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Background/objectives: In stress research, the measurement of cytokines from saliva may provide a non-invasive
alternative to blood sampling. However, current research is limited by methodological shortcomings, including
lack of placebo-stress control groups, comparison with plasma cytokine stress reactivity, infrequent sampling,
and insufficient control for salivary flow rate. The aim of this study was to investigate repeatedly measured
salivary cytokine responses to the Trier-Social-Stress-Test (TSST) compared to a placebo-TSST (PlacTSST), and to
explore associations with plasma cytokines and endocrine stress markers.

Methods: In this placebo-controlled, single-blind, between-subject study, healthy young men were randomized to
a stress condition (TSST;n = 30) or a placebo-stress condition (PlacTSST;n = 20). Salivary interleukin-(IL)-6, IL-
1P, tumor-necrosis-factor-(TNF)-o were measured at baseline and repeatedly up to 30 min post-stress, with
correction for salivary flow rate. Plasma cytokines were assessed up to 90 min post-stress. Salivary cortisol,
epinephrine, and norepinephrine were assessed to explore potential endocrine mechanisms.

Results: The TSST induced significantly greater increases in salivary IL-6 (p = 0.024, ng = 0.07) and IL-1p (p =
0.031, Thz: = 0.07) compared to the PlacTSST, with peak responses at + 1 min post-stress and return to baseline by
+ 30 min. TNF-a was not stress-reactive, neither in saliva (p = 0.35) nor in plasma (p = 0.16). Higher total
salivary IL-6 reactivity predicted higher plasma IL-6 reactivity (§ = 0.48, p < 0.001, AR? = 0.31), with salivary
responses preceding those in plasma. Higher norepinephrine increases related to higher salivary IL-1p responses
(p = 0.45, p = 0.018, AR? = 0.15), pointing to a potential noradrenergic modulation.

Conclusions: Our findings demonstrate that acute psychosocial stress induces rapid and transient independent
increases in salivary IL-6 and IL-1p but not TNF-« that relate to plasma cytokine and endocrine changes. These
results support the utility of salivary cytokine assessment as a sensitive and non-invasive and less cost-intensive
alternative to plasma sampling. Further research is warranted to elucidate underlying regulatory mechanisms
and extend findings to different populations.

1. Introduction

In order to gain insights into the physiological pathways linking
mental stress and adverse health outcomes (Schneiderman et al., 2005;
Turner et al., 2020), a variety of experimental protocols have been
developed to investigate the effects of psychological stress on inflam-
mation as a major immune reaction (Marsland et al., 2017; Segerstrom

and Miller, 2004). A reliable and frequently used tool for inducing acute
psychosocial stress in a laboratory setting is the Trier Social Stress Test
(TSST) (Allen et al., 2014; Kirschbaum et al., 1993). The majority of
existing research employing the TSST to induce acute psychosocial stress
investigated inflammatory cytokine responses measured in blood
plasma and found delayed stress-induced increases, most consistently in
Interleukin (IL)-6 and IL-1p, but many questions remain open, e.g.,
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regarding ecological validity (Marsland et al., 2017; Steptoe et al.,
2007). In this context, the necessary repeated blood sampling is highly
invasive and usually requires venous catheter insertion and thus trained
personnel which substantially compromises its applicability e.g., in field
studies. In comparison to blood sampling, the collection of saliva offers
several advantages: cost- and time-effective, safer, less invasive, and
thus more applicable, not only in laboratory studies but also in field
studies (Engeland et al., 2019).

So far, only a limited number of studies using the TSST have inves-
tigated cytokine responses measured in saliva. To date, we identified a
total of eight studies examining salivary cytokine responses to the TSST
(Izawa et al., 2013; Newton et al., 2017; Quinn et al., 2020; Rodriguez
Medina et al., 2019; Saban et al., 2018; Szabo et al., 2016; Szabo et al.,
2019; Tell et al., 2018); for review: (Szabo et al., 2020). Overall, six
studies report increases in salivary cytokines following stress (Izawa
et al., 2013; Newton et al., 2017; Rodriguez Medina et al., 2019; Saban
et al., 2018; Szabo et al., 2016; Szabo et al., 2019) while two did not
(Quinn et al., 2020; Tell et al., 2018). Notably, the studies differ sub-
stantially in terms of methodology with major shortcomings including
the 1) lack of a non-stress control group (seven out of eight studies), 2)
lack of repeated post-stress sampling (five out of eight studies), 3) lack of
consideration of confounding influences of salivary flow rate on salivary
cytokines (four studies), or 4) the lack of comparison with plasma cy-
tokines (seven out of eight studies).

First, to control for secondary physical and cognitive demands of the
TSST that do not result from psychosocial stress, an active control group
such as the placebo-TSST (PlacTSST) (Het et al., 2009) is required. In
this regard, only the study by Quinn et al. (2020) included a placebo-
stress condition, but analyzed salivary cytokines only once after stress
cessation, at + 45 min following TSST in healthy participants. In that
study, there were no stress-induced increases in the salivary cytokines
IL-6, IL-1B, or TNF-o0 + 45 min post-stress as compared to baseline
(Quinn et al., 2020). Second, with respect to repeated assessment of
salivary cytokines after stress, three studies collected salivary samples at
five and more timepoints post-TSST ranging from + 1 min (Izawa et al.,
2013) to + 60 min (Izawa et al., 2013; Tell et al., 2018) and + 90 min
(Saban et al., 2018) post TSST in order to capture a more detailed sali-
vary cytokine responses. While two studies observed significant in-
creases in IL-6 with highest levels at the first measurement timepoint
assessed after TSST at + 1 min (Izawa et al., 2013) and + 15 min (Saban
et al., 2018), the other study, notably in female cancer patients, could
not observe salivary IL-6 increases at any of the post-stress timepoints
(Tell et al., 2018). Third, salivary flow rate was considered as a potential
confounder in four studies in healthy participants (Izawa et al., 2013) of
which three corrected for salivary flow rate (Newton et al., 2017; Szabo
et al., 2016; Szabo et al., 2019). All of these studies observed significant
increases in salivary cytokines (IL-18, IL-6, TNF-a, and/or IL-10)
assessed at + 1 min (Izawa et al., 2013) and between + 35 and + 50
min after TSST (Newton et al., 2017; Szabo et al., 2016; Szabo et al.,
2019), as compared to baseline, but without considering a control
group. Finally, only the study by Saban et al. (2018) simultaneously
measured cytokine responses in both plasma and saliva assessed
repeatedly up to + 90 min after stress and did not observe any associ-
ations between plasma and salivary IL-6 levels at any measurement
timepoint (Saban et al., 2018).

To the best of our knowledge, studies are lacking that combine the
use of a non-stress control group, most ideally a placebo-stress control
group (Het et al., 2009), with frequent repeated assessment of salivary
cytokines after stress, either with or without control for salivary flow
rate, especially in healthy participants. Moreover, potential associations
between salivary and plasma cytokines in response to acute psychosocial
stress as well as underlying endocrine mechanisms remain unclear.

