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BACKGROUND AND PURPOSE

Iridoid glycosides containing the double bond scaffold of cyclopentapyran are reversible and orthosteric agonists of glucagon-
like peptide-1 (GLP-1) receptors and exert anti-nociceptive and neuroprotective actions. Morroniside, derived from the
medicinal herb Cornus officinalis, is an atypical secoiridoid containing a six-membered cyclic inner ether fragment. Here we
investigated whether morroniside was an orthosteric GLP-1 receptor agonist and had anti-hypersensitivity activities in a model
of neuropathic pain.

EXPERIMENTAL APPROACH

We used a model of neuropathic pain, induced by tight ligation of L5/L6 spinal nerves in rats. Hydrogen peroxide-induced oxi-
dative damage was also assayed in N9 microglial cells and human HEK293 cells stably expressing GLP-1 receptors.

KEY RESULTS

Morroniside protected against hydrogen peroxide-induced oxidative damage in N9 microglial and HEK293 cells that expressed
mouse or human GLP-1 receptors, but not in HEK293T cells without GLP-1 receptors. The GLP-1 receptor orthosteric antagonist
exendin(9-39) also concentration-dependently shifted the concentration-protective response curves of morroniside and
exenatide to the right without affecting maximal protection, with similar pA; values. Furthermore, morroniside given by oral
gavage or intrathecally in neuropathic rats dose-dependently attenuated mechanical allodynia, with comparable E,,« values and
EDsos of 335 mg-kg~' and 7.1 ug and completely blocked thermal hyperalgesia. Daily intrathecal injections of morroniside over
7 days did not induce anti-allodynic tolerance. Pretreatment with intrathecal exendin(9-39) completely blocked systemic and
intrathecal morroniside-induced mechanical anti-allodynia.

CONCLUSION AND IMPLICATIONS
Our data demonstrated that morroniside was an orthosteric agonist of GLP-1 receptors and produced antihypersensitivity in a
neuropathic pain model by activation of spinal GLP-1 receptors.

Abbreviations

EDsg or ECsg, half-effective dose or half-effective concentration; E,,x, maximum effect; GLP-1, glucagon-like peptide-1;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
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Introduction

Glucagon-like peptide-1 (GLP-1) receptors, a B class of G-pro-
tein-coupled receptors, are widely distributed in humans in
tissues such as the pancreatic islets, lungs, cardiovascular sys-
tem and the CNS, although they are absent from skeletal
muscle (Baggio and Drucker, 2007; Koole et al., 2013; Gong
et al., 2014c). GLP-1 receptors expressed in the pancreatic is-
let beta cells represent the main target for treatment of type
2 diabetes mellitus (Baggio and Drucker, 2007; Koole et al.,
2013). Beside its clinical utility against diabetes mellitus, acti-
vation of GLP-1 receptors also exhibits neuroprotection in
several animal models of neurodegenerative disorders, such
as Alzheimer’s disease, Parkinson’s disease, amyotrophic lat-
eral sclerosis, peripheral neuropathy, multiple sclerosis, is-
chaemia and stroke (Kim et al.,, 2009; Harkavyi and
Whitton, 2010; Holscher, 2012; Hansen et al., 2015; Jia
et al., 2015). Moreover, activation of spinal GLP-1 receptors
by the peptide agonists GLP-1(7-37) and exenatide and the
non-peptide agonist WB4-24 was shown to produce
antinociception in a variety of rodent models of pain hyper-
sensitivity, including neuropathic pain, inflammatory pain,
bone cancer pain and diabetic neuropathic pain, through spi-
nal B-endorphin expression and secretion (Zhu et al., 2014;
Gong et al., 2014a; Gong et al., 2014c; Fan et al., 2015; Fan
etal., 2016).

The therapeutic success of peptide agonists of GLP-1 re-
ceptors against type 2 diabetes mellitus and identification of
GLP-1 receptors as a potential target in the treatment of pain
have inspired efforts to develop orally available low MW GLP-
1 receptor agonists (Wang et al., 2010; Willard et al., 2012).
Iridoid glycosides are compounds that have a scaffold of
cyclopentapyran with double bond between C7 and C8, and
the iridoid glycosides, including geniposide, geniposidic
acid, loganin, catalpol, shanzhiside methylester and
8-O-acetyl shanzhiside methylester, are reversible and
orthosteric agonists of GLP-1 receptors, presumably acting
at the same binding site as exendin(9-39) (Liu et al., 2007;
Zhu et al., 2014; Gong et al., 2014a; Jia et al., 2015; Fan et al.,
2016). However, it is not clear whether secoiridoids with the
broken double bond at the C7 and C8 in the five-membered
carbon ring have the same activity.

