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Background and Objective: Neuropathic pain remains a clinical challenge with limited
effective treatments. Previous studies have found that magnolol (Mag), an ingredient existing
in some herbs, showed neuroprotective effect. However, it remains unclear whether Mag can
alleviate neuropathic pain.

Methods: Chronic constriction injury (CCI) is used as the neuropathic pain model. Mice
were randomly divided into 5 groups: Sham, CCI, CCI + 5, 10, 30 mg/kg Mag groups.
Thermal and mechanical paw withdrawal threshold were performed at baseline and on the
3rd, 5th, 7th, 14th days post-surgery. Lumbar spinal cord and blood samples were collected
on the 14th day. Blood lipid profile, kidney and liver functions, as well as the activation of
microglia were evaluated, along with the related signal pathway examined using multiple
methods including immunohistochemistry, RT-PCR and Western blot.

Results: Mag alleviated thermal and mechanical hypersensitivity in CCI mice. CCI activated
microglia and upregulated the expression of P2Y12, while Mag inhibited microglial activa-
tion, and downregulated the expression of P2Y12. Mag also blocked the activation of p38
mitogen-activated protein kinase (MAPK) and other pain-related cytokines such as IL-6,
TNF-o and IL-1p.

Conclusion: The findings indicate that Mag has antinociceptive effect on neuropathic pain,
probably mediated through P2Y12 receptors and p38 MAPK mediated pathways. With its
relatively safe profile, Mag may be a potential therapeutic agent for neuropathic pain.
Keywords: magnolol, neuropathic pain, P2Y12, CCI, MAPK, cytokines

Introduction
Neuropathic pain (NP) is a chronic pain state resulting from injury or disease in
somatosensory pathways at the peripheral or central level." Typically, NP is char-
acterized by hyper-excitability of the primary afferent sensory neurons,” along with
increased release of transmitters or mediators such as glutamate, ATP, substance P,
brain derived neurotrophic factor (BDNF) etc.”> These substances accordingly
drive the hyperactivity of postsynaptic neurons in the spinal dorsal horn (SDH),
causing central sensitization, which is widely believed to be one of the main reasons
for the persistent pain of the patients.®

While all these changes are mainly mediated by neurons, recent studies provide
overwhelming evidence which confirms the importance of glial cells in the mainte-
nance of these plastic changes in SDH.” There are mainly two types of glial cells in
SDH: astrocytes and microglia; and both contribute to the pathophysiology of the NP.*

Microglia are the resident immune cells of the central nervous system (CNS)
with numerous surface receptors and molecules; and they also have the capability of
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rapid activation in response to the extracellular changes to
maintain CNS homeostasis.” Among these surface recep-
tors and molecules, some are expressed in microglia selec-
tively, such as P2Y12.'%!" Previous reports revealed that
P2Y12 was actively involved in neuropathic pain;'*'"?
therefore, targeting P2Y12 in the microglia can be promis-
ing for inhibiting pain and potentially avoiding the side
effects of acting on neurons.

In the context of NP, microglia in SDH are widely
activated by the signals released from primary afferent
terminals, followed by releasing of inflammatory cyto-
kines such as IL-1B, IL-6 and TNF-a from microglia.'*
All these cytokines could substantially modulate the cen-
tral sensitization through neuron-glial interactions.'® This
whole process is also subject to complicated modulation
by a couple of signal pathways, especially mitogen-
activated protein kinase (MAPK) pathways.'®

Therefore, microglia provide an interesting therapeutic
target for NP and numerous reports have revealed that
inhibiting microglial activation could attenuate the pain
following nerve injury.*'’ Among various kinds of
resources for drug candidates, natural resources such as
herbs have been proven to be successful in providing new
potential candidates for analgesia.'®

Magnolol (Mag), an extract from the herb “Hou Pu”, has
demonstrated powerful effects of anti-inflammation'® and
neuroprotection.”’ Importantly, Mag also inhibited the acti-
vation of microglial cells and decreased the release of
inflammatory factors to protect neurons from damage both
in vitro and in vivo.?® Furthermore, it was also proved to be
effective for inflammatory pain.?' However, it remains elu-
sive whether Mag has similar anti-nociceptive effect in NP.

