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BACKGROUND AND PURPOSE
Two peptide agonists of the glucagon-like peptide-1 (GLP-1) receptor, exenatide and GLP-1 itself, exert anti-hypersensitive
effects in neuropathic, cancer and diabetic pain. In this study, we have assessed the anti-allodynic and anti-hyperalgesic effects
of the non-peptide agonist WB4-24 in inflammatory nociception and the possible involvement of microglial β-endorphin and
pro-inflammatory cytokines.

EXPERIMENTAL APPROACH
We used rat models of inflammatory nociception induced by formalin, carrageenan or complete Freund’s adjuvant (CFA), to
test mechanical allodynia and thermal hyperalgesia. Expression of β-endorphin and pro-inflammatory cytokines was measured
using real-time quantitative PCR and fluorescent immunoassays.

KEY RESULTS
WB4-24 displaced the specific binding of exendin (9–39) in microglia. Single intrathecal injection of WB4-24 (0.3, 1, 3, 10,
30 and 100 μg) exerted dose-dependent, specific, anti-hypersensitive effects in acute and chronic inflammatory nociception
induced by formalin, carrageenan and CFA, with a maximal inhibition of 60–80%. Spinal WB4-24 was not effective in altering
nociceptive pain. Subcutaneous injection of WB4-24 was also antinociceptive in CFA-treated rats. WB4-24 evoked β-endorphin
release but did not inhibit expression of pro-inflammatory cytokines in either the spinal cord of CFA-treated rats or cultured
microglia stimulated by LPS. WB4-24 anti-allodynia was prevented by a microglial inhibitor, β-endorphin antiserum and a
μ-opioid receptor antagonist.

CONCLUSIONS AND IMPLICATIONS
Our results suggest that WB4-24 inhibits inflammatory nociception by releasing analgesic β-endorphin rather than inhibiting
the expression of proalgesic pro-inflammatory cytokines in spinal microglia, and that the spinal GLP-1 receptor is a potential
target molecule for the treatment of pain hypersensitivity including inflammatory nociception.
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Abbreviations
CFA, complete Freund’s adjuvant; Emax, maximum effect; GLP-1R, glucagon-like peptide-1 receptor; MPE, maximal
possible effect; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; POMC, proopiomelanocortin

Introduction
The activation of the glucagon-like peptide-1 (GLP-1) recep-
tor by the endogenous incretin GLP-1 and its exogenous
mimetic exenatide leads to a wide range of biological actions
in the pancreas, such as the stimulation of glucose-dependent
insulin synthesis and secretion, the reduction of glucagon
levels and marked changes in β-cell proliferation and apop-
tosis (Drucker, 2007; Holst, 2007; Kim and Egan, 2008).
Exenatide and GLP-1 have therapeutic value in type-2 diabe-
tes mellitus (DeFronzo et al., 2005; Triplitt and Chiquette,
2006). We recently found that the intrathecal administration
of two peptide GLP-1 receptor agonists, exenatide and GLP-
1(7–36), produced specific and potent antinociception, by
60–90% in conditions of formalin-induced tonic hyperalge-
sia, mechanical allodynia induced by peripheral nerve injury
and bone cancer, and painful diabetic neuropathy. The anti-
hypersensitive effects of exenatide and GLP-1 were found to
be completely prevented by GLP-1 receptor antagonists and
GLP-1 receptor gene knockdown. Our results suggested that
the activation of spinal GLP-1 receptors leads to specific anti-
nociception in persistent pain states, notably in refractory
neuropathic pain, cancer pain and painful diabetic neuropa-
thy (Gong et al., 2014b). However, the effects of GLP-1 recep-
tor activation on inflammatory nociception have not been
examined using acute and chronic inflammatory models,
such as that induced by carrageenan and complete Freund’s
adjuvant (CFA).

GLP-1 receptors are specifically expressed in spinal dorsal
horn microglial cells and their up-regulation accompanies
microglial proliferation and hypertrophy following periph-
eral nerve injury (Gong et al., 2014b). Spinal microglia, which
play a crucial role in the initiation and development of
chronic pain, including inflammatory pain (Tsuda et al.,
2003; Raghavendra et al., 2004; Hua et al., 2005; Taves et al.,
2013), are converted from their resting shape to an activated
shape after peripheral inflammation or injury (Svensson
et al., 2003; Hua et al., 2005). Activated microglia produce

and release numerous neurotrophins and pro-inflammatory
cytokines, such as TNF-α, IL-1β and IL-6 (Chauvet et al., 2001;
Taves et al., 2013). The cytokines released by activated micro-
glia can induce the central sensitization of neurons in the
spinal dorsal horn by altering excitatory or inhibitory synap-
tic transmission, leading to hyperalgesia (Kawasaki et al.,
2008; Zhang et al., 2011). In contrast, microglial activation is
also involved in the production and release of analgesic
endorphins and activation of their corresponding receptors
(McCarthy et al., 2001; Pocock and Kettenmann, 2007). For
instance, β-endorphin was synthesized and released by
cultured microglia in response to corticotropin-releasing
hormone (Sacerdote et al., 1993).

The findings of GLP-1 receptor activation on cytokine
release are controversial. GLP-1 induced morphological
changes in microglia and inhibited LPS-induced IL-1β, IL-6
and inducible NOS production in cultured astrocytes (Iwai
et al., 2006). Exenatide also suppressed 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced expression of
TNF-α and IL-1β (Kim et al., 2009). In contrast, exenatide
increased the expression of IL-6 and IL-1β in the hypothala-
mus and the hindbrain (Shirazi et al., 2013). On the other
hand, we showed that exenatide stimulated β-endorphin
release from cultured microglia and the spinal cords of the
neuropathic rats, and that the stimulatory effect was pre-
vented by minocycline, a specific inhibitor of microglial acti-
vation (Gong et al., 2014b). Therefore, it would provide new
knowledge to study the involvement of pro-inflammatory
cytokines and analgesic endorphins, derived from microglia,
in the antinociceptive effects of GLP-1 receptor agonists in
models of inflammatory nociception.

The effects of GLP-1 receptor agonists with different
molecular structures may help to confirm the hypothesis that
the activation of GLP-1 receptors leads to antinociception in
pain hypersensitivity, as this is a useful means of excluding
structure-related actions that may not be relevant to the
GLP-1 receptor activity. WB4-24, a dimer consisting of a
cyclobutane core and two pairs of symmetrical side chains, is
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probably the most active non-peptide GLP-1 receptor orthos-
teric agonist with activity in the micromolar range (Liu et al.,
2012). In this paper, we investigated the antinociceptive
effects of WB4-24 in rat models of acute and chronic inflam-
matory nociception induced by formalin, carrageenan and
CFA, and explored the underlying mechanisms of action
and particularly the involvement of microglial β-endorphin
release and cytokine expression.

