
ORIGINAL ARTICLE

POM-1 inhibits P2 receptors and exhibits anti-inflammatory
effects in macrophages

Gabriela Pimenta-dos-Reis1 & Eduardo José Lopes Torres2 & Paula Gabriela Quintana1 &

Lincon Onorio Vidal1 & Bárbara Andréa Fortes dos Santos1 & Chuan-Sheng Lin3,4
&

Norton Heise1 & Pedro Muanis Persechini1 & Julieta Schachter3,5

Received: 4 June 2017 /Accepted: 2 October 2017 /Published online: 11 October 2017
# Springer Science+Business Media B.V. 2017

Abstract Extracellular nucleotides can modulate the immu-
nological response by activating purinergic receptors (P2Rs)
on the cell surface of macrophages, dendritic, and other im-
mune cells. In particular, the activation of P2X7R can induce
release of cytokines and cell death as well as the uptake of
large molecules through the cell membrane by a mechanism
still poorly understood. Polyoxotungstate-1 (POM-1) has
been proposed as a potent inhibitor of ecto-nucleotidases, en-
zymes that hydrolyze extracellular nucleotides, regulating the
activity of P2Rs. However, the potential impact of POM-1 on
P2Rs has not been evaluated. Here, we used fluorescent dye
uptake, cytoplasmic free Ca2+ concentration measurement,
patch-clamp recordings, scanning electron microscopy, and
quantification of inflammatory mediators to investigate the
effects of POM-1 on P2Rs of murine macrophages. We ob-

served that POM-1 blocks the P2YR-dependent cytoplasmic
Ca2+ increase and has partial effects on the cytoplasmic Ca2+,
increasing dependence on P2XRs. POM-1 can inhibit the
events related with ATP-dependent inflammasome activation,
anionic dye uptake, and also the opening of large conductance
channels, which are associated with P2X7R-dependent
pannexin-1 activation. On the other hand, this compound
has no effects on cationic fluorescent dye uptake, apoptosis,
and bleb formation, also dependent on P2X7R. Moreover,
POM-1 can be considered an anti-inflammatory compound,
because it prevents TNF-α and nitric oxide release from LPS-
treated macrophages.
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Introduction

Extracellular ATP (eATP) and its derivatives are key media-
tors in the immune system, acting as pro-inflammatory or anti-
inflammatory factors depending on concentration and the re-
ceptors expressed in each particular tissue [1]. Nucleotides
function as immunomodulators by activation of cell surface
P2 receptors (P2Rs) [2]. P2Rs fall into two classes: the
ionotropic P2XRs (P2X1–7R) and the G protein-coupled
P2YRs (P2Y1, 2, 4, 6, 11, 12, 13, and 14R) [3, 4]. Both types
of P2Rs are expressed by macrophages, dendritic, and endo-
thelial cells, as well as by other immune cells [5].

P2X7R is a cation-selective channel permeable to Na+, K+,
and Ca2+ and exhibits a number of unusual properties, includ-
ing the ability to change membrane permeability. After
prolonged exposure to millimolar concentrations of ATP,
P2X7R-dependent permeabilization pathways with high con-
ductance are opened, allowing the passage of molecules with
an upper limit of approximately 900 Da in macrophages [6].
Two main hypotheses have been proposed to explain the
mechanism of permeation to larger molecules: (1) dilation of
the channel portion of the receptor after prolonged exposure to
high agonist concentrations [7] and (2) opening of a protein
pore distinct from the receptor itself [8]. It has been proposed
that pannexin-1 (pnx-1) channels are the molecules responsi-
ble for P2X7R-associated pores [9]. However, recent evidence
has shown that uptake process of P2X7R-associated mole-
cules is more complicated than a single permeation pathway
and presents different selectivity for cationic and anionic mol-
ecules, indicating the possible co-existence of multiple trans-
port mechanisms [10, 11]. Recently, the possibility that the
permeation of organic dyes can occur directly through the
P2X7R channel without the need of either additional mole-
cules or Bpore dilation^ has also been proposed [12]. New
pharmacological tools are needed to better characterize these
different pathways.

P2X7R activation has been widely studied as a trigger of
the NLRP3 inflammasome, but eATP through P2X7R can
modulate immune functions even in an inflammasome-
independent manner [13]. P2X7R can induce cell death, cyto-
kine release, killing of intracellular pathogens, and membrane
blebbing [14–17]. The specific pathways that lead to each
P2X7R-dependent response in immune cells are still poorly
understood, as is the link between these functional responses
and the change in membrane permeability.

The interplay between eATP and P2Rs is influenced by the
activity of surface ecto-nucleotidases, which hydrolyze extra-
cellular nucleotides in a stepwise manner to ADP, AMP, and
adenosine. Four ecto-nucleotidase families have been de-
scribed: ecto-nucleoside triphosphate diphosphohydrolases
(NTPDases), ecto-5′-nucleotidase (5′-NT), ecto-nucleotide
pyrophosphatases/phosphodiesterases (NPPs), and alkaline
phosphatases (APs) [18]. NTPDase1/CD39 hydrolyzes

extracellular triphosphonuclosides and diphosphonuclosides
to monophosphonucleosides and is the dominant ecto-
nucleotidase in immune cells [19, 20]. Besides their potential
role as modulators of P2Rs, ecto-nucleotidases are also in-
volved in immunomodulation and infection [21, 22]. So, to
completely define the roles that nucleotides and nucleosides
play in purinergic signaling, it would be useful to prevent the
extracellular metabolism of nucleotides by blocking ecto-nu-
cleotidases. However, there are only a few potent inhibitors of
these enzymes, and many of the available blockers are expen-
sive, unstable, and/or unspecific, also inhibiting P2Rs [23,
24]. For example, suramin is a well-known and widely used
generic P2R antagonist [25] and also an E-NTPDase inhibitor,
as are PPADS [26] and BG0 [27].

