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Abstract
The physiological role played by uncoupling protein 3 (UCP3) in brown adipose 
tissue (BAT) has not been fully elucidated so far. In the present study, we evalu-
ated the impact of the absence of UCP3 on BAT mitochondrial functionality and 
morphology. To this purpose, wild type (WT) and UCP3 Knockout (KO) female 
mice were housed at thermoneutrality (30°C), a condition in which BAT contrib-
utes to energy homeostasis independently of its cold-induced thermogenic function. 
BAT mitochondria from UCP3 KO mice presented a lower ability to oxidize the 
fatty acids and glycerol-3-phosphate, and an enhanced oxidative stress as revealed by 
enhanced mitochondrial electron leak, lipid hydroperoxide levels, and induction of 
antioxidant mitochondrial enzymatic capacity. The absence of UCP3 also influenced 
the mitochondrial super-molecular protein aggregation, an important feature for fatty 
acid oxidation rate as well as for adequate cristae organization and mitochondrial 
shape. Indeed, electron microscopy revealed alterations in mitochondrial morphology 
in brown adipocytes from KO mice. In the whole, data here reported show that the 
absence of UCP3 results in a significant alteration of BAT mitochondrial physiology 
and morphology. These observations could also help to clarify some aspects of the 
association between metabolic disorders associated with low UCP3 levels, as previ-
ously reported in human studies.
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1  |   INTRODUCTION

Brown adipose tissue (BAT) is a thermogenic tissue able to 
convert the chemical energy into heat by consuming fatty 
acids. BAT mitochondria contain a relevant amount of un-
coupling protein 1 (UCP1), which accounts for about 10% 
of their proteins. UCP1 is localized in the mitochondrial 
inner membrane and plays a pivotal role in the above-men-
tioned conversion.1 By catalyzing proton leak under free 
fatty acid (FFA) activation, UCP1 allows the release of 
the energy contained in the mitochondrial electrochem-
ical gradient in the form of heat. When UCP1 is active, 
substrate oxidation rates in BAT are very high, fulfilling 
the essential role of this tissue in thermoregulation, and 
sustaining its long-lasting thermogenic function. In some 
conditions (eg, cold exposure), in addition to using stored 
fats as substrates, BAT requires additional energy supplies 
such as serum glucose and lipids, thus improving the glu-
cose metabolism and lipid profiles in certain conditions.2 
In adult humans, the amount of detectable BAT tissue 
inversely correlates with body mass index (BMI) and fat 
mass, and positively correlates with the resting metabolic 
rate (RMR).3 Consequently, BAT is emerging as an effec-
tive new target to counteract some metabolic disorders such 
as, among others, the metabolic syndrome.4,5 Moreover, 
BAT is less active under conditions of thermoneutrality, 
when only basal cellular reactions occur.6 Nevertheless, 
BAT does still play a role in energy homeostasis at ther-
moneutrality, since under these conditions the absence of 
UCP1 induces obesity,6 and alterations in BAT mitochon-
drial functionality affect the whole organism's metabolic 
fitness.7 Exploiting this non-thermogenic function of BAT 
may offer novel means to contrast metabolic disorders, and 
studies on factors/proteins able to influence BAT mito-
chondrial functionality would be crucial to reach this goal. 
In this context, investigations performed on animal models 
maintained at thermoneutrality are better translatable to 
humans, in which only a modest basal activation of BAT 
occurs as result of their high body weight/surface area ratio 
and their predominant exposure to thermoneutral comfort 
zone.8

Besides UCP1, BAT contains uncoupling protein 3 
(UCP3),9,10 which is also present in other metabolically active 

tissues, such as skeletal muscle and heart.11 The possible role 
of UCP3 in thermogenesis was initially discarded because, 
unlike UCP1-null mice, animals lacking UCP3 were able to 
adapt to an acute cold stimulus.12,13 Moreover, Mills and co-
workers demonstrated that UCP3-null mice display strongly 
blunted peak thermogenic and lethal responses to treatments 
with sympathomimetic drugs able to induce hyperthermia, 
such as 3,4-methylenedioxymethamphetamine and meth-
amphetamine.14-17 These mice also showed a completely 
abrogated lipopolysaccharide-induced thermogenesis.16 In 
addition, Nau and coworkers reported data on a colony of 
Djungarian hamsters harboring a BAT selective loss of UCP3 
expression (but normal UCP1) with a reduced cold tolerance, 
pointing to a role for this protein in maintaining BAT func-
tionality.18 Furthermore, UCP3 has been reported to be im-
plicated in myocardial vulnerability to ischemia/reperfusion 
injury,19-21 in metabolic homeostasis and in preventing some 
dysmetabolic diseases (obesity and insulin resistance).22-24

At the functional level, UCP3 mediates inducible proton 
leak, which is acutely activated only in the presence of some 
specific cofactors, including reactive oxygen species (ROS), 
FFAs, and fatty acid hydroperoxides.10,25-27 To date, UCP3 
has been shown to have key regulatory roles in fatty acid ox-
idation28,29 as well as in preventing ROS- and lipid hydroper-
oxide-induced damages.26,27

Most of the studies on the impact of the absence of UCP3 
on mitochondrial functionality have been focused on skeletal 
muscle and heart tissues. Attention has been given also to 
the role for UCP3 in BAT, despite the fact that this tissue 
contains a 10-fold higher amount of UCP3 protein with re-
spect to muscle and heart.10,30 Thus, revealing the role played 
by UCP3 in BAT is particularly intriguing, since in brown 
adipocytes this protein coexists together with UCP1, the uni-
versally accepted thermogenic protein. In view of the recent 
evidences in mice describing the role of UCP3 in energy and 
lipid metabolism also at thermoneutrality,29 and of BAT im-
pact on energy homeostasis also at thermoneutrality, we con-
sidered important to investigate the function played by UCP3 
in “non-thermogenic” BAT physiology.

We evaluated the influence of the absence of UCP3 on 
BAT mitochondrial functionality in wild type (WT) and whole 
body UCP3-null (KO) mice housed at thermoneutrality. We 
focused our attention on: (a) BAT mitochondrial respiratory 
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parameters; (b) ROS production and antioxidant defenses; 
and (c) respiratory supercomplexes assembly and activities 
as well as mitochondrial and whole tissue morphology.

The analysis was limited to female animals only, know-
ing that a sexual dimorphism for adipose tissue physiology 
exists,31 with implications for sex differences in relation to 
pathological conditions among which obesity. Female ro-
dents, with respect to males, were suggested to have a greater 
energy expenditure (likely due to higher thermogenic activa-
tion) and a greater mitochondrial oxidative and respiratory/
phosphorylative capacity.32,33 Specifically in BAT, female 
rodents show higher expression levels of a number of genes 
involved in fatty acid oxidation and thermogenic regulation, 
and show a greater degree of metabolic adaptation in condi-
tions of altered thermogenesis, such as caloric restriction.34 
Based on these considerations, the response of mitochondrial 
functionality in BAT of WT and KO female mice appeared 
interesting, as would be future studies on gender differences.

