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NCX 2057, a novel NO-releasing derivative of ferulic
acid, suppresses inflammatory and nociceptive
responses in in vitro and in vivo models

Daniela Ronchetti1, Valentina Borghi1, Gema Gaitan2*, Juan F. Herrero2 and
Francesco Impagnatiello1

1NicOx Research Institute S.r.l., Bresso, Milan, Italy, and 2Department of Physiology, University of Alcalá, Madrid, Spain

Background and purpose: We previously reported that NCX 2057, a compound comprising a nitric oxide (NO)-releasing
moiety and the natural antioxidant, ferulic acid (FA), inhibits pro-inflammatory mediators through NO-mediated gene
regulation. Here, we have assessed the activities of NCX 2057 in models of inflammatory and neuropathic pain, and
characterized its effects on cyclooxygenase (COX)-1 and COX-2.
Experimental approach: Anti-nociceptive and anti-inflammatory activities of NCX 2057 were measured in vitro and in vivo in
models of inflammatory (carrageenan) and neuropathic (chronic constriction injury; CCI) pain. Effects of NCX 2057 were
measured on COX-1 and COX-2 activities in RAW 264.7 macrophages.
Key results: NCX 2057 dose-dependently inhibited single motor unit responses to noxious mechanical stimulation (ID50 =
100 mmol·kg-1) and wind-up responses in rats with paw inflammation induced by carrageenan. Moreover, NCX 2057 inhibited
allodynic responses following CCI of the sciatic nerve [ipsilateral Paw Withdrawal Threshold (g): vehicle: 41.4 � 3.3; NCX 2057:
76.3 � 4.8 FA: 37.9 � 15.5 at 175 mmol·kg-1]. NCX 2057 reversed carrageenan-induced hyperalgesic responses in mice and
inhibited prostaglandin E2 formation in paw exudates. Finally, NCX 2057 competitively inhibited COX-1 and COX-2 activities
in whole RAW macophages (IC50 = 14.7 � 7.4 and 21.6 � 7.5 mM, respectively). None of these properties were exhibited by
equivalent treatments with FA or standard NO donor compounds.
Conclusions and implications: These studies indicate that NCX 2057 is effective in chronic inflammatory and neuropathic
pain models, probably because of its particular combination of anti-COX, antioxidant and NO-releasing properties.
British Journal of Pharmacology (2009) 158, 569–579; doi:10.1111/j.1476-5381.2009.00324.x; published online 7 July
2009
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Introduction

Exaggerated sensitivity to pain is the dominant feature of
inflammatory and neuropathic pain in clinical situations and
experimental animal models. It is manifested as pain in
response to innocuous stimuli (allodynia) or increased
response to noxious stimuli (hyperalgesia), and persists long
after the initial injury has resolved (Scholz and Woolf, 2007).
Treatment of these types of pain relies on non-steroidal

anti-inflammatory drugs, narcotic analgesics and anti-
convulsants (such as gabapentin or carbamazepine) or
antidepressant drugs, none of which are thought to exert
disease-modifying properties.

An emerging theme in the pathophysiology of chronic and
inflammatory pain is the role of pro-oxidant substances. Reac-
tive oxygen species (ROS), including hydrogen peroxide,
superoxide, hydroxyl radicals, nitric oxide (NO) and perox-
ynitrite, have been cited as molecules involved in the initia-
tion and/or maintenance of chronic pain (Guedes et al., 2006;
Figueroa-Romero et al., 2008). However, the role of NO in this
situation is not clear, and seems to depend on its circulating
concentration. For example, low concentrations of NO gen-
erated by the constitutive NO synthases, endothelial and
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neuronal, are considered beneficial, whereas high NO
concentrations, derived from the activation of inducible NO
synthase (iNOS), leads to oxidative stress, peroxynitrite for-
mation, protein post-translational modifications and central
sensitization of nociceptive circuits (Hancock and Riegger-
Krugh, 2008). The mechanism of action underlying this sen-
sitization seems to be linked to release of prostanoids
(Ndengele et al., 2008).

Biosynthesis of prostanoids results from the activity of two
well-recognized enzyme isoforms: cyclooxygenase (COX)-1,
which is constitutively expressed in the majority of mamma-
lian cells and is involved in homeostatic functions, and
COX-2, which is induced during inflammation and following
persistent activation of nociceptive circuits or cytokine expo-
sure (Hoffmann, 2000; Svensson and Yaksh, 2002). There is
also evidence for the existence of a constitutive expression of
COX-2 (Maihofner et al., 2000; Seybold et al., 2003) and a
third isoform, COX-3, whose function is still not well under-
stood, has also been described (Warner and Mitchell, 2002;
Simmons et al., 2004).

