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The prevailing dogma is that thermogenic brown adi-
pose tissue (BAT) contributes to improvements in glu-
cose homeostasis in obesogenic animal models,
though much of the evidence supporting this prem-
ise is from thermostressed rodents. Determination of
whether modulation of the BAT morphology/function
drives changes in glucoregulation at thermoneutrality
requires further investigation. We used loss- and gain-
of-function approaches including genetic manipulation
of the lipolytic enzyme Pnpla2, change in environmental
temperature, and lifestyle interventions to comprehen-
sively test the premise that a thermogenic-like BAT
phenotype is coupled with enhanced glucose tolerance
in female mice. In contrast to this hypothesis, we found
that 7) compared to mice living at thermoneutrality,
enhanced activation of BAT and its thermogenic phe-
notype via chronic mild cold stress does not improve
glucose tolerance in obese mice, 2) silencing of the
Pnpla2 in interscapular BAT causes a brown-to-white
phenotypic shift accompanied with inflammation but
does not disrupt glucose tolerance in lean mice, and
3) exercise and low-fat diet improve glucose tolerance
in obese mice but these effects do not track with a
thermogenic BAT phenotype. Collectively, these findings
indicate that a thermogenic-like BAT phenotype is not
linked to heightened glucose tolerance in female mice.

Brown adipose tissue (BAT) is a highly combustible organ
when stimulated, which is largely dependent on its struc-
tural morphology. Unlike white adipocytes, brown adipo-
cytes are multilocular with numerous lipid droplets, high
abundance of mitochondria with a dense array of cristae,
and high expression of uncoupling protein 1 (UCP1) re-
quired for nonshivering thermogenesis (NST) (1,2). Prin-
cipally conserved to BAT, NST is predicated upon the
acceleration of oxidative substrate metabolism that is
uncoupled from ATP synthesis by the activation of
UCP1, resulting in the conversion of stored and circulating
energy substrates into heat (1). The activation of NST is
largely mediated via the sympathetic nervous system, with
environmental cold being the greatest physiological stim-
ulator of adrenergic activation. Enhanced adrenergic sig-
naling in BAT involves a series of intracellular events
including stimulation of lipases, such as patatin-like phos-
pholipase domain-containing 2 (PNPLA2), and the hydro-
lysis of triacylglycerol (TG) to fatty acids that increase
UCP1 activity and provides a fuel source for thermo-
genesis via fatty acid oxidation (1). In contrast to the
traditional view that intracellular production of fatty
acids by lipolysis is a major driving force for thermo-
genesis, two recent reports (3,4) published as our studies
were concluding showed that PNPLA2 is not obligatory
for BAT thermogenesis. Notwithstanding these new and
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important findings, BAT expression of PNPLA?2 is atten-
uated in obese mice (5) and the physiological implications
of this relationship warrant further study.

In the context of obesity, BAT has emerged as an
attractive antidiabetes target in recent years, in part
due to its high energy combustion that acts as a sink
for circulating substrates such as glucose and its identifi-
cation and functional activity in adult humans (6-10).
Epidemiological studies report that BAT is inversely asso-
ciated with insulin resistance and type 2 diabetes (9,11),
and experimental evidence in both animals (12-15) and
humans (16-19) identifies BAT as playing a role in regu-
lating glucose metabolism and insulin sensitivity. Recent
data demonstrate that even under minimal thermostress
(25°C), ablation of UCP1 impairs glucose homeostasis in
lean and obese mice (20).

Hence, while the consensus is that BAT is an important
regulator of glucose homeostasis, there is some precedence
in the literature to suggest that thermogenic BAT may not
directly improve glycemic control (21). Thus, whether
modulation of BAT morphology/function drives changes
in glucoregulation requires further investigation. Herein,
we used loss- and gain-of-function approaches including
genetic manipulation of Pnpla2, change in environmental
temperature, and lifestyle interventions (i.e., diet and
physical activity) to test the premise that modulation of
BAT function is coupled with changes in glucose tolerance
in mice.

RESEARCH DESIGN AND METHODS

Ethics Approval

All procedures were approved in advance and carried out in
compliance with the University of Missouri Institutional
Animal Care and Use Committee. The University of Mis-
souri is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.

