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Abstract

Controversy exists over the role of stress and depression in the pathophysiology of type 2 diabetes 

mellitus. Depression has been shown to increase the risk for progressive insulin resistance and 

incident type 2 diabetes mellitus in multiple studies, whereas the association of stress with 

diabetes is less clear, owing to differences in study designs and in forms and ascertainment of 

stress. The biological systems involved in adaptation that mediate the link between stress and 

physiological functions include the hypothalamic–pituitary–adrenal axis and the autonomic 

nervous and immune systems. The hypothalamic–pituitary–adrenal axis is a tightly regulated 

system that represents one of the body’s mechanisms for responding to acute and chronic stress. 

Depression is associated with cross-sectional and longitudinal alterations in the diurnal cortisol 

curve, including a blunted cortisol awakening response and flattening of the diurnal cortisol curve. 

Flattening of the diurnal cortisol curve is also associated with insulin resistance and type 2 

diabetes mellitus. In this article, we review and summarize the evidence supporting hypothalamic–

pituitary–adrenal axis dysregulation as an important biological link between stress, depression, 

and type 2 diabetes mellitus.
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Introduction

Allostasis describes the capacity of an organism to adapt to a changing environment or 

stressful challenge to support homeostatic systems essential to life.1,2 Stress can be 

measured as the interpretation and perception of stressors or the actual exposure to events 

assumed to be stressful. Allostatic load summarizes the cumulative impact of physiological 

wear and tear related to maladaptive stress patterns that predispose individuals to disease.1,3 

The biological systems involved in adaptation that mediate the link between stress and 

physiological functions include the hypothalamic–pituitary–adrenal (HPA) axis and the 
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autonomic nervous and immune systems.1,4 Various types of chronic psychological stress 

are associated with increased allostatic load.5–7 We hypothesize a graded positive 

association of stress and depression with type 2 diabetes mellitus (diabetes) risk (Fig. 1).

Physiology of the HPA axis

As widely reviewed, the HPA axis is a tightly regulated system that represents one of the 

body’s mechanisms for responding to acute and chronic stress.8 In response to physiological 

or psychological stressors, the HPA axis is activated, resulting in secretion of corticotropin-

releasing hormone (CRH) from the hypothalamus, which stimulates the anterior pituitary 

gland to release adrenocorticotropic hormone (ACTH). ACTH then stimulates release of 

cortisol from the adrenal gland, resulting in a cascade of physiological events. Once the 

stressor has resolved, the response is terminated through a negative feedback loop, in which 

cortisol suppresses further release of ACTH and CRH.8 Activation of the HPA axis is also 

accompanied by stimulation of the sympathetic nervous system, resulting in the release of 

catecholamines and interleukin-6, which activates a cytokine cascade.9 Chronic stress may 

impair the feedback mechanisms that return these hormonal systems to normal, resulting in 

chronic elevation in levels of cortisol, catecholamines, and inflammatory markers.

Depression and diabetes

Depression and depressive symptoms increase risk for progressive insulin resistance10 and 

incident diabetes.11–15 Rates of co-existing major depressive disorder (MDD) and diabetes 

are high, with at least 10–15% of individuals with diabetes suffering from depression.16,17 A 

meta-analysis found that the odds of depression in diabetic individuals were twice those of 

the nondiabetic comparison groups and that there was no difference by sex, type of diabetes, 

or assessment method.16 The prevalence of comorbid depression was significantly higher in 

diabetic women (28%) than in diabetic men (18%), in uncontrolled (30%) than in controlled 

(21%) studies, in clinical (32%) than in community (20%) samples, and when assessed by 

self-report questionnaires (31%) than by standardized diagnostic interviews (11%).16 

Among individuals with diabetes, depression is associated with worse glycemic control18 

and health-related outcomes in diabetes (i.e., weight gain, adherence to therapy,19 long-term 

diabetic macrovascular and microvascular complications)20 and is associated with higher 

costs to the healthcare system.19 This interaction predicts not only greater incidence, but also 

earlier incidence of complications from diabetes in older adults.18–22 Treatment of 

depression through pharmacotherapy and/or cognitive behavioral therapy has resulted in 

improved glycemic control in some,23–25 but not all,26 trials. The biological association 

between depression and diabetes is hypothesized to be due to a dysregulated and overactive 

