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Abstract Recent studies have emphasized the contribution
of neuroinflammation and oxido-nitrosative stress to neuro-
pathic pain. Both, heme oxygenase (HO)-1 and carbon
monoxide (CO) play an important role in regulating free
radical generation and inflammation. Herein, we investigat-
ed the role of HO-1/CO pathway, by using hemin, a selec-
tive HO activator, and CO-releasing molecule (CORM)-2, a
CO-releasing agent, in rat sciatic nerve chronic constriction
injury (CCI)-induced neuropathic pain. CCI rats exhibited
full development of behavioral hypersensitivity symptoms,
including cold allodynia, mechanical and thermal hyperal-
gesia and also exhibit of a significant increase in spinal cord
pro-inflammatory cytokines (TNF-α and IL-1β) and oxido-
nitrosative stress markers, both in spinal cord and ipsilateral
sciatic nerve homogenate. Spinal (10 and 30 μg/rat, intra-
thecal (i.t.)), but not systemic (5 and 10 mg/kg, subcutane-
ous (s.c.)), administration of hemin for 14 days significantly
prevented the development of behavioral hypersensitivity.
Further, simultaneous administration of hemin via spinal
(10 μg/rat, i.t.) and systemic (5 mg/kg, s.c.) routes led to a
more pronounced inhibition of the development of behav-
ioral hypersensitivity. Further, administration of CORM-2
(1 and 5 mg/kg, s.c.), dose-dependently and most effective-
ly, prevented the development of behavioral hypersensitiv-
ity. Both hemin and CORM-2 produced ameliorative
beneficial effects that paralleled with the extent of reduction
of oxido-nitrosative stress and pro-inflammatory cytokines.
Also, hemin and CORM-2 significantly improved the levels
of HO-1 and activity of anti-oxidant enzymes such as super-
oxide dismutase and catalase. Thus, it may be concluded that

chronic pharmacological activation of HO-1/CO pathway
may prevent the development of behavioral symptoms of
neuropathic pain, through an activation of anti-inflammatory
and anti-oxidant mechanisms.
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Introduction

Neuropathic pain (NP) is a chronic debilitating condition,
initiated or caused by a primary lesion or dysfunction in the
nervous system that is primarily characterized by stimulus-
independent persistent pain or abnormal sensory perception
of pain such as allodynia and hyperalgesia (Merskey and
Bogduk 1994; Sandkuhler 2009). It is generally acknowl-
edged that NP is extremely difficult to treat, and a major
factor affecting outcomes is the presence of comorbidities
such as poor sleep, depressed mood, and anxiety
(McDermott et al. 2006; Agarwal et al. 2008). Despite many
pharmacotherapeutic options, the treatment of neuropathic
pain is often not fully effective and is unsatisfactory due to
dose-limiting side effects (Davis 2007; Dray 2008). Thus,
there is an unmet need to understand disease pathogenesis,
identify and characterize novel targets, and develop newer
agents which act at one or more sites in the pathogenesis of
neuropathic pain.

Now, it has become clear that inflammatory and immune
mechanisms in the peripheral and central nervous systems
play an important role in the development and maintenance
of peripheral neuropathic pain (Perkins and Tracey 2000;
Moalem and Tracey 2006; Hu et al. 2007; Milligan and
Watkins 2009; Vallejo et al. 2010). Also, accumulating
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evidence indicates that oxido-nitrosative stress plays an
important role in the peripheral and central sensitization of
NP (Guedes et al. 2006; Naik et al. 2006; Park et al. 2006;
Gao et al. 2007). Furthermore, pharmacological inhibition
of recruitment and/or activation of inflammatory cells and
subsequent release of pro-inflammatory cytokines have
been shown to ameliorate various behavioral hypersensitiv-
ity symptoms following nerve injury (Raghavendra et al.
2003; Mika et al. 2007; Padi and Kulkarni 2008). Heme
oxygenase (HO)-1 is a rate-limiting enzyme that catalyzes
the oxidative degradation of heme into biliverdin, carbon
monoxide (CO), and iron (Maines 1997; Abraham and
Kappas 2008). Wide variety of in vitro and in vivo studies
has demonstrated that pharmacological upregulation of HO-
1 provides a robust anti-inflammatory and anti-oxidant re-
sponse (Benallaoua et al. 2007; Innamorato et al. 2009;
Paine et al. 2010). Further, an upregulation of HO-1/CO
pathway has been shown to mediate the anti-inflammatory
effect of IL-10, an endogenous anti-inflammatory and anti-
nociceptive cytokine (Lee and Chau 2002; Milligan et al.
2006). Importantly, nuclear factor-erythroid 2-related factor
2 (Nrf2), a Cap'n'Collar transcription factor, is primarily
involved in the regulation of neuroinflammation via expres-
sion of HO-1 (Alam et al. 1999; Syapin 2008; Innamorato et
al. 2009). Hemin has been reported to selectively induce the
expression and activity of HO via increasing nuclear export
Nrf2, which is secondary to increased degradation of en-
dogenous transcription repressor of Nrf2, i.e., Bach1
(Zenke-Kawasaki et al. 2007). Systemic administration of
hemin (1 and 3 mg/kg, i.p.) has been shown to inhibit the
acetic acid-induced writhing response. Also, HO-1 has been
shown to mediate the anti-nociceptive effect of etoricoxib, a
selective COX-2 inhibitor (Grangeiro et al. 2011). Recently,
we have reported that prophylactic administration of hemin
(5 mg/kg) prevents the development of thermal and mechan-
ical hyperalgesia associated with Fruend’s adjuvant-induced
rheumatoid arthritis in rats (Kaur et al. 2011).

