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SUMMARY

Uncoupling protein 1 (UCP1) is a major regulator of brown and beige adipocyte energy expenditure and
metabolic homeostasis. However, the widely employed UCP1 loss-of-function model has recently been
shown to have a severe deficiency in the entire electron transport chain of thermogenic fat. As such, the
role of UCP1 in metabolic regulation in vivo remains unclear. We recently identified cysteine-253 as a reg-
ulatory site on UCP1 that elevates protein activity upon covalent modification. Here, we examine the phys-
iological importance of this site through the generation of a UCP1 cysteine-253-null (UCP1 C253A) mouse,
a precise genetic model for selective disruption of UCP1 in vivo. UCP1 C253A mice exhibit significantly
compromised thermogenic responses in both males and females but display no measurable effect on
fat accumulation in an obesogenic environment. Unexpectedly, we find that a lack of C253 results in adi-
pose tissue redox stress, which drives substantial immune cell infiltration and systemic inflammatory pa-
thology in adipose tissues and liver of male, but not female, mice. Elevation of systemic estrogen reverses
this male-specific pathology, providing a basis for protection from inflammation due to loss of UCP1 C253
in females. Together, our results establish the UCP1 C253 activation site as a regulator of acute thermo-

genesis and sex-dependent tissue inflammation.

INTRODUCTION

The extraordinary capacity for thermogenic adipocytes to
oxidize fuels in futile cycles to counteract obesity has generated
considerable interest in understanding the mechanisms that
control these processes. This interest has been further stimu-
lated by findings demonstrating substantial quantities of brown
and beige fat in adult humans (Becher et al., 2021; Cypess
et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al.,
2009). Seminal studies have now identified distinct lineages of
thermogenic-competent adipocytes and the molecular factors
that control their identity and differentiation (reviewed in Shapira
and Seale, 2019). A question of similar importance from a thera-
peutic standpoint is how thermogenic respiration is activated in
these cells (Chouchani et al., 2019). This question is particularly
relevant since brown adipose tissue (BAT) is predominantly
quiescent under basal conditions and requires activation by pe-
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ripheral signals for thermogenic respiration to occur (Cannon
and Nedergaard, 2004; Muzik et al., 2017).

In both rodents and humans, the best-characterized interven-
tions that drive BAT thermogenesis are cold exposure and
B-adrenoreceptor agonism. These stimuli result in clearance of
glucose and fatty acids from the blood by BAT, increased energy
expenditure, and protection against insulin resistance (Baskin
et al., 2018; Bordicchia et al., 2012; Chen et al., 2013b; Cypess
et al., 2015; Lafontan and Berlan, 1993; Liu et al., 2016; Orava
et al., 2011; Ouellet et al., 2012). The above interventions initiate
adipose tissue thermogenesis in part by activating the thermo-
genic effector uncoupling protein 1 (UCP1), a protein uniquely
expressed in BAT and beige fat. Importantly, UCP1 remains
inactive under basal conditions, but when activated, it initiates
proton leak across the mitochondrial inner membrane, which is
sufficient to substantially elevate catabolism of reduced sub-
strates derived from glucose and fats (Chouchani et al., 2019).
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Figure 1. Mutation of UCP1 C253 does not deplete the UCP1 catabolic machinery
(A) Top: structure of human UCP1 modeled on the homologous mitochondrial ATP/ADP carrier (AAC) crystal structure showing the location of a hydrophobic
pocket containing UCP1 C253. The model shows that C253 resides at an interface between two helices that stabilize the closed state of UCP1 and that its

(legend continued on next page)
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The importance of UCP1 in the regulation of thermogenesis
in vivo has been demonstrated by genetic loss of function;
UCP1 knockout (UCP1KO) mice display severe sensitivity to
cold temperatures and lack a thermogenic response to BAT
adrenoreceptor agonism (Enerback et al., 1997). Moreover, it
has been suggested that basal UCP1 activity contributes to pro-
tection against obesity. These conclusions are based on the
observation that UCP1KO mice exhibit sensitivity to diet-
induced weight gain at thermoneutrality, but not at room temper-
ature (Enerback et al., 1997; Feldmann et al., 2009). However, it
has now been determined that loss of UCP1 causes depletion of
most components of the mitochondrial electron transport chain
(ETC) in BAT (Kazak et al., 2017b; Mills et al., 2021). Therefore,
interpretation of phenotypes of UCP1KO mice are confounded
and are attributable to both the depletion of the ETC as well as
to loss of UCP1 protein per se. This finding underscores the
need for a genetic model that specifically disrupts UCP1 activa-
tion, without depleting the ETC, to assess its importance in ther-
mogenesis, physiology, and metabolic disease.

Brown and beige adipocyte thermogenesis is regulated by
reactive oxygen species (ROS) that initiate thermogenesis by
reversible covalent modification of protein cysteine residues
(Chouchani et al., 2016). Robust activation of adipocyte thermo-
genesis in vivo results from genetic manipulations that elevate
cysteine oxidation in adipose tissue (Chouchani et al., 2016,
2017; Han et al., 2016; Kazak et al., 2017b; Lee et al., 2016; Let-
tieri Barbato et al., 2015; Mills et al., 2018; Ro et al., 2014;
Schneider et al., 2016). Similarly, pharmacological elevation of
ROS (e.g., superoxide and hydrogen peroxide) or elevation of
protein thiol oxidation is sufficient to drive rapid and robust acti-
vation of adipocyte thermogenesis (Chouchani et al., 2017; Han
etal.,2016; Kazak et al., 2017b; Lee et al., 2016; Schneider et al.,
2016; Shi et al., 2021). Conversely, adipose tissue thermogene-
sis initiated by physiologic interventions (e.g., cold exposure) de-
pends on endogenously produced cysteine-reactive ROS, most
probably hydrogen peroxide (Chouchani et al., 2016; Mills et al.,
2018; Sanchez-Alavez et al., 2014; Sanchez-Alavez et al., 2013;
Shi et al., 2021).

Building on these discoveries, we have reported that thermo-
genic ROS reversibly modify a regulatory site (C253) on UCP1,
which elevates UCP1-dependent respiration (Chouchani et al.,
2016). Structural modeling suggests that UCP1 C253 maps to
a hydrophobic interface that stabilizes the inactive conformation
of the protein (Chouchani et al., 2016). Modeling covalent mod-
ifications on this site, such as to a sulfenic acid by reaction with
hydrogen peroxide, are predicted to disrupt this interface and
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drive a conformational change to increase UCP1 activity. Thus,
UCP1-dependent thermogenesis may be tuned through modifi-
cation of C253, which destabilizes the inactive structural confor-
mation (Figure 1A). In this work, we generate a mouse model in
which the regulatory C253 site on UCP1 is mutated to an alanine
(UCP1 C253A mouse) to examine its relevance in regulating en-
ergy homeostasis and metabolic disease.

RESULTS

The UCP1 C253A mouse: An in vivo model for selective
disruption of UCP1 activation

Using CRISPR, we generated a mouse model with an individual
point mutation on UCP1 at the redox-regulated residue C253,
which has been mutated to an alanine (UCP1 C253A) (Figures
1B, 1C, and S1A). Modification of C253 is thought to destabilize
the inactive conformation of UCP1. On this basis, mutation to
alanine will desensitize UCP1 to activation (Figure 1A). We first
examined expression and stability of the C253A form of UCP1
in vitro in both brown adipocytes differentiated from stromal
vascular fraction (SVF) cells and in vivo in BAT. These data indi-
cate that UCP1 C253A protein expression is comparable to wild-
type (WT) levels (Figures 1D and 1E). Ciritically, quantitative pro-
teomics of BAT from WT, UCP1KO, and UCP1 C253A mice
demonstrated that unlike UCP1KO BAT, UCP1 C253A BAT
maintained expression of the full repertoire of mitochondrial
metabolic proteins at WT levels under standard housing condi-
tions (Figures 1F-1l and S1B). We observed no consistent differ-
ence in mMRNA or protein expression of other UCP isoforms in
BAT or subcutaneous white adipose tissue (subQ) between ge-
notypes (Figures S1C-S1F). Therefore, the UCP1 C253A mouse
has a specific disruption of UCP1 C253 without additional deple-
tion of the catabolic machinery in BAT.

Loss of UCP1 C253 impairs the thermogenic response in
brown adipocytes and BAT in vivo

We began by characterizing the metabolic physiology of UCP1
C253A mice under standard housing conditions. In this setting,
WT and UCP1 C253A mice had identical body mass and body
mass composition (Figures 2A-2E). We then exposed UCP1
C253A mice to a range of acute thermogenic stimuli to elicit
differing extents of UCP1 activation, while monitoring energy
expenditure and metabolic parameters using indirect calorim-
etry (Figures 2C, 2F-2J, S1G-S1P, and S2A-S2D). Absent
thermal challenge (thermoneutrality, TN, 29°C) or with modest
thermal stress (room temperature, RT, 22°C), both male and

oxidation could destabilize the closed state, sensitizing UCP1 to activation by fatty acids (FA). Bottom: proposed model suggesting that redox modification of
C253 sensitizes UCP1 to activation by adrenergic stimulation and FA-mediated activation.
(B) Sequencing UCP1 C253 locus of WT, UCP1C253A, and heterozygote mouse.

(C) Representative MS/MS fragment spectrum determining the locus containing amino acid 253 from WT and UCP1 C253A BAT. The spectra illustrate fragment
ion assignments: b ions extending from the amino terminus (blue) and y ions extending from the carboxyl terminus (red). Arrow highlights high-confidence
assignment of cysteine at position 253 in WT BAT and alanine at position 253 in UCP1 C253A BAT. Fragment ion assignments from both singly (+1) and doubly
(+2) charged peptides are shown, including mass error measurements (A error).

(D) Immunoblot analysis of UCP1 protein in brown adipocytes isolated and differentiated from SVF from WT and UCP1 C253A BAT. Data are representative of 5
experiments.

(E) UCP1 protein abundance in WT and UCP1 C253A BAT (left) and subQ (right) (n = 5).

(F-1) Protein abundance differences between WT and UCP1 C253A and WT and UCP1KO BAT of mitochondrial respiratory chain proteins (WT [UCP1KO C253A
control], WT [UCP1KO control]; UCP1 C253A n = 5; UCP1KO n = 4).

**p < 0.01, **p < 0.001 (two-tailed Student’s t test for pairwise comparisons). Data are mean + SEM.
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Figure 2. UCP1 C253A mice are thermogenically compromised upon cold exposure
(A and D) Body mass of male (A) and female (D) WT and C253A mice (male: WT n = 59, UCP1 C253A n = 56; female: WT n = 41, UCP1 C253A n = 50).
(B and E) Body composition of male (B) and female (E) WT and C253A mice (male: WT n = 59, UCP1 C253A n = 56; female: WT n = 41, UCP1 C253A n = 50).

