (50mMK-phos-

phate, 0.1mM EDTA, 0.01% TritonX, 2mM KCN, 300 nM antimycin,
10 μM rotenone). Fifty microliter of mitochondrial protein extract and
20 μl of 1 mM of succinate were added and 5min later the reaction was
started by the addition of 40 μM dichloroindophenol and 20 μM decy-
lubiquinone. Succinate dehydrogenase activity was monitored at
600 nm for 3min. Succinate dehydrogenase rate was calculated after
subtracting non-specific enzymatic activity, which was determined by
the addition of 0.5mM of thenoyltrifluoroacetone.

Succinate dehydrogenase+ubiquinone-cytochrome c reductase
(complex II+ III)

Coupled succinate dehydrogenase and ubiquinone-cytochrome c
reductase activities were measured as the rate of cytochrome c reduc-
tion with succinate as the electron donor. Sixty microliter of mi-
tochondrial extract were first incubated in reaction buffer (50mMK-
phosphate, 0.1mM EDTA, 2mM KCN, 10 μM rotenone, 20mM succi-
nate, pH=7.4) during 5min. Then, the reaction was initiated by
adding 50 μM of oxidized cytochrome c and monitored at 550 nm
during 3min. Non-enzymatic rates were calculated after adding 0.2 μg
of complex III inhibitor myxothyazol.

Cytochrome c oxidase (complex IV)
Cytochrome c oxidase activity was determined by using a cyto-

chrome c oxidase assay kit (Sigma, St. Louis, USA).

2.10. Oxygen consumption in isolated brown adipocytes

The interscapular, cervical and axillar BAT depots from 2 to 3Wt or
MTERF4-FAT-KO mice fed a standard diet were carefully dissected,
pulled and washed with DMEM:F12 media. BAT was then finely minced
with scissors and subjected to collagenase digestion for 30–40min at
37 °C in digestion buffer (100mM Hepes, pH=7.4, 123mM NaCl,
5 mM KCl, 1.3 mM CaCl2, 5mM glucose, 1.5% bovine serum albumin
and 1mg/ml of Collagenase A). After the digestion process was com-
pleted, the cell suspension was filtered through a 70 μm nylon cell
strainer to remove undigested tissue fragments and the cell suspension
was kept still for 20min to allow mature brown adipocytes float to the
top. Floating brown adipocytes were recovered, resuspended in
DMEM:F12 media, counted and immediately used for respiration stu-
dies. Basal and norepinephrine-stimulated oxygen consumption was
measured with a Clark-type oxygen electrode (Hansatech Instruments
Ltd.). In each experiment, 5× 104 cells were added to the oxygen
electrode chamber containing respiration media (DMEM:F12, 5% CO2,
pH=7.4) and subjected to very mild magnetic stirring (100 rpm).
Basal respiration was measured for 2–4min. Then, 1mM nor-
epinephrine was added and oxygen consumption monitored for an
additional period of 3–5min. Background was estimated as the oxygen
decrease measured over 1min after the inhibition of mitochondrial
respiration with 1mM KCN. Data shown are the average of 4 in-
dependent experiments with 2–3 respiration measurements per ex-
periment.
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2.11. In vivo lipolysis assay

To determine the effect that lack of MTERF4 has on lipolysis, levels
of circulating free-fatty acids were determined in serum of Wt and
MTERF4-FAT-KO mice at time 0 (basal) and 15min after an in-
traperitoneal injection of isoproterenol (10mg/kg). Non-esterified fatty
acids were measured with the NEFA-C kit (Wako Chemicals GmbH,
Germany).

2.12. Glucose and insulin tolerance tests

Glucose tolerance tests were performed on 12 h fasted mice. After an
intraperitoneal injection of glucose (2 g/Kg body weight), blood glucose
was measured at 0, 30, 60, 90 and 120min. For insulin tolerance tests,
mice were fasted for 5 h and then blood glucose was measured at 0, 30,
60, 90 and 120min following an intraperitoneal injection of insulin
(0.75–0.85 U/Kg of body weight). Glucose levels were measured in
blood using an ELITE glucometer (Bayer, Spain).

2.13. Positron emission tomography

PET imaging was performed on 15-week old Wt and MTERF4-FAT-
KO mice fed a standard diet using a small-animal Raytest ClearPET™
scanner. [18F]‑fluorodeoxyglucose ([18F]-FDG) uptake was determined
in the same animal under basal conditions (saline) or after stimulation
with 1mg/Kg of CL316,243. Mice were fasted overnight and 1 h after
the intraperitoneal administration of CL316,243 or saline, 7–9MBq
[18F]-FDG were injected into the tail vein. During the uptake period, the
mice were conscious. PET studies (energy window 250–750 keV and
16min static acquisition) were performed at 1 h post-injection in mice
under 2% isoflurane anesthesia.

A calibration factor predetermined by scanning a cylindrical
phantom containing a known activity of 18F was used to convert counts
per pixel/sec to kBq/cm3. Regions of interest (ROIs) were manually
drawn on sagittal PET images for interscapular regions in saline-treated
mice or defined by isocontour (applying a threshold of 20% relative to
SUVmax) in mice upon ß3-adrenergic stimulation. ROIs were placed in
the right lung as background activity. From each ROI, SUVmean (mean
standardized uptake value), SUVmax (single voxel with maximum value)
and BAT-to-background ratios were measured for PET quantification.
Images were analyzed using the image analysis software AMIDE [27].

