
American Journal of Preventive Cardiology 13 (2023) 100466

Available online 15 January 2023
2666-6677/© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

The role of aldosterone and ideal cardiovascular health in incident diabetes: 
The Jackson Heart Study 

Veena Kesireddy a,b, Bjorn Kluwe a, Neal Pohlman a, Songzhu Zhao b, Yubo Tan b, David Kline c, 
Guy Brock b, James B. Odei d, Valery S. Effoe e, Justin B. Echouffo-Tcheugui f, Rita R. Kalyani f, 
Mario Sims g, Herman A. Taylor e, Morgana Mongraw-Chaffin h, Ehimare Akhabue i, Joshua 
J. Joseph a,* 

a Department of Medicine, The Ohio State University Wexner Medical Center, Columbus, OH 43210, United States of America 
b Department of Biomedical Informatics and Center for Biostatistics, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA 
c Division of Public Health Sciences, Wake Forest University School of Medicine, Winston-Salem NC 27157, USA 
d Division of Biostatistics, College of Public Health, The Ohio State University, Columbus, OH 43210, USA 
e Division of Cardiology, Morehouse School of Medicine, Atlanta, GA 30310, USA 
f Division of Endocrinology, Diabetes, and Metabolism, Johns Hopkins University School of Medicine, Baltimore, MD 21287, USA 
g Department of Medicine, University of Mississippi Medical Center, Jackson, MS 39216, USA 
h Department of Epidemiology & Prevention, Wake Forest School of Medicine, Winston-Salem, NC 27157, USA 
i Division of Cardiovascular Diseases and Hypertension, Rutgers University Robert Wood Johnson Medical School, New Brunswick, NJ 08901, USA   

A R T I C L E  I N F O   

Keywords: 
Aldosterone 
Ideal cardiovascular health 
Diabetes 
African Americans 

A B S T R A C T   

Background: Greater attainment of ideal cardiovascular health (ICH) and lower serum aldosterone are associated 
with lower diabetes risk. Higher levels of ICH are associated with lower aldosterone. The mediational role of 
aldosterone in the association of ICH with incident diabetes remains unexplored. Thus, we examined the 
mediational role of aldosterone in the association of 5 ICH components (smoking, diet, physical activity, body 
mass index [BMI], and cholesterol) with incident diabetes. Additionally, we investigated the mediational role of 
glucose and blood pressure (BP) in the association of aldosterone with incident diabetes in an African American 
(AA) cohort. 
Methods: We conducted a prospective cohort analysis among AA adults, aged 21–94 years, in the Jackson Heart 
Study. Data on ICH, aldosterone, and cardiometabolic risk factors were collected at exam 1 (2000–2004). Dia
betes (fasting glucose ≥ 126 mg/dL, physician diagnosis, use of diabetes drugs, or glycated hemoglobin ≥ 6.5%) 
was assessed at exams 1 through 3 (2009–2012). ICH metrics were defined by American Heart Association 2020 
goals for smoking, dietary intake, physical activity, BMI, total cholesterol, BP and glucose. The number of ICH 
metrics attained at exam 1, excluding BP and fasting glucose, were summed (0–2, vs. 3+). R Package Mediation 
was used to examine: 1) The mediational role of aldosterone in the association of ICH with incident diabetes; and 
2) the mediational role of BP and glucose in the association of aldosterone with incident diabetes. 
Results: Among 2,791 participants (mean age: 53±12, 65% female) over a median of 7.5 years, there were 497 
incident diabetes cases. Risk of incident diabetes was 37% (HR: 0.63, 95%CI: 0.47, 0.84) lower in 3+ ICH 
category compared to 0–2 ICH category. Aldosterone mediated 6.98% (95% CI: 1.8%, 18.0%) of the direct effect 
of ICH on incident diabetes. A 1-unit increase in log-aldosterone was associated with a 44% higher risk of 
diabetes (HR 1.44, 95%CI 1.25–1.64). BP and glucose mediated 16.3% (95% CI: 7.0%, 31.0%) and 19.7% (95% 
CI: 6.5%, 34.0%) of the association of aldosterone with incident diabetes, respectively. 
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Conclusion: Aldosterone is a mediator of the association of ICH with incident diabetes, whereas BP and glucose 
are mediators of the association of aldosterone with incident diabetes, emphasizing the importance of the renin- 
angiotensin-aldosterone system and ICH in lowering risk of diabetes in AA populations.   