2  |   MATERIALS AND METHODS

2.1  |  Animals

Whole body UCP3-ablated Swiss Black mice (KO) were 
originally derived from Dr Reitman's lab.13 KO and WT fe-
male mice (Swiss Black, Taconic, New York, USA) were 
housed at 30 ± 1°C, with a 12/12 hours light-dark cycle, and 
free access to food and water. After weaning, the animals 
were acclimated to thermoneutrality for 4 weeks. In order to 
test the morphological variations induced by acclimation of 
mice at thermoneutrality, a group of animals for each geno-
type was acclimated at 22 ± 1°C, for 4 weeks. At the end of 
the acclimation period, mice were anesthetized with pento-
thal (40 mg/100 g bw) and killed by decapitation. Blood and 
interscapular BAT (iBAT) were immediately collected and 
processed, or frozen in liquid nitrogen for later processing.

This study was carried out in accordance with recommen-
dations in the EU Directive 2010/63 for the Care and Use of 
Laboratory Animals. All animal protocols were approved by 
the Committee on the Ethics of Animal Experiments of the 
University of Naples Federico II and the Italian Minister of 
Health. Every effort was made to minimize animal pain and 
suffering.

2.2  |  Mitochondria isolation and detection of 
respiration rate

Immediately after excision, fragments of iBAT were de-
prived of all visible white adipose tissue contaminations, 
and immersed in ice-cold isolation buffer [220 mM manni-
tol, 70 mM sucrose, 20 mM Tris-HCl, 1 mM EDTA, 5 mM 

EGTA, and 1% fatty acid-free bovine serum albumin (BSA), 
pH 7.4]. Fragments were homogenized in a Potter-Elvehjem 
homogenizer; the homogenate was then centrifuged at 
10 000 g for 10 minutes, at 4°C. Floating fat was removed, 
while the pellet was then re-suspended in the original vol-
ume and centrifuged at 500 g for 10 minutes; the resulting 
supernatant was centrifuged at 8000 g to obtain a mitochon-
drial pellet. Mitochondrial pellets were washed twice, re-sus-
pended in a minimal volume of isolation medium, and kept 
on ice.

Mitochondrial respiration rate was evaluated polaro-
graphically using a Clark-type electrode at 30°C. Isolated 
mitochondria (0.3 mg/mL) were incubated in respiration me-
dium made of 80 mM KCl, 50 mM HEPES (pH 7.0), 1 mM 
EGTA, 5 mM K2HPO4, and 0.5% fatty acid-free BSA (w/v). 
Respiration was initiated by addition of one of the follow-
ing substrates: pyruvate (10 mM) + malate (2 mM) or pal-
mitoyl-carnitine (PAL-CAR) (40 µM) + malate (2 mM) or 
glycerol 3-phosphate (G3P) (6  mM). Progressively, guano-
sine diphosphate (GDP) (5 mM) and carbonilcyanide p-tri-
flouromethoxyphenylhydrazone (FCCP) (2 µM) were added 
to substrate-energized mitochondria. The presence of EGTA 
in both the isolation and the respiration buffers allowed us 
to exclude any variations in the assessed parameters due to 
putative UCP3-dependent calcium oscillations.

2.3  |  Mitochondrial H2O2 release and lipid 
hydroperoxides content

Mitochondria from iBAT of WT and KO mice were assayed 
in parallel in 96-well plates using a fluorescence microplate 
reader (Infinite 200 Tecan) set at 37°C, which measured 
fluorescence of each well every 30  seconds. Mitochondria 
were suspended at a concentration of 0.1 mg protein/mL in 
the above-described respiration assay medium, which was 
previously supplemented with 80 μM Amplex Red, 4 U/mL 
catalase (CAT), and 2 U/mL horseradish peroxidase (HRP). 
The reaction was initiated by addition of one of the three sub-
strates: pyruvate (10 mM) + malate (2 mM) or PAL-CAR 
(40 µM) + malate (2 mM) or G3P (6 mM). HRP catalyzed the 
reaction between Amplex Red and H2O2, in the presence of 
exogenously added superoxide dismutase (SOD), to form the 
fluorophore resorufin, with excitation and emission wave-
lengths at 540 ± 25 nm and 590 ± 25 nm, respectively. H2O2 
standard curves were generated to calculate the cumulative 
mitochondrial H2O2 production from the resorufin signal at 
each measurement time-point. The rate of H2O2 production 
was then determined by calculating the rate of change of 
H2O2 concentration over the following 2  minutes, in nmol 
H2O2/min/mg mitochondrial protein. Background rates of 
fluorescence change in the absence of added substrate were 
subtracted for each experiment.
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Electron leak, representing the percentage of electrons 
that, during their transport by the respiratory chain, leak from 
the respiratory chain and reduce oxygen to superoxide, was 
estimated by dividing the H2O2 release (rough index of su-
peroxide production) by the relative respiration rate and by 
multiplying the results for 100.

Lipid hydroperoxides were determined spectrophotomet-
rically as already reported.35

2.4  |  Glycerol release from iBAT

Fifty mg of iBAT were used to evaluate the glycerol dif-
fusion from the tissue to the medium; tissues were placed 
in 250  μL of Krebs Ringer buffer (KRB; 12  mM HEPES, 
121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO4, and 0.33 mM 
CaCl2) containing 2% FA-free BSA and 0.1% glucose, and 
incubated in a shaking bath for 1 hour, at 37°C, in the pres-
ence of 95% O2 and 5% CO2. At the end of the incubation 
period, an aliquot of the medium was used for the analysis 
of glycerol. A commercially available absorbance-based en-
zyme assay for glycerol (Free Glycerol Reagent; Sigma) was 
converted to fluorescence-based detection by the inclusion 
of the H2O2-sensitive dye Amplex UltraRed, as reported by 
Clark and coworkers.36

2.5  |  Overall kinetics of reactions involved 
in the oxidation of G3P

For the evaluation of the kinetic response of G3P oxidation to 
a change in mitochondrial membrane potential, mitochondrial 
respiration rate, and membrane potential were detected in par-
allel experiments. Mitochondria (0.3 mg/mL) were incubated 
in the respiration medium supplemented with oligomycin 
(1 µg/mL) and nigericin (80 ng/mL). Respiration rate was de-
termined as described above in mitochondria energized with 
G3P as substrate (6 mM), in the absence and in the presence 
of 2 mM GDP. For membrane potential detection, WT and 
KO mice mitochondrial membrane potential were assayed 
in parallel in 96-well plates using a fluorescence microplate 
reader using the positively charged dye safranin O, which 
changes fluorescence in a manner linearly proportional to the 
mitochondrial membrane potential.37 The safranin O signal 
for each condition was measured at excitation and emission 
wavelengths of 540 ± 25 nm and 590 ± 25 nm, respectively, 
either in absence of G3P, in the presence of G3P (6 mM), 
and in the presence of G3P (6 mM) plus GDP (2 mM). The 
relative decrease in fluorescent signal upon energization of 
the mitochondria was proportional to the membrane poten-
tial; results were reported as the absolute magnitude of this 
change in fluorescence, with larger changes in relative fluo-
rescence units indicating higher membrane potentials.

