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Abstract

Inflammation is a complex phenomenon involving multiple cellular and molecular interactions which must be tightly regulated.

Cyclooxygenase-2 (COX) is the key enzyme that catalyzes the two sequential steps in the biosynthesis of PGs from arachidonic acid. The

inducible isoform of COX, namely COX-2, plays a critical role in the inflammatory response and its over-expression has been associated with

several pathologies including neurodegenerative diseases and cancer. Melatonin is the main product of the pineal gland with well documented

antioxidant and immuno-modulatory effects. Since the action of the indole on COX-2 has not been previously described, the goal of the

present report was to test the effect of melatonin on the activities of COX-2 and inducible nitric oxide synthase (iNOS), using

lipopolysaccharide (LPS)-activated RAW 264.7 macrophages as a model. Melatonin and its metabolites, N1-acetyl-N2-formyl-5-

methoxykynuramine (AFMK) and N1-acetyl-5-methoxykynuramine (AMK), prevented COX-2 activation induced by LPS, without

affecting COX-1 protein levels. The structurally related compound 6-methoxy-melatonin only partially prevented the increase in COX-2

protein levels induced by the toxin. Likewise melatonin prevented iNOS activation and reduced the concentration of products from both

enzymes, PGE2 and nitric oxide. Another endogenous antioxidant like N-acetyl-cysteine (NAC) did not reduced COX-2 significantly. The

current finding corroborates a role of melatonin as an anti-inflammatory agent and, for the first time, COX-2 and iNOS as molecular targets

for either melatonin or its metabolites AFMK and AMK. These anti-inflammatory actions seem not to be exclusively mediated by the free

radical scavenging properties of melatonin. As a consequence, the present work suggests these substances as a new class of potential anti-

inflammatory agents without the classical side effects due to COX-1 inhibition.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Macrophages are potent defenders of physiological

integrity in vertebrates with important roles in inflammatory

reactions. Inflammation is a complex phenomenon involving

numerous mediators which trigger a number of biological

effects that are crucial for the host’s normal defense against
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insults, pathogens or stress. If the inflammatory response is

not tightly regulated, chronic inflammation occurs, which

accounts for a variety of different pathologies, e.g., cancer

and neurodegenerative diseases (Balkwill and Coussens,

2004; Consilvio et al., 2004).

Vasoactive prostaglandins (PGs) are essential compo-

nents in the regulation of vascular function under normal

physiological conditions. Cyclooxygenase (COX) is the key

enzyme that catalyzes the two sequential steps in the

biosynthesis of PGs from arachidonic acid (AA) (Vane
y 165 (2005) 139 – 149
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et al., 1998). This enzyme exists in at least two isoforms: a

constitutively expressed enzyme known as COX-1, which is

highly localized in endothelial cells and platelets; and an

inducible form, referred to as COX-2, which is induced by a

variety of stimuli associated with cell activation and

inflammation. COX-1 has clear physiological functions

whereas COX-2 is induced by pro-inflammatory stimuli in

migratory cells and inflamed tissues (Vane et al., 1998).

Lipopolysaccharide (LPS) binds to the Toll-like receptor

4 (Tlr4) and initiates several major cellular responses which

are involved in the pathogenesis of endotoxic shock,

including the expression of COX-2 and the inducible

isoform of nitric oxide synthase (iNOS). Both, PGs or nitric

oxide (NO)-formed from L-arginine by the enzymatic action

of NOS play important roles in inflammation, immune

functions, blood vessel dilatation and neurotransmission.

Over production of PGs and NO during inflammation is

associated with local and systemic symptoms of fever, pain

and edema (Kiefer and Dannhardt, 2002). Therefore,

mechanisms controlling PG production are of special

interest to counteract the inflammatory process (Turini and

DuBois, 2002). Since both COX-2 and iNOS are inducible

forms up-regulated in response to inflammatory challenge,

they are traditionally associated with pathological states

(Vane et al., 1998; Bakhle, 2001). To date, several cell

systems have been successfully used for the study of COX-2

regulation, such as RAW 264.7 murine macrophage cells

previously stimulated with LPS (von Knethen et al., 1999).

A major mechanism of action of nonsteroid anti-

inflammatory drugs (NSAIDs) is the inhibition of biosyn-

thesis of PGs (Vane and Botting, 1998; Vane et al., 1998).

COX-2 specific inhibitors suppress inflammation while

reducing the side effects of classical NSAIDs treatment,

including gastrointestinal ulceration and bleeding, renal

damage and platelet dysfunction. The unwanted side effects

of NSAIDs, such as damage to the gastric mucosa and

kidneys, are due to their ability to inhibit COX-1, while their

anti-inflammatory (therapeutic) effects are due to inhibition

of COX-2. Thus, drugs that have high potency for COX-2

and a lesser effect on COX-1 would provide potent anti-

inflammatory activity with fewer side effects. COX-2 is

abundantly expressed in human colon cancer cells, and

NSAIDs delay the progress of colon tumors possibly by

causing apoptosis of the tumor cells. Furthermore, the risk

of developing Alzheimer’s disease (AD), which may

involve an inflammatory component, is reduced by chronic

ingestion of NSAIDs.

