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Abstract

Introduction: The use of novel oral nicotine delivery devices and compositions for human consumption and for animal research 
studies has been increasing in the last several years.

Methods: Studies were undertaken to examine whether the systemic administration of methoxsalen, an inhibitor of human 
CYP2A6 and mouse CYP2A5, would modulate nicotine pharmacokinetics and pharmacological effects (antinociception in the 
tail-flick, and hot-plate tests, and hypothermia) in male ICR mouse after acute oral nicotine administration.

Results: Administration of intra peritoneal (ip) methoxsalen significantly increased nicotine’s Cmax, prolonged the plasma 
half-life (fourfold decrease) of nicotine, and increased its area under the curve (AUC) compared with ip vehicle treatment. 
Methoxsalen pretreatment prolonged the duration of nicotine-induced antinociception and hypothermia (15 mg/kg, po) for peri-
ods up to 6- and 24-hr postnicotine administration, respectively. Additionally, methoxsalen potentiated nicotine-induced antino-
ciception and hypothermia as evidenced by leftward shifts in nicotine’s dose–response curve. Furthermore, this prolongation of 
nicotine’s effects after methoxsalen was associated with a parallel prolongation of nicotine plasma levels in mice. These data 
strongly suggest that variation in the rates of nicotine metabolic inactivation substantially alter pharmacological effects of nico-
tine given orally.

Conclusion: We have shown that the pharmacological effects of inhibiting nicotine’s metabolism after oral administration in 
mice are profound. Our results suggest that inhibiting nicotine metabolism can be used to dramatically enhance nicotine’s bio-
availability and its resulting pharmacology, which further supports this inhibitory approach for clinical development of an oral 
nicotine replacement therapy.

Introduction

Nicotine administration is known to result in several 
physiological and pharmacological effects and to produce 
subjective feelings of reward and pleasure in humans and 
animals. The use of novel oral nicotine delivery devices 
and compositions for human consumption and for animal 
research studies has been increasing in the last several years. 
Orally delivered nicotine products may provide a convenient 
route of administration allowing the drug to be absorbed 
from the intestine rather than buccally, as is the case with 
currently available oral nicotine replacement therapies 
(NRTs) products (i.e., nicotine gum). Two new NRT products 
have been proposed for the oral delivery of nicotine: the 
Straw and nicotine drops (for review, see Buchhalter, Fant, 

& Henningfield, 2008). The  Straw is a single-use drinking 
straw containing loose nicotine bitartrate particles that are 
ingested with the first sip of a beverage. Dosing repeatedly 
with the Straw achieved nicotine plasma levels in humans 
that were comparable with, or greater than, those of other 
NRT products (D’Orlando & Fox, 2004). Similarly, nicotine 
drops appear to facilitate smoking cessation when evaluated 
in an open-label treatment trial in smokers (Westman, 
Tomlin, Perkins, & Rose, 2001). A steadily growing number 
of animal studies report the use of the oral route, generally 
in drinking water, to administer the nicotine (Rowell, Hurst, 
Marlowe, & Bennett, 1983). Most of these studies were 
used to explore various aspects of nicotine pharmacological 
effects and dependence such as colitis (AlSharari et  al., 
2012), withdrawal (Gäddnäs, Pietilä, & Ahtee, 2000; Grabus 
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et al., 2005), and self-administration (Collins, Pogun, Nesil, 
& Kanit, 2012). In general, rodents are exposed to a choice 
between nicotine-containing solutions and water or to a 
forced-drinking procedure of nicotine solutions. Interestingly, 
nicotine oral self-administration in male mice is associated 
with the amount of nicotine metabolizing enzyme CYP2A5 
as well as the rate at which nicotine is metabolized in vitro 
(Siu, Wildenauer, & Tyndale, 2006).

