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Abstract
The P2X7 receptor (P2X7R) is an ion channel which is activated by interactions with the extracellular ATP molecules. The
molecular complex P2X7R/ATP induces conformational changes in the protein subunits, opening a pore in the ion channel
macromolecular structure. Currently, the P2X7R has been studied as a potential therapeutic target of anti-inflammatory drugs.
Based on this, a series of eight boronic acids (NO) analogs were evaluated on the biologic effect of this pharmacophoric group on
the human and murine P2X7R. The boronic acids derivatives NO-01 and NO-12 inhibited in vitro human and murine P2X7R
function. These analogs compounds showed effect better than compound BBG and similar to inhibitor A740003 for inhibiting
dye uptake, in vitro IL-1β release and ATP-induced paw edema in vivo. In both, in vitro and in vivo assays the compoundNO-01
showed to be the hit compound in the present series of the arylboronic acids analogs. The molecular docking suggests that the NO
derivatives bind into the upper body domain of the P2X7 pore and that the main intermolecular interaction with the two most
active NO derivatives occur with the residues Phe 95, 103 and 293 by hydrophobic interactions and with Leu97, Gln98 and
Ser101 by hydrogen bonds.. These results indicate that the boronic acid derivative NO-01 shows the lead compound character-
istics to be used as a scaffold structure to the development of new P2X7R inhibitors with anti-inflammatory action.
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Introduction

P2X family takes part in the purinergic signaling network
where ATP (adenosine 5′-triphosphate), other nucleotides
and nucleosides are the extracellular signaling molecules
(Bartlett et al. 2014). Together with P2Y family, P2X recep-
tors are involved in the cellular response to extracellular ATP
molecules (Baas 2012). P2X receptors are trimeric ligand-
gated cation channels whose family consists of seven mem-
bers of receptors (P2X1–7). Comparatively, the monomeric
unit of the P2X7 receptor (P2X7R) is the highest amongmem-
bers of the P2X family. This subtype also differs from the
others because it has a large number of amino acids residues
in the intracellular C terminus (Baas 2012; Burnstock and
Knight 2018). P2X7R is present in many cell types including
hematopoietic lineages, epithelial and endothelial cells, fibro-
blasts, osteoblasts, astrocytes, Schwann cells, some popula-
tions of neurons, and cells from microglia, among others
(Bartlett et al. 2014).

Differently from the other members of the P2X family,
P2X7R when activated for micromolar ATP concentrations
leads to the opening of the channels for the flux of small
cations (Na+, K+ or Ca2+) through the plasma membrane.
When P2X7R is stimulated for high ATP concentrations
(mM range) and, after prolonged or repeated stimulation, thus
a larger permeability state is reached forming or inducing a
large conductance ionic channel (Faria et al. 2017; North
2002). Molecules with a mass of up 900 Da can permeate
the membrane by these large pores, which makes possible
the liberation of inflammatory cytokines (Young and
Górecki 2018). Activation of P2X7R gives rise to a sequence
of signaling events, which are reliant on the cell type express-
ing this receptor, the ATP extracellular concentration and oth-
er conditions of the extracellular medium (Bartlett et al. 2014).

According to the cell type, P2X7R activation modulates
different signaling pathways leading to the activation of the
caspase-1-containing inflammasome NLRP3, release of pro-
inflammatory molecules; such as interleukin 1β (IL-1β),
interleukin-18 (IL-18) and interleukin-36α (IL-36α); activa-
tion of metalloproteases and other proteases, the formation of
reactive oxygen species (ROS) and other events. There are
many evidences which support that the P2X7R is an essential
target to be investigated for the treatment of a variety of dis-
eases (Bartlett et al. 2014; Chen et al. 2018; Gorodeski 2012;
Savio et al. 2018; Skaper 2011; Sugiyama 2014; Tsuda et al.
2010). Several diseases states are associated with P2X7R sin-
gle nucleotide polymorphisms (SNPs) (Volonté et al. 2012)
and other related to the role that P2X7R exerts in disorders
such as the inflammatory and immune response, for instance
(Baudelet et al. 2015; Rech et al. 2016). Therefore, the devel-
opment of P2X7R inhibitors may be a relevant strategy for the
discovery of new drugs for the treatment of inflammatory
conditions such as rheumatoid arthritis (Mehta et al. 2014).

A conserved tyrosine residue (tyrosine-343) in the carboxyl
terminus of the P2X7R, when phosphorylated can affect the
function of this receptor (Kim et al. 2001). Taking this infor-
mation into account, Wiley and co-workers evaluated the in-
fluence of 18 protein tyrosine kinase inhibitors on the 86Rb+

efflux mediated by the human P2X7R. A phthalazinamine
derivative (compound P), which inhibits the vascular endothe-
lial growth factor receptor kinase, was found to be the most
potent compound, blocking the ATP-induced cation efflux by
76% in human B-lymphocytes and by 66% in erythrocytes in
a dose-dependent manner (half-maximum inhibitory concen-
tration - IC50 ≅ 5 μM) in both cells. The authors suggested that
compounds targeting the ATP-binding sites of kinases would
be potential blockers of the P2X7R (Shemon et al. 2006).

An important class of inhibitors of tyrosine kinases is the
tyrphostin group which is benzylidene malononitriles mole-
cules that can inhibit the cell-signaling transduction by de-
creasing tyrosine phosphorylation. Tyrphostins are tyrosine
kinase (TYK) inhibitors enzymes that play critical roles in
the inflammation process. Therefore, tyrphostins molecules
are bioactive compounds which have been shown a promising
anti-inflammatory activity (Fig. 1) (Dimitrova and Ivanovska
2013; Gyurkovska et al. 2014).

