antioxidants m\py

Article

Protective Effect of Antioxidants in Nitric
Oxide/COX-2 Interaction during Inflammatory Pain:
The Role of Nitration
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Abstract: In clinical practice, inflammatory pain is an important, unresolved health problem, despite
the utilization of non-steroidal anti-inflammatory drugs (NSAIDs). In the last decade, different studies
have proven that reactive oxygen species (ROS) and reactive nitrogen species (RNS) are involved in
the development and maintenance of inflammatory pain and hyperalgesia via the post-translation
modification of key proteins, such as manganese superoxide dismutase (MnSOD). It is well-known that
inducible cyclooxygenase 2 (COX-2) plays a crucial role at the beginning of the inflammatory response
by converting arachidonic acid into proinflammatory prostaglandin PGE; and then producing other
proinflammatory chemokines and cytokines. Here, we investigated the impact of oxidative stress on
COX-2 and prostaglandin (PG) pathways in paw exudates, and we studied how this mechanism can be
reversed by using antioxidants during hyperalgesia in a well-characterized model of inflammatory pain
in rats. Our results reveal that during the inflammatory state, induced by intraplantar administration
of carrageenan, the increase of PGE; levels released in the paw exudates were associated with COX-2
nitration. Moreover, we showed that the inhibition of ROS with Mn (III) tetrakis (4-benzoic acid)
porphyrin(MnTBAP) antioxidant prevented COX-2 nitration, restored the PGE; levels, and blocked
the development of thermal hyperalgesia.
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1. Introduction

Inflammatory pain is considered a major health issue. Nowadays, non-steroidal anti-inflammatory
drugs (NSAIDs) are the most common class of analgesics for moderate/severe inflammatory pain—in
particular, non-selective cyclooxygenase 1/cyclooxygenase 2 (COX-1/COX-2) or more selective COX-2
inhibitors are the mostly used formulations, even if various side effects associated with their prolonged
utilization are well-documented [1-4].

During acute/chronic inflammation, hyperalgesia is the result of a persistent state of peripheral
afferent sensitization, which subsequently leads to spinal sensitization through the release of the
excitatory amino acid glutamate and free radical production (reactive oxygen species (ROS) and
reactive nitrogen species (RNS)) [5-8].

Free radical oxidative damage is strictly linked with oxidative stress, involved in several degenerative
diseases, such as inflammatory, cardiovascular, and digestive diseases, as well as cancer, aging, and
stroke [9-13].

Free radical activity includes many proinflammatory effects—for example, endothelial cell damage
and increased microvascular permeability, the recruitment of neutrophils at the sites of inflammation [14],
the autocatalytic destruction of neurotransmitters and hormones (e.g., noradrenaline and adrenaline), lipid
peroxidation and oxidation, DNA damage, and activation of poly-ADP-ribose polymerase (PARP) [15-19].

The concentration of nitroxidative species (ROS/RNS) can increase during stress conditions,
inducing the activation of transcription factors (e.g., activator protein 1 (AP1) and nuclear factor kappa
(NF-kB)) and mitogen-activated protein kinases (MAPKSs), which can in turn activate COX enzymes
and increase the production of prostaglandins (PGs) [10,20,21].

Consequently, prostaglandins, through the activation of different nociceptors, lead to an increase
of phospholipase A, (PLA;), and then of arachidonic acid (AA) levels [12,22,23].

Moreover, nitric oxide (NO) seems to interfere directly with the activity of COX-2, and therefore
with the production of PGs; the metabolites of the arachidonic acid, similarly, would be able to
modulate the biosynthesis of NO [10,20,21,24], thus generating a vicious circle mechanism. Therefore,
the generation of free radicals and PGs plays a crucial role, enhancing pain sensitivity experienced
during inflammatory diseases [21,22].

Pharmacological removal of ROS/RNS by antioxidants [25-28] can prevent the characteristic
findings associated with inflammatory pain and other different etiologies of pain [26,28,29]. In particular,
our previous data have already demonstrated the ability of Mn (III) tetrakis (4-benzoic acid) porphyrin
(MnTBAP; a peroxynitrite decomposition catalyst) to inactivate the development of thermal hyperalgesia
and reduce malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) formation, as well as the
post-translational modification of cellular proteins [9,28], thus restoring the activity of endogenous
enzymes [28].

