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Abstract: The present study defined a simplified physiologically based pharmacokinetic 

(PBPK) model for nicotine and its primary metabolite cotinine in humans, based on 

metabolic parameters determined in vitro using relevant liver microsomes, coefficients 

derived in silico, physiological parameters derived from the literature, and an established 

rat PBPK model. The model consists of an absorption compartment, a metabolizing 

compartment, and a central compartment for nicotine and three equivalent compartments 

for cotinine. Evaluation of a rat model was performed by making comparisons with 

predicted concentrations in blood and in vivo experimental pharmacokinetic values 
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obtained from rats after oral treatment with nicotine (1.0 mg/kg, a no-observed-adverse-

effect level) for 14 days. Elimination rates of nicotine in vitro were established from data 

from rat liver microsomes and from human pooled liver microsomes. Human 

biomonitoring data (17 ng nicotine and 150 ng cotinine per mL plasma 1 h after smoking) 

from pooled five male Japanese smokers (daily intake of 43 mg nicotine by smoking) 

revealed that these blood concentrations could be calculated using a human PBPK model. 

These results indicate that a simplified PBPK model for nicotine/cotinine is useful for a 

forward dosimetry approach in humans and for estimating blood concentrations of other 

related compounds resulting from exposure to low chemical doses. 

Keywords: physiologically based biokinetic modeling; cytochrome P450; simulation;  

no-observed-adverse-effect level; biomonitoring; human liver microsomes 

 

1. Introduction 

It has been argued internationally that appropriate use of human biomonitoring information should 

be made in risk assessments when creating public policy [1,2] Development and dissemination of 

chemical-specific methods and basic information is necessary to interpret biomonitoring results and to 

promote risk-based decision making [3,4]. It is of global interest to develop more advanced and 

accurate risk assessment systems to support appropriate interpretation and communication based on 

human biomonitoring results [5]. Pharmacokinetic and/or toxicokinetic parameters for a variety of 

chemicals have been determined in animal toxicology studies, even when limited corresponding data 

exist for humans [6]. Species differences of drug-metabolizing enzymes in the liver, including 

cytochrome P450 enzymes, are the focus for understanding qualitative and quantitative differences in 

blood concentrations or chemical exposures in animals and in humans [7]. It has been generally 

attempted to collect extensive information regarding specific physiologically based pharmacokinetic 

(PBPK) models found in the literature for predicting concentrations in various biological fluids 

following multiple dose exposures [4]. However, although simple, inexpensive, and reliable methods 

are needed for evaluating the accurate toxic risk, as only very complicated models have been 

established so far [8]. 

Conventional smoking and environmental tobacco smoke have significant health effects [9-12]. 

Levels of cotinine, a metabolite of nicotine [13-15], in the blood track exposure to tobacco smoke [9]. 

In the past 15 years, it has been reported that blood cotinine levels for nonsmokers in the United States 

population have decreased by about 70%, indicating that public health interventions to reduce 

exposure have been successful (http://www.cdc.gov/exposurereport/), but such information for other 

groups or countries is limited [16,17]. Recently we reported that the biomonitoring of cotinine in urine 

was a good, easy-to-use marker for plasma levels of the sum of nicotine metabolites in Japanese 

smokers, independent of genetic polymorphism of the nicotine-metabolizing enzyme, P450 2A6 [18]. 

Therefore, the purpose of the present study was to carry out a forward dosimetry approach (shown 

in Figure 1), using data from chemical doses administered to animals to predict their concentrations in 

humans. As test substances, nicotine and its primary metabolite cotinine were selected because as 
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mentioned, they are widely used as biomarkers for tobacco smoke, in spite of the complex metabolic 

fate of nicotine [19,20]. We report herein that the adjusted animal biomonitoring equivalents after 

orally administered doses at a no-observed-adverse-effect level (NOAEL) in rat studies were scaled to 

human biomonitoring equivalents using known species allometric scaling factors and human metabolic 

data with a simple PBPK model. A typical study of the biomonitoring of nicotine and cotinine in the a 

representative pooled blood of Japanese smokers [18] supported the PBPK model used in the  

present study. 

Figure 1. Approach for calculating blood-based biomonitoring equivalents for nicotine. 

PK, pharmacokinetics. Biomonitoring of nicotine and cotinine in plasma was carried out in 

male Japanese smokers. 
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2. Experimental Section 

2.1. Chemicals, Animals, and Enzyme Preparations 

Nicotine and cotinine were obtained from Wako Pure Chemicals (Osaka, Japan). Male rats (7 weeks 

old) were treated daily with nicotine (1.0 mg/kg body weight) orally for 14 days or interperitoneally 

for 3 days, based on a NOAEL dose [21]. This study was approved by the experimental animal 

committee of Showa Pharmaceutical University. Liver microsomes from male Sprague-Dawley rats (7 

weeks old) treated with nicotine (1.0 mg/kg) and from untreated controls were prepared as described 

previously [22]. Microsomal P450 contents were determined spectrally by the established method 

[23,24]. Protein concentrations were measured by using a bicinchoninic acid (BCA) protein assay kit 

(Pierce, Rockford, IL, USA). Pooled liver microsomes from humans were obtained from BD 

Biosciences (Woburn, MA, USA). Typical P450 substrates, their reaction products, and other reagents 
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used in this study were obtained from the sources described previously or were of the highest quality 

commercially available [22,25].  