Various non-selective as well as selective COX-2 inhibitors
have been shown to counteract hyperalgesic responses in a
variety of experimental conditions (Patrignani et al., 2005)
and exert prominent anti-inflammatory activity (Ibuki et al.,
2003; Burian and Geisslinger, 2005). On the other hand, a
variety of antioxidant compounds, including ferulic acid
(FA) and its closely related derivative, curcumin, have been
shown to inhibit COX-2 and iNOS protein expression, as
well as the production of pro-inflammatory cytokines
(Hosoda et al., 2002; Dong et al., 2003; Sharma et al., 2006;
Aggarwal and Sung, 2009). Furthermore, recent pre-clinical
reports suggest that various new and old antioxidants are
effective anti-nociceptive agents (Tankova et al., 2005;
Sharma et al., 2006; Valsecchi et al., 2008). These latter
effects are shared by slow NO-releasing compounds. Indeed,
the introduction of an NO-releasing moiety into the chemi-
cal structure of various drugs has consistently been shown
to provide anti-inflammatory properties and to inhibit pro-
inflammatory enzymes and mediators (Wu et al., 2004;
Ongini et al., 2004; Ronchetti et al., 2006). These and other
observations suggest that drugs targeting COX inhibition,
free radical formation and pro-inflammatory protein
expression (e.g. iNOS) might provide a better control over
inflammatory and neuropathic pain conditions than the
therapeutic agents currently available.

We and others have previously reported that the
NO-releasing derivative of the natural antioxidant FA, NCX
2057, retains antioxidant activity similar to that of its parent
compound, FA (Wenk et al., 2004), inhibits iNOS expression
through the nuclear factor-kB signalling pathway (Ronchetti
et al., 2006) and inhibits microglia activation in a rat model of
chronic neuroinflammation (Wenk et al., 2004).

Based on these observations, we studied the anti-
inflammatory, anti-hyperalgesic and anti-allodynic activities
of NCX 2057 in well-established rodent models of pain. We
also assessed whether these possible actions were located in
peripheral tissues or within the spinal cord by administering
the compound by different routes. In addition, we charac-
terized its inhibitory activity on COX-1 and COX-2
enzymes.

Our data suggest that NCX 2057 is an effective anti-
nociceptive compound in models of inflammatory or neuro-
pathic pain. The effect is mainly located in peripheral tissues,
though some activity in the spinal cord cannot be discounted.
These results support the effectiveness of compounds like
NCX 2057 in nociception and might open new perspectives
in the treatment of pain.

Methods

Animals
All animal care and experiments in this study were undertaken
in accordance with Italian and European legislation regarding
the use of animals for experimental protocols and all efforts
were made to minimize animal suffering and to reduce the
number of animals used. Carrageenan-induced hyperalgesia
was studied in male CD-1 mice weighing 25–30 g. Behavioural
studies and electrophysiological experiments were carried out
in male Wistar rats weighing 235–350 g. Animals were only
used for a single experiment and were killed by an overdose of
sodium pentobarbital (Dolethal, Vetoquinol S.A., Madrid,
Spain) at the end of each experimental session.

Cell culture
RAW 264.7 mouse macrophage cells were maintained at 37°C
in presence of 95% air and 5% CO2 in Dulbecco’s modified
Eagle’s medium (Invitrogen, PA, USA) containing 10% (v/v)
fetal bovine serum, 25 000 units·mL-1 penicillin, 25 mg·mL-1

streptomycin and 4 mM L-glutamine (Gibco, Grand Island,
NY, USA). Before each individual experiment, cells were
rinsed and incubated in serum-free medium for 16 h (resting
conditions for COX-1 activity) or in presence of 1 mg·mL-1 of
the bacterial endotoxin, lipopolysaccharide (LPS) and
10 ng·mL-1 of interferon-g (IFNg) (to induce COX-2 activity).
LPS and IFNg were from Sigma-Aldrich (St. Louis, MO, USA)
and Roche Molecular Biochemicals (Mannheim, Germany)
respectively.

Electrophysiological and behavioural studies
Electrophysiological recording in carrageenan-induced paw inflam-
mation in rats. The method followed has been described
previously (Solano and Herrero, 1997; Romero-Sandoval et al.,
2004). Briefly, the experiments were carried out in male Wistar
rats, injected in the right hind paw (intra-plantar) with 100 mL
of 1% l-carrageenan solution (Sigma-Aldrich). Preparative
surgery (e.g. cannulation of the trachea, of the carotid artery
and of the two superficial branches of the jugular veins) was
performed under halothane anaesthesia. The preparation was
left to rest for at least 1 h prior to the experimental session,
which was carried out under general anaesthesia with
a-chloralose (50 mg·kg-1 initial dose and 20 mg·kg-1 h-1 for
maintenance; Sigma-Aldrich) and terminated with an over-
dose of sodium pentobarbital. The right hind limb was fixed in
inframaximal extension in a Perspex block using plaster of
Paris. The activity of single motor units (SMUs) was recorded by
means of tungsten bipolar electrodes inserted percutaneously
into muscles of the hind limb. Throughout the experiments,
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blood pressure and core temperature were monitored and
maintained within normal physiological limits. SMU activity
was recorded from hind limb muscles using a Teflon-coated
tungsten electrode (Solano and Herrero, 1997) and a standard
electrophysiological setup. The units were activated in 3 min
cycles (10 s noxious mechanical stimulation and one train of
16 percutaneous electrical stimuli). Noxious mechanical
stimulation was applied over an area of 14 mm2 using a
computer-controlled pincher device (Estimec, Cibertec,
Madrid, Spain), and a force of 200 mN over the threshold
intensity, threshold being the minimal pressure required to
evoke a constant firing rate (Herrero and Headley, 1991; Solano
and Herrero, 1997). The electrical stimulation was applied
using two 0.2 mm needles inserted in the most sensitive area of
the cutaneous receptive field, with 16 pulses of 2 ms width,
1 Hz and an intensity of twice the threshold current for C-fibre
responses (Herrero and Cervero, 1996). The drugs were tested
only when the responses observed with either stimulus were
stable.

