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Abstract

Little is known about the longitudinal association between fasting glucose (FG) and the diurnal
cortisol profile among those with normal fasting glucose (NFG), impaired fasting glucose (IFG)
and diabetes. To assess the temporality of the relationship between cortisol and glucose, we
examined the association of: A) change (4) in diurnal cortisol curve features with AFG; B) prior
annual percent change in FG with diurnal cortisol curve features; and C) baseline cortisol curve
features with AFG over 6 years among participants with NFG, IFG and diabetes in the Multi-
Ethnic Study of Atherosclerosis. The main outcome measures were: A) 6-year AFG (n = 512); B)
diurnal cortisol curve features (wake-up cortisol levels, cortisol awakening response, total area
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under the curve, overall decline slope and bedtime cortisol) (n = 1275); and C) 6-year AFG (n =
700). After full multivariable adjustment among participants with diabetes, each annual percent
change increase in wake-up cortisol, total area under the curve (AUC), and overall decline slope
was associated with a significant increase in FG over 6 years in all models (all p < 0.05). A 1%
prior annual increase in FG was associated with a 2.8 % lower (-2.8 %; 95 % CI: -5.3 % to —0.4
%) bedtime cortisol among participants with NFG at baseline. A 1 % flatter overall decline slope
was associated with a 0.19 % increase in subsequent annual % change in FG over 6 years among
participants with diabetes. Among participants with diabetes there was a positive association of
change in wake-up cortisol, total AUC and overall decline slope with change in FG. Baseline
overall decline slope was positively associated with change in FG among the baseline diabetes
group. These results suggest a detrimental role of cortisol contributing to glycemia among
individuals with diabetes.
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Introduction

The hypothalamic-pituitary-adrenal (HPA) axis constitutes the body’s major biological
system that responds to imminent or perceived threats and stressors (inflammatory, traumatic
or psychological) through elicitation of a response involving the release of glucocorticoids
into the systemic circulation by the adrenal glands (Tsigos and Chrousos, 2002; Kyrou et al.,
2006). Glucocorticoids are also important regulators of energy balance and glucose
homeostasis (Tsigos and Chrousos, 2002; Kyrou et al., 2006; Joseph and Golden, 2017).
There are environmental and genetic determinants that modulate inter-individual differences
in cortisol exposure (Joseph and Golden, 2017). Detailed clinical studies of the HPA axis in
diabetes have shown significant HPA axis dysregulation with both elevated morning,
afternoon and diurnal cortisol, along with a higher prevalence of non-suppressed cortisol
following the dexamethasone suppression test (Cameron, 1984; Hudson et al., 1984;
Cameron et al., 1987; Roy et al., 1990). Additionally, microvascular complications in
diabetes, including retinopathy and neuropathy have been linked to HPA axis dysfunction
(Roy et al., 1990; Tsigos et al., 1993). Prior epidemiologic studies have also shown that
metabolic disorders, obesity and type 2 diabetes are associated with HPA dysfunction
(Joseph and Golden, 2017). In cross-sectional studies, individuals with type 2 diabetes
display a flatter cortisol slope across the day, blunted cortisol awakening response (CAR),
and higher bedtime cortisol compared to those without diabetes (Bruehl et al., 2009;
Lederbogen et al., 2011; Champaneri et al., 2012; Hackett et al., 2014). Cortisol curve
features, including flatter overall cortisol decline slope (awakening to bedtime) and higher
bedtime cortisol and total area under the curve (AUC) cortisol were positively associated
with hemoglobin Alc, a marker of chronic glycemia, in the Multi-Ethnic Study of
Atherosclerosis (MESA) (Joseph et al., 2015).

Recently, the longitudinal association of diabetes status and changes in daily cortisol curve
features over time were evaluated in two studies—the MESA Study and the Whitehall 11
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Study (Spanakis et al., 2016; Hackett et al., 2016). The MESA Study showed that diabetes
status did not predict change in cortisol curve features over 6 years (Spanakis et al., 2016);
however, the Whitehall 11 Study reported higher bedtime cortisol levels and flatter diurnal
cortisol slope at baseline predicted new-onset of diabetes (Hackett et al., 2016). These data
suggest that HPA axis features may influence glucose metabolism and diabetes risk, but that
diabetes may not influence cortisol dynamics and HPA axis function. The above studies have
focused on the temporality of cortisol features with diabetes status; however, there are
limited data on the longitudinal relationship of FG and cortisol features among those with
NFG, IFG and diabetes. Therefore, we examined the longitudinal association between FG
and cortisol curve features over 6 years in participants with NFG, IFG and diabetes utilizing
prospective data from the main MESA study (MESA Exams 1-5) and the MESA Stress
Ancillary Study. To examine the temporality of the relationship between cortisol and
glucose, we assessed different associations: A) changes in FG with changes in diurnal
cortisol features over 6 years; B) prior average annual FG change with diurnal cortisol
features; and C) baseline cortisol features with changes in FG over 6 years, as presented in

