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The interaction of oxytocin and nicotine addiction on
psychosocial stress: an fMRI study
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The anxiolytic effect of oxytocin (OXT) on psychosocial stress has been well documented, but the effectiveness under the
interference of other factors still requires in-depth research. Previous studies have shown that nicotine addiction interacts with OXT
on psychosocial stress on the behavioral level. However, the underlying neural mechanism of interaction between OXT and nicotine
addiction on psychosocial stress has not been examined, and we conducted two experiments to reveal it. Firstly, after intranasal
administration of randomized OXT or placebo (saline), a group of healthy participants (n =27) and a group of smokers (n = 26)
completed the Montreal Imaging Stress Task (MIST) in an MRI scanner. Secondly, a group of smokers (n = 22) was recruited to
complete a transcranial direct current stimulation (tDCS) experiment, in which anodal tDCS was applied on subjects’ anterior right
superior temporal gyrus (rSTG). In both experiment, subjective stress ratings, salivary cortisol samples and the amount of daily
cigarette consumption were obtained from each participant. Analysis of variance were applied on both behavioral and neural data
to examine the effects of OXT and nicotine addiction, and correlation analysis were used to examine relationships between neural
and behavioral data. In first fMRI experiment, analysis of variance (ANOVA) revealed an interaction of OXT and nicotine addiction on
subjective stress. In smokers, OXT failed to suppress the elevation of subjective stress and craving ratings after psychosocial stress. A
voxel-wise ANOVA of fMRI data identified an interaction between OXT and nicotine addiction in anterior rSTG, and its functional
connectivity with right middle frontal gyrus. Correlations between this functional connectivity and subjective psychosocial stress
were also found abnormal in smokers. In second tDCS experiment, we found that under tDCS, OXT successfully suppressed the
elevation of subjective stress and craving ratings after stress. In summary, we found that nicotine addiction blocked OXT's anxiolytic

on psychosocial stress, which was related to abnormalities in anterior rSTG. By applying anodal tDCS on anterior rSTG, OXT's
anxiolytic effect was restored in smokers. These findings will support further development on oxytocin’s intervention of
psychosocial stress in nicotine addiction, and provides essential information for indicating OXT's effectiveness.
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INTRODUCTION
The anxiolytic effect of oxytocin (OXT) on psychosocial stress has
been well documented. Acute intranasal administration of
oxytocin reduces both subjective and neuroendocrine responses
to psychosocial stress [1, 2]. However, there is still a need for
further in-depth research to fully understand the effectiveness of
OXT on psychosocial stress [3]. Additionally, various factors, such
as substance use, can interact with OXT's anxiolytic effect [4, 5].
Investigating the neural basis of these factors can shed light on
the neural mechanisms of OXT and help with OXT's modulation
for psychosocial stress.

Nicotine addiction is one of the factors that interacts with
OXT on psychosocial stress. In nicotine addicts, craving is often
provoked by psychosocial stress, and responses to psychosocial

stress are also affected by nicotine addiction. Smokers typically
have a blunted cortisol response compared to non-smokers in
response to psychosocial stress [6]. Another study has shown
that smokers have a disordered subjective anxiety response to
acute stress [7]. Since OXT and nicotine addiction both impact
the psychosocial stress system, nicotine addiction has the
potential to interact with OXT. Recent studies have shown that
the administration of OXT did not attenuate stress reactivity or
subjective responses to smoking compared to a placebo. These
findings indicate an alteration of OXT's anxiolytic effect by
nicotine addiction in smokers [8, 9]. Investigating the effects
and interaction of OXT and nicotine addiction is essential in
determining the effectiveness of OXT modulation for psycho-
social stress, particularly for smokers. However, there is
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currently a lack of investigations on both neural and behavioral
levels.

Previous research revealed that intranasal oxytocin alters
activity in a large area of the brain’s social and stress system in
psychosocial stress-inducing tasks, including the limbic area,
medial prefrontal cortex and temporal cortex [10-12]. It has been
suggested that OXT regulates the sensitivity of the HPA axis under
psychosocial stress conditions through its actions on the limbic
area, which possess high levels of OXT receptors. Brain regions
such as the prefrontal cortex and superior temporal gyrus (STG)
have also been found to be altered by oxytocin. These regions are
essential for processing social information and are likely asso-
ciated with subjective feelings of psychosocial stress [13-16].

In the realm of nicotine addiction, research has shown that a
significant portion of the brain is affected, particularly in areas
such as the prefrontal cortex and superior temporal gyrus, with
the extent of damage being associated with the number of
cigarettes consumed [17]. Additionally, resting-state fMRI exam-
inations have revealed heightened fractional amplitude of low-
frequency fluctuation (fALFF) in regions such as the left limbic
lobe, right superior temporal gyrus, and right prefrontal cortex
[18]. It has also been observed that nicotine deprivation can alter
neural activity in various brain areas during psychosocial tasks,
such as the prefrontal cortex and precuneus [19]. These findings
collectively suggest that nicotine addiction has a widespread
impact on the brain.

