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A B S T R A C T

Background: Serum cortisol levels have been associated with type 2 diabetes (T2D). However, the role of cortisol
in glycemia and T2D is not fully elucidated among African Americans (AAs). We hypothesized that among AAs
morning serum cortisol would be positively associated with glycemic measures and prevalent T2D.
Methods: We examined the cross-sectional association of baseline morning serum cortisol with fasting plasma
glucose (FPG), hemoglobin A1c (HbA1c), homeostasis model assessment of insulin resistance (HOMA-IR), β-cell
function (HOMA-β), and prevalent T2D in the Jackson Heart Study. Linear regression models were used to
examine the association of log-transformed cortisol with glycemic traits, stratified by T2D status. Logistic re-
gression was used to examine the association of log-transformed cortisol with prevalent T2D. Models were
adjusted for age, sex, education, occupation, systolic blood pressure, waist circumference, physical activity,
smoking, beta-blocker/hormone replacement medications and cortisol collection time.
Results: Among 4,206 AAs (mean age 55 ± 13 years, 64% female), 19% had prevalent T2D. A 100% increase in
cortisol among participants without diabetes was associated with 2.7 mg/dL (95% CI: 2.0, 3.3) higher FPG and a
10.0% (95% CI: -14.0, -6.0) lower HOMA-β with no significant association with HbA1c or HOMA-IR. In parti-
cipants with diabetes, a 100% increase in cortisol was associated with a 23.6 mg/dL (95% CI: 13.6, 33.7) higher
FPG and a 0.6% (95% CI: 0.3, 0.9) higher HbA1c. Among all participants, quartile 4 vs. 1 of cortisol was
associated with a 1.26-fold (95% CI: 1.75, 2.91) higher odds of prevalent T2D.
Conclusion: Higher morning serum cortisol was associated with higher FPG and lower β-cell function among
participants without T2D and higher FPG and HbA1c in participants with diabetes. Among all participants,
higher cortisol was associated with higher odds of T2D. These findings support a role for morning serum cortisol
in glucose metabolism among AAs.

1. Introduction

Cortisol has been associated with components of the molecular
pathogenesis of type 2 diabetes (T2D) including insulin resistance and
impaired β-cell function. Insulin resistance and T2D are comorbities
commonly associated with Cushing’s disease. Improper glucose home-
ostasis is promoted by hypercortisolism via the accumulation of visceral

adipose tissue, impairment of insulin signaling in skeletal muscle, and
the activation of lipolysis resulting in the release of free fatty acids
(Anagnostis et al., 2009). In addition, states of subclinical hypercorti-
solism are often characterized by a redistribution of subcutaneous fat to
visceral fat storage through differentiation and proliferation of adipo-
cytes. This effect is likely mediated via glucocorticoid receptors as they
are overexpressed in visceral relative to subcutaneous adipose tissue
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(Anagnostis et al., 2009). Therefore, due to the promotion of visceral
adiposity and the direct as well as indirect interference with insulin
signaling, cortisol likely plays a causal role in the pathogenesis of T2D.

Longitudinal studies analyzing the effect of baseline cortisol status
and future development of impaired fasting plasma glucose (FPG) as
well as incident diabetes suggest that alterations in cortisol precede
deleterious changes in glucose metabolism. In the Whitehall II Study,
hypothalamic-pituitary-adrenal (HPA) axis dysfunction characterized
by elevations in evening cortisol at baseline was associated with in-
creased incident diabetes nine years later (Hackett et al., 2016). Ad-
ditionally, evidence from the Multi-Ethnic Study of Atherosclerosis
suggests that diabetes status at baseline is not associated with long-term
changes in diurnal cortisol curve features (Spanakis et al., 2016).
Therefore, the existing literature favors the hypothesis that changes in
cortisol status occur prior to the development of insulin resistance and
T2D.

In cross-sectional studies, elevated morning plasma cortisol has
been correlated with greater insulin resistance, decreased β-cell func-
tion (insulin secretion) (Kamba et al., 2016), and higher odds of pre-
valent diabetes (Radin et al., 2016; Schoorlemmer et al., 2009) in
majority white and Japanese studies. However, given the higher com-
bined diagnosed and undiagnosed diabetes prevalence among non-
Hispanic black Americans (17.9%) compared to non-Hispanic white
Americans (12.4%) (Mendola et al., 2018) and the disparities in mi-
crovascular complications, macrovascular complications, and mortality
(Fuchs, 2016), it is critical to examine cortisol and glycemia in African
Americans (AAs) (Joseph and Golden, 2017b).

