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Abstract

Cross-sectional association has been shown between type 2 diabetes and hypothalamic—pituitary—
adrenal (HPA) axis dysregulation; however, the temporality of this association is unknown. Our
aim was to determine if type 2 diabetes is associated with longitudinal change in daily cortisol
curve features. We hypothesized that the presence of type 2 diabetes may lead to a more blunted
and abnormal HPA axis profile over time, suggestive of increased HPA axis dysregulation. This
was a longitudinal cohort study, including 580 community-dwelling individuals (mean age 63.7

+ 9.1 years; 52.8 % women) with (1= 90) and without (n7= 490) type 2 diabetes who attended two
MultiEthnic Study of Atherosclerosis Stress ancillary study exams separated by 6 years. Outcome
measures that were collected were wake-up and bedtime cortisol, cortisol awakening response
(CAR), total area under the curve (AUC), and early, late, and overall decline slopes. In univariate
analyses, wake-up and AUC increased over 6 years more in persons with as compared to those
without type 2 diabetes (11 vs. 7 % increase for wake-up and 17 vs. 11 % for AUC). The early
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decline slope became flatter over time with a greater flattening observed in diabetic compared to
non-diabetic individuals (23 vs. 9 % flatter); however, the change was only statistically significant
for wake-up cortisol (p-value: 0.03). Over time, while CAR was reduced more, late decline and
overall decline became flatter, and bedtime cortisol increased less in those with as compared to
those without type 2 diabetes, none of these changes were statistically significant in adjusted
models. We did not identify any statistically significant change in cortisol curve features over 6
years by type 2 diabetes status.
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Introduction

Hypercortisolism can lead to the development of hyperlipidemia, abdominal/central obesity,
and eventually to the development of type 2 diabetes mellitus [1, 2]. In patients with
metabolic syndrome, higher fasting cortisol has been associated with central obesity,
increased waist circumference, high triglyceride levels, hypertension, increased fasting
glucose levels, and insulin resistance [3]. Patients with type 2 diabetes mellitus have
evidence of subclinical hypercortisolism, as they have been found to have higher basal
plasma cortisol levels [4], higher plasma cortisol levels after dexamethasone suppression test
[4, 5], higher 24 h urine-free cortisol [5], and increased adrenal gland volume [6] compared
to individuals without type 2 diabetes mellitus [7].

Dysregulation of the hypothalamic—pituitary—adrenal (HPA) axis has also been shown to
predict the incidence of type 2 diabetes, as men with abnormal neuroendocrine secretory
pattern at baseline, defined as a more blunted HPA axis profile, were more likely to develop
type 2 diabetes over 5 years [8]. However, prior studies have not examined whether the
presence of type 2 diabetes leads to alternations in the HPA axis profile over time.
Hypercortisolism and dysregulation of the HPA axis in the setting of type 2 diabetes might
have implications for glycemic control and development of diabetes complications. The
prevalence of Cushing Syndrome is higher in patients with type 2 diabetes mellitus than in
the general population [9, 10]. Clinical hypercortisolism in the setting of glucocorticoid
administration, Cushing’s Disease, and Cushing’s Syndrome is associated with increased
cardiovascular disease (CVD) risk [11, 12], vascular mortality [13], and coronary
atherosclerosis [14-17]. The HPA axis is a tightly regulated system that represents one of the
body’s response mechanisms to acute and chronic physiological or psychological stress.
Cortisol levels typically follow a strong circadian rhythm across the day, in which levels are
typically high upon waking, increase by 50-75 % during the 30-40 min post-awakening
(referred to as the cortisol awakening response or CAR) [18], and decline across the
remainder of the day, reaching a nadir in the late evening some 18+ h after awakening [19,
20]. Both the size of the CAR and the rate of the cortisol decline across the day represent
important aspects of HPA axis functioning and have been associated with sociodemographic
factors, psychosocial well-being, and physical and mental health [21-30]. The cortisol
diurnal area under the curve (AUC) can be considered as measures of daily cortisol exposure
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[31]. In response to physiological or psychological stressors, the HPA axis is activated,
resulting in the release of corticotropin-releasing hormone from the hypothalamus, which
stimulates the anterior pituitary gland to release adrenocorticotropin (ACTH). ACTH
stimulates release of cortisol from the adrenal glands, which results in a cascade of
physiological events. Once the stressor has resolved, the response is terminated through a
negative feedback loop; however, chronic physiological and psychological stressors injure
this component of the stress response, resulting in subclinical hypercortisolism [32].
Hypercortislism occurs not only in patients with type 2 diabetes, but also in shift workers
and patients with major depression, panic disorder, generalized anxiety disorder, alcoholism,
anorexia and bulimia nervosa, obesity, polycystic ovarian syndrome, obstructive sleep apnea,
and end-stage renal disease [33].

