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Abstract The protective effect of melatonin on lipopolysaccharide (LPS)-induced oxidative damage in phenobar- 
bital-treated rats was measured using the following parameters: changes in total glutathione (tGSH) concentration, 
levels of oxidized glutathione (GSSG), the activity of the antioxidant enzyme glutathione peroxidase (GSH-PX) in both 
brain and liver, and the content of cytochrome P450 reductase in liver. Melatonin was injected intraperitoneally (ip, 
4mg/kg BW) every hour for 4 h after LPS administration; control animals received 4 injections of diluent. LPS was given 
(ip, 4 mg/kg) 6 h before the animals were killed. Prior to the LPS injection, animals were pretreated with phenobarbital 
(PB), a stimulator of cytochrome P450 reductase, at a dose 80 mg/kg BW ip for 3 consecutive days. One group of 
animals received LPS together with Nw-nitro-L-arginine methyl ester (L-NAME), a blocker of nitric oxide synthase (NOS) 
(for 4 days given in drinking water at a concentration of 50 mM). In liver, PB, in all groups, increased significantly both 
the concentration of tGSH and the activity of GSH-PX. When the animals were injected with LPS the levels of tGSH and 
GSSG were significantly higher compared with other groups while melatonin and L-NAME significantly enhanced tGSH 
when compared with that in the LPS-treated rats. Melatonin alone reduced GSSG levels and enhanced the activity of 
GSH-PX in LPS-treated animals. Additionally, LPS diminished the content of cytochrome P450 reductase with this effect 
being largely prevented by L-NAME administration. Melatonin did not change the content of P450 either in PB- or 
LPS-treated animals. In brain, melatonin and L-NAME increased both tGSH levels and the activity of GSH-PX in 
LPS-treated animals. The results suggest that melatonin protects against LPS-induced oxidative toxicity in PB-treated 
animals in both liver and brain, and the findings are consistent with previously published observations related to the 
antioxidant activity of the pineal hormone. 
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I NTRO D UCTl ON tion of L-arginine to citrulline and nitric oxide 

Bacterial lipopolysaccharide (LPS) induces oxi- 
dative damage mediated by increased produc- 
tion of reactive oxygen intermediates [Bernard 
et al., 1984; Ghezzi et al., 19861. Treatment with 
LPS is associated with an increase in hepatic 
lipid peroxidation, one of the toxic consequences 
of oxidative damage [Peavy and Fairchild, 19861. 
LPS also stimulates nitric oxide synthase (NOS) 
activity, the enzyme which catalyzes the oxida- 
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(NO). At a low concentration of L-arginine, oxy- 
gen activation leads to the production of the 
superoxide anion (02- )  and hydrogen peroxide 
(H202) with this effect being blocked by the 
selective blocker of NOS, N"-nitro-L-arginine 
[Mayer et al., 1992; Sessa, 19941. Dysfunction of 
the L-arginine-NO pathway is a common feature 
in a number of diseases, including artherosclero- 
sis, hypertension, diabetes, sepsis, and cerebral 
ischemia; the mechanism of action is very impor- 
tant for the understanding of their pathophysi- 
ology and treatment [Berdeaux, 19931. 

Bacterial LPS, either injected or generated 
during gram-negative sepsis, initiates lympho- 
cyte transformation, macrophage activation, and 
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initiation of the complement, kinin, and blood 
coagulation pathways [Morrison and Ulevitch, 
1978; Peavy et al., 1978; Morrison and Ryan, 
19791. After intravenous administration, LPS 
accumulates especially in the liver and spleen, 
organs rich in reticuloendothelial cells [Farrar 
and Convin, 19661. 

Oxidative damage is defined as a disturbance 
in the prooxidant and antioxidant balance within 
tissues [Sies, 19861. The tripeptide glutathione 
(GSH) is an important endogenous antioxidant 
which is found in particularly high concentra- 
tion in the liver [Meister and Anderson, 19831. 
Oxidative stress inactivates superoxide dismu- 
tase, catalase and glutathione peroxidase (GSH- 
PX), the enzymes involved in detoxifying reac- 
tive oxygen intermediates such as 02: and HzOz 
[Raes et al., 1987; Pigeolet and Remacle, 1991; 
Nistico et al., 19921. GSH-PX plays a key role in 
the enzymatic defense system against oxygen 
free radicals generated in the presence of perox- 
ides by reducing HzOZ and lipid peroxides with 
the concomitant oxidation of GSH [Raes et al., 
19871. GSH, present in all tissues, is oxidized to 
glutathione disulfide (GSSG). An intracellular 
increase in GSSG levels and an enhanced ratio 
of GSSG to GSH are used as indices of oxidative 
stress. GSH may act directly as an antioxidant 
and, furthermore, it may have a major role in 
restoring other free radical scavengers and anti- 
oxidants such as vitamins E and C to their 
reduced state [Reed, 1986; ROSS, 19881. 

