Inflammopharmacol (2016) 24:97-107
DOI 10.1007/s10787-016-0266-3

Inflammopharmacology

ORIGINAL ARTICLE

PN
@ CrossMark

Pyrrolidine dithiocarbamate inhibits superoxide anion-induced
pain and inflammation in the paw skin and spinal cord
by targeting NF-kB and oxidative stress
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Abstract We evaluated the effect of pyrrolidine dithio-
carbamate (PDTC) in superoxide anion-induced
inflammatory pain. Male Swiss mice were treated with
PDTC and stimulated with an intraplantar or intraperi-
toneal injection of potassium superoxide, a superoxide
anion donor. Subcutaneous PDTC treatment attenuated
mechanical hyperalgesia, thermal hyperalgesia, paw
oedema and leukocyte recruitment (neutrophils and mac-
rophages). Intraplantar injection of superoxide anion
activated NF-«xB and increased cytokine production (IL-1,
TNF-o and IL-10) and oxidative stress (nitrite and lipid
peroxidation levels) at the primary inflammatory foci and
in the spinal cord (L4-L6). PDTC treatment inhibited
superoxide anion-induced NF-kB activation, cytokine
production and oxidative stress in the paw and spinal cord.
Furthermore, intrathecal administration of PDTC success-
fully inhibited superoxide anion-induced mechanical
hyperalgesia, thermal hyperalgesia and inflammatory
response in peripheral foci (paw). These results suggest
that peripheral stimulus with superoxide anion activates the
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local and spinal cord oxidative- and NF-kB-dependent
inflammatory nociceptive mechanisms. PDTC targets these
events, therefore, inhibiting superoxide anion-induced
inflammatory pain in mice.
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Introduction

Under physiological conditions, cells produce low rates of
superoxide anion and by endogenous antioxidant mecha-
nisms control its deleterious effects. During inflammation,
however, there is excessive production of inflammatory
mediators, including superoxide anion, tumour necrosis
factor alpha (TNF-o) and interleukin-1 beta (IL-1pB)
(Salvemini et al. 2002; Anrather et al. 2006). These
cytokines activate and recruit neutrophils and monocytes,
which in turn further produce large amounts of superoxide
anion and cytokines (Salvemini et al. 2002; Anrather et al.
2006). Excessive production of superoxide anion triggers
maladaptive signalling pathways that contribute to enhance
its own production inducing inflammation and pain (Wang
et al. 2004; Yoshino et al. 2011; Maioli et al. 2015). The
emerging literature suggests that superoxide anion and its
downstream effector peroxynitrite are critical mediators
implicated in neuropathic and inflammatory pain as well as
opioid-induced hyperalgesia models (Doyle et al. 2010,
2012; Janes et al. 2012; Little et al. 2013). The phys-
iopathological mechanisms of these models depend on
peripheral and spinal cord synthesis of inflammatory
mediators (Ndengele et al. 2008; Janes et al. 2012; Maioli
et al. 2015). Intraplantar injection of superoxide anion
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induces nuclear factor kappa B (NF-xB) transcription
factor activation in the paw skin. NF-xB is a key redox-
sensitive component of inflammation and pain (Ndengele
et al. 2008). Other redox-sensitive signalling pathways
triggered by superoxide anion and peroxynitrite in
inflammatory pain include mitogen-activated protein
kinases (MAPKs) p38 and ERK1/2. MAPKSs together with
the NF-kB can modulate the production of numerous pro-
inflammatory mediators such as cytokines, COX-related
products and free radicals (Ndengele et al. 2008; Salvemini
et al. 2011). However, it is not known whether inhibiting
NF-kB activation represents a strategy to inhibit superox-
ide anion-induced pain and inflammation. Importantly, it
remains to be investigated whether peripheral superoxide
anion-triggered pain depends on the spinal cord activation
of NF-«xB.

