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Absence of MCJ/DnaJC15 promotes brown
adipose tissue thermogenesis

Beatriz Cicuéndez 1,2, Alfonso Mora 1,2, Juan Antonio López 1,3,
Andrea Curtabbi 1,4, Javier Pérez-García 2, Begoña Porteiro5,6,
Daniel Jimenez-Blasco 4,7,8, Pedro Latorre-Muro9,10, Paula Vo 11,
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Magdalena Leiva13, Elena Rodríguez1,2, Marta León1,2, Luis Leiva-Vega1,2,
Noemi Gómez-Lado14,15,16, Jorge L. Torres 17, Lourdes Hernández-Cosido 18,
Pablo Aguiar14,15,16, Miguel Marcos 19,20, Martin Jastroch 21,
Andreas Daiber 22,23, Patricia Aspichueta 12,24, Juan Pedro Bolaños 4,7,8,
Jessica B. Spinelli 11,25, Pere Puigserver 9,10, José Antonio Enriquez 1,4,
Jesús Vázquez 1,3, Cintia Folgueira 1,2,6 & Guadalupe Sabio 1,2

Obesity poses a global health challenge, demanding adeeper understandingof
adipose tissue (AT) and its mitochondria. This study describes the role of the
mitochondrial protein Methylation-controlled J protein (MCJ/DnaJC15) in
orchestrating brown adipose tissue (BAT) thermogenesis. Here we show how
MCJ expression decreases during obesity, as evident in human and mouse
adipose tissue samples. MCJKO mice, even without UCP1, a fundamental ther-
mogenic protein, exhibit elevated BAT thermogenesis. Electron microscopy
unveils changes in mitochondrial morphology resembling BAT activation.
Proteomic analysis confirms these findings and suggests involvement of the
eIF2α mediated stress response. The pivotal role of eIF2α is scrutinized by in
vivo CRISPRdeletion of eIF2α inMCJKOmice, abrogating thermogenesis. These
findings uncover the importance of MCJ as a regulator of BAT thermogenesis,
presenting it as a promising target for obesity therapy.

Obesity is a global health problem affecting 650 million people
worldwide and represents an important predisposing factor for car-
diometabolic diseases1,2. Despite the societal impact of obesity,
understanding the molecular mechanisms and multiple factors
through which obesity leads to disease is still limited. In this multi-
organ framework, adipose tissue (AT), the main fat-storage organ, is
critical for energy homeostasis3,4. Although fat-storage was considered
the only function of AT for many years, it is now recognized as a
complex and multi-faceted organ. AT is an essential and highly active
regulator of whole-body metabolism, providing mechanical protec-
tion, thermal insulation, and energy storage; and mediating immune
responses, endocrine functions, as well as non-shivering
thermogenesis5. Current knowledge positions AT as a central rheo-
stat in the regulation of systemic nutrient and energy homeostasis6. In

fact, AT is key to the control of whole-body metabolism7 and thus,
modulating its function likely protects against obesity8–10.

While white adipose tissue (WAT) stores energy in the form of
triglycerides and releases free fatty acids on demand, BAT is respon-
sible for thermogenesis, playing a central role in maintaining body
temperature by burning fat upon activation in response to cold or
other stimuli11. Non-shivering thermogenesis in BAT is mediated pri-
marily by uncoupling protein 1 (UCP1). This protein uncouples sub-
strate oxidation from ATP production, leading to increased heat
generation12. Recent studies suggest that UCP1-independent mechan-
isms including other regulators of mitochondrial function are also
important for the regulation of thermogenesis13,14. Ambient tempera-
ture significantly influences the outcomes of metabolic experiments,
given the necessity for mammals to thermoregulate. Adaptive
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thermogenesis is activated when extra heat is required to defend body
temperature below thermoneutrality. Classical, adaptive non-shivering
thermogenesis is primarily attributed to BAT activity, and long-term
adaptation to the cold recruits more BAT to increase capacity15.

Mitochondria are key organelles in adipocyte metabolism, con-
trolling ATP production, energy expenditure and ROS disposal. Ade-
quate mitochondrial function is needed to maintain an appropriate
balance between energy storage and expenditure. Alterations of
mitochondrial physiology are observed during obesity to adapt func-
tionally to the new energy demands16. Obesity and metabolic diseases
have been linked to mitochondrial dysfunction in AT both in mouse
models and human patients17; where incorrect mitochondrial adapta-
tion may trigger type 2 diabetes, insulin resistance, and aging17,18. A
better understanding of how adipose mitochondria function is fine-
tuned mechanistically in response to diverse external stimuli can lead
to the development of promising therapeutic approaches to combat
obesity and its comorbidities.

Methylation-controlled J protein (MCJ/DnaJC15) is a transmem-
brane protein located in the mitochondrial inner membrane known to
be an inhibitor of respiratory chain complex I19. This protein has been
previously implicated in the adaptation of hepatocytes to fasting19.
MCJ/DnaJC15 deletion in hepatocytes protects animals against stea-
tosis and from the development of fibrosis under western and
methionine choline deficient diet (MCD)20, as well as alcohol-
associated liver disease21.

Here, we discovered that BAT activation is modulated by the
mitochondrial proteinMCJ/DnaJC15, whose expression is decreased in
humans and mice during obesity. Our investigation sheds light on the
role of MCJ/DnaJC15 in BAT and its significance in the context of
obesity, contrasting previous research that has extensively explored
MCJ/DnaJC15’s impact on liver function and its protective role against
liver steatosis20. MCJ/DnaJC15 plays a pivotal role in regulating AT
thermogenesis and BAT-specific deletion not only enhances thermo-
genic capacity but also decreases body weight. These results provide
evidence for the potential therapeutic implications of MCJ/DnaJC15
modulation in combating obesity, offering fresh avenues for the
intervention of this critical health issue.

Results
ReducedMCJ expression in humanadipose tissueduringobesity
To evaluate the possible role of MCJ in adipose tissue, we investigated
MCJ levels in human subcutaneousWAT (WATsc) during obesity, when
AT thermogenesis is reduced22–24. Our cohort of 135 adult patients
revealed a reduction ofMCJ expression inWATsc from individualswith
obesity compared to control subjects (Fig. 1A). Notably, mRNA levels
of DNAJC15 exhibited an inverse correlation with both body fat per-
centage and body mass index (BMI) (Supplementary Fig. 1A). In par-
allel, mice fed a high-fat diet (HFD) also displayed decreased MCJ
expression in both WATsc and BAT (Fig. 1B). Interestingly cold expo-
sure also reduced MCJ levels in BAT (Supplementary Fig. 1B). This
indicates that MCJ may be downregulated by both thermal and dietary
challenges to enhance thermogenesis. Collectively, these findings
point to a potential role of MCJ in regulating adipose tissue adaptation
to obesity in both humans and mice.

The absence of MCJ protects against obesity and increases
interscapular temperature
To elucidate the role of MCJ in controlling metabolism during obesity,
we conducted an experiment involving MCJKO and WT mice. We sub-
jected thesemice to either a chowdiet (CD) or a high-fat diet (HFD) for
8 weeks (Fig. 1C). Under CD conditions, we observed no significant
differences in body weight or various metabolic parameters, including
body composition, energy expenditure, respiratory quotient, food
intake, locomotor activity, and BAT temperature between the two
groups (Fig. 1D–I and Supplementary Fig. 1C–E).

However, when exposed to HFD, MCJKO mice showed outcomes
distinct fromWT control mice. MCJKO mice displayed less weight gain
(Fig. 1E) and fat mass accumulation (Fig. 1F), with no discernible
alterations in lean mass (Fig. 1G). This coincided with an increased
energy expenditure (Fig. 1H), demonstrated by indirect calorimetry.
While this increase did not correspond to changes in respiratory
quotient or food intake (Supplementary Fig. 1C, D), BAT temperature
was significantly increased in MCJKO mice under HFD conditions
(Fig. 1I). In contrast, there were no notable differences in ambulatory
and vertical movement between the two genotypes (Supplementary
Fig. 1E). To delve deeper into MCJ’s role in BAT metabolism, we con-
ducted ananalysis of BATmorphology inMCJKO andWTmice.While no
differences in BAT histology were noticed under CD, we observed that
the increased accumulation of lipid droplets after HFD feeding was
prevented in MCJKO mice (Fig. 1J).

