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Context: Previous research has suggested that activation of the renin-angiotensin-aldosterone
system may promote insulin resistance and �-cell dysfunction, but the association with incident
diabetes in African Americans is unknown.

Objective: We examined the association of aldosterone and renin with insulin resistance, �-cell
function, and incident diabetes in a large African American cohort.

Design: The Jackson Heart Study is a prospective study of the development and progression of
cardiovascular disease in African Americans.

Setting: Participants were recruited from the tricounty area of metropolitan Jackson, Mississippi.

Participants: A total of 5301 African American adults, aged 21–94 years, were assessed at baseline
and through 12 years of follow-up. Data on aldosterone, renin, and risk factors were collected at
baseline (2000–2004). Diabetes (fasting glucose � 126 mg/dL, physician diagnosis, use of diabetes
drugs, or glycated hemoglobin � 6.5%) was assessed at baseline and through 12 years of follow-up.
Participants were excluded for missing data on baseline covariates or diabetes follow-up. Cox
regression was used to estimate hazard ratios (HR) for incident diabetes using sequential modeling
adjusting for age, sex, education, occupation, systolic blood pressure, current smoking, physical
activity, dietary intake, and body mass index.

Exposures: Aldosterone, renin, and diabetes risk factors were measured.

Outcomes: Outcomes included the homeostatic model assessment of insulin resistance (HOMA-IR)
and incident diabetes.

Results: Among 3234 participants over a median of 8.0 years of follow-up, there were 554 cases
of incident diabetes. Every 1% increase in log-transformed aldosterone was associated with a
0.18% higher log-transformed HOMA-IR in cross-sectional analyses of nondiabetic participants
(P � .001). Log-transformed aldosterone and renin levels in the fifth vs first quintile were
associated with a 78% (HR 1.78, 95% confidence interval 1.35–2.34) and 35% (HR 1.35, 95%
confidence interval 1.06 –1.72) increase in diabetes risk, respectively, in fully adjusted
models.

Conclusions: Activation of the renin-angiotensin-aldosterone system may play a significant role in
the development of insulin resistance and diabetes in African Americans. (J Clin Endocrinol Metab
101: 1770–1778, 2016)
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tion; HbA1c, glycosylated hemoglobin A1c; HOMA-�, homeostasis model assessment of
�-cell function; HOMA-IR, homeostatic model assessment of insulin resistance; HR, hazard
ratio; JHS, Jackson Heart Study; NAVIGATOR, Nateglinide and Valsartan in Impaired Glu-
cose Tolerance Outcome Research; NHW, non-Hispanic white; PRA, plasma renin activity;
RAAS, renin-angiotensin-aldosterone system.
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Type 2 diabetes mellitus (diabetes) is more prevalent
among African Americans (AAs) than among non-

Hispanic whites (NHWs) (1, 2) and is associated with a
50%–100% higher morbidity and mortality (2, 3). Al-
though diabetes incidence has plateaued in NHWs during
the period of 1980–2012, it continues to rise among AAs
(1), indicating the need to identify novel preventive inter-
vention targets. AAs also have a higher prevalence of hy-
pertension and its complications compared with NHWs
(4–6). High hypertension prevalence in AAs may be a
byproduct of biological adaptations of the renin-angio-
tensin-aldosterone system (RAAS) that conferred a sur-
vival advantage against dehydration and death during the
trans-Atlantic slave trade (7). Although the role of RAAS
activation in hypertension is established (6), its role in the
pathogenesis of diabetes in AAs has not been evaluated.
Animal data suggest a role for RAAS in the development
of both hypertension and diabetes, providing a common
mechanism contributing to both conditions in AAs (8).

In the Atherosclerosis Risk in Communities study,
lower potassium levels, a potential marker of elevated al-
dosterone levels,wereassociatedwithhigherdiabetes risk;
lower serum potassium in AAs appeared to explain 18%
of the excess risk of diabetes in AAs (9). The relationship
between serum potassium and incident diabetes was
thought to be mediated through low dietary potassium
intake, but an association between serum aldosterone and
incident diabetes would provide a physiological mecha-
nism for this observation (9). Cell- and rodent-based stud-
ies suggest that aldosterone excess may impair insulin se-
cretion, insulin action, or both (10). Whether and to what
extent the RAAS relates to the risk of developing insulin
resistance and diabetes in AAs is unknown. Therefore, we
examined the relationship of both aldosterone and renin,
with insulin resistance, �-cell function, and prevalent and
incident diabetes in community-dwelling AAs.

Materials and Methods

Study participants
The Jackson Heart Study (JHS) is a prospective study of the

development and progression of cardiovascular disease in a co-
hort of 5301 AA adults, aged 21–94 years from the tri-county
area of metropolitan Jackson, Mississippi. Enrollment and base-
line examinations were performed between 2000 and 2004.
There were two subsequent in-person follow-up examinations in
2005–2008 and 2009–2013. Details about the study design, re-

cruitment, and methods used have been described elsewhere
(11). For the cross-sectional analysis, participants were excluded
for missing the following data at baseline: diabetes status (n �
61), aldosterone (n � 52), and covariates (n � 193). Participants
with nonphysiological hormonal variable values were excluded:
aldosterone greater than 100 ng/dL (n � 2) and homeostasis
model of �-cell function (HOMA-�) less than 0 (n � 2). For the
longitudinal analysis, after the cross-sectional exclusions, par-
ticipants were excluded if they had diabetes at baseline (n �
1081) or were missing diabetes data on follow-up (n � 676).
After these exclusions, 4991 participants were included in cross-
sectional analyses and 3234 in longitudinal analyses. The JHS
was approved by the institutional review boards of the partici-
pating institutions and written informed consent was obtained
from all subjects.

