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Pannexin 1 is required for full activation of
insulin-stimulated glucose uptake in adipocytes
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ABSTRACT

Objective: Defective glucose uptake in adipocytes leads to impaired metabolic homeostasis and insulin resistance, hallmarks of type 2 diabetes.
Extracellular ATP-derived nucleotides and nucleosides are important regulators of adipocyte function, but the pathway for controlled ATP release
from adipocytes is unknown. Here, we investigated whether Pannexin 1 (Panx1) channels control ATP release from adipocytes and contribute to
metabolic homeostasis.

Methods: We assessed Panx1 functionality in cultured 3T3-L1 adipocytes and in adipocytes isolated from murine white adipose tissue by
measuring ATP release in response to known activators of Panx1 channels. Glucose uptake in cultured 3T3-L1 adipocytes was measured in the
presence of Panx1 pharmacologic inhibitors and in adipocytes isolated from white adipose tissue from wildtype (WT) or adipocyte-specific Panx1
knockout (AdipPanx1 KO) mice generated in our laboratory. We performed in vivo glucose uptake studies in chow fed WT and AdipPanx1 KO mice
and assessed insulin resistance in WT and AdipPanx1 KO mice fed a high fat diet for 12 weeks. Panx1 channel function was assessed in response
to insulin by performing electrophysiologic recordings in a heterologous expression system. Finally, we measured Panx1 mRNA in human visceral
adipose tissue samples by qRT-PCR and compared expression levels with glucose levels and HOMA-IR measurements in patients.

Results: Our data show that adipocytes express functional Pannexin 1 (Panx1) channels that can be activated to release ATP. Pharmacologic
inhibition or selective genetic deletion of Panx1 from adipocytes decreased insulin-induced glucose uptake in vitro and in vivo and exacerbated
diet-induced insulin resistance in mice. Further, we identify insulin as a novel activator of Panx1 channels. In obese humans Panx1 expression in
adipose tissue is increased and correlates with the degree of insulin resistance.

Conclusions: We show that Panx1 channel activity regulates insulin-stimulated glucose uptake in adipocytes and thus contributes to control of

metabolic homeostasis.
© 2015 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 regulating adipose tissue blood flow [10]. In addition to adenosine,

extracellular nucleotides such as ATP or UTP have autocrine effects on

Adipose tissue is renowned for its function in lipid storage, but it is also
a key endocrine organ and metabolic dysfunction of adipocytes ex-
acerbates insulin resistance [1]. In healthy adipose tissue, insulin
stimulates glucose uptake and lipogenesis while inhibiting lipolysis,
but these effects are blunted during insulin resistance [1]. Further-
more, glucose uptake in adipocytes is a major contributor to whole
body insulin sensitivity [2].

The purine nucleoside adenosine accumulates extracellularly in iso-
lated adipocyte suspensions [3—5] and is thought to be derived from
degradation of extracellular ATP. Adenosine can impact adipocyte
metabolic function by inhibiting lipolysis [6], increasing glucose uptake
[7,8], enhancing insulin action to stimulate glucose oxidation [9], and

adipocytes. They signal through the purinergic P2 receptor family,
which includes ATP-gated cation channels P2X;.; and G-protein-
coupled P2Y1246,11-14 receptors [11]. In brown adipose tissue,
extracellular ATP caused mobilization of intracellular calcium stores,
consistent with nucleotide signaling through purinergic P2 receptors
[12]. Extracellular ATP also led to increased cell membrane capaci-
tance in adipocytes [13,14], and it was suggested that ATP activates
exocytosis [15]. In white adipocytes, micromolar concentrations of ATP
inhibit glucose oxidation [16], but increase glycogen synthesis [17] and
lipogenesis [18]. However, the effect of exogenous ATP on basal and
insulin-induced glucose uptake in adipocytes is still a matter of con-
troversy: ATP was shown in some studies to be inhibitory at millimolar
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concentrations [19,20], while in other work, no effect of ATP was
observed [18].

Purinergic signaling in endocrine organs has been a major research
focus [reviewed by Burnstock [21]], and novel therapies based on
purinergic receptors as potential drug targets for type Il diabetes have
been suggested [22—24]. However, there are many purinergic re-
ceptors, and modulating ATP release could represent an alternative
therapeutic strategy. In this respect, it remains an open question as to
how nucleosides and nucleotides are released from adipocytes in a
controlled manner.

