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BACKGROUND AND PURPOSE
Resolution of inflammation is mediated by endogenous molecules with anti-inflammatory and pro-resolving activities and they
have generated new possibilities for the treatment of inflammatory diseases. Here, we have investigated the possible
anti-hyperalgesic effects of two lipids, aspirin-triggered resolvin D1 (AT-RvD1) and its precursor,
17(R)-hydroxy-4Z,7Z,10Z,13Z,15E,17R,19Z-docosahexaenoic acid (17(R)HDoHE).

EXPERIMENTAL APPROACH
The anti-hyperalgesic effects of both lipid mediators were evaluated, using mechanical and thermal stimuli, at different
time-points in adjuvant-induced arthritis in rats. Cytokine levels were measured, and immunohistochemistry and real-time PCR
for pro-inflammatory mediators were also performed.

KEY RESULTS
The precursor of resolvin D series, 17(R)HDoHE, given systemically, inhibited the development and the maintenance of
mechanical hyperalgesia in acute inflammation. Such effects were likely to be associated with modulation of both NF-kB and
COX-2 in dorsal root ganglia and spinal cord. 17(R)HDoHE was also effective against sub-chronic pain. Unexpectedly,
repeated treatment with 17(R)HDoHE did not modify paw and joint oedema in the sub-chronic model, while joint stiffness
was prevented. Notably, AT-RvD1 exhibited marked anti-hyperalgesic effects in acute inflammation when given systemically.
The efficacy of long-term treatment with either 17(R)HDoHE or AT-RvD1 was partly related to decreased production of TNF-a
and IL-1b in rat hind paw.

CONCLUSIONS AND IMPLICATIONS
Our findings provide fresh evidence for the anti-hyperalgesic properties of 17(R)HDoHE and its pro-resolution metabolite
AT-RvD1. Such lipid mediators might be useful for treating pain associated with acute or chronic inflammation.

LINKED ARTICLE
This article is commented on by Xu and Ji, pp. 274–277 of this issue. To view this commentary visit http://dx.doi.org/
10.1111/j.1476-5381.2011.01348.x

Abbreviations
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Introduction
Rheumatoid arthritis (RA) is a progressive and destructive
chronic autoimmune disease of the joints, characterized by
inflammation of the synovial membranes, joint stiffness and
pain. Synovial inflammation is elicited by the infiltration of
cells of the immune system into the joint and the release of
pro-inflammatory and pro-nociceptive mediators (Firestein,
2003; Müller-Ladner et al., 2005; Brennan and McInnes,
2008). Joint hyperalgesia is expressed in response to the
inflammatory mediators, which may sensitize primary noci-
ceptive fibres innervating the joints (Schaible and Grubb,
1993; Schaible et al., 2002; Pinto et al., 2010). During the last
two decades, great efforts have been made to determine the
mechanisms underlying the physiopathology of RA and also
to develop new therapies to treat the devastating outcomes of
this disease (Quan et al., 2008; van Vollenhoven, 2009).
Current therapy includes the disease-modifying anti-
rheumatic drugs, such as methotrexate, and the biological
agents, such as anti-TNF-a inhibitors and the newly approved
anti-IL-6 receptor agent, tocilizumab. Moreover, non-
steroidal anti-inflammatory drugs and the selective inhibitors
of the COX-2 enzyme are also used for the treatment of joint
pain. However, all these drugs have limited efficacy in most
patients, and induce several side effects, such as gastrointes-
tinal bleeding and/or perforation (Quan et al., 2008;
González et al., 2010). Accordingly, new therapies with
increased efficacy and without or with fewer side effects are
urgently required for the treatment of joint pain.

Interesting potential candidates for such analgesics are
the endogenous lipid mediators, such as lipoxins, resolvins,
protectins and the newly described group of maresins,
derived from w-3-fatty acids (Sommer and Birklein, 2010), the
latter demonstrating beneficial effects in pathological states,
including Crohn’s disease (Belluzzi et al., 1996), coronary
heart disease (GISSI-Prevenzione Investigators, 1999) and
sudden cardiac death (Albert et al., 2002). In addition, it was
shown that i.v. administration of w-3 fatty acids leads to
clinical improvement of patients with RA (Leeb et al., 2006).
The two main w-3 fatty acids present in fish oil are eicosap-
entaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA,
C22:6).

The resolvins (resolution phase interaction products) are a
family of lipid mediators derived from both EPA and DHA
(Serhan et al., 2000; 2002; Hong et al., 2003), denoted the E
series (RvE) and the D series (RvD) resolvins (Serhan et al.,
2002). DHA is the precursor for two groups of resolvins,
referred to as the 17S- and 17R-resolvin D series, which are
produced by different biosynthetic routes during the resolu-
tion phase of inflammation (Serhan et al., 2002; Hong et al.,
2003). Endogenous DHA is converted in vivo via lipoxygenase
(LOX)-catalysed mechanisms to the 17S-hydroxy-containing
series of four resolvins, known as resolvin D1 to resolvin D4
(Serhan et al., 2002; Hong et al., 2003). Specifically, RvD1
biosynthesis involves sequential oxygenations by 15-LOX
and 5-LOX. However, in the case of aspirin treatment,
aspirin-acetylated COX-2 generates 17R-hydroxy-DHA,
which on subsequent oxygenation by 5-LOX results in pro-
duction of 17-epi-RvD1, also known as aspirin-triggered
resolvin D1, (AT-RvD1) (Serhan et al., 2002; Serhan and Clish,
2003; Serhan, 2004). Recently, the structural elucidation of

RvD1 and AT-RvD1 was confirmed by total organic synthesis
and their complete stereochemistry were established as 7S,
8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic
acid and 7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E,19Z-
docosahexaenoic acid respectively (Serhan et al., 2002; Sun
et al., 2007).