(Fig. 1).

Methods

2.1. Study population

MESA is a multi-center, longitudinal cohort study of the prevalence and correlates of
subclinical cardiovascular disease and the factors influencing 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, lllinois; Forsyth County, North Carolina; Los Angeles County,
California; St. Paul, Minnesota; and New York, New York. These individuals participated in
MESA Exams 1-5; details on the sampling frames and the cohort examination procedures
have been published previously (Bild, 2002). The MESA Stress | Study collected detailed
measures of stress hormones, including salivary cortisol measures in 1,002 participants
between 2004 and 2006 (concurrent with MESA Exams 3 and 4) at the New York and Los
Angeles sites. The MESA Stress Il Study collected similar data, on a subsample of 1,082
participants at the New York, Los Angeles and Baltimore sites between 2010-2012 during
MESA Exam 5. There were 2,038 participant visits for MESA Stress | or MESA Stress I1.
Informed consent was obtained from each participant, and the institutional review boards of
all the participating institutions approved the study and consent procedures.

2.2. Glycemic 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 (7). NFG was defined as FG
=< 5.5 mmol/l (100 mg/dl), IFG was defined as FG 5.6-6.9 mmol/L (100 mg/dL to 125 mg/
dL), and diabetes status was defined according to the 2003 American Diabetes Association
criteria of FG = 7.0 mmol/l (126 mg/dl) or use of hypoglycemic medication (oral agents
and/or insulin) as previously described (American Diabetes Association, 2009; Bild, 2002).
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2.3. Salivary cortisol measures

In MESA Stress |, salivary cortisol measures were collected over 3 days with 6 time points
measured per day. The first sample was taken immediately after waking (before getting out
of bed), the second sample 30 min later, the third sample at around 10:00 AM, the fourth
sample at around noon (or before lunch if lunch occurred before noon), the fifth sample at
around 6:00 PM (or before dinner if dinner occurred before 6:00 PM), and the sixth sample
right before bedtime. Participants recorded collection time on special cards. Additionally, a
time-tracking device (Track Caps) automatically registered the time at which cotton swabs
were extracted to collect each sample. The participants were informed of this time-tracking
device. From our work in MESA Stress I, we learned that we could adequately characterize
the diurnal cortisol curve features with 2 days of sample collection; thus, the third day was
eliminated in MESA Stress |1 to reduce participant burden (Wang et al., 2014). Sample
collection times in MESA Stress 11 corresponded to those in MESA Stress | with the
following exception—two additional samples were collected at 1 hour after breakfast and
6:00 PM to better characterize the early and late decline slopes, respectively (Wang et al.,
2014). Participants were instructed to record the exact time of sample collection on a special
card, which was facilitated by a provided alarm clock. Participants were given similar
instructions not to eat or drink or brush their teeth 15 min before collecting the salivary
samples in MESA Stress | and 11. 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.

In MESA Stress |, 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
(Wang et al., 2014; Joseph et al., 2015). In MESA Stress 11, 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. 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
minutes depending on the sample. The 25th and 75th percentiles were between 1 and 2 and 5
and 13 minutes, respectively, with the longest times corresponding to the last sample of the
day. Overall, the first sample was taken within 5 minutes of wake-up for 78 % of the days
across participants and the median difference between the first and second sample was 34
minutes. 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 (Wang et al., 2014).

