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Summary

Hypercortisolism is associated with insulin resistance (IR) and diabetes mellitus (DM); however,
to our knowledge prior studies have not examined the association of diurnal cortisol curve features
with measures of glycemia or IR in a population-based setting. Using log-transformed salivary
cortisol data on 850 ethnically diverse men and women from the Multi-Ethnic Study of
Atherosclerosis, we investigated the cross-sectional association of cortisol curve features with (1)
glycemia in those with and without DM and (2) IR, in non-diabetic subjects. The log-transformed
salivary cortisol curve features included wake-up cortisol, cortisol awakening response (CAR),
early decline slope (30 minutes to 2 hours post-awakening), late decline slope (2 hours post-
awakening to bedtime), overall decline slope (0 minutes to bedtime, excluding 30 minute cortisol),
bedtime cortisol and total area under the curve (AUC). Overall, following multivariable
adjustment, among those with diabetes mellitus (DM), early decline slope, overall decline slope,
bedtime cortisol, and AUC were significantly and positively associated with a 5.4% (95% ClI: 1.3,
9.7), 54.7% (95% CI: 12.4, 112.9), 4.0% (95% ClI: 1.6, 6.4), and 6.8% (95% ClI: 3.3, 10.4) higher
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HbALc per 1 unit increase in log cortisol feature, respectively. Cortisol curve features were not
associated with HbAlc among non-diabetic participants; however, wake-up cortisol and AUC
were associated with a 8.2% lower (95% CI: -13.3, -2.7) and 7.9% lower (95% CI: -14.6, -0.6)
log HOMA-IR, respectively. This was attenuated by adjustment for waist circumference. Among
participants with DM, cortisol curve parameters suggestive of higher hypothalamic-pituitary-
adrenal (HPA) axis activity and dysfunction were associated with higher HbA1c. In non-diabetic
participants, greater HPA activity was paradoxically associated with lower insulin resistance.

Keywords

Cortisol; Glycemia; Insulin Resistance; Type 2 Diabetes Mellitus; hypothalamic-pituitary-adrenal
axis

Introduction

The hypothalamic-pituitary-adrenal (HPA) axis is altered by various psychological (e.g.
stress, post-traumatic stress disorder, depression) and physiological (e.g. sleep insufficiency/
disturbance) stressors, leading to HPA axis dysfunction. The normal HPA axis diurnal
rhythm consists of high morning and low afternoon-evening cortisol levels with normal
feedback control to lower elevated cortisol levels following acute stress. Repeated acute
stresses lead to hippocampal and pituitary glucocorticoid receptor downregulation, poor
feedback inhibitory control with increased cortisol secretion and loss of diurnal cortisol
rhythm (Rosmond, 2003). Prior studies have shown that depressive disorders activate and
alter the function of the HPA axis and increase the risk for type 2 diabetes (DM) (Stetler and
Miller, 2011). Hypercortisolism in the setting of repeated psychological and physiological
stresses leads to increased visceral adiposity, further promoting insulin resistance and
hyperglycemia (Kahn et al., 2006).

The impact of cortisol on glycemia and insulin resistance can be assessed using glycated
hemoglobin (HbA1c) and the homeostasis model assessment of insulin resistance (HOMA.-
IR), respectively. HbAlc is a measure of the average blood glucose levels over the prior 90
days with higher levels indicating worse glucose control (normal <5.7%, prediabetes 5.7—
6.4%, DM =6.5%)(American Diabetes Association, 2010). The HOMA-IR is a model using
steady-state (fasting) insulin and glucose to estimate insulin resistance, with higher levels
indicating greater insulin resistance (Matthews et al., 1985). In previous analysis, higher
fasting and mean overnight serum cortisol levels have been associated with higher HOMA-
IR and fasting glucose (Anagnostis et al., 2009). Individuals with the metabolic syndrome
have also been shown to have higher circulating cortisol concentrations in both the basal
setting and in response to dynamic hypothalamic-pituitary-adrenal (HPA) axis testing
(Duclos et al., 2005; Ward et al., 2003). Subclinical hypercortisolism has been documented
in individuals with DM, with higher 24-hour urine free cortisol (Chiodini, 2005), higher
dexamethasone suppressed cortisol (Chiodini, 2005; Godoy-Matos et al., 2006), higher basal
plasma cortisol, (Chiodini, 2005) and larger adrenal gland volume (Godoy-Matos et al.,
2006) than individuals without diabetes. One study showed a positive association between
dexamethasone-suppressed cortisol and HbAlc, suggesting that hypercortisolism may also
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be related to glycemic control (Bruehl et al., 2007). We previously showed in the Multi-
Ethnic Study of Atherosclerosis (MESA) Stress | Ancillary study that women with diabetes
had higher total cortisol area under the curve (AUC) compared to women without diabetes
whereas men with diabetes had a lower total cortisol AUC compared to men without
diabetes (Champaneri et al., 2012). An important limitation in our prior cross-sectional
analysis is that we lacked data on glycemic control at the time hormonal measures were
assessed and were unable to assess its contribution to our observed associations. The only
glycemic marker was a HbAlc value from 2—4 years prior to collection of salivary cortisol
data. In this study, the objective was to use data from the MESA Stress Il Ancillary Study, a
diverse population-based study of adults, to assess whether glycemia, assessed via HbAlc,
was cross-sectionally associated with diurnal cortisol curve features (wake-up cortisol,
cortisol awakening response (CAR), early decline slope, late decline slope, overall decline
slope, bedtime and total cortisol AUC). In our second analysis, we examined the association
of cortisol curve features with insulin resistance, assessed via HOMA-IR, in non-diabetic
individuals. To our knowledge, there are no prior studies examining the association of
glycemia and insulin resistance with the full diurnal cortisol curve profile in diabetic and
non-diabetic participants.

