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Background: Psychosocial stress is a significant public health problem inducing
consequences for quality of life. Results about the use of dehydroepiandrosterone (DHEA)
as a biomarker of acute stress are conflicting. We conducted a systematic review and
meta-analysis to demonstrate that DHEA levels could be a biomarker of stress.

Methods: PubMed, Cochrane Library, Embase, and ScienceDirect databases were
searched on March 19, 2021 using the keywords “acute stress” AND “DHEA’ OR
“Dehydroepiandrosterone.” Articles needed to describe our primary outcome, i.e.,
induction of acute stress and at least two measures of DHEA.

Results: We included 14 studies, with a total of 631 participants, in our meta-analysis.
The DHEA levels increased overtime after acute stress [standardized mean difference
(SMD) = 1.56, 95%CI = 1.13-1.99]. Stratification by time showed a main peak at the
end of stress (SMD = 2.43, 95%CI = 1.59-3.27), followed by a progressive decrease
(coefficient = —0.11, 95%CIl = —0.19 to —0.17, p = 0.020). There was no significant
change 1 h after the end of acute stress. Metaregressions showed an impact of mental
stress (SMD = 2.04, 95%CI = 1.43-2.65), sex (SMD = 0.02, 95%CI = 0.00-0.04), age
(SMD = —0.12, 95%CIl = —0.2 to —0.05), and obesity (SMD = 0.31, 95%Cl = —0.00
to 0.63). There was no difference whatever the type of fluid (blood or saliva) and the
measurement technique used.

Conclusions: DHEA is a biomarker of acute stress, with a short-term increase (1h).
DHEA increases following acute mental stress, whatever the type and duration of mental
stress. Women, young people, and obese individuals had a higher response. Blood and
saliva measures were comparable.
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INTRODUCTION

Psychosocial stress is a significant public health problem (1),
recently increased by the coronavirus disease 2019 (COVID-
19) pandemic (2). Repeated acute mental stress may also affect
the quality of life and work productivity (3, 4). Identifying
acute stressful events with objective measures has reached a
growing interest both in physiology and preventive medicine.
The physiological stress response is mediated via the activation
of the hypothalamic-pituitary—adrenal (HPA) axis (5). Among
the putative biomarkers of acute stress secreted in the adrenal
cortex, dehydroepiandrosterone (DHEA) is produced by the
zona reticularis area in response to adrenocorticotropic hormone
(6-8). Besides being a sex steroid precursor, DHEA is an
anabolic steroid with a regenerative role (9, 10). Therefore,
DHEA secretion following acute stress was postulated to play a
protective role as an antagonist of other stress hormones (11, 12).
However, the results are conflicting about the use of DHEA as
a biomarker of acute stress, despite an increasing number of
publications (12-14). To our knowledge, no meta-analysis to
date has examined the effects of acute stress on DHEA levels.
Although dose-response relationships were never statistically
assessed across the literature, some studies have reported a link
between DHEA levels and stress intensity (15), whereas other
studies retrieved no correlation (16). Moreover, no study has
compared the influence of types of stress (mental or physical
stress) on DHEA levels. Even if most of the studies have assessed
DHEA levels following acute mental stress, the results seem
under debate. Other factors were reported to influence DHEA
responses to stress. The magnitude of change in the DHEA levels
was also reported to decrease with age (14, 17, 18). Although the
literature reports that DHEA response to acute stress does not
differ between men and women (14), understanding sex-specific
responses remains interesting. Moreover, a link has been reported
between DHEA and obesity. Low serum levels of DHEA have
been associated with pathological states such as obesity and high
body mass index (19). DHEA administration seems to reduce
body fat in normal men (20).

Therefore, we hypothesized that: (1) DHEA would be a
biomarker of acute stress with an increase following acute stress;
(2) there would be a dose-response relationship between the
DHEA levels and characteristics of stress, such as the intensity
and duration of stress or the interval between the end of stress
and measures of DHEA; (3) the type of stress may influence
response in DHEA levels; and 4) responses in DHEA levels after
acute mental stress may be linked with other variables such as age,
sex, or body mass index (BMI).

Thus, we aimed to conduct a systematic review and meta-
analysis to demonstrate that DHEA levels could be a relevant
biomarker of stress by summarizing all studies reporting DHEA
levels in acute mental stress conditions.

METHODS
Literature Search

We reviewed all studies involving acute mental stress.
Specifically, the search strategy’s inclusion criteria were

studies on humans undergoing acute stress, with a longitudinal
follow-up, ie., at least two DHEA measures (baseline and
after the stress), with or without a control group. We used the
following keywords: “DHEA;” or “dehydroepiandrosterone,’
and “acute stress.” The following databases were searched on
March 19, 2021: PubMed, Cochrane Library, ScienceDirect, and
Embase. We did not limit the search to specific years, and no
language restrictions applied. To be included, articles needed to
describe our primary outcome variable, acute stress, and DHEA
measures. Articles must have a baseline measure of DHEA, i.e.,
before any stress intervention. We included studies only on
human subjects who underwent an experimental acute stress.
When a study reported several subgroups (for example, two
types of interventions), they were included in our meta-analyses.
Also, the reference lists of all publications meeting the inclusion
criteria were manually searched to identify any further studies
not found through the electronic search. The search strategy is
presented in Figure 1. Two authors (MC and SdSV) conducted
all literature searches, collated and separately reviewed the
abstracts, and, based on the selection criteria, decided on the
suitability of the articles for inclusion. A third author (FD) was
asked to review the article, where consensus on appropriateness
was debated. Then, all authors reviewed the eligible articles.

