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Abstract

Objectives Impact of ROS in development of hyperalgesia

has recently motivated scientists to focus on ROS as novel

target of anti-hyperalgesic interventions. However, role of

ROS in molecular signaling of hyperalgesia is still poorly

understood. The present study is aimed to analyze the

effect of dietary antioxidant resveratrol on antioxidant

defense system, ROS level and TNFR1–ERK signaling

pathway during early and late phase of inflammatory

hyperalgesia.

Methods and materials Hyperalgesia was assessed by paw

withdrawal latency test in complete Freund’s adjuvant-in-

duced hyperalgesic rats. Activities of antioxidant enzymes

were measured by in-gel assays, ROS level was measured

by DCFH2DA, and expression of pERK, ERK and TNFR1

was estimated by Western blotting.

Results Anti-hyperalgesic effect of resveratrol was

observed by paw withdrawal latency test. ROS level was

increased in paw skin as well as spinal cord during early

phase which was further increased in paw skin, but

remained constant in spinal cord up to late phase.

Resveratrol differentially regulated the activities of SOD,

catalase and GPx in paw skin as well as spinal cord of

hyperalgesic rats in both phases. Activities were normal-

ized back showing anti-hyperalgesic effect of resveratrol.

Upregulated ERK signaling was modulated by resveratrol,

whereas TNFR1 level remained unchanged.

Conclusion Overall results suggest that resveratrol allevi-

ates inflammatory hyperalgesia by downregulation of ERK

activation, modulation of ROS and differential regulation

of antioxidant enzymes during early and late phases.

Keywords ROS � Catalase � Superoxide dismutase �
Glutathione peroxidase � ERK � Hyperalgesia

Introduction

Acute pain acts as a warning system to detect noxious

stimuli and to avoid potential tissue damage. Noxious

stimulation of peripheral tissue leads to hypersensitivity of

specialized peripheral nerves (nociceptors) causing acute

inflammatory hyperalgesia via signaling through spinal

cord and brain. The initiated hyperalgesia may lead to

sensitization of central nerve terminals leading to chronic

pain [1]. Presently, nonsteroidal anti inflammatory drugs

(NSAID) are effective in treating acute inflammatory pain,

although with serious side effects. Steroids are also used to

treat inflammatory pain, but they have non-specific targets.

Therefore, interest was focused to develop new approaches

for treatment of pain.

ROS is known to modulate various signaling pathways

in cell proliferation, apoptosis, necrosis, etc. Recent studies

indicate ROS as key factor during initiation and mainte-

nance of hyperalgesia. However, their exact mode of action

still needs to be elucidated. Accordingly, ROS is
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considered as new target of anti-hyperalgesic interventions.

Use of natural antioxidants as anti-hyperalgesic agents is

being investigated as they may have the advantage of

intervening hyperalgesia with fewer side effects. Resvera-

trol, a grape polyphenol has attracted attention for its

potent and long-lasting anti-nociceptive effects [2, 3].

Inflammatory and opioidergic pathways are suggested to be

involved in anti-hyperalgesic effect of resveratrol [2–5].

Interestingly, these pathways are linked with concomitant

ROS generation [6–8]. Anti-nociceptive effect of resvera-

trol during inflammatory hyperalgesia has been reported by

us via differential regulation of pro-inflammatory media-

tors [4]. Therefore, it was hypothesized that anti-

nociceptive effect of resveratrol might be attributed to its

antioxidant property.

Reactive oxygen species (ROS) are highly reactive

oxygen-containing molecules. Oxidative burden imposed

by ROS is balanced by antioxidant defense system of an

organism. Accumulation of ROS leads to various diseases.

ROS has been reported to induce neuropathic hyperalgesia

[9–13]. Therefore, natural or synthetic antioxidants should

be able to ameliorate hyperalgesia. We have reported the

alleviation of thermal hyperalgesia to be associated with

improvement in antioxidant defense system and reduction

in oxidative stress by curcumin [14]. However, their

specific role in initiation and maintenance of hyperalgesia

is still not understood. Along with non-enzymatic compo-

nents, antioxidant enzymes have a crucial role in

antioxidant defense system. ROS may regulate these

enzymes at transcriptional or posttranslational levels [15].

