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Abstract
Nitration of arachidonic acid (AA) to nitroarachidonic acid (AANO2) leads to anti-inflammatory
intracellular activities during macrophage activation. However, less is known about the capacity of
AANO2 to regulate the production of reactive oxygen species (ROS) under pro-inflammatory
conditions. One of the immediate responses upon macrophage activation involves the production
of superoxide radical (O2

·−), due to the NADPH dependent univalent reduction of oxygen to O2
·−

by the phagocytic NADPH-oxidase isoform (NOX2), being the activity of NOX2 the main source
of O2

·− in monocytes/macrophages. Since NOX2 and AA pathways are connected, we propose
that AANO2can modulate macrophage activation by inhibiting O2

·− formation by NOX2. When
macrophages were activated in the presence of AANO2, a significant inhibition of NOX2 activity
was observed as evaluated by cytochrome c reduction, luminol chemiluminescence, Amplex Red
fluorescence and flow cytometry; this process also occurs in physiological mimic conditions
within the phagosomes. AANO2 decreased O2

·− production in a dose-(IC50= 4.1 ± 1.8 μM
AANO2) and time-dependent manner. The observed inhibition was not due to a decreased
phosphorylation of the cytosolic subunits (e.g. p40phox and p47phox), as analyzed by
immunoprecipitation and western blot. However, a reduction of the migration to the membrane of
p47phox was obtained suggesting that the protective actions involve the prevention of the correct
assembly of the active enzyme in the membrane. Finally, the observed in vitro effects were
confirmed in an in vivo inflammatory model, where subcutaneous injection of AANO2 was able to
decrease NOX2 activity in macrophages from thioglycolate treated mice.
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Introduction
Arachidonic acid (AA) is a precursor of inflammatory signaling mediators by enzymatic and
non-enzymatic oxidative pathways. Inflammation is characterized by the production of
cytokines, AA-derived eicosanoids and reactive nitrogen (RNS) and oxygen-species (ROS),
i.e. through the activation of inducible nitric oxide synthase (NOS2) and NADPH oxidase
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(NOX), respectively [1–3]. The products of these enzymes, nitric oxide (·NO) and
superoxide radical (O2

·−), are the precursors of a variety of oxidizing and nitrating agents
(e.g. peroxynitrite) which under inflammatory conditions lead to an increase of oxidized as
well as nitrated proteins and lipids [4–10]. Indeed, higher levels of ·NO and O2

·−, in addition
to its dismutation product hydrogen peroxide (H2O2), have been implicated in many
physiological and pathophysiological processes [11–14].

It has been well established that AA signaling cascades and RNS pathways are intrinsically
related [15]. In fact, nitration of AA could divert the fatty acid from its normal metabolic
pathway affecting prostaglandin endoperoxide H synthase activity [16–21] with unknown
cell signaling consequences, i.e. affectation of platelet aggregation [22]. In activated
macrophages, nitroarachidonic acid (AANO2) exert protective anti-inflammatory actions
diminishing NOS2 expression as well as secretion of pro-inflammatory cytokines [4]. We
have recently reported that AANO2 is an almost irreversibly inhibitor of the inducible
isoform of the prostaglandin endoperoxide H synthase (PGHS-2) [23], which in addition to
the down regulation of NOS2 under inflammatory stimulus should contribute to the
physiological shut down of inflammatory responses in macrophages. However, less is
known about the capacity of AANO2 to regulate the production of ROS under pro-
inflammatory conditions. Indeed, one of the open questions in the field is related to the
mechanisms involved in the observed anti-inflammatory actions of AANO2 at both
molecular and cellular levels.