2.14. Blue native polyacrylamide gel electrophoresis

Mitochondria from BAT of Wt and MTERF4-FAT-KO mice fed a
standard diet were isolated as indicated (see section 2.9). Mitochondria
were resuspended in 1.75M Aminocaproic acid, 75mM BisTris
(pH=7.0), 2 mM EDTA to a final concentration of 1–3mg/ml and
solubilized with 1% lauryl maltoside for 15min on ice. After solubili-
zation, samples were centrifuged at 4 °C and 20,000 g for 20min and
supernatants were collected and supplemented with Coomassie Brilliant
Blue-G up to 0.25% (dissolved in 750mM amminocaproic acid). Thirty
microgram of solubilized protein was loaded onto 4–20% Bis-Tris Nu-
PAGE pre-cast polyacrylamide gradient gels (Invitrogen) and resolved
by blue native electrophoresis (BN-PAGE) [28]. Resolved BN-PAGE gels
were either fixed and stained with 0.1% Coomassie Brilliant Blue-R or
wet-transferred to PVDF membranes. Western blotting was performed
using primary antibodies raised against Complex I 39 kDa subunit,
Complex II 70 kDa subunit, Complex III core 2 subunit, and Complex IV
subunit I. Peroxidase-conjugated anti-mouse immunoglobulins were
used as secondary antibodies. The signal was detected after incubation
with Immobilon Western Chemiluminescent HRP Substrate (Millipore).

2.15. In organello translation

In organello translation assay was performed as previously described

with minor modifications [22]. A volume of mitochondrial suspension
containing 0.3 mg of BAT mitochondria was centrifuged for 2min at
10,000 g and 4 °C. The mitochondrial pellet was washed once with 1ml
of translation buffer and centrifuged for 2min at 10,000 g and 4 °C.
Then, the mitochondria were incubated at 37 °C with gentle rotation for
5min in 300 μl of translation mix containing 60 μg/ml of all amino
acids except methionine (0.1 M manitol, 10mM sodium succinate,
80mM potassium chloride, 5 mM magnesium chloride, potassium
phosphate monobasic 1mM, 60 μg/ml of each amino acid, 5 mM ATP,
20mM GTP, 6mM phosphocreatine, 60 μg/ml creatine kinase, and
2m5M HEPES, pH=7.4). Easy Tag Express35S Protein labeling mix, a
mix of [35S]‑Methionine and [35S]-Cysteine (Perkin Elmer), was added
to a final concentration of 0.35mCi/ml. After 1 h of incubation with
gentle rotation at 37 °C, mitochondria were washed in translation buffer
and resuspended in a conventional SDS-PAGE loading buffer. Transla-
tion products were separated by SDS-PAGE and analyzed by auto-
radiography. Coomassie-staining of the SDS-PAGE gels was used as
loading control.

2.16. Statistical analysis

Data are presented as mean ± SEM. Statistical significance was
assessed using an unpaired Student's t-test or an analysis of the variance
(ANOVA) followed by Tukey post hoc test.

3. Results

3.1. Mice lacking MTERF4 in adipose tissues show a selective reduction of
OxPhos proteins

To study the role of MTERF4 in adipose tissues, we generated an
adipose-specificMterf4 knockout mouse model by crossingMterf4flox/flox

mice with transgenic mice that express Cre recombinase under the
control of the adiponectin promoter. Consistent with the specificity of
the adiponectin promoter, MTERF4-FAT-KO mice exhibited a sig-
nificant decrease in theMterf4mRNA levels in WAT and BAT, but not in
other tissues (Fig. 1A). The levels of mtDNA-encoded OxPhos proteins,
like COXI, were severely decreased, but still detectable, in WAT and
BAT, but they were not affected by the lack of MTERF4 in skeletal
muscle (Fig. 1B–C). Interestingly, we observed that the expression of
nuclear-encoded OxPhos subunits followed an unexpected and variable
pattern. Whereas the levels of OxPhos proteins belonging to Complex II
(i.e. SDHB), the only complex whose subunits are all encoded by the
nuclear genome, remained unchanged in adipose tissues or even
slightly increased in WAT, the levels of nuclear-encoded proteins be-
longing to OxPhos Complexes I (NDUFB9) and IV (COXIV) where dra-
matically decreased in both WAT and BAT (Fig. 1B–C). Considering the
relevant role proposed for brown adipocytes in the control of energy
and glucose homeostasis [7] and previous studies from our laboratory
indicating that reduced mitochondrial biogenesis in WAT does not af-
fect body weight or insulin sensitivity [29], we decided to pursue our
study exclusively on BAT.

3.2. Impaired mtDNA-encoded protein translation and OxPhos complex
assembly in MTERF4-FAT-KO mice

To investigate if reduced levels of mtDNA-encoded proteins in
MTERF4-FAT-KO was due to impaired de novo mitochondrial protein
synthesis, we performed in organello translation studies in isolated mi-
tochondria from BAT of Wt and MTERF4-FAT-KO littermates. As shown
in Fig. 2, protein translation was severely decreased in mitochondria
isolated from BAT of mice lacking MTERF4.

To further study the reason by which the levels of OxPhos subunits
belonging to complexes that contain mtDNA-encoded subunits were
decreased even if such subunits were encoded by the nuclear genome,
we analyzed the assembly of OxPhos complexes by BN-PAGE (Fig. 3A).
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Levels of the assembled OxPhos complexes I, III and IV, which contain
both mtDNA- and nDNA-encoded subunits, were decreased by 40–60%
in mitochondria from BAT of MTERF4-FAT-KO mice (Fig. 3). Contra-
rily, the levels of assembled complex II, which has all constituent sub-
units encoded by the nDNA, were maintained in BAT of mice lacking
MTERF4 when compared to their Wt littermates.