For both MESA Stress | and 11, saliva 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%.
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2.4. Assessment of cortisol features and covariates

Healthy diurnal cortisol regulation follows a circadian pattern, with high levels upon
awakening, which increase by 50-75 % between 0-30 minutes post-awakening (cortisol
awakening response, CAR); and decline across the remainder of the day, reaching a nadir in
the late evening some 16 to 18 hours after awakening (Joseph and Golden, 2017). We
investigated five features of the daily cortisol curve: Wake-up cortisol levels, CAR,
standardized total cortisol AUC, overall decline slope, and bedtime cortisol. Due to its
positively skewed distribution, cortisol was log-transformed before the cortisol features were
calculated (Joseph et al., 2015). Wake-up cortisol was defined as the salivary cortisol
obtained at time 0. The CAR was the cortisol rise from time 0 to 30 minutes post-
awakening. The overall decline slope was calculated as the rate of decline using all samples
except the second 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 (16-hours).

A priori we selected potential confounders in the glucose-cortisol association based on the
extant literature. Body mass index (BMI) was calculated as weight (kg) divided by height
squared (m2) (Joseph et al., 2017). Weight and height were measured using a balanced beam
scale and a vertical ruler, respectively, with participants wearing light clothing and no shoes.
Anthropometric measures were taken in duplicate and averaged. The covariates were
assessed at the corresponding MESA Exam where cortisol features were ascertained.
Covariates such as age, sex, race/ethnicity, and cigarette smoking were self-reported using
protocols as previously described (Bild, 2002; Champaneri et al., 2012). Based on sensitivity
analysis, we found similar results among individuals using medications versus not using
medications such as beta blockers, hormone replacement therapy, aspirin and steroids.
Therefore, we did not exclude participants based on these prescription drugs. Participants
were categorized as current, former, or not current smokers (Badrick et al., 2007). Physical
activity was obtained from an interviewer-administered questionnaire adapted from the
Cross-Cultural Activity Participation Study (Ainsworth et al., 1999; LaMonte et al., 2001)
and measured as moderate-to-vigorous physical activity in metabolic equivalent minutes per
week (Bertoni et al., 2008). Depressive symptoms were assessed using the Center for
Epidemiological Studies Depression (CES-D) scale (Radloff and Locke, 2008).

2.5. Statistical analysis

2.5.1. Association of annual percent change in cortisol features with annual
percent change in FG over 6 years (Analysis A)—This analysis included individuals
who attended both MESA Stress | and MESA Stress 11 (N = 580). We excluded individuals
with missing data on annual percent change in cortisol features (N = 54), on important
covariates including BMI, CES-D, physical activity, smoking status (n = 9) and on annual
percent change in FG (N =5). The final analytic dataset included 512 participants
(Supplemental Fig. 1). We used the following formulas to calculate annual percent change
FG and annual percent change cortisol features.
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If MESA Stress | was collected in MESA Exam 3:

FG5—-FGy
FGy
Years between MESA Exam 4 and 5
FGy - FG3
F7G3 x 100
+ Years between MESA Exam 3 and 4)

X 100

Avg. annual Aglucose % = %(

cortisols — cortisol3

cortisol3 100

Years between MESA Exam 3 and 5

Avg. annual Acortisol feature % =

If MESA Stress | was collected in MESA Exam 4:

FG5—-FGy
FGy
Years between MESA Exam 4 and 5

% 100
Avg. annual Aglucose % =

cortisols — cortisoly

cortisoly 100

Avg. annual Acortisol feature % = Yoars betieen MESA Exam & and’3

Multivariate linear regression models were used to examine annual percent change in
cortisol feature with annual percent change in FG over 6 years. The models were adjusted as
follows: Model 0 included adjustment for age, sex, and race/ethnicity; Model 1 was further
adjusted for smoking status, physical activity, CES-D, and BMI.

2.5.2. Association of prior annual percent change FG and diurnal cortisol
features (Analysis B)—This analysis included participants who attended either MESA
Stress Exam; 969 participants were enrolled in MESA Stress | and 1,069 participants were
enrolled in MESA Stress I1. For individuals who attended both MESA Stress exams, we
only included their MESA Stress Il data, resulting in 1,458 participants (389 participants in
MESA Stress | and 1,069 participants in MESA Stress I1). After excluding individuals with
missing data on cortisol feature values (N = 90), important covariates including BMI, CES-
D, physical activity, smoking status (N = 34) and prior average annual percent change FG (N
= 59), the final analytic dataset included 1,275 participants (Supplemental Fig. 1). We used
the following formula for each subject to calculate fasting average annual change prior to
each exam at which cortisol was assessed:

N w x 100
Wi ] Years between MIIEISA Examiandi+1

Avg. annual Aglucose % =

N = number of visits prior to Exam when cortisol was collected
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Multivariate linear regression models were used to examine the association of prior average
annual % change in FG with cortisol curve features using separate models for each cortisol
curve feature. The models were adjusted as follows: Model 0 included adjustment for an
exam indicator for MESA Stress Exam (I or I1), age, sex, and race/ethnicity. Model 1 further
adjusted for smoking status, physical activity, CES-D, and BMI. The analyses were
additionally stratified by diabetes status (NFG, IFG, and diabetes).