Macrophages act at the first line of defense by detecting infectious agents through
membrane receptors, initiating signaling pathways leading to a wide variety of cellular
responses [12,24]. One of the immediate responses involves the production of O2

·−, due to
the NADPH dependent univalent reduction of oxygen to O2

·−, by the phagocytic NADPH
oxidase isoform (NOX2) [11,12,24]. NOX2 is an enzyme complex comprised of a
membrane–bound flavocytochrome b558 (gp91phox and p22phox), three cytosolic subunits
(p47phox, p40phox and p67phox) and GTPase Rac2 [25–29]. In resting macrophages, the
NOX complex is unassembled. Upon activation, the cytosolic components associate with
gp91phox and p22phox forming the active enzyme complex which at this time generates O2

·

[28,30–33]; the migration of cytosolic subunits to the membrane involves conformational
changes in p47phox secondary to its extensive phosphorylation by protein kinase C (PKC)
[34,35]. It has been suggested a strong relationship between the AA pathway and NOX2
assembly/activation [36,37]. This connection, in addition to the previously reported anti-
inflammatory actions of AANO2 in macrophages, leads us to propose that AANO2 can
modulate macrophage activation by inhibiting O2

·− formation by NOX2. In this study, we
evaluate the effects of AANO2 on NOX2 activity in activated macrophages; the mechanisms
involved in the observed actions were also analyzed.

Materials and Methods
Reagents

Nitroarachidonic acid was synthesized and quantitated as previously described [4]. Amplex
Red, Fc-oxyBURST particles and the Alexa-Fluor 488 and Alexa-Fluor 594 conjugated anti-
rabbit antibodies were from Invitrogen-Molecular Probes (Los Angeles, CA). Rabbit
polyclonal anti-mouse phospho-p40phox and rabbit polyclonal anti-actin antibodies were
from Santa Cruz Biotechnology (Heidelberg, Germany). Rabbit anti-mouse p47phox was
from MilliPore Biotechnologies Inc. HRP conjugated anti-rabbit antibody was from Sigma
Chemicals (St. Louis, MO). C57BL/6 gp91phox−/− mice were obtained from The Jackson
Laboratory (Bar Harbor, Maine) [38,39]. Animals were provided with food and water ad
libitum. All animal studies were approved by the local authorities (CHEA, Comisión
Honoraria de Experimentación Animal).
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NADPH oxidase activity in macrophages
J774A.1 murine macrophage cells (ATCC, USA) were maintained by passage in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with 10% heat-inactivated fetal calf
serum (FCS). Rats spleen macrophages were obtained as previously described by Nakamura
et al [40] with modifications. Briefly, spleen was homogenized and remaining erythrocytes
lysed by hypotonic shock. Mixed cells from spleen were harvested, maintained in DMEM
medium and plated in a multiwell plate. J774A.1 cells or primary macrophages were treated
with AA or AANO2, washed and activated at 37°C by exposing to either phorbol esters
(PMA, 3 μg/ml) or opsonized Zymosan (40 mg/ml) The control conditions correspond to
absence of stimulus. NOX2 activity was determined by a) O2

·− formation by the superoxide
dismutase (SOD) inhibitable-cytochrome c (cyt c) reduction assay [41], b) O2

·−-dependent
luminol chemiluminescence [42,43] and c) H2O2 coming from O2

·− spontaneous
dismutation by Amplex Red fluorescence in the presence of HRP [44]. Opsonization of
zymosan was performed by incubation with fresh human serum at 37°C for 20 min [45].
Luminol chemiluminescence and Amplex Red Fluorescence assays were followed at 37°C
in a luminescence (Lumistar, BMG Labtechnologies) and a fluorescence plate reader (λex=
515 nm, λem= 590 nm) (Fluostar, BMG Labtechnologies) respectively.

Macrophages extraction from C57BL/6 gp91phox−/− mice
Superoxide production in macrophages extracted from gp91phox−/− mice was evaluated
after macrophages extraction from leg’s bone marrow of the gp91phox−/− mice and wild
type (WT) mice. Mice were sacrificed at 6–12 week old and femur as well as tibia extracted
in sterile PBS. Both epiphyses were removed and the bones were flushed with a syringe
filled with RPMI medium to extrude bone marrow. For cell differentiation to macrophages,
the obtained cells were exposed to L929-cell conditioned medium (LCCM) for 7 days as
source of granulocyte/macrophage colony stimulating factor [46,47]. Finally, the obtained
macrophages from the gp91phox−/− and WT mice were treated with AANO2 (10 μM) and
O2

·− production after PMA activation performed as previously by following cyt c reduction
[41].

