TTTT

oS

Original Article

Chondroitin sulfate produces antinociception and
neuroprotection in chronic constriction injury-induced
neuropathic pain in rats by increasing anti-inflammatory
molecules and reducing oxidative stress

Olutayo Folajimi Olaseinde,
Bamidele Victor Owoyele

Department of Physiology, Neuroscience and
Inflammation Unit, College of Health Sciences,
University of Ilorin, Ilorin, Kwara State, Nigeria.

Address for correspondence:

Bamidele Victor Owoyele, Department of
Physiology, Neuroscience and Inflammation
Unit, College of Health Sciences, University of
Tlorin, Ilorin, Kwara State, Nigeria.

Tel: +2348035065190.

E-mail: owoyele@unilorin.edu.ng

WEBSITE: ijhs.org.sa
ISSN: 1658-3639
PUBLISHER: Qassim University

Introduction

ABSTRACT

Objectives: Damage to the peripheral and central nervous system lead to Neuropathic
pain (NP) which is a widespread and devitalizing condition. chondroitin sulfate (CS),
has been used in managing joint pain and osteoarthritis. In this study, the effectiveness
of CS on NP induced by chronic constriction injury (CCI) is examined.

Methods: Thirty Wistar rats were distributed at random into six groups (n = 5).
Sciatic nerve ligation was carried out by encircling the nerve with four loose ligatures
to induce NP. Allodynia (cold and mechanical) and heat hyperalgesia were assessed
using Acetone, von Frey filament and Hot plate tests. CCI induction resulted to NP,
prominent from the 3" day after surgery. Structural architecture of sciatic nerves was
evaluated via histological examination of the transverse section of the nerves.

Results: Oral administration of CS (600 mg/kg and 900 mg/kg for 21 days) resulted
in significant (P < 0.05) inhibition of allodynia (cold and mechanical) and thermal
hyperalgesia. Lipid peroxidation, tumor necrosis factor-o. (TNF-o), calcitonin gene
related peptide (CGRP), C reactive protein (CRP), and oxidative stress were attenuated
by CS. CS also improved interleukin (IL)-6, nitric oxide (NO), total antioxidant
capacity (TAC).

Conclusion: These findings suggest that CS attenuates allodynia, and thermal
hyperalgesia induced by CCI by downregulating TNF-a,, CRP, CGRP, oxidative
enzymes, and upregulating IL-6, NO, and TAC. Nociceptive behavioral studies
and histological findings showed significant improvement in the CS treated groups
compared to CCI rats. These findings are responsible for the beneficial effect of CS
in NP.

Keywords: Chondroitin sulfate, chronic constriction injury, imipramine, neuropathic
pain, sciatic nerve

interleukin (IL)-1P." Likewise, nuclear factor (NF)-kB, which
plays a key role in the regulation of the inflammatory process,

Neuropathic pain (NP) is a chronic condition emanating
from injury to the somatosensory system.l'! The symptoms
associated with it include hyperalgesia and allodynia. Despite
immense advancement in NP treatment approaches, effective
treatment of patients in this debilitating condition remains a
challenge.™ Hence, it is imperative to explore efficacious and
safe options in managing NP.

Accrued evidence have shown the role of reactive oxygen
species (ROS) and inflammatory cytokines in the progression
of NP.B! Damage to the nerves stimulates the inflammatory
mediators release, such as tumor necrosis factor (TNF)-o and

has been reported to be activated in NP.’! Blockade of the
inflammatory cytokines mitigates hyperalgesia and allodynia
induced by nerve damage.

Conventional treatments used for NP have limited benefits with
several side effects which include ataxia, loss of weight, mood
disorders, and slurred speech which all result in poor compliance
with treatment that makes the drugs less effective in attenuating
pain.® Therefore, researchers are in search of alternative remedies
that could produce fewer side effects. chronic constriction injury
(CCI) model of NP is widely used for the determination of the
efficacy of potential drugs against NP. CCI is relatively simple
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to carry out and gives a resultant hypersensitive pain that is
robust, stable and continue for a minimum of 1 month after its
initiation.I”? A report have shown that CCI triggers immune cells
activation and as well as the production of some mediators of
inflammation.® These inflammatory mediators play key roles in
the progress of neuropathic.” Studies have reported a pragmatic
link between serum levels of TNF-o and C-reactive protein
(CRP) in patients with neuropathy.!'” Thus, a study on the effects
of pro-inflammatory and anti-inflammatory mediators as well as
those of antioxidants with treatment interventions in a CCI model
could play key roles in the elucidation of the pathophysiology
of NP. Such studies may provide information in the discovery
of new targets for analgesic agents.!'!

Chondroitin sulfate (CS), a member of the family of
galactosaminoglycans (GalAGs), are compounds designated as
symptomatic slow-acting drugs for the treatment of osteoarthritis
due to its chondroprotective and anti-inflammatory properties.!'?
GalAGs have a broad spectrum of biological and medical
importance. including cell growth and differentiation.'>!5! Due
to the many biological and medical importance of GalAGs,
many researchers are now conducting research on GalAGs. The
mechanism by which CS relieves pain is still unclear. Although,
Nemoto et al.l') while using the partial sciatic nerve ligation
(PSNL) model in mice reported that antinociceptive effects of CS
is due to inhibition of the phosphorylation of spinal p38 MAPK
and activation of AB-fibre. The present study investigated
whether CS is effective against NP induced by CCI by assessing
pain behavioral, biochemical, and histological parameters. The
findings from this study could be useful in the development of
effective CS based therapies for the treatment of NP.

Methods

Animals

Experimental procedures were approved with the approval
number University of Ilorin Ethical Review Committee
(UERC/ASN/2019/1949) and carried out according to the
guiding principles of the UERC. Wistar (male) rats with a
weight range 200-250 g, were selected for this study and
were sheltered in the Animal House of the Faculty of Basic
Medical Sciences, College of Health Sciences, University of
Ilorin. All animals were accustomed to their environment for
2 weeks ahead of the onset of experiments. Experiments were
performed between the hours of 9 AM—5 PM. Animals were
fed ad libitum and housed (five per cage) in wooden cages
with 12 h light/dark cycle. The rats were kept in conducive
housing. They were also handled according to the guidelines
set by the National Institute of Health in their Guide for the
Care and Use of Laboratory Animals.['”

Chemicals and drugs

Analytical grade CS (Hefe-Joyce, China) was used for oral
treatment, sodium pentobarbital (Sigma-Aldrich, USA) was
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used as anesthesia, Ca*>", LDH assay kit, K" assay kit (Fortress
diagnostics, United Kingdom), TGF and TNF-o (Elabscience,
USA) were used for biomarker assays. Other chemicals and
materials were of analytical grades and obtained from Bridge
Biotech Ltd, Nigeria. 4.0 silk suture was used for CCI and 4.0
chromic catgut suture was used to suture the skin.

