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Abstract
Neuropathic pain remains a prevalent and persistent clinical problem because it is often

poorly responsive to the currently used analgesics. It is very urgent to develop novel drugs to

alleviate neuropathic pain. Galectin-3 (gal3) is a multifunctional protein belonging to the car-

bohydrate-ligand lectin family, which is expressed by different cells. Emerging studies

showed that gal3 elicits a pro-inflammatory response by recruiting and activating lympho-

cytes, macrophages and microglia. In the study we investigated whether gal3 inhibition could

suppress neuroinflammation and alleviate neuropathic pain following peripheral nerve injury.

We found that L5 spinal nerve ligation (SNL) increases the expression of gal3 in dorsal root

ganglions at the mRNA and protein level. Intrathecal administration of modified citrus pectin

(MCP), a gal3 inhibitor, reduces gal3 expression in dorsal root ganglions. MCP treatment also

inhibits SNL-induced gal3 expression in primary rat microglia. SNL results in an increased

activation of autophagy that contributes to microglial activation and subsequent inflammatory

response. Intrathecal administration of MCP significantly suppresses SNL-induced autop-

hagy activation. MCP also inhibits lipopolysaccharide (LPS)-induced autophagy in cultured

microglia in vitro. MCP further decreases LPS-induced expression of proinflammatory media-

tors including IL-1β, TNF-α and IL-6 by regulating autophagy. Intrathecal administration of

MCP results in adecreased mechanical and cold hypersensitivity following SNL. These

results demonstrated that gal3 inhibition is associated with the suppression of SNL-induced

inflammatory process andneurophathic pain attenuation.

Introduction
Peripheral nerve injury (PNI) often results in chronic neuropathic pain and affects approxi-
mately 3–8% of people worldwide [1]. Neuropathic pain, associated with local neuroinflamma-
tion in the spinal cord, is a severe incapacitating condition that adversely affects the quality of
life of sufferers [2–3].The advances in suitable therapy for the purpose of decreasing
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neuropathicpain have been limited because the pathophysiological mechanism causing this
remains unclear.

Microglial cells are the resident immune cells of thecentral nervous system [4]. Following
PNI microglial cells accumulate within the spinal cord and adopt a proinflammatory pheno-
type which contributes to neuropathic pain [5–6]. Dysregulation of cytokines implicated in a
variety of painful neurological diseases in animals and in some clinical neuropathic pain condi-
tions [3, 7]. In mouse model of nerve injury, tumor necrosis factor (TNF) and IL-1β expression
level are significantly upregulated as early as 1 hour after chronic constriction injury in injured
sciatic nerves and dorsal root ganglion [8]. Pro-inflammatory mediators IL-1β, TNF-α and
iNOS are overexpressed in rats subjected to L5 spinal nerve ligation (SNL) [9]. In patients with
complex regional pain syndrome, the mRNA levels of pro-inflammatory cytokines TNF and
IL-2 are increased, whereas anti-inflammatory cytokines IL-4 and IL-10 levels are reduced
[10].

Galectin-3 (gal3), a member of the β-galactoside-binding lectin family [11], is a multifunc-
tional protein with various biological functions, including the cancer cell proliferation and
invasion, and angiogenesis [12–14]. Recent studies showed that gal3 is involved in the inflam-
matory response, and its expression is upregulated in microglia after ischemic injury [15–17].
After exposure to gal3, glial cells produce high levels of proinflammatory mediators and exhi-
bite activated properties [18].Gal3 knockout significantly reduces microglial activation and
induces 4-fold decrease in microglia proliferation [16]. Emerging studies showed that modified
citrus pectin (MCP), a derivative of pectin, can bind to the gal3 carbohydrate recognition
domain thereby predominantly antagonising functions linked to this role [19]. For example,
MCP could reduce gal3 expression and disease severity in experimental acute kidney injury
[19].Pharmacological inhibition of gal3 by MCP markedly prevents aldosterone-induced car-
diac and renal fibrosis [20].

Burguillos et al demonstrated that gal3 acts as an endogenous toll-like receptor (TLR)-
4ligand, and can initiate a TLR4-dependent inflammatory response in microglia in a murine
neuroinflammatory model and in human stroke subjects [15]. Gal3-dependent-TLR4 activa-
tion contributes to sustained microglia activation, prolonging the inflammatory response in
the brain. TLR4 is a sensor for autophagy associated with inflammatory response [21].
TLR4-induced autophagy contributes to microglial activation and inflammatory injury and
might provide novel therapeutic interventions for intracerebral haemorrhage (ICH) [22].
Autophagy is an evolutionarily conserved, lysosome-mediated intracellular catabolic process
by which cells remove their damaged organelles and long-lived proteins for the maintenance of
cellular homeostasis [23–24]. Autophagy plays an important role in both innate and adaptive
immune responses. Autophagy activation in microglia is closely linked with neuroinflamma-
tion. Guoet al reported that cocaine elicits an increased expression and release of inflammatory
factors (TNF, IL1B, IL6, and CCL2) in microglia by increasing the activation of autophagy
[25]. Targeting autophagic proteins could be considered as a therapeutic strategy for the treat-
ment of cocaine-related neuroinflammation diseases.

Based on above findings, we speculated whether gal3 inhibition by MCP protects against
neuroinflammation and pain hypersensitivity by reducing the activation of autophagy. Our
results revealed the therapeutic effects of MCP on SNL-induced neuropathic pain in rats.

Materials and Methods

2.1 Animals and L5 spinal nerve ligation (SNL)
All experiments were performed according to the guidelines of the International Association
for the Study of Pain and were approved by the Animal Care and Use Committee of Fudan
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University. Male Sprague-Dawley rats of body weight ranging from (180–220 g) were obtained
from the Chinese Academy of Sciences (Shanghai, China). These animals were housed in a
controlled environment with free access to food and water. Every effort was made to minimize
pain and suffering, and the number of rats used was the least required to obtain significant sta-
tistical power.