The resolvins are not only anti-inflammatory, but they
also promote resolution of the inflammation, back to the
non-inflamed state (Gilroy et al., 2004; Bannenberg et al.,
2005; Serhan, 2007; Serhan, 2009; Serhan et al., 2009). Ini-
tially, Levy et al. (2001) have demonstrated a lipid mediator
class switching during the spontaneous resolution of acute
inflammatory response. Furthermore, RvDs were demon-
strated to display anti-inflammatory actions in an animal
model of kidney ischaemia/reperfusion (Duffield et al., 2006).
Specifically, both RvD1 and AT-RvD1 mediators limit the
transendothelial migration (Serhan et al., 2002; Sun et al.,
2007) and infiltration (Kasuga et al., 2008) of polymorpho-
nuclear (PMN) leukocytes in vivo and regulate leukocyte traf-
ficking as well as clearance of neutrophils from mucosal
surfaces (Campbell et al., 2007). More recently, RvD1 was
shown to diminish leukocyte and prostanoid generation in a
murine model of oxidative stress, a common feature of the
inflammatory process (Filep, 2009; Spite et al., 2009).

Most of the work addressing the potential effects of pro-
resolving lipid mediators has been concerned with inflamma-
tory processes. Recent reports suggest that the resolvins RvE1
and RvD1 could modulate the nociceptive state that usually
accompanies inflammatory disease (Svensson et al., 2007;
Bang et al., 2010; Xu et al., 2010). Therefore, considering the
release of inflammatory mediators, such as cytokines and
chemokines, which contribute to hyperalgesia, the major
goal of this study was to evaluate the potential effect of the
precursor of the resolvin D series, 17(R)HDoHE, as well as
AT-RvD1, in modulating inflammatory pain and disease
parameters in a rat model of arthritis. Efforts have also been
made to investigate some of the mechanisms through which
these mediators exert their anti-hyperalgesic actions.

Methods

Animals
All animal care and experimental procedures used in the
present study followed the National Institute of Health
Animal Care Guidelines (NIH publications) and were
approved by the Ethics Committee of the Universidade
Federal de Santa Catarina (Protocol Number 043/CEUA/PRPe/
2008). The number of animals and intensity of noxious
stimuli used were the minimum necessary to demonstrate
consistent effects of the drug treatment. Male Hannover rats
(180–250 g) kept under controlled temperature (22 � 2°C)
and humidity (60–80%) under a 12:12 h light–dark cycle were
housed. Food and water were provided ad libitum, except
during the experiments. The animals were acclimatized to the
laboratory for at least 1 h prior to experimental procedures.

Complete Freund’s Adjuvant (CFA)-induced
inflammatory pain and arthritis
The protocol was conducted as previously described (Stein
et al., 1988). Briefly, animals were anesthetized with a mixture
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of isoflurane-oxygen (2.5%–2.5%) and received an intraplan-
tar (i.pl.) injection of CFA emulsified in phosphate-buffered
saline (PBS). CFA (1 mg·mL–1 heat-killed and dried M. tuber-
culosis, each mL of vehicle containing 0.85 mL paraffin oil
plus 0.15 mL mannide monooleate) and PBS were emulsified
in a 1:1 ratio by the syringe-extrusion method with two
syringes connected by a three-way stopcock until a stable
emulsion was obtained (~5 min). Each animal received a total
of 200 mL in the right hind paw (ipsilateral). This model of
adjuvant-induced arthritis (AIA) allows us to initially evaluate
the acute inflammatory pain, resulting in a progressive
diffuse inflammatory reaction characteristic of arthritis
(Bendele, 2001; Nagakura et al., 2003).

Assessment of pain behaviour
Hind paw withdrawal response induced by von Frey hairs. Me-
chanical hyperalgesia induced by CFA was evaluated accord-
ing to the method previously described (Nagakura et al.,
2003), with some modifications. Rats were placed individu-
ally in clear Plexiglas boxes (13.8 cm ¥ 18.0 cm ¥ 68.2 cm) on
elevated wire mesh platforms (23.0 cm ¥ 39.8 cm ¥ 72.7 cm)
to allow access to the plantar surface of both hind paws. The
animals were acclimatized for at least 1 h prior to behavioural
testing. The paw withdrawal response frequency (%), was
quantified following 10 applications of 8.0 g von Frey Hairs
(Stoelting, USA) with a duration of ~3 s each. Stimuli were
applied on the plantar surface of each hind paw separately.
The nociceptive responses were evaluated at different times (1
to 24 h, 72 h, 14 and 30 days), following CFA injection. All
groups were evaluated before CFA injection in order to deter-
mine the baseline mechanical thresholds.

Thermal threshold evaluation. Thermal hyperalgesia of the
hind paw was assessed using the plantar test (Ugo Basile,
Italy), according to the methodology described already (Har-
greaves et al., 1988). Briefly, the rats were acclimatized to an
apparatus consisting of individual Perspex boxes on an
elevated glass table. An infrared radiant heat (40 W) source
was directed to the plantar surface of the hind paw, and the
time spent to remove the hind paw was defined as the paw
withdrawal latency. The cut-off point was set at 20 s in order
to prevent tissue damage. The apparatus was calibrated to
give a paw withdrawal latency of approximately 15 s in naïve
rats.

Evaluation of disease parameters: paw
oedema, joint oedema and joint stiffness
Paw oedema and joint diameter. Oedema of both right (ipsi-
lateral) and left (contralateral) hind paws were measured by
means of a plethysmometer (Ugo Basile, Italy) before and at
several times after the i.pl. injection of CFA during the period
of study (30 days). Moreover, the tibio-tarsal joint oedema
was measured by means of a manual caliper oriented in a
mediolateral plane across the joint line (McDougall et al.,
2009), with minimal compression of the joint. This param-
eter was evaluated in triplicate, and the mean value was used
as an index of joint oedema.

Joint stiffness. The joint stiffness score was evaluated accord-
ing to the method previously described (Nagakura et al.,

2003). The animals were restrained by the experimenter with
one hand, and the bending and extension movement of the
ankle joint (once in each direction) was conducted with the
other hand. A score was attributed as the following: score 0,
no restriction of movement; score 1, a restriction of move-
ment in bending or extension; score 2, restrictions of move-
ment in bending and extension.