The peripheral upregulation of HO-1 via Nrf has been
shown to mediate the analgesic effect of epibatidine in
formalin test (Rosa et al. 2008; Egea et al. 2009).
Moreover, pharmacological activation of peripheral HO-1/
CO pathway has been implicated in the anti-hyperalgesic
effect in carrageenan-induced inflammatory pain in rats
(Steiner et al. 2001). Also, a synergistic interaction between
the peripheral and spinal HO/CO pathways has been ob-
served for providing anti-nociceptive effects in formalin-
induced flinching responses in rats (Nascimento and
Branco 2009). The endogenous CO is mostly generated by
the action of HO-1 in the human body (Maines 1997). The
potential beneficial effects of exogenous application of CO
may be limited due to its high affinity for hemoglobin and
subsequent formation of harmful levels of toxic carboxyhe-
moglobin (Motterlini and Otterbein 2010). CO-releasing

molecule (CORM)-2 (tricarbonyldichlororuthenium II di-
mer) is reported to release carbon monoxide in a controlled
manner (Motterlini et al. 2002). Hence, the present study
was designed to elucidate the role of HO-1/CO pathway, by
using hemin, a selective HO activator, and CORM-2, a CO-
releasing agent, in rat chronic constriction sciatic nerve
injury (CCI)-induced neuropathic pain.

Materials and methods

Animals

Wistar rats (180–250 g) of either sex were used. Animals
were housed under standard conditions of light and dark
cycle in the central animal house of I.S.F College of
Pharmacy, Moga, India, with food and water ad libitum.
Animals were acclimatized to laboratory conditions before
the behavioral tests. All experiments were carried between
0900 and 1400 hours. The experimental protocol was ap-
proved by the Institutional Animal Ethics Committee (ap-
proval no. ISF/IAEC/CPCSEA/33/2011; dated 05.02.2011)
and were carried out in accordance with the guidelines for
Control and Supervision of Experimentation on Animals,
Government of India.

Development of chronic constriction injury of sciatic nerve

The unilateral mononeuropathy was produced according to
the method described by Bennett and Xie (1988). Briefly,
the Wistar rats were anesthetized with thiopental sodium
(30 mg/ki.p.) and the common sciatic nerve of the left hind
paw was exposed at the level of the middle of the thigh by
blunt dissection through the biceps femoris muscle.
Proximal to the sciatic trifurcation, approximately 7-mm of
nerve was freed and four ligatures of 3–0 silk thread were
tied loosely around the sciatic nerve at 1-mm intervals.

Intrathecal catheterization

Intrathecal catheters were implanted as described by Yaksh
and Rudy (1976). In brief, rats were anesthetized with ket-
amine and xylazine, and polyethylene catheters (PE-10)
were inserted via an incision in the atlantooccipital mem-
brane and advanced 7.5 cm caudally to the level of the
lumbar enlargement and secured to the musculature at the
incision site. Only rats with no evidence of neurological
deficit after catheter insertion were used in the study.

Measurement of thermal hyperalgesia

The response to noxious thermal stimulus was determined
using a plantar test Apparatus (Model 37370; Ugo Basile,
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Comerio, Italy) (Hargreaves et al. 1988; Kaur et al. 2011).
Briefly, Wistar rats were accustomed to the device; a mov-
able infrared radiant heat source was placed directly under
the plantar surface on the hind paw, and the time taken for
hind-paw withdrawal latency was noted. A cutoff time of
20 s was used in all experiments.

Assessment of mechanical allodynia (Automatic von Frey
test)

For each animal, threshold for touch sensitivity was mea-
sured in both hind paws using an automated apparatus for
applying reproducible light touch using a dynamic plantar
esthesiometer, which is an automated von Frey-type system
(Model 37450; Ugo Basile, Comerio, Italy) as described
earlier (Meregalli et al. 2010; Kaur et al. 2011). In this,
Wistar rats were placed individually on an elevated wire
mesh floor in a Plexiglas chamber and a metal filament was
applied to the central region on the plantar surface until the
animal moves its paw or until the point at which greatest
present force is met. The maximum value of force in grams
(50 g) was previously fixed.