Exposure: aldosterone and renin
Fasting blood samples were drawn in the supine position and

processed using a standardized protocol. Plasma and serum were
prepared from samples by sedimentation in a refrigerated cen-
trifuge within 2 hours of blood collection, stored at �70°C, and
sent to central laboratories (University of Minnesota) (11, 12).
Serum aldosterone was measured by a RIA (Siemens), and the
intraassay coefficients of variation are reported elsewhere (13).
Renin was measured at baseline using immunoradiometric as-
says of either plasma renin activity (PRA) in nanograms per mil-
liliter per hour (n � 2252) or active renin mass concentration
(ARMC) in picograms per milliliter (n � 2739) with intraassay
coefficients of variation of 8.0% and 5.4%, respectively. PRA
and ARMC were highly correlated in a subset of 99 participants
(Spearman rank correlation, � � 0.85;P � .0001); thus, PRA and
ARMC were divided into quintiles, which were combined for
analysis.

Outcome: diabetes status, estimated �-cell
function and insulin resistance

Fasting glucose and insulin concentrations were measured on
a Vitros 950 or 250 Ortho-Clinical Diagnostics analyzer using
standard procedures that met the College of American Pathol-
ogists accreditation requirement (12). A HPLC system (Tosoh
Corp) was used to measure glycosylated hemoglobin A1c
(HbA1c) concentrations. Diabetes was defined as having a
HbA1c level of 6.5% or greater (48 mmol/mol), having a fasting
blood glucose of 126 mg/dL or greater, taking diabetes medica-
tions, or having a self-reported physician diagnosis (14). Persons
without diabetes at baseline, meeting criteria for diabetes at one
of the two subsequent examinations were considered to have
incident diabetes. Insulin resistance and �-cell function were es-
timated using the following formula: homeostatic model assess-
ment of insulin resistance (HOMA-IR) � (fasting plasma glucose
[millimoles per liter] � fasting plasma insulin [milliunits per mil-
liliter])/22.5 and HOMA-� � (20 � fasting plasma insulin)/(fast-
ing plasma glucose � 3.5)% (15).
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Baseline assessments
Baseline information was obtained during clinic visits or at

home using standardized questionnaires including the following:
demographics, occupation (management/professional vs not),
level of education (bachelor’s degree or higher vs less than a
bachelor’s degree), tobacco use (current smoking vs not), alcohol
use (in the past 12 mo vs not), medical conditions, and current
prescription medication usage. Calibrated devices were used by
certified technicians and nurses to measure participants’ weight,
waist circumference (average of two measurements around the
umbilicus), and height. Body mass index (BMI) was calculated as
weight (kilograms)/height 2 (meters). Resting seated blood pres-
sure (BP) was measured twice at 5-minute intervals using an
appropriately sized cuff with standard Hawksley random-zero
instruments, and measurements were averaged for analysis. Hy-
pertension was defined as systolic BP of 140 mm Hg or greater,
diastolic BP of 90 mm Hg or greater, or use of antihypertensive
therapy. Serum concentration of adiponectin was measured as
total adiponectin with interassay coefficient reported elsewhere
(16).

Physical activity was defined according to the American
Heart Association (AHA) categorization (17) as poor health (0
min of moderate and vigorous activity), intermediate health
(� 0 min but � 150 min of moderate activity), � 0 min but � 75
min of vigorous activity, or � 0 min but � 150 min of combined
moderate and vigorous activity), and ideal health (�150 min of
moderate activity, � 75 min of vigorous activity, or � 150 min
of combined moderate and vigorous activity). Dietary intake was
defined according to the AHA categorization, (17) using a val-
idated 158-item food frequency questionnaire administered face
to face by trained AA interviewers (18). The questionnaire had
some slight differences compared with the AHA categorization
regarding units of servings, requiring modification of the metrics.
Components of the ideal diet were as follows: fruits and vege-
tables of 4.5 cups/d or more, fish of two 3.5-oz servings or more
per week (nonfried), fiber-rich whole grains of three 1-oz-equiv-
alent servings/d or more, sodium less than 1500 mg/d, and sugar-
sweetened beverages of 450 kcal/wk or less (36 oz). Participants
were given one point per dietary component at goal for a total
score ranging from 0 to 5. Participants were classified as ideal
(four or five of the five metrics), intermediate (two or three of the
five metrics), or poor (none or one of the five metrics). Daily
sodium intake in milligrams per day was also assessed using the
food frequency questionnaire.

Statistical analysis
Due to the nonnormal distribution of aldosterone, PRA,

ARMC, HOMA-IR, and HOMA-�, these variables were log
transformed before analyses were performed. To explore the
potential nonlinear relationships and evaluate for dose-response
relationships, aldosterone and renin were divided into quintiles.
Descriptive statistics were used to compare the baseline charac-
teristics of participants by quintiles of log-transformed aldoste-
rone using a one-way ANOVA for normally distributed contin-
uous variables, Mann-Whitney and Kruskal-Wallis test for
nonnormally distributed continuous variables (aldosterone and
renin), and the �2 test for categorical variables.