1. Methods

1.1 Study Population

We used data from MESA, a multi-center, longitudinal cohort study of the prevalence and
correlates of subclinical cardiovascular disease and the factors that influence its progression
(Bild, 2002). Between July 2000 and August 2002, 6,814 men and women without clinical
cardiovascular disease who identified themselves as White, Black, Hispanic or Chinese, and
were 45-84 years of age were recruited from six U.S. communities: Baltimore City and
Baltimore County, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los
Angeles County; and St. Paul, Minnesota. Details on the sampling frames and the cohort
examination procedures have been published previously (Bild, 2002). The MESA Stress 11
Study collected detailed measures of stress hormones, including salivary cortisol measures,
on a subsample of 1,082 participants at the New York, Los Angeles and Baltimore MESA
study sites between 2010-2012 during MESA Exam 5. These populations represent an
ethnically and socioeconomically diverse group of participants. Written informed consent
was obtained from each participant, and the study was approved by the Institutional Review
Boards of each MESA institution.

1.2 Hormonal Measures

Salivary cortisol measures were collected over 2 days with 8 time points measured per day.
The first sample was taken immediately after awakening (and before getting out of bed), the
second sample 30 minutes later, and 6 additional timed samples throughout the day
including a sample right before bedtime. Participants were instructed not to eat or drink or
brush their teeth 15 minutes before collecting the salivary samples. They were also
instructed to leave the cotton swab in their mouths for less than 2 minutes until soaked,
moving it around inside their mouth. Participants were instructed to record the exact time of
sample collection on a special card, which was facilitated by a provided alarm clock. Saliva
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samples were stored at —20° C until analysis. Before biochemical analysis, samples were
thawed and centrifuged at 3000 rpm for 3 minutes to obtain clear saliva with low viscosity.
Cortisol levels were determined using a commercially available chemiluminescence assay
with a high sensitivity of 0.16 ng/mL (IBL, Hamburg, Germany). Intra- and inter-assay
coefficients of variation were less than 8%.

In MESA Stress 1, 98% of participants collected valid samples (i.e. valid cortisol sample
and valid time of sample collection) on both days and 96% of participants collected at least
5 valid samples per day for both days. Collection rates were similar to MESA Stress |,
where 97% of participants collected samples on all 3 days and 85% of participants collected
at least 5 samples per day for all days on which they collected samples (Golden et al., 2014;
Hajat et al., 2010). Participants recorded collection time on special cards. Based on prior
work in our population, the median difference between the actual collection time and
recorded times was between 2 and 4 min depending on the sample. The 25th and 75th
percentiles were between 1 and 2 and 5 and 13 min, respectively, with the longest times
corresponding to the last sample of the day. Overall, the first sample was taken within 5 min
of wake-up for 78% of days across participants and the median difference between the first
and second sample was 34 min. While lower compliance with the collection protocol was
associated with a less pronounced CAR, compliance was not associated with any other
cortisol features and adjustment for compliance did not affect the associations of cortisol
features with sociodemographic characteristics (Golden et al., 2014).