The L5 SNL model was produced as previously described [26–27]. Briefly, rats were anes-
thetized with isoflurane (2.5%, Baxter, Deerfield, IL), and an approximately 2-cm long skin
incision was made along the rat’s back. After removal of L6 transverse spinal process, the L5
spinal nerve was identified and ligated tightly with a 3–0 silk thread without damage to the dor-
sal root ganglion or other nerves. In sham-operated rats, the left L5 spinal nerve was isolated,
without ligation. In each group, the ipsilateral L4 spinal nerve remained untouched, and the
right side was not subjected to any surgery.

2.2 Modified citrus pectin (MCP)
pH and temperature modification of pectin was carried out as previously described[28]. Briefly,
pectin from citrus peel (Sigma Aldrich, CA, USA) was dissolved in distilled water at a concen-
tration of 1.5% at 60°C and the pH was adjusted to approx. 10.0 with NaOH. The solution was
then cooled to room temperature while adjusting the pH to 3.0. Insoluble material was pelleted,
and the supernatant was stored overnight at room temperature. The pH was next adjusted to
6.3, and the MCP was precipitated with 9 volumes of absolute ethanol and frozen at −20°C.
The precipitate was filtered, washed with acetone onWhatman filters and then dried in vacuo.
The doses of MCP (1 μg/μl) were chosen on the basis of previous studies [28] and pilot experi-
ments performed in our laboratory.

2.3Intrathecal injections
Intrathecal administration of MCP was performed by lumbar puncture described by Calvoet al
[5]. Under anaesthesia a 26G-gauge needle was inserted between the L5 and L6 vertebrae.
About 20μL of working solution containing MCP (100 mg/kg/day, n = 10), which was referred
to as Calvier’s study [29] and according to our preliminary results, was given once a day for 2
weeks. Saline was used for control injections (SNL group, n = 10). The quality of each injection
was ensured by the observation of an injection-induced tail-flick.

2.4 Primary microglia cultures
Primary mixed microglial cultures were prepared as described previously [9, 30]. Briefly, four
rats were sacrificed and lumbar enlargements of spinal cord were rapidly removed. Spinal
cords were then ground in 4 ml ice-cold Hanks’ balanced salt solution. Suspensions were
passed through a 70-μm cell strainer and cells were centrifuged at 400g for 10 min. A density
gradient consisting of 4 ml cells in 75% Percoll, 3 ml 50% Percoll, 3 ml 35% Percoll, and 2 ml
PBS was centrifuged (1000g for 20 min, at 10°C). Cells at the 50/75% interface were collected,
washed in ice-cold PBS, and maintained in DMEM with10% FBS (Gibco, Carlsbad, CA).

2.5 ELISA assay
IL-1β, TNF-α and IL-6 released into the culture medium were assessed using ELISA kits fol-
lowing stimulation with LPS (0.5ng/μl) for 24 haccording to the manufacture’s instruction.
ELISA kits were purchased from R&D system (MN, USA). Plates were read using a microplate
reader (Model 550, Bio-Rad, USA) at a 450 nm wavelength.
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2.6 Quantitative real-time PCR (qPCR)
Total RNA was extracted from the fifth lumbar dorsal horns ipsilateral to SNL or cultured
microglia using Trizol reagent (Invitrogen, Carlsbad, CA).The reverse transcription (RT) for
mRNA was carried out using the OligodT primer. qPCR was performed on Applied Biosystems
7300 real-time PCR system (Applied Biosystems, Foster City, CA) using a standard protocol
from the SYBR Green PCR kit (Toyobo, Osaka, Japan). The qPCR primers for gal3 are as fol-
lows: gal3 forward (TGTGCCTTATAACCTGCCTTTGC) and gal3 reverse (AACCGACTGT
CTTTCTTCCCTTC). β-actin was used as references for mRNAs. Each sample was analyzed in
triplicate. The 2-ΔΔCt method was used to quantify the relative levels of gene expression.

2.7 Behavior Testing
Mechanical sensitivity was tested using calibrated von Frey filaments (Stoelting, Wood Dale,
IL) applied to the plantar surface of the hind paw ipsilateral to surgery. A servo-controlled
mechanical stimulus was applied to the plantar surface at 10-min intervals. The withdrawal
threshold of each paw was tested three times for each time point and mean values were used in
the analysis. A maximum cutoff of 50g was used. To test the cold allodynia, a drop (50 μl) of
acetone was applied to the centre of the plantar face of a hindpaw. Acetone was applied alter-
nately twice to each hindpaw, with 5-min between each successive application. Responses were
monitored during 2 min after acetone application.

2.8 Western blot analysis
The fifth lumbar dorsal horns ipsilateral to SNL or sham surgery were collected after behavioral
tests and homogenized with ice-cold lysis buffer (50 mMTris-HCl, 1 mM EDTA, 0.1% SDS,
150 mMNaCl, 1% Igepal CA-630, 50 mMNaF, and 1 mMNaVO3) containing a mixture of
protein inhibitors (Sigma) including PMSF (2 mM), leupeptin (10 μg/ml) as well as aprotinin
(10 μg/ml).Western blot analysis to assess gal3 protein expression was performed as previously
described [31]. The anti-gal3 primary antibodies were purchased from Abcam (ab31707). Goat
anti-rabbit secondary antibody was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). β-actin primary antibodies were purchased from Sigma (MO, USA).

