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Bosentan, a mixed endothelin receptor antagonist, inhibits
superoxide anion-induced pain and inflammation in mice

Karla G. G. Serafim1
& Suelen A. Navarro1 & Ana C. Zarpelon1

&

Felipe A. Pinho-Ribeiro1 & Victor Fattori1 & Thiago M. Cunha2 & Jose C. Alves-Filho2 &

Fernando Q. Cunha2 & Rubia Casagrande3 & Waldiceu A. Verri Jr1

Received: 13 February 2015 /Accepted: 27 July 2015 /Published online: 6 August 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Bosentan is a mixed endothelin receptor antagonist
widely used to treat patients with pulmonary arterial hyperten-
sion, and the emerging literature suggests bosentan as a potent
anti-inflammatory drug. Superoxide anion is produced in large
amounts during inflammation, stimulates cytokine produc-
tion, and thus contributes to inflammation and pain.
However, it remains to be determined whether endothelin con-
tributes to the inflammatory response triggered by the super-
oxide anion. The present study investigated the effects of
bosentan in a mouse model of inflammation and pain induced
by potassium superoxide, a superoxide anion donor. Male
Swiss mice were treated with bosentan (10–100 mg/kg) by
oral gavage, 1 h before potassium superoxide injection, and
the inflammatory response was evaluated locally and at spinal
cord (L4–L6) levels. Bosentan (100 mg/kg) inhibited super-
oxide anion-induced mechanical and thermal hyperalgesia,
overt pain-like behavior (abdominal writhings, paw flinching,
and licking), paw edema, myeloperoxidase activity (neutro-
phil marker) in the paw skin, and leukocyte recruitment in the
peritoneal cavity. Bosentan also inhibited superoxide anion-
induced interleukin-1 beta (IL-1β) and tumor necrosis factor
alpha (TNF-α) production, while it enhanced IL-10

production in the paw skin and spinal cord. Bosentan inhibited
the reduction of antioxidant capacity (reduced glutathione,
ferric reducing antioxidant power, and ABTS radical scaveng-
ing ability) induced by the superoxide anion. Finally, we dem-
onstrated that intraplantar injection of potassium superoxide
induces the mRNA expression of prepro-endothelin-1 in the
paw skin and spinal cord. In conclusion, our results demon-
strated that superoxide anion-induced inflammation, pain, cy-
tokine production, and oxidative stress depend on endothelin;
therefore, these responses are amenable to bosentan treatment.
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Introduction

Endothelin-1 (ET-1) was discovered in 1988 as a peptide se-
creted by endothelial cells with the highest vasoconstriction
capacity known (Yanagisawa et al. 1988). This peptide is first
synthesized as inactive prepro-ET-1 (ppET-1) and thus has to
be cleaved by endothelin-converting enzymes to generate the
ET-1, which activates its receptors (Jandeleit-Dahm and
Watson 2012). ET-1 plays relevant roles in cardiovascular
diseases, including pulmonary arterial hypertension (Avdeev
et al. 2013), systemic hypertension (Morelli et al. 1995), ath-
erosclerosis (Yoon et al. 2013), and cerebral vasospasm
(Mascia et al. 2001).

Focusing on inflammation and pain, ET-1 upregulates the
expression of adhesion molecules on endothelial cells and
fibroblasts, increases neutrophil adhesion and migration, stim-
ulates cytokine production through activation of NFκB (nu-
clear factor kappa-light-chain-enhancer of activated B cells),
increases microvascular permeability, and enhances pain sen-
sitivity (Conte Fde et al. 2008; Verri et al. 2008; Ohanian et al.
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2012; Zarpelon et al. 2012). The sources of ET-1 include vas-
cular endothelial cells, macrophages, neutrophils, fibroblasts,
and neurons (Barton and Yanagisawa 2008), and these cells
also present endothelin receptors that are upregulated during
inflammation, emphasizing the role of the endothelin system
on maladaptive inflammatory responses and diseases
(Pomonis et al. 2001; Motte et al. 2006; Lau et al. 2014).
Indeed, increased plasma levels of ET-1 occur in several path-
ological conditions associated with inflammation and pain,
including Crohn’s disease, ulcerative colitis, and rheumatoid
arthritis (Miyasaka et al. 1992; Letizia et al. 1998).

