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A B S T R A C T   

With the purpose of identifying a sensitive, robust, and easy-to-measure set of biomarkers to assess stress 
reactivity, we here study a large set of relatively easy to obtain markers reflecting subjective, autonomic nervous 
system (ANS), endocrine, and inflammatory responses to acute social stress (n = 101). A subset of the partici-
pants was exposed to another social stressor the next day (n = 48) while being measured in the same way. Acute 
social stress was induced following standardized procedures. The markers investigated were self-reported pos-
itive and negative affect, heart rate, electrodermal activity, salivary cortisol, and ten inflammatory markers both 
in capillary plasma and salivary samples, including IL-22 which has not been studied in response to acute stress 
in humans before. Robust effects (significant effect in the same direction for both days) were found for self- 
reported negative affect, heart rate, electrodermal activity, plasma IL-5, plasma IL-22, salivary IL-8 and sali-
vary IL-10. Of these seven markers, the participants’ IL-22 responses on the first day were positively correlated to 
those on the second day. We found no correlations between salivary and capillary plasma stress responses for any 
of the ten cytokines and somewhat unexpectedly, cytokine responses in saliva seemed more pronounced and 
more in line with previous literature than cytokines in capillary plasma. In sum, seven robust and easy to obtain 
biomarkers to measure acute stress response were identified and should be used in future stress research to detect 
and examine stress reactivity. This includes IL-22 in plasma as a promising novel marker.   

1. Introduction 

Acute stress protocols combined with sensitive, robust, and easy-to- 
obtain markers of stress reactivity are needed in a range of (research) 
areas. Application areas include the selection or evaluation of high-risk 
professionals, research on the relation between stress reactivity and 
health (Allen et al., 2017; Turner et al., 2020), and assessment of the 
effectiveness of interventions to reduce stress levels or increase stress 
resilience (Morton et al., 2020; Mücke et al., 2018). Acute stress in-
duction protocols, such as the Trier Social Stress Test (TSST), affect a 
variety of pathways and responses, including the 
hypothalamic-pituitary-adrenal (HPA) axis, the autonomic nervous 
system (ANS), immune responses, cognitive responses, and self-reported 
emotional responses (Allen, et al., 2014; Campbell and Ehlert, 2012; 
Dickerson and Kemeny, 2004; Marsland et al., 2017). This expansive 

response pattern is best explained by viewing the underlying mecha-
nisms of the stress response. Brain systems including areas of the pre-
frontal cortex, the amygdala and hippocampus are instrumental in 
determining if environmental stimuli are threatening or excessively 
demanding, hence stressful (McEwen and Gianaros, 2010; Haykin and 
Rolls, 2021). The sympathetic nervous system (SNS) is activated 
immediately following stress recognition by the brain, whereas the HPA 
axis activates more gradually, with cortisol levels peaking around 
20–30 min post stressor onset (Dickerson and Kemeny, 2004; Sapolsky 
et al., 2000). Activation of the SNS is thought to mediate increases of 
pro-inflammatory cytokines (e.g., IL-1β, TNF-α) following acute stress, 
through the release of catecholamines and the activation of nuclear 
factor kB (NF-kB) (Bierhaus et al., 2003; Sapolsky et al., 2000). Acute 
stress also tends to stimulate circulating levels of cytokines with more 
anti-inflammatory (IL-10) or mixed (IL-6) properties, which may restore 

* Corresponding author. Department of Human Performance, The Netherlands Organisation for Applied Scientific Research (TNO), Soesterberg, the Netherlands. 
E-mail address: anne-marie.brouwer@tno.nl (A.-M. Brouwer).  

