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Effects of metformin on the expression of AMPK and STAT3
in the spinal dorsal horn of rats with neuropathic pain
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Abstract. Neuropathic pain (NP) is a frustrating and burden-
some problem. Current treatments for NP have unendurable
side effects and/or questionable efficacy, and once these
therapies are stopped, the symptoms often return. Thus, novel
drugs are needed to enhance the effectiveness of treatments
for NP. One novel target for pain treatments is adenosine
monophosphate-activated protein kinase (AMPK), which
regulates a variety of cellular processes, including protein
translation, which is considered to be affected in NP. Metformin
is a widely available drug that possesses the ability to activate
AMPK. The signal transducer and activator of transcription 3
(STAT3) pathway plays an important role in neuroinflamma-
tion. The present study investigated the analgesic effect of
metformin on NP induced by chronic constriction injury (CCI),
and the influence of metformin on the expression of AMPK
and STAT3 in the spinal dorsal horn (SDH). In CCI rats, paw
withdrawal latencies in response to thermal hyperalgesia were
significantly shorter, while phosphorylated (p)-AMPK was
expressed at lower levels and p-STAT3 was expressed at higher
levels in the SDH. Administering intraperitoneal injections

Correspondence to: Professor Bei Miao, Laboratory of
Gastroenterology, Xuzhou Medical University, 99 West Huaihai
Road, Quanshan, Xuzhou, Jiangsu 221000, P.R. China

E-mail: benjaminmb@163.com

Professor Ming Yan, Jiangsu Province Key Laboratory of
Anesthesiology, Department of Anesthesiology, The Affiliated
Hospital of Xuzhou Medical University, 99 West Huaihai Road,
Quanshan, Xuzhou, Jiangsu 221000, P.R. China

E-mail: yjy3001@163.com

“Contributed equally
Key words: adenosine monophosphate-activated protein kinase,

signal transducer and activator of transcription 3, metformin,
neuropathic pain, spinal dorsal horn, glia

of metformin (200 mg/kg) for 6 successive days activated
AMPK and suppressed the expression of p-STAT?3, in addition
to reversing hyperalgesia. Finally, metformin inhibited the
activation of microglia and astrocytes in the SDH, which may
explain how it alleviates NP.

Introduction

The neuropathic pain (NP) was newly defined as pain
induced by a disease or lesion of the somatosensory system
by International Association for the Study of Pain (IASP) (1).
Due to the unsatisfactory therapeutic regimens for NP, a multi-
tude of affected patients cannot alleviate their pain (2). Hence,
understanding of pathogenesis underlying NP and quest for
novel effective drugs for the therapeutics of NP is essential.

Chronic constriction injury (CCI) models have both
peripheral nerve injury and inflammatory components which
can mimic NP in humans and are effective for investing the
mechanisms underlying NP (3,4).

Herein, the effect of a safe and widely used oral hypogly-
cemic drug, metformin, was invested on NP. Metformin may
restrain peripheral nerve injury-induced NP (5), and it also may
potentially decrease lumbar radiculopathy pain in humans (6).
However, the mechanism of the inhibitive effects of metformin
on NP has not been investigated in vivo in previous studies. We
innovatively explored the effects of metformin on the spinal
cords of rats in a CCI-induced NP model.

Adenosine monophosphate-activated protein kinase
(AMPK) is a serine/threonine protein kinase that is central to
cellular metabolic processes and energy balance maintenance,
inflammation, cancer, neurodegenerative diseases (7-9).
Studies have also shown that AMPK plays a key role in
pain (10,11). Moreover, metformin is validated to be an
indirect activator of AMPK (12,13). Therefore, we speculated
that AMPK might be involved in the analgesic effects of
metformin.

Metformin reportedly inhibits signal transducer and
activator of transcription 3 (STAT3) in tumor cells (14,15).
In addition, the STAT3 pathway is activated in the spinal
dorsal horn (SDH) in both NP (16-18) and spinal cord injury
models (19). However, whether the STAT3 pathway is involved
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in the analgesic effe-cts of metformin on NP remained unclear.
Here, we evaluated the analgesic effects of metformin and its
potential effects on the STAT3 signaling pathway in the SDH
in rodent models of NP.

The activation of spinal glial cells plays an crucial role in
NP (20,21). Further, AMPK and STAT3 are implicated in the
regulation of the activation of glial cells (22,23). We also inves-
tigated the effect of metformin on microglia and astrocytes
in the CCI models. Collectively, our data reveal a potential
mechanism underlying the analgesic effect of metformin and
may shed new light on the therapeutics for NP.