It has been found that a precursor of GSH, 
N-acetylcysteine (NAG), protects against LPS 
toxicity and the inhibitor of GSH synthesis, 
DL-buthionine-(SR)-sulfoximine (BSO), has the 
opposite effect and decreases liver GSH levels 
[Bernard et al., 1984; Ghezzi et al., 19861. Addi- 
tionally, GSH-PX protects neurons from oxida- 
tive damage [Mirault et al., 19941 and has been 
demonstrated in the cytoplasm of glial cells in 
the area of an infarct [Takizawa et al., 19941. 
Thus, GSH-PX seems to play either a protective 
role against lipid peroxidation after cerebral in- 
farction or it may be involved in the healing 
process after ischemia. Evidence that GSH-PX 
activity is enhanced by lipid peroxide in perito- 
neal macrophages Natanabe and Murakoshi, 
19861 and liver cells Natanabe, 19861 supports 
the above assumption. 

Cytochrome P450 reductase plays a major 
role in the cytotoxicity of LPS. Cytochrome P450 
reductase catalyzes the oxidative metabolism of 
endogenous and exogenous substances [Guen- 

gerich, 1991; Porter and Coon, 1991; Coon et a]., 
19921. Specific molecular isoforms of P450 are 
induced by the exposure of animals to a variety 
of xenobiotics. Phenobarbital (PB) stimulates 
the CYP2B1/2 isoform, which is important in 
metabolism of drugs and environmental substances 
[Renaudet al., 1993; Karuzinaand Archakov, 19941. 
The activity of P450 is altered after infedion or 
treatment with cytokines (interleukin-1; inter- 
feron-y; and tumor necrosis factor-a) and immuno- 
stimulants such as LPS [Sessa, 1994; Katusic and 
Cosentino, 1994). LPS has been shown to diminish 
microsomal P450 activity and content in PB- 
treated animals [Khatsenko et al., 19931. 

The pineal hormone, melatonin is a potent 
scavenger of free radicals and it may also stimu- 
late other antioxidant activities [Reiter et al., 
1994a,bl. Compared to GSH and mannitol, mela- 
tonin is more effective as a hydroxyl radical 
('OH) scavenger and it seems to markedly pro- 
tect DNA from oxidative damage induced by 
chemical carcinogens [Tan et al., 1993al. Melato- 
nin participates in many important physiologi- 
cal functions including the control of seasonal 
reproduction as well as influences on circadian 
rhythms and the immune system [Reiter, 1980, 
19911. Melatonin is highly lipophilic so it easily 
enters cells and gains access to every subcellular 
compartment. Recently, melatonin was charac- 
terized as an anti-aging, life-prolonging mol- 
ecule [Maestroni et d . ,  1988; Pierpaoli et al., 
19911. In in vitro studies, melatonin has been 
shown to be both a .OH [Reiter et al., 1993; Tan 
et al., 1993b1 and a peroxyl radical scavenger 
[Pieri et al., 19941. Melatonin has also been 
shown to stimulate the antioxidant enzyme 
GSH-PX, which metabolizes HzOz to water. As 
animals age, they become relatively deficient in 
melatonin [Reiter, 1992; Reiter et al., 1994~1, 
and the loss of melatonin may contribute to the 
increased oxidative stress associated with aging 
[Abe et al., 1994; Reiter et al., 1994b,cl. 

In this study, we investigated the possible 
protective role of melatonin on oxidative dam- 
age induced by LPS in PB-treated animals. The 
following parameters were measured: total GSH 
(tGSH), oxidized GSH (GSSG), and the activity 
of GSH-PX in brain and liver, and cytochrome 
P450 reductase content in liver. 

MATERIALS A N D  METHODS 
Materials 

LPS (from Escherichia coli, serotype 0111: 
B4), NW-nitro-L-arginine (L-NAME), saturated 
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picric acid, NADPH tetrasodium sdt, 5d’-dithio- 
bk( 2-nitrobenzoicacid) (DTNB), reduced glutathi- 
one (GSH), and glutathione redudase (GSSG-R) 
were obtained from Sigma; 2-vinyl-piridin mono- 
mer was purchased from Fluka (Ronkonkoma, Ny). 
Phenobarbital sodium (130 m g / d )  was Purchased 
from E m - S i n n ,  Inc. Melatonin was obtained from 
&gis Chemical Company. All other chemicals used 
were of the highest purity commercially available. 

Experimental Procedures 

Male Sprague-Dawley rats (250 * 20 g> were 
purchased from Harlan (Houston, TX). They 
were provided laboratory chow and water ad 
libitum. After 10 days of acclimation to a light: 
dark (LD) photoperiod (LD14:10, light on 0700- 
2100 daily), animals were treated with saline 
(control) or PB (all other groups) (the number of 
animals per group = 8). Phenobarbital was in- 
jected ip in saline, at a dose 80 mglkg BW, given 
at  24 h intervals for 3 consecutive days. In 3 
groups of PB-treated rats, LPS was adminis- 
tered as a single injection (4 mg/kg, BW) 6 h 
before the animals were killed; one group of 
animals also received L-NAME, while 2 other 
groups received melatonin. Rats received L- 
NAME in their drinking water at a concentra- 
tion of 50 mM for 4 days before killing. Melato- 
nin was injected into PB and PB + LPS groups 
of rats at a dose 4 mglkg BW, once every hour 
for 4 hours (the last injection occured 1 h before 
the animals were killed). The animals were de- 
capitated at 1800 h. 