Design of the experiment

Animals were allotted into 6 groups (where n = 5 rats per
group): (1) Non-ligated Control group: The rats in this group
received normal saline (12 ml/kg oral) as treatment without
ligation. (2) Sham group: the skin of the rats in this group and
the underlining tissues were opened and sutured back without
ligating the nerve. The animals were administered normal
saline (12 ml/kg oral) as treatment. (3) CCI group: The rats
were induced with chronic constriction of the sciatic nerve
and treated with normal saline. (4) CS1 group: animals were
ligated and treated with low dose of CS (600 mg/kg oral). (5)
CS2 group: animals were ligated and treated with high dose
CS (900 mg/kg oral). (6) IMI group: animals were ligated and
treated with imipramine (10 mg/kg oral) a reference standard.

The duration of treatments was 21 days after the basal
assessment tests.

NP induction

The well-documented CCI model of neuropathy was adopted
to bring about chronic pain in rats.["® The rats were benumbed
with sodium pentobarbital (90 mg/kg i.p.) and the hair on the
skin of the lower back of the rats were barbed. Thereafter,
70% isopropyl alcohol and iodine solution were applied to
disinfect barbed area. The incision was made on the right hind
limb skin, the sciatic nerves below the femoris muscle were
exposed [Figure 1a]. The sciatic nerves were then ligated and
the gut ligatures were used to constrict the nerves at four sites
with 1-mm gap [Figure 1b]. The skin of the right hind limb
of the sham control (SC) group and the femoris muscle was
incised to expose rats’ sciatic nerves without ligating the sciatic
nerve. The skin was sutured with 4.0 chromic catgut suture
[Figure 1c]. The non-ligated control rats had no incision.!!”!
Pain hypersensitivity examinations were carried out on the
2-day pre-CCI and 3%, 7%, 14%, 21sday post-CCI across all
the groups.

Pain behavioral examinations

NP behavioral examinations composed of three tests:
mechanical allodynia, thermal hyperalgesia, and cold allodynia.

Mechanical allodynia (von frey test)

In examining sciatic nerve sensory functionality, the threshold
of paw withdrawal was measured in response to mechanical
stimulation with the aid of von Frey filament (Ugo Basile,
Italy); 10 filaments were selected.” The rats were kept in
plastic cages with a metal mesh basement and were allowed to
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Figure 1: Chronic constriction injury Induction (a) exposed right sciatic nerve (b) ligated right sciatic nerve (c) sutured skin of the right hind limb

be accustomed to the environment for 10 min before testing.
von Frey filaments with the order of forces, 4.17 g, 4.31 g,
4.56g,4.74¢,493¢g,507g,5.18¢g,5.46¢g,5.88¢g,and 6.1 g,
were applied to the plantar surface of the hind paw. Each paw
was tested 5 times, mechanical pain threshold was estimated
according to the up and down method used by Bonin et al.!?!!

Pre-induction (Pre-I or BL) nociceptive threshold were assessed
(2 days before CCI) with von Frey filament to determine the
basal threshold, post-induction (Post-I) nociceptive threshold
were assessed 3 days after CCI intervention and then on the
10", 17", and 24 day of the commencement of drug treatments.

Thermal hyperalgesia (hot-plate test)

Hot plate was used to measure the thermal sensitivity of the
hind paw (Hefe-joyce, China). The rats were gently placed
the surface of the hot plate (55.5°C + 0.5°C) plate, and paw
withdrawal latency in seconds was recorded (a cut-off time
was put at 20s).1?!

Cold allodynia
Acetone spray test was used to examine paw withdrawal
latency to cold stimulus. 32

Histological analysis

At the end of the of treatment, 5—10 h after the last dose of drug
treatment, the rats were anaesthetized and the sciatic nerve
was dissected proximal to bifurcation point. All animals were
anaesthetized by sodium pentobarbital. Formalin (10%) was
used to fix the sciatic nerve, the nerves were included in paraffin.
Transverse sections of 7 wm thick were obtained and the sections
were subsequently stained with hematoxylin and eosin.*” The
histology slides were analyzed by a blind reading person, based
on the following parameters: analysis, nerve constituents, such
as epineurium, perineurium and endoneurium, as well as the
nerve fiber, presence of inflammatory infiltrates, Schwann
cells, fibroblasts, and blood vessels were analyzed based on
the images taken from the hind limbs.

Biochemical analysis (sciatic nerve)

At the end of the of treatment, 5-10 h after the last dose of
drug treatment, half of the sciatic nerve from the spine to

the bifurcation point was dissected, and the proximal part to
the spine make up the half that was rinsed in ice-cold saline
solution and frozen for biochemical analysis. The sciatic
nerve segment was weighed and rinsed in ice-cold saline
solution on the day of homogenate preparation. The sciatic
nerve was homogenized with a glass homogenizer at 4°C in
2 ml of ice-cold saline (11 mmol/L Tris buffer, pH 7.4).2¢
To remove impurities, the homogenate was filtered using a
cellulose filter and was divided into fractions for biochemical
analysis.” Analysis for superoxide dismutase, catalase (CAT),
and malondialdehyde (MDA) activities was carried out in the
sciatic nerve.

Biochemical analysis (serum and brain)

At the end of treatment, 5—10 h after the last dose of drug
treatment, tubes without anticoagulant were used to collect
blood serum specimens for biochemical analysis. Serum
samples were obtained from collected blood samples after
centrifugation at 3000 x g for 10 min at room temperature
and then stored at -80°C for subsequent analysis of IL-
6, NF-xkB-p65, TNF-a, K*, Ca?". Brains were excised
and immediately rinsed with 0.32 M of cold sucrose and
immediately put in (1.35 ml X brain weight sample) 0.32 M
of cold sucrose solution. The brains were homogenized in
cold sucrose solution. The homogenized brain samples were
centrifuged at 1500 g x 15 min, after which supernatants were
micro-pipetted into plain bottles and immediately stored at a
temperature of < —4°C for further analysis of NO and LDH.