Melatonin, or N-acetyl-5-methoxytryptamine, is an

indole mainly produced in the mammalian pineal gland

during the dark phase. Melatonin secretion from the pineal

gland exhibits a distinctive circadian rhythm and has been

classically associated with circadian and circanual rhythm

regulation, and with adjustments of physiology of animals

to seasonal environmental changes (Reiter, 1991). Melato-

nin production, however, is not confined exclusively to the

pineal gland and other organs and tissues including retina,
Harderian glands, gut, ovary, testes, bone marrow and lens

also have been reported to produce it (Menendez-Pelaez

et al., 1987; Tan et al., 1999). Melatonin is also synthesized

in non-mammalian vertebrates, invertebrates and in other

organisms including dinoflagellates, algae and bacteria

(Hardeland and Poeggeler, 2003). Melatonin has also been

shown to act as a potent antioxidant and free radical

scavenger, protecting against a number of radical species in

both in vivo and in vitro models of oxidative stress (Tan

et al., 2002). Melatonin protects against oxidative stress-

related processes in experimental models of ischemia/

reperfusion, aging and neurodegenerative disorders among

others. In addition to its roles as an adjustor to circadian

rhythms and protector against ROS, its function in onco-

stasis (Blask et al., 2002) and as a modulator of the immune

system (Guerrero and Reiter, 2002) have also been widely

reported. Due to the potential role of melatonin as an

endogenous antioxidant and a regulator of immune system

and since the pro-inflammatory enzyme COX-2 plays an

important role in the immune response and seems to be

subjected to redox control, the aim of the present work was

to determine whether melatonin and its metabolites N1-

acetyl-N2-formyl-5-methoxykynuramine (AFMK) and N1-

acetyl-5-methoxykynuramine (AMK), might regulate the

expression and activity of COX-2 and iNOS in LPS-

activated macrophages and, if so, whether this is related to

its antioxidant activity.
2. Materials and methods

2.1. Drugs and treatments

LPS (from E.coli, isotype 0111:B4) was purchased from

SIGMA (SIGMA-Aldrich, St. Louis, MO, USA). Ultra pure

grade melatonin was a kind gift from Helsinn Chemical

(Biasca, Switzerland). All culture reagents were purchased

from Invitrogen (GBCO-BRL, Rockville, MD, USA).

Vitamin C, N-acetylcysteine (NAC), trolox, 3-(4,5-

dimethyl-2-thiazolyl) 2,5-diphenyl-2H-tetrazolium bromide

(MTT), propidium iodide, and 2V,7V-dichlorofluorescein diac-

etate (DFCH-DA) were obtained from Sigma Chemical (St.

Louis, MO, USA). Culture flasks, plates, and dishes were

purchased from Falcon (Falcon BD Biosciences, Franklin

Lakes, NJ, USA). RAW cells were purchased from American

Type Culture Collection (ATCC, #TIB-71). Vitamin C and

NAC were freshly prepared in Hanks-Balance Salt Solution

(HBSS) and the pH was adjusted to 7.4 using sterile 1N

NaOH. For all the experiments reported here, cells were

seeded at a density of 7�105 cells/ml in 60 or 100 mm Petri

dishes and left to attach overnight. In the groups indicated,

melatonin, other indoles or antioxidants used were added

from a 500� stock solution in 100% DMSO 30 min prior to

LPS addition. Vehicle (0.2%DMSO)was always added to the

controls and LPS groups. LPS (1 Ag/ml) was added from a

1000� stock solution in sterile water and cells were
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incubated for 18 h, unless otherwise indicated in the time-

course experiments.

2.2. Synthesis of AFMK and AMK

AFMK was synthesized according to previous reported

method (Tan et al., 2000). Briefly, H2O2 was diluted to

50 mM with PBS (50 mM, pH 7.0) and melatonin was added

to make a final concentration of 1 mM. The mixture was

incubated at room temperature for 2 h. The majority

components of this solution were then mixed with an equal

volume of dichloromethane and shaken horizontally for 10

min. The water phase was discarded and the organic phase

was left dried in a vacuum chamber. The residue was

redissolved in a small volume of methanol and fractionated

by analytical thin layer chromatography with silica gel on

polyester, fluorescent indicator, layer of 250 Am and 20�20

cm (TLC) using ethyl acetate as the solvent. The major spot

(about 90% in all metabolites), which migrated with an Rf of

0.2 (detected with UV lamp at 254 nm) was scraped from the

TLC plate and extracted withmethanol. The TLC purification

was repeated two additional times. The purified product was

then identified by HPLC (Tan et al., 2000). AMK was

synthesized according to Ressmeyer and co-workers from

AFMK (Ressmeyer et al., 2003).

