
Nucleotides released from palmitate-activated murine
macrophages attract neutrophils
Received for publication, August 29, 2019, and in revised form, February 27, 2020 Published, Papers in Press, March 4, 2020, DOI 10.1074/jbc.RA119.010868

Theresa H. Tam‡§1, Kenny L. Chan‡§2,3, X Parastoo Boroumand‡¶2,4, Zhi Liu‡, Joseph T. Brozinick�, Hai Hoang Bui�,
Kenneth Roth�, C. Brent Wakefield**, X Silvia Penuela**‡‡, Philip J. Bilan‡, and X Amira Klip‡§¶5

From the ‡Cell Biology Program, The Hospital for Sick Children, Toronto, Ontario M5G 0A4, Canada, the Departments of
§Physiology and ¶Biochemistry, University of Toronto, Toronto, Ontario M5S 1A8, Canada, �Eli Lilly and Company, Indianapolis,
Indiana, 46285, and the Departments of **Anatomy and Cell Biology and ‡‡Oncology, Schulich School of Medicine and Dentistry,
Western University, London, Ontario N6A 5C1, Canada

Edited by Jeffrey E. Pessin

Obesity and elevation of circulating free fatty acids are asso-
ciated with an accumulation and proinflammatory polarization
of macrophages within metabolically active tissues, such as adi-
pose tissue, muscle, liver, and pancreas. Beyond macrophages,
neutrophils also accumulate in adipose and muscle tissues dur-
ing high-fat diets and contribute to a state of local inflammation
and insulin resistance. However, the mechanisms by which neu-
trophils are recruited to these tissues are largely unknown. Here
we used a cell culture system as proof of concept to show that,
upon exposure to a saturated fatty acid, palmitate, macrophages
release nucleotides that attract neutrophils. Moreover, we
found that palmitate up-regulates pannexin-1 channels in
macrophages that mediate the attraction of neutrophils, shown
previously to allow transfer of nucleotides across membranes.
These findings suggest that proinflammatory macrophages
release nucleotides through pannexin-1, a process that may
facilitate neutrophil recruitment into metabolic tissues during
obesity.

Insulin resistance and type 2 diabetes are associated with
chronic low-grade inflammation, characterized by a gain in
immune cells in metabolic tissues, of which macrophages are
the most abundant and well-studied (1–3). Within adipose and
muscle tissue of obese individuals and mice, macrophages
adopt a proinflammatory phenotype, increasing production of
proinflammatory cytokines that interfere with insulin signaling
(2, 4). Emulating this phenotypic switch ex vivo, bone marrow-

derived macrophages (BMDMs)6 respond to saturated fatty
acids by mounting a selective proinflammatory response (5–7).

More recently, neutrophils have also been identified as con-
tributors to metabolic inflammation, with neutrophil infiltra-
tion in adipose and muscle tissues occurring early during high-
fat feeding in mice (8, 9). Neutrophils are innate immune
granulocytes that release proteases, oxidative enzymes, and
other factors to combat pathogens, although excessive neutro-
phil recruitment can cause collateral tissue damage and inflam-
mation (10, 11). Notably, inhibition or genetic depletion of cer-
tain components of neutrophil granules, such as elastase and
myeloperoxidase,isprotectiveagainstdiet-inducedinsulinresis-
tance in mice (9, 12, 13). Moreover, expression of these neutro-
phil-specific genes is elevated in circulating cells of overweight
and obese humans (14).

We recently reported an association between adipose tissue
neutrophil number and the abundance of proinflammatory
macrophages in high-fat diet–fed mice (15). Although, in that
study, we observed an elevated presence of the chemokine
CXCL1 in adipose tissue macrophages of high-fat diet–fed
mice, we did not explore whether these macrophages or CXCL1
are responsible for neutrophil recruitment into adipose tissue.
Hence, the mechanisms leading to neutrophil recruitment
toward metabolic tissues in the context of obesity remain
largely unknown. Here we investigated the hypothesis that pro-
inflammatory macrophages are directly responsible for neutro-
phil chemoattraction. Specifically, we tested whether saturated
fatty acids, such as palmitate, cause macrophages to release
chemotactic factors that act on neutrophils. Our findings sug-
gest that palmitate-activated macrophages attract neutrophils
through nucleotides and implicate pannexin-1 channels on
macrophages as conduits for nucleotide release.

