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There is preliminary evidence that adrenal steroids other than cortisol may be valuable biomarkers for major depressive disorder
(MDD). So far, studies have been conducted in adults only, and conclusions are limited, mainly due to small sample sizes. Therefore,
the present study assessed whether adrenal steroids serve as biomarkers for adolescent MDD. In 261 depressed adolescents (170
females) treated at a single psychiatric hospital, serum adrenal steroids (progesterone, 17-hydroxyprogesterone, 21-deoxycortisol,
11-deoxycortisol, cortisol, cortisone, deoxycorticosterone, corticosterone) were determined by liquid chromatography-tandem mass
spectrometry. Findings were compared to that of an age- and sex-matched reference cohort (N = 255) by nonparametric analysis of
variance. Nonparametric receiver operating characteristics (ROC) analyses were conducted to evaluate the diagnostic performance
of single steroids and steroid ratios to classify depression status. Sensitivity analyses considered important confounders of adrenal
functioning, and ROC results were verified by cross-validation. Compared to the reference cohort, levels of deoxycorticosterone and
21-deoxycortisol were decreased (P < 0.001). All other glucocorticoid- and mineralocorticoid-related steroids were increased (P <

0.001). The corticosterone to deoxycorticosterone ratio evidenced excellent classification characteristics, especially in females (AUC:
0.957; sensitivity: 0.902; specificity: 0.891). The adrenal steroid metabolome qualifies as a bio-readout reflecting adolescent MDD by
a distinct steroid pattern that indicates dysfunction of the hypothalamus-pituitary—adrenal axis. Moreover, the corticosterone to
deoxycorticosterone ratio may prospectively qualify to contribute to precision medicine in psychiatry by identifying those patients
who might benefit from antiglucocorticoid treatment or those at risk for recurrence when adrenal dysfunction has not resolved.
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INTRODUCTION
Depression is a debilitating and highly prevalent psychiatric
disorder affecting as many as 20% of teenagers at some point
during adolescence [1]. Thus, there is considerable interest in
biomarkers of major depressive disorder (MDD) to identify
individuals at risk for MDD or its recurrence and provide target
therapy by deliberate classification [2]. In this regard, much effort
has been devoted to studying the relationship between cortisol
and MDD, specifically to identify subtypes of depression [3] and to
predict the risk for recurrence [4]. In a meta-analysis of 48 studies,
Juruena, Bocharova [3] identified differences in cortisol levels and
the responsiveness of the hypothalamus—pituitary—adrenal
(HPA) axis to pharmacological challenges between patients with
melancholic and atypical depression. However, meta-analyses
also revealed that cortisol levels neither qualify to predict the
treatment response to psychological therapy nor to antidepres-
sants [5].

However, preliminary evidence suggests that adrenal steroids
other than cortisol may contribute to precision medicine in

psychiatryic disorders. For example, two studies reported hyperse-
cretion of 11-deoxycortisol, a precursor in the synthesis of cortisol
(see Fig. 1), in adult depression [6, 7]. Moreover, a series of studies
relying on stimulation and suppression tests identified increased
corticosterone secretion in MDD [6, 8], which has been suggested
to be an additional biochemical criterion in the diagnosis of MDD
by pharmacological challenges as the dexamethasone suppression
test (DST) [6]. However, these studies comprised only a limited
number of patients ranging from 6 to 36 and mainly relied on
measurements of a (very) limited number of adrenal steroids.
Moreover, in some of these studies, steroid measurements were
solely based on radioimmunoassays, which are susceptible to
cross-reactivity with other steroids [9]. Thus, although promising,
these findings need confirmation.

In addition to the potential of the adrenal steroid metabolome
as a diagnostic tool in MDD, it may also help to provide insights
into the pathophysiology of MDD. Tetrahydrodeoxycorticosterone
(THDOCQ), a neuroactive steroids that primarily modulates central
nervous system (CNS) activity by rapid, mostly non-genomic
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actions [10], has been related to depression [11]. While some
studies have shown increased THDOC levels in MDD [12, 13], its
adrenal precursor deoxycorticosterone has hardly been studied in
mood disorders apart from postpartum depression [14]. Con-
sidering that increased THDOC levels may indicate an impaired
inhibitory HPA axis feedback loop [15], this information may also
be studied at the adrenal level by analyzing its precursor
deoxycorticosterone.

Also, the combined examination of multiple steroids may
provide additional information regarding clinical implications not
obtainable by single steroid analysis. For example, Goodyer et al.
showed that an increased cortisol to DHEA ratio is associated with
a prospective diagnosis of MDD as well as its persistence in
adolescents [16]. However, research examining other steroid ratios
in this regard has not been conducted.

This cross-sectional study was intended to assess the utility of
multiple individual serum steroids (progesterone, 17-hydroxypro-
gesterone, 21-deoxycortisol, 11-deoxycortisol, cortisol, cortisone,
deoxycorticosterone, corticosterone) and selected steroid ratios
indicative of adrenal enzyme activity as a bio-readout of MDD by
comparing a large clinical sample of depressed adolescents with
age- and sex-matched reference cohort. Steroid analysis in this
study was performed based on the reference method for steroid
hormone analysis, that is liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Considering the above review of previous
studies, we hypothesized adrenal dysfunction affecting glucocorti-
coid- and mineralocorticoid-related steroids in adolescent MDD.