We therefore set out to examine changes in salivary cytokine levels in
response to acute psychosocial stress as compared to a control condition.
Based on previous cytokine stress research (Marsland et al., 2017), we
assessed IL-6, TNF-a, and IL-1B, before and repeatedly after TSST or
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PlacTSST (up to + 90 min) in both saliva and plasma of healthy par-
ticipants. Potential confounders and in particular salivary flow rate were
considered. Based on the studies with repeated assessment of salivary
cytokines following TSST, but lacking control groups (Izawa et al., 2013;
Saban et al., 2018), we expected stress-induced increases in salivary
cytokines close after stress cessation as compared to placebo-stress.
Moreover, to consider potential underlying endocrine mechanisms, we
exploratively examined whether psychosocial stress-induced salivary
cytokine changes related to increases of the stress hormones epineph-
rine, norepinephrine, or cortisol.

2. Methods
2.1. Study participants

This study is part of a larger research project examining the psy-
chobiological responses to acute psychosocial stress in healthy young
men in a design comprising a stress and a placebo-stress condition
(Gideon et al., 2020; Gideon et al., 2022). Due to limited funding, study
participation was restricted to healthy men between 18 — 30 years, who
were medication-free and non-smoking, with exclusion criteria verified
via telephone interview (Gideon et al., 2020; Gideon et al., 2022). The
decision to not include both sexes given the granted funding was based
on (1) the consideration to allow for maximum methodological rigor (e.
g. simultaneous assessment of salivary and plasma cytokines in addition
to stress hormones, inclusion of a placebo control group, and frequent
sampling of all physiological measures) to close major methodological
gaps in current literature and (2) the well-established influences of sex
hormones and menstrual cycle phases on physiological stress responses
in women, particularly salivary cortisol and potentially also immune
parameters (Angstwurm et al., 1997; Gervasio et al., 2022; Kirschbaum
et al., 1999; O’Brien et al., 2007; Stephens et al., 2016). By recruiting
men only confounding influences of sex hormones and menstrual cycle
phases, that require a substantial increase in sample size and thus
funding, had not to be accounted for. All participants were enrolled
students at the University of Konstanz. Guided by our a priori sample
size analysis, we aimed for a sample size of N = 50 eligible participants
to investigate salivary and plasma cytokine reactivity to acute psycho-
social stress. From a total of N = 70 recruited eligible participants, we
included in this part of the study n = 30 in the stress condition and n =
20 in the placebo-stress condition with complete plasma cytokine
assessment who did not drop out in the course of the study. From these
participants, we then measured salivary cytokine levels. Due to the lack
of saliva, salivary cytokine data of one participant in the stress group is
missing. The study was approved by the Ethics Committee of the Uni-
versity of Konstanz, Germany, and conducted in alignment with the
Declaration of Helsinki. Participants provided written informed consent
before participating and received financial compensation.

2.2. Study design and procedure

We applied a placebo-controlled, single-blind, between-subject
design (Gideon et al., 2020; Gideon et al., 2022). Before participating
in the study, participants were instructed to refrain from: (1) consuming
caffeinated, sour, or sweet beverages on the study day; (2) any form of
physical activity and consuming caffeine-containing drinks for 24 h
prior to the study; (3) engaging in strenuous physical activity and
consuming alcohol for 48 h; and (4) receiving vaccinations for four
weeks or undergoing dental surgery for two weeks before participation.
Additionally, participants were advised to maintain a regular sleep
schedule in the days leading up to the study, specifically getting up
between 7 and 8 AM and going to bed between 10:30 and 11:30 PM. On
the day of the study, all participants, both of the stress and the placebo
stress condition, arrived at the laboratory of the Biological Work and
Health Psychology group at the University of Konstanz at 11 AM to
standardize time of day. Upon arrival, they were provided with a
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standardized meal consisting of two bottles of Fresubin® (Fresenius Kabi
Germany GmbH, 200 ml and 300 kcal per bottle), one piece of crisp-
bread, and water. Following the meal, body weight and height mea-
surements were taken. Approximately 30 min after arrival, a venous
catheter (Vasofix® Safety Braunule green/white G 18, B. Braun, Mel-
sungen, Germany) was inserted into the non-dominant arm.

After a 50 min acclimatization period, baseline blood and saliva
samples were analyzed for physiological assessments at —1min. Partic-
ipants were then assigned, based on randomization, to either undergo
the TSST (Kirschbaum et al., 1993)) or the PlacTSST (Het et al., 2009).
Following the completion of the TSST or PlacTSST, participants
remained seated in a quiet room. Further analyses of blood samples
comprised + 1, +10, +30, +45, +60 and + 90 min in addition to saliva
samples at + 1, +10, +20, +30, +45, and + 60 min post-cessation. The
analyses of stress hormones and inflammatory cytokines during
biochemical analyses were conducted at various sampling time points
(see Biochemical Analyses).

2.3. Acute psychosocial stress induction

The standard protocol for the TSST (Kirschbaum et al., 1993) was
used to induce acute psychosocial stress in participants in the stress
condition. Based on previous research, the TSST reliably triggers a
psychophysiological stress response, including elevated levels of circu-
lating inflammatory markers (Kuebler et al., 2016; Kuebler et al., 2015;
Marsland et al., 2017). The protocol includes a brief introduction, fol-
lowed by a 3 min preparation phase, a 5 min simulated job interview,
and a 5 min mental arithmetic task performed in front of an audience,
with both video and audio recording.

The placebo-stress condition underwent the placebo version of the
TSST, the PlacTSST (Het et al., 2009). This procedure is similar to the
TSST but lacks social evaluative and uncontrollable elements. The
PlacTSST also consists of a brief introduction, followed by a 3 min
preparation phase, a 5mi speech about a recent positive personal
experience, as well as a 5 min simple mental arithmetic task, all con-
ducted without an audience or recording. This design of the PlacTSST
allows to control for secondary effects of the task, such as non-stress-
related activation due to the physical and cognitive demands of the
TSST, including potential orthostatic and posture effects.

2.4. Biochemical analyses

Venous blood was drawn in EDTA-coated monovettes (Sarstedt,
Nuembrecht, Germany) for determination of plasma cytokines and
plasma catecholamines. Blood samples for determination of plasma
cytokine and catecholamine levels were immediately centrifugated at
2000 g and 4 °C for 10 min and stored at — 80 °C until analyses. Saliva
samples were collected using Salivettes (Sarstedt, Nuembrecht, Ger-
many). To standardize salivary collection, participants were instructed
to chew the Salivettes for exactly one minute. Following, samples were
stored at — 20 °C until analysis.