Results

Palmitate-treated macrophages, but not adipocytes, release
neutrophil chemotactic factors

Palmitic acid (PA) is one of the most abundant circulating
free fatty acids (16), and we and others have shown that expo-
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sure of macrophages to PA induces a proinflammatory shift (5,
17). Conversely, cis-palmitoleic acid (PO), a monounsaturated
fatty acid of equal carbon chain length, has opposite effects,
conferring a partial anti-inflammatory signature to macro-
phages (5). Here we used the same dose of PA that activates
BMDMs to a proinflammatory state (5) to explore the conse-
quence of this treatment on neutrophil recruitment. In parallel,
we used PO as a noninflammatory fatty acid and BSA alone as
the control carrier used to conjugate fatty acids to ensure their
solubility. Conditioned medium generated from BMDMs
exposed previously to PA, but not PO, contained factors that
promoted neutrophil migration across the Transwell pores
(Fig. 1, A and B). Interestingly, conditioned medium from PA-
treated 3T3-L1 adipocytes or from PA-treated primary adi-
pocytes isolated from epididymal white adipose tissue (EWAT)
did not show any differences in neutrophil recruitment com-
pared with BSA-treated adipocytes (Fig. 1, C and D). Further-
more, PA alone did not elicit any chemotactic effect on neutro-
phils (Fig. 1E). These results suggest that the release of
neutrophil chemotactic factors after exposure to PA is a cell
type–specific response.

Nature of the neutrophil chemoattractant released from
PA-treated macrophages

Chemokines or cellular metabolites are common chemical
attractants for immune cells. In previous work, we found that

lipopolysaccharide (LPS)–treated myotubes chemoattract
monocytes via the chemokine CCL2, whereas PA-treated myo-
tubes do so through release of nucleotides (18, 19). Thus, to
investigate the nature of the neutrophil chemoattractant
released by PA-stimulated macrophages, we first sought to
determine whether the chemotactic agents were polypeptides.
To denature polypeptides, conditioned media were heated to
95 °C for 20 min. Surprisingly, the chemotactic activity of the
conditioned medium from PA-treated BMDMs was insensitive
to heat inactivation (Fig. 2A). Moreover, proteinase K digestion
of the secreted factors in the conditioned media did not
alter neutrophil recruitment (Fig. 2B). As validation of this
approach, the heat inactivation and proteinase K digestion pro-
tocols were effective in inhibiting the chemotactic effects of
CXCL1, a neutrophil chemokine (Fig. S1), reinforcing the
notion that the neutrophil chemotactic factors released from
PA-treated macrophages are not proteins or polypeptides.

Given the ability of nucleotides to not only chemoattract
monocytes (as referenced above) but also neutrophils (20), we
next examined whether PA-stimulated BMDMs attracted neu-
trophils through release of nucleotides. First, we treated
BMDM conditioned medium with the nucleotidase apyrase,
which hydrolyzes nucleotide triphosphates and diphosphates.
Apyrase attenuated the ability of conditioned medium from
PA-treated BMDMs to attract neutrophils so that the PA effect

Figure 1. Neutrophils migrate toward palmitate-treated macrophage conditioned medium. A and B, neutrophil migration toward CM from (A) BMDMs
pretreated with BSA control, 0.5 mM PA, or 0.5 mM PO, n � 3 or (B) BMDMs pretreated with 0.2 mM or 0.5 mM PA, n � 6. C and D, neutrophil migration toward
(C) CM from 3T3-L1 differentiated adipocytes pretreated with BSA control, 0.5 mM PA, or 0.5 mM PO, n � 3 or (D) CM from primary adipocytes isolated from EWAT
treated with BSA or 0.5 mM PA, n � 3. E, neutrophil migration toward BSA, 0.5 mM PA, or 0.5 mM PO alone, n � 3. Results expressed as mean � S.E. *, p � 0.05;
**, p � 0.01; ns, not significant.
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was no longer significant compared with conditioned medium
from BSA-treated BMDMs (Fig. 2C). Similar trends in response
to proteinase K and apyrase were observed with conditioned
medium from BMDMs treated with a lower concentration (0.2
mM) of PA (Fig. S2). These observations suggest that nucleo-
tides may be the released factors contributing to the chemoat-
tracting property of PA-treated BMDMs.

Accordingly, we determined the presence of nucleotides in
BMDM conditioned media using UHPLC-MS. A recurring PA
dose– dependent trend toward elevated levels of several nucle-
otides and nucleotide derivatives (ADP, AMP, adenosine, IMP,
GMP, xanthine, and hypoxanthine) was observed in condi-
tioned medium from BMDMs exposed to PA compared with
BSA, with ADP and xanthine being significantly higher (Fig. 3).