In a previous cross-sectional study of the MultiEthnic Study of Atherosclerosis (MESA)
Stress | Ancillary study, we have found significant cross-sectional associations between
components of the diurnal cortisol profile and type 2 diabetes status [7]. The CAR was lower
in those with type 2 diabetes compared to those without type 2 diabetes, an association that
was mainly seen in men [7]. The individuals with type 2 diabetes had a slower early cortisol
decline slope than individuals without type 2 diabetes, an association that was, however, not
significant in the fully adjusted model [7]. Women with type 2 diabetes had higher total
cortisol AUC, which persisted following multivariable adjustment, while men with type 2
diabetes had a non-statistically significant lower AUC [7]. Because our study was cross-
sectional we were unable to determine the temporality of these associations and whether the
presence of type 2 diabetes predicted longitudinal change in HPA axis measures. However,
another cross-sectional study published recently by our group from the MESA Stress |1
Ancillary Study suggests that type 2 diabetes may be associated with hypercortisolism and
HPA axis dysfunction. We found that among individuals with type 2 diabetes, early decline
slope, overall decline slope, bedtime cortisol, and AUC were significantly and positively
associated with higher glycemia, assessed by HbAlc. In contrast, cortisol curve features
were not associated with HbAlc among non-diabetic participants [34].

In this manuscript, based on our previously published findings, as well as other studies, we
hypothesize that the presence of type 2 diabetes may lead to a more blunted HPA axis profile
with a decreased CAR, a slower early cortisol decline slope and altered AUC, and bedtime
cortisol over time, suggestive of increased HPA axis dysregulation. To address this question,
we used longitudinal data from the MESA Stress | and 11 Ancillary Studies to examine the
association of type 2 diabetes status with longitudinal change in daily cortisol curve features
over a 6-year period.

Subjects and methods

Study population

Details of the study, sampling and cohort examination procedures have been published in
details elsewhere [7, 35]. In brief, MESA is a multi-center, multiethnic longitudinal cohort
study of the prevalence and correlates of subclinical cardiovascular disease and the factors
that influence its progression [35]. Between July 2000 and August 2002, 6814 men and
women without clinical cardiovascular disease who identified themselves as White, Black,
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Hispanic or Chinese, and were 45-84 years of age were recruited from six U.S.
communities: Baltimore City and Baltimore County, Maryland; Chicago, lllinois; Forsyth
County, North Carolina; Los Angeles County; and St. Paul, Minnesota. The first (baseline)
visit was conducted in 2000-2002. Follow-up visits 2, 3, 4, and 5 were done in 2002-2004,
2004-2005, 2005-2007, and 2010-2012, respectively.

The MESA Stress Ancillary Studies (I and 1) collected detailed measures of stress
hormones, including salivary cortisol samples, on a subset of participants at two time periods
approximately 6 years apart. From 2004 to 2006, MESA Stress | was initiated, recruiting
1002 White, Hispanic, and African-American participants from the New York and Los
Angeles sites during MESA exams 3 and 4 [7]. Between 2010 and 2012, MESA Stress 11
was conducted, recruiting 1082 individuals from the New York, Los Angeles, and Baltimore
sites during MESA exam 5. There were 610 individuals who attended both MESA Stress
Exams I and 1l who were the subject of this analysis (Fig. 1). Invalid daily cortisol samples
including samples with missing cortisol value or unreliable cortisol values (0 or >100
nmol/L) or missing time of sample collection were excluded, which lead to a further
exclusion of /=30 participants who had no valid samples on any exam day for at least one
wave. The final crude analyses contained 580 adults. Night shift workers were excluded
from recruitment for this study since their normal diurnal cortisol profiles would be altered
by their awakening in the mid-day and/or evening. All participants provided informed
consent and the above studies were approved by the Institutional Review Boards of each
institution.