Despite the evidence of a link between hypercortisolism and dys-
glycemia, and the prevalence of T2D in AAs, data on the relationship of
insulin resistance, β-cell function and glycemia with any measure of
cortisol is limited among AAs. One study in 61 AAs (20 with T2D)
showed higher hair cortisol was associated with elevated glycated he-
moglobin (HbA1c), suggesting that chronic exposure to elevated cor-
tisol is associated with dysglycemia (Lehrer et al., 2016). Polymorph-
isms of the glucocorticoid gene that have been associated with
glucocorticoid sensitivity, body fat, and insulin secretion have a higher
homozygous prevalence in black vs. white Mississippians, indicating
that AAs are potentially more susceptible to the effects of cortisol
(Melcescu et al., 2012). Another study revealed a positive association of
total salivary cortisol with higher HbA1c among individuals with T2D,
but not in those without T2D, and lower insulin resistance with higher
wake-up and total diurnal cortisol prior to adjustment for adiposity in a
combined cohort of whites, AAs, and Hispanic Americans without T2D
(Joseph et al., 2015). Despite mechanistic evidence revealing detri-
mental effects of chronically elevated cortisol on glucose homeostasis
supported by analyses of diverse populations, to our knowledge, no
studies have examined the association of morning serum cortisol with
glycemia and T2D specifically among AAs.

HPA axis measures differ significantly based on race/ethnicity.
Steeper awakening salivary cortisol responses are observed in AAs
compared to whites (Bennett et al., 2004). Furthermore, lower morning
salivary cortisol, higher bedtime cortisol, and “flatter” diurnal cortisol
profile throughout the day are seen in blacks, independent of socio-
economic status (Cohen et al., 2006; DeSantis et al., 2007; Hajat et al.,
2010; Karlamangla et al., 2013; Skinner et al., 2011; Zeiders et al.,
2014). Though, importantly, “flatter” diurnal cortisol profiles are also
seen in white individuals, they are seen in the presence of diseases like
diabetes, as compared to healthy individuals (Hackett et al., 2016,
2014). Though most of these studies have examined salivary cortisol,
studying serum cortisol offers assessment of total cortisol (free and
protein-bound), rather than free cortisol alone (Kosak et al., 2014), and
serum sampling could allow for future development of an easily mea-
surable clinically applicable biomarker and target for disease preven-
tion and treatment.

Thus, using data from the Jackson Heart Study (JHS), a large AA
cohort study, we examined the cross-sectional association of morning

serum cortisol with fasting plasma glucose (FPG), HbA1c, homeostasis
model assessment of insulin resistance (HOMA-IR), and β-cell function
(HOMA-β) and prevalent T2D. We hypothesized that, among AAs,
morning serum cortisol would be positively associated with measures of
glycemia, including FPG and HbA1c in those with prevalent T2D, and
positively associated with insulin resistance, but negatively associated
with β-cell function, in those without T2D.

2. Methods

2.1. Study population

The JHS is a prospective cohort study of 5306 A A adults, aged
21–94 years from the tri-county area of metropolitan Jackson,
Mississippi. The baseline examination was performed between
2000–2004, with two subsequent follow-up examinations between
2005–2008 and 2009–2013. The design of the study has been described
elsewhere (Taylor et al., 2005). The JHS was approved by the institu-
tional review boards of the participating institutions and informed
consent was obtained from all participants. For this study, analyses
were performed using data from the baseline exam. Participants were
excluded if they had missing data on exposures, outcomes or important
covariates including cortisol (n= 113), time of cortisol collection
(n= 17) or cortisol collected after 12 pm (n= 384), T2D status
(n= 5), HbA1c (n=97), FPG (n= 387), HOMA-β (n= 2), occupation
(n= 5), education (n=18), smoking status (n= 38), alcohol use
(n= 21), systolic blood pressure (n= 6), waist circumference (n=6),
and body mass index (n= 1), as shown in Fig. 1. The final analytic
cohort included 4206 participants.

2.2. Assessment of morning serum cortisol

Normal diurnal cortisol regulation follows a circadian pattern, in
which levels are typically high upon waking, rise during the first
30–40min post-awakening and decline across the day, reaching a nadir
in the late evening around 11pm-midnight (Joseph and Golden, 2017a).
In the JHS, serum cortisol was collected fasting in the morning between
8am and 12 pm. Serum cortisol levels were measured by chemilumi-
nescent immunoassay performed on an immunoassay system (ADVIA
Centaur; Siemens). Intra-assay coefficients of variation, were 9.1% and
7.7% for high and low cortisol concentrations, respectively.

2.3. Outcomes assessment

Fasting plasma glucose and insulin were measured on a Vitros 950
or 250, Ortho-Clinical Diagnostics analyzer (Raritan, NJ) using stan-
dard procedures that met the College of American Pathologists ac-
creditation requirement (Carpenter et al., 2004). A high-performance
liquid chromatography system (Tosoh Corporation, Tokyo, Japan) was
used to measure HbA1c concentrations. Insulin resistance and β-cell
function were estimated using HOMA-IR = (fasting plasma glucose
[mmol/L] × fasting plasma insulin [mU/mL]) ÷ 22.5 and HOMA-β =
(20 × fasting plasma insulin) ÷ (fasting plasma glucose – 3.5)%
(Matthews et al., 1985). Prediabetes was defined as HbA1c 5.7–6.4%
and/or fasting blood glucose 100–125mg/dL (American Diabetes
Association, 2010). T2D was defined as HbA1c≥ 6.5% (48mmol/mol),
fasting blood glucose ≥ 126mg/dL, taking T2D medications and/or
with a self-reported physician diagnosis (American Diabetes
Association, 2010).