To date, the cross-talk mechanism through which free radicals and COXs pathway contribute to
the development and maintenance of hyperalgesia needs to be better clarified [21]. In the present
study, we investigated the impact of oxidative stress on COX-2 and PG pathways in paw exudates,
and how this mechanism can be reversed by the utilization of widely employed antioxidants, such as
MnTBAP, during hyperalgesia, in a well-characterized model of inflammatory pain in rats.

Our findings underline the pivotal role of nitroxidative stress in hyperalgesia pathway. Thus, we
suggest that the chronicization of pain could depend on post-translational nitration of key enzymes
and transporters linked to glutamatergic neuro-transmission.
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2. Materials and Methods

2.1. Animals

Male Sprague-Dawley rats (225-250 g, 8 weeks old; Envigo) were used following the Italian
regulations for the protection of animals used for experimental and other scientific purposes (D.L.
26/2014); the European Economic Community regulations (2010/63/UE), with authorization number
577-2016-PR; and the National Institutes of Health (NIH) guidelines on laboratory animal welfare.
The numbers of animals used are the minimum number necessary to achieve statistical significance at
p < 0.05, as set forth by the International Society for the Study of Pain guidelines [30]. Rats (two per
cage) were housed and preserved at fixed temperature (21 + 1 °C) and humidity (60% + 5%) conditions,
allowed food ad libitum, and in a 12 h light/12 h dark cycle. Experiments were performed between
7:00 and 10:00 a.m. in a quiet room. Unless specified, all drugs were purchased from Sigma Aldrich
and dissolved in saline (sodium chloride 0.9%).

2.2. Experimental Groups

Rats were allocated into one of the following experimental groups:

e  Vehicle group: animals (n = 12) received an intraperitoneal (i.p.) injection of saline 15 min before
intraplantar (i.pl.) injection of saline into the hindpaw;

e  Carr group (n = 12): 15 min before intraplantar injection of carrageenan (1% suspension in 0.85%
NaCl; Calbiochem) into the right hindpaw, rats received an intraperitoneal saline injection;

e Drugs groups: animals (1 = 12 for each dose) received an intraperitoneal injection of different
doses of MnTBAP (5 mg/kg, 10 mg/kg, or 30 mg/kg) 15 min before intraplantar injection of
carrageenan (1% suspension in 0.85% NaCl; Calbiochem) into the right hindpaw.

The dose and the timing of MnTBAP administration were chosen according to the literature [6,28,31].
For all groups, 6 h following the intraplantar injection of carrageenan, rats were sacrificed, and each
paw was cut at the level of the calcaneus bone. The paws’ soft tissue was immediately frozen in liquid
nitrogen and stored at —80 °C for subsequent analyses (Western blot, manganese superoxide dismutase
(MnSOD) activity, MALDI mass spectra (MS) and MDA analysis). For lactate dehydrogenase (LDH)
and prostaglandin E; (PGE;,) quantification, paw tissues were centrifuged at 250x ¢ for 20 min, as
previously described [1,32,33], and the oedematous fluid (exudate) was recovered and analyzed.

2.3. Measurements of Thermal Hyperalgesia and Oedema after Carrageenan Administration

Hyperalgesic responses were detected following Hargreaves’s protocol [34]. Twenty seconds of
cut-off latency was used in order to prevent tissue damage in non-responsive animals. Single rats
acclimatized in a plexiglass chamber for 30 min. A high-intensity projector bulb (mobile unit) was
used to make a thermal stimulus directly to the hind paw beneath the chamber. A thermocouple
and an electronic clock circuit were used to determine the withdrawal latency period of injected and
controlateral paws, to the nearest 0.1 s. The test ended when the animal failed to respond by 20 s. Every
single point represents the delta change (s) in withdrawal latency (withdrawal latency of controlateral
(left paw) minus withdrawal latency of injected paw (right paw)) at each time point. The results are
reported as paw withdrawal latency changes (s). Paw volume changes were measured as reported in the
literature [33]. In brief, paw volume was quantified through a plethysmometer (Ugo-Basile, Varese, Italy)
at 6 h after carrageenan injection. For each animal, the increase in paw volume (mL) after the injection
of carrageenan relative to pre-injection values describes oedema values. Each histogram represents the
change (mL) in withdrawal latency (withdrawal latency of injected paw (right paw) minus withdrawal
latency of controlateral (left paw)). Results are represented as paw volume change (mL).
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2.4. Determination of Prostaglandin E, (PGE;) Levels in Paw Exudate