Pannexin 1 (Panx1) channels control the release of ATP and other
nucleotides from many cell types [25]. For example, activation of
Panx1 channels initiates paracrine signaling that controls blood vessel
constriction [26,27] and clearance of dying cells [28]. Pannexins
(Panx1, 2, and 3) are hexameric membrane channels that are struc-
turally similar to connexins but do not form gap-junctions [29]. Panx1
and 3 are present in many tissues while Panx2 is mainly expressed in
the brain [29]. Activation of Panx1 can proceed by various mechanisms
including o1-adrenergic stimulation [30], mechano-stretch [31], and
caspase-mediated cleavage of the C-terminal portion of Panx1, an
irreversible process [32]. Posttranslational modification including
phosphorylation and S-nitrosylation was suggested to regulate Panx1
channel function [25] and known pharmacological inhibitors of Panx1
include carbenoxolone, probenecid, mefloquine, the food dye FD&C
Blue No. 1, and trovafloxacin [33—36]. Here we describe an unex-
pected role for Panx1 channels, controlling ATP release from adipo-
cytes, which is required for full activation of insulin-induced glucose
uptake. Since dysregulation of glucose uptake in adipocytes was
shown to impact whole body insulin sensitivity [37], Panx1 may play a
key role in the pathophysiology of insulin resistance.

2. METHODS

2.1. Cell-based assays

For YO-PRO® dye uptake studies, 3T3-L1 cells were confluently plated
in 6 well plates, differentiated into adipocytes as described, and
treated with phenylephrine for 30 min followed by staining for 10 min
with YO-PRO® (1 pM) and Hoechst (1 pg/mL). ATP concentrations in
supernatants were measured using Promega Cell Titer Glo reagent.
Luminescence was read on a Tecan Infinite M200 plate reader. For
3T3-L1 adipocyte glucose uptake, 3T3-L1 fibroblasts were plated to
confluency in 12 well plates and differentiated into adipocytes as
described. Cells were pretreated with carbenoxolone or probenicid as
indicated for 20 min at which point insulin was added for 15 min.
Glucose uptake was measured in isolated adipocytes as described
[38].

2.2. Mice

Panx1™MAdipog®™ mice were generated through appropriate breeding
between the Adipoq®® mice [39] with Panx1™™ mice [36]. Littermate
controls were used for all experiments. All animal studies were
approved by the Animal Care and Use Committee at the University of
Virginia. Mice were fed a high fat diet containing 60% cal from fat and
0.2% cholesterol (Bioserv) or normal chow (Teklad). Fat and lean
masses were measured by EchoMRI™-100H Body Composition
Analyzer. Glucose and insulin tolerance tests were performed in
accordance with recommendations published by Ayala et al. [40]. For
glucose tolerance test, mice were fasted for 6 h and then injected with
1 g/kg glucose i.p. and blood glucose levels were measured from tail
blood by glucometer (OneTouch Ultra) over 2 h. For insulin tolerance
test, mice were fasted 6 h and then injected with 0.75 U/kg insulin i.p.
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and blood glucose levels were measured from tail blood by glucometer
(OneTouch Ultra) over 1 h. In vivo glucose uptake studies were per-
formed as described [41]. In brief, mice were fasted 6 h followed by
intraperitoneal injection of 2 g/kg glucose containing 10 pCi [3H] 2-
deoxy-p-glucose. Gastrocnemius muscle and perigonadal adipose
tissue were collected 2 h post injection and snap frozen. 2-
deoxyglucose uptake in tissues was determined by passing tissue
homogenates over poly-prep chromatography columns with AG1-X8
resin (Bio-rad) and then calculating the difference in radioactive counts
between total homogenate and column eluent, normalizing to specific
activity of glucose as determined by serum samples processed with
perchloric acid.

2.3. Electrophysiology

Patch clamping of 3T3-L1 adipocytes with active caspase 3 was
performed as described previously [32]. Whole-cell recordings were
made at room temperature using Axopatch 200B amplifier (Molecular
Devices) with a bath solution composed of 140 mM NaCl, 3 mM KCl,
2 mM MgCl,, 2 mM CaCl,, 10 mM HEPES and 10 mM glucose (pH 7.3).
Borosilicate glass patch pipettes (3—5 M) were filled with an internal
solution containing 30 mM tetraethylammonium chloride, 100 mM
CsMeS04, 4 mM NaCl, 1 mM MgCly, 0.5 mM CaCl,, 10 mM HEPES,
10 mM EGTA, 3 mM ATP-Mg, and 0.3 mM GTP-Tris (pH 7.3). Ramp
voltage commands were applied by using pCLAMP software and
Digidata1322A digitizer (Molecular Devices). HEK293T cells were
transiently transfected using Lipofectamine2000 (Invitrogen), and un-
derwent serum depletion for 2—4 h before patch recording in order to
reduce basal insulin receptor signaling. Basal Panx1 current was
recorded, and then insulin (180 nM) was applied to the bath solution,
followed by CBX (50 pM). Note that no CBX-sensitive current was
observed in HEK293T cells without heterologously expressing Panx1
[32]. Constructs used in HEK293T heterologous system include mouse
Panx1 wildtype construct [42,43], human Panx1(TEV) construct [32],
and an EGFP-tagged human insulin receptor construct (Addgene) [44].