Flow cytometry analysis of Fc-oxyBURST oxidation
To evaluate O2

·− released during FcγR-mediated phagocytosis, 5,7-DHCF-conjugated
bovine serum albumin-IgG immune complexes (Fc-oxyBURST, Molecular Probes) was
used [48]. J774A.1 macrophages were treated with methanol (vehicle), DPI (50 μM), AA
(10 μM) or AANO2 (10 μM) for 1hr at 37°C, washed with PBS and then incubated with Fc-
oxyBURST (50 μg/ml) for an hour. Cells were harvested, washed, resuspended in dPBS,
and then kept in the dark until analysis. Fluorescence due to Fc-oxyBURST oxidation was
measured in a FACS Calibur (BD Biosciences) (λex= 488 nm, λem= 530 nm) [48].

Preparation of subcellular fractions
J774A.1 macrophages were incubated with AA (10 μM) or AANO2 (10 μM) by 15 min at
37°C and activated with PMA (3 μg/ml) for 15 min. The cells were harvested, washed and
resuspended in subcellular fraction buffer (250 mM Sucrose, 20 mM HEPES pH 7.4, 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA), containing proteases inhibitors cocktail.
Cells were lysed by sonication and the resultant lysate centrifuged at 1,000 g for 10 min
generating the nuclear fraction (pellet) followed by a 1 hr centrifugation at 100,000 g
resulting in the membrane (pellet) and cytosolic (supernatant) fractions [49]. Proteins were
quantified with the Bicinchoninic acid protein assay, and fractions conserved at −80°C until
used.
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Western blot
Phosphorylation and translocation of cytosolic subunits were analyzed by western blot [49]
using rabbit anti-mouse phospho-p40phox polyclonal antibody (Santa Cruz) or rabbit anti-
mouse p47phox polyclonal antibody (Millipore Biotechnologies Inc.), respectively. To
analyze the translocation of the cytosolic subunits to the membrane, both the membrane and
cytosolic fractions were used to determine the presence of p47phox. Controls performed were
done using rabbit polyclonal anti-actin and rabbit polyclonal anti-gp91phox antibodies (Santa
Cruz). HRP conjugated anti-rabbit antibody (Sigma Chemicals, USA) was used as a
secondary antibody and proteins detected by chemiluminescence using SuperSignal
Chemiluminescent Substrates (Pierce, USA).

Assessment of macrophages viability
Cell viability was analyzed using the MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) measuring the blue stain at 570 nm [50], and the propidium
iodide (PI) assay analyzed by flow cytometry (λex= 488 nm, λem= 617 nm, FACS Calibur,
BD Biosciences) [51]. In all cases, vehicle (methanol) effects were evaluated without
observing any effect on cell viability.

Macrophage phagocytosis
To study macrophage phagocytosis, we used FITC-conjugated beads [52]. Cells cultures
were incubated with AANO2 for 15 min at 37°C, washed and treated with the fluorescent
beads at 37°C for 3hr. Cells were harvested, washed, and resuspended in dPBS buffer.
Intracellular fluorescence was measured by flow cytometry (λex= 490nm, λem= 520 nm)
[52]. The effects of AANO2 were compared to the phagocytic inhibitor cytochalasin A (50
μM) [53].

Confocal Microscopy assays
The differential localization of p47phox was analyzed by immunoflurescence confocal
microscopy [54]. Macrophages were incubated for 15 min at 37°C with vehicle, AA (10
μM) or AANO2 (10 μM) and activated with FITC-conjugated zymosan for 20 min at 37°C.
Cells were fixed, permeabilized and blocked, and then incubated with an anti-p47phox

antibody and an Alexa Fluor-594 goat anti-mouse IgG antibody. Samples were analyzed
with a Confocal Microscopy TCS SP5 II (Leica Microsystems).