Typical P450-dependent marker oxidation activities were measured in liver microsomes in rats to 

evaluate enzyme inductions on treatment with nicotine. Activities for the O-dealkylation of 

ethoxyresorufin (20 µM, for P450 1A) and pentoxyresorufin (100 µM, P450 2B) and for testosterone 

7α-hydroxylation (200 µM, P450 2A), tolbutamide methyl hydroxylation (1,000 µM, P450 2C), 

bufuralol 1′-hydroxylation (20 µM, P450 2D), chlorzoxazone 6-hydroxylation (50 µM, P450 2E), and 

midazolam 1′- and 4-hydroxylation (100 µM, P450 3A) were assayed according to the described high 

performance liquid chromatography methods [22,26,27]. 

2.2. Nicotine and Cotinine Determinations in Biological Samples from Rats and Human Smokers 

This study was approved by the ethics committee of Showa Pharmaceutical University. Blood  

and urine samples from individual rats and pooled human plasma from five male Japanese smokers  

(22–44 years old [18]) were diluted 10-fold with water. Nicotine and cotinine concentrations in these 

samples were measured by a liquid chromatography/mass spectrometry (LC/MS) system [28]. A 

Quattro micro API mass analyzer (Waters, Tokyo, Japan) was operated in the electrospray positive 

ionization mode and was directly coupled to a Waters LC 2695 system with an octadecylislane C18 

column (Atlantis, 3 µm, 2.1 mm × 100 mm) and MassLynx NT4.1 software for data acquisition 

(Waters). To tune the mass spectrometer, the cone voltage was optimized to maximize the intensity of 

the precursor ions for nicotine (m/z = 163) and cotinine (m/z = 177). The collision energy was then 

adjusted to optimize the signal. Typical tuning conditions were as follow: electrospray capillary 

voltage, 3.2 kV; sample cone voltage for nicotine and cotinine, 28 and 38 V; and collision energy, 19 

and 23 eV, respectively, at a collision gas (Ar) pressure of 1.6 × 10
–4

 kPa. The gradient mobile phase 

consisted of 50 mM ammonium formate (pH 5.0) and CH3CN (v/v): 0–3 min with 5% CH3CN (v/v)  

in 50 mM ammonium formate; for 3–8 min with 5%–30% CH3CN (v/v); for 8–11 min with 30% 

CH3CN; and for 11–18 min with 30%–5% CH3CN (v/v), at a flow rate of 0.25 mL min
–1

. 

2.3. Human Metabolic Study 

Elimination rates of nicotine in liver microsomes from humans and rats in the presence of cytosolic 

fractions were measured by the LC/MS system mentioned above and were compared. Briefly,  

a typical incubation mixture consisted of 100 mM potassium phosphate buffer (pH 7.4), an  

NADPH-generating system, a substrate (1.0 µM), and liver microsomes (0.50 mg protein/mL) and 

cytosol (0.70 mg protein/mL, to yield cotinine, [29]) in a final volume of 0.25 mL. Incubations were 

carried out at 37 ºC for 30 min. The assay linearity with respect to time and protein concentration and 

the reproducibility (within <15%) were confirmed. The incubation was terminated by adding 0.40 mL 

of ice-cold acetonitrile.  

2.4. Estimation of Nicotine/Cotinine Concentrations by PBPK Modeling with Suitable Parameters 

A simplified PBPK model was set up as described previously [30,31]. Parameter values for the 

physicochemical properties of compounds (fu,p , logP, Kp,h, and Rb) are shown in Table 1. Values of fu,p 
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and logP were obtained by in silico estimation using SimCYP and ChemDrawBioUltra software [32]; 

Kp,h was estimated from these two values (Appendix A), and Rb was assumed to be 1.0 (blood and 

plasma concentrations are assumed to be equal). Parameter values which represent the physiological 

properties such as hepatic volumes and blood flow rate in rats or humans were taken from the  

literature [30]. Experimental plasma concentrations of compounds were analyzed by WinNonlin 

software (Professional version 5.01) with a one-compartment model and yielded primary ka and kel 

values as pharmacokinetic parameters (abbreviations used are also shown in Table 1). Values of total 

clearance (CLtot), hepatic clearance (CLh), CLh,int, and V1 were also calculated from the results of  

one-compartmental model (Appendix B). Subsequently, final parameter values (ka, CLh,int and V1) for 

the rat PBPK model were calculated using the initial values mentioned above by the user model in 

WinNonlin and are shown in Table 1. Consequently, the following systems of differential equations 

were solved to conduct the concentrations in each compartment shown in Figure 2. 

