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ABSTRACT
The activation of nuclear factor erythroid 2-related factor 2 (Nrf2)
exerts potent antioxidative and anti-inflammatory effects; how-
ever, its participation in the modulation of chronic inflammatory
pain and on the antinociceptive effects of m-opioid receptor
(MOR) agonists has not been evaluated. We investigated
whether the induction of Nrf2 could alleviate chronic inflamma-
tory pain and augment the analgesic effects of morphine and
mechanisms implicated. In male C57BL/6 mice with inflamma-
tory pain induced by complete Freund’s adjuvant (CFA) sub-
plantarly administered, we assessed: 1) antinociceptive actions
of the administration of 5 and 10 mg/kg of a Nrf2 activator,
sulforaphane (SFN); and 2) effects of SFN on the antinociceptive
actions of morphine and on protein levels of Nrf2, heme
oxygenase 1 (HO-1), and NAD(P)H: quinone oxidoreductase
1 (NQO1) enzymes, microglial activation and inducible nitric

oxide synthase (NOS2) overexpression, as well as on mitogen-
activated protein kinase (MAPK) and MOR expression in the
spinal cord and paw of animals with inflammatory pain. Results
showed that treatment with SFN inhibited allodynia and hyper-
algesia induced by CFA and increased the local antinociceptive
actions of morphine. This treatment also augmented the expres-
sion of Nrf2, HO-1, NQO1, and MOR, and inhibited NOS2 and
CD11b/c overexpression and MAPK phosphorylation induced
by inflammation. Thus, this study shows that the induction of
Nrf2 might inhibit inflammatory pain and enhance the analgesic
effects of morphine by inhibiting oxidative stress and inflamma-
tory responses induced by peripheral inflammation. This study
suggests the administration of SFN alone and in combination
with morphine are potential new ways of treating chronic
inflammatory pain.

Introduction
Chronic inflammatory pain is a recurrent disorder, affecting

approximately at 20% of the world’s population. The actual
therapies (nonsteroidal anti-inflammatory drugs, opioids,
etc.) may be limited in scope, have dose-limiting side effects,
which reflects the need to search for new strategies to treat
more effectively this type of pain.
The transcription factor nuclear factor erythroid 2-related

factor 2 (Nrf2) regulates two important cytoprotective path-
ways: antioxidative and anti-inflammatory (Kim et al., 2010).
A crucial factor for the antioxidant activity of Nrf2 is the
regulation of the antioxidant response element found in the
promoter regions of numerous genes that encode antioxidant
anddetoxificationenzymes, for example, hemeoxygenase1 (HO-1),
NAD(P)H quinone oxidoreductase 1 (NQO1), superoxide dis-
mutase 1, etc., which maintain the homeostatic equilibrium

by regulating the reactive oxygen species cumulating. Recent
investigations have also demonstrated that Nrf2 activation,
in addition to modulating oxidative stress, is also able to
directly inhibit the transcription of cytokines [interleukin
(IL)-1b, IL-6] by an independent mechanism of antioxidant
response element and reactive oxygen species levels
(Kobayashi et al., 2016). Therefore, while the lack of Nrf2
augmented the inflammatory response in the joints and the
expression of the tumor necrosis factor-a and IL-6 accelerat-
ing the arthritis signs (Maicas et al., 2011), its activation
reduced inflammation by decreasing the synthesis of several
proinflammatory mediators, such as the inducible isoform of
nitric oxide synthase (NOS2), cyclooxygenase-2, IL-1b, IL-6,
and the mitogen-activated protein kinase (MAPK) in the
cartilage from osteoarthritic animals (Kim et al., 2009;
Davidson et al., 2013). More interesting is the result that
the activation of Nrf2 also reduced acute pain provoked by
nitroglycerin and neuropathic pain associated with diabetes
or generated by nerve injury in rodents (Negi et al., 2011;
Di et al., 2016; McDonnell et al., 2017; Wang and Wang,
2017). Nevertheless, the role played by Nrf2 on the allodynia
and hyperalgesia induced by chronic peripheral inflamma-
tion has not been studied.
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We and other authors have demonstrated that treatment
with HO-1 inducer compounds, such as the cobalt protoporphy-
rin IX, not only inhibits chronic pain but also potentiates the
antinociceptive properties of m-opioid receptor (MOR) agonists
during neuropathic and inflammatory pain (Hervera et al.,
2013a,b; Carcolé et al., 2014). Based on these results, we
postulated that Nrf2 induction could also play an important
role in themodulation of the antinociceptive effects ofmorphine
(a MOR agonist) in animals with chronic inflammatory pain.
It is well known that activatedmicroglia is implicated in the