HPA axis, a shift in sympathetic nervous system tone toward enhanced sympathetic activity, 

and a proinflammatory state.9

Chronic psychological stress and diabetes

Chronic psychological stress is a state of mental or emotional strain where an individual 

perceives that environmental demands tax or exceed his/her adaptive capacity.27 Stress can 

be measured as the interpretation and perception of stressors or the actual exposure to events 
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assumed to be stressful. To this point, most of the work on stress and incident diabetes has 

been concentrated on work-related stress and the results have been mixed, with reports of 

both positive and negative associations, depending on sex, length of follow-up, diabetes 

ascertainment method, and stress measurement instrument.28 In 2008, a meta-analysis 

attempted to examine the association of general chronic psychological stress on diabetes risk 

but was unable to determine an etiological association because of a lack of published 

longitudinal cohorts.29 Since that time, six prospective longitudinal studies with follow-up 

durations ranging from 10–35 years have been published,30–32 using different methods to 

assess stress and revealing divergent findings.30–36 Two of these studies found a positive 

association in women only;30,33 three studies found a positive association in men but not in 

women;31,32 one study of only men showed a positive association at 35 years;34 and one 

study found a positive association in pre-diabetic men and women.35 Another study of men 

and women revealed a hazard ratio of 1.33 for incident diabetes at 18 years for those with 

chronic psychological stress versus none (adjusted for age, sex, education level, and 

household income), but when further adjusted for level of energy, health status, health 

problems, and activity level, the results were not significant.36 Among African Americans in 

the Jackson Heart Study, higher global perceived stress scores (GPSSs) were weakly 

associated with a higher prevalence of diabetes in women, and higher GPSSs and major life 

events scores were cross-sectionally associated with obesity in men and women.37 

Collectively, these studies support a positive association between chronic psychological 

stress and incident diabetes, but the link is difficult to assess because of the aforementioned 

differences in study design and methods. Moreover, there remains a lack of published 

studies assessing the association of chronic psychological stress with incident diabetes 

specifically in U.S. racial/ethnic minorities, who have a higher prevalence of diabetes and 

associated complications.

Salivary cortisol and the diurnal cortisol curve

Epidemiological studies examining the contribution of HPA axis dysfunction to the 

pathophysiology of depression, psychological stress, and diabetes have been previously 

limited by imprecise measures of glucocorticoid exposure, owing to the cumbersome nature 

of the 24-h urinary free-cortisol measurement, the pulsatility and lability of hypothalamic 

and pituitary hormones, and the circadian variation in cortisol secretion. As noted above, 

production of cortisol from the adrenal gland has a classic circadian pattern, with cortisol 

rapidly rising after awakening, reaching a peak at 30–45 min, and then gradually declining 

over the course of the day. Salivary cortisol collection allows for noninvasive timed 

collection of free cortisol, which is stable for several days prior to processing, allowing for a 

valid assessment of the HPA axis in the free-living state. Timed salivary cortisol collections 

are used to construct a diurnal salivary cortisol curve (Fig. 2) with several cortisol features, 

including wake-up cortisol (salivary cortisol obtained at 0 min), cortisol awakening response 

(CAR; the cortisol rise from 0 to 30 min post-awakening), early decline in cortisol (the 

decline in cortisol from 30 min post-awakening to 2 h post-awakening), late decline in 

cortisol (decline in cortisol from 2 h post-awakening to bedtime), bedtime cortisol (cortisol 

prior to bedtime), and total area-under-the-curve (AUC) cortisol (the total AUC from 0 to 16 

h).
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Our research focus has thus evolved to using salivary cortisol to assess the diurnal cortisol 

curve and HPA axis activity in population-based studies. Salivary cortisol has the advantage 

of allowing examination of more salient features of the diurnal cortisol curve in relation to 

depression among community-dwelling individuals. Given that cortisol levels rise with age 

and there may be differences in the cortisol curve over the life span, we will examine studies 

in children/adolescents < 18 years old, young and middle-aged adults 18–64 years old, and 

older adults ≥ 65 years old.

Diurnal cortisol curve and depression

The relationship between non-diurnal cortisol curve measures and depression was 

summarized in a recent meta-analysis.38 Elevated cortisol and ACTH are associated with 

depression, with a stronger effect in older inpatients with melancholic or psychotic 

depression.38 We previously reviewed the literature showing excessive cortisol exposure in 

individuals with depression, evidenced by elevated 24-h urinary free-cortisol levels, adrenal 

gland enlargement, and failure to suppress cortisol in response to the dexamethasone 

suppression test.39 The association of diurnal cortisol curve features and depression across 

the life span proceeding from childhood to older adulthood is discussed below.

Children, adolescents, and young adults

We previously reviewed two smaller studies (< 100 participants) examining the cross-

sectional association of the diurnal cortisol rhythm with depression.9 These studies revealed 

a flatter diurnal cortisol curve with greater emotional distress and higher children’s 

depression inventory scores among post-pubertal adolescents.9 An analysis of the Tracking 

Adolescents’ Individual Lives Survey (TRAILS) of children in the general population aged 

10–12 years (n = 1604) revealed higher cortisol (mainly CAR) in relation to depressive 

problems.40 In a study of 17- to 23-year-old women, cortisol secretion patterns were 

compared for 57 currently depressed, at-risk (based on trait-level positive and negative 

affect), and control women over 5 days and in response to a laboratory stressor. After 

controlling for potentially confounding biobehavioral variables, the depressed group 

displayed a larger CAR and higher average diurnal cortisol compared to control participants. 

