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Abstract: Melatonin plays an important role in regulating the sleep–wake cycle and adaptation to
environmental changes. Concentration measurements in bioliquids such as serum/plasma, saliva and
urine are widely used to assess peripheral rhythm. The aim of the study was to compare methods
and conditions of determinations carried out with the identification of factors potentially affecting
the measurements obtained. We have identified a group of modifiable and unmodifiable factors that
facilitate data interpretation. Knowledge of modifiers allows you to carefully plan the test protocol
and then compare the results. There is no one universal sampling standard, because the choice of
method and biofluid depends on the purpose of the study and the research group.
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1. Introduction

Melatonin (N-acetyl-methoxytryptamine; MLT) (Figure 1) is produced mainly by the pineal
gland from tryptophan in the biochemical pathway and released according to the circadian rhythm
dependent on the light–dark cycle. Stimulation of the pineal gland occurs in darkness whereas light
suppresses its activity [1,2]. The pathway of transforming external light-related stimuli into the internal
stimulus, triggering the production of MLT, occurs in a specific sequence of events. Light quanta are
absorbed by the intrinsically photosensitive retinal ganglion cells (ipRGC) and transmitted through
the retinohypothalamic pathway to the suprachiasmatic nucleus that is considered to be the central
biological clock. Then, the signal goes to the paraventricular nucleus and through the upper thoracic
intermediolateral cell column to the superior cervical ganglion, and then to the pineal gland through
sympathetic fibers [1]. In the absence of a light stimulus, MLT production is regulated by feedback
loops [3] and the biological clock has a periodicity of more than 24 h [4]. Melatonin is not stored
and after its secretion it immediately diffuses into the blood and the cerebrospinal fluid (CSF) [5,6].
Melatonin concentration in the third ventricle is 20–30 times higher than in blood samples [5,7].
However, the further away from the pineal gland, the lower the MLT level in the CSF is [8]. Due to its
lipophilic and hydrophilic properties, it diffuses easily through cell membranes and is detected in other
body fluids, e.g., saliva, urine, milk, sperm and amniotic fluid. Different studies have also confirmed
extra-pineal MLT synthesis in, e.g., the gastrointestinal tract, ovaries, lymphocytes, macrophages
and retina. In the physiological rhythm, MLT concentration starts to increase between 9 and 10 p.m.
The peak plasma concentration is reached between 3 and 4 a.m., decreases in the morning (between 7
and 9 a.m.) and has a low or undetectable concentration during the day [9]. Therefore, changes in
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plasma concentration are dynamic i.e., during the day its concentration is maintained at 5 pg/mL on
average and it usually reaches 50–100 pg/ml at night [10].
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Figure 1. Chemical structure of N-acetyl-methoxytryptamine.

About 70% of plasma MLT is bound to albumin and 30% is known as free MLT is excreted into
saliva through passive diffusion. Hence, salivary MLT concentration accounts for 24%–33% of plasma
MLT [11,12]. Melatonin is metabolized mainly in the liver to 6-hydroxymelatonin and then conjugated
with sulfuric acid to 6-sulfatoxymelatonin (Figure 2) [9], which is the main MLT metabolite excreted in
the urine. In addition, 3-hydroxymelatonin (Figure 3) and a small amount (about 1%) of unmetabolized
MLT are also found in the urine [13]. The complex process of MLT secretion can be significantly
impaired in certain neurological disorders [14–16].
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2. Dim Light Melatonin Onset

An objective assessment of the circadian rhythm can be made by measuring parameters of
physiological processes, the variability of which is largely regulated by the biological clock. Dim light
melatonin onset (DLMO) is a widely recognized parameter indicating the time at which MLT levels
begin to increase in the dark [17], which is used in the diagnosis and follow-up of the results of treatment
of sleep disorders. It allows characterization of the circadian rhythm secretion of this hormone based
on MLT concentration measurements only in blood, urine or saliva samples collected in dim ambient
light [18]. Determination of DLMO is an alternative to actigraphy and measurements of deep body
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temperature. It is estimated that an increase in MLT concentration begins 2–3 h before bedtime [19] and
its higher concentrations correlate with a decrease in vigilance, lower body temperature and decreased
cognitive ability [3,13].

No uniform DLMO estimation protocol has yet been created. Studies differ in the sampling
frequency, duration of observation and the adopted DLMO estimation threshold. Frequent sampling
enables more accurate measurements, however it can be troublesome for the examined person and
may affect the composition of the material (saliva) [20]. Crowley et al. estimated that sampling every
hour as well as every 30 min is equally accurate [21]. Similar conclusions were presented by Molina
et al. Additionally, they noted that hourly sampling is more practical, especially in large scientific
studies [22]. DLMO assessment can be based on 24 h melatonin profiles or partial profiles with
a sample window of usually 4–7 h. The combination of a partial melatonin profile with the patient’s
sleep diary will increase the effectiveness of this method. The last ambiguous factor is the definition
of the cut-off point. The universality of the definition used depends on the biological fluid in which
the level of melatonin is determined. For blood, the most common definitions are the time when
plasma melatonin levels increased to 25% of the matched night peak, based on the absolute threshold,
the 10 pg/ml absolute threshold and the time point when melatonin levels were 2 SD above the baseline
plus 15% of the 3 highest values. For saliva, scientists usually use an absolute threshold of 4 pg/ml,
then 3 pg/ml and 2SD as the mean plus two SD of the three lowest consecutive daytime points. In
a group of pediatric patients, the cut-off value is most often considered to be 4 pg/ml, and in groups
of teenagers with similar frequency the threshold is 3 and 4 pg/ml. Crowley et al. 2016 proved
the benefits of using a set absolute threshold, especially when we have a partial profile of melatonin [23]
Although all definitions are accepted in the literature, the results obtained may vary significantly.
Molina T et al. have estimated DLMO based on a fixed threshold of 3 pg/ml and a variable threshold of
“3k”. They obtained time differences in DLMO by 22–24 min, regardless of sampling frequency [22]
The diversity of the methodology adopted by researchers makes it difficult to compare the results of
scientific publications.

3. Material Sampling

3.1. Blood

MLT has a short half-life ranging from 20–30 min [23] to 45–60 min [24]. Therefore, frequent
sampling allows accurate current assessment of the synthesis of the hormone and the amount of MLT
circulating at the time of material collection.

3.2. Urine

6-sulphatoxymelatonin-aMT6 (the main urine MLT metabolite) level is a good marker of plasma
MLT level. Numerous studies show a close relationship between aMT6 concentration and nocturnal
MLT level in plasma and peak nocturnal MLT [25–28]. To obtain strongly correlated data, the obtained
aMT6 levels should be corrected for creatinine due to intraindividual variability [25,29]. As in the case
of blood MLT concentrations, urinary aMT6 concentrations show a distinct circadian rhythm [30].

The correlation between measurements of aMT6 and serum MLT is more accurate when urine
samples are obtained more frequently [12]. The phase shift between serum MLT level and urinary aMT6
was observed, which is related to metabolism [12]. This shift varies from 12 min to 2 h, depending
on the adopted method [29,31]. These differences may result from MLT metabolism in the liver
and subsequent renal clearance [25,32]. The level of aMT6 is also dependent on kidney function.
Epidemiological studies on large samples i.e., 78 men [25] and 203 women [33] showed a significant
relationship between nocturnal plasma MLT, morning urinary MLT and morning urinary aMT6 levels.
The relationship between total nocturnal plasma MLT, urinary aMT6 referred to as creatinine and
urinary MLT is significant.
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3.3. Saliva

Salivary concentration of this hormone is about three times lower than plasma concentration.
Studies demonstrate correlations between measurements of salivary MLT levels in respect to plasma [12]
and urine aMT6 levels [34]. After administration of exogenous MLT, almost simultaneous changes
were observed in salivary and serum MLT levels [35], which was also confirmed by another study [36].
Determining salivary MLT is a commonly used method due to the ease of sampling, relatively low
invasiveness of the examination and reflection of the secretory profile of nocturnal MLT rhythm [34].