Materials and methods

Animals. Male Sprague-Dawley rats (weighing 200-230 g,
aged 6-8 weeks) were obtained from the experimental animal
center of Xuzhou Medical University (Xuzhou, China).
The animals were housed under the following controlled
conditions: A 12 h light-dark cycle (lights on from 6 a.m.
to 6 p.m.) at a steady temperature of 25°C + 1°C with free
access to water and food. All protocols were approved by
the Institutional Animal Care and Use Committee at Xuzhou
Medical University. The experimental procedures were
conducted according to the ethical guidelines for the care
and use of laboratory animals of the National Institutes of
Health (NIH Publications, no. 8023, revised 1978) and the
IASP. Effort was made to decrease the number of animals
used and to reduce animal suffering.

CClI of the sciatic nerve. The CCI rat model was established
complied to a previously described method (24). The rats were
anesthetized using 10% chloral hydrate (0.3 ml/100 g, i.p.).
The left sciatic nerve was exposed using a small incision at the
mid-thigh level. A constriction injury was induced proximal to
the trifurcation of the sciatic nerve by making loose ligations
with four 4-0 silk threads (1 mm apart). In the sham-operated
group, the nerve was exposed without ligations. The wound
was then treated using antibiotics (penicillin) and closed
layer-by-layer.

Experimental groups. A total of 112 rats were used across
all experiments. Behavioral assessment and fasting blood
glucose test consists of two parts. Part I: The rats were
randomly divided into the 4 groups (n=8): Sham + normal
saline (sham + NS) group, sham + metformin group, CCI + NS
group, and CCI + metformin group. The rats received i.p.
injections of 5% metformin in NS (200 mg/kg, Sigma,
USA) or an equal dose of NS once per day for 6 consecutive
days beginning on the 5th day after surgery. The dose of
metformin was selected according to a previous reference (5).
Behavioral assessment was performed on days-1 (the day
before surgery), and 3, 5,7, 10, 14 after surgery. The data of-1th
day were detected as baseline. On the 5th day after surgery,
the behavioral assessment was performed before metformin
and saline administered, whereas on the 7th and 10th days,
the behavioral assessment was performed two h after the
injections. Fasting blood glucose levels were measured after
the behavioral assessment on days -1, 3, 5, 7, 10, 14. The
blood was taken from the tail vein. Part II: The rats were
randomly divided into 5 groups (n=8): CCI group, CCI + NS
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group, CCI + metformin group, CCI + compound C (AMPK
inhibitor) group, and CCI + metformin + compound C group.
The rats received intraperitoneal injections of metformin or
an equal dose of NS from 5th day to 10th day according to
the same method mentioned above. Compound C (30 ug) was
intrathecal administration on 10th day in CCI + compound C
group and CCI + metformin + compound C group. Behavioral
assessment was performed on days -1, 3, 5, 7, 10, 14 after
surgery.

Western blot analysis and immunofluorescence staining. The
rats were randomly divided into sham + NS, sham + metformin,
CCI + NS, and CCI + metformin groups (n=10). In each
group, 4 rats were used for western blot and 6 rats for
immunofluorescence staining. On the 10th day, the rats were
deeply anesthetized, then sacrificed, and the L4-L6 spinal
cord segments were collected for either immunofluorescence
staining or western blot analysis.

Reagents. The major reagents which were employed in this
study were metformin (Sigma-Aldrich, USA), compound C
(Sigma-Aldrich, USA), rabbit polyclonal anti-phosphor-
ylated (p)-AMPK (Cell Signaling Technology; Bioworld
Technology Inc., St. Louis Park, MN, USA), rabbit poly-
clonal anti-p-STAT3 (Cell Signaling Technology; Bioworld
Technology Inc.); rabbit polyclonal anti-AMPK, rabbit
polyclonal anti-STATS3, rabbit polyclonal anti-GAPDH (all
Bioworld Technology Inc.), goat polyclonal anti-ionized
calcium binding adaptor molecule 1 (Iba-1; Abcam,
Cambridge, UK), mouse polyclonal anti-glial fiber acidic
protein (GFAP; Cell Signaling Technology, Inc., Danvers,
MA, USA), Alexa 488 donkey anti-rabbit IgG, Alexa 546
donkey anti-goat IgG, Alexa 594 donkey anti-mouse IgG
(all Invitrogen, Carlsbad, CA, USA), and HRP-conjugated
goat anti-rabbit secondary antibodies (Beyotime Institute of
Biotechnology, Shanghai, China).