ET-1 induces severe pain in rodents and humans (Ferreira
et al. 1989; Graido-Gonzalez et al. 1998; Davar et al. 1998;
De-Melo et al. 1998; Jarvis et al. 2000; Khodorova et al. 2002;
Verri et al. 2004). ET-1 induces pain directly by activating
nociceptive neurons (Gokin et al. 2001) and indirectly by
inducing the production of other inflammatory mediators that
also activate and sensitize nociceptive neurons, including cy-
tokines, prostanoids, and reactive oxygen species (Kress et al.
1995; Scalera et al. 2002; Verri et al. 2006a, b; Jin and Gereau
2006; Verri et al. 2008; Binshtok et al. 2008; Romero et al.
2010; Donate et al. 2012; Keles et al. 2014). At the spinal cord
level, ET-1 concentration increases after peripheral tissue in-
jury in rats submitted to chronic post-ischemia pain (Kim et al.
2015). An anti-nociceptive effect of spinal cord ET-1 produc-
tion has been reported in animal models of neuropathic and
inflammatory pain (Hung et al. 2012; Hung et al. 2014), and
on the other hand, spinal ET-1 induces mechanical
hyperalgesia in a model of ischemia/reperfusion-induced oxi-
dative stress (Kim et al. 2015). Therefore, a pro- or anti-
nociceptive role for ET-1 is not totally predictable.

Bosentan is a mixed endothelin receptor antagonist recog-
nized as the first orally bioavailable endothelin receptor antag-
onist approved by the US Food and Drug Administration for
the treatment of patients with pulmonary arterial hypertension
(Channick et al. 2001; Rubin and Roux 2002). Pre-clinical
studies have suggested the potential of using bosentan to treat
a wide range of inflammatory diseases, including arthritis
(Donate et al. 2012), cancer (Jewell et al. 2010), uveitis
(Keles et al. 2014), and depression (Pinho-Ribeiro et al.
2014). Thus, bosentan has been a crucial tool in the investiga-
tion of ET-1 roles in disease and perspective of targeting ET-1
to treat diseases.

It has been extensively described that the maladaptive ef-
fects of ET-1 signaling depend on superoxide anion produc-
tion (Scalera et al. 2002; Fiore et al. 2005; Liu et al. 2005;
Matsuo et al. 2009; Hsu et al. 2010; Rancourt et al. 2010;
López-Sepúlveda et al. 2011; Piechota et al. 2011; Martínez-
Revelles et al. 2012). Furthermore, a superoxide anion in-
creases ET-1 production in pulmonary arteries and hepatic
cells (Gabriel et al. 1998; Wang et al. 2006), suggesting that
superoxide anion-induced pain and inflammation could be
mediated by ET-1. However, to our knowledge, this

hypothesis has never been tested. Therefore, the effect of
bosentan on potassium superoxide (KO2, a superoxide anion
donor)-induced inflammation and pain in mice was evaluated.

Materials and methods

Drugs and reagents

Bosentan (a mixed endothelin receptor antagonist) was a gen-
erous gift from Actelion Pharmaceuticals Ltd. (Allschwil,
Switzerland). KO2 (potassium superoxide) was purchased
from Alfa Aesar (Ward Hill, MA, USA). Arabic gum was
obtained from Farmácia Nikkey (Arapongas, PR, Brazil).
HTAB (hexadecyl trimethyl ammonium bromide),
dihydrochloride o-dianisidine, GSH (reduced glutathione),
PBS (phosphate-buffered saline), EDTA sodium salt, ferric
chloride hexahydrate, TPTZ (2,4,6-tripyridyl-s-triazine),
ABTS [2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)],
and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). ELISA kits were obtained from
eBioscience Inc. (San Diego, CA, USA).

Animals

Male Swiss mice weighing 25 ± 5 g from Universidade
Estadual de Londrina, Paraná, Brazil, were used in this study.
Mice were housed in standard clear plastic cages with free
access to food and water, with a light/dark cycle of 12:12 h,
at 21 ± 1 °C. All behavioral 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 accor-
dance with the International Association for the Study of Pain
(IASP) guidelines and with the approval of the Animal Ethics
Committee of the Universidade Estadual de Londrina (process
number 71.2012.68). All efforts were made to minimize the
number of animals used and their suffering.

