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Abstract

We examined the extent to which orexin measured during smoking and the early phase of
abstinence was related to craving, withdrawal, stress hormones, and risk for smoking relapse in
men and women. Considering its role in modulating nicotine-related reward, we predicted that a
reduction in circulating orexin during withdrawal would be associated with increased craving and
risk for smoking relapse. Two hundred and eighty five participants provided biological samples
and self-report information to identify predictors of smoking relapse. All participants attended two
laboratory sessions, which were before and after a period of required abstinence from smoking.
After quitting, participants also attended four weekly sessions to track smoking relapse. Only
smokers who relapsed within the follow-up period exhibited reduced orexin levels during the
initial withdrawal period; ACTH, but not craving nor cortisol, increased across the abstinence
period for successful abstainers but not for relapsers. Sex differences in orexin and craving or
withdrawal associations also emerged. Adding sex, HPA hormones, and self-reported measures of
craving and withdrawal as potential mediators had minimal effects on the above abstinence and
orexin effects. These results provide the first evidence that circulating orexin may be a useful
marker of risk for relapse; and sex, adrenal hormones, and self-reported craving and withdrawal
were not mediators of this effect. The results point to a promising pathway to investigate objective
biological markers for craving and smoking relapse and highlight the complexity of the
neurobiology of relapse.
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INTRODUCTION

Craving is a strong motivational factor in tobacco dependence (Ferguson & Shiffman, 2009;
Tiffany, Warthen, & Goedeker, 2009; West, Baker, Cappelleri, & Bushmakin, 2008), and, as
such, it is a risk factor for smoking relapse (al’ Absi, Hatsukami, Davis, & Wittmers, 2004;
Killen & Fortmann, 1997; Roche et al., 2014; Van Zundert, Ferguson, Shiffman, & Engels,
2012). Research has demonstrated that the intensity of craving during the initial few days of
abstinence predicts increased risk for relapse (al’ Absi, Carr, & Bongard, 2007; Killen &
Fortmann, 1997; Nakajima & al’Absi, 2012). Further research to identify biobehavioral
markers and predictors of craving and relapse could enhance our abilities to identify those at
high risk for early relapse and to develop appropriate therapeutic contingencies to improve
treatment outcomes.

Identifying specific biological markers of cigarette craving and risk for relapse is in its
infancy but encouraging. For example, smokers at risk for early relapse exhibit an
exaggerated drop in morning cortisol during abstinence relative to levels measured during ad
libitum smoking (al’ Absi et al., 2004). Risk for smoking relapse has also been associated
with attenuated adrenocorticotropin (ACTH) levels and cardiovascular responses, as well as
with heightened craving during acute stress (al’ Absi, Hatsukami, & Davis, 2005; Frederick
et al., 1998; Ussher et al., 2006). Additionally, appetite and energy regulating hormones have
recently been recognized as potential biomarkers of craving and relapse (al’Absi et al., 2011,
Kiefer et al., 2005; Koopmann et al., 2012; von der Goltz et al., 2010). For example, we
recently showed that ghrelin, but not peptide Y'Y, assessed during ad libitum smoking is
directly linked to relapse (al’ Absi, Lemieux, & Nakajima, 2014). Further, we have shown
that both heightened leptin and ghrelin leave a smoker at increased risk of relapse (Harris,
Wimmer, & Aston-Jones, 2005; Lemieux, Nakajima, Hatsukami, Allen, & al’ Absi, 2015).
Orexin is an energy-regulating hormone released by neurons within the lateral
hypothalamus, which stimulates dopamine transmission in the ventral tegmental area (VTA)
(Hollander, Lu, Cameron, Kamenecka, & Kenny, 2008; Narita et al., 2006). This dopamine
stimulation suggests a role for orexin in reinforcement, potentially including the effects of
drug use. For example, blocking orexin transmission decreased intravenous nicotine self-
administration and diminished nicotine seeking in rats (Hollander et al., 2008), supporting
orexin as a mediator of nicotine-related rewards. The present paper extends this research by
examining orexin, for the first time, as a potential marker of relapse in a large sample of
smokers. We measured orexin during ad libitum smoking and during verified abstinence in a
smoking cessation attempt.