Thioglycolate induced inflammation
Male C57BL/6 mice (18–30 g) were separated in three groups, and injected subcutaneously
with vehicle, AANO2 or AA once a day for three days (10 μM/day). At day 0, mice were
injected i.p. with thioglycolate (10%v/v) and after four days mice were sacrificed. Peritoneal
macrophages were extracted by injecting cold DMEM culture medium [55] followed by
evaluation of NADPH oxidase activity after cell activation with PMA. Control groups
without thioglycolate for vehicle, AA and AANO2 were included.

Statistical analysis
Experiments were performed at least three times on independent days. Data showed
correspond to the mean ± standard deviation, unless otherwise noted. All data are given in
mean and a p < 0.05 was considered significant. Means were compared by the Student’s t
test and ANOVA test.
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Results
AANO2 decreased superoxide radical formation by NOX2 in activated macrophages

We first evaluated the effect of AANO2 on O2
·− production in J774A.1 macrophages (Figure

1). The activation of macrophages with PMA induced an increase in O2
·− formation as

evidenced by cyt c reduction (Figure 1A), luminol luminescence (Figures 1B) and Amplex
Red fluorescence (Figure 1C). Addition of SOD inhibited cyt c reduction almost completely
(Figure 1A). Pre-incubation of macrophages with low micromolar levels of AANO2 induced
a dose-dependent inhibition of O2

·− production (Figures 1 and 3B), with no effects observed
when activated with AA treated cells (Figure 1). Accordingly, no effects on Amplex Red
oxidation were observed in the presence of AANO2 without PMA (supporting information,
Figure 1S). Similarly, AANO2 also caused an inhibition on O2

·− detection in PMA-
stimulated macrophages obtained from C57BL/6 wt animals. The specificity of AANO2–
dependent inhibition of O2

·− detection was further substantiated with the use of gp91phox−/−
mice. Indeed, we were unable to observe cyt c reduction in macrophages from gp91phox−/−
mice upon PMA stimulation either in the absence or presence of AANO2 (inset Figure 1A).

Amplex red inhibition exerted by AANO2 was similar when cells activation was performed
with the classic phagocytic pathway activator opsonized zymosan [45,56] or using
macrophages from rat spleen (supporting information, Figure 2S) in addition to
diphenyliodonium (DPI) inhibition (Figure 2 and supporting information, Figure 1S). The
inhibitory effect of AANO2 on NOX2 activity was time- and concentration-dependent
(Figure 3A and 3B, respectively and supporting information, Figure 3S); NOX2 inhibition
by the nitro-fatty acid was maximal between 15 and 30 min (Figure 3A) with an inhibitory
concentration 50 (IC50) of 4.1 ± 1.8 μM AANO2 (Figure 3B).

NOX2 inhibition by AANO2 occurs in phagosomes
Phorbol esters, i.e. PMA activate phosphorylation of NOX2 cytosolic components with their
subsequent migration to the membrane to form the active enzyme [57]. Thus we investigated
if the inhibition of NOX2 exerted by AANO2 occurred in physiological mimic conditions
within the phagosomes using the Fc-oxyBURST (Figure 2). After binding to membrane Fc-
receptors, the Fc-oxyBURST is internalized and the H2DCF oxidized by ROS in the
phagosome to the fluorescent dichlorofluorescein (DCF) [48] which can be followed by
flow cytometry (Figure 2A), a process which was inhibited by DPI (Figure 2B). When
phagocytosis was activated in AANO2 treated macrophages, the extent of Fc-oxyBURST
oxidation was lower at both 2 and 10 μM AANO2 (Figure 2B). As expected, AA was unable
to decrease Fc-oxyBURST derived fluorescence (Figure 2B). Phagocytic capacity remained
unaffected in the presence of AANO2 when analyzed by flow cytometry using fluorescent
beads (supporting information, Figure 4S).