Oral nicotine is absorbed readily in the stomach and intestine 
and most, but not all, of this nicotine is subject to metabolism 
in the liver during the first pass; in humans, only 20%–40% 
of the nicotine survives metabolism by CYP2A6 in the liver 
during its entry into the systemic circulation (Compton et al., 
1997; Zins et al., 1997). Therefore, compared with other routes 
of administration, the rate of nicotine getting to the brain is 
slower and the quantities are lower and more variable. In this 
study, we investigated the effects of an inhibitor of nicotine 
metabolism on orally delivered nicotine examining both the 
altered pharmacokinetics and the resulting effects on nicotine 
pharmacodynamics in the mouse. We hypothesized that inhibi-
tion of mouse CYP2A5, the orthologue of human CYP2A6, 
should both increase oral nicotine’s peak levels (Cmax) due to 
a reduction in first-pass effect, and decrease nicotine’s subse-
quent systemic clearance together substantially enhancing oral 
nicotine bioavailability. This would allow gastrically tolerable 
doses of nicotine to be administered, reducing a smoker’s need 
to consume nicotine via smoking and the concurrent exposure 
to other constituents of tobacco smoke. In addition, an oral 
formulation, particularly if the variation in pharmacokinetics 
was reduced by inhibition of CYP2A6, would likely improve 
pharmacokinetic variation, bioavailability and compliance 
with NRT.

The mouse is a better-suited model for the study of nico-
tine metabolism and behaviors, compared with rats, since the 
predominant enzyme responsible for the metabolism of nico-
tine in rats belong to the CYP2B family (Nakayama, Okuda, 
Nakashima, Imaoka, & Funae, 1993; Schoedel, Sellers, 
& Tyndale, 2001). In contrast to rats, human CYP2A6 
and mouse CYP2A5 (orthologues) are the main enzymes 
involved in nicotine metabolism (Messina, Tyndale, & 
Sellers, 1997; Murphy, Raulinaitis, & Brown, 2005); they 
share close structural (84% amino acid sequence similarity) 
and functional (CYP2A5 metabolizes nicotine with similar 
efficiency to human CYP2A6) similarity (Murphy et  al., 
2005; Siu et  al., 2006). In addition a similarly large por-
tion of nicotine is metabolized to cotinine in humans and 
mice, relative to much less in the rat, making the mouse a 
good model for the pharmacological effects of manipulat-
ing nicotine metabolism in vivo. We have recently reported 
that methoxsalen, a specific and relatively selective inhibitor 
of human CYP2A6 (Zhang, Kilicarslan, Tyndale, & Sellers, 
2001), inhibited CYP2A5-mediated nicotine metabolism 
in vitro in the ICR mice (Damaj, Siu, Sellers, Tyndale, & 
Martin, 2007). Furthermore, the inhibition was potent, as 
seen in human inhibition studies, with a Ki of 0.32  µM. 
Accordingly, studies were undertaken to examine whether 
methoxsalen would modulate acute nicotine pharmacokinet-
ics and pharmacological effects (antinociception and hypo-
thermia) after oral administration in the mouse. In addition, 
cotinine plasma levels after methoxsalen pretreatment were 
also measured because it is the major product of nicotine 
metabolism at CYP2A6/CYP2A5.

Materials and Methods

Animals

Male adult ICR mice (20–25 g) obtained from Harlan 
Laboratories were used throughout the study. Animals were 
housed in an AALAC approved facility in groups of five and 
had free access to food and water. Experiments were performed 
during the light cycle and were approved by the Institutional 
Animal Care and Use Committee of Virginia Commonwealth 
University.

Drugs

(−)-Nicotine hydrogen tartrate salt [(−)-1-methyl-2-(3-pyridyl) 
pyrrolidine (+)-bitartrate salt] and mecamylamine hydrochlo-
ride were purchased from Sigma-Aldrich. Methoxsalen was 
purchased from Sigma Chemical Company. All drugs except 
for methoxsalen were dissolved in physiological saline (0.9% 
sodium chloride) and injected at a total volume of 1 ml/100 g 
body weight unless noted otherwise. Methoxsalen was dis-
solved in a mixture of 1:1:18 (1 volume ethanol/1 volume 
Emulphor-620 (Rhone-Poulenc, Inc.), and 18 volumes dis-
tilled water) and administered intraperitoneal (ip). All doses 
are expressed as the free base of the drug. Mecamylamine was 
injected subcutaneously (sc) and nicotine was given orally by 
gavage.