To date, no research has investigated the extent to which orexin is associated with craving
during smoking cessation and with risk for smoking relapse. Furthermore, the role of adrenal
hormones in the association between craving and orexin has not been examined during
smoking cessation. The present study addressed these questions and examined whether the
orexin peptide predicts relapse over a 4 week follow-up period. We used a cross-sectional
prospective, repeated measures design to track changes in mood, smoking withdrawal, and
hormones. We obtained measures of craving and withdrawal symptoms as well as circulating
levels of orexin, cortisol, and ACTH in smokers and nonsmokers. The nonsmokers provided
a reference point for “normal” (i.e. nonsmoking) measures of orexin, HPA, and mood

Ad(dict Biol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

al’Absi et al. Page 3

changes over time, all of which can be rather variable. We hypothesized that smokers would
show a change in orexin from regular (ad libitum) smoking to 24 hours of monitored
abstinence, and that nonsmokers would show no change over a similar period. Further, we
hypothesized that this change would differ based on relapse status over the next 28 days
such that enhanced levels of orexin would be evident in those who relapse to regular
smoking and that orexin would be linked to elevated craving. Based on previous research
(al’Absi et al., 2004, 2005), we expected a significant decline in ACTH and cortisol from ad
libitum to abstinence, and we expected that these declines would be steeper in smokers who
relapsed.

METHODS AND MATERIALS

Participants

A total of 285 participants (200 smokers, 85 nonsmokers) are included in this paper. All
participants were recruited through flyers, postings in the community, and social media
advertisements (Craigslist). The inclusion criteria required that each participant be free from
major physical illness and active psychiatric disorders (new or changed treatment within the
past year). Smokers had to report an average > 10 cigarettes per day for at least 2 years and
high motivation to quit (score of =6 on a 7 point scale, where 1 = no desire to quit; 7 = very
strong desire to quit). Nonsmokers had fewer than 100 cigarettes in their lifetime and a
normal exhaled carbon monoxide (CO) test (< 8 ppm). Self-reported consumption of 2 or
more alcoholic beverages per day and use of other drugs excluded participants. Research
assistants were trained to carefully assess alcohol use at the upper limit and daily alcohol
consumption was also grounds for exclusion. At each session, participants were asked if they
had consumed alcohol in the past 24 hours. Any participant acknowledging use was re-
interviewed regarding use patterns and rescheduled with strict instructions to limit alcohol
intake prior to appointments. No biological confirmation of alcohol nor other drug
consumption was conducted prior to each lab session. All participants received monetary
compensation for their time ($15/hour) and signed a written consent form approved by the
Institutional Review Board of the University of Minnesota.

Measures

Biological markers of stress included salivary cortisol, plasma cortisol, and plasma ACTH.
Plasma cortisol and ACTH were assayed with chemiluminescent immunoassays using the
ADVIA Centaur® cortisol kit and the Immulite® 2000 ACTH kit (Siemens Medical
Solutions USA, Malvern, PA). Salivary cortisol was assayed using ELISA and luminescence
immunoassay (DSL, Sinsheim, Germany or IBL-International, Hamburg, Germany). The
lower limits of detection (lowest sensitivity) were 0.1 ug/dl for plasma cortisol and 0.46
pg/ml for ACTH, both with intra- and inter-assay variability less than 10%. Orexin was
measured using commercial RIA assays. The sensitivity range for these RIAs was 0.01 to
1.28 ng/ml (orexin-A, catalog no. S-2030; Bachem Peninsula Laboratories, LLC; San
Carlos, CA). Salivary cotinine concentrations were assayed using enzyme immunoassay
(EIA; DRG Diagnostics, Marburg, Germany). The inter- and intra-assay coefficients of
variation were between 4 and 10%. Changes to kits between studies were verified to produce
equivalent results using in-house standardized samples. Expired CO was measured using
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MicroCO™ (Micro Direct Inc., Auburn, Maine) or Bedfont Micro™™ (Kent, UK) monitors.
These monitors were also calibrated and adjusted every six months to show equivalent
results.