To determine how lack of MTERF4 and the consequent decrease in
the translation of mtDNA-encoded genes affected mitochondrial bio-
genesis, we first estimated mitochondrial mass by measuring mtDNA
content in BAT. As shown in Fig. 4A, a non-statistically significant mild
increase in mtDNA content was observed in BAT of MTERF4-FAT-KO
mice. Furthermore, ultrastructural analysis of BAT revealed that brown
adipocytes from MTERF4-FAT-KO were bigger and accumulated more
triglycerides in large lipid droplets than their Wt littermates (Fig. 4B).
Remarkably, mitochondria from MTERF4-FAT-KO mice looked very
similar in size and shape to the ones from Wt mice, but they appeared to
have shorter cristae (Fig. 4B). Moreover, despite impaired mitochon-
drial protein translation and assembly of OxPhos complexes, no com-
pensatory transcriptional response in BAT of MTERF4-FAT-KO mice
was observed for nuclear or mitochondrial genes encoding for mi-
tochondrial OxPhos proteins (Fig. 4C, left panel). Accordingly, no
change in the expression of major transcriptional regulators of mi-
tochondrial biogenesis was observed in BAT of mice lacking MTERF4
(Fig. 4C, right panel).

Fig. 1. Lack of MTERF4 specifically in
adipocytes leads to reduced levels of
OxPhos proteins in adipose tissues. (A)
mRNA expression in tissues of 15-week old
Wt and MTERF4-FAT-KO male mice fed a
standard diet was assessed by real-time
quantitative PCR. (SM, skeletal muscle;
Kid., Kidney; Liv., Liver; Thy., Thymus; Lu.,
Lung; Spl., Spleen; Tes., Testis; He., Heart;
gWAT, Gonadal WAT; iWAT, Inguinal
WAT). Results are expressed as
mean ± SEM (n=5 animals/group;
**P≤ 0.01. (B) Levels of representative
OxPhos proteins were detected by western
blot in protein extracts from BAT, WAT and
skeletal muscle. (C) Densitometric quanti-
fication of western blots (n=3 mice/
group; *P≤ 0.05. **P≤ 0.01).

Fig. 2. Impaired translation of mtDNA-encoded genes in BAT of mice lacking
MTERF4. De novo mitochondrial translation was analyzed in isolated mi-
tochondria from BAT of Wt and MTERF4-FAT-KO male mice fed a standard diet
(n=2–3 mice/group). Coomassie blue staining of the polyacrylamide gels (left
panel) is shown to demonstrate equal protein loading of all samples.
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3.3. Mice lacking MTERF4 exhibit reduced respiratory chain complex
activity and impaired brown adipocyte respiration

To determine how lack of MTERF4 affected the oxidative capacity of
BAT, we first isolated mitochondria fromWt and MTERF4-FAT-KO mice
and determined the activity of the respiratory chain complexes I to IV
(Fig. 5A). Consistent with the reduction in the levels of assembled
complexes I and IV, NADH-ubiquinone oxidoreductase (Complex I) and
cytochrome c oxidase (Complex IV) activities were decreased around

50% in BAT of MTERF4-FAT-KO mice. Contrarily, succinate dehy-
drogenase activity (Complex II) was found significantly increased in
mitochondria of MTERF4-FAT-KO mice, whereas coupled activity of
complexes II+ III was not significantly altered (Fig. 5A).

To gain insight into how impaired OxPhos complex function af-
fected the respiratory capacity of brown adipocytes, we isolated mature
brown adipocytes from BAT of Wt and MTERF4-FAT-KO mice and de-
termined oxygen consumption under basal conditions and after stimu-
lation with norepinephrine. As shown in Fig. 5B, brown adipocytes

Fig. 3. Reduced OxPhos complex assembly in BAT of MTERF4-FAT-KO mice. (A) Blue native polyacrylamide gel electrophoresis of isolated mitochondria from BAT of
Wt and MTERF4-KO mice fed a standard diet was carried out to analyze the levels of assembled OxPhos complexes. (B) Immunodetection of each complex was
achieved by using antibodies raised against Complex I 39 kDa subunit, Complex II 70 kDa subunit, Complex III core 2 subunit, and Complex IV subunit I. (C)
Densitometric quantification of assembled complexes detected with specific antibodies in BN-PAGE (n=6 mice/group; *P≤ 0.05).

Fig. 4. MTERF4-FAT-KO mice do not
exhibit a compensatory mitochondrial
biogenic response in BAT. (A) Relative
mtDNA content in BAT determined by
real-time quantitative PCR was used as
an indicator of mitochondrial mass. (B)
Representative transmission electron
microscopy images from 12-week old
Wt and MTERF4-FAT-KO male mice
fed a standard diet. (C) mRNA expres-
sion of nDNA- and mtDNA-encoded
mitochondrial genes (left panel) and
transcriptional regulators of mitochon-
drial biogenesis (right panel) was as-
sessed by real-time quantitative PCR in
BAT of 10- to 12-week old Wt and
MTERF4-FAT-KO male mice fed a
standard diet. Data are the
mean ± SEM (n=4–5 mice/group).
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lacking MTERF4 exhibit a decrease in basal oxygen consumption
compared to Wt, although differences did not reach statistical sig-
nificance. Moreover, contrary to Wt brown adipocytes, which robustly
respond to norepinephrine by increasing oxygen consumption by al-
most three fold, brown adipocytes from MTERF4-FAT-KO mice hardly
responded to adrenergic stimulation and failed to increase oxygen
consumption to the same levels as Wt adipocytes. Altogether, these
results indicate that lack of MTERF4 impairs mitochondrial oxidative
metabolism of brown adipocytes.