3.4. Cerebrospinal Fluid (CSF)

Examinations of the circadian MLT secretion conducted on human CSF samples are rare. Due to
the fact that MLT is released directly into the CSF, data on its production and secretion are more accurate.
Bumb et al. measured MLT levels in the CSF in young healthy volunteers before and after sleep
deprivation and found higher morning levels after sleep deprivation (7.7 pg/mL vs. 3.2 pg/mL) [37].
Determination of MLT levels in the CSF is more frequently conducted using experimental animal
studies [38].

4. Material Collection

At the time of material collection, standards should be uniform to minimize factors affecting
the variability of determinations. Due to the circadian rhythm of MLT, samples should be obtained
from the evening to morning hours. Measurements are more accurate when samples are collected more
frequently. At the same time, subjects should be provided with a sufficient and undisturbed night’s
rest. Otherwise, the results could be false. For this reason, a permanent intravenous or intravesical
catheter could be used for blood and urine collection, respectively. However, there is no alternative
that would allow sample collection without stimulating the subject during saliva sampling.

Patients should be in a dark room under low light intensity <50 lux [39]. Red dim light which
does not interfere with MLT production is recommended [40].

Additional limitations are related to saliva collection. Subjects should neither drink nor brush
their teeth for about 30 min prior to sample collection. Due to the possibility of false results, subjects
should not use lipstick [41]. Chewing gum depends on the standard adopted. Some researchers did
not stimulate saliva secretion in subjects. However, stimulation was used in some studies, e.g., paraffin
chewing [42].

One of most common methods of saliva collection is the use of cotton swabs. In this situation,
however, MLT levels are lower compared to passive saliva samples [43]. Polyester swabs can also be
used to determine salivary MLT. Comparative studies of salivary collection using polymer swabs and
passive saliva collection confirms the high correlation between the two methods [44].

5. Material Storage

Storage conditions of the material are an important factor of the analysis.

5.1. Blood

Blood is a common material for examinations. Therefore, blood collection procedures are well
defined. Blood samples are collected into EDTA (ethylenediaminetetraacetic acid; versene acid, edetic
acid) tubes and frozen at −20 ºC until further analysis, or they are taken directly into a tube where blood
coagulates at 4 ºC. The next step is centrifugation, serum removal and freezing at −20 ºC. Graham et al.
examined the stability of samples during 3-fold freeze–thaw cycles and did not observe the influence
of this process on MLT level [25].
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5.2. Urine

It was proven that a sample obtained to assess aMT6 level can be stored at room temperature no
longer than five days without disturbing the stability of aMT6. The stability of aMT6 in urine and
plasma is so high that it is possible to store samples for two years at −12 ºC and −20 ºC, respectively,
with or without the use of preservatives [45].

5.3. Saliva

Saliva storage conditions depend on the site of material collection. Samples obtained in laboratory
settings are often immediately frozen upon collection at −20 ºC. If the measurements are conducted by
the subject, for instance at home, samples can be stored in refrigerators at 2–8 ºC and then collectively
delivered to the laboratory.

6. Analysis

Currently, there are many available assays for the determination of MLT. Radioimmunoassay
(RIA) and enzyme-linked immunosorbent assay (ELISA) are the most frequently used, both of which
have several possible modifications. High performance liquid chromatography (HPLC) is less common
whereas fast-scan cyclic voltammetry (FSCV) is a novel method on the market.

6.1. Radioimmunoassay (RIA)

RIA is widely used to determine MLT levels in saliva, blood and urine [2,25,46]. It allows
quantitative assessment and is characterized by high sensitivity and specificity. The method is based
on measurement of radioactivity of the radioisotope. Labeled MLT, anti-MLT antibodies and unlabeled
MLT are used. Labeled MLT and unlabeled MLT compete for the antibody-binding site. With
the increase in unlabeled MLT, the lower amount of labeled MLT forms complexes with antibodies.
Then, unbound MLT is separated from the complexes, and the second antibody in the solid phase is
used (Bulhmann RIA kit). The last stage is to measure radioactivity of the selected fraction. The higher
the radioactivity of the sample, the lower the level of unlabeled MLT in the sample.

There are several assays on the market that have different antibodies or methods of separating
the complexes from unbound MLT. The choice of the assay depends on the available resources,
laboratory experience and sample specificity. For example, radioactive MLT 2-I125 iodomelatonin
has an advantage over 3H-melatonin in low-volume or low-concentration melatonin samples [46].
Polyethylene glycol is used to separate MLT-free fractions from MLT-antibody complexes [47].

The comparison of ALPCO (American Laboratory Products Company, an importer and distributor
of high quality research immunoassay kits) assay with Rollag assay and Elias USA assay showed
similar results over a wide range of concentrations. Inter-assay variability was 11.3% for low standards
and 5.4% for high standards [25].

6.2. Elisa

Elisa is an immunoenzymatic method used to determine MLT levels in saliva, blood and urine [46].
There are a number of modifications of ELISA, which have the common feature of the process of
immobilizing the antigen on the solid phase and subsequently adding antigen-specific antibodies
to the material. As a result, the antigen–antibody complex is formed. The medium is rinsed and
the enzyme-labeled antibody is added. After adding the appropriate substrate, color reaction is
achieved. Spectrophotometric measurement is the last stage of the process.

Ferrua and Masseyeff, in their study, showed a competitive immunoenzymatic method, i.e.,
enzyme immunoassay (EIA), using enzyme-labeled antibodies for the quantification of MLT in
chloroform-extracted samples. The MLT level was measured in rat and human sera and human CSF.
The sensitivity and specificity of the assay was comparable to RIA [48].
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6.3. High Performance Liquid Chromatography (HPLC)

HPLC is a method characterized by high sensitivity and specificity. It allows detection of low
concentrations of melatonin in small samples of biological material (20 microlitres). The speed of
analysis is an additional advantage. This method is not suitable for the determination of melatonin in
a sample containing a mixture of several indoles and does not provide information about the signaling
kinetics [49].

It is a type of column chromatography. As a result of adding the solvent to the sample, a solution
of known concentration and volume is obtained that is added to the top of the column. Mobile and
stationary phases are used and the separation of the mixture is due to adsorption or dissolution
processes, which depend on the stationary phase [50]. There are many variations of this method.

Innuma F. et al. determined the level of melatonin in the rat pineal gland using HPLC with inverted
phases. The derivations of melatonin were performed using hydrogen peroxide and sodium carbonate.
Chromatography was carried out on the CO-96 column furnace. Linearity was established at 500 amols
to 5 pmols and the sensitivity of the method presented was about 10 times higher than that of the previous
methods [51]. Tomita et al. oxidized melatonin to N-[(6-methoxy-4-oxo-1,4-dihydroquinolin-3-yl)
methyl] acetamide, obtaining a compound with higher fluorescence intensity. Linearity was established
at 200 amol to 50 fmol, with a lower limit of quantification of 200 amol [52]. Hirano J. et al. proposed
5-methoxyindol-3-acetic acid (MIAA) as the internal standard because this compound has a strong
fluorescence with a large displacement which is not disturbed by the change in mean pH. It is resistant
to light and heat. It has been pointed out that the use of melatonin analogs as internal standards is
beneficial and enables accurate measurements [53].

In their work, Khan SA et al. determined the levels of melatonin in saliva samples taken from
children with sleep disorders using HPLC tandem mass spectrometers (MS/MS). Diluted saliva samples
of 20 µl d7-melatonin, which is a deuterated internal standard, were used in the study. The test
was carried out using the mobile phase A (0.1% aqueous formic acid) and B (15% methanol in
acetonitrile containing 0.1% formic acid). Chromatography was performed on column C8. The study
is a modification of the Errikson et al. study from 2003 [54]. The changes introduced concerned
the abandonment of plastic products, the use of glass products previously subjected to careful cleaning
and high-temperature evaporation for at least 48 h and the simplification of sample preparation. All
the changes increased the measurement accuracy using a very small sample volume. Linearity was
determined from 3.9 to 1000 pg/ml and measurement accuracy is 100%–105% (7.0–900 pg/ml). Studies
on the use of this method in pharmacokinetic studies are in progress [55].