2.4. Human adipose tissue samples

Omental adipose tissue samples were obtained from patients under-
going bariatric surgery. All protocols and procedures were approved by
the Institutional Review Board at the University of Virginia (IRB HSR
#14180). HOMA-IR was calculated using the formula: HOMA-
IR = fasting insulin x fasting glucose/405 [45].

2.5. Statistical analysis

Statistical analyses were performed with Graph Pad Prism (GraphPad,
San Diego, CA). Student’s t-test or ANOVA with post hoc comparison
tests were used as appropriate. F test was performed in Prism to
determine if variances were similar among groups.

3. RESULTS

3.1. Pannexin 1 channels are expressed and functional in
adipocytes

The functional role of Pannexin 1 (Panx1) in adipose tissue has not
been reported. To examine whether adipocytes express Panx1, we
used immunohistochemistry. Panx1 protein expression was clearly
observed on membranes of adipocytes (arrows) in adipose tissue from
wild-type C57BI6 mice, while the staining was absent in adipose tissue
from Panx1 knockout (KO) mice (Figure S1A). To explore the func-
tionality of Panx1 channels in adipocytes we performed experiments
with cultured 3T3-L1 adipocytes and primary adipocytes isolated from
wild-type or Panx1 KO mice, using known activators of Panx1 channel
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function [28,30,32]. We found that Panx1 expression in 3T3-L1 adi-
pocytes is induced by insulin (Figure S1B), which is in line with reports
that cCAMP response elements play a role in transcriptional regulation of
Panx1 [46]. First indications for a functional role of Panx1 in adipocytes
came from experiments where treatment of 3T3-L1 adipocytes with
the a-adrenergic receptor agonist phenylephrine (PE) caused a dose-
dependent increase in the uptake of YO-PRO®, a green-fluorescent dye
that can enter cells via open Panx1 channels [28,47] (Figure 1A).
Furthermore, PE treatment induced the release of ATP from 3T3-L1
adipocytes into the media (Figure 1B). PE-induced ATP release was
abrogated by a Panx1 intracellular loop peptide (IL2) corresponding to a
region of the intracellular loop portion of the Panx1 channel (K191—
K200) (Figure 1B inset) that disrupts o-adrenergic-dependent acti-
vation of Panx1 channels [48]. In contrast, a C-terminal peptide (CT2)
corresponding to the C-terminal region of Panx1 had no effect
(Figure 1B). To further examine whether PE-induced ATP release from
adipocytes was dependent on Panx1 channel function, we treated
adipocytes isolated from wildtype or global Panx1 knockout mice with
PE, which resulted in significant ATP release into the media only when
Panx1 was present (Figure 1C). These results show that Panx1 is not
only present on adipocytes but also that channel function can be
activated to release ATP through the known mechanism of alpha-
adrenergic stimulation.

Another important mechanism of Panx1 channel opening is cleavage of
the C-terminal tail of the channel by activated caspase-3 (CASP3),
particularly relevant for Panx1-dependent ATP release from apoptotic
cells [28,32]. To test if this mechanism can induce Panx1 opening in
adipocytes, we applied activated CASP3 to cultured 3T3-L1 adipocytes
through the patch pipette, which induced a current with Panx1-like
voltage-dependent properties that was blocked by the Panx1 inhibi-
tor carbenoxolone (CBX) [32] (Figure 1D). These results suggested that
Panx1 channels may be activated during apoptosis of adipocytes.

