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Summary. The influence of three pierin derivatives on the diurnal fluctuations of HIOMT
(hydroxyindole-0-methyl transferase) activity was studied in the isolated pineal glands of
42-day old male Wistar rats during the month of October.

The method used permitted the separate determination of four HIOMT activities.
— Reduced neopterin stimulated the methylation of the substances, 5-HTP, 5-HT and
5-HIAA (see abbreviations in Material and methods), during the night. HHOMT action on the
combinations N-Ac-5-HT/5-HTL was shifted to a later moment in the dark period.
— Pterin-6-aldehyde stimulated HHOMT action on 5-HT during the daytime. HIOMT action
on the substrates 5-HTP, 5-HIAA and N-Ac-5-HT/5-HTL was shifted fowards an earlier
period.
— Isoxanthopterin did not exert any influence on diurnal variation in the four HIOMT acti-
vities.

It may be concluded that reduced neopterin and pierin-6-aldehyde influenced the
activity and the circadian rhythmicity of 5-methoxyindole synthesis.

Those alterations might be important in the regulation of reproduction.

Introduction.

After Klein et al. (1970) and Klein and Weller (1970) discovered that N-acetyl-
transferase was stimulated in the dark by norepinephrine and cAMP, much attention
was given to the regulation of that enzyme. The data from these investigations suggested
that there was little or no regulation of the next step of melatonin synthesis, the methy-
lation of N-acetylseroionin by HIOMT. This led Klein et al. (1970) to suggest that
HIOMT-induced melatonin synthesis depended only on the « mass action of N-acetyl-
serotonin ».

() Author’s address : Dr. M. G. M. Balemans, Zoological Laboratory, Transitorium Ill, Padualaan
8, Utrecht, The Netherlands.
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However, some data on HIOMT regulation have been put forward in the litera-
ture. HIOMT activity, which is also maximal during the dark period (Axelrod et al.,
1965), is suppressed by norepinephrine (Weiss, 1968). An identical effect was obtained
by Brownstein and Heller (1968) after nerve stimulation. It is remarkable that these
effects are opposite to the data on N-acetyltransferase activity. On the other hand,
the application of parasympathomimetic drugs suggested that acetylcholine was
involved in the stimulation of HIOMT activity (Wartman et al., 1969). It is therefore
possible that the activities of both N-acetyltransferase and HIOMT are regulated by
the nervous system.

It has been suggested recently that HIOMT activity is also regulated by pteridines.
Cremer-Bartels and Hollwich (1978) observed that certain pteridines decreased
HIOMT activity in rat and bovine retina and pineal gland. In bovine and rabbit retina
Cremer-Bartels and Hockwin (1963) demonstrated the presence of a pteridine-ribose-
phosphate complex whose metabolism was higher in light than in darkness. These
investigations may indicate an inhibition of melatonin synthesis by certain pteridines
during the daytime.

The presence of pteridines in the pineal (Van der Have-Kirchberg et al., 1977)
and their higher content there than in other organs (Fukushima and Nixon, 1979 ;
Levine et al., 1979), their involvement in indole metabolism as a cofactor of tryptophan
hydroxylase (Lovenberg and Victor, 1974), and their influence on HIOMT activity
(Cremer-Bartels and Hollwich, 1978) all suggest that the pteridines could be of impor-
tance in regulating the metabolism of melatonin and/or 5-methoxytryptophol, two
5-methoxyindoles implicated in the regulation of reproduction (Wurtman et al., 1963 ;
Mclsaac et al., 1964).

In the present study three synthetic pterins (2-amino, 4-oxo-pteridines) — reduced
neopterin, pterin-6-aldehyde and isoxanthopterin-were tested for their influence on the
circadian rhythmicity of various HIOMT activities synthesizing several 5-methoxyin-
doles.

Material and methods.

Experiments were performed in October on 42-day old male Wistar rats of 180
to 200 g given about 320 Lux of light between 8 a. m. and 8 p. m. and kept in darkness
between 8 p. m. and 8 a. m. The animal room was maintained at a temperature of
23 °C and 60 p. 100 relative humidity. Water and food were given ad libitum.