Liquid chromatography (LC)-MS with selected ion monitoring is a highly efficient and selective
method. Motoyama A et al. determined the levels of endogenous salivary melatonin based on
1–1.5 ml salivary samples. The advantage of this method is fast analysis and minimal treatment of
the biological fluid (adding internal standards and mixing). Chromatography uses a system of three
columns in which sample purification, addition of an internal standard and separation are performed.
D7-melatonin is used as an internal standard. Linearity was determined in the range of 5–250 and
100–2500 pg/Ml, with a measurement accuracy of 81%–108% and lower limit of detection 2.5 pg/ml [56].

6.4. Fast-Scan Cyclic Voltammetry (FSCV)

Fast-scan cyclic voltammetry (FSCV) is an innovative method used to determine MLT in
the immune system.

Real-time measurements during an inflammatory disease can be a tool to provide information on
the mechanism of immunomodulation. This method uses carbon fiber microelectrodes and is based
on the measurement of the current in the system between the electrodes with the switching potential.
The method is characterized by high sensitivity and it allows the observation of rapid changes in MLT
level in the tissue due to the excellent temporal resolution. Hensley AL et al. simultaneously measured
the level of melatonin, dopamine, serotonin, N-acetyl serotonin and histamine, and the results of
the study proved the effectiveness of the method in selective measurement of substances, without
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disturbances resulting from a similar structure of chemical compounds. An additional advantage of
the method is that the measurements are made without disturbing the structure of tissues. The use
of a carbon electrode instead of diamond doped with boron decreased the melatonin detection limit
4 times. The detection limit was calculated at 24 ± 10 nM, while the slope of the calibration curve
defines the sensitivity of the presented method and is 6608 nA/µM. Currently, it is used to study
neurotransmission [49].

7. Factors Affecting the Measurement Results

7.1. Non-Modifiable Factors

7.1.1. Genetic factors

It was found that the amount of secreted MLT depends on the volume of the active pineal tissue [57]
that is genetically conditioned [58]. Kunz et al. noticed the relationship between the volume of the active
pineal parenchyma and urinary excretion of aMT6 [59]. In addition, large inter-individual differences
in the amplitude were observed with small intra-individual changes in urine aMT6 concentrations [60]
and plasma MLT [13].

7.1.2. Age

Many studies report a decrease in MLT secretion with age [61,62]. Higher MLT levels occur in
children and adolescents compared to older subjects [63]. The change occurs between 20 and 30 years
of age [64]. A significant MLT decline was observed in premenopausal women [65]. There can be many
reasons for the decrease in MLT levels, such as calcification of the pineal gland with the progressive
loss of pinealocytes or degenerative changes of suprachiasmatic nucleus neurons [66].

7.1.3. Sex

Data on the variation in aMT6 concentration depending on sex are often contradictory. Some
studies do not reveal any significant differences between women and men [26], whereas some reports
indicate a clear relationship between MLT level and sex [17,67]. Differences in MLT synthesis due
to naturally secreted sex hormones and hormonal contraceptive drugs [17] are considered to be
the reason for the variation. The regulatory relationship between sex hormones and MLT is confirmed
by the presence of MLT receptors in human reproductive organs, by the presence of sex hormone
receptors in the pineal gland [68,69] and by animal studies [70].

7.2. Modifiable Factors

7.2.1. Light

Light is the strongest stimulus that modifies the release of MLT [71]. Melanopsin, which is
a photoreceptor discovered in 2000, is a visual pigment in intrinsically photosensitive retinal ganglion
cells (ipRGC receptors). The greatest MLT suppression occurs when ipRGCs absorb a quantum of
light at a short wavelength (mainly 460–480 nm). For the human eye it is blue–cyan color [72,73].
Electromagnetic waves of such lengths are present in the solar radiation band and in the radiation
emitted from artificial light sources (e.g., devices with LCD screens and LED lighting). Melanopsin
shows the highest sensitivity to light at a wavelength of approximately 482 nm [1] and then melanopsin
deactivation occurs.

There are also practical (not always successful) attempts to modify the evening lighting with
the exclusion of short waves [73]. Many studies relate to the influence of laptops and smart phones
in the evening on MLT levels [74]. Among users of tablets and devices with short-wavelength
light emission, it was observed that working on an electronic document suppresses MLT levels and
delays the circadian rhythm compared to users of printed material [74]. Because exposure to light in
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the evening and at night disturbs the circadian rhythm, causing inhibition of MLT release and a phase
delay in the circadian rhythm [75,76], research on appropriate regulations seems to be important. In
turn, high-frequency light flickering has little effect on MLT secretion [77].

7.2.2. Seasonal Changes

MLT secretion rhythms in various seasons are statistically significantly different [78]. Of note,
seasonal changes in day length (photoperiod) modify the duration of nocturnal MLT secretion in
many vertebrates, including humans [79]. Lengthening of the dark phase that is observed in natural
conditions in the winter results in lengthening of the nocturnal secretion of this hormone.

7.2.3. Posture During the Examination

Data related to the impact of the posture on variations in MLT level are not conclusive. Deacon et al.
measured MLT in saliva and plasma and indicated an increase in MLT concentration in both body
fluids when an upright position was adopted after lying recumbent and a decrease in concentration
after reversing the postural position [20]. However, these observations were not confirmed in other
studies [36].

7.2.4. Physical Activity

Physical activity can modify MLT secretion [80]. Exercising at night delays the onset of MLT
release [71,81] and may even lead to the inhibition of MLT secretion [82]. These observations are related
to situations when physical exercise precedes the phase of MLT increase. However, when MLT level is
high during training, a further increase is observed [83]. Buxton et al. reported a significant increase in
MLT among some of the subjects who performed physical exercise in the evening [80]. Marrin et al.
investigated salivary MLT level and found an elevation in MLT levels after physical exercise in their
subjects. These changes also depended on the time of the day when the training was performed [83].

8. Comorbidities

Melatonin is currently a subject of many clinical trials for its possible future use as a marker
for many diseases. In our analysis, we focused only on such conditions that may be related to MLT
metabolism or the method of sample collection.

8.1. Ophthalmic Diseases

The pathway of the light stimulus starts from retinal ganglion cells. Therefore, ophthalmic
diseases will affect MLT secretion. For instance, the analysis of sleep patterns in blind individuals
shows a high incidence of sleep disorders. In individuals without conscious light perception, sleep
disorders are more frequent and more intense compared to persons with a preserved low degree of
light perception [84]. The majority of completely blind individuals experience continuous circadian
dyssynchrony due to the failure related to the transportation of light information to the hypothalamic
circadian clock. It results in cyclic episodes of poor sleep and dysfunction during the day [85]. However,
a small group of such patients has normal MLT secretion. This indicates that rod-cone disorders may
coexist with normal retinal ganglion cell function [3].

8.2. Spinal Cord Injuries

Spinal cord injuries affect MLT secretion. The anatomical location of spinal cord injury is significant.
The comparison of a control group and patients with cervical and thoracic injuries showed that only
in patients with thoracic injury did the MLT secretion pattern correspond to that in the control
group [86,87]. Other results in the group with cervical spine injuries were related to the fact that
the pathway of pineal gland stimulation with the use of light runs through the spinal cord in the cervical
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segment. Injury to this segment was related to the fact that the nocturnal increase in MLT level did
not occur.

8.3. Liver and Kidney Diseases

The liver is the main organ metabolizing MLT. Therefore, its failure significantly affects the level
of this hormone. Laboratory studies showed a delay in the increase in plasma MLT and a persistently
elevated level of MLT during the day. In cirrhotic patients, the half-life of this hormone was prolonged
throughout the day to approximately 100 min [88].