Exposure: type 2 diabetes status at MESA stress |

Type 2 diabetes status was assessed and defined at MESA Stress I. All patients fasted
overnight and avoided any intense physical activity or smoking for at least 2 h prior to the
blood draw. Fasting glucose values were obtained between 0730 and 1030 h and serum was
stored at —70 °C as previously described [35]. Serum glucose is measured by rate reflectance
spectrophotometry using thin film adaptation of the glucose oxidase method on the Vitros
analyzer (Johnson & Johnson Clinical Diagnostics, Inc., Rochester, NY 14650). Type 2
diabetes was defined as a single fasting glucose value 2126 mg/dL, or use of oral
hypoglycemic medication, insulin, or both [7].

Outcome: salivary cortisol curve features

In MESA Stress |, participants collected six salivary cortisol samples per day, immediately
upon awakening (and before getting out of bed), 30 min after awakening, at 1000, 1200 h, or
before lunch (whichever was earlier), at 1800 h or before dinner (whichever was earlier), and
at bedtime. Participants collected the above samples for 3 successive weekdays. Therefore
each participant provided 18 samples overall. In MESA Stress 1, participants collected eight
salivary cortisol samples over 2 days with 8 time points measured per day. Samples were
taken immediately after waking, 30 min after wake-up, 1 h after breakfast, at 1000 h, at 1200
h or before lunch (whichever was earlier), 1600, 1800 h or before dinner (whichever was
first), and at bedtime. Salivary cortisol is considered by many as the best approach to
evaluate individuals for endogenous hypercortisolism [36]. Moreover, salivary cortisol has
been found to be superior to plasma cortisol in the evaluation of adrenal function in
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individuals with type 2 diabetes as it is not influenced by overall glycemic control (HbALc)
or daily glucose variability [37]. From our work in MESA Stress |, we learned that we could
adequately characterize the diurnal cortisol curve with 2 days of sample collection, thus we
eliminated the third day to reduce participant burden. In MESA Stress 1, sample collection
times corresponded to those in MESA Stress I, with the following exception—two additional
samples were collected at 1 h after breakfast and 1800 h to better characterize the early and
late decline slopes, respectively [30]. Participants recorded wake-up time by answering a
questionnaire. As previously reported in MESA, 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 [28]. Based on prior work in our population, the median difference in
times between the track caps 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. Therefore the accuracy of
the CAR was most affected by timing discrepancy. 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 [31, 38]. We are therefore confident about adherence
to the sampling protocol. 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 (17).

Saliva cortisol samples were collected using cotton swabs. Participants were permitted to
carry samples with them over the course of the day during collection but were instructed to
store the samples in the refrigerator after collection until they were returned to the clinic in-
person or via mail (within 1 week of collection). Prior work has shown that salivary cortisol
samples are stable at room temperature for at least 1 week and can be returned via mail [39].
Samples were stored at =20 °C until they were analyzed. Prior to the analysis, samples were
thawed and centrifuged at 3000 rpm for 3 min in order to obtain saliva with low viscosity.
Cortisol samples were analyzed using a chemiluminescence assay with a high sensitivity of
0.16 ng/mL (IBL-Hamburg; Germany). Intra- and interassay coefficients of variation are
below 8 % [7].

We investigated seven features of the daily cortisol curve: wake-up and bedtime cortisol
levels, CAR, standardized total AUC, early decline slope, late decline slope, and overall
decline slope. The CAR was calculated as the difference between the wake-up cortisol levels
and the levels at 30 m in post-awakening. The early decline slope (between 30 minand 2 h
post-awakening) and late decline slope (between 2 h post-awakening and bedtime) were
calculated as the average hourly rate of decline for the given time period. The overall decline
slope was calculated as the rate of decline from the wake-up time to the bedtime (excluding
the 2nd sample). 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 [40], using all available data and restricting estimates to a 16-h day duration
for all participants. The AUC was then standardized by the length of duration (which is 16 h
in our analysis). Each of the features was computed on a daily basis; 99 % (V= 573), 92 %
(N=1535), 97 % (N=561), 99 % (V= 576), and 97 % (N = 562) of participants had
sufficient data from at least 1 day at each wave of studies (3 days for MESA Stress | and 2
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days for MESA Stress 1) to calculate wake-up cortisol, CAR, early decline slope, late
decline slope, and AUC measures, respectively.

