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Nicotine metabolite ratio as an index of *H"*•• 
cytochrome P450 2A6 metabolic activity 

Background: Nicotine and a variety of other drugs and toxins are metabolized by cytochrome P450 (CYP) 
2A6. Our objective was to evaluate the use of oral nicotine with measurement of the £raw.f-3'-hydroxycotinine 
(3HC)/cotinine (COT) metabolite ratio as a noninvasive probe of CYP2A6 activity. 
Methods: Sixty-two healthy volunteers received an oral solution of deuterium-labeled nicotine (2 mg) and its 
metabolite cotinine (10 mg). Plasma nicotine and plasma and saliva cotinine and 3HC concentrations were 
measured over time. 

Results: The 3 H C / C O T ratio derived from deuterium-labeled cotinine, measured in either plasma (2-8 
hours after administration) or saliva (at 6 hours), was strongly correlated with the oral clearance of nicotine 
(r = 0.76-0.83, depending on the time of measurement). The 6-hour 3 H C / C O T ratio from nicotine derived 
from tobacco in 14 smokers was highly correlated with the ratio derived from deuterium-labeled nicotine (r 
= 0.88) and was also highly correlated with the oral clearance of nicotine (r ~ 0.90). Two subjects homozy
gous for inactive CYP2A6 alleles produced no 3HC, confirming the specificity of the metabolite ratio. The 
3 H C / C O T ratio was also highly correlated with the clearance and half-life of cotinine, consistent with the 
fact that cotinine is also primarily metabolized by CYP2A6. 
Conclusions: The 3 H C / C O T ratio derived from nicotine either administered as a probe drug or from tobacco 
use, measured in either plasma or saliva, is highly correlated with the oral clearance of nicotine. The ratio 
appears to be a useful noninvasive marker of the rate of nicotine metabolism (which is important in studying 
nicotine addiction and smolcing behavior), as well as a general marker of CYP2A6 activity (which is important 
in studying drug and toxin metabolism). (Clin Pharmacol Ther 2004;76:64-72.) 
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The liver enzyme cytochrome P450 (CYP) 2A6 is 

the major enzyme responsible for the metabolism of 

nicotine.1" Individual differences in CYP2A6 activity 

may explain, at least m part, interindividual variability 

in nicotine intake and smoking-associated disease risk.'4 

C Y P 2 A 6 also contributes to the metabolism of other 
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CYP2A6 levels and activity in the liver, as well as 
CYP2A6 activity as estimated by the metabolic clear
ance of nicotine, vary widely among individuals.I,/'8 A 
number of CYP2A6 alleles have been identified, many 
of which are associated with reduced activity and a 
gene duplication associated with increased activi
ty/'9,10 The known genetic polymorphisms do not ac
count for the wide population variability in CYP2A6 
activity. Novel CYP2A6 variant alleles are being rap
idly discovered.11 but genotype analysis remains in
complete. Thus a phenotypic marker of CYP2A6 would 
be useful for studying the biologic importance of indi
vidual differences in CYP2A6 activity. Ideally, this 
phenotypic probe could be used in smokers and non-
smokers. 

In the past we have used the metabolic clearance of 
nicotine and, in particular, the clearance of nicotine via 
the cotinine pathway as a phenotypic marker of 
CYP2A6 activity.12 Although we believe this is an 
excellent measure, this method requires intravenous 
administration of labeled nicotine and cotinine. This 
involves admission of patients to a research ward and 
cardiovascular monitoring during the infusion and thus 
is not practical for larger-scale studies of smoking 
behavior or smoking-related disease risk. 

A common approach to assessing a drug metabolism 
enzyme phenotype is to measure the ratio of the con
centration of a metabolite produced by the pathway of 
interest to the concentration of the parent drug. Thus 
one might consider measuring the ratio of the metabo
lite cotinine (COT) to the parent nicotine. However, the 
half-life of nicotine is relatively short (2 hours), 
whereas the half-life of cotinine is long (16 hours).1" As 
a consequence of the short half-life of nicotine, the ratio 
of cotinine to nicotine is highly dependent on the time 
of the last nicotine exposure. Nakajima et al l j have 
described a CYP2A6 phenotyping test that uses the 
ratio of the concentrations of cotinine to nicotine in 
plasma after nicotine gum is chewed. To allow time for 
elimination of cotinine from the plasma, smokers had to 
stop smoking for 2 weeks before testing. The cotinine-
to-nicotine ratio was shown to differ among individuals 
with different CYP2A6 genotypes,14 but the ratio was 
not validated against a continuous, direct measure of 
CYP2A6 phenotype (such as nicotine clearance). 

Cotinine is itself metabolized primarily by CYP2A6 
to rranso'-hydroxycotinine (3HC).15 The half-life of 
3HC administered alone is 5 to 6 hours.16 However, 
when 3HC is generated from cotinine, its elimination 
half-life becomes generation-limited and is similar to 
that of cotinine. Therefore the ratio ol 3HC to COT 
should be fairly constant over time. 
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We have evaluated the use of an oral nicotine probe 
for noninvasive assessment of CYP2A6 activity. Small 
doses of deuterium-labeled nicotine and cotinine were 
administered, with subsequent measurement of blood 
and saliva levels of nicotine and metabolites. We have 
examined the relationship between the nicotine metab
olite ratio 3HC/COT measured in blood or saliva with 
the oral clearance of nicotine, in an attempt to identify 
a noninvasive marker of CYP2A6 activity. 

