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Abstract

The perception of pain sensation (threshold), whether local or central, is altered by inflammatory processes. Anti-inflammatory drugs
block this by raising the pain threshold and by reducing the inflammatory process. Melatonin is claimed to have anti-inflammatory
activity in animal models of acute and chronic inflammation. However, it is not known whether melatonin can reverse the hyperalgesia
that is secondary to the inflammation. The present study aimed to assess the modulatory effect of melatonin on lipopolysacharides-in-
duced alteration of pain perception in mice. Central perception of pain was assessed with the tail-flick and hot-plate methods and local
hyperalgesia was assessed by noting the anima’s reactions such as paw licking and rearing after the intraplantar injection of
lipopolysacharides (5 p.g/paw). Local administration (intraplantar) of lipopolysacharides induced hyperalgesia when measured by both
centra effects and behavioral reactions. Melatonin (5 and 10 mg/kg), like dexamethasone (0.5 mg/kg), given 30 min prior to, and 4 and
8 h after lipopolysacharides (5 wg/paw) challenge attenuated central and behavioural hyperalgesia. The attenuation of lipo-
polysacharides-induced hyperalgesia by melatonin was not reversed by natrexone (4 mg/kg). In vitro studies showed that melatonin, in
concentrations ranging from 100 to 1000 nM, suppressed tumor necrosis factor-a (TNF-a) without affecting the nitric oxide (NO) release
in lipopolysacharides-activated murine peritoneal macrophages. Taken together, the present results demonstrated that melatonin reverses
lipopolysacharides-induced hyperalgesia. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

IlIness-induced hyperalgesiais one of the most common
aspects of pain-related inflammation and the therapeutic
approach to this pain should aim at interfering with various
mediators of the inflammatory reactions, including neu-
ropeptides, eicosanoids and cytokines (Dray and Bevan,
1993). The intraplantar (i.pl.) injection of lipopoly-
sacharides, an endotoxin, induces central sensitization
thereby reducing the threshold for nociceptive stimulus in
the tail-flick and hot-plate tests (Kanaan et a., 1996).
Endotoxin-induced hyperalgesia, which has a short dura-
tion, is completely reversible and causes minimum distress
to the animal as compared to the effect of an adjuvant,
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carragenin or formalin (Kanaan et a., 1996). Besides, the
inflammation and hyperalgesia induced by lipopoly-
sacharides involve the release of cytokines during bacterial
infections (Rietschell et al., 1994). This may alow the
study of the action of the various classes of anti-inflamma
tory and analgesic drugs (Kanaan et al., 1997).

The role of melatonin as an immunomodulator is well
established (Liebmann et al., 1997). A recent report showed
that melatonin exerts protective effects in septic and hem-
orrhagic shock (Sacco et al., 1998), reverses chronic and
acute inflammation (Missbach et al., 1996; Cuzzocrea et
al., 1997; Costantino et al., 1998) and endotoxin-induced
sickness behaviors like adepsia and hyperthermia (Nava et
al., 1997; Raghavendra et al., 1999). However, so far no
report has addressed the modulation of inflammatory hy-
peralgesia by melatonin. Because of this, the present study
was carried out to test the effect of melatonin on
lipopolysacharides-induced inflammatory hyperalgesia.

0014-2999,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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The effect of melatonin on lipopolysacharides-induced
hyperalgesiawas evaluated using the tail-flick and hot-plate
methods, and pain-related behavior in mice was aso ob-
served. The effect of melatonin was compared with that of
dexamethasone, a known inhibitor of lipopolysacharides-
induced hyperalgesia and behaviors (Kanaan et al., 1997).
To study the effect of the interaction between melatonin
and lipopolysacharides on the immune system, in vitro
experiments were performed using thioglycollate elicited
macrophages.