To evaluate the role of BAT thermogenesis for the protection
against obesity, wemaintained themice at thermoneutrality to reduce
thermogenic response. In agreement with the protection mediated by
BAT thermogenesis we found that HFD fed MCJKO mice at 30 °C dis-
played the same body weight during HFD, BAT temperature and BAT
morphology as their wildtype counterparts (Supplementary Fig. 1F–I).

Enhanced BAT temperature and obesity protection through
BAT-specific MCJ deficiency in adipocytes
To investigate the specific role of MCJ in BAT, we employed an adeno-
associated virus (AAV) carrying an MCJ-targeting shRNA, which was
expressed under the adipocyte-specific aP2 mini promoter (pAAV-
miniaP2mir122-EGFP-shMCJ)8 and a multiple repetition of miR122 tar-
get to avoid expression in other type of cells25. Additionally, a control
mini aP2 mir122 scramble vector plasmid was used as control (pAAV-
miniaP2mir122-EGFP-shscramble) (Fig. 2A). These constructions were
administereddirectly into the BATofWTmice.MCJ protein levelswere
reduced in BAT as confirmed by Western-blot (Fig. 2B) and qRT-PCR
analysis (Fig. 2C). To clarify whether the MCJ reduction was specific to
brown adipocytes, we performed qRT-PCR analysis on fractionated
adipose tissue. We detected that MCJ inhibition occurs specifically in
the brown adipocyte fraction, while no alteration in MCJ levels was
observed in the stromal vascular fraction (SVF), demonstrating that
the deletion is specific to adipocytes (Fig. 2D). We further evaluated
the consequences of the viral infection by analyzing BAT inflammation
in comparison with non-infected wild-type mice. None of the infected
groups showed any changes either in macrophages infiltration (Sup-
plementary Fig. 2A–C) or in interleukin levels (Supplementary Fig. 2D)
in the BAT. Therefore, we conclude that administering AAV in the BAT
does not lead to an inflammatory response to which would impact
affect our study’s functionality. This specific downregulation of MCJ in
adipocytes resulted in an increase of BAT temperature (Fig. 2E).

We performed glucose and insulin tolerance tests in our shMCJ
BAT HFDmice and checked fasting blood glucose levels. We observed
that in fasting conditions, HFD-fed shMCJ BAT mice present lower
glucose levels compared with control mice (Fig. 2F), as well as
improved glucose tolerance and insulin sensitivity (Fig. 2G, H). Fur-
thermore, we observed that the reduction of MCJ in BAT imposes
beneficial metabolic effects by decreasing triglyceride levels, low
density lipoprotein (LDL) and high-density lipoprotein (HDL) choles-
terol, as well as total cholesterol and non-esterified fatty acids (NEFA)
levels (Fig. 2I–M). This indicates that the absence of MCJ in BAT not
only improves obesity by increasing thermogenesis but also improves
the plasma lipid profile and enhances glucose and insulin tolerance
on HFD.

To further evaluate the function of MCJ in BAT, we
conducted interscapular BAT transplantation, following established
protocols26,27. Specifically, after 3 weeks of exposure to HFD we
transplantedWTmice with BAT fromMCJKO orWTmice (Fig. 2N). The
transplanted BAT exhibited a normal appearance, as previously
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reported28, with reduced lipid droplets content in mice transplanted
with MCJKO BAT (referred to as BATMCJKO) compared to the one
coming from WT mice BATWT (Fig. 2O). Furthermore, BAT trans-
plantation with MCJKO BAT led to a decrease in body weight gain and
an increase in interscapular temperature (Fig. 2P, Q). Collectively,
these results affirm that BAT-specific MCJ deficiency enhances BAT
temperature and protects against diet-induced obesity. This

emphasizes the potential of MCJ as a therapeutic target for com-
bating obesity.

Increased BAT fatty acid oxidation and glycolysis in MCJ-
deficient mice
Our data strongly suggest that MCJ plays a significant role in BAT
metabolism. Further examination of BAT and WATsc metabolism
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through the measurement of 14C-palmitate oxidation revealed an
increase in fatty acid oxidation (FAO) in MCJKO BAT and WATsc. This
was evidenced by elevated levels of CO2, resulting from complete
oxidation through the tricarboxylic acid cycle (TCA cycle) (Fig. 3A and
Supplementary Fig. 3A). Additionally, the expression levels of multiple
enzymes involved in FAO were significantly elevated in HFD-fed MCJKO

BAT while no differences were found in WATsc (Fig. 3B and Supple-
mentary Fig. 3B, C).

There was also an increase in glycolytic flux in MCJKO BAT, indi-
cated by the lactate production and the conversion of [3-3H] glucose
into 3H2O during triose-phosphate isomerase production (Fig. 3C).
However, these parameters were decreased in MCJKO WATsc (Supple-
mentary Fig. 3D). In fact, we could demonstrate that there was more
glucose uptake by the brown adipocytes MCJKO measured in the BAT1
cell line (Supplementary Fig. 3E, F). This phenomenon aligns with a
uniquemetabolic characteristic of BAT: while in other tissues FAO and
glycolysis often inhibit eachother, as did in theWATsc, both processes
can remain active simultaneously during BAT activation, effectively
mitigating ATP depletion29.

Increased interscapular temperature by an UCP1-independent
mechanism
Moreover, the activation of BAT in MCJKO mice was further confirmed
by the increased expression of genes associated with thermogenesis
(Fig. 3D), including the β3 adrenergic receptor (Adrβ3). The relevance
of this pathway in enhancing thermogenesis in MCJKO BAT was con-
firmed through the administration of the Adrβ3 antagonist SR59230A
(Fig. 3E). Following Adrβ3 inhibition, no differences in interscapular
temperature were observed betweenMCJKO-treatedmice andWTmice
(Fig. 3F). Although it is known that the activation of Adrβ3 can lead to
an increase in UCP1 expression30, both UCP1 mRNA and protein levels
remainedunchangedbetweengenotypes inBATandWATsc (Fig. 3D,G
and Supplementary Fig. 4A, B), as did lipolytic genes in WATsc (Sup-
plementary Fig. 4B). We found neither alteration in alternative ther-
mogenic pathways such as creatine kinase (CK), the sarco/
endoplasmic reticulum calcium ATPase (SERCA), and the lipid futile
cycle (Supplementary Fig. 4C, D)13,14.

To determine whether BAT activation was independent of UCP1,
we crossed MCJKO mice with UCP1KO mice. We confirmed that there
were no phenotypic differences under CD, presenting the same body
weight, body composition and BAT temperature between UCP1MCJKO

and the rest of the genotypes (Supplementary Fig. 4E–I).
However,UCP1MCJKOmice showeddecreasedbodyweight and fat

mass, without changes in lean mass, after HFD compared to UCP1KO

mice (Fig. 3H–K), as well as a higher interscapular temperature
(Fig. 3L). The comparison of UCP1MCJKO withMCJKO indicates that they
present the same body weight and fat mass, suggesting that loss of
UCP1 did not affect the protection against obesity. Additionally, we
found that UCP1KO mice displayed lower BAT temperature, which was
reverted inUCP1MCJKOmice after HFD. Collectively, thesedata suggest

that MCJ might control thermogenesis at least in part through a UCP1-
independent mechanism.

Mitochondria from MCJKO resembles BAT activation
To gain deeper understanding of the molecular mechanism by which
MCJ controls BAT thermogenesis, we conducted an electron micro-
scopy analysis to examinemitochondrial morphology. Intriguingly, we
observed a higher number of mitochondria with a distinctive rounder
shape in MCJKO BAT (Fig. 4A). This morphology is typically associated
with BAT activation, facilitating the uptake of free fatty acids (FFA)31, as
we corroborated by analyzing the morphology of acute cold-exposed
mitochondria (Fig. 4A). Our findings were further supported by pro-
teomic analysis, which revealed an increase in proteins involved in
mitochondrial fission and a decrease of fusion proteins, coherent with
the observed alterations in mitochondrial shape during cold exposure
(Supplementary Fig. 5A). Noticeably, parameters such as mitochon-
drial area, and cristae density (Supplementary Fig. 5B, C) remained
unchanged. The transition to a rounder form could indicate a shift
toward increased fatty acid oxidation31, a process that provides a stable
energy source. Thereby, in a context of persistent nutrient overload
which may lead to cold intolerance and metabolic inflexibility, this
transition might help to minimize electron leakage32 and indirectly
contribute to reducedROSproduction, as observed in (Supplementary
Fig. 5D). Despite the changes in mitochondrial morphology, the
mtDNA/nDNA ratio and the levels of OXPHOS proteins, as quantified
by western blotting, remained unchanged, indicating that the overall
quantity of mtDNA and mitochondrial protein was stable (Supple-
mentary Fig. 5E, F). Additionally, we observed no changes in the
components of mitophagy signaling (Supplementary Fig. 5G).