2.9 Fluorescence microscopy analysis
Microglial cells isolated from ratswere seeded on poly-L-lysine-coated coverslips sitting on the
bottom of 12-well plates. After 24 h, cells were rinsed once in phosphate-buffered saline (PBS)
and fixed with 4% paraformaldehyde, followed by blocking in a solution containing 5% BSA
(Sigma) containing 0.1% Triton X-100(Sigma) for 1 h at room temperature. Cells were then
incubated overnight at 4°C with the indicated primary antibody (gal3: 1μg/ml, ab31707,
Abcam; Iba1: 1:1000, ab107159, Abcam). The coverslips were washed with 0.1 M PBS and
incubated with FITC-conjugated goat anti-rabbit IgG (1:100, Chemicon, USA), or Cy3-conju-
gated rabbit anti-goatIgG (1:100, Chemicon, USA) for 1 h at room temperature. Fluorescenti-
mages were obtained with the FluoView™ FV1000 confocal microscope (Olympus, Tokyo,
Japan).

Autophagy assay was carried out according to the manufacturers' instructions (ENZ-
51031-K200,Enzo life science). Briefly, microglial cells were seeded into 12 well plates (1–
2 × 104 cells/well). Following compound treatment, cells were washed once in PBS and resus-
pended in 1×Cyto-ID Green autophagy detection reagent and incubated at room temperature
for 30 min. Analysis of the stained cells was performed by wide-field fluorescence(Olympus,
Tokyo, Japan).Use a standard FITC filter set for imaging the autophagic signal.
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2.10 Statistics
Data are presented as mean ± standard deviation (SD) from at least three separate experiments.
The unpaired Student t test was used to assess statistical differences between 2 experimental
conditions. Differences among more than 2 experimental conditions were tested by the one-
way ANOVA, followed by the Scheffé test to analyze differences between groups. Behavioural
data was analyzed using RM two-way ANOVA. Differences were deemed statistically signifi-
cant at p< 0.05.

Results

3.1 MCP suppresses SNL-induced upregulation of gal3
Gal3 is involved with microglial activation and subsequent inflammatory response in brain
ischemia and in neurodegenerative disorders. However, the role of gal3 in the regulation of
neuropathic pain following SNL remains unclear. Here we first assayed whether L5 SNL
changes the expression pattern of gal3. As shown in Fig 1A,gal3 mRNA level is promptly

Fig 1. Gal3 expression in DRGs is increased after SNL. (A) The mRNA level of gal3 is increased in DRGs
of rats subjected to L5 SNL. Total RNA was extracted from the fifth lumbar dorsal horn sections and was
subjected to real-time PCR to analyze the relative expression level of gal3 in each sample. Each sample was
analyzed in triplicate. The 2-ΔΔCt method was used to quantify the relative levels of gal3. β-actin was used as
reference for mRNA. n = 10. *p< 0.05 vs sham, # p< 0.05 vs SNL group. (B and C) Western blot analysis of
gal3 protein expression in the fifth lumbar dorsal horn sections in each sample.*p< 0.05 vs sham, # p< 0.05
vs SNL group.

doi:10.1371/journal.pone.0148792.g001
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upregulated in DRGs after L5 SNL and maintained at higher values throughout a period of 14
d compared to that for the sham-operated group. Similarly, gal3 protein expression in DRGs is
also increased after SNL compared with control (Fig 1B). Intrathecal administration of MCP, a
gal3 inhibitor, markedly inhibits gal3 expression in DRGs at the mRNA and protein level (Fig
1A and 1B). We further analyzed the expression level of gal3 in primary microglial cells
because microglial cells are key cellular mediators of neuroinflammatory processes and neuro-
pathic pain. Fig 2A showed that the mRNA level of gal3, which is low in sham-operated rats, is
increased in ipsilateral spinal microglia after L5 SNL, starting from postoperative 2 d, and per-
sisting a period of 14 d. Western blot analysis showed that the protein level of gal3 is also upre-
gulated following L5 SNL (Fig 2B and 2C). We next performed double-immunolabeling with
cell type specific markers and found that almost all gal3+ cells are positive for the microglial
markers Iba1, and spinal microglia with the high levels of gal3also indicates an activated mor-
phology (Fig 2D). Intrathecal administration of MCP significantly suppresses gal3 expression
in spinal microglia at the mRNA and protein level (Fig 2A–2D). These data suggest that MCP
treatment could reduce L5 SNL-induced upregulation of gal3 in rats.

3.2 MCP inhibits SNL-induced activation of autophagy in spinal microglia
Burguillos et al demonstrated that microglia-secreted gal3 acts as a toll-like receptor (TLR)-4
ligand and promotes microglial activation in the brain [15]. In addition, emerging studies
revealed that TLR4 is a sensor for autophagy, and TLR4-mediated activation of autophagy con-
tributes to microglial activation and pro-inflammatory injury in intracerebral haemorrhage
[22]. Therefore we speculated whether L5 SNL induces the activation of autophagy and MCP
treatment inhibits SNL-induced autophagy. Primary microglia cells were isolated from sham-,
SNL-, and MCP-treated rats, and respective activation of autophagy was analyzed. Fig 3A–3D
showed that following SNL, there is an increase of LC3 green puncta representing autophagic
vacuoles and an accumulation of LC3-II in spinal microgial cells, indicating that autophagy is
activated. The autophagy flux was further determined by assaying the decrease of p62/
SQSTM1 protein level, a well-established autophagy substrate (Fig 3E and 3F). Intrathecal

