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Abstract

Previous studies have established a role of sex hormones in alcohol use disorder

(AUD).Only few clinical investigations with low numbers of patients with AUD have

focused on the sulphated form of dehydroepiandrosterone (DHEA-S), despite its

function as a neuromodulating sex steroid on receptors in the central nervous system

(γ-aminobutyric acid type A, N-methyl-D-aspartate, sigma-1 receptors). DHEA-S

serum levels were compared between 200 inpatients with AUD (44% women) admit-

ted for withdrawal treatment and 240 healthy controls (45% women) and analysed

longitudinally in patients from early abstinence (baseline) to a median of 5 days later.

We also correlated DHEA-S levels with craving, liver enzyme activities, and prospec-

tive alcohol-related readmissions during a 24-month follow-up. DHEA-S concentra-

tions were lower in female patients than in female healthy controls during baseline

(70%) and decreased from baseline to follow-up in the female and male patients

groups (down to: women, 92%; men, 76%). Baseline DHEA-S concentrations corre-

lated with the total and obsessive subscales of the Obsessive–Compulsive Drinking

Scale and with maximum visual analogue scale craving scores in female patients

(Rho ≤ �0.240) and gamma-glutamyl transferase activity in female (Rho = �0.292)

and male (Rho = �0.391) patients. DHEA-S did not significantly predict outcome.

We found interactions with smoking behaviour and age. This is the first study based

on large cohorts of inpatients with AUD undergoing a qualified detoxification

treatment to provide sex-separated evidence for associations of DHEA-S serum

concentrations with AUD and related phenotypes. The results stimulate further

investigations whether DHEA-S directly influences alcohol craving building a basis to

develop sex-sensitive prevention and treatment strategies.
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1 | INTRODUCTION

Research on the role of sex steroids in alcohol use disorder (AUD) has

contributed to a better understanding of neurobiological mechanisms

underlying both AUD per se and sex differences in AUD.1–5 Studies

on sex hormone activity in AUD addressed long-term

(i.e., organizational) and short-term (i.e., functional) effects of primarily

androgens such as testosterone or dihydrotestosterone3,6–9 and to a

lesser extent oestrogen and progesterone.10,11 Despite their central

function as precursors of sex hormones,12 there are only few studies

which have investigated how dehydroepiandrosterone (DHEA) and its

sulphated form dehydroepiandrosterone sulphate (DHEA-S) are asso-

ciated with AUD. Both are involved in neurobiological processes and

are therefore considered to act as neural modulators.12–15 The pro-

duction of DHEA and its sulphation via the enzyme hydroxysteroid

sulphotransferase to DHEA-S is primarily located in the zona reticularis

of the adrenal cortex.16 There is evidence from animal research on

amphibians that DHEA-S is also formed in the central nervous sys-

tem.17 However, studies on mammalians failed to locate the enzyme

hydroxysteroid sulphotransferase in the brain.18 While DHEA serves

as a precursor hormone in the biosynthesis of androgen and

oestrogen sex steroids and plays a fundamental physiological role in

steroid metabolism,19 the sulphated form is primarily active as a

neurosteroid.20–22 Thus, DHEA-S has been described as an allosteric

modulator of N-methyl-D-aspartate (NMDA) receptor,23,24 the

γ-aminobutyric acid type A (GABA-A),21 and the sigma-1 receptors.25

The activation of these receptors is linked to non-genomic and there-

fore direct and short-term mechanisms.12

Animal studies give preclinical insight on the cerebral interaction

of DHEA-S with ethanol in vertebrates. Experiments comparing

alcohol-dependent with non-alcohol-dependent rats show that the

administration of DHEA-S influences the effects of GABA-A receptor-

binding substances.26 In male mice, the treatment with DHEA-S pro-

motes an accelerated tolerance to the effects of alcohol on motoric

impairment via the GABA-A and NMDA receptor systems.27 Also,

DHEA-S administration to mice exerts anxiolytic effects that, how-

ever, are dose-dependent and block the anxiolytic effects of alcohol in

the higher dose range.28 Moreover, Sharma et al.29 demonstrated in

alcohol-withdrawing rats attenuated withdrawal-related fears after

administration of DHEA-S.