Immunohistochemical studies
Rats were deeply anesthetized with 7% chloral hydrate
(8 mL·kg–1; i.p.) and perfused with fresh 4% paraformalde-
hyde in 0.2 M sodium phosphate, pH 7.4. Immunohis-
tochemical analysis was performed on paraffin-embedded
spinal cord (L4–L5) and in the dorsal root ganglion (DRG;
L4–L5) (5 mm) sections using polyclonal rabbit anti-COX-2
(1:500) and monoclonal mouse anti-phospho-p65 NF-kB (,
1:50) antibodies, according to the method described previ-
ously with some modifications (Vitor et al., 2009). After
quenching of endogenous peroxidase with 1.5% hydrogen
peroxide in methanol (v/v) for 20 min, high-temperature
antigen retrieval was performed by immersion of the slides in
a water bath at 95 to 98°C in 10 mM–1 trisodium citrate buffer,
pH 6.0, for 45 min. The slides were then processed using the
VECTASTAIN Elite ABC reagent, according to the manufac-
turer’s instructions. After the appropriate biotinylated sec-
ondary antibody, immune complexes were visualized with
0.05% 3,3’-diaminobenzidine tetrahydrochloride + 0.03%
H2O2 in PBS (for exactly 1 min), the reaction was stopped by
means of washing the slides in water and counterstained with
Harris’s haematoxylin. Besides staining untreated animals as
negative controls, sections were incubated with isotype-
matched irrelevant primary antibodies, or the primary anti-
body was omitted. Despite antigen retrieval, these controls
resulted in little or no staining. Images were acquired using a
Sight DS-5 M-L1 digital camera connected to an Eclipse 50i
light microscope (both from Nikon, USA). Settings for image
acquisition were identical for control and experimental
tissues. Five ocular fields per section (five mice per group) at
400 ¥ magnification, of the DRG and superficial (lamina I and
II) and neck region (lamina V and VI) of the dorsal horn of
spinal cord regions associated primarily with the termination
of nociceptive primary afferents were captured and a thresh-
old optical density was obtained using the NIH ImageJ 1.36b
imaging software (NIH, USA). The nucleus proprius (lamina
III and IV) and ventral horn of spinal cord were not evalu-
ated. For all analysis, total pixels intensity was determined,
and data was expressed as optical density.

RNA extraction and real-time PCR
Total RNA from spinal cord (L4–L5) and DRG (L4–L5) was
extracted using the TRizol® protocol, and its concentration
was determined using a NanoDrop 1100 (NanoDrop Tech-
nologies, USA). A reverse transcription assay was performed
as described in the M-MLV Reverse Transcriptase protocol,
according to the manufacturer’s instructions. cDNA (300 ng)
was amplified in triplicate using the TaqMan® Universal PCR
Master Mix Kit with specific TaqMan Gene Expression target
genes, the 3’ quencher MGB and FAM-labelled probes for rat
COX-2 (Rn00568225_m1), NF-kB (Rn01399583) and b-actin
(Rn00667869_m1) that was used as an endogenous control
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for normalization. The PCR reactions were performed in a
96-well Optical Reaction Plate (Applied Biosystems, USA).
The thermocycler parameters were as follows: 50°C for 2 min,
95°C for 10 min, 50 cycles of 95°C for 15 s and 60°C for
1 min. Expression of the target genes was calibrated against
conditions found in control animals (i.e. animals that had
received vehicle).

Determination of cytokine levels
Levels of the pro-inflammatory cytokines TNF-a and IL-1b
were determined in spinal cord samples (lumbar segments
L4–L5) and in the hind paw tissue as previously described
(Manjavachi et al., 2010). Briefly, samples were homogenized
in phosphate buffer containing 0.05% Tween 20, 0.1 mM
phenylmethylsulphonyl fluoride, 0.1 mM benzethonium
chloride, 10 mM ethylene diamine tetracetic acid and 20 UI
aprotinin A. The homogenate was centrifuged at 7000¥ g for
10 min and supernatants were stored at -70°C until further
analysis. Cytokine levels were evaluated using an ELISA kit
according to the manufacturer’s recommendations (R&D
Systems, USA).

General protocols of treatment
The following series of experiments were designed to evaluate
the potential effect of 17(R)HDoHE and AT-RvD1 on inflam-
matory pain and disease parameters, as well as the possible
mechanisms of action in the AIA model in rats. (i) To deter-
mine the effect of the lipid precursor on the genesis of inflam-
matory hyperalgesia, the animals were pre-treated with
17(R)HDoHE (300 ng/i.p.), 30 min before the induction of
AIA. (ii) In order to evaluate the effect of 17(R)HDoHE or
AT-RvD1, after hyperalgesia had been already established, the
animals were treated at different periods of the experimental
model – development of hyperalgesia (the third day after AIA)
– 17(R)HDoHE (300 ng/i.p.) and AT-RvD1 (100 or 300 ng/
i.p.); sub-chronic inflammatory state (14th day after AIA) –
17(R)HDoHE (300, 600 or 900 ng/i.p.) and chronic inflam-
matory state (30th day after AIA) – 17(R)HDoHE (300 or
600 ng/i.p.). (iii) To assess the effects of repeated treatment
with 17(R)HDoHE and AT-RvD1 to modulate the develop-
ment of inflammatory hyperalgesia and pro-inflammatory
mediators production, the animals were treated with
17(R)HDoHE (300 ng/i.p., given for 5 days, once a day) and
AT-RvD1 (100 ng/i.p., given for 4 days, twice a day), starting
3 days after AIA induction. (iv) In order to further evaluate
the possible mechanisms involved in the analgesic actions of
17(R)HDoHE, we next assessed whether systemic treatment
with 17(R)HDoHE (300 ng/i.p., 3 days after AIA induction)
was able to decrease the activation of NF-kB and COX-2 in the
DRG and the spinal cord. For this reason, 4 h after the last
treatment, the DRG and lumbar spinal cord were collected
and immunohistochemically evaluated as described above.
(v) We also evaluate the possible effect of 17(R)HDoHE on
mRNA levels of both NF-kB and COX-2 in the spinal cord and
DRG. For this purpose, 3 days after AIA, animals were treated
with 17(R)HDoHE (300 ng/i.p.) and 4 h after treatment, the
DRG and lumbar spinal cord were collected and processed for
real-time PCR assay. (vi) In another set of experiments, we
compared the analgesic efficacy of 17(R)HDoHE with stan-
dard, clinically used analgesics: indomethacin (5 mg·kg–1,

i.p.), morphine (0.5 mg·kg–1, s.c.), gabapentin (70 mg·kg–1,
p.o.) and dexamethasone (5 mg·kg–1, s.c.) in AIA induced
hyperalgesia. All experiments were conducted in a double-
blinded manner.