We adjusted for variables considered as potential confounders in the diabetes—cortisol
association from the baseline MESA Stress | Exam. Covariates such as age, sex, race/
ethnicity, cigarette smoking, highest levels of education, and annual income were self-
reported, using protocols as previously published [7, 35]. Indicators of socioeconomic status
were combined into a single wealth income index [28]. Participants were categorized as
current or not current smokers, as it has been shown that smokers had higher cortisol levels
than not current smokers, where there are no differences in cortisol values among ex-
smokers or never smokers [41]. Over the counter and prescription medication history was
collected in each office visit [7, 35]. Waist circumference was measured at the minimum
abdominal girth [7]. Physical activity was assessed using the 28-item MESA Typical Week
Physical Activity Survey (TWPAS) [42]. We summarized physical activity as the MET-min/
week spent in moderate to vigorous exercise. Depressive symptoms were assessed using the
Center for Epidemiological Studies Depression (CES-D) scale as previously described [43].
We assessed stress perception on the day of sample collections based on the following
question and choices: “How typical was this day for you re: stress/pressure?” with the
following choices “1: Today was typical in terms of my workload and stress level; 2: Today |
had a greater workload, felt more stressed than usual; 3: Today | had a lower workload, felt
less stressed than usual.” Chronic burden was assessed using the Chronic Burden Scale [44].
Respondents were asked to indicate whether they had experienced ongoing problems for >6
months in five domains and to rate if it was moderately or very stressful—health (self),
health (loved one), job, relationship, and finances. We summed the number of domains in
which chronic burden was experienced (0, 1, 2, or more) to estimate overall chronic burden
[45].

Statistical analysis

Longitudinal models were used to formally investigate the crude and adjusted association
between type 2 diabetes status and the change in the cortisol daily curve. In these models,
type 2 diabetes status at baseline (MESA Stress I) was the primary exposure of interest, and
daily salivary cortisol levels at two different exams were the outcome measures. Due to its
skewed distribution, cortisol was log-transformed before the cortisol features were
calculated [28, 46, 47]. Because multiple salivary cortisol samples were taken within the
same day at each exam, time of day when the cortisol sample was collected was modeled
using a piecewise linear spline. The piecewise linear splines had two knots at the inflection
points of the daily curve (30 min and 2 h after wake-up [28], resulting in a 3-piece spline
model in that captured the non-linearity of the cortisol daily profile. Compared with
modeling change in each cortisol feature separately, this approach allowed us to estimate
changes in all curve features simultaneously using all the available daily salivary cortisol
samples from all days at both exams (i.e., up to 34 data points per subject in MESA Stress |
[6 samples/day x 3 days] and MESA Stress Il [8 samples/day x 2 days), and is more
statistically efficient [30]. The difference in the annual change of each cortisol feature was
then derived from the relevant model coefficients (see Supplementary Table 1). We used
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random effects to model the correlations among samples within individuals. Robust standard
errors are reported. In addition, a likelihood ratio test was used to make a global judgment
on the difference in the change of the entire cortisol daily curve over time between those
with and without type 2 diabetes. The model specifications are included in Appendix.

In the unadjusted model, we examined the association of type 2 diabetes status with change
in cortisol daily curve features over 6 years without adjusting for any other factors. Model 1
was adjusted for sociodemographic factors (age, sex, race/ethnicity, and socioeconomic
status); Model 2 was further adjusted for waist circumference, depressive symptoms
(continuous CES-D score), smoking status, and medication usage including usage of beta-
blocker, aspirins, inhaled or oral steroids, and hormone replacement therapy. We also
examined whether the association of type 2 diabetes mellitus with change in cortisol curve
features was modified by sex or race/ethnicity. Because there was no evidence of interaction
by sex or race/ethnicity, we present the results for the overall cohort. Finally global tests
were further conducted to test whether the change in the entire cortisol daily curve over time
differed in diabetic compared to non-diabetic individuals. The global test is a likelihood ratio
test that compared the goodness of fit (in terms of log-likelihood) of the full model that
includes type 2 diabetes, the splines, and the interactions of type 2 diabetes with the splines,
and time between visits to a nested model that includes everything in the full model except
excluding the three-way interaction terms between type 2 diabetes, the splines, and time
between visits and the interaction term between type 2 diabetes and time between visits. A
p-value is calculated by comparing the value of the log-likelihood ratio statistics for the
given dataset that is used to fit the models to a critical value from a Chi-square distribution
(with its degree of freedom equal to the difference in the number of terms fitted in the full
and the nested model which is 4 in our case) to decide whether to reject the nested model in
favor of the full model (i.e., if the p-value of the likelihood ratio test is <0.05, it means that it
is more likely that the full model is a better fit for the data than the nested model) [48].
Statistical significance was defined as a 2-sided alpha <0.05. Analyses were conducted using
Statistical Analysis Software (SAS), version 9.2.