Kidney diseases can also affect MLT secretion. Several factors have an impact on the production
of MLT in patients with chronic kidney disease (CKD). First, in renal failure, a decrease in MLT
levels may occur as a result of impaired beta-adrenergic receptor-mediated response [89]. Secondly,
metabolic acidosis and a decrease in muscle tone in the airways due to accumulation of urea toxins
result in an increased incidence of sleep apnea in CKD, which is associated with increased MLT
levels in the afternoon [90]. Thirdly, uremia, which is associated with daytime sleepiness, causes
disorders of the sleep–wake cycle [91]. The secretion pattern of MLT can also be dysregulated due to
erythropoietin-deficiency anemia, which is often found in patients with CKD [92]. Finally, drugs such
as beta-blockers and benzodiazepines can impair MLT production and therefore a nocturnal peak is
observed [93]. A decrease in urinary aMT6 levels has also been observed [94].

8.4. Periodontal Disease

Collecting saliva directly from the oral cavity requires determination of the influence of periodontal
disease on the obtained results. Two independent studies showed decreased MLT levels in saliva
and in the gingival fluid in patients with inflammation compared to a healthy control group [95,96].
Balaji et al. also confirmed lower MLT concentration in saliva and a slight increase in plasma levels
in patients with chronic periodontitis. However, these differences were not statistically significant.
In turn, a significant decrease in MLT level in the gum tissues was observed in patients with chronic
inflammation [97]. Experiments on rats with induced periodontitis showed decreased plasma MLT
levels [98].

9. Medications

Some medications do not affect the level of MLT whereas some drugs significantly change it.
Drugs that decrease MLT concentration include the following: β1-adrenergic blockers [13,99–102],

α2 adrenergic agonist [103] and benzodiazepines used regularly in high doses [27,104]. Triazolam,
which is a very short-acting benzodiazepine derivative, does not affect plasma MLT levels [105].
Increased MLT concentration has been observed in patients who regularly receive antidepressants and
MAO inhibitors [13].

The scientific opinion on the influence of antiepileptic drugs on melatonin levels is ambiguous. In
their work, Gupta M et al. noted higher levels of melatonin in a group of patients using carbamazepine
compared to patients taking valproic acid [106]. On the other hand, the studies by Praninskie et
al. investigating melatonin levels in saliva [107], and those of Dabak O et al. investigating plasma
melatonin levels [108] in pediatric patients, do not confirm these observations. The effects of drugs are
discussed in Table 1.
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Table 1. Effects of drugs on melatonin secretion.

References Drug Effects on Melatonin Secretion

Cowen PJ et al., 1985
[99] beta-blockers (propranolol, atenolol) lower mean melatonin concentration

Brismar K et al., 1987
[100] beta-blockers decreased night-time melatonin secretion

Rommel T et al., 1994
[101] beta-blockers (propranolol, ridazolol) decreased melatonin secretion

Stoschitzky K et al.,
1999 [102] beta-blockers (atenolol) decreased melatonin secretion

Takaesu Y et al., 2015
[109] beta-blockers no significant differences

Muñóz-Hoyos A et al.,
2000 [103] α2 adrenergic agonist (clonidine) decreased melatonin secretion

Murphy PJ et al., 1996
[110]

nonsteroidal anti-inflammatory drug
(NSAIDs)
(aspirin or ibuprofen)

decreased nightly melatonin secretion

Monteleone P et al.,
1989 [111]

GABAergic drug
(diazepam) decreased night-time melatonin secretion

Monteleone P et al.,
1997 [112]

GABAergic drug
(sodium valproate) decreased melatonin secretion

Gupta M et al., 2006
[106]

carbamazepine+melatonin
(CBZ+MLT)
valproate+melatonin
(VPA+MLT)

melatonin levels in patients receiving
CBZ+MLT were higher than those of
the VPA+MLT recipient group
The observed difference in melatonin levels
could be attributed to the difference in
antiepileptic drugs

Praninskiene R et al.,
2012 [107] antiepilepticdrugs no significant differences

Dabak O et al., 2015
[108] antiepilepticdrugs no significant differences

McIntyre IM et al.,
1988 [104]

benzodiazepines
(alprazolam ) decreased night-time melatonin secretion

Copinschi G et al.,
1990 [105]

short-acting benzodiazepine
(triazolam) no significant differences

Claustrat B et al., 2005
[13] monoamine oxidase inhibitors (MAO) increased melatonin secretion

Claustrat B et al., 2005
[13] tricyclic antidepressants increased melatonin secretion

Skene DJ et al., 1994
[113]

the specific serotonin uptake inhibitor
(fluvoxamine)

increased nocturnal plasma melatonin
concentrations

Skene DJ et al., 1994
[113]

the noradrenaline uptake inhibitor
(desipramine)

increased evening plasma melatonin
concentrations

The second group of drugs with uncertain influence on melatonin secretion are oral contraceptives.
Some authors did not observe the effect of hormone replacement therapy on aMT6 concentration in
morning urine samples [33], whereas others indicated a potential modification of MLT production
after the use of oral contraceptives with ethinylestradiol [17] or increased nocturnal MLT secretion in
women on this medication [114,115]. The effects of sex hormones are discussed in Table 2.
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Table 2. Effects of sexual hormones on melatonin secretion.

References Participants Effects on Melatonin Secretion

Kostoglou-
Athanassiou I et al.,
1998 [114]

- women on oral contraceptives
- women not on oral contraceptives overall melatonin secretion was augmented

Cook MR et al., 2000
[33]

- women who took hormone
replacement therapy

- women who did not take hormone
replacement therapy

no effect observed

Burgess HJ et al.,
2008 [115]

- females who used hormonal birth
control therapy

- females who did not use
hormonal birth control therapy

- males

longer duration time of melatonin secretion

Gunn PJ et al., 2016
[17]

- women on oral contraceptives
- males

significantly elevated plasma melatonin
levels in women, no significant differences
in aMT6 levels

10. Conclusions

Basic requirements for correct determination of MLT levels and the validity of the comparative
results of such studies are related to the standardization regarding conditions of storage and place of
performing the assays.

None of the assay methods for MLT are superior and the choice of the appropriate method
depends on many factors [116], one of them being the aim of the examination.

The lack of rigid guidelines for sampling and analysis prompted the researchers participating in
the 2005 Associated Professional Sleep Societies to try to reach a consensus on this topic. The paper
uses a modified RAND process based on voting. The result of the cooperation was a draft of developed
recommendations supported by all researchers. The main sampling guidelines are contained in Table 3.

Table 3. Sampling guidelines for melatonin according to Benloucif S et al. 2011.

Material Determined
Substances Sampling Periods Lighting Body Posture

Basis for
Evaluating
the Circadian
Rhythm Phase

urine aMT6s
every 2 to 8 h for 24 to 48
h or the first morning
urine sample

not
applicable

restriction of motor
activity and change of
body position before and
during sampling

the timing of
the acrophase

saliva melatonin

every 30 to 60 min
starting at least one hour
before and throughout
the expected increase in
melatonin levels

<30 lux DLMO

blood melatonin

frequent sampling with
a catheter inserted at
least 2 h before
the expected increase in
melatonin levels

<30 lux DLMO
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The divergences resulting from the application of different DLMO definitions are proposed to be
solved by using, in the publication, in addition to the previously selected threshold, an additional low
DLMO threshold (e.g., for saliva <3 pg/mL or for plasma 2 SD or <10 pg/mL) [116].

DLMO is best obtained by serum/plasma MLT measurements, followed by salivary assay, due to
the fact that blood and saliva samples show MLT concentrations at the exact time of sample collection,
while urine measurements show the accumulated amount of 6-sulfatoxymelatonin during an interval
of time [39,41]. Furthermore, saliva and serum MLT concentrations undergo almost simultaneous
changes, as shown by exogenous MLT administration [35].

The frequency of sampling is another important factor determining the quality of the obtained
results. The more frequent the sampling, the more accurate the results are. Properly determined
secretion profiles of MLT can be mathematically modeled, which in turn facilitates the comparison of
the parameters characterizing the secretion cycles, including DLMO [14–16].