PGE, released in the paw exudates was measured by enzyme-linked immunosorbent assay
(ELISA), as described previously [1,21,32,33], using commercially available kits (Amersham). Briefly,
paws were gently centrifuged at 250x g for 20 min in order to recover a sample of the oedematous
fluid, and the volume of fluid recovered from each paw was measured. Results were expressed in
pg/paw, normalizing values to the amount of exudates recovered from each paw. All determinations
were performed in triplicate.

2.5. Determination of Lactate Dehydrogenase (LDH) Levels in Paw Exudate

Paw exudate, recovered through a centrifugation of 250x g for 20 min, was measured. The levels
of LDH in the paw exudates (5 puL of a 1:10-fold dilution of each sample in saline) were used as an
indicator of cell toxicity and cell death, and were spectrophotometrically measured (at an absorbance
of 340 nm) using an LDH assay kit (Sigma). All determinations were performed in triplicate.

2.6. Evaluation of Malondialdehyde (MDA) Levels in Rats after Carrageenan Treatment

MDA quantification was measured in the paw soft tissues through a thiobarbituric acid (TBA)
reactive substance (TBARS) assay, as previously described [26]. Tissue samples were added to a vial
containing 10% NaOH, 20% acetic acid, and TBA, and were boiled at 95 °C. After 1 h, the tubes
were placed on ice to stop the reaction. Before being transferred to a black 96-well microliter plate,
samples were centrifugated 10 min at 1600x g at 4 °C. The MDA-TBA adduct was fluorometrically
measured at an excitation wavelength of 530 nm and emission wavelength of 550 nm using an Infinite
200 microplate fluorometer (Tecan). All determinations were performed in triplicate.

2.7. Tissue Preparation for Cytosolic Extraction

Paw soft tissue homogenization was performed in lysis buffer (20 mM Tris-base, 150 mM NaCl,
10% glycerol, 0.1% Triton-X-100, 1% Chaps, and 2 mM Ethylene glycol tetraacetic acid (EGTA)) with
the addition of 1% protease inhibitor cocktail (v/v). Extracts were sonicated for 5 min (Fisher Scientific
Sonicator) and incubated for 10 min on ice, and then were centrifuged at 12,500 g for 30 min at 4 °C. The
obtained supernatants were stored immediately at —80 °C and used to evaluate immunoprecipitation
and for Western blot analyses. Protein concentrations were determined using the bicinchoninic acid
(BCA) protein assay (Pierce).

2.8. Immunoprecipitation and Western Blot Analyses

To determine whether MnSOD and COX-2 were nitrated, western blot analysis of the
immunoprecipitated protein complex and total lysates were performed. In particular, for
immunoprecipitation, 300 ug of solubilised proteins, obtained as previously described, were incubated
with 10 ug of agarose bead-conjugate, anti-nitrotyrosine, monoclonal antibodies (Upstate Biotechnology)
washed in PBS (pH 7.4). The bead—antibodies and binding proteins were resuspended in 50 pL of
sample buffer (2%, 0.5 M Tris-HCI (pH 6.8), 2.5% glycerol/0.5% SDS/200 mM 2-mercaptoethanol/0.001%
bromophenol blue) and then boiled for 5 min at 95 °C. the immunoprecipitated proteins were resolved
in 12% SDS-PAGE mini, and the proteins were transferred to nitrocellulose membranes. The membranes
were blocked for 1 h at room temperature in 1% Bovine serum albumin (BSA), 0.1% thimerosal in
50 mM Tris-HCl (pH 7.4), and 150 mM NaCl, 0.01% Tween-20 (TBS/T), followed by incubation with
rabbit polyclonal antibodies for MnSOD (O/N, 4 °C, 1:1000; Millipore, code 06984), COX-2 (O/N, 4 °C,
1:500; Cayman Chemical, code 160116), and nitrotyrosine (O/N, 4 °C, 1:1000; Millipore, code AB5411).
Membranes were then washed with TBS/T and incubated with a secondary antibody conjugated
to horseradish peroxidise (1:15,000; GE Healthcare) for 1 h at room temperature. After washes, the
proteins were visualized by enhanced chemiluminescence (ECL; Pierce Biotechnology). No difference
in monoclonal 3-actin (O/N, 4 °C, 1:5000; Sigma, code A3853) was detected among the lanes. All the
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densitometry units were normalized against actin for each lane, and are expressed as the ratio of nitrated
to unnitrated proteins. Protein bands were quantified by densitometry using Image Quant 5.2 software
(Molecular Dynamics).