2.4. Covariates

Baseline information was obtained during clinic visits or at home
using standardized questionnaires including: demographics, occupation
(management/professional versus not), level of education (1) Less than
high school, 2) High school graduate, or completion of a General
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Educational Development (GED) degree as equivalent to graduating
from high school, 3) attended vocational school, trade school or col-
lege), tobacco use (current smoking versus not), alcohol use (any al-
cohol intake in the past 12 months versus not), medical conditions and
current prescription medication usage (hormone replacement therapy/
β-blocker medications). Calibrated devices were used by certified
technicians and nurses to measure participants’ weight and height.
Body mass index (BMI) was calculated as weight (kilograms)/ height2

(meters2). Waist circumference in centimeters was calculated as the
average of two measurements around the umbilicus. Resting seated
blood pressure was measured twice at 5-minute intervals using an ap-
propriately sized cuff with standard Hawksley random-zero instruments
and measurements were averaged for analysis. Physical activity was
categorized according to the American Heart Association 2020
Cardiovascular health guidelines as poor, intermediate or ideal health,
as described previously (Joseph et al., 2016b; Lloyd-Jones et al., 2010).

2.5. Statistical analysis

The 1100 participants excluded (Fig. 1) were older, less educated,
less likely to hold professional jobs, less physically active, and had
higher cortisol, waist circumference, HbA1c and diabetes prevalence
(all p < 0.05; Supplemental Table 1). Baseline characteristics of par-
ticipants were presented and compared across quartiles of morning

serum cortisol using chi-square for categorical variables, analysis of
variance (ANOVA) for parametric continuous variables and Kruskal-
Wallis test for non-parametric continuous variables. Due to positively
skewed distributions, cortisol, HOMA-IR and HOMA-β were log-trans-
formed prior to analysis. We used linear regression models to examine
the association of log-transformed morning serum cortisol with FPG,
HbA1c among all participants and HOMA-IR and HOMA-β, among
participants without T2D. Demographic, socioeconomic and biological
factors previously shown to be associated with serum cortisol and
glycemia were selected a priori and included in the models (Clow et al.,
2004; Cohen et al., 2006; Hajat et al., 2010; Joseph et al., 2016a, a;
Joseph et al., 2015). The models were adjusted for age, sex, education,
occupation, systolic blood pressure, waist circumference, physical ac-
tivity, smoking, β-blocker, and estrogen replacement medications
(Model 1) and, additionally, time of cortisol collection (Model 2). Both
models were stratified by glycemic status. We used logistic regression to
estimate the odds ratios (OR, 95% confidence interval-CI) of prevalent
T2D by log-morning serum cortisol. Based on prior studies demon-
strating differences in cortisol profile in those with a diagnosis of dia-
betes compared to individuals with normoglycemia, we stratified by
glycemic status (Hackett et al., 2016, 2014). We tested for effect
modification by age, sex, waist circumference, time of cortisol collec-
tion and T2D status by inserting multiplicative interaction terms into
the fully adjusted model and using the likelihood ratio test

Fig. 1. The Jackson Heart Study Cortisol and Diabetes Cohort.
The total Jackson Heart Study includes 5306 participants, however, participants were excluded if they had missing data on exposures, outcomes or important
covariates yielding a sample in this study of 4206 subjects. Excluded subjects were from missing data for the following variables: cortisol (n= 113), time of cortisol
collection (n=17) or cortisol collected after 12 pm (n= 384), Type 2 diabetes (T2D) status (n= 5), Hemoglobin A1c (HbA1c) (n= 97), Fasting Plasma Glucose
(FPG) (n= 387), HOMA-β cell function (n=2), occupation (n=5), education (n= 18), smoking status (n= 38), alcohol use (n=21), systolic blood pressure
(n=6), waist circumference (n= 6), and body mass index (n=1).
*FPG=Fasting Plasma Glucose, T2D=Type 2 diabetes, HbA1C=Hemoglobin A1c, HOMA-β=β-cell function
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(Supplemental Table 3). We found significant effect modification for
waist circumference and body mass index. Thus, we presented stratified
models for waist circumference in tertiles (Supplemental Table 4) and
body mass index in categories< 25, 25–29.99, ≥ 30 kg/m2 (Supple-
mental Table 5). Statistical significance was defined as two-sided
alpha< 0.05 in the main analysis and< 0.10 for interactions (Joseph
et al., 2017a). Analyses were performed using Stata 13.1 (Statacorp,
College Station, TX).

3. Results

In a sample of 4206 participants, the majority were female (63.7%),
high school graduates or more (81.1%) and non-smokers (87.3%), with
nearly half reporting poor physical activity and an average BMI in the
obese range (31.7 ± 7.2 kg/m2) (Table 1). Male sex, lower education,
smoking and alcohol consumption all significantly increased in higher
morning serum cortisol quartiles (p < 0.01, Table 1). Participants with
higher morning cortisol had lower waist circumference (WC) and BMI
(p < 0.001). Table 1 demonstrates higher FPG and HbA1c per higher
quartile of morning serum cortisol (p < 0.0001). Demographics of
participants by category of dysglycemia (all, normoglycemia, pre-
diabetes, and T2D) are provided in Supplemental Table 2.

