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Adaptive thermogenesis in brown adipose tissue
involves activation of pannexin-1 channels
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ABSTRACT

Objective: Brown adipose tissue (BAT) is specialized in thermogenesis. The conversion of energy into heat in brown adipocytes proceeds via
stimulation of b-adrenergic receptor (bAR)-dependent signaling and activation of mitochondrial uncoupling protein 1 (UCP1). We have previously
demonstrated a functional role for pannexin-1 (Panx1) channels in white adipose tissue; however, it is not known whether Panx1 channels play a
role in the regulation of brown adipocyte function. Here, we tested the hypothesis that Panx1 channels are involved in brown adipocyte activation
and thermogenesis.
Methods: In an immortalized brown pre-adipocytes cell line, Panx1 currents were measured using patch-clamp electrophysiology. Flow
cytometry was used for assessment of dye uptake and luminescence assays for adenosine triphosphate (ATP) release, and cellular temperature
measurement was performed using a ratiometric fluorescence thermometer. We used RNA interference and expression plasmids to manipulate
expression of wild-type and mutant Panx1. We used previously described adipocyte-specific Panx1 knockout mice (Panx1Adip-/-) and generated
brown adipocyte-specific Panx1 knockout mice (Panx1BAT-/-) to study pharmacological or cold-induced thermogenesis. Glucose uptake into
brown adipose tissue was quantified by positron emission tomography (PET) analysis of 18F-fluorodeoxyglucose (18F-FDG) content. BAT tem-
perature was measured using an implantable telemetric temperature probe.
Results: In brown adipocytes, Panx1 channel activity was induced either by apoptosis-dependent caspase activation or by b3AR stimulation via a
novel mechanism that involves Gbg subunit binding to Panx1. Inactivation of Panx1 channels in cultured brown adipocytes resulted in inhibition of
b3AR-induced lipolysis, UCP-1 expression, and cellular thermogenesis. In mice, adiponectin-Cre-dependent genetic deletion of Panx1 in all
adipose tissue depots resulted in defective b3AR agonist- or cold-induced thermogenesis in BAT and suppressed beigeing of white adipose
tissue. UCP1-Cre-dependent Panx1 deletion specifically in brown adipocytes reduced the capacity for adaptive thermogenesis without affecting
beigeing of white adipose tissue and aggravated diet-induced obesity and insulin resistance.
Conclusions: These data demonstrate that Gbg-dependent Panx1 channel activation is involved in b3AR-induced thermogenic regulation in
brown adipocytes. Identification of Panx1 channels in BAT as novel thermo-regulatory elements downstream of b3AR activation may have
therapeutic implications.

� 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Brown adipose tissue (BAT) regulates the adaptation to cold as well
as diet-induced thermogenesis [1,2]. Brown adipocytes are highly
specialized cells that dissipate energy in the form of heat [3], a
process that in mice is typically induced via activation of b3-
1Department of Pharmacology, University of Virginia School of Medicine, Charlottesvill
Virginia, Charlottesville, VA, 22908, USA 3Division of Pulmonary and Critical Care Me
USA 4Division of Endocrinology and Metabolism, Department of Medicine, University
Imaging, University of Virginia School of Medicine, Charlottesville, VA, 22908, USA
Japan 7Graduate School of Life and Environmental Sciences, Osaka Prefecture Universit
of Medicine, Charlottesville, VA, 22908, USA 9Department of Microbiology, Immunolo
Immunology Research, USA

*Corresponding author. Department of Pharmacology, University of Virginia, 1340
(N. Leitinger).

Received April 29, 2020 � Revision received November 6, 2020 � Accepted Novembe

https://doi.org/10.1016/j.molmet.2020.101130

MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
www.molecularmetabolism.com
adrenergic receptors (b3AR) [4e6]. The predominant mediator of
thermogenesis is mitochondrial uncoupling protein 1 (UCP1) [7e10],
which is functionally inhibited by nucleotides adenosine triphosphate
(ATP) or adenosine diphosphate (ADP) [11e14] and activated by
fatty acids generated via lipolysis, or as recently shown, by lipolysis-
independent mechanisms [15,16]. However, knowledge about
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additional mechanisms that control adrenergic signaling-induced
thermogenesis is limited.
Pannexin-1 (Panx1) is a membrane channel that is structurally similar
to connexins but does not form gap-junctions [17]. Activation of Panx1
that leads to channel opening proceeds via a variety of mechanisms
[18,19], including reversible a1-adrenergic stimulation [20,21] and
irreversible caspase-mediated cleavage of the C-terminal portion of
Panx1, which occurs during apoptosis [22,23]. A recent high-
resolution single particle structural analysis of human Panx1 using
cryo-electron microscopy revealed human Panx1 channels to be
heptamers with a wide main pore and side tunnels and identified the 7
W74 residues on the extracellular domain as the binding site for
carbenoxolone, a widely used pharmacological inhibitor of Panx1 [24].
Many of the biological effects mediated by Panx1 have been attributed
to the release of ATP, which in turn regulates autocrine and paracrine
purinergic signaling. ATP released from apoptotic cells via Panx1
serves as a “find-me” signal for phagocytes [22], facilitating effer-
ocytosis. Panx1 channel function is also regulated by posttranslational
modification, such as phosphorylation and S-nitrosylation [25e27].
Pharmacological inhibitors of Panx1 include carbenoxolone, probene-
cid, mefloquine, the food dye FD&C Blue No. 1, trovafloxacin, and
spironolactone [28e31].
We and others have previously demonstrated a functional role for
Panx1 channels in white adipose tissue [32e34]. We found that Panx1
channel function in white adipocytes is required for full activation of
insulin-induced glucose uptake, and adipocyte-specific Panx1 knock
out mice exhibited exacerbated insulin-resistance under a high-calorie
diet [32]. However, whether Panx1 channels play a role in the regu-
lation of brown adipocyte function is not known. Here, we discover a
novel mechanism by which Panx1 channels are activated by b3-
adrenergic stimulation to control the bAR-induced thermogenic
response in brown adipocytes.

