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Abstract. Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine
neurotransmitter synthesized by the aromatic amino acid decarboxylase using
5-hydroxytryptophan (5-HTP) as a substrate. It was recently shown that
serotonin and its precursor have powerful antioxidant properties. The aim of
this study was to evaluate the effect of reduction in 5-HT levels by para-
chlorophenylalanine (pCPA) and their restoration by 5-HTP administration on
lipid peroxidation and antioxidant status in rat brain. Serotonin levels were
decreased by p-chlorophenylalanine administration. The effect of p-
chlorophenylalanine was counteracted by the intraperitoneal administration of
5-hydroxytryptophan. We evaluated the concentration of serotonin, malonyl
dialdehyde and the status of antioxidants (GSH, catalase and superoxide
dismutase) in brain. The results showed that p-chlorophenylalanine (300 mg/kg)
induced a depletion of serotonin concentration and antioxidant status, as well
as enhancing malonyl dialdehyde concentration in brain. The exogenous
administration of 5-hydroxytryptophan prevented all effects induced by p-
chlorophenylalanine in brain tissue. The recovery of the neurotransmitter
concentration in brain was related to the reduction of lipid peroxide
generation and improved antioxidant status. In conclusion, our study supports
the view that the antioxidant properties of serotonin protect against basal
oxidative stress in brain.
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INTRODUCTION

The serotoninergic system regulates mood, emo-
tion, sleep and appetite in mammals. Serotonin or 5-
hydroxytryptamine (5-HT) is synthesized by the aro-
matic aminoacid decarboxylase from 5-hydrox-
ytryptophan (5-HTP). 5-HTP is produced by trypto-
phan hydroxylase using tryptophan as precursor.
The molecule para-chlorophenylalanine (pCPA)
inhibits cerebral 5-HT synthesis through the inhibi-
tion of tryptophan hydroxylase (Avale et al. 2004,
Park et al. 1994). In clinical practice, pCPA has been
administered to reduce the unwanted side effect of
5-HT overproduction in carcinoid syndrome (Engel-
man el al. 1967) and cisplatin-induced emesis in
cancer patients (Alfieri and Cubeddu 1995).
Nevertheless, pCPA induces relevant noxious side
effects, especially those related to hypersensitivity
reactions and psychiatric disorder (Bax et al. 1982,
Feldman 1982, Ratnavel et al. 1994). In addition, 5-
HT depletion induces neuronal cytoskeletal alter-
ations and produces astroglial reaction. The recov-
ery of 5-HT levels is associated with a restoration of
neuron structure (Ramos et al. 2000). The adminis-
tration of pCPA also induces acute renal failure char-
acterized by oliguria, decreased glomerular filtration
rate, and salt and creatinine retention (Ikonomov et
al. 1990). We demonstrated recently that pCPA exac-
erbates cerebral and renal oxidative stress induced
by gentamicin in rats (Munoz-Castaneda et al.
2005).

Various experimental studies have shown that 5-
HT has relevant antioxidant properties. The mole-
cule has demonstrated powerful free radical scav-
enging properties generated in vitro by its chemical
system (Andorn and Pappolla 2001, Herraiz and
Galisteo 2004, Horakova et al. 2000, Ng et al.
2000). In addition, tryptophan and 5-HTP have also
been used to prevent in vitro chemical-induced free
radical generation (Cadenas et al. 1989). Never-
theless, the implications of the in vivo regulation of
5-HT synthesis on lipid peroxidation and antioxi-
dant status in brain have not been fully demonstrat-
ed.

The aim of the present study was to evaluate the
effect of 5-HT concentration reduction by pCPA and its
restoration by 5-HTP administration on lipid peroxida-
tion and antioxidant status in rat brain.

METHODS
Subjects

Two-month-old male Wistar rats (Charles River,
Barcelona, Spain) (250-300 g) received laboratory
food (Purina®, Barcelona, Spain) and water ad [ibi-
tum. They were subjected to controlled conditions of
temperature (about 22°C) and illumination (12 h light
— 12 h dark cycle). All animal care and procedures
were in accordance with the European Community
Council Directive of 24 November 1986
(86/609/ECC) and the R.D. 223/1988, and were
approved by the Bioethics Committee of the
Institution.