Individuals at-risk for depression also had significantly higher waking cortisol levels than 

control participants.41 Longitudinal studies have reported discrepant findings; for example, 

in the Youth Emotion Project with 230 U.S. suburban high school students (mean = 17 years 

of age), a higher CAR was found to be predictive of MDD 1 year later.42 On the other hand, 

in a British study that randomly recruited participants from the Avon Longitudinal Study of 

Parents and Children (ALSPAC) and among 668 adolescents with 3 years follow-up, 

researchers found no association of morning cortisol, CAR, decline slope, bedtime cortisol, 

or AUC cortisol with the development of depression from ages 15 to 18 years.43

Young and middle-aged adults

In 1999, a Swedish study of 257 participants aged 30–64 years, who were randomly selected 

from the general population, examined the association of salivary cortisol and depressive 

symptoms using the Major Depression Inventory scale. The mean of samples collected at 

awakening, 30 min later, and bedtime over three consecutive workdays were used in the 
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analyses. Depressive symptoms were negatively correlated to wake-up and 30-min cortisol 

(P < 0.05) but not to the CAR or evening cortisol. A flatter diurnal rhythm of cortisol was 

related to higher levels of depression (P < 0.05).44 We previously reviewed two smaller 

studies (< 100 participants) of the association of the diurnal cortisol rhythm with depression 

in hospitalized patients suspected of having, or being at risk for, cardiovascular disease9 and 

found that rhe participants with concurrent depression had a flatter diurnal cortisol curve. 

Contrary to this, Conrad et al. did not note any significant differences in salivary cortisol 

diurnal variation among 46 depressed subjects at risk for cardiovascular disease compared to 

19 subjects without depression.9 In the Netherlands Study of Depression and Anxiety 

(NESDA), which recruited 1588 participants from the community, general practice care, and 

specialized mental health care (308 control (mean age = 48 years), 579 with remitted 

depression (mean age = 45 years), and 701 with current depression (mean age = 42 years), 

both the remitted and current MDD groups showed a significantly higher CAR compared 

with control subjects (effect size (Cohen’s d) range: 0.15–0.25), with higher morning AUC 

cortisol. Evening cortisol levels were higher among the current MDD group at 10 PM but 

not at 11 PM. Participants with comorbid anxiety disorders, but not with other depression 

characteristics, had a higher CAR.45 In 2010, a systematic review and meta-analysis of 

mostly small studies (except for the aforementioned NESDA study45) concluded that there is 

no firm evidence of a difference of salivary cortisol in middle-aged (mean ages ranged from 

18–65 years) depressed compared to control persons.46

Following publication of the abovementioned meta-analysis,46 further related analyses were 

reported in the literature, including a cross-sectional study of 26 premenopausal depressed 

women and 23 never-depressed women who were matched for age and body mass index. 

This study found that depression and greater depression severity were associated with flatter 

diurnal cortisol curve slopes over the course of the day.47 However, mixed findings have 

been reported in recent longitudinal studies, including in the Danish PRISME 

(Psychological risk factors in the work environment and biological mechanism in the 

development of stress, burnout, and depression) project—a longitudinal Danish study that 

collected morning and evening salivary cortisol and assessed depressive symptoms of 4467 

public employees, with follow-up interviews for participants with elevated scores to 

diagnose depression. Over 2 years, each 1.0 nmol/L increase in daily mean cortisol 

concentration was associated with a 47% (95% CI: 0.32, 0.90) reduction in diabetes risk, 

while each 1.0 nmol/L difference in morning and evening salivary cortisol concentration was 

associated with a 36% lower risk of depression (95% CI: 0.45, 0.90). These data suggested 

that a steeper cortisol slope over the day was protective for incident depression.48 To confirm 

these findings, the same research group conducted a population-based study of the 

association of depressive symptoms or diagnosed depression and the diurnal cortisol curve 

among 3536 public-sector employees aged 19–66 years. They found no association of 

depressive symptoms or depression with morning cortisol, CAR, cortisol decline slope, 

evening cortisol, or total AUC cortisol in two cross-sectional analyses (2007 and 2009) or in 

their longitudinal analysis from 2007 to 2009.49

Studies specifically with participants with known depression or a history of depression 

reveal a mix of findings consistent with cortisol dysregulation. Longitudinal data obtained 

from 837 NESDA participants revealed that a lower CAR was associated with an 
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unfavorable course, namely, depression remission lasting no longer than 3 months (relative 

risk (RR) = 0.83; P = 0.03).50 In a study of 187 remitted, highly recurrent MDD patients, 

cortisol concentrations were found to be lower in patients with more previous episodes (P = 

