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Abstract

Background.—Endogenous opioids regulate pain, drug reward, and stress responses. We have 

previously shown reduced hypothalamic-pituitary-adrenal (HPA) responses to psychological stress 

and to opioid blockade among dependent smokers. In this study, we examined the extent to 

which biologically confirmed nicotine withdrawal alters endogenous opioid regulation of HPA 

axis functioning during rest and in response to acute stress.

Design and Methods.—Smokers were randomly assigned to one of two conditions; 24 hr 

withdrawal from all nicotine-containing products (n = 62) or smoking ad libitum (n = 44). A non­

smoking comparison group (n = 43) was also included. Participants (85 males and 64 females) 

completed two acute stress sessions during which a placebo or 50 mg of naltrexone (opioid 

antagonist) were administered using a double-blind design. Blood and saliva samples (assayed for 

cortisol and adrenocorticotropic hormone, i.e., ACTH) and mood measures were obtained during 

a resting absorption period, after acute stress (public speaking, mental arithmetic, and cold pressor 

tasks), and during an extended recovery period.

Results.—Opioid blockade (naltrexone) was associated with increased ACTH and cortisol 

responses to stress, and tobacco withdrawal was associated with blunted hormonal responses. 

A pattern of sex differences also emerged, with women exhibiting reduced ACTH responses to 

stress and higher ACTH and plasma cortisol response to opioid blockade.

Conclusions.—Compared to ad libitum smoking, nicotine withdrawal is associated with blunted 

opioid modulation of the HPA axis. Sex may modulate these effects. Blunted endogenous opioid 

regulation may underlie an incentive process that reinforces smoking behavior and may warrant 

therapeutic attention.
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Introduction

Stress events normally activate several biological systems, including the HPA axis and the 

sympathetic nervous system (1–4). The HPA axis performs a central function in directing 

the neuroendocrine response to stress; and it plays a critical role as a mediator of stress 

effects on health (4–7). Endogenous opioids are naturally occurring, opiate-like substances 

that have been shown to regulate mood, pain, and the reinforcing properties of many drugs 

of addiction (8, 9). Endogenous opioids are released in response to stress and are directly 

involved in regulating the HPA stress response (10–13).

Regulation of the HPA stress response by the endogenous opioid system involves three 

points of interface (14, 15). These include direct inhibitory input from beta-endorphin 

neurons in the arcuate nucleus to the corticotropin-releasing factor (CRF) neurons in the 

hypothalamus, resulting in reduced ACTH release (16); decreased noradrenergic release 

from the locus coeruleus by opioid neurons within the brainstem (17–19); and indirect 

inhibitory effects of CRF activity by inhibiting the CRF-stimulatory norepinephrine neurons 

(17, 20). Opioid neurons also innervate the nucleus accumbens and prefrontal cortex, leading 

to increased dopamine release in the mesolimbic pathway (21–23). Blocking the endogenous 

opioid system using opioid antagonists disinhibits opioid regulation of the HPA axis. This 

results in increased HPA activity, evidenced by an acute increase in ACTH and cortisol 

production (24, 25). Opioid antagonists, such as intravenous naloxone or oral naltrexone, 

have been established as a test of the functional status of hypothalamic opioid tone (12, 

26–28).

The stimulating effects of acute doses of nicotine on the HPA axis and on the endogenous 

opioid system have been documented in several laboratories (29–32). Nicotine’s effects 

on the HPA axis and on the endogenous opioid system are centrally mediated, although 

the specific pathways have not been fully elucidated. Nicotine stimulates opioidergic, 

dopaminergic, noradrenergic, and serotonergic neurotransmission (33, 34). It is possible 

that chronic nicotine exposure achieved through smoking alters these neuronal networks, 

leading to adaptation, including reduced opioid inputs to the paraventricular nucleus (PVN), 

which results in enhanced basal HPA activation and reduced stress response. Decreased 

opioid regulation may, then, lead to diminished effects of HPA axis opioid neurons, thereby 

attenuating HPA responses to opioid blockade challenges.

Smoking withdrawal may lead to acute changes in various neurobiological systems 

(35–37), though the characteristics and consequences of these changes are not well 

understood. Withdrawal may lead to a rebound increase in HPA and opioid activity; and 

the intensity of these changes may determine the emotional and behavioral difficulties that 

smokers encounter during smoking withdrawal. Decreased opioid regulation is one possible 

mechanism for altered HPA activity among chronic smokers; and this would be supported 

by diminished HPA axis regulation as a consequence of opioid blockade. Therefore, we 
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hypothesized that smokers would show attenuated ACTH and cortisol responses to stress 

relative to non-smokers, and we expected that this attenuation would be most pronounced 

during nicotine withdrawal. We also hypothesized that, relative to non-smokers, smokers 

would exhibited diminished responses to opioid blockade, especially smokers experiencing 

acute tobacco withdrawal. To test these hypotheses, we examined endogenous opioid 

activity by assessing HPA responses to a 50 mg oral dose of the opioid antagonist naltrexone 

and to acute psychological stressors under distinct conditions: 1) ad libitum smoking and 2) 

smoking withdrawal compared to 3) non-smoking controls.

Because previous studies indicate sex differences in HPA responses to acute stress (38) and 

in HPA response to naltrexone (e.g., (39)), we also examined if sex modulates the effects of 

stress and opioid blockade in smokers and non-smokers. Females, compared to males, tend 

to have smaller cortisol responses to psychosocial stress (40, 41); therefore, we predicted 

that, relative to men, women would exhibit blunted stress responses. Previous studies also 

suggest that, compared to males, females exhibit enhanced responses to opioid blockade 

(42, 43). Furthermore, HPA stress responses of females are more heavily regulated by the 

endogenous opioid system (44–46). Thus, we predicted that, relative to men, women would 

exhibit pronounced responses to opioid blockade.

Methods

Design

To test our hypotheses, male and female non-smokers and smokers completed two 

acute stress laboratory assessment sessions: one following administration of placebo and 

one following naltrexone. Prior to the first assessment session, smokers were assigned 

randomly to one of two smoking conditions: ad libitum (smoking as usual, with the last 

cigarette smoked < 1 hour before the stress assessments), withdrawal (a period of smoking 

deprivation > 24 hours preceding the stress assessments); and non-smokers were included 

as a comparison group. To assess the impact of naltrexone and acute stress on stress 

hormones, blood and saliva samples were collected repeatedly within both assessment 

sessions (including samples before and after naltrexone/placebo administration as well as 

before and after exposure to an acute stress protocol). Subjective states were also measured 

repeatedly within both sessions (see below for details).

Participant Recruitment & Eligibility

Flyers posted around the campus community and online advertisements were used to recruit 

participants aged 18–75 years in the Minneapolis-St. Paul metropolitan area. Inclusion 

criteria were as follows: 1) no regular use of prescribed nor over-the-counter medications, 

except contraceptives; 2) no current diagnosis nor prior treatment of hypertension, renal or 

hepatic disease, nor cardiac or other chronic diseases (e.g., coronary heart disease, diabetes, 

neurological disorders, thyroid disorders, respiratory disorders); 3) no current nor history of 

major psychiatric disorders (e.g., depression, schizophrenia, alcohol and drug abuse); 4) no 

current opiate dependence, nor recent daily opiate use, nor use of any narcotic medication 

within 3 days before the study; 5) no pregnancy; 6) weight within ±30% of Metropolitan 

Life Insurance norms; 7) smokers needed to smoke at least 10 cigarettes per day for the 

al’Absi et al. Page 3

Stress. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



past 2 years and they had to be disinterested in quitting smoking; and 8) non-smokers were 

required to have smoked less than 100 cigarettes in their lifetime and they could not have 

smoked for the previous 5 years. This study was approved by the Institutional Review Board 

(IRB) of the University of Minnesota.

