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Abstract

Background: Adrenal and sex hormone dysregulation have been independently associated with 

increased depression and anxiety. Cortisol can modify production of sex hormones and hormone-

mood associations. This study evaluated associations and interplay of sex and adrenal hormones 

with depression and anxiety.

Methods: We assessed 545 Ecuadorian adolescents (11–17y, 50.4% female, ESPINA) 

for depression and anxiety symptoms using standardized scales. Testosterone, cortisol, 

dehydroepiandrosterone (DHEA), and estradiol (boys only) were measured in saliva. We 

performed logistic regression modeling to calculate odds ratios (OR) of elevated depression or 

anxiety (scores ≥60) comparing participants with low (<10th percentile) and elevated hormones 
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(≥90th percentile) to normal concentrations (10th-90th percentile). Effect modification by cortisol 

and testosterone was assessed. Models adjusted for demographic, anthropometric, and circadian 

measures.

Results: In all participants, elevated testosterone (OR [95%CI:]=1.78 [0.98, 3.23]) and cortisol 

(OR=1.69 [0.95, 2.99]) were marginally associated with elevated anxiety scores. In boys, elevated 

estradiol was associated with elevated depression (OR=4.75 [1.95, 11.56]) and anxiety scores 

(OR=2.43 [1.01, 5.84]). In linear regression, estradiol was positively associated with depression 

(difference/10% hormone increase (β=0.45 [0.15, 0.75]) and anxiety scores (β=0.42 [0.13, 0.72]). 

Higher cortisol levels strengthened the depression association with estradiol in boys (β=0.54 [0.12, 

0.96]), and with testosterone (β= −0.19 [−0.35, −0.03]) and DHEA (β= −0.12 [−0.22, −0.02]) in 

girls. Testosterone also modified associations.

Limitations: This was a cross-sectional analysis.

Discussion: Elevated testosterone, cortisol, and estradiol (≥90th percentile) were associated with 

altered mood. Cortisol and testosterone were considerable effect modifiers to the associations of 

most hormones with depression and anxiety.
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1. Introduction

Nearly 20% of children are affected with mental health disorders, in particular anxiety and 

depression, yet the underlying causes of these mood disorders remain generally unknown.1–3 

Given childhood depression and anxiety incidence is correlated with both reoccurrence in 

adulthood and lifetime disease, it is a key stage that can be targeted to identify factors which 

lead to the development of these conditions.4,5 Hyperactivity of the hypothalamus-pituitary-

adrenal (HPA) axis is one of the most consistent biological findings in major depression 

and anxiety, and is thought to be related to increased secretion of cortisol.6,7 However, the 

adrenal hormone dehydroepiandrosterone (DHEA) has not been studied thoroughly on its 

association with depression and anxiety and has yielded inconsistent associations: positive,8 

null, 9 and negative.10 The hypothalamus-pituitary-gonadal (HPG) axis is also associated 

with internalizing behaviors, varying by gender and age.

For females, there is a negative association between serum 17-β estradiol (estradiol) 

concentrations and severity of depressive syndromes,11,12 while in adult men younger than 

60 years old, higher estradiol level was associated with increased depressive symptomology, 

whereas in older men there were no differences.13 Testosterone has also been found to 

modulate depression and anxiety symptoms. In women, a parabolic (U-shaped) association 

between testosterone concentration and depression has been observed, as both low and high 

testosterone concentrations were previously associated with depression.14 Although there 

have been some conflicting findings, most studies identify that testosterone replacement 

therapy can significantly improve ratings of depression and anxiety in androgen-deficient 

men,15 and has a generally positive anti-depressant effect when compared to placebo in adult 

men and women. 16
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The HPA and HPG endocrine axes function in tandem and in a bi-directional manner 

(activation of one axis can modulate the effect of the other) in order to ensure proper 

homeostasis, thus, it is important to take a dual systems approach to determine the potential 

role of effect modification.17–19 It is important to understand the role of HPA and HPG 

interplay on depression and anxiety in adolescence, as the transition from puberty to 

adolescence can be described as an organizational window, which can influence brain 

development and its subsequent response to hormone levels in adulthood. The purpose 

of this study was to evaluate the independent relationship between levels of testosterone, 

estradiol, DHEA, and cortisol on depression and anxiety symptoms in adolescents, and to 

assess possible interactions between these hormones in such associations.

2. Methods

2.1. Participants

The study of Secondary Exposure to Pesticides among Children and Adolescents (ESPINA: 

Estudio de la Exposición Secundaria a Plaguicidas en Niños y Adolescentes) is a prospective 

cohort of children living in Pedro Moncayo County, Pichincha, Ecuador. ESPINA was 

established in 2008 to examine the associations of subclinical pesticide exposures on child 

development. In 2008, ESPINA included 313 children aged 4–9 years who were recruited 

using the 2004 Survey of Access and Demand of Health Services in Pedro Moncayo County 

(SADHS-PM), a representative survey of the region, or through community announcements. 