Cross-sectional analyses
We used a multivariable linear regression to examine the

cross-sectional association between log aldosterone and the de-

pendent variables log HOMA-IR and log HOMA-� in partici-
pants without prevalent diabetes (n � 3757). We used a logistic
regression to examine the association between log aldosterone
and prevalent diabetes at baseline. Sequential multivariable ad-
justment modeling was performed: model 1, age, sex, education,
and current occupation status; model 2, model 1 � systolic BP
(millimeters of mercury); model 3, model 2 � smoking, AHA
physical activity, AHA dietary intake, and alcohol use; model 4,
model 3 � BMI (kilograms per square meter); and model 5,
model 3 � adiponectin. The adjustments for BMI and adi-
ponectin were performed due to previous studies showing an
association between aldosterone and visceral adiposity (19),
which is independently associated with insulin resistance and
diabetes (20).

Longitudinal analyses
We defined the time of incident diabetes as the midpoint be-

tween the last examination without diabetes and the examina-
tion at which diabetes developed. For participants who remained
free of diabetes, the follow-up time was censored at their last
available visit. Imputing the time to the onset of diabetes as the
midpoint between the two study visits has been used in prior
studies (21). Cox proportional hazard modeling was used to
estimate hazard ratios (HR) for incident diabetes by quintiles of
log aldosterone and log renin. Identical sequential modeling was
performed as above for cross-sectional analyses.

We performed a series of sensitivity analyses to confirm the
robustness of our results including limiting the analytic sample to
the following participants: 1) those not taking medications
known to affect the RAAS including angiotensin-converting en-
zyme inhibitors, angiotensin receptor blockers, and mineralo-
corticoid receptor blockers; 2) those with hypertension not on
medications known to effect RAAS; and 3) those without hy-
pertension. We performed renin analyses on both of the assays
separately. We tested for age and sex interactions of the associ-
ation between log aldosterone with incident diabetes by inserting
multiplicative interaction term models and using the likelihood
ratio test. Statistical significance was defined as a two-sided al-
pha � .05. Analyses were performed using Stata version 13.1
(Statacorp).

Results

Baseline characteristics
The baseline characteristics of the 4991 participants

(cross-sectional) analyses and 3234 participants (longitu-
dinal) across quintiles of log aldosterone are presented in
Table 1 and Supplemental Table 1. Compared with those
in the lowest quintiles, participants in higher quintiles of
log aldostersone at baseline were more likely to be women
and had a higher BMI, waist circumference, systolic and
diastolic BPs, fasting glucose, HOMA-IR, HOMA-�, and
renin and lower levels of adiponectin (all comparisons,
P � .05).
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Cross-sectional assessments
The cross-sectional associations between RAAS and

log HOMA-IR, log HOMA-�, and prevalent diabetes are
summarized in Tables 2 and 3. Among individuals without
prevalent diabetes, every 1-U increase in log aldosterone
was associated with a statistically significant 0.18%
higher log HOMA-IR and 0.10% higher log HOMA-�,
respectively, with full multivariable adjustment including
BMI (P � .001) (Table 2). Participants in the fifth vs first
quintile of log aldosterone had a 34% and 19% higher
HOMA-IR and HOMA-�, respectively (Table 2; P �

.001). Similarly, participants in the fifth vs first quintile of
log renin had a 37% and 19% higher HOMA-IR and
HOMA-�, respectively (Table 3; P � .001). In logistic
regression models after full adjustment including BMI,
those in the fifth vs first quintile of log aldosterone had
significantly greater odds of prevalent diabetes (P �

.001) (Table 2). A similar finding was observed for log
renin (Table 3). Results were similar when substituting
adiponectin for BMI (Tables 2 and 3) and in sensitivity
analyses of individuals with and without hypertension,
after excluding participants using RAAS antagonists

and among subcategories of renin (Supplemental Tables
2–7).

Longitudinal assessments
During a median follow-up of 8.0 years, there were 554

participants who developed diabetes (incidence rate 21.5
per 1000 person-years). There was a graded increase in
incidence rates across log aldosterone quintiles: 16.5,
19.1, 20.7, 28.4, and 29.4 per 1000 person-years from
lowest to highest quintile (P � .0001) (Supplemental Ta-
bles 1–8).

The unadjusted and adjusted HRs for incident diabetes
associated with log aldosterone and log renin are pre-
sented in Table 4. After full adjustment including BMI,
higher quintiles of log aldosterone were associated with a
significantly higher risk of incident diabetes (HR 1.78,
fifth vs first quintile [95% confidence interval CI 1.35–
2.34]). The fifth vs first quintile of log renin was associated
with a 35% higher risk of incident diabetes (HR 1.35,
95% CI 1.06–1.72). The results were similar in sensitivity
analyses of those with and without hypertension, after
excluding participants taking RAAS inhibitors and when

Table 1. Characteristics of Participants in the Jackson Heart Study by Log Aldosterone in Quintiles at Baseline

Baseline Characteristicsa
All
(n � 4991)

1
(n � 1044)

2
(n � 974)

3
(n � 1016)

4
(n � 963)

5
(n � 994)

