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Aim: The conflicting evidence as to whether a real association exists between cortisol
levels and depression lends support to adopting a Mendelian randomization approach
to investigate whether cortisol levels have a causal effect with depression.

Methods: Single nucleotide polymorphisms (SNPs) associated with serum morning
plasma cortisol level and salivary cortisol level from CORNET consortium (12,597
participants) were proposed as instrumental variables. The primary outcome was
depression, and the secondary outcomes were neuroticism and cognitive performance.
Summary-level statistics were extracted from the Social Science Genetic Association
Consortium including the United Kingdom Biobank cohort (105,739 subjects). Multiple
analysis methods (inverse-variance weighted method, max likelihood method, weighted
median estimator, model-based estimation, heterogeneity-penalized method, and
MR-Egger regression) were applied to test the stability of the summary causal estimate.

Results: Weighted median analysis estimated that the effect of serum morning cortisol
on depression score was 0.027 per standard deviation increase of cortisol (95% Cl,
0.000-0.054; p = 0.043). Other sensitivity analysis suggested similar results suggesting
the result was robust. No evidence of pleiotropy (MR-Egger intercept, —0.002; p = 0.739)
was observed. The effect of serum cortisol on neuroticism was 0.030 (95% Cl,
0.008-0.052; p = 0.006) by weighted median estimator. None of the methods observed
the effect of serum cortisol level on cognitive function. As for the effect of salivary cortisol
level, no method obtained a p-value lower than 0.05 in any of the outcomes.

Conclusion: Mendelian randomization analysis provided evidence that a genetic
predisposition to higher serum morning cortisol level was associated with increased
depression score.

Keywords: Cushing’s syndrome, depression, neuroendocrinology, single nucleotide polymorphisms, cortisol

INTRODUCTION

One of the most common psychiatric diseases in Cushing’s syndrome is major depression with
the prevalence of 50-81% (1). Some studies have reported an improvement in neuropsychiatric
disorders after the resolution of hypercortisolism, suggesting the causal effect of cortisol on
depression (2).

Morning serum cortisol and salivary cortisol levels are two diagnostic tools for Cushing’s
syndrome. Studies about the causaleffect of cortisol levels on depression varied among studies. The
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positive association between cortisol measures with overall
depressive symptoms was observed in the TRAILS cohort (3).

Midnight salivary cortisol was associated with self-reported
depression in patients with type 1 diabetes (4). Caparros-
Gonzalez et al. (5) used hair cortisol level as a positive predictor
for postpartum depression. On the contrary, several studies
observed a negative association of cortisol levels and depression.
Lower cortisol awakening response correlated with subclinical
depression in young subjects (6). Rhebergen et al. (7) found a
blunted cortisol awakening response in older people with the
depressive disorder. Low salivary cortisol concentration is a
risk factor of depression recurrence in another 2-year follow-up
study (8).

Neuroticism and cognitive performance are two other
neuropsychiatric assessment in patients with Cushing’s
syndrome. Increased prevalence of neuroticism was observed
in patients with Cushing’s disease but without knowing the
effect size (9, 10). Studies on cognitive performance in chronic
exposure of cortisol were controversial with both positive and
negative results (11, 12).

Mendelian randomization is an analytic method that involves
finding genetic proxies for a target exposure and then
testing the association with the outcome (13) (Figure 1). This
approach avoids some of the limitations of observational
studies (free from measured or unmeasured confounding)
and is not affected by the disease, thereby avoiding reverse
causation bias (14). On the other hand, summary-level
data of large genome-wide association studies (GWAS) are
increasingly available and allow the use of combinations
of single nucleotide polymorphisms (SNPs) in Mendelian
randomization analyses.

The conflicting evidence of whether a real association
exists between cortisol levels and depression and if so, the
magnitude of that association lends support to adopting a
Mendelian randomization approach. We hypothesized that
cortisol levels have a causal effect on depression as well
as neuroticism and cognitive performance. We conducted a
Mendelian randomization study, using summary-level data from
publicly available GWAS to investigate the causal relationship
of cortisol levels with depression as well as neuroticism and
cognitive performance.