In terms of mitochondria functionality, our observations indicate
that brown fat SVFs derived from MCJKO mice exhibit higher basal
respiration, ATP-linked respiration andmaximum respiration (Fig. 4B).
We also analyzed the lipid content and, just as observed in the phe-
notype of MCJKO mice, we observed a decreased oil red staining
(Fig. 4C). Therefore, we conducted a fatty acid oxidation seahorse test
with palmitate as substrate using plate based respirometry where we
observed higher basal respiration, ATP-linked respiration and max-
imum respiration (Fig. 4D). These findings suggest that MCJ deletion
may result in enhanced mitochondrial respiration, reducing fat
accumulation.

Our results suggest that BATmitochondria fromMCJKOmice show
typical characteristics of activated BAT. To determine whether these
morphological changes translate to molecular changes in the mito-
chondria we performed unbiased proteomic analysis of isolated BAT
mitochondria fromMCJKO and WTmice comparing them with isolated
BAT mitochondria after acute cold exposure. Consistent with the
higher FAO observed in BAT from MCJKO mice (Fig. 3A), we detected
elevated levels of enzymes involved in FAO in the MCJKO BAT mito-
chondria. Additionally, proteomic analysis indicated an activation of
the branched chain amino acid (BCAA) degradation enzymes to fuel

Fig. 2 | BAT-specific MCJ deficiency increases BAT temperature protecting
against obesity. A pAAV-miniaP2mir122-EGFP-shMCJ or control pAAV-
miniaP2mir122-EGFP-shscramble HFD-fed mice for 12 weeks injected at the 3rd
week of HFD. B Representative immunoblot analysis showing MCJ deletion in BAT
lysate (shscramble and shMCJn = 9). Vinculin protein expressionwasmonitored as
a loading control. qRT-PCR analysis of MCJ mRNA expression in BAT (C)
(shscramble n = 9; sh MCJ n = 10) and in the stromal vascular or adipocyte fraction
(D) (shscramble and shMCJn = 6).mRNAexpressionwasnormalized to the amount
ofGapdhmRNA. E Infrared thermal images and quantification of BAT interscapular
temperature (shscramble and sh MCJ n = 10). F Blood glucose levels (shscramble
and shMCJ n = 10). G Glucose tolerance test (GTT) and area under the curve (AUC)
(shscramble n = 9; sh MCJ n = 10). H Insulin tolerance test (ITT) expressed as a
percentage of the baseline value and AUC (shscramble and sh MCJ n = 10).
I–M Concentrations of triglycerides, total cholesterol, LDL, HDL and NEFA were

determined in submandibular blood samples (shscramble n = 10; sh MCJ n = 10
except in Fig1I n = 9). N After 3 weeks of exposure to HFD, WT mice were trans-
planted with BAT fromMCJKO or WT mice. O Representative histology of BAT lipid
content (BATWT and BATMCJKO n = 9). Scale bar: 100μm; (P) bodyweight time course
and area under the curve over 5 weeks (BATWT and BATMCJKO n = 9); (Q) infrared
thermal images and quantification of BAT interscapular temperature (BATWT and
BATMCJKO n = 9). Statistical differences according to a two-sided Student´s t test
(B, C, E, F, G, H, I, J, K, L, M, P, Q), one-way ANOVA followed by Tukey’s multiple
comparison test (D) and two-way ANOVA followed by Sidak’s multiple comparison
test (G, H, P). Values are represented as the mean± SEM. Source data are provided
as a SourceData file. AUC areaunder curve, BATbrownadipose tissue, GTTglucose
tolerance test, HDLhighdensity lipoprotein, HFDhigh fatdiet, ITT insulin tolerance
test, LDL low density lipoprotein, NEFA non-esterified fatty acids, SVF stromal
vascular fraction.
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the TCA cycle (Supplementary Fig. 5H). To further evaluate whether
these changes also occur in human activated BAT, we compared our
results with databases of cold-exposed human BAT33. Our findings
confirmed an increase in proteins involved in FAO, BCAA and TCA
(Supplementary Fig. 5I), resembling themetabolic changes that appear
in human mitochondria from activated BAT33.

It hasbeen shown that activatedBATmitochondria frommice and
humans actively utilize BCAAs for thermogenesis and promote BCAA
clearance34. Given the observed alteration inmitochondrial amino acid
degradation pathways, we explored the metabolomic landscape,
revealing that amino acid metabolites of MCJKO are highly decreased
(Supplementary Fig. 6).
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eIF2α mediates elevated thermogenesis in MCJKO mice
Amino acids deprivation is known to induce a stress response that has
been linked to activation of thermogenesis35,36. Indeed, our mito-
chondrial proteomic analysis showed elevated mitochondrial stress,
including an upregulation of eIF2α signaling, resembling the response
to acute cold exposure (Fig. 4E and Supplementary Fig. 7A). Western
blotting of BAT homogenates confirmed that the levels of active,
phosphorylated eIF2α, were elevated in MCJKO BAT as observed in WT
BAT under acute cold conditions (Fig. 4F).

To elucidate the role of eIF2α in the metabolic phenotype, we
specifically deleted eIF2α in BAT usingCRISPR technology (Fig. 4G). Its
deletion in MCJKO BAT effectively reversed the protection against diet-
induced body weight gain (Fig. 4H). Moreover, it counteracted the
increased interscapular temperature observed in MCJKO mice (Fig. 4I)
and the decreased lipid droplets accumulation (Fig. 4J), providing
strong evidence that eIF2α was responsible for the increased ther-
mogenesis. To further study the mechanisms responsible for the
increased thermogenesis, we compared the proteomes from HFD-fed
eIF2αKO and eIF2α/MCJKO mice with MCJKO and WT mice. The main
pathways, which we previously found to be upregulated in the mito-
chondria of BAT in our MCJKO mice, such as FAO, TCA, BCCA and
mitochondrial stress response, were downregulated in both eIF2αKO

and eIF2α /MCJKO mice (Supplementary Fig. 7B, C). This suggests that
eIF2α plays a key role in activating these pathways. These findings
underscore the critical role of eIF2α signaling in mediating the ther-
mogenic effects of MCJ deficiency in BAT.

In conclusion, our study unveils the pivotal role of MCJ in
regulating BAT thermogenesis and metabolism. We demonstrate
that MCJ deficiency promotes a marked increase in BAT thermo-
genesis, protecting against diet-induced obesity by enhancing
energy expenditure. Mechanistically, the absence of MCJ triggers
mitochondrial remodeling and stress, culminating in the activation
of eIF2α signaling, which, in turn, drives the thermogenic response
(Supplementary Fig. 7D).

Discussion
BAT has emerged as a promising target in the battle against obesity,
offering emerging avenues for the activation of non-shivering ther-
mogenesis. Understanding the molecular mechanisms governing BAT
function holds therapeutic potential. Here we found that mice lacking
mitochondrial protein MCJ specifically in the BAT exhibited a sig-
nificant increase in thermogenesis. We used a miniaturized version of
the aP2 promoter (mini/aP2) fused with miR122 to avoid expression in
other cell types other than adipocytes25. The increased thermogenesis
was characterized by heightened glycolysis and FAO within the BAT.
These findings are particularly intriguing since they occurred without
any notable changes in the expression of UCP1, a protein classically
linked to the functionality of BAT thermogenesis12. This implies that
the elevated thermogenesis in these mice operates independently of
UCP1, challenging the traditional notions of BAT thermogenic

processes. This independence was further substantiated when mice
lacking both UCP1 and MCJ displayed elevated thermogenesis, indi-
cating that the increase in BAT thermogenesis was mediated by alter-
native thermogenicmechanisms. In recent years, alternative pathways
of thermogenesis have been identified, including futile cycles like the
CK and the SERCA cycle, which have been shown to generate heat
without relying on UCP137. Moreover, recent research has shown that
brown adipocytes can activate increased energy expenditure through
enhanced lipid cycling38.

