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Abstract-The profile of nicotine metabolites produced by freshly isolated hepatocytes from rats, 
hamsters, guinea pigs. mice and humans was investigated after a 30-min exposure to nicotine 
([2-‘1C]pyrrolidine). Large species differences occurred in the extent of nicotine metabolism; these 
ranged from 95% metabolism in guinea pig bepatocytes to only 30% metabolism in human and rat 
hepatocytes. The spectrum of metabolites formed also varied widely in different species. In hepatocytes 
from obese human subjects, nicotine was metabolized most extensively in smokers, least in nonsmokers, 
and to an intermediate degree in exsmokers, suggesting that cigarette smoking enhances the rate 
of nicotine metabolism. Pretreatment of all nonhuman species studied with phenobarbital and /3- 
naphtho~avone and with Aroclor in rats produced distinctive inductive patterns. Phenobarbital pre- 
treatment of nonsmokers for 2 days prior to liver biopsy doubled the extent of nicotine conversion to 
cotinine by their hepatocytes. Rat and hamster hepatocytes exhibited sex and stereoselectivity differences 
in nicotine metabolism. Collectively, these studies indicate that hepatocytes offer some advantages over 
in uioo systems in investigating certain aspects of nicotine metabolism. 

This study was designed to establish the pattern 
of nicotine metabolism in hepatocytes from rats, 
hamsters, guinea pigs, mice and humans. In particu- 
lar, we asked how closely hepatocytes maintained 
certain characteristics of nicotine metabolism ident- 
ified in uivo, including species and sex differences 
f12-43] ,8jnduction profile [5-‘71 and stereoselectivity 

*, * 
The advantage of hepatocytes resides in their 

potential for reflecting subtle metabolic changes con- 
cealed itz viva when such alterations are offset by 
simultaneously occurring changes in rates of drug 
absorption, distribution and excretion. For example. 
in humans [9] and rats [ 11 differences in the rates of 
nicotine metabolism were balanced by concurrent 
changes in nicotine volume of distribution. A reliable 
in oitro experimental model, unaffected by in vivo 
absorption and distribution factors, could prove use- 
ful in delineating small, but nonetheless important, 
changes that may occur in intrinsic nicotine metab- 
olism. 

Several in vitro systems, including crude/purified 
microsomal preparations [lo, 111, liver slices [l&13] 
and a perfused liver system 171, have already served 
to elucidate the complex pathways of nicotine metab- 
olism. Hepatocytes, on the other hand, while used 
previously with respect to conversion of nicotine 
to cotinine (141, have not been evaluated for the 
complete profile of nicotine metabolism. As intact 
cell systems, hepatocytes retain most metabolic capa- 
bilities of liver, while allowing, under well defined, 
carefully controlled conditions, examination of 
effects produced by various manipulations. Hepa- 
tocytes thus provide unique opportunities to study 
mechanisms and pathways of drug metabolism in 
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different species, including humans 1151. Since 
metabolism of many drugs in hepatocytes correlates 
closely with their metabolic profile in viuo [15-171, 
we decided to evaluate how well freshly isolated 
hepatocytes could serve as an experimental mode1 
for nicotine metabolism. Nicotine metabolism is 
appropriate for such an approach because it is com- 
plex [18], and several pathways are subject to 
environmental pertubations 161. 

MATERIALS AND METHODS 

Materials. Racemic (R)-(+)/(~)-(-)-nicotine 
([2-14C]pyrrolidine), stored in ethanol under argon, 
was obtained from New England Nuclear (Boston, 
MA) and had specific activity of 60 mCi/mmol, Un- 
labeled (S)-(-)- and (R)-(+)-nicotine were pur- 
chased from the Sigma Chemical Co. (St. Louis, 
MO). The (R)-( +)-entaniomer was obtained as the 
(+)-di-p-toluoyltartrate salt. Sodium chloride, pot- 
assium chloride, magnesium sulfate, sodium phos- 
phate dibasic, potassium phosphate monobasic and 
sodium acetate were purchased from Fisher Scientific 
(Pittsburgh, PA). Calcium chloride and HPLC grade 
methanol and acetonitrile were purchased from the 
J. T. Baker Co, (Phillipsburg, NJ). Bovine serum 
albumin (fraction V), EDTA, collagenase (type IV), 
trypan blue and NADPH were obtained from the 
Sigma Chemical Co. and Tris-KC1 from Schwarz/ 
Mann Biotech (Cleveland, OH). The inducing 
agents, phenobarbital (sodium salt), ~naphtho- 
flavone, Aroclor 1254 and 3-methylcholanthrene, 
were purchased, respectively, from Merck & Co., 
Inc. (Rahway, NJ); Aldrich Chemical Co., Inc. 
(Milwaukee, WI); Chem Service (West Chester, 
PA); and Eastman Kodak Co. (Rochester, NY). 