Given these findings, we assumed that responses to psychoso-
cial stress in nicotine addicts should be abnormal, and functions of
the overlapping brain areas of OXT's anxiolytic effect and nicotine
addiction are essential for the effects and interaction of OXT and
nicotine addiction. These overlapping areas include the prefrontal
cortices, limbic lobes, and superior temporal gyrus. In present
study, we first conducted a within-subject double-blinded fMRI
experiment, in which we recruited a group of healthy individuals
and a group of smokers. Through the collection of subjective and
physiological responses to psychosocial stress, indexes of nicotine
addiction, and fMRI data, we were able to examine the effects and
interaction between OXT and nicotine addiction on both
behavioral and neural responses to psychosocial stress. We further
evaluated the relationships between behavioral and neural
responses related to this interaction. Additionally, we conducted
a second transcranial direct current stimulation (tDCS) experiment
to provide more causal evidence of our results.

METHODS AND MATERIALS

Participants

Needed sample size was calculated using G*power 3.1 software. We
assumed a medium effect size (Cohen’s f=0.25). A total sample size of
36 subjects was needed to detect a reliable effect with an alpha probability
of 0.05 in a repeated-measures ANOVA.

A total of 58 male adults (age 18-50) participated in our first fMRI study,
including 28 healthy controls (HCs) and 30 smokers (SMOs). One healthy
participant and 4 smokers were excluded due to excessive head
movement (more than 10% repetition times (TRs) with large motion
(=0.3 mm) censored). A total of 22 male smokers (age 18-50) participated in
our second tDCS experiment. This study was approved by the Human
Research Ethics Committee of the University of Science and Technology of
China, and written informed consent was obtained from all participants
before the experiments were conducted.

Inclusion and exclusion criteria

Healthy controls were excluded with any current or past psychiatric
disorders, including a specific phobia or past alcohol or nicotine abuse.
Smokers were required to meet the following criteria: (1) smoke an
average of 10 cigarettes/day for at least 2 years and (2) score = 2 in the
Fagerstrom Test of Nicotine Dependence (FTND; [20]), verified by expired
breath CO (=5 ppm) before the experiments. Smokers with other mental
illnesses, substance abuse, and cardiovascular disease were excluded.
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Participants with magnetic resonance contraindications were also
excluded.

Procedure
In the first fMRI experiment, each participant first completed an online
questionnaire including the FTND, state-trait anxiety inventory (STAI), and
additional demographic and eligibility questions [21]. Smokers were
instructed to smoke one cigarette two hours before starting each
experiment.

Figure 1A depicts a schematic representation of the experimental
procedure. All participants participated in two fMRI sessions in this double-
blind randomized placebo-controlled within-subjects pharmaco-fMRI
study. During each session, participants self-administered a single dose
of 24 international units (IU) of random-ordered OXT (Defeng Pharmaceu-
tical Co. Ltd, Sichuan, China) or a PLC nasal spray (Saline; Defeng
Pharmaceutical Co. Ltd, Sichuan, China) consisting of three puffs per nostril
prior to entering the scanner. The timing of treatment administration was
based on previous pharmaco-kinetic studies [22], and occurred
45-55 minutes before stress induction.

The subsequent MRI acquisition included four Montreal Imaging Stress
Task (MIST) runs lasting 6 min 30 s each, with 6-minutes-long resting-state
scans performed both before and after the MIST runs [23]. After the first
resting-state and four MIST runs, the scanner bed was moved out to collect
participants’ subjective stress ratings and salivary samples.

To provide more evidence of results of the first fMRI experiment, we
recruited a group of smokers and performed a second tDCS experiment. All
participants completed four sessions in a double-blind randomized
placebo-controlled within-subjects pharmaco-tDCS study. During each
session, participants self-administered a single dose of 24 international
units (IU) of random-ordered OXT (Defeng Pharmaceutical Co. Ltd, Sichuan,
China) or a PLC nasal spray (Saline; Defeng Pharmaceutical Co. Ltd,
Sichuan, China) consisting of three puffs per nostril before MIST task. After
self-administration of nasal spray and 10 minutes of rest, a 20-minutes-long
anodal tDCS or sham stimulation was random-ordered given to the
participants. After the stimulation, participants completed four MIST runs,
same as the first experiment. Figure 1B provides a schematic overview of
the second experimental protocol. See more details in Supporting
Information.

Stress task design

Participants completed the Montreal Imaging Stress Task (MIST) paradigm
while undergoing fMRI scanning [23]. The MIST is a computer program that
displays a mental arithmetic task, a rotary dial for the submission of
responses, and a text field that provides feedback on the submitted
response. The task was block-designed and contained three conditions:
Rest, Control, and Stress (Fig. 1C). Based on previous pharmaco-kinetic
studies’ findings of intranasal oxytocin that changes it induced were
sustained after treatment for over an hour (25-78 min), with a peak
response at around 45 min [22], and other research which pointed out that
oxytocin may facilitate active stress coping behaviors [44], participants
were induced to psychosocial stress continuously for a period of
20 minutes, starting 45-55 minutes posttreatment. The paradigm com-
prised two control and two stress runs, consistent with previous studies
[24, 25]. In addition, participants were instructed to complete one control
run as a training run before each experiment. The composition of each run
is shown in Fig. 1D.

During rest runs, participants focused on a screen displaying no task. In
the control runs, participants engaged in arithmetic problem-solving by
rotating the dial, with the understanding that their performance was not
being recorded. In contrast, during the stress runs, participants were
required to complete the problems within a limited timeframe. In the
meantime, a performance that a participant could realistically achieve was
described as the ‘average performance’ of the group, and a real-time
performance comparison of the participants’ performance with ‘average
performance’ was provided.