Procedures

To select effective pCPA doses, the animals (n=18)
were divided into three groups: Control, pCPA (200
mg/kg) and pCPA (300 mg/kg). pCPA (Sigma, St.
Louis, USA) was diluted in physiologic saline and
injected intraperitoneally for eight days on alternate
days. The animals were sacrificed under anaesthesia.
Brain was immediately removed, cleaned of blood
clots and visible vascular structures, and homogenat-
ed in phosphate buffer solution 100 mM, pH 7.4
(4:1) at moderate intensity by five strokes on ice
(Ultra-turrax T25, Teflon-Glass, Janke and Kunkel,
IKA-Labortechnik, Staufen, Germany). The
homogenate was immediately frozen at -40°C. The
5-HT concentration, malonyl dialdehyde, reduced
glutathione (GSH), catalase and superoxide dismu-
tase (SOD) activities were evaluated in brain
homogenates.

The second part of the study evaluated the capacity
of 5-HTP administration to prevent 5-HT and antioxi-
dant status depletion, as well as malonyl dialdehyde
exacerbation induced by effective pCPA dose in rat
brain. 5-HTP (300 mg/kg) was diluted in physiologic
saline and administered three times daily (8:00 A.m.,
12:00 p.M. and 9:00 p.m.) for eight days during the treat-
ment of pCPA (300 mg/kg) in rats. The animals (n=24)
were divided into four groups: Control, 5-HTP, pCPA
and pCPA + 5-HTP. The animals were sacrificed under
anesthesia. Cerebral extraction and homogenate were
done as described in the first part. The concentration of
5-HT, malonyl dialdehyde and antioxidants were eval-
uated in brain homogenates.



LIPID PEROXIDES ASSAY

A volume of brain homogenate was diluted in
20 mM Tris-HCI buffer pH 7.4 at 1:10 (v:v) for the
measurement of lipid peroxides. The procedure
described by the supplier was followed (LPO-586,
Bioxytec, Portland, USA). The assay is based on the
reaction of a chromogenic reagent, N-methyl-
2phenylindole, with lipid peroxides (malonyl dialde-
hyde, MDA and 4-hydroxyalkenals) at 45°C.

REDUCED GLUTATHIONE ASSAY

GSH was measured using a commercial assay
GSH-400 (Bioxytech S.A). The brain homogenate was
diluted in 200 mM potassium phosphate pH 7.4 at 1:10
(v/v) for the measurement of GSH. Following the
instructions of the supplier, all mercaptans present in
the sample react with 4-chloro-1-methyl-7-tri-
fluromethyl-quinolinium methylsulfate in a first chem-
ical reaction. The second step consisted of the -elim-
ination reaction under alkaline conditions of the prod-
uct from the first reaction into a chromogenic thione-
derived product.

CATALASE AND SUPEROXIDE DISMUTASE
ASSAY

The brain homogenate was diluted in 50 mM phos-
phate buffer pH 7.4 at 1:10 (v/v) for the measurement
of catalase and SOD. Catalase was determined follow-
ing the method described by Aebi (1984). The proce-
dure is based on the measurement of the decomposi-
tion rate of H,0, (10 mM) to water and molecular oxy-
gen measured at 240 nm. SOD activity was assessed by
the method of Sun and coauthors (1988). The assay is
based on the inhibition of nitroblue tetrazolium reduc-
tion upon superoxide generation by xanthine-xanthine
oxidase system. The activity of SOD was assessed at
420 nm. Activities of enzymes were expressed as AU/g
of tissue (AU= Activity Units).

