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HIGHLIGHTS

e Healthy young men and women (in the follicular phase of the menstrual cycle) completed the
Trier Social Stress Test.

e Post-stress hypothalamic-pituitary-adrenal (HPA) axis hormone responses were greater in men
than women.

e Pre-stress testosterone levels were negatively associated with post-stress salivary cortisol
response in men.

e Pre-stress progesterone levels were negatively associated with post-stress ACTH and cortisol
responses in women.

e Pre-stress progesterone in men and estradiol in women were not associated with post-stress HPA
axis response.

Summary

Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis influences the risk for developing stress-
related disorders. Sex-dependent differences in the HPA axis stress response are believed to contribute
to the different prevalence rates of stress-related disorders found in men and women. However, studies
examining the HPA axis stress response have shown mixed support for sex differences, and the role of
endogenous sex hormones on HPA axis response has not been adequately examined in humans. This study
utilized the largest sample size to date to analyze the effects of biological sex and sex hormones on HPA
axis social stress responses. Healthy, 18- to 30- year-old community volunteers (N=282) completed the
Trier Social Stress Test (TSST), a widely used and well-validated stress-induction laboratory procedure. All
women (n=135) were tested during the follicular phase of their menstrual cycle (when progesterone levels
are most similar to men). Adrenocorticotropic hormone (ACTH) and cortisol measures were collected at
multiple points throughout pre- and post-TSST. Testosterone and progesterone (in men) and
progesterone and estradiol (in women) were determined pre-TSST. Following the TSST, men had greater
ACTH and cortisol levels than women. Men had steeper baseline-to-peak and peak-to-end ACTH and

cortisol response slopes than women; there was a trend for more cortisol responders among men than



women. Testosterone negatively correlated with salivary cortisol response in men, while progesterone
negatively correlated with ACTH and cortisol responses in women. These data confirm that men show
more robust activation of the HPA axis response to the TSST than do women in the follicular phase of the
menstrual cycle. Testosterone results suggest an inhibitory effect on HPA axis reactivity in men.
Progesterone results suggest an inhibitory effect on HPA axis reactivity in women. Future work is needed
to explain why men mount a greater ACTH and cortisol response to the TSST than do women during the

follicular phase of the menstrual cycle.
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1. Introduction

Stress-related psychiatric syndromes, such as anxiety, depression, and substance use disorders,
are believed to share common biological mechanisms that include dysregulation of the hypothalamic-
pituitary-adrenal (HPA) axis (Girdler et al., 2012; Petrowski et al., 2010; Stephens and Wand, 2012; Young
et al., 2004). The HPA axis is a major component of the neuroendocrine system that is activated in
response to stressors to help restore homeostasis. Corticotropin releasing factor and arginine vasopressin
are released from the paraventricular nucleus of the hypothalamus and control the secretion of
adrenocorticotropic hormone (ACTH) from the anterior pituitary which, in turn, stimulates the adrenal
cortex to secrete glucocorticoid hormones, mainly cortisol in humans.

The HPA axis hormonal response to psychosocial stress appears to be moderated by sex. A series
of studies with small to moderate sample sizes have documented sex-moderating effects in response to

the Trier Social Stress Test (TSST), a well-validated, standardized protocol that induces psychosocial stress



(Kirschbaum et al., 1993). Cumulative evidence over the past 16 years generally shows that men have
greater HPA axis activation in response to the TSST than women (see Foley and Kirschbaum, 2010 and
Allen et al., 2014 for review); however, these differences may depend on the menstrual phase in which
women are tested and on whether free (salivary) or total (blood) cortisol is measured (e.g., Childs et al.,
2010a; Duchesne et al., 2012; Kirschbaum et al., 1999). Sex differences in TSST responses have not yet
been confirmed within a single, well-powered study.

Sex-related differences in HPA axis stress reactivity may contribute to differences in vulnerability
toward specific disorders between men and women. This view is supported by research showing that the
prevalence of mood disorders (such as anxiety, major depressive and post-traumatic stress disorders) is
almost twice as common in women as men whereas substance use disorders is twice as common in men
as women (Compton et al., 2007; Girgus and Yang, 2015; Tolin and Foa, 2006). Further, HPA axis response
to psychosocial stressors has been shown to differ between men and women, particularly in depressive
disorders (Bagley et al., 2011; Chopra et al., 2009). The mechanisms involved in regulating HPA axis stress
responses, how they differ in men compared with women, and how they are associated with or protective
in developing stress-related pathologies remain unclear. It is important to elucidate these mechanisms to
facilitate and inform prevention and treatment efforts.