Experimental protocols

Mice were treated orally (p.o.) with bosentan (10–100 mg/kg,
suspended in 100 μL of a 0.5 % arabic gum solution, wt/vol in
saline) or vehicle, 1 h before stimulus injection. Mechanical
and thermal hyperalgesia and edema were evaluated 0.5–7 h
after intraplantar (i.pl.) injection of potassium superoxide
(KO2 30 μg/paw, in 25 μL of sterile saline) (Maioli et al.
2015), and paw tissue samples were collected after the last
evaluation to measure myeloperoxidase (MPO) activity.
Overt pain-like behaviors of paw flinching and licking (i.pl.
injection of KO2 30 μg/paw) and abdominal writhings (intra-
peritoneal injection of KO2 1 mg/cavity, 100 μL of sterile
saline) were evaluated in mice treated with bosentan

1212 Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:1211–1221



(100 mg/kg, p.o., 1 h) or vehicle. The total number of leuko-
cytes, mononuclear cells, and neutrophils was evaluated 6 h
after intraperitoneal (i.p.) injection of KO2 (30 μg/cavity,
200 μL of sterile saline). Paw skin and spinal cord (L4–L6)
samples were collected 3 h after i.pl. stimulus with KO2

(30 μg/paw) and used to measure GSH (reduced glutathione)
levels, FRAP (ferric reducing antioxidant power), ABTS rad-
ical scavenging ability, and the production of tumor necrosis
factor alpha (TNF-α), interleukin-1 beta (IL-1β), and IL-10.
The mRNA expression of prepro-ET-1 was evaluated in paw
skin and spinal cord samples collected 0.5–7 h after KO2

(30 μg/paw) injection.

Mechanical hyperalgesia test

The test consisted of evoking a hindpaw flexion reflex with a
hand-held force transducer (electronic anesthesiometer;
Insight, Ribeirão Preto, SP, Brazil) adapted with a 0.5-mm2

polypropylene tip. Our group described the detailed method-
ology previously (Cunha et al. 2004). The results are
expressed by delta (Δ) withdrawal threshold (in g), calculated
by subtracting the zero-time mean measurements from the
mean measurements at the indicated time points after
stimulus.

Thermal hyperalgesia test

Thermal hyperalgesia was evaluated before and 0.5–7 h after
the KO2 stimulus. The test was performed and adapted as
reported previously (Ankier 1974;Maioli et al. 2015). In brief,
mice were placed in a hot plate apparatus (EFF 361, Insight,
Ribeirão Preto, SP, Brazil) maintained at 50 °C (Ankier 1974).
The reaction time was registered when the animal jumped or
licked the paw. A maximum latency (cutoff) was set at 15 s to
avoid tissue damage.

Overt pain-like behavior tests

The number of paw flinches and time spent licking the paw
were determined 0–30 min after i.pl. injection of KO2 (Maioli
et al. 2015). Results are expressed as the cumulative number
of paw flinches and the total time spent licking the paw. For
the writhing response test, each mouse was placed in a large
glass cylinder, and the number of abdominal writhings occur-
ring between 0 and 20 min after i.p. injection of KO2 was
registered (Maioli et al. 2015). Results are expressed as the
cumulative number of writhings over 20 min.

Paw edema

Paw edema was measured using a caliper (Digmatic Caliper,
Mitutoyo Corporation, Kanagawa, Japan). Values of paw ede-
ma are expressed as the difference between the thickness

measured before (basal) and after induction of paw inflamma-
tion (in mm).

MPO activity

The neutrophil migration to paw skin was evaluated by a
MPO activity kinetic-colorimetric assay (Bradley et al. 1982;
Casagrande et al. 2006). Briefly, mice were terminally anes-
thetized, and the paw skin samples were collected in 50 mM
K2PO4 buffer (pH 6.0) containing 0.5 % HTAB and stored at
−20 °C until assayed.MPO activity was determined at 450 nm
(Multiskan GO Microplate Spectrophotometer, Thermo
Scientific, Vantaa, Finland). Absorbance of samples was com-
pared with a standard curve of neutrophils and is presented as
the number of neutrophils × 104/mg of tissue.

Leukocyte recruitment in the peritoneal cavity

Peritoneal cavities were washed with 200 μL of PBS. Total
leukocyte counts were performed in a Neubauer chamber after
dilution in Turk’s solution (2 % acetic acid). Differential cell
counts were performed using the Fast Panotic Kit for histo-
logical analysis (Laborclin, Pinhais, PR, Brazil), and the
values are expressed as the number of cells (×106) per cavity.
Total and differential cell counts were performed under a light
microscope (×400 magnification, Olympus Optical Co.,
Hamburg, Germany) (Verri et al. 2007).