Animals. Adult male Sprague-Dawley (Crl : SD) 
rats (100-120 g) and Syrian (Crl: LVG) hamsters 
(SO-100s) were purchased from Charles River 

1747 



1748 G. A. KYEREMATEN el al. 

Breeding Laboratories (Wilmington, MA). Adult 
male Hartley (Hra) guinea pigs (200-250 g) were 
from Hazleton Research Animals (Denver, PA). 
Adult male DBA/Jax mice (20-25 g) were purchased 
from Jackson Laboratories (Bar Harbor, ME). All 
animals were kept under observation in our quar- 
antine facilities for 1 week before the study. They 
were housed four to a cage in a temperature- 
controlled environment (22’ t I”). The relative 
humidity varied between 40 and 60%; a 100% 
exchange of fresh air was accomplished 18-22 times 
every hour. The photoperiod was controlled to pro- 
vide light from 8:00 a.m. to 8:OOp.m. Animals 
received water and a close-formula, cereal-based diet 
(Ralston-Purina) ad lib. 

Wedges of human hepatic tissue were obtained 
with signed informed consent from 27 grossly obese 
male (7) and female (20) patients undergoing sched- 
uled liver biopsy prior to a surgical procedure termed 
gastroplasty performed at this institution. The medi- 
cal background of each patient, including tobacco 
smoking history, was recorded carefully. Subjects 
who denied using tobacco were classified as nonsmo- 
kers. Smokers had consumed at least one pack of 
cigarettes a day over the previous year, and exsmo- 
kers had stopped smoking at least 3 months prior to 
the study. 

Induction protocol. Phenobarbital (70 mg/kg) was 
administered intraperitoneally once daily for 3 days. 
P-Naphthoflavone, 3-methylcholanthrene and Aro- 
clor 1254 were injected intraperitoneally in single 
doses of 40, 80 and 300 mg/kg respectively. Pheno- 
barbital-. P-naphthoflavone- and Aroclor-admin- 
istered animals were killed 96 hr following start of 
pretreatment, whereas 3-methylcholanthrene-pre- 
treated animals were killed after 72 hr. Pheno- 
barbital was dissolved in physiological saline 
adjusted to pH 8.5. The other inducing agents were 
solubilized in peanut oil. Appropriate doses of these 
vehicles, saline and peanut oil, were administered 
to control groups of animals. In human subjects, 
phenobarbital (100 mg, po) was given at bedtime for 
2 days before surgery. 

Preparation of hepatocytes. Rat, hamster and 
guinea pig hepatocytes were isolated according to a 
modification of the EDTA method of Wang et al. 
[19]. Briefly, the animal was anesthetized with ether 
and the portal vein cannulated for liver perfusion. 
A 17-gauge needle was used for rats/guinea pigs, 
whereas hamsters were cannulated with a 20-gauge 
needle. Perfusion was started in situ with buffer A 
which consisted of NaCl (140 mM), KC1 (5 mM), 
MgSOJ (1.6mM), KH,PO., (0.4mM), EDTA 
(2.0 mM), NaHC03 (25 mM), pH 7.4. Buffer A was 
maintained at 37” and equilibrated with OZ:COZ 
(95:5, v/v). With the cannula in place, the liver was 
excised by first removing the ventricle and intestine 
in one piece followed by its liberation from the 
diaphragm and. finally, with the rat in a tilted 
position, by cutting the dorsal ligaments. The freed 
liver was immersed in a liver perfusion system 1201, 
and perfusion continued with buffer A for a total of 
30 min. To loosen cells. the swollen liver was rinsed 
and diced in buffer B (same composition as buffer 
A except 1.0 mM CaCl> replaced EDTA). The cell 
suspension was strained through two layers of gauze 

and centrifuged at 200U~ for 2.5 min. The cell pellet 
was then washed twice with buffer B and after the 
final wash, suspended in buffer C (buffer B with 
bovine serum albumin, 2%). Cell viability and count 
were estimated by the trypan blue exclusion test 1201. 
At room temperature. a 2% aqueous trypan blue 
solution was mixed with an equal volume of cell 
suspension diluted 4-fold with buffer C. Viable hepa- 
tocytes excluding the dye within 2 min were counted 
with a hemocytometer. 