Data Collection

The data collected included the first author’s name, publication
year, study design, periods of studies, aims and outcomes of
the included articles, sample size, characteristics of individuals
(age, gender, body mass index, and smoking), the DHEA
measures [levels at baseline and following acute stress, time
of measures, sampling (blood, saliva, etc.), and measurement
techniques (ELISA, RIA, etc.], and the characteristics of stress
(type and duration).

Outcomes
The main outcome for our meta-analysis was the change
in DHEA levels following an acute stress (compared to
baseline levels).

Quality of Assessment

We used the “Scottish Intercollegiate Guidelines Network”
(SIGN) checklist to assess the quality of the articles (21). For
randomized controlled trials (RCTs), the 10 items identified in
the SIGN checKklist classified the article quality through three
terms: “high quality,” “neutral,” or “low quality.” For non-RCTs,
three items (1.2, 1.3, and 1.4) were not relevant, and studies
cannot be rated higher than “neutral.”

Statistical Considerations

We performed statistical analysis using Stata software (version
16, StataCorp, College Station, TX, USA) (22-30). Baseline
characteristics were summarized for each study sample and
reported as the mean (standard deviation) and number
(percentage) for continuous and categorical variables,
respectively. The increase in DHEA levels following acute
stress was estimated using random effects models assuming
between- and within-study variability (DerSimonian and Laird
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Keywords used for search strategy:
(“DHEA” or “dehydroepiandrosterone”) AND “stress”

\ 4 \ 4 \4 \ 4
PubMed Cochrane Science Direct Embase
n =1 281 n=29 n=7572 n=1220

N

Potential eligible articles
n=10102

- Studies not in humans, n =4 869

- Duplicates removed, n = 2 303

- Studies on chronic stress, n =1 998

- Studies not comparing levels of DHEA before

and after acute mental stress, n = 868

Included studies
n=14

| Included | Eligibility |[ Screening || Identification ]

FIGURE 1 | Search strategy.

approach) (31). We described our results by calculating the
effect size (ES; standardized mean differences, SMD) of the
increase in DHEA levels following acute stress (31). A positive
ES denoted improved performance. A scale for ES has been
suggested, with 0.8 reflecting a large effect, 0.5 a moderate effect,
and 0.2a small effect (32). We first conducted a meta-analysis
on DHEA levels stratified by DHEA assessment time following
the end of stress: immediately after the end of stress, i.e., <1,
1-30, 31-60, and >60 min. Then, we computed meta-analysis
taking into account only the first measure after the end of
stress, stratified on type of stress (physical or mental), with
a further stratification for acute mental stress. Lastly, we
searched for potential publication bias using I, i.e., a measure
of heterogeneity between studies (considered high for I* >
50%) and by examining the funnel plots of the aforementioned
meta-analyses. To verify the strength of our results, we repeated
the meta-analyses after the exclusion of studies that were
not evenly distributed around the funnel base (33). We also
computed several sensitivity meta-analyses depending on the
type of sampling (blood, saliva, etc.) and the measurement
techniques (ELISA, RIA, etc.). When possible (sufficient sample

size), meta-regression was proposed to study the relationship
between the prevalence and characteristics of stress or clinically
relevant parameters, such as age, sex, or BMI. Type I error was
fixed at 0.05.

RESULTS

An initial search produced a possible 10,981 articles. All articles
were written in English. Removal of duplicates and articles that
did not meet the inclusion criteria reduced the number to 14
included articles and 64 subgroups (13-15, 34-44) (Figure 1).

Study Designs of the Included Articles
Among the 14 included studies, three were RCTs, 10 studies
were non-RCTs, and one was non-comparative. Most studies
did not have a control group without induction of acute stress
(13-15, 34, 3638, 41-44).

Quality of Articles
Using the SIGN checklist, the three RCTs (100%) were
rated as high quality “4+ the 10 non-RCTs (100%)
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were rated neutral, ie., the maximal score, and the
comparative study did not require any checklist according
to SIGN (45) (Figure?2). Three studies did not report any
ethical approval.

Inclusion-Exclusion Criteria Within
Included Studies

DHEA measures and acute stress were the inclusion criteria of the
14 studies (Table 1). The exclusion criteria in the included studies
were drug or diseases (such as Cushings or Addison’s disease,
coronary heart disease, stroke, and cardiovascular disease) in
seven studies (15, 35, 37, 39, 40, 42, 44), smoking in one (37),
alcohol consumption in five (35-37, 42, 44), medication in nine
(13-15, 35-37, 39, 40, 42, 44), to be a man in one (37) and to be a
woman in another (38), irregular menstrual cycle and using oral
contraceptives in one (37), BMI > 39 in one (39), to be pregnant
in three (37, 39, 40), to have <30 and more than 50 years in
one (15), and psychiatric disease or depression in three studies
(14, 42, 44).

Population

Sample Size

Population sizes ranged from 21 (36) to 119 (40). In total, we
included 631 participants in our meta-analysis.

Gender

In total, there were 343 males (54.4%). Six studies have recruited
only men (13, 34, 35, 38, 42, 43), two only women (15, 37), and
six studies had mixed genders (14, 36, 39-41, 44).

Age
The ages of the participants ranged from 11.1 & 1.52 (43) to 63.5
=+ 0.62 years (44), with a global mean age of 30.6 = 3.4 years.

Smoking

Participants were non-smokers in three studies (13, 37, 38). In
another three studies, the participants were asked to not smoke
before testing (14, 41, 44). In one study, the participants had a
nicotine patch on the day of testing (39). Three studies (14, 15, 39)
provided the smoking percentage, ranging from 11.1% (39) to
82.1% (39). Six studies did not mention the smoking status or
control for smoking (34-36, 40, 42, 43).