Fig 2. Gal3expression in microglia is increased after SNL. (A) Primary spinal microglial cells were
isolated from sham-, SNL-, and MCP-treated rats at the indicated time, and relative gal3 mRNA levels were
analyzed by real-time PCR according to the methods described above. n = 10. *p< 0.05 vs sham, # p< 0.05
vs SNL group. (B and C) Primary spinal microglial cells were isolated from sham-, SNL-, and MCP-treated
rats at the indicated time, and relative gal3protein levels were analyzed usingwestern blot. n = 10. *p< 0.05
vs sham, # p< 0.05 vs SNL group. (D) Double immunofluorescence labelling for gal3 (green) and cell-type
markers (Iba-1, microglia marker, red) in fifth lumbar dorsal horn sections 10 d after peripheral nerve injury.
Scale bar = 50 μm.

doi:10.1371/journal.pone.0148792.g002
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administration of MCP markedly inhibits SNL-induced autophagy (Fig 3A–3D). Fig 3E and 3F
showed that MCP significantly suppresses SNL-induced decrease of p62 protein level. The
expression level of gal3 and autophagy activation was further assayed by double-label immuno-
fluorescence analysis. As shown in Fig 3G–3I, upregulated expression of gal3 by SNL is accom-
panied by increased punctuate of LC3, whereas MCP treatment decreases the punctate staining
of gal3 and inhibits autophagy activation.

We then investigated the effect of MCP on the autophagy in vitro. Primary microglial cells
were obtained from sham-operated rats and treated with MCP, and the activation of autophagy
was analyzed. Lipopolysaccharide (LPS) is a known TLR4 ligand and could effectively activate
autophagy in human and rat cells [32–33]. Here we treated microglial cells with LPS and MCP,
and investigated the effect of MCP on autophagy in cultured microglia. After treatment with
LPS, there is an increase of LC3 green puncta representing autophagic vacuoles and an accu-
mulation of LC3-II in microglia, indicating that LPS activates autophagy (Fig 4A–4D). How-
ever, MCP treatment markedly inhibits LPS-induced autophagy activation (Fig 4A–4D). The
autophagy flux was also demonstrated by assaying the protein level of p62/SQSTM1. Fig 4E
and 4F showed that MCP significantly inhibits LPS-induced decrease of p62 protein level.
Expectedly, rapamycin (Rapa) blocks the MCP inhibition of LPS-stimulated autophagy in
microglia (Fig 4).

Fig 3. MCP inhibits SNL-induced activation of autophagy in spinal microglia. (A and B) Primary spinal
microglial cells were isolatedfrom sham-, SNL-, and MCP-treated rats at day 10, and the autophagosome
formation was visualized by assaying LC3 green puncta. Punctate staining is indicative for the redistribution
of LC3 to autophagosomes. The average number of LC3 green puncta per cell with standard deviation for
each group is presented. *p< 0.05 vs sham, # p< 0.05 vs SNL group. (C and D) Primary spinal microglial cells
were isolated from sham-, SNL-, and MCP-treated rats at the indicated time, and LC3B protein levels were
assayed using western blot analysis. p< 0.05 vs sham, # p< 0.05 vs SNL group. (E and F) Primary spinal
microglial cells were isolated from sham-, SNL-, and MCP-treated rats at day 10, and the protein levels of p62
were assayed using western blot analysis. p< 0.05 vs sham, # p< 0.05 vs SNL group. (G-I) Microglial cells
were isolated from sham-, SNL-, and MCP-treated rats at day 10, and the expression level of gal3 and
autophagy activation was assayed using double-label immunofluorescence analysis. Scale bar = 50 μm.

doi:10.1371/journal.pone.0148792.g003
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3.3 MCP inhibits neuroinflammation, and mechanicaland cold
hypersensitivity after SNL
To investigate the effect of gal3 inhibtion on regulating neuroinflammation and neuropathic
pain following SNL, microglial cells were treated with MCP and proinflammatory cytokines
levels were assessed after treatment with LPS. MCP significantly decreases LPS-induced expres-
sion of IL-1β, TNF-α and IL-6in spinal microglia (Fig 5A–5C). Rapa (a known inducer of
autophagy) treatment reduces the effect of MCP on suppressing the release of pro-inflamma-
tory cytokines (Fig 5A–5C).

To examine the role of gal3 inhibition in regulating mechanical sensitivity, we measured
paw mechanical withdrawal threshold and cold allodynia after intrathecal administration of
MCP. MCP treatment displays a marked increase in the paw mechanical withdrawal threshold
in rats (Fig 6A). Cold hypersensitivity is also significantly different compared with control in
rats (Fig 6B). Expectedly, Rapa treatment reduces the effect of MCP on suppressing pain hyper-
sensitivity (Fig 6A and 6B). These results suggest that gal3 inhibition could effectively inhibit
SNL-induced neuroinflammation and neuropathic pain, at least in part by regulating autop-
hagy in rats.

Discussion
Neuroinflammation is an early event associated with onset and progression of central sensitiza-
tion and pain sensitivity. Glial cells, especially microglia, are a major central nervous system
population that can modulate neuroinflammation[34]. Following PNI microglial cells accumu-
late within the spinal cord, and activated microglia adopt a pro-inflammatory phenotype [5].
Emerging evidence suggests that gal3 is involved in fine-tuning of the inflammatory responses
at the periphery. For example, gal3 plays an important role in resident microglia activation and
proliferation in response to ischemic injury [16].Gal3-induced activation of TLR4 signaling
contributes to sustained microglia activation, prolonging the inflammatory response [15].
Knockout of the gal3 gene represses microglia activation and induces marked decrease in

Fig 4. MCP inhibits LPS-induced activation of autophagy in microglia. (A and B) Mixed microglial
cultures isolated from sham rats were treated with LPS (0.5ng/μl) and MCP (1 μg/μl), and the
autophagosome formation was visualized by assaying LC3 green puncta. The average number of LC3 green
puncta per cell with standard deviation for each group is presented. *p< 0.05 vs control, # p< 0.05 vs LPS
group. Mixed microglial cultures isolated from sham rats were treated with LPS (0.5ng/μl) MCP (1 μg/μl) or
Rapa (500 nM), and LC3B protein levels (C and D) or p62 protein levels (E and F) were assayed using
western blot analysis. *p< 0.05 vs control, # p< 0.05 vs LPS group.

doi:10.1371/journal.pone.0148792.g004
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microglia proliferation, which results in a significant increase in the size of ischemic lesion
[16]. In our study we demonstrated that SNL induces an increased expression of gal3 in micro-
glia, and gal3 inhibition by MCP decreases LPS-induced releases of IL-1β, TNF-α and IL-6. We
further assayed the role of gal3 in regulating tactile allodynia. Gal3 inhibition by MCP results
in a decreased mechanical and cold hypersensitivity in rats following SNL.