METHODS

Participants—psychiatric sample

Data of psychiatric patients were derived from the baseline assessments of
a two-armed parallel-group, double-blind RCT, which investigated the
effect of 25-hydroxyvitamin D3 deficiency (25(0OH)D3 <30 nmol/I [equiva-
lent to <12 ng/ml]; DRKS00009758) on depressive symptoms in inpatients
or daycare patients treated at the Department of Child and Adolescent
Psychiatry, Psychosomatics and Psychotherapy Essen (LVR-Klinikum Essen),
Germany. In addition, data from a cross-sectional study focusing on the
relationship between nutrition and mental disorders (“Nutrition and
Mental Health Study”) were used. Considering that both studies followed
the same protocol, data were pooled. The studies were conducted in
accordance with the Declaration of Helsinki and approved by the local
Ethics Committee (No. 15-6363-BO). Informed written consent was
obtained from patients as well as their (foster) parents when patients
were below 18 years of age. Psychiatric patients were eligible for inclusion
if aged 11-18.9 years. Exclusion criteria were a concurrent diagnosis of
severe somatic disease and/or intellectual disability [17].

Participants—reference cohort

Primary data (N =573) from the norming sample of the LC-MS/MS assay
for the analysis of C21 steroids (progesterone, 17-hydroxyprogesterone,
21-deoxycortisol, 11-deoxycortisol, cortisol, cortisone, deoxycorticosterone,
corticosterone) from Kulle, Welzel [18] was used to set up the reference
cohort [18]. In short, the norming sample was based on leftover blood
draws before minor surgery or from diagnostic blood draws in pediatric
subjects with no evidence of active endocrine or systemic disease upon
comprehensive evaluation. Moreover, subjects were free of steroid
medication and in the follicular phase of the menstrual cycle, if applicable
[18]. Other information related to the reference cohort’s demographic,
anthropometric, or psychosocial characteristics was not available.

Questionnaires

In psychiatric patients, the Beck Depression Inventory-Il (BDI-Il) was used to
assess the severity of depressive symptoms. The BDI-ll is a self-reported
questionnaire that records depressive symptoms according to DSM-IV
diagnostic criteria for major depressive disorder (MDD) over the past two
weeks by 21 items [19]. Answers are scored on a 4-point Likert scale (0-3),
with higher scores indicating a greater degree of depression [19]. Total
scores between 14-19 indicate mild, between 20-28 moderate, and above
28 severe depressive symptoms [19]. Patients with a total BDI-Il score
above 13 were classified as depressed.
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Psychiatric diagnoses were established either via the semi-structured
interview ‘Schedule for Affective Disorders and Schizophrenia for School-
Aged Children—Present and Lifetime Version’ (K-SADS-PL) according to
DSM-IV (94.1% of patients) or via clinical assessment according to ICD-10
(5.9%) when no K-SADS-PL was performed.

In addition, covariates known to affect adrenal steroid levels, including
the intake of psychotropic medication, health-related behavior such as
smoking, and the use of COC, were recorded on admission. Moreover, the
socioeconomic status (SES) was captured by the household net income,
parental education, and occupation [20], also as a measure of adverse life
events [21].

Anthropometric measures

Psychiatric patients were subjected to a physical examination upon
admission, including an assessment of body height and body weight.
Height was determined in upright posture to the nearest 0.1 cm using a
wall-mounted stadiometer. Body weight was measured in underwear
with an electronic scale to the nearest 0.1 kg. BMI was determined by the
ratio of weight in kg and the height in meters squared (kg/m?). To
consider the effect of age, BMI was z-transformed according to percentile
charts for German children and adolescents (RefCurv Version 0.4.4,
https://refcurv.com [22]).

Laboratory studies

In the reference cohort, blood was drawn in the morning before 10 am (for
further details, please refer to Kulle, Welzel [18]) and immediately stored at
—20 °C until steroid hormone analysis from plasma samples by LC-MS/MS
[18]. In psychiatric patients, venipuncture was performed within the first
3 days after admission in the morning before 10 am after an overnight fast.
After sampling, blood was transferred within one hour to the laboratory of
the University Hospital Essen for analyses, and serum aliquots were stored
at —80°C until LC-MS/MS analysis. Importantly, steroid hormones are
stable for a long time when stored at low temperatures [23].

In brief, for LC-MS/MS analysis, the internal standard mixture was
combined with the stored sample as well as the calibrator and control
aliquots to monitor recovery. Samples were extracted using Oasis MAX SPE
system Plates (Waters, Milford, MA, USA). LC-MS/MS was performed using a
Waters Quattro Premier/Xe triple-quadrupole mass spectrometer con-
nected to a Waters Acquity (Waters, Milford, MA, USA; Table 1 for details on
assays). All analyses are accredited according to DIN EN ISO/IEC 15189 since
2013. Quality control procedures were the same for samples from the
reference cohort and the psychiatric patients.

