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Dysregulated diurnal cortisol pattern is associated with
glucocorticoid resistance in women with major depressive
disorder

Michael R. Jarchoa,*, George M. Slavicha, Hana Tylova-Steinb, Owen M. Wolkowitzb, and
Heather M. Burkeb

aCousins Center for Psychoneuroimmunology and Department of Psychiatry and Biobehavioral
Sciences, University of California, Los Angeles, CA, USA
bDepartment of Psychiatry, University of California, San Francisco, CA, USA

Abstract
Dysfunction of the hypothalamic–pituitary–adrenal (HPA) axis is believed to play a role in the
pathophysiology of depression. To investigate mechanisms that may underlie this effect, we
examined several indices of HPA axis function – specifically, diurnal cortisol slope, cortisol
awakening response, and suppression of cortisol release following dexamethasone administration
– in 26 pre-menopausal depressed women and 23 never depressed women who were matched for
age and body mass index. Salivary cortisol samples were collected at waking, 30 min after
waking, and at bedtime over three consecutive days. On the third day, immediately after the
bedtime sample, participants ingested a 0.5 mg dexamethasone tablet; they then collected cortisol
samples at waking and 30 min after waking the following morning. As predicted, depressed
women exhibited flatter diurnal cortisol rhythms and more impaired suppression of cortisol
following dexamethasone administration than non-depressed women over the three sampling days.
In addition, flatter diurnal cortisol slopes were associated with reduced cortisol response to
dexamethasone treatment, both for all women and for depressed women when considered
separately. Finally, greater self-reported depression severity was associated with flatter diurnal
cortisol slopes and with less dexamethasone-related cortisol suppression for depressed women.
Depression in women thus appears to be characterized by altered HPA axis functioning, as
indexed by flatter diurnal cortisol slopes and an associated impaired sensitivity of cortisol to
dexamethasone. Given that altered HPA axis functioning has been implicated in several somatic
conditions, the present findings may be relevant for understanding the pathophysiology of both
depression and depression-related physical disease.
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1. Introduction
Major depressive disorder (MDD) is among the most common and costly of all psychiatric
disorders. Nearly 20% of individuals experience depression at some point in their lives
(Kessler et al., 2010), and most individuals who experience one depressive episode
experience at least one additional episode in their lifetime (Monroe and Harkness, 2011).
The strongest predictor of an impending major depressive episode is psychosocial stress
(Kendler et al., 1999), which has been related to both the severity and clinical presentation
of depression (Monroe et al., 2007b; Muscatell et al., 2009). It has been proposed that
dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis may mediate the effects of
early and adulthood life stress on the development of depression (Harkness et al., 2011;
Holsboer, 2000). Exactly how HPA axis dysregulation manifests in depression, however,
and what mechanisms underlie its perpetuation, remains unclear.

Upregulation of the HPA axis is critical for helping individuals manage social–
environmental challenges. The production and release of cortisol, the end product of HPA
axis activation, is a tightly regulated process. Under basal conditions of little or no stress,
cortisol secretion follows a diurnal pattern characterized by high concentrations at
wakening, a morning peak shortly after waking up, and a steady decline over the day, which
is collectively referred to as the “diurnal slope”. Deviations from this diurnal cycle can
occur, though, and these altered dynamics have been implicated in several disorders
including cardiovascular disease, breast cancer, and post-traumatic stress disorder, as well as
in depression (Bauer, 2008; Hatzinger, 2000).

Studies investigating atypical diurnal HPA patterns in depressed individuals have produced
mixed results. Some studies have demonstrated that depressed individuals exhibit lower
morning cortisol and higher evening cortisol than non-depressed individuals, resulting in a
flatter diurnal slope (Gartside et al., 2003; Weinrib et al., 2010). However, other studies
have found evidence of chronically elevated cortisol levels (i.e., hypercortisolemia)
throughout the diurnal rhythm in depressed individuals, but no difference in diurnal slope
between depressed and non-depressed persons (Maes et al., 1998; Vreeburg et al., 2009),
suggesting increased HPA activity in depressed individuals regardless of time of day (for a
review, see Heaney et al., 2010). Proposed explanations for these divergent findings have
focused on several factors including possible differences in time of cortisol sampling,
severity of depression, type of depression (e.g., typical vs. atypical), presence of comorbid
conditions including anxiety and depression, age of participants, use of medications
including oral contraceptives, stage of the menstrual cycle in women, and methodological
differences such as sample type (e.g., urinary vs. plasma vs. salivary; Heaney et al., 2010).
Nonetheless, the precise manner in which diurnal cortisol production is altered in depression
remains a topic of ongoing debate.