Polyoxometalates (POMs) are negatively charged inorgan-
ic compounds that contain metal ions surrounded by oxygen
atoms [28]. Because these compounds have high molecular
weights and are not drug-like molecules, they were found to
be useful pharmacological tools [23, 29, 30]. Sodium
polyoxotungstate (POM-1) was proposed as a potent inhibitor
of NTPDase1, 2, and 3 [31], and since then, it has been used in
different models. POMs have been shown to exhibit biologi-
cal activities, including anticancer [32], antibacterial [33],
antiprotozoal [34], antiviral [22, 35], and antidiabetic activi-
ties [36]. However, their biological mechanisms of action at
the molecular level are not well understood.

In particular, the potential effects of POM-1 on purinergic
receptors have not been evaluated, even when this compound
has been used in P2R studies [37–39]. In the present study, we
investigated the effects of POM-1 on P2R signaling, with
focus on P2X7R and its pro-inflammatory activity in murine
macrophages. To evaluate the different phenomena associated
with P2Rs, we used fluorescent dye uptake, cytoplasmic free
Ca2+ concentration measurement with Fura-2, patch-clamp
recordings, scanning electron microscopy, and quantification
of inflammatory mediators, such as pro-inflammatory cyto-
kines and nitric oxide (NO). We conclude that POM-1 has
inhibitory action on P2YR-dependent cytoplasmic Ca2+ in-
crease and some but not all P2X7R-associated responses.
Addit ionally, POM-1 can be considered an anti-
inflammatory compound, because it prevents TNF-α and
NO release from LPS-treated macrophages.

Material and methods

Material

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum, penicillin, and streptomycin were obtained fromGibco
(São Paulo, SP, Brazil); thioglycollate medium was acquired
from Difco (Detroit, MI, USA); NaCl and MgCl2 were pur-
chased from Vetec (Rio de Janeiro, RJ, Brazil); KCl and
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ethanol were obtained from Reagen (Rio de Janeiro, RJ,
B r a z i l ) ; K 3F e (CN ) 6 , C aC l 2 , EGTA , HEPES ,
dimethylsulfoxide (DMSO), carboxyfluorescein (CF),
ionomycin, probenecid, phosphate-buffered saline (PBS),
sulforhodamine B (SR-B), adenosine triphosphate (ATP),
adenosine diphosphate (ADP), adenosine monophosphate
(AMP), uridine triphosphate (UTP), sodium polyoxotungstate
(POM-1), sodium molybdate, malachite green, Triton X-100,
ethidium bromide (EB), and LPS from Escherichia coli
0111:B4 were purchased from Sigma-Aldrich (São Paulo,
SP, Brazil); Fura-2 AM came from Life Technologies (São
Paulo, SP, Brazil), and BAPTA-AM was obtained from
Invitrogen (São Paulo, SP, Brazil).

Animals

Swiss-Webster mice were obtained from the animal facili-
ties of the Centro de Criação de Animais de Laboratório
(CECAL), FIOCRUZ (Rio de Janeiro, RJ, Brazil). All an-
imals were 8 to 12 weeks old, weighed approximately 16–
25 g, and were handled according to the guidelines for an-
imal use in scientific experiments of the Carlos Chagas
Filho Institute of Biophysics of Federal University of Rio
de Janeiro. The protocols were approved by the Research
Ethics Committee on Animal Care of the Health Science
Center of Federal University of Rio de Janeiro (protocol
number 001200.001568/2013-87).

Macrophage isolation and culture

Thioglycollate-elicited macrophages were obtained from the
intraperitoneal cavity of mice, 4 days after thioglycollate in-
jection, as previously described [10]. Briefly, cells were
washed in DMEM and plated on 35-mm culture dishes, 12,
24, or 96-well plates or glass coverslips, according to the
experiment. The cultures were maintained in DMEM supple-
mented with 10% fetal bovine serum, 2 g/L sodium bicarbon-
ate, 0.3 mg/L L-glutamine, 100 U/mL penicillin, and 100 μg/
mL streptomycin (supplemented medium) at 37 °C in a hu-
midified atmosphere containing 5% CO2. Non-adherent cells
were removed after 40 min, and the macrophages were kept
for 4 days under the same culture conditions.

Ecto-nucleotidase activity assays

Ecto-nucleotidase activity was determined using the malachite
green assay and high-performance liquid chromatography
(HPLC). Using the malachite green colorimetric assay,
NTPDase activity in macrophages (2 × 105 cells/petri dish)
was determined by measuring the amount of liberated inor-
ganic phosphate (Pi) [40]. Prior to testing, the cells were
washed with reaction medium containing (in mM) 1 CaCl2,
145 NaCl, 5 KCl, 10 HEPES, and 1 MgCl2 at pH 7.4 (normal

saline solution). The reaction was initiated by adding the nu-
cleotide substrate to the culture dish and stopped by the addi-
tion of the supernatants of the cultures in a tube containing
1 mL of cold 25% charcoal in 0.1 M HCl. This charcoal
suspension was washed at least 20 times with 0.1 M HCl
before use to avoid inorganic phosphate (Pi) contamination
[41]. The tubes were centrifuged at 1500×g for 10 min.
Aliquots (50 μL) of the supernatants containing the released
Pi were quantified using the malachite green colorimetric re-
agent and a solution containing different concentrations of Pi
as standard. The malachite green reagent was prepared by
mixing 2 g of sodium molybdate, 0.3 g of malachite green,
and 0.5 g of Triton X-100 in 1 L of 0.7 M HCl. Controls to
determine non-enzymatic Pi release were performed by incu-
bating the cells in the absence of substrate or incubating the
substrate in the absence of cells, which were added after the
reaction was stopped.