Further, various antioxidant enzymes may be modulated in

different ways [16]. Antioxidant enzymes such as super-

oxide dismutase (SOD), catalase (CAT) and glutathione

peroxidase (GPx) are major constituent of antioxidant

defense system. Both isozymes of SOD, Cu–Zn SOD and

Mn-SOD protect cells from oxidative damage at the initial

step by scavenging superoxide radicals. Hydrogen peroxide

a byproduct of SOD may further be converted into water by

either catalase or GPx [17, 18].

ROS may regulate a number of downstream signaling

pathways leading to inflammation and hyperalgesia. Pro-in-

flammatory cytokine TNF-a is a major cytokine in

inflammatory soup which has a lead role in activating a cas-

cade of other cytokines in pain signaling [4, 19]. TNF-a
increases the expression of transient receptor potential vanil-

loid 1 (TRPV1), which is a cation channel having a major role

in nociceptive signaling. TNF-a receptor 1 (TNFR1) and

TRPV1 are reciprocally activated in nociceptive neurons,

mediated via ERK activation and ROS generation [20, 21].

Further, ROS may activate ERK and other MAPKs [22]. All

the three MAPK pathways are reported to be involved in

hyperalgesia [23]. Therefore, it may be hypothesized that

ROS sensitize nociceptors by MAPK activation, and

antioxidant resveratrol should be able to reduce the signaling

pathway toward anti-hyperalgesic action.

Based on the hypothesis, we investigated the role of

antioxidant enzymes, ROS and downstream targets TNFR1

and ERK in anti-nociceptive effect of resveratrol in initi-

ation and maintenance of hyperalgesia. Early phase (6 h

after CFA administration) and late phase (48 h after CFA

administration) were selected to represent initiation and

maintenance of hyperalgesia on the basis of our earlier

report [4]. Paw skin and spinal cord were used to under-

stand the molecular alteration at peripheral and central

levels, respectively. Molecular analysis has been correlated

with behavioral assessment of hyperalgesia during early as

well as late phase.

Materials and methods

Materials

Analytical- and molecular biology-grade chemicals were

used in the study. Complete Freund’s adjuvant (CFA) was

purchased from Sigma-Aldrich (Saint Louis, USA).

Resveratrol (purity C98%) was purchased from Cayman

Chemicals (Ann Arbor, USA). Hydrogen peroxide, NBT

(nitro blue tetrazolium), ferric chloride, potassium ferri-

cyanide, riboflavin, PMS (phenazine methosulfate) and

GSH (reduced glutathione) were purchased from SRL

(Mumbai, India). Polyclonal anti-TNFR1, anti-ERK-1/2

and anti-pERK-1/2 rabbit antibodies were purchased from

BioVision (Milpitas, CA, USA), and monoclonal anti-b-

actin was purchased from Sigma-Aldrich (Saint Louis,

USA). HRP-conjugated goat anti-rabbit secondary anti-

body was procured from Merck-Genei (Bangalore, India).

Animals and drug treatment

Charles Foster strain rats were bred and maintained under

standard laboratory conditions with proper human care, as

per guidelines of Institutional Animal Ethical Committee,

Banaras Hindu University, Varanasi, at 25 ± 2 �C with

12-h light/dark schedules with ad libitum supply of stan-

dard animal food and drinking water. Normal adult

(12–14 weeks old) male rats were used for induction of

inflammatory hyperalgesia. All experiments were per-

formed with the approval of Institutional Animal Ethical

Committee, Banaras Hindu University (Letter No. Dean/

10-11, dated 28.04.2011). Animals were categorized into

four groups having 12 rats per group. Hyperalgesia was

developed by intraplantar (i.pl.) injection of 100 ll CFA in

three groups. Out of three CFA-induced groups, one group

received saline (C), second group received DMSO as a

vehicle control (CD), and third group received resveratrol
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dissolved in DMSO (CR) in 50 ll volume via i.p route.

Control group received 100 ll of saline via i.pl. and 50 ll

via i.p. route (N). Resveratrol was injected immediately

after CFA administration. Resveratrol dose was selected as

20 mg kg/body wt/day on the basis of earlier reports [4].

Six animals of each group were killed after 6 h, and

remaining animals were killed after 48 h of CFA

administration.