1.3 Cortisol Features

Normal diurnal cortisol regulation follows a circadian pattern, in which levels are typically
high upon waking, increase by 50—75% during the 30—40 min post-awakening (CAR);
and decline across the remainder of the day, reaching a nadir in the late evening some 18+
hours after awakening (Golden et al., 2014). We investigated seven features of the daily
cortisol curve: Wake-up cortisol levels, CAR, standardized total cortisol AUC, early decline
slope, late decline slope, overall decline slope and bedtime cortisol (Figure 1). Due to its
positively skewed distribution, cortisol was log-transformed before the cortisol features were
calculated (Adam et al., 2006; Champaneri et al., 2013, 2012; Hajat et al., 2010; Wang et al.,
2014). Wake-up cortisol was defined as the salivary cortisol obtained at time 0. CAR was
the cortisol rise from time 0 to 30 minutes post-awakening. Early decline in cortisol was
defined as the decline in cortisol from 30 minutes post-awakening to 2 hours post-
awakening. Late decline in cortisol was the decline in cortisol from 2 hours post-awakening
to bedtime. The overall decline slope was calculated as the rate of decline using all samples
except the 2nd sample (30 minutes post-awakening). To calculate the AUC, we used linear
splines to connect the values from each of the sample times and then calculated the area
under the linear spline based on the trapezoid rule (Yeh and Kwan, 1978), using all available
data and restricting estimates to a 16-hour day duration for all participants (AUC was
missing if less than 3 samples were collected for the exam day or the last 2 samples were
missing). The AUC was then standardized by the length of duration (which is 16-hours in
our analysis).
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1.4 Diabetes Status

Participants fasted for 12 hours and avoided smoking and heavy physical activity for 2 hours
before each examination. Fasting blood samples were drawn between 7:30 and 10:30 AM.
Serum was frozen and stored at —70°C as previously described (Bild, 2002). Diabetes status
at Exam 5 was determined by 2003 ADA fasting criteria: diabetes (fasting glucose = 126
mg/dL or takes insulin or oral diabetes medication); impaired fasting glucose if fasting
glucose=100-125 mg/dL; and normal if fasting glucose is < 100 mg/dL according to the
2003 American Diabetes Association Criteria (American Diabetes Association, 2010).

1.5 HOMA-IR and HbAlc

HOMA-IR was calculated using fasting glucose and insulin variables collected at MESA
Exam 5. HOMA-IR was calculated using the formula: HOMA-IR = (Glucose x Insulin)/405)
(Matthews et al., 1985). HOMA-IR was only conducted in non-diabetic participants at Exam
5, as anti-diabetic medication use will alter insulin and glucose levels. HbAlc was collected
at MESA Exam 5 in diabetic and non-DM participants.

1.6 Covariates

Demographic and socioeconomic factors previously shown to be associated with features of
the cortisol curve were analyzed (Clow et al., 2004; Cohen et al., 2006; Hajat et al., 2010;
Hansen et al., 2008; Ranijit et al., 2005). Data on age, race/ethnicity, sex, and cigarette
smoking were self-reported using standard protocols previously described (Bild, 2002).
Analysis of socioeconomic status was assessed by total gross family income in the past 12
months at MESA Exam 5. Prescription and over-the-counter medications were determined
by transcription of medications brought into the clinic during each examination with
particular attention to beta-blocker use, steroid use, hormone replacement therapy use, and
aspirin use as covariates (Bild, 2002). Badrick et al, showed higher salivary cortisol levels in
current smokers only and no differences among ex-smokers and never-smokers (Badrick et
al., 2007), thus we categorized smoking as current smoking or non—current smoking status at
MESA Exam 5. Adiposity measures at MESA Exam 5 included body mass index (BMI) and
waist circumference. Depressive symptoms were assessed by the CES-D Scale at MESA
visit 5 (Radloff, 1977).

1.7 Statistical Analysis

We performed analyses of HbAlc samples from participants and estimated the effect
separately for each diabetes group. 1,082 participants were enrolled in MESA Stress 1. We
restricted our analysis to participants with complete diurnal cortisol features. We excluded
13 participants with no valid daily cortisol samples (including samples with missing cortisol
value or unreliable cortisol values (0 or >100 nmol/L) or missing time of sample collection)
in any exam day. Participants with missing values in wakeup (N=10), CAR (N=24), early
decline slope (N=17), late decline slope (N=9), AUC (N=29), bedtime cortisol (N=16) or the
overall decline slope (N=1) were excluded. In addition, we further excluded participants
who had missing values in diabetes (N=8), gross family annual income (N=21), waist
circumference (N=2), CES-D (N=20), aspirin use (N=2), glucose (N=10), insulin (N=133)
and HbAlc (N=14), which led to a further exclusion of 219 participants. We planned to use
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the income-wealth index as a socioeconomic status variable; however, the missing rate was
high (136/1069=13%), so we used gross family annual income. The final analyses therefore
included 850 participants.