Statistical analysis
The results are expressed as mean � SEM from 5–6 animals.
Behavioural data were analysed by two-way analysis of vari-
ance (ANOVA) with repeated measures, followed by Bonferro-
ni’s post hoc test. The non-parametric Kruskal–Wallis test was
employed for analysing ordinal parameters. For ELISA, immu-
nohistochemistry and real-time PCR data, one-way ANOVA

followed by Bonferroni’s post hoc test was used to determine
the differences among groups. The accepted level of signifi-
cance for the tests was *P < 0.05. All tests were performed
using the GraphPad® 4 Software (USA).

Materials
17(R)HDoHE and AT-RvD1 were purchased from Cayman
Chemicals (Ann Arbor, USA). CFA, dexamethasone,
indomethacin, gabapentin, haematoxylin, eosin, hydrogen
peroxide, tetramethylbenzidine, Tween-20, Tween-80, paraf-
fin, PBS, sodium citrate, phenylmethylsulphonyl fluoride,
paraformaldehyde, leupeptin, aprotinin, ethylene diamine
tetracetic acid and benzethonium chloride were all purchased
from Sigma Chemical Company (USA). Rabbit polyclonal
anti-COX-2 was obtained from Cell Signaling Technology
(USA). Rabbit polyclonal anti-phospho-p65 NF-kB was
obtained from Santa Cruz Biotech. Inc. (USA). Rat TNF-a and
IL-1b DuoSet kits were obtained from R&D Systems (USA).
Morphine, sodium chloride and sodium phosphate were
obtained from Merck (Germany). Acetone, xylol, ethyl
alcohol and methyl alcohol were purchased from LabSynth
(Brazil). Citric acid and sodium citrate were purchased from
Merck (Brazil). Chloral hydrate was purchased from Vetec
(Brazil). Harris’s haematoxylin solution was purchased from
Merck (Germany). 3,3’-Diaminobenzidine tetrahydrochloride
and streptavidin-biotin peroxidase were obtained from Dako
Cytomation (USA). Primers and probes for rat COX-2, NF-kB
and b-actin were purchased from Applied Biosystems (UK).
All receptors and channel nomenclature follow Alexander
et al.(2009).

Results

Effect of pretreatment with 17(R)HDoHE on
the genesis of mechanical and thermal
hyperalgesia in AIA in rats
Our model of AIA is one of the most commonly used animal
models to assess the preclinical efficacy of potential new
agents to treat arthritis (Hegen et al., 2008). In order to evalu-
ate the potential of 17(R)HDoHE in preventing the induction
of mechanical and thermal hyperalgesia evoked by the acute
inflammatory pain in response to AIA, rats were pretreated
with 17(R)HDoHE (300 ng/i.p.), 30 min before the induction
of AIA. The choice of the dose for each drug was based on
pilot experiments (data not shown) and on previous data
described in the literature (Dornelles et al., 2009). In the
present study, i.pl. administration of CFA into the right hind
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paw markedly increased the mechanical (Figure 1A) and
thermal hyperalgesia (Figure 1D) as early as 1 h after AIA
induction (P < 0.05). Nonetheless, 1 h after pretreatment with
17(R)HDoHE, the animals displayed a significant reduction of
the mechanical hyperalgesia, in the ipsilateral paw, compared
with the control group. Moreover, 17(R)HDoHE exhibited its
maximum effect 4 h after treatment and lasted for up to 6 h
(Figure 1A,B). However, the pre-treatment with 17(R)HDoHE
produced a moderate and transient reduction of the thermal
hypersensitivity only at 2 h (Figure 1D,E). The mechanical
and thermal threshold of the contralateral paw
(Figure 1C,E,F) and the baseline threshold (data not shown)
were not altered by pretreatment with 17(R)HDoHE.

Effect of post-treatment with 17(R)HDoHE on
the development of mechanical and thermal
hyperalgesia in AIA rats
As the resolvin D series precursor 17(R)HDoHE clearly pre-
vented the genesis of mechanical, but only slightly affected
that of the thermal hyperalgesia induced by AIA, we next
attempted to evaluate whether 17(R)HDoHE could also

inhibit the same parameters in established inflammatory
pain. Accordingly, 3 days after AIA induction, rats were
treated with a single dose of 17(R)HDoHE (300 ng/i.p.), and
mechanical and thermal hyperalgesia were evaluated as
described previously. Interestingly, this therapeutic treatment
with 17(R)HDoHE significantly inhibited the mechanical
hyperalgesia in the ipsilateral paw from 1 h to 12 h, with an
inhibition of about 59%, compared with AIA group (P < 0.05,
P < 0.001) (Figure 2A,B), demonstrating the clinical relevance
of treatment with 17(R)HDoHE after hyperalgesia is already
established. Conversely, treatment with 17(R)HDoHE did not
inhibit thermal hyperalgesia in ipsilateral hind paw
(Figure 2D,E). Furthermore, the treatment with 17(R)HDoHE
also failed to significantly modify the mechanical and
thermal hyperalgesia in contralateral paws (Figure 2C,F).

Effect of classic clinically used drugs on the
development of mechanical hyperalgesia in
AIA rats
In order to compare the effect of the post-treatment with
the precursor 17(R)HDoHE with classic drugs used in clinic

Figure 1
Pretreatment with the resolvin D series precursor, 17(R)HDoHE (300 ng/i.p., 30 min before), prevented the induction of mechanical (A,B) and
thermal (D,E) hyperalgesia in ipsilateral hind paws of rats with adjuvant-induced arthritis (AIA). (C) and (F) represent mechanical and thermal
hyperalgesia, respectively, in the contralateral hind paws of rats with AIA. Data are presented as the mean � SEM of five to six animals per group.
*P < 0.05 and #P < 0.05 are significantly different from the vehicle and complete Freund’s Adjuvant (CFA) groups respectively. The arrow (↓) above
X-axis represents the treatment with 17(R)HDoHE. BL, baseline.
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for the treatment of painful states, 3 days after AIA induc-
tion, the rats were treated with a single dose of 17(R)HDoHE
(300 ng/i.p.), or the non-selective COX inhibitor
indomethacin (5 mg·kg–1, i.p.), morphine (0.5 mg·kg–1, s.c.),
an opioid analgesic drug, gabapentin (70 mg·kg–1, p.o.), an
anti-epileptic drug, or dexamethasone (5 mg·kg–1, s.c.), a
glucocorticoid agent. Injection of CFA into the rat hind
paw induced a significant reduction in nociceptive
threshold, which was strongly inhibited by post-treatment
with the precursor 17(R)HDoHE, with an inhibition of
72 � 3% (Table 1). However, post-treatment with
indomethacin, morphine and gabapentin resulted in less
inhibition of mechanical hyperalgesia, inhibitions of
35 � 5%, 34 � 4% and 42 � 4% respectively (Table 1).
Conversely, the treatment with dexamethasone (5 mg·kg–1,
s.c.) caused a mild but statistically not significant (12 � 3%)
reduction in the mechanical hyperalgesia induced by
adjuvant arthritis (Table 1). All drugs were administered
1 h before the measurement of pain parameters, with
exception of dexamethasone, which was given 4 h before
evaluation.

