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Abstract

Objective: This study was aimed at evaluating the efficacy of glucosamine and potential mech-
anisms of actions in a neuropathic pain model in rats. Methods: Glucosamine (500, 1000 and
2000mg/kg) was administered via gavage route, 1 day before the chronic constriction injury
(CCI) of sciatic nerve and daily for 14 days (prophylactic regimen), or from days 5 to 14
post-injury (therapeutic regimen), as the indicators of neuropathic pain, mechanical allodynia,
cold allodynia and thermal hyperalgesia were assessed on days 0, 3, 5, 7, 10 and 14 after ligation.
Inducible nitric oxide synthase (iNOS) and tumour necrosis factor alpha (TNF-α) gene expres-
sions were measured by real-time polymerase chain reaction. TNF-α protein content was mea-
sured using the enzyme-linked immunosorbent assay method. Results: Three days after nerve
injury, the threshold of pain was declined among animals subjected to neuropathic pain.
Mechanical and cold allodynia, as well as thermal hyperalgesia were attenuated by glucosamine
(500, 1000, 2000 mg/kg) in the prophylactic regimen. However, existing pain was not decreased
by this drug. Increased mRNA expression of iNOS and TNF-α was significantly reduced in the
spinal cord of CCI animals by glucosamine (500, 1000, 2000mg/kg) in the prophylactic regi-
men. The overall expression of spinal TNF-α was increased by CCI, but this increase was
reduced in animals receiving glucosamine prophylactic treatment.Conclusion: Findings suggest
that glucosamine as a safe supplementmay be a useful candidate in preventing neuropathic pain
following nerve injury. Antioxidant and anti-inflammatory effects may be at least in part
responsible for the antinociceptive effects of this drug.

Significant outcomes and limitations

• Glucosamine, a common supplement for relieving atherosclerosis, could be a promising
drug in the treatment of neuropathic pain. Antioxidant and anti-inflammatory activities
are responsible for the antinociceptive effects of this drug.

• Assessing thermal hyperalgesia by a radiant heat apparatus, which could have been
directed at the injured paw, would have been more relevant.

• Measuring mediators in the protein level will be the focus of further study.
• Further clinical studies should be conducted to obtain optimal effective dose in human.

Introduction

Neuropathic pain is caused following trauma or disease of the peripheral or central nervous
system. Population-based estimates of chronic pain with neuropathic characteristics range from
6.9% to 10% (van Hecke et al., 2014). Two of the most common clinical pain symptoms are
allodynia, a painful response to the non-noxious stimuli, and hyperalgesia, an exaggerated
response to the noxious stimuli. Considering the adverse effects associated with current med-
ications, neuropathic pain is still the most challenging aspect of pain management (Dworkin
et al., 2010). Thus, defining optimal treatment and selecting rational and harmless analgesic
drugs for patients suffering from chronic pain remain an ongoing research topic.

Accumulating evidence indicates that oxidative stress is a key determinant of behavioural
and neuropathological consequences of neuropathic pain (Gwak et al., 2013). Antioxidants
may be a potential candidate for alleviation of neuropathic pain (Naik et al., 2006, Valsecchi
et al., 2008). Glucosamine (2-amino-2-deoxy-d-glucose; G\lcN), a natural amino monosaccha-
ride synthesised from glucose, is an essential component of glycoproteins and proteoglycans.
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This compound stimulates synthesis of structural proteoglycans in
the joint cartilage and inhibits cartilage degradation (Persiani et al.,
2005). There are many types of evidence that support the positive
effects of glucosamine in patients with rheumatoid arthritis (Hua
et al., 2005, Gilzad-Kohan & Jamali, 2012, Tsuji et al., 2015).
Glucosamine has been shown to exert a protective effect against
two models of toxic liver damage (Sal'nikova et al., 1990).
Beneficial effects of this compound have been reported in the
experimental autoimmune encephalomyelitis (EAE), an animal
model of multiple sclerosis (Zhang et al., 2005), as well as scopol-
amine-induced impairment of spatial learning and memory
(Jamialahmadi et al., 2013). It has also shown a protective effect
after middle cerebral artery occlusion in rats (Hwang et al.,
2010), and in morphine tolerance (Basiri et al., 2019).

This study was aimed to explore the effects of glucosamine in
attenuating allodynia and hyperalgesia induced after sciatic nerve
constriction as a model of neuropathic pain, in two regimens of
prophylactic and therapeutic treatment. Gabapentin was used as
a reference compound for positive control. As many studies indi-
cated a connection between behavioural changes and spinal cord
molecular changes (Pertovaara et al., 2001), mRNA expression
of inducible nitric oxide synthase (iNOS), a key enzyme generating
free radical signalling molecule, nitric oxide (NO) was evaluated in
the spinal cord of animals. Additionally, production of the pro-
inflammatory cytokine, tumour necrosis factor alpha (TNF-α),
was measured at the levels of mRNA and protein.

Materials and methods

Animals

Sixty-four adult male Wistar rats (weight: 250–270 g) were
obtained from the animal house (Sabzevar University of Medical
Sciences) and provided with free access to food and water, under
a 12/12-h light-dark cycle (light cycle: 7:00 A.M.–7:00 P.M.).
Animals were acclimated to the laboratory environment for 5–7
days before being used in the experiments and kept in groups of
2 in the open cages (24 × 40 × 20 cm). All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of the Sabzevar University of Medical Sciences
(IR.MEDSAB.REC.93.87). All experiments were conducted in
accordance with the International Association for the Study of
Pain (IASP) guidelines on the care and use of experimental animals
(Zimmermann, 1983).

Materials

Glucosamine was purchased from sigma-Aldrich (Germany).
Gabapentin (donated by Tehran Darou Pharmaceutical Co.,
Tehran, Iran) was dissolved in saline solution (0.9% NaCl).
Ketamine and xylazine were obtained from Alfasan
Pharmaceutical Co., Woerden, Holland.