Determination of Sciatic nerve MDA

The assay of MDA was by a non-enzymatic colorimetric assay kit
obtained from Oxford Biochemical Research Inc., Oxford, USA.
MDA assay in the homogenized tissue sample was based on the
reaction of a chromogenic reagent, 2-thiobarbituric acid, with
MDA at 25°C. One molecule of MDA reacted with 2 molecules
of 2-thiobarbituric acid via a Knoevenagel-type condensation to
yield a chromophore with an absorbance maximum at 532 nm.?”

Determination of sciatic nerve CAT, superoxide
dismutase, and serum total antioxidant capacity
The assay method of CAT was based on the measurement of
the hydrogen peroxide substrate remaining after the action of
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CAT. First, CAT converted hydrogen peroxide to water and
oxygen (catalytic pathway), and then this enzymatic reaction
was stopped with sodium azide. An aliquot of the reaction mix
was assayed for the amount of hydrogen peroxide remaining
by the colorimetric method.*®

The colorimetric method uses substituted phenol (3,5-dichloro-
2-hydroxybenzenesulfonic acid), which couples oxidatively
to 4-aminoantipyrine in the presence of hydrogen peroxide
and horseradish peroxidase (HRP) to give a red quinoneimine
dye (N-(4-antipyryl)-3-chloro-5-sulfonatep-benzoquinone-
monoimine) that absorbs at 520 nm.

The principle of the method of assay used for SOD is based
on the competition between the pyrogallol autoxidation
by O, and the dismutation of this radical by SOD. The
enzyme Superoxide dismutase can inhibit the autoxidation of
pyrogallol. The autoxidation of pyrogallol in the presence of
EDTA in pH 8.2 is 50%.

The principle of the method of assay used for total antioxidant
capacity (TAC) is based on the combined action of the
antioxidants provided by the sample or standard which acted
to reduce Cu** to Cu*. This reduced form of copper selectively
formed a 2:1 complex with the chromogenic reagent. This
complex was stable and had an absorption maximum at ~490
mn. A known concentration of uric acid was used to create a
reference curve to compare those readings obtained by the
samples.%

Determination of brain nitric oxide

Brain nitric oxide (NO) was measured via spectrophotometric
quantitation of nitrite using Griess reagent using the kit
from Oxford Biomedical Research Inc. (Oxford, USA). The
nitric oxide kit employed metallic cadmium for quantitative
conversion of nitrate to nitrite before the quantitation of
nitrate using Griess reagent — thus providing for accurate
determination of total NO production.

Determination of brain lactate dehydrogenase (LDH)
LDH activity were determined in the brain tissue homogenates
using an assay kit obtained from Oxford Biomedical Research
Inc. (Oxford, USA). LDH catalysis the conversion of pyruvate
to lactate; NADH is oxidized to NAD in the process. The rate
of decrease in NADH is directly proportional to the LDH
activity and is determined by the measurement of the rate of
absorbance change at 340 nm due to the reduction.

Determination of serum calcitonin gene related peptide
(CGRP) and CRP

Serum CGRP and CRP activity were determined in the brain
tissue homogenates using assay kit obtained from Bioassay
Technology Laboratory (Shanghai, China). The kit uses the
Sandwich- Enzyme-Linked Immunosorbent Assay (ELISA)
principle. The micro ELISA plate accompanying the kit was
pre-coated with an antibody specific to Rat CGRP and CRP.
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Standards or samples were added to the micro ELISA plate
wells and thereafter combined with the specific antibodies.
Then a biotinylated detection antibody specific for Rat CGRP
and CRP, and Avidin-HRP conjugate were added consecutively
to each micro plate well and incubated. Free components were
washed away. The substrate solution was added to each well.
Only the wells that contain Rat CGRP and CRP, biotinylated
detection antibody, and Avidin-HRP conjugate turned blue. The
enzyme-substrate reaction was ended by the addition of stop
solution and the color became yellow. The optical density was
spectrophotometrically measured at a wavelength of 450 nm
+ 2 nm. The optical density value was proportional to the
concentration of Rat CGRP and CRP. The concentration of Rat
CGRP and CRP in the samples was calculated by comparing
the optical density of the samples to the standard curve.

Determination of serum IL-6, TNF-alpha, and NF-
kB-p65

Serum IL-6, TNF-alpha, and NF-kB-p65 activity were
determined in the serum using an ELISA kit obtained from
Elabscience (USA). The plate was pre-coated with Rat I1L-6,
NF-kB-p65 and TNF-alpha antibodies. I1L-6, NF-kB-p65,
and TNF-alpha in the sample were added and bonded to
antibodies coated on the wells. Thereafter, biotinylated Rat
IL-6, NF-kB-p65, and TNF-alpha antibodies were added and
bind to IL-6, NF-kB-p65, and TNF-alpha in the sample. Then,
Streptavidin-HRP was added and bonded to the Biotinylated
IL-6, NF-kB-p65, and TNF-alpha antibodies. Following
incubation, the unbound Streptavidin-HRP was washed away.
Substrate solution was then added and the color was developed
in proportion to the amount of Rat IL-6, NF-kB-p65, and
TNF-alpha. The reaction was terminated by the addition of
acidic stop solution and absorbance was measured at 450 nm.

Statistical Analysis

Data were reported as mean + standard errors of the mean.
The data obtained from behavioral tests were analyzed with
two-way ANOVA followed by Tukey’s post hoc multiple
comparison tests. However, the comparison between different
groups for biomarkers was analyzed by a one-way ANOVA
followed by Tukey’s post hoc test, using Graph Pad Prism 8.
P < 0.05 were considered to be statistically significant.