In this experiment, therefore, we employed a chronic
constriction injury (CCI) in mice as the pain model, to
examine the effect of Mag on neuropathic pain. We also
investigated the wunderlying cellular and molecular
mechanisms, focusing specifically on the microglia as
well as the related cytokines. Our results revealed that
Mag successfully alleviated the mechanical and thermal
hypersensitivity, and blocked spinal microglial activation
through P2Y12, thus blocking the upregulation of cyto-
kines, probably mediated by P38-MAPK.

Materials and Methods

Animals and Groups
All animal protocols were approved by the Animal Care
Committee of Affiliated Hospital of Qingdao University

(Qingdao, China) and were carried out in accordance with
the guidelines of the NIH regulations on animal use and
care (Publication 85-23, Revised 1996). Adult male
C57BL/6J mice (aged 6-8 weeks, weight 18-20 g) were
purchased from Shandong Laboratory Animal Center
SCXK 20190003). Mice were housed in
a specific pathogen-free (SPF) environment with 12-hour

(Permit:

light/12-hour dark lighting cycle, and were given ad libi-
tum access to food and water. All animals were allowed at
least 5 days for acclimation before all experiments.
Animals were randomly divided into the following 5
groups (n = 6 for each group): (1) Chronic constriction
injury (CCI) + vehicle group; (2) Sham group; (3) CCI +
5 mg/kg Mag; (4) CCI + 15 mg/kg Mag; and (5) CCI +
30 mg/kg Mag. The concentrations of Mag were selected

based on previous reports.>'*?

Surgery and Drug Administration

CCI was performed as previously reported (Bennett and
Xie, 1988). Briefly, sciatic nerve on the left side was
exposed under sevoflurane anesthesia, then three 4-0
(Jinhuan Medical Co.,
Shanghai, China) were loosely tied proximal to the trifur-

loose chromic gut ligatures

cation of the sciatic nerve followed by closure of the
into DMSO,
a stocking concentration of 135 mg/mL, and further

wound. Mag was dissolved reaching
diluted in corn oil to reach the final concentration (5, 15
and 30 mg/kg in 0.2 mL). Mag, DMSO and corn oil were
purchased from Solarbio (Beijing, China). All drugs were
injected intraperitoneally (i.p). A mixture of corn oil and
DMSO (1:4) was used as vehicle. For Sham group: sciatic
nerve on the left side was exposed without ligation. For
CCI + Mag group, mice were treated with daily dosing of
5, 15 and 30 mg/kg Mag from 7 to 14 days after CCI

surgery.

Behavioral Tests

Behavioral studies were conducted by an investigator
blind to the treatment groups. Animals were tested at
baseline, 3, 5, 7 and 14 days after surgery. Paw Thermal
and Mechanical withdrawal tests (PTWT and PMWT)
were carried out on the left hind paws (ipsilateral side) at
the same time of each day. All measurements were
repeated three times with a 10 min interval between each
test during which animals were returned to home cages.
The average value of the 3 measurements was used as
threshold.
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Thermal pain threshold was measured by intelligent
hot-plate apparatus (Anhui Zhenghua Biologic Facilities,
ZH-YLS-6BS, China). All mice were placed on the sur-
face of the hot plate (53°C = 0.5°C) to assess the thermal
withdrawal latency of the left hindpaw (Tansley and
Macintyre et al., 2019). The latency was recorded until
mice showed one of the following responses: jumping,
shaking or licking the left hind paw. The cut-off time is
20 seconds in order to avoid tissue injury.

Mechanical pain threshold was measured with an elec-
tronic pressure analgesy-meter (Anhui Zhenghua Biologic
Facilities, YLS-3E, China), a modified device of Randall-
Selitto test (Randall and Selitto, 1957; Whiteside and
Harrison et al., 2004). Briefly, the mice were placed in
a special cage and allowed to acclimate with the environ-
ment for 10 min. Then a blunt probe was applied to the left
hind paw with an increased pressure, until the animals
started to retract the hind limb. Then the pressure was
recorded as the mechanical withdrawal threshold.

During the whole experiment, for animals with CCI
surgery, all thermal and mechanical pain thresholds were <
70% of baseline at 7 days after the surgery, indicating the
success of the CCI model.