(legend continued on next page)
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female WT and UCP1 C253A mice displayed comparable rates
of oxygen consumption (VO,), CO, release (VCO,), and energy
expenditure (Figures 2C, 2F, and S1G-S1J). However, upon
exposure to cold (4°C), both male and female C253A mice ex-
hibited significantly lower VO, consumption (Figures 2G-2J), en-
ergy expenditure (Figures S1K and S1L), and VCO, production
(Figures STM and S1N) compared with WT mice. Interestingly,
UCP1 C253A mice exhibited comparable responses to f3-adre-
noreceptor agonism by CL-316,243 (Figures S10 and S1P), an
established activator of adipose tissue thermogenesis (Bloom
et al,, 1992; Granneman et al., 2003; Himms-Hagen et al.,
1994). However, isolated brown adipocytes had a blunted respi-
ratory response to norepinephrine (NE), which stimulates both o
and B-adrenoreceptors, and requires ROS generation for full
activation of UCP1-dependent thermogenesis (Chouchani
et al., 2016) (Figure S1Q). These findings contrast with UCP1KO
mice that are both sensitive to acute cold challenge and
consume less oxygen after treatment with a B3-adrenergic-re-
ceptor agonist (Enerback et al., 1997). This discrepancy could
be due in part to additional ROS-producing factors, such as suc-
cinate, that are generated in response to cold exposure, but not
B3-agonism (Mills et al., 2018). Following all in vivo stimuli noted
above, no difference in food intake (Figures S2A and S2B) or
movement (Figures S2C and S2D) was observed between
genotypes.

Next, we exposed male and female WT and UCP1 C253A mice
to cold, as above, and monitored body temperature using
infrared thermography (Crane et al., 2014). We observed a signif-
icant decrease in dorsal surface temperature, both in the inter-
scapular and entire body area, but not the tails, of UCP1
C253A male and female mice (Figures 2K-2N). The degree of
hypothermia observed was comparable with that previously
reported in BAT depletion models (Lowell et al., 1993) and deple-
tion of other thermogenic pathways in BAT/beige fat such as cre-
atine-dependent thermogenesis (Kazak et al., 2017a). These
data correlate strongly with the observed effect on VO, and en-
ergy expenditure (Figures 2C and 2F-2J), demonstrating that, in
response to cold exposure, the thermogenic response is signif-
icantly blunted in UCP1 C253A mice.

Loss of UCP1 C253 does not affect fat mass
accumulation or energy expenditure upon obesogenesis
UCP1 activity has been implicated in regulation of obesity based
on findings in the UCP1KO mouse, a model with the substantial
caveats described above. Therefore, we next investigated the
role of UCP1 C253 in modulation of whole-body energy expen-
diture during diet-induced obesity (DIO). To do so, male and fe-
male UCP1 C253A mice were housed at TN and subjected to an
ab libitum high-fat, high-sucrose (HFHS) diet for 12 weeks. WT
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and UCP1 C253A mice gained considerable and indistinguish-
able weight and fat mass upon HFHS feeding (Figures 3A-3F),
and food intake between groups was identical (Figures 3G and
3H). We additionally applied the energy balance method (Gold-
gof et al., 2014; Ravussin et al., 2013) to assess whole-body en-
ergy expenditure and found no difference between genotypes
(Figures 3I-3N). The phenotypes described above were also
observed in mice subjected to DIO when housed at RT (Figures
S5G-S5R). Histological assessment of BAT and subQ following
HFHS diet revealed no difference in adiposity/adipocyte size be-
tween genotypes (Figures S2E-S2L). Minimal differences in tran-
scripts related to UCP1 and the thermogenic program were
observed BAT and subQ of WT and UCP1 C253A mice following
HFHS feeding (Figures S2M-S2R).

Remarkably, despite the lack of adiposity difference between
genotypes, male C253A mice exhibited significantly more
glucose intolerance, compared with WT mice, following HFHS
feeding (Figure 30). Of note, glucose intolerance was identical
between WT and UCP1 C253A female mice (Figure 3P). We
therefore examined whether glucose uptake into BAT differs be-
tween male genotypes. To do so, we injected mice with "3Ce-
glucose and traced glucose uptake and metabolism in BAT,
muscle, and liver (Figures S2S-S2W). Interestingly, we found
that glucose uptake initially increased into UCP1 C253A BAT
(Figure S28), but catabolism of glucose through the lower portion
of glycolysis was significantly compromised (Figure S2T). These
data suggest that glucose metabolism is impaired in BAT of
UCP1 C253A mice, which could contribute to the glucose insen-
sitivity observed following HFHS feeding. Glucose uptake and
metabolism was unaltered in liver of UCP1 C253A mice (Figures
S2U and S2V), and a small decrease in metabolic flux through
glycolysis was observed in muscle of UCP1 C253A mice (Figures
S2U and S2W). It should be noted that these experiments were
performed in chow-fed mice, while the glucose intolerance
phenotype was observed in mice on a HFHS diet. It could there-
fore be expected that the above-described inhibition of glucose
catabolism in BAT and muscle of UCP1 C253A mice would be
exacerbated following HFHS diet.

Sexually dimorphic regulation of adipose tissue
inflammation by UCP1 C253

We next explored the role of UCP1 C253 on adipose tissue phys-
iology more broadly. To do so, we first performed proteomic
analysis of adipose tissues from both male and female mice
following HFHS feeding to identify biological processes that
are altered in the absence of UCP1 C253. We focused first on
subQ WAT, which is known to remodel substantially upon DIO
and to mediate obesity-related pathologies. SubQ WAT from
UCP1 C253A male mice exhibited increased protein abundance

(C and F) VO, of male (C) and female (F) WT and C253A mice at the depicted temperatures and with an intraperitoneal (i.p.) injection of CL-316.234 (1 mg/kg)
(male: WT n =17, UCP1 C253A n = 14; female: WT n = 16, UCP1 C253A n = 14).
(G and I) Zoom in of VO, of male (G) and female (I) WT and C253A mice upon transition to 4°C (male: WT n = 17, UCP1 C253A n = 14; female: WT n = 16, UCP1

C253A n = 14).

(H and J) % change in area under the curve of acute cold VO, of male (H) and female (J) WT and UCP1 C253A mice (male: WT n=17, UCP1 C253A n = 14; female:

WT n =16, UCP1 C253A n = 14).

(K and M) Representative infrared images of WT and UCP1 C253A male (K) and female (M) mice following 3-h cold exposure.

(L and N) Surface temperature of the entire body, interscapular BAT area, or tail of WT and UCP1 C253A mice following 3-h cold exposure. Surface temperature is
calculated as the average of the highest 50% area of the region of interest (male: WT n = 6, UCP1 C253A n = 7; female: WT n = 4, UCP1 C253A n = 6).

*p < 0.05, *p < 0.01, **p < 0.001 (two-tailed Student’s t test for pairwise comparisons). Data are mean + SEM.
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Figure 3. UCP1 C253A mice have similar adiposity to WT upon HFD

(A and B) Change in body mass (A) and final weight (B) of male mice during HFHS feeding (WT n = 55, UCP1 C253A n = 50).

(C) Body composition of male mice following 12 weeks HFHS feeding (WT n = 55, UCP1 C253A n = 50).

(D and E) Change in body mass (D) and final weight (E) of female mice during HFHS feeding (WT n = 41, UCP1 C253A n = 50).

(F) Body composition of female mice following 12 weeks HFHS feeding (WT n = 41, UCP1 C253A n = 50).

(G and H) Cumulative food intake in male (G) and female (H) male mice throughout 12 weeks HFHS feeding (male: WT n =55, UCP1 C253A n = 46; female: WT n =
41, UCP1 C253A n = 50).

(I-N) Cumulative whole-body energy expenditure of male (I-K) or female (L-N) mice over 12 weeks HFHS feeding, determined as described in STAR Methods
(male: WT n = 55, UCP1 C253A n = 50; female: WT n = 41, UCP1 C253A n = 50).

(O and P) i.p. glucose tolerance test in male (O) and female (P) mice following 12 weeks HFHS feeding (male WT and C253A n = 19, female: WT n = 20, UCP1
C253An =19).

*p < 0.05 (two-tailed Student’s t test for pairwise comparisons, one-way ANOVA for multiple comparisons involving independent variable, two-way ANOVA for
multiple comparisons involving two independent variables, ANCOVA for K and N). Data are mean + SEM.

of major drivers of inflammation, compared with WT, as deter-  proteomic analysis also indicated an increase in neutrophil activ-
mined by unbiased pathway analysis (Figures 4A-4E; Table ity in male UCP1 C253A subQ WAT (Figure 4D). Neutrophil acti-
S1). Asignificant increase in abundance of proteins that regulate  vation following phagocytosis of antigens initiates a local
immune cell phagocytosis (Figure 4B), antigen processing and  immune response and inflammation, mainly via the production
presentation (Figure 4C), and neutrophil-mediated immunity = of ROS and the release of proteases and anti-microbial peptides
(Figure 4D) was observed in male UCP1 C253A subQ WAT. founds within their intracellular granules (Mocsai, 2013). Indeed,
Fc-receptor-mediated phagocytosis involves the ligation of the in male UCP1 C253A WAT, we observed an increase in major
Fc receptor, which is found on the surface of many immune cells  protein drivers of neutrophil activation including Ncf (neutrophil
but notably on macrophages and neutrophils, to antibody cytosol factor)1 and Ncf4, two subunits of neutrophil NADPH ox-
coated antigens (Aderem and Underhill, 1999). Proteins involved  idase, (Figures 4B and 4E) as well as the lysosomal proteins
in phagocytosis (Figure 4A) and immunoglobulins (Figure 4E) Hexb (Beta-hexosaminidase subunit beta) and Lyz2 (Lysozyme
were upregulated male UCP1 C253A subQ WAT, including C-2; Figures 4D and 4E). Importantly, phagocytic NADPH oxi-
several actin remodeling proteins (Figure 4B), which are central  dase activity has been linked with damaging oxidative stress in
for macrophage and neutrophil phagocytosis. Interestingly, neu-  patients with hyperinsulinemia (Fortuno et al., 2006). More
trophils are a major cell type that play a role in phagocytosis, and  generally, neutrophils have been directly implicated in the
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Figure 4. Mutation of UCP1 C253A promotes an inflammatory response in subQ and BAT of male, but not female, mice

(A) Protein abundance differences between male WT and UCP1 C253A subQ following 12 weeks HFHS feeding. Top pathways enriched in proteins exhibiting
>20% increase between genotypes highlighted (WT n = 7; UCP1 C253A n = 5).
(B-E) Protein abundance differences of top enriched pathways (B-D) or established pro-inflammatory proteins (E) between WT and UCP1 C253A subQ following
12 weeks HFHS feeding (WT n = 7; UCP1 C253A n = 5).
(F) Protein abundance differences between female WT and UCP1 C253A subQ following 12 weeks HFHS feeding. Top pathways found to be enriched in proteins

exhibiting >20% increase between WT and UCP1 C253A males in (A) are highlighted; (n =

8).