2.9. Determination of MnSOD Activity

MnSOD activity was measured as previously described [1,35,36]. Briefly, the solubilized proteins of
paw soft tissue, obtained through cytosolic extraction, were homogenized with 10 mM phosphate-buffered
saline (pH 7.4) in a Polytron homogenizer, sonicated on ice for 10 min, and subsequently centrifuged for
10 min at 1.100x g.

To determinate MnSOD activity, a competitive inhibition assay that used xanthine—xantine
oxidase-generated O, to reduce nitrobluetetrazolium (NTB) to blue tetrazolium salt, was performed as
previously described [1,35,36]. The reaction took place in sodium carbonate buffer (50 mM, pH 10.1)
containing EDTA (0.1 mM), nitrobluetetrazolium (25 uM), xanthine (0.1 mM), and xanthine oxidase
(2 nM). The rate of NTB reduction was monitored at 560 nm. The amount of protein required to inhibit
the rate of NTB reduction by 50% was defined as 1 unit of enzyme activity. Enzymatic activity was
expressed in units per mg of protein. All determinations were performed in triplicate.

2.10. In-Gel Tryptic Digestion

Proteins of paw soft tissue, obtained as previously described through cytosolic extraction, were
solubilized in NuPage LDS Sample Buffer (invitrogene), heated at 70 °C for 10 min, separated on
precast 4-20% Bis-Tris gels (Invitrogen), and stained with colloidal Coomassie Blue. After visualization,
each protein spot was cut and each gel slice was de-stained in 50 mM ammonium hydrogen
carbonate/acetonitrile 1:1, and covered with acetonitrile for the reduction of gel pieces. Under a
vacuum, centrifugation was performed to remove acetonitrile and to try gel particles. Proteins were
suspended in 10 mM dithiothreitol (DTT) and 25 mM (NH4),CO3 at 56 °C for 30 min, and then
cooled and alkylated in 55 mM Iodoacetamide (IAA) and 25 mM (NH4),CO3 for 30 min in the dark
at room temperature. Gel pieces were washed in 50 mM (NH4)HCO3/CH3CN 1:1 for 15 min and
covered by acetonitrile until gel pieces shrunk. Under the vacuum, centrifugation allowed acetonitrile
removal and gel particles drying. In-gel digestion was performed overnight at 37 °C under stirring, by
adding 12.5 ng/uL of trypsin in 25 mM (NH4),CO3. MALDI mass spectra were recorded directly from
the overlay.

2.11. MALDI/MS Analysis

Samples (1 puL) were applied to the target and air-dried. Subsequently, 1 puL of a-cyano-4-
hydroxycinnamic acid (10 mg/mL) in 50 % acetonitrile and 0.1 % Trifluoroacetic acid (TFA) (v/v) was
applied to the sample and dried again. MALDI mass spectra were recorded using a Voyager-DE STR
Applied Biosystems, (United States), a MALDI time-of-flight (MALDI-ToF) mass spectrometer, using
the reflectron mode of operation. Ionization was performed with a 337 nm pulsed nitrogen laser. Mass
calibration was internally performed using the molecular ions from the trypsin autodigestion. Raw
data were analysed using Data Explorer software provided by the manufacturer, and reported as
monoisotopic masses. MALDI mass spectra were compared to identify signals with a mass difference
of 45 kDa (aminoacidic nitration).

