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Abstract
In Göttingen, Germany, circadian variations in melatonin had been determined time-macroscopically
in pineal glands, blood plasma and duodenum of chicken and rats. When these data were meta-
analyzed, they agreed with the results from an independent survey on tissues from rats collected in
a laboratory in Pécs, Hungary. In the latter study, tissues were analyzed chemically in Bratislava,
Slovakia, and numerically in Minneapolis, MN, USA, all by single- and multiple-component cosinor
and parameter tests. In rats and chickens, these inferential statistical procedures clearly demonstrated
a lead in phase of the 24-h cosine curves best fitting all of the duodenal vs. those best fitting all of
the pineal melatonin values in each species in 2 geographic (geomagnetic) locations. The 24-h cosine
curve of circulating melatonin was found to be in an intermediate phase position. Mechanisms of the
phase differences and the contribution of gastrointestinal melatonin to circulating hormone
concentrations are discussed.
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1. Introduction
Chronomics, the mapping of chronomes (time structures) [7,11] (cf. [8–10]) is here applied to
melatonin, usually regarded as the hormone of the pineal gland, but also synthesized by various
extrapineal tissues [12,15,23,25,26]. Among those, the digestive tract represents a system
which contains by far the highest amount of this indoleamine [4–6,15,23]. Melatonin has
properties of an antiinflammatory and antioxidant agent and is a modulator of the immune
system, acid secretion and smooth muscle tone. Hence, gastrointestinal melatonin has a
potential as a clinically relevant agent [4,5]. With regard to the pronounced circadian
rhythmicity of melatonin released into the blood by the pineal, it also seemed worthwhile to
consider the circadian aspect of secretion of gastrointestinal melatonin. In fact, already early
investigations indicated the possibility of such rhythms in the digestive tract of rats [3] and
pigeons [30]. But the extent of variation was consistently much lower in the gut than the pineal
gland or the peripheral circulation [4,23], and sometimes rhythmicity was not readily detectable
but see [30]. Since the amounts of total gastrointestinal melatonin are up to orders of magnitude
higher than those found in the pineal [4–6,12,15], the contribution of this extrapineal source
to the levels of circulating melatonin is of conside-rable interest. This question cannot be
definitely solved by pinealectomy, since any persisting rhythms may be attributed to other
extrapineal sources, such as the retina, bone marrow, pituitary and hypothalamus [10,31] or—
as assumed in the pigeon [29]—the Harderian gland.

Release of melatonin from the digestive system can be a post-prandial effect [4,5] or a response
to tryptophan administration [17]. These findings may account for some transient rises in
melatonin, but hardly for the circadian rhythm in plasma concentration. Gastrointestinal
melatonin was consistently reported to peak nocturnally, in both light-active and dark-active
animals [3–5,23,30]. Therefore, melatonin rhythms in the gut are not primarily based on
digestive physiology.

Since the gastrointestinal tract is reported to possess properties of both a source and a sink of
melatonin [4,5,13,20,21], the functional relationships between the pineal gland, the gut and
circulating melatonin deserve clarification. A thorough investigation of the phase positions of
the circadian acrophases in the respective organs is highly desirable. For this reason, we meta-
analyzed data obtained in the chicken and rat [18,19,22,23,32,33], and subjected them to a
time-microscopic analysis by single- and multiple- component cosinor [7–9], as a suitable
means for detecting any differences in timing which would otherwise not be easily apparent
and which have been overlooked in the past.

2. Materials and methods
In experiments performed in Göttingen, 72 male chicken (Gallus domesticus), 21 days of age,
and 66 male Wistar rats (Rattus norvegicus), 3 months of age, had been kept under similar
lighting conditions in LD 15:9, with L from 04:00–19:00, supplied with food and water ad
libitum. The chickens were kept at 23 °C. 70% humidity, the rats at 21 °C. 72% humidity. The
rats were sampled at 08:00. 12:00. 14:00. 16:00, 18:00. 20:00. 22:00. 23:00. 00:00 and 02:00:
the chicken were sampled at the same clock-hours, with one additional sampling at 04:00.
Tissues were homogenized (1:10) in 10 mM K-phosphate buffer pH 7.4, extracted with
chloroform; plasma was used directly. Melatonin was determined in pineal gland, blood
plasma, and duodenum by RIA according to Arendt [1]. All assays were validated by serial
dilution and parallel inhibition, an additional RIA procedure (scintillation proximity assay) and
by HPLC with electrochemical and fluorescence detections [23,24].
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3. Results
Fig. 1 shows the cosinor models fitted to the original data in chicken (left) and rats (right) for
circulating (top), pineal (middle) and duodenal (bottom) melatonin. Cosinor methodology also
applied to the logl0-transformed data quantifies statistically significant differences in the 24-h
acrophases among melatonin in gut, plasma and pineal, in this order of occurrence (Fig. 2).
The findings on acrophase relations are highly consistent between the two species. They are
also in very good agreement with results from another study on rats done in an independent
laboratory, reported elsewhere in this supplement [19] (cf. [32,33]).

4. Discussion
This meta-analysis was prompted by the demonstration of Zeman et al. [32,33] in cooperative
studies with Józsa et al. [18,19] of a first cosinor-validated circadian rhythm in gut melatonin
and of a lead in acrophase of the circadian rhythm in melatonin concentration in gut vs. the
pineal. Plasma melatonin is usually believed to result mainly from secretion by the pineal gland.
Release of this indoleamine from the gastrointestinal tract in response to L-tryptophan
administration [17] or to feeding [4], however, has been demonstrated. In the present study,
cosinor analysis did not reveal statistically significant differences between acrophases of
duodenal and plasma melatonin, but a statistically significant advance of duodenal melatonin
and plasma melatonin relative to the circadian melatonin rhythm in the pineal.

