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Various methods were proposed for phenotyping of patients by activity of cytochrome P450 
1A2, each has some advantages and disadvantages. However, no reference parameters were 
developed for measuring CYP1A2 activity that could be used as a unifi ed standard for pheno-
typing of patients. We propose a mathematic model of caffeine metabolism allowing calcula-
tion of rate constants for the formation of its primary metabolites. First-order rate constant 
of paraxanthine formation was tested as a new specifi c marker of isoenzyme 1A2 in healthy 
volunteers.
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Standard methods of studying metabolism include mea-
surements of the concentrations of the test substrate, 
i.e. model substance primarily metabolized by the test 
isoenzyme and its metabolites in a biological material 
(plasma, urine, saliva, exhaled air, etc.) [3,5,8,11]. 
Caffeine is the test substrate for cytochrome P450 1A2 
(CYP1A2). In caffeine metabolism (1,3,7-trimethyl 
xanthine, 1,3,7Х), CYP1A2 primarily participates in 
3N-demethylation of caffeine to paraxanthine [2,6]. 
Theobromine and theophylline are mainly formed by 
CYP2E1 [7]. Isoenzyme 3A4 metabolizes caffeine to 
1,3,7-trimethyluric acid [15].

Methods of measuring CYP1A2 activity with caf-
feine as the substrate can be divided into two large 
groups. The fi rst group includes calculation of caffeine 
elimination constant and all related pharmacological 
parameters (caffeine clearance, half-elimination pe-
riod, area under pharmacokinetic curve, etc.) [3,8,10]. 

These parameters refl ect all processes of caffeine eli-
mination, including caffeine metabolism, inter-com-
partment exchange, and excretion in unchanged form. 
For precise phenotyping by CYP1A2 activity, the reac-
tion of paraxanthine formation from caffeine should be 
singled out from the entirety of caffeine biotransfor-
mation reactions. Therefore, simple description of caf-
feine pharmacokinetic parameters cannot specifi cally 
refl ect CYP1A2 activity.

Another method of phenotyping by CYP1A2 ac-
tivity is calculation of concentration ratios for me-
tabolite of the paraxanthine pathway [2,12,13]. The 
main drawback of this method is that not all products 
of paraxanthine metabolism are taken into account. 
It should be also noted that this parameter depends 
on the rates of formation and elimination of parax-
anthine and its metabolites, i.e. is a complex integral 
parameter.

Analysis of published data showed that there is 
no consensus about the choice of the parameter for 
describing CYP1A2 activity.

The aim of the present study was to develop and 
test the mathematic model of in vivo pharmacokinetics 
of caffeine after its extravascular administration with 
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calculation of a criterion explicitly related to CYP1A2 
activity.

MATERIALS AND METHODS

We examined 96 healthy volunteers (58 women and 
38 men, mean age 36.4±16.7 years, mean body weight 
68.8±15.8 kg), citizens of Kazan. Of them, 18 indivi-
duals (5 women and 13 men) were smokers, 11 women 
took oral contraceptives (including 2 smokers).

The samples for HPLC were collected and HPLC 
was carried out as described previously [1].

Comparison of the empirical distribution with 
theo retical one was performed using Kolmogorov
Smirnov test and χ2 test (Statistica 7.0).

RESULTS

We used a scheme of caffeine metabolism in the form 
of a set of successive and parallel fi rst-order reactions 
in a two-compartment model with absorption and sin-
gled out the reactions of paraxanthine formation and 
metabolism (Fig. 1).

The paraxanthine formation constant (k1,7X) char-
acterizes the reaction of paraxanthine formation from 
caffeine (Fig. 1), i.e. is a specifi c marker of CYP1A2 
activity.

For calculation of fi rst-order rate constant for pa-
raxanthine formation from caffeine we solved a system 
of differential equations describing the kinetics of suc-
cessive reactions of paraxanthine formation.