The mechanisms that underlie altered HPA axis functioning in depression also remain
unclear. One line of research into this issue has focused on the glucocorticoid receptor in the
paraventricular nucleus and pituitary gland. In order to down-regulate cortisol production,
cortisol must interact effectively with its receptor. Cortisol typically exerts negative
feedback via glucocorticoid receptors in the hippocampus and medial frontal lobe, as well as
the hypothalamic and pituitary portions of the HPA axis (Akana et al., 2001; de Kloet et al.,
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1998; Diorio et al., 1993; Thomson and Craighead, 2008). Inhibited negative feedback at
one or more of these sites, however, can cause a flatter diurnal slope (Bradbury et al., 1994;
Miyanaga et al., 1990). To assess HPA axis negative feedback sensitivity in depression,
researchers have commonly used the dexamethasone suppression test. Dexamethasone is a
synthetic ligand that binds specifically to the glucocorticoid receptor (Anacker et al., 2011).
Binding of dexamethasone to the glucocorticoid receptor exerts negative feedback similar to
that exerted via binding of the receptor by cortisol. Following dexamethasone
administration, less effective suppression of endogenous cortisol is believed to be caused by
reduced glucocorticoid receptor sensitivity (for review, see Hatzinger, 2000). Reduced
glucocorticoid receptor functioning – commonly referred to as “glucocorticoid resistance” –
has been proposed as one possible mechanism underlying altered HPA axis regulation in
depression (Anacker et al., 2011; Pace et al., 2007). Although the causal relationship
between glucocorticoid resistance and depression is not fully understood, it is believed that
HPA axis dysregulation and glucocorticoid resistance may play an important role in the
pathophysiology of depression and depression-related physical disease (Chida and Hamer,
2008; Leonard and Myint, 2009; Pace et al., 2007). Direct simultaneous comparison of
different aspects of HPA axis regulation – including diurnal cortisol rhythms, cortisol
awakening responses, and glucocorticoid receptor sensitivity to dexamethasone – may
further illuminate the link between HPA axis dysregulation and depression.

To characterize the specific type of HPA axis dysregulation that is associated with major
depression and to examine whether such dysregulation is related to altered glucocorticoid
receptor sensitivity, we recruited a sample of healthy pre-menopausal adult women with
depression and a comparison group of non-depressed healthy women who were matched for
age and body mass index (BMI). We restricted our sample to pre-menopausal women for
several reasons. First, women are nearly twice as likely to experience depression as men
(Marcus et al., 2005). Second, prevalence of depression appears to follow a bimodal pattern
in women, characterized by an initial emergence in adolescence and a reemergence in mid-
to late-adulthood, making pre-menopausal adult women particularly susceptible to
depression (Hickie et al., 2012; Parker and Hadzi-Pavlovic, 2004). Third, although pre-
menopausal women are at high risk for developing depression (American Psychiatric
Association, 2000), they are also still relatively early in their cumulative disease process,
permitting us to investigate hormonal processes that occur before onset of other confounding
physical health conditions, such as sleep deprivation and cardiovascular disease. Finally, as
we noted previously, the manner in which HPA axis activity and cortisol production is
dysregulated in pre-menopausal, depressed women remains unclear.

Participants in the present study were followed for a week, during which time they provided
three samples of salivary cortisol per day for four consecutive days. Prior to the last
sampling day, they self-administered a 0.5 mg dose of dexamethasone. This study design
allowed us to investigate cortisol rhythm over multiple days in closely matched depressed
and non-depressed women, thus minimizing the possibility of confounding influences
resulting from between group factors. By allowing women to collect their own salivary
samples and administer the dexamethasone suppression test, we also maximized the
likelihood that salivary cortisol levels reflected naturalistic concentrations. Based on prior
research (Deuschle et al., 1997; Gartside et al., 2003), we hypothesized that depressed
women would exhibit flatter diurnal cortisol slopes than non-depressed women, suggesting
dysregulation in the form of impaired negative feedback response. Given the critical role
that glucocorticoid receptors play in regulating HPA axis activity, we hypothesized further
that flatter diurnal cortisol slopes would be associated with a weaker response to
dexamethasone. Lastly, because depression symptom severity has been associated with
degree of HPA axis dysregulation (Harkness et al., 2011; Hsiao et al., 2010; Knight et al.,
2010), we hypothesized that among depressed women, greater depression severity would be
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associated with flatter diurnal cortisol slopes, blunted cortisol awakening response, and
weaker dexamethasone-related suppression of cortisol.

2. Method
2.1. Participants and procedures

Participants were 49 pre-menopausal healthy adult women (26 depressed women and 23
non-depressed women) between the ages of 21 and 40 (M = 30.0, SD = 6.11) recruited from
a larger study examining the effects of stress on psychological and biological functioning in
depression. To characterize how and why diurnal cortisol rhythms are altered in depression,
the study was a case-matched, prospective study, where clinically depressed and non-
depressed participants were matched for age (±3 years) and body mass index (±5 kg/m2).
All but three depressed participants were matched with a non-depressed control participant
at the time of this manuscript. Demographic and clinical characteristics of the sample are
presented in Table 1.

Participants were recruited from the General Medicine Clinic at the University of California,
San Francisco (UCSF), and from the greater San Francisco Bay area community using
newspaper and online classified advertisements, a study website, and fliers posted around
the UCSF campus. Individuals who passed an initial eligibility telephone screen were
invited to complete a comprehensive diagnostic interview. All participants were examined
by a physician or nurse practitioner. In addition to a medical history and physical exam,
standard laboratory tests were performed to screen out participants who showed signs of
physical illness, abnormal thyroid function, or abnormal blood glucose concentrations. To
be included in the depressed group, participants had to meet Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV; American Psychiatric Association, 2000) criteria for
current MDD or depressive disorder not otherwise specified, as assessed by the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID; First et al., 1995). To be included in
the non-depressed group, participants must have been free from all current or past
depressive symptoms meeting sub-threshold or threshold levels (i.e., 2 or 3) according to the
SCID.