2. MATERIALS AND METHODS

2.1. Reagents
CL316243, forskolin, 8Br-cAMP, ARL 67156 trisodium salt, and sur-
amin were procured from Tocris (Minneapolis, MN). Carbenoxolone,
trovofloxacin, and spironolactone were from Sigma Aldrich (St. Louis,
MO). Silencer select siRNAs against mouse Panx1 (assay ID-s79985)
or mouse Gb subunits (GNB1 e assay ID ess66813; GNB2 e
assay ID ess66816; GNB3 e assay ID ess66822; GNB4 e assay ID
en420113) and silencer select negative control-2 siRNA (4390846)
were purchased from ThermoFisher Scientific (Middletown, VA). An-
tibodies used in the study were as follows: mouse monoclonal anti-
Panx1 (Clone 720505, #MAB7097) was from R&D Systems (Minne-
apolis, MN); rabbit-polyclonal anti-UCP1 (#U6382) was from Sigmae
Aldrich (St. Louis, MO); mouse monoclonal OXPHOS antibody cock-
tail (#MS604) was from Mitosciences (Eugene, OR); rabbit monoclonal
anti-Panx1 antibody (Clone D9M1C, #91137), anti-PKC phosphoryla-
tion antibody sampler kit (#9921) and rabbit monoclonal anti-vinculin
(Clone E1E9 V, #13901) were from Cell Signaling (Danver, MA). Cellular
glucose uptake was measured using a glucose uptake-Glo assay kit
(#J1341, Promega, Madison, WI).

2.2. Animals
Adipocyte-specific Panx1 knockout mice (Panx1Adip-/-) used in the
study have been previously described [32]. Brown adipocyte-specific
Panx1 knock out mice (Panx1BAT-/-) were generated by breeding
Panx1fl/fl mice with transgenic mice expressing Cre under the control
of the UCP1 promoter (Jackson Laboratories, stock # 024670). Mice
2 MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. T
were maintained in a pathogen-free animal facility under 12-hour light/
dark cycles and had access to food and water ad libitum. For cold
exposure, mice were housed individually at 4 �C for 3 days. For b3-
adrenergic stimulation, mice were given an intraperitoneal injection
of CL316243 (1 mg/kg) every day for 6 days. All experiments were
approved by the Institutional Animal Care and Use Committee (IACUC)
of the University of Virginia.

2.3. PET
Glucose uptake into BAT was quantified by PET analysis of 18F-fluo-
rodeoxyglucose (18F-FDG) uptake. Procurement of FDG was from
PETNET Solutions, Inc. of Charlottesville, VA. The mice were fasted
overnight before PET/CT studies. On the day of imaging, mice were
given an intraperitoneal injection of CL316243 (1 mg/kg b. wt). Thirty
minutes after injection of CL316243, 18F-FDG (100 mCi) was admin-
istered through tail vein injection under isoflurane anesthesia. Imaging
was performed 90 min later under the same anesthesia while main-
taining body temperature using a Focus F-120 small-animal microPET
scanner (Siemens Medical Solutions, Inc.) following a previously
published protocol [33]. Each PET acquisition was performed for
10 min. PET images were reconstructed from raw data with the
OSEM3D/MAP algorithm (zoom factor, 2.164) using microPET Manager
(version 2.4.1.1, Siemens). The reconstructed pixel size was
0.28 � 0.28 � 0.79 mm on a 128 � 128 � 95 image matrix. All PET
images were normalized to decay correction but not for attenuation.
Each image analysis was performed using ASIPRO software (Siemens)
for presentation. The final PET images were used for quantitative
estimates of the accumulation of 18F-FDG in the regions of interest
(ROI) of BAT, and the maximum standardized uptake values (SUV) were
calculated from the maximum pixel value in the image slice.

2.4. Glucose and insulin tolerance tests
Mice were fasted for 6 h before performing glucose or insulin tolerance
tests. For glucose tolerance test, mice received an intraperitoneal in-
jection of glucose (1 mg/g b. wt.), and blood glucose was measured
before and at 0, 15, 30, 60, 90, and 120 min after injection. For insulin
tolerance test, mice received an intraperitoneal injection of insulin (0.5
U/kg b. wt.), and blood glucose was measured before and at 0, 15, 30,
45, and 60 min of injection.

2.5. Measurement of BAT temperature
BAT temperature was measured using an implantable telemetric
temperature probe (Bio Medic Data Systems, Inc., Seaford, DE). A day
before cold exposure, mice were anesthetized and the telemetric probe
supplied in a sterile disposable needle unit was injected subcutane-
ously in the interscapular region. After 24 h, mice were placed in the
cold. Temperature readings were taken by placing a hand-held digital
receiver (Model #IPTT, BMDS) above the interscapular region of the
free-moving mice.

2.6. Adipocyte histology and immunohistochemistry
Five-microgram sections of formalin fixed brown adipose tissue (BAT)
and inguinal subcutaneous white adipose tissue (scWAT) were stained
with hematoxylin and eosin. Adipocyte size distribution in brown adi-
pose tissue was measured using ImageJ with the “Adipocyte tool”
macro (http://dev.mri.cnrs.fr/projects/imagej-macros). Analysis was
performed by a person blinded to the experimental paradigms.

2.7. Cell culture
An immortalized brown pre-adipocytes cell line (iBAC) was maintained
in Dulbecco’s modified Eagle’s medium (DMEM) containing 20% fetal
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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bovine serum (FBS). Cells were differentiated into mature adipocytes
as described [35] and used for experimentation after 6 days. 293 T
cells (American Type Culture Collection, ATCC) were maintained in
10% DMEM with antibiotics. Cell lines used in the study were negative
for mycoplasma contamination. Cells were pretreated with Panx1 in-
hibitors (carbenoxolone - 50 mM; probenecid - 1 mM; trovafloxacin -
50 mM; spironolactone - 50 mM) for 60 min and then treated with
CL316243 (100 nM for iBACs and 200 nM for 293T) for indicated time
periods.