Sample Preparation

Mice were anesthetized with 10% chloral hydrate
(Affiliated Hospital of Qingdao University, China). Blood
was collected with cardiac puncture, followed by centri-
fuge at 5000 g for 15 min at 4°C. Serum was collected for
biochemistry analysis. After cardiac puncture, mice were
perfused with phosphorylated saline buffer and the lumbar
(L3-5) segment of spinal cord was dissected for further
analysis.

qRT-PCR

Total RNA from spinal cord samples was extracted by
Trizol (Accurate Biology, China), and reverse transcription
was performed using SPARKscript reverse transcription
(SparkJade, China). Quantitative real time PCR (qRT-
PCR) was carried out using a quantitative SPARKscript
PCR Kit (SparkJade, China). Two microliters of cDNA
were subjected to amplification in a total volume of 20 pL.
containing 10X buffer, 1.5 mM MgCl,, 0.2 mM of each
dNTP, 1 U Taq polymerase, and a pair of primers (0.2 mM
each). The program was running at 95°C for 15 s, 60°C for
1 min, 95°C for 15 s, and 40 cycles were repeated. Primers
were designed with software Primer 5 and the sequences
follows:  P2RY12  forward

were  as primer,

CCTGCCTTGAT

CCATTCATCTA and reverse primer GTCCTTTCTT
CTTGTTTGTCCC, GAPDH (mice) forward primer,
AAATGGTGAAGGTCGGTGTGAACG, reverse primer,
ATCTCCACTTTGCCACTGC. GAPDH was used as an
internal reference. The quantitative analysis was carried
out using the comparative CT (2**CT) method.

Western Blot
Lumbar spinal cord was homogenized at 4°C in radio-
immunoprecipitation assay (RNPA) buffer with 1%
Phenylmethanesulfonyl fluoride (PMSF) and centrifuged
at 14,000 g for 15 min at 4°C for the collection of cyto-
solic fractions. Protein concentration within each sample
was determined using a BCA kit (Pierce, Rockford, Ill.,
USA) before equivalently loaded into wells of 10% SDS-
PAGE gels for electrophoresis.

Proteins were then transferred electrophoretically to
a nitrocellulose membrane (Schleicher and Schell, USA).
The membrane was washed for 10 min with TTBS (20
mM Tris-Cl, pH 7.5, containing 0.15 M NaCl, and 0.05%
Tween-20) followed by the blocking solution with 10%
nonfat milk in TTBS. The blocked membrane was incu-
bated overnight at 4°C with the following primary anti-
bodies: rabbit anti-iba-1 (1:1000, Abcam), rabbit anti-IL6
(1:1000, Abcam), rabbit anti-phosphorylated p38 (1:1000,
Cell signaling), rabbit anti-p38 (1:1000, Cell signaling),
rabbit anti-TNF-o (1:1000, Abcam), rabbit anti-IL-1§
(1:1000, Abcam), rabbit anti-P2Y12 (1:500, Novus) and
mouse anti-B-actin (1:5000, Abcam). The membranes were
then incubated with Anti-mouse IgG, HRP-linked
Antibody (1:6000, CST, USA) or Anti-rabbit IgG, HRP-
linked Antibody (1:6000, CST, USA) respectively at 37°C
for 1 h. The protein bands were probed with an ECL Plus
chemiluminescence regent Kit (Amersham Biosciences,
Arlington Heights, PA, USA), visualized using the image
system (Versa Doc, model 4000, Bio-Rad, Hercules, CA,
USA) and analyzed by Image software (Image J 1.4, NIH,
Bethesda, MD, USA).

Immunohistochemistry

The lumbar spinal cord segments (L3-5) samples of Sham,
CCI, CCI + Mag 30 mg/kg groups were dissected out and
fixed in 4% paraformaldehyde. The specimens were
embedded in paraffin, sectioned at 3 pm. Then the sections
were dewaxed, hydrated and received antigen repairing
with saline sodium citrate. H,O, solution (3%) was used
to block endogenous peroxidase activity for 10 min. After
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being washed 2 times with distilled water and 3 times with
PBS, the sections were incubated with anti-Iba-1 antibody
(1:800, Abcam) at 37°C for 1 h, then washed 4 times with
PBS and incubated with the secondary antibody (PV-6001,
Goat Anti-Rabbit 1gG, ZSGB-BIO, China) at 37°C for 30
min. After being washed 4 times with PBS, diaminoben-
zidine (DAB) was applied for 1 min to develop color.
After this, cresyl violet was used for Nissl staining. At
the end, the sections were sealed with neutral resins after
dehydration. All the
a microscope (Olympus, CX31).