2.3. Culture of RAW 264.7 cells

RAW 264.7 murine macrophages were maintained in

Dulbecco’s modified Eagle’s Medium (DMEM) containing

4.5 g/L glucose, 2 mM glutamine, 250 UI penicillin,

250 Ag/ml streptomycin, 10% of FBS (Invitrogen GIBCO,

Carlsbad, CA, USA) and 20 mM HEPES buffer under a 5%

CO2 atmosphere at 37 -C. The medium was changed every

2 days. Cells were always subcultured before they reached

confluency. For all experiments, RAW cells were collected in

trypsin-free PBS with sterile rubber cell scrapers.

2.4. Protein lysis and SDS-polyacrylamide gel

electrophoresis (SDS-PAGE)

Cells were harvested by scraping and pelleted by

centrifugation. After washing twice with ice-cold PBS

buffer, cells were resuspended in protein lysis buffer (50

mM Tris–HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Igepal

C, 0.5% deoxycholate, 1 mM DTT and fresh added protease

inhibitors, 2 Ag/ml aprotinin, 1Ag/ml leupeptin, 1 mM

PMSF, 1 Ag/ml pepstatin 1 mM NaF, 0.2 mM sodium

orthovanadate) and incubated on ice for 30 min. Then, after

centrifugation at 10,000 xg for 5 min., protein concentration

was determined (Bradford protein assay kit, Bio-Rad

Laboratories, Hercules, CA, USA). Samples were mixed

with loading buffer (4� concentrated: 40% glycerol, 8%

SDS, 0.25 mM Tris–HCl pH=6.8, 20% b-mercaptoethanol,

0.01% bromophenol blue) and heated at 100 -C for 5 min.

Fifty Ag of protein sample were then loaded in a 12.5%
polyacrylamide gel and electrophoresed according to

Laemmli’s method using the Mini-Protean\ III system

(Bio-Rad Laboratories, Hercules, CA, USA).

2.5. DAPI staining and quantification of apoptotic cells

Cells were collected by scraping and pelleted by

centrifugation. After washing twice in PBS, cells were

resuspendend in a small volume of PBS to avoid clusters

and fixed in 4% paraformaldehyde 0.1M phosphate buffer.

Cells (20 Al) were placed on a poly-L-Lysine treated slide,

left to air-dry and stained with DAPI (2 Ag/ml). After 5

min, cells are washed in PBS and observed under a

fluorescence microscope (Leica DMIL, Leica Microsys-

tems, Wetzlar, Germany). Cells with apoptotic morphology

were considered as positive and the percentage of apoptotic

vs. total cells were counted. At least 500 cells per group

were counted.

2.6. DNA electrophoresis

Apoptosis was evaluated by DNA fragmentation, using

the method described by Saldeen and Welsh (Saldeen and

Welsh, 1998). For this purpose cells were cultured and

harvested as described above and lysed in 400 Al of lysis
buffer containing 100 mM Tris HCl pH=8.5, 200 mM NaCl,

5 mM EDTA, 0.2% SDS and fresh-added 250 Ag/ml of

proteinase K. After incubating samples overnight at 37 -C,
high molecular weigh DNA was precipitated with isopropa-

nol and discarded. Then, low molecular weigh DNA was

precipitated by adding 2 volumes of ethanol. DNA was

recovered by centrifugation, loaded in a 2% agarose gel. After

running 2 h, DNAwas photographed using a polaroid camera.

2.7. Western blotting

Proteins were electrophoretically transferred to PVDF

membranes (Pall Life Sciences, VWR, NJ, USA) using the

Trans-blot Cell\ system (Bio-Rad, Hercules, CA, USA).

After blocking with 5% non-fat dry milk in TBS–T (Tris

HCl 20 mM pH=7.4, 150 mM NaCl, 0.05% Tween 20) for

1h at RT, membranes were incubated overnight at 4 -C with

the appropriate primary antibody in TBS-T (1 :1,000 dilution

of anti COX-1 or COX-2 polyclonal antibodies, Cayman

chemicals, Ann Arbor, MI, USA; 1:200 dilution of anti

NOS2, # sc-651, Santa Cruz Biotechnology, Santa Cruz, CA,

USA). After washing three times with TBS-T, membranes

were reacted to the appropriate secondary antibodies and

developed using the ECL\ chemiluminiscent reagent

(Amersham Biosciences, Buckinghamshire, UK).

2.8. PGE2 determination

Cells were cultured in phenol red-free DMEM culture

medium as described above. After treatments with LPS

and/or melatonin, medium was collected, centrifuged to
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obtain a cell-free fraction and rapidly frozen at �70 -C until

assays were performed. PGE2 concentration in the super-

natant of culture media was determined using the PGE2 EIA

kit (Cayman Chemicals, Ann Arbor, MI, USA) using the

manufacturers instructions.

