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Abstract

An improved extraction procedure and a new RP-HPLC method were developed for selective and rapid analysis
of caffeine and 14 of its metabolites in urine. Analytes were isolated by solid-phase extraction and separated on an
Eclipse XDB-C18 column. Recoveries ranged between 83 and 99%. Precision, linearity and accuracy of the
chromatographic method were found to be within required limits. Using this procedure, caffeine metabolic ratios were
determined in 20 subjects with characteristic CYP1A2 activities, relatively to smoking habit and contraceptives intake.
The method might be useful to point out induction and inhibition of CYP1A2 activity. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Given the involvement of CYP1A2 (isoform of
the CYP1A cytochrome P450 subfamily) in drug
metabolism and its potentially important role in
the induction of chemical carcinogenesis, there
has been a real interest in the identification of
substrates which can be used as in vivo probes for
assessing the activity of this enzyme in humans.
Caffeine, 1,3,7-trimethylxanthine (137X), is used
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world-wide in many kind of beverages as well as a
drug and has been applied as a metabolic probe
for determining CYP1A2 activity. This enzyme is
involved in the liver biotransformation of many
drugs and xenobiotics [1-3].

As shown in Fig. 1, CYP1A2 catalyses the N-1,
N-3 and N-7 demethylations of caffeine (137X) to
form theobromine (37X), paraxanthine (17X) and
theophylline (13X), respectively, accounting for
about 80, 11 and 4% of caffeine metabolism [4].
Each of these xanthines undergoes a N-
monodimethylation reaction to give the corre-
sponding monomethylxanthine, 1-methylxanthine
(1X), 3-methylxanthine (3X) and 7-methylxan-
thine (7X). Caffeine and xanthines are hydroxy-

0731-7085/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0731-7085(01)00546-5



262 M.-S. Caubet et al. /J. Pharm. Biomed. Anal. 27 (2002) 261-270

Q H
|
HL N,
N
X T
Z N
Y

CH,
3U
A
o H
|
0 N 9  CcH
3
CHin 2 Py ) H
D N v C N N
)\ %OH cY® o= YPop, N >—oH
o CHs Yp,

\
CH.
13X oy D)
& I 37X
c / [ v
YP/ 4 \ CH3 G s{\w,\[% o

CH;

2 27 e 111 2 CYP3A4 cr Jt,‘q

E )\ /> = CYP3AS > )\ %OH

5 0N N © CYP2EI or TN
) CH; o CHmeAS CHj

eroe AN 137X Ho At 137U
? I
o o” N N CYP1A2 07N N
A$/ X H CYP2EI * b
o 2
CHa, E Cﬂ?\‘x X x

9 oy

Ho N

N N

%OH '\ = 4 )i OH

oy & s oAy
o ”5 R |

1U
5’ H 7U
<~ 17X
CYP1A2
o CYP2A6
CHs\N)tN'COCHs
O)\N N—COH O CHs
| CH [
Spontaneous ) N N>,
OH
degradati(y AFMU )\ N/
o 1 7U
CHa N—COCH;

)\ NH,

II

AAMU

Fig. 1. Caffeine metabolism pathways in human liver. Bold arrows point out main pathways and dotted arrows mark minor
pathways, which do not contribute to any of the ratios used to mark CYP1A2 or NAT2 activity. Symbols beside arrows indicate
enzymes: NAT2, N-acetyltransferase; XO, xanthine oxidase. 137X is caffeine or 1,3,7-trimethylxanthine; 13X is theophylline or
1,3-dimethylxanthine; 17X is paraxanthine or 1,7-dimethylxanthine; 37X is theobromine or 3,7-dimethylxanthine; 1X is 1-methylx-
anthine; 3X is 3-methylxanthine; 7X is 7-methylxanthine; 137U is 1,3,7-trimethyluric acid; 13U is 1,3-dimethyluric acid; 17U is
1,7-dimethyluric acid; 37U is 3,7-dimethyluric acid; 1U is l-methyluric acid; 3U is 3-methyluric acid; 7U is 7-methyluric acid;
AFMU, 5-acetylamino-6-formylamino-3-methyluracil; AAMU, 5-acetylamino-6-formylamino-3-methyluracil.