AANO2 inhibition does not affect macrophage viability
A decrease in the number of viable cells after treatment with AANO2 could explain the
reduction of the observed O2

·− production. However, by using the propide iodide as well as
the MTT assays [50,51], AANO2 did not have any effect on macrophages viability at the
experimental conditions used for NOX2 activity studies (supporting information, Figure 5S).

AANO2 does not affect phosphorylation cascades while prevents active complex assembly
Phosphorylation cascades precede the assembly of the active enzyme in the membrane
[33,34,36,58,59]. Phosphorylation of cytosolic components (phospho-p40phox) increased in
PMA-activated macrophages, compared to non-activated cells, at similar levels to those
observed in cells incubated with AANO2 (supporting information, Figure 6AS). Using an
anti-phosphoserine antibody, phosphorylated proteins were inmunoprecipitated and western
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blot analysis showed similar results for phopho-p47phox (supporting information, Figure
6BS). All together, our results demonstrate that AANO2 effects were not exerted at the
phosphorylation cascades necessaries for NOX2 activation. Migration of cytosolic subunits
to the membrane to achieve the active form of the enzyme was tested in figure 4 by
analyzing the presence of p47phox in both the cytosolic and membrane fraction of activated
macrophages. After activation with PMA in the absence or presence of AA, p47phox levels
were higher in the membrane fraction and lower in the cytosolic fraction compared to the
non-activated cells (Figure 4). In contrast, AANO2 induced a decrease in the migration of
p47phox to the membrane as observed by both lower levels of p47phox in the membrane
fraction and a concomitant higher concentration of the subunit in the cytosol (Figure 4).
These results were confirmed by confocal microscopy studies (Figure 5): macrophages were
activated in the absence or presence of AANO2 or AA with FITC-conjugated zymosan
(green fluorescence) and followed the migration of the cytosolic subunits using an anti-
p47phox antibody (red fluorescence). In activated cells incubated with 10 μM of AANO2, a
reduced co-localization of the green and red fluorescence was observed compared to the AA
condition (Figure 5).

AANO2 inhibits NOX2 activity in vivo
Finally, the capacity of AANO2 to modulate the enzyme in an inflammatory model was
tested (Table 1). Thioglycolate was injected to mice that were treated with vehicle, AA or
AANO2 for three consecutive days (one subcutaneous injection of the compounds per day)
and peritoneal macrophages were obtained at day 4. Macrophages- NOX2 activity was then
analyzed with Amplex Red as previously (Table 1). Macrophages obtained from mice
treated with AANO2 showed a decreased formation of O2

·− after activation with PMA
compared to those from vehicle- or AA- treated animals (Table 1 and data not shown).
Amplex Red fluorescence was inhibited in all experiments by the addition of DPI prior to
activation with PMA (Table 1).

Discussion
We demonstrate the inhibition of phagocytic NOX2 activity by AANO2 both in activated
macrophages and in vivo. NOX2 activity was analyzed by both direct formation of O2

·− or
its dismutation product H2O2 using different analytical approaches (Figures 1 to 3). The
involvement of NOX2 on O2

·− production was confirmed by the inhibitory effect of SOD on
cyt c reduction and the lack of O2

·− detection in macrophages from gp91phox−/− mice
(Figure 1). The AANO2 effects on O2

·− generation were observed both in a macrophage cell
line (J774A.1) as well as in primary macrophages (from C57BL/6 mice and rat spleen).