Body Mass Index

Nine studies reported a BMI (13-15, 34, 37, 38, 41, 43, 44)
ranging from 18.5 £ 2.5 (43) to 27.8 £ 0.7 kg/m2 (44). Five
studies did not report BMI (35, 36, 39, 40, 42).

Eating, Drinking, and Hard Exercise

The participants were asked to refrain from eating, drinking, and
physical exercise in four studies (13, 37, 40, 44) for 1 h before the
experimental session (13), for 2 h (40, 44) or for 24 h (37).

Type of Population

Six studies were on healthy young individuals (13, 14, 35,
37, 40, 42), two studies were on athletes (32, 41), and
one study was on healthy old individuals (44). Five studies
included specific populations: one on depressive (41), one on

drug addicts (39), one on people with psoriasis (36), one
on high social anxiety (36), and one on high psychological
responders (15). All studies included at least one subgroup of
healthy individuals.

Outcome and Aim of the Studies

The majority of the studies aimed to investigate the effect
of acute stress on the HPA axis and physiological response,
and more precisely on DHEA release in different populations
(15, 36, 38, 39, 41). One study aimed to investigate the role
of natural fluctuations of the estrogen levels (associated with
different phases of the menstrual cycle) on cardiac and HPA axis
activity and stress responsivity (37). All studies shared similar
outcomes, i.e., variations in the biomarkers of stress following a
stressful task.

Characteristics of Acute Stress

Type of acute stress

All studies were in laboratory settings, i.e., 54 subgroups (13-15,
36-42, 44), except three (34, 35, 43). All laboratory studies used
the Trier Social Stress Test (TSST) (46) or its derived form. The
original TSST was used in eight studies (13-15, 36, 38, 41, 42, 44)
and consisted of a free speech and a mental arithmetic task in
front of a committee (three persons). In the study using the TSST
for groups (TSST-g), the participants were in the same room
(40). One used a modified TSST to answer specific questions, a
mental task, and complete missing elements in a series of images
(37). One used TSST and a drug cue paradigm (39). For the
three studies (10 subgroups) in environmental conditions, the
acute stress was a sports competition (34, 43) and a parachute
jump (35).

Duration of Stress

All studies reported the duration of stress. The mean duration of
stress was 25.8 & 2 min across the studies, ranging from 6 (35) to
120 min (43).

DHEA level Assessment

Times of Measures

All studies assessed the DHEA levels at baseline and after acute
stress (13-15, 34-44). Most studies assessed DHEA levels at least
twice after the end of acute stress, except for two studies that
reported only DHEA once after acute stress (34, 39). After the
end of stress, the follow-up duration ranged from 0 (34, 39) to
95min (44). Baseline measure was realized at the beginning of
stress in all the studies, except when the baseline measure was
realized 234 min before the beginning of stress (35). The second
measures were realized directly after stress in the majority of
studies (13, 14, 34-36, 38, 39, 41-43), except in four studies where
the first measure was realized 1 (15), 10 (37), 15 (44), or 18 min
(40) after the end of stress. The mean duration between baseline
and the first measure after stress was 63.2 £ 1.80 min, ranging
from 15 (15, 39) to 240 min (34). In total, there were 11 studies
(21 subgroups) assessing DHEA levels immediately after the end
of stress, seven studies (16 subgroups) between 2 and 30 min,
eight studies (17 subgroups) between 31 and 60 min, and two
studies (10 subgroups) after 60 min.
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TABLE 1 | Descriptive characteristics of the included studies.

Study Country Study Characteristics of population Characteristics of stress Characteristics of measure
design
Groups Men (n) Women (n) Type of stress Duration of Measurement time* Fluid Technic
stress (min)
Back et al. (39) USA RCT 4 groups: drug addicts + healthy 38 37 Mental 15 1 measure: 0 min Saliva ELISA
stress and control in each group stress—TSST
Dehghan et al. (43) Iran Non-RCT 2 groups: elite skaters + amateur 18 0 Physical 120 2 measures: 0, 60min  Saliva ELISA
skaters stress—skate
competition
Fang et al. (15) USA Non-RCT 2 groups: women with high 0 40 Mental 15 5 measures: 1, 15, 30, Blood RIA
psychological response + women stress—TSST 60, 90 min
with low response
Hidalgo et al. (44) Spain Non-RCT 2 groups: healthy old women + 30 35 Mental 10 5 measures: 15, 25, Saliva EIA
healthy old men stress—TSST 40, 55, 70 min
lzawa et al. (13) Japan Non-RCT 1 group: healthy male students 33 0 Mental 20 4 measures: 0, 10, 20,  Saliva ELISA
stress—TSST 30 min
Jiang et al. (41) China Non-RCT 2 groups: depressive + healthy 44 37 Mental 20 2 measures: 0, 50min  Saliva EIA
stress—TSST
Lennartsson et al. (14)  Sweden Non-RCT 2 groups: healthy men + healthy 20 19 Mental 20 2 measures: 0, 50min  Blood LC-
women stress—TSST MS:MS
Oberbeck et al. (35) Germany RCT 3 groups: control + parachute jump 24 0 Mental 6 2 measures: 0, 60min  Blood RIA
with placebo + parachute jump with stress—parachute
propanolol jump
Pico-Alfonso et al. (37)  ltaly Non-RCT 2 groups: women in ovulatory phase 0 36 Mental 10 1 measure: 0 min Blood RIA
+ women in follicular phase stress—TSST
Prall et al. (42) USA Non- 1 group: healthy young men 27 0 Mental 20 3 measures: 0, 10, Saliva EIA
comparative stress—TSST 20 min
Schmid-Ott et al. (36) Swiss Non-RCT 3 groups: psoriasis treated + healthy 13 8 Mental 20 2 measures: 0, 60min  Blood RIA
+ psoriasis untreated stress—TSST
Shields et al. (40) USA RCT 2 groups: healthy exposed to stress 43 76 Mental 30 1 measure: 18 min Saliva ELISA
+ healthy control stress—TSST
Shirotsuki et al. (38) Japan Non-RCT 2 groups: men with high social 22 0 Mental 15 4 measures: 0, 20, 30, Saliva ELISA
anxiety + men with low social anxiety stress—TSST 40 min
Tegelman et al. (34) Sweden Non-RCT 2 groups: athletes + spectators 31 0 Physical—sport 40 1 measure: 0 min Blood RIA

