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Abstract
The suitability of the endogenous 6-hydroxymelatonin/melatonin urinary metabolic ratio as a surrogate for the paraxanthine/caffeine ratio to predict cytochrome
P450 1A2 (CYP1A2) activity was assessed in this study. Twelve healthy volunteers
completed four study sessions spread over 1 month (including overnight urine
collection with first morning voids collected separately). Except for the third session, volunteers were asked to abstain from methylxanthine-containing beverages
and foods at least 24 h before urine collection. At the end of urine collection, subjects were given a caffeinated beverage and capillary blood samples were collected
2 h after the drink administration. A significant linear relationship between the
6-hydroxymelatonin/melatonin ratios from 12-h urine samples and first morning voids was observed (R2 = 0.876, p < 0.0001). In contrast to the paraxanthine/
caffeine ratio, consumption of methylxanthine-containing beverages during session three did not significantly influence the 6-hydroxymelatonin/melatonin ratios compared with the other sessions requiring abstinence from caffeine. A larger
intra-and interindividual variability in the 6-hydroxymelatonin/melatonin ratios
compared with the paraxanthine/caffeine ratio was also observed. A very weak
correlation was observed between the paraxanthine/caffeine ratio and both of the
endogenous 6-hydroxymelatonin/melatonin ratios (Pearson r < 0.35, p < 0.05). All
these results question whether this endogenous metric could adequately reflect
CYP1A2 activity or substitute for the probe caffeine. Additional studies with larger
study samples are needed to examine this endogenous metric in more details.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
The use of endogenous markers offers numerous advantages in terms of safety
and convenience over exogenous probes to phenotype cytochrome P450 (CYP450)
activity. Melatonin, a hormone endogenously synthetized by the pineal gland at
night, is essentially hydroxylated into 6-hydroxymelatonin by CYP1A2. Previous
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studies have shown successful use of exogenous melatonin for CYP1A2 phenotyping, prompting interest in possible CYP1A2 phenotyping via endogenous
6-hydroxymelatonin to melatonin metabolic ratio.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study assessed the suitability of the endogenous 6-hydroxymelatonin to melatonin urinary metabolic ratio to substitute caffeine to predict CYP1A2 activity.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The endogenous 6-hydroxmelatonin to melatonin ratio could be measured noninvasively in morning spot urine without substantial impact of caffeine intake.
However, despite a weak positive correlation with the paraxanthine to caffeine
ratio, current results are insufficient to affirm the ability of the 6-hydroxmelatonin
to melatonin ratio to adequately reflect CYP1A2 activity, or even to outperform
the probe caffeine.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?
The use of the endogenous 6-hydroxymelatonin to melatonin ratio measured
in morning spot urine represents an interesting starting point for larger clinical
studies evaluating this endogenous metric.

I N T RO DU CT ION
Cytochrome P450 1A2 (CYP1A2) is one the most important CYP enzymes in the human liver.1 Its expression has
been reported to vary from 40-to 130-fold in the human
population.2 The causes of variability in CYP1A2 activity
are numerous and primarily include non-genetic factors,
such as smoking, drug–drug interactions, age, or gender.1
Globally, clinical impact of CYP1A2 genotyping is prone to
conflicting evidence in the literature, and phenotype prediction from CYP1A2 genotype is not well-established.3–5
CY1A2 phenotyping thus appears as the best tool to characterize enzyme function, representing a major step toward
personalized medicine. Caffeine is the most commonly
used probe to phenotype CYP1A2 activity.6,7 Caffeine metabolism goes through several CYP450 enzymes, but ~ 95%
of a total caffeine dose is metabolized by CYP1A2. Its main
metabolites are theobromine (about 10%) and paraxanthine (about 80%) through N3-demethylation.6,7 Prior to
CYP1A2 phenotyping using caffeine, study participants or
patients are usually asked to refrain from methylxanthine-
containing foods and beverages, which constitutes a major
drawback of this procedure.7
In the field of personalized medicine, there is considerable
interest in endogenous compounds metabolized through
drug-metabolizing enzymes.8,9 Indeed, CYP450 enzymes
are subject to high intra-and interindividual variability, requiring effective and nonburdensome tools to characterize
their activity in a given subject at a specific time.10 The use
of endogenous markers offers numerous advantages over
exogenous probes to phenotype CYP450 activity. It is a very
safe approach because there is no need to ingest or inject
xenobiotics, eliminating any risk of allergy, intolerance or