Regardless of diagnostic group, individuals were excluded if they had current posttraumatic
stress disorder; a lifetime history of mania, hypomania, or primary psychotic symptoms; a
current eating disorder; or a recent history (i.e., past 6 months) of alcohol or substance abuse
or dependence. Participants were also excluded if they were unable to provide informed
consent or were pregnant, post-menopausal, non-English speaking, were under 21 years old
or over 40 years of age, had BMI scores below 17 or above 40 kg/m2, experiencing physical
health problems, or taking medications that affect HPA axis or immune system functioning.
Participants were allowed to take antidepressants (10 of 26 depressed women) and oral
contraceptives (18 of total sample, equally distributed across diagnostic groups). As
described below, however, both medications were examined for inclusion as potential
covariates in the statistical models.

Participants who met all inclusion requirements were mailed a questionnaire packet and
consent form, as well as a saliva collection log that contained instructions for the diurnal
cortisol sampling and dexamethasone suppression test protocols (see below). Within one
week of completing the saliva collection protocol, participants attended an in-person
assessment session in which they completed several interviews and questionnaires assessing
depression severity (see below). At the time of the in-person visit, height and weight were
measured to calculate BMI scores, and hip and waist measurements were made to calculate
waist-to-hip ratios. In addition, questions about current menstrual status were asked to
determine the average length of each participant’s menstrual cycle and to calculate the
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menstrual phase during the saliva sampling protocol. For participating in the parent study on
psychological and biological aspects of depression, non-depressed participants were paid
$150 and depressed participants were paid $200, as they also completed two follow-up
sessions (not reported here).

2.2. Salivary cortisol and dexamethasone suppression test
Saliva sampling is a minimally invasive method for investigating concentrations of the
biologically active unbound form of cortisol (Kirschbaum and Hellhammer, 1989). To
obtain these samples, participants passively drooled into saliva collection vials and
immediately placed the sealed vials into a refrigerator. This was repeated for four
consecutive days while participants were at home. Over the first three days, participants
collected samples at three time points during the day: (1) at wakening, (2) 30 min after
wakening (i.e., “morning peak”), and (3) before going to bed in the evening. Participants
were instructed to collect all of the wakening samples while still in bed, and to not eat,
drink, or brush their teeth for at least 20 min prior to any of the collection times. On average,
actual collection times for wakening, morning peak, and evening were 7:31 AM, 8:04 AM,
and 11:21 PM, respectively, and these times did not differ significantly across sampling
days, or for depressed versus non-depressed women (all ps > 0.45).

To assess the effectiveness of HPA-axis negative feedback, a dexamethasone suppression
test was conducted from the end of the third day to the beginning of the fourth consecutive
day of sampling. Specifically, on the third day of sampling, immediately following the
evening cortisol sampling, participants self-administered 0.5 mg of dexamethasone orally.
Low-dose dexamethasone (0.5 mg) was selected because studies have demonstrated that this
dose most effectively distinguishes functional and dysfunctional HPA activity (Poland et al.,
1985). Saliva samples were collected the following (i.e., fourth) day at wakening and
morning peak. Response to dexamethasone administration was indexed as the difference
between pre- and post-dexamethasone cortisol levels at wakening and morning peak,
averaged across sampling days 1–3.

Following collection, all saliva samples were delivered to the General Clinical Research
Center at UCSF, where they were processed and frozen until time of assay. Prior to assay,
samples were thawed and then centrifuged at 3000 rpm for 20 min to separate the aqueous
component from mucins and other suspended particles. Salivary concentrations of cortisol
were estimated in duplicate using commercial radioimmunoassay kits (Siemens Healthcare
Diagnostics Inc., Los Angeles, CA). Assay procedures were modified to accommodate
overall lower levels of cortisol in human saliva relative to plasma as follows: (1) standards
were diluted to concentrations ranging from 2.76 to 317.4 nmol/L; (2) sample volume was
increased to 200 μL; and (3) incubation times were extended to 3 h. Serial dilution of
samples indicated that the modified assay displayed a linearity of 0.98 and a least detectable
dose of 1.3854 nmol/L. Intra- and inter-assay coefficients of variation were 4.59% and
6.11%, respectively.

A cortisol collection logbook was provided to all participants. It contained instructions for
the cortisol sampling, as well as questions about sample collection times and activities
before the time of saliva collection. Questions focused on participants’ bedtime each
previous night and the time of waking for each sample day, as well as their eating, drinking,
teeth brushing, and vigorous activity behavior before each collection time point. In addition,
at the end of each day, participants answered detailed questions about their recent tobacco,
alcohol, caffeine, and medication use, as well as the amount of time they spent exercising.
Participants also rated the quality of their workday [e.g., “Please check one of the following
statements that best describes today for you: (a) Today I had a lower workload or felt less
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stressed than usual, (b) Today was typical in terms of my workload and stress level, or (c)
Today I had a greater workload or felt more stressed than usual”].

2.3. Depression history and severity
Depression history and severity were assessed during the SCID session. Depression history
(i.e., number of lifetime episodes of depression) was assessed using the SCID. Self-reported
depression severity was assessed by the Inventory of Depressive Symptomatology (IDS).
The IDS is a widely used, 30-item self-report measure of depression that assesses for the
presence of cognitive, somatic, behavioral, and physiological symptoms that characterize the
disorder (Rush et al., 1996). The measure has good internal consistency (Cronbach’s α =
0.85) and correlates strongly with clinician-rated instruments, such as the Hamilton Ratings
Scale for Depression (Rush et al., 1986).