FRAP and ABTS assays

Samples of paw skin and spinal cord (L4–L6) were homoge-
nized immediately in 500 μL of 1.15 % KCl, and the homog-
enates were centrifuged (10 min × 200g × 4 °C). The resulting
supernatants were used to measure the ability of samples to
resist oxidative stress by FRAP and ABTS assays as described
previously (Re et al. 1999; Katalinic et al. 2005). For FRAP
assay, 50 μL of supernatant was mixed with 150 μL of deion-
ized water plus 1.5 mL of FRAP reagent freshly prepared. The
reaction mixture was incubated at 37 °C for 30 min, and the
absorbance was measured at 595 nm. For the ABTS assay,
20 μL of supernatant was mixed with 1 mL of diluted ABTS
solution and incubated for 6 min at room temperature. The
absorbance was measured at 730 nm and equated against a
Trolox standard curve (1.5–30 μM). The results are expressed
as millimoles of Trolox equivalent per gram of tissue.

GSH measurement

Samples of paw skin and spinal cord (L4–L6) were collected
and maintained at −80 °C for at least 48 h before the GSH
assay. The samples were homogenized with 200 μL of 0.02M
EDTA, and the homogenates were mixed with 25 μL of 50 %
tr ich loroace t i c ac id . Samples were cent r i fuged
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(15 min × 1500g × 4 °C), and the supernatants were mixed
with 200 μL of 0.2 M TRIS buffer (pH 8.2) plus 10 μL of
0.01 M DTNB. After 5 min of incubation at room tempera-
ture, the absorbance was measured at 412 nm. A standard
curve of GSH was performed (Pinho-Ribeiro et al. 2015).
Protein concentration was determined by the Lowry method
(Lowry et al. 1951). The results are presented as nanomoles
and micromoles of GSH per milligram of protein. The tests
were adapted for microplate reading.

Cytokine levels

Samples of paw skin and spinal cord (L4–L6) were homoge-
nized in 500 and 250 μL of buffer containing protease inhib-
itors, respectively. The homogenates were centrifuged
(15 min × 1500g × 4 °C), and the resulting supernatants were
stored at −80 °C until further analysis. TNF-α, IL-1β, and IL-
10 levels were determined by enzyme-linked immunosorbent
assay (ELISA) using eBioscience kits according to the manu-
facturer’s instructions. The results are expressed as picograms
of cytokine per milligram of tissue.

RT-PCR and quantitative PCR

Paw skin and spinal cord samples were homogenized in
TRIzol® reagent (Life Technologies), and total RNAwas iso-
lated according to the manufacturer’s directions. RNA purity
was confirmed by the 260/280 ratio. RT-PCR and quantitative
PCR were performed using GoTaq® 2-Step RT-qPCR System
(Promega) following the manufacturer’s directions.
Complementary DNA was reverse transcribed from 2 μg of
total RNA, and quantitative PCR was performed on a
LightCycler® Nano Instrument (Roche). The following prim-
e r s e quenc e s we r e u s ed : ppE t - 1 : f o rwa r d 5 ′ -
TGTGTCTACTTCTGCCACCT-3 ′ , r e v e r s e 5 ′ -
CACCAGCTGCTGATAGATAC-3′; Gapdh: forward 5′-
CATACCAGGAAATGAGCTTG-3 ′ , r ev e r s e 5 ′ -
ATGACATCAAGAAGGTGGTG-3′.

Statistical analysis

Results of three independent repetitions (experiments) are pre-
sented as mean ± SD of each repetition as well as the value of
each mouse except by Fig. 1a, b, which are presented as the
mean ± SD of the experimental groups of the three indepen-
dent experiments. Tests were performed with 6 mice per group
per experiment (total of 18 mice per group) except for qPCR
experiments in which we used 6 pools of 4 paws per group per
repetition (total of 72 mice per group) or 6 pools of 2 spinal
cords per group per repetition (total of 36 mice per group).
Independent repetitions are represented as different gray scale;
the dark gray represents the first repetition, themiddle gray the
second repetition, and the light gray the last repetition.

Differences between groups were evaluated by analyses of
variance (ANOVA) followed by the Bonferroni post hoc using
GraphPad Prism 6.01. Statistical differences were considered
to be significant when P < 0.05.