3.4. Impaired non-shivering adaptive thermogenesis and increased cold
sensitivity in MTERF4-FAT-KO mice

Gross morphological examination of BAT revealed important dif-
ferences between Wt and MTERF4-FAT-KO mice. Indeed, BAT from Wt
mice exhibited the reddish color characteristic of a highly active BAT,
whereas BAT from MTERF4-FAT-KO mice appeared paler, suggesting a
high accumulation of triglycerides (Fig. 6A). These alterations were
confirmed at the microscopic level (Figs. 4B and 6B). Indeed, brown
adipocytes from Wt mice had the characteristic features of active
thermogenic cells, with triglycerides accumulated in multiple and small
vacuoles. Contrarily, BAT of MTERF4-FAT-KO mice exhibited the pre-
sence of numerous cells with a white adipocyte-like morphology, big in
size and accumulating triglycerides in a single vacuole. The increased
lipid accumulation together with the reduced mitochondrial oxidative
capacity shown by brown adipocytes of MTERF4-FAT-KO mice strongly
suggests a defect in BAT thermogenesis. As a first approach to de-
termine BAT thermogenic activity in mice lacking MTERF4, we used
infrared imaging to determine the surface temperature of the inter-
scapular region, where the main BAT depot is located. As shown in
Fig. 6C, the interscapular temperature of MTERF4-FAT-KO mice was
almost 1 °C lower than in Wt mice.

Because BAT non-shivering thermogenesis is mediated through the
sympathetic stimulation of β3-adrenergic receptors, we tested by

indirect calorimetry the thermogenic capacity of MTERF4-FAT-KO mice
and Wt littermates by measuring oxygen consumption immediately
after acute administration of the β3-receptor specific agonist
CL316,243. As shown in Fig. 6D, Wt responded to the β3-receptor
agonist by rapidly increasing oxygen consumption, whereas this re-
sponse was severely blunted in MTERF4-FAT-KO mice.

BAT heavily relies on free-fatty acids released by WAT in response
to adrenergic stimulation to carry thermogenesis [30]. This prompted
us to determine if the impaired thermogenic capacity of MTERF4-FAT-
KO mice was the result of an altered lipolytic response. Stimulation of
lipolysis with isoproterenol similarly increased the circulating levels of
FFA in Wt and MTERF4-FAT-KO mice, indicating that the capacity to
mobilize lipidic substrates to sustain thermogenesis was not altered in
mice lacking MTERF4 (Fig. 6E).

The physiological consequences of lacking MTERF4 in BAT were
analyzed by acutely exposing mice to cold. When MTERF4-FAT-KO
mice were exposed to 4 °C, they rapidly lost body temperature and
became hypothermic (Fig. 7A). However, Wt littermates were able to
maintain their body temperature throughout the duration of the ex-
periment.

Consistent with the notion that impaired cold-induced thermogen-
esis in MTERF4-FAT-KO is the result of reduced mitochondrial oxida-
tive capacity, brown adipocytes from mice lacking MTERF4 accumulate
large amounts of triglycerides in their cytoplasm in single big vacuoles
after being exposed to cold (Fig. 7B). Contrarily, brown adipocytes from
Wt appeared almost completely depleted of lipids as a result of their
oxidation to produce the heat required to maintain body temperature.
Remarkably, we observed that the levels of UCP1 protein was very si-
milar in BAT of Wt and MTERF4-FAT-KO mice prior to the exposure to
low environmental temperatures (Fig. 7C), supporting the notion that
impaired thermogenesis is the result of low OxPhos activity but not of
alterations in UCP1 protein expression.

Fig. 5. Mitochondrial oxidative function of brown adipocytes is impaired in mice lacking MTERF4. (A) Enzymatic activity of mitochondrial respiratory chain
complexes I-IV was measured by spectrophotometric methods in mitochondria isolated from BAT of 10- to 12-week old Wt and MTERF4-FAT-KO male mice (n=7–9
animals/group). (B) Respiration of brown adipocytes isolated from 10-week old Wt and MTERF4-FAT-KO mice fed a standard diet was measured with a Clark-type
oxygen electrode in the absence (basal) or presence of 1 μM norepinephrine (NE). Lower panel shows the raw data of a representative respiration experiment. Data
are the mean ± SEM of four independent experiments. * indicates the statistical significance of the comparison between Wt and MTERF4-FAT-KO mice; # indicates
the statistical significance of the comparison between basal and norepinephrine-induced oxygen consumption. *P≤ 0.05, **, ##P≤ 0.01.
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3.5. Lack of BAT function in MTERF4-FAT-KO mice does not affect energy
balance or glucose homeostasis

Since impaired BAT function has been linked to obesity and insulin
resistance, we aimed at studying how lack of MTERF4 and the con-
sequent reduction in the oxidative capacity of brown adipocytes af-
fected energy balance and glucose homeostasis. Indirect calorimetry in
11- to 12-week old mice revealed similar energy expenditure between
Wt and MTERF4-FAT-KO mice, during both the light and dark phases of

the diurnal period (Fig. 8A). Consistent with the absence of differences
in energy expenditure, locomotor activity (Fig. 8B) or food intake
(Fig. 8C), MTERF4-FAT-KO mice exhibited similar body weight (Fig. 8D
and F) and fat content (Fig. 8E) than their Wt counterparts. Moreover,
MTERF4-FAT-KO mice exhibited normal glucose tolerance and insulin
sensitivity, despite the severe BAT dysfunction described (Fig. 8G–H).
When animals were challenged with a high fat diet for 18 weeks, no
differences were found between genotypes, since both Wt and MTERF4-
FAT-KO mice similarly developed obesity, glucose intolerance and

Fig. 6. Impaired BAT thermogenic function in MTERF4-FAT-KO mice. (A) Gross morphological aspect of BAT from 10-week old Wt and MTERF4-FAT-KO male mice
fed a standard diet. (B) Histological sections of BAT stained with haematoxilin/eosin. (C) Surface temperature of the interscapular area was determined by infrared
imaging (n=6–7 mice/group). (D) CL-316,243-stimulated (1mg/kg) oxygen consumption in Wt and MTERF4-FAT-KO mice fed a standard diet (n=5–6 mice/
group). (E) Lipolysis was evaluated by determining the levels of circulating FFA before (T0) and 15min (T15) after an injection of isoproterenol (10mg/Kg), (n= 7–8
mice/group). Data are the mean ± SEM. * indicates the statistical significance of the comparison between Wt and MTERF4-FAT-KO mice; # indicates the statistical
significance of the comparison between basal and isoproterenol-induced lipolysis *P≤ 0.05, **, ##P≤ 0.01.
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insulin resistance (Fig. 9).