To further investigate caspase-dependent activation of adipocyte
Panx1 during apoptosis, we exposed 3T3-L1 adipocytes to UV irradi-
ation. Induction of apoptosis was confirmed by the formation of
apoptotic bodies (Figure S2A) and by radiation dose-dependent uptake
of YO-PRO® and propidium iodide, dyes known to enter cells via Panx1
[47] (Figure S2B and C). Further support for caspase-dependent
opening of Panx1 channels induced by UV irradiation of adipocytes
was demonstrated by a significant increase in ATP release into the
supernatant that was blocked by treatment with the Panx1 inhibitor
carbenoxolone (CBX) (Figure S2D and Figure 1E) and the pan-caspase
inhibitor zZVAD (Figure 1E). Together, these results show that opening of
Panx1 channels can be induced in adipocytes either by o-adrenergic
stimulation or via caspase-mediated C-terminal cleavage during
apoptosis.
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Figure 1: Pannexin 1 channel function in adipocytes is regulated by alpha-adrenergic stimulation or via caspase-mediated C-terminal cleavage during apoptosis. (A)
3T3-L1 adipocytes were treated with indicated concentrations of phenylephrine (PE) for 30 min and then stained with 1 uM YO-PRO® and 1 wg/mL Hoechst for 10 min. Experiment
was performed in triplicate. Total cells were quantitated by counting Hoechst-positive cells. Cells positive for YO-PRO® indicate cells in which Panx1 channels have been activated
and opened, allowing dye to enter. Data are expressed as mean + s.e.m. *p = 0.0087 by Student’s t-test. (B) 3T3-L1 adipocytes were treated with 5 pM PE with or without
pretreatment with a Panx1 intracellular loop peptide (IL2) or a C-terminal peptide (CT2). The IL2 peptide corresponds to a region of the Panx1 intracellular loop (aa 191—200) while
the CT2 peptide is from a region of the C-terminal tail corresponding to aa 381—390 (inset) [48]. ATP release into the media was measured using cell-titer glo assay (Promega).
Experiment was performed in triplicate. Data are expressed as mean + s.e.m. *p < 0.05 by Student’s t-test. (C) Adipocytes were isolated from perigonadal adipose tissue of WT or
Panx1 KO mice, and ATP release was measured upon stimulation with phenylephrine (PE, 5 tM, 15 min) or no treatment (NT). Experiment was performed in triplicate. Data are
expressed as mean + s.e.m. *p < 0.04 by 2-way ANOVA with Sidak’s multiple comparison test. (D) Whole cell patch clamping of 3T3-L1 adipocytes reveals a carbenoxolone-
sensitive current when active caspase-3 is present in the pipette indicating that adipocyte Panx1 is activated by the caspase-cleavage mechanism. Arrows indicate time at which
active caspase 3 (CASP3) or carbenoxolone (CBX) was added. Control dialysis shown in black. Current—voltage relationship (IV) curves are shown at right. (E) 3T3-L1 adipocytes
were exposed to 400 mJ/cm® UV irradiation (Stratalinker) to induce apoptosis and incubated with or without 400 1M carbenoxolone (CBX) or zVAD, a pan-caspase inhibitor (50 [IM)
for 1 h. ATP was measured in the supernatant by cell-titer glo assay (Promega). n = 8. Data are expressed as mean + s.e.m. *p < 0.0001 by ANOVA with Tukey’s multiple
comparison test.
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3.2. Full activation of insulin-stimulated glucose uptake in
adipocytes requires ATP release by Panx1 channels

To explore the role of Panx1 in adipocytes in vivo, we crossed Panx1™F
mice with Adiponectin-Cre (Adipg®®*) mice [39] to generate an
adipocyte-specific Panx1 KO mouse (AdipPanx1K0). Excision of exon 3
of the Panx1 gene in Panx1”"Adipg®®* (AdipPanx1K0) mice was
observed in adipose tissues including visceral, subcutaneous, and
brown adipose tissue but not in liver, lung, pancreas, spleen, or brain
(Figure S3A). Remaining Panx1 expression in visceral, subcutaneous,
and brown adipose tissue from AdipPanx1K0 mice is derived from
resident immune cells and other stromal and vascular cells that are
present in whole adipose tissue preparations. Whole mount staining of
visceral adipose tissue pieces from WT and AdipPanx1KO0 mice with an
antibody specific for Panx1 [42] and subsequent confocal microscopy
demonstrated distinctive punctate Panx1 staining in adipocytes of WT
mice, which was undetectable in adipocytes from AdipPanx1K0 mice
(Figure S3B). Panx1 deficiency in adipocytes did not affect cell size,
since analysis using a BioSorter® demonstrated that adipocytes iso-
lated from gonadal adipose tissue of WT and AdipPanx1KO mice
showed identical cell size distribution (Figure S3C).

To examine a role for Panx1 in glucose uptake in adipocytes, we
treated cultured or primary adipocytes with insulin for 15 min, and
basal and insulin-stimulated glucose uptake was measured in the
presence and absence of two distinct pharmacological Panx1 in-
hibitors. Glucose uptake into cultured 3T3-L1 adipocytes was signifi-
cantly increased after treatment with insulin; notably, pretreatment
with carbenoxolone (CBX) or probenecid (Prob) resulted in significantly
blunted insulin-stimulated glucose uptake (Figure 2A). In addition,
insulin-stimulated glucose uptake was significantly impaired in adi-
pocytes isolated from AdipPanx1KO mice compared to adipocytes
isolated from WT mice (Figure 2B). Since pharmacological as well as
genetic inhibition of Panx1 in adipocytes resulted in blunted insulin-
stimulated glucose uptake, we hypothesized that Panx1-mediated
ATP release was responsible for the effect. Indeed, the addition of
exogenous ATP rescued the compromised insulin-stimulated glucose
uptake in Panx1-deficient adipocytes (Figure 2B).