Chronic constriction injury

Peripheral nerve injury was created by loosely ligating the sciatic
nerve in male rats after induction of anaesthesia by ketamine
and xylazine cocktail (64 and 1.6 mg/kg, i.p. respectively). For
monitoring the anaesthetic dept, we pinched the tail. The shaved
area was scrubbed with alcohol, betadine and then mid-thigh was
incised. After separation of the heads of the biceps femoris, the left
sciatic nerve was exposed above the level of trifurcation. Four loose
ligations with a double knot, 1 mm spacing were carefully applied

to the nerve using absorbable chromic gut. Constriction of the
nerve was minimal until a brief twitch was detected. The surgical
site was closed; muscle and skin were then tightly ligated with 4–0
silk thread. Eventually, rats were returned to their cages to recover
(Bennett et al., 2003).

Sample size calculation

The group sizes were based on previous studies in the lab using
similar models (Charan & Kantharia, 2013; Basiri et al., 2019).

Experimental protocol

Animals were randomly allocated to eight groups, each comprising
eight male Wistar rats.

1. Chronic constriction injury (CCI) animals: Rats were sub-
jected to the surgical procedure to the left sciatic nerve and treated
daily with vehicle (normal saline 9%), via gavage route, 1 day before
CCI, up to day 14.

2. Sham animals: Rats that their left sciatic nerve were exposed
at the same level without any manipulation on it.

3, 4, 5. CCI animals treated with daily glucosamine at the doses
of 500, 1000 and 2000 mg/kg, via gavage route, 1 day before CCI,
up to day 14 post-CCI (prophylactic groups).

6. CCI animals treated with daily gabapentin (180 mg/kg) via
gavage route, 1 day before CCI, up to day 14 post-CCI.

7. CCI animals treated with daily glucosamine, 1000 mg/kg
from day 5 to 14 post-CCI (therapeutic group).

8. CCI animals treated with daily gabapentin (180 mg/kg) via
gavage route, from day 5 to 14 post-CCI.

Selected drug dosages were based on earlier studies
(Jamialahmadi et al., 2013; Al-Mahmood et al., 2016). All the tests
were conducted at the same time in the afternoon (between 9 A.M.
and 2 P.M.), by a person who was blinded to the experiment, to
minimise the effects of subjective bias.

Mechanical allodynia test

The Von Frey filaments (Steeling, Wood Dale, IL, USA), in the
range of 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 26.0 and 60 g forces, were used
to measure mechanical allodynia by testing the paw withdrawal
threshold (up-downmethod). For this purpose, rats were individu-
ally placed in an elevated transparent box (diameter: 33 cm), with a
wire mesh floor and allowed to adapt to testing environment for
10 min. Experiment was started with the filament produced the
lowest force. The filament was applied to the plantar surface of
the hind paw until the filament buckled slightly. The absence of
a response after ≈5 s prompted use of the next filament of increas-
ing weight. It was defined as the response, if three withdrawals were
detected following five times application of a filament. To prevent
tissue injury, 60 g was considered as the cut-off value (Nielsen
et al., 2005).

Cold allodynia test

Cold allodynia was evaluated 15 min after performing previous test
(mechanical allodynia). A drop of acetone was placed in the centre
of injured hind paw. This trial was repeated five times with an
interval of 1 min. The frequency of foot withdrawal was expressed
as a percentage: (number of trials accompanied by brisk foot with-
drawal) × 100/(number of total trials) (Amin et al., 2014).
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Thermal paw withdrawal test

After passing 15 min of previous test (cold allodynia), for measur-
ing the hotplate latency, a rectangular glass surface was heated to a
temperature of 52±0.5°C (Model 39D Analgesia meter IITC,
Borjsanat, Iran). The animals were placed on the hot plate sur-
rounded by a Plexiglas cylinder and the response latency was
the latency observed from the time the rat was placed on the heated
surface until the first reflex such as (i) the rat licking a hind paw, (ii)
vocalisation, or (iii) an escape response. The timer was stopped by a
foot-operated pedal and the rat was immediately removed from the
hotplate. A maximum hotplate latency of 30 s was used to prevent
tissue damage to the rat’s paws (Baliki et al., 2005; Eddy &
Leimbach, 1953). Average of the 3–4 values was measured to iden-
tify thermal hyperalgesia.

Assessment of sensory thresholds tests was taken at the begin-
ning of the experiment (day 0) and on days 3, 5, 7, 10 and 14 after
that. No discrimination was made between responses related to the
nerve-injured or uninjured paws, but any response was considered
equally.

Real-time polymerase chain reaction (qRT-PCR)

After final behavioural experiments, animals were decapitated;
samples were rapidly collected and frozen in the liquid nitrogen.
A piece (2 cm) of spinal cord at the lumbar section was harvested
from each animal (Schmittgen & Livak, 2008). Samples were then
stored at −80°C until usage for extraction of total RNA and pro-
tein. Groups sizes were 8 for behaviour work. However, due to the
destruction of 1–2 samples in some groups, we omitted data
belonging to these samples in all groups and n= 6 from each group
was included for tissue analysis. RT-PCR was performed with total
RNA extracted from the homogenised sample (approximately,
1 mg tissue), using RNX-plus (MR7713C, Sinaclon, Iran).
Although no band of DNA was observed in gel, we designed
exon-exon junction primers and ruled out DNAs contamination
with minus RT controls in each experiment. Complimentary
DNA (cDNA) was generated by reverse transcription from 2 μg
RNA using the PrimeScript™ RT reagent Kit (Takara Bio Inc.,
Japan) following manufacturer’s guidelines. RT-PCR was run
using 2 μg cDNA and SYBR green PCR master mix (YTA, Iran)
on CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad,
Philadelphia, PA USA), using a programme of 10 min at 95°C,
35 cycles of 15 s at 95°C, 30 s at 57°C and 45 s at 72°C. The data
were normalised by glyceraldehyde 3-phosphate dehydrogenase
expression, using ΔΔCT method to evaluate the fold change of
gene expression (Schmittgen & Livak, 2008). Each reaction was
performed in triplicates. The PCR primer sequences are presented
in Table 1.