Effect of post-treatment with 17(R)HDoHE on
the mechanical and thermal hyperalgesia in a
sub-chronic and chronic inflammatory state
in AIA rats
Here, we addressed the possible effects of 17(R)HDoHE in the
mechanical and thermal hyperalgesia in a sub-chronic
inflammatory pain state. To achieve this, we decided to treat
the animals 14 days after AIA induction, when the animals
started to present signs of systemic inflammation of the joints
(i.e. joint stiffness and paw oedema in both ipsi- and con-
tralateral hind paws), that is, parameters related to develop-
ment of the arthritis. Fourteen days after AIA, the animals
were treated with a single dose of 17(R)HDoHE (300, 600 or
900 ng/i.p.) and both mechanical and thermal hyperalgesia
were evaluated. As shown in Figure 3A, the low dose of
17(R)HDoHE (300 ng/i.p.) was not able to inhibit the
mechanical hyperalgesia induced by AIA. On the other hand,
when rats were treated with higher doses (600 and 900 ng/
i.p.) a significant reduction of mechanical hyperalgesia was
observed for up to 6 h after treatment (P < 0.05) (Figure 3A,B).

Figure 2
Post-treatment with 17(R)HDoHE (300 ng/i.p., 3 days after), almost abolished the mechanical (A,B) but not thermal (D,E) hyperalgesia in
ipsilateral hind paws of rats with adjuvant-induced arthritis (AIA). (C) and (F) represent mechanical and thermal hyperalgesia, respectively, in the
contralateral hind paws of rats with AIA. Data are presented as the mean � SEM of five to six animals per group. *P < 0.05 and #P < 0.05 are
significantly different from the vehicle and complete Freund’s Adjuvant (CFA) groups respectively. The arrow (↓) above X-axis represents the
treatment with 17(R)HDoHE.; d3, day 3 after AIA induction.
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Table 1
Effect of 7(R)HDoHE and different classes of drugs in a rat model of AIA

Drug Mechanism of action Dose Inhibition (%)a

17(R)HDoHE Unknown 300 ng/i.p. 72 � 3*

Indomethacin Cyclooxygenase inhibitor 5 mg·kg–1 (i.p.) 35 � 5*

Morphine Opioid analgesic 0.5 mg·kg–1 (s.c.) 34 � 4*

Gabapentin Anti-epileptic 70 mg·kg–1 (p.o.) 42 � 4*

Dexamethasone Glucocorticoid 5 mg·kg–1 (s.c.) 12 � 3

Asterisk denote significant differences from CFA-treated group (*P < 0.05).
aMean � SEM (n = 5–6 rats/group). The inhibition is given as the difference (in percentage) between the mean area under the time-response
curve (1–6 h values) of the responses in the drug-treated group and in relation to the CFA-treated group. All drugs were administered on the
third day after induction of adjuvant arthritis. 17(R)HDoHE, indomethacin, morphine and gabapentin were administered 1 h before and
dexamethasone 4 h before the evaluation of pain response.

Figure 3
Post-treatment with 17(R)HDoHE (300, 600 or 900 ng/i.p., 14 days after), diminished mechanical (A,B) but not thermal (D) hyperalgesia in
ipsilateral hind paws of rats with adjuvant-induced arthritis (AIA). (C) Represents the mechanical hyperalgesia in the contralateral hind paws of rats
with AIA. Post-treatment with 17(R)HDoHE (300 or 600 ng/i.p., 30 days after) did not alter mechanical (E) nor thermal (F) hyperalgesia in
ipsilateral hind paws of rats with AIA. Data are presented as the mean � SEM of five to six animals per group. *P < 0.05 and #P < 0.05 are
significantly different from the vehicle and complete Freund’s Adjuvant (CFA) groups respectively. The arrow (↓) above X-axis represent the
treatment with 17(R)HDoHE.; d14, day 14 after AIA induction; d30, day 30 after AIA induction.
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None of the tested doses of 17(R)HDoHE (300, 600 and
900 ng/i.p.) was effective in inhibiting the mechanical hype-
ralgesia in the contralateral hind paw (Figure 3C). Also,
thermal hyperalgesia evaluated 4 h after 17(R)HDoHE admin-
istration was not significantly inhibited by any of the tested
doses of 17(R)HDoHE (Figure 3D). Finally, when evaluated in
a established chronic inflammatory state (i.e. 30 days after
AIA induction), 17(R)HDoHE (300 and 600 ng/i.p.) was not
effective in inhibiting either mechanical or thermal hyperal-
gesic responses (Figure 3E,F).

Effect of 17(R)HDoHE on clinical signs
of arthritis
Animals treated with a single dose of 17(R)HDoHE
(300 ng/i.p.) 30 min before, 3 days and 30 days after AIA
induction did not display any significant alterations in paw
oedema, joint oedema and joint stiffness of both ipsi- and
contralateral hind paws (data not shown). However, when
animals received 17(R)HDoHE (300 ng/i.p.) for 6 consecu-
tive days beginning on day 14 after AIA induction, the
development of joint stiffness (Figure 4A), but not paw and
joint oedema (Figure 4C,E), was significantly attenuated
in comparison with AIA group (P < 0.05). No significant
alterations were detected in the contralateral paws
(Figure 4B,D,E).

Effect of post-treatment with AT-RvD1 on the
mechanical hyperalgesia in AIA rats
AT-RvD1 is one of the resolvins of the D series that can be
produced by the metabolism of the precursor 17(R)HDoHE
(Serhan et al., 2002). Thus, we addressed the potential of
AT-RvD1 to inhibit the development of mechanical hyperal-
gesia in the established acute inflammatory state (the third
day after AIA induction). As shown in Figure 5A,B, a single
dose of AT-RvD1 (100 or 300 ng/i.p.) significantly inhibited
the hyperalgesia caused by i.pl. injection of CFA for up to 6 h
(P < 0.05). The treatment with AT-RvD1 did not significantly
alter the baseline threshold of mechanical nociception (data
not shown).