To test whether a lack of adipocyte Panx1 would inhibit glucose uptake
in vivo, lean WT and AdipPanx1K0 mice were given a bolus of glucose
containing a trace amount of radioactive [3H] 2-deoxy-p-glucose such
that organs harvested at the end of the study could be assessed for
glucose uptake. While the rate of glucose uptake was similar in
gastrocnemius muscle from WT and AdipPanx1K0 mice, the absence
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of Panx1 in adipocytes resulted in a 20% decreased rate of glucose
uptake in perigonadal white adipose tissue (Figure 2C).

These results demonstrate that Panx1-dependent ATP release is
required for insulin-stimulated glucose uptake in adipocytes, and they
suggest a potentially novel mechanism of Panx1 channel activation by
insulin.

3.3. Insulin induces Panx1 channel activation and ATP release

To examine whether insulin activates Panx1 channels, we first
assessed Panx1-dependent ATP release from primary adipocytes
isolated from WT mice. Treatment with insulin for 30 min caused a
significant increase in extracellular ATP, which was blocked by addi-
tion of the Panx1 inhibitor probenecid (Prob) (Figure 3A). Next, we
tested the ability of insulin to activate Panx1 channels using HEK293
cells co-transfected with expression plasmids for the human insulin
receptor (hIR) and murine Panx7. Insulin treatment evoked a current
with Panx1-like voltage-dependent properties that was blocked by the
Panx1 inhibitor carbenoxolone (CBX) (Figure 3B). Insulin-stimulated
Panx1 currents were also seen in HEK293 cells co-transfected with
expression plasmids for the human insulin receptor (hIR) and human
Panx1 with a mutated caspase cleavage site [32] (Figure 3C). These
data identify insulin as a novel mediator of Panx1 channel activation
and show that insulin-induced activation of Panx1 is independent of
caspase-mediated cleavage.

3.4. Absence of Panx1 in adipocytes exacerbates diet-induced
insulin resistance without affecting energy expenditure or adipose
tissue inflammation

Impaired glucose uptake in adipose tissue was shown to adversely
affect high fat diet-induced insulin resistance [2,37]. To test whether
the 20% reduction in glucose uptake rate that we observed in the
adipose tissue of AdipPanx1K0 mice (Figure 2C) would have an effect
on the development of insulin resistance, we fed WT and AdipPanx1K0
mice a diabetogenic high fat diet. The absence of Panx1 from adipo-
cytes slightly, but significantly, exacerbated measures of insulin
resistance, including glucose and insulin tolerance after 12 weeks of
high fat diet feeding (Figure 4A and B). However, no difference in
weight gain or adiposity was observed between the groups (Figure 4C
and D). Serum free fatty acid levels were also similar between high fat
diet-fed WT and AdipPanx1KO mice (Figure 4E), and high fat feeding
increased serum insulin levels in both WT and AdipPanx1K0 mice to
the same extent (Figure 4F).
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Figure 2: Full activation of insulin-stimulated glucose uptake in adipocytes requires ATP release by Panx1 channels. (A) Blockade of Pannexin-1 channels with car-
benoxolone (100 M, CBX) or probenecid (1 mM, Prob) significantly decreases insulin-stimulated 3H-glucose uptake in 3T3L1-adipocytes. Data are expressed as mean + s.e.m.
*p < 0.001 by 2 way ANOVA with Tukey’s multiple comparisons test. (B) Insulin-stimulated glucose uptake is significantly decreased in adipocytes isolated from perigonadal
adipose tissue of adipocyte-specific Pannexin-1 null mice. Addition of exogenous ATP (50 (M) restores insulin-stimulated 14C-glucose uptake in adipocytes isolated from Panx7
null mice. Data are expressed as mean = s.e.m. *p < 0.003 by 1 way ANOVA with Tukey’s multiple comparisons test. (C) /n vivo [*H] 2-deoxy-p-glucose uptake was assessed in
perigonadal white adipose tissue (WAT) and gastrocnemius muscle (MUS) in age-matched, male, chow fed WT and AdipPanxKO littermates (n = 6). Data are presented as
mean + s.e.m. *p < 0.05 by paired t-test. Dotted line indicates the 20% decrease in glucose uptake in WAT in AdipPanxK0 mice compared to WT.
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Figure 3: Insulin induces Panx1 channel activation and ATP release. (A) Adipocytes isolated from perigonadal adipose tissue of WT mice release ATP upon insulin stimulation,
which can be blocked by treatment with the Panx1 inhibitor probenecid. Data are expressed as mean + s.e.m. *p < 0.05 by Student’s t-test. (B) Whole cell patch clamp of HEK
cells transfected with human insulin receptor and mouse Panx1 reveals a Panx1 dependent current upon treatment with insulin that is abolished by addition of the Panx1 inhibitor
carbenoxolone. Current—voltage relationship curve is shown in middle. Insulin treatment significantly increases CBX-sensitive current density (n = 8 cells). (C) Whole cell patch
clamp of HEK cells transfected with human insulin receptor and human Panx1 in which the C-terminal caspase cleavage site has been replaced with a TEV protease cleavage site
reveals a Panx1 dependent and CBX-sensitive current upon treatment with insulin. Current—voltage relationship curve is shown in middle. Insulin treatment significantly increases

