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Evaluation of high-nicotine oral
products shows potential to reduce
tobacco-related harm by offering
satisfying alternatives

Fiona Chapman*?, Ruby Morrissey?, Simon McDermott', Xavier Cahours2, Thomas Verron?,
Victoria Taverner?, Matthew Stevenson® & Thomas Nahde3

Modern oral nicotine delivery (MOND) offers potentially reduced harm nicotine delivery for adult
smokers who do not wish to quit. Most clinical studies to date have characterised MOND with lower
nicotine content, therefore, this study aimed to assess products with higher nicotine strengths. This
randomised, open-label, cross-over, confinement study, conducted in Sweden, compared the nicotine
pharmacokinetic and subjective effects of three MOND products, zoneX #5 slim (14 mg nicotine/
pouch), zoneX #5 (16 mg) and zoneX #6 (20 mg), and a tobacco snus product (Skruf Slim Fresh #5
(16.6 mg)) in 27 adult snus or MOND users. The zoneX #6 product delivered the highest levels of
nicotine; however, all products exhibited similar reductions in urge to use nicotine during and following
a controlled product use session. Furthermore, the zoneX products generally scored more favourably
than the snus on a 7-point Likert product evaluation scale for satisfaction, psychological reward,
aversion and relief, assessed 8 h after the start of product use. There was some indication that pouch
size may influence nicotine uptake, however, further characterisation is required. All study products
demonstrated good short-term tolerability, with no serious adverse events observed. Overall, the
findings support that MOND has tobacco harm reduction potential, providing a satisfactory alternative
for adult smokers. Clinical Trial identifier: NCT05452278 https://clinicaltrials.gov/.

Keywords Nicotine pharmacokinetics, Snus, Tobacco-free nicotine pouches, Tobacco harm reduction,
Modern oral nicotine delivery, Smoking

Abbreviations
AE Adverse event
AUC Area under the plasma concentration-time curve
AUC, AUC from 0 to the time of the last sampling timepoint, i.e. time 0-last
AUCy, . AUC from timepoint 0 to infinity
AUC,,,  AUC from timepoint 0-90 min
BMI Body Mass Index
CI Confidence interval
Chat Observed plasma concentration at the last sampling timepoint
nax Maximum observed plasma concentration
ECG Electrocardiogram
GCP Good clinical practice
h Hours
HIV Human immunodeficiency virus
HPHC Harmful and potentially harmful constituent
ICH International Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use
LLOQ Lower limit of quantification
LS Least squares (mean)
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Max Maximum value
mg Milligrams
Min Minimum value
mmHg Millimetre mercury
MOND Modern oral nicotine delivery
NCA Non-compartmental analysis
NGP Next generation (nicotine) product
OND Oral nicotine delivery
PES Product evaluation scale
PK Pharmacokinetic
TFNP Tobacco-free nicotine pouch
THR Tobacco harm reduction
nax Timeto C
TSNA Tobacco-specific nitrosamine
T e Terminal elimination half-life
SERA Swedish Ethical Review Authority
SAE Serious adverse event
SAS Statistical Analysis System (software)
SD Standard deviation
VAS Visual analogue scale

Smoking is a cause of serious diseases, including lung cancer, heart disease and emphysema. This is attributed to
exposure to the smoke generated during tobacco combustion, which contains around 7000 chemicals, a number
of which are classed as harmful and potentially harmful constituents (HPHCs)"%. However, other forms of
nicotine delivery are available, including next generation products (NGPs) like e-vapour products and heated
tobacco products, which do not involve combustion in their use, and therefore are associated with decreases in
exposures to the numbers and levels of toxicants present in tobacco smoke™*. Providing adult smokers with such
alternatives is the basis of tobacco harm reduction (THR).

Oral nicotine delivery (OND) does not involve tobacco combustion, and therefore exposure to the HPHCs
associated with cigarette smoke is removed or substantially reduced>S. OND categories include traditional
products such as Scandinavian snus (hereafter, snus), and the more recent NGP innovation, modern oral nicotine
delivery (MOND), which includes tobacco-free nicotine pouches (TFNPs). OND products are placed between
the user’s upper lip and gum, and nicotine is absorbed into the bloodstream via the oral mucosa’. Whilst snus
contain tobacco leaf as their base material, MOND typically contains a dry powder or plant fibre-based matrix
along with pharmaceutical grade nicotine, flavourings, humectants, and additives to ensure stability. MOND is
considered to have further THR potential due to the absence or reduced levels of tobacco leaf, which contains
some HPHCs, including tobacco specific nitrosamines (TSNAs)>®. Reductions in exposure to HPHCs has
been demonstrated to translate to reductions in in vitro toxicological effects, as observed for a range of MOND
products® '3, Furthermore, studies have reported that biomarkers of exposure to smoking-related toxicants and
biomarkers of potential harm are reduced in MOND users compared to smokers!*15.

Further to reduction in smoking-related toxicant exposure, to act as an acceptable alternative and support
THR strategies, products must deliver satisfactory nicotine levels and consumer experience. To maximise uptake
by adult smokers, NGPs such as MOND are available in a range of nicotine strengths, flavours and formats
(e.g., pouch size, moisture content) to offer alternatives to suit individual consumers’ preferences. It is therefore
important to characterise these products in terms of nicotine delivery and the associated user satisfaction, to
understand if these products can act as an acceptable THR alternative for adult smokers. A number of studies
have reported the nicotine pharmacokinetics and subjective effects following the use of a range of MOND,
of varying nicotine strengths, flavours and brands”!¢-?. Whilst nicotine delivery profiles generally appear to
vary between brands, including a range of nicotine strengths/ flavours, MOND offers slower time to maximum
blood plasma nicotine concentration (T ) values compared to cigarettes”'®'. Additionally, T __appears to be
dependent on duration of product use for MOND.

