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Abstract

Rationale Current nicotine replacement products provide a much slower onset of nicotine delivery than cigarettes, and hence
are only marginally effective at supplanting cigarette smoking. Therefore, more effective forms of nicotine replacement are
needed.

Objectives This initial investigation characterized the pharmacokinetic (PK) and subjective effects of a novel sublingual
(SL) nicotine tablet designed to deliver nicotine more rapidly to the bloodstream of smokers.

Methods Study 1 (N=06) characterized the pharmacokinetics of a 2 mg nicotine SL tablet in comparison to an FDA-approved,
marketed 2 mg nicotine lozenge. Study 2 (N =24) assessed subjective responses of smokers to a single use of a 1 mg and
2 mg SL tablet.

Results Study 1 found that the time to maximum blood nicotine concentrations was significantly shorter for the SL tablet
(14 min) than for the lozenge (82 min), and the initial rate of nicotine absorption was higher (0.4 ng/mL*min vs. 0.0 ng/
mL*min), supporting the hypothesis that the SL tablet delivered nicotine more rapidly. Study 2 found that participants
reported immediate relief of nicotine withdrawal symptoms after tablet administration, and craving reduction after the 2 mg
tablet approached the degree reported for their usual brands of cigarettes (4.2 vs. 4.6 on a 7-point scale). Other subjective
responses showed the tablet to be an appealing alternative to smoking.

Conclusions The novel SL tablet studied shows promise as a nicotine substitution strategy for tobacco harm reduction and
smoking cessation treatment. Additional studies are warranted to further investigate the potential of this new approach.

Keywords Nicotine - Cigarette smoking - Dependence - Pharmacokinetics - Harm reduction

Introduction

It is increasingly well accepted by experts and regulatory
authorities that nicotine products which administer nicotine
through the oral mucosa are considerably less harmful than
combustible cigarettes (CC) (Abrams et al. 2018; Gottlieb
and Zeller 2017; McNeill et al. 2001; Murray et al. 2009).
For example, nicotine chewing gum and lozenges have been
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approved for over-the-counter use in the USA and many
other countries (Amodei and Lamb 2008; Hartmann-Boyce
et al. 2018). Some forms of smokeless tobacco have also
received an official designation from the FDA as reduced
risk relative to CC, and their marketing has been authorized
as appropriate for the protection of public health (Morgan
and Cappella 2021).

Although products delivering nicotine to the oral
mucosa in the absence of other harmful tobacco constitu-
ents may reduce health risks associated with smoking,
their potential impact on public health is limited because
only a small fraction of smokers switch from cigarettes to
alternative nicotine products (Shahab et al. 2016; Shiffman
et al. 2003). Not only do most current products such as
nicotine gum or lozenge lack the familiar behavioral and
sensory feedback associated with smoking, but their phar-
macokinetics are slow compared to inhalation (Benowitz
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et al. 2009). Hence, for an addicted smoker, the reinforc-
ing effects pale in comparison with cigarettes (West et al.
2000).

Recently, however, a novel formulation of nicotine tab-
let has been developed which administers nicotine through
the sublingual mucosa (McCarty 2015). This region of
the oral mucosa is relatively thin and highly vascularized
(Hua 2019), which facilitates nicotine absorption through
the mucosa. Additionally, the product is formulated with a
specific solvent/carrier system (described below) to provide
faster release and absorption of nicotine than current nico-
tine replacement therapy (NRT) products. Such a product
has the potential to compete more effectively with cigarettes
and to help smokers switch to a less harmful alternative
source of nicotine.

Below we describe two studies conducted with cigarette
smokers: the first study evaluated the pharmacokinetics of a
2 mg nicotine tablet formulation; the second study evaluated
the subjective responses to 1 mg and 2 mg doses.

Study 1: Pharmacokinetic study

It is widely recognized that more rapid delivery of nicotine
to the bloodstream results in more rapid relief of craving,
which in turn may aid smokers to switch from cigarette
smoking to an alternative source of nicotine (West et al.
2000). Smoking provides a rapid bolus of nicotine with a
time to maximum plasma concentration (T,,,,) of 5 to 8 min
(Benowitz et al. 2009). Nicotine chewing gums, lozenges,
and currently marketed SL tablets all show T, ,, values
around 45-60 min (Choi et al. 2003; Dautzenberg et al.
2007; Molander and Lunell 2001). The only NRT approach-
ing the T, of smoking a cigarette is the nasal spray, which
has a T, of 11 to 18 min (Benowitz et al. 2009) but it is
reported to be very irritating to the nasal mucosa, a factor
that for many smokers makes its use intolerable (Blondal
et al. 1999).