Neutrophil migration toward macrophage conditioned
medium depends on purinergic signaling

Nucleotides exert chemotactic action by activating puriner-
gic receptors on target cells (21–23). To validate this principle
in our experimental model, we first assayed neutrophil migra-
tion toward increasing doses of ATP, ADP, and AMP, reflecting
the concentrations measured in the conditioned medium from
PA-treated BMDMs. Indeed, ATP and ADP attracted neutro-
phils, whereas AMP, the final product after apyrase digestion of
ATP, was not chemotactic (Fig. 4, A–C). Xanthine, a purine
base formed as an intermediate in nucleoside degradation, also
did not chemoattract neutrophils (Fig. 4D); hence, its elevated
release from BMDMs in response to PA may not be responsible
for the neutrophil-chemoattracting effect.

Next, to determine whether neutrophil chemotaxis toward
secreted factors from PA-treated BMDMs depends on sensing
purine nucleotides, neutrophils were pretreated with the
broad-spectrum purinergic receptor antagonist suramin prior
to migration toward the BMDM conditioned medium, which
was also supplemented with suramin. Suramin abolished the
ability of neutrophils to migrate toward conditioned medium
from PA-treated BMDMs (Fig. 4E and Fig. S2), reinforcing the
role of purine nucleotides as mediators of neutrophil che-
motaxis released by PA-activated macrophages. One of the pre-
dominantly expressed purinergic receptors on neutrophils is
P2Y2R, which is involved in chemotaxis toward nucleotides (20,
24–26). Thus, we investigated whether P2Y2R is necessary for
neutrophil migration toward secreted factors from PA-acti-

vated BMDMs. Neutrophils treated with the P2Y2R-selective
inhibitor AR-C migrated less toward conditioned medium
from PA-treated BMDMs compared with untreated neutro-
phils, although migration was not completely eliminated (Fig.
4F). These results suggest that P2Y2R is involved in neutrophil
chemotaxis toward PA-treated macrophage secreted factors,
but other receptors may also be engaged.

Pannexin-1 is up-regulated in macrophages exposed to PA or
isolated from high-fat diet–fed mice

We next aimed to identify the route by which cytosolic nucle-
otides are released from BMDMs. Pannexins are channel-form-
ing proteins that allow flow of small molecules, including nucle-
otides such as ATP, ADP, and AMP, between the cytosol and
extracellular space (27, 28). The release of nucleotides from
pannexin channels has been implicated as a factor contributing
to local inflammation in numerous contexts (29). Pannexin-1
channels also regulate fat accumulation and insulin sensitivity
(30, 31). Hence, we first measured the expression of pannexin-1
in fatty acid–treated BMDMs and found that Panx1 mRNA
expression and pannexin-1 protein levels were up-regulated in
BMDMs treated with PA (Fig. 5, A and B, and Fig. S3). Of note,
although not achieving statistical significance with the number
of samples available (p � 0.0663, n � 4 –7), Panx1 expression
trended higher in the stromal vascular fraction of mouse
EWAT (which includes adipose tissue macrophages) isolated
from high-fat diet–fed mice compared with low-fat diet–fed
controls (Fig. 5C).

Macrophage pannexin-1 mediates neutrophil recruitment

Considering pannexin-1 as a potential conduit for nucleotide
release in response to PA, we treated BMDMs with the pan-
nexin-1 channel inhibitor carbenoxolone (CBX) (32) through-
out exposure to PA and during the subsequent PA-free incuba-
tion to generate conditioned medium. Notably, conditioned
medium from CBX-treated BMDMs showed no significant
increase in neutrophil chemoattraction when BMDMs were
exposed to PA compared with BSA. (Fig. 5D). Furthermore, we
generated conditioned media from Panx1�/� and control
Panx1�/� BMDMs, which, we verified, have allele dose-depen-
dent expression of Panx1 (Fig. S4). Consistent with our findings
using CBX, neutrophils from WT mice had reduced migration
toward conditioned medium derived from Panx1�/� BMDMs

Figure 2. Nucleotides released from palmitate-treated macrophages attract neutrophils. A–C, neutrophil migration toward BMDM CM-BSA or CM-PA (0.5
mM). Prior to neutrophil migration, CM were treated as follows: (A) heat inactivation (95 °C for 20 min), n � 3; (B) proteinase K (100 �g/ml at 37 °C for 1.5 h), n �
3; or (C) apyrase (0.2 units/ml at 37 °C for 1 h), n � 5. Results are expressed as mean � S.E. *, p � 0.05; **, p � 0.01; ns, not significant.
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exposed to 0.2 mM PA compared with BSA, unlike Panx1�/�

BMDMs (Fig. 5E). These results suggest a role of pannexin-1 in
macrophage-mediated neutrophil attraction.