Methods

Animals
All animal care and experimental procedures complied with
the guidelines of the Animal Care and Welfare Committee of
the Shanghai Jiao Tong University School of Pharmacy. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 248 animals were used in the experiments described here.

Male Wistar 1-day-old neonatal and adult rats (180–250 g)
were obtained from the Shanghai Experimental Animal Insti-
tute for Biological Sciences (Shanghai, China). The animals
were housed in a temperature- and humidity-controlled envi-
ronment on a 12 h light/dark cycle (lights on at 07:00 h) with
food and water ad libitum. They were acclimated to the labo-
ratory environment for 3–5 days before entering the study.
Experimental study groups were assigned randomly and the
nociceptive responses were recorded without knowledge of
the treatments.

Cell culture
The cortices of 1-day-old neonatal Wistar rats were collected
and the cell suspension was plated in 75 cm2 tissue culture
flasks (1 × 107 cells per flask) pre-coated with poly-L-lysine
and incubated at 37°C in a humidified atmosphere of 95% O2

and 5% CO2. The dissociated cells were suspended in DMEM
medium Gibco, BRL, Paisley, UK) supplemented with 10%
FCS, penicillin (100 U·mL−1) and streptomycin (100 μg·mL−1).
Fresh medium was provided every other day and 8 days later,
microglial cells were prepared as floating cell suspensions by
shaking the flasks at 260 rpm for 2 h. The aliquots were
transferred to plates and unattached cells were removed by
washing with serum-free DMEM. The purity of the harvested
microglia was greater than 95%, as determined by measuring
CD11b (OX42) immunoreactivity.

HEK293 and PC12 cells, which were purchased from the
Shanghai Institute for Cell Biology Bank (Shanghai, China),
were cultivated at 37°C in a 5% CO2/95% O2 humidified
environment. The HEK293 cells were cultivated in DMEM
supplemented with 10% FBS, 2.0 mM L-glutamine and
hygromycin B (100 μg·mL−1). The PC12 cells were cultivated
in RPMI 1640 medium supplemented with 10% FBS.

Ligand-binding assay
The binding assays were performed as described by Devaraj
et al., (2005) and He et al., (2013). For the saturation-binding
assay, exendin(9–39)-FITC was applied at concentrations
from 1 to 300 nM. Total and non-specific binding were meas-
ured in the absence and presence of unlabelled GLP-1 in

excess (100 μM). The cells were equilibrated for 1 h on ice
then analysed for fluorescent intensity using a FACScan®
flowcytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
The dissociation constant (Kd) was calculated for the specific
binding using the following one-site binding hyperbola non-
linear regression analysis equation: Bound = Bmax × [L]/([L] +
Kd), where Bmax is the mean fluorescence intensity when the
labelled ligand is fully bound to the binding sites, Kd is the
concentration of the labelled ligand exendin(9–39)-FITC
required to reach half-maximal binding and [L] is the con-
centration of the labelled ligand.

Hydrogen peroxide-induced oxidative damage
Cultured cells were grown on 96-well plates at a density of 1.6
× 104 cells per well. Twenty-four hours after incubation and
the cells were attached; hydrogen peroxide (500 or 800 μM,
final concentration) was added to PC12 cells for 15 min and
to HEK293 cells for 5 min. The cells were washed, treated
with WB4-24 or exenatide at different concentrations and
cultured again for 12 h. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, Amresco, Solon, OH,
USA) assay was conducted to determine cell viability. The
cells in the 96-well plates were rinsed with PBS and
0.5 mg·mL−1 MTT was added to each well. The microplate was
incubated at 37°C for 4 h. The medium containing MTT
was removed and 200 μL DMSO was added to each well. The
plate was shaken on a microplate shaker to dissolve the blue
MTT-formazan. The absorbance was read at 570 nm against a
reference wavelength of 630 nm on a microplate reader (Mul-
tiskan MK3, Thermo Labsystems, Vantaa, Finland). The cell
viability after exposure to hydrogen peroxide was expressed
as a percentage of normal cell viability in the absence of
hydrogen peroxide.

RNA extraction, reverse transcription and
real-time quantitative PCR
TRIzol reagent (Invitrogen, Grand Island, NY, USA) was used
to isolate the total RNA from rat spinal lumbar enlargements
(L3–L5) and cultured microglia (Zhang et al., 2013). A sample
of 1 μg of total RNA was reverse transcribed using a ReverTra
Ace qPCR RT-Kit (Toyobo Co., Ltd., Osaka, Japan). The RNA
extraction and real-time PCR procedures were conducted as
described by Zhang et al., (2013). The 2−ΔΔCt method was
used to calculate the fold change after normalization to
GAPDH (Zhao et al., 2010). The primers were as follows:
5′-CCC TCC TGC TTC AGA CCT CCA-3′ [proopiomelanocor-
tin (POMC) exon 2–3 forward], 5′-TCT CTT CCT CCG CAC
GCC TCT-3′ (POMC exons 2–3 reverse) (Sitte et al., 2007;
Busch-Dienstfertig et al., 2012); 5′-CCA AGG TCA TCC ATG
ACA AC-3′ (GAPDH forward), 5′-TCC ACA GTC TTC TGA
GTG GC-3′ (GAPDH reverse); 5′-CCC CGA CTA TGT GCT
CCT CAC-3′ (TNF-α forward), 5′-AGG GCT CTT GAT GGC
GGA-3′ (TNF-α reverse); 5′-GGA AGG CAG TGT CAC TCA
TTG TG-3′ (IL-1β forward), 5′-GGT CCT CAT CCT GGA AGC
TCC-3′ (IL-1β reverse); 5′-GGG ACT GAT GTT GTT GAC AGC
C-3′ (IL-6 forward), 5′-CAT ATG TAA TTA AGC CTC CGA CTT
GTG-3′ (IL-6 reverse) (Raghavendra et al., 2004).

β-endorphin measurement
The β-endorphin levels in the spinal cord (L3–L5) homogen-
ates and the culture medium from primary microglial cells
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were determined using an enzyme-linked fluorescent immu-
noassay kit (Phoenix Pharmaceuticals, Burlingame, CA, USA).
The assay was validated by the manufacturer for determining
peptides within a linear range of 29.6–608 pg·mL−1. The cross-
activity of the assay included α-endorphin (100%) and
γ-endorphin (60%), but not met-enkephalin (0%) or leu-
enkephalin (0%). The relative fluorescence units were read
with a Fluorescence Microplate Reader (Thermo Labsystems)
and the β-endorphin concentrations were determined at the
same time by comparison with a calibration curve run.