Upon examining the cross-sectional association of log-morning
serum cortisol with FPG and HbA1c (Table 2), we found a positive
association with FPG (β=11.22, p < 0.001), with the strongest as-
sociation in those with T2D (β=23.62, p < 0.001). A similar re-
lationship was seen with log-morning serum cortisol and HbA1c among
all participants (β=0.28, p < 0.001) and those with T2D (β=0.59,
p < 0.001), demonstrating that a 100% increase in log-morning serum
cortisol was associated with a 0.59% increase in HbA1c in those with
T2D. These findings remained significant in the fully adjusted models.

In regard to the relation of morning serum cortisol with HOMA-IR
and HOMA-β in participants without T2D, no association was observed
between log-morning serum cortisol and HOMA-IR in fully-adjusted
analyses (p > 0.05). However, there was a significant negative asso-
ciation of log-morning serum cortisol with HOMA-β (β=-0.10,
p < 0.001) in the fully-adjusted analysis (Table 3).

Using logistic regression, a 1-unit increase in log-cortisol was as-
sociated with higher odds of prevalent T2D in fully-adjusted analyses
(OR: 2.07, 95% CI: 1.66, 2.59). The fourth quartile compared to the first
of morning cortisol was also associated with higher odds of prevalent
T2D (OR: 2.26, 95% CI: 1.75, 2.91, p < 0.001) (Table 4).

Given the significant effect modification of waist circumference on
the association of log-morning serum cortisol with FPG (p < 0.0001),
HbA1c (p= 0.0001), HOMA-IR (p= 0.0003) and HOMA-β
(p= 0.0650), we stratified our results by tertiles of waist circumference
(WC) (Supplemental Tables 3 and 4). Stronger associations (larger β-
coefficients) were seen in the relationship of cortisol with FPG and
HbA1c in the third tertile of waist circumference (β=17.04,
p < 0.0001; β=0.49, p < 0.0001, respectively) compared to the first
(β=6.51, p < 0.0001; β=0.12, p= 0.035, respectively). Similar
results were observed when stratified by BMI categories (Supplemental
Table 5). In the highest tertile of WC, there was a positive association
between log-morning serum cortisol and insulin resistance (HOMA-IR)
(β=0.08, p=0.038), but no associations in the first and second ter-
tiles. The inverse association of log-morning serum cortisol with
HOMA-β was strongest in the lowest tertile of WC (β=-0.13,
p < 0.0001), present in the second tertile (β=-0.08, p= 0.023), and
not significant in the first tertile. Results did not differ in significance
between models 1 and 2.

Table 1
Characteristics of Participants in the Jackson Heart Study by Quartiles of Morning Serum Cortisol.

All Quartile 1 Quartile 2 Quartile 3 Quartile 4
Baseline Characteristicsa n=4206 n=1079 n=1046 n=1043 N=1038 p-value

Age, years 54.970 (12.760) 52.020 (11.850) 54.370 (12.940) 57.210 (12.160) 56.380 (13.450) <0.001
Female, sex (%) 63.670 81.460 67.110 57.810 47.590 0.006
Education

< High School (%) 18.900 13.720 17.210 19.940 24.950
High school graduate/GED 18.120 17.330 17.300 18.600 19.270
Attended vocational school, trade school or
college

62.980 68.950 65.490 61.460 55.780 0.000

Occupation, Management/Professional 36.470 40.590 38.050 35.950 31.120 0.000
Poor AHA Physical Activityb 48.480 47.360 46.940 49.280 50.390 0.365
Current Smoking (%) 12.720 10.940 10.900 12.270 16.860 0.000
Alcohol Intake (%) 46.770 44.580 46.270 44.010 52.310 0.000
Body-mass Index (kilograms/meter2) 31.670 (7.200) 32.930 (7.240) 32.340 (7.450) 31.430 (7.210) 29.930 (6.530) <0.001
Waist circumference (cm) 100.420 (16.100) 101.450 (16.480) 101.350 (16.340) 100.180 (15.400) 98.640 (16.000) 0.001
Systolic blood pressure (mmHg) 127.160 (16.440) 124.530 (15.200) 125.720 (15.530) 129.100 (17.340) 129.410 (17.090) <0.001
Glucose (mg/dL) 100.300 (33.210) 93.750 (23.210) 98.640 (28.770) 102.420 (33.540) 106.640 (43.070) <0.001
Hemoglobin A1c (%) 5.910 (1.210) 5.740 (0.930) 5.880 (1.090) 5.970 (1.270) 6.050 (1.480) <0.001
Cortisol (μg/dL) 9.200 (6.900, 12) 5.700 (4.800,

6.400)
8.100 (7.500,
8.600)

10.500 (9.900,
11.200)

14.600 (13.200,
16.600)

0.001

Log-Transformed Cortisol 2.200 (0.430) 1.660 (0.300) 2.090 (0.080) 2.350 (0.750) 2.720 (0.180) <0.001
Cortisol Collection Time (24-hour time) 10.750 (0.620) 10.840 (0.580) 10.770 (0.610) 10.710 (0.630) 10.660 (0.640) <0.001
Homeostatic model assessment of insulin

resistance c
3.030 (2.190,
4.370)