0.047) but were not associated with recurrence(s) during follow-up.51 In contrast, a study of 

55 recurrently depressed patients reported that lower mean 8 AM cortisol levels predicted 

earlier time to recurrence over 5.5 years, after correction for residual symptoms (P = 

0.015).52 NESDA subjects (n = 549) with a lifetime diagnosis of MDD and in remission for 

at least 6 months preceding the baseline assessment were followed over 4 years to assess 

recurrence.53 It was found that a higher CAR, but not evening cortisol, was associated with 

earlier time to recurrence of MDD (hazard ratio (HR) = 1.03l; 95% CI: 1.003–1.060; P = 

0.03).53

Older adults

Among 61 older adults (age > 60 years) with depression and 40 older adults without 

depression, 8 AM, noon, 4 PM, 8 PM, and total AUC cortisol levels were higher among 

depressed compared to non-depressed participants.54,55 In a meta-analysis of 20 studies of 

the association of depression with cortisol dysregulation among older adults (> 60 years), 

those with depression displayed higher levels of basal cortisol during all phases of the 

diurnal cycle, but particularly during the evening and night hours, and higher levels of post-

dexamethasone cortisol.56 Furthermore, in the Netherlands Study of Depression in Older 

Persons, older adults (mean age = 70 years) with MDD (n = 311) showed significantly 

higher awakening cortisol, a blunted CAR, and non-significantly higher cortisol levels 

throughout the day compared to non-depressed older persons (n = 109).57

Diurnal cortisol curve and depression: conclusions

In summary, among children and adolescents there is a consistent cross-sectional finding of 

a higher CAR in those with depression or greater depressive symptoms. However, there is a 

need for further research on the temporality of this association since longitudinal studies 

revealed divergent findings, with the largest study showing no prospective association of 

cortisol curve features with incident depression. The data for individuals aged 18–64 years 

of age are even less clear. Some studies report cross-sectional positive associations of CAR 

with prevalent depression,45 while other studies do not.44,49 Some studies reveal a cross-

sectional and longitudinal association of a flatter cortisol curve with incident depression,9,48 

while other studies have not found this association.9,47,49 The small sample of studies in 

older adults has provided evidence for a higher level of cortisol throughout the day and 

possibly at bedtime. Studies of individuals with previous or current depression alone reveal 

that a higher CAR and lower 8 AM cortisol are associated with time to recurrence and a 

lower CAR is associated with an unfavorable course among those with depression.50, 52, 53 

These results reveal that a lower wake-up cortisol or a higher CAR may be associated with a 

decreased time to recurrence among those with a history of depression, but further studies 

are required to verify these findings. It is important to understand why there may be 

differences in the findings, most of which relate to the CAR. In healthy populations, an 

increased CAR is important for meeting specific demands of the upcoming day (i.e., 

workday versus weekend) and decreasing stress on that specific day, and has therefore been 

linked to coping.58 It has also been speculated that this link may become dysregulated once 
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the coping mechanisms employed are inefficient in eliminating feelings of stress over time. 

In that case, a heightened CAR (and possibly inflexible or stiff CAR) may switch from 

signaling coping to signaling anticipation of stress of the next day. After a certain threshold, 

a persistent increased CAR may be downregulated and become blunted. This could explain 

why some studies have observed a heightened CAR and others a blunted CAR in relation to 

depression.58 It is important to consider that treatment with selective serotonin reuptake 

inhibitors (SSRIs) and cognitive therapy is associated with a reduction in total AUC cortisol, 

and, in turn, reduction of cortisol significantly correlates with improvement in depressive 

symptoms and mental cognition.51,59,60 The treatment results support a relationship between 

depression and dysregulation of cortisol. Studies of neuroendocrine blockade with CRH-1 

receptor antagonist revealed significant reductions in depressive and anxiety symptoms 

among 20 patients with MDD, but this antagonist did not impair the CRH and cortisol 

secretory activity either at baseline or following an exogenous CRH challenge.61 Notably, 

the assessment of cortisol did not include a diurnal assessment to examine cortisol features 

throughout the day, but instead focused on 24-h urinary cortisol collection, which may not 

have been sensitive enough to detect differences with CRH-1 receptor blockade. For a more 

detailed review on the role of cortisol and the glucocorticoid receptor in the neurobiology of 

depression, the reader is referred to Ref. 62.