For the HLPC-UV analysis, macrophages (2 × 106 cells/
petri dish) cultured as described above were incubated with
3 mM ATP for 30 min with or without 100 μM POM-1 in
normal saline solution. The supernatants were collected; the
pH was adjusted to 6.5 with 3.5 M NaOH/1M HCO3, and the
samples were centrifuged for 10 min at 15,000×g. The super-
natant was analyzed with a Prominence HPLC (Shimadzu,
Japan), equipped with a vacuum degasser, a binary pumpwith
a manual injector, and UV detector. Nucleosides were sepa-
rated at room temperature in a C-18 Kromasil column
(250 × 4.6 mm) using 1 mL/min flow rate of 100 mM
H3PO4 pH 6.2 adjusted with TEA (mobile phase A) and
5 mM solution of MgSO4 in the mobile phase A (mobile
phase B). The elution program was composed of 3% B (0–
5 min) followed by a linear gradient of 3 to 100% B (5–
38 min) and 100% B (38–90 min). Peaks were detected at
254 nm, identified by their retention times, and confirmed
after co-injection of each supernatant spiked with authentic
standards. Calibration curves were assessed by the integration
of peaks of each standard (prepared as 2 mM stock solutions
in PBS) in the range of 1 μM and 1 mM (r2 > 0.9982).

Intracellular calcium measurements

Macrophages (2 × 105 plated on glass coverslips) were loaded
with 5 μM Fura-2 AM at 37 °C in supplemented medium
containing 2.5 mM probenecid during 40 min. The cells were
then washed twice in normal saline solution and placed in a
chamber whose base was formed by the coverslip containing
the cells. The cells were maintained at 37 °C or room temper-
ature (depending of the experiment) in normal saline solution.
Cytoplasmic calcium concentrations of groups of 20–30 cells
were monitored continuously with the use of a fluorescence
imaging spectrofluorimeter (Easy Ratio Pro) equipped with a
DeltaRAMX Illuminator, an Olympus IX71 microscope, a
QuantEM 5125C camera, and the ImagePro Plus V 6.3
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software (PTI Photon Technology International, Princeton,
NJ, USA) at 37 °C or room temperature. Fura-2 was excited
alternately at 340 and 380 nm, and the emission at 510 nmwas
measured. The ratio measurement is proportional to the cyto-
plasmic calcium concentration and was determined every
100 ms. Nucleotide application was performed by gently
adding 20 μL of the appropriate concentration nucleotide so-
lution with a manual pipette. Maximum and minimum fluo-
rescence values were obtained by adding ionomycin (20 μM)
and EGTA (10 mM), respectively.

Dye uptake

Unless otherwise specified, macrophages (1 × 105) were kept
at 37 °C for 5 min, in normal saline solution before the exper-
iment. The fluorescent dyes CF (5 mM) or SR-B (200 μM)
and ATP (5 mM) were then added, and the cells were kept
under the same conditions for an additional period of 10 min.
In some experiments, cells were pre-incubated with POM-1
for a period of 30 min, as specified in the figure legends. Dye
uptake was then determined either by fluorescence microsco-
py or by quantitative spectrofluorimetry, as described below.

Fluorescence microscopy was performed using an
Axiovert 100 microscope (Karl Zeiss, Oberkochen,
Germany) equipped with an HBO lamp, a digital camera
(Olympus American Inc., PA, USA), and Image-Pro Plus
v6.2 software (Media Cybernetics, Inc., Bethesda, MD,
USA).

Quantitative spectrofluorimetry was performed in experi-
ments with CF or SR-B, using an FLX-800 plate reader
(BioTek Instruments Inc., Winooski, VT, USA) according to
the following protocol. The cells were gently washed five
times with PBS, lysed by the addition of 100 μL PBS con-
taining 0.01% BSA and 0.1% Triton X-100, and scraped off
the plate, and the content was employed for fluorescence de-
termination using the following excitation and emission wave-
length ranges (nm): 420–450 and 528–520 for CF and 516–
520 and 620–640 for SR-B. Protein concentrations were de-
termined by the Bradford method.

Electrophysiological measurements

Macrophages (1 × 105) were plated in 35-mm plastic culture
dishes for 3 days in the conditions described above. Before the
experiment, the culture medium was exchanged for normal
saline solution (see below). Experiments were performed at
− 40 mV holding potential, maintaining the cells at 37 °C
using a heating chamber. Ionic currents were recorded in
whole-cell or cell-attached configurations, using an
Axonpatch 200B amplifier (Axon Instruments, USA) accord-
ing to standard patch-clamping techniques [42]. High-
resistance seals (1–5 GΩ) were formed after offset potential
compensation, using micropipettes filled with a solution

containing (in mM) 135 KCl, 5 NaCl, 2 MgCl2, 0.1 EGTA,
and 10 HEPES, pH 7.4, in the whole-cell experiments, and
normal saline solution in cell-attached experiments. ATP at the
indicated concentrations was applied to the cell cultures by
pneumatic injection, using a pneumatic pump (NeuroPhore
BH-2 system, Harvard Apparatus, USA). Data were collected
using pClamp software, version 10.2, and a Digidata 1140
interface (Axon Instruments, USA) and plotted using
GraphPad Prism software, version 6.0 (USA).

Induction and analysis of cell death

Apoptosis inductionMacrophages (2 × 105/well plated in 12-
well culture plates) were pre-incubated at 37 °C with or with-
out POM-1 for 30 min in DMEM and then with or without
5 mM ATP for an additional 30 min. After this period, cells
were gently washed twice and incubated for 6 h at 37 °C with
supplemented DMEM. The cells were then centrifuged at
5600×g for 1 min, and the pellet was used for determination
of apoptosis, as described in [43, 44]. Briefly, the cells were
suspended in 250 μL of a lysing buffer that preserved the
nuclei for the determination of DNA content (50 μg/mL EB,
0.1% sodium citrate, 0.1% Triton X-100). The nuclei were
then analyzed by flow cytometry (FACSCalibur, Becton
Dickinson, Mountain View, USA), and the degree of apopto-
sis was quantified by counting the number of hypodiploid
events. At least 3000 events were collected per sample, and
normalized values were calculated by subtracting the sponta-
neous apoptosis obtained in the controls (absence of any treat-
ment) from all experimental values and calculating the percent
of the number of hypodiploid events (percent of apoptosis)
induced by 5 mM ATP as 100%.