Recently, the effect of introducing the boronic acid group
B(OH)2 in arylcyanovinyl compounds, that can be classified
as tyrphostins compounds was investigated in their anticancer
properties by our research group. A series of boronic acid
derivatives were synthesized, generating the compounds of
NO series (Fig. 2). From this boronic acid analogs series,
the compoundNO-12 displayed high antiproliferative activity
against GH3 cell lines from rat pituitary tumor (0.14 ±
0.09 μM), whereas compoundNO-13 has shown antiprolifer-
ative potential against the human leukemicmonocyte lympho-
ma cell line U937 (9.83 ± 1.07 μM) (Hiller et al. 2018).

In addition to compounds in the NO series, there are other
studies showing the introduction of the B(OH)2 unit into the
aromatic ring of known anticancer compounds resulting in better
activities or bioavailability or modifying the performance profile
of these compounds (Ahmed et al. 2006; Asano et al. 2004; Ban
et al. 2009; Bradke et al. 2008; Kumar et al. 2003; LeBeau et al.
2008; Modzelewska et al. 2006; Nakamura et al. 2006; Shimizu
et al. 2010). Bortezomib, for example, is proteasome inhibitor
current in use in multiple myeloma therapy (Buac et al. 2013;
Diaz and Yudin 2017; Dou and Zonder 2014). Due to their
empty p orbital, boronic acids can coordinate to the heteroatoms
present in enzymes and receptors in a reversible covalent mech-
anism. These characteristics are responsible for the recent grow-
ing interest both in the industry and in the academy for the
development of new boron-based drugs (Baker et al. 2009;
Ban and Nakamura 2015; Das et al. 2013, 2013).

Since arylboronic acids derivatives can show different phar-
macological activities, in the present work, the action of NO
series compounds was evaluated on the P2X7R. This study was
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based on the following observations from the literature reports
and our group’s results: 1) tyrosine kinase inhibitors may be
potential blockers of the P2X7R; 2) tyrphostins are tyrosine
kinase inhibitors whose antiinflammatory activity has aready
been demonstrated; 3) the introduction of the B(OH)2 moiety
into known anticancer agents, including tyrosine kinase inhib-
itors, led to compounds with improved activity in many cases;
4) tyrphostins containing the B(OH)2 moiety can interact with
residues by both hydrogen and covalent bonds; 5). To the best
of our knowledge, tyrphostins containing B(OH)2 moiety have
not yet been evaluated as blockers of the P2X7R (Groziak
2001; Koehler and Lienhard 1971; Matthews et al. 1975;
Philipp and Bender 1971; Suenaga et al. 1996; Weston et al.
1998; Zervosen et al. 2012).

Materials and methods

Chemistry

Materials and apparatus were used for the NO series syn-
thes i s . Common and deutera ted solvents , e thy l

cyanoacetate, malononitrile, and cyanoacetic acid were
purchased from Sigma Aldrich Brazil LTDA. Boronic
acids were purchased from Combi-Blocks. All these sub-
stances were employed as received, without being previ-
ously submitted to purification processes. Products (NO
series) were purified by recrystallization using a suitable
solvent. The reported yields are an average of triplicates
and refer to the isolated ones after recrystallization. The
melting points (mp) of the pure products were recorded
on a Fisatom 413D apparatus. Reaction progress was
monitored through analytical thin-layer chromatography
(Sillicycle Ultrapure Silica Gels, F254) and the spots were
visualized by UV light or by react ion with 2,4-
dinitrophenylhydrazine. Nuclear magnetic resonance
(NMR) spectra were recorded on a Varian VNMRS (300
or 500 MHz) instrument in CDCl3 or DMSO-d6. Chemical
shift data were represented in units of δ (ppm) downfield
from the internal standard: tetramethyl silane (TMS).
Coupling constants (J) are reported in Hertz and refer to
apparent peak multiplicities. Infrared (IR) spectra were
measured on KBr pellets with a Varian FT-IR 660
Spectrophotometer.

Reduced apoptosis (Bax, Bcl-2 expression)
Inhibited STAT phosphoryla�on
Reduced RANKL mRNA expression
Reduced NO produc�on
Reduced MPO ac�vity
Lowered cytokine levels (TNF- , IL-1 ) 
COS 1/2-lowering ac�vity
Reduced iNOS and PAP expression
Reduced ERK ac�va�on

Fig. 1 Anti-inflammatory
tyrphostins examples and
potential activities for this class of
TYKs inhibitors

Fig. 2 NO series synthesized by
Knoevenagel condensation of the
aromatic aldehydes (Hiller et al.
2018)

J Bioenerg Biomembr (2019) 51:277–290 279



Knoevenagel condensations

Following the procedure previously reported by our group
(Hiller et al. 2018), it was prepared different tyrphostins by
Knoevenagel condensations (Bhattacharya et al. 2014;
Cabello et al. 1984; de Resende Filho et al. 2017; Deb and
Bhuyan 2005; Li et al. 2011; Mukhopadhyay and Datta 2008;
Ren and Cai 2007; Wang et al. 2001). The active methylene
containing compound (2 mmol) (malononitrile, ethyl
cyanoacetate or cyanoacetic acid), aldehyde (2 mmol) and
distilled water (10 mL) were added to a rounded-bottom flask
to which a reflux condenser was coupled. With the aid of an
oil bath, the reaction mixture was kept at 80 °C while being
magnetically stirred for 2.5–4.5 h. The progress of the reaction
was monitored by Thin Layer Chromatography (TLC) using
2,4-dinitrophenylhydrazine tomonitor the aldehyde consump-
tion. After the reaction was completed, the reaction mixture
was allowed to reach ambient temperature, and the product
was obtained after vacuum filtration and washing with cold
water. Products were dried under air. Pure samples were ob-
tained after recrystallization with the suitable solvents. Data
from the IR and NMR analyzes were compared with data from
the literature, when available, as well as data obtained in our
previous work (Hiller et al. 2018).