P
Valuea

Age 55.1 (12.8) 55.8 (12.9) 54.8 (13.0) 54.4 (12.7) 54.9 (12.7) 55.8 (12.7) .06
Female, sex 63.2% 72.1% 64.7% 60.3% 57.5% 60.9% �.001
Education � bachelor’s degree 32.6% 29.6% 34.3% 32.5% 34.8% 32.0% .10
Occupation, management/professional 35.7% 34.6% 37.2% 35.5% 35.9% 35.4% .82
Current smoking 13.1% 13.6% 12.3% 13.4% 13.6% 12.8 .89
Current alcohol use 46.2% 41.3% 47.8% 49.4% 46.9% 45.9% .003
Ideal AHA physical activityb 19.5% 16.5% 20.3% 21.1% 19.3% 20.4% .17
Ideal AHA dietary intakeb 0.9% 0.5% 1.3% 1.0% 1.3% 0.7% .01
Dietary sodium intake total, mg/dc 3447 (1523) 3411 (1501) 3406 (1479) 3495 (1543) 3520 (1525) 3404 (1561) .31
BMI, kg/m2 31.8 (7.3) 31.6 (7.2) 31.2 (7.4) 31.6 (7.3) 31.7 (7.2) 32.7 (7.0) �.001
Waist circumference, cm 100.8 (16.2) 99.3 (16.6) 98.8 (15.6) 100.6 (16.2) 101.2 (16.3) 103.9 (15.7) �.001
Systolic BP, mm Hg 127.0 (18.3) 126.5 (18.2) 125.1 (18.0) 126.4 (17.6) 128.1 (18.4) 129.0 (19.3) �.001
Diastolic BP, mm Hg 78.9 (10.6) 77.4 (10.2) 77.7 (10.3) 78.7 (10.3) 80.2 (10.7) 80.7 (11.0) �.001
Glucose, mg/dL 101.9 (38.0) 99.4 (36.8) 98.6 (31.2) 100.2 (34.9) 101.8 (34.3) 109.4 (49.0) �.001
Adiponectin, ng/mL 5393.4 (4275.6) 6238.7 (4543.5) 5800.0 (4838.2) 5029.2 (3833.4) 5138.2 (4262.4) 4726.9 (3615.0) �.001
HOMA-IRd 3.5 (2.3) 2.9 (1.6) 3.3 (1.8) 3.5 (1.9) 3.8 (2.3) 4.4 (3.2) �.001
HOMA-�d 222.5 (128.8) 206.0 (120.9) 212.7 (107.3) 219.3 (118.7) 226.4 (127.5) 252.1 (162.1) �.001
Aldosterone, ng/dL 5.73 (4.80) 1.94 (0.08) 2.97 (0.39) 4.44 (0.48) 6.59 (0.80) 12.92 (6.14) �.001
PRA, ng/mL�he 1.59 (5.69) 0.79 (2.23) 1.37 (4.40) 1.16 (3.55) 1.84 (8.31) 2.74 (7.41) �.001
ARMC, pg/mLf 14.18 (51.27) 12.13 (49.65) 13.22 (50.40) 11.21 (24.03) 12.73 (41.57) 22.19 (77.16) .003
Prevalence of diabetes 22% 17.6% 18.9% 19.8% 18.0% 25.7% �.001

a Mean (SD) or percentages are listed, P values were calculated using �2 (categorical variables), ANOVA (parametric continuous variables), and
Kruskal-Wallis test (nonparametric continuous variables).
b Ideal physical activity and dietary intake recommendations were defined by AHA 2020 guidelines. Physical activity was considered ideal if
participant achieved 150 min/wk or greater of moderate-intensity or 75 min/wk or greater of vigorous-intensity physical activity. Dietary Intake was
considered ideal if participant met four to five of five of the following recommendations: fruits and vegetables of 4.5 cups/d or more; fish of two
3.5-oz servings per week or more (preferably oily fish); fiber-rich whole grains of three 1-oz-equivalent servings per day or more; sodium less than
1500 mg/d or more; and sugar-sweetened beverages of 450 kcal (36 oz)/wk or less.17

c n � 4510 participant with dietary sodium intake calculated from Jackson Heart Study food frequency questionnaire (quintiles 1–5: n � 939, n �
878, n � 923, n � 866, n � 904).
d n � 3757 participants with HOMA-IR and HOMA-� without diabetes at baseline (quintile 1–5: n � 824, n � 743, n � 770, n � 730, n � 690).
e n � 2252 participants with PRA at baseline (quintile 1–5: n � 452, n � 433, n � 465, n � 427, n � 475).
f n � 2739 participants with ARMC at baseline (quintile 1–5: n � 592, n � 541, n � 551, n � 536, n � 519).
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waist circumference was substituted for BMI (Supplemen-
tal Table 9). We found no evidence for interactions be-
tween the association of log aldosterone with incident di-
abetes by age or sex.

Discussion

In this prospective study of AAs, we found that among
individuals without diabetes at baseline, higher aldoste-
rone and renin were associated with greater estimates of
insulin resistanceatbaseline.Thegreater insulin resistance
was accompanied by a smaller compensatory increase in
�-cell function, representing a risk for �-cell failure over
time. Furthermore, higher aldosterone and renin were as-
sociated with an increased risk of prevalent diabetes at
baseline and incident diabetes over 8 years of follow-up.
These associations were independent of known diabetes
risk factors, including BMI, waist circumference, and adi-
ponectin. These results suggest that activation of the
RAAS is a risk factor for the development of diabetes in
AAs. In addition, these findings suggest a plausible expla-

nation for the high degree of coexistent hypertension and
diabetes in AAs (22).