Preliminary research supports the potential role of sex hormones in determining the sex-related
HPA axis stress response. In men, acute doses of progesterone suppressed cortisol response to the TSST
(Childs et al., 2010b). Recently, Juster et al. (2016) reported that sex differences in cortisol response to
the TSST were attenuated when analyses were adjusted for baseline progesterone, testosterone and
estradiol levels. Although their sample of women was large (n=144), it comprised a group with
heterogeneous hormonal status (normal cycling, post-menopausal, or on hormonal contraceptives), many
of whom had current or past psychiatric histories. Only two previous studies examined healthy young

adults and considered pre-TSST endogenous levels of sex hormones; these studies found no effect on



subsequent cortisol response to the TSST in follicular phase women (n=14; Altemus et al., 2001), men
(n=23) and luteal phase women (n=18; Schoofs and Wolf, 2011). The small sample sizes in the latter two
studies, and confounds within the recent larger study, precluded drawing any definitive conclusions about
the effects of endogenous circulating sex hormones on HPA axis reactivity. Thus, using the TSST in the
largest sample of healthy individuals to date, the current study sought to confirm whether the HPA axis
response differs by sex, and examine the extent to which pre-TSST sex hormones relate to the magnitude
of the HPA axis response.

Whereas many of the earlier TSST studies examined menstrual phase as a surrogate marker of
hormonal influence, we examined the effect of endogenous circulating levels of testosterone and
progesterone (in men) and progesterone and estradiol (in women) at the onset of the stressor. We tested
women during the follicular phase of the menstrual cycle, when progesterone levels are most comparable
to men (Schumacher et al. 2014). The study objectives were to (1) compare the HPA axis responses in
young men and women in greater detail than previously completed, and (2) determine the effects of
circulating sex hormone levels on HPA axis responsivity. First, we hypothesized that men will have a
greater ACTH and cortisol response than women to the TSST. Based on extensive preclinical literature and
preliminary human studies, we also hypothesized that sex hormone levels at the onset of stress will
negatively correlate with HPA axis hormone response in both men and women (Handa and Weiser, 2014;

Juster et al., 2016).

2. Methods
2.1. Recruitment
We recruited healthy adults, aged 18—30 years, to participate in a stress response study through

newspaper advertisements and posted flyers throughout the Baltimore metropolitan region. Initial



screening was done by telephone and then in person at the Johns Hopkins University School of Medicine
(JHU). Participants gave written informed consent after complete description of the study. The study was
approved by the JHU School of Medicine Institutional Review Board. Participant assessments included a
medical history, physical examination, blood chemistry profile, complete blood count, alcohol
breathalyzer test, and urine toxicology screen. DSM-IV axis | psychiatric diagnoses were determined by a
Master's level interviewer administering The Semi-Structured Assessment for the Genetics of Alcoholism
(SSAGA-II; Bucholz et al., 1994). The SSAGA-Il is a comprehensive research diagnostic assessment designed
to obtain a detailed history of current and past psychiatric disorders. Developed for the Collaborative
Study on the Genetics of Alcoholism (COGA; Begleiter et al., 1995), it is specifically designed to
differentiate commonly occurring co-morbid conditions by identifying the ages of onset and recency of
diagnoses, and by distinguishing symptoms due to alcohol and drug use from those observed in affective,
conduct, or antisocial personality disorders. The SSAGA-II has been shown to have good intra- and inter-
rater reliability and validity in clinical as well as general population samples (Bucholz et al., 1994, 2006;
Hesselbrock et al., 1999).

Exclusion criteria included: (a) current medical conditions and/or use of prescription medications,
(b) diagnosis of any DSM-IV Axis | disorder, (c) use of any psychoactive medication within the past 30 days,
(d) treatment in the last 6 months with antidepressants, neuroleptics, sedative hypnotics, glucocorticoids,
appetite suppressants, estrogens, opiates, or dopamine medications, (e) seizure disorder or history of
closed head trauma, (f) self-reported drinking of more than 30 drinks per month in women or 60 drinks
per month in men, (g) drug-positive urine screens at intake or on procedure day, (h) nicotine dependence
measured by the Fagerstrom Test for Nicotine Dependence (FTND; Heatherton et al.,, 1991), and (i)
pregnancy, or use of hormonal birth control methods in women.

Participants in this study were included in an earlier report that examined the association of

cortisol responses to the TSST with allelic variants in the CRHR1 and FKBP5 genes (Mahon et al., 2013). A



subset of these participants was also analyzed for sex differences in HPA axis reactivity in an earlier report
(Uhart et al., 2006). For this study, we included only women with serum progesterone levels <3 ng/mL

obtained on the day of the TSST session.

2.2. Psychometric instruments at intake assessment

Upon eligibility assessment, participants completed the Trait component of the State—Trait
Anxiety Inventory (STAI) which contains 20 items that are scored from 1 (not at all) and 4 (very much so),
and yields a total summary score ranging from 20 from 80. Higher scores on the STAI-Trait scale indicates
greater tendency to respond to stressful circumstances with increased anxiety (Spielberger et al., 1983).
Participants also completed the Life Experiences Survey (LES), which lists 47 non-traumatic major life
events (Sarason et al., 1978). For each event that the participant had experienced in the last 12 months,
the participant rated the event as (a) whether they viewed it as being positive or negative, and (b) the
perceived impact of the event on their life at the time of the occurrence. Ratings range from either
extremely negative (-3) to extremely positive (+3). The sum of the impact ratings for positive events
provides a positive impact score and the sum of the impact ratings for negative events provides a negative

impact score. Adding the two values provides a total change score.