2.4. Statistical analyses
All variables were first evaluated by inspection of descriptive statistics. Any values that
exceeded two standard deviations from the mean were excluded. This resulted in the
exclusion of 5 of the original 546 cortisol data points. Next, data were divided according to
clinical diagnostic group (i.e., depressed vs. non-depressed), and t-tests and χ2 analyses
were used to evaluate whether the groups differed with respect to demographic or clinical
characteristics. Correlational analyses were conducted to evaluate associations among the
variables, and reported statistics have been adjusted for multiple comparisons (Bland and
Altman, 1995). Cortisol values were greatly skewed and were thus log-transformed prior to
statistical analyses.

Tests of our primary hypotheses were conducted using mixed models analyses (PROC
MIXED in SAS v. 9.2, Cary, NC). The model utilized the sample collection day (1–3),
sample collection time (wakening = 0, morning peak = 1, evening = 2), and diagnostic group
(depressed = 0, non-depressed = 1) as predictors of log-transformed cortisol values. In
addition, interaction effects between sample collection time and group were investigated. A
second model testing the effects of the dexamethasone test used participants’ average
wakening and morning peak samples from days 1 to 3 and compared them to their post-
dexamethasone wakening and morning peak samples on day 4. This model permitted us to
examine the effects of the dexamethasone test on participants’ wakening cortisol
concentration while simultaneously exploring the effects of the dexamethasone test on
participants’ cortisol awakening response. A third model utilized the previously described
measures of depression history and severity (i.e., number of lifetime episodes of depression
and IDS depression severity score) as predictors of log-transformed cortisol values. All
statistical models controlled for the exact sampling times of individual cortisol samples, the
exact time of awakening for each participant, the amount of time slept the previous night,
medication use, menstrual cycle phase, education level, and marital status, all of which were
included as covariates in the model. Post hoc analyses were conducted with t-tests for main
effects and repeated measures analysis of variance for interactions.

3. Results
3.1. Preliminary analyses

As illustrated in Table 1, depressed and non-depressed participants differed with respect to
marital status and level of education (ps < 0.0001). However, these factors were unrelated to
the primary outcomes of interest – namely, participants’ diurnal cortisol concentrations and
their dexamethasone suppression test response (ps > 0.34). Further, their inclusion in
statistical models did not significantly alter the results. In addition, as expected, depressed
and non-depressed participants differed on measures of depression, including depression
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history (as measured by the SCID-I; p < 0.0001) and depression severity (as measured by
the IDS; p < 0.0001).

Cortisol data from all 49 depressed and non-depressed women were used to determine the
overall diurnal pattern of cortisol in the sample. The diurnal cortisol rhythm showed the
expected pattern of elevated morning cortisol upon wakening, followed by an immediate
increase 30 min after wakening, followed by a decline to the lowest levels in the late
evening (see Fig. 1). General linear models analysis revealed that time of day was a
significant predictor of cortisol concentration (F2,276 = 376.44, p < 0.0001, η2 = 0.46). Post
hoc analyses designed to examine this effect showed that, as expected, participants’ cortisol
levels were significantly higher at morning peak than at wakening (t141 = −9.28, p < 0.0001,
d = −1.56), and significantly lower in the evening than at wakening (t139 = 22.85, p <
0.0001, d = 3.88) or morning peak (t138 = 26.35, p < 0.0001, d = 4.49). Cortisol
concentrations did not differ significantly across days 1–3 (F2,276 = 0.95, p = 0.35, η2 <
0.01), and there was no interaction between time of sampling and day of sampling (F4,270 =
0.14, p = 0.80, η2 < 0.01).

3.2. Group differences in cortisol awakening response and diurnal cortisol pattern
Participants’ cortisol awakening response was indexed as the difference between cortisol
levels at wakening and at morning peak, relative to the amount of time that passed between
the two samples (i.e., approximately 30 min). Analyses were conducted to test whether
diagnostic groups differed according to cortisol awakening response across days 1–3.
However, no overall difference was found for depressed versus non-depressed women with
respect to this outcome (p = 0.80).

We also tested for possible group differences in cortisol concentrations at each of the
sampling time points. Relative to non-depressed women, depressed women had significantly
lower wakening cortisol levels (depressed: 0.95 ± 0.028; non-depressed: 1.03 ± 0.025; t147 =
2.07, p = 0.041, d = 0.34) and morning peak cortisol levels (depressed: 1.12 ± 0.034; non-
depressed: 1.23 ± 0.023; t144 = 2.52, p = 0.013, d = 0.42), and marginally higher evening
cortisol levels (depressed: 0.41 ± 0.036; non-depressed: 0.32 ± 0.029; t141 = 1.78, p = 0.077,
d = 0.30).