Assessment of thermal hyperalgesia

Thermal hyperalgesia was measured by paw withdrawal

latency test as described earlier [4]. Briefly, animals were

placed on a hot plate (Eddy’s Hot-Plate, Orchid Scientific,

India) with the temperature adjusted to 50 ± 0.5 �C. Hyper-

algesia was assessed up to 48 h by measuring the latency

period of paw licking or jump response. Three consecutive

latencies measured at 10-min intervals were averaged. The

cutoff time was 10 s in order to avoid tissue damage. The

observer was blinded to all treatments until the analysis of

results.

Preparation of tissue homogenate

Ipsilateral hind paw skin as well as lumbar spinal cord (L4–

L6) were removed from all animals, washed with PBS and

stored at -80 �C until use. Tissues were homogenized in

50 mM potassium phosphate buffer (pH 7.4), containing

1 mM PMSF, protease and phosphatase inhibitor cocktail

and 0.1% Triton X-100 with a polytron homogenizer, and

centrifuged at 14,000g for 20 min at 4 �C. The supernatant

was used for in-gel activity assay of antioxidant enzymes

and Western blot analysis.

Measurement of ROS

The ROS level was measured by using 20,70-dichlorofluo-

rescein diacetate (H2DCFDA) as described previously [24].

Skin or spinal cord extracts were incubated at 37 �C for

60 min with equal volume of 2 mM H2DCFDA (Invitro-

gen). Fluorescence was recorded at 485 nm (excitation)

and 527 nm (emission) with HITACHI F-3000 fluores-

cence spectrophotometer and presented in arbitrary units

(AU) in terms of fluorescence intensity/mg protein.

In-gel activity assay of antioxidant enzymes

Catalase

Catalase activity of was analyzed by native polyacrylamide

gel electrophoresis followed by ferricyanide method

described by Woodbury et al. [25]. 30 lg of protein was

resolved on 8% resolving gel, at 4 �C. After completion of

electrophoresis, the gels were washed with distilled water

and soaked in H2O2 (0.03%) for 5 min and rinsed with

distilled water to remove excess H2O2. The gels were

stained in a solution containing 1% ferric chloride and 1%

potassium ferricyanide for 4–5 min at room temperature.

Superoxide dismutase (SOD)

The activity of SOD was analyzed by a procedure descri-

bed by Beauchamp and Fridovich [26]. 30 lg of total

protein from each sample was loaded and separated on

10% resolving gel by non-denaturing PAGE at 4 �C. After

completion of electrophoresis, the gels were soaked in

1.23 mM NBT solution for 20 min at room temperature in

dark. Gels were washed with distilled water and incubated

in 100 mM phosphate buffer (pH 7.0) containing 28 mM

TEMED and 0.28 mM riboflavin for 15–20 min at room

temperature in dark. Thereafter, the gels were exposed to

fluorescent light until achromatic bands appeared with

purple-blue background.

Glutathione peroxidase (GPx)

The activity gel assay of GPx was performed according to

the method described by Lin et al. [27]. 100 lg of protein

from each sample was loaded and separated on 10%

resolving gel by non-denaturing PAGE at 4 �C. After

completion of electrophoresis, the gels were soaked in

50 mM tris–HCl (pH 7.9) containing 13 mM GSH and

0.004% H2O2 for 20 min in dark. Thereafter, gels were

washed and developed in darkness at 30 �C containing

1.2 mM NBT and 1.6 mM PMS for 10 min and exposed to

fluorescent light until appearance of clear zone of GPx

band on purple background.

Western blotting

Levels of pERK, total ERK as well as TNFR1 were detected

by Western blot analysis. Equal amount of protein extracts

from each group were separated on 10% SDS-polyacrylamide

gels and transferred to polyvinylidene fluoride (PVDF)

membranes. Membranes were blocked with nonfat milk for

2 h. Blots were incubated overnight with primary antibodies

(1:1000), washed in TBST for 5–10 min and incubated with

HRP-conjugated anti-rabbit secondary antibody (1:2500) for

2 h. Bands were visualized using enhanced chemilumines-

cence (ECL) and detected on X-ray film.

Densitometric and statistical analysis

Data of the behavioral study were analyzed by repeated

measure ANOVA. Group-wise comparisons were based on
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one-way ANOVA followed by Tukey’s post hoc test using

SPSS (Statistical Package for the Social Sciences) software.

