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Fatty acids promote uncoupled respiration
via ATP/ADP carriersinwhite adipocytes
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% Check for updates Energy stored in adipocytes as triglycerides is mobilized via lipolysis,

releasing fatty acids and glycerolinto the circulation. Re-esterification of
fatty acids that remain within the adipose tissue is the primary driver of
adipocyte ATP consumption. Paradoxically, re-esterification suppresses
respirationin lipolytic adipocytes. We previously found that STAT3

drives respiration by inhibiting re-esterification via GPAT3. Here we

show that free fatty acids drive uncoupled respiration in complex with

the ATP/ADP carriers. The impacts of lipolysis and re-esterification on
uncoupled respiration correspond with fatty acids, not fatty acyl-CoAs

or beta-oxidation. Under standard housing conditions, brown adipocyte
uncoupling viauncoupling protein1is the dominant thermogenic pathway.
However, in obese thermoneutral-adapted mice, uncoupled respiration
inwhite adipocytes contributes to thermogenesis and cold tolerance,
independent of brown adipose tissue or muscle activity. Our results suggest
that uncoupled respiration in white adipocytes contributes to whole-body
energy expenditure and could be a promising target for obesity treatment.

Adipocytes are essential for the maintenance of metabolic health'?,
Excess nutrient storage as triglycerides in adipocytes protects against
ectopic lipid deposition and lipotoxicity. Stored triglycerides are
hydrolysed during catabolic states such as starvation or cold expo-
sure. Mobilization of triglycerides in the adipose tissue is prompted by
catecholamine release from the sympathetic nervous system, which
activateslipolysis via -adrenergic receptor signalling. During lipolysis,
fatty acid side chains are sequentially cleaved from the glycerol back-
boneresulting in high intracellular fatty acid flux in white adipocytes>.
While most of these free fatty acids are released into the circulation
providing fuel for other tissues, a fraction remains in the adipose tis-
sue. How adipocytes handle this onslaught of fatty acids during active
lipolysis is afundamental question of metabolic importance.

Free fatty acids must be activated into fatty acyl-CoA to undergo
either B-oxidation or esterification*’. White adipocytes possess robust

fatty acid esterification capacity. Re-esterification of fatty acids dur-
inglipolysis results in futile triglyceride cycling, consuming 7 ATP per
cycle. During lipolysis the high rate of fatty acid efflux accelerates
triglyceride cycling. The overallincrease in re-esterification masks its
repression in lipolytic white adipocytes® . One pathway suppressing
fatty acid re-esterification is mediated by STAT3, which when serine
phosphorylatedinresponse toincreased intracellular fatty acids sup-
presses GPAT3, the first and rate-limiting step in the glycerol lipid
synthesis pathway®. This lipolysis-dependent inhibition of esterifica-
tion correlates with increased oxidative metabolism, suggesting that
elevated intracellular fatty acid levels during lipolysis drive oxidative
metabolism in white adipocytes®’.

During lipolysis, esterification is the primary ATP-demanding
pathway, and yet esterificationisinversely correlated with respiratory
rate, suggesting that lipolysis-driven respiration is uncoupled from
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ATP demand. Indeed, lipolytic activation of oxidative metabolism is
associated with adecrease inmitochondrial membrane potential®™.In
brown adipocytes, the dissipation of the proton motive forceisinduced
by fatty acid activation of uncoupling protein 1 (UCP1)-mediated pro-
ton leak®. Here we demonstrate that the ATP/ADP carrier (AAC, also
known as adenine nucleotide translocase, ANT, encoded by Slc25a4
and Slc25as) is responsible for uncoupling during lipolysis in white
adipocytes. Similar to UCP1, AAC uncoupling activity is activated by
fatty acids'®". Furthermore, we demonstrate that lipolysis-driven
uncoupled respiration in white adipocytes contributes to thermo-
genesis and energy expenditure in obese thermoneutral-adapted
mice, a physiologically relevant phenomenon impacting whole-body
energy balance.

Results

Lipolysis drives oxidative metabolism in white adipocytes

We observed increased oxidative metabolismin 3T3-L1adipocytes
treated with the -3 adrenergic receptor agonist CL-316,243 (Fig. 1a).
Primary adipocyte precursor cells differentiated in vitro exhibited
an even more robust increase in oxidative metabolism in response to
CL-316,243 (Fig. 1b). While the maximal respiratory capacities of these
adipocytes are comparable, differentiated primary adipocytes are more
lipolytically active than3T3-L1adipocytes (Fig. 1c). Treatment with the
adipose tissue triglyceride lipase (ATGL) inhibitor atglistatin blocked
this increase in oxidative metabolism, suggesting it is dependent on
lipolysis (Fig. 1a,b). Atglistatin treatment inhibited both stimulated and
basal lipolysis in differentiated primary adipocytes (Fig. 1d,e). Basal
lipolytic activity in differentiated primary adipocytes corresponded
to atglistatin-sensitive oxygen consumption (Fig. 1b). The increase
in lipolysis-driven oxidative metabolism and oxygen consumption
was observed with a variety of lipolytic activators, including the pan
B-adrenergic agonistisoproterenol, norepinephrine and the adenylyl
cyclase activator forskolin (Fig. 1f,g). The induction of oxygen con-
sumption was dose-dependent and corresponded with the rate of
lipolysis (Fig. 1h-j). As expected, insulin attenuated lipolysis and the
induction of oxidative metabolism (Fig. 1k,I). In summary, oxidative
metabolism in differentiated primary adipocytes increases propor-
tionally to the rate of lipolysis, consistent with previous observations
in white adipocytes®">'8,

Intracellular fatty acid levels drive oxidative metabolism
Freefatty acids have poor aqueous solubility. In circulation they are sol-
ubilized by albuminbinding. Bovine serum albumin (BSA) in cell culture
mediabuffers free fatty acids, reducingintracellular fatty acid levels by
sequesteringthemin the media. Without BSAin the media, fatty acids
are insoluble and must be taken back up by the adipocytes (Fig. 2a).
Increasingthe fatty acid binding capacity in the mediaincreases therate
of lipolysis (Fig. 2b), consistent with feedback inhibition of lipolysis by
long-chain fatty acids*** Fatty acid sequestration by BSA in the media
modulates the released fatty acid to glycerol ratio (Fig. 2c). Despite
increasing lipolytic rates, BSA dose-dependently reduces oxidative
metabolism duringlipolytic stimulation (Fig. 2d), demonstrating that
intracellular fatty acid levels drive respiration. Notably, lipolysis-driven
oxidative metabolism, while attenuated, still occurs in the presence
of high BSA concentrations, suggesting that it is not an artifact of cell
culture conditions with insufficient fatty acid binding capacity.

Fatty acid re-esterification suppresses oxidative metabolism

Lipolysis-driven oxidative metabolismin white adipocytesis promoted
by STAT3-mediated inhibition of GPAT3, the first and rate-limiting step
in glycerol lipid synthesis®. We confirmed that Stat3 knockout (KO)
adipocytes treated with CL-316,243 exhibited lower lipolysis-driven
oxidative metabolism compared with wild-type (WT) adipocytes,
without changing the rate of lipolysis (Extended Data Fig. 1). To fur-
ther examine the interplay between re-esterification and oxidative

metabolism, weinhibited triglyceride synthesis with the diacylglycerol
acyltransferase1(DGATI) inhibitor PF-04620110, effectively blocking
triglyceride cycling® . Interestingly, inhibition of DGAT1 increased
adipocyte oxygen consumption (Fig. 2e). Furthermore, eliminating ATP
demand for fatty acid activation with the ASCL inhibitor triacsin Calso
increased adipocyte oxygen consumption (Fig. 2f). Fatty acid oxidation
is also dependant on ASCL-mediated activation of free fatty acids. To
specifically investigate the impact of mitochondrial 3-oxidation we
utilized etomoxir to inhibit the carnitine shuttle required to import
fatty acyl-CoAsinto the mitochondria. Pretreatment with etomoxir did
not suppress the rate of oxidative metabolism, indicating that mito-
chondrial fatty acid oxidation is not required (Fig. 2g). Thus, neither
ATP demand for triglyceride cycling nor 3-oxidation drive oxidative
metabolisminlipolyticadipocytes. Rather, these results suggest that
freefatty acids driverespiration. Indeed, sequestration of excess fatty
acidsby BSAinthe media pre-emptsthe positiveimpact of DGAT1inhi-
bition on oxidative metabolism (Fig. 2h). Importantly, DGAT1inhibition
did not affect the rate of lipolysis as determined by glycerol release rate
(Fig.2i). Consistent with supressed triglyceride synthesis, slightly more
fatty acids were released during stimulated lipolysis in the presence
of the DGATL1 inhibitor (Fig. 2j). Triacsin Calso did notimpact the rate
of lipolysis (Fig. 2k,1).

Adipocyte mitochondria are uncoupled by fatty acids

during lipolysis

As ATP demand for triglyceride synthesis does not drive respira-
tionin lipolytic adipocytes, we investigated mitochondrial uncou-
pling, which s characterized by loss of membrane potential despite
high oxygen consumption. Mitochondrial membrane potential
decreased drastically upon lipolytic activation, as determined by
staining with the membrane potential-dependent dye tetrameth-
ylrhodamine methyl ester perchlorate (TMRM), while the mem-
brane potential-independent dye, MitoTracker Green, remained
stable (Fig. 3a and Extended Data Fig. 2a-c). Another membrane
potential-dependent dye,]JC-10, also indicated mitochondrial depo-
larizationin lipolytic adipocytes with areductionin the bound (red)
intensity and anincrease inthe unbound (green) intensity relative to
the vehicle controls (Extended Data Fig. 2d-g).

Theloss of membrane potential was blocked by either ATGL knock-
down or inhibition (Fig. 3b,c). Although slower than stimulated cells,
vehicle control cells also lost membrane potential over time in an
ATGL-dependent manner. Concurrent with the dissipation of mem-
brane potential, oxygen consumption rates increased (Fig. 3d). This
rapid dissipation of the proton motive force despite electron transport
chainactivity is suggestive of uncoupled respiration. Norepinephrine
also induced a lipolysis-dependent loss of mitochondrial membrane
potential (Fig. 3e). Sequestration of fatty acids by BSA in the media
attenuated the loss of membrane potential and reduced the rate of
oxygen consumption upon stimulation with norepinephrine (Fig. 3f,g).
BSA similarly attenuated depolarization in response to CL-316,243
(Fig. 3h). While free fatty acids can flip through membranes to enter
the mitochondria, long-chain fatty acyl-CoAs depend on the carnitine
shuttle to enter the mitochondria. Inhibition of CPT1 with etomoxir
did not block mitochondrial depolarization, indicating that mito-
chondrialimport of fatty acyl-CoAs is dispensable (Fig. 3i). Inhibition
of esterification by STAT3, triacsin C or PF-04620110 increased mito-
chondrial depolarization in accordance with induction of oxidative
metabolism (Extended Data Fig. 3). These data suggest that elevated
intracellular free fatty acids mediate mitochondrial depolarizationin
lipolytic adipocytes.