3.6. Resistance of MTERF4-FAT-KO mice to the amelioration of glucose
homeostasis by chronic treatment with β3-receptor agonist

Recruitment of new brown and beige adipocytes within BAT and
WAT depots, respectively, and sustained activation of thermogenesis
has been suggested as a potential therapeutic strategy for the treatment
of obesity and associated metabolic diseases. To demonstrate to which
extent thermogenic activation of brown adipocytes in BAT and beige
adipocytes recruited in WAT are indeed required for the metabolic
improvement in response to adrenergic stimulation, we first fed Wt and
MTERF4-FAT-KO mice with a high fat diet to induce obesity and insulin
resistance and then treated them for three weeks with the β3-agonist
CL316,243. Treatment with the β3-adrenoreceptor specific agonist had
no noticeable effect on the levels of mitochondrial proteins in BAT of
Wt mice (Fig. 10A). Still, compared to Wt littermates, MTERF4-FAT-KO
mice exhibited reduced levels, both under basal and adrenergic-sti-
mulated conditions, of proteins belonging to OxPhos complexes I and
IV, regardless of whether they were encoded by the mtDNA or nDNA.
Contrarily, proteins of the OxPhos complex II (i.e. SDHB) were not af-
fected by the lack of MTERF4 and were expressed in BAT at similar
levels than in Wt animals. As expected, adrenergic stimulation of Wt
mice strongly induced browning of WAT, as indicated by a remarkable
induction of UCP1 expression (Fig. 10B). MTERF4-FAT-KO mice re-
sponded to the treatment with CL316,243 with a similar degree of WAT
browning, as judged by similar levels of UCP1, as Wt mice (Fig. 10B).
Browning of WAT was accompanied by an increase in the levels of
mitochondrial proteins in both Wt and MTERF4-FAT-KO mice. How-
ever, consistent with previous observations in BAT, proteins encoded by
the mtDNA or belonging to OxPhos complexes that contain mtDNA-
encoded subunits (i.e. OxPhos complexes I and IV) were induced to a
lower extent in WAT of MTERF4-FAT-KO mice. The noticeable induc-
tion of proteins like COXI after adrenergic stimulation in WAT of
MTERF4-FAT-KO could be due to the responsiveness to CL stimulation
of beige adipocytes in which recombination of the mterf4 gene has not
occurred as a result of the variable recombination efficiency in our
AdipoQ-Cre loxP model [31].

To study the effects of reduced brown and beige adipocyte oxidative

capacity on glucose homeostasis in response to adrenergic stimulation,
glucose and insulin tolerance tests were performed after the treatment
with the β3-adrenergic agonist. As shown in Fig. 10C–D, obese Wt mice
responded to the treatment with CL316,243 by significantly improving
glucose tolerance and insulin sensitivity. However, MTERF4-FAT-KO
mice failed to respond to adrenergic stimulation and did not improve
glucose homeostasis despite the efficient browning showed after the
treatment with CL316,243. [18F]-FDG uptake by BAT measured by PET
revealed no differences between Wt and MTERF4-FAT-KO mice under
basal conditions (Fig. 10E). Moreover, adrenergic stimulation with
CL316,243 lead to a similar increase in glucose uptake in Wt and KO
mice, suggesting that differential glucose clearance during the course of
GTTs and ITTs in MTERF4-FAT-KO mice in response to β3-adrenergic
agonist treatment was independent of BAT glucose uptake. We also
assessed the effect of β3-agonist treatment on body weight. As shown in
Fig. 10F, after 3 weeks of treatment with CL316,243 Wt mice decreased
body weight by> 3 g. However, the decrease in body weight induced
by the β3 agonist was less pronounced in MTERF4-FAT-KO mice. In-
terestingly, CL316,243 preferentially induced a reduction in the weight
of gonadal WAT, whereas it had minor effects on other WAT depots or
liver (Fig. 10F). Still, no significant differences were found between Wt
and MTERF4-FAT-KO mice.

4. Discussion

The discovery of active BAT in adult humans has brought renewed
interest in this tissue as a potential therapeutic target for the treatment
of obesity and its associated metabolic diseases by means of increasing
energy expenditure. The capacity of brown adipocytes to dissipate en-
ergy as heat relies on the acquisition during the course of their differ-
entiation of a dense network of mitochondria distinctively equipped
with UCP1 [32,33]. The balanced acquisition of all the protein ma-
chinery of the respiratory chain is absolutely needed in order to build
up the membrane electrochemical potential that will be dissipated by
UCP1 to generate heat.

