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The gonadal response to social stress and its relationship to cortisol

Belinda Pletzera,b , Eefje S. Poppelaarsa , Johannes Klackla and Eva Jonasa

aDepartment of Psychology, University of Salzburg, Salzburg, Austria; bCentre for Cognitive Neuroscience, University of Salzburg,
Salzburg, Austria

ABSTRACT
The cortisol response to social evaluative stress has been well characterized. However, data regarding
changes in gonadal hormones after stress are still scarce and inconsistent. The majority of studies have
focused on testosterone reactivity to stress in men, while estradiol responses or gonadal stress
responses in women have hardly been investigated. Furthermore, it has not been evaluated whether
sex hormone reactivity to stress differs between men and women and the relationship between cortisol
and gonadal reactivity to stress is still unclear. To address these questions, we re-analyzed saliva sam-
ples collected from 37 men and 30 women in their luteal cycle phase before and repeatedly after
social-evaluative stress. Both, testosterone and estradiol levels were assessed. In both men and women,
testosterone was significantly reduced after stress. Testosterone levels were at their lowest after
20minutes, but did not return to baseline until 35minutes after stress. Across the whole sample, estra-
diol was significantly increased after stress with two separate peaks after 15 and 30minutes. Follow-up
analyses revealed that 41 participants actually responded with a decrease in estradiol levels to stress,
with lowest levels after 20min, while the remaining participants responded with an increase in estra-
diol levels. These gonadal stress responses appear to be largely independent of the cortisol response
to stress. These results demonstrate that the endocrinological stress response is not restricted to the
HPA axis and stress responsivity of gonadal hormones is not simply driven by cortisol. Accordingly, the
stress responsivity of gonadal hormones and their association to psychological variables is an add-
itional avenue to explore in both men and women.
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1. Introduction

The endocrine response to acute stressors is well character-
ized, with an immediate response of the sympathetic nervous
system (SNS; peak in adrenaline), followed by a slower
response of the hypothalamo-pituitary-adrenal (HPA) axis
with a peak in corticosteroids (CORT; cortisol in humans) after
about 15minutes (see Bali & Jaggi, 2015 for a review).

1.1. Modulation of the HPA axis by gonadal hormones

Several studies in humans suggest an increased or decreased
cortisol response depending on the levels of gonadal hor-
mones (see Toufexis et al., 2014 for a review). For instance, a
blunted cortisol response is often observed in women as
compared to men (e.g. Kudielka & Kirschbaum, 2005; Uhart
et al., 2006; see Kajantie & Philips, 2006 for a review; see Liu
et al., 2017 for a meta-analysis; but see Kirschbaum et al.,
1999; Rohleder et al., 2001; Wolf et al., 2001). However, dur-
ing the luteal phase of women, sex difference in the cortisol
response were diminished (Kirschbaum et al., 1999; Kudielka
et al., 2004; Wolf et al., 2001; Rohleder et al., 2001; but see
Tersman et al., 1991; Duchesne et al., 2012), since a higher
cortisol response was observed during the high-hormone

luteal phase of the menstrual cycle compared to low hor-
mone phases (Kirschbaum et al., 1999; Altemus et al., 2001;
Espin et al., 2013; Montero-L�opez et al., 2018; Stephens et al.,
2016; but see: Duchesne et al., 2012; Maki et al., 2015).
Likewise, estrogen treatment increases the cortisol response
in pre-menopausal women and transwomen (Kirschbaum
et al., 1996; Fuss et al., 2019; but see Komesaroff et al., 1999;
Kudielka et al., 1999 for opposite results in peri- and post-
menopausal women).

Apart from estrogens, also male gonadal hormones may
contribute to the sex difference in the cortisol response to
various stressors. In men and transmen, testosterone adminis-
tration has been shown to diminish the cortisol response to
physiological CRH stimulation (Fuss et al., 2019; Rubinow
et al., 2005), but increases the cortisol response to psycho-
social stressors (Knight et al., 2017). Accordingly, the effects
of basal testosterone levels on the cortisol response to stress
appear to depend on the type of the stressor.