Mouse and human hepatocytes were isolated by 
the two-step collagenase perfusion procedure 1201 
in order to obtain cell yields comparable to those 
obtained from hamsters, guinea pigs and rats using 
the EDTA method. Cannulation of the hepatic 
portal vein of mice was accomplished utilizing a 22- 
gauge needle, whereas human liver biopsy wedge 
samples were perfused according to the method of 
Strom et al. [21]. Buffer A was perfused initially for 
6 min and followed with collagenase (0.12% in buffer 
B) for 9 min. Subsequent processing of perfused 
human and mouse livers was as described above for 
hamsters, guinea pigs and rats. 

Measurement of nicotine metabolism. The incu- 
bation mixture for nicotine metabolism consisted of 
the following: nicotine ([2-“Clpyrrolidine), 0.1 &i; 
unlabeled nicotine, 0.01 mM; NADPH. 0.5 mM: 
Tris-KCI (pH 7.4), 100 mM. This mixture had a final 
volume of 500 PL and was brought to 1 mL when the 
reaction was initiated by adding 500 PL of hepatocyte 
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Fig. 1. HPLC separation of nicotine and metabolites 
extracted from hamster heDatocvte suspensions following 
a 3%min incubation with [“‘Cln~cotine. Injection volume 
was 100 wL. The upper panel (A) shows separation of nic- 
otine (7) from allohydroxydemethylcotinine (I). cotinine- 
N-oxide (2). y-(3-pyridyl)-y-oxo-N-methylbutyramide (3), 
3-hydroxycotinine (4). cotinine (5), nornicotine (6) and 
nicotine-I’-N-oxide (8) using the binary gradient HPLC 
procedure described in Materials and Methods. The lower 
panel (B) illustrates separation of nicotine-I’-N-oxide (8) 
from nicotine (7). using the isocratic HPLC method we 
developed specifically for assay of nicotine- I ‘-N-oxide for- 

mation by hepatocytes. 
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suspension diluted to contain 5.0 X 10’ cells/ml. 
Incubations were carried out under aerobic con- 
ditions (Oz:COz; 95: 5, v/v) at 37” for 30 min in a 
Dubnoff metabolic shaking incubator. These reac- 
tion conditions were determined to be optimum (see 
Fig. 2A-D). Reactions were terminated by addition 
of 2mL of ice-cold methanol. After removal of 
coagulated proteins by ~entrifugation, the super- 
natant fraction was concentrated to a 720 FL volume 
under a steady stream of nitrogen at 45”. A lOO- 
PL ahquot of the concentrate was injected into the 
HPLC system to analyze nicotine metabolite pro- 
duction. 

HPLC conditions. HPLC analysis was performed 
on a Waters (Bedford, MA) liquid chromatographic 
system comprised of a WISP 710B autosampler, 
two M510 solvent delivery systems controlled by an 
M680 automated gradient controller and an M440 