Population characteristics

The final analyses contained 580 adults (mean age: 63.7 + 9.1, range 48-87 years) and
provided 2883 days of cortisol data over the two waves, representing an ethnically and
socio-economically diverse group of participants—African-American (27.6 %), Hispanic-
American (54.1 %), and Non-Hispanic White (18.3 %) with an approximately even
distribution of women (52.8 %) and men (47.2 %). Among the 580 individuals, 18 % (7=
90) had type 2 diabetes and the mean body mass index was 29.1 + 5.3 kg/m2. Of our
participants with type 2 diabetes, 60 were taking oral hypoglycemic agents and 11 were
taking insulin. Compared to individuals without type 2 diabetes, those with type 2 diabetes
were slightly older, less likely to be White, had a lower income wealth index, were not likely
to be using beta-blockers and aspirin, and had a higher waist circumference and fasting
glucose (Table 1).
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Change in cortisol curve features by type 2 diabetes status

The smoothed locally estimated scatter plot smoothing (LOESS) curves of the cortisol daily
profiles at the MESA Stress | and 11 visits stratified by type 2 diabetes status are shown in
Fig. 2. In general, the direction of change in daily cortisol curves over time for those with
and without type 2 diabetes were similar where both groups showed increased wake-up
cortisol, lower CAR, flattened early and late decline slope, and increased AUC at the second
assessment compared to the first; however, there was a difference in the degree of change
over time for those with as compared to those without type 2 diabetes. Univariate analyses
for the selected features of the daily cortisol curve at both waves of the MESA Stress Study
and the percent change over time in features for those with and without type 2 diabetes at
MESA Stress | are shown in Table 2. The mean wake-up time was 06.41 (standard deviation
1.17 h). In unadjusted analysis, wake-up values increased more in diabetic as compared to
non-diabetic individuals (11 vs. 7 % respectively, p=0.03) (Table 2). Although not
statistically significant, the CAR was lower in individuals with as compared to those without
type 2 diabetes (=79 vs. =47 %; p=0.29). The early decline slope was less pronounced in
both groups (as indicated by a less negative slope) and even though the flattening was
greater in diabetic individuals (23 vs. 9 % increase in the slope, indicating a less negative,
i.e., flatter, slope) these changes were not statistically significant (o = 0.93). Both the late
decline and the overall decline slopes became flatter over time in both groups, a change that
was not statistically significant between those with and without type 2 diabetes (16 vs. 31 %
for the early decline slope; p=0.93 and 9 vs. 17 % for the overall slope, p = 0.40). AUC and
bedtime cortisol increased in both groups but there was not a statistically significant
difference between those with and without type 2 diabetes (p=0.48 and p=0.86,
respectively; Table 2).

Change in cortisol features (per year) in those with as compared to those without type 2
diabetes status, adjusting for demographic, health-related, and stress factors is shown in
Table 3. Overall, however, there were no statistically significant differences in the change of
daily cortisol curve features in those with as compared to those without type 2 diabetes,
except for a weak signal suggesting greater increases in wake-up cortisol in those with as
compared to those without type 2 diabetes (p-value < 0.1; Table 3). A global test was further
conducted to test whether the change in the entire cortisol daily curve over time differed in
diabetic compared to non-diabetic individuals; however, the result was not significant either
(Table 3). Because steroids (inhaled glucocorticoids and hormone replacement therapy) may
influence cortisol curve features, we repeated our analysis excluding those on inhaled oral
steroids (7= 19), estrogen (n= 23), progestin (7= 8), or missing steroid use data (r7= 14).
The results were nearly identical to the main analysis (Table 4). In contrast to our cross-
sectional findings, we did not find effect modification by sex in these longitudinal analyses.