(G-J) Protein abundance differences of top enriched pathways (G-I) or established pro-inflammatory proteins (J) between WT and UCP1 C253A female subQ
following 12 weeks HFHS feeding (n = 8).
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pathogenesis of high-fat-diet-induced glucose insensitivity,
largely because of the release of intracellular inflammatory
agents (Talukdar et al., 2012).

As well as stimulating immune cell activation, phagocytosis is
also required for the uptake of extracellular antigens, which are
then processed and presented to cells of the adaptive immune
system to initiate their activation. Along these lines, we also
observed increased abundance of proteins that mediate antigen
processing and presentation in WAT from C253A male mice (Fig-
ure 4C). These proteins are all associated with major histocom-
patibility complex (MHC) class Il, which is found exclusively on
professional antigen-presenting cells including macrophages,
dendritic cells, and B cells. We also observed increased abun-
dance of several macrophage and dendritic cell markers such
as CD74, CD48, and CD180 (Figure 4E). Notably, CD180 is
part of a cell surface receptor complex associated with Toll-
like receptor 4, (TLR4). Ligation of TLR4 is known to occur during
obesity and leads to the activation of NFkB, a major regulator of
inflammation (Cani et al., 2007). In line with this, we observed
increased abundance of other components of this pathway
including Irf5 (interferon regulatory factor 5) and Tifa (TRAF-inter-
acting protein with FHA-domain-containing protein A; Figure 4E).
Systemic activation of NFkB is associated with glucose intoler-
ance, and NFkB blockade is protective in this context (Eldor
et al., 2006). Furthermore, NFkB activation results in the produc-
tion of a range of pro-inflammatory intermediates such as acute
phase proteins, cytokines, chemokines, and danger associated
molecular patterns (DAMPs). We detected elevated abundance
of several such intermediates, including the DAMP S100a4 and
the acute phase protein Saal (serum amyloid A1; Figure 4E).
Both S100a4 (Anguita-Ruiz et al., 2020; Arner et al., 2018) and
Saal (Scheja et al., 2008; Yang et al., 2006) are hallmarks of
glucose intolerance.

We next analyzed subQ WAT of female UCP1 C253A mice
following HFHS intervention. To our surprise, the pathogenic in-
flammatory pathways significantly upregulated in the subQ WAT
of male C253A mice were entirely unchanged in the correspond-
ing female tissues (Figures 4F-4J; Table S1). Instead, the subQ of
female UCP1 C253A mice was enriched in proteins that regulate
the extracellular matrix (ECM; Figures S3A and S3B). Remodeling
of the ECM is required for healthy adipose tissue expansion, in
part by allowing the formation of new blood vessels (Sun et al.,
2013). We also observed a significant increase in proteins associ-
ated with protein catabolism (Figure S3C) and mitosis (Figure S3D)
suggesting an overall growth/expansion phenotype in the subQ of
female UCP1 C253A mice following HFHS diet. Furthermore,
several pathways and proteins that contribute to inflammation
were significantly downregulated. These included complement
system proteins (Figure S3E), cholesterol metabolic proteins (Fig-
ure S3F), mast cell secretory granule proteins, and immune cell
signaling and antigen-processing and presentation-related pro-
teins (Figure S3G) (Engstrom et al., 2005; Lim et al., 2013; Wlazlo
et al., 2014; Zewinger et al., 2020).
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Together these data demonstrate a fundamental sex-depen-
dent regulation of WAT inflammation by UCP1 C2583. In males,
UCP1 C253 strongly antagonizes immune cell phagocytic
markers, antigen processing and presentation markers, and
the production of several major inflammatory drivers of
metabolic disease. In female WAT, these pathways were either
unchanged or downregulated in UCP1 C253A mice. This sex-
dependent inflammatory response coincides with a male-selec-
tive dependence on UCP1 C253 for maintenance of glucose
sensitivity upon high-fat feeding (Figures 30 and 3P).

Based on the findings above, we next determined whether the
sex-dependent regulation of WAT inflammation by UCP1 C253
was present in mice absent an obesogenic challenge. We per-
formed proteomic assessment of the subQ of WT and C253A
male mice under standard housing conditions on chow diet (Fig-
ure S3H; Table S2). Proteins that were significantly upregulated
in WAT of male C253A mice following HFHS feeding were not
differentially expressed on chow diet (Figures S3H-S3L; Table
S2). However, we did observe alterations in certain inflammatory
intermediates (Figure S3M); these include the DAMPs S100a1
and S100a13, and the transcription factor CCAAT enhancer
binding protein beta (Cebpb), which is critical for macrophage
function and regulates several inflammatory genes including
several cytokines and acute phase proteins. Taken together,
our findings demonstrate that UCP1 C253 antagonizes WAT
inflammation in male, but not female mice, particularly in an obe-
sogenic context.

Inflammatory remodeling in BAT upon loss of UCP1

C253 in male, but not female, mice

We additionally identified sex-specific proteome-wide alter-
ations in BAT of male UCP1 C253A mice (Figures 4K and 4L; Ta-
ble S3). The major upregulated proteins in BAT of UCP1 C253A
male mice were associated with inflammation (Figures 4K and
4L). These include the immune cell protein Lsp1 (lymphocyte
specific protein 1) and the DAMP S100a6. Conversely, among
the most downregulated proteins was Arg1 (arginase1), a critical
marker of anti-inflammatory macrophages (Figure 4L). We also
observed a significant downregulation of several metabolic path-
ways that are linked to regulation of inflammation, including
metabolic enzymes involved in S-Adenosyl methionine (SAMe)
and amino acid catabolism (Figures S4A-S4C), as well as urea
cycle metabolism (Figures S4A and S4D). Moreover, under stan-
dard chow diet feeding conditions, male UCP1 C253A BAT ex-
hibited an elevation in proteins and pathways associated with
inflammation including neutrophil-mediated immunity, leukocyte
migration and complement (Figures S3N-S3R; Table S2).

The above-described changes were not observed in females
(Figures 4M, 4N, and S4E-S4H; Table S3). Instead, proteins
involved in regulating mitochondrial translation, substrate catab-
olism, and thermogenesis, including a number of ETC compo-
nents, were significantly upregulated in the BAT of female
UCP1 C253A mice (Figures S41-S4L; Table S3). It is possible

(K and M) Protein abundance differences between male (K) and female (M) WT and UCP1 C253A BAT following 12 weeks HFHS feeding with inflammatory

proteins highlighted (n = 8).

(L and N) Protein abundance differences of established pro-inflammatory proteins between WT and UCP1 C253A male (L) and female (N) BAT following 12 weeks

HFHS feeding (n = 8).

*p < 0.05, **p < 0.01 (two-tailed Student’s t test for pairwise comparisons). Data are mean + SEM.
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that in the absence of UCP1 C253, female mice possess the ca-
pacity to upregulate alternative modes of substrate catabolism,
such as increased carbon and fatty acid oxidation (Figures
S4J-S4L). Finally, proteins related to the NLRP3 inflammasome,
an important pro-inflammatory signaling hub, were downregu-
lated in BAT of female UCP1 C253A mice (Figure S4M).

Sexually dimorphic regulation of adipose tissue immune
cell populations by UCP1 C253

Our proteomic analyses suggested a fundamentally remodeled
immune cell population in male, but not female, adipose tissues
in the absence of UCP1 C253. We next directly examined
whether immune cell populations and inflammatory proteins in
these tissues could be regulated by UCP1 C253 following initia-
tion of obesogenesis. Flow cytometry analysis revealed an in-
crease in absolute numbers of CD3™ cells in the subQ of male
UCP1 C253A mice (Figures 5A and S8). This was attributable
to anincrease in abundance of CD8* cytotoxic T cells (Figure 5B).
Increased numbers of CD8" T cells has been observed during
obesity, and depletion of these cells has been shown to limit
macrophage infiltration to WAT and to decrease inflammation
and glucose intolerance (Nishimura et al., 2009). Furthermore,
we identified an increased abundance of inflammatory macro-
phages (Figures 5C and 5D), perhaps as a consequence of the
increased number of CD8* T cells, in the subQ WAT of male
UCP1 C253A mice. A similar increase in myeloid cells was
observed in BAT from male UCP1 C253A mice (Figures 5E and
5F). Notably, the abundance of both CD3* and CD8" cells was
decreased in the subQ of female UCP1 C253A mice (Figures
5A and 5B), while the numbers of macrophages in BAT and
subQ remained unchanged between genotypes in females (Fig-
ures 5C-5F).

We next examined the expression of established pro- and anti-
inflammatory molecules following obesogenic feeding. We
observed a significant increase in expression of the pro-inflam-
matory cytokine //1b in the BAT and subQ WAT of male UCP1
C253A mice (Figures 5G and 5H). We additionally detected
increased expression of Tnf and the chemokine Ccl2 in the
BAT of male UCP1 C253A mice (Figure 5H). CCL2 is a chemo-
tactic factor for macrophages and inflammatory monocytes
and is known to contribute to the infiltration of these cells into ad-
ipose tissues during DIO and to play a role in the progression of
glucose intolerance (Kamei et al., 2006; Kanda et al., 2006).
Conversely, we observed a significant decrease in the expres-
sion of the anti-inflammatory cytokine //70 (Figures 5G and 5H).
These inflammatory phenotypes were sex dependent; the
expression of these intermediates was either unchanged or
significantly downregulated in subQ and BAT from female
UCP1 C253A mice (Figures 5G and 5H). A similar sex-specific in-
flammatory phenotype was observed in C253A mice at RT upon
obesogenesis (Figures S5S and S5T). This phenotypic switch to
a pro-inflammatory profile has been extensively linked with
obesity-associated inflammation, pathology, and progression
of type 2 diabetes (T2D) (Eldor et al., 2006; Lumeng et al.,
2007; Maedler et al., 2002; Spranger et al., 2003). Indeed, IL-
1B antagonists and NSAIDs have shown beneficial effects in
type 2 diabetic patients (Fleischman et al., 2008; Goldfine
et al., 2010; Goldfine et al., 2008; Koska et al., 2009; Larsen
et al., 2007, 2009). On the other hand, the anti-inflammatory
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cytokine IL-10 has been suggested to limit diet-induced inflam-
mation and glucose intolerance in mouse models (Hong et al.,
2009). In sum, these data illustrate a role for UCP1 C253 in the
regulation of adipose tissue immune cell and inflammatory ho-
meostasis in male mice.