ROS level was analyzed by two-way ANOVA. All other data

were analyzed by one-way ANOVA followed by Tukey’s post

hoc test. Densitometric analysis was performed by using

Alpha Imager 2200 software (Alpha Innotech). Activity of

antioxidant enzymes was measured on the basis of integrated

densitometric value and presented in arbitrary units (AU).

Increment or decrement was calculated by taking the activities

of normal groups as 100%. Values were expressed as

mean ± SEM. p\ 0.05 was taken as statistically significant.

Results

Peripheral sensitization of nociceptive neurons takes place

at the site of injury or inflammation (paw skin). Nocicep-

tive neurons of hind paw innervate spinal cord in lumbar

region (L4–L6). Therefore, all parameters were analyzed in

paw skin and lumbar region of spinal cord. The initial

hyperalgesic behavior is generated by peripheral sensiti-

zation of neurons; however, hyperalgesic response in late

phase denotes central sensitization of neurons. Therefore,

two time points (6 and 48 h) were selected for the study.

Effect of resveratrol on thermal hyperalgesia

CFA is conventionally used to develop inflammation and

hyperalgesia [28]. The hyperalgesic effect of CFA

administration was evidenced at different time intervals

from 2 to 48 h. CFA-induced rats (C) showed significant

decreases in paw withdrawal latency by approximately

35% (p\ 0.05), 48% (p\ 0.05), 50% (p\ 0.05), 54%

(p\ 0.005) and 50% (p\ 0.05) at 2, 6, 12, 24 and 48 h,

respectively, as compared to control (N). DMSO did not

show any significant difference.

Resveratrol showed anti-hyperalgesic effect from 6 to 48 h

(Fig. 1). The paw withdrawal latency was increased in

resveratrol-treated rats (CR) by approximately 20%

(p\ 0.05), 38% (p\ 0.05), 47% (p\ 0.01) and 41%

(p\ 0.01) at 6, 12, 24 and 48 h, respectively, as compared to

DMSO-injected rats (CD). The pattern of changes in behav-

ioral hyperalgesia followed similar pattern as found during

earlier work [4].

Comparison of ROS level during early and late

phases

ROS level was found to be differentially altered in tissue

specific manner. The level of ROS was progressively ele-

vated from early phase (approximately by 129%) to late

phase (approximately by 200%) in paw skin (Fig. 2a),

whereas in spinal cord, ROS level was increased by

approximately 33% in early phase and remained constant

in late phase (Fig. 2b). Resveratrol treatment could bring

down the ROS level up to almost normal level during early

phase (6 h) in both tissues. Similarly, it was significantly

decreased by resveratrol treatment during late phase.

However, it remained approximately 37 and 17% higher

than the normal level in paw skin and spinal cord,

respectively.

Effect of resveratrol treatment on antioxidant

enzymes

Effect of resveratrol on antioxidant defense system was

evaluated by monitoring antioxidant enzymes in hyperal-

gesic rats. The activities of primary antioxidant enzymes

(CAT, SOD and GPX) were analyzed in paw skin and

spinal cord of rats.

Catalase

In case of paw skin, the activity of catalase was found to be

reduced after 6 h of CFA injection which was approxi-

mately 53% as compared to the normal rats; however,

resveratrol treatment caused enhancement in the activity up

to approximately normal level (Fig. 3a). However, in

spinal cord, activity was increased by 27% as compared to

normal rats, which was brought back to approximately

normal level after resveratrol treatment (Fig. 4a). Catalase

activity was found to be unaltered in paw skin of CFA-

induced (C) and resveratrol-treated CFA-injected (CR) rats

0

1

2

3

4

5

6

7

baseline 2h 6h 12h 24h 48h

pa
w

 w
ith

dr
aw

al
 la

te
nc

y 
( s

ec
.) 