The medicinal herb Cornus officinalis (C. officinalis) Sieb.
Et Zucc. (Shan Zhu Yu, Figure 1A) belongs to the Cornaceae
and is indigenous in Henan, Gansu and Sichuan of China.
Preparations of this herb show a neuroprotective ability and
are widely used to treat ischaemic cerebrovascular and neuro-
degenerative diseases, in addition to immunological diseases

and vascular complications of diabetes mellitus, such as dia-
betic angiopathy and the early stage of diabetic nephropathy
(Xu et al., 2004; Li et al., 2005; Xu et al., 2006; Li et al., 2007).
Iridoid glycosides, particularly morroniside and loganin, are
major active ingredients in C. officinalis (Wang et al., 2003).
Morroniside is an atypical secoiridoid with a broken double
bond at C7 and C8 in the five-membered carbon ring and re-
placed by a six-membered cyclic inner ether fragment
(Figure 1B). Administration, by oral gavage, of the C. officinalis
extracts or total iridoid glycosides, including morroniside,
promoted neurogenesis (Li et al., 2005; Li et al., 2007; Yao
etal., 2009) and improved scopolamine-induced memory loss
in mice (Lee et al., 2009). Specifically, morroniside also
protected against hydrogen peroxide-induced cytotoxicity
in human neuroblastoma SH-SYSY cells (Ai et al., 2008; Wang
et al., 2008; Wang et al., 2009a; Wang et al., 2009b). Similar
administration of morroniside to rats significantly improved
focal ischaemia/reperfusion-induced infarction and neuro-
logical behaviours, which was related to its antioxidant and
anti-apoptotic properties in brain (Wang et al., 2010). How-
ever, it remains to be determined whether morroniside has
antinociceptive activities in peripheral nerve injury-induced
neuropathic pain.

Thus, in this study, we aimed to assess (1) whether
morroniside could activate GLP-1 receptors; (2) whether it
was effective in attenuation of peripheral nerve injury-
induced neuropathic pain; and (3) whether it was able to pro-
duce antinociception by activation of spinal GLP-1 receptors.

Methods

Cell culture and MTT bromide assay

HEK 293 cells with stable expression of human GLP-1 recep-
tors (a generous gift of Dr Bao-Hong Zhang from BD Biosci-
ence, Shanghai, China) and the parental HEK293T cell
line (Applied StemCell, Sunnyvale, CA, USA) were cultured
in high-glucose  DMEM containing 10% fetal bovine
serum, 2.0 mM L-glutamine, 100 pg-mL~" streptomycin B,
100 U-mL™" penicillin and 100 mg-mL™" streptomycin. N9
cells, originally derived from mouse brain microglia, were
purchased from the Cell Bank of Shanghai Institute for Cell
Biology (Shanghai, China) and routinely cultured in Iscove’s
modified Dulbecco’s medium containing 10% fetal bovine
serum, 100 U-mL~" penicillin and 100 mg-mL™" streptomy-
cin at 37°C in a humidified atmosphere of 95 and 5% CO,
and were passaged, using trypsinization, every 2 to 3 days.
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Figure 1

Flowers of Cornus officinalis (A) and the chemical structure of
morroniside (B).

Cells were seeded into 96-well plates at a density of 6 x 10
cells per well and grown for 24 h. Hydrogen peroxide
(Shanghai Lingfeng Chemical Reagent Co., Shanghai,
China) was then added to a final concentration of 600 uM
for N9 cells for 15 min incubation, or 400 uM for HEK293
cells and 800 uM for HEK298T cells for 5 min incubation.
Next, cells were washed with PBS and treated with
morroniside and exenatide at different concentrations in
the presence or absence of exendin(9-39) for 12 h. After
that, 10 pL of 0.5 mgmL™" 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT; Amresco, Solon,
OH, USA) were added to each well and cells were incubated
at 37°C for additional 4 h. Cell culture medium was then re-
moved, and 200 pL. of DMSO was added to each well and
mixed using a microplate shaker to dissolve the blue
MTT-formazan crystals. Finally, the optical density was read
at 570 nm against a reference wavelength of 630 nm using a
Multiskan MK3 microplate reader (Thermo Labsystems,
Vantaa, Finland). Changes in cell viability induced by
hydrogen peroxide were expressed as a percentage of the
controls. The MTT assay was performed in triplicate.

Experimental animals
All animal care and experimental procedures were approved
and performed in accordance with the Animal Care and
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Welfare Committee of the Shanghai Jiao Tong University
(Shanghai, China). Animal studies are reported in compli-
ance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015).

Adult male Wistar rats (160 to 240 g) were purchased from
the Shanghai Experimental Animal Institute for Biological
Sciences (Shanghai, China) and housed in plastic cages (three
to four per cage) with soft bedding and free access to food and
water with a temperature of 22 + 2°C and humidity of 60%.
The light was controlled with a 12 h light/dark cycle (with
lights on at 0700 h). All animals were acclimatised for 3 to
7 days before surgical and experimental procedures. Experi-
mental groups (n = 5-6 in each group) were randomly
assigned and the investigator was blinded to the treatments
in the behaviour testing.