Effect of repeated treatment with
17(R)HDoHE or AT-RvD1 on the
mechanical hyperalgesia in AIA rats
In the next series of experiments, we assessed the ability of
repeated treatment with 17(R)HDoHE and AT-RvD1 to
inhibit the development of inflammatory hyperalgesia, as
assessed 3 days after AIA induction. As shown in Figure 5C,
systemic treatment with 17(R)HDoHE (300 ng/i.p.; given
once a day, for 5 days) inhibited the mechanical hyperalgesia
induced by i.pl. CFA, an effect that lasted for up to 6 h
(Figure 5C) with a reduction of 48% (P < 0.05) (Figure 5D). In
addition, repeated treatment with AT-RvD1 (100 ng/i.p.;
given for 4 days, twice a day) markedly inhibited the devel-
opment of inflammatory hyperalgesia induced by i.pl CFA-
injection, as assessed 3 days after AIA induction, an effect
that lasted for up to 6 h (Figure 5E) with an inhibition of
34% (P < 0.05) (Figure 5F).

Effect of repeated treatment with
17(R)HDoHE or AT-RvD1 on the levels
of the pro-inflammatory cytokines in spinal
cord and hind paw tissue of AIA rats
By the end of the repeated treatment with 17(R)HDoHE
(300 ng/i.p.; for 5 days; once a day) or AT-RvD1 (100 ng/i.p.;
for 4 days; twice a day), as described above, the spinal cord
and paw tissue of both hind paws (ipsi- and contralateral)
were collected and TNF-a and IL-1b levels were determined
by ELISA assay. As expected, AIA resulted in a significant
enhancement in the levels of both TNF-a and IL-1b in the
ipsilateral hind paw tissue (P < 0.05) (Figure 6A–D). Repeated
treatment with 17(R)HDoHE resulted in a significant
decrease of both TNF-a (Figure 6A) and IL-1b (Figure 6B) in
the ipsilateral hind paw tissue (P < 0.05), but not in the
spinal cord (Figure 6E,F). Moreover, treatment with AT-RvD1
was more effective in reducing the levels of TNF-a
(Figure 6C) than IL-1b (Figure 6D) in the hind paw tissue
(P < 0.05). Similar to 17(R)HDoHE treatment, AT-RvD1 did
not significantly reduce the levels of both cytokines in the
spinal cord (Figure 6G,H).

Effect of 17(R)HDoHE on NF-kB and COX-2
immunostaining in the spinal cord and DRG
of AIA rats
To further define some of the signalling pathways that
could mediate the analgesic effects of 17(R)HDoHE, we
assessed, using immunohistochemical assays, the actions of
17(R)HDoHE (300 ng/i.p.), 4 h after treatment, on the acti-
vation of the transcription factor NF-kB or COX-2 expres-
sion in (L4–L5) and superficial (lamina I and II) and neck
region (lamina V and VI) of the dorsal horn of spinal cord.
As expected, AIA led to a pronounced phosphorylation of
the p65 subunit of NF-kB (Figure 7) and increased COX-2
expression (Figure 7) (P < 0.05), either in the superficial
and neck region of the dorsal horn of spinal cord, or in the
DRG neurons (L4-L6), which correlates with persistent
inflammatory hypersensitivity. Relevantly, treatment with
17(R)HDoHE (300 ng/i.p.) significantly reduced the activa-
tion of NF-kB (P < 0.05) and inhibited the increase of
COX-2 expression (P < 0.05) in the dorsal horn of lumbar
spinal cord (Figure 7A,C,E) and in DRG neurons
(Figure 7B,D,F).

Effect of 17(R)HDoHE on NF-kB and COX-2
mRNA levels in the spinal cord and DRG of
AIA rats
Another set of experiments was conducted to evaluate the
effect of 17(R)HDoHE on NF-kB and COX-2 mRNA levels in
both the lumbar spinal cord and DRG of rats subjected to AIA.
As can be seen in Figure 8, the mRNA levels of the transcrip-
tion factor NF-kB were not modified either in the spinal cord
(Figure 8A) or in the DRG (Figure 8C), 3 days after AIA induc-
tion. However, in the same period of evaluation, COX-2
mRNA levels were increased in the spinal cord (Figure 8B),
but not in the DRG (Figure 8D). Furthermore, treatment with
17(R)HDoHE decreased COX-2 mRNA levels in the spinal
cord (Figure 8B).
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Figure 4
Repeated post-treatment with 17(R)HDoHE (300 ng/i.p., 14 days after AIA induction, for 6 days, once a day), prevented joint stiffness score (A)
but not paw (C) and joint oedema (E) increase in ipsilateral hind paws of rats with adjuvant-induced arthritis (AIA). (B), (D) and (F) represent joint
stiffness score, paw and joint oedema, respectively, of contralateral hind paw of rats with AIA. Data are presented as the mean � SEM of five to
six animals per group. *P < 0.05 and #P < 0.05 are significantly different from the vehicle and complete Freund’s Adjuvant (CFA) groups
respectively. The arrow (↓) above X-axis represents the treatment with 17(R)HDoHE. BL, baseline.
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Figure 5
Post-treatment with AT-RvD1) (100 or 300 ng/i.p., 3 days after) (A,B), with the resolvins D series precursor 17(R)HDoHE (300 ng/i.p., 3 days after,
for 5 days) (C,D) or with AT-RvD1 (100 ng/i.p., 3 days after, for 4 days) (E,F) partially inhibited mechanical hyperalgesia (ipsilateral hind paw)
induced by adjuvant-induced arthritis (AIA). Data are presented as the mean � SEM of four to six animals per group. *P < 0.05 and #P < 0.05 are
significantly different from the vehicle and complete Freund’s Adjuvant (CFA) groups respectively. The arrow (↓) above X-axis represent the
treatment with AT-RvD1 or 17(R)HDoHE.; d3, day 3 after AIA induction.
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Discussion and conclusions
The main results emerging from the present study are, to the
best of our knowledge, the first evidence showing that sys-
temic administration of the resolvin D series precursor
[17(R)HDoHE] or the aspirin-triggered resolvin D1 epimer
(AT-RvD1) caused pronounced and long-lasting anti-
hyperalgesic effects when assessed in a model of AIA in rats.
Our data also show that mechanisms underlying the anti-
hyperalgesic actions of 17(R)HDoHE and AT-RvD1 were pri-
marily associated with the inhibition of pro-inflammatory
and pro-nociceptive mediators, namely TNF-a and IL-1b,
and through the blockade of COX-2 expression and NF-kB
activation.