2. Materials and methods

2.1. Animals

Inbred male Balb/c mice (25-30 g), which were ob-
tained from the Ingtitute Animal House, were used. The
animals were housed under optimal conditions with food
and water ad libitum. The experimental protocol was ap-
proved by the Institutional Animal Ethics Committee and
experiments were performed with strict adherence to the
ethical guidelines for the study of pain in conscious ani-
mals (Zimmerman, 1983).

2.2. Drugs and reagents

Escherichia coli lipopolysacharides (serotype 0111:B4)
and naltrexone were from Sigma (St. Louis, MO, USA).
Melatonin was kindly provided by Morepen Laboratory
(Parwano, India) and dexamethasone was obtained from
Unichem Lab. (Bombay, India). RPMI 1640 medium, fetal
calf serum, penicillin, streptomycin and thioglycollate broth
were purchased from Gibco (Paisley, USA). N-(1-
naphtyl)-ethylene diamine hydrochloride and sulfanilamide
were obtained from Loba Chemie (Bombay, India). Re-
combinant tumor necrosis factor-a (TNF-a) was obtained
from Genzyme (Cambridge, UK).

2.3. Behavioral assessment of pain

The animals were placed in a Plexiglass box (45 X 30
X 30 cm) and observed for licking and rearing behaviors
for a period of 5 min. Increased licking of an injected paw
shows discomfort caused by localized pain due to inflam-
mogens, and a decrease in rearing behavior so to avoid
pain sensation due to standing on hind legs. A score of O,
1, 2 or 3 was given depending on the severity of these
behaviors. The general state of reaction to pain in each
group of animals was assessed from the mean scores of
individual behaviors and was plotted on a scale ranging
from 0 to 3. Behavioral scores were analyzed by non-para-
metric Kruskal-Wallis analysis of variance (ANOVA) fol-
lowed by post-hoc comparison by Mann—Whitney’s U-test.

2.4. Assessment of thermal hyperalgesia

2.4.1. Hot-plate test

The hyperalgesic response on the hot plate is considered
to result from a combination of central and periphera
mechanisms (Kanaan et al., 1996). In this test, animals
were individually placed on a hot plate (Eddy’s Hot Plate)
with the temperature adjusted to 50°C. The latency to the
first sign of paw licking or jump response to avoid heat
pain was taken as an index of pain threshold.

2.4.2. Tail-flick test

The hyperalgesic response in the tail-withdrawal test is
generally attributed to central mechanisms (Kanaan et 4.,
1996). Tail withdrawal (flicking response) from the radiant
heat source (Techno, Ambala, India) is taken as the end-
point. The intensity of the radiant heat was adjusted so that
the baseline tail withdrawal of mice was within 4-5 s
(Raghavendra and Kulkarni, 1999).

The nociceptive threshold, i.e., the latency (in ) to
respond to noxious stimuli in both hot-plate and tail-flick
tests was expressed as percentage of the baseline response
as calculated from: 100 X nociceptive threshold after
lipopolysacharides /nociceptive threshold before lipopoly-
sacharides. The percentage of baseline response obtained
in saline (instead of lipopolysacharides)-injected animals
was taken as control. The hyperalgesic response was ana-
lyzed by ANOVA followed by Dunnett’s t-test.

2.5. Experimental protocol

Hyperalgesia in mice was induced by 5 pg of
lipopolysacharides in 50 .l of saline injected into the left
hind paws of mice (i.pl.). Melatonin (5 and 10 mg/kg
dissolved in 1% ethanol) and dexamethasone (0.5 mg /kg)
were administered subcutaneously (s.c.) 30 min before and
4 and 8 h after lipopolysacharides injection to maintain the
appropriate level of the drugs. In separate groups of ani-
mals the opioid receptor antagonist, naltrexone (4 mg/kg),
was co-administered with melatonin (5 mg/kg) to assess
the possible role of . opioid receptors in melatonin action.
Behavioral (rearing and licking) responses and the centra
hyperalgesic effect in tail-flick and hot-plate tests were
recorded at 6 and 10 h after lipopolysacharides injection.