The primary aim of this initial study was to ascertain the
pharmacokinetics of a novel NRT technology, a 2 mg nico-
tine SL tablet, in comparison to a commercially available
2 mg nicotine lozenge (Commit®). This SL tablet (BRST™)
was composed of nicotine solubilized in oleic acid, which
was adsorbed onto silica particles that were compressed
into a small tablet. As water from saliva enters the tablet, it
rapidly disintegrates, quickly releasing thousands of nico-
tine/oleic acid-laden silica particles under the tongue. The
water from saliva then permeates into the silica particles and
drives the lipophilic drug solution into the lipid environment
of the sublingual mucosa. Pilot data indicated that the onset
of nicotine delivery is within a few minutes and most of the
nicotine is absorbed within 10 to 15 min.
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Methods: Study 1

This project was a collaboration between Friends Research
Institute (FRI) (a non-profit research institute) and Pharma-
ceutical Productions Inc. (PPI) (a for-profit small business).
FRI scientists and physicians performed the pilot PK study at
the FRI clinic in Torrance, CA, and the bioanalytical work was
done by the laboratory of Neal Benowitz, MD, at the Univer-
sity of California, San Francisco. PPI was responsible for the
development and manufacture of the clinical trial materials.
Approval to conduct the study was obtained from the Friends
Research Institute IRB. The FDA determined that an IND was
not required according to 21 CFR 320.31.

Study design

This exploratory study was a randomized, 2-way cross-over
pilot study comparing the nicotine pharmacokinetics of the
investigational 2 mg SL tablet vs. the 2 mg lozenge. The study
enrolled six healthy smokers, who were instructed to report to
the study center after overnight smoking abstinence. A blood
sample was taken just prior to product administration and an
additional eleven blood samples were obtained over the fol-
lowing 3-h period.

Participants, screening, and eligibility criteria

Participants were 18-45 years old, free from any clinically
significant pathology, smoked more than 15 cigarettes daily,
smoked their first cigarette within 30 min of waking, and had
a Fagerstrom Test for Cigarette Dependence (FTND) score
of > 4. Volunteers were excluded if they used any other smoked
substance other than tobacco, other nicotine-containing prod-
ucts or smoking cessation treatments within 30 days; BMI
deviated more than 15% from Kettle’s weight-height index;
blood pressure exceeded 150 mmHg systolic or 90 mmHg
diastolic; they had severe allergies or recent infectious dis-
eases, surgical operations or diseases of the GI tract, donated
450 mL of blood/plasma within 2 months, were currently
involved in another clinical trial, or had used any investiga-
tional drug within 3 months of study entry; or they consumed
more than 10 units of alcohol per week or had a history of
alcohol or drug abuse. Women of childbearing potential, in
addition to having a negative urine pregnancy test, had to agree
to use an approved form of birth control during the study, and
to avoid hormonal contraceptives within 2 months prior to
study entry. Participants were compensated for their time.

Nicotine SL tablet

The BRST nicotine-containing dissolvable tablet is placed
under the tongue where it disintegrates rapidly, releasing



Psychopharmacology (2022) 239:2853-2862

2855

nicotine for absorption through the oral mucosa. The USP-
grade nicotine in these tablets was extracted from tobacco,
but the products contained no tobacco leaf material. Each
SL tablet (60 mg by weight) contained nicotine (2 mg), oleic
acid, silicon dioxide, diluent, disintegrant, and tablet lubri-
cant. All non-nicotine ingredients are commonly used in the
manufacturing of pharmaceutical tablets and meet current
United States Pharmacopeia (USP) and National Formu-
lary (NF) compendial specifications.

Nicotine lozenge

The 2 mg nicotine polacrilex Commit® lozenge, manufac-
tured by GlaxoSmithKline, Inc., was used as the comparator
product.

Procedure

After arrival at the laboratory, participants were under
observation and not allowed to smoke for at least 4 h, which
ensured that plasma nicotine levels would be low, and could
not eat or drink for 15 min before drug administration. A
single 2 mg dose of either of the SL nicotine tablet or the
nicotine lozenge was administered in each session, with a
washout between sessions of at least 48 h, but no more than
2 weeks.