Animals and Diets

Ninety-five C57BL/6J female mice were purchased from
The Jackson Laboratory (000664; Bar Harbor, ME). Fe-
male mice were used for all experiments, as females
generally exhibit a greater thermogenic BAT phenotype,
which is characterized by higher expression of UCP1 and
its activity (22), and superior systemic metabolic function
compared with males (23-26). In this regard, it has been
postulated that improved metabolic function in females
may be partly attributable to their enhanced BAT activity
(27,28). As such, we reasoned that if a link exists between
BAT function and glucose tolerance, this would be most
apparent in females. For avoidance of confounding effects
of chronic aging on BAT function (29,30), relatively young
adult (14 weeks of age) and middle-aged (24 weeks of age)
mice were used for all experiments. Mice were housed one
to three per cage in an environmentally controlled animal
facility maintained at thermoneutrality (28°C) or 20°C (in
experimental approach 1) on a 12-h light:dark cycle from
0700 to 1900 h with constant access to fresh water and
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food ad libitum. Mice were kept at thermoneutrality to
study the role of BAT in a physiological setting that is more
human relevant (31,32). Mice were fed one of the follow-
ing diets: normal chow, 3.98 kcal/g food, 13% kcal fat,
58% kcal from carbohydrate, and 29% kcal protein (Lab-
oratory Rodent Diet 5001%; LabDiet); Western diet (WD),
4.73 kcal/g food, 46% kcal from fat, and 36% kcal from
carbohydrate (17.5% sucrose and 17.5% high-fructose
corn syrup by weight), and 18% kcal from protein (mod-
ified 58Y1 [5APC]; TestDiet); or control diet (CD), 3.50
kcal/g food, 10% kcal fat, 72% kcal carbohydrate, and 18%
kcal protein (58Y2; TestDiet). Energy content per gram of
food was determined via bomb calorimetry as previously
described (33,34).

Experimental Design

Experimental Approach 1: Sympathetic Regulation of
BAT in Lean and Obese Mice

Experiment 1 was designed to 1) determine the role of
sympathetic innervation of BAT at thermoneutrality and
2) examine the extent to which increased sympathetic tone
caused by decreased environmental temperature mitigates
WD-induced BAT dysfunction and improves glucose tol-
erance. Nine-week-old female mice (n = 8) underwent
unilateral interscapular BAT (iBAT) denervation and
were terminated 12 weeks thereafter via CO, asphyxiation
for molecular characterization of iBAT. Another cohort of
5-week-old female mice fed a WD for 9 weeks were either
kept under thermoneutral housing conditions (28°C) (n =
13) or exposed to mild cold (i.e., housed at 20°C) (n = 8). A
third group of CD-fed mice (n = 10) housed at thermoneu-
trality were included as reference controls to determine
the degree of metabolic dysfunction caused by WD. Mice
were euthanized after a 5-h fast via CO, asphyxiation at
14 weeks of age. The following in vivo assessments were
conducted: cold tolerance test (CTT) (at 11 weeks of age),
energy expenditure (EE) via metabolic cages (at 12 weeks
of age), glucose tolerance test (GTT) (at 13 weeks of age),
and EchoMRI (at 14 weeks of age).

Experimental Approach 2: Silencing of Pnpla2 in iBAT in
Chow-Fed Mice Living at Thermoneutrality

Experiment 2 was designed to test the hypothesis that
silencing of Pnpla2 causes BAT dysfunction and associated
glucose intolerance. Thirteen-week-old female mice (n = 8)
underwent bilateral silencing of Pnpla2 in iBAT (i.e., ~25%
of all BAT depots) using adeno-associated virus serotype
8 (AAV8) with shRNA targeting Pnpla2 (Pnpla2-shRNA),
whereas control mice (n = 8) received bilateral iBAT
injections encoding a scrambled sequence AAV8 (GEP-
scrmb-shRNA) with a GFP reporter (cat. no: 7045; Vector
Biolabs, Malvern, PA). The titer for each virus was 10*®
gene copies/mL. The following validated shRNA sequence
(VBLKO-249774) was constructed by a commercial lab-
oratory (cat. no. shAAV-280982; Vector Biolabs): 5'-
CCGG-CATCTCCCTGACTCGTGTTTCCTCGAGGAAACACGA
GTCAGGGAGATG-TTTTT-3'. The targeting sequence and
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hairpin loop sequence are 5'-CATCTCCCTGACTCGTGTTTC-
3’ and 5'-CTCGAG-3', respectively. Targeted microinjections
of Pnpla2-shRNA and scrambled vector were delivered to
both iBAT lobes under anesthesia as described in Supple-
mentary Data. Animals were euthanized after a 5-h fast via
CO, asphyxiation 8 weeks after injections for molecular
characterization of iBAT. Mice consumed normal chow
during this entire experiment. The following in vivo assess-
ments were conducted: GTT (at 20 weeks of age) and
EchoMRI (at 21 weeks of age).