Nicotine and Cotinine LC/MS/MS Analysis

Specimen Extraction
To a 200 μl aliquot of plasma, 50 μl of internal standard con-
taining 50 ng of nicotine-d4 and cotinine-d3 in methanol was 
added with mixing. Then 100 μl of 5M ammonium hydrox-
ide was added to each sample followed by 2 ml of methylene 
chloride. The samples were mixed for 2 min and centrifuged 
for 5 min at 3,000 rpm at a temperature of 4 °C. The organic 
layer was transferred to a clean test tube. The aqueous phase 
was extracted twice more with 2 ml of methylene chloride. The 
organic phases were combined and 500 μl of 25 mM HCl in 
methanol was added. Samples then were evaporated to dryness 
under a gentle stream of nitrogen. They were reconstituted with 
100 μl of mobile phase and placed in auto-sample (LC/MS/
MS) vials for analysis.

Instrumental Analysis
The LC/MS/MS system used was an Applied Bio systems 3200 
Qtrap with a turbo V source for TurbolonSpray with a Shimadzu 
SCL HPLC system controlled by Analyst 1.4.2 software. The 
chromatographic separation was performed using a Hypersil 
Gold, 3 mm × 50 mm, 5 micron (Thermo Scientific). The 
mobile phase contained 10 mM ammonium formate; methanol 
(10:90 vol/vol) and was delivered at a flow rate of 0.5 ml/min. 
The acquisition mode used was multiple reaction monitoring 
in a positive mode. Transition ions monitored for nicotine 
(163  > 130; 163  > 117), nicotine-d4 (167  > 134), cotinine 
(177 > 80; 177 > 98), and cotinine-d3 (180 > 80). The total 
chromatographic separation time for each extract injection 
was 2 min. A calibration curve ranging from 12.5 to 500 ng/ml 
was constructed for each compound based on linear regression 
using the peak area ratios of the drug to its deuterated internal 
standard. Cotinine-d3 also was used as the internal standard for 
3-hydroxycotinine.
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Plasma Nicotine and Cotinine Levels Measurement
To determine plasma nicotine and cotinine levels, blood sam-
ples were drawn by cardiac puncture at 5, 15, 30, 45, 60, 120, 
and 180 and 360 min after oral nicotine administration (15 mg/
kg, po). Animals were pretreated with ip vehicle or methox-
salen 15 min before nicotine administration. Immediately, 
afterward the plasma samples were prepared by centrifugation 
at 3,000× g for 10 min and frozen at –20 °C until analysis. To 
measure total nicotine and cotinine levels (free and glucuro-
nides), the samples were incubated with β-glucuronidase at 
a final concentration of 5 mg/ml in 0.2 M acetate buffer, pH 
5.0, at 37 °C overnight. After incubation the samples were pro-
cessed and analyzed for nicotine and metabolite levels by LC/
MS/MS as described above.

Behavioral Tests

Tail-Flick Test
The antinociceptive effect of drugs was assessed by the tail-
flick assay. A control response (2- to 4-s latency) was deter-
mined for each mouse before treatment, and test latency was 
determined after drug administration. To minimize tissue dam-
age, a maximum latency of 10 s was imposed. Antinociceptive 
response was calculated as percentage of maximum possible 
effect (%MPE), where %MPE = [(test value − control value)/
(cutoff (10 s) − control value)] × 100.

Hot-Plate Test
Mice were placed into a 10-cm wide glass cylinder on a hot 
plate (Thermojust Apparatus) as a measure of antinociception. 
The hot plate was a rectangular heated surface surrounded by 
Plexiglas and maintained at 55 °C. The device was connected 
to a manually operated timer that recorded the amount of time 
the mouse spent on the heated surface before showing signs of 
nociception (e.g., jumping and paw licks). Two control latencies 
at least 10 min apart were determined for each mouse. The nor-
mal latency (reaction time) of 8–12 s was assessed with a saline 
injection. To avoid tissue damage, the hot plate automatically 
disengaged after 40 s. Groups of 8–12 mice were used for each 
dose and treatment condition. Antinociceptive response was 
calculated as %MPE, where %MPE = [(test value − control)/ 
(cutoff time (40 s) − control) × 100]. The reaction time was 
scored when the animal jumped or licked its paws.