SEROTONIN EXPRESSION

5-HT content was measured following the method
described by Snyder and coauthors (1965). Briefly, 5-
HT was extracted with 1-butanol in a salt saturated solu-
tion (pH 10) and further returned to an aqueous solution
(pH 7.0) by the addition of heptane. 5-HT reacted with
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ninhydrin to yield a fluorescent product using excitation
wavelength 385 nm and emission wavelength 490 nm.
Fluorescence was measured using a Zuzi spectrofluo-
rometer model 930 (Zuzi, Beijing, China) and its values
expressed as percentage of control values.

STATISTICAL ANALYSIS

Results were expressed as percentage or means +
SEM. Data followed a normal distribution using the
Shapiro-Wilks test. Multiple comparisons were carried
out using one-way analysis of variance (ANOVA) fol-
lowed by the Bonferroni test. Significance was set at
P<0.05.

RESULTS

Effects of pCPA on serotonin content and oxidative
stress in brain

The administration of pCPA induced a dose-depend-
ent reduction of 5-HT content in brain (Table I). In
consequence, the administration of pCPA (300 mg/kg)
induced greater inhibition of 5-HT content in brain
than pCPA (200 mg/kg) administration (86% vs. 82%,
respectively).

The results showed that pCPA induced a dose-
dependent response in malonyl dialdehyde levels (56%
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Fig. 1. Effect of various doses of para-chlorophenylalanine
(pCPA) and 5-hydroxy-tryptophan (5-HTP) administration
on the concentration of lipid peroxides in brain tissue. Bars
represent mean = SEM. (i) P<0.001 vs. Control group;
(***) P<0.001 vs. pCPA200; (") P<0.001 vs. pCPA300.
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Table 1

Regulation of 5-HT, reduced glutathione (GSH), catalase and SOD content in brain of rats treated with various doses

of para-chlorophenylalanine (pCPA)

5-HT% ng5-HT/g tissue GSHmmol/g tissue CATAU/g tissue SODAU/g tissue
Control 100 0.59 +0.080 0.072 + 0.0026 2.2+0.18
Vehicle 99 0.61 +0.063 0.069 + 0.0094 2.2+0.23
pCPA [200] 18 0.25+0.031% 0.065 £ 0.00263% 2.0+0.13
pCPA [300] 14 0.19 £ 0.042%,* 0.035 £ 0.0042,*** 1.3 £0.05%, ***

Values are expressed as percentage (5-HT) and mean £ SEM (GSH, CAT, SOD), n=6 rats per group. () P<0.001 vs.

Control; (***) P<0.001 and (*) P<0.05 vs. pCPA 200.

and 102% in pCPA200 and pCPA300, respectively) and
reduced glutathione level (42% and 32% in pCPA200
and pCPA300, respectively), SOD and CAT activities in
brain (Fig. 1 and Table I). pCPA administration had a
dose-dependent effect on SOD and CAT activities. In
this respect, pCPA enhanced malonyl dialdehyde con-
centration, and depleted GSH content, as well as SOD
and CAT activities in brain homogenates, in comparison
with control group (P<0.001). In addition, the adminis-
tration of the higher dose of pCPA (300 mg/kg) induced
more powerful oxidative stress in brain (alterations in
MDA, GSH) than the lower dose in pCPA (200 mg/kg)-
treated rats (£<0.001).

EFFECT OF 5-HYDROXYTRYPTOPHAN

ADMINISTRATION ON 5-HT CONTENT AND
OXIDATIVE STRESS IN BRAIN FROM PARA-
CHLOROPHENYLALANINE-TREATED RATS

5-HTP was administered to rats submitted to the
highest concentration of 5-HT synthesis inhibitor
(300 mg/kg). 5S-HTP enhanced significantly 5-HT con-
centration in brain in control and pCPA-treated rats
(Table II). The administration of 5-HTP reduced mal-
onyl dialdehyde concentration (56%) (Fig. 1) and
increased GSH content (81%) (Table II) in brain of
pCPA-treated rats (P<0.001).