Results

Bosentan reduces superoxide anion-induced pain

Treatment with bosentan (10–100 mg/kg, p.o.) reduced the
intensity of mechanical hyperalgesia induced by the superox-
ide anion (30 μg/paw) at all doses and time points evaluated.
At all time points, the dose of 100 mg/kg differed from the
lower dose (10 mg/kg) (Fig. 1a) [column factor F (16,
340) = 60.74, P < 0.0001]. Thus, the dose of 100 mg/kg was
chosen to carry out the following experiments. Treatment with
bosentan reduced superoxide anion-induced thermal
hyperalgesia at all evaluated time points, abolishing thermal
hyperalgesia between 0.5 and 7 h after the stimulus (Fig. 1b)
[column factor F (10, 255) = 13.6, P < 0.0001]. Regarding
overt pain-like behaviors, treatment with bosentan reduced
superoxide anion-induced paw flinches (Fig. 1c) [F (2,
51) = 114.1, P < 0.0001], paw licking (Fig. 1d) [F (2,
51) = 227.2, P < 0.0001], and abdominal writhings (Fig. 1e)
[F (2, 51) = 123, P < 0.0001].

Bosentan reduces superoxide anion-induced inflammation

Treatment with bosentan (10–100 mg/kg) reduced superoxide
anion-induced edema at 30 min (Fig. 2a) [F (4, 85) = 218.9,
P < 0.0001]. Bosentan reduced superoxide anion-induced
neutrophil recruitment in the paw skin (MPO activity) at the
dose of 100 mg/kg (Fig. 2b) [F (4, 85) = 177.8, P < 0.0001].
As no significant reduction in neutrophil recruitment was ob-
served in mice treated with 10 or 30 mg/kg of bosentan
(Fig. 2b), the dose of 100 mg/kg was used in the next exper-
iments. Using another approach, the leukocyte recruitment in
the peritoneal cavity was evaluated 6 h after KO2 i.p. injection
(30 μg/cavity). Total leukocytes (Fig. 2c) [F (2, 51) = 249.6,
P < 0.0001], mononuclear cells (Fig. 2d) [F (2, 51) = 93.64,
P < 0.0001], and neutrophil (Fig. 2e) [F (2, 51) = 332.3,
P < 0.0001] recruitment induced by the superoxide anion were
reduced by bosentan.

Bosentan inhibits superoxide anion-induced oxidative
stress

Samples of paw skin (Fig. 3a–c) and spinal cord (Fig. 3d–f)
were collected 3 h after KO2 i.pl. injection and used in ferric
reducing (FRAP, Fig. 3a, d), free radical scavenging ability
(ABTS, Fig. 3b, e), and reduced glutathione (GSH, Fig. 3c, f)
assays. Bosentan abolished the reduction of ferric reducing
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ability of paw skin (Fig. 3a) [F (2, 51) = 17.15, P < 0.0001]
and spinal cord tissue (Fig. 3d) [F (2, 51) = 31.71,
P < 0.0001], and the reduction of the ABTS radical scaveng-
ing ability of paw skin (Fig. 3b) [F (2, 51) = 17.66,
P = 0.0005] and spinal cord (Fig. 3e) [F (2, 51) = 58.7,
P < 0.0001] as well. Bosentan treatment prevented the de-
crease in GSH levels in paw skin (Fig. 3c) [F (2,
51) = 62.35, P < 0.0001] and in spinal cord (Fig. 3f) [F (2,
51) = 147, P < 0.0001].

Bosentan modulates superoxide anion-induced cytokine
production

Paw skin (Fig. 4a–c) and spinal cord (Fig. 4d–f) samples
were collected 3 h after KO2 injection to measure cyto-
kine levels. The superoxide anion increased the produc-
tion of TNF-α, IL-1β, and IL-10 in paw skin (Fig. 4a–c,
respectively) and in the spinal cord (Fig. 4d–f, respective-
ly). The treatment with bosentan reduced the production
of TNF-α in the paw skin (Fig. 4a) [F (2, 51) = 240.9,
P < 0.0001] and in the spinal cord (Fig. 4d) [F (2,
51) = 302.3, P < 0.0001]. IL-1β production was also

reduced in the paw skin (Fig. 4b) [F (2, 51) = 165.9,
P < 0.0001] and in the spinal cord (Fig. 4e) [F (2,
51) = 192.2, P < 0.0001] of mice treated with bosentan.
On the other hand, bosentan enhanced superoxide anion-
induced IL-10 production in the paw skin (Fig. 4c) [F (2,
51) = 429.8, P < 0.0001] and spinal cord (Fig. 4f) [F (2,
51) = 258.8, P < 0.0001].

