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Abstract

Adverse childhood experiences (ACE) are associated with greater neuroendocrine responses to
social stress in substance users. The neuropeptide oxytocin might attenuate this relationship. Given
sex differences in ACE exposure and neuroendocrine stress reactivity, it is unknown whether this
association is similar for males and females. Therefore, this secondary analysis evaluated the
interactive effect of sex, ACE, and acute oxytocin administration on neuroendocrine stress
responses in adult cigarette smokers (N=144). Participants completed the Adverse Childhood
Experiences Questionnaire at screening and were randomized to receive intranasal oxytocin or
placebo before undergoing the Trier Social Stress Task (TSST). Cortisol levels were assessed at
pre- and post-medication administration and at 20 and 40 minutes following the TSST.
Generalized linear mixed models were developed to predict post-TSST cortisol levels. Predictors
included treatment assignment (placebo vs. oxytocin), sex (male vs. female), ACE (0-10 total
score), pre-medication cortisol levels, and minutes since medication administration. The
hypothesized three-way interaction between sex, oxytocin, and ACE scores was significant. Linear
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associations between ACE scores and cortisol reactivity indicated higher ACE scores were
associated with attenuated cortisol response in females, regardless of treatment condition. For

males, higher ACE scores were associated with heightened cortisol response, an effect that was

attenuated by oxytocin. Results indicate that the association between ACE and neuroendocrine
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reactivity to social stress, as well as the attenuating effect of oxytocin, is differentially impacted by

sex. Males with greater childhood adversity may be more likely to benefit from oxytocin’s

anxiolytic properties.
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Introduction

Adverse childhood experiences (ACE) are a risk factor for both lifetime and current smoking
status (Hughes et al., 2017), as well as early smoking initiation and heavy cigarette
consumption in adulthood (Anda et al., 1999). Disturbances in hypothalamic-pituitary-
adrenal (HPA) axis regulation may serve as a mechanistic link between adverse childhood
experiences and smoking. More specifically, adults with histories of ACE have greater HPA
responses to stressors (Danese & McEwen, 2012), and neuroendocrine stress-reactivity has
been shown to predict smoking relapse (McKee et al., 2011). However, there are known sex
differences in rates of exposure to ACE, HPA axis activity, and stress-related smoking.
Compared to men, women are more likely to be exposed to ACE, and, once exposed, are at
higher risk for developing mental health and substance use disorders in adulthood
(Cavanaugh et al., 2015). Although smokers generally demonstrate blunted neuroendocrine
reactivity to acute stress compared to non-smokers (Ginty et al., 2014), this effect may be
more pronounced in female smokers than in male smokers and non-smokers (Back et al.,
2008). Female smokers may also be more likely to crave cigarettes in response to acute
stress (Saladin et al., 2012). Therefore, sex differences in ACE and neuroendocrine
responses may play a role in smoking maintenance and relapse.

Oxytocin administration has been shown to attenuate neuroendocrine reactivity to stress in
some samples and is thus considered as a potential pharmacotherapy for substance use
disorders (Lee & Weerts, 2016). Oxytocin acts on stress-specific pathways, such as the HPA
axis, and may normalize both blunted and heightened neuroendocrine responses to stress
(Lee & Weerts, 2016). However, the oxytocin literature has also demonstrated important
individual and contextual variants (such as ACE) influencing its behavioral and
neurobiological effects (Shamay-Tsoory & Abu-Akel, 2016), which may have contributed to
mixed findings regarding oxytocin’s ability to reduce cigarette craving (McClure et al.,
2020; Miller et al., 2016). Preliminary evidence suggests that oxytocin may attenuate the
relations among ACE, stress-reactivity, and substance use. In a study of predominantly male
cocaine users, a higher number of ACE was positively associated with greater
neuroendocrine reactivity following a stressor, and this relation was attenuated by oxytocin
administration (Flanagan et al., 2015). Given the notable sex differences in oxytocin
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outcomes, ACE, HPA axis reactivity, and stress-related smoking, it is unknown whether
oxytocin attenuates neuroendocrine reactivity to stressors similarly for male and female
smokers.