progress of inflammatory and neuropathic pain (Martini et al.,
2016) by mediating the synthesis of abundant inflammatory
mediators (tumor necrosis factor-a, IL, NOS2, etc.) and its
inhibition reduced allodynia and hyperalgesia in animals with
chronic pain (Pol, 2007;Hervera et al., 2012;Mika et al., 2013).
In addition, MAPK also exercises a crucial role in the regula-
tion of inflammatory reactions. That is, during inflammatory
pain c-Jun N-terminal kinase (JNK), extracellular signal
regulated kinase (ERK) 1/2, and p38 MAPK are differentially
activated in neurons and glial cells and its inhibition atten-
uates pain (Gao and Ji, 2008; Ji et al., 2009). Nevertheless, the
role played by sulforaphane (SFN), a Nrf2 inducer compound,
in the modulation of these inflammatory mediators in mice
with chronic inflammatory pain is still unknown.
In complete Freund’s adjuvant (CFA)–induced chronic in-

flammatory pain in mice we assessed: 1) the antiallodynic and
antihyperalgesic effects of the repetitive intraperitoneal ad-
ministration of 5 and 10 mg/kg of SFN; 2) the antinociceptive
effects of the administration of SFN in combination with a
subanalgesic dose of morphine; and 3) the effects of SFN on the
expression of Nrf2, HO-1, NQO1, NOS2, CD11b/c (microglial
marker), MOR, and MAPK (JNK, ERK1/2, and p38) activation
in the spinal cord and paw of CFA-injected mice.

Materials and Methods
Experimental Animals. For experimental procedures, male

C57BL/6 mice acquired from Envigo (Barcelona, Spain) were employed.
The weight of all mice was between 21 and 25 g. Mice were
accommodated under 12-hour/12-hour light/dark conditions in a room
with controlled temperature of 22°C and humidity of 66%. Animals
with free access to food andwater were used after aminimumof 7 days
acclimatization to the housing conditions. All experiments were
executed according to the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institutes of
Health (Bethesda, MD) and approved by the local Committee of
Animal Use and Care of the Autonomous University of Barcelona.
Maximal exertions to reduce animal suffering and number of animals
employed were made.

Induction of Chronic Inflammatory Pain. We induced chronic
inflammatory pain via subplantar injection of CFA (30 ml; Sigma-
Aldrich, St. Louis, MO) into the right hindpaw under brief anesthetic
conditions with isoflurane according to our previous studies (Hervera
et al., 2009; Leánez et al., 2009). Mechanical allodynia was measured
by means of von Frey filaments and thermal hyperalgesia was
measured by the plantar test. Animals were checked in both behav-
ioral tests before and at 3, 4, 7, 10, and 14 days after CFA injection.

Nociceptive Behavioral Tests. Mechanical allodynia was mea-
sured by evaluating the hindpaw withdrawal response to von Frey
filament stimulation. Mice were sited in methacrylate cylinders
(20 cm high � 9 cm in diameter; Servei Estació, Barcelona, Spain)
on a wire grid bottom across which von Frey filaments (North Coast
Medical, Inc., San Jose, CA) with bending force in the range of
0.008–3.5 g were applied by employing an adapted version of the

up/downparadigmdescribed byChaplan et al. (1994).We start the test
with a filament of 0.4 g, and a filament of 3.0 g was used as the cutoff.
The strength of the next filament was increased or decreased in
accordance with the response. The threshold of response was calculated
from the sequence of filament strength used during the up/down
procedure using an Excel program (Microsoft Iberia SRL, Barcelona,
Spain), which includes curve fitting of the data. A clear pawwithdrawal,
licking the paw, or shaking the paw was considered to be a nociceptive-
like response. Both ipsilateral and contralateral hindpaws were tested.

Thermal hyperalgesia was evaluated by evaluating paw withdrawal
latency in response to radiant heat by using the plantar test apparatus
(Ugo Basile, Varese, Italy) and in accordance with the method proposed
byHargreaves et al. (1988). Mice were placed inmethacrylate cylinders
(20 cm high � 9 cm in diameter) situated on a glass surface. The heat
source was positioned under the plantar surface of both hindpaws
(contralateral and ipsilateral) and activated with a light beam intensity
selected in previous works with baseline latencies from 8 to 10 seconds
under control conditions. To avoid tissue damage in lack of response, a
cutoff time of 12 seconds was established. The mean paw withdrawal
latencies were calculated from the average of three distinct trials, taken
at 5-minute pauses to avoid thermal sensitization and behavioral
disturbances. In all of these nociceptive behavioral assays, mice were
habituated to the test for 1 hour before testing to obtain suitable
behavioral immobility, and they were performed by a male experi-
menter blinded to the treatments applied.