2.5. Endocrine stress response

To evaluate the reactivity of the sympathetic adrenal medullary axis,
plasma levels of the catecholamines epinephrine and norepinephrine
were measured at four blood sampling time points (-1, +1, +10, +60
min) using high-pressure liquid chromatography with electrochemical
detection following liquid-liquid extraction (Ehrenreich et al., 1997) in
the Laboratory for Stress Monitoring (LSM, Hardegsen, Germany). The
intra-assay coefficients of variance (CVs) for epinephrine and norepi-
nephrine were 3.0 % and 3.7 %, respectively, with a detection limit of 8
pg/ml.

We measured salivary cortisol to assess hypothalamic pituitary ad-
renal (HPA)-axis reactivity at seven time points (—1, +1, +10, +20,
+30, +45, and + 60 min). Cortisol data was missing in three PlacTSST
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participants due to technical problems at baseline assessment. Prior to
analysis, samples were thawed and centrifuged at 2500g at room tem-
perature for 10 min (Megafuge 40R; Heraeus, Thermo Fisher Scientific,
Langenselbold, Germany). Cortisol concentrations were determined
using a commercial enzyme-linked immunosorbent assay (ELISA)
following the manufacturer’s instructions (Cortisol Saliva ELISA, RE-
52611, IBL International GmbH, Hamburg, Germany). Optical den-
sities were read using a microtiter plate reader (Synergy H1 Multi-Mode
Microplate Reader; BioTek Instruments Inc., Bad Friedrichshall, Ger-
many). The inter- and intra-assay coefficients of variance (CVs) were 9.3
% and 7.3 %, respectively, as per the manufacturer’s specifications. The
detection limit was 0.003 pg/dL.

2.6. Salivary and plasma cytokines

Plasma and salivary levels of the cytokines IL-1p, IL-6, and TNF-o
were determined using a high sensitivity sandwich immunoassay (Meso
Scale Discovery, Rockville, USA). Based on previous findings (Mars-
land), we measured plasma cytokines at sampling timepoints up to 90
min after stress cessation (—1,+1,4+10,+30,+45,+90 min). To identify
their kinetics, salivary cytokines were measured at —
1,4+1,+10,+30,+45,+60, and + 90 min after (placebo) stress cessation
in a subset of 10 participants per subject group. Based on the obtained
results (see results below) and due to financial restrictions, salivary
cytokine assessment of the remaining participants were restricted to four
assessment timepoints up to 30 min post (placebo) stress
(-1,41,+10,4+30 min). Notably, given that plasma IL-1f levels were
below detection limit in more than 50 % of the samples, we did not
further consider plasma IL-1f measurements in this study. Also, 49 out
of 392 salivary IL-6 and TNF-a cytokine levels were undetectable and
replaced by half of the lower detection limit (LLOD/2) (Lydersen and
Giskegdegard, 2022; Uh et al., 2008).

Detection limits were 0.05 pg/ml for IL-1p, 0.06 pg/ml for IL-6, and
0.04 pg/ml for TNF-a. Intra- and weighted inter-assay coefficients of
variance for cytokines were below 4.7 % (IL-6: 3.91 %(plasma)/3.30 %
(saliva) and 3.87 %(plasma)/3.11 %(saliva); TNF-a:2.89 % (plasma)/
4.61 % (saliva) and 2.88 % (plasma)/4.66 % (saliva); IL-1p: 2.30 %
(saliva) and 2.26 % (saliva)).

3. Statistical analyses
3.1. Data preparation

3.1.1. Plasma cytokine levels

Plasma cytokine levels within the first 45 min after TSST/PlacTSST
cessation were corrected for stress hemoconcentration-related blood
volume changes (Dill and Costill, 1974; Matomaki et al., 2018). More-
over, to account for catheter and stress-induced leucocyte redistribution
effects including fast leukocyte increases (Beis et al., 2018; Walther
et al., 2024) and subsequent decreases (Dhabhar, 2018; Hinterdobler
et al., 2021) plasma cytokine levels were standardized to 10° leukocytes
(LC) per ml. Stress hemoconcentration-corrected plasma cytokine levels
per 10° leukocytes per ml at each timepoint up to 45 min after TSST/
PlacTSST cessation (LCt.corrected) Were calculated based on changes in
hemoglobin from baseline (Hbpaseline) to the respective sampling time-
point (Hby) using the formula LCt.corrected = ((LC¢/LCpaseline) X (Hbpase-
line/Hby)) X LCpaseline (Matomaki et al., 2018).

3.1.2. Salivary cytokine levels

To address potential confounding effects of variations in salivary
flow rates as expected to be induced by (Plac)TSST (Nater et al., 2005),
we corrected salivary cytokine concentrations across sampling time-
points using a two-step method. First, we standardized cytokine con-
centrations of each measurement timepoint by standardizing cytokine
levels per ml saliva collected in one minute. Second, we adjusted sali-
vary cytokine levels per ml saliva of each post-(Plac)TSST timepoint (i.



M. Fischer et al.

Table 1
Participants’ characteristics.
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Total (n = 50)

TSST (n = 30)

Age (years)

BMI (kg/m?)

Cortisol (nmol/1)
Epinephrine (pg/ml)
Norepinephrine (pg/ml)

Salivary IL-6 (pg/ml)

Salivary IL-1p (pg/ml)

Salivary TNF-o (pg/ml)

Plasma IL-6 (pg/ml)

Plasma TNF-a (pg/ml)

23.3 + 2.5 (18-28)
23.4 + 2.4 (18.4-29.1)
6.3 + 3.3 (1.7-16.9) n = 47

23.3 + 12.8 (8.0-67.0)
n=48

281.8 +101.3 (148.3-623.8)
n=48

0.2 + 0.4 (0.01-1.5)

n=49

8.6 +1.2(0.3-38.2)
n=49

0.2 £+ 0.3 (0.01-1.0)
n=49

0.1 + 0.01 (0.02-0.4)

0.4 £+ 0.4 (0.1-1.7)

23.3 + 2.6 (18-28)

23.9 + 2.6 (18.37-29.1)
6.1 £+ 3.1 (1.7-16.9)

23.0 4+ 15.2 (8.0-67.0)
296.1 + 94.8 (148.3-605.9)

0.2 + 0.1 (0.01-1.5)
n=29

8.4 + 1.6 (0.3-30.1)
n=29

0.2 £+ 0.5 (0.01-1.0)
n=29

0.8 + 0.01 (0.03-0.4)

0.4 £ 0.03 (0.2-0.8)

PlacTSST (n = 20) Group differences p
23.2 + 2.4 (20-27) 0.89
22.7 + 2.0 (20.5-28.6) 0.11
6.5 + 3.7 (2.0-13.9) 0.85
n=17

23.8 + 7.8 (8.3-38.7) 0.32
n=18

284.7 +113.8 (166.0-623.8) 0.57
n=18

0.2 + 0.1 (0.02-1.3) 0.85
9.0 + 2.0 (0.5-38.2) 0.82
n=20

0.2 + 0.04 (0.01-0.8) 0.45
0.8 + 0.02 (0.2-0.3) 0.84
0.4 £+ 0.1 (0.1-1.7) 0.31

Note. Data are presented as mean + SEM (range); n, number of participants in case of missing data.

e. + 1 min, +10 min, and + 30 min) for percentage changes in salivary
flow rate (i.e. ml saliva/min) from pre- (—1min) to the respective post-
(Plac)TSST measurement timepoint. This procedure ensures to correct
for increases in salivary cytokine levels that result from stress-induced
reductions in salivary flow rate. Therefore, the resulting corrected
cytokine concentrations reflect the physiological changes induced by
psychosocial stress (as compared to placebo stress), independent of
confounding variations in saliva production. For reasons of clarity, we
present below results using both, uncorrected and corrected salivary
cytokine levels.