Numerous clinical association studies have investigated a possible

influence of acute and long-term alcohol consumption on serum

DHEA-S levels in non-dependent individuals. In summary, and despite

relevant differences of the cohorts and study designs (i.e., sex, age,

acute vs. chronic alcohol consumption, premenopausal and postmeno-

pausal women, and cross-sectional and longitudinal studies) the

majority of these studies found higher DHEA-S serum levels to associ-

ate with alcohol consumption in both women and men.30–36 These

relationships have also been reported in saliva samples.37 However,

some studies failed to show an association38,39 or found lower levels

in alcohol consuming subjects.40

DHEA-S serum levels were also analysed in cohorts of patients

diagnosed with AUD. The investigation of DHEA-S serum levels was

overall carried out in relatively small study cohorts. The studies

focused on the course of DHEA-S serum levels over different periods

of abstinence. Some of the patients investigated were already absti-

nent or were receiving a withdrawal treatment. Moreover, the studies

were primarily carried out in either men or women.

Differences in DHEA-S serum concentrations between patients

with AUD and healthy controls were found in two studies. Välimäki

et al.41 examined 12 alcohol-dependent premenopausal women dur-

ing withdrawal treatment and 11 healthy premenopausal women and

analysed DHEA-S serum concentrations from blood samples drawn in

various phases of the menstrual cycle. Females with AUD exhibited

significantly lower DHEA-S concentrations than control subjects only

in the follicular phase of the cycle. In a further study with 30

alcohol-dependent men, basal serum DHEA-S concentrations were

determined during withdrawal treatment on days 1, 8, and 28. The

data were compared with 20 healthy controls and analysed over the

time course. The group comparisons showed significantly lower

concentrations in patients on days 8 and 28 of withdrawal without

differences on day 1. The longitudinal analyses revealed significantly

reduced DHEA-S concentrations on day 8 of withdrawal.

Subsequently, the patients were separated dichotomously in two

groups showing either tendency to more or less aggressive behaviour

in their biography to secondarily perform group comparisons and lon-

gitudinal analyses. In group comparisons (healthy controls

vs. patients), significantly lower DHEA-S serum concentrations were

measured in the low aggressive subcohort on days 8 and 28, while in

the aggressive subcohort, serum DHEA-S levels differed significantly

with lower levels on days 1 and 8 of withdrawal, but not on day 28.

Longitudinal analyses revealed significant differences only in the

low-aggression cohort.42

However, also null results have been reported. In a study con-

ducted by Adinoff et al.,43 different groups of patients (n: 10, 10, 11)

were compared during different durations of abstinence ( weeks 1

and 2 of abstinence, abstinence between the 3rd week and 6 months,

and abstinence over 6 months) and with 19 healthy controls. In this

study, the DHEA-S concentrations showed no significant differences

between the respective intervals of abstinence and in the comparison

with healthy controls. Another study on 15 male and 6 female

patients, who had been abstinent for already 4 weeks, and healthy

controls (7 men/4 women) did also not reveal any significant differ-

ences in the DHEA-S serum concentrations.44 Hill et al.45 determined

the concentration of DHEA-S in 20 premenopausal females with AUD

during withdrawal treatment and compared these over the course of

abstinence during 3 and 14 days and 1 and 4 months, respectively,

after treatment and also in comparison with controls. Again, neither

the longitudinal analyses of the concentrations nor the group compar-

ison showed any significant differences in the DHEA-S serum

concentrations.

The previous studies indicate that DHEA-S serum concentrations

are reduced in AUD, although smaller studies were not able to show

this effect, presumably due to insufficient power. However, we lack

clinical studies that have examined DHEA-S in the serum in cross-

sectional and longitudinal designs with larger cohorts of patients and
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healthy controls and a balanced distribution of women and men.

There is also need for an investigation analysing associations of

DHEA-S concentrations with phenotypes of AUD, that is, the extent

of craving during withdrawal, the liver enzyme activities as clinical

routine parameters for chronic alcohol consumption, and outcome

parameters post-inpatient treatment course.