Pyrrolidine dithiocarbamate (PDTC) is a molecule that
presents potent NF-kB inhibition alongside antioxidant
properties (Schreck et al. 1992; Cuzzocrea et al. 2002;
Cheng et al. 2006; Ivan et al. 2014). Therefore, we inves-
tigated the effects of treating mice with PDTC in a model
of inflammatory pain induced by potassium superoxide
(KO,), a superoxide anion donor. The present results reveal
that peripheral stimulus with superoxide anion activates
peripheral and spinal cord mechanisms of nociceptive
sensitisation that are related to NF-kB activation, cytokine
production and oxidative stress. In agreement with that,
PDTC treatment efficiently inhibits inflammatory pain by
targeting superoxide anion-induced effects in the paw skin
and spinal cord.

Methods
Animals

Male Swiss mice weighing 25 &= 5 g from Londrina State
University (Parana State, Brazil) were used in this study.
All behavioural testing was performed between 9 a.m. and
5 p.m. in a temperature-controlled (21 + 1 °C) room.
Animals’ care and handling procedures were in accordance
with the International Association for the Study of Pain
(IASP) guidelines and received the approval of the Ethics
Committee for Animal Research of Londrina State
University (process number 71.2012.68). All efforts were
made to minimise the number of animals used and their
suffering.

Drugs and reagents
KO, was purchased from Alfa Aesar (Ward Hill, MA,

USA). Pyrrolidine dithiocarbamate (PDTC) was purchased
from Sigma Chemical Co. (St. Louis, MO, USA).
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Experimental protocols

Subcutaneous (s.c.) back skin injection of PDTC
(3-100 mg/kg, 100 pL) or vehicle (sterile saline, 100 pL)
was given 1 h before KO, injection in all experiments.
Intraplantar (i.pl.) injection of 30 pg KO, (diluted in 20 pL
of sterile saline) was administered to induce paw inflam-
mation and hyperalgesia (Figs. la—c and 2a—c]). Each
figure derives from a different experimental group, except
Figs. la—c and 2a—c. In this case, the same mice were used
to measure mechanical and thermal hyperalgesia, and
oedema; after 7 h, animals were terminally anaesthetised
and plantar tissue collected for MPO and NAG analysis. In
a different experimental group, intraperitoneal (i.p.) injec-
tion of 30 nug KO, (diluted in 100 pL of sterile saline) was
used to evaluate leukocyte recruitment at 6 h (Fig. 2d; total
and differential cell counting) (Maioli et al. 2015). The
dose of 100 mg/kg of PDTC and subcutaneous treatment
was selected to determine NF-kB activation in the paw skin
and spinal cord (Fig. 3), cytokine production (Fig. 4) and
oxidative stress (Fig. 5). Figure 3a, b is derived from
experiments using a different set of mice than from Fig. 3c,
d. The data on paw skin and spinal cord in Fig. 4 were
derived from the same mice. The data on paw skin and
spinal cord in Fig. 5 were derived from the same mice.
Another experiment using intrathecal (i.t.) administration
of PDTC (30-300 pg, 5 pL) was conducted to evaluate its
effect on mechanical hyperalgesia, thermal hyperalgesia,
paw oedema and paw skin MPO and NAG activity (Fig. 6).
All results in Fig. 6 were derived from the same mice.
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Fig. 1 Effects of pyrrolidine dithiocarbamate (PDTC) on inflamma-
tory pain induced by superoxide anion. Mice were treated with PDTC
(3-100 mg/kg, 100 pL, s.c.) or vehicle (saline, 100 puL, s.c.) 60 min
before the potassium superoxide (KO,) (30 pg, 20 pL) or saline
(20 pL) i.pl. injection. Nociceptive thresholds for mechanical (a) and
thermal (b) stimuli were evaluated. The results are expressed as
mean = SEM, n = 6 mice per group per experiment, representative
of two independent experiments [*p < 0.05 vs. saline control;
#p < 0.05 vs. KO, control (black bars); **p < 0.05 vs. PDTC
3 mg/kg group; ##p < 0.05 vs. PDTC 10 mg/kg group; ***p < 0.05
vs. PDTC 30 mg/kg group, (two-way ANOVA followed by Tukey’s
post hoc)]
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Fig. 2 Effects of PDTC on superoxide anion-induced paw oedema
and leukocyte recruitment. Mice were treated with PDTC (3—-100 mg/
kg, 100 pL, s.c.) or vehicle (saline, 100 pL, s.c.) 60 min before the
potassium superoxide (KO,) (30 pg, 20 pL) or saline (20 pL) i.pl.
injection (a, b, ¢), or KO, (30 pg, 100 pL) or saline (100 pL) i.p.
injection (d). Paw oedema (a) was assessed using a calliper, and
myeloperoxidase ~ (MPO) activity (b) and  N-acetyl-B-p-