In any event, data from chickens and rats agree with each other with respect to the sequence
of acrophases and agree further with the sequence found independently in another laboratory.
There is a consistent lead in phase of the duodenal melatonin rhythm compared to that in the
pineal gland in the two species, here replicated for the rat. This conclusion would not have
been possible without a time-microscopic inferential statistical analysis. Phase differences
between melatonin released from the pineal and other sources, such as hypothalamus and
anterior pituitary, have already been described in other studies [10,31], but the corroborated
lead in phase of melatonin in the gut is the main point of this paper, awaiting scrutiny as to its
degree of generality.

At first glance, our findings may be highly suggestive for assuming a substantial contribution
of the gut to the rhythm of circulating melatonin. However, appropriate interpretations have
to consider the complexity of sources and sinks of gastrointestinal melatonin. In the gut,
melatonin seems to originate from various sources. It is obviously synthesized endogenously
by the enterochromaffin cells [3,4,15,25,26]. Additionally, circulating melatonin secreted by
the pineal gland is loaded to the gastrointestinal tissue [4,13,20,21]. This has been shown
directly in experiments in which the hormone was administered to rats by a single injection
[3] or by a continuous infusion [20,21]. In those experiments, the by far largest fraction of
melatonin and melatonin metabolites appeared in the gut and was later found in the feces. The
amounts of the hormone transferred to the tissues—predominantly to the gut—were
remarkably high: When infused in quantities required for elevating melatonin during the day
from diurnal to nocturnal levels, amounts were required as high as if the pineal gland would
release its content every 2 min [ 16]—something beyond reality. Since most of the hormone
was loaded to the small intestine, surpassing the quantities found in the liver by manyfold
[20,21], the gut should be regarded as a high-capacity sink for melatonin, at least during the
day. Moreover, these findings inevitably lead to the additional conclusion that the
gastrointestinal capacity for taking up melatonin has to vary in a circadian fashion, because
endogenous nocturnal values of circulating melatonin cannot disappear in the tissue at the same
rate. This would also hold if one assumes a contribution of gastrointestinal melatonin to the
circulating values, since, in this case, in the net balance, the gut would serve as a source rather
than a sink.
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In fact, the complexity is even larger. For instance, melatonin undergoes enterohepatic cycling;
high quantities were found in the bile fluid [28]. Large amounts of this indoleamine are present
in the luminal fluid, and a fraction seems to return to the tissue [4–6]. Moreover, melatonin is
taken up from the food, a process which has not only been shown by feeding nutrients high in
melatonin (which still might be seen as a post-prandial effect), but also by a drop in the
circulating hormone by providing a low-melatonin diet [27]. Therefore, melatonin present in
the food should, at least transiently, appear in the gastrointestinal tissue. An as yet unsettled
question is the contribution of bacteria present in the lower gut. Melatonin synthesis by bacteria
has repeatedly been demonstrated, but not in the strictly unaerobic species making up more
than 99% of the intestinal bacterial mass [13]. The possible contribution of bacterial melatonin
to the circulating pool is indicated in the paper of Bubenik et al. [6]. The authors found
substantial differences in melatonin concentrations of various GIT segments between the
ruminant (cattle) and non-ruminant (pig) species, thus indicating bacterial production of
melatonin. Another unknown parameter is the rate of gastrointestinal melatonin metabolism.
There is no good reason to assume that melatonin should predominantly be hydroxylated by
P450 monooxygenases in this organ system. Other pathways typical for non-hepatic tissues
have to be considered, such as that of pyrrole-ring cleavage leading to 5-methoxylated
kynuramines (AFMK = Nl-acetyl-N2-formyl-5-methoxykynuramine; AMK = N1-acetyl-5-
methoxykynuramine) [14]. The flux through this pathway cannot be easily determined, because
the highly reactive AMK is readily converted by reactive oxygen and nitrogen species.

In conclusion, the lead in phase of the duodenal melatonin rhythm can still be interpreted in
different ways. It may reflect an earlier rise in local melatonin synthesis, compared to the pineal
gland. In principle, this could even be triggered by a certain threshold of the circulating
hormone. Alternately, it might be caused by a rhythm in intestinal uptake capacity for
melatonin, provided it would attain its peak earlier than the maximum content of the pineal.
As soon as the maximal storage capacity is reached, due to saturation of non-receptor binding
sites, also circulating melatonin may peak before the pineal, because of reduced elimination
through the sink. Phase positions of duodenal, plasma and pineal melatonin have not to be
necessarily identical in different species, since rhythms of storage capacity and secretion can
be different.

The main value of the time-microscopic analysis has been to direct the attention to mechanisms
involved in the relationship between pineal and gastrointestinal tract, which would otherwise
have been overlooked. The next step of clarification could be the determination of intestinal
uptake capacity for melatonin.
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Fig. 1.
All data from Göttingen [23] are shown along the 24-h scale, connected by a continuous line,
with the cosinor model fitted to them as a dashed curve, for melatonin in serum (top), pineal
(middle) and duodenum (bottom), on chickens (left) and rats (right). Without the models fitted
it seems subjective to determine leads or lags in phase, unless one relies on peaks. Peak values,
however, are not necessarily representative of the curve as a whole; hence the need for analyses
by appropriate models, shown herein while the corresponding characteristics of timing are
summarized in Fig. 2. © Halberg.
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Fig. 2.
Acrophase chart shows results of parameter tests revealing a statistically significant lead in
phase of a melatonin rhythm in the gut vs. that in the pineal, in chickens (P = 0.020) and in
rats (P = 0.001). The multiple spectral components resolved, given with each figure, aim to
quantify the waveform. © Halberg.
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