Intrathecal catheterization and injection in
rats
An 18 cm polyethylene catheter (PE-10: 0.28 mm i.d. and
0.61 mm o.d., Clay Adams, Parsippany, NJ, USA) with a
volume of 13 μL was inserted into the lumbar level of the rat
spinal cord as described elsewhere (Gong et al., 2011; Huang
et al., 2012). Inhaled isoflurane anaesthesia (4% for induction
and 1% for maintenance) controlled by an anaesthesia meter
(Ugo Basile Gas Anesthesia System, Comerio, Italy) was
administered. The placement of the catheter in the spinal
cord was confirmed by administering 4% lidocaine (10 μL
followed by 10 μL of normal saline for flushing) with a 50 μL
micro-injector (Shanghai Anting Micro-Injector Factory,
Shanghai, China) after recovery from anaesthesia. The lido-
caine test was performed 5–7 days before the drug-testing
sessions began. Only rats that exhibited no motor impair-
ment before the intrathecal administration of lidocaine, but
experienced bilateral paralysis of their hindlimbs after the
lidocaine injection were selected for the study. The exclusion
rate in our laboratory was zero. To administer the control and
test articles intrathecally, 10 μL of each of the drugs was
injected with a 50 μL micro-injector, followed by a normal
saline flush with a volume of 10 μL.

Rat formalin test
The rats were acclimated individually to the observation cage
for 30 min before testing. The formalin test was performed as
previously described, but with minor modifications (Gong
et al., 2011; 2014b): 50 μL 5% formalin in 0.9% saline was
injected s.c. into the dorsal side of the left hindpaw and the
rat was then immediately placed in a 23 × 35 × 19 cm trans-
parent polycarbonate box. Nociceptive behaviour was manu-
ally quantified by counting the number of times that the
formalin-injected paw flinched in 1 min epochs. The meas-
urements were taken at 10 min intervals beginning immedi-
ately after the formalin injection and ending 90 min later.

Rat carrageenan model of acute inflammatory
nociception
Through s.c. intraplantar surface injection to the right hind-
paws, 100 μL of 2% carrageenan in normal saline was admin-
istered to the rats. Thermal hyperalgesia and mechanical
allodynia in both the carrageenan-injured and contralateral
hindpaws were assessed at several time points before and after
the control- and test-article administration (Gong et al.,
2011).

Rat model of CFA-induced acute and chronic
inflammatory nociception
CFA inflammatory nociception was induced using the
method described by Butler et al. 1992), with adaptations.
Briefly, 30 μL of a combination of IFA and heat-inactivated
Mycobacterium tuberculosis (10 mg·mL−1) was injected into the
tibiotarsal joint of the left hindpaw of each rat under inhaled
isoflurane anaesthesia. The tibiotarsal joint injection of CFA
produced immediate and long-lasting inflammation and pain
hypersensitivity. The early phase (1–2 days after CFA injec-
tion) represents acute inflammatory pain, and the later phase
(2–3 weeks after CFA injection) represents chronic rheuma-
toid arthritis disease.

Behavioural assessment of heat hyperalgesia
and mechanical allodynia
The nociceptive reflex responses to thermal stimuli were
assessed by placing the injured and contralateral hindpaw
above a radiant heat source (at a low intensity of 45) and
measuring the paw withdrawal latency in response to a
noxious heat stimulus, using a 390 G Plantar Test (IITC Life
Science Instruments, Woodland Hills, CA, USA). To prevent
tissue damage, the latency cut-off was set at 30 s. The paw
withdrawal latency was evaluated for no less than 30 min at
each of several time points before and after control- and
test-article administration. The result of each test was calcu-
lated as a mean of three repeated measurements.

To assess mechanical allodynia, the hindlimb withdrawal
threshold evoked by stimulation of the ipsilateral injured and
contralateral hindpaw with a 2391 electrical von Frey hair
(IITC Life Science Instruments) was determined while the rat
stood on a metal grid. The monofilament, which produced
forces ranging from 0.1 to 65.0 G, was applied to the footpad
with increasing force until the rat suddenly withdrew its hind
limb. The lowest force producing a withdrawal response was
considered the threshold. Triplicate measurements were
made at intervals of approximately 30 s and the mean of
these threshold values for each hindpaw at each time point
was averaged.

Data analysis
The maximal possible effect (MPE) was calculated as follows:
(post-drug threshold in ipsilateral hind limb-baseline thresh-
old in ipsilateral hind limb)/(baseline threshold in contralat-
eral hind limb-baseline threshold in ipsilateral hind limb) ×
100 (Chaplan et al., 1994). The dose–response analysis,
Scatchard analysis and Schild analysis were performed as
described in Gong et al. (2012) and Zhang et al. (2013). The
data were expressed as means ± SEM or with 95% confidence
limits, and there were no missing data. The statistical signifi-
cance was evaluated by one-way or two-way repeated-
measures ANOVA in Prism (version 5.01, GraphPad Software,
Inc., San Diego, CA, USA). Post hoc Student–Newman–Keuls
test was conducted when the effect of the drug (dose) [for the
one-way ANOVA, the factor was drug (dose); for the two-way
ANOVA, the factors were drug (dose), time and their interac-
tion] was observed to be statistically significant. The probabil-
ity values were two-tailed and the P value meeting the
statistical significance criterion was 0.05.
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Materials
WB4-24 was obtained from the National Center for Drug
Screening (Shanghai, China) and dissolved in 1% DMSO and
19% PEG400 in saline. Heat-inactivated Mycobacterium tuber-
culosis was purchased from the Chengdu Institute of Biologi-
cal Products (Chengdu, China). Minocycline and naltrindole
were purchased from Sinopharm Group Chemical Reagent
Co. (Shanghai, China) and Tocris Bioscience (Bristol, UK).
CTAP, norbinaltorphimine (nor-BNI) and the rabbit poly-
clonal antibody neutralizing β-endorphin or dynorphin A
were bought from Abcam (Cambridge, UK). Carrageenan,
incomplete Freund’s adjuvant (IFA) and LPS (Escherichia coli
strain O26:B6) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Exendin(9–39)-FITC and GLP-1-FITC were com-
mercially synthesized, conjugated and purified (≥90%) by
China Peptides Co. (Shanghai, China).