Tissue preparation and assays 

Immediately after decapitation, the heart was 
perfused with phosphate buffer (pH 7.5). Liver 
and brain were removed and frozen on solid 
COz. All tissues were kept at -80°C until GSH, 
GSH-PX, and cytochrome P450 analysis. He- 
patic microsomes were prepared as reported 
[Williams et al., 19841 and stored at -80°C until 
use. Protein concentrations were determined by 
method of Bradford (1976) using bovine serum 
albumin (BSA) as standard. Cytochrome P450 
reductase content was estimated as described by 
Omura and Sato (1964) using carbon monoxide 
difference spectra (changes in absorbance be- 
tween 450 and 490 pm) of liver microsomes. A 
portion of brain and liver was homogenized with 
a Potter-Elvehjem homogenizer (20 mM Tris- 
HC1 buffer, pH 7.4,1:10 w/v) at 0°C. The result- 
ing liver or brain homogenates were centrifuged 
in a Beckman microcentrifuge at 100,OOOg for 
60 min. The supernatant was collected and fro- 

zen to measure GSH-PX activity. GSH-PX was 
assayed at 30°C using the method of Jaskot et al. 
[1983]. For GSH analysis, a section of liver and 
brain was homogenized in a solution of 1% picric 
acid (1:5 w/v). The homogenate was centrifuged 
in a Beckman desktop centrifuge at 15,500g for 
15 min at 0°C. The supernatant was used to 
measure tGSH and GSSG using the method 
described by Griffith [19851. 

Statistical Analyses 

All data were analyzed by one-way analysis of 
variance (ANOVA). If the F values were signifi- 
cant, the Student-Newman-Keuls test was used. 
The level of significance was accepted at P < 
0.05. 

RESULTS 
liver 

Hepatic tGSH was higher in PB-treated ani- 
mals compared with that in control rats; when 
the animals were injected with LPS 6 h before 
being killed, the level of tGSH was significantly 
higher compared to all non-LPS-treated rats 
(P < 0.002); both L-NAME (P < 0.001) and 
melatonin (P < 0.05) significantly enhanced 
tGSH levels above those of PB-treated rats given 
either LPS or melatonin (Fig. 1). 

Liver GSSG levels were elevated in all groups 
of rats given LPS, whereas melatonin, when 
given to PB-treated rats, reduced the level of 
GSSG in the liver when compared to the control 
group (P  < 0.001). L-NAME increased (P < 
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Fig. 1. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on total glutathione levels (tCSH) in liver of phenobarbital 
(PB)-treated animals. Values are means t SEM. * P  < 0.05; 
* * * P  < 0.002 vs. control (CON). 
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0.001) GSSG levels compared to those in LPS- 
only treated rats. Melatonin treatment did not 
alter GSSG levels in LPS-injected rats (Fig. 2). 

The GSSG/GSH ratio, which is an index of 
oxidative stress, was not significantly changed 
by treatment with PB alone or in combination 
with either melatonin or LPS (Fig. 3). However, 
when PB + LPS rats received either L-NAME or 
melatonin, the GSSG/GSH ratio was signifi- 
cantly reduced ( P  < 0.001). 

GSH-PX is the enzyme which catalyzes the 
conversion of GSH to GSSG and, in doing so, it 

uses either Hz02 or hydroperoxides. In liver, the 
activity of GSH-PX was significantly higher in 
all groups treated with PB. Hepatic GSH-PX 
activity was significantly stimulated in melato- 
nin-treated animals but only after LPS 
(PB + LPS compared to PB + LPS + Mel; 
P < 0.001) (Fig. 4). 

Treatment of animals for 3 days with PB 
increased cytochrome P450 content in hepatic 
microsomes when compared with the control 
rats. LPS diminished the elevation of cyto- 
chrome P450 (P < 0.0021, with the effect of 
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Fig. 4. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on liver glutathione peroxidase activity (GSH-PX) in phenobarbi- 
tal (PB)-treated animals. Values are means ? SEM. * P  < 0.05; 
* * * P  < 0.001 

Fig. 2. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on oxidized GSH (GSSG) levels in liver of phenobarbital (PB)- 
treated animals. Values are means % SEM *P  < 0.01; * * *P  < 
0.001 vs. control (CON). 

r' *** 88. 

L 
*** 
I 

*.* 

1* ~ 

PB PB 
LPS LPS 

L-NAME 

PB 
LPS 
MEL 

PB 
[EL 

'ON PB PB 
MEL 

Fig. 3. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on the oxidized glutathione (GSSG)/total glutathione (tCSH) 
ratio in liver of phenobarbital (Pt3)-treated rats. Values are 
means 2 SEM. * * * P  < 0.001. 