Autophagy, an intracellular degradation and energy recycling mechanism, is emerging as an
important regulator of immune responses, and defects in autophagy have been linked to several
inflammation-related diseases [23–24]. The connections between autophagy and inflammation
are complex. On one hand, several studies demonstrated that autophagy negatively regulates
inflammation to prevent the harmful amplification of inflammatory factors [35]. For example,

Fig 5. MCP inhibits LPS-induced releases of proinflammatory cytokines by regulating autophagy in
microglia.Mixed microglial cultures isolated from sham rats were treated with LPS (0.5ng/μl), MCP (1 μg/μl)
and Rapa (500 nM). ELISA analysis of TNF-α (A), IL-1β (B) and IL-6 (C) of protein levels were carried out
using Elisa kit. Data are expressed as mean ± SD. *p< 0.05 vs control, # p< 0.05 vs MCP group.

doi:10.1371/journal.pone.0148792.g005
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inhibition of autophagy results in the activation of inflammasomes which control the proteo-
lytic processing and secretion of IL -1β and IL-18 under inflammatory stress [36–37]. Also,
inhibition of autophagy related16-like 1 (ATG16L1) increases the production of IL-1β and IL-
18 in the mouse model of Crohn’s disease [38]. On another hand, many reports showed that
autophagy contributes to microglial activation and inflammatory injury. Erythrocyte lysis
induces TLR4-mediated microglial autophagy [22]. The autophagy inhibition suppresses
microglial activation and inflammatory injury, and improves the neurological function after
intracerebral haemorrhage [22].Also, cocaine treatment increases the expression of autophagy-
related genes in brains, and upregulated autophagy contributes to cocaine-mediated activation
of microglia. Inhibition of autophagy leads to a decreased expression and release of inflamma-
tory factors (IL-1B, IL-6, and CCL2) in microglial cells[25]. In our study, we found that L5 SNL
induces the activation of autophagy. Intrathecal administration of MCP reduces SNL-induced
autophagy.MCP treatmen talso suppresses LPS-induced autophagy activation and decreases
LPS-induced expression of IL-1β, TNF-α and IL-6 in spinal microglia. Rapa partially abrogates
the effect of MCP on suppressing the release of pro-inflammatory cytokines. Finally, we
assayed the effect of gal3 inhibitor in regulating tactile allodynia. MCP treatment results in a
decreased mechanical and cold hypersensitivity in rats following SNL, at least in part by regu-
lating autophagy. Conclusion:Our data demonstrated that MCP could effectively inhibit gal3

Fig 6. MCP results in a decreasedmechanicaland cold hypersensitivity.Mechanical (B) and cold (C)
pain-related hypersensitivity developed after treatment with MCP (100 mg/kg/day) and Rapa (1 mg/kg/day) at
the indicated time after surgery. n = 8. Data are expressed as mean ± SD. *p< 0.05 vs control, # p< 0.05 vs
MCP group.

doi:10.1371/journal.pone.0148792.g006
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expression and SNL-induced neuroinflammation and neuropathic pain in rats, and suggest its
candidacy as a new target for clinical management of peripheral nerve injury-induced neuro-
pathic pain.

Author Contributions
Conceived and designed the experiments: YJZ. Performed the experiments: ZCM QH XLW
ZSA. Analyzed the data: YJZ ZCM QH. Contributed reagents/materials/analysis tools: ZSA.
Wrote the paper: YJZ.

References
1. Hughes RA. Peripheral neuropathy. BMJ. 2002; 324(7335):466–9. Epub 2002/02/23. PMID:

11859051; PubMed Central PMCID: PMC1122393.

2. Dominguez E, Mauborgne A, Mallet J, Desclaux M, Pohl M. SOCS3-mediated blockade of JAK/STAT3
signaling pathway reveals its major contribution to spinal cord neuroinflammation and mechanical allo-
dynia after peripheral nerve injury. J Neurosci. 2010; 30(16):5754–66. Epub 2010/04/23. doi: 30/16/
5754 [pii] doi: 10.1523/JNEUROSCI.5007-09.2010 PMID: 20410127.

3. Kim CF, Moalem-Taylor G. Interleukin-17 contributes to neuroinflammation and neuropathic pain fol-
lowing peripheral nerve injury in mice. J Pain. 2011; 12(3):370–83. Epub 2010/10/05. doi: S1526-5900
(10)00694-2 [pii] doi: 10.1016/j.jpain.2010.08.003 PMID: 20889388.

4. Carson MJ. Microglia as liaisons between the immune and central nervous systems: functional implica-
tions for multiple sclerosis. Glia. 2002; 40(2):218–31. Epub 2002/10/16. doi: 10.1002/glia.10145 PMID:
12379909; PubMed Central PMCID: PMC2693029.

5. Calvo M, Zhu N, Grist J, Ma Z, Loeb JA, Bennett DL. Following nerve injury neuregulin-1 drives micro-
glial proliferation and neuropathic pain via the MEK/ERK pathway. Glia. 2011; 59(4):554–68. Epub
2011/02/15. doi: 10.1002/glia.21124 PMID: 21319222; PubMed Central PMCID: PMC3222694.