Mechanisms

Cell and rodent studies
In vitro and in vivo studies characterize a reciprocal

interaction between aldosterone and adiposity with min-
eralocorticoid receptor activation promoting inflamma-
tion, adipocyte differentiation, and the production of less
metabolically favorable adipokines, which is reversed by
mineralocorticoid receptor blockade (19, 23). The afore-
mentioned interaction between aldosterone and adipocyte
differentiation is important because adipocytes possess al-
dosterone synthase and produce aldosterone independent
of the adrenal gland (24). Additionally, adipocytes stim-
ulate production of an adrenal aldosterone secretagogue
by the liver, potentially creating a cycle of increasing al-
dosterone (24). These adiposity-dependent actions may
have a major impact on glucose homeostasis, including
insulin resistance. In this analysis we found that the asso-
ciations of the RAAS with glucose homeostasis and dia-

Table 2. The Association of Log Aldosterone With Prevalent Diabetes, Insulin Resistance, and �-Cell Function

Unadjusted Model 1 Model 2 Model 3 Model 4 Model 5

Logistic regression: odds ratio (95% CI) of prevalent diabetes among all participants (n � 4991)a

Log aldosterone
Continuous 1.35 (1.22, 1.50) 1.37 (1.24, 1.52) 1.36 (1.23, 1.51) 1.36 (1.22, 1.50) 1.30 (1.17, 1.45) 1.32 (1.19, 1.47)
Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 1.19 (0.96, 1.48) 1.27 (1.02, 1.60) 1.28 (1.02, 1.61) 1.26 (1.00, 1.58) 1.30 (1.03, 1.64) 1.24 (0.99, 1.57)
Quintile 3 1.20 (0.96, 1.49) 1.31 (1.05, 1.64) 1.31 (1.05, 1.64) 1.29 (1.03, 1.62) 1.29 (1.03, 1.63) 1.25 (0.99, 1.57)
Quintile 4 1.14 (0.91, 1.43) 1.23 (0.98, 1.55) 1.22 (0.97, 1.53) 1.20 (0.95, 1.51) 1.19 (0.94, 1.50) 1.16 (0.92, 1.46)
Quintile 5 1.75 (1.42, 2.15) 1.84 (1.48, 2.28) 1.82 (1.46, 2.26) 1.79 (1.44, 2.23) 1.69 (1.35, 2.11) 1.70 (1.36, 2.12)

Multivariable linear regression: coefficients (nondiabetic participants, n � 3757)b

Log HOMA-IR
Continuous 0.20 (0.17, 0.23) 0.21 (0.18, 0.24) 0.21 (0.18, 0.23) 0.21 (0.18, 0.23) 0.18 (0.16, 0.21) 0.18 (0.15, 0.20)
Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 0.09 (0.03, 0.14) 0.10 (0.05, 0.15) 0.10 (0.05, 0.15) 0.10 (0.05, 0.16) 0.11 (0.06, 0.16) 0.09 (0.04, 0.14)
Quintile 3 0.15 (0.10, 0.20) 0.17 (0.12, 0.22) 0.17 (0.11, 0.22) 0.17 (0.12, 0.22) 0.16 (0.11, 0.21) 0.13 (0.08, 0.17)
Quintile 4 0.23 (0.18, 0.29) 0.26 (0.20, 0.31) 0.25 (0.20, 0.31) 0.25 (0.20, 0.31) 0.23 (0.18, 0.28) 0.22 (0.16, 0.27)
Quintile 5 0.37 (0.31, 0.42) 0.39 (0.33, 0.44) 0.38 (0.33, 0.44) 0.38 (0.33, 0.44) 0.34 (0.29, 0.39) 0.32 (0.27, 0.37)

Multivariable linear regression: coefficients (nondiabetic participants, n � 3757)b

Log HOMA-�
Continuous 0.10 (0.07, 0.12) 0.11 (0.09, 0.14) 0.11 (0.09, 0.14) 0.11 (0.09, 0.14) 0.10 (0.07, 0.12) 0.09 (0.07, 0.12)
Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 0.05 (�0.00, 0.10) 0.05 (0.00, 0.10) 0.05 (0.00, 0.10) 0.05 (0.00, 0.10) 0.06 (0.01, 0.10) 0.04 (�0.00, 0.09)
Quintile 3 0.08 (0.03, 0.13) 0.09 (0.04, 0.14) 0.09 (0.04, 0.14) 0.09 (0.04, 0.14) 0.09 (0.04, 0.13) 0.06 (0.02, 0.11)
Quintile 4 0.10 (0.05, 0.15) 0.12 (0.07, 0.17) 0.12 (0.07, 0.17) 0.12 (0.07, 0.17) 0.11 (0.06, 0.15) 0.10 (0.05, 0.14)
Quintile 5 0.19 (0.13, 0.24) 0.21 (0.16, 0.26) 0.21 (0.16, 0.26) 0.21 (0.16, 0.26) 0.19 (0.14, 0.24) 0.17 (0.12, 0.22)