Assessment of cold allodynia

Cold allodynia was evaluated as the paw withdrawal latency
(PWL) to thermal, non-noxious stimulus of hind paws by
dipping in water maintained at 10±0.5 °C (Padi and
Kulkarni 2004). The PWLs were taken twice, 5 min apart,
and averaged. A cutoff time of 15 s was imposed.

Measurement of motor behavior (Locomotor activity)

The locomotor activity was monitored by using photoac-
tometer (IMCORP, India) and was expressed in terms of
total photobeam interruption counts for 5 min (Padi and
Kulkarni 2008).

Collection of sciatic nerve and spinal cord in Wistar rats

The animals were euthanized by overdose of thiopental
sodium (200 mg/kg, i.p.) and then subjected to cervical
dislocation, immediately after behavioral assays. After
which, the ipsilateral sciatic nerve of each rat were removed
by giving a blunt cut in the thigh and collection of ipsilateral
lumbar region of spinal cord with L4–L6 segments as the
epicenter. The isolated tissues were separately weighed and
homogenized in ice cold phosphate buffer pH 7.0 and di-
vided into two portions. One part of the homogenate was
centrifuged for 15 min at 2,000×g to obtain the clear super-
natant for the estimation of oxidative stress markers, and
another part of homogenate was mixed with 4 μLmL−1

protease inhibitor cocktail. These samples were cold

centrifuged at 14,000×g at 4 °C for 15 min and the super-
natant was stored at −70 °C (New Brunswick Ultra Deep
Freezer, U410 premium, Eppenddorf India Ltd), until assay
using biochemical and enzyme-linked immunosorbent assay
(ELISA) methods.

Measurement of pro-inflammatory cytokines

The supernatant of spinal cord homogenate was used for the
estimation of levels of IL-1β and TNF-α using the quanti-
tative ELISA according to manufacturer’s instructions. The
cytokine level was determined by comparing samples to the
standard curve generated from the respective kits by deter-
mining the optical density (OD) at 450 nm using iMARK
Microplate Absorbance Reader (Bio-Rad Lab 10699, India)
and values were expressed as picograms per milligram wet
weight of sciatic nerve.

Estimation of lipid peroxidation

Concentration of thiobarbituric acid reactive substances
(TBARS) was determined as an index of lipid peroxidation,
as described by Niehius and Samuelson (1968). Absorbance
was measured spectrophotometrically at 532 nm; the values
calculated using molar extinction coefficient of chromo-
phore (1.56×105M−1cm−1) and expressed as nanomoles
per gram tissue.

Estimation of catalase

Catalase was assayed as described by Sinha (1972). The rate
of decomposition of H2O2 was measured spectrophotomet-
rically at 620 nm. Activity of catalase was calculated and
expressed as % activity of sham control.

Estimation of superoxide dismutase

Superoxide dismutase (SOD) activity was measured accord-
ing to the method described by Misra and Fridovich (1972).
Absorbance was measured spectrophotometrically at
480 nm. The activity of SOD was calculated, and expressed
as % activity of sham control.

Measurement of nitrite

The nitrite concentration in the sciatic nerve and spinal cord
was measured by the Griess reaction (Sastry et al. 2002). In
this method, 0.1 mL of supernatant of the tissue homogenate
was mixed with 0.25 mL of 1 % sulfanilamide (prepared in
3 N HCl) and 0.25 mL of 0.1 %N-(1-naphthyl) ethylene
diamine dihydrochloride with shaking. After 10 min, optical
density at 550 nm was measured using iMARK Microplate
Absorbance Reader (Bio-Rad Lab 10699, India). Values of
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nitrite concentration were obtained from sodium nitrite stan-
dard curve, and expressed as in nanomoles per gram tissue.

Heme oxygenase (HO)-1 estimation

HO-1 concentration was estimated by quantitative ELISA
(CUSABIO BIOTECH Co., Ltd) according to the vendor’s
instructions. The HO-1 quantity was determined by com-
paring samples to the standard curve generated from the
standard kit by determining the OD at 450 nm using
iMARK Microplate Absorbance Reader (Bio-Rad Lab
10699, India), and values were expressed as picograms per
milligram wet weight of spinal cord tissues.

Drugs and reagents

Hemin (Sanjay biological, Amritsar, India), tricarbonyldi-
chlororuthenium (II) dimer (CORM-2) (Sigma Aldrich Ltd,
St. Louis, USA), were purchased. Rat IL-1β and TNF-α
ELISA kits (RayBiotech, Inc, Norcross, CA) were used to
quantify cytokines. HO-1 activity was quantified by HO-1
ELISA kit (CUSABIO BIOTECH Co., Ltd). Unless stated,
all other chemicals and biochemical reagents of highest
analar quality were used.