2.6. Preparation of thioglycollate-elicited peritoneal
macrophages

Male Balb/C mice (weighing 25-30 g) were inocu-
lated intraperitoneally with 1 ml of a sterile 3% thioglycol-
late broth solution in a phosphate-buffered saline. The
animals were killed 3 days later by decapitation. Peritoneal
cells were collected by washing the peritoneal cavity sev-
eral times with sterile, ice-cold phosphate-buffered saline.
The lavages were centrifuged for 5 min (1000 rpm), the
supernatants were removed, and the pellets were resus-
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pended in 5 ml of the phosphate-buffered saline, pooled
once again and centrifuged. After removal of the super-
natants, the cells were resuspended in RPMI 1640 with a
10% heat-inactivated fetal calf serum, penicillin and
streptomycin (each at a concentration of 100 U /ml) and
2.2% (W /V) NaHCO,. The proportion of macrophages
was enriched by the adherence of about 1.25x 10°
cells/ml for 2 h on plastic Petri dishes at 37°C under 7%
CO,. The non-adherent cells were removed by suction and
washing out with pre-warmed RPMI 1640. The adherent
cells (macrophages) were collected by gentle scraping. The
purity of macrophages obtained routinely exceeded 95% as
estimated by FACScan.

2.7. Incubation and stimulation conditions of peritoneal
macrophages

Macrophages (1 X 10° cells/well) were incubated with
or without melatonin (1000 nM) in the absence of
lipopolysacharides (control) or in its presence (stimulating
conditions) in complete medium (RPMI 1640 + 10% fetal
calf serum) at 37°C under 7% CO,. For estimation of TNF
a and nitric oxide (NO), culture supernatants were col-
lected 8 and 16 h, respectively, after lipopolysacharides
challenge.

2.8. Determination of nitrite

Nitrite is a stable end-product of NO in vitro systems.
Accumulation of nitrites was measured in cell-free super-
natants by a spectrophotometric assay based on the Griess
reaction (Di Rosa et al., 1990). Briefly, after 16 h of
incubation, the medium from each well was mixed with an
equa volume of Griess reagent (1% sulphanilamide/0.1%
naphthylethylenediamine dihydrochloride/2.5% H,;PO,),
and incubated at room temperature for 10 min to yield a
chromophore. Absorbance was read at 543 nm using a
microplate reader (Eurogenetics, Torino, Italy). The nitrite
concentration was calculated from a standard curve and
expressed as M /ml in three independent experiments. In
al of the experiments, the nitrite content of wells contain-
ing medium without cells was measured and subtracted.

2.9. Bioassay of TNF-«

TNF-a was assayed by its ability to inhibit the prolifer-
ation of WEHI-164 cells (Lang et a., 1995). Briefly,
WEHI-164 cells were cultured in 96-well flat-bottomed
plates at a density of 1x 10° cells/ml with different
concentrations of culture supernatants from control and
melatonin-treated wells. The cells were incubated for 12 h
at 37°C pulsed with 0.5 n.Ci/well of [*H]thymidine and
harvested 8 h later. Incorporated radioactivity was mea

sured using liquid scintillation spectrometry. Recombinant
TNF-a (Genzyme) served as a standard to extrapolate the
cytokine activity in terms of pg/ml.

Vaues from in vitro experiments are expressed as
means + S.D. The data were analyzed by ANOVA fol-
lowed by Dunnett’s t-test.