2.9. Nitrite determination

NO was determined indirectly by assaying the nitrite

concentration using the previously described method (Green

et al., 1982). Briefly, 50 Al of phenol red-free medium from

the supernatant of cells cultured in the presence of the

different treatments or the adequate vehicles were collected

and mixed with one volume of freshly prepared Griess

reagent (0.05% of NADE, 0.5% sulphanilic acid, 2.5% of

phosphoric acid) and incubated 10 minutes at RT. Absorb-

ance was measured in a ELISA plate reader (AQant, Bio-Tek
Instruments, Winooski, VT, USA) at 550 nm, using sodium

nitrite as standard.

2.10. DCF-DH fluorescence

To determine the potential effect of antioxidants on the

COX-2 protein levels, the free radical generation was

determine using DCF fluorescence. Briefly cells were

treated as described above with the vehicle (0.2% DMSO)

or melatonin in the absence or presence of LPS (1 Ag/ml).

Since the purpose of this experiment was to test the

possible increase in ROS during the early phase of LPS

treatment, we performed the assay after 1 h of LPS

treatment. At this point, cells were incubated with DCF-

DH (100 AM) for 10 min at 37 -C and then washed twice

with PBS and collected by scraping. Fluorescence was

measured in a 7000 Bio Assay multiwell plate reader

(Perkin-Elmer, Boston, MA, USA) with an excitation/

emission filter of 485 /530 nm, respectively.
3. Results

3.1. Melatonin inhibits COX-2 and iNOS expression in

LPS-stimulated macrophages

As shown in Fig. 1A, the indole melatonin, in a dose-

dependent manner, inhibited the LPS-induced increase of

COX-2 protein expression in RAW 264.7 macrophages.

Melatonin did not alter the expression pattern of the

constitutive isoform, COX-1 (house-keeping), therefore

revealing a specific effect on the inducible form. Since

both COX-2 and iNOS are usually induced following

immune stimulation, we also investigated the putative role

of melatonin on the inducible isoform of NOS. Melatonin

also prevented the increase in iNOS induced by the LPS

in these cells (Fig. 1A). However, the efficacy of

melatonin in inhibiting this enzyme was lesser. Thus, this

indole reduced the major biochemical consequences of
immune activation, without preventing the morphological

features of early macrophage activation.

3.2. Inhibition of PGE2 release

PGE2, one of the main products of the COX pathway,

is usually assayed as an indirect measure of COX-2

activity (Vane et al., 1998). Thus, we studied the effects

of a wide range of melatonin concentrations in RAW

264.7 cells after 18 h of LPS treatment. As it could be

deduced from the action on COX-2 protein levels,

melatonin prevented the increase in PGE2 induced by

LPS incubation for the times indicated in macrophage

cells. Fig. 1B shows that melatonin, especially at 2 mM

inhibited significantly PGE2 release into the culture media

at all times studied. While 1 mM melatonin also reduced

significantly PGE2 levels, especially at short times (18 h),

lower concentrations (�0.5 mM) did not alter the

prostaglandin release induced by LPS. Likewise melatonin

by itself, without LPS induction, did not change basal

concentrations of PGE2 in the media (data not shown),

confirming the absence of action on COX-1 as deduced

from Western blot.

3.3. Inhibition of nitrite levels

As mentioned above, melatonin also reduced iNOS

protein levels expressed during LPS stimulation in macro-

phages. NO levels in the media reflect the direct function

of iNOS activity and therefore we measured it by assaying

nitrite levels in the supernatant of RAW 264.7 macro-

phage cells after stimulation with LPS for different time

intervals. As shown in Fig. 1C, melatonin, at pharmaco-

logical concentrations, prevented the increase of NO along

the time of LPS incubation, confirming the inhibitory

action on iNOS observed by western blotting. Then we

studied different concentrations of melatonin after 18 h of

LPS incubation (Fig. 1D). Interestingly, the effectiveness

of melatonin on NO levels is greater than on the PGE2

levels, since concentrations of melatonin as low as 0.1

mM significantly reduced nitrite concentration in the

supernatant of LPS-treated macrophages for 18 h (Fig.

1D). Lower concentrations of the indole (<0.1 mM) were

totally ineffective in altering nitrite levels. Nitrite levels

were unaffected by melatonin itself without LPS activation

and were almost undetectable as it occurs in vehicle-

treated control cells.