During the medical screening, participants completed a demographic questionnaire, the 

Profile of Mood States questionnaire (POMS)(47), and the Perceived Stress Scale (PSS)(48). 

Participants were also asked about daily caffeine consumption and about average hours of 

sleep per day. In addition, smokers were asked about patterns of tobacco use (e.g., cigs/day) 

and they completed the Fagerström Test of Nicotine Dependence (FTND)(49).

A total of 209 individuals were enrolled after the on-site medical screening, of whom 171 

attended the first laboratory session (72 smokers assigned to withdrawal, 50 ad lib smokers, 

and 49 non-smokers). There were no differences in demographics (age, sex ratio, education), 

body mass index (BMI), mood (PSS, POMS), nor smoking history (cigarettes per day, years 

of smoking, FTND) between those who dropped after the medical screening and those 

who participated in the first lab session (ps > .20). One-hundred and forty-nine of the 171 

participants who completed the first lab also completed the second lab session. We found 

no differences in smoking condition assignment, demographics, mood, nor smoking history 

between those who completed both labs and those who only completed the first lab (ps > 

.05). Those who terminated after the first lab had higher BMIs than those who completed 

both labs, F(1, 168) = 5.21, p = .02. Only data from participants who completed both 

sessions were retained for analyses. The final sample (N = 149; 85 men and 64 women) 

consisted of 62 smokers assigned to the smoking withdrawal condition, 44 smokers assigned 

to the ad lib condition, and 43 non-smokers.

Procedure

Participants who met preliminary inclusion criteria assessed via a phone interview were 

invited to an on-site medical screening to examine height and weight and to confirm via 

interview the absence of contraindications to administration of naltrexone (including use 

of narcotic medications), current health conditions, and recent medical history. Participants 

were asked to read and sign the consent form before completing demographic, psychosocial, 

and smoking-related measures. Participants also reported daily caffeine consumption and 

average hours of sleep per day. Then, they were scheduled for two laboratory sessions, 

each of which lasted about 4 hours, during which participants were tested individually. The 

two lab sessions took place approximately 10 days apart; and all laboratory sessions started 

at approximately noon to control for diurnal variations in hormones. Before each session, 

participants were instructed to abstain from alcohol and analgesic medications for 24 hours. 

Randomization to smoking condition (ad libitum or withdrawal) took place at the end of the 

medical screening. Smokers who were assigned to the ad libitum smoking condition were 

asked to smoke cigarettes of their preferred brand at their own pace for 24 hours before each 

session and they were given a smoking break during the assessment sessions so that the time 

of last cigarette was < 1 hour before acute stress (see Figure 1). Smokers who were assigned 

to the smoking withdrawal condition were instructed to abstain from all tobacco and nicotine 

for 24 hours before each session and they were not allowed to use any nicotine products 
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until the session was over. Non-smokers completed the same protocol except they were not 

randomized to a smoking condition.

Upon arrival to the lab sessions, participants completed a urine test to screen for drugs, 

including opioids. Females’ urine was also tested for pregnancy. A Bedfont Micro+ 

monitor (coVita, Haddonfield, NJ) was used to measure expired carbon monoxide (CO) 

in all smokers to verify smoking status (and withdrawal). Smokers in the withdrawal 

condition who had CO of 9ppm or higher were rescheduled. Participants were brought 

to a testing room and provided with a standard lunch. After lunch, an IV catheter was 

inserted and a blood pressure cuff was attached. As can be seen in Figure 1, the rest of 

the laboratory protocol consisted of seven periods: baseline, absorption 1, absorption 2, 

stress, post-stress rest 1, post-stress rest 2, and post-stress rest 3. After the baseline period, 

participants ingested a capsule containing either 50 mg of naltrexone or an identical placebo 

(one at each lab, in a random order) under double-blind conditions. Previous research in 

humans demonstrates the effectiveness of this dose in blocking the inhibitory effects of the 

endogenous opioid system on the HPA axis and demonstrates that this dose is adequate 

to produce nearly complete blockade (95%) of μ-opioid receptors (50, 51). The absorption 

period lasted 40 minutes to allow peak plasma concentration of the drug to be achieved 

(52). BP, HR, blood and saliva samples, self-reported mood, and smoking withdrawal 

questionnaires were collected at the end of each protocol period (see Figure 1).

Apparatus and measures

Acute stressors.—The stress protocol used in this study has been validated to induce 

hormonal, cardiovascular, and mood state changes in nicotine-dependent men and women 

(53–55). The stressor tasks were given in a fixed order and included a public speaking task, 

mental arithmetic, and a cold pressor test (CPT). For public speaking, the participant was 

given a topic and asked to prepare (4 min) and deliver (4 min) a speech that would be video 

recorded and evaluated by staff members. For the mental arithmetic task, the participant was 

given a three-digit starting number and they were asked to calculate the sum of the three 

digits and then add that sum to the three-digit number. They were asked to continue the 

series of calculations for 8 minutes. For the CPT, the participant was asked to immerse their 

dominant hand in a container filled with ice-water slurry (0–4°C).

Biological measures.—During both lab sessions, blood and saliva samples were 

collected once before drug (naltrexone or placebo) administration and six times thereafter 

(see Figure 1). Intravenous catheter was used to collect blood samples. Plasma samples 

were stored in −80 °C freezers and assayed for ACTH and cortisol at the Fairview 

Hospital (Minneapolis, MN) using chemiluminescent immunoassays with the Immulite® 

2000 ACTH kit and the ADVIA Centaur® cortisol kit (Siemens Medical Solutions USA, 

Malvern, PA). Inter-assay coefficients of variation were <10% and <8% for plasma ACTH 

and plasma cortisol, respectively. Salivette® tubes (Sarstedt, Numbrecht, Germany) were 

used to collect saliva samples, which were stored in −20 °C freezers and assayed for cortisol 

using time-resolved fluorescence immunoassay (cortisol-biotin conjugation). The assay kits 

(IBL International) had a sensitivity of 0.4 nmol/L and inter- and intra-assay coefficients of 
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variation were less than 10% and 12%, respectively. Cotinine was measured using enzyme 

linked immunoassays (DRG Diagnostics; inter- and intra-assay variability < 12%).

Self-report measures.—Distress and positive affect were measured using a questionnaire 

used in our previous studies (56), using response scales that ranged from 0 ‘Not at 

all’ to 7 ‘Very strong’. Distress consisted of the sum of responses to items of anxiety, 

irritability, impatience, and restlessness. Positive affect was determined by the sum of 

responses to items of cheerfulness, contentedness, calmness, controllability, and interest. 

Physical symptoms were scored by summing responses to items of headache, sweating, 

tremor, stomachache, drowsiness, fatigue, and coughing. Tobacco withdrawal symptoms and 

craving were measured by the Minnesota Nicotine Withdrawal Scale (MNWS) (57, 58). 