adverse effects.8 Moreover, phenotyping using endobiotics could help provide knowledge of CYP450 activity in
populations where the administration of exogenous compounds may be inconvenient and unethical, such as pregnant women, children, or the elderly.8,11,12 In this context,
melatonin is a hormone synthetized by the pineal gland at
night from serotonin by a two step-process.13 Its metabolism is essentially mediated by CYP1A2, which catalyzes
hydroxylation of melatonin into 6-
hydroxymelatonin.14
In 12 healthy volunteers who received a single oral dose
of 25 mg of melatonin and 100 mg of caffeine, melatonin
clearance correlated significantly with caffeine clearance
(rs = 0.748; p = 0.005), suggesting that melatonin may be an
alternative to caffeine as a probe drug for CYP1A2 phenotyping.15 However, measurement of endogenous melatonin
and its metabolite, 6-hydroxymelatonin, has been poorly
explored as a marker of CYP1A2 activity. Von Bahr et al.16
measured endogenous melatonin levels in serum and urine
from seven healthy volunteers. Following administration
of fluvoxamine 50 mg, a potent CYP1A2 inhibitor, they
observed an increase in the area under the concentration-
time curve (AUC) of melatonin by 2.8-fold and in urinary
melatonin excretion over 14 h by 2.1-fold compared with
placebo (p < 0.05).16,17 Likewise, Skene et al.18 showed that
in addition to increasing AUC of melatonin by a factor of
2.9 (p < 0.01), fluvoxamine 100 mg decreased urinary excretion of 6-sulphatoxymelatonin, the conjugated form of
6-hydroxymelatonin, between midnight and 9 a.m. compared to the control session in eight study participants (p <
0.01).
The objective of this study was to provide additional data
concerning the 6-hydroxymelatonin to melatonin metabolic
ratio in human urine. In particular, we investigated whether
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overnight urine (collected from 9 p.m. to 9 a.m.) could be
substituted by first morning void samples for the purpose of
CYP1A2 phenotyping. The use of the paraxanthine/caffeine
ratio in dried blood spots (DBS) in a single-time point drawn
2 h after caffeine administration, is a validated approach developed by Bosilkovska et al. to determine CYP1A2 activity.19,20 Therefore, correlations between the metabolic ratio
of 6-hydroxymelatonin/melatonin in urine and paraxanthine/caffeine in DBS were also assessed. Finally, the intra-
and interindividual variabilities of the 6-hydroxymelatonin/
melatonin ratio, as well as the impact of caffeine intake on
this endogenous marker were established.

M ET H O DS
Study design and population
The study protocol (NCT04420611) was approved by the
Geneva Research Ethics Committee and the study was
conducted according to the guidelines of the Declaration
of Helsinki. All participants provided written informed
consent before inclusion. Participants unable to abstain
from alcohol or methylxanthine-
containing beverages
and food for 24 h, sensitive to coffee/cola beverages, or
taking irregularly (i.e., non-daily or inconstant dosages)
drugs, and foods or tobacco-derived products that modulate CYP1A2 activity were excluded.
The study was conducted in four sessions spread over 1
month, as described in Figure 1.
During each study session, overnight urine (including urine voided during the night) were collected for 12 h
(from 9 p.m. to 9 a.m.). First morning voids were collected
separately in order to obtain an aliquot analyzed independently from the 12 h collection. The remaining urine
from the first morning voids’ container was combined in
the 12-h urine bottle to create the 12-h sample.
Volunteers were asked to refrain from alcohol consumption and methylxanthine-containing beverages and foods
at least 24 h before the urine collection, except for session
three regarding the consumption of methylxanthines.
Inclusion

Session 1
Day 1

Caffeine and alcohol abstinence

Study design. DBS, dried blood spot

Session 3
Day 15±2

Session 4
Day 30±2

Overnight urine collection t0-12h

Overnight urine collection t0-12h

First morning void

t13: Coffee or cola intake

t15: DBS sampling

FIGURE 1

All the compounds were quantified in urine or DBS using
an Agilent 1290 Infinity series LC system from Agilent
(Paolo Alto, CA) coupled to a 6500 QTtrap triple quadrupole linear ion trap mass spectrometer from AB Sciex
equipped with an electrospray ionization (Darmstadt,
Germany). Both methods were validated in terms of selectivity, accuracy, precision, recovery, and matrix effect.

First morning void

t13: Coffee or cola intake

Caffeine and alcohol abstinence

Quantification of 6-hydroxymelatonin/
melatonin, and paraxanthine/caffeine

Overnight urine collection t0-12h

First morning void

3

Before this second-to-last session, subjects were on an unrestricted caffeine intake during the 24 h preceding urine
collection. For subjects who did not drink caffeinated beverages daily, they were asked to consume at least one cup
of coffee or cola 24 h prior to overnight urine collection to
ensure caffeine intake. At around 9 a.m., after each overnight urine collection, subjects were administered a cup of
coffee or cola (depending on individual preference) after
an overnight fast. Capillary blood samples from a small
finger prick (10 μL) were collected 2 h after the beverage
was given. The measurement of the paraxanthine/caffeine ratio in DBS 2 h after the administration of caffeine
is based on a previous report by Bosilkovska et al.20 This
work showed a significant correlation between two ratios
of paraxanthine/caffeine (i.e., one using the area under the
concentration-time curve from time zero to the last quantifiable concentration [AUClast] in plasma and the other
using a single time point capillary DBS at 2 h), under basal
condition as well as after the intake of inducer/inhibitors.
Capillary whole blood was collected using microsampling
HemaXis DB10 kits purchased from DBS System SA, allowing collection of controlled volume (10.0 ± 0.5 μL per
spot; Gland, Switzerland). In addition, Bosilkovska et al.19
observed strong linear relationships between caffeine and
paraxanthine concentrations in capillary DBS and venous
plasma, as indicated by high values of coefficients of determination (R2 ranging from 0.843–
0.985), suggesting
that DBS may be an alternative sampling technique to
conventional venous plasma collection.

Session 2
Day 4±1

Overnight urine collection t0-12h
Informed consent

|

t15: DBS sampling

First morning void

t13: Coffee or cola intake

t13: Coffee or cola intake

t15: DBS sampling

Alcohol abstinence and caffeine consumption

Caffeine and alcohol abstinence

t15: DBS sampling
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Urinary 6-
hydroxymelatonin and melatonin were
quantified according to the method described by Magliocco
et al.21 using deuterated analogues as internal standards.
Very briefly, following solid phase extraction and enzymatic hydrolysis, quantification was performed using a
single reverse-phase high-performance liquid chromatography coupled with tandem mass spectrometry (LC-MS/
MS) method. Because 6-hydroxymelatonin is largely conjugated into 6-sulfatoxymelatonin and 6-hydroxymelatonin
glucuronide, we used β-glucuronidase/arylsulfatase solution from Helix pomatia for rapid hydrolysis of the glucuronide and sulfate linkage.21
The analyses of paraxanthine and caffeine in DBS were
performed using the LC-MS/MS method, as described in
the study of Bosilkosvka et al.19 using methanol as extraction solvent.