Prepro-endothelin-1 expression is induced
by the superoxide anion

Paw skin and spinal cord samples were collected 0.5–7 h after
KO2 i.pl. injection to measure ppET-1 mRNA expression.
Peripheral stimulus with the superoxide anion increased the
expression of ppET-1 mRNA expression in paw skin (Fig. 5a)
[F (5, 102) = 99.3, P < 0.0001] in all evaluated time points.
The ppET-1mRNA expression in the paw skin was higher at 5
and 7 h than at 1 h after stimulus injection (Fig. 5a). At the
spinal cord level, peripheral stimulus with the superoxide an-
ion increased ppET-1 expression at 0.5, 1, 3, and 5 h after
stimulus injection (Fig. 5b) [F (5, 102) = 47.76, P < 0.0001].

Fig. 1 Bosentan, a mixed endothelin receptor antagonist, reduces
superoxide anion-induced nociception. Mice were treated with bosentan
(10–100 mg/kg, p.o.) or vehicle, 1 h before i.pl. injection of KO2 30 μg/
paw (a–d) or i.p. injection of KO2 1 mg/cavity (e). The intensity of
mechanical hyperalgesia (a) and thermal hyperalgesia (b) was evaluated
0.5–7 h after KO2 injection using electronic von Frey and hot plate ap-
paratus, respectively. The number of paw flinches (c) and the time spent
licking the paw (d) were evaluated during 30min after KO2 injection. The
number of writhings (e) was measured during 20 min after KO2 injection.
Results of three independent repetitions (experiments) are presented as

mean ± SD (red lines) of each repetition as well as the value of each
mouse except for panels a and b, which are presented as mean ± SD of
experimental groups of the three independent experiments. Independent
repetitions are represented as different gray scales; the dark gray repre-
sents the first repetition, the middle gray the second repetition, and the
light gray the last repetition. n = 6 mice per group per repetition
[*P < 0.05 vs. saline group; #P < 0.05 vs. vehicle group; **P < 0.05
vs. bosentan 10 mg/kg group, (ANOVA followed by Bonferroni’s post
hoc)]
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Fig. 2 Effects of bosentan on superoxide anion-induced inflammation.
Mice were treated with bosentan (10–100 mg/kg, p.o.) or vehicle, 1 h
before i.pl injection of KO2 (30 μg/paw). Paw edema (a) was evaluated
0.5–7 h after KO2 injection. Neutrophil migration to the paw (b) was
evaluated 7 h after KO2 injection by MPO activity assay. Next, bosentan
(100 mg/kg, p.o.) was administered 1 h before i.p. injection of KO2

(30 μg/cavity) and recruitment of total leukocytes (c), mononuclear cells
(d), and neutrophils (e) to the peritoneal cavity was evaluated under a

light microscope, 6 h after KO2 injection. Results of three independent
repetitions (experiments) are presented as mean ± SD (red lines) of each
repetition as well as the value of each mouse. Independent repetitions are
represented as different gray scales; the dark gray represents the first
repetition, the middle gray the second repetition, and the light gray the
last repetition. n = 6 mice per group per repetition [*P < 0.05 vs. saline
group; #P < 0.05 vs. vehicle group; **P < 0.05 vs. bosentan 10 mg/kg
group, (ANOVA followed by Bonferroni’s post hoc)]

Fig. 3 Bosentan reduces superoxide anion-induced decrease in antioxi-
dant defenses. Mice were treated with bosentan (100 mg/kg, p.o.) or
vehicle, 1 h before i.pl. injection of KO2 (30 μg/paw). Samples from
the paw skin (a–c) and spinal cord (d–f) were collected 3 h after stimulus
injection, and antioxidant capacity was assessed by determining the ferric
reducing antioxidant power (FRAP assay) (a, d), ABTS radical scaveng-
ing ability (b, e), and GSH levels (c, f). Results of three independent

repetitions (experiments) are presented as mean ± SD (red lines) of each
repetition as well as the value of each mouse. Independent repetitions are
represented as different gray scales; the dark gray represents the first
repetition, the middle gray the second repetition, and the light gray the
last repetition. n = 6 mice per group per repetition [*P < 0.05 vs. saline
group; #P < 0.05 vs. vehicle group, (ANOVA followed by Bonferroni’s
post hoc)]
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Discussion

We demonstrated that intraplantar injection of a superoxide
anion donor, potassium superoxide, induces local and spi-
nal cord mRNA expression of prepro-endothelin-1 (ppET-
1) and triggers inflammation and pain that are amenable by
treatment with bosentan, a mixed endothelin receptor an-
tagonist. Importantly, this is the first study to demonstrate

ET-1 mediates superoxide anion-induced inflammation and
pain.