Smoking urges were measured by the Questionnaire on Smoking Urges-brief (QSU-B) (59, 

60), which captures two aspects of smoking urges: strong desire to smoke (Factor 1) and 

anticipated relief from negative affect (Factor 2). At the end of each laboratory session, 

participants completed a form that included commonly reported side effects of naltrexone, 

including nausea, vomiting, agitation, anxiety, lightheadedness, dizziness, and sedation. This 

form has been used in previous studies in which naltrexone was administered (61).

Data analysis

Demographic, psychosocial, and smoking-related sample characteristics were analyzed 

using 3 (Smoking Group) x 2 (Sex) ANOVAs and chi-square tests. The primary hormonal 

outcome variables were ACTH and cortisol, all of which were log-transformed to meet 

normality assumptions. Hormonal, subjective stress (affect), and withdrawal measures were 

analyzed using a 3 Smoking Group (non-smokers, ad libitum smokers, withdrawal smokers) 

x 2 Sex (female, male) x 2 Drug Condition (placebo, naltrexone) x 7 Time (baseline, 

absorption 1, absorption 2, stress, post-stress rest 1, post-stress rest 2, post-stress rest 

3) MANOVA. Significant three-way and four-way interactions including Time and Drug 

Condition were followed-up by creating an index of the difference in area under the curve 

(AUCΔ) between the two drug conditions. To do this, we first calculated AUC using 

the trapezoid method to reflect the stress response (between period 4 [immediately post­

stress] and period 7 [after post-stress rest 3]) during the naltrexone and placebo sessions, 

respectively. Then, AUC of placebo was subtracted from that of naltrexone to create an 

index of the drug effect (AUCΔ). Finally, we used ANOVA to examine the effects of 

Smoking Group and Sex on AUCΔ.

Wilks’ Lambda is reported for all MANOVA procedures. All significant main effects of 

Smoking Group were followed-up with multiple comparison tests. Bonferroni correction 

was applied to simple effects tests; and p-values less than .05 were considered significant. 

Variation existed between sample size and degrees of freedom for reported results due to 

occasional missing data. SPSS version 24 (IBM Corp., Armonk, NY) was used for the data 

analysis.
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Results

Participant characteristics

Participant characteristics are summarized in Table 1. Smokers and non-smokers did not 

differ in age, BMI, menstrual cycle phases during lab sessions, relationship status, race, 

daily caffeine consumption, average hours of sleep per day, nor total mood disturbance 

(POMS), ps > .05. Compared to non-smokers, smokers reported fewer years of education, 

F(2, 141) = 11.0, p < .001, η2 = .14. Smokers in both conditions had less educations than 

non-smokers (p < .001), but there was no difference between the two smoking conditions 

(p > .10). Smokers in the ad libitum condition had higher levels of perceived stress (PSS) 

than non-smokers, F(2, 142) = 7.75, p = .001, η2 = .10 (pairwise comparison: p < .001). 

There were no differences in PSS between the two smoking conditions (p = .16). Consistent 

with previous research (80), women reported higher levels of total mood disturbance than 

men, F(1, 141) = 6.04, p = .02, η2 = .04. There were no Smoking Group x Sex interactions 

for demographic nor psychosocial variables (ps > .05). On average, smokers in this study 

smoked 15.1 cigarettes per day (SD = 6.0) for 11.4 years (SD = 10.5). Men reported 

smoking more cigarettes per day than women, F(1, 100) = 4.36, p = .04, η2 = .04. Smokers 

in the two conditions (ad lib and withdrawal) did not differ in cigarettes per day, smoking 

duration, age when they started smoking, nor FTND scores (ps > .05). As expected, smokers 

in the withdrawal condition had lower CO (lab 1: F(1, 102) = 111, p < .001, η2 = .52; lab 2: 

F(1, 101) = 96.6, p < .001, η2 = .49) and lower cotinine (lab 1: F(1, 99) = 6.91, p = .01, η2 = 

.07; lab 2: F(1, 98) = 8.27, p = .005, η2 = .08) compared to smokers in the ad lib condition.

Hormonal measures

Table 2 and Figure 2 depicts estimated means and standard errors by sex and smoking group 

for all hormonal measures.

Adrenocorticotropin.—ACTH concentrations were higher during naltrexone labs, F(1, 

91) = 36.2, p < .001, η2 = .29; and this effect was most pronounced among women (Drug x 

Sex), F(1, 91) = 4.35, p = .04, η2 = .05. All groups showed the expected ACTH increase in 

response to stress (Time), F(6, 86) = 45.8, p < .001, η2 = .76 (see Figure 2); however, there 

was evidence of Time x Drug, Time x Sex, and Time x Smoking Group effects. Specifically, 

ACTH responses to stress were greater after naltrexone than after placebo, F(6, 86) = 5.45, 

p < .001, η2 = .28 (see Figure 3A); and ACTH responses to stress were stronger among 

men than among women, F(6, 86) = 3.35, p = .005, η2 = .19. In addition, smokers in the 

withdrawal condition exhibited an attenuated ACTH stress response relative to those in the 

ad lib condition, F(12, 172) = 1.96, p = .03, η2 = .12. No other group differences were 

found.

Cortisol.—As seen in Figure 2, cortisol concentrations were higher during naltrexone labs 

(plasma cortisol: F(1, 118) = 76.9, p < .001, η2 = .39; salivary cortisol: F(1, 117) = 56.7p 

< .001,η2 = .34 ); and, for plasma cortisol, this effect was most pronounced among women 

(Drug x Sex), F(1, 118) = 7.95, p = .006, η2 = .06). We also found the expected Time x 

Sex interaction, F(plasma cortisol: F(6, 113) = 5.22, p < .001, η2 = .22; salivary cortisol: 

F(6, 112) = 5.08, p < .001, η2 = .21). Effects of naltrexone on the cortisol stress response 
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differed across smoking groups, as indicated by a Smoking Group x Drug x Time interaction 

for both plasma cortisol, F(12, 226) = 2.14, p = .02, η2 = .10, and salivary cortisol, F(12, 

224) = 1.90, p = .04, η2 = .09. A follow-up Smoking Group x Sex ANOVA conducted on 

AUCΔ revealed a main effect of Smoking Group for both plasma cortisol (F(2, 122) = 6.57, 

p = .002) and salivary cortisol (F(2, 128) = 5.85, p = .004), indicating greater drug-related 

cortisol responses in the ad lib condition than in the smoking withdrawal condition (see 

Figures 3B and 3C). No other group differences were found.

Self-report measures

Distress, positive affect, and physical symptoms.—Significant Smoking Group x 

Time interactions were found for distress (F(12, 248) = 2.12, p = .02, η2 = .09), positive 

affect (F(12, 242) = 2.01, p = .02, η2 = .09), and physical symptoms (F(12, 246) = 2.37, p = 

.007, η2 = .10; Table 3). Greater distress and physical symptoms during the baseline period 

were evident among smokers in the withdrawal condition relative to the other two groups, 

as indicated by follow-up comparisons at each period (Smoking Group effect at baseline, ps 

< .003). Similarly, baseline positive affect was lower in the smoking withdrawal condition 

than in the other two groups (ps ≤ .007). A Sex main effect indicated that, overall, women 

reported lower positive affect than men, F(1, 126) = 10.9, p = .001, η2 = .08.