Statistical analysis

Data handling and analyses were conducted with SPSS 27.0 (Armonk, NY:
IBM Corp.) or R (R core team, 2020) and the “Rfit” package [24]. All tests
were performed controlling the two-tailed false-discovery rate (FDR) at g <
0.05, except for sensitivity analyses detailed below.

For statistical analysis, all depressed (BDI-Il score >13) male psychiatric
patients with complete information on all variables of interest were
considered for analysis. However, for reasons of comparability with the
reference cohort as well as steroid hormone levels in males, only those
depressed female patients in the follicular phase of the menstrual cycle
(estradiol <734 pmol/l, progesterone <6.36 nmol/l [25]) and complete
information were included. Moreover, female patients taking combined
oral contraceptives (COCs), as well as all patients with a diagnosis of
anorexia nervosa, were excluded from the present analysis due to potential
effects on steroid metabolism [26, 27].

Subjects from the reference cohort were selected according to the
distribution of age and sex in the sample of psychiatric patients to consider
the effects of both variables on adrenal steroid levels. For this purpose, the
largest possible random subsample of the reference cohort was chosen
using the “Complex Samples” procedure as part of SPSS.

Robust analysis of variance

Single steroids but also steroid ratios of interest (Table 3, dependent
variables [DV]) were found to be non-normally distributed with a variable
number of outliers as identified by Shapiro-Wilk tests, visual inspection of
Q-Q plots, and boxplots (Fig. 2 and Supplementary Fig 1). Considering that
common data transformations did not alleviate non-normality, and in the
presence of persisting outliers, a nonparametric, rank-based analysis of
variance [24, 28] (ANOVA) robust to outliers and insensitive to violations of
normality was performed to compare the reference sample with the
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sample of psychiatric patients (independent variable 1 [IV,]: sample). To
consider a potentially moderating effect of sex (IV,) on steroid levels
comparing both samples, an additional two-way interaction term (IV; x IV,)
was included in the statistical model.

Note, currently, no option is implemented to calculate effect sizes for
this ANOVA approach but considering either a conventional parametric or
nonparametric comparison of central tendency, power (1-p) would have
been sufficient (=0.8) for an effect size as small as d = 0.25 (assuming a =
0.05) in either instance (GPower 3.1).

Receiver operating characteristics (ROC) analysis
Nonparametric ROC analyses were conducted to evaluate the performance
of single steroids but also steroid ratios to classify group membership
(psychiatric vs. reference cohort), separately for sex if there was a
significant interaction between sample and sex revealed by the preceding
step of analysis of variance.

As a performance measure, the area under the curve (AUC) was
determined and either tested against a random classifier at chance level
(AUC =0.5) or compared between sexes when an interaction as outlined
above was present. Testing relied on a test statistic with approximate
normal distribution that results from the asymptotic properties of the AUC.
The AUC was converted to Cohen’s d according to Ruscio [29] for reasons
of familiarity with the latter and ease of effect size interpretation (d: small
>0.2, medium =0.5, large >0.8).

The optimal cut-off point was chosen according to the maximum
Kolmogorov-Smirnov statistic, the largest difference between sensitivity
(true positive rate) and 1-specificity (false positive rate).

Sensitivity analysis

Considering that information on potential confounders (smoking, psycho-
tropic medication, BMI, and SES) were only available for the psychiatric
sample, their impact on adrenal steroids and their ratios was examined by
Kendall's 15, a rank-based correlation with reasonable robustness against
outliers [30] (effect size r: small 0.1, medium >0.3, large >0.5 [29]). In
addition, 25(0OH)D3 levels were included for confounder analysis, as 42.5%
of psychiatric patients were 25(0OH)D3 deficient.

Moreover, to explicitly consider the effects of potential confounders on
the comparison between steroid hormone levels, a subsample of
psychiatric patients was defined by excluding those patients that reported
smoking and the use of psychotropic medication on admission (subse-
quently “restricted psychiatric sample”). Also, this subsample only included
patients with a BDI-Il score above 13 and a diagnosis of MDD verified by
the K-SADS-PL or clinical assessment when no K-SADS-PL was performed.
For a comparison with the restricted psychiatric sample, eligible subjects
from the reference cohort were selected as outlined above for the total
psychiatric sample.

ROC results were confirmed by simple two-fold cross-validation and a
split between the test and verification sample of 70% and 30%,
respectively. For cross-validation, the AUC between the test and
verification sample was compared as outlined above by a test statistic
with approximate normal distribution.
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The potential effect of hospitalization on steroid hormone levels was
investigated by comparing cortisol, used as a marker steroid for
hospitalization-related stress [31], between inpatients and daycare patients
by the rank-based approach outlined above.

Note, all sensitivity analyses were considered exploratory as they were
only conducted to verify the main findings of the present study and,
therefore, not corrected for multiple comparisons.

RESULTS

Descriptives

Altogether, 261 psychiatric patients and 255 subjects from the
reference cohort were included for analysis. The mean age of
psychiatric patients was 15.7 (SD 1.6) years and the mean BDI-II
score 29.0 (SD 9.9), indicating severe depressive symptoms. The
psychiatric sample included almost twice as many girls (65.1%)
as boys. On admission, 22.6% of patients were smokers and
22.2% were taking psychotropic medication, including antide-
pressants (Table 2).

