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Abstract

Background—The Food and Drug Administration can reduce the nicotine content in cigarettes
to very low levels. This potential regulatory action is hypothesized to improve public health by
reducing smoking, but may have unintended consequences related to weight gain.

Methods—Weight gain was evaluated from a double-blind, parallel, randomized clinical trial of
839 participants assigned to smoke one of six investigational cigarettes with nicotine content
ranging from 0.4 mg/g to 15.8 mg/g or their own usual brand for six weeks. Additional analyses
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evaluated weight gain in the lowest nicotine content cigarette groups (0.4 mg/g and 0.4 mg/g, high
tar) to examine effect of study product in compliant subjects as assessed by urinary biomarkers.
Differences in outcomes due to gender were also explored.

Findings—There were no significant differences in weight gain when comparing the reduced
nicotine conditions with the 15.8 mg/g control group across all treatment groups and weeks.
However, weight gain at Week 6 was negatively correlated with nicotine exposure in the two
lowest nicotine content cigarette conditions. Within the two lowest nicotine content cigarette
conditions, both male and female smokers biochemically verified to be compliant on study product
gained significantly more weight than non-compliant smokers and control groups.

Conclusions—The effect of random assignment to investigational cigarettes with reduced
nicotine on weight gain was likely obscured by non-compliance with study product. Men and
women who were compliant in the lowest nicotine content cigarette conditions gained 1.2 kg over
six weeks, indicating weight gain is a likely consequence of reduced exposure to nicotine.
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INTRODUCTION

Tobacco use, primarily through cigarette smoking, is the leading cause of preventable
mortality, resulting in over 480,000 deaths in the United States annually (1, 2). Nicotine is
the primary addictive constituent in cigarettes, and in an effort to reduce the public health
burden of smoking, the Family Smoking Prevention and Tobacco Control Act gave the Food
and Drug Administration (FDA) authority to greatly reduce the nicotine content of cigarettes
if doing so would improve public health (3). This policy falls in line with the hypothesis that
the reduction of nicotine content in cigarettes to a level below an addictive or reinforcing
threshold will suppress nicotine-seeking behaviors in smokers (4-6). In a recent study, we
tested this hypothesis by investigating the effects of cigarettes varying in nicotine content on
cigarettes smoked per day and nicotine dependence over a 6-week period (7). We found that
smokers randomized to smoke very low nicotine content (VLNC) cigarettes containing 2.4
mg of nicotine per gram of tobacco and below for 6 consecutive weeks smoked fewer
cigarettes and had lower levels of nicotine dependence compared to those randomized to
smoke normal nicotine content cigarettes (NNC; 15.8 mg of nicotine per gram of tobacco) or
their usual brand (7). These data support the reduction of nicotine in cigarettes as a strategy
for improving smoking-related public health outcomes. However, to fully capture the public
health impact of a potential nicotine reduction policy, it is also necessary to identify possible
unintended consequences of nicotine reduction, so that policymakers and clinicians may
attempt to mitigate them.

The relation between smoking cessation and weight gain is well established. Smokers weigh
less than non-smokers and smoking cessation is typically accompanied by weight gain, on
average, of 4.5 kg within a year of abstinence (8-10). As such, one consequence of a
nicotine reduction policy may be weight gain among current smokers (11). Nicotine in
cigarettes is likely responsible for the weight-reducing effects of smoking. Use of the
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transdermal nicotine patch or nicotine gum (12) during quit attempts attenuates cessation-
induced weight gain, typically in a dose-related manner. Additionally, varenicline, a partial
nicotinic agonist FDA-approved for smoking cessation, may offset weight gain among
quitters during treatment (13). In rats, self-administration of nicotine results in suppression
of body weight gain (14-16). Moreover, cessation of nicotine self-administration (14) or
reduction of nicotine dose to levels below a reinforcing threshold (16) results in weight gain.
Mice exposed to smoke from NNC cigarettes gained significantly less weight than those
exposed to smoke from VLNC cigarettes (17). Taken together, evidence points to reductions
in nicotine exposure as mediating cessation-induced weight gain, and thus, weight gain is a
likely outcome of nicotine reduction (18).