Lipolysis-driven respiration is oligomycin insensitive

During coupled respiration, ATP synthase utilizes the proton motive
forceto drive ATP production. To investigate the role of ATP synthase
intheloss of proton motive force, we pretreated cells with oligomycin
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Fig. 1| Lipolysis-driven oxidative metabolismin white adipocytes.

a,b, Oxygen consumption rate (OCR) in differentiated 3T3-L1adipocytes (a) and
male primary adipocytes (b) pretreated with 50 uM atglistatin (ATGL inhibitor,
ATGLi) or control and stimulated with CL-316,243 (CL), 10 pM inaand 100 nM
inb; P<0.05between all groups throughout vehicle (V) and CL treatment; n=6
wells (a) and n =12 wells (b). ¢, Rate of free fatty acid (FFA) release from 3T3-L1
and male primary adipocytes treated with Vor10 pM CL, n =3 wells; *P < 0.05V
versus CL; *P< 0.05 primary versus 3T3-L1.d,e, Glycerol (d) and FFA (e) release
from male primary adipocytes pretreated with 50 pM ATGLi or V and stimulated
with CLorV, n=4wells; *P< 0.05V versus CL; P < 0.05 control versus ATGLi.

f, Change in OCRin male primary adipocytes pretreated with 50 pM ATGLi or V
from baseline to 30 min after stimulation with V,1 uMisoproterenol (Iso), 500 nM
CL, 10 pM norepinephrine (NE) or 10 pM forskolin (FSK), n = 7 wells, except FSK
control n=5wells; *P < 0.05 control versus ATGLi; *P < 0.05 versus V. g, Rate of FFA

in media (h)

release from female primary adipocytes, n = 4 wells; *P < 0.05 versus V.h, OCR
infemale primary adipocytes at baseline and after NE stimulation, n = 6 wells;
P<0.05for all comparisons except 10 nM NE versus control. i,j, Change in OCR
(i) from baseline to 20 min after CL stimulation and rate of FFA release (j) from
male primary adipocytes, n =7 wells except 1and 10 uM CL n = 8 wells (i) and 4
wells (j); *P < 0.05 versus control; *P< 0.05 versus 1 nM CL; P < 0.05 versus 10 nM
CL.k,l, Rate of FFA release (k) and change in OCR (I) from baseline to 30 min after
stimulation with CL or Vin male primary adipocytes following varying durations
ininsulin-free media, n =4 wells (k) and 3 wells (I); *P < 0.05 V versus CL; “P< 0.05
versus 0 h; "P<0.05 versus 2 h. Dataare mean + s.e.m. Statistical significance
was determined by one-way ANOVA (g,i,j) or two-way ANOVA (a-f,h,k,I) with
Holm-Sidak correction; exact Pvalues are provided in the Source Data®.

AntiA, antimycin A; Oligo, oligomycin; Rot, rotenone.

to inhibit ATP synthesis. Inhibition of ATP synthase slowed the loss
of membrane potential (Fig. 3j). Pretreatment with oligomycin also
reduced the rate of lipolysis (Fig. 3k, 1), as previously observed?. Thus,
itis not clear whether ATP synthesis contributes to the loss of mem-
brane potential or whether the reduction in fatty acid load slowed
theloss of membrane potential. Nevertheless, substantialmembrane
depolarization was observed in the presence of oligomycin, strongly
indicating a proton leak and uncoupled respiration (Fig. 3j). We also
investigated the effect of oligomycin pretreatment onlipolysis-driven
oxidative metabolism. As expected, oligomycin reduced baseline oxy-
gen consumption by blocking coupled respiration; however, oxygen
consumption rapidly increased upon CL-316,243 stimulation in the
oligomycin-treated adipocytes, catching up with the CL-316,243-treated
control adipocytes (Fig. 3m). This suggests that ATP utilization is not
the driving force behind the increase in oxidative metabolism, but

rather a proton-leak-dependent reduction in membrane potential
facilitates electron transport, increasing oxygen consumption and
upstream substrate utilization.

Lipolysis-driven respiration is not uncoupled by UCP1

Inbrown adipocytes, uncoupled respiration occurs due to activation
of UCP1 by fatty acids”*°. UCP1 expression in our differentiated pri-
mary adipocytes was undetectable (Extended Data Fig. 4a—c). Nev-
ertheless, we investigated the impact of lentiviral-mediated UCP1
knockdown in the differentiated primary adipocytes. Efficacy of the
knockdown was validated by western blot in differentiated primary
brown adipocytes and by quantitative PCR in the white adipocytes
(Extended Data Fig.4d,e). UCP1knockdown did not attenuate theloss
of mitochondrial membrane potential in lipolytic white adipocytes
(Extended Data Fig. 4f). These findings are consistent with previous
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Fig. 2| Fatty acid esterification antagonizes oxidative metabolism. a,b, Rate

of FFA (a) and glycerol (b) release in male primary adipocytes treated with V
or100 nM CL in media containing varying concentrations of BSA, n =3 wells;
*P<0.05CLversus V; *P < 0.0001 versus all other BSA concentrations. ¢, Ratio

of fatty acid to glycerol release derived from aand b; all BSA concentrations
significantly different from each other, P< 0.01, n =3 wells.d, Change in OCR
from baseline to 30 min after stimulation with CL or Vin female primary
adipocytes cultured in media containing varying concentrations of BSA or
treated with 50 M ATGLi in the absence of BSA, n = 8 wells; *P < 0.0001V versus
CL;*P<0.0001 versus 0% BSA; P < 0.001 versus 2% BSA; P < 0.0001 ATGLi versus
all BSA concentrations. e, OCR in female primary adipocytes with port A injection
of 10 M PF-04620110 (DGAT inhibitor, DGATi) or V and port Binjection of 50 nM
CLorVatindicated time points, n = 8 wells; P < 0.05 for control V versus control
CL after 35 min; control V versus DGATi V after 25 min; control CL versus DGATi
CL after 20 min. f, OCRin female primary adipocytes with port A injection of

S uMtriacsin Cor Vand port Binjection of CL or V atindicated time points,

n=6wells; P<0.05for control V versus control CL from 10 min; control CL
versus CL triacsin C from 35 to 80 min; control V versus V triacsin C from 40 min;
Vtriacsin C versus CL triacsin C from 45to 100 min. g, OCR in female primary
adipocytes pretreated with 5 pM etomoxir (ETO) or control and stimulated with
10nMCLorV,n=8wells; P<0.0001V versus CL for control and ETO after 25 min.
h, Background-subtracted OCR after 30 min of DGATi treatment and 15 min of
CL stimulationin the presence or absence of 2% BSA, n =8 wells; *P< 0.0001V
versus CL; °P<0.0001 control V versus DGATi V; P < 0.01 control versus BSA.

ij, Rate of FFA (i) and glycerol (j) release in female primary adipocytes treated
withV or CL following pretreatment with DGATi or V, n =7 control wells and 8
DGATiwells; *P < 0.0001V versus CL; *P < 0.01 control versus DGATi. k 1, Rate of
FFA (k) and glycerol (I) release in female primary adipocytes treated with V or CL
inthe presence of 5 pM triacsin Cor V, n = 6 wells; *P < 0.0001V versus CL. Data
aremean + s.e.m. Statistical significance was determined by one-way ANOVA

(c) or two-way ANOVA (a,b,d-1) with Holm-Sidak correction; exact Pvalues are
provided in the Source Data®, Tri C, triacsin C.

reports that fatty acid-mediated uncoupling in lipolytic white adipo-
cytesisindependent of UCP1".

Opening of the permeability transition pore cannot account
for the protonleak

The permeability transition pore (PTP) is alarge multiprotein complex
inthe mitochondrialinner membrane thatis defined by the presence of
cyclophilin D***, PTP opening canresultin cytochrome C release, mito-
chondrial swelling and cell death®'. However, transient opening of the
PTPalso occurs physiologically***®, and has been proposed as a mecha-
nism of uncoupling in lipolytic white adipocytes’. Inhibition of cyclo-
philin D with cyclosporin A (CSA)* attenuated the loss of membrane
potential and theincreaseinlipolysis-driven oxidative metabolism but
did notimpact therate of lipolysis (Extended DataFig. 5). Although sig-
nificant, the effect of CSA was small, and membrane potential dropped

while oxygen consumptionincreased, suggesting that PTP openingis
not the primary mechanism mediating mitochondrial uncoupling in
lipolytic white adipocytes.

Lipolysis-driven uncoupling is dependent on AAC activity

The AACs play an essential role in coupled respiration, exporting ATP
synthesized inthe matrix. Interestingly, AACs have also beenimplicated
in proton leakage and uncoupled respiration'®"*"*, Similar to UCP1,
AACnucleotide binding canbe outcompeted by fatty acids, leading to
dissipation of the proton motive force'®". Given that lipolysis-driven
uncoupling appears to be mediated by fatty acids, we investigated
theimpact of inhibiting AAC with bongkrekic acid (BKA)*®. Treatment
with BKA blocked membrane depolarization (Fig. 4a). Importantly,
BKA did not impact the rate of lipolysis (Fig. 4b,c). Since AAC activ-
ity is required to provide ADP for ATP synthesis, BKA inhibited basal
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Fig. 3 | Dissipation of proton motive force during lipolysis. a, Baseline-
normalized TMRM and MitoTracker Green (MitoGreen) fluorescence in female
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30 min of FCCP. ¢, Baseline-normalized TMRM fluorescence in male primary
adipocytes pretreated with 50 tM ATGLi or control and stimulated with CLor V.
n=6wells; P<0.05 for control V versus control CL and control CL versus ATGLi
CL after 40 min; control V versus ATGLi V after 120 min.d, OCR in male primary
adipocytes pretreated with ATGLi or control and stimulated withCLorV.n=8
ATGLI, 6 control Vand 7 control CL wells; P < 0.05 control V versus control CL
and control CL versus ATGLi CL after 30 min; control V versus ATGLi V after

40 min; ATGLi V versus ATGLi CL after 60 min. e, Baseline-normalized TMRM
fluorescence in male primary adipocytes pretreated with ATGLi or control and
stimulated with10 pM NE or V. n = 6 wells; P < 0.05 for control V versus control
NE, control V versus ATGLi V and control NE versus ATGLi NE after 60 min.