While we did not observe differences in the already described
independent UCP1 pathways, our findings indicate that the absence of
MCJ enhances the catabolism of amino acids, proposing a different
mechanism for inducing thermogenesis. These findings open an
exciting promising frontier in our understanding of BAT’s role in
controlling energy expenditure and offer promising avenues for
exploring non-UCP1-dependent thermogenic processes.

Our results in humans andmice suggest that the reduction ofMCJ
observed in patients with obesity appears to act as a compensatory
mechanism to enhance BAT thermogenesis. This adaptationmay serve
as a protective strategy to counteract excessive weight gain. Notably,
this is not an isolated instance; p38α, a substantial regulator of ther-
mogenesis, exhibits an inverse correlationwithBMI and,whendeleted,
promotes thermogenesis9. There is much more to uncover and com-
prehend about the compensatory responses that emerge during
obesity in BAT. Gaining knowledge about thesemechanisms holds the
key to novel approaches for combatting obesity and metabolic
disorders.

Mechanistically, mice deficient in MCJ displayed clear signs of
stress responses in mitochondria, marked by an upregulation amino
acids degradation and activation of proteasomal eIF2α-dependent
proteins within mitochondrial BAT. Indeed, the upregulation of FAO
and BCCA pathways are controlled by eIF2α implying that the activa-
tion of eIF2α in MCJKO mice controls the decrease in body weight and
the activation of thermogenesis. It has been demonstrated that upon
activation, BAT relies on BCAA for thermogenesis leading to a clear-
ance in mice and humans33,34, protecting for diet-induced obesity. This
observation aligns with previous research that has emphasized the
pivotal role of proteasomal activation for enhancing thermogenesis39.
It has been described that BAT exhibits increased proteasomal activity
under specific conditions, such as exposure to cold temperatures
(4 °C) or moderate room temperatures (22 °C)40. In fact, cold adapta-
tion triggers the activation of nuclear factor erythroid derived
2-related factor 1 (Nrf1), a transcription factor necessary for induced
proteasome in BAT. This activation boosts proteasomal activity, which
is vital for maintaining ER stability and cellular integrity during high
thermogenic activity. In fact, deleting Nrf1 in mice led to whitening of
BAT, emerging as a guardian of brown adipocyte function for adapting
to cold or to obesity. However, neither conditional deletion of adipo-
cyte inositol-requiring enzyme 1 (IRE1) nor X-box binding protein 1
(XBP1) impact non-shivering thermogenesis in mice40. Moreover,

Fig. 3 | Increased BAT FAO and glycolysis in MCJ-deficient mice, UCP1-
independent thermogenesis. A–D HFD-fed WT and MCJKO male mice (8 wk-old)
were sacrificed.A Fatty acid β-oxidation was determined by the conversion of [14C]-
palmitate to [14C]-CO2 in BAT (WT and MCJKO n = 7); (B) qRT-PCR analysis of mRNA
expression of fatty acid oxidation carriers from BAT. mRNA expression was nor-
malized to the amount of Gapdh mRNA (WT n = 6 except in cpt1α n = 5; MCJKO

n = 4); (C) Glycolysis wasmeasured by the lactate production and the conversion of
[3-3H]-glucose to [3H2O] in BAT (WT and MCJKO n = 3); (D) qRT-PCR analysis of
browning genes mRNA expression from BAT isolated (WT n = 6; MCJKO n = 5 except
in Adrβ3 and Cox7a1 n = 4). mRNA expression was normalized to the amount of
Gapdh mRNA; (E) WT and MCJKO male (8 wk-old) mice were HFD-fed for 10 weeks
and injected with Adrβ3 antagonist SR59230A 3mg/kg/day for 4 days. F Infrared
thermal images and quantification of BAT interscapular temperature (WT and
MCJKO n = 7). G Representative immunoblot analysis showing UPC1 expression in

BAT lysate from HFD-fed WT or MCJKO mice (WT n = 10; MCJKO n = 11). Vinculin
protein expression was monitored as a loading control. H UCP1KO and UCP1MCJKO

malemice (8wk-old)wereHFD-fed for 12weeks. IBodyweight timecourse and area
under the curve over 8 weeks (UCP1KO and UCP1MCJKO n = 10), (J) fat mass (UCP1KO

and UCP1MCJKO n = 10), (K) lean mass (UCP1KO and UCP1MCJKO n = 10) and (L)
infrared thermal images and quantification of BAT interscapular temperature
(UCP1KO and UCP1MCJKO n = 10). Statistical differences according to a two-sided
Student´s t test (A, C,D,G, I, J,K, L), one-way ANOVA followed by Tukey’s multiple
comparison test (F) and two-way ANOVA followed by Sidak’s multiple comparison
test (B, I). Values are represented as themean ± SEM. Source data are provided as a
Source Data file. Adrβ3 beta-3 adrenergic receptor, BAT brown adipose tissue,
Cidea cell death inducing DFFA like effector A, Cox7a1 cytochrome C oxidase
subunit 7A1, Cpt carnitine palmitoyltransferase, FAO fatty acid oxidation, HFD high
fat diet, Prdm16 PR domain containing 16, UCP1 uncoupling protein 1.
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deficiency of leucine rich pentatricopeptide repeat containing
(Lrpprc) in BAT activates transcription factor 4 (ATF4) and promotes
proteome turnover in BAT, improving cold tolerance in normal and
Ucp1 knockout mice. This mechanism reveals a diet-dependent, Ucp1-
independent thermogenic mechanism36.

However, while hyperphosphorylation of eIF2α has been asso-
ciated with impaired thermogenesis in BAT in Ssu72 deficientmice41, it

has not been conclusively demonstrated that these defects are eIF2α-
mediated. It is plausible that other functions of this vital phosphatase
in RNA processing, transcription, and mRNA capping may play a
mediating role in this effect.

These findings shed promising light on the regulatory mechan-
isms underlying BAT function and provide insights into potential
therapeutic targets for combating obesity and related metabolic
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disorders. Overall, ourworkunderscoresMCJ as a promising candidate
for the development of interventions aimed at harnessing the sub-
stantial thermogenic potential of BAT to combat obesity and its
associated complications.

Methods
Ethics statement
This population study was approved by the Ethics Committee of the
University Hospital of Salamanca and the Carlos III (CEI PI 09_2017-v3)
with all subjects providing written informed consent to undergo sub-
cutaneous fat biopsy under direct vision during surgery. Data were
collected on demographic information (age, sex, and ethnicity),
anthropomorphic measurements (BMI), smoking and alcohol history,
coexisting medical conditions, and medication use. All animal proce-
dures conformed to EU Directive 86/609/EEC and Recommendation
2007/526/EC regarding the protection of animals used for experi-
mental and other scientific purposes, enacted under Spanish law Real
Decreto 53/2013. The protocols are CNIC-07/18 and PROEX 215/18.

Mice
MCJKO and UCP1KO (B6.129-Ucp1tm1Kz/J)19,42 male mice were back-
crossed for 10 generations to the C57BL/6 J background (Jackson
Laboratory). Polymerase chain reaction (PCR) analysis of genomicDNA
confirmed the genotypes. Mice were cohoused under a 12 h light/12 h
dark cycle in a specific pathogen‐free facility. In all experiments, male
mice between8 and 20weeks oldwereused.Micewere fed a chowdiet
(CD) (Altromin, no. 1410) or a high‐fat diet (HFD) (Research Diets, no.
D11103002i) for 8–10weeks. Bodyweightwasmeasuredweekly during
the experimental phase in all experiments. Pharmacological inactiva-
tion of Adrβ3-receptor was performed by subcutaneous injection of
the SR59230A (Tocris) antagonist 3mg/kg/day for 4 days. For ther-
moneutral experiments, 8-week-old mice were kept at 30 °C for
8 weeks. For acute cold exposure experiments, 8-week-old mice were
kept at room temperature for 8 weeks and then transferred to a cold
incubator at 4 °C for 4 h.

To choose the size of the sample, we have used the 3 R rule to
ensure statistical validity and significance with the chosen size. Centro
Nacional de Investigaciones Cardiovasculares (CNIC) has biostatisti-
cians who use statistical methods to ensure that the correct number of
animals will be employed in each experiment to detect significant
biologically relevant differences. We used 3–11 mice per group for at
least 80%power for one‐ and two‐sided testing. Animals thatpresented
diseaseor hadbeenbittenbecauseof afight in the cagewere excluded.
The exact number of animals used in eachexperiment is detailed in the
corresponding figure legend.