Fig. 5. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on induction of microsomal cytochrome P450 reductase in 
phenobarbital (PB)-treated animals. Values are means ? SEM. 
* * *P  < 0.001. 
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Fig. 6. Absorption spectra of microsomes from phenobarbital 
(PB)-treated rats after exposure to carbon monoxide (CO). 
Curves represent the prototypic absoption spectrum of hepatic 
microsomes with a 450-nm peak after reduction by sodium 
dithionite and bubbling with CO; A, control (CON); 6, PB + LPS 
(lipopolysaccharide) and PB + LPS + MEL (melatonin); C ,  PB 
and PB + MEL; D, PB + LPS + L-NAME. 

LPS being prevented by the selective inhibitor 
of NOS, L-NAME (P  < 0.004) (Figs. 5,6). Mela- 
tonin did not change the level of P450 either in 
PB- or LPS-treated animals. 

Brain 

Brain tGSH was significantly higher both af- 
ter melatonin and after L-NAME in LPS-treated 
animals (P < 0.02) (Fig. 7), but no significant 
differences in either GSSG levels or the GSSG/ 
tGSH ratio were observed (Figs. 8,9). 

The activity of brain GSH-PX was enhanced 
in PB-treated rats compared to levels in con- 
trols. GSH-PX activity was significantly higher 
in melatonin-treated animals in PB- or LPS + 
PB-treated rats (P < 0.001) (Fig. 10). 

DISCUSSION 

Bacterial LPS is both an endogenous and exog- 
enous toxin which induces oxidative damage by 
stimulating the production of the reactive oxy- 
gen intermediates [Bernard et al., 1984; Ghezzii 
et al., 19861. One of the toxic consequences of its 
administration is an increase in lipid peroxida- 
tion with the peroxidation of membrane lipids 
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Fig. 7. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on total glutathione levels (tCSH) in brain of phenobarbital 
(PB)-treated animals. Values are means t SEM. **P < 0.02. 
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Fig. 8. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on oxidized CSH (CSSG) levels in brain in phenobarbital (PBb 
treated animals. Values are means ? SEM. 

generally being assumed to be one of the mecha- 
nisms by which oxygen radicals exert their dam- 
age [Stein et al., 19911. Under usual circum- 
stances, tissues appear to have a functional 
anti-oxidative reserve that must be depleted 
before oxidative injury occurs. Oxidative stress 
inactivates superoxide dismutase, catalase, and 
glutathione peroxidase, the enzymes involved in 
detoxifying 0;. and HzOz [Raes et al., 1987; 
Rigeolet and Remacle, 1991; Nistico et al., 19921. 
A reduction in the content of the antioxidant 
tripeptide GSH normally occurs during drug- 
and alcohol-induced hepatocellular injury [Meis- 
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Fig. 9. Effect of melatonin (MEL) and lipopolysaccharide (LPS) 
on the oxidized glutathione (CSSC)/total glutathione (tGSH) 
ratio in brain of phenobarbital (PB)-treated animals. Values are 
means ? SEM. 
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Fig. 10. Effect of melatonin (MEL) and lipopolysaccharide 
(LPS) on brain glutathione peroxidase activity (CSH-PX) in 
phenobarbital (Pt3)-treated animals. Values are means f SEM. 
***f < 0.001. 

ter, 1988; Kaplowitz et al., 19851. A depression 
in liver GSH is observed also during inflamma- 
tory processes, indicating that LPS actually in- 
duces oxidative stress during which endogenous 
GSH is used [Peristeris et al., 19921. GSH deple- 
tion is also observed in pathological conditions, 
e.g., in viral infections [Akaike et al., 19901, 
possibly due to induction of the superoxide gen- 
erating enzyme, xanthine oxidase (XO), which is 
induced after the administration of inter- 
ferons and LPS and during ischemialreperfu- 
sion [Ghezzi et al., 1985; McCord, 19851. Deple- 

tion of GSH and GSH-PX has been reported in 
Parkinson's disease Woudim and Riederer, 19931 
and in other neurodegenerative processes in the 
aged [Nistico et al., 19921. The release of oxygen- 
derived free radicals and consumption of GSH 
has been implicated as a mediator of the reperfu- 
sion injury in a variety of organs including the 
brain, liver, heart, kidney and interstinal mu- 
cosa [Curello et al., 1984; Adkinson et al., 1986; 
Linas et al., 1987; Stein et al., 19901. Finally, 
LPS stimulates the production of reactive oxy- 
gen intermediates by macrophages either di- 
rectly or through LPS-induced interleukin-1 
(IL-1) [Klempner et al., 19791 or tumor necrosis 
factor (TNF) release [Peristeris et al., 1992; 
Lloyd et al., 19931. 