In general, the kinetics of caffeine metabolism is 
described by a system of fi rst-order differential equations:
 d[1,3,7X(0)]
 =-k01[1,3,7X(0)]; (1)
 dt

 d[1,3,7X(1)]
 =k01[1,3,7X(0)]-k1,7X[1,3,7X(1)]-
 kel1,3,7X[1,3,7X(1)]-
 k12[1,3,7X(1)]+k21[1,3,7X(2)]. (2)
 

dt

The kinetics of a fragment of the paraxanthine 
pathway of caffeine metabolism is described by an 
equation (3):
 d[1,7X]
 =k1,7X[1,3,7X(1)]-kel1,7X[1,7X]. (3)
 dt

Solution of system (1)-(3) yields complex tran-
scendental equations that cannot be solved by analyti-
cal methods. Therefore we calculated only the kinetic 
parameters of the reactions of paraxanthine formation 
and elimination.

If k1,7X≠kel1,7X, integration of equation (3) at t=0: 
[1,3,7X(1)]=0, [1,7X]=0 yields:
 [1,7X] k1,7X  = (1-e(k1,7X-kel1,7X)t). (4)
 [1,3,7X(1)] kel1,7X-k1,7X

Numerical solution of equation (4) for experi-
mental concentrations [1,7X] and [1,3,7X(1)] makes 
it possible to directly fi nd k1,7X.

As is seen from equation (4), the paraxanthine to 
caffeine concentration ratio is a variable that depends 
exponentially on the time and individual peculiarities 
of metabolism (k1,7X and kel1,7X).

Analysis of caffeine pharmacokinetics in healthy 
volunteers revealed lognormal distribution by k1,7X. In 
light of this, fi rst-order rate constant pk1,7X equal to 
-lnk1,7X was chosen as the criterion of caffeine metabo-
lism by the paraxanthine pathway, i.e. CYP1A2 activi-
ty (рk1,7X is positive due to minus sign before lnk1,7X). 

Fig. 1. Scheme of two-compartment model of caffeine pharmacokinetics after its extravascular administration. 1,3,7Х(0): instant caffeine 
concentration at the site of injection, 1,3,7Х(1): caffeine concentration in the central compartment (blood and tissues rapidly exchanging 
with plasma), 1,3,7Х(2): in peripheral compartment, 1,7Х: paraxanthine; k

01
: caffeine absorption constant, k

el1,3,7Х
: sum of rate constants of 

parallel reactions of caffeine elimination except paraxanthine formation (k
1,7Х

) and intercompartment exchange (k
12

 and k
21

); k
el1,7X

 sum of 
all rate constants of all parallel reactions of paraxanthine elimination.
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The higher is рk1,7X, the lower is the rate of metabolic 
transformation. Normal distribution of healthy donors 
by the negative logarithm of paraxanthine formation 
rate constant was observed (Fig. 2).

Published reports on phenotyping of different 
populations by CYP1A2 activity demonstrate differ-
ent variants of distributions: normal or lognormal [4], 
unimodal [14], bimodal and trimodal [9]. These dif-
ferences are related to the absence of reference param-
eters for measuring CYP1A2 activity.

New method for calculation of fi rst-order rate con-
stant for the reaction of paraxanthine formation from 
caffeine for evaluation of specifi c activity of CYP1A2 
is correct from mathematical point of view, because 
it characterizes activity of this particular isoenzyme. 
Measurement of the concentrations of all subsequent 
paraxanthine metabolites is obviously unnecessary. 
An important advantage of the proposed method is 
the fact that rate constant does not depend on the ini-
tial caffeine concentration, i.e. we can compare the 
data from different patients without concern about 
improper caffeine intake. The proposed algorithm of 
measuring CYP1A2 activity can be used for any cy-
tochrome P450 isoenzymes.

Thus, a new specifi c marker pf CYP1A2 activity, 
rate constant of paraxanthine formation, can be used 
as a unifi ed standard for phenotyping of patients by 
isoenzyme 1A2 activity.
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Fig. 2. Distribution of volunteers by рk
1,7X

. Bars: empirical fre-
quencies; curve: normal distribution. KolmogorovSmirnov test: 
d=0.05758, р=n.s., 2=1,6393, number of degrees of freedom=3, 
р=0.65051.
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