Preparation and administration of drugs

Hemin was dissolved in 0.5 mol/L NaOH and then recon-
stituted to pH 7.4 with HCl in normal saline. The solution
was prepared in darkness just before use and protected from
light. CORM-2 was prepared by dissolving in 5 % DMSO
solution after reconstituting with saline and was adminis-
tered to rats by subcutaneous route. The treatment of hemin
and CORM-2 were initiated at 2 and 24 h, respectively,
before sciatic nerve ligation and was continued once daily
for next 14 days. The daily dose of hemin for intrathecal
route was injected in a total volume of 10 μL followed by
10 μL saline to flush the catheter.

Experimental protocol

All animals were acclimatized to laboratory environment for
at least 3 days before testing. The behavioral tests were
started before and post-sciatic nerve ligation at various
pre-sleeted time schedule (Fig. 1). All the post-treated ani-
mals were humanely killed to measure the markers of oxido-
nitrosative stress and pro-inflammatory cytokines. The total
number of eleven groups, consisting of six animals each,
was employed.

Group I: Sciatic surgery subjected, sciatic nerve not ligated,
intrathecal catheterized and vehicle (s) treated sham
control rats.

Group II: Sciatic nerve ligated (CCI), intrathecal catheterized and
vehicle(s) treated control rats.

Group
III:

Hemin (30 μg/rat/day, intrathecal (i.t.)), for 2 weeks
treated normal per se rats

Group
IV:

CORM-2 (5 mg/kg/day, s.c), for 2 weeks treated normal
per se rats

Group V: CCI+Systemic hemin (5 mg/kg/day, subcutaneous
(s.c.)), for 2 weeks

Group
VI:

CCI+Systemic hemin (5 mg/kg/day, s.c.), for 2 weeks

Group
VII:

CCI+Spinal hemin (10 μg/rat/day, i.t.), for 2 weeks

Group
VIII:

CCI+Spinal hemin (30 μg/rat/day, i.t.), for 2 weeks

Group
IX:

CCI+hemin both spinal (10 μg/rat/day, i.t.) and systemic
(5 mg/kg/day, s.c.), for 2 weeks

Group X: CCI+CORM-2 (1 mg/ kg/day, s.c), for 2 weeks

Group
XI:

CCI+CORM-2 (5 mg/kg/day, s.c), for 2 weeks

Statistical analysis

All the results obtained are expressed as mean±S.E.M. The
data obtained for all behavioral parameters were analyzed
using two-way analysis of variance (ANOVA) followed by
Bonferroni multiple comparisons test. The area under the
curve (AUC) for the repeated measurements of behavioral
hypersensitivity symptoms over entire observation period
was calculated by the trapezoidal method (Pruessener et al.
2003). AUC was analyzed using one-way ANOVA followed
by Dunnett post hoc test. Whereas, data obtained for all
biochemical and ELISA test were analyzed using one-way
ANOVA followed by Tukey’s multiple comparisons post
hoc test. P<0.05 was considered statistically significant.

Results

The ipsilateral PWLs to thermal and cold stimuli and mechan-
ical threshold (in grams) in sham-operated animals remained
unchanged from baseline values throughout the observation
period. The ipsilateral PWLs of a vehicle-treated CCI rats
were significantly less than that of sham-operated rats from
day 3 onwards and reached steady state between days 7 and 14
post-sciatic nerve ligation, indicating the development and
maintenance of allodynia and hyperalgesia.

Effect of hemin and CORM-2 treatment on development
of nerve injury-induced mechanical hyperalgesia and thermal
hyperalgesia

The repeated administration of hemin via i.t. administration
(10 and 30 μg/rat, daily, for 2 weeks), but not systemic (5 and
10 mg/kg, s.c. daily, for 2 weeks), significantly inhibited
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the development of both mechanical hyperalgesia (MH)
and thermal hyperalgesia (TH), as compared to vehicle-
treated CCI rats. Further, simultaneous administration of
hemin via spinal (10 μg/rat, i.t.) and systemic (5 mg/kg,
s.c.) routes, led to a more pronounced inhibition in the
development of both MH and TH, as compared with
either treatment alone. Similarly, repeated administration
of CORM-2 (1 and 5 mg/kg, s.c. daily, for 2 weeks)
significantly and dose-dependently inhibited the development
of both MH and TH, as compared to vehicle-treated CCI rats
(Figs. 2a, b, c, d and 3a, b).

Effect of hemin and CORM-2 treatment on development
of nerve injury-induced cold allodynia

The repeated i.t. administration of hemin only at a dose of
30 μg/rat, daily, for 2 weeks significantly increased the
PWLs, as compared to vehicle-treated CCI rats. However,
repeated i.t. administration of hemin at a dose of 10 μg/rat,
daily, for 2 weeks as well as systemic administration of
hemin (5 and 10 mg/kg, s.c, daily, for 2 weeks) did not
significantly increase the PWLs. On the other hand,
simultaneous administration of hemin via spinal (30 μg, i.t.)
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Fig 2 Effect repeated
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rats. All the values are
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and systemic (5 mg/kg, s.c.) route significantly increased
PWLs, as compared to vehicle-treated CCI rats. Further,
administration of CORM-2 (1 and 5 mg/kgs.c. daily, for
2 weeks), significantly increased the PWLs, as compared to
vehicle-treated CCI rats (Figs. 2e, f and 3c).