samples were observed under

Examination of Liver and Kidney Enzymes
and Lipid Profile in Blood Plasma Sample

To explore the possible toxicity of Mag, liver and kidney
enzyme activities were examined in the blood by analyz-
ing aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), urea (UA) and creatinine (CREA). Lipid
profile was measured by cholesterol (TC) and triglyceride
(TG). All samples were tested by an automatic animal
biochemical analyzer (Mindray, China).

Molecular Docking

Molecular docking was carried out to examine the bind-
ing affinity (AG in kcal/mol) between the target proteins
(P2Y12, P2X4, P2RX7 receptors) and ligand (Mag) using
Schrodinger 2015 software. The chemical structure of
Mag was drawn by Chemdraw 2012 software. Ligand
structure was optimized by Ligprep tool. The structure
of PDB ID: 4PXZ protein was imported and optimized
by Protein Preparation Wizard. Energy was minimized,
and 2MeSADP in 4PXZ was selected as center of 15A
x 15A x 15A docking grid. The target protein and ligand
were docked by Glide docking in extra precision (XP)
mode.

Statistical Analysis

All statistics were carried out with SPSS17.0 (IBM,
America). Data are presented as the mean + standard
error (x £ SEM). Behavioral tests were analyzed using
one-way  repeated-measures analysis of  variance
(ANOVA), followed by the Tukey-Kramer test for multi-
ple comparisons or Student’s #-test for two comparisons.
Other results were also analyzed with ANOVA followed
by Bonferroni’s post hoc analysis. Differences of p < 0.05
were considered statistically significant.

Results
Mag Attenuated Paw Thermal and
Mechanical Hypersensitivity Following

CCI Surgery

At 3 days after CCI surgery, the paw thermal withdrawal
threshold (PTWT) and paw mechanical withdrawal thresh-
old (PMWT) was reduced from 14.51 + 0.40 s to 10.05 +
0.47 s and from 142.56 + 2593 g to 85.79 £ 16.59
g respectively (p < 0.01, n = 6), indicating the establish-
ment of neuropathic pain. Also, the hypersensitivity was
further aggravated from day 3 to the end of the study
(D14). In contrast, the PTWT and PMWT in Sham group
remained stable during the whole study (Figure 1A and B).

Daily injection of Mag for 8 days (D7-14) successfully
attenuated the PTWT and PMWT at all 3 doses (5, 15 and
30 mg/kg). At a dose of 5 mg/kg, Mag started to show
analgesic effect, which increased the PTWT from 5.91 +
0.14 s to 7.04 £ 0.26 s (p < 0.01, n = 6), and PMWT from
48.86 £ 4.81 g to 57.29 + 3.73 g (p < 0.05, n = 6).
Importantly, Mag demonstrated a dose dependent analge-
sic effect in both PTWT and PMWT. For example, Mag
with 30 mg/kg showed the biggest analgesic effect, which
increased the PTWT from 5.91 £0.14 to 8.95+£0.38 s (p <
0.01, compared with CCI group, n = 6, Figure 1C), and
PMWT from 48.86 = 4.81 to 76.79 £ 5.84 g (p < 0.01,
compared with CCI group, n = 6, Figure 1C). We also
compared the area under the curve (AUC) for both PTWT
and PMWT. Analysis of AUC revealed a more drastic
significant difference. For PTWT, the AUC values for
Sham, CCI, CCI + Mag 5, 15 and 30 mg/kg at 14 days
are 195.7 £ 41.5, 107.5 £ 38.1, 111.1 £ 29.1, 113.8 £ 34.9
and 117.2 + 27.1 respectively (p < 0.001). For PMWT, the
AUC values for Sham, CCI, CCI + Mag 5, 15 and 30 mg/
kg at 14 days are 1901.5 + 99.6, 940.4 + 48.8, 948.3 +
51.2, 987.8 = 64.2, and 1020.6 + 84.1 respectively (p <
0.001). All these results demonstrated that Mag had an
analgesic effect on CCI induced pain behaviors.