In our first aim to assess the relation between glycemia and diurnal cortisol curve features in
diabetic and non-diabetic participants, the exposure variable was the cortisol curve features
(wakeup cortisol, CAR, early decline slope, late decline slope, overall decline slope, bedtime
cortisol and total cortisol AUC) and the outcome variable was HbAlc. HbAlc was
maintained as a continuous variable and was log-transformed to normalize the skewed
distribution. A linear regression model was fitted with HbAlc as response variable and with
cortisol features as exposure variable, adjusting for demographic information, adiposity
measures, depressive symptoms, medications and behavioral variables. In addition, the
model included an interaction term of diabetes and cortisol feature, which allows us to
estimate the association of cortisol feature with HbAlc for each diabetes group as well as to
test the difference in the association between diabetes groups. In Model 0, we examined
HbA1c association with cortisol features with no additional adjustment. In Model 1, we
examined HbA1c association with cortisol features adjusted for demographic variables. In
Model 2, we examined the HbAlc association with cortisol features adjusted for
demographic variables and waist circumference. In Model 3, we examined the HbAlc
association with cortisol features adjusted for all variables. The regression coefficients
derived from our linear regression models represent the change in HbAlc (%) per one unit
increase in the value of the cortisol feature after adjusting for other factors (age, sex, race/
ethnicity, gross family annual income, waist circumference, medications affecting
hypothalamic-pituitary-adrenal axis function, current smoking status, and depressive
symptoms score). To assess the association of insulin resistance, assessed via HOMA-IR,
with diurnal cortisol curve features in non-diabetic participants, we performed similar
analyses as our first aim with the exception that the outcome variable was log-transformed
HOMA-IR, modeled continuously in non-diabetes participants only.

The final analytic sample contained 850 participants with a mean age of 70 (SD: 9, range: 54
—93). They were racially/ethnically diverse: Black (31.3%), Hispanic (43.4%), and White
(25.3%) and were approximately evenly distributed across sexes (54.7% women and 45.3%
men). The characteristics of the participants at MESA Exam 5 are displayed in Table 1. At
the time of salivary cortisol collection 170 (20%) participants had prevalent diabetes of
which 94% were on diabetic medications, 177 (20.8%) participants had impaired fasting
glucose and 503 (59.2%) had normal glucose metabolism. As expected the DM group had a
higher fasting blood glucose (135.6 mg/dL vs. 94.2 mg/dL), HbAlc (7.2% vs. 5.7%), waist
circumference (107.5 cm vs. 99.5 cm) and BMI (31.7 kg/m2 vs. 29.0 kg/m2). While
excluded participants were more likely to be White and take hormone replacement therapy,
there were no other substantive differences between included and excluded individuals
(Supplemental Table 1).
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2.1 Results for Hemoglobin A1C Analysis in Non-DM and DM Participants

In participants with DM, early decline slope, overall decline slope, bedtime cortisol, and
total cortisol AUC were significantly and positively associated with a 5.4% (95% CI: 1.3,
9.7), 54.7% (95% CI: 12.4, 112.9), 4.0% (95% ClI: 1.6, 6.4), and 6.8% (95% ClI: 3.3, 10.4)
higher HbA1c per 1 unit change in cortisol, respectively in multivariable adjusted analysis
(Table 2). Wake-up cortisol, CAR, and late decline slope were not associated with HbAlc in
DM participants. The results were not significantly changed by adjustment for
sociodemographic variables, adiposity or full multivariable adjustment. Sensitivity analysis
using raw unit HbAlc data showed a similar pattern of association as results using log-
transformed HbALc. In participants with DM compared with no DM, the difference in
HbALc % change per 1 unit change in early decline slope, overall decline slope, bedtime
cortisol, and total cortisol AUC were significantly and positively associated with a 5.4%
(95% CI: 0.8, 10.2), 53.9% (95% CI: 7.6, 120.2), 3.6% (95% ClI: 1.0, 6.4), and 6.3% (95%
Cl: 2.5, 10.2) higher HbAlc per 1 unit change in cortisol in the DM group respectively in
multivariable adjusted analysis. There was no association between any of the cortisol curve
features and HbA1c in the non-DM participants.

