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Abstract
Purpose To derive estimates of CYP1A2 abundance as a
function of daily cigarette consumption and use these values
to predict the clearances of CYP1A2 substrates in smokers.
Methods Smoking-induced changes in hepatic CYP1A2
abundance were extrapolated from reported in vivo caffeine
clearance data for sub-groups of a smoking population that
were categorized according to their daily cigarette consump-
tion. These abundance values together with in vitro–in vivo
extrapolation (IVIVE) within the Simcyp population-based
Simulator were used to predict the clearances of caffeine,
theophylline, and clozapine in smokers. The model was
used subsequently to predict differences in oral clearance
between smoker and non-smoker cohorts in a Phase 1 clin-
ical trial involving PF-2400013, a drug metabolized by
CYP1A2.
Results Estimated hepatic CYP1A2 abundance values were
52, 64, 79, 90, and 94 pmol/mg microsomal protein for
subjects smoking 0, 1–5, 6–10, 11–20, and >20 cigarettes/
day respectively. Predicted -fold increases in oral clearance
of caffeine, theophylline and clozapine in smokers relative
to non-smokers were consistent with observed data. The
validated model was able to recover the smoking-induced
increase in oral clearance of PF-2400013; predicted and
observed mean (CV%) values in male nonsmokers and

smokers were 90 L/h (40%) and 141 L/h (34%) respectively,
and 100 L/h (58%) and 131 L/h (33%) respectively.
Conclusions This study demonstrates that it may be possi-
ble to predict the clearance of CYP1A2 substrates in smok-
ing populations using quantitative estimates of CYP1A2
abundance based on daily cigarette consumption in conjunc-
tion with an IVIVE approach.
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Background

Human cytochrome P450 1A2 (CYP1A2) is the main
enzyme involved in the metabolism of many clinically
important drugs, including clozapine, olanzapine, theoph-
ylline, flutamide, lidocaine, tacrine, and caffeine [1].
CYP1A2 is a member of the CYP1A superfamily and
accounts for approximately 15% of total hepatic P450. It
is highly inducible by 3-methylcholanthrene-like inducers
(e.g., polycyclic aromatic hydrocarbons, heterocyclic aro-
matic amines, and dioxins) through the aryl hydrocarbon
receptor/Ah receptor nuclear translocator (AhR/Arnt) in-
duction mechanism [2].

The high degree of inter-individual variability of CYP1A2
expression and activity in human liver is probably due to both
genetic and environmental factors [3, 4]. Although more
than 20 CYP1A2 allelic variants have been identified
(www.cypalleles.ki.se/cyp1a2.htm), the existence of clin-
ically relevant genetic polymorphisms, especially those
that confer a significant reduction in enzyme activity, is
still controversial [5]. Pharmacogenetic studies investi-
gating the population distribution of CYP1A2 metabolic
activity have reported conflicting results. Unlike
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polymorphic enzymes such as CPY2D6 or CYP2C19,
no reproducible multimodal distribution patterns have
been observed for CYP1A2 [6–8]. In a recent study,
CYP1A2*1 F, CYP1A2*1 D, and CYP1A2*1 C polymor-
phisms in smokers were found to influence CYP1A2 activity,
but had no effect on CYP1A2 inducibility [9]. Although
CYP1A2 polymorphisms may have some influence on
CYP1A2 activity, it appears that a number of other host-
dependent and environmental factors may be more important
in determining CYP1A2 expression; these include gender,
BMI, oral contraceptive use, alcohol consumption, caffeine
intake, diets containing cruciferous vegetables or grilled meat,
and cigarette use [1, 3, 5].

The polycyclic aromatic hydrocarbon fraction of ciga-
rette smoke is known to induce hepatic CYP1A2 activity
in smokers, which can lead to enhanced clearance and
altered plasma concentrations of drugs metabolized primar-
ily by CYP1A2 [1, 10, 11]. The clinical implication of this is
reduced drug efficacy. Alternatively, in the case of smoking
cessation, toxicity due to elevated drug concentrations may
occur as a result of the CYP1A2 abundance returning to
constitutively expressed levels [5, 12]. This is of particular
importance for the antipsychotic drugs clozapine and olan-
zapine, which have narrow therapeutic indices [11, 13].