Because our findings may have been affected by individuals who were non-diabetic at
MESA Stress | developing type 2 diabetes during the 6-year follow-up interval to MESA
Stress |1, we performed a subsidiary analysis exclude the 37 individuals who developed
incident type 2 diabetes. Our findings were nearly identical in those 543 participants as in
the total sample (7= 580; data not shown). Finally, we also performed several subsidiary
analyses. When we included adjustment for baseline measure of the diurnal cortisol curve
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features in the multivariable model, our findings were nearly identical to our original results
(data not shown). The results were similar to those without adjusting for the approximated
wake-up time except that we observed a significant difference in the overall decline slope
between individuals with and without type 2 diabetes in Model 2, which suggests the
potential role of the wake-up time in shaping the daily cortisol curve. However, this
significant difference in the overall decline slope disappeared in Model 3 when additional
adjustments for time-varying fasting glucose, anti-depressant medication use, physical
activity, and typical stress day and baseline (MESA Stress 1) chronic burden were applied
(Supplemental Table 2).

Discussion

To our knowledge this is the first study to examine the association of type 2 diabetes status
with longitudinal changes in daily cortisol curve features. Overall there were no statistically
significant differences in the change of daily cortisol curve features in those with type 2
diabetes compared to those without type 2 diabetes over a 6-year period after adjustment for
sociodemographic factors, waist circumference, depressive symptoms, smoking status, and
use of medications that may impact HPA axis function.

Prior studies have yielded conflicting results on the cross-sectional association between type
2 diabetes status and diurnal cortisol curve features [47, 49-52]. Similar to our findings,
Vreeburg et al. [51], found no association between type 2 diabetes and diurnal cortisol slope
in 491 individuals who did not have any mental illness and participated in the Netherlands
Study of Depression and Anxiety. In contrast, in a study of individuals without a history of
HPA axis dysregulation or mental illness, Lederbogen et al. [50] found an association
between type 2 diabetes status and flatter daily cortisol levels in 979 individuals. A recent
cross-sectional study reported similar findings [52]. Hackett et al. reported a flatter slope in
cortisol decline across the day and higher bedtime cortisol levels even in their fully adjusted
model [52]. We [47] and others [49] have reported a blunted CAR among individuals with
type 2 diabetes compared to controls in cross-sectional analyses; however, in the present
study we did not find an association between diabetes status and change in CAR over time
following multivariable adjustment. A possible explanation for different findings in the
cross-sectional compared to the longitudinal study may be due to the fact that a longer time
interval is required to see more significant changes in the CAR attributable to type 2 diabetes
status. In a recently published study that evaluated change in cortisol curve features in
individuals that participated in MESA Stress 1 and 1l CAR and daily cortisol slope became
more blunted with aging [30], regardless of type 2 diabetes status. Our current results
suggest that there may not be an additional type 2 diabetes effect beyond the aging effect.
Another possibility is that if the effect of type 2 diabetes on cortisol dynamics is immediate
(e.g., due to the metabolic milieu of insulin resistance, inflammation, etc.) and if this
environment is equally present at both time points, then no association of type 2 diabetes
with change in cortisol measures would be expected. We performed analyses of the cross-
sectional association of type 2 diabetes status with cortisol curve features at the MESA
Stress 2 visit and the findings were very similar to those in MESA Stress 1—(a) type 2
diabetes was associated with a blunted CAR in both sexes and (b) type 2 diabetes status was
associated with less steep early decline slope and greater cortisol AUC in women and no
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association in men (data not shown). Type 2 diabetes status was not associated with wake-up
cortisol or late decline slope, as in MESA Stress 1 (data not shown). In contrast to our cross-
sectional findings at MESA Stress 1 and 2, we did not observe sex-specific effects in our
longitudinal analysis.

The cross-sectional nature of the prior studies may account for the inconsistency in findings
as there may be residual confounding due to multiple factors (e.g., physiological
psychological, and neuropeptide stimuli) that can affect HPA axis regulation not measured in
current studies and reverse causation [47, 49-52]. A strength of the current study is that we
were able to examine the longitudinal effect of type 2 diabetes on daily curve features to
determine the temporality of the association. In addition, in contrast to prior studies that did
not adjust for a range of confounders [49] and included primarily Caucasian participants [50,
52], our study population was multiethnic and we were able to adjust for a large number of
potential confounding factors.