2.2 Results for HOMA-IR in Non-DM Participants

Among those without DM, wake-up cortisol was associated with a 9.4% lower (95% CI:
-14.5, -4.2) HOMA-IR per 1 unit increase in cortisol feature, in the unadjusted model, 8.2%
lower (95% CI: —13.3, —2.7) when adjusted for sociodemographic variables (Table 3). The
association was attenuated and became non-significant when adjusted for sociodemographic
variables and waist circumference (3.0% lower (95% CI: —7.7, 1.9)). Total cortisol AUC
(16-hour) was significantly associated with HOMA-IR in the unadjusted and
sociodemographic variables adjusted models with a 9.8% lower (95% CI: -16.4, -2.7) and
7.9% lower (95% CI —14.6, —0.6) HOMA-IR per 1 unit increase in cortisol feature. These
results were attenuated and became non-significant when adjusted for waist circumference
with a 4.2% lower (95% CI -10.1, 2.2) HOMA-IR per 1 unit increase in cortisol feature. To
examine which feature of HOMA-IR, glucose or insulin, was associated with cortisol curve
features, we created an XY scatterplot of glucose and insulin versus the individual cortisol
curve features. Wake-up and total cortisol AUC were inversely associated with insulin with
correlation coefficients of —0.148 (p-value < 0.001) and -0.128 (p—value < 0.001), whereas
fasting glucose showed no statistically significant association with wake-up cortisol or total
cortisol AUC with correlation coefficients of —0.009 (p-value = 0.824) and —-0.074 (p-value
= 0.053). Sensitivity analyses separating Non-DM into finer groups of impaired fasting
glucose and normal fasting glucose, showed similar associations in HOMA-IR and cortisol
features. Additionally, we found among normal fasting glucose participants the early decline
slope was significantly associated with HOMA-IR in the unadjusted, sociodemographic
variables adjusted model and sociodemographic and waist circumference adjusted models
with a 14.9% higher (95% ClI: 2.2, 29.1), 15.0% higher (95% CI: 2.3, 29.3), and 10.7%
higher (95% CI: 0.31, 22.3) HOMA-IR per 1 unit increase in cortisol feature (data not
shown).
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3. Discussion

The MESA Stress Study is one of only a few population-based cohort studies with well-
characterized data on diurnal cortisol curve characteristics collected in a rigorous manner as
well as measures of glycemia and a measure of insulin resistance. This enabled us to
examine the association between subclinical hypercortisolism and hyperglycemia in all
participants and insulin resistance, a precursor to DM, among non-diabetic individuals.

3.1 Association of HbA1lc and Cortisol Curve Features

In this first report of the relation of the full diurnal cortisol curve and glycemia in DM, we
found a positive association between glycemia and early decline slope, overall decline slope,
bedtime cortisol, and total cortisol AUC in a multi-ethnic population. These findings
indicate that an overall flattening of the cortisol curve and increased total daily cortisol
exposure are associated with worsened glycemia in DM. This result corresponds with a prior
cross-sectional analysis of glycemia in DM and cortisol in 190 participants, which showed a
higher pre-lunch cortisol was associated with dose-dependent higher fasting blood glucose,
urinary glucose, postprandial glucose and HbAlc (Oltmanns, 2006). Plausible explanations
for our findings include, (1) the flattened cortisol profile with increased overall daily cortisol
exposure leads to hyperglycemia in DM, (2) hyperglycemia causes HPA axis dysfunction
and thus flattening of the cortisol profile or (3) a combined effect where hyperglycemia
causes HPA axis dysfunction with flattening of the cortisol profile leading to further
hyperglycemia in a cyclical pattern.

The first explanation is that elevated cortisol leads to hyperglycemia in DM. Clinical
hypercortisolism can induce insulin resistance and lead to DM by promoting development of
visceral adiposity, skeletal muscle insulin resistance, and activating lipolysis and free fatty
acid release (Anagnostis et al., 2009). Previously, we analyzed the relationship between DM
and diurnal cortisol curve features and found a blunted CAR which was statistically
significant in men and slower early cortisol decline in men and women. Women had a
higher total cortisol AUC with DM compared to women without DM and men with DM had
a lower total cortisol AUC compared to men without DM(Champaneri et al., 2012). These
results are consistent with two other studies showing a flattened diurnal cortisol rhythm in
participants with DM (Hackett et al., 2014; Lederbogen et al., 2011), although neither study
showed a blunted CAR, which was seen in our multi-ethnic analysis and in an analysis by
Bruehl et al (Bruehl et al., 2009). However, the lack of association between the cortisol
profile and HbAlc in non-diabetic and pre-diabetic individuals does not fully support this
hypothesis and lends support to a second hypothesis that increased glycemia causes direct
dysfunction of the HPA axis.

In a cross-sectional analysis of thirty DM participants and thirty matched controls, cortisol
levels during dexamethasone suppression testing and corticotropin-releasing factor (CRF)
stimulation testing were positively associated with HbAlc in DM participants (Bruehl et al.,
2007). Bruehl et al, suggested that given that findings were independent of age, BMI,
dyslipidemia and hypertension they were the result of a direct effect of hyperglycemia in
DM on the HPA axis, possibly through damage to the hippocampus leading to alteration of
the HPA axis (Bruehl et al., 2009). Supporting this finding is evidence from in-vitro
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analysis, revealing that hyperglycemia can activate the HPA axis through activation of the
CRF promoter, activation of the CRF gene (Kageyama et al., 2012), and activation of
pituitary proopiomelanocortin gene expression through free radical activation of
transcription factors including NF-xB/AP1 (Asaba et al., 2007). There is also evidence that
intracellular neuronal hyperglycemia leads to oxidative stress and advanced glycation end-
products causing decreased plasticity and neuronal damage in a rodent model of depression
and DM(Wang et al., 2009). These findings all support a role for the direct effect of
hyperglycemia causing HPA axis dysfunction.