2.6  |  Western blot

To obtain total tissue lysates, iBAT fragments (100 mg) were 
homogenized in 400 µL of RIPA buffer (150 mM NaCl, 1.0% 
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM 
Tris, and pH 8.0) supplemented with a broad-range antipro-
tease cocktail (Sigma-Aldrich). Homogenates were left on 
ice for 1 hour, and then, centrifuged at 17 000 g for 30 min-
utes, at 4°C; the resulting supernatants were collected.

To obtain mitochondrial lysates, mitochondria were iso-
lated as described above with the isolation medium being 
supplemented with the antiprotease cocktail (Sigma-Aldrich). 
Isolated mitochondria were diluted in RIPA buffer left on 
ice for 1 hour, and then, centrifuged at 17 000 g for 30 min-
utes, at 4°C. The obtained supernatants containing lysates 
without debris were collected. Protein concentration values 
were determined using the Bio-Rad's DC method (Bio-Rad 
Laboratories, Hercules, CA); samples were handled in order 
to obtain protein concentration values of about 4  mg/mL. 
Primary antibodies used throughout the study were the fol-
lowing: anti-UCP1 (AB1426; Millipore), anti-mitochondrial 
glycerol-3-phosphate dehydrogenase (mG3PDH) (ab 188585 
abcam), anti-SOD-2 (ab 13533; abcam), anti-glutathione 
peroxidase 4 (GPX-4) (MAB5457 R&D system), anti-CAT 
(ab 16731 abcam), a cocktail of antibody used to detect CI-
NDUF88, CII-SDHB, CIII-UQCRC2, CIV-MTCO1, and 
CV-ATP VA subunits (oxophos ab110413, abcam), anti-per-
ilipin-1 (PLIN-1) (ab3526 abcam), and anti-adenine nucleo-
tide transferase 1 (ANT-1) (ab 110322 abcam).

Proteins were detected by a chemiluminescence pro-
tein-detection method based on the protocol supplied with a 
commercially available kit (Millipore) and using the appro-
priate secondary antibodies. Signals were detected using a 
ChemiDocTM XRS (Bio-Rad). Protein representation was 
quantified by densitometry (QuantityOne, BioRad), and nor-
malized based on loading controls, namely β-actin (A2228, 
Sigma-Aldrich) or α-tubulin (ab4074, abcam) for tissue 
lysates, and Ponceau S staining or voltage-dependent an-
ion-selective channel (VDAC) (GTX114187 genetex) for mi-
tochondrial lysates.

2.7  |  In-gel activity staining

Solubilization of mitochondrial membranes with detergents, 
blue native PAGE (BN-PAGE), staining, and densitometric 
quantification of oxidative phosphorylation complexes were 
performed essentially as already described,38,39 with minor 
modifications. Briefly, the mitochondria-containing sediment 
was suspended in a low-salt buffer (50 mM NaCl, 50 mM 
imidazole, and pH 7.0) and solved with digitonin (4 g/g mito-
chondrial protein) for solubilization of respiratory chain su-
percomplexes. Mitochondrial protein extracts (15 µg/mouse/
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lane) were subjected to electrophoretic run (carried out on 
4%-13% gradient polyacrylamide gels), and immediately 
after, the enzymatic colorimetric reactions were performed 
essentially as reported by others.40,41 Activity staining of 
mG3PDH was determined by incubating the gel slices with 
5 mM Tris-HCl (pH 7.4), 3 mM MgCl2, 0.88 mM menadi-
one, 1.2 mM nitroblue tetrazolium (NTB), 1.5 μM rotenone, 
2 μM KCN, and 10 mM G3P for 30 minutes-1 hour, at room 
temperature.41 Complex I activity was determined by incu-
bating the gel slices with 2 mM Tris-HCl (pH 7.4), 0.1 mg/
mL NADH, and 2.5 mg/mL NTB for 5-15 minutes, at room 
temperature.40 Complex IV activity was estimated by incu-
bating BN-PAGE gels with 5 mg of 3,3′-diaminobenzidine 
tetrahydrochloride (DAB) dissolved in 9  mL of phosphate 
buffer (0.05 M, pH 7.4), containing 20 μg of CAT, 10 mg 
of cytochrome c, and 750 mg sucrose, for 10-30 minutes, at 
room temperature.40 The original color of the reacting bands 
was preserved by treating gels in an aqueous solution con-
taining 50% v/v methanol, 10% v/v acetic acid, for 15 min-
utes, and fixing them in 10% v/v acetic acid. In parallel, 
another electrophoretic run was performed to stain the gels 
with Coomassie Blue G and to obtain the total band pattern 
of the respiratory supercomplexes. Electronic images of the 
gels were acquired by means of a calibrated GS-800 densi-
tometer (BioRad), and analyzed using QuantityOne software 
(BioRad). The areas of the bands were expressed as arbitrary 
units.

2.8  |  Two-dimensional (2D) BN-SDS-
PAGE and protein identification by mass 
spectrometry (MS) analysis

After mono-dimensional BN-PAGE, native gel lanes were 
cut, equilibrated in 1% w/v SDS, and subsequently horizon-
tally laid on the top of 2D-SDS-PAGE 16% T gel for the 
second dimension separation.42 Resulting protein spots were 
visualized by standard ammonia silver staining. Spots from 
the second dimension were excised, in-gel alkylated with 
iodoacetamide, and digested with trypsin as previously re-
ported.43 Peptide mixtures were desalted by μZipTipC18 tips 
(Millipore) prior to nano-liquid chromatography (nanoLC)-
electrospray ionization (ESI)-linear ion trap (LIT)-tandem 
(MS/MS) mass spectrometry (nanoLC-ESI-LIT-MS/MS) 
analysis, which was performed on a LTQ XL mass spec-
trometer equipped with UltiMate 3000 HPLC RSLC nano-
system (Thermo Fischer Scientific, USA). Peptides were 
separated on an Easy C18 column (100 × 0.075 mm, 3 μm), 
at a flow rate of 300  nL/minutes, using a gradient elution 
with acetonitrile containing 0.1% formic acid in 0.1% formic 
acid, as already reported.44 Mass spectra were acquired in 
the range m/z 400-1400 and data-dependent automatic MS/
MS acquisition was applied to the three most abundant ions, 

enabling dynamic exclusion with repeat count 1 and exclu-
sion duration 60 secconds. Mass isolation window and colli-
sion energy for peptide fragmentations were set to m/z 3 and 
35%, respectively. Raw data from nanoLC-ESI-LIT-MS/MS 
analysis were searched by MASCOT v2.6.1 (Matrix Science, 
UK) against a UniProtKB repository with Mus musculus tax-
onomy filter (17147 sequences, 10/2017). The following pa-
rameters were used for protein identification: mass tolerance 
values of 1.8 and 0.8  Da for precursor and fragment ions, 
respectively; trypsin as proteolytic enzyme with maximum 
missed-cleavage sites of 2; Cys carbamidomethylation as 
fixed modification, Met oxidation, and Gln → PyroGlu for-
mation as variable modifications. Protein candidates with at 
least two significantly matched peptide sequences (expecta-
tion value < .05) with ion score > 30 were further considered 
for definitive protein assignment after manual spectra visu-
alization and verification.