Experimental Approach 3: Lifestyle Intervention and BAT
Phenotype in Mice Living at Thermoneutrality
Experiment 3 was designed to assess the extent to which
physiological lifestyle interventions including increased
physical activity (ie., voluntary wheel running) and diet
switch (i.e., WD replaced by low-fat CD) improve the BAT
phenotype and glucose tolerance. Importantly, head-to-
head comparisons of the impact of diet versus increased
physical activity on BAT metabolism at thermoneutrality in
the context of obesity are lacking (35). To provoke metabolic
dysfunction, we fed 5-week-old female mice (n = 18) a WD
for 9 weeks. At 14 weeks of age, mice were randomized to
one of the following groups (n = 9-11/group) for 10 weeks:
1) continuation of WD, 2) continuation of WD with access
to running wheels (WD+WR), and 3) switch from WD to CD
(CD). Animals were euthanized at 24 weeks of age after
a 5-h fast via CO, asphyxiation. The following in vivo
assessments were conducted: CTT (at 21 weeks of age),
EE via metabolic cages (at 22 weeks of age), GTT (at 23 weeks
of age), and EchoMRI (at 24 weeks of age).
For extended methods, see Supplementary Data.

Statistical Analysis

Student t tests were run for between-group comparisons.
In experiments that contained more than two groups, one-
way ANOVA was conducted with pairwise comparisons via
Tukey correction. All data are presented as mean * SE.
Significance was accepted at P < 0.05. Statistical analyses
were performed with SPSS, version 20.0.

RESULTS

Experimental Approach 1: Sympathetic Regulation of
BAT in Lean and Obese Mice

Previous literature indicates that sympathetic innervation of
BAT is critical for the maintenance of a “brown” phenotype
(1); however, most studies have made this connection in
standard ambient housing conditions—where sympathetic
tone to BAT is markedly heightened (32). To corroborate
that sympathetic innervation of BAT is necessary for the
multilocular and thermogenic phenotype of BAT at thermo-
neutrality, we denervated one iBAT lobe, while maintaining
the contralateral side intact, in lean mice fed a chow diet
(Supplementary Fig. 1A). Unilateral denervation of iBAT
enhanced lipid droplet hypertrophy and led to an approx-
imate twofold reduction in UCP1 and tyrosine hydroxy-
lase protein expression, demonstrating the importance of
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sympathetic innervation of BAT even under thermoneutral
conditions (Supplementary Fig. 1B and D). The within-animal
experimental design (i.e., denervation of one iBAT fat pad
while using the contralateral side as internal control) pre-
duded any relevant analysis of systemic metabolic function.

Next, we determined whether enhanced sympathetic ac-
tivation via mild thermostress (20°C) attenuates WD-induced
BAT dysfunction and improves glucose tolerance compared
with mice kept in thermoneutral conditions (Fig. 14). Mild
cold exposure did not decrease body weight gain or attenuate
adiposity caused by WD feeding (Fig. 1B and Supplementary
Table 3). Energy intake and total EE were enhanced with mild
cold exposure by 40% and 50%, respectively (Fig. 1C-E). The
increase in EE was likely to defend body temperature via NST,
given that spontaneous physical activity was not different
among groups (Fig. 1E-G). Anecdotally, from 5 to 9 weeks of
age, mice exposed to mild cold displayed shivering behavior,
whereas no shivering was apparent after 9 weeks of age,
suggesting that NST was maintaining body temperature.
These observational data are supported by greater cold
tolerance in mice exposed to mild thermostress compared
with animals living at thermoneutrality (Fig. 1H). Similarly,
in a subset of mice, real-time thermal imaging revealed that
heat emission was largely conserved to the iBAT region in
acute cold-exposed animals with little to no heat emission
from surrounding muscle tissue (Fig. 1I). Mild cold expo-
sure failed to correct glucose intolerance caused by WD
feeding and did not improve fasting insulin, cholesterol,
HDL, or LDL concentrations (Fig. 1J-L).