The aim of this investigation was to examine the effect of an abrupt switch to use of VLNC
cigarettes on weight among current smokers. A randomized double-blind, multi-site clinical
trial of daily smokers (n=839) not interested in quitting was completed in which participants
were assigned to smoke cigarettes varying in nicotine content for six weeks. Here, we
evaluated if smoking reduced nicotine content cigarettes in this sample was associated with
weight gain. Given the hypothesized primary role of nicotine exposure as the mechanism
underlying weight gain and evidence that most participants use other products when
randomized to VLNC cigarettes (19, 20), an important analysis focused on the relation
between urinary biomarkers of nicotine exposure and weight gain. Furthermore, some
evidence suggests that women are more likely to use smoking as a method of weight control
and may be more susceptible to post-cessation weight gain (21, 22); therefore, differences in
outcomes due to gender were also explored.

METHODS

Participants

Adult daily smokers were recruited using flyers, direct mailings, television and radio, and
other advertisements across 10 sites between 2013 and 2014. Inclusion criteria included: at
least 18 years of age, at least five cigarettes smoked per day, expired carbon monoxide (CO)
greater than 8 ppm or urinary cotinine greater than 100 ng/ml. Exclusion criteria were:
intention to quit smoking in the next 30 days; use of other tobacco products on more than 9
of the past 30 days; serious psychiatric or medical condition; positive toxicological screen
for illicit drug use other than cannabis; pregnancy, plans to become pregnant, or
breastfeeding; and exclusive use of “roll your own” cigarettes. All 839 eligible participants
provided written informed consent prior to enrollment. The study was approved by
accredited Institutional Review Boards at each participating site, and written informed
consent was obtained from each study volunteer. All study procedures were conducted in
compliance with research ethics outlined in the Declaration of Helsinki.

Study Design

The seven-group, double-blind, randomized trial included a screening visit, a 2-week
baseline period during which participants smoked their own usual brand cigarettes, and a 6-
week investigational cigarette use period. During the 6-week experimental period,
participants were provided with one of seven types of cigarettes varying in nicotine content
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(mg nicotine per g of tobacco): 0.4 mg/g; 0.4 mg/g high tar (HT); 1.3 mg/g; 2.4 mg/g; 5.2
mg/g; 15.8 mg/g, and usual brand (UB). Average tar yields were 8 to 10 mg; however, for
the high tar cigarettes it was 13 mg. The 0.4 HT condition, which contained tobacco filler
with the same nicotine content, but differed from 0.4 mg/g cigarettes in filter and ventilation
resulting in higher yield (ISO) of tar and nicotine, was added to the design to explore the
impact of tar yield on the use and acceptability of VLNC cigarettes. A two-week supply of
cigarettes was provided free of charge at each weekly session during the experimental
period. During this time, participants were instructed to smoke only the provided
investigational cigarettes and received counseling aimed to increase compliance, though
there was no penalty for using other nicotine/tobacco products. Study design is described in
greater detail in the primary study manuscript (7).

Study Assessments & Laboratory Analyses

During each visit to the laboratory, participants were asked to remove shoes and outerwear,
and to plant both feet firmly and evenly on the scale surface. Body weight was measured to
the nearest 0.1 kg. Biomarkers of nicotine exposure were assessed from urine samples
collected at randomization, Week 2, and Week 6. Urinary total nicotine equivalents (TNE),
the sum of nicotine and its metabolites and a measure of daily nicotine exposure, were
analyzed by liquid chromatography tandem mass spectrometry (23-25). Saliva samples for
the assessment of nicotine metabolite ratio (NMR), an indicator or CYP2A6 activity and the
rate of nicotine metabolism, were collected during the second baseline session (7).