3.2. Analyses

Statistical analyses were conducted using SPSS (Version 30.0, IBM
SPSS Statistics, Chicago, I, USA). Data are presented as mean + stan-
dard error of the mean (SEM). Tests were two-tailed with the signifi-
cance level of p < 0.05 and the level of marginal significance set at p <
0.10. Effect size parameters (f) were calculated from partial eta squared
(ng) using G*Power (Version 3.1.9.6, Heinrich Heine Universitat Diis-
seldorf, Germany) or R respectively, and are reported where appro-
priate (effect size conventions f:0.10 = small, 0.25 = medium, 0.40 =
large) (Cohen, 1988). To test for potential group differences in baseline
levels of the assessed physiological parameters as well as in age and BMI,
we calculated univariate analyses of variance (ANOVAs) with group
(TSST vs. PlacTSST) as independent variable. Statistical assumptions for
univariate ANCOVA, repeated measures ANCOVA, and multiple
regression were assessed. While positive skewness was observed for
cytokine data, all analyses were conducted using untransformed per-
centage change data, given the robustness of ANCOVA and regression
analysis against violations of normality, especially in within-subject
designs with balanced groups (Blanca et al., 2017; Blanca et al., 2023;
Schmidt and Finan, 2018).

3.3. Reactivity to TSST and PlacTSST

To test for group differences in endocrine stress reactivity, we calcu-
lated repeated measures ANCOVAs with group (TSST vs. PlacTSST) as
independent variable and repeated epinephrine, norepinephrine, or
cortisol levels as dependent variables (Auer et al., 2024; Het et al.,
2012). To test whether the TSST as compared to the PlacTSST induced
significantly greater cytokine responses, we accordingly calculated

repeated measures ANCOVAs with group (TSST vs. PlacTSST) as inde-
pendent variable and repeated levels of salivary or plasma cytokines as
dependent variables. Cytokine levels were calculated as percentage
changes in salivary and plasma IL-6, IL-1p, and TNF-a concentrations.

Post-hoc testing comprised testing for group differences at single
measurement timepoints of cytokine levels by means of univariate
ANCOVAs as well as separate repeated measures reanalyses within each
subject group. To control for potential confounding effects of age and
body mass index (BMI) on endocrine and cytokine reactivity (Allen
et al., 2017; Kiihnel et al., 2023; Stamou et al., 2023; Wirtz et al., 2008),
we included age and BMI (calculated as body weight in kilograms
divided by body height in meters squared) as covariates in all group
comparison ANCOVAs.

3.4. Interrelations between cytokines

To examine interrelations between stress-reactive salivary and
plasma cytokine responses, we performed linear regression analyses
between aggregated measures of salivary and plasma cytokines. We
computed total cytokine release from baseline to + 30 min (for saliva)
and + 90 min (for plasma) using the area under the curve with respect to
the ground (AUCg) as well as the change in cytokine levels the AUC with
respect to increase (AUCI) (Pruessner et al., 2003). Post-hoc testing of
significant associations between AUCs of salivary and plasma cytokines
comprised linear regression analyses at individual measurement time-
points in saliva (up to 4+ 30 min post-stress, i.e. —1min, +1min, +10 min,
and + 30 min) and plasma (up to + 90 min post-stress, i.e. —1min,
+1min, +10 min, +30 min, +45 min, and + 90 min).

3.5. Interrelations between changes in endocrine markers and stress-
reactive salivary cytokines

We examined interrelations between stress-reactive salivary cyto-
kines (IL-6 and IL-1p) and the endocrine stress markers epinephrine,
norepinephrine, and cortisol. We computed aggregated measures of
epinephrine, norepinephrine (from baseline to + 10 min post TSST/
PlacTSST), and cortisol (from baseline to + 30 min post TSST/PlacTSST)
using AUCi to capture dynamic changes over time. We used aggregated
epinephrine, norepinephrine, and cortisol measures to predict the AUCs
of stress-reactive corrected salivary cytokine levels. Post-hoc testing of
significant associations between AUCis of endocrine stress markers and
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Fig. 1. Endocrine and plasma cytokine responses to (Plac)TSST. Endocrine and plasma IL-6 responses in participants undergoing the Trier Social Stress Test (TSST;
black dots) or the Placebo-TSST (PlacTSST; white dots). Panels show increases of (A) plasma Epinephrine, (B) plasma Norepinephrine, (C) salivary Cortisol, (D)
plasma IL-6. Asterisks denote significant differences between the TSST and PlacTSST groups (p < 0.10; *p < 0.05; **p < 0.001). Age and BMI were included as

covariates. Data are presented as mean + SEM.

salivary cytokines comprised linear regression analyses at the single
measurement timepoints (i.e., —1min, +1min, +10 min, and + 30 min).

4. Results
4.1. Participants’ characteristics and physiological parameters at baseline

Baseline levels of physiological parameters and participants’ char-
acteristics are depicted in Table 1. There were no significant differences
between the experimental and control groups in terms of age (p = 0.89),
BMI (p = 0.11), baseline stress hormone levels (salivary cortisol,
epinephrine, norepinephrine; p’s > 0.69), or baseline cytokines levels
(salivary IL-6, IL-1f, TNF-o; p’s > 0.45; plasma IL-6, TNF-o; p’s > 0.31).

4.2. Endocrine and plasma cytokine reactivity to TSST and PlacTSST

Fig. 1 depicts percent changes of stress-reactive endocrine and
plasma cytokine measures in the groups in addition to aggregated ab-
solute stress reactivity in terms of AUCs. As anticipated, participants in
the TSST group demonstrated greater reactivity compared to the
PlacTSST group with respect to epinephrine (interaction group-by-time:

F(1.23, 54.10) = 10.93, p < 0.001, np> = 0.20, f = 0.50, Fig. 1A),
norepinephrine (interaction group-by-time: F(2.34, 104.00) = 13.73, p
< 0.001, np? = 0.24, f = 0.56, Fig. 1B), and salivary cortisol reactivity
(interaction group-by-time: F(2.40,102.88) = 11.40, p < 0.001, np2 =
0.21, f = 0.52, Fig. 1C), confirming effective stress induction. Similarly,
regarding plasma cytokines, the TSST induced borderline greater in-
creases in plasma IL-6 as compared to the PlacTSST over the total period
of 4+ 90 min after TSST/PlacTSST cessation (interaction effect group-by-
time: With correction for both leukocyte counts and hemoconcentration
F(1.58, 72.61) = 3.23, p = 0.057, nZ = 0.07, f = 0.27, see Fig. 1D, with
correction for hemoconentration F(1.56, 71.65) = 3.02, p = 0.068, nf, =
0.062, f = 0.26). Regarding plasma TNF-a, there were no significant
reactivity differences between groups (p’s > 0.12) (Table 2).