1.2. Modulation of the HPG axis by stress and
adrenal hormones

Vice versa, an up- or downregulation of gonadal hormones,
depending on cortisol levels, has also been described.
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Chronic elevation of cortisol downregulates the HPG axis and
reduce gonadal hormone levels in both men and women
(Aakvaag et al., 1978; Roney & Simmons, 2014). However,
also acute stressors have been shown to impact sex hormone
levels, particularly testosterone levels in men (see e.g.
Chichinadze & Chichinadze, 2008 for a review). Several stud-
ies suggest a decrease in testosterone after physical stressors,
like exercise (Fern�andez-Garcia et al., 2002; Gomez-Merino
et al., 2002; Maner et al., 2008; Oltmanns et al., 2005).
However, some studies also demonstrate an increase in tes-
tosterone levels in response to stressors (Bedgood et al.,
2014), particularly in competitive situations (Crewther et al.,
2018; Gladue et al., 1989; Gonzalez-Bono et al., 1999), in
dominant individuals or winners (Bernhardt et al., 1998;
Chichinadze & Chichinadze, 2008; Crewther et al., 2018;
Schultheiss et al., 2005; Zitzmann & Nieschlag, 2001).

Competition introduces a social-evaluative element to
physical stress. Accordingly, social stressors, like the TSST,
may be more likely to elicit testosterone elevations than
physical stressors. However, the results obtained with the
TSST are inconsistent (Bedgood et al., 2014; Juster et al.,
2016; Lennartsson et al., 2012; Schoofs & Wolf, 2011). It is
possible that these inconsistencies result from variability in
participants’ assessment of the competitiveness of the stress
situation (Chichinadze & Chichinadze, 2008). The TSST does
not only involve social evaluation, but also a cognitive elem-
ent in the form of arithmetic. Accordingly, participants’
assessment of their numerical skills may also play a role in
how threatening or competitive the situation is perceived.
Removing the arithmetic element from the stress provocation
procedure may provide an opportunity for the unconfounded
assessment of the gonadal response to social stress.

1.3. Open questions and the current study

In summary, the following modes of interaction between the
adrenocortical and gonadal stress response have been
hypothesized:

1. Baseline levels of gonadal hormones determine the
strength and direction of the cortisol response (Kajantie
& Phillips, 2006).

2. Baseline levels of cortisol determine the strength and
direction of the gonadal stress response (e.g. Bedgood
et al., 2014).

3. The cortisol response triggers a change in gonadal hor-
mone levels (Chichinadze & Chichinadze, 2008).

It is however also possible, that gonadal hormone levels
respond to stress independently of the cortisol response, and
while doing so moderate the cortisol response to stress or
vice versa. So far it remains unclear which of these modes of
interactions is predominant. Also, most studies evaluating the
gonadal response to stress have focused on testosterone lev-
els, while estradiol levels have rarely been evaluated (Herrera
et al., 2016; Schoofs & Wolf, 2011). Furthermore, no study so
far has directly compared the gonadal response to stress

between men and women, despite the apparent sex differen-
ces in HPG functionality.

To address these questions, we analyzed testosterone and
estradiol levels from saliva samples which were previously
obtained to assess the cortisol response to an impromptu
public speaking task–a social-evaluative stress paradigm simi-
lar to the TSST, but devoid of the cognitive challenge related
to mental arithmetic. Our previous results show that this
stressor reliably raises cortisol levels in both men and women
with a peak 20minutes after the stress manipulation ends
(Poppelaars et al., 2019), as is typical for social stressors
(Labuschagne et al., 2019). Based on the previous literature
and the potential interaction modes between HPA and HPG
axis outlined above, we chose an exploratory approach
to establish:

1. Whether baseline sex hormones relate to the cortisol
response to social-evaluative stress.

2. Whether estradiol and testosterone levels increase or
decrease after stress, and if so.

3. Whether the gonadal stress response relates to baseline
cortisol levels or the cortisol response to stress.

As the previous literature does not allow to draw clear
conclusions on the directionality of these effects, no direc-
tional hypotheses were formulated.