Although there are no guidelines specific to the as-
sessment of the pharmacokinetics of drugs in a smoking
population, regulatory authorities in both the USA
(CDER) [14] and Europe (EMEA) [15] recommend in-
vestigating the impact of extrinsic factors (including
smoking) on the pharmacokinetics of drugs. Semi-
mechanistic physiologically based pharmacokinetic
(PBPK) models that account for changes in metabolism,
blood flow, organ size, and excretion have been devel-
oped for other special populations, including those with
cirrhosis to predict the impact of liver impairment on the
clearance of drugs [16, 17]. It may be possible to extend
this approach to a smoking population to predict the
change in drug exposure in smokers vs nonsmokers and
if necessary, facilitate the design of more efficient clinical
trials. Quantitative assessment of CYP1A2 induction in
smokers is essential for evaluating the impact of smoking
on the pharmacokinetics of drugs metabolized by this
enzyme. Thus, the main aim of this study was to derive
estimates of hepatic CYP1A2 abundance as a function of
daily cigarette consumption. In order to validate the
model, these values were used together with mechanistic
in vitro–in vivo extrapolation (IVIVE) within the Simcyp
population-based Simulator (version 8.2) to perform a
comparison of predicted and observed oral clearances of
caffeine, theophylline, and clozapine in smokers. Once
validated, the model was used to predict the kinetic differ-
ences between smokers and nonsmokers for an in-house com-
pound (PF-2400013).

Materials and methods

In vitro–in vivo extrapolation

Prediction of drug clearance from in vitro enzyme kinetic
data is performed in two steps and has been described in
detail previously [18, 19]. Initially, intrinsic clearance per
unit enzyme is converted to a whole organ intrinsic meta-
bolic clearance using relevant scaling parameters (enzyme
abundance—the amount (pmol P450) per milligram of mi-
crosomal protein; MPPGL—the amount (mg) of microsom-
al protein per gram of liver; and the liver weight). This value
is then combined with binding parameters and liver blood
flow to extrapolate to whole organ clearance.

Population parameters

The Simcyp population-based Simulator allows facile ex-
trapolation of in vitro enzyme kinetic data to predict phar-
macokinetic changes in vivo in virtual populations. Genetic,
physiological, and demographic variables relevant to the
prediction of clearance are generated for each individual
using correlated Monte Carlo methods and equations de-
rived from population databases are obtained from literature
sources [20]. The equations relating height to age, weight to
height, body surface area (BSA) to height and weight, liver
size to BSA, cardiac output to age and BSA, and liver blood
flow to cardiac output have been described previously [19,
21]. Key parameters of the clearance prediction model in-
clude enzyme abundance [22], MPPGL [23], liver volume
[24], plasma protein levels, hematocrit, and liver blood flow,
and default values are available in a north European Cauca-
sian population [19, 21]. Although extensive reviews of the
literature were conducted to obtain corresponding values in
a smoking population, limited data were found.

Estimation of hepatic CYP1A2 abundance

The default hepatic CYP1A2 abundance of 52 pmol/mg
microsomal protein (coefficient of variability [CV]067%)
in a north European Caucasian population was based on a
meta-analysis of four independent studies in the literature
with data on 119 liver samples from Caucasian subjects who
were nonsmokers [22]. Although there were no reports of
absolute or relative abundance data for CYP1A2 in hepato-
cytes or human liver microsomes derived from the livers of
smokers, activity data were available [25]. However, the
smoking history of the donors of the livers was not always
well characterized. Therefore, estimates of CYP1A2 abun-
dance were derived from an in vivo study where caffeine
clearance was determined in 401 nonsmokers and 385
smokers [26]. Daily cigarette consumption was determined
to be an important covariate of caffeine clearance and
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accounted for increased clearance in male smokers relative
to male nonsmokers; values were 1.22-, 1.47-, 1.66-, and
1.72-fold for subjects consuming 1–5, 6–10, 11–20, and >20
cigarettes/day respectively. These data were the basis for
estimating hepatic CYP1A2 abundance as a function of
daily cigarette consumption.