Discussion

The results of this study reveal the capability of palmitate-
activated macrophages to release nucleotides that act as neu-
trophil chemotactic factors. Our data further support the con-
cept that chemoattractant release in response to palmitate
depends on pannexin-1 expression in macrophages.

Macrophages attract neutrophils in response to palmitate

Numerous studies have demonstrated that neutrophils are
important contributors to high-fat diet–induced insulin resis-
tance through their granule enzymes elastase and myeloperoxi-
dase (9, 12, 13). Beyond that, there is growing evidence suggest-
ing that neutrophils in a high-fat environment also up-regulate
proinflammatory cytokines. Upon contact with adipocytes,
neutrophils increase their expression of IL-1� (33). Addition-
ally, circulating neutrophils from obese humans are primed to
up-regulate expression of cytokines, including IL-6 and TNF�,
as well as elevate production of reactive oxygen species (34).
These inflammatory mediators from neutrophils likely poten-
tiate tissue inflammation associated with obesity.

In mice, neutrophil infiltration into adipose tissue is ob-
served within 3–7 days of high-fat feeding, and their population
remains elevated throughout long-term high-fat diet (9, 15, 35).
Inhibiting this infiltration by depleting neutrophils or by block-
ing the endothelial leukocyte adhesion molecule ICAM-1 pro-
tects against high-fat diet–induced insulin resistance (36).
Importantly, although the macrophage population within adi-
pose tissue does not expand during early days of high-fat feed-

ing, tissue-resident macrophages undergo a proinflammatory
phenotypic switch (37). Moreover, we observed previously that,
when proinflammatory polarization of adipose tissue macro-
phages is prevented, the high-fat feeding–induced gain of neu-
trophils in adipose tissue is also abolished (15). That study led to
the question of whether macrophages are the cells attracting
neutrophils and, if so, through which mediators.

Adipose tissue macrophages comprise resident macrophages
embryologically originated from the yolk sac and macrophages
differentiated from blood monocytes produced in the bone
marrow (38, 39). Upon consumption of fat-rich or hypercaloric
diets, the adipose tissue macrophage population expands,
largely from influx of blood monocytes in addition to prolifer-
ation and lessened apoptosis of resident macrophages (1, 38,
39). With a high-fat diet, conditions within adipose tissue
(hypoxia, released fatty acids, and adipocyte hypertrophy)
cause macrophages to adopt a proinflammatory polarization,
characterized by production of proinflammatory cytokines
such as TNF� and IL-6 (38, 39).

On the other hand, BMDMs are generated ex vivo by treating
bone marrow monocytic precursors with macrophage colony-
stimulating factor. Although cultured BMDMs are not neatly
equivalent to bona fide adipose tissue macrophages, BMDMs
have been widely used to study metabolic, secretory, and pro-
or anti-inflammatory orientations in response to a number of
stimuli. In particular, BMDMs exposed to saturated fatty acids,
such as PA, produce similar proinflammatory cytokines as
those produced by adipose tissue macrophages in high-fat diet–
fed mice (5). Thus, PA-activated BMDMs can serve as a useful
proof-of-concept model to emulate high-fat diet–activated,
proinflammatory adipose tissue macrophages. Using this cell

Figure 3. Nucleotides and nucleotide derivatives released from palmitate-treated macrophages. A–H, concentrations of the following nucleotides and
nucleotide derivatives in CM from BMDMs: (A) ATP, (B) ADP, (C) AMP, (D) adenosine, (E) IMP, (F) GMP, (G) xanthine, and (H) hypoxanthine; n � 5. Results are
expressed as mean � S.E. *, p � 0.05; ***, p � 0.001 versus CM-BSA.
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culture model, we show that, when exposed to a saturated fatty
acid, bone marrow– derived macrophages, but not adipocytes,
recruit neutrophils. These findings support the paradigm that
proinflammatory macrophages are responsible for recruitment
of neutrophils into adipose tissue.