Mixed models analyses were used to test for differences in log-transformed cortisol levels as
a function of diagnostic group (depressed vs. non-depressed), day of sampling (days 1–3),
and time of day of sample collection (wakening, morning peak, or evening) over the first
three days of the saliva collection protocol (i.e., while excluding values from the
dexamethasone suppression test on day 4). As expected, cortisol levels differed significantly
by time of day (F2,47 = 385.94, p < 0.0001, η2 = 0.64), with cortisol values being higher (on
average) at morning peak (M = 1.17 nmol/L, SD = 0.26) than at either wakening (M = 0.99
nmol/L, SD = 0.24) or evening (M = 0.37 nmol/L, SD = 0.28). Although there was no main
effect of diagnostic group on overall cortisol levels averaged across all days and sampling
time points (p > 0.45), the diurnal slope differed for depressed versus non-depressed
participants, as indicated by a significant interaction between diagnostic group and time of
sampling (F2,47 = 5.52, p = 0.0043, η2 = 0.01). As predicted, post hoc analysis with repeated
measures analysis of variance revealed that declines in cortisol concentrations from
wakening to evening were steeper for non-depressed women (0.71 ± 0.05 nmol/L) than for
depressed women (0.56 ± 0.06 nmol/L; F1,47 = 5.55, p = 0.0042, η2 = 0.01), indicating a
flatter diurnal cortisol slope for depressed women relative to non-depressed women. There
were no differences in cortisol concentrations between the three days of sampling (p > 0.25),
and no other interactions predicted log-transformed cortisol levels (all ps > 0.34). Covariates
assessed in this model included the actual time that samples were collected (e.g., 7:05 AM),
time of awakening, total time awake (i.e., time between waking and bedtime), duration of
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previous night’s sleep, BMI, medication use, menstrual cycle phase, level of education, and
marital status. However, none of these covariates significantly predicted participants’
cortisol values (all ps > 0.23). In addition, removing these covariates from the model did not
affect the significant diagnostic group by sampling time interaction (with covariates: F2,360
= 5.99, p = 0.0028; without covariates: F2,376 = 7.09, p = 0.0009).

3.3. Group differences in responses to dexamethasone
As summarized in Table 2, initial analyses of group responses to dexamethasone
administration were conducted by comparing depressed and non-depressed participants’
salivary cortisol concentrations at wakening and morning peak prior to dexamethasone
administration, and at wakening and morning peak following dexamethasone administration.
To evaluate differences in participants’ responses to dexamethasone administration, we
conducted a 2 × 2 × 2 repeated measures ANOVA with diagnostic group (depressed vs. non-
depressed) as a between-subjects factor, sampling days (pre-dexamethasone vs. post-
dexamethasone administration) and sampling time point (wakening vs. morning peak) as
within-subjects factors, and log-transformed cortisol concentrations as the dependent
variable. These analyses revealed that dexamethasone effectively suppressed cortisol for all
participants, as indicated by significantly lower cortisol concentrations following
dexamethasone administration (F1,47 = 1030.52, p < 0.0001, η2 = 0.81; see Fig. 2). The
expected cortisol awakening response was evidenced by elevated morning peak
concentrations relative to wakening concentrations regardless of diagnostic group (F1,47 =
17.40, p < 0.0001, η2 = 0.01); however, in both diagnostic groups the magnitude of the
cortisol awakening response was attenuated by dexamethasone administration (F1,47 = 4.18,
p = 0.0428, η2 = 0.01), and post hoc analyses revealed that cortisol awakening response was
significantly reduced following dexamethasone administration (t44 = 3.71, p = 0.0006, d =
1.12).

As predicted, depressed and non-depressed participants’ responses to the dexamethasone
suppression test differed, such that the extent to which dexamethasone effectively
suppressed cortisol was not equivalent for depressed and non-depressed women (F1,47 =
6.04, p = 0.0152, η2 = 0.01). Specifically, dexamethasone suppression of cortisol, as
indexed by the difference between wakening cortisol before and after dexamethasone
administration, was greater for non-depressed women (0.86 ± 0.04 nmol/L) than for
depressed women (0.71 ± 0.0577 nmol/L; t42 = −2.32, p = 0.0519, d = 0.72). When
examined by time of day, percent of cortisol suppression (i.e., the difference in pre- and
post-dexamethasone cortisol divided by pre-dexamethasone cortisol) was greater for non-
depressed women (80.8 ± 1.9%) than for depressed women at wakening (70.9 ± 3.9%; t43 =
2.20, p = 0.0333, d = 0.67), but not at morning peak (non-depressed: 80.3 ± 4.1%;
depressed: 72.7 ± 3.7%; t45 = 1.38, p = 0.1739, d = 0.41). Considered together, these results
indicate that compared to non-depressed women, depressed women exhibited (on average)
more impaired suppression of endogenous cortisol production in response to an exogenous
synthetic glucocorticoid (i.e., dexamethasone). No covariates were significant predictors of
transformed cortisol values, or of the cortisol response to dexamethasone treatment (all ps >
0.10). Further, the strength of the interaction between diagnostic group and response to
dexamethasone was not significantly altered when these covariates were removed from the
model (with covariates: F1,47 = 9.81, p < 0.0001; without covariates: F1,47 = 7.38, p =
0.0074).

The dexamethasone suppression test was used to gain insight into a biological mechanism
that might explain differences in diurnal cortisol slope for depressed versus non-depressed
women. Therefore, we next investigated the association between dexamethasone-induced
suppression of cortisol and diurnal cortisol slope using Spearman’s correlations. Diurnal
cortisol slopes were quantified as the average differences between wakening and bedtime
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cortisol concentrations across the first three days of the study. Dexamethasone-induced
suppression of cortisol, in turn, was calculated as the difference between wakening cortisol
levels before and after dexamethasone administration. As expected, the degree to which
dexamethasone suppressed both wakening and morning peak cortisol was positively
correlated with diurnal cortisol slopes for the entire sample, with greater dexamethasone
suppression predicting greater diurnal changes (wakening: r45 = 0.65, p < 0.0001; morning
peak: r47 = 0.37, p = 0.0110; see Fig. 3). Put another way, less dexamethasone suppression
of cortisol was related to flatter diurnal cortisol slopes. Importantly, these relations remained
significant when depressed women were examined separately (depressed: wakening: r24 =
0.68, p = 0.0003; morning peak: r24 = 0.52, p = 0.0092; non-depressed: wakening: r21 =
0.48, p = 0.0277; morning peak: r23 = 0.09, p > 0.68). Consistent with the formulation that
increased glucocorticoid resistance is a mechanism underlying the altered diurnal cortisol
pattern observed in depression, 46% of the variability in depressed women’s diurnal cortisol
slope was explained by their degree of glucocorticoid receptor sensitivity.