ANOVA

There was a significant mean difference in C21 steroids and
their ratios between the psychiatric and reference cohort,
except for the ratios of 17-hydroxyprogesterone/progesterone
(P=0.39), 11-deoxycortisol/17-hydroxyprogesterone (P =0.53),
and cortisol/11-deoxycortisol (P=0.37) (Tables 3 and 4, Figs. 1
and 2, and Supplementary Fig 1). Levels of deoxycorticosterone
(P<0.001) and 21-deoxycortisol (P<0.001), and the ratio of
deoxycorticosterone/progesterone (P < 0.001) were significantly
decreased in psychiatric patients compared to subjects from the
reference cohort.

An interaction between sample (psychiatric vs. reference cohort,
IV;) and sex (IV,) was found for cortisol (P<0.001; please see
Supplementary Table 1 for detailed results), corticosterone
(P<0.001), and the ratio of corticosterone/deoxycorticosterone
(P<0.001) as well as cortisol/cortisone (P<0.001), which was
driven by depressed females that evidenced higher steroid
hormone levels and ratios than depressed boys.

ROC analysis

In line with results from the ANOVA analyses, all steroids and
steroid ratios except for the ratios of 17-hydroxyprogesterone/
progesterone (P=0.09), cortisol/11-deoxycortisol (P=0.50), and
11-deoxycortisol/17-hydroxyprogesterone ~ (P=0.90)  outper-
formed a classification at chance level (Table 5). For 17-
hydroxyprogesterone (AUC = 0.768), cortisol (AUC = 0.822), corti-
costerone (AUC=0.893), and the ratios of cortisol/cortisone
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Table 2. Patient characteristics.
Psychiatric sample (N =261)

Age 15.72 (1.57) [11.80-18.83]
Age category (%)

7-<13 years 5.7

13-<16 46.0

16-18 48.3
Gender (female %) 65.1
z-BMI 0.03 (1.48) [—4.93-2.76]
BDI-II 28.95 (9.90) [14-59]
BDI-Il severity category (%)

Mild (sum score 14-19) 18.8

Moderate (20-28) 356

Severe (>28) 45.6
Psychotropic medication (%) 222
Smoking (%) 22,6
25(0OH)D3 37.43 (18.03) [11.23-106.58]
25(0OH)D3 < 30 nmol/I (%) 42.5

Psychiatric sample restricted (N = 159) Controls® (N = 255)

15.49 (1.58) [11.80-18.83] #
6.3 5.9
52.2 45.9
415 48.2
69.2 65.1
—0.04 (1.58) [—4.93-2.76] #
27.7 (9.28) [14-54] #
22.0 #
36.5 #
41.5 #

# #

# #
38.72 (19.51) [11.23-106.58] #
42.2 #

Provided are the mean, standard deviation (in round brackets), and range (in square brackets) for interval scaled variables and percentages otherwise; z

z-standardized. # no information available/does not apply.

2Compiled according to the distribution of age and sex of the psychiatric sample without restrictions.

(AUC=10.765) and corticosterone/deoxycorticosterone (AUC =
0.914) there was a large effect size, up to d=1.93 for the
corticosterone/deoxycorticosterone ratio with the best classifica-
tion performance among all steroids and steroid ratios (Fig. 3).
Concerning those steroids and steroid ratios with a significant
interaction between sample and sex, there was a larger AUC for
females than males for corticosterone (P<0.001) and the
corticosterone/deoxycorticosterone ratio (P <0.001). Regarding
neither steroid or steroid ratio, there was a significant difference
between the AUC of the test and verification sample (Table 5), also
in the restricted sample (Supplementary Table 2).

Sensitivity analysis

In the sample of adolescents with depression, smoking was found
to be significantly but only marginally correlated to levels of
cortisone (r,s9 =0.11, P=0.03), 17-hydroxyprogesterone (r,so =
0.14, P=0.006), progesterone (r;so=0.14, P=0.009), 21-
deoxycortisol (rys; = 0.18, P = 0.002), deoxycorticosterone/proges-
terone (rs9 = —0.12, P=0.02), and 11-deoxycortisol/17-hydroxy-
progesterone (rso =—0.10, P=0.04; Supplementary Table 3).
Psychotropic medication and 25(0H)D3 levels were significantly
but also only marginally correlated with the ratio of corticoster-
one/deoxycorticosterone (medication: rso =—0.12, P=0.02; 25
(OH)D3 levels: ryso=—0.13, P=10.001), and neither steroid was
correlated with z-BMI and the SES.

Except for a significant interaction between sample and sex
regarding deoxycorticosterone levels (P=0.008; Supplementary
Table 4), the same pattern of findings regarding single steroids but
also their ratios was confirmed in the restricted psychiatric sample.

When comparing inpatients and daycare patients by a rank-
based approach, no difference in cortisol levels between both
samples was detected (F; 157 =0.57, P = 0.45).

DISCUSSION

Based on a large sample of 261 adolescents with MDD and the
reference method of steroid hormone analysis (LC-MS/MS), the
present study found altered levels of all studied adrenal steroids
related to mineralocorticoid and glucocorticoid synthesis in
comparison to subjects from a reference cohort (N=255).