Systemic inflammatory remodeling in male UCP1

C253A mice

We next determined if loss of UCP1 C253 could exert effects
systemically in tissues that do not express UCP1. We explored
the effect of C253 mutation on inflammation in the epididymal
white adipose tissue (epi) and liver following HFHS feeding,
two tissues known to remodel substantially following obeso-
genic intervention. Interestingly, histological analysis of epi
WAT showed an increase in abundance of crown-like structures
in male, but not female, UCP1 C253A mice (Figure S5A). The
expression of several inflammatory markers was increased in
the liver of male, but not female, UCP1 C253A mice (Figures
S5B-S5F; Table S4). This included cytokines, chemokines,
several immunoglobulins, B-cell-receptor-associated protein
29 (Bcap29), which plays a role in B cell receptor signaling,
and lipopolysaccharide-induced TNF factor (Litaf) (Figures
S5B-S5F). A similar inflammatory phenotype was observed in
the livers of male, but not female, UCP1 C253A upon DIO at
RT (Figure S5U). Together, these data indicate that loss of
UCP1 C253 exerts systemic inflammatory effects in non-UCP1
expressing tissues.

Disrupted redox homeostasis and mtDNA damage and
release drive sex-dependent inflammation regulated by
UCP1 C253

We next explored how loss of UCP1 C253, which is selectively
expressed in brown and beige fat, could affect both local and
systemic inflammation. Because of the interdependence be-
tween ROS and UCP1 activity, we hypothesized that in the
absence of UCP1 C253 to respond to, and decrease, local
ROS levels (Chouchani et al., 2016; Ukropec et al., 2006), BAT
mitochondria would be exposed to elevated ROS-driven
macromolecular oxidation. Oxidation of macromolecules of
mitochondrial origin (such as mitochondrial mtDNA [mtDNA]),
which can be released into the circulation, are known mediators
of systemic inflammation (Collins et al., 2004; Oka et al., 2012;
Shimada et al., 2012; Zhang et al., 2010). These factors could
explain some of the systemic consequences of compromised
UCP1 activity.

We first examined whether loss of UCP1 C253 affected BAT
redox homeostasis by systematically quantifying the reversible
oxidation state of protein cysteine residues, which are highly
sensitive to alterations in local ROS levels. To do so, we used
the cysteine-reactive phosphate tag (CPT) methodology (Xiao
et al., 2020) to map the cysteine oxidation state across the pro-
teome in BAT (Figures S6A-S6C; Table S4). We determined that
the oxidation status of several hundreds of cysteines is altered in
C253A BAT compared with WT following HFHS feeding (Figures
S6A and S6B). We found a significant enrichment of highly
oxidized mitochondrial proteins in BAT from UCP1 C253A mice
(Figures S6A and S6C). Furthermore, we found an increase in
oxidation of several proteins associated with inflammatory pro-
cesses including NFkB, MAPK, adipocytokine, and type |
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Figure 5. UCP1 C253A controls inflammation and immune cell populations in subQ and BAT in a sex-dependent manner
(A-D) Cell numbers for each indicated population from subQ of male and female WT and UCP1 C253A mice following 12 weeks on HFHS diet (male WT and

C253A n = 7; female: WT n = 4, UCP1 C253A n = 5).

(E and F) Cell numbers for each indicated population from BAT of male and female WT and UCP1 C253A mice following 12 weeks on HFHS diet (male: WT n =8,

UCP1 C253A n = 7; female: WT n = 4, UCP1 C253A n = 5).

(G) Relative gene expression of cytokines in subQ from WT and UCP1 C253A mice following 12 weeks on HFHS diet (male: WT n = 9, UCP1 C253A n = 7-9;

female: WT n = 8, UCP1 C253A n =9).

(H) Relative gene expression of inflammatory intermediates in BAT from WT and UCP1 C253A mice following 12 weeks on HFHS diet (male: WT n = 9, UCP1

C253A n = 9; female: WT n =9, UCP1 C253A n = 8-9).

*p < 0.05, **p < 0.01 (two-tailed Student’s t test for pairwise comparisons). Data are mean + SEM.

interferon signaling (Figure S6A). Based on the observation that
loss of UCP1 C253 increased levels of mitochondrial protein
oxidation, we examined mtDNA damage, which is a direct
consequence of increased mtROS production, and has been
implicated in systemic inflammatory pathogenesis. ROS-driven
oxidation can damage mtDNA and also drive mtDNA release
into the circulation to act as a DAMP to promote an immune
response. Remarkably, we observed a significant increase in
mtDNA damage in BAT (Figure 6A), and a significant increase

in circulating mtDNA in male, but not female, C253A mice
(Figure 6B).

Since ROS-driven macromolecular oxidation in BAT is a direct
consequence of loss of UCP1 C253, we next examined whether
it was required for systemic tissue inflammation observed during
HFHS feeding. To test this, we supplemented the drinking water
of WT and UCP1 C253A mice on a HFHS diet with the mitochon-
dria-targeted antioxidant, MitoQ, using an established dosing
regimen (Rodriguez-Cuenca et al., 2010) (Figures S6D-S6H).
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Figure 6. Redox stress in male C253A mice contributes to the observed inflammatory phenotype
(A) mtDNA damage in male and female WT and UCP1 C253A BAT following 12 weeks HFHS feeding (male: WT n = 10, UCP1 C253A n = 10; female: WT n = 11,
UCP1 C253A n = 11). See STAR Methods for details.
(B) Plasma mtDNA levels in male and female WT and UCP1 C253A following 12 weeks HFHS feeding (male: WT n = 10, UCP1 C253A n = 10; female: WT n = 11,

UCP1 C253A n

=11).

(C) Relative gene expression of inflammatory intermediates in BAT from WT, UCP1 C253A, and UCP1 C253A mice supplemented with MitoQ in drinking following

12 weeks on H

FHS diet (n = 9).

(D) Relative gene expression of inflammatory intermediates in subQ from WT, UCP1 C253A, and UCP1 C253A mice supplemented with MitoQ in drinking
following 12 weeks on HFHS diet (WT n = 9; UCP1 C253A n = 8-9; UCP1 C253A + MitoQ n = 8-9).
(E) Protein abundance differences between male WT and UCP1 C253A subQ following 12 weeks HFHS feeding. Top pathways enriched in proteins exhibiting
>20% change between genotypes highlighted (WT n = 7; UCP1 C253A n = 5). These data are additionally presented in Figure 4A.
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Supplementation with MitoQ in the drinking water resulted in a
significant reversal of the signs of inflammation in BAT and
subQ observed in C253A mice at both the protein and mRNA
level (Figures 6C-6M). We found that inflammatory cytokine
expression was renormalized to WT levels upon MitoQ supple-
mentation (Figures 6C and 6D). We next assessed the pro-
teomes of subQ WAT and BAT from WT and C253A mice supple-
mented with MitoQ. Remarkably, inflammatory pathways
upregulated in C253A mice were completely renormalized
upon MitoQ supplementation and additional inflammatory pro-
teins were decreased (Figures 6E-6M and S6I-S6P; Table S5).
Together, these data demonstrate a major role for UCP1 C253
in the regulation of inflammatory signaling in both subQ WAT
and BAT following DIO that is dependent on mtROS. It should
be noted, however, in agreement with previous literature (Fink
etal., 2017; Rodriguez-Cuenca et al., 2010), mice supplemented
with MitoQ in their drinking water gained less weight than control
counterparts, which could additionally contribute to the above-
described anti-inflammatory phenotypes observed.

Estrogen signaling underlies sex-dependent
inflammation regulated by UCP1 C253

Next, to explore the mechanism by which UCP1 C253A female
mice may be protected from inflammation we explored the role
of estrogen signaling, which is known to confer systemic pro-
tective metabolic effects in the context of obesity (Dakin
et al.,, 2015; Davis et al., 2013). We implanted slow release
B-estradiol capsules subcutaneously in male WT and C253A
mice prior to 12-week HFHS diet intervention (Figures S7A-
S7D). The expression of inflammatory cytokines, which were
significantly increased in BAT of untreated C253A mice, renor-
malized to WT levels upon B-estradiol supplementation (Fig-
ure 7A). Furthermore, the expression of the anti-inflammatory
cytokine, /110, which was decreased in BAT of UCP1 C253A
mice, was also renormalized to WT levels. A similar phenotype
was observed in subQ WAT (Figure 7B). Proteomic assessment
of BAT and subQ WAT determined that many inflammatory pro-
teins that were upregulated in UCP1 C253A mice were no
longer significantly upregulated in C253A mice upon B-estradiol
supplementation (Figures 7C-7K; Table S6) and several addi-
tional inflammatory proteins were downregulated (Figures
S7E-S7L). A decrease in proteins associated with antigen pro-
cessing and presentation (Figures S71 and S7J), phagocytosis
(Figures S7I and S7K), and B cell signaling (Figures S7I and
S7L), was observed in BAT from C253A mice following B-estra-
diol supplementation. Taken together, these data demonstrate
that estrogen signaling plays a central role in antagonizing tis-
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sue inflammation in BAT and subQ of mice lacking UCP1
C253. As previously reported (Martinez de Morentin et al.,
2014), mice supplemented with B-estradiol gained less weight
than control counterparts, which could additionally contribute
to the anti-inflammatory phenotypes observed.

DISCUSSION

The recent identification of C253 as a residue that becomes
covalently modified to elevate UCP1 activity has raised the ques-
tion of the physiological importance of this regulatory site. More
generally, it is now established that the widely used UCP1KO
loss-of-function model is in fact depleted of the entire mitochon-
drial ETC, thus confounding the interpretation of many of the
phenotypes and molecular functions assigned to UCP1. To
address the physiological relevance of both UCP1 and C253
we generated the UCP1 C253A mouse. This model selectively
abrogated regulatory activation of UCP1 by covalent modifica-
tion of C253. Moreover, adipose tissues in UCP1 C253A mice
exhibit no depletion of the mitochondrial ETC, and this is there-
fore a model for selective disruption of UCP1 in vivo. Mice lack-
ing C253 of UCP1 exhibit a thermogenic deficit in response to the
cold temperatures, demonstrating the importance of this residue
in elevating UCP1 activity in response to thermal challenge. This
finding is in line with previous work demonstrating the functional
relevance of sulfenylation of C253 specifically upon exposure to
cold temperatures (Chouchani et al., 2016; Shi et al., 2021). Inter-
estingly, UCP1 C253A mice exhibited no decrease in energy
expenditure or enhanced adiposity in an obesogenic environ-
ment. Absent a thermogenic stimulus that would elevate modifi-
cation of UCP1 C253, such as exposure to cold temperatures,
this site does not appear to play a role in energy expenditure
or adiposity. This finding contrasts with data from the UCP1KO
mouse, which exhibits elevated adiposity upon high-fat feeding,
when housed at thermoneutral temperatures. Considering what
is now known about depletion of the entire ETC in the UCP1KO
model and our data herein, enhanced adiposity could be attribut-
able to the combined depletion of the mitochondrial catabolic
machinery, as opposed to UCP1 activity alone. Alternatively,
activation of UCP1-dependent diet-induced thermogenesis by
local increase of free fatty acids, independent of C253 modifica-
tion, may explain this discrepancy. In addition, major UCP1-in-
dependent thermogenic processes are present in BAT that
contribute to diet-induced thermogenesis, in particular the futile
cycle of reversible creatine phosphorylation, for which there is
now substantial genetic evidence (Kazak et al., 2015, 2017a,
2019; Rahbani et al., 2021; Sun et al., 2021). Our data suggest

(F) Protein abundance differences in subQ between male WT and UCP1 C253A supplemented with MitoQ following 12 weeks HFHS feeding. Top pathways
enriched in proteins exhibiting >20% increase between WT and UCP1 C253A males in (E) are highlighted (VT n = 5; UCP1 C253A + MitoQ n = 6).