3.160 (2.330,
4.380)

3.130 (2.240,
4.380)

2.960 (2.090, 4.390) 2.890 (2.110, 4.290) 0.0389

Homeostatic model assessment of β-cell function
(%) c

191.790
(141.130, 266.630)

214.800
(161.540, 300.970)

195.350
(146.510, 276.340)

177.600
(134.610, 244.180)

174.050
(124.990, 243.360)

0.001

Hormone Replacement Therapy (%) 15.000 13.530 14.240 15.340 16.960 0.139
Beta-Blocker Medications (%) 9.700 7.040 10.130 10.640 11.080 0.007
Prevalent Diabetes (%) 18.950 13.530 18.640 19.560 24.280 <0.001

GED=General Educational Development (degree equivalent to graduation from high school).
a Mean (SD), median (interquartile range) or percentages are listed, p-values calculated using chi-square (categorical variables), ANOVA (parametric continuous

variables) and Kruskal-Wallis test (non-parametric continuous variables).
b AHA=American Heart Association, Ideal physical activity recommendations were defined by AHA “2020” guidelines. Physical Activity was considered poor if

participant performed no physical activity.
c n=3409 participants with HOMA-IR and HOMA-β without diabetes at baseline, (Q1 933, Q2 851, Q3 839, Q4 786).
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4. Discussion

In the present study, we demonstrate that higher morning serum
cortisol was: 1) positively associated with FPG among individuals with
and without T2D and with HbA1c among individuals with T2D; 2) as-
sociated with FPG more strongly among individuals with vs. without
T2D; 3) inversely associated with β-cell function in those without T2D
and not associated with HOMA-IR among individuals without T2D; and
4) associated with higher odds of prevalent diabetes. These findings
demonstrate robust associations of morning serum cortisol with glucose
metabolism among AAs and are in line with our hypothesis of a re-
lationship between cortisol and glycemia in T2D (Champaneri et al.,
2013; Joseph and Golden, 2017a).

In studies that have not specifically examined diverse populations or
racial differences in AAs, evidence suggests that hypercortisolism is

associated with glycemia and insulin resistance, commonly studied in
the context of metabolic syndrome, as demonstrated in a critical review
of the literature by Anagnostis, et al. (Anagnostis et al., 2009). One
study cited in this review, for example, demonstrated that higher
fasting serum cortisol levels were associated with insulin resistance
(HOMA-IR) in a population of 370 men, 66 with impaired glucose
tolerance and 27 with diabetes, in the United Kingdom (Phillips et al.,
2000). Similar relationships have been observed between morning
serum cortisol and insulin resistance in Japanese and Latino popula-
tions without a diagnosis of diabetes (Adam et al., 2010; Kamba et al.,
2016). A population of 1181 individuals in Amsterdam, and 1614 older
predominantly Caucasian individuals in Southern California, showed
higher morning serum cortisol was associated with a risk of prevalent
diabetes (Radin et al., 2016; Schoorlemmer et al., 2009). Our findings
in a population of AA individuals are consistent with these and other

Table 2
The Association of log-serum cortisol with fasting plasma glucose and hemoglobin A1c in the Jackson Heart Study.

Fasting Plasma Glucose, Multivariable Linear Regression Model Beta-Coefficient (95% CI)

Unadjusted Model 1 Model 2

All Participants 11.29 (8.99, 13.60), p < 0.001 11.98 (9.61, 14.34), p < 0.001 11.22 (8.85, 13.59), p < 0.001

Participants without Diabetes (n= 3409) 3.57 (2.90, 4.25), p < 0.001 3.06 (2.39, 3.73), p < 0.001 2.65 (1.99, 3.32), p < 0.001
Participants with Diabetes (n= 797) 22.60 (12.75, 32.45), p < 0.001 25.05 (15.01, 35.09), p < 0.001 23.62 (13.57, 33.67), p < 0.001

Hemoglobin A1c, Multivariable Linear Regression Model Beta-Coefficient (95% CI)

Unadjusted Model 1 Model 2

All Participants 0.26 (0.18, 0.35), p < 0.001 0.29 (0.21, 0.38), p < 0.001 0.28 (0.20, 0.37), p < 0.001

Participants without Diabetes (n= 3409) −0.02 (-0.05, 0.02), p= 0.344 −0.03 (-0.07, 0.01), p= 0.119 −0.03 (-0.07, 0.01), p=0.117
Participants with Diabetes (n= 797) 0.50 (0.21, 0.80), p < 0.001 0.62 (0.31, 0.92), p < 0.001 0.59 (0.29, 0.90), p < 0.001

Model 1 – Adjusted for age, sex, education, occupation, systolic blood pressure, waist circumference, current smoking, physical activity, hormone replacement
therapy, beta-blocker medications.
Model 2 – Model 1 + time of cortisol collection.
Fasting Plasma Glucose Interpretation: A 100% increase in cortisol is associated with an average beta-coefficient unit change in fasting plasma glucose (mg/dL). In
the continuous unadjusted model, a 100% increase in serum cortisol is associated with a 11mg/dl increase in fasting plasma glucose.
Hemoglobin A1c (HbA1c) Interpretation: A 100% increase in cortisol is associated with an average beta-coefficient unit change in HbA1c (%). In the continuous
unadjusted model, a 100% increase in serum cortisol is associated with a 0.26 increase in HbA1c.