Statistical Analyses

Our initial comparison focused on differences in weight gain (defined as each participant’s
weight at each visit minus his or her baseline weight in kg) by randomized treatment
assignment. Baseline weight was the average of three measurements taken at screening and
the two, weekly baseline visits. Two participants were found to have a 50kg weight gain at
the six-week follow-up period. These records are assumed to have been a data entry error
and were removed from all analyses. Differences in weight gain over time were analyzed
using a linear mixed model with a random intercept to account for multiple observations
from a single individual. Fixed-effects included in the model were treatment group, visit,
treatment by visit interaction, baseline weight, age, gender, race, the natural log of salivary
NMR, site, time-of-year at enrollment and a site by time-of-year at enrollment interaction.
Time-of-year at enrollment was included in the model by mapping the calendar onto a circle
and translating the date into radians and was included as time-of-year impacts weight gain
(26). A Bonferroni-adjusted p-value of 0.01 was used to conclude statistical significance
when comparing treatment groups to the 15.8 mg/g control. A secondary comparison was
also completed, which compared treatment groups to the Usual Brand control condition.

Within this study population, the average reduction in biomarkers of tobacco use was less
than expected given the reduction in nicotine content of the study cigarettes (7), indicating
likely use of other sources of nicotine (e.g., non-study cigarettes). The use of other nicotine-
containing products could potentially mask an effect of the use of VLNC cigarettes on
weight gain. Thus, we conducted a subgroup analysis comparing weight gain by compliance
status in the combined 0.4 mg/g and 0.4 mg/g HT groups. Compliance status was
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dichotomized and a participant was considered compliant if their urinary TNE was less than
6.41 nmol/ml at Week 2 and Week 6. This cutoff was established in a prior study in which
compliance with 0.4 mg/g cigarettes was enforced (27). Biochemical confirmation of
compliance was not possible in the other cigarette conditions because individual differences
in nicotine intake from these cigarettes likely result in greater overlap in the distribution of
TNE with smoking NNC cigarettes and no data are available validating such a cutoff.
Weight-gain was compared by compliance status over time using a linear mixed-model with
a random intercept and fixed-effects for compliance status, visit, compliance status by visit
interaction, baseline weight, age, gender, race, baseline cigarettes per day (CPD), natural log
of baseline TNE, study site and time-of-year at randomization. Baseline CPD and baseline
TNE were previously shown to be associated with biochemical measures of non-compliance
and were included in this model to account for potential confounding (20). Gender was
examined as a moderator by adding an interaction for gender and estimating treatments
effects within each gender. Finally, the association between weight gain and the natural log
of TNE, as the raw TNE data were not normally distributed, at Week 6 in the 0.4 mg/g and
0.4 mg/g HT groups was summarized by Pearson’s correlation coefficient.

Sample characteristics

The overall sample was 41.7 + 13.2 years old, 57.3% male, smoked 15.6 + 7.6 CPD, and
weighed 85.8 + 21.8 kg at baseline. Retention exceeded 92% and attrition did not differ by
cigarette group. Additional baseline sample characteristics can be accessed in the primary
report of these data (7).

Cigarette condition failed to significantly impact weight gain

Mean changes in body weight (kg) comparing between each investigational cigarette
condition and each of the two control conditions (15.8 mg/g and Usual Brand groups) by
week for the entire study sample are shown in Table 1. With the exception of the 0.4 mg/g
HT group at Week 4 (p = 0.009), there were no significant differences in weight gain when
comparing the reduced nicotine conditions with the 15.8 mg/g control group across all
treatments groups and week.

Reduced nicotine exposure resulted in significant weight gain

Weight gain was significantly negatively correlated with nicotine exposure in the two lowest
nicotine content cigarette conditions (0.4 mg/g and 0.4 mg/g HT; r = -0.21, p=0.001, 95%
Cl: —0.34, —0.08; Figure 1). Within the two lowest nicotine content cigarette conditions,
smokers compliant with the investigational cigarettes (n = 45) gained significantly more
weight than non-compliant smokers (n = 170), the 15.8 mg/g control group (n = 119) and the
Usual Brand group (n = 118) beginning at Week 3 (Figure 2). Women compliant on study
product (n = 24) gained significantly more weight than non-compliant women (n = 76) and
women in the 15.8 mg/g control group (n = 48) and Usual Brand group (n = 46) (Figure 3a).
Likewise, men compliant on study product (n = 21) gained significantly more weight than
non-compliant men (n = 94) and men in the 15.8 mg/g group (n = 71) and Usual Brand
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group (n = 72) (Figure 3b). There was no significant interaction between gender and
compliance on weight gain.