Results

Mechanical allodynia and thermal hyperalgesia
test

Table 1 shows a significant (P < 0.0004) difference in
mechanical pain thresholds of the contralateral paw of non-
ligated control (NC) (16.83 + 0.33 vs. 14.00 + 0.76) and SC
(16.17+0.33 vs. 14.00 £ 0.76) compared to CCI rats. Table 2
shows a significant (P <0.0001) difference in mechanical pain
thresholds of the ipsilateral paw of non-ligated control (NC)
(16.67+0.40vs. 13.00+0.72) and SC (16.02 +0.35 vs. 13.00
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Table 1: CS reversed contralateral paw allodynia

NC SC CS1 CS2 IMI
BL 16.840.3 16.24+0.3 17.0+0.2 16.5+0 17.0+0.2 16.5+0.3
Day 3 16.84+0.3 16.2+0.3 14.0+0.8* 14.3+0.7 14.0+£0.9* 14.2+1.1
Day 10 16.3+0.3 16.24+0.6 13.3+£0.9*" 13.3£1.1* 15.3+0.8 13.3+£1.3*#
Day 17 15.6+0.4 15.8+0.4 12.640.7% 15.3+0.8 16.0+0.37 12.340.9*
Day 24 16.8£0.3 15.8+0.3 12.34+0.3*" 16.7+0.37 17.2+0.2° 13.0£1.2%#

Data are expressed as the mean+SEM (n=>5) assessed by two-way ANOVA followed by Tukey’s post hoc test. *#+P<0.05, is significant versus*NC. #=SC., =LC.. BL: Baseline threshold. CS: Chondroitin

sulphate

+0.72) compared to CCl rats following CCI intervention. CS at
low dose (CS1) significantly reversed contralateral mechanical
allodynia on the 17"-day post-CCI (15.33 = 0.83 vs. 12.67 &
0.70) and 24"-day post-CCI (16.67 = 0.31 vs. 12.33 £ 0.31)
as shown in Table 1A. Likewise, CS at high dose (CS2)
significantly reversed contralateral mechanical allodynia on
the 17"-day post-CCI (16.00 + 0.34 vs. 12.67 + 0.70) and
24"-day post-CCI (17.17+0.21 vs. 12.33 £ 0.31) as shown in
Table 1A. Also, CS at low dose (CS1) significantly reversed
ipsilateral mechanical allodynia on the 17"-day post-CCI
(15.00 +0.99 vs. 11.67 + 0.83) and 24"-day post-CCI (15.83
+0.67 vs. 11.33 £ 0.40) as shown in Figure 2b. Likewise, CS
at high dose (CS2) significantly reversed ipsilateral mechanical
allodynia on the 17"-day post-CCI (15.33 £ 0.17 vs. 11.67 £
0.83) and 24" day post-CCI (16.17+ 0.21 vs. 11.33 + 0.40)
[Table 1B]. Imipramine (10 mg/kg) administration did not
produce significant difference in paw withdrawal threshold
compared to CCI group.

Figure 3 shows that CS treatment significantly (P < 0.0001)
reduced thermal hyperalgesia which was evidenced by the
increase in thermal paw withdrawal threshold of rats following
CCI intervention. CCI intervention significantly increased
thermal hyperalgesia which was evidenced via significant
(P<0.0001) decrease in paw withdrawal threshold of CCI rats
(3.85+0.34 s) compared to the non-ligated control (NC) (6.26
+ 0.52 s) and the SC (5.61 + 0.30 s) groups 3 days after CCI
intervention [Figure 2]. A significant (P < 0.0001) decrease
in thermal paw withdrawal threshold of the CCI group was
evidenced till day 21 compared to the non-ligated control and
SC groups [Figure 2]. A significant increase was observed in
the thermal paw withdrawal latency of CS1 rats on the 10 day
(5.03+0.67vs.2.76 £0.43 s), 17" day (5.10 £ 0.49 vs. 3.51 +
0.26 s), and 24™ day (5.43 + 0.34 vs. 2.80 + 0.23 s) post-CCI
compared to the ligated control. Also, a significant increase
in thermal paw withdrawal latency of CS2 rats on the 10" day
(5.26+0.41vs.2.76 £0.43 5), 17" day (5.90 £ 0.25 vs. 3.51 +
0.26 s), and 24™ day (6.26 + 0.20 vs. 2.80 + 0.23 s) post-CCI
compared to the ligated control [Figure 2a-c respectively].

Cold allodynia test

CS treatment significantly (P < 0.0001) attenuated ipsilateral
cold allodynia in the ipsilateral paw of rats using acetone
drop test [Tables 4 and 6]. This was evidenced by the reduced
ipsilateral response score of CS1 groups on day 17 post-CCI

(0.83 = 0.48 vs. 2.67 £ 0.33°) and day 24 post-CCI (1.00 +
0.37 vs. 3.00 + 0.00% [Table 4] and the ipsilateral response
frequencies on day 17 post-CCI (23.33 + 15.85 vs. 93.33 +
6.67%) and day 24 post-CCI (20.00 = 7.30 and vs. 100.00 +
0.00%) [Table 6]. Also, high dose CS treatment (CS2) reduced
ipsilateral response score of CS1 treated groups on day 17
post-CCI (0.67 = 0.21 vs. 2.67 + 0.33°) and day 24 post-CCI
(0.67 = 0.49 vs. 3.00 = 0.00%) [Table 4] and the ipsilateral
response frequencies on day 17 post-CCI (13.33 + 4.22 vs.
93.33 £ 6.67%) and day 24 post-CCI (20.00 + 16.33 vs.
100.00 = 0.00%) [Table 4]. CCI intervention resulted in cold
allodynia in the ipsilateral paw of rats on the 3™ day following
CCl intervention compared to the non-ligated (NC) control and
sham (SC) control groups. This was evidenced by the reduced
response score (2.17 +£0.48%) and response frequency (83.33 =
6.15%) observed in the ipsilateral paws of ligated control (LC)
group on the 3 day following CCI compared to the response
scores of NC (0.17 + 0.17°) and SC (0.17 + 0.17°) and the
response frequencies of NC (3.33 £ 3.33%) and SC (3.33 +
3.33%) [Tables 4 and 6]. However, in the contralateral paw of
CCl rats, there was no indication of cold allodynia compared
to the non-ligated control and SC groups [Tables 3 and 5].