All participants were selected regardless of health status, but were primarily healthy 

volunteers.20 In July through October 2016, we carried out a follow-up examination of 

participants (n=238) and recruited new adolescent volunteers for a total of 535 participants 

of ages 11–17 years, using the System of Local and Community Information (SILC), a 

large geospatial database that contains information of the 2016 Pedro Moncayo County 

Community Survey (formerly the SADHS-PM). Details about both examinations have been 

published previously.20–22

The present analyses included 522 participants examined in 2016 who had all covariates 

of interest. These included age, z-score for body mass index (BMI)-for-age, parental 

education, household monthly income, hemoglobin concentration, awakening time, saliva 

collection time, and Tanner staging. One female participant reported being pregnant, and 

one female participant reported having leukemia. These participants were excluded because 

their endocrine levels were substantially different than the rest of the study population. Of 

this group, 512 completed the Multidimensional Anxiety Scale for Children 2nd Edition 

(MASC-2) (MHS Inc, North Tonawanda, NY) and 510 completed the Children’s Depression 

Inventory 2nd Edition (CDI-2) (MHS Inc, North Tonawanda, NY).

We acquired informed consent for participation from parents, parental permission for their 

children’s participation, and child assent from all adolescent participants. This study was 

approved by the institutional review boards at the University of California San Diego, 

Universidad San Francisco de Quito and the Ministry of Public Health of Ecuador.
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2.2. Data collection

In 2016, children were examined in schools between July and October during the 

summer closure or during weekends. Height was measured to the nearest 1 mm following 

recommended procedures,23 and weight was measured using a digital scale (Tanita 0108MC; 

Corporation of America, Arlington Heights, IL, USA).23 Hemoglobin concentration was 

measured with the EQM Test-mate ChE Cholinesterase Test System 400 (EQM AChE 

Erythrocyte Cholinesterase Assay Kit 470; EQM research, Inc, Cincinnati, OH) from 

a finger-stick blood sample. Tanner staging measured sexual maturation based on self-

reports of breast and pubic hair growth for girls, and pubic hair growth for boys using 

standard Tanner drawings. Information on income, education level, and other demographic 

information was reported by participants’ parents.

Anxiety and Depression Symptom Assessments.—Depression symptoms, were 

assessed using the CDI-2 short assessment, Spanish Version.24 The CDI-2 short has 

excellent psychometric properties and yields a score that is comparable to the score of 

the full-length version.24,25 Anxiety symptoms were assessed using the Spanish translated 

MASC-2 Child self-report. The MASC-2 indexes the range and severity of anxiety 

symptoms, has good psychometric properties and clinical utilities in identifying youth 

with anxiety disorders in Hispanic children.26,27 The MASC-2 English was translated into 

Spanish with input from community members and was approved by MHS Inc. Completed 

questionnaires were scored using the CDI-2 or MASC-2 Scoring Software (Multi-Health 

Systems [MHS] Inc). The scaled T-scores, standardized for age and gender for both the 

CDI-2 and MASC-2 were used in analyses.24

Sex and adrenal hormones.—Salivary concentrations of estradiol, testosterone, 

cortisol, and DHEA were measured using enzyme-linked immunosorbent assays (ELISA) 

(Salimetrics, Carlsbad, CA) at the University of California, San Diego Integrative Health and 

Mind-Body Biomarker Laboratory. Participants collected saliva samples through passive-

drool upon awakening and the samples were stored at −80°C until assayed. Levels of 

cortisol, testosterone, and DHEA were measured in both girls and boys, while estradiol was 

only measured in boys, as the levels of estradiol in women vary according to the stage of the 

menstrual cycle.

2.3. Statistical analysis

We calculated the means and standard deviation (SD) of participant characteristics or the 

proportions of participants with a certain characteristic (as appropriate) for all participants 

and stratified by gender (Table 1). Differences in baseline characteristics by gender was 

determined by t-tests or Mann-Whitney U tests for normal or skewed variables, respectively. 

Pearson’s correlation coefficient matrix was used to statistically evaluate the relationship 

between all hormones. We used multiple linear regression to estimate linear associations 

of estradiol, testosterone, DHEA and cortisol concentrations with depression and anxiety 

scores (Tables 2, 3). Statistical significance was defined using an alpha of 0.05.