Table 1. Parameters used for the rat PBPK model. 

Parameter Symbol Nicotine Cotinine Unit 

Octanol-water partition coefficient  

Hepatic intrinsic clearance 

Liver-plasma concentration ratio 

Renal clearance 

Plasma unbound fraction 

Ratio of the blood to plasma concentration 

Volume of systemic circulation 

Hepatic volume 

Hepatic blood flow rate of systemic circulation  

to the tissue compartment 

Absorption rate constant 

Fraction absorbed × intestinal availability 

Dose 

logP 

CLh,int 

Kp,h 

CLr 

fu,p 

Rb 

V1 

Vh 

Qh 

 

ka 

FaFg 

Dose 

0.930 

5.44 

0.797 

0.0994 

0.688 

1.00 

0.746 

0.00850 

0.853 

 

1.07 

1.00 
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0.040 
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where Xg is the substance amount in gut, Ch is the hepatic substance concentration, and Cb is the blood 

substance concentration. 
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For cotinine: 
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Figure 2. PBPK model established in this study for rats and humans. 
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To define a simplified PBPK model for nicotine and cotinine in humans based on the rat PBPK 

model, we used relevant liver microsomes and physiological parameters (CLr, ka, and V1) and applied 

the systems approach to fit them into the traditional parallelogram (animal scale up strategy) for risk 

assessment [4], as shown in Figure 1 (Appendix C). The in vivo hepatic intrinsic clearance (CLh,int) of 

nicotine in humans was estimated by multiplying the calculated initial parameters for in vitro hepatic 

intrinsic clearance values in humans by the ratio of in vivo to in vitro hepatic intrinsic clearance in rats, 

as mentioned above for modeling in rats. Then, the final parameters for PBPK modeling in humans 

were calculated are shown in Table 2. As was done for the rat model, systems of differential equations 

were solved to achieve concentrations in each compartment in humans. 

Table 2. Parameters used for the human PBPK model. 

Parameter Symbol Nicotine Cotinine Unit 

Hepatic intrinsic clearance 

Renal clearance 

Volume of systemic circulation 

Hepatic volume 

Hepatic blood flow rate systemic circulation  

to the tissue compartment 

Absorption rate constant 

Dose 

CLh,int 

CLr 

V1 

Vh 

Qh 

 

ka 

Dose 

755 

4.25 

209 

1.50 

96.6 

 

0.795 

70 

20.6 

0.180 
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1.50 
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Other parameters are the same as those shown in Table 1 for the rat PBPK model. 
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3. Results and Discussion 

To obtain detailed PBPK model parameters, male rats were orally treated with nicotine according to 

the protocol for general repeated exposure tests. Figure 3 shows the mean levels of nicotine and 

cotinine in blood and urine from rats after the final treatment of 14 daily repeated doses of nicotine 

(1.0 mg/kg). Nicotine was rapidly absorbed and immediately cleared within a half day (Figure 3A). 

Nicotine was extensively biotransformed to cotinine; cotinine elimination from the blood seemed to be 

slower than that of nicotine (Figure 3B). Urinary excretion of nicotine and cotinine was almost 

complete within 24 h after the final repeated administration (Figures 3C, 3D). Renal clearance (CLr) 

values of nicotine and cotinine were calculated from the amounts excreted into the urine  

(5.32 and 8.23 µg) divided by the area under the blood curves (56.5 and 1,970 µg·h/L), giving 0.0994 

and 0.00421 L/h, respectively. Primary hepatic clearance values of nicotine and cotinine were obtained 

by subtraction of CLr from total clearance. Values of the plasma unbound fraction (fu,p) of nicotine and 

cotinine were calculated to be 0.688 and 0.743, respectively, by in silico estimation with SimCYP 

(Table 1). 

Figure 3. PK profiles in rats treated with nicotine. Nicotine (A, C) and cotinine (B, D) 

concentrations in blood (A, B) and urine (C, D) were determined in rats treated with 

nicotine (1 mg/kg/day) after the final administration of 14 daily doses. 
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P450 induction in rat liver microsomes was investigated after intraperitoneal treatment with nicotine 

for 3 days (Figure 4). Judging from the typical P450-dependent drug oxidation activities, CYP2B- and 

CYP2C-mediated activities were slightly increased and decreased, respectively (Figure 4) as similarly 

described [33,34], suggesting that P450 induction or suppression by repeated treatments with nicotine 

was almost negligible in nicotine metabolism mediated mainly by several common and uncommon 

P450 isoforms in rats and humans. Consequently, final parameters such as hepatic intrinsic clearance 
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(CLh,int), volume of systemic circulation (V1), and absorption rate constant (ka) for the rat PBPK model 

were recalculated from the primary values by the user-model in WinNonlin to give 5.44 L/h, 0.746 L, 

and 1.07 h
–1

 and are shown in Table 1. By running the rat PBPK model system shown in Figure 2, the 

blood concentration curves of nicotine and cotinine were estimated after repeated oral administration 

with 0.25 mg of nicotine to a rat (250 g bw); the curves are shown in Figure 5. These estimated  

in silico concentration curves of nicotine and cotinine are shown with the experimental in vivo  

data points. 