Biological assays

In vitro experiments

Mice peritoneal macrophages Male Swiss Webster mice suf-
fered peritoneal cavity lavage for harvesting peritoneal mac-
rophages. This protocol adhered to the Ethical Principles in
Animal Experimentation adopted by the Brazilian College of
Animal Experimentation and approved by the FIOCRUZ
Research Ethics Committee (number LW-033/12). The exper-
imental protocol used was similar to Faria and collaborates in
2018 (Faria et al. 2018).

HEK 293 cells expressing human P2X7R HEK293 cells ex-
pressing human P2X7R was maintained in according to de-
scribe for Faria and collaborates (Faria et al. 2018).

Dye uptake assay P2X7R inhibitors and NO series com-
pounds were pre-incubated for 10 min. P2X7R inhibitors
doses ranged from 1 ng/mL to 500 μg/mL and, NO series
compounds doses fluctuated from 0.01 ng/mL to 10 μg/mL.
Then, mouse peritoneal macrophages (5.0 × 105 cells) were
treated with 5 mM ATP for 25 min at 37 °C and propidium
iodide (PI) (0.05 mg/mL in phosphate-buffered saline - PBS)
or ethidium bromide (EB) incubation (25 μM in PBS), in the
last 5 min of ATP treatment. HEK293 cells expressing human
P2X7R (2.5 × 106 cells/mL) followed the same protocol
above. These cells incubated for 24 h suffer antagonists and

ATP treatment, as described for peritoneal macrophages, with
posterior in the last 5 min. EB fluorescence measured with a
Gemini fluorescence plate reader at an excitation wavelength
of 530 nm and, an emission wavelength of 620 nm. PI fluo-
rescence measured with a FACS Calibur Flow cytometer at an
excitation wavelength of 488 nm and, an emission wavelength
of 60 nm.

IL-1b enzyme-linked immunosorbent assay (ELISA) THP-1
(human monocytic cell line derived from an acute monocytic
leukemia patient) cells differentiation, activation and, main-
taining were realized in according to Faria and collaborate in
2018 (Faria et al. 2018). Brilliant Blue G (BBG), A740003
(N-(1-(((Cyanoamino)(5-quinolinylamino)methylene)ami
no)-2,2-dimethylpropyl)-3,4-dimethoxybenzeneacetamide)
and NO series compounds were added after 200 min of lipo-
polysaccharide (LPS) incubation, and 10 min before 5 mM
ATP addition until complete 240 min of LPS incubation. The
treated samples were collected, centrifuged at 1500 RPM for
5 min at 4 °C and, the supernatants were stored at −70 °C.
Measuring IL-1β release using the Human IL-1 beta ELISA
Kit (ab46052 -ABCAM, Cambridge). Primed peritoneal mac-
rophages activation and treatment was similar to THP-1 cells
and the mature IL-1β released quantified by sandwich ELISA
following the manufacturer’s protocol (eBioscience, San
Diego, CA, USA).

Caco-2 cells culture and treatments Caco-2 cell cultured was
similar to describe at Faria and collaborates in 2018 (Faria
et al. 2018). Boronic acids derivatives NO-01 and NO-12,
vinblastine and propranolol at 100 μM were prepared in the
transport buffer (HBSS and 25 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; ELISA,
enzyme-linked immunosorbent assay)) at pH 7.4 or 6.5 with
0.5% (v/v) DMSO. After Caco-2 cells incubation for 30 min,
0.3 mL of the transport buffer in the apical wells were re-
moved and the drugs added for 60 min. LY concentrations
contained in the donor and acceptor wells were measured on
the plate reader M5 (molecular probes) at an excitation wave-
length of 485 nm and the emission wavelength of 530 nm.

pH dependent-solubility of NO-01 and NO-12 NO-01 and
NO-12 solubility was assessed from 1 to 250 μM by using
DMSO (5μL) into 995 μL buffer (pH 2.0-hydrochloride, 4.0–
100 mM citrate buffer and 7.4–100 mM phosphate buffer).
This solution was dispensed in a 96-well plate at room tem-
perature for 2 h. Calibration standards were prepared by
adding 5 μL of DMSO into 995 μL acetonitrile/buffer (1:1)
mixture. After centrifugation (10,000 rpm, 10 min, 25 °C), the
reaction samples were diluted 1:1 with acetonitrile.

Distribution coefficient (LogD) in octanol/PBS pH 7.4 A solu-
tion containing Octanol and PBS pH 7.4 at a ratio of 1:1 (v/v)
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was shaken mechanically for 24 h to reach the pre-saturation.
Arylboronic acids analogs NO-01 and NO-12 (25 mM) in a
volume of 4 μL added to 396 μL PBS for partitioning with
octanol (100–400 μl). The samples were shacked; centrifuged
(3000 rpm for 5 min), and after 1 h of standing the PBS layer
was collected. Acetonitrile (100 μl) was added to a 100 μl
aliquot of the PBS layer, and the absorbance sample was mea-
sured. The compounds were evaluated for two standard to
validate the assay.