We adjusted models for potential confounders defined a-priori including age, z-score for 

BMI-for-age (based on World Health Organization standards), parental education, household 
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monthly income, hemoglobin concentration, and Tanner staging. Awakening time, saliva 

collection time were also included in the model to account for circadian effects. 28–30 

BMI-for-age was included as a marker of chronic and subacute nutritional status which 

has been found to be associated with mental health status in adolescents.28 We used the 

World Health Organization growth standards to calculate the z-scores for BMI-for-age. 

Parental education was calculated as the average number of years of education of both 

parents. Household income is a component of socio-economic status and has been found 

to be independently associated with mental health outcomes.29,30 Awakening time, saliva 

collection time were also included in the model to account for circadian effects. Tanner 

staging is an indicator of pubertal status, and has been correlated with hormonal markers 

of puberty stage.31 All analyses were stratified by gender. Because hormone concentrations 

were not normally distributed, log-transformed hormone concentrations were used in the 

models. Model estimates were then multiplied by log(1.10) to assess whether a 10% change 

in hormone concentration was associated with a β-unit difference in depression or anxiety 

score

We assessed effect modification by cortisol, testosterone, DHEA and estradiol of 

the hormone-mental health associations through testing a multiplicative term (e.g. 

cortisol*hormone), and by stratification by median concentrations of testosterone and 

cortisol calculated separately for boys and girls. Curvilinear associations were assessed by 

testing quadratic and cubic terms for all hormones. Interaction by cortisol, was considered 

since stress and cortisol have inhibitory effects on estrogen and testosterone secretion,18 and 

stress can affect the mood of individuals. Interaction by testosterone was considered as it can 

modulate the stress response and HPA axis.18

We used logistic regression to calculate the odds ratios (OR) of elevated (T-score ≥60) 

depression and anxiety scores if participants had (age- and sex-specific) low (<10th 

percentile) or elevated hormone concentrations (≥90th percentile), compared to those who 

had normal levels (10th – 89th percentile). Percentile cut-offs were determined within 

quartiles of age, ranked separately for boys and girls then pooled. Logistic regression models 

included all participants and were also stratified by gender.

Median levels of hormone concentrations were calculated across cortisol and testosterone 

tertiles to assess hormone-hormone relationships (Table S2, S3). Also, linear regression 

models assessed the relationship between log-transformed cortisol concentration with 

the three-remaining log-transformed hormone concentrations, independently (i.e. cortisol-

estradiol association), adjusting for age, z-score for body max index (BMI)-for-age, parental 

education, household monthly income, hemoglobin concentration, awakening time, saliva 

collection time, and Tanner staging. This was repeated using testosterone as the independent 

variable. As for the main analyses, the estimate was back transformed (anti-log) from 

their log-transformed values to identify whether a 10% increase in cortisol or testosterone 

concentration (independent variable) was associated with a percent change in hormone 

concentration (dependent variable). This was done by multiplying the estimate by log(1.10) 

All statistical analyses were conducted using SAS Version 9.4 (SAS Institute Inc., Cary, NC, 

USA).
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Figures.—Forest plots for boys, girls, and pooled analyses were created showing the OR 

of low (<10th percentile) and elevated (≥90th percentile) hormone concentrations, when 

compared to individuals with normal concentrations (Figures 2). The linear association of 

estradiol with depression and anxiety scores were depicted by plotting the adjusted least 

squares means of depression and anxiety scores for 150 ranks of estradiol concentrations. 

We then used locally weighted polynomial regression (LOESS) to graph the adjusted 

relationships between the ranks of estradiol concentration and the anxiety and depression 

symptom scores.

2.4. Imputation of missing variables

To maximize the study’s sample, we imputed missing information of maternal education for 

18 children and paternal education for 32 children as follows: for 10 children we imputed 

maternal education using maternal education reported in 2008, and for 27 children using 

paternal education reported in 2008. For the remaining eight children with missing maternal 

education, we conducted a random imputation based on a normal distribution of maternal 

education. For five of those eight children, we also imputed paternal education using random 

imputation based on a normal distribution of paternal education. Parental education was 

calculated as the average number of years of education of both parents. We also imputed 

household income for 13 children. Income values were imputed using 2008 information for 

five children. In 2008, income was collected as a 7-category variable. We calculated the 

group’s mean and SD of income in 2016 for each of the seven categories of income in 2008. 

We then imputed the 2016 income using a random normal distribution based on the mean 

(SD) appropriate for the reported 2008 income category. For the remaining eight children we 

imputed income based on the average of the mother’s and father’s education. We calculated 

the group’s mean (SD) income in 2016 for each year of education and imputed the 2016 

income using a random normal distribution based on the mean (SD) appropriate for the 

corresponding parental years of education.