For a population (n0100) of equal numbers of male and
female nonsmokers (age: 25–60 years, body weight: 35–
140 kg), the mean caffeine clearance using default parameters
of the compound file in the Simcyp Simulator (version 8.2)
was predicted to be 5.8 L/h. This value was adjusted by the
relative change in caffeine clearance for each of the smoker
subgroups reported by Tantcheva-Poór et al. [26]. Assuming a
bioavailability of 1.0 [27] and negligible renal clearance, the
clearance values were converted to a total unbound hepatic
metabolic intrinsic clearance CLuint,H (L/h) using the
“reverse” well-stirred equation (Eq. 1):

CLuint;H ¼ CLH;B � QH;B

fuB QH;B � CLH;B

� � ð1Þ

where CLH,B is the hepatic blood clearance (L/h), QH is
hepatic blood flow (90 L/h), and fuB is the unbound
fraction of caffeine in the blood (0.69). The resultant
CLuint,H was converted to units of mL/min/kg using the
average population body weight of 74 kg. The latter was not
corrected for the proportion cleared via CYP1A2 as it was
approximately 1. A key assumption of the model was that the
main impact of smoking was increased expression of
CYP1A2 [2]. Hence, ratios of the CYP1A2-mediated CLuint,
H values for smokers relative to nonsmokers were applied
directly to the default CYP1A2 abundance in the Simcyp
Simulator (52 pmol/mg microsomal protein) to derive the
corresponding values for each of the cigarette consumption
subgroups (Table 1). Values of CV for CYP1A2 abundance in
the subgroups of smokers were estimated from the product of
the corresponding CV in nonsmokers (67%) and the ratio of
caffeine clearance for each sub-group relative to that of
nonsmokers.

Model validation

Studies involving estimation of clearance of the CYP1A2
substrates, caffeine, clozapine, and theophylline in smokers
were identified from the literature. Simulations were run
using default values for the compound files within the
Simcyp Simulator (version 8.2) and the static model to
predict the clearances of the three substrates in a north
European Caucasian population (default) and a smoking
population. To ensure that the characteristics of the virtual
subjects were matched closely to those of the subjects stud-
ied in vivo, numbers, age range, and gender ratios were
replicated in the simulations. For each simulation 10

separate trials were generated to assess variability across
groups. Predicted clearances and -fold increases in the clear-
ance of smokers for each subgroup relative to nonsmokers
were compared with reported data.

Simulation of caffeine clearance in smokers
and nonsmokers

Simulations based on the in vivo study described by
Tantcheva-Poór et al. [26] were run to ensure that the
derived CYP1A2 abundances based on daily cigarette con-
sumption were able to recover the observed clearance data
in each of the four sub-groups. A second dataset (Terziiva-
nov et al. [28]), including 20 nonsmokers and 14 smokers,
was used to validate the smoking model. Because of the
small number of smokers in this study, it was not feasible to
stratify the smokers into the same daily cigarette consumption
groups as shown in Table 1. Therefore, the following catego-
ries were assigned; nonsmokers (n020), light smokers (<10
cigarettes/day, n05), heavy smokers (>10 cigarettes/day, n0
9), and all smokers (any cigarette consumption, n014).
CYP1A2 abundance values of 52, 64, 94, and 94 pmol/mg
microsomal protein were used for each group respectively.

Simulation of theophylline clearance in smokers
and nonsmokers

Smoking-induced changes in the clearance of theophylline
were evaluated using datasets from Hunt et al. [29], Gardner
et al. [30], and Jennings et al. [31]. Individual subject data
were not reported in the former two studies. Therefore, these
data were extracted from the original reference figures using
DigitizeIt (version 1.5.8) and descriptive statistics were gen-
erated using Origin (version 7.5). Based on the small num-
ber of subjects and limited cigarette consumption history in
these studies, it was only possible to simulate nonsmoker
and heavy smoker groups (>1–2 packs/day); values of 52
(CV, 67%) and 94 (CV, 43%) pmol/mg microsomal protein
respectively were used for CYP1A2 abundance.

Simulation of steady-state clozapine concentrations
in smokers and nonsmokers

Smoking-induced changes in the steady-state plasma con-
centrations of clozapine were evaluated using datasets from
Seppella et al. [32], Rostami et al. [33], and Palego et al.
[34]. The literature reports represent a diverse range of study
designs, subject demographics, and daily doses (see Table 4).
To allow for a cross-study comparison of differences in
average steady-state plasma clozapine concentration (Css)
between nonsmokers and smokers, concentration units were
normalized for dose and body weight to common units of
μg/mL/mg/kg/day. All concentration data represent plasma
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samples taken approximately 12 h after the last dose. Clo-
zapine pharmacokinetics for nonsmokers and heavy smok-
ers (>20 cigarettes/day) were simulated as 10 trials of 10
subjects with an equal number of men and women receiving
6.0 mg/kg/day. The average age and body weight (range) of
the simulated population subjects were 28.6 years (18–
78 years) and 75 kg (44–125 kg) respectively. CYP1A2
abundance values of 52 and 94 pmol/mg microsomal protein
were used for nonsmokers and smokers respectively. The
predicted percentage decreases in Css values of clozapine
were compared with observed data.