(G-J) Protein abundance differences of top enriched pathways (G-I) or established pro-inflammatory proteins from WT versus UCP1 C253A comparator (J)
between WT and UCP1 C253A+MitoQ subQ following 12 weeks HFHS feeding (WT n = 5; UCP1 C253A+MitoQ n = 6).

(K) Protein abundance differences between WT and UCP1 C253A BAT following 12 weeks HFHS feeding with inflammatory proteins highlighted (n = 8). These
data are additionally presented in Figure 4K.

(L) Protein abundance differences between WT and UCP1 C253A+MitoQ BAT following 12 weeks HFHS feeding with inflammatory proteins highlighted (WT n=5;
UCP1 C253A+MitoQ n = 6).

(M) Protein abundance differences of established pro-inflammatory proteins from WT versus UCP1 C253A comparator (K) between WT and UCP1 C253A+MitoQ
BAT following 12 weeks HFHS feeding (WT n = 5; UCP1 C253A+MitoQ n = 6).

*p < 0.05, **p < 0.01 (two-tailed Student’s t test for pairwise comparisons, one-way ANOVA for multiple comparisons involving independent variable). Data are
mean + SEM.
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Figure 7. Estrogen signaling underlies sex-dependent inflammation regulated by UCP1 C253
(A) Relative gene expression of inflammatory intermediates in BAT from WT, UCP1 C253A, and UCP1 C253A mice supplemented with B-estradiol following
12 weeks on HFHS diet (WT n = 9; UCP1 C253A n = 9; UCP1 C253A + B-estradiol n = 10).
(B) Relative gene expression of inflammatory intermediates in subQ from WT, UCP1 C253A, and UCP1 C253A mice supplemented with B-estradiol following
12 weeks on HFHS diet (WT n = 8; UCP1 C253A n = 8-9; UCP1 C253A+p-estradiol n = 10-11).
(C) Protein abundance differences between male WT and UCP1 C253A subQ following 12 weeks HFHS feeding. Top pathways enriched in proteins exhibiting
>20% increase between genotypes highlighted (WT n = 7; UCP1 C253A n = 5). These data are additionally presented in Figures 4A and 6E.
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that these effector pathways play a greater role in diet-induced
thermogenesis by BAT and beige fat.

The unexpected role for C253 of UCP1 in the regulation of
white and BAT inflammation and glucose sensitivity suggests
that, in the context of obesity, this site mediates adipose tissue
inflammatory homeostasis. Moreover, the remarkable sex de-
pendency of this effect reveals a previously unappreciated sex-
ual dimorphism of UCP1 activity in the regulation of metabolic
tissue inflammation. Based on our findings, the molecular basis
for UCP1 C253 control over adipose tissue inflammation in-
volves feedback control over redox homeostasis in BAT. We
observe that in the absence of UCP1 C253, systematic alter-
ations in mitochondrial macromolecular oxidation and damage
occur in BAT, which are required to drive systemic pro-inflam-
matory signaling. These observations suggest that a major
physiological role of UCP1 C253 is to maintain local redox ho-
meostasis in BAT and beige fat, which produce significant levels
of mitochondrial ROS due to their distinct catabolic capacities
(Mills et al., 2018).

Our findings demonstrate that UCP1 C253 is necessary to
antagonize major pathogenic inflammatory tissue remodeling
in male mice in an obesogenic environment. The immune
cell populations, cytokines, and pro-inflammatory molecules
antagonized by UCP1 C253 are well established hallmarks of
systemic metabolic pathologies such as T2D and insulin resis-
tance in mice and humans (Engstrom et al., 2005; Fortuno
et al., 2006; Kanda et al., 2006; Larsen et al., 2007; Liu et al.,
2009; Lumeng et al., 2007; Maedler et al., 2002; Nishimura
et al.,, 2009; Spranger et al., 2003; Xu et al.,, 2003; Yang
et al., 2006). These include cytotoxic T cells and inflammatory
macrophages, as well as the pro-inflammatory cytokines IL-18
and TNFand the chemokine CCL2. Our proteomics data further
implicate a damaging inflammatory response in the adipose
tissues of male C253A mice characterized by neutrophil-medi-
ated immunity, activation of the NF-kB signaling pathway, and
the production of DAMPs and acute phase proteins, all of
which have been linked with glucose intolerance (Anguita-
Ruiz et al., 2020; Arner et al., 2018; Eldor et al., 2006; Fortuno
et al., 2006; Scheja et al., 2008; Wang et al., 2019; Yang et al.,
2006). This pro-inflammatory remodeling of adipose tissue has
been extensively linked with obesity-associated inflammation,
pathology, and progression of T2D (Eldor et al., 2006; Lumeng
et al.,, 2007; Maedler et al.,, 2002; Spranger et al., 2003).
Indeed, we find that the UCP1 C253A inflammatory phenotype
coincides with male-specific changes in glucose insensitivity.
Finally, the sexually dimorphic nature of these findings sup-
ports what is known regarding the protection of pre-meno-
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pausal females from metabolic diseases such as T2D (Chella
Krishnan et al., 2018; Davis et al., 2013) and positions UCP1
C253 as a regulator of this phenotype. It is well established
that the incidence of T2D is lower in premenopausal, but not
postmenopausal, women compared with men, and this is
thought to be, in part, a consequence of decreased inflamma-
tion mediated via estrogen receptor signaling in females (Davis
et al., 2013; Ghosh et al., 2019). Indeed, we show here that
pharmacological elevation of estrogen signaling in males
largely reverses inflammation driven by loss of UCP1 C253.
In this light, our data demonstrate that UCP1 C253 is a critical
regulator of acute thermogenic activation and systemic inflam-
matory homeostasis, with a specific role in protection from in-
flammatory metabolic pathogenesis in male mice. Moreover,
we establish the UCP1 C253A mouse as an in vivo model for
selective disruption of UCP1 activity.

Limitations of the study

We report, for the first time, a new mouse model to investigate
the role of UCP1 in adipose tissue thermogenesis and systemic
metabolism. The clear benefit of this new model is that, unlike
UCP1KO mice, the BAT mitochondrial proteome of UCP1
C253A mice remains intact and thereby allows for a more pre-
cise delineation of the specific role of UCP1 in thermogenesis
in vivo. However, although we see a clear thermogenic defect
in these mice, it should be noted that this model may underre-
present the role of UCP1 as it specifically alters just one regu-
latory cysteine residue. We report that C253 of UCP1 regulates
both local and systemic inflammation in a sex-dependent
manner and that this correlates with male-specific glucose
insensitivity. While this study and the literature strongly suggest
that there is a causal link between these phenomena, we have
not directly implicated this inflammatory phenotype as the
fundamental driver of the observed glucose insensitivity.
Furthermore, we did not elucidate the precise mechanism by
which estrogen mediates its protective effects, an area that
warrants further investigation given the profound sex depen-
dency observed here and more generally in the realm of meta-
bolic disease.
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Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY

(D) Protein abundance differences in subQ between male WT and UCP1 C253A supplemented with B-estradiol following 12 weeks HFHS feeding. Top pathways
enriched in proteins exhibiting >20% increase between WT and UCP1 C253A males in (C) are highlighted (WT n = 5; UCP1 C253A+p-estradiol n = 6).

(E-H) Protein abundance differences of top enriched pathways (E-G) or established pro-inflammatory proteins (H) from WT versus UCP1 C253A comparator (C)
between WT and UCP1 C253A+p-estradiol subQ following 12 weeks HFHS feeding as (WT n = 5; UCP1 C253A + B-estradriol n = 6).

(I) Protein abundance differences between WT and UCP1 C253A BAT following 12 weeks HFHS feeding with inflammatory proteins highlighted (n = 8). These data

are additionally presented in Figures 4K and 6K.

(J) Protein abundance differences between WT and UCP1 C253A + B-estradiol BAT following 12 weeks HFHS feeding with inflammatory proteins highlighted (WT

n = 5; UCP1 C253A + B-estradiol n = 6).

(K) Protein abundance differences of established pro-inflammatory proteins from WT versus UCP1 C253A comparator (I) between WT and UCP1 C253A+-
B-estradiol BAT following 12 weeks HFHS feeding as (WT n = 5; UCP1 C253A+p-estradiol n = 6).
*p<0.05,*p<0.01,*p < 0.001 (two-tailed Student’s t test for pairwise comparisons, one-way ANOVA for multiple comparisons involving independent variable).

Data are mean + SEM.
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Antibodies

UCP1 Abcam Cat#AB10983; RRID:AB_2241462
total OXPHOS Abcam Cat#AB110413; RRID:AB_2629281
Vinculin Sigma Cat#V9264; RRID:AB_10603627
beta-actin Cell Signalling Technology Cat#3700S; RRID:AB_2242334
Anti-Mouse IgG HRP Conjugate Promega Cat#W4021; RRID:AB_430834
Anti-Rabbit IgG HRP Conjugate Promega Cat#W4011; RRID:AB_430833
CD4 (FITC; GK1.5) Biolegend Cat#100406; RRID:AB_312691
CD19 (PerCP-Cy5.5; 6D5) Biolegend Cat#115534; RRID:AB_2072925
F4/80 (PE-CY7; BM8) Biolegend Cat#123114; RRID:AB_893478)
CD8a (APC/CY7; 53-6.7) Biolegend Cat#100713; RRID:AB_312752
CD11b (EF450; M1/70) eBioscience Cat#48-0112-82; RRID:AB_1582236
CD3 (BV412; 17A2) Biolegend Cat#100227; RRID:AB_10900227
CD83 (BV605; 17A2) Biolegend Cat#100237; RRID:AB_2562039
CD11c (BV711; N418) Biolegend Cat#117349; RRID:AB_2563905
CD45 (BV785; 30-F11) Biolegend Cat#103149; RRID:AB_2564590
Fc-receptor-blocking antibody eBioscience Cat#14-0161-82; RRID:AB_467133

Chemicals, peptides, and recombinant proteins

Cysteine-reactive phosphate tags (CPTs)
10-plex TMT reagents

16-plex TMT reagents
2,4-Dinitrophenol
3,3’,5-Triiodo-L-thyronine (T3)