Western Blot Analysis. Animals were sacrificed by cervical
dislocation at 0 (naive) and 14 days after CFA injection from SFN-
or vehicle-treated mice. Tissues from the ipsilateral side of the
lumbar section of the spinal cord or hindpawwere extracted quickly
after killing, frozen in liquid nitrogen, and maintained at 80°C
until use. For all tissues, samples from four animals were pooled
together to have adequate levels of proteins for Western blot
assays. The protein levels of Nrf2, HO-1, NQO1, NOS2, CD11/bc,
MOR, and MAPK (pJNK/JNK, pERK1/2/ERK1/2, and pp38/p38)
were analyzed. The homogenization of tissues was performed in ice-
cold lysis buffer (50 mM Tris·Base, 150 nM NaCl, 1% NP-40, 2 mM
EDTA, 1mMphenylmethylsulfonyl fluoride, 0.5 Triton X-100, 0.1%
sodium dodecyl sulfate, 1 mM Na3VO4, 25 mM NaF, 0.5% protease
inhibitor cocktail, and 1% phosphatase inhibitor cocktail). Except
for NP-40, which was purchased from Calbiochem (Darmstadt,
Germany), all other reagents were acquired from Sigma-Aldrich.
After solubilization of crude homogenate for 1 hour at 4°C, crude
homogenate was sonicated for 10 seconds and centrifuged at 4°C for
15 minutes at 700g. Then, the supernatant (60 mg of total protein)
was mixed with 4 � laemmli loading buffer and loaded onto 4%
stacking/10% separating sodium dodecyl sulfate polyacrylamide
gels. After that, proteins were electrophoretically transferred onto
a polyvinylidene fluoride membrane for 120 minutes and then
blocked with phosphate-buffered saline plus 5% nonfat dry milk or
Tris-buffered saline with Tween 20 plus 5% nonfat dry milk or 5%
bovine serum albumin for 1 hour and 15 minutes, and then
incubated with specific rabbit primary antibody anti-Nrf2 (1:160;
Abcam, Cambridge, United Kingdom); HO-1 (1:300; Abcam), NQO1
(1:333; Sigma-Aldrich), NOS2 (1:200; Abcam), CD11b/c (1:200;
Novus Biologic, Littleton, CO), MOR (1:333; Merck, Billerica,
MA), phospho-JNK, total JNK, phospho-ERK1/2, total ERK1/2,
and total p38 (1:250; Cell Signaling Technology, Danvers, MA),
and phospho-p38 (1:200; Cell Signaling Technology) overnight at
4°C. A horseradish peroxidase–conjugated anti-rabbit secondary
antibody (GE Healthcare, Little Chalfont, United Kingdom) was
used to detect proteins, which were visualized with chemilumines-
cence reagents (ECL kit; GE Healthcare) and by exposure onto
hyperfilm (GE Healthcare). Blot intensity was quantified by
densitometry. Stripped membranes were reproved with a rabbit
anti-glyceraldehyde-3-phosphate dehydrogenase antibody (1:5000;
Merck) used as a loading control.

Experimental Procedure. Baseline responses were established
after the habituation period, beginning with the von Frey filaments
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followed by the plantar test. After paw inflammation induction, animals
were once again tested in each test at days 3, 4, 7, 10, and 14 after CFA
injection as for baselinemeasures by using the same sequence. We used
contralateral paws as controls (n5 6 animals per group). CFA-injected
mice were administered 5 and 10 mg/kg of SFN, an Nrf2 transcription
factor activator, or vehicle (dimethylsulfoxide 1% solution in saline) for
11 consecutive days from day 4 to 14 after CFA injection.

In a second set of studies, we evaluated the mechanical antiallo-
dynic and thermal antihyperalgesic effects produced by 10 mg/kg of
SFN intraperitoneally administered alone and in combination with a
subanalgesic dose of morphine (50 mg) subplantarly injected in the
right hindpaw. Both contralateral and ipsilateral paws of CFA-
injected animals were tested (n 5 6 animals per group). The dose of
SFN used for the combination was obtained from this study and the
dose of morphine was selected from a previous study (Carcolé et al.,
2014) as the one that displayed minimal antinociceptive effect. The
researcher performing these experiments was blinded to the treat-
ments applied.

The protein levels of Nrf2, HO-1, NQO1, NOS2, CD11b/c, MOR, and
MAPK (p-JNK/total JNK, pERK1/2/total ERK1/2, and pp38/total p38)
in the ipsilateral site of the spinal cord and paw from mice with
peripheral inflammation and treated with SFN of vehicle were also

evaluated by western blot assay. Naivemice treated with vehicle were
used as controls (n 5 4 samples per group).

Drugs. While SFN was purchased from Merck Chemicals and
Life Science S.A.U. (Madrid, Spain), morphine hydrochloride was
acquired from Alcaiber S.A. (Madrid, Spain). SFN was dissolved in
dimethylsulfoxide (1% in saline solution 0.9%) and administered at
5 and 10 mg/kg intraperitoneally, in a final volume of 10 ml/kg, at
3–4 hours prior to behavioral testing. Morphine hydrochloride was
dissolved in saline solution (0.9%) and subplantarly injected at
50 mg into the right paw, in a final volume of 30 ml, at 30 minutes
prior to behavioral testing. All drugs were prepared daily before
administration. For each group treated with a drug, the respective
control group received the same volume of the corresponding
vehicle.