In vitro stability assays in liver microsomes Male mice and
humans liver microsomes (0.5 mg/ml in 0.1 M phosphate
buffer at pH 7.4), arylboronic acids analogs NO-01 and NO-
12 (1 μM) and DMSO (0.5 μM) were pre-incubated at 37 °C
before NADPH addition (1 mM) to initiate the reaction in a
final incubation volume of 50 μl. A buffer containing 0.1 M
phosphate at pH 7.4 was used as a negative control and diaz-
epam and verapamil as a positive control for mice and
humans, respectively. Drugs were incubated for 0, 5, 15, 30,
and 45 min with the microsomes and the negative control
(minus NADPH) for 45 min. Methanol (50 μL) stopped the
reactions at the appropriate time points and the samples cen-
trifuged (1640×g for 20 min at 4 °C) to precipitate the pro-
teins. Intrinsic clearance (CLint mic) for NO-01 and NO-12
microsomes was calculated according to Biosystem instruc-
tions (Faria et al. 2018).

Electrophysiological measurements For whole-cell configura-
tion assay was used a pipette with series resistance set as 5–11
MΏ for all the experiments in standard saline for bath and
pipette solutions. Ionic currents were not compensated for
recordings less than 1600 pA, however, they were compen-
sated by 91% for values above to this value. Macrophage cell
capacitance was 19.4 ± 6.24 pF; n = 73 and the holding poten-
tial of −60 mVat 37 °C for all recordings.

Saline solutions for electrophysiology The bath solution (in
mM) consisted of the following: 150 NaCl, 5 KCl, 1MgCl2, 1
CaCl2 and, 10 HEPES (pH, 7.4) and the pipette solution (in
mM): 150 KCl, 5 NaCl, 1 MgCl2, 10 HEPES and, 0.1 ethyl-
ene glycol tetraacetic acid (EGTA) pH, 7.4.

Drug application Perfusion chamber (RC-24 chamber, Warner
Instrument Corp.) was used at a rate of 1 mL/min. All the
drugs were dissolved immediately before use. Compounds
NO and P2X7R inhibitors were added 1–5 min before 1–
5 mM ATP stimulation for 5 min at 37 °C.

In vivo experiments

Paw edemaCompoundsNOwere administered intraperitone-
ally at 60 min before intrathecal ATP (2.5 mM/ paw) admin-
istration. Mouse paw edema was measured after 30 min of
ATP treatment using a plethysmometer (Insight, Brazil).
This protocol adhered to the Ethical Principles in Animal
Experimentation adopted by the Brazilian College of Animal
Experimentation and approved by the FIOCRUZ Research
Ethics Committee (number LW-58/14).

Statistical analyses

The results are presented asmeans ± standard deviations of the
means (S.D.M.). D’Agostino and Pearson normality tests
were used to test whether data followed a Gaussian distribu-
tion. In data following a Gaussian distribution, we applied an
analysis of variance (ANOVA) followed by Tukey’s test.

Table 1 Antagonistic effects of P2X7R inhibitors and NO series
compounds against ATP-induced dye uptake in mice peritoneal
macrophages

P2X7R inhibitors and NO series compounds mP2X7 IC50 (μM)

BBG 15.23 ± 1.65

A740003 0.897 ± 1.12

NO-01 0.639 ± 0.11

NO-03 46.88 ± 5.24

NO-04 11.84 ± 2.08

NO-05 75.44 ± 4.55

NO-06 102.3 ± 3.02

NO-07 88.41 ± 5.47

NO-08 6.61 ± 0.41

NO-11 54.68 ± 4.77

NO-12 0.939 ± 0. 21

NO-13 91.02 ± 1.33

Values are means of 2–4 experiments. Compounds tested at the mice
peritoneal macrophages
a IC50 = 50% inhibitory concentrations were obtained from
concentration– response curves

Fig. 3 Cytotoxicity in mammalian cells. (A) Mice peritoneal macro-
phages were treated with 100 μM of the NO derivatives (NO-01, NO-
03, NO-04, NO-05, NO-07, NO-11, NO-12, and NO-13 for 72 h. The
graphic results represent 3–5 independent, lactate dehydrogenase (LDH)
release assays. These results are expressed asmean ± s.d. ***significantly
different from the negative control value atP < 0.05. CP – positive control
(cells treated with 0.1% Triton X-100); CN – negative control (no treated
cells)
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Otherwise, we applied the non-parametric Kruskal–Wallis test
followed by Dunn’s test. PRISM® software (GraphPad, Inc.,
San Diego, CA, USA) was used for all statistical analyses.

In silico analysis

ADMET properties

The ADMET properties analysis of NO-01 and NO-12 were
performed using the admetSAR (Structure-activity
relationship) program, which computes a pharmacokinetic
and toxicological profile (Cheng et al. 2012).

Comparative modeling

The human P2X7R model was prepared using the approach
described previously (Faria et al. 2018).

Ligands molecular modeling

Chemicalize® software (ChemAxon) (Swain 2012) was
used to determine the non-ionized states of the NO
compounds at physiological pH 7.4. The Spartan’10
v.1.0.1 program was used to build the molecular struc-
tures. The MMFF94 (Merck Molecular Force Field) was
used to generate the conformer distribution of the com-
pounds (Halgren 1996). Then the geometry optimization
was applied with the semi-empirical RM1 (Recife
Model 1) method (Rocha et al. 2006).