0 3 2 3 4 5 
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absorbance detector. Absorbance at 254 nm was 
monitored on a Chromatopac C-R3A data processor 
(Shimadzu, Columbia, MO). Radioactivity in the 
HPLC effluent was monitored with an LB505 Ber- 
thold radioactivity monitor system (~erthold Ana- 
lytical, Nashua, NH) using a 400-FL poly- 
tetrafl~oethylene flow cell packed with G glass 
scintillator beads for heterogenous counting. The 
radioactivity signal was stored and integrated by an 
LB510 Berthold chromatography data station. The 
analytical column was a 150 x 4.5 mm, 5 pm IBM 
Optima cyano RP cartridge (IBM Instruments, Dan- 
bury, CT) which was connected in series with and 
preceded a 250 X 4.5 mm, 5 PM IBM cyano RP ana- 
lytical steel column. A 50 X 4.5 mm, 5 pm IBM 
Optima cyano RP cartridge served as guard column. 
Two solvent systems, designated A and B, comprised 
the mobile phase. Solvent A was water/methanoi/ 
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Fig. 2. (A) Effect of hepatocyte number on nicotine metabolism in phenobarbital-induced Sprague- 
Dawley rats. The reaction mixture consisted of nicotine ([2-“C]pyrrolidine), 0.1 &i: S-(-)-nicotine 
(unlabeled), 0.01 nM; NADPH, 0.5 mM; T&-KC1 (pH 7.4), 100 mM. Incubations were carried out at 
37” for 30 min. Key: COT, cotinine; NNC, nornicotine; NNX, nicotine-l’-N-oxide: and CNX, cotinine- 
N-oxide. Numbers at the end of each line correspond to the numbers above each peak in Fig. 1. (B) 
Time-courses of nicotine metabolite production by hepatocytes isolated from phenobarbital-induced 
Sprague-Dawley rats. The reaction mixture consisted of: nicotine ([2-‘SC]pyrrolidine), 0.1 FCi; S-(-)- 
nicotine, 0.01 mM; NADPH, 0.5 mM; Tris-KC1 (pH 7.41, 100 mM; hepatocyte suspension, containing 
2.5 x lo6 cells. (C) Effect of pH of incubation mixture on nicotine metaboiite production by hepatocytes 
isolated from phenobarbital-induced male Sprague-DawIey rats. The reaction mixture consisted of: 
nicotine ([~-~4C~py~olidine), 0.1 $ici; S-(-)-nicotine, 0.01 mM; NADPH, 0.5 mM; Tris-KCI, 100 mM; 
hepatocyte suspension, containing 2.5 X 10” cells. (D) NADPH dependence of nicotine metabolite 
production by hepatocytes isolated from phenobarbital-induced male Sprague-Dawley rats. The reaction 
mixture consisted of: nicotine ([Z-‘4C~pyrrolidine), 0.1 &i; S-( -)-nicotine, 0.01 mM; Tris-KCI ( pH 7.4), 

100 mM; hepatocyte suspension, containing 2.5 X lo6 cells. For each panel, N = 6. 



1750 G. A. KYEREMATEN etal. 

O.lM acetate buffer (pH 4.0)/acetronitrile 
(187.5 : 11: 1: 0.5, by vol.) and solvent B was water/ 
methanol/OS M acetate buffer (pH 4.0)/acetonitrile 
(65 : 29 : 4 : 2, by vol.) which was adjusted to pH 6.82 
with triethylamine. A binary gradient system, which 
consisted of a mixture of solvents A and B (99: 1, 
v/v) as system 1 and solvent B as system 2, was used 
to separate nicotine and its in vitro metabolites. The 
gradient program consisted of an initial 5-min run of 
system 1, followed by a lo-min gradient ascent 
(Curve No. 8 on Waters M680 gradient controller) 
to system l/system 2, 50: 50 which was then main- 
tained for 5 min. Initial conditions were then re- 
established by equilibrating the column with 100% 
system 1 for 20min. The solvent flow rate was 
1.5 mL/min throughout the 40-min run. 

This HPLC method separates nicotine (NIC) from 
six of its metabolites-allohydroxydemethylcotinine 
(ADC), cotinine-N-oxide (CNX). y-(3-pyridyl)-y- 
oxo-N-methylbutyramide (POMB), 3-hydroxycot- 
inine (3HC), cotinine (COT) and nornicotine 
(NNC). Under these conditions, however, a seventh 
metabolite. nicotine-If-N-oxide (NNX). is inad- 
equately resolved from nicotine, thereby neces- 
sitating development of a separate assay for it. 
Separation of nicotine-l’-N-oxide from nicotine was 
achieved with solvent B run isocratically on the same 
HPLC column at a flow rate of 1.5 mL/min. 

Data analysis. For each assay, we calculated the 
percent contribution of each metabolite formed and 
of unmetabolized nicotine to the total radioactivity 
present in the starting nicotine. Differences between 
means of these calculated percentages were tested 
for statistical significance using Student’s t-test for 
unpaired data. 