2.5.3. Association of baseline cortisol features at MESA Stress | with
subsequent annual percent change in FG (Analysis C)—The analysis included
participants who attended MESA Stress | (N = 969). We excluded cortisol samples with
missing cortisol feature values (N = 80), missing covariate data including BMI, CES-D,
physical activity, smoking status (N = 22), and missing subsequent annual percent change
FG (N = 167). The final analytic dataset included 700 participants (Supplemental Fig. 1).
We used the following formulas to calculate subsequent annual percent change in FG.

If MESA Stress | cortisol features were collected during MESA Exam 3:

FG5— FGy
FGy
Years between MESA Exam 4 and 5
FGy - FG3
T x 100
+ Years between MESA Exam 3 and 4)

X 100

Avg. annual Aglucose % = %(

If MESA Stress | cortisol features were collected during MESA Exam 4:

FG5— FGy
FGy
Years between MESA Exam 4 and 5

x 100

Avg. annual Aglucose % =

Multivariable linear regression models were used to examine the association between
baseline cortisol curve features with subsequent annual percent change in FG. The models
were adjusted as follows: Model 0 included adjustment for age, sex, and race/ethnicity;
Model 1 further adjusted for smoking status, physical activity, CES-D, and BMI. The
analyses were additionally stratified by diabetes status (NFG, IFG, and diabetes). All
analyses were conducted using the SAS system, version 9.4 (SAS Institute Inc., Cary, NC).
Statistical significance was defined as a 2-sided alpha <0.05 for main effects and <0.10 for
interactions.

3. Results

For each analysis, participants with normoglycemia were younger with lower BMI and were
more likely to be white compared to participants with IFG or diabetes (Table 1; all p < 0.05).
The normoglycemic participants had a trend towards higher physical activity and a higher
percentage of current smokers, which was significant for the population included in analysis
C for physical activity. There were no differences in CES-D Score.
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3.1. Association of annual percent change in cortisol features with annual percent
change in FG over 6 years

We found effect modification of the association of annual percent change in cortisol features
with annual percent change in FG over 6 years by glycemic status and present stratified
results in Table 2. Among participants with diabetes, each annual percent increase in wake-
up cortisol, total AUC, and overall decline slope was associated with a significant increase in
annual percent change in FG over 6 years in all models (Table 2). For instance, a 1-unit
annual percent increase in overall decline slope (flattening) was associated with a 0.015
annual percent change in FG (0.015 [95 %CI: 0.005, 0.024]). There was no association of
change in CAR or bedtime cortisol with change in FG among participants with diabetes.
There was no association of annual percent change in cortisol curve features with percent
change in fasting glucose among those with NFG or IFG (Table 2).

3.2. Association of prior annual percent change in FG over 6 years with diurnal cortisol
features

We found effect modification of the association of prior annual percent change in FG over 6
years with diurnal cortisol features by glycemic status and thus present stratified results. The
estimated difference in cortisol curve features associated with prior annual percent change in
FG is shown in Table 3. Among individuals with NFG in the fully adjusted model, greater
increases in FG were associated with lower bedtime cortisol. A 1% annual increase in FG
was associated with a 2.7 % lower (=2.7 %; 95 % CI: —5.2 % to —0.3 %) bedtime cortisol
among participants with NFG at baseline. There was no association between annual percent
change in FG and bedtime cortisol among individuals with IFG and diabetes. Prior annual
percent change in FG was not associated with other cortisol curve features (wake up, CAR,
total AUC, or overall cortisol slope) regardless of glycemic status.

3.3. Association of baseline cortisol feature at MESA Stress | with subsequent annual
percent change in FG over 6 years

There was no association between baseline cortisol curve features and change in FG among
all participants (Table 4). We found a significant interaction by glycemic status and thus
stratified the analysis. Among those with diabetes, a 1% flatter overall decline slope was
associated with a 0.19 % increase in subsequent annual percent change in FG over 6 years
among participants with diabetes (19.21; 95 % CI: 1.519%-36.908%). No significant
relationships were found between baseline cortisol curve features and annual percent change
among those with IFG or NFG (Table 4).