A questionnaire was used to collect demographic information and smoking history; and
nicotine dependence was quantified using the Fagerstrom Test for Nicotine Dependence
(FTND; Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991). The Subjective State Scale
(SSS) is a 24-item adjective checklist created to quantify withdrawal symptoms, including
the Minnesota Nicotine Withdrawal Scale (MNWS) (J. Hughes & Hatsukami, 1998; J. R.
Hughes & Hatsukami, 1986), positive affect, and distress subscales. These withdrawal
symptoms were assessed in this study as well as craving for nicotine, which was assessed
using a single item from the SSS. All items on the SSS are rated on a scale from 0 (not at
all) to 7 (very strong). We also administered the abbreviated Questionnaire of Smoking
Urges (QSU-brief; Cox, Tiffany, & Christen, 2001; Tiffany & Drobes, 1991) to assess
craving in the form of appetitive desire to smoke (F1) and the desire to avoid the aversive
experience of withdrawal (F2). The QSU-brief is a 10-item questionnaire rated on a scale
from 1 (strongly disagree) to 7 (strongly agree). Baseline mood, such as depressive affect
and trait anxiety, were also measured using the Patient Health Questionnaire 9-item version
(Kroenke, Spitzer, & Williams, 2001) and the State Trait Anxiety Inventory trait scale
(Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983).

In this prospective study, all participants attended two laboratory sessions scheduled within a
2 hour window (early afternoon) to control for diurnal variations in hormones. The first
session occurred prior to quitting when the smokers were smoking at their normal, ad
libitum rate (see Figure 1). The second session was scheduled immediately at, or after, their
initial 24-hour abstinence period. The protocol required that all sessions be scheduled within
the same 2-hour window, thus the elapsed time between the quit and 24-hour abstinence
sessions could vary at most by 2 hours. During the first 24 hours of abstinence, smokers
experience their most intense cravings; and the majority of smokers who relapse will do so
within the first 24—-48 hours. In this study, however, before they were allowed to complete
the second session, all smokers were required to be abstinent, which was confirmed with CO
monitoring. Similar elapsed time between the two sessions was maintained for nonsmoking
controls. All participants were provided a standard lunch before each session, and food
consumption before the lab session was discussed to confirm compliance with dietary
instructions. The saliva for cortisol and the blood for cortisol (plasma), orexin, and ACTH
were collected after a 30-minute resting baseline period. Blood was sampled into 10 ml
serum separation and 10 ml EDTA pretreated vacutainer tubes (Becton Dickinson, New
Jersey) and saliva was collected using Salivettes® (Sarstedt, Nimbrecht, Germany). Each
blood sample was centrifuged and stored at —80°C until analysis. Self-report baseline mood,
craving, and withdrawal measures were also collected at both lab sessions (pre-quit and
post-quit). Following the 24-hour abstinence lab, all participants attended four weekly
follow-up sessions for social support and assessment of abstinence. CO and saliva samples
(one per visit for 4 weeks, ~28 days) were collected weekly to track short-term abstinence.
Pharmacological aids were not provided to participants. Verification of self-reported

Ad(dict Biol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

al’Absi et al.

Page 5

smoking abstinence at the 28 day follow-up session was done using expired CO and cotinine
assayed from saliva samples to track longer term abstinence.

Data analysis

Relapse was defined as smoking at least one cigarette for 7 consecutive days (J. R. Hughes
et al., 2003). This is a well-established definition of relapse (Harris & Aston-Jones, 2006)
that reflects a return to daily smoking. A smoker who smoked occasionally, but not
continuously, for 7 days would have been categorized as abstinent given this definition.
Smoking participants were categorized as relapsed or abstinent at 28 days post-quit based on
cotinine verified self-report of abstinence. Orexin was normally distributed and did not
require transformation before analysis. The background demographics (age, body mass
index (BMI), education, sleep during withdrawal) were compared using two-way analysis of
covariance (ANCOVA) with sex and smoking group (nonsmoker, relapsers, and successful
abstainers) as the between-subjects factors and age as a covariate. Similar analyses were
done for smokers only, comparing relapse status groups (successful abstainers, relapsers) on
smoking specific measures (cigarettes per day, FTND, and years smoking at the current
rate). Pearson’s chi-squared test was used to compare smoking groups and sex on self-
reported alcohol use per day (never vs yes). Pearson’s correlation (r) was used to assess
potential variables for inclusion in prediction models. Orexin concentrations were examined
using general linear models with design 2 (sex) X 3 (smoking group: nonsmokers, relapsers,
successful abstainers) X 2 (session: ad libitum, abstinence). Craving and withdrawal
variables were also assessed using general linear models with design 2 (sex) X 2 (smoking
group: successful abstainers, relapsers) X 2 (session: ad libitum, abstinence). Age was
assessed as a potentially important covariate as well. Significant group and group-by-time
interactions were followed up using univariate models and Bonferonni post hoc analysis as
appropriate.