1.1 | Aims of the study

As far as we know, this is the first study to sex-separately investigate

associations of serum DHEA-S concentrations with AUD using a

cross-sectional and longitudinal study design with a large and sex-

balanced study population. We tested whether DHEA-S serum levels

differ between patients with AUD and healthy control subjects,

analysed the effect of withdrawal treatment and abstinence in early

states on the serum concentrations, and investigated correlations with

craving for alcohol, liver enzyme activities as an indirect marker of

alcohol use, and prospective alcohol-related readmissions over a 24-

month period. We also explored associations of DHEA-S serum levels

with sex and age. Because tobacco use is a highly prevalent comorbid-

ity in individuals with AUD and because of evidence that smoking

interacts with DHEA-S in serum,46 we also analysed possible interac-

tions with the parameters of interest in this study.

2 | MATERIALS AND METHODS

2.1 | Study cohort

The collected data refer to a prospective, cross-sectional, and

bicentric study cohort enrolled between 2013 and 2014 to investigate

mechanisms and biomarkers of AUD and its phenotypes

(Neurobiology of Alcoholism [NOAH]).3,10,11,47–57 For this project,

200 inpatients with AUD (n [women] = 87, n [men] = 113) and 240

healthy control subjects (n [women] = 107, n [men] = 133) were rec-

ruited and matched according to age and sex. The patients fulfilled

the diagnostic criteria of AUD according to the fifth edition of the

Diagnostic and Statistical Manual of Mental Disorders (DSM-5) and

alcohol dependence according to the tenth revision of the Interna-

tional Classification of Diseases (ICD-10). We included 171 out of

903 screened inpatients at the Klinik für Psychiatrie, Sucht,

Psychotherapie und Psychosomatik of the Klinikum am Europakanal and

29 out of 85 screened inpatients at the University Hospital Erlangen

Department of Psychiatry and Psychotherapy. Both centres are

located in the German Franconian city of Erlangen and are specialized

treatment centres for mental health. All patients were admitted for

inpatient withdrawal treatment. Predefined exclusion criteria were

refusal to sign an informed consent (n = 379); other psychiatric com-

orbidities, including schizophrenia, depression with affective symp-

toms independent from alcohol use, or substance use disorder other

than alcohol or nicotine (n = 194); severe somatic disorders (n = 90);

abstinence longer than 72 h prior to study inclusion (n = 88); non-

Caucasian ethnicity (n = 3); other reasons (n = 34). The predefined

inclusion criteria included age at least of 18 years and early-

abstinence (last alcohol intake within the preceding 24–72 h).

The control subjects were recruited via flyers and online

advertising. In telephone interviews, a total of 1215 control sub-

jects were screened, checked for eligibility, excluded in case of

prior inpatient mental health care during their life time or any psy-

chotherapeutic or psychiatric outpatient treatment during the past

10 years.

2.2 | Sociodemographic characteristics, medical
data, blood samples, and assessment of craving

All patients were visited twice; the first visit (baseline, T0) was sched-

uled during early abstinence, the second visit at median 5 days later

[T1 (interquartile range [IQR] 3/6; participation rate of 81.5% of the

patients)]. Healthy control subjects attended a single study visit.

Sociodemographic characteristics and medical data were gathered

during the first study visit. In the patients, blood samples were drawn

at both study visits; craving was quantified at T0 using the German

version of the well-established Obsessive–Compulsive Drinking Scale

(OCDS58,59) and, at T1, we used visual analogue scales (VAS) to assess

average, maximum, and frequency of craving during the previous

7 days period prior to the second study visit.

2.3 | Measurement of serum DHEA-S levels and
liver enzyme activities

To minimize circadian effects, all blood samples were taken in the

morning (7:30 AM–11:00 AM). Aliquots of serum centrifuged at

2000 � g for 10 min were transferred to �80�C for storage until use.

Serum DHEA-S was quantified in duplicates of 50 μl using the com-

petitive ELISA RE52181 (intra-assay coefficient of variation [cv] 2%,

inter-assay cv 2%, IBL, Germany).