2.12. Statistical Analysis

The Kolmogorov-Smirnov test was used for analysis of the data distribution. After confirmation of
normal data, differences between groups were compared by analysis of variance (ANOVA). The results
are expressed as mean + SEM. Two-way repeated measures ANOVA with Bonferroni comparisons
were used for data obtained from each time point. Other data were analyzed via one-way ANOVA
followed by the Newman-Keuls test. The level of statistical significance was fixed at p < 0.05. Analyses
were carried out using GraphPad Prism software (v8.00; GraphPad Software, Inc.).
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3. Results

3.1. Effects of MnTBAP on Carrageenan-Induced Thermal Hyperalgesia and Oedema

Intraplantar (i.pl.) injection of carrageenan in rats determined a time-dependent development of
thermal hyperalgesia, which showed up 2 h after the administration of carrageenan (Figure 1A). The
development of thermal hyperalgesia coincided with tissue damage and inflammation, as evidenced
by oedema (Figure 1B) and supported by previous data [26,28,37]. This condition was associated with
LDH, PGE,, and MDA accumulation in paw exudates (Figure 2).

Intraperitoneal (i.p.) injection of a different dose of MnTBAP (5 mg/kg, 10 mg/kg, and 30 mg/kg,
15 min before carrageenan) reduced the thermal hyperalgesia and led to a significant improvement in
tissue damage and inflammation, characterized by the inhibition of oedema (Figure 1). Furthermore,
we observed that the administration of MnTBAP (5-30 mg/kg) led to a reduction of LDH, PGE,, and
MDA levels in paw exudates (Figure 2), observed after 6 h from carrageenan administration.
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Figure 1. (A) Intraplantar injection of carrageenan caused thermal hyperalgesia. This response was
blocked by Mn (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP) (5-30 mg/kg). Drugs were given
intraperitoneally (i.p.) 15 min before the intraplantar injection of carrageenan. (B) The development
of thermal hyperalgesia coincided with oedema formation. Injection of different doses of MnNTBAP
(5-30 mg/kg) was able to reduce oedema. The paw volume (mL) obtained at 6 h after the intraplantar
injection of carrageenan. Results are expressed as mean + SEM for 12 rats. Results are expressed as
mean + SEM for 12 rats. t p < 0.05 compared to Veh + Veh; * p < 0.05 compared to Veh + Carr.
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Figure 2. Intraperitoneal injection of MnTBAP in different doses (5-30 mg/kg) led to an improvement in
lactate dehydrogenase (LDH) (A), prostaglandin E, (PGE;) (B), and malondialdehyde (MDA) (C) levels
in paw exudates, observed following the intraplantar injection of carrageenan. Results are expressed
as mean + SEM for six rats. * p < 0.01, ** p < 0.001 compared with Veh + Veh; t p < 0.01, tt p < 0.001
compared with Veh + Carr.

3.2. Carrageenan-Induced Thermal Hyperalgesia and Oedema were Associated with Nitration and Deactivation
of MnSOD

The development of thermal hyperalgesia and oedema after intraplantar injection of carrageenan
were associated with tyrosine nitration of total proteins (Figure 3A), and in particular of mitochondrial
manganese O,~ dismutase (MnSOD), as evidenced by immunoprecipitation analysis (Figure 3B).
Through biochemical analysis, we observed that nitration of MnSOD led to its deactivation, losing its
ability to desmute and hence remove superoxide (Figure 3C) [38].

MnTBAP (10 mg/kg) pretreatment (intermediate dose), intraperitoneally administered 15 min
before carrageenan, blocked protein nitration (Figure 3A,B) and restored the enzymatic activity of
MnSOD (Figure 3B).