Table 3
The Association of log-morning serum cortisol with log-Homeostatic model assessment of Insulin Resistance and β-cell Function among participants without diabetes
in the Jackson Heart Study.

Log-Homeostatic model assessment of insulin resistance, Multivariable Linear Regression Model
Beta-Coefficient (95% CI), n= 3409

Unadjusted Model 1 Model 2

Participants without diabetes♦ (n= 3409) −0.07 (-0.12, -0.031), p= 0.001 0.03 (-0.01, 0.07), p= 0.108 0.02 (-0.02, 0.06), p= 0.370

Participants with normoglycemia (n=1883) −0.11 (-0.16, -0.06), p < 0.001 0.00 (-0.05, 0.06), p= 0.880 −0.01 (-0.06, 0.04), p=0.705
Participants with prediabetes (n= 1526) −0.07 (-0.13, -0.01), p= 0.027 0.06 (-0.00, 0.11), p= 0.06 0.04 (-0.01, 0.10), p= 0.138

Log-Homeostatic model assessment of β-cell Function, Multivariable Linear Regression Model
Beta-Coefficient (95% CI), n= 3409

Unadjusted Model 1 Model 2

Participants without diabetes (n= 3409) −0.24 (-0.28, -0,20), p < 0.001 −0.11 (-0.14, -0.07), p < 0.001 −0.10 (-0.14, -0.06), p < 0.001

Participants with normoglycemia (n=1883) −0.21 (-0.26, -0.15), p < 0.001 −0.09 (-0.14, -0.04), p= 0.001 −0.08 (-0.14, -0.03), p < 0.001
Participants with prediabetes (n= 1526) −0.27 (-0.33, -0.21), p < 0.001 −0.12 (-0.18, -0.07), p < 0.001 −0.12 (-0.17, -0.06), p < 0.001

♦ Includes subjects with prediabetes and normoglycemia.
Model 1 – Adjusted for age, sex, education, occupation, systolic blood pressure, waist circumference, current smoking, physical activity, hormone replacement
therapy, beta-blocker medications.
Model 2 – Model 1 + time of cortisol collection.
Log-Homeostatic model assessment of insulin resistance (HOMA-IR) Interpretation: A 100% increase in cortisol is associated with a beta-coefficient 100% change in
HOMA-IR (%). In the continuous unadjusted model, a 1% increase in serum cortisol is associated with a 7% lower HOMA-IR.
Log-Homeostatic model assessment of β-cell Function (HOMA-β) Interpretation: A 100% increase in cortisol is associated with a beta-coefficient 100% increase in
HOMA-β. In the continuous unadjusted model, a 100% increase in serum cortisol is associated with a 24% lower HOMA-β.
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prior morning serum cortisol studies in whites, Hispanic Americans and
Japanese populations demonstrating an association of higher morning
serum cortisol with greater insulin resistance in individuals with and
without diabetes (Kamba et al., 2016), insulin resistance in overweight
individuals (Adam et al., 2010), and higher odds of prevalent diabetes
(Radin et al., 2016; Schoorlemmer et al., 2009).

We found that morning serum cortisol measures are positively as-
sociated with both higher HbA1c and FPG in AAs with T2D. The as-
sociation of morning serum cortisol with higher glycemia in AAs is in
line with previous findings revealing a flatter salivary cortisol diurnal
profile was associated with higher glycemia (HbA1c and FPG) among
participants with T2D, but not participants without T2D, including 31%
black, 43% Hispanic, and 25% white individuals (Joseph and Golden,
2017a; Joseph et al., 2015). Hackett, et al., also observed a flatter
diurnal cortisol curve associated with fasting glucose and T2D (Hackett
et al., 2016, 2014). These studies are evidence for a differential re-
lationship between cortisol and dysglycemia in those with and without
T2D. However, our current study adds two major novel components: 1)
revealing a similar differential relationship between HPA axis dys-
function and glycemia based on diabetes status, utilizing morning
serum cortisol, which would require far less burden to collect from
patients, as compared to multiple measures of salivary cortisol across
the day; and 2) it is unique in that it was completed in a large AA
population.