Proposed mediators (hormones and self-report) were examined following significant
predictor (group, visit) and outcome (orexin) effects. First, mediators were evaluated for the
possibility of combining them in an index rather than using multiple individual predictors.
Adrenal hormones (log transformed) were submitted to a principal components analysis
using standardized values (i.e., subtracting the average and dividing by the standard
deviation, to give a unit-less quantity with average 0 and standard deviation 1). This resulted
in two principal components. The first was effectively an average of the two standardized
cortisol factors while the second consisted effectively of ACTH alone. The two log cortisol
measures had a correlation of 0.77 with each other and the first principal component
accounted for 88% of the variance. The second principal component, ACTH, had low
correlation with either salivary or plasma cortisol and thus was appropriate as its own
component. The same approach was used to combine 4 craving and withdrawal indices
(craving item, QSU-B F1, QSU-B F2, and MNWS). The first craving principal component
consisted of the average of the four standardized measures. The second craving component
consisted of the standardized MNWS minus the weighted average of the other three factors
(craving item, QSU-B F1, QSU-B F2). After examining the effects of abstinence on orexin,
the two sets of principal components (2 for hormones, 2 for self-reported craving and
withdrawal), sex and age were entered into the above general linear models as potential
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covariates. Consistent with established mediation modeling procedures, a significant change
in the predictor (group, visit) to outcome (orexin) relationship would signal significant
mediation. In all cases, a significance threshold of p= 0.05 was used.

Group descriptive and smoking history variables

Among the 200 smokers, 115 relapsed during the 28 day follow-up assessment period
(relapser group) while 85 remained abstinent through 28 days after the quit (successful
abstainers). On average the participants were 36 years old (SD = 13.0) and were normal
weight (mean BMI 26.5, SD = 5.6; see Table 1). Males were younger than females in the
nonsmoking group (F(1, 83) = 6.63, p< 0.05), but males and females were similarly aged in
the two smoking groups (p> 0.1). BMI did not differ by smoking group or sex. The
nonsmokers had more education than both relapsers and successful abstainers (p < 0.01 for
both main and post-hoc comparisons). Caffeine consumption measured as cups of coffee per
day also differed across the three groups (F(2, 272) = 11.46, p < 0.001): the nonsmokers
drank less coffee than either the relapsers or successful abstainers (p < 0.001). The smoking
groups (relapsers vs. successful abstainers) did not differ in coffee consumption.

Relapsers and successful abstainers did not differ significantly in nicotine dependency, years
smoking at the current rate, or average number of cigarettes per day at study entry. The
dependency scores (FTND) ranged from 4.96 to 5.33 and did not differ by sex (see Table 1
for details). As expected, smokers had higher CO at study entry than nonsmokers (F(1, 226)
=41.66, p< 0.000), but sex did not differ (p> 0.10).

Manipulation check across sessions

In this study, the critical assumption was that the transition from ad libitum (first session) to
24-hour abstinence (second session) was stressful and biologically relevant. We demonstrate
this by examining the change in three outcomes from ad libitum to abstinence: HPA
hormones, abstinence-related craving and withdrawal, and orexin.

Confirmation of change in HPA hormones—Analysis of the two adrenal cortisol
principal components (combined plasma and saliva cortisol component and ACTH
component) found a main effect of session for the cortisol component (F(1, 266) = 18.97, p
< 0.0001; see Figure 2) but not for ACTH (p> 0.10). Cortisol declined from an average ad
libitum level of 0.50 (SE = 0.05) to an average 24-hour abstinence level of 0.26 (SE = 0.05).
The session-by-smoking group interaction was significant for ACTH (F(2, 266) = 3.19, p<
0.05), but not for the cortisol component (p > 0.10). As shown in Figure 3 (a), ACTH
increased for the successful abstainers, but it did not change significantly across sessions for
either the nonsmokers or relapsers.

Confirmation of changes in craving and withdrawal—This analysis assessed only
the smokers (relapsers and successful abstainers) to characterize changes in craving and
withdrawal symptoms in the two smoking groups. When the first principal component,
which largely captured craving (QSU + MNWS), was assessed for change over time, there
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were no significant main effects for smoking group or time, nor was the session-by-smoking
group interaction significant. The second principal component, which was specific to
withdrawal symptoms, increased between the two sessions (F(1, 193) = 22.90, p < 0.0001)
but smoking groups did not differ either in overall level (main effect) or in change between
visit (interaction).