Effect of CS on potassium and calcium ions

Ligated rats showed significant (P < 0.0001) (11.65 + 0.44
mmol/l) increase in serum concentration of potassium
ion compared to non-ligated (8.06 £ 0.46 mmol/l) and SC
groups (8.57 £ 0.55 mmol/l) [Figure 3a]. CS1 and CS2
treatment significantly decreased potassium ion concentration
(7.71 £ 0.40 mmol/l and 7.51 £ 0.26 mmol/l, respectively)
in serum of rats compared to the ligated control group
(11.65 £ 0.44 mmol/l) [Figure 3a]. Furthermore, imipramine
(10 mg/kg) treated rats also significantly (7.99 = 0.55 mmol/l)
decreased serum potassium ion concentration compared to
ligated control rats. Furthermore, the serum concentration of
calcium ion of the ligated control rats (2.67 + 0.07 mmol/l)
showed a significant increase compared to CS1 group (2.44 +
0.03 mmol/l) and CS2 group (2.43 + 0.05 mmol/l) (P <0.009)
[Figure 3b].

Effect of CS on lipid peroxidation

MDA concentration in the homogenate of the ligated sciatic
nerve increased (11.81 £ 1.36 uM) significantly (P < 0.0001)
compared to non-ligated (5.13 + 0.62 uM) and SC (5.44
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Figure 2: Chondroitin sulphate reversed thermal hyperalgesia in sciatic nerve-induced neuropathic pain. (a) Pre-surgery thermal test (b) 3" day
thermal test (c) 10" day thermal test (d) 17" day thermal test (¢) 24" day thermal test. Data are expressed as the mean + SEM (n = 5) assessed
by two-way ANOVA followed by Tukey’s post hoc test. *#1P < 0.05, is significant versus. *=NC., #=SC., 1=LC

Table 2: CS reversed ipsilateral paw allodynia

NC SC LC CS1 CS2 IMI
BL 16.7£0.4 16.3+0.3 17.0£0.2 16.3£0.2 16.7£0.5 16.3£0.2
Day 3 16.7£0.4 16.0+0.3 13.0+0.7°* 13.0+0.7°* 12.5+0.7"% 13.0+0.6"
Day 10 16.3+0.2 16.0+0.6 12.0+0.9# 12.3£0.7%* 13.8+0.6" 13.0+0.7"#
Day 17 15.840.3 15.5+0.4 12.0+0.8"# 15.0+0.97 15.3+0.2" 12.5+0.8"#
Day 24 16.7+0.4 15.0+0.4 11.7+0.4* 15.8+0.7* 16.2+0.2F 12.5+0.8"#

Data are expressed as the meantSEM (n=>5) assessed by two-way ANOVA followed by Tukey’s post hoc test. *#1P<0.05, is significant versus*NC. #=SC., +=LC. BL: Baseline threshold. CS: Chondroitin
sulphate

+ 0.38 uM) rats. CS1 and CS2 rats showed a significant
decrease (7.85 + 0.62 and 7.03 + 0.25 uM, respectively) in
the concentration of MDA compared to the ligated control
(11.81 + 1.36 uM) in the sciatic nerve homogenate [Figure 4a].

Effect of CS on antioxidant enzymes

The concentrations of serum TAC and the activities of sciatic
nerve CAT and superoxide dismutase (SOD) significantly
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(P <0.05) increased in rats administered with CS (600 mg/kg
and 900 mg/kg) compared to ligated control rats [Figure 4b-d].
The concentration of TAC in serum of ligated control rats was
significantly (P <0.0004) reduced (0.59 £ 0.19 mM) compared
to non-ligated control (2.51 +0.21 mM), SC (2.50 + 0.28 mM)
groups as well as CS treated rats. Low dose CS (CS1) and
high dose CS (CS2) treated rats showed a significant increase
(P < 0.0004) in TAC (2.12 £ 0.41 and 2.25 + 0.26 mM)
compared to ligated control rats (0.59 = 0.19 mM) [Figure 4b].
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Table 3: Effect of CS on the contralateral paw response score using acetone drop test

NC SC LC
BL 0.17+0.2 0.3+0.2 0.3+0.2
Day 3 0.3+0.2 0.5+0.2 0.6+0.2
Day 10 0.3+0.2 0.5+0.2 0.840.2
Day 17 0.3+0.2 0.3+0.2 1.0+0
Day 24 0.3+£0.2 0.5+0.2 1.0+0

CS1 CS2 IMI
0.17+0.2 0.16+0.2 0.16+0.2

1.0+0 0.8+0.2 0.5+0.2
0.5+0.2 0.84+0.5 0.67+0.5
0.3+£0.2 0.5+0.2 1.0+0
0.5+0.2 0.16+0.2 1.5+0.5"

Data are expressed as the mean+SEM (n=5) assessed by two-way ANOVA followed by Tukey’s post hoc test. *#1P<0.05, is significant versus*NC., #=SC. BL: Baseline threshold. CS: Chondroitin sulphate

Table 4: Effect of CS on the ipsilateral paw response score using acetone drop test

NC SC LC
BL 0.3+£0.2 0.5+0.2 0.5£0.2
Day 3 0.17£0.2 0.17+0.2 2.17+0.5*
Day 10 0.3+0.2 1.0+0.26 2.5+0.3"%
Day 17 0.17£0.2 0.5+0.3 2.7+0.3"%
Day 24 0.3+0.2 0.5+0.2 3.0+£0™

CS1 CS2 IMI
0.3+0.2 0.5+0.2 0.5+0.2
2.5+0.2"* 2.7+0.2"* 2.7+0.2#
1.7+£0.2* 2.540.3"% 1.8+0.3"
0.8+0.41 0.67+0.2* 2.3+0.5*

1.0+0.4* 0.67+0.5" 3+0"

Data are expressed as the mean+SEM (n=5) assessed by two-way ANOVA followed by Tukey’s post hoc test. *#1P<0.03, is significant versus*NC. #=SC., =LC.. BL: Baseline threshold. CS: Chondroitin

sulphate

Activities of CAT in the homogenate of ligated sciatic nerve of
CS1 and CS2 rats (25.58 + 1.47 and 25.79 + 0.76 umol/ml/mins,
respectively) increased significantly (P < 0.005) compared to
ligated control rats (14.74 + 0.67 umol/ml/mins) [Figure 4c].
Activities of SOD in the homogenate of ligated sciatic nerve
of rats treated with CS 900 mg/kg (0.56 = 0.04 u/ml) increased
significantly (P < 0.003) compared to ligated control rats
(0.28 + 0.02 w/ml) [Figure 4d].