3.3. Carrageenan-Induced Thermal Hyperalgesia and Oedema were Associated with Nitration of COX-2

Intraplantar administration of carrageenan was associated with nitration of tyrosine, not only of
the mitochondrial isoform of superoxide dismutase (SOD), but also different proteins expressed during
inflammation, including inducible COX-2 in paw tissues, as shown by immunoprecipitation (Figure 4).
This enzyme was released at the site of tissue injury and produced high levels of PGE, (Figure 2),
a hormone-like substance that stimulates pain and inflammation [39]. Administration of MnTBAP
(10 mg/kg) 15 min before carrageenan blocked COX-2 nitration (Figure 4). This data was subsequently
confirmed by the analysis of the enzyme in MALDI-TOF, after identification in the mass of COX-2
(Figure 5) was underlined as the tyrosine residues of COX-2 were nitrated (Figure 6). The nitration
of the enzyme was well-correlated with the formation of PGE;, and with the hyperalgesic responses
to carrageenan.
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Figure 3. (A,B) When compared with the vehicle (Veh) group, animals with carrageenan showed
nitration of total proteins, including manganese superoxide dismutase (MnSOD). (C) Nitration of
MnSOD was linked to the deactivation of MnSOD’s enzymatic function. Compared with the vehicle
group, animals that received a carrageenan injection showed lower levels of MnSOD activity in the
paws. (A—C) Pretreatment with MnTBAP (10 mg/kg) restored the total proteins and MnSOD nitration
and its activity in carrageenan-inflamed rats. No difference in MnSOD or -actin expression was
detected among the lanes in these conditions. The gels are representative of results from six animals,
and the histogram represents densitometric analyses of all animals per group. Results are expressed as
mean + SEM for six rats. * p < 0.001 compared to Veh + Veh; t p < 0.001 compared to Veh + Carr.
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Figure 4. Compared with the vehicle group, animals that received a carrageenan injection showed
significant nitration of cyclooxygenase 2 (COX-2). Administration of MnTBAP (10 mg/kg) 15 min before
carrageenan partially attenuated COX-2 nitration. No difference for COX-2 or (3-actin expression was
detected among the lanes in these conditions. Gels are representative of results from six animals, and
the histogram represents densitometric analyses of all animals per groups. Results are expressed as

mean + SEM for six rats. * p < 0.001 compared to Veh + Veh; 1 p < 0.001 compared to Veh + Carr.
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Figure 5. Identification by mass spectrometry of COX-2 after the intraplantar injection of carrageenan.
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Figure 6. Identification of nitrated tyrosine of COX-2 after the administration of carrageenan.

4. Discussion

Inflammatory pain is a serious health problem. Its treatment, despite the use of NSAIDs, remains
inaccurate, expensive, and sometimes useless. Clinical trials have shown that free radicals, responsible
for the onset of oxidative stress, are implicated in the development of numerous diseases, including
acute and chronic inflammation [40,41]. Here we show that intraplantar injection of carrageenan leads
to the development of thermal hyperalgesia, which is associated with inflammation, as evidenced by
oedema, thus reinforcing our previous published data [26,28,37].

High levels of ROS/RNS species and oxidative stress promote the oxidation of biological molecules,
including DNA, lipids, and proteins in plasma and mitochondrial membranes [28]. This process leads
to the production of lipid peroxidation products, such as 4-hydroxynonenal (4-HNE), malondialdehyde
(MDA), and reactive aldehydes [42] as well as to the formation of nitrating species, such as peroxynitrite,
nitrosonium cation, nitrogen dioxide, and nitrous peroxocarbonate, promoting the nitration of tyrosine
and therefore the inactivation of cellular proteins [43,44].

Our results strongly suggest that during the well-known model of carrageenan-induced inflammation
and hyperalgesia in rats, the MDA level increases in association with an increment of lactate
dehydrogenase (LDH) and prostaglandin E; (PGE;) levels released in paw exudates, thus suggesting
their pivotal role in the generation of hyperalgesia and inflammation. These effects were significantly
attenuated by pre-treatment with MnTBAP, an inhibitor of lipid peroxidation.

It is well known that prostaglandins (PGs) are the main lipid mediators, with important functions
during inflammatory processes. They are synthesized from arachidonic acid by two isoforms of
cyclooxygenases, known as COXs (COX-1 or COX-2).

Specifically, COX-1, expressed in many tissues, plays a protective role, providing PG involvement
in homeostatic functions [45,46]; COX-2, upregulated by inflammatory mediators, growth factors, and
hormones, is an important source of prostanoids during inflammation and leads to robust production
of pro-inflammatory PGs [10].

Prostaglandin E; (PGE;), the most abundant PG, is involved in many biological functions, but its
deregulation or degradation has been associated with several pathological conditions, including the
development of acute and chronic inflammation [45,47,48].

In recent years, a different mechanism of PGE, production has been observed in mice and rats
during carrageenan-induced inflammatory pain. In particular, it was demonstrated that the weight and
mouse’s age are critical elements for oedema and correlated enzyme (COX, PGE;) development [49].
Different from rats (where oedema appears during the acute phase of inflammation), a biphasic oedema
development has been observed in mice. In fact, 7/8-week-old mice show the first oedema insurgence
during the 6 h after carrageenan injection, followed by a second development at 24 h [49]. In the same
study [49], PGE, production has been observed in the first oedema’s phase (during the first 6 h) due to
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COX-1, and during the following phase due to COX-2. Conversely, PGE, production in rats is constant
during all the inflammatory phase [33,50,51]. These findings underline a more complex COX regulation
in mice than in rats.