Times, doses and routes of treatment were based on pre-
vious studies of our laboratory (Ivan et al. 2014; Maioli
et al. 2015; Zarpelon et al. 2016). The investigators were
blinded to the treatments.

Mechanical hyperalgesia

Mechanical hyperalgesia was evaluated before and 0.5-7 h
after KO, stimulus (Maioli et al. 2015). The test consisted
of evoking a hind paw flexion reflex with a hand-held force
transducer (electronic anaesthesiometer; Insight, Ribeirdo
Preto, SP, Brazil) adapted with a 0.5 mm?® polypropylene
tip. The detailed methodology has been described previ-
ously (Cunha et al. 2004). The results are expressed by
delta (A) withdrawal threshold (in g), calculated by sub-
tracting the mean measurements at the indicated time
points after stimulus from the zero-time mean
measurements.

Thermal hyperalgesia

Thermal hyperalgesia was evaluated before and 0.5-7 h
after i.pl. KO, stimulus. The test was performed as reported
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glucosaminidase (NAG) activity (c¢) were assessed in paw skin
samples. Total and differential cell counts (d) were determined in the
peritoneal cavity 6 h after stimulus. The results are expressed as
mean = SEM, n = 6 mice per group per experiment, representative
of two independent experiments [*p < 0.05 vs. saline control;
#p < 0.05 vs. KO, control (black bars), (ANOVA followed by
Tukey’s post hoc)]

previously (Maioli et al. 2015). In brief, mice were placed
in a hot plate apparatus (EFF 361, Insight, Ribeirdo Preto,
SP, Brazil) maintained at 55 °C. The reaction time was
registered when the animal jumped or licked the paw. A
maximum latency (cutoff) was set at 20 s to avoid tissue
damage (Pinho-Ribeiro et al. 2015).

Paw oedema

The paw oedema was measured 0.5-7 h after i.pl stimulus
using a calliper (Digmatic Caliper, Mitutoyo Corporation,
Kanagawa, Japan) (Maioli et al. 2015). Paw thickness was
expressed as the difference (A mm) between the values
obtained just before (basal) and after stimulus injection.

MPO and NAG activities

Mice were terminally anaesthetised 7 h after i.pl. stimulus
and paw skin samples were collected for myeloperoxidase
(MPO) and N-acetyl-B-p-glucosaminidase (NAG) activity
colorimetric assays to evaluate the neutrophil and macro-
phage recruitment as described previously (Hohmann et al.
2013).
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Leukocyte recruitment in the peritoneal cavity

Mice were terminally anaesthetised 6 h after ip. stimulus
(Maioli et al. 2015), and the peritoneal cells were harvested
with 1.5 mL of PBS. Total cell counts were obtained using the
peritoneal wash in a Neubauer chamber and differential cell
counts were performed using Panoptic staining kit (Laborclin,
Pinhais, PR, Brazil) and light microscope (400 x magnification,
Olympus Optical Co., Hamburg, Germany) (Verri et al. 2007).

Western blotting analysis

Mice were terminally anaesthetised 0.5, 1 or 3 h after i.pl.
stimulus and samples from paw skin were collected. Western
blotting was performed as described previously (Zarpelon et al.
2016) using primary antibodies anti-IkBo (1:1000) or anti-3-
actin as control (1:1000) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Image J software (NIH, Bethesda, MD, USA)
was used to measure the optical density of the bands.