2.8. Measurement of Panx1 currents
Panx1 currents in iBACs were measured using patch-clamp electro-
physiology as described previously [23]. Cells were exposed to
200 mJ/cm2 of ultraviolet (UV)-irradiation and 2 h later, whole-cell
recordings at room temperature were made using Axopatch 200 B
amplifier (Molecular Devices) in a bath solution composed of 140 mM
of NaCl, 3 mM of KCl, 2 mM of MgCl2, 2 mM of CaCl2, 10 mM of
HEPES, and 10 mM of glucose (pH 7.3). Borosilicate glass patch pi-
pettes (3e5 MU) were filled with an internal solution containing
30 mM of tetraethylammonium chloride, 100 mM of CsMeSO4, 4 mM
of NaCl, 1 mM of MgCl2, 0.5 mM of CaCl2, 10 mM of HEPES, 10 mM of
EGTA, 3 mM of ATP-Mg, and 0.3 mM of GTP-Tris (pH 7.3). Ramp
voltage commands were applied by using pCLAMP software and
Digidata1322 A digitizer (Molecular Devices, San Jose, CA). Basal
Panx1 current was recorded, and then the Panx1 inhibitor carbenox-
olone (CBX, 50 mM) was applied to the bath solution.

2.9. Caspase-3/7 assay
iBACs were plated in 24-well plates at a density of 5 � 105 cells/well
in differentiation media. The next day, fresh serum free media was
added and kept at 37 �C cell culture incubator for 2 hrs. Next, cells
were exposed to 200 mJ/cm2 UV-irradiation and caspase activity was
measured 1 h after exposure using the caspase Glo 3/7 assay kit
(#G8091, Promega, Madison, WI).

2.10. Extracellular ATP measurement
ATP concentration in the cell culture media was measured using
CellTiter-Glo Luminescent cell viability assay kit (#G7571, Promega,
Madison, WI). Briefly, iBACs (5� 105 cells/well) were plated in 24-well
plates in differentiation media. The next day, 500 ml of fresh serum-
free media was added and incubated at 37 �C for 3 h. Then, 50 ml
of media was removed and 50 ml of serum-free media containing 10x
Panx1 inhibitors were added for an additional 60 minutes. At the end of
the incubation time, 20 ml of media was removed and 20 ml of fresh
serum-free media containing 20x CL316243 was added to the media
and incubated further. After 30 min, 25e30 ml of media was collected
from each well with utmost care not to touch the cells at the bottom of
the wells. The media was then centrifuged at 3,000 rpm for 5 min, and
the ATP concentration in the supernatant was measured immediately.

2.11. Plasmids and transfection
Untagged-Panx1 and GFP-tagged Panx1 plasmids have been
described previously [36]. Panx1 mutant lacking putative Gbg binding
site (Panx1-Dbg) was made with the following primers (forward-
CAAATCTTTGAACTCCACGTCCTCTCCCTTGGTCT; reverse-
AGACCAAGGGA GAGGACGTGG AGTTCAAAGATTTG) using a quick-
change site directed mutagenesis kit (Agilent Technologies, Santa
Clara CA). cDNA clone for mouse myc-DDK-adrenergic receptor beta-3
(ADRB3) (MR225687) was purchased from Origene (Rockville, MD). To
generate mCherry-tagged-mADRB3, mADRB3 was polymerase chain
reaction (PCR) amplified with SpeI-Not restriction sites from the
MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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Origene clone without myc-DDK and cloned into pcDNA3.1 E5-
spGFP1-10-TevS-K5 T2A mCherry (pTLT848). cDNA clones for the
c-terminal region of b-adrenergic receptor kinase (b-ARK-CT) and Ga
st (transducin) were described previously [37]. Cells were transfected
with the plasmids using Lipofectamine 3000 reagent (ThermoFisher
Scientific, Middletown, VA) according to the manufacturer’s protocol.

2.12. Flow cytometric analysis of To-Pro-3 uptake
293T cells (American Type Culture Collection, ATCC) in 12-well plates
were transfected with GFP, GFP-Panx1, or GFP-Panx-Dbg mutant and
mCherry-T2A-mADRB3 plasmids. Forty-eight hours later, cells were
treated with 200 nM of CL316243 for 30 min in the presence of 1 mM
of To-Pro-3 (ThermoFisher Scientific, Middletown, VA). Cells were
gated on GFPþ, mCherryþ or GFPþmCherryþ, and the percentage of
cells positive for To-Pro-3 was measured before and after CL316243
treatment. Flow cytometry assay and data analysis were performed by
a person blinded to the experimental paradigms.

2.13. Co-immunoprecipitation and immunoblotting
Tissues and cells were lysed in 1x radioimmunoprecipitation assay
(RIPA) buffer (Millipore, Burlington, MA) containing protease inhibitors
cocktail and phosphatase inhibitors 2 and 3 (SigmaeAldrich, St. Louis,
MO), and lysates were prepared by centrifugation at 13,000 rpm for
15 min at 4 �C. For immunoprecipitation, protein concentration was
measured using protein assay BCA reagent kit (ThermoFisher Scien-
tific, Middletown, VA). For immunoprecipitation, antibodies (2 mg) were
premixed with 30 ml of Protein G beads (SigmaeAldrich, St. Louis, MO)
for 3e4 h at 4 �C and washed 3 times with lysis buffer. Lysates
containing 100 mg of protein were added to the antibody/bead premix,
incubated overnight at 4 �C and washed 3 times with lysis buffer. For
immunoblotting, lysate or immunoprecipitated samples were sepa-
rated on 10% polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to nitrocellulose membrane (BioRad, Hercules, CA) incubated
overnight with primary antibodies and developed using Licor Odyssey
Infrared system (Licor, Lincoln, NE). Densitometric analysis of the blots
was performed using ImageJ.

2.14. Quantitative real-time PCR
Total RNA from cells and tissues were isolated using RNeasy kit
(Qiagen) and reverse transcribed using an iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). QRT-PCR was performed using Sensimix-
SYBR Fluorescein kit (Bioline, Memphis, TN), and data were normal-
ized to ß2-microglobulin (b2m). PCR primers were obtained from
mouse Primer Depot and verified using NCBI-Primer Blast. The primer
sequences are listed in Table S2.