Body Temperature
Rectal temperature was measured by a thermistor probe 
(inserted 24 mm) and digital thermometer (Yellow Springs 
Instrument Co.). Readings were taken just before and at 5 min, 
0.5, 1, 2, 4, 6, and 24 hr after oral nicotine administration. The 
difference in rectal temperature before and after treatment was 
calculated for each mouse. The ambient temperature of the 
laboratory varied from 21 to 24 °C from day to day.

Nicotine time-course evaluation was conducted in mice 
(n = 6–8) pretreated with vehicle or methoxsalen (15 mg/kg, ip) 
and 15 min later they were given nicotine (15 mg/kg, po). Mice 
were then evaluated for antinociception and hypothermia at 
5 min, 0.5, 1, 2, 4, 6, and 24 hr after oral nicotine administration. 
In a separate group of animals, nicotine dose–response curves 
were evaluated in mice after pretreatment with vehicle or 
methoxsalen (15 mg/kg, ip). Mice were challenged 15 min 
later with different doses of nicotine (po) and evaluated for 

antinociception in the tail-flick and hot-plate tests (5 min after 
nicotine for vehicle-treated group and 30 min for methoxsalen-
treated group) and hypothermia (30 min after nicotine- or 
vehicle-treated group and 120 min for methoxsalen-treated 
group). Groups of six to eight animals were used for each dose 
and each treatment. Finally, to determine whether effects of 
methoxsalen on nicotine are mediated by nicotinic receptors, 
animals were pretreated with either saline or mecamylamine 
(2 mg/kg, sc) followed by methoxsalen (15 mg/kg, ip). Thirty 
minute later, mice received nicotine at a dose of 15 mg/kg 
(po) and were then tested at 5 and 30 min after injection for 
antinociception and hypothermia, respectively.

Statistical Analysis

Assessment of in vivo nicotine and cotinine plasma levels for 
the entire time course from individual animals was not pos-
sible due to limited blood volume; therefore, each timepoint 
represents data from four to six 6 individual mice. Due to this 
restriction to the experimental design, statistical parameters 
(i.e., half-life) were estimated by resampling methods using 
the PKR and Test software (H. L. Kaplan). Statistical anal-
ysis of all analgesic and behavioral studies was performed 
using either t test or analysis of variance (ANOVA) with 
Tukey’s test post hoc test when appropriate. All differences 
were considered significant if at p < .05. ED50 values with 
95% CL for behavioral data were calculated by unweighted 
least-squares linear regression as described by Tallarida and 
Murray (1987).

Results

Effects of Methoxsalen on Nicotine and Cotinine Plasma 
Levels After In Vivo Treatment

We tested the effect of methoxsalen (15 mg/kg, ip) on in vivo 
plasma nicotine and cotinine levels after oral administration 
of nicotine at 15 mg/kg in mice pretreated with vehicle. Intra 
peritoneal injection of methoxsalen significantly increased 
nicotine’s Cmax, prolonged the plasma nicotine half-life 
(fourfold increase), decreased its clearance (sixfold decrease), 
and increased its AUC compared with vehicle treatment 
(Figure 1A and Table 1A). The plasma levels of the primary 
CYP2A5-mediated metabolite of nicotine, cotinine, were also 
reduced as a result of inhibition by methoxsalen (Figure 1B). 
Indeed, injection of methoxsalen significantly decreased coti-
nine’s Cmax (fourfold decrease), decreased its AUC (2.5-fold 
decrease), prolonged its plasma half-life, and increased its 
clearance (2.5-fold increase) compared with vehicle control 
(Figure 1B and Table 1B).