The third explanation is the possibility of a bi-directional effect of glycemia on the HPA axis
and the HPA axis on glycemia. A rodent model of DM showed impaired hippocampus—
dependent memory, synaptic plasticity and neurogenesis, which were reversed when cortisol
levels were normalized with adrenalectomy and cortisol replacement (Stranahan et al.,
2008), suggesting a dual role for hyperglycemia and cortisol in the pathogenesis of HPA
axis dysfunction. (See Figure 2)

3.2 Association of HOMA-IR and Cortisol Curve Features

A higher wake-up cortisol and total cortisol AUC were associated with lower insulin
resistance as measured by the HOMA-IR in non-diabetic individuals. The lower HOMA-IR
per 1 unit increase in cortisol was attenuated by waist circumference in the log-transformed
analysis for both total cortisol AUC and wakeup cortisol. There was no association of the
other diurnal cortisol curve features and HOMA-IR. We postulate that a higher wake-up
cortisol contributing to a higher total cortisol AUC 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 (Duclos et al., 2005; Champaneri et al.,
2013; Kumari et al., 2010), generalized obesity (Champaneri et al., 2013; Kumari et al.,
2010), and metabolic syndrome (DeSantis et al., 2011). A higher wake-up cortisol is
associated with higher educational level (Karlamangla et al., 2013) and White race (Cohen
et al., 2006; Hajat et al., 2010; Karlamangla et al., 2013), whereas ethnic minority status is
associated with a lower wake-up cortisol, possibly related to higher levels of discrimination
(Zeiders et al., 2014). In regards to the elevated total cortisol AUC, a previous analysis in
MESA found a similar association when examining metabolic syndrome and total cortisol
AUC in non-DM participants, where a higher total cortisol AUC was associated with the
lack of metabolic syndrome (DeSantis et al., 2011). Our data showed that the lower HOMA-
IR was driven by the association of lower insulin levels with higher total cortisol AUC and
wake-up cortisol, as there was no association of glucose levels with cortisol. In the
normoglycemic state, cortisol inhibits insulin release (Delaunay et al., 1997; Ling et al.,
1998), stimulates leptin (Newcomer et al., 1998; Wabitsch et al., 1996), and leptin also then
further inhibits insulin release, while also blocking gluconeogenesis and glucagon and
increasing peripheral insulin sensitivity (Park and Ahima, 2015). The association of lower
HOMA-IR with higher wake-up cortisol and total cortisol AUC was fully blunted in a model
including waist circumference, a correlate for visceral adiposity, a known mediator of
insulin (Kahn et al., 2006) and leptin resistance (Sainz et al., 2015). This suggests that as
individuals gain weight/body fat through increased caloric intake and decreased physical
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expenditure, 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 DM in this study. This hypothesis is supported by a study of low dose
hydrocortisone infusion for 3 hours to simulate a mild stress, in which abdominally obese
participants developed markedly greater insulin resistance compared to normal BMI controls
who did not develop insulin resistance (Darmon et al., 2006). In addition, there could also be
an independent effect of elevated total cortisol AUC promoting abdominal adiposity and
thus increasing insulin resistance and attenuating the association between higher wake-up/
total cortisol AUC and improved insulin resistance as seen in clinical hypercortisolism.
However, we feel this is unlikely in subclinical hypercortisolism given the prior cross-
sectional analysis in MESA, which revealed an inverse association between wake-up and
total cortisol AUC and BMI/waist circumference, especially in those with normal fasting
glucose (Champaneri et al., 2013). This would suggest that higher wake-up and total cortisol
AUC are associated with a lower BMI and waist circumference, which would not likely
cause the attenuation in the association with wake-up and total cortisol AUC and HOMA-
IR.

Our study has several strengths. First, MESA is a large population-based multi-ethnic
cohort. Second, we used well-established criteria to determine DM status and did not rely on
self-report. Third, salivary cortisol collection occurred over 2 days, allowing a more accurate
determination of each participants diurnal cortisol pattern. Fourth, we were able to adjust for
smoking, many medications, and other potential confounders using data collected in MESA.
Finally, we had a large population of participants with normal glucose tolerance and
impaired fasting glucose, allowing the assessment of glycemia in a non-diabetic population.