The method of sample collection is another important aspect. It can be non-invasive or invasive
and each approach has its advantages and disadvantages. Due to non-invasive collection and no
requirement for technical skills related to sampling, patients themselves can obtain saliva or urine
samples, which allows the use of these methods in epidemiological and pediatric studies. When saliva
is sampled, the need to stimulate the patient during the material collection can be the disadvantage
at night hours. The least invasive method of probe collection to assess nocturnal MLT production is
the measurement of aMT6 from the morning urine sample, without using an intravesical catheter. There
is no risk of transmission of infection from patients to health care personnel, which is the advantage of
non-invasive methods. Another advantage of urinary and salivary MLT measurement is the lack of
special requirements related to the storage conditions of the samples. Subjects may collectively deliver
all samples to the laboratory after sample collection. The assessment of the circadian phase based
on saliva samples collected under laboratory conditions is significantly correlated with the results
obtained from home sampling [95].

Measurement of plasma/serum MLT levels is the basic invasive method. It is possible to collect
many samples without sleep disturbance despite the invasiveness associated with sample collection.

The measurement method should be adapted to the subject due to the possible occurrence of
difficulties in the collection of blood, urine or saliva. If the subject has low MLT levels, determination
in saliva and urine can be difficult. In such cases, plasma MLT measurement should be the method of
choice. In critically ill patients with multi-organ failure, the correlation between aMT6 levels in urine
and plasma may be impaired [9]. In such conditions blood sampling will be the preferred method.
Financial issues, budget constraints in research centers, the availability of the equipment and personnel
as well as the possibility of utilization of radioactive waste are also of crucial importance.
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Dudysová, D.; Bartoš, A.; et al. Circadian rhythms of melatonin and peripheral clock gene expression in
idiopathic REM sleep behavior disorder. Sleep Med. 2018, 52, 1–6. [CrossRef]

41. Ong, J.C.; Taylor, H.L.; Park, M.; Burgess, H.J.; Fox, R.S.; Snyder, S.; Rains, J.C.; Espie, C.A.; Wyatt, J.K. Can
circadian dysregulation exacerbate migraines? Headache 2018, 58, 1040–1051. [CrossRef]

42. Kowalczyk, P.; Manda, A.; Kościelniak, B.; Tomasik, P.; Sztefko, K. Nietypowe materiały biologiczne pobierane
w sposób nieinwazyjny w diagnostyce laboratoryjnej. Diagn. Lab. 2014, 50, 255–262.

43. Kozaki, T.; Lee, S.; Nishimura, T.; Katsuura, T.; Yasukouchi, A. Effects of saliva collection using cotton swabs
on melatonin enzyme immunoassay. J. Circadian Rhytms 2011, 9, 1. [CrossRef]

44. Kozaki, T.; Hidaka, Y. Non-cotton swab sample collection may not affect salivary melatonin assai results.
J. Physiol. Anthr. 2018, 37, 17. [CrossRef] [PubMed]

45. Bojkowski, C.J.; Arendt, J.; Shih, M.C.; Markey, S.P. Melatonin secretion in humans assessed by measuring its
metabolite, 6-sulfatoxymelatonin. Clin. Chem. 1987, 33, 1343–1348. [CrossRef] [PubMed]

46. de Almeida, E.A.; Di Mascio, P.; Harumi, T.; Spence, D.W.; Moscovitch, A.; Hardeland, R.; Cardinali, D.P.;
Brown, G.M.; Pandi-Perumal, S.R. Measurement of melatonin in body fluids: Standards, protocols and
procedures. Child’s Nerv. Syst. 2011, 27, 879–891. [CrossRef] [PubMed]

47. Webley, G.E.; Mehl, H.; Willey, K.P. Validation of a sensitive direct assay for melatonin for investigation of
circadian rhythms in different species. J. Endocrinol. 1985, 106, 387–394. [CrossRef] [PubMed]

48. Ferrua, B.; Masseyeff, R. Immunoassay of melatonin with enzyme-labeled antibodies. J. Immunoass. 1985, 6,
79–94. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2265.1990.tb03882.x
http://dx.doi.org/10.1016/S0306-4530(02)00123-3
http://dx.doi.org/10.1210/jcem-60-6-1166
http://dx.doi.org/10.1111/j.1600-079X.1997.tb00354.x
http://dx.doi.org/10.1126/science.1167425
http://dx.doi.org/10.1111/j.1365-2265.1991.tb03491.x
http://dx.doi.org/10.1111/j.1365-2265.1994.tb03940.x
http://www.ncbi.nlm.nih.gov/pubmed/8187307
http://dx.doi.org/10.1034/j.1600-079x.2000.280106.x
http://www.ncbi.nlm.nih.gov/pubmed/10626600
http://dx.doi.org/10.1515/JPEM.2009.22.11.1009
http://www.ncbi.nlm.nih.gov/pubmed/20101886
http://dx.doi.org/10.1016/0024-3205(85)90412-6
http://dx.doi.org/10.1177/074873049701200507
http://www.ncbi.nlm.nih.gov/pubmed/9376644
http://dx.doi.org/10.1016/j.comppsych.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27234180
http://dx.doi.org/10.21873/invivo.11279
http://dx.doi.org/10.1210/er.2018-00084
http://dx.doi.org/10.1016/j.sleep.2018.07.019
http://dx.doi.org/10.1111/head.13310
http://dx.doi.org/10.1186/1740-3391-9-1
http://dx.doi.org/10.1186/s40101-018-0178-6
http://www.ncbi.nlm.nih.gov/pubmed/29914553
http://dx.doi.org/10.1093/clinchem/33.8.1343
http://www.ncbi.nlm.nih.gov/pubmed/3608151
http://dx.doi.org/10.1007/s00381-010-1278-8
http://www.ncbi.nlm.nih.gov/pubmed/21104186
http://dx.doi.org/10.1677/joe.0.1060387
http://www.ncbi.nlm.nih.gov/pubmed/4045345
http://dx.doi.org/10.1080/01971528508063022
http://www.ncbi.nlm.nih.gov/pubmed/3894426


Int. J. Environ. Res. Public Health 2020, 17, 1916 15 of 18

49. Rizzo, V.; Porta, C.; Moroni, M.; Scoglio, E.; Moratti, R. Determination of free and total (free plus protein-bound)
melatonin in plasma and cerebrospinal fluid by high-performance liquid chromatography with fluorescence
detection. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2002, 774, 17–24. [CrossRef]

50. Hensley, A.L.; Colley, A.R.; Ross, A.E. Real-time detection of melatonin using Fast-Scan Cyclic Voltammetry.
Anal. Chem. 2018, 90, 8642–8650. [CrossRef]

51. Iinuma, F.; Hamase, K.; Matsubayashi, S.; Takahashi, M.; Watanabe, M.; Zaitsu, K. Sensitive determination
of melatonin by precolumn derivatization and reversed-phase high-performance liquid chromatography.
J. Chromatogr. A 1999, 835, 67–72. [CrossRef]

52. Tomita, T.; Hamase, K.; Hayashi, H.; Fukuda, H.; Hirano, J.; Zaitsu, K. Determination of endogenous
melatonin in the individual pineal glands of inbred mice using precolumn oxidation reversed-phase
micro-high-performance liquid chromatography. Anal. Biochem. 2003, 316, 154–161. [CrossRef]

53. Hirano, J.; Hamase, K.; Fukuda, H.; Tomita, T.; Zaitsu, K. Novel stable fluorophore, 6-methoxy-4-quinolone,
with strong fluorescence in wide pH range of aqueous media, and its application as a fluorescent labeling
reagent. J. Chromatogr. A 2004, 1059, 225–231. [CrossRef] [PubMed]

54. Eriksson, K.; Ostin, A.; Levin, J.O. Quantification of melatonin in human saliva by liquid
chromatography-tandem mass spectrometry using stable isotope dilution. J. Chromatogr. B Analyt. Technol.
Biomed. Life Sci. 2003, 794, 115–123. [CrossRef]

55. Khan, S.A.; George, R.; Charles, B.G.; Taylor, P.J.; Heussler, H.S.; Cooper, D.M.; McGuire, T.M.; Pache, D.;
Norris, R.L. Monitoring salivary melatonin concentrations in children with sleep disorders using liquid
chromatography-tandem mass spectrometry. Ther. Drug Monit. 2013, 35, 388–395. [CrossRef] [PubMed]