UCP1 protein expression was enhanced by mild cold in
BAT and gonadal white adipose tissue (gWAT), but not in
inguinal WAT (iWAT), respectively (Fig. 2A and B). Of note,
the increase in UCP1 expression in WAT was 11-fold lower
than in BAT (i.e., WD + mild cold BAT vs. gWAT). Regardless
of temperature, FAS expression was lower in all three
adipose tissue depots in WD-fed mice, whereas PNPLA2
was only lower in BAT (Fig. 2A and B). There were no
changes in oxidative phosphorylation (OXPHOS) complexes
within BAT among groups, whereas WD feeding attenuated
complex Vin iWAT and gWAT that was not restored by mild
cold exposure (Fig. 2A and B). Immunohistochemical evi-
dence demonstrated that compared with thermoneutral
animals, BAT from WD + mild cold mice presented with
smaller lipid droplets (via Plinl immunostain) and numer-
ous mitochondria with greater cristae density captured by
transmission electron microscopy (Fig. 2C). Relative to mice
kept at thermoneutrality, the visual increase in cristae
density from mild cold-exposed mice was supported at
the molecular level by a tendency for greater expression
of total OPA1 (Fig. 2D) (P = 0.11)—a major regulator of
mitochondrial fusion and cristae structure—and higher
ex vivo complex I and complex II oxygen consumption
rates (OCR), whereas OCR via complex IV was decreased
(Fig. 2B). Taken together, data from experiment 1 confirm
that mild cold exposure enhances thermogenic capacity of
BAT in mice with diet-induced obesity but does not im-
prove glucose tolerance.
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Figure 1—Effects of mild cold exposure on energy homeostasis and glucose tolerance. A: 5-week-old female mice were randomized to either a CD or
WD at thermoneutrality (28°C) for 9 weeks. A third group of animals consumed a WD while housed under mild cold stress conditions (20°C) for
9 weeks. B: Weekly body weights (n = 5-8/group). C and D: Energy intake and metabolic efficiency (i.e., change in body weight over time per energy
consumed) (n = 5-8/group). E: Average total EE (n = 5-8/group). F and G: Mean 24-h EE and spontaneous physical activity (SPA) curves (n = 5—-
8/group). H: Acute CTT. Baseline rectal temperature measurements were recorded in home cages (28°C or 20°C). Thereafter, mice were placed in
environmental cold chambers (4°C) and rectal temperature measurements were taken every 30 min for 180 min (1 = 5-8/group). I: Representative
real-time thermal images captured during the CTT. Identical camera settings were used in ambient (home-cage temperature) and cold (4°C)
environments. J: Plasma insulin concentrations (n = 5-8/group). K: GTT (n = 5-8/group). GTTs were performed at the same environmental temperature
at which mice were housed. L: Plasma cholesterol and lipid concentrations (1 = 5-8/group). Data are mean *+ SE. *P < 0.05 vs. CD; #P < 0.05 vs. WD;
¢P < 0.05 CD vs. WD + mild cold. Chol, total cholesterol; d, day; HDLc, HDL cholesterol; LDLc, LDL cholesterol; NEFA, nonesterified fatty acid.
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Figure 2—Effects of mild cold exposure on the BAT phenotype. A: BAT, iWAT, and gWAT mean protein expression. Data are relative to BAT CDogec,
whichis set at 1 (n = 5-13/group). B: Immunoblots from BAT, iWAT, and gWAT run on the same gel; 12 j.g protein was loaded per lane. C: Representative
Plin1-immunostained and transmission electron microscopy (TEM) images of iBAT. Arrow denotes mitochondrial cristae. TEM section scale bars =1 pm.
LD, lipid droplet; M, mitochondria. D: BAT immunoblots. E: OCR from BAT whole-cell homogenates (n = 5-8/group). Data are mean = SE.*P < 0.05
vs. CD; #P < 0.05 vs. WD.

Experimental Approach 2: Silencing of Pnpla2 in iBAT in microinjections) using an AAV8 shRNA in female mice at
Chow-Fed Mice Living at Thermoneutrality

To determine whether loss of iBAT function perturbs (GFP-scrmb-shRNA), Pnpla2-shRNA virus led to an ap-
glucose tolerance, we silenced Pnpla2 within iBAT (bilateral ~ proximate ninefold and sixfold reduction in iBAT Pnpla2

13 weeks of age. Compared with the scrambled vector
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mRNA and PNPLA?2 protein expression, respectively (Fig.
3B), that produced pronounced steatotic hypertrophy (Fig.
3C and D). iBAT mass was 1.4-fold greater in Pnpla2-
silenced mice compared with GFP-scrmb-shRNA controls,
respectively—an effect that was independent of body
weight (Fig. 3A). Downregulation of Pnpla2 suppressed
UCP1 mRNA and protein expression, which was also
accompanied by an attenuation in the abundance of
OXPHOS complexes CV-CI and enhanced inflammatory
gene transcripts (Fig. 3E and F). In concert with an
upregulation of inflammatory gene expression, Mac-2
immunohistochemical staining revealed increased abun-
dance in positive-stained area as well as increased expres-
sion of proteins involved in inflammatory signaling (i.e.,
phosphorylated (p-)JNK/INK and p-p38/p38) in Pnpla2-
shRNA relative to GFP-scrmb-shRNA mice (Fig. 3C and F).
Lipogenic mRNA and protein expression was attenuated in
Pnpla2-shRNA mice despite gross lipid droplet expansion
(Fig. 3E and F).