CBX-sensitive current density (n = 8 cells).

Next, we investigated whether differences in insulin resistance in
AdipPanx1K0 mice could be a result of alterations in whole body en-
ergy expenditure or inflammation in the adipose tissue. Chow-fed WT
and AdipPanx1KO mice had similar metabolic rates and mobility
(Figure 4G—J) while AdipPanx1KO mice on a high fat diet revealed
small but non-significant decreases in light and dark cycle metabolic
rates, compared to WT mice on high fat diet (Figure 4G—I). However,
we did not observe differences in food intake (not shown), or overall
mobility (Figure 4J). Analysis of the stromal vascular fractions of
perigonadal adipose tissue from high fat-fed WT and AdipPanx1K0
mice by flow cytometry revealed no difference in absolute numbers of
CD457/CD11b™ cells, which include macrophages. There was also no
difference in the relative abundance of phenotypically polarized
macrophage subsets M1 (CD11b™/CD11c¢™) and M2 (CD11b*/
CD206™) (Figure S4A). Moreover, analyses of mRNA levels of several
pro and anti-inflammatory cytokines in the stromal vascular fraction of
perigonadal adipose tissue from high fat fed WT and AdipPanx1K0
mice, including tnfw, il18, il18, ifry, and mcp1 as well as il4, arg1,
mgl1, il10, and ym1, revealed no significant difference (Figure S4B),
except for mg/1 mRNA levels, which were significantly lower in SVF
from AdipPanx1KO mice.
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We conclude from these data that the greater propensity to develop
insulin resistance in high fat-fed AdipPanx1K0 mice is neither due to
alterations in energy expenditure nor to adipose tissue inflammation,
but can be attributed to diminished glucose uptake in adipocytes as a
result of defective Panx1-mediated ATP release.