Contents lists available at ScienceDirect 

Brain, Behavior, & Immunity - Health 

journal homepage: www.editorialmanager.com/bbih/default.aspx 

https://doi.org/10.1016/j.bbih.2024.100789 
Received 22 December 2023; Received in revised form 16 April 2024; Accepted 2 May 2024   

mailto:anne-marie.brouwer@tno.nl
www.sciencedirect.com/science/journal/26663546
https://www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2024.100789
https://doi.org/10.1016/j.bbih.2024.100789
https://doi.org/10.1016/j.bbih.2024.100789
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Brain, Behavior, & Immunity - Health 38 (2024) 100789

2

the inflammatory response. Furthermore, a delayed cortisol response 
subsequently decreases cytokine production, through glucocorticoid 
receptor-mediated down regulation of NF-kB (Lieberman, 2007; Sap-
olsky et al., 2000). From an evolutionary perspective it is proposed that 
these SNS and HPA-axis pathways function together to orchestrate 
adaptive peripheral inflammatory responses, to initially protect the or-
ganism from immediate injury or infection but to subsequently limit 
metabolic costs of prolonged inflammatory responses, respectively 
(Dhabhar, 2014; Segerstrom and Miller, 2004). 

In modern societies the origins of stress that most human beings 
experience are different from those experienced by our ancient ances-
tors. Common threats that currently cause stress often relate to a per-
son’s self-esteem or social status. Especially when these threats are 
uncontrollable and challenge the social self (e.g., risk of negative social 
evaluation or embarrassment) they elicit psychological and physiolog-
ical responses (Dickerson and Kemeny, 2004). Stress tests such as the 
Trier Social Stress Test (TSST) and the Sing a Song Stress Test (SSST) 
include these elements of uncontrollable threats that are challenging the 
social self and are frequently used to study acute stress responses in a 
standardized and controlled way (Allen et al., 2014; Brouwer and 
Hogervorst, 2014). Below we shortly discuss previous research on ANS, 
HPA and immune responses to such acute social stressors. 

1.1. ANS responses to acute stress – HR and EDA 

The heart is innervated by the SNS, where heart rate (HR) increases 
with increasing activity of the SNS, though effects are also mediated by 
the parasympathetic nervous system (PNS) which innervates the heart as 
well (Randall, 1994). Electrodermal activity (EDA) or skin conductance 
reflects the activity of sweat glands which are exclusively innervated by 
the SNS (Dawson et al., 2007). Acute social stress tests have been shown 
to elicit increases in both HR and EDA across a range of studies 
(Campbell and Ehlert, 2012; Man et al., 2023; Brouwer and Hogervorst, 
2014; van der Mee et al., 2020; Mathissen et al., 2022; Toet et al., 2017). 

1.2. HPA responses to acute stress - cortisol 

Cortisol levels can be reliably assessed in either plasma or saliva. 
Plasma contains protein-bound cortisol as well as biologically active free 
cortisol (unbound). Salivary samples contain mainly free cortisol. Acute 
stress tasks containing both uncontrollable and social-evaluative ele-
ments have been shown to consistently elicit cortisol responses (Dick-
erson and Kemeny, 2004), irrespective of sampling method (plasma or 
saliva). Strongest increases are typically observed 20–40 min after 
stressor onset. 

1.3. Immune responses to acute stress – cytokines in plasma and saliva 

Cytokine responses to acute stress may be assessed in plasma or 
saliva. Compared to sampling plasma, saliva is less invasive, safer, 
cheaper, and less burdensome to collect, making saliva a desirable 
biosample for the assessment of inflammatory biomarkers (Szabo et al., 
2020; Szabo and Slavish, 2021). Across studies of which the majority 
included healthy volunteers, systematic reviews and meta-analyses 
show acute stress-induced increases of IL-1β, IL-2, IL-6, IL-10 and 
TNF-α in plasma (Marsland et al., 2017) and increases of IL-1β, IL-6, 
IL-8, IL-10, and TNF-α in saliva (Szabo et al., 2020). Though different 
cytokines each have their own temporal dynamics, largest increases in 
plasma IL-1β, IL-2, TNF-α, or IL-10 have been observed 40–50 min after 
stress (Marsland et al., 2017). Increases in IL-6 were also evident 40–50 
min after stress, but the response was more prolonged with largest in-
creases seen at 90–120 min. In saliva, peak effect sizes were observed 
approximately 50 min (IL-1β, IL-6), 66 min (TNF-α), 85 min (IL-8), and 
100 min (IL-10) after stressor onset (Szabo et al., 2020). Traditionally, 
plasma is collected by venipuncture. Capillary plasma obtained by a 
prick in the finger or ear may be a viable and less invasive alternative. 

