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Size Matters: The CAG Repeat Length of the Androgen Receptor Gene, Testosterone, and Male Adolescent Depression Severity
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There is a distinct increase in the prevalence of depression with the onset of puberty. The role of peripubertal testosterone levels in boys in this context is insufficiently understood and may be modulated by a functional polymorphism of the androgen receptor gene (AR), a variable number of CAG repeats. Moreover, there is preliminary evidence that the relationship between testosterone, CAG repeat length, and the severity of depressive symptoms may differ between subclinical and overt depression, but this has neither been studied in a clinical sample of adolescents with depression nor compared between subclinical and overt depression in an adequately powered study. To investigate the relationship between free testosterone, CAG repeat length of the AR, depression status (subclinical vs. overt), and the severity of depressive symptoms, 118 boys treated as in- or daycare patients at a single psychiatric hospital were studied. Of these, 73 boys had at least mild depressive symptoms according to the Beck Depression Inventory-II (BDI-II > 13). Higher-order moderation analysis in the multiple regression framework revealed a constant relationship between free testosterone and depression severity irrespective of the number of CAG repeats in adolescents with a BDI-II score ≤ 13. In adolescents with a BDI-II score > 13, however, there was a significant negative relationship between free testosterone and BDI-II score in patients with <19 CAG repeats and a significant positive relationship regarding free testosterone and BDI-II score in those with more than 28 CAG repeats, even when considering important covariates. These results suggest that the effects of testosterone on mood in male adolescents with depression depend on the genetic make-up of the AR as well as on depression status. This complex relationship should be considered by future studies addressing mental health issues against an endocrine background and may, moreover, contribute to tailored treatment concepts in psychiatric medicine, especially in adults.
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INTRODUCTION

There is a distinct increase in the prevalence of depression with the onset of puberty (1), especially in those adolescents who experience puberty earlier than their peers (2) or rush through puberty (3). It has been speculated that this observation is related to the fundamental and rapid hormonal changes triggered by the onset of puberty (3). However, in boys, Duke et al. (4) did not identify a significant relationship between depressive symptoms and testosterone levels in a systematic review of community studies, but these studies included only a small number of clinically depressed children and adolescents. Considering that clinical studies consistently report larger effect sizes regarding outcome measures in mood disorders than community studies (5), the aspect of depression severity warrants consideration in the relationship between testosterone and depression.

It is feasible that an influence of testosterone on depressive symptoms in adolescents is moderated by covariates, including the responsiveness of its receptor. The effect of testosterone on androgen receptor-related signaling has been shown to inversely depend on a polymorphic CAG repeat of variable length in exon 1 of the AR such that fewer CAG repeats are related to a more pronounced effect of testosterone on gene transcription in vitro (6) as well in vivo (7). These findings also translate into clinical research by the observation that the CAG repeat length of the AR (subsequently: CAG-RL) is related to Kennedy's disease, an inherited neuromuscular disorder, occurring if the number of CAG repeats exceeds a threshold of (likely) at least 39 copies (8). However, also within the normal range of CAG copy numbers, the absolute number of CAG repeats has been related to cognitive functioning (9), confidence and competitiveness (10), as well as psychiatric disorders, including mood disorders. Regarding the latter, the CAG-RL has been shown to affect the relationship between testosterone and depression severity in adults (11, 12) as well as adolescents (13): While in neither of these studies, a bivariate correlation between testosterone levels and depression severity was found, a significant interaction between testosterone, depression severity, and CAG-RL was observed (11, 13). Interestingly, studies in adolescents and adults yielded conflicting findings regarding this interaction. In a community sample of 301 adolescents, Vermeersch et al. (13) found that fewer CAG repeats (≤20) and higher levels of testosterone were related to more severe but mostly subclinical depression when compared to longer CAG repeats (>23). In contrast, two observational studies of 110 (11) and 201 (12) adults with clinically significant depressive symptoms found the opposite effect, fewer CAG repeats and higher levels of testosterone were associated with less depression than longer CAG repeats. Considering these inconsistent findings, the strength but also direction of the relationship between testosterone, CAG-RL, and depression may depend not only on the severity of depression, as mentioned earlier, but also on developmental aspects of endocrine and mental functioning.

In addition to the potential moderating effect of the CAG-RL on the effects of testosterone in depression, adrenal steroids, which have been related to male and female adolescent mood disorders, should likewise be considered as potential confounders (14, 15).

Against this background, the present study aimed to investigate the relationship between testosterone, CAG-RL, and depression severity in a clinical sample of male adolescents with and without depression to study the impact of depression status. Further, the study was also intended to derive conclusions regarding the role of developmental aspects on this relationship by a comparison to findings in adults. All analyses were conducted considering important covariates known to affect testosterone levels, including adrenal steroids. The following hypotheses were tested:

H1: There is an interaction between testosterone and CAG-RL concerning depression severity.

H2: The interaction between testosterone and CAG-RL concerning depression severity is modulated by depression status (subclinical vs. overt depression).



METHODS


Study Design and Participants

Data of the present study were derived from the baseline assessments of a two-armed parallel-group, double-blind RCT which investigated the effect of vitamin D deficiency [25(OH) vitamin D ≤ 12 ng/ml (equivalent to ≤ 30 nmol/l); DRKS00009758] on depressive symptoms in psychiatric in- or daycare patients treated at the Department of Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy Essen (LVR-Klinikum Essen), Germany (16). Additionally, we used data from the “Nutrition and Mental Health” study, a cross-sectional study focusing on the relationship between nutrition and mental disorders. Both studies followed the same protocol and were conducted in accordance with the Declaration of Helsinki and approved by the local Ethics Committee (No. 15-6363-BO).

Patients were eligible for inclusion if they were aged 11–18.9 years. Exclusion criteria were a concurrent diagnosis of severe somatic disease and/or intellectual disability. For the present study, we considered all male patients with no missing information on any of the variables of interest. Moreover, patients with a BMI below 5th percentile [< -1.64 standard deviations (SD)] and/or a diagnosis of anorexia nervosa were excluded from analysis due to effects of starvation and malnutrition on gonadal functioning (17).