Model application

Model input parameters of PF-2400013

PF-2400013 is a selective 5-HT2c agonist that was under
development for the treatment of schizophrenia. In vitro
metabolism studies with human liver microsomes and spe-
cific chemical inhibitors of cytochrome P450s indicate that
PF-2400013 is a substrate of both CYP1A2 and CYP3A,
with an estimated fractional metabolism (fm) through these
pathways of 0.45 and 0.55 respectively. The compound-
specific model input parameters for PF-2400013 are listed
in Table 2.

Clinical study design: PF-2400013

Based on the significant contribution of CYP1A2 to the
metabolism of PF-2400013, the potential impact of smoking
on CYP1A2 induction to affect the exposure of PF-2400013
was investigated as part of a Phase 1 single-dose safety and
toleration clinical study. The trial was an investigator- and
subject-blind (sponsor open) crossover study of within sub-
ject ascending single oral doses of PF-2400013 with ran-
domized placebo substitution. Only the study details for the

smoker and nonsmoker comparator cohorts are described
here.

Eleven subjects (5 nonsmokers and 6 smokers) were
given a single 50-mg oral dose of PF-2400013 under fasted
conditions. The mean (range) age and body weight of the
nonsmoker group were 32 years (21–38 years) and 87 kg
(72–96 kg) respectively. The mean (range) age and body
weight of the smoker group were 35 years (23–45 years) and
72 kg (60–81 kg) respectively and consumed an average of
11.3 cigarettes/day (5–20 cigarettes/day). Blood samples for
pharmacokinetic analysis were collected on day 1 at hour 0
(just prior to dosing) and 0.5, 1, 1.5, 2, 3, 4, 8, 12, 24, 48,
72, and 96 h following dosing. The resulting serum was
analyzed for PF-2400013 concentrations using a validated
LC/MS method. Individual serum concentration–time data
for PF-2400013 were analyzed by standard noncompart-
mental methods. This study was conducted in compliance
with the ethical principles originating in or derived from the
Declaration of Helsinki and in compliance with all Interna-
tional Conference on Harmonization (ICH) Good Clinical
Practice (GCP) Guidelines and following all local regulatory
requirements.

Table 1 Estimates of hepatic CYP1A2 abundance as a function of daily cigarette consumption

Group (n) Caffeine clearance
relative to NS
(-fold)a

Caffeine
clearance
(L/h)b

Caffeine
clearanceint
(L/h)c

Caffeine clearanceint
CYP1A2 (mL/min/kg)d

Caffeine clearanceint
CYP1A2 relative to
nonsmokers (-fold)

CYP1A2 abundance
(pmol P450/mg
protein)

CV%

Nonsmokers (401) 1.00 5.8 8.9 2.00 1.00 52e 67e

1–5 cigarettes/day (85) 1.22 7.0 11.0 2.46 1.23 64 71

6–10 cigarettes/day (90) 1.47 8.5 13.5 3.03 1.52 79 53

11–20 cigarettes/day (140) 1.66 9.6 15.4 3.47 1.74 90 46

>20 cigarettes/day (70) 1.72 10.0 16.1 3.62 1.82 94 43

a Caffeine clearance relative to nonsmokers as determined by Tantcheva-Poór et al. [26]
b For nonsmokers (NS), a caffeine clearance of 5.8 L/h was calculated using SimCYP® and the default values for the compound file in the
Simulator. Adjustments to this value were made for each of the cigarette consumption groups based on values in the preceding column
c Intrinsic caffeine clearance estimated from CLH with the “reverse” well-stirred equation described in Eq. 1
d Assumes a mean population body weight of 74 kg
e Default values reported in SimCYP®

Table 2 Model input parameters for PF-2400013 simulations

Parameter Value

Molecular weight (g/mol) 355.45

LogP 3.32

Blood/plasma ratio 1.0

Fu 0.034

ka (h-1) 1.8

Qgut (L/h) 13.9

Vss (L/kg) 5.0

CLintCYP1A2 (μL/min/mg microsomal protein) 1.05

CLintCYP3A4 (μL/min/mg microsomal protein) 0.97
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Prediction of PF-2400013 clearance in smokers
and nonsmokers

Oral clearance values of PF-2400013 for nonsmokers and
smokers (5–20 cigarettes/day) were simulated as 10 trials of
5 or 6 male subjects respectively, receiving a single oral
dose of 50 mg. CYP1A2 abundance values of 52 and
94 pmol/mg microsomal protein were used for nonsmokers
and smokers respectively.