DISCUSSION

The administration of pCPA induced unwanted side
effects related to toxicity in the nervous system in
experimental animals (Bax et al. 1982, Feldman 1982,
Ratnavel et al. 1994). Our results show that oxidative

stress induced by pCPA is sensitive to the pCPA dose.
Thus, the administration of 300 mg/kg weight of pCPA
causes significantly greater cerebral oxidative stress
than the 200 mg/kg dose does. The percentage of 5-HT
inhibition is also dependent on the pCPA concentration
(pCPA200 82% and pCPA300 86%). The increase
observed in oxidative stress may be due to pCPA being
a neurotoxic molecule that triggers cerebral oxidative
stress (Tables I and II, Fig. 1). In this sense, small
changes in 5-HT concentration diminish significantly
the intensity of oxidative stress. This can be explained
by the antioxidant properties of 5-HT against cerebral
oxidative stress. We think that this oxidative stress may
be related to the absence of an important antioxidant
such as 5-HT or melatonin, as well as to the cerebral

Table II

Effect of 5-hydroxytryptophan (5-HTP) administration on
the reduction of 5-HT and reduced glutathione (GSH)
content induced by para-chlorophenylalanine (pCPA) in
brain tissue

5-HT
% ng 5-HT/g tissue

GSH
mmol/g tissue

Control 100 0.63 £0.048
Vehicle 99 0.60 £ 0.007
5-HTP 129 0.60 £ 0.030
pCPA [300] 14 0.21 £ 0.042%

pCPA [300]+ 5-HTP 57 0.48 £ 0.022%," "

Values are expressed as percentage (5-HT) and mean =+
SEM (GSH). (1) P<0.001 vs. Control; (") P<0.001 vs. pCPA
200.



injury induced by pCPA. In this sense, 5-HT and its
precursor (5-HTP) have demonstrated powerful scav-
enging properties against free radicals generated using
the chemical system in vitro (Andorn and Pappolla
2001, Betten et al. 2001, Cadenas et al. 1989, Herraiz
and Galisteo 2004, Horakova et al. 2000, Liu and Mori
1993, Ng et al. 2000, Wang et al. 2001). The presence
of hydroxylated phenolic rings in the structure of these
molecules may be responsible for their antioxidant
capacity (Hadi et al. 2002, Rice-Evans et al. 1997).
However, a 5-HT-receptor cell mediated mechanism
has also been suggested (Ahlemeyer and Krieglstein
1977, Ahlemeyer et al. 2000, Migheli et al. 1999). This
alternative cannot be ruled out on the basis of data
obtained in the present study.

Our study shows that the in vivo depletion of 5-HT
induces susceptibility of brain to oxidative stress in
rats (Fig. 1, Tables I and II). In addition, the adminis-
tration of 5-HTP reverts the effects produced by pCPA,
decreasing MDA and increasing CAT, SOD and GSH
(Table II and Fig 1).

A further demonstration of the antioxidant properties
of 5-HT is related to the involvement of oxidative stress
in neurodegenerative disorders. It is generally accepted
that enhanced susceptibility to oxidative stress is rele-
vant to chronic neurodegenerative disorders during
aging (Gotz et al. 1994). Arivazhagan and Panneer-
selvam (2002) have shown that 5-HT levels decrease in
rat brains during aging. The treatment of aged rats with
the antioxidant a-lipoic acid increases 5-HT levels,
suggesting that 5-HT depletion during aging might be
due to oxidative stress. Mattson et al. (2004) observed
that 5-HT cooperates with brain-derived neurotrophic
factor (BDNF) and protects against aging, Alzheimer’s
disease and Huntington’s disease.