Results

WB4-24 exerts GLP-1 receptor agonist effects
in microglia
We previously showed that GLP-1 receptors were specifically
expressed on microglia, but not on astrocytes or neurons
(Gong et al., 2014b). Here, we used a binding assay to confirm
the specific binding of GLP-1 receptors in primary microglia,
in comparison with HEK293 cells that stably express human
GLP-1 receptors and PC12 cells that express rat GLP-1 recep-
tors. Exendin(9–39), a competitive antagonist that binds the
GLP-1 receptor N-terminal ectodomain, but lacks the amino
acids needed for interaction with the extracellular loop
regions to induce intracellular signalling (Thorens et al.,
1993; Lopez de Maturana et al., 2003), was used to probe
GLP-1 receptors. Exendin(9–39) was then added in FITC form
(from 1 to 300 nM) to the primary microglia. An equilibrium-
saturation analysis revealed a single saturable site with a high
affinity specifically for exendin(9–39)-FITC, with a Bmax value
of 66.0 (median fluorescent intensity) and a Kd value of
54.0 nM (Figure 1A). The binding-saturation kinetics was also
demonstrated in the HEK293 cells and PC12 cells, with Bmax

values of 90.2 and 96.6 (median fluorescent intensity) and Kd

values of 17.9 and 53.7 nM respectively (Figure 1B and C).
Receptor-binding and cyclic AMP response element

reporter gene assays have previously been used to identify
WB4-24 as a novel cyclobutane class of non-peptide GLP-1
receptor agonists (Liu et al., 2012). To further confirm that the
competitive-displacement mode of WB4-24 occurred at the
same GLP-1 receptor binding site as GLP-1, a range of con-
centrations of WB4-24 were applied in a displacement-
binding assay to both HEK293 and PC12 cells. In the HEK293
cells, co-treatment with WB4-24 (30, 100 and 300 μM)
concentration-dependently shifted the binding curve of
GLP-1-FITC to the right, without affecting maximum
binding. A Schild analysis indicated that the slope was −0.91
and the pA2 was 4.92 (Figure 2A). WB4-24 manifested the
same competitive-binding mode in the PC12 cells, with very
similar values for the slope (−0.91) and pA2 (4.87) (Figure 2B).
Co-treatment with GLP-1 (0.3, 1.0 and 3.0 μM) in both the
HEK293 and the PC12 cells also concentration-dependently
shifted the binding curve of GLP-1-FITC to the right without

affecting maximum binding. Schild plots of GLP-1 identified
slope values of −1.23 and −1.26 and pA2 values of 6.74
and 6.59 for the HEK293 and PC12 cells (Figure 2C and D)
respectively.

The potency of WB4-24 compared with that of GLP-1 in
binding to GLP-1 receptors was tested further in primary
microglial cells, HEK293 and PC12 cells using a displacement-
binding assay. WB4-24 (30–3000 nM) or GLP-1 (0.3–30 nM)
was added to compete with exendin(9–39)-FITC binding
(30 nM, close to the Kd values) in microglial, HEK293
and PC12 cells. As shown in Figure 3, both GLP-1 and
WB4-24 displaced the exendin(9–39)-FITC binding in a
concentration-dependent manner. The maximum displace-
ment was 100% and the IC50 values for GLP-1 and WB4-24
were 3.2 and 560.0 nM in the primary microglial cells
(Figure 3A), 2.5 and 300 nM in the HEK293 cells (Figure 3B),
and 1.7 and 260.0 nM in the PC12 cells (Figure 3C) respec-
tively. Our data showed that WB4-24, although approxi-
mately 100-fold less potent than GLP-1, was a reversible and
orthosteric agonist of microglial GLP-1 receptor with full
intrinsic activity, and acted at the same recognition site as
GLP-1. Neither WB4-24 nor GLP-1 showed cell specificity
when binding GLP-1 receptors and neither was affected by
the species differences between humans and rats.

The relative potency of WB4-24 and exenatide in activat-
ing GLP-1 receptors was tested further in a functional assay –
hydrogen peroxide oxidative damage assessment. The activa-
tion of GLP-1 receptors is known to protect against hydrogen
peroxide-induced oxidative damage (Liu et al., 2007;
Oeseburg et al., 2010). Neither exenatide (up to 3 × 10−8 M)
nor WB4-24 (up to 10−5 M) treatments were associated with
cellular dysfunction in HEK293 cells that stably expressed
human GLP-1 receptors. Both WB4-24 (EC50 = 0.6 μM) and
exenatide (EC50 = 2.6 nM) provided concentration-dependent
and complete protection against hydrogen peroxide-induced
oxidative damage (Figure 4A). The effects of WB4-24 and
exenatide were examined further in PC12 cells. WB4-24
(EC50 = 1.2 μM) and exenatide (EC50 = 5.0 nM) conferred the
same concentration-dependent protection against hydrogen
peroxide-induced oxidative damage (Figure 4B).

Administered intrathecally, WB4-24 blocks
inflammatory nociception
The spinal antinociceptive effects of WB4-24 were first exam-
ined with the formalin test. Six groups of rats (n = 6 per
group) received a single intrathecal injection of the vehicle
(10 μL) or WB4-24 (0.3, 1, 3, 10, or 30 μg) 30 min before a
formalin injection. As shown in Figure 5A, the s.c. injection
of formalin produced in the control rats a biphasic flinching
response consisting of an acute phase (within 10 min) and a
tonic phase (10–90 min). In the acute phase, the intrathecal
injection of WB4-24 up to 30 μg did not significantly prevent
the formalin-induced flinching response. However, WB4-24
blocked the tonic phase of the formalin-induced flinching
response in a dose-dependent manner. The areas under the
flinching–response curves from 10 to 90 min (AUC) were
summed and the inhibitory percentage was calculated from
the mean AUC value of vehicle-treated rats. An analysis of the
dose response identified the ED50 as 2.0 μg (95% confidence
limits: 1.3–2.8 μg) and the Emax as 84.7% (Figure 5B).
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Next, we examined the spinal antinociceptive effects of
WB4-24 in the carrageenan model. Five groups of rats (n = 6
per group) first received intraplantar injections of carra-
geenan and 2.5 h later received intrathecal injections of the
vehicle (10 μL) or WB4-24 (3, 10, 30 or 100 μg). Withdrawal
responses to thermal and mechanical stimuli were measured
in both their contralateral and ipsilateral hindpaws before
carrageenan injection and at 0, 0.5, 1, 2 and 4 h after test
article injection, which began 2.5 h after carrageenan injec-
tion. The intraplantar injection of carrageenan produced
marked inflammation, as observed as swelling and redness,
thermal hyperalgesia and mechanical allodynia (Figure 6A
and B). The intrathecal injection of WB4-24 (up to 100 μg)
did not significantly alter paw withdrawal latency in response
to heat stimulation in the contralateral paws, but signifi-
cantly blocked thermal hyperalgesia in the ipsilateral paws in
a time- and dose-dependent manner (Figure 6A). The percent-
age of MPE of the WB4-24 antinociception from each rat was
calculated at 1 h after injection and the inhibitory percentage

was calculated from the mean MPE value of vehicle-treated
rats. A dose–response analysis identified the Emax as 57.5%
MPE and the ED50 as 15.3 μg (95% confidence limits: 12.8–
18.3 μg) (Figure 6C). Furthermore, although WB4-24 did not
significantly affect the thresholds of paw withdrawal in
response to mechanical stimuli in the contralateral paws, it
dose-dependently blocked carrageenan-induced mechanical
allodynia in the ipsilateral paws (Figure 6B), with an Emax of
55.0% MPE and an ED50 of 21.7 μg (95% confidence limits:
14.5–32.5 μg) (Figure 6C).