In the present study, hepatic GSH levels and 
GSH-PX activity increased after PB treatment. 
This is in agreement with previous studies in 
which mRNA for canalicular GSH transporter, 
a unique characteristic of GSH secretion, in- 
creased after a single dose of PB Pyi et al., 19941. 
Also in that study, animals that were injected 
with LPS exhibited increased levels of GSH and 
GSH-PX. These results are similar to the find- 
ings reported herein. In our experiment GSH 
levels and GSH-PX activity were measured at 6 
h after LPS administration. This relatively short 
interval allows the detoxification system to in- 
crease the production and release of GSH; how- 
ever, during longer exposure to the toxin the 
protective system becomes exhausted, GSH is 
consumed and finally GSH levels decrease. We 
also found that melatonin enhanced the levels of 
GSH and activity of GSH-PX in LPS-treated 
animals both in liver and brain. This is consis- 
tent with earlier observations of Kothari and 
Subramanian [ 19921 and suggests that melato- 
nin may play an important role in regulating 
GSH synthesis and release, thereby helping 
maintain the intracellular redox state and re- 
duce oxidative stress. 

GSH is a major antioxidant and it is found in 
particularly high concentrations in the liver 
[Meister and Anderson, 19831. Rapid efflux of 
GSH is known to occur in response to physiologi- 
cal stimuli such as hormonal signals and oxida- 
tive stress [Lu et al., 19901. Catabolism of GSH 
by y-glutamyl transpeptidase in the presence of 
transition metals leads to oxidative damage 
[Stark et al., 19941. Glutathione in all tissues is 
oxidized during the metabolism of H202 or hy- 
droperoxides, with the resultant production of 
GSSG. GSSG is released from liver, brain and 
other tissues during oxidative damage [Sies, 
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1986; Jaeschke et al., 19941. In the present 
study, hepatic GSSG levels were increased after 
LPS injection. Melatonin alone decreased the 
level of GSSG suggesting it protected against 
oxidative stress. In the current report we ob- 
served a strong inhibitory effect of L-NAME on 
the GSSG/GSH ratio in liver and a significant 
stimulatory effect of L-NAME on the concentra- 
tion of GSH in liver and brain. The observation 
that LPS stimulates oxidative processes in liver 
is in agreement with previous papers. 

The cytochrome P450-dependent monooxy- 
genase system is one of the major producers of 
active oxygen species in the liver cell. It is known 
that partially reduced oxygen species, such as 
02T, H202, and .OH are formed in cytochrome 
P450-catalyzed reactions [Karuzina and Archa- 
kov, 19941. It is known that LPS increases liver 
XO activity [Ghezzi et al., 19841. This enzyme is 
also well known to produce reactive oxygen inter- 
mediates and cytochrome P450 is sensitive to 
oxidative damage. XO generates particularly 02T 
and H202 as reduction products of molecular 
oxygen [McCord and Fridovich, 1968; Fridovich, 
19701, and an increase of XO activity might play 
a role in LPS-mediated depression of liver drug- 
metabolizing enzymes. 

In the present study, animals were treated 
with PB which is a strong inducer of P450 in rat 
liver microsomes [Puntarulo and Cederbaum, 
1992; Khatsenko et al., 19931. LPS diminished 
microsomal P450 content in PB-treated rats. 
Additionally, L-NAME significantly reduced the 
inhibition in P450 content by LPS. Our results 
are in agreement with previous reports [Khat- 
senko et al., 19931. A preliminary report by 
Kothari and Subramanian [1992] found that 
melatonin had an inhibitory effect on the con- 
tent of cytochrome P450; we could not confirm 
this observation and found instead that melato- 
nin did not change P450 activity either in PB- or 
LPS-injected animals. These results suggest that 
the antioxidative effect of melatonin may not be 
via cytochrome P450, but might involve the 
production and release of other antioxidants, 
e.g., GSH. A previous paper, Bartsch et al. [1992] 
suggested that PB may influence the metabo- 
lism of melatonin in the liver. They found that 
the 6-hydroxylation of melatonin is carried out 
by PB-type enzymes. Thus PB could change the 
local concentration of melatonin in liver. Alter- 
natively, the stimulatory effect of PB could over- 
whelm the inhibitory effect of melatonin. 

Considering melatonin’s apparently potent 
role as an antioxidant and free radical scaven- 
ger, it is possible that this indole may find clini- 
cal value. There are a variety of diseases that 
may be, at least in part, a consequence of cellu- 
lar damage induced by free radicals. Melatonin 
easily enters subcellular compartments where it 
could provide local protection against oxidative 
stress; thus, melatonin could play a significant 
protective role against both initiation and pro- 
gression of disease states that involve free radi- 
cals. 

ACKNOWLEDGMENTS 

E.S. was supported by a Fogarty Interna- 
tional Fellowship, l F 0 5  TWO 5014-01 ICP; the 
research was supported by NSF grant 91-21263. 

REFERENCES 

Abe M, Reiter RJ, Orhii PH, Hara M, Poeggeler B, Barlow- 
Walden LR (1994): Inhibitory effect of melatonin on cata- 
ract formation in newborn rats: Evidence of an antioxida- 
tive role for melatonin. J Pineal Res 17:94-100. 