3.4. Depression severity, HPA axis regulation, and response to dexamethasone
To follow up on these findings, we restricted our analyses to participants with depression
and examined how HPA regulation (i.e., cortisol slope and response to dexamethasone)
differed as a function of depression history and severity using two analytic approaches. First,
we used correlation analyses to examine relations between HPA axis function, and
depression history and severity. Second, we used mixed models to test whether depression
history and severity predicted HPA axis function. Depression history was indexed as
participants’ number of SCID-rated lifetime episodes of MDD, and depression severity was
indexed as participants’ IDS score.

As seen in Table 3, correlation analyses revealed that number of lifetime depressive
episodes was unrelated to diurnal cortisol slopes (p > 0.46). However, as predicted, greater
depression severity was strongly associated with flatter diurnal slope (r25 = −0.44, p =
0.0262), suggesting more severe HPA axis disruption for women experiencing more severe
depression. We also examined the relation of depression history and severity to depressed
participants’ responses to the dexamethasone administration. Number of lifetime depressive
episodes was unrelated to depressed participants’ responses to dexamethasone
administration (p > 0.14). However, depressed participants’ depression severity scores were
strongly and negatively related to their dexamethasone responses, but only at the morning
peak time point (r25 = −0.45, p = 0.0230; other time points, ps > 0.20). Together, these data
indicate that, as expected, women experiencing more severe episodes of depression exhibit
flatter diurnal cortisol slopes and weaker dexamethasone-related suppression of cortisol.

As described above, we next used mixed models to test whether our measures of depression
history and severity (i.e., number of SCID-rated lifetime episodes of MDD and self-reported
IDS scores) were significant predictors of depressed participants’ HPA axis functioning, as
indexed by their (1) levels of cortisol at every time point, (2) cortisol awakening response,
(3) diurnal cortisol slope, and (4) response to dexamethasone administration. We also
examined associations between these measures of depression and all potential covariates.
Diurnal cortisol slope was unrelated to participants’ number of lifetime depressive episodes
(p > 0.47). However, consistent with the correlation analyses reported above, greater
depression severity was strongly associated with flatter diurnal cortisol slopes (F1,12 =
13.90, p = 0.0029, η2 = 0.45). Lastly, depressed participants’ responses to dexamethasone
were not predicted by their depression history or severity (ps > 0.16). No other analyses
were significant. Together, these results are consistent with the correlation analyses above
and indicate that depression severity is strongly associated with diurnal cortisol slope.
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4. Discussion
The purpose of this study was to test the integrity of HPA axis functioning in a sample of
well-characterized, pre-menopausal women with MDD relative to an age and BMI-matched
sample of non-depressed women using three clinically relevant metrics: basal, diurnal
cortisol patterns; cortisol awakening response; and cortisol production following
administration of dexamethasone. Consistent with prior research (Balardin et al., 2011;
Knight et al., 2010), we found that women with depression exhibited (on average) flatter
diurnal cortisol slopes compared to non-depressed women. Moreover, greater self-reported
depression severity was strongly related to flatter diurnal slopes for depressed participants.
To examine a biological mechanism that may underlie these effects, we focused on
participants’ responses to dexamethasone (0.5 mg). Although the dexamethasone
administration effectively suppressed endogenous cortisol production for all participants,
mean suppression of cortisol was much greater for non-depressed women than for depressed
women. Given that dexamethasone is a steroid agonist selective to glucocorticoid receptors
in the hypothalamus and pituitary, these findings highlight glucocorticoid receptor
functioning as a potential mechanism underlying altered diurnal cortisol patterns in
depression. We also found that, for depressed participants, greater depression severity was
related to less dexamethasone-related suppression of cortisol. Finally, in the depressed
group, flatter diurnal cortisol slopes were strongly associated with less suppression of
cortisol following dexamethasone administration, suggesting that having a flatter diurnal
cortisol pattern may be due in part to impaired glucocorticoid sensitivity at the level of the
paraventricular nucleus in the hypothalamus and pituitary gland. To our knowledge, these
data are the first to demonstrate that flatter diurnal cortisol rhythms in depression may be
partially attributed to impaired glucocorticoid receptor functioning, and that these alterations
are most pronounced for women experiencing more severe episodes of depression. These
results thus extend previous research showing a flatter diurnal slope among individuals with
major depression (Gartside et al., 2003; Weinrib et al., 2010).