N

C

CD

CR

* 
* * 

* 

# # 
# 

# 
# 

Fig. 1 Effect of resveratrol on paw withdrawal latency in hyperal-

gesic rats. Anti-hyperalgesic activity in terms of paw withdrawal

latency by hot plate test in normal (N), CFA-treated (C),

CFA ? DMSO-treated (CD) and CFA ? resveratrol-treated (CR)

rats at different time intervals after CFA injection. Each group

included 6–9 rats. Results represent mean ± SEM obtained from

three different sets of experiments. Hash denotes significant differ-

ence as compared with N group (#p\ 0.05). Asterisk denotes

significant difference as compared with CD group (*p\ 0.05)
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at 48-h time point (Fig. 5a). However, activity of catalase

was higher in spinal cord of CFA-induced rats by

approximately 58% which was normalized by resveratrol

treatment (Fig. 5d).

Superoxide dismutase (SOD)

The pattern of SOD activity in CFA-injected (C) as well as

resveratrol-treated CFA-injected (CR) rats was similar to

that of catalase activity in both tissues at 6 h. The activity

of SOD was reduced in paw skin after 6 h of CFA injection

which was approximately 63% as compared to normal, and

was enhanced up to approximately 85% of normal after

resveratrol treatment (Fig. 3b). SOD activity was increased

by 120% as compared to normal rats in case of spinal cord.

Resveratrol treatment brought the activity up to almost

normal level (Fig. 4b). However, no changes were

observed in the activity of SOD in skin and spinal cord

after 48 h of CFA and resveratrol treatment (Fig. 5b, e).

Glutathione peroxidase (GPx)

Similar variation pattern of GPx activity in CFA-injected

(C) as well as resveratrol-treated CFA-injected (CR) rats

was found in both tissues at 6 h. The activity of GPx was

reduced in paw skin after CFA injection which was

approximately 69% as compared to normal, and was

enhanced up to approximately 86% of normal after

resveratrol treatment (Fig. 3c), whereas GPx activity was

increased by 30% as compared to normal rats in case of

spinal cord. Resveratrol treatment brought back the activity

almost up to normal level (Fig. 4c). However, no change

was observed in the activity of GPx in CFA-injected (C) as

well as resveratrol-treated CFA-injected (CR) rats after

48 h, following the pattern of SOD activity (Fig. 5c, f).

All the three enzymes show changes in early phase in

both the tissues in case of CFA-induced and resveratrol-

treated CFA-induced rats. However, no such change in

enzyme activities was observed in paw skin in the two

groups of rats in late phase. In case of spinal cord, only

catalase shows increase in activity in CFA-induced rats

during late phase, which is decreased after resveratrol

treatment.

Effect of resveratrol treatment on the level of pERK,

ERK and TNFR1

ERK activation was measured indirectly by ratio of pERK/

ERK. This ratio was found to be significantly high in CFA-

injected rats (C). The pERK/ERK ratio was increased by

approximately 51 and 49%, respectively, at 6 and 48 h in

spinal cord (Fig. 6a, b). Resveratrol treatment caused a
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Fig. 2 Effect of resveratrol on ROS level in paw skin and spinal cord

during early and late phases. A total of 48 rats were distributed into

four groups with 12 rats in each group. First group of rats were

injected with 100 ll normal saline via i.pl. route and 50 ll via i.p.

route (N). For induction of hyperalgesia, 100 ll CFA was injected in

remaining three groups via intraplantar (i.pl.) route. Out of three

CFA-induced groups, one group received 50 ll of saline as control

(C), second group received 50 ll DMSO as a vehicle control (CD),

and third group received resveratrol dissolved in 50 ll DMSO (CR)

via i.p route. Resveratrol (20 mg/kg body wt) was injected immedi-

ately after CFA administration. Six rats from each group were killed

after 6 h (early phase). Remaining six rats were injected with

additional dose of resveratrol at 24 h and killed at 48 h. Levels of

ROS in a ipsilateral paw skin and b spinal cord were measured by

oxidative conversion of H2DCFDA to fluorescent DCF. Results

represent mean ± SEM. Asterisk represents significant difference at

the level p\ 0.05, and ‘ns’ denotes not significant difference
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decrease in ERK phosphorylation up to approximately

normal level at both the time points. Activation of early

gene ERK has been recently considered as neuronal marker

of pain [29]. Therefore, downregulation of pERK/ERK

ratio by resveratrol indicated its anti-hyperalgesic

potential.