f, Baseline-normalized TMRM fluorescence in male primary adipocytes 50 min
after stimulation with NE or V across increasing BSA concentrations. n = 6 wells;
*P<0.001V versus NE; *P< 0.0001 versus control; P< 0.001versus 0.5% BSA.

g, Change in OCR from baseline to 15 min after NE or V stimulation across
increasing BSA concentrations. n = 8 wells, except control Vand 1% BSANEn =7
wells; *P < 0.01V versus NE; “P < 0.01 BSA versus control. h, Baseline-normalized
TMRM fluorescence in male primary adipocytes stimulated with CL or Vacross
0.05-2% BSA.n =6 wells; P<0.0001 for V versus CL at all BSA concentrations
and between BSA conditions except 1% versus 2% BSA V. i, Baseline-normalized
TMRM fluorescence in male primary adipocytes pretreated with 5 uM ETO and
stimulated with CL. n = 6 wells; P< 0.05 for control V versus control CLand ETO V
versus ETO CL from 60 min; control CL versus ETO CL from 60 to 110 min; control
Vversus ETOV from 150 min. j, OCRin male primary adipocytes pretreated with
2 uM Oligo or control and stimulated with CL or V. n = 8 wells, except control V
n=6wells; P<0.05for control Vversus Oligo V and control CL versus Oligo CL
from baseline to 35 min; V versus CL after 25 min. k, Baseline-normalized TMRM
fluorescence in female primary adipocytes pretreated with Oligo and stimulated
with CL. n= 6 wells; P< 0.05 for control V versus control CL after 60 min; Oligo
Vversus Oligo CL and control CL versus Oligo CL from 70 min; no differences
after FCCP.1,m, Glycerol (I) and FFA (m) release from female primary adipocytes
pretreated with Oligo and stimulated with CL. n = 3 wells; *P < 0.01V versus
CL;*P<0.00010ligo CL versus control CL. Data are mean + s.e.m. Statistical
significance was determined by two-way ANOVA with Holm-Sidak correction;
exact Pvalues are provided in the Source Data®.
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oxygen consumption to the same extent as oligomycin (Fig. 4d). How-
ever, upon lipolytic stimulation, BKA treatment blocked the increase
in oxygen consumption (Fig. 4d). In the presence of oligomycin, BKA
reduced lipolysis-stimulated uncoupled respiration (Fig. 4e). The
effect of BKA to attenuate the induction of oxidative metabolism was
dose-dependent (Fig. 4f). BKA efficiently blocked the loss of mitochon-
drialmembrane potential at all concentrations tested (Fig. 4g). These
datasuggest that fatty acid binding to AACis responsible for the proton
leak that leads to the loss of mitochondrial membrane potential and
drives oxidative metabolism.

Mice express three of the four AAC isoforms; AAC1 and AAC2
are somatic, while AAC4 expression is limited to the testis* ™
(Extended DataFig. 6). Adipocytes primarily express AAC2 (Slc25a5).
AACI1(Slc25a4)—highly expressed in heart and skeletal muscle—is also
expressed in adipocytes but at lower levels. While AAC2 is detectable
by westernblotinwhole-cell primary adipocyte lysates, AAC1 was not
detected (Extended DataFig. 4c). To further examine the roll of AACs
in adipocytes, we utilized a lentivirus with puromycin selection to
knock down AAC2. We achieved over 85% reduction in Slc25aS5 tran-
scriptlevelin the primary adipocytes, with no compensatory Slc25a4
expression (Fig.4h). Differentiation efficiency was not impacted by the
knockdown and expression of the -3 adrenergic receptor, Adrb3, was
the same (Fig.4h). AAC2 protein levels in the mitochondria were effec-
tively reduced in the knockdown cells as compared with the control
virus-treated cells (Fig. 4i). Knockdown of AAC2 reduced basal meta-
bolicrateinthe adipocytes and blunted lipolysis-induced respiration
(Fig.4j). AAC2 knockdown also blocked mitochondrial depolarization
upon lipolytic stimulation (Fig. 4k). Consistent with low AAC1 expres-
sion, AAC1 knockdown did not significantly impact lipolysis-driven res-
piration (Fig. 41). The effect of AAC2 was comparable to BKA treatment,
andthetwointerventions were not additive (Fig.41). AAC2 knockdown
blocked uncoupled respiration and loss of mitochondrial membrane
potential in oligomycin-pretreated cells (Fig. 4m,n). Together, these
datasupport AAC-mediated uncouplinginlipolytic white adipocytes.

Isuncoupled respirationin lipolytic white adipocytes
thermogenicinvivo?
White adipocyte lipolysis fuels muscle shivering and brown fat
thermogenesis®*, making it challenging to determine which tis-
sue is the source of the thermogenic response to lipolysis in vivo.
Adipocyte-specific Stat3knockout (SAKO) mice have anormallipolytic
response despite the defectin lipolysis-driven oxidative metabolismin
adipocytes®. Thus, these animals are anideal model in which to evaluate
theimpact of white adipocyte respiration without confounding effects
of lipolysis on other thermogenic tissues. First, we investigated cold
tolerancein normal-diet-fed, room temperature-housed mice. Under
these conditions the thermogenic response is dominated by brown
adipose tissue> . Cold tolerance and energy expenditure atboth 22 °C
and 5 °Cwere the same in the normal-diet-fed SAKO mice and floxed lit-
termate cre-negative controls (SAWT) (Extended Data Fig. 7a-e). These
results indicate that brown fat thermogenesis is not impacted by the
loss of STAT3. However, when placed on a high-fat diet (HFD), SAKO mice
were cold-sensitive as compared with their littermate controls (Fig. 5a).
To focus on the metabolic contributions of white adipocytes,
we adapted the HFD-fed mice to thermoneutrality, inactivating their
brown adipose tissue. The obese thermoneutral-adapted SAKO mice
had increased body weight due to increased adiposity relative to lit-
termate controls (Fig. 5b,c), as was previously observed indiet-induced
obese mice housed at room temperature®. The cold sensitivity of the
SAKO mice was enhanced by thermoneutral adaptation, resulting in
asurvival defect in the SAKO mice (P=0.003) (Fig. 5d). During acute
cold exposure, oxygen consumption initially increased in both geno-
types, likely due to shivering (Fig. 5e). However, over time the SAKO
mice failed to maintain this increased oxidative rate and the oxygen
consumption dropped lower thanin SAWT controls. The same pattern

was observed in carbon dioxide production (Fig. 5f). No differences
in respiratory exchange ratio, activity or food intake were observed
(Extended Data Fig. 7f-h). Taken together, these data indicate that
obese thermoneutral-adapted SAKO mice exhibit increased sensitiv-
ity to acute cold exposure, failing to mount the respiratory response
required for survival in these conditions.

To determine whether the defect in cold tolerance in the SAKO
mice wasrelated to UCP1activity, we measured its expressionin brown
fat and inguinal white adipose tissue. Protein levels were measured in
mitochondrial fractions from adipose tissues. UCP1 protein was readily
detectable in brown fat but not in inguinal white adipose tissue mito-
chondria from obese thermoneutral-adapted mice; expression was
thesame across genotypes (Extended Data Fig. 7i). Inguinal Ucpl mes-
senger RNA expression was more than100-fold lower than expression
inbrown fatbut was notimpacted by genotype (Extended Data Fig. 7j).
Interestingly, AAC2 protein levels and mRNA were similarinbrown and
white fat (Extended Data Fig. 7i,k), suggesting that the mitochondria
fromthese two cell types have similar potential for UCP1-independent
respiration. The expression of Gpr3 has been previously observed to
beincreasedinresponsetolipolyticactivation and to promote adipo-
cyte thermogenesis®. Consistent with equal lipolytic response in the
SAWT and SAKO mice, no differences in Gpr3expression were observed
between genotypes (Extended Data Fig. 71).

STAT3is notrequired inbrown adipocytes for thermogenesis
Inthe SAKO mice, Adipog-CRE knocks out Stat3in alladipocytes. To spe-
cifically investigate the contribution of classic thermogenic adipocytes,
we utilized a Ucpl-promoter-driven CRE to knock Stat3 out in brown
adipocytes (SBKO mice). Similar to SAKO mice, normal-diet, room
temperature-housed SBKO mice exhibited no defect in cold-induced
energy expenditure (Extended Data Fig. 8a,b). However, while
obese thermoneutral-adapted SAKO mice exhibited cold sensitiv-
ity, SBKO mice have normal cold tolerance and energy expenditure
(Extended Data Fig. 8c-f). Obese thermoneutral-adapted SBKO mice
did not exhibit theincrease in adiposity observed in SAKO mice (Fig. 5g).
To compare the SAKO and SBKO phenotypes, we generated a cohort
composed of both genotypes and their corresponding littermate con-
trols.Inanacute cold tolerance test, the SAWT and SBWT control mice
defended their core temperature similarly, while the core temperature
of the SAKO mice dropped significantly lower than that of the SAWT
(Fig. 5h). Furthermore, SBKO mice did not exhibit the survival defect
as compared with WT controls as was observed in SAKO mice (Fig. 5i).
During acute cold exposure, oxygen consumption in SBKO mice was
notsignificantly different from their SBWT littermate controls, while
oxygen consumption in SAKO mice was significantly lower than in
both SAWT and SBKO mice (Fig. 5j). Carbon dioxide production in
the SBKO mice dropped lower than in the SBWT controls; however,
the rate in the SAKO mice dropped earlier and was significantly lower
thanin the SBKO mice (Fig. 5k). Additionally, there were no significant
differencesinthermogenic gene expressionininguinal or epididymal
adiposetissue (Extended DataFig.9). Overall, these dataindicate that
Stat3 KO in white adipocytes causes increased sensitivity to cold in
obese thermoneutral-adapted mice, whichis associated with a defect
inenergy expenditure in the cold. Also, KO of Stat3in brown adipocytes
has no impact on thermogenesis regardless of body composition or
housing temperature.