Another important factor in providing potentially reduced harm alternative forms of nicotine delivery is that
products must not offer increased abuse liability compared to cigarettes, which refers to the pharmacological
potential to cause addictive effects, including reward/ relief behaviours, persistent use and/ or dependence?!.
Abuse liability is associated with rapid and effective nicotine delivery, for which cigarettes are recognised as
possessing the highest degree, with nicotine replacement therapies such as patches, lozenges and gum the least?!.
The slower onset of nicotine delivery, as observed in previous studies on MOND”!31%, and additionally lower
overall levels of nicotine delivery, are associated with a lower abuse liability potential.

The majority of studies to date have focused on the clinical effects of MOND with lower nicotine content (~ 1.5-
10 mg nicotine/ pouch), however, products of higher nicotine content have been less extensively characterised
in the literature. This study, therefore, aimed to assess a selection of higher strength MOND product variants
with regards to nicotine pharmacokinetics, subjective effects and short-term product tolerability. This study was
a confined, randomised, cross-over, single-blind study which included three higher nicotine strength variants
of the MOND product, zoneX (14, 16 and 20 mg nicotine/ pouch), and a snus product (Skruf slim, 16.6 mg
nicotine/ pouch). The study was conducted in Sweden in adult snus or MOND users who were therefore familiar
with these products and their use. The snus comparator was included to assess the outcomes for the zoneX
products compared to a traditional tobacco product.

Scientific Reports |

(2025) 15:34636 | https://doi.org/10.1038/s41598-025-21812-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Methods

Study design

This randomised, open-label, cross-over, confinement study in adult snus and MOND consumers aimed to
evaluate nicotine pharmacokinetics (PK), subjective effects and short-term safety and tolerability, following use
of three MOND products and a comparator snus product.

The primary objectives of the study were to compare the maximum observed plasma concentration (C_ )
and the area under the nicotine plasma concentration-time curve (AUC,) after the use of each product. The
secondary objectives reported here were to evaluate other PK parameters (time to C___ (T __); AUC from
timepoint 0-90 min (AUC_ 4); AUC from timepoint 0 to infinity (AUC_ , ); observed plasma concentration at
the last sampling timepoint (C, ), terminal elimination half-life (T, /2(7))) to evaluate product subjective effects
and to evaluate the safety and tolerablhty of each of the study products used.

The study was approved by the Swedish Ethical Review Authority (SERA), carried out in accordance with
the ethical principles outlined in the Declaration of Helsinki, International Conference of Harmonisation
(ICH)/ Good Clinical Practice (GCP), European Union Clinical Trials Directive and applicable local regulatory
requirements. Twenty-seven adult snus and MOND users participated in the study, which was conducted at a
single clinical site. Subjects attended two clinic visits, (i) screening and (ii) a 4-day confinement period; follow-up
telephone calls with subjects were also carried out a week after the last study product use. All subjects provided
written informed consent prior to the study commencing. Clinical Trial identifier: NCT05452278 (clinicaltrials.
gov, 06-07-2022). The first study subject was screened on 28-09-2021, the first subject used a study product on
04-10-2021 and the last subject completed the study on 02-11-2021.

Subjects
Thirty-four subjects were screened, and following this, 27 were randomised to the treatment groups (Fig. 1).
The sample size was comparable to those used in similar studies (for example, 30 participants in Liu et al.'® and
24 participants in Chapman et al.”), and was considered sufficient to achieve the study objectives. From the 34
subjects screened, three did not meet the eligibility criteria, three withdrew consent prior to randomisation and
one was a reserve not included in the study. Twenty-seven subjects commenced the study, completed all study
visits and received an end of study phone call within seven days of completion. The participant population
included 16 males and 11 females, all of whom were of non-Hispanic or Latin ethnicity. Twenty-two subjects were
white, three were Asian and two were Black or African American origin. The mean age was 31.1 years (standard
deviation (SD)=11.8), and the mean body mass index (BMI) was 23.5 kg/m? (SD=3.0). Full tabulated details
or baseline demographics and clinical characteristics can be found in Table S1 ( supplementary information).
The following study inclusion criteria were applied: subjects were willing and able to provide written informed
consent to take part in the study; subjects were a male or female aged > 19 years at the time of screening; BMI
of >18.0 and <30 kg/m? clinically normal medical history, physical findings, vital signs, ECG and laboratory
values at the time of screening (evaluated by the Investigator); user of snus and/ or MOND for more than or
equal to one year with a minimum weekly consumption of two or more snus cans. Importantly, given the higher
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Fig. 1. Study design overview: three tobacco-free nicotine pouch products (zoneX #5 (16 mg nicotine/
pouch), zoneX #5 slim (14 mg) and zoneX #6 (20 mg)) and one Skruf tobacco-containing snus product
(16.6 mg nicotine/ pouch) were randomised to 27 subjects for assessments across four days. h: hours; PK:
pharmacokinetic.
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strength products on trial, the subjects had to confirm a willingness and be considered able by the Investigator
to use MOND with a nicotine content in the range of 14 mg to 20 mg per pouch.