Statistical Analysis. Data are expressed as mean 6 S.E.M. The
statistical analysis was accomplished by utilizing SPSS Statistics
version 17 for Windows (IBM España, Madrid, Spain). In each
behavioral test assessed, the effects of administration of 5 and
10 mg/kg of SFN versus the effects produced by the corresponding
vehicle in the contralateral and ipsilateral paws of CFA-injected mice
were compared using three-way analysis of variance (ANOVA) re-
peated measures (paw, treatment, and time as between factors of

Fig. 1. Effects of repetitive treatment
with SFN on the mechanical allodynia
and thermal hyperalgesia induced by
CFA. The development of the mechanical
allodynia (A) and thermal hyperalgesia
(B) in the ipsilateral paw (continuous
lines) and contralateral paw (discontinu-
ous lines) from mice treated for 11 consec-
utive days with vehicle or SFN at 5 or
10 mg/kg are shown. Results of the
evaluations at 3, 4, 7, 10, and 14 days
after CFA injection are also shown. For
each day and treatment evaluated, *
indicates significant differences vs. their
respective contralateral paw, + indicates
significant differences vs. ipsilateral paws
of animals treated with SFN at 5 mg/kg,
and # indicates significant differences vs.
ipsilateral paws of animals treated with
SFN at 10 mg/kg (P , 0.05, one-way
ANOVA followed by Student-Newman-
Keuls test). Results are represented as
mean 6 S.E.M. values; n = 6 animals per
experimental group.

SFN and Inflammatory Pain 295

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


variation) followed by the appropriate one-way ANOVA and the
Student-Newman-Keuls test whenever suitable.

In each behavioral test, the effects produced by SFN adminis-
tered alone and in combination with morphine were compared
using one-way ANOVA and the Student-Newman-Keuls test. In
these studies, antinociception in the von Frey filaments and
plantar tests is expressed as the percentage of maximal possible
effect, where the test latencies predrug (baseline) and postdrug
administration are compared and calculated in accordance with the
following equation:

Maximal possible effect ð%Þ5½ðdrug2baselineÞ=ðcut-off2baselineÞ��100

Finally, changes in the protein levels of Nrf2, HO-1, NQO1, NOS2,
CD11b/c, MOR, and MAPK in the spinal cord and paw tissues from
CFA-injected mice treated with SFN or vehicle and in naive mice
receiving vehicle were examined using one-way ANOVA and the
corresponding Student-Newman-Keuls test. P , 0.05 was considered
statistically significant.

Results
Effects of Repeated Treatment with SFN on the

Mechanical Allodynia and Thermal Hyperalgesia In-
duced by CFA. Animals were intraperitoneally adminis-
tered 5 and 10mg/kg of SFN or vehicle for 11 consecutive days,
starting the treatment at 4 days after CFA injection. At 1, 4, 7,

and 11 days of SFNor vehicle treatment,mechanical allodynia
and thermal hyperalgesia were sequentially assessed.
For mechanical allodynia, the subplantar administration of

CFA significantly decreased the threshold for evoking hind-
paw withdrawal to a mechanical stimulus. This effect was
clearly observed after 3 days of CFA injection, and was
maintained until day 14 in the ipsilateral paw of vehicle-
treated animals when compared with the respective
contralateral paw (P , 0.001; one-way ANOVA) (Fig. 1A).
The three-way ANOVA repeated measures test showed a
significant effect of the paw, treatment, and time (P , 0.001)
and the interactions between paw and treatment (P , 0.001),
treatment and time (P, 0.001), paw and time (P, 0.001), and
paw, treatment, and time (P, 0.001). Consequently, mechan-
ical allodynia was significantly attenuated in mice daily
treated with 5 and 10 mg/kg of SFN for 11 days (P , 0.001,
one-way ANOVA, compared with the ipsilateral paw of CFA-
injected mice treated with vehicle) (Fig. 1A). However, while
mechanical allodynia was equally reduced with the adminis-
tration of 5 and 10 mg/kg of SFN on day 1 of treatment, the
antiallodynic effects produced by 10mg/kg of SFN after 7 days
of treatment were higher than those obtained by the small
dose (P , 0.001, one-way ANOVA). Moreover, although the
antiallodynic effects produced by both doses increased pro-
gressively from days 1 to 7 of treatment (P , 0.001, one-way
ANOVA vs. the ipsilateral paw of CFA-injected mice treated