56. Motoyama, A.; Kanda, T.; Namba, R. Direct determination of endogenous melatonin in human saliva
by column-switching semi-microcolumn liquid chromatography/mass spectrometry with on-line analyte
enrichment. Rapid Commun. Mass Spectrom. 2004, 18, 1250–1258. [CrossRef] [PubMed]

57. Reiter, R.J. The Mammalian Pineal Gland: Structure and Function. Am. J. Anat. 1981, 162, 287–313. [CrossRef]
58. Coon, S.L.; Zarazaga, L.A.; Malpaux, B.; Ravault, J.P.; Bodin, L.; Voisin, P.; Weller, J.L.; Klein, D.C.;

Chemineau, P. Genetic variability in plasma melatonin in sheep is due to pineal weight, not to variations in
enzyme activities. Am. J. Physiol. 1999, 277, E792–E797. [CrossRef]

59. Kunz, D.; Schmitz, S.; Mahlberg, R.; Mohr, A.; Stoter, C.; Wolf, K.J.; Herrmann, W.M. A new concept for
melatonin deficit: On pineal calcification and melatonin excretion. Neuropsychopharmacology 1999, 21, 765–772.
[CrossRef]

60. Lushington, K.; Dawson, D.; Encel, N.; Lack, L. Urinary 6-Sulfatoxymelatonin cycle-to-cycle variability.
Chronobiol. Int. 1996, 13, 411–421. [CrossRef]

61. Mahlberg, R.; Tilmann, A.; Salewski, L.; Kunz, D. Normative data on the daily profile of urinary
6-Sulfatoxymelatonin in healthy subjects between the ages of 20 and 84. Psychoneuroendocrinology 2006, 31,
634–641. [CrossRef]

62. Sack, R.L.; Lewy, A.J.; Erb, D.L.; Vollmer, W.M.; Singer, C.M. Human melatonin production decreases with
age. J. Pineal Res. 1986, 3, 379–388. [CrossRef] [PubMed]

63. Waldhauser, F.; Weiszenbacher, G.; Tatzer, E.; Gisinger, B.; Waldhauser, M.; Schemper, M.; Frisch, H.
Alterations in nocturnal serum melatonin levels in humans with growth and aging. J. Clin. Endocrinol. Metab.
1988, 66, 648–652. [CrossRef] [PubMed]

64. Kennaway, D.J.; Lushington, K.; Dawson, D.; Lack, L.; Heuvel, C.; Rogers, N. Urinary 6-Sulfatoxymelatonin
excretion and aging: New results and a critical review of the literature. J. Pineal Res. 1999, 27, 210–220.
[CrossRef] [PubMed]

65. Vakkuri, O.; Kivelä, A.; Leppäluoto, J.; Valtonen, M.; Kauppila, A. Decrease in melatonin precedes
follicle-stimulating hormone increase during perimenopause. Eur. J. Endocrinol. 1996, 135, 188–192.
[CrossRef]

66. Hofman, M.A.; Swaab, D.F. Alterations in circadian rhythmicity of the vasopressin-producing neurons of
the human suprachiasmatic nucleus (SCN) with aging. Brain Res. 1994, 651, 134–142. [CrossRef]

67. Cain, S.W.; Dennison, C.F.; Zeitzer, J.M.; Guzik, A.M.; Khalsa, S.B.; Santhi, N.; Schoen, M.W.; Czeisler, C.A.;
Duffy, J.F. Sex differences in phase angle of entrainment and melatonin amplitude in humans. J. Biol. Rhythm.
2010, 25, 288–296. [CrossRef]

68. Ekmekcioglu, C. Melatonin receptors in humans: Biological role and clinical relevance. Biomed. Pharm. 2006,
60, 97–108. [CrossRef]

http://dx.doi.org/10.1016/S1570-0232(02)00168-X
http://dx.doi.org/10.1021/acs.analchem.8b01976
http://dx.doi.org/10.1016/S0021-9673(99)00041-2
http://dx.doi.org/10.1016/S0003-2697(03)00079-4
http://dx.doi.org/10.1016/j.chroma.2004.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15628146
http://dx.doi.org/10.1016/S1570-0232(03)00425-2
http://dx.doi.org/10.1097/FTD.0b013e3182885cb2
http://www.ncbi.nlm.nih.gov/pubmed/23666581
http://dx.doi.org/10.1002/rcm.1473
http://www.ncbi.nlm.nih.gov/pubmed/15174178
http://dx.doi.org/10.1002/aja.1001620402
http://dx.doi.org/10.1152/ajpendo.1999.277.5.E792
http://dx.doi.org/10.1016/S0893-133X(99)00069-X
http://dx.doi.org/10.3109/07420529609020912
http://dx.doi.org/10.1016/j.psyneuen.2006.01.009
http://dx.doi.org/10.1111/j.1600-079X.1986.tb00760.x
http://www.ncbi.nlm.nih.gov/pubmed/3783419
http://dx.doi.org/10.1210/jcem-66-3-648
http://www.ncbi.nlm.nih.gov/pubmed/3350912
http://dx.doi.org/10.1111/j.1600-079X.1999.tb00617.x
http://www.ncbi.nlm.nih.gov/pubmed/10551768
http://dx.doi.org/10.1530/eje.0.1350188
http://dx.doi.org/10.1016/0006-8993(94)90689-0
http://dx.doi.org/10.1177/0748730410374943
http://dx.doi.org/10.1016/j.biopha.2006.01.002


Int. J. Environ. Res. Public Health 2020, 17, 1916 16 of 18

69. Luboshitzky, R.; Herer, P.; Lavie, P. Pulsatile patterns of melatonin secretion in patients with
gonatotropin-releasing hormone deficiency: Effects of testosterone treatment. J. Pineal Res. 1997, 22,
95–101. [CrossRef]

70. Cardinali, D.P.; Vacas, M.I. Cellular and molecular mechanisms controlling melatonin release by mammalian
pineal glands. Cell. Mol. Neurobiol. 1987, 7, 323–337. [CrossRef]

71. Carlson, L.A.; Pobocik, K.M.; Lawrence, M.A.; Brazeau, D.A.; Koch, A.J. Influence of exercise time of day on
salivary melatonin responses. Int. J. Sports Physiol. Perform. 2019, 14, 351–353. [CrossRef]

72. Lucas, R.J.; Peirson, S.N.; Berson, D.M.; Brown, T.M.; Cooper, H.M.; Czeisler, C.A.; Figueiro, M.G.; Gamlin, P.D.;
Lockley, S.W.; O’Hagan, J.B.; et al. Measuring and using light in the melanopsin age. Trends Neurosci. 2014,
37, 1–9. [CrossRef] [PubMed]

73. Souman, J.L.; Borra, T.; de Goijer, I.; Schlangen, L.J.M.; Vlaskamp, B.N.S.; Lucassen, M.P. Spectral tuning of
white light allows for strong reduction in melatonin suppression without changing illumination level or
color temperature. J. Biol. Rhythm. 2018, 33, 420–431. [CrossRef] [PubMed]

74. Chinoy, E.D.; Duffy, J.F.; Czeisler, C.A. Unrestricted evening use of light emitting tablet computers delays
self-selected bedtime and disrupts circadian timing and alertness. Physiol. Rep. 2018, 6, e13692. [CrossRef]
[PubMed]

75. Zeitzer, J.M.; Dijk, D.-J.; Kronauer, R.E.; Brown, E.N.; Czeisler, C.A. Sensitivity of the human circadian
pacemaker to nocturnal light: Melatonin phase resetting and suppression. J. Physiol. 2000, 526, 695–702.
[CrossRef]

76. Thapan, K.; Arendt, J.; Skene, D.J. An action spectrum for melatonin suppression: Evidence for a novel
non-rod, non-cone photoreceptor system in humans. J. Physiol. 2001, 535, 261–267. [CrossRef]