METHODS 
Subjects 

The subjects comprised 62 healthy volunteers re
cruited from newspaper advertisements. These subjects 
are part of an ongoing 300-person study of racial-ethnic 
differences in nicotine metabolism. The subjects' mean 
age was 32 years (range, 19-52 years), and 32 (52%) 
were men. The racial-ethnic distribution was 40% 
white, 34% Asian, 13% Hispanic, and 13% black. As
sessment of smoking status was based on saliva and 
plasma concentrations of cotinine at a screening visit; 
16 of subjects (26%) were classified as cigarette smok
ers. One subject reported that he was a nonsmoker but 
had cotinine levels indicative of smoking. Two subjects 
by history were light smokers but were classified as 
nonsmokers on the basis of cotinine levels. 

Written informed consent was obtained for each sub
ject. The study was approved by the Committee on 
Human Research at the University of California, San 
Francisco. 

Procedures 
Subjects were asked to come to the General Clinical 

Research Center at San Francisco General Hospital in 
the morning, with instructions not to eat or use tobacco 
starting at 10 PM on the previous night. They were asked 
to refrain from grapefruit or grapefruit juice for 48 
hours before and for the duration of the study. At 
approximately 8 AM. the subjects were given, in solu
tion, 2 mg of deuterium-labeled nicotine (nicotine-31-
3'-d2) and 10 mg of deuterium-labeled cotinine 
(cotinine-2,4.5.6-d4). These labeled compounds were 
synthesized in our laboratory as described previous
ly.12,17 No impurities were detected on analysis of the 
compounds by gas chromatography-mass spectrometry 
(GC-MS) and by thin-layer chromatography. The 2-mg 
dose of nicotine was selected as a dose that is well 
tolerated by nonsmokers but results in plasma nicotine 
concentrations that are easily measurable. The 10-mg 
dose of cotinine was selected as a dose that would result 
in adequate saliva concentrations of cotinine over a 
60-hour period, to allow us to determine the terminal 
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elimination half-life of cotinine. Two hours after dos
ing, breakfast was provided. Subjects were adminis
tered 1 g of ammonium chloride 1 hour before the oral 
dosing and again 4 hours later to acidify the urine and 
reduce the variability in the renal clearance of nicotine. 

Blood samples were collected at 0. 0.5. 1. 1.5. 2. 3. 
4. 6, and 8 hours after dosing for measurement of 
nicotine and metabolite concentrations. Blood was also 
collected for extraction of deoxyribonucleic acid for 
genotypjng of the nicotine-metabolizing CYP2A6 gene. 
Saliva (3 mL) was collected before and at 6. 12, 24. 36. 
48, and 60 hours after nicotine and cotinine dosing. All 
saliva samples beyond 6 hours were collected at home 
and returned to the research center on a subsequent day. 
Smokers were permitted to smoke after lunch during 
the day while in the Clinical Research Center, but only 
5 of the smokers did so. They were free to smoke as 
desired for the period of time when saliva samples were 
being collected at home. 

Analytic chemistry 
Measurement of nicotine levels in plasma and coti

nine levels in saliva was performed by GC-MS, by use 
of methods previously reported by our laboratory.lsiy 

We used GC-MS to measure low levels of nicotine 
because there is less interference from environmental 
(unlabeled) nicotine. During the course of a liquid 
chromatography-mass spectrometry (LC-MS) run (as 
described later), there is a significant amount of nico
tine in the mobile phase. In contrast, with GC-MS. 
there is a negligible nicotine level in the helium earner 
gas. 3'-Hydroxycotinine is much easier to analyze by 
LC-MS because it is not necessary to prepare a deriv
ative. 

Determination of cotinine, trans-3 '-hydroxy-
cotinine, and deuterium-labeled isotopomers. Con
centrations of cotinine, 3HC. and their deuterium-
labeled isotopomers (d2 and d4) in plasma and saliva 
(6-hour sample) were determined by liquid chromatog-
raphy-tandem mass spectrometry. The method is sim
ilar to a published procedure for determining cotinine 
concentrations in serum of nonsmokers20 but has been 
expanded to include the determination of 3HC and the 
deuterium-labeled analogs. Deuterium-labeled cotinine 
(cotinine-dqj and deuterium-labeled 3HC {irans-3'-
hydroxycotinine-dq) were used as internal standards. 
The mass spectrometer was operated in the positive ion 
mode by use of atmospheric pressure chemical ioniza
tion. Quantitation was achieved via selected reaction 
monitoring of the transitions mass-to-charge ratio (m/z) 
177 to m/z 80 for cotinine. m/z 179 to m/z 80 for 
cotinine-d2. m/z 181 to m/z 84 for cotinme-d4. m/z 193 
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to m/z 80 for 3HC. m/z 195 to m/z 80 for 3HC-d2, and 
m/z 197 to m/z 84 for 3HC-d4. as well as the transitions 
m/z 186 to m/z. 84 and m/z 202 to m/z 84 for the 
respective internal standards. Calibration curves were 
constructed from peak area ratios of the analyte to its 
interna] standard by linear regression. Standard curves 
were linear over the concentration range studied (0 to 
500 ng/mL). Precision (between-run coefficient of vari
ation, n = 6) ranged from 1.9% to 4.29c for cotinine 
and 1.3% to 5.5% for 3HC; accuracy (between-run 
mean percent of expected values, n = 6) ranged from 
98% to 101% for cotinine and 98% to 103% for 3HC. 
for concentrations ranging from 5 to 100 ng/mL. The 
limit of quantitation was 0.2 ng/mL for both cotinine 
and 3HC. 