Enzyme-linked immunosorbent assay (ELISA) analysis

At the time of experiment, samples were thawed at room temper-
ature and homogenised using a tissue homogeniser (Heidolph,
Germany) in a homogenisation buffer consisting 20 mmol/L
Tris (pH 7.4; Sigma-Aldrich), 150 mmol/L NaCl (Sigma-
Aldrich), 1 mmol/L ethylene diamine tetraacetic acid (Sigma-
Aldrich), 2 mmol/L 2-N-morpholinoethanesulfonic acid or 2
ME (Sigma-Aldrich) and protease inhibitor (Sigma-Aldrich)
(Rahbardar et al., 2018). Total protein contents were determined
by the Bradford assay and adjusted (Bradford, 1976). Cytokine lev-
els were measured by the commercially available ELISA specific for
TNF-α (Diaclone, France). Analysis of protein content was per-
formed according to the manufacturer’s instructions from the
standard curve.

Statistical analysis

Statistical testing was carried out using Prism 6.0 (GraphPad, San
Diego, CA). All data are expressed as the mean ± standard error of
the mean. Statistical significance was set at a p value less than 0.05,
confidence interval (CI) 90%. For the behavioural tests of cold allo-
dynia and thermal hyperalgesia, the two-way analysis of variance
(ANOVA)with repeatedmeasure followed by Bonferroni post-hoc
test was used. Kruskal–Wallis test followed by Mann–Whitney for
multiple comparisons was used to evaluate mechanical allodynia.
For molecular measurements, one-way ANOVA with Tukey’s
multiple comparisons was used.

Results

Effect of glucosamine on the CCI-induced tactile allodynia

One day before CCI, there was not any significant difference
among the six groups of rats. There was a significant difference
after the sciatic nerve injury among groups for days 3
(H(5)= 15.53), 5 (H(5)= 19.47), 7 (H(5)= 21.4), 10
(H(5)= 19.67) and 14 (H(5)= 19.75), p= 0.001. CCIþ vehicle
rats exhibited robust mechanical allodynia relative to sham ani-
mals which was detected from day 3 (11 ± 1.34 vs. 41.62 ± 8.75;
p< 0.01) and continued up to day 14 post-CCI (3 ± 0.7 vs.
47.25 ± 7.3; p< 0.01) (Fig. 1A).

As compared to vehicle-treated CCI animals, those receiving
glucosamine (500 mg/kg, 1 day before surgery up to day 14
post-CCI) showed attenuated mechanical allodynia on days 3
(24.12 ± 6.9), 5 (26.12 ± 6.9), 7 (27.5 ± 6.4; p< 0.01), 10
(30.25 ± 5.7; p< 0.01) and 14 (3.25 ± 5.8; p< 0.01). Compared
to vehicle-treated CCI animals, rats receiving glucosamine
(1000 mg/kg, 1 day before surgery up to day 14 post-CCI) showed
attenuated mechanical allodynia on days 3 (28.8 ± 6.42; p< 0.05),
5 (37.37 ± 8.1; p< 0.01), 7 (3.25 ± 5.8; p< 0.01), 10 (29.5 ± 6.8;
p< 0.01) and 14 (31.5 ± 6.9; p< 0.01). Glucosamine 2000 mg/kg
also produced a significant mechanical anti-allodynic effect com-
pared to vehicle, on days 3 (31.05 ± 8.1), 5 (32.12 ± 8.1), 7
(27.5 ± 6.42; p< 0.01), 10 (31.5 ± 5.78; p< 0.01) and 14
(28.8 ± 6.42; p< 0.01). Anti-allodynic effect of gabapentin
180 mg/kg when administered 1 day before surgery up to day 14
post-CCI produced from day 3 (26.12 ± 6.42) and remained up
to day 14 (35 ± 8.74; p< 0.01; Fig. 1A).

Administration of glucosamine (1000 mg/kg) 5 days after CCI
for a period of 10 days (therapeutic group) failed to reverse
mechanical allodynia in CCI animals, as compared to vehicle-
treated CCI animals. Gabapentin as a reference drug was also

Table 1. Primers specific for rat inducible nitric oxide synthase (iNOS), tumour
necrosis factor alpha (TNF-α) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), forward and reverse

1 F(iNOS, Rattus) GGGTCTTGTTAGCCTAGTCA

2 R(iNOS, Rattus) TGTTGTTGGGCTGGGAATAG

3 F( TNFα, Rattus) CCCAACAAGGAGGAGAAGTT

4 R(TNFα, Rattus) GGCTTGTCACTCGAGTTTTG

5 F(GAPDH, Rattus) AGCTCATTTCCTGGTATGACA

6 R (GAPDH, Rattus) TTGCTCTCAGTATCCTTGCT

F, forward primer sequence; R, reverse primer sequence.
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Fig. 1. Time course of (A, B): tactile allodynia, (C, D): cold allodynia and (E, F): thermal hyperalgesia responses, in ipsilateral hind paws of CCI rats following administration of
vehicle, 500, 1000, 2000 mg/kg glucosamine via gavage route, either in prophylactic (from 1 day before CCI until day 14 post-CCI) or therapeutic regimens (from 5 days after CCI
until day 14 post-CCI). Each point representsmean ± SEM. n = 8 rats in each group. Statistical test was repeatedmeasures ANOVAwith Bonferroni multiple comparison. ##p< 0.01,
###p< 0.001 indicate comparison between sham and vehicle CCI group. *p< 0.05, **p < 0.01, ***p< 0.001 glucosamine 500 vs. vehicle CCI group. ^p < 0.05, ^^p < 0.01,
^^^p< 0.001 glucosamine 1000 vs. vehicle CCI group. &p< 0.05, &&p < 0.01, &&&p< 0.001 glucosamine 2000 vs. vehicle CCI group. $p < 0.05, $$p< 0.01, $$$p < 0.001 gabapentin
180 vs. vehicle CCI group.
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not able to attenuate induced mechanical allodynia when admin-
istered from day 5 post-CCI (Fig. 1B).