4X NUPAGE LDS sample buffer
90-day release 17- estradiol pellets
Acetonitrile

Ammonium acetate

Ammonium hydroxide

Antimycin

Beta-mercaptoethanol
Bond-Breaker TCEP Solution, Neutral pH
Bovine Serum Albumin

Collagenase B

collagenase type Il

cOmplete Protease Inhibitor Cocktail
D-glucose-13C6

Dexamethasone

Dithiothreitol (DTT)

DMEM/F-12, GlutaMAX
DMEM/F-12+Glutamax

EPPS

fatty acid free BSA

Fetal Bovine Serum

Fixation buffer

Formalin, Buffered, 10%

Synthesized in house
ThermoFisher Scientific
Thermo Fisher Scientific
MilliporeSigma
Sigma-Aldrich

Thermo Fisher Scientific
Innovation research of America
Fisher Scientific

Sigma

Sigma

Sigma

Sigma

ThermoFisher Scientific
Sigma

Sigma-Aldrich
Worthington
Sigma-Aldrich
Cambridge Isotope
Sigma-Aldrich
Sigma-Aldrich

Life Technologies
Invitrogen
Sigma-Aldrich
Sigma-Aldrich

Gemini Bio-Products
Biolegend

Fisher Scientific
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N/A

Cat#90406
Cat#A44520
Cat#D198501
Cat#T2877
Cat#NP0007
Cat#NE-121

Cat# A9964
Cat#372331-100G
Cat# 338818-100ML
Cat#A8674
Cat#M6250
Cat#77720
Cat#A9647
Cat#COLLB-RO
Cat#L.S0041771
Cat#CO-RO
Cat#CLM-1396-PK
Cat#D4902
Cat#DTT-RO
Cat#10565042
Cat#10565-042
Cat#E9502
Cat#A6003
Cat#100-106
Cat#420801
Cat#SF100-4
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Glycocholate-d4 Cambridge Isotope Cat#DLM-2742
GoTaqg gPCR master mix Promega Cat#A6001
Indomethacin Sigma-Aldrich Cat#17378
Inosine-15N4 Cambridge Isotope Cat#NLM-4264
Insulin Sigma-Aldrich Cat#15500
lodoacetamide Sigma-Aldrich Cat#l1149
Isobutylmethylxanthine(IBMX) Sigma-Aldrich Cat#17018

Lambda phosphatase
Lys-C

Methanol

MitoQ

Norepinephrine
oligomycin

Penicillin streptomycin

Santa Cruz Biotechnology

Wako Chemicals
Fisher Scientific
Mike Murphy
Sigma-Aldrich
MilliporeSigma
Fisher scientific

Cat#sc-200312
Cat#125-05061
Cat# A4124
gifted
Cat#A9512
Cat#80058-538
Cat#15-140-163

Pierce ECL Western Blotting Substrate Life Technologies Cat#32106
Rosiglitazone Cayman Cat#71740
Rotenone Sigma-Aldrich Cat#R8875
RPMI Life Technologies Cat#21870-076
Thymine-d4 Cambridge Isotope Cat#DLM-1089
Trizol Life Technologies Cat#15596026
Trypan Blue Sigma Cat#T8154
Trypsin Promega Cat#V5113
Tween-20 Sigma Cat#P9416
Zombie Aqua Live/dead stain Biolegend Cat#423101
ddPCR Supermix Bio-rad Cat#186-3024
DNeasy Blood & Tissue Kit Qiagen Cat #69504
Critical commercial assays

High-Select Fe-NTA Phosphopeptide ThermoFisher Scientific Cat#A32992
Enrichment Kit

Pierce High pH Reversed-Phase Peptide ThermoFisher Scientific Cat#84868
Fractionation Kit

Micro BCA™ Protein Assay Kit ThermoFisher Scientific Cat#23235
RNA Mini Kit Invitrogen Cat#12183025
High-capacity cDNA reverse Fisher Scientific Cat# 4368813
transcription kit

PureLink RNA Mini Kit Life Technologies Cat#12183025
Deposited data

Deposited proteomics data PRIDE PXD029270
Experimental models: Organisms/strains

C253A mice This paper N/A
Oligonucleotides

See Table S7 N/A

Software and algorithms

Xcalibur
TraceFinder
Adipocount

Adiposoft plugin
AMIDE medical imaging software
Biorender

ThermoFisher Scientific
ThermoFisher Scientific

Cat#OPTON-30965
Cat#OPTON-30688

https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5826178/

https://imagej.net/plugins/adiposoft
http://amide.sourceforge.net/
https://biorender.com/

(Continued on next page)
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Enrichr Chen et al., 2013b; Kuleshov et al., 2016; https://amp.pharm.mssm.edu/Enrichr/

FACSDiva software
FLIR Tools software

Xie et al., 2021
BD Biosciences

https://support.flir.com/SwDownload/app/
RssSWDownload.aspx?ID=1247

N/A
FLIR Tools software

FlowJo v10 software Tree Star N/A

Imaged NIH https://imagej.nih.gov/ij/

In-house mass spectrometry data analysis Huttlin et al., 2010 N/A

software

NIS-Elements software Nikon N/A

Prism 8 GraphPad https://www.graphpad.com/scientific-
software/prism/

SEQUEST Eng et al., 1994 https://doi.org/10.1016/1044-0305(94)
80016-2

BIORAD QuantaSoft software Bio-rad Cat#1864011

Other

Q-Exactive HF-X mass spectrometer ThermoFisher Scientific Cat#0726042

Quant Studio 6 Flex Real-Time PCR
machine

UltiMate 3000 HPLC

Seahorse XF24 Extracellular Flux Analyzer
Sep-Pak C18 Cartridges

SunFire Prep C18 5 um OBD column

TCC-3000RS Thermostatted Column
Compartment

TissueLyser Il
Ultrasound machine

WPS-3000TBFC Biocompatible Well Plate
Autosampler

XF24 V7 cell culture microplates
2489 UV/Visible Detector

2545 Binary Gradient Module
Count beads

EASY-nLC 1200 System
EchoMRI (model ET-025)
FAIMSPro

FLIR thermal imaging camera (Model FLIR-
T62101).

Glucometer, ultra mini

Heparin columns

High-fat diet

High-fat high-sucrose diet

Agilent technologies 1200 series HPLC

LPG-3400RS Quaternary Pump w/
Degasser

LSRFortessa
Luna 5 um NH2 column

MilliporeSigma™ Immobilon™-P PVDF
Transfer Membranes

Multi-Therm heat-shake
Nanodrop 2000
1260 Infinity Il LC System

Applied Biosciences

ThermoFisher Scientific
Agilent
Waters
Waters
ThermoFisher Scientific

QIAGEN
Philips
ThermoFisher Scientific

Agilent

Waters

Waters

Spherotech
ThermoFisher Scientific
Echo Medical Systems
ThermoFisher Scientific
FLIR

One Touch

Becton Dickinson
OpenSource Diets
OpenSource Diets
Agilent

ThermoFisher Scientific

BD Biosciences
Phenomenex
MilliporeSigma

Sigma-Aldrich
Thermo Fisher
Agilent
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Cati# 44-856-99

IQLAAAGABHFAPBMBFC
N/A

Cat#WAT054955
Cat#186003969
Cat#5730.0000

Cat#85300
Affiniti70
Cat#5841.0020

Cat#100777-004
Cat#2489
Cat#2545
Cat#ACFD-50-5
Cat#LC140

N/A
Cat#FMS02-10001
model discontinued

N/A

Cat# 365985
Cat#D12492
Cat#D09071702
N/A
Cat#5040.0036

Cat#00F-4378-B0
Cat#IPVH00010

Cat#2755753
Cat#ND-2000
N/A
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NuPAGE™ 4 to 12%, Bis-Tris, 1.5 mm, Mini Thermo Fisher Scientific Cat#NP0336BOX

Protein Gel, 15-well

Orbitrap Eclipse mass spectrometer ThermoFisher Scientific Cat#FSN04-10000

Orbitrap Fusion Lumos Mass Spectrometer ThermoFisher Scientific Cat#IQLAAEGAAPFADBMBHQ
BIORAD C1000 Thermo Cycler Bio-rad Cat#1851197

BIORAD ddPCR AutoDG Bio-rad Cat#1864101

BIORAD QX200 Droplet Reader Bio-rad Cat#1864003

RESOURCE AVAILABILITY

Lead contact
Edward Chouchani (EdwardT_Chouchani@dfci.harvard.edu).

Materials availability
Materials and data generated from this study is available upon request from Edward Chouchani (EdwardT_Chouchani@dfci.
harvard.edu).

Data and code availability

Proteomics data have been deposited at PRIDE and are publicly available as of the date of publication. Accession numbers are listed
in the key resources table. This paper does not report original code. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines

Animal experiments were performed according to procedures approved by the Institutional Animal Care and Use Committee of the
Beth Israel Deaconess Medical Center. Unless otherwise stated, mice used were male and female C57BL/6J (8—12 weeks of age;
Jackson Laboratories) and housed in a temperature-controlled (22°C) room on a 12 h light/dark cycle.

Stromal vascular fraction (SVF) cell preparation from BAT and differentiation in vitro

Interscapular brown adipose stromal vascular fraction was obtained from 2- to 6-day-old male and female pups as described pre-
viously (Kir et al., 2014). Interscapular brown adipose was dissected, washed in PBS, minced, and digested for 45 min at 37 °C in PBS
containing 1.5 mg ml~" collagenase B, 123 mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 5 mM glucose, 100 mM HEPES, and 4% essentially
fatty-acid-free BSA. Tissue suspension was filtered through a 40 um cell strainer and centrifuged at 600g for 5 min to pellet the SVF.
The cell pellet was resuspended in adipocyte culture medium and plated. Cells were maintained at 37°C in 10% CO,. Primary brown
pre-adipocytes were counted and plated in the evening, 12 h before differentiation at 150,000 cells/ml. Pre-adipocyte plating was
scaled according to surface area. The following morning, brown pre-adipocytes were induced to differentiate for 2 days with an adi-
pogenic cocktail (1 uM rosiglitazone, 0.5 mM IBMX, 5 uM dexamethasone, 0.114 ug ml—1 insulin, 1 nM T3, and 125 uM Indometh-
acin) in adipocyte culture medium. Two days after induction, cells were re-fed every 48 h with adipocyte culture medium containing
1 uM rosiglitazone and 0.5 pg mi~" insulin. Cells were fully differentiated by day 6 after induction.