Behavioral assessment. Thermal hyperalgesia was evaluated
by measuring paw withdrawal latency (PWL) in response to
heat stimulation. A plantar heat analgesia meter model 390
(IITC Life Science Inc., Woodland Hills, CA, USA) was used
according to the protocols described by Hargreaves et al to
provide a heat source (25). Each rat was placed in a transparent
acrylic chamber that was placed on a glass plate. Following a
one-hour adaptation period, the middle of the plantar surface
of the left hind paw was exposed to a radiant heat source using
a beam of light. The length of time between the start of the
light beam and the foot lift was recorded as the PWL. To
avoid damaging the tissue, an automatic 25 sec cutoff was set.
This thermal stimulus was repeated five times for each paw at
an interval of 5 min. The test was conducted in a noise-free
and temperature-controlled (25-26°C) room. The intensity
of the thermal stimulation was maintained at the same level
throughout the entire study.

Intrathecal injection procedure. Rats were anesthetized with
inhalation of isoflurane and placed in a prone position on the
operating table. Midpoint between the tips of the iliac crest
was labeled as the fifth to sixth lumbar intervertebral space
(L5-L6). Intrathecal injection was performed by a micro
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Figure 1. Intraperitoneal administration of metformin attenuates neuropathic pain in CCI rats. (A) CCI rats exhibited a significant decrease in the PWLs
3-14 days post-surgery. The intraperitoneal administration of metformin (200 mg/kg, once per day on days 5-10) attenuated thermal hyperalgesia (n=8;
“P<0.01 vs. sham + NS; #P<0.01 vs. CCI + NS). (B) The intrathecal administration of compound C (30 pg) on day 10 could reverse the analgesic effect of
metformin (n=8; “P<0.01 vs. CCI + NS, ""P<0.01 vs. CCI + metformin). NS, normal saline; PWL, paw withdrawal latency; CCI, chronic constriction injury.

syringe, which was inserted into the subarachnoid space of
the spinal cord between the L5 and L6 spinous processes.
Intrathecal injection was confirmed by observation of an
obvious tail flick.

Western blot analysis. The rats were anesthetized with
10% chloral hydrate (0.3 ml/100 g, i.p.) and killed by decapita-
tion. The dissected L4-L6 spinal dorsal horn samples were
rapidly isolated and frozen in liquid nitrogen and thereafter
placed in long-term storage at -80°C till used. The tissue
samples were homogenized in RIPA buffer containing
protease inhibitors and phosphatase inhibitors and centrifuged
for 15 min (12,000 g, at 4°C), with the supernatant collected.
The protein concentration of the supernatant was determined
by a Bicinchoninic Acid Protein Assay kit (Beyotime Institute
of Biotechnology) according to the protocol described in the
previous study (26). Equal amount of protein samples were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA). After
thrice rinsed, the membranes were blocked in 3% bovine serum
albumin for 2 h at room temperature (r/t) and incubated with
the following primary antibodies: Rabbit anti-AMPK (1:300;
Bioworld Technology Inc.), rabbit anti-p-AMPK (1:600; Cell
Signaling Technology), rabbit anti-STAT3 (1:500; Bioworld
Technology Inc.), rabbit anti-p-STAT3 (1:300, Cell Signaling
Technology), and rabbit anti-GAPDH (1:2,000; Bioworld
Technology Inc.) for overnight at 4°C. After three washes,
the membranes were incubated with HRP-conjugated goat
anti-rabbit secondary antibodies for 1 h (1:1,000; Beyotime
Institute of Biotechnology) at r/t. The bands were visualized
with the use of ECL and X-film. The densities of the protein
band were quantified using Image J software (NIH, Bethesda,
MD, USA).