Carbohydrate-deficient transferrin (CDT), glutamic oxaloacetic

transaminase (GOT), glutamate-pyruvate transaminase (GPT), and

gamma-glutamyl transferase (GGT) were determined by the Central

Laboratory of the Universitätsklinikum Erlangen, Germany (DIN EN ISO

15189 accredited), from separately collected serum vials.

2.4 | Prospective outcome measures

The outcome was evaluated during a 24-month observation period

using the following surrogate parameters for relapse: alcohol-related

hospital readmission yes versus no, the total number of readmissions

during the observation period, and the number of days to the first

readmission. The data were extracted from the electronic patient

records at the two study centres. In patients without any alcohol-

related readmission during the observation window, ‘days to first

readmission’ were set to 730 for statistical analyses.
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2.5 | Statistical analyses

The data were analysed with SPSS for Windows 27.0 (SPSS Inc.,

Chicago, IL, USA). The descriptive statistics report frequencies,

medians and IQRs as calculated by the custom tables function. The

Spearman method was employed to calculate bivariate correlations,

the Mann–Whitney U and Wilcoxon tests to calculate cross-sectional

and longitudinal differences because some variables deviated signifi-

cantly from normal distribution according to the Kolmogorov–Smirnov

test. The χ2 test was employed in order to evaluate differences in the

frequency of nominal variables.

We here tested 30 main DHEA-S hypotheses and used the

Bonferroni method to estimate type 1 error risk (15 hypotheses for

each sex): 3 cross-sectional tests (patients T0 vs. controls, patients T1

vs. controls, patients with readmission vs. patients without

readmission), 1 longitudinal test (patients T0 vs. patients T1), 11 corre-

lations with OCDS-total, OCDS-obsessive, and OCDS-compulsive

during T0, average, maximum, and frequency of VAS craving during

the 7 days before T1, GOT, GPT, and GGT activity during T0, and

latency to the first alcohol-related readmission and total number of

readmissions during the 24-month observation period. We evaluated

women and men separately because of the sex differences in AUD1,4

and the need for sex-specific analysis to improve science in general.60

2.6 | Ethics statement

Written informed consent to the participation was obtained from all

study subjects. The study was approved by the Ethics Committee of

the Medical Faculty of the Friedrich-Alexander University Erlangen–

Nürnberg (ID 81_12 B).

3 | RESULTS

3.1 | Sociodemographic characteristics

In separated analyses for women and men, the patients with AUD did

not significantly differ from the healthy control subjects in terms of

age, fasting status, and postmenopausal status. However, we found

significantly fewer months of employment during the previous year

(women, 63%; men, 13%), fewer years at school (women, 92%; men,

83%), and higher CDT levels (women, 132%; men, 194%) in the

patients with AUD than in the healthy control subjects. The patients

with AUD were also significantly more likely to be smokers than the

controls (odds ratio [OR]; women, 14.5; men, 12.6; Table 1).

3.2 | DHEA-S serum levels: Cross-sectional and
longitudinal differences in AUD

In female patients with AUD, the DHEA-S levels were significantly

lower than in female healthy controls (70%) and decreased

significantly from baseline during early abstinence to the follow-up at

median 5 days following the baseline (down to 92%) (Figure 1A,

Table S1). There were no significant cross-sectional differences

between male patients with AUD and male healthy controls, but a sig-

nificant reduction between baseline and 5-day follow-up (down to

76%) in male patients with AUD (Figure 1B, Table S1). The decline in

DHEA-S concentrations from baseline to the follow-up in female and

male patients with AUD and the lower DHEA-S concentrations in

female patients with AUD during the follow-up relative to the female

healthy controls remained significant after Bonferroni adjustment.