Fig. 2. Effects of acute treatment with SFN on the antiallodynic and antihyperalgesic responses to morphine. Effects of the acute administration of
10 mg/kg of SFN or vehicle, alone and in combination with 50 mg of morphine, on the inhibition of the mechanical allodynia (A) and thermal hyperalgesia
(B) induced by CFA in the ipsilateral paw are shown. The effects of the administration of SFN and vehicle alone and in combination withmorphine on the
contralateral paw for mechanical allodynia (C) and thermal hyperalgesia (D) are also shown. In all panels, * indicates significant differences vs. vehicle
plus saline-treated mice, + indicates significant differences vs. vehicle plus morphine-treated mice, and # indicates significant differences vs. SFN plus
saline-treated mice (P , 0.05, one-way ANOVA followed by Student-Newman-Keuls test). Data are expressed as mean values of the maximal possible
effect (%) 6 S.E.M.; n = 6 animals per experimental group.
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with vehicle), mechanical allodynia was completely reversed
at 7 days of treatment (10 days after CFA injection) with
10 mg/kg of SFN; however, 11 days of treatment with 5 mg/kg
were needed to obtain this effect.
Peripheral inflammation also produced a significant de-

crease in the threshold for evoking ipsilateral pawwithdrawal
to a thermal stimulus in vehicle-treatedmice from day 3 to day
14 after CFA injection compared with the corresponding
contralateral paws (P , 0.001, one-way ANOVA) (Fig. 1B).
The effects of intraperitoneal administration of SFN at 5 and
10 mg/kg were also evaluated. The three-way ANOVA re-
peated measures test showed a significant effect of the paw,
treatment, and time (P , 0.001) as well as the interaction
between paw and treatment (P , 0.001), treatment and time
(P , 0.001), paw and time (P , 0.001), and paw, treatment,
and time (P , 0.001) (Fig. 1B). Our results showed that
thermal hyperalgesia caused by CFA was progressively
attenuated after daily treatment with SFN (5 and 10 mg/kg);
similar to mechanical allodynia, complete reversion of ther-
mal hyperalgesia was achieved at 7 and 11 days of treatment
with 10 or 5 mg/kg of SFN, respectively (P , 0.001, one-way

ANOVA, in comparison with the ipsilateral paw of mice with
peripheral inflammation treated with vehicle).
Effects of Acute Treatment with SFN on the Anti-

nociceptive Effects Produced by the Subplantar Ad-
ministration of Morphine in Animals with Peripheral
Inflammation. The effects of the acute intraperitoneal
administration of 10 mg/kg SFN alone and in combination
with 50 mg morphine on the mechanical allodynia and
thermal hyperalgesia caused by peripheral inflammation
were evaluated. The data demonstrated that the intraperi-
toneal administration of SFN or morphine administered
alone did not produce significant antiallodynic (Fig. 2A)
and antihyperalgesic (Fig. 2B) effects compared with those
produced by vehicle. SFN treatment significantly improved
the mechanical antiallodynic (Fig. 2A) and thermal antihy-
peralgesic effects (Fig. 2B) produced by morphine locally
administered in the ipsilateral paw of CFA-injected mice
(P , 0.001, one-way ANOVA vs. vehicle group treated with
saline or morphine, or with SFN administered alone). The
local administration of morphine alone or combined with
SFN did not have any effect on the contralateral paw of CFA-

Fig. 3. Effects of treatment with SFN on the expression of Nrf2, HO-1, NQO1, NOS2,MOR, and CD11b/c in the spinal cord from animals with peripheral
inflammation. The protein levels of Nrf2 (A), HO-1 (B), NQO1 (C), NOS2 (E), MOR (F), and CD11b/c (G) in the ipsilateral site of the spinal cord fromCFA-
injected mice treated with vehicle (CFA-VEHICLE) or SFN (CFA-SFN) are represented. The expression of these proteins in the spinal cord from naive
mice treated with vehicle (NAIVE-VEHICLE) is also represented as controls. For each protein, * indicates significant differences when compared with
naive vehicle-treated mice, + indicates significant differences when compared with CFA-injected mice treated with vehicle, and # indicates significant
differences when compared with CFA-injected mice treated with SFN (P , 0.05, one-way ANOVA followed by Student-Newman-Keuls test).
Representative examples of western blots are also shown for Nrf2, HO-1, and NQO1 proteins (D) and for NOS2, MOR, and CD11b/c (H), in which
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Data are expressed as mean 6 S.E.M. values; n = 4 samples per
group.
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injected animals in relation to mechanical allodynia (Fig. 2C)
and thermal hyperalgesia (Fig. 2D).
Effects of Repeated Treatment with SFN on the Nrf2,