Lipolysis-driven thermogenesis is independent of

muscle activity

Physical activity generates heat, and shivering contributes to energy
expenditure during acute cold exposure. To isolate the effect of
lipolysis-driven uncoupled respiration on thermogenesis, we blocked
muscle activity with pentobarbital in obese thermoneutral-adapted
mice. Evenatanambient temperature of 30 °C, when mice were immo-
bilized with pentobarbital their core body temperature declined rapidly
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Fig. 4| Fatty acids promote uncoupling via AACin white adipocytes.

a, Baseline-normalized TMRM fluorescence in female primary adipocytes
pretreated with 100 pM BKA or V and stimulated with 100 nM CL followed by
FCCP atindicated time points, n = 6 wells; P < 0.05 for control V versus control
CL after 60 min; control V versus V BKA after 90 min; control CL versus CL BKA
after 50 min; BKAV versus BKA CL after 80 min; no differences after 30 min of
FCCP.b,c, Rate of FFA (b) and glycerol (c) release in male primary adipocytes
pretreated with Vor 100 uM BKA and stimulated with CL, n =4 Vwellsand 7 CL
wells; *P < 0.0001V versus CL.d, Background-subtracted OCR in male primary
adipocytes pretreated with 100 pM BKA, 2 pM Oligo or control and stimulated
with 50 nM CL via port A, n=7 control and Oligo wells and n = 8 BKA wells; P< 0.05
for control V versus Oligo V from 0 to 60 min; control CL versus Oligo CL from
0to 50 min; control versus BKA for Vand CL at all time points; V versus CL for
control, Oligo and BKA after 20 min. e, Background-subtracted OCR in female
primary adipocytes pretreated with 2 pM Oligo with or without 100 pM BKA
and stimulated with Vor 50 nM CL, n =8 wells; P< 0.05V versus CLin all groups
and control CL versus BKA CL after 20 min. f, Change in OCR from baseline

to 30 min after stimulation with 50 nM CL or V in female primary adipocytes
pretreated with increasing concentrations of BKA, n = 7 wells except 12.5 uM
BKAVn=4wells;*P< 0.01V versus CL; *P < 0.05 versus no BKA control; P<0.05
versus 12.5 uM BKA. g, Baseline-normalized TMRM fluorescence in male primary
adipocytes pretreated with BKA and stimulated with Vor 50 nM CL, n = 6 wells;

*P<0.05V versus CL; *P< 0.0001 versus no BKA control; P < 0.05 versus 12.5 uM
BKA. h, Gene expressionin AAC2 KD and control male primary adipocytes, n=4
wells except AAC2KD2 n =3 wells; *P < 0.0001 versus control. i, Western blot

and quantification of mitochondrial fractions from male primary adipocytes
with molecular weight markers indicated, n = 8 wells; *P=0.002. j, Background-
subtracted OCR in AAC2 KD and control female primary adipocytes, n = 8 wells;
P <0.05 control versus AAC2 KD at all time points and control V versus CL from
30 min. k, Baseline-normalized TMRM fluorescence in AAC2 KD and control
female primary adipocytes 40 min after stimulation, n = 6 wells; *P < 0.05 V versus
CL, control < 0.0001and AAC2 KD = 0.047; P < 0.05 control versus KD, V = 0.004
and CL < 0.0001.1, Baseline-normalized OCR 15 min after CL stimulationin AAC1
KD, AAC2 KD and control male primary adipocytes pretreated with 25 uM BKA
orV,n=6wells;*P< 0.0001V versus BKA; *P < 0.0001 control versus KD.m,
Background-subtracted OCRin AAC2 KD and control male primary adipocytes
pretreated with 2 pM Oligo and stimulated with10 nM CLor V,n=8Vwellsand 7
CLwells; P<0.050ligo V versus Oligo CL and Oligo CL versus Oligo AAC2KD CL
from 30 min. n, Baseline-normalized TMRM fluorescence in AAC2 KD and control
male primary adipocytes pretreated with 2 pM Oligo and stimulated with10 nM
CLorVfor40 min, n=6 wells; *P< 0.0001V versus CL; *P < 0.0001 control versus
KD. Data are mean + s.e.m. Statistical significance was determined by two-way
ANOVA with Holm-Sidak correction (a-h,j-m) or non-parametric two-tailed
t-test (i); exact Pvalues are provided in the Source Data®®.
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Fig. 5| Obese thermoneutral-adapted SAKO mice exhibit a defectin cold
tolerance. a, Core body temperature in obese male SAKO and SAWT mice during
acute cold exposure at 4 °C or room temperature (RT), n = 8 mice except SAWT
RT n=7mice;*P < 0.05SAWT 4 °C versus SAKO 4 °C; *P < 0.05 SAWT RT versus
SAWT 4 °C; P < 0.05SAKO RT versus SAKO 4 °C. b, Body weight in male SAWT
and SAKO mice fed normal diet (ND) or HFD, n =16 ND SAWT, 23 HFD SAWT, 8
ND SAKO and 11 HFD SAKO mice; *P= 0.001 SAWT versus SAKO; P < 0.0001 ND
versus HFD. ¢, Lean and fat mass in obese male SAWT and SAKO mice housed
atthermoneutrality (30 °C) for 3.5 months, n = 21 SAWT and 13 SAKO mice;
*P<0.0001SAWT versus SAKO. d-f, Survival (d), oxygen consumption (VO,; )
and carbon dioxide production (VCO,; f) in obese male SAWT and SAKO mice
housed at 30 °C for 1 month and exposed to cold at 5°C, n =9 SAWT and 6 SAKO
mice; SAWT versus SAKO P=0.003 for survival and P < 0.05 at multiple time
points after 10 h for VO, and VCO,. g, Fat mass in obese male SAWT/KO and

(h)

SBWT/KO mice housed at 30 °C for 3 months, n =11 mice per group except

SBKO =10 mice; *P< 0.05WT versus KO; *P < 0.05 SA versus SB. h, Core body
temperature during acute cold exposure in obese thermoneutral-adapted male
SAWT/KO and SBWT/KO mice, n = 6 mice per group; *P < 0.05 SAWT versus SAKO.
i, Survival during cold exposure in obese thermoneutral-adapted male SAWT/KO
and SBWT/KO mice, n=21SAWT, 20 SAKO, 16 SBWT and 14 SBKO mice; P=0.85
SBKO versus SBWT and P=0.0004 SAKO versus SAWT. j k, VO, (j) and VCO, (k)
inobese thermoneutral-adapted male SAWT/KO and SBWT/KO mice maintained
at30 °Cand transitioned to cold at time zero, n =10 KO, 9 SAWT and 13 SBWT
mice; P< 0.05SAWT versus SAKO from 11 h; SAKO versus SBKO from 12.5 h (j)

and 13 h (k); SBWT versus SBKO from 13.5 h (k). Data are mean + s.e.m. Statistical
significance was determined by two-way ANOVA with Holm-Sidak correction
(a—-c,e-h,j k) or Gehan-Breslow-Wilcoxon test (d,i); exact Pvalues are provided
in the Source Data®,

Time in cold (h)

before levelling off at 32-33 °C (Fig. 6a). Core body temperature and
energy expenditure dropped equally in SAWT and SAKO mice upon
immobilization (Fig. 6a,b). Injection of CL-316,243 after immobilization
protected core body temperature in obese thermoneutral-adapted
control mice (Fig. 6¢). While core body temperature was significantly
higher in SAWT CL-316,243-injected mice as compared with vehicle
controls, CL-316,243 did not significantly increase core temperaturein
the SAKO mice, whose temperature was significantly lower than that of
the SAWT CL-316,243-treated mice (Fig. 6¢). Importantly, the lipolytic
response to CL-316,243 in the SAKO mice was not defective; serum
fatty acid levels were increased equally in the SAWT and SAKO mice
treated with CL-316,243 (Fig. 6d). Consistent with normal cold toler-
ance, SBKO mice did not exhibit a defectin lipolysis-driven thermogen-
esis (Fig. 6e), indicating that lipolysis-driven thermogenesis requires
STAT3 in white adipocytes, while brown adipocyte STAT3 expression
is dispensable. Female SAKO and SAWT mice were placed on an HFD
for 30 weeks to achieve weight gain comparable to males (Fig. 6f).
A defect in CL-316,243-induced thermogenesis was also observed in
female SAKO mice relative to SAWT controls (Fig. 6g). The thermogenic

defectinboth male and female SAKO mice was corrected by pretreat-
ment withthe DGAT1inhibitor PF-04620110 (Fig. 6h,i), consistent with
STAT3-mediated repression of esterification as the mechanism of induc-
tion of oxidative metabolism and thermogenesis. DGAT inhibition did
notimpact fatty acid levels in the serum (Fig. 6j).

Fatty acids released by lipolytic white adipocytes fuel oxida-
tive metabolism in other tissues. To determine the impact of fatty
acid oxidation in vivo, we utilized etomoxir pretreatment in obese
thermoneutral-adapted mice immobilized with pentobarbital. Eto-
moxir did notimpact serum fatty acid levels at baseline or after lipolytic
stimulation (Fig. 6k). No suppression of lipolysis-driven thermogenesis
was observed with etomoxir pretreatment; in fact, thermogenesis
was enhanced at early time points (Fig. 61). This result indicates that
thermoneutral housing and pentobarbital immobilization limited
B-oxidation in brown fat and muscle and that thermogenesis in this
contextisindependent of fatty acid oxidation.

A thermal probe was implanted into a cohort of SAWT and SAKO
mice to obtain simultaneous core temperature and energy expendi-
ture readings. After pentobarbital injection, core temperature and
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Fig. 6 | Lipolysis-driven thermogenesis is independent of physical activity.
a,b, Corebody temperature (a) and oxygen consumption (VO,; b) in obese
thermoneutral male SAWT and SAKO mice housed at 30 °C for 2 months and
injected with pentobarbital (pento) at time zero to block muscle activity, n=8
mice. ¢, Core body temperature in obese thermoneutral male SAWT and SAKO
mice housed at 30 °C for 1 month and injected with pentobarbital at time zero
followed by 1 mg kg™ CL or Vat 30 min, n =5 mice except SAKO V n =4 mice;
*P<0.05SAWT V versus SAWT CL; *P< 0.05 SAWT CL versus SAKO CL.d, Serum
FFAlevels at baseline and 20 min after V or CL injection in obese thermoneutral
male SAWT and SAKO mice housed at 30 °C for 2 months, n=5SAWTYV, 7 SAWT
CL,3SAKOV and 4 SAKO CL mice; *P < 0.0001 baseline versus 20 min; *P< 0.0001
Vversus CL. e, Core body temperature in obese thermoneutral-adapted male
SBWT and SBKO mice injected with pentobarbital at time zero followed by
1mgkg'CLorVat30min,n=3SBWTVand SBKO CLmiceandn=4SBWT CL
and SBKO V mice; P< 0.01V versus CL from1h. f, Body weight of female SAWT
and SAKO mice fed HFD, n =14 SAWT and 8 SAKO mice; *P < 0.05 SAWT versus
SAKO; *P<0.0001 versus younger age. g, Core body temperature in obese
thermoneutral female SAWT and SAKO mice housed at 30 °C for 2 months and
injected with pentobarbital 2 h after administration of Imgkg*CLorV,n=4