2. Results

3.1. Participant characteristics

The mean age of adolescents at the time of assessment was 14.5 years (SD=1.76) and 

50.1% of the cohort were females. The average (SD) household monthly income was $581 

($400), and the average number of years of parental education was 8.1 years (3.5). The 

median [25th – 75th percentile] for sex and adrenal hormones and the mean (SD) depression 

and anxiety T-scores and other characteristics are listed in Table 1. Compared to males, 

female participants had higher BMI-for-age z-score, scores of anxiety and depression, and 

DHEA levels. Male participants had higher hemoglobin [13. mg/dL (1.3) vs 12.6 mg/dL 

(0.9), p<0.001] and testosterone concentrations [58.5 pg/mL vs 32.1 pg/mL, p<0.001] 

compared to females. These trends were expected, as hemoglobin and testosterone levels 

are naturally greater in males than females.32,33 A total of 49 males and 65 females had 

elevated depression scores (CDI-2 score ≥60). While 97 males and 128 females had elevated 

anxiety scores (MASC-2 scores ≥60). All hormones were significantly correlated with one 

another, except cortisol and estradiol in boys (Table S1).
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3.2. Associations of hormones with depression and anxiety scores

The associations of sex and adrenal hormones with depression and anxiety scores in linear 

regression models are presented in Table 2 for boys and Table 3 for girls. Overall, only 

estradiol was significantly associated with both depression and anxiety scores in boys; For 

every 10% increase in estradiol concentration (β) there was an increase in the depression 

score by 0.45 units (95% CI: 0.15, 0.75) and anxiety score by 0.42 (95% CI: 0.13, 0.72) 

units (Table 2). The positive association of estradiol with depression and anxiety is shown in 

Figure 1.

Using logistic regression models, boys with elevated estradiol concentrations had increased 

odds of elevated depression (OR: 4.75 [95% CI: 1.95, 11.57]) and anxiety (OR=2.43 

[1.01, 5.84]) scores, compared to boys with normal estradiol concentrations (Figure 2). 

Elevated cortisol in boys was marginally associated with increased odds of elevated anxiety 

(OR=2.16 [0.95, 4.91]) score, but not depression (OR=0.68 [0.22, 2.11]). There were 

no significant associations between any hormones with depression nor anxiety for girls. 

However, the association between elevated testosterone concentration and anxiety in girls 

did trend towards significance (OR=2.08 [0.88, 4.92]). After pooling boys and girls, elevated 

testosterone concentrations (OR=1.78 [0.98, 3.23]) and elevated cortisol concentrations 

(OR=1.69 [0.95, 2.99]) had borderline significant associations with elevated anxiety scores. 

Like the linear regression results, there were no associations between any of the hormones 

with depression nor anxiety for girls.

3.3. Effect modification by cortisol

There was effect modification by cortisol, and it affected the associations differently for 

males and females. Boys above the median of cortisol (AMC) had a stronger (more positive) 

estradiol-depression association (βAMC=0.54 [95% CI: 0.12, 0.96]) than those below the 

median of cortisol (BMC) (βBMC 0.28 [−0.16, 0.72], Table 2). The DHEA-depression 

association was also stronger, although not statistically significant in boys AMC. The 

testosterone -anxiety association was stronger in boys in below vs. above median of cortisol 

(β BMC= 0.11 [95% CI: −0.001, 0.22], βAMC= 0.01 [95% CI: −0.15, 0.13]).

Among girls, higher concentrations of cortisol also led to stronger (more negative) 

associations of depression with DHEA (βAMC =−0.12 [95% CI: −0.22, −0.02]) and 

testosterone (βAMC= −0.19 [95% CI: −0.35, −0.03]) compared to girls BMC. The 

relationship of testosterone with anxiety was also stronger, although non-significant, in girls 

AMC, whereas the DHEA-anxiety association did not differ by cortisol concentration (Table 

3).

3.4. Effect modification by testosterone

Testosterone modified the associations differently among boys (Table 2) and girls (Table 3). 

For boys with levels above the median of testosterone (AMT) concentration, we observed 

stronger positive associations between estradiol and depression (βAMT= 0.80 [95% CI: 0.39, 

1.22]) compared to the unstratified and AMC estimates. Stronger (positive) associations of 

cortisol with depression (βAMT= 0.45 [−0.19, 1.08]) and anxiety (βAMT= 0.59, [95% CI: 

−0.06, 1.23]) were also observed in AMT participants. Similarly, lower testosterone (below 
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the median of testosterone [BMT]) concentrations in boys resulted in negative associations 

of cortisol (βBMT= −0.49 [−1.27, 0.29]) and DHEA (βBMT= −0.12 [−0.21, −0.03]) with 

anxiety. The only significant interaction term found was between DHEA and testosterone for 

boys expressing anxiety.