During an infection, it is commonly observed that neutro-
phils are the first circulating immune cells recruited to the
affected site, initiating the anti-microbial response (40). There-
after, monocytes are recruited and eventually phagocytose apo-
ptotic neutrophils, contributing to the resolution of inflamma-
tion (11, 40). However, under other inflammatory contexts,
such as in the presence of LPS in tissues (41), resident macro-
phages are the first immune cells to contact the foreign agent
and mount an inflammatory response that recruits neutrophils

from circulation (41, 42). Similarly, based on the findings pre-
sented here, we hypothesize that resident macrophages in met-
abolic tissues may recruit neutrophils from circulation during
high-fat feeding and obesity. Notably, mice receiving adipose
tissue transplants from obese but not lean mouse donors have
elevated circulating neutrophils and increased neutrophil infil-
tration into the liver. However, this was not observed when the
transplanted adipose tissue was first depleted of macrophages
(43), further corroborating that proinflammatory macrophages
regulate neutrophil recruitment in vivo during a high-fat diet.

Because neutrophils are short-lived immune cells and recog-
nized as key players in acute inflammation (40), the early and
sustained elevation of neutrophils in adipose tissue during
long-term high-fat feeding and obesity (9) suggests that these

Figure 4. Neutrophil chemotaxis toward macrophage conditioned medium depends on purinergic signaling. A–D, neutrophil migration toward the
purine nucleotides and xanthine: (A) ATP, n � 10; (B) ADP, n � 6; (C) AMP, n � 3; and (D) xanthine, n � 3. *, p � 0.05; ***, p � 0.001 versus 0 nM. E, migration of
neutrophils preincubated with suramin (100 �M for 30 min) toward BMDM CM-BSA or CM-PA (0.5 mM) that were also supplemented with suramin during
neutrophil migration; n � 3. F, migration of neutrophils, preincubated with AR-C (10 �M for 30 min) toward BMDM CM-BSA or CM-PA (0.5 mM) that were also
supplemented with AR-C during neutrophil migration; n � 5. Results are expressed as mean � S.E. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001; ns, not
significant.
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cells are continuously recruited and are significant contributors
to chronic metabolic inflammation.

Macrophages release nucleotides that attract neutrophils

Nucleotides can act as “find me” signals, often released dur-
ing infection or tissue injury to promote immune cell recruit-
ment and clearance of infected or dying cells (23, 44). Here we
show that, ex vivo, PA evokes an equivalent response, leading to
release of nucleotides from macrophages, which act as chemot-
actic factors promoting neutrophil chemoattraction. In addi-
tion, cleavage of nucleotides by apyrase in conditioned medium
from PA-treated macrophages diminished its ability to attract
neutrophils. Although we did not detect differences in ATP
concentrations between conditioned medium from PA-treated
and BSA-treated BMDMs, we speculate that ectonucleotidases
expressed by macrophages may have cleaved any potential ATP
into ADP and AMP (45). Indeed, we observed markedly ele-
vated ADP levels released by PA-treated BMDMs, and we vali-
dated that similar levels of ADP were indeed sufficient to che-
moattract neutrophils. Other nucleotides that are released may
also act synergistically to contribute to neutrophil chemotaxis.
In addition to ADP, we also observed significantly elevated
levels of the purine base xanthine released from PA-treated

BMDMs. Although we found that xanthine alone does not che-
moattract neutrophils ex vivo, it has been reported that super-
oxide products from xanthine–xanthine oxidase reactions pro-
mote neutrophil infiltration in vivo (46).

Further emphasizing the role of nucleotide signals, antago-
nism of the P2X and P2Y family of purinergic receptors on
neutrophils by suramin vastly reduced their migration toward
secreted factors from BMDMs exposed to PA. Specifically,
antagonism of P2Y2R reduced, but did not abolish, migration
toward conditioned medium from PA-treated BMDMs, sug-
gesting that P2Y2R, likely along with other receptors, is
involved in neutrophil migration toward these secreted factors.
From these observations, we suspect that, in vivo, purinergic
receptors on neutrophils are instrumental in their migratory
response toward local macrophages in tissues experiencing a
high-fat environment.