Study exclusion criteria included: history of any clinically significant disease or disorder which the
Investigator deemed could put the subject at risk because of participation in the study, influence the study
outcomes or the subject’s ability to participate; any clinically significant illness, medical or surgical procedure
or trauma within four weeks of first use of the study products; any planned major surgery within the study
duration; any positive screening result for serum hepatitis B surface antigen, hepatitis C antibody or human
immunodeficiency virus (HIV); during screening, any vital signs values outside of the following ranges after
10 min supine rest: systolic blood pressure <90 or>140 mmHg, diastolic blood pressure <50 or>90 mmHg,
or pulse <40 or >90 beats per minute; females who were pregnant or currently breast feeding; history of severe
allergy/ hypersensitivity or ongoing allergy/ hypersensitivity, or historical hypersensitivity to drugs with a
similar chemical structure or class to nicotine; planned treatment or treatment with another product (within
one month) or investigational drug (within three months) prior to Day -1 of the study; a positive result for
drugs of abuse or alcohol at screening or admission to the research unit; a history of alcohol abuse or excessive
intake of alcohol, presence or history of drug abuse, assessed by the Investigator; a history, or current use, of
anabolic steroids, assessed by the Investigator; excessive consumption of caffeine (daily intake of more than five
cups of caffeine-containing beverages); plasma donation within one month of screening or blood donation (or
corresponding blood loss) within three months prior to screening; intention to change smoking habit or make
a quit attempt within 3 months from the screening visit; the Investigator thought the subject was unlikely to
comply with study procedures, restrictions and requirements.

Study products

This study included four test products: three were MOND products of different nicotine contents, zoneX #5
slim (14 mg nicotine per pouch), zoneX #5 regular (16 mg) and zoneX #6 regular (20 mg); the fourth was
a snus comparator, Skruf Fresh slim (16.6 mg nicotine per pouch). The regular pouches were 18 x32 mm in
size and the slim pouches 14 x 36 mm. All products were manufactured by Skruf Snus, A.B., Sweden, a wholly
owned subsidiary of Imperial Brands PLC, and the study was conducted in Sweden. At the time of the study,
the Skruf snus was on the Swedish market, zoneX #5 slim product was on the market in Norway, the zoneX #5
product was on the market in Austria, Denmark and Finland and the zoneX #6 pouch was not present on any
market. All products were provided directly to the research clinic from the manufacturing plant in labelled cans.
The MOND contained pharmaceutical-grade nicotine combined with a food-grade plant fibre-based substrate,
flavourings and humectants to retain moisture and additives to maintain product stability. The zoneX #5 slim
product additionally contained a small amount of tobacco, due to the requirements for sale on the Norwegian
market. The MOND products were the Cold Blast variant, which has a mint flavour profile. Products were
provided along with instructions for use: a pouch was to be placed between the upper lip and gum for 20 min;
pouches were not to be chewed or swallowed (normal swallowing of saliva was allowed).

Study procedure

Study visit 1 took place Days -28 to -1 and consisted of an eligibility check, health status review and assessment
of tobacco and nicotine consumption. Subjects were provided with nicotine cessation advice and contact
information for a cessation support service if requested.

Visit 2 consisted of a 4-day confinement period; subjects were admitted to the clinic on the evening of Day
-1 and remained there until Day 4. On the evening of Day -1, subjects received baseline assessments for clinical
laboratory profile, vital signs and electrocardiograms (ECG); subjects also attended a familiarisation session with
regards to the study products and questionnaire format. Here, the clinical team explained how the study products
were to be used, and subjects were able to view the products and their packaging. The session did not include
a product trial, and the products used were not part of the clinical study but were retained as demonstration
samples for accountability purposes. Subjects were allowed to use their own tobacco/ nicotine products until
10 pm on the evening of Day -1. At 10 pm, the subjects’ own products were collected by a clinical team member
and returned upon completion (Day 4). On the morning of Day 1, the pre-use assessments were carried out and
eligibility was confirmed, then subjects were randomised and administered a single pouch according to their
product randomisation sequence. Blood sampling for the PK assessment was carried out pre-product use and at
5, 10, 15, 20, 25, 30, 45, 60, 90 min, and 2, 4, 6, 8 h post product use start. Questionnaires were completed by the
subjects at defined intervals throughout the day. Subjects’ product tolerability was also monitored throughout
the day. After the 8 h timepoint, subjects were dispensed and allowed to use their own nicotine-containing
products ad lib until 10 pm if they requested. Breakfast was served approximately 1 h prior to product use; lunch
4 h after the start of each product use; a snack, dinner and an evening snack were served approximately 7, 9 and
11 h post- start of product use, respectively. Water was allowed ad lib except 30 min before the start of product
use until 1 h after the start of product use.

Days 2, 3 and 4 had the same schedule (except for eligibility checks and randomisation). On Day 4, subjects
left the clinic following completion of the 8 h assessment. On Day 7 (1 day) (visit 3), follow-up phone calls
were made to subjects to record any adverse events (AEs). A study procedure overview can be found in Fig. 1.