Mag also demonstrated good tolerance with mice.
After 8 days of dosing, even the highest dose of Mag
(30 mg/kg) did not cause any visible sign of toxicity,
as shown in Table 1. There was no statistically signifi-
cant difference between groups in index of blood lipid
(TC, TG), renal function (UREA, CREA-S) and liver
function (AST, ALT) (p > 0.05, n = 6). Accordingly,
the dose of 30 mg/kg was selected for the following

experiments.
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Figure I CCl-induced mechanical allodynia and thermal hyperalgesia of ipsilateral paw following surgery, which were attenuated by Mag in a dose-dependent manner.
Starting at 3 days post-surgery, mice in CCl group showed significant reduction in the mechanical (A) and thermal (B) withdrawal threshold of the ipsilateral paw, which
lasted for at least 14 days. Administration of Mag starting at 7 days post surgery successfully reversed the further reduction of mechanical threshold (C) and thermal
threshold (D) on the |4th day following surgery. Arrow indicates the starting time of injection. n = 6 for each group. *p < 0.05; **p < 0.01.

Mag Has Binding Preference with P2Y 12

Previously it has been reported that the therapeutic effects
of Mag were probably mediated by certain receptors. To
identify which receptors are responsible for the analgesic
effect of Mag, we took advantage of computation simula-
tion and chose molecular docking to map which receptor-
(s) has the best potential. Our molecular docking results
showed that P2Y12 has the best score (Figure 2A), com-
pared with other receptors such as P2X4 receptors (data

Table | The Effect of Magnolol (30 Mg/Kg) on the Markers for
Liver (ALT and AST), Blood Lipid Profile (TG and TC), and
Kidney Functions (CREA and UREA)

Sham CcCl CCI + Mag
ALT (U/L) 5822 + 1453 | 61.35+ 1698 | 5273 + 1849
AST (U/L) 223.73 £ 4447 | 181.9 £ 19.58 | 220.52 + 35.43
TG (mmol/l) 0.77 £ 0.12 0.80 = 0.15 0.74 £ 0.13
TC (mmol/l) 2,69 £ 0.21 243 + 046 262 £0.10
CREA (umol/l) 9.82 +3.28 1248 + 2.4 9.08 +2.53
UA (mmol/l) 741 = 144 8.0 + 0.85 7.56 = 1.48

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; TG,
triacylglycerol; TC, total cholesterol; CREA, creatinine; UA, urea.

not shown). Benzene ring in Mag has n-m interaction with
HIS187/ARG256, and the phenolic hydroxyl of Mag
forms a hydrogen bond with ASN191/ASN159.

Since the molecular docking indicated that P2Y 12 was
the most promising candidate, we went further to check the
effect of Mag on the expression of P2Y'12 in the spinal cord.
At day 14 following CCI, there was the significant upregula-
tion of P2Y12 mRNA compared with Sham group (1.62 +
0.28 vs 0.97 £ 0.13, p < 0.01, Figure 2B). Application of
Mag (30 mg/kg) blocked the upregulation of mRNA which
was reduced to 1.09 £ 0.15. Mag also showed blocking
effect on the protein level of P2Y 12 (Figure 2C). The protein
level was increased to 2.00 = 0.31 following CCI surgery,
while Mag greatly reduced the upregulation of P2Y12 from
2.00 £0.31to 1.3+ 0.14 (p < 0.01, n = 6).

Mag Inhibited Microglial Activation in CClI
Mice

P2Y12 is shown to selectively express in the microglia in the
spinal cord (Tozaki-Saitoh et al, 2008). To confirm the effect of
Mag on microglia, we examined the activation of microglia

using both immunohistochemistry and western blot.
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Figure 2 Molecular docking indicated that Mag had a high affinity with P2Y12 receptors. This was confirmed with experiment data showing that CCl induced the
upregulation of P2Y12, while Mag (30 mg/kg) greatly reduced the expression of P2Y12 on both mRNA and protein levels. (A) The chemical structure of Mag. (B)
2-D simulation of the chemical interaction between Mag and P2Y12. (C and D) 3-D simulation of interaction between Mag and P2Y12. Yellow dashed lines indicate the
potential hydrogen bonds. (E) At 14 days, CCI group demonstrated a significant increase in the mRNA level of P2Y 12, while Mag greatly blocked the increase of P2Y12. (F)
Mag also blocked the upregulation of P2Y 12 on the protein level. Upper panel: representative bands of P2Y |2 protein from Sham, CCl and CCl + Mag group. Lower panel:
Statistical graph showed there was significant difference among the 3 groups. n = 6 per group. **p < 0.01.