With the SL tablet, participants were instructed to place
one tablet under the tongue and keep it undisturbed under
the tongue until it completely disintegrated (usually within
a minute). With the nicotine lozenge, they were instructed
to take the lozenge and to suck slowly until a sharp taste was
perceived, then “park” the lozenge between the gingiva and
cheek. When the taste disappeared, the suck-and-park pro-
cedure was repeated until the lozenge dissolved completely,
usually within 30 min.

A venous catheter was used to collect 5 ml blood samples
at times: O (prior to administration of the study drug), 4, 8,
10, 12, 16, 30, 45, 60, 90, 120, and 180 min after product
administration. These timepoints were selected to capture
the expected rapid increases in nicotine during the first min-
utes after product administration, and to capture the peak
levels after nicotine absorption was expected to be complete.

Data analysis
Pharmacokinetic parameters were determined as follows:

e C,.« — the observed maximum plasma concentration
after dosing.

e T, . — the time at which C_,, was reached.

e AUC, ;g0 — the truncated area under the plasma con-
centration—time curve from the beginning of dosing to

180 min (the time of last quantifiable concentration). The

linear trapezoidal rule was used to calculate the area from

the beginning of dosing to the last quantifiable concentra-

tion.

e R, — the initial rate of increase in nicotine concentra-
tion in the first 4 min (the first post-drug blood collection
point).

Thax and AUC, ¢, were calculated using uncorrected
nicotine concentrations because a correction would have
required an estimate of each participant’s nicotine elimi-
nation rate, which was not measured. However, since C,,,
generally occurred before substantial nicotine metabolism
would have taken place, given that the average metabolic
half-life of nicotine is 2 h (Benowitz et al. 2009), C,,,, val-
ues were adjusted by subtracting each participant’s baseline
nicotine concentration. Statistical analyses of differences in
T,..x and R, used one-tailed test procedures, considering
that there was a clear directional hypothesis that the tablet
would deliver nicotine more rapidly than the lozenge. Two-
tailed tests were applied to C,,,, and AUC,_;5, where there
were no directional hypotheses. Statistical interpretations
were conducted using analysis of variance (ANOVA) for
log-transformed AUC,, 59, T,.> and C,, data, in accord-
ance with FDA guidance (Chow and Liu 2009). R, values
were in some instances zero so a log transform was not used
for this measure.

Results: Study 1
Participants

Five males and one female participated in the study, com-
prising four white (two Hispanic) and two African Ameri-
cans. Their mean age was 28.7 years (SD=5.8) and their
mean body weight was 78.2 kg (SD=15.8). Baseline
smoking-abstinent nicotine concentrations were 3.5 ng/mL
(SD=1.7 ng/mL) and baseline cotinine concentrations aver-
aged 211.6 ng/mL (SD=84.0 ng/mL).

Pharmacokinetics

Figure 1 presents plasma nicotine results from the 2 mg SL
tablet compared to the 2 mg lozenge for the first 45 min, the
most relevant interval for comparing the initial rate of nico-
tine absorption. The summary of pharmacokinetic param-
eters is presented in Table 1. The T,,,, for the SL tablet
was significantly shorter than for the lozenge, a median of
14.0 min vs. 82.5 min (F(1,5)=9.80, P=0.01) (1-tailed).
Correspondingly, there was a significantly higher initial rate
of nicotine absorption with the tablet, with median values of
0.4 ng/mL*min vs. 0.0 ng/mL*min (F(1,5)=7.13, P=0.02)
(1-tailed), reaching 50% of C,,,, within 4 min. However,
the median AUC,,_ 4, value was higher for the lozenge,
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Fig. 1 Plasma nicotine con-
centrations (mean + SEM) over
time following administration of
a nicotine SL tablet or lozenge

Mean nicotine concentration (ng/mL)

—&— 2 mg SL tablet

—a -2 mg Lozenge

Table 1 Pharmacokinetic parameters of nicotine lozenge and SL tab-
let

2 mg lozenge 2 mg SL tablet

Median (interquar- ~ Median

tile range) (interquartile

range)