Effect of hemin and CORM-2 treatment on spinal cord IL-1β
and TNF-α level

The concentrations of spinal cord IL-1β and TNF-α were sig-
nificantly elevated in vehicle-treated nerve-injured control rats, as
compared to that of vehicle-treated sham-operated rats. However,
repeated i.t. administration (10 and 30 μg/rat, daily, for 2 weeks),
but not systemic administration of hemin (5 and 10 mg/kg, s.c.
daily, for 2 weeks) significantly attenuated spinal cord IL-1β and
TNF-α levels, as compared to CCI control group. Similarly,
simultaneous administration of hemin via spinal (10 μg/rat, i.t.)
and systemic (5mg/kg, s.c.) routes as well as CORM-2 treatment
(1 and 5 mg/kgs.c. daily, for 2 weeks) significantly lowered the

concentrations of these cytokines in spinal cord of CCI rats, as
compared with vehicle-treated CCI control group (Fig. 4).

Effect of hemin and CORM-2 on spinal cord heme oxygenase
(HO)-1

The levels of spinal cord HO-1 was slightly, but not signif-
icantly, elevated in vehicle-treated nerve-injured control
rats, as compared to that of vehicle-treated sham-operated
rats. However, repeated i.t. administration (10 and 30 μg/rat,
daily, for 2 weeks), but not systemic administration, of
hemin (5 and 10 mg/kg, s.c. daily, for 2 weeks) significantly
increased the amount of HO-1, as compared to CCI control
group. Similarly, simultaneous administration of hemin via
spinal (10 μg/rat, i.t.) and systemic (5 mg/kg, s.c.) routes as
well as CORM-2 treatment (1 and 5 mg/kgs.c. daily, for
2 weeks) also significantly increased the concentrations of
HO-1 in spinal cord of CCI rats, as compared with vehicle-
treated CCI control group (Fig. 5).
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Effect of hemin and CORM-2 on altered sciatic nerve
and spinal cord SOD, catalase, lipid peroxidation, and nitrite
levels in CCI rats

Vehicle-treated CCI control rats showed a significant increase
in the levels of TBARS and nitrite, while significant decrease
in levels of SOD and catalase activity in both ipsilateral sciatic
nerve and spinal cord homogenate were observed, as com-
pared to sham-operated rats (Tables 1 and 2). However, re-
peated systemic administration of CORM-2 (1 and 5 mg/kg
s.c., for 2 weeks) as well as simultaneous administration of
hemin via spinal (10 μg/rat, i.t.) and systemic (5 mg/kg, s.c.)

routes significantly attenuated the sciatic oxido-nitrosative
stress, along with significant improvement in anti-oxidant
levels, as compared to vehicle-treated CCI rats. On the other
hand, spinal administration of hemin (10 and 30μg/rat, i.t., for
2 weeks) did selectively improve the altered sciatic oxido-
nitrosative stress parameters in spinal cord, but not in sciatic
nerve homogenate, as compared to vehicle-treated CCI rats.
However, systemic administration of hemin (5 and 10 mg/kg,
s.c, daily, for 2 weeks) significantly altered the sciatic nerve,
but not the spinal cord oxido-nitrosative stress parameters, as
compared to vehicle-treated CCI rats (Tables 1 and 2).

Effect of hemin and CORM-2 on locomotor activity in CCI
rats

The motor activity scores were normal in both sham-
operated and CCI rats on days 3, 7, and14 following sur-
gery, as compared to their respective scores observed on day
0 (basal). Also, chronic systemic and spinal (5 and 10 mg/
kg, s.c.; 10 and 30 μg, i.t., respectively) administration of
hemin and CORM-2 (1 and 5 mg/kg, s.c., for 2 weeks) did
not produce any significant effect on locomotor activity, as
compared to vehicle-treated CCI group (Table 3).

Discussion

The results obtained in the present study demonstrate that
chronic pharmacological activation of HO-1/CO pathway pre-
vented the development of behavioral symptoms of allodynia
and hyperalgesia in sciatic nerve CCI-induced peripheral

0 100 200 300 400 500

Sham
CCI

g)CCI + Hemin (i.t; 10 
g)CCI + Hemin (i.t; 30 

CCI + Hemin (5 mg, s.c)
CCI + Hemin (10 mg,s.c)

g+ 5mg,s.c.)CCI+Hemin (it;10 
CCI+ CORM-2 (1mg)
CCI + CORM-2 (5mg)