Figure 3A—C shows the sections from the ipsilateral side of
spinal cord dorsal horn, where neurons were stained blue with
Nissl staining, and microglia are shown as dark by the marker
Iba-1. Only scarce Iba-1 immuno-like (IL) cells were detected
in sections from Sham group (Figure 3A). But at 2 weeks
following CCI surgery, Iba-1 IL cells were increased greatly,
with more processes extending, indicating the activation of
glial cells. Application of Mag (30 mg/kg) for 8 days
(days 7-14 after CCI surgery) apparently inhibited the activa-
tion of microglia, as shown in Figure 3C, with fewer Iba-IL
cells. Protein expression of Iba-1 also showed similar trends as
shown in Figure 3D; CCI surgery upregulated the relative
expression ratio of Iba-1 to more than 3 times of Sham
group. With the dose of 30 mg/kg, Mag showed a drastic
blocking effect, which almost reduced the expression of Iba-
1 to the level of Sham group (p <0.01, n = 6).

Mag Decreased Pain-Related Cytokines
Since we proved that Mag has an inhibitory effect on the
microglia, we suspected that the antinociceptive effect of

Mag might be mediated by inhibiting the inflammation
cytokines released from the microglia. We further exam-
ined the expression of IL-6, which is believed to be a main
inflammatory cytokine from microglia. Following CCI
surgery, there was a significant increase in IL-6, which
was increased to 3.43 £+ 0.56 compared with Sham group
(Figure 4A). Mag showed a drastic inhibitory effect which
reversed the IL-6 by half, with the expression level similar
to Sham group (p < 0.01, n = 6 per group).

IL-6 can induce a cascade of inflammation cytokines,
so we further detected proinflammation factors such as
TNF-0 and IL-1B (Figure 4B and C). Compared with
control group, the expression of TNF-a in CCI group
was more than doubled to 2.13 + 0.20; and IL-1B was
increased to 3.72 = 0.75 (Figure 4B and C, p < 0.05 for
TNF-o and p < 0.01 for IL-1f vs Sham group, n = 6). For
both cytokines, Mag showed a significant inhibitory effect,
which was reduced to 1.05 + 0.08 and 191 + 0.19
(Figure 4B, p < 0.01 vs CCI group, n = 6). Furthermore,
p38-MAPK is considered to be upstream in the activation
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the upregulation of Iba- | at 14 days following CCl surgery. Upper panel: representative bands of Iba-| protein from Sham, CCl and CCI + Mag group. Lower panel: Statistical
graph showed there was significant difference among the 3 groups. n = 6 per group. **p < 0.01.

pathway of cytokines, so the changes of p38-MAPK were
compared among the 3 groups as well. At 2 weeks follow-
ing CCI surgery, phosphorylation levels of p38-MAPK
were increased by about 2 times compared with the control
group, while Mag blocked the increase (Figure 4D, p <
0.01, n = 6). Among all 3 groups, expression of p38-
MAPK was not affected. Overall, Mag showed an over-
whelming anti-inflammation effect in these cytokines, and
this could explain its significant anti-nociceptive effect in
the current CCI model.

Discussion
Mag has been proven to be effective in multiple neurologi-
cal diseases including epilepsy,” age-related memory

> etc. However, compared with the

deficit,>* depression,”
diseases mentioned above, the function of Mag in pain

has been less studied and the related mechanism remains

largely elusive. Currently, there are only few reports about
the effect of Mag on pain, which covers inflammation pain
and other pain models,?? but not a NP model. Therefore, to
the best of our knowledge, our report is the first one to
evaluate the therapeutic effect of Mag on neuropathic pain.