Pyroptosis induction Macrophages (5 × 106/well plated in a
24-well plate) were washed two times and then pre-incubated
with POM-1 for 30 min in supplemented DMEM at 37 °C.
After that, the cells were treated with LPS (100 ng/mL) for 6 h,
finally adding ATP (3 mM) for 2 h in the same conditions.
Macrophages were also treated only with POM-1 for 8 h, ATP
for 2 h, or LPS for 6 h. After this period, the cells were cen-
trifuged at 5600×g for 1 min, and the supernatant was collect-
ed to measure the lactate dehydrogenase (LDH) content. The
LDH enzymatic activity in the supernatants was determined
by using a commercially available colorimetric assay kit ac-
cording to the maker’s instructions (Doles, Goiania, GO,
Brazil). Controls were obtained by using supernatants of un-
treated cells (0%) and cells treated with 1% saponin for 30min
(100%). Each reading was subtracted from the reading obtain-
ed in medium containing POM-1 without cells in order to
avoid any possible interference of this compound with the
reagents in the LDH detection kit.
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Light and scanning electron microscopy

For light microscopy, images of macrophages (1 × 105 per
coverslip) were obtained using a differential interference con-
trast (DIC) system in an Olympus BX 51 microscope with
Olympus DP-12 digital camera.

For scanning electron microscopy (SEM), cells adhered in
glass coverslips were fixed in solution that consisted of 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. Cells were
fixed for 1 h at room temperature and 12 h at 4 °C. After this
period, the samples were washed in 0.1 M cacodylate buffer,
post-fixed in 1% OsO4 and 0.8% K3Fe(CN)6, washed in dis-
tilled water, dehydrated in a graded ethanol series (20 GL
absolute) for 20 min each step, critical point dried in liquid
CO2, mounted on metallic stubs, and coated with gold (20–
25 nm deposited). The samples were examined using an FEI
Quanta 250 scanning electron microscope operating at 25–
30 kV, in high vacuum mode.

IL-1β and TNF-α release assays

Macrophages (5 × 106/well plated in a 24-well plate) were
washed two times and then pre-incubated with POM-1 for
30 min in supplemented DMEM at 37 °C. After that, the cells
were treated with LPS (100 ng/mL) for 6 h, finally adding
ATP (3 mM) for 2 h in the same conditions. The supernatant
was collected, and the amounts of IL-1β and TNF-α were
measured by ELISA kit (PeproTech, USA) according to the
manufacturer’s manual. Assays were performed in duplicate
for each independent experiment.

Nitric oxide assay

Macrophages (5 × 105/well plated in 96-well plates) were
treated or not with LPS (at the concentrations indicated) for
24 h, with or without of 100 μM POM-1. After this time, the
culture supernatants were collected for measurement of the
amount of nitrite using the Griess colorimetric method [45].
In this method, nitrite reacts with sulfanilamide and N-α-
naphthyl-ethylenediamine, giving a coloration that can be
evaluated using an ELISA microplate reader with a filter for
a wavelength of 550 nm.

Data analysis

Differences between experimental groups were evaluated
by the Mann-Whitney non-parametric test. Data were ana-
lyzed using GraphPad InsTat software (GraphPad Software
Inc., v5.0).

Results

Ecto-nucleotidase activity in macrophage is inhibited
by POM-1

To characterize the ecto-nucleotidase activity on the surface of
murine macrophages, we incubated the cells with 500 μM
ATP or 500 μM AMP at 37 °C and analyzed the time course
of nucleotide hydrolysis using the malachite green assay. As
shown in Fig. 1a, a high level of ecto-phosphohydrolase ac-
tivity was observed when ATP was used as substrate, but we
did not observe the hydrolysis of AMP. We further evaluated
the effect of POM-1 on the ecto-ATPase activity of murine
macrophages. Cells were pre-incubated for 10 min with 50 or
100 μM POM-1 before the addition of substrate, and this
concentration was maintained during the reaction. As expect-
ed, POM-1 displayed a dose-dependent inhibition of the ecto-
ATPase activity in macrophages, with the maximum effect
(greater than 70% inhibition) being observed at 100 μM after
20 min of reaction (Fig. 1a). We also confirmed the effect of
POM-1 on ATP hydrolysis using HPLC. Macrophages were
incubated with 3 mM ATP for 30 min in the absence or pres-
ence of 100 μM POM-1. As can be seen in Fig. 1b, macro-
phages hydrolyzed 65% of ATP, generating 13% of ADP and
52% of AMP. However, when cells were treated with POM-1,
the ATP hydrolysis was only 30%, reducing the production of
ADP to 4.5% and AMP to 24%. The absence of AMP hydro-
lysis in macrophages was also confirmed by HPLC analysis.
We used 3 mM AMP as substrate and did not observe any
AMPase activity (data not shown).

POM-1 inhibits free intracellular Ca2+ increase induced
by nucleotides

We used Fura-2 microfluorimetry to investigate the effect of
POM-1 on P2Rs of macrophages. In these cells, ATP, ADP,
UTP, and UDP induced a rapid and concentration-dependent
intracellular Ca2+ increase, due to Ca2+ release from intracel-
lular stores (triggered by P2YR activation) or influx from the
extracellular medium (dependent of P2XR activation). Under
our experimental conditions, ADP elicits a Ca2+ response in
macrophages only at concentrations greater than or equal to
10 μM, consistent with the expression of P2Y1R (Fig. 2a).
The cells were more responsive to UTP (Fig. 2c) and UDP
(Fig. 2e) treatments, with a Ca2+ response to doses as low as
500 nM, compatible with the activation of P2Y2R, P2Y4R,
and P2Y6 [46]. The presence of 100 μM POM-1 completely
inhibited such responses (Fig. 2b, d, f, respectively).