Effects of Methoxsalen on Nicotine Acute 
Pharmacological Effects (Antinociception and 
Hypothermia): Time-Course, Potency, and Blockade 
Studies

Methoxsalen (15 mg/kg) given ip was evaluated for its ability 
to enhance nicotine-induced antinociception (tail-flick and hot-
plate procedures) and hypothermia after oral administration 
(15 mg/kg) of the drug. We first examined the impact of meth-
oxsalen on the time course of nicotine pharmacological effects. 
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Mice were given methoxsalen and 15 min later they received 
nicotine and then tested at different times for antinocicep-
tion and hypothermia responses. At this dose, no significant 
effect of nicotine (15 mg/kg, po) alone was observed in the 
tail-flick (Figure 2A) and hot-plate (Figure 2B) tests at any of 
the timepoints tested. Additionally, no significant change was 
observed in body temperature after nicotine oral administration 
(Figure 2C). When animals were pretreated with methoxsalen 
(15 mg/kg, ip), the effects of nicotine in both analgesic tests 
were significantly prolonged; nicotine-induced antinociception 
did not disappear completely till 6 hr after nicotine administra-
tion in mice (Figure 2A and B). On the other hand, the effects 
of nicotine on body temperature were still significant until the 
24-hr timepoint (Figure 2C). Interestingly, the plasma nicotine 
concentrations achieved during the first 30 min in the vehicle-
treated group (Figure 1) are comparable or even larger than the 
nicotine concentrations at 2–4 hr when mice are pretreated with 
methoxysalen, whereas the efficacy differences in the three 
pharmacological measures between these groups are quite pro-
nounced especially nicotine-induced hypothermia (Figure 2C).

Based on the nicotine time-course results, subsequent stud-
ies examining the effects of methoxsalen on nicotine phar-
macological potency were conducted. Mice pretreated with 

methoxsalen (15 mg/kg, ip) were challenged 15 min later with 
different doses of nicotine (po) and evaluated for antinocic-
eption in the tail-flick and hot-plate tests (5 min after nicotine 
for vehicle-treated group and 30 min for methoxsalen-treated 
group) and hypothermia (30 min after nicotine for vehicle-
treated group and 120 min for methoxsalen-treated group). 
Nicotine produced a dose–responsive increase in the tail-flick 
latency with an ED50 (±CL) of 29.5 (22–39.5) mg/kg as can 
be seen in Figure 3A and Table 2. Methoxsalen pretreatment 
potentiated nicotine-induced antinociception in the tail-flick 
test as evidenced by leftward shifts in nicotine’s dose–response 
curve and the ED50 value of nicotine was shifted nearly 14-fold 
(ED50  =  2.1 [1.0–4.8] mg/kg). Similarly, methoxsalen pre-
treatment potentiated nicotine-induced antinociception in the 
hot-plate test and shifted nicotine dose–response curve to the 
left (Figure 3B) with a sevenfold decrease in the ED50 value of 
nicotine (ED50 = 21 [16–29] vs. 3.0 [1.4–6.4] mg/kg) (Table 2). 
Furthermore, as shown in Figure 3C, the magnitude of poten-
tiation of nicotine-induced hypothermia was the largest with an 
88-fold decrease in the ED50 value of nicotine (ED50 = 15 [12–
21] vs. 0.17 [0.1–0.6] mg/kg) (Table 2). However, the range of 
in potency shifts across the three pharmacological measures 
(7–88-fold shifts) is more variable than the observed increase 

Table 1.  Pharmacokinetic Parameters of (A) Oral Nicotine and (B) Cotinine in Adult Male ICR Mouse After 
Pretreatment With <ethoxsalen

Cmax (ng/ml) AUC (ng · min/ml) T1/2 (min) CL/F (ml/min)

A
  Saline/nicotine 64 ± 12.6 60.8 ± 24.7 26.5 ± 9.6 102.8 ± 3.5
  Methoxsalen/nicotine 185 ± 10.5a 373.7 ± 24.7a 105.8 ± 21.3a 16.7 ± 3.3a

B
  Saline/nicotine 460 ± 43.8 957 ± 55 117.3 ± 39 6.5 ± 0.8
  Methoxsalen/nicotine 118 ± 40a 385 ± 55a >1,050 16.2 ± 0.8a

Note. AUC = area under the curve; CL = confidence level. Values are shown as mean ± SD (n = 4–6 per group).
ap < .05 compared with saline/nicotine group.

Figure 1.  Time course of nicotine (A) and cotinine (B) plasma concentration in mice pretreated with methoxsalen. Nicotine was 
administered orally (15 mg/kg) 15 min after pretreatment with ip ( ) vehicle or ( ) methoxsalen. Each timepoint 
represents the mean ± SEM of four to six animals. For the vehicle pretreatment, all values for nicotine plasma levels at 4 and 6 hr 
were below the limits of detection.
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in plasma levels in nicotine after methoxsalen pretreatment 
(Figure 1).