M.-S. Caubet et al. /J. Pharm. Biomed. Anal. 27 (2002) 261-270 263

lated into their corresponding uric acids, 1,3,7-
trimethyluric acid (137U), 1,3-dimethyluric acid
(13U); 1,7-dimethyluric acid (17U); 3,7-dimethy-
luric acid (37U); 1-methyluric acid (1U); 3-methy-
luric acid (3U) and is 7-methyluric acid (7U).
Other non-microsomal enzymes participate in caf-
feine metabolism [5]. The polymorphic N-acetyl-
transferase, NAT2, catalyses the C8—N9 bond
scission and the acetylation of paraxanthine to
produce 5-acetylamino-6-formylamino-3-methylu-
racil (AFMU) which is then spontaneously trans-
formed into 5-acetylamino-6-amino-3-methylura-
cil (AAMU) in urine. Xanthine oxidase (XO) is
responsible for the conversion of 1X into 1U.

Several chromatographic methods, especially
HPLC methods, have been reported for determin-
ing caffeine and its metabolites in human biologi-
cal fluids. Some of these methods focused on the
determination of caffeine and several methylxan-
thines [6—8] while others separated and identified
few xanthines and uric acids [9,10]. Furthermore,
these methods used a liquid-phase extraction.
Solid-phase extraction (SPE) is progressively sub-
stituting for liquid—liquid extraction, because it is
more easy and solvent saving. However, literature
reports assays that do not extract more than six
or seven metabolites, generally of the xanthines
group [6,11,12].

A new method using a solid-phase extraction
from urine and able to analyse and quantify caf-
feine and 14 of its metabolites by reversed phase
liquid chromatography-diode array detector (RP-
HPLC-DAD) is reported. The method has been
applied to the measurement of caffeine and its
metabolites in urine samples taken from 20
healthy subjects, men and women, smokers (S)
and non-smokers (NS), and women taking or not
taking oral contraceptives (OC).

Molar ratios of the different caffeine metabo-
lites have been calculated to assess the characteris-
tic CYP1A2 activity of these groups of subjects.
Among the various metabolic ratios reported in
the literature, the following ratios were chosen as
being not influenced by renal clearance and not
affected by the contribution of the other enzymes
involved in the caffeine metabolism, (17X + 17U)/
137X; (13X + 17X+ 37X)/137X; (3X+ 13U +
13X)/137X and (7X + 37U + 37X)/137X [3.9].

2. Materials and methods

2.1. Chemicals

Caffeine, its xanthine and uric acid derivatives
and B-hydroxyethyltheophylline (BHT) were ob-
tained from Sigma-Aldrich Ltd (Oakville, Ont.,
Canada). Methanol, tetrahydrofuran (THF) and
acetonitrile were purchased from V.W.R. Scien-
tific Ltee (Montreal, Que., Canada). Glacial acetic
acid and water HPLC reagent were from Moquin
scientific Inc (Lachenaie, Que., Canada). Sodium
hydroxide, hydrochloric acid, sodium acetate and
sodium chloride were from Sigma-Aldrich Ltd
(Oakville, Ont., Canada).

Solvents and chemicals were all of analytical
grade.

2.2. Calibration and reagent solutions

Individual stock solutions containing 1 mg
ml~"' of methylxanthines and uric acids were pre-
pared in water/methanol (70:30, v/v). Metabolites
needed addition of 1 N sodium hydroxide for
complete dissolution, except for 13X, 17X, 137X
and 137U. As 1U and casually 3U have been
found to be unstable in basic or acidic solvent, in
particular at room temperature, basic solutions
were buffered at pH 7 with 1 N hydrochloric acid.
A standard solution containing 100 pg ml~! of all
the metabolites was prepared. This standard mix-
ture was diluted to 1, 10, 20 and 40 pg ml—' with
blank urine. Since it was really difficult to obtain
urine free of all xanthines and uric acids, quanti-
tative urine controls (Fisher Scientific, Montreal,
Canada) were used for blank urine samples.