The initial difficulty level was determined based on participants’
accuracy during the training run. The MIST offers six levels of difficulty.
For the training task, the difficulty was initially set at ‘level 4’ that involved
arithmetic problems with up to four integers, including up to two two-digit
numbers (example: 5%12-55). If participants achieved below 80% accuracy
during the training task, the problem difficulty in the scanner was reduced
to ‘level 3'. In the experimental condition, the difficulty was set at ‘level 4,
and the allotted time per problem was adjusted dynamically based on
participants’ performance. The goal was to ensure that their accuracy
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Design of the first fMRI experiment. Schematic diagram of the first fMRI experiment (A) and second tDCS experiment (B). The
estimated time points of VAS, salivary sample collection and each MIST run are shown. The user interface of the Rest, Control and
Experimental conditions of the MIST. C Each run consisted of two sets of the 60 s rest condition followed by 120 s math problem-solving
condition. D STAI state-trait anxiety inventory, FTND Fagerstrom Test of Nicotine Dependence, MIST Montreal Imaging Stress Task, VAS visual
analog scale, RS resting-state, CR control run, SR stress run, OXT oxytocin, PLC placebo, tDCS transcranial direct current stimulation.
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remained low, but the task was still manageable enough for them to
continue. During each experimental task, if participants had an accuracy
above 50%, the time allowed per problem was decreased to increase task
difficulty. Conversely, when accuracy fell below 50%, participants were
given more time to solve the problems [23].

In the experimental condition, feedback for participants’ answers was
presented (‘incorrect’, ‘correct’ or ‘out of time!’). They were instructed that
the bar shown at the top of the interface represented their own
performance and the performance of others with superior ‘average
performance’. The MIST induced ‘achievement stress’ through this
comparison. At the end of each run, researchers provided negative
feedback, informing participants that their performance fell below average
and encouraging them to pay closer attention and give their best effort.
Participants were also reminded that there was a required minimum
performance and his or her performance must be close or equal to
average. Researchers also reminded participants that the investigator and
colleagues were monitoring their performance even when outside the
scanner room. After completing the experiment, participants were
debriefed about the nature of the task and informed that they had
actually performed well.

Salivary cortisol

Salivary cortisol was collected as indicated in Fig. 1A, B. Samples were
stored at -20°C until they were assayed for cortisol using an enzyme-linked
immunosorbent assay (ELISA; assayed at Sangon Biotech Co., Ltd, Wuhan,
China). See more details in Supporting Information.

Subjective report ratings

Subjective stress and craving ratings were collected as indicated in Fig.
1A, B. All participants completed an adapted version of the visual analog
scale (VAS). They were presented with a horizontal line representing a ten-
point mood scale, in which 0 represented calm and 10 represented
extremely stressed. Participants were instructed to provide a score
between 0 and 10 that best described their current stress state. See more
details in Supporting Information.

Transcranial direct current stimulation

During the tDCS session, participants underwent 20 minutes of stimulation
with a current intensity of 1.5 mA. The current was delivered by means of
rubber electrodes embedded in sponges soaked in saline solution, which
were secured in place using two rubber straps. In accordance with the EEG
10-20 system, the anodal electrode (4.5x6 cm=27 cm?) was positioned
over the right anterior superior temporal gyrus (STG) at electrode site FT8.
Conversely, the cathodal electrode (4.5 x 6 cm=27 cm?) was positioned
above the left eye.

For anodal stimulations targeting the right anterior STG, a total of
1200 seconds (20 minutes) of continuous stimulation were administered,
with an additional 30 seconds for gradual fade-in and another 30 seconds
for fade-out. In the case of sham stimulation, a 30-second fade-in and a 30-
second fade-out period were applied without any actual stimulation.

Behavioral analyses

In first fMRI experiment, separate 2 (treatment: PLC and OXT) x 2 (group:
HC and SMO) x 2 (time: stress run 1 and stress run 2) repeated-measures
ANOVAs were used to identify the main and interaction effects of
treatment, time and group on the changes in the subjective stress ratings
and salivary cortisol levels. Regarding subjective craving ratings, paired
t-test was used to measure the changes between OXT and PLC
administration separately in stress run 1 and 2. In second tDCS experiment,
separate 2 (treatment: PLC and OXT) x 2 (stimulation: tDCS and sham) x 2
(time: stress run 1 and stress run 2) repeated-measures ANOVAs were used
to identify the main and interaction effects of treatment, time and
stimulation on the changes in the subjective ratings and salivary cortisol
levels. Further post hoc t-tests were conducted for within-subject and
between-group difference detection. Analyses were conducted using SPSS
(version 24.0; IBM SPSS Statistics, Armonk, NY, USA).

fMRI data analyses

fMRI images were preprocessed and analyzed using the standard
procedure in Analysis of Functional Neurolmages (AFNI; https://
afni.nimh.nih.gov/; [26, 27]). Evoked blood oxygen level-dependent (BOLD)
activity was estimated for each run and participant by constructing a
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general linear model (GLM) that convolved the regressors with the
canonical hemodynamic response function (HRF).