FA and NCX 2057 (NicOx S.A.) were prepared fresh everyday,
immediately before use. The drugs were dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) and polyethylene glycol
(1:1; Panreac, Barcelona, Spain) in a concentration of 50 mM,
diluted in saline and administered intravenously in cumula-
tive log2 regime in a total and constant volume of 0.3 mL. The
initial dose used was 25 mmol·kg-1 and the highest dose used
was 200 mmol·kg-1. Preliminary experiments showed that peak
effect of NCX 2057 was observed within the first 5 min after
administration. Accordingly, the doses studied were given
every 6 min (2 cycles of stimulation).

The collection of data and stimulation protocols were per-
formed by a computer using commercial software (Spike 2;
CED, Cambridge, UK). The number of spikes counted in the
last two cycles of stimulation between each dose were averaged
and the mean compared to the control response, control being
the mean of the three responses previous to the administration
of the first dose (see for further details Herrero and Headley,
1991; Solano and Herrero, 1997). Spikes from mechanical and
electrical stimulation were counted and analysed separately.
The data from the electrical stimulation were analysed by
counting the number of spikes evoked between 150 and
650 ms after each stimulus (Herrero and Cervero, 1996).

Carrageenan-induced paw inflammation in mice.
l-Carrageenan (10 mg·mL-1 in saline; Sigma-Aldrich) was dis-
solved by sonication and injected subcutaneously in a volume
of 20 mL into the right plantar hind paw using a 50 mL
microsyringe with a 27 gauge needle. Drug or vehicle was
dissolved directly in the l-carrageenan solution just before
the injection. Mice were then placed under a transparent
plastic box (5 ¥ 5 ¥ 4 cm) on a metal mesh floor. Mechanical
sensitivity was measured after 4 h by determining the median
50% paw withdrawal threshold (PWT) with von Frey
monofilaments (bending force 0.02, 0.06, 0.16, 0.4, 1.2, 2.04
and 3.6 g; applied using a single, steady >1 s application)
using the up/down method (Chaplan et al., 1994).

Prostaglandin E2 (PGE2) production in carrageenan-injected mouse
paws. Mice from different groups were killed 4 h after
l-carrageenan administration. Paws were dissected and cen-

trifuged at 4000 ¥ g for 30 min at 4°C to obtain the inflam-
matory exudates. Supernatant (5 mL) was collected and
diluted with 10 volumes of ice-cold phosphate buffer saline
(PBS), the protein content was quantified by bicinchoninic
acid (BCA) assay (Pierce, Rockford, IL, USA) and finally, the
levels of PGE2 were determined by PGE2 metabolite EIA-kit
purchased from Cayman Chemical (Ann Arbor, MI, USA) fol-
lowing deproteinization of the samples with a solution of
ZnSO4 (30% v/v).

Chronic constriction injury (CCI)-induced mechanical allodynia in
rats. The method described by Bennet and Xie (1988) was
generally followed. Rats were anaesthetized with chloral
hydrate (380 mg·kg-1 ip, Sigma-Aldrich). The right common
sciatic nerve was exposed at the level of the femoris by blunt
dissection. Proximal to the sciatic nerve trifurcation, about
12 mm of nerve was freed of adhering tissue and four ligatures
(3/0 silk suture) were tied loosely around it with about 1 mm
spacing. Ligatures were tied such that the diameter of the
nerve was only barely constricted. The desired degree of con-
striction retarded, but did not arrest, circulation through the
superficial epineural vasculature. The incision was closed in
layers. The
experiments were then carried out 1 week after this surgical
preparation of the animals.

Mechanical sensitivity was determined with an analgesim-
eter (Ugo Basile, Varese, Italy), using the modified Randall–
Selitto method. Briefly, a conical stylus with a hemispherical
tip was placed upon the middle of hind paw dorsum. The
animal was gently restrained and calibrated pressure of gradu-
ally increasing intensity was applied until the rat withdrew
the hind paw. Threshold pressure (g) of both hind paws was
determined every 15 min, with two measurements before the
treatments (pre-test), and from 15 to 60 min after treatment.
An arbitrary cut-off value of 240 g was adopted. All the com-
pounds were given by s.c. injection.