TNFR1-mediated ERK activation is involved in hyper-

algesic signaling [20]. Therefore, we examined the effect

of resveratrol treatment on TNFR1 level. However, no

effect was found in CFA-injected (C) as well as resvera-

trol-treated CFA-injected (CR) rats in spinal cord at both

time points (Fig. 6c, d). The results indicated TNFR1-
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Fig. 3 Effect of resveratrol treatment on catalase, GPx and SOD

activity in paw skin of hyperalgesic rats during early phase. A total of

24 rats were distributed into four groups with six rats in each group.

First group of rats were injected with 100 ll normal saline via i.pl.

route and 50 ll via i.p. route (N). For induction of hyperalgesia,

100 ll CFA was injected in remaining three groups via intraplantar

(i.pl.) route. Out of three CFA-induced groups, one group received

50 ll of saline as control (C), second group received 50 ll DMSO as

a vehicle control (CD), and third group received resveratrol dissolved

in 50 ll DMSO (CR) via i.p route. Resveratrol (20 mg/kg body wt)

was injected immediately after CFA administration. Rats were killed

after 6 h (early phase). Activity of antioxidant enzymes a catalase,

b SOD and c GPx was measured in paw skin. Results represent

mean ± SEM. Hash denotes significant difference as compared with

N group. Asterisk denotes significant difference as compared with CD

group
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Fig. 4 Effect of resveratrol treatment on catalase, GPx and SOD

activity in spinal cord of hyperalgesic rats during early phase. A total

of 24 rats were distributed into four groups with six rats in each group.

Rats of control group were injected with 100 ll normal saline via i.pl.

route and 50 ll via i.p. route (N). For induction of hyperalgesia,

100 ll CFA was injected in remaining three groups via intraplantar

(i.pl.) route. Out of three CFA-induced groups, one group received

50 ll of saline as control (C), second group received 50 ll DMSO as

a vehicle control (CD), and third group received resveratrol dissolved

in 50 ll DMSO (CR) via i.p route. Resveratrol (20 mg/kg body wt)

was injected immediately after CFA administration. Rats were killed

after 6 h (early phase). Activities of antioxidant enzymes a catalase,

b SOD and c GPx were measured in spinal cord. Results represent

mean ± SEM. Hash denotes significant difference as compared with

N group. Asterisk denotes significant difference as compared with CD

group
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independent action of ROS and resveratrol on ERK

activation.

Discussion

Paw withdrawal latency is reciprocally related to extent of

hyperalgesia. Paw withdrawal latency test showed that

hyperalgesia was fully developed at 6 h and was main-

tained up to 48 h in CFA-induced rats. Therefore,

hyperalgesia at 6 and 48 h is categorized as early and late

phase, respectively. Anti-hyperalgesic effect of resveratrol

was shown in both phases.

Generation of ROS has been earlier correlated with

hyperalgesia development [30]. We have traced out the

pattern of ROS generation during early and late phases at

peripheral and central levels in CFA-induced hyperalgesia.

Differential pattern of changes in ROS level was found at

peripheral and central sites. The level of ROS was pro-

gressively elevated during early and late phases in paw skin

(Fig. 2a). However, in spinal cord, the increase in early

phase did not continue further in late phase (Fig. 2b).

Development of hyperalgesic response is reported to be

associated with modulation in activities of antioxidant

enzymes; however, pattern of alteration varies with dif-

ferent antioxidant enzymes during neuropathic chronic

pain. Naik et al. [31] have demonstrated decreased SOD

activity and unaltered catalase activity in sciatic nerve in

CCI model of neuropathic pain. Guedes et al. [32] have

shown decreased activity of catalase and SOD in spinal

cord of SNT model of neuropathic pain. In contrast, Varija

et al. [33] have reported increased SOD and GPx activity
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Fig. 5 Effect of resveratrol treatment on catalase, GPx and SOD

activity in paw skin and spinal cord of hyperalgesic rats during late

phase. A total of 24 rats were distributed into four groups with six rats

in each group. First group of rats were injected with 100 ll normal

saline via i.pl. route and 50 ll via i.p. route (N). For induction of

hyperalgesia, 100 ll CFA was injected in remaining three groups via

intraplantar (i.pl.) route. Out of three CFA-induced groups, one group

received 50 ll of saline as control (C), second group received 50 ll

DMSO as a vehicle control (CD), and third group received resveratrol

dissolved in 50 ll DMSO (CR) via i.p route. Resveratrol (20 mg/kg

body wt) was injected immediately after CFA administration. Rats

were killed after 48 h (late phase). The activities of antioxidant

enzymes a catalase, b SOD and c GPx in paw skin and d catalase,

e SOD and f GPx in spinal cord were measured by in-gel activity

assay. Results represent mean ± SEM. Hash denotes significant

difference as compared with N group. Asterisk denotes significant

difference as compared with CD group
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and decreased catalase activity in different tissues of silver