ATP at concentrations 1–100 μM induced a single spike of
Ca2+ after each application (Fig. 3a), a response compatible
with the activation of P2Y2R, P2Y4R [46], and P2X1–7Rs
[47]. Continuous application of 2 mMATP at 37 °C induced a
sustained increase in the free cytosolic Ca2+ concentration, a
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characteristic of P2X7R activation (Fig. 3c). POM-1 totally
inhibited the Ca2+ response induced by 1 μM ATP and par-
tially inhibited the response induced by 10 and 100 μM ATP
(Fig. 3b). No inhibition was observed in the response obtained
with 2 mMATP (Fig. 3d). These results show that POM-1 has
a partial inhibitory effect on P2X1–6Rs and suggest that it
does not affect the sustained increase of cytosolic Ca2+ con-
centration induced by higher doses of ATP and associated
with P2X7R activation.

POM-1 inhibits the ATP-induced uptake of anionic
but not cationic dyes

To further investigate the effects of 100 μM POM-1 on
P2X7Rs, we studied P2X7R-induced dye uptake in macro-
phages using a cationic ([sulforhodamine B (SR-B)]) and
an anionic ([carboxyfluorescein (CF)]) dye. In the presence
of 5 mM ATP at 37 °C, both dyes could be detected in the
cytoplasmic compartment of the cells by fluorescence mi-
croscopy and by quantification of the total amount of dye
inside the cell using a fluorimetric method (Figs. 4 and 5).
The presence of POM-1 had no effect on ATP-induced SR-
B uptake (Fig. 4), but this compound showed a significant
inhibitory effect on ATP-induced CF uptake, reducing up-
take by almost 75% compared with the control (Fig. 5). To
confirm these results, we used another cationic dye, EB,
and obtained the same results (data not shown). It is im-
portant to note that no dye uptake was observed in macro-
phages obtained from P2X7−/− mice, either in the presence
or in the absence of POM-1, indicating that this is a

P2X7R-dependent and not a POM-1-induced phenomenon
(data not shown). These results support the view that the
uptake of anionic and cationic dyes involves different path-
ways in macrophages and show that POM-1 is only able to
inhibit the anionic one.

POM-1 inhibits the large ATP-induced channels

P2X7R activation by brief exposure to micromolar concentra-
tion of eATP opens a selective cation channel with an 8–9 pS
conductance that allows the influx of Na+ and Ca2+ [6]. We
performed whole-cell current recordings and observed that
100 μM ATP triggers the typical inward currents (Fig. 6a).
When the macrophages were pre-treated with 100 μM POM-
1, the same concentration of eATP only induced a smaller
current, indicating that POM-1 has partial inhibition of the
P2X7R cation channel (Fig. 6b).

We previously identified a P2X7R-associated non-selec-
tive channel that is activated by eATP and can be recorded
using cell-attached configuration [10]. We therefore investi-
gated whether this large conductance channel could be
inhibited by the presence of POM-1.We observed that, where-
as the channel opening was detected in the macrophages treat-
ed with 5 mM ATP (Fig. 6c), no large conductance channels
were observed in the cells treated with the same ATP concen-
tration in the presence of 100 μM POM-1 (Fig. 6d). These
results indicate that POM-1 inhibits the large conductance
P2X7-associated channel and partially the small conductance
cationic channel.

Fig. 1 Ecto-nucleotidase activity of murine macrophages is inhibited by
POM-1. a Mouse peritoneal macrophages were incubated for different
periods of time at 37 °C in a reaction medium containing the substrates
500 μM AMP (white squares), ATP (dark circles), and also ATP plus
50 μM POM-1 (white triangles, trace lines) or ATP plus 100 μM POM-1
(dark triangles, dotted lines), and the concentration of Pi in the
supernatant was analyzed by the malachite green assay. Data are the

means ± SD of five independent experiments. b Mouse peritoneal
macrophages were incubated for 30 min in the presence of 3 mM ATP
with or without 100 μMPOM-1. The quantity of AMP (black bars), ADP
(gray bars), and ATP (dark gray bars) present in the supernatant was
analyzed using HPLC. The results are expressed as percentage of
control (% initial ATP concentration) and are means ± SE of triplicate
experiments. *p < 0.05
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POM-1 inhibits ATP-induced P2X7-associated pyroptosis
but not apoptosis

The prolonged activation of P2X7R with millimolar concen-
trations of eATP triggers cell death, by apoptosis [48] and
pyroptosis [49]. Thus, we performed two different experimen-
tal protocols that allowed distinguishing between both types
of eATP-induced cell death. For apoptotic death induction,
macrophages were incubated with 5 mM ATP for 20 min, in
the presence or not of 100 μM POM-1 (induction period),
washed, and kept in culture medium, without eATP for 6 h
more (effector period). Apoptosis was quantified by

measuring the percent of hypodiploid nuclei using flow cy-
tometry, while cell lysis was quantified by LDH release at the
end of the effector period. As can be seen in Fig. 7a, the POM-
1 treatment did not block the ATP-induced apoptosis.

We evaluated the effects of POM-1 on pyroptosis by
treating the macrophages with 100 ng/mL LPS for 6 h, follow-
ed by 2 h with 3 mM ATP, in the presence or not of 100 μM
POM-1. The measurement of the LDH release showed that
POM-1 significantly inhibits the pyroptotic death induced by
LPS plus ATP and also the necrotic cell death caused by the
incubation with ATP alone for 2 h (Fig. 7b). These results
again show a selective inhibition of P2X7R-activated

Fig. 2 Effect of POM-1 on intracellular calcium response induced by
ADP, UTP, and UDP in murine macrophages. Mouse peritoneal macro-
phages were loaded with Fura-2, and 1, 10, and 100 μMADP (a, b); 0.5,
1, and 10 μMUTP (c, d); or 0.5, 1, and 10 μMUDP (e, f) were added at
times indicated with arrows. Cells were pre-incubated and maintained in

the presence of POM-1 (b, d, f) and treated with the nucleotides.
Fluorescence is proportional to the intracellular calcium concentration
and was measured using arbitrary fluorescence ratio units.
Representative data of a single experiment are shown. Experiments were
repeated at least four times with similar results
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phenomena by POM-1. The treatment only with POM-1 did
not cause any difference in macrophage viability.