Human samples
The study population included 135 patients (114 adult patients with
BMI≥ 35) who underwent elective bariatric surgery at the University

Hospital of Salamanca. Control subjects (21 adults with BMI≤ 30) were
patients who underwent laparoscopic cholecystectomy for gallstone
disease. Before surgery, fasting venous blood samples were collected
for measuring complete cell blood count, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), total cholesterol, high-density
lipoprotein, low-density lipoprotein, triglycerides, alkaline phospha-
tase, glucose, and albumin (Table 1).

Indirect calorimetry system
Energy expenditure, respiratory exchange, locomotor activity, and
food intake were quantified using the indirect calorimetry system
(PanLab v3.0 and TSE LabMaster, TSE Systems) over 2 days43.

BAT temperature
BAT‐adjacent interscapular temperature was quantified by thermo-
graphic imaging using a FLIR T430sc Infrared Camera (FLIR Systems,
Inc., Wilsonville, Oregon) and analyzed with FLIR software44.

Magnetic resonance imaging and nuclear magnetic resonance
spectroscopy
Body fat and leanmasswere quantified by nuclearmagnetic resonance
imaging using a Whole‐Body Composition Analyzer (EchoMRI, Hous-
ton, Texas)45.

Fig. 4 | The absence of MCJ alters mitochondria to increase thermogenesis by
resembling cold-exposed BAT with increased mitochondrial stress response.
A HFD-fed WT and MCJKO male mice (8 wk-old) were sacrificed at RT or after acute
cold exposure. Electron microscopy quantifying mitochondrial roundness (WT
n = 12; MCJKO n = 10; WT 4 °C n = 8 images) and number (WT, MCJKO and WT 4 °C
n = 9 images) per 3mice. Scale bar: 2μm; (B–D) respiratory analysis was performed
in differentiated brown adipocytes isolated from BAT of WT or MCJKO mice: (B)
oxygen consumption rate (WT n = 6; MCJKO n = 5 wells). Nonmitochondrial
respiration was subtracted, all values were normalised to protein content.
C Absorbance of dissolved oil red staining (WT and MCJKO n = 15 wells). D OCR
stimulated with palmitate or BSA (WT and MCJKO n = 4 wells). Nonmitochondrial
respirationwas subtracted, all valueswere normalised to protein content. E, FHFD-
fed WT and MCJKO male mice (8 wk-old) were sacrificed at RT or after acute cold
exposure. EHeatmap of BATmitochondria proteomic expression as z score for the
normalized CPM representing mitochondrial stress pathways (WT n = 5; MCJKO

n = 4); (F) representative BAT lysate immunoblot of the phosphorylation of eIF2α
(WT andMCJKO n = 12;WT 4 °C n = 9). Tubulin protein expression wasmonitored as
loading control. G WT, MCJKO, eIF2αKO and eIF2αMCJKO male (8 wk-old) mice were
HFD-fed for 12weeks.HBodyweight time course and area under the curve (WTand
eIF2αMCJKO n = 7; eIF2αKO and MCJKO n = 8); (I) infrared thermal images and quan-
tification of BAT interscapular temperature (WT and MCJKO n = 7; eIF2αKO and
eIF2αMCJKO n = 8); (J) representative histology of BAT lipid content (WT, MCJKO,
eIF2αKO and eIF2αMCJKO n = 7). Scale bar: 100μm. Statistical differences according
to a two-sided Student´s t test (C), one-way ANOVA followed by Tukey’s multiple
comparison test (A, F, H, I, J) and two-way ANOVA followed by Sidak’s multiple
comparison test (B, D comparing palmitate incubated groups, H). Values are
represented as themean± SEM. Source data are provided as a SourceData file. AUC
area under curve, eIF2α eukaryotic initiation factor2A, FCCP carbonyl-cyanide p-
(trifluoromethoxy)phenylhydroazone, HFD high fat diet, OCR oxygen consump-
tion rate, RT room temperature.

Table 1 | Characteristics of patients and controls for human
subcutaneous fat samples

Variable Patients with obe-
sity (n = 114)

Controls
(n = 21)

P value

Age (years) 47.69 (10.59) 49.33 (17.08) 0.584

Female:male ratio 82:32 13:8 0.298

BMI (kg/m2) 47.36 (7,01) 24.34 (2.43) <0.0001

Fasting blood sugar
(mg/dL)

116.02 (45.66) 90.45 (12.84) 0.014

AST (IU/L) 21.92 (11.29) 27.00 (27.05) 0.213

ALT (IU/L) 29.40 (20.92) 73.50 (169.39) 0.022

Alkaline phosphatase 71.96 (20.69) 87.67 (30.32) 0.014

Albumin (mg/dL) 4.33 (0.30) 4.49 (0.46) 0.058

Total cholesterol
(mg/dL)

182.14 (35.60) 190.67 (50.15) 0.438

Triglycerides (mg/dL) 142.01 (74.99) 119.25 (52.33) 0.268

LDL-cholesterol (mg/dL) 105.75 (31.87) 121.69 (41.43) 0.119

HDL-cholesterol (mg/dL) 48.57 (15.77) 49.74 (16.11) 0.808

Variables are presented as mean (standard deviation) are compared by means of two‐sided
Student t test.
BMI body mass index, AST aspartate aminotransferase, ALT alanine aminotransferase.
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Adenoviral vector production and administration
The adeno‐associated virus (AAV either pAAV-miniaP2mir122-EGFP-
shMCJ or pAAV-miniaP2mir122-EGFP-shscramble) was packaged into
AAV-9 capsids with the use of pAdDF6 helper plasmids transfected
into HEK293A cells by calcium‐phosphate coprecipitation. A total of
840 μg plasmid DNA (mixed in an equimolar ratio) were used per
HYPERFlask (Corning) seeded with 1.2 × 108 cells the day before.
Seventy‐two hours after transfection, the cells were collected by
centrifugation and the cell pellet was resuspended in 50mMTris HCl,
150mMNaCl, 2mMMgCl2 buffer on ice before digestion with DNase
I and RNaseA (0.1mg/mL: 1 each; Roche) at 37 °C for 60min. Clarified
supernatant containing the viral particles was obtained by iodixanol
gradient centrifugation. Gradient fractions containing virus were
concentrated using Amicon UltraCel columns (MilliporeSigma) and
stored at −70 °C46. Recombinant AAV9 were tittered and 1 × 109 virus
particles per mouse in PBS expressing were injected in a volume of
50μl bilaterally into the BAT in mice under sevoflurane anesthetics47.

Lentivirus production and administration
Transient calcium phosphate co-transfection of HEK-293T cells
was carried out with pLV[CRISPR]-hCas9:T2A:Puro-U6>mei-
f2a[gRNA#1849] and pLV[CRISPR]-hCas9:T2A:Puro-U6>meif2a
[gRNA#1159] from Vector Builder, together with pΔ8.9 and pVSV-G
packaging plasmids. Supernatants containing the lentiviral particles
were collected 48 h and 72 h after removal of the calcium phosphate
precipitate, centrifuged at 700 × g at 4 °C for 10min, and con-
centrated (×165) by ultracentrifugation for 2 h at 121,986 × g at 4 °C
(Ultraclear Tubes, SW28 rotor andOptima L-100 XPUltracentrifuge;
Beckman)48. Viruses were resuspended in cold sterile PBS and
titrated by qRT-PCR. Lentivirus were tittered and 1 × 109 virus par-
ticles per mouse in PBS expressing were injected in a volume of
50 μl bilaterally into the BAT in mice under sevoflurane
anesthetics47.

BAT transplantation
BATwas removed from the interscapular region of anesthetizedWTor
MCJKO donor mice, washed with sterile PBS and divided into 4 small
pieces to ensure vascularization of the implanted tissue. Then, BAT
was implanted subcutaneously in the interscapular region of recipient
WT after removal of their own interscapular BAT49.

Glucose tolerance tests (GTT) and insulin tolerance tests (ITT)
For GTT, mice were fasted overnight (16 h), whereas for the ITT mice
were fed ad libitum, and basal glucose concentration was measured in
tail-tip blood with a glucometer (Ascensia BREEZE 2 or Ascensia Con-
tour Next One). Mice were then injected intraperitoneally (i.p.) with D
(+)-glucose monohydrate (Merck) dissolved in saline buffer for the
GTT, and with insulin (0.75 U/kg body weight) (Lilly) for the ITT. Blood
glucose concentration was measured at 15, 30, 60, 90, and 120min
post injection50.