Enzyme-linked immunosorbent assays (ELISA)
Mice were terminally anaesthetised 3 h after i.pl. stimulus
and samples from paw skin and spinal cord were collected.

ELISA was performed to evaluate p65 activation (PathS-
can® Total NF-kB p65 and Phospho-NF-kB p65 Ser536
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ELISA kits, Cell Signaling Technology, Danvers, MA,
USA) and cytokine production (IL-18, TNF-a, and IL-
10—Ready-SET-Go! kits, eBioscience, San Diego, CA,
USA) following the manufacturer’s instructions (Fattori
et al. 2015). The results are expressed as picograms of
cytokine per milligram of tissue.

Nitrite production

Mice were terminally anaesthetised 3 h after i.pl. stimulus
and samples from paw skin and spinal cord were collected,
homogenised in 500 pL of saline and nitrite concentration
was determined by the Griess reaction as an indicator of
nitric oxide production (Ruiz-Miyazawaet al. 2015). Briefly,
100 pL of the homogenate was incubated with 100 pL of
Griess reagent for 5 min at 25 °C, and nitrite concentration
was determined by measuring the optical density at 550 nm
(Multiskan GO, Thermo Scientific, Vantaa, Finland) in ref-
erence to a standard curve of NaNO, solution. The results are
expressed as micromoles of nitrite per milligram of tissue.

Lipid peroxidation assay
Mice were terminally anaesthetised 3 h after i.pl. stimulus

and samples from paw skin and spinal cord were collected
and homogenised in 500 pL. of ice-cold KCI buffer
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Fig. 4 Effect of PDTC in peripheral superoxide anion-induced local
and spinal cord cytokine production. Mice were treated with PDTC
(100 mg/kg, 100 pL, s.c.) or vehicle (saline, 100 pL, s.c.) 60 min
before the potassium superoxide (KO,, 30 pg, 20 pL) or saline
(20 pL) i.pl. injection. Tissue samples from the paw skin and spinal
cord were collected 3 h after stimulus, and TNF-a (a), IL-1p (b) and
IL-10 (c) levels were measured by ELISA. Results are expressed as
mean + SEM, n = 6 mice per group per experiment, representative
of two independent experiments [*p < 0.05 vs. saline control;
#p < 0.05 vs. KO, control (black bars), (ANOVA followed by
Tukey’s post hoc)]

(1.15 % w/v) to be processed for thiobarbituric acid reac-
tive substances (TBARS) levels, which evaluates lipid
peroxidation as described previously (Ruiz-Miyazawa et al.
2015). Malondialdehyde (MDA) levels, an intermediate
product of lipid peroxidation, was determined by the dif-
ference between absorbance at 535 and 572 nm (Multiskan
GO, Thermo Scientific, Vantaa, Finland). The results are
expressed as nanomoles of MDA per milligram of tissue.

Statistical analysis

The results are presented as mean £+ SEM of six mice per
group per experiment and are representative of two
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Fig. 5 Effect of PDTC in superoxide anion-induced local and spinal
cord oxidative stress. Mice were treated with PDTC (100 mg/kg,
100 pL, s.c.) or vehicle (saline, 100 pL, s.c.) 60 min before the
potassium superoxide (KO,, 30 pg, 20 pL, i.pl.) or saline (20 pL,
i.pl.) injection. Tissue samples from the paw skin and spinal cord
were collected 3 h after stimulus to determine nitrite production
(a) and TBARS levels (b). Results are expressed as mean £+ SEM,
n =6 mice per group per experiment, representative of two
independent experiments [*p < 0.05 vs. saline control; *p < 0.05
vs. KO, control (black bars), (ANOVA followed by Tukey’s post
hoc)]

independent experiments. Two-way ANOVA was used
when the parameters were measured at different time
intervals. One-way ANOVA followed by Tukey’s post hoc
was performed for single time point parameters. p < 0.05
was considered to be statistically significant.