Questionnaires

The BDI-II is a self-reported questionnaire that records the severity of depressive symptoms according to DSM-IV diagnostic criteria for major depressive disorder (MDD) over the past 2 weeks by 21 items with excellent reliability and a high agreement between self-reported and clinician assessed depression (18). Total scores between 0 and 13 indicate no, between 14 and 19 mild, between 20 and 28 moderate, and above 28 severe clinically significant depressive symptoms (19). Patients with a total BDI-II score > 13 were classified as depressed.

Psychiatric diagnoses were established 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 (20) or clinical assessment according to ICD-10 when no K-SADS-PL was performed.

Additionally, covariates known to affect testosterone levels, including the intake of psychotropic medication and health-related behavior such as smoking were recorded on admission.



Anthropometric Measures

Patients were subjected to a physical examination upon admission, including assessment of body height and body weight. Height was determined in an upright posture to the nearest 0.1 cm using a wall-mounted stadiometer. Bodyweight was measured in underwear by 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/m2). To consider the effect of age, BMI was z-transformed according to percentile charts for German children and adolescents (21) [RefCurv Version 0.4.4, https://refcurv.com (22)].

As almost 20% of patients refused Tanner staging, a prepubertal status was defined by a testosterone level below 1.0 nmol/l (23).



Laboratory Studies

Blood samples were obtained from an antecubital vein in monovettes (Sarstedt, Germany) in the early morning before 8 am after an overnight fast and transferred within 1 h after sampling to the laboratory of the University Hospital Essen for analyses. Serum and plasma aliquots were stored at −80°C until testosterone and cortisol were determined by liquid-chromatography tandem mass spectrometry [LC-MS/MS; (23, 24)]. In brief, the stored sample aliquots, aliquots of calibrator and controls with a volume of 0.1 mL were combined with the internal standard mixture to monitor recovery. All 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 connected to a Waters Acquity (Waters, Milford, MA, USA; Table 1 for details on assays).


Table 1. Assays and their performance characteristics.
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To consider the biologically active fraction of testosterone and for reasons of comparability with previous studies, free testosterone (FT) levels were calculated according to Vermeulen et al. (25).



Analysis of CAG-Repeat Lengths

DNA was extracted from EDTA blood samples using FlexiGene (Qiagen, Hilden, Germany) according to standard procedures. PCR primers (forward: gccgccgtccaagacctaccgag; reverse: cggctgtgaaggttgctgttcc) were designed flanking the poly-glutamine region downstream Lysine at position 57 in exon 1 of the AR (NM_000044.6). The resulting PCR products were purified (QIAquick; Qiagen, Hilden, Germany) and sequenced using nested primers (forward: aagtgatccagaacccggg; reverse: ctcatccaggaccaggtagc) and Brilliant Dye 1.1 (NimaGen, Nijmegen, Netherlands) on a 3130 XL Genetic Analyzer (Thermo Fisher Scientific, Waltham, USA) according to the manufacturer's recommendations. The number of CAG repeats was counted independently by two investigators using CodonCode Aligner (CodonCode Cooperation, Centerville, MA, USA) for display.



Statistical Analysis

Data handling and statistical analyses were performed with SPSS 26.0 (IBM Corp., Armonk, NY, USA) or R (version 4.0.3, (26)). The “PROCESS” macro (Version 3.5) for SPSS was used for Johnson-Neyman analysis, the “partiallyoverlapping” package for R to account for dependencies between subsamples in the comparison of sample characteristics.

H1 and H2 were assessed by two-tailed testing, and results were considered significant at p < 0.05. Otherwise, it is explicitly stated if results were considered exploratory or corrected for multiple comparisons controlling the two-tailed false-discovery-rate (FDR) at q < 0.05.

Effect size calculations relied on squared semipartial correlations (sr2) that were converted to Cohen's d according to Borenstein et al. (27) for ease of interpretation (small ≥ 0.2, medium ≥ 0.5, large ≥ 0.8) or partial η2 = 0.04 (small ≥ 0.01, medium ≥ 0.06, large ≥ 0.14).



Bivariate Correlations

Bivariate correlations were determined considering the scale of measure as indicated (interval scaled variables: Pearson correlation r or Kendall's τ in the presence of outliers identified by box plots; interval scaled and dichotomous variable: point-biserial correlation rpb), separately for the sample of adolescents with a BDI-II score ≤ 13, above 13, and with a confirmed MDD diagnosis. Normality of the variables subjected to correlation analysis was assessed by the Kolmogorov-Smirnov test. The analysis of bivariate correlations was considered exploratory.



Relationship Between Depression Severity, Free Testosterone, and CAG-RL

Two multiple regression models were specified. The first model included BDI-II score (dependent variable) and FT, CAG-RL, depression status (BDI-II score ≤ 13 and > 13), and all their potential interaction terms (independent variables). All analyses concerning interaction terms were corrected for multiple comparisons, except for those addressing H1 and H2. FT and CAG-RL were centered to avoid multicollinearity with their interaction terms, depression status was dummy coded (0 = BDI-II score > 13, 1 = BDI-II score ≤ 13). In addition to the variables included in the first model, the second model also accounted for covariates as suggested by previous studies [age, z-standardized BMI (28), smoking (29)], psychotropic drugs (including antidepressants, neuroleptics, and psychostimulant medication) (30), androstenedione, dehydroepiandrosterone-sulfate (DHEA-S) (15), and cortisol (14). Moreover, serum 25(OH)-vitamin D levels were considered as 44.9% (53/118) of patients were 25(OH)-vitamin D deficient.

PROCESS was employed to perform a Johnson-Neyman analysis. A Johnson-Neyman analysis allows determining for which region or regions of the full range of the CAG-RL distribution there is a significant interaction with FT regarding BDI-II scores. This is achieved by extra- and interpolation based on the assessment of the conditional linear relationship between FT and BDI-II scores given a defined but varying number of CAG repeats (31).

Based on the multiple regression analysis outlined above, results were verified by considering only those patients with a diagnosis of MDD confirmed either by the K-SADS-PL or clinical assessment. As this sensitivity analysis was deemed exploratory, results were not corrected for multiple comparisons.