Immunofluorescence histochemistry. The rats were deeply
anesthetized using 10% chloral hydrate (0.3 ml/100 g, i.p.)
and intracardially perfused with 300 ml of NS followed
by 300 ml of 4% paraformaldehyde (PFA) in phosphate
buffer (PB; 0.1 M; pH 7.2-7.4; 4°C). The spinal cords were

quickly isolated and post-fixed in 4% PFA for 2 h at 4°C.
Subsequently, the L4-L6 spinal cord samples were equili-
brated in a 30% sucrose solution at 4°C until the sample
blocks dropped to the bottom. The tissues were embedded
in tissue freezing medium and sliced at thickness of 35 ym
by a cryostat (Leica CM1800; Heidelberg, Germany). After
washing thrice with 1X PBS, selected sections were blocked
in 1X PBS containing 3% Triton-X-100 (PBST) and 10%
donkey serum for 2 h at 1/t and incubated with the following
primary antibodies in PBST: rabbit anti-p-AMPK (1:200;
Bioworld Technology Inc.), rabbit anti-p-STAT3 (1:50;
Bioworld Technology Inc.), mouse anti-GFAP (1:400; Cell
Signaling Technology), or goat anti-Iba-1 (1:300; Abcam) for
48 h at 4°C. The slices were then washed 3 times (5 min each)
with PBS and incubated with Alexa 488 donkey anti-rabbit
IgG, Alexa 546 donkey anti-goat IgG or Alexa 594 donkey
anti-mouse IgG (all 1:200; Invitrogen) for 2 h at r/t. Images
were captured using a confocal laser microscope (FV1000;
Olympus, Corp., Tokyo, Japan) and analyzed by Image
Pro-Plus 6.0 software (Media Cybernetics, Silver Spring, MD,
USA). Five slices for each spinal cord sample were randomly
selected for statistical analysis.

Statistical analyses. The data were analyzed using GraphPad
Prism 5.0 Software (GraphPad Software, La Jolla, CA,
United States). All data are shown as the mean + SD. The
normal distribution and variance homogeneity were tested.
One-way ANOVA was used to analyze the western blot and
immunofluorescence results across the four groups. Two-way
ANOVA was used for the PWLs and fasting blood glucose
values, which included two factors of time and group. If a
significant difference was found, a post hoc Bonferroni
multiple test was used to detect differences within the groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Behavioral outcomes and blood glucose values. To investi-
gate the influence of metformin on CCI rats, we measured


https://www.spandidos-publications.com/10.3892/mmr.2018.8541

5232

PWLs on days 1, 3, 5, 7, 10, and 14 after surgery (Fig. 1).
There were no differences in the PWLs between the
sham + NS and sham + metformin groups. On days 3-14, the
PWLs in the rats in the CCI + NS group were significantly
lower than those in the sham + NS group. Meanwhile, the
PWLs of the CCI rats that were injected with metformin
(200 mg/kg, once a day in days 5-10) were markedly longer
than those in the CCI + NS group (P<0.01), but shorter than
those in the sham + NS and sham + metformin groups. Even
after the therapy was stopped for 4 days on day 14, the PWLs
in the CCI + metformin group were still considerably higher
than those in the CCI + NS group (P<0.01) (Fig. 1A). These
data revealed that the analgesic ability of metformin was
sustained.

Fasting blood glucose values were collected after the
same fasting time in the 4 groups following the behavioral
assessment on days 1, 3, 5, 7, 10 and 14 post-surgery. There
was no difference in blood glucose values among the four
groups. metformin did not affect blood sugar values in the
sham-operated rats and CCI rats (Fig. 2).

We further studied the relationship of metformin and the
NP by AMPK inhibitor (compound C). On the 10th day, the
PWLs in the rats in the CCI + metformin + compound C group
were significantly lower than those in the CCI + metformin
group (P<0.01) (Fig. 1B). We demonstrated that compound C
could reverse the analgesic effect of metformin.

Activation and distribution of AMPK in spinal cords after
CCI and metformin administration. To further explore
how metformin alleviates NP in CCI rats, we determined
p-AMPK and AMPK levels in the spinal dorsal horns of rats
on day 10 after the final metformin or NS treatment admin-
istered. The results of western blot analysis showed that the
expression level of p-AMPK was lower in the CCI + NS
group than that in the sham + NS group (P<0.01) and the
expression level of p-AMPK was significantly higher in the
CCI + metformin group than that in the CCI + NS group
(P<0.01). However, the expression level of AMPK in the
SDH was not significantly different among the four groups
of rats (Fig. 3).

Next, we investigated the distribution of p-AMPK in the
SDH by immunofluorescent staining. We found that p-AMPK
was widely distributed in the SDH but mainly concentrated
in lamina I and II. The mean fluorescence intensity and the
number of cells that were positively stained for p-AMPK were
significantly lower in the CCI + NS group than those in the
sham + NS group (P<0.01) and significantly higher in the
CCI + metformin group than those in the CCI + NS group
(P<0.01) (Fig. 4).