competition or
mental—
spectators

‘e 18 [lsuind

$s8.13 10 Jaxiewolg e S| vaHAa


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Dutheil et al.

DHEA Is a Biomarker of Stress

Variables Coefficient (95% CI) p-value
Age (years) O -0.24 (-1.71,1.22) 0.734
Sex (% female) e e 0.10 (-0.49, 0.69) 0.726
Body mass index (kg/m?) O -0.21 (-1.12,0.69) 0.618
Smoking (% smokers) O 142 (0.02,2.82) 0.047
-2 0 2
FIGURE 3 | Meta-analysis on dehydroepiandrosterone (DHEA) changes following acute stress stratified by time after stress.

Characteristics of Sampling

The saliva sample was the most common measure to assess
DHEA levels, which was used in eight studies (36 subgroups)
(13, 38-44). Six studies (28 subgroups) used blood samples (14,
15, 34-37). No study assessed DHEA levels in urine.

Assessment Method

Five studies (24 subgroups) used the radioimmunoassay (RIA)
kit from DRG-Instruments GmbH (Marburg/Lahn, Germany)
(15, 34-37). Five studies (19 subgroups) used enzyme-linked
immunosorbent assay (ELISA) kits from Salimetrics LLC
(State College, PA, USA) (13, 38-40, 43). One study (four
subgroups) used liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) (14). Three studies (17 subgroups)
used enzyme immunoassay (EIA) kits from Salimetrics (Suffolk,
UK) (41, 42, 44). The results were given in nanomoles per liter
in seven studies (13, 14, 34, 38, 41, 43, 44), in picograms per
milliliter in three studies (40, 42, 46), nanograms per milliliter
in three studies (15, 35, 36), and in micrograms per milliliter in
one study (37).

Meta-Analysis on DHEA Levels Following

an Acute Stress

The DHEA levels increased globally over time after acute stress
(SMD = 1.56, 95%CI = 1.13-1.99, p < 0.001, I = 95.6%), with
a main increase immediately after the end of stress (SMD = 2.43,
95%CI = 1.59-3.27, p < 0.001, I> = 94.7%) compared to baseline,
followed by a progressive decrease: between 2 and 30 min (SMD
= 2.14, 95%CI = 1.43-2.84, p < 0.001, I? = 94.1%), between
31 and 60 min (SMD = 0.89, 95%CI = 0.12-1.66, p = 0.023, I?
= 93.8%), and after 60 min (SMD = 0.06, 95%CI = —0.91 to
1.03, p = 0.901, I> = 97%; Figure 3). Metaregressions confirmed
a significant linear decrease of the DHEA levels (SMD = —0.11,
95%CI = —0.19 to —0.17, p = 0.020) following the initial peak of
DHEA at the end of stress (Figure 4).

Meta-Analysis Stratified by Type of Stress

Keeping only the first measure after the end of stress, the meta-
analysis stratified by type of stress demonstrated an overall
increase of the DHEA levels (SMD = 2.23, 95%CI = 1.60-2.87,
p < 0.001, I> = 93.9%), especially for mental stress (SMD =
2.32, 95%CI = 1.65-2.99, p < 0.001, I> = 94.1%) (Figure 5).

Stratification by type of acute mental stress showed an increase
of DHEA levels after a public speaking and mental arithmetic
(SMD = 2.45, 95%CI = 1.64-3.26, p < 0.001, I> = 95.3%), a
stress interview and a mental task (SMD = 2.19, 95%CI = 1.60-
2.78, p < 0.001, I> = 0%), or a parachute jump (SMD = 2.18,
95%CI = 1.28-3.09, p < 0.001, I> = 0%; Figure 6). The results
were similar when considering all times of measures after the end
of stress (data not shown) and the exclusion of studies not evenly
distributed around the metafunnel (Supplementary Figure 1).

Factors Influencing DHEA Levels and

Sensitivity Analyses

Meta-regression on factors influencing DHEA changes after the
end of stress demonstrated a greater increase for young people
(coefficient = —0.12, 95%CI = —0.2 to —0.05, p < 0.001),
women (coefficient = 0.03, 95%CI = 0.01-0.05, p = 0.002),
and those with obesity, i.e., a BMI > 30 kg/m? (coefficient
= 0.56, 95%CI = 0.12-1.01, p = 0.020). Other variables were
not significantly associated (Figure4). For the DHEA levels
at baseline, smoking was the main factor responsible for high
DHEA levels (coefhicient = 1.42, 95%CI = 0.02-2.82, p = 0.047),
without a significant relationship with other variables such as age,
sex, or BMI (Figure 7).