RESULTS 

HPLC fractionation. Figure 1A shows the HPLC 
separation pattern for nicotine and six metabolites 
produced by hamster hapatocytes incubated with 
[‘“Clnicotine. For this separation, we used the binary 
gradient system described earlier. Figure 1B shows 
on the same column. but under isocratic conditions, 
separation of the seventh metabolite, nicotine-l’-N- 
oxide from nicotine. Peaks designated X and Y are 
cotinine and nornicotine, respectively, but contain 
additional metabolites (1-4 in Fig. 1A) not readily 
separable by the simpler isocratic method. 

Pre-HPLC recovery of nicotine and metabolites. 
estimated from total dpm in extracts prior to HPLC 
injection, was 91.7 + 1.6%. 

Optimization of conditions for nicotine metab- 
olism. The effects of four “incubation” factors on 
nicotine metabolite production are illustrated in Fig. 
2A-D. Hepatocytes used in this study were isolated 
from phenobarbital-pretreated rats. The factors 
monitored were hepatocyte number, period of incu- 
bation, pH and NADPH concentration of incubation 
mixture. Hepatocyte counts of 2.5 x 10h cells/ml 
incubation mixture were the optimum cell number 
for production of most nicotine metabolites (Fig. 
2A). Although maximum production of metabolites 
occurred within 1 hr (Fig. 2B), we choose for our 

assays a 30-min incubation period in order to stan- 
dardize most efficiently variations in loss of hepa- 
tocyte viability with time. Clearly, at 30min. 
production of most metabolites plateaued so that 
measurements at this time do not reflect initial rates. 
Nicotine metabolism did not vary much over the 
practical pH range of 5.X to 7.8 (Fig. 2C); thus, we 
maintained our incubation mixtures at physiological 
PH. 7.4. Metabolism of nicotine by hepatocytes did 
require NADPH supplementation (Fig. 2D); an 
NADPH concentration of 0.5 mM was selected as 
optimum for metabolite production. 

Species urrd sex diflerences. Hepatocytes isolated 
from nonmedicated rats. hamsters, guinea pigs, mice 
and human subjects exhibited marked variations. 
both qualitative and quantitative. in their mztab- 
olism of nicotine (Figs. 3 and 4: Tables l-3). Hamster 
hepatocytes exhibited the most interesting metabolic 
profile, producing as many as >evcn nicotine metab- 
olites-allohydroxydemethvlcotinine, cotinine-N- 
oxide, ~-(3-pyridyl)-y-oxc~-VN-methylhutyrarnide. 3- 
hydroxycotinine, cotininc. nornicotinr: and nicotine- 
I’-N-oxide (Fig. 3). Four of these. 3-hydroxvco- 
tinine, cotinine, nornicotine and nicotine-i’-N- 
oxide, were extracted from incubations with guinea 
pig hepatocytes (Fig. 3). In rat and mouse hepa- 
tocytes allohydroxydemethylcotinine, cotinine. nor- 
nicotine and nicotine- I ‘-N-oxide were recovered in 
rather low amounts. Following phenobarbital pre- 
treatment, however, these metabolites were pro- 
duced in appreciable amounts: rat hepatocytes 
produced cotinine-N-oxide as well (Fig. 3). Hepa- 
tocytes isolated from most human liver biopsy 
samples produced only cotinine and nicotine- 1 ‘-N- 
oxide (Fig. 3). 

Quantitatively, from the percent contribution of 
unmetabolized nicotine to the total (metabolites plus 
remaining nicotine). guinea pig and hamster hepa- 
tocytes tnetabolized nicotine to the greatest extent 
(Fig. 4). The nicotine-metabolizing capacity of 
guinea pig and hamster hepatocytes did not differ 
significantly from each other but both were sig- 
nificantly greater than that of mouse. rat and human 
hepatocytes (Tables I-3). Nicotine hiotransform- 
ation tended to be least with rat and human hrpa- 
tocytes (Fig. 4). High cotinine and nicotine-If-N- 
oxide production by guinea pig hepatocytes cor- 
roborates their high mcotine-metabolizing capacity 
(Fig. 4; Table 3). These primary metabolitea of nic- 
otine were detected only in low concentration in harn- 
ster hepatocytes. apparently because they were 
further biotransfortned to more secondarv metab- 
olites (Fig. 3; Table 3). Cotinine prod&ion was 
appreciable with mouse and human hepatocytes. but 
was not significantly greater than that produced by rat 
hepatocytes. Percent nicotine-l’-N-oxide production 
was similar in incubations with hepatocytes from ham- 
ster, mouse, rat and human subjects (Fig. 4). 