These data showed that p-AMPK was widely distributed in
the SDH of rats. In the NP model of CCI rats, the expression of
p-AMPK was suppressed, and metformin activated AMPK in
the SDH via phosphorylation, thereby inhibiting the develop-
ment of NP.

Activation and distribution of STAT3 in SDH after CCI and
metformin administration. We further investigated whether
metformin inhibited the activation of STAT3 in the spinal
cords of CCI rats by exploring the expression of p-STAT3 and
STATS3 in the dorsal horn. The expression level of p-STAT3
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Figure 2. Fasting blood glucose levels in the sham + NS, sham + metformin,
CCI + NS and CCI + metformin groups. Metformin had no effect on fasting
blood glucose levels in rats in the 4 groups (n=8; P>0.05). NS, normal saline;
CClI, chronic constriction injury.

in the spinal cord was significantly increased in the CCI + NS
group than that in the sham + NS group (P<0.01), and the
expression level of p-STAT3 was significantly decresed in
the CCI + metformin group than that in the CCI + NS group
(P<0.01), with no apparent difference in the level of STAT3 in
four groups of rats (Fig. 5).

The results of immunofluorescence histochemistry
showed that p-STAT3 was widely distributed, mainly in
laminas I and II of the SDH. The p-STAT3 expression was
rarely detected in the sham + NS rats. However, the number
of positively stained cells and the mean fluorescence intensity
for p-STATS3 in the dorsal horn were higher in the CCI + NS
rats than those in the sham + NS rats (P<0.01). In addition, the
values were lower in the CCI + metformin group than those in
the CCI + NS group (P<0.01) (Fig. 6).

Our results in this NP model indicated that the STAT3
signaling pathway was activated which demonstrated by the
increased expression of p-STAT?3, and this might be one of
the causes of NP. Metformin prevented spinal dorsal horn
STAT3 phosphorylation, which might account for its ability
to alleviate NP.

Metformin injection suppressed the activation of microglia
and astrocytes in the SDH. Glial cell activation plays a key
role in the occurrence and maintenance of pain (27). In
this study, we further explored whether metformin affects
microglia and astrocytes. Immunofluorescence staining was
performed to detect the expression of the microglia marker
Iba-1 and the astrocyte marker GFAP. Consistent with
previous findings, our results showed that Iba-1 and GFAP are
widely distributed in the SDH. Compared with the sham + NS
group, the mean fluorescence intensity for Iba-1 was higher
and the number of positively stained cells for Iba-1 increased
in the SDH in the CCI + NS group (P<0.01) (Fig. 7A). Similar
findings have been found in astrocytes (Fig. 7B). Moreover,
microglia and astrocytes were morphologically activated after
CCI. And Compared with the CCI + NS group, the activation
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Figure 3. Metformin activated AMPK in the spinal cords of CClI rats. (A) Metformin increased AMPK phosphorylation levels in the spinal cord after CCI (n=4;
“P<0.01 vs. sham + NS; #P<0.01 vs. CCI + NS). (B) There was no significant difference in the expression of AMPK among the four groups (n=4; P>0.05).
Tissues were collected on day 10 after CCI. AMPK, adenosine monophosphate-activated protein kinase; NS, normal saline; CCI, chronic constriction injury.
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Figure 4. Confocal images and immunofluorescence data showing p-AMPK expression in the spinaldorsal horn. The quantification of p-AMPK
immunofluorescence is presented as the mean fluorescence intensity and the number of positively stained cells (n=6; “P<0.01 vs. sham + NS;
"P<0.01 vs. CCI + NS; scale bar, 100 gm). Tissues were collected on day 10 after CCL. (p)-AMPK, phosphorylated adenosine monophosphate-activated protein