METHOD DETAILS

Western blotting

Tissues were lysed by beat beating (TissueLyser II; Qiagen) or cells were scraped in adipocyte lysis buffer (ALB: 50 mM Tris, pH 7.4,
500 mM NaCl, 1% NP40, 20% glycerol, 2 mM EDTA supplemented with a cocktail of protease inhibitors (Roche)). Homogenates were
centrifuged at 16,000 g x 10 min at 4°C, and the supernatants were used for subsequent analyses. Protein concentration was deter-
mined using the bicinchoninic acid assay (Pierce). Protein lysates were denatured in 4X NUPAGE LDS sample buffer (ThermoFischer;
NP0007) containing 10% B-mercaptoethanol, resolved by 4%-12% NuPAGE Bis-Tris SDS-PAGE (Invitrogen) and transferred to a
polyvinylidene difluoride (PVDF) membrane. Primary antibodies UCP1 (Abcam; AB10983), total OXPHOS (Abcam; AB110413),
VCL (Sigma; V9264) and beta-actin (CST; 3700S)) were diluted in TBS containing 0.05% Tween (TBS-T), 5% BSA and 0.02%
NaNjz (Huttlin et al., 2010). Membranes were incubated overnight with primary antibodies at 4°C. For secondary antibody incubation,
anti-rabbit or anti-mouse HRP (Promega) was diluted in TBS-T containing 5% milk. Results were visualized with enhanced chemi-
luminescence (ECL) western blotting substrates (Pierce).
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Tissues were homogenized in 100 mM HEPES pH 8.5, 8 M urea, 2% SDS, 1p/15ml protease inhibitors (Thermo). The mixture was
clarified by centrifugation and the supernatant was subjected to BCA protein concentration measurement, and reduced with
5 mM tris(2-carboxyethyl)phosphine (TCEP) and alkylated with 15 mM iodoacetamide. Proteins were then purified using the meth-
anol-chloroform precipitation method and reconstituted in 200 mM EPPS at pH 8.5 and digested by Lys-C and trypsin overnight
1:100 enzyme-to-substrate ratio and an additional 6 h by trypsin the next day. Resulting peptides were labeled by TMT10plex or
TMT-pro 16plex (Thermo) following the SL-TMT protocol (Navarrete-Perea et al., 2018), and quench by adding 5% hydroxylamine.
A ratio-check is then performed by mixing 1% sample from each TMT channel, and the TMT-labeled peptides were evenly mixed
based on the ratio-check. The mixture was desalted using Sep-pak cartridges (Waters), dried, and fractionated using an Agilent
1100 quaternary HPLC system. Peptides were separated using a 50 min linear gradient from 18% to 40% acetonitrile in 10 mM
ammonium bicarbonate, pH 8, into a total of 96 fractions that were consolidated into 12 fractions. Samples were dried and desalted
via StageTip and reconstituted in 5% formic acid and 5% ACN for liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis.

Protein abundance was measured using an Orbitrap Fusion Lumos or Orbitrap Eclipse instrument. For measurements on the Orbi-
trap Fusion Lumos instrument, samples were analyzed using 180 min gradients at 500 nl/min flow rate. Fractionated peptides were
injected. Tandem mass spectra (MS2) were matched in real time to targeted proteins (Schweppe et al., 2020). When a peptide match
was observed to a targeted protein, a quantitative SPS-MS3 scan was acquired (McAlister et al., 2014). For protein abundance mea-
surements on the Orbitrap Eclipse instrument coupled with an Easy-nLC 1200 (ThermoFisher Scientific) ultra-high-pressure liquid
chromatography (HPLC) pump, all samples were analyzed with a 180 min gradient consisting of 2%-23% ACN, 0.125% FA at
500 nI/min flow rate. A FAIMSPro (Thermo) device for FAIMS separation of precursors (Schweppe et al., 2019). The FAIMS device
was operated with default settings and multiple compensation voltages (40V/-60V/-80V). Under each FAIMS voltage, peptide ions
were collected in data-dependent mode using a mass range of m/z 400 — 1600 using 2 sec cycles. Resolution for MS1 was set at
120,000, with standard automatic gain control (AGC) target. Multiply charged ions were selected and subjected to fragmentation
at 35% normalized collisional energy (NCE) for MS2 with a dynamic exclusion of 120 s. Quantification was performed using multi-
notch SPS-MS3 as described previously (McAlister et al., 2014).

The Comet algorithm (Eng et al., 2013) was used to search all MS/MS spectra against a database containing sequences of mouse
(Mus Musculus) proteins downloaded from UniProt (http://www.uniprot.org). Reversed sequences were appended as decoys for
FDR filtering, and common contaminant proteins (e.g. human keratins, trypsin) were included. Peptides were searched using
following parameters: 25 ppm precursor mass tolerance; 1.0 Da product ion mass tolerance; fully tryptic digestion; up to three missed
cleavages; variable modification: oxidation of methionine (+15.9949); static modifications: TMT 10plex (+229.162932) or TMT 16plex
(+304.2071) on lysine and peptide N-terminus, carboxyamidomethylation (+57.0214637236) on cysteines. The target-decoy method
was employed to control the false discovery rate (FDR)(Elias and Gygi, 2007; Huttlin et al., 2010; Peng et al., 2003). To distinguish
correct and incorrect peptide identifications, linear discriminant analysis (LDA) was used to control peptide-level FDR to less than
1%. Peptides shorter than seven amino acids were discarded. Protein-level FDR was also controlled to 1% and as a result the num-
ber of peptide reverse hits were further decreased. Peptides were matched to the least number of proteins. TMT reporter ion signal-
to-noise ratios for all quantified peptides matched to the same protein or site were summed up to report protein abundance. KEGG
pathway GO enrichment analyses were performed using Enrichr, https://amp.pharm.mssm.edu/Enrichr/(Chen et al., 2013a; Kule-
shov et al., 2016).

Determining % oxidation of cysteine residues in BAT

Tissue were homogenized in ice-cold 20% TCA using TissueLyser Il (QIAGEN). Each lysate was split into two samples and washed
with 20% TCA, 10% TCA, and 5% TCA twice. One half-sample was resuspended in blocking buffer (100 mM HEPES pH 8.5, 8 M
urea, 2% SDS, 1 mM EDTA, 1 mM DTPA, 10 uM neocuproine, and 35 mM iodoacetamide) and incubating for 2 h at 37°C in the
dark with shaking. The other half sample was treated with labeling buffer (100 mM HEPES, 8 M urea, 2% SDS, 1 mM EDTA,
1 mM DTPA, 10 uM neocuproine, and 35 mM cysteine phosophotag (CPT)). After samples were subject to methanol and chloroform
precipitation. Protein pellets were resuspended in labeling buffer containing TCEP (5 mM) to label reversibly modified cysteines. Pro-
teins were precipitated again and digested with LysC and trypsin as described above and reconstituted in 200 mM EPPS pH 8.0 and
peptide concertation was determined by microBCA. Each half-sample (100 ng each) was TMT labeled as described above and a
ratio-check was performed as described above. Samples were mixed according to ratios determined from the ratio-check. Com-
bined samples were desalted using a Sep-Pak cartridge, treated with Lambda phosphatase, and enriched using IMAC. Enriched
cysteine-containing peptides were then fractionated using a high pH reversed-phase peptide fractionation kit (Pierce), combined
into six fractions, and purified by stage-tips. Peptides (1 pg/fraction) were run on a Orbitrap Eclipse as previously described (Mills
etal., 2021). To calculate the % oxidation on cysteines TMT reporter ion signal-to-noise ratio (S/N) from the oxidized cysteine channel
was divided by S/N from the fully TMT-labeled cysteine channel of the same protein to obtain the % reversible oxidation value.

Mitochondrial DNA damage

qPCR for murine mitochondrial (mt) DNA lesions was performed using following primers (10 uM): forward primer FWD: 5’-GCC AGC
CTG ACC CAT AGC CAT AAT-3’, reverse primer for the long 10090 bp PCR product: REV: 5’-GAG AGATTT TAT GGG TGT AAT GCG
G-3’ and reverse primer for the short 127 bp PCR product: REV: 5’- GCC GGC TGC GTATTC TAC GTT A-3’. gPCR was performed on
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15 ng of sample DNA (extracted using the QIAGEN DNeasy blood and tissue kit) in 35 pul reactions on a PCR thermocycler (Biometra).
1 U TaKaRa LA Taq per reaction was used with its master mix. Linearity of the PCR reaction was confirmed for each sample by
running a 1:2 diluted sample simultaneously. Cycling parameters for the short reaction were 94°C for 5 minutes followed by 16 cycles
of 94°C for 30s, 64°C for 45s, 72°C for 45s, followed by 72°C for 10 minutes. Conditions for the long amplification were 94°C for 5 mi-
nutes, followed by 16 cycles of 94°C for 15s and 64°C for 12 minutes, followed by 72°C for 10 minutes. Concentrations of the PCR
product were determined by measuring the emission of the samples at 488 nm and excitation at 525 nm after the addition of pico-
green (Invitrogen) at 1:200 dilution. Amplification of the long product (>10 kb) normalized to amplification of the short template
(100 bp) is used to assess the degree of mtDNA damage; more damage coincides with a decrease in amplification of the long
template.

Measurement of mtDNA release

The release of mitochondrial and nuclear DNA into the circulation was assessed using the droplet digital polymerase chain reaction
(ddPCR). Plasma samples were centrifuged (1600g for 10 min) and the supernatant was then centrifuged once more (16,000g for
10min) and DNA isolated using the DNeasy Blood kit (QIAGEN) according to the manufacturer’s instructions, without step 3 (addition
of lysis buffer AL). DNA was quantified using a ‘Nanodrop’ system and diluted to 1 ng/uL in elution buffer. For mtDNA the ND5 gene
was assessed using the following primers: FWD- CTGCTCTTTCCCAGACGAGG; REV- AAGGCCACTTATCACCAGC. For nuclear
DNA the B-actin gene was assessed, using FWD- ACCTAATTAAACACATCAACTTCCC; REV- GACTCAGTGCCAGGTTGTAA.
Each PCR reaction (22 pL) comprised 1 uL (= 1 ng) DNA template, 11 pL ddPCR Supermix (no dUTP) containing Tag, 314nmol of
each primer, and 210 nM of the FAM-B-actin probe (ATTGCCTTTCTGACTAGGTG) and of the HEX-ND5 probe (ACACCACCACATC
AATCAAATTCTCCTTCA) probe and then made up to 22 uL with H,O. The BIORAD ddPCR AutoDG was used to generate ddPCR
droplets and the plate was sealed at 174°C before the PCR was run in a BIORAD C1000 Thermo Cycler using the following conditions:
95°C at 10 min followed by 40 cycles of 30 sec at 95°C and 1 min at 58°C and then 95°C at 10 min. After completion of the PCR, the
fluorescence of the FAM and HEX probes was measured using the BIORAD QX200 Droplet Reader and analyzed using the BIORAD
Quantilife software and Excel.