In healthy individuals, cortisol levels are typically highest in the morning and lowest in the
early evening. This diurnal pattern is tightly controlled primarily by glucocorticoid receptors
in the morning and by mineralocorticoid receptors in the evening (de Kloet et al., 1998;
Deuschle et al., 1998; Otte et al., 2003). When cortisol concentrations are at an appropriate
level, cortisol exerts a feedback signal on glucocorticoid and mineralocorticoid receptors in
the hippocampus, hypothalamus, and pituitary gland to prevent the additional release of
cortisol. The relatively flatter diurnal cortisol rhythm detected for depressed women in the
present study suggests a failure at some point in the limbic–hypothalamic negative feedback
system – an effect commonly referred to as “glucocorticoid resistance”. The present data
help localize this mechanistic problem by suggesting that the regulatory failure is
characterized in part by increased insensitivity of the glucocorticoid receptors in the
hypothalamus and/or pituitary. These findings may have implications for understanding how
depression develops. In addition, because flatter diurnal cortisol slopes have been observed
in a variety of diseases including Parkinson’s Disease (Hartmann et al., 1997), breast cancer
(Abercrombie et al., 2004; Sephton et al., 2000), and heart disease (Bhattacharyya et al.,
2008), these findings may also have implications for understanding why depression tends to
co-occur with these and other physical disease conditions (Lavoie and Fleet, 2000; Menza et
al., 1993; Rudisch and Nemeroff, 2003; Somerset et al., 2004; Zellweger et al., 2004).
Indeed, insofar as dysregulation of the HPA axis is associated with both depression and
several somatic conditions, it is possible that HPA axis dysregulation or phenomena related
to these altered dynamics (e.g., elevated inflammation) represent a common biological
process that underlies both depression and certain depression-related somatic pathologies.
To test this hypothesis, though, additional research is necessary.
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This study has several strengths. First, the simultaneous examination of multiple indices of
endogenous HPA axis function –namely, diurnal cortisol patterns and cortisol awakening
response, in combination with a pharmacologic test of glucocorticoid receptor resistance to
an exogenous glucocorticoid – provides a preliminary phenotype of HPA axis functioning in
pre-menopausal women with depression. In addition, collecting cortisol samples across
several consecutive days in a naturalistic setting (as opposed to in a novel, busy hospital
setting) increases the likelihood that the observed cortisol concentrations reflect naturalistic
levels. Moreover, by conducting the dexamethasone suppression test on the final
consecutive day of sampling, we were able to examine whether altered glucocorticoid
receptor sensitivity in the HPA axis could be a potential mechanism underlying the
dysregulated diurnal cortisol patterns observed in our sample of depressed women. Another
strength of the study was the ability to control for several factors known to influence HPA
axis regulation. Specifically, depressed and non-depressed participants were matched for
sex, age, and BMI, meaning these factors are unlikely to explain any between-group
differences that were observed. Further, women reported the date of their last menstrual
period, which allowed us to control for variability in menstrual cycle phase. Indeed, when
these factors were included in the statistical models, they explained very little variability.
Finally, participants reported the exact times that they collected their saliva samples, in
addition to their waking time, which allowed us to accurately calculate diurnal slope values
for each individual and to include these times as covariates in our statistical models.

Several limitations of the present study should also be noted. First, the sample included only
pre-menopausal women. We focused on these women because they are at disproportionately
high risk for depression, and because altered cortisol patterns may presage an increase in
risk for late-life depression and the development of physical disease, as these women grow
older and the cumulative impact of life experiences and biological aging emerges (McEwen
and Seeman, 1999; Pace and Miller, 2009). Additional research is necessary to these
hypotheses, however, as well as to determine whether the present findings generalize to men
or to women in different reproductive stages. Second, because it is difficult to recruit pre-
menopausal women who are not taking oral contraceptives and depressed women not taking
antidepressant medication, several participants in the present study were taking oral
contraceptives (37%) or antidepressant medication (38% of depressed sample). Flattened
diurnal cortisol patterns (e.g., due to elevated evening cortisol levels) and decreased cortisol
suppression following dexamethasone administration have been observed in depressed
patients taking selective serotonin re-uptake inhibitors (SSRIs; Manthey et al., 2011; Klok et
al., 2011). In addition, oral contraceptive use is often associated with lower cortisol levels
and blunted cortisol responses to stress (Kirschbaum et al., 1995, 1999). We accounted for
these effects by including participants’ oral contraceptive and SSRI use status as covariates
in our statistical models; however, neither oral contraceptive use nor SSRI use were related
to diurnal cortisol patterns or to cortisol levels following dexamethasone administration.
Finally, given the sampling procedure and limited sample size of the current study, the
present findings should be replicated with a larger sample of un-medicated men and women
with depression. Indeed, although participants in our study showed no indication of chronic
hypercortisolemia as observed elsewhere (Maes et al., 1998; Vreeburg et al., 2009), we
cannot rule out the possibility that this was not due to some characteristic of the women
sampled.

Because social–environmental factors such as chronic stress, social isolation, and social
rejection have been related to altered HPA axis and glucocorticoid receptor functioning
(Cohen et al., 2012; Miller et al., 2008), in addition to being strongly associated with
depression (Monroe et al., 2007a; Slavich et al., 2009), future research is needed to examine
how social stressors alter HPA axis-related mechanisms that increase risk for depression
(Murphy et al., 2013). A particularly fruitful avenue for research may involve adopting a
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developmental approach that examines how early life stress shapes regulatory mechanisms
of the HPA axis that persist over the lifespan and lead to an increasingly pro-inflammatory
phenotype that elevates risk for depression (Miller et al., 2009, 2011; Pace and Miller,
2009). Additional research is also needed to identify neurocognitive processes involved in
regulating stress-related HPA axis and inflammatory responding (Slavich et al., 2010a,b). In
addition to elucidating pathways that link the external social environment with altered
physiological and neuroendocrine functioning, this work can highlight new potential targets
for treating and preventing depression (Haroon et al., 2012; Li et al., 2011). These include
neurocognitive perceptions of social threat that are known to alter HPA-axis and
inflammatory responsivity (O’Donovan et al., 2013; Sawyer et al., 2012; Slavich et al.,
2010b).