kinase; NS, normal saline; CCI, chronic constriction injury.
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Figure 5. Metformin inhibited the activation of STAT3 in the spinal cords of CCI rats. (A) Metformin decreased the level of phosphorylated STAT3 in the
spinal cord after CCI. (n=4; “"P<0.01 vs. sham + NS; #P<0.01 vs. CCI + NS) (B) There was no significant difference in the expression of STAT3 among the
four groups (n=4; P>0.05). STAT3, signal transducer and activator of transcription 3; NS, normal saline; CCI, chronic constriction injury.
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Figure 6. Confocal images and immunofluorescence analysis data showing p-STAT3 expression in the spinal dorsal horn. The quantification of
p-STAT3 immunofluorescence is presented as the mean fluorescence intensity and the number of positively stained cells (n=6; “P<0.01 vs. sham + NS;
#P<0.01 vs. CCI + NS; scale bar, 100 ym). Tissues were collected on day 10 after CCIL. p-STAT3, phosphorylated signal transducer and activator of transcrip-
tion 3; NS, normal saline; CCI, chronic constriction injury.
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Figure 7. Confocal images and immunofluorescence staining for Iba-1 and GFAP expression in rat spinal dorsal horns. (A) The quantification of Iba-1
immunofluorescence staining is presented as the mean fluorescence intensity and the number of positively stained cells (n=6; “P<0.01 vs. sham + NS;
#P<0.01 vs. CCI + NS; scale bar, 100 ym). (B) The quantification of GFAP immunofluorescence staining is presented as the mean fluorescence intensity and
the number of positively stained cells (n=6; “P<0.01 vs. sham + NS; “P<0.01 vs. CCI + NS; scale bar,100 ym). Tissues were collected on day 10 after CCI.
Iba-1, ionized calcium binding adaptor molecule 1; GFAP, glial fiber acidic protein; NS, normal saline; CCI, chronic constriction injury.

of astrocytes and microglia was effectively suppressed by
metformin in CCI + metformin group (P<0.01) (Fig. 7).

Discussion

In the present study, the PWLs of the CCI rats dropped to a low
level from day 3 to day 14. The expression of p-AMPK was
downregulated in the SDH in rats with chronic constriction
injuries, while the expression of p-STAT3 was upregulated.
On day 10 post-surgery, astrocytes and microglia were widely
activated in these rats. However, administration of metformin
(200 mg/kg) over 6 days effectively alleviated the thermal
hyperalgesia and reversed the expression of p-AMPK and
p-STAT3, with the suppression of the activated microglia and
astrocytes simultaneously.

This is the first study to explore the mechanism by which
metformin inhibits NP in the SDH. The SDH is a complex
relay station that transmits nociceptive information and occu-
pies an important position in NP (28,29). There are multiple
pathways that transmit pain in the SDH, including the AMPK
and STAT3 signaling pathways (11,16-18).

Metformin, an oral anti-diabetic drug, has been safely
applied to treat type 2 diabetes for decades (30) and serves
as an indirect agonist of AMPK. The increase of the cellular
AMP/ATP ratio contributes to the activation of AMPK (9).
Additionally, metformin promotes a shift from aerobic to
anaerobic glycolysis by inhibiting complex I of the mitochon-
drial respiratory chain to increase the cellular AMP/ATP

ratio (12,13). In general, the chronic neuroinflammation in the
nervous system contributes to the development of NP (31,32).
AMPK is a negative regulator of the mitogen-activated protein
kinases and the mammalian target of rapamycin (mTOR)
pathways, which are associated with the occurrence of chronic
neuroinflammation (33-36). Further, AMPK can interfere with
the synthesis of proteins by these pathways, and this has been
linked to the development of chronic pain and the reduced
expression of inflammatory factors. Thus, AMPK might be
an ideal target for reducing or preventing hyperalgesia (9).
In spinal nerve ligation (SNL) and spared nerve injury (SNI)
models, metformin inhibited hyperalgesia and activated
AMPK in vitro (5). Metformin also reduced diabetic NP and
chemotherapy-induced NP in animal models (37,38). In present
study, we evidenced that metformin attenuates pain in CCI rats
and suppresses the expression of p-AMPK, which may explain
how metformin eases NP. The incidence of diabetic peripheral
neuropathy (DPN) reportedly decreased by long-term oral
administration of metformin, whereas the insulin treatment
did not show this effect. In our study, there was insignificant
difference of the blood glucose levels in rats with NP with or
without the application of metformin, indicating that the anal-
gesic effect of metformin is not associated with blood sugar
levels, which is supported by the prior report (39).