Results

PDTC inhibits superoxide anion-induced
mechanical and thermal hyperalgesia

Mice were treated with PDTC (3-100 mg/kg, s.c.), a
widely used antioxidant and NF-«xB inhibitor, 1 h before
i.pl. injection of superoxide anion (Fig. 1a, b). Superoxide
anion reduced the nociceptive thresholds to mechanical
(Fig. 1a) and thermal (Fig. 1b) stimuli, while PDTC
inhibited these effects in a dose-dependent manner. The
most effective dose tested was 100 mg/kg of PDTC.
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PDTC inhibits superoxide anion-induced
inflammation

We next evaluated whether the effects of PDTC could be
related to inhibition of paw oedema and leukocyte
recruitment, due to the role of these events in enhancing
and sustaining inflammatory pain. Superoxide anion
induced paw oedema at 0.5-7 h (Fig. 2a), and increased
neutrophil (MPO activity, Fig. 2b) and macrophage (NAG
activity, Fig. 2c) recruitment in the paw skin at 7 h. PDTC
treatment at the dose of 100 mg/kg inhibited these effects
(Fig. 2a—c). Considering the results of Figs. 1 and 2a—c, the
dose of 100 mg/kg of PDTC was selected for the following
experiments. Corroborating the results obtained in MPO
and NAG assays in paw skin samples (Fig. 2b, c), PDTC
inhibited superoxide-induced recruitment of total leuko-
cytes, neutrophils and mononuclear (Fig. 2d) cells in the
peritoneal cavity.

Peripheral superoxide anion stimulus activates NF-
kB and increases cytokine production and oxidative
stress locally and in the spinal cord in a PDTC-
sensitive manner

First, we evaluated IkBo (cytoplasm NF-kB inhibitor)
levels in the paw skin at varied time points after super-
oxide anion stimulus and the effects of PDTC treatment as
well. Superoxide anion induced IkBa degradation 0.5-3 h
after stimulus presenting more pronounced degradation at
3h (Fig. 3a, b), while PDTC (100 mg/kg) treatment
inhibited IxBo degradation at 1 and 3 h after stimulus
(Fig. 3a, b). These results suggest that PDTC acts by
inhibiting NF-kB activation and the downstream pro-in-
flammatory signalling, and 3 h after superoxide stimulus
is an adequate time point for such studies. Therefore, we
next investigated the effects of PDTC treatment in sam-
ples collected from the paw skin and spinal cord (L4-L6)
3 h after stimulus. The spinal cord lumbar segment L4-L6
receives the afferent nociceptive neurons from the paw,
which justifies its importance for the present experimental
condition. Superoxide anion increased p65 (NF-kB sub-
unit) phosphorylation in the paw skin (Fig. 3c) and in the
spinal cord (Fig. 3d), and PDTC treatment inhibited the
NF-kB activation at both sites (Fig. 3c, d). The superox-
ide anion also increased the production of IL-1B, TNF-o
and IL-10 in paw skin and in the spinal cord (Fig. 4a—c),
and PDTC was capable of inhibiting their production at
both sites (Fig. 4a—c). Furthermore, superoxide anion
stimulus leads to increased oxidative stress in the paw
skin (Fig. 5a, b) and spinal cord (Fig. 5c, d) as observed
by increased nitrite production and lipid peroxidation
levels in both sites, while PDTC was effective in
inhibiting these effects.
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Intrathecal treatment with PDTC inhibits
mechanical hyperalgesia, thermal hyperalgesia, paw
oedema and MPO activity, but not NAG activity

in the paw skin

Mice were treated with PDTC (30-300 pg, i.t.) 1 h before
i.pl. stimulus with superoxide anion. We observed that i.t.
treatment with PDTC inhibited in a dose-dependent man-
ner the KO,-induced mechanical hyperalgesia (Fig. 6a),
thermal hyperalgesia (Fig. 6b), paw oedema (Fig. 6¢) and
MPO activity, but not NAG activity (Fig. 6d).