2.3. Session Procedures
All participants underwent a modified version of the TSST (Kirschbaum et al., 1993) as described
in Mahon et al. (2013). Women were scheduled to complete the TSST within 14 days after onset of
menses. Prior to the psychosocial stress session, participants were instructed to fast beginning the night
before and to refrain from the use of any alcohol, illicit drugs, or over the counter medications for 48 hrs.
prior to the session. Participants reported to the study room at 1000 hrs. A toxicology screen was

performed and participants were disqualified if positive. Women also submitted to urine pregnancy



testing and were discontinued if positive. Between 1000 and 1015 hrs., participants had an intravenous
catheter inserted into a forearm vein, and consumed a calorie-controlled breakfast to reduce cortisol
response variability due to differences in food intake (Foley and Kirschbaum, 2010). Participants then sat
in a quiet room until testing began. Serum progesterone levels that were obtained prior to the TSST were

used to confirm that women were tested during the follicular phase.

2.3.1.Trier Social Stress Test (TSST)

The TSST began at 1330 hrs. Participants were given audio-taped instructions for the TSST speech
and mental arithmetic performance tasks. Participants were told they would be taking on the role of a job
applicant for the position of hospital administrator and must deliver a 5-min speech that will convince a
panel of interviewers they were the best candidate for the job. They were also told they would perform a
5-min oral mental arithmetic challenge that would be judged on speed and accuracy. They were given 10
min to mentally prepare for the tasks, and then escorted to another room. Participants were instructed
to stand at one end of a long table with two interviewers sitting at the other end. One interviewer asked
the participant to describe his/her qualifications for the job, while the other operated a video camera.
Participants were expected to utilize the entire 5 min for the speech and were prompted as needed by
the interviewers. For the mental arithmetic task, participants were told to repeat a four-digit number after
the interviewer, subtract 13 from it, and speak their answer aloud. The participant was asked to start
again if they made a mistake. After the tasks, participants were escorted back to the study room and asked

to sit quietly.

2.3.2.Passive TSST
Approximately one week before the active TSST session, each participant underwent a “passive”

TSST session. The purpose of this session was to acclimate participants to the intravenous line and session



procedures and to minimize the possibility that baseline cortisol levels prior to the TSST would be elevated
from exposure to a novel environment. The passive session procedures were identical to the TSST session

except the TSST procedure was omitted (data not shown).

2.3.3. Subjective Anxiety Measure

Participants completed the STAI-State scale which measures transitory subjective feelings of
tension, apprehension, nervousness, and worry. The questionnaire contains 20 items that are scored from
1 (not at all) and 4 (very much so). The total sum scores range from 20 to 80, with higher scores indicating
greater anxiety (Spielberger et al., 1983). Participants completed the STAI-State immediately pre- and

post-TSST.

2.4. Hormone collection and assays

Saliva and blood samples were obtained 30, 15 and 1 min pre-TSST (Time 0), and at 25 min
(immediately after the arithmetic task), 40, 55, 70, and 85 min post Time 0. Salivettes were used to collect
saliva for cortisol measurement. Salivary and plasma cortisol, and plasma ACTH were assayed at all of the
time points indicated above. Plasma testosterone, progesterone and estradiol were assayed at 30, 15, and
1 min pre-TSST. All assays were performed in our laboratory by RIA (Diagnostics Product Co., Los Angeles,
CA) using a model 1470 counter (PerkinElmer, Shelton, CT). The inter- and intra-assay coefficients of
variation for all assays are less than 10%. For the study sample, values for salivary and serum cortisol were
positively correlated at 0.79 for peak change from baseline and 0.85 for area under the curve (AUCi; see

below).

2.5. Outcome Measures

2.5.1.HPA-Axis Hormone Response



Baseline HPA axis hormone levels were calculated as the mean of the three baseline blood draws
30, 15 and 1 min before the start of the TSST. Our primary outcomes were post-TSST ACTH, and salivary
and cortisol levels at each time point. Additional outcomes included four response components each for
ACTH, salivary cortisol, and plasma cortisol: (1) Peak change from baseline (“change”), defined as the
highest level reached after completing the TSST, minus baseline.; (2) AUCi, calculated by trapezoidal
approximation with respect to the increase from the baseline value (Pruessner et al. 2003); (3) Baseline-
to-peak ascending slope; and (4) Peak-to-end descending slope of the response curve. Thus, a total of 12

HPA-axis curve components were examined.

2.5.2.Cortisol Responders

Not all individuals mount an ACTH and cortisol response to the TSST. This finding identified a need
to establish a hormone response that was above the level of normal pulsatile cortisol secretory activity
that would distinguish responders from non-responders. We applied the criteria of Miller et al. (2013),
where a threshold response value of >15.5% fulfilled the objective of separating responders from non-

responders.

2.5.3.Pre-TSST Sex Hormone Levels
The baseline sex hormone values used in the analyses were the means of the three baseline blood

draws 30, 15 and 1 min before the start of the TSST.