Power of detecting clearance differences of PF-2400013
in smokers and nonsmokers

Using the derived hepatic CYP1A2 abundance values and
associated variability for nonsmokers and smokers consum-
ing 1–5, 6–10, 11–20 and >20 cigarettes/day, simulations
were performed for 1,000 subjects in each group for a
hypothetical compound that was cleared exclusively by
hepatic metabolism and had an fmCYP1A200.45. A statis-
tical comparison of the predicted clearance values for
each of the smoker groups compared with nonsmokers
was performed using Origin V7.5 (OriginLab Corp,
Northampton, MA, USA) and were then applied to esti-
mate the power of hypothetical sample sizes of 5, 10, 25,

50, 100, and 200 subjects at a significance level (α) of
0.05. A second set of simulations was used to explore
hypothetical compounds that were cleared exclusively by
hepatic metabolism and had fmCYP1A2 values of 0.1, 0.2,
0.45, and 0.9. Simulations performed for 1,000 subjects
in each fmCYP1A2 group and a statistical comparison of
the predicted clearance values for nonsmokers and heavy
smokers (>20 cigarettes/day) using Origin version 7.5
were then applied to estimate the power of hypothetical
sample sizes of 5, 10, 25, 50, 100, and 200 subjects at a
significance level (α) of 0.05.

Results

Caffeine clearance in smokers and nonsmokers

Simulations based on the in vivo study described by
Tantcheva-Poór et al. [26] confirmed that the derived
CYP1A2 abundances were able to recover the observed
clearance data in each of the four sub-groups (Table 3). As
expected, predicted -fold increases in the clearance of smok-
ers for each subgroup relative to nonsmokers were also
consistent with in vivo data (Fig. 1; Table 3).

Table 3 Comparison of predicted and observed smoking-induced increases in caffeine and theophylline clearance

Compound Smoking status Male/female Age (mean) Clearance (L/h) Reference

Observed mean±SD
(-fold difference)a

SimCYP® mean±SD
(-fold difference)a

-Fold errorb

Caffeine Nonsmokersc 222/0 30–59 (39) 5.5 ± 6.3 6.0 ± 4.2 1.11 [26]

Smokers (1–5/day)d 85/0 6.9 ± 5.9 (1.25) 7.4 ± 5.0 (1.23) 1.08

Smokers (6–10/day)e 38/0 7.8 ± 6.7 (1.42) 8.8 ± 5.1 (1.47) 1.13

Smokers (11–20/day)f 50/0 9.0 ± 6.4 (1.64) 9.7 ± 4.8 (1.62) 1.08

Smokers (>20/day)g 36/0 7.7 ± 7.1 (1.40) 10.2 ± 5.3 (1.70) 1.34

Nonsmokersc 8/12 18–62 (39.5) 5.2 ± 4.7 5.4 ± 4.0 1.04 [28]

Light Smokersd 4/1 5.4 ± 3.0 (1.04) 8.1 ± 5.8 (1.50) 1.49

Heavy Smokersg 4/5 8.9 ± 7.3 (1.71) 9.2 ± 5.1 (1.70) 1.03

All Smokersg 8/6 7.7 ± 6.2 (1.48) 8.3 ± 4.2 (1.54) 1.08

Theophylline Nonsmokersc 5/3 24–32 (27) 4.6 ± 1.3 5.7 ± 3.1 1.23 [29]

Smokers (1–2 pack/day)g 2/6 21–52 (28) 10.4 ± 4.6 (2.26) 10.0 ± 5.1 (1.75) 0.96

Nonsmokersc 0/12 22–28 (24.4) 2.8 ± 0.1 5.8 ± 4.0 2.08 [30]

Smokers (>20/day)g 0/15 19–30 (24.1) 4.2 ± 1.1 (1.50) 9.3 ± 4.2 (1.60) 2.22

Nonsmokers (male)c 7/0 (26.7) 4.0 ± 0.9 6.1 ± 3.3 1.50 [31]

Smokers: male (24/day)g 7/0 (36.6) 5.6 ± 2.1 (1.40) 10.5 ± 5.0 (1.72) 1.89

Nonsmokers: femalec 0/7 (32.9) 4.2 ± 0.7 5.7 ± 3.2 1.37 [31]