Normality of the residuals of the multiple regression was assessed by the Kolmogorov-Smirnov test. Heteroscedasticity was considered by applying a heteroscedasticity-consistent standard error estimator for regression coefficients according to Huber and White (HC0). Autocorrelations of residuals were excluded by the Durbin-Watson test, outlier detection relied on Cook's distance (>0.3), and multicollinearity was assessed by variance inflation factors (>5).




RESULTS


Descriptives

Of the 91 adolescent boys with a BDI-II score > 13, 73 were considered for further analyses. Eleven cases were excluded due to missing information on at least one of the variables of interest, and seven patients due to a BMI below the 5th percentile. These boys had a mean age of 15.70 (SD 1.76) years, were moderately depressed (mean 24.97, SD 8.27), and about 22% (16/73) were taking psychotropic medication, including antidepressants (Table 2, Figure 1). In 4 boys (5.4%), testosterone levels were below 1.0 nmol/l, likely indicating a prepubertal status. The distribution of CAG-RL (9–29 repeats, mean 21.62, SD 2.77) was found to be within the previously reported range in primarily Caucasian populations (9–37 CAG repeats) (13) and did not differ from an earlier study in children and adolescents [(13), mean 21.76, SD 3.06].


Table 2A. Patient characteristics.
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FIGURE 1. Percentage of patients with regard to the respective sample with a BDI-II score > 13 (black bars), a diagnosis of MDD confirmed by clinical assessment (white bars), or a BDI-II score ≤ 13 (gray bars) considering (A) testosterone and (B) free testosterone levels as well as (C) BDI-II score and (D) the CAG repeat length (from left to right and upper to lower panel).


Altogether, there were 64 adolescent boys with a BDI-II score ≤ 13 of which 4 were excluded due to a BMI below the 5th percentile. Another 15 of these patients were excluded due to either incomplete data regarding the variables of interest in the present study (n = 7) or an MDD diagnosis (K-SADS-PL or clinical assessment according to ICD-10) despite a BDI-II score ≤ 13 (n = 8). This resulted in 45 adolescents with a BDI-II score ≤ 13 with a mean age of 14.08 years (SD 1.98). In 5 patients, biochemical assessment of FT levels indicated a likely prepubertal status. Altogether, 17.8% (8/45) were on psychotropic medication. The average CAG-RL was 21.47 (SD 2.84). The 5 most common diagnoses in patients with a BDI-II score ≤ 13 were: emotional and/or conduct disorder (26.7%, 12/45), attention-deficit hyperactivity disorder (24.4%, 11/45), substance use and addictive disorder (22.2%, 10/45), phobia (13.3%, 6/45), and other behavioral or emotional disorder (8.9%, 4/45). While 12 of the 45 patients (26.7%) had 2 diagnoses, only a single patient (2.2%) had 3 diagnoses.

Adolescents with a BDI-II score ≤ 13 were significantly younger than adolescents with a BDI-II score > 13 (t116 = −4.72, P < 0.001). In line with this, age-dependent hormone levels including FT (t116 = −3.75, P < 0.001) and androstenedione (U = 899, P < 0.001) were significantly lower in the former, and there was a trend toward lower cortisol (t116 = −1.89, P = 0.06) and DHEA-S levels (t116 = −1.98, P = 0.05) in patients with a BDI-II score ≤ 13 (Table 2B). Moreover, there were significantly fewer current smokers among adolescents with a BDI-II score ≤ 13 than in the sample of adolescents with a BDI-II score > 13 (χ21 = 4.34, P = 0.04).


Table 2B. Selected hormone levels.
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There was no significant difference in any of the sample characteristics between adolescents with a BDI-II score > 13 and a clinically diagnosed MDD (n = 47; Supplementary Table 1). In the latter group, a diagnosis of MDD was established by the K-SADS-PL in 94.1% (44/47) and via clinical assessment according to the ICD-10 in 5.9% (3/47) of cases when no K-SADS-PL was performed on admission.



BDI-II – Reliability Analysis

Cronbach's alpha was determined to assess the internal consistency of the BDI-II that was found to be excellent (0.91) and in line with previous studies addressing the reliability of the BDI-II in German children and adolescents in a clinical sample (18).



Bivariate Correlations

In adolescents with depression, there was neither a bivariate correlation between BDI-II score and FT (r71 = 0.04, P = 0.73) nor BDI-II score and CAG-RL (r71 = 0.07, P = 0.57; Table 3A). Moreover, there was no correlation between CAG-RL and FT (r71 = 0.02, P = 0.90), which would be expected with a certain relative degree of androgen insensitivity previously reported with an increasing number of CAG repeats of the AR (32) (Figure 2A). This also applied when accounting for effects of age (b = 0.002, t69 = 0.65, P = 0.517).


Table 3. Bivariate correlations.
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FIGURE 2. Separately for patients with a BDI-II score > and ≤13, (A) the bivariate correlation between free testosterone and the CAG repeat length (left panel) by 3 different age groups and (B) regression lines derived from the Johnson-Neyman analysis regarding the linear relationship between free testosterone levels and BDI-II scores individually plotted for exemplary groups of CAG-length [at −1 SD (14. percentile), the mean, and +1 SD (86. percentile); right panel], considering multiple covariates according to model 2.


The same pattern of correlations regarding BDI-II score, FT, and CAG-RL was also observed in patients with a BDI-II score ≤ 13 and patients with a confirmed MDD (Table 3B; Supplementary Table 2).