The AIA is a well-characterized model of persistent hype-
ralgesia, which progresses to chronic inflammation of the
joints (Hegen et al., 2008). It is well known that the release of
several pro-inflammatory mediators, for example, prostaglan-
din E2 and pro-inflammatory cytokines such as TNF-a and
IL-1b, occurs after an inflammatory insult in the periphery,
which in turn promotes nociceptor sensitization and a
decrease in nociceptive threshold (Kassuya et al., 2007;
Coderre, 2009; Schaible et al., 2009; Uçeyler et al., 2009). Fur-
thermore, IL-1b also produces inflammation and induces syn-
thesis of several nociceptor sensitizers and directly activates
nociceptors to induce pain hypersensitivity (Binshtok et al.,
2008). Thus, the inhibition of mechanical hyperalgesia

observed soon after 17(R)HDoHE administration might be a
result of an indirect modulation of nociceptor sensitization,
because the precursor could attenuate the onset of inflamma-
tion and consequently the release of pro-inflammatory
mediators, diminishing sensitization of afferent fibres.

In the present study, we observed that 17(R)HDoHE has
suppressed the mechanical but not the thermal hyperalgesia
induced by CFA. Earlier studies have demonstrated differ-
ences between tactile allodynia and thermal hyperalgesia,
that is, the former being mediated through large diameter Ab
afferent fibres, and the latter being mediated through small
diameter unmyelinated C-fibres (Xu et al., 1997; Ossipov
et al., 1999). In addition, rats that received capsaicin neona-
tally (significantly reducing the number of C-fibres) failed to
develop thermal hyperalgesia, but displayed heightened
responses to mechanical nociceptive stimuli after chronic
constriction injury (Shir and Seltzer, 1990). Therefore, during
CFA-induced inflammation, the mechanism responsible for
thermal hyperalgesia seems likely to be different from that of
the mechanical hyperalgesia (Leem et al., 2001). Also, it has
been suggested that thermal hyperalgesia involves both
spinal and supraspinal circuits, while mechanical allodynia
depends on a supraspinal loop (Wegert et al., 1997). This
difference might reflect that afferent inputs might be associ-
ated with different types of fibre. It is tempting to suggest that
17(R)HDoHE might modulate inflammatory pain via sensiti-
zation of central and/or peripheral Ab afferent fibres, mainly

Figure 6
Repeated post-treatment with 17(R)HDoHE, or AT-RvD1 attenuated TNF-a and IL-1b levels in rat hind paw tissue, but not in the spinal cord after
induction of adjuvant arthritis (AIA). TNF-a and IL-1b levels in the paw tissue (A–D) and in the spinal cord (E–H) after 17(R)HDoHE (300 ng/i.p.,
3 days after, for 5 days, once a day) and AT-RvD1(100 ng/i.p., 3 days after, for 4 days, twice a day) treatment respectively. Data are presented as
the mean � SEM of four to six animals per group. *P < 0.05 and #P < 0.05 are significantly different from the vehicle and complete Freund’s
Adjuvant (CFA) groups respectively.
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in the supraspinal circuits. However, additional experiments
are needed to verify this hypothesis.

Concerning the parameters related to the disease model
evaluated here (i.e. paw oedema, joint oedema and stiffness
score), the marked prevention of joint stiffness by the treat-
ment with 17(R)HDoHE is of great relevance, because one of
the most common complaints of patients with arthritis is stiff
joints, which together with joint pain results in great disabil-
ity (Croci and Zarini, 2007; Montecucco et al., 2009).

AT-RvD1 can be generated from 17(R)HDoHE in the pres-
ence of aspirin by a series of reactions that include enzymatic
epoxidation and hydrolysis (Sun et al., 2007; Serhan et al.,
2008). In murine peritonitis, RvD1 was found to be equipo-
tent to AT-RvD1, limiting PMN infiltration in a dose-
dependent fashion (Sun et al., 2007). Our present results
demonstrated that AT-RvD1, when administered at relatively
low doses (100–300 ng), 3 days after AIA induction raised the
threshold of mechanical hyperalgesia, demonstrating that
not only the precursor 17(R)HDoHE, but also one of its end
products, AT-RvD1, was very effective in modulating the
acute inflammatory pain observed in the AIA model.
However, we cannot rule out the possible conversion of the
precursor 17(R)HDoHE to other 17R-RvD series, because pre-
vious studies have suggested that this precursor could gener-
ate different aspirin-triggered resolvins (Serhan et al., 2000;
2002; Hong et al., 2003). Furthermore, the possible conver-
sion of 17(R)HDoHE to AT-RvD1 requires cells that possess
5-LOX, which is present or may be induced in several types of
cells during inflammation, for example, in the paw, periph-
eral nerve fibre, infiltrated neutrophils, neurons in the spinal

cord and DRG, and therefore might be a site of aspirin-
triggered resolvin biosynthesis (Cortes-Burgos et al., 2009).
Thus, because 17(R)HDoHE may be endogenously converted
to other members of the AT-RvD series, that is, AT-RvD1 or
AT-RvD2, we cannot be sure that the anti-hyperalgesic effect
of 17(R)HDoHE observed in this study could be attributed to
the molecule itself or the formation of other pro-resolution
metabolites at the inflammatory site.Further studies would be
required to confirm this hypothesis.

Extensive data already published has highlighted the
involvement of pro-inflammatory cytokines as mediators of
inflammatory pain (Firestein, 2003; Schaible et al., 2006;
2009). Here, the reduction of mechanical hyperalgesia
observed following repeated treatment with 17(R)HDoHE or
AT-RvD1 might be, at least in part, due to their ability to
decrease TNF-a and IL-1b in the rat paw. Recently, Xu et al.,
(2010) have reported a marked analgesic effect of resolvin E1
(RvE1) in several models of acute and persistent pain by
regulating production of pro-inflammatory cytokines. In
addition, RvD1 was shown to possess acute antinociceptive
effect in several inflammatory conditions, probably due to
inhibition of thermoTRP channels, including TRPA1, TRPV3
and TRPV4 (Bang et al., 2010). Thus, our results reinforce and
extend the recently discovered analgesic properties of
AT-RvD1 and its precursor, by showing that these lipids regu-
late the levels of important pro-inflammatory cytokines.