2. Methods

This manuscript reports additional analyses on the sample
described in Poppelaars et al. (2019). Poppelaars et al. (2019)
assesses the association between different stress response
stages, including the cortisol response, and personality char-
acteristics. However, while it is well known that gonadal hor-
mones may modulate the cortisol response to stress (see
Kajantie & Phillips, 2006 for a review), the literature on
changes in gonadal hormones is still scarce and largely
inconsistent. Accordingly, we decided to re-analyze the sam-
ples collected during the study described in Poppelaars et al.
(2019) for estradiol and testosterone in order to additionally
evaluate the gonadal response to social-evaluative stress.
Thus, the approach of the current study is exploratory and
results should be interpreted with caution. From the meas-
ures collected by Poppelaars et al. (2019) only those included
in the current analyses will be described in detail in the fol-
lowing. In order to not unduly inflate the probability of false
positives, we focus the manuscript on endocrinological meas-
ures only.

2.1. Participants

As described in Poppelaars et al. (2019), of the 85 university
students who participated in the experiment, 37 men (age:
M¼ 22.8, SD¼ 2.6) and 30 women (age: M¼ 22.9, SD¼ 2.8)
fulfilled the inclusion criteria, i.e. they were 18–35 years old,
right-handed, had normal or corrected-to-normal vision, were
heterosexual, free of psychiatric and endocrinological disor-
ders, free of medication, and not regular smokers or drinkers.
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Female participants did not use oral hormonal contraception
or an intrauterine device for the past three months, were not
currently pregnant or breast-feeding, had a regular menstrual
cycle (21–35 days, Fehring et al., 2006) and were tested in
their luteal cycle phase (day 3–10 before onset of next men-
ses, high progesterone). The average cycle duration in the
final sample was 27.6 days (SD¼ 3.2) and the average testing
day was day 20.5 (SD¼ 3.6). Progesterone levels were in a
plausible range of 42.6 and 527.5 pg/mL, with an average of
194.7 (SD¼ 121.9).

2.2. Ethics statement

The study was approved by the ethics committee of the
University of Salzburg. All methods conform to the
Declaration of Helsinki. All subjects gave their informed writ-
ten consent to participate in the study.

2.3. Protocol to induce social-evaluative stress

Social-evaluative stress was induced by an impromptu pub-
lic speaking task in front of a prerecorded audience. The
task is an adaptation of the Leiden public speaking task
(Westenberg et al., 2009). It has been shown to considerably
increase salivary cortisol levels (Poppelaars et al., 2019;
Westenberg et al., 2009) and differs from the Trier social
stress test in two important aspects: (i) the audience is pre-
recorded and thus constant for all participants, and (ii) no
mental arithmetic has to be performed, thereby reducing
the cognitive challenge of the situation. After baseline
measurements, participants had to give a five-minute
speech in English about their positive and negative qualities
in front of a life-size-projected prerecorded audience and a
camera. No participant was a native English speaker, but all
participants were competent enough to participate, as
assessed by a general English language competence test
(www.cambridgeenglish.org/test-your-english/general-eng-
lish/). Before the speech, participants had five minutes to
prepare, but were not allowed to take any notes.
Participants could see themselves in the camera-finder dur-
ing the speech. Although participants were told that the
audience would evaluate their video on 10 aspects concern-
ing speech delivery, content, and quality, the videos were
never evaluated. Participants were informed about the
deception during the debriefing. The entire stress manipula-
tion lasted about 18minutes. As described in Poppelaars
et al. (2019), this task resulted in a reliable cortisol response
across all participants, which did not differ between men
and women.