wire-ligated neuropathic pain model. We have earlier

demonstrated a decreased activity of antioxidant enzymes

in paw skin and increased activity in spinal cord in early

phase of CFA-induced hyperalgesic rats [14]. Discrepan-

cies in these reports might be a result of differences in

animal models, tissues or time interval after induction of

hyperalgesia. On the basis of these possibilities, we plan-

ned to analyze the activities of antioxidant enzymes at

peripheral (paw skin) as well as central level (spinal cord)

both at early and late phase of CFA-induced hyperalgesia.

Differential pattern of changes in antioxidant enzymes in

paw skin and spinal cord at early and late phases matches

with changes in ROS level.

Synthetic antioxidant mimetic compounds or purified

natural antioxidants are known to show anti-hyperalgesic

effects [13, 34]. However, modulation of endogenous

antioxidant enzymes is not well studied in inflammatory

pain. In our previous study, modulation of antioxidant

defense system was suggested to be an early event of CFA-

induced hyperalgesia. In the present study, differential

modulation of antioxidant enzymes was observed at

peripheral and central level. The activities of antioxidant

enzymes SOD, catalase and GPx were attenuated in paw

skin and induced in spinal cord of hyperalgesic rats at 6 h.

Decreased activity in paw skin and increased activity of

enzymes in spinal cord are correlated with high level of

ROS in paw skin as compared to spinal cord at early phase.

The level of ROS was elevated by approximately 85% in

paw skin and 33% in spinal cord during early phase

(Fig. 2a, b). Opposite effects on activities of antioxidant

enzymes in paw skin and spinal cord may be explained on

the basis of differential response of these enzymes for

difference in the level of ROS. Moderate level of ROS in

spinal cord may lead to Nrf-2 mediated up regulation of

antioxidant enzymes. However, high level of ROS is

known to inactivate antioxidant enzymes by oxidative

modification of active sites or by downregulation of Nrf-2
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Fig. 6 Effect of resveratrol treatment on ERK phosphorylation and

TNFR1 level in spinal cord. A total of 48 rats were distributed into

four groups with 12 rats in each group. First group of rats were

injected with 100 ll normal saline via i.pl. route and 50 ll via i.p.

route (N). For induction of hyperalgesia, 100 ll CFA was injected in

remaining three groups via intraplantar (i.pl.) route. Out of three

CFA-induced groups, one group received 50 ll of saline as control

(C), second group received 50 ll DMSO as a vehicle control (CD),

and third group received resveratrol dissolved in 50 ll DMSO (CR)

via i.p route. Resveratrol (20 mg/kg body wt) was injected immedi-

ately after CFA administration. Six rats from each group were killed

after 6 h (early phase). Remaining six rats were injected with

additional dose of resveratrol at 24 h and killed at 48 h. Levels of

pERK and ERK at a 6 h and b 48 h and the level of TNFR1 at c 6 h

and d 48 h were measured by Western blot analysis in spinal cord.

Results represent mean ± SEM. Hash denotes significant difference

as compared with N group. Asterisk denotes significant difference as

compared with CD group
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signaling [35]. The activities of these enzymes were

brought back toward normal in both tissues after resvera-

trol treatment. Thus, anti-hyperalgesic effect of resveratrol

might be correlated with antioxidant activity.

The in-gel activity assay showed only the activity of

Cu–Zn SOD in both the tissues during both phases. Cu–Zn

SOD was confirmed after comparison with previous in-gel

activity assays in our laboratory [24], although the presence

of Mn-SOD cannot be ruled out. Nonetheless, this result

suggests a major role of Cu–Zn SOD in CFA-induced

hyperalgesia at peripheral and central sites. Our results

provide an evidence for involvement of Cu–Zn SOD in

inflammatory hyperalgesia. Previously, Mn-SOD has been

reported to be the main isoform involved in neurodegen-

eration [36] and its role has been emphasized in

inflammatory hyperalgesia [13]. However, sufficient

information is not available for Cu–Zn SOD. These results

provide an evidence of involvement of Cu–Zn SOD in

addition to Mn-SOD in inflammatory hyperalgesia.