Tobacco craving and withdrawal symptoms.—Craving in the ad lib smoking group 

dropped significantly immediately after the absorption period, as indicated by a Smoking 

Group x Time interaction, F(6, 91) = 8.75, p < .001, η2 = .37. This was expected because 

smokers in the ad lib group smoked a cigarette immediately prior to the stress tasks to 

minimize withdrawal effects on the stress response.

Though all smokers showed increases in withdrawal symptoms (MNWS) in response to 

stress (F(6, 84) = 13.6, p < .001, η2 = .49; Table 3), smokers in the withdrawal condition 

experienced greater withdrawal symptoms than smokers in the ad lib smoking condition 

during pre-stress periods, as indicated by a Smoking Group x Time interaction, F(6, 84) = 

2.22, p = .049, η2 = .14. A Smoking Group x Time interaction with the same pattern of 

effects was found for smoking urges (QSU-B Factor 1: F(6, 86) = 18.7, p < .001, η2 = .57; 

QSUB Factor 2: F(6, 86) = 6.80, p < .001, η2 = .32).

Side effects.—Reported side effects were greater after naltrexone than after placebo, F(1, 

138) = 5.41, p = .02, η2 = .04 (see Table 3).

Discussion

This study demonstrated that 1) HPA responses to stress are greater after opioid blockade 

than after placebo in all groups; 2) opioid blockade is associated with enhanced plasma and 

salivary cortisol stress responses among ad lib smokers relative to smokers experiencing 

withdrawal; 3) tobacco withdrawal, compared to ad lib smoking, leads to attenuated HPA 

stress responses; 4) women exhibit reduced ACTH responses to stress compared to men; and 

5) women have higher plasma cortisol than men during opioid blockade labs.

al’Absi et al. Page 8

Stress. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The results from our study suggest that the impact of long-term nicotine consumption 

emerges during stress. In total, these results indicate that cigarette smoking is associated 

with a significant disruption of the HPA axis response to stress and to opioid blockade; 

and these effects likely contribute to deterioration of mood and to enhanced reinforcement 

value of tobacco and craving during withdrawal. HPA hyporesponsiveness during tobacco 

withdrawal is a possible consequence of prolonged nicotine exposure, leading to long­

term alterations of central dopaminergic, cholinergic, and opioidergic systems (62). 

Hyporesponsiveness to stress may also reflect a preexisting (i.e., prior to initiation of 

tobacco use) alteration in stress and emotion-related processing centers in the brain, such as 

in forebrain and limbic system functions (63–65).

The blunted HPA response to opioid blockade medication observed during smoking 

withdrawal, compared to smoking ad libitum, may reflect decreased opioid regulation 

leading to diminished HPA responses to opioid blockade. Reduced opioid tone may 

influence modulation of mesolimbic dopaminergic transmission, creating conditions that 

maintain smoking behavior or that complicate attempts to abstain. Reduced opioid 

regulation may also contribute to increased negative affect, especially during nicotine 

withdrawal. For example, reduced opioid stimulatory inputs to the dopaminergic system 

may lead to reduced basal dopamine activity, and this may enhance rewarding effects of 

dopamine-stimulating drugs, such as nicotine (66, 67). Consistent with these hypotheses are 

findings demonstrating that higher levels of circulating endogenous opioids are associated 

with greater emotional stability and positive mood after exercise (68, 69), while dysphoric 

states are usually associated with impaired endogenous opioid functions (70–72).

The normalization of opioid blockade responses during ad lib smoking relative to 

the abstinence condition, combined with smokers’ attenuated stress responses during 

withdrawal, confirms the impact of chronic exposure to nicotine on HPA activity and on 

related regulatory systems (73, 74). These altered responses may be relevant to maintaining 

tobacco use. For example, it is possible that a blunted stress response exacerbates 

withdrawal symptoms and craving and, therefore, may enhance the reinforcing effects of 

tobacco (75). Mechanistic work to define neuronal pathways mediating these relationships is 

still needed (32).

Cessation of nicotine delivery leads to changes in brain circuits underlying nicotine 

reinforcement (76); and preclinical studies indicate that nicotine withdrawal leads to 

insensitivity of the HPA axis to stress, even though HPA negative feedback mechanisms 

as well as expressions of glucocorticoid receptors (GR) and CRF mRNA in the hippocampus 

and the PVN are normal (77). In a relevant experiment, μ-opioid receptor binding and 

met-enkephalin concentrations were assessed after chronic nicotine administration (0.3 

mg/kg nicotine; a dose relevant to human nicotine intake) in rats (78). Chronic nicotine 

significantly lowered met-enkephalin and upregulation of μ-opioid receptors in the striatum 

and midbrain, as compared to controls. Thus, it is possible that chronic exposure to nicotine 

among smokers modifies μ-opioid receptors, which, in-turn, alter regulation of opioid-HPA 

interactions.
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Our findings that smokers in the withdrawal condition experienced higher levels of negative 

affect, withdrawal symptoms, and smoking urges as well as lower levels of positive 

affect during baseline periods support the validity of the tobacco withdrawal protocol. 

Furthermore, findings from these measures were consistent with previous studies examining 

the time course of withdrawal symptoms and the relationship between tobacco withdrawal 

and stress response (55, 79).

Limitations of this study include its cross-sectional nature, which precludes determination 

of whether the observed opioid-HPA alterations among smokers were the result of chronic 

tobacco use or whether the alterations predisposed individuals to initiate (or maintain) 

smoking. In addition, because smokers in this study were not interested in quitting, results 

may not represent the entire smoking population. This study also had relatively small 

subgroups in follow-up tests for higher-order interaction effects.

This study also has several strengths, such as its large sample of smokers, well-controlled 

manipulation of smoking withdrawal, inclusion of multiple methods of assessment, and 

use of a double-blind and repeated measures design. Furthermore, the novel and important 

results obtained from this study justify a need for additional research to examine interactions 

of the HPA-endogenous opioid systems within the context of smoking cessation and relapse. 

For example, future research should extend the current findings to examine the extent to 

which alterations in endogenous opioid system regulation of the stress response predict 

smoking relapse and the extent to which such alterations are normalized after long-term 

smoking abstinence.

Our findings are also consistent with previous studies documenting sex differences in trait 

negative mood (80) and in HPA responses to opioid antagonists (46) and to stress (38, 

81). However, we did not find evidence of sex as a moderator of the observed hormonal 

differences smoking groups. Nevertheless, it is important to account for a growing literature 

indicating that compared to their male counterparts, female tobacco users are more likely to 

smoke to manage negative affect (82, 83), to show distress after being exposed to stimuli 

that are specific to smoking, and to have difficulty quitting tobacco (84–86). Also, whereas 

changes in HPA stress responses are predictive of early smoking relapse in men, trait 

negative mood and withdrawal symptoms are risk factors for smoking relapse in women 

(87, 88). These observations, combined with research documenting the role of endogenous 

opioids in mood regulation, drug reinforcement, and regulation of HPA stress responses (8, 

9)(10–13), indicate a need for further examination of the potential role of sex hormones in 

the interplay between the endogenous opioid system and the HPA axis.