Biochemical studies

Western blot analysis
RAW 264.7 cells (5–10 105) were scraped off the plates in
ice-cold PBS with a rubber cell lifter and centrifuged at 3800¥
g for 5 min. The cell pellets were dissolved in 250 mL of 0.5%
(v/v) Triton-X100, 0.5% (v/v) sodium deoxycholate (SDS,
Sigma-Aldrich) in PBS (Gibco) containing a mixture of pro-
tease inhibitors (Roche, Basel, Switzerland) and spun at
21 000¥ g for 10 min. Protein content in cell lysates was
assayed by BCA assay (Pierce). An equal amount of proteins
from each sample were loaded onto 4–12% SDS polyacryla-
mide gel electrophoresis (SDS-PAGE gel), transferred to poly-
vinylidene fluoride membrane (Millipore, MA, USA) and
immuno-stained using an anti-COX-2 (Upstate Biotechnol-
ogy, NY, USA) polyclonal antibody or anti-b-actin (Cell Sig-
naling Technology Inc., MA, USA), followed by a horseradish
peroxidase-conjugated anti-rabbit secondary antibody. Bands
were visualized using chemiluminescence reagents (Perkin
Elmer, Wellesley, MA, USA). Band intensity was determined
using a ChemiDoc system (Bio Rad, Hercules, CA, USA) and
the Quantity One software (version 4.3.1, Bio Rad). For quan-
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titative analysis, the specific bands were normalized on
b-actin signals and data were expressed as a percentage of
LPS/IFNg-stimulated levels � standard error of mean (SEM).

COX-1 COX-2 activities in macrophages. COX-1 and COX-2
activities were studied using resting and LPS/IFNg-stimulated
RAW 264.7 cells respectively. Before the experiment, cells
were rinsed and incubated for 8 h in serum-free medium with
or without 100 mM of aspirin (respectively for COX-2 and
COX-1 activity determination). Subsequently, COX-2 expres-
sion was induced by 16 h (overnight) incubation with
1 mg·mL-1 LPS and 10 ng·mL-1 IFNg. The next day, cells were
collected, resuspended in serum-free media and incubated
with drugs or vehicle for 30 min at 37°C. At the end of the
incubation time, 1 mM of the enzyme substrate, arachidonic
acid (AA), was added and the cells were further incubated at
37°C for 15 min. The reaction was ended with 3% of trichlo-
roacetic acid and the samples filtered. The extent of
compound-induced inhibition was determined by assessing
the amount of PGE2 release into the incubation buffer using a
PGE2 EIA-kit purchased from Cayman Chemical. Individual
readings (PGE2, ng·mL-1) were corrected for the number of
cells in each experiment (about 105 cells per sample) and,
subsequently, converted to respective percent of control
values (PGE2, % of control). The latter values [PGE2, % of
control = (y) in the equation below] were computed and fitted
as a function of concentration [mM = (x) in the equation
below] into a 4 parameters logistic curve using the following
equation: y = y0 + [a (1 + (x/x50)b)-1], where y0 = minimum (y),
a = maximum (y) and b = slope. The IC50 (x50, in the equation
above) values � SEM were then estimated from the resulting
plots using Sigma-Plot regression analysis.

The kinetic parameters of the reaction were determined by
incubating resting or stimulated cells with various concentra-
tions of AA (ranging from 0.15 to 10 mM) in presence of fixed
concentration of NCX 2057, FA or vehicle and the velocity of
the reactions was quantified. Km and Vmax values were deter-
mined by the analysis of the resulting Lineweaver–Burke plot.
Ki values of NCX 2057 for COX-1 and COX-2 were calculated
from the following equation: Ki = [test drug] ¥ (a-1)-1 where a
represents the ratio between the slope obtained from the
Lineweaver–Burke plots in presence and absence of the test
drug.

COX-1 and COX-2 activities in isolated ovine recombinant
enzymes. The assay was developed from the commercially
available ovine COX-inhibitor screening assay (Cayman
Chemical). AA was added at the final concentration of
1 mM.

Data analysis

Results are presented as mean � SEM. Statistical analysis for
in vivo and in vitro assays used one-way ANOVA followed by
Dunnett’s post hoc test unless otherwise specified. P values of
less than 0.05 were considered significant.

Comparison of ID50s was made with the two-tail unpaired
t-test.

Results

Electrophysiological and behavioural studies
Carrageenan-induced mechanical hyperalgesia in rats. As
described in previous experiments (Romero-Sandoval et al.,
2004), the injection of 100 mL l–carrageenan into the right
hind paw of rats elicited obvious tissue inflammation associ-
ated with mechanical hyperalgesia that peaked 4 h after
induction and lasted for at least 48 h. Experiments were per-
formed at the plateau stage, e.g. 16 h after the injection. The
intravenous administration of cumulative doses of NCX 2057
(from 10 to 200 mmol·kg-1, n = 6) induced a dose-dependent
reduction of the nociceptive responses, measured as the elec-
trical activity of SMUs from the affected paw. The maximal
effect of NCX 2057 reduced SMU activity to about
30% of the control response, with a calculated ID50 of
100 mmol·kg-1 (Figure 1). Under the same experimental con-
ditions, the administration of cumulative doses of FA (n = 5)
did not significantly modify SMU responses to noxious
mechanical stimulation (Figure 1).

In three additional experiments, pre-treatment with a fully
effective dose (1 mg·kg-1, i.v.) of naloxone did not alter the
effects of NCX 2057 (data not shown), suggesting that NCX
2057 acts through an opioid-independent mechanism.
Control experiments (n = 3) studying the equivalent amounts
of vehicle used in the studies showed no significant reduction
of nociceptive responses (Figures 1 and 2).