Effect of glucosamine on the CCI-induced cold allodynia

On day 0, before CCI, there was not a significant difference among
the six groups of rats. There was a significant effect with time effect
(F (5, 25)= 109.6, p< 0.001), treatment effect (F (5, 25)= 44.7,
p< 0.001) and time*treatment interaction (F (25, 125)= 4.5,
p< 0.001) after the sciatic nerve injury (Fig. 1C). In comparison
to sham group, CCIþ vehicle animals significantly exhibited an
increased frequency of response to acetone drop on day 3
(70 ± 3.6 vs. 6.7 ± 3.4; p< 0.001) which continued until the end
of study (90 ± 10.9 vs. 3.5 ± 2.7; p< 0.001).

Relative to vehicle, glucosamine 500 and 1000 mg/kg attenuated
cold allodynia on days 3 (47.5 ± 3.6, 40 ± 5.9; p< 0.01, p< 0.001), 5
(60 ± 5.4, 50 ± 6.9; p< 0.05, p< 0.001), 7 (57.5 ± 5, 52.5 ± 5.1;
p< 0.001), 10 (52.5 ± 6.8, 55 ± 5.1; P< 0.001) and 14 (62.5 ± 5.9,
57.5 ± 4.2; p< 0.001), respectively. Glucosamine 2000 mg/kg
attenuated cold allodynia in CCI animal as compared to vehicle,
on days 5 (60 ± 8.9; p< 0.05), 7 (60 ± 5.9; p< 0.01), 10
(57.5 ± 4.6; p< 0.001) and 14 (55 ± 2.5; p< 0.001) (Fig. 1C).
Anti-allodynic effect of gabapentin against acetone drop produced
from day 3 (40 ± 6.5; p< 0.001) and remained up to day 14
(50 ± 3.6; p< 0.001) (Fig. 1C).

For the therapeutic groups, there was a significant effect with
time effect (F (5, 25)= 75.75, p< 0.001), treatment effect (F (3,
15)= 90.78, p< 0.001) and time*treatment interaction (F (15,
75)= 16.27, p< 0.001) after the sciatic nerve injury.
Glucosamine (1000 mg/kg) in the therapeutic regimen, after the
induction of neuropathic pain, was not able to attenuate hypersen-
sitivity to acetone drop as compared to CCIþ vehicle animals.
Hypersensitivity to acetone drop was also did not changed by gaba-
pentin 180 mg/kg when administered after 5 days of CCI (Fig. 1D).

Effect of glucosamine on the CCI-induced thermal
hyperalgesia

There was a significant effect with time effect (F (5, 25)= 6.39,
p< 0.01), treatment effect (F (5, 25)= 20.12, p< 0.001) and time
* treatment interaction (F (25, 125)= 3.96, p< 0.001) after the sci-
atic nerve injury. Before CCI, on day 0, there was not a significant
different among the six groups of rats. Compared to sham group,
rats underwent CCI and treated with vehicle exhibited a late-onset
thermal hyperalgesia, which started on 7 (3.4 ± 0.2 vs. 12 ± 0.76;
p< 0.001) and remained up to the end of study (2.8 ± 0.3 vs.
12 ± 0.95, p< 0.001) (Fig. 1E). In contrast, treatment with gluco-
samine 500 and 1000 mg/kg attenuated thermal hyperalgesia in
comparison to CCIþ vehicle animals on days 7 (5.1 ± 0.5,
5.2 ± 0.2; p< 0.01), 10 (7.4 ± 0.3, 6.6 ± 0.5, p< 0.001) and 14
(8.5 ± 0.47, 7.7 ± 0.4; p< 0.001). Moreover, glucosamine
2000 mg/kg attenuated thermal hyperalgesia on days 7
(6.5 ± 0.35), 10 (7.7 ± 0.45) and 14 (7 ± 0.48; p< 0.001). In com-
parison to CCIþ vehicle animals, gabapentin 180 mg/kg (1 day
before surgery up to day 14 post-CCI) attenuated thermal hyper-
algesia on days 7 (7.1 ± 0.57), 10 (5.68 ± 1) and 14 (6.45 ± 0.4;
p< 0.001) (Fig. 1E).

For the therapeutic groups, there was a significant effect with
time effect (F (5, 25)= 19.37, p< 0.001), treatment effect (F (3,
15)= 31.45, p< 0.001) and time*treatment interaction (F (15,
75)= 4.66, p< 0.001) after the sciatic nerve injury. Glucosamine
(1000 mg/kg) given to animals 5 days after CCI for 10 days, was
not able to attenuate thermal hyperalgesia relative to

CCIþ vehicle animals. In contrast, hypersensitivity to thermal
stimulus was significantly mitigated by gabapentin (5 days after
CCI for 10 days), on days 7 (7.3 ± 0.7), 10 (6.8 ± 0.5) and 14
(7.7 ± 0.4; p< 0.001) (Fig. 1F).

Effect of glucosamine on the spinal iNOS expression

ANOVA showed that there was a significant effect among groups
(F (7, 47)= 3.6, p< 0.01). Spinal cord iNOS was higher in CCI ani-
mals treated with vehicle as compared to sham animals (1.7 ± 0.27
vs. 1; p< 0.01). The injury-induced increase in the iNOS expres-
sion was significantly decreased in those treated with glucosamine
at three doses of 500 (1.6 ± 0.0.05; p< 0.05), 1000 (1 ± 0.11;
p< 0.05) and 2000 mg/kg in prophylactic regimen, as compared
to CCI vehicle (1.3 ± 0.1; p< 0.05) (Fig. 2A). Animals treated with
gabapentin (180 mg/kg) also exhibited a significant reduction in
iNOS gene compared to CCIþ vehicle animals (1.2 ± 0.05;
p< 0.05). Neither glucosamine 1000 mg/kg nor gabapentin
180 mg/kg in the therapeutic regimen could attenuate mRNA
iNOS in the spinal cord of CCI animals (Fig. 2A).