Diurnal cortisol curve and stress

In addition to depression, various forms of stress, whether inflammatory, traumatic, or 

psychological, activate the HPA axis.63,64 Changes in the diurnal cortisol slope represent an 

important indicator of a stress-related alteration of the diurnal cortisol rhythm,65 and acute 

and chronic stress exposures have been linked to flatter cortisol decline.66–68 The experience 

of life stress has also consistently been related to a higher CAR.69 In the following 

discussion, we focus on psychological stress, including work-related stress and 

discrimination, which may have different effects on activation of the HPA axis.

Work-related stress

The literature to date on measures of work-related stress (i.e., job strain—high job demand 

and low job control) and salivary cortisol levels reveals inconsistent evidence of an 

association. As we have previously discussed,70 job strain has been associated with higher 

morning cortisol levels, lower average cortisol levels, a steeper CAR, and increased total 

AUC cortisol, and for each of these observations there are other studies that report no 

significant association. One of the larger analyses was from the Whitehall II study, in which 

researchers assessed the cross-sectional association of work stress, using job demand–

control (JDC) and effort–reward imbalance (ERI) models, with the diurnal cortisol curve 

(six salivary cortisol collections over a typical work day) among 2126 occupational workers 

(mean age = 57.1 years).71 The JDC model postulates that a combination of lower control 

(less skill utilization and lower decision authority) and higher work demand (more 

quantitative work load and conflicting demands) will trigger job strain; whereas, the ERI 

model emphasizes social reciprocity, such that a sustained unfair trade-off between effort 

(cost) and reward (gain) will elicit negative emotions and further lead to adverse long-term 

health consequences.71 Modest differences in cortisol patterns were found for ERI models 
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only, showing that lower reward (β = −0.001; P = 0.04) and higher ERI (β = 0.002; P = 

0.05) were related to a flatter slope in cortisol across the day.71 Given the previous 

inconsistent findings, Rudolph et al. performed an analysis on data from the Multi-Ethnic 

Study of Atherosclerosis (MESA) and found that, among employed participants, job strain 

was associated with lower salivary cortisol levels and total AUC cortisol, and was not 

associated with CAR, using propensity score matching on an extensive set of variables to 

control for sources of confounding.70 The authors suggested that the differences between 

their results and those from the prior literature could be attributed to the middle- and older-

aged racially/ethnically diverse sample in MESA, compared to the previous research in 

younger, mostly white cohorts. In addition, previous findings were influenced by residual 

confounding and multiple sources of variability using cortisol measures from a single day.70 

Further studies are required with similar methodologies and assessment of work stress to 

allow for an accurate comparison across studies.

Discrimination

In a study of White and African American young adults, Skinner et al.72 examined the 

relation between discrimination and diurnal cortisol and found that perceived discrimination 

was associated with a flatter diurnal cortisol slope among all groups. In contrast, a study 

examining White and African American adults found that discrimination was associated 

with flatter diurnal cortisol slopes in White adults, but steeper diurnal cortisol slopes in 

African American adults.73 In a study that assessed the association of self-reported 

discrimination and diurnal cortisol rhythm (six salivary cortisol samples collected over 3 

days) among 140 young adults (mean age 22.8 years), self- reported discrimination 

predicted flatter diurnal cortisol slopes only for racial/ethnic minority individuals (African 

Americans, Hispanic Americans, and Asian Americans),74 suggesting that Whites may have 

a more robust HPA axis response to perceived discrimination than minorities. Given the 

discrepant findings in the current literature, additional studies are needed.

In conclusion, heterogeneity in study design, age, and population make it difficult to draw 

firm conclusions from the current literature. Keeping the aforementioned limitations in 

mind, there is a suggestion of a flatter diurnal cortisol curve with higher levels of work stress 

and discrimination that may vary by age and race/ethnicity. Thus, further exploration of the 

role of stress in cross-sectional and longitudinal changes in the diurnal cortisol curve is of 

critical importance.

Diurnal cortisol curve and diabetes

Cross-sectional studies of the association of diurnal cortisol and diabetes suggest a flattening 

of the diurnal cortisol curve in individuals with diabetes compared to those without diabetes. 