DISCUSSION

The implementation of product standards requiring substantial reductions in nicotine content
in cigarettes is hypothesized to improve public health by facilitating cessation of smoking.
However, the reduction of nicotine content in cigarettes may have other unintended health-
related outcomes. The current investigation found that although there was no impact of
random assignment to reduced nicotine content investigational cigarettes on weight gain,
compliance with investigational cigarettes containing only 2—-3% of the nicotine found in
NNC cigarettes was associated with significant weight gain. Furthermore, among individuals
smoking cigarettes with the lowest nicotine content, weight gain was negatively correlated
with biomarkers of nicotine exposure. These results have important implications for product
standards on nicotine and the understanding of nicotine on body weight regulation. The
reduction of nicotine content in cigarettes results in an expected amount of weight gain and
would likely be observed if product standards requiring low nicotine levels in cigarettes are
enacted, assuming people do not substitute other nicotine-containing products.

Compliant participants in the VLNC cigarette condition gained approximately 1.4 kg over 6
weeks of smoking VLNC cigarettes, which is comparable to weight gain reported among
abstinent smokers over a similar time period (28, 29). In the current study, weight gain
among compliant smokers occurred primarily within the first three weeks of VLNC use, and
then plateaued. This is reassuring, as it suggests that weight gain following reductions in
nicotine exposure might be expected to be consistent with long term changes in weight gain
following cessation. Further support for this notion is provided by a study that reported
significant body weight gain (approximately 2 kg) in self-reported compliant smokers of
cigarettes with nicotine content that was gradually reduced after 26 weeks (18). Therefore, it
is reasonable to expect long term weight gain following nicotine reduction to be similar to
that observed in cessation, assuming no use of other nicotine-containing products. A meta-
analysis of 62 studies focused on cessation-induced weight gain reported a curvilinear
pattern of weight gain over 12 months in untreated abstinent smokers, with weight gain
reaching approximately 4.5 kg and plateauing after approximately six months (10). Further,
the rate of weight gain in former smokers returns to that of age-matched non-smoker
controls following one year of smoking cessation (9). Veldheer et al (8) recently reported a
positive correlation between CPD prior to quitting and ten-year post-cessation weight gain,
indicating that a larger change in nicotine exposure results in more robust weight gain. Of
note, the sample in the current report was overweight at baseline. Obese and overweight
smokers consume more CPD on average than normal weight smokers (8, 11), and therefore
may be at risk for larger weight gain following nicotine reduction (8). Although cessation is
associated with an overall increase in weight gain, the impact of quitting on weight gain
varies, with approximately 16% of smokers losing weight and 10% gaining over 10 kg in
one year (10). The same variability might be expected population-wide following nicotine
reduction in cigarettes. Future studies testing the impact of VLNC cigarette use on weight
and weight-related health outcomes over longer time periods may confirm this and should
more fully capture the impact of nicotine reduction on body weight and health.
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Despite the likelihood of weight gain in smokers following nicotine reduction, the overall
public health impact of reducing nicotine in cigarettes may be positive if nicotine reduction
increases smoking cessation (4, 7, 11). Indeed, smoking cessation is widely recommended
despite the expected gain in weight because the health benefits of quitting far outweigh the
negative health consequences of post-cessation weight gain (30). It is possible that nicotine
content could be reduced to a level that would support quitting without resulting in weight
gain. However, the lowest nicotine content cigarette tested most reliably decreased multiple
measures of dependence and increased quit attempts (7), putative predictors of a positive
public health impact, even if accompanied by weight gain. There is no indication that the
amount of weight gain expected during use of VLNC cigarettes would exceed that of other
means of quitting without pharmacotherapy. Research is warranted to determine if NRTs
(12, 31, 32), varenicline (13), or bupropion (22), which attenuate post-cessation weight gain,
would similarly mitigate the weight gain observed in smokers of VLNC cigarettes.