Palmitate and high-fat feeding up-regulate pannexin-1 in
macrophages to mediate neutrophil recruitment

During inflammation and apoptosis, pannexin-1 forms pores
in the membrane of diverse cell types and mediates the release
of nucleotides, including ATP and ADP (28, 47). Along with
up-regulation of numerous proinflammatory genes in macro-

Figure 5. Pannexin-1 in macrophages mediates neutrophil attraction. A, mRNA expression of Panx1 in Panx1�/� BMDMs treated with fatty acids for 18 h,
followed by 24 h in fatty acid-free medium; n � 3. B, protein expression of pannexin-1 in BMDMs treated with 0.5 mM PA for 18 h, followed by 24 h in fatty
acid-free medium; n � 7 (representative image of n � 4). C, mRNA expression of Panx1 in the stromal vascular fraction of epididymal white adipose tissue from
mice fed a low-fat or high-fat diet for 18 weeks; n � 4 –7. D, neutrophil migration toward CM from BMDMs treated with CBX (75 �M) during fatty acid exposure
and generation of CM; n � 4. E, neutrophil migration toward CM from Panx1�/� or Panx1�/� BMDMs; n � 6. Results are expressed as mean � S.E. *, p � 0.05;
**, p � 0.01; ****, p � 0.0001; ns, not significant.
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phages (5), we show here that PA also up-regulates the mRNA
and protein expression of the pore-forming molecule pan-
nexin-1. Notably, obesity is associated with increased expres-
sion of Panx1 mRNA in human whole subcutaneous adipose
tissue, and Panx1 expression in human visceral adipose tissue
positively correlates with blood glucose and homeostatic model
assessment of insulin resistance (HOMA-IR) (30). Here we fur-
ther found that mice on a prolonged high-fat diet have elevated
Panx1 expression in the cell population of the adipose tissue
that excludes adipocytes. Although there may be diverse func-
tions for pannexin-1 in adipose tissue, enhanced liberation of
nucleotides that chemoattract immune cells toward tissues is a
distinct possibility. Moreover, this PA-dependent increased
expression of Panx1 in BMDMs is reminiscent of the increase
in pannexin-3 expression in PA-treated myotubes that contrib-
ute to monocyte recruitment. In myotubes, PA activates the
TLR4 –NF-�B pathway, leading to transcription of Panx3 (19).
It is possible that a similar signaling mechanism occurs in
macrophages, leading to PA-induced transcription of Panx1.
Collectively, these findings support the concept that pan-
nexin-1 channels may be important regulators of adipose tissue
insulin sensitivity, possibly ascribed to adipose tissue–resident
macrophages. Pannexin-1 up-regulation in macrophages exposed
to saturated fatty acids may serve as a conduit for release of neu-
trophil chemoattractants.

BMDMs lacking pannexin-1 did not secrete factors that led
to neutrophil recruitment when exposed to low doses of PA
only. However, carbenoxolone prevented neutrophil recruit-
ment toward conditioned medium from BMDMs treated with
low and high doses of PA. These results suggest the possibility
that there may be other mechanisms for release of nucleotides
in addition to pannexin-1, especially under conditions of high
fatty acid availability. One such candidate is connexin 43, a
hemichannel-forming protein that is expressed by macro-
phages and, like pannexins, can also be inhibited by carbenox-
olone. Connexin 43 is up-regulated upon stimulation by LPS or
inflammatory cytokines such as IFN-� and TNF� (48, 49); how-
ever, we observed no significant changes in expression of con-
nexin 43 following PA treatment (data not shown). PA can also
activate the inflammasome to initiate the formation of pyrop-
totic pores in monocytes (50). These large pores, which facili-
tate pyroptosis, are formed by gasdermin D oligomers and allow
large molecules, but likely also nucleotides, to be released (51,
52). However, this mechanism is unlikely because, unlike
monocytes, PA-induced inflammasome activation in macro-
phages additionally requires a “priming” signal, such as TLR4
activation by LPS (7).

In conclusion, the results of this study demonstrate that, in
addition to a proinflammatory polarization, macrophages acti-
vated by saturated fats up-regulate pannexin-1 channel expres-
sion and release nucleotides that attract neutrophils. These
findings provide a potential mechanism for the accumulation of
neutrophils in adipose tissue during obesity. Thus, nucleotide
release by macrophages and purinergic signaling in neutrophils
may be interesting targets to dampen the contribution of neu-
trophils to tissue inflammation during obesity.

Experimental procedures

Mice

Mouse protocols were approved by the Animal Care Com-
mittee at the Hospital for Sick Children, the University of
Toronto, and the University of Western Ontario. C57BL/6
mice were obtained from Charles River or bred in-house.
Panx1�/� mice were a gift from Genetech Inc. as described
previously (53) and backcrossed a minimum of 10 generations
with WT C57BL/6N mice from Charles River. Mice were fed a
chow diet unless otherwise indicated. Where indicated,
8-week-old mice were fed a low-fat (10% kcal from fat,
D12450Ji, Research Diets) or high-fat diet (60% kcal from fat,
D12492i, Research Diets) for 18 weeks prior to tissue isolation.