Smokers: female (17/day)g 0/7 (34.3) 8.3 ± 2.6 (1.97) 9.8 ± 4.5 (1.72) 1.18

a -Fold difference in clearance compared with the nonsmoker cohort
b -Fold error calculated as ratio of simulated and observed clearance

Hepatic CYP1A2 abundance values for each simulated population were set as follows: c 52, d 64, e 79, f 90, or g 94 pmol P450/mg microsomal
protein
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Predicted clearances, including associated variability
over the 90% confidence intervals (Table 3; Fig. 2), and -
fold increases (Table 3) in caffeine clearance for heavy
smokers and all smokers relative to nonsmokers were in
good agreement with observed data reported by Terziivanov
et al. [28]. However, for light smokers, both parameters
were over-predicted by 1.5-fold when compared with
corresponding in vivo data (Table 3).

Theophylline clearance in smokers and nonsmokers

Although absolute values of theophylline clearance for both
non-smokers and smokers were generally over-predicted

compared with corresponding data in each subgroup of the
three in vivo studies, -fold increases in clearance for the
smokers relative to nonsmokers were more consistent with
reported data (Table 3). However, the latter values were
variable, ranging from 1.4- to 2.3-fold. Larger deviations
between observed and predicted data occurred in studies
where a relatively small number of subjects were used.

Steady-state clozapine concentrations in smokers
and nonsmokers

Predicted steady-state concentrations of clozapine in smokers
and nonsmokers and observed data for three independent
studies are presented in Table 4. Predicted values adjusted
for dose and body weight were 0.083 and 0.131 μg/mL/mg/kg
for smokers and nonsmokers respectively. Across the three
studies, steady-state clozapine concentrations ranged from
0.057 to 0.068 μg/mL/mg/kg for smokers and 0.086 to
0.115 μg/mL/mg/kg for non-smokers. The relative differ-
ence in steady-state clozapine concentrations was predicted
to be −36.8% for smokers compared with nonsmokers and
is consistent with reported differences for three literature
studies that ranged from −33.6 to −40.1%.

Clearance of PF-2400013 in smokers and nonsmokers

Although the difference was not statistically significant, the
mean oral clearance of PF-2400013 in male smokers was
higher than that observed in nonsmokers; values were 130
and 100 L/h respectively (Fig. 3). Similarly, predicted mean
oral clearances of PF-2400013 in male smokers and non-
smokers were 141 and 100 L/h (Fig. 3). Although the mean
and median values of predicted and observed clearances
were similar for the respective groups, the variability in
the smokers was under-predicted when compared with ob-
served data (Fig. 3).

Discussion

Application of smoking-induced changes in hepatic
CYP1A2 abundance as a function of daily cigarette con-
sumption together with mechanistic IVIVE within the Sim-
cyp Simulator allowed the prediction of changes in oral
clearance from in vitro data with reasonable accuracy for
three different CYP1A2 probe substrates, namely, caffeine,
theophylline, and clozapine. Once validated, the model was
used retrospectively to estimate the increase in oral clear-
ance of PF-2400013, a drug that had a significant contribu-
tion of CYP1A2 to its metabolism. Despite the fact that the
latter was lower than is accepted for that of a probe drug
(fmCYP1A2 of 0.45 versus 0.9), the model was able to capture
with reasonable accuracy, differences in the mean value of

0 1-5 6-10 11-20 >20

C
af

fe
in

e 
C

L 
(L

/h
)

0

5

10

15

20

25

Cigarettes/Day

Fig. 1 Caffeine clearance in smokers as a function of daily cigarette
consumption. The bar represents the upper and lower quartiles, medi-
an, mean (square), and 90% confidence interval (whiskers) of data
from 10 replicate trials using a study design that was consistent with
the original published reference. The filled circles represent the mean
observed caffeine clearance reported or derived from data within the
publication by Tantcheva-Poór et al. [26]

0

5

10

15

20

25
Simulated
Observed

All smokersHeavyLight

C
af

fe
in

e 
C

L 
(L

/h
)

Nonsmokers

Cigarette Consumption

Fig. 2 Predicted (open bars) and observed (hatched bars) caffeine
clearance and associated variability for nonsmokers, light smokers, and
heavy smokers (Terziivanov et al. [28]). Results are displayed as box-
and-whisker plots where the bar represents the upper and lower quar-
tiles, median, mean (squares), and 90% confidence interval (whiskers)
of data from 10 replicate trials using a study design consistent with the
original published reference

956 Eur J Clin Pharmacol (2012) 68:951–960



oral clearance between smokers and non-smokers (130 ver-
sus 100 L/h). Although this difference was not statistically
significant, a trend was observed. As the impact of smoking
on clearance was not the primary aim, the clinical study was
not powered sufficiently to detect a difference in clearance
between the small number of smokers and non-smokers that
were included as part of the sub-study.