Adkinson D, Hollworth ME, Benoit JN, Parks DA, McCord 
J ,  Granger DN (1986): Role of free radicals in ischemia- 
reperfusion injury to the liver. Acta Physiol Scand 548: 
101-110. 

Akaike T, Ando M, Oda T, Doi T, Ijiri S, Araki S, Maeda H 
(1990): Dependence on 0 2 -  generation by xanthine oxi- 
dase of pathogenesis of influenza virus infection in mice. J 
Clin Invest 85:739-745. 

Bartsch C, Bartsch H, Praast G ,  Mecke D, Lippert TH 
(1992): The hepatic metabolism of melatonin in the rat: 
phenobarbital and polyaromatic hydrocarbons as inducers 
of the hydroxylation of melatonin. Abstract International 
Meeting on the Pineal Gland. Basic and Clinical Aspects, 
Paris, France, September 7-9, p. 68. 

Berdeaux A (1993): Nitric oxide: an ubiquitous messenger. 
Fund Clin Pharmacol7:401-411. 

Bernard GR, Lunch WD, Niedermeyer ME, Snapper JR, 
Ogletree ML, Brigham KL (1984): Effect of N-acetylcyste- 
ine on the pulmonary response to endotoxin in the awake 
sheep and upon in vitro granulocyte function. J Clin 
Invest 73: 1772-1784. 

Bradford M (1976): A rapid and sensitive method for quanti- 
tation of protein utilizing the principle of protein-dye 
binding. Anal Biochem 72:248-253. 

Coon MJ, Ding X, Pernecky SJ, Vaz ADN (1992): Cyto- 
chrome P450: Progress and predictions. FASEB J 6:669- 
673. 

Curello S, Ceconi C, Bigoli C, Ferrari R, Albertini A, Guarni- 
eri C (1985): Changes in cardiac glutathione status after 
ischemia and reperfusion. Experientia 41:42-43. 

Farrar WE Jr, Corwin LM (1966): The essential role of the 
liver in detoxification of endotoxin. Ann NY Acad Sci 

Fridovich I (1984): Quantitative aspects of the production of 
superoxide anion radical by milk xanthine oxidase. J Biol 
Chem 245:4053-4057. 

133:668-684. 



443 Melatonin and Oxidative Stress 

Ghezzi P, Bianchi M, Mantovani A, Speafico F, Salmona M 
(1984): Enhanced xanthine oxidase activity in mice treated 
with interferon and interferon inducers. BBRC 119:144- 
149. 

Ghezzi P, Bianchi M, Gianera L, Landolfo S, Salmona M 
(1985): Role of reactive intermediates in the interferon- 
mediated depression of hepatic drug metabolism and pro- 
tective effect of N-acetylcysteine in mice. Cancer Res 45: 
3444-3447. 

Ghezzi P, Saccardo B, Bianchi M (1986): Role of reactive 
oxygen intermediates in the hepatotoxicity of endotoxin. 
Immunopharmacology 12:241-244. 

Griffith OW (1985): Glutathione and glutathione disulphide. 
In: Methods of Enzymatic Analysis. Bergmeyer HU (ed). 
Weinheim: VCH Verlagsgellschaft, p. 521-529. 

Guengerich FP (1991) Reactions and significance of cyto- 
chrome P450 enzymes. J Biol Chem 266:10019-10028. 

Jaeschke H, Farhood A, Smith CW (1994): Contribution of 
complement-stimulated hepatic macrophages and neutro- 
phils to endotoxin-induced liver injury in rats. Hepatology 

Jaskot RH, Charlet EG, Grose EC, Grady MA (1983): An 
automated analysis of glutathione peroxidase, S-transfer- 
ase, and reductase activity in animals tissue. J Anal Toxi- 

Kaplowitz N, Aw TY, Ookhtens M (1985): The regulation of 
hepatic glutathione. Annu Rev Pharmacol Toxicol25:715- 
744. 

Karuzina 11, Archakov AI (1994): The oxidative inactivation 
of cytochrome P450 in monooxygenase reactions. Free 
Rad Biol Med 16:73-97. 

Katusic ZS, Cosentino F (1994): Nitric oxide synthase: From 
molecular biology to cerebrovascular physiology. News 
Physiol Sci 9:64-67. 

Khatsenko OG, Gross SS, Rifkind AB, Vane JR (1993): 
Nitric oxide is a mediator of the decrease in cytochrome 
P450-dependent metabolism caused by immunostimu- 
lants. Proc Natl Acad Sci USA90:11147-11151. 

Klempner MS, Dinarell CA, Henderson WR, Gallin JI (1979): 
Stimulation of neutrophil oxygen-dependent metabolism 
by human leukocytic pyrogen. J Clin Invest 64:99&1002. 

Kothari L, Subramanian A (1992): A possible modulatory 
influence of melatonin on representative phase I and I1 
drug metabolizing enzymes in 9, lO-dirnethyl-l,2-benzan- 
thracene induced rat mammary tumorigenesis. Anti- 
Cancer Drugs 3:623-628. 