METHODS

Study Design and Data Sources

The mendelian randomization approach used in this study
builds on three assumptions (13, 15) (Figure1). First, the
genetic variants [instrumental variables: single nucleotide
polymorphisms (SNPs)] are predictive of the exposure (cortisol
levels); second, the genetic variants are only associated with
the outcome (neuropsychiatric functions) through the variants-
exposure-outcome pathway; third, the variants do not share
common causes with the outcomes. This study involved analysis
of publicly available, summary-level data; specific ethical review
and informed consent were obtained in all of the original studies.
Ethical approval of this study was not required due to not
involving human subjects.

Instrumental Variables

CORNET consortium was a genome-wide association study
(GWAS) for genetic association with serum morning cortisol
and salivary cortisol levels (16, 17). The GWAS was conducted
in 12,597 individuals of European ancestry (established in a
cohort of 749 + 5.7 years old with 45.4% of male and
validated in a cohort of 60.9 &+ 5.7 years old with 77.7% of
male). Eighteen SNPs associated with serum morning cortisol
level at the genome-wide significance level (p < 5.0 x
107%) in the discovery cohorts (Supplement Table 1). Effect
alleles in these SNPs associated with at least 0.07 standard
deviation (SD) increase of serum morning cortisol level in

the log scale.

Though no SNPs associated with salivary cortisol levels at
the genome-wide significance level were identified, we still
extracted two SNPs at the significance level of p < 5.0 x 1077
(Supplement Table 2). Effect alleles in these two SNPs were
associated with at least 0.12 SD increase of salivary cortisol level
in the log scale.

Outcomes

The primary outcome was depression. We extracted summary-
level statistics for the associations of the cortisol-associated SNPs
from the study conducted by Okbay et al. (18) in 105,739 subjects.
The population came from UK Biobank (UKB) cohorts. The
outcome used a continuous measure by combining responses to
two questions. The first question was: “Over the past 2 weeks,
how often have you felt down, depressed or hopeless?” The
second question was: “Over the past 2 weeks, how often have
you had little interest or pleasure in doing things?” Answers were
categorized into: (1) “Not at all,” (2) “Several days,” (3) “More
than half the days,” and (4) “Nearly every day.”

The secondary outcomes were neuroticism and cognitive
performance. We extracted summary-level statistics of
neuroticism from a population of 168,105 subjects with the
population coming from the Genetics of Personality Consortium
(GPC) and UKB data (18). The outcome used in UKB cohort
was summing response of a 12-item version of the Eysenck
Personality Inventory (mean: 4.16, SD: 3.23). The outcome used
in GPC was harmonized different neuroticism batteries. The
summary-level statistics of cognitive performance were obtained
from a recently published study (19) using the respondent’s score
on a test of verbal cognition.

Sensitivity Analyses

We used multiple analysis methods (inverse-variance weighted
method, max likelihood method, weighted median estimator,
model-based estimation, and heterogeneity-penalized method)
to test the stability of the summary causal estimate. We used MR-
Egger regression to test pleiotropy. In the absence of statistical
evidence for horizontal pleiotropy (the intercept from MR-Egger
not differed from zero), we used the conventional Mendelian
randomization analyses as they retain greater power (20). We
further examined the stability of the summary causal estimate by
excluding SNPs with high linkage disequilibrium with each other
from the instrumental variables.
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Statistical Analysis

The SD for cortisol in the GWAS cohorts was around 200 nmol/L,
with a SD of 1 for depression symptom score. Assuming that
the lowest observational causal effect is 0.003 depression score
increase per 1 nmol/L cortisol increase based on observational
studies (21, 22), and also assuming that the genetic instrument
explains only 1% of variation in cortisol level (16, 17), the
calculated power of this Mendelian randomization study in
100,000 subjects was 35% (23). If we assume that the causal effect
is 0.01 depression score increase per 1 nmol/L cortisol increase,
the calculated power will be 100%.

SNPs were matched across the data sources by assigning
them to the same effect allele. The association of each SNP with
primary or secondary outcomes was weighted by its association
with cortisol levels. The effect of cortisol levels on primary
or secondary outcomes was scaled per SD increase. Statistical
tests for the Mendelian randomization analyses were considered
significant at p = 0.05. All analyses were conducted in R
version 3.2.5.