Genotyping was performed by use of established 
assays for CYP2A6 *2, *4, *7, *8. and *]0 alleles that 
have been previously characterized.9'21 The novel as
says that were used for *5. *6. *9, N77. and */2 alleles 
were based on the same 2-step polymerase chain reac
tion approach (Schoedel K. unpublished observations. 
2003). Results of the genotype-phenotype associations 
will be presented when the full 300-person study is 
reported. The relevance of genotyping in this study was 
to examine genotypes of individuals who did not gen
erate 3HC to help us determine the specificity of 3HC 
generation as a function of CYP2A6 activity. 

Data analysis 
The main measure of nicotine metabolism was oral 

plasma clearance of nicotine-d2. determined as Dose/ 
Area under the plasma nicotine concentration-time 
curve extrapolated to infinity. The oral saliva clearance 
of cotinine was computed in a similar manner by use of 
the area under the saliva cotinine concentration-time 
curve. In a previous study, we have shown that the 
plasma and saliva clearances of cotinine are similar.^ 
Half-lives of nicotine-d2 and cotinine-d4 were deter
mined by nonlinear least squares fitting of the log 
concentration versus time by use of WinNonlin."" The 
3HC/COT ratio was determined at multiple times in 
plasma and at 6 hours in saliva. 

The relationship between various independent vari
ables and the oral clearance of nicotine was determined 
by the Pearson correlation coefficient. Comparisons 
between smokers and nonsmokers were performed with 
unpaired t tests. 

RESULTS 
Nicotine and metabolite levels in blood and saliva 

Mean plasma concentrations of nicotine and metab
olites over an 8-hour period after oral dosing are shown 
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1000 

100, 

60 120 180 240 300 360 420 480 
Minutes 

Fig I. Mean deuterium-labeled nicotine and metabolite 
plasma concentrations over time (n = 62). Solid squares. 
Nicotine-do (NlC-d2); solid triangles, cotinine (COT)-d2; 
solid diamonds, fram'-3'-hydroxycotinine (3HO— d2; open 
triangles. COT-d4: open diamonds. 3HC-d4. Bars indicate 
SDs. 

in Fig 1. The mean peak plasma nicotine-d2 concentra
tion was 4,7 ng/mL (95% confidence interval [CI], 
4.1-5.3 ng/mL), occurring at a mean of 51 minutes 
(95% CI, 45-57 minutes) after dosing. To illustrate 
interindividual variability. Fig 2 shows plasma 
nicotine-do concentration-time curves both as the mean 
for all subjects and for the 3 subjects with the slowest 
nicotine-d2 clearance and the 3 subjects with the most 
rapid nicotine-d2 clearance. The genotypes of these 
subjects are described in the legend to Fig 2. The mean 
peak plasma cotinine-d4 concentration was 195 ng/mL 
(95% CI, 183-217 ng/mL). The mean cotinine-d2 peak 
was 29 ng/mL (95% CI, 26-32 ng/mL). The peak 
plasma 3HC-d4 concentration averaged 24.5 ng/mL 
(95% CI, 21-27 ng/mL). The mean saliva cotinine-d2 

and cotinine-d4 concentrations over time are shown in 
Fig 3. The mean peak saliva cotinine-d4 concentration 
averaged 120 ng/mL (95% CI, 110-131 ng/mL). Plasma 
and saliva cotinine levels were similar in smokers and 
nonsmokers. 

Pharmacokinetic analyses 

Table I provides the pharmacokinetic parameters for 
nicotine-dn. derived from plasma concentration data, 
and for cotinine-d4; derived from saliva concentration 
data. There was no difference in the peak nicotme-d2 

concentration between smokers and nonsmokers, but 
the mean time to peak nicotme-d2 concentration tended 
to be longer in smokers compared with nonsmokers (60 

60 120 180 240 300 360 420 480 
Minutes 

Fig 2. Plasma nicotine-d2 concentrations after 2 mg oral 
nicotine-do. The squares represent the mean concentration for 
all subjects. The circles represent individual subjects. The 
upper 3 curves represent data from subjects with the slowest 
clearance of nicotine, and the lower 3 cun'es represent data 
from subjects with the fastest clearance. The open circles are 
subjects with the *4/*4 genotype. The other slow metabolizer 
had the *7/*7 genotype. Of the 3 fastest metabolizers, 2 had 
the *//*/ genotype and deoxyribonucleic acid was not avail
able in 1. 