We have confirmed earlier data by showing that periph-
eral inflammation resulting from AIA increases the activation
of NF-kB in both spinal cord and DRG (Chan et al., 2000; Lee
et al., 2004). Noteworthy, we have demonstrated that

Figure 7
A single treatment with 17(R)HDoHE (300 ng/i.p., 3 days after), inhibited the increase of NF-kB and COX-2 in the spinal cord and dorsal root
ganglion (DRG) of rats with adjuvant-induced arthritis (AIA). Representative images of NF-kB (upper panel) and COX-2 (lower panel) immunore-
activity in the spinal cord (A) and DRG (B) (scale bar = 100 mM). Graphic representation of the NF-kB (C,D) and COX-2 (E,F) immunostaining in
the spinal cord and DRG respectively. Data are presented as the mean � SEM of five to six animals per group. *P < 0.05 and #P < 0.05 are
significantly different from the vehicle and complete Freund’s Adjuvant (CFA) group respectively.
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17(R)HDoHE (300 ng/i.p.) significantly decreased the phos-
phorylation of p65 subunit of NF-kB in the spinal cord and
DRG, 3 days after AIA induction. NF-kB is known to have a
pivotal role in immune and inflammatory responses through
the regulation of several genes that encode pro-inflammatory
molecules, including cytokines and COX-2 (Lawrence et al.,
2002). Although COX-2 drives the onset of inflammation
through the production of pro-inflammatory prostaglandin
E2, it also drives the resolution of inflammation through the
synthesis of the anti-inflammatory PG, 15deoxy-D12,14-PGJ2

(15dPGJ2). In macrophage and lymphocyte cell lines, 15dPGJ2

inhibited the activation of IKKb, which regulates the activa-
tion of NF-kB in response to pro-inflammatory stimuli (Rossi
et al., 2000; Straus et al., 2000). Our results confirm and also
extend these findings by demonstrating that the resolvin D
series precursor, 17(R)HDoHE, inhibited NF-kB activation in
the DRG and dorsal horn of spinal cord. However, the exact
mechanisms by which these lipid mediators inhibit the
NF-kB expression should be further examined.

Considering mRNA levels of the transcription factor
NF-kB, we did not detect a significant increase in the spinal
cord and DRG in the acute inflammatory state. This data is in
part supported by the study of Chan et al. (2000) who have
demonstrated that the p50/p65 heterodimer of NF-kB
increased as early as 30 min in the spinal cord, and started to
decrease 2 h following peripheral inflammation, demonstrat-
ing that NF-kB expression/activity is dependent, at least in
part, on the period of evaluation. Thus, we did not detect
differences in the NF-kB mRNA levels probably because of the
time at which we evaluated this variable in this study.

Moreover, marked increases in COX-2 expression occur
locally at the sites of inflammation or in different cell types in
the spinal cord and brain (Samad et al., 2001). It has been
shown that COX-2 is induced after peripheral inflammation
(Yacoubian and Serhan, 2007), which indirectly sensitizes
peripheral terminals of sensory fibres (Serhan et al., 2008). Of
note, 17(R)HDoHE (300 ng/i.p.) treatment elicited a signifi-
cant decrease in the immunostaining for COX-2 in the spinal

Figure 8
A single treatment with 17(R)HDoHE (300 ng/i.p., 3 days after), modulates(COX-2 mRNA levels in the spinal cord but not in dorsal root ganglion
(DRG) nor (NF-kB mRNA levels in both tissues of rats with AIA. (A–D) Represent mRNA levels of NF-kB and COX-2 in the spinal cord and DRG
respectively. Real-time PCR assay was performed in duplicate and b-actin mRNA was used to normalize the relative amount of mRNA. Data are
presented as the mean � SEM of three to five animals per group. *P < 0.05 and #P < 0.05 are significantly different from the vehicle and complete
Freund’s Adjuvant (CFA) groups respectively.
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cord and DRG in acute inflammation. We have also observed
an increase in the levels of COX-2 mRNA 3 days after AIA
induction. Some authors have shown that COX-2 mRNA
levels are increased at least for up to 24 h after peripheral
inflammation (Samad et al., 2001) and others have observed a
decrease in COX-2 mRNA levels after 3 days (Hay et al., 1997).
The increase in COX-2 mRNA in spinal cord 6 h and 3 days
after chronic inflammation in mice (Narita et al., 2008) would
be in accordance with our results,. Also, we detected a signifi-
cant reduction of COX-2 mRNA in the spinal cord of rats
treated with 17(R)HDoHE. When evaluating COX-2 mRNA
expression in DRG, no significant differences were observed.
The DRG from animals with CFA-induced inflammation
showed a minimal increase in COX-2 mRNA contrasting to a
significant induction of COX-2 mRNA in the spinal cord
(Amaya et al., 2009).

To summarize, our present data show that 17(R)HDoHE, a
precursor of the resolvin D series, modulated both the genesis
and the maintenance of mechanical hyperalgesia in the AIA
model of arthritis in rats. Additionally, when comparing the
effect of both 17(R)HDoHE and AT-RvD1 with other currently
used analgesics (Table 1), we can observe that pro-resolution
lipid mediators induced a greater percentage of inhibition of
mechanical hyperalgesia. Moreover, the anti-hyperalgesic
effect of 17(R)HDoHE in acute inflammation seems likely to
be mediated by inhibition of both NF-kB and COX-2 in spinal
cord and DRG levels. Furthermore, the anti-hyperalgesic
effects reported here for AT-RvD1 are likely to rely on the
modulation of TNF-a and IL-1b production in the hind paw
tissue. Given the anti-hyperalgesic efficacy of resolvins and
the safety associated with endogenous mediators, the present
findings bring new evidence that lipid mediators, such as
17(R)HDoHE and AT-RvD1, may represent a new family of
analgesics useful in treating inflammation-associated pain
states such as arthritic pain.
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