Multiple Regression Analysis – Total Sample

Concerning depression severity, there was a three-way interaction between FT, CAG-RL, and depression status (model 1: b = −0.01, t110 = −2.78, P = 0.006; d = 0.26, Table 4) in line with H2, and this held upon consideration of multiple covariates (model 2: b = −0.01, t101 = −2.15, P = 0.03; d = 0.21). More specifically, as revealed by post-hoc Johnson-Neyman analysis, the relationship between FT and depression severity was found to be constant across all levels of CAG-RL in adolescents with a BDI-II score ≤ 13 (model 1: b = −0.0001, t110 = −0.07, p = 0.95; model 2: b = 0.001, t101 = 0.36, P = 0.72; Figure 2B) but to vary as function of CAG-RL in adolescents with a BDI-II score > 13 (model 1: b = 0.01, t110 = 3.11, P = 0.002; d = 0.39; model 2: b = 0.01, t101 = 2.69, P = 0.008; d = 0.33). In line with H1, in the latter, there was a significant negative relationship between FT and BDI-II score with <19 CAG repeats (b = −0.03, t101 = −2.00, P = 0.048, partial η2 = 0.04) and a significant positive relationship regarding FT and BDI-II score with more than 28 CAG repeats (b = 0.06, t101 = 2.00, P = 0.048, partial η2 = 0.04), even when considering multiple covariates (model 2). No such relationship was found in patients with an intermediate number of CAG repeats (19-28 CAG repeats).


Table 4. Results of the multiple regression analysis.
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Multiple Regression Analysis – Sensitivity Analysis

The finding of a significant interaction between FT and CAG-RL was confirmed by sensitivity analysis considering only those patients with a confirmed MDD (model 1: b = 0.011, t43 = 2.61, P = 0.01; d = 0.79; Supplementary Table 3), also when accounting for multiple covariates (model 2: b = 0.01, t35 = 2.44, P = 0.02; d = 0.68).




DISCUSSION

In 73 adolescent boys with depression defined via a BDI-II score > 13, there was a significant interaction between FT and the number of CAG repeats of the AR regarding depression severity. As indicated by Johnson-Neyman analysis, higher FT levels were associated with a higher BDI-II score when CAG repeats exceeded 28 copies, and a lower BDI-II score when CAG repeats fell below 19 copies, even when controlling for multiple covariates. In an intermediate range of CAG repeats, no such relationship was observed. These findings held up in a subsample of adolescents in whom the diagnosis of depression was verified by clinical assessment. In contrast, in a sample of 45 adolescent boys with a BDI-II score ≤ 13, the relationship between FT and depression severity was found to be independent of CAG-RL.

The finding that with <19 CAG repeats, higher FT levels were associated with less severe depressive symptoms in patients with a BDI-II score >13 is in line with results from two previous studies conducted in depressed adults (11, 12). However, it conflicts with results from a community sample of children and adolescents. In the latter study, fewer CAG repeats and higher FT levels were weakly but significantly related to, in most part, subclinical depression severity (13). Therefore, the relationship between testosterone, CAG-RL, and depression may depend on the severity of the depression (subclinical vs. overt depression), not only regarding its direction but also its size. In line with this, in the present study, no such relationship was found in adolescents with a BDI-II score ≤ 13, and this also applied to older men (≥65) with mostly subclinical depression (92.5%) in a previous community study (33). Considering a multifactorial and threshold model of depression (34), the effect of the interplay between testosterone and CAG-RL on mood may only become apparent once the balance between protective and risk factors has been tipped to develop overt depression. This explanation, however, is tentative and in need of empirical support.

The observation of an opposite relationship between FT and depression severity dependent on the CAG-RL in patients with a BDI-II score > 13 is embedded in an emerging pathogenetic framework. While previous in vitro as well as in vivo studies indicated that the activity of the androgen receptor is inversely related to the number of CAG repeats of the AR (7, 35), this assumption has more recently been challenged. Not only the cell and tissue type examined (36, 37) but also confounding methodological factors substantially modify this relationship (35). As recently summarized and discussed, only CAG-RLs outside the medium range of their distribution are likely implicated in disease pathogenesis and phenotype (35). Moreover, CAG repeats of different lengths affect not only the activity of the androgen receptor but also the set of genes expressed (38). The finding that only those CAG-RLs located (more) closely to the margins of the CAG-RL distribution are oppositely related to the severity of depression in the present study is well in line with both these observations and may also explain that there was no relationship between depression severity and FT levels in patients with an intermediate number of CAG repeats.

However, the relationship between CAG-RL and androgen receptor functioning has been shown to be tissue-specific (36, 37). While the effect of testosterone on adolescent depression is likely related to its effect on brain morphology and functioning (39), the relationship between CAG-RL and androgen receptor functioning in the central nervous system is not well-investigated. Perrin et al. (40) and Paus et al. (41) found a higher correlation between testosterone levels and white matter volume in male adolescents with fewer (≤22) CAG repeats than in those with longer (>23) CAG repeats. As myelination in the adolescent brain is considered an expression of structural maturation related to the effects of androgens (41), this may indicate that a lower number of CAG repeats is related to increased AR functioning in brain tissue. In adults, however, no correlation between CAG-RL and cortical AR mRNA, used as a surrogate parameter for androgen receptor functioning, was observed in a small-scale study of psychiatric patients (42). In summary, the effect of testosterone on androgen receptor activity in relation to the CAG-RL on brain function and its implications in mental health is insufficiently understood.


Limitations

The exact relationship between testosterone and androgen receptor functioning is not fully understood, probably due to confounding factors, including non-genomic effects, potential epigenetic effects, and modifying genetic polymorphisms, which we were not able to account for in the present study. However, neither of these factors has been implicated in depression and its severity in humans so far.

While this is the first study to investigate the relationship between adolescent depression and FT levels as well as the CAG-RL of the AR in a clinical sample, our sample of adolescents with a BDI-II score > 13 was limited to 73 boys. However, considering the overall size of the present study, it was adequately powered for valid statistical conclusions (43).

In line with previous studies addressing the relationship between FT, the CAG-RL, and depression severity [e.g., (11–13)], the analysis of the AR was based on whole blood samples. Interestingly, in certain neurodegenerative diseases (44, 45), in colorectal cancer (46) as well as in a transgenic animal models to study Huntington's disease (47), somatic mosaicism of CAG repeat length variation has been found. However, we are not aware that a CAG-RL mosaicism has been described in human blood DNA outside the named, specific diseases and animal disease models. Nevertheless, it cannot be excluded that potential mosaicism of the CAG repeat polymorphisms in human blood DNA may exist and may have influenced our data.