~1000q 

C 100: 

Fig 3. Mean saliva concentrations of COT-d4 {open trian
gles) and COT-d2 {closed triangles) after oral administration 
of 10 mg C0T-d4 and 2 ma aicotine-d2. Bars indicate SDs. 

versus 48 minutes, P = .09). When men and women 
were compared, there was a significant difference in 
time to peak nicotme-d2 plasma concentration (45 ver
sus 57 minutes, P = < .05). The half-life of cotinme-d4 

was significantly longer in men than in women (1076 
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Table I. Pharmacokinetics of oral nicotine-d- and cotinine-d. 

Ad subjects 
in = 62) 

(mean and 95% CI i 

Nonsmokers 
in = 46) 

(mean and 95% CI/ 

Smokers 
(n = 16) 

(mean and 95% CI I 

Nicotine-d-, (plasma data") 
Cmax (ng/mL) 
tmax (mm) 
Cl/F (mL/min) 
ti/2 (minj 

Cotinine-d4 (saliva data) 
Cmilx (ng/mL) 
Cl/F (mL/min) 
t,,.-, (min) 

4.7 (4.1-5.3) 
51 (45-57) 

3564(2802-4327) 
116(104-128) 

120 (110-131) 
68(58-77) 

950(841-1058) 

4.7(3.94-5.41' 
48(41-54) 

3821 (2852-4790) 
112(98-126) 

118(106-130) 
67 (58-76) 

957(820-1095) 

4.9 (3.88-5.94) 
60* (47-73) 

2824(1769-3880) 
127(98-156) 

127 (102-152) 
69(38-100) 

927(760-1095) 

Cl, Confidence interval: CI1MV mean peak plasma concentration. tmill. lime ID mean peak plasma concentration Cl/F. systemic cleanmce/bioavailabiluy t, 
elimination half-life 

*P = .087. eomparec with nonsmokei 

Table II. 3HC/COT ratios in plasma and saliva and their correlation with nicotine and cotinine clearance and 
corinine half-life 

3HC-d4/COT-d4 ratio 
95% Cl 

3HC-d,/COT-d, ratio 
95% CI 

3HC-d0/COT-d(l~ ratio 
95% Cl 

Correlation (r) between 
Nicotine-d. Cl/F 
Cotmme-d4 Cl/F 
Cotjnine-d4 \in 

Correlarion (r) between 
Nicotine-do Cl/F 

Correlation (r) between 

Nicotine-d-, Ci/F 
Correlation (r) between 

3HC/COT ratio 
Correlation (r) between 

3HC/COT ratio 
Correlation (r) between 

3HC/COT ratio 

kii 

Saliva 

6h 2 h 

0.19 0.09 
0,16-0.23 0.08-0.10 

0.22 0.10 
0.19-0.26 0.08-0,11 

0.38 0.46 
0.18-0.59 0.20-0.73 

ictic parameter and 3HC-dJCOT-d4 , 
0.78 0.82 

nicotine 

nicotine 

d. 

d4 

d. 

and d 

and d 

and d 

0.71 0.62 
-0.50 -0.52 

clearance and 3HC-dJCOT-d^ 
0.68 0.74 

clearance and 3HC-d(/COT-da 

0.95 0.70 
', 3HC/COT ratios* 

0,91 0.83 

0 3HC/COT ratios*^ 
0.92 0.94 

0 3HC/COT ratios'-'^ 
0,90 0.83 

ratios* 

ratios* 

raiios*'< 

Plasma 

4 h 

0.15 
0.13-0.17 

0.17 
0.14-0.19 

0.46 
0.18-0.73 

0.83 
0.62 

-0.53 

0.78 

0.74 

0.93 

0.87 

0.96 

6 h 

0.21 
0.18-0.24 

0.21 
0.17-0.24 

0.45 
0.19-0.71 

0.79 
0.65 

-0 .53 

0.77 

0.90 

0.91 

0.88 

0.86 

8 h 

0.24 
0.20-0.28 

0.25 
0.21-0.29 

0.46 
0.17-0.75 

0.76 
0.74 

-0.52 

0.77 

0.90 

0.96 

0.87 

0.86 

3HC TiYjfi.w'-hydroxvcoiinine: COT. cotinine 
1 Ail correlations. P < 01 
•^Smokers only, n = 14. d(] refers to unlabeled compounds 

versus 844 minutes, P < .05). Nicotine-d2 clearance 
and cotinine-d4 clearance were significant]} correlated 
(r = 0.59. P < .01). as was cotinine-d4 half-life with 
nicotine-d-, clearance (r = —0.59. P < .01). 