4.3. Salivary cytokine reactivity to TSST and PlacTSST

4.3.1. Identification of relevant salivary cytokine measurement timepoints

In order to identify relevant measurement timepoints given our
limited funding resources, we first investigated the general kinetics of
cytokine responses in saliva in a subset of participants (n = 10 per group)
from both the TSST and the placebo condition over a time frame of 2 h
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Table 2
Summary of cytokine and neuroendocrine responses to (Plac)TSST.

Marker Specimen  Peak TSST-group PlacTSST A p
Time A Baseline/ Baseline/
peak (% + peak (% +
SEM) SEM)
IL-6 (adjusted) Saliva -+1min 321.6 + 163.6 + p=
47.8 58.0 0.005
IL-6 (unadjusted)  Saliva -+1min 361.0 + 144.8 + p=
62.4 25.0 0.039
IL-1p (adjusted) Saliva +1min  219.2 + 116.9 + p=
26.7 32.4 0.007
IL-1p Saliva +1min 225.6 £ 108.6 + p=
(unadjusted) 33.0 12.6 0.007
TNF-a (adjusted) Saliva -+1min 187.5 + 199.2 + p=
29.7 55.1 0.74
TNF-a Saliva +1min 187.5 + 200.6 + p=
(unadjusted) 29.7 54.9 0.66
1L-6 (adjusted) Plasma 490 265.7 + 177.7 + p=
min 27.4 33.7 0.057
IL-6 (corrected Plasma +90 2929 + 218.0 + p=
for hemoconc.) min 35.6 27.8 0.068
TNF-a (adjusted) Plasma +90 89.9 + 2.2 81.4 + 4.0 p=
min 0.16
TNF-a (corrected Plasma 490 96.6 + 2.1 95.7 + 3.0 p=
for hemoconc.) min 0.71
Epinephrine Plasma +1min  418.0 + 154.4 + p<
46.1 59.8 0.001
Norepinephrine Plasma +1min 173.4 £ 6.2 128.6 + 8.0 p<
0.001
Cortisol Saliva +20 354.0 + 116.5 + p<
min 33.5 44.8 0.001

Note. Data are presented as mean + SEM; A Baseline to Peak Response in %
relative to baseline. p-values refer to the group-by-time interaction effect from
the respective repeated measures ANCOVA. Adjusted: controlled for age, BMI,
salivary flow rate (salivary cytokines) or leukocyte count and hemoconcentra-
tion (plasma cytokines).

following TSST/PlacTSST cessation at all measured timepoints (See
Fig. 2). These data revealed that cytokine responses in the TSST group
were observed during the first 30 min post-stress, with little additional
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information at later time points. We therefore measured cytokine levels
from saliva samples assessed at —1min, +1min, +10 min, and + 30 min
relative to (Plac)TSST.

4.3.2. Salivary IL-6 and IL-1f

In a first step, we compared percentage changes in salivary cytokines
without any corrections (i.e., for salivary flow rate or further con-
founding variables) between the TSST group and the PlacTSST group.
Here, we observed significantly greater increases in both, salivary IL-6
and IL-1f levels in the TSST group compared to the PlacTSST group
(interaction effect group-by-time: IL-6: F(2.21,104.05) 3.22, p =
0.039, n3 = 0.06, f = 0.26; IL-1p: F(2.50,117.41) = 4.57, p = 0.007, 13 =
0.09, f = 0.31). As the main analysis, we compared percentage changes
in salivary cytokines between the TSST group and the PlacTSST group
for cytokine concentrations that were corrected for salivary flow,
without and with age and BMI as covariates. Again, the TSST group
showed significantly greater increases in salivary IL-6 and IL-1f levels
compared to the PlacTSST group (interaction effect group-by-time: IL-6:
F(2.46,115.53) = 4.61, p = 0.005, ng = 0.10, f = 0.33, with covariates
age and BMI: F(2.60,117.20) = 3.45, p = 0.024, ng =0.07, f =0.28; IL-
1p: F(2.50,117.54) = 7.97, p = 0.007, ng = 0.15, f = 0.41, with cova-
riates age and BMI: F(2.62,117.80) = 3.23, p = 0.031, 'h% =0.07,f =
0.27, see Fig. 3a and b). Post-hoc analysis revealed significantly higher
salivary IL-6 and IL-1p levels in the TSST group at + 1 min post-stress
(p’s<.045) but at no later time point (+10 min, +30 min: p’s > 0.27).
Further post-hoc testing within groups separately revealed significant
increases in salivary IL-6 and IL-1p levels over time only in reaction to
the TSST (main effect time: IL-6: F(1.93, 54.02) = 11.60, p < 0.001, ng =
0.29, f=.64; IL-1pB: F(2.25, 63.03) = 10.63,p < 0.001, ng =0.28,f=.54)
but not the PlacTSST (p’s>.28). In TSST participants, salivary IL-6 and
IL-1p levels were increased as compared to baseline levels immediately
at + 1 min (p’s < 0.001) and (marginal) significantly increased at + 10
min after TSST cessation (IL-6: p’s<.09; IL-1f: p’s<.032), with values
returning to baseline at + 30 min (p’s>.19).

4.3.3. Salivary TNF-a
There were no significant changes in salivary TNF-a levels in

—e— TSST (N=10)
—O— Placebo-TSST (N=10)

T T T T

+60 +90 +120

Time [min]

Fig. 2. Identification of relevant salivary cytokine measurement timepoints. Examination of salivary IL-1f in a subset of n = 10 participants per group up to + 120
min post-(Plac)TSST. Results indicated that cytokine responses in the TSST group reached baseline levels within 30 min post-stress. Consequently, cytokines were
analyzed at —1min, +1min, +10 min, and + 30 min relative to (Plac)TSST cessation. Data are presented as mean + SEM.
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Fig. 3. Salivary Cytokine responses to (Plac)TSST. Salivary IL-6 and IL-1p responses in participants undergoing the Trier Social Stress Test (TSST; black dots)
compared to Placebo-TSST (PlacTSST; white dots) (interaction effects group-by-time: A: p = 0.024; B: p = 0.031). Panels show increases of (A) salivary IL-6 and (B)
salivary IL-1p. Asterisks denote significant differences between the TSST and PlacTSST groups (p < 0.10; *p < 0.05; **p < 0.001). Age and BMI were included as
covariates. Data are presented as mean + SEM.
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response to the TSST or the PlacTSST (interaction group-by-time: p’s >
0.66; main effects of time: p’s > 0.35).