The ability to detect an increase in drug clearance in
smokers due to CYP1A2 induction is a function of the
number of cigarettes smoked per day, the fmCYP1A2 in the
non-induced state and the number of subjects studied
(Fig. 4). For a compound cleared exclusively by metabolism
with an fmCYP1A2 of 0.45, the power to detect an effect on
clearance in smokers increases with cigarette consumption
(Fig. 4: top panel). Light smokers (1–5/day) are not
expected to exhibit altered clearance even for substrates
with a very high fmCYP1A2 (>0.9; Fig. 4: bottom panel). In
heavy smokers (>20 cigarettes/day) the greatest increase in
clearance relative to nonsmokers will be observed for com-
pounds with a high fmCYP1A2, thus requiring fewer subjects
to detect the effect (Fig. 4: bottom panel). Figure 4 illustrates
quite clearly that a prospective study involving more sub-
jects than were used in the clinical study described in this
report is required to determine the impact of smoking on the
clearance of PF-240013. Application of the estimates of
hepatic CYP1A2 abundance derived in the current study to
other substrates, can be considered as long as daily cigarette
consumption is well characterized and the extent of
CYP1A2 contribution to overall clearance (fmCYP1A2) is
known.

The estimates of CYP1A2 abundance were based on data
from a single literature study where quantitative assessment of
the contributors to the high variability in CYP1A2 in vivo was
investigated using a saliva-based caffeine test in 863 healthy
Caucasians, including 385 smokers [26]. Caffeine clearance
values were estimated from molar concentration ratios of
paraxanthine to caffeine measured in saliva prior to and 5–
7 h after a test dose of caffeine. Theoretical analysis has
confirmed that the latter is an even more stable marker of
CYP1A2 activity than any of the urine ratios that are often
used [35]. Daily cigarette consumption was determined to be a

Table 4 Comparison of predicted and observed smoking-induced changes in steady-state clozapine concentrations

Source Group Dose
(mg/day)

Dose (mg/
kg/day)

n Prop.
femalec

Mean age
(range; kg)

Mean body
weight
(range; kg)

Css (μg/
mL/mg/kg)

95% CI
or SDd

Relative
differencee

(%)

[32] Smokersa 553 7.5 34 0.3 38.8 NS 0.060 0.042 −38.3

Nonsmokersb 410 5.4 10 0.5 36.6 NS 0.097 0.032

[33] Smokers (F)a 458 6.2 1,100 1.0 38 74 0.068 (0.018/0.134) −41.0

Nonsmokers (F)b 398 5.3 453 1.0 38 75 0.115 (0.032/0.222)

Smokers (M)a 491 6.0 2,908 0.0 35 82 0.062 (0.017/0.122) −36.3

Nonsmokers (M)b 428 5.2 758 0.0 35 83 0.097 (0.029/0.186)

[34] All subjects 186 2.5 50 0.5 37 (18–78) 74 (42–110) – –

Smokersa 186 2.5 22 – – – 0.057 (0.024/0.126) −33.6

Nonsmokersb 186 2.5 28 – – – 0.086 (0.053/0.143)

Simulations Smokersa 450 6.0 100 0.5 18-78 75 (44–125) 0.083 (0.037/0.157) −36.8

(SimCYP
version 8.2)

Nonsmokersb 450 6.0 100 0.5 18-78 75 (44–125) 0.131 (0.048/0.261)