Randomisation to one of four treatment sequences was carried out to minimise bias and the study was single-
blind, i.e., the subjects did not know the identity not the strength/ nicotine content of each product, but the
Investigator and study staff knew the identities of each study product. The products did differ in size but were
otherwise identical in appearance. Randomisation was carried out by CTC computationally using SAS Proc Plan
(SAS Version 9.4). The randomisation list contained subject number, sequence and treatment and was kept by
the randomiser until database lock. A copy of the randomisation list was provided to the research clinic. The
randomisation sequence is detailed in Fig. 1.
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With regards to prior and concomitant therapies, medications (prescribed or non-prescribed, including
antacids, analgesics, herbal remedies, vitamin supplements and minerals) deemed necessary for the subject’s
safety and wellbeing could be given at the discretion of the Investigator during the residential period. The
Sponsor was then consulted to determine whether or not the subject could continue in the study. All concomitant
medications were recorded in the electronic case report form.

Study assessments

Pharmacokinetic assessment: Blood samples (approx. 4 ml/sample) were collected using an indwelling venous
catheter at the timepoints described. Pre-product use samples were taken within 5 min prior to the start of
product use. Nicotine concentrations in the blood plasma was analysed by Lablytica AB using a validated LC-
MS/MS method.

Urge to use nicotine: Subjects were asked to evaluate their urge to use nicotine on a 100 mm visual analogue
scale (VAS) with the anchor points of 0 mm=not at all/ no urge and 100 mm =extremely/ extreme urge.
Evaluations were taken pre-product use and at 5, 10, 15, 20, 25, 30, 45, 60, 90 min, and 2, 4, 6, 8 h post-product
use start.

Product evaluation: Subjects were asked to self-assess their experience in relation to using the products with
regards to the endpoints of satisfaction, psychological reward, aversion and relief using a 7-point Likert (1 =not
at all and 7=extremely) Product Evaluation Scale (PES)?2. Responses were recorded 8 h post-start of the study
product use.

Short-term product safety and tolerability: AEs (including serious AEs (SAEs)) were recorded from the start
of the first product used until visit 3. Severity/ intensity was graded by the Investigator as mild, moderate or
severe and assessed as unlikely, possibly or probably related to the study product. Clinically significant changes
in laboratory assessments (clinical chemistry, haematology, urinalysis, pregnancy, SARS-COV-2 detection), vital
signs and ECGs were also assessed throughout.

Data analyses

Nicotine pharmacokinetics: Data from all subjects who had used at least one of the study products, provided an
evaluable plasma nicotine concentration profile, and had no AEs or protocol deviations deemed to affect the
PK output (e.g., vomiting, subject not following restrictions, wrong product given, etc.) were used for the PK
analyses.

Nicotine PK parameters for each product (C_ _ (ng/ml), AUC (AUC, ) (h*ng/ml), T, 122) (minutes),
AUC_ 4, (h*ng/ml), AUC, . (h*ng/ml), C (ng/ml)) were calculated by Non-Compartmental Analysis (NCA)
using Phoenix WinNonlin® software version 8.1 (Certara, USA). T___(minutes) values were calculated using R
software?* and the PKNCA package?*. Calculations were based on the actual sampling times recorded during
the study.

The elimination rate constant, LambdaZ (with acceptance criteria; R?, extrapolated AUC) was calculated to
support baseline adjustment for the PK parameters. C___and T were derived from the observed plasma
nicotine concentration data. AUC was calculated using log-linear trapezoidal interpolation (linear—up, log—
down). Concentrations below the lower limit of quantification (LLOQ) occurring before C__were treated as
zero and concentrations below LLOQ occurring after C___ were omitted from the analysis. AUC, and C_
were corrected for and calculated with and without nicotine baseline corrections. Where plasma nicotine
concentrations were above the lower limit of quantification immediately prior to product use (-5 min), PK
parameters were calculated from baseline adjusted concentrations using subjects’ elimination rate constant.

Statistical comparisons between products were carried out using alinear mixed-effects repeated measurements
analysis of variance model. Least Square Means (LSM) and 95% Confidence Interval (CI) were derived for the
products’ C, .o AUC,, and AUC_ , . outcomes. LSM ratios, 95% Cls of the LSM ratios, and adjusted p values
using Tukey method are provided for the product comparisons. For T, an additional analysis was carried
out using a Kruskal-Wallis test, as this data is not usually normally distributed and often includes tied values,
therefore the parametric methods used for C_._and AUC were not appropriate.

Urge to use nicotine: E_ . (the maximum change from baseline VAS score) and AUC, (the area under the
change from baseline VAS score versus time curve from time 0 to 480 min; calculated using the linear trapezoidal
method with linear interpolation using actual sample times) were calculated for each product for statistical
comparison. Statistical analyses were carried out between products using a linear mixed-effects repeated
measurements analysis of variance model. From this model, the LSM and 95% CI were derived for the products’
E, .. and AUC, outcomes. LSM ratios, 95% ClIs of the LSM ratios, and adjusted p values using Tukey method
are provided for the product comparisons. To assess changes in urge to use nicotine across time between the
products, a repeated measures analysis using a linear mixed-effects model was conducted. The model included
timepoint, product, and their interaction as fixed effects, with subject as a random effect to account for within-
subject variability.

Product evaluation: Outcomes relating to questions in each sub-category were combined and summarised
descriptively for each study product. PES-differences between products on sub-category PES scores, at each time
point, were analysed using Wilcoxon Rank Sum tests.