Bleb formation in response to ATP is not blocked
by POM-1

The activation of P2X7R induces extensive changes in cell
morphology, cytoskeletal architecture, and membrane bleb-
bing, a phenomenon defined as the formation of large
membrane-bound vesicles, which protrude from the cell sur-
face and are roughly hemispherical and devoid of organelles
[50, 51]. To investigate the effect of POM-1 on P2X7R-
dependent blebbing phenomena, we treated macrophages with
5 mM ATP in the presence or not of POM-1 and observed the
morphological changes after 30 min using DIC microscopy
and SEM. Using DIC microscopy, we observed that ATP-
treated cells exhibit a substantial change in cell morphology
and the formation of membrane blebs (Fig. 8a). The macro-
phages appeared rounded, with retracted filopodia, and 85%
of them showed membrane blebs. In contrast, cells treated
with control buffer or POM-1 had numerous filopodia, ap-
peared more elongated, and did not have membrane blebs.

The pre-incubation with POM-1 did not prevent the morpho-
logical changes induced by eATP (Fig. 8a, b).

To better characterize the eATP response in macrophages
and to observe if there is any morphological change in mem-
brane surface of the cells as a consequence of POM-1 treat-
ment, we performed SEM. As we can see in Fig. 8c, only the
macrophages treated with eATP showed bleb formation, even
in the presence of POM-1. In the absence of eATP, untreated
cells presented similar morphological aspect to that of cells
treated with POM-1, showing that POM-1 per se does not
cause membrane surface change in macrophages.

TNF-α, IL-1β, and NO release in LPS-primed
macrophages is blocked by POM-1

eATP, acting via P2X7R, induces production and release of
IL-1β by activation of the NLRP3/caspase-1 complex [13].
We examined the effects of POM-1 on IL-1β and TNF-α
secretion by LPS-primed macrophages in response to 3 mM
ATP. Macrophages treated with 100 μM POM-1 displayed a
significant decrease in ATP-induced IL-1β release compared
to cells without treatment (Fig. 9a). In our conditions, LPS
with or without eATP can lead to TNF-α release, which was

Fig. 3 Effect of POM-1 on intracellular calcium response induced by
ATP in murine macrophages. Mouse peritoneal macrophages were
loaded with Fura-2, and 1, 10, and 100 μM ATP (a, b) were added at
the time indicated with arrows. In another set of experiments, cells were
maintained at 37 °C and perfused with 2 mM ATP (c, d), indicated by
bars. Some cells were pre-incubated and maintained in the presence of

POM-1 (b, d) and treated with the nucleotides in the same conditions.
Fluorescence is proportional to the intracellular calcium concentration
and was measured using arbitrary fluorescence ratio units.
Representative data of a single experiment are shown. Experiments
were repeated at least four times with similar results
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also observed by others [52]. Both types of stimulation were
inhibited by pre-treatment with POM-1, blocking TNF-α pro-
duction by macrophages (Fig. 9b).

We next tested whether POM-1 inhibits LPS-induced pro-
duction of NO, a process that may involve the release of ATP
and the activation of P2 receptors [53, 54]. For that, macro-
phages were incubated for 24 h with different concentration of
LPS in the absence or presence of 100 μM POM-1, and the
release of NO was quantified indirectly by measuring nitrite,
the product of the reaction of NO with oxygen. POM-1
inhibited the release of NO at all the concentrations of LPS
tested (Fig. 9c).

Taken together, these results indicate that POM-1 has a
potent anti-inflammatory effect on macrophages.

Discussion

NTPDase1 (CD39) is the dominant ecto-nucleotidase
expressed in murine peritoneal macrophages elicited with
thioglycollate, as shown by Lévesque and collaborators using
RT-PCR and western blot, and who did not detect the presence
of CD73 in this cell type [55]. Zanin and co-workers showed
that CD73 is expressed in resident, LPS-stimulated and IL-4-
stimulated macrophages, but did not detect any AMPase ac-
tivity or expression in thioglycollate-elicited macrophages
[56]. Consistent with these previous data, we found that
thioglycollate-elicited murine macrophages have ecto-
ATPase activity compatible with CD39, but we did not detect
AMP hydrolysis, consistent with the lack of at CD73 activity

Fig. 4 eATP-induced
sulforhodamine B uptake in
murine macrophages is inhibited
by POM-1. Fluorescence
microscopy of mouse peritoneal
macrophages incubated for
15 min at 37 °C in the absence (a,
b) or in the presence (c, d) of
5 mMATP, with (b, d) or without
(a, c) 100 μM POM-1. In all
cases, SR-B (200 μM) was added
and the samples were washed
before transfer to the microscope
stage. e Quantitative comparison
of uptake of SR-B in the presence
or not of POM-1. Cells were
incubated at 37 °C with SR-B for
10 min in the presence of 5 mM
ATP, with or without POM-1, as
indicated, and the amount of dye
taken up by the cells was
measured by spectrofluorimetry,
as described in the BMaterial and
methods^ section. The bars
represent the means of four
independent experiments. Scale
bars = 200 μm
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(Fig. 1). Moreover, the ATP hydrolysis was inhibited by
100 μM POM-1, as expected [57].