T ax (min) 82.5 (75.0) 14.0 (33.0)
Cpax (ng/mL) 53@3.3) 4429
AUC,_ g (ng*min/mL) 1189.9 (83.4) 949.5 (222.7)
Ry (ng/mL*min) 0.0 (0.1) 0.4 (0.3)

1189.9 ng*min/mL vs. 949.5 ng*min/mL (F(1,5)=19.02,
P=0.007, 2-tailed). There was no difference between prod-
ucts in C,, (median of 4.4 ng/mL for the tablet vs. 5.3 ng/

mL for the lozenge, F(1,5)=0.04, P=0.84 (2-tailed)).
Discussion: Study 1

The pharmacokinetic data presented above demonstrate that
the novel SL tablet has a faster nicotine delivery than the loz-
enge, as reflected in the shorter T,,, as well as a faster rise
in nicotine plasma concentration within the first minutes. To
the extent that rapid onset of nicotine effects is important in
alleviating craving and other nicotine withdrawal symptoms,
these data are encouraging for the potential efficacy of the
SL tablet formulation as a substitute for cigarettes.

There was a lower AUC,, 5, for the SL tablet versus the
lozenge, which may have been due to more nicotine being
swallowed in the SL tablet condition. Nicotine that is swal-
lowed is largely converted (70%) to cotinine on first pass
through the liver (Benowitz et al. 2009; Olsson Gisleskog
et al. 2021) and therefore does not contribute appreciably to
the total nicotine AUC,_g.

Interestingly, despite having a lower AUC_;g, the C, .
of the tablet was very similar to that for the lozenge, which
may have been due to the lower initial volume of distribution
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of nicotine in the first minutes after administration (Fey-
erabend et al. 1985), when the tablet achieved more rapid
delivery of nicotine to the circulation.

Study 2: Subjective response study

The aim of this study was to characterize the subjective
responses of the SL nicotine tablet, in two strengths, 1 mg
and 2 mg, in a group of 24 smokers. Positive rewarding and
aversive effects as well as craving reduction were measured
over a 2-h period after product administration. This informa-
tion would be useful in evaluating the potential of this prod-
uct to satisfy tobacco consumers including smokers seeking
alternative sources of nicotine without other harmful and
potentially harmful constituents (HPHC) found in tobacco.

Methods: Study 2

This study was conducted by Rose Research Center in
Raleigh and Charlotte, NC, in collaboration with Nicotine
BRST LLC. Approval was obtained from the Advarra Insti-
tutional Review Board.

Study design

This study was a single-visit, repeated measures, open-label
study (N=24) that evaluated smokers’ responses to the nico-
tine SL tablet in 1 mg and 2 mg nicotine strengths (order
not counterbalanced). The total duration of participation
was approximately 8-9 h. Screening procedures required
approximately 1 h and the on-site visit lasted 7-8 h.

Participants, screening, and eligibility criteria

Healthy cigarette smoking adults, 21-60 years old, with no
restriction on gender, race and ethnicity, or social-economic



Psychopharmacology (2022) 239:2853-2862

2857

status, who had smoked an average of at least 10 commer-
cially available cigarettes per day for the last 6 months, were
screened for enrollment in this study. To qualify, volunteers
must have reported smoking their first cigarette within
30 min of waking and have an expired air carbon monoxide
(CO) reading of > 10 ppm.

Volunteers were excluded if they had a history of coro-
nary heart disease, structural cardiac disease (including, but
not limited to valvular heart disease or cardiac murmurs),
cardiac dysrhythmias, syncope, cardiac chest pain, or history
of heart attack or heart failure; BMI was less than 15.0 kg/
m? or greater than 40.0 kg/m?; blood pressure exceeded
150 mmHg systolic or 95 mmHg diastolic; urine drug screen
was positive for cocaine, amphetamines, or opiates; or they
were employed by a tobacco company or the study center.
Women of childbearing potential were required to have a
negative pregnancy test. Participants were compensated for
their time.

Procedure

Following a 2-h nicotine deprivation period, participants
were administered a 1 mg nicotine SL tablet and asked
to complete subjective questionnaires over the following
2 h. During this time, vital signs were assessed at prede-
termined intervals. At the end of the 2 h, a 45-min lunch
period ensued (30 min to eat and drink water followed by
15 min without any food or drink). After the lunch break,
they were administered a 2 mg nicotine SL tablet and asked
to complete subjective questionnaires over a second 2-h
period. During this time, vital signs were also assessed at
predetermined intervals.