Results

Nicotine pharmacokinetic assessment

Nicotine pharmacokinetic parameters (detailed in Table 1) were recorded up to 8h following the start of a
20-min controlled product use period with one of the four respective study products. Figure 2 indicates the
baseline-corrected plasma nicotine concentrations measured at the timepoints detailed. Use of the zoneX #6
20 mg pouch resulted in significantly higher levels of blood plasma nicotine (assessed using comparison of C___,
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Assessment (unit) zoneX #5 14 mg (slim) | zoneX #5 16 mg (regular) | zoneX #6 20 mg (regular) | Skruf snus 16.6 mg (slim)
n subjects 27 26 26 27
C (ng/ml) Mean (SD) 14.98 (4.956) 13.43 (4.967) 19.35 (6.576) 13.85 (3.853)
_(ng/m
max {18 Median (Min, Max) | 13.94 (6.43, 27.2) 12.63 (5.63, 28.1) 17.48 (11.2, 36.5) 14.05 (7.22, 26.1)
Mean (SD) 21.66 (5.89) 22.68 (9.18) 24.24 (14.76) 27.78 (19.32)
T, . (minutes)
: Median (Min, Max) | 25.02 (5.00, 30.00) 25.02 (5.00, 45.00) 25.02 (5.00, 90.00) 25.02 (5.00, 90.00)
Mean (SD) 36.48 (12.72) 31.72 (9.500) 48.44 (19.68) 32.11 (9.458)
AUC, (h*ng/ml)
Median (Min, Max) | 34.83 (22.1, 78.3) 30.81(17.3, 61.0) 43.43 (30.6, 122) 31.96 (19.7, 64.4)
Mean (SD) 14.77 (4.110) 13.09 (3.915) 19.82 (6.314) 13.27 (3.177)
AUC 4in (h*ng/ml)
Median (Min, Max) | 14.74 (7.85, 23.6) 13.01 (6.56, 22.0) 17.85 (11.6, 36.2) 12.47 (8.01, 21.2)
Mean (SD) 41.64 (15.88) 39.97 (26.92) 55.92 (25.64) 38.32 (19.50)
AUC,  (h*ng/ml)
Median (Min, Max) | 38.32 (25.2, 89.4) 34.39 (19.1, 164) 50.30 (33.5, 137) 35.76 (21.9, 123)
¢ (ogmD Mean (SD) 1.285 (0.8236) 1.290 (1.123) 1.724 (1.223) 1.142 (0.8650)
. (ng/m
tast (18 Median (Min, Max) | 1.036 (0.591, 4.41) 1.046 (0.500, 6.35) 1.305 (0.606, 6.44) 0.9067 (0.530, 5.03)
T () Mean (SD) 2.585 (0.6147) 2.934 (1.840) 2.625 (0.7881) 2.752 (1.553)
¥(2) Median (Min, Max) | 2.452 (1.73,4.01) 2.393 (1.60, 11.3) 2.381 (1.65, 5.35) 2.450 (1.52, 10.0)

Blood plasma nicotine concentration

(baseline adjusted) (ng/ml)

Table 1. Baseline adjusted nicotine pharmacokinetic parameter outcomes for the four study products. Values

in milligrams (mg) refer to pouch nicotine content. AUC, , :

0-90°

AUC from timepoint 0-90 min; AUC, , ¢« AUC

from timepoint 0 to infinity; AUC: area under the plasma concentration-time curve from time 0 to the time

of the last sampling timepoint; C,__:

last®

observed plasma concentration at the last sampling timepoint; C

max’

maximum observed plasma concentration; h: hours; Max: maximum value; Min: minimum value; n: number;

SD: standard deviation; T :

12-

1/2(z)°

terminal elimination half-life; T . timetoC_ .

—— A: ZoneX #5 14mg (slim)
B: ZoneX #5 16mg (regular)
C: ZoneX #6 20mg (regular)
—e— D: Skruf snus 16.6mg (slim)

m—
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T
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T
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Fig. 2. Nicotine pharmacokinetic profiles (baseline adjusted blood plasma nicotine concentrations) of the
study products following the start of a 20-min controlled use period, assessed at timepoints between 0 and 480
min. Values in milligrams (mg) refer to pouch nicotine content. Number of subjects per product is detailed in
Table 1. Data plotted with error bars can be found in supplementary Fig. S1.

AUC, and AUC_, (detailed in Table 2)) compared to the other three study products, which did not demonstrate
significantly different blood plasma nicotine profiles to one another. The zoneX #5 slim (14 mg) product did
appear to achieve a slightly higher average C_, when compared to the zoneX #5 regular (16 mg) product,
however, this was not a significant effect.
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PK variable Test product (mg) | Reference product | 95% CI lower bound | Ratio of geometric LS means | 95% CI upper bound | Tukey-Kramer adjusted p value
#514 Skruf 0.89 1.06 1.25 0.828
#514 #516 mg 0.93 1.10 1.30 0.469
C #514 #620 mg 0.66 0.78 0.93 0.002*
(ng/ml) #516 Skruf 0.81 0.96 1.14 0.931
#516 #6 20 mg 0.60 0.71 0.84 <0.0001*
#620 Skruf 1.14 135 1.60 <0.0001*
#514 Skruf 0.98 1.10 1.24 0.145
#514 #516 mg 0.98 1.10 1.24 0.146
AUC, (hng/ml) #514 #6 20 mg 0.68 0.76 0.86 <0.0001*
#516 Skruf 0.89 1.00 1.13 1.000
#516 #6 20 mg 0.61 0.69 0.78 <0.0001*
#620 Skruf 1.28 1.45 1.63 <0.0001*
#514 Skruf 0.98 1.10 1.23 0.159
#514 #516 mg 0.97 1.09 1.22 0.233
AUC, , (h*ng/ml) #514 #6 20 mg 0.68 0.77 0.86 <0.0001*
#516 Skruf 0.90 1.01 1.13 0.997
#516 #6 20 mg 0.63 0.71 0.79 <0.0001*
#6 20 Skruf 1.27 1.43 1.60 <0.0001*