Effect of CS on serum c-reactive protein and
calcitonin gene-related peptide

The concentration of CRP and CGRP in serum of ligated
control rats were increased significantly compared to non-
ligated and SC rats. The concentration of CRP in the serum
CS1 and CS2 rats (0.43 = 0.03 ng/ml and 0.39 £ 0.03 ng/ml
respectively) decreased significantly (P < 0.0001) compared
to the ligated control rats (0.61 + 0.03 ng/ml) [Figure 5b].
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Figure 4: Chondroitin sulphate reversed lipid peroxidation and antioxidant enzymes in rats. (a) sciatic nerve MDA concentraton (b) serum TAC
concentration (c) sciatic nerve CAT concentration (d) sciatic nerve SOD concentration. Data are expressed as the mean + SEM (n=5) subjected
to one-way ANOVA fllowed by Tukey’s post hoc test. *#7P < 0.05 is significant versus *NC., #=SC., 1=LC. CAT: Catalase; SOD: Superoxide
dismutase; TAC: Total antioxidant capacity

Table 5: Effect of CS on the contralateral paw response frequency using acetone drop test

NC SC LC CS1 CS2 IMI
BL 6.7+4.2 6.7+4.2 6.7+4.2 6.7+4.2 6.7+4.2 33433
Day 3 6.7+4.2 13.3+6.7 36.7+12.0" 50.0+4.50"% 40.0+£10.3" 30.0+14.4
Day 10 6.7+4.2 10.5+4.5 20.04£5.2 13.346.7 23.3£13.1 20.0+13.7
Day 17 6.7+4.2 6.7+4.2 24.3+5.4 6.7+4.2 10.0+4.5 26.7+4.2
Day 24 6.7+4.2 10.0+4.5 26.7+4.2 10.0+4.5 33433 26.7+8.4°#

Data are expressed as the mean+SEM (n=>5) assessed by two-way ANOVA followed by Tukey’s post hoc test. *#P<0.05, is significant versus *NC. #=SC. BL: Baseline threshold. CS: Chondroitin sulphate

Table 6: Effect of CS on the ipsilateral paw response frequency using acetone drop test

NC SC LC CS1 CS2 IMI
BL 10.0+6.8 13.3+4.2 10.0+4.5 10.0+6.8 13.3+6.7 13.3+4.2
Day 3 33433 33433 83.3+6.1.0™ 90.0+6.8"# 93.3+4.2" 93.3+4.2"*
Day 10 6.7+4.2 20.0+£5.2 90.0+6.8# 50.0+11.3" 80.0+£13.7%# 63.3+12.0"
Day 17 33433 10.0+6.8 93.3+6.7"%* 23.3+15.8" 13.3+4.21 76.7+16.7%
Day 24 6.7+4.2 10.0+4.5 100.0£0" 20.0+7.3% 20.0+16.3% 100.0+£0"%

Data are expressed as the mean+SEM (n=5) assessed by two-way ANOVA followed by Tukey’s post hoc test. *#P<0.05, is significant versus*NC. #=SC. BL: Baseline threshold. CS: Chondroitin sulphate

Imipramine 10 mg/kg treated rats showed a significant decrease ~ the serum of the CS2 rats decreased significantly (2 <0.0006)
in CRP concentration (0.47 £+ 0.02 ng/ml) compared to ligated (178.17 £30.62 pg/ml) compared to ligated control rats (310.01
control rats (0.61 + 0.03 ng/ml). The concentration of CGRPin =+ 16.28 pg/ml) [Figure 5c].
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Figure 5: Chondroitin sulphate reversed serum C-reactive protein and calcitonin gene realated peptide (a) C reactive protein (b) calcitonin
gene related peptide concentration in rats. Data are expressed as the mean + SEM (n = 5) subjected to one-way ANOVA followed by Tukey’s

post hoc analysis. *#tP < 0.05 is significant versus *NC., #=SC., +=LC

Effect of CS on brain nitric oxide and LDH

The concentration of nitric oxide (NO) in brain homogenates
of ligated control rats was significantly (P < 0.0004) reduced
(5.39 £ 0.32 uM) compared to non-ligated control (9.60 +
0.61 uM) and SC rats (9.25 £ 0.78 uM). The concentrations of
NO in the brain of CS1 rats (8.70 + 0.96 vs. 5.39 + 0.32 uM)
and CS2 rats (9.44 + 0.56 vs. 5.39 £ 0.32 uM) were more
significantly (P < 0.0004) increased compared to ligated
control rats [Figure 6a]. The concentrations of LDH in the
brain homogenates of CS1 (376.23 = 51.27 U/L vs. 631.03 =
14.48 U/L) rats and CS2 rats (245.85 +28.70 U/L vs. 631.03
+ 14.48 U/L) were more significantly (P < 0.0001) increased
compared to ligated control rats [Figure 6b].

Effect of CS on serum interleukin-6, tumor
necrotic factor-a, and nuclear factor kappa
B-p65 (NF-kB-p65)

The concentration of interleukin-6 (IL-6) in the serum of
ligated control rats (1.73 + 0.14 ng/L) and imipramine 10mg/kg
treated rats (2.08 = 0.13 ng/L) were significantly (P <0.0001)
reduced compared to the non-ligated (2.84 + 0.09 ng/L) and
SC (2.69 £ 0.15 ng/L) rats. The concentration of IL-6 in the
CS1 and CS2 rats were significantly increased (2.45 + 0.13
and 2.62 + 0.02 ng/L, respectively) compared to the ligated
control rats (1.73 + 0.14 ng/L) [Figure 7a]. The concentrations
of serum TNF-o in the ligated control rats (60.27 & 3.94) was
significantly increased compared to non-ligated (43.91 £ 1.44)
and SC rats (44.43 = 1.78 ng/L). The serum concentration of
TNF-a in CS1 and CS2 rats were significantly (P < 0.0001)
decreased (50.36 £0.71 ng/L and 47.85 £+ 1.84 ng/L vs. 60.27
+ 3.94 ng/L, respectively) compared to ligated control rats

[Figure 7b]. The concentration of serum NF-kB-p65 in the
ligated control rats (0.96 + 0.02 ng/ml) was significantly (P <
0.005) increased compared to non-ligated (0.79 + 0.01 ng/ml)
and SC (0.80 + 0.05 ng/ml) rats. The serum concentration of
NF-kB-p65 in CS1 and CS2 rats were significantly (P <0.005)
decreased (0.82 + 0.02 ng/ml and 0.82 £ 0.03 ng/ml vs. 0.96
+ 0.02 ng/ml, respectively) compared to ligated control rats
[Figure 7c].