We measured the spinal antinociceptive effects of intrath-
ecal WB4-24 in conditions of CFA-induced acute and chronic
inflammatory nociception. Six groups of rats (n = 6 per group)
received an intrathecal injection of the vehicle (10 μL) or
WB4-24 (1, 3, 10, 30 or 100 μg) 1 day after CFA injection. The
withdrawal responses to thermal and mechanical stimuli
were measured in both the contralateral and ipsilateral hind-
paws before and 0.5, 1, 2 and 4 h after test-article injection.
The intrathecal injection of WB4-24 (up to 100 μg) did not

Figure 1
Saturation kinetics of the binding of exendin(9–39)-FITC in rat microglial cells (A), HEK293 cells that express human GLP-1 receptor (B), and rat
PC12 cells (C). The specific binding of exendin(9–39)-FITC was obtained by subtracting non-specific binding from total binding; the former was
determined in the presence of 100 μM GLP-1. The insert is a Scatchard plot with the calculated Kd and Bmax values. The data are presented as
means ± SEM (n = 3 in each treatment) from two independent studies.

BJPWB4-24 inhibits inflammatory pain

British Journal of Pharmacology (2015) 172 64–79 69



significantly affect the paw withdrawal latency in response to
heat stimulation or mechanical thresholds in the contralat-
eral paws. However, WB4-24 significantly blocked thermal
hyperalgesia and mechanical allodynia in the ipsilateral paws
in a time- and dose-dependent manner (Figure 6D and E).
The percentage of MPE of the WB4-24 antinociception from
each rat was calculated at 1 h after injection and the inhibi-
tory percentage was calculated from the mean MPE value of
vehicle-treated rats. A dose–response analysis at 1 h after
injection yielded Emax values of 85.7% and 85.0% MPE, and
the ED50s values of 14.9 μg (95% confidence limits: 11.7–
18.9 μg) and 23.1 μg (95% confidence limits: 11.0–48.3 μg)
(Figure 6F).

To test antinociceptive effect of WB4-24 in CFA-induced
chronic inflammatory nociception, the same six groups of
rats received another intrathecal injection of the vehicle
(10 μL) or WB4-24 (1, 3, 10, 30 or 100 μg) 3 weeks later.
Again, the paw withdrawal responses to thermal and
mechanical stimuli were measured before test-article injec-
tion and at 0.5, 1, 2 and 4 h after injection. The intrathecal
injection of WB4-24 up to 100 μg did not significantly influ-

ence the paw withdrawal latency in response to heat stimu-
lation or mechanical thresholds in the contralateral paws.
However, WB4-24 significantly blocked thermal hyperalgesia
or mechanical allodynia in the ipsilateral paws in a time- and
dose-dependent manner (Figure 6G and H). The percentage
of MPE of the WB4-24 antinociception from each rat was
calculated at 1 h after injection and the inhibitory percentage
was calculated from the mean MPE value of vehicle-treated
rats. A dose–response analysis at 1 h after injection identified
the Emaxs as 73.0% and 77.5% MPE, and the ED50s as 11.0 μg
(95% confidence limits: 5.7–21.4 μg) and 13.6 μg (95% con-
fidence limits: 6.0–31.0 μg) (Figure 6I).

Injected s.c., WB4-24 relieves CFA-induced
acute inflammatory nociception
We determined the systemic antinociceptive effect of WB4-24
in CFA-induced acute inflammatory nociception following
s.c. administration. One day after CFA injection, two groups
of CFA-treated rats (n = 4 per group) received s.c. injections of
the vehicle (5 mL·kg−1) and WB4-24 (100 mg·kg−1) respec-
tively. The paw withdrawal responses to thermal and

Figure 2
Competitive displacement by WB4-24 (A and B) and GLP-1 (C and D) of the GLP-1-FITC binding in HEK293 and PC12 cells. GLP-1-FITC at different
concentrations was co-treated with WB4-24 (30, 100 and 300 μM) or GLP-1 (0.3, 1 and 3 μM). The insert is a Scatchard plot with the calculated
slope and pA2 values. The concentration response was analysed using the non-linear least squares method. The data are presented as means ± SEM
(n = 3 in each treatment) from two independent studies.
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mechanical stimuli were measured before and 0.5, 1, 2 and
4 h after test-article injection. The s.c. injection of WB4-24,
compared with that of the control article, did not signifi-
cantly alter the paw withdrawal response in the contralateral
paws during the 4 h observation period. However, this
regimen significantly blocked thermal hyperalgesia and
mechanical allodynia in the ipsilateral paws (P < 0.05 by
ANOVA followed by post hoc Student–Newman–Keuls test)
(Figure 7A and B). At 1 h after injection, the MPE values were
52.6 and 48.6% for thermal hyperalgesia and mechanical
allodynia respectively.

WB4-24 stimulates microglial cells to release
β-endorphin rather than inhibiting
pro-inflammatory cytokine expression
We then determined the effects of WB4-24 on β-endorphin
release or the expression of pro-inflammatory cytokines in
microglial cells in the presence and absence of LPS. Primary

microglial cells (1 × 105 cells per well) were treated with
minocycline (60 μM) 1 h prior to LPS (3 ng·mL−1) and
WB4-24 (1 μM) treatment, and the culture medium and
microglial cells were collected 6 h later. As shown in
Figure 8A, LPS (3 ng·mL−1) did not significantly change the
baseline expression of the mRNA for the β-endorphin precur-
sor POMC, relative to GAPDH in microglia, measured using
real-time quantitative PCR. WB4-24 significantly increased
the POMC expression by 2.8- and 1.5-fold in the presence
and absence of LPS, respectively (P < 0.05 by ANOVA followed
by post hoc Student–Newman–Keuls test). Likewise, minocy-
cline did not significantly alter the baseline level of POMC
expression, but completely prevented any WB4-24-induced
increase in POMC expression (P < 0.05). An ELISA assay was
used to confirm this observation by measuring β-endorphin
protein level in the culture medium. WB4-24 significantly
increased β-endorphin release from microglia with and
without LPS stimulation, producing 2.9- and 1.7-fold

Figure 3
Concentration–displacement response curves of WB4-24 and GLP-1 in the binding of exendin(9–39)-FITC in microglial cells (A), HEK293 cells (B)
and PC12 cells (C). Exendin(9–39)-FITC (30 nM) was added with increasing concentrations of WB4-24 or GLP-1. The concentration response was
analysed using the non-linear least squares method. The data are presented as means ± SEM (n = 3 in each treatment) from two independent
studies.
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increases, respectively, but did not affect the baseline
β-endorphin secretion. Minocycline completely suppressed
the stimulatory effect of WB4-24 in the presence and the
absence of LPS stimulation, without altering the baseline
β-endorphin release (P < 0.05) (Figure 8B).