Our findings should be interpreted in light of some limitations. First, the cross sectional
study design does not allow the assessment of the temporality of the association. Second, we
were not able to assess DM duration, which may impact hormonal function in individuals
with DM. Third, HbAlc assesses mean glycemia, but we were unable to assess post-prandial
glycemia, which may also be associated with cortisol curve measures, given cortisol causes
skeletal muscle insulin resistance, the major depot for post-prandial glucose. Finally, we
were not able to assess leptin to test our hypothesis regarding insulin resistance in the non-
diabetic participants.

In summary, this is the first study to examine the association of the full cortisol profile with
glycemia in DM and insulin resistance in non-DM participants in a large multi-ethnic
cohort. Glycemia is positively associated with the early decline slope, overall decline slope,
bedtime cortisol, and higher total cortisol AUC. HOMA-IR is paradoxically inversely
correlated with morning cortisol and total cortisol AUC and the association is attenuated
following adjustment for waist circumference. We propose that in the normoglycemic and
normal adiposity state, elevated wake-up and total cortisol AUC represent a healthier HPA
axis with greater plasticity and that the cortisol-mediated effects leading to hyperglycemia
vary by DM status and may be influenced by the adipoinsular axis through the actions of
leptin and insulin. Recent studies have shown a direct link between adipokines and the HPA
axis with leptin suppressing glucocorticoid secretion from the adrenal cortex by inhibiting
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CRF, pituitary ACTH release and direct inhibition at the adrenal gland (Roubos et al., 2012;
Stieg et al., 2015). Adiponectin regulates glucocorticoids at the level of the hypothalamus
and pituitary glands by increasing CRH and ACTH and decreasing cortisol secretion from
the adrenal glands (Chen et al., 2014) Future studies should measure adipokines to allow
further exploration of their role in the HPA axis, glucose metabolism and cardiometabolic
disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Time of Day

Figure 1. Diurnal Cortisol Profile
Summary of diurnal cortisol parameters.

Key:

A. Wake-up cortisol (Time 0)

B. Cortisol awakening response (0 minutes to 30 minutes)

C. Early decline slope cortisol (30 minutes to 2 hours)

D. Late decline slope cortisol (2 hours to bedtime)

E. Bedtime cortisol

F. Total AUC (0 minutes to bedtime) cortisol

G. Overall decline slope cortisol (0 minutes to bedtime, excluding 30 minute cortisol)
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Figure 2. The Hypothetical Relationship Between Subclinical Hypercortisolism and Glycemia in
T2DM

(1)Hyperglycemia in diabetic mice leads to decreased hippocampal function due to
astrogliosis and neuronal apoptosis (Stranahan et al., 2008). There is also evidence of
decreased mineralocorticoid receptor stress responsivity in diabetic mice (Chan, 2005) and
decreased glucocorticoid receptor content in sedentary mice (Campbell et al., 2010). These
processes lead to hippocampal atrophy, which has been seen in humans (Bruehl et al., 2009)
and a reduction in inhibition of the hypothalamus by the hippocampus.

(2)Human studies have shown decreased negative feedback via dexamethasone suppression
testing in T2DM, suggesting abnormalities at the level of the anterior pituitary (Bruehl et al.,
2009; Hudson et al., 1984). 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)Human studies have shown elevated cortisol throughout the day in T2DM in women in a
multi-ethnic study (Champaneri et al., 2012) and in both sexes in a study of Caucasians
(Hackett et al., 2014).

(4)In the periphery, there is increased basal glucocorticoid receptor sensitivity in T2DM,
which is associated with poorer glucose control (Carvalho et al., 2015) and a lack of stress
induced modulation of glucocorticoid receptor sensitivity in diabetes mellitus (Rohleder et
al., 2003). Peripheral cortisol synthesis from conversion of cortisone to cortisol is increased
due to whole-body and liver cortisol regeneration by 11 beta-hydroxysteroid dehydrogenase
type 1 in T2DM with obesity (Stimson et al., 2011). Blocking the glucocorticoid receptor
with mifepristone or selective GR Il antagonists specific to liver or adipose tissue, decrease
glucose levels in T2DM (Beaudry et al., 2014; Watts et al., 2005). This data indicates that
cortisol does have an effect of peripheral glycemia in T2DM.
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(5)These processes individually and collectively may lead to worsening hyperglycemia and
further blunting of the HPA axis, creating a vicious cycle.
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Characteristics of Participants at MESA Exam 5 (2010-2012) *

Table 1

Characteristic Non-diabetes Diabetes
Participants - n (%) 680 (80) 170 (20)
Demographic