Immunofluorescent staining

Double immunofluorescent labelling of GLP-1 receptors and
the microglial biomarker was performed on cultured
microglial N9 cells and observed on a TCS SP8 confocal mi-
croscope (Leica Microsystem, Buffalo Grove, IL, USA). In
brief, cells were placed onto poly-L-lysine-coated coverslips
(5 x 10* cells per well) in six-well plates. At the end of treat-
ments, cells were fixed in 4% paraformaldehyde and subse-
quently incubated in 10% goat serum (v/v) and 0.5% Triton
X-100 (v/v) in PBS for 1 h. Cells were then incubated with a
rabbit polyclonal anti-GLP-1 receptor antibody (Ab119287,
Abcam, Cambridge, UK) at a dilution of 1:200 and a mouse
monoclonal anti-OX42 antibody (Ab1211, Abcam) at a dilu-
tion of 1:200 at 4°C overnight. The GLP-1 receptor signal
was visualized with the Alexa-555-conjugated goat anti-
rabbit secondary antibody (1:200, Invitrogen, Grand Island,
NY, USA). The optimal dilution and non-specific binding of
the anti-GLP-1 receptor and anti-OX42 antibodies had been
previously assessed (Avila-Martin et al., 2011; Gong et al.,
20140).

Intrathecal catheterization and injection in rats
Surgical procedures were performed under isoflurane (4% for
induction and 1% for maintenance) in oxygen anaesthesia
according to protocols described previously (Gong et al.,
2014a). A 18 cm PE-10 polyethylene catheter of 0.28 mm
i.d. per 0.61 mm o.d. (Clay Adams, Parsippany, NJ, USA) with
volume of approximately 13 puL was inserted into the rat
spinal cord at the lumbar level. After a 2 day recovery from
anaesthesia, correct intrathecal cannula placement was
verified by administering 4% lidocaine. Only those rats
without motor impairment before lidocaine injection but
with bilateral paralysis of the hindlimbs after intrathecal
administration of lidocaine were selected for the experiments
(such an exclusion rate was usually under 5% in our
laboratory). For intrathecal administration of control and test
articles, the drugs were microinjected with a 50 uL
microinjector (Shanghai Anting Micro-Injector Factory,
Shanghai, China) in a volume of 10 uL followed by a normal
saline flush in a volume of 15 plL.

Rat model of neuropathic pain

Rats were anaesthetized with isoflurane (4% for induction
and 1% for maintenance) provided by an anesthesiameter
(Ugo Basile Gas Anesthesia System). The back was shaved,



and the left lumbar paravertebral region was exposed. After
subperiosteal removal of sixth lumbar transverse process,
both left LS and L6 spinal nerves were isolated and tightly li-
gated with 6-0 silk suture. After ligation, the lumbar fascia
was closed by using the 4-0 silk suture and the skin was then
dusted with penicillin powder and sutured, and the rats were
allowed to recover. Of the nerve-ligated rats, only those with
marked unilateral hypersensitivity to mechanical stimula-
tion (hindlimb withdrawal thresholds in the operated side
less than 8 g) and without major motor impairment were se-
lected for further experiments. Drug administration was
started 1-3 weeks after spinal nerve ligation.

Behavioural assessments of mechanical
allodynia and thermal hyperalgesia
To evaluate mechanical allodynia, rats were acclimatised for
approximately half an hour to the test environment on a
plexiglass box on a metal grid (0.5 x 0.5 cm). The hindpaw
withdrawal threshold was measured with a 2450 CE Elec-
tronic Von Frey (IITC Life Science Inc, Woodland Hill, CA,
USA). The electronic hand-held transducer with the number
15 monofilament (with forces ranging between 0.1 and
90 g) was applied perpendicularly to the medial surface of
the hindpaws, with the force increasing until the rat sud-
denly withdrew or licked the paw. The lowest force producing
a sudden withdrawal response was considered the nocicep-
tive threshold; this was based on three repeated measure-
ments within a 10 min interval and the mean of the three
threshold values for each hindpaw, at each time point.
Hindpaw thermal hyperalgesia was measured according
to a previous study (Li et al., 2015). After being trained at least
three times, rats were placed in plexiglass boxes on an ele-
vated glass plate, and, after 30 min adaptation, the with-
drawal latency was measured by turning on a radiant heat
emitted by a 390G Plantar Test Analgesia Meter (IITC Life Sci-
ence Inc.). The cut-off was set at 30 s to prevent tissue injury.
The latency was recorded as the time from heat beam light
turning on to hindpaw withdrawal. Both contralateral and
ipsilateral hindpaws were subsequently assessed three times
with a 5 min interval. The value was averaged from the three
repeated measurements.

Rat rotarod test

Motor coordination performance was assessed by a YLS-4C
Rota Rod with automatic timers and falling sensors (Yiyan
Scientific Ltd., Shandong, China). The rats were trained and
tested by accelerating the rotarod speed from 5 to 25 rpm
within 1 min followed by 25 rpm for two extra minutes.
The accumulated time (s-3 min~ ') for animals to spend on
the rotarod was recorded during the 3 min observation period
after the animals were trained once a day each for 9 min for
3 days. The accumulated time spent on the rod had to be at
least 120 s to allow inclusion in the study, and the cut-off of
the accumulated time was 5 min. For the final testing, the ac-
cumulated time (s-5 min™ ') spent on the rotarod was re-
corded after receiving control or test articles (Zhu et al., 2014).