4.4. Interrelations between salivary cytokines

Regarding interrelations between total salivary IL-6 and IL-1f from
baseline to 4 30 min (AUCg paseline-30min), We found higher total salivary
IL-6 to be significantly associated with higher salivary IL-1p (p = 0.56, p
< 0.001, AR? = 0.31, f2 = 0.44). However, when examining the amount
of change from baseline to + 30 min, salivary IL-6 and IL-1p levels (AUC;
baseline-30min) Were unrelated (p = 0.42). Post-hoc analysis revealed
(marginal) significant associations between salivary IL-6 and IL-1p levels
at baseline (—1min) (p < 0.001), as well as + 1 min (p < 0.001), +10 min
(p = 0.068) and + 30 min (p < 0.001). For all associations see
Appendix A Table Al.

4.5. Interrelations between stress-reactive saliva and plasma cytokines

TNF-a was not stress-reactive, neither in saliva nor in plasma, and
IL1p was stress-reactive in saliva but was not reliably measurable in
plasma. The only stress-reactive cytokine with reliable assessment both,
in saliva and plasma was IL-6. Examining the interrelations between
salivary and plasma IL-6 levels, we found higher total salivary IL-6 from
baseline to + 30 min (SIL6 AUGCg paseline-30min) to significantly predict
higher plasma IL-6 levels from baseline to + 90 min (pIL6 AUCg baseline-
9omin) (B = 0.37, p = 0.009, AR? = 0.16, f2 = 0.19). Moreover, when
examining the amount of change, we found a significant positive asso-
ciation between salivary IL-6 levels (SIL6 AUGC; paseline-30min) and plasma
IL-6 (pIL6 AUG; paseline-9omin) (B = 0.48, p < 0.001, AR?=0.31, f> = 0.45.
Post-hoc analysis revealed significant associations between salivary and
plasma IL-6 levels at baseline (—1min) (p = 0.022), as well as + 1 min (p
= 0.041), +10 min (p = 0.011), and + 30 min (p = 0.006) with
consistently higher levels in saliva. However, peak levels of saliva IL-6
(+1min) did not predict peak levels of plasma IL-6 (490 min) (p =
0.19). For all associations see Appendix A Table A2.

4.6. Interrelations between changes in endocrine markers and stress-
reactive salivary cytokines

A higher amount of change in epinephrine concentration from
baseline to + 10 min (EPI AUGC; paseline-10min) Predicted a marginally
significantly higher increase in salivary IL-6 (IL-6 AUC; paseline-30min) (f
=0.28,p =0.053, AR? = 0.16,f2 = 0.18). However, this association was
not independent of epinephrine and cortisol responses (p = 0.16).
Further, post-hoc analysis could not reveal significant associations be-
tween epinephrine and salivary IL-6 at any measurement timepoint,
either without or with control for norepinephrine and cortisol (p’s >
0.19). Moreover, there were no associations between norepinephrine
and salivary IL-6 (p’s>.18). Lastly, we observed increases in cortisol
from baseline to + 60 min post-stress (AUC; paseline-60min) t0 be inde-
pendently (i.e., independent of epinephrine and norepinephrine)
marginally significantly associated with IL-6 AUC; paseline-30min (P = 0.32,
p = 0.085, AR? = 0.22, f> = 0.29). Post-hoc analysis could not reveal
significant associations between cortisol and IL-6 at the same measure-
ment timepoints, either without or with controlling for epinephrine and
norepinephrine (ps>.15).

When considering IL-1f, increases in norepinephrine concentration
from baseline to + 10 min (AUG; paseline-10min) Significantly predicted
higher salivary IL-1p increases (B = 0.37, p = 0.015, AR? = 0.13, f2 =
0.15), also when controlling for epinephrine and cortisol responses in
terms of the respective AUC; (f = 0.45, p = 0.018, AR? = 0.15, f2 =
0.18). Post-hoc analysis revealed a significant positive association be-
tween norepinephrine and salivary IL-1p levels at peak reactivity + 1
min (p = 0.025) but no other timepoint (ps > 0.63). Epinephrine changes
however did not relate to salivary IL-1f changes (p = 0.58). There were
no associations between cortisol change and salivary IL-1p (ps>.51).
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5. Discussion

To address gaps in current literature, we investigated the kinetics of
acute psychosocial stress-induced changes in salivary cytokines as
compared to a placebo-control group using a repeated sampling protocol
in healthy men. To gain insights with respect to validity, we simulta-
neously assessed salivary and plasma cytokines. Specifically, we exam-
ined IL-6, TNF-a, and IL-1p, before and repeatedly after TSST or placebo-
TSST while accounting for salivary flow rate and other potential con-
founders. In addition, we included the measurement of key stress hor-
mones — epinephrine, norepinephrine, and cortisol — to explore potential
endocrine mechanisms underlying stress-induced changes in salivary
cytokines.

5.1. Effects and kinetics of acute stress on salivary IL-6 and IL-1f

Our main finding was that acute psychosocial stress, as compared to
an active placebo-psychosocial stress control condition, induced signif-
icantly greater increases in the salivary cytokines IL-6 and IL-1p, but not
TNF- a with peak concentrations immediately after the TSST cessation.
These effects were of medium to large statistical effect sizes and were
observed both with and without correction for salivary flow rate, as well
as with and without controlling for age and BMI as confounding vari-
ables. Notably, in line with previous literature (Nater et al., 2005),
salivary flow rate was reduced in the TSST group as compared to the
control group (see Appendix A) which underlines the need to correct for
salivary flow rate. Our findings are in line with previous salivary IL-6
findings in healthy and obese participants at risk for cardiovascular
disease (CVD) (Izawa et al., 2013; Saban et al., 2018) but extend these
studies in two ways. First, by incorporating a placebo-stress control
group we can attribute the observed increases in salivary cytokines to
the psychosocial stress components of the TSST rather than secondary
physical and cognitive demands of the task. Second, although Izawa
et al. (2013) considered correcting salivary cytokines for salivary flow
rate, they ultimately decided against it, while Saban et al. (2018)
explicitly stated that they did not apply any corrections for salivary flow
(Izawa et al., 2013; Saban et al., 2018). Therefore, our findings
demonstrate that stress-induced increases in salivary IL-6 persist even
after controlling for salivary flow rate and other confounding variables
and can be extended for the first time to salivary IL-1f. Notably, a pre-
vious study by Quinn et al. (2020) included a placebo-stress control
condition, but did not find any significant differences in salivary IL-6, IL-
1p and TNF-a levels between groups (Quinn et al., 2020). This
discrepancy might be explained by the timing of sample collection in
that study at + 45 min after TSST which most likely missed earlier peak
salivary cytokine stress responses. Our study, similar to previous
research (Izawa et al., 2013; Saban et al., 2018), found peak salivary
cytokine responses immediately after TSST cessation with levels
returning to baseline after + 30 min.