Carrageenan-induced electrical wind-up in rats
In animals with one paw inflamed with carrageenan, a pro-
gressive increment of the number of spikes (wind-up
response) was observed following repeated low-intensity elec-
trical stimulation. The intravenous administration of NCX
2057 induced a dose-dependent reduction of wind-up,
though a significant depression was only observed with the

Figure 1 Effects of NCX 2057 on responses to noxious mechanical
stimulation in carrageenan-induced paw inflammation in rats. NCX
2057 inhibited dose-dependently single motor unit (SMU) responses
evoked by noxious mechanical stimulation with an ID50 of
100 mmol·kg-1, whereas the administration of ferulic acid (FA) or
vehicle was ineffective. Compounds or vehicle were administered i.v.
in a cumulative manner from 25 to 200 mmol·kg-1. Data are pre-
sented as mean � standard error of mean. *P < 0.05 versus control;
**P < 0.01 versus control.
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highest dose studied (200 mmol·kg-1) (Figure 2A). Conversely,
the administration of cumulative doses of FA (up to
200 mmol·kg-1) did not significantly modify the wind-up
response (Figure 2B). As observed in the assays for SMU activ-
ity from noxious mechanical stimulation, the effects of NCX
2057 on wind-up were not altered by the i.v. administration
1mg kg-1 of the opioid receptor antagonist, naloxone (data
not shown).

CCI-induced mechanical allodynia in rats
Seven days after sciatic nerve ligation, the mechanical PWT of
the CCI-lesioned ipsilateral paw (ipsi) was stable and signifi-
cantly lower (pre-test, Figure 3A) than that of the respective
contralateral, un-lesioned paw (contra; Figure 3B). Subcutane-
ous administration of NCX 2057 significantly increased ipsi
PWT in a dose-dependent manner with a profile similar to

that observed following the administration of gabapentin at
equimolar doses which was used as internal positive control
in this set of experiments (Figure 3A and C). NCX 2057 also
enhanced PWT contralateral to the lesion side when admin-
istered at 175 mmol·kg-1 (Figure 3B and D). The effects were
already evident at 15 min, remained stable during the follow-
ing 30 min and decreased thereafter (Figure 3A and B). Con-
versely, the administration of equimolar doses of FA was
virtually ineffective (Figure 3A–D). The effects observed may
not be ascribed to a general depressant or stimulating effect
on locomotor activity, as NCX 2057 given to rats at doses up
to 580 mmol·kg-1 did not elicit any appreciable impairment or
enhancement of their rotarod performance (data not shown).

Carrageenan-induced mechanical hyperalgesia in mice
The effects of NCX 2057 on mechanical hyperalgesia were
studied in mice with one paw inflamed with l-carrageenan.
As seen in rats, the injection of carrageenan into the plantar
hind paw of mice resulted in rapid (within 30 min) inflam-
matory response associated with profound tissue swelling.
Mechanical hyperalgesia developed slowly during the follow-
ing hours reaching a maximum by 4 h after treatment. This
time was then chosen to study the effects of NCX 2057.
Responses to von Frey filaments, as shown by the 50% PWT,
decreased dramatically in carrageenan-injected paw, com-
pared to that observed following sham injection (Figure 4A).
However, as also shown in Figure 4A, the carrageenan-
induced hyperalgesic responses were reversed, in a dose-
dependent manner by local intraplantar injection of NCX
2057, but not that of FA (Figure 4A). When given systemically,
by s.c. injection, NCX 2057, but not FA, at doses as high as
580 mmol·kg-1 inhibited these responses to much lower extent
(50% threshold: 0.70 � 0.10 g, P < 0.05 vs. vehicle).

Effects of NCX 2057 on PGE2 production in carrageenan-injected
mouse paw
We next studied whether the anti-hyperalgesic effects of NCX
2057 were accompanied by direct activity on PGE2 production
in carrageenan-treated mouse paws. The intraplantar injec-
tion of l–carrageenan increased the PGE2 content of paw
exudates (Figure 4B). This increase was inhibited in a dose-
dependent manner by the concomitant injection of NCX
2057 (2.5, 7.5 and 15 nmol per paw) (Figure 4B). However, FA,
up to 15 nmol per paw, did not significantly modify
carrageenan-induced PGE2 synthesis (Figure 4B).