Sham
CCI

g)CCI + Hemin (i.t; 10 
g)CCI + Hemin (i.t; 30 

CCI + Hemin (5 mg, s.c)
CCI + Hemin (10 mg,s.c)

g+ 5mg,s.c.)CCI+Hemin (it;10 
CCI+ CORM-2 (1mg)

CCI + CORM-2 (5mg)

IL
-1

be
ta

T
N

F-
al

ph
a

*
***

***
**

***

***

***
**

***

**

pg/mg wet weight

Fig 4 Effect repeated
administration of CORM-2
alone and hemin either alone or
in combination via systemic
and spinal routes, on interleukin
(IL)-1β and tumor necrosis
factor (TNF)-α levels, in whole
dorsolumbar region of spinal
cord homogenate. All the val-
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S.E.M. The single asterisk
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neuropathy in Wistar rats. The observed beneficial effects of
hemin and CORM-2 on behavioral symptoms of NP were
associated with decreased levels of pro-inflammatory cyto-
kines, oxido-nitrosative stress, along with improved anti-
oxidant enzymes levels.

The peripheral upregulation of HO-1 has been shown to
mediate the analgesic effect of epibatidine in formalin test

(Rosa et al. 2008; Egea et al. 2009). Further, pharmacological
activation of peripheral HO-1/CO pathway has been implicat-
ed in the anti-hyperalgesic effect of drugs in carrageenan-
induced mechanical hypersensitivity in rats (Steiner et al.
2001). However, in the present study, systemic administration
of hemin (5 and 10 mg/kg, s.c, daily, for 2 weeks) failed to
produce significant effect on the development of nerve injury-

Table 1 Effect of repeated administration of hemin and CORM-2 on SOD, catalase, TBARS and nitrite levels in ipsilateral sciatic nerve of the CCI
rats

Treatment Nitrite (nmol/g tissue) TBARS (nmol/g tissue) SOD (% control) Catalase (% control)

Sham control 99.71±7.46 58.60±5.96 96.0±3.54 94.83±3.76

H (30 μg, i.t.) per se 97.32±8.53 59.92±5.86 94.23±4.90 93.67±4.86

H (10 mg, s.c.) per se 93.44±7.05 54.96±5.43 99.65±3.74 97.16±5.93

CORM-2(5 mg)per se 95.57±6.34 56.43±6.04 97.65±2.63 95.37±4.27

CCI control 185.23±11.62* 153.30±7.64* 49.24±5.56* 64.10±5.37*

CCI+H (10 μg, i.t.) 181.45±10.31 145.74±8.25 54.34±5.14 66.23±4.64

CCI+H (30 μg, i.t.) 175.46±11.45 143.43±9.56 53.41±5.35 68.70±4.15

CCI+H (5 mg, s.c.) 137.35±11.40** 102.47±6.90** 78.61±4.30** 79.25±5.01**

CCI+H (10 mg, s.c.) 122.60±9.15** 91.56±5.98** 85.67±4.87** 88.53±4.98**

CCI+H(10 μg, i.t.)+H (5 mg, s.c.) 131.26±9.78** 99.24±6.63** 79.15±3.43** 83.20±4.36**

CCI+CORM-2(1 mg) 149.31±8.13** 121.42±6.20** 59.22±3.37** 64.35±4.85**

CCI+CORM-2(5 mg) 118.14±10.64** 91.07±5.68** 78.32±4.75** 79.22±5.16**

Treatment of either hemin or CORM-2 were initiated at 2 and 24 h, respectively, before sciatic nerve ligation and was continued once daily for next
14 days. Values are Mean±S.E.M.
*P<0.05 vs sham control; **P<0.05 vs CCI control

CCI chronic nerve constriction injury, H hemin, i.t. intrathecal, SOD superoxide dismutase, s.c. subcutaneous, TBARS thiobarbituric acid reacting
substances.

Table 2 Effect of repeated administration of hemin and CORM-2 on SOD, catalase, TBARS and nitrite levels in ipsilateral lumbar (L4-L6) region
of spinal cord of the CCI rats

Treatment Nitrite (nmol/g tissue) TBARS (nmol/g tissue) SOD (% control) Catalase (% control)