HO-1, NQO1, NOS2, MOR, and CD11b/c Expression in
the Spinal Cord and Paw from Animals with Periph-
eral Inflammation. The Nrf2 levels and the expression of
the antioxidant (HO-1 and NQO1) and inflammatory (NOS2)
enzymes aswell as ofMORand/ormicroglialmarker (Cd11b/c)
in the spinal cord (Fig. 3) and paw (Fig. 4) from CFA-injected
mice treated for 11 days with 10 mg/kg of SFN or vehicle and
from naive mice receiving vehicle were evaluated. Indeed, the
diminished expression of Nrf2 in the spinal cord from CFA-
injectedmice (P, 0.01, one-way ANOVAwhen comparedwith
naive mice treated with vehicle) was normalized by treatment
with SFN (P , 0.01, one-way ANOVA vs. CFA-injected mice
treated with vehicle) (Fig. 3A). A significant increased expres-
sion of Nrf2 induced by SFN was demonstrated in the paw
from mice with peripheral inflammation (P , 0.01, one-way
ANOVA vs. naive and CFA-injected mice treated with vehicle)
(Fig. 4A). Regarding HO-1, while peripheral inflammation
increased the spinal cord levels of this enzyme (P , 0.001,
one-way ANOVA vs. naive vehicle treated mice) (Fig. 3B),

nonstatistically significant alterations in its expression in the
paw fromCFA-injectedmice was detected (Fig. 4B). Neverthe-
less, SFN treatment increased HO-1 protein levels in both
tissues (P , 0.001, one-way ANOVA vs. naive and CFA-
injected mice treated with vehicle). Our findings also showed
that SFN treatment enhanced the expression of NQO1
enzyme in the spinal cord (Fig. 3C) and paw (Fig. 4C)
compared with naive and CFA-injected mice treated with
vehicle (P , 0.01, one-way ANOVA). Moreover, while periph-
eral inflammation did not modify the spinal cord levels of
NOS2 (Fig. 3E), significant overexpression of this enzyme was
observed in the paw (P , 0.004, one-way ANOVA vs. naive
mice treated with vehicle) (Fig. 4E), which was significantly
reversed by SFN administration. In addition, whereas the
unalteredMOR levels observed in the spinal cord (Fig. 3F) and
paw (Fig. 4F) from CFA-injected mice remained intact with
SFN treatment in the spinal cord, a significant augmented
expression of MORwas revealed in the paw tissues from SFN-
treated animals (P , 0.028 one-way ANOVA vs. naive and
CFA-injected mice treated with vehicle). Finally, the spinal
microglial activation caused by peripheral inflammation (P ,
0.002 one-way ANOVA vs. naive mice treated with vehicle)

Fig. 4. Effects of treatment with SFN on the expression of Nrf2, HO-1, NQO1, NOS2, and MOR in the paw from animals with peripheral inflammation.
The protein levels of Nrf2 (A), HO-1 (B), NQO1 (C), NOS2 (E), and MOR (F) in the ipsilateral paw from CFA-injected mice treated with vehicle (CFA-
VEHICLE) or SFN (CFA-SFN) are represented. The expression of these proteins in the paw from naive mice treated with vehicle (NAIVE-VEHICLE) is
also represented as controls. For each protein, * indicates significant differences when compared with naive vehicle-treated mice, + indicates significant
differences when compared with CFA-injected mice treated with vehicle, and # indicates significant differences when compared with CFA-injected mice
treated with SFN (P , 0.05, one-way ANOVA followed by Student-Newman-Keuls test). Representative examples of western blots are also shown for
Nrf2, HO-1, and NQO1 proteins (D) and for NOS2 and MOR (G), in which glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading
control. Data are expressed as mean 6 S.E.M. values; n = 4 samples per group.
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was totally reversed with SFN treatment (P , 0.002 one-way
ANOVA vs. CFA-injected mice treated with vehicle) (Fig. 3G).
Effects of Repeated Treatment with SFN on the

Expression of JNK, ERK1/2, and p38 in the Spinal Cord
and Paw from Animals with Peripheral Inflammation.
The results revealed that the increased levels of phosphor-
ylated JNK in the spinal cord (Fig. 5A) and paw (Fig. 6A)
from CFA-injected mice (P , 0.05 one-way ANOVA vs. naive
mice treated with vehicle) were significantly diminished by
SFN treatment in both tissues (P, 0.05 one-way ANOVA vs.
CFA-injected mice treated with vehicle). Regarding ERK1/2,
while no changes in its expression were observed in the
spinal cord (Fig. 5B), treatment with SFN prevented its
activation in the paw from CFA-injected mice (P, 0.005 one-
way ANOVA vs. CFA-injected mice treated with vehicle)
(Fig. 6B). Finally, the spinal cord activation of p38 induced
by inflammation (Fig. 5C) was significantly reduced in SFN-
treated mice (P , 0.028 one-way ANOVA vs. CFA-injected
mice treated with vehicle), while nonsignificant changes in
the expression of pp38 were observed in the paw from
CFA-injected mice (Fig. 6C).