SPRINGER NATURE

Moreover, the corticosterone to deoxycorticosterone ratio reliably
discriminated between adolescents from the psychiatric and
reference cohort, which especially applied to females. The
implications of these findings regarding the pathophysiology of
HPA axis dysfunction in MDD and the use of selected adrenal
steroids for diagnosing and monitoring MDD will subsequently be
outlined.

ACTH overdrive in adolescent MDD

Several lines of evidence regarding the present study’s results
imply a dysfunction of the HPA axis with a chronic ACTH overdrive
in adolescent MDD, which will subsequently be outlined
concerning glucocorticoid- and mineralocorticoid-related steroids.

First, in line with findings in adults with MDD, mostly relying on
post DST results, all glucocorticoid-related C21 steroids, that is, 11-
deoxycortisol [6, 7, 32], cortisol [8, 33, 34], and cortisone [6, 35],
were increased in adolescent MDD compared to the reference
cohort (Figs. 1 and 2). Considering the same pattern of steroid
hormone levels in patients with Cushing’s disease [36], these
findings imply a chronic ACTH overdrive.

Second, this conclusion is also supported by examining steroid
ratios as gross indicators of the activity of those enzymes related
to glucocorticoid synthesis. Consistent with what would be
expected from the longer-term response to ACTH, the ratios of
steroids related to glucocorticoid synthesis (11-deoxycortisol/17-
hydroxyprogesterone and  cortisol/11-deoxycortisol)  were
unchanged [37, 38]. However, and in contrast to an unchanged
cortisol/11-deoxycortisol ratio in the present study, Holsboer et al.
found an increased ratio in a series of small-scale studies including
6 to 23 patients with MDD that all relied on post DST results
[33, 34, 39]. The authors suggested that this finding is explained
by an ACTH-induced increase in 113-hydroxylase activity respon-
sible for converting 11-deoxycortisol to cortisol. Even if disregard-
ing methodological differences between the studies by Holsboer
et al. and the present study, this hypothesized (patho-)physiology
may not hold. As previously discussed by Joyce, Elder [32], who
likewise did not detect an increased cortisol/11-deoxycortisol ratio
in a study including 37 adults with MDD, the conversion from 11-
deoxycortisol to cortisol is not the rate-limiting step in cortisol
synthesis. Moreover, considering that steroid hormone levels at

Translational Psychiatry (2022)12:255



R. Hirtz et al.

9|buls 1oy (s19ydeiq punol ul jiauadiad Yig/ 01 Yyisz

(Ly'9-8t°€) L4V
(EL°'£09-06°LLL)
86'80€

(¥’ L-6£0) £L90
(08°£1-81°€) S€'8
(9L°2-520) 89'L
(S£°6-¥9°L) 88t
(65°09-15°S€) 9L'LY
(L6'8€€-60"C L)
8€YTT
(LZ'L-8T°0) 290
(6£0-210) ZL'O
(LzS-8L°L) vET
(6£°0-81°0) £20
(S9'L-65°0) 960
(05°0-01°0) 610

(401) uelpaiy

[LO"LE-PE0]
(vL'€) 981

[8e'65Ty-6£CL]
(Lz'9Ls) 09°Lze

[68°01-+00]
(£1°1) S£°0
[S0'L8Z-1£°0]
(Lo'LE) vT6
T vz—t0°0]
(6£77) 6t'L
[92'98-80°0]
(Z1'6) LL'S
[StzLL-Ts€]
(ov'61) OL'8F

[og 0L 1-CT€]
(¥9'S91) 8L°6CC

[£6€-£1°0]
(6£°0) 69°0
[Lzz-cLo]
(ov°0) 8L°0
[0z'06-1T°0]
(89'8) S9°C
[62°0-81°0]
(6€0) LT0
[€9'8-€1°0]
(FL'L SO'L
[€1°5-0L°0]
(¥£0) 2T0
[abuei]
(@s) *"'uesiy

(SST=N) Slo3uod

(06'01L-5€9) 8€'8
(60965-85°CLL)
99'98¢

(ot’'L-0¥'0) ¥+8°0
(96'9€1-8€°LY) €€°/8
(b€C-0£0) TL0O
(¥8'6-8+'27) LO'S
(95°S9-6€"LY) 92°9S
(0£°195-79°SLE)
[TO0LY

(S27T-€£0) 95'L
(€L'0-TL0) €L°0
(9££€-0T'LL) €961
(£€°0-510) 8L'0
(€6'C-S€°1L) LOT
(L6'0-0L°0) 9€°0

(40I1) uelpaiy

"gjdwies duielydAsd [e101 ay1 Ul xas pue abe o uonnguUsip 8yl 0l buipiodde uasoyd djdwes [0JUOD Y1 o) SINSY,
"9|qe|leAe UBSW 1SNCOJ OU ‘UBdW ,PIEPUE]S, # 1SJ91UI JO SOIIRI PIOJSIS PUR SPIOId)S