Functionally, Pnpla2 suppression in iBAT abolished
isoproterenol-induced glycerol release in iBAT lysates
that was independent of hormone-sensitive lipase (HSL)
phosphorylation (Fig. 3G), such that phosphorylated
HSLsere60 and HSLge 563 were similarly enhanced by iso-
proterenol in both groups, indicating that Pnpla2 is critical
for stimulated intracellular lipolysis in iBAT. Despite the
steatotic hypertrophic iBAT phenotype in Pnpla2-shRNA
mice, glucose tolerance and fasting insulin concentrations
were not different from GFP-scrmb-shRNA controls; how-
ever, free fatty acid concentrations were increased in
Prpla2-shRNA mice (Fig. 3H and I). Some evidence sug-
gests that Pnpla2 suppression may lead to compensatory
browning of WAT (4), which could contribute to preser-
vation of glucose tolerance. However, expression levels of
thermogenic genes (Ucpl, Pgcla, Cidea, and Prdm16) in
WAT were not different between GFP-scrmb-shRNA ver-
sus Pnpla2-silenced mice (Fig. 3J). Collectively, data from
experiment 2 indicate that downregulation of Pnpla2 in
iBAT causes stark adverse morphological and functional
changes that do not impair glucose tolerance.

Experimental Approach 3: Lifestyle Intervention and
BAT Phenotype in Mice Living at Thermoneutrality

Diet and exercise are well-known strategies to improve
obesity-induced metabolic dysfunction (36). Thus, to de-
termine the extent to which improved glucose tolerance
tracks with a thermogenic BAT phenotype, we randomized
mice with diet-induced obesity (i.e., after 9 weeks of WD
feeding) to one of the following treatments for 10 weeks
(Fig. 4A): WD, WD+WR, and WD switched to CD. WD+WR
and CD significantly attenuated weight gain compared
with WD (Fig. 4B). On average, WD+WR mice ran
~13 km/day (Fig. 4C). Relative to WD mice, fat mass
was lower in both WD+WR and CD groups; however, CD
had greater reductions than WD+WR (Fig. 4D). BAT mass
was greater in WD animals, with no differences between
WD+WR and CD groups (Fig. 4E). Compared with WD
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mice, gWAT weight was attenuated in both WD+WR and
CD, but to a greater extent in CD, and as expected, heart
weight was increased in WD+WR animals compared with
WD and CD (Fig. 4E). Energy intake was significantly
greater in WD+WR animals, with no differences between
WD and CD, whereas, metabolic efficiency showed a step-
wise reduction, WD > WD+WR > CD (Fig. 4F and G),
suggesting that WD-fed animals are more efficient at
storing energy than CD mice. Total EE and spontaneous
physical activity were not different among groups (Fig.
4H-J). In addition, no group differences in rectal temper-
ature measurements during an acute CTT were detected
(Fig. 4K). CD mice exhibited 66% and 40% lower glucose
area under the curve (AUC) during GTT compared with
WD and WD+WR, respectively (Fig. 4L and M). Glucose
AUC in WD+WR animals was 19% lower versus WD (Fig.
4L). Fasting insulin concentrations were lower in CD mice
compared with WD animals, with no difference compared
with WD+WRs (Fig. 4M). Relative to both WD groups, total
cholesterol, HDL cholesterol, and LDL cholesterol were
significantly lower in CD mice (Fig. 4N).

In BAT, Pnpla2 expression was nonsignificantly in-
creased in CD versus WD mice (P = 0.07), with no change
in WD+WR mice, whereas UCP1 mRNA expression tended
to increase in WD+WR mice and was decreased in CD mice
(Fig. 5B). UCP1 and PGCla protein expression were de-
creased in CD-fed mice, with no differences between
WD-fed groups, while PNPLA2 expression was 50% and
80% greater in CD compared with WD and WD+WRs,
respectively (Fig. 5C). OXPHOS complex II was decreased
in CD versus WD mice, whereas complexes III, IV, and I
were nonsignificantly decreased (Fig. 5C). No differences
in OXPHOS complexes were detected between either
WD-fed groups. FAS and phosphorylation of ACCge7g
were significantly greater in CD animals with no differ-
ences in WD groups (Fig. 5C). Both CD and WD+WR
increased BAT citrate synthase activity, while OCR at
complex II and complex IV were elevated in WD+WR
animals only (Fig. 5D and E). As a marker of BAT thermo-
genic profile (5), we summed the expression of thermo-
genic genes and plotted the score as a regression against
glucose AUC. There was no association between the ther-
mogenic composite score and glucose tolerance (Fig. 5F).