The present study demonstrates that MTERF4, a mitochondrial
protein of the MTERF family of transcription termination factors, is
essential for the full oxidative function of brown adipocytes. Our
findings showing that lack of MTERF4 severely impairs the translation

Fig. 7. MTERF4-FAT-KO mice are cold sensitive. (A) Body temperature of 9- to 10-week old Wt and MTERF4-FAT-KO male mice fed a standard diet exposed at 4 °C
during 5 h. Data are the mean ± SEM (n=5 mice/group; **P≤ 0.01). (B) Histological analysis of BAT from Wt and MTERF4-FAT-KO mice housed at 21 °C or
exposed at 4 °C for 5 h. (C) Western blot of UCP1 in BAT of Wt and MTERF4-FAT-KO mice (n=3 mice/group) housed at 21 °C, before being exposed to cold.
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of proteins encoded by the mitochondrial genome in brown adipocytes
fully supports the current view of MTERF4 as a central factor for mi-
tochondrial protein translation. Indeed, the current action model for
MTERF4 proposes that it controls mitochondrial protein translation by
participating in mitochondrial ribogenesis [22]. Specifically, MTERF4
would form a complex with NSUN4, another mitochondrial protein
with methyltransferase activity, and facilitate its recruitment to the
large mitochondrial ribosome subunit. The MTERF4/NSUN4 complex
would enable the interaction and subsequent assembly of the large and
small mitochondrial ribosomal subunits to form fully functional mi-
toribosomes [23]. Although our results strongly support a critical role
of MTERF4 mitoribogenesis and protein translation, some variable but
still detectable translation of mtDNA-encoded genes was detected in
BAT of mice devoid of MTERF4. The detection of some basal translation
of mtDNA-encoded proteins could be explained by the translational
activity in adipocytes in which efficient recombination of the Mterf4
gene has not occurred [31]. Residual translation is also compatible with
some degree of mitoribogenesis still occurring in the absence of
MTERF4 [22], suggesting that other factors may contribute to the as-
sembly of mitochondrial ribosomes to ensure certain basal level of
mitochondrial protein translation.

Although MTERF4 exclusively controls the translation of mtDNA-
encoded proteins, the levels of protein subunits encoded by the nDNA
but belonging to OxPhos complexes composed by both nDNA- and
mtDNA-encoded proteins were found reduced in BAT of MTERF4-FAT-
KO mice. mtDNA-encoded OxPhos subunits are highly hydrophobic
proteins residing in the inner mitochondrial membrane and act as
seeding cores for the assembly of the rest of the subunits that form the
functional OxPhos complex. In this regard, given the defect in their
translation in the absence of MTERF4, mtDNA-encoded proteins be-
come limiting for the stoichiometric assembly of the OxPhos complexes.
As a result, the unassembled subunits are eventually degraded to avoid
their accumulation within the adipocytes of MTERF4-FAT-KO mice
[34]. As a consequence, the loss of MTERF4 in BAT leads to a net de-
crease of approximately 40–60% in the levels of assembled OxPhos
complexes I, III and IV that translates into a similar reduction in their
enzymatic activity and an overall decreased in the oxidative capacity of
brown adipocytes, both under basal conditions and upon adrenergic
stimulation.

The primary physiological defect that stems from ablation of
MTERF4 in adipose tissues is the severe cold intolerance exhibited by
MTERF4-FAT-KO mice when acutely exposed to low temperatures. The

Fig. 8. Preserved energy balance and glucose homeostasis in mice lacking MTERF4 in adipose tissues. (A) Energy expenditure was determined by indirect calori-
metry. (B) Locomotor activity. (C) Food intake. (D) Body weight of mice before the calorimetric measurements. (E) Fat mass was determined by NMR. (F) Follow up
of body weight during 12weeks. (G) Glucose tolerance test was performed after a 12 h fast and with a dose of 2 g/Kg of glucose. (H) Insulin tolerance test was
performed in 5 h fasted mice and a dose of 0.75 U/Kg of insulin. All experiments were conducted in 8- to 10-week old male mice fed a standard chow diet, except for
the glucose and insulin tolerance tests that were performed on 16-week old male mice. Data are the mean ± SEM (n=5–6 mice/group).
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reduced capacity for cold-induced thermogenesis is neither due to in-
adequate UCP1 expression -MTERF4-FAT-KO mice exhibit similar levels
of UCP1 than their Wt littermates- nor to a reduced capacity to mobilize
fatty acids by lipolysis. Although lipolysis is critical for BAT thermo-
genesis, it has been shown that mice with defective lipolysis specifically
in brown adipocytes have their cold-induced thermogenic capacity
preserved due to the capacity to use fatty acids released by white adi-
pocytes as thermogenic substrates [30,35]. Therefore, even if the in-
creased triglyceride accumulation observed in BAT of MTERF4-FAT-KO
mice would suggest an impaired brown adipocyte lipolytic capacity, the
similar response of Wt and MTERF4-FAT-KO mice to isoproterenol in
raising the circulating levels of free fatty acids indicates that the
availability of lipid substrates for thermogenesis is guaranteed despite
the lack of MTERF4. Consequently, our results unequivocally point
towards the reduced respiratory chain complex activity as the major
cause of the cold intolerance exhibited by MTERF4-FAT-KO mice,
which are unable to build up the mitochondrial electrochemical gra-
dient required by UCP1 to carry out thermogenesis.