A voxelwise 2 (Treatment: PLC and OXT) x 2 (Group: HC and SMO) x 2
(Time: stress run 1 and stress run 2) repeated-measures ANOVA (stress >
control) was conducted on the whole brain [28]. The significance threshold
was set to p< 0.001, and multiple comparisons were corrected using the
program ‘3dFDR’ and ‘3dClustSim’ in AFNI. FDR-corrected threshold of p<
0.05 and a minimum cluster size of 60 voxels was set. Clusters with
interactions were identified. After whole-brain voxelwise repeated-
measures ANOVA was done, masks of regions of interest (ROls) were
created using Automated Anatomic Labeling (AAL) atlas. Coordinates of
the center of mass of the four brain regions which had Treat x Group
interaction were identified, and the corresponding four regions in AAL
were extracted to create the ROl masks [29].

To inspect context-distinct variations in functional connectivity between
ROIs and the rest of the brain, we conducted psychophysiological
interaction (PPI) assessment at whole-brain level using anterior right STG
as our seed region. Functional connectivities were Fisher-z transformed,
and changes between two stress runs were pooled into a voxelwise 2
(Treatment: PLC and OXT) x 2 (Group: HC and SMO) x 2 (Time: stress run 1
and stress run 2) repeated-measures ANOVA for investigations for OXT and
nicotine addiction’s effect on the functional connectivities (FDR-corrected
threshold of p< 0.05 and a minimum cluster size of 60 voxels was set using
program ‘3dFDR’ and ‘3dClustSim’). After that, post hoc t-tests were
conducted for within-subject and between-group difference detection. See
more details in Supporting Information.

Associations between neural and behavioral or

physiological data

Pearson correlations were calculated to investigate relationships between
neural and behavioral data. Between-group correlation differences were
tested using Fisher's z-tests. The significance threshold was set at p < 0.05,
Bonferroni corrected. See more details in Supporting Information.

RESULTS

Demographics and smoking characteristics

A total of 27 healthy control participants (HCs) and 26 smokers
(SMOs) completed two sessions of fMRI experiments. There were
no significant differences between HCs and SMOs in age, years of
education, or anxiety levels, as assessed by the State-Trait Anxiety
Inventory (STAI). A total of 22 smokers completed four sessions of
tDCS experiments. None of the participants reported awareness of
the existence of a placebo. Indexes of nicotine addiction and
demographic characteristics are shown in Table 1.

Experiment I: Effects of oxytocin and nicotine addiction on
subjective ratings and salivary cortisol

After each MIST run, we collected participants’ subjective stress
ratings and samples of salivary cortisol. Changes in subjective
stress ratings and salivary cortisol were included in 2 (Treatment:
PLC and OXT) x 2 (Group: HC and SMO) x 2 (Time: stress run 1
and stress run 2) repeated-measures ANOVAs (N = 53).

There was a significant main effect of Time (F;, s1)=6.340,
p =0.015), along with a significant Treatment x Group x Time
interaction (F, 51)=4.512, p=0.039; Fig. 2A) in changes of
subjective stress. In stress run 1, in smokers, post hoc examinations
revealed a larger elevation of subjective stress after OXT than after
PLC (ty5 =3.275, p=0.002). In healthy participants, there was a
smaller elevation of subjective stress after OXT than after PLC
administration (t,g =-2.576, p =0.016). In stress run 2, smokers
showed a larger elevation of subjective stress after OXT than PLC
administration (t;s =2.478, p=0.020). In healthy participants,
there was a smaller elevation of subjective stress after OXT than
PLC administration (t,e =-3.502, p=0.002). Examinations of
between-group difference revealed a smaller elevation of
subjective stress after PLC administration in smokers than in
healthy participants in stress run 2 (ts; = 2.449, p =0.018).

After collecting subjective stress ratings, we collected partici-
pants’ salivary cortisol samples. We observed significant main

Translational Psychiatry (2024)14:348
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Table 1. Demographics and smoking characteristics.
Experiment | Experiment Il
Characteristics HC? (n = 27) Mean + SEM SMo® (n = 26) Mean + SEM p SMO (n = 22) Mean + SEM
Age 23.74+0.57 25.42 +£0.85 0.103 26.68 £ 1.41
Education 16.38 £0.38 15.65+0.29 0.135 15.50£0.53
STAI-S¢ 37.67 +1.84 39.92 +1.81 0.387 38.95+1.84
STAI-T¢ 42.00+1.77 45.96 + 1.86 0.128 4223+1.85
FTND® - 4.56 +0.37 - 5.05+0.32
cPDf - 21.41£2.12 - 20.55 +0.87
Smoking years - 7.96 + 0.89 - 9.00+1.16
?HC: Healthy control
PSMO: smokers
°STAI-S: State-Trait Anxiety Inventory-State
9dSTAI-T: State-Trait Anxiety Inventory-Trait
®FTND: Fagerstrom Test of Nicotine Dependence
fCPD: cigarettes per day
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Fig. 2 Effects of oxytocin and nicotine addiction on subjective ratings and salivary cortisol levels. Changes in subjective stress ratings (A),
salivary cortisol levels (B) and subjective craving ratings (C) in stress run 1 and stress run 2. An interaction between OXT and nicotine addiction
occurred in subjective stress but not in salivary cortisol. HC: healthy participants group (n = 27); SMO: smokers group (n = 26); PLC placebo,

OXT oxytocin; *p < 0.05; **p < 0.01; ***p < 0.001.

effects of treatment (F; s1)=14.598, p<0.001), time (Fy, s1)
=95.540, p < 0.001) and group (F(;, 51y = 5.428, p = 0.024), but no
significant interaction. Post hoc examinations showed no sig-
nificant within-subject or between-group differences in salivary
cortisol changes in stress run 1. In stress run 2, there were
significant drops in salivary cortisol after OXT administration, both
in healthy participants (t, =-2.574, p=0.016) and smokers
(tys = -2.686, p = 0.013; Fig. 2B).