In a small study of 30 subjects, diabetic individuals showed a blunted CAR compared to 

non-diabetic individuals.75 This finding was confirmed by the Cooperative Research in the 

Region of Augsburg (KORA)-F3 study, which also found higher bedtime cortisol levels in 

participants with diabetes (n = 63) compared to those without diabetes (n = 916; P < 0.01), 

as well as a trend toward lower wake-up cortisol levels (P = 0.07).76 In the Whitehall II 

study of 508 White men and women, including 238 participants with diabetes, those with 
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diabetes had a flatter slope across the day and higher bedtime cortisol values, but no 

difference in wake-up cortisol levels or CAR, suggesting that raised evening cortisol levels 

promoted a flattening of the slope throughout the day.77

Our research group has studied participants in MESA Stress, an ancillary study to the main 

multicenter longitudinal cohort study of the prevalence and correlates of subclinical 

cardiovascular disease and the factors that influence its progression.78 MESA Stress I 

collected detailed measures of stress hormones, including salivary cortisol measures, 

between 2004 and 2006 (during the period of MESA Exam 3 and Exam 4) at the New York 

and Los Angeles MESA sites. MESA Stress II collected similar data, on a subsample of 

1082 participants at the New York, Los Angeles, and Baltimore MESA sites between 2010 

and 2012 during MESA Exam 5 (Fig. 3). The MESA Stress populations included non-

Hispanic Whites (NHWs), African Americans, and Hispanic Americans. Among multiethnic 

participants, those with diabetes (n = 177) had a significantly blunted CAR, flatter early-

decline cortisol, and sex differences with total AUC cortisol—men with diabetes had a lower 

total AUC cortisol compared to men without diabetes and women with diabetes had a higher 

total AUC cortisol compared to women without diabetes (Fig. 4).79 Wake-up cortisol was 

non-significantly lower among those with diabetes compared to those without diabetes.79 

These results in a multiethnic population were consistent with prior data among NHW 

cohorts showing an association of a blunted CAR and flattening of cortisol decline with 

diabetes mellitus.

We next examined the association of diurnal cortisol curve features with measures of 

glycemia and insulin resistance among 850 participants with and without diabetes, using 

data from MESA Stress Exam II.80 Among those with diabetes mellitus, early-decline slope, 

overall-decline slope, bedtime cortisol, and AUC cortisol were significantly and positively 

associated with a 5.4% (95% CI: 1.3, 9.7), 54.7% (95% CI: 12.4, 112.9), 4% (95% CI: 1.6, 

6.4), and 6.8% (95% CI: 3.3,10.4) higher hemoglobin A1c (HbA1c) per 1-unit increase in 

log cortisol feature, respectively. These findings indicate that an overall flattening of the 

cortisol curve and increased total daily cortisol exposure are associated with worsened 

glycemia in the presence of diabetes. We hypothesized a cyclical relationship between 

subclinical hypercortisolism and glycemia, with hyperglycemia promoting HPA axis 

dysfunction and hypercortisolism promoting hyperglycemia (Fig. 5). There was no 

association of HbA1c with cortisol curve features in participants without diabetes; however, 

in this population there was a significant inverse association of cortisol curve features with 

insulin resistance, estimated using homeostatic model assessment of insulin resistance 

(HOMA-IR). Specifically, higher wake-up cortisol and AUC cortisol were associated with 

an 8.2% lower (95% CI: –13.3, –2.7) and 7.9% lower (95% CI: –14.6, –0.6) log HOMA-IR, 

respectively. We postulate that a higher wake-up cortisol contributing to a higher total AUC 

cortisol represents normal HPA axis plasticity in normoglycemic individuals without central 

adiposity. Previous studies have shown that a higher wake-up cortisol is indicative of 

improved HPA reactivity and lower odds of metabolic disturbances, including central 

obesity,81–83 generalized obesity,82,83 and metabolic syndrome.84 The association of lower 

HOMA-IR with higher wake-up cortisol and total AUC cortisol was fully blunted in a model 

including waist circumference, a correlate for visceral adiposity and a known mediator of 

insulin85 and leptin resistance.86 This suggests that, as individuals gain visceral adiposity, 
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they may lose the beneficial effect of the interaction between cortisol and the adipoinsular 

axis and succumb to the detrimental effects of cortisol, including insulin resistance, 

lipolysis, and glycogenolysis, leading to worsening hyperglycemia, as seen in participants 

with diabetes mellitus in this study.80

Given that cross-sectional associations do not provide evidence on the temporality of the 

association, we studied the effect of baseline diabetes status on cortisol curves over 6 years, 

using data from MESA Stress I and MESA Stress II in 90 participants with diabetes and 490 

participants without diabetes who attended both exams.87 In this novel longitudinal study 

examining the association of diabetes status with long-term changes in daily cortisol curve 

features, we did not identify any statistically significant differences in change in cortisol 

curve features by diabetes status, suggesting that either larger studies with longer follow-up 

are needed or that the direction of the association is toward HPA axis dysfunction leading to 

the development of diabetes. The latter hypothesis was tested recently in the Whitehall II 

study.88 Among 3270 participants, 210 developed diabetes over 9 years, with higher evening 

cortisol levels predicting new-onset diabetes mellitus (odds ratio (OR) = 1.18; 95% CI: 

1.01–1.37) and a trend for a flatter slope at baseline in participants with incident diabetes 

(OR = 1.15; 95% CI, 0.99–1.33).88 The cortisol curve features related to incident diabetes 

are similar to the features related to prevalent diabetes in the Whitehall II study and MESA 

Stress and provide evidence that a blunted HPA axis profile may lead to the development of 

diabetes. However, the longitudinal relationship between baseline cortisol and the 

development of diabetes has not been investigated in a multiethnic cohort, and additional 

studies are needed to confirm the findings from the Whitehall II study.