2.4. Procedure

All experiments were performed in English between 12am
and 6 pm. It has been shown that during this time-window
cortisol levels are low and sensitive to external stimulation
(Nicolson, 2008). Before participants arrived at the lab, they
were informed that they would perform tasks relating to
brain activity, hormones, and heart rate. They signed the

informed consent form and completed a custom health ques-
tionnaire to assess exclusion criteria as described in
Poppelaars et al. (2019). A first saliva sample was taken to
obtain baseline measurements of all hormones, before partic-
ipants were informed that they had to perform a public
speaking task. Further saliva samples were taken immediately
after the public speaking task, 10minutes later and then
every five minutes until 35minutes after the stress
manipulation.

2.5. Hormone analysis

Seven saliva samples of 2mL each were collected by spit-
ting in a tube at baseline (i.e. 15minutes before the stress
manipulations), as well as every 5minutes after the stress
manipulations. To avoid sample contamination or hormone
manipulation unrelated to the experiment, participants were
instructed not to eat, drink (except water) or exercise
30min prior to the experiment, and not to smoke on the
same day. All samples were immediately frozen at �20 �C.
Prior to analysis, solid particles were removed by centrifuga-
tion for 15min and 10min respectively at 3,000 rpm.
Cortisol levels had already been analyzed for Poppelaars
et al. (2019). For the current manuscript, we additionally
analyzed free estradiol and testosterone from the same sam-
ples, using DeMediTec salivary ELISA kits (DeMediTec
Diagnostics, Kiel, Germany). Please note that this analysis
step required an additional freeze-thaw cycle. While salivary
steroids appear to be stable after repeated freeze-thaw
cycles (Durdiakov�a et al., 2013; Gandara et al., 2007; Keevil
et al., 2014), it is possible that hormone degradation led to
a slight underestimation of actual sex hormone values.
However the treatment of samples was consistent across
participants to ensure the comparability of hormone values.
In order to increase reliability, all samples were analyzed in
duplicate and samples with intra-assay coefficients of vari-
ability above 25% were reanalyzed.

2.6. Statistical analyses

Statistical analysis was performed in RStudio version 1.1.423
with R version 3.1.3 (R Core Team, 2018). Hormone values
exceeding the group mean by more than three standard
deviations were excluded. This concerned cortisol values of
one female participant, estradiol values of one female partici-
pant and testosterone values of one male participant.

In a first step, it was assessed whether baseline testoster-
one or estradiol levels predicted the cortisol reactivity to
stress as reported in Poppelaars et al. (2019) using separate
correlations for men and women.

In a second step it was addressed whether testosterone
and estradiol respond to SET. We used linear mixed effects
models, as implemented by the lme function of the nlme
package, to assess whether time had a significant effect on
estradiol and testosterone levels. Participant number was
modeled as a random factor, while sex and time were mod-
eled as fixed factors (formula: hormone � 1jPNrþ
sex�timepoint). All continuous dependent and independent
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variables were scaled (z-standardized) prior to analysis in
order to allow an interpretation of effect sized based on
standard deviations similar to Cohen’s d.

In a third step, it was evaluated how the gonadal response
to stress as described in the current manuscript related to
the cortisol response to stress as described in Poppelaars
et al. (2019). Stress-responsiveness of all hormones (cortisol,
testosterone, estradiol) was calculated as area under the
curve related to the increase (AUCi) according to the follow-
ing formula (compare Pruessner et al., 2003; Fekedulegn
et al., 2007):

X5

i¼0

ðHormi þ Hormiþ1Þ
2

� tiþ1 � tið Þ � Horm0 � t6 � t0ð Þ

where Hormi denotes the i-th hormone measurement and ti
the i-th timepoint. Horm0 denotes the baseline measurement.
Accordingly, AUCi is negative if hormones decrease, but posi-
tive, if hormones increase.

Correlation analyses were performed separately for men
and women in order to assess whether (i) cortisol baseline
measurements predicted the gonadal response to stress, and
(ii) the cortisol response related to the gonadal response to
stress. P-values were corrected for multiple comparisons
across all correlations using false discovery rate (FDR). Non-
significant associations with an at least moderate effect size
of r> 0.35 are reported as trends and interpreted as direc-
tions for the development of further research questions.