2.15. RNA interference
Adherent iBACs in 24-well plates were transfected with 50 nM of
negative control siRNA or siRNAs against Panx1 or Gb subunits using
siPORTamine transfection reagent (ThermoFisher Scientific, Middle-
town, VA) following the manufacturer’s protocol. Experiments were
performed 48 h after transfection with siRNAs.

2.16. Single-cell thermometry
Cellular temperature measurement was performed using a ratiometric
fluorescence thermometer [38]. The fluorescence thermometer con-
sists of 4 units: (i) a cationic APTMA (3-acrylamidopropyl)trimethy-
lammonium) unit that enables the spontaneous entry into the cells, (ii)
a thermosensitive NNPAM (N-n-propylacrylamide) unit that assumes
an extended structure at low temperatures but attains a reduced
globular structure at high temperatures, (iii) a fluorescent DBThD-AA
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Apoptosis or b3-adrenergic stimulation activate Panx1 channels in brown adipocytes. A, Immortalized pre-adipocytes differentiated into mature adipocytes (iBACs) were
exposed to 200 mJ/cm2 UV-irradiation and carbenoxolone-sensitive Panx1 currents were measured by whole-cell patch-clamp analysis. Representative currentevoltage (IeV)
graph (left), patch-clamp recording at þ80 mV (middle), and average current densities (right) are shown. B, Panx1-dependent ATP release from iBACs subjected to UV-irradiation
as in A, in the presence or absence of Panx1 inhibitors, or a pan-caspase inhibitor (50 mM). C, Schematic showing activated Panx1 channel that allows for the release of ATP and
the entry of fluorescent dyes. D, ATP release in iBACs treated with 100 nM of CL216343 for 30 min in the presence or absence of Panx1 inhibitors (50 mM). E, ATP release from
iBACs transfected with 50 nM control or Panx1 siRNA for 48 h and then treated with 100 nM of CL216343 for 30 min. F, Representative images and quantification of b3-agonist
induced Yo-Pro-1 dye uptake in iBACs, which were pre-treated with Panx1 inhibitors (50 mM of spironolactone or 1 mM of probenecid) for 60 min and then treated with 100 nM of
CL316243 for 30 min. G, Flow cytometric analysis of To-Pro-3 uptake in 293T cells transfected with GFP-Panx1 and mCherry-b3AR (left), or GFP control and mCherry-b3AR (right).
H, ATP release from 293T cells transfected with Panx1 and b3AR as in G. Forty-eight hours after transfection, cells were treated with 200 nM of CL316243 for 30 min. Statistical
significance was calculated using Two-way ANOVA with Tukey’s post-hoc test. * indicates p < 0.05. Error bars, s. e.m. Experiments were performed with a minimum of 3
replicates and repeated at least twice. CBX, carbenoxolone; Trova, trovafloxacin; Spiro, spironolactone; Proben, probenecid.

Original Article
(N-(2-[7-(N,N-dimethylaminosulfonyl)-2,1,3-benzothiadiazol-4-yl]-
(methyl)amino-ethyl)-N-methylacrylamide) unit that senses the struc-
tural change in the NNPAM units and produces a temperature-
dependent fluorescence and (iv) a fluorescent BODIPY-AA(8-(4-
acrylamidophenyl)-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a, 4a-
diaza-s-indacene) unit that emits constant fluorescence as a reference
signal. The fluorescent ratio at two different wavelengths is used as a
temperature-dependent measurable parameter. iBACs plated on cov-
erslips were pre-treated with indicated Panx1 inhibitors, then treated
with 100 nM of CL316243 for 2 h. Subsequently, 0.05% of the probe in
5% glucose was added to the cells, incubated at 25 �C for 10 min, and
rinsed with phosphate-buffered saline (PBS) before adding DMEM. The
coverslip was then placed under a confocal microscope with a 100x
lens. Single cells were excited at 473 nm and emission spectra
collected at different wavelengths. Cellular temperature was
4 MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. T
determined using a ratio of fluorescence intensity (FI) 575 nm:513 nm.
Data analysis was performed by an individual blinded to experimental
treatments.