Statistical analysis
Linear regression and Bland–Altman plot were used to evaluate the relationship between the 6-hydroxymelatonin/
melatonin ratio from overnight urine samples and first
morning voids. For the Bland–Altman analysis, the average of the ratios in 12-h (overnight) and first morning
voids urine samples at each session were measured and
the percentage of difference was calculated as follows:
Hydroxymelatonin
in
Melatonin

first morning voids −

Hydroxymelatonin
Melatonin

RESULTS
Subjects
A total of 12 healthy volunteers (6 men and 6 women)
were recruited. The median age was 29 years (range 24–
61 years). All subjects were White. One subject was a
light daily smoker (1–5 cigarettes/day). Two female volunteers took oral contraceptive pills but no study session
was scheduled during the 7-day contraceptive-free interval. The other volunteers were not taking any other drugs
modulating CYP1A2 activity.
Using the ROUT method with a preselected false-
discovery rate of 1%, data from one volunteer in session
one were removed from the data analysis because of extreme differences in the 6-hydroxymelatonin/melatonin
ratios compared with other sessions and other volunteers.
Normal distributions of the data were confirmed by the
Kolmogorov–Smirnov test.

Overnight versus first morning void
urine samples
On average, urine volume was 2.3-fold higher (range 1.1–
7.6) during the 12-h collection compared with samples
from the first morning voiding.

in overnight urine samples

Average

We reported the −20 to +20% range in the Bland–Altman
plots, because at least 67% of the observations must fall
within this range for two methods to be considered as providing similar results according to the European Medicines
Evaluation Agency (EMEA) guidelines (cross-
validation
acceptance criteria) and previous reports.22–24 In addition,
based on the US Food and Drug Administration (FDA)
Bioequivalence Hearing, a difference of 20% is not considered clinically significant.25
Normality was tested using the Kolmogorov–Smirnov
test and significant outliers were identified by the ROUT
method and removed (Q = 1%). The effect of caffeine on
the 6-hydroxymelatonin/melatonin and paraxanthine/caffeine ratios was assessed via one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc tests. Pearson’s
correlation coefficients were calculated to measure the
correlation between the 6-hydroxymelatonin/melatonin
and paraxanthine/caffeine ratios.
All statistical analyses were performed using
GraphPad Prism 8.0.1 software (San Diego, CA). A p
value less than or equal to 0.05 was considered statistically significant.

⋅ 100

Figure 2a illustrates the relationship between the
6-
hydroxymelatonin/melatonin urinary metabolic ratio
measured from 12-
h urine samples and first morning
voids in 12 participants at all four study sessions. A significant linear relationship was measured between these two
different urine collection methods. The Bland–
Altman
plot (Figure 2b) shows that the bias (average of the differences) between the 12-h urine samples and the first
morning voids is around −1.26%. The limits of agreement
of the Bland–Altman plot (calculated as bias ±1.96 times
the standard deviation of the relative difference) were
between −38.62% and 36.10%. At least 67% of the values
were within the ±20% threshold set in the EMEA guidelines (cross-validation acceptance criteria).

Influence of caffeine intake
As illustrated in Figure 3a,b, the mean 6-hydroxymelatonin/
melatonin ratios in 12-
h (overnight) and first morning voids urine samples were not significantly different
among the four study sessions, including the third session.
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(b)
500

%Difference from the average

6-hydroxymelatonin/melatonin
(first morning void)

(a)
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y = 0.888x + 13.279
R2 = 0.876

400
300
200
100
0

0

100

200

300

400

500

6-hydroxymelatonin/melatonin
(overnight collection)

60
40

36.10%

20
0

-1.26%

-20
-38.62%

-40
-60

0

100

200

300

400

500

Average

F I G U R E 2 (a) Linear regression between 6-hydroxymelatonin/melatonin ratios measured in 12-h (overnight) and first morning voids
urine samples. (b) Bland–Altman comparison of the 6-hydroxymelatonin/melatonin ratio in 12-h (overnight) and first morning voids urine
samples. This plot illustrates the average of the ratios measured in 12-h (overnight) and first morning voids urine samples at each session
(x-axis) versus the difference between the ratios in first morning voids and 12-h (overnight) urine samples (expressed as a percentage of the
average, y-axis). The mean bias and 95% limits of agreement are represented as solid, red lines, whereas the dashed lines show the −20 to
+20% range

The following paraxanthine/caffeine metabolic ratios were measured in DBS samples in sessions one, two,
three, and four: 0.22 ± 0.07, 0.21 ± 0.05, 0.36 ± 0.06, and
0.22 ± 0.07, respectively (Figure 3c). The paraxanthine/caffeine ratio was significantly increased by ~ 1.6-fold when
subjects were requested to consume methylxanthine-
containing beverages and foods (session 3) compared with
the other sessions (sessions 1, 2, and 4). Examining the
individual data (Appendix S1), the paraxanthine/caffeine
metabolic ratio was increased in all subjects during session three compared with the other sessions, except for
one participant whose ratio remained rather stable.