1. Introduction 

The incidence of type 2 diabetes (T2D) continues to rise among Af
rican Americans (AAs), while it has plateaued among non-Hispanic 
whites (NHWs) [1]. T2D is already more prevalent and associated 
with higher morbidity and mortality among AAs compared to NHWs [2]. 
Thus, examining novel risk factors to ameliorate the disparities in inci
dence, prevalence and mortality in T2D among AAs is critical. One such 
novel risk factor is aldosterone, which has been associated with higher 
incidence of diabetes, cardiovascular disease (CVD) and all-cause mor
tality among AAs [3–5]. In 2010, the American Heart Association 
introduced a set of 7 cardiovascular health metrics (Life’s Simple 7 [LS7] 
also known as ideal cardiovascular health [ICH]), divided into 4 health 
behaviors (smoking, weight, physical activity, and diet) and 3 health 
factors (BP, total cholesterol, and glycemia) [6]. The individual com
ponents are stratified into poor, intermediate and ideal levels (Supple
mental Table S1) and then stratified into scoring systems. Higher 
attainment of ICH metrics has been associated with lower risk of inci
dent diabetes among AAs in the Jackson Heart Study (JHS), Multi-Ethnic 
Study of Atherosclerosis and the REasons for Geographic and Racial 
Differences in Stroke (REGARDS) study [3,7–9]. Additionally, higher 
attainment of ICH was associated with lower aldosterone among AAs in 
the JHS [10]. 

While associations between ICH, aldosterone and T2D are well 
established, to our knowledge, there has been no investigation of the 
potential mediating effect of aldosterone in the association of ICH with 
incident T2D. Given the underlying physiological importance of aldo
sterone in the development or aberration of insulin resistance and beta 
cell dysfunction [11–14], it is plausible that a primary mechanism by 
which higher ICH lowers incident T2D is mediated via reductions in 
aldosterone. To evaluate this hypothesis, we examined aldosterone as a 
mediator in the association of ICH with incident T2D among AAs in the 
JHS (Fig. 1, Panel A). Additionally, we analyzed the association of 
aldosterone with incident T2D among AAs with blood pressure and 
glucose as mediators (Fig. 1, Panel B). 

2. Methods 

2.1. Study participants 

The JHS is a prospective study of the development and progression of 
CVD in a cohort of 5306 AA adults, aged 21–94 years from the tri-county 
area of the Jackson, Mississippi metropolitan area. Enrollment and 
baseline examinations were performed 2000-2004 with two in-person 
follow-up examinations in 2005–2008 and 2009–2013. Details about 
the study design, recruitment and methods have been described 

Fig. 1. Conceptual Model. 
Panel A shows the association of 5 components of American Heart Association’s Life’s Simple 7 with incident type 2 diabetes and mediation by aldosterone. Panel B 
shows the association of aldosterone with incident type 2 diabetes and mediation by blood pressure and glucose. The figure was created with BioRender.com. 
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elsewhere [15]. Participants were excluded for known diabetes at 
baseline (n = 1152), missing data on baseline diabetes status (n = 66), 
ICH metrics (n = 721), aldosterone (n = 6), covariates (n = 18) or 
incident diabetes status (n = 552). After these exclusions, 2791 partic
ipants were included in the analytic cohort (Supplemental Figure S1). 
The study was approved by the institutional review boards of the Uni
versity of Mississippi Medical Center, Jackson State University, and 
Tougaloo College. All participants provided informed consent. 