Superoxide anion activates pro-inflammatory signaling
pathways, leading to the expression of adhesion molecules
and chemokines in the vascular endothelium, which contrib-
utes to leukocyte recruitment and activation (Dusting et al.
2005). Activated leukocytes produce large amounts of
TNF-α, IL-1β, and superoxide anion that, in turn, sensitize

Fig. 4 Effect of bosentan on superoxide anion-induced cytokine produc-
tion. Mice were treated with bosentan (100 mg/kg, p.o.) or vehicle, 1 h
before KO2 (30 μg/paw) injection. Samples of paw skin (a–c) and spinal
cord (d–f) were collected 3 h after KO2 injection and used to measure the
cytokine levels by ELISA. Results of the three independent repetitions
(experiments) are presented as mean ± SD (red lines) of each repetition as

well as the value of each mouse. Independent repetitions are represented
as different gray scales; the dark gray represents the first repetition, the
middle gray the second repetition, and the light gray the last repetition.
n = 6 mice per group per repetition [*P < 0.05 vs. saline group; #P < 0.05
vs. vehicle group, (ANOVA followed by Bonferroni’s post hoc)]

Fig. 5 Superoxide anion intraplantar stimulus induces local and spinal
ppET-1 mRNA expression. Mice were stimulated with KO2 (30 μg/paw).
Samples of paw skin (a) and spinal cord (b) were collected 0.5–7 h after
KO2 injection and used to measure the ppET-1 mRNA expression by
qPCR. Results of three independent repetitions (experiments) are present-
ed as mean ± SD (red lines) of each repetition as well as the value of each

mouse. Independent repetitions are represented as different gray scales;
the dark gray represents the first repetition, the middle gray the second
repetition, and the light gray the last repetition. n = 6 pools of 4 mice paws
or n = 6 pools of 2 mice spinal cords (L4–L6) per group per repetition
[*P < 0.05 vs. saline group; #P < 0.05 vs. 1 h, (ANOVA followed by
Bonferroni’s post hoc)]
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and activate nociceptive neurons (Kress et al. 1995; Cunha
et al. 2005; Jin and Gereau 2006; Binshtok et al. 2008), lead-
ing to inflammatory hyperalgesia. This nociceptor sensitiza-
tion can occur both in the peripheral tissue as well as in the
spinal cord (Verri et al. 2006a, b). Treatment with bosentan
inhibited superoxide anion-induced TNF-α and IL-1β pro-
duction in the paw skin and spinal cord, while it enhanced
IL-10 production at these sites. These results indicate that
superoxide anion-induced peripheral and spinal cord TNF-α
and IL-1β production depends on ET-1 as well as ET-1 atten-
uates IL-10 production, thus contributing to superoxide anion-
induced inflammation and pain. In line with our results,
bosentan inhibited TNF-α and IL-1β production in a mouse
model of collagen-induced arthritis in mice (Donate et al.
2012), which was correlated with a reduction in the clinical
signs of inflammation, including hyperalgesia, leukocyte re-
cruitment, and edema. Bosentan also inhibited TNF-α pro-
duction during breast cancer bone infiltration (Jewell et al.
2010), in endotoxin-induced uveitis (Keles et al. 2014), and
in paracetamol-induced acute liver toxicity (Yayla et al. 2014)
in mice.