Sensitivity analyses demonstrated an increase of DHEA levels
after acute stress, whatever the type of fluid (blood = 2.70, 95%CI
=1.74-3.67, p < 0.001, I? = 90.7%; saliva = 1.92, 95%CI = 1.02-
2.82, p < 0.001, I> = 95.4%) or the analysis technique (RIA =
2.77, 95%CI = 1.54-3.99, p < 0.001, I? = 92.4%; EIA = 248,
95%CI = 0.85-4.10, p = 0.003, I> = 97.2%; LC-MS/MS = 2.39,
95%CI = 1.80-2.98, p < 0.001, I? = 0%; ELISA = 1.51, 95%CI =
0.44-2.57, p = 0.006, I> = 93%).

DISCUSSION

The major finding was that DHEA is a relevant biomarker of
acute stress, whatever the type of fluid (blood or saliva) and
the measurement technique. DHEA demonstrated a short-term
increase (1h) following stress, with a peak at the end of stress
(SMD = 2.43, 95%CI = 1.59-3.27), followed by a progressive
decrease (coefficient = —0.11, 95%CI = —0.19 to —0.17).
Particularly, DHEA levels increased following acute mental stress
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DHEA levels following an acute mental stress
Stratified by type of mental stress

Study %
ID SMD (95% Cl)  Weight
Public talking and mental arithmetic :
Back 2015, drugged —t— | 0.65 (-0.00, 1.31) 4.56
Back 2015, healthy —_— 1 0.03 (-0.61, 0.67) 4.57
Fang 2014, postmenopausal high psychological responder : —3> 5.96 (4.93, 7.00) 4.28
Fang 2014, postmenopausal low psychological responder 1 —3> 6.00 (4.96,7.04) 4.28
Hidalgo 2020, old healthy men —— 1 0.33 (-0.18, 0.84) 4.64
Hidalgo 2020, old healthy women —o—l- 1.81 (1.25,2.37) 4.61
Izawa 2008, males students | —_—— 3.79 (2.98, 4.61) 4.45
Jiang 2017, depressive disorder e o ] 2.00 (1.45, 2.55) 4.62
Jiang 2017, healthy : > 8.50(7.15,9.85) 3.99
Lennartsson 2012, men —r‘— 2.46 (1.63,3.29) 4.44
Lennartsson 2012, women —_—— 2.33 (1.49, 3.16) 4.44
Prall 2017, male of an university - : 0.38 (-0.16, 0.91) 4.62
Schmid-Ott 1998, healthy ¢| 2.21(0.84, 3.58) 3.97
Schmid-Ott 1998, psoriasis - untreated — 2.61(1.13, 4.09) 3.87
Schmid-Ott 1998, psoriasis treated by PUVAtherapy + . 1.38 (-0.21, 2.98) 3.75
Shields 2016, healthy young adults — 2.33 (1.87, 2.79) 4.66
Shirotsuki 2009, male students, high social anxiety —— | 1.22 (0.30, 2.13) 4.37
Shirotsuki 2009, male students, low social anxiety —— | 1.03 (0.14, 1.93) 4.39
Subtotal (I-squared = 95.3%, p = 0.000) _ 2.45 (1.64, 3.26) 78.52
. 1
Parachute jumps !
Oberbeck 1998, placebo + : 1.90 (0.69, 3.10) 4.13
Oberbeck 1998, propanolol —é 2.55(1.19,3.91) 3.98
Subtotal (I-squared = 0.0%, p = 0.482) <|> 2.18 (1.28, 3.09) 8.11
Stress interview and mental task :
Pico-Alfonso 2007, women student in follicular phase —_—— 2.48 (1.60, 3.36) 4.40
Pico-Alfonso 2007, women student in ovulatory phase —_— 1.95 (1.15, 2.75) 4.46
Subtotal (I-squared = 0.0%, p = 0.386) <> 2.19 (1.60, 2.78) 8.87

1
Spectators of a competition :
Tegelman 1988, spectators —_— 1 0.56 (-0.17, 1.29) 4.51
Subtotal (I-squared =.%,p=".) -o 1 0.56 (-0.17, 1.29) 4.51

1
Overall (I-squared =94.1%, p = 0.000) 0 2.32(1.65, 2.99) 100.00
NOTE: Weights are from random effects analysis :

| |

-2 0

FIGURE 4 | Meta-regression on factors influencing dehydroepiandrosterone (DHEA) changes following an acute stress.

5.5

(SMD = 2.04, 95%CI = 1.43-2.65), whatever the type and
duration of mental stress. Females (SMD = 0.02, 95%CI = 0.00-
0.04), young people (SMD = —0.12, 95%CI = —0.2 to —0.05),
and obese individuals (SMD = 0.31, 95%CI = —0.00 to 0.63) had
higher increases of DHEA levels following an acute stress.

DHEA Is a Biomarker of Stress

We demonstrated that DHEA is a biomarker of acute stress. The
DHEA levels exhibited a peak at the end of stress. Then, DHEA
progressively decreased and returned to baseline levels 1h after
the end of stress. This can be explained by the fact that the half-
life of DHEA is short (about 30 min) (41). Very interestingly, we
showed a return to the baseline after 1 h. However, some studies
have found a decrease in DHEA levels at 3 months post-injury
(47). We showed no difference between the type of fluid and the

analysis technique, which prompted us to prefer saliva sampling.
Saliva sampling is very convenient in research because it is a
noninvasive method (48-51). Several studies have investigated
the relationship between stress and dehydroepiandrosterone
levels. DHEA has beneficial psychological effects during acute
stress. It plays a protective role during the stress response,
antagonizing the cortisol effects (11). Lower DHEA levels during
the TSST have been related to an increase in negative mood, and
reciprocally, an increase in DHEA levels following acute stress
may reduce negative mood (13). Overall, there is evidence that
DHEA has beneficial effects on wellbeing and cognition across
the life span (52, 53). DHEA impacts the brain because it easily
crosses the brain-blood barrier (44) and may be involved in
preserving cortical plasticity (54). Moreover, DHEA can affect
emotions, immune reactions, mood, and behavior (55).
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DHEA levels following an acute stress
Stratified by type of stress