77. Kozaki, T.; Hidaka, Y.; Takakura, J.; Kusano, Y. Suppression of salivary melatonin secretion under 100-Hz
flickering and non-flickering blue light. J. Physiol. Anthr. 2018, 37, 23. [CrossRef]

78. Bojkowski, C.J.; Arendt, J. Annual changes in 6-sulphatoxymelatonin excretion in man. Acta Endocrinol. 1988,
117, 470–476. [CrossRef]

79. Wehr, T.A. The durations of human melatonin secretion and sleep respond to changes in daylength
(photoperiod). J. Clin. Endocrinol. Metab. 1991, 73, 1276–1280. [CrossRef]

80. Buxton, O.M.; Lee, C.W.; L’Hermite-Balériaux, M.; Turek, F.W.; Van Cauter, E. Exercise elicits phase shifts
and acute alterations of melatonin that vary with circadian phase. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2003, 284, R714–R724. [CrossRef]

81. Buxton, O.M.; Frank, S.A.; L’Hermite-Balériaux, M.; Leproult, R.; Turek, F.W.; Van Cauter, E. Roles of intensity
and duration of nocturnal exercise in causing phase delays of human circadian rhythms. Am. J. Physiol. 1997,
273, E536–E542. [CrossRef]

82. Monteleone, P.; Maj, M.; Fusco, M.; Orazzo, C.; Kemali, D. Physical Exercise at night blunts the nocturnal
increase of plasma melatonin levels in healthy humans. Life Sci. 1990, 47, 1989–1995. [CrossRef]

83. Marrin, K.; Drust, B.; Gregson, W.; Morris, C.J.; Chester, N.; Atkinson, G. Diurnal variation in the salivary
melatonin responses to exercise: Relation to exercise-mediated tachycardia. Eur. J. Appl. Physiol. 2011, 111,
2707–2714. [CrossRef] [PubMed]

84. Skene, D.J.; Lockley, S.W.; Arendt, J. Melatonin in circadian sleep disorders in the bind. Biol. Signals Recept.
1999, 8, 90–95. [CrossRef] [PubMed]

85. Lockley, S.W.; Arendt, J.; Skene, D.J. Visual impairment and circadian rhythm disorders. Dialogues Clin.
Neurosci. 2007, 9, 301–314. [PubMed]

86. Thøfner Hultén, V.D.; Biering-Sørensen, F.; Jørgensen, N.R.; Jennum, P.J. Melatonin and cortisol in individuals
with spinal cord injury. Sleep Med. 2018, 51, 92–98. [CrossRef]

87. Verheggen, R.J.; Jones, H.; Nyakayiru, J.; Thompson, A.; Groothuis, J.T.; Atkinson, G.; Hopman, M.T.;
Thijssen, D.H. Complete absence of evening melatonin increase in tetraplegics. FASEB J. 2012, 26, 3059–3064.
[CrossRef]

88. Iguchi, H.; Kato, K.I.; Ibayashi, H. Melatonin serum levels and metabolic clearance rate in patients with liver
cirrhosis. J. Clin. Endocrinol. Metab. 1982, 54, 1025–1027. [CrossRef]

89. Scheer, F.A.; Van Montfrans, G.A.; van Someren, E.J.; Mairuhu, G.; Buijs, R.M. Daily nightime melatonin
reduces blond pressure in male patients with essential hypertension. Hypertension 2004, 43, 192–197.
[CrossRef]

http://dx.doi.org/10.1111/j.1600-079X.1997.tb00309.x
http://dx.doi.org/10.1007/BF00733786
http://dx.doi.org/10.1123/ijspp.2018-0073
http://dx.doi.org/10.1016/j.tins.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24287308
http://dx.doi.org/10.1177/0748730418784041
http://www.ncbi.nlm.nih.gov/pubmed/29984614
http://dx.doi.org/10.14814/phy2.13692
http://www.ncbi.nlm.nih.gov/pubmed/29845764
http://dx.doi.org/10.1111/j.1469-7793.2000.00695.x
http://dx.doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
http://dx.doi.org/10.1186/s40101-018-0183-9
http://dx.doi.org/10.1530/acta.0.1170470
http://dx.doi.org/10.1210/jcem-73-6-1276
http://dx.doi.org/10.1152/ajpregu.00355.2002
http://dx.doi.org/10.1152/ajpendo.1997.273.3.E536
http://dx.doi.org/10.1016/0024-3205(90)90432-Q
http://dx.doi.org/10.1007/s00421-011-1890-7
http://www.ncbi.nlm.nih.gov/pubmed/21399961
http://dx.doi.org/10.1159/000014575
http://www.ncbi.nlm.nih.gov/pubmed/10085469
http://www.ncbi.nlm.nih.gov/pubmed/17969867
http://dx.doi.org/10.1016/j.sleep.2018.07.008
http://dx.doi.org/10.1096/fj.12-205401
http://dx.doi.org/10.1210/jcem-54-5-1025
http://dx.doi.org/10.1161/01.HYP.0000113293.15186.3b


Int. J. Environ. Res. Public Health 2020, 17, 1916 17 of 18

90. Ulfberg, J.; Micic, S.; Strøm, J. Afternoon serum-melatonin in sleep disordered breathing. J. Intern. Med. 1998,
244, 163–168. [CrossRef]

91. Hanly, P.J.; Gabor, J.Y.; Chan, C.; Pierratos, A. Daytime sleepiness in patients with CRF: Impact of nocturnal
hemodialysis. Am. J. Kidney Dis. 2003, 41, 403–410. [CrossRef]

92. Vaziri, N.D.; Oveisi, F.; Reyes, G.A.; Zhou, X.J. Dysregulation of melatonin metabolizm in chronic renal
insufficiency: Role of erythropoietin-deficiency anemia. Kidney Int. 1996, 50, 653–656. [CrossRef] [PubMed]

93. Koch, B.C.; van der Putten, K.; Van Someren, E.J.; Wielders, J.P.; Ter Wee, P.M.; Nagtegaal, J.E.; Gaillard, C.A.
Impairment of endogenous melatonin rhythm is related to the degree of chronic kidney disease (CREAM
study). Nephrol. Dial. Transpl. 2010, 25, 513–519. [CrossRef] [PubMed]

94. Ishigaki, S.; Ohashi, N.; Isobe, S.; Tsuji, N.; Iwakura, T.; Ono, M.; Sakao, Y.; Tsuji, T.; Kato, A.; Miyajima, H.;
et al. Impaired endogenous nighttime melatonin secretion relates to intrarenal renin–angiotensin system
activation and renal damage in patients with chronic kidney disease. Clin. Exp. Nephrol. 2016, 20, 878–884.
[CrossRef] [PubMed]

95. Almughrabi, O.M.; Marzouk, K.M.; Hasanato, R.M.; Shafik, S.S. Melatonin levels in periodontal health and
disease. J. Periodontal Res. 2013, 48, 315–321. [CrossRef] [PubMed]

96. Srinath, R.; Acharya, A.B.; Thakur, S.L. Salivary and gingival crevicular fluid melatonin in periodontal health
and disease. J. Periodontol. 2010, 81, 277–283. [CrossRef]

97. Balaji, T.M.; Vasanthi, H.R.; Rao, S.R. Gingival, plasma and salivary levels of melatonin in periodontally
healthy individuals and chronic periodontitis patients: A pilot study. J. Clin. Diagn. Res. 2015, 9. [CrossRef]

98. Virto, L.; Haugen, H.J.; Fernandez-Mateos, P.; Cano, P.; Gonzalez, J.; Jimenez-Ortega, V.; Esquifino, A.I.;
Sanz, M. Melatonin expression in periodontitis and obesity: An experimental in vivo investigation.
J. Periodontal Res. 2018, 53, 825–831. [CrossRef]

99. Cowen, P.J.; Bevan, J.S.; Gosden, B.; Elliott, S.A. Treatment with beta-adrenoceptor blockers reduces plasma
melatonin concentration. Br. J. Clin. Pharm. 1985, 19, 258–260. [CrossRef]