B-hydroxyethyltheophylline was chosen as in-
ternal standard because it is an analogue of
theophylline which has chemical properties similar
to those of caffeine metabolites. A stock solution
containing 0.2 mg 1=' of B-hydroxyethyltheo-
phylline was prepared in water/methanol (70:30,
v/v). The concentration of the internal standard
was set at 20 pg ml~! in the blank urine. Solu-
tions were kept stable when stored at 4 °C for
several months.
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2.3. Instrumentation and chromatographic
conditions

An HPLC-DAD system, series 1100, from
Hewlett-Packard (Kirkland, Que., Canada) was
used. The chromatographic system consisted of a
vacuum degasser on line with a binary pump
linked to a thermostatted column compartment
via an autosampler. The detection was carried out
using a diode array UV detector (200-400 nm).
Metabolites were separated on an Eclipse XDB-
C18 reversed phase column (250 x 4.6 mm, 5 pm
particle size) coupled with a Eclipse XDB-C18
guard column (12.5 x 4.6 mm, 5 pm particle size),
from Hewlett-Packard (Kirkland, Que., Canada).
The mobile phase A was a mixture of water/acetic
acid/THF (996.5:1:2.5, v/v/v) (pH 3.3) and the
mobile phase B was acetonitrile [6]. Both of them
were filtered through a 0.45 pm membrane from
Gelma Sciences (Ann Arbor, MI, USA). The elu-
tion program was chosen as follows, B was set at
3.5% for 11 min, then increase linearly to 12%
from 11 to 18 min and then held at 12% for 7
min; with a post run of 10 min in order to
equilibrate the column between injections. The
flow rate was set at 1 ml min—! The column
compartment was kept at a controlled tempera-
ture of 23 + 0.5 °C. The pressure was 11 000 kPa.
Compounds were detected at their maximum ab-
sorbance wavelength, 270 nm for xanthines and
the internal standard and 290 nm for uric acids.

2.4. Sample preparation: solid phase extraction
(SPE)

Before treatment, urine samples were filtered
through a 0.45 pm nylon membrane from Mil-
lipore (Neapan, Ont., Canada). 500 pl of urine
was spiked with 50 pl of internal standard (100 ug
ml~!) and then acidified with 50 pl of 1 N HCL
The solution was loaded onto a SPE column
Oasis C18 from Waters Corporation (Milford,
MA, USA) which had been previously condi-
tioned with 2 x 1 ml of methanol, 2 x 1 ml of 0.02
N HCI and 2 x 1 ml of water. The column was
dried under vacuum for 10 min and then washed
with 0.1 M sodium acetate in methanol/acetoni-

trile (80:20, v/v) adjusted to pH 7.5 with glacial
acetic acid. The eluate was collected and dried in
a Rapidvap™ evaporator from Labconco (Kan-
sas City, MO, USA) at 45 °C under vacuum, at
95% of the maximum vortex speed. Finally, the
sample was reconstituted into 500 pl of water/
methanol (70:30, v/v) and a 5 pl aliquot was
injected into the HPLC system for analysis.

2.5. Analytical parameters

2.5.1. Precision and recovery

Within run precision was calculated from re-
peated analysis (n = 4) during one working day.

Day to day precision was calculated from re-
peated analysis of quality control samples on four
successive working days. The efficiency of the
extraction procedure was evaluated by comparing
peak area ratios to internal standard, with and
without extraction.

2.5.2. Linearity

Calibration curves were constructed by plotting
peak area ratios (compound/internal standard)
versus standard concentrations and the best rela-
tionship was determined by a least-squares linear
regression analysis.

2.5.3. Limit of detection and quantification

The limits of detection (LOD) were calculated
as a three-fold signal to noise ratio at the baseline.
The limit of quantification (LOQ) was set as the
lowest concentration of the calibration function.

2.5.4. Accuracy

The accuracy was tested using a Student’s ¢-
test, comparing the mean value Y, (n=4) of the
peak area ratio of a urine standard of known
concentration, injected four times (n = 4), with the
peak area Y, measured from the equation of the
linear regression. Accuracy was verified with a
threshold of tolerance of 5% when ¢ =(Y,, — Yr)/
(S.D./2) < tapie(d = 5%, n—1), where S.D. is the
standard deviation of Y,,,.