However, in some pathological conditions, a nox-
ious effect of 5-HT overproduction in brain has been
observed. Catecholamine neurotransmitters and trypto-
phan derivates, including 5-HT, show free radical
scavenging and neuroprotective properties. However,
they are also readily oxidized to toxic products cat-
alyzed by peroxidase, prostaglandin H synthase, xan-
thine oxidase, tyrosinase or cytochrome P450, which
have been found in neural tissues (Galzigna et al.
1999). Catecholamine-oxidized metabolites, such as
5,5’-dihydroxy-4,4"-bitryptamine, have been implicat-
ed in neurodegenerative diseases. The induction of high
catecholamine production is related to the accumulation
of toxic oxidized metabolites that might contribute to
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neurochemical and neurobiochemical changes associat-
ed with neurological diseases (Wrona et al. 1992).
Nevertheless, Schmued and coauthors (1999) suggested
that a rise in 5-HT levels is not in itself sufficient for
neurotoxicity, and additional factors such as hyperther-
mia, regional specificity of 5-HT receptor subtypes,
blood flow and/or neuronal networks may be involved.
To clarify the role of 5-HT against oxidative stress and
neurological disorder, further preliminary studies using
the appropriate experimental models are required.

CONCLUSION

This study shows that the reduction of 5-HT content
by pCPA administration induced dose-dependent lipid
peroxidation and antioxidant status depletion in brain.
In consequence, in clinical situations accompanied by
a reduction of 5-HT synthesis, brain tissue is especial-
ly susceptible to the induction of oxidative-dependent
tissue damage.

REFERENCES

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:
121-126.

Ahlemeyer B, Krieglstein J (1977) Stimulation of 5-HT(1A)
receptors inhibits apoptosis induced by serum deprivation
in cultured neurons from chick embryo. Brain Res 777:
179-186.

Ahlemeyer B, Beier H, Semkova I, Schaper C, Krieglstein J
(2000) S-100beta protects cultured neurons against gluta-
mate- and staurosporine-induced damage and is involved
in the antiapoptotic action of the 5 HT(1A)-receptor ago-
nist, Bay x 3702. Brain Res 858: 121-128.

Andorn AC, Pappolla MA (2001) Catecholamines inhibit
lipid peroxidation in young, aged, and Alzheimer’s dis-
ease in brain. Free Radic Biol Med 31: 315-320.

Alfieri AB, Cubeddu LX (1995) Treatment with para-
chlorophelylalanine antagonises the emetic response and
the serotonin-releasing actions of cisplatin in cancer
patients. Br J Cancer 71: 629-632.

Arivazhagan P, Panneerselvam C (2002) Neurochemical
changes related to ageing in the rat brain and the effect of
DL-alpha-lipoic acid. Exp Gerontol 37:1489-1494.

Avale ME, Nemirovsky SI, Raisman-Vozari R, Rubinstein
M (2004) Elevated serotonin is involved in hyperactivity
but not in the paradoxical effect of amphetamine in mice
neonatally lesioned with 6-hydroxydopamine. J Neurosci
Res 78: 289-296.



6 J.R. Munoz-Castanieda et al.

Bax ND, Boulton AJ, Woods HF, Green AR (1982) Clinical
and biochemical effects of parachlorophenylalanine in a
patient with the carcinoid syndrome. Postgrad Med J 58:
493— 495.

Betten A, Dahlgren C, Hermodsson S, Hellstrand K (2001)
Serotonin protects NK cells against oxidatively induced
functional inhibition and apoptosis. J Leukoc Biol 70:
65-72.

Cadenas E, Simic MG, Sies H (1989) Antioxidant activity of
5-hydroxytryptophan, 5-hydroxyindole, and DOPA
against microsomal lipid peroxidation and its dependence
on vitamin E. Free Radic Res Commun 6: 11-17.

Engelman K, Lovenberg W, Sjoerdsma A (1967) Inhibition
of serotonin synthesis by para-cholophenylalanine in
patients with the carcinoid syndrome. N Engl J Med 277:
1103-1108.

Feldman JM (1982) Metabolic acidosis in patients with the
carcinoid syndrome: Treatment with parachloropheny-
lalanine. J Surg Oncol 19: 219-223.

Galzigna L, Schiapelli MP, Rigo A, Scarpa M (1999) A rat
brain fraction and different purified peroxidases catalyz-
ing the formation of dopaminochrome from dopamine.
Biochim Biophys Acta 1427: 329-336.

Gotz ME, Kunig G, Riederer P, Youdim MB (1994)
Oxidative stress: Free radical production in neural degen-
eration. Pharmacol Ther 63: 37-122.