3.4. Comparative effect of melatonin and other NSAIDS

To compare the effects of melatonin with other well

known NSAIDS including acetyl salicylic acid (ASA) or

indomethacin (IND) we also evaluated the role of these

agents on COX-2 and COX-1 and their relative effect in

relation to effective concentrations of melatonin. Fig. 1E

shows that both non-specific COX-2 inhibitors, ASA and
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indomethacin (IND) at 0.1, 0.5 and 1 mM concentration. F. Effect of the cAMP synthesis stimulator, forskolin (FOR) on COX-2 and COX-1 levels in the

same cell model (NSB, Non specific binding).
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IND, on the contrary to melatonin, did not affect either

COX-1 or COX-2 protein levels, as it was expected,

since these substances only affect enzyme activity but not

the protein levels. As a positive control, here we show

that the cAMP synthesis activator, forskolin (FOR),

completely prevented the COX-2 increase associated with

LPS treatment in RAW 264.7 macrophages (Fig. 1F),

while low concentrations of ASA or IND did not.
3.5. Effects of other antioxidants on COX-2 levels

Melatonin has been demonstrated to be a very good

endogenous antioxidant and in some models to increase

intracellular glutathione (GSH) levels. This prompted us

to test the ability of other antioxidants to block the COX-

2 activation. For this purpose we used the glutathione

analogue, N-acetyl-cysteine (NAC) to artificially increase
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the intracellular GSH levels and test the effect on COX-2.

NAC did not significantly block LPS-induced COX-2

activation at any of the concentrations tested, either low

(0.5–1 mM) or high (5–20 mM) (Fig. 2A and B,

respectively). In addition, the DCF-DH study was

performed to evaluate the possible increase in free radicals

after short term LPS incubation. We chose a short time

since the response to LPS activation leads to a rapid

activation of the oxidative stress responsive factors (e.g.,

NFjB) which drive the expression of COX-2 and iNOS.

The study, showed no effect of LPS incubation on ROS

generation. Furthermore, this response was not modified

by melatonin (Table 1), thus demonstrating no free radical

formation change during the LPS treatment.

3.6. Effect of kynuramines and other structurally related

indoles on COX-2 levels

Since other non-antioxidant properties of melatonin

might underlie the COX-2 inhibition, and given that the
Table 1

Relative DCF-fluorescence (arbitrary units) in cells treated with vehicle

(CON), melatonin (1mM) alone (MEL), LPS 1Ag/ml or LPS plus melatonin

for 1 h

DCFH-DA fluorescence (a.u.)/mg protein

CON 30,460T1241

MEL 28,706T1035

LPS 28,114T923

LPS+MEL 27,645T301

RAW 264.7 macrophage cells were cultured with vehicle (0.2% DMSO) or

melatonin with or without LPS (1 Ag/ml) and the DCF-DH (100 AM) was

added 10 min before reading the fluorescence. DCF fluorescence was

standardized with respect to the protein concentrations.
kynuramines AFMK and AMK are formed from melato-

nin via pyrrole ring cleavage (Ressmeyer et al., 2003; Tan

et al., 2003), in order to determine the possible relation-

ship between structure and anti-inflammatory function, we

tested the effect of the kynuramines on COX-2 levels in

RAW 264.7 macrophage cell line stimulated with LPS. As

shown in Fig. 3A, both, AFMK and AMK, at pharmaco-

logical concentrations, prevented the increase in COX-2
COX 2

COX 1

1 0 5 0.. 1CON

-

-

Fig. 3. Effect of related molecules of melatonin on the COX-2 levels of

LPS (1 Ag/ml) treated RAW 264.7 macrophage cells. Cells were treated

with vehicle (CON) or LPS (18 h) alone or plus kynuramines for 18 h.

A. Dose-response effect of AFMK (1–500 AM). B. Dose-response

effect of AMK (1–500 AM). C. Comparative action of melatonin

(MEL), AFMK or AMK, at 1 mM concentration, on COX-2 protein

levels. D. Effect of 6-methoxy-melatonin (6-m-Mel) on COX-2 protein

levels. Westerns blots shown here are representatives of four different

experiments.
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induced by LPS activation for 18 h, without a significant

influence on COX-1 levels. Therefore these results

pointed out the potential anti-inflammatory properties of

these kynuramines which can result from oxidative

metabolism of melatonin. To determine the relative

efficacy, a dose-response study was performed. In the

case of AFMK, concentrations ranging from 100 to 500

AM were effective whereas AMK, at concentrations under

500 AM was ineffective (Fig. 3B). Additionally, the

structurally related compound 6-methoxy-melatonin (6-

m-Mel) was also included in this study to determine its

effect on COX-2 protein levels after LPS stimulation. Fig.

3C illustrates the effect of 6-m-Mel on COX-2 levels.

Only the highest concentration assayed here (1 mM) was

effective and only partially prevented LPS-induced

increase in COX-2.