Next, we screened the BAT proteome to determine
whether modulation in thermogenic-related proteins by
low-fat CD and exercise were related to glucose tolerance.
We found 27 proteins that were differentially expressed
across groups (Fig. 5G). Relative to WD, WD+WR and CD
mice showed an increase in seven common proteins (Fig.
5H). Alist of the differentially expressed proteins and their
main functions appears in Supplementary Table 4. Interest-
ingly, proteins involved in fatty acid biosynthesis (ACLY
and ACACA) were increased in CD but not WD+WR mice,
whereas proteins involved in lipid transport/cholesterol
metabolism (PON1, APOC3, and APOA4) and a ubiquinol-
cytochrome c reductase complex of the mitochondrial
respiratory chain were decreased in CD mice (Fig. 5G).
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Figure 3—Effects of Pnpla2 silencing in BAT on BAT function and glucose tolerance. A: Weekly body weights. iBAT transfections (i.e., GFP-
scrmb-shRNA vs. Pnpla2-shRNA) occurred in 13-week-old mice (n = 8/group). B: Pnpla2 mRNA and protein (ATGL) expression in iBAT (n = 7-8/
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scrambled-GFP AAVS8 vectors directly injected into iBAT. E: iBAT mRNA expression (n = 7-8/group). F: iBAT protein expression with representative

immunoblots (1 = 7-8/group). G: Lipolysis assays and protein expression of iBAT explants from 20-week-old mice. (—

and + symbols indicate that

explants were treated, respectively, without or with 10 wmol/L isoproterenol [ISO]) (n = 8/group). H: Fasting insulin and free fatty acid (FFA)
concentrations (1 = 7-8/group). I: GTTs were performed at 19 weeks of age or 7 weeks after iBAT transfection (n = 8/group). J: Representative
hematoxylin-eosin images of gWAT and mRNA expression (n = 4-6/group). Data are means *+ SE. *P < 0.05 vs. Pnpla2-scrmb-shRNA; #P < 0.05 vs.
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Collectively, experiment 3 indicates that changes in the
expression of thermogenic genes or UCP1 content in
BAT are not related to improvements in glucose toler-
ance with diet and exercise in obese mice.

Since aging has been implicated as an important fac-
tor regulating BAT function (29,30), we also determined
whether growth from 14 to 24 weeks of age led to
whitening of BAT and concomitant glycemic and metabolic
deterioration in CD and WD-fed mice (used in experimen-
tal approaches 1 and 3). Compared with mice at 14 weeks,
mice at 24 weeks of age had greater body weight, fat mass,
and BAT mass regardless of diet (Supplementary Fig. 2).
Also independent of the diet, Plinl immunostaining of
BAT revealed that 24-week-old animals had a whitened
BAT appearance characterized by larger lipid droplets, as
well as impaired cold tolerance, despite no differences in
UCP1 protein expression (Supplementary Fig 2). Impor-
tantly, however, the effect of increased age on metabolic
function was only displayed in WD-fed mice. That is,
glucose tolerance was worsened (i.e., 22% increase in
glucose AUC) and fasting insulin concentrations were
increased by 80% at 24 weeks of age in WD-fed but not
CD-fed mice, relative to younger diet-matched mice. To-
gether, these data indicate that 10 weeks of aging in young
adult mice causes whitening of BAT in both CD and WD
settings, whereas glycemic deterioration only manifests
over time when animals are challenged with a WD.

DISCUSSION

In contrast to the prevailing dogma (37-39), we conclude
that a thermogenic-like BAT phenotype is not coupled with
improved glucose regulation in female mice. Several lines
of evidence presented here support this conclusion, in-
cluding the following: 1) increased sympathetic activation
of BAT via chronic mild thermostress (20°C) enhanced BAT
function but did not improve glucose tolerance in mice
with diet-induced obesity, 2) robust whitening and asso-
ciated inflammatory milieu in iBAT caused by genetic
silencing of Pnpla2 did not impair glucose tolerance in
lean mice, and 3) improved glucose tolerance via increased
physical activity and low-fat diet in obese mice did not
track with a thermogenic BAT phenotype. Taken together,
compelling evidence is presented against the hypothesis
that BAT is a critical regulator of glucose homeostasis in
female mice.