In summary, this study demonstrated that opioid blockade was associated with enhanced 

plasma and salivary cortisol stress responses during ad lib smoking compared to short-term 

smoking withdrawal. This study also demonstrated that, compared to men, women exhibited 

reduced ACTH responses to stress; women also experienced higher levels of ACTH during 

opioid blockade labs. These results suggest that treatment strategies in the context of 

addiction may benefit from targeting stress-response regulation systems, including the 

endogenous opioid system.
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Figure 1. 
Laboratory protocol

Figure 1. Laboratory protocol. Participants sat quietly and watched Planet Earth (nature 

documentary) for an initial baseline period (20 min), during which blood pressure (BP) and 

heart rate (HR) were obtained every five minutes. Then, participants completed mood and 

smoking withdrawal questionnaires and the first blood and saliva samples before ingesting 

a capsule containing either 50 mg of naltrexone or placebo at the start of a 40-minute 

‘absorption’ period. During absorption, BP and HR were obtained at 5-minute intervals; and 

self-report measures as well as plasma and saliva samples were collected after 20- and 40­

minutes during this time. After absorption, smokers in the ad libitum condition were asked 

to smoke one cigarette of their preferred brand. Then, all participants completed the stress 

tasks, during which BP and HR were collected every 2 to 3 minutes. Self-report measures 

and blood and saliva samples were collected after the stress tasks and then after 30-, 60-, and 

80-minutes of post-stress rest during which they continued to watch Planet Earth. BP and 

HR were collected every 5 minutes during the last 20 minutes of the post-stress rest period.
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Figure 2. 
Sex differences in drug effects on hormonal measures

Figure 2. Estimated means and standard error of the mean by sex and smoking group for 

ACTH, plasma cortisol, and salivary cortisol collected during rest before ingestion of the 

drug capsule, during rest absorption period, following acute stress, and during a recovery 

rest period.
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Figure 3. 
Hormonal measures

Figure 3. Estimated means and standard error of the mean for ACTH (3A), plasma cortisol 

(3B), and salivary cortisol (3C). Figure 3A depicts the Time x Drug interaction on ACTH. 

Figures 3B and 3C depict smoking group differences in the drug effect on cortisol, 

where AUCΔ indexes the drug effect (AUCnaltrexone - AUCplacebo) on cortisol AUC from 

immediately post-stress (period 4) to after the final rest (period 7).
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Table 1.

Sample characteristics.

Non-smokers (n=43) Smokers (ad lib) (n=44) Smokers (withdrawal) (n=62)

Female (n=22) Male (n=21) Female (n=17) Male (n=27) Female (n=25) Male (n=37)

Age (yr) 33.9 (2.7) 39.1 (2.7) 32.2 (3.0) 35.1 (2.4) 33.0 (2.5) 35.9 (2.1)

BMI (kg/m2) 25.9 (1.2) 26.8 (1.2) 28.2 (1.4) 27.4 (1.1) 29.3 (1.2) 24.8 (0.9)

Education (yr)
a 15.9 (0.5) 14.7 (0.6) 13.4 (0.6) 12.6 (0.5) 13.2 (0.5) 13.2 (0.4)

Single (%) 61.9 65.0 86.7 76.0 76.0 88.6

Caucasian (%) 81.0 71.4 68.8 76.9 58.3 75.7

Menstrual phase matched at labs (%) 46.2 N/A 54.5 N/A 66.7 N/A

Caffeine (cups/day) 0.8 (0.3) 0.5 (0.3) 0.7 (0.3) 1.1 (0.3) 1.0 (0.3) 1.2 (0.2)

Sleep (hr/day) 7.6 (0.2) 7.6 (0.2) 7.5 (0.3) 7.1(0.2) 7.4 (0.2) 6.9 (0.2)

POMS
b 17.9 (5.0) 3.3 (5.1) 14.7 (5.8) 13.3 (4.6) 20.5 (4.7) 7.2 (3.8)

PSS
a 16.8 (0.8) 17.8 (0.8) 20.8 (0.9) 19.9 (0.7) 19.8 (0.7) 18.1 (0.6)

Cigarettes (daily)
b N/A N/A 14.9 (1.4) 14.7 (1.1) 12.1 (1.2) 17.2(0.9)

Smoking Duration (yr) N/A N/A 9.7 (2.6) 10.3 (2.1) 10.2 (2.2) 13.8 (1.7)

Age Started Smoking (yr) N/A N/A 15.1 (1.1) 17.0 (0.9) 15.5 (1.0) 15.7 (0.8)

FTND N/A N/A 5.6 (0.5) 5.4 (0.4) 4.6 (0.4) 5.6 (0.4)

CO (ppm)
c

Lab 1 N/A N/A 18.6 (1.7) 15.8 (1.3) 2.4 (1.4) 3.0 (1.1)

Lab 2 N/A N/A 17.5 (1.7) 15.7 (1.4) 2.3 (1.4) 2.8 (1.2)

Cotinine (ng/ml)
c

Lab 1 N/A N/A 197.5 (44.9) 221.0 (34.1) 83.5 (34.8) 145.2 (28.6)

Lab 2 N/A N/A 241.1 (47.6) 221.2 (40.0) 93.7 (35.7) 152.9 (29.3)

Unless indicated, entries show mean and standard error of the mean.

Notes:

a
Smoking Group effect was significant [Education: smokers in both conditions had fewer years of educations than non-smokers (p < .001); PSS: 

smokers in the ad libitum condition had higher levels of perceived stress than non-smokers. There were no difference in education or PSS between 
the two smoking conditions]

b
Sex effect was significant

c
Smoking Group effect was significant.

BMI = body mass index. POMS = Profile of Mood States questionnaire (range: 32– 97). PSS = Perceived Stress Scale (range: 10 – 30). FTND = 
Fagerström Test of Nicotine Dependence (range: 1–10). CO = carbon monoxide.
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Table 2.

Hormonal measures.

Non-smokers Smokers (ad lib) Smokers (withdrawal)

Female Male Female Male Female Male

Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone

ACTH 
a,b,c,d,e,f 

(pg/ml)

Baseline 19.2 
(2.5)

21.5 (2.4) 17.7 
(2.5)

17.1 (2.4) 20.1 
(2.6)

25.1 (2.1) 19.5 
(1.9)

17.2 (1.8) 20.9 
(3.0)

23.1 (2.9) 20.1 
(1.8)

19.1 (1.7)

Absorption 
1

17.1 
(1.8)

17.9 (2.0) 13.7 
(1.8)

13.9 (2.0) 15.5 
(1.9)

18.3 (2.1) 15.0 
(1.4)

13.1 (1.5) 20.9 
(2.2)

23.6 (2.4) 16.1 
(1.3)

15.2 (1.4)

Absorption 
2

16.6 
(1.6)

18.0 (3.0) 13.6 
(1.6)

16.0 (3.0) 14.0 
(1.6)

16.3 (3.2) 13.8 
(1.2)

14.3 (2.3) 19.0 
(1.9)

24.2 (3.6) 14.7 
(1.1)

16.3 (2.1)

Stress 26.8 
(5.2)

39.8 (11.8) 25.9 
(5.2)

51.0 (11.8) 29.3 
(5.4)

41.8 (12.3) 27.0 
(3.9)

48.0 (8.9) 26.8 
(6.3)