In a final step, exploratory analyses were conducted to
characterize different estradiol response profiles.

3. Results

3.1. Relationship of baseline gonadal hormones to
cortisol reactivity

The cortisol response, calculated as AUCi, was not related to
baseline testosterone or estradiol levels in either men or
women (all jrj < 0.25, all p> .19, compare Table 1).

3.2. Gonadal response to social-evaluative stress

3.2.1. Testosterone
Baseline testosterone levels were significantly higher in men
compared to women (b¼ 1.49, SEb ¼ 0.14, t(63) ¼ 10.75,
p< .001). Stress reduced testosterone levels (b ¼ �0.15, SEb
¼ 0.03, t(388) ¼ �5.68, p< .001) irrespective of participants’
sex (b ¼ �0.02, SEb ¼ 0.04, t(388) ¼ �0.49, p¼ .62). Also AUCi
for testosterone did not differ significantly between men and
women (t(55.22) ¼ 0.40, p¼ .69). Pairwise comparisons showed
that in both men and women, testosterone reached a min-
imum 20minutes after social-evaluative stress (b ¼ �0.21,
SEb ¼ 0.05, t(63) ¼ �4.23, p< .001; Figure 1(A)), i.e. at the
same time that cortisol levels peak (Poppelaars et al., 2019).
Until 35minutes after stress, testosterone levels did not
return to baseline levels (b¼ 0.02, SEb ¼ 0.04, t(63) ¼
0.46, p¼ .65).

3.2.2. Estradiol
Baseline estradiol levels did not differ significantly between
men and women (b¼ 0.01, SEb ¼ 0.20, t(64) ¼ 0.06, p¼ .95).
While this is somewhat unexpected, it is not unusual, since
estradiol levels only reach peak-levels in women during the

Table 1. Correlations in men and women.

Men Women

T baseline E Baseline T AUCi E AUCi T Baseline E Baseline T AUCi E AUCi

T baseline –0.16 –0.67*** 0.04 0.39 –0.39 0.18
E baseline 0.03 –0.78*** –0.20 –0.24
Cort baseline –0.04 0.36 0.18 –0.28 0.55* 0.08 –0.22 0.13
Cort AUCi 0.09 –0.22 0.13 0.11 0.01 0.11 0.25 –0.22

Note. Significant and trend associations are displayed in bold font. ��� ¼ pFDR < 0.001; � ¼ pFDR < 0.05.

Figure 1. Testosterone and estradiol response to social-evaluative stress. (A) Testosterone decreased significantly in response to stress in both men and women
with a minimum 20minutes after stress cessation (Timepoint 0). (B) Estradiol increased significantly in response to stress in both men and women with two maxima,
15 and 30minutes after stress cessation (Timepoint 0).
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pre-ovulatory cycle phase and there is a high variability in
luteal phase estradiol levels (Pletzer et al., 2019; Shultz et al.,
2005). Across the whole sample, stress increased estradiol lev-
els (b¼ 0.11, SEb ¼ 0.04, t(394) ¼ 2.40, p¼ .02), irrespective of
participants’ sex (b ¼ �0.10, SEb ¼ 0.06, t(394) ¼ �1.61,
p¼ .11). Also AUCi for estradiol did not differ significantly
between men and women (t(60.28) ¼ 1.02, p¼ .31).
Descriptively, in both men and women, we observed two
separate estradiol peaks 15 and 30minutes after social-evalu-
ative stress, with a local minimum 20minutes after social-
evaluative stress (Figure 1(B)).

Testosterone response, calculated as AUCi, was predicted
by baseline testosterone in men (r ¼ �0.67, pFDR < 0.001;
Figure 2(A)), with a similar trend in women (r ¼ �0.39, p <

.05). The estradiol response, calculated as AUCi, was pre-
dicted by baseline estradiol only in men (r ¼ �0.78, pFDR <

.001; Figure 2(B)), but not in women (r ¼ �0.24, p ¼ .14),
compare Table 1.