Intra- and interindividual variability
In our study, the mean intersubject coefficients of variation (CVs) of the 6-hydroxymelatonin/melatonin ratios
measured in first morning voids and 12-h (overnight)
urine samples were 41.0 ± 12.2% and 43.9 ± 11.9%, respectively (Appendix S1). The mean intersubject CV of the paraxanthine/caffeine ratio in DBS at 2 h was 26.7% ± 8.3%.
The mean intrasubject CVs of the paraxanthine/caffeine
ratio in DBS at 2 h and 6-hydroxymelatonin/melatonin ratios measured in first morning voids and 12-h (overnight)
urine samples are described in Table 1. Because of the
significant impact of uncontrolled caffeine consumption
on the paraxanthine/caffeine ratio, session three was excluded for assessment of intra-individual variability in
this metric (see section Influence on caffeine intake). The
light smoker, corresponding to the subject number seven,
showed globally higher 6-
hydroxymelatonin/melatonin
urinary ratios (first morning voids and overnight collection) than other individuals, except for the participant
number eight. However, such results were not reflected in
the paraxanthine/caffeine ratio.

Correlation between the DBS
paraxanthine/caffeine ratio and the
endogenous urinary 6-hydroxymelatonin/
melatonin ratio
Figure 4a,b show the results regarding the Pearson’s correlation coefficients between the 6-
hydroxymelatonin/
melatonin urinary ratios (first morning voids and overnight collection) and the paraxanthine/caffeine DBS ratio
at 2 h for each subject at sessions one, two, and four (sessions measured combined). Because of the significant
influence of caffeine consumption on the paraxanthine/
caffeine ratio in DBS (see section Influence on caffeine intake), session three was not considered in the correlation
assessments.

DISCUSSION
Melatonin is secreted by the pineal gland to regulate, primarily, circadian rhythms and sleep through melatonin
receptors.26 Melatonin concentrations start to increase at
around 9 p.m., reaching maximum plasma concentration
between 3 and 4 a.m.27 In agreement with this, previous
reports have shown that melatonin and its conjugated
metabolite 6-
sulfatoxymelatonin have maximum urinary excretion during the night, remaining elevated until
about 9 a.m.28 In order to develop a method of urine collection that is the least burdensome, we compared the
6-hydroxymelatonin/melatonin urinary ratios measured in
urine samples collected strictly from 9 p.m. to 9 a.m. versus
uncontrolled first morning void (consisting of ~ 2 to 10 h of
urine production, depending on bedtime, time of awakening, and sleep interruption). Despite large differences in the
amounts of volume collected between the two types of collection (2.3 times greater volume in the 12-h urine samples
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6-hydroxymelatonin/melatonin
(overnight collection)

(a)

6-hydroxymelatonin/melatonin
(first morning void)

(b)

Paraxanthine/caffeine

(c)

400
300
200
100
0
400
300
200
100
0

***

0.5

****

***

0.4
0.3
0.2
0.1
0.0
Session1

Session 2

Session 3

Session 4

F I G U R E 3 Scatter dot plots with horizontal lines representing
means ± SD. (a) Distribution of the endogenous 6-hydroxymelatonin/
melatonin ratio measured in 12-h (overnight) urine samples.
(b) Distribution of the endogenous 6-hydroxymelatonin/melatonin
ratio measured in first morning voids urine samples. (c) Distribution
of the paraxanthine/caffeine ratio measured in dried blood spot
samples. Sessions one, two, and four represent baseline conditions,
including abstention from alcohol and caffeine at least 24 h before
the urine collection. In contrast, in session three, subjects were asked
to consume at least one cup of coffee or cola during this 24-h period.
*** p < 0.001; **** p < 0.0001

than in the first morning voids), we showed a significant
linear relationship between the 6-hydroxymelatonin/melatonin ratios estimated either from first morning voids or
from 12-h urine sample collection (from 9 p.m. to 9 a.m.).
These results suggest that a shorter, more clinically manageable, early morning spot urine collection may replace

the more controlled and burdensome 12-h method. It is
likely that measuring the metabolic ratio (e.g., metabolite/
substrate) minimizes variability caused by the circadian
rhythm. Similarly, the 6β-hydroxycortisol/cortisol urinary
metabolic ratio remains constant throughout the day in
spite of the circadian variations.29,30
In the third session, subjects followed an unrestricted
caffeine diet. Participants who did not drink caffeinated
beverages daily were asked to consume at least one cup
of coffee or cola 24 h before overnight urine collection to
ensure caffeine intake. No effect of caffeine was observed
on the endogenous 6-
hydroxymelatonin/melatonin urinary metabolic ratio. Therefore, it appears that routine
consumption of caffeinated beverages can be maintained
before measurement of this metric. No impact of caffeine was also noted when examining melatonin and
6-hydroxymelatonin excretion rates measured separately
(data not shown). These results corroborate the findings of
Härtter et al.31 that observed no significant effect of caffeine
ingestion 12 or 24 h before oral melatonin intake (6 mg) on
melatonin concentration at 1.5 h. Despite discrepancies,
previous studies reported important effects of caffeine on
melatonin pharmacokinetics. For instance, Ursing et al.32
demonstrated a significant increase in the AUC of endogenous melatonin (measured from 10 p.m. to 8 a.m.) after 12
healthy volunteers received 200 mg of caffeine in the evening (at 10 p.m.) compared to a placebo. They hypothesized
that caffeine could promote melatonin release from pinealocytes or possible effect of caffeine on CYP1A2. Wright
et al.33 observed the opposite: 200 mg of caffeine, ingested
twice a night, decreased nocturnal salivary melatonin levels. They suggested that caffeine may influence melatonin
levels through action on adenosine A2b receptors in the
pineal gland. Further studies are therefore needed to confirm the absence of effect of caffeine on the endogenous
6-hydroxymelatonin/melatonin urinary metabolic ratio.
A 24-or 48-h abstinence from caffeine consumption
before phenotyping of CYP1A2 activity using caffeine
as a probe is often required and highly burdensome for
patients and study participants.7,34,35 In our study, the paraxanthine/caffeine ratio in DBS at 2 h was significantly
higher when methylxanthine-containing foods and beverages were allowed (session 3) compared with the abstinence phases (sessions 1, 2, and 4). Similar results have
been reported in other studies.36,37 Caffeine and paraxanthine have different pharmacokinetic profiles. It has been
demonstrated that 8 to 10 h after caffeine ingestion, paraxanthine levels exceed those of caffeine in plasma.20,38
Despite the paucity of studies on the kinetics of caffeine
and paraxanthine in humans after daily caffeine intake,
we found that half-life of caffeine (~ 4.3 h) is shorter than
the half-life of paraxanthine (~ 7.8 h), which may explain
the higher paraxanthine/caffeine ratio observed in session
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T A B L E 1 Intra-individual variability of the endogenous 6-hydroxymelatonin/melatonin ratios measured in first morning voids and
12-h (overnight) urine samples, as well as the paraxanthine/caffeine ratio measured in dried blood spot samples at 2 h from three different
sessions (session 1, 2, and 4)
6-hydroxymelatonin/melatonin
(first morning voids)