2.9  |  Immunoassay for 8-hydroxy-2′-
deoxyguanosine (8-OHdG)

A competitive ELISA of 8-OHdG was performed using 
a DNA/RNA Oxidative Damage ELISA kit (Cayman 
Chemical Company, Ann Arbor, Michigan, USA) according 
to the manufacturer's protocol. Serum samples were analyzed 
in duplicate. Standards of 8-OHdG were assayed over a con-
centration range of 10.3-3000 pg/mL.

2.10  |  Histological analysis and 
electron microscopy

For histological analysis, samples of iBAT were fixed by im-
mersion in 4% v/v formaldehyde in 0.1 M phosphate buffer 
at 4°C, overnight. The samples were dehydrated in ethanol, 
cleared, and embedded in paraffin blocks. The tissues were 
cut into serial 6-µm-thick sections and stained with hema-
toxylin-eosin for morphological examination. Sections were 
viewed with a Nikon Eclipse 80i light microscope (Nikon 
Instruments, Milan, Italy) at 20× magnification. Images 
were obtained with a Sony DS-5M camera connected to an 
ACT-2U image analyzer.

For transmission electron microscopy (TEM), iBAT tis-
sues were dissected and small fragments measuring about 1 
mm3 were fixed in 2% glutaraldehyde, 2% formaldehyde in 
0.1 M PBS, pH 7.4, at 4°C, overnight. The specimens were 
washed with phosphate buffer and post-fixed in 1% osmium 
tetroxide for 60 minutes, at 4°C; they were then dehydrated 
in acetone and embedded in an Epon-Araldite mixture. Semi-
thin sections (2 μm) were stained with toluidine blue. Thin 
sections were obtained with a MTX ultramicrotome (RMC, 
Tucson, AZ, USA), stained with lead citrate and examined 
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with a CM10 transmission electron microscope (Philips, 
Eindhoven, the Netherlands).

2.11  |  Statistical analysis

Data were normally distributed and reported as mean ± SEM. 
Data were analyzed by a two-tailed Student's t test using 
Graphpad Prism 5 software (Graphpad, San Diego, CA, 
USA). Differences have been considered statistically signifi-
cant at P < .05.

3  |   RESULTS

3.1  |  Effect of the absence of UCP3 on the 
contribution of tissues to body weight, and 
BAT morphology

The contribution of liver, heart, gastrocnemius, and iBAT to 
whole animal weight was similar in WT and KO mice, while 
that of the visceral white adipose tissue resulted reduced in 
KO mice (Table 1).

Histological analysis showed that iBAT parenchyma of 
both WT and KO mice acclimated to 22°C was composed of 
typical multilocular cells. As expected, at thermoneutrality 
(30°C), brown fat adipocytes acquired a unilocular pheno-
type in both experimental groups, typical for nonactive tis-
sue. Notably, the effect was less evident in KO mice, both in 
cells and lipid droplets (LD) size (Figure 1).

3.2  |  Absence of UCP3 impacts 
mitochondrial morphology

High-resolution examining of resin-embedded specimens 
revealed a nonhomogeneous cytoplasmic staining of BAT 
parenchyma in KO mice. In this group, some but distinct 
clusters of adipocytes showed a curiously pale cytoplasm, 
when the semi-thin sections were stained with toluidine blue 
(Figure 2A). Ultrastructural analysis of the iBAT from WT 
mice, performed by TEM, confirmed the unilocular rear-
rangement of lipid content but also revealed the abundance 

and the compactness of brown-like mitochondria. These lat-
ter were large, numerous, and characterized by a complete 
double membrane structure, suggesting the typical features 
of functional mitochondria (Figure 2B,C). Conversely, iBAT 
from KO mice showed that the weakly stained brown adi-
pocytes revealed extensive signs of mitochondrial degener-
ation, such as incomplete or complete lack of cristae. The 
paleness of the cytoplasm derived from the degeneration of 
the mitochondrial convolutions lacking the inner membrane 
and the reduction of mitochondria area of intact cristae.

3.3  |  Absence of UCP3 impacts iBAT 
glycerol release and PLIN-1 protein abundance

To test whether the altered LD morphology observed in iBAT 
of KO mice acclimated at thermoneutrality should be associ-
ated with an enhanced lipolysis, we detected tissue glycerol 
release (ie, a functional marker of lipolysis) as well as PLIN-1 
protein levels, in view of the role played by such a protein in 
protecting lipid droplet by the attach of lipases. As reported in 
Figure 3, glycerol release was significantly enhanced (+45%) 
in KO mice, with respect to WT (Figure 3A), while PLIN-1 
tissue levels were significantly reduced (−65%) in the same 
comparison (Figure 3B).

3.4  |  Absence of UCP3 does not affect 
neither tissue mitochondrial content nor UCP1 
protein levels

We next examined if the absence of UCP3 affected UCP1 
protein levels, given the crucial importance of this compo-
nent in influencing BAT thermogenesis and physiology. In 
order to evaluate whether iBAT mitochondrial content should 
differ between UCP3 KO and WT mice, we determined: (a) 
the mitochondrial protein recovery from 100 mg of tissue, (b) 
the representation levels of an inner mitochondrial membrane 
protein marker, namely adenine nucleotide translocase (ANT-
1). Mitochondrial recovery was independent of the genotype, 
being 3.5  ±  0.2 and 3.4  ±  0.3  mg mitochondrial protein/g 
tissue in WT and KO mice, respectively. Furthermore, no dif-
ferences in protein content of ANT-1 were detected between 

T A B L E  1   Body weight and organ weights in WT and KO mice

Body weight Liver Heart Gastrocnemius iBAT vWAT

(g) (g tissue/g animal) 100

WT 22 ± 0.5 4.87 ± 0.19 0.53 ± 0.02 1.14 ± 0.04 0.82 ± 0.09 3.75 ± 0.47

KO 21 ± 0.3 4.37 ± 0.27 0.57 ± 0.03 1.2 ± 0.06 0.63 ± 0.06 2.42 ± 0.3*

Note: Values represent the mean ± SE (n = 8).
*P < .05 vs WT. 
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WT and KO mice, either when its levels were detected in 
total tissue and in isolated mitochondrial lysates (Figure 4). 
Collectively, these data indicated that iBATs from WT and 
KO mice have similar mitochondrial content.

No differences in UCP1 protein levels were observed 
between WT and KO mice, when this protein was assayed 
in lysates from isolated mitochondria or from total tissues 
(Figure 5).

3.5  |  The absence of UCP3 influences 
palmitoyl-carnitine oxidation rate and the 
overall activity of the reactions involved 
in the oxidation of G3P in isolated iBAT 
mitochondria

The ablation of UCP3 affects iBAT mitochondrial oxygen 
consumption, depending on the respiratory substrate. When 
using pyruvate (+ malate), no significant differences in basal 
respiration rate were detected between WT and KO mice 
(Figure 6A). GDP addition to the mitochondrial incubation 
induced a genotype-independent decrease in respiration rate 
of about 30%. The subsequent addition of FCCP induced an 
increase in the respiration rate, which reached levels higher 
than those observed under basal conditions, indicating a 
proper mitochondrial quality (Figure 6A). When using pal-
mitoyl-carnitine (+ malate) as substrate, a significant lower 
respiration rate was observed in mitochondria from KO mice 
(−25%) vs WT littermates (Figure 6B). GDP added to respi-
ration medium induced a decrease in respiration rate both in 

WT and KO mice, but oxygen consumption remained lower 
in KO mice (Figure 6B).