Finally, the antinociceptive and hypothermic effects of 
methoxsalen/nicotine combination were significantly blocked 
by a pretreatment with mecamylamine, a noncompetitive 
nicotinic antagonist, at 2 mg/kg (sc) (Table 3).

Discussion

This study was undertaken to examine whether methoxsalen, 
an inhibitor of human CYP2A6, would modulate acute 
nicotine pharmacokinetics and pharmacological effects 
(antinociception and hypothermia) after oral administration in 

Figure 2.  Effects of methoxsalen on the time course of nicotine’s effects in (A) the tail-flick test, (B) the hot-plate assay, and 
(C) body temperature in mice. Animals were pretreated with either methoxsalen (15 mg/kg, ip) (closed square) or vehicle (closed 
circles) and 15 min later received oral nicotine at a dose of 15 mg/kg. Mice were tested at different times after injection. Each point 
represents the mean ± SE of 8–12 mice. *p < .05 compared with control.

Figure 3.  Effects of methoxsalen on nicotine-induced antinociception and hypothermia dose–response curves after po adminis-
tration in mice. Vehicle ( ) or methoxsalen (15 mg/kg, ip) ( ) was administered ip. 15 min before various doses of 
oral nicotine (0.5, 1, 2.5, 5, 10, 15, 20, 30, and 50 mg/kg) and mice were tested in (A) the tail-flick test, (B) the hot-plate test, and 
(C) hypothermia. Each point represents the mean ± SE of 8–12 mice.
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the ICR mouse. Our results demonstrated that administration 
of methoxsalen significantly augmented nicotine’s Cmax, 
prolonged the plasma half-life resulting in an increase in 
nicotine AUC compared with vehicle treatment. Methoxsalen 
also enhanced the potency of pharmacological effects of oral 
nicotine (i.e., body temperature and analgesia). In addition, it 
prolonged the duration of nicotine-induced antinociception and 
hypothermia for periods up to 24-hr postnicotine administration. 
Furthermore, this prolongation in effects of nicotine after 
methoxsalen was associated with a parallel prolongation of 
nicotine plasma levels in mice. These data strongly suggest 
that variation in the rates of nicotine metabolic inactivation 
substantially alter pharmacological effects of nicotine when 
nicotine is given orally.

As predicted, the inhibition by methoxsalen of nicotine’s 
first-pass metabolism and subsequent clearance had a sig-
nificant impact on nicotine pharmacokinetics. Methoxsalen 
pretreatment tripled the Cmax of nicotine, increased its elimi-
nation half-life by fourfold, and increased its AUC by more 
than sixfold (Table 1). Consistent with the route of delivery, 
this is a much larger impact on nicotine pharmacokinetics than 
previously seen when nicotine was given by sc administra-
tion (Damaj et al., 2007). Following the sc route, the inhibitor 
did not alter nicotine’s Cmax, but it did double its elimination 
half-life resulting in the smaller, relative to its effects on oral 
nicotine, doubling of its AUC (Damaj et al., 2007). This is not 
surprising since contrary to oral nicotine administration, the sc 
route by-passes the first-pass metabolism effect. The inhibition 
of oral nicotine metabolism by methoxsalen in the ICR mice is 

consistent with its ability to inhibit CYP2A5-mediated nicotine 
metabolism in vitro in liver microsomes (Damaj et al., 2007).