6-hydroxymelatonin/melatonin
(overnight samples)

Paraxanthine/caffeine (DBS
at 2 h)

Subject

Mean ± SD

Mean ± SD

Mean ± SD

1

163 ± 34.2

21.0

137 ± 14.7

10.8

0.25 ± 0.04

15.2

2

87.1 ± 15.1

17.3

92.7 ± 16.7

18.9

0.20 ± 0.02

7.7

3

114 ± 21.7

19.1

121 ± 15.9

13.0

0.16 ± 0.01

6.9

4

116 ± 11.7

10.0

130 ± 25.0

19.3

0.25 ± 0.05

17.7

5

67.0 ± 6.2

9.3

65.8 ± 12.9

19.6

0.20 ± 0.03

16.9

6

60.6 ± 12.7

21.0

55.2 ± 16.6

30.1

0.20 ± 0.04

19.7

7

217 ± 64.3

29.6

194 ± 60.4

31.2

0.19 ± 0.08

44.3

8

212 ± 85.8

40.5

226 ± 83.4

36.9

0.26 ± 0.04

14.5

9

161 ± 106

65.7

195 ± 113

58.0

0.35 ± 0.04

11.6

10

115 ± 23.2

20.3

106 ± 22.3

21.1

0.13 ± 0.01

10.7

11

175 ± 39.3

22.5

219 ± 42.4

19.4

0.17 ± 0.02

10.8

12

189 ± 12.9

6.9

178 ± 26.7

15.0

0.21 ± 0.03

13.8

All subjects

137 ± 64.2

23.6 ± 16.1

142 ± 69.2

24.4 ± 13.1

0.22 ± 0.06

15.8 ± 9.8

CV (%)

CV (%)

CV (%)

Abbreviations: CV, coefficient of variation; DBS, dried blood spot.

F I G U R E 4 Pearson’s correlation
of paraxanthine/caffeine ratio in dried
blood spot with the 6-hydroxymelatonin/
melatonin urinary ratios (first morning
voids and overnight collection) at study
sessions one, two, and four (caffeine
abstinence)

three compared with sessions one, two, and four of the
present study.39 Previous studies also reported the possible quantification of dietary caffeine in urine or saliva to
measure CYP1A2 activity.40–42 This interesting approach
needs to be further explored, especially with regard to the
nonlinear (dose-dependent) pharmacokinetics of caffeine
and possible saturation of CYP1A2-
mediated metabo43
lism. Indeed, given the large differences observed in our
studies between sessions with and without caffeine abstinence, we question whether it is possible to phenotype
CYP1A2 activity through the paraxanthine/caffeine ratio
measured in random samples and/or uncontrolled conditions (i.e., unrestricted caffeine intake). Additional studies are needed to compare CYP1A2 phenotyping under a
standardized sampling method versus randomly collected
samples, and time-controlled caffeine administration versus no prior caffeine abstinence.
In this particular study, intra-
individual variation
in the paraxanthine/caffeine ratio in DBS at 2 h when