Metabolite ratios 

Data for the ratio of 3HC/COT for cotinine-d4 (3HC7 
COT-d4) are shown in Table II. The ratios measured in 

plasma and saliva at 6 hours were highly correlated 
(r - 0.88, P < .001). as shown in Fig 4. The 3HC/ 
COT-d4 ratios were high.]} correlated with the ratios 
derived from mcotine-d2. shown in Table II. The 3 H O 
COT-d4 ratio was stronglv correlated with the oral 
clearance of nicotine, with correlation coefficients 
ranging from 0.76 to 0.83. depending on the time of 
measurement (Table II). The 3HC/COT-d, ratio mea-
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0 0.1 0.2 0.3 0.4 0.5 0.6 
3HC-d4/Cot-d4 Saliva ratio 

Fig 4. Correlation between 3HC-d4/COT-d4 ratio in saliva 
and in plasma, collected 6 hours after oral coiinine closing. 
Open circles represent nonsmokers: solid circles represent 
smokers. The solid line is the regression curve. 

sured at various times was strongly correlated with 
cotinine-d4 clearance and cotinine-d4 half-life (Table 
II). Data showing the correlation between nicotine 
clearance and plasma 3HC/COT-d4 ratio at 4 hours are 
shown in Fig 5. There was no difference in ratios when 
smokers and nonsmokers were compared. 

The 3HC/COT ratios derived from nicotine-d2 (3HC/ 
COT-d2) were likewise highly correlated with the oral 
clearance of nicotine, although in 12 subjects the con
centrations of 3HC-d2 fell below the limit of quantita
tion by 8 hours. 

Among 16 smokers, plasma and saliva samples were 
assayed for 3HC and cotinine derived from natural 
nicotine (from cigarettes), as well as from labeled co
tinine. In 2 smokers the cotinine concentrations were 
extremely low (presumably reflecting not smoking for a 
few days before the study), so 3HC/COT ratios could 
not be determined. The ratios based on nicotine derived 
from tobacco (unlabeled nicotine) were higher than 
those from labeled nicotine (Table II). The ratios de
rived from unlabeled and labeled nicotine were highly 
correlated. The correlation coefficients between the 
3HC/COT ratio from natural (unlabeled) nicotine 
(3HC/COT-d0) and the 3HC/COT-d4 ratio ranged from 
0.87 to 0.94 (all P < .01), as presented in Table II. The 
correlation coefficients between 3HC/COT-d0 and 
3HC/COT-d2 ratio ranged from 0.83 to 0.96 (all P < 
.01). The 3HC/COT-d0 ratio in smokers was highly-
correlated with the oral clearance of nicotine, with 
correlation coefficients ranging from 0,70 to 0.95 (Ta
ble II). 

15000 

£ 
110000 

o 
c 
ra 
0) 

O 
£ 5000 

• r = 0.83 

• 

• 

. 
0 A 

o / o 

0 
c 

0 
o o 

so 

9 o / o o. 
Jo ° 

°7 

• 

0 0.1 0.2 0.3 0.4 0.5 
3HC-d4/Cot-d4 Plasma Ratio 

Fig 5. Correlation between nicotine-d2 (Nic-d2) oral clear
ance and the 3HC-d4/COT-d4 ratio in plasma, collected 4 
hours after oral cotinine dosing. Open circles represent non-
smokers; solid circles represent smokers. The solid line is the 
regression curve. 

Two subjects had no detectable 3HC. These subjects 
were determined to have null alleles for the CYP2A6 
gene {CYP2A6*4/*4). These 2 subjects had the slowest 
and third-slowest oral clearances of nicotine (382 and 
829 mL/min, respectively) (Fig 2). These subjects did 
generate small amounts of cotinine from nicotine. 

DISCUSSION 

Our report describes a noninvasive method for as
sessing the clearance of nicotine, which reflects the 
metabolic activity of CYP2A6. We provide novel data 
showing that the ratio of 3HC/COT. measured in 
plasma or in saliva, is a good predictor of the oral 
clearance of nicotine and. therefore, of CYP2A6 activ
ity. 

Deuterium-labeled nicotine and cotinine were ad
ministered to our subjects so that we could study both 
smokers (who have unlabeled nicotine and metabolites 
in their body derived from cigarette smoking) and non-
smokers. The dose of nicotine. 2 mg, was small and 
was well tolerated by all subjects. The cotinine dose of 
10 mg was higher than that of nicotine so that we could 
measure adequate concentrations of cotinine in the sa
liva for as long as 60 hours. 
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The mam measure for CYP2A6 activity was taken as 
the oral clearance of nicotine. Oral clearance reflects 
systemic clearance/bioavailability. Thus it reflects both 
systemic clearance and first-pass metabolism. Our prior 
research found that the oral bioavailability of nicotine 
averages 30% to 40%. indicating substantial presys-
temic metabolism/4 Nicotine is known to be a high-
extraction drug, and most of its presystemic metabo
lism can be accounted for by the expected contribution 
of hepatic metabolism. CYP2A6 is present in small 
amounts in intestinal tissue, so intestinal first-pass me
tabolism could contribute to some extent.25,26 How
ever, intestinal first-pass metabolism is likely to be 
minor compared with hepatic first-pass metabolism. If 
we assume that absorption is complete and that elimi
nation is primarily via liver metabolism (which is 
thought to be the case for nicotine), the oral clearance 
of a drug may be taken as a measure of intrinsic hepatic 
clearance.'7 

Nicotine is metabolized primarily by CYP2A6. al
though there is also metabolism by other pathways 
including A'-oxidation via flavin monooxygenase and 
glucuronidation.28 Because most of the metabolism is 
via CYP2A6, it is reasonable to use the oral clearance 
of nicotine as a marker of CYP2A6 activity. 