Figure 4. Liver microsomal P450-dependent activities after nicotine treatment. Control 

activities were taken from liver microsomes from untreated rats. Data columns with bars 

present means ± SDs (n = 4). Significant differences compared with the control activities: 

*p < 0.05.  
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Figure 5. Measured and estimated blood concentrations in rats after oral administration of 

nicotine (A) and cotinine (B) for 14 days. Data points with bars represent means ± SDs  

(n = 5). The curves show the concentrations estimated by PBPK modeling. 
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It has been reported that the ratios of in vitro over in vivo intrinsic clearance values have little 

species differences [35]. Hepatic clearance of nicotine in vitro was determined in pooled human liver 
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microsomes and compared with data from liver microsomes from rats pretreated with nicotine and 

from untreated controls (Table 3). Hepatic clearance of nicotine in human liver microsomes was 

calculated to be 6.7 µL/min/mg protein; this was similar to the values obtained for rat livers. 

Subsequently, hepatic intrinsic clearance of nicotine was found to be 24 L/h in an in vitro study using 

the biological coefficients already established. The intrinsic clearance values of nicotine based on rat  

in vivo (Table 1) and rat in vitro (Table 3) experiments were different; this ratio (5.44/0.173) was used 

as the compensating factor for estimating in vivo hepatic intrinsic clearance in humans. Finally, a value 

of 755 L/h for the nicotine hepatic intrinsic clearance (CLh,int) was adopted to represent the in vivo 

status in the final human PBPK model, the parameters of which are shown in Table 2. It should be 

mentioned that extensive hepatic clearance of nicotine assumed to be almost equal to and dependent on 

hepatic blood flow rate. 

Table 3. In vitro hepatic intrinsic clearance of nicotine determined using liver microsomes. 

Enzyme source 
Clearance, 

µL/min/mg protein 
L/h 

a
 

Rat livers, untreated
 a
 

Rat livers, treated with nicotine 
b 

Pooled human livers 

7.9 ± 1.4 

9.6 ± 1.9 

6.7 

0.142 

0.173 

24.0 

Nicotine (1.0 µM) was incubated with rat or human liver microsomes in the presence of an  

NADPH-generating system. The reduction rates of nicotine were determined by LC/MS. 
a 
Estimated clearance values were extrapolated using the following values: 40 mg liver microsomal 

protein per g liver, 10 g liver weight per 0.25 kg of rat body weight, and 1.5 kg liver per 70 kg of 

human body weight.  
b
 Mean ± SD (n =4) values using liver microsomes from individual rats pretreated with nicotine 

(1.0 mg/kg) daily for 3 days or from untreated controls. 

 

Figure 6 indicates the estimated human blood concentrations of nicotine and cotinine after modeling 

single and repeated oral administration with nicotine (1.0 mg/kg). The apparent maximum 

concentrations of nicotine and cotinine were estimated to be approximately 20 and 180 ng/mL, 

respectively. Our estimated CLtot values for nicotine in rats and humans were calculated to  

be 2.8 L/h/kg in rats and 81.5 L/h in humans, respectively, which were consistent with the reported 

CLtot values of 3.0 L/h/mg [36] in rats and 79.1 L/h [37] in humans. When daily administration of 

nicotine was modeled for 14 days, some accumulation of cotinine (approximately 20 ng/mL) was 

estimated by the present human PBPK model.  

Five male Japanese smokers provided information on the numbers of cigarettes smoked daily  

(mean, 31.0) [8]; using a value of 1.4 mg nicotine intake per cigarette [38], the estimated daily nicotine 

intake was 43.4 mg. This was one of the repetitive pooled samples for biomonitoring of plasma levels 

of nicotine and cotinine conducted after daily cigarette smoking in a population of 92 male Japanese 

smokers with a mean age of 37 years who had smoked an average of 23 cigarettes per day for 16 years 

[8]. Nicotine and cotinine concentrations in the pooled plasma samples taken from five smokers 1 h 

after smoking were 15.6 and 110 ng/mL, respectively. When the intake of 43.4 mg nicotine (as one 

dose) through the absorption compartment was modeled in a person with a body weight of 70 kg, the 
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estimated concentrations of nicotine and cotinine in the central compartment after 1 h from the human 

PBPK model were 17 and 150 ng/mL, respectively, which fell within the ranges shown in Figure 6. 