Data and statistical analyses
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
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pharmacology (Curtis et al., 2015). For the dose-response
curve analysis, the minimum effect, maximum effect (Epax),
half-effective dose (EDsp) or half-effective concentration
(ECs0) and Hill coefficient (n) were calculated. The values of
a response (Y) were fitted by nonlinear least squares curves
to the relationship Y = a + bx, where x = [D]"/(ED5, + [D]")
or [C]"/(EC5 + [C]™), to give the value of EDs, or ECso and b
(Emax), yielding a minimum residual sum of squares of devia-
tions from the theoretical curve according to the previous
study (Wang and Pang, 1993).

For the modified Schild plot and pA, analysis, the ratio
of the concentration of an agonist (A’) required to produce
the ECso in the presence of an antagonist (B) to the
concentration required to produce the same response in
the absence of the antagonist (A) was calculated using
[A]/(IA] + Kp) + [A’)/(A'] + Kp(1 + [B]/Kg)), where Kp and
Kg are the equilibrium dissociation constants for A and B
respectively (Wang et al., 1993). The pA, was determined
by applying at least three different concentrations of antag-
onist and plotting log ((A’/A) — 1) against the negative log
B. If the regression of log ((A’/A) — 1) on —log B was linear
with a slope of 1, the antagonism was competitive, and, by
definition, the agonist and antagonist acted at the same
recognition sites. The x-intercept of the fitted regression
line was an estimate of the pA,, which was the negative
logarithm of the molar concentration of the antagonist re-
quired for a twofold increase of the agonist concentration
(Gong et al. 2014a).

The data are expressed as the SEM, and there were no
missing data. The statistical significance was evaluated with
a two-tailed and unpaired Student’s f-test or a two-way
ANOVA using Prism (version 5.01, GraphPad Software Inc.,
San Diego, CA, USA). A post hoc Student-Newman-Keuls test
was applied when a statistically significant drug (dose), time
and their interaction were observed. The probability values
were two-tailed, and the statistical significance criterion P
value was 0.05.

Materials

Morroniside was purchased from Chengdu Push BioTech-
nology Co. (Chengdu, China) with a purity of greater
than 98%, as determined by the manufacturer using
high-performance liquid chromatography. Exenatide and
exendin(9-39), with peptide content of greater than 98%,
were obtained from Kaijie Bio-Pharmaceuticals (Chendu,
China) and Shanghai TASH Biotechnology Co. (Shanghai,
China) respectively. All tested drugs were freshly dissolved
in normal saline (0.9% NaCl) solution and used in the
experiments immediately.

Results

Morroniside activated mouse and human
GLP-1 receptors

Microglial N9 cells are originally derived from mouse brain
(Walkeret al., 1995) and share many phenotypical character-
istics with primary microglia (Hickman et al., 2008). Double
immunofluorescence staining with the anti-GLP-1 receptor
antibody and anti-OX42 antibody confirmed the presence
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of GLP-1 receptors in all of N9 cells (Figure 2A). Activation of
GLP-1 receptors is known to protect against hydrogen
peroxide-induced oxidative damage (Liu et al.,, 2007;
Oeseburg et al.,, 2010). In order to determine whether
morroniside activated GLP-1 receptors at the cellular level,
the protective effects of morroniside and exenatide against
oxidative damage induced by hydrogen peroxide were
assessed in N9 cells using the MTT assay for cell viability.
Treatment with hydrogen peroxide (600 uM) in N9 cells for
15 min induced significant cellular oxidative damage and loss
of cell viability (considered to be 0% cell viability), compared
with control cells without hydrogen peroxide treatment
(considered to be 100% cell viability), whereas treatment
with morroniside (up to 1 x 10~* M) and exenatide (up to
1 x 1077 M) over 12 h was not associated with any cellular
dysfunction. As shown in Figure 2B, C, treatment with
exenatide (1 x 100", 1x107° 1x 107 1 x 108 and
1 x 1077 M) and morroniside (1 x 1078, 1 x 1077, 1 x 106,
1 x 107° and 1 x 107* M) for 12 h inhibited hydrogen
peroxide-induced loss of cell viability in a concentration-
dependent manner. Dose-response analyses showed that
the maximal protection was 100% for both morroniside and
exenatide, and the ECsos were 3.6 x 10”7 M for morroniside
and 4.5 x 107'° M for exenatide. Co-treatment with the spe-
cific GLP-1 receptor orthosteric antagonist exendin(9-39)
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Figure 2

(1 x 1077, 3 x 1077 and 1 x 10™® M) concentration-
dependently shifted the concentration response curves of
both morroniside and exenatide to the right, without affect-
ing maximal protection. The modified Schild plots analyses
showed that the pA, values were 7.78 and 7.17 for
morroniside and exenatide respectively.