3.3 | DHEA-S serum levels: Correlations with
alcohol craving and liver enzyme activities in patients
with AUD

In female patients with AUD, higher baseline DHEA-S levels corre-

lated significantly with lower craving (Table S2), that is, lower OCDS-

total scores (Rho = �0.273; Figure 1C), lower OCDS-obsessive scores

(Rho = �0.240; Figure 1D), and lower maximum VAS craving scores

(Rho = �0.357; Figure 1E). At baseline, higher DHEA-S levels corre-

lated also significantly with lower liver enzyme activities in both sexes

(Table S2; female patients with AUD: GGT, Rho = �0.292, Figure 1F;

male patients with AUD: GOT, Rho = �0.218, Figure 1G, GGT,

Rho = �0.391, Figure 1H). The negative correlation between

DHEA-S concentration and GGT activity in male patients with AUD

remained significant after Bonferroni adjustment.

3.4 | DHEA-S serum levels: Prediction of alcohol-
related readmissions

Neither in male nor in female patients with AUD, baseline DHEA-S

levels predicted significantly the risk of, the number of, or the latency

to alcohol-related readmissions (Table S3).

3.5 | DHEA-S serum levels: Associations with sex,
age, and smoking status

The DHEA-S levels were consistently lower in women than in men

(Table S1; patients with AUD, baseline, 48%, U = 2758, p < 0.001, 58%,

follow-up, U = 1715, p < 0.001; healthy control subjects, 77%,

U = 4962, p < 0.001). In sex- and group-separated analyses, DHEA-S

levels correlated significantly and consistently with age (female patients

with AUD: N = 87, Rho = �0.274, p = 0.010; male patients with AUD:

N = 113, Rho = �0.255, p = 0.006; female healthy controls: N = 107,

Rho = �0.526, p < 0.001; male healthy controls: N = 133,

Rho = �0.618, p < 0.001). Moreover, DHEA-S levels were not signifi-

cantly related to smoking status except for higher levels in smoking than

non-smoking female patients with AUD (185%) (Figure 1I, Table S4),

and this difference might be explained by a younger age of smoking

than non-smoking female patients with AUD (U = 353, p = 0.026).
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As we found evidence for associations of DHEA-S concentrations

with age and smoking status in our cohort, we explored whether these

parameter might also account for the above reported results con-

cerning the associations of DHEA-S levels with AUD.

3.6 | Influence of age and smoking status on cross-
sectional and longitudinal differences

The sex-separated samples did not significantly differ with regard to age,

which is thus unlikely to play a role in the here reported differences. Due

to the significant association between DHEA-S and smoking status in

female patients with AUD, we separated the group for smoking status

and reanalysed the data. In line with the findings in the total female

group, we observed DHEA-S levels to significantly decrease from baseline

to follow-up in smoking female patients with AUD (down to 87%) and to

be lower in non-smoking female patients than in non-smoking female

healthy control subjects (baseline: 47%; follow-up: 39%) (Table S5).

3.7 | Influence of age and smoking status on
correlations with alcohol craving and liver enzyme
activities

Age did not significantly correlate with the craving measures in female

patients with AUD or with liver enzyme activities in female or male

TABLE 1 Sociodemographic characteristics

Patients with AUD Healthy control subjects AUD vs. control group

N M/F IQR N M/F IQR U or χ2 p

Women

Age (years) 87 48 42 55 107 49 39 55 4542 0.772a

Months of employment (previous year) 70 7.5 0.0 12.0 107 12.0 5.0 12.0 3014 0.013a

Years at school 74 12.0 10.0 14.0 107 13.0 12.0 15.0 2714 < 0.001a

Fasting (%) 80 18 — — 101 26 — — 1.8 0.184b

Postmenopausal status (%) 73 51 — — 100 44 — — 0.8 0.384b

Alcohol concentration at admission (‰) 85 1.2 0.1 1.8 — — — — — —

Previous withdrawal treatments (n) 58 5 2 11 — — — — — —

CDT (nephelometry, %) 87 1.9 1.6 2.5 107 1.5 1.3 1.6 1415 < 0.001a

AUDIT score — — — — 96 3 2 4 — —

Smokers (%) 78 77 — — 107 19 — — 62.3 < 0.001 b

24-month alcohol-related readmissions

Readmission rate (%) 87 52.9 — — — — — — — —

Total number 87 1 0 3 — — — — — —

Latency (days) 87 625 90 ≥ 730 — — — — — —

Men

Age (years) 113 48 40 53 133 48 38 56 7369 0.794a

Months of employment (previous year) 96 1.5 0.0 12.0 131 12.0 3.0 12.0 3994 < 0.001a