Twelve animals were decapitated every 4 hrs and their pineals excised during the
daytime in daylight and at night under red light, according to Cardinali et al. (1972)
who showed that HIOMT was less inhibited in red light than in daylight. Three of the
excised pineals were incubated separately for 30 min with reduced neopterin and three
with pterin-6-aldehyde ; the other six pineals were incubated separately in the solvent
system only. All incubations were carried out in darkness. After this incubation period,
the methylating capacity of each pineal was determined using the method of Balemans
ef al. (1978). In this method no substrate is used. The following hydroxyindoles present
in the pineal were methylated and quantified : 5-hydroxytryptophan (5-HTP), 5-hydro-
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xytryptamine (5-HT), 5-hydroxyindole-3-acetic acid (5-HIAA) and the combination of
N-acetylserotonin with 5-hydroxytryptophol (5-HTL) (fig. 1).
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FIG. 1. — Methylations found with the method used in this study : (1) : methylation of 5-hydroxytryptophan
(5-HTP) to 5-methoxytryptophan (5-MTP). (2) : methylation of 5-hydroxytryptamine (5-HT) to
5-methoxytryptamine (5-MT). (3) : methylation of 5-hydroxyindole-3-acetic acid (5-HIAA) to
5-methoxyindole-3-acetic acid (5-MIAA). (4) : methylation of the combination of N-acetylserotonin/
5-hydroxytryptophol (N-Ac-5-HT/5-HTL) to melatonin/5-methoxytryptophol (mel/5-MTL).
Try = tryptophan ; 5-HIAL = 5-hydroxyindole aceetaidehyde.

An identical procedure was used with isoxanthopterin. The pineals of three rats
were incubated separately with this pterin, and three pineals were also incubated
separately with the solvent only.

Pterins (2-amino, 4-oxo-pteridines). — The pterins were prepared as much as
possible in darkness to avoid their decomposition. Dim red light was used when
needed.

Reduced neopterin (fig. 2). — Dihydroneopterin was synthesized from D-neopterin
(Fluka AG, Chemische Fabrik, CH-9470, Switzerland) according to the method of
Kaufman (1967). Tetrahydroneopterin was synthesized from D-neopterin according
to the method of Lioyd and Weiner (1971). The pterins were trimethylsilylated tomake
them suitable for gas-liquid chromatography, as described by Van derHave-Kirchberg
et al. (1977). The purity of the synthetic pterins after trimethylsilylation was controlled
with a Varian Aerograph 3740. As column material, we used 1.5 p. 100 dexil 300 GC
on gaschrom Q, 60-80 mesh or 3.8 p. 100 SE-30 ¢cm chromosorb W-HP, 80-100 mesh.
Combined gas-liquid chromatography-mass spectrometry (GL-MS) was carried out on
a Hewlett Packard 5710 A/Jeol JMS-D 300 combination ; 70 eV mass specira were
recorded at an ion source temperature of 200 °C. The JMS-D 300 mass spectrometer
was equipped with a Jeol JMA-2000 mass data analysis system.

Application of the methods of Kaufman (1967) and Lloyd and Weiner (1971) did
not give the pure compounds as expected. Kaufman (1967) reported the synthesis of
dihydroneopterin, and Lloyd and Weiner (1971) proposed that their preparation was
tetrahydroneopterin. Results on the control of the structure with UV absorbancy were
confirmed for both substances. However, when GC-MS was used, our data differed
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from the results of Kaufman (1967) and Lloyd and Weiner (1971). In GC-MS, both
preparations showed a mixture of dihydroneopterin and tetrahydroneopterin. There-
fore, we have emphasized that our results were due to that mixture, which will be
referred to in this paper as « reduced neopterin ». Details on the chemical investiga-
tions and experiments will be published elsewhere.

Pterin-6-aldehyde (fig. 2). — Pterin-6-aldehyde was prepared according to the
method of Visconti and Bieri (1971). Purification of the preparation was carried out by
preparative paper chromatography on Whatman 3MM in the solvent ethanol :
water, 1 : 3.
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FIG. 2. — Pierins (2-amino, 4-oxo-pteridines) used in this study : A. Reduced neopterin, a mixture of
dihydro-and tetrahydroneopterin (see Material and methods) ; B. Pterin-6-aldehyde ; C. Iso-
xanthopterin.

Isoxanthopterin (fig. 2). — Isoxanthopterin was obtained from Fluka AG, Chemis-
che Fabrik, CH-9470, Switzerland.

A solution containing 1 ug of pterin in 10 1l of ammonia 0.01 M per rat pineal was
used. The blanks were treated in the same way without pterins.

Results.

Methylation of 5-HTP (fig. 1, step 1) was observed between 12 p.m. and 12 a.m.
(fig. 3). If the pineals were incubated with reduced neopterin, significantly higher peaks
of HIOMT activity appeared at 12 p.m. and 8 a.m. (fig. 3). The pinealsincubated with
pterin-6-aldehyde, however, showed a lower HIOMT activity during the diurnal
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cycle which was partly shifted to the daytime period, as compared with the untreated
pineals (fig. 3).
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FIG. 3. — Influence of reduced neopterin (——) and of pierin-6-aldehyde (— — — —) on the circadian rhythmicity
of 5-hydroxytryptephan methylation in the pineal of 42-day old male Wistar rafs. Circadian methylating
activity in pineal synthesis of 5-methoxythryptophan is indicated by a dashed line (— — —);

these pineals were not incubated with a pterin but with a solvent only. Vertical bars represent the
standard error of the mean ; DPM = desintegrations per minute ; horizontal bar indicates the

dark period.