The mitochondrial defects in BAT of MTERF4-FAT-KO mice are
reminiscent of those found in heart of cardiac-specific MTERF4
knockout mice, which show reduced assembly and activity of OxPhos
complexes I, III, IV and V, as well as low content of mtDNA-encoded
proteins and reduced levels of some nDNA-encoded subunits [22]. The
pathophysiological result of the loss of MTERF4 in heart is the devel-
opment of a severe cardiomyopathy that leads to premature death
around 21weeks of age, as a direct consequence of the disruption of
proper mitochondrial function. A major difference between the cardiac-
and our adipose-specific knockout models lies in the transcriptional
response to impaired mitochondrial function. Indeed, in heart of car-
diac-specific knockout mice, a noticeable increase in the levels mtDNA-
encoded RNAs was found [22], suggesting the activation of a

mitochondrial biogenic response aimed at compensating mitochondrial
dysfunction and maintaining cardiac function. In this line, a dramatic
increase mitochondrial mass was observed in cardiac muscle of heart-
specific MTERF4-KO mice, which show aberrant mitochondria arranged
in a disorganized manner within the cardiac muscle fibers. However,
the lack of such compensatory mitochondriogenic response in BAT,
despite the severe defect in its oxidative function, together with the fact
that MTERF4-FAT-KO mice maintain normal energy expenditure and
body temperature when housed at 21 °C suggest that mice can adapt to
defective BAT thermogenesis by recruiting other thermogenic me-
chanisms that overtake the function of inactive BAT. Therefore,
whereas a mitochondriogenic response in heart of cardiac-specific
MTERF4-KO mice is absolutely required as an attempt to maintain heart
function at any cost, such response might be dispensable in BAT, since
brown adipocyte thermogenesis could be substituted by alternative
thermogenic mechanisms [36]. Thus, under normal housing conditions
(21 °C), the mitochondria with smaller cristae and reduced OxPhos
complexes content of MTERF4-FAT-KO mice appear sufficient to sustain
viable brown adipocytes. However, when animals are exposed to cold,
the newly recruited thermogenic mechanisms are insufficient to main-
tain the production of heat required to maintain body temperature and
MTERF4-FAT-KO mice get into hypothermia. The MTERF4-FAT-KO
phenotype would be similar to that observed in UCP1 knockout mice,
which, despite of exhibiting impaired BAT non-shivering adaptive
thermogenesis due to the lack of UCP1, they adapt to low temperatures
by increasing shivering [33]. The recruitment of other recently de-
scribed processes with thermogenic potential, such as creatine futile
cycle [37] or the generation of endogenous n‑acyl amino acids with
uncoupling properties [38] in MTERF4-FAT-KO mice cannot be dis-
regarded and would deserve further investigation. Moreover, it would
be interesting to investigate if long term adaptation to mildly cold

Fig. 9. Effects of a high fat diet on body weight and glucose homeostasis in mice lacking MTERF4 in adipose tissues. Wt and MTERF4-FAT-KO mice were fed a high
fat diet (60% Kcal from fat) for 18weeks, starting at the age of 8 weeks. (A) Body weight was determined weekly during the duration of the experiment. (B) At
26 weeks of age, mice were euthanized and tissues weighted (gWAT, gonadal WAT; rWAT, retroperitoneal WAT; iWAT, inguinal WAT; Liv, Liver; Sol, soleus; Gast,
gastrocnemious). (C) Glucose tolerance test was performed on 12 h-fasted mice (2 g/Kg glucose) (D) Insulin tolerance test was performed on 5 h-fasted mice (0.85 U/
Kg insulin). Data are the mean ± SEM (n=6–8 mice/group).
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temperatures is sufficient to mount the mitochondriogenic response
that was not observed under the temperature conditions used in the
present study.

Owing to its high oxidative capacity, BAT may exert a notable in-
fluence on energy balance [39,40]. Lower BAT mass and activity in
adult humans is associated with increased body mass index and blood
glucose levels [8,9], suggesting that impaired BAT oxidative function
may predispose to the development of obesity and glucose metabolism
disturbances. Surprisingly, MTERF4-FAT-KO mice do not gain more
weight than their Wt littermates nor they exhibit any alteration in
glucose homeostasis, even when fed an obesogenic diet. The lack of
differences in body weight between Wt and MTERF4-FAT-KO mice
clearly indicate that whole body energy balance is preserved in mice
lacking MTERF4, despite the severe impairment in BAT oxidative
function observed. This is consistent with the absence of differences in
energy expenditure and food intake between Wt and MTERF4-FAT-KO
mice. These, somehow, surprising findings are in line with the results of
other studies in rodent models devoid of genes like Ucp1 [32], Hdac3
[41] or Cpt2 [42] specifically in adipocytes. All these mouse models are
characterized by deficient thermogenesis and exacerbated cold sensi-
tivity, but none of them become obese, even if fed a high fat diet. Al-
together, these studies seem to undermine the contribution of BAT to
whole body energy expenditure. However, they are compatible with
recent studies that describe the recruitment of alternative thermogenic
mechanisms aimed at maintaining body temperature under standard
housing conditions in mice devoid of UCP1-dependent BAT non-shi-
vering thermogenesis. As mentioned above, different futile cycles or
alternative thermogenic mechanisms that contribute to energy ex-
penditure and heat production have been described in other tissues
[37,38,43,44]. Nevertheless, the contribution of these UCP1-in-
dependent thermogenic mechanisms to whole body energy balance has
not been explored in humans.

On the other hand, it has been proposed that that BAT-dependent
diet-induced thermogenesis greatly contributes to the maintenance of
body weight. Thus, at thermoneutrality, in the absence of any thermal
stress that requires of thermogenic processes to maintain body tem-
perature, UCP1 knockout mice develop obesity [45,46]. However, BAT-
dependent diet-induced remains a controversial issue [47,48] and some
other mouse models exhibiting severe BAT thermogenesis deficiency
due to lack of key genes involved in energy metabolism, such as Esrra/
Esrrg [13] or Cpt2 [49], do not develop obesity at thermoneutrality.
Therefore, although it is conceivable to speculate that MTERF4-FAT-KO
mice would develop obesity under thermoneutral conditions as a result
of impaired thermogenesis induced by diet, such hypothesis would need
to be corroborated in future studies.