In contrast, LPS, as expected, produced a marked (5–11-
fold) increase in the expression of TNF-α, IL-1β and IL-6
mRNA, relative to GAPDH, measured using the real-time
quantitative PCR in the primary microglial cells, which was
completely blocked by minocycline (P < 0.05). WB4-24 did
not significantly inhibit the expression of TNF-α, IL-1β or IL-6
mRNA in the presence or absence of LPS stimulation
(Figure 8C–E).

The effects of WB4-24 on β-endorphin release and the
expression of cytokines were validated in vivo. One day after
the vehicle or CFA injection, each of the two groups of rats (n
= 6 per group) received a single intrathecal injection of the
vehicle (10 μL) or WB4-24 (30 μg). They were killed 1 h after
the intrathecal injection and ipsilateral spinal cord homoge-
nates were obtained to measure the expression of POMC
mRNA. As shown in Figure 9A, there were no significant
differences in the POMC mRNA expression between the naive
and CFA-treated rats. The intrathecal injection of WB4-24
increased the POMC expression by 1.2-fold in the naive rats,
and its stimulatory effect was significantly (2.1-fold) greater

in the CFA-treated rats (P < 0.05). It is noteworthy that the
stimulatory effect of WB4-24 was also confirmed by measur-
ing the β-endorphin protein levels. Intrathecal injection of
WB4-24 significantly increased the amount of β-endorphin in
the ipsilateral spinal cord, with a 0.4-fold increase and a
1.3-fold increase in the naive and CFA-treated rats, respec-
tively (P < 0.05) (Figure 9B).

The same regimen was used to measure the expression of
the cytokines. Compared with the results for the naive rats,
CFA treatment was found to dramatically increase the expres-
sion of TNF-α, IL-1β and IL-6, with approximately 30-, 80-
and 9-fold increases respectively (P < 0.05). The intrathecal
injection of WB4-24 did not significantly reduce cytokine
expression in the naive rats or the CFA-treated rats
(Figure 9C–E).

Minocycline, β-endorphin antiserum and
a μ-opioid receptor antagonist suppress
WB4-24-induced antinociception
Two groups of CFA-treated (1 day after injection) rats (n = 6
per group) were first given an intrathecal injection of 10 μL
saline or 100 μg minocycline, followed by a second intrath-
ecal injection of 30 μg WB4-24 4 h later. Paw withdrawal
thresholds were measured at 0.5, 1, 2 or 4 h after the second

Figure 4
Protective effects of WB4-24 and exenatide against hydrogen
peroxide-induced oxidative damage in HEK293 cells that stably
express human GLP-1 receptor (A) and PC12 cells that express rat
GLP-1 receptor (B). The cells were incubated in 96-well plates for
24 h, then treated with 500 or 800 μM hydrogen peroxide for
15 min (PC12 cells) or 5 min (HEK293 cells). The cells were treated
with WB4-24 and exenatide for 12 h before the MTT assay. The data
are expressed as means ± SEM (n = 3 in each treatment) from two to
three independent studies.

Figure 5
Antinociceptive effects of intrathecal injection of WB4-24 in the rat
formalin test (A), Six groups of rats received intrathecal injections of
either the vehicle (1% DMSO and 19% PEG400 in saline, 10 μL) or
WB4-24 (0.3, 1, 3, 10, or 30 μg) 30 min before paw injections of
50 μL 5% formalin. Nociceptive behaviour was quantified by count-
ing the number of flinches in the formalin-injected paws in 1 min
epochs (B). The data are presented as means ± SEM (n = 6 per
group). Dose–response analysis of WB4-24 on formalin-induced
tonic flinching response.
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administration. As shown in Figure 10A and B, the intrathe-
cal injection of WB4-24 produced time-dependent anti-
hypersensitive effects in conditions of both heat hyperalgesia
and mechanical allodynia. Minocycline completely pre-
vented WB4-24 from blocking thermal hyperalgesia and
mechanical allodynia in the ipsilateral paws (P < 0.05).

Next, three groups of CFA-treated (1 day after injection)
rats (n = 6 per group) received intrathecal injection of
10 μL blank rabbit serum, 1:10 β-endorphin antiserum or
1:10 dynorphin A antiserum. Based on the manufacturer’s
information, the β-endorphin antiserum was specific to
β-endorphin and did not cross-react with methionine-
enkephalin, leucine-enkephalin, dynorphin A or B,
γ-endorphin, α-endorphin, ACTH or α-melanocyte-
stimulating hormone. The dynorphin A antiserum was
specific to dynorphin A without cross-reacting with
β-endorphin, α-neoendorphin or leu-enkephalin. Each rat
received a second intrathecal injection of 30 μg WB4-24
30 min later. The paw withdrawal responses were measured at

0.5, 1, 2 or 4 h after the second administration. The time and
dose regimen of β-endorphin antiserum was based on the
previous publication (Gong et al., 2014b). The intrathecal
injection of WB4-24 produced time-dependent anti-
hypersensitive effects in conditions of both heat hyperalgesia
and mechanical allodynia in the ipsilateral paws. Pretreat-
ment with the β-endorphin antiserum did not alter the basal
withdrawal response in either paw, but completely prevented
the anti-hyperalgesic and anti-allodynic effects exerted by
WB4-24 in ipsilateral paws (P < 0.05). In contrast, the
antiserum-neutralizing dynorphin A was not effective in
reducing CFA-induced pain hypersensitivity in conditions
of either thermal hyperalgesia or mechanical allodynia
(Figure 10C and D).

The spinal antinociception in neuropathic pain elicited
by exenatide was blocked by nonselective opioid receptor
antagonist naloxone (Gong et al., 2014b). To determine
which subtype of opioid receptors was responsible for
WB4-24 antinociception, we tested the selective μ-opioid