2.2. Exposures 

The primary exposure was ICH, assessed using five of the seven ICH 
metrics which included cigarette smoking status, diet, physical activity 
(PA), body mass index (BMI), and total cholesterol. Blood pressure (BP) 
and glucose metrics were excluded from the primary mediation analysis 
as they are downstream of aldosterone in the conceptual model, but are 
included as mediators of the aldosterone to incident diabetes analysis 
[Fig. 1] [16–18]. 

2.3. Ascertainment of ICH metrics 

2.3.1. Total cholesterol 
Total cholesterol was measured by the cholesterol oxidase method 

(Roche COBAS Fara analyzer; Roche Diagnostics), as previously 
described [19]. Ideal total cholesterol was defined as an untreated total 
cholesterol <200 mg/dL; intermediate total cholesterol defined by a 
level of 200 to 239 mg/dL or if treated with anti-hyperlipidemic medi
cations to goal (<200 mg/dL); and poor was defined by a level of ≥240 
mg/dL [6]. 

2.3.2. Body mass index 
BMI was calculated by dividing weight (kilograms) by the square of 

height (meters). BMI <25 kg/m2 was considered ideal; 25 to 29.9 kg/m2 

was intermediate; and ≥30 kg/m2 was poor [6]. 

2.3.3. Physical activity 
PA was assessed using an interviewer-administered PA questionnaire 

at baseline, modified from the Baeke PA survey [20]. This instrument 
was identical to the one used during the Kaiser Physical Activity survey, 
which showed good validity and reliability in a multiethnic sample [21]. 
Exercise was reported by the average amount of time per week spent, 
and metabolic equivalent levels were defined for each activity. Moder
ate activity was defined as 3 to 6 metabolic equivalents and vigorous 
activity as >6 metabolic equivalents. Ideal PA was defined as ≥150 min 
of moderate-intensity activity or ≥75 min of vigorous activity or ≥150 
min of combined moderate-intensity and vigorous activity per week; 
intermediate PA was defined as 1 to 149 min of moderate-intensity ac
tivity or 1 to 74 min of vigorous activity or 1 to 149 min of combined 
moderate-intensity and vigorous activity per week; poor PA was defined 
as no amount of activity (0 min per week) [6]. 

2.3.4. Smoking 
Cigarette smoking was self-reported, and participants were asked 

about the quantity and duration of smoking. Participants who had never 
smoked or who quit smoking more than 12 months preceding the clinic 
visit were considered ideal; former smokers who quit smoking within 12 
months of the clinic visit were considered intermediate; and current 
smokers were considered poor [6]. 

2.3.5. Diet 
In the JHS, dietary intake was assessed using the Delta Nutrition 

Intervention Research Initiative food frequency questionnaire with 158 
items administered in-person by trained AA interviewers [22,23]. The 
questionnaire had some slight differences compared with the AHA 
categorization regarding units of servings, requiring modification of the 
metrics, as has been done previously [6,8,24]. The dietary components 

used to compute the AHA score, based on a 2000-kcal diet, were: fruits 
and vegetables of 4.5 cups/d or more, two 3.5-oz servings or more per 
week of non-fried fish, fiber-rich whole grains of three 1-oz-equivalent 
servings/d or more, sodium less than 1500 mg/d, and sugar sweet
ened beverages of 450 kcal/week or less (36 oz). Participants were given 
one point per dietary component at goal for a total score ranging from 
0 to 5. Ideal diet was defined by a diet including 4 to 5 components; 
intermediate diet, 2 to 3 components; and poor diet, 0 to 1 component 
[6]. 

2.3.6. Ideal cardiovascular health (ICH) 
Each baseline metric was evaluated separately using poor, interme

diate, and ideal categories [7]. Based on preclinical and clinical studies 
we hypothesized that BMI, dietary intake, smoking, physical activity 
and total cholesterol are upstream of aldosterone and impact levels of 
serum aldosterone, whereas BP and glucose are downstream of aldo
sterone [12,16,17,25]. Based on this we excluded BP and glucose from 
the score categorization, and thus included 5 components in the ICH 
score. Categorical scores were calculated by summing the number of 
ideal levels of ICH metrics each participant attained at baseline and 
categorizing participants into 0–2 ICH versus 3+ ICH metrics, similar to 
prior analyses [26,27]. Sensitivity analyses were performed with par
ticipants categorized 0–1, 2 and 3+ ICH metrics. 