In addition, previous studies have demonstrated that NO and PGs released during inflammation
is responsible of the activation and deliver of an inducible isoform of nitric oxide synthase (iNOS) and
COX-2 [20,22,52], which involved in the regulation of several physiological and pathological disease
states [52,53].

In these conditions, tissue inflammation is characterized also by superoxide production that,
interacting with NO, leads to the peroxynitrite formation (Figure 7).

Hyperalgesia <——— gelease of

A cytokines

Oxidative t
Stress PGE2
Carrageenan-induced
inflammation
Lipid peroxidation .
L " t Nitrated COX2

i Peroxynitrite /
v 1 ot

Superoxide

Nitric Oxide

Superoxide
7
\bt Nitrated MnSOD

Figure 7. Scheme summarizing the findings of this study. The role of oxidative stress on COX-2

and MnSOD pathways related to the continuous reactive oxygen species (ROS) production for the
development and maintenance of the pain state.

Our previous work has already documented the critical role of nitroxidative species, including
peroxynitrite, in the development of peripheral and central sensitization associated with pain of diverse
etiologies, such as inflammatory and neuropathic pain [1,5,26,27,29,54,55].

In particular, peroxynitrite, a pro-inflammatory and cytotoxic agent, is responsible for protein
nitration, including MnSOD, a mitochondrial enzyme able to desmute and remove high levels of
superoxide (Figure 7). In the last decade, it has been observed that post-translational modifications of
MnSOD are crucial for the continuous formation of free radicals. In fact, when nitrated MnSOD is
inactive, it leads to a vicious cycle of free radical formation. This event leads, in turn, to a nitrosative
condition, with the nitration of several crucial enzymes involved in the development and maintenance
of hyperalgesia and central sensitization, which maintains nociceptive signaling, in pain of different
etiologies [21,54,56,57]. In particular, in the present set of experiments, we observed that COX-2
nitration and activation occur in concomitance of MnSOD nitration and deactivation, in the presence
of paw oedema and hyperalgesia. Moreover, with the administration of MnTBAP, a peroxynitrite
decomposition catalyst, we observed a reduction of these proteins’ nitration and hyperalgesia, most
probably due to the peroxynitrite removal.

The excess of free radicals during the pain state is generally inactivated by antioxidants, which
inhibit the oxidation of other molecules by directly removing free radicals (pro-oxidants) and providing
maximal protection for biological sites [9,37].

It is well-known that antioxidants are classified based on their chemical nature or mode of
function [16,58-62]. Our recent studies have reported the use of synthetic antioxidants for the removal
of free radicals [6,16,37]. Among these, a metalloporphyrin, known as MnTBAP, is a potent inhibitor of
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lipid peroxidation and exerts a protective effect associated with various human diseases, most probably
due to its peroxynitrite scavenger activity [5]. Indeed, here, we observe that COX-2 undergoing nitration
is highly regulated by free radicals and therefore peroxynitrite, resulting in a continuous release of PGs.
We also showed that the MnTBAP antioxidant was able to rescue endogenous antioxidant system activity,
inactivated during the development of hyperalgesia. Furthermore, antioxidant employment prevented
the nitration of MnSOD and COX-2, inhibiting hyperalgesia development during carrageenan injection.

In conclusion, these results reinforce the notion that free radicals and peroxynitrite are important
mediators of the induction of hyperalgesia and inflammation. Moreover, peroxynitrite, through
the nitration of the tyrosine residue of MnSOD and COX-2, contributes to the formation of free
radicals and to the biosynthesis of prostaglandins in rat paw exudates, thus playing a key role as
pro-inflammatory and pro-nociceptive agents in a novel mechanism of peripheral sensitization. This
mechanism can be pharmacologically restored through the use of MnTBAP, most probably due to its
ability to remove peroxynitrite.

In this contest, where the complexity of pain requires new therapeutic approaches, the identification
of innovative drugs is crucial to improve patient’s rehabilitation and life quality.
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