Time after pento (h)

Time after pento (h)

SAWT V,3SAKOV, 6 SAWT CL and 5 SAKO CL mice; *P=0.0017 SAWT V versus
SAWT CL. h,i, Core body temperature in obese thermoneutral male (h) and
female (i) mice injected with pentobarbital at time zero followed by 3 mg kg™
DGATior Vat30 min, with all mice receiving 1 mg kg™ CL at 60 min, n=5male
miceand n=8 SAWT and 5 SAKO female mice; *P < 0.05 SAKO V versus SAKO
DGATi; *P<0.05SAWT V versus SAKO V. j, Serum FFA levels at baseline and

30 minafterVor CLinjection, n=5SAWT and 7 SAKO mice. k, Serum FFA levels
atbaseline and 30 min after V or CL injection, n =7 mice.Injandk, *P < 0.0001
baseline versus 30 min; #P<0.0001V versus CL. 1, Core body temperaturein
obese thermoneutral female mice housed at 30 °C for over 6 months and injected
with pentobarbital at time zero followed by 5 mg kg ETO or Vat 30 minand V
or1mgkg™ CLat60 min,n=7mice;*P<0.05V versus CL; *P<0.0SETOV versus
ETO CL; P<0.05 control CL versus ETO CL.m-o0, Core body temperature (m),
oxygen consumption (VO,; n) and carbon dioxide production (VCO,; 0) in obese
thermoneutral male SAWT and SAKO mice housed at 30 °C for 1 month with
implanted temperature probes and injected with1 mg kg™ CL,n=6 SAWT and
5SAKO mice; *P < 0.05 SAWT versus SAKO. Data are mean + s.e.m. Statistical
significance was determined by two-way ANOVA with Holm-Sidak correction;
exact Pvalues are provided in the Source Data®®.
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Fig.7| AAC-dependent thermogenesis. Male C57BL/6 mice were injected with
pentobarbital at time zero and placed in metabolic cages at 30 °C. BKA1 mg kg™
or Vwas administered at 30 min, followed by CL1 mg kg™ or V at 60 min.

a,b, Changein core body temperature (a) and oxygen consumption (VO,; b)

in male mice fed anormal diet and housed at room temperature,n=4Vand 3
CL mice. ¢,d, Core body temperature (c) and oxygen consumption (d) in obese
thermoneutral-adapted male mice,n=4Vand 5 CL mice.a-d, *P < 0.05 control
V versus control CL; *P< 0.05 BKA V versus BKA CL; "P < 0.05 control CL versus
BKA CL. Data are mean + s.e.m. Statistical significance was determined by
two-way ANOVA with Holm-Sidak correction; exact P values are provided in
the Source Data®®.

oxidative metabolism were reduced similarly in SAWT and SAKO mice
(Fig. 6m-0). However, the two genotypes diverged upon CL-316,243
injection, which resulted insignificantly higher core body temperature,
oxygen consumption and carbon dioxide production in the SAWT
compared with the SAKO mice (Fig. 6m-0). These data suggest that the
thermogenic effect of CL-316,243 in obese thermoneutral-adapted mice
isdependent onadipocyte STAT3 butindependent of muscle activity,
consistent with a thermogenic effect of lipolysis-driven oxidative
metabolismin white adipocytes.

UCP1-dependent versus AAC-dependent thermogenesis

Our results suggest that fatty acid-driven uncoupling and thermogen-
esis is a universal property of adipocytes, and not limited to brown
adipocytes. We propose that in white adipocytes fatty acid uncou-
pling is mediated by AAC, while in brown adipocytes UCP1evolved to
perform this function more effectively. UCP1-mediated uncoupling is
the only AAC-independent thermogenic pathway as AAC is required
for ATP-dependent futile cycles and shivering in addition to uncou-
pling. To dissect UCP1-mediated thermogenesis from AAC-dependent
thermogenic pathways we investigated the impact of BKA in vivo.
In normal-diet, room temperature-housed mice, lipolysis-induced
thermogenesis was insensitive to BKA pretreatment, consistent with
UCP1-mediated uncoupling in brown adipose tissue (Fig. 7a,b). How-
ever, pretreatment with BKA attenuated the increase in core body tem-
perature and respiration in response to lipolytic activation in obese
thermoneutral-adapted mice (Fig. 7c,d). Together, these dataindicate

that while lean mice rely primarily upon UCP1-mediated uncoupling
for non-shivering thermogenesis, obese thermoneutral-adapted mice
utilize AAC-dependent pathways (Extended Data Fig. 10).

Discussion

Adipocytes have three critical metabolic functions: energy storage,
energy mobilization and thermogenesis. White adipocytes have
tremendous storage capacity, while brown adipocytes specialize in
thermogenesis. Still, brown adipocytes are capable of storage and
white adipocytes are capable of thermogenesis. Beige adipocytes are
observedinthe inguinal adipose tissue of mice, after cold adaptation.
Similar to brown adipocytes, beige adipocytes express UCP1which, in
conjunction with mitochondrial biogenesis, dramatically increases
thermogenic capacity. The data presented here suggest that respira-
tion in white adipocytes is uncoupled by fatty acids in complex with
AACs, rather than UCPL. This thermogenic mechanismis distinct from
ATP-dependent futile cycles that have been demonstrated to contribute
to thermogenesis in brown and beige adipocytes® .

It is well documented that cultured white adipocytes exhibit
uncoupledrespiration upon lipolytic stimulation®*"**¥, Additionally,
AACs have been proven to uncouple in the presence of fatty acids'®'**5,
However, the molecular mechanism of white adipocyte uncoupling has
notbeen elucidated. We used the AAC-specificinhibitor BKA as well as
AAC2 knockdown in cultured adipocytes to interrogate this mecha-
nism. The results consistently support AAC-mediated uncoupling in
lipolytic white adipocytes. This mechanism is further supported by
invivostudiesin obese thermoneutral-adapted C57BI/6 mice. Together,
these studies establish AAC-mediated uncoupling in lipolytic white
adipocytes as a physiologically relevant thermogenic pathway.

While AAC-mediated uncoupling in the presence of fatty acids
was first postulated in the 1960s, a lack of in vivo empirical evidence
has called into questionits physiologicalimportance. Previous studies
have demonstrated that fatty acids promote uncoupled respirationin
isolated muscle mitochondria from animals such as fur seals, hibernat-
ing ground squirrels, rats and mice*** %%, A1984 publication reported
that perfusion of rat livers with physiological levels of free fatty acids
resultedinuncoupled respiration and anincrease in oxygen consump-
tion that could not be accounted for by fatty acid oxidation; in fact
fatty acid oxidation was shown to be dispensable for the induction of
respiration by fatty acids®’. Consistent with these studies, we observed
that mitochondrial import of fatty acyl-CoA via the carnitine shuttle
was notrequired for lipolysis-driven uncoupled respiration. This result
indicates that mitochondrial B-oxidation is dispensable, suggesting
that other substrates such as glucose can be utilized. The dispensabil-
ity of fatty acyl-CoA import supports free fatty acid interaction with
AAC as the mechanism of uncoupling. Fatty acids can flip-flop though
membranesinthe protonated state, and thereis evidence that the pK;,
of fatty acids in the membrane is significantly lower than their pK; in
aqueous solution, facilitating phosphorylation on the membrane and
movementinto the mitochondrialinner membrane where they interact
with AAC to promote uncoupling®. Notably, long-chain fatty acyl-CoA
synthetases are absent from the mitochondrial matrix, prohibiting
[B-oxidation of free fatty acids in the mitochondrial inner membrane.

Non-shivering thermogenesis in lean standard-housed mice was
observed to be AAC-independent, consistent with UCP1-mediated
thermogenesis in brown adipose tissue*~°. Conversely, in obese
thermoneutral-housed mice, thermogenesis was AAC-dependent,
consistent with AAC-mediated uncoupling in white adipocytes—
or coupled respiration. To specifically investigate the role of
lipolysis-driven uncoupled respiration in white adipocytes, we uti-
lized adipocyte-specific STAT3 KO mice, which display a defect in
white adipocyte uncoupling withoutimpacting the rate of lipolysis. In
additionto the previously reported sensitivity to diet-induced obesity,
adipocyte-specific STAT3 KO mice fed an HFD and housed at thermon-
eutrality exhibit cold intolerance relative to floxed littermate controls.
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The white fat-specific defectin lipolysis-driven thermogenesisin these
mice was reversed by pretreatment with PF-04620110, an orally bio-
availableinhibitor of DGAT1%. This result ties the cold sensitivity phe-
notype specifically to fatty acid deposition in white adipocytes.

The absence of a phenotype in lean adipocyte-specific STAT3
KO mice argues against confounding effects in brown fat, support-
ing white adipocyte specificity of this thermogenic pathway. In lean
animals, under standard housing conditions, thermogenic demands
are high, activating brown adipocyte thermogenesis. Together, these
studies, along with previous metabolic phenotyping, reduce concerns
about confounding effects of adipocyte-specific STAT3 KO on other
metabolic pathways®. A limitation of the study is the lack of an in vivo
genetic model targeting adipocyte AAC expression. Consistent with
our model, adipocyte-specific KO of Slc25a5 has been reported to
reduce adipocyte oxygen consumption and increase adipocyte size
and adiposity*. However, the metabolic and thermogenicresponse to
catecholamine stimulation has notbeen studied inthese animals. These
earlier studies suggest that a potential pitfall of increasing adipocyte
respiration could be induction of hypoxia***.

There is great interest in targeting adipocyte thermogenesis to
increase energy expenditure and promote weight loss. However, classic
thermogenic brownandbeige adipocytes are scarcein adults, particu-
larly in individuals with obesity®*°°. In contrast, white adipocytes are
hyperplastic in obesity. Despite their lower respiratory capacity per
cell, thesheer abundance of white adipocytes makes themacompelling
target for enhancing whole-body energy expenditure. Uncoupling in
white adipocytes could represent a new target for obesity treatment.
Given the overabundance of white adipose tissue in obesity, even a
smallincrease in energy expenditure could have a substantial impact
on whole-body energy balance. This treatment strategy would be
complementary to current incretin-mimetic therapies, which reduce
foodintake®’.