2.4. Mediator 

2.4.1. Aldosterone 
Fasting blood samples were drawn at baseline in the supine position 

and processed using a standardized protocol. Plasma and serum were 
prepared from samples by sedimentation in a refrigerated centrifuge 
within two hours of blood collection, stored at − 70 ◦C and sent to central 
laboratories (University of Minnesota) [15,19]. Serum aldosterone was 
measured by radioimmunoassay (Siemens) and the intra-assay co
efficients of variation were 8.7% and 6.2% for low and high concen
trations, respectively. 

2.4.2. Blood pressure 
BP was measured twice at 5-minute intervals by using Hawksley 

random zero sphygmomanometer in sitting position and averaged for 
analyses at baseline. Ideal BP was defined as untreated systolic BP (SBP) 
<120 mmHg and diastolic BP (DBP) <80 mmHg; intermediate BP was 
defined as systolic BP of 120–139 mmHg or diastolic BP of 80–89 
mmHg, or if treated with antihypertensive medications to goal (<120/ 
<80 mmHg); and poor BP was defined as systolic BP of ≥140 mmHg or a 
diastolic BP ≥90 mmHg [6,7]. 

2.4.3. Glucose 
At baseline, fasting plasma glucose was measured by the glucose 

oxidase colorimetric method using a Vitros 950 or 250 (Ortho Clinical 
Diagnostics analyzer; Ortho Clinical Diagnostics, Raritan, NJ). Ideal 
glucose was defined as an untreated fasting plasma glucose of <100 mg/ 
dl; intermediate glucose was defined as a fasting plasma glucose of 
100–125 mg/dL untreated or if treated to goal with anti-hyperglycemic 
medications (<100 mg/dL); and poor was defined as a fasting plasma 
glucose of ≥126 mg/dL [6]. 

2.5. Outcome 

2.5.1. Incident diabetes 
T2D was defined as HbA1c ≥ 6.5%, fasting blood glucose ≥ 126 mg/ 

dl, taking diabetes medications or with a self-reported physician diag
nosis [28]. 

2.6. Covariates 

Baseline information was obtained during clinic visit of exam 1 or at 
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home using standardized questionnaires including: demographics (age, 
sex), occupation (management/professional versus not), level of edu
cation (<high school versus ≥high school), alcohol use (in the past 12 
months versus not), and current prescription medication usage. Esti
mated glomerular filtration rate (eGFR) was derived using the Chronic 
Kidney Disease Epidemiology Collaboration equation (ml/min/1.73 m2) 
[29]. EGFR was included as a covariate due to an inverse association 
with aldosterone [30]. 

2.7. Statistical analysis 

Baseline characteristics of participants were summarized in ICH 0–2 
vs. ≥ 3 categories using Student’s t-test for normally distributed 
continuous variables, Mann-Whitney U test for non-normally distributed 
continuous variables, and Chi-square test for categorical variables. 

2.8. Survival analyses 

The time of incident diabetes was defined as the midpoint between 
the last examination without diabetes and the examination at which 
diabetes developed among participants without diabetes at exam 1. For 
participants who remained free of diabetes, the follow-up time was 
censored at their last available visit. Kaplan-Meier curves were gener
ated to compare time (years) to diabetes between 0 and 2 ICH and ≥ 3 
ICH categories. Cox proportional-hazards regression models were used 
to model the association of ICH metrics with incident diabetes adjusted 
for age, sex, education, occupation, alcohol use, and estimated 
glomerular filtration rate (eGFR). 