6. Milligan ED, Watkins LR. Pathological and protective roles of glia in chronic pain. Nat Rev Neurosci.
2009; 10(1):23–36. Epub 2008/12/20. doi: nrn2533 [pii] doi: 10.1038/nrn2533 PMID: 19096368;
PubMed Central PMCID: PMC2752436.

7. MoalemG, Tracey DJ. Immune and inflammatory mechanisms in neuropathic pain. Brain Res Rev.
2006; 51(2):240–64. Epub 2006/01/04. doi: S0165-0173(05)00170-0 [pii] doi: 10.1016/j.brainresrev.
2005.11.004 PMID: 16388853.

8. Uceyler N, Tscharke A, Sommer C. Early cytokine expression in mouse sciatic nerve after chronic con-
striction nerve injury depends on calpain. Brain Behav Immun. 2007; 21(5):553–60. Epub 2007/01/06.
doi: S0889-1591(06)00338-2 [pii] doi: 10.1016/j.bbi.2006.10.003 PMID: 17204395.

9. Shi G, Shi J, Liu K, Liu N, Wang Y, Fu Z, et al. IncreasedmiR-195 aggravates neuropathic pain by inhib-
iting autophagy following peripheral nerve injury. Glia. 2013; 61(4):504–12. Epub 2013/01/31. doi: 10.
1002/glia.22451 PMID: 23361941.

10. Uceyler N, Eberle T, Rolke R, Birklein F, Sommer C. Differential expression patterns of cytokines in
complex regional pain syndrome. Pain. 2007; 132(1–2):195–205. Epub 2007/09/25. doi: S0304-3959
(07)00435-6 [pii] doi: 10.1016/j.pain.2007.07.031 PMID: 17890011.

11. Seetharaman J, Kanigsberg A, Slaaby R, Leffler H, Barondes SH, Rini JM. X-ray crystal structure of the
human galectin-3 carbohydrate recognition domain at 2.1-A resolution. J Biol Chem. 1998; 273
(21):13047–52. Epub 1998/05/28. PMID: 9582341.

12. Leal MF, Calcagno DQ, Chung J, de Freitas VM, Demachki S, Assumpcao PP, et al. Deregulated
expression of annexin-A2 and galectin-3 is associated with metastasis in gastric cancer patients. Clin
Exp Med. 2014. Epub 2014/07/19. doi: 10.1007/s10238-014-0299-0 PMID: 25034653.

13. Boza-Serrano A, Reyes JF, Rey NL, Leffler H, Bousset L, Nilsson U, et al. The role of Galectin-3 in
alpha-synuclein-induced microglial activation. Acta Neuropathol Commun. 2014; 2(1):156. Epub 2014/
11/13. doi: s40478-014-0156-0 [pii] doi: 10.1186/s40478-014-0156-0 PMID: 25387690; PubMed Cen-
tral PMCID: PMC4236422.

14. Jia W, Kidoya H, Yamakawa D, Naito H, Takakura N. Galectin-3 accelerates M2macrophage infiltration
and angiogenesis in tumors. Am J Pathol. 2013; 182(5):1821–31. Epub 2013/03/19. doi: S0002-9440
(13)00101-6 [pii] doi: 10.1016/j.ajpath.2013.01.017 PMID: 23499465.

15. Burguillos MA, Svensson M, Schulte T, Boza-Serrano A, Garcia-Quintanilla A, Kavanagh E, et al.
Microglia-Secreted Galectin-3 Acts as a Toll-like Receptor 4 Ligand and Contributes to Microglial Acti-
vation. Cell Rep. 2015. Epub 2015/03/11. doi: S2211-1247(15)00140-0 [pii] doi: 10.1016/j.celrep.2015.
02.012 PMID: 25753426.

Gal3 Regulates Neuropathic Pain

PLOS ONE | DOI:10.1371/journal.pone.0148792 February 12, 2016 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/11859051
http://dx.doi.org/10.1523/JNEUROSCI.5007-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20410127
http://dx.doi.org/10.1016/j.jpain.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20889388
http://dx.doi.org/10.1002/glia.10145
http://www.ncbi.nlm.nih.gov/pubmed/12379909
http://dx.doi.org/10.1002/glia.21124
http://www.ncbi.nlm.nih.gov/pubmed/21319222
http://dx.doi.org/10.1038/nrn2533
http://www.ncbi.nlm.nih.gov/pubmed/19096368
http://dx.doi.org/10.1016/j.brainresrev.2005.11.004
http://dx.doi.org/10.1016/j.brainresrev.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16388853
http://dx.doi.org/10.1016/j.bbi.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17204395
http://dx.doi.org/10.1002/glia.22451
http://dx.doi.org/10.1002/glia.22451
http://www.ncbi.nlm.nih.gov/pubmed/23361941
http://dx.doi.org/10.1016/j.pain.2007.07.031
http://www.ncbi.nlm.nih.gov/pubmed/17890011
http://www.ncbi.nlm.nih.gov/pubmed/9582341
http://dx.doi.org/10.1007/s10238-014-0299-0
http://www.ncbi.nlm.nih.gov/pubmed/25034653
http://dx.doi.org/10.1186/s40478-014-0156-0
http://www.ncbi.nlm.nih.gov/pubmed/25387690
http://dx.doi.org/10.1016/j.ajpath.2013.01.017
http://www.ncbi.nlm.nih.gov/pubmed/23499465
http://dx.doi.org/10.1016/j.celrep.2015.02.012
http://dx.doi.org/10.1016/j.celrep.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25753426


16. Lalancette-Hebert M, Swarup V, Beaulieu JM, Bohacek I, Abdelhamid E, Weng YC, et al. Galectin-3 is
required for resident microglia activation and proliferation in response to ischemic injury. J Neurosci.
2012; 32(30):10383–95. Epub 2012/07/28. doi: 32/30/10383 [pii] doi: 10.1523/JNEUROSCI.1498-12.
2012 PMID: 22836271.