Women more frequently report using smoking as a weight-control method and report fear of
weight gain following quitting (21, 33). Some studies report that post-cessation weight gain
is greater among women than men (33, 34), but there are also contradictory findings (10).
Our study did not reveal significant gender differences, though we did find that women
gained more weight on average than men following reductions in nicotine exposure.
Additionally, weight gain at Week 3 was equal for women and men, but then plateaued in
women and decreased in men. Women were more likely to be compliant on VLNC study
product (20), and within the compliant group, nicotine exposure was lower in women than
men (natural log of TNE + SEM: 0.08 £ 0.17 in women; and 0.43 £+ 0.20 in men). The lower
levels of nicotine exposure among women may contribute to the higher average weight gain
reported here. Sample size was low and future experiments with sufficient power to address
gender differences in weight gain are warranted.

In addition to the results of this study clarifying the effect of VLNC cigarettes on weight
gain, it was demonstrated that urinary biomarkers of product compliance can allow for
evaluating potential unintended consequences of nicotine reduction where non-compliance
could otherwise occlude an effect. Indeed, differences in compliance likely both reduce
potential effect size and add substantial variance to measures of unintended consequences
related to reduced nicotine exposure per se. An important limitation of focusing on just
compliant participants is that they self-selected into compliant and non-compliant groups,
which may introduce confounds. Biomarkers of compliance might be utilized to incentivize
compliance on study product to better our understanding of the effects of a potential product
standard on behavior and health.

These data contribute important information to tobacco regulatory science and provide a
greater understanding of the impact of nicotine on body weight regulation. The magnitude of
weight gain is negatively related to nicotine exposure, and is similar to what is observed
following smoking cessation. Given these results, weight gain is an expected outcome of the
implementation of product standards mandating reduced nicotine content in cigarettes.
Under the assumption that reductions in nicotine exposure leads to decreased dependence
and therefore, increased quitting (7), the positive public health impact of product standards
mandating reductions in nicotine content in cigarettes are likely to outweigh the negative
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health consequence of weight gain (30). Nonetheless, the potential for weight gain must be
considered when assessing the public health impact of product standards requiring the
reduction of nicotine content in cigarettes. Furthermore, the long-term effect of this strategy
must be considered in future research with the goal of mitigating potential weight gain
following implementation of product standards reducing nicotine levels in cigarettes.
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WHAT THIS PAPER ADDS

Evidence suggests that the reduction of nicotine content in cigarettes may
reduce the public health burden of smoking by increasing quitting.

Smoking cessation results in weight gain, an effect attributed to nicotine;
however, the impact of smoking very low nicotine content cigarettes on
weight has received little attention.

The data presented within this manuscript demonstrate that smoking very low
nicotine cigarettes results in weight gain comparable to cessation. Future
work should develop strategies that minimize weight gain during use of very
low nicotine content cigarettes.
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Figure 1. Relationship between weight gain and nicotine exposure
Within 0.4 mg/g and 0.4 mg/g HT groups, weight gain was negatively correlated with the

natural log of TNE.
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Figure 2. Weight gain over time in compliant and non-compliant individuals randomized to 0.4
mg/g and 0.4 mg/g HT cigarettes

Mean cumulative weight gain in individuals compliant (urinary TNE less than 6.41 nmol/ml
at Week 2 and Week 6) or non-compliant (urinary TNE greater than 6.4 at Week 2 or Week
6) on 0.4 mg/g and 0.4 mg/g HT cigarettes, and 15.8 mg/g control group. * indicates P<0.01
comparing compliant and non-compliant groups. # indicates P<0.01 comparing compliant
and 15.8 mg/g groups. + indicates P<0.1 comparing compliant and usual brand groups.
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Figure 3. Weight gain over time in compliant and non-compliant men and women randomized to
0.4 mg/g and 0.4 mg/g HT cigarettes

Mean cumulative weight gain in women (a) and men (b) compliant (urinary TNE less than
6.41 nmol/ml at Week 2 and Week 6) or non-compliant (urinary TNE greater than 6.4 at
Week 2 or Week 6) on 0.4 mg/g and 0.4 mg/g HT cigarettes, and 15.8 mg/g control group. *
indicates P<0.01 comparing compliant and non-compliant groups.
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