Sham control 135.64±19.23 59.35±8.34 94.64±5.56 94.35±4.38

H (30 μg, i.t.) per se 118.34±17.21 53.25±7.32 95.23±5.23 96.67±5.21

H (10 mg, s.c.) per se 109.46±16.64 49.73±6.79 98.22±4.21 97.85±5.72

CORM-2(5 mg)per se 120.72±15.89 52.25±5.82 97.33±3.23 96.48±4.83

CCI control 410.22±23.45* 162.62±11.32* 54.50±6.62* 56.47±6.23*

CCI+H (10 μg, i.t.) 259.45±18.53** 103.22±10.35** 74.35±6.67** 71.77±6.50**

CCI+H (30 μg, i.t.) 235.31±23.82** 86.45±11.30** 83.41±4.40** 85.20±5.93**

CCI+H(5 mg, s.c.) 397.48±21.40 151.46±11.43 55.52±6.83 53.63±5.34

CCI+H (10 mg, s.c.) 384.45±19.77 147.65±13.17 58.34±5.34 59.34±6.30

CCI+H(10 μg, i.t.)+

H(5 mg, s.c.) 241.70±17.92** 106.50±10.26** 78.20±6.72** 80.44±6.12**

CCI+CORM-2(1 mg) 329.31±19.34** 128.42±10.37** 65.33±5.21** 66.35±5.85**

CCI+CORM-2(5 mg) 270.22±20.42** 95.24±12.34** 76.33±6.93** 79.22±6.30**

Treatment of either hemin or CORM-2 were initiated at 2 and 24 h, respectively, before sciatic nerve ligation and was continued once daily for next
14 days. Values are Mean±S.E.M.

CCI chronic nerve constriction injury, H hemin, i.t. intrathecal, SOD superoxide dismutase, s.c. subcutaneous, TBARS thiobarbituric acid reacting
substances
*P<0.05 vs sham control; **P<0.05 vs CCI control
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induced allodynia and hyperalgesia. It is well kwon that hemin
is blood–brain barrier-impermeable in nature (Mancuso 2004)
and, therefore, may not activate the central HO-1 pathway
after s.c. administration. Hence, it is unlikely that selective
activation of peripheral HO-1/CO pathway may not be suffi-
cient to elicit an anti-hyperalgesic and anti-allodynic effect in
experimental paradigm of neuropathic pain. This is supported
by the finding that at the employed doses, intrathecal repeated
administration of hemin significantly inhibit the development
of allodynia and hyperalgesia. Furthermore, concurrent ad-
ministration of hemin via spinal (10 μg/rat, i.t.) and systemic
(5 mg/kg, s.c.) routes produced a more pronounced inhibitory
effect on the development of behavioral symptoms of NP, as
compared with i.t. dose of hemin (30 μg/rat) alone-treated
group. Consistent with this, a previous study demonstrated
that a low-dose injection of heme-lysinate, a substrate of HO
pathway, either into paw or spinal site alone, did not modulate
the nociceptive behavior induced by formalin flinching test.
Also, spinal HO-1 has been shown to mediate the
amitriptyline-induced reversal of anti-nociceptive tolerance
observed in chronic morphine-infused rats (Tai et al. 2009).
In addition, simultaneous pharmacological activation of HO/
CO pathway both at peripheral and spinal sites has been
shown to provide a more pronounced anti-nociceptive effect
in formalin-induced flinching responses in rats (Nascimento
and Branco 2009). Similarly, the data obtained in the present
study revealed, for the first time, the existence of an anti-
nociceptive synergy between peripheral and spinal HO path-
ways in the chronic pharmacological activation of HO-1 path-
way CCI-induced NP. In contrast to this, single dose systemic
administration of HO-1 inhibitors, tin protoporphyrin, dose-
dependently reversed the mechanical allodynia and thermal
hyperalgesia induced by the L5 and L6 nerve roots ligation in
rats (Li and Clark 2000). These discrepancies may be due to
use of difference in nature, dosing schedule (preventive vs
post-emptive) of pharmacological agents and animal models.

Recently, it has been shown that an activation of central
HO-CO-cGMP pathway produced anti-nociceptive effect in
the tail flick test, a model of non-inflammatory acute pain
(Carvalho et al. 2011). These previous observations and the
present study data clearly suggest that simultaneous activa-
tion of peripheral, spinal, and perhaps, supraspinal HO-1/
CO pathway may be necessary for obtaining maximal anti-
nociceptive activity in NP. This notion is supported further
by the results obtained in this study that even combined
administration of hemin via spinal and systemic route was
unable to produce equivalent beneficial effects, as compared
to CORM-2-treated group. The data obtained from in vitro
studies using whole-cell patch recordings have demonstrat-
ed that CORM-2 act as an effective antagonist at human
P2X4 receptors (Wilkinson and Kemp 2011), and an in-
creased expression of P2X4 receptors in microglia of the
dorsal horn has been reported to play an important role in
peripheral nerve injury-induced pain behaviors in rats
(Tsuda et al. 2003, 2008). Therefore, the possible involve-
ment of P2X4 receptors in CORM-2-induced beneficial
effects cannot be excluded, and further studies are needed
in this regard.