Effect of glucosamine on the spinal TNF-α gene expression
and protein content

ANOVA showed that there was a significant effect among groups
(F (7, 47) = 10.4, p< 0.001). Spinal cord TNF-α was higher in CCI
animals treated with normal saline than in sham animals
(1.7 ± 0.27 vs. 1; p< 0.01). mRNA TNF-α was enhanced in CCI-
vehicle animals compared to sham ones (2.4 ± 0.2 vs. 1;
p< 0.01). Glucosamine 500 (1.42 ± 0.16; p< 0.01), 1000
(1.7 ± 0.16; p< 0.05) and 2000 mg/kg (1.5 ± 0.1; p< 0.01)
decreased TNF-α expression compared to CCIþ vehicle animals.
Gabapentin in prophylactic regimen was also able to attenuate
gene expression level of TNF-α (1.7 ± 0.13; p< 0.01) (Fig. 2B).

Neither glucosamine 1000 mg/kg nor gabapentin 180 mg/kg in
the therapeutic regimens could attenuate mRNA TNF-α in the spi-
nal cord of CCI animals (Fig. 2B).

CCI injury caused a significant increase in the concentration of
TNF-α at the protein level (79 ± 7.6 vs. 16.2 ± 4.96; p< 0.01) as
compared to sham group; however, the increased TNF-α was
inhibited by glucosamine at three doses of 500 (36 ± 8.2;
p< 0.01), 1000 (47.3 ± 5.57; p< 0.01) and 2000 mg/kg (36 ± 6.5;
p< 0.001) in prophylactic regimen, as compared to
CCIþ vehicle animals. Similar observation was detected in those
animals treated with gabapentin 180 mg/kg in the prophylactic
regimen as compared to CCI-vehicle animals (45.7 ± 7.5; p< 0.01).

TNF-α protein was not changed in the spinal cord of CCI ani-
mals treated with glucosamine (1000 mg/kg) or gabapentin
180 mg/kg in the therapeutic regimen (Fig. 2C).

Discussion

The CCI animals reliably showed an enhancement of withdrawal
reflexes in response to von Frey filaments (tactile allodynia),
acetone drop (cold allodynia) and hot plate (thermal hyperalgesia),
relative to sham-operated rats. In rats exposed to CCI, 15 days
administration of glucosamine (500, 1000, 2000 mg/kg) via gavage
rout, started 1 day before the induction of nerve injury up to day 14
post-CCI, attenuated mechanical allodynia, cold allodynia and
thermal hyperalgesia. Treatment with glucosamine (1000 mg/kg,
via gavage route), after the induction of pain, from days 5 to 14,
showed no significant improvement in the parameters of pain.
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Mechanisms underlying neuropathic pain remain largely
unknown; however, oxidative stress has been demonstrated to play
a key role in neuropathic conditions (Naik et al., 2006; Rajanandh
et al., 2014). It has become increasingly clear that NO over-produc-
tion by iNOS is deleterious after nerve injury. NO as a free radical

activates glia to release inflammatory mediators which increase
sensitivity and excitability of primary sensory neurons and synap-
tic plasticity in central nervous system. All of these changes have
been known as the central sensitisation (Conti et al., 2007).
Eventually, appearance of peripheral and central sensitisations is

Fig. 2. Effect of glucosamine (500, 1000, 2000 mg/kg, via
gavage route), on the (A): mRNA levels of iNOS (inducible
nitric oxide synthase) and (B): TNF-α (tumour necrosis fac-
tor alpha) in the spinal cords of CCI animals. GAPDH (glyc-
eraldehyde 3-phosphate dehydrogenase) is a reference
gene and was used for normalisation as an internal con-
trol. Results (mean ± SEM) are expressed in terms of rel-
ative quantification (fold change) using the 2-ΔΔCT

method. (C): TNF-α protein level was measured using
ELISA assay. Values are means ± SEM (n= 6). One-way
ANOVA and post-hoc Tukey’s were used. #p< 0.05,
##p < 0.01, indicate comparison between sham and
vehicle CCI group. *p< 0.05, **p < 0.01 vs. vehicle CCI
group.
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responsible for allodynia and hyperalgesia. Inhibition of iNOS has
shown beneficial effects in attenuating pain of neuropathic rats
(Staunton et al., 2018). In agreement with this, in the current study
gene expression level of iNOS was increased in the spinal cords of
CCI animals, whereas it was attenuated in those animals prophy-
lactically treated with glucosamine.

Spinal glial cells activation upon a traumatic nerve injury
releases pro-inflammatory cytokines such as TNF-α, which con-
tributes to the maintenance of chronic neuropathic pain via stimu-
lating sensory neuronal excitability (Carniglia et al., 2017,
Rahbardar et al., 2018). In this study, the increased gene expression
level of TNF-α in the spinal cord following CCI was dampened by
glucosamine in the prophylactic regimen. The expression of TNF-
α at the protein level determined by ELISA assay showed a signifi-
cant increase in CCI animals compared to sham rats. However,
treatment with glucosamine in prophylactic regimen attenuated
its protein content which confirms the results from the qRT-
PCR. In contrast, glucosamine (1000 mg/kg) after the induction
of neuropathic pain was not able to reduce inflammatory media-
tors in the spinal cord of CCI animals which is in line with the
behavioural results.

Anti-inflammatory effects of glucosamine have been investi-
gated in previous studies. In agreement with our results, different
routes administration of glucosamine (oral, i.p., or i.v.) signifi-
cantly suppressed microglia activation and decreased TNF-α,
IFN-γ, interleukin-17 (IL-17), whereas up-regulated Th2 cytokines
(IL-5 and IL-10) in an acute but not chronic phase of EAE (Zhang
et al., 2005).

Whether glucosamine has multiple targets or it only affects a
special target and consequently activates other signals are not
totally clarified. It is possible that a combination of factors involves
in the antinociceptive effects observed by glucosamine.