Our results confirmed that methoxsalen did indeed inhibit 
the conversion of nicotine to cotinine in vivo. Pretreatment 
with methoxsalen increased the AUC sixfolds and prolonged 
the nicotine plasma levels. These levels remained above 10 ng/
ml in the vehicle pretreatment for approximately 1 hr, but with 
pretreatment with methoxsalen the nicotine plasma levels were 
still above 10 ng/ml at 6 hr. Similar to the marked effects of 
CYP2A5 inhibition on nicotine metabolism, there were dra-
matic enhancement in the pharmacological effects of nicotine 
(body temperature and analgesia) after methoxsalen treatment 
(Table  2). Furthermore, the duration of methoxsalen-induced 
potentiation of nicotine’s antinociceptive and hypothermic 
lasted close to 6 and 24 hr, respectively, after drug pretreat-
ment. These results showed that a mismatch do exist between 
the plasma concentrations of nicotine (in particular after the 
time point of 2 hr) and pharmacological effects of the drugs 
after methoxsalen pretreatment. This mismatch was particularly 
evident in the hypothermia measure (Figure 2C). While many 
factors could underlie the fact that nicotine plasma concentra-
tion was not a good indicator of pharmacological responses 
after methoxsalen, it is likely related to a mismatch between 
the plasma and tissue concentrations of the drug leading to its 
“delayed” tissue distribution. Furthermore, this prolongation in 
effects of nicotine after methoxsalen was blocked by pretreat-
ment with mecamylamine, a nonselective nicotinic antagonist 
(Table 3), indicating the mediation of nicotine’s effects by nico-
tinic receptors (and not by an off-target effect of methoxsalen).

Table 2.  Effects of Methoxsalen on Nicotine Potency in the Tail-Flick Test, Hot-Plate Test, and Body 
Temperature After Oral Administration in Mice 

Pharmacological response Saline (ED50 mg/kg ± CL) 8-MOP (ED50 mg/kg ± CL) Potency ratio

Tail flick 29.5 (22–39.5) 2.1 (1.0–4.8) 14
Hot plate 21 (16–29) 3.0 (1.4–6.4) 7
Body temperature 15 (12–21) 0.17 (0.1–0.6) 88

Note. CL = confidence level; MOP = methoxsalen at 15 mg/kg, ip. ED50 values (± 95% CL) were calculated from the dose–
response and expressed as mg/kg. Each dose group included six to eight animals.

Table 3.  Blockade of Methoxsalen’s Effects on Nicotine Acute Pharmacological Responses After Oral 
Administration in Mice

Treatment (mg/kg) Tail-flick test % MPE Hot-plate test % MPE Hypothermia (∆˚C) (mean ± SEM)

Saline/vehicle/saline 6 ± 2 7 ± 3 −0.1 ± 0.3
Saline/methoxsalen (15)/saline 8 ± 3 11 ± 6 −1.5 ± 0.3*
Meca (2)/methoxsalen (15)/saline 7 ± 5 12 ± 7 −1.2 ± 0.6
Meca (2)/vehicle/saline 8 ± 3 6 ± 4 −0.5 ± 0.3
Meca (2)/vehicle /nicotine (15) 1 ± 1 6 ± 3 −0.5 ± 0.1
Saline/vehicle /nicotine (15) 5 ± 1 10 ± 5 −1.6 ± 0.2*
Saline/methoxsalen (15)/nicotine (2.5) 87 ± 9*,# 65 ± 8*,# −5.8 ± 0.2*,#

Meca (2)/methoxsalen (15)/nicotine (2.5) 7 ± 3 14 ± 6 −1.9 ± 0.3*

Note. Animals were pretreated with either saline or mecamylamine (2 mg/kg, sc) followed by methoxsalen (15 mg/kg, ip). 
Thirty minute later, mice received nicotine at a dose of 15 mg/kg (po) and were then tested at 5 and 30 min after injection for 
antinociception and hypothermia, respectively. Methoxsalen (15) = methoxsalen at 15 mg/kg, ip; meca (2) = mecamylamine at 
2 mg/kg, sc; nicotine (15) = nicotine at 15 mg/kg, po. Each point represents the mean ± SE of 8–12 mice.
*p < .05 compared with Saline/Vehicle/Saline.
#p < .05 compared with Saline/methoxsalen (15)/Saline.
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Although the study of nicotine’s acute effects is important to 
the understanding of nicotine dependence, one must also con-
sider responses after chronic exposure of the drug in animals. 
Animal models studying the different aspects of dependence 
such as tolerance, withdrawal, and reward involve a chronic/
repeated exposure of the animals to nicotine. Assessing the 
impact of nicotine metabolism in these behavioral models 
will enhance our understanding of the molecular mechanisms 
involved in nicotine dependence and will facilitate the develop-
ment of new strategies for smoking cessation therapies.