Linas SL, Shanley PF, White CW, Parker NP, Repine J E  
(1987): 0 2  metabolite-mediated injury in perfused kidneys 
is reflected by consumption of DMTU and glutathione. 
Am J Physiol253:F692-F701. 

Lloyd SS, Chang AK, Taylor FB, Janzen EG Jr ,  McMay PB 
(1993): Free radicals and septic shock in primates: the role 
of tumor necrosis factor. Free Rad Biol Med 14:233-242. 

Lu SC, Garcia-Ruiz C, Kuhlenkamp J, Ookhtens M, Salas- 
Prato M, Kaplowitz N (1990): Hormonal regulation of 
glutathione efflux. J Biol Chem 265: 16088-16095. 

Maestroni GJM, Conti A, Pierpaoli W (1988): Pineal melato- 
nin, its fundamental immunoregulatory role in aging and 
cancer. Ann NY Acad Sci 521:140-148. 

Mayer B, Heinzel B, Klatt P, John M, Schmidt K, Bohme E 
(1992): Nitric oxide synthase-catalyzed activation of oxy- 
gen and reduction of cytochromes: Reaction mechanisms 
and possible physiological implications. J Cardiovasc Phar- 
macol20 (suppl 12):554-S56. 

19: 973-979. 

C O ~  7:86-88. 

McCord JM (1985): Oxygen-derived free radicals in postisch- 
emic tissue injury. N Engl J Med 312:159-163. 

McCord JM, Fridovich I (1968): The reduction of cyto- 
chrome c by milk xanthine oxidase. J Biol Chem 243:5753- 
5760. 

Meister A (1988): Glutathione metabolism and its selective 
modification. J Biol Chem 263:17205-17208. 

Meister A, Anderson ME (1983): Glutathione. Annu Rev 
Biochem 52:711-760. 

Mirault ME, Tremblay A, Trepanier G, Furling D, Portier F, 
Paolo TD, Puymirat J (1994): Transgenic glutathione 
peroxidase mice models for neuroprotection studies. Ann 
NYAcad Sci 738:104-115. 

Morrison DC, Ryan JL (1979): Bacterial endotoxins and 
host immune responses. Adv Immunol28:293-450. 

Morrison DC, Ulevitch RJ (1978): The effects of bacterial 
endotoxins on host mediation systems. Am J Pathol 93: 
525-617. 

Nistico G, Cirolo MR, Fiskin D, Iannone M, DeMartino A, 
Rotilio G (1992): NGF restores decrease in catalase activ- 
ity and increases superoxide dismutase and glutathione 
peroxidase activity in the brain of aged rats. Free Rad Biol 
Med 12:177-181. 

Omura T, Sato R (1964): The carbon monoxide-binding 
pigment of liver microsomes. J Biol Chem 239:2379-2385. 

Peavy DL, Fairchild EJ  (1986): Evidence for lipid peroxida- 
tion in endotoxin-poisoned mice. Infect Immun 52:613- 
616. 

Peavy DL, Baughn RE, Musher DM (1978): Mitogenic activ- 
ity of bacterial lipopolysaccharides in vivo: Morphological 
and functional characterization of responding cells. Infect 
Immun 19:71-78. 

Peristeris P, Clark BD, Gatti S, Faggioni R, Mantovani A, 
Mengozzi M, Orencole SF, Sironi M, Ghezzi P (1992): 
N-Acetylcysteine and glutathione as inhibitors of tumor 
necrosis factor production. Cell Immunol 140:390-399. 

Pieri C, Marra M, Moroni F, Recchioni R, Marcheselli F 
(1994): Melatonin: a peroxyl radical scavenger more effec- 
tive than vitamin E. Life Sci 55:272-276. 

Pierpaoli W, Dall-Ara A, Pedrinis E, Regelson W (1991): The 
pineal control of aging: the effects of melatonin and pineal 
grafting on the survival of older mice. Ann NY Acad Sci 

Pigeolet E, Remacle R (1991): Susceptibility of glutathione 
peroxidase to proteolysis after oxidative alterations by 
peroxides and hydroxyl radicals. Free Rad Biol Med 11: 
191-195. 

Porter TD, Coon MJ (1991): Cytochrome P450. J Biol Chem 

Puntarulo S, Cederbaum AI (1992): Effect of phenobarbital 
and 3-methylcholanthrene treatment on NADPH- and 
NADPH-dependent production of reactive oxygen interme- 
diates by rat liver nuclei. Biochim Biophys Acta 116:17- 
23. 

Raes M, Michiels C, Remacle J (1987): Comparative study 
on the enzymatic defense systems against oxygen-derived 
free radicals: The key role of glutathione peroxidase. Free 
Rad Biol Med 3:3-7. 

Reed DJ (1986): Regulation of reductive processes by gluta- 
thione. Biochem Pharmacol35:7-13. 

Reiter RJ (1980): The pineal and its hormones in the control 
of reproduction in mammals. Endocr Rev 1:109-131. 