One challenge in targeting AAC-mediated uncoupling is the
requirement for AAC activity during coupled respiration, which is
dependent on nucleotide exchange by the AACs. To date, these two
functions have not been separated. AAC mutants that have beendem-
onstrated to be defective in uncoupling activity also exhibit defectsin
nucleotide transport™*****’, The relative uncoupling versus nucleotide
transport capacity of AAC isoforms is unknown but could hold clues
to these two functions. In murine adipocytes AAC2 is the dominant
isoform. In human adipocytes, AAC3 expression is highest’. Interest-
ingly, AAC2is X-linked and AAC3 is pseudo autosomal. In vivo studies
were primarily performed in male mice. However, the phenotype was
also observed in obese female SAKO mice. Noimpact of cellular sex was
observed in cultured adipocytes, and female donors were frequently
used for efficiency.

Adipocyte fatty acid handling is of fundamental importance to
adipocyte biology. Lipolysis floods adipocytes with fatty acids, chang-
ing adipocyte metabolism and whole-body energy balance. We previ-
ously reported that fatty acids stimulate serine 727 phosphorylation
of STAT3, promoting its interaction with and repression of GPAT3 at
the lipid droplet®. The current studies indicate AAC-mediated mito-
chondrial uncoupling in white adipocytes when fatty acid levels are
elevated. As a result, lipolysis drives uncoupled respiration in white
adipocytes, impacting whole-body energy expenditure and thermo-
genesis. We hope these findings will lay the groundwork for future
studies investigating fatty acid handling in adipocytes and its impact
on energy balance and metabolic health in additional animal models
and human adipocytes.

Methods

Ethical compliance

Allresearch described in this study was conductedin accordance with
relevantinstitutional and national ethical guidelines and regulations.
All animal experiments were approved by the Institutional Animal

Care and Use Committee at Weill Cornell Medicine and performed in
compliance with institutional and federal regulations governing the
humane treatment of research animals.

Reagents

The following reagents were used in this study: amphotericin B (Sigma
catalogue number A2411), antimycin A (Sigma catalogue number
A8674), atglistatin (Sigma catalogue number SML1075), BKA (Enzo
catalogue number BML-CM113), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, Sigma catalogue number C2920), CL-316,243
(Sigma catalogue number C5979), collagenase (Sigma catalogue num-
ber C6885), CSA (Enzo catalogue number BML-A195), dexamethasone
(Sigma catalogue number D4902), DMEM/F-12 50/50 (Corning cata-
logue number15-090), etomoxir (AmBeed catalogue number A108121),
fetal bovine serum (FBS, Corning catalogue number 35-010), extra-
cellular matrix gel from Engelbreth-Holm-Swarm murine sarcoma
(Sigma catalogue number E1270), fibronectin (Sigma catalogue num-
ber F1141) forskolin (Sigma catalogue number F3917), FS high-glucose
DMEM (CytivaSH30243), hexadimethrine bromide (polybrene) (Sigma
catalogue number H9268), insulin (Sigma catalogue number 16634),
3-isobutyl-1-methylxanthine (Sigma catalogue number 15879), iso-
proterenol (Sigma catalogue number PHR2722),JC-10 (AAT Bioquest
catalogue number 22204), Lenti-X Packaging Single Shots (Takara
catalogue number 631276), Maxiprep Kit (Qiagen catalogue number
12162), Miniprep Kit (Qiagen catalogue number 27106), MitoTracker
Green (Fisher catalogue number M7514), norepinephrine (Sigma cata-
logue number A7257), Oligomycin A (Sigma catalogue number 75351),
Pen Strep Glutamine (Gibco catalogue number 10378-016), pento-
barbital (Covetrus catalogue number 081799), PF-04620110 (DGATi,
Sigma catalogue number PZ0207), pLKO.1Backbone (Addgene Plasmid
catalogue number10879), poly lysine (Sigma catalogue number P1274),
Puradisc sterile PES syringe filters (Cytiva catalogue number 6780-
1304), puromycin (Sigma catalogue number P8833), rosiglitazone
(Sigmacatalogue number 557366), rotenone (Sigma catalogue number
R8875), Stbl3 Competent E. Coli (Thermo Fisher catalogue number
C737303), Tetapproved FBS (Takara catalogue number 631107), TMRM
(Fisher catalogue number 134361).

Animals

Animals homozygous for the Stat3floxed allele (Stock Number 016923)
were bred to Adipog-promoter-driven Cre mice (Stock Number 028020)
to generate mice homozygous for the Stat3floxed allele both with and
without the Adipog-Cre. Animals with Adipoq-Cre expression lose Stat3
inmature adipocytes and arereferred to in the paper as SAKO animals,
while floxed littermate controls without Adipog-Cre are referred to as
SAWT. Animals homozygous for the Stat3floxed allele were also bred
to Ucpl-promoter-driven Cre mice (Stock Number 024670) to gener-
atemice homozygous for the Stat3 floxed allele both with and without
the UcpI-Cre. Animals with UcpI-Cre expression model where the Stat3
gene hasbeen specifically lostinbrown adipocytes and arereferred to
inthe paper as SBKO animals, while floxed littermate controls without
Ucpl-Crearereferred toas SBWT.

Allstrains of mice were on the C57BL/6) background (Stock Num-
ber 000664). Animals for experiments were bred in-house. Within an
experiment, the genotype and/or treatment groups were littermates
and/or cage mates. Mice were assigned to treatment groups, such
that before treatment the mean body weight, as well as the standard
deviation of the body weight, was equal across treatment groups, using
amethod similar to block randomization. Additional consideration
was given to housing, such that each cage contained multiple treat-
ment groups, to avoid confounding by cage effects. Animals in each
cohort were produced from multiple breeding pairs to minimize the
birthdate range. Extra attention was paid to housing arrangements to
ensure that each cage accommodated multiple treatment groups, to
minimize potential confounding by the cage effect. Treatment groups
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were assigned during animal studies, and ear tag numbers were used
toidentify animals. Researchers performing tests and collecting data
wereblinded during experiments. Sample sizes were determined using
apower analysis with the expected effect size but were sometimes lim-
ited by availability. Sex asabiological variable was considered; female
and male cohorts were analysed separately.

Mice were housed in a specific-pathogen-free facility with a12-h
light/dark cycle and were given free access to food and water. Mice
were fed normal diet (Labdiet, Picolab catalogue number 5053) or HFD
(Research Diets catalogue number D12451) with 45% of calories from fat.
Starting dates on the HFD were determined according to sex. Female
groups were started on the HFD at 10-14 weeks of age, and males at
6-10 weeks of age. Thermoneutral-adapted mice were housed at 30 °C
foraminimum of 1 month.

Body composition analysis. Body composition was determined at
the Weill Cornell Medicine Metabolic Phenotyping Center using an
EchoMRI (3in1) nuclear magnetic resonance analyser.

Indirect calorimetry (metabolic cage experiments). Mice were
housed in Sable Systems International Promethion metabolic cages
to measure oxygen consumption (VO,), carbon dioxide production
(VCO,) viaindirect calorimetry and spontaneous motor activity at the
Weill Cornell Metabolic Phenotyping Center. Cages were situated in
environmentally controlled chambers (catalogue number DBO34-LT)
for precise temperature control.

Acute cold exposure (5 °C) was performed ina climate-controlled
room or environmental chamber. Mice were single-housed in standard
housing cages or metabolic cages. Rectal temperature measurements
were taken using amouse rectal probe and thermometer (PhysiTemp
catalogue number BAT-12).

Thermogenesis inimmobilized mice. Mice were anaesthetized with
an intraperitoneal injection of 70 mg kg™ pentobarbital. Mice were
intraperitoneally injected with up to1 mg kg™ CL-316,243 or PBS vehicle
after 30 min. In experiments with intraperitoneally injected inhibitor
pretreatment at 30 min (3 mg kg DGATi, 5 mg kg™ etomoxir,1 mg kg™
BKA or vehicle control), 1 mg kg™ CL-316,243 treatment was admin-
istered at 60 min. The depth of anaesthesia was assessed every 15 to
30 min by applying noxious stimuli (for example, the pedal withdrawal
reflexin the hind limbs). Ifany response was observed, 20 to 30 mg kg™
pentobarbital was administered.

Temperature probe implantation. A G2 E-mitter temperature
probe (Starr Life Sciences) was implanted in the peritoneal cavity of
6-week-old mice. Mice were anaesthetized with ketamine/xylazine
and sterile lubricant applied to both eyes. The abdomen was shaved,
and the surgical site sterilized. A 2-cm midline ventral incision was
made 1 cm below the diaphragm. The skin was then retracted, and
the abdominal cavity was opened by making a 1-cm incision along
the posterior left lower quadrant. The temperature probe was posi-
tioned in the abdominal cavity ventral to the digestive organs. Local
anaesthetic was applied, and the abdominal cavity was closed using
monofilament absorbable sutures and wound clips. Post-surgical pain
was managed with buprenorphine and meloxicam. At 2 weeks after
the operation, mice were placed on HFD then thermoneutral-adapted
for the experiment.

In vivo lipolysis. Blood was collected by submandibular bleed, coagu-
lated and centrifuged at 10,000g for 10 min at 4 °C to separate the
serum. For free fatty acid measurement, 2 pl of serum was used with
the NEFA Linearity Set (Wako’s NEFAHR 2,999-34691- 991-34891- 995-
34791- 993-35191). The assay was performed using 75 pl of Reagent A
and 150 pl of Reagent B. Absorbance was measured at 550 nmwith a ref-
erence wavelength of 660 nm, following the manufacturer’s protocol.

Real-time PCR analysis of gene expression. Adipose tissue was
homogenized in Trizol (Invitrogen) and mixed with 20% chloroform.
RNA extractions frominguinal white adipose tissue, epididymal white
adipose tissue and brown adipose tissue were performed using the
PureLink RNA Mini Kit (Thermo Fisher Scientific catalogue number
12183020). We used SuperScript IV VILO Master Mix Synthesis System
for reverse-transcription PCR (Thermo Fisher Scientific catalogue
number 11766050) with a 3:1 mixture of random hexamers to oligo
dT primers for reverse transcription. Real-time PCR amplification
was performed on samples in triplicate with Power SYBR Green PCR
Master Mix (Applied Biosystems catalogue number A46109) using the
Applied Biosystems QuantStudioS5 real-time PCR System and quanti-
fied using an internal standard curve with Arbp as the control gene.
Primer sequences were obtained from the Harvard primer bank or
generated using Primer3. Primer specificity was validated using NCBI
primer-BLAST. Primer sequences are listed in Supplementary Table 1.