34.0 (14.2) 26.7 
(3.6)

40.3 (8.2)

Post-stress 
1

17.8 
(2.5)

34.1 (10.9) 20.5 
(2.5)

36.4 (10.9) 19.8 
(2.6)

33.2 (11.3) 20.2 
(1.9)

29.6 (8.2) 21.2 
(3.0)

25.8 (13.1) 19.0 
(1.8)

34.2 (7.5)

Post-stress 
2

15.2 
(2.0)

34.9 (8.9) 15.5 
(2.0)

22.1 (8.9) 16.5 
(2.1)

25.8 (9.3) 16.2 
(1.5)

20.7 (6.7) 20.9 
(2.4)

23.7 (10.7) 16.1 
(1.4)

27.4 (6.2)

Post-stress 
3

14.2 
(2.2)

39.7 (9.3) 14.5 
(2.2)

19.2 (9.3) 16.8 
(2.3)

24.8 (9.7) 14.0 
(1.7)

15.1 (7.0) 23.4 
(2.7)

23.9 (11.2) 15.1 
(1.5)

26.4 (6.4)

Plasma 
cortisol 
a,b,c,e,f,g 

(ug/dl)

Baseline 11.7 
(1.1)

12.2 (0.8) 8.6 
(1.1)

9.3 (0.8) 11.8 
(1.1)

11.3 (0.8) 9.4 
(0.9)

9.0 (0.6) 7.9 
(1.1)

9.3 (0.8) 10.6 
(0.7)

9.9 (0.5)

Absorption 
1

10.2 
(0.9)

11.0 (0.7) 7.0 
(0.9)

7.4 (0.7) 9.4 
(0.9)

9.9 (0.8) 7.5 
(0.7)

7.2 (0.6) 7.6 
(0.9)

8.3 (0.7) 8.4 
(0.6)

8.3 (0.5)

Absorption 
2

8.9 
(0.8)

9.0 (0.8) 6.0 
(0.8)

6.7 (0.8) 8.3 
(0.8)

8.3 (0.8) 6.2 
(0.6)

6.2 (0.6) 6.4 
(0.8)

7.8 (0.8) 7.6 
(0.5)

7.6 (0.5)

Stress 10.2 
(0.9)

13.0 (1.3) 12.2 
(0.9)

14.0 (1.3) 9.4 
(1.0)

15.8 (1.4) 10.3 
(0.7)

15.9 (1.1) 8.6 
(0.9)

12.2 (1.3) 10.2 
(0.6)

12.3 (0.9)

Post-stress 
1

9.7 
(1.0)

15.4 (1.4) 11.7 
(1.1)

16.3 (1.4) 9.9 
(1.1)

16.7 (1.5) 9.6 
(0.9)

15.3 (1.1) 9.0 
(1.1)

13.4 (1.4) 9.9 
(0.7)

12.7 (1.0)

Post-stress 
2

8.3 
(0.8)

14.8 (1.2) 9.0 
(0.8)

12.4 (1.2) 7.9 
(0.9)

15.7 (1.2) 7.6 
(0.7)

12.0 (1.0) 7.5 
(0.8)

11.8 (1.2) 8.2 
(0.6)

10.9 (0.8)

Post-stress 
3

7.0 
(0.7)

14.5 (1.1) 7.6 
(0.8)

10.9 (1.1) 7.1 
(0.8)

13.3 (1.1) 5.7 
(0.6)

9.2 (0.9) 6.7 
(0.8)

10.7 (1.1) 6.6 
(0.5)

9.4 (0.7)

Salivary 
cortisol 
a,c,e,f,g,h 

(ng/ml)

Baseline 3.0 
(0.5)

3.8 (0.5) 2.8 
(0.5)

3.4 (0.5) 3.0 
(0.8)

3.1 (0.7) 4.3 
(0.5)

4.2 (0.5) 2.8 
(0.5)

2.9 (0.5) 3.8 
(0.4)

3.4 (0.4)

Absorption 
1

2.7 
(0.3)

2.9 (0.3) 2.2 
(0.4)

2.5 (0.3) 2.7 
(0.5)

2.1 (0.5) 2.6 
(0.3)

3.0 (0.3) 2.3 
(0.3)

2.4 (0.3) 2.7 
(0.3)

2.4 (0.3)

Absorption 
2

2.4 
(0.3)

2.4 (0.3) 2.0 
(0.3)

2.1 (0.3) 1.8 
(0.4)

2.2 (0.4) 2.1 
(0.3)

2.2 (0.3) 2.1 
(0.3)

2.1 (0.3) 2.2 
(0.2)

2.2 (0.2)
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Non-smokers Smokers (ad lib) Smokers (withdrawal)

Female Male Female Male Female Male

Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone

Stress 2.5 
(0.4)

3.5 (1.1) 2.9 
(0.4)

5.0 (1.2) 2.0 
(0.5)

5.1 (1.7) 2.8 
(0.4)

7.2 (1.1) 2.1 
(0.4)

2.4 (1.1) 3.1 
(0.3)

4.8 (0.9)

Post-stress 
1

2.3 
(0.6)

3.9 (1.2) 4.6 
(0.6)

8.2 (1.3) 2.7 
(0.9)

6.0 (1.9) 2.8 
(0.6)

6.7 (1.2) 2.3 
(0.6)

3.0 (1.3) 3.1 
(0.5)

4.2 (1.0)

Post-stress 
2

1.5 
(0.3)

4.4 (0.9) 2.2 
(0.3)

5.1 (1.0) 2.0 
(0.5)

6.1 (1.4) 1.9 
(0.3)

3.3 (0.9) 2.0 
(0.3)

2.7 (0.9) 2.1 
(0.3)

3.7 (0.7)

Post-stress 
3

1.6 
(0.2)

5.2 (0.7) 2.0 
(0.3)

4.0 (0.8) 1.7 
(0.4)

5.8 (1.1) 2.0 
(0.2)

4.0 (0.7) 2.0 
(0.3)

2.5 (0.7) 1.9 
(0.2)

3.2 (0.6)

Entries show mean and standard error of the mean. Variable names with asterisks showed significant effect(s) for the following:

a
Drug effect

b
Sex × Drug interaction

c
Time effect

d
Smoking Group × Time interaction

e
Sex × Time interaction

f
Drug × Time interaction

g
Smoking Group × Drug × Time interaction

h
Smoking Group × Drug interaction.
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Table 3.

Self-report measures of mood, withdrawal symptoms, and side effects.