Molecular docking

The molecular docking was performed using the algorithm
MolDock (Thomsen and Christensen 2006) with the
Molegro Virtual Docker (MVD) 6.0 program (CLC Bio,
8200, Aarhus, Denmark). The MolDock score [GRID] algo-
rithm was used as the score function with a grid resolution of
0.30 Å. The partial charges were assigned according to the
MVD charges scheme. The search algorithm used was the
MolDock Optimizer with a search space of 40 Å around the
area where the cavities of the P2X7R were found. The ligand
evaluation was considered concerning internal electrostatic
interactions (ES), internal hydrogen bond (HBond) and Sp2-
Sp2 torsions. Everymolecular docking was performed 50 runs
with the same parameters set (population size = 50, max iter-
ations = 2000, scaling factor = 0.50 and crossover rate = 0.90),
followed by energy minimization. The poses binding modes
were selected based on the best rank score.

Results and discussion

Synthesis

Benzene vinylnitriles were prepared by Knoevenagel conden-
sations between aromatic aldehydes andmalononitrile or ethyl
cyanoacetate without catalysis and employing water as sol-
vent. Products were obtained in high yields (> 80%) and high
purity by simple vacuum filtration after reaction has reached
the ambient temperature, as previously reported by our group.
For the biological purposes, products were purified by recrys-
tallization using water/ethanol or water/acetone as solvents.
For the cases where two diastereoisomers (E or Z) can be
formed by the Knoevenagel reactions (NO-12 and NO-13),
evidence verified by NMR spectra analysis that only one ste-
reoisomer was formed, for which E-configuration was attrib-
uted by comparison with the previously obtained datum,
which had been confirmed by monocrystal X-ray diffraction.

Biological assay

In vitro

Mouse peritoneal macrophages treated with NO series com-
pounds continuously for 72 h (Fig. 3) in the concentration of
10 μM. These analogs did not cause LDH release in this
concentration, when compared with positive control for
LDH release, the Triton X-100 detergent. This result indicates

Table 2 Cellular toxicity and Selectivity of P2X7R inhibitors and
arylboronic acids analogs

P2X7R inhibitors and
arylboronic acids analogs

mP2X7 CC50 (μM)
(macrophages)

Selectivity index
(aCC50/IC50)

BBG 85.62 ± 2.77 5.62

A740003 351.1 ± 11.76 391.4

NO-01 443 ± 25.7 693.2

NO-12 329.6 ± 16.82 392.8

a CC50 = 50% inhibitory concentrations were obtained from concentration
response curves

Table 3 Antagonistic effects of most active NO compounds against
ATP-induced PI uptake in HEK 293 cells transfected with hP2X7R

P2X7R
inhibitors
and
arylboronic
acids

PI-uptake in HEK293
cells transfected with
humanP2X7R IC50

(uM)

THP-1 cells
IC50 (μM)
IL-1β release

Mice Peritoneal
macrophages
IC50 (μM) IL-
1β release

BBG 4.97 ± 0.62 0.783 ± 0.063 0.907 ± 0.077

A740003 0.129 ± 0.041 0.087 ± 0,031 0.114 ± 0.02

NO-01 0.031 ± 0.002 0.021 ± 0.011 0.042 ± 0.013

NO-12 0.105 ± 0.011 0.243 ± 0.034 0.537 ± 0.065
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a low toxicity for these analogs in mammalian cells, therefore
all analogs in sequence were tested in assays to evaluate the
capacity of inhibiting the P2X7R function. This reduced tox-
icity in primary cell was consistent with previous publication.
Mice peritoneal macrophages treated with theNO series com-
pounds did not affect the cellular metabolism activity after
72 h of treatment (Hiller et al. 2018).

NO series compounds caused inhibitory action on mice
P2X7R activity as observed for dye uptake assay (Table 1).
In addition,NO series compounds activities were compared to
BBG and A740003 (selective), both P2X7R inhibitors.
Therefore, the compounds NO-03, NO-05, NO-06, NO-07,
NO-11 andNO-13 exhibited IC50 values superior to BBG and

A740003. The compounds NO-04 and NO-08 showed IC50

values between BBG and A740003. The compounds NO-01
and NO-12 demonstrated higher inhibitory efficiency to than
other compounds NO, BBG and A740003 (Table 1). ATP-
induced P2X7R dye uptake was inhibited for compounds
NO-01 and NO-12 with IC50 = 0.639 uM and 0.839 uM, re-
spectively. The IC50 values for these compounds were similar
to other molecules inhibitors of the P2X7R described in the
literature (North 2002; Rech et al. 2016). The compounds
NO-01 and NO-12 also inhibited BzATP-induced dye uptake
(data not shown) with similar IC50 values observed for ATP-
induced dye uptake. Therefore, NO-03, NO-05, NO-06, NO-
07, NO-11, NO-13, NO-04 and NO-08 were discarded be-
cause of the reduced potency when compared to commercial
P2X7R inhibitors. Contrarily, compounds NO-01 and NO-12
were tested in all complemental assays.