Regarding subjective craving ratings, we found no difference
between OXT and PLC administration, both in stress run 1 or 2
(Fig. 2Q).

Experiment I: Effects of oxytocin and nicotine addiction on
psychosocial stress in the whole brain

A voxelwise 2 (Treatment: PLC and OXT) x 2 (Group: HC and SMO)
x 2 (Time: stress run 1 and stress run 2) repeated-measures
ANOVA (stress > control) was conducted on the whole brain.
There were significant Treatment x Group interactions in four
brain regions: the anterior right superior temporal gyrus (rSTG),
medial frontal gyrus, right lentiform nucleus / inferior frontal
gyrus, and right parahippocampal gyrus (FDR corrected p < 0.05
with a minimum cluster size of 60 voxels; Table 2; Fig. S1). Neural
activities of these four brain regions were extracted by using AAL-
defined masks. Examinations of difference showed that in stress
run 2, changes in anterior rSTG activity in healthy participants

Translational Psychiatry (2024)14:348

were lower after OXT than after PLC administration (t,e =-2.057,
p = 0.050). Examinations of group difference showed that changes
in anterior rSTG activity were lower in smokers than in healthy
participants after PLC administration (ts; =-3.435, p =0.001; Fig.
3A), and in a different direction of activation. The results of the ROI
analysis of the other three brain regions (medial frontal gyrus,
right lentiform nucleus/right inferior frontal gyrus and right
parahippocampal gyrus) are shown in Fig. S2.

Next, we conducted correlation analysis to investigate relation-
ships between the neural activities and the behavioral data. In
stress run 2, changes in anterior rSTG activity were inversely
associated with daily cigarette consumption after administration
of PLC in smokers (r=-0.429, p=0.029; Fig. 3B). Changes in
anterior rSTG activity in stress run 2 were positively associated
with changes in salivary cortisol after administration of PLC in
healthy participants (r=0.420, p=0.029; Fig. 3C). Associations
between neural activity and behavioral data including indexes of
nicotine addiction and psychosocial stress were not observed
simultaneously in the medial frontal gyrus, right lentiform
nucleus/right inferior frontal gyrus or right parahippocampal
gyrus.

We also investigated the changes in anterior rSTG activity
between two stress runs and their relationships with behavioral
data. In stress run 2, changes in anterior rSTG activity were
inversely associated with daily cigarette consumption after

SPRINGER NATURE
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Table 2. Brain areas revealed significant Treatment x Group interactions.
Region® Voxels CMass® x° CMass y CMass z Peak z
Treatment x Group
R anterior superior temporal g 274 —40 —14 —-22 5.199
Medial frontal g 263 —1 —42 +25 4.866
R lentifrom nucleus/R Inferior frontal g 167 -29 -17 -1 4.387
R parahippocampal g 123 —28 +19 -17 4.775
2Clusterwise corrected > 60 voxels, corrected p < 0.05.
PCMass: center of mass.
“Talaraich/Tourneaux coordinates.
dg: gyrus. Regions listed survived multiple-comparisons correction.
A Right anterior STG B C
*k Stress Run 2 Stress Run 2
*
= 0.5 4
g 06 2 . ° 2 *r=0.420, p=0.029
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Fig. 3 Effects of oxytocin and nicotine addiction on psychosocial stress in anterior superior temporal gyrus. Changes in anterior right
superior temporal gyrus (rSTG) activation in stress runs 1 and 2 (A). The changes in beta estimates of the anterior rSTG in stress run 2 were
inversely correlated with an index of nicotine addiction after PLC administration (B). In the HC group, changes in beta estimates of the anterior
rSTG were positively associated with changes in salivary cortisol after the administration of PLC in stress run 2 (C). In the SMO group, between-
run changes in beta estimates of the anterior rSTG were inversely correlated with an index of nicotine addiction after PLC administration (D).
Between-runs changes in the beta value of the anterior rSTG were positively associated with changes in subjective stress ratings after
administration of PLC, which was significantly differently directed in the SMO group (E). HC: healthy participants group (n = 27); SMO: smoker

group (n = 26); PLC: placebo; OXT: oxytocin; *p < 0.05; **p < 0.01.

administration of PLC in smokers (r =-0.447, p =0.022; Fig. 3D).
Changes in anterior rSTG activity were positively associated with
changes in subjective stress ratings when treated with PLC in
healthy participants(r =0.396, p =0.041). This correlation was
significantly differently directed in smokers (Fisher's z=2.55,
p = 0.022, two-tailed; Fig. 3E).