Models included the following: model 1, age, sex, education, and current occupation status; model 2, model 1 � systolic BP (millimeters of
mercury); model 3, model 2 � smoking, physical activity (American Heart Association Life’s Simple 7), dietary intake (American Heart Association
Life’s Simple 7), and alcohol use; model 4, model 3 � BMI (kilograms per square meter)c; and model 5, model 3 � adiponectin.
a 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 quintile.
b Multivariable linear regression using sequential models 1–5 expressed as a 1% increase in log aldosterone results in an X% increase in log
HOMA-IR or log HOMA-�.
c The BMI was calculated as the weight in kilograms divided by the square of the height in meters.
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betes were predominantly independent of measures of
generalized and visceral adiposity including BMI, adi-
ponectin, and waist circumference, suggesting that adi-
posity independent aldosterone actions may be of greater
importance in the development of diabetes. Cellular and
animal studies suggest that aldosterone induced mineralo-
corticoid activation increases insulin resistance and im-
pairs insulin secretion (10). The mechanism linking aldo-
sterone and insulin resistance is related to the inhibitory
effects of aldosterone on insulin signaling and insulin-
stimulated glucose uptake via glucose transporter-4 trans-
location in adipocytes, skeletal muscle, and vascular
smooth muscle cells as well as a reduction in adiponectin
and peroxisome proliferator-activated receptor-� (23,
25). Regarding impaired insulin secretion and �-cell dys-
function with aldosterone, in cell- and rodent-based mod-
els, aldosterone decreases glucose-stimulated insulin se-
cretion, and in aldosterone synthase-deficient mice,
glucose-stimulated insulin secretion is markedly increased
(26). Consistent with these findings, we found increasing
insulin resistance and decreased compensatory �-cell
function with higher levels of aldosterone, suggesting the
lack of ability of the �-cell to increase compensatory in-

sulin secretion with increasing insulin resistance may rep-
resent a driving force in the development of diabetes.

Human studies
Human studies reveal greater insulin resistance with

higher levels of aldosterone in those with and without
primary hyperaldosteronism. Previous analyses have
shown higher levels of insulin resistance in individuals
with primary hyperaldosteronism, a condition in which
angiotensin II and renin levels are low, suggesting an in-
dependent effect of aldosterone on insulin resistance (25).
These findings were bolstered by a recent human study
showing a significant improvement of the impaired first-
phase insulin secretion (�-cell function) in patients with
primary hyperaldosteronism after adrenalectomy (27). At
the population-level, a large prospective Japanese cohort
study demonstrated that plasma aldosterone levels predict
the development of insulin resistance over 10 years (28).
Furthermore, in AAs, serum aldosterone has been associ-
ated with incident metabolic syndrome, elevated blood
glucose in a large cohort of AA (13), and insulin resistance
independent of obesity in a small cohort of young AAs
(29). In a multiethnic study of 84 healthy subjects on a

Table 3. The Association of Renin With Prevalent Diabetes, Insulin Resistance, and �-Cell Function

Unadjusted Model 1 Model 2 Model 3 Model 4 Model 5

Logistic regression: odds ratio (95% CI) of prevalent diabetes among all participants (n � 4991)a

Log reninb

Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 1.12 (0.88, 1.43) 1.13 (0.88, 1.44) 1.19 (0.93, 1.53) 1.17 (0.91, 1.50) 1.21 (0.94, 1.56) 1.17 (0.91, 1.50)
Quintile 3 1.18 (0.93, 1.49) 1.25 (0.98, 1.59) 1.36 (1.07, 1.74) 1.33 (1.04, 1.70) 1.34 (1.05, 1.72) 1.32 (1.03, 1.69)
Quintile 4 1.74 (1.40, 2.18) 1.88 (1.49, 2.36) 2.10 (1.66, 2.65) 2.03 (1.61, 2.56) 2.00 (1.58, 2.54) 2.00 (1.58, 2.53)
Quintile 5 3.67 (2.98, 4.52) 3.71 (2.99, 4.60) 4.31 (3.45, 5.38) 4.08 (3.26, 5.10) 3.79 (3.02, 4.76) 4.00 (3.20, 5.01)

Multivariable linear regression: coefficients (non-DM participants, n � 3757)c

Log HOMA-IR
Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 0.04 (�0.01, 0.09) 0.04 (�0.01, 0.10) 0.06 (0.00, 0.11) 0.06 (0.00, 0.11) 0.07 (0.02, 0.12) 0.05 (0.00, 0.10)
Quintile 3 0.09 (0.04, 0.14) 0.11 (0.05, 0.16) 0.13 (0.08, 0.18) 0.13 (0.08, 0.18) 0.13 (0.08, 0.17) 0.11 (0.06, 0.16)
Quintile 4 0.14 (0.09, 0.19) 0.15 (0.10, 0.21) 0.18 (0.13, 0.23) 0.18 (0.13, 0.23) 0.18 (0.13, 0.22) 0.16 (0.11, 0.21)
Quintile 5 0.30 (0.24, 0.35) 0.31 (0.26, 0.37) 0.34 (0.29, 0.40) 0.34 (0.29, 0.40) 0.31 (0.26, 0.37) 0.29 (0.24, 0.35)