Reagents and fatty acid preparation

PA (C16:0) and PO (C16:1 n-7) (P9767 and P9417, respec-
tively, Sigma-Aldrich) were prepared as 200 mM stock solutions
in 50% ethanol heated at 50 °C. Fatty acids were conjugated to
BSA at a 5:1 lipid:BSA ratio by dissolving 200 mM of initial stock
lipids in serum-free �-minimum Eagle’s medium (Wisent) with
10.5% fatty acid–free, low-endotoxin BSA (A8806, Sigma-Al-
drich) to a final stock concentration of 8 mM and kept under
agitation at 40 °C for 2 h.

For migration experiments, ATP was obtained from Pro-
mega (F203A), and ADP, AMP, and xanthine were from Sigma-
Aldrich (A5285, A1752, and X3627, respectively). Recombinant
murine KC (CXCL1) was from PeproTech (250-11). Proteinase
K was from Thermo Scientific (EO0491), apyrase and CBX
were from Sigma-Aldrich (A6237 and C4790, respectively),
suramin was from Cayman Chemical (11126), and AR-C
118925XX (AR-C) was from Tocris (4890).

Bone marrow isolation and BMDM culture

Bone marrow was isolated from the femora, tibiae, and pel-
vises of 8- to 16-week-old male chow-fed C57BL/6 mice or from
1-year-old male or female Panx1�/�, Panx1�/�, or Panx1�/�

mice. BMDMs were generated by centrifuging bones at
15,000 � g for 10 s to extract bone marrow cells, which were
differentiated into BMDMs as described previously (5).
Briefly, bone marrow cells were plated at 1 � 106 cells/ml
and cultured for 7 days at 37 °C and 5% CO2 in RPMI 1640
medium (RPMI) (Wisent) supplemented with 10% heat-inac-
tivated FBS (Wisent), 1� nonessential amino acids (Wisent), 1
mM sodium pyruvate (Wisent), 1� antibiotic–antimycotic
solution (Wisent), 275 �M 2-mercaptoethanol (Life Technolo-
gies), and 10% conditioned medium prepared from L929
fibroblasts.

3T3-L1 adipocyte culture and differentiation

3T3-L1 fibroblasts (ATCC) were cultured at 37 °C and 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Wisent)
with 10% FBS, 1 mM sodium pyruvate, and 1� antibiotic–
antimycotic solution. Confluent fibroblasts were differentiated
into adipocytes by culturing in medium containing 0.4 �M insu-
lin (Sigma-Aldrich), 0.25 �M dexamethasone (Sigma-Aldrich),
500 �M isobutyl-1-methyl-xanthine (Sigma-Aldrich), and 0.1
�g/ml biotin (Sigma-Aldrich) for 3 days; with medium and 0.4
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�M insulin only for 3 more days; and 2 days of regular medium
thereafter.

Primary adipocyte culture

EWAT from 10- to 11-week-old male mice was excised and
minced, followed by enzymatic digestion by 4 mg/ml collagen-
ase type I (Worthington) while shaking for 1 h. Floating adi-
pocytes were isolated by filtration through a 300-�m cell
strainer and centrifugation at 400 � g for 1 min, washed twice,
and plated in DMEM with 1% BSA, 0.5% FBS, and 1�
antibiotic–antimycotic solution at 37 °C, 5% CO2. For each
experiment, adipocytes were pooled from three mice and then
evenly separated between each experimental condition.

Generation of conditioned media

BMDMs or 3T3-L1 adipocytes were treated with 0.2 mM or
0.5 mM BSA-conjugated fatty acids or BSA alone for 18 h.
Thereafter, cells were washed twice with PBS and replenished
with fatty acid–free medium for 24 h to generate conditioned
medium (CM) from BSA-, PA-, or PO-treated cells (CM-BSA,
CM-PA, or CM-PO, respectively). CM was centrifuged at
15,000 � g for 10 min to remove cell debris. Supernatants were
collected and stored at �80 °C. For primary adipocytes, condi-
tioned media were collected immediately after 18 h of fatty acid
treatment. Conditioned media were centrifuged at 400 � g to
remove floating adipocytes and then stored at �80 °C.