Experiment I: Effects of oxytocin and nicotine addiction on
anterior rSTG's functional connectivity with stress-related
brain regions

We performed psychophysiological interaction (PPI) analysis using
the anterior rSTG as the seed regions at the whole-brain level.
A voxelwise 2 (Treatment: PLC and OXT) x 2 (Group: HC and SMO)
x 2 (Time: stress run 1 and stress run 2) repeated-measures
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ANOVA revealed a significant main effect of Group in anterior
rSTG's functional connectivities with right thalamus (rTHA, peak
coordinates in the talaraich space: [-17, 19, 2]). A significant
Treatment x Group interaction was also detected in right
precuneus (rPCu, peak coordinates in the talaraich space: [-11,
61, 26]) and right middle frontal gyrus (rMFG, peak coordinates in
the talaraich space: [-23, -17, 38]; FDR corrected p <0.05 with a
minimum cluster size of 60 voxels). Subsequent difference
examinations revealed that in stress run 1, OXT administration
significantly strengthened anterior rSTG-rMFG connectivity in
healthy participants (tye =2.464, p=0.021) but weakened this
connectivity in smokers (tys =-4.124, p <0.001), compared with
PLC. This effect was not significant in stress run 2. Examinations of
between group difference revealed that in both stress runs,
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Fig. 4 Effects of oxytocin and addiction on the functional connectivity between the anterior superior temporal gyrus and right middle
frontal gyrus. Changes in functional connectivity between the anterior rSTG and right middle frontal gyrus (rMFG) in stress runs 1 and 2 (A). In
0 2, changes in the coupling of the anterior rSTG and rMFG were positively associated with changes in subjective stress in healthy participants
after the administration of PLC (B). After OXT administration, changes in functional connectivity between the anterior rSTG and rMFG showed
differently directed associations with changes in subjective stress ratings in HCs and smokers (C). Between-run changes in anterior rSTG-rMFG
coupling were positively associated with daily cigarette consumption in smokers after PLC administration (D). After the administration of PLC,
between-run changes in functional connectivity between the anterior rSTG and rMFG showed the same directed but nearly different
associations with changes in subjective stress ratings in the HC and SMO groups (E) but showed differently directed associations with changes
in subjective stress ratings in HCs and smokers after the administration of OXT (F). HC: healthy participants group (n = 27); SMO: smokers
group (n = 26); PLC: placebo; OXT: oxytocin; *p < 0.05; **p < 0.01.

compared with healthy participants, changes in coupling between Further, we calculated changes in the coupling of the anterior
the anterior rSTG and rMFG were lower in smokers after OXT rSTG and rMFG between two stress runs and examined their
administration (stress run 1: ts; =-4.165, p <0.001; stress run 2: relationships with behavioral data. In smokers, we found that
ts; =-2.147, p = 0.037; Fig. 4A). Changes in coupling between the changes in coupling of anterior rSTG and rMFG after administra-
anterior rSTG and rPCu are shown in Fig. S3A. tion of PLC were positively correlated with daily cigarette

Next, we conducted correlation analysis to examine the consumption (r =0.473, p = 0.015; Fig. 4D). After PLC administra-
relationships between the coupling of the anterior rSTG and tion, changes in the coupling of the anterior rSTG and rMFG
rMFG and behavioral data. In stress run 2, changes in the coupling between two stress runs were positively associated with changes
of the anterior rSTG and rMFG were positively associated with in subjective stress ratings in the smoker group (r=0.609,
changes in subjective stress in healthy participants, both after p=0.001), and the direction was the same with HC group and
administration of OXT (r=0.447, p=0.019) or PLC (r=0.397, the difference of correlations was nearly significant (Fisher's
p =0.040). In smokers, changes in the coupling of the anterior z=1.80, p = 0.072, two-tailed; Fig. 4E). In smokers, changes in the
rSTG and rMFG were inversely associated with subjective stress coupling of the anterior rSTG and rMFG between two stress runs
after the administration of OXT (r=-0.529, p =0.006), with a were negatively associated with changes in subjective stress
significant difference from the healthy participants (Fisher's ratings after treatment with OXT (r =-0.560, p = 0.003). In healthy
z=13.67, p<0.001, two-tailed; Fig. 4B, C). Notably, in stress run participants, this correlation was positively associated (r=0.412,
2, changes in the coupling of the anterior rSTG and rMFG in p=0.033), and the between-group difference was significant
smokers were nearly significantly associated with daily cigarette (Fisher's z=3.67, p < 0.001; Fig. 4F).
consumption after PLC administration (r = 0.353, p = 0.077).

No association was observed between the coupling of the Experiment II: Effects of oxytocin and rSTG-tDCS on subjective
anterior rSTG and rPCu and indices of nicotine addiction (p > 0.1). stress ratings and salivary cortisol in smokers
A positive association was observed between changes in salivary Next, we conducted a tDCS experiment to investigate the causal
cortisol and changes in the coupling of the anterior rSTG and rPCu relationship between the anterior rSTG and OXT's impact on
after OXT administration when healthy participants and smokers psychosocial stress in smokers. Employing anodal tDCS over the
were combined (r=0.290, p =0.035); a trend of difference with anterior rSTG, our aim was to restore the activity of this region in
the administration of PLC (r=-0.040, p =0.773) was observed response to psychosocial stress, thereby reinstating OXT's
(z=1.69, p =0.091, two-tailed; Figure S3B). anxiolytic effect on subjective stress.
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Changes in subjective stress ratings, subjective craving ratings
and salivary cortisol were included in 2 (Treatment: PLC and OXT)
x 2 (Stimulation: tDCS and sham) x 2 (Time: stress run 1 and
stress run 2) repeated-measures ANOVAs (N = 23). Regarding
changes in subjective stress, we observed a significant main effect
of Time (F(;, 21y =28.225, p = 0.009), accompanied by a significant
Stimulation x Time interaction (F(;, 27)=5.319, p=0.031). Subse-
quent post hoc analyses revealed a diminished increase in
subjective stress following OXT administration compared to PLC
administration, both during stress run 1 (t,; =-2.631, p=0.016)
and stress run 2 (ty; =-3.594, p = 0.002; Fig. 5A). Notably, during
stress run 2, the elevation of subjective stress was significantly
lower after OXT administration combined with tDCS compared to
sham stimulation (t,; =-2.673, p = 0.014).