In the presence of G3P, mitochondria from KO mice 
showed a reduced respiration rate (−60%), when compared 
to WT littermates. A similar reduction was observed in the 
presence of GDP as well as of FCCP (Figure 6C), suggesting 
that alterations in the reactions involved in the oxidation of 
G3P take place in KO mice. This possibility was sustained 
by the evidence that the overall kinetics of G3P oxidation 
were inhibited in iBAT mitochondria from KO compared 
to WT littermates, since at any given membrane potential, 
mitochondria from WT mice showed higher respiration rates 
(Figure 7).

Experiments concerning the overall activity of the reac-
tions involved in the oxidation of specific substrates were 
restricted to G3P; thus, indication on those involved in ox-
idation of pyruvate was limited to data obtained on oxygen 
consumption in the presence of FCCP that, as reported above, 
was not affected by the absence of UCP3.

Western blot analysis revealed similar levels of mG3PDH 
and of the five mitochondrial respiratory complexes in iBAT 
mitochondria from WT and KO mice (Figure 8).

We next evaluated if the absence of UCP3 may affect 
the activity of mG3PDH or respiratory Complexes I and IV. 
To this aim, iBAT mitochondria were solubilized with the 
mild detergent digitonin; resulting proteins were resolved 
by BN-PAGE and subsequently assayed for in-gel activi-
ties (Figure 9). mG3PDH resulted to be present in several 
homo-oligomers (presumably trimer, tetramer) as well as 
in high molecular mass supercomplexes (SC) (Figure 9A). 

F I G U R E  1   Histological analysis of iBAT from WT and KO mice. Representative histological analysis of iBAT from WT and KO mice 
acclimated at standard temperature (22°C) and at thermoneutrality (30°C) since weaning. Hematoxylin and eosin staining
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      |  15153SILVESTRI et al.

However, mG3PDH activity was prominent within the mass 
range 146/720, with the band at about 250 kDa, presumably 
the holoenzyme, showing the highest activity (Figure 9A). 

Interestingly, in some heavier SCs, mG3PDH activity 
coexisted with Complex I and/or Complex IV activities 
(co-migration of mG3PDH with subunits of Complex I and 

F I G U R E  2   Electron microscopy analysis of iBAT from WT and KO mice. Light micrographs (A) and electron micrographs (B and C) of 
iBAT parenchyma from WT and KO mice, acclimated at thermoneutrality (30°C) since weaning. A, Large LD and an uniformly blue-stained 
cytoplasm characterized the typical warm-acclimated brown adipocyte from WT mice. iBAT from KO mice showed smaller LD than those found 
in WT mice and a nonhomogeneous cytoplasmic staining. Some weakly blue - stained multilocular adipocytes were detected (panel A, red asterisk 
and inset). Resin embedding, toluidine blue stained. B, The low magnification electron micrograph of the framed areas in panel A revealed both 
the electron dense cytoplasmic rim of the adipocytes from WT mice and the fine ultrastructure of the pale adipocytes (as shown in panel A, left), 
exhibiting a clear cytoplasm containing many membrane-bound structures such as mitochondria. C, The high magnification of the framed area in B 
showed the corresponding mitochondrial shape of three adjacent adipocytes (named 1, 2, 3), respectively, from both WT and KO mice. Numerous, 
large mitochondria with intact cristae (complete inner membrane) were found in the adipose cells from WT mice. The clear cytoplasmic rim of the 
pale adipose cell, detected in KO mice parenchyma, revealed densely packed mitochondria with obvious signs of degeneration, such as incomplete 
or complete lack of internal mitochondrial membrane. No signs of mitochondrial degeneration were shown in the mitochondria of the closely 
apposed cells. cap, capillary. Scale bar: A = 30 μm, insets = 10 μm; B = 10 μm; C = 2 μm
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Complex IV in mono-dimensional BN-PAGE was corrob-
orated by subsequent 2D BN-SDS-PAGE, see Supporting 
Data 1 and 2). Densitometric analysis revealed that the ab-
sence of UCP3 was associated with a significant reduction 
of the in-gel activity of mG3PDH detected in all the three 
most intense colored bands (migrating at 250, 418, and 
540 kDa) (Figure 9D).

Two respiratory complex-derived bands that corre-
sponded to SCs with apparent molecular mass values of 935 
and 824  kDa revealed Complex I (NADH-dehydrogenase) 
activity (Figure 9B). Four bands, corresponding to SCs with 
apparent molecular weights of 824, 730, 614, and 418 kDa, 
showed Complex IV activity (Figure 9C). No significant dif-
ferences in the in-gel activities between WT and KO mice 

were observed, neither for Complex I nor for Complex IV 
(Figure 9E,F).

3.6  |  Absence of UCP3 enhances 
mitochondrial oxidative stress and activates 
enzymatic antioxidant defenses

We next tested if the absence of UCP3 could have affected 
mitochondrial H2O2 release as well as electron leak, that is, 

F I G U R E  3   Glycerol release and PLIN-1 protein abundance in 
iBAT from WT and KO mice. Data on glycerol release and PLIN-1 
protein abundance are reported in panels A, B, and C, respectively. 
Panel B shows a representative Western blot of PLIN-1 levels detected 
in iBAT tissue lysates (15 μg of protein/mouse/lane) from WT and 
KO mice. C, Histograms represent quantification of Western blot data. 
Data were normalized to the value obtained for WT animals, set as 
100. Values represent the mean ± SE of six different mice. *P < .01 
vs WT

F I G U R E  4   ANT-1 representation levels in iBAT from WT and 
KO mice. Representative Western blots of ANT-1 levels detected 
in tissue (A) and mitochondrial (B) lysates of iBAT from WT and 
KO mice. α-tubulin, and Ponceau S or VDAC were used as loading 
controls for total tissue lysates (15 μg of protein/mouse/lane) and 
mitochondrial lysates (15 μg of protein/mouse/lane), respectively. C, 
Histograms represent quantification of data; “mitochondrial lysate” 
refers to normalization on Ponceau S. Data were normalized to the 
value obtained for WT animals, set as 100. Values represent the 
mean ± SE of six different mice
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the percentage of electrons that, during their transport by the 
respiratory chain, leak from the latter, and reduce oxygen to 
superoxide. Regardless of the used substrate, no significant 
changes in H2O2 release were observed between WT and 
KO mice (Figure 10A); moreover, when using G3P as sub-
strate, electron leak was significantly enhanced in KO mice 
(Figure 10B).

Moreover, mitochondria lacking UCP3 showed a strong 
increase in the levels of the antioxidant enzymes SOD-2, 
CAT, and GPX4 (Figure  11). Despite their enhanced an-
tioxidant defense profile, the same mitochondria, when 
compared to those of WT mice, had increased lipid hy-
droperoxides, which is an index of oxidative damage to lip-
ids (Figure 10C). An enhanced oxidative stress in absence 
of UCP3 was also detected in the periphery, since sera of 
KO mice showed higher levels of 8-OHdG (a critical bio-
marker of oxidative stress) compared to those observed in 
WT counterparts (+50% vs WT) (Figure 10D). Since we 

used whole body UCP3 KO mice, it should be emphasized 
that the observed increase in serum 8-OHdG may be a con-
sequence of augmented oxidative stress in other UCP3-
expressing tissues.