2.6. Statistical Methods
Demographic and clinical characteristics of interest were tested for sex differences using t-tests for
continuous variables and y? tests for categorical variables. Our primary analysis was a repeated measures

analysis, testing for differences in response by gender across the time points using methods described in
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Uhart et al (2006). Briefly, the HPA-axis hormone measure at each time point after the TSST was treated
as the outcome in a generalized linear model, using generalized estimating equations (GEE) to take into
account the within-individual correlation residuals arising from repeated measurements for each
individual. The model included a contrast for gender difference, an indicator variable for each time point,
terms for the interaction between gender and each time point and was adjusted for baseline hormone
level prior to the TSST. An autoregressive correlation structure was specified and robust variance
estimation was used.

When the repeated measures analysis showed evidence of a difference in response over time by
gender, we additionally performed tests of 12 HPA-axis curve components by gender and for correlation
between the HPA-axis curve components and sex hormones. Examination of normal quantile plots
showed non-normality of residuals for the association between HPA-axis curve components and gender,
as well as for the correlations between HPA-axis curve components and sex hormones. Transforming the
variables did not resolve this issue. Therefore, nonparametric methods were employed. We used
Wilcoxon-Mann-Whitney tests to examine differences in the distributions of the 12 HPA-axis curve
components by gender. For proportion of cortisol responders, we used y? to test for sex differences. For
correlations between sex hormones (progesterone and testosterone in men and progesterone and
estradiol in women) and each of the 12 HPA-axis curve components, we used Spearman’s rank
correlations. All analyses were conducted in STATA, version 13.0.

ACTH was available in 134 men and 114 women, salivary cortisol in 99 men and 112 women, and
serum cortisol in 142 men and 132 women. Based on the overlapping subsets, most measures of the HPA
axis curve components (i.e., ACTH, and salivary and serum cortisol; AUCi, peak change, and baseline-to-
peak ascending slopes) were positively correlated at 0.6 or better; the peak-to-end descending slopes
were negatively correlated with the other measures at -0.46 or better. Sex hormones measured in men

were moderately correlated (progesterone and testosterone; rho=0.35, p<0.0001), as were sex hormones

11



measured in women (progesterone and estradiol; rho=0.35, p<0.0001). Using matSpD
(http://neurogenetics.gimrberghofer.edu.au/matSpD/), we determined the 12 HPA-axis curve
components constituted 4 effectively independent tests. Therefore, we considered our threshold for

significance to be p=0.0125 (p=0.05/4).

3. Results
3.1. Sample Characteristics

A total of 282 participants were included in this study. Demographic and baseline rating scale
measures for the total study sample, and for men versus women are shown in Table 1. Since trait anxiety,
negative life experiences, and race have been associated with differences in HPA-axis response in previous
studies (e.g., Armbruster et al., 2011; Hostinar et al., 2014; Jezova et al., 2004), we explored the impact of
these characteristics on our data. Women were less likely to be Caucasian (y?=5.10, p=0.024), reported
significantly greater negative life experiences (z=2.14, p=0.0332) and scored higher on STAI-Trait anxiety
(z=2.0, p=0.0322) compared with men. We found no correlation between these demographic variables

and any of the HPA axis and sex hormone measures (all p>0.20), thus, we report unadjusted analyses.

3.2. Sex Differences in Response to TSST
3.2.1.HPA Axis Stress Hormones
Repeated measures analysis showed differences in response over time by sex, with men having
greater response to the TSST on ACTH (x2=31.26, p<0.0001), serum cortisol (x2=55.04, p<0.0001) and
salivary cortisol (x2=23.86, p=0.0002) measures. Post-TSST time points with significant interactions with
sex occurred at 25 min for ACTH; 25 and 40 min for salivary cortisol; and 25, 40, and 55 min for serum
cortisol (all p<0.05; Figure 1). With respect to the HPA axis curve components, men had greater change

and AUCi responses than women for ACTH (Change: Medianmen=13.4, Medianwomen=5.3, z=4.31, p<0.0001;
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AUC: Medianmen=371.5, Medianwomen=145.0, z=3.34, p=0.0008), salivary cortisol (Change: Medianmen=0.21,
Medianwomen=0.09, z=2.79, p=0.0053; AUC: Medianmen=6.32, Medianwomen=2.29, z=3.15 p=0.0016), and
serum cortisol (Change: Medianmen=7.1, Medianwomen=4.9, z=3.30 p=0.001; AUC: Medianm.,=270.1,
Medianwomen=161.0, Zauc=3.14 pauc=0.0017). Also, men compared with women had steeper ascending and
descending response slopes for ACTH and salivary and serum cortisol (all p<0.0039). We then plotted the
frequency of participants who experienced their peak response at each time point. There was a trend for
men to have an earlier time to peak than women on salivary (t2s0=-1.85, p=0.0658) but not serum cortisol
or ACTH (data not shown).