3. RESULTS

3.1. Apoptosis and b3-adrenergic stimulation activate Panx1
channels in brown adipocytes
To investigate the role of Panx1 channel function in brown adipocytes,
we performed a series of in vitro studies using immortalized pre-
adipocytes that were differentiated into mature adipocytes [35]
(referred to as iBACs hereafter). Panx1 channels are irreversibly acti-
vated by caspase-mediated cleavage of the self-inhibitory C-terminal
region [23], leading to channel opening and ATP release. We first
addressed the question of whether this previously described caspase
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Gbg subunits mediate b3AR-induced, Panx1-dependent ATP release in brown adipocytes. A, ATP release from iBACs treated with 100 nM of CL316243, 50 mM of
forskolin or 10 mM of 8-Bromo-cAMP for 30 min. B, ATP release from iBACs transfected with 50 nM of control siRNA or siRNAs for Gb sububits (GNB1-4) for 48 h and then treated
with 100 nM of CL316243 for 30 min. C, Co-immunoprecipitation of Panx1-Gbg. 293T cells were transfected with plasmids encoding mouse GFP-Panx1 or mouse myc-ADRB3
alone or together. Gb subunits were immunoprecipitated and Panx1 in the immunocomplex analyzed by Western blotting. D, b3-agonist induced Panx1-Gbg interaction in 293T
cells. Forty-eight hours after transfection with mouse WT-Panx1 or DGbg mutant Panx1 and ADRB3, cells were treated with CL316243 for indicated time points. Gb subunits were
immunoprecipitated, and Panx1 in the immunocomplex was analyzed by Western blotting. E, Flow cytometric analysis of To-Pro-3 uptake in 293T cells transfected with GFP-
Panx1-wt or GFP-Panx1 mutant (Panx1-Dbg) and mCherry-b3AR. F, ATP release from 293T cells transfected with Panx1-wt or Panx1 mutant (Panx1-Dbg) and b3AR. Forty-eight
hours after transfection, cells were treated with 200 nM of CL316243 for 30 min. UCP1 mRNA expression in iBACs transfected with Panx1-wt or Panx1 mutant (Panx1-Dbg) and
b3AR. Forty-eight hours after transfection, cells were treated with 100 nM of CL316243 for 6 h. Statistical significance was calculated using one-way ANOVA with Dunnett post-
hoc test (A) two-way ANOVA with Tukeys post-hoc test (B, F-G), one-way ANOVA with Dunnett post-hoc test (D), or two-tailed unpaired Student’s t-test (E). * indicates p < 0.05.
Error bars, s. e.m.
3-dependent cleavage mechanism can activate Panx1 channels in
brown adipocytes as well. Induction of apoptosis in iBACs using UV-
light caused opening of Panx1 channels, as demonstrated by char-
acteristic Panx1 currents that were inhibited by carbenoxolone
(Figure 1A). UV light exposure induced caspase-3 activity, which was
inhibited by z-vad-fmk but not by Panx1 inhibitors (Figure S1A).
Furthermore, UV light-induced opening of Panx1 channels led to the
release of ATP, which was suppressed by pre-treatment of cells with
Panx1 inhibitors carbenoxolone, trovafloxacin, or spironolactone, as
well as by a pan-caspase inhibitor, z-vad-fmk (Figure 1B).
Panx1 channel opening has been described through activation of Gaq-
coupled receptors. A recent study reported that phenylephrine, a ligand
for Gaq-coupled a1-adrenergic receptor activates Panx1 in white adi-
pocytes, at least in part, through a cAMP-PKA pathway probably through
MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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activation of b2-receptors [34]. However, it is unknown whether Panx1
channels can also be activated in brown adipocytes via stimulation of the
b3AR involving adenylate cycles-cAMP-PKA pathway. We found that
treatment of iBACs with the b3AR agonist CL316243 induced ATP
release, which was significantly reduced by Panx1 inhibitors carbenox-
olone or spironolactone (Figure 1D), as well as by RNAi-mediated
knockdown of Panx1 (Figure 1E, Figure S1B). In addition to releasing
small molecules, such as ATP, activated Panx1 channels mediate the
entry of specific dyes (Yo-Pro-1, To-Pro-3) into cells (Figure 1C) [22].
Accordingly, treatment with CL316243 induced Yo-Pro-1 dye uptake into
iBACs, which was blocked by pretreatment with the Panx1 inhibitors
probenecid or spironolactone (Figure 1F). Moreover, Panx1 channel in-
hibition significantly reduced b3-agonist-induced lipolysis (Figure S1C),
UCP1 expression (Figure S1D), and glucose uptake in iBACs (Figure S1E).
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Panx1 channels regulate thermogenesis in brown adipocytes. Temperature
measurement using ratiometric fluorescence thermal probes in brown adipocyte. iBACs
were pre-treated with Panx1 inhibitors (50 mM) and then treated with 100 of nM
CL316243 for 2 h. Normalized fluorescence (top) as well as the fluorescence ratio
(F575/F513) (bottom) are shown. Gray bars indicate area that was used for calculation of
the ratio. Statistical significance was calculated using two-way ANOVA with Tukey’s
post-hoc test. * indicates p < 0.05. Error bars, s. e.m. Experiments were performed
with a minimum of 3 replicates and repeated at least twice. CBX, carbenoxolone; Spiro,
spironolactone.

Original Article
Panx1 appears to function immediately downstream of b3AR, since
inhibition of Panx1 significantly decreased b3AR-agonist-induced, but
not forskolin-induced lipolysis (Figure S1F). To investigate regulation of
Panx1 by b3AR, we used a heterologous expression system consisting
of 293T cells transiently transfected with control GFP or GFP-tagged
Panx1, together with mCherry-T2A-b3AR (ADRB3). Treatment with
the b3AR agonist CL316243 induced To-Pro-3 dye uptake in cells that
co-expressed Panx1 and ADRB3, but not in cells expressing either
GFP-Panx1 or mCherry-ADRB3 alone or in cells co-expressing control
GFP and mCherry-ADRB3 (Figure 1G, Figure S2A). Moreover,
CL316243 treatment significantly increased ATP release from cells co-
expressing Panx1 and ADRB3, which was inhibited by Panx1 inhibitors
trovafloxacin and spironolactone (Figure 1H). Together, these results
demonstrate that Panx1 channel opening is induced through activation
of the b3AR.