3.5. Pannexin 1 expression in human adipose tissue is associated
with obesity and insulin resistance

Neither expression levels nor potential functional roles of Panx1 in
adipose tissue have been reported in the context of human pathology.
A previous study compared global gene expression in subcutaneous
adipose tissue between lean and obese Pima Indians using gene
arrays [49]. Data extracted from the data sets deposited at NCBI
(GDS1498[ACCN]) demonstrate that Panx1 expression in both males
and females was significantly increased in obese compared to lean
subjects (Figure 5A). Thus, we examined Panx1 expression in visceral
adipose tissue obtained from 23 morbidly obese patients during
bariatric surgery. We found that relative Panx1 mRNA expression
levels significantly correlated with fasting blood glucose levels, and
this correlation was especially strong in Caucasian females
(Figure 5B). Subjects in the tertile with the highest relative Panx1
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Figure 4: Weight gain, energy expenditure, serum free fatty acids and insulin are not different between high fat fed WT and AdipPanx1K0 mice. (A) Intraperitoneal
glucose tolerance test was performed on age-matched, male, WT and AdipPanxKO littermates that had been fed chow or high fat diet (60% fat) for 12 weeks. Mice were injected
i.p. with 1 g/kg glucose, and blood glucose was measured in tail vein blood via glucometer (One Touch Ultra). Data are presented as mean + s.e.m and representative of 3
independent experiments (WT HFD n = 6, AdipPanxK0 HFD n = 9, WT chow n = 7, AdipPanxK0 chow n = 6). Combined area under the curve (AUC) analysis of glucose tolerance
tests reveals that AdipPanxK0O mice are significantly more glucose intolerant after high fat feeding compared to WT mice (WT HFD n = 18, AdipPanxK0 HFD n = 14, WT chow
n = 7, AdipPanxK0O chow n = 4); *p = 0.025 by 2-tailed Student’s t-test. Box plots represent the 10th to 90th percentile. Three mice in the high fat diet group (WT n = 1,
AdipPanxK0 n = 2) did not respond to diet as evidenced by AUC not being different from chow groups and thus were excluded from the analysis. One data point (WT n = 1) was
greater than 2 standard deviations from the mean and thus was excluded. (B) Intraperitoneal insulin tolerance tests (0.75 U/kg) was performed on age-matched, male, WT and
AdipPanxKO0 littermates that had been fed chow or high fat diet (60% fat) for 12 weeks. n = 6—7 mice per group. Data are expressed as mean + s.e.m. Box plots represent the
10th to 90th percentile. *p < 0.05 by Student’s t-test. (C,D) Male WT and AdipPanx1KO littermates were fed a high fat diet (60% fat) for 12 weeks. Mice on a high fat diet were
weighed weekly. Adiposity (%fat) and lean mass (%lean) were assessed by echo MRI. Data are representative of 3 independent experiments, n = 6 WT, n = 9 AdjpPanx1KO0. Data
are expressed as mean + s.e.m. (E) Serum free fatty acids (FFA) were measured after 12 weeks of high fat feeding in WT (n = 5) and AdipPanxK0 (n = 9) mice using the
colorimetric FFA kit from Wako. Data are expressed as mean + s.d. (F) Serum insulin in WT and AdipPanxK0O mice that were either fed chow diet or HFD for 12 weeks were
measured after a 5 h fast. (n = 6 WT chow, n = 7 AdipPanxK0 chow, n = 5 WT high fat diet, n = 9 AdipPanxK0 high fat diet). Data are expressed as mean =+ s.d. (G—I) High fat
diet-fed (12 weeks) and chow-fed WT and AdipPanx1K0 mice (n = 4 per group) were placed in metabolic cages for 72 h. Average VO, consumption, VCO,, and respiratory
exchange ratio (RER) by animal are shown for light and dark periods. The initial 4 h of readings were not part of average light values as this was time for mice to acclimate. Box
plots represent the 10th to 90th percentile. (J) Locomotion was recorded as X- and Y-axis beam breaks during light and dark cycle. Total beam breaks were not different between
WT and AdipPanx1KO mice indicating no overall difference in locomotion. Box plots represent the 10th to 90th percentile.

mRNA levels also had significantly higher HOMA-IR scores (a mea- 4. DISCUSSION

sure of insulin resistance) (Figure 5C). These data suggest that Panx1

may also play a role in adipocyte metabolism in humans, in a way  The contribution of extracellular nucleotide signaling to the control of
that increased Panx1 expression may help counterbalance decreasing  metabolic homeostasis in adipocytes has been known for some time;
insulin sensitivity. however, the mechanisms of nucleotide release from adipocytes are
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Figure 5: Pannexin 1 expression in human adipose tissue is associated with obesity and insulin resistance. (A) Data from NCBI gene array (GDS1498[ACCN]) [49] were
analyzed for Panx1 expression in subcutaneous adipose tissue from lean male (n = 10), lean female (n = 10), and obese male (n = 9) and obese female (n = 10) human subjects.
Data are normalized to lean samples, each point represents one human subject, error bars indicate s.d. *p < 0.0001 by 2 way ANOVA with Sidak’s multiple comparison test. (B)
Omental fat samples were obtained from human subjects prior to bariatric surgery and analyzed for Panx1 mRNA levels normalized to 18S mRNA. The average of all samples was
set to 1 and log 10 values of Panx1 mRNA were plotted against the blood glucose levels of patients at time of surgery, revealing a positive and significant correlation (% = 0.181
and p = 0.04 by linear regression). The correlation of Panx1 levels with blood glucose levels was particularly pronounced in Caucasian females (> = 0.56, n = 11, black line).
Each point represents one human subject, female subjects are shown as gray (non-Caucasian) and black (Caucasian) squares, male subjects as white squares. (C) Samples from B
were grouped into tertiles based on low (<0.5 fold, n = 8), medium (0.5—1.5 fold, n = 10), and high Panx1 expression (>1.5 fold, n = 5) and plotted against HOMA-IR, a clinical
measure of insulin resistance. *p < 0.02 by Student’s t-test. Each point represents one human subject; error bars represent s.e.m.

not known. Our data establish Panx1 channels as mediators of
controlled extracellular nucleotide release from adipocytes. Further-
more, we demonstrate that Panx1-dependent ATP release is required
for full activation of insulin-induced glucose uptake in adipocytes and
we identify insulin as a novel mediator of Panx1 channel activation.
Although pharmacologic Panx1 inhibitors such as carbenoxolone and
probenicid are known to have off-target effects, the use of multiple
inhibitors as well as genetic deletion of Panx1 in our study collectively
support a role for Panx1 channels in ATP release from adipocytes.
Together with highly specific electrophysiological channel recordings,
YO-PRO® dye has been shown to enter apoptotic cells in a Panx1-
dependent manner [28], adding further evidence for Panx1 channel
function in adipocytes.