Nicotine tablets

The 1 mg and 2 mg nicotine tablets used in this study were
essentially identical to those in the PK study except they
also contained sucralose as a sweetener and peppermint oil
flavor. Each tablet was placed under a participant’s tongue
by study staff. Participants were instructed not to swallow or
chew the SL tablet but to let it disintegrate under the tongue
undisturbed and if any residue remained after 15 min it could
be swallowed. No drinks were given to the subject to aid in
dissolving the study drug.

Outcome measures
The following outcome measures were assessed:
Expired Air CO Breath Test: Carbon monoxide (CO)

in participants’ exhaled breath (expressed as ppm) was
measured using a Vitalograph CO Monitor.

Fagerstrom Test for Nicotine Dependence (FTND)
(Heatherton et al. 1991): This six-item questionnaire
allowed for the classification of nicotine dependence in
three different levels: mild (0-3 points), moderate (4—6
points), and severe (7—10 points).

Cigarette Evaluation Questionnaire-modified (mCEQ):
This questionnaire, designed to assess the positive and
negative subjective effects of cigarette smoking, was
modified from the original version (Westman et al. 1992)
by adding a single item on enjoyment of smoking. A
validation study of this questionnaire was conducted
by Cappelleri et al. (2007). Additionally, Bergeria et al.
(2019) showed that several subscales predicted behavioral
preference for cigarettes with varying levels of nicotine.
The mCEQ provided five subscale scores: satisfaction
(satisfying, tastes good, enjoy smoking), psychological
reward (calms down, more awake, less irritable, helps
concentrate, reduces hunger), aversion (dizziness, nause-
ated), enjoyment of respiratory tract sensations (single-
item assessment), craving reduction (single-item assess-
ment). Participants were asked to assess the 12 items of
the questionnaire on a 7-point scale, ranging from “not
at all” to “extremely”. These items were used to rate the
last cigarette smoked prior to the session.

Minnesota Nicotine Withdrawal Scale-modified
(mMNWS): This assessment was based on a widely used
questionnaire (Hughes and Hatsukami 1998; Hughes
1986; Toll et al. 2007), and was given 5 min before,
and 5, 15, 30, 60, 90, and 120 min after each product
administration. Participants were asked to rate a subset
of nicotine withdrawal symptoms that comprised “desire
to smoke,” “anger,” “anxiety,” “difficulty concentrating,”
and “depression”, using a 5-point rating scale ranging
from O to 4, where 0 =none, 1 =slight, 2=mild, 3 =mod-
erate, and 4 =severe. A total score was computed.
Tobacco Product Evaluation Questionnaire (TPEQ): This
questionnaire was given 30 min after each product admin-
istration and contained the 12 items of the mCEQ reworded
to apply to the nicotine SL tablet. Additional items asked
how likely it would be for participants to use the product
again if it were available, how difficult it would be to use
instead of smoking cigarettes, and how much more enjoy-
ment would be experienced if it had more (or less) nico-
tine. Participants were also asked to assess these items on a
7-point scale, ranging from “not at all” to “extremely”. An
additional open-ended question assessed any other positive
or negative effects of product use.

Desire to Smoke Visual Analog Scale (VAS): Participants
rated their desire to smoke on a 100-mm scale, 5 min
before, and 5, 10, 15, 30, 45, 60, 90, and 120 min after
each product administration.

Product Use Questionnaire: The first item of this ques-
tionnaire, given 15 min after each product administration,
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assessed whether participants were able to keep the tablet
under the tongue until it dissolved. The second question,
given 30 min after the second product administration,
asked which of the two products (“first” or “second”)
was preferred.

Replacing Cigarettes VAS: Participants used a 100-point
visual analog scale to estimate the percentage of ciga-
rettes they would replace with SL nicotine tablets if the
product were available and shown to be a healthier alter-
native to smoking cigarettes. This questionnaire, given
30 min after each product administration, also assessed
the influence of other factors (i.e., health effects on self
and others, effectiveness in reducing cravings, enjoyment,
ability for discreet use, and price) on the percentage of
cigarettes participants would replace.