Though our study can make no conclusions on causation, prior
studies may suggest two plausible mechanisms for the observed asso-
ciation between higher levels of morning serum cortisol and dysgly-
cemia including central and peripheral mechanistic hypotheses (Joseph
et al., 2015). First, in regards to the central hypothesis, both animal and
human studies of central regulation of the HPA axis have associated
hyperglycemia with hippocampal atrophy and a hypothesized reduc-
tion in hypothalamic inhibition by the hippocampus (Bruehl et al.,
2009; Stranahan et al., 2008). Additionally, individuals with diabetes
may have impaired pituitary feedback mechanisms (Bruehl et al., 2009;
Hudson et al., 1984). Second, peripherally, it has been shown that
cortisol yields hyperglycemia and insulin resistance through increasing
lipolysis and gluconeogenesis in the liver (Goodpaster et al., 1997;
Kelley et al., 2001; Santomauro et al., 1999). We observed no asso-
ciation between morning serum cortisol and insulin resistance (HOMA-
IR) in the total analytic sample of individuals without T2D. This is
supported by the observation that lower wake-up and morning cortisol
are associated with greater adiposity (Champaneri et al., 2012; Joseph
et al., 2017b; Kumari et al., 2010, 2011). Importantly, longitudinal
trajectory may factor into the directionality of the relationship between
adiposity and cortisol. In subclinical hypercortisolism or Cushing’s
disease one experiences hypercortisolism throughout the day associated

with adiposity at diagnosis (Di Dalmazi et al., 2015), however, in a
longitudinal study of adiposity, gain in BMI was associated with lower
morning cortisol (Joseph et al., 2017b). Though there was no sig-
nificant adjusted finding linking cortisol and insulin resistance in our
study, when stratifying by tertiles of WC, those with the highest WC
(third tertile) demonstrated a positive association of morning serum
cortisol with HOMA-IR. This is consistent with the prior study by Jo-
seph et al., which demonstrated that waist circumference attenuated
the negative relationship between wake-up salivary cortisol and
HOMA-IR (Joseph et al., 2015). These findings may be explained by the
hypothesis that in individuals with greater adiposity, insulin resistance
may be amplified by increased levels of 11β-HSD1 (Incollingo
Rodriguez et al., 2015). The enzyme 11β-hydroxysteroid dehy-
drogenase type 1 (11β-HSD1) converts cortisol to its active form. An-
imal studies have shown that overexpression of 11β-HSD1 yields lower
serum, but higher adipocyte corticosterone (Incollingo Rodriguez et al.,
2015; Masuzaki et al., 2001), which could then yield higher levels of
active cortisol and impact adipocyte insulin resistance. Further, the
complex relationship between hypercortisolism and adiposity and in-
sulin resistance may be due to associations between subclinical hy-
percortisolism with visceral rather than central adiposity in metabolic
syndrome (Min, 2016).

The observation that the negative relationship between cortisol and
HOMA-β was seen most strongly in the lowest WC tertile, suggests that
the relationship between cortisol and β-cells may be moderated by lack
of adiposity. This finding should be taken with caution, however, given
the average BMI of our sample was in the obese category (32 kg/m2),
although 619 individuals had a normal BMI (< 25 kg/m2). These re-
sults are consistent with studies in normoglycemia, where cortisol in-
hibits insulin release from pancreatic β-cells (Delaunay et al., 1997;
Ling et al., 1998). It is possible that among individuals with lower levels
of adiposity, the first defect is a decrease in β-cell function and changes
in insulin resistance and then hyperglycemia may come later in the
pathophysiology. A model of overexpression of the glucocorticoid re-
ceptor (GR) in mouse islet cells demonstrated that progressing from
hyperglycemia and impaired glucose utilization to T2D may be related
to GR sensitivity exerting functional changes on β-cell activity (Davani
et al., 2004). Persistent hypercortisolism changes GR sensitivity in that
it causes GRs to saturate and cortisol-receptor interaction to plateau
(Granner et al., 2015). Therefore, perhaps modest hypercortisolism is
associated with impaired β-cell function, but the effect plateaus with
limited availability of GRs as they become saturated with further in-
creased cortisol levels as seen in hyperglycemia and adiposity. We plan
to evaluate the nuances of the relationship between cortisol and adip-
osity in future studies.

Prior research demonstrates the importance of conducting studies

Table 4
The Association of log-morning serum cortisol with Prevalent Diabetes in the Jackson Heart Study.

Logistic Regression Model – Odds Ratio (95% CI) for Prevalent Diabetes

Unadjusted Model 1 Model 2

Log-Cortisol 1.86 (1.53 - 2.24), p < 0.001 2.13 (1.71 - 2.65), p < 0.001 2.07 (1.66 - 2.59), p < 0.001

Morning Serum Cortisol in Quartiles
Quartile 1 Referent Referent Referent
Quartile 2 1.46 (1.16 - 1.85), p= 0.001 1.45 (1.13 - 1.86), P=0.004 1.44 (1.12 - 1.85), p= 0.005
Quartile 3 1.55 (1.23 - 1.96), p < 0.001 1.50 (1.17 - 1.94), p=0.002 1.47 (1.14 - 1.90), p= 0.003
Quartile 4 2.05 (1.64 - 2.57), p < 0.001 2.32 (1.80 - 2.99), P< 0.001 2.26 (1.75 - 2.91), p < 0.001