Our study did have some limitations. We had repeated cortisol values for approximately half
of the individuals who participated in the original MESA Stress | cohort. Included
individuals younger compared to excluded individuals only enrolled in MESA Stress I,
raising the possibility of survival bias. Although we were able to ultimately include 580
participants with repeated cortisol measures over time, other cross-sectional studies have
included a larger number of participants [50, 52]. This raises the possibility that we may
have been underpowered to identify statistically significant differences in change in cortisol
features over time by type 2 diabetes status [30]. Although we were able to examine
longitudinal change in cortisol curve features in individuals with and without type 2 diabetes
over 6 years, perhaps this follow-up time period was not sufficient to identify potentially
meaningful changes. Diabetes complications usually occur 5-10 years after the diagnosis
and perhaps HPA axis dysregulation may require more time to develop. In the current study
we could not rule in or rule out the presence of subclinical hypercortisolism as no other
functional studies of the HPA axis were performed (e.g., 1 mg dexamethasone suppression
test, 24 h urine-free cortisol). Additionally, the diagnosis of type 2 diabetes mellitus was
made by a single fasting glucose greater than 126 mg/dL and that was not repeated. We also
did not have accurate data on diabetes duration and lacked data on glycemic control (e.g.,
HbA1c) at the MESA Stress | visit, hypoglycemia frequency, and diabetes complications, all
potentially important confounders in these associations. Finally, in MESA Stress 11 we only
had self-reported wake-up time. While our subsidiary analysis suggests that wake-up time is
an important variable in this association, additional studies with more accurate wake-up time
measures are needed to confirm this pattern.

Conclusions

In summary our study is the first longitudinal study to examine the association of type 2
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.
Larger cohort studies with repeated cortisol measures and longer follow-up are needed in
order to further study the potential role of type 2 diabetes in HPA axis dysregulation.
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Appendix 1

Let yjjok be the A&th measure of cortisol of subject /at MESA Stress study / (/= 1, 2) on day
d. The piecewise linear mixed effect model was specified as follows:

Yijak=00it01i * tijar+B2 + (tijak — 0.5), +83i - (tijax — 2)
+04i - Time;;+0s; - Time;; - €;qx+08 - Time;;
“(tijak — 0.5)  +0Bri - Timey; - (tijax — 2)
+0s - Diab;+09 - Diab; - ;41 +0610 - Diab;
“(tijak — 0.5)  +B11 - Diab; - (tija — 2)  +512
- Covi+B13 - Covi - tijar+Bia - Covi - (tijar — 0.5)Jr
+6815 - Covi - (tijar — 2) , +eijar,

where B, =B;+ by, 1=0,1,3,4,5, 7 and by, bj Bz, baj, bsj, byjare individual-level random
intercept and slope for individual 7

Time; is the time (years) since the baseline study (MESA Stress I) for individual 7at study /.
Note that Timejy = 0; Zjg is the time (h) since wake-up when the cortisol sample yjjg Was
collected;

Cov,represents a set of sociodemographic factors and health-related factors for individual 7
at baseline study; Cov;is excluded in Model 0 as the model is for an unadjusted analysis;
Cov; includes sociodemographic factors including age, sex, race/ethnicity, and
socioeconomic status in Model 1; and additionally includes waist circumference, depressive
symptoms, smoking status, and medication usage (beta-blocker, aspirins, inhaled or oral
steroids, and hormone replacement therapy) in Model 2. Also, all covariates included in
Cov,are centered at their population average in the analysis; therefore, the estimates on the
difference in cortisol feature change over time for each diabetes groups and the difference
between groups (as shown in Supplementary Table 1) are interpreted at the population
average, i.e., average level of sociodemographic characteristics and health-related factors.
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Diab;is a binary variable indicating individual’s diabetes status (1: diabetes; 0: non-
diabetes); &gk is the unexplained deviation from the mean for the Ath cortisol measure on
day dat MESA Stress study jfor individual /.

The estimates of the coefficients for the terms that involve diabetes status were used to
derive estimates of the cortisol features by diabetes groups, and the difference in the change

of

daily cortisol features over time between diabetes groups, as shown in Supplementary

Table 1.
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