The analysis of changes in subjective craving ratings unveiled
significant main effects of Stimulation (F;, »1)=4.375, p = 0.050)
and Time (F;, 21y = 17.447, p < 0.001). Specifically, in stress run 2,
post hoc assessments demonstrated a reduced escalation of
subjective craving following OXT administration compared to PLC
administration after tDCS (t,; =-2.200, p = 0.039; Fig. 5B). More-
over, following OXT administration, the increase in subjective
craving was notably smaller after tDCS compared to sham
stimulation (ty; =-4.004, p = 0.001).

In the evaluation of salivary cortisol changes, significant main
effects were observed for Treatment (F(;, 21y = 10472, p = 0.030) and
Time (F(y, 21y = 16.934, p <0.001), along with a significant Treatment
x Stimulation x Time interaction (F;, 21)=4.816, p=0.040).
Specifically, during stress run 2, a substantial reduction in salivary
cortisol levels was evident following OXT administration when
compared to PLC administration, both after tDCS (ty; =-3.720,
p =0.001; Fig. 5C) and sham stimulation (t,; =-2.815, p =0.010).

DISCUSSION
The current study utilized fMRI to investigate both the behavioral
and neural effects of OXT and nicotine addiction on psychosocial
stress. Our findings revealed an interaction between OXT and
nicotine addiction on subjective psychosocial stress, and identified
four brain regions associated with this interaction. Specifically, the
anterior rSTG and its functional connectivity with the rMFG were
found to be associated with behavioral psychosocial stress.
Previous research has suggested that OXT can suppress salivary
cortisol and subjective responses to psychosocial stress in healthy
individuals [2]. However, in smokers, the anxiolytic effect of OXT
was found to be weakened in several studies [8, 9]. Consistent
with these findings, our study demonstrated a similar weakened
anxiolytic effect of OXT in smokers, with no reduction in subjective
stress ratings. This may be due to dysregulated stress responses in
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nicotine addiction, as smokers often demonstrate a blunted
cortisol response compared to non-smokers [6]. Further, acute
stress has been reported to have no effect on subjective anxiety in
smokers, and subjective anxiety has been found to be dysfunc-
tional after acute stress [7, 30]. It is possible that a dysregulated
stress system could lead to abnormal OXT function in smokers, as
the brain stress system overlaps with the brain system that
oxytocin regulates.

The role of the rSTG in both brain stress and social systems has
been widely studied. For instance, one meta-analysis has shown
that activation in the rSTG may distinguish psychosocial stress
from physiological stress [31]. In the current study, we identified
the anterior rSTG as a site of interaction between OXT and nicotine
addiction on psychosocial stress, as well as a brain region related
to psychosocial stress and nicotine addiction. The right STG plays
a crucial role in social information processing, with the posterior
rSTG processing detailed sensory information and the anterior
rSTG processing social conceptual information [32, 33]. Moreover,
the right STG is an important part of the oxytocin-mediated
prosocial neural circuit. A study has shown that OXT enhances
activation in the rSTG and improves participants’ ability to process
social-related information [34]. Additionally, neural activity in the
rSTG was found to be altered under psychosocial stress after OXT
administration [10]. Therefore, alterations in this brain region have
the potential to affect OXT's regulation of psychosocial stress.

The anterior STG plays a crucial role in processing social
information, and thus any alterations in the anterior rSTG may
impact social information processing [35]. The Montreal Imaging
Stress Task was designed to induce psychosocial stress in the
context of a scanning environment. According to developer of this
task, social evaluative threat information as feedback from the task
itself and the investigator was built into the task [23]. In the
current study, we found that the effect of OXT on the anterior
rSTG under psychosocial stress was altered in smokers, likely due
to the dysregulated stress responses caused by nicotine addiction,
which can lead to abnormal OXT function. According to previous
investigations, nicotine addiction damages a range of brain
regions, including the anterior rSTG, while our results also showed
that anterior rSTG activation changes were correlated with daily
cigarette consumption [36]. Combining this evidence and our
results, the alteration of the anterior rSTG by nicotine addiction in
smokers may lead to an altered self-processing of information
related to subjective feelings of stress, such as interactions with
OXT on psychosocial stress. The altered anterior rSTG in smokers
may lead to an altered self-processing of information related to
subjective feelings of stress, such as interactions with OXT on
psychosocial stress. In our second tDCS experiment, we initially
replicated the findings from the fMRI experiment concerning
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smokers’ subjective feelings and salivary cortisol levels within our
sham stimulation group. Subsequently, our focus shifted to the
application of anodal tDCS on the anterior rSTG with the objective
of reinstating its responsiveness to psychosocial stress. The
outcomes of this experiment revealed that, under the influence
of tDCS, OXT effectively mitigated the increase in both subjective
stress and craving ratings, as well as salivary cortisol levels. These
results offer empirical support from a bottom-up perspective,
reinforcing the pivotal role of the anterior rSTG in shaping
subjective perceptions of stress, particularly among individuals
who smoke.