We previously showed the presence and absence of hu-
man GLP-1 receptors on HEK293 cells and HEK293T cells
using immunofluorescence staining, and the protective effect
of exenatide against loss of cell viability induced by hydrogen
peroxide in HEK293 cells but not in HEK293T cells (Fan et al.,
2015). Morroniside was further employed to test whether it
could activate GLP-1 receptors in HEK293 cells. Treatment
with hydrogen peroxide in HEK293 (400 uM) and HEK293T
cells (800 uM) for 5 min induced significant loss of cell viabil-
ity (0% cell viability), compared with control cells (100% cell
viability). Treatment with morroniside (1o0~* M) alone did
not significantly affect cellular functions in HEK293 or
HEK293T cells. However, morroniside markedly protected
against hydrogen peroxide-induced loss of cell viability in
HEK293 cells expressing GLP-1 receptors (P < 0.05 using the
two-tailed and unpaired Student’s t-test), whereas it was
not effective in altering cellular dysfunctions induced by
hydrogen peroxide in HEK293T cells that did not express
GLP-1 receptors (Figure 2D).
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Expression of GLP-1 receptors (A) and the protective effects of exenatide and morroniside against hydrogen peroxide-induced loss of cell viability
in N9 microglial cells (B, C) and HEK293 cells (D). Double immunofluorescence staining was conducted using anti-GLP-1 receptor and anti-OX42
antibodies. Hydrogen peroxide-induced loss of cell viability was assessed using the MTT assay. The concentration-response curves of morroniside
and exenatide were constructed in the presence and absence of the GLP-1 receptor antagonist exendin(9-39). Schild plots of exendin(9-39) on
morroniside and exenatide are inserted in B and C. Data are presented as means + SEM ;n = 6 with triplicates at each concentration. *P < 0.05,
significantly different from control groups; two-tailed and unpaired Student’s t-test.
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Morroniside exhibited mechanical
anti-allodynia and thermal hyperalgesia in a
rat model of neuropathic pain

Peripheral nerve injury causes clinically relevant painful pe-
ripheral neuropathy (Kim and Chung, 1992). Tight ligation
of L5 and L6 spinal nerves produced immediate and long-
lasting mechanical allodynia and thermal hyperalgesia in
the ipsilateral hindpaws. Five groups of neuropathic rats re-
ceived oral gavage of saline (3 mL-kg™') and a range of doses
of morroniside (30, 100, 300 and 600 mg~kg’1). Paw with-
drawal thresholds were measured before and 0.5, 1, 2 and
4 h after oral gavage. After normal saline, paw withdrawal
thresholds to mechanical stimuli in both contralateral and
ipsilateral paws remained unchanged during the 4 h observa-
tion period. Intragastric administration of morroniside
dose-dependently suppressed mechanical allodynia in the ip-
silateral paws but did not significantly alter withdrawal
thresholds in the contralateral paws (Figure 3A). The me-
chanical antiallodynic effect was time-dependent, with peak
effect at 1 h or earlier after oral gavage and a duration of lon-
ger than 4 h. Dose-response analysis showed that the EDs
was 335 rng~kg’1 and the E, ., was 75% inhibition, as calcu-
lated from the values at 1 h after oral gavage (Figure 3B).

An additional two groups of rats with neuropathic pain
received oral gavage of normal saline (3 mL-kg™') or
morroniside (300 mg-kg™'). In normal saline-treated rats,
hindpaw withdrawal latencies to thermal stimuli in both

A o Saline (3mL-kg™) B

® Morroniside (30 mg-kg)
& Morroniside (100 mg-kg™)
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contralateral and ipsilateral paws remained unchanged dur-
ing the 4 h observation period. Intragastric administration
of morroniside time-dependently suppressed thermal
hyperalgesia in the ipsilateral paws, with a peak effect of
100% inhibition at 1 h after gavage (P < 0.05, repeated
measures two-way ANOVA followed by the post hoc
Student-Newman-Keuls test) but did not significantly alter
withdrawal latencies in the contralateral paws (Figure 3C).

In six groups of neuropathic rats with intrathecal cathe-
ters and receiving intrathecal injection of normal saline
(10 pL) or morroniside (3, 10, 30, 100 and 300 pg) the paw
withdrawal thresholds were measured before and 0.5, 1, 2
and 4 h after intrathecal injection. Paw withdrawal
thresholds in control rats remained unchanged during the
observation period of time. Morroniside given intrathecally
attenuated mechanical allodynia in the ipsilateral paws in a
time- and dose-dependent manner, without affecting paw
withdrawal thresholds in the contralateral paws (Figure 3D).
Dose-response analysis showed an E,x of 67% inhibition
and EDso of 7.1 pg, derived from the mechanical values at
1 h after injection (Figure 3E).