957817
(6£°€) €v'8
[89'5/19-2C 0€]
(0£518) L90LE
[S0'5-50°0]
(06'0) 580
[S0'L8Z-LE0]
(92'86) 1588
[SS£-¥0'0]
(LY'LL) £8°0
[b¥2s-1€°0]
(FL'oL) 0L's
[¢¥'051-89°9]
(LT'S1) Tr9s
[cTLLLL-1197]
(09°28L) T0'891
[oz’LL-£1°0]
(e¢L1) €971
[¢8'0-ZL°0]
J€1°0) ZL'0
[S9'8€1-€€°0]
(86'CT) ¥8°LT
[66'L-51°0]
(£z0) 610
[85°01L-€2°0]
(L) TLe
[¢0'9-01°0]
(¢6°0) L0
[9buel]

(@s) *"'uesiy

(6SL = N) pa11sas ajdwes diieiydhsd

(LEOL-TT9) S6'L
(€T°€€S-0T°091)
608

(62°L-0t"0) £8°0
(LT6TL-¥L'8E) TE08
(0S'L-1€0) 690
(296-857) LT'S
(££'59-¥0'8%) 8195
(LO'9SS-St'99€)
LS'/St

(082-5£°0) 8S°'L
(9L'0-T1L0) ZTL'0
(€5'SE-76'6) 0661
(6£°0-510) 6L°0
(oLe-L'L) oL'e
(¢z6'0-01°0) 0’0

(40I1) uelpaiy

[95'7C-60'7]
(LEE) ¥L'8
[89'S/19-T0¢€]
(S1°€94) 86'96C
[S0'S-50°0]
(¢8'0) T80
[S0°'L8Z-L€0]
(L8'06) €028
[£9'£-€0°0]
(€€°L) €80
[bt2s-1€°0]
(E¥'6) €8'S
[ev'051-89°9]
(S¥vL) 99799
[ecTLLLL-119T]
(e¢L'SLL) 89°LSY
[oz'LL-£1°0]
(Z9°L) 0LL
[Lzz-zL0]
(TLo) £10
[9'8€1-tT°0]
(86'17) €5°LT
[66'1-51°0]
(S2°0) 610
[85°0L-£1°0]
(6¥'L) 61°C
[¢09-01°0]
(06°0) ¥°0
[ebuei]

(@s) *"'uesiy

(19T = N) 3jdwes >iperydAsq

4OI) 8buei 3ji1ieNbISIUI BY) puE URIPAW 3Y} SE [|9M Sk (S1dDeiq dienbs) abues pue ‘(s13xdeIq PuUNoL) UONHEBIASP piepuels JagnH 03 Buipiodde ueaw 1sngoy

3/4

SLL/d

dHOZL/SLL

20d/4

d/20d

d/dHO/L

(3) auosiod

(4) jos140D

(S L1) [0S1102Ax03p-| |

(S 12) |0sn102AX03p-| T

(g) suo4215011110D)

(D0OQ@) 2u043150211103Ax03(
(dHOZL) duoi159601dAX0IPAY-£ |

(d) duoisaboid

'S}NS31—soljel Pl0IA)S pue PloIAlS ‘€ d|qel

SPRINGER NATURE

Translational Psychiatry (2022)12:255



R. Hirtz et al.

Table 4. Ranked ANOVA results.
Sample

Steroid F P value
Progesterone (P) 16.12 <0.001
17-hydroxyprogesterone (170HP) 123.68 <0.001
Deoxycorticosterone (DOC) 25.39 <0.001
Corticosterone (B) 386.54 <0.001
21-deoxycortisol (21 S) 24.07 <0.001
11-deoxycortisol (11S) 83.71 <0.001
Cortisol (F) 195.10 <0.001
Cortisone (E) 29.67 <0.001
170HP/P 0.75 0.39
DOC/P 17.31 <0.001
B/DOC 447.62 <0.001
11S/170HP 0.40 0.53
F/11S 0.82 0.37
F/E 118.63 <0.001

Sex Sample x Sex
F P value F P value
10.32 0.001 0.03 0.85
64.24 <0.001 3.75 0.05
741 0.007 0.50 0.48
25.62 <0.001 44.72 <0.001
292 0.09 292 0.09
4.49 0.03 0.26 0.61
10.72 0.001 14.73 <0.001
4.00 0.046 0.62 0.43
89.80 <0.001 2.68 0.10
29.30 <0.001 2.57 0.11
73.90 <0.001 96.33 <0.001
10.32 0.001 1.74 0.19
10.39 0.001 0.03 0.87
22.22 <0.001 12.58 <0.001

Results for the comparison of steroids and their ratios between psychiatric patients and controls (IV: sample); sample x sex = interaction between both IVs.
Between group degrees of freedom (dfpetween) = 1, Within-group df 512 for all analysis except 21 S (dfyihin = 510).

each step of glucocorticoid synthesis result not only from their
rate of synthesis but also from their further processing and
degradation/inactivation, caution is warranted when steroid ratios
are solely interpreted as a consequence of enzyme activity. Thus,
the overall pattern of findings regarding C21 steroids related to
glucocorticoid synthesis and the regulation of corresponding
enzymes is interpreted to be in line with chronic ACTH stimulation
in adolescent MDD.