3.2. Gbg subunits mediate b3AR-induced, Panx1-dependent ATP
release in brown adipocytes
Although CL316243 induced a significant increase in ATP release from
iBACS, neither forskolin, a direct activator of adenylate cyclase, nor the
cAMP analog 8-bromo-cAMP, induced ATP release from iBACs
(Figure 2A), suggesting a Gas-independent mechanism of Panx1
opening. To examine a possible involvement of Gbg subunits in b3AR-
mediated Panx1 channel activation, we used (i) “Gbg sinks” (by
transfection of iBACs with plasmids encoding the c-terminal tail region
of GRK2 (bARK-ct) or Gat (transducin) [37], (ii) Gbg inhibitors gallein
[39] or GRK2i [40], and (iii) the Gbg-activating peptide mSIRK or the
inactive peptide mSIRK-L9A [41]. Expression of “Gbg sinks” signifi-
cantly inhibited CL316243-induced ATP release (Figure S3A), as did
pretreatment of iBACs with Gbg inhibitors gallein or GRK2i
(Figure S3B). Treatment of iBACs with the Gbg-activating peptide
mSIRK, but not the control peptide, induced a 3-fold increase in ATP
release, which was partially inhibited by gallein (Figure S3C).
Furthermore, mSIRK-induced ATP release was significantly reduced in
iBACs transfected with Panx1 siRNA (Figure S3D). Gbg released from
different GPCRs are reported to have divergent biological effects [42].
To identify the Gb subunit involved in Panx1 channel activation, we
performed siRNA-mediated knockdown of individual Gb subunits
(Figure S2B) and measured b3AR ligand-induced ATP release in iBACs.
CL316243-induced ATP release was abolished in cells transfected
with siRNAs for Gb subunits 3 or Gb subunits 4 (GNB3 or GNB4), but
not Gb subunits 1 (GNB1) or Gb subunits 2 (GNB2) (Figure 2B). Taken
together, these data provide the first evidence for a role of Gb subunits
in mediating Panx1 channel activation.
Previous studies have shown that Gbg subunits modulate ion channel
activity by directly binding to the channel [43,44]. To investigate
whether Gbg subunits interact with Panx1 channels and if b3-
adrenergic activation modulates this interaction, we performed
immunoprecipitation studies using heterologous expression of mouse
Panx1 and b3AR (ADRB3) in 293T cells. Pull-down using an anti-Gb
antibody demonstrated Panx1 and ADRB3 proteineprotein interaction
(Figure 2C). Primary sequence analysis of Panx1 revealed the presence
of a putative Gbg binding consensus sequence, QXXQ/ER [42] in the C-
terminal region of mouse Panx1 (Figure S3E), and we produced mutant
Panx1 that lacks this binding site (Panx1-Dbg). While CL316243
treatment induced a time-dependent increase in wild-type Panx1-Gb
interaction in 293T cells, this interaction was abrogated in cells over-
expressing mutant Panx1 (Panx1-Dbg) (Figure 2D). Furthermore, in
cells over-expressing Panx1-Dbg, CL316243 failed to induce To-pro-
3 dye uptake (Figure 2E) and Panx1-dependent ATP-release
(Figure 2F). Finally, overexpression of Panx1-wt, but not Panx1-
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Dbg, enhanced CL316243-induced induction of UCP1 gene expres-
sion (Figure 2G). These data provide evidence for the functional
importance of the Gbg binding site in Panx1, and they demonstrate
that Gbg-dependent Panx1 channel activation plays a critical role in
b3AR-induced thermogenic gene expression in brown adipocytes.

3.3. Panx1 channels regulate thermogenesis in brown adipocytes
Next, we examined the role of Panx1 channels in regulating heat
production in brown adipocytes using cellular temperature probes
[38,45]. Single-cell thermometry showed that pre-treatment of iBACs
with the Panx1 inhibitors carbenoxolone or spironolactone significantly
reduced the b3AR-agonist-induced increase in cellular temperature
(Figure 3). These data show that Panx1 channel function is involved in
regulation of cellular thermogenesis in brown adipocytes.

3.4. Panx1 deficiency in all adipocytes impacts the thermogenic
response in Panx1Adip�/- mice
We have previously produced adipose tissue-specific Panx1 knockout
mice (Panx1Adip-/-), which lack Panx1 in all adipose tissue depots [32],
including BAT (Figure S4A). However, whether Panx1 controls brown
adipocyte function has not been reported. To elucidate a possible
functional role of Panx1 in BAT in vivo, we performed microPET-
imaging in Panx1Adip-/- mice. When housed at 23�C, basal 2-deoxy-
2-[fluorine-18]fluoro-D-glucose (18F-FDG) uptake was slightly higher in
BAT of Panx1Adip-/- mice (Table S1). Treatment with a specific b3AR
agonist (CL316243) [46,47] induced a 6-fold increase of 18F-FDG
uptake in BAT of wild-type (Panx1fl/fl) mice, while BAT of Panx1Adip–/-

mice was refractory to b3AR-induced activation (Figure 4A). Treatment
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with the b3AR agonist induced brown adipocyte hypertrophy in wild-
type mice without inducing hyperplasia, as has been reported previ-
ously [46]. However, brown adipocyte size was unchanged in Pan-
x1Adip-/- mice in response to the b3AR agonist (Figure 4B, Figure S4B).
Thermogenic gene expression was higher in BAT of untreated Pan-
x1Adip-/- mice (Figure S4C), but in response to pharmacological
adrenergic activation (Figure 4C) or to cold (4 �C) exposure (Figure 4D),
induction of thermogenic gene expression was significantly blunted in
BAT of Panx1Adip-/- mice compared to Panx1fl/fl mice. Moreover,
analysis of cold-induced thermogenesis using telemetric probes
implanted in the interscapular region demonstrated that Panx1Adip-/-

mice failed to recover normal BAT temperature (Figure 4E). Analyses of
overall UCP1 protein levels by Western blotting did not show significant
differences between the genotypes after cold exposure (Figure S4D) or
pharmacological adrenergic activation (Figure S4E). Exposure to cold
led to increased food consumption (Figure S4F), and Panx1Adip-/- mice
showed a trend to increased body weight (Figure S4G). Furthermore,
cold-induced thermogenic gene expression in scWAT was significantly
reduced in Panx1Adip�/- mice (Figure S5A), indicating a defect in
beigeing of WAT. Together, these data indicate that Panx1 channel
function in adipocytes contributes to the regulation of adaptive ther-
mogenesis and to beigeing of subcutaneous adipose tissue.