Biochemistry parameters
Submandibular blood samples were collected in EDTA blood collec-
tion tubes (Microvette) and centrifuged (10,000 × g for 20min at 4 °C)
for serum separation. Concentrations of triglycerides, total choles-
terol, LDL, HDL and NEFA were determined by using an automated
analyzer according to the manufacturers’ instructions.

Histology
BAT samples were fixed in 10% formalin for 48 h, dehydrated, and
embedded in paraffin. Sections (5 μm) were cut and stained with
hematoxylin and eosin (Sigma‐Aldrich, no. H3136 and Thermo Fisher
Scientific, no. 6766008). Sections were examined with a Leica
DM2500 microscope fitted with a 20X objective. Images were
quantified by Cellpose coupled to ImageJ software. Fat droplets were

detected by oil red staining (0.7% in propylenglycol) in differentiated
brown adipocytes. Oil red was dissolved in isopropanol and mea-
sured at 518 nm.

Fatty acid oxidation
Pieces of BAT and WATsc (30mg) were homogenized in a Potter
homogenizer (5 strokes) in cold buffer (25mM Tris–HCl, 500nM
sucrose, 1mM EDTA-Na2 (pH 7.4)) and sonicated for 10 s. Homo-
genates were centrifuged at 420× g for 10min at 4 °C. Samples (60μl)
from the homogenate supernatant were used for the assay, which
started by adding 340μl of assay mixture (500μM palmitate/0.4 μCi
[1–14 C] palmitate per reaction). Samples were incubated for 30min at
37 °C with shaking in tubes with a Whatman filter-paper circle in the
cap. The reaction was stopped by adding 200μl of 1M perchloric acid,
and 45μl of 1M sodium hydroxide was added to impregnate the
Whatman cap. After 1 h at room temperature, the Whatman caps
(containing released CO2) were removed, and the radioactivity asso-
ciated wasmeasured in a scintillation counter. Tubes were centrifuged
at 21,000× g for 10min at 4 °C, and samples (400μl) were collected
from the supernatant (containing ASMs). Radioactivity was counted in
a scintillation counter51,52.

Determination of glycolytic flux
The glycolytic flux was estimated by determining the rate of conver-
sion of D-[3-3H]glucose into 3H2O, which, previously validated53,54,
assesses the rate of 3H of C3-glucose interchange with water at triose-
phosphate isomerase. BAT or WATsc slices (10–40mg) were pre-
incubated for 30min in 2ml of a Krebs–Henseleit buffer (11mM
Na2HPO4, 122mM NaCl, 3.1mM KCl, 0.4mM KH2PO4, 1.2mM MgSO4,
1.3mM CaCl2; pH (7.4) supplemented with 5.5mM D-glucose at 37 °C,
followed by incubation in the presence of 5μCi/ml of D-[3-3H]glucose
in fresh Krebs–Henseleit buffer (2ml) in glass 25-ml Erlenmeyer flasks
equippedwith a centralwell containing a tubewith0.5ml ofwater. The
flask atmospherewas gassed with a O2/CO2 (95/5) mixture for 20 s and
stopped with a rubber cap, and the flasks were incubated in a ther-
mostatized orbital shaker (Forma Benchtop Orbital Shaker, Model
420, Thermo Fisher) for 3 h at 37 °C. 3H2O collected in the tube placed
in the central well was linear with time up to at least 4 h. Incubations
were finished by injecting 0.2ml of 20% (v/v) HClO4 through the rub-
ber cap, and flasks were further incubated for 72 h to allow the equi-
libration of 3H2O between the incubationmedium and the water of the
central well. The rate of glycolysis was expressed as nmol of D-[3-3H]
glucose converted into 3H2O per hour and per mg tissue55.

Determination of lactate concentration
Lactate concentrations were measured in the same buffer as the gly-
colytic flux after the 3 h incubation period spectrophotometrically by
determining the increments in absorbance at 340 nm in a mixture
containing 1mMNAD+ and 22.5 U/ml lactate dehydrogenase in 0.25M
glycine/0.5M hydrazine/1mM EDTA buffer at pH 9.5.

Western blot
Samples were lysed using Triton lysis buffer [20mM Tris (pH 7.4), 1%
Triton X-100, 10% glycerol, 137mM NaCl, 2mM EDTA, 25mM β-gly-
cerophosphate, 1mM sodium orthovanadate, 1mM phenylmethylsul-
phonyl fluoride, and 10 µg/mL aprotinin and leupeptin]. Extracts
(20–50 µg protein) were examined by immunoblot. Primary (1:1000)
and secondary antibody (1:5000) used in the study are listed in
reporting summary. Reactive bands were detected by chemilumines-
cence and analysed using Image-J software (National Institutes of
Health).

qRT-PCR
RNA was extracted with the RNeasy Plus Mini kit or RNeasy Plus Micro
kit (Quiagen, no. 74106 or no. 217084) and transcribed to
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complementary DNA (Applied Biosystems, no. 4368814). Real Time
qRT‐PCR was performed using Fast SYBR Green probe (Applied Bio-
systems, no. 4385616) and appropriate primers in a 7900 Fast Real
Time thermocycler (Applied Biosystems). Primers and Taqman probe
are listed below:

h_GAPDH Fw CCATGAGAAGTATGACAACAG
h_GAPDH Rv GGGTGCTAAGCAGTTGGTG
h_MCJ Fw TTGCAGGTCGCTACGCATTT
h_MCJ Rv CCAGCTTCTCGCCTACTCAT
m_Adrb3 Fw TGAAACAGCAGACAGGGAC
m_Adrb3 Rv TCTTGACACTCCCTCAGCAC
m_Cidea Fw TGACATTCATGGGATTGCAGAC
m_Cidea Rv GGCCAGTTGTGATGACTAAGAC
m_Cox7a1 Fw GCTCTGGTCCGGTCTTTTAGC
m_Cox7a1 Rv GTACTGGGAGGTCATTGTCGG
m_ Cpt1a Fw CTCCGCCTGAGCCATGAAG
m_ Cpt1a Rv CACCAGTGATGATGCCATTCT
m_Cpt1b Fw GCACACCAGGCAGTAGCTTT
m_Cpt1b Rv CAGGAGTTGATTCCAGACAGGTA
m_Cpt2 Fw CAGCACAGCATCGTACCCA
m_Cpt2 Rv TCCCAATGCCGTTCTCAAAAT
m_Cxcl14 Fw GAAGATGGTTATCGTCACCACC
m_Cxcl14 Rv CGTTCCAGGCATTGTACCACT
m_Gapdh Fw TGAAGCAGGCATCTGAGGG
m_Gapdh Rv CGAAGGTGGAAGAGTGGGA
m_Il1 Fw GCAACTGTTCCTGAACTCAACT
m_Il1 Rv ATCTTTTGGGGTCCGTCAACT
m_Il-4Fw GGTCTCAACCCCCAGCTAGT
m_Il-4Rv GCCGATGATCTCTCTCAAGTG
m_Prdm16 Fw CCACCAGCGAGGACTTCAC
m_Prdm16 Rv GGAGGACTCTCGTAGCTCGAA
m_Tnfa Fw CCCTCACACTCAGATCATCTTCT
m_Tnfa Rv GCTACGACGTGGGCTACAG
m_Ucp1 Fw GTGAACCCGACAACTTCCGAA
m_Ucp1 Rv TGAAACTCCGGCTGAGAAGAT

Tissue processing and flow cytometry
For the isolation of BAT SVF and adipocytes fractions, mice were
perfused with 20ml PBS, and BAT was collected, dissociated, and
digested with 1mg/mL liberase TL and 2U/mL DNAse for 30min at
37 °C with shaking. The cell suspension was then passed through a 70‐
μmstrainer and centrifuged at 1500 rpm. The part thatwas retained by
the filter was considered the adipocyte fraction whereas the one that
passes was the stromal vascular fraction (SVF). For flow cytometry,
pelleted erythrocytes were lysed with a red‐cell lysis buffer (NH4Cl,
NaHCO3, 20mM EDTA), and leukocytes were subsequently resus-
pended in flow cytometry buffer (PBS containing 1% FBS and 5mM
EDTA). Single‐cell suspensionswere stainedwith the following surface‐
marker antibodies: rat anti‐mouse CD45 V450 (Clone 30‐F11), rat anti‐
mouse CD11b Brilliant Violet (BV) 785 (Clone M1/70) and rat anti‐
mouse F4/80 APC‐Cyanine 7(Clone BM8). Dead cells were excluded by
(4’,6‐diamidino‐2‐fenilindol) DAPI staining. Flow cytometry experi-
ments were performed in a BD LSRFortessa cell analyzer, and data
were analyzed with FlowJo software.