We then investigated if the inhibition of NOX2 exerted by AANO2 occurred under
physiologically-relevant conditions within the phagosomes using the Fc-oxyBURST (Figure
2). The Fc-oxyBURST consists in a bovine serum albumin (BSA) linked to
dichlorodihydrofluorescein (H2DCF) and complexed with anti-BSA IgG antibodies, which
after internalization is oxidized leading to the formation of the fluorescent
dichlorofluorescein (DCF) in the phagosome [48] which can be followed by flow cytometry
(Figure 2A); lower levels of Fc-oxyBURST oxidation in the presence of AANO2 were
observed compared to activated macrophages supporting inhibition of O2

·− generation by the
nitroalkene (Figure 2). Phagocytic capacity of macrophages when analyzed with fluorescent
beads was inhibited by cytochalasin [60] but was unaffected by AANO2 (supporting
information, Figure 4S). One potential explanation for the observed effects on O2

·−

production could be an effect of AANO2 on cell viability. Thus, we performed experiments
with the propide iodide as well as the MTT assays [50,51] without observing any effect after
incubation with AANO2 (supporting information, Figure 5S). Overall, our results suggest
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that the capacity of AANO2 to decrease O2
·− formation in the phagosome is by inhibiting

NOX2 activity/assembly.

Modulation of the correct assembly of the active enzyme at the cell membrane could be a
mechanism which can explain the observed AANO2 enzyme inhibition. Phosphorylation
cascades precede the assembly of the active enzyme in the membrane involving
phosphorylation of p47phox, and the subsequent phosphorylation of p67phox and p40phox

[33,34,36,58,59]. Then, these phosphorylated proteins are triggered to migrate to the cell
membrane together with Rac2 thus interacting with the membrane subunits (gp91phox and
p22phox) forming the active complex [24,58,61–63]. When macrophages were stimulated
with PMA in the presence of AANO2, the levels of phosphor-p40phox were similar to those
observed in activated cells without the nitro-fatty acid (supporting information, Figure 6AS),
being the role as a positive or negative regulator of phospho-p40phox in the activation of
NOX2 controversial [58,62]. Indeed, there are reports suggesting that p40phox is a positive
regulator of NOX2 as an adaptor protein linking the cytoplasmic complex subunits (p40phox-
p67phox-p47phox) to phagosomes as well as regulating p67phox translocation to the
membrane [62,64]. Also, the role of p40phox could be dependent of the phosphorylation
status of p47phox [62]. Thus we decided to study the phosphorylation of p47phox, which is
phosphorylated in a Serine residue during enzyme activation [59]. Again, no differences
were observed discarding phosphorylation of cytosolic subunits as the mechanism for
AANO2-mediated NOX2 inhibition. Downstream phosphorylation, cytosolic subunits
migrate to the membrane where they associate with gp91phox and p22phox achieving the
active form of the enzyme [36,56,64]. Thus, if AANO2 is able to affect the migration of the
cytosolic subunits to the membrane the final result is the inhibition of NOX2 activity. This
hypothesis was tested in figure 4 by analyzing the presence of p47phox in both the cytosolic
and membrane fraction of activated macrophages. Western blot and microscopy results
indicate that AANO2 modulated the translocation of p47phox avoiding the formation of the
active enzyme complex, thus inhibiting NOX2 dependent O2

·− formation.

The effects of AANO2 on NOX2 activity showed a first order decay, with a concentration
exerting a reduction of 50% initial activity of 4.1 ± 1.8 μM AANO2 (Figure 3A). Also, pre-
incubation time had influence on the nitro-fatty acid action decreasing the inhibitory effect
after 30 min suggesting a potential reversible mechanism involved in the observed action. In
fact, nitroalkenes have electrophilic reactivity towards reactive nucleophilic amino acids in
proteins, e.g. cysteine or histidine residues forming covalent reversible adducts responsible
for many of the reported protective actions for nitro-fatty acids [65,66]. Under our
experimental conditions we cannot discard that AANO2 is covalently reacting with either
the cytosolic or the membrane subunits, preventing the correct assembly of the active
enzyme.

Thioglycolate injection into the peritoneum is a well recognized model due to its capacity to
elicit an inflammatory response after 4 days, increasing the recruitment and number of
macrophages [55]. Mice were treated subcutaneous once a day for four days after
thioglycolate injection with vehicle, AA or AANO2 and, after sacrificed macrophages were
isolated, activated with PMA and analyzed for Amplex Red oxidation (Table 1). AANO2
was able to decrease macrophage activation supporting a novel nitro-fatty acid anti-
inflammatory role.