Confirmation of orexin changes—The analyses predicting orexin based on session (ad
libitum, 24-hour abstain), smoking group (nonsmoker, relapser, abstainer), and an
interaction term (session-by-smoking group), found a significant session-by-smoking group
interaction (F(2, 268) = 4.29, p < 0.05) but non-significant main effects of session and
smoking group (ps > 0.10). In follow-up analysis of the interaction (see Figure 3(b)),
relapsers showed a decline in orexin from the ad libitum session to the 24-hour abstinence
session (p < 0.05), while neither the nonsmokers nor abstainers showed a significant change
in orexin between these time points (ps > 0.10).

HPA hormones, craving, and withdrawal as mediators of orexin change

Primary analysis—The previous results supported that the transition from ad libitum
smoking to abstinence was stressful and neurobiologically activating, particularly for those
who relapsed. To determine whether these changes in HPA activation, craving and
withdrawal mediated the change in orexin, the two HPA hormone composite scores
(representing cortisol and ACTH) and the composite scores for craving and withdrawal were
entered as potential mediators in the full model with the two smoking groups (successful
abstainers, relapsers), session (ad libitum, 24 hr abstain), and the interaction of smoking
group and session. In this mediation model, the cortisol component was positively associated
with orexin (F(1, 472.5) = 4.79, p < 0.05) but cortisol was not associated with relapse. As in
the model with only adrenal hormones as potential mediators, the interaction between
smoking group and session remained significant (F(1,257.2) = 4.48, p < 0.05) but no other
main effect or interaction was significant. As shown in Figure 3(b), the relapsers showed a
decline in orexin from the ad libitum to 24-hour abstinence session while the abstainers did
not change. This suggests that neither stress hormones nor craving and withdrawal mediate
the smoking group-by-session interaction.

Sex and age as additional adjusters—To determine the role of sex in the above
findings, analyses were run as before predicting orexin with the three groups (nonsmokers,
relapsers, and successful abstainers), session (ad libitum, 24 hr abstinence), with the addition
of sex and age as adjusters, and with all interactions. The smoking group-by-session
interaction maintained its significance (F(2, 265.8) = 3.95, p< 0.05), and the session-by-sex
interaction was also significant (F(1, 261.8) = 4.09, p < 0.05). As shown in Figure 3(c),
males were lower in orexin than females during the ad libitum session (p < 0.05), but during
abstinence males were higher in orexin than females (p < 0.05). The main effect of sex was
not significant, nor was the interaction between smoking group and sex. While the main
effect of age was significant (F(1, 276.5) = 8.28, p< 0.01; slope = 0.27), age did not interact
significantly with smoking group, session, or sex (ps > 0.10).
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Orexin as a predictor of relapse

Having examined potential mediators of change in orexin, we then completed an analysis to
determine the relevance of the shift in orexin from ad libitum to abstinence in predicting
relapse. A Cox regression with days until relapse (up to 28 days) as the dependent variable,
with the primary predictor being the continuous orexin change score (abstinence session
minus ad libitum; higher scores represent an increase between the two sessions), and with
adjustment for age and sex found that orexin change predicts days until relapse (hazard ratio
(HR) =0.71, 95% confidence interval. 51-.99, p < 0.05). For ease of interpretation, Kaplan—
Meier curves were created using the median split of the orexin change score. As shown in
Figure 4, the risk of relapse is 29% lower in participants with orexin change above the
median compared to below the median. This is consistent with the analysis of group
differences in relapse described earlier. Additional correlation analyses are included in the
supplementary materials.

DISCUSSION

This study’s primary findings are that relative to ad libitum smoking: 1) smokers who
relapsed in the first 4 weeks exhibited a decline in orexin during the initial withdrawal
period (24 hours of abstinence); 2) cortisol declined during the withdrawal period in all
smokers, but ACTH was lower only in those who relapsed; 3) orexin was positively
associated with cortisol, and this association was independent of relapse and withdrawal
effect; and 4) lower orexin levels during withdrawal predicted shorter time to relapse even
after accounting for multiple potential confounders and mediators.