Two additional groups of neuropathic rats received
intrathecal injection of normal saline (10 uL) or morroniside
(300 ng), and paw withdrawal latencies to radiant heat were
measured before and 0.5, 1, 2 and 4 h after intrathecal
injection. Paw withdrawal latencies in saline control rats
remained unchanged during the observation period of time.
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Figure 3

Mechanical antiallodynic and thermal antihyperalgesic effects of oral gavage (A-C) and intrathecal (D-F) morroniside administration in a rat
model of neuropathic pain. Peripheral neuropathy was induced by tight ligation of L5/L6 spinal nerves and the paw withdrawal responses to elec-
tronic von Frey filaments and radiant heat were measured (B and E). Dose-response analyses of morroniside on mechanical hypersensitivity in the
ipsilateral paw were calculated using the thresholds measured 1 h after drug administration, as projected by the non-linear least-squares method.
Data are presented as means + SEM; n = 6 per group. *P < 0.05, significantly different from saline control group; repeated measures two-way

ANOVA followed by post hoc Student-Newman-Keuls test.
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Intrathecal morroniside time-dependently attenuated ther-
mal hyperalgesia in the ipsilateral paws, with a peak effect
of 100% at 1 h after intrathecal injection (P < 0.05; repeated
measures two-way ANOVA followed by the post hoc
Student-Newman-Keuls test), without affecting paw with-
drawal thresholds in the contralateral paws (Figure 3F).
There was no apparent sedation or motor side effects of
morroniside, given either by oral gavage or intrathecally,
observed during the experimental period of time. The rotarod
test was conducted to examine further the possible motor
side effects of morroniside. Two groups of normal rats
(n = 5 in each group) received oral gavage of normal saline
(3 mL-kg™") or morroniside (600 mg-kg™"). The rotarod test
(25 rpm) was undertaken 1 h after gavage. The accumulated
time spent on the rotarod was 296 + 8.9 and 287 + 29.1 s-per
5 min in normal saline- and morroniside-treated rats re-
spectively. In addition, two groups of normal rats with in-
trathecal catheters (n = S5 in each group) received
intrathecal injection of saline (10 plL) or morroniside
(300 pg) and were subjected to the rotarod test. The accu-
mulated time was 288 + 26.8 and 298 + 4.5 s-per 5 min
in normal saline- and morroniside-treated rats respectively.
Tolerance to analgesia is one of the major disadvantages
of clinical application of opiates, especially morphine. Given
its wide clinical use in China in treatment of different dis-
eases, we assessed whether long-term treatment with
morroniside showed tolerance to mechanical antiallodynia
in neuropathic rats. Two groups of neuropathic rats received
daily intrathecal injection of saline (10 pL-day ') or
morroniside (100 pg-day™') for 7 days. Both contralateral
and ipsilateral paw withdrawal thresholds were measured
1 h after each intrathecal injection over 7 days. Normal saline
did not significantly affect withdrawal thresholds in either
contralateral or ipsilateral paws over the observation period
of time. In contrast, intrathecal injection with morroniside
significantly increased paw withdrawal thresholds in the
ipsilateral paws by 58%. The marked mechanical
antiallodynic effect persisted for the 7 day intrathecal
injections without an obvious decline (P < 0.05 using the
repeated measures two-way ANOVA followed by the post hoc
Student-Newman-Keuls test; Figure 4).

Morroniside produced mechanical
antiallodynia by activation of spinal GLP-1
receptors

To explore whether the antiallodynic effect of morroniside
was due to activation of spinal GLP-1 receptors, two groups
of neuropathic rats received intrathecal injection of saline
(10 uL) or exendin(9-39) (2 ng), 30 min followed by
morroniside (300 mg-kg™!) by oral gavage. Paw withdrawal
thresholds were measured before and 0.5, 1, 2 and 4 h af-
ter morroniside administration. As shown in Figure SA,
300 mg-kg~' oral morroniside produced time-dependent
mechanical antiallodynia in the ipsilateral paws. Although
intrathecal injection of 2 pg exendin(9-39) was previously
shown not to significantly alter withdrawal responses in
either contralateral or ipsilateral paws (Gong et al.,
2014a; Gong et al., 2014c), it completely blocked systemic
morroniside-induced mechanical antiallodynia in the
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Figure 4

Mechanical antiallodynic effects of repeated daily intrathecal
injections of morroniside (100 pg) in a rat model of neuropathic
pain. Peripheral neuropathy was induced by tight ligation of L5/L6
spinal nerves and the paw withdrawal thresholds were measured
using an electronic von Frey filaments 1 h after each drug
administration. Data are presented as means + SEM; n = 6 for each
group. *P < 0.05, significantly different from saline control group;
repeated measures two-way ANOVA followed by post hoc
Student-Newman-—Keuls test.

ipsilateral paws (P < 0.05, repeated measures two-way
ANOVA followed by the post hoc Student-Newman-Keuls
test).

In addition, two groups of neuropathic rats with intrathe-
cal catheters also received intrathecal injection of saline
(10 pL) or exendin(9-39) (2 pg), 30 min followed by intrathe-
cal injection of morroniside (100 pg). Paw withdrawal thresh-
olds were measured before and 0.5, 1, 2 and 4 h after
intrathecal morroniside. Morroniside in the ipsilateral paws
produced time-dependent mechanical antiallodynia, which
was completely inhibited by pretreatment with intrathecal
exendin(9-39) (P < 0.05, repeated measures two-way ANOVA
followed by the post hoc Student-Newman-Keuls test;
Figure 5B).