Figure 6
Antinociceptive effects of intrathecal injection of WB4-24 on thermal hyperalgesia and mechanical allodynia induced by carrageenan (A–C) and
CFA (D–F for 1 day after injection, and G–I for 3 weeks after injection). In the carrageenan model, paw withdrawal responses were measured in
both the contralateral and ipsilateral paws before and after an intraplantar injection of 100 μL 2% carrageenan. In the CFA model, paw withdrawal
responses were measured in both the contralateral and ipsilateral paws 1 day and 3 weeks after a tibiotarsal joint CFA (30 μL) injection. The data
are presented as means ± SEM (n = 6 per group). Dose–response analyses of WB4-24 on carrageenan- (C), CFA-induced acute (F, one day after
injection) and chronic (I, 3 weeks after injection) induced thermal hyperalgesia and mechanical allodynia.
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receptor antagonist CTAP (Steinmiller and Young, 2008), the
κ-opioid receptor antagonist nor-BNI (Beardsley et al., 2010)
and the δ-opioid receptor antagonist naltrindole (Drower
et al., 1991). Four groups of CFA-treated (1 day after injection)
rats (n = 6 per group) received the following pairs of intrath-
ecal injections: saline (10 μL) + WB4-24 (30 μg); CTAP (10 μg)
+ WB4-24 (30 μg); nor-BNI (100 μg) + WB4-24 (30 μg); and
naltrindole (5 μg) + WB4-24 (30 μg). The second treatment
occurred 0.5 h after the first treatment and the paw with-
drawal response was measured 0.5, 1, 2 or 4 h thereafter. As
shown in Figure 10E and F, the intrathecal injection of
WB4-24 induced time-dependent anti-hyperalgesia and anti-
allodynia in the ipsilateral paws. Although the intrathecal
injection of CTAP did not affect the withdrawal response in
either the contralateral or the ipsilateral paws, it almost com-
pletely prevented the anti-hyperalgesic and anti-allodynic
effects of WB4-24 in the ipsilateral paws (P < 0.05). In con-
trast, neither nor-BNI nor naltrindole significantly reduced
the anti-hypersensitive effects of WB4-24 in either thermal
hyperalgesia or mechanical allodynia.

Discussion

We recently demonstrated that two GLP-1 receptor peptide
agonists, GLP-1(7–36) and exenatide, produced antinocicep-
tion in neuropathic, bone cancer and diabetic pain models
(Gong et al., 2014b). Low MW herbal iridoids, represented by
geniposide and shanzhiside methylester, also alleviated neu-
ropathic pain and bone cancer pain (Gong et al., 2014a; Zhu

et al., 2014). The current study indicated that the non-
peptide agonist WB4-24 was effective in blocking
carrageenan- and CFA-induced acute and chronic mechanical
allodynia and heat hyperalgesia with an efficacy of 60–80%,
but not nociceptive pain in normal conditions. Our com-
bined results show that GLP-1 receptor agonists specifically
block pain hypersensitivity in a variety of animal models,
regardless of the type of model and the type of stimulus used.
This was further supported by the finding that WB4-24 sup-
presses CFA-induced acute inflammatory nociception (1 day
after injection) and chronic inflammatory nociception (3
weeks after injection) to the same degree. The early phase
represents acute inflammatory nociception, which is pro-
voked by the release of a variety of peripheral proalgesic
mediators, leading to peripheral sensitization and the release
of spinal pro-inflammatory cytokines, which in turn cause
central sensitization (Watanabe et al., 2005). In contrast, the
immune system has a trophic role in the CFA-induced
chronic phase (3 weeks), which represents models of rheu-
matoid arthritis (Honor et al., 1999; Helyes et al., 2004). In
addition, there are differences in the biomolecules responsi-
ble for pain transmission and transduction in the peripheral
nerves and the spinal cord between the two phases. For
example, CFA was found to induce a marked increase in
glutamate decarboxylase, the enzyme responsible for GABA
synthesis, in the spinal dorsal horn at 3 weeks after injection,
but not at 2 days after injection (Castro-Lopes et al., 1994).

The GLP-1 receptor is a 463-amino acid transmembrane-
spanning protein in the family of B/secretin GPCRs. It medi-
ates the effects of the endogenous GLP-1 peptides, and
oxyntomodulin. The GLP-1 receptor has a long extracellular
N-terminus with an α-helical region, five β-strands forming
two antiparallel β-sheets and six conserved cysteine residues
that form disulfide interactions (Bazarsuren et al., 2002;
Underwood et al., 2010). Peptide ligands probably interact
with GLP-1 receptors at two sites, the extracellular N-terminal
ectodomain and the critical determinants in the receptor
transmembrane regions, leading to full activation and signal
transduction (Castro et al., 2005; Hoare, 2005; Laburthe et al.,
2007). It is thus possible that non-peptide compounds may
not be able of reacting with both N-terminal ectodomains
and receptor transmembrane regions, due to insufficient mass
or diameter.

WB4-24 displaced the specific binding of exendin(9–39)
in microglia and provided 100% protection against hydrogen
peroxide oxidative damage, with EC50 values in the micromo-
lar range, whereas the peptide agonist exenatide (MW
approximately 2500 Da) provided 100% protection with EC50

values in the nanomolar range. Shanzhiside methylester, 8-O-
acetyl-shanzhiside methylester, geniposide, geniposidic acid,
loganin and catalpol are herbal iridoids, each with a MW of
approximately 300 Da. They are orthosteric, reversible and
fully intrinsic agonists of GLP-1 receptors, with EC50 values in
the submicromolar range, and produce antinociception by
activating spinal GLP-1 receptors (Gong et al., 2014a,b; Zhu
et al., 2014). All suggest that the full activation of GLP-1
receptors may not require the simultaneous binding of the
extracellular N-terminal ectodomain and the determinants in
the transmembrane region, although the potency of the
tested compounds as agonists of the GLP-1 receptor appears
to be correlated with MW, i.e. exenatide > WB4-24 > iridoids.

Figure 7
Antinociceptive effects of s.c. injection of WB4-24 during CFA-
induced acute inflammatory nociception (A and B). The rats received
an s.c. injection of the vehicle (5 mL·kg−1) or WB4-24 (100 mg·kg−1)
1 day after CFA injection. Paw withdrawal responses to thermal and
mechanical stimuli were measured before test-article injection and at
0.5, 1, 2 and 4 h after injection. The data are presented as means ±
SEM (n = 4 per group). *P < 0.05, significantly different from control
vehicles; ANOVA with post hoc Student–Newman–Keuls test).
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Moreover, the potency of GLP-1 receptor agonists is also
associated with the compounds’ antinociceptive activity,
further suggesting that the spinal GLP-1 receptor is a poten-
tial therapeutic target for pain hypersensitivity. Furthermore,
although WB4-24 has a molecular weight of approximately
1000 Da with a poor oral availability (He et al., 2012) and
should have difficulty to penetrate the spinal cord, its positive
antinociceptive effect after s.c. injection shows that it is pos-
sible to develop analgesics based on non-peptide or low MW
GLP-1 receptor agonists.

Through the p38-MAPK pathway, minocycline, a broad-
spectrum antimicrobial tetracycline compound, specifically
inhibits the activation of microglia, but not the activation of
astrocytes or neurons (Jung et al., 2003; Hua et al., 2005).
Indeed, we observed that LPS and CFA in particular dramati-
cally increased the expression of TNF-α, IL-1β and IL-6 in
cultured microglial cells and spinal cord cells, producing five-
and 11-fold increases in the cultured microglia and nine- and
80-fold increases in the spinal cord respectively. The
increased expression of pro-inflammatory cytokines in the
microglia was completely blocked by minocycline. Exenatide
was recently reported to increase the expression of IL-6 and
IL-1β in the hypothalamus and the hindbrain (Shirazi et al.,
2013). In contrast, GLP-1 induced morphological changes
in microglia and inhibited LPS-induced IL-1β, IL-6 and

inducible NOS production in cultured astrocytes (Iwai et al.,
2006). In addition, exenatide reduced MPTP-stimulated
expression of TNF-α and IL-1β (Kim et al., 2009). It has been
hypothesized that WB4-24 produces antinociception in part
by inhibiting the expression of cytokines. However, our data
do not support this hypothesis, as we did not find WB4-24 to
inhibit the expression of the pro-inflammatory cytokines,
stimulated by LPS or CFA, in either the spinal cord or the
cultured microglial cells.