The results of this study provide initial evidence of a possible role for orexin in craving,
withdrawal, and risk for smoking relapse. Contrary to our hypothesized positive relationship
between orexin and craving, we found a steeper decline in orexin from the ad libitum to the
withdrawal session in relapsers. This was further supported by the observation that this
group was the only one that exhibited orexin declines from ad libitum smoking to the
withdrawal session (24 hours of abstinence) relative to smokers who were successful
abstainers, a finding that persisted after accounting for differences in the stress hormones
and other covariates. It is important to note that the change in orexin from ad libitum
smoking to the first 24 hours of abstinence predates the relapse event. All participants were
verified to be abstinent at this second session, thus the drop was specific to smokers who
would subsequently relapse. This methodological detail may also explain why, at 24 hours
abstinent, there was no difference between the nonsmokers and those who abstained. The
persistence of the finding after accounting for stress hormones or other covariates suggests a
direct and independent link between orexin and risk for smoking relapse. While no previous
human research has addressed this association, these results are consistent with basic
research implicating this neuropeptide in the reward and motivational properties of nicotine
(Harris et al., 2005; Hollander et al., 2008). Preclinical research shows that nicotine activates
orexin neurons in the lateral hypothalamus (Pasumarthi & Fadel, 2008), implicating orexin
as a potential mediator of nicotine reinforcement. Consistent findings have also been
obtained in other drug administration studies (Lawrence, Cowen, Yang, Chen, & Oldfield,
2006).
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Findings from the correlation analyses (see supplementary materials) support the association
between orexin, craving, and withdrawal during both ad libitum and abstinence period, (24—
48 hrs). These associations were not evident when considering general negative trait
measures, such as anxiety or depressive trait. Our inclusion of nonsmokers demonstrates that
both of these dynamic features (mood and orexin levels) show varying patterns across time,
but it is the consistency of findings within the smokers during the 24-hour abstinence period
that lends strength to the conclusion of sex differences. For example, the consistent opposing
associations between orexin and withdrawal in abstaining men and women (negative for
women and positive for men) as well as between orexin and craving in smoking men and
women (positive for women and negative for men) suggest that sex is important to consider
as a moderator of any association between relapse and orexin change. It is known that the
dopaminergic reward system is tightly linked to craving-associated positive reinforcement,
while craving driven by the desire to relieve withdrawal symptoms may involve stress-
related pathways including the corticotrophin-releasing factor (CRF) system (Harris &
Aston-Jones, 2006; Koob & Le Moal, 2008). The extent to which these patterns of
association vary between the sexes has not been clearly defined. The meaning of the
opposing relationships in the two sexes (positive orexin-aversive urges correlation in
abstaining women, negative orexin-craving correlation in abstaining men) is also unclear, but
may be related to sex differences in CRF sensitization of nicotine (O’Dell & Torres, 2014).
Additionally, the influence of orexin may represent a dispositional trait that contributes to
reduced mesolimbic dopaminergic transmission and may, therefore, contribute to
maintenance of or increased risk for relapse to tobacco use, independent of acute craving
measures. These results are also partially consistent with a recent characterization of orexin
as a stress promoting peptide (Bali, Singh, & Jaggi, 2014), though our results indicate that
the presence of other cofactors such as sex hormones, nicotine, and glucocorticoid exposure
may further define this relationship.

This study confirmed the decline in cortisol concentration in the withdrawal phase (24-hour
abstinent period) relative to the ad libitum phase, and extended previous research showing
that steeper decline in cortisol levels during this initial withdrawal period is associated with
increased risk for early relapse (al’Absi et al., 2004). The study also confirmed earlier
findings showing a similar pattern with ACTH, which was lower during withdrawal in those
who relapsed relative to smokers who successfully abstained (al’Absi et al., 2005). These
findings may reflect long-term alteration of the HPA axis and central dopaminergic systems
as a function of chronic exposure to tobacco or they may be related to preexisting
vulnerability in the relapsing group (Koob & Le Moal, 1997; Lemieux & al’Absi, 2016). It
is worth noting that these differences in HPA hormones did not influence the association
between orexin and relapse; analyses that included all hormones confirmed that relapsers
exhibited a steeper decline in orexin during the withdrawal phase (24-hour abstinent period)
relative to the ad libitum measures.