In conclusion, diabetes and worsened glycemia in diabetes is associated with a flatter diurnal 

cortisol curve, with evidence of a blunted CAR and flatter slope across the day. Similarly, 

among those without diabetes, higher morning cortisol and total AUC cortisol are associated 

with lower insulin resistance, which was blunted with the inclusion of waist circumference, 

and the development of diabetes is associated with a flatter diurnal cortisol curve and higher 

bedtime cortisol. These results suggest that a more dynamic diurnal cortisol profile with 

higher morning cortisol, a steeper slope throughout the day, and a low bedtime cortisol may 

be protective for the development of diabetes.

Mechanistic links: perturbation of the diurnal cortisol curve, depression, 

and diabetes

Clinical hypercortisolism (Cushing’s disease or syndrome) leads to the development of type 

2 diabetes mellitus in one-third of affected individuals by inducing visceral adiposity, 

activating lipolysis with free fatty acid release, skeletal muscle insulin resistance, decreasing 

insulin secretion, and increasing hepatic glucose production.89,90 There are changes in the 

HPA axis with neuropsychiatric conditions, including depression—a relationship that is 

bidirectional, as hypercortisolism can also lead to neuropsychiatric disease, evidenced by the 

high prevalence of MDD (50–81%), anxiety (66%), and bipolar disorders (30%) in 

Cushing’s syndrome.90 Chronic exposure to high cortisol levels leads to structural and 

functional changes in various glucocorticoid receptor–rich brain regions fundamental for 
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emotional and cognitive function, including the hippocampus, amygdala, and prefrontal 

cortex.90

The larger question is how smaller perturbations in cortisol, specifically subclinical 

hypercortisolism that occurs more commonly in states of stress and depression, lead to type 

2 diabetes mellitus. In states of subclinical hypercortisolism, similar pathophysiology occurs 

with accumulation of visceral fat through promotion of differentiation and proliferation of 

adipocytes, fat redistribution from peripheral to central depots, increasing the size and 

number of adipocytes, lipolysis and release of free fatty acids, and glucometabolic 

disturbances, including insulin resistance.89 These effects are likely mediated through 

glucocorticoid receptors that are more abundant on visceral than subcutaneous adipose 

tissue.89 Thus, because cortisol leads to visceral adiposity and insulin resistance (metabolic 

precursors to diabetes), subclinical hypercortisolism may provide an additional biological 

explanatory link between depression and type 2 diabetes mellitus (Fig. 6).39

Conclusions

Depression has a clear association with both prevalent and incident diabetes. The link 

between measures of stress and diabetes is less clear, possibly because of differences in 

measurements of stress and varying effects of different forms of stress on the HPA axis. We 

hypothesize that differences in allostatic load between chronic stress and depression may 

exist, with depression representing a state of greater mental wear and tear and, thus, HPA 

axis dysfunction. One could also consider a gradation of risk from small levels of consistent 

acute stress, to generalized chronic stress, to depression with greater burden, as an 

individual’s psychological load progresses. We hypothesize that HPA axis dysregulation is 

an important biological link between stress, depression, and diabetes. Depression is 

associated with a flatter or blunted diurnal cortisol curve, which is relatively preserved 

across the life span. Blunting of the diurnal cortisol curve is an important feature for 

cardiometabolic risk and has specifically predicted incident diabetes88 and higher HbA1c in 

individuals with diabetes.87 A blunted cortisol curve can be mediated by a lower wake-up 

cortisol, a decreased CAR, or higher bedtime cortisol, as revealed by studies of the HPA axis 

and diabetes.79,87,88 Thus, we consider HPA axis dysregulation to be a critical link in the 

high prevalence of co-existent depression and diabetes. Establishing the temporality of the 

association will require further study and is potentially bidirectional. Recently, two studies 

have made initial inroads in understanding the association of stress, allostatic load, and 

diabetes. First, a study of 140 diabetic men and women and 280 nondiabetic matched 

controls measured markers of allostatic load and cortisol in response to a standardized 

mental stressor.91 Participants with diabetes showed impaired post-stress recovery in systolic 

and diastolic blood pressure, heart rate, and cholesterol, and blunted stress reactivity in 

systolic blood pressure, cortisol, cholesterol, and interleukin-6. Salivary cortisol output was 