Multivariable linear regression: coefficients (non-DM participants, n � 3757)c

Log HOMA-�
Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 0.06 (0.01, 0.11) 0.06 (0.01, 0.10) 0.06 (0.01, 0.11) 0.06 (0.01, 0.11) 0.07 (0.02, 0.11) 0.06 (0.01, 0.10)
Quintile 3 0.07 (0.03, 0.12) 0.08 (0.03, 0.13) 0.09 (0.04, 0.13) 0.09 (0.04, 0.13) 0.08 (0.04, 0.13) 0.08 (0.03, 0.12)
Quintile 4 0.13 (0.08, 0.18) 0.13 (0.08, 0.17) 0.13 (0.08, 0.18) 0.13 (0.08, 0.18) 0.13 (0.08, 0.18) 0.12 (0.07, 0.16)
Quintile 5 0.17 (0.12, 0.22) 0.20 (0.15, 0.25) 0.21 (0.16, 0.26) 0.21 (0.15, 0.26) 0.19 (0.14, 0.24) 0.18 (0.13, 0.23)

Abbreviation: DM, diabetes mellitus. Models included the following: model 1, age, sex, education, and current occupation status; model 2, model
1 � systolic BP (millimeters of mercury); model 3, model 2 � smoking, physical activity (American Heart Association Life’s Simple 7), dietary intake
(American Heart Association Life’s Simple 7), and alcohol use; model 4, model 3 � BMI (kilograms per square meter)d; and model 5, model 3 �
adiponectin.
a For logistic regression, the odds ratios were expressed as a percentage of higher prevalence of diabetes per quintile.
b Log renin quintiles were created by combining log-transformed quintiles of PRA and ARMC.
c Multivariable linear regression using sequential models 1–5 expressed as a 1% increase in log aldosterone results in an X% increase in log
HOMA-IR or log HOMA-�.
d The BMI was calculated as the weight in kilograms divided by the square of the height in meters.
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high-salt diet, angiotensin II-stimulated aldosterone was
an independent predictor of insulin sensitivity, assessed by
an oral glucose tolerance test, after accounting for age,
BMI, and diastolic BP (30). The results of our study con-
firm the relationship of aldosterone with insulin resistance
and reveal the novel relationship between increasing in-
sulin resistance and blunting of the compensatory increase
in �-cell function with increasing aldosterone levels.

Our results are supported by and provide a mechanistic
link to previous studies of RAAS inhibition and improved
glucometabolism. Mineralocorticoid receptor blockade
with spironolactone, but not angiotensin type 1 receptor
blockade with irbesartan, improved chlorthalidone-in-
duced insulin resistance in hypertensive individuals, sug-
gesting a causative relationship between the activated min-
eralocorticoid receptor, increased aldosterone, and
greater levels of insulin resistance (31). In a meta-analysis
of randomized clinical trials, angiotensin-converting en-
zyme inhibitors and angiotensin receptor blockers were
associated with a 20% reduction in the cumulative risk of
incident diabetes (32). The two major trials of RAAS in-
hibition and incident diabetes, The Diabetes Reduction
Assessment with Ramipril and Rosiglitazone Medication
(DREAM) study (32) and the Nateglinide and Valsartan in
Impaired Glucose Tolerance Outcome Research (NAVI-
GATOR) study (33) revealed conflicting findings in ma-
jority NHW populations. The DREAM study included
5269 participants, with half randomized to ramipril with
or without rosiglitazone for a median of 3 years. Ramipril
lowered postload plasma glucose levels compared with

placebo control (mean difference 5.4 mg/dL, P � .01),
although the rates of incident diabetes were not signifi-
cantly different between groups (HR 0.91, 95% CI 0.81–
1.03; P � .15). The NAVIGATOR study compared the
effect of valsartan vs placebo on the development of dia-
betes among 9306 participants with impaired glucose tol-
erance. The valsartan-treated group had a lower incidence
of diabetes (HR 0.86, 95% CI: 0.80–0.92; P � .0001) and
lower fasting glucose (mean difference 0.03 mM/L, P �

.01) and postload glucose (mean difference 0.17 mM/L,
P � .0001) as compared with the placebo group. Popu-
lation differences may explain the modestly positive result
in NAVIGATOR as opposed to in DREAM, in which the
participants in the NAVIGATOR study were at greater
diabetes risk with more metabolic syndrome, higher fast-
ing and 2-hour postload glucose, and hypertension. In the
one trial that examined the association of RAAS inhibition
and incident diabetes as a secondary end point in AAs, the
AA Study of Kidney Disease and Hypertension Trial (34),
ramipril compared with metoprolol or amlodipine was
associated with a 36% reduction (95% CI 0.45–0.90) in
incident diabetes (32). The studies of RAAS antagonism
corroborate our finding of a novel graded association of
aldosterone with incident diabetes over 8 years. The cur-
rent understanding based on cell, animal, and human data
support a relationship between aldosterone and the direct
effects on insulin secretion, insulin resistance, and the de-
velopment of diabetes.