Cullen et al. (2015) and Reichel et al. (2023) reported cytokine (IL-6) 
responses in both capillary plasma and venous plasma to physical ex-
ercise. They found responses to be correlated, be it weakly. However, 
there is a lack of studies on acute social stress and inflammatory re-
sponses in capillary plasma. We are not aware of any studies that 
compared immune responses to acute social stressors in capillary plasma 
with saliva. 

1.4. Assessing ANS, HPA and immune markers in acute stress tests 

While there is evidence for the sensitivity of a range of biomarkers 
from different domains to acute stress as described above, they have 
been recorded across a number of studies varying in the exact stress 
induction protocol, participant population and sample size. This makes 
it difficult to compare their sensitivity (Campbell and Ehlert, 2012; Man 
et al., 2023). With the present study we address this gap. Specifically, 
we.  

1) Provide an overview of the stress response of a range of relatively 
easily obtained biomarkers from different domains to an acute social 
stressor (n = 101). These include inflammatory responses in capillary 
plasma, and the more novel inflammatory marker IL-22 (Bottenheft 
et al., 2023). To get an impression of the robustness of the investi-
gated markers we examined their responses to a different type of 
acute social stressor, which was administered one day later to about 
half of the participants.  

2) Check for possible correlations of acute cytokine stress responses in 
saliva and capillary plasma.  

3) For the markers that showed a consistent response on both days, we 
investigated putative associations between responses in day 1 and 
day 2 over participants, providing a further indication of biomarker 
robustness. 

2. Material and methods 

The data reported here are part of a larger two-day study that is 
described in greater detail by Bottenheft et al. (2023) and Stuldreher 
et al. (2023). 

2.1. Participants 

Approval for the study was granted by an accredited medical 
research ethics committee (MREC Brabant, reference number: P2045, 
approval number NL74961.028.20). Prior to study start, all participants 
gave written informed consent. 

One hundred and one participants took part in the study. Exclusion 
criteria were: smoking, drugs use in the last three months, signs of flue or 
viral infection in the last ten days, pregnancy, history of psychiatric 
illness, including sleep disorders, autoimmune disease and/or hyperac-
tive thyroid and known heart, kidney or liver disease or neurological 
complaints. BMI ranged from 18 to 30 kg/m2. Ages ranged from 19 to 55 
years old (M = 28.5, SD = 10.3). Participants were instructed to not 
consume any caffeine containing substances (e.g. coffee, chocolate, tea) 
from 6 p.m. the night prior to the day of the experiment. Of the 101 
participants, 48 were randomly selected and invited to repeat the 
experiment on the next day with a different social stress test. 

2.2. Materials 

2.2.1. Social stress tests 
On day one, stress was induced using the Sing-a-Song Stress Test 

(SSST) developed by Brouwer and Hogervorst (2014). In the presence of 
an experimental leader and a camera, participants were instructed to sit 
still in front of a laptop showing neutral messages. These messages lasted 
for 12 s and were followed by a counter counting down from 60 to 0 s. 
The last message was an instruction to remain sitting still for the 
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subsequent countdown interval, but to sing a song for 20 s directly after 
the counter reached zero, and that the video recording of their singing 
performance would be evaluated by music professionals. The message 
that the video was recorded only served the purpose to increase stress. 
Video recordings were not actually made. 

On day two, stress was induced using the Trier Social Stress Test 
(TSST) (Kirschbaum et al., 1993). Before undergoing the stress test, a 
relaxation period took place to ensure minimum stress. The test con-
sisted of three phases, each lasting 5 min: 1) anticipation, 2) presenta-
tion, and 3) mental arithmetic. The first phase consisted of anticipatory 
stress caused by the instruction to prepare a 5 min presentation for a job 
interview. Participants were instructed to talk about their own person-
ality and convince a jury that they were the best candidate for the job. 
The participants were told that during the presentation, a camera would 
be present and that their taped performance would be judged by experts 
(adapted from Yim et al., 2010). During the second phase, the partici-
pant gave the presentation in front of a one-person jury. The jury was 
trained to maintain neutral expressions throughout the test and to 
instruct the participant to keep talking for 5 min. Participants were told 
that the jury would not answer questions or give feedback. The partic-
ipants were oriented towards the camera. The participants did not know 
that this was part of the social stressor and that no video recordings were 
made. In the third phase, the participants responded verbally to a 
challenging arithmetic problem in the presence of the same jury. 