Determination of free-living whole-body total energy expenditure

Whole body energy expenditure in mice was determined using the energy balance method, otherwise known as the law of energy
conservation, which accounts for caloric intake, change in body weight, and change in lean and fat mass throughout dietary inter-
vention, as described previously (Goldgof et al., 2014; Guo and Hall, 2011; Ravussin et al., 2013). Briefly, individual mouse body
weight and body composition were determined prior to dietary intervention. Throughout the twelve-week intervention period, mouse
kcal intake was measured, as well as changes in body weight and body composition (fat mass and fat-free mass). Kcal intake was
determined on the basis of the energy density of HFHS diet (5.5 kcal/gram), HFD (5.24 kcal/gram). Energy density of accumulated fat
mass in mice was 9.4 kcal/gram and fat-free mass was 1.8 kcal/gram (Guo and Hall, 2011).

High-fat feeding

All mouse high-fat feeding experiments were performed with age-matched littermate controls. For high-fat high-sucrose intervention
at eight weeks of age, mice were switched to high-fat high-sucrose diet (OpenSource Diets, D09071702) with 58% kcal% from fat,
28% kcal% from carbohydrate, and 15% kcal% from protein or high-fat diet (OpenSource Diets, D12492) with 60% kcal from fat,
20% kcal from carbohydrate, and 20% kcal from protein.

MitoQ supplementation
MitoQ was supplemented in drinking water at a concentration of 100 pM. MitoQ-containing drinking water was freshly prepared and
replaced every three days.

pB-estradiol treatment
0.25 mg 90-day release 17-8 estradiol pellets (NE-121, Innovation research of America) were surgically implanted subcutaneously in
7-8-week old male WT and C253A C57BL/6 mice. Mice were analyzed 12 weeks post implantation.

13-Carbon glucose tracing

[U-"3C]-glucose (1 g/kg), (Cambridge Isotope Laboratories) was administered as a bolus over 20 seconds by tail vein injection for
15 mins prior to tissue harvest. Tissues were extracted and snap frozen in liquid nitrogen and stored at -80°C until MS analysis
was performed.

Sample preparation for metabolite profiling

Sample preparation for metabolite profiling was performed as previously described (Xiao et al., 2020). Briefly, tissues were homog-
enized in 80% methanol containing inosine-'°N,, thymine-d4 and glycocholate-d4 internal standards (Cambridge Isotope Labora-
tories; Andover, MA) at a 4:1 volume to wet weight ratio and centrifuged.
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Metabolite analyses by mass spectrometry (LCMS)

All extracted samples were then subjected to LC/MS analysis as previously described (Xiao et al., 2020) using a Luna-amino column
(Phenomenex) using an UltiMate-3000 TPLRS LC using a Q-ExactiveTM HF-X mass spectrometer (Thermo). Buffer composition was:
mobile phase A (20 mM ammonium acetate and 20 mM ammonium hydroxide in 5:95 v/v acetonitrile/water) and mobile phase B
(10 mM ammonium hydroxide in 75:25 v/v acetonitrile/methanol). A 10 min gradient from 10% to 99% mobile phase A was used
to separate metabolites. Additional settings can be found as previously described (Xiao et al., 2020). Peak integrated was performed
using TraceFinder software (Thermo Fisher Scientific).

Histological analysis and adipocyte size quantification

Tissues were fixed in 10% neutral buffer formalin overnight, embedded in paraffin, sectioned and mounted on glass slides and
stained with hematoxylin and eosin. Images were collected with a Nikon Ti2 motorized inverted microscope and acquired with a Ni-
kon DS-Fi1 color camera using NIS-Elements software. Analysis was performed using Fiji. For adipocyte size quantification micro-
scopy images of BAT (20X magnification) and WAT (10X magnification) were digitally enhanced by the free Adipocount software
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5826178/) to increase the visibility of cell membranes. Faint membranes due to
missing dye were detected and segmented by the software’s algorithm. The resulting images were imported to Imaged software con-
taining the free Adiposoft plugin (https://imagej.net/plugins/adiposoft) for cell quantification. To measure size of adipocytes, the area
parameter in Adiposoft was set to 0.323 um/pixel and 0.645 pm/pixel for 20X and 10X images, respectively. Cells positioned at the
edges of an image were excluded. The output data for each image contained the calculated area of all the adipocytes present in the
image. Cells whose areas are smaller than 350 um? were removed from the analysis as they could be a mixture of adipocytes and
stromal vascular cells. The frequency of lipid droplet size was calculated using the Excel function (=frequency(data_array, bins_ar-
ray)) with data_array = pooled data points and bins_array = distribution from 0 to 15,000 um? in 500 increments. The frequencies were
subsequently converted to percentages of total adipocytes counted. Finally, the Frequency (% total) vs. Adipocyte area (um?) plot
was fitted into a Gaussian/Lorentzian distribution model using Prism.

Infrared image analysis

Infrared images of mice were taken using a FLIR thermal imaging camera (Model FLIR-T62101) as previously described (Okada et al.,
2016). Briefly, images were taken with the FLIR camera and pictures were converted to Comma Separated Value (.CSV) files using the
free FLIR Tools software (www.flir.com/products/flir-tools/). The.CSV files containing temperature data were then batch converted
into.RAW image format using MATLAB script as previously reported (Okada et al., 2016) which can be imported into the free AMIDE
medical imaging software (http://amide.sourceforge.net/) for temperature analysis. The.RAW files were imported to AMIDE and
formatted as float, little endian (32-bit), 0 offset bytes, and 240 X 320 X 1 dimensions with voxel size of 1. Region of interest (ROI)
boxes were drawn around the whole body, interscapular region, and tail. The ROl dimensions were adjusted for each image to ensure
they were consistent in all mice. The mean temperature of the top 50% warmest area for each ROl was calculated in AMIDE and used
for further analysis.

Body composition analysis
Body composition was examined with Echo MRI (Echo Medical Systems, Houston, Texas) using the 3-in-1 Echo MRI Composition
Analyzer.

GTT
Mice were fasted for 6 h. Glucose (1 g/kg) was administered i.p., and blood glucose levels were measured at 0, 30, 60, 90 and 120 mi-
nutes using a glucometer.

Gene expression analysis

Total RNA was extracted from frozen tissue using TRIzol (Invitrogen), purified with a PureLink RNA Mini Kit (Invitrogen) and quantified
using a Nanodrop 2000 UV-visible spectrophotometer. cDNA was prepared using 1 ug total RNA by a reverse transcription-polymer-
ase chain reaction (RT-PCR) using a high-capacity cDNA reverse transcription kit (Applied Biosystems), according to the manufac-
turer’s instructions. Real-time quantitative PCR (qPCR) was performed on cDNA using SYBR Green probes. gPCR was performed on
a 7900 HT Fast Real-Time PCR System (Applied Biosystems) using GoTaq gPCR Master Mix (Promega). Reactions were performed
in a 384-well format using an ABI PRISM 7900HT real time PCR system (Applied Biosystems). Fold changes in expression were
calculated by the Delta Delta Ct method using mouse cyclophilin A as an endogenous control for MRNA expression. All fold changes
are expressed normalized to the vehicle control. SYBR primer pair sequences can be found in Table S7.

Isolation of immune cells from fat and flow cytometry

Isolation of immune cells from BAT and subQ was performed as follows: fat pads were minced into small pieces with surgical scissors
and transferred to a 15 ml falcon containing collagenase type Il (Worthington; Cat# LS0041771; mg/ml; 7 ml) prepared in RPMI-1640
medium. Samples were digested for 30 mins at 37°C with shaking (200 rpm). After digestion samples were passed gently through
70 um gauge mesh using a sterile syringe plunger and RPMI-1640 medium was added to 15 ml. Samples were centrifuged at 400
g for 5 min. Cells were resuspended in 400 pl FACs buffer (PBS containing 5% FCS). Single-cell suspensions were incubated
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with Fc-receptor-blocking antibody (14-0161-82; eBioscience) before being stained at 4 degrees. Dead cells were excluded with a
live/dead Zombie Aqua stain (BioLegend). Antibodies were as follows: CD19 (6D5), CD3 (17A2), CD8a (53-6.7), CD4 (GK1.5), CD11c
(N418), CD45 (30-F11), and F4/80 (BM8) were purchased from BioLengend, and CD11b (M1/70) was purchased from eBioscience.
Samples were fixed using a fixation buffer (BioLegend) and absolute cell counts were determined using count beads (Spherotech;
ACFD-50-5). After being stained, cells were passed through a 70 um filter and analyzed on a LSRFortessa (BD Biosciences) with
FACSDiva software. Analysis of the stained populations was performed by gating on single, live cells. Gating strategy is illustrated
in supplemental information. Flow cytometry data were analyzed with FlowJo v10 software (Tree Star).

Cellular respirometry of primary brown adipocytes

Cellular OCR of primary brown adipocytes was determined using a Seahorse XF24 Extracellular Flux Analyzer. Adipocytes were
plated and differentiated in XF24 V7 cell culture microplates. Prior to analysis adipocyte culture medium was changed to respiration
medium consisting of DMEM lacking NaHCO3 (Sigma), NaCl (1.85 g/L), phenol red (3 mg/L), 2% fatty acid free BSA, and sodium py-
ruvate (1 mM), pH 7.4. Basal respiration was determined to be the OCR in the presence of substrate (1 mM sodium pyruvate) alone.
Respiration uncoupled from ATP synthesis was determined following addition of oligomycin (4.16 uM). Maximal respiration was
determined following addition of DNP (2 mM). Rotenone (3 uM) and antimycin (3 uM) were used to abolish mitochondrial respiration.
Leak respiration was calculated as OCR following rotenone/antimycin treatment subtracted from OCR following oligomycin
treatment.

Indirect calorimetry

Energy expenditure, VO,, VCO,, food intake and movement were assessed using the Sable Systems’ Promethion apparatus which
consisted of a rack of 16 metabolic cages and another of 8 metabolic cages. Mice were fed ad libitum with standard rodent chow for
the duration of the experiment. This apparatus was enclosed in a temperature-controlled chamber and over the course of the exper-
iment the temperature was adjusted as depicted in the graphs ranging from 4°C to 29°C. Mice were injected i.p. with CL-316,243
(1 mg/kg) as depicted. Macro 13, from the Expedata software system, was used to export metabolic variables of interest at each
reading for each cage.

Statistical analyses

Data were expressed as mean + s.e.m. and P values were calculated using two-tailed Student’s t-test for pairwise comparison of
variables, one-way ANOVA for multiple comparison of variables, two-way ANOVA for multiple comparisons involving two indepen-
dent variables, and ANCOVA for energy expenditure analyses. ANOVA analyses were subjected to Bonferroni’s post hoc test. Sam-
ple sizes were determined on the basis of previous experiments using similar methodologies. For all experiments, all stated replicates
are biological replicates. For in vivo studies, mice were randomly assigned to treatment groups. For MS analyses, samples were pro-
cessed in random order and experimenters were blinded to experimental conditions.
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