Figure 6. Nicotine (A, C) and cotinine (B, D) concentrations modeled in humans after 

single (A, B) or multiple (C, D) oral administration of nicotine (1 mg/kg/day) estimated 

using the PBPK model. Only limited accumulation was observed for multiple doses. 
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It is generally accepted that PBPK modeling could be of use for understanding the relationship 

between chemical exposure and concentrations in body fluids (Figure 1). However, the multiple 

compartments and many complicated equations found in traditional PBPK modeling cause severe 

difficulties when applying the model. Simple and reliable methods have not yet been established, but 

such models are needed to explore the biological significance of a wide range of chemicals. The 

present study defined a simplified PBPK model for nicotine and cotinine in humans (Figure 2);  

the model was based on physiological parameters derived from the literature, coefficients derived  

in silico, metabolic parameters determined in vitro using relevant liver microsomes, and in vivo  

experiment-supported PBPK modeling in rats (Figure 5). The developed PBPK model for nicotine and 

cotinine in rats simply consisted of three compartments, including the gut as a chemical receptor 

compartment the liver as a metabolizing compartment, and the general circulation as central 

compartment for nicotine, and three equivalent compartments for cotinine (Figure 2). In the present 

model (Figure 2), chemicals are received first at the receptor compartment with the net absorption 

factor as 1 (namely, FaFg = 1 indicating no first pass effects). Although the apparent gap between the 

oral and pulmonary uptake models might be problematic, chemical concentrations rapid absorbed from 
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inhalation route [39] could be treated in the similar PBPK modeling system. Furthermore, oral 

administration of chemicals is a key route of exposures based on the toxicology testing.  

Human biomonitoring is important for many aspects of environmental health [1,2]. Recently, the 

Centers for Disease Control and Prevention in the United State reported several pieces of relevant data, 

including the 95th percentile values of serum cotinine levels (~2 ng/mL, http://www.cdc.gov/ 

exposurereport/). Human biomonitoring data presented in the current study using pooled plasma from 

male Japanese smokers revealed that plasma concentrations of nicotine and cotinine could be 

calculated using the developed PBPK model in humans (Figure 6). In our preliminary study, cotinine 

was detected in some plasma samples obtained from several male Japanese nonsmokers, resulting in 

approximately one cigarette equivalent per day among a one-third nonsmokers. Similarly, based on our 

forward dosimetry approach system, in the United States, nonsmokers (including children) receive the 

equivalent in nicotine of less than one cigarette per day as a result of exposure to second-hand smoke.  

Evaluation of the developed rat model was performed by comparing the blood concentrations 

predicted by PBPK modeling in silico and experimental pharmacokinetic values from plasma and urine 

obtained from rats in vivo after repeated oral treatment with nicotine at a no-observed-adverse-effect 

level. In the present study, nicotine metabolism and disposition in rats was similar to reported  

findings [36] by single intra-arterial treatment. To overcome the species differences in animals and 

humans, the traditional parallelogram technique used in systems biology [3,4] was adapted for this 

study to estimate the value of in vivo human hepatic clearance from in vitro data (Table 3). 

4. Conclusions 

The simplified PBPK model of nicotine and cotinine, especially in the context of biomonitoring for 

nicotine exposure, was developed and validated with a combination of algorithms, in vitro and in vivo 

experimentation and literature resources. In summary, the present study indicates that simplified PBPK 

modeling for nicotine and cotinine is useful for a forward dosimetry approach in rats and humans to 

estimate blood concentrations of nicotine and other related compounds from low chemical doses such 

as those at the no-observed-adverse-effect level. 

Acknowledgments 

This work was supported in part by JCIA’s LRI program, by Smoking Research Foundation, and by 

a Grant-in-Aid for High Technology Research Centre Project (19–8) from the Ministry of Education, 

Culture, Sports, Science and Technology of Japan. 

References 

 

1. Collins, F.S.; Gray, G.M.; Bucher, J.R. Toxicology. Transforming environmental health 

protection. Science 2008, 319, 906-907. 

2. Toxicity Testing in the 21st Century: A Vision and a Strategy; The National Academies Press: 

Washington, DC, USA, 2007. 

3. Hayes, K.R.; Bradfield, C.A. Advances in toxicogenomics. Chem. Res. Toxicol. 2005, 18,  

403-414. 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3417

4. Edwards, S.W.; Preston, R.J. Systems biology and mode of action based risk assessment. Toxicol. 

Sci. 2008, 106, 312-318.  

5. Wild, C.P. Complementing the genome with an “exposome”: The outstanding challenge of 

environmental exposure measurement in molecular epidemiology. Cancer Epidem. Biomarker. 