Accuracy was checked with concentrations of 1
and 40 pg ml— ",
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2.6. Subject and drug administration

A clinical trial was carried out in five groups of
four healthy adults, aged between 18 and 40
years, men NS (group A); men S (group B);
women NS taking no OC (group C); women NS
taking OC (group D) and women S taking OC
(group E). These subjects were part of 125 healthy
volunteers who participated in a CYP1A2 pheno-
typing study with metabolic probes labeled with
13C. Characteristic groups were chosen to evaluate
the induction of the CYPIA2 (group B), the
inhibition of the CYP1A2 (group D) and the
simultaneous exposition to both an inducer and
an inhibitor of this enzyme (group E).

The pre-requisites were a 7 day period without
any medication, 48 h without alcohol and char-
broiled meat and a 10 h fast before the trial. All
subjects ingested an oral dose of labeled '*C caf-
feine in aqueous solution, depending of the body
weight. Doses were either 155, 200 or 245 mg for
body weights ranging between 45 and 60 kg, 60
and 75 kg and 75 and 90 kg, respectively. These
doses, corresponding to 3 mg about per kg of the

body weight, were chosen according the doses
previously used in the literature for caffeine
breath test [13].

A urine sample, U,, was collected just before
the beginning of the test. All the urines were
collected from the '*C caffeine administration up
to the end of the test, divided in two samples, U,
and U, for, respectively, the time period between
0 and 3 h and the time period between 3 and 6 h.

Samples were stored at — 20 °C until analysis.

2.7. Data analysis

The concentrations of caffeine and metabolites
were measured in the three urine samples for the
20 subjects. The following molar ratios were cal-
culated in U, and U, and used as an index for
CYP1A2  activity, (7X+ 37U + 37X)/137X,
(17X +17U)/137X, (3X + 13U + 13X)/137X and
(13X + 17X 4+ 37X)/137X, for measuring, respec-
tively, the N-1-demethylation, N-3-demethylation
N-7-demethylation and the first three N-demethy-
lations of caffeine. Mean ratios were compared
between groups using a Student’s 7-test.
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Fig. 2. Chromatogram for blank urine spiked with standard solution at 10 ug ml—! at 270 nm. For compounds abbreviations refer
to Table 1. Retention times are 4.51, 6.00, 6.76, 7.42, 8.04, 8.48, 9.67, 13.63, 14.12, 18.46, 18.99, 19.31, 20.73, 21.02, 23.08 min for
30, 7U, 7X, 1U, 3X, 37U, 1X, 13U, 37X, 17U, 17X, 13X, 137U, BHT, 137X, respectively.
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Table 1
Recovery and within-day and between-day precision (n = 4)

M.-S. Caubet et al. /J. Pharm. Biomed. Anal. 27 (2002) 261-270

Compound Recovery  Coefficient of variation (%)

(%0)
Within day Between day
I pugml=" 10 pg 20 pg 40 pg 1 pgml=! 10 pg 20 pg 40 pg ml—!
ml~! ml—! ml—! ml~! ml~!

137X 97+1 0.1 0.3 0.1 0.2 3.1 1.2 0.3 0.2
13X 9 +3 1.3 0.4 0.1 0.4 4.8 4.5 0.3 0.1
17X 99 +2 1.8 0.3 0.1 0.4 4.9 5.0 0.2 0.2
37X 97+1 0.7 0.6 0.1 0.4 2.6 0.6 0.1 0.7
1X 98 +2 1.8 0.2 0.1 0.2 0.9 5.0 1.2 0.4
3X 96 +3 0.4 0.2 0.1 0.1 2.9 4.5 0.3 0.7
7X 90+ 6 0.2 1.2 0.1 0.2 2.5 4.9 0.1 1.7
137U 95+2 0.2 0.2 0.1 0.2 3.1 1.8 1.7 0.2
13U 96 + 1 1.1 0.2 0.1 0.0 1.2 1.7 1.7 0.2
170 95+0 0.5 0.2 0.0 0.3 0.7 1.8 1.6 0.1
37U 96 +2 0.4 1.8 0.1 0.2 4.7 1.7 1.6 1.3
11U 86+ 5 1.0 1.6 0.4 0.1 4.0 2.6 1.0 0.2
3U 33+7
70U 83+7 0.4 0.5 0.0 0.1 0.7 1.9 1.6 2.7
BHT 98 + 1

3. Results and discussion

3.1. Method validation

In Fig. 2 is shown a chromatogram of extracted
blank wurine sample spiked caffeine and its
metabolites, according to the method described
above. Peak’s resolution factors were superior to
1.5. No interference in blank urine control and no
matrix effect were observed.