3.7. Melatonin induces apoptosis in LPS-treated

macrophages

Since other specific COX-2 inhibitors and NSAIDs

induce apoptosis in LPS-stimulated RAW cells, we tested
Fig. 4. Melatonin induced apoptosis in LPS-treated RAW 264.7 macrophage cel

indicated, prior to LPS treatment (1 Ag/ml) and cultured additionally for 24h.

cells (left panel), LPS (center) or LPS+melatonin (right panel); some apo

Quantification of DAPI-stained apoptotic cells, expressed as percentage of apop

cells cultured with vehicle (C) alone, LPS (L) or LPS plus the indicated dose
whether melatonin, due to its effects on COX-2, would

induce apoptosis in RAW 264.7 macrophages previously

stimulated with LPS. Results obtained regarding the

induction of apoptosis by melatonin in macrophages cultured

with LPS for 24 h are summarized in Fig. 4. Apoptosis was

estimated by DAPI staining and counting of shrank cells

with condensed nuclei (morphological features of apoptotic

cells). Fig. 4A shows DAPI-stained RAW 264.7 macrophage

cells cultured under different conditions. While vehicle

treated cells showed a normal fibroblastic morphology

(Fig. 4A, left panel), those incubated with melatonin plus

LPS displayed typical features of apoptosis with condensed

nuclei; apoptotic bodies were frequently observed in many

cells (Fig. 4A, right panel). Cells displaying apoptotic

morphology were counted and percentage of apoptosis was

estimated. As shown in Fig. 4B, melatonin pre-treatment

(2-1 mM) induced an increase of apoptosis in LPS-treated

cells. Although LPS alone slightly increased apoptosis after

18 h of incubation it was greatly enhanced by the presence of

melatonin (Fig. 4B). These results were further confirmed by

DNA electrophoresis, showing a classical DNA fragmenta-

tion, a key feature of apoptosis (Fig. 4C).
ls. Cells were treated with or without melatonin for 30 min, at the doses

A. Cells stained with DAPI to show nuclear morphology: vehicle-treated

ptotic cells (arrows) are shown in LPS+melatonin treated cells. B.

totic cells vs. total; *, P <0.01 vs. LPS. C. DNA gel electrophoresis from

s of melatonin (2-0.1 mM) for 24h.
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3.8. Modulation of NO and O2
&� do not interfere on

melatonin-induced apoptosis

It has been previously demonstrated that NO& and/or O2
&�

concentrations might influence the degree of apoptosis in

LPS treated macrophages. Low levels of NO˙ activate

NFjB and AP-1, therefore preventing apoptosis in RAW

264.7 macrophages (von Knethen et al., 1999). This

prompted us to exogenously manipulate the NO˙ levels by

using the NO& donor S-Nitroso-L-glutahione (GSNO) and

the specific iNOS inhibitor L-NAME, to increase and

decrease intracellular NO& levels respectively. As we show

here, modulation of intracellular NO& concentrations did not

influence apoptosis induced by melatonin in LPS-treated

RAW 264.7 macrophages. The specific inhibition of iNOS

with L-NAME did not modify the pattern of apoptosis

caused by melatonin (Fig. 5a). On the other hand, elevated

levels caused by the NO donor GSNO in macrophage cells

induced apoptosis by itself in this cell line. Consequently,

when it was used in combination with melatonin, it further
A LPS

MEL

L-NAME

- - - + + + - - - + + +

- +2 +1 - +2 +1 - +2 +1 - +2 +1

-- -- - - + + + + + +

B

DMNQ

LPS

MEL

- + - + - - + - - +

-- + + - + + - + +

- - - - 5 5 5 10 10 10

Fig. 5. Effect of modulation of nitric oxide and superoxide anion levels

during melatonin-induced apoptosis. A. RAW 264.7 macrophage cells were

treated with vehicle, with or without LPS (1 Ag/ml), L-NAME (10 AM) and/

or melatonin at the indicated dose (2 or 1 mM) for 24h. B. Macrophages

were incubated in the presence of vehicle, DMNQ (5 or 10 AM), melatonin

(1 mM) and/or LPS (1 Ag/ml) for 24h. Data show a representative of three

different experiments.
increased the levels of DNA fragmentation in cells treated

with both LPS or with melatonin (data not shown). Finally

DMNQ, a redox-cycling agent that induces intracellular O2
&�

formation was used. Initially we tested this substance alone

in RAW 264.7 cells in order to determine the appropriate

low, non-toxic, concentration to induce a controlled short-

term increase in O2
&� that turned out to be a concentration

range of 5–10 AM. Combining melatonin with DMNQ,

without LPS, resulted in an increase of apoptotic cell death,

whereas the combination of these two drugs with LPS

showed a similar degree of apoptotic DNA fragmentation

than melatonin or LPS alone (Fig. 5b).
4. Discussion

Given its role in the initial steps of activation of the

inflammatory process, COX-2 is thought to be an important

target in diseases such as colon cancer (Sinicrope and Gill,

2004) and Alzheimer’s disease (McGeer and McGeer, 2001).

Furthermore, chronic use of NSAIDs in clinical studies as

well as laboratory findings have proved to be beneficial for

these pathologies (Peek, 2004). Therefore, the search for

natural or endogenous products with a high degree of

specificity on COX-2 inhibition is essential to reduce the side

effects that come with traditional NSAIDs treatment due to

the partial (or total) inactivation of COX-1 as a collateral

inhibitory effect. The present work shows that the trypto-

phan-derived pineal indole, melatonin, prevents specifically

the activation of the pro-inflammatory enzymes COX-2 and

iNOS in macrophage cells without simultaneous inhibition

of COX-1 enzyme, thus indicating a new anti-inflammatory

action not previously reported.