Prev. 2005, 14, 1847-1850. 

6. Clewell, H.J.; Gentry, P.R.; Covington, T.R.; Sarangapani, R.; Teeguarden, J.G. Evaluation of the 

potential impact of age- and gender-specific pharmacokinetic differences on tissue dosimetry. 

Toxicol. Sci. 2004, 79, 381-393. 

7. Guengerich, F.P. Cytochrome P450 and chemical toxicology. Chem. Res. Toxicol. 2008, 21, 70-

83. 

8. Robinson, D.E.; Balter, N.J.; Schwartz, S.L. A physiologically based pharmacokinetic model for 

nicotine and cotinine in man. J. Pharmacok. Biopharm. 1992, 20, 591-609. 

9. Benowitz, N.L.; Hukkanen, J.; Jacob, P., III. Nicotine chemistry, metabolism, kinetics and 

biomarkers. Handb. Exp. Pharmacol. 2009, 192, 29-60. 

10. Benowitz, N.L. Pharmacology of nicotine: addiction and therapeutics. Annu. Rev. Pharmacol. 

Toxicol. 1996, 36, 597-613. 

11. Kume, A.; Kume, T.; Masuda, K.; Shibuya, F.; Yamazaki, H. Dose-dependent effects of cigarette 

smoke on blood biomarkers in healthy Japanese volunteers: Observations from smoking and  

non-smoking. J. Health Sci. 2009, 55, 259-264. 

12. Rose, J.E.; Behm, F.M.; Westman, E.C.; Coleman, R.E. Arterial nicotine kinetics during cigarette 

smoking and intravenous nicotine administration: Implications for addiction. Drug Alcohol 

Depend. 1999, 56, 99-107. 

13. Hukkanen, J.; Jacob, P., III; Benowitz, N.L. Metabolism and disposition kinetics of nicotine. 

Pharmacol. Rev. 2005, 57, 79-115. 

14. Kwon, J.T.; Nakajima, M.; Chai, S.; Yom, Y.K.; Kim, H.K.; Yamazaki, H.; Shon, D.R.; 

Yamamoto, T.; Kuroiwa, Y.; Yokoi, T. Nicotine metabolism and CYP2A6 allele frequencies in 

Koreans. Pharmacogenetics 2001, 11, 317-323. 

15. Nakajima, M.; Kwon, J.T.; Tanaka, N.; Zenta, T.; Yamamoto, Y.; Yamamoto, H.; Yamazaki, H.; 

Yamamoto, T.; Kokoiwa, Y.; Yokoi, T. Relationship between interindividual differences in 

nicotine metabolism and CYP2A6 genetic polymorphism in humans. Clin. Pharmacol. Ther. 2001, 

69, 72-78. 

16. Feng, S.; Kapur, S.; Sarkar, M.; Muhammad, R.; Mendes, P.; Newland, K.; Roethig, H.J. 

Respiratory retention of nicotine and urinary excretion of nicotine and its five major metabolites 

in adult male smokers. Toxicol. Lett. 2007, 173, 101-106. 

17. Roethig, H.J.; Munjal, S.; Feng, S.; Liang, Q.; Sarkar, M.; Walk, R.A.; Mendes, P.E. Population 

estimates for biomarkers of exposure to cigarette smoke in adult U.S. cigarette smokers. Nicotine 

Tob. Res. 2009, 11, 1216-1225. 

18. Nagano, T.; Shimizu, M.; Kiyotani, K.; Kamataki, T.; Takano, R.; Murayama, N.; Shono, F.; 

Yamazaki, H. Biomonitoring of urinary cotinine concentrations associated with plasma levels of 

nicotine metabolites after daily cigarette smoking in a male Japanese population. Int. J. Environ. 

Res. Public Health 2010, 7, 2953-2964. 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3418

19. Benowitz, N.L. Clinical pharmacology of nicotine: Implications for understanding, preventing, 

and treating tobacco addiction. Clin. Pharmacol. Ther. 2008, 83, 531-541. 

20. Tricker, A.R. Nicotine metabolism, human drug metabolism polymorphisms, and smoking 

behaviour. Toxicology 2003, 183, 151-173. 

21. Ribeiro, E.B.; Bettiker, R.L.; Bogdanov, M.; Wurtman, R.J. Effects of systemic nicotine on 

serotonin release in rat brain. Brain Res. 1993, 621, 311-318. 

22. Yamazaki, H.; Shimizu, M.; Nagashima, T.; Minoshima, M.; Murayama, N. Rat cytochrome  

P450 2C11 in liver microsomes involved in oxidation of anesthetic agent propofol and deactivated 

by prior treatment with propofol. Drug Metab. Dispos. 2006, 34, 1803-1905. 