Table 2. Statistical comparisons for the baseline adjusted nicotine pharmacokinetic (PK) parameters. Values
in milligrams (mg) refer to pouch nicotine content. AUC, + AUC from timepoint 0 to infinity; AUC;:
area under the plasma concentration-time curve from time 0 to the time of the last sampling timepoint; CI:

confidence interval; C__ : maximum observed plasma concentration; LS: least square. *significant difference.

For T ., although the comparator product exhibited a numerically higher mean value, nonparametric
analysis using the Kruskal-Wallis test revealed no statistically significant differences among the products
(H=1.43, p=0.70). Due to the non-normal distribution and presence of tied values inherent to T _, and the
corresponding use of nonparametric methods, this parameter was not included in Table 2, which is limited to
parameters analysed using parametric statistical approaches.

Subjective assessment

The subjects’ urge to use nicotine was evaluated using a 100mm VAS, with the anchor points 0mm (no urge)
and 100mm (extreme urge), pre-administration of each study product and up to 8h, at the timepoints detailed
(Fig. 3a). For all four study products, the maximum reduction in urge to use nicotine compared to baseline
(pre-administration) (E __ ) was recorded 15 min post-administration. Upon statistical comparison of the E___
values (Table 3), none of the products induced significantly different outcomes from one another, in contrast to
the higher nicotine delivery achieved by the zoneX #6 (20 mg) product. The only significant difference observed
for the AUC, was between zoneX #5 Slim (14 mg) and the Skruf snus product (Fig. 3a).

To assess whether urge to use nicotine changed consistently over time across product conditions, we conducted
a repeated measures analysis using a linear mixed-effects model. The model included timepoint, product, and
their interaction as fixed effects, with subject as a random effect to account for within-subject variability. The
analysis revealed a significant main effect of timepoint (p <0.001), indicating that urge to use nicotine varied
over time. However, the interaction between timepoint and product was not statistically significant (all p>0.47),
suggesting that no product condition demonstrated a consistently greater reduction in urge over time relative
to others. These findings indicate that while urge to use nicotine generally decreased over time, the pattern of
reduction was not significantly different across product conditions.

A seven-point Likert scale was used to evaluate subjects’ responses to questions within the four sub-categories
of satisfaction, psychological reward, aversion and relief, 8h following the start of the 20min controlled use
session for the four study products (Fig. 3b). Full outcomes for the PES can be found in the supplementary
information (Table S2). In the PES subcategory ‘satisfaction, the zoneX #5 slim product had the highest average
score, which was found to be significantly higher than that achieved for the Skruf product. The mean scores
ranged between 4.24 and 4.76 for the zoneX products, whilst the mean score for Skruf Slim Fresh #5 was 4.02. For
the ‘psychological reward’ subcategory, the mean scores ranged between 4.17 and 4.41 for the zoneX products,
while the mean score for the Skruf reference product was 3.90. The mean score for zoneX #6 was significantly
higher compared to the Skruf product, whereas the two other zoneX products did not differ from the Skruf
product nor each other significantly. For the ‘aversion’ subcategory, zoneX #6 exhibited a significantly higher
score compared to Skruf, although overall, aversion scores were lower than the other endpoints for all four study
products. The mean scores for the aversion subcategory ranged between 2.25 and 2.66 for the zoneX products,
whilst the mean score for the Skruf product was 1.86. In the subcategory ‘relief’, average scores ranged between
4.72 and 4.90 for the zoneX products, and the mean average score was 4.53 for the Skruf reference product. All
three zoneX products exhibited significantly higher scores compared to the Skruf product.
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Short-term tolerability of the study products

For the duration of the study, up to the end of follow-up (visit 3), adverse effects and clinical tolerability endpoints
were monitored. In total, there were 24 AEs reported by 10 of the 27 subjects who completed the study. All the
observed AEs were mild to moderate in intensity, and most were assessed as unlikely to be due to the use of the
study product/s. Three AEs (headache and flatulence (x 2 events)) were assessed as at least possibly related to
the use of the study product/s, with the most commonly reported AE being headache, which occurred in five
subjects on six occasions. Five of these events were assessed as mild in intensity, whilst the remaining event was
assessed as moderate. There were no relevant differences amongst the four study products with regards to the
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«Fig. 3. (a) Mean reported urge to use nicotine at timepoints up to 480 min following the start of a 20-min
product use session with each of the four study products. Responses were recorded according to a 100mm
visual analogue scale (VAS). Values in milligrams (mg) refer to pouch nicotine content. Number of subjects
per product can be found in Table. 1. Data plotted with error bars can be found in supplementary Fig. S2. (b)
Average product evaluation scale (PES) scores (7-point Likert scale, detailed in the legend) in each of four
categories, satisfaction, psychological reward, aversion and relief, for each of the four study products, eight
hours following the start of a 20-min controlled product use session. Values in milligrams (mg) refer to pouch
nicotine content. Statistical comparisons to Skruf Slim Fresh #5 were carried out using Wilcoxon signed rank
tests; *p <0.05, **p<0.01.