Contrary to findings in boys, lower testosterone concentrations in girls resulted in stronger 

positive associations between cortisol and depression (βBMT= 0.94, [95% CI: 0.22, 1.66]) 

and cortisol and anxiety (βBMT= 0.50, [95% CI: −0.30, 1.32]); however, the latter 

association was not statistically significant. The associations of DHEA with depression and 

anxiety did not differ by testosterone level in girls.

3.5. Associations of hormones with cortisol and testosterone concentrations

All hormones were significantly correlated with one another except the relationship between 

cortisol and estradiol in boys (r=0.09, Table S1). DHEA and testosterone in girls had the 

strongest relationship seen between all pairs (r=0.66, p<0.05). Cortisol concentrations were 

strongly positively associated with testosterone and DHEA in boys and girls (Table S2): 

in boys, there was a 15.7% (95%CI: 8.8%, 23.2%) increase in testosterone concentration 

and 16.3% (95%CI: 4.8%, 29.1%) increase in DHEA concentration for every 10% increase 

in cortisol. However, there was a minimal percent change observed for estradiol (β=1.73 

[−1.41, 3.63]). In girls, there was a 17.2% (95%CI: 12.1%, 22.5%) increase in testosterone 

concentration and a 26.1% (95%CI: 17.4%, 35.5%) increase in DHEA concentration related 

to a 10% increase in cortisol concentration.

Estrogen, cortisol, and DHEA were also positively associated with testosterone 

concentration in boys and girls (Table S3). With a 10% increase in testosterone 

concentration, there was a small percent change in estradiol (β=0.90% [0.57, 1.23%]) 

and cortisol concentration (β=0.50% [0.29%, 0.71%]) in boys, and in cortisol for girls 

(β=0.95% [0.68%, 1.20%]). There was a larger percent change in DHEA levels for both 

boys (β=8.96% [3.97%, 10.98%]) and girls (β=10.1% [8.5%, 11.7%]) with a 10% increase 

in testosterone concentration.

4. Discussion

We found that adolescents with levels at or above the 90th percentile of testosterone, 

cortisol, or estradiol had increased odds of elevated depression and anxiety symptomology. 

The associations were strongest for estradiol, which also resulted in significant linear 

associations with both depression and anxiety in boys. For girls, there were borderline 

non-significant associations between elevated testosterone and anxiety, although there were 

no linear associations between any hormones with anxiety. Both testosterone and cortisol 

were considerable effect modifiers of the hormone and mood score associations for both 

boys and girls. This study is among the first to characterize the associations of various 

sex and adrenal hormones with mood in adolescents and one of the first to test hormone 

interactions in such associations.

These findings partially align with the three existing studies assessing associations 

of estradiol and mood in men. Similar to our findings, elevated estradiol has been 
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positively associated with depression in young men,13 and has been found to limit men’s 

responsiveness to antidepressants.34 However, comparing estradiol levels of depressed 

adult men and demographic-matched controls, no differences in estradiol concentrations 

were identified.35 Animal studies have indirectly examined this; in gonadectomized rats, 

supplementation with estradiol pellets resulted in antidepressant-like effects,36 similar to 

those achieved through testosterone supplementation. As estradiol supplementation returns 

hormone levels of gonadectomized rats to normal concentrations, these results are not 

applicable to our cohort of predominantly healthy adolescents.

The association we observed between elevated cortisol and elevated anxiety symptomology 

has been previously reported in the literature. In a study of 8- to 17-year-old adolescents, 

cortisol levels exhibited positive linear relationships with general and social anxiety in 

teenagers, both in boys and girls.37 While in another study done in 9- to-14-year-old 

girls, higher baseline cortisol levels predicted the onset of depression at the age of 18 

years compared to those with lower baseline cortisol levels. This suggests that elevated 

cortisol production in daily life introduces susceptibility to social and physical environment 

adversity and greater potential for mood alterations.38 These studies, however, did not 

identify that both low and high cortisol levels were positively associated with feelings of 

anxiety, as our study suggests.

Low testosterone levels have been associated with greater depressive symptoms in elderly 

men,10 and testosterone supplementation has been found to improve depression and anxiety 

symptoms among hypogonadal men.39 These findings contrast with the associations found, 

and may be explained by the substantial age and health status differences between the study 

populations. Based on the potential for a testosterone threshold effect, it is possible that 

testosterone replacement therapy in hypogonadal and elderly men may return testosterone 

concentrations to normal levels but not to a level which increases the risk of anxiety.