3.5. Panx1 deficiency specifically in brown adipocytes in
Panx1BAT-/- mice results in defective cold-induced thermogenesis
and exacerbated diet-induced obesity and insulin resistance
To address the physiological importance of Panx1 specifically in BAT
in vivo, we crossed Panxfl/fl mice with transgenic mice that express
Cre recombinase under the control of the UCP-1 promoter, producing
brown adipocyte-specific Panx1 knockout mice (Panx1BAT-/-). UCP1-
Cre-mediated Panx1 deletion was confirmed in BAT (Figure 5A).
Unlike Panx1Adip-/- mice, Panx1BAT-/- mice did not show a difference
in thermogenic gene expression at 23�C (Figure S6A). However,
upon exposure to cold, Panx1BAT-/- mice exhibited significantly
suppressed adaptive thermogenesis (Figure 5B), despite consuming
Figure 4: Defective brown adipose tissue (BAT) function in Panx1Adip-/- mice. A, Positro
Panx1Adip-/- mice treated with saline or CL316243 (1 mg/kg b. wt, i. p) for 24 h (n ¼ 4). B, F
with saline or CL316243 (1 mg/kg b. wt, i. p) for 6 d (n ¼ 3e5). C, Thermogenic gene e
(1 mg/kg b. wt., i. p) for 6 d (n ¼ 6e8). D, Thermogenic gene expression in BAT of cold-e
BAT emperature in Panx1fl/fl and Panx1Adip-/- mice exposed to cold (4 �C) (n ¼ 3). Statistica
two-tailed unpaired Student’s t-test (E). * indicates p < 0.05. Error bars, s. e.m.
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significantly more food than their respective wild-type littermates
(Figure 5C). Similar to Panx1Adip-/- mice, Panx1BAT-/- mice housed at
4 �C showed a trend to increased body weight (Figure 5D). More-
over, thermogenic gene expression was significantly reduced in BAT
(Figure 5E), but not in scWAT in Panx1BAT-/- mice housed at 4 �C
(Figure S5B).
Next, we examined whether the suppressed thermogenic capacity of
Panx1BAT-/- would result in increased susceptibility to obesity or insulin
resistance. We found that Panx1BAT-/- mice fed a diabetogenic diet
(60% fat) gained significantly more weight (Figure 5F, Figure S6B) than
their wild type littermates. Consistent with increased body weight,
Panx1BAT-/- exhibited increased fat mass without any alteration in lean
mass (Figure 5G, Figure S6C, Figure S6D), despite consuming the
same amount of food as their littermates (Fig 5H). Finally, the absence
of Panx1 in brown adipocytes rendered Panx1BAT-/- mice more sus-
ceptible to diet-induced insulin resistance (Figure 5I, J).

4. DISCUSSION

Functional studies in rodents and the identification of BAT in adult
humans [48e50] have highlighted the potential benefits of brown
adipose-targeted therapeutic approaches for obesity and associated
metabolic complications [51,52]. Moreover, abnormal activation of BAT
has been suggested to play a role in some forms of cancer cachexia
[53e55]. Although b3-adrenergic receptor agonists have been shown
to activate BAT in humans [56e58], the enthusiasm for their use in
clinics is dampened due to associated cardiovascular risks. Therefore,
a better understanding of mechanisms involved in brown adipocyte
activation is essential for the development of novel therapeutic stra-
tegies. Our study identifies Panx1 channels to be involved in regulating
b3-adrenergic-receptor-induced thermogenesis in brown adipocytes
and whole-body energy metabolism in mice.
We found that Panx1 channel inhibition in an immortalized brown
adipocyte line (iBAC) significantly reduced b3-agonist-induced lipol-
ysis, glucose uptake, and thermogenic gene expression. Since fatty
n emission tomography of 18F-FDG uptake into brown adipose tissue of Panx1fl/fl or
requency distribution of adipocyte size in BAT from Panx1fl/fl or Panx1Adip-/- mice treated
xpression in the BAT of Panx1fl/fl or Panx1Adip-/- mice treated with saline or CL316243
xposed Panx1fl/fl or Panx1Adip-/- mice compared to mice housed at 23 �C (n ¼ 5e9). E,
l significance was calculated using two-way ANOVA with Tukey’s post-hoc test (AeD) or
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Figure 5: Panx1BAT-/- mice exhibit defective cold-induced thermogenesis and exacerbated diet-induced obesity and insulin resistance. A, PCR analysis of Panx1 deletion in
different tissues of Panx1BAT-/- mice. B, BAT temperature in Panx1fl/fl and Panx1 BAT�/- mice exposed to cold (4 �C) (n ¼ 3). C, Food consumption by Panx1fl/fl and Panx1BAT-/- mice
at 4 �C (n ¼ 6). D, Body weight of Panx1fl/fl and Panx1BAT-/- mice at 4�C (n ¼ 6). E, Expression of genes involved in thermogenesis in Panx1fl/fl and Panx1BAT-/- mice at 4�C. F,
Weight gain, G, fat mass, H, food consumption, I, glucose tolerance, and J, insulin tolerance in Panx1fl/fl and Panx1BAT-/- mice fed high-fat diet for 28 weeks (n ¼ 4). Statistical
significance was calculated using two-tailed unpaired Student’s t-test (BeD), two-way ANOVA with Tukeys post-hoc test (E) or two-way ANOVA with Fisher’s LSD test (FeJ). *
indicates p < 0.05. Error bars, s. e.m.
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acids and glucose are two major substrates utilized by activated brown
adipocytes, these data suggest that Panx1 regulates brown adipocyte
function, at least in part, by suppressing substrate availability and
utilization. Currently, the mechanism by which Panx1 channel activity
regulates brown adipocyte function is unknown. The effects we
observed seem to be independent of the release of nucleotides or
nucleosides via open Panx1 channels and subsequent autocrine
purinergic signaling, since neither addition of exogenous ATP or
adenosine, nor pharmacologic inhibition of purinergic receptors
rescued the effect of Panx1 channel inhibition (data not shown).
However, we cannot exclude the possibility that b3AR-induced Panx1
channel opening controls intracellular ATP levels, and/or mediates the
release of yet to be identified metabolites [59] that may constitute a
feed forward signaling to sustain b3-adrenergic signaling. Among
such metabolites, succinate within brown adipose tissue has been
reported to modulate cold-induced thermogenesis in mice [60].
However, in this study succinate accumulation was cold-specific and
was not observed upon acute b3-agonist treatment, while in our study
Panx1 knockdown suppressed both cold-induced and b3-agonist-
induced brown fat function. Nevertheless, the role of Panx1-dependent
release of metabolites in thermogenic regulation requires further
investigation.
We demonstrate that b3-adrenergic stimulation induces Panx1
channel activation, which involves the Gbg subunits of this Gas-
coupled GPCR. Whether this mechanism is specific for brown
8 MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. T
adipocytes remains to be shown; nevertheless, we observed differ-
ences in the response to beta adrenergic-dependent Panx1 channel
activation between brown and white adipocytes. While a recent study
in white adipocytes has shown activation of Panx1 by cAMP analogs,
adenylate cyclase activators, and phenylephrine by a cAMP-PKA-
dependent pathway [34], we found b3AR-dependent Panx1 channel
activation in iBACs to be independent of the adenylate-cyclase-cAMP
pathway and rather to involve Gbg subunits. In our earlier report,
we showed that suppressed white adipocyte function in Panx1
inhibitor-treated cells can be rescued with exogenous addition of ATP
[32], while in the current study, we found that suppressed brown
adipocyte function in Panx1 inhibitor-treated cells could not be rescued
by exogenous purine nucleotides. Differences in response to purinergic
activation, in expression levels of isoforms of a and b receptors, or in
cellular metabolic status could all account for different responses of
white and brown adipocytes.
We also demonstrate the patho-physiological importance of Panx1
function in thermogenesis and whole-body energy metabolism using
tissue-specific Panx1 knockout mice that are deficient for Panx1 either
in all adipose depots (Panx1Adip-/-) or only in brown adipocytes (Pan-
x1BAT-/-). In either mouse model, Panx1 deficiency led to a defective
thermogenic response, illustrated by a reduced expression of ther-
mogenic genes. Although Panx1 knockout mice exhibited reduced
UCP1 mRNA expression after cold exposure or CL316243 treatment,
Western blotting revealed no significant difference of UCP1 protein
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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content in BAT. Further investigation is needed to determine the reason
for this disconnect, but it may be a result of additional regulatory
mechanisms, such as an increase in UCP1 mRNA translation [61] or
post-translational stabilization of UCP1 protein [62], to compensate for
decreased gene transcription.
Interestingly, the effect of Panx1 knockdown was more profound
in vivo than the observed in vitro effect on lipolysis. It should be noted
that recent studies have demonstrated lipolysis-independent regulation
of thermogenesis in brown adipocytes [15]. In these studies, BAT-
specific knockdown of lipolytic enzymes did not have any profound
effect on thermogenesis. Since we show that Panx1 inhibition also
affects other cellular functions, including glucose uptake, it is possible
that the cumulative effect of Panx1 on individual processes leads to the
profound effect seen in vivo.
Recent studies have reported the presence of Panx1 in preadipocytes
and global deletion of Panx1 was shown to promote adipogenesis
leading to elevated fat mass in Panx1 null mice without any obvious
difference in weight gain [33]. However, in mice with adipose-specific
Panx1 knockdown, the expression levels of adipogenic markers, such
as FABP4 and PPARg, were not significantly altered in brown or
subcutaneous white adipose tissue (data not shown), indicating that
the observed differences in thermogenic potential are independent of
adipocyte differentiation.
We observed that cold-induced browning (beigeing) of WAT was
attenuated in Panx1Adip-/- mice, but not in Panx1BAT-/- mice. We spec-
ulate that the underlying mechanism for the observed difference be-
tween the genotypes lies in the temporal difference of Panx1 expression
in mature white adipocytes and preadipocytes. Since beigeing of white
adipose tissue occurs either through transdifferentiation of existing
white adipocytes or via recruitment of new beige adipocytes from
existing preadipocytes, we speculate that both processes could be
affected in PanxAdip-/- mice, in which Cre expression is under the control
of the adiponectin promoter, which would effectively delete Panx1 in
both cell types. On the other hand, in Panx1BAT-/- mice, in which Cre
expression is under the control of the UCP promoter, the majority of the
white adipocytes or preadipocytes still express Panx1, and Panx1
deletion occurs only at the instance of active UCP1 transcription, which
then would not be sufficient to inhibit browning of white adipose tissue.
In any case, the effect of Panx1 on WAT browning is in itself an inter-
esting phenomenon that requires further investigation.
In mice that were deficient for Panx1 in all adipose depots (Panx1Adip-/-