Hadi N, Malik A, Azam S, Khan NU, Igbal J (2002)
Serotonin-Cu(Il)-mediated DNA cleavage: Mechanism of
copper binding by serotonin. Toxicol In Vitro 16:
669-674.

Herraiz T, Galisteo J (2004) Endogenous and dietary
indoles: A class of antioxidants and radical scavengers in
the ABTS assay. Free Radic Res 38: 323-331.

Horakova L, Ondrejickova O, Bachrata K, Vajdova M
(2000) Preventive effect of several antioxidants after
oxidative stress on rat brain homogenates. Gen Physiol
Biophys 19:195-205.

Ikonomov OC, Stoynev AG, Goranova-Stoyneva II, Popov
A, Minkova VA (1990) Nephrotoxic effect of the specific
brain serotonin depletor para-chlorophenylalanine. Acta
Physiol Hung 76: 191-199.

Liu J, Mori A (1993) Monoamine metabolism provides an
antioxidant defense in the brain against oxidant-and free
radical-induced damage. Arch Biochem Biophys 302:
118-127.

Mattson MP, Maudsley S, Martin B (2004) BDNF and 5-HT:
A dynamic duo in age-related neuronal plasticity and neu-
rodegenerative disorders. Trends Neurosci 27: 589-594.

Migheli A, Cordera S, Bendotti C, Atzori C, Piva R, Schiffer
D (1999) S-100beta protein is upregulated in astrocytes and
motor neurons in the spinal cord of patients with amy-
otrophic lateral sclerosis. Neurosci Lett 261: 25-28.

Munoz-Castaneda JR, Montilla P, Munoz MC, Bujalance I,
Muntané J, Tunez I (2005) Parachlorophenylalanine exac-
erbates oxidative stress induced by gentamicin in rats. Basic
Clin Pharmacol Toxicol 97: 174-178.

Ng TB, Liu F, Zhao L (2000) Antioxidative and free radical
scavenging activities of pineal indoles. J Neural Transm
107: 1243-1251.

Park DH, Stone DM, Baker H, Kim KS, Joh TH (1994) Early
induction of rat brain tryptophan hydroxylase (TPH)
mRNA following parachlorophenylalanine (PCPA) treat-
ment. Brain Res Mol Brain Res 22: 20-28.

Ramos AJ, Tagliaferro P, Lopez EM, Pecci Saavedra J, Brusco
A (2000) Neuroglial interactions in a model of para-
chlorophenylalanine-induced serotonin depletion. Brain
Res 883: 1-14.

Ratnavel RC, Burrows NP, Pye RJ (1994) Scleroderma and the
carcinoid syndrome. Clin Exp Dermatol 19: 83-85.

Rice-Evans C, Miller NJ, Paganga G (1997) Antioxidant prop-
erties of phenolic compounds. Trends Plant Sci 2: 152—159.

Schmued L, Slikker W, Clausing P, Bowyer J (1999) D-fenflu-
ramine produces neuronal degeneration in localized regions
of the cortex, thalamus, and cerebellum of the rat. Toxicol
Sci 48: 100-106.

Snyder SH, Axelrod J, Zweig M (1965) A sensitive and spe-
cific fluorescence assay for tissue serotonin. Biochem
Pharmacol 14: 831-835.

Sun Y, Oberley LW, Li Y (1988) A simple method for clinical
assay of superoxide dismutase. Clin Chem 34: 479-500.
Wang HX, Liu F, Ng TB (2001) Examination of pineal indoles
and 6-methoxy-2-benzoxazolinone for antioxidant and
antimicrobial effects. Comp Biochem Physiol C Toxicol

Pharmacol 130: 379-388.

Wrona MZ, Goyal RN, Turk DJ, Blank CL, Dryhurst G (1992)
5,5"-Dihydroxy-4,4"-bitryptamine: A potentially aberrant,
neurotoxic metabolite of serotonin. J Neurochem 59:
1392-1398.

Received 13 July 2005, accepted 25 November 2005