comparing ratios at sessions one, two, and four (over a period of ~ 1 month) was 15.8 ± 9.8%. Measured over a 12-
week period, the plasma paraxanthine/caffeine ratio at
5 h showed a similar mean intrasubject CV of 17.6 ± 6.0%
and 16.2 ± 5.9% in young (n = 16) and elderly (n = 16),
respectively, in a study by Simon et al.44 In contrast, intra-
individual variability in the 6-
hydroxymelatonin/melatonin ratios measured in first morning voids and 12-h
(overnight) urine samples was slightly higher (mean CV
23.6 ± 16.1% and 24.4% ± 13.1, respectively). It is likely
that uncontrolled factors are affecting urinary excretion
rates of endogenous melatonin and 6-hydroxymelatonin.
If uncontrolled factors affect the 6-hydroxymelatonin/
melatonin ratios resulting in higher intra-
individual
variability than the plasma paraxanthine/caffeine ratio,
it seems clear that this endogenous metric is less likely to
reliably capture CYP1A2 activity.
In this study, the urinary 6-hydroxymelatonin/melatonin ratios estimated either from first morning voids or
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from 12-h urine sample collection (from 9 p.m. to 9 a.m.)
also exhibited higher interindividual variability than the
paraxanthine/caffeine ratio with a mean intersubject CV
estimated at 41.0 ± 12.2% and 43.9 ± 11.9%, respectively.
The mean intersubject CV of the paraxanthine/caffeine
ratio in DBS at 2 h was 26.7 ± 8.3%. Previous research
work reported higher intersubject CV for plasma paraxanthine/caffeine ratios measured at a single time point
(ranging from ~ 29 to 48%).44–46 Because of the small sample size, we did not investigate potential factors that may
contribute to interindividual variability. However, it seems
essential to assess whether the 6-hydroxymelatonin/melatonin ratio is still able to capture the impact of factors
contributing significantly to CYP1A2 modulation, despite
slightly higher intra-and interindividual variability than
the paraxanthine/caffeine ratio. In particular, the impact
of gender, genetics, pathological states (e.g., liver disease),
or comedication on the urinary 6-
hydroxymelatonin/
melatonin ratio should be further investigated in future
projects, taking into account the variability measured in
this study to estimate the sample size.1,47–49 In particular, smoking, a potent inducer of CYP1A2 enzyme activity, is expected to increase any metabolite-
to-
substrate
ratio. In this study, only one subject reported being a
light smoker, which was possibly reflected in the urinary 6-hydroxymelatonin/melatonin ratio in first morning voids but not the paraxanthine/caffeine ratio. It also
seems important to measure whether different sleep patterns (e.g., early risers vs. late sleepers) would have an impact on the 6-hydroxymelatonin/melatonin ratio.
Caffeine is usually considered the reference probe
for CYP1A2 because its metabolism is primarily mediated by CYP1A2. In this study, the relationship between
the endogenous 6-
hydroxymelatonin/melatonin urinary ratio and the paraxanthine/caffeine ratio in DBS at
2 h was examined. We observed significant correlations
between paraxanthine/caffeine ratio and endogenous
6-
hydroxymelatonin/melatonin ratios (first morning
voids and overnight collection) during sessions one, two,
and four. However, the correlations were very weak (r <
0.35) and do not currently support clinical application.
To our knowledge, no other studies observed a significant
correlation between caffeine and endogenous melatonin.
Ursing et al.50 reported, for instance, a nonsignificant correlation between caffeine clearance and AUC of melatonin
in 12 healthy volunteers (r = −0.021, p = 0.95). However,
when measuring endogenous metrics, it seems more relevant to determine either the substrate and its metabolite simultaneously, or the metabolite alone (e.g., plasma
4-
beta-
hydroxycholesterol) rather than the substrate
alone, in order to assess the activity of a CYP isoenzyme.8
To conclude, this study successfully demonstrated that
the endogenous 6-hydroxymelatonin/melatonin urinary

ratio estimated from first morning voids and overnight
collection were statistically related. Therefore, the more
convenient first morning micturition could be considered when further investigating the 6-hydroxymelatonin/
melatonin urinary ratio as a metric for CYP1A2 phenotyping. Although this endogenous metabolite/substrate
couple remains a potential candidate for CYP1A2 phenotyping, at present, insufficient clinical data are available to use the 6-hydroxymelatonin/melatonin urinary
ratio as a CYP1A2 metric in clinical practice, and the
results of this study should be interpreted with caution.
Some of the results of the present study (i.e., the larger
intra-and interindividual variability observed in the
6-
hydroxymelatonin/melatonin ratios compared with
the paraxanthine/caffeine ratio), question whether this
endogenous metric adequately reflects CYP1A2 activity.
Confirmatory studies with larger samples are needed in
order to further explore this metric in the context of personalized medicine to measure the CYP1A2 metabolic
capability of a given patient. An important validation
criteria to consider when assessing new CYP450 markers is the capacity of the investigated metric (e.g., the
6-
hydroxymelatonin/melatonin ratio) to reflect modulation of the enzymatic activity after pretreatment with
CYP1A2 inhibitors and/or inducers.51 It also seems fundamental to understand the reasons why caffeine intake
had a significant impact on the paraxanthine/caffeine
ratio, but no effect on the 6-hydroxymelatonin/melatonin
ratios. Finally, it may also be interesting to test the formation clearance of 6-hydroxymelatonin, which could be
a valuable metric eliminating any potential influence of
the renal clearance of melatonin.8
ACKNOWLEDGEMENTS
The authors would like to thank all the volunteers who
participated in this work.
CONFLICT OF INTEREST
The authors declared no competing interests for this work.
AUTHOR CONTRIBUTIONS
G.M. wrote the manuscript. G.M., J.D., and Y.D. designed
and performed the research. G.M. and Y.D. analyzed the
data. J.D., C.F.S., A.T., and Y.D. contributed new reagents/analytical tools.
ORCID
Gaëlle Magliocco
REFERENCES

https://orcid.org/0000-0003-4352-5440

1. Guo J, Zhu X, Badawy S, et al. Metabolism and mechanism
of human cytochrome P450 enzyme 1A2. Curr Drug Metab.
2021;22:40-49.