2.9. Mediation analyses 

To examine the role of aldosterone as a potential mediator in the 
pathway between ICH metrics and incident T2D, mediation analyses 
were performed using the “mediation” R package [31]. Aldosterone 
plays a central role in the homeostatic regulation of BP [16,17], 
modulating the reabsorption of sodium in the kidneys, thereby indi
rectly influencing water balance, BP, and blood volume. Aldosterone has 
been shown to exert its effects via mineralocorticoid receptors and 
G-protein estrogen receptors and results in vasoconstriction and sodium 
and water retention causing increased BP. Aldosterone is well estab
lished in the pathophysiology of BP, thus we excluded BP from ICH 
metrics while examining the mediation effect of aldosterone in incident 
T2D. Recent and accumulating evidence emphasizes the significance of 
aldosterone in glucose metabolism and metabolic syndrome [16]. 
Aldosterone excess may impair insulin secretion and insulin action [32]. 
Underlying mechanisms linking aldosterone and insulin resistance are 
related to the inhibitory effects of aldosterone on insulin signaling and 
insulin-stimulated glucose uptake via glut-4 translocation in adipocytes, 
skeletal muscle, and vascular smooth muscle cells, as well as a reduction 
in adiponectin and peroxisome proliferator-activated receptor-gamma 
[12,33]. Epidemiologic data supporting the association of aldosterone 
with T2D has been published in various racial/ethnic groups [7,8,18]. 
Given that aldosterone influences glucose, we excluded glucose from the 
primary mediation analysis of aldosterone in the association of ICH with 
incident T2D. 

To examine the role of aldosterone as a potential mediator in the 
pathway between ICH metrics and incident diabetes, mediation analyses 
were performed using the “mediation” R package [31]. First, a linear 
regression model was used to assess the cross-sectional association be
tween the exposure (ICH) and mediator (Aldosterone) which was used as 
the first argument of the mediate function (model.m, class=”lm”). Next, 
accelerated failure time models with a Weibull distribution were used 
instead of Cox proportional hazard models for the survival analyses to 
obtain estimated mean effects for incident diabetes. This model was used 
as the second argument of the mediate function (model.y, class
=”survreg”). The hazard ratios from this model approximate those from 

the Cox proportional-hazards regression as described previously [31]. 
The R package “mediation” uses continuous or dichotomous treatment 
effects for the treat argument, thus, ICH metrics were categorized as 0–2 
and ≥ 3 ICH score category. Finally, statistical significance of Average 
Causal Mediated Effects, Average Direct Effects, and Proportion Medi
ated were assessed by quasi-Bayesian approximation with 1000 Monte 
Carlo draws. Importantly, because blood glucose and BP are thought to 
be directly affected by aldosterone levels, both were excluded from the 
mediation analysis [17,32,34]. The proportion of ≥ 3 ICH category 
participants calculated without BP and glucose (15.3%) approximated 
that in the original set with ≥ 4 out of 7 ICH metrics (16.5%). In order to 
examine potential mediation effects of glucose and BP, we performed 
additional mediational analysis using dichotomous metrics treating 
glucose and BP as mediators in the pathway between aldosterone and 

Table 1 
Baseline Characteristics of Participants in the Jackson Heart Study by Ideal 
Cardiovascular Health Status 0–2 vs. ≥ 3.  

Variable 
Mean (SD)/n (%) 

All 
(n =
2791) 

0–2 ICH (n 
= 2364) 

3+ ICH (n 
= 427) 

p- 
valuea 

Age 53 (12) 54 (12) 49 (13) <0.001 
Sex     
Female 1801 

(64.5%) 
1549 
(65.5%) 

252 (59%) 0.0097 

Male 990 
(35.5%) 

815 (34.5%) 175 (41%)  

Education    <0.001 
< high school 366 

(13.1%) 
335 (14.2%) 31 (7.3%)  

≥ high school 2425 
(86.9%) 

2029 
(85.8%) 

396 
(92.7%)  

Occupation    <0.001 
Management/ 

Professional 
1133 
(40.6%) 

912 (38.6%) 221 
(51.8%)  

Other 1658 
(59.4%) 

1452 
(61.4%) 

206 
(48.2%)  

Alcohol Use    <0.001 
No 1430 

(51.2%) 
1249 
(52.8%) 

181 
(42.4%)  