Serotonin (5-HT) was methylated to 5-methoxytryptamine (5-MT) (fig. 1, step2).
Peaks of activity occurred during the daytime at 3 p. m. and 8 p.m. ; the peak of acti-
vity at the end of the night period (8 a.m.) was remarkable (fig. 4). Reduced neopterin
did not alter significantly the two activity peaks during the daytime but stimulated
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FIG. 4. — Influence of reduced neopterin ( ) and of pterin-6-aldehyde (— — — —) on the circadian rhythmi-
city of 5-hydroxytryptamine methylation in the pineal of 42-day old male Wistar rats. Circadian methy-
lating activity in pineal synthesis of 5-methoxytryptamine is indicated by a dashed line (— — —),
pineals were not incubated with a pterin but with a solvent only. Vertical bars represent the
standard error of the mean ; DPM = desintegrations per minute ; horizontal bar indicates the
dark period.
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methylation markedly at the end of the dark period (fig. 4). This was in contrast tothe
effect of pterin-6-aldehyde, which inhibited the methylation in darkness but markedly
stimulated it during the daytime (fig. 4).

5-HIAA methylation (fig. 1, step 3) occurred mainly during the night period from
12 p.m. to 8 a.m. without real peaks (fig. 5). If, however, the pineals were incubated
with reduced neopterin, a significantly higher activity in the synthesis of 5-methoxyin-
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FIG. 5. — Influence of reduced neopterin (——) and of pterin-6-aldehyde (— — — —) on the circadian rhythmi-
city of 5-hydroxyindole-3-acetic acid methylation in the pineal of 42-day old male Wistar rats. Circadian
methylating activity in pineal synthesis of 5-methoxyindole 3-acefic acid is indicated by a dashed
line (— — —), pineals were not incubated with a pterin but with a solvent only. Vertical bars
represent the standard error of the mean ; DPM = desintegrations per minute ; horizontal bar
indicates the dark period.
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FIG. 6. — Influence of reduced neopterin (——}) and of pterin-6-aldehyde (~ — — —) on the circadian rhythmi-
city of N-acetylserotonin/5-hydroxytryptophol methylation in the pineal of 42-day old male Wistar rats
Circadian methylating activity in pineal synthesis of melatonin/5-methoxytryptophol is indicated by
a dashed line (— — —) ; pineals were not incubated with a pterin but with a solvent only. Vertical
bars represent the standard error of the mean ; DPM = desintegrations per minute ; horizontal
bar indicates the dark period.
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dole-3-gcetic acid (5-MIAA) occurred at the end of the night at 8 a.m. (fig. 5). The
results of pterin-6-aldehyde were the opposite of those obtained with reduced neopte-
rin, the methylating activity was partly shifted to the daytime (fig. 5).

The synthesis of melatonin/5-methoxytryptophol (mel/5-MTL) (fig. 1, step 4)
occurred mainly during the night with a peak at 12 p.m. (fig. 6). Incubation with
reduced neopterin did not cause a higher production of mel/5-MTL but a shift of the
peak to a later moment in the dark period (fig. 6). Pterin-6-aldehyde showed the
opposite effect : there was a partial shift towards the daytime.

To summarize these results, the effect of reduced neopterin on the methylation of
all 5-hydroxyindoles can be characterized as a stimulation at the end of the dark
period. A shift of the curve to a later moment was only observed for the methylation
of N-acetylserotonin/5-HTL. Apart from serotonin methylation, the effect of pterin-6-
aldehyde on the methylation of all the other 5-hydroxyindoles can be characterized
as a shift of the curves to an earlier moment. 5-hydroxindole methylation was not
influenced by isoxanthopterin. The effect of that pterin on HIOMT activity was demons-
trated for the syntheis of mel/5-MTL (fig. 7).

6000, MEL/5-MTL

40004

DPM / pineal

20004
16004
12004

800
4004

] L] ¥ \J J 1] ) L] L L] L

2 14 16 18 20 22 24 2 4 6 8 10 12
(Iflrlrtre\ )
clock hours

FIG. 7. — Influence of isoxanthopterin (——) on the circadian rhythmicity of N-acetylserotonin/5-hydroxy-
trypiophol methylation in the pineal of 42-day old male Wistar rafs. Circadian activity in pineal synthe-
sis of melatonin/5-methoxytryptophol is indicated by a dashed line (— — —) ; pineals were not
incubated with a pferin but with a solvent only. Vertical bars represent the standard error of the
mean ; DPM = desintegrations per minute ; horizontal bar indicates the dark period.

Discussion.