Study %

ID SMD (95% Cl) Weight
Mental

Back 2015, drugged [—— 0.65 (-0.00, 1.31) 4.04

Fang 2014, postmenopausal high psychological responder

—> 5.96(4.93,7.00) 3.80
—

6.00 (4.96,7.04) 3.80

1
1
1
1

Back 2015, healthy —_—— | 0.03 (-0.61, 0.67) 4.05
1
Fang 2014, postmenopausal low psychological responder :
1

Hidalgo 2020, old healthy men —_— 0.33(-0.18,0.84) 4.11
Hidalgo 2020, old healthy women —0—!— 1.81(1.25,2.37) 4.09
Izawa 2008, males students 1 —_—— 3.79 (2.98,4.61) 3.95

Jiang 2017, depressive disorder —_— 2.00 (1.45,2.55) 4.09
Jiang 2017, healthy : > 850(7.15,9.85) 3.55
Lennartsson 2012, men —_—— 2.46 (1.63,3.29) 3.94
Lennartsson 2012, women —:0— 2.33(1.49,3.16) 3.94

Oberbeck 1998, placebo — 1.90 (0.69, 3.10) 3.67
Oberbeck 1998, propanolol : g 2.55(1.19,3.91) 3.54
Pico-Alfonso 2007, women student in follicular phase —— 2.48 (1.60,3.36) 3.91
Pico-Alfonso 2007, women student in ovulatory phase —_— 1.95 (1.15,2.75) 3.96
Prall 2017, male of an university - 0.38 (-0.16, 0.91) 4.10

Schmid-Ott 1998, psoriasis - untreated g 2.61(1.13,4.09) 3.44

1
1
Schmid-Ott 1998, healthy @ 2.21(0.84,3.58) 3.53
1
1
T

Schmid-Ott 1998, psoriasis treated by PUVAtherapy g 1.38 (-0.21,2.98) 3.34
Shields 2016, healthy young adults + 2.33(1.87,2.79) 4.13
Shirotsuki 2009, male students, high social anxiety ————— | 1.22 (0.30,2.13) 3.88
Shirotsuki 2009, male students, low social anxiety —e | 1.03 (0.14,1.93) 3.90
Tegelman 1988, spectators —_— : 0.56 (-0.17,1.29) 4.00

Subtotal (l-squared = 94.1%, p = 0.000) 2.32(1.65,2.99) 88.75
Exercise
Dehghan 2019, amateur female adolescent inline skaters —_—
Dehghan 2019, elite female adolescent inline skaters —_——

0.50 (-0.44, 1.44) 3.87
-0.16 (-1.08,0.77) 3.88
457 (3.18,5.96) 3.51
1.58 (-0.88, 4.05) 11.25

¢
v

Tegelman 1988, players
Subtotal (l-squared = 93.8%, p = 0.000)

1
1
1
1
1
1
1
.
§ 1
Overall (I-squared = 93.9%, p = 0.000) <> 2.23 (1.60, 2.87)  100.00
1
L

NOTE: Weights are from random effects analysis

I |
-2 0 5.5

FIGURE 5 | Meta-analysis on dehydroepiandrosterone (DHEA) changes between the first measure after the end of stress and baseline, stratified by type of acute
stress (mental or exercise).

Variables Coefficient (95% CI) p-value
DHEA levels at baseline (ng/ml) O -0.01 (-0.02,0.00) 0.155
Age (years) —O— -0.12 (-0.20,-0.05) 0.001
Sex (% female) O- 0.03 (0.01, 0.05) 0.004
Body mass index (kg/m?) — 0.56 (0.12,1.01) 0.014
Smoking (% smokers) —— 0.01 (-0.03, 0.05) 0.624
Duration of stress (min) Or -0.01 (-0.03, 0.01) 0.313
Time baseline to DHEA measures (min) o} -0.02 (-0.02,-0.01) <0.001
Time DHEA peak* to next measures (Min)  =—O—— -0.11 (-0.20,-0.02) 0.014

-02 01 0 01 02

FIGURE 6 | Meta-analysis on dehydroepiandrosterone (DHEA) changes between the first measure after the end of stress and baseline, stratified by type of acute
mental stress.
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DHEA levels following an acute stress
Stratified by time after the end of the stress