4. Discussion

In this contemporary, longitudinal study of multi-ethnic adults, a greater annual percent
increase in wake-up cortisol, total AUC, and flatter overall decline slope was associated with
an annual percent increase in FG among participants with diabetes. Among normoglycemic
individuals, a higher annualized percent change in FG was associated with lower bedtime
cortisol, but not with any other cortisol curve features. Among participants with diabetes,
baseline flatter cortisol decline slope was positively associated with changes in fasting
glucose. All of these associations persisted following adjustment for important confounders.
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4.1. Association of change in cortisol features with change in FG over 6 years

Among participants with diabetes, a higher average of annual changes in wake-up cortisol,
total AUC cortisol, and flatter overall decline slope were associated with greater annual
changes in FG. No significant associations between average change in cortisol curve features
and average annual change in FG were observed in those with NFG and IFG.

Among all the cortisol curve features examined, the AUC is thought to reflect daily cortisol
exposure as previously described in MESA (Joseph et al., 2015). Our finding may be
explained by the physiology of cortisol metabolism. A major function of cortisol is to raise
glucose through gluconeogenesis and decrease insulin secretion (Joseph et al., 2015). We
previously reported a cross-sectional association of higher total cortisol AUC in women with
diabetes compared to women without diabetes, suggesting a role of elevated cortisol in
contributing to hyperglycemia (Champaneri et al., 2012). The current study used
longitudinal data over 6 years to assess the association of change in cortisol curve features
with change in FG; therefore, this finding suggests a temporal relationship between cortisol
levels and longitudinal changes in FG. The difference between the results of the delta-delta
analysis (Analysis A) and Analyses B and C may be due to Analyses B and C examining the
association of annualized FG with cortisol curve features and cortisol curve features with
change in glucose, in which either cortisol as an exposure or an outcome was measured at
only one time point. Thus, these two analyses had cross-sectional components; whereas, in
Analysis A, both FG and cortisol features were examined at two time points.

Our finding that the flattening of the overall decline slope is associated with positive changes
in average FG in participants with diabetes is concordant with previous cross-sectional
analyses. Joseph et al. in the MESA Stress Il cohort found that a flatter overall decline slope
was associated with a higher HbAlc among those with diabetes but not among
normoglycemic participants (Joseph et al., 2015). Among normoglycemic African
Americans in the Jackson Heart Study, a 100 % increase in morning serum cortisol was
associated with 2.7 mg/dL higher FPG. Among those with diabetes in the same cohort, a 100
% increase in morning serum cortisol was associated with 23.6 mg/dL higher FPG, an 8.74-
fold difference between groups (Ortiz et al., 2019). The findings are also consistent with the
significant positive association of cortisol with change in annualized FG in the diabetes
group in Analysis C and clinical studies of cortisol in diabetes (Cameron, 1984; Hudson et
al., 1984; Cameron et al., 1987; Roy et al., 1990). There are two proposed mechanisms for
the findings. First, greater cortisol burden or exposure, even within the normal range,
promotes hyperglycemia which subsequently promotes HPA-axis dysfunction, leading to a
vicious cycle of cortisol dysregulation and a less dynamic diurnal cortisol profile (Joseph
and Golden, 2017). Second, activation of the HPA axis with greater cortisol burden or
exposure due to inflammatory, traumatic, or psychological stresses and/or depression which
are more prevalent in diabetes (Roy et al., 1987; Chrousos, 1995; Tsigos and Chrousos,
2002; Kyrou et al., 2006; Mezuk et al., 2008; Joseph and Golden, 2017). Diurnal cortisol
slope changes can be an indicator of stress-related alterations with acute and chronic stress
exposures being linked to a flatter cortisol decline (Adam and Kumari, 2009; Miller et al.,
2002; Steffen et al., 2003; Suglia et al., 2010). These two mechanisms may function together
or in parallel. The changes seen with cortisol curve features and glucose support an
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increasingly important role of cortisol dysregulation impacting glucose metabolism in
diabetes.