Even though accounting for covariates affecting gonadal functioning, the present study did not consider other covariates known to affect depression severity, including measures of cognitive functioning, socioeconomic status, or (traumatic) life events.

Eventually, the present study was cross-sectional by design, and, therefore, causal inference is limited.



Implications and Future Research

Considering a multifactorial model in the etiology of depression (34) that allows only for small contributions of a single cause, the interaction between FT, CAG-RL, and depression severity in adolescents with MDD can be considered significant not only by means of statistical criteria but also by criteria defined in psychiatry research for an important clinical effect (48).

In line with previous studies (11, 13), the results of the present study imply that in order to understand the relationship between testosterone levels and depression severity in MDD, the number of CAG repeats needs to be considered as their relationship may be obscured otherwise. This not only seems to apply to adults but also to (peri-)pubertal adolescents with depression.

Moreover, there is considerable interest in precision medicine in psychiatry research to identify individuals at risk and to provide targeted therapy (49, 50), also by means of genetic risk profiling (50, 51). The finding that CAG-RLs at the top and bottom of the common CAG-RL distribution are oppositely related to depression severity in MDD depending on FT levels may not only help to explain the heterogeneity of findings in meta-analyses investigating the effect of testosterone treatment on depressive mood (52) but also to identify those individuals that may benefit most from testosterone treatment.

As mentioned above, the relationship between CAG-RL of the AR and testosterone in (different types of) brain tissue is hardly understood. Assuming a pivotal role for the brain in the etiology of mental health disorders (51), this could be further investigated given the results of the present study.

Additionally, the CAG-RL of the AR may interact with other genetic polymorphisms, not only on the AR, to affect behavior and potentially also the risk for mental health disorders, which has not yet been studied in detail. Regarding aggression and impulsivity in men, however, there is preliminary evidence that also the GGN polymorphism of the AR gene may modify the effects of varying CAG-RL (36). Therefore, also this aspect of AR functioning merits further research.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the University of Duisburg-Essen (No. 15-6363-BO). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

RH and CG conceptualized the present study. RH analyzed and interpreted the data and wrote the manuscript. CG, MF, LL, AH, JB, and JH designed, undertook the clinical studies, and collected the data. P-MH and AK performed the steroid hormone analyses. All authors participated in scientific discussions, revised the manuscript, and approved of the submitted version.



FUNDING

RH was supported by the UMEA Clinical Scientist Program by the Faculty of Medicine of the University of Duisburg-Essen and the German Research Foundation (DFG). The authors also acknowledge support by the Open Access Publication Fund of the University of Duisburg-Essen. The funders had no role in the study design, data collection, and analysis, decision to publish, or preparation of the manuscript.



ACKNOWLEDGMENTS

The authors thank Dana Öztürk, Department of Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy, University Hospital Essen, for diligent and reliable data collection, Wiebke Diesner, Department of Pediatrics II, University Hospital Essen, and Jens Bauer, Department of Pediatrics, Ruhr-University Bochum, for excellent technical support and scientific discussion.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2021.732759/full#supplementary-material



REFERENCES

 1. Thapar A, Collishaw S, Pine DS, Thapar AK. Depression in adolescence. Lancet. (2012) 379:1056–67. doi: 10.1016/S0140-6736(11)60871-4

 2. Hamlat EJ, Snyder HR, Young JF, Hankin BL. Pubertal timing as a transdiagnostic risk for psychopathology in youth. Clin Psychol Sci. (2019) 7:411–29. doi: 10.1177/2167702618810518

 3. Keenan K, Culbert KM, Grimm KJ, Hipwell AE, Stepp SD. Timing and tempo: Exploring the complex association between pubertal development and depression in African American and European American girls. J Abnorm Psychol. (2014) 123:725. doi: 10.1037/a0038003

 4. Duke SA, Balzer BW, Steinbeck KS. Testosterone and its effects on human male adolescent mood and behavior: a systematic review. J Adolesc Health. (2014) 55:315–22. doi: 10.1016/j.jadohealth.2014.05.007

 5. Gotlib IH, Hammen CL. Handbook of Depression. 3rd ed. New York, NY: Guilford Press (2008).

 6. Chamberlain NL, Driver ED, Miesfeld RL. The length and location of CAG trinucleotide repeats in the androgen receptor N-terminal domain affect transactivation function. Nucleic Acids Res. (1994) 22:3181–6. doi: 10.1093/nar/22.15.3181

 7. Grigorova M, Punab M, Kahre T, Ivandi M, Tõnisson N, Poolamets O, et al. The number of CAG and GGN triplet repeats in the androgen receptor gene exert combinatorial effect on hormonal and sperm parameters in young men. Andrology. (2017) 5:495–504. doi: 10.1111/andr.12344

 8. Dejager S, Bry-Gauillard H, Bruckert E, Eymard B, Salachas F, LeGuern E, et al. A comprehensive endocrine description of Kennedy's disease revealing androgen insensitivity linked to CAG repeat length. J Clin Endocrinol Metab. (2002) 87:3893–901. doi: 10.1210/jcem.87.8.8780

 9. Yaffe K, Edwards ER, Lui LY, Zmuda JM, Ferrell RE, Cauley JA. Androgen receptor CAG repeat polymorphism is associated with cognitive function in older men. Biol Psychiatry. (2003) 54:943–6. doi: 10.1016/S0006-3223(03)00115-X

 10. Eisenegger C, Kumsta R, Naef M, Gromoll J, Heinrichs M. Testosterone and androgen receptor gene polymorphism are associated with confidence and competitiveness in men. Horm Behav. (2017) 92:93–102. doi: 10.1016/j.yhbeh.2016.09.011

 11. Seidman SN, Araujo AB, Roose SP, McKinlay JB. Testosterone level, androgen receptor polymorphism, and depressive symptoms in middle-aged men. Biol Psychiatry. (2001) 50:371–6. doi: 10.1016/S0006-3223(01)01148-9

 12. Colangelo LA, Sharp L, Kopp P, Scholtens D, Chiu BC-H, Liu K, et al. Total testosterone, androgen receptor polymorphism, and depressive symptoms in young black and white men: the CARDIA Male Hormone Study. Psychoneuroendocrinology. (2007) 32:951–8. doi: 10.1016/j.psyneuen.2007.06.014