Discussion

We have demonstrated previously that intraplantar injec-
tion of superoxide anion induces inflammatory pain by
mechanisms including expression and activity of
cyclooxygenase-2 (COX-2) and prepro-endothelin-1 as
well as TNF-a acting on TNFR1 (tumour necrosis factor
receptor 1) (Maioli et al. 2015; Serafim et al. 2015;
Yamacita-Borin et al. 2015). These results suggest the
possible involvement of transcription factors such as NF-
kB, which regulates the production of these molecules in
inflammatory pain (Maioli et al. 2015; Serafim et al. 2015;
Yamacita-Borin et al. 2015). More recently, we described
that curcumin, a compound known to inhibit NF-kB among
other targets, inhibits inflammatory pain induced by
superoxide anion (Fattori et al. 2015). These data are in line
with the studies from other groups describing the key role
of superoxide anion in pain and NF-«xB activation during
inflammation (Ndengele et al. 2005, 2008). Herein, we
demonstrated that PDTC reduced superoxide anion-in-
duced pain, suggesting that NF-kB activation is crucial for
superoxide anion to induce local and spinal cord inflam-
matory response. Furthermore, PDTC inhibited superoxide
anion-induced cytokine production and oxidative stress in
the paw skin and at the spinal cord, therefore, revealing a
mechanism by which superoxide anion sensitises noci-
ceptive fibres and, consequently, induces inflammatory
pain.

Superoxide anion and its derivatives such as peroxyni-
trite activate and sensitise nociceptive neurons (Lundberg
et al. 2008; Ndengele et al. 2008; Chuang and Lin 2009).
Spinal cord-derived superoxide anion and peroxynitrite are
considered important molecules in the pathophysiology of
hyperalgesia, including opioid-induced hyperalgesia and
chronic neuropathic pain (Doyle et al. 2010, 2012; Little
et al. 2013). Indeed, superoxide anion and its derivatives
can induce inflammatory and neuropathic pain (Doyle et al.
2009; Little et al. 2012a, b). Corroborating the studies
presented above, we observed increased levels of nitrite in
the paw skin and spinal cord after superoxide anion
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Fig. 6 Effect of PDTC
intrathecal (i.t.) treatment in
superoxide anion-induced
peripheral inflammatory pain.
Mice received i.t. treatment with
PDTC (30-300 pg, 5 pL) or
vehicle (saline, 5 pL) 60 min
before the potassium superoxide
(KO3, 30 pg, 20 pL) or saline
(20 pL) i.pl. injection.
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stimulus. NO reacts with superoxide anion generating
peroxynitrite, a molecule closely linked to inflammatory
hyperalgesia (Ndengele et al. 2008; Little et al. 2012a, b).
Thus, it is possible that in addition to the superoxide anion,
its downstream effector peroxynitrite can account for the
potassium superoxide-induced inflammatory pain. How-
ever, it is also noteworthy that there is evidence that
superoxide anion induces hyperalgesia independently of
peroxynitrite (Kim et al. 2008, 2009).

Reactive oxygen species (ROS) are also required for
PKAc-mediated phosphorylation of NF-kB p65 subunit,
which allows recruitment of the co-activator CREB-bind-
ing protein and increases the expression of, for instance,
IL-8 (Jamaluddin et al. 2007). Furthermore, ROS induce
IKK-dependent phosphorylation and acetylation of histone
in the promoter region of NF-kB-related pro-inflammatory
genes in lung epithelial cells and macrophages (Yang et al.
2008). PDTC does not directly inhibit IxB phosphorylation
or proteasome function (Hayakawa et al. 2003; Qiu et al.
2013), but rather inhibits ubiquitin-ligase enzymes, there-
fore inhibiting the signalling required for IkB degradation
via proteasome (Hayakawa et al. 2003). Possible mecha-
nisms by which PDTC inhibits NF-kB activation also

include the induction of extracellular Zn*" translocation to
intracellular space (Kim et al. 1999a; Lee et al. 2008), a
mechanism known to inhibit NF-xB activation (Kim et al.
1999b; Bruck et al. 2002). PDTC inhibits oxidative stress
in vivo and in vitro by increasing the antioxidant capacity,
diminishing GSH depletion (Ivan et al. 2014) and reducing
total ROS, NOX-2 and NOX-4 mRNA expression (Yu
et al. 2015). Thus, considering the role of ROS in NF-kB
activation, the antioxidant effect of PDTC might be a
contributing mechanism to its effect over NF-xB activa-
tion. Therefore, multiple mechanisms of PDTC can
contribute to inhibit NF-xB activation.