Thus, the overall aim of this exploratory analysis is to examine if the interaction between
ACE and acute oxytocin administration differentially predicts neuroendocrine stress
responses for male and female smokers. For female smokers, ACE were expected to
negatively correlate with neuroendocrine reactivity in the placebo group (Hypothesis #1);
this effect would be attenuated (i.e., a more pronounced cortisol response) in the oxytocin
group (Hypothesis #2) (Back et al., 2008). We hypothesized that for male smokers ACE
would be positively correlated with neuroendocrine reactivity in the placebo group
(Hypothesis #3), and that this effect would be attenuated in the oxytocin group (Hypothesis
#4) (Flanagan et al., 2015).

Material and methods

Participants

Male (n=53) and female (n= 91) adult cigarette smokers were recruited from the
community, and eligible if they were between 18 — 45 years old, smoked an average of = 5
cigarettes/day for at least the past 6 months and submitted a breath carbon monoxide (CO)
sample at screening of at least 5 parts per million (ppm). Because of the aims of the parent
project (McClure et al., 2020), female participants (over-recruited 2:1) were required to have
regular menstrual cycles and could not be on hormonal contraceptives. Individuals were
excluded from study participation if they met criteria for past-month posttraumatic stress
disorder (PTSD).

Written informed consent was obtained prior to study participation. All procedures were
approved by the Institutional Review Board at the Medical University of South Carolina.
Other detailed study and participant information is described elsewhere (McClure et al.,
2020; Tomko et al., 2020). The trial was registered on clinicaltrials.gov (NCT 01576874).

Procedures

This study was part of a larger project involving a screening visit, a 14-day cue reactivity
ecological momentary assessment (CREMA) monitoring phase (Tomko et al., 2020), and an
in-person laboratory visit scheduled for the 15™ day of participation (McClure et al., 2020).
Results herein are based on this lab visit, preceded by overnight abstinence and verified via
breath CO.

Upon arrival to the lab visit and following collection of salivary cortisol, participants were
administered an intranasal dose of 40 1Us of oxytocin or matching placebo (between-
subjects design) nasal spray under research staff supervision at approximately 12:00pm.
Oxytocin dosing was based on previous work using similar doses of 40 1Us in human
laboratory studies (Ditzen et al., 2009; McRae-Clark, Baker, Maria, & Brady, 2013). The
social stressor used in this study was the Trier Social Stress Test (TSST; Kirschbaum, Pirke,
& Hellhammer, 1993). The TSST began at approximately 12:40pm and included preparation
for a speech (5 minutes), public speaking (5 minutes), and a mental arithmetic (5 minutes)
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tasks that were completed in front of an audience of three confederates unknown to the
participant. Post-medication cortisol levels were assessed ten minutes prior to the start of the
TSST (TSST-10), concurrent with TSST (TSST+0), and again at +20 and +40 minutes
following the TSST (TSST+20, TSST+40). Although not the focus of the present study, a
smoking resistance task began immediately following completion of the TSST and
overlapped with collection of cortisol samples. Participants were given the option to smoke
during the task but received financial incentives to delay smoking. A figure depicting study
procedures during the lab visit relevant to the current analyses is included in the
supplemental materials.

2.3. Measures

2.3.1. Screening Assessments—Standard demographic, medical and psychiatric
histories, previous smoking history, and current smoking patterns were gathered at the
screening visit (McClure et al., 2020).1

2.3.2. Self-Report Measures—The Adverse Childhood Experiences (ACE) Survey is a
10-item questionnaire used to assess experiences of childhood abuse (emotional, physical,
sexual), neglect (emotional and physical), and exposure to household dysfunction (divorce,
intimate partner violence, substance use, mental illness, incarceration; Felitti et al., 1998).
Participants endorse (yes/no) any exposure to each item. The total ACE score reflects a sum
of all items endorsed (range 0-10; Cronbach’s a= 0.78). ACE scores were then
dichotomized for post hoc analyses (0 = no items endorsed or ACE- and 1 = one or more
items endorsed or ACE+).

2.3.3. Neuroendocrine Assays—Cortisol levels (ug/dl) were assessed via passive
drool salivary samples collected at five time points: pre-medication and surrounding TSST
administration (=10, 0, +20, +40 minutes).