RESULTS

In the UKB cohort (British population-based cohort focused on
individuals in the age range 40-69) for depression, the average
score of the first question was 1.29 & 0.61, the average score of
the second question was 1.27 & 0.60. The combination of those
two questions achieved an average score of 2.56 £ 1.09 (18).

In the inverse-variance weighted analysis, the effect of serum
morning cortisol on depression score was 0.014 per SD increase
of cortisol (95% CI, —0.002-0.030; p = 0.081) (Figure 2). Max
likelihood method obtained almost the same estimation and
confidence interval. Weighted median estimated the effect to be
0.027 (95% CI, 0.000-0.054; p = 0.043). Model-based estimation
also obtained almost the same estimation and confidence interval
with weighted median estimator. The effect was 0.014 (95%
CI, —0.001-0.029) using the heterogeneity-penalized method.
The association between serum cortisol levels and depression
score was consistent in MR-Egger regression, although with a
wider confidence interval (0.042, [95% CI, —0.125-0.209]). There

was no evidence of pleiotropy (MR-Egger intercept, —0.002;
p = 0.739, Figure 3). No heterogeneity was observed between
the estimates from different methods (> = 0%, p = 0.76
for heterogeneity).

Inverse-variance weighted and max likelihood estimation
obtained null results (0.011, [95% CI, —0.011-0.032, p = 0.322]
and 0.012, [95% CI, —0.011-0.034, p = 0.563], respectively)
regarding the effect of serum cortisol on neuroticism (Figure 2).
The effect using weighted median estimator, model-based
estimation and heterogeneity-penalized method were 0.030 (95%
CI, 0.008-0.052, p = 0.006), 0.042 (95% CI, 0.011-0.073,
p = 0.008) and 0.028 (95% CI, 0.002-0.047), respectively. None
of the method observed effect of serum cortisol level on cognitive
function, p-values ranged from 0.277 to 0.674 (Figure 2).

As for the effect of salivary cortisol level, no method obtained
a p-value lower than 0.05 in any of the outcomes (Figure 4).

In the sensitivity analysis excluding SNPs with high linkage
disequilibrium with each other, which provided 8 SNPs in
the remaining instrumental variables, the effect of serum
morning cortisol level on depression score using weighted
median estimator was 0.026 (95% CI, —0.002-0.055, p = 0.072,
Supplement Figure 1).

DISCUSSION

To reveal the causal effects of cortisol levels on the depression, we
conducted this Mendelian randomization analysis using public
available summary-level data in Caucasian subjects. We observed
positive associations of serum morning cortisol with self-report
depression score and neuroticism score.

Among three assumptions of Mendelian randomization, using
serum cortisol associated SNPs as instrumental variables in
this study probably meet the first assumption. Effect alleles
in each SNP were associated with at least 0.07 SD increase
of cortisol level. Proposed salivary cortisol associated SNPs
as instrumental variables may violate this assumption due to
failing the genome-wide significant level. This may explain that
no causal effect was observed between salivary cortisol and
the outcomes.
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Causal effect of serum cortisol on neuropsychiatric function
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FIGURE 2 | Causal effect of serum morning cortisol level on neuropsychiatric functions. X-axis represents the effect of per standard deviation of serum cortisol
increase on the neuropsychiatric outcomes. Boxes represent point estimations of the effect with the 95% confidence interval. Different colors represent different

statistical methods.
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The second Mendelian randomization assumption may be
violated when instrumental variables display associations with
the outcome through pathways that are distinct to the one
from exposure through to outcome (15). Though the second
assumption was not verifiable, we adopted several approaches
to minimize the originated bias. We evaluated each cortisol-
associated SNP for pleiotropic associations with potential known
confounders, including body mass index and diabetes. None
of these SNPs had pleiotropic associations at the Bonferroni-
corrected significance threshold [(p < 0.05)/18 SNPs = 0.003,
Supplement Table 3]. We used MR-Egger regression as one of

the sensitivity tests, which provided a valid test of pleiotropy
(no evidence of pleiotropy) and a valid test of the causal null
hypothesis. The slope of MR-Egger regression (0.042, Figure 4)
provided a consistent estimate of the true causal effect (20).