In support of this proposition, the 2 subjects with 
inactive CYP2A6 alleles (CYP2A6*4/*4) had higher 
peak nicotine levels and lower oral nicotine clearances 
than most other subjects. Similarly, higher plasma nic
otine levels after oral nicotine were found by Xu et ah 
in subjects with CYP2A6*4/*4 variants and by Sellers 
et al29 after treating subjects with 8-methoxypsoralen. 
an inhibitor of CYP2A6. Cotinine is metabolized by 
CYP2A6 to 3HC.15 Cotinine is also metabolized by 
A'-oxidation and by glucuronidation.28 Because cotin
ine is metabolized much more slowly than nicotine, 
there is little first-pass metabolism and the oral bio
availability of cotinine is approximately 100%.''° In 
addition, plasma and saliva cotinine concentrations 
have been shown to be highly correlated." Therefore 
the clearance of cotinine administered orally and mea
sured in saliva should be highly correlated with the 
clearance of cotinine measured after intravenous dos
ing. As we reported previously, nicotine clearance and 
cotinine clearance were significantly correlated, reflect
ing the contributions of CYP2A6 to the metabolism of 
both.12 

Measuring metabolite ratios is an attractive way by 
which to noninvasive)}' assess drug metabolism pheno-
type. Ideally, the metabolite should reflect metabolism 
by one enzyme only, and the ratio of the metabolite to 
parent drug should be stable over time. Measuring the 
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cotinine/nicotine ratio is not optimal because cotinine 
can be produced from nicotine, at least in small 
amounts, even in the absence of CYP2A6."" and more 
importantly, the ratio of cotmine/nicotme is quite vari
able over time, depending on the time of last nicotine 
dosing. 

The 3HC/COT ratio is a much better candidate to be 
a metabolic marker of CYP2A6 activity. We show in 
this report that 2 subjects homozygous for CYP2A6 
null alleles, which results in a complete lack of 
CYP2.A6 protein, generated no 3HC. supporting the 
specificity of 3HC as a marker of CYP2A6 activity. 
When 3HC is generated from cotinine. its elimination is 
generation-limited. Therefore, after 3HC levels peak, 
the curves of cotinine and 3HC decline in parallel over 
time. Our data showed that the ratio increases over an 
8-hour period after dosing, but the rate of rise between 
6 and S hours is slow. We also found that the 3HC/COT 
ratio was similar and highly correlated in plasma and 
saliva at 6 hours, indicating that saliva can be used as 
the biofluid for measurement of the ratio, making the 
test entirely noninvasive. 

We found that the 3HC/COT ratios from unlabeled 
nicotine in smokers were higher than but highly corre
lated with the ratio from the labeled compounds. Cor
respondingly, the 3HC/COT ratio derived from natural 
nicotine was highly correlated with the oral clearance 
of nicotine. This means that in smokers the 3HC/COT 
ratio derived from natural nicotine can be used as a 
marker of CYP2A6 activity, without the administration 
of any test compound. 

The most likely explanation for higher metabolite 
ratios derived from natural nicotine compared with 
those derived from labeled nicotine or cotinine is that 
the former ratios represent steady-state values whereas 
the latter ratios have not yet reached steady state. Al
though the generation rate of 3HC is expected to par
allel the concentration of cotinine in the blood, the 
elimination half-life of 3HC itself averages about 6 
hours.16 Therefore it would be expected that 3HC levels 
would continue to increase over 3 to 4 half-lives (18-24 
hours) before reaching steady state. With regular smok
ing, blood levels of 3HC (derived from natural cotin
ine) achieve steady state. Therefore the ratio of 3HC/ 
COT derived from natural nicotine is expected to be 
higher than that observed 8 hours after administration 
of a labeled test dose of nicotine or cotinine. at which 
time labeled 3HC levels are not yet at stead}' state. 