Biochemical studies

Effects of NCX 2057 on COX-1 and COX-2 expression
and activity
Exposure to FA or NCX 2057 at dose up to 50 mM failed to
significantly alter COX-2 protein expression in LPS/IFNg-
stimulated RAW 264.7 macrophages (Figure 5A and B) while
NCX 2057 reduced PGE2 formation in culture media.
More specifically, NCX 2057 inhibited in a concentration-
dependent manner the COX-1 and COX-2 activities of RAW
macrophages with very similar potencies (Figure 6A and B;

2 4 6 8 10 12 14 16 180
0

4

8

12

16

20

24

Stimulus number

M
e
a
n
 n

u
m

b
e
r 

o
f 

re
s
p
o
n
s
e
s

B

M
e
a
n
 n

u
m

b
e
r 

o
f 
re

s
p
o
n
s
e
s

A

**

2 4 6 8 10 12 14 16 180
0

4

8

12

16

20

24
Vehicle

NCX 2057 200 µmol·kg–1

NCX 2057 100 µmol·kg–1

NCX 2057 50 µmol·kg–1

Vehicle

FA 200 µmol·kg–1

FA 100 µmol·kg–1

FA 50 µmol·kg–1

Figure 2 Effects of NCX 2057 and ferulic acid (FA) on wind-up
responses in carrageenan-induced paw inflammation in rats. The
figure shows the effects of vehicle (upper and lower panels), NCX
2057 (upper panel) at doses of 200 mmol·kg-1, 100 mmol·kg-1 and
50 mmol·kg-1 or FA (lower panel; also 200–50 mmol·kg-1). All the
compounds were administered i.v. Data represent mean � standard
error of mean. **P < 0.01 versus vehicle curve.

NCX 2057 is anti-inflammatory and anti-nociceptive
D Ronchetti et al 573

British Journal of Pharmacology (2009) 158 569–579



Table 1). By contrast, FA was inactive up to 100 mM (Figure 6A
and B; Table 1). Similar experiments were also conducted in
the presence of porcine liver esterases (1.7 units per sample)
known to readily metabolize NCX 2057 (Govoni et al., 2006).
Under these conditions, NCX 2057 lost its inhibitory activity
on either COX isoform (Table 1). Moreover, various NO
donors (e.g. S-nitrosoglutathione, S-nitroso-N-acetyl-penic-
illamine and diethylenetriamine NONOate) at concentrations
ranging from 1 to 100 mM failed to significantly alter COX-1
and COX-2 function (Table 1) suggesting that the effects of
NCX 2057 may not be ascribed to NO release.

To better understand the mechanism of action of NCX
2057-mediated COX inhibition, we studied the kinetics of
COX-1 and COX-2 enzymic activities in presence and absence
of various concentrations of NCX 2057 or FA. As shown in
Figure 6C and D and Table 2, the Vmax and Km values for
COX-1 or COX-2 were not significantly altered by FA (30 mM)
However, incubation with the same concentration of NCX
2057 very clearly increased the Km values for both COX-1 and
COX-2 (Figure 6C and D; Table 2; P < 0.05 vs. vehicle). Similar
effects were also observed at lower concentrations. As shown
in the Lineweaver–Burke plots, NCX 2057 did not signifi-

cantly affect the Vmax of either COX-1 or COX-2 (Figure 6C
and D; Table 2). This profile is consistent with a competitive
interaction of NCX 2057 with COX enzymes. The equilibrium
constants for the dissociation of NCX 2057 from COX-1 and
COX-2 were, respectively, KiCOX-1 = 5.1 � 1.1 mM and KiCOX-2 =
11.0 � 3.2 mM.

Finally, to rule out potential indirect effects of NCX 2057,
we also performed similar analysis using isolated recombinant
ovine COX-1 and COX-2 enzymes yielding similar results
(Table 1).

Discussion and conclusions

The main observation made in the present study is the sig-
nificant reduction of nociceptive responses and inflammation
exhibited by NCX 2057 in rodents. This action was evident in
mice or rats, and after intravenous, subcutaneous or intra-
plantar administration. This suggests not only a fast anti-
nociceptive activity but also a mechanism of action located in
the inflamed tissue, for example a peripheral mechanism of
action.
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Plantar injection of carrageenan rapidly evokes local
erythema and oedema later accompanied by a decreased
threshold to mechanical stimuli (mechanical hyperalgesia).
This initial phase is thought to depend primarily on the
release of peripheral inflammatory mediators, including
bradykinins, inflammatory cytokines and prostaglandins
(Poole et al., 1999). Consistent with this, local induction of
COX-2 and PGE2 formation within 2–4 h after carrageenan
pleurisy has been reported (Guay et al., 2004). Likewise, gene
disruption of PGE2 receptors in mice or the direct injection of
monoclonal PGE2 antibody has been shown to inhibit the
early phase of carrageenan-induced inflammatory response
and pain (Portanova et al., 1996; Reinold et al., 2005). In our
study, we found a robust local increase of PGE2 production
following carrageenan-induced paw inflammation that was
inhibited by NCX 2057, supporting the notion that this com-
pound acts, at least in part, by direct inhibition of local COX
enzymes.

Systemic (i.p. or s.c.) exposure of NCX 2057 at doses up to
580 mmol·kg-1, albeit significantly, only resulted in moderate
effects in mice. The lower efficacy of NCX 2057, when admin-

istered systemically in this model, may well depend on its
rapid metabolism that would decrease the amounts of the
intact compound reaching the inflamed paw, though It might
also mean a lack of a central action.