23. Robinson, D.E.; Balter, N.J.; Schwartz, S.L. A physiologically based pharmacokinetic model for 

nicotine and cotinine in man. J. Pharmacok. Biopharm. 1992, 20, 591-609. 

24. Omura, T.; Sato, R. The carbon monoxide-binding pigment of liver microsomes. I. Evidence for 

its hemoprotein nature. J. Biol. Chem. 1964, 239, 2370-2378. 

25. Murayama, N.; Kaneko, N.; Horiuchi, K.; Ohyama, K.; Shimizu, M.; Ito, K.; Yamazaki, H. 

Cytochrome P450-dependent drug oxidation activity of liver microsomes from Microminipigs, a 

possible new animal model for humans in non-clinical studies. Drug Metab. Pharmacokinet. 

2009, 24, 404-408. 

26. Yamazaki, H.; Mimura, M.; Sugahara, C.; Shimada, T. Catalytic roles of rat and human 

cytochrome P450 2A enzymes in testosterone 7α- and coumarin 7-hydroxylations. Biochem. 

Pharmacol. 1994, 48, 1524-1527. 

27. Yamazaki, H.; Nakamura, M.; Komatsu, T.; Ohyama, K.; Hatanaka, N.; Asahi, S.; Shimada, N.; 

Guengerich, F.P.; Shimada, T.; Nakajima, M.; Yokoi, T. Roles of NADPH-P450 reductase and 

apo- and holo-cytochrome b5 on xenobiotic oxidations catalyzed by 12 recombinant human 

cytochrome P450s expressed in membranes of Escherichia coli. Protein Expr. Purif. 2002, 24, 

329-337. 

28. Yamanaka, H.; Nakajima, M.; Nishimura, K.; Yoshida, R.; Fukami, T.; Katoh, M.; Yokoi, T. 

Metabolic profile of nicotine in subjects whose CYP2A6 gene is deleted. Eur. J. Pharm. Sci. 

2004, 22, 419-425. 

29. Yamazaki, H.; Inoue, K.; Hashimoto, M.; Shimada, T. Roles of CYP2A6 and CYP2B6 in nicotine 

C-oxidation by human liver microsomes. Arch. Toxicol. 1999, 73, 65-70. 

30. Plowchalk, D.R.; Andersen, M.E.; deBethizy, J.D. A physiologically based pharmacokinetic 

model for nicotine disposition in the Sprague-Dawley rat. Toxicol. Appl. Pharmacol. 1992, 116, 

177-188. 

31. Kato, M.; Shitara, Y.; Sato, H.; Yoshisue, K.; Hirano, M.; Ikeda, T.; Sugiyama, Y. The 

quantitative prediction of CYP-mediated drug interaction by physiologically based 

pharmacokinetic modeling. Pharm. Res. 2008, 25, 1891-1901. 

32. Emoto, C.; Murayama, N.; Rostami-Hodjegan, A.; Yamazaki, H. Utilization of estimated 

physicochemical properties as an integrated part of predicting hepatic clearance in the early  

drug-discovery stage: Impact of plasma and microsomal binding. Xenobiotica 2009, 39, 227-235. 

33. Howard, L.A.; Micu, A.L.; Sellers, E.M.; Tyndale, R.F. Low doses of nicotine and ethanol induce 

CYP2E1 and chlorzoxazone metabolism in rat liver. J. Pharmacol. Exp. Ther. 2001, 299, 542-550. 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3419

34. Yue, J.; Khokhar, J.; Miksys, S.; Tyndale, R.F. Differential induction of ethanol-metabolizing 

CYP2E1 and nicotine-metabolizing CYP2B1/2 in rat liver by chronic nicotine treatment and 

voluntary ethanol intake. Eur. J. Pharmacol. 2009, 609, 88-95. 

35. Naritomi, Y.; Terashita, S.; Kimura, S.; Suzuki, A.; Kagayama, A.; Sugiyama, Y. Prediction of 

human hepatic clearance from in vivo animal experiments and in vitro metabolic studies with liver 

microsomes from animals and humans. Drug Metab. Dispos. 2001, 29, 1316-1324. 

36. Kyerematen, G.A.; Taylor, L.H.; deBethizy, J.D.; Vesell, E.S. Pharmacokinetics of nicotine  

and 12 metabolites in the rat. Application of a new radiometric high performance liquid 

chromatography assay. Drug Metab. Dispos. 1988, 16, 125-129. 

37. Benowitz, N.L.; Jacob, P., III. Nicotine and cotinine elimination pharmacokinetics in smokers and 

nonsmokers. Clin. Pharmacol. Ther. 1993, 53, 316-323. 

38. Fagerstrom, K. The nicotine market: An attempt to estimate the nicotine intake from various 

sources and the total nicotine consumption in some countries. Nicotine Tob. Res. 2005, 7, 343-

350. 