Now, it has become clear that inflammatory and immune
mechanisms in the peripheral and central nervous systems
play an important role in the development and maintenance
of peripheral NP (Moalem and Tracey 2006; Vallejo et al.
2010). Particularly, microglial activation and subsequent
release of pro-inflammatory cytokines in spinal cord has
been documented in the development of nerve injury-
induced peripheral NP in rats (Raghavendra et al. 2003;
Ledeboer et al. 2005; Watkins et al. 2007). Once released,
these pro-inflammatory cytokines may increase expression
of enzymes like COX-2 and iNOS, which lead to enhanced
synthesis of prostaglandins and NO, well known mediators
involved in spinal hypersensitization (Thacker et al. 2007).
In addition, oxido-nitrosative stress has also been shown to

Table 3 Effect of repeated ad-
ministration of hemin and
CORM-2 on locomotor activity
(counts/5 min)

Treatment of either hemin or
CORM-2 were initiated at 2 and
24 h, respectively, before sciatic
nerve ligation and was continued
once daily for next 14 days. The
total number of photo beam in-
terruption counts for 5 min and
represented as the Mean±S.E.M

CCI chronic nerve constriction
injury, H hemin, i.t. intrathecal,
s.c. subcutaneous

Treatment Day 0 Day 3 Day 7 Day 14

Sham control 203 .5±10.8 188.8±11.4 195.4±8.7 189.5±10.5

CCI control 196.7±9.8 181.8±10.6 189.4±10.7 190.3±10.3

H (30 μg, i.t.) per se 207.5±10.5 196.3±9.1 199.6±8.2 200.5±8.6

H (10 mg, s.c.) per se 204.8±8.7 191.4±10.3 196.3±11.6 194.3±10.5

CORM-2(5 mg)per se 189.6±11.6 181.4±10.6 185.4±10.0 184.1±8.9

CCI+H (10 μg, i.t.) 196.8±9.5 184.0±11.2 186.5±9.2 191.6±8.3

CCI+H (30 μg, i.t.) 205.3±11.5 194.6±12.3 191.5±8.5 202.5±8.1

CCI+H(5 mg, s.c.) 198.0±9.2 190.4±10.7 195.0±7.8 201.6±10.4

CCI+H(10 mg, s.c.) 207.3±12.4 195.2±11.3 200.6±9.5 198.6±7.7

CCI+H(10 μg, i.t.)+H (5 mg, s.c.) 189.4±10.7 183.4±11.6 182.5±9.4 185.8±6.9

CCI+CORM-2(1 mg) 191.1±9.3 185.2±10.1 184.3±8.5 185.0±10.3

CCI+CORM-2(5 mg) 197.8±8.5 187.4±10.7 191.0±9.4 192.4±8.4
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play an important pathogenic role in the peripheral and
central sensitization and subsequent development of pe-
ripheral NP (Levy and Zochodne 1998; Kim et al. 2004;
Naik et al. 2006). Further, it is also well demonstrated
that exogenous administration of anti-oxidant, including
SOD, SOD mimetic, nitric oxide synthase inhibitors and
microglial inhibitors are effective in preventing the de-
velopment and maintenance of NP (Kim et al. 2004;
Park et al. 2006; Padi and Kulkarni 2008). Consistent
with these reports, in the present study, vehicle-treated
CCI control rats developed a significant increase in in-
flammatory and oxido-nitrosative stress, along with sig-
nificant decrease in anti-oxidant levels. This indicates that
these pathogenic mechanisms play an important role in
the development and maintenance NP. Although NF-κB
has not been estimated in the present study, accumulating
evidences from in vitro and in vivo studies, however,
suggest that hemin and CORM-2 did suppress the acti-
vation of NF-κB activation and subsequent inhibition of
the expression of pro-inflammatory cytokines, particularly
TNF-α and IL-1β and development of oxido-nitrosative
stress (Otterbein et al. 2000; Zuckerbraun et al. 2007;
Jadhav et al. 2008; Chen et al. 2010; Ahanger et al.
2011). Pharmacological upregulation of HO-1 has also
been shown to downregulate the release of pro-
inflammatory cytokines and oxido-nitrosative stress
markers, in activated microglia, macrophages, and hippo-
campal HT22 cells, in vitro (Li et al. 2012). In tune with
this, in this study, treatments with both CORM-2 and
hemin have significantly and dose-dependently attenuated
the elevated oxido-nitrosative stress and pro-inflammatory
cytokines in the sciatic nerve and spinal cord. In addi-
tion, both CORM-2 and hemin treatment have also sig-
nificantly improved the levels of anti-oxidant enzymes.
Therefore, these data along with the results of the present
study reveal that pharmacological activation of HO-1/CO
pathway induced inhibition of development of NP, which
may be mediated through anti-inflammatory and anti-
oxidant mechanisms.

Conclusion

On the basis of the discussion above, it may be concluded
that the spinal administration, but not systemic administra-
tion, of hemin significantly attenuated the development of
nerve injury-induced NP. On the other hand, simultaneous
administration of hemin via spinal and systemic routes, as
well as CORM-2 alone, produced a more pronounced inhi-
bition of the development of NP, through activation of anti-
inflammatory and anti-oxidant mechanisms. It suggests that
concurrent pharmacological activation of HO-1/CO path-
way both at spinal and peripheral sites, but not peripheral

site alone, is needed to prevent the development of sciatic
nerve CCI-induced neuropathic pain in Wistar rats.
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