No sex differences occurred either in the metab- 
olite profile or in the relative percentages of 
unmetabolized nicotine and of cotinine and nicotine- 
If-N-oxide produced by hepatocvtes from non- 
medicated male and female rats (Fig. 4; Table 2). 

Induction profile. In studies with human hepa- 
tocytes, both cigarette smoking for at least 1 year 
and phenobarbital pretreatment for 2 days prior to 
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A. Untreated (control) B. Phenobarbital-treated 
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Fig. 3. Species differences in nicotine metabolite production by hepatocytes isolated from (A) untreated 
(control) and (B) phenobarbital-treated rats, hamsters, guinea pigs, mice and humans. The reaction 
mixture consisted of: nicotine ([2-‘JC]pyrrolidine), 0.1 &i; S-(-)-nicotine, 0.01 mM; Tris-KC1 (pH 7.4), 
100 mM; NADPH, 0.5 mM; hepatocyte suspension, containing 2.5 X lo6 cells. See legend of Fig. 1 for 

number key. 

biopsy were each associated with significant induc- 
tion of nicotine metabolism to cotinine (Table 1). A 
trend toward such induction was also observed with 
hepatocytes from exsmokers, although differences 
in cotinine/nicotine recovery between this group and 
unmedicated nonsmokers did not attain statistical 
significance. Nicotine-l’-N-oxide production by 
hepatocytes was not affected by either cigarette 
smoking or phenobarbital pretreatment (Table 1). 

In both male and female rats, phenobarbital pre- 
treatment induced nicotine metabolism to cotinine 
and nornicotine but not to nicotine-1’-N-oxide (Table 
2). This inductive effect was sex-dependent, being 
more pronounced in male rats. PNaphthoflavone 
and Aroclor 1254 both induced nicotine metabolism 
in male rats as reflected by the percent ratio of 
unmetabolized nicotine to the total (Table 2). 
Whereas cotinine and nornicotine production were 
enhanced upon Aroclor pretreatment, P-naphtho- 
flavone induced the production of nornicotine and 

nicotine-1’-N-oxide, but not of cotinine (Table 2). 
Aroclor pretreatment tended to induce nicotine-l’- 
N-oxide production (Table 2). 

In hamsters, neither phenobarbital nor P-naph- 
thoflavone enhanced nicotine biotransformation to 
any of the seven metabolites identified (Table 3). By 
contrast, in guinea pigs phenobarbital induced the 
production of 3-hydroxycotinine, cotinine and nor- 
nicotine while inhibiting nicotine-l’-N-oxide for- 
mation (Table 3). P-Naphthoflavone pretreatment 
apparently had no effect on nicotine metabolism by 
guinea pig hepatocytes (Table 3); in mice, however, 
it selectively induced nicotine metabolism to 3-hyd- 
roxycotinine, nicotine-l’-N-oxide and probably cot- 
inine (Table 3). Nicotine metabolism to 3- 
hydroxycotinine and cotinine was enhanced in mice 
upon pretreatment with phenobarbital (Table 3). 

Comparative metabolism of nicotine enantiomers. 
Hamster hepatocytes on exposure to S-(-) and R- 
(+)-nicotine exhibited stereoselective biotransform- 
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Remaining Nlcotlne 

g 6Or 
Nlcotlne- 1’.N-Owde 

E 20r 
Nornlcotlne 

Fig. 4. Metabolism of nicotine in five species arranged in 
order from the species with the most metabolism (guinea 
pig) at left to the species with the least metabolism (rat and 
human) at right. Values indicated are percent contribution 
? SE of remaining nicotine and of metabolites formed to 
the total starting radioactivity: N = 6 in each species except 

humans whew N = 27. 

ation of these enantiomers to cotinine and nor- 
nicotine (Fig. 5). V,,,,, for cotinine production was 
faster with the S-( -)-enantiomer (0.50 ng/hr) than 
with the R-(+)-enantiomer (0.43 ng/hr). With nor- 
nicotine production, however, V,,,,, for formation 
from the R-(+)-enantiomer (0.22 ng/hr) was faster 
than that from the S-( -)-enantiomer (0.10 ng/hr). 