These data strongly suggest that variation in the rates 
of nicotine metabolic inactivation substantially alter 
pharmacological effects of nicotine when nicotine is 
given orally. For example, in mice with very rapid rates of 
nicotine metabolism, small differences in levels or function 
of CYP2A5 between different mouse strains may result in 
substantially differing nicotine pharmacological effects. Thus, 
pharmacokinetic differences likely contribute to differences 
in effects seen between studies employing the use of different 
mouse strains (Locklear, McDonald, Smith, & Fryxell, 2012; 
Wilking et al., 2012).

Similarly, changes in the rate of nicotine metabolism could 
have some implications on the use of nicotine for smoking ces-
sation. Oral nicotine replacement is not routinely used in treat-
ment because after oral ingestion less than 30% of the nicotine 
survives metabolism by the liver, during its entry into the sys-
temic circulation (Benowitz, Jacob, Denaro, & Jenkins, 1991; 
Benowitz, Zevin, & Jacob, 1997; Svensson, 1987; Zins et al., 
1997). Doses of nicotine higher than 4 mg cannot be given 
because of nausea and diarrhea due to irritation of the gas-
trointestinal tract (Henningfield & Keenan, 1993). Therefore, 
because inhibition of CYP2A6 should facilitate oral low dose 
nicotine’s entry into and persistence in the systemic circulation, 
as well as delaying the clearance of inhaled nicotine, it should 
allow gastrically tolerable doses of nicotine to reduce a smoker’s 
intake of smoked nicotine and exposure to other constituents 
of tobacco smoke. Furthermore, there is substantial intereth-
nic variation in nicotine C-oxidation primarily due to variation 
in the frequencies of CYP2A6 alleles; loss/reduce of function 
CYP2A6 alleles are more prevalent in Asians and Africans 
than amog Caucasians (Ho et al., 2009; Malaiyandi, Sellers, & 
Tyndale, 2005; Mwenifumbo & Tyndale, 2009). This is consist-
ent with Asian Americans and African Americans metabolizing 
nicotine and cotinine more slowly than Caucasians (Benowitz 
et  al., 2002). Within any of these ethnic groups, reduction in 
CYP2A6-mediated nicotine metabolism results in an altered 
smoking behaviors including lower smoking levels and greater 
rates of cessation (reviewed in Ray et al., 2009). However most 
people in these ethnic groups are not full poor metabolizers, 
with both alleles being fully null, rather they range from slow to 
intermediate, to normal, to fast nicotine metabolizers (Ho et al., 
2009; Malaiyandi et al., 2005; Mwenifumbo & Tyndale, 2009). 
Thus, as people with the slowest rates of nicotine metabolism 
have the best quit rates in both placebo and nicotine replacement 
therapies (Ho et al., 2009; Lerman et al., 2006, 2010; Patterson 
et al., 2008; Ray et al., 2009), it is possible that slowing nicotine 
metabolism using inhibitors, along with nicotine, will combine 
the two effects observed in placebo and NRT treatment arms 
to increase the smoking cessation  rates (Sellers et  al., 2000; 
Tyndale et al., 1999).

In conclusion, we have shown that the pharmacologi-
cal effects of inhibiting nicotine’s metabolism after oral 

administration are profound, suggesting the differences in 
resulting effects of nicotine that will occur between individu-
als and also between animal strains that differ in levels of 
CYP2A-mediated nicotine metabolism. Finally, our results 
suggest that inhibiting nicotine metabolism can be used to dra-
matically enhance nicotine’s bioavailability and its resulting 
pharmacology, which further supports the approach for clinical 
development of an oral NRT. The development or identification 
of potent, selective, and safe CYP2A6 inhibitors could be of 
great therapeutic utility for the treatment of nicotine depend-
ence. Since the CYP2A6 gene is polymorphic, it is suggested 
that the inhibition of the enzyme will not have adverse effects 
((Fernandez-Salguero et al., 1995). In addition, because very 
few therapeutically used drugs are metabolized by CYP2A6, 
the risk of clinically important drug interactions is also low 
(Ono et al., 1996).
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