Dose-response curve measuring the compounds NO-01
andNO-12 toxic activity inmice peritoneal macrophages after
72 h of treatment.NO-01 andNO-12 caused low toxicity with
high CC50 value (Fig. 3, Table 2). Both compounds were less
toxic than BGG and A740003 when treated in the same time
of incubation. When selectivity index of these both

Fig. 4 ATP-induced IL-1β release inhibition by arylboronic acids in hu-
man and mouse cells. (a) Differentiated THP-1 cells treated with 1 mM
ATP (30 min) and LPS (4 h) in the presence of increasing concentrations
of BBG, A740003, NO-01, or NO-12. (b) Mouse peritoneal

macrophages treated with 1 mM ATP (30 min) and LPS (4 h) in the
presence of increasing concentrations of BBG, A740003, NO-01, and
NO-12. Curves are representative of 3–5 independent experiments

Fig. 5 Evaluation of the inhibitory mechanism of compoundsNO-01 and
NO-12 on P2X7R antagonists. Competitive mechanisms were evaluated
by recording the ionic currents of mice peritoneal macrophages with (●)
ATP alone or (■) with 500 ng/mL of NO-01(A) or NO-12 (B) at 37 °C.
Graphics are representative of 3–4 independent experiments

Table 4 Liver microsomal stability and Caco-2 data for NO-01 and
NO-12

Liver
Microsomes

LM stability(a)
mouse

LM stability(a)
human

Caco-2(b)

NO-01 20.2 19.97 76.6 ± 1.8

NO-12 36.3 35.79 59.79 ±
1.7

(a) Stability in mice and human liver microsomes. Data reported as CLint
(μL /minutes / mg protein)

(b) Apparent permeability values (Papp) measured using low permeabil-
ity and high permeability absorption compounds, vinblastine and pro-
pranolol, respectively, as reference. Data are reported in 106 cm/s.
These values indicate an apical to basolateral (A - B) direction. They were
tested at the same time as NO-01 and NO-12. Values are means ± stan-
dard error of 3 experiments
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arylboronic acids derivatives were compared with commercial
P2X7R inhibitors, these analogs exhibited values higher than
the P2X7R inhibitors (Table 2). NO-12 analog exhibited a S.I.
similar to a selective P2X7R inhibitor, A740003.NO-01 analog
showed a S.I. value 1.77 times higher than compoundA740003
indicating an elevate promisor activity. Therefore, these
arylboronic acid analogs were tested in the subsequent assays.
Curiously, both compounds showed IC50 values higher than
P2X7R inhibitors previously described (Faria et al. 2018;
Pacheco et al. 2018; Kwak et al. 2018; O'Brien-Brown et al.
2017), however in function of elevated S.I. value for human
P2X7R, these arylboronic analogs remain as good candidates.

ATP-induced IL-1β release is a characteristic function asso-
ciated with P2X7R activation. Compound NO-01 potently
inhibited ATP-induced IL-1β release in mice and human
P2X7R, however NO-12 weakly inhibited IL-1β release medi-
ated by mP2X7R activation. Human THP-1 monocytes differ-
entiated with INF-γ and PMAwere primed with LPS for 4 h,
with ATP added in the last 30 min of LPS incubation. Both
arylboronic acids derivatives were added 30 min before ATP
addition inhibited ATP-induced IL-1β release in a similar man-
ner (Table 3). NO-1 and NO-12 exhibited higher potency than
BBG and A740003 to inhibit IL-1β release mediated by
hP2X7R activation (Fig. 4a). ATP-induced IL-1β release medi-
ated by mouse P2X7R also was inhibited by arylboronic acid
analogs (Fig. 4b and Table 3).NO-12 suffered a potency reduc-
tion to inhibit the mP2X7Rwhen compared with hP2X7R.NO-
1 analogmaintained an elevate potency to inhibit mP2X7Rwith
IC50 value higher than A740003 (Fig. 4, Table 3). Both analogs
also inhibited BzATP-induced IL-1β release (data not shown).
These results indicate a selective inhibition mechanism
inhibiting IL-1β release mediated by P2X7R activation, as ob-
served for other P2X7R antagonists (Rech et al. 2016; Volonté
et al. 2012; Young and Górecki 2018).

In experiments using HEK 293 cells transfected with the
human P2X7R there was potent inhibitory activity of the
arylboronic acids to reduce ATP-induced dye uptake with
IC50 values of 0.031 μM (NO-01) and 0.15 μM (NO-12)
(Table 3). The compounds NO-01 and NO-12 conserved a
high potency for inhibiting human P2X7R when compared
with mouse P2X7R. A higher selectivity for human receptor
has been observed for commercial or new inhibitors of the
P2X7R (Gonzaga et al., 2017; Faria et al. 2018; Allsopp et al.
2017; Caseleya et al. 2016; Humphreys et al. 1998), although
some commercial P2X7R antagonist may be more selective to
rodents (Jiang et al. 2000; Donnelly-Roberts et al. 2009).

A possible mechanism of action for arylboronic acid ana-
logs inhibition was measured using whole cell patch clamp
technique. ATP concentrations ranging from 100 μM to
25 mM induced macroscopic ionic currents in a dose-
response manner (Supplemental Fig. 1 and 2).

When arylboronic derivatives or A740003 were fixed at
500 nM and tested in the presence of ATP curve, NO-01

and NO-12 augmented the EC50 value for the ATP dose-
response curve in comparison with ATP concentrations alone
(Fig. 5a, b).

NO-01 and NO-12 compared to A740003, which is a
P2X7R allosteric inhibitor acting on the pore allosteric site
(Karasawa and Kawate 2016) showed action profiles similar
(Figs. 5a, 4b). The ATP concentrations ranging from 10−4 to
10–1.6 were inhibited for NO-01 treatment (Supplemental
Table 1), and NO-12 impaired ionic currents induced for
ATP concentrat ions ranging from 10−3 to 10–1 .7

(Supplemental Table 2).
This result indicates a P2X7R non-competitive inhibition

mechanism forNO-01 andNO-12 in the allosteric site as well
as the inhibitor A740003, or an irreversible interaction in the
ATP binding site. This inhibitory mechanism is shared for
other P2X7R antagonists recently discovered (Gonzaga et al.
2017; Faria et al. 2018; Pacheco et al. 2018).