Hepatic CYP1A2 abundance values for each simulated population were set as follows: a 94 and b 52 pmol P450/mg microsomal protein
c Proportion of female subjects
d 95% confidence interval or standard deviation
e Relative difference in steady-state clozapine concentrations (Css) between nonsmoker and smoker cohorts expressed as a percentage
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Fig. 3 Predicted (open bars) and observed (hatched bars) clearance of
PF-2400013 and associated variability for smokers and nonsmokers.
Results are displayed as box-and-whisker plots where the bar repre-
sents the upper and lower quartiles, median, mean (squares) and 90%
confidence intervals (whiskers) of data from 10 replicate trials using a
study design consistent with the clinical study
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significant covariate of oral caffeine clearance and accounted
for increased clearance in smokers relative to nonsmokers;
values were 1.22-, 1.47-, 1.66-, and 1.72-fold for subjects
consuming 1–5, 6–10, 11–20, and >20 cigarettes/day respec-
tively [26]. These values were used to derive the estimates of
hepatic CYP1A2 abundance based on daily cigarette con-
sumption in smokers relative to nonsmokers. As the number
of subjects in each sub-group of smokers ranged from 70 to
140, it is likely that estimates of the abundance are represen-
tative of a population. A more recent study has reported that in
smokers undergoing de-induction at the end of a 4-week
smoking cessation study, inducibility, as measured by the ratio
of plasma concentrations of paraxanthine to caffeine at week 0
relative to week 4 was 1.46 (1.15–1.65) and 1.67 (1.35–1.98)
for subjects consuming 10–19 and 20–29 cigarettes per day
respectively [9]. These induction values were consistent with
those reported by Tantcheva-Poór et al. [26], which were used
in the current analysis for extrapolation to estimates of

CYP1A2 abundance based on daily cigarette consumption.
Smokers consuming less than 10 cigarettes per day were not
evaluated in the more recent study.

One of the main limitations of the current study is that it
was not possible to assess the robustness of the abundance
values derived for each of the sub-categories using the
“validation set” of clinical studies that were identified in
the literature or that involving PF-2400013. The accuracy of
any prediction is also dependent on the quality of the in vivo
data that is being recovered. Because of the logistical prob-
lems in recording accurate smoking histories of subjects
recruited into drug studies, only a limited number of sub-
jects could be assigned to the sub-categories, particularly
those involving “light smokers.” Therefore, with the excep-
tion of the study reported by Terziivanov et al. [28] subjects
were categorized as nonsmokers or smokers.

Potential changes in protein binding or liver blood flow
due to smoking were not considered when extrapolating the
in vivo caffeine clearance data back to estimates of hepatic
CYP1A2 abundance. However, as the fu value of caffeine is
0.68 and the extraction ratio is low, it is likely that any
changes in protein binding or liver blood flow due to smok-
ing will have a negligible impact on the clearance. Similarly,
these factors were not accounted for during IVIVE, as the
data were not available in the literature.

The induction of CYP1A2 by heavy coffee consumption
in Serbs and Swedes was reported recently [36]. It was
suggested by the authors that polycyclic aromatic hydro-
carbons, present in roasted coffee beans, are responsible for
the effect. Among nonsmokers and non-oral contraceptive
users, consumption of at least three cups of coffee per day
led to significant increases in CYP1A2 activity in Serbs
(mean difference 0.11; 95% CI of the mean difference
0.04, 0.18; p00.003) and Swedes (mean difference 0.07;
95% CI of the mean difference 0.01, 0.12; p00.02). It may
be possible to extend the approach presented in the current
paper, to estimate changes in hepatic CYP1A2 abundance as
a function of daily coffee consumption.

Although there are no guidelines specific to the assess-
ment of the pharmacokinetics of drugs in a smoking popu-
lation, regulatory authorities, including the FDA and EMEA
recommend investigating the impact of extrinsic factors
(including smoking) on the pharmacokinetics of drugs. De-
spite the obvious limitations of the current model to inves-
tigate the impact of smoking on the clearance of drugs
metabolized by CYP1A2, it may still provide a useful tool
to help in the design of clinical studies during drug devel-
opment and clinically, in the assessment of likely dosage
adjustment in smokers. Alternatively, in the case of smoking
cessation, where toxicity due to elevated drug concentra-
tions may occur as a result of the CYP1A2 abundance
returning to constitutively expressed levels, dosage adjust-
ment may be required.
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Fig. 4 The ability to detect an effect of increased drug clearance due to
CYP1A2 induction is a function of both the number of cigarettes
smoked per day (top panel), the fractional total clearance due to
CYP1A2 metabolism (fmCYP1A2) in the non-induced state (lower)
and the number of subjects studied. For a hypothetical compound
cleared exclusively by metabolism with an fmCYP1A200.45, the power
to detect an effect on clearance in smokers increases with cigarette
consumption (top panel). In heavy smokers (>20 cigarettes/day) the
greatest increase in clearance relative to nonsmokers will be seen for
compounds with a high fmCYP1A2, thus requiring fewer subjects to
detect the effect (lower panel)
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