Tukey-
Kramer
Ratio of geometric LS adjusted
PD variable Test product (mg) | Reference product | 95% CI lower bound | means 95% CI upper bound | p value
#514 Skruf 0.89 1.20 1.60 0.382
#514 #516 mg 0.80 1.07 1.44 0.922
#514 #6 20 mg 0.72 0.97 1.31 0.994
#516 Skruf 0.83 1.12 1.50 0.763
#516 #6 20 mg 0.67 0.91 1.22 0.817
#620 Skruf 091 1.23 1.66 0.264
#514 Skruf 1.02 2.03 4.04 0.041*
#514 #516 mg 0.70 1.40 2.78 0.572
#514 #6 20 mg 0.52 1.04 2.08 0.999
AUC, baseline adjusted
#516 Skruf 0.73 1.45 2.88 0.490
#516 #6 20 mg 0.37 0.74 1.48 0.667
#6 20 Skruf 0.98 1.96 3.93 0.062

Table 3. Statistical analyses between the urge to smoke outcomes for the study products. E__ : maximum
difference between pre- and post-use measurements; AUC,: area under the effect-time curve from zero to 480
min; CI: confidence interval; LS: least square. *significant difference.

types of AEs reported, their frequency, intensity, or causality. No deaths, SAEs, or withdrawals due to the AEs
were observed in this study.

Furthermore, there were no clinically significant changes from baseline (i.e., prior to each study product
administration) to 8-h post administration in mean systolic blood pressure, diastolic blood pressure or pulse rate
overall, for any of the study products used. Additionally, there were no clinically significant changes from baseline
(i.e., Day-1) to the end of Day 4 in mean values, for any of the ECG parameters assessed, overall or in any of the
treatment sequences. In the laboratory evaluations, there were no clinically significant changes from baseline to
the end of Day 4 in mean clinical chemistry or haematology, overall or in any of the treatment sequences. There
were also no individual values assessed as clinically significant. Occasional post-dose, abnormal values assessed
as non-clinically significant were observed for several parameters and subjects.

Overall, there were no concerns based on the evaluations undertaken. A single use of any of the four study
products for the 20-min controlled use and ad Ilib use periods, was well tolerated in the study population as
assessed by AEs, clinical laboratory parameters, vital signs, and ECGs.

Discussion

This study aimed to assess the nicotine PK and subjective effects of three MOND products and compare these
outcomes to a traditional tobacco snus product. Higher strength MOND products were selected for the study as
there is currently limited data on these in the literature. During the study, the short-term tolerability of the study
products was also assessed. Overall, the MOND products delivered satisfactory levels of nicotine to adult snus
and MOND users and demonstrated good short-term tolerability profiles.

Blood plasma nicotine PK was reflected by subjective effects and pouches demonstrated
good short-term tolerability

Upon comparison of the blood plasma nicotine delivery achieved by the three MOND products, the highest
strength product (zoneX #6 (20 mg)) delivered significantly higher levels, measured by C_. and AUC. This
was expected due to the higher nicotine content within the pouch, leading to greater nicotine availability for
release. However, when the zoneX #5 (16 mg) and zoneX #5 Slim (14 mg) products were compared, although
not significant, the 16 mg product delivered slightly lower levels of nicotine than the 14 mg product. This may
potentially be due to the ‘slim’ format of the 14 mg pouch, where more of the pouch content may be in contact
with the user’s saliva/ gum and there may be increased time taken for saliva to permeate a larger pouch, and
therefore less nicotine release possible within the controlled use time. However, this has not been experimentally
validated with regards to these products. Compared to the Skruf snus (16.6 mg) product, which was of similar
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nicotine content to the zoneX #5 (16 mg) product, both #5 products delivered similar nicotine levels, and a
general dose-proportionality was observed when compared to the zoneX #6 (20 mg) product.

When assessed with regards to subjective effects, the blood plasma nicotine delivery from all four study
products was sufficient to reduce urge to use nicotine to a similar extent. In fact, none of the outcomes showed
significant differences from one another, except for the AUC between the #5 Slim and Skruf snus products.
Although not significant, least reduction in urge to use nicotine was observed for the Skruf snus product,
indicating that the zoneX products were able to deliver satisfactory levels of nicotine above or equal to those
of the traditional tobacco product. Additionally, when the subjective measures of satisfaction, psychological
reward, aversion and relief were examined, there were some significant differences between the zoneX and Skruf
products. As observed with the urge to use nicotine measure, the #5 Slim product was able to deliver greater
satisfaction than the Skruf snus product, and although the zoneX #6 product demonstrated greatest aversion,
perhaps due to the higher nicotine delivery, this product also delivered greater psychological reward compared
to the Skruf snus. Furthermore, all three zoneX products elicited significantly greater relief than the Skruf
snus product. This suggests that MOND may act as an acceptable tobacco-free alternative, with a positive user
experience, to traditional tobacco products. Although the zoneX #6 product achieved higher nicotine delivery,
the two #5 products were still able to provide similar subjective effects.