2.2.2. Self-ratings of affect 
Subjective affect was rated through the Positive and Negative Affect 

Scale (PANAS; Watson et al., 1988). The PANAS consists of the question 
“To what extent do you now feel … ?” followed by ten negative and ten 
positive emotions. Participants indicate to what extent they feel affili-
ated to that emotion on a five point Likert-scale, ranging from “Very 
slightly or not at all” (1) to “Extremely” (5). Outcomes are two total 
scores, one for positive affect (PA) and one for negative affect (NA), 
ranging from 10 (very low) to 50 (very high). The PANAS was admin-
istered twice: approximately 10 min before the stress test and directly 
after the stress test. 

2.2.3. Autonomic nervous system: recording and processing HR and EDA 
Heart rate (HR) data was obtained using an HR monitor with chest 

strap (TICKR heart rate monitor, Wahoo Fitness LLC, Atlanta, Georgia, 
USA). The HR monitor was connected via Bluetooth to a Wahoo Fitness 
Workout Tracker application (version 1.33.0.115) on an Android mobile 
phone for data collection. Electrodermal activity (EDA) responses were 
measured using a wrist band (EdaMove4, Movisens GmbH, Karlsruhe, 
Germany) through two disposable electrodes placed on the palm of the 
non-dominant hand of the participant. 

EDA was processed to obtain the fast-changing phasic part, also 
referred to as skin conductance response (SCR), using Ledalab for 
MATLAB (Benedek and Kaernbach, 2010). This phasic response is 
considered to be an index of sympathetic nervous system activity 
(Benedek and Kaernbach, 2010; Boucsein, 2012). Mean HR and SCR 
pre-stress values were computed over the 3-min rest period prior to the 
SSST and TSST. Post-stress values were defined as the mean HR and SCR 
computed over the 1 min after stress onset (i.e. the countdown interval 
after the announcement that they had to sing a song in the SSST, and the 
anticipation phase in TSST). 

2.2.4. Saliva sampling for cortisol and inflammatory markers 
Saliva was collected three times by passive drool (SalivaBio Saliva 

Collection Aid, Salimetrics, USA): approximately 10 min before the 
stressor and 15 min and 30 min after stress onset (as recommended by 
Shields, 2020 for characterizing cortisol reactivity). The obtained sam-
ples were immediately stored at − 20 ◦C and, at the end of each test day, 
moved to a − 70 ◦C freezer for further storage until use in assays. Salivary 
cortisol was determined using assay number #KGE008B (R&D Systems, 
Abingdon, United Kingdom). Based on Pruessner et al. (2003) the ‘Area 

Under the Curve with respect to increase’ (AUCi) as a measure of cortisol 
stress response was computed: 

AUCi =

(
∑n− 1

i=1

((m(i+1) + mi
)

2

)
)

− (n − 1) • m1  

with mi meaning the individual measurements and n denoting the total 
amount of measurements. 

The first and third saliva samples were also used to determine levels 
of IFN-γ, IL-1β, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-22, and TNF-α 
(Human 10plex Cytokine Panel 1, Quanterix, Billerica, USA). 

2.2.5. Plasma sampling for inflammatory markers 
In line with the study aim to define an easy-to-measure set of bio-

markers, capillary plasma was obtained by finger prick instead of plasma 
collected by venipuncture. Capillary blood (130 μL) was collected twice 
by a finger prick: approximately 5 min before and 50 min after stress 
onset (Shields, 2020). The test leader collected capillary blood according 
to the protocol developed by McDade (2014). Blood samples were 
collected in EDTA-coated vials, put on ice and immediately centrifuged 
at 4 ◦C (14,000 rpm for 15 min). Obtained EDTA plasma was stored at 
− 70 ◦C until use. The frozen samples were used for biomarker analysis 
following protocols described in previous literature (Schutte et al., 2022; 
Vreeken et al., 2022). This included an assessment of systemic inflam-
mation using the same cytokine multiplex panel as for the saliva 
samples. 