mice), we observed compensatory activation of BAT at the basal state.
We speculate that this could be due to the impaired cold adaptation of
WAT in Panx1Adip-/- mice, since the thermoneutral temperature for
mice is 29e30�C, and when housed at 23�C, mice are considered to
be under mild cold-stress. Compensatory BAT activation at mild cold
(23�C) was not observed in Panx1BAT-/- mice, which lack Panx1 spe-
cifically in brown adipocytes, and thus it is plausible that the
compensatory increase in BAT thermogenesis in Panx1Adip-/- mice
under mild cold exposure could be due to reduced WAT beigeing as
seen in Panx1Adip-/- mice, but not in Panx1BAT-/-.
Finally, we show that Panx1 deletion specifically in brown adipocytes
(Panx1BAT-/- mice) aggravated diet-induced obesity and insulin resis-
tance, consistent with reduced energy expenditure and impaired
control of diet-induced thermogenesis. Previously, aggravated diet-
induced insulin resistance in the absence of significant differences
in weight gain has been reported in Panx1Adip-/- mice [32], while
increased fat mass was observed in global Panx1�/� mice [33]. Dif-
ferences in experimental conditions may have determined the outcome
of these studies. While female mice were used in the current study, in
the previous studies male mice were used. Moreover, the duration for
MOLECULAR METABOLISM 44 (2021) 101130 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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which the mice were kept on a high-energy diet was different. While
the two earlier studies involved feeding for a duration of 12e15 weeks,
the current study involved feeding for an extended period of 30 weeks.
The data from the current study reveal that significant differences in
weight gain occurred only after 20 weeks on the diet. Therefore,
further studies are required to elucidate the exact role of adipocyte
Panx1 in overall weight gain.
Together, our data identify Panx1 channels as key regulators of b-
adrenergic-induced brown adipocyte activation, and we demonstrate
that the absence of Panx1 significantly impacts b-adrenergic receptor-
induced adaptive thermogenesis in brown adipocytes and in mice.
Targeting Panx1 could be a therapeutic strategy to treat a variety of
conditions with aberrant BAT function [63,64].
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