Discussion
This study revealed that the repeated intraperitoneal

administration of SFN, an activator of the transcription factor
Nrf2, completely reversed the mechanical allodynia and
thermal hyperalgesia caused by chronic peripheral inflamma-
tion in mice. This treatment activated the Nrf2/HO-1/NQO1

signaling, inhibited NOS2 overexpression and microglial
activation, as well as MAPK phosphorylation in the spinal
cord and/or paw tissues from CFA-injected animals. Our
data also showed that SFN treatment improved the anti-
allodynic and antihyperalgesic effects produced by the
subplantar injection of morphine by enhancing the
local expression of MOR in animals with peripheral
inflammation.
Several studies have demonstrated that the transcription

factor Nrf2, which has antioxidant and neuroprotective
effects, also plays an important role in the modulation of
inflammation (Kobayashi et al., 2016). Therefore, loss or
disruption of Nrf2 signaling causes increased susceptibility
to oxidative stress and inflammatory tissue injuries (Kim
et al., 2010). Other works have also shown the antinociceptive
effects elicited by substances capable of activating the tran-
scription factor Nrf2 during acute inflammatory pain (Rosa
et al., 2008) and in neuropathic pain associated with type
1 and 2 diabetes (Negi et al., 2011; McDonnell et al., 2017). In
this work we demonstrated that treatment with SFN (a Nrf2
activator) also decreased the mechanical and thermal hyper-
sensitivity induced by chronic peripheral inflammation in a
dose-dependent manner. That is, whereas 7 days of SFN
treatment at 10 mg/kg are needed to inhibit inflammatory
pain, 11 days of continuous administration of this drug at
5 mg/kg are required. These data support the preceding
reports and furthermore demonstrate the antiallodynic and
antihyperalgesic actions of SFN in chronic inflammatory pain
in mice.

Fig. 5. Effects of treatment with SFN on the expression of pJNK, pERK1/2, and pp38 in the spinal cord from animals with peripheral inflammation. The
protein levels of pJNK/total JNK (A), pERK1/2/total ERK1/2(B), and pp38/total p38 (C) in the ipsilateral site of the spinal cord from CFA-injected mice
treated with vehicle (CFA-VEHICLE) or SFN (CFA-SFN) are represented. The expression of these proteins in the spinal cord from naive mice treated
with vehicle (NAIVE-VEHICLE) is also represented as controls. For each protein, * indicates significant differences when compared with naive vehicle-
treated mice, and # indicates significant differences when compared with CFA-injected mice treated with SFN (P , 0.05, one-way ANOVA followed by
Student-Newman-Keuls test). Representative examples of western blots are also shown for pJNK/total JNK (A), pERK1/2/total ERK1/2 (B), and
pp38/total p38 (C) proteins. Data are expressed as mean 6 S.E.M. values; n = 4 samples per group.
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Our findings have also proven that administration of SFN
avoids reduced levels of Nrf2 in the spinal cord and enhances
its expression in the paw tissues from animals with inflam-
matory pain. This treatment also enhanced the downstream
enzymes activated by Nrf2 (such as HO-1 and NQO1) in both
tissues, suggesting that the antiallodynic and antihyperalge-
sic effects produced by SFN during inflammatory pain might
be in part produced by its antioxidant activity mediated by the
induction of these antioxidant enzymes. Supporting our
results, the antinociceptive role played by the activation of
HO-1 in inflammatory and neuropathic pain conditions have
also been described (Hervera et al., 2012, 2013b; Carcolé et al.,
2014). SFN treatment reduced the increased expression of
NOS2 in the paw from CFA-injected mice. These data agree
with the diminished NOS2 expression identified in the sciatic
nerve from animals with diabetic neuropathy or nerve
injury–induced neuropathic pain treated with SFN (Negi
et al., 2011; Wang and Wang, 2017), as well as with HO-1
inducers (Castany et al., 2016), and further demonstrate the
negative regulatory role played by Nrf2 in the expression of
NOS2 under inflammatory pain conditions.
The involvement of microglia in the development of chronic

pain is also well known. Using the expression of CD11b/c as a
microglial marker, our data revealed significant microglial
activation in the spinal cord of animals with peripheral
inflammation, which was reversed by SFN treatment. There-
fore, and considering the antinociceptive effects produced by
specific microglial inhibitors in animals with chronic pain
(Mika et al., 2009, 2013), the alleviation of inflammatory pain

induced by SFN might, in part, have also been due to
inhibiting spinal microglial activation.
To evaluate if the inhibition of MAPK activated by in-

flammatory pain is also involved in the effects produced by
SFN, we investigated the expression of phosphorylated
JNK, ERK1/2, and p38 in the spinal cord and paw tissues
from mice treated with SFN. It is well known that the
activation of JNK executes an important role in the devel-
opment and maintenance of chronic pain (Middlemas et al.,
2006; Gao and Ji, 2008). Our findings confirmed these
results with the increased levels of phosphorylated JNK in
the spinal cord as well as in the paw from mice with chronic
inflammatory pain, and furthermore revealed that treat-
ment with SFN completely reduced the JNK activation in
both tissues. In agreement with our results, Gao et al. (2010)
also demonstrated increased expression of JNK phosphory-
lated in the spinal cord from CFA-injected rats at 14 days
after induction. Moreover, because treatments with specific
JNK inhibitors reduced the mechanical allodynia caused by
inflammation (Gao et al., 2010), the decreased activation of
JNK performed by SFN might also contribute to explaining
the antinociceptive effects produced by this Nrf2 inductor
under inflammatory pain conditions. ERK1/2 is another
member of MAPK, in which the phosphorylated form was
also increased in response to several stimuli (inflammation,
nerve injury, diabetes) at different levels of the pain
processing pathway (Borges et al., 2015). Our data demon-
strated that the augmented expression of pERK1/2 in
the paw from mice with chronic inflammatory pain was