Although the 3HC/COT ratio is highly correlated 
with the oral clearance of nicotine, the ratio accounts 
for only 69% (r = 0.83. r = 0.69) of the variation in 
oral nicotine clearance. The reason the metabolite ratio 
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does not account for a higher percentage of variance is 
most likely because the oral clearance of nicotine is 
contributed to by some renal excretion of nicotine, as 
well as the metabolism of nicotine via other minor 
pathways, as mentioned previously. Of note, however, 
is that the extent of correlation between the nicotine 
metabolite ratio and oral nicotine clearance is similar to 
that of other well-established metabolite ratios, such as 
the urine caffeine metabolite ratio and its con-elation 
with caffeine clearance, which is widely used as a 
marker of CYP1A2 activity.32 

In summary, we provide data indicating that the ratio 
ot~ 3HC/COT measured in plasma or saliva is highly 
correlated with the oral clearance of nicotine. We pro
pose that this ratio is useful as a noninvasive marker of 
the rate of nicotine metabolism {which can be of use in 
smoking and addiction studies) and as a general marker 
of CYP2A6 activity (which may be useful in studies of 
the metabolism of other drugs and carcinogens). In 
studying a general population that includes persons 
who do use tobacco and those who do not use tobacco, 
we recommend oral administration of labeled nicotine 
or cotinine with measurement of the 3HC/COT ratio in 
plasma at 2 to 8 hours after dosing or in saliva at 6 
hours after dosing. Of course, the time of sampling 
should be standardized for all subjects within a partic
ular study. If the study population consists of smokers 
exclusively, then the 3HC/COT ratio derived from nat
ural nicotine in tobacco can be used. 

We thank Sandy Tinetti for performing clinical studies; Gina 
Lowry and Rebecca Lenox tor subject recruitment; Lisa Yu, Min-
jiang Duan, and Sylvia Wu for analytic chemistry: Bo Xu for geno-
typing; and Kaye Welch for editorial assistance 

Drs Dempsey, Tutka, Jacob. Allen, and Benowitz and Ms Schoe-
del have no financial or personal relationships that could be perceived 
a.s influencing the described research. Dr Tyndale holds stock in 
Nicogen Research, Inc. Toronto, Ontario. Canada. 

References 

i. Nakajima M, Yamamoto T, Nunoya K, Yokoi T. Na-
gashima K. Inoue K. et al. Role of human cytochrome 
P4502A6 in C-oxidation of nicotine. Drug Metab Dispos 
1996;24:1212-7. 

2. Messina ES, Tyndale RF, Sellers EM. A major role for 
CYP2A6 in nicotine C-oxidation by human liver micro
somes. J Pharmacol Exp Ther 1997;282:1608-14. 

3. Rao Y, Hoffmann E. Zia M. Bodin L, Zeman M, Sellers 
EM. et al. Duplications and defects in the CYP2A6 gene: 
identification, genotyping. and in vivo effects on smok
ing. Mol Pharmacol 2000:58:7-17-55. 

4. Tyndale RF, Sellers EM. Variable CYP2A6-mediated 
nicotine metabolism alters smoking behavior and risk. 
Drug Metab Dispos 2001;29:548-52. 

3390281510 

Isicotine metabolite ratio and CYP2A6 / l 

5. Oscarson M. Genetic polymorphisms in the cytochrome 
pa50 2A6 (CYP2A6) gene: implications for intermdi-
vidual differences in nicotine metabolism. Drug Metab 
Dispos 2001;29:91-5. 

6. Xu C. Goodz S, Sellers EM. Tyndale RF. CYP2A6 
genetic variation and potential consequences. Adv Drug 
Deliv Rev 2002;54:1245-56. 

7. Yun CH, Shimada T. Guengerich FP. Purification and 
characterization of human liver microsomal cytochrome 
P-450 2A6. Moi Pharmacol 1991:40:679-85. 

8. Benowitz NL, Jacob P III. Jones RT. Rosenberg J. Inter-
lndividual variability m the metabolism and cardiovas
cular effects of nicotine in man. J Pharmacol Exp Ther 
1982:221:368-72. 

9. Xu C. Rao YS. Xu B. Hoffmann E. Jones J. Sellers EM. 
et al. An in vivo pilot study characterizing the new 
CYP2A6*7. +8, and l:10 alleles. Biochem Biophys Res 
Comrntm 2002;290:318-24. 

10. Nakajima M, Kuroiwa Y. Yokoi T. Interindividual dif
ferences in nicotine metabolism and genetic polymor
phisms of human CYP2A6. Drug Metab Rev 2002;34: 
865-77. 

11. CYP2A6 allele nomenclature. The Institute of Environ
mental Medicine Web site. Available from: URL: http:// 
www.imm.ki.se/cypalieles/cyp2a6.htm. Accessed 2004. 

12. Benowitz NL, Jacob P III. Metabolism of nicotine to 
cotinine studied by a dual stable isotope method. Clin 
Pharmacol Ther 1994;56:483-93. 

13. Nakajima M. Yamagishi S. Yamamoto H. Yamamoto T, 
Kuroiwa Y, Yokoi T. Deficient cotinine formation from 
nicotine is attributed to the whole deletion of the 
CYP2A6 gene in humans. Clin Pharmacol Ther 2000:67: 
57-69. 

14. Yoshida R, Nakajima M. Watanabe Y, Kwon JT. Yokoi 
T. Genetic polymorphisms in human CYP2A6 gene caus
ing impaired nicotine metabolism. Br J Clin Pharmacol 
2002;54:511-7. 