Study %
ID SMD (95% Cl) Weight
Less than 1 minute 1
Back 2015, drugged ——— 0.65 (-0.00, 1.31) 1.62
Back 2015, healthy —_—— ! 0.03 (-0.61, 0.67) 1.62
Dehghan 2019, amateur female adolescent inline skaters ——.— | 0.50 (-0.44, 1.44) 1.55
Dehghan 2019, elite female adolescent inline skaters —— | -0.16 (-1.08, 0.77) 1.56
Fang 2014, postmenopausal high psychological responder | > 5.96(4.93,7.00) 1.53
Fang 2014, postmenopausal low psychological responder > 6.00(4.96,7.04) 1.53
Izawa 2008, males students 1 ——— 3.79 (2.98, 4.61) 1.58
Jiang 2017, depressive disorder e 2.00 (1.45, 2.55) 1.63
Jiang 2017, healthy | > 8.50(7.15,9.85) 1.44
Lennartsson 2012, men _._ 2.46 (1.63, 3.29) 1.58
Lennartsson 2012, women J—‘— 2.33 (1.49, 3.16) 1.58
Oberbeck 1998, placebo - : 1.90 (0.69, 3.10) 1.48
Oberbeck 1998, propanolol T %> 2.55(1.19, 3.91) 1.44
Prall 2017, male of an university ——— 0.38 (-0.16, 0.91) 1.64
Schmid-Ott 1998, healthy - ¢ 2.21(0.84, 3.58) 1.43
Schmid-Ott 1998, psoriasis - untreated t % 2.61(1.13, 4.09) 1.40
Schmid-Ott 1998, psoriasis treated by PUVAtherapy T : # 293(0.77, 5.09) 1.18
Shirotsuki 2009, male students, high social anxiety —_—— 1.22 (0.30, 2.13) 1.56
Shirotsuki 2009, male students, low social anxiety —.—l— 1.03 (0.14, 1.93) 1.57
Tegelman 1988, players | —lp 457 (3.18, 5.96) 1.43
Tegelman 1988, spectators —_—— 1 0.56 (-0.17, 1.29) 1.60
Subtotal (I-squared = 94.7%, p = 0.000) |¢ 2.43 (1.59, 3.27) 31.95
2 to 30 minutes |
Fang 2014, postmenopausal high psychological responder 1 = 574(4.74,6.74) 1.54
Fang 2014, postmenopausal low psychological responder | > 6.00(4.96, 7.04) 1.53
Hidalgo 2020, old healthy men ——.— 0.33(-0.18, 0.84) 1.64
Hidalgo 2020, old healthy women ———— 1.81 (1.25,2.37) 1.63
Izawa 2008, males students | —_—— 3.54 (2.76, 4.32) 1.59
Izawa 2008, males students ——— 2.40 (1.76, 3.04) 1.62
Izawa 2008, males students + 1.65 (1.09, 2.21) 1.63
Pico-Alfonso 2007, women student in follicular phase I_‘_ 2.48 (1.60, 3.36) 1.57
Pico-Alfonso 2007, women student in ovulatory phase —I—.— 1.95 (1.15, 2.75) 1.59
Prall 2017, male of an university —t— 1 0.20 (-0.33, 0.74) 1.64
Prall 2017, male of an university —f—p—— 0.41 (-0.13, 0.95) 1.64
Shields 2016, healthy young adults 1 + 2.33 (1.87,2.79) 1.65
Shirotsuki 2009, male students, high social anxiety — — 2.02 (0.98, 3.07) 1.53
Shirotsuki 2009, male students, high social anxiety —|—._ 2.12(1.06, 3.18) 1.52
Shirotsuki 2009, male students, low social anxiety —_—— 1.14 (0.23, 2.05) 1.56
Shirotsuki 2009, male students, low social anxiety ——.—I 0.63 (-0.23, 1.49) 1.57
Subtotal (I-squared = 94.1%, p = 0.000) —_—— 2.14 (1.43, 2.84) 25.45
31 to 60 minutes :
Dehghan 2019, amateur female adolescent inline skaters ——‘_ 0.40 (-0.53, 1.33) 1.56
Dehghan 2019, elite female adolescent inline skaters —_—— 1 -1.20 (2.21,-0.19)  1.54
Fang 2014, postmenopausal high psychological responder | —_—— 3.75 (3.02, 4.49) 1.60
Fang 2014, postmenopausal low psychological responder m—) 5.00 (4.10, 5.90) 1.56
Hidalgo 2020, old healthy men + 1.50 (0.93, 2.07) 1.63
Hidalgo 2020, old healthy women —— 1 0.18 (-0.29, 0.65) 1.65
Jiang 2017, depressive disorder |—.— 2.10 (1.54, 2.66) 1.63
Jiang 2017, healthy —_——, 1.00 (0.55, 1.45) 1.65
Lennartsson 2012, men ——— 2.16 (1.37, 2.94) 1.59
Lennartsson 2012, women _.J— 1.40 (0.69, 2.11) 1.61
Oberbeck 1998, placebo — | -3.15(-4.68,-1.63)  1.39
Oberbeck 1998, propanolol — 1 -3.03 (-4.52,-1.54)  1.40
Schmid-Ott 1998, healthy —QI— 1.21 (0.06, 2.37) 1.50
Schmid-Ott 1998, psoriasis - untreated : 1.79 (0.52, 3.06) 1.46
Schmid-Ott 1998, psoriasis treated by PUVAtherapy & | -1.40 (-3.00, 0.20) 1.36
Shirotsuki 2009, male students, high social anxiety _|—._ 1.96 (0.93, 2.99) 1.53
Shirotsuki 2009, male students, low social anxiety e — 0.00 (-0.84, 0.84) 1.58
Subtotal (I-squared = 93.8%, p = 0.000) ol. 0.89 (0.12, 1.66) 26.23
More than 60 minutes 1
Fang 2014, postmenopausal high psychological responder —_—— 0.66 (0.21, 1.11) 1.65
Fang 2014, postmenopausal high psychological responder —b_ 1.55 (1.05, 2.05) 1.64
Fang 2014, postmenopausal low psychological responder 2.00 (1.46, 2.54) 1.64
Fang 2014, postmenopausal low psychological responder 1 —.— 3.00 (2.36, 3.64) 1.62
Hidalgo 2020, old healthy men —— | -1.00 (-1.54,-0.46)  1.64
Hidalgo 2020, old healthy men —— -0.33(-0.84,0.18)  1.64
Hidalgo 2020, old healthy men —‘— 1 -2.00 (-2.62,-1.38)  1.62
Hidalgo 2020, old healthy women —_— 1 -1.09 (-1.59,-0.58)  1.64
Hidalgo 2020, old healthy women —_—— 1 -2.17 (-2.77,-1.58)  1.63
Hidalgo 2020, old healthy women e 0.00 (-0.47, 0.47) 1.65
Subtotal (I-squared = 97.0%, p = 0.000) — 1 0.06 (-0.91, 1.03) 16.37
. 1
Overall (I-squared = 95.6%, p = 0.000) - 1.56 (1.13, 1.99) 100.00
NOTE: Weights are from random effects analysis 1