36% higher in the diabetic compared to control groups, with significant differences in 

cortisol samples on waking, at 1600–1630, and at 2000–2030, consistent with a flattening of 

the diurnal cortisol curve. Diabetic persons reported greater depressive symptoms and higher 

stress than did healthy controls in this study.91 A second study of psychophysiological stress 

in 37 diabetic patients and 37 healthy controls revealed that both glucocorticoid and 

mineralocorticoid sensitivity decreased in healthy controls, but did not change in people with 
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diabetes.92 Participants with diabetes showed blunted stress responsivity in systolic blood 

pressure, diastolic blood pressure, heart rate, interleukin-6, monocyte chemoattractant 

protein-1, and impaired post-stress recovery in heart rate. Participants with diabetes had 

higher cortisol levels, as measured by the total amount excreted over the day and increased 

glucocorticoid sensitivity at baseline. This study suggests that impaired stress responsivity in 

type 2 diabetes is, in part, due to a lack of stress-induced changes in mineralocorticoid and 

glucocorticoid sensitivity.92 The authors surmised that diabetes is characterized by 

disruption of stress-related processes across multiple biological systems and increased 

exposure to life stress, with chronic allostatic load providing a unifying theory.91 These two 

studies represent important steps in the journey toward fully understanding the relationships 

between stress, depression, allostatic load, and diabetes, which will be further elucidated in 

the coming years in longitudinal studies of multiethnic individuals. Once the appropriate 

biological targets are identified, interventions directed at the HPA axis may improve 

outcomes in both depression and diabetes.
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Figure 1. 
A hypothesized relationship between stress, depression, cortisol, and diabetes.
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Figure 2. 
Summary of diurnal cortisol parameters. Shown is (A) wake-up cortisol (time 0), (B) cortisol 

awakening response (0–30 min), (C) early-decline slope cortisol (30 min to 2 h), (D) late-

decline slope cortisol (2 hours to bedtime), (E) bedtime cortisol, (F) total AUC (0 min to 

bedtime) cortisol, and (G) overall-decline slope cortisol (0 min to bedtime, excluding 30-min 

cortisol). Reprinted, with permission, from Joseph et al.80

Joseph and Golden Page 19

Ann N Y Acad Sci. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
MESA Stress Ancillary Studies.
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Figure 4. 
Salivary cortisol curve from 0 to 3 h in MESA Stress I. Adapted, with permission, from 

Champaneri et al.79
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Figure 5. 
The hypothetical relationship between subclinical hypercortisolism and glycemia in 

diabetes. (1) Hyperglycemia in diabetic mice leads to decreased hippocampal function 

owing to astrogliosis and neuronal apoptosis.93 There is also evidence of decreased 

mineralocorticoid receptor–mediated stress responsivity in diabetic mice94 and decreased 

glucocorticoid receptor levels in sedentary mice.95 These processes lead to hippocampal 

atrophy, which has been seen in humans75 and a reduction in inhibition of hypothalamic 

activity by the hippocampus. (2) Human studies have shown decreased negative feedback 

via the dexamethasone suppression test in diabetes, suggesting abnormalities at the level of 

the anterior pituitary.75,96 Glucocorticoid receptor dysfunction at the level of the anterior 

pituitary results in increased production of ACTH, which acts on the zona fasciculata of the 

adrenal gland. (3) Findings of elevated cortisol throughout the day in diabetes in women 

have been reported in a multi-ethnic study97 and in both sexes in a study of Caucasians.77 

(4) In the periphery, there is increased basal glucocorticoid receptor sensitivity in diabetes, 

which is associated with poorer glucose control92 and a lack of stress-induced modulation of 

glucocorticoid receptor sensitivity in diabetes mellitus.98 Peripheral cortisol synthesis from 

conversion of cortisone to cortisol is increased due to whole-body and liver cortisol 

regeneration by 11 β-hydroxysteroid dehydrogenase type 1 in diabetes with obesity.99 
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Blocking the glucocorticoid receptor with mifepristone, or selective glucocorticoid receptor 

II antagonists specific to liver or adipose tissue, decrease glucose levels in diabetes.100,101 In 

addition, glucose transporter type 4 (GLUT4) translocation is decreased.90 These data 

indicate that cortisol does have an effect of peripheral glycemia in diabetes. (5) Individually 

and collectively, these processes may lead to worsening hyperglycemia and further blunting 

of the HPA axis, creating a vicious cycle. Reprinted, with permission, from Joseph et al.80
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Figure 6. 
Mechanistic links between perturbation of the diurnal cortisol curve and diabetes.
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