Discussion

The protective effect of morroniside against hydrogen
peroxide-induced oxidative cytotoxicity has been exten-
sively studied in human neuroblastoma SH-SYSY cells (Ai
et al., 2008; Wang et al., 2008; Wang et al., 2009a; Wang
et al., 2009b). We extended this finding to assess its
protection in mouse microglial N9 cells and explore the
mechanisms underlying morroniside antihypersensitivity,
as GLP-1 receptors are specifically expressed on microglia in
the spinal dorsal horn but not in neurons or astrocytes, while
GLP-1 receptor agonists induced expression/release of
B-endorphin in microglia but not in neurons or astrocytes
(Gongetal., 2014c; Fan etal., 2015; Fan et al., 2016). Our dou-
ble immunofluorescence staining on microglial N9 cells re-
vealed the expression of GLP-1 receptors, which are known
to induce protection against oxidative damage induced by
hydrogen peroxide in different types of cells (Liu et al.,
2007; Oeseburg et al., 2010). Although it was much less
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Figure 5

Blockade of intrathecal injection of GLP-1 receptor antagonist
exendin(9-39) on the mechanical antiallodynic effects of oral (A)
and intrathecal (B) morroniside in a rat model of neuropathic pain,
induced by tight ligation of L5/L6 spinal nerves. Rats received intra-
thecal injection of saline (10 pL) or exendin(9-39), 30 min followed
by morroniside administered by oral gavage or intrathecal injection.
Hindpaw withdrawal thresholds were measured using an electronic
von Frey filaments before and after morroniside administration. Data
are presented as means + SEM; n = 6 of each group. *P < 0.05, sig-
nificantly different from saline control group; repeated measures
two-way ANOVA followed by post hoc Student-Newman-Keuls test.

potent than exenatide, morroniside reversed hydrogen
peroxide-induced oxidative damage in a concentration-
dependent manner, with maximum protection of 100%. Fur-
thermore, the pretreatment with exendin(9-39) in microglial
N9 cells concentration-dependently shifted the concentra-
tion response curves of both morroniside and exenatide to
the right without affecting their maximal protection, indicat-
ing a competitive blockade effect. Their similar pA, values
(7.8 vs. 7.2) suggest that morroniside, like exenatide, is a re-
versible and orthosteric agonist of GLP-1 receptors with full
efficacy and probably acts at the same binding site as
exenatide and exendin(9-39) (Osswald, 1975; Doxey et al.,
1977; Wang et al., 1993). The GLP-1 receptor-dependent
protection by morroniside was further shown by the nearly
complete protection against hydrogen peroxide-induced
oxidative damage in HEK293 cells with stable expression of
human GLP-1 receptors but not in HEK293T cells without
GLP-1 receptor expression.

Morroniside produces antihypersensitivity m

We have previously demonstrated that iridoid com-
pounds, including geniposide, geniposidic acid, genipin
methyl ether, 1,10-anhydrogenipin, loganin, catalpol,
shanzhiside methylester and  8-O-acetyl-shanzhiside
methylester, are agonists of human and rat GLP-1 receptors
and presumably function by binding to the same site as
exendin(9-39) (Gong et al., 2014a; Zhu et al., 2014). This
study has added our attempts to the list. Morroniside is an
atypical secoiridoid with a broken double bond at C7 and
C8 in the five-membered carbon ring and is replaced by a
six-membered cyclic inner ether fragment. Thus, our current
data demonstrated that the atypical secoiridoid can retain its
biological activity regardless of the presence of the double
bond in the scaffold of cyclopentapyran. In fact, the change
in structure may be responsible for the higher potency than
typical iridoid glycosides, in activation of GLP-1 receptors.
The data from our current study showed the ECso
(3.6 x 1077 M) for morroniside to protect cell damage from
hydrogen peroxide was at least one order of magnitude lower
than those of shanzhiside methylester (9.3 x 107° M), 8-0-
acetyl shanzhiside methylester (1.2 x 10~* M), geniposide
(1.6 x 10°* M), geniposidic acid (2.4 x 107* M), loganin
(1.6 x 10~* M) and catalpol (2.0 x 10™* M) (Zhu et al., 2014;
Gong et al., 2014c). Furthermore, intrathecal injection of
morroniside more potently inhibited neuropathic pain
(EDsp of 7.1 pug or 1.7 x 1077 mol) than shanzhiside
methylester (EDso of 40.4 pug or 9 x 10~7 mol) (Fan et al.,
2016).