3.7  |  Absence of UCP3 influences 
mitochondrial protein assembly in 
respiratory SCs

The Coomassie blue-stained electrophoretic profiles of SCs 
obtained for iBAT mitochondria from WT and KO mice 
after digitonin extraction and subsequent mono-dimensional 
BN-PAGE are shown in Figure 10A and 10B, respectively. 
Densitometric analysis revealed that iBAT mitochondria 
from WT mice contained two protein bands, within the range 
730-830 kDa (arrows in Figure 12A), which were more faint 
in KO mice (−30% and −50% vs WT, for the heavier and 
the lighter one, respectively, with a statistic significance at 
P < .05). To isolate and identify protein subunits present in 
these bands, native gel lanes were cut and subsequently run 
on 2D SDS-PAGE gels (Figure 12C,D). Protein spots of in-
terest (numbered in Figure 12C) were excised, digested with 
trypsin, and subjected to nanoLC-ESI-LIT-MS/MS. Table 2 
lists the detected proteins. Each of the analyzed spots resulted 
to be a miscellaneous of co-migrating proteins, among which 
components of the fatty acid oxidation machinery, that is, tri-
functional enzyme, very long-specific acyl-CoA dehydroge-
nase, acyl-CoA dehydrogenase, propionyl-CoA carboxylase, 
and enoyl-CoA isomerase, proteins involved in the mainte-
nance of the mitochondria shape and cristae organization, 
that is, subunits of the MICOS complex and of F1F0-ATP 
synthase (complex V), and subunits of complexes I and III. 
mG3PDH was also detected (for details, see Supporting Data 
1 and 2).

4  |   DISCUSSION

The role of UCP3 in BAT remains enigmatic due to the high 
abundance of UCP1. Here, we report data suggesting that the 
absence of UCP3 in mice housed at thermoneutrality has a 
significant impact on BAT oxidative metabolism, enhances 
mitochondrial oxidative stress, and alters mitochondrial 
structure in some adipocytes, with UCP1 being normally 
expressed.

The absence of UCP3 lowered the ability of BAT mito-
chondria to use specific metabolic respiratory substrates, 
such as G3P and palmitoyl-carnitine. Concerning G3P oxi-
dation, this pathway involves mG3PDH, a ubiquinone-linked 
flavoprotein localized at the outer side of the mitochondrial 
inner membrane that, by oxidizing “cytosolic/glycolyt-
ic”-produced NADH, converts G3P into dihydroxyacetone 

F I G U R E  5   UCP1 representation levels in iBAT from WT and 
KO mice. Representative Western blots of UCP1 levels detected 
in tissue (A) and mitochondrial (B) lysates of iBAT from WT and 
KO mice. β-actin and VDAC were used as loading controls for total 
tissue lysates (15 μg of protein/mouse/lane) and mitochondrial lysates 
(15 μg of protein/mouse/lane), respectively. C, Histograms represent 
quantification of data. Data were normalized to the value obtained 
for WT animals, set as 100. Values represent the mean ± SE of six 
different mice
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phosphate, with concurrent reduction of FAD to FADH2, and 
transfers the electrons to Complex III through coenzyme Q 
(CoQ). Physiologically, this process has two important con-
sequences: (a) it allows a high rate of cytosolic ATP produc-
tion, very important in brown adipocytes, because of the low 
mitochondrial ATP production; (b) it contributes to reduce 
mitochondria efficiency, since the oxidation of NADH via 
G3P shuttle is non-efficient, when compared to NADH ox-
idation via Complex I.45 These phenomena could have been 
both affected in BAT of KO mice, producing functional 
alterations.

Since the protein levels of mG3PDH and of other respira-
tory complexes were unaffected by the absence of UCP3, the 
reduced oxidation of G3P, and the lower mG3PDH in-gel ac-
tivity observed in KO mice may have been due to post-trans-
lational mechanisms involving the enzyme. Several factors 
are known to allosterically modulate mG3PDH; among these, 
worth mentioning are Ca2+, which activates the enzyme, and 
oxidative stress and lipid metabolites (such free fatty acids 
and acyl-CoAs) that inhibit it.46-48 The higher lipolytic ca-
pacity of iBAT of KO mice associated with the lower abil-
ity of mitochondria to use lipid derived substrates, such as 
palmitoyl-carnitine, allowed us to speculate that acyl-CoAs 
may accumulate at the mitochondrial level, thus inhibiting 
mG3PDH.

Concerning Ca2+, data from the literature indicate that 
UCP3 is associated with calcium handling49,50 and that UCP3 
depletion in Hela cells strongly reduces the cytosolic and the 
mitochondrial Ca2+ elevations evoked by histamine.49 In 
the present study, it is unlike that modifications in calcium 
handling in brown adipocyte of KO mice could have con-
tributed to the observed impaired ability of mitochondria to 
oxidize G3P or to the lower in-gel activity of G3PDH, since: 
(a) calcium chelators were present both in the mitochondrial 
isolation medium and in the respiration medium; and (b) the 
measurement of the in-gel activity of G3PDH was performed 
in the absence of Ca2+.

Additionally, it has been reported that mG3PDH can as-
sociate into homo-oligomers as well as into higher molecu-
lar weight SCs, which represent native forms of the enzyme 
in the membrane.42 Alterations in such mG3PDH-contain-
ing supramolecular structures might also be involved in the 
observed effects. Generally, the supramolecular organiza-
tion of respiratory chain components is functional to im-
prove the electron transport rate and to limit/balance ROS 
generation.51 We observed that the BN-PAGE profile of 
digitonin-extracted mitochondrial proteins from WT mice 
presented at least two bands that were over-represented, 

F I G U R E  6   Respiration rate of iBAT mitochondria from WT and KO mice Mitochondria were incubated in respiration medium at a 
concentration of 0.3 mg/mL and were energized with different substrates: pyruvate (+ malate) (A), palmitoyl-carnitine (PAL-CAR) (+malate) (B) 
and glycerol-3-phosphate (G3P) (C). Respiration were detected in the basal condition and in the presence of GDP and FCCP sequentially added to 
the respiration medium. Values represent the mean ± SE of five measurements in the case of pyruvate + malate and of nine different measurements 
when the other substrates were used. *P < .05 vs WT

F I G U R E  7   Overall activity of reactions involved in the oxidation 
of G3P in iBAT mitochondria from WT and KO mice. Mitochondria 
were incubated in respiration medium at a concentration of 0.3 mg/
mL; for each group, membrane potential and mitochondrial respiration 
were detected in parallel experiments in mitochondria energized with 
G3P in the absence and in the presence of GDP. Values represent the 
mean ± SE of eight different measurements
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when compared to KO counterparts, thus indicating that 
the absence of UCP3 can modify the assembly or the levels 
of specific protein complexes. 2D BN-SDS-PAGE com-
bined with nanoLC-ESI-LIT-MS/MS analysis allowed us 
to identify some proteins present in the multi-enzymatic 
complexes over-represented in WT mice, and their assign-
ment to a functional context. Identified proteins, even in 
miscellaneous, included among the others mG3PDH and 
Complex III, thus suggesting that G3PDH and Complex III 
does not properly assemble in mitochondria from KO mice 
or not assemble at all.