We also observed that intravenous NCX 2057 counteracted
spinal cord nociceptive responses to mechanical stimulation
and wind-up in rats with paw inflammation. However, the
effect on the activity evoked by noxious mechanical stimula-
tion was more intense (and as effective as that observed after
local injection) than that observed in wind-up responses. As
wind-up is a centrally mediated phenomenon, the low inten-
sity of effect observed after the administration of NCX 2057
supports an action located mainly at peripheral sites (see
Herrero et al., 2000 for further discussion on this subject). In
this case, the compound was injected intravenously and, in
contrast to subcutaneous administration, it could reach the
target tissue more easily and rapidly. Nevertheless, since a
small but significant effect was observed in wind-up
responses, a partial action within the spinal cord nociceptive
processing cannot be discounted. The mechanisms of action
involved in this centrally mediated effect are the aim of future
experiments. However, a depression of the mechanisms
underlying the wind-up phenomenon including modulation
of D-methyl-Aspartic acid and neurokinin-1 receptors
(Herrero et al. 2000) is likely, though other possibilities, have
to be taken in consideration.

0.001

0.01

0.1

1

10

5
0

 %
  

P
a

w
 w

it
h

d
ra

w
a

l 
th

re
s
h

o
ld

 (
g

)

**
*

Carrageenan

152.5   7.5  15 (nmol per paw)

NCX 2057 FAVehicleSham

A

B

0

2

4

6

8

*
*

152.5   7.5  15 (nmol per paw)

NCX 2057 FAVehicleSham

#

Carrageenan

P
G

E
2

m
e

ta
b

o
lit

e
(p

g
 m

g
 p

ro
te

in
-1

#

)

Figure 4 Effects of NCX 2057 and ferulic acid (FA) on mechanical
hyperalgesia and prostaglandin E2 (PGE2) formation in carrageenan-
induced inflammation in mice. (A) Responses to mechanical stimula-
tion with von Frey filaments and (B) contents of PGE2 metabolites in
paw exudates were determined in sham or carrageenan injected
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doses. Mechanical sensitivity and PGE2 formation, estimated by
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PGE2 and 13, 14-dihydro-15-keto PGA2 were determined 4 h after
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mean of 8–10 animals for each experimental group. *P < 0.05, **P <
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represent mean � standard error of mean.
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Non-steroidal anti-inflammatory drugs (NSAIDs) have
proven to be the drugs of choice for the treatment of chronic
inflammatory pain (Kean and Buchanan, 2005). The thera-
peutic activity of this class of compounds has generally been
attributed to their established ability to inhibit COXs, key
enzymes in prostanoid biosynthesis (Vane, 1971; Vane et al.,
1998; Simmons et al., 2004).

In this study, NCX 2057 inhibited COX activities in whole
cells as well as in isolated recombinant enzymes without
changes in the expression of the COX proteins. Kinetic analy-

sis of COX enzymes in presence and absence of NCX 2057
demonstrated that this compound was a reversible, non-
selective and competitive inhibitor on both COX-1 and
COX-2 enzyme isoforms. These effects could not be ascribed
to parent FA and/or to the NO-releasing moiety alone as
we observed that equivalent concentrations of FA and
NO-donors were inactive in this assay. In addition, NCX 2057
was devoid of any activity when pre-exposed to liver esterases,
which rapidly cleave the ester bond bridging FA to the
NO-releasing moiety (Govoni et al., 2006).

All these results indicated that an inhibitory action of NCX
2057 on COX activity in the spinal cord is possible. Several
studies, for example, indicate that COX-2-mediated increase
of PGE2 in the spinal cord and central nervous system (CNS)
contributes to the severity of pain responses in the late phase
of carrageenan-induced hyperalgesia. In fact, COX-2 mRNA
and protein expression, as well as PGE2 formation, have been
observed in spinal cord neurons 24 h after the injection of
carrageenan (Guay et al., 2004). This suggests that the cen-
trally mediated effect of NCX 2057 may be related to an
inhibition of this signalling pathway in the spinal cord. This
is also in line with the depression of nociceptive spinal cord
neuronal activity observed in our experiments (see Herrero
et al., 2000 for further discussion in this subject). In fact, we
and others have previously shown that many COX inhibitors
depress spinal cord nociceptive activity and wind-up
using similar experimental models (Herrero et al., 2000). For
instance, indomethacin and SC58125, respectively a non-
selective and a selective COX-2 inhibitor, have been shown to
inhibit wind-up activity in a dose-dependent manner (Will-
ingale et al., 1997). Thus far, the tissue distribution and meta-
bolic fate of NCX 2057 following systemic in vivo exposure
have not been addressed in this study. In spite of that, Wenk
et al. (2004) reported that NCX 2057 inhibits microglia acti-
vation in a rat model of neuroinflammation, indicating the
ability of this compound to modulate central functions.

In previous studies, NCX 2057 has been shown to release
significant amount of NO over time and activate the
NO/cGMP signalling pathway (Govoni et al., 2006; Ronchetti
et al., 2006). To what extent this contributed to the anti-
hyperalgesic/anti-allodynic effects of NCX 2057 remains dif-
ficult to address since the specific role of NO/cGMP signalling
in peripheral tissue and the CNS is highly controversial.
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Figure 6 Effects of NCX 2057 and ferulic acid (FA) on cyclooxyge-
nase type-1 (COX-1) and cyclooxygenase type-2 (COX-2) activities in
RAW macrophages. Panels A and B show the inhibitory profile of NCX
2057 and FA on COX-1 and COX-2 respectively. Values represent the
mean � standard error of mean of three independent experiments
each conducted in triplicate. Experiments were performed in pres-
ence of 1 mM of the enzyme substrate, arachidonic acid and the
extent of drug-induced inhibition was estimated from the amount of
prostaglandin E2 (PGE2) production. Panels C and D are representa-
tive Lineweaver–Burke plots for COX-1 and COX-2 enzymes in the
absence, in the presence of NCX 2057 at 30 mM or FA at 30 mM.