Table 4. The Association of Log Aldosterone and Log Renin With Incident Diabetes

Unadjusted Model 1 Model 2 Model 3 Model 4 Model 5

Cox proportional hazards model: HR (95% CI) for incident diabetes (n � 3234)a

Log aldosterone
Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 1.15 (0.85, 1.54) 1.19 (0.89, 1.60) 1.20 (0.89, 1.62) 1.21 (0.90, 1.63) 1.20 (0.89, 1.61) 1.17 (0.87, 1.58)
Quintile 3 1.21 (0.91, 1.62) 1.24 (0.93, 1.67) 1.25 (0.94, 1.68) 1.25 (0.93, 1.68) 1.26 (0.94, 1.69) 1.14 (0.85, 1.53)
Quintile 4 1.74 (1.33, 2.29) 1.80 (1.37, 2.37) 1.79 (1.36, 2.36) 1.79 (1.36, 2.36) 1.79 (1.36, 2.36) 1.62 (1.23, 2.13)
Quintile 5 1.85 (1.41, 2.43) 1.86 (1.42, 2.44) 1.83 (1.40, 2.41) 1.83 (1.39, 2.40) 1.78 (1.35, 2.34) 1.61 (1.22, 2.12)
P for trendc �.0001

Cox proportional hazards model: HR (95% CI) for incident diabetes (n � 3234)a

Log reninb

Quintile 1 Referent Referent Referent Referent Referent Referent
Quintile 2 0.89 (0.68 1.16) 0.88 (0.67, 1.15) 0.90 (0.69, 1.19) 0.90 (0.69, 1.19) 0.91 (0.69, 1.19) 0.88 (0.67, 1.15)
Quintile 3 1.08 (0.84, 1.40) 1.11 (0.86, 1.44) 1.15 (0.88, 1.49) 1.13 (0.87, 1.47) 1.13 (0.87, 1.46) 1.07 (0.82, 1.39)
Quintile 4 0.88 (0.68, 1.14) 0.88 (0.68, 1.15) 0.95 (0.73, 1.24) 0.94 (0.72, 1.22) 0.92 (0.70, 1.19) 0.87 (0.67, 1.14)
Quintile 5 1.37 (1.08, 1.73) 1.35 (1.07, 1.72) 1.44 (1.14, 1.84) 1.42 (1.12, 1.81) 1.35 (1.06, 1.72) 1.21 (0.95, 1.55)
P for trendc .036

a Models included the following: model 1, age, sex, education, and current occupation status; model 2, model 1 � systolic BP (millimeters of
mercury); model 3, model 2 � smoking, physical activity (American Heart Association Life’s Simple 7), dietary intake (American Heart Association
Life’s Simple 7), and alcohol use; model 4, model 3 � BMI (kilograms per square meter)d; and model 5, model 3 � adiponectin.
b Log renin quintiles were created by combining log-transformed quintiles of PRA and ARMC.
c P for trend was calculated using a log-rank test.
d The BMI was calculated as the weight in kilograms divided by the square of the height in meters.
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The role of sodium intake in RAAS activation and
glucometabolism

Salt sensitivity and dietary salt intake play a role in the
RAAS. In our study 95% of participants consumed more
than the recommended 1500 mg/d of sodium at baseline,
with a mean intake of 3447 mg/d, consistent with prior
analyses (35). Sodium intake did not differ by quintiles of
log aldosterone (P � .31). In the rodent model of salt
sensitivity (Dahl salt sensitive rat), aldosterone is sup-
pressed acutely in response to salt loads, but this effect
wanes and aldosterone becomes paradoxically elevated
over time (36). Inappropriate RAAS activation, combined
with the maladaptive inability to lower aldosterone levels
in response to high salt intake, constitute a major issue in
all ethnicities but may be especially relevant in AAs, who
have a high prevalence and heritability of salt sensitivity
(73% of hypertensive vs 36% of normotensive AAs) (37).
In salt-sensitive animal models, as well as recent human
trials, the deleterious end-organ effects of aldosterone are
dependent on coexistent high dietary salt intake (38). The
interactionofaldosteroneandelevated sodiumintakemay
be a key contributor to the effects of aldosterone in hy-
pertension as well as aldosterone-mediated effects via the
mineralocorticoid receptors on end organs including the
brain, kidney, and heart (39). In the Dahl salt-sensitive rat,
high sodium intake has been also associated with insulin re-
sistance (8), and in a NHW European study of high-salt in-
take, salt intake predicted the risk of diabetes, independently
of physical inactivity, obesity, and hypertension (40).

Strengths and limitations
Strengths of our study include a large, socioeconomi-

cally diverse, AA cohort with more than a decade of fol-
low-up. We used validated questionnaires and a compre-
hensive documentation of diabetes over time including
fasting glucose, HbA1c, medication use, and self-reported
physician diabetes diagnosis as well as examined various
aspect of glucose metabolism including estimates of insu-
lin resistance and �-cell function. Despite these and other
strengths, there are some potential limitations. First, the
participants in the JHS are from one geographic area in the
southeastern United States and may not be representative
of all AAs. Second, renin was measured by two different
assays, not allowing for continuous analysis of renin and
insulin resistance in the full cohort. Third, we did not have
a measure of 24-hour urinary sodium in the full cohort and
thus were unable to assess the impact of dietary salt intake
on aldosterone. Lastly, we may have underestimated the
relation of RAAS elements with incident diabetes because
individuals with 2-hour postload glucose impairment only
may have remained undetected.

In conclusion, our study suggests that activation of the
RAAS with higher levels of aldosterone and renin are as-
sociated with insulin resistance, compensatory increased
�-cell function and incident diabetes in AAs, implicating
this hormonal pathway not only in the pathophysiology of
hypertension but also in diabetes. Further research explor-
ing the impact of the RAAS and RAAS blockade on dia-
betes prevention in AAs, a population with a high preva-
lence of hypertension, is paramount, given the potential to
reduce the disparities in diabetes prevalence and cardio-
metabolic health in AAs.
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