3.1.1. Precision and recovery

Coefficients of variation and the recoveries are
listed in Table 1. For all metabolites, within day
reproducibility values were below 1.8% for the
concentrations of 1 and 10 pg ml~!' and below
0.4% for the concentrations of 20 and 40 pg ml—'.
Day-to-day coefficients of variation never ex-
ceeded 5%. Recovery for methylxanthines were
higher than 90% and those for uric acids ranged
between 83 and 96%, except for 3U (33%). 3U
was not taken into account in the rest of the study
because it is a minor metabolite of caffeine, which
does not contribute significantly to any of the
ratios used to check CYP1A2 activity.

The advantages of the SPE compared with lig-
uid-liquid extraction has been described exten-
sively [14,15]. SPE is simple, safety, solvent saving
and low cost. Furthermore, our SPE method per-
mitted to obtain recoveries similar to those re-
ported when liquid extraction is used [8,10]. The
method improved the determination of caffeine
and its metabolites in terms of number of metabo-
lites and efficiencies, as compared with the previ-
ously published SPE procedures. Recoveries using
the current method were the same or greater than
those archived previously by Z.Y. Zhang et al.
[11] and I.N. Papadoyannis et al. [6].

3.1.2. Linearity

The values of the correlation coefficients (R?)
of the calibration functions were mostly higher
than 0.999. Therefore, the response of the detector
showed a good linearity for quantification of caf-
feine and its derivatives in the studied range of
concentrations.

The LOD was evaluated at 3 ng for 1X, 37X,
37U and 13U and 2 ng for caffeine and the other
metabolites. LOQ was set at 5 ng.
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3.1.3. Accuracy

Accuracy was calculated for two concentrations
within the calibration range (1-40 ug ml—1'). T
was inferior to f,,. (0.95, 3)=3.18, except for
37X at 1 pug ml—! and 37U and 1U at 40 pg
ml~!, thus the accuracy of the method can be
considered as acceptable.

In conclusion, the results show that this new
method allows to separate and quantify rapidly
(23 min) the metabolites of caffeine, with high
precision and accuracy, and that the parameters
of quality of the method are similar to those
reported in the literature [9,10,16]. Moreover, The
solid-phase extraction procedure described here
provides an easier and solvent saving sample

267

preparation that with traditional liquid-liquid
procedure. This SPE method is also the first
method reported able to extract almost all caf-
feine metabolites with high recoveries ( > 90%).

3.2. Human samples analysis

3.2.1. Urinary profile

Fig. 3 shows the chromatographic urinary
profile of a U, sample and the various concentra-
tions measured from U, and U,, for one of the
subjects included in the trial. It can be observed
that caffeine and nearly all its metabolites were
present in urine, 3 h after the ingestion of labeled
caffeine (U,). Concentrations were generally lower
in U, than in U,.
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Fig. 3. Chromatogram for urine U, at 270 nm and concentrations in urine U, and U,, for a women non-smoker taking no oral
contraceptive steroids. U; and U, are the urines collected between 0 and 3 h and 3 and 6 h following the caffeine administration,

respectively. For compounds abbreviations refer to Fig. 1.
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A C D E
ratio Mean SD Mean SD Mean SD Mean SD Mean SD
(13X+17X+37X)/137X 2.8 2.0 32 14 34 13 20 16 25 19
(17X+17U0)/137X 45 29 76 57 27 19 24 20 36 1.6
(BX+13U+13X)/137X 2.0 1.0 26 1.8 23 07 10 19 58 74
(7X+37U+37X)/137X 50 79 3.0 2.7 50 35 19 32 9.0 11.1
24
20 F
16
£ T T 7
§ : ‘ ‘ ‘
8 J_ T r
4 T T T T T T T T
0 A|B|C|D|E A BJC_’JD;‘—I:‘ ’i_m-CL"IL'E A[B|C|D|E
(I3X+17X+37X)/137X (17X+17U)/137X (GBX+H13U+13X)/137X (TX+37U+37X)/137X

Fig. 4. Caffeine metabolite ratios used for marking CYP1A2 activity, calculated in U, for the groups of subjects A, B, C, D and
E. U,, urine collected between 0 and 3 h following the caffeine administration. A, four men non-smokers. B, four men smokers. C,
four women non-smokers taking no oral contraceptive. D, four women non-smokers taking oral contraceptives. E, women smokers

taking oral contraceptives.