2.3. Procedure 

During a training visit several days before the study, participants 
were informed about the outline and procedure of the study. They were 
not informed about the social stress tests. Participants arrived at 08:00 a. 
m. at the test location on the first testing day. After explanation of the 
procedure, the sensors for EDA and HR measurement were attached. 
After participants performed cognitive tasks (not reported here), they 
rested for 15 min, followed by taking the first saliva sample and filling in 
the PANAS questionnaire. Next capillary blood samples were collected 
by using a finger prick, followed by a 5 min rest period. Then the SSST 
started. Directly after the stress test a second subjective affect rating was 
collected, followed by saliva samples 15 and 30 min after stress onset 
and a second blood sample 50 min after stress onset. The procedure for 
day two was the same, except for the use of the TSST instead of the SSST. 

2.4. Statistics 

Data analysis was carried out using R statistics v4.3.1 (R Core Team, 
2020). Wilcoxon Matched-Pairs Signed Rank tests were used to deter-
mine the effect of the stressor by comparing the value after the stressor 
to that before the stressor. This was done for all variables, except for 
cortisol AUCi, for which a one sample Wilcoxon test was used to deter-
mine whether the AUC was larger than 0. Before testing, outliers were 
removed, where outliers are defined as values lower than Q1-1.5*IQR or 
higher than Q3 + 1.5*IQR (Q1 = 25th percentile; Q3 = 75th percentile; 
IQR = interquartile range or the distance between the 25th to the 75th 
percentile). The tables in results section show, for each measure and 
each day, the amount of data included in the analyses. This corresponds 
to the number of participants (101 on day 1 and 48 on day 2) minus 
misses and excluded outliers, and associated pre- or post-stressor data 
required in pairwise comparisons. Concerning misses, for subjective 
data (PA/NA), data of 2 participants were not recorded on day 2. There 
was no recorded data due to failing sensors or failure to start data 
recording for 15 (HR) and 9 (SC) participants on day 1; and for 4 (HR) 
and 9 (SCR) participants on day 2. For plasma, we missed data caused by 
drawing an insufficient amount of blood. This happened for 4 partici-
pants on day 1, and for 3 participants on day 2. 

Spearman rank correlations were used to explore correlations 
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between cytokine responses (post-minus pre-stressor value) in plasma 
versus saliva for each of the 10 cytokines and each of the 2 days. 

For the markers that showed significant stress responses in the same 
direction on day 1 and day 2 as indicated by the Wilcoxon tests (i.e., 
markers that show robustness), as a further test of robustness within 
individuals, we tested for spearman rank correlations between responses 
(post-minus pre-stressor value) on day 1 and day 2. 

All statistical tests were performed at a significance level of alpha =
0.05. 

3. Results 

3.1. Self-reported affect, ANS, and cortisol responses to acute stress 

Fig. 1 shows pre- and post-stressor values for affect and ANS vari-
ables, and cortisol AUCi on day 1 (n = 101) and day 2 (n = 48, subset of 
day 1 sample). Table 1 shows the results of Wilcoxon Matched-Pairs 
Signed Rank tests, indicating the statistical significance of the stress 
responses. Day 1 did not show a change in PA, whereas the stress test on 
the second day led to a significant increase in PA, rather than the 
possibly expected decrease. Both days resulted in significant increases in 
NA. HR and SCR significantly increased in response to stress, on both 
day 1 and 2. For both stress tests, the cortisol AUCi was not significantly 
different from zero. 

3.2. Cytokine responses to acute stress 

Fig. 2 shows pre- and post-stressor values for cytokines in plasma and 
saliva on day 1 and day 2. Table 2 shows the results of Wilcoxon 
Matched-Pairs Signed Rank tests, indicating the statistical significance 
of the stress responses. For many cytokines, especially in plasma, sta-
tistically significant effects as summarized in the table are not imme-
diately obvious from the graphical illustrations of their absolute 
concentrations in Fig. 2. The boxplots illustrate the large biological 
variability that exists regarding initial setpoints (i.e. absolute concen-
trations at start) between participants, yet paired comparisons resulted 
in significant differences between pre- and post-levels for a number of 
markers. 