DISCUSSION 

These studies define for hepatocytes a complex, 
species-specific pattern of metabolites formed from 
nicotine. In rats, this metabolic pattern closely 
resembles that obtained in vivo [18]; the principal 
metabolites of nicotine observed in vivo could be 
identified in rat hepatocytes. Those few metabolites 
not observed in hepatocytes occurred in very low con- 
centrations in vivo [18]. Due to their limited viability, 
hepatocytes were studied for only 30 min after nic- 
otine exposure, whereas the in vivo investigations 
were performed after much longer periods (12-96 hr). 

Since the present study describes the use of hepa- 
tocytes as a new approach to the investigation of nic- 
otine metabolism, its advantages as well as limitations 
merit consideration. The extreme toxicity of nicotine 
poses severe limitations for investigations conducted 
in vivo. By contrast, nontoxic nicotine concentrations 
can readily be used in hepatocytes. Accordingly, the 
hepatocyte model allows detailed examination of 
numerous environmental effects on individual path- 
ways of nicotine metabolism. Also, large numbers of 
cells can be harvested from a single liver, permitting 
many such studies on genetically identical material, as 
well as the same pool of enzymes. 

The principal disadvantage of the freshly isolated 
hepatocyte model is the significant loss of cell viability 
that occurs with time. A second disadvantage involves 
the difficulties inherent in obtaining human donors 
[22]. Thus, in the present study only grossly obese 
donors could be found: results obtained with them 
may differ from those in normal human subjects. 

Large qualitative and quantitative species dif- 
ferences occurred in nicotine metabolism by hepa- 
tocytes isolated from five vertebrate species. 
Hamsters had previously been recognized [23] as a 
good model for demonstrating nicotine metabolism 
in vivo. Our results disclosed that hamster hepa- 
tocytes yielded the most nicotine metabolites (Fig. 
3), although the other four species used also pro- 
duced an array of species-specific nicotine metab- 
elites (Fig. 3). 

Table 1. Nicotine metabolism in hepatocytes of smokers. exsmokers and nonsmokers* 

Mean 
age k SE COT 

Control 

NNX NIC 

Nonsmokers (N = 7) 
Exsmokers (N = 3) 
Smokers (N = 4) 

37.9 t 2.x 
53.3 2 0.9 
37.3 ? 4.8 

Mean 
age t SE 

20.6 + 5.7 12.3 2 1.5 67.1 + 5.0 
25.x 2 3.8 13.6 -t 5.1 60.6 + 7.3 
39.4 * 3.4i 9.4 + 0.7 51.3 2 2.9t 

Phenobarbital-treated 

COT NNX NIC 

Nonsmokers (N = S) 30.4 + 4.4 40.7 -c 6.3: 11.7 t 1.8 47.6 * 5.9$ 
Exsmokers (N = 3) 37.3 * 4.8 29.3 t 6.4 17.6 ? 5.6 53.2 2 1.3 
Smokers (N = 5) 35.2 -c 1.9 48.4 5 6.2 11.1 2 1.2 40.5 r 8.3 

* Values are expressed as percent +-SE of all metabolites formed and remaining nicotine. Abbrevi- 
ations: COT, cotinine: NNX. nicotine-l’-iv-oxide; and NIC, nicotine. 

:- Significantly different from control value in nonsmokers (P < 0.05). 
$ Signilicantly different from corresponding control value (P < 0.05). 
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Fig. S. Lineweaver-Burk reciprocal plots of the stereo- 
selective metabolism by hamster hepatocytes of R-(+)- 
and S-(-)-nicotine to (A) cotinine and (B) nornicotine. 
Reaction mixtures consisted of: various concentrations of 
unlabeled-R-(+)- and S-(-)-nicotine; Tris-KCI (pH 7.4), 
100 mM; NADPH, 0.5 mM; hepatocyte suspension. con- 
taining 2.5 x IO” cells. Values are means i. SE, N = 6. 

Species variations in nicotine metabolism were 
demonstrated recently in oiuo 121. In hepatocytes, 
species variation ranged 3-fold, from virtually com- 
plete metabolism of nicotine (%%) by guinea pig 
hepatocytes to only 30% metabolism of nicotine by 
hepatocytes from rats and humans (Fig. 4). Marked 
species variations in the quantitative metabolism of 
nicotine in vitro base been reported by Jenner and 
coworkers 124, 251 using fortified 10,OOOg hepatic 
supernatant fractions. They describe an order among 
species in nicotine-metabolizing capacity similar to 
that we observed in hepatocytes: guinea pig > ham- 
ster > mouse > rat (Fig. 4). 