Instead, the antinociceptive effect of WB4-24 on inflam-
matory nociception was entirely due to the release of
β-endorphin from the spinal microglia, whereas neither LPS
nor CFA-induced β-endorphin expression/secretion in vitro or
in vivo. β-endorphin is an endogenous opioid peptide neuro-
transmitter that specifically activates the opioid receptors
located on neurons (Bach, 1997; Petraschka et al., 2007),
although opioid receptors are also constitutively expressed in
microglial cells (Chao et al., 1997). WB4-24 increased the
spinal β-endorphin levels by 1.3-fold in CFA-treated rats and
produced a 2.9-fold increase in β-endorphin release from
LPS-stimulated cultured microglia. Furthermore, anti-
allodynia and anti-hyperalgesia following spinal WB4-24
were completely prevented by the intrathecal injection of
β-endorphin antiserum, but not dynorphin A antiserum, in
the rat CFA model. In addition, the antinociceptive effects of

Figure 8
Effects of WB4-24 on β-endorphin release (A and B) and pro-inflammatory cytokine expression (C–E) in primary microglial cells in the presence
and absence of LPS. The microglial cells were derived from the cortices of neonatal rats. Minocycline (60 μM) was treated 1 h before LPS
(3 ng·mL−1) and WB4-24 (1 μM) treatment. The culture medium and microglial cells were collected 6 h later. The expression of POMC and
pro-inflammatory cytokines was determined by real-time quantitative PCR and the β-endorphin level in the culture medium was measured using
a specific fluorescent immunoassay kit. The data are presented as means ± SEM (n = 3 in each treatment) from three independent studies.
*P < 0.05, significantly different from control; #P < 0.05, significantly different from WB4-24; one-way ANOVA with post hoc Student–Newman–Keuls
test). †P < 0.05, significantly different from control (absence of LPS); one-way ANOVA with post hoc Student–Newman–Keuls test).
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WB4-24 were completely blocked by the selective μ-opioid
receptor antagonist CTAP, but not by the κ-opioid receptor
antagonist nor-BNI or the δ-opioid receptor antagonist nal-
trindole. The results are in agreement with our previous find-
ings that antinociception in peripheral nerve injury-induced
mechanical allodynia caused by exenatide was blocked by the
nonselective opioid receptor antagonist naloxone (Gong
et al., 2014b). This observation also extends our knowledge
by demonstrating that β-endorphin, induced by GLP-1 recep-
tor agonists, specifically activated μ-opioid receptors probably
on neurons through microglial synapses interactions in the
dorsal horn.

The production and release of β-endorphin were com-
pletely blocked by minocycline in the spinal cords of CFA-
treated rats and in cultured microglia stimulated by LPS. The
results suggest that the microglial p38-MAPK pathway is also
involved in β-endorphin release. Recent studies have shown
that microglia have a ‘protective’ state, known as alternative
activation, in addition to the ‘destructive’ state as discussed
earlier. Alternative activation is induced by IL-4, IL-13, IL-10
and TGF-β, which activate anti-inflammatory cascades or
tissue repair mechanisms in microglia. However, there is little
literature in this area and anti-inflammatory cascades in
microglia remain poorly understood (Taves et al., 2013). Our
data thus provide direct evidence that activated microglia
release analgesic endorphins by a shared mechanism that

activates the p38-MAPK pathway and stimulates the release
of proalgesic cytokines and neurotrophic factors, thereby pro-
ducing analgesia.

It is interesting to note that WB4-24 stimulated the
release of basal β-endorphin in the spinal cords of naive rats
and cultured microglia in the absence of LPS, although the
amount of β-endorphin released was significantly smaller
than that in CFA- or LPS-stimulated conditions. The results
seem to suggest that GLP-1 receptor agonists could release
β-endorphin in the presumed resting state. However, cultured
microglia without LPS stimulation may not be in a ‘pure’
resting condition, as mechanical stress during the prepara-
tion of tissue and the culturing of cells may activate micro-
glia, as shown by morphological changes in some cultured
microglia even without LPS stimulation. It is known that
almost any disturbance of homeostasis in the CNS microen-
vironment can trigger activation of microglia, characterized
by morphological changes and up-regulation of a spectrum of
intracellular molecules and surface antigens (Perry and
Holmes, 2014). It may be reasonable to postulate that a small
amount of β-endorphin could be released from activated
microglia under normal conditions. Nevertheless, microglia
must be activated for GLP-1 receptor agonists to release suf-
ficient amounts of β-endorphin to produce analgesia, as
intrathecal WB4-24 did not block formalin-induced acute
flinch behaviour or withdrawal responses to mechanical or

Figure 9
Effects of the intrathecal injection of WB4-24 on β-endorphin release (A and B) and pro-inflammatory cytokine expression (C–E) in naive rats and
CFA-treated rats (1 day after injection). Measurements of spinal lumbar enlargement were obtained 1 h after the intrathecal injection of the vehicle
(1% DMSO and 19% PEG400 in saline, 10 μL) or WB4-24 (30 μg). The expression of POMC and pro-inflammatory cytokines was determined by
real-time quantitative PCR and the amount of β-endorphin in the culture medium was measured using a specific fluorescent immunoassay kit. The
data are presented as means ± SEM (n = 6 per group). *P < 0.05, significantly different from vehicle; #P < 0.05, significantly different from
corresponding values for naive rats; one-way ANOVA with post hoc Student–Newman–Keuls test).
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thermal stimuli in the contralateral paws of carrageenan- and
CFA-treated rats, in contrast to its positive effect on
β-endorphin release in naive rats. The ineffectiveness of
WB4-24 in conditions of acute nociceptive pain may also be
due to a lower sensitivity to exogenous and endogenous
opioids in normal conditions, when microglial activation and
central sensitization are not involved. As a result of this
reduced sensitivity, the β-endorphin released (less than
10 pg·mg−1 protein) is insufficient to produce effective anti-
nociception in conditions of acute nociceptive pain (Gong
et al., 2014b).
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WB4-24 administration. The data are presented as means ± SEM (n = 6 per group). *P < 0.05, significantly different from the saline plus WB4-24
group; two-way repeated-measures ANOVA with post hoc Student–Newman–Keuls test).
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