There was a trend for more men to be cortisol responders than women (salivary: 81.8% vs 67.9%,
respectively, y?=5.38, p=0.02; serum: 87.3% vs 78.0%, respectively, x>=4.16, p=0.04). When comparing
responders and non-responders, responders were more likely to be older (t;7,=-4.55, p<0.0001); there
were no differences between responders and non-responders by race, STAI Trait or State anxiety, or LES
scores. Females responders had lower median progesterone levels than female non-responders (x*=6.84,
p=0.009). There were no other differences in sex hormone levels between responders and non-

responders.

3.2.2.5TAI-State Anxiety
Pre-TSST mean (SD) scores for men and women were 44.3 (5.3) and 43.1 (5.8), respectively (ns).
Mean change in score from pre- to post-TSST for men and women were -1.8 (3.7) and -2.4 (4.4),

respectively (ns).

3.3. Pre-TSST Sex Hormones and HPA Axis Stress Hormone Responses
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Table 2 shows the Spearman’s rho and p-values for correlations between baseline sex hormones
and HPA axis response. In men, the mean (SD) and range of pre-TSST testosterone levels were 489 (159)
and 118-1033 ng/mL; rank order for pre-TSST testosterone and rank order salivary cortisol response were
negatively correlated (pchange=-0.30, Pchange=0.0027; pauc=-0.26, pauc=0.0093). The mean (SD) and range of
pre-TSST progesterone levels were 1.0 (0.3) and 0.38-2.1 ng/mL; there were no rank-order associations
between pre-TSST progesterone and HPA-axis hormone response in men. In women, the mean (SD) and
range of pre-TSST progesterone was 0.8 (0.4) and 0.21-2.83 ng/mL; rank order for pre-TSST progesterone
was negatively correlated with rank order serum cortisol response (pchange=-0.26, Pchange=0.0027; pauc=-
0.30, pauc=0.0006). The mean (SD) and range of pre-TSST estradiol was 42 (35) and 6.7-193.7 ng/mL; in
contrast with progesterone, there were no rank-order associations between pre-TSST estradiol and HPA-

axis hormone response in women.

4. Discussion

This study assessed whether healthy young men and women in the follicular phase of the
menstrual cycle differ in HPA axis hormone response to a standardized psychosocial stressor, and whether
sex hormones are associated with the HPA axis response. Our results confirmed that men and women
differ in HPA axis reactivity to stress, with men showing a greater stress hormone response than women.
These findings concur with those previously observed in several smaller studies (Childs et al., 20103;
Hidalgo et al., 2014; Kirschbaum et al., 1999; Uhart et al., 2006). We also found that circulating sex
hormones may be associated with the magnitude of subsequent cortisol stress response in a sex-
dependent manner. To our knowledge, this is the first study to examine associations between pre-TSST
sex hormones and HPA axis response in a sample of healthy young men and women in the follicular phase

of the menstrual cycle.
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The large sample size of the current study enhanced power not only to detect differences in HPA
axis hormone output with both salivary and serum cortisol, but also allowed us to compare additional
dynamic aspects of HPA axis hormone response, thereby extending the literature on sex differences in
acute stress responses. Upon deconstruction of the stress hormone response curve, men showed steeper
ascending and descending slopes of ACTH and cortisol levels than women. Further, there was a trend for
an earlier peak response in men than in women (p=0.065), reflecting more rapid onset and deactivation
of the HPA axis. The physiological significance of this minor sex difference in rapid onset and termination
of the HPA axis response remains uncertain. However, rapid activation of the HPA axis (ascending slope)
generally signifies a healthy and competitive response to stress. To restore homeostasis, circulating
glucocorticoids must act rapidly to mobilize energy stores and alter a number of stress related behaviors
(Papadimitriou and Priftis, 2009). Likewise, a rapid decline from peak response back to baseline
(descending slope) following termination of stress also indicates a healthy stress hormone profile that is
maintained by sensitive glucocorticoid-mediated negative feedback circuits (Sapolsky et al., 2000). Faster
and greater mounted cortisol response in men may predict resistance to habituation upon repeated
exposures to stress (Kirschbaum et al., 1995). This resistant may have once served an adaptive purpose
by mobilizing energy stores needed to physically escape future stressors. Rapid mobilization of energy
may have benefits in the short term, however, long term exposure to stress with prolonged exposure to
cortisol may increase vulnerability toward developing stress-related pathologies.

On the other hand, women had an attenuated HPA axis response compared to men resulting in
less exposure to stress-induced cortisol. One plausible explanation for this difference is that women may
be less sensitive to the hormonal activation effects of the TSST. For example, cortisol response in women
compared with men has been found to be greater during social rejection tasks but lower during
achievement tasks (such as the TSST; Stroud et al., 2002). Another explanation is that exposure to negative

life experiences may chronically activate the HPA axis (Kudielka and Wust, 2010), and when coupled with
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elevated trait anxiety (STAI-Trait measure), may result in a blunted cortisol response to acute stress due
to allostatic changes in the HPA axis (Jezova et al., 2004; McEwen, 2007). However, this explanation seems
less likely since women in our sample had just slightly elevated LES negative experiences scores (7.2)
compared with normative data from college men and women (4.7 and 5.6, respectively; Sarason et al.
1978), and lower STAI-Trait scores (30.4) compared with normative data from working men and women
(35.6 and 36.2, respectively; Spielberger et al., 1983). Further, we found no associations between STAI-
Trait or LES scores and stress hormone responses.