39. Rose, J.E.; Mukhin, A.G.; Lokitz, S.J.; Turkington, T.G.; Herskovic, J.; Behm, F.M.; Garg, S.; 

Garg, P.K. Kinetics of brain nicotine accumulation in dependent and nondependent smokers 

assessed with PET and cigarettes containing 
11

C-nicotine. Proc. Natl. Acad. Sci. USA 2010, 107, 

5190-5195. 

40. Poulin, P.; Theil, F.P. Prediction of pharmacokinetics prior to in vivo studies. 1. Mechanism-based 

prediction of volume of distribution. J. Pharm. Sci. 2002, 91, 129-156. 

41. Amidon, G.L.; Sinko, P.J.; Fleisher, D. Estimating human oral fraction dose absorbed:  

A correlation using rat intestinal membrane permeability for passive and carrier-mediated 

compounds. Pharm. Res. 1988, 5, 651-654. 

 

Appendix A 

The liver-plasma concentration ratio (Kp,H) was calculated from Equation A1 [40]: 

hu,

pu,

,
960581.000396.0

72621.002289.0

f

f

P

P
K hp ×

+×

+×
=  (A1)  

where P is the water-octanol partition ratio and was estimated from the computer-calculated logP as 

neutral (clogP): 

P
P

log10=  (A2)  

u,hf  is the hepatic unbound fraction for a specific binding on albumin, globulins, and lipoproteins. The 

tissue interstitial fluid-to-plasma concentration ratios of albumin, globulins, and lipoproteins were 

assumed to be 0.5: 

( )15.0 pu,

hu,

pu,
+×= f

f

f
 (A3)  
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Appendix B 

The initial parameter values of CLh,int′ and V1′ used to execute the fitting calculation of the PBPK 

model with WinNonlin software were derived from the follow equations.  

 

Hepatic clearance (CLh) was estimated from Equation B1, which was derived from Equation B2: 

DoseQAUC

QCLAUCQDose
CL

h

hrh
h

+×

××−×
=  (B1)  

AUC

Dose

Q

CL

CLCL

F

CL

h

h

rhtot =

−

+
=

1

 
(B2)  

where AUC is the area under the curve.  

The bioavailability (F), fraction absorbed (Fa), and intestinal availability (Fg) are related as: 

hga FFFF ××=  (B3)  

where Fh is fraction unmetabolized in the liver. 

In this study, we assume 0.1=gaFF ; then, the bioavailability was calculated from Equation B4.  

(The prime represents the value under the assumption of 0.1=gaFF ): 

h

h
hhga

Q

CL
FFFFF −==×=′ 1  (B4)  

The initial value of V1 was estimated from Equation B5 using the fitted calculation results of the  

one-compartment model (Vd/F) and the F′ value from Equation B4: 

( ) FFVV d
′×=

′
/1  (B5)  

The initial value of hepatic intrinsic clearance (CLh,int) was estimated from Equation B6, where CLh 

was evaluated from Equations B7,8:  

hh

hh

pu

b
h

CLQ

CLQ

f

R
CL

−

×
×=

′

,

,int  (B6)  

( ) FKFVCL eldtot
′××= /  

(B7)  

rtoth CLCLCL −=  
(B8)  

Values of adjusted distribution volume (Vd/F) and elimination constant (Kel) were calculated from 

the fitting calculation of the one-compartment model, and Equation B7 was derived from Equation B9: 

( ) eld

tot KFV
F

CL
×= /  (B9)  

The initial value of ka for the fitting calculation was used as the primary results of WinNonlin with 

the one-compartmental model. 
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Appendix C 

The parameter values of CLr, ka, and V1 in the human PBPK model were estimated using a  

scale-up strategy from rats to humans as follows. Human renal clearance CLr,human was estimated from  

Equation C1, which was derived from Equation C2, where ratBW = 0.25 kg and humanBW = 70 kg: 

3

2

3/2

,

, human

rat

ratr

humanr BW
BW

CL
CL ×=  (C1)  

3

2

BWaCLr ×=  (C2)  

The human systemic circulation volume (V1,human) was estimated from Equations C3 and C4, where 

Vh,human, blood volume (Vb,rat), and Vb,human were 1.5 L, 0.016 L, and 4.9 L, respectively:  

b

hhp

humanhhumandhuman
R

FK
VVV

×
×−=

,

,,,1  (C3)  

( )
humanb

humanpu

ratpu

ratb

ratbratdhumanbhumand
R

f

f

R
VVVV

,

,,

,,

,

,,,, ××−+=  (C4)  

where physicochemical parameters such as Kp,h, Rb, and fu,p were assumed to be consistent between 

rats and humans The derivation of Kp,h is shown in Appendix A. 

The human absorption rate constant (ka) was estimated from Equation C5 [41]: 

ratahumana kk ,, 744.0 ×=  (C5)  
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