Table 1 Inhibitory potency of NCX 2057, FA, naproxen and S-nitrosoglutathione on COX-1 and COX-2

Treatment RAW 264.7 mouse macrophages Isolated ovine enzymes

COX-1 IC50

(mM � SEM)
COX-2 IC50

(mM � SEM)
COX-1 IC50

(mM � SEM)
COX-2 IC50

(mM � SEM)

NCX 2057 14.7 � 7.4 21.6 � 7.5 13.06 � 2.8 33.6 � 3.5
NCX 2057 + esterasesb >100a >100a >100a >100a

FA >100a >100a >100a >100a

FA + esterasesb >100a >100a >100a >100a

Naproxen 13.5 � 4.1 7.4 � 2.0 1.66 � 0.8 3.3 � 0.5
S-nitrosoglutathione >100a >100a n.d. n.d.

aThe compound elicited only marginal inhibition (below 20%) at the highest concentration tested (100 mM). Naproxen was used as positive control;
S-nitrosoglutathione was used as standard nitric oxide donor. Similar results were obtained with S-nitroso-N-acetyl-penicillamine and Diethylenetriamine NONOate.
bPorcine liver esterases (1.67 units) were used.
COX-1, cyclooxygenase type-1; COX-2, cyclooxygenase type-2; FA, ferulic acid; n.d., not determined; SEM, standard error of mean.
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Whereas some studies suggest that central activation of the
NO/cGMP pathway leads to the modulation of Gamma-
aminobutyric acid and glycine inhibition of spinothalamic
tract neurons and central sensitization (Lin et al., 1999),
others document an NO-mediated anti-nociceptive effect via
b-endorphin-induced release of methionine-enkephalin in
the spinal cord (Hara et al., 1995). On the other hand, periph-
eral activation of NO/cGMP signalling mainly translate into
an anti-hyperalgesic effect (Durate et al., 1990; Jain et al.,
2001) and thus, it is more likely to have contributed to the
overall effects of NCX 2057.

An even more intriguing finding of this study is the obser-
vation that the systemic exposure to NCX 2057 attenuates
allodynic responses following CCI of the sciatic nerve, a well-
defined model of neuropathic pain (Bennet and Xie, 1988).
The mechanism underlying this effect is far from being clear.
As in human neuropathies, the allodynic responses resulting
from CCI largely depend on neurogenic inflammation distal
to the site of the lesion (Daemen et al., 1998). Among other
relevant factors, the expression of COX-2 and the release of
peroxynitrite (Khalil and Khodr, 2001; Guedes et al., 2006), as
well as inflammatory mediators including TNFa and IL-b
(Poole et al., 1999), have been reported. Indeed, antioxidant
agents modulate nociceptive transmission following chemi-
cally induced inflammatory pain (Crisp et al., 2006) and
promote the anti-hyperalgesic activity of common NSAIDs
(Alique et al., 2006). Furthermore, COX inhibition or expo-
sure to PGE2 antibodies reverses peroxynitrite-induced
inflammatory hyperalgesia (Ndengele et al., 2008). NCX 2057
retains the antioxidant activity of parent FA (Wenk et al.,
2004) but, differently from FA, inhibits pro-inflammatory
mediators in vitro (Ronchetti et al., 2006), exerts anti-
inflammatory activity in vivo (Wenk et al., 2004) and exhibits
COX inhibition in vitro and after carrageenan-induced paw
inflammation (present study). Thus, the concomitant antioxi-
dant and COX inhibitory activity of NCX 2057 in discrete
peripheral and central sites might account for the profound
antinociceptive features of our prototype drug. Here, we only
addressed the acute effects of NCX 2057 and thus, it seems
unlikely that inhibition of pro-inflammatory protein expres-
sion could have played a major role. Despite that, however,
while COX-2 protein expression was unchanged following in
vitro exposure to NCX 2057, iNOS expression and function
were reduced dramatically in vitro, suggesting that NCX 2057-
mediated gene regulation of some pro-inflammatory proteins
may not be excluded at this time.

In conclusion, the results from the present study clearly
document an intrinsic COX inhibitory activity for NCX 2057
that is not shared by FA. Given together the data obtained in
previous work as well as in the current study, the observed
anti-nociceptive/anti-inflammatory and anti-hyperalgesic
effects could be ascribed to the antioxidant, COX inhibitory
and NO-releasing activities of NCX 2057. Extending previous
studies, the results from the present work further document
the profile of NCX 2057 and would suggest a wide therapeutic
application of this compound in the treatment of pain syn-
dromes with different aetiologies.
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