15. Nakajima M, Yamamoto T, Nunoya K, Yokoi T, Na-
gashima K. Inoue K. et al. Characterization of CYP2A6 
involved in 3'-hydroxybttion of cotinine in human liver 
microsomes. J Pharmacol Exp Ther 1996;277:1010-5. 

16. Benowitz NL. Jacob P III. Trans-3'-hydroxycotinine: dis
position kinetics, effects and plasma levels during ciga
rette smoking. Br J Clin Pharmacol 2001;51:53-9. 

17. Jacob P III. Benowitz NL, Shnlgin AT. Synthesis of 
optically pure deuterium-labelled nicotine, normeotine 
and cotinine. J Labelled Comp Radiopharmaceut 1988: 
25.1117-28. 

18. Jacob P III, Yu L. Wilson M. Benowitz NL. Selected ion 
monitoring method for determination of nicotine, cotin
ine. and deuterium-labeled analogs. Absence of an iso
tope effect in the clearance of fS)-mcotine-3'-3'-d2 in 
humans. Biol Mass Spectrom 1991;20:247-52. 

19. Jacob P III. ShuJgin A. Yu L, Benowitz NL. Determina
tion of the nicotine metabolite trans-3'-hydroxycotmine 
in smokers using gas chromatography with nitrogen-

3990281510 Source:  http://industrydocuments.library.ucsf.edu/tobacco/docs/lgkw0189

http://
http://www.imm.ki.se/cypalieles/cyp2a6.htm


Dcmpsrr ct 
CLKICAL PHARMACOLOGY LV THHRAPEUTICS 

JULY 21)04 

selective detection or selected ion monitoring. J Chro-
matogr 1992;583:145-54. 

20 Bernert JT Jr. Turner WE. Pirkle JL. Sosnoff CS. Akins 
JR, Waldrep MK. et al. Development and validation of 
sensitive method for determination of serum cotinine in 
smokers and nonsmokers by liquid chromatograpby/at-
mosphenc pressure ionization tandem mass spectrome
try. Clin Chem 1997:43:2281-91. 

21. Goodz S. Tyndale RF. Genotyping human CYP2A6 vari
ants. In: Johnson ER. Waterman MR. editors. Methods in 
enzymology. New York: Academic Press; 2002. p. 59-
69 " 

22. Zevin S. Jacob P III. Geppetti P. Benowitz NL. Clinical 
pharmacology of oral cotinine. Drug Alcohol Depend 
2000:60:13-1 

23. WinNonlin {computer program]. Mountain View (CA): 
Pharsight Corporation; 2003. 

24. Benowitz NL, Jacob P III. Denaro C, Jenkins R. Stable 
isotope studies of nicotine kinetics and bioavailability. 
Clin Pharmacol Ther 1991:49:270-7. 

25. Ding X. Kaminsky LS. Human extrahepatic cytochromes 
P450: function in xenobiotic metabolism and tissue-
selective chemical toxicity in the respiratory and gastro
intestinal tracts. Annu Rev Pharmacol Toxicol 2003:43: 
149-73. 

28 

Lindell M, Karlsson MO. Lennernas H. Pahlman L. Lang 
MA. Variable expression of CYP and Pgp genes in the 
human small intestine. Eur J Clin Invest 2003:33:493-9. 
Wilkinson GR. Shand DG. Commentary: a physiological 
approach to hepatic drug clearance. Clin Pharmacol Ther 
1975:18:377-90. 
Benowitz NL. Jacob P III. Pharmacokinetics and metab
olism of nicotine and related compounds. In- Arneric SP. 
Brioni JD. editors. Neuronal nicotinic receptors: pharma
cology and therapeutic opportunities. New York: Wiley -
Liss. Inc; 1998. p. 211-34. 

29. Sellers EM. Kaplan HL. Tyndale RF. Inhibition of cyto
chrome P450 2A6 increases nicotine's oral bioavailabil
ity and decreases smoking. Clin Pharmacol Ther 2000; 
68:35-43. 

30. DeSchepper PJ. Van Hecken A. Van Rossum JM. Kinet
ics of cotinine after oral and intravenous administration 
to man. Eur J Clin Pharmacol 1987;31:583-8. 
Benowitz NL. Jacob P III, Sachs DPL. Deficient 
C-oxidation of nicotine. Clin Pharmacol Ther 1995:57: 
590-4. 
Denaro CP. Wilson M, Jacob P III. Benowitz NL. Vali
dation of urine caffeine metabolite ratios with use of 
stable isotope-labeled caffeine clearance. Clin Pharmacol 
Ther 1996:59:284-96. 

31 

32 

Availability of Journal back issues 
As a service to our subscribers, copies of back issues of Clinical Pharmacology & Therapeutics 
for the preceding 5 years are maintained and are available for purchase from Elsevier Inc. until 
inventory is depleted. Please write to Elsevier Inc.. Subscription Customer Service, 6277 Sea Harbor 
Dr. Orlando. FL 32887. or call 800-654-2452 or 407-345-4000 for information on availability of 
particular issues and prices. 

3990281511 

3990281511 Source:  http://industrydocuments.library.ucsf.edu/tobacco/docs/lgkw0189