In addition, these iridoid glycoside compounds activated
GLP-1 receptors expressed in rat PC12 cells (Zhu et al., 2014;
Gong et al., 2014c; Fan et al., 2015), human HEK293 cells
(Zhu et al., 2014; present study) and mouse N9 cells (present
study), suggesting that iridoid compounds, including
morroniside, like the peptide agonist exenatide and the
non-peptide agonist WB4-24, do not exhibit apparent species
specificity to activate GLP-1 receptors between human, rat
and mouse cells, providing pharmacological evidence for
the feasibility of clinical use of morroniside in control of
chronic pain. On the other hand, GLP-1 receptor peptidic ag-
onists (exenatide, liraglutide and lixisenatide) are used to
treat type 2 diabetes mellitus mainly by induction of insulin
secretion and promotion of insulin sensitivity (Baggio and
Drucker, 2007; Koole et al., 2013). Indeed, oral administration
of morroniside and loganin decreased blood glucose levels in
diabetic mice (He et al., 2016), and C. officinalis extracts atten-
uated diabetic angiopathy and the early stage of diabetic
nephropathy (Xu et al., 2004; Xu et al., 2006). It is worth
further investigating their anti-diabetic effects in relation to
activation of GLP-1 receptors.

Our results demonstrated that morroniside, given both
orally and intrathecally, produced long-lasting mechanical
antiallodynia and thermal hyperalgesia in the ipsilateral
paws of rats with neuropathy induced by tight ligation of LS
and L6 spinal nerves. The peak effect occurred 1 h or earlier af-
ter administration and lasted longer than 4 h. Morroniside
exhibited higher efficacy in thermal antihyperalgesia (100%
inhibition) than mechanical antiallodynia (approximately
70% inhibition). In contrast, morroniside did not alter nor-
mal nociceptive responses to either mechanical or thermal
stimuli in the contralateral paws. The mechanical
antiallodynic effects of oral and intrathecal administration
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of morroniside were dose-dependent, with maximum inhibi-
tion of 67% and 75% and EDs, values of 335 mg-kg ' and
7.1 pg respectively. The GLP-1 receptors in the spinal dorsal
horn have been recently been identified as a potential target
in control of chronic pain (Gong et al., 2014c; Fan et al.,
2015). Systemic and intrathecal injection of the peptide
GLP-1 receptor agonists GLP-1(7-36) and exenatide, the
non-peptide agonist WB4-2 and iridoid agonists (shanzhiside
methylester, geniposide, loganin and catalpol) produced
antinociception in a variety of rodent models of pain hyper-
sensitivity, including neuropathic pain, formalin-induced
tonic pain, complete Freund’s adjuvant-induced inflamma-
tory pain (both mechanical and thermal hypersensitivity),
bone cancer pain and diabetic neuropathic pain. Their
antinociceptive effects on pain hypersensitivity were
completely blocked by specific GLP-1 receptor antagonist
exendin(9-39) or knockdown of GLP-1 receptor expression
using GLP-1 receptor siRNA (Zhu et al., 2014; Gong et al.,
2014c; Fan et al., 2015; Fan et al., 2016). Similarly, the me-
chanical antiallodynic effects of intrathecal and particularly
oral administration of morroniside were completely blocked
by pretreatment with intrathecal injection of exendin(9-39).
Thus, we suggest that morroniside produced its
antihypersensitivity effects through activation of GLP-1 re-
ceptors, localized in the spinal cord, rather than the brain
ventral area or peripheral nociceptors. The results imply
that morroniside and C. officinalis may be effective in treating
neuropathic pain clinically and further support the notion
that spinal GLP-1 receptors are a potential target for the treat-
ment of chronic pain, including neuropathic pain (Zhu et al.,
2014, Gong et al., 2014a, Gong et al., 2014c, Fan et al., 2015,
Fan et al., 2016).

The development of tolerance to morphine analgesia is a
serious disadvantage for its long-term use, in control of
chronic pain (Collett, 1998; Inturrisi, 2002). We explored
whether morroniside would also induce tolerance to
antinociception following chronic treatments. Our data
showed that intrathecal morroniside injections, repeated
over 7 days, did not apparently induce mechanical
antiallodynic tolerance, in contrast to the 7 day treatments
with morphine which induced complete antinociceptive tol-
erance in rats with spinal nerve ligation (Gong et al., 2014b;
Fan et al., 2016). The results are consistent with our previous
study showing that GLP-1 receptor activation by exenatide
did not induce antinociceptive tolerance in neuropathic pain
(Gong et al., 2014c¢).

In summary, morroniside, like exenatide, protected
microglial N9 cells and HEK293 cells that express mouse
and human GLP-1 receptors, respectively, from oxidative
damage induced by hydrogen peroxide. The protective effects
of morroniside and exenatide were also competitively antag-
onized by exendin(9-39), suggesting that morroniside is an
orthosteric GLP-1 receptor agonist with a full efficacy, proba-
bly acting at the same binding site as exenatide and exendin
(9-39). Oral and intrathecal morroniside administration in a
rat model of neuropathic pain produced mechanical
antiallodynia and thermal antihyperalgesia, which were
completely blocked by pretreatment with intrathecal
exendin(9-39). Furthermore, repeated daily injections of
morroniside did not induce antinociceptive tolerance. Our
study suggests that morroniside is an orthosteric agonist of
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GLP-1 receptors and produces antihypersensitivity activities
in neuropathic pain models by activation of spinal GLP-1
receptors.
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