Reiter RJ (1991): Melatonin: that ubiquitously acting pineal 
hormone. News Physiol Sci 6:223-227. 

62 1x291-3 13. 

266~21-42. 



444 Sewerynek et al. 

Reiter RJ (1992): The aging pineal gland and its physiologi- 
cal consequences. BioEssays 14:169-175. 

Reiter RJ, Poeggeler B, Tan D-X, Chen L-D, Manchester LC, 
Guerrero J M  (1993): Antioxidant capacity of melatonin: A 
novel action not requiring a receptor. Neuroendocrinol 
Lett 15:103-116. 

Reiter RJ, Tan D-X, Poeggeler B, Chen L-D, Menendez- 
Pelaez A (1994a): Melatonin, free radicals and cancer 
initiation. In: Advances in Pineal Research. Vol. 7. Mae- 
stroni GJM, Conti A, Reiter RJ (eds) John Libbey, Lon- 
don, pp 211-228. 

Reiter RJ, Tan D-X, Poeggeler B, Menendez-Pelaez A, Chen 
L-D, Saarela S (1994b): Melatonin as free radical scaven- 
ger: Implications for aging and age-related diseases. Ann 
NYAcad Sci 719:l-12. 

Reiter RJ, Poeggeler B, Chen L-D, Abe M, Hara M, Orhii 
AM, Barlow-Walden LR (1994~): Melatonin as a free radi- 
cal scavenger: Theoretical implications for neurodegener- 
ative disorders in the aged. Acta Gerontol (in press). 

Renaud JP, Boucher JL, Vadon S, Delaforge M, Mansuy D 
(1993): Particular ability of liver P450s3A to catalyze the 
oxidation of Nw-hydroxyarginine to citrulline and nitro- 
gen oxides and occurrence in No synthases of a sequence 
very similar to the heme-binding sequence in P450s. BBRC 
192:53-60. 

Ross D (1988): Glutathione, free radicals and chemothara- 
peutic agents: mechanism of free radical induced toxicity 
and glutathione dependent protection. Pharmacol Ther 
37:231-248. 

Sessa WC (1994): The nitric oxide synthase family of pro- 
teins. JVasc Res 31:131-143. 

Sies H (1986): Biochemistry of oxidative stress. Angewandte 
Chem 25:1058-1071. 

Stark AA, Russell JJ, Langenbach R, Pagano DA, Zeiger E, 
Huberman E (1994): Localization of oxidative damage by 
a glutathione-y-glutamyl transpeptidase system in preneo- 
plastic lesions in sections of livers from carcinogen-treated 
rats. Carcinogenesis 15:343-348. 

Stein HJ, Hinder RA, Oosthuizen MMJ (1990): Gastric 
mucosal injury caused by hemorrhagic shock and reperfu- 
sion: Protective role of the antioxidant glutathione. Sur- 
gery 108:467-474. 

Stein HJ, Oosthuizen MMJ, Hinder RA, Lamprechts H 
(1991): Oxygen free radicals and glutathione in hepatic 
ischemia/reperfusion injury. J Surg Res 50:39&402. 

Takizawa S, Matsushima K, Shinohara Y, Ogawa S, Kom- 
atsu N, Utsunomiya H, Watanabe K (1994): Immunohis- 
tochemical localization of glutathione peroxidase in in- 
farcted human brain. J Neurol Sci 122:66-73. 

Tan D-X, Poeggeler B, Reiter RJ, Chen L-D, Chen S, 
Manchester LC, Barlow-Walden LR (1993a): The pineal 
hormone melatonin inhibits DNA-adduct formation in- 
duced by chemical carcinogen safrole in vivo. Cancer Lett 

Tan D-X, Chen L-D, Poeggeler B, Manchester LC, Reiter RJ  
(1993b): Melatonin: A potent, endogenous hydroxyl radi- 
cal scavenger. Endocrine J 1:57-60. 

Watanabe K (1986): Lipid peroxidation and cell injury; the 
role of glutathione peroxidase. Trans SOC Pathol Jpn 

Watanabe K, Murakoshi M (1986): Lipid peroxidation and 
arachidonate cascade in macrophages with a special refer- 
ence to the change of glutathione peroxidase, lipid peroxi- 
dase scavenger. Tokai J Exp Clin Med 11:105-109. 

Williams DE, Hale SE, Okita RT, Masters BSS (1984): A 
prostaglandin w-hydroxylase cytochrome P450 (P450p~,) 
purified from lungs of pregnant rabbits. Biol Chem 259: 

Yi JR, Lu S, Fernandez-Checa J, Kaplowitz N (1994): Expres- 
sion cloning of rat hepatic reduced glutathione trans- 
porter with canalicular characteristics. J Clin Invest 93: 

Youdim MB, Riederer P (1993): The role of iron in senes- 
cence of dopaminergic neurons in Parkinson’s disease. J 
Neural Transm Suppl40:57-67. 

70~65-71. 

76: 39-74. 

14600-14608. 

1841-1845. 