3.3. Interrelation between sex and stress hormones

Testosterone baseline levels were significantly related to cor-
tisol baseline levels in women (r ¼ .55, pFDR < .05; Figure

3(A)), but not in men (r ¼ �0.04, p ¼ .83). Estradiol baseline
levels were not significantly related to cortisol baseline in
either men or women (all jrj < .36, all p > .03; Figure 3(B)),
though a trend association was observed in men (r ¼ .36, p
¼ .036). Neither the testosterone, nor the estradiol response,
calculated as AUCi, was related to cortisol baseline levels or
cortisol reactivity in men or women (all jrj < .30, all p > .26).

3.4. Exploratory analyses: characterizing estradiol
response profiles

Since two distinct peaks were observed in the estradiol
response to stress, we explored whether this bimodal estra-
diol response was the result of different estradiol response
profiles. A subset of 41 participants was identified, who
exhibited a decrease in estradiol levels following stress (b ¼
�0.09, SEb ¼ 0.04, t(245) ¼ �2.22, p¼ .03). In this group, estra-
diol was significantly reduced 20minutes after social-evalu-
ative stress (b ¼ �0.41, SEb ¼ 0.05, t(40) ¼ �9.01, p< .001;
Figure 4), but increased back to baseline levels 35min after
social-evaluative stress (b¼ 0.27, SEb ¼ 0.07, t(40) ¼ 3.56,
p¼ .001). In the remaining 25 participants, estradiol showed
a significant increase after social-evaluative stress (b¼ 0.21,

Figure 2. Relationship of sex hormone baseline levels to the gonadal stress response in men and women. (A) Testosterone baseline levels predict the testosterone
response to stress in men and women. (B) Estradiol baseline levels predict the estradiol response to stress in men, but not women. Gonadal stress response was cal-
culated as area under the curve related to increase (AUCi).

Figure 3. Relationship of cortisol baseline levels to sex hormone baseline levels in men and women. Cortisol relates to testosterone in women, but not men.
Estradiol shows a trend relationship to cortisol in men, but not women.
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SEb ¼ 0.04, t(149) ¼ 5.09, p< .001; Figure 4), with strong vari-
ability in the timing of the peak. Again, two maxima were
observed, 15 and 25minutes after social-evaluative stress,
both significantly elevated compared to baseline levels (both
b> 0.37, both SEb < 0.11, both t(24) > 3.47, both p < .002).
After 20minutes, a significant decrease was observed (b ¼
�0.21, SEb ¼ 0.05, t(24) ¼ �3.89, p< .001). The estradiol pro-
file was not affected by participant’s sex (X2 ¼ 0.06, p¼ .80).

To further characterize these different response profiles,
exploratory t-tests were performed to compare endocrino-
logical variables between the two profiles. Apart from higher
baseline estradiol levels in participants with a decreasing
estradiol profile (t(64) ¼ 4.60, pFDR < 0.001), no differences in
baseline hormone levels, cortisol, or testosterone reactivity
were observed between the different estradiol reactivity pro-
files (all jtj< 2.06, all pFDR > 0.11). Furthermore, correlation
patterns were not different between participants with
increasing vs. decreasing estradiol profiles.

4. Discussion

The present study aimed to evaluate the gonadal stress
response in men and women, its predictors, and its relation-
ship to the adrenocortical stress response. In the light of a
scant literature on the topic, we chose an exploratory
approach to this question, re-analyzing samples from a previ-
ous study, which focused on the cortisol response to stress.
In the following sections, the results will be discussed separ-
ately for testosterone and estradiol reactivity.

4.1. Testosterone reactivity to social-evaluative stress

In addition to the well-established cortisol increase after
stress, our results showed that testosterone decreased in
response to social-evaluative stress in the majority of partici-
pants, and irrespective of participants’ sex. In both men and
women, a minimum testosterone level was reached
20minutes after social evaluative stress ended, i.e. at the
same time that cortisol levels peak (Poppelaars et al., 2019).