In saliva, levels of IL-8 and IL-10 increased significantly both on day 
1 and day 2 in response to the stressor. Levels of IL-6 increased signifi-
cantly on day 1, but decreased significantly on day 2 in response to 
stress. IFN-γ increased on day 1, but there was no effect on day 2. Finally, 
acute stress led to significant increases in levels of IL-1β, IL-4, IL-22, and 
TNF-α, on day 2 but not day 1. 

In plasma, levels of IL-5, IL-10, IL12p70 and IL-22 decreased 
significantly in response to the stressor on day 1. Such a decrease was 
replicated on day 2 for IL-5 and IL-22. Levels of IFN-γ decreased 
significantly on day 2, but there was no effect on day 1. 

3.3. Cytokine responses: plasma vs saliva 

The results presented in Table 2 indicate that cytokines do not 
respond to a stressor in similar ways in plasma as in saliva. None of the 
10 cytokines show a significant effect in the same direction in plasma as 
in saliva, for either of the two days. This apparent difference in responses 
is supported by the absence of positive rank correlations between the 
cytokine responses in plasma and saliva. 

3.4. Robust responses: day 1 vs day 2 

As highlighted in Table 1 and Table 2, we found significant effects in 
the same direction in response to the acute stress tests on both days for 
the following variables: NA, HR, SCR, plasma IL-5, plasma IL-22, saliva 
IL-8 and saliva IL-10. To explore whether these robust responses were 
also similar at the level of individual participants, we analyzed the re-
sponses (i.e. post-minus pre-stressor values on an individual participant 
level) at day 1 against day 2 using Spearman correlations. These ana-
lyses indicated that for plasma IL-22, individuals showed similar acute 
social stress responses on day 1 compared to day 2 (rs = 0.47, p < 0.01). 
There was no significant rank correlation for the other variables. 

Fig. 1. Pre- and post-stressor values (coded in respectively blue and orange) of 
affect and ANS variables, and cortisol AUC in response to the acute stress test, 
for day 1 (left) and day 2 (right). Significant (within-participant) differences 
between pre- and post-stressor values (see Table 1) are indicated by stars. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Wilcoxon test outcomes of changes in positive and negative 
affect, ANS variables, and cortisol in response to the acute 
stress test at day 1 and 2. Significant effects are printed in 
bold with a + indicating that the value after the stressor was 
higher than before the stressor. Significant effects in the 
same direction on both days are highlighted in gray. 

PA: Positive affect; NA: Negative Affect; HR: Heart rate; 
SCR: skin conductance response; amplitude AUCi: Area 
under the curve with respect to increase. 
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4. Discussion 

The present study was designed to identify a sensitive, robust and 
easy-to-obtain set of markers to assess acute stress responses. Using 
standardized social stress induction protocols on two consecutive test 
days, robust responses were observed for HR, SCR, plasma IL-5 and IL- 

22, salivary IL-8 and IL-10 and self-reported negative affect. 
The observed effect of social stress on positive affect (PA) on day 2, 

and the absence of an effect on cortisol may be unexpected. However, 
the increase rather than decrease in PA on day 2 has also been reported 
in other studies using TSST (Man et al., 2023). With respect to cortisol, 
we observed that AUCi values were not significantly different from zero 

Fig. 2. Pre- and post-stressor values (coded in respectively blue and orange) for each of the ten cytokines in plasma and saliva on day 1 and day 2. Significant 
(within-participant) differences between pre- and post-stressor values (see Table 2) are indicated by stars. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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on both days. In their meta-analysis and review, Dickerson and Kemeny 
(2004) found that the majority of acute social stress studies showed 
cortisol increases 15–30 min after stress onset. However, they also 
report that studies conducted in the morning, like our study, show 
significantly smaller effects than studies conducted in the afternoon, 
with an overall three times smaller effect size. Dickerson and Kemeny 
explain this finding by the effects of cortisol diurnal variation - in the 
morning cortisol levels naturally decrease which could make it more 
difficult to detect a cortisol response than in the afternoon, when levels 
are relatively stable. Additionally, our social stress test on the first day, 
the SSST, was of very short duration and in that sense may have been 
milder than the TSST that was used in research reviewed by Dickerson 
and Kemeny (2004). Furthermore, our participants performed the TSST 
on day 2, after they had been exposed to a social stress test the day 
before, which may have reduced the level of stress caused by the TSST. 
Given the detectable effects in other markers to the possibly relatively 
mild stressors, the observed lack in a cortisol response suggests that 
salivary cortisol measured in the morning is not a very sensitive marker. 