| |

FIGURE 7 | Meta-regression on factors influencing dehydroepiandrosterone (Dhea) levels at baseline (to).
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DHEA Levels and Characteristics of Stress
In our meta-analysis, the DHEA levels globally increased.
Stratification showed the main increase after acute mental stress
in comparison with acute physical stress. However, only two
studies in the physical activity stratification precluded robust
conclusions for physical stress. The literature is also scarce for
exploring DHEA levels and physical stress, contrary to mental
stress that has been extensively studied (13, 14). In our meta-
analyses on types of mental stress, participants doing a parachute
jump showed a high increase of DHEA levels, following literature
reporting parachute jump as one of the most stressful situations
(56, 57) because parachutists can face death if any problem occurs
(58). Mainly, beginners in parachute jumps develop anticipatory
anxiety and present higher stress responses than do experts (57).
Most of the included studies in our meta-analyses used the
TSST, one of the most common tools to induce acute mental
stress (59, 60). We noted a high heterogeneity within the TSST
stratification explained by the included population’s diversity.
However, the populations were too heterogeneous to perform
sensitivity analyses. We can also note that the DHEAS levels
increased regardless of the population studied.

DHEA and Age, Sex, and Other Variables

We showed that younger individuals exhibited the highest
increase in DHEA levels. In agreement with the literature,
DHEA levels are age-dependent, with decreasing levels after early
adulthood (14, 19, 53). Furthermore, the capacity to increase
the DHEA levels in response to acute psychosocial stress also
declines with age (14). On the other hand, in our meta-analysis,
the DHEA levels were not related to age at baseline or sex. The
literature is conflicting regarding sex differences for the baseline
levels of DHEA. Despite some studies retrieving similar basal
levels (14, 61), other studies have reported higher levels in women
than in men (17, 62, 63). In our meta-analysis, women seemed to
be more sensitive, with a higher DHEA increase than men. We
did not find other studies reporting such a relation, with most
studies comparing only the baseline levels (see above). Globally,
baseline DHEA levels are age- and gender-dependent (64), and
the effect of age and sex on DHEA changes following acute stress
was poorly studied. We reported higher baseline levels of DHEA
in smokers than in non-smokers, in agreement with the literature
(65, 66). Smoking has been suggested to upregulate HPA activity
(15). Finally, the main covariable influencing the increase of
DHEA levels following acute stress was obesity—individuals
with higher BMI experience higher DHEA response to an acute
stress. This is consistent with the literature reporting the relation
between obesity and DHEA response (67, 68). Although there
are conflicting results on the sense of the variations, obese
individuals seem to have altered responsiveness of the HPA axis
(15, 69). Growing evidence suggests that modification of the
gut microbiota in obesity, which can modulate inflammatory
response, brain functioning, and the HPA axis (70), can explain
the greater increase of DHEA levels following an acute stress.
Oxidative stress may also play a role in this greater response in
obese individuals (71). Moreover, very interestingly, some other
biomarkers of stress have specific responses in obese compared
with normal-weight individuals (72, 73).

Limitations

Our study, however, has some limitations (74). Firstly, we
did not register our methods in PROSPERO. Meta-analyses
inherit the limitations of individual studies: varying qualities
of the studies and multiple variations in the study protocols
and evaluation. Our meta-analysis is based on a moderate
number of studies, with only two studies on acute physical stress
(34, 43). Despite our rigorous inclusion criteria, their quality
varied. Moreover, only three studies were randomized controlled
trials (33, 37, 38), precluding robust conclusions. Similarly,
only three studies had a control group without stress exposure
(33, 37, 38), preventing further analyses. We did not include
the sulfated form of DHEA (DHEA-S)—water-soluble version
of DHEA—in our meta-analysis. Indeed, DHEA-S binds more
strongly to albumin than does DHEA and, consequently, has a
longer biological half-life of 16 h (50). DHEA-S is a stable index
of adrenocortical activity linked with chronic stress, whereas
DHEA reflects the response to acute stressors (55, 75). All
studies were single sites, also limiting the generalizability of our
results. Although there were similarities between the inclusion
criteria, they were not identical. Some studies included specific
populations, such as people with depression or individuals with
drug addiction, which can influence the DHEA levels (39, 41).
Moreover, different methods were used to measure DHEA levels
(e.g., RIA, ELISA, etc.), despite no significant differences between
approaches in a sensitivity analysis. Lastly, the kind of tubes
(plastic or glass) was not specified in the included studies;
however, since DHEA is a relatively robust steroid, it is unlikely
that the time from data collection to freezing has had any
important role.

CONCLUSION

We demonstrated that DHEA is a salient biomarker of acute
stress with a short-term increase (1h) following stress. More
precisely, there is a peak of DHEA at the end of stress,
followed by a progressive decrease. The DHEA levels increased
following acute mental stress, whatever the type and duration
of mental stress. Females, young people, and obese individuals
had a higher increase in DHEA levels following acute stress.
Blood and saliva measures were comparable, as well as the
measurement techniques.
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