Proposed anti-inflammatory and antioxidant effects of gluco-
samine could be done by 1) chelating ions such as Fe2þ (Yan
et al., 2007), 2) increasing the amounts of a protein called O-
GlcNAcylation, which regulates neuronal synaptic strength and
attenuates hyperexcitability of neurons in brain (Allen &
Rapraeger, 2003), 3) inhibiting gene expression of NLRP3, a pro-
tein promotes the pathogenesis of metabolic, neurodegenerative
and infectious diseases (Chiu et al., 2019), 4) inhibiting the activity
of NF-κB, responsible for transactivation of the iNOS and TNF-α
gene (Hwang et al., 2010; Largo et al., 2003; Shin et al., 2013), as
well as 5) a significant upregulation of immunomodulatory mol-
ecule, galectin-3 (Gal-3) (Rahimian et al., 2020).

In the present work, considering that late administration of glu-
cosamine, 5 days after the nerve injury failed to attenuate existing
pain, it might reflect the inability of glucosamine to inhibit acti-
vated inflammatory responses after nerve injury. As reported by
Raghavendra et al. (2003), inhibition of activated microglia with
minocycline failed to attenuate existing pain in neuropathic rats.

Our results indicated that prophylactic administration of the
reference drug, gabapentin not only produced anti-allodynic and
antihyperalgesic effects but also inhibited both TNF-α and iNOS
in the spinal cord of CCI animals, which is supported by previous
studies (Wodarski et al., 2009). Furthermore, administration of
gabapentin starting on day 5 (therapeutic regimen) was able to
attenuate thermal hyperalgesia but not mechanical and cold allo-
dynia. However, spinal TNF-α and iNOS were not reduced in this
regimen. Based on our results, it might be suggested that different
mechanisms are involved in the CCI-induced hyperalgesia and
allodynia (Ossipov et al., 2000).

In this study, administration of gabapentin 5 days after CCI was
not able to attenuate mechanical allodynia. Considering that gaba-
pentin as a reference drug has shown anti-allodynic affects after
injury, it might be suggested that higher doses should be adminis-
tered for anti-allodynic effects of gabapentin.

One of the advantages of glucosamine is its safety profile.
According to Setnikar et al. (1991) study, glucosamine showed
an anti-inflammatory effect with very low gastrointestinal adverse
effects compared to NSAIDs (non stroidal anti inflammatory
drugs). In agreement with this, no serious toxicity of this drug
has been reported previously (Persiani et al., 2005).

However, gabapentin as a common analgesic drug prescribed in
neuropathic patients has many adverse effects (Lindner et al.,
2006). In a Cochrane review study, gabapentin at high doses rang-
ing from 1800 to 3600 mg daily producedmoderate benefit (at least
30% pain relief) in participants with diabetic neuropathic pain.
Additionally, this drug was accompanied with side effects such
as dizziness (19%), somnolence (14%), peripheral oedema (7%)
and gait disturbance (14%) compared to placebo, which lower
compliance of patients (Wiffen et al., 2017).

One of limitations of our study using hot plate for measuring
thermal hypersensitivity was that there was no discrimination
between responses from the injured vs uninjured paws, and that
the animal could in theory have limited contact between the
injured paw and the plate. A laser-evoked stimulus, which could
have been placed directly at the injured paw, would have beenmore
relevant. It should be noted that this study is an experimental study
on rats; therefore, more examinations should be performed to
obtain optimal doses in human.

A concern about glucosamine is its effect on glucose haemosta-
sis and decreased insulin sensitivity which should be considered in
diabetic patients (Dostrovsky et al., 2011).

Considering that combination therapy is very important in
neuropathic pain (Holbech et al., 2017), adding glucosamine to
common approved analgesic drugs could achieve better improve-
ment in patients with neuropathic pain. Combining different drugs
can interact with multiple targets and decrease side effects
(Chaparro et al., 2012). It has been reported that antioxidant sup-
plementation has a higher outcome in combination therapy
(Meymandi et al., 2017).

Conclusion

The current findings suggest that prophylactic treatment with glu-
cosamine could prevent nerve injury-induced neuropathic pain,
and that this may happen via modulating the gene transcription
of iNOS and pro-inflammatory cytokine, TNF-α. Considering that
combination therapy for neuropathic pain has attracted much
attention in recent years, in further studies evaluating combination
of this drug with other analgesics with different mechanisms could
result in a better analgesic effect with lower doses and therefore
lower unwanted effects.

Acknowledgements. We are grateful to vice chancellor of research, Sabzevar
University of Medical Sciences, Sabzevar, Iran.

Author contributions. Ehsan Mohebbi: conducted handling of animals,
behavioural and biochemical tests. Mehdi Molavi: contributed to the prepara-
tion of final manuscript.Mohammad Sahebkar: performed data analysing and
contributed to the preparation of final manuscript. Bahareh Amin: presented
the idea and contributed to the preparation and revision of final manuscript and
supervised the project.

266 Ehsan Mohebbi et al.

https://doi.org/10.1017/neu.2022.3 Published online by Cambridge University Press

https://doi.org/10.1017/neu.2022.3


Conflict of interest. The authors declare that there is no conflict of interest in
this work.

References

Al-Mahmood S, Abdullah STBC, Nik Ahmad NNF, Mohamed AHB and
Tariq A (2016) Analgesic synergism of gabapentin and carbamazepine in
rat model of diabetic neuropathic pain. Tropical Journal of
Pharmaceutical Research 15(6), 1191–1195.

Allen BL andRapraeger AC (2003) Spatial and temporal expression of heparan
sulfate in mouse development regulates FGF and FGF receptor assembly.
Journal of Cellular Biology 163(3), 637–648.

Amin B, Heravi Taheri MM and Hosseinzadeh H (2014) Effects of intraper-
itoneal thymoquinone on chronic neuropathic pain in rats. Planta Medica
80, 1269–1277.

Baliki M, Calvo O, Chialvo DR and Apkarian AV (2005) Spared nerve injury
rats exhibit thermal hyperalgesia on an automated operant dynamic thermal
escape task. Molecular Pain 1, 18.