100. Brismar, K.; Mogensen, L.; Wetterberg, L. Depressed melatonin secretion in patients with nightmares due to
beta-adrenoceptor blocking drugs. Acta Med. Scand. 1987, 221, 155–158. [CrossRef]

101. Rommel, T.; Demisch, L. Influence of chronic b-adrenoreceptor blocker treatment on melatonin secretion and
sleep quality in patients with essential hypertension. J. Neural Transm. Gen. Sect. 1994, 95, 39–48. [CrossRef]

102. Stoschitzky, K.; Sakotnik, A.; Lercher, P.; Zweiker, R.; Maier, R.; Liebmann, P.; Linder, W. Influence of
beta-blockers on melatonin release. Eur. J. Clin. Pharm. 1999, 55, 111–115. [CrossRef] [PubMed]

103. Muñóz-Hoyos, A.; Fernández-García, J.M.; Molina-Carballo, A.; Macías, M.; Escames, G.; Ruiz-Cosano, C.;
Acuña-Castroviejo, D. Effect of clonidine on plasma ACTH, cortisol and melatonin in children. J. Pineal Res.
2000, 29, 48–53. [CrossRef] [PubMed]

104. McIntyre, I.M.; Burrows, G.D.; Norman, T.R. Suppression of plasma melatonin by a single dose of
the benzodiazepine alprazolam in humans. Biol. Psychiatry 1988, 24, 108–112. [CrossRef]

105. Copinschi, G.; Van Onderbergen, A.; L’Hermite-Balériaux, M.; Szyper, M.; Caufriez, A.; Bosson, D.;
L’Hermite, M.; Robyn, C.; Turek, F.W.; Van Cauter, E. Effects of the short-acting benzodiazepine triazolam,
taken at bedtime, on circadian and sleep-related hormonal profiles in normal men. Sleep 1990, 13, 232–244.

106. Gupta, M.; Kohli, K.; Gupta, Y.K. Modulation of serum concentrations of melatonin by carbamazepine and
valproate. Indian J. Physiol. Pharmacol. 2006, 50, 79–82.

107. Praninskiene, R.; Dumalakiene, I.; Kemezys, R.; Mauricas, M.; Jucaite, A. Melatonin secretion in children
with epilepsy. Epilepsy Behav. 2012, 25, 315–322. [CrossRef]

108. Dabak, O.; Altun, D.; Arslan, M.; Yaman, H.; Vurucu, S.; Yesilkaya, E.; Unay, B. Evaluation of Plasma
Melatonin Levels in Children With Afebrile and Febrile Seizures. Pediatr. Neurol. 2016, 57, 51–55. [CrossRef]

109. Takaesu, Y.; Futenma, K.; Kobayashi, M.; Komada, Y.; Tanaka, N.; Yamashina, A.; Inoue, Y. A preliminary
study on the relationships between diurnal melatonin secretion profile and sleep variables in patients
emergently admitted to the coronary care unit. Chronobiol. Int. 2015, 32, 875–879. [CrossRef]

110. Murphy, P.J.; Myers, B.L.; Badia, P. Nonsteroidal anti-inflammatory drugs alter body temperature and
suppress melatonin in humans. Physiol. Behav. 1996, 59, 133–139. [CrossRef]

111. Monteleone, P.; Forziati, D.; Orazzo, C.; Maj, M. Preliminary observations on the suppression of nocturnal
plasma melatonin levels by short-term administration of diazepam in humans. J. Pineal Res. 1989, 6, 253–258.
[CrossRef]

http://dx.doi.org/10.1046/j.1365-2796.1998.00359.x
http://dx.doi.org/10.1053/ajkd.2003.50066
http://dx.doi.org/10.1038/ki.1996.361
http://www.ncbi.nlm.nih.gov/pubmed/8840298
http://dx.doi.org/10.1093/ndt/gfp493
http://www.ncbi.nlm.nih.gov/pubmed/19767630
http://dx.doi.org/10.1007/s10157-015-1224-x
http://www.ncbi.nlm.nih.gov/pubmed/26743744
http://dx.doi.org/10.1111/jre.12010
http://www.ncbi.nlm.nih.gov/pubmed/23033974
http://dx.doi.org/10.1902/jop.2009.090327
http://dx.doi.org/10.7860/JCDR/2015/11311.5652
http://dx.doi.org/10.1111/jre.12571
http://dx.doi.org/10.1111/j.1365-2125.1985.tb02640.x
http://dx.doi.org/10.1111/j.0954-6820.1987.tb01260.x
http://dx.doi.org/10.1007/BF01283029
http://dx.doi.org/10.1007/s002280050604
http://www.ncbi.nlm.nih.gov/pubmed/10335905
http://dx.doi.org/10.1034/j.1600-079X.2000.290107.x
http://www.ncbi.nlm.nih.gov/pubmed/10949540
http://dx.doi.org/10.1016/0006-3223(88)90131-X
http://dx.doi.org/10.1016/j.yebeh.2012.08.012
http://dx.doi.org/10.1016/j.pediatrneurol.2015.12.025
http://dx.doi.org/10.3109/07420528.2015.1048869
http://dx.doi.org/10.1016/0031-9384(95)02036-5
http://dx.doi.org/10.1111/j.1600-079X.1989.tb00421.x


Int. J. Environ. Res. Public Health 2020, 17, 1916 18 of 18

112. Monteleone, P.; Tortorella, A.; Borriello, R.; Natale, M.; Cassandro, P.; Maj, M. Suppression of nocturnal
plasma melatonin levels by evening administration of sodium valproate in healthy humans. Biol. Psychiatry
1997, 41, 336–341. [CrossRef]

113. Skene, D.J.; Bojkowski, C.J.; Arendt, J. Comparison of the effects of acute fluvoxamine and desipramine
administration on melatonin and cortisol production in humans. Br. J. Clin. Pharmacol. 1994, 37, 181–186.
[CrossRef] [PubMed]

114. Kostoglou-Athanassiou, I.; Athanassiou, P.; Treacher, D.F.; Wheeler, M.J.; Forsling, M.L. Neurohypophysial
hormone and melatonin secretion over the natural and suppressed menstrual cycle in premenopausal women.
Clin. Endocrinol. 1998, 49, 209–216. [CrossRef] [PubMed]

115. Burgess, H.J.; Fogg, L.F. Individual differences in the amount and timing of salivary melatonin secretion.
PLoS ONE 2008, 3, e3055. [CrossRef]

116. Benluocif, S.; Burgess, H.J.; Klerman, E.B.; Lewy, A.J.; Middleton, B.; Murphy, P.J.; Parry, B.L.; Revell, V.L.
Measuring Melatonin in Humans. J. Clin. Sleep Med. 2008, 4, 66–69. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0006-3223(96)00009-1
http://dx.doi.org/10.1111/j.1365-2125.1994.tb04258.x
http://www.ncbi.nlm.nih.gov/pubmed/8186063
http://dx.doi.org/10.1046/j.1365-2265.1998.00504.x
http://www.ncbi.nlm.nih.gov/pubmed/9828909
http://dx.doi.org/10.1371/journal.pone.0003055
http://dx.doi.org/10.5664/jcsm.27083
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Dim Light Melatonin Onset 
	Material Sampling 
	Blood 
	Urine 
	Saliva 
	Cerebrospinal Fluid (CSF) 

	Material Collection 
	Material Storage 
	Blood 
	Urine 
	Saliva 

	Analysis 
	Radioimmunoassay (RIA) 
	Elisa 
	High Performance Liquid Chromatography (HPLC) 
	Fast-Scan Cyclic Voltammetry (FSCV) 

	Factors Affecting the Measurement Results 
	Non-Modifiable Factors 
	Genetic factors 
	Age 
	Sex 

	Modifiable Factors 
	Light 
	Seasonal Changes 
	Posture During the Examination 
	Physical Activity 


	Comorbidities 
	Ophthalmic Diseases 
	Spinal Cord Injuries 
	Liver and Kidney Diseases 
	Periodontal Disease 

	Medications 
	Conclusions 
	References