17. Satoh K, Niwa M, GodaW, Binh NH, NakashimaM, Takamatsu M, et al. Galectin-3 expression in
delayed neuronal death of hippocampal CA1 following transient forebrain ischemia, and its inhibition by
hypothermia. Brain Res. 2011; 1382:266–74. Epub 2011/01/26. doi: S0006-8993(11)00110-7 [pii] doi:
10.1016/j.brainres.2011.01.049 PMID: 21262205.

18. Jeon SB, Yoon HJ, Chang CY, Koh HS, Jeon SH, Park EJ. Galectin-3 exerts cytokine-like regulatory
actions through the JAK-STAT pathway. J Immunol. 2010; 185(11):7037–46. Epub 2010/10/29. doi:
jimmunol.1000154 [pii] doi: 10.4049/jimmunol.1000154 PMID: 20980634.

19. Kolatsi-Joannou M, Price KL, Winyard PJ, Long DA. Modified citrus pectin reduces galectin-3 expres-
sion and disease severity in experimental acute kidney injury. PLoS One. 2011; 6(4):e18683. Epub
2011/04/16. doi: 10.1371/journal.pone.0018683 PMID: 21494626; PubMed Central PMCID:
PMC3072992.

20. Calvier L, Martinez-Martinez E, Miana M, Cachofeiro V, Rousseau E, Sadaba JR, et al. The impact of
galectin-3 inhibition on aldosterone-induced cardiac and renal injuries. JACC Heart Fail. 2015; 3(1):59–
67. Epub 2014/12/03. doi: S2213-1779(14)00388-6 [pii] doi: 10.1016/j.jchf.2014.08.002 PMID:
25458174.

21. Xu Y, Jagannath C, Liu XD, Sharafkhaneh A, Kolodziejska KE, Eissa NT. Toll-like receptor 4 is a sensor
for autophagy associated with innate immunity. Immunity. 2007; 27(1):135–44. Epub 2007/07/31. doi:
S1074-7613(07)00336-6 [pii] doi: 10.1016/j.immuni.2007.05.022 PMID: 17658277; PubMed Central
PMCID: PMC2680670.

22. Yang Z, Liu B, Zhong L, Shen H, Lin C, Lin L, et al. Toll-like receptor-4-mediated autophagy contributes
to microglial activation and inflammatory injury in mouse models of intracerebral haemorrhage. Neuro-
pathol Appl Neurobiol. 2015; 41(4):e95–106. Epub 2014/09/05. doi: 10.1111/nan.12177 PMID:
25185720.

23. Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular degradation. Science. 2000; 290
(5497):1717–21. Epub 2000/12/02. doi: 9015 [pii]. PMID: 11099404; PubMed Central PMCID:
PMC2732363.

24. Levine B, Klionsky DJ. Development by self-digestion: molecular mechanisms and biological functions
of autophagy. Dev Cell. 2004; 6(4):463–77. Epub 2004/04/08. doi: S1534580704000991 [pii]. PMID:
15068787.

25. Guo ML, Liao K, Periyasamy P, Yang L, Cai Y, Callen SE, et al. Cocaine-mediated microglial activation
involves the ER stress-autophagy axis. Autophagy. 2015; 11(7):995–1009. Epub 2015/06/06. doi: 10.
1080/15548627.2015.1052205 PMID: 26043790.

26. Kim SH, Chung JM. An experimental model for peripheral neuropathy produced by segmental spinal
nerve ligation in the rat. Pain. 1992; 50(3):355–63. Epub 1992/09/01. PMID: 1333581.

27. Ge Y, Wu F, Sun X, Xiang Z, Yang L, Huang S, et al. Intrathecal infusion of hydrogen-rich normal saline
attenuates neuropathic pain via inhibition of activation of spinal astrocytes and microglia in rats. PLoS
One. 2014; 9(5):e97436. Epub 2014/05/27. doi: 10.1371/journal.pone.0097436 PONE-D-14-08402
[pii]. PMID: 24857932; PubMed Central PMCID: PMC4032255.

28. Arad U, Madar-Balakirski N, Angel-Korman A, Amir S, Tzadok S, Segal O, et al. Galectin-3 is a sensor-
regulator of toll-like receptor pathways in synovial fibroblasts. Cytokine. 2015; 73(1):30–5. Epub 2015/
02/18. doi: S1043-4666(15)00020-4 [pii] doi: 10.1016/j.cyto.2015.01.016 PMID: 25689620.

29. Zhou XL, Yu LN, Wang Y, Tang LH, Peng YN, Cao JL, et al. Increased methylation of the MOR gene
proximal promoter in primary sensory neurons plays a crucial role in the decreased analgesic effect of
opioids in neuropathic pain. Mol Pain. 2014; 10:51. Epub 2014/08/15. doi: 1744-8069-10-51 [pii] doi:
10.1186/1744-8069-10-51 PMID: 25118039; PubMed Central PMCID: PMC4137045.

30. Dominguez E, Rivat C, Pommier B, Mauborgne A, Pohl M. JAK/STAT3 pathway is activated in spinal
cord microglia after peripheral nerve injury and contributes to neuropathic pain development in rat. J
Neurochem. 2008; 107(1):50–60. Epub 2008/07/19. doi: JNC5566 [pii] doi: 10.1111/j.1471-4159.2008.
05566.x PMID: 18636982.