The absolute decrease encompassed about 20 pg/mL in both
men and women. It should be noted however, that this
decrease corresponded to 33% of baseline testosterone in
women, but only 15% of baseline testosterone in men, indi-
cating that in relative terms, women exhibited larger testos-
terone drops than men. The observation of a significant
testosterone decrease after stress is in line with studies
reporting testosterone decreases after physical and some
social-evaluative stressors (Fern�andez-Garcia et al., 2002;
Gomez-Merino et al., 2002; Juster et al., 2016; Maner et al.,
2008). Based on previous observations that testosterone ele-
vations may occur after winning and/or in competitive situa-
tions (Chichinadze & Chichinadze, 2008; Crewther et al.,
2018), it can be speculated that the social-evaluative stress
was either experienced as a defeat or as not very competi-
tive. Since competitive behavior and personality traits have
been related to the interactive effects of testosterone and
cortisol at baseline (dual hormone hypothesis, see Mehta &
Prasad, 2015 for a review), future work should explore
whether testosterone and cortisol reactivity also interactively
modulate participants’ behavior during a stress situation.

The strongest predictor of testosterone reactivity was
baseline testosterone, irrespective of participants’ sex. The
higher the baseline testosterone levels, the stronger was the
decrease in response to stress. A similar observation in the
opposite direction has previously been noted for the HPA
axis, where participants with higher basal cortisol levels show
a blunted cortisol response to stress, while cortisol reactivity
is higher in participants with lower cortisol baseline levels
(Buchanan & Tranel, 2008; Kunz-Ebrecht et al., 2003; Pletzer
et al., 2010; Takahashi et al., 2004). A physiological explan-
ation may lie in negative feedback within the HPG axis, such
that in participants with higher testosterone levels at base-
line, a stronger discrepancy is noted by the hypothalamus
during the stress state. Since testosterone has previously
been related to social dominance (Chichinadze &
Chichinadze, 2008), competitiveness (Crewther et al., 2018),
and aggression (Romero-Alt�ınez & Moya-Albiol, 2016), one
psychological explanation for this response pattern may be
that participants with higher levels of the aforementioned
personality traits experience the social evaluative situation as
more defeating than otherwise.

4.2. Estradiol reactivity to social-evaluative stress

Turning to estradiol reactivity, a small increase with two sep-
arate peaks could be identified in the whole sample. This
observation is in line with early reports of ACTH-dependent
increases in adrenal estradiol production (Wasada et al.,
1978). Exploratory subset analyses revealed two separate
response profiles, irrespective of participant’s sex. While some
participants responded to stress with a decrease in estra-
diol–similar to testosterone–other participants responded to
stress with an increase in estradiol. While the decrease was
reached after 20minutes, around the same time as cortisol
levels peak (Poppelaars et al., 2019), the increase showed
two separate peaks after 15 and 25minutes. Unfortunately,
no determinants of the estradiol response profile could be

Figure 4. Estradiol response profiles. Exploratory analyses revealed that 62% of
participants showed a decreasing estradiol response with a minimum
20minutes after stress cessation (Timepoint 0). In the remaining 38% of partici-
pants, estradiol increased significantly with two maxima 15 and 30minutes after
stress cessation.
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identified among the variables explored in the present study
apart from baseline estradiol levels, which were higher in the
case of a decreasing profile. Furthermore, no predictors of
the estradiol response to stress could be identified, apart
from baseline estradiol levels in men. It is interesting to note
that baseline estradiol levels were a much stronger predictor
of estradiol reactivity in men compared to women. The
higher the baseline estradiol levels, the more likely was a
decreasing profile and the stronger was the decrease in men.
This is similar to cortisol response profiles, as previously
shown (e.g. Pletzer et al., 2010), potentially indicating that
the profiles arise from negative feedback within the HPG axis.
The fact that estradiol responds to stress in a bidirectional
manner may explain why previous studies were unable to
detect a significant estradiol responsivity to stress (Herrera
et al., 2016; Schoofs & Wolf, 2011).