Cell culture

Lentivirus production. Knockdown target sequences were generated
byinputting the NCBIgene ID into Broad Institute’s Genetic Perturba-
tion Platform online tool, and oligo sequences cloned into the pLKO.1
digested with EcoRI-HF and Agel-HF arelisted in Supplementary Table 2.
Lenti-X 293T (Takara catalogue number 632180) cells were seeded in
10-cm culture plates to reach 70-80% confluence by the time of trans-
fection the next morning. Medium was removed and replaced with 5 ml
of high-glucose DMEM with 10% Tet system-approved FBS and no anti-
biotics. Lenti-X Packaging Single Shots were mixed with 7 pg of pLKO.1
plasmids and added drop-wise to Lenti-X 293T plates. After atleast4 h,
another 6 ml of medium was added to each plate. At48-72 h post trans-
fection, all medium was removed from 293T plates and centrifuged
(500g for 10 min). The supernatant was filtered through a 0.45-pm
polyethersulfone syringe filter. Before use, 10 pg ml” hexadimethrine
bromide and insulin were added to the viral supernatant media.

Primary adipocytes. Primary preadipocytes were isolated from ingui-
nalfat pads as follows: Following fine mincing, the tissue was digested
with1mg ml™ collagenase and 2% BSA ina37 °C water bath with shaking
for 20-35 min. The digestion was stopped by adding 15% FBS media
1:1to the serum-free collagenase media, then the slurry was passed
through a100-pm filter and spun at 500g for 5 min. The pellet was
washed and resuspended in culture media (DMEM/F-12 with 15% FBS
and Pen Strep Glutamine) and plated with 2.5 mg I amphotericin B
and placed in a10% CO, incubator. Non-adherent cells were washed
away 3 d later. When the cells reached ~80% confluence, they were
passaged from their original 10-cm culture plate to a 15-cm plate and
incubated for anadditional 2-5 d. Cells from the second passage were
plated to confluence for experiments on extracellular matrix and
fibronectin-coated plates. Differentiation was initiated with 500 pM
3-isobutyl-1-methylxanthine, 5 uM dexamethasone, 1 pg ml™ insulin
and 1 pM rosiglitazone for 3 d, followed by insulin alone for at least
3 d. For knockdown experiments, viral transduction was performed
after the third day in differentiation media. After 16-18 hofincubation,
mediumwasreplaced with adipocyte medium containinginsulin only.
The following day, 2 pg mI™ puromycin was added to the medium to
select for transduced cells. In all experiments, medium was replaced
every 2 d until experiments were conducted 5-7 d after transduction.
Cells were used for experiments 7-10 d after the initiation of differen-
tiation. At 24 h before the start of an assay, insulin was removed from
the culture media. Only cultures in which over 90% of cells displayed
adipocyte morphology were used. Wells in which the adipocytes had
becomedetached, or differentiation rates were under 90%, were identi-
fied visually and omitted.

3T3-L1adipocytes. 3T3-L1fibroblasts (obtained from the Saltiel lab)
were differentiated as previously described®.
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Seahorse respiration assays. Extracellular oxygen consumption rates
were measured with aSeahorse XFe96 analyser. Primary preadipocytes
were differentiated in 96-well Seahorse XFe96 culture plates. After dif-
ferentiation, cells were switched to Seahorse XF base DMEM (Agilent
catalogue number 102353) supplemented with 2 mM glutamine, 1 mM
pyruvate and 8 mM glucose. Pre-treatments were added to the base
medium. During the assays, drug treatments were injected sequentially
usingthe ports. Unless otherwise indicated, Port A contained 100 nM
CL-316,243 or vehicle control; Port B: 2 uM oligomycin; Port C: 1 pM
FCCP; and Port D:1 uM rotenone and 1 pM antimycin A.

Mitochondrial membrane potential. TMRM staining was performed
and imaged with an imageXpress MICRO Confocal Automated
High-Content Analysis System to visualize live mitochondrial mem-
brane potential. Cells were stained with 200 nM TMRM for 30 min at
37°C,thenwashed three times with PBS.Imaging was performedinlive
cellimaging solution (Invitrogen catalogue number A59688D)). After
baseline images were obtained, cells were treated with either vehicle
control or CL-316,243. Finally, cells were treated with 1puM FCCP as a
negative control for membrane potential. Four technical replicates
were imaged for each well and then averaged, and statistics were per-
formed by well. ForJC-10 membrane potential experiments, cells were
incubated with JC-10 at 15 pM for 30 min at 37 °C, washed three times
and changedto live cellimaging solution. Images were acquired using
the same protocol as with TMRM but withboth a TRITC and FITC chan-
nelimage at eachsite, capturing the ratio of red to green fluorescence.

Western blot analysis. Subcellular fractionation was performed as
previously described®. Briefly, cells were Dounce homogenized in
fractionation buffer, and mitochondria were pelleted by a10,000g
spin of the supernatant from a 1,000 g. Proteins were resolved by
SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad).
Individual proteins were detected with specific primary antibodies and
horseradish-peroxidase-conjugated secondary antibodies (Bio-Rad),
then visualized with Western Lightning Enhanced Chemiluminescence
(Perkin Elmer Life Sciences) using a ChemiDoc MP imaging system
(Bio-Rad). Primary AAC2 (catalogue number 14671), H3 (catalogue
number 4499), STAT3 (catalogue number 9139), TOM20 (catalogue
number 42406) and UCP1 (catalogue number 72298) antibodies were
purchased from Cell Signaling and used at a1:1,000 dilution. AAC1
primary (1:1,000; catalogue number MA5-55372) and goat anti-mouse
(1:10,000; catalogue number 31430) and goat anti-rabbit (1:10,000;
catalogue number 31460) secondary antibodies were purchased from
Thermo Fisher. Uncropped western blot scans with the size markers
indicated are included in the Source Data. Replicate blots were run,
transferred and blotted in parallel.

Lipolysis assay. Lipolysis in primary adipocytes was performed as
previously decribed™; the linear rate was quantified from serial sam-
pling of fatty acid and glycerol released into DMEM with 5% BSA, unless
otherwise indicated.

Statistics and reproducibility

Two-way or one-way analysis of variance (ANOVA) was performed to
evaluate statistical significance, followed by the Holm-Sidak post hoc
analysis to determine specific between-group and time-dependent
differences. For statistical comparison of only two groups, an f-test
was performed first, and, if significant, a non-parametric two-tailed
t-testemployed. Survival rates were analysed using a Gehan-Breslow—
Wilcoxontest. All Pvalues were adjusted for multiple comparisons. In
each case, significance was set at a < 0.05, and data are presented as
mean + s.e.m. Statistical analyses were performed in GraphPad Prism
version10. Theresults presented have beenreplicatedinatleast three
separate experiments, and data shown are representative of and con-
sistent with other experiments.

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

Data availability

The experimental data and statistical analyses that support the find-
ings of this study are available via figshare at https://doi.org/10.6084/
mo.figshare.27022276 (ref. 68). Source data are provided with
this paper.
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times indicated with vertical line for 2 uM oligo, 1 uM FCCP, and 1 uM rotenone/
antimycin A (R/A). p-val < 0.05 SAWT V control vs SAWT BSA after 15 min, SAWTV
vs SAKO V after 35 min, SAKO V control vs SAKO BSA after 90 min and SAWT V vs
SAKOV after 95 min, no significant differences after 110 min.n=5SAWT control,
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n =8 wells. ¢, Change in OCR from baseline to 30 min after stimulation with
vehicle or100 nM CL in the presence or absence of 2% BSA in the media.
n=7V,BSASAWT, and 8 CL, BSA SAKO wells. *p-val < 0.0001 SAWT vs SAKO,
#p-val<0.0001Vvs CL,"p-val <0.0001 + /- BSA.d and e, the rate of glycerol (d)
and FFA (e) release in SAWT and SAKO female primary adipocytes treated with
vehicle or 100 nM CL. *p-val <0.0001V vs CL. n = 4 wells. Statistical significance
determined by two-way ANOVA with Holm-Sidak post-hoc to adjust for multiple
comparisons, exact p-values for all comparisons included in source data®®.

Data are presented as mean + SEM.
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Extended Data Fig. 2 | Imaging mitochondrial membrane potential. Imagingin ~ from 90 min, no significant differences observed after FCCP treatment.
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or vehicle, and finally 1 pM FCCP. a, Representative TMRM and MitoGreen p-val<0.0001V vs CL 50-130 min (d) and 40, 80-130 min (e). p-val <0.05V vs
micrographs. After baseline images were collected, 100 nM CL-316,243 or vehicle CL40-130 min (f). n = 6 wells. g,JC10 staining intensity in both red and green

was added at time zero and imaging continued. The last image was taken after channels 10 min after CL relative to baseline. *p-val <0.05 Vvs CL. n = 6 wells.

the addition of 1 uM FCCP. Scale bar =20 pm. b and ¢, Baseline normalized Statistical significance determined by two-way ANOVA with Holm-Sidak post-hoc
TMRM (b) and Mitogreen (c) staining in male primary adipocytes pretreated with to adjust for multiple comparisons, exact p-values for all comparisons included
50 uMBKA or V.n = 6 wells. b, p-val < 0.05 control V vs control CL and control CL insource data®. Data are presented as mean + SEM.
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Extended Data Fig. 3 | Re-esterification antagonizes mitochondrial
depolarization. a, Baseline normalized TMRM staining in female primary
adipocytes stimulated with 5 uM Triacsin C (TriC) or control, and 100 nM CL or V
and FCCP treatments at indicated timepoints. p-val < 0.05 Control V vs Control
CL from 60 min to 160 min, TriCV vs TriC CL from 50 min to 120 min, Control CL
vs TriC CL from 60 min, Control Vvs TriCV from 90 min.n = 6 wells. b, Baseline
normalized TMRM staining in male primary adipocytes 40 min after stimulation
with V or100 nM CL. *p-val < 0.0001V vs CL, *p-val < 0.0001 SAWT vs SAKO.
n=6wells. ¢, Baseline normalized TMRM staining in female primary adipocytes

stimulated with 10 pM DGATi or Control +/-100 nM CL and then FCCP treatments
atindicated timepoints. p-val < 0.05 Control V vs Control CL, DGATi V vs DGATi
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p-values for all comparisons included in source data®®. Data are presented as
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Extended DataFig. 4| Ucpl expressionis not detectable in primary
adipocytes, nor does it impact uncoupling. a, Cycle threshold values of
standards fromindicated samples. b, Residual plot of linear regression of datain
panel A. ¢, Western Blot of female primary adipocytes with and without 7-day CL
treatment. The first 3 lines are a serial ten-fold dilution of mitochondrial protein
fraction from BAT, except AAC1 which is heart mitochondrial protein. Dark
exposure (DE), Light exposure (LE). Blue: 25 kDa, pink: 100 kDa size markers.
UCP1, AACland AAC2 were run in parallel on separate gels with the same samples,
STAT3 blot was from the same gel as UCP1, and is representative of loading
controls from AAC gels. d, Western Blot in male primary brown adipocytes
treated with control, UCP1-1(lanes 3 and4), and UCP1-2 (lanes 5 and 6) knock
down (KD) lentivirus. Blue-25 kDa, pink-15 kDa size markers. UCP1/TOM20 blots

and AAC2/H3 blots were from the same gel, the two gels were run in parallel with
the same samples. Blots in c and d are representative of multiple experiments.