Cell culture
Primary brown preadipocytes from WT and MCJKO mice were differ-
entiated to brown adipocytes in 10% fetal bovine serum (FBS) medium
supplemented with 20 nM insulin, 1 nM T3, 125μM indomethacin,
2μg/ml dexamethasone, and 50mM IBMX for 48 h and maintained
with 20 nM of insulin and 1 nM of T3 for 8 days. The day prior the
experiment, 100 µM palmitate is added overnight.

Immortalized brown preadipocytes (BAT1 cells) were cultured in
BAT1 media (DMEM/F12 media with 10% FBS and 1% penicillin/strep-
tomycin) and after 24 BAT1media is supplemented with 500μM IBMX

(3-isobutyl-1-methylxanthine), 5μM dexamethasone, 1μM rosiglita-
zone, 20 nM insulin and 1 nM triiodothyronine (T3). After 3days,media
was replaced with maintenance media supplementing BAT1 media
with 20 nM insulin and 1 nM T3. Experiments were conducted three
days after adding maintenance media. The day prior the experiment,
100 µM palmitate was added overnight56.

Cell transfection
Cell transfection was performed using the Lipofectamine™ 3000
Reagent Protocol. Briefly, after plating the cells, theDNAwasdiluted in
Opti-MEM™ Medium, and P3000™ Reagent. The siRNA (10 µM) was
mixed with the Lipofectamine™ 3000 Reagent (1:1 ratio). Finally, the
mixture was added to the cells and incubated for 48h.

Adipocyte respirometry measurements
Brown pre-adipocytes were plated and differentiated in gelatin (0.1%)
coated 96 Seahorse XF cell culture plates following the protocol
described above. 16 h before the assay, the cell medium was changed
to substrate-limited medium (SLM). For MitoStress, SML was com-
posed by DMEM supplemented with 1% fatty acid free BSA, 2mM
glutamine, 100μgml−1 penicillin/streptomycin and 1% FBS. For FAO
assay we followed Seahorse XF Palmitate-BSA FAO Substrate Guide
where SML was composed by DMEN supplemented with 0.5mM glu-
cose, 1mM glutamine, 0.5 mM L-carnitine hydrochloride, 100μgml−1
penicillin/streptomycin and 1% FBS. MitoStress test was performed in
XF medium containing 25mM glucose, 2 mM L-glutamine, and 1mM
sodium pyruvate using an XF-96 extracellular flux analyzer (Agilent).
For the FAO assay, 1mM palmitate conjugated to 0.17mM BSA or a
0.17mMBSAwas added to the XFmedium containing 2.5mMglucose,
0.5 mM L-carnitine hydrochloride, and 5mM HEPES. Cells were sti-
mulated with the following drugs: isoproterenol (ISO) for mitostress
test, followed in both tests by oligomycin, FCCP, and antimycin A plus
rotenone (all at a final concentration of 1μM). The protocol for all the
drugs followed a 3minmix, 2min wait, and a 3minmeasure cycle that
was repeated 3 times. After the analysis, data were normalized to
protein levels assessed by Bradford quantification. Basal respiration
(OCR basal—OCR nonmitochondrial), oxygen consumption in
response to ISO (OCR ISO–OCR basal), maximal respiration (OCR
FCCP – non-mitochondrial respiration), ATP production (OCR ISO –

OCR oligomycin) and proton leak (OCR oligomycin − OCR non-
mitochondrial) were calculated9.

Mitochondria isolation
Mitochondria were isolated from BAT by suspending BAT in a sucrose
buffer in a 2mL glass Potter-Elvehjem tube and homogenized by up
and down strokes with a motor-driven Teflon pestle. The homogenate
was centrifuged at 1000× g 5min at 4 °C and the supernatant was
centrifuged 12,000× g 3min at 4 °C twice until the pellet was yielded
the mitochondria-containing fraction57.

Mitochondrial DNA/genomic DNA ratio
BAT tissue was homogeneized in PBS, and the pellet was lysed in TNES
buffer (50mM Tris pH 7.4, 100mM EDTA pH 8,0, 400mM NaCl, 0.5%
SDS) supplemented with proteinase K (20mg/ml) overnight at 55 °C.
The reaction was stopped by addition of 6M NaCl, and samples were
centrifuged for 5min at 13,000g. DNA in supernatants was pre-
cipitated with 100% ethanol and washed with 70% ethanol. After dry-
ing, the DNA was resuspended in DNase free water, quantified, and
analyzedbyRT-PCR.Mitochondrial DNAwas detectedwith primers for
16S rRNA and nuclear DNA was detected with primers for HK258. Pri-
mers and Taqman probe are listed below:

m_Hk2 Fw TGATCGCCTGCTTATTCACGG
m_Hk2 Rv AACCGCCTAGAAATCTCCAGA
m_16s Fw CCGCAAGGGAAAGATGAAAGAC
m_16s Rv TCGTTTGGTTTCGGGGTTTC
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Transmission electron microscopy
Electron microscopy analysis was performed at the Electron Micro-
scopy Unit of the Spanish National Center for Biotechnology (CNB-
CSIC). BAT samples were harvested from HFD-fed mice for 12 weeks.
Tissue fragments (1–2mm3) were fixed in 2.5% glutaraldehyde/4%
paraformaldehyde in PBS for 4 h at room temperature, followed by
overnight incubationat 4 °C. After PBSwashes, sampleswere postfixed
for 1 h at 4 °C in a solution with 1% osmium tetroxide and 0.8%
potassium ferricyanide. Samples were rinsed in distilled H2O and
treated with 2% uranyl acetate for 1 h at 4 °C. Tissues were dehydrated
through a graded acetone series (30–100%) at 4 °C, embedded in
epoxy resin (Epon812, Sigma) andpolymerized at60 °C for 48h. Ultra-
thin sections (70 nm)were obtained by Leica EMUC6 ultramicrotome,
mounted on formvar/carbon coated grids and stained with uranyl
acetate and lead citrate following conventional protocols. Samples
were examined on a JEOL JEM 1011 (100 kV) transmission electron
microscope. Micrographs were obtained with a Gatan Erlangshen
ES1000W CCD camera at various magnifications. Mean area, peri-
meter, aspect ratio, circularity and cristae density were estimated
using ImageJ software.

Quantification of mitochondrial superoxide formation in iso-
lated mitochondria: mitoSOX+HPLC
Mitochondrial oxidative stress and superoxide was also measured by
an HPLC-based method to quantify triphenylphosphonium-linked 2-
hydroxyethidium (2-OH–mito-E + )59. BAT was homogenized in Hepes
buffer (50mM Hepes, 70mM sucrose, 220mMmannitol, 1mM EGTA,
and 0.033mM bovine serum albumin) and centrifuged at 1500 × g
(10min at 4 °C) and 2000× g for 5min. The supernatant was then
centrifuged at 20,000× g for 20min, and the pellet was resuspended
in 1ml of Hepes buffer. The latter stepwas repeated, and the pellet was
resuspended in 1ml of tris buffer (10mM tris, 340mM sucrose,
100mM KCl, and 1mM EDTA). Mitochondrial suspensions were dilu-
ted to a final protein concentration of 0.1mg/ml in 0.5ml of PBS buffer
containingmitoSOX (5μM) and incubated for 15min at 37 °C. After the
incubation step, water:acetonitrile (1:1) was added, samples were
centrifuged, and 100μl of the supernatant was subjected to HPLC
analysis. The system consisted of a control unit, two pumps, mixer,
detectors, column oven, degasser, and an autosampler (AS-2057 plus
with 4 °C cooling device) from Jasco (Groß-Umstadt, Germany) and a
C18- Nucleosil 100-3 (125 × 4) column from Macherey & Nagel (Düren,
Germany). A high-pressure gradient was used with acetonitrile and
50mM citrate buffer (pH 2.2) as mobile phases with the following
percentages of the organic solvent: 0min, 24%; 9–10min, 24–53%;
10–25.5min, 53–72%; 25.5–26min, 72–95%; 26–30min, 95%;
30–31min, 95–24%; and 31–40min, 24%. The flow was 0.55ml/min,
and mitoSOX was detected by its absorption at 360 nm, whereas 2-
OH–mito-E+ and mito-E+ were detected by fluorescence (excitation at
500 nm/emission at 580 nm). The 2-OH–mito-E+ and mito-E+ stan-
dards were synthesized by the Fremy’s salt and chloranil method as
described (77). To suppress mitochondrial ROS formation, especially
superoxide, selected samples were coincubated with the cell-
permeable superoxide dismutase mimetic and peroxynitrite sca-
venger manganese (III) tetrakis (4-benzoic acid) porphyrin chloride
(10μM) or the mitochondria-targeted scavenger of ROS (2-(2,2,6,6-
tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl) triphenylpho-
sphonium chloride (10μM).