Lissoni and colleagues (Lissoni et al., 1997) proposed

years ago that melatonin is a potent anti-inflammatory agent

and may contribute to the immune reaction against cancer.

Since free radicals are thought to be involved in the inflam-

matory process, melatonin is a good candidate for anti-

inflammatory properties due to its antioxidant and free radical

scavenging features (Cuzzocrea et al., 2004). More recently,

anti-inflammatory actions of melatonin have been reported in

different models, e.g., zymosan-induced paw inflammation

(Costantino et al., 1998), LPS-induced alteration of pain per-

ception in mice (Raghavendra et al., 2000) or pancreatico-

biliary inflammation (Barlas et al., 2004). However, none of

these studies mentioned the hypothetical action of the indole

on COX-2 protein levels and/or activity. AFMK can inhibit

prostaglandin synthesis (Kelly et al., 1984), but melatonin

metabolites such as AFMK or AMK have never been tested

as COX-2 inhibitors in vitro or in vivo. The potential anti-

inflammatory actions of these kynuramines or the indole 6-m-

MEL reveal a structural link between this group of substances

and the ability of COX-2 inhibition that should be studied in

detail. Silva and co-workers have recently shown that

melatonin and kynuramines prevent interleukin-8 release

from LPS-stimutaled neutrophils, but not from peripheral
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blood mononuclear cells (Silva et al., 2004). On the contrary

to our results, kynuramines and melatonin exert some

inhibition even at lower concentrations (1 AM) which do

not have any effect on COX-2 or iNOS in our study. This

apparent difference in efficacy might account for some cell-

specific effects. Additionally, AFMK and AMK may derive

also from melatonin reaction with free radicals (Tan et al.,

2002). As a result, the anti-inflammatory action of melatonin

might be amplified when free radical damage is present.

The effects reported herein are consistent with melato-

nin’s ability to reduce neurodegenerative changes in exper-

imental models of both, AD (Reiter et al., 1999) and colon

cancer (Farriol et al., 2000). Melatonin actions in reducing

amyloid–beta (Ab) toxicity have usually been attributed to

its multiple antioxidant and free radical scavenging actions

(Allegra et al., 2003). The current finding provide another

action of melatonin, i.e., COX-2 inhibition, that may help it

to reduce AD progression considering the proposed role of

inflammatory processes in this debilitating neurodegener-

ative condition (McGeer and McGeer, 2001). Recently,

Chung and co-workers (Chung and Han, 2003) have shown

that microglial activation during kainic acid-induced hippo-

campal degeneration is prevented by melatonin (Chung and

Han, 2003). Therefore, COX-2 inhibition by melatonin may

account for many protective effects including those observed

in neurodegenerative diseases.

Several mechanisms by which melatonin either reduces

initiation of cancer as well as retarding tumor growth have

been proposed (Reiter, 2004). The oncostatic actions of

melatonin include its antioxidant functions (Sainz et al.,

2003), inhibition of uptake of tumor growth factors (Blask

et al., 2002), reduction of telomerase activity in cancer cells

(Leon-Blanco et al., 2003) and modulation of cAMP levels in

prostate cancer cells (Sainz et al., 2004). Given the present

findings, melatonin may have an alternate action to reduce at

least colon cancer via COX-2 inhibition. Chronic inflamma-

tory conditions are implicated in lung, gastric cancer,

colorectal or liver cancers (Vakkila and Lotze, 2004).

Persistent inflammation can oxidize DNA sufficiently to

promote neoplastic transformation (Nathan, 2002). Addi-

tionally, the resultant increase in necrosis classically asso-

ciated with the oxidative damage as a result of the

inflammatory process leads to the release of cellular

elements, which in turn promote cell growth and cancer

progression (Grimbaldeston et al., 2003).

Importantly, melatonin, unlike ASA, did not alter COX-1

protein level. Reduction of COX-1 activity by aspirin is

believed to be a major contributory factor to its toxicity (Vane

and Botting, 2003). Indeed, one of the major disadvantages of

using NSAIDs is their side effect on COX-1, therefore

reducing basal levels of PGE2 (Vane and Botting, 1998). Due

to its lack of effect on COX-1, melatonin could potentially

share the benefits of NSAIDs while avoiding their side

effects; this will be further tested in subsequent studies.