Basiri F, Rad A, Mahdian D, Molavi M and Amin B (2019) Effects of gluco-
samine againstmorphine-induced antinociceptive tolerance and dependence
in mice. Journal of Biomedical Science 26(1), 21.

Bennett GJ, Chung JM,HonoreM and Seltzer Z (2003)Models of neuropathic
pain in the rat. Current Protocols in Pharmacology Chapter 5, Unit5.32.

Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Analitical Biochemistry 72(1-2), 248–254.

Carniglia L, RamirezD,DurandD, Saba J, Turati J, CarusoC, Scimonelli TN
and Lasaga M (2017) Neuropeptides and microglial activation in inflamma-
tion, pain, and neurodegenerative diseases. Mediators of Inflammation
5048616(6), 2017–23.

Chaparro LE, Wiffen PJ, Moore RA and Gilron I (2012) Combination phar-
macotherapy for the treatment of neuropathic pain in adults. Cochrane
Database Systematic Review 2012, Cd008943.

Charan J and Kantharia ND (2013) How to calculate sample size in animal
studies? Journal of Pharmacology and Pharmacotherapy 4(4), 303–306.

Chiu HW, Li LH, Hsieh CY, Rao YK, Chen FH, Chen A, Ka SM and Hua KF
(2019) Glucosamine inhibits IL-1beta expression by preserving mitochon-
drial integrity and disrupting assembly of the NLRP3 inflammasome.
Scientific Reports 9(1), 5603.

Conti A, Miscusi M, Cardali S, Germano A, Suzuki H, Cuzzocrea S and
Tomasello F (2007) Nitric oxide in the injured spinal cord: synthases
cross-talk, oxidative stress and inflammation. Brain Reseach Reviews
54(1), 205–218.

Dostrovsky NR, Towheed TE, Hudson RW and Anastassiades TP (2011) The
effect of glucosamine on glucose metabolism in humans: a systematic review
of the literature. Osteoarthritis and Cartilage 19(4), 375–380.

Dworkin RH, O'connor AB, Audette J, Baron R, Gourlay GK, Haanpaa ML,
Kent JL, Krane EJ, Lebel AA, Levy RM, Mackey SC, Mayer J, Miaskowski
C, Raja SN, Rice AS, Schmader KE, Stacey B, Stanos S, Treede RD, Turk
DC, Walco GA andWells CD (2010) Recommendations for the pharmaco-
logical management of neuropathic pain: an overview and literature update.
Mayo Clinic Proceedings 85(3), S3–14.

Eddy NB and Leimbach D (1953) Synthetic analgesics. II. Dithienylbutenyl-
and dithienylbutylamines. Journal of Pharmacology and Experimental
Therapeutics 107, 385–393.

Gilzad-Kohan MH and Jamali F (2012) Glucosamine and adjuvant arthritis: a
pharmacokinetic and pharmacodynamic study. European Journal of
Pharmaceutical Science 47(2), 387–393.

Gwak YS, Hassler SE and Hulsebosch CE (2013) Reactive oxygen species con-
tribute to neuropathic pain and locomotor dysfunction via activation of
CamKII in remote segments following spinal cord contusion injury in rats.
Pain 154(9), 1699–1708.

Hua J, Suguro S, Hirano S, Sakamoto K and Nagaoka I (2005) Preventive
actions of a high dose of glucosamine on adjuvant arthritis in rats.
Inflammatory Research 54(3), 127–132.

Hwang SY, Shin JH, Hwang JS, Kim SY, Shin JA, Oh ES, Oh S, Kim JB, Lee
JK, Han IO (2010) Glucosamine exerts a neuroprotective effect via

suppression of inflammation in rat brain ischemia/reperfusion injury. Glia
58(15), 1881–1892.

Jamialahmadi K, Sadeghnia HR, Mohammadi G, Kazemabad AM and
Hosseini M (2013) Glucosamine alleviates scopolamine induced spatial
learning and memory deficits in rats. Pathophysiology 20(4), 263–267.

Largo R, Alvarez-Soria MA, Diez-Ortego I, Calvo E, Sanchez-Pernaute O,
Egido J and Herrero-Beaumont G (2003) Glucosamine inhibits IL-1beta-
induced NFkappaB activation in human osteoarthritic chondrocytes.
Osteoarthritis Cartilage 11(4), 290–298.

Lindner ML, Bourin C, Chen P, McElroy JF, Leet JE, Hogan JB,
Stock DA and Machet F (2006) Adverse effects of gabapentin and lack of
anti-allodynic efficacy of amitriptyline in the streptozotocin model of painful
diabetic neuropathy. Experimental and Clinical Psychopharmacology 14(1),
42–51.

Meymandi MS, Sepehri GH, Abdolsamadi M, Shaabani M, Heravi G,
Yazdanpanah O and Aghtaei M-M (2017) The effects of co-administration
of pregabalin and vitamin E on neuropathic pain induced by partial sciatic
nerve ligation in male rats. Inflammopharmacology 25(2), 237–246.

Naik AK, Tandan SK, Dudhgaonkar SP, Jadhav SH, Kataria M, Prakash VR
and Kumar D (2006) Role of oxidative stress in pathophysiology of periph-
eral neuropathy and modulation by N-acetyl-L-cysteine in rats. European
Journal of Pain 10(7), 573–579.

Nielsen CK, Lewis RJ, Alewood D, Drinkwater R, Palant E, Patterson M,
Yaksh TL, McCumber D and Smit MT (2005) Anti-allodynic efficacy of
the χ-conopeptide, Xen2174, in rats with neuropathic pain. Pain 118(1),
112–124.

Ossipov MH, Lai J, Malan TP Jr and Porreca F (2000) Spinal and supraspinal
mechanisms of neuropathic pain. Annals of New York Academy of Sciences
909, 12–24.

Persiani S, Roda E, Rovati LC, Locatelli M, Giacovelli G and Roda A (2005)
Glucosamine oral bioavailability and plasma pharmacokinetics after increas-
ing doses of crystalline glucosamine sulfate in man. Osteoarthritis Cartilage
13(12), 1041–1049.