5.2. Interrelations between stress-reactive saliva and plasma cytokines

Regarding the relationship between stress-reactive salivary and
plasma cytokines, the only stress-reactive cytokine with reliable
assessment both in saliva and plasma was IL-6. We observed that higher
total aggregated salivary IL-6 levels within the first 30minpost-stress
(SIL-6 AUGCg baseline-30min) Significantly predicted higher total aggre-
gated plasma IL-6 levels up to 90 min post-stress (pIL-6 AUCg pase-
line—9omin)- Similarly, when examining changes in aggregated salivary
and plasma IL-6 levels over the same timeframes, we also found a sig-
nificant positive interrelation. Moreover, we observed significant asso-
ciations between salivary and plasma IL-6 levels at baseline and across
multiple time points post-stress. However, peak salivary IL-6 levels
immediately post-stress did not predict later peak plasma IL-6 levels. In
sum, despite the observed associations in aggregated salivary and
plasma IL-6, the reactivity kinetics to acute stress induction differed
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with an earlier onset and recovery in salivary cytokines. To the best of
our knowledge, only one other study using the TSST has investigated
interrelations between salivary and plasma IL-6 levels but did not find
any associations (Saban et al., 2018). Therefore, our results deviate from
those observed by Saban et al. (2018), which can most likely be
explained by differences in participant characteristics. While we inves-
tigated healthy young men, Saban et al. (2018) examined obese women
at risk for CVD. Notably, both higher BMI and increased CVD risk have
been linked to altered levels of salivary and plasma cytokines, which
may have influenced the cytokine dynamics observed in their study
(Kosaka et al., 2014; Lehmann et al., 2020; Lehmann-Kalata et al., 2018;
Moghbeli et al., 2021; Ostrowska et al., 2023; Wang and He, 2018).
When considering other forms of psychological stress, our results align
with those of La Fratta et al. (2018), who investigated associations be-
tween several salivary and plasma cytokines, including IL-6, in male
students 30 min after an academic exam (La Fratta et al., 2018). Similar
to our findings, La Fratta et al. (2018) observed a significant positive
association between salivary and plasma IL-6 levels, albeit in a field
setting. Our study extends these findings to a controlled laboratory
environment. Furthermore, our results are in line with a study exam-
ining the relationship between salivary and plasma cytokines in non-
stressed but otherwise healthy older adults that observed a significant
positive correlation between salivary and plasma IL-6 levels (Parkin
et al., 2023). We hypothesize that the observed associations between
salivary and plasma IL-6 responses to acute psycho-social stress in our
study may reflect a shared underlying inflammatory response across
multiple biological compartments. However, variations in the produc-
tion and release of IL-6 from different cell types including salivary gland
endothelial cells and peripheral immune cells might explain the
differing stress reactivity kinetics between salivary and plasma IL-6 (for
comprehensive discussion see Appendix B) (Dhabhar, 2018; Holmberg
and Hoffman, 2014; Marsland et al., 2017; Mathison et al., 1994; Proctor
and Carpenter, 2007; Tanda et al., 1998; Zhang et al., 2021). Notably,
we cannot rule out that confounding influences may have added to the
observed differences in stress reactivity kinetics between salivary and
plasma cytokines after TSST. For example, dental hygiene, gingivitis,
periodontal disease, or oral cancer have been shown to influence sali-
vary cytokines levels (Belstrgm et al., 2017; Slavish et al., 2015).

5.3. Interrelations between changes in stress hormones and stress-reactive
salivary cytokines

With respect to associations between stress-induced changes in
salivary cytokines and sympathetic markers, we found that increases in
norepinephrine from baseline to 10 min post-stress significantly pre-
dicted increases in salivary IL-1p within 30 min post-stress, independent
of epinephrine and cortisol responses. Post-hoc analyses revealed a
significant association immediately post-stress, with no associations
observed at other measurement time points. For salivary IL-6, we could
not observe any independent associations with stress hormones.

To the best of our knowledge, there is only one study that directly
examined the relationship between salivary cytokine responses to acute
stress induced by the TSST and cortisol. Deviating from our findings,
that study observed a negative correlation between cortisol and salivary
IL-6 (Izawa et al., 2013). Notably, Izawa et al. included both male and
female participants without correction for salivary flow rate, whereas
our study focused exclusively on young men and we corrected for sali-
vary flow rate. Existing literature indicates that cortisol and IL-6 re-
sponses to stress can vary significantly by biological sex. (Kirschbaum
et al., 1992; Kudielka and Kirschbaum, 2005; Lockwood et al., 2016;
Rohleder et al., 2001). Finally, as no previous study has examined the
association between stress-induced salivary cytokine responses to TSST
and catecholamines (epinephrine and norepinephrine), our findings
represent novel evidence indicating differential regulation of cytokine
responses to stress in saliva. In line with our salivary IL-1f findings,
previous in vitro research demonstrated that norepinephrine can
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stimulate the release of IL-1f from immune cells, especially monocytes
and macrophages, through al-adrenergic receptors (Grisanti et al.,
2011a; Grisanti et al., 2011b; Horstmann et al., 2016). In contrast,
salivary IL-6 is likely released primarily from local salivary gland
epithelial cells, where secretion can be directly triggered by sympathetic
neural activation independently of immune cell adrenergic receptor
activation (Holmberg and Hoffman, 2014; Mathison et al., 1994; Proctor
and Carpenter, 2007). For discussion of interrelations between salivary
cytokines see Appendix B.

Strengths of our study include the use of a placebo-controlled, single-
blind, between-subject design that allows to address current gaps in
literature. Additionally, the implementation of rigorous exclusion
criteria as well as the statistical control for age, BMI, and salivary flow
rate reduced the potential influence of confounding variables. Lastly,
additional consideration of endocrine stress markers allows a broader
understanding of the potential physiological mechanisms underlying the
observed salivary cytokine responses to acute psychosocial stress.
Nevertheless, our study has several limitations. First and foremost, a
major limitation of our study is that we included only healthy young
male participants. This substantially restricts the generalizability of our
findings to women, older participants, or clinical populations. Second,
we did not control for dental hygiene, which may influence salivary
cytokine levels due to variability in oral health. However, none of the
participants reported oral inflammation and participants were assigned
randomly to the TSST or placebo-TSST groups. Third, while we used a
randomized group assignment procedure, we did not additionally con-
trol for further potential confounders such as testosterone levels, which
have been shown to relate to both the regulation of stress hormones as
well as inflammatory markers (Bianchi, 2019; Mohamad et al., 2019).