Product Price Questionnaire: This two-item questionnaire
assessed what participants would expect to pay for the
investigative product compared to a pack of cigarettes
using a 5-point scale, ranging from “a lot less than your
cigarettes” to “a lot more than your cigarettes.” It also
assessed the influence of price on the percentage of ciga-
rettes participants would replace. The questionnaire was
given 5 min before, and 30 min after each product admin-
istration.

Heart rate and blood pressure: These measurements were
assessed at baseline and at 30, 60, 90, and 120 min after
each product administration.

Adverse events (AE): Any adverse effects were assessed
using an open-ended inquiry and coded by the medical

Fig.2 Total withdrawal score

(mean +SEM) on the modified

Minnesota Nicotine Withdrawal

Scale (MMNWS) 6

Mean total withdrawal score (0-20)
w

10 0 10 20
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team for severity (mild, moderate, or severe) and relation-
ship, if any, to tablet use.

Data analysis

As this study was exploratory in nature, a descriptive
approach was taken to the data, characterizing means and
standard deviations of outcome measures.

Results: Study 2
Participants

Participants (11 males, 13 females) had a mean age of 45.8
(SD=10.72) years and comprised 19 whites, 5 African
Americans. Baseline cigarette consumption averaged 19.0
cigarettes/day (SD =5.23), FTND score was 4.5 (SD=1.22),
and expired air CO was 25.5 ppm (SD=10.50).

Subjective responses

Figure 2 shows the total mMNWS withdrawal symptom
score in the 1 mg and 2 mg tablet conditions, and Fig. 3
shows the craving item separately. In both conditions,
there was a rapid drop in craving and total withdrawal
ratings after tablet administration with a partial recovery
over time. A post hoc analysis on the change in craving
and withdrawal symptoms from — 5 min to 5 min showed
a significant decrease in both dose conditions (for crav-
ing, F(1,23)=23.00, P <0.0001 in the 1 mg condition and

--#--1 mgSL tablet

—&— 2 mg SL tablet

100 110 120 130
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Fig.3 Craving for cigarettes

item (mean +SEM) from the 3
modified Minnesota Nicotine

Withdrawal Scale (InMNWS)

= N
= wn N [,

Mean craving (0-4 scale)

o
n

-10 O

10

Table2 Subjective evaluation of SL nicotine tablets and ciga-
rettes (Mean (SD))

Rating scale (1-7) Tablet Usual brand
of cigarette
1 mg 2 mg

Satisfaction 32(1.3) 3.0(1.5) 4414
Psych reward 27(1.2) 28(1.6) 3.6(1.4)
Nausea/dizziness 1.1(0.3) 1.7(1.3) 1.3(0.6)
Craving reduction 39(1.9) 42Q2.2) 4.6(1.8)
Would use again 4415 4223

Would use instead of cigarettes 2.7 (1.3) 3.4 (1.8)

Desire more nicotine 34(1.5) 27(.6)

Desire less nicotine 28(1.4) 25(1.4)

F(1,23)=38.74, P <0.0001 in the 2 mg condition; for total
withdrawal score, F(1,23)=15.11, P=0.0007 in the 1 mg
condition and F(1,23)=16.97, P=0.0004 in the 2 mg condi-
tion). There appeared to be a more prolonged relief of crav-
ing and withdrawal symptoms for the 2 mg tablet.

Table 2 summarizes the subjective ratings for the 1 mg
and 2 mg SL tablets as well as the baseline ratings of par-
ticipants’ usual brands of cigarettes on the mCEQ. While
ratings of satisfaction and psychological reward were some-
what lower than for participants’ usual brands of cigarettes,
immediate craving reduction was similar in magnitude.

Product preference: Slightly more than half of participants,
58.3% (14 /24), reported preferring the 1 mg tablet dose.

Desire to Smoke Visual Analog Scale (VAS): The Desire
to Smoke Scale showed similar results as the MNWS crav-
ing item. The mean value decreased from 48.8 (SD =26.2)
before tablet administration to 19.8 (SD=21.4) at 15 min
in the 1 mg condition and from 55.0 (SD=28.0) to 22.0

20

--0--1mg SL tablet

—&— 2 mg SL tablet

30 40 50 60 70

Time (minutes)

80 90 100 110 120 130

(SD=23.2) in the 2 mg condition, with a gradual recovery
toward initial levels over time.