4.2. Association of prior annual percent change in FG with diurnal cortisol features at
MESA Stress |

Our data reveals an inverse association of prior annual percent change in FG with bedtime
cortisol among normoglycemic participants, which remained significant following
adjustment for multiple confounding variables, including BMI. To our knowledge, this
association is a novel finding and has not been explored in prior studies (Joseph and Golden,
2017). In fact, most studies have focused on cross-sectional measures of glycemia or long-
term incident diabetes (Joseph and Golden, 2017). Joseph et al. and others did not find a
cross-sectional association of bedtime cortisol with HbA1C in non-diabetic individuals
(Joseph et al., 2015). The discrepancy between this prior study versus the current study is
likely due to differences in study design. The prior study was cross-sectional with a single
HbA1c measure that reflected glycemia over the prior 3 months; however, in the current
study, fasting glucose was evaluated over several years prior to the cortisol measure. The
association suggests that increases in FG among normoglycemic participants may lead to
lower bedtime cortisol. Further research is necessary to confirm this association and
determine potential mechanisms.

4.3. Association of baseline cortisol features with subsequent annual percent change in
FG over 6 years

We found no significant associations between baseline cortisol curve features and annual
percent changes in FG among all participants. However, when individuals with NFG, IFG,
or diabetes were examined separately, there was effect modification by diabetes status (p <
0.10). Among those with diabetes, a significant positive association of the overall decline
slope (flatter) with subsequent annual percent change in FG existed. Previously, Joseph et al.
published data showing that a one-unit increase in overall decline slope was associated with
a 54.7 % higher HbAlc among those with diabetes (Joseph et al., 2015). Consistent with our
study, no associations or trends were observed among normoglycemic or IFG individuals.
These findings suggest that there may be a significant association of flatter overall decline
slope with worsening glycemia in individuals with diabetes.

4.4. Limitation and strengths

The MESA Stress study is one of few population-based cohort studies with well-
characterized, rigorous longitudinal data on diurnal cortisol curve characteristics, FG and
multiple covariates from a racially diverse sample of adults in middle to older age. These
strengths enabled us to perform longitudinal analyses of various cortisol curve features with
FG over time. However, our study should be interpreted in light of some limitations. First,
due to the observational nature of the study, causality cannot be inferred. Second, the
average ages of participants in analyses 1-3 were 66.6, 64.4, and 63.7. Thus, the results may
not be generalizable to younger populations. Third, we did not collect cortisol throughout
the night; thus, we are unable to evaluate a full 24-hour diurnal cortisol cycle. Fourth, the
study was limited by the small sample size of individuals with cortisol levels collected
longitudinally. Finally, the statistical associations were interpreted without correction for
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multiple comparisons. Typical multiple comparison corrections assume that tests are
independent and are too conservative for correlated hypotheses as we have in this study.
Hence, some caution is warranted in the interpretation of our study results.

5. Conclusions

In summary, this is the first study to explore the longitudinal change in cortisol features with
change in FG among individuals with NFG, IFG and diabetes. Changes in wake-up cortisol,
total AUC cortisol, and overall decline slope were positively associated with changes in FG
among participants with diabetes over 6 years. Second, greater changes in FG over 6 years
were longitudinally associated with lower bedtime cortisol among those with NFG. Third,
baseline overall decline slope was positively associated with change in FG among those with
diabetes. These findings support temporality-favoring cortisol impacting changes in glucose
among individuals with diabetes. These relationships were independent of BMI, suggesting
that glucocorticoids impact glucose metabolism directly through effects on insulin secretion
and insulin signaling (Geer et al., 2014). Future studies are needed to examine these
relationships with detailed clinical and metabolic phenotyping to determine the mechanisms
by which changes in cortisol secretion disrupt glucose metabolism and to develop future
novel targets for treatment of type 2 diabetes.
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Fig. 1.

Conceptual Design of Study.

Temporality of the Relationship Between Cortisol and Glucose. The temporality of the
relationship between cortisol and glucose among participants with normal fasting glucose,
impaired fasting glucose and diabetes. Analysis A, change (&) in diurnal cortisol curve
features with A fasting glucose among individuals who attended both MESA Stress | and
MESA Stress Il; Analysis B, prior annual percent change in fasting glucose with diurnal
cortisol curve features among participants who attended either MESA Stress | or 1I; Analysis
C, baseline cortisol curve features with A fasting glucose over 6 years among participants
who attended MESA Stress .
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