3. Resaults

3.1. Effect of melatonin on lipopolysacharides-induced
hyperalgesia

The i.pl. injection of lipopolysacharides (5 ng) led to a
significant decrease in rearing behaviour and increase in
licking of the injected paw as compared to those of
saline-treated animals [at 6 and 10 h after lipopolysacha-
rides, H(4) =219 and 23.3, P < 0.05, respectively, for
rearing; H(4) = 20.9 and 27.5, P < 0.05 for licking]. In-
jection of melatonin (5 and 10 mg/kg) or dexamethasone
(0.5 mg/kg) significantly attenuated the behavioral re-
sponse to lipopolysacharides (Fig. 1). The administration
of naltrexone (4 mg/kg) did not modify the behaviours
(rearing and licking) induced by loca injection of
lipopolysacharides (data not shown). Naltrexone also failed
to reverse the attenuating effect of melatonin (5 mg/kg)
on the lipopolysacharides-induced behavioral response
(Table 1).

Thei.pl. injection of lipopolysacharides (5 p.g) to mice
produced a significant decrease in nociceptive threshold in
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Fig. 1. Effect of melatonin (5 and 10 mg/kg, s.c.) and dexamethasone
(0.5 mg/kg, s.c.) on rearing (upper panel) and licking (lower panel)
scores in mice when tested 6 h (A) and 10 h (B) after intraplantar
injection of lipopolysacharides (5 w.g). Values are the average scores for
each behaviour observed for a period of 5 min. ®P < 0.05 as compared to
sdine and °P < 0.05 compared to lipopolysacharides alone-treated group
(Kruscal-Wallis ANOVA followed by post-hoc comparison by Mann—
Whitney's U-test).
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Table 1
Failure of naltrexone (4 mg/kg, s.c.) to reverse melatonin the (5 mg/kg, s.c.) attenuation of lipopolysacharides (LPS; 5 pg, intraplantar)-induced
hyperalgesia
Each response was recorded 10 h after lipopolysacharides (LPS; 5 .g) injection. Values are expressed as means + S.E.M.
Treatment n Rearing Licking Tail-flick latency Hot plate latency
(% of baseline) (% of baseline)
Saline 8 3+0 0+0 1004 + 1.3 1003+ 1.1
LPS 8 0.5+ 0.072 254 0.072 69.4 + 2.5% 65.9 + 2.0%
Melatonin + LPS 7 21+ 143° 1.4+ 0.08° 795+ 2.0° 80.8 + 2.5
Melatonin + LPS + 6 22+043° 1.3+ 0.09° 829+ 20° 814 +2.7°

naltrexone

4P < 0.05 as compared to saline.
®p < 0.05 compared to lipopolysacharides alone-treated group.

the hot-plate and tail-flick tests at 6 and 10 h after endo-
toxin injection. At the doses studied, melatonin (5 and 10
mg,/kg) or dexamethasone (0.5 mg/kg) did not show an
analgesic effect but significantly inhibited lipopolysacha-
rides-induced hyperalgesia in the tail-flick and hot-plate
tests at both time intervals [aa 6 and 10 h after
lipopolysacharides, F(4,31) = 20.1 and 31.9, P < 0.05, re-
spectively, for tail-flick test; F(4,31) =20.8 and 48.1,
P <0.05 for hot-plate test] (Fig. 2). The reversa of
lipopolysacharides-induced hyperalgesia by both doses of
melatonin (5 and 10 mg/kg) was of similar magnitude.
Naltrexone (4 mg/kg) given alone or to lipopolysacha
rides-treated mice did not modulate the pain threshold in
either hot-plate or tail-flick test (data not shown), and also
failed to reverse the attenuating effect of melatonin (5
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Fig. 2. Effect of melatonin (5 and 10 mg/kg, s.c.) and dexamethasone
(0.5 mg/kg, s.c.) on tail-flick (upper panel) and hot-plate (lower panel)
latencies in mice when tested 6 h (A) and 10 h (B) following the
intraplantar injection of lipopolysacharides (5 p.g). Values are means+
S.E.M. of % of baseline response. *P < 0.05 as compared to saline and
®p < 0.05 compared to lipopolysacharides alone-treated group (ANOVA
followed by Dunnett's t-test).

mg,/kg) on lipopolysacharides-induced hyperalgesia (Ta
ble 1).