Reduced neopterin is involved in the biosynthesis of dihydrobiopterin (Gal et al.,
1976), which can be reduced fo tetrahydrobiopterin. The latter is considered as a
cofactor of tryptophanhydroxylase (Lovenberg and Victor, 1974). It may therefore be
expected that reduced neopterin is involved in this way in indole metabolism. The
present results show that the effect of reduced neopterin seems to be important for all
HIOMT activities and is not limited to the methylated product of 5-HTP, as was expected
according to Lovenberg and Victor (1974). The overall effect of reduced neopterin,
as well as of pterin-6-aldehyde, on all methylating processes in indole metabolism
seems to be direct, and cannot be aitributed to an effect on the enzymatic activities
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preceding that of HIOMT. If this is true, the stimulation of 5-HTP and 5-HT methylation
to 5-MTP and 5-MT by reduced neopterin suggests that the conversion of 5-HTP to 5-HT,
as well as that of 5-HT to N-acetylserotonin, was slowed down (fig. 1). The result of
reduced neopterin action therefore may be partial or total blockage of N-acetyl-
serotonin and, in consequence, melatonin synthesis.

To confirm this hypothesis, it is necessary to carry out experiments in which
pterins are incubated at various times. No influence on the conversion of 5-HT to
5-HIAA is known, but the stimulation of 5-HIAA to 5-MIAA may also point to a blockage
from the mel/5-MTL pathway. Under the influence of reduced neopterin, there was a
shift of the maximal HIOMT activity involved in mel/5-MTL synthesis to a later moment
in the night. A similar shift was seen in an earlier study in which seasonal rhythmicity
was proposed (Balemans et al., 1979). This could suggest a physiological role of pterin
in the seasonal cycle.

Quay (1963) described a circadian serotonin rhythm with high concentrationg
during the daytime, probably caused by the synthesizing enzyme, 5-hydroxytrypto-
phan decarboxylase, which is active only during the light period (Snyder ef al., 1965 ;
Pellegrino de Iraldi and Rodriguez de Lores Arnaiz, 1964). In the present study, howe-
ver, it is shown that under the influence of reduced neopterin, serotonin was highly
methylated at the end of the dark period. This means that serotonin, in contrast to
the observation of Quay (1963), was present at night.

Pterin-6-aldehyde can inhibit the activity of xanthopterin oxidase (Lowry etal.,
1949 ; Blakley, 1969), the enzyme which regulates isoxanthopterin synthesis. Cremer-
Bartels (1976) found that xanthopterin oxidase activity was higher in dark-adapted
than in light-exposed rabbit eyes. As there is a biochemical resemblance between the
eyes and the pineal, identical processes may occur in the pineal, and pterin-6-aldehyde
could be involved in the light/dark rhythmicity of HIOMT. The results obtained in the
present study also favor this hypothesis : pterin-6-aldehyde caused a shift of 5-HTP,
5-HIAA and N-Ac-5-HT/5-HTL methylations from the night toward the daytime.

Isoxanthopterin can prevent tetrahydrobiopterin (a cofactor of tryptophanhydro-
xylase) accumulation in squamous cell carcinoma (Kokolis et al., 1972), and it may
thus be putatively concluded that isoxanthopterin serves as a « balance substance » for
hydroxylations. The identical results obtained in our study with and without isoxanthop-
terin suggest that isoxanthopterin plays no role in the regulation of HIOMTactivities.

The influence of several pterins on the activity and the circadian rhythmicity of
5-methoxyindole synthesis suggest that pterins could be regulatory substances in
indole metabolism and not simply inhibitory products, as was reported by Cremer-
Bartels and Hollwich (1978). As melatonin and 5-methoxytryptophol are involvedin
the regulation of reproduction (Wuriman et al., 1963 ; Mclsaac ef al., 1964), pterins

may also be involved.
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Résumé. L’influence de trois substances dérivées des ptérines sur les fluctuations jour-
naliéres de P'activité de I’HIOMT a été étudiée en octobre, sur des glandes pinéales isolées
de Rat Wistar méles dgés de 42 jours.

La méthode utilisée permet de déterminer séparément quatre activités de 'HIOMT.
— L’isoxanthoptérine n’exerce aucune influence sur les variations journaliéres de toutes
les activités de 'HIOMT étudiées.
— La néoptérine réduite, stimule durant la nuit les activités de I’HIOMT pour les substances
5-HTP, 5-HT and 5-HIAA. L’activité de ’HIOMT pour la combinaison N-acétylsérotonine/5-
HTL est retardée dans la phase d’obscurité.
— La ptérine-6-aldéhyde stimule durant le jour I'activité de 'HIOMT pour 5-HT. Les
activités de ’'HIOMT pour les substrats 5-HTP, 5-HIAA et N-acétylsérotonine/5-HTL sont
avancées dans le temps.

L’'importance physiologique possible de quelques-unes de ces altérations est discutée.
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