The CD39 activity has potent implications for inflamma-
tion, due to the reduction of the eATP levels. So, POM-1, as a
CD39 inhibitor, is expected to increase the inflammatory re-
sponse of macrophages. However, our data show that POM-1
has anti-inflammatory effects on these cells. This suggests that
the effects of POM-1 on macrophage inflammatory response
could be due to the inhibition of P2 receptors.

Extracellular ATP, ADP, UDP, and UTP can induce cyto-
solic Ca2+ elevation in macrophages through the activation of
Gq-coupled P2Y and P2X receptors [58]. In our conditions,
extracellular application of ATP, ADP, UTP, and UDP induced
elevations of free intracellular Ca2+ concentrations at doses

consistent with the activation of P2Y1, 2, 4, and 6, in agree-
ment with previously published results [59]. POM-1 inhibited
the cytosolic Ca2+ elevation induced by all these P2Y recep-
tors (Fig. 2). eATP can also induce the influx of extracellular
Ca2+ through P2X1–7 channels, most of them previously de-
scribed in peritoneal macrophages [59]. Here, we showed that
POM-1 can partially inhibit the spike of Ca2+ response trig-
gered by P2X1–6, but not the sustained Ca2+ increase evoked
by the P2X7R activation (Fig. 3).

We previously described that P2X7R activation in mac-
rophages is associated with two different transport mecha-
nisms through the plasma membrane: a diffusional path-
way, which allows the entry of anions, and another path-
way for non-diffusional uptake of cations [10]. In HEK-

Fig. 5 POM-1 does not affect
eATP-induced carboxifluorescein
uptake in murine macrophages.
Fluorescence microscopy of
mouse peritoneal macrophages
incubated for 15 min at 37 °C in
the absence (a, b) or in the
presence (c, d) of 5 mMATP, with
(b, d) or without (a, c) 100 μM
POM-1. In all cases, CF (5 mM)
was added and the samples were
washed before transfer to the
microscope stage. e Quantitative
comparison of uptake of CF in the
presence or not of POM-1. Cells
were incubated at 37 °C with CF
for 10 min in the presence of
5 mM ATP, with or without
POM-1, as indicated, and the
amount of dye taken up by the
cells was measured by
spectrofluorimetry as described in
the BMaterial and methods^
section. The bars represent the
means of four independent
experiments. Scale bars = 200 μm
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293 cells transfected with P2X7R, we observed the uptake
of cationic dyes and sustained increase in cytosolic Ca2+

levels, as well as the ionic inward currents typically asso-
ciated with the activation of this receptor. In the same pre-
vious study, we showed that P2X7R-transfected HEK cells
do not present uptake of anionic dyes or opening of large
conductance P2X7R-associated channel [10]. In the pres-
ent study, POM-1 inhibited the uptake of anionic fluores-
cent dyes (Fig. 5) and the activity of the large conductance
ATP-dependent channels (Fig. 6), but not cationic dye up-
take or changes in intracellular Ca2+ concentration in

thioglycollate-elicited murine macrophages stimulated
with 2 mM ATP (Figs. 3 and 4). These results add addi-
tional support to the existence of these two distinct
P2X7R-dependent pathways for molecule uptake and sug-
gest that POM-1 is a new pharmacological tool to study
them. We previously also showed that ATP-induced cation-
ic dye uptake in macrophages does not require intracellular
Ca2+ signals [60]. However, the link between the cytosolic
Ca2+ elevations, the solute transport mechanisms induced
by extracellular nucleotides, and the cellular responses
evoked by them in macrophages is not yet clear.

Fig. 7 eATP-induced cell death in the presence or not of POM-1.Murine
macrophages were exposed to zero or 5 mM ATP, with or without
addition of 100 μM POM-1 for 20 min, washed, and maintained in
culture for 6 h. After that, macrophages were incubated with apoptosis
buffer containing EB and the nuclei were analyzed by flow cytometry.
The percentage of apoptosis was calculated according to the number of
hypodiploid events, considering the result obtained with 5 mM ATP as
100% (a). Cells were pre-incubated or not with 100 μM POM-1 for

30 min and treated with 100 ng/mL LPS for 6 h and with 3 mM ATP
for 2 h. Macrophages were also treated only with POM-1 for 8 h, ATP for
2 h, or LPS for 6 h. LDH activity was measured in the supernatants.
Control lyses were obtained by using supernatants of untreated cells
(0%), and cells treated with 1% saponin for 30 min (100%) (b). Data
are the means ± SE of at least four independent experiments. *p < 0.01;
**p < 0.0001

Fig. 6 Effect of POM-1 on eATP-induced ionic currents. Currents
evoked by 100 μM ATP in murine macrophages, under voltage clamp
at − 40 mV, using whole-cell mode, in the absence (a) or presence of
100 μM POM-1 (b). Single-channel currents activated by 4 mM ATP,

under voltage clamp at − 40 mV, using cell-attached mode, in the absence
(c) or presence of 100 μM POM-1 (d). Representative data of a single
experiment are shown. Experiments were repeated at least four times with
similar results
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Priming of macrophages with LPS induces intracellular
accumulation of pro-IL-1β and pro-IL-18, which will be re-
leased after eATP stimulation. P2X7R activation promotes
assembly of inflammasome, caspase-1-dependent cleavage,

and release of biologically active cytokines [61]. In addition,
caspase-1 activation induces pyroptotic cell death [62] and
activates NF-κB [63], leading to the secretion of TNF-α
[64] and NO production [65]. It is important to mention that
caspase-1 induces NF-κB activation independently of its en-
zymatic role in cytokine maturation [63]. Our results show
that POM-1 inhibits the sequence of events trigged by eATP
via P2X7R activation in LPS-primed macrophages, since this
drug can prevent LDH (Fig. 7b), IL-1β, TNF-α, and NO
release (Fig. 9). Interestingly, POM-1 is also able to inhibit
the release of TNF-α and NO even without eATP treatment,
suggesting that this compound can block the canonical LPS-
induced NF-κB activation mediated by TLR4-MyD88 signal-
ing pathway. However, in these conditions, one must also