Our PPI analysis revealed interactions between Treatment and
Group in the coupling of the anterior rSTG with the right
precuneus and rMFG, two brain regions involved in social
information perception [37, 38]. The middle frontal gyrus is a
known site for attention and working memory [39] and can be
equipped for identified salience [40]. The persistence of MIST
stress runs may strengthen the salience of social stress informa-
tion, thus increasing perceived stress. By regulating the coupling
of the anterior rSTG and rMFG, OXT could regulate the salience of
social stress and induce successful coping by suppressing
subjective ratings [41]. rMFG’s function is potentially vulnerable
in smokers as it is impaired in nicotine addiction [42]. In present
study, the direction of the coupling of anterior rSTG and rMFG and
subjective stress differs between smokers and healthy partici-
pants. This altered relationship in smokers may indicate the neural
mechanism by which OXT and nicotine addiction interact with
each other in the coupling of the anterior rSTG and rMFG, thus
affect subjective stress.

We found that the relationship between neural activity or
functional connectivity and behavioral indexes of psychosocial
stress mainly appeared in stress run 2 and changes between the
two stress runs. This may be due to oxytocin’s effect on coping
behavior. Oxytocin has been found to switch passive stress-
coping behavior, such as freezing, to active stress-coping
mechanisms such as flight when facing an imminent stressor
[43]. In one human study, oxytocin induced quick adaptations
to frightening stimuli in aversive contexts [44]. This regulation
of changing coping strategy is referred to as allostasis of stress
[3]. Oxytocin is not simply anxiolytic but induces rapid and
flexible adaptation to aversive situations. On the other hand,
oxytocin has also been found to increase the resilience of stress.
In an animal study, oxytocin receptor-deficient mice showed no
increased defeat posturing during repeated social defeat stress
[45]. This suggests that oxytocin may facilitate resilience of
stress by induce coping behavior. The relationship between
anterior rSTG neural activity or anterior rSTG-rmFG coupling
and subjective stress in healthy participants occurring in stress
run 2 or between two stress runs reveals part of the neural
mechanisms of subjective stress coping. However, this correla-
tion was reversed in smokers after OXT administration,
suggesting that the interaction between nicotine addiction
and OXT occurred in the process of subjective psychosocial
stress coping, related to the anterior rSTG and its connectivity
with the rMFG.

In the present study, although changes in anterior rSTG
activity were mainly associated with changes in subjective
stress ratings during the two stress runs, in stress run 2, changes
in anterior rSTG activity were also associated with salivary
cortisol in healthy participants after PLC administration. The
temporal lobe is closely connected with self-directed social
information processing [46], but previous studies have also
pointed to the associations between physiological representa-
tions of stress and the temporal lobe [47]. In the present study,
in a sample of healthy participants and smokers, after OXT
administration, changes in the coupling of the anterior rSTG-
rPCu were associated with changes in salivary cortisol. The
precuneus is part of the brain default mode network (DMN), and
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a stress-induced cortisol increase was found to be associated
with increased connectivity within the salience network but
with decreased coupling of the DMN both within and outside
the network [48]. OXT administration altered the connectivity
strength of the rPCu and may have altered this association.

Functional neuroimaging studies have been criticized for
providing correlational but not causal information. However, the
present study provides a causal perspective on the neural
mechanisms of OXT's regulation of psychosocial stress. In first
fMRI experiment, OXT failed to suppress subjects’ subjective
feelings of psychosocial stress and the rSTG is differently damaged
in smokers compared with healthy participants. But, by applying
tDCS upon anterior rSTG on smokers, we restored OXT's anxiolytic
effect, which provides essential causal information about the
relationship of anterior rSTG and subjective feelings related to
psychosocial stress in smokers. OXT has been widely used as an
modulation for psychosocial stress, but the effectiveness of OXT
still requires further in-depth research [3]. In this sense, functional
integrity of the anterior rSTG could be an indicator of the
effectiveness of OXT.

Although this study sheds new light on the effects of OXT and
nicotine addiction on psychosocial stress, it has some limitations.
A single dose of OXT was administered in each experiment, and
future studies are needed to investigate the neural mechanisms of
the long-term effects of OXT. Additionally, early life stress and
social support were not controlled for in this study, although
recent research has shown that they can cause individual
differences in OXT's effects [49]. Finally, we only tested male
participants in present study due to the huge disparity in the
male-to-female smoker ratio in China, and since OXT has sex-
dimorphic effects, the exploration of OXT's effect on women is
lacking.

In summary, our study provides novel behavioral and neural
information on the effects and interaction of OXT and nicotine
addiction on psychosocial stress. Our findings suggest that
nicotine addiction blocks OXT’s anxiolytic effect on psychosocial
stress, which is related to abnormalities in the anterior rSTG. These
results have important implications for the development of
interventions for psychosocial stress and for assessing the
effectiveness of OXT, particularly in smokers.
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