The most widely studied molecule that is released by Panx1 channels
is ATP; however, Panx1 channels have a pore size upon activation that
can accommodate molecules of up to 1 kDa in size [29]. So it is
conceivable that other molecules that could impact metabolic signaling
in adipocytes in an autocrine fashion are also released via Panx1. Our
finding that addition of exogenous ATP to Panx1-deficient adipocytes
rescues inhibited insulin-induced glucose uptake strongly suggests a
role for ATP or its metabolites in this context. Extracellular ATP is
rapidly metabolized and we calculated an approximately 6 min half-life
of exogenous ATP added to 3T3-L1 adipocytes (data not shown). The
degradation of ATP by ectonucleotidases including CD39 and CD73,
which are expressed on adipocytes [50], provides ligands for a variety
of purinergic receptors and adenosine, which was shown to enhance
glucose uptake and block lipolysis [7,8]. Further studies are needed to
identify the autocrine purinergic signaling pathways that are activated
subsequently to Panx1 channel opening in adipocytes.

Our finding that insulin stimulates opening of Panx1 channels is
intriguing and points to a novel mechanism by which the function of
this channel is regulated. We demonstrate that insulin activates
channel opening in a caspase-independent manner, pointing to a
transient, reversible mechanism of activation. Utilizing an HEK293
heterologous expression system enabled us to explore insulin-
mediated Panx1 channel activation by obtaining electrophysiologic
data about Panx1 channel function. Feasibility of this approach is
supported by previous reports that HEK293 cells express endogenous
proteins involved in the insulin signaling pathway, including Irs1 [51],
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Akt [52,53], and mTOR [54]. Previous studies have identified putative
phosphorylation sites on the Panx1 channel that may contribute to its
function, suggesting that insulin-induced kinases may regulate
channel opening. However, further studies are needed to elucidate this
new mechanism of Panx1 channel activation.

Our data demonstrate that genetic deletion of Panx1 in adipocytes leads
to exacerbation of diet-induced metabolic dysfunction in mice, which
manifests in increased insulin resistance. Although we see no overt
changes in lean, chow-fed AdipPanx1KO mice in the glucose tolerance
test, we did observe decreased glucose uptake specifically in white
adipose tissue. Upon high fat diet challenge, a deficit in glucose uptake
in adipocytes may begin to manifest in whole body glucose tolerance
over time [2]. Neither inflammation nor energy expenditure were
significantly affected by adipocyte-selective deletion of Panx1 in mice.
Inflammation and macrophage infiltration into adipose tissue are
associated with the development of insulin resistance [55,56]. In
general, extracellular ATP is considered a pro-inflammatory mediator
and ATP that is released from various cell types attracts macrophages
[28,57]. Our initial hypothesis was that, during obesity, Panx1-mediated
ATP release from adipocytes would initiate inflammatory cross talk
between dying adipocytes and adipose tissue macrophages [58];
however, we found no differences in the abundance or inflammatory
state of adipose tisue macrophages when Panx1 was absent from
adipocytes. In fact, inflammatory cytokines that are produced in adipose
tissue during obesity may override signals mediated by extracellular
nucleotides [47]. In this context, it has been shown that the ATP-gated
cation channel P2X7, which is implicated in mediating inflammasome
activation, is dispensable for diet-induced inflammation and insulin
resistance [59]. Together, we conclude that the impairment in glucose
uptake is an underlying cause to exacerbate insulin resistance in
response to high fat diet in adipocyte-specific Panx1 deficient mice.
Our observation of an association of Panx1 expression with obesity and
insulin resistance in humans further supports a role for Panx1 in
metabolic homeostasis. Upregulation of Panx1 expression in response
to obesity and insulin resistance may reflect a protective mechanism
by which decreased insulin sensitivity is counteracted by an increased
ability of the tissue to release bioactive nucleotides. However, further
studies, particularly in human subjects, are required to definitively
support this hypothesis.
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In summary, we show here for the first time that Panx1 on adipocytes
can be activated to release ATP by known mechanisms including -
adrenergic stimulation and caspase-mediated cleavage, and we also
identify insulin as a novel mediator of Panx1 activation. We demon-
strate that ATP released by Panx1 is required for insulin-stimulated
glucose uptake in adipocytes and that mice with genetic deletion of
Panx1 in adipocytes experience exacerbated insulin resistance when
fed a high fat diet. Moreover, we discovered an association between
insulin resistance and Panx1 channel expression in adipose tissue
from obese humans. Together, we identify Panx1 as a key regulator of
nucleotide release in adipose tissue implying an unexpected role for
this channel in controlling metabolic homeostasis.
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