4.1. Effect modification by Cortisol

Our analyses suggest the presence of effect modification by cortisol on the hormone-mood 

associations, with varying effects by gender. For all associations observed, they were 

present in boys or girls, but never in both. For example, boys in the BMC category 

exhibited a positive association between testosterone and anxiety, whereas girls had and 

null associations. Similarly, in the AMC category, we observed negative associations of 

testosterone and DHEA with depression in girls, and null associations for boys. We expected 

to see differences in hormone-mood associations between boys and girls, as differential 

mood responses to adrenal and gonadal hormones by gender have been observed. 32,33 Yet, 

it was surprising to find that, unlike what was observed in the threshold effect results, the 

associations seen in stratified analyses did not trend in the same direction when comparing 

boys and girls within the same cortisol category.

Our results provide evidence that the interplay between the HPA and HPG axes may 

affect mood. The interactions of cortisol on the relationships of estradiol and testosterone 

with depression and anxiety suggest that the HPA axis can modulate the associations 

between the HPG axis and mood. The interaction observed between testosterone and 

cortisol support the dual-hormone hypothesis, which considers that the HPA axis moderates 
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the relationship between the HPG axis and human behavior; more specifically, that low 

cortisol concentrations may increase sensitivity to testosterone’s effects. 40,41 The dual-

hormone hypothesis parallels the relationship observed with testosterone and depression, 

as testosterone concentration was solely positively associated with anxiety symptoms in 

the BMC category for boys. Tackett et al. was the first to extend the dual-hormone 

hypothesis outside of the testosterone and cortisol interaction, to find that high estradiol 

concentrations are linked with externalizing behaviors only when cortisol concentrations 

are low among adolescents (ages 13–18).42 We also observed interactions of cortisol on 

the estradiol-internalizing symptom (depression) association; however the association was 

only present in higher (as opposed to lower) cortisol concentrations. The directionality of 

the effect modification by cortisol between these studies may not be comparable since the 

outcomes assessed were different (externalizing vs internalizing).

The interactions by cortisol on the DHEA-depression association in girls observed in our 

study suggest that there is effect modification within the HPA axis as well. Although the 

DHEA and cortisol interaction is excluded from the dual-hormone hypothesis since they 

are both HPA axis hormones, cortisol/DHEA ratio measures have been associated with 

treatment resistant depression and other psychological conditions, as depressed patients 

exhibit increased cortisol/DHEA ratios.43–45 The magnitude of change observed in DHEA 

under psychosocial stress has been found to be positively associated with the magnitude 

of changes in cortisol.45 Although these studies do not directly assess the role of effect 

modification between these two adrenal hormones, they suggest that DHEA and cortisol 

jointly affect depression symptom severity and should be further characterized.

4.2. Effect modification by Testosterone

Similar to stratification across cortisol medians, testosterone was a significant effect 

modifier of the hormone-mood relationships, and all associations observed either were 

present in boys or girls, but never both. For boys, we observed the strongest relationships 

between estradiol and depression in the AMT, demonstrating the strength of effect 

modification between sex hormones themselves. Others have also reported positive 

associations between estradiol and depression in obese men; however, contrary to our 

findings, such associations were strongest among participants with low testosterone levels.46 

There has been scant research on the effect of estradiol in males, as most research has 

focused on the testosterone-mood relationship.

Unlike the dual-hormone hypothesis which focuses on the influence of the HPA axis on 

the HPG axis, the DHEA-anxiety relationship in the BMT demonstrates that the HPG axis 

can also influence effects of the HPA axis. There is conflicting evidence on the relationship 

between DHEA and mood disorders. Some evidence indicates that DHEA antagonizes 

the effects of cortisol on the body, which helps to modulate negative consequences of 

stress.47,48 As we only identified a negative association between DHEA concentration and 

depression symptomology when assessing effect modification by testosterone, it is possible 

that the sensitivity to the effects of DHEA increase when there are lower concentrations of 

testosterone.
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4.3. Strengths, Limitations, and Future Directions

Strengths of this analysis includes our use of a large cohort to assess both the role of adrenal 

and sex hormones independently, but also examining the interplay between them. Given 

that adrenal and sex hormone regulation both independently but co-dependently regulate 

their secretion, our findings help contribute to the understanding of how their relationships 

effect mood disorders. Likewise, this study works to expand mental health research of Latin 

American populations, a population that is generally under-represented in the field.

A limitation of this study includes not measuring more HPA and HPG signaling 

hormones. Further study into corticotropin releasing hormones, (CRH) gonadotropin 

releasing hormones, (GnRH) luteinizing hormone, (LH) follicle stimulating hormone, (FSH) 

and others would provide greater clarity regarding the relationship between the axes on 

depression and anxiety. Although we were unable to confirm adolescent stage with LH 

and FSH concentrations, self-reported tanner staging has been found to be an appropriate 

research method to obtain puberty stage approximations,31,49 which is why we adjust for 

Tanner staging in our models. Another limitation was the quantification of salivary hormone 

levels using enzymatic methods, which are known to have lower accuracy compared to 

measurements using mass-spectrometry. Nonetheless, the enzymatic salivary kits used have 

high correlations with serum measured levels.50–53 This study did not capture information 

regarding traumatic life events nor adverse childhood events (ACEs). Therefore, we were 

unable to identify whether these events influenced hormone levels or mental health.