Yes 1361 
(48.8%) 

1115 
(47.2%) 

246 
(57.6%)  

Body Mass Index (kg/m2) 31.2 (7.0) 31.9 (6.9) 27.7 (6.4) <0.001 
Aldosterone (ng/dl)b 4.2 [2.5, 

6.9] 
4.3 [2.5, 7.1] 4.0 [2.5, 

6.3] 
0.0525 

Blood Pressure, mmHg     
Systolic Blood Pressure 126 (16.0) 126 (16) 123 (15.6) <0.001 
Diastolic Blood Pressure 76 (8.5) 76 (8.5) 76 (8.6) 0.1418 
Estimated Glomerular 

Filtration Ratec 
96.3 
(19.7) 

95.7 (19.7) 99.5 (19.6) <0.001 

Fasting Plasma Glucose, 
mg/dL 

90 (8.9) 91 (8.9) 88 (8.3) <0.001 

Total Cholesterol, mg/dL 200 (38.6) 204 (38.8) 175 (25.9) <0.001 
Ideal Cardiovascular 

Health Metrics     
Physical Activity 605 

(21.7%) 
309 (13.1%) 296 

(69.3%) 
<0.001 

Blood Pressure 675 
(24.2%) 

509 (21.5%) 166 
(38.9%) 

<0.001 

Cholesterol 1314 
(47.1%) 

921 (39%) 393 (92%) <0.001 

Glucose 1534 
(55%) 

1219 
(51.6%) 

315 
(73.8%) 

<0.001 

Body Mass Index 413 
(14.8%) 

208 (8.8%) 205 (48%) <0.001 

Smoking 2464 
(88.3%) 

2045 
(86.5%) 

419 
(98.1%) 

<0.001 

Nutrition 22 (0.8%) 7 (0.3%) 15 (3.5%) <0.001  

a p-value obtained using Students’ t-test for continuous variables and Chi- 
square test for categorical variables. 

b Median (IQR) and Wilcoxon rank sum test was used for aldosterone. 
c Estimated Glomerular Filtration Rate = Estimated glomerular filtration rate 

based on the Chronic Kidney Disease Epidemiology Collaboration (ml/min per 
1.73 m2). 
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diabetes. Given that the associations may vary by age, sex, and eGFR, we 
tested for effect modification by inserting an interaction term in the 
models and used the likelihood ratio test. To confirm the robustness of 
the findings, sensitivity analyses were performed with ICH categorized 
0–1 (referent group), 2 and 3+ ICH metrics. Statistical significance was 
defined as two-sided p < 0.05 and p < 0.10 for interaction terms. Ana
lyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) 

and R version 3.4.3 (R Foundation for Statistical Computing, Vienna, 
Austria) with mediation package. 

3. Results 

The characteristics of the participants included in this study across 
categories of ICH are presented in Table 1. Among 2791 adults (mean 
age 53 ± 12 years, 65% female), 2364 and 427 had 0–2 vs. ≥ 3 ICH 
components at baseline. Participants in ≥ 3 ICH category had higher 
levels of education, professional occupation status, renal function, along 
with lower levels of fasting glucose, systolic BP, BMI, and total choles
terol compared to participants in 0–2 ICH category at baseline (all 
p<0.01). Median serum aldosterone levels were 4.30 and 4.00 ng/dL in 
the 0–2 and ≥ 3 ICH categories, respectively (p = 0.053). The findings 
were similar with the 0–1, 2 and ≥ 3 ICH categorization (Supplemental 
Table S2). Over a median follow-up of 7.5 years, there were 447 and 50 
incident diabetes cases in the 0–2 and ≥ 3 ICH categories, respectively. 

In Table 2, baseline attainment of ≥ 3 vs 0–2 ICH components was 
associated with a 37% lower risk of diabetes (HR 0.63, 95%CI 0.47, 
0.84; p = 0.002). In the Kaplan-Meier curve, the risk of T2D was 
consistently lower in the ≥ 3 ICH category compared to 0–2 category 
(p<0.001) (Fig. 2). In the mediation analysis, 6.98% of the effect of the 
five ICH metrics (BMI, total cholesterol, physical activity, diet, and 
smoking) on incident diabetes was mediated through aldosterone (p =
0.006). 