When compared to the nicotine pharmacokinetic outcomes for other products of lower nicotine contents
in the literature, the 14 mg, 16 mg and 16.6 mg products delivered comparable Crx levels. For example, Lunell
et al.!¢ reported a non-baseline adjusted C___level of 14.7ng/ml for the Zyn 6 mg product following a 60-min
product use session, and an AUC, . value of 57.7ng/ml*h, and Liu et al. (2022) reported for an 8 mg nicotine
on! MOND product a baseline adjusted C___value of 15.4ng/ml. Across the literature, inherent differences
between product offerings, e.g., pouch filler substrate, nicotine form, pouch size, moisture content, etc., appear
to influence nicotine pharmacokinetics”'¢-2. This indicates that other factors, rather than just higher nicotine
content, can also contribute to nicotine delivery.

The short-term tolerability of the study products was additionally assessed. During the study period,
including both the controlled use sessions and the daily ad lib use periods, there were a limited number of mild
to moderate AEs deemed to be related to the use of the study products, and the clinical parameters assessed did
not deviate significantly from baseline levels. This was observed for all study products, which is as expected, due
to the toxicological assessments carried out on these products and their ingredients at the levels included, prior
to becoming available to consumers.

zoneX products offer THR potential to adult smokers

Key to THR is offering adult smokers potentially reduced harm nicotine delivery alternatives, which are
acceptable in terms of user experience and satisfaction. To this end, NGP are available with optionality to suit
consumer preference; MOND offerings include different nicotine strengths, pouch formats (e.g., regular, slim,
etc.), flavours and moisture contents. This study investigated the effects of higher strength zoneX products than
previously tested’, and demonstrated that, compared to a tobacco snus product, the products were able to deliver
nicotine to satisfactory levels and with positive subjective effects. The zoneX #6 (20 mg) product delivered higher
levels of nicotine than the other products tested in this study, which was coupled with slightly greater aversion
scores compared to the other products. This product, however, still has a place in the market for those users who
prefer a greater level of nicotine delivery.

Furthermore, although the zoneX #6 20 mg product delivered higher levels of nicotine than the lower
strength zoneX products and the Skruf snus product tested, when considering abuse liability, nicotine delivery
was lower than levels observed for usual brand cigarettes under controlled use?. Although C___was greater
than some reported cigarette values (11.6ng/ml)7, as with other oral nicotine products, T .. Was much later
than for cigarettes”!!%, Increased T __ suggests a potentially reduced abuse liability compared to cigarettes,
through slower nicotine delivery. Further to this, when compared to subjective outcomes for cigarettes, the study
products demonstrated potentially greater or similar reductions in urge to smoke/ use nicotine products”!”,
indicating sufficient levels of satisfaction to act as an alternative to traditional tobacco products.

Coupled with a satisfactory user experience compared to traditional tobacco products, MOND has also
been associated with reductions in the numbers and levels of toxicants in comparison to traditional tobacco
products®®?6, which appear to translate into significant reductions in biomarkers of exposure/ potential
harm!*15. Although not measured in this study, it is expected that this would be the case based on the extract
chemistry of zoneX products (data not shown).

Opverall, the zoneX products delivered satisfactory levels of nicotine, with positive subjective effects, but with
potential substantial reductions in the numbers and levels of toxicants associated with traditional tobacco product
use, particularly smoking. Therefore, the MOND products used in this study demonstrate THR potential.

Limitations and future directions

Although this study provides novel information on the nicotine pharmacokinetic, subjective and short-term
tolerability profiles of higher strength zoneX MOND products, the data must be viewed within the context of
its limitations. The data suggests that pouch size may have an effect on nicotine pharmacokinetics, as the #5
slim pouch of lower nicotine content than the regular #5 product, achieved slightly higher, but not significantly
different, blood plasma nicotine levels. However, as only one slim pouch was included in the study, it would be of
future interest to assess a greater variety of pouch size formats to elucidate whether any trend exists. Whilst the
#5 slim pouch additionally contained a small amount of tobacco, this was not expected to have a significant effect
on the nicotine pharmacokinetic outcomes, although further validation of this would be required. Additionally,
whilst some comparison has been made to the outcomes in the literature for other MOND, no direct comparison
was made to other manufacturers’ products in this study.
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Whilst there is evidence in the literature that MOND products contain reduced levels and numbers of the
harmful chemicals found in tobacco leaf/ cigarette smoke, and this translates to reductions in biomarkers of
exposure/ potential harm®415, this study did not assess pouch extract chemistry of the products used or clinical
biomarker analysis. Extract chemistry studies may provide an indication of substantial reductions in tobacco-
related toxicants, and therefore it could be inferred that related biomarkers would not be present in the blood
following product use, if not present in the product.

Whilst the study provides evidence that the MOND products tested may be an acceptable alternative to
traditional tobacco products, how this translates to actual switching rate and displacement of use has not yet
been defined. Therefore, it would be beneficial to explore this in a real-world setting to further define the THR
potential of the zoneX MOND products.

Conclusions

Opverall, this study has demonstrated that the three zoneX MOND products tested provide satisfactory levels of
nicotine delivery for adult smokers with no intention to quit smoking, reducing urge to use nicotine following
use, and with positive subjective outcomes. The products also exhibited good short-term tolerability profiles,
indicated by the low number of product-related AEs, and absence of SAEs. This study demonstrates that zoneX
MOND offers THR potential and an acceptable tobacco-free alternative to traditional tobacco product use.

Data availability

The datasets generated in the study are available from the corresponding author upon reasonable request.
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