Pertovaara A, Wei H, Kalmari J and Ruotsalainen M (2001) Pain behavior
and response properties of spinal dorsal horn neurons following experimen-
tal diabetic neuropathy in the rat: modulation by nitecapone, a COMT
inhibitor with antioxidant properties. Experimental Neurology 167(2),
425–434.

Raghavendra V, Tanga F and Deleo JA (2003) Inhibition of microglial activa-
tion attenuates the development but not existing hypersensitivity in a rat
model of neuropathy. Journal of Pharmacology and Experimental
Therapeutics 306(2), 624–630.

Rahbardar MG, Amin B, Mehri S, Mirnajafi-Zadeh SJ and Hosseinzadeh H
(2018) Rosmarinic acid attenuates development and existing pain in a rat
model of neuropathic pain: an evidence of anti-oxidative and anti-inflamma-
tory effects. Phytomedicine 40(7), 59–67.

Rahimian R, Lalancette-Hébert M, ChengWeng Y, Sato S and Kriz J (2020)
Glucosamine-mediated immunomodulation after stroke is sexually dimor-
phic. Brain, Behavior, & Immunity - Health 3, 10041.

Rajanandh MG, Kosey S and Prathiksha G (2014) Assessment of antioxidant
supplementation on the neuropathic pain score and quality of life in diabetic
neuropathy patients – a randomized controlled study. Pharmacological
Reports 66(1), 44–48.

Sal'nikova SI, Drogovoz SM and Zupanets IA (1990) The liver-protective
properties of D-glucosamine. Farmakologiia i Toksikologiia 53, 33–35.

SchmittgenTD and LivakKJ (2008) Analyzing real-time PCR data by the com-
parative C(T) method. Nature Protocols 3(6), 1101–1108.

Setnikar I, Cereda R, Pacini MA and Revel L (1991) Antireactive properties of
glucosamine sulfate. Arzneimittel-Forschung 41, 157–161.

Shin JA, Hwang JS, Kim SY, Oh SK, Nam G and Han IO (2013) A novel glu-
cosamine derivative exerts anti-inflammatory actions via inhibition of
nuclear factor-kappaB. Neuroscience Letters 550, 162–167.

Staunton CA, Barrett-Jolley R, Djouhri L and Thippeswamy T (2018)
Inducible nitric oxide synthase inhibition by 1400W limits pain
hypersensitivity in a neuropathic pain rat model. Experimental Physiology
103(4), 535–544.

Tsuji T, Yoon J, Kitano N, Okura T and Tanaka K (2015) Effects of N-acetyl
glucosamine and chondroitin sulfate supplementation on knee pain and self-

Acta Neuropsychiatrica 267

https://doi.org/10.1017/neu.2022.3 Published online by Cambridge University Press

https://doi.org/10.1017/neu.2022.3


reported knee function in middle-aged and older Japanese adults: a random-
ized, double-blind, placebo-controlled trial. Aging Clinical and Experimental
Research 28(2), 197–205.

Valsecchi AE, Franchi S, Panerai AE, Sacerdote P, Trovato AE and
ColleoniM (2008) Genistein, a natural phytoestrogen from soy, relieves neu-
ropathic pain following chronic constriction sciatic nerve injury in mice:
anti-inflammatory and antioxidant activity. Journal of Neurochemistry
107(1), 230–240.

Holbech JV, JungA, Jonsson T,WanningM, Bredahl C andW.Bach F (2017)
Combination treatment of neuropathic pain: Danish expert recommenda-
tions based on a Delphi process. Journal of Pain Research 10, 1467–1475.

Van Hecke O, Austin SK, Khan RA, Smith BH and Torrance N (2014)
Neuropathic pain in the general population: a systematic review of epidemio-
logical studies. Pain 155(4), 654–662.

Wiffen PJ, Derry S, Bell RF, Rice AS, Tolle TR, Phillips T and Moore RA
(2017) Gabapentin for chronic neuropathic pain in adults. Cochrane
Database Systematic Review 6(2), Cd007938.

Wodarski R, Clark AK, Grist J, Marchand F and Malcangio M (2009)
Gabapentin reverses microglial activation in the spinal cord of streptozoto-
cin-induced diabetic rats. European Journal of Pain 13(8), 807–811.

Yan Y, Wanshun L, Baoqin H, Changhong W, Chenwei F, Bing L and
Liehuan C (2007) The antioxidative and immunostimulating properties of
d-glucosamine. International Immunopharmacology 7(1), 29–35.

Zhang GX, Yu S, Gran B and Rostami A (2005) Glucosamine abrogates the
acute phase of experimental autoimmune encephalomyelitis by induction of
Th2 response. Journal of Immunology 175(11), 7202–7208.

Zimmermann M (1983) Ethical guidelines for investigations of experimental
pain in conscious animals. Pain 16(2), 109–110.

268 Ehsan Mohebbi et al.

https://doi.org/10.1017/neu.2022.3 Published online by Cambridge University Press

https://doi.org/10.1017/neu.2022.3

	Antinociceptive effect of N-acetyl glucosamine in a rat model of neuropathic pain
	Significant outcomes and limitations
	Introduction
	Materials and methods
	Animals

	Materials
	Chronic constriction injury
	Sample size calculation
	Experimental protocol
	Mechanical allodynia test
	Cold allodynia test
	Thermal paw withdrawal test
	Real-time polymerase chain reaction (qRT-PCR)
	Enzyme-linked immunosorbent assay (ELISA) analysis
	Statistical analysis

	Results
	Effect of glucosamine on the CCI-induced tactile allodynia
	Effect of glucosamine on the CCI-induced cold allodynia
	Effect of glucosamine on the CCI-induced thermal hyperalgesia
	Effect of glucosamine on the spinal iNOS expression
	Effect of glucosamine on the spinal TNF-&alpha; gene expression and protein content

	Discussion
	Conclusion
	References