We evaluated the responses to stress of 10 different inflammatory 
cytokines, both in capillary plasma and in saliva. Our findings in saliva 
are in agreement with a systematic review and meta-analysis by Szabo 
et al. (2020) who reported increases of IL-1β, IL-6, IL-8, IL-10, and TNF-α 
in saliva in response to acute stress. All of these cytokines increased 
significantly after the stressor on day 2, except for IL-6, which showed a 
statistically significant decrease. On day 1, three of these five cytokines 
increased (IL-6, IL-8 and IL-10). Although the majority of samples 
included in the meta-analysis by Szabo al. (2020) report stress-induced 
increases in IL-6 from saliva, a quarter of the samples reported negative 
effect sizes. Their analysis pointed out that IL-6 effects are heteroge-
neous, which is in line the opposite responses we find on day 1 and day 
2. Our results in capillary plasma however are at odds with prior venous 
plasma research. In contrast to a systematic review and meta-analysis 
(Marsland et al., 2017), we did not find acute stress-induced increases 
in IL-1β, IL-6, IL-10 and TNF-α on either day. Stress-induced activation 
of the ANS - which was clearly observed in the increases in HR and SCR 
in the present study - is thought to mediate increases of 
pro-inflammatory cytokines (e.g., IL-1β, TNF-α) as well as 
anti-inflammatory cytokines (e.g., IL-10 and IL-6; Bierhaus et al., 2003; 
Lieberman, 2007; Sapolsky et al., 2000). In the present study we did not 
see such changes in plasma. We did however observe consistent re-
ductions (at both days) for IL-5 and IL-22. The discrepancy between our 
study and previous ones may be explained by the different plasma 
sampling method. Despite previous research showing some correspon-
dence between cytokine responses in venous and capillary plasma 
samples (Cullen et al., 2015; Reichel et al., 2023) to physical exercise, 
this difference in plasma sampling may underly the discrepancy with 

previous research on cytokine responses to acute social stress. The 
present study was focused on easy-to-obtain markers and did not include 
venous plasma sampling, hence this possible explanation remains open. 
Regardless of the sampling method, it is worth noting that although we 
observed no change in levels of IL-6 and TNF-α, a closer look at the 
studies included in the meta-analysis of Marsland et al. (2017) reveals 
that 13 out of the 28 studies in healthy subjects showed no significant 
change in IL-6 and even 8 out of the 10 studies in healthy subjects 
showed no significant change in TNF-α. This illustrates considerable 
heterogeneity across studies and that inductions of cytokines are less 
consistent than often assumed even when the sampling strategy was 
comparable, i.e. when venous plasma was used to determine cytokine 
responses to stress. 

As may be expected by the differential results of acute social stress 
effects on inflammatory markers in capillary plasma and saliva, we did 
not find correlations between responses in capillary plasma and saliva 
for the different cytokines. Though some methodological choices in bio 
sampling may partly account for this (see limitations below), these 
findings, at least in part, suggest that that these cytokines are a result of 
different biological processes or have distinct temporal patterns in the 
two compartments. 