Years at school 97 12.0 10.5 15.0 132 14.5 13.0 17.0 4273 < 0.001a

Fasting (%) 103 16 — — 127 24 — — 2.8 0.097b

Alcohol concentration at admission (‰) 108 1.7 0.5 2.4 — — — — — —

Previous withdrawal treatments (n) 89 6 2 12 — — — — — —

CDT (nephelometry, %) 113 2.8 1.9 4.0 132 1.5 1.3 1.7 1636 < 0.001a

AUDIT score — — — — 125 4 3 6 — —

Smokers (%) 104 78 — — 133 22 — — 73.8 < 0.001b

24-month alcohol-related readmissions

Readmission rate (%) 113 67.3 — — — — — — — —

Total number 113 2 0 4 — — — — — —

Latency (days) 113 285 57 ≥ 730 — — — — — —

Note: p < 0.05 in bold.

Abbreviations: AUD, alcohol use disorder; AUDIT, Alcohol Use Disorders Identification Test; CDT, carbohydrate-deficient transferrin.

The table shows the valid number of subjects analysed (N), medians (M) or relative frequencies (F), interquartile ranges (IQRs) and the results of
aMann–Whitney U and bχ2 tests.
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patients with AUD (Table S6); it is thus unlikely that age accounts for

the observed associations of DHEA-S levels with craving or liver

enzyme activities in our female sample. We found significantly lower

maximum VAS craving (97%) and GOT (55%), GPT (48%), and GGT

(16%) activities in female smoking than non-smoking patients with

AUD (Table S7). Due to the significant association between DHEA-S

and smoking status in female patients with AUD reported above, we

again separated the group by smoking status and reanalysed the data.

F IGURE 1 Cross-sectional and longitudinal associations between sulphated dehydroepiandrosterone (DHEA-S) serum levels, craving, liver
enzyme activity, and smoking behaviour in female and male patients with alcohol use disorder (AUD) and healthy control subjects. The DHEA-S
levels were significantly lower in female patients with AUD than in female control subjects (both at baseline and at follow-up) and decreased
significantly from baseline to follow-up in female and male patients with AUD (A, B). The baseline DHEA-S levels correlated with Obsessive–
Compulsive Drinking Scale (OCDS)-total (Y = �0.6433 * X + 21.73) (C), OCDS-obsessive (Y = �0.4220 * X + 9.170) (D), and maximum visual
analogue scale (VAS) cravings (Y = �5.335 * X + 50.44) (E), and GGT activity (Y = �22.35*X + 244.5) (F) in female patients with AUD and with
GOT activity (Y = �5.457*X + 90.76) (G) and GGT activity (Y = �47.18*X + 383.9) (H) in male patients with AUD. In female patients with AUD,
the baseline DHEA-S levels were higher in smokers than in non-smokers (I). The graphs present medians with interquartile range (A, B, I) or Rho
from Spearman correlations and best-fit lines from regression analysis with 95% confidence intervals (C–H). p values from Mann–Whitney U tests
or Spearman correlations. GOT, glutamic-oxaloacetic transaminase; GGT, gamma-glutamyl transferase; ns, not significant. *p < 0.05, **p < 0.01,
***p < 0.001

6 of 11 WEINLAND ET AL.



In the female patient groups separated according to smoking status,

DHEA-S did not significantly correlate with craving or liver enzyme

activities (Table S8). Hence, we cannot exclude that smoking behav-

iour accounts for the associations between DHEA-S, craving and liver

enzyme activities observed in the total group of female patients

with AUD.

4 | DISCUSSION

As far as we know, the present study is the first to investigate

DHEA-S serum concentrations in a large and sex-balanced cohort of

patients with AUD and healthy control subjects and shows (i) lower

DHEA-S concentrations in female patients relative to female healthy

controls in cross-sectional analyses, (ii) longitudinal decreases of

DHEA-S during inpatient withdrawal treatment and (iii) correlations of

DHEA-S with the extent of craving and serum activities of liver

enzymes in both female and male patients with AUD. We here con-

ducted sex-separated analyses to provide evidence for both women

and men, which is an important basis to develop sex-sensitive strate-

gies. Furthermore, we systematically analysed the influence of

smoking behaviour on the observed associations.