In silico analysis

ADMET studies The in silico pharmacokinetics evaluation in-
dicated that the two most active compounds (NO-01 and NO-
12) have a high permeability by the Human Intestinal
Absorption test (Shen et al. 2010) with more than 70% being
absorbed and a high permeability by the Caco-2 test (Pham
The et al. 2011) with more than 8 × 10−6 cm/s. Also, high
water solubility was estimated for both compounds in which
the values of LogS -2.04 and − 2.20 are suggested for com-
pounds NO-1 and NO-12, respectively. On the other hand,
only compound NO-01 showed a high permeability through
the blood brain barrier.

The CYP enzymemetabolism profile was also investigated
in which compounds NO-1 and NO-12 only presented poten-
tial interaction with the CYP3A4 as an inhibitor. In addition, it
is known that the nitrile group in most drugs is not directly

Table 5 Solubility of NO-01 and NO-12 at various pH conditions

Compound pH 2(a) pH 4(b) pH 7.4(c) pH 10(d)

NO-01 250 μM 250 μM < 250 μM < 250 μM

NO-12 250 μM 250 μM < 250 μM < 250 μM

(a) pH 2: hydrochloride buffer; (b) pH 4: citrate buffer; (c) pH 7.4: phos-
phate buffer; (d) pH 10: sodium hydroxide buffer, n = 3 on distinct days

Table 6 Log D7.4 of NO-01 and NO-12 boronic tyrphostins

Compound LogD7.4 (a)

NO-01
NO-12

−2.25 ± 0.09
−0.96 ± 0.11

(a) Results are average of three experiments and in all cases individual
Log D values were within ±0.3 log units of the average LogD Propranolol
HC
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metabolized, because the nitrile group is eliminated through
the body unchanged. Despite that, the epoxidation of
alkenenitriles compounds (such the case of compounds NO-
01 and NO-12) can potentially liberate cyanide, although a
large number of approved drug with alkenenitriles groups in-
dicate that the metabolism at other sites is more likely
(Fleming et al. 2010).

Regarding the toxicological parameter both compounds
were labeled as weak inhibitor (pIC50 ≤ 6.0 mol/L) of the
Human Ether-a-go-go-Related Gene (hERG) Inhibition Test
(Marchese Robinson et al. 2011), also both compounds
showed low mutagenic potential by the AMES Test and final-
ly none carcinogenic features were detected by Carcinogens
Test (Lagunin et al. 2009).

Furthermore, no apparent toxicity is identified in the liter-
ature for the boronic acids moiety regarding medical applica-
tions. Indeed, the first boronic acid-based FDA approved

drug, the Bortezomib (Velcade), a proteasome inhibitor for
the treatment of multiple myeloma, presented low toxicity
issues. Additionally, the eventual final product in the metabo-
lism of boronic acid-containing compounds is generally boric
acid, which has low particularly toxic to humans (Cambre and
Sumerlin 2011).

Solubility, microsomal stability, and permeability in vitro

Arylboronic acids NO-01 and NO-12 were moderately stable
in mouse and human microsomes (Table 4). NO-01 when
compared to NO-12 may exhibit a short duration of action
in vivo. Additionally, NO-01 was permeable in Caco-2 at
percentages above to 75% (Table 4) and NO-12 was perme-
able in a range superior to 55%, both when compared with
propranolol.

Fig. 6 Anti-inflammatory effects
of NO-01 and NO-12 on ATP-
induced paw edema in mice.
Groups with five Swiss Webster
mice were treated with ATP
(intraplantar) or preincubated for
30 min with Diclofenac
(10 mg/kg), oxidized ATP
(10mg/kg), or increasing doses of
NO-01 (0.001–1 mg/kg) (a) or
NO-12 (b). Paw edema was
measured at 60 min after ATP
application. These results repre-
sent three distinct days and are
expressed as mean ± s.d. ###
P < 0.05 comparison in relation to
saline group. *** P < 0.05 com-
parison in relation to ATP group

Fig. 7 Representation of the
binding sites (S1, S2 and S3)
identified in the P2X7R. Frontal
view (a) and Top view (b). The
cavities S1, S2 and S3 are ordered
based on their volumes. Because
there are three identical S3
binding sites formed by three
identical subunits, they are
labeled S3`, S3``, S3```
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When solubilized in solutions with pH values ranging from
2 to 10, NO-01 demonstrated solubility in turn of 250 μM
(Table 5). LogD7.4 measured for NO-01 gave a value of
−2.25 ± 0.09 indicating good solubility in aqueous solutions
(Table 6). In relation to NO-12, it demonstrated solubility at
concentrations above 250 μM (Table 5). The LogD7.4 value
for NO-12 was −0.96 ± 0.11 (Table 6).

NO-01 reduced lipophilicity may be associated with short
microsomal stability, however this characteristic can increase
the tissue permeability as observed in Caco-2 cells. In con-
trast, NO-12 although lipophilic exhibited higher microsomal
stability and reduced tissue permeability.