Third, 21-deoxycortisol has not yet been studied, to the best of
our knowledge, in adult MDD but was found to be decreased in
adolescent MDD compared to the reference cohort in the present
study. Considering ample support for HPA axis activation in MDD,
which in turn results in 21-hydroxylase induction [38, 40],
decreased 21-deoxycortisol levels may be an expression of
increased 17-hydroxyprogesterone to 11-deoxycortisol conversion
due to ACTH stimulation. In line with this, a study in adrenal cells
in vitro showed a decrease of about 35% in 21-deoxycortisol levels
following ACTH stimulation [41].

Fourth, turning to mineralocorticoids, there were increased
corticosterone levels in the present study in adolescent MDD
compared to the reference cohort. This is consistent with results
from a small-scale study by Seckl, Campbell [42] assessing adrenal
steroid hormone levels in seven patients compared to seven
controls and most likely implies a chronic ACTH overdrive in MDD
when also considering the observation of increased corticosterone
levels in patients with Cushing’s disease and the (patho-)
physiology of corticosterone synthesis [36]. Corticosterone is not
only produced in the zona glomerulosa as a precursor to
aldosterone under the control of angiotensin and potassium
levels but also in the zona fasciculata along with other
glucocorticoids under the control of ACTH [43].

Deoxycorticosterone—potential pathophysiological
implications

Holsboer, Doerr [8] investigated deoxycorticosterone levels in
adults with MDD after dexamethasone suppression and found no
difference compared to healthy controls. However, the study was
limited to 6 female patients and, therefore, underpowered to
detect differences in deoxycorticosterone levels between both
groups. In contrast, with a sufficiently powered analysis, deox-
ycorticosterone levels were decreased in adolescent MDD

SPRINGER NATURE

compared to the reference cohort. Interestingly, at the same
time, the opposite was found for 11-deoxycortisol. These findings
are surprising for two reasons. First, the enzyme 21-hydroxylase
(Fig. 1) likely has a higher affinity for progesterone than 17-
hydroxyprogesterone [44], and this should favor mineralocorticoid
(i.e., deoxycorticosterone) rather than glucocorticoid (i.e, 11-
deoxycortisol) synthesis. Second, precursor levels (progesterone)
to deoxycorticosterone and 11-deoxycortisol synthesis were
increased in MDD compared to the reference cohort making a
shortage of substrate supply to the 21-hydroxylase for deox-
ycorticosterone synthesis improbable. Thus, deoxycorticosterone
recruitment to subsequent corticosterone synthesis is likely not
the (only) explanation of decreased deoxycorticosterone levels in
MDD that may also be related to an aberrant metabolism of
neuroactive steroids.

Tetrahydrodeoxycorticosterone (THDOC) is a potent neuroac-
tive steroid with antidepressant effects derived from deoxycorti-
costerone by peripheral conversion, also in the brain [45].
Interestingly, THDOC serum levels are elevated in adults with
MDD compared to controls and are responsive to treatment with
fluoxetine [12, 13]. These observations may be related to a
central resistance to the antidepressant effects of neuroactive
steroids or impaired responsiveness of the HPA axis to negative
feedback signals by THDOC, amongst others by decreased
corticotropin-releasing hormone mMRNA expression in the
hypothalamus [15]. Therefore, in either case, it seems feasible
that increased THDOC levels in depression arise in expense of
deoxycorticosterone due to increased deoxycorticosterone
recruitment for THDOC synthesis.

Corticosterone/deoxycorticosterone—diagnostic implications
In line with a study by Holsboer, Doerr [33] that included 6
depressed patients and based on DST results, there was a cross-
validated, increased corticosterone/deoxycorticosterone ratio in
adolescent MDD with excellent discriminatory features, especially
in females (AUC: 0.957; sensitivity: 0.902; specificity: 0.891). This
high diagnostic performance of the corticosterone/deoxycorticos-
terone ratio points to a significant disorder in the synthesis of
adrenal steroids along the pathophysiology outlined above and
relates abnormal adrenal functioning to the etiology of MDD,
either as cause or consequence. In this regard, results of a recent
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ROC Curve -
Corticosterone/Deoxyocorticosterone

Sensitivity (True Positive Rate)

0.0 0.2 0.4 0.6 0.8 1.0
1- Specifivity (False Positive Rate)

Fig.3 ROC curves for corticosterone/deoxycorticosterone. Results
are separately displayed for males and females.

meta-analysis suggest that only patients with a certain degree of
ACTH overdrive seem to benefit from antiglucocorticoid treatment
[46], and the corticosterone/deoxycorticosterone ratio may help
identify these patients. Moreover, the corticosterone/deoxycorti-
costerone ratio may qualify to monitor the course of MDD and
predict the risk for MDD recurrence in those patients whose
underlying pathophysiology has not resolved.

Of note, also corticosterone levels alone proved to be a very
good classifier to distinguish between the psychiatric and
reference cohort. However, the corticosterone/deoxycorticoster-
one ratio may combine unique discriminatory features related to
each single steroid and, thereby, allow for superior classification
performance. While corticosterone levels seem to be especially
suitable to distinguish patients with MDD and subjects from the
reference cohort, deoxycorticosterone levels may allow for the
exclusion of other states of HPA axis dysfunction. As detailed
above, Cushing’s syndrome is marked by increased rather than
decreased deoxycorticosterone levels observed in MDD. However,
whether this also applies to other psychiatric disorders [47]
remains to be determined.