Additionally, the superoxide anion induces oedema and
promotes the recruitment of leukocytes (Gao et al. 2008; Li
et al. 2011; Kvietys and Granger 2012; Maioli et al. 2015).
Once activated, granulocytes such as neutrophils as well as
M1 macrophages represent important sources of pro-in-
flammatory cytokines and superoxide anion, which
contribute to increase inflammation and pain (Anrather
et al. 2006; Mantovani et al. 2011; Hohmann et al. 2013;
Naito et al. 2014). We demonstrated that PDTC reduced
the superoxide anion-induced recruitment of these cells,
which could contribute to reduce the sensitisation and
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activation of nociceptive neurons by further producing
TNF-o, IL-1B and the superoxide anion itself (Ndengele
et al. 2005; Anrather et al. 2006; Cunha et al. 2008;
Guerrero et al. 2008). On the other hand, peripheral acti-
vation of first-order nociceptive fibres leads to the
transmission of nociceptive impulses into the dorsal horn
of the spinal cord. The interactions between neurons and
glial cells account for the central sensitisation. In this
sense, primary nociceptive neurons release the chemokine
fractalkine (CX5CL,) in the dorsal root ganglia and spinal
cord upon depolarisation. CX3CL; binds to CX;CR;
receptor in microglia, therefore, stimulating these cells to
produce cytokines and other pro-nociceptive mediators
(Basbaum et al. 2009; Gao and Ji 2010; Souza et al. 2013).
There is a close relationship between glia and neurons
during increased excitability and pain perception process in
response to peripheral injuries. For instance, astrocytes and
neurons in the rostral ventromedial medulla (RVM) pro-
duce superoxide anion derivatives in a model of
inflammatory hyperalgesia (Little et al. 2012a, b). Glial
cells continuously inspect neuronal activity and are acti-
vated by increased nociceptive transmission (Wieseler-
Frank et al. 2004), releasing the NF-kB-related cytokines
TNF-oo and IL-1 (Bressan et al. 2012; Gruber-
Schoffnegger et al. 2013), and thus contributing to spinal
sensitisation. Corroborating this mechanism, we demon-
strated that peripheral stimulus with superoxide anion leads
to spinal activation of NF-xB and production of TNF-a and
IL-1pB. Furthermore, inhibiting TNF-o with etanercept and
TNFR1 deficiency reduces superoxide anion-induced
hyperalgesia and inflammation (Yamacita-Borin et al.
2015). NF-xB activation also induces the production of IL-
10, an anti-inflammatory cytokine that is co-produced with
pro-inflammatory cytokines to limit inflammation (Verri
et al. 2006; Borghi et al. 2015). In this line, we demon-
strated that PDTC inhibited superoxide anion-induced paw
skin and spinal cord production of IL-10. These data may
seem to be contradictory since previous studies demon-
strated the participation of IL-10 in curbing the production
of superoxide anion and its downstream effectors and
consequently oxidative stress (Little et al. 2013; Doyle
et al. 2012; Naito et al. 2014). Nevertheless, PDTC
inhibited IL-10 production in models of sepsis (Németh
et al. 1998; Kotake et al. 2003). It is possible that as PDTC
inhibited superoxide anion-triggered signalling pathways
and pro-inflammatory cytokine production, the IL-10 pro-
duction to limit inflammation and pain is not necessary
(Borghi et al. 2015). This evidence suggests that inducing
IL-10 production is not a major analgesic and anti-in-
flammatory mechanism of PDTC in superoxide anion-
induced inflammation.