In-gel activity staining of GPx indicated modulation in

activity of GPx-1 isozyme in hyperalgesia. GPx-1 is a

selenoprotein having substrate preference for hydrogen

peroxide over other peroxides [37]. Therefore, modulation

in GPx-1 along with catalase suggests an important role of

hydrogen peroxide in paw skin and spinal cord during

hyperalgesia.

The effect of ROS on activities of antioxidant enzymes

was different in the late phase of hyperalgesia. Despite of

high level of ROS, the activities of antioxidant enzymes were

brought almost equal to that of normal rats in paw skin during

late phase. In case of spinal cord, only catalase activity was

increased in CFA-induced rats, which is decreased almost to

normal level after resveratrol treatment. There is no report

available about differential modulation of antioxidant

enzymes during early and late phase of hyperalgesia. Only

few reports are available about the regulation in antioxidant

enzyme activities in spinal cord under different conditions of

neuronal damage or oxidative stress. Kaynar et al. in 1994

have reported no change in level of SOD, catalase and GPX

enzymes up to 24 h of spinal cord injury. However, when

analyzed later beyond time limitation, catalase activity was

found elevated significantly with no change in SOD and GPX

activities [38]. Our result follows similar pattern of variation

showing elevated activity in catalase during late phase of

hyperalgesia with almost no change in other antioxidant

enzymes. An alternative possibility might be the involve-

ment of cysteine-based antioxidant enzymes peroxiredoxin

and thioredoxin systems to bring down the ROS level in late

phase apart from primary antioxidant enzymes. Modulation

in the thioredoxin system in both, animal models and the

postmortem brains of human patients is reported to be

associated with the most common neurodegenerative disor-

ders, showing its important role toward defense against

oxidative stress [39]. Similarly peroxiredoxins are known to

exert a neuroprotective effect against ROS in several models

of neurodegeneration [40]. Similar mechanism might be

involved in the present study. However, more definitive

experiments are needed to understand the mechanism of

differential response by antioxidant enzymes.

Pro-inflammatory cytokines are important mediators of

hyperalgesia [4]. TNF-a has a lead role in activating a

cascade of other cytokines in pain signaling [19]. We have

earlier checked the level of spinal TNF-a, which was found

to increase significantly in spinal cord during the late

phase. Resveratrol treatment led to decrease in the level of

TNF-a in spinal cord toward normal [4]. However, in the

present study, there was no change in total TNFR1 level.

The result suggests that resveratrol inhibits the TNF-a
signaling in spinal cord during late phase without affecting

TNFR1 level. TNFR1 is involved in TNF-a-mediated

activation of TRPV1 channels in nociceptors [20]. Spinal

ERK is a player between reciprocal regulation of TNFR1

and TRPV1, and its activation is now considered as a

hallmark of hyperalgesia [20, 21, 29]. Our results suggest

that ROS acts on downstream mediator ERK. Earlier report

suggests that ROS may regulate TNF-a-mediated signaling

and ERK activation [20].

ROS-mediated activation of ERK–MAPK pathway may

be possible by inhibition of PTPs [41].

Since resveratrol treatment could decrease the ROS

level without affecting antioxidant enzymes in late phase, it

may be proposed that reversal of ERK phosphorylation by

resveratrol might be due to direct scavenging of ROS,

rather than involvement of antioxidant enzymes. Direct

scavenging of hydroxyl and superoxide radicals by

resveratrol is earlier reported [42]; however, more defini-

tive experiments are needed to confirm this hypothesis.

In conclusion, antioxidant defense system has an

important role in the initial events of hyperalgesia induc-

tion at peripheral as well as central level; however, only

catalase activity is modulated at central level in late phase

of hyperalgesia. Anti-hyperalgesic effect of resveratrol is

exhibited by modulation of ROS and ERK activity in both

phases; however, regulation of antioxidant defense system

is limited to early phase of hyperalgesia.
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