Future directions include conducting longitudinal analysis and assessing potential social 

and environmental influences on hormone expression and mood disorders. Specifically, 

assessing the association of pesticide exposure with hormonal changes and mental health 

is warranted given our previous findings of associations between lower acetylcholinesterase 

activity, a biomarker of greater pesticide exposure, with elevated depression scores (Suarez-

Lopez 2020).Additionally, identifying the influence of traumatic life events and ACEs on the 

hormone-mental health associations would be important to address in future studies. Lastly, 

measuring additional signaling hormones, like CRH, GnRH, LH, and FSH, would provide 

further provide clarity regarding the interplay of the HPA and HPG, and its subsequent effect 

on depression and anxiety.

4.5. Conclusion

Our study identified that elevated cortisol, estradiol, and testosterone levels increased the 

odds of having elevated depression and anxiety symptomology, and that there is significant 

effect modification by testosterone and cortisol on the hormone-mood associations. As the 

hormone-mood associations varied by gender, it highlights the importance of understanding 

how the relationship between hormone concentration and mood differs between boys 

and girls. The estradiol-mood association in boys was the most consistent and strongest 

relationship observed. Further characterization of this association in both males and females 

is necessary. These cross-sectional findings among adolescents support our hypothesis that 

both adrenal and gonadal hormones are associated with depression and anxiety, and that 

there exists an interplay between the HPA and HPG axes on their relationships with mood. 

Future longitudinal studies are warranted.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In 2016, we examined 545 boys and girls (ages 11–17y) in rural Ecuador.

• Elevated testosterone, cortisol and estradiol were associated with altered 

mood.

• Estradiol had the strongest associations with depression and anxiety scores.

• Cortisol and Testosterone were effect modifiers to hormone-mood 

associations.

• There was effect modification between and within the HPA and HPG with 

mood.
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Figure 1. 
Locally weighted polynomial regression (LOESS) of adjusted associations of estradiol 

concentrations with depression and anxiety scores among boys.

Adjusted for age, BMI-for-age z-score, parental education, household income, hemoglobin 

concentration, awakening time, saliva collection time, and sexual maturation. Each data 

point represents the adjusted least squares of anxiety or depression score for 150 ranks of 

ln(estradiol) concentrations. The line represents the locally weighted fitted value, while the 

blue-grey shaded bands are the 95% confidence intervals across each value of the x axis.
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Figure 2. 
Odds ratios for elevated (T-score ≥60) depression and anxiety scores associated with 

elevated (≥90th percentile) or low (<10th percentile) hormone levels compared to those with 

hormone levels between the 10th–89th percentile.

Models adjusted for age, BMI-for-age z-score, parental education, household income, 

hemoglobin concentration, awakening time, saliva collection time, and sexual maturation.
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Table 1.

Participant characteristics.

All Female Male P-diff

N 522 262 (50.1%) 260 (49.8%)

Age in summer 2016 14.5 (1.76) 14.5 (1.8) 14.4 (1.73) 0.39

Household income, USD 581 (400400) 597 (450) 565 (342) 0.35

Parental education, Years 8.1 (3.5) 7.9 (3.4) 8.3 (3.5) 0.23

Tanner score 2.89 (0.95) 2.85 (0.75) 2.93 (1.12) 0.34

BMI-for-age z-score, SD 0.39 (0.85) 0.54 (0.77) 0.23 (0.91) <0.001

Saliva collection time, hh:mm 07:11 (1:12) 07:08 (1:13) 07:14 (1:11) 0.31

Awakening time, hh:mm 06:44 (0:55) 06:42 (0:52) 06:47 (0:58) 0.32

Hemoglobin, mg/dL 13.0 (1.2) 12.6 (0.9) 13.4 (1.3) <0.001

Cortisol, μg/dL 
a 0.21 (0.14 – 0.30) 0.20 (0.14 – 0.30) 0.21 (0.13 – 0.30) 0.75

17β-estradiol, pg/mL 
b 0.43 (0.31 – 0.59) - 0.43 (0.30 – 0.59) -

Testosterone, pg/mL 
c 39.9 (26.1 – 67.3) 32.1 (23.2 – 42.9) 58.5 (32.5 – 99.3) <0.001

DHEA, pg/mL 
d 61.9 (30.2 – 105.9) 81.5 (45.9 – 133.1) 42.5 (21.7 – 78.5) <0.001

Depression score 
e 52.9 (9.3232) 53.8 (8.95) 52.1 (9.60) 0.04

Anxiety score 
f 57.7 (9.6363) 58.5 (9.41) 56.8 (9.80) 0.05

Values are percent, mean (SD) or median (25th - 75th percentile). USD = United States Dollar, BMI= Body Mass Index, hh:mm= hours and 
minutes, DHEA = dehydroepiandrosterone

a
n=520

b
n=253

c
n=517

d
n=499

e
n=510

f
n=512
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Table 2.