Model 1 – Adjusted for age, sex, education, occupation, systolic blood pressure, waist circumference, current smoking, physical activity, hormone replacement
therapy, beta-blocker medications.
Model 2 – Model 1 + time of cortisol collection.
For the logistic regression, the odds ratios are expressed as a percentage of higher prevalence per log unit increase (continuous) and a percentage of higher prevalence
of diabetes per quartile compared to Quartile 1.
Interpretation: In the continuous analysis (unadjusted) a 1-unit increase in log-cortisol is associated with an 86% higher odds of prevalent diabetes and Quartile 4
compared with Quartile 1 was associated with a 105% higher odds of prevalent diabetes.
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dedicated to HPA axis measures in AA populations due to differential
cortisol dynamics among various race/ethnicities, which could lead to
differential outcomes. HPA axis measures vary in that AAs show steeper
awakening salivary cortisol response, lower morning salivary cortisol,
higher bedtime cortisol levels, and a “flatter” diurnal cortisol profile
throughout the day, independent of socioeconomic status, compared to
Caucasians (Bennett et al., 2004; Cohen et al., 2006; DeSantis et al.,
2007; Hajat et al., 2010; Karlamangla et al., 2013; Skinner et al., 2011;
Zeiders et al., 2014). These racial differences in HPA axis measures may
affect studying clinical outcomes in AAs. For example, one study in a
sample of 3730 subjects (42% AA) demonstrated higher fasting serum
cortisol levels are associated with a glucocorticoid receptor poly-
morphism that differs significantly in prevalence between non-Hispanic
white and AAs (Whirledge et al., 2017). Another study examining the
clinical outcomes of body fat and insulin resistance associated with
glucocorticoid receptor genotype showed that homozygosity of the
polymorphism was more prevalent in AAs (Melcescu et al., 2012). In
two studies that accounted for AA race in clinical outcomes, one de-
monstrated blunted morning and nocturnal salivary, but not morning
serum cortisol was found to be correlated with greater coronary-artery
intimal medial thickness in obese individuals of both races (n=55
AAs) (Toledo-Corral et al., 2013), and another that higher hair cortisol
was associated with elevated glycated hemoglobin (HbA1c) in 61 AAs
(20 with T2D) (Lehrer et al., 2016). With more understanding of these
mechanisms, it may become clinically important to identify genetic risk
for diabetes and cardiovascular disease within HPA axis genes, or in
using related biomarkers, as possible early risk stratification, or for
individual treatment targets in future research. Ours is the first, how-
ever, to assess the association between cortisol and clinical outcomes of
glycemia (fasting glucose, prevalent diabetes, HOMA-B, HOMA-IR) in a
large AA population study. Yet, as demonstrated by the literature, more
research is needed to consider cardiovascular outcomes, and associated
underlying genetic and pathophysiologic underpinnings of these re-
lationships in AA populations.

Our study has several strengths. First, the JHS includes a large
sample of AAs, thus, allowing the study of a subpopulation for which
there has been limited data on HPA axis dysfunction and dysglycemia,
as well as the comparison of individuals with T2D to those without. Our
study suggests that quantifying cortisol may be a reliable and clinically
meaningful biomarker in glycemia as demonstrated that our findings
with serum cortisol corroborate prior findings completed with salivary
cortisol. We also conducted a comprehensive assessment of the cortisol
and glycemic relationship across various levels of glycemia, accounting
for various levels of WC and including multiple measures of glucose
metabolism and insulin resistance (FPG, HbA1c and HOMA-IR), thus
allowing an assessment of different facets of the pathophysiology of
obesity and T2D.

Our study does have some limitations. First, due to the nature of
cross-sectional studies, the temporality between the exposure and the
outcome cannot be determined. Second, given longitudinal measures of
cortisol such as 24-hour urinary or complete diurnal cortisol curves are
challenging to collect in a large sample, serum cortisol was only col-
lected at one point in time during the day. However, serum cortisol
(which measures free and protein bound cortisol) correlates well with
salivary cortisol (measuring free cortisol only) in diagnosing Addison’s
disease and Cushing’s syndrome (Restituto et al., 2008). The advantage
of morning serum cortisol is that it can be collected along with routine
fasting labs, thus increasing clinical utility compared to multiple mea-
surements of salivary cortisol throughout the day. However, though we
did demonstrate that regardless of variation of morning collection time
of cortisol, results did not vary, our data is limited in that we do not
have wake up time for participants to include as a covariate. Im-
portantly, the participants in the JHS are from one geographic area in
the southeastern United States and may not be representative of all AAs,
thus limiting generalizability. Though we explored WC, our sample
average BMI was 32 kg/m2, thus did not allow the exploration of the

whole spectrum of BMI, especially individuals with normal BMI.

5. Conclusion

In conclusion, our study demonstrates an association of morning
serum cortisol with multiple measures of glucose metabolism (in-
creasing FPG and HbA1c, and decreasing β-cell function) and prevalent
T2D among AAs. Further, we demonstrate that the relationship between
cortisol and dysglycemia may be modified by adiposity. Given the in-
creasing magnitude of association of cortisol with FPG and HbA1c in
those with versus without T2D and the association with lower β-cell
function in those without T2D, future studies should assess the asso-
ciation of longitudinal changes in glucose and diabetes control based on
serum cortisol among AAs. This would set the stage for targeted phar-
macologic intervention to potentially treat T2D using cortisol mod-
ulating pharmacotherapies. Ultimately, this work will inform the design
and assessment of potential interventions targeting the HPA axis and
cortisol pathway in the prevention and treatment of dysglycemia and
T2D.
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