Our current research used one of the most well recog-
nized NP models, the CCI model.2® The establishment of
the model was proven by the robust thermal and mechan-
ical hypersensitivity following surgery, which is consistent
with previous reports.’’ In this model, Mag showed
a significant attenuation in both mechanical and thermal
1).

Previously it was shown that Mag has an analgesic effect

hypersensitivity of the ipsilateral side (Figure

in the inflammatory pain induced by formalin and sub-

stance P,2 122

indicating the analgesic effect of Mag is not
model dependent, which definitely raises the interest of

Mag as a potential antinociceptive drug candidate.
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Figure 4 Mag administration significantly blocked the upregulation of p-38 MAPK (A), IL-6 (B), TNF-a (C) and IL-Ip (D) at 14 days following CCI surgery. Upper panels:
representative bands of protein from Sham, CCl and CCl + Mag group. Lower panels: Statistical graph showed there was significant difference among the 3 groups. n = 6 per

group. *p < 0.05; *p < 0.01.

The doses we used in the current report ranged from 5
to 30 mg/kg; and all these doses exhibited significant
inhibition in both mechanical and thermal hypersensitivity,
though with different extents. Previous literature reported
an analgesic effect starting at 10 mg/kg,?* which is slightly
higher than our effective concentration (starting at 5 mg/
kg); this discrepancy could be explained by the duration of
dosing and the employment of different animal models,
where the authors used glutamate to induce pain. In
a previous paper,”> Mag showed a trend for analgesia
starting at 5 mg but without statistical significance. In
our report, the animals were dosed for longer (8 days).
There could be a chance that the antinociceptive effect
take effect earlier and we only measured the response at

14 days; however, the current study mainly focuses on
testing whether Mag showed any antinociceptive effects
instead of focusing on complete pharmacokinetic studies,
which will be in our future research. Lastly, different
dosing paradigms were used. The current study used post
drug application instead of pre-administration which is
more clinically relevant. The difference in the study
approach could have influenced the effective dose range
or the timing.

During the whole period of the current study (8 days),
Mag showed a great safety profile. The panel of metabolite
profile for liver and blood showed no significant difference
even after 8 days of dosing, suggesting the good tolerance
of Mag in the current animal model. While a longer and
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more detailed toxicology study is required to conclude the
safety of the drug, current data suggest that Mag poten-
tially is a safe therapeutic. The safety of Mag was also
confirmed in the previous literature. Mag has been esti-
mated to be safe in humans at up to 1.64 mg/kg,*® which is
20 mg/kg when translated to mice.” In our report, data
from the panel of metabolite profile of liver and blood
showed that the metabolite profile was not significantly
changed even with the upper dose of 30 mg/kg. Therefore,
to the best of our knowledge, our report provided the first
line of evidence showing Mag can be safe at a higher dose
when injected intraperitoneally (30 mg/kg).

Previous reports about Mag suggested that Mag has
multiple functions such as anxiolytic, analgesic, antide-
pressant and neuroprotective effects.”'** Apparently
these effects were mediated by a wide range of different
cells and receptors, as well as being signal pathway
related.

Mag is reported to have affinity with GABA receptor
and NMDA receptor;*>*° which are widely expressed in
the nervous system, and also well established for their
functions in the modulation of pain. Previously it has
been shown that Mag can block NMDA induced Ca**
NMDA mediated mitochondrial
indicating that Mag can act on NMDA
receptors. Interestingly, NMDA receptors have been con-
firmed to be upregulated in CCI induced NP.> Therefore, it
is very possible that in our study, the analgesic effect of

influx or
dysfunction,*'~*?

Mag is mediated by NMDA receptors. This hypothesis is
also well supported by previous studies showing that Mag
can inhibit NMDA induced pain in a dose-dependent
manner.”? In the current study, we used molecular docking
to identify the extra potential candidate receptors; and
P2Y12 stood out among all the receptors (Figure 2).
P2Y12 is an ADP-preferring subtype of purinergic P2Y
receptors. Previously it was reported that P2Y'12 regulates
microglial activation and is engaged in excitatory synaptic
transmission between microglia and neurons in spinal
Further  studies that P2Y12
contributes to microglial activation and alterations after

cord." revealed
peripheral nerve injury.*> Therefore, P2Y12 is actively
involved in the development of neuropathic pain, and
this is consistent with our current data showing that the
expression of P2Y12 on both mRNA and protein level
increased following nerve injury. This confirmed previous
findings established by Kobayasi et al.**** Using these
findings we continued to show that Mag inhibited the
increase of P2Y12 following nerve injury, suggesting that

P2Y12 is a new target of Mag in nerve injury induced by
pain, while this has never been reported before.