e, Relative UCP1expressionin male primary adipocytes treated with indicated KD
lentiviruses. *p-val = 0.02 Control vs UCP1KD. f, Relative TMRM intensity in UCP1
KD and control male primary adipocytes stimulated with 100 nM CL or vehicle.
p-val <0.0001 Control V vs Control CLand UCP1KD V vs UCP1KD CL from 60 min.
p-val<0.05 Control CL vs UCP1KD CL 60-80 min. No significant differences
observed after 10 min FCCP. n = 6 wells. Statistical significance determined

by one-way (e) or two-way (f) ANOVA with Holm-Sidak post-hoc to adjust for
multiple comparisons, exact p-values for all comparisons included in source
data®®. Data are presented as mean + SEM.
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Extended Data Fig. 5| CSA slightly attenuates uncoupled respirationin
lipolytic adipocytes. a, OCR in male primary adipocytes pretreated with

50 mg/mL Cyclosporin A (CSA) or control for 24 h, then stimulated with 100 nM
CLorVinportA. p-val <0.05 Control Vvs Control CL after 25 min, CSAV vs CSA
CL after 30 min, and Control CL vs CSA CL 35-60 min.n=3 Control V,4 CSA

V, 6 Control CLand 5 CSA CL wells. b, Baseline normalized TMRM staining in
female primary adipocytes pretreated with 50 mg/mL CSA or control for24 h
and stimulated with 100 nM CL or V. p-val < 0.05 Control V vs Control CL from

80 min, CSAV vs CSA CL and Control CL vs CSA CL from 90 min, Control Vvs CSA
Vnotsignificantly different. n = 6 wells. cand d, the rate of FFA (c) and glycerol
(d) release in male primary adipocytes pretreated with vehicle or 50 mg/mL
CSAorVfor24 h,then100 nM CL. *p-val < 0.0001 V vs CL. n = 3 wells. Statistical
significance determined by two-way ANOVA with Holm-Sidak post-hoc to adjust
for multiple comparisons, exact p-values for all comparisons included in source
data®®. Dataare presented as mean + SEM.
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Extended Data Fig. 6 | AACisoform expression in mice. Expression of AAC and 0.04 eWAT vs Heart. AAC4: p-val = 0.0005 Testis vs iWAT, 0.0003 Testis vs

isoforms was assessed in isolated tissues from HFD fed male mice housedat30°C ~ eWAT, and 0.0007 Testis vs Heart. Statistical significance determined by one-way
for amonth. iWAT and eWAT n = 6 mice, heart n = 4 mice, and testis n =3 mice. ANOVA with Holm-Sidak post-hoc to adjust for multiple comparisons. Data are
*p-val < 0.05 vs other tissues. AAC1: p-val < 0.0001 Heart vs iWAT, Heart vs eWAT, presented as mean + SEM.

and Heart vs Testis. AAC2: p-val = 0.001iWAT vs Testis, 0.0006 eWAT vs Testis,
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Extended Data Fig. 7 | Cold sensitivity in SAWT and SAKO. a, Core body
temperature during acute cold exposure (CE) or room temperature controls

(RT) innormal diet fed male SAKO and SAWT mice. No statistically significance
differences observed between genotypes. n =10 mice.band ¢, VO2 (b) and VCO2
(c) of normal diet fed male SAWT and SAKO mice at 30 °C then transitioned to 5 °C
(cold) at time zero.n =5 mice.d and e, VO2 (d) and VCO2 (e) of normal diet fed
female SAWT and SAKO mice at 30 °C then transitioned to 5 °C (cold) at time zero.
n=>5mice.f-h,Respiratory exchange ratio (f), ambulatory activity (g), and food
intake (h) in obese thermoneutral adapted male SAWT and SAKO mice at 30 °C
then transitioned to cold at time zero.n =10 SAWT and 5 SAKO mice. i, UCP1and

AAC2 protein expression in mitochondrial fractions isolated from BAT and iWAT
of obese, thermoneutral-adapted female SAKO and SAWT mice. n = 2 mice. Blue-
25kDa, pink-15kDa size markers. UCP1and AAC2 blots were run in parallel on
separate gels with the same samples, TOM20 blot was from the same gel as UCP1,
and is representative TOM20 from the AAC2 gel. j-1, mRNA expression levels

of Ucpl(j), AAC2 (k), and Gpr3 (I) were assessed in iWAT and BAT isolated from
obese, thermoneutral-adapted male SAKO and SAWT mice. n = 6 mice. Statistical
significance determined by two-way ANOVA with Holm-Sidak post-hoc to adjust
for multiple comparisons, exact p-values for all comparisons included in source
data®®. Dataare presented as mean + SEM.
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Extended Data Fig. 8| SBKO mice do not exhibit cold sensitivity relative to
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Data are presented as mean + SEM.
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Extended Data Fig. 9| Gene expression in Stat3 Knockout adipose tissues. Statistical significance determined by two-way ANOVA with Holm-Sidak post-hoc
Expression of various brown/beige associated genes in inguinal and epididymal to adjust for multiple comparisons, exact p-values for all comparisons included
white adipose tissue. No statistically significant changes in gene expression insource data®®. Data are presented as mean + SEM.

were observed. n = 6 mice, except SBWT eWAT and SBKO iWAT n = 5 mice.
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Extended Data Fig. 10 | Models of different types of coupled and uncoupled
respiration. Two models of coupled respiration are shown on the left. Coupled
respiration maintains a high mitochondrial membrane potential to generate
the proton motive force that drives ATP synthesis. The upper left panel depicts
conventional coupled respiration, which can be thermogenic when ATP is
consumed by futile cycles such as triglyceride or calcium cycling. The lower left
panelillustrates creatine futile cycling which, although coupled, is intrinsically
thermogenic due to tissue-nonspecific alkaline phosphatase (TNAP) activity in

the mitochondrial intermembrane space. Two models of uncoupled respiration
areshown on theright. The lower right panel depicts UCP1-mediated uncoupling
inbrown adipocytes which is notably independent of the ATP/ADP carrier (AAC).
The upper right panelillustrates AAC-mediated uncoupling in white adipocytes,
whichrequires elevated free fatty acid levels generated during active lipolysis.
Fatty acid-binding proteins facilitate cytosolic trafficking of free fatty acids,
which readily diffuse across membranes and undergo protonated flip-flop
transport. Created using BioRender.com.
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Antibodies
Antibodies used The following antibodies were used for western blotting: AAC2 (Cell Signaling, Cat: 14671, clone: E2B9D, lot: 1), Histone H3 (Cell
Signaling, Cat: 4499, clone: D1H2, lot: 20), STAT3 (Cell Signaling, Cat: 9139, clone: 124H6, lot: 16), TOM20 (Cell Signaling, Cat: 42406,
clone: D8T4N, lot: 4), UCP1 (Cell Signaling, Cat: 72298, clone: E9C2V, lot: 3), AAC1 (Thermo Fisher, Cat: MA5-55372, clone: 1U7X1,
lot: 2K4533001C), Goat anti-mouse IgG (H+L) (Thermo Fisher, Cat: 31430, lot: YF375332), Goat anti-rabbit 1gG (H+L) (Thermo Fisher,
Cat: 31460, lot: 33)
Validation Primary antibodies were validated by the manufacturer and confirmed in the lab by western blot using knockout (STAT3), knockdown

(AAC2), tissue specificity (AAC1, UCP1) or subcellular fractionation (H3, TOM20).

AAC?2 specificity was confirmed by western blot of extracts from various cells lines: https://www.cellsignal.com/products/primary-
antibodies/ant2-slc25a5-e2b9d-rabbit-monoclonal-antibody/14671

H3 specificity was confirmed by western blot of extracts from various cells lines not to cross-react with other core histones: https://
www.cellsignal.com/products/primary-antibodies/histone-h3-d1h2-rabbit-monoclonal-antibody/4499

STAT3 specificity was confirmed by western blot of extracts from various cells lines and mouse tissues: https://www.cellsignal.com/
products/primary-antibodies/stat3-124h6-mouse-monoclonal-antibody/9139

TOM20 specificity was confirmed by western blot of extracts from various cells lines: https://www.cellsignal.com/products/primary-
antibodies/tom20-d8t4n-rabbit-monoclonal-antibody/42406

UCP1 specificity was confirmed by western blot of mouse BAT and liver (negative control): https://www.cellsignal.com/products/
primary-antibodies/ucp1-e9z2v-rabbit-monoclonal-antibody/72298

AAC1 specificity was confirmed by western blot of WT and KO samples: https://www.thermofisher.com/antibody/product/ANT-
Antibody-clone-1U7X1-Recombinant-Monoclonal/MA5-55372 (Figure 2)

Secondary antibodies were validated by the manufacturer.

Specificity of the Goat anti-mouse secondary antibody was confirmed by western blot of purified Mouse IgG, Mouse IgG1, Mouse
1gG2a, Mouse 1gG2b, Mouse 1gG3, Mouse IgM, Rabbit 1gG, Goat 1gG, Chicken IgY, Rat IgG, Human IgG proteins. https://
www.thermofisher.com/antibody/product/Goat-anti-Mouse-1gG-H-L-Secondary-Antibody-Polyclonal/31430 (Figure 4)

Specificity of the Goat anti-rabbit secondary antibody was confirmed by western blot. https://www.thermofisher.com/antibody/
product/Goat-anti-Rabbit-IgG-H-L-Secondary-Antibody-Polyclonal /31460

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 3T3-L1 cells were originally purchased from American Type Culture Collection by Alan R Saltiel.

Authentication 3T3-L1 cells were validated by American Type Culture Collection, and also by functionality in the Reilly and Saltiel Labs for
efficient adipogenesis.

Mycoplasma contamination All cell lines tested negative for mycoplasma in routine tests.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Male and female C57BL/6J mice from 2 to 12 months of age were used in this study.
Wild animals The study did not involve wild animals.
Reporting on sex Experiments were performed in male and female cohorts separately.. Direct comparison between sexes was not performed due to

confounding by metabolic differences in adiposity that caused the sexes to be analyzed at different ages. The main effect was
observed in both sexes. Cellular sex is also reported for experiment performed in primary cells.




Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal use was approved by the Institutional Animal Care and Use Committee (IACUC) at Weill Cornell Medicine

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedures for-each-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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