Our results add to the growing evidence that appetite-regulating hormones relate to drug
craving and reward through multiple pathways including the dopaminergic pathway (Arditti,
Grzywacz, & Gallimore, 2013; Kalra & Kalra, 2004; Palmiter, 2007; Sustkova-Fiserova,
Jerabek, Havlickova, Kacer, & Krsiak, 2014; Tan, Bishop, Lauzon, Sun, & Laviolette, 2009;
Volkow et al., 2008). Changes due to long-term nicotine exposure may reduce dopaminergic
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receptor density (Adermark et al., 2016; Dagher et al., 2001; Ehlinger et al., 2016; Exley et
al., 2013; Wittekind & Kluge, 2015), leading, in turn, to rebound changes during cessation,
possibly contributing to increased craving, mood changes, and risk for relapse. These
changes may also alter the effectiveness of nicotine’s rewarding properties. Beyond effects
on receptor density, other mechanisms mediating the link between relapse and reduced
orexin during withdrawal are yet to be established, but may include GABA (Fehr et al.,
2008) or glutamate (Davoudi, Azizi, Mirnajafi-Zadeh, & Semnanian, 2016).

While promising, this study has limitations that need to be addressed in future research.
These include a short follow-up period and an absence of published clinical research on the
acute effects of tobacco use on orexin. We note that alcohol and other drugs were not
biologically confirmed prior to each lab session. This will be particularly important to
address in future work given the consistent finding of orexin’s role in motivating alcohol and
other drug consumption (James, Mahler, Moorman, & Aston-Jones, 2017). It is noteworthy
that in this study no causality link can be clearly made as the effects may be due to the stress
of withdrawal or other nonspecific factors. Future studies are needed to examine the effect of
stress on orexin under both ad libitum and withdrawal phases (24-hour abstinent period). In
addition, it would be beneficial for establishing causality if the study used an ABA design
whereby smokers return to ad libitum smoking after the 24-hours of verified abstinence.
Nevertheless, the current study’s design and methods have several strengths and novel
features, including the use of multiple measures of craving, the well-controlled, repeated-
measure assessment after smoking abstinence, the relatively large sample size, and the
inclusion of a nonsmoking control group. Although other, less conservative, definitions of
relapse could have been used (J. R. Hughes et al., 2003), the current study used the stringent
definition of relapse to reflect a return to addictive nicotine use. Although measurement of
orexin in the periphery may not directly reflect central levels, orexin passively crosses the
blood-brain barrier (Plaza-Zabala et al., 2013), which enhances the relevance of peripheral
levels to central functions. This work is also clinically relevant. It may inform future
research examining hormonal and behavioral changes during smoking abstinence that may
contribute to appetite changes and weight gain, a widely cited deterrent for quitting (Emery,
Levine, Cheng, & Marcus, 2014; Kastin & Akerstrom, 1999; Levine, Cheng, Kalarchian,
Perkins, & Marcus, 2012; O’Hara et al., 1998; Williamson et al., 1991).

In summary, these results provide the first evidence of a potential role for orexin in the risk
for smoking relapse. The results affirm the potential usefulness of orexin as a marker of
craving and relapse, and they underscore the conclusion that smoking relapse is a complex
neurobiological process. Future research should address the extent to which orexin
contributes to post-cessation changes in mood, dietary behaviors, and weight gain.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The study time line is depicted
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The decline in the cortisol component score from ad libitum to 24-hour abstinent is depicted

(estimated marginal mean & SE)
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Figure 3.
Orexin is depicted across the ad libitum and 24-hour abstinence sessions (3b). Unlike either

of the nonsmokers or the successful abstainers, the relapsers (determined at 28 days post-
cessation via weekly follow-up self-report and expired CO) show a significant decrease in
orexin across time (0 < 0.05). ACTH is depicted across the ad libitum and 24-hour
abstinence sessions (3a). Unlike either of the nonsmokers orthe relapsers, the successful
abstainers show a significant increase in ACTH across time (p < 0.05). Analysis shows that
the session-by-smoking group persists even after including both adrenal hormones and the
symptoms of craving and withdrawal (p < 0.05). The relapsers show a significant decrease in
orexin across time (p < 0.01) but the successful abstainers do not (3b). Orexin means are
depicted across the two sessions for male and female smokers (3c) and nonsmokers (3d) for
reference. Analysis shows that that males were lower than females at the ad libitum session
(p < 0.05), but at the abstinence session the males were higher than the females (3c, p <
0.05). There was no significant change in the nonsmokers across the two sessions (3d, p <
0.05)
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Figure 4.

Survival curves for smokers’ orexin change score below the median (dashed lines) and
above the median (solid line). Those with low orexin change scores relapsed faster than
those with high orexin (HR = .71, 95% CI = .51-.99, p < 0.05)
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