STAT3 is an important component of the Janus kinase 2
(JAK?2)-STATS3 signaling pathway. The JAK2-STAT3 signal
pathway is widely involved in cell proliferation, differen-
tiation, immune regulation and information transfer, which is
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involved in the formation of central sensitization in the spinal
cord following peripheral nerve injury (40). Subsequent to
the peripheral nerve damage, the inflammatory factor IL-6 is
released and combines with the soluble IL-6 receptor (SIL-6R)
in the SDH, thus activating gpl30 on the cell surface and the
JAK2-STATS3 signal transduction pathway, which is followed
by the activation and proliferation of glial cells as well as the
production and release of inflammatory cytokines (40,41).
These events result in a series of immune inflammatory reac-
tions thatenhance neuronal excitability and lead to NP.Recently,
metformin is evidenced to repress the progression of cancers by
the inhibition of the STAT3 signaling pathway (14,15). There
was a paucity of data regarding the effect of metformin on the
STAT3 signaling pathway, with the underlying mechanisms
remains elusive. AMPK is considered as a mediator between
metformin and the STAT3 pathway (42,43). Moreover, the
activation of the STAT3 pathway depends on the activation of
mTOR (44). Additionally, the activation of AMPK inhibited
inflammation and suppressed the mTOR signaling pathway in
a pain model (5,11). In our experiments, mTOR may be the
link between AMPK and the STAT3 pathway, and this may
be the mechanism by which metformin inhibits STAT3 activa-
tion. We have therefore provided the first evidence showing
that metformin decreases the activation of STAT3 in the SDH,
which plays an important role in reducing NP.

The central nervous system consists of two types of
cells-glia and neurons, the latter of which has been a heightened
interest in the field of NP. Recently, emerging evidence focuses
on the ion channels and neurotransmitter receptors on the
membranes of glial cells. Glial cells can produce and release
cytokines, which promote the development of NP (20,21).
Glia in the spinal cord are mainly composed of astrocytes,
microglia and oligodendrocytes, with astrocytes being the
most ones. Spinal astrocytes and microglia have small cell
bodies with branched processes and are quiescent cells that
monitor the local environment in the central nervous system
under the normal conditions. In the event of an injury, spinal
astrocytes and microglial are activated (45,46), and synthesize
and release the pro-inflammatory cytokines, which promote
the neuroinflammation and NP. In our experiment, the glial
cells and astrocytes were activated after CCI, which were
effectively suppressed by metformin. The findings imply the
involvement of glial cells and astrocytes in the pathogenesis
of NP and the regulation of metformin for NP. In addition,
STAT?3 pathway was implicated in modulation of spinal glial
cell proliferation and NP maintenance in rats (17,23,40). In
addition, AMPK is also involved in the functional regulation
of astrocytes and microglia (11,22,47). Hence, metformin
activated AMPK and inhibited the activation of the STAT3
signaling pathway, both of which might further affect the
functionality of astrocytes and microglia.

Previous studies have shown that the activation of
microglia plays a role in the early stage of NP, while astrocyte
activation takes effect in the maintenance phase of NP (48).
We determined the distribution of astrocytes and microglia in
the lumbar SDH on day 10 after sciatic nerve ligation, the time
point of which is considered as a stable stage for CCI-induced
NP. The L4-L6 spinal cord is the reference point for sciatic
nerve lesion. Iba-1 and GFAP immunofluorescence staining
results suggested that microglia and astrocytes were activated
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in the L4-L6 SDH. It indicated that the activation of microglia
did not decrease and astrocytes have already been activated
on day 10 after surgery. Our results confirm the previous
claim that the activation of microglia and astrocytes may be
an important step during the initiation and maintenance of
NP after a peripheral nerve injury (20,21,45). Our data show
that metformin effectively inhibited the activation of spinal
microglia and astrocytes, which might be an important mecha-
nism by which metformin relieves NP.

In conclusion, intraperitoneal injections of metformin
activated AMPK and inhibited the activation of the STAT3
signaling pathway in the SDH of CCI rats. Metformin could
inhibit the activation of astrocytes and microglia, which might
further inhibit the release of inflammatory cytokines, such as
interleukin (IL-6, IL-18) and tumor necrosis factor o (TNF-a),
to alleviate NP. However, the limitation of our present study
is that the colocalization of AMPK or STAT3 with glial cells
was not presented. We will further study their relationship in
the following studies.

The data in these experiments show that metformin is an
effective and safe drug for NP. Given its affordability and easy
accessibility, it is worthwhile to explore its clinical application
in NP. Following further explorations of the characteristics
of this drug and the mechanisms underlying NP, we believe
that it is reasonable that this drug can be served as a potential
therapeutic agent for chronic pain.
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