Antioxidant properties of melatonin are usually proposed

as the major mechanism underlying the reduction of NO
production in several oxidative stress-related pathological

conditions, especially in neurodegenerative models such as

Alzheimer’s disease (Feng and Zhang, 2004; Feng et al.,

2004), or in ischemia models (Pei et al., 2003). Regulation of

NOS by melatonin has also been studied in detail, but most of

these reports have focused on the calcium-dependent

constitutively expressed nNOS isoform (Pozo et al., 1994;

Leon et al., 2000). This inhibitory effect on nNOS is mediated

by the Ca2+-calmodulin binding properties of melatonin and

other related compounds (Leon et al., 2000). Nevertheless

Gilad and colleagues (Gilad et al., 1998), in agreement with

our data, found that melatonin do not react directly with NO,

but instead the indole lowered the nitrite/nitrate production by

reducing iNOS expression in LPS-activated macrophages

through the inhibition of NFjB activation. Furthermore, it

has been shown that melatonin inhibits in vivo the expression

of iNOS in liver and lung of LPS-treated rats (Crespo et al.,

1999). It is noteworthy to point out that present findings do

not rule out the possibility that antioxidant properties of

melatonin and its metabolites would participate in the

regulation of COX-2 and iNOS under some pro-oxidant

conditions. However, we did not find evidence at a short-term

of oxidative stress in the LPS-stimulated macrophage cells.

Therefore, regulation of iNOS-and COX-2-by melatonin

might be mediated by other structure-dependent mechanisms

not necessarily requiring the pre-requisite of NFjB inacti-

vation, which is a major oxidative stress-responsive tran-

scription factor. Whether this factor is critical for the anti-

inflammatory actions of melatonin or if this effect is

somehow related to a non-antioxidant mechanism should

be further investigated. Since AFMK, AMK or 6-m-Mel

show a comparable efficacy as anti-inflammatory drugs, a

similar mechanism to those described for the Ca2+-dependent

nNOS should be investigated.

Surprisingly, we found that COX-2 inhibition by melato-

nin leads to apoptosis in LPS-treated macrophage cells.

Likewise, other antioxidant and anti-inflammatory substan-

ces also induces apoptosis in RAW 264.7 macrophages

(Reddy et al., 2003). The induction of apoptosis in non-

cancer cells has not been reported either in vivo or in vitro.

Although Wölfler et al. (Wolfler et al., 2001) reported pro-

oxidant acitivity of melatonin in Jurkat cells, this phenom-

enon has never been observed elsewhere in vivo or in cell

culture. Additionally, the possibility of this pro-oxidant

action is discarded as deduced from the DCF-DA studies

shown here. Furthermore, melatonin by itself does not induce

significant apoptosis, indicating that LPS activation is a pre-

requisite for melatonin-mediated programmed cell death. It is

not clear from the literature why COX-2 inhibition might

trigger apoptosis in macrophages, although several data

indicate that this may occur in other tissues or in cancer cells

(Ding et al., 2005). It has been shown however that COX-2

and p53 expression, induced by LPS and NO-releasing

compounds respectively, are inversely related in RAW 264.7

macrophage cells and low levels of NO mitigates apoptosis

in macrophages (von Knethen et al., 1999). Here we show
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that non-toxic low concentrations of NO not only did not

prevent melatonin induced cell death but even enhanced

apoptosis, indicating that restoration of NO levels after

melatonin treatment did not influence melatonin’s intra-

cellular actions. cAMP levels also confer protection against

NO-induced apoptosis in macrophages. Whether this would

give protection to melatonin-treated cells or not deserves

further study. Our group has previously observed that cAMP

levels are elevated in melatonin treated LNCaP prostate

cancer cells indicating that cAMP could be implicated in

protection and/or differentiation rather than in inducing

apoptosis (Sainz et al., 2004).

Collectively the results shown here demonstrate the

potential role of melatonin and its metabolites AFMK or

AMK, or other structurally related molecules such as 6-m-

Mel, as modulatory agents during the inflammatory process,

as well as a rationale for the possible use of melatonin as an

anti-inflammatory agent due to its specific action on COX-2,

thereby avoiding the undesired side effects associated with

COX-1 inhibition. Considering the cardiovascular risk of the

newly designed COX-2 inhibitors such as rofecoxib or

celecoxib (Senior, 2005), new non-NSAID COX-2 inhib-

itors, specially natural endogenous products like melatonin,

should be considered. These immunomodulatory actions

may have important applications in pathologies in which

inflammation plays a key role, e.g., neurodegeneration and

cancer. Further studies are necessary to elucidate the

molecular pathways involved in COX-2 and iNOS inhibition

by melatonin and other indoles such as AFMK or AMK. The

physiological role of these compounds in immunomodula-

tion should also be addressed in the future.

Abbreviations

AA Arachidonic acid

ASA Acetyl Salicylic acid

AFMK N1-acetyl-N2-formyl-5-methoxykynuramine

AMK N1-acetyl-5-methoxykynuramine

COX Cyclooxygenase

GSH/GSSG Reduced/Oxidized glutathione

IND Indomethacin

LPS Lipopolysacharide

6-m-Mel 6-methoxy-melatonin

NAC N-Acetyl-Cysteine

NO Nitric oxide

NOS Nitric oxide synthase

PG Prostaglandin

NSAIDs Nonsteroid anti-inflammatory drugs
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