 13. Vermeersch H, T'Sjoen G, Kaufman JM, Vincke J, Van Houtte M. Testosterone, androgen receptor gene CAG repeat length, mood and behaviour in adolescent males. Eur J Endocrinol. (2010) 163:319–28. doi: 10.1530/EJE-10-0090

 14. Lopez-Duran NL, Kovacs M, George CJ. Hypothalamic-pituitary-adrenal axis dysregulation in depressed children and adolescents: a meta-analysis. Psychoneuroendocrinology. (2009) 34:1272–83. doi: 10.1016/j.psyneuen.2009.03.016

 15. Byrne ML, Whittle S, Vijayakumar N, Dennison M, Simmons JG, Allen NB, et al. systematic review of adrenarche as a sensitive period in neurobiological development and mental health. Dev Cogn Neurosci. (2017) 25:12–28. doi: 10.1016/j.dcn.2016.12.004

 16. Libuda L, Timmesfeld N, Antel J, Hirtz R, Bauer J, Führer D, et al. Effect of vitamin D deficiency on depressive symptoms in child and adolescent psychiatric patients: results of a randomized controlled trial. Eur J Nutr. (2020) 59:3415–24. doi: 10.1007/s00394-020-02176-6

 17. Misra M, Klibanski A. Endocrine consequences of anorexia nervosa. Lancet Diabetes Endocrinol. (2014) 2:581–92. doi: 10.1016/S2213-8587(13)70180-3

 18. Straub J, Plener PL, Koelch M, Keller F. Agreement between self-report and clinician's assessment in depressed adolescents, using the example of BDI-II and CDRS-R. Z Kinder Jugendpsychiatr Psychother. (2014) 42:243–52. doi: 10.1024/1422-4917/a000297

 19. Kumar G, Steer RA, Teitelman KB, Villacis L. Effectiveness of Beck Depression Inventory-II subscales in screening for major depressive disorders in adolescent psychiatric inpatients. Assessment. (2002) 9:164–70. doi: 10.1177/10791102009002007

 20. Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. Schedule for affective disorders and schizophrenia for school-age children-present and lifetime version (K-SADS-PL): initial reliability and validity data. J Am Acad Child Adolesc Psychiatry. (1997) 36:980–8. doi: 10.1097/00004583-199707000-00021

 21. Neuhauser H, Schienkiewitz A, Rosario AS, Dortschy R, Kurth B-M. Referenzperzentile für anthropometrische Maßzahlen und Blutdruck aus der Studie zur Gesundheit von Kindern und Jugendlichen in Deutschland (KiGGS). Berlin: RKI-Hausdruckerei (2013).

 22. Winkler C, Linden K, Mayr A, Schultz T, Welchowski T, Breuer J, et al. RefCurv: A software for the construction of pediatric reference curves. Software Impacts. (2020) 6:100040. doi: 10.1016/j.simpa.2020.100040

 23. Kulle AE, Riepe FG, Melchior D, Hiort O, Holterhus PM. A novel ultrapressure liquid chromatography tandem mass spectrometry method for the simultaneous determination of androstenedione, testosterone, and dihydrotestosterone in pediatric blood samples: age- and sex-specific reference data. J Clin Endocrinol Metab. (2010) 95:2399–409. doi: 10.1210/jc.2009-1670

 24. Kulle AE, Welzel M, Holterhus PM, Riepe FG. Implementation of a liquid chromatography tandem mass spectrometry assay for eight adrenal C-21 steroids and pediatric reference data. Horm Res Paediatr. (2013) 79:22–31. doi: 10.1159/000346406

 25. Vermeulen A, Verdonck L, Kaufman JM. A critical evaluation of simple methods for the estimation of free testosterone in serum. J Clin Endocrinol Metab. (1999) 84:3666–72. doi: 10.1210/jcem.84.10.6079

 26. R Core Team. R: A Language and Environment for Statistical Computing. Vienna (2016). Retrieved from: https://www.R-project.org/

 27. Borenstein M, Hedges LV, Higgins J, Rothstein HR. Converting among effect sizes. In: Introduction to Meta-Analysis. Somerset: Wiley (2009). p. 45–9. doi: 10.1002/9780470743386

 28. Stanikova D, Luck T, Bae YJ, Thiery J, Ceglarek U, Engel C, et al. Increased estrogen level can be associated with depression in males. Psychoneuroendocrinology. (2018) 87:196–203. doi: 10.1016/j.psyneuen.2017.10.025

 29. Wang W, Yang XB, Liang JB, Liao M, Zhang HY, Qin X, et al. Cigarette smoking has a positive and independent effect on testosterone levels. Hormones-Intern J Endocrinol Metab. (2013) 12:567–77. doi: 10.14310/horm.2002.1445

 30. Smith JB, Rosen J, Colbert A. Low serum testosterone in outpatient psychiatry clinics: addressing challenges to the screening and treatment of hypogonadism. Sex Med Rev. (2018) 6:69–76. doi: 10.1016/j.sxmr.2017.08.007

 31. Hayes AF, Little TD. Introduction to Mediation, Moderation, and Conditional Process Analysis: A Regression-Based Approach. 2nd ed. New York, NY: Guilford Press (2018).