Non-smokers Smokers (ad lib) Smokers (withdrawal)

Female Male Female Male Female Male

Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone

Distress 
a,b,c

Baseline 3.0 
(0.9)

2.5 (1.0) 1.8 
(0.9)

2.6 (1.0) 3.8 
(1.3)

4.0 (1.3) 2.8 
(0.8)

3.2 (0.9) 7.0 
(0.9)

6.7 (0.9) 5.7 
(0.7)

6.0 (0.8)

Absorption 
1

2.6 
(0.9)

1.8 (1.0) 1.5 
(0.9)

3.4 (1.0) 3.6 
(1.2)

3.4 (1.3) 2.9 
(0.8)

3.1 (0.9) 6.5 
(0.8)

7.0 (0.9) 5.5 
(0.7)

5.9 (0.7)

Absorption 
2

3.3 
(0.9)

1.6 (1.0) 2.2 
(0.9)

2.9 (1.0) 5.2 
(1.3)

6.1 (1.4) 3.6 
(0.8)

3.8 (0.9) 6.3 
(0.9)

6.8 (0.9) 5.8 
(0.7)

5.9 (0.8)

Stress 5.2 
(1.1)

5.0 (1.1) 6.1 
(1.1)

6.1 (1.1) 5.6 
(1.5)

7.5 (1.5) 5.7 
(1.0)

5.7 (1.0) 8.3 
(1.0)

8.8 (1.0) 7.3 
(0.9)

7.2 (0.8)

Post-stress 1 4.6 
(1.2)

3.4 (1.1) 4.4 
(1.2)

4.1 (1.1) 5.7 
(1.7)

6.9 (1.5) 5.0 
(1.1)

5.2 (1.0) 8.4 
(1.1)

8.2 (1.0) 7.4 
(0.9)

6.8 (0.8)

Post-stress 2 4.4 
(1.2)

3.6 (1.1) 4.3 
(1.2)

4.6 (1.1) 6.0 
(1.6)

6.5 (1.4) 5.9 
(1.1)

4.0 (1.0) 7.5 
(1.1)

7.8 (1.0) 6.1 
(0.9)

6.7 (0.8)

Post-stress 3 2.9 
(1.2)

2.8 (1.1) 3.5 
(1.2)

4.0 (1.1) 5.9 
(1.6)

5.6 (1.5) 4.5 
(1.1)

3.7 (1.0) 8.3 
(1.1)

7.1 (1.0) 7.4 
(0.9)

7.2 (0.8)

Positive 

affect 
a,b,d

Baseline 14.3 
(1.3)

14.2 (1.5) 20.3 
(1.5)

18.3 (1.6) 15.4 
(1.8)

14.5 (2.0) 18.8 
(1.2)

18.2 (1.4) 13.3 
(1.2)

12.5 (1.4) 16.2 
(1.0)

15.9 (1.1)

Absorption 
1

14.7 
(1.3)

15.0 (1.5) 19.0 
(1.5)

17.8 (1.6) 15.5 
(1.8)

14.9 (2.0) 18.6 
(1.2)

17.9 (1.4) 12.0 
(1.2)

11.9 (1.4) 16.7 
(1.0)

15.9 (1.1)

Absorption 
2

14.0 
(1.3)

15.4 (1.4) 18.8 
(1.5)

17.5 (1.6) 15.1 
(1.8)

15.7 (2.0) 17.8 
(1.2)

17.8 (1.4) 11.6 
(1.2)

12.5 (1.4) 16.1 
(1.0)

14.9 (1.1)

Stress 10.0 
(1.4)

10.0 (1.5) 13.4 
(1.6)

12.9 (1.7) 12.2 
(2.0)

11.8 (2.1) 16.0 
(1.3)

14.1 (1.4) 10.1 
(1.3)

9.8 (1.4) 14.7 
(1.1)

13.4 (1.2)

Post-stress 1 11.6 
(1.4)

12.6 (1.5) 15.5 
(1.5)

15.1 (1.6) 13.4 
(1.9)

11.8 (2.0) 16.0 
(1.3)

15.8 (1.4) 9.3 
(1.3)

10.9 (1.4) 14.7 
(1.1)

13.2 (1.1)

Post-stress 2 12.4 
(1.4)

12.5 (1.5) 16.5 
(1.6)

15.1 (1.7) 13.0 
(1.9)

12.6 (2.1) 15.0 
(1.3)

16.5 (1.4) 11.2 
(1.3)

11.7 (1.4) 15.8 
(1.1)

14.5 (1.2)

Post-stress 3 14.8 
(1.5)

13.8 (1.5) 16.9 
(1.6)

16.8 (1.6) 13.5 
(2.0)

13.1 (2.0) 16.9 
(1.4)

17.4 (1.4) 12.3 
(1.4)

12.5 (1.4) 16.4 
(1.1)

14.4 (1.1)

Physical 
Symptoms 
a,b,d,e

Baseline 3.7 
(1.0)

3.2 (0.9) 2.5 
(1.0)

2.3 (0.9) 1.8 
(1.2)

3.0 (1.1) 3.4 
(0.9)

3.7 (0.8) 7.2 
(1.0)

6.0 (0.9) 4.6 
(0.7)

4.3 (0.7)

Absorption 
1

4.3 
(1.0)

3.0 (1.0) 3.5 
(1.0)

2.7 (1.0) 2.8 
(1.3)

3.7 (1.2) 3.9 
(0.9)

4.6 (0.9) 7.5 
(1.0)

6.5 (0.9) 4.6 
(0.8)

4.8 (0.7)

Absorption 
2

5.0 
(1.1)

3.6 (1.0) 3.1 
(1.1)

3.9 (1.1) 1.4 
(1.3)

3.8 (1.3) 4.6 
(1.0)

4.8 (0.9) 7.8 
(1.0)

7.4 (1.0) 5.4 
(0.8)

5.5 (0.8)

Stress 1.7 
(0.8)

1.9 (1.0) 2.3 
(0.8)

1.6 (1.0) 2.5 
(1.0)

4.1 (1.2) 2.4 
(0.7)

3.6 (0.9) 4.8 
(0.8)

5.2 (0.9) 3.6 
(0.6)

4.4 (0.7)

Post-stress 1 1.4 
(0.7)

2.2 (0.9) 2.0 
(0.7)

1.9 (0.9) 2.0 
(0.9)

4.7 (1.1) 2.2 
(0.6)

3.1 (0.8) 4.2 
(0.7)

4.6 (0.9) 2.6 
(0.5)

3.8 (0.7)
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Non-smokers Smokers (ad lib) Smokers (withdrawal)

Female Male Female Male Female Male

Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone

Post-stress 2 1.5 
(0.7)

2.1 (0.8) 2.0 
(0.8)

3.0 (0.9) 1.6 
(0.9)

2.3 (1.0) 2.3 
(0.7)

2.6 (0.7) 3.8 
(0.7)

4.0 (0.8) 2.9 
(0.6)

3.4 (0.6)

Post-stress 3 2.7 
(0.9)

3.7 (0.9) 1.9 
(0.9)

3.5 (0.9) 2.5 
(1.1)

3.7 (1.1) 2.7 
(0.8)

3.2 (0.8) 5.1 
(0.9)

5.0 (0.9) 3.1 
(0.7)

4.1 (0.7)

Withdrawal 
Symptoms 
a,b

Baseline N/A N/A N/A N/A 3.7 
(1.5)

4.2 (1.8) 3.5 
(1.0)

4.4 (1.2) 7.4 
(1.0)

7.6 (1.2) 6.4 
(0.9)

6.7 (1.0)

Absorption 
1

N/A N/A N/A N/A 4.1 
(1.6)

3.4 (1.8) 3.6 
(1.1)

4.5 (1.2) 7.0 
(1.1)

8.3 (1.2) 6.3 
(0.9)

6.6 (1.0)

Absorption 
2

N/A N/A N/A N/A 4.9 
(1.7)

5.5 (1.8) 5.0 
(1.1)

5.0 (1.2) 6.7 
(1.1)

7.8 (1.2) 6.7 
(1.0)

6.8 (1.0)