Interestingly, it should be considered that mG3PDH is 
also an important site of superoxide production,41,52-55 and, 
in BAT, it seems to be responsible for about 63% of the total 
H2O2 production.55 The impaired assembly of mG3PDH in 
KO mice could also underlie the higher percentage of elec-
trons that, during their transport by respiratory chain, leak 
from the respiratory chain, and reduce oxygen to O2

•–. In line 
with this consideration, our data indicate that the first line 
defense antioxidants, which are strategic to protect mitochon-
dria from the damage induced by O2

•–, including mitochon-
drial SOD-2, CAT, and GPX-4, was significantly enhanced 
in KO mice. This suggests the occurrence of compensatory 
mechanisms in mitochondria lacking UCP3, which are likely 

finalized to remove O2
•– and to metabolize H2O2 as well as 

lipid hydroperoxides. Despite the huge increase in the above 
antioxidant enzymes, the release in H2O2 (resulting from the 
balance of its production and metabolism) seemed not af-
fected by the absence of UCP3, thus indicating a likely higher 
ability of BAT mitochondria of KO mice to produce ROS. 
This was supported by the evidences that in mitochondria 
from KO mice: (a) a higher electron leak took place (see also 
above); and (b) increased oxidative damage of mitochondrial 
lipids were observed. Enhanced oxidative damage associated 
with the absence of UCP3 would also contribute to the sys-
temic oxidative stress evident in sera of KO mice. Since we 
used whole body ablated-UCP3 mice, other tissues express-
ing UCP3, such as skeletal muscle or heart, could have con-
tributed to the observed systemic oxidative stress.

As cited above, our data indicate that BAT mitochon-
dria from KO mice displayed a reduced ability to oxidize 
palmitoyl-carnitine. In BAT, β-oxidation of fatty acids is 
important not only for cold-induced activation56 but also 
at thermoneutrality for the maintenance of the tissue func-
tionality.57 Our data are also in line with what observed in 
mitochondria from skeletal muscle of KO mice,28,29,58 and 
with the evidence that UCP3 abundance correlates with the 
degree of fatty acid oxidation.30 From a molecular point of 

F I G U R E  8   mG3PDH and respiratory complexes abundance in iBAT mitochondria from WT and KO mice. Representative Western blots of 
mG3PDH (A) as well as of CI-NDUF88, CII-SDHB, CIII-UQCRC2, CIV-MTCO1, and CV-ATP VA subunits (B) in isolated mitochondria from 
iBAT of WT and KO mice (15 μg of protein/mouse/lane). Histograms represent quantification of data. Data were normalized to the value obtained 
for WT animals, set as 100. Values represent the mean ± SE of 7/8 different mice
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view, it should be considered that the enzymes involved in 
β-oxidation of fatty acids carry out their function in the con-
text of a multienzyme complex. Our data, concerning the 
analysis of the proteins present in those multi-complexes 
over-represented in WT mice, identified also enzymes in-
volved in fatty acid oxidation. Thus, the alteration in their 
levels/supramolecular aggregation could indeed contribute 
to the reduced ability of KO mitochondria to use fatty acids 
as metabolic substrates.

Other proteins identified in the present paper, as occur-
ring in the multi-complexes over-represented in WT mice, 
included components involved in the formation and stabili-
zation of cristae junction structures (eg, MICOS) as well as 
subunits of F1F0-ATP synthase. In particular, MICOS estab-
lishes contact sites between the inner and outer mitochondrial 
membranes, and its deficiency leads to a grossly altered inner 
membrane architecture and disorganized cristae.59 The cris-
tae shape is also governed by F1F0-ATP-synthase dimers,60 

F I G U R E  9   BN-PAGE-based analysis of in-gel activity of mG3PDH, Complexes I and IV in digitonin-solubilized crude mitochondria from 
iBAT of WT and KO mice. Panels show representative images of histochemical staining of mG3PDH- (A), Complex I- (B), and Complex IV- (C) 
in-gel activities. Molecular mass of standard proteins (on the left) and the relative position of the respiratory SCs are indicated (arrows). D-F, 
Densitometric quantification of the colored bands corresponding to in-gel activity of the indicated SCs. Data were normalized to the value obtained 
for WT animals, set as 100. Values represent the mean ± SE of three different mice. *P < .05 vs WT

F I G U R E  1 0   H2O2 release (A), electron leak (B), and lipid hydroperoxides (C) levels detected in iBAT mitochondria from WT and KO mice. 
D, 8-OHdG levels detected in serum of WT and KO mice. In panel A and B, mitochondria were energized with different substrates: pyruvate 
(+ malate), palmitoyl-carnitine (PAL-CAR) (+malate), or glycerol-3-phosphate (G3P). In panel B, electron leak represents the percentage of 
electrons that, during their transport by the respiratory chain, leak from the respiratory chain and reduce oxygen to superoxide. For each substrate, 
electron leak has been evaluated by dividing mitochondrial H2O2 release (expressed in nmoles H2O2/min mg prot) for the relative mitochondrial 
oxygen consumption (expressed in nmoles O2/min mg proteins), and by multiplying it for 100. Values represent the mean ± SE of six different 
measurements, in the case of H2O2 release and electron leak, and of eight different measurements, in the case of lipid hydroperoxides and 8-OHdG 
levels. *P < .05 vs WT
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which are linked together back-to-face by DAPIT (diabe-
tes-associated protein in insulin-sensitive tissue), forming 
long oligomers along the edges of the cristae.61 Several 
subunits of the F1F0-ATP synthase as well as DIAPIT were 

found in the spots specifically present in mitochondria of 
WT mice and down-represented in KO ones. Results were 
in good accordance with the inadequate cristae organiza-
tion and shape observed in mitochondria localized in some 

F I G U R E  1 1   Abundance of mitochondrial antioxidant enzymes in iBAT from WT and KO mice. Representative Western blots of superoxide 
dismutase 2 (SOD-2), catalase (CAT), and glutathione peroxidase 4 (GPX-4) in iBAT lysate (15 μg of protein/mouse/lane). Histograms represent 
quantification of data. Data were normalized to the value obtained for WT animals, set as 100, and represent the mean ± SE of four different mice. 
*P < .01 vs WT