Age - years 69.6 £9.3 70.1+8.1
Female sex - n (%) 370 (54) 95 (56)
Male sex - n (%) 310 (46) 75 (44)
Race/Ethnicity - n (%) §

Non-Hispanic White 200 (29) 15 (9)
African-American 193 (28) 73 (43)
Hispanic 287 (42) 82 (48)
Gross family annual income (US Dollars) | 50085 + 34113 | 40188 + 31524
Clinical

HbAlc - % 57+04 7217
HbA1lc (log-scale) — % 1.7+01 2+0.2
HOMA-IRE 246.3+ 1732 N/A
HOMA-IR (log-scale) € 5307 N/A
Fasting glucose (mg/dL) 942+9.6 135.6 +54.6
Fasting Insulin (pmol/L) 57.5+37.7 77.5+453
Body-mass index 29+54 31.7+55
Waist circumference (cm) 99.5+13.8 1075+ 134
Beta-blocker - n (%) 105 (15) 57 (34)
Steroid - n (%) 31(5) 7(4)
Hormone replace therapy - n (%) 18 (3) 0 (0)
Aspirin therapy - n (%) 282 (41) 103 (61)
Current Smoking - n (%) 32 (5) 14 (8)
CES-D score 83+79 9.3+8
Log Transformed Cortisol Features #

Wake-up Cortisol 2.59+0.85 254 +£0.79
Cortisol Awakening Response 0.28+0.72 0.24+0.75
Early Decline Slope -0.45+0.52 -0.34 £ 0.49
Late Decline Slope -0.09 +0.07 -0.09 +0.07
Overall Decline Slope -0.10+0.06 -0.09 + 0.06
Bedtime Cortisol 1.10+0.87 1.20+0.85
Total AUC (16-hours) Cortisol 1.70 £ 0.65 1.78 £ 0.59
Diabetes Status

Normal - n (%) 503 (74)

Impaired Fasting Glucose - n (%) 177 (26)
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Characteristic Non-diabetes Diabetes
Untreated Diabetes - n (%) 10 (6)
Treated Diabetes - n (%) 160 (94)

*
Plus-minus values are means + SD.

§Race was self-reported.

€HOMA-IR was not calculated for participants with diabetes.

1

The body-mass index is the weight in kilograms divided by the square of the height in meters.

Page 20

#oo. . . . .
Cortisol features were calculated using log-transformed cortisol values (unit: log(nmol/L)); for complete analytic data see Supplemental Table 2.
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Table 3

Percent change in HOMA-IR per 1 unit increase in the selected diurnal cortisol features”

HOMA-IR (0 ¢ale) | o4 cange (395 C1) | % Change (8% C1) | 9 Change (88% C1) | 96 Change (39% c1)
Wake-up Cortisol -9.4 (-14.5,-4.0) -8.2(-13.3,-2.7) -3.0 (-7.68,1.9) -3.4(-8.1,1.6)
Cortisol Awakening Response 0.0(-6.7,7.2) 0.4 (6.2, 7.5) -0.8 (-6.4, 5.0) -0.2 (-5.8, 5.8)
Early Decline Slope 8.8(-1.3,19.8) 9.1(=0.8,20.1) 4.3(=3.9,13.1) 4.0 (=4.2,12.9)

=7.1(-53.9, 87.3)
39.7 (=39.0, 219.8)

-17.5 (=59.0, 66.0) —20.4 (=55.9, 43.7)

—8.9 (-54.9, 83.8)

—20.6 (=56.1, 43.6)
=7.0 (-54.2, 88.8)

Late Decline Slope

Overall Decline Slope 24.0 (-45.9, 184.4)

Bedtime Cortisol -3.5(-8.9,2.2) -2.6 (-8.1,3.3) -1.8(-6.5,3.2) -1.9 (-6.7, 3.0)
Total AUC (16-hours) Cortisol -9.8 (-16.4,-2.7) -7.9 (-14.6, -0.6) -4.2 (-10.2,2.2) -4.4 (-10.4, 2.0)

a o . . - . . . . . .
Model 0: HbAlc association with cortisol feature (no additional adjustment; include interaction term of diabetes and cortisol feature).

Model 1: HbA1c association with cortisol feature (adjustment only for demographic variable; include interaction term of diabetes and cortisol

feature).

Model 2: HbAlc association with cortisol feature (adjustment for demographic + waist circumference; include interaction term of diabetes and
cortisol feature).

Model 3: HbAlc association with cortisol feature (adjustment for all variables; include interaction term of diabetes and cortisol feature).

*
the analysis only focused on non-diabetes participants and was based on log-transformed cortisol and HOMA-IR. The result of percent change by
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1 unit change in the cortisol feature was derived by the exponentiation of the model coefficient estimates.

Statistically significant findings are in bold.
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