Gender differences in adrenal steroids

The higher classification performance of the corticosterone/
deoxycorticosterone ratio was related to a higher corticosterone
level and a higher corticosterone/deoxycorticosterone ratio in
female psychiatric patients compared to the reference sample,
where there were no differences between sexes (Fig. 2).

The same pattern of findings emerged regarding the impact of
sex on cortisol levels and the cortisol/cortisone ratio in MDD
compared to the reference sample. In healthy controls, there are
no differences in corticosterone or cortisol levels between males
and females throughout the menstrual cycle [48]. Moreover, to the
best of our knowledge, there is no evidence of extra-adrenal and
sex-specific corticosterone or cortisol synthesis [37]. Also, a most
recent meta-analysis in adults does not support sex-specific
responsiveness of the HPA axis to explain this finding [40]. Thus,
the underlying pathophysiology of sex-specific changes of steroid
hormone levels in MDD has yet to be determined. Given an
increased prevalence of MDD in females, it may be worthwhile to
gain a better understanding of this observation.

Limitations

In the psychiatric and reference cohort, adrenal steroids were
determined from blood samples obtained in the early morning by

SPRINGER NATURE

a single-point measurement in a clinical setting. However, the
anticipation of venipuncture and also hospitalization may activate
the HPA axis in a substantial but unpredictable number of subjects
which is not accounted for by this approach. Despite these
concerns, there was no evidence of an effect of hospitalization on
cortisol levels, used as a marker steroid of HPA axis activation,
when comparing inpatients and daycare patients [31]. Moreover,
according to the central limit theorem, the risk of oversampling
individuals with heightened cortisol reactivity, such as in
anticipation of venipuncture, reduces with more than 30
observations, which is supported by the distribution of cortisol
levels in the present study (Supplementary Fig. 2).

When comparing steroid hormone levels between the reference
cohort and adolescents with MDD, we could not account for
confounders except for age and sex. This also applied to the
depression status of the reference cohort. However, based on a
representative study of German children and adolescents, a
prevalence of depression not higher than about 6% is expected in
the reference cohort, also when considering the age distribution
in this sample [49]. Moreover, in adolescents with MDD, smoking
status and the intake of psychotropic medication evidenced only
marginal correlations with steroid hormone levels, and all findings
regarding steroid hormone levels were confirmed in the restricted
psychiatric sample, excluding those who reported smoking and
psychotropic medication on admission.

While plasma samples were analyzed in the reference cohort,
serum samples were subjected to analysis in the psychiatric
sample. However, using different blood matrices should not
have significantly affected LC-MS/MS results. As reviewed by
Ceglarek et al. [23], plasma and serum samples were found to
only marginally differ regarding steroid levels, especially when
analyzed by LC-MS/MS.

Also, neuroactive steroids other than THDOC may be related
to adolescent MDD. Unfortunately, the present LC-MS/MS profile
did not allow for a direct measurement of some well-established
neuroactive steroids implicated in depression, especially allo-
pregnanolone and its 33-epimer isopregnanolone [50]. This is a
limitation, since brexanolone, an intravenous formulation of
allopregnanolone, was approved in 2019 to treat postpartum
depression, and zuranolone, a formulation of allopregnanolone
with high oral bioavailability for once-daily use, is in phase llI
clinical trials.

CONCLUSIONS AND FUTURE PERSPECTIVES

Results of the present study suggest a chronic ACTH overdrive in
adolescent MDD. Moreover, decreased deoxycorticosterone
levels in this study could either indicate an impaired HPA axis
feedback loop or a central resistance to the antidepressant
effects of THDOC. In addition, the corticosterone/deoxycorticos-
terone ratio was found to provide excellent diagnostic features
to discriminate between adolescents with MDD and subjects of
the reference cohort, which especially applied to females. This
finding highlights a disorder of adrenal steroid synthesis in
adolescent MDD, likely related to its etiology. Along this line of
reasoning, the corticosterone/deoxycorticosterone ratio may
help identify patients who may benefit from antiglucocorticoid
treatment and also those at risk for recurrence when the
underlying pathophysiology has not resolved.

However, considering that this is the first, well-powered cross-
sectional study to address multiple adrenal steroids in adolescent
MDD, there is a need for replication and a longitudinal study to
relate the detected steroid profile abnormalities to adolescent
MDD causally.

Future studies should determine deoxycorticosterone and
THDOC to provide a direct and better understanding of their
relationship and to disentangle possible explanations of increased
THDOC levels in MDD.

Translational Psychiatry (2022)12:255



Considering the potential clinical

implications of altered

neuroactive steroid levels in MDD as above-mentioned, subse-
quent studies in adolescents with MDD should directly address
neuroactive steroids, also to assess the rationale for using these
drugs, especially allopregnanolone-derivatives, in these patients.

In view of the distributional properties of steroid hormones and

high intercorrelations among steroids and their ratios in the
present study, a univariate approach robust to outliers and non-
normality was chosen. Future studies might consider analyzing
data by more robust multivariable approaches, including machine-
learning algorithms, that are under active development [51] and
might use present findings as a rationale for model building and
preselection among highly correlated steroids and steroids ratios.
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