6-OH-MELATONIN/MELATONIN TO ASSESS CYP1A2 ACTIVITY

2. McGraw J, Waller D. Cytochrome P450 variations in different ethnic populations. Expert Opin Drug Metab Toxicol.
2012;8:371-382.
3. Takuathung MN, Hanprasertpong N, Teekachunhatean S,
Koonrungsesomboon N. Impact of CYP1A2 genetic polymorphisms on pharmacokinetics of antipsychotic drugs: a
systematic review and meta-
analysis. Acta Psychiatr Scand.
2019;139:15-25.
4. Zanger UM, Schwab M. Cytochrome P450 enzymes in drug
metabolism: regulation of gene expression, enzyme activities, and impact of genetic variation. Pharmacol Ther.
2013;138:103-141.
5. Perera V, Gross AS, Polasek TM, et al. Considering CYP1A2
phenotype and genotype for optimizing the dose of olanzapine
in the management of schizophrenia. Expert Opin Drug Metab
Toxicol. 2013;9:1115-1137.
6. Zhou S-F, Wang B, Yang L-P, Liu J-P. Structure, function, regulation and polymorphism and the clinical significance of human
cytochrome P450 1A2. Drug Metab Rev. 2010;42:268-354.
7. Faber MS, Jetter A, Fuhr U. Assessment of CYP1A2 activity in
clinical practice: why, how, and when? Basic Clin Pharmacol
Toxicol. 2005;97:125-134.
8. Magliocco G, Thomas A, Desmeules J, Daali Y. Phenotyping
of human CYP450 enzymes by Endobiotics: current knowledge and methodological approaches. Clin Pharmacokinet.
2019;58:1373-1391.
9. Magliocco G, Desmeules J, Matthey A, et al. Metabolomics
reveals biomarkers in human urine and plasma to predict
cytochrome P450 2D6 (CYP2D6) activity. Br J Pharmacol.
2021;178:4708-4725.
10. Samer CF, Lorenzini KI, Rollason V, Daali Y, Desmeules JA.
Applications of CYP450 testing in the clinical setting. Mol
Diagn Ther. 2013;17:165-184.
11. Magliocco G, Daali Y. Modern approaches for the phenotyping of cytochrome P450 enzymes in children. Expert Rev Clin
Pharmacol. 2020;13:671-674.
12. Magliocco G, Rodieux F, Desmeules J, Samer CF, Daali Y.
Toward precision medicine in pediatric population using cytochrome P450 phenotyping approaches and physiologically
based pharmacokinetic modeling. Pediatr Res. 2020;87:441-449.
13. Claustrat B, Leston J. Melatonin: physiological effects in humans. Neurochirurgie. 2015;61:77-84.
14. Ma X, Idle JR, Krausz KW, Gonzalez FJ. Metabolism of melatonin by human cytochromes p450. Drug Metab Dispos Biol
Fate Chem. 2005;33:489-494.
15. Härtter S, Ursing C, Morita S, et al. Orally given melatonin may
serve as a probe drug for cytochrome P450 1A2 activity in vivo:
a pilot study. Clin Pharmacol Ther. 2001;70:10-16.
16. von Bahr C, Ursing C, Yasui N, Tybring G, Bertilsson L,
Röjdmark S. Fluvoxamine but not citalopram increases serum
melatonin in healthy subjects –an indication that cytochrome
P450 CYP1A2 and CYP2C19 hydroxylate melatonin. Eur J Clin
Pharmacol. 2000;56:123-127.
17. Rasmussen BB, Nielsen TL, Brøsen K. Fluvoxamine is a potent
inhibitor of the metabolism of caffeine in vitro. Pharmacol
Toxicol. 1998;83:240-245.
18. Skene DJ, Bojkowski CJ, 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.

  

|

9

19. Bosilkovska M, Déglon J, Samer C, et al. Simultaneous LC-
MS/MS quantification of P-glycoprotein and cytochrome P450
probe substrates and their metabolites in DBS and plasma.
Bioanalysis. 2014;6:151-164.
20. Bosilkovska M, Samer CF, Déglon J, et al. Geneva cocktail for
cytochrome p450 and P-glycoprotein activity assessment using
dried blood spots. Clin Pharmacol Ther. 2014;96:349-359.
21. Magliocco G, Le Bloc'h F, Thomas A, Desmeules J,
Daali Y. Simultaneous determination of melatonin and
6-hydroxymelatonin in human overnight urine by LC-MS/MS.
J Chromatogr B. 2021;1181:122938.
22. European Medicines Agency. Guideline on bioanalytical method
validation.
www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf.
23. Bachmann F, Duthaler U, Krähenbühl S. Effect of deglucuronidation on the results of the Basel phenotyping cocktail. Br J
Clin Pharmacol. 2021;87:4608-4618.
24. Linder C, Neideman M, Wide K, von Euler M, Gustafsson LL,
Pohanka A. Dried blood spot self-sampling by guardians of
children with epilepsy is feasible: comparison with plasma for
multiple antiepileptic drugs. Ther Drug Monit. 2019;41:509-518.
25. Berg M, Welty TE, Gidal BE, et al. Bioequivalence between
generic and branded Lamotrigine in people with epilepsy:
the EQUIGEN randomized clinical trial. JAMA Neurol.
2017;74:919-926.
26. Cecon E, Ossishi A, Jockers R. Melatonin receptors: molecular
pharmacology and signalling in the context of system bias. Br J
Pharmacol. 2018;175:3263-3280.
27. Rzepka-Migut B, Paprocka J. Melatonin-measurement methods and the factors modifying the results. A systematic review
of the literature. Int J Environ Res Public Health. 2020;17:E1916.
28. Pääkkönen T, Mäkinen TM, Leppäluoto J, et al. Urinary melatonin: a noninvasive method to follow human pineal function as studied in three experimental conditions. J Pineal Res.
2006;40:110-115.
29. Lee C. Urinary 6βP-
hydroxycortisol in humans: analysis,
biological variations, and reference ranges. Clin Biochem.
1995;28:49-54.
30. Joellenbeck L, Qian Z, Zarba A, Groopman JD. Urinary 6 beta-
hydroxycortisol/cortisol ratios measured by high-performance
liquid chromatography for use as a biomarker for the human
cytochrome P-
450 3A4. Cancer Epidemiol Prev Biomark.
1992;1:567-572.
31. Härtter S, Korhonen T, Lundgren S, et al. Effect of caffeine intake 12 or 24 hours prior to melatonin intake and CYP1A2*1F
polymorphism on CYP1A2 phenotyping by melatonin. Basic
Clin Pharmacol Toxicol. 2006;99:300-304.
32. Ursing C, Wikner J, Brismar K, Röjdmark S. Caffeine raises the
serum melatonin level in healthy subjects: an indication of melatonin metabolism by cytochrome P450(CYP)1A2. J Endocrinol
Invest. 2003;26:403-406.
33. Wright KP, Badia P, Myers BL, Plenzler SC, Hakel M. Caffeine
and light effects on nighttime melatonin and temperature levels in sleep-deprived humans. Brain Res. 1997;747:78-84.
34. Suenderhauf C, Berger B, Puchkov M, et al. Pharmacokinetics
and phenotyping properties of the Basel phenotyping cocktail combination capsule in healthy male adults. Br J Clin
Pharmacol. 2020;86:352-361.
35. Parra-Guillen ZP, Berger PB, Haschke M, et al. Role of cytochrome P450 3A4 and 1A2 Phenotyping in patients with