6. Conclusion

Taken together, our study demonstrated that acute psychosocial
stress induces rapid and transient increases in the salivary cytokines IL-6
and IL-1p, with peak levels occurring immediately after stress cessation.
These stress-specific effects were absent in the placebo-stress control
group and remained robust after controlling for potential confounding
variables, including salivary flow rate. Moreover, we observed associa-
tions between salivary and plasma IL-6 responses as well as differential
associations with endocrine stress markers — particularly between
norepinephrine and salivary IL-13 —suggesting distinct regulatory
pathways for stress-induced cytokine responses. These findings under-
score the potential of salivary cytokine measurements as a valid, sensi-
tive, and non-invasive tool for capturing acute inflammatory responses
to psychosocial stress. Future research should extend this work to
women, older populations and clinical contexts to better understand the
role of stress-induced triggering of inflammation in health and disease.
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Table Al
Regression analysis between individual measurement timepoints of salivary I1-6
and IL-1B

Salivary IL-1p Salivary IL-6 B p
MZP2 (-1 min) MZP2 (—1 min) 0.63 <.001
MZP3 (+1 min) 0.49 <.001
MZP4 (+10 min) 0.39 .007
MZP6 (+30 min) 0.39 .007
MZP3 (+1 min) MZP2 (-1 min) 0.56 <.001
MZP3 (+1 min) 0.57 <.001
MZP4 (+10 min) 0.28 .054
MZP6 (+30 min) 0.34 .018
MZP4 (+10 min) MZP2 (-1 min) 0.42 .003
MZP3 (+1 min) 0.39 .007
MZP4 (+10 min) 0.27 .068
MZP6 (+30 min) 0.25 .092
MZP6 (+30 min) MZP2 (-1 min) 0.56 <.001
MZP3 (+1 min) 0.48 <.001
MZP4 (+10 min) 0.40 .005
MZP6 (+30 min) 0.48 <.001

Table A2
Regression analysis between individual measurement timepoints of salivary and
plasma I1-6.

Salivary IL-6 Salivary IL-6 B p
MZP2 (-1 min) MZP2 (-1 min) 0.33 0.022
MZP3 (+1 min) 0.27 0.069
MZP4 (+10 min) 0.23 0.12
MZP6 (430 min) 0.30 0.040
MZP3 (+1 min) MZP2 (-1 min) 0.38 0.008
MZP3 (+1 min) 0.30 0.041
MZP4 (+10 min) 0.32 0.027
MZP6 (+30 min) 0.36 0.011
MZP4 (+10 min) MZP2 (-1 min) 0.32 0.031
MZP3 (+1 min) 0.34 0.018
MZP4 (+10 min) 0.36 0.011
MZP6 (+30 min) 0.35 0.016
MZP6 (+30 min) MZP2 (-1 min) 0.30 0.043
MZP3 (+1 min) 0.34 0.019
MZP4 (+10 min) 0.38 0.008
MZP6 (+30 min) 0.40 0.006
MZP7 (+45 min) MZP2 (-1 min) 0.25 0.091
MZP3 (+1 min) 0.28 0.056
MZP4 (+10 min) 0.33 0.025
MZP6 (430 min) 0.36 0.013
MZP9 (+90 min) MZP2 (-1 min) 0.09 0.54
MZP3 (+1 min) 0.20 0.19
MZP4 (+10 min) 0.12 0.40
MZP6 (+30 min) 0.09 0.094
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Fig. 4. Absolute changes in salivary flow rate. Changes in salivary flow rate
between TSST and PlacTSST groups in ml/min. Asterisks denote significant
differences between the TSST and PlacTSST groups (p < 0.10; *p < 0.05; **p <
0.001). Age and BMI were included as covariates. Data are presented as mean
+ SEM.

Institutional review board statement

The study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the University of
Konstanz, Germany.

Informed consent statement

Informed consent was obtained from all subjects involved in the
study.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

We thank all students who helped in participant enrollment, study
conduction, and data acquisition.

Appendix A

Aadditional results

Salivary flow rate reactivity to TSST and PlacTSST

When comparing changes in salivary flow from baseline to + 30 min
between groups, we observed marginally significant differences in
salivary flow between TSST and Plac-TSST groups (interaction effect
group-by-time: F(3.0, 135.67) = 2.31, p = 0.080, nf) = 0.05, f = 0.22).
Post-hoc analysis revealed significantly lower salivary flow rate in the
TSST group at + 1 min post-stress (p = 0.002) but no other timepoint
(p’s>.097). Further post-hoc testing within groups separately revealed a
significant time effect within the TSST group F(2.66,77.11) = 4.58, p =
0.007, ng = 0.14, f = 0.40) but not the Plac-TSST group (p = 0.75). In
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TSST participants, salivary flow rate was (marginally) significantly
decreased at all post-TSST measurement timepoints (+1, +10 and + 30
min) compared to baseline (p’s<.069).

Appendix B
Additional discussion

Differences in stress reactivity kinetics between salivary and plasma IL-6

Salivary IL-6 is likely released in response to sympathetic activation
of the salivary glands, which directly stimulates IL-6 secretion from
salivary gland epithelial cells (Holmberg and Hoffman, 2014; Mathison
et al., 1994; Proctor and Carpenter, 2007; Tanda et al., 1998). This
might result in the observed immediate but short-lived increase in
salivary IL-6 post-stress. In contrast, plasma IL-6 levels increase more
gradually, likely due to catecholamine-driven mobilization of immune
cells from different body compartments into the blood and heightened
biosynthesis of IL-6 by peripheral immune and endothelial cells
(Dhabhar, 2018; Zhang et al., 2021). The latter process requires immune
cell activation and cytokine release into the circulation, which might
lead to a delayed but sustained IL-6 response in plasma (Marsland et al.,
2017). These mechanistic differences might account for the earlier peak
and faster recovery observed in salivary IL-6 compared to plasma IL-6
following acute stress.

Interrelations between salivary cytokines

With respect to interrelations between stress-reactive salivary cyto-
kines, we found that higher total aggregated IL-6 levels were signifi-
cantly associated with higher total aggregated IL-1f levels within the
first 30 min post-stress. However, no association was observed when
examining changes in aggregated salivary IL-6 and IL-1f levels over time
in response to stress (AUC; paseline 30 min)- Our observation that in-
dividuals who produce higher total amounts of salivary IL-6 also tend to
produce higher amounts of IL-1§ is in line with previous research in
children reporting positive intercorrelations between levels of salivary
cytokines, including IL-6 and IL-1f (Riis et al., 2015). To the best of our
knowledge this is the first study to investigate interrelations between
changes in salivary cytokines in response to acute stress induced via
TSST in healthy adults. Therefore, the observation that the degree to
which IL-6 increases from baseline in response to stress does not predict
the degree to which IL-1p increases, represents a novel finding. The lack
of association in stress-induced aggregated changes (i.e., AUC; scores) of
salivary cytokines suggests that the dynamic responses of IL-6 and IL-1§
to acute stress may be regulated by independent biological mechanisms
or that the cytokines exhibit different sensitivities to stress-related
pathways. These findings highlight the importance of distinguishing
between total cytokine output and acute stress-induced changes when
assessing salivary cytokine stress responses.

Data availability
Data will be made available on request.
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