In sum, the present data demonstrate that depressed women exhibit a flatter diurnal cortisol
slope than non-depressed women, and that this effect may be explained in part by reduced
glucocorticoid receptor sensitivity in the HPA axis. The present data also indicate that
women with more severe episodes of depression are at greater risk for experiencing reduced
glucocorticoid sensitivity and associated HPA axis dysregulation. Although this study
cannot establish a causal link between glucocorticoid sensitivity and depression severity,
antidepressant administration has been found to normalize cortisol levels in addition to
alleviating depressive symptoms (Hinkelmann et al., 2012), and these effects are believed to
be mediated by restoration of glucocorticoid negative feedback (Inder et al., 2001).
Additional research is needed to examine the generalizability of our findings, to identify the
health implications of HPA axis dysregulation, to determine the role stress plays in altering
biological mechanisms implicated in depression, and to elucidate neurocognitive processes
that may represent modifiable risk factors for depression and depression-related physical
disease.
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Fig. 1.
Diurnal cortisol patterns averaged across three days for depressed and non-depressed
women. (A) When considered together, depressed and non-depressed women exhibited the
expected diurnal cortisol rhythm, marked by higher cortisol concentrations at wakening and
morning peak compared to in the evening, with the highest concentrations occurring at the
morning peak. (B) When considered separately by diagnostic group, as predicted, depressed
women exhibited a flatter diurnal cortisol slope than non-depressed women. *Significant
differences by t-test, †significant interaction between diagnostic group and sample time (p <
0.05). W, wakening; MP, morning peak; and E, evening.
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Fig. 2.
Dexamethasone effectively suppressed cortisol across the entire sample. However, as
expected, depressed and non-depressed women differed with respect to how they responded
to the dexamethasone suppression test. Specifically, dexamethasone suppression of cortisol,
as indexed by the difference between morning cortisol levels before and after
dexamethasone administration, was weaker for depressed women than for non-depressed
women. *Significant main effect of sampling day, significant interaction between diagnostic
group and sampling day, and significant interaction between sampling day and sampling
time (p < 0.05). W, wakening; MP, morning peak; and DST, dexamethasone suppression
test.
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Fig. 3.
Response to dexamethasone suppression was strongly associated with diurnal cortisol slope.
Specifically, when participants’ response to dexamethasone administration was indexed as
the degree to which dexamethasone suppressed wakening cortisol (i.e., change in absolute
cortisol values from before to after dexamethasone administration), and diurnal slope was
indexed as the average change in absolute cortisol values from wakening to evening divided
by the time between the two samples, women with less cortisol suppression following
dexamethasone had (on average) flatter diurnal cortisol slopes over the first three
consecutive days of the study (r45 = 0.65, p < 0.0001). As depicted, this association appears
to be stronger for depressed women (R2 = 0.46) than for non-depressed women (R2 = 0.23),
although the strength of these two associations is not statistically different (z = 1.59, p =
0.111).
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Table 1

Demographic and clinical characteristics of the sample by diagnostic group.

Characteristic Diagnostic group Difference

Depressed Non-depressed

Age (years) 29.8 ± 1.3 30.1 ± 1.1 n.s.

Marital status p < 0.0001

 Married 8% 25%

 Divorced 12% 4%

 Never married 64% 42%

 Separated 4% 0%

 Living together 12% 29%

Ethnicity n.s.

 Caucasian 50% 54%

 African American 11.5% 4%

 Asian 19% 25%

 Latina 11.5% 4%

 Other 8% 12.5%

Household income $35,000–$39,999 $50,000–$59,999 n.s.

Education p < 0.0001

 High school 11.5% 0%

 Some college 4% 0%

 Bachelors degree 14% 47%

 Advanced degree 31% 53%

Lifetime MDEs 2.74 ± 0.38 n/a n/a

IDS 29.8 ± 1.5 5.7 ± 0.7 p < 0.0001

Cortisol (nmol/L)

 Waking 10.59 ± 0.48 12.37 ± 0.68 p = 0.0354

 Morning peak 16.44 ± 0.78 18.33 ± 1.01 n.s.

 Evening 3.25 ± 0.36 2.74 ± 0.35 n.s.

Note: Income was measured on a 22-point scale where 1 represents less than $3000/year and 22 represents more than $200,000/year; a score of 14
represents $40,000–$49,999. Values expressed as M ± SE. MDE, major depressive episode and IDS, Inventory of Depressive Symptomatology.
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Table 2

Cortisol levels following the dexamethasone suppression test by diagnostic group.

Time point Depressed Non-depressed Difference*

Pre-DST wakening levels 0.95 ± 0.03 1.03 ± 0.02 −0.08 (p = 0.04)

Pre-DST morning peak levels 1.12 ± 0.03 1.23 ± 0.02 −0.11 (p = 0.01)

Pre-DST evening levels 0.41 ± 0.04 0.32 ± 0.03 0.08 (p = 0.08)

Post-DST wakening levels 0.27 ± 0.04 0.20 ± 0.02 0.07 (p = 0.10)

Post-DST morning peak levels 0.32 ± 0.05 0.24 ± 0.04 0.08 (p = 0.23)

Change in wakening levels from pre- to post-DST 0.71 ± 0.06 0.86 ± 0.04 0.14 (p = 0.05)

Change in morning peak levels from pre- to post-DST 0.83 ± 0.05 0.98 ± 0.08 0.15 (p = 0.08)

Note: Levels of log-transformed cortisol expressed as M ± SE. DST, dexamethasone suppression test.

*
Values shown represent average difference between groups and (p-value).
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