4.1 | Female patients with AUD: Cross-sectional
and longitudinal analyses

We found lower DHEA-S serum concentrations in female patients

with AUD than in female healthy control subjects. Previous data

from investigations on women with AUD have shown inconsistent

findings in group comparisons, mostly without significant

differences.41,44,45,61 However, the cohorts and the design of these

studies differed from the present investigation in important aspects.

This includes lower numbers of subjects enrolled. In some cases,

blood samples of controls were compared with patients, who were

abstinent for a longer period after detoxification treatment than in

this study,44,45 and in one project patients were investigated

during pregnancy.61 Välimäki et al.41 reported lower serum levels in

females with AUD only in the follicular phase of the female cycle,

which might have resulted in the null findings of other studies. In

our longitudinal analyses, the concentrations decreased during with-

drawal in female patients. In contrast, Hill et al.45 reported no signif-

icant changes in DHEA-S serum concentrations during withdrawal

treatment and in the further course of abstinence. This inconsis-

tency to our finding might be explained by the fact that the blood

samples were drawn in other time frames than in the present study.

We also found that smoking interacted with DHEA-S in female

patients with AUD. Thus, we conducted subsequent analyses

according to the smoking status and were able to verify a significant

difference between non-smoking females with AUD and non-

smoking female controls. In summary, this study's findings, which

are based on a large cohort and sex-separated analyses, provide evi-

dence that DHEA-S serum levels are lower in female patients with

AUD than female healthy controls and even decrease further during

withdrawal. Together with other investigations, this suggests a com-

plex adaptation process during short- and long-term periods of

withdrawal and abstinence.

4.2 | Female patients with AUD: Associations of
DHEA-S serum levels with craving and liver enzyme
activities

In this study, higher DHEA-S were linked to lower craving and lower

GGT which might indicate a possible protective effect of DHEA-S.

Smoking behaviour was also associated with DHEA-S in serum, crav-

ing and liver enzymes. Here, we were not able to verify these correla-

tions in subgroup analyses after separation by smoking status. As the

number of cases was small in these post hoc analyses, further investi-

gations on larger cohorts with particularly non-smoking female

patients are needed.

The findings concerning the effects on craving in females might

be of clinical relevance. Preclinical research in mice and rats has

found that DHEA-S acts as an allosteric modulator on

cerebral GABA-A receptors.26–29 Activation of the receptor via

γ-aminobutyric acid (GABA) mediates anticonvulsive, sedative and

anxiolytic effects,62,63 and treatment with GABA-enhancing sub-

stances, that is, benzodiazepines and clomethiazole, attenuate

withdrawal-associated symptoms such as anxiety and internal tension

in patients with AUD. Sharma et al.29 have reported that administra-

tion of DHEA-S prevents the development of tolerance against etha-

nol anxiolysis and withdrawing-associated anxiety in rats. Melchior

and Ritzmann28 have also shown anxiolytic effects of administered

DHEA-S in male mice. Taken together, these findings are in line with

the inverse correlation of craving DHEA-S levels in our clinical associ-

ation study.

4.3 | Male patients with AUD: Cross-sectional and
longitudinal analyses and associations with craving
and liver enzyme activities

In the male group, we found no significant difference between

patients with AUD at baseline and healthy controls in our cross-

sectional analyses, although there was a trend for lower DHEA-S con-

centrations in patients during the direct follow-up relative to the

healthy controls. This partly agrees with previous data in mixed

cohorts and studies on males with AUD. It underlines the need for

sex-separated studies and highlights the sex-separated role of sex

hormones. The general higher values of DHEA-S in men than women

might account for the sex-separated effect of DHEA-S concentrations

in AUD. Ozsoy and Esel42 reported lower DHEA-S levels in a cohort

of 30 males with AUD during withdrawal therapy than in healthy con-

trol subjects and a decrease in concentration in the subgroup with a

history of low aggression behaviour in earlier states of abstinence dur-

ing withdrawal followed by an increase during the further course. As
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the period between baseline and direct follow-up in this study was at

median 5 days, the decline of DHEA-S levels might hence be an early

effect after having stopped alcohol drinking. Once more, this under-

lines the importance to assume a possible effect of time or duration of

abstinence on DHEA-S concentrations and highlights the need for

long-term longitudinal observations and a higher frequency of

study visits.