Regardless of whether lack of basal thermogenic activity in brown
adipocytes is sufficient to bring about a deleterious metabolic pheno-
type, many studies in rodents support the notion that enhanced acti-
vation of BAT and browning of WAT greatly influence energy balance
and prevent obesity and obesity-related metabolic diseases, like insulin
resistance or type 2 diabetes [7,50]. In humans, evidence that boosted
activity of BAT has positive metabolic effects come from patients with
hibernomas or pheochromocytomes, who show abnormally increased
BAT mass and activity in correlation with reduced body weight [51,52].
Also, BAT activation by cold exposure in adult humans has been shown
to significantly increase energy expenditure and to improve whole body

insulin sensitivity [53,54]. Therefore, brown and beige adipocytes have
been viewed as an appealing target for the treatment of metabolic
diseases. Our findings that Wt mice but not MTERF4-FAT-KO fed a high
fat diet respond to treatment with the β3-receptor agonist CL316,243 by
increasing oxygen consumption and improving glucose homeostasis are
in full support of this idea. Again, the blunted response to the treatment
with CL316,243 observed in MTERF4-FAT-KO is not the result of im-
paired UCP1 expression in BAT, since both Wt and MTERF4-FAT-KO
mice exhibit similar levels of the protein in response to adrenergic
stimulation. Similarly, the browning capacity of WAT, as judged by the
induction of UCP1 protein, is preserved in MTERF4-FAT-KO mice. Re-
markably, the similar glucose uptake capacity exhibited by BAT of Wt
and MTERF4-FAT-KO mice when treated with a β3-receptor agonist
strongly suggests that the blunted improvement in glucose homeostasis
exhibited by mice lacking MTERF4 is not due differential glucose up-
take capacity in BAT. While glucose uptake has been often used as
readout of BAT thermogenesis, our results are in line with recent re-
ports that demonstrate a dissociation between adrenergically-induced
glucose uptake and thermogenesis [55]. The lack of improvement in
glucose homeostasis and reduction in body weight clearly seems to be
the result of the incapacity of adrenergic stimulation by β3-adrenergic
receptor specific agonists to increase energy expenditure in brown and
beige adipocytes. Although we did not measure it, the glucose uptake
attributable to beige adipocytes is not expected to be different between
Wt and MTERF4-FAT-KO mice, since both beige and brown adipocytes,
despite their different ontogenic origin, similarly respond to adrenergic
stimulation by activating UCP1-depedent thermogenesis [6]. Still, given
the reduced mitochondrial OxPhos protein content in WAT as a result of
the lack of MTERF4, a potential contribution of white adipocytes to the
differential metabolic response to adrenergic stimulation cannot be
totally ruled out. Our findings are similar to those reported in a recent
study using mice simultaneously devoid of ERRα and ERRγ, two orphan
hormone nuclear receptors that redundantly regulate mitochondrial
biogenesis in brown/beige adipocytes. ERRα/γ adipose-specific double
knockout exhibit impaired thermogenesis and are refractory to the
metabolic effects of adrenergic stimulation. As a result, they do not
improve glucose homeostasis nor they reduced body weight in response
to CL316,243 to the same extent as their Wt counterparts [13]. Alto-
gether, these findings strongly suggest that pharmacological activation
of brown/beige adipocytes by the use of sympathomimetics would be
sufficient to revert diet-induced insulin resistance in humans. However,
the undesirable cardiovascular side effects (i.e. rise in blood pressure
and heart rate) associated with the therapeutic doses of adrenergic
receptor agonists used in the clinical practice preclude their use in
obese and diabetic patients [56,57]. In this regard, several new mole-
cules, including fibroblast growth factor 21, natriuretic peptides, bone
morphogenic proteins or capsinoids, with the capacity to recruit and
activate brown adipocytes have been identified, but their therapeutic
potential remain to be defined (reviewed in [7,58]).

In summary, our results demonstrate that MTERF4 regulates
mtDNA-encoded protein translation in BAT. We also show that MTERF4
is essential for the thermogenic function of brown adipocytes in re-
sponse to cold, although impaired BAT activity does not favor the
spontaneous development of metabolic diseases in response to high fat
diet. In addition, we provide strong evidence that pharmacological
activation of brown/beige adipocytes may be an efficacious therapeutic

Fig. 10. Effect of long-term β3-adrenergic stimulation on glucose homeostasis in Wt and MTERF4-FAT-KO mice fed a high fat diet. Wt and MTERF4-FAT-KO mice
were fed a high fat diet (60% kcal from fat) during 15 weeks, starting at the age of 8 weeks. After 12weeks on a high fat diet, mice were treated during 3weeks with a
daily dose 1mg/Kg of CL316,243 or saline. (A) Western blots of mitochondrial proteins in BAT. Densitometric quantification of immunoblots is shown in the right
panel. (B) Western blots of mitochondrial proteins in WAT. Densitometric quantification of immunoblots is shown in the right panel. (C) Glucose tolerance test was
performed on 12 h-fasted mice (2 g/Kg glucose). The area under the curve is shown on the right panel. (D) Insulin tolerance test was performed on 5 h-fasted mice
(0.85 U/Kg insulin). The area under the curve is shown on the right panel. (E) PET scanning of [18F]-FDG uptake by BAT in 15-week old male mice fed a standard
diet. (F) Body weight gain in Wt and MTERF4-FAT-KO mice after the 3-week treatment with CL316,243. (E) Weight of major WAT depots, BAT and liver in mice
subjected to long term treatment with CL316,243. Data are the mean ± SEM (n=4–5 mice/group). * indicates the statistical significance of the comparison
between Wt and MTERF4-FAT-KO mice; # indicates the statistical significance of the comparison between saline and CL-treatment; *,#P≤ 0.05, **,##P≤ 0.01.
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option for the treatment of insulin resistance and type 2 diabetes.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bbadis.2019.01.025.
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