Stress N/A N/A N/A N/A 6.7 
(2.0)

9.5 (2.1) 7.0 
(1.4)

7.6 (1.4) 9.3 
(1.4)

10.8 (1.4) 8.9 
(1.2)

9.8 (1.2)

Post-stress 1 N/A N/A N/A N/A 6.4 
(2.1)

8.1 (2.0) 6.0 
(1.4)

6.4 (1.4) 8.8 
(1.4)

9.8 (1.4) 9.6 
(1.2)

8.2 (1.2)

Post-stress 2 N/A N/A N/A N/A 7.5 
(1.9)

7.5 (2.0) 7.3 
(1.3)

5.5 (1.3) 7.5 
(1.3)

9.6 (1.3) 7.9 
(1.1)

8.5 (1.1)

Post-stress 3 N/A N/A N/A N/A 8.1 
(2.0)

7.3 (2.1) 6.1 
(1.3)

5.5 (1.4) 9.0 
(1.3)

9.0 (1.4) 9.2 
(1.1)

9.4 (1.2)

Craving 
a,b

Baseline N/A N/A N/A N/A 4.6 
(0.5)

3.7 (0.6) 3.5 
(0.4)

4.0 (0.4) 5.0 
(0.4)

4.1 (0.4) 4.6 
(0.3)

4.4 (0.4)

Absorption 
1

N/A N/A N/A N/A 4.6 
(0.5)

4.4 (0.6) 4.5 
(0.4)

4.7 (0.4) 5.3 
(0.4)

4.6 (0.4) 4.6 
(0.3)

4.4 (0.4)

Absorption 
2

N/A N/A N/A N/A 5.3 
(0.5)

5.1 (0.6) 5.0 
(0.4)

5.0 (0.4) 5.3 
(0.4)

4.4 (0.4) 4.5 
(0.3)

4.4 (0.3)

Stress N/A N/A N/A N/A 3.1 
(0.6)

2.9 (0.7) 3.1 
(0.4)

3.4 (0.5) 4.8 
(0.4)

4.5 (0.5) 4.8 
(0.3)

4.4 (0.4)

Post-stress 1 N/A N/A N/A N/A 3.8 
(0.6)

3.6 (0.6) 3.8 
(0.4)

3.8 (0.4) 5.2 
(0.4)

4.8 (0.5) 4.8 
(0.3)

4.5 (0.4)

Post-stress 2 N/A N/A N/A N/A 4.7 
(0.6)

4.0 (0.6) 4.4 
(0.4)

4.0 (0.4) 5.3 
(0.4)

4.8 (0.5) 4.8 
(0.3)

4.7 (0.4)

Post-stress 3 N/A N/A N/A N/A 4.5 
(0.6)

4.7 (0.6) 4.5 
(0.4)

4.5 (0.4) 5.4 
(0.4)

4.9 (0.5) 4.8 
(0.3)

4.7 (0.4)

QSU-B F1 
a,b

Baseline N/A N/A N/A N/A 35.6 
(3.7)

32.5 (3.4) 32.2 
(2.6)

36.4 (2.3) 37.8 
(2.6)

36.3 (2.4) 35.5 
(2.2)

34.9 (2.0)

Absorption 
1

N/A N/A N/A N/A 38.1 
(3.6)

34.9 (3.5) 35.0 
(2.5)

38.4 (2.4) 36.5 
(2.6)

34.7 (2.5) 34.9 
(2.2)

33.3 (2.1)

Absorption 
2

N/A N/A N/A N/A 41.4 
(3.4)

38.7 (3.4) 37.1 
(2.3)

39.4 (2.3) 35.3 
(2.4)

32.9 (2.4) 34.0 
(2.0)

32.6 (2.0)

Stress N/A N/A N/A N/A 25.2 
(3.7)

25.7 (3.8) 27.6 
(2.5)

28.8 (2.6) 35.8 
(2.6)

34.6 (2.7) 34.6 
(2.2)

34.7 (2.2)

Post-stress 1 N/A N/A N/A N/A 30.7 
(3.7)

32.8 (3.8) 30.5 
(2.5)

28.3 (2.6) 35.6 
(2.6)

34.1 (2.7) 35.4 
(2.2)

34.4 (2.3)
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Non-smokers Smokers (ad lib) Smokers (withdrawal)

Female Male Female Male Female Male

Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone Placebo Naltrexone

Post-stress 2 N/A N/A N/A N/A 33.5 
(3.7)

33.6 (3.7) 34.0 
(2.6)

32.0 (2.6) 36.1 
(2.6)

34.9 (2.6) 34.7 
(2.2)

35.7 (2.2)

Post-stress 3 N/A N/A N/A N/A 34.3 
(3.7)

36.5 (3.7) 33.6 
(2.5)

33.6 (2.6) 36.5 
(2.6)

34.7 (2.6) 35.5 
(2.2)

36.2 (2.2)

QSU-B F2 
a,b,f

Baseline N/A N/A N/A N/A 19.8 
(3.2)

19.5 (3.2) 16.0 
(2.2)

18.0 (2.2) 20.1 
(2.2)

19.6 (2.3) 15.9 
(1.9)

15.4 (1.9)

Absorption 
1

N/A N/A N/A N/A 21.8 
(3.3)

21.9 (3.4) 17.4 
(2.3)

19.1 (2.3) 18.6 
(2.4)

17.7 (2.4) 16.3 
(2.0)

14.6 (2.0)

Absorption 
2

N/A N/A N/A N/A 23.4 
(3.3)

23.6 (3.4) 17.2 
(2.3)

18.9 (2.4) 17.0 
(2.3)

17.1 (2.4) 15.0 
(2.0)

14.4 (2.0)

Stress N/A N/A N/A N/A 16.7 
(3.2)

16.1 (3.5) 13.0 
(2.2)

15.6 (2.4) 17.4 
(2.3)

17.3 (2.5) 15.4 
(1.9)

15.8 (2.1)

Post-stress 1 N/A N/A N/A N/A 19.8 
(3.6)

20.2 (3.5) 15.8 
(2.5)

15.6 (2.4) 18.2 
(2.6)

15.5 (2.5) 16.7 
(2.2)

14.9 (2.1)

Post-stress 2 N/A N/A N/A N/A 19.0 
(3.6)

18.8 (3.6) 17.2 
(2.5)

17.6 (2.5) 18.6 
(2.6)

15.9 (2.5) 15.7 
(2.2)

15.0 (2.1)

Post-stress 3 N/A N/A N/A N/A 22.2 
(3.7)

22.9 (3.6) 17.4 
(2.6)

16.6 (2.5) 19.1 
(2.6)

17.4 (2.6) 16.4 
(2.2)

16.2 (2.2)

Side effects 1.2 
(0.6)

2.8 (0.6) 1.1 
(0.6)

1.9 (0.6) 3.2 
(0.7)

3.1 (0.7) 1.6 
(0.5)

1.9 (0.5) 2.8 
(0.5)

3.2 (0.6) 2.4 
(0.4)

3.0 (0.5)

Entries show mean and standard error of the mean. Variable names with superscripts showed significant effects for the following:

a
Time effect

b
Smoking Group × Time interaction

c
Smoking Group effect

d
Sex effect

e
Sex × Time interaction

f
Smoking Group × Sex × Time interaction.
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