Experimental studies in both animals (12-15,20) and
humans (16-19,40) suggest that BAT is an important
regulator of glucose metabolism—acting as a substrate
“sink”—that has become dogmatic in recent years. These
lines of evidence are largely founded on research under
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environmental (i.e., cold exposure) or pharmacological
adrenergic activation (16,41). Thus, whether BAT is crucial
for glucose disposal under conditions when thermogenesis
is minimal, a setting that is postulated to have greater
human relevance (31,32), is less appreciated. Here, under
nonthermostressed conditions we show that genetic si-
lencing of Pnpla2, a known regulator of lipid accrual in BAT
(42), causes pronounced steatotic hypertrophy and asso-
ciated inflammation in iBAT of chow-fed mice; however,
this does not cause glucose intolerance. This finding is
consistent with previous data from our group showing that
surgical excision of iBAT is dispensable for metabolic
function in lean and obese mice housed at 25°C (5).
Furthermore, recent studies indicate that loss of intracel-
lular lipolysis in BAT with use of genetic mouse models
does not abolish BAT thermogenesis (3,4) or disrupt
glucose metabolism in the setting of mild cold stress
(4). Together, these findings suggest that intracellular
manipulation of lipolytic programs within BAT does not
directly affect glucose homeostasis in mice.

In the current study, we also found a disconnect be-
tween thermogenic activation of BAT and enhanced gly-
cemic control in mice with diet-induced obesity. That is,
even though mice housed at 20°C exhibited increased cold
tolerance, UCP1 expression, and BAT respiratory capacity,
relative to thermoneutral mice, they did not display im-
proved glucose tolerance (Figs. 1 and 2). Of note, GTTs
were performed at the same temperature at which mice
were housed. The lack of improvement in glucose tolerance
in animals with “activated” BAT (20°C mice) was accom-
panied by no changes in body weight and adiposity,
suggesting that in a setting of energy balance, augmenting
BAT activity does not explicitly improve glucose control. It
is most likely that if such enhanced BAT activity would
have been accompanied with energy loss (e.g., by restrict-
ing the increased energy intake), mice would have revealed
an improvement in glucose control (43). Notably, prior
investigations showing that cold exposure enhances
whole-body glucose uptake in lean and overweight humans
were acute in nature (i.e., <12 h of exposure). Thus, while
it remains unknown whether chronic cold-induced BAT
activation augments glucose control in obese humans, the
present data in obese mice suggest that it would not.
Indeed, findings presented herein are counter to the
idea that it is uncoupled respiration in BAT that contrib-
utes to an improvement in glucose homeostasis.

Notably, a mild-to-moderate lipid expansion phenotype
in BAT and an associated decrease in thermogenesis have
been proposed as an adaptive response that may be
beneficial for glucose homeostasis (44). It is plausible

temperature measurements were taken every 30 min for 120 min (n = 5-9/group). L: GTT with glucose AUC (n = 9-11/group). M and N: Plasma
insulin, cholesterol, and lipid concentrations (n = 8-10/group). Data are means = SE. *P < 0.05 vs. WD; #P < 0.05 vs. WD+WR. BW, body
weight; Chol, total cholesterol; d, day; HDLc, HDL cholesterol; LDLc, LDL cholesterol; NEFA, nonesterified fatty acid.
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that increased glucose uptake in BAT supplies building
blocks for glycerol backbone in TG manufacturing and
acetyl-coA units for fatty acid biosynthesis in the lipid-
expanding tissue. Similarly, an uncoupling between BAT
thermogenesis and glycemic control was also demon-
strated in male and female mice with brown adipocyte-
specific deletion of mitofusin 2, an important component
of NST (21). Cold-induced thermogenesis was severely
impaired in mitofusin 2-ablated animals despite being
protected from glucose dysmetabolism induced by obesity
(21). As a corollary, recent human evidence suggests that
under minimal thermostress (25°C) BAT glucose utiliza-
tion occurs mostly via anaerobic or even anabolic pathways
(i-e., glyceroneogenesis or fat synthesis) (45), dissociating
uncoupled BAT respiration with glucose metabolism. In
conjunction with the aforementioned studies, our findings
suggest that thermogenic activation of BAT is not directly
linked with improved glucoregulation.