In vivo assays

NO-01 and NO-12 anti-inflammatory properties in vivo was
evaluated using the ATP- induced paw edema model in mice.
Sodium diclofenac and arylboronic acids were administered
intraperitoneally at 1 h before ATP treatment for 30 min. The
oxidized ATP, an irreversible P2X7R antagonist inhibited the
ATP-induced inflammatory response (NO-01, Fig. 6a andNO-
12, Fig. 6b). Sodium diclofenac, a general anti-inflammatory,
also inhibited ATP-induced paw edema (Fig. 6). NO-01 and
NO-12 dose-dependently inhibited the ATP effect (Fig. 6b). In
this context, NO-01 promoted an anti-inflammatory effect
more potent than oxidized ATP and diclofenac (Fig. 6a). In

accordance with in vitro assays, NO-01 inhibited the ATP-
induced paw edema with higher potency compared to the
NO-12 analog. Triazole and naphtoquinone derivatives
inhibiting P2X7R activity also reduced the ATP-induced paw
edema (Gonzaga et al., 2017, Faria et al. 2018). In both papers,
at least one dose administered reducing edema formation in
μg/kg concentrations as observed mainly for NO-01. These
arylboronic acid analogs also inhibited carrageenan-induced
response in similar manner to ATP stimulation (data not
shown).

Molecular docking

The blind molecular docking of the two most active ligands
(NO-01 and NO-12), on the ionic channel P2X7R, were per-
formed around the area where the cavities were identified in
the protein molecular structure (Fig. 7). In order to harness
structure activity relationship the same blind molecular
docking were performed with less active ligands (NO-06
and NO-13). The largest volume cavity is the S1 located into
the P2X7 pore comprised by the lower body domain of the
three correlated subunits; the second largest volume cavity is
the S2, also located in the pore, but in the upper body domain
and; the cavities S3´, S3´´ and S3´´´ are the ATP-binding sites
located between the protein subunits. Figure 7 depicts the
cavities identified in the P2X7R and the Table 7 indicates
the volume of each cavity.

The molecular docking results indicated that the cavity S2
was the most favorable binding site of the inhibitors NO-01
NO-12, NO-06 and NO-13. The S2 cavity is the same cavity
revealed in the work from Karasawa and Kawate (2016) where
the five known P2X7 inhibitors bind (A740003, A804598,
AZ10606120, GW791343, JNJ47965567), based on the eluci-
dation of the panda P2X7R complexed crystal structures.

All the four NO compounds presented a similar binding
mode into the S2 cavity, with their phenyl moiety interacting
with the phenylalanine residues 95, 103 and 293 from chain B.

Table 7 The Volume (Å3) of the Cavities Detected in the Human
P2X7R Model using MVD

Cavity Volume (Å3)

S1 2204.67

S2 1320.96

S3` 442.88

S3`` 394.24

S3``` 308.22

Fig. 8 Superposition of the
inhibitorsNO-01,NO-12,NO-06
and NO-13 docked into the S2
cavity. In blue are depicted the
NO derivatives and in green the
main residues that are in close
contact
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Also the boronic acid group from the inhibitors NO-01, NO-
12 and NO-13 are orientated towards the serine 101 lateral
chain from chain B (Fig. 8).

Some residues interactions with the NO compounds are
similar to the known allosteric inhibitors identified from the
Karasawa and Kawate (2016) work, as the phenylalanines 95,
103 and 293 are also involved in hydrophobic interactions. In
addition, the residue Met105 that performs hydrophobic inter-
actions with the compounds A740003, A804598 and
JNJ47965567 is also interacting with the compound NO-06.

Despite the fact that all four NO compounds submitted to
molecular docking studies presented similar hydrophobic in-
teractions with the phenylalanine residues, the hydrogen bond
formation with the residues Gln98, Leu97 and specially with
the Ser101 might be responsible for the gain in the activity of
the compounds NO-01 and NO-12 compared with the com-
pounds NO-06 and NO-13. Also, the inhibitor NO-12 pre-
sented extra hydrogen bonds with the residues glycine 98
and 99 from chain A, which might contribute for selectivity.
Figure 9 depicts the intermolecular interaction of theNO com-
pounds into de S2 binding cavity found bymolecular docking.

Though the molecular docking results indicate the probable
binding site of NO series compounds in the human P2X7R
model and suggest that interactions of the boronic acid moiety
with Ser101 and Gln98 may be determinant to high affinity of
the compounds NO-01 and NO-12, other studies in future
should be done to refine these insights in order to increase
the information on the properties and inhibitory activity of
the boronic acids derivatives on the P2X7R.

Conclusion

In summary, the results exhibited herein demonstrate
arylboronic acids as a novel P2X7R inhibitors class. NO-01
and NO-12 compounds ATP antagonistic effects resulted in
potent blockage of mouse and human P2X7R. The
arylboronic acid NO-01 was more potent in vitro and
in vivo when compared with BBG and A740003 to reduce
P2X7R activity and the inflammatory response. In according
to in silico ADMET analysis both molecules depicted an ac-
ceptable pharmacokinetic profile and low toxicological

Fig. 9 Representation of the main intermolecular interactions of each NO compounds into de S2 binding cavity, identified from the molecular docking.
The arrows indicates hydrogen bonds and the blue areas in the NO structures indicates solvent exposure
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effects, thus suggesting its potential drug-likeness characteris-
tic. The molecular docking results suggest that the binding
sites for the compounds NO-01 and NO-12 are located in
the upper area of P2X7R pore. Thus, these results strengthen-
ing the therapeutic potential and the feasibility of developing
new P2X7R inhibitors based on the arylboronic acid
pharmacophore group.
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