3.2. Effect of melatonin on in vitro release of TNF-«a and
NO from lipopolysacharides-activated macrophages

As expected, lipopolysacharides (1 w.g/ml) induced an
increase in TNF-a and NO production from thioglycol-
late-elicited macrophages. Melatonin (1-1000 nM) alone
had no effect on baseline TNF-a and NO release from
non-stimulated macrophages. However, when added 30
min prior to lipopolysacharides challenge, it dose depen-
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Fig. 3. In vitro effect of melatonin (11000 nM) on lipopolysacharide (1

wg/mi)-induced TNF-a (upper panel) and NO (lower panel) release
from thioglycollate-elicited murine macrophages. Data expressed in
means+ S.D. from triplicate samples. ®P < 0.05 vs. lipopolysacharides
alone (ANOVA followed by Dunnett’s t-test).
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dently suppressed TNF-a release without affecting NO
production (Fig. 3).

4, Discussion

The results here presented show that melatonin inhib-
ited the central hyperalgesia in response to thermal stimu-
lation and suppressed the pain-related behaviors resulting
from i.pl. injection of lipopolysacharides in mice. Al-
though the precise site and mechanism of the anti-nocicep-
tive effect of melatonin were not addressed in the present
study, it would seem likely that melatonin reduces endo-
toxin-induced hyperalgesia as a consequence of inhibition
of the immune regulatory effect of lipopolysacharides.

The drug administration schedule, i.e., injection of
melatonin or dexamethasone before and after the induction
of inflammation alowed their maintenance at a certain
plasma level which may help to prevent the central hyper-
algesia secondary to the periphera hyperalgesia induced
by loca inflammation (Saade et al., 1993; Woolf, 1994). It
was previously reported that morphine-class drugs were
most effective for suppressing inflammogen-induced cen-
tral and peripheral hyperalgesia (Hylden et al., 1991).
Melatonin was known to modulate immune functions and
to induce analgesia by interaction with endopioids, an
effect which was antagonized by p.-receptor antagonists
(Maestroni and Conti, 1991; Golombek et al., 1995). How-
ever, the dose of melatonin used in the present study was
much lower than the analgesic dose, and aso, naltrexone
failed to block the melatonin reversal of lipopolysacharides
hyperalgesia. This indicated that melatonin might interact
directly with the immune system to attenuate the
lipopolysacharides action. This observation gains support
from the observation that melatonin binding sites are found
on lymphocytes and macrophages (Pozo et al., 1997; Gar-
cia-Perganeda et al., 1999).

The actions of pro-inflammatory cytokines due to pe-
ripheral administration of lipopolysacharides may aso ac-
count for centra nervous system (CNS) responses (Quan
et al., 1999). Periphera or intracerebroventricular (i.c.v.)
injection of specific antagonists against these molecules is
known to attenuate central effects of peripherally adminis-
tered lipopolysacharides (Rothwell and Hopkins, 1995).
Besides, specific antagonists of mediators that are released
after pro-inflammatory cytokine activation (e.g., prosta-
glandins, kinins and NO, etc.) aso differentialy reverse
central effects of lipopolysacharides (Rothwell and Hop-
kins, 1995; Raghavendra et al., 1999). It was previously
reported that melatonin has a protective role in lipopoly-
sacharides-induced septic shock and reverses adepsia and
hyperthermia by suppressing pro-inflammatory cytokines,
prostaglandins and NO production (Nava et a., 1997;
Sacco et al., 1998; Raghavendra et al., 1999). In vitro
experiments carried out during the present study showed
that melatonin dose dependently suppressed the TNF-«

release by lipopolysacharides-activated macrophages. Sup-
pression of TNF-a could be one of the means by which
melatonin attenuated the lipopolysacharides-induced hy-
peralgesia in mice.