2.4. Data Analytic Plan

Descriptive statistics were used to summarize baseline sample demographic and clinical
characteristics. Group differences in continuous characteristics were assessed using a
Wilcoxon Rank-Sum test and differences in categorical characteristics were assessed using
Pearson chi-square tests. To assess the associations between individual baseline
characteristics (sex, treatment condition, ACE) and post-medication cortisol levels,
longitudinal generalized linear mixed effect regression models (GLMM) were developed;
characteristics associated with the outcome were considered as initial covariates in adjusted
model development. A GLMM was used to test the primary aim (Hypotheses #1-4) that
oxytocin moderates the relationship between ACE and cortisol response differentially by
sex. Predictors in initial models included main effects of sex (male=1, female=0), treatment
condition (oxytocin=1, placebo=0), total ACE score, study visit timing (TSST-10, TSST+0,
TSST+20, TSST+40), pre-medication cortisol level, and all relevant interactions. Non-

1As described in McClure et al., 2020, the MINI International Neuropsychiatric Interview (Sheehan et al., 1998) was used at screening
to assess psychiatric disorders per DSM-1V criteria. Twenty individuals were excluded from participation due to meeting DSM-I1V
criteria for serious or unstable medical or psychiatric disorders that, in the judgment of the study physician, may have interfered with

study completion.
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significant higher-order interactions were dropped from the model. GLMMs can account for
the fact that the data are nested within individuals (i.e., multiple time points per individual)
and that individuals had varying numbers of observations. Residual Maximum Likelihood
was used for variance estimation and an unstructured covariance was used as determined by
best fit (versus Toeplitz, compound symmetry, or autoregressive, as determined by Akaike’s
information criterion). Cortisol was right-skewed and, therefore, was log10-transformed to
ensure model assumptions of normally distributed residuals and homoscedasticity were met.
Analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA). Study data
collection and management were performed via REDCap electronic data capture platform
(Harris et al., 2009). Significance was assessed at a = .05 and adjustments for multiple
testing were not applied to the reported p-values. All presented parameter estimates are
unstandardized.

If a participant smoked a cigarette following the TSST and before the TSST+40 time point,
subsequent data points from that participant were excluded (11.5% of all data points) as to
not confound smoking and TSST response (McClure et al., 2020).

3. Results

3.1 Participants

Participants included 144 daily smokers (Mage=31.0; SDage=7.4; 63.2% female). Detailed
information regarding differences in demographic, smoking, and clinical characteristics by
medication assignment and sex are included in the supplemental materials and summarized
elsewhere (McClure et al., 2020). Briefly, more females than males in the oxytocin condition
reported their race as white. Females who received oxytocin also reported a longer history of
regular smoking than males. In the placebo condition, males reported fewer ACE and
demonstrated higher baseline cortisol levels than females. ACE scores and baseline cortisol
levels and did not significantly differ for males and females in the oxytocin condition.
Condition and sex differences were not observed past-month average cigarettes per day.

3.2 Univariate Associations of Sex, Oxytocin, and Adverse Childhood Experiences on
Cortisol Response

Cortisol levels significantly increased following completion of the TSST (TSST+0: &=
-0.01, SE=0.02, =-0.49, p=.63; TSST+20: b= 0.06, SE= 0.02, = 3.94, p< .001; TSST
+40: b= 0.08, SE=0.01, = 6.14, p< .001). Consistent with McClure et al. (2020), cortisol
responses following the TSST significantly differed by sex (6= -0.09, S£= 0.03, t= —3.38,
p=.001), with males demonstrating higher post-TSST cortisol levels than females when
controlling for pre-medication cortisol levels. Cortisol reactivity post-TSST did not differ by
medication administration (6= —-0.01, S£= 0.03, t= -0.42, p=.68) and was not associated
with ACE scores (4= -0.01, SE= 0.01, &= -1.63, p= .11).2

2n addition to cortisol responses, subjective measures of self-reported stress and craving were assessed throughout the lab visit
(McClure et al., 2020). When examined by treatment condition, sex differences in the oxytocin and placebo groups failed to achieve
statistical significance for both self-reported craving (p=.49) and stress (p=.30) following the TSST.
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Interactive Effect of Sex, Oxytocin, and ACE on Cortisol Response