The data presented in this work are indicative that AANO2 inhibits phagocytic NADPH
oxidase in activated macrophages through a mechanism that involves the prevention of the
migration of the cytosolic subunits to the membrane, affecting the correct assembly of the
active form of the enzyme. The capacity of AANO2 to inhibit NOX2 may generate a less
active macrophage [67–69]. In a chronic inflammatory processes, where nitration of AA
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may occur due to an increase of the oxidative/nitrosative stress [70–74], AANO2 may inhibit
key inducible enzymes (e.g. NOX2, NOS2 or PGHS-2) aiding in the resolution of
inflammation. In fact, the decrease of macrophage activation in thioglycolate treated mice
suggests that AANO2 can exert beneficial anti-inflammatory effects when administered at
pharmacological doses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AA arachidonic acid

AANO2 nitroarachidonic acid

O2
·− superoxide radical

NOX2 phagocytic NADPH oxidase

PMA phorbol myristate acetate

ROS reactive oxygen species

RNS reactive nitrogen species

NOS2 inducible nitric oxide synthase

H2O2 hydrogen peroxide

cyt c cytochrome c

SOD superoxide dismutase

DPI diphenyliodonium
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• Nitro-arachidonic acid exerts protective activities during macrophage activation.

• We propose that Nitro-arachidonic acid modulates phagocytic NADPH oxidase
activity/assembly.

• Nitro-arachidonic acid prevents the migration of cytosolic subunits to the
membrane.

• Protective effects were also observed in an in vivo inflammatory model.
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Figure 1. AANO2 inhibits O2
·− production in activated macrophages

The production of O2
·− was analyzed in macrophages by cytochrome c reduction (A),

Luminol chemiluminescence (B), and Amplex Red fluorescence in the presence of HRP (C).
(A) J774A.1 macrophages (2×105 cells) were treated with AANO2 (1, 5 and 10 μM) or AA
(10 μM) for 15 minutes in dPBS buffer at 37°C, washed and activated for an additional hour
with PMA (3 μg/ml) in the presence of 20 μM cyt c. The supernatant was collected and the
levels of reduced cyt c due to O2

·− were measured at 550 nm (ε= 21 mM−1. cm−1) [41]. A
control with SOD (600 U/ml) was included. Results shown correspond to the mean ± SD,
n=3. * indicates statistical differences compared to the PMA condition, p < 0.05. Inset:
Macrophages from bone marrow of wt and gp91phox−/− mice were treated with 10 μM
AANO2 for 15 minutes in dPBS buffer at 37°C, washed and activated for an additional hour
with PMA (3 μg/ml) in the presence of 20 μM cyt c. Superoxide production was evaluated
by the cyt c reduction assay. * indicates statistical differences compared to the control
condition, p < 0.05; & indicates statistical differences compared to the PMA condition, p <
0.05 (B) J774A.1 macrophages (2×105 cells) were treated with AANO2 (5 and 10 μM, -▲-
and -●- respectively) and PMA (-◇-) as in (A). Luminol (100 μM) was added and the
formation of O2

·− was analyzed following oxidized luminol luminescence for 1hr. A control
condition without PMA was also included (-□-). (C) Macrophages (-□-) treated with 5 μM
(-▲-) and 10 μM (-●-) AANO2 in dPBS buffer at 37°C, were activated with PMA (3 μg/
ml, -◇-). In this case, the formation of O2