Effects of CS on the histology of sciatic nerve

Histological findings from this study showed that the
sciatic nerve of non-ligated and sham rats showed properly
organized myelin sheets, the presence of round axons and
absence of infiltrating cells [Figure 8a and b], sciatic nerve
of ligated untreated rat showed several areas of edema,
presence of infiltrating cells (polymorphs and lymphocytic)
significant inflammation, vacuolization, degraded myelin
sheets (myelin ellipsoids) [Figure 8c], ligated sciatic nerve
treated with CS 600 mg/kg and ligated sciatic nerve treated
with CS 900 mg/kg showed improved edema, vacuolization,
infiltrating cells and improved myelin sheets organization
compared to the ligated untreated [Figure 8d and e], ligated
sciatic nerve treated with Imipramine 10 mg/kg. [Figure 8f]
showed few edema, vacuolization, infiltrating cells, and
improved myelin sheets organization compared to the
ligated untreated.

Discussion

The CCI model in rodents is a widely used model of nerve
damage that presents with allodynia and hyperalgesia.['3! The
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sheets were well organized round axons and there were absence of infiltrating cells; (c) Sciatic nerve of ligated untreated rat shows several
areas of edema (black sphere), presence of infiltrating cells (polymorphs and lymphocytic) (+) (significant inflammation), vacuolization (*),
degraded myelin sheets (myelin ellipsoids) (i); (d) ligated sciatic nerve treated with C.S. 600 mg/kg (e) ligated sciatic nerve trated with C.S.
900 mg/kg (h) ligated sciatic nerve treated with imipramine 10 mg/kg. d-fshow properly alleviated edema, improved myelin sheets organization,
well reduced vacuolization, fewer infiltrating cells compared to the ligated untreated. H and E staining was used

resulting NP is brought about by constricting the sciatic nerve
with four loose ligatures.®!

CS is the most common components of circulating GalAGs,
are most abounding GalAGs in human. They are found in the
connective tissues.’!! Previous reports have shown that CS
is beneficial in conditions of obesity-induced atherosclerotic
plaque inflammation® and inflammatory bowel disease."** It
has been shown that CS, either singly®®! or when combined
with glucosamine,® relieves pain in osteoarthritis patients.
Furthermore, it has been reported that CS mitigates formalin-
induced persistent tactile allodynia.’> It was also reported
that administration of CS results in the inhibition of PSNL-
induced tactile allodynia.l'” Antinociceptive effect of CS and
the possible mechanisms with emphasis on its antioxidant
properties in Wistar rats was investigated. This study also
examined the involvement of cytokines and other pain
mediators in the antinociceptive effects of CS.

Mechanical hypersensitivity!?'2%3¢! and thermal hyperalgesia
are observable facts in NP states that can be modeled in animal
studies.’7*8 Acetone spray test can be used as a multimodal

stimulus to successfully proof altered nociceptive processing
with CCLE*40

This study used the CCI model of NP to probe the effects of
CS on allodynia and hyperalgesia and the extent of mediators
of inflammation in rats NP induction. It was noticed that CCI
induction resulted in significant development of mechanical
allodynia, heat hyperalgesia and cold allodynia after surgery.
But, CS attenuated CCI-induced behavioural alterations
including mechanical allodynia, thermal hyperalgesia and cold
allodynia in a dose-dependent manner. These data suggested
that CS is effective in attenuating NP symptoms of mechanical

allodynia, thermal hyperalgesia and cold allodynia in a CCI
model. The observed effect of CS in attenuating CCI-induced
mechanical allodynia might be due to the inhibition of spinal
p38 MAPK phosphorylation and Ab-fiber activation as reported
by Nemoto et al.' This also showed that CS is effective in
attenuating symptoms of NP of mechanical allodynia, thermal
analgesia and cold allodynia in a CCI model. Findings from
this study also suggest that CS showed more analgesic effect
compared to 10 mg/kg of imipramine.

Prior to the surgical procedure of CCI induction, none of the
animals showed any symptoms of cold allodynia, thermal
hyperalgesia or mechanical allodynia in both contralateral
and ipsilateral paws.

The presence of mechanical allodynia using von Frey filament
following CCI as observed in this study have been variously
reported.*?] Thermal stimulation has often been used to
examine pain associated behavior in animals.[**! The benefits
of thermal stimulation include the relative constant threshold
across body sites, various psychophysical and physiological
studies that has clearly established temperature range that
result to heat nociception and its underlying mechanisms.
Thus, responses to painful thermal stimuli remain one of the
valid and best behavioral tools for studying pain in animals.

It has been reported that the pathophysiology of the peripheral
nervous system disorder, NP and diabetic neuropathy is
associated with anomalous (Ca®") channel expression and
function.*¥ In this study, hypercalcemia a condition of
increased calcium ion (Ca*") above normal range in the
blood, was observed in the ligated control (untreated) rats.
CS however reversed the elevated Ca®* observed in the serum
of CCl-induced rats. It has been reported that elevation of
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extracellular free Ca** concentration or facilitation of its
transmembrane flux reduces the opioid antinociception. On the
other hand, reduction of extracellular free Ca?>" concentration
or of its transmembrane flux increases opioid antinociception
or promotes antinociception by itself.l*>4¢

Hyperkalemia, a condition of increased extracellular potassium
ion (K*) above normal level occurs when renal potassium
excretion is restricted due to reductions in glomerular filtrate
rate, tubular flow, distal sodium delivery or the expression of
aldosterone-sensitive ion transporters in the distal nephron."”
Evidence emerging have shown that hyperkalemia could affect
neuronal excitability and therefore contribute to peripheral
neuropathy.*847481 A normal electrophysiological account could
be restored by serum K*lowering.*® Findings from this study
showed that serum K* level was significantly elevated in the
ligated untreated rats and that CS treatment lowered the serum
level of K*. It has been documented that hyperkalemia could
be a risk factor for peripheral neuropathy.%47!