IL-22 has not been studied in response to acute stress in humans 
before, and the robust IL-22 reduction in response to acute social stress 
(on both days, and robustly within individuals) is a new finding. IL-22 is 
a member of the IL-10 family and a pleiotropic cytokine that exhibits 
both proinflammatory and anti-inflammatory effects. It is critically 
involved in the control of epithelial homeostasis, epithelial barrier 
function and host protection (Keir et al., 2020). Its effects depend on the 
tissue microenvironment including the cytokine environment (Alabbas 
et al., 2018). IL-22 has been observed in both mice and humans to in-
fluence the production of other proinflammatory cytokines, including 
IL-6, IL-8 and TNF-α, to coordinate the inflammatory response (Andoh 
et al., 2005; Kong et al., 2012). Studies in mice showed that chronic 
stress stimulated IL-22 production in intestinal immune cells 
(Gomez-Nguyen et al., 2022) and plasma levels (Ilanges et al., 2022, 
preprint). Furthermore, IL-22 treatment increased resilience to anxiety 
like behavior in chronically stressed mice and it was proposed that IL-22 
plays a role in an immune-to-brain axis to mitigate neuro-behavioral 
consequences of chronic stress (Ilanges et al., 2022, preprint). Mice 
deficient in IL-22 are sensitive to pathogens and infections, and have an 
exacerbated disease in comparison with wild-type mice that express 
IL-22 (Keir et al., 2020) suggesting that the observed reduction in IL-22 
in response to acute stress is rather detrimental. Bottenheft et al. (2023) 
found a reduction of IL-22 in response to one night of sleep deprivation. 
The mechanism how an acute stressor causes a reduction in IL-22, as 
observed in the present study, remains unclear. Given the limited 

Table 2 
Wilcoxon test outcomes of changes in cytokines for plasma and saliva in response to the acute stress test at day 1 
and 2. Significant effects are printed in bold, and the direction of the effect is indicated with a + (higher value 
after acute stress than before) or a – (the reverse). Significant effects in the same direction on both days are 
highlighted in gray. 
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knowledge on the role of IL-22 in stress reactivity, further research in 
humans is needed on this topic. 

4.1. Limitations and future work 

We explored correlations between cytokine responses in capillary 
plasma versus saliva, none of which were significant. It is possible that 
some limitations in plasma sampling may have contributed to these null- 
findings. First, as the present study was focused on easy-to-obtain 
markers we included capillary plasma but did not include venous 
plasma sampling. The difference in plasma sampling may underly the 
discrepancy with previous research on cytokine responses to acute social 
stress. Future studies are needed to shed more light on this. Second, to 
reduce the burden of plasma collection for the participant, we sampled 
blood only at a single post-stress timepoint, at approximately 50 min 
post-stressor onset, to measure cytokine responses. Most of the included 
cytokines have been reported to significantly increase at that timepoint 
(Marsland et al., 2017; Szabo et al., 2020), but future studies should be 
cautious and sample more frequently because there are considerable 
variations among the individual studies used in the meta-analysis of 
Marsland et al. It should therefore be concluded that the exact temporal 
dynamics of most cytokines in response to stress are not precisely known 
for all cytokines that we included, with practically no information on 
IL-22, and our sampling timing may have been sub-optimal for a part of 
them. In addition, differences in temporal dynamics likely exist between 
venous and capillary sampled plasma. Comprehensive dynamical cyto-
kine profiling studies (preferably sampling venous, capillary blood and 
saliva) would help researchers to design their studies most optimally. In 
our study, timing of saliva sampling was in first place optimized for 
cortisol detection. It is therefore worth noting that we observed in-
creases in salivary IL-8 and IL-10 on both days, despite that their peak 
effects have been reported by others to occur later, namely 85 min and 
100 min after stressor onset, respectively (Szabo et al., 2020). 

A strength of our study is that we recorded responses in a large 
amount of variables in the same individuals, to the same stressor, so that 
they can be compared. However, a limitation that comes with recording 
many variables is the problem of multiple comparisons. We found that 
12 out of 25 variables responded to stress on day 1, and 15 out of 25 on 
day 2 which is considerably more than expected by chance. We used the 
consistency in stress responses on both days to deal with the multiple 
comparisons problem, resulting in the list of seven robust markers. 

4.2. Conclusion 

Measuring social stress responses in a wide range of modalities 
simultaneously, for two different stress tests, allowed us to identify a set 
of robust, relatively easy to obtain markers of acute social stress: self- 
reported negative affect, HR, SCR, capillary plasma IL-5 and IL-22, 
and salivary IL-8 and IL-10. We are the first to show the effect of 
acute stress on IL-22 in humans. We advise future studies on stress 
resilience, e.g. studies that test for effects of stress reducing in-
terventions or selection of stress resilient individuals, to include these 
measures. Future studies on differences between capillary and venous 
plasma, as well as studies on the exact time course of effects in different 
populations and at different points during the day are required to further 
optimize the identified set of markers. 
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