The pro-oxidant activity of ET-1 was demonstrated in vitro
and in vivo (Scalera et al. 2002; López-Sepúlveda et al. 2011;
Martínez-Revelles et al. 2012). For instance, the vasoconstric-
tion activity of ET-1 is superoxide anion-dependent in a model
of oxidative stress induced by ischemia-reperfusion in rats
(Martínez-Revelles et al. 2012). In the present study, we fo-
cused on the gap of information on whether ET-1 could me-
diate oxidative stress-induced inflammation and pain.
Potassium superoxide has been used as a generator of super-
oxide anion in vivo (Wang et al. 2004b; Ndengele et al. 2008;
Maioli et al. 2015). It has been previously demonstrated that
potassium superoxide induces thermal hyperalgesia in the
Hargreaves method, and we extended this observation in the
methods used in the present study as standardized previously
(Maioli et al. 2015). Superoxide anion induces oxidative stress
directly, and it also sustains its own production by triggering
inflammation (Morgan and Liu 2011) and inhibiting its me-
tabolism (Wang et al. 2004b). Superoxide anion-induced ox-
idative stress was amenable to bosentan treatment.
Corroborating our results, bosentan also reduced the oxidative
stress in endotoxin-induced uveitis (Keles et al. 2014) and
paracetamol-induced acute liver toxicity (Yayla et al. 2014).

Peripheral sensitization of nociceptive neurons increases
the inputs received by nociceptive neurons in the spinal cord,
which reduces the threshold of spinal neurons and leads to
sensitization (Ji et al. 2003). We observed a time-dependent
increase of ppET-1 mRNA expression in the paw skin and at
the spinal cord level following peripheral stimulus with the
superoxide anion. The increase of ppET-1 mRNA expression
was more pronounced and long lasting as well as initiated
earlier in the periphery than in the spinal cord, which is in
agreement with the present model in which KO2 was injected

in the paw. Therefore, it is reasonable that the peripheral stim-
ulus with KO2 presents an important peripheral component
that is responsible for the following spinal cord activation. A
drawback of this approach is that mRNA expression does not
guarantee the release/processing of active ET-1, but demon-
strates that this system is upregulated by the superoxide anion.
This increase of ppET-1 mRNA expression correlated with an
increased production of TNF-α and IL-1β, and with oxidative
stress at the peak of hyperalgesia. Bosentan inhibited these
effects in the spinal cord, which also represent an important
analgesic mechanism due to the role of TNF-α and IL-1β
during the spinal sensitization of nociceptive transmission as
occurs in many diseases (Ji et al. 2003). Taking into account
the similarities between peripheral and spinal cord responses
observed here, we suggest that bosentan inhibits both the pe-
ripheral and spinal activation of endothelin receptors induced
by superoxide, reducing the activation of nociceptive neurons
and, consequently, the nociceptive transmission-induced spi-
nal facilitation. Our results also demonstrated that bosentan
enhances peripheral and spinal IL-10 production during in-
flammatory pain triggered by the superoxide anion. In agree-
ment with our data, bosentan also enhanced IL-10 production
in Trypanosoma cruzi-infected rats (Rachid et al. 2006).
Enhancing IL-10 production is an important anti-
inflammatory and analgesic mechanism as highlighted in oth-
er models (Poole et al. 1995; Milligan et al. 2005; Verri et al.
2006a, b) and deserves further investigation.

The inhibition of superoxide anion-induced TNF-α and IL-
1β production, enhancement of IL-10 production, and reduc-
tion of oxidative stress by bosentan treatment also accounted
to diminish the paw edema and leukocyte recruitment. These
cytokines and oxidative stress mediate inflammatory edema
and leukocyte recruitment (Fuchs et al. 2001; Wang et al.
2004a; Joosten et al. 2006; Bradley 2008; Hattori et al.
2010; Morgan and Liu 2011; Kvietys and Granger 2012;
Sadik et al. 2012). Furthermore, recruited leukocytes contrib-
ute to the inflammatory hyperalgesia by further production of
nociceptive molecules (Guerrero et al. 2008; Ting et al. 2008;
Verri et al. 2009).

Conclusion

Bosentan, a mixed endothelin receptor antagonist, inhibited
superoxide anion-induced IL-1β and TNF-α production and
enhanced IL-10 production. Bosentan also blocked the reduc-
tion of antioxidant defenses (reduced glutathione, ferric reduc-
ing ability, and ABTS radical scavenging ability) induced by
superoxide anion. These effects of bosentan were observed
locally (in the site of stimulus injection) and at the spinal cord
level, as well as superoxide anion induced ppET-1 mRNA
expression in the paw skin and spinal cord, suggesting ET-1
presents an integrative role between peripheral and spinal cord
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events in superoxide anion-induced inflammation and pain.
Our results support the use of bosentan for the treatment of
inflammation and pain and reveal a novel role of endothelin in
superoxide anion-triggered inflammation and pain.
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