In contrast to the increase in biological stress markers, the TSST did not increase subjective anxiety
overall as measured with the STAI-State scale. It is possible that participants did not find the TSST
subjectively stressful. Alternatively, we may have captured anticipatory anxiety which then subsided after
termination of stress. von Dawans et al. (2011) showed that STAI-State scores peaked from 30 to 10
minutes before TSST administration and began decreasing after the TSST was completed. Indeed, the
items on the STAI-State reflect subjective feelings of apprehension, tension, nervousness, worry and
activation/arousal of the autonomous nervous system; these may be transient feelings that likely abate
once the stressor is removed. Since we measured only one pre-TSST time point, the reason for this finding
remains unclear.

With respect to stress and sex hormone relationships, we report the novel and important finding
that pre-stress levels of endogenous sex hormones may modestly impact HPA axis reactivity and may do
so in a sexually dimorphic manner. Preclinical work has shown that androgens and estrogens influence
HPA function, in part, by modulating adrenal (Kitay, 1965), anterior pituitary (Coyne and Kitay, 1969, 1971;
Viau and Meaney, 2004) and hypothalamic functions (Viau and Meaney, 2004), although the mechanisms
by which these gonadal hormones influence HPA function are not yet known (Handa and Weiser, 2014).
First, we report the novel finding that testosterone levels in men were negatively correlated with salivary

cortisol response to the TSST. While Juster et al. (2016) reported no correlation between pre-TSST
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testosterone and post-TSST cortisol, their sample size of men was smaller (n=60) suggesting that the study
may have been underpowered. The correlations we observed were -0.3 and -0.26 which, with a sample
size of 147 men, is considered to be in the moderate range. Our findings are consistent with animal models
showing that gonadectomy causes a more robust corticosterone response to stress in male rodents,
induced by increased CRH expression and decreased corticosteroid-binding globulin levels (Seale et al.,
2004a; Viau and Meaney, 2004). Moreover, this disinhibition of the corticosterone response is reversible
with testosterone replacement (Seale et al., 2004b; Viau and Meaney, 2004). In humans, Bedgood and
colleagues (2014) who reported that pre-stress cortisol levels negatively correlated with post-TSST
testosterone peak response. Thus, our study supports and further extends the literature in humans on
the inverse relationships of testosterone and cortisol in response to stress.

We also predicted an inverse relationship between pre-stress progesterone levels and HPA axis
hormone response. This relationship was observed with the serum cortisol measurement among women,
with correlations in the moderate range as well (-0.26 and -0.30). Similarly, we observed that responders
had lower median progesterone levels than non-responders among the women but not men. The main
source of progesterone for men and women in the follicular phase comes from the adrenal gland which
is regulated by ACTH and produces comparable levels between men and women (Schumacher et al.,
2014). Progesterone is believed to modulate the adaptive response to stress, mainly through the effect of
its neurosteroid metabolite allopregnanolone on GABAA receptor activity (Wirth 2011). Indeed,
progesterone administration dampens psychological and cortisol responses to stress in both men and
women (Childs et al., 2010b; Soderpalm et al., 2004). Thus, we did not anticipate these divergent effects
of progesterone by sex. On the other hand, stress increases progesterone levels that strongly correlate
with stress-induced cortisol levels in men, but not in cycling women (Wirth et al. 2007). Presumably, this
stress-induced progesterone release serves to deactivate cortisol response. This homeostatic mechanism

might override any association that pre-TSST progesterone has with post-TSST cortisol levels in men. It is
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important to note, however, that Juster et al. (2016) found a negative correlation in men between
progesterone and cortisol response just as we had with women. The men in that study differed from the
present study in that they were generally older (average age, 39) and more diverse in drug use and mental
health history. Thus, the mechanisms through which progesterone may moderate sex differences requires
further study and should consider the impact of other sex-related hormones or factors that we did not
measure, such as sex hormone binding globulins as well as neuroactive metabolites of progesterone.
Finally, contrary to our predictions, no significant correlations were detected between estradiol
levels and HPA axis response in follicular phase women. We based our hypothesis on preclinical work
demonstrating that estradiol inhibits HPA axis reactivity, and also stimulates the production of CBG and
lowers unbound cortisol levels (Dayas et al., 2000; Minni et al., 2014). Also, some TSST studies showed
that healthy women using oral contraceptives, which contain high levels of estradiol, had cortisol
responses lower than men and similar to follicular women (e.g, Cornelisse et al., 2011; Kirschbaum et al.,
1999; but not Klumbies et al., 2014). Given this evidence, the lack of association in this study was
somewhat surprising. With respect estradiol, the main difference in this and other studies is that oral
contraceptives effectively maintained high steady levels of this hormone. In contrast, natural dynamic
changes of estradiol occurred in the present study. During the early follicular phase, levels start low and
relatively stable, then begin to rise 5- to 8-fold until levels peak at ovulation. Since we did not target a
period of relatively stable estradiol levels (e.g., early follicular phase) and tested women throughout the
2-week follicular phase, estradiol concentrations consequently varied widely from 6.7 to 193.7 ng/mL. It
may be difficult to capture associations with subsequent cortisol response when estradiol is measured
during these rapidly changing levels. This idea is supported by the recent findings of Juster et al. (2016)
who reported that cortisol stress responses were negatively associated with baseline estradiol levels but

the finding was driven primarily by women on oral contraceptives. Repeated measures of estradiol in
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response to the TSST may help determine more precise interaction between estradiol and cortisol stress
response.