Since P2Y12 is mainly distributed in microglia in the
spinal cord and it is well established that spinal microglia
are involved in neuropathic pain,***® Mag may exert
a beneficial effect through microglia. As our data show
in Figure 3, Mag inhibited the activation of microglia in
both morphology and quantity, as well as the expression
level of Iba-1, the specific microglial marker. Microglia
have been regarded as the immune cells in the nervous
system and it has been clearly demonstrated that microglia
are involved in neuropathic pain, by releasing multiple
cytokines.>” After peripheral nerve injury, multiple cells
including both neurons and glia will release proinflamma-
tory cytokines (IL-1B, IL-6 and TNF-q, etc.), which in turn
activate microglia; once activated, microglia can further
release these cytokines, forming a feedback loop.® Our
results showed that Mag not only inhibited microglia, but
also multiple cytokines (Figure 4). These mechanisms
might contribute to the analgesic effect of Mag in our
neuropathic pain model.

Our study also proved that nerve injury induced p38
MAPK was blocked by Mag, and this could come from
two different signal pathways, the direct and indirect path-
way. Firstly, Mag might have a direct inhibitory effect on
P38 MAPK. Previous findings have revealed that Mag can

? colitis,*® and

inhibit MAPK activation in tumor cells,’
bacterial-induced infection.*' Our results provided the first
report that blocking MAPK activation could be one of the
mechanisms for Mag alleviation of NP. Secondly, the
inhibition of MAPK can be mediated by P2Y12 receptors
for which Mag has a binding affinity (Figure 3). In the
partial sciatic nerve ligation (PSNL) model, the phosphor-
ylation of p38 MAPK and pain behaviors were suppressed
by P2Y 12 antagonist and were elevated by P2Y 12 agonist,
leading to the conclusion that the increased expression of
P2Y12 in activated microglia worked as a gateway of p38
signaling pathway in neuropathic pain* In contrast,
administration of intrathecal p38 MAPK inhibitor signifi-
cantly decreased P2Y14, P2Y13, and P2Y6, but not
P2Y12 mRNAs; therefore, P2Y12 may be upstream of
MAPK in the signal pathway. This is also supported in
a pain model induced by bone cancer, where blocking of
spinal P2Y12 was followed by decreased p38 MAPK and
IL-6."

While we showed the effect of Mag in CCl-induced
neuropathic pain and provide possible related mechanisms,

many questions remain to be answered due to the
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limitations of current research. As shown in the current
report, while glia in the spinal cord were clearly inhibited
by Mag, the extent to which the Mag analgesic effect was
mediated by neurons in the current model remains elusive.
These mechanisms are interesting and definitely deserve
further studies since recent research showed that Mag can
inhibit the sodium currents in DRG neurons,** and syner-
gize the function of GABA mediated by the GABA
receptors.”® While we showed Mag has minimal effect
on the lipid and metabolite profile shown by the biochem-
istry analysis (Table 1), more detailed safety tests are still
needed, which is unfortunately beyond the scope of the
current paper. Since we only explored the short term (8
days) analgesic effect, a longer time course study may
the effect.
Considering Mag was applied after the CCI model was

provide more insights on long-term
created, it would be interesting to observe whether Mag
application before nerve injury can demonstrate similar
analgesic effect.

Overall, by using the widely accepted CCI model as
a neuropathic pain model, we showed that Mag signifi-
cantly inhibited the mechanical and thermal hyperalgesia
following nerve jury. These analgesic effects are probably
mediated by P2Y 12 receptors, which accordingly inhibited
the activation of microglia and increased multiple cyto-
kines. By combining all these findings with the relatively
safe profile of Mag, we believe that Mag has great poten-

tial as a therapeutic candidate for neuropathic pain.
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