Proteomics
BAT tissue (100μg per sample) and isolated BAT mitochondria (20 μg
per sample) fromHFD-fedmice were homogenized with a FastPrep-24
5G system (MP Biomedicals). Total protein was digested according to
the filter aided sample preparation (FASP) protocol60. The dried pep-
tides were dissolved in 150mM triethylammoniumbicarbonate (TEAB)
buffer. Equal amounts of each peptide sample were labeled using the

18-plex tandem mass tag (TMTp) kit (Thermo Scientific). Labeled
peptides were separated by liquid chromatography and analyzed by
tandem mass spectrometry (LC-MS/MS) using a C-18 reversed phase
EASY nano-column (75 µm I.D. x 50 cm, 2 µm particle size, Acclaim
PepMap RSLC, 100 C18; Thermo Scientific) in a continuous gradient
consisting of 0–30% B for 360min and 50–90% B for 3min (A= 0.5%
formic acid; B = 90% acetonitrile, 0.5% formic acid). Peptides were
eluted from the reverse-phase nano-column to an emitter nanospray
needle for real-time ionization and peptide fragmentation on an
Orbitrap Trybrid Fusion mass spectrometer (Thermo Fisher). An
enhanced Fourier transform-resolution spectrum (resolution =
60,000) followed by the MS/MS spectra from the 15 most intense
parent ions was performed. All spectra were analyzed with Proteome
Discoverer (version 2.5, Thermo Fisher Scientific) using SEQUEST-HT
(Thermo Fisher Scientific). Data were searched against a mouse Uni-
prot database (June 2022), and peptide identification was performed
with a false discovery rate (FDR) ≤ 1%61. Protein quantification and
statistical analysis were performed based on the weighted spectrum,
peptide and protein (WSPP) statistical model using the iSanXoT
package61,62. Differences in peptide and protein abundance or func-
tional behavior were estimated based on the comparison of the
groups’ Zq, or Zc medians, respectively, as determined by the WSPP
statistical model. Proteins or functional changes were considered
statistically significant with a p value < 0.05 based on a two-sided t test
comparison of the Z values using limma63. Protein changes were con-
sidered statistically significant with p <0.05. Proteins were annotated
using the Ingenuity Knowledge Database (Ingenuity Pathway Analysis,
IPA) and R studio. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium repository with the
dataset identifier PXD057026.

Metabolite isolation
BAT was flash frozen and powderized with a mortar and pestle in a
liquid nitrogen bath. Approximately 10mg of powder was transferred
into tubes and re-suspended in 800 uL ice-cold LC-MS grade 60:40
methanol:Water (ThermoFisher). Samples were vortexed for 10min at
4 °C. Then, 500 µL of ice-cold LC-MSgrade chloroform (ThermoFisher)
was added to the lysate and samples were vortexed for an additional
10min at 4 °C. Samples were centrifuged at 16,000 × g for 10min at
4 °C, creating a polar layer on top, a non-polar layer on the bottom, and
a protein layer at the interface. The top layer was transferred to a new
tube, dried down in a speedvac to be used for LCMS analysis. The non-
polar layer was discarded. The protein layer was lysed in RIPA buffer
(150mM NaCl, 50mM Tris HCl pH 7.5, 0.1% SDS, 1% Triton-X 100
(Sigma), 0.5% deoxycholate (Sigma), complete EDTA-free protease
inhibitor (Sigma). Protein in each sample was quantified using the
Pierce BCA Protein Assay Kit (Life Technologies). Protein concentra-
tions were used for normalization of sample inputs prior to LC-MS
analysis.

Liquid chromatography mass spectrometry
A Qexactive Plus quadrupole orbitrap mass spectrometer (Thermo
Fisher Scientific) equipped with an Ion Max source and a HESI II probe
coupled to a Vanquish Horizon UHPLC System (Thermo Fisher Scien-
tific) was used to perform LC-MS experiments. Prior to operation, the
instrument underwent mass calibration for positive and negative ion
mode using Calmix (Thermo Fisher Scientific) every 7 days. Dried
samples were re-suspended in enough HPLC-grade water to have a
final concentration of 1 ug protein per mL water. 2μL of the re-
suspended polar metabolite samples were injected onto a SeQuant
ZIC-pHILIC 5μm 150× 2.1mm analytical column equipped with a
2.1 × 20mm guard column (MilliporeSigma). The column oven was
held at 25 °C and the autosampler tray was held at 4 °C. Buffer A was
comprised of 20mM ammonium carbonate, 0.1% ammonium
hydroxide. Buffer B was comprised of 100% acetonitrile. The
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chromatographic gradient was run at a flow rate of 0.150mL/min as
follows: 0-20min: linear gradient from 80 to 20% B; 20–20.5min: lin-
ear gradient from 20 to 80% B; 20.5–28min: hold at 80% B. The mass
spectrometer was operated in full-scan, polarity switching mode, with
the spray voltage set to 4.0 kV, the heated capillary at 350 °C, and the
HESI probe at 350 °C. The sheath gasflowwas 10units, the auxiliary gas
flow was 2 units, and the sweep gas flow was 1 unit. MS data was
collected in a range of m/z = 70–1000. The resolution set at 70,000,
the AGC target at 1 × 106, and the maximum injection time at 20 msec.
Differentially encountered metabolites (p <0.05) were analyzed by
Metabolite Set Enrichment Analysis (MSEA) using Metaboanalyst 5.0.

Polar metabolomics
BAT1 cells were washed twice and supplemented with DMEM with
1mM sodium pyruvate and 25mM 13C-glucose. After 4 h, cells were
washed and incubated with 80:20%methanol:water solution at −80 °C
for 15min. Extracts were centrifuged (10min at 18,000 × g) and
supernatants were dried down. Samples were submitted to the Meta-
bolomics Core at the Beth Israel Deaconess Medical Center for further
polar metabolite detection by QTRAP® 5500 System and Reverse-
Phase Ion-Pairing Chromatography. Differentially encountered meta-
bolites (p <0.05) were analyzed byMetabolite Set Enrichment Analysis
(MSEA) using Metaboanalyst 5.0.

Statistics & reproducibility
The data are expressed as means ± SEM. Two‐group comparisons
were analyzed by two‐tailed Student t test, and multiple group
comparisons were analyzed by one‐way or two‐way analysis of var-
iance coupled with the Tukey’s or Sidak’s multigroup test, respec-
tively. Pearson correlation analysis was performed to study
correlation between variables. To ensure that changes in EE were
independent of the weight of the mice, EE (Kcal/h) was also analyzed
via ANCOVA as reported64. For all tests, differences were considered
significant at a two‐sided p < 0.05. To choose the size of the sample
we have used the 3 R rule to ensure statistical validity and sig-
nificance with the chosen size. Biostatisticians help in designing our
animal experiments using most updated statistical methods to
ensure that the correct number of animals will be employed in each
experiment. The number of animals in each group is determined by
the statistical power that is required to detect significant biologically
relevant differences. A meaningful difference in means at least 80%
power for one- and two-sided testing. Animals that presented disease
or had been bitten because fight in the cage were excluded. Animals
were randomized into groups. Technicians were blinded analyzing
samples and most of the studies were performed in such condition,
except in some experiments where samples were needed to be loa-
ded correctly. All displayed points represented biological replicates.
All analyses were performed using Excel (Microsoft Corp.), R studio
and GraphPad PRISM 8 software. The statistics details for all the
experiments were indicated in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
published article (and its supplementary information files). The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium repository with the dataset identifier
PXD057026. Themass spec-basedmetabolomics have been deposited
to the EMBL-EBI MetaboLights database with the identifier
MTBLS1150565. Any further information is available from the corre-
sponding authors. Source data are provided with this paper.
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