Nuclear factor kappa B (NFk B) activation is supposed
to be one of the principal mechanisms by which
lipopolysacharides induces its cellular processes (Muller et
al., 1993; Rietschell et al., 1994). The NFkB thus acti-
vated by lipopolysacharides induces many inflammatory
genes that encode for pro-inflammatory cytokines,
chemokines that selectively induce the inflammatory en-
zymes such as inducible NO synthase, cyclooxygenase-2,
adhesion molecules and inflammatory receptors (e.g., inter-
leukin-2 receptors) (Bauerle and Henkel, 1994). These
released mediators contribute to the expression of inflam-
mation and hyperalgesia. In in vitro studies on macrophage
cell lines, melatonin was found to inhibit lipopolysa-
charides-induced activation of NFk B and thereby suppress
the production of NO and 6-keto-prostalandin,,,, principal
mediators of inflammation and hyperalgesia (Gilad et al.,
1998). Melatonin is also known to suppress TNF-a, phor-
bol ester and irradiation-induced NFk B activation (Mohan
et al., 1995; Chuang et al., 1996). However, this pathway
may not be the only one by which melatonin antagonizes
lipopolysacharides action. In vitro tests performed during
the present study showed that melatonin at a concentration
as low as 100 nM was effective to reverse lipopoly-
sacharides-induced TNF-a secretion without affecting the
release of NO. This was found to be the case even at the
highest concentration (i.e., 1000 nM) tested in the present
study. Gilad et a. (1998) showed that the inhibitory action
of melatonin on lipopolysacharides-induced NFk B activa-
tion occurred at a high micromolar concentration range
(> 10 wM). These observations showed that inhibition of
lipopolysacharides-induced TNF-a release by melatonin
may be due to its action on other regulatory sites by which
lipopolysacharides exerts its action. Recently, Bulger et al.
(1998) showed a transcriptional and functional enhance-
ment of lipopolysacharides-induced TNF-a production de-
spite inhibition of NFkB by dithiocarbamate in rabbit
alveolar macrophages, thus indicating the existence of
other pathways for lipopolysacharides-induced TNF-«
production. Novogrodsky et al. (1994) reported that in-
hibitors of tyrosine kinases inhibit TNF-a production from
murine macrophages after in vivo challenge with
lipopolysacharides while they inhibit phosphorylation of
mitogen activated protein (MAP) kinase. Melatonin is
reported to inhibit MAP kinase activity (Hazerigg et al.
1999), which could be the another means by which mela-
tonin suppresses TNF-a production. However, further
studies in this direction are warranted to discover the role
of MAP kinase inhibition by melatonin in suppressing
lipopolysacharides-induced TNF-a production from
macrophages. While the dose range of melatonin tested in
in vitro experiments cannot be correlated with that of in
vivo observations, it is useful for predicting other mecha
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nisms by which melatonin possibly suppresses the
lipopolysacharides-induced TNF-a release by macro-
phages.

In the present study, we have not demonstrated a direct
link between the inhibition of lipopolysacharides induced
hyperalgesa by melatonin. However consequence of
lipopolysacharides-induced sensitization of primary affer-
ent or an established hyperalgesia is a result of activation
of pro-inflammatory cytokines (Rietschell et al., 1994;
Watkins et al., 1994). Any substances, which neutralize or
inhibit the release of pro-inflammatory cytokines, were
shown to reverse lipopolysacharides-induced hyperalgesia
(Cunhaet al., 1992; Ferreiraet al., 1993; Lang et al., 1995;
Watkins et al., 1995; Woolf et a., 1997). As in in vitro
work, in vivo studies showed the ability of melatonin to
reverse the rise in the lipopolysacharides-induced pro-in-
flammatory cytokine level, thereby preventing septic shock
and reversing endotoxin-induced sickness behavior (Nava
et a., 1997; Sacco et al., 1998; Raghavendra et al., 1999).
Considering these findings, we hypothesize that melatonin
attenuate the lipopolysacharides-induced central and pe-
ripheral hyperalgesia as a consequence of the inhibition of
immune regulatory effect of lipopolysacharides.
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