F I G U R E  1 2   2D-BN-SDS-PAGE-based analysis of mitochondrial SC in iBAT from WT and KO mice. Mono-dimensional BN-PAGE-based 
analysis of digitonin-solubilized crude mitochondria from BAT of WT (A) and KO (B) mice. Representative images of Coomassie blue-stained 
BN-PAGE lanes are reported. Bands characteristic of OXPHOS SCs are recognizable. Representative density traces for OXPHOS SC bands 
are also showed. Arrows in (A) indicate protein bands detected in WT but significantly fainter in KO mice. On the top, the positions of standard 
proteins for molecular mass are also indicated. Native gel slices were subsequently horizontally laid on the top of 16% T 2D-SDS-PAGE gels, 
which were subjected to separation and obtained spots were visualized by silver staining (C and D). Protein identification of selected spots was 
based on analysis performed as previously reported.40,41 For identification details, see Supporting Data 2
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but distinct subsets of brown adipocytes from KO mice. 
Specifically, these mitochondria appeared swollen with de-
creased electron density within the matrix, the cristae being 
thinner, mis-oriented, and/or disassembled. Interestingly, the 
adipocytes containing such altered mitochondria were sur-
rounded by others with normal mitochondrial morphology. 
This is a very intriguing aspect, together with the fact that 
brown adipocytes from KO mice appeared to have smaller 
LDs and more multilocular lipid droplets; the latter condition 
in these cells is generally associated with an increased mi-
tochondrial activity and an increased fat oxidation (such us 
during cold exposure), rather than a reduced mitochondrial 

activity. Despite detailed and focused experiments are needed 
to address these points, at a speculative level, it is possible to 
suggest that in cells in which the antioxidant capacity is not 
able to adequately contrast the oxidative stress, mitochondrial 
degeneration, observable at the morphological level, takes 
place. Furthermore, the observed signs of mitochondrial al-
teration could be the “starting point” of an age-dependent 
degenerative tissue process, likely at the begin in the young 
animals we used in this study.

Concerning the relation between LD morphology and 
mitochondrial activity, the observed discrepancy could be 
more apparent than real, since the deposition of TG and the 

T A B L E  2   Differentially represented proteins in 2D BN-SDS-PAGE maps of iBAT mitochondria from WT and KO mice in the mass range 
730-830 kDa grouped for their functions in respiratory chain, fatty acid oxidation, and mitochondrial and cristae shape.

Spot Respiratory chain Fatty acid oxidation Mitochondrial and cristae shape

1 Cytochrome c oxidase subunit 6C
Cytochrome b-c1 complex Rieske

2 ATP synthase subunit e
ATP synthase subunit g
ATP synthase subunit f
Cytochrome b-c1 complex subunit 8

ATP synthase subunit e
ATP synthase subunit g
ATP synthase subunit f

3 ATP synthase F(0) complex subunit B1
ATP synthase subunit alpha
Cytochrome c1
NADH dehydrogenase [ubiquinone] 1 

beta subcomplex subunit 10
NADH dehydrogenase [ubiquinone] iron-

sulfur protein 3
Cytochrome b-c1 complex subunit 2
Cytochrome b-c1 complex subunit Rieske

MICOS complex subunit Mic19
MICOS complex subunit Mic27
ATP synthase F(0) complex subunit B1
ATP synthase subunit alpha

4 ATP synthase subunit alpha
ATP synthase subunit gamma

ATP synthase subunit alpha
ATP synthase subunit gamma

5 ATP synthase subunit beta
NADH dehydrogenase [ubiquinone] iron-

sulfur protein 2
Cytochrome b-c1 complex subunit 1
Cytochrome b-c1 complex subunit 2

Trifunctional enzyme subunit beta
Alpha-enolase
Propionyl-CoA carboxylase alpha chain

MICOS complex subunit Mic60

6 ATP synthase subunit alpha
ATP synthase subunit beta
Glycerol-3-phosphate dehydrogenase
Cytochrome b-c1 complex subunit 1
Cytochrome b-c1 complex subunit 2

Acyl-CoA dehydrogenase family member 9
Very long-chain specific acyl-CoA 

dehydrogenase
Trifunctional enzyme subunit alpha
Fatty acid synthase
Propionyl-CoA carboxylase alpha chain
Propionyl-CoA carboxylase beta chain

ATP synthase subunit alpha
ATP synthase subunit beta

7 ATP synthase subunit alpha
ATP synthase subunit beta
Cytochrome b-c1 complex subunit 1
Cytochrome b-c1 complex subunit 2
Glycerol-3-phosphate dehydrogenase

Very long-chain specific acyl-CoA 
dehydrogenase

Trifunctional enzyme subunit alpha
Trifunctional enzyme subunit beta
Fatty acid synthase -CoA carboxylase beta 

chain
Propionyl-CoA carboxylase alpha chain
Propionyl subunit 2

MICOS complex subunit Mic60

Note: Mitochondrial iBAT proteins were extracted, separated by 2D BN-SDS-PAGE, and identified by nanoLC-ESI-LIT-MS/MS following in-gel digestion with 
trypsin. Spot numbering refers to Figure 12C, Supporting Data 1 and 2.
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formation of LD are processes that require ATP and the ab-
sence of UCP3, by negatively influencing mitochondrial G3P 
oxidation, likely slows cytosolic energy production, which is 
crucial for the brown adipocyte's biology (see also above). In 
addition, the smaller LD observed in BAT of mice lacking 
UCP3 could be explained by an enhanced lipolysis, since a 
higher glycerol release and the reduction in PLIN-1 protein 
levels were observed in KO mice. Indeed, PLIN1 is a key 
protein that restricts adipose lipolysis under basal condition, 
by reducing the access of cytosolic lipases to triacylglycerol 
substrates stored in the lipid droplets.62 The increase in lip-
olysis associated with the absence of UCP3 in KO mice is 
not limited to BAT, since it also occurs in white adipose tis-
sue (29, and data not shown). Future studies will reveal the 
molecular mechanisms underlying the enhanced lipolysis in 
adipose tissues associated with the absence of UCP3.

Data here reported indicate a clear impact of the absence 
of UCP3 on mitochondrial functionality in mice housed at 
thermoneutrality, and lead open the question if this is an issue 
of adaptation to the lower need for thermogenesis at 30°C, or 
if the effect is also evident when mice are housed at standard 
temperature. We were not able to show a difference in G3P-
supported respiration rate when mice were housed at 22°C 
(data not shown); this suggested that chronic housing of mice 
under conditions of thermal stress as standard temperature 
(22°C) might mask the genetic functions involved in energy 
balance and metabolic homeostasis. This concept was previ-
ously addressed by original studies on UCP1-ablated mice,6 
and this is also the case of UCP3 KO mice. Indeed, while 
Gong and coworkers13 failed to show a reduced metabolic 
rate in KO mice housed at 22°C vs their WT control, we did 
at thermoneutrality.29 Whether or not the metabolic adapta-
tions induced at thermoneutrality in iBAT from UCP3 KO 
mice can be recapitulated by re-activation of thermogenesis, 
for example, by a hypercaloric diet feeding, is a very inter-
esting still open question. Another important issue has to be 
emphasized; since we did not use a BAT specific UCP3-KO 
mice, rather we employed whole body UCP3 KO mice, we 
cannot exclude that factors released by other tissues express-
ing UCP3 could have contributed to influence BAT function-
ality in our model. Further studies employing BAT-specific 
UCP3 KO mice will help to clarify this aspect.

As a whole, the results of the present paper indicate that, 
at thermoneutrality, the lack of UCP3 exerts detrimental ef-
fects on both BAT functionality and the supramolecular orga-
nization of mitochondrial proteins that, in turn, is crucial for: 
(a) preserving adequate substrate oxidation rate; (b) limiting 
the oxidative stress; and (c) ensuring the proper assembly of 
mitochondrial cristae.
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