10

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

|

MAGLIOCCO et al.

  

advanced non-small-cell lung cancer receiving Erlotinib treatment. Basic Clin Pharmacol Toxicol. 2017;121:309-315.
Djordjevic N, Ghotbi R, Bertilsson L, Jankovic S, Aklillu E.
Induction of CYP1A2 by heavy coffee consumption in Serbs
and swedes. Eur J Clin Pharmacol. 2008;64:381-385.
Berthou F, Goasduff T, Dréano Y, Ménez JF. Caffeine increases
its own metabolism through cytochrome P4501A induction in
rats. Life Sci. 1995;57:541-549.
Bonati M, Latini R, Galletti F, Young JF, Tognoni G, Garattini
S. Caffeine disposition after oral doses. Clin Pharmacol Ther.
1982;32:98-106.
Lin Y-S, Weibel J, Landolt H-P, et al. Time to recover from daily caffeine intake. bioRxiv. 2021;450708. doi:10.1101/2021.07.01.450708
Tarantino G, Conca P, Capone D, Gentile A, Polichetti G, Basile
V. Reliability of total overnight salivary caffeine assessment
(TOSCA) for liver function evaluation in compensated cirrhotic
patients. Eur J Clin Pharmacol. 2006;62:605-612.
Kim HJ, Choi MS, Rehman SU, et al. Determination of urinary
caffeine metabolites as biomarkers for drug metabolic enzyme
activities. Nutrients. 2019;11:1947.
Nordmark A, Lundgren S, Cnattingius S, Rane A. Dietary caffeine as a probe agent for assessment of cytochrome P4501A2
activity in random urine samples. Br J Clin Pharmacol.
1999;47:397-402.
Cheng WS, Murphy TL, Smith MT, Cooksley WG, Halliday JW,
Powell LW. Dose-dependent pharmacokinetics of caffeine in
humans: relevance as a test of quantitative liver function. Clin
Pharmacol Ther. 1990;47:516-524.
Simon T, Becquemont L, Hamon B, et al. Variability of cytochrome P450 1A2 activity over time in young and elderly
healthy volunteers. Br J Clin Pharmacol. 2001;52:601-604.
Damkier P, Brøsen K. Quinidine as a probe for CYP3A4 activity: intrasubject variability and lack of correlation with probe-
based assays for CYP1A2, CYP2C9, CYP2C19, and CYP2D6.
Clin Pharmacol Ther. 2000;68:199-209.
Tian D, Natesan S, White JR, Paine MF. Effects of common
CYP1A2 genotypes and other key factors on Intraindividual

47.

48.

49.

50.

51.

variation in the caffeine metabolic ratio: an exploratory analysis. Clin Transl Sci. 2019;12:39-46.
Ou-Yang D-S, Huang S-L, Wang W, et al. Phenotypic polymorphism and gender-related differences of CYP1A2 activity in a Chinese population. Br J Clin Pharmacol. 2000;49:
145-151.
Koonrungsesomboon N, Khatsri R, Wongchompoo P,
Teekachunhatean S. The impact of genetic polymorphisms on
CYP1A2 activity in humans: a systematic review and meta-
analysis. Pharmacogenomics J. 2018;18:760-768.
Coutant DE, Hall SD. Disease–drug interactions in inflammatory states via effects on CYP-mediated drug clearance. J Clin
Pharmacol. 2018;58:849-863.
Ursing C, Härtter S, von Bahr C, Tybring G, Bertilsson L,
Röjdmark S. Does hepatic metabolism of melatonin affect the
endogenous serum melatonin level in man? J Endocrinol Invest.
2002;25:459-462.
Fuhr U, Jetter A, Kirchheiner J. Appropriate Phenotyping procedures for drug metabolizing enzymes and transporters in humans and their simultaneous use in the “cocktail” approach.
Clin Pharmacol Ther. 2007;81:270-283.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.
How to cite this article: Magliocco G, Desmeules
J, Samer CF, Thomas A, Daali Y. Evaluation of
CYP1A2 activity: Relationship between the
endogenous urinary 6-hydroxymelatonin to
melatonin ratio and paraxanthine to caffeine ratio
in dried blood spots. Clin Transl Sci. 2022;00:1–10.
doi: 10.1111/cts.13263