As a limitation it may be noted that the assessment of
estradiol via ELISAs has its limits, especially in the lower con-
centration range (Schultheiss et al., 2018). Thus, the lack of
predictors for the estradiol response identified in the present
study may also be due to a lack of sensitivity of the utilized
assessment method. A more concise picture might emerge
when utilizing liquid-chromatography-massspectrometry (LC-
MS) for estradiol assessment. It is possible that the limited
sensitivity of the ELISA-measurements may also have contrib-
uted to the lack of sex differences in basal estradiol levels.

4.3. Interaction between sex and stress hormones

Regarding the three modes of interaction between the HPA
and HPG axis postulated in the introduction, it is noteworthy
that the cortisol and testosterone responses appeared to be
widely independent.

First, the cortisol response was not dependent on baseline
testosterone or estradiol levels, which is contrary to previous
observations of a stronger cortisol response depending on
hormonal status (compare Kajantie & Phillips, 2006 for a
review). This observation is in line, however, with the fact
that all women in the current study were tested during the
same cycle phase and thus had the same hormonal status
with respect to their individual hormone profile.

Second, the gonadal response was not predicted by base-
line cortisol levels or cortisol reactivity in either men or
women. It can thus be speculated that both responses are
independently driven by a common source. Indeed, the ear-
lier SNS response to stress may induce a gonadal stress
response, as sympathetic nerves have been shown to innerv-
ate the gonads and influence their endocrine function via
various mechanisms (see Toufexis et al., 2014 for a review).
Accordingly, in acute stress situations, a gonadal response to
stress may occur simultaneously but independently of the
HPA response to stress. Utilizing data from Poppelaars et al.
(2019), this question was explored by correlating the gonadal
stress responses to the stress response of the pre-ejection
period (PEP), a measure of sympathetic nervous system activ-
ity. However, no significant association was observed, sug-
gesting that this hypothesis might not hold merit; although
it deserves further research.

While gonadal and cortisol responses to stress appear to
be independent, baseline cortisol levels predicted baseline
testosterone levels in females. It is possible that cortisol
affects testosterone reactivity only in the lower range, making
changes in men hard to detect due to their higher baseline
testosterone levels. Another explanation is that cortisol might
influence testosterone production in the adrenal glands to a
stronger extent than testosterone production in the gonads.
This interpretation could also account for the fact that the
absolute testosterone reduction was comparable between
men and women, even though men have higher testosterone
levels. In women, the testosterone produced by the adrenal
glands represents a much higher proportion of the overall
testosterone concentration (Burger, 2002) than in men, who
produce the majority of their testosterone in the testes. A
similar explanation may account for the fact that baseline
cortisol relates to baseline estradiol only in men, but not
in women.

It is also possible that DHEA, a precursor of testosterone,
plays a role in that respect. As DHEA has been discussed as a
cortisol antagonist (Alhaj et al., 2006; Hechter et al., 1997), it
might be involved in returning cortisol levels to baseline after
stress responsivity. In line with that assumption, DHEA eleva-
tions have been observed after psychosocial stress, albeit
later than the cortisol peak (Izawa et al., 2008; Lennartsson
et al., 2012). A higher demand for DHEA following cortisol
elevations may contribute to the reduction of testosterone
production in the adrenal gland.

5. Conclusion

In summary, our data show that apart from cortisol and irre-
spective of participant’s sex, testosterone and estradiol also
respond to social-evaluative stress. However, these responses
appear to be largely independent from the cortisol response
to stress. Keeping in mind the status of this study as an
exploratory re-analysis, these results should be interpreted
with caution. Nevertheless, they provide further evidence
that the endocrinological stress response is not restricted to
the HPA axis and stress responsivity of gonadal hormones is
not simply driven by cortisol. Accordingly, the stress respon-
sivity of gonadal hormones and their association to psycho-
logical variables is an additional avenue to explore in an
attempt to understand healthy and pathophysiological mech-
anisms underlying the stress response. Importantly, our
results show that stress responsivity of gonadal hormones
was observed in both men and women.
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