The findings from this study, with a sample size much larger than previous studies, provides more
definitive evidence that men show greater HPA axis reactivity to acute psychosocial stress than women in
the follicular phase of the menstrual cycle. It is important to note that not all studies comparing men and
women have observed sex differences in cortisol response to the TSST, although the results generally lean
towards men showing a greater response than women. Reasons for the negative findings remain unclear.
To that end, Table 3 summarizes 22 TSST experiments in healthy young men and women within similar
age range to the present study. Sex differences were more likely observed with salivary cortisol, which
measures unbound free cortisol (about 10% of total cortisol), than with blood, which measures bound and
unbound (total) cortisol. Indeed, Allen et al. (2014) posit that the mixed findings with respect to sex
differences may be attributed to salivary versus serum cortisol assessment; Foley and Kirschbaum (2010)
argue that acute stress effects of the TSST is best characterized by using salivary cortisol. In our large
study, sex differences were evident with both salivary and serum cortisol measures. However, despite a
strong correlation between salivary and serum cortisol in our study, cortisol levels in both fluids did not
always correlate with sex hormone levels. The reason for this is unclear.

Another contributor to the mixed findings in the literature is that a large number of studies in
Table 3 either did not examine HPA axis responses by specific menstrual phase or based menstrual phase
on participant self-report (Duchesne et al., 2012; Hidalgo et al., 2014; Villada et al., 2014), which is
imprecise confirmation of menstrual cycle phase (Wideman et al., 2012). Unlike the follicular phase, which
is characterized by relatively stable progesterone and rising estradiol levels, the luteal phase is
characterized by widely fluctuating levels of both female sex hormones. These differences in hormonal
environment may influence HPA axis reactivity in ways that are not yet clear. For example, studies

comparing men and women in the luteal versus follicular phases on cortisol reactivity have been mixed:
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Luteal phase women have responded to the TSST similarly to men in some (Kirschbaum et al. 1999;
Kudielka et al. 2004; Rohleder et al. 2001) but not all (Childs et al. 2010a; Schoofs et al. 2011) studies, and
they have responded with greater (Espin et al. 2013; Kirschbaum et al. 1999), similar (Childs et al. 2010a)
or reduced (Maki et al. 2015) cortisol compared with women in the follicular phase. Accurate
determination of menstrual phase could further clarify the conditions under which men and women differ
in stress response. Nevertheless, cortisol reactivity may be determined partly by sex and further modified
by hormone levels across the menstrual cycle. Therefore, future research should include biological
confirmation of sex hormone levels and their potential impact when examining HPA axis function relative
to sex and differences in normal cycling women.

There are caveats regarding our findings on endogenous sex hormones and HPA axis stress
response. First, the relationship between pre-TSST sex hormone levels and subsequent ACTH and cortisol
responses is modest and the physiological significance of this finding is yet to be determined. Second, the
TSST can induce sex hormone secretion (e.g., Lennartsson et al., 2012; Childs et al. 2010a), which has a
dynamic regulatory negative feedback effect on the HPA axis, thus a stronger relationship between
ACTH/cortisol and sex hormones may have been found if we examined sex hormone responses during the
TSST. Third, bioavailability of testosterone and estradiol is regulated by sex hormone binding globulin
(SHBG) and progesterone by CBG. Future work in this area could measure these carrier proteins to
determine their effect on and from stress, as well as inform interpretation and physiological significance
of study outcomes. Finally, our sex comparison is only valid for women in the follicular phase of the
menstrual cycle where progesterone levels are similar to levels in men but considerably less than levels

during the luteal phase of the cycle.
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5. Conclusions

The mechanisms linking stress to disease states in humans are not fully understood, but stress-
induced glucocorticoid changes are recognized as having a major influence. We were able to confirm that
findings from several small studies that HPA axis response to stress were sex-dependent. Fine-grained
analyses of the cortisol curve components allowed us to determine that response dynamics were not
similar between men and women in the follicular phase of the menstrual cycle and, as a consequence,
men are exposed to higher levels of cortisol during the TSST. Our findings are consistent with the
observation that men and women have a different risk for certain diseases. Women are more likely to
develop autoimmune diseases (McCarty et al., 1995) and disorders that have been linked to underactivity
of the HPA axis such as PTSD and panic disorder (e.g., Petrowski et al., 2010), whereas men are more likely
develop diseases such as diabetes mellitus and cardiovascular disease that are thought to be secondary
to high glucocorticoid allostatic load which results from over activation of the stress system (McEwen,
1998). We also extended the literature by examining whether circulating gonadal steroid levels modified
ACTH and cortisol responses to the TSST. Consistent with animal data, pre-stress progesterone in follicular
phase women and testosterone in men were inversely related to stress-induced cortisol. Contrary to
animal data, pre-stress progesterone in men and estradiol in follicular phase women were not associated
with HPA axis response. Thus, the mechanisms that contribute to sex differences in hormone response
remain unclear, but progesterone levels may play an important role for women during the follicular phase.
Further research is necessary to elucidate the complex interdependent nature of psychological stress, the
HPA axis and gonadal steroids and how these relationships may underlie sex differences in stress-linked

disorders.
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ACTH (pg/mL)