3.2.2. Metabolic ratios

Figs. 4 and 5 gather the mean and the S.D. of
various metabolic ratios in U, and U,, respec-
tively, for the five groups of subjects. Statistics
differentiated significantly group C and group D
for the ratio (17X + 17U)/137X calculated in U,,
but failed to differentiate the five groups for the
other ratios. Nevertheless, the values of metabolic
ratios and their relative variations among groups
show trends to induction and inhibition relative to
smoking habits or OC intake.

The comparison of the ratios between group A
and B showed that the values obtained from men
NS were lower, but insignificantly, than those
from men S, except for the ratio (7X + 37U +
37X)/137X where it was the reverse. This observa-
tion is in accordance with an induction on the
expression of the CYP1A2, due to the polycyclic
aromatic hydrocarbons contained in smoke [17].

Comparisons between groups C and D seemed
to show that the intake of OC inhibits the activity

of the CYP1A2, as mentioned in other studies
reporting also lower ratios in OC users [1,18]. The
combination of the smoking habits and the OC
intake increased slightly the activity of the
CYP1A2 (group E vs. D). Moreover, the
metabolic ratios observed in group E seemed to
be higher than those observed in group C. Thus,
the overall effect of smoking combined with the
OC intake results preferentially in an induction of
the CYP1A2.

The results obtained, in terms of metabolic
ratios, from U, and U,, brought nearly the same
information about the activity of the CYP1A2 for
the various groups. Nevertheless, the quality of
measurement was improved when working with
U.,.

These observations are in accordance with the
13C caffeine breath test results [19]. However, the
presence of metabolites observed in all samples of
U, (even after a 10 h fast period) might have
generated potential errors. Under these condi-
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A B C D E
ratio Mean SD Mean SD Mean SD Mean SD Mean SD
(13X+17X+37X)/137X 2.7 3.0 42 1.7 28 1.1 12 09 23 04
(17X+17U)/137X 39 42 89 59 29 10 11 06 32 1.6
(3X+13U+13X)/137X 1.5 22 30 20 14 1.1 03 03 1.8 1.2
(7X+37U+37X)/137X 48 87 32 20 3.6 25 06 05 3.0 2.1
16
14 —
12
10
N ]
&
T [
P<0.05 1
Nl =i - Tl o1
2 T T T
0 A|B|C|D|E A|B|C|D|E ’—ALB JC_I_ﬁ_I—g‘ A|B|C E
(I3X+17X+37X)/137X (17X+17U)/137X GX+I3UHIBX)YI37X  (TX+37U+37X)/137X

Fig. 5. Caffeine metabolite ratios used for marking CYP1A2 activity, calculated in U, for the groups of subjects A, B, C, D and
E. U,: urine collected between 3 and 6 h following the caffeine administration. A, four men non-smokers. B, four men smokers. C,
four women non-smokers taking no oral contraceptive. D, four women non-smokers taking oral contraceptives. E: women smokers

taking oral contraceptives.

tions, the validation of the comparisons between
reference groups would require a higher number
of subjects and a stricter xanthine-free diet, at
least 2 days before the test.

4. Conclusion

The analytical method described above can eas-
ily be applied for the evaluation of the individual
variations of the CYP1A2 activity in longitudinal
study, for example for the evaluation of the drug
metabolizing liver function during either normal
or pathological pregnancy, for the study of drug—
drug interaction or drug—environmental interac-
tion, for assessing liver metabolic function during
hepatic diseases, etc. In the context of these kinds
of studies, the inter-individual variations do not
interfere in the comparison of metabolic ratios, as
each subject acts as its own standard.

Moreover, if '3C caffeine is used as the
metabolic probe, mass spectrometry could be used
to detect more specifically the labeled substrate
and its metabolites. Hence, labeled xanthines and
uric acid metabolites could be differentiated from
the unlabeled ones present in urine prior to the
test.
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