The overarching hypothesis that oxytocin moderates the relationship between ACE and
cortisol response differentially by sex was tested using a three-way interaction (sex,
treatment condition, and ACE). The interaction term was significantly associated with post-
TSST cortisol reactivity (b= -0.07, SE= 0.03, &= -2.14, p=.03). To assist in visualization of
the interaction, linear associations between ACE scores and model-predicted, time naive
cortisol responses are shown in Figure 1A for males and 1B for females. For females, higher
ACE scores were associated with attenuated cortisol response to the TSST, regardless of
treatment condition (Hypotheses #1, 2). The pattern for males was in the opposite direction;
higher ACE scores were associated with heightened cortisol response, particularly in the
placebo group (Hypothesis #3). This effect was attenuated among males randomized to the
oxytocin group (Hypothesis #4). No other higher-order interactions were statistically
significant.

To further aid in interpretation of the three-way association among sex, treatment condition,
and ACE on post-TSST cortisol reactivity, we conducted a separate post-hoc model with
ACE score as a binary predictor (0 vs. =1 items endorsed, see above). Figure 2 shows the
model adjusted means for males (Panel A) and females (Panel B) with all higher-order
interaction terms between sex, ACE score, treatment, and time in the model. Though the
three-way and four-way higher-order interactions were not significant in the model with
dichotomized ACE scores (ACE-/+; all ps>0.20), at TSST+20 and TSST+40 there was a
trend such that males with ACE exposure (ACE+) showed attenuated cortisol response when
administered oxytocin relative to placebo (TSST+20: 6=0.16, SE= 0.09, £ 1.78, o= 0.08;
TSST+40: b= 0.15, S£=0.08, = 1.97, o= 0.051).

4. Discussion

This exploratory analysis examined if the relation between ACE and oxytocin administration
differentially predicted neuroendocrine stress responses for male and female smokers. In line
with findings from past studies (Gilmore et al., 2019; Liu et al., 2017), our results suggest
that males demonstrated higher post-TSST cortisol levels than females. Further, greater ACE
were related to reduced neuroendocrine reactivity in female smokers and /increased reactivity
in male smokers, consistent with our hypotheses and prior literature (Back et al., 2008;
Flanagan et al., 2015). Oxytocin’s attenuating effect on neuroendocrine reactivity was only
evident for male smokers and was more pronounced among males with higher ACE scores.
A similar pattern of results has been demonstrated for oxytocin’s effect on drug cue
reactivity among cocaine-dependent men with childhood trauma exposure (Joseph et al.,
2020).

The current findings have important clinical implications for the use of oxytocin as a
potential pharmacotherapy for tobacco use. Individuals with specific vulnerability factors
(i.e., male smokers with ACE) that alter neurobiological processes and increase
neuroendocrine reactivity to acute stress may benefit from oxytocin administration.
Moreover, discrepant findings from past studies on oxytocin’s effects on cigarette craving
and smoking may have been related to sex differences in neuroendocrine responses and/or
variability in responses due to unmeasured adversity histories (McClure et al., 2020; Miller
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et al., 2016). Future research on oxytocin’s effectiveness as a potential pharmacotherapy for
smoking and other substance use disorders should consider the differential influence of sex
and ACE (Shamay-Tsoory & Abu-Akel, 2016).

Although this study used a double-blind, placebo-controlled design and was adequately
powered to examine sex differences (McClure et al., 2020), a notable limitation to the
current analysis is that current PTSD diagnoses were an exclusionary criterion and only
8.3% of the participants met criteria for lifetime PTSD, potentially limiting ACE score
variability in our sample. Future studies are needed to extend these findings to an adversity-
exposed sample with PTSD symptoms or other forms of ACE-related psychopathology.
Moreover, future studies should consider evaluating the relations among sex, ACE, and
oxytocin on other markers of neuroendocrine reactivity (e.g., dehydroepiandrosterone,
adrenocorticotropic hormone), as well as physiological, subjective, and behavioral responses
to stress in smokers.

5. Conclusions

The present study contributes to the existing literature by indicating that the relationship
between ACE and smokers’ neuroendocrine reactivity to social stress, as well as the effects
of oxytocin, is differentially impacted by sex. Although preliminary, results suggest that
males with greater ACE may be more likely to benefit from oxytocin administration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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