31. Kapinas K, Kessler C, Ricks T, Gronowicz G, Delany AM. miR-29 modulates Wnt signaling in human
osteoblasts through a positive feedback loop. J Biol Chem. 2010; 285(33):25221–31. Epub 2010/06/
17. doi: M110.116137 [pii] doi: 10.1074/jbc.M110.116137 PMID: 20551325; PubMed Central PMCID:
PMC2919085.

32. Xu Y, Liu XD, Gong X, Eissa NT. Signaling pathway of autophagy associated with innate immunity.
Autophagy. 2008; 4(1):110–2. Epub 2007/12/07. doi: 5225 [pii]. PMID: 18059159.

Gal3 Regulates Neuropathic Pain

PLOS ONE | DOI:10.1371/journal.pone.0148792 February 12, 2016 12 / 13

http://dx.doi.org/10.1523/JNEUROSCI.1498-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.1498-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22836271
http://dx.doi.org/10.1016/j.brainres.2011.01.049
http://www.ncbi.nlm.nih.gov/pubmed/21262205
http://dx.doi.org/10.4049/jimmunol.1000154
http://www.ncbi.nlm.nih.gov/pubmed/20980634
http://dx.doi.org/10.1371/journal.pone.0018683
http://www.ncbi.nlm.nih.gov/pubmed/21494626
http://dx.doi.org/10.1016/j.jchf.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25458174
http://dx.doi.org/10.1016/j.immuni.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17658277
http://dx.doi.org/10.1111/nan.12177
http://www.ncbi.nlm.nih.gov/pubmed/25185720
http://www.ncbi.nlm.nih.gov/pubmed/11099404
http://www.ncbi.nlm.nih.gov/pubmed/15068787
http://dx.doi.org/10.1080/15548627.2015.1052205
http://dx.doi.org/10.1080/15548627.2015.1052205
http://www.ncbi.nlm.nih.gov/pubmed/26043790
http://www.ncbi.nlm.nih.gov/pubmed/1333581
http://dx.doi.org/10.1371/journal.pone.0097436
http://www.ncbi.nlm.nih.gov/pubmed/24857932
http://dx.doi.org/10.1016/j.cyto.2015.01.016
http://www.ncbi.nlm.nih.gov/pubmed/25689620
http://dx.doi.org/10.1186/1744-8069-10-51
http://www.ncbi.nlm.nih.gov/pubmed/25118039
http://dx.doi.org/10.1111/j.1471-4159.2008.05566.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05566.x
http://www.ncbi.nlm.nih.gov/pubmed/18636982
http://dx.doi.org/10.1074/jbc.M110.116137
http://www.ncbi.nlm.nih.gov/pubmed/20551325
http://www.ncbi.nlm.nih.gov/pubmed/18059159


33. Meng N, Wu L, Gao J, Zhao J, Su L, Su H, et al. Lipopolysaccharide induces autophagy through BIRC2
in human umbilical vein endothelial cells. J Cell Physiol. 2010; 225(1):174–9. Epub 2010/05/12. doi: 10.
1002/jcp.22210 PMID: 20458734.

34. Choy YJ, Hong SY, Pack SJ, Woo RS, Baik TK, Song DY. Changes of gene expression of Gal3,
Hsp27, Lcn2, and Timp1 in rat substantia nigra following medial forebrain bundle transection using a
candidate gene microarray. J Chem Neuroanat. 2015;66–67C:10–8. Epub 2015/04/11. doi: S0891-
0618(15)00017-4 [pii] doi: 10.1016/j.jchemneu.2015.03.003 PMID: 25858852.

35. Liang P, LeW. Role of autophagy in the pathogenesis of multiple sclerosis. Neurosci Bull. 2015; 31
(4):435–44. Epub 2015/08/09. doi: 10.1007/s12264-015-1545-5 PMID: 26254059.

36. Shi CS, Shenderov K, Huang NN, Kabat J, Abu-Asab M, Fitzgerald KA, et al. Activation of autophagy
by inflammatory signals limits IL-1beta production by targeting ubiquitinated inflammasomes for
destruction. Nat Immunol. 2012; 13(3):255–63. Epub 2012/01/31. doi: ni.2215 [pii] doi: 10.1038/ni.2215
PMID: 22286270; PubMed Central PMCID: PMC4116819.

37. Deretic V, Saitoh T, Akira S. Autophagy in infection, inflammation and immunity. Nat Rev Immunol.
2013; 13(10):722–37. Epub 2013/09/26. doi: nri3532 [pii] doi: 10.1038/nri3532 PMID: 24064518.

38. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, et al. Loss of the autophagy protein
Atg16L1 enhances endotoxin-induced IL-1beta production. Nature. 2008; 456(7219):264–8. Epub
2008/10/14. doi: nature07383 [pii] doi: 10.1038/nature07383 PMID: 18849965.

Gal3 Regulates Neuropathic Pain

PLOS ONE | DOI:10.1371/journal.pone.0148792 February 12, 2016 13 / 13

http://dx.doi.org/10.1002/jcp.22210
http://dx.doi.org/10.1002/jcp.22210
http://www.ncbi.nlm.nih.gov/pubmed/20458734
http://dx.doi.org/10.1016/j.jchemneu.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25858852
http://dx.doi.org/10.1007/s12264-015-1545-5
http://www.ncbi.nlm.nih.gov/pubmed/26254059
http://dx.doi.org/10.1038/ni.2215
http://www.ncbi.nlm.nih.gov/pubmed/22286270
http://dx.doi.org/10.1038/nri3532
http://www.ncbi.nlm.nih.gov/pubmed/24064518
http://dx.doi.org/10.1038/nature07383
http://www.ncbi.nlm.nih.gov/pubmed/18849965