 32. Huhtaniemi IT, Pye SR, Limer KL, Thomson W, O'Neill TW, Platt H. Increased estrogen rather than decreased androgen action is associated with longer androgen receptor CAG repeats. J Clin Endocrinol Metab. (2009) 94:277–84. doi: 10.1210/jc.2008-0848

 33. Schneider G, Zitzmann M, Gromoll J, Ladwig KH, Berger K. The relation between sex hormone levels, the androgen receptor CAGn-polymorphism and depression and mortality in older men in a community study. Psychoneuroendocrinology. (2013) 38:2083–90. doi: 10.1016/j.psyneuen.2013.03.016

 34. Hankin BL. Adolescent depression: description, causes, and interventions. Epilepsy Behav. (2006) 8:102–14. doi: 10.1016/j.yebeh.2005.10.012

 35. Nenonen H, Björk C, Skjaerpe P-A, Giwercman A, Rylander L, Svartberg J, et al. CAG repeat number is not inversely associated with androgen receptor activity in vitro. Mol Hum Reprod. (2009) 16:153–7. doi: 10.1093/molehr/gap097

 36. Maney DL. Polymorphisms in sex steroid receptors: from gene sequence to behavior. Front Neuroendocrinol. (2017) 47:47–65. doi: 10.1016/j.yfrne.2017.07.003

 37. Bebermeier JH, Brooks JD, DePrimo SE, Werner R, Deppe U, Demeter J, et al. Cell-line and tissue-specific signatures of androgen receptor-coregulator transcription. J Mol Med (Berl). (2006) 84:919–31. doi: 10.1007/s00109-006-0081-1

 38. Coutinho-Camillo CM, Miracca EC, dos Santos ML, Salaorni S, Sarkis AS, Nagai MA. Identification of differentially expressed genes in prostatic epithelium in relation to androgen receptor CAG repeat length. Int J Biol Markers. (2006) 21:96–105. doi: 10.1177/172460080602100205

 39. Goddings AL, Beltz A, Peper JS, Crone EA, Braams BR. Understanding the role of puberty in structural and functional development of the adolescent brain. J Res Adolesc. (2019) 29:32–53. doi: 10.1111/jora.12408

 40. Perrin JS, Herve PY, Leonard G, Perron M, Pike GB, Pitiot A, et al. Growth of white matter in the adolescent brain: role of testosterone and androgen receptor. J Neurosci. (2008) 28:9519–24. doi: 10.1523/JNEUROSCI.1212-08.2008

 41. Paus T, Nawaz-Khan I, Leonard G, Perron M, Pike GB, Pitiot A, et al. Sexual dimorphism in the adolescent brain: role of testosterone and androgen receptor in global and local volumes of grey and white matter. Horm Behav. (2010) 57:63–75. doi: 10.1016/j.yhbeh.2009.08.004

 42. Owens SJ, Purves-Tyson TD, Webster MJ, Weickert CS. Evidence for enhanced androgen action in the prefrontal cortex of people with bipolar disorder but not schizophrenia or major depressive disorder. Psychiatry Res. (2019) 280:112503. doi: 10.1016/j.psychres.2019.112503

 43. Jenkins DG, Quintana-Ascencio PF. A solution to minimum sample size for regressions. PLoS ONE. (2020) 15:e0229345. doi: 10.1371/journal.pone.0229345

 44. Tanaka F, Reeves MF, Ito Y, Matsumoto M, Li M, Miwa S, et al. Tissue-specific somatic mosaicism in spinal and bulbar muscular atrophy is dependent on CAG-repeat length and androgen receptor–gene expression level. Am J Hum Genet. (1999) 65:966–73. doi: 10.1086/302578

 45. Tanaka F, Sobue G, Doyu M, Ito Y, Yamamoto M, Shimada N, et al. Differential pattern in tissue-specific somatic mosaicism of expanded CAG trinucleotide repeats in dentatorubral-pallidoluysian atrophy, Machado-Joseph disease, and X-linked recessive spinal and bulbar muscular atrophy. J Neurol Sci. (1996) 135:43–50. doi: 10.1016/0022-510X(95)00249-2

 46. Di Fabio F, Alvarado C, Gologan A, Youssef E, Voda L, Mitmaker E, et al. Somatic mosaicism of androgen receptor CAG repeats in colorectal carcinoma epithelial cells from men. J Surg Res. (2009) 154:38–44. doi: 10.1016/j.jss.2008.05.013

 47. Clever F, Cho IK, Yang J, Chan AWS. Progressive polyglutamine repeat expansion in peripheral blood cells and sperm of transgenic Huntington's Disease monkeys. J Huntingtons Dis. (2019) 8:443–8. doi: 10.3233/JHD-190359

 48. Cuijpers P, Turner EH, Koole SL, van Dijke A, Smit F. What is the threshold for a clinically relevant effect? The case of major depressive disorders. Depress Anxiety. (2014) 31:374–8. doi: 10.1002/da.22249

 49. Fernandes BS, Williams LM, Steiner J, Leboyer M, Carvalho AF, Berk M. The new field of ‘precision psychiatry'. BMC Med. (2017) 15:80. doi: 10.1186/s12916-017-0849-x

 50. Quinlan EB, Banaschewski T, Barker GJ, Bokde ALW, Bromberg U, Büchel C, et al. Identifying biological markers for improved precision medicine in psychiatry. Mol Psychiatry. (2020) 25:243–53. doi: 10.1038/s41380-019-0555-5

 51. Howard DM, Adams MJ, Clarke TK, Hafferty JD, Gibson J, Shirali M, et al. Genome-wide meta-analysis of depression identifies 102 independent variants and highlights the importance of the prefrontal brain regions. Nat Neurosci. (2019) 22:343–52. doi: 10.1038/s41593-018-0326-7

 52. Walther A, Breidenstein J, Miller R. Association of testosterone treatment with alleviation of depressive symptoms in men: a systematic review and meta-analysis. JAMA Psychiatry. (2019) 76:31–40. doi: 10.1001/jamapsychiatry.2018.2734

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hirtz, Libuda, Hinney, Föcker, Bühlmeier, Holterhus, Kulle, Kiewert, Hebebrand and Grasemann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyt-12-732759-t003.jpg
BDI> 13 (n=73) BDI <13 (n =45)

FT (pmol/)* 245.74(12053) 16065 (118.11)
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0.08-21.84) [2:32-12.12)
16-18 years 803 (3.61) 821(3.72)
[0.08-17.44) 251-15.77)
Androstenedione (nmol/) 867 (5.59) 5.98(6.37)
[1.05-34.92) [1.05-38.41)
11-13 years 3.86 (2.76) 5.15(9.34)
[1.05-9.39) [1.05-38.41)
18-16 years 7.90(5.15) 5.86 (4.42)
[1.89-23.36] [1.29-21.86]
16-18 years 10.23 (6.79) 7.48 (4.26)
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Cortisol (nmol) 309.36(133.26)  850.16 (142.97)
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[26.11-470.27  [150.85-602.69]
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[162.48-665.34)  [208.18-641.75)
16-18 years 43307 (105.44) 45053 (112.66)