At thermoneutrality, sympathetic drive to BAT is min-
imal, though a recent study revealed that intact innerva-
tion of BAT is required for diet-induced thermogenesis at
thermoneutrality (46). We corroborate these underappre-
ciated findings that BAT is not dormant at thermoneu-
trality, evidenced by the fact that unilateral iBAT
denervation reduced UCP1 content and increased lipid
accrual (Supplementary Fig. 1). Living at thermoneutrality
per se may manifest as a shift toward a coupled oxidative
phenotype and even increased lipid storage in BAT. While
in the setting of obesity the latter may seem unfavorable,
we observed at the histological level a well-organized array
of lipid droplet distribution in our most metabolically
healthy mice (i.e., CD) that appeared larger than in
WD-fed animals (Fig. 54). It has been shown that in the
setting of energy deficit, female rodents deactivate BAT
thermogenesis to a greater extent than males (47), and this
is postulated to be teleologically advantageous for female
survival during times of food scarcity (i.e., conserve fat
mass). The BAT phenotype from low-fat CD-fed versus WD
mice seemed to support this theory, with increased pro-
teomic expression of ACAC (acetyl-CoA carboxylase) and
ACLY (ATP-citrate lyase), critical for fatty acid biosynthesis
(Fig. 5G). BAT ACLY has been shown to increase in re-
sponse to cold exposure to fuel NST (48); however, the role
of BAT de novo lipogenesis in low-fat diet versus obeso-
genic diet mice at thermoneutrality is less appreciated
(49,50). Notably, lipid storage is bioenergetically expensive
and does not necessarily represent an impaired oxidative
phenotype, demonstrated previously as the athlete’s par-
adox in human skeletal muscle (51) and in obese persons
with “simple” hepatic steatosis who display increased
hepatic fatty acid oxidation (52). Along these lines,
a role for adipose de novo lipogenesis in regulating glucose
homeostasis during catch-up growth has previously been
demonstrated in rats (53). Nonetheless, the metabolic
implications for the lipid accretion phenotype in BAT
from lean animals living at thermoneutrality require fur-
ther study.
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Diet and increased physical activity are established
lifestyle interventions to combat and even correct many
metabolic diseases and comorbidities including disrup-
tions to glucose homeostasis (36,54). Here, we confirmed
the well-characterized amelioration of obesogenic diet-
induced glucose intolerance through increased physical
activity and low-fat diet (Fig. 4); however, this improve-
ment did not associate with the induction of classic brown-
related mRNA or protein markers of BAT thermogenesis
including UCP1 (Fig. 5). Notwithstanding the lack of an
association between thermogenic genes and glucose toler-
ance, we cannot rule out the possibility that diet and/or
physical activity may modify the BAT secretome (55) and
thus contribute to enhanced glucose handling. In this
context, Stanford et al. (56) elegantly demonstrated
that a BAT-derived lipokine, 12,13-diHOME, is augmented
by exercise in mice and humans and increases fatty acid
uptake and fatty acid oxidation in skeletal muscle. This
suggests that in addition to its thermogenic function, BAT
may be a source of “batokines” or lipokines that are
involved in systemic energy homeostasis. Similarly, evi-
dence for a regulatory BAT-muscle axis in exercising mice
was recently proposed that appears to mechanistically
involve interferon regulatory factor 4 and myostatin
(57). Undoubtedly, additional research is needed to un-
derstand this tissue cross talk and its biological relevance.

Several aspects of this study require consideration. Only
female mice were studied, and thus current findings may
not be extrapolable to males. Previous literature indicates
that there are sex differences in adipose tissue and lipid
metabolism (58,59), where females generally exhibit
a greater thermogenic BAT phenotype compared with
males, characterized by higher expression of UCP1 and
its activity (22). Accordingly, side-by-side comparisons of
sex may be warranted in future studies. Moreover, the
present experiments were completed with relatively young
adult mice. It is known that aging causes BAT involution
and dysfunction (60), which is an important consideration
when translating experimental findings to humans given
that aging humans have less detectable BAT and are more
susceptible to metabolic dysfunction than their younger
counterparts (61). Of note, we found that compared with
young (14 weeks of age) mice, middle-aged (24 weeks of
age) animals had greater adiposity and a more whitened
BAT phenotype characterized by the appearance of larger
lipid droplets and were cold intolerant when fed either
a low-fat diet or a WD. Interestingly, glucose intolerance
and hyperinsulinemia associated with increased age were
unmasked only in mice consuming a WD. These findings
suggest that the thermogenic BAT phenotype begins to
deteriorate at a relatively young age (24 weeks of age);
however, this thermogenic deterioration over time is not
sufficient to disturb glucose homeostasis.

In aggregate, we report that a thermogenic-like BAT
phenotype does not drive improvements in glucose toler-
ance in female mice. Accordingly, contrary to a widespread
belief, the present data suggest that “uncoupled” BAT may
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not be vital to maintaining glucose homeostasis even in a
setting of mild thermostress accompanied by energy balance.
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