Bone marrow neutrophil isolation

Bone marrow was isolated as described above. Neutrophils
were isolated from bone marrow as described previously (54).
Briefly, resuspended bone marrow was separated on a Percoll
(GE Healthcare Life Sciences) density gradient by layering 80%,
65%, and 55% Percoll solutions and centrifuging at 1000 � g for
30 min. The 65%/80% interface containing neutrophils and red
blood cells was collected. Red blood cells were lysed with cold
deionized water for 30 s, and then NaCl was added to restore
isotonic osmolarity.

Neutrophil migration assay

Bone marrow neutrophils were resuspended at 1 � 107

cells/ml in RPMI with 10% FBS and 1� antibiotic–antimycotic
solution. 100 �l of the cell suspension was added to the upper
chamber of Transwells with 3.0-�m-diameter pores (Corning),
with the conditioned medium or test attractant added to the
lower chamber. Cells were allowed to migrate across the Tran-
swell for 1 h at 37 °C, 5% CO2, and then migrated cells in the
bottom chamber were detached with EDTA and counted using
a Z2 Coulter Counter (Beckman Coulter).

Stromal vascular fraction isolation

Excised EWAT was minced and digested with 0.47 Wünsch
units/ml Liberase (Roche) shaking at 200 rpm for 20 min at
room temperature. The cell solutions were passed through a
70-�m cell strainer, neutralized with DMEM, and centrifuged
at 500 � g for 10 min. Supernatants containing adipocytes were
discarded, and the stromal vascular fraction cell pellets were
resuspended in red blood cell lysis buffer for 5 min and then
washed with PBS.

Quantitative PCR

RNA was isolated from cells using TRIzol (Life Technolo-
gies) and used to synthesize cDNA by reverse transcription
using the SuperScript VILO cDNA Synthesis Kit (Life Tech-
nologies) according to the manufacturer’s instructions. Taq-
Man primers (Life Technologies) were used to perform
quantitative PCR reactions with the cDNA on a StepOne
Plus Real Time PCR System (Life Technologies). Gene
expression values were normalized to that of the housekeep-
ing gene Abt1.

Immunoblotting

BMDMs were lysed with radioimmunoprecipitation assay
assay buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 5 mM NaF, 1 mM EDTA, 5 mM

Na3VO4, and protease inhibitors (Sigma-Aldrich)). Cell lysates
were boiled in Laemmli buffer with �-mercaptoethanol, and
then equal amounts of protein were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and blocked with
LI-COR blocking buffer. Membranes were incubated overnight
at 4 °C with rabbit anti-Panx1-CT-395 antibodies, generated by
Genemed Synthesis (55), and mouse anti-�-actin antibodies
(Sigma-Aldrich). Then they were washed with TBS with 0.1%
Tween 20, followed by 1 h incubation at room temperature with
the fluorescent secondary antibodies anti-mouse IRDye 680LT
or anti-rabbit IRDye 800CW (LI-COR). Membranes were
washed again, imaged using Odyssey Fc Imager (LI-COR), and
quantified with Image Studio 5.0 (LI-COR).

Nucleotide measurement

Quantitation of nucleotides was performed using liquid
chromatography electrospray ionization tandem mass spec-
trometry (LC/ESI/MS/MS) using an AB Sciex 6500 mass spec-
trometer with an ESI probe and interfaced with an ultra-high
performance liquid chromatography (UHPLC) system in posi-
tive multiple-reaction monitoring mode. The injection volume
was 10 �l for cell culture medium extracts. The extracts were
chromatographically resolved using a Hypercarb Javelin high
throughput screening column at 55 °C (Thermo Scientific,
35005-022135). Mobile phase A was water with 50 mM

ammonium formate adjusted to pH 4.0. Mobile phase B was
acetonitrile/methanol (50/50, (v/v)) with 0.5% ammonium
hydroxide. The solvent flow rate was 0.5 ml/min. All stan-
dards were obtained from Toronto Chemical Research and
Cambridge Isotope Laboratories. The calibration curve was
fitted by least-squares linear regression with 1/x weighting.
All nucleotides and nucleotide derivatives were quantified
using the standard curve and ratio of the peak area of ana-
lytes to internal standard. Data analysis was performed using
MultiQuant 3.0 (AB Sciex).

Statistical analyses

Data are expressed as means � S.E. For single-variable data-
sets, an unpaired Student’s t test was used to analyze differences
between two groups; one-way analysis of variance with Tukey’s
post hoc test was used to analyze differences between more
than two groups. For datasets containing two variables, two-
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way analysis of variance with Tukey’s post hoc test was used.
Statistical significance was set as p � 0.05 using GraphPad
Prism 7 (GraphPad Software).
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