The third mendelian randomization assumption may also
be violated when instrumental variables and outcomes share
common causes (15). This may be the case in population
stratification and linkage disequilibrium. We restricted the study
in the frame of the European population, which minimized
the risk of population stratification. We also searched SNPs in
the same linkage disequilibrium block but not included in the
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FIGURE 4 | Causal effect of salivary cortisol level on neuropsychiatric functions. X-axis represents the effect of per standard deviation of salivary cortisol increase on
the neuropsychiatric outcomes. Boxes represent point estimations of the effect with the 95% confidence interval. Different colors represent different statistical
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instrumental variables (261 SNPs). No association of those SNPs
with the outcomes (Supplement Table 4) was observed at the
Bonferroni-corrected significance level [(p < 0.05)/261 SNPs
= 0.0002]. In the sensitivity analysis, we removed SNPs with
high association with each other. The point estimations almost
unchanged, though the confidence intervals of most methods
included the null hypothesis, which was caused by decreased
number of instrumental variables.

SNPs associated with serum cortisol level and saliva cortisol
level were established and validated in two different cohorts with
different ages and different gender proportion, which suggests
age and gender do not influence the association between SNPs
and cortisol levels. On the other hand, UKB is a relatively younger
cohort comparing to the two discovering cohorts, but we argue
that even though age is associated with the outcomes, there is no
evidence that age would be associated with the SNPs.

We used five different statistical methods to estimate the
causal effect because either method had its own advantage.
Inverse-variance weighted method is biased when one genetic
variant is an invalid instrument variable (24). Weighted median
gives consistent estimation when 50% of the genetic variants is
valid (24). Maximum likelihood method has been encouraged
especially in weak instruments due to the unbiased estimation
(25). The model base estimation and heterogeneity-penalized
method presented less bias and lower type-I error rates than
other methods under the null (26, 27). MR-Egger method is
consistent even when 100% of genetic variants are invalid but
has wider confidence interval than inverse-variance weighted or
median-based methods (24).

In patients with Cushing’s syndrome, morning serum
cortisol level may increase by 10 standard deviations in
certain patients, which may result in the depression score
increase by approximately 0.2 (roughly half day of depression
according to the question and answer in the phenotype).
The finding from this study supports results from several

observational studies showing a positive association of serum
cortisol levels with risk of depression (3-5). Different scales
used in the outcome among studies increase the difficulty of
comparison. Findings from observational studies further show
that recovery of hypercortisolemia is associated with recovery
of depression (1, 28). The positive association between serum
cortisol and neuroticism also supports previous observational
studies (9, 10, 29-31).

This was the first study to investigate the causal relation
of cortisol levels with depression using a very large sample
and a method that may allow for unbiased estimates. The
results in this study were robust with multiple sensitivity
analysis indicating that confounding is unlikely to explain the
observed association.

This study has some limitations. First, although we used
several approaches in an attempt to rule out pleiotropy, it
was still possible that the association of SNPs and depression
were through other pathways. A shared genetic basis between
SNPs and depression cannot be ruled out either. Second,
outcomes derived from self-report answers. Although the
continuous outcomes were more likely to increase power
than binomial diagnostic data in this study, their clinical
use has not been validated. The DSM diagnosis can be
used for depression in future studies. Third, only two SNPs
were associated with salivary cortisol levels in the original
GWAS which made the analysis not robust on the effect
of salivary cortisol levels. Besides, neither individual-level
SNP data nor a replication data set with a similarly large
number of depression cohort were not available. Fourth, this
analysis was restricted to individuals of European ancestry, thus
hindering the generalizability in the whole population. The
results were derived from only statistical analyses and thus,
they have to be presented with more cautions. Future studies
may investigate cortisol level and genotyping from subjects
with depression from the UKB cohorts to see if the genetic
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variants confirm the association of the cortisol exposure with
the disease.

CONCLUSIONS

Mendelian randomization analysis provided evidence that a
genetic predisposition to higher serum morning cortisol level was
associated with increased depression score.
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