[183.35-615.95]  [231.08-611.27)

Mean, standard deviation (in round brackets), and range (in square brackets). FT, free
testosterone; DHEA-S, Dehydroepiandosterone-sulfate.
*Significant difference between both groups, irrespective of age (Puncorrected < 0.05).
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medication
A. Adolescents with a BDI-Il > 13
BDI-Il score 1 004 007 043 0.05 -022 ~0.01 010 001 027 0.00
FT 1 002 025 036" 035" ~0.01 054" 024 039" ~0.04
CAG-RL 1 -022 -001 020 003 -003 003 022 0.04
DHEA-S 1 0.40" 0.16 006 041" 017 024 -0.19
Androstenedione 1 0.46™ 0.05 0.34* -0.04 0.26* -0.12
Cortisol 1 0.13 036" -0.10 021 ~0.06
25(0H)-vitamin D 1 -009 -05 0.1 -0.02
Age 1 -006 035 0.10
ZBMI 1 013 -0.04
Smoking 1 -0.13
Psychotropic medication 1
B. Adolescents with a BDI-1l < 13
BDI-Il score 1 012 -007 001 0.13 016 ~0.17 014 025 000 ~0.01
FT 1000 041" 054" 0.46" —022 063" —0.47  0.40" -0.07
CAG-RL 1 0.15 0.06 0.17 0.12 022 -10  -021 -0.02
DHEA-S 1 0.42 055" -0.13 070" 007 024 -0.17
Androstenedione 1 0.46" —0.11 045 000 025 ~0.14
Cortisol 1 -0.11 0.62" 0.10 0.24 -0.31*
25(0H)-vitamin D 1 -026 -0.18 —006 0.00
Age 1 -0.12 0.33* -0.05
ZBMI 1 010 —0.30°
Smoking 1 —0.01
Psychotropic medication 1

FT, free testosterone; CAG-RL, CAG repeat length; DHEA-S, Dehydroepiandrosterone-sulfate; z, z-standardized.
*P <0.05.
‘P < 0.01.
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Parameter Assay system Assay type Intra-assay variation Total assay variation Detection range

Albumin Siemens’ ADVIA BCG <1.1% <1.8% 10-60 g/l
Androstendione Siemens Immulite 2000 CUA <15.1% <17.8% 1.04-35 nmol
DHEA-S Siemens Immulite 2000 CLA <9.8% <13% 0.41-27 pmol/L
SHBG Siemens Immulite 2000 CLA <5.3% <6.6% up to 180 nmoV/I
25(0OH)-vitamin D Siemens ADVIA CLA <56.3% <11.9% 10.5-375 nmol/l
CRP Abbott? Architect LEIT <2.0% <2.2% 0.2-320 mg/l
Testosterone Waters™® Acquity UPLC System LC-MS/MS <7.1% <10.9% 0.1-2,000 nmol/I
Cortisol Waters Acquity UPLC System LC-MS/MS <5.6% <12.9% 0.1-2,000 nmol/I

DHEA-S, Dehydroepiandrosterone-sufiate; SHBG, sex hormone binding globuin; BCG, bromocresol green method; CLIA, chemiuminescent immunoassay; LC-MS/MS, liquid
chromatography tandem mass spectrometry; LEIT, latex-enhanced immunoturbidimetric assay.

*1Siemens Healthineers, Erlangen, Germany.

*2Abbott, Wiesbaden, Germany.

*3Waters, Milford, USA.
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CAG-RL distribution
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BDI> 13(n=73)

15.73(1.76)
[11.80- 18.39)

1.0
37.0
520
046 (1.20)
[~1.54-2.76)
2497 8.27)
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414
288
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#
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Mean, standerd deviation (in round brackets), and range (in squere brackets) for
interval scaled variables, percentages othewise; z-BMi, z-standardized BMI; MDD, Major
Depressive Disorder; FT, free testosterone; CAG-RL, CAG repeat length.

*Significant difference between both groups (Puncomected < 0.05). *Does not apply.
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Model 1 Model 2

Variables b SE t-value P PrpR-corrocted b SE t-value o PrpR-corrected
Age # # # # # 034 054 0.63 053 083
z-BMI # # # # # -0.28 0.54 -0.70 0.49 0.83
Psychotropic medication # # # # # —-1.08 155 -0.69 0.49 0.83
Smoking # # # # # 3.35 211 1.59 0.12 0.42
DHEA-S # # # # # 0.06 021 0.29 0.77 0.83
Androstendione # # # # # 0.23 0.11 222 0.03 0.13
Cortisol # # # # # -0.01 0.01 -2.28 0.03 0.13
26(0OH)-vitamin D # # # # # -0.02 0.03 -0.66 0.61 0.83
FT 0.02 0.008 022 083 0383 -0.01 001 -0.77 0.45 083
CAG-RL 0.12 0.32 0.38 0.71 0.83 0.20 031 0.65 0.62 0.83
Depression status —17.81 113 -1569  <0.001 <0.001 —-17.34 113 —-15.42 <0.001 <0.001
FT x CAG-RL 0.01 0.003 311 0.002 # 0.01 0.004 269 0.008 #
FT x group 0.002 0.01 022 0.82 0.83 0.002 0.01 0.25 0.81 0.83
CAG-RL x group -0.22 0.40 -0.55 0.59 0.83 -0.28 0.42 -0.68 0.50 0.83
FT x CAG-RL x group -0.01 0.004 -2.78 0.006 # -0.01 0.004 -2.156 0.03 #

Dependent variable: B score. b, unstandardized regression coefficient; S, standard error; z, z-standrdized; DHEA-S, Dehydroepiandirosterone-suliate; FT, free testosterone;
CAG-RL, CAG repeat length; group, dummy coded depression status according to the BDI-i score (13 = 0; <13 = 1)
#Does not apply.
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