Superoxide anion induced oxidative stress in the site of
its injection and also in the spinal cord as observed by
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increased nitrite production and lipid peroxidation. Treat-
ment with PDTC reduced both parameters, which could be
a result of its antioxidant activity and/or a consequence of
inhibiting NF-«B signalling (Ivan et al. 2014; Yu et al.
2015). In addition to inhibiting NF-xB activation, PDTC
can also induce Nrf2 (nuclear factor erythroid 2-related
factor 2) expression. For instance, PDTC activates the
mitogen-activated protein kinases (MAPKs) ERK (extra-
cellular regulated kinase) and p38 (Zipper and Mulcahy
2000) to induce Nrf2 translocation to the nucleus of HepG2
cells (Zipper and Mulcahy 2003). As a result, the upregu-
lation of the gamma-glutamylcysteine synthetase subunits
genes occurs, which catalyses the rate-limiting step of the
glutathione synthesis (Wild et al. 1999). Importantly,
PDTC induces Nrf2 expression in astrocytes by mecha-
nisms involving Keapl and glycogen synthase kinase 3p.
On the other hand, PDTC did not induce Nrf2 expression in
neurons (Liddell et al. 2016). Considering the role of Nrf2
in the upregulating endogenous antioxidant mechanisms
such as glutathione system (Turpaev 2013), it is possible
that induction of Nrf2 accounts for PDTC antioxidant
effects.

We observed that i.t. treatment with PDTC reduced
mechanical hyperalgesia, thermal hyperalgesia, oedema
and MPO activity, but not NAG activity in the paw skin
after superoxide anion peripheral stimulus. Therefore,
peripheral superoxide anion-induced inflammation (paw
oedema and neutrophil recruitment [MPO activity]) and
pain depend on spinal cord NF-xB activation, which par-
ticipates in a neuronal retrograde enhancement of
inflammation in the paw. This phenomenon has been
described as dorsal root ganglia reflex (Rees et al. 1994;
Sluka et al. 1995) and teleantagonism (Funez et al. 2008).
Furthermore, this spinal cord NF-kB-dependent dorsal root
ganglia reflex was selective to cells presenting MPO
activity without affecting cells presenting NAG activity. It
is possible that superoxide anion induces the activation of
tissue resident cells including macrophages (NAG
expressing cells), which further produce inflammatory
mediators that will in turn activate nociceptors. The
peripheral activation of nociceptors will trigger a NF-xB-
dependent dorsal root ganglia reflex that contributes to
regulating the recruitment of MPO-expressing cells, which
are mainly neutrophils at 67 h after KO, injection. On the
other hand, NAG-expressing cells are activated before and
contribute to dorsal root ganglia reflex development, but are
not directly modulated by dorsal root ganglia reflex at 7 h
after KO, injection. However, further mechanistic insight is
necessary to determine how NF-kB-dependent dorsal root
ganglia reflex modulates peripheral inflammatory paw
oedema and MPO activity without affecting NAG activity.

Taken together, our results demonstrated the role of NF-
kB activation in peripheral and spinal cord nociceptive
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sensitisation after peripheral superoxide anion stimulus,
revealing the role of this inflammatory cascade during
superoxide anion-induced inflammatory pain. Moreover,
the NF-xB inhibitor PDTC was capable of inhibiting the
pathophysiological alterations induced by superoxide
anion, proving to be an interesting compound for the
control of inflammatory and/or painful conditions related to
the superoxide anion.

Conclusions

The present study demonstrates that pyrrolidine dithiocar-
bamate (PDTC) inhibited the superoxide anion donor
(potassium superoxide)-induced mechanical hyperalgesia,
thermal hyperalgesia, paw oedema and recruitment of
leukocytes. PDTC also inhibited superoxide anion-induced
cytokine production and oxidative stress in the paw skin
and spinal cord. The mechanism of PDTC depends, at least
in part, on inhibiting NF-kB activation. These data con-
tribute to advancing the knowledge on the mechanism by
which superoxide anion modulates inflammatory pain and
also reveal that PDTC is an effective compound to control
inflammation and hyperalgesia related to increased cyto-
kine production and oxidative stress induced by the
superoxide anion. Finally, targeting spinal cord NF-kB
with PDTC diminishes peripheral superoxide anion-in-
duced inflammation, possibly by inhibiting dorsal root
ganglia reflex.
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