In Table 3, we explore the association of aldosterone with incident 
diabetes and the mediational role of BP and fasting glucose. A 1-unit 
increase in log-aldosterone was associated with a 44% higher risk of 

Table 2 
The Association of Ideal Cardiovascular Health with Incident Diabetes and 
Aldosterone as a Mediator.  

Baseline Ideal Cardiovascular Health Metrics Hazard Ratio (95% CI) p-valuea 

0–2 1 (referent)  
≥ 3 0.63 (0.47, 0.84) 0.002      

Percentage mediated (%), (95% CI) p-valueb 

Aldosterone as mediator 6.98 (1.8, 18.0) 0.006 

Adjusted for age, sex, education, occupation, alcohol use, and estimated 
glomerular filtration rate. 

a p-value is obtained using Cox proportional hazards model. 
b p-value is obtained using mediation analysis 

Interpretation: 
- Baseline attainment of ≥ 3 vs 0–2 ICH components was associated with a 

37% lower risk of diabetes over a median of 7.5 years (p = 0.002). 
- 6.98% of the effect of the five ICH metrics on incident diabetes was 

mediated through aldosterone (p = 0.006). 

Fig. 2. Kaplan-Meier Plot for 0–2 vs. 3+ Ideal Cardiovascular Health metrics and Incident Diabetes. 
Incident diabetes curves for participants based on their baseline ICH score category. Blue curve indicates risk of incident diabetes in 0–2 ICH score category and red 
curve is the risk of incident diabetes in ≥3 ICH category. The risk of incident diabetes is consistently lower in the ≥ 3 ICH category compared to 0–2 category. 
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diabetes (HR 1.44, 95%CI 1.25–1.64) (Central Illustration). In analysis 
using aldosterone as exposure and BP or fasting glucose as the media
tors, 16.3% (p<0.001) and 19.7% (p = 0.002) of the effect of aldosterone 
on incident diabetes was mediated through BP and fasting glucose, 
respectively. (Fig. 3 and Table 3). 

In Table 4, we found evidence of significant interactions by age, sex, 
and eGFR for the association of ≥ 3 vs 0–2 ICH components with inci
dent diabetes. There was greater magnitude of the association in women 
vs. men. Using the medians for age and eGFR, there was greater 
magnitude of association in the groups with age greater than 53 years 
compared to less than or equal to 53 years, and eGFR less than or equal 
to 97 ml/min per 1.73 m2 compared to greater than 97 ml/min per 1.73 
m2. For the mediation analyses, the mediation effect of aldosterone was 
larger for patients with eGFR below the median (p = 0.036), with no 
differences by age or sex (Table 5). Sensitivity analyses using a 3-level 
categorization of ICH metrics 0–1, 2 and ≥ 3 (Supplemental Table S3), 

showed similar findings to the 2-level categorization 0–2 vs. ≥ 3. Par
ticipants with 2 ICH metrics had a 20% lower risk of diabetes compared 
to participants with 0–1 ICH metrics (p = 0.017), aldosterone mediated 
7.94% of the effect (p<0.001). Participants with ≥ 3 ICH metrics had a 
44% lower risk of diabetes compared to participants with 0–1 ICH 
metrics (p<0.001), aldosterone mediated 8.22% of the effect (p<0.001). 

4. Discussion 

In this novel analysis in a prospective cohort of AAs, this is the first 
report of the mediational role of aldosterone in the association of ICH 
with incident diabetes. Of the 37% lower risk of incident T2D over a 
median of 7.5 years among individuals with ≥ 3 ICH metrics at baseline 
compared to 0–2 ICH metrics, 7% of the effect was mediated by aldo
sterone. Thus, aldosterone represents one of the potential underlying 
physiological mediators that drive the impact of ICH on diabetes risk. 
Additionally, BP and glucose mediate