Adjusted associations of sex and adrenal hormones with depression and anxiety scores for boys, overall and 

then stratified by medians of cortisol and testosterone. Generalized linear regression was conducted to identify 

difference in assessment score per 10% change in hormone level (95% CI).

Difference in assessment score (β) per 10% increase in hormone level (95% CI), overall and stratified by cortisol 
medians (range)

Boys

All Cortisol Testosterone

Below Median (0.002 – 
0.19 μg/dL)

Above Median (0.20 
– 1.17 μg/dL)

Below Median (1.28 
– 4.08 pg/mL)

Above Median (4.09 
– 6.45 pg/mL)

Depression (n=253)

 Testosterone −0.01 (−0.10, 0.07) −0.01 (−0.13, 0.11) 0.01 (−0.12, 0.14) - -

 DHEA 0.02 (−0.04, 0.07) 0.003 (−0.08, 0.09) 0.06 (−0.02, 0.15) −0.01 (−0.10, 0.08) 0.04 (−0.04, 0.13)

 Estradiol
0.45 (0.15, 0.75) 

a 0.28 (−0.16, 0.72)
0.54 (0.12, 0.96) 

a 0.13 (−0.33, 0.59)
0.80 (0.39, 1.22) 

a

 Cortisol 0.15 (−0.31, 0.61) - - −0.05 (−0.76, 0.75) 0.45 (−0.19, 1.08)

Anxiety (n=254)

 Testosterone 0.04 (−0.05, 0.12)
0.11 (−0.00001, 0.22) 

a −0.01 (−0.15, 0.13) - -

 DHEA −0.03 (−0.09, 0.03) −0.01 (−0.08, 0.07) −0.03 (−0.12, 0.06) −0.12 (−0.21, −0.03) 
a

0.001 (−0.07, 0.10)

 Estradiol
0.42 (0.13, 0.72) 

a 0.31 (−0.09, 0.71) 0.37 (−0.08, 0.82)
0.44 (0.00, 0.87) 

a
0.44 (0.00, 0.89) 

a

 Cortisol 0.23 (−0.23, 0.69) - - −0.49 (−1.27, 0.29) 0.59 (−0.06, 1.23)

DHEA = dehydroepiandrosterone

a
p<0.05
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Table 3.

Adjusted associations of sex and adrenal hormones with depression and anxiety scores for girls, overall and 

stratified by medians of cortisol and testosterone.

Score difference (β) per 10% increase in hormone level (95% CI)

Girls

All Cortisol Testosterone

Below Median 
(0.002 – 0.19 μg/dL)

Above Median (0.20 
– 1.17 μg/dL)

Below Median (2.01 
– 3.49 μg/mL)

Above Median (3.50 
– 4.96 pg/mL)

Depression 
(n=259)

 Testosterone −0.06 (−0.16, 0.03) 0.04 (−0.10, 0.17)
−0.19 (−0.35, −0.03) 

a - -

 DHEA −0.02 (−0.98, 0.04) 0.05 (−0.04, 0.134)
−0.12 (−0.22, −0.02) 

a −0.03 (−0.14, 0.08) 0.02 (−0.09, 0.12)

 Cortisol 0.25 (−0.15, 0.65) - -
0.94 (0.22, 1.66) 

a 0.04 (−0.50, 0.59)

Anxiety (n=260)

 Testosterone 0.03 (−0.05, 0.12) 0.02 (−0.14, 0.17) −0.06 (−0.22, 0.10) - -

 DHEA −0.03 (−0.09, 0.02) −0.03 (−0.12, 0.07) 0.06 (−0.04, 0.16) 0.04 (−0.08, 0.15) −0.02 (−0.12, 0.08)

 Cortisol 0.01 (−0.42, 0.43) - - 0.50 (−0.30, 1.32) −0.26 (−0.79, 0.27)

Adjusted for hemoglobin, saliva time, awakening time, age, BMI-for-age z-score, Tanner score, parental education, and household monthly income.

DHEA = dehydroepiandrosterone

a
p<0.05
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