Fig. 6. Effects of treatment with SFN on the expression of pJNK, pERK1/2, and pp38 in the paw from animals with peripheral inflammation. The
protein levels of pJNK/total JNK (A), pERK1/2/total ERK1/2 (B), and pp38/total p38 (C) in the ipsilateral paw from CFA-injected mice treated with
vehicle (CFA-VEHICLE) or SFN (CFA-SFN) are represented. The expression of these proteins in the paw from naive mice treated with vehicle (NAIVE-
VEHICLE) is also represented as controls. For each protein, * indicates significant differences when compared with naive vehicle-treated mice and #
indicates significant differences when compared with CFA-injected mice treated with SFN (P , 0.05, one-way ANOVA followed by Student-Newman-
Keuls test). Representative examples of western blots are also shown for pJNK/total JNK (A), pERK1/2/total ERK1/2 (B), and pp38/total p38 (C)
proteins. Data are expressed as mean 6 S.E.M. values; n = 4 samples per group.
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significantly reduced by SFN treatment. In accordance with
our findings, significant activation of pERK1/2 was also
identified in the dorsal root ganglia from animals with acute
and chronic peripheral inflammation (Cheng et al., 2008;
Cheng and Keast, 2009; Gao and Ji, 2010). Since the
administration of specific ERK1/2 inhibitors diminished
the nociceptive response induced by inflammatory pain,
the fact that SFN inhibited ERK phosphorylation in the
paw also supports the hypothesis that the antinociceptive
effects of this Nrf2 inductor during chronic inflammatory
pain might also be mediated via inhibition of pERK1/2 in the
paw. Finally, p38 activation is also responsible for the
peripheral inflammation induced by hyperalgesia (Ji et al.,
2002; Hudmon et al., 2008) and upregulation of numerous
inflammatory mediators in the spinal cord (Svensson et al.,
2003). Accordingly, significant increase in the levels of pp38
was detected in the spinal cord from CFA-injected mice that
was completely blocked with the SFN treatment, revealing
that the effectivity of this treatment against chronic in-
flammatory pain also includes modulation of p38 phosphor-
ylation in the spinal cord of these animals. Finally, although
we only assessed the effects of the systemic administration
of SFN on the spinal cord and paw from animals with
peripheral inflammation, it is probable that this treatment
also produces relevant effects in other areas, such as the
dorsal root ganglia, as occurs with other related treatments,
for example, with the administration of HO-1 activators in
mice with chronic pain (Hervera et al., 2012; Carcolé et al.,
2014; Castany et al., 2016).
Our study demonstrated that the small antinociceptive

effects produced by the local administration of a low dose of
morphine during peripheral inflammation were significantly
improved by SFN treatment. These results expanded our
previous data indicating that the activation of HO-1 with
cobalt protoporphyrin IX potentiated the peripheral antinoci-
ceptive actions of morphine in animals with inflammatory and
neuropathic pain caused by nerve injury or associated with
diabetes (Hervera et al., 2013b; Carcolé et al., 2014; Castany
et al., 2016) and further revealed that the activation of Nrf2
might also potentiate the analgesic effects of morphine under
inflammatory pain conditions. Moreover, the enhancement of
MOR expression induced by SFN in the pawmight explain the
improvement of the local antiallodynic and antihyperalgesic
effects of morphine elicited by SFN in animals with inflam-
matory pain. Due to our results indicating that SFN induced
the synthesis of HO-1, which also upregulated the expression
of MOR in the dorsal root ganglia from CFA-injected mice
(Carcolé et al., 2014), we hypothesized that the activation of
the Nrf2/HO-1 signaling pathway might be the main effect
responsible for the enhanced expression of MOR observed in
the paw from SFN-treated animals. Nonetheless, the antiox-
idant and anti-inflammatory effects triggered by SFN admin-
istration might also contribute to the improvement of the
local antinociceptive effects of morphine produced by this
treatment.
In summary, this study indicated that the induction of Nrf2

might inhibit inflammatory pain and enhance the analgesic
effects of morphine by inhibiting oxidative stress and in-
flammatory responses caused by peripheral inflammation.
This study suggests the administration of SFN alone and in
combinationwithmorphine are potential newways of treating
chronic inflammatory pain.
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