In both analyses before and after dividing male patients according

to their smoking status, DHEA-S concentrations were not significantly

linked to craving. These null findings certainly need replication in the

future. As measurement of craving might be biased due to self-rating,

a sex-dependent tendency in the rating process cannot be excluded,

although we found no significant sex differences in the craving mea-

sures (data not shown). In addition, the negative correlations of the

liver enzymes GOT and GGT with DHEA-S requires replication to

discuss and investigate underlying causal mechanisms.

4.4 | Strengths and limitations

Compared with previous studies on this topic, we investigated large

cohorts of both sexes, providing sufficient power for separated analyses

in women and men and subgroups according to potential biases. Our

results highlight the necessity of sex-separated addiction research and

give impetus to develop sex-sensitive treatment strategies. The patients

were carefully included in two specialized treatment centres in Middle

Franconia, Germany. Patients with other substance use disorders

besides nicotine as well as severe psychiatric comorbidities were

excluded. Blood samples were drawn in a fixed time window during the

first half of the day so that circadian fluctuations could be minimized.

The role of tobacco smoking in our analysis highlights the importance to

consider smoking as a biasing factor in research of AUD.

Taking blood samples twice during withdrawal enabled us to

record fluctuations of the DHEA-S serum levels during withdrawal.

However, other studies show that the decrease of DHEA-S during

withdrawal might interact with time42 and with the menstrual cycle in

premenopausal females,41 and studies with long-term observations

following withdrawal failed to record significant fluctuations of serum

concentrations.44,45,61 Thus, our study cannot answer whether there

are any long-term adaptation processes especially in AUD during lon-

ger periods of abstinence. This might also explain the null findings in

outcome analyses following withdrawal treatment in our cohort.

Although we recruited a higher number of cases, the number of

patients might not be sufficient to verify all of our hypotheses. In

total, we defined 30 main DHEA-S hypotheses (8 tests on cross-

sectional and longitudinal differences and 22 correlations with crav-

ing, liver enzyme activities, and outcome). Using the conservative

Bonferroni approach to address the problem of multiple comparisons

and type 1 error, this study still shows the significant decline in

DHEA-S concentrations from baseline to follow-up in both female

and male patients with AUD, the significantly lower DHEA-S concen-

trations in female patients with AUD during the follow-up vs. the

female healthy controls, and the significant negative correlation

between DHEA-S concentrations and GGT activity in male patients

with AUD. The recruitment of our patients in central and specialized

treatment centres was limited to the area of Middle Franconia. Thus,

we cannot rule out a bias due to regional selection. As a fundamental

problem of associative investigations in clinical research, it has to be

questioned whether the found associations represent causality. The

modulating effects of DHEA-S on cerebral receptors in animal models

seem to be complex27–29 and the transferability on cerebral processes

in humans is limited. In general and beyond transferability from animal

models on human cerebral biology, it should be critically taken into

account, whether DHEA-S serum concentrations are linked to neuro-

biological actions of DHEA-S in any way. Future studies are needed to

clarify this aspect and if so, whether dysregulated DHEA-S concentra-

tions and cerebral actions are related to the addictive behaviours. It

also might be possible that certain patterns of consumption, that is,

the amount, frequency, and duration of heavy drinking exhibit

differing effects on DHEA-S blood concentrations.

5 | CONCLUSIONS

Our study gives new sex-separated evidence for distinct associations

of DHEA-S with addictive alcohol use. Furthermore, it gives reason

for future investigations to provide better insight into the effects of

DHEA-S on alcohol craving as well as drinking and builds a basis to

develop sex-sensitive prevention and treatment strategies.
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