Replacing cigarettes VAS: Overall, participants estimated
that they would replace 67.0% of cigarettes (SD=33.7) with
the 1 mg nicotine SL tablet, and 64.7% (SD=35.6) with the
2 mg nicotine SL tablet. Those stating that they would be
more than “moderately likely” (4 on a 7-point scale) to use the
product if it were available (11/24 participants with the 1 mg
SL tablet and 12/24 with the 2 mg SL tablet), estimated they
would replace 87.1% (SD=12.9) of cigarettes with the 1 mg
SL tablet and 87.3% (SD=16.6) with the 2 mg SL tablet.

Product Price Questionnaire: Participants rated the
amount they would expect to pay for a 20-tablet pack com-
pared to a pack of cigarettes as 2.8 (SD=1.2) for the 1 mg
tablet and 2.6 (SD =1.1) for the 2 mg tablet (on a 5-point
scale). These ratings fell between “a little less” (2) and “the
same amount” (3) as their cigarettes.

Cardiovascular measures: Neither dose of the nicotine
SL tablet affected systolic or diastolic blood pressure. Heart
rate, however, showed an increase after the 2 mg dose,
from 67.8 bpm (SD=11.5 bpm) at 50 min pre-dosing, to
76.2 bpm (SD=28.4 bpm) at 30 min post-dosing, a boost
of 8.3 bpm (SD =5.8 bpm). This increase in heart rate was
sustained to a great extent through the post-dosing period; at
120 min, the mean heart rate was 73.8 (SD=11.9). No effect
on heart rate could be discerned in the 1 mg tablet condition.

Side effects: Adverse effects related to tablet usage were
rated as mild (easily tolerated and not interfering with nor-
mal activities) and included excessive salivation (n=4),
tongue or throat irritation (n=4), heartburn and nausea
(n=3), hiccups (n=2), asymptomatic bradycardia (n=2),
burping (n=1), heartburn (n=1), and dizziness (n=1).
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Open-ended comments: There were numerous spontane-
ous positive comments (15 participants) about the product,
which focused on the effectiveness in alleviating craving for
cigarettes, that it was relaxing, took the edge off withdrawal,
had good flavor, did not have a smoke smell, had potentially
reduced harmful effects, could be used discretely and con-
veniently, and that it was an appealing alternative to smok-
ing. A small number of negative comments (2 participants)
focused mainly on the harsh taste reported by one participant
and burping/hiccups experienced by another participant.

Discussion: Study 2

The findings of this study, focusing on subjective and physi-
ological responses, complement those of the previous phar-
macokinetic study. The subjective responses to the SL tablet
were generally positive, with more than half of participants
stating they would be likely to use the product and that they
would use it to replace a large fraction of their cigarettes.
Notably, subjective craving reduction was similar between
2 mg SL tablet (mean of 4.2) and participants’ retrospec-
tive ratings of the last cigarette they smoked (mean of 4.6).
Additionally, the extent and duration of craving reduction
after SL tablet use is similar to that reported in other stud-
ies assessing craving after cigarette smoking (Adriaens
et al. 2018). The 2 mg dose, also seemed to produce a more
prolonged relief of nicotine withdrawal symptoms (Fig. 1).
In general, ratings for the SL tablets were comparable to
cigarettes in terms of a high degree of craving relief and
low ratings of aversion (nausea, dizziness). Satisfaction and
psychological reward, however, were somewhat higher for
the usual brands of cigarettes.

Notably, craving and withdrawal symptoms were rapidly
alleviated following SL tablet administration. Other nico-
tine replacement products that deliver nicotine more slowly
through the buccal mucosa do not appear to alleviate craving
and withdrawal symptoms as rapidly (Kotlyar et al. 2017).

General discussion

The two studies described above suggest that the novel SL
tablet achieves a favorable pharmacokinetic profile that
delivers nicotine faster than the currently marketed nico-
tine lozenge. This rapid nicotine delivery was paralleled by
a rapid relief of nicotine withdrawal symptoms and ciga-
rette craving in a sample of dependent smokers. Indeed,
it is remarkable that the tablet alleviated craving almost
as effectively as participants’ usual brands of cigarettes.
The increase in heart rate apparent after the 2 mg nicotine
SL tablet dose (8 bpm) approached that of the heart rate
boost after smoking, which is typically 8—15 bpm (Stiles
et al. 2017; Ward et al. 1992). The initial rise in plasma
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nicotine concentrations, 0.4 ng/mL*min, while signifi-
cantly faster than with the nicotine lozenge, was less than
typically obtained with smoking, 1-3 ng/mL*min (typi-
cally a 10—15 ng/mL boost over 5-10 min (Ebajemito et al.
2020; Stiles et al. 2017)).