The involvement of free radicals in human disease conditions
has been documented by many studies.*>*" Cellular and tissue
oxidative stress are believed to be directly linked to elevated
levels of superoxide radicals. The reaction of excess superoxide
with SOD result in generation of numerous intracellular
hydrogen peroxide. Peroxidation of the cell membrane in the
body results to MDA production which can further exasperate
damaged cell membrane.P!) MDA levels are a valid marker of
lipid peroxidation and can indirectly show the extent of cellular
damage due to free radicals.5>53]

In this study, CS treatment reversed the sciatic nerve MDA
level and improved CAT, superoxide dismutase and total
antioxidant activities. A significant elevation in LPOs level has
been observed following nerve damage.*>%! The observations
shows that CS has antioxidant capacity which is evident by
the reductions observed in lipid peroxidation and improving
antioxidant enzymes. Previous findings by other authors®¢>"
showed that CS has antioxidant capacity. It has been reported
that CS inhibit ROS production.’® CAT and SOD has been
implicated in the breakdown of superoxide anion radicals
which are potent oxidative stress markers, playing scavenging
roles to the superoxide anion radicals.”™ This explains the
significant increase in CAT, SOD and TAC in the sciatic nerve
following treatment with CS.

The reduced CRP levels following CS treatment could be
attributed to its ability to inhibit the activation of NF-kB which
might be one of the pathways for the inhibition of inflammation
by CS.[0*61 NF-kB a transcription factor alongside CRP play
significant roles in many inflammatory processes.[*6*!

Previous studies have reported excessive amount of CGRP may
be an indication of sensory afferent activation.! This study
showed that the level of CGRP was elevated in CCl-induced
rats that received no CS treatment. Thus, estimation of CGRP
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can be regarded as an important marker of sensory afferent
activation in tissue during pain.[® This shows that CGRP could
cause the proliferation of CGRP-containing nociceptors and it
could sensitize those nociceptors. Further findings from this
study showed that 900 mg/kg CS treated rats showed low level
of CGRP compared to the ligated control rats. This further
confirmed the analgesic property of CS.

Nitric oxide (NO) plays important roles in numerous
neurobiological processes. Many physiologic importance
of NO have been identified in neurotransmission, ¢’ and
in host-defense mechanisms.[*#! NO has been shown over
times to possess both pronociceptive and antinociceptive
properties.’™ NO has been reported to elicit neuroprotective
effects via kinase Akt and the transcription factor CREB in the
survival pathway that is evoked by NO in cerebellar granule
cells.’'" Various reports have shown that NO expresses not
only cytotoxic but also cytoprotective effects in the CNS.[686]
It was observed that CS treatment led to an increase in the level
of brain nitric oxide. This outcome clearly showed that nitric
oxide exhibited a neuroprotective effect because the increase
in NO level was associated with other beneficial effects of CS
in the rats such as antinociception and improved biochemical
indices. This is similar to the observation of DZolji¢ et al.”™
which demonstrated the neuroprotective effects of nitric
oxide.[”]

It has been shown that neuronal discharge at high frequencies
are triggered by nerve damage during which lactate
becomes a preferred substrate.l’ Lactate is transported
by monocarboxylate transporters in the brain.’> These
transporters allow neurons to ferry lactate as an efficient fuel
even in substrate-poor conditions due to their great affinity for
lactate.”¥ The brain level of LDH was increased in the ligated
but untreated rats but CS administration reduced the level of
LDH. Other studies have shown that an elevated level of LDH
in the brain or systemic circulation can be a viable marker of
neurodegeneration.” Therefore, the reductions in the level
of brain LDH observed following the administration of CS
further demonstrate its neuroprotective potential.

CCl-induced NP produced an increase in TNF-a level in
serum in this study. TNF-o appears early in the cytokine
cascade, therefore, it is considered to be a prototype
proinflammatory mediator.””-”® The role of TNF-ot has been
well documented in peripheral as well as central sensitization
in NP.”778] Results from this study showed elevated levels
of TNF-a in serum of CCI-subjected rats. These findings
are consistent with previous studies,’” and those from other
laboratories.® Oral administration of CS reduced serum
level of NF-kB-p65. Studies have implicated NF-kB-p65
as an important transcriptional factor with important roles
with direct association with several disease pathogenesis®!
especially in the progression of chronic pain.[’2%! Research
findings has shown IL-6 as a multifaceted cytokine that can
bring about both pro- and anti-inflammatory effects in a
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context-dependent fashion.®! Various studies reported that
IL-6 increases circulating levels of the anti-inflammatory
cytokines.®>3¢ Findings from this study showed that IL-6
played a neuroprotective role following treatment with CS. CCI
induction lowered serum level of IL-6. Oral administration of
CS elevated serum level of IL-6. Previous studies have shown
that IL-6 administration attenuates endotoxin-induced TNF-
alpha production, further supporting an anti-inflammatory
role of IL-6.87%81 Furthermore, studies have reported that IL-6
improved nerve dysfunction including sensory, motor nerve
conduction velocity, thermal hyperalgesia, tactile allodynia
measures, and sciatic nerve endoneurial blood perfusion.®7#
A lot of studies support the role of IL-6 in initiating and
triggering neuroreparative responses.” Histological findings
with H and E staining of the sciatic nerves of rats subjected
to injury and treatment by CS clearly showed the beneficial
effect of CS in axonal regeneration, reduced edema area,
reduced presence of infiltrating cells, reduced inflammation,
reduced vacuolization as well as fewer degraded myelin sheets
in CS-administered rats compared to the ligated untreated
rats. These results suggest that treatment with CS promotes
functional recovery by increasing axonal regeneration after
sciatic nerve injury in the rat. The observed effects in this study
may be due to the involvement of CS in several physiological
processes within the rats®®!! which include, the modulation of
the differentiation and the proliferation of neurons.? As also
reported by Sugahara.®” CCI rats treated with imipramine
10 mg/kg showed few edema, vacuolization, infiltrating cells,
and improved myelin sheets organization compared to the
ligated untreated rats.

Conclusion

CS mitigates NP in a CCI model, which may perhaps be as
a result of its ability to lower the release of proinflammatory
mediators, increase antiinflammatory mediators in the course
of sciatic nerve damage. It also demonstrated an ability to
decrease oxidative stress and increase antioxidants which are
important for neuroregeneration.
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