·− derived-H2O2 was evaluated by following the
fluorescence of Amplex Red (50 μM) with 4 μg/ml HRP (λex= 515 nm, λem= 590 nm) in a
fluorescence plate reader. Data shown in figures (B) and (C) are representative of at least
four independent experiments.
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Figure 2. Flow cytometry analysis of NOX2 inhibition by AANO2
J774-A1 macrophages (2×106 cells) were treated with AANO2 (0–10 μM) or DPI (50 μM),
a nonspecific NOX inhibitor. Cells were washed and treated with Fc-oxyBURST (Fc-oxyB,
50 μg/ml) for 1h, and fluorescence of DCF determined by flow cytometry. Representative
histograms are shown in A and quantitative analysis of the obtained histograms was done
(B). M1 region corresponds to the cell population which exhibits high fluorescence due to
H2DCF oxidation to DCF by ROS. Results shown correspond to the mean ± SD, n=3. &

indicate statistical differences compared to the control condition, p < 0.05; * indicate
statistical differences compared to the non-inhibitor condition, p < 00.05.
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Figure 3. Time- and concentration-dependent inhibition of NOX2 by AANO2
(A) J774A.1 macrophages (2×105 cells) were activated with PMA (3 μg/ml) after incubation
with 10 μM AANO2 for different pre-incubation times (15–120 min). NOX2 activity was
analyzed by luminol chemiluminiscence as before. Controls without activation, DPI addition
(50 μM), and incubation with AANO2 in the absence of PMA were included. (B) J774A.1
macrophages (2×105 cells) were incubated with increasing doses of AANO2 (0–10 μM) for
15 minutes and then activated with PMA (3 μg/ml); NOX2 activity was analyzed by
Amplex Red fluorescence as previously. In both (A) and (B), results shown correspond to
the mean ± SD, n=3 representative of at least 4 independent experiments.
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Figure 4. Translocation of cytosolic p47phox to the membrane is prevented by AANO2
The effects of AANO2 on the migration of cytosolic subunits to the membrane were
evaluated in activated macrophages. Macrophages (3×106 cells) were treated with AANO2
(2 and 10 μM) for 15 minutes, washed and PMA-activated as previously. Cells were
harvested and membrane (A) as well cytosolic (B) fractions were obtained by differential
centrifugation. The presence of p47phox was determined by western blot. In parallel, the
levels of gp91phox (A) as well as actin (B) were determined as reporters of membrane and
cytosolic constitutive proteins, respectively. In (A) the bars represent the relative presence of
p47phox respect to gp91phox, and results shown correspond to the mean ± SD, n=3. &

indicates statistical difference compared to the control condition, p < 0.05; * indicates
statistical difference compared to the PMA-activated condition, p < 0.05.

González-Perilli et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. p47phox does not migrate to the membrane in the presence of AANO2
J774A.1 macrophages were incubated with AA (10 μM) or AANO2 (10 μM) as before.
Cells were washed and activated with FITC-conjugated zymosan at 37°C. Then, permeated
cells were incubated with rabbit anti-mouse p47phox antibody followed by the addition of a
secondary Alexa Fluor 594 goat anti-mouse IgG antibody. The intracellular localization of
the FITC-zymosan (green fluorescence) and p47phox (red fluorescence) was observed by
confocal microscopy.
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Table 1
Inhibition of NOX2 by AANO2 in an in vivo model of inflammation

Mice were treated with i/p thioglycolate and subcutaneous injected with AANO2 and peritoneal macrophages

were obtained at day 4 as explained in the experimental section. The formation of O2
·− derived-H2O2 in PMA

activated-macrophages was evaluated by Amplex Red as previously. DPI addition was performed to isolated
macrophages 30 min before PMA addition. Data shown correspond to the mean ± SD, n=4 representative of at
least 3 independent experiments.

Condition NOX2 activity (%)

Vehicle treated mice 25.9 ± 12.8

AANO2 treated mice 5.7 ± 3.9a

Vehicle mice + PMA 100 ± 22.6

AANO2 mice + PMA 21.7 ± 10.3b

Vehicle mice + PMA + DPI 27.1 ± 6.4b

AANO2 mice + PMA + DPI 5.9 ± 1.9b

a
indicates statistical difference compared to the Vehicle treated mice, p < 0.05.

b
indicates statistical difference compared to the Vehicle mice +PMA, p< 0.05.
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