In in uiuo studies of nicotine metabolism, 3’-hyd- 
roxycotjnine has been reported to be the major uri- 
nary metabohte in hamsters, guinea pigs and humans 
[2, 261. While this was true in the present study with 
hamster hepatocytes, the major nicotine metabolites 
produced by guinea pig and human hepatocytes were 
cotinine and nicotine-1’-N-oxide (Fig. 4; Tables 1 
and 3). 

Among human subjects, hepatocytes from ciga- 
rette smokers demonstrated induction of nicotine 
metabolism compared to hepatocytes from non- 
smokers (Table 1). Also, hepatocytes of exsmokers 
exhibited a trend toward induction (Table 1). These 
observations support our previous conclusion [9] and 
that of others [27,X8] showing acceleration of nic- 
otine and cotinine metabolism in smokers. as demon- 
strated by shorter plasma nicotine and cotinine 

terminal half-live:, in smokers compart‘cl to non- 
smokers. Induced nicotine metabolism in smokers 
has been cluestioncd [ 3, 30]. 

Our results indicated that pheiiobarbit~~l prr- 
treatment also signifi~~llltly induced nicotine mctab- 
ohsm in hepatocytcs not only from humans (Table 
1) but also from rats, guinea pigs, and mice (Tables 
2 and 3). These results confirm earlier observations 
of induction of nicotine metabolism by phenobarbital 
pretreatment of guinea pigs [5] and rats 171. The 
report of a 2-fold induction of 5’-hydroxylation of 
nicotine in hamsters pretreated with phen~~barbit~ll 
fh] was not reflected in increased pr[~ducti~~n of cot- 
inine in our present studies with hamster hcpato- 
cytei. perhaps because cotinine was further 
biotransformed to other metabolites. Lack of an 
effect of phenobarbital pretreatment on nicotine- 
1 ‘-N-oxide production [h, 91 was confirmed in the 
present study for humans, rats and hamsters. The 
paradoxical lnhibiti~ll of nicotine-I’-!~-oxide pro- 
duction by phen~~b~lrbita~ observed with guinea pig 
hepatocytes (Table 3) was demonstrated previously 
in rabbit microsomes 1311. 

Sex differences in nicotine metabolism by hepa- 
tocytes from unmedicated rats did not re?ch stat- 
istical significance. Upon phenobarbital pretreat- 
ment. however, a highly significant sex difference 
(Table 2) occurred in the previously observed direc- 
tion (male > females) [I). 

Reasons for the large species and sex-dependent 
variations in nicotine metabolism and induction by 
phenobarbital. P-naphthoflavone and Aroclor war- 
rant further investigation. In the various species we 
studied. different molecular forms of the hepatic 
enzymes involved in nicotine metabolism may occur 
coIlstituti~feiv. as well as after inducti~~n 131,321. 
Differential -induction of these isozymes observed 
with the various inducing agents used in this study 
could provide one approach to unraveling the 
species-dependent heterogeneity of enzymes 
involved in nicotine metabolism. 

Finally. hepatocytes revealed another aspect of 
nicotine metabt~lisni: stereosele~tivity. Hamster 
hepatocytes converted (.~)-(-)-rli~otin~ faster than 
(R)-( i-)-nicotine to cotinine. The reverse occurred 
with metabolism of nicotine to nornicotine (Fig. 5). 
Such stereoselective differences in nicotine metab- 
olism have been reported previously in &vu [ 11, 241, 
as well as in oiw [2. 31. The nonradiometric assay 
used to demonstrate stereoselective metabolism of 
nicotine limited us to rn~~nit~~ring only its bio- 
tr~insformati(~n to cotinine and nornicotine. 

In conclusion, these results demonstrated species 
and sex differences, smoking-induced changes, 
selective induction of separate pathways and stereo- 
selectivity for nicotine metabolism by hepatocvtes. 
These applications of hepatocytes to investigate 
nicotine metabolism follow earlier studies on the 
metabolism of other drugs by hepatocytes ]lS- 
17.33-381. 
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