Figure 1. Mean HPA-axis hormone levels over time for men and women in the follicular phase of the menstrual cycle. Times prior to the task are
designated in negative minutes, times after the task as positive. Standard error bars are shown. Total samples sizes were 147 males and 135

females.

* significant interaction with sex (p<0.05).
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Table 1. Demographic characteristics and rating scales

Total Men Follicular Women

(N=282) (N=147) (N=135) p-value
Age (mean(SD)) 23.6 (3.3) 23.6(3.2) |23.6(3.3) 0.9898
Race (% Caucasian) 69.9 76.3 64.0 0.0240
STAI Trait (mean(SD)) 29.5(6.8) 28.7(6.4) |30.4(7.1) 0.0322
LES Negative impact score (mean(SD)) 6.3(6.2) 5.6 (5.8) 7.2 (6.5) 0.0332
LES Positive impact score (mean(SD)) 12.0(8.2) 11.5(8.2) 12.6 (8.3) 0.2638
LES Total impact score (mean(SD)) 5.7 (9.8) 5.9 (10.0) 5.4 (9.6) 0.6912

STAI: Spielberger State-Trait Anxiety Inventory; LES: Life Experiences Survey
* T-tests were used with continuous variables, chi-square tests with dichotomous variables. Tests significant at the 0.05 threshold are in bold.

Table 2. Correlations between pre-TSST sex hormone levels and post-TSST HPA-axis stress hormone responses in men and women

ACTH Salivary Cortisol Serum Cortisol
Change | AUC Change | AUC Change | AUC
Men
Testosterone -0.12 (0.1798) -0.10 (0.2390) -0.30 (0.0027) -0.26 (0.0093) -0.12 (0.1555) -0.10(0.2167)
Progesterone 0.01 (0.9154) -0.04 (0.6732) -0.14 (0.1602) -0.12 (0.2343) -0.05 (0.5417) -0.06 (0.4941)
Follicular Women
Estradiol 0.01 (0.9339) 0.05 (0.6207) 0.02 (0.8276) 0.05 (0.6022) -0.07 (0.4543) -0.06 (0.4798)
Progesterone -0.22 (0.0175) -0.23 (0.0143) -0.21 (0.0304) -0.21 (0.0262) -0.26 (0.0027) -0.30 (0.0006)

Shown are Spearman's rho (p-value). Correlations significant at the 0.0125 threshold are in bold.
Change = highest magnitude post-TSST minus the average of the three baseline pre-TSST levels
AUCi = area under the curve, calculated by trapezoidal approximation with respect to the increase from baseline (Pruessner et al. 2003)
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Table 3. Comparisons between healthy young men and women on cortisol response to Trier Social Stress Test (TSST).

Sample Sizes Cortisol Outcome
Author Men Women Salivary Serum/Plasma
Follicular Luteal | OCP | Unspecified
Hidalgo et al., 2014 18 17 M>FW
Lennartsson and Jonsdottir, 2011 30 15 ns
Uhart et al., 20062 55 27 M>FW
Villada et al., 2014 18 17 ns
Childs et al., 2010a 28 29 23 M>FW,LW M>FW,LW
Duchesne et al., 2012 25 21 19 ns
Kirschbaum et al., 1999 @ 20 19 21 21 LW,M>FW,OCP ns
Kudielka et al., 2004 20 21 ns ns
Rohleder et al., 2001 27 18 ns
Schoofs et al., 2011 ° 39 42 M>LW
Balodis et al., 2010 29 58 M>W
Gaffey and Wirth, 2014 70 61 ns
Hatzenbuehler and McLaughlin, 2014 34 40 M>W
Het et al., 2012 148 84 M>W
Kelly et al., 2008 30 32 ns
Maruyama et al., 2012 92 57 ns
Schoofs et al., 2013 ® (experiment 1) 27 26 M>W
Schoofs et al., 2013 ® (experiment 2) 64 40 ns
Shalev et al., 2009 46 51 M>W
Youssef et al., 2012 30 35 ns
Cornelisse et al., 2011 23 39 15 M>W,0CP
Klumbies et al., 2014 41 16 21 ns ns

M: Men; W: Women; FW: Women in the follicular phase; LW: Women in the luteal phase; OCP: oral contraceptive pills
2 ACTH also examined; men had greater stress-induced ACTH response than women
b Between-group design; sample size includes participants in both stress versus non-stress conditions
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