Fig. 9 POM-1 blocks TNF-α, IL-1β, and NO release in LPS-primed
macrophage. Peritoneal mouse macrophages were incubated with LPS
(100 ng/mL) for 6 h, finally adding ATP (3 mM) for 2 h. In the cases
indicated, 100 μMPOM-1 was present in the culture medium all the time.
The supernatants were collected, and the cytokine measured by an ELISA
detection kit for IL-1β (a) or TNF-α (b). For the NO measurements,

macrophages were treated with LPS (at the indicated concentrations) for
24 h, in the presence or not of 100 μM POM-1. The supernatant was
collected, and the NO released was measured by the Griess method. Data
are the means ± SE of five independent experiments. *p < 0.01;
**p < 0.001

�Fig. 8 POM-1 does not affect membrane blebbing induced by eATP in
macrophages. Murine macrophages were plated on glass coverslips and
treated with saline solution (control) or 5 mM ATP for 30 min, with or
without 100 μM POM-1, washed, and visualized using light microscopy
or processed for SEM. a Images obtained using differential interference
contrast (DIC). Scale bars 7 μm. b Cells from five random fields were
counted and scored for blebbing. The graph represents the mean
percentages of macrophages that were positive for blebbing + ES, from
four independent experiments. c Scanning electron microscopy of
macrophages with the different treatments. Scale bars 5 μm
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consider the possibility that the LPS stimulation triggers ATP
release by the macrophages, as previously shown [53, 54].

Peritoneal macrophages from Entpd1−/− mice are more
susceptible to ATP-induced necrotic cell death and release
more IL-1β when stimulated with LPS plus ATP, compared
with macrophages from wild-type mice [55]. This finding
indicates that the effect of POM-1 in decreasing P2X7-
dependent cell death and cytokine release is not caused by
inhibition of CD39 activity.

On the other hand, stimulation of P2X7R also activates the
caspase-8/9/3 pathway and triggers apoptotic cell death [66].
Hanley and collaborators showed that activation of P2X7R
induces blebbing, uptake of cationic dyes, caspase-3/7 activa-
tion, and cell death independent of caspase-1 and pannexin-1
[67]. P2X7R-dependent blebbing involves both Ca2+-depen-
dent and Ca2+-independent mechanisms [52, 68–70] and is
dissociated from IL-1β secretion or capase-1 activation [52].
In accordance with that second pathway activated by P2X7R,
we did not observe POM-1 inhibition of cationic uptake (Fig.
4a), apoptosis (Fig. 7a), or bleb formation (Fig. 8) in

macrophages treated with ATP. Also, our results are in con-
cordance with previous data, which showed the existence of
two different pathways for P2X7R-induced cell death, with
separate intracellular signaling events for apoptosis and
LDH release [49]. Based on the results obtained so far, a
hypothetical model for P2X7R intracellular pathway and
POM-1 inhibition is presented in Fig. 10.

The role of pannexin-1 in the signaling cascades that me-
diate the different responses to P2X7R activation in macro-
phages remains unknown. One difficulty in the effort to better
understand this question is the fact that often researchers use
the ATP-dependent cationic dye uptake as a measure of
pannexin-1 involvement in a particular phenomenon [9, 67,
71]. However, we [10] and others [11] showed that the P2X7-
dependent dye uptake has at least two associated pathways,
with differences between cations and anions. The participation
of pannexin-1 in each transport mechanism stays unclear.

The activation of pannexin-1 channels has been associated
with activation of NLRP3 inflammasome/capspase-1 and the
induction of cell death and cytokine release [9, 71]. However,

Fig. 10 Hypothetic model for of POM-1 inhibition of P2X7R
intracellular pathways. P2X7R activation by eATP leads to the entry of
extracellular Na+ and Ca2+. Prolonged exposure to millimolar
concentrations of eATP triggers the opening of different transport
mechanisms, which allow the passage of larger molecules, such as the
anionic carboxiflourescein (CF) and the cationic sulforhodamine-B (SR-
B) dye. Different intracellular cascades are also triggered. We propose
two major separated pathways dependent on P2X7R. One sequence of
events includes the activation of caspase-3, caspase-8, and caspase-9,
resulting in the induction of membrane blebbing and apoptosis. This

cascade is associated with uptake of large cationic molecules and
cannot be inhibited by POM-1. The other intracellular pathway
triggered by P2X7R involves the inflammasome assembly, with
caspase-1 activation and induction of release of cytokines (TNF-α, IL-
1β), nitric oxide (NO), and pyroptosis. This cascade is associated with the
uptake of both large cationic and anionic molecules and can be inhibited
by POM-1. Because the TNF-α and NO release triggered by LPS are also
inhibited by POM-1, an effect of this compound on the TLR4 canonical
pathway should be considered
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Qu and colleagues showed that the activation of caspase-1 and
secretion of IL-1β in response to ATP are normal in pannexin-
1-deficient macrophages [72].

Non-canonical inflammasome activates another class of
inflammatory caspases, including caspase-11, to induce
pyroptosis and promote IL-1β by triggering the canonical
NLRP3 inflammasome [73]. Recently, Yang and collaborators
presented data indicating that pannexin-1 and P2X7R are re-
quired for susceptibility to endotoxic shock in mice induced
via the non-canonical inflammasome pathway [74]. However,
how P2X7R regulates the caspase-11 activation and what the
role of pannexin-1 is in this process is not known yet.

POM-1 can inhibit the events related with ATP-dependent
inflammasome activation, anionic dye uptake, and also the
opening of large conductance channels, which are associated
with P2X7R-dependent pannexin-1 activation. Considering
that, it seems reasonable to think that these phenomena occur
in the same signaling pathway dependent on P2X7R, different
from the pathway that includes triggering of apoptosis, bleb-
bing, and cationic dye uptake, which cannot be inhibited by
POM-1 (Fig. 10).
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