Prior studies suggested that the initial rate of drug deliv-
ery may be more important than C,,, in producing subjec-
tive effects for drugs of abuse (de Wit et al. 1993). Studies
using intravenous (IV) nicotine administration have also
reported that more rapid infusions were more effective at
relieving craving for cigarettes (Rose et al. 2003). One
reason rapid nicotine delivery is important is because it
leads to the prompt restoration of a “normal” state due to
relief of withdrawal symptoms. Additionally, rapid nico-
tine delivery can elicit positively reinforcing pharmaco-
logical effects (e.g., brain dopamine release) mediated by
nicotinic receptors, before they undergo desensitization
(Grady et al. 2008; Koranda et al. 2014; Picciotto et al.
2008). Thus, nicotinic receptors will respond maximally
to rapidly increasing nicotine concentrations, rather than
to slowly increasing concentrations.

The importance of providing immediate reinforce-
ment for alternative nicotine products has been noted by
some leading experts (Abrams et al. 2018), but has not
played a major role in pharmaceutical development. For
example, nicotine patches provide slow sustained nico-
tine levels. Nicotine gums and lozenges, while delivering
nicotine more rapidly than the patch, are still relatively
slow compared with cigarette smoking. Thus, the imme-
diate reinforcement provided by current NRT products is
modest at best and therefore are often underutilized by
smokers (Shiffman et al. 2008). For example, while some
clinical trials have found that 61% of smokers adhere to a
course of NRT over 4-10 weeks, population-based studies
have found only 16-35% adherence rates (Mersha et al.
2021). Moreover, in a study of UK stop-smoking services,
only 6% of smokers who were abstinent at 4 weeks were
still using NRT at 1 year (Shahab et al. 2016). Instead of
seeking to replace the dangerous habit of smoking with
an alternative noncombustible rapidly absorbed nicotine
product, the approach in cessation treatment has generally
been to provide a temporary treatment aimed at reliev-
ing smoking withdrawal symptoms in the short run. As
a result, relapse rates are extremely high, with almost all
smokers returning to the use of cigarettes within a year
after a quit attempt using NRT (Etter 2006; Jackson et al.
2019). The public health impact and efficacy of NRT and
other smoking cessation medications has been significantly
undermined by long-term relapse (Rosen et al. 2021).

If instead, the strategy is to provide a long-term nicotine
substitution with the goal of tobacco harm reduction, then
it is crucial for a product to provide rapid nicotine delivery
and immediate reinforcement. If an alternative nicotine



Psychopharmacology (2022) 239:2853-2862

2861

product is not sufficiently reinforcing, it will not effec-
tively supplant the smoking habit. The advantages of rapid
nicotine delivery, however, need to be weighed against its
potential abuse liability and appeal to nonsmokers. None-
theless, long-term relapse to smoking currently remains
such a serious problem for smokers trying to maintain
abstinence that there is clear value to a more reinforcing,
effective mode of nicotine substitution.

Limitations of the studies include the relatively small
sample sizes used, and the absence of pharmacokinetic
data in Study 2. Additional limitations were that there was
no other active comparator (e.g., cigarettes) or placebo
condition, and the order of dose administration was fixed.
The results, however, were sufficiently robust that clear
differences were seen between the pharmacokinetics of
the SL nicotine tablet and the nicotine lozenge in Study
1, and the heart rate boosts and relief of craving and with-
drawal symptoms in Study 2 provided corroboration of
rapid nicotine absorption. An additional limitation was the
absence of a placebo control in Study 2, such that expec-
tancy effects could have contributed to the craving relief
and other subjective effects. However, the difference in the
time course of craving, with the 2 mg dose outlasting the
1 mg dose, suggests that participants were sensitive to the
individual product characteristics.

In summary, the results of the studies described above
support that this novel nicotine SL tablet formulation
shows promise as a harm reduction nicotine substitution
strategy for cigarette smokers, and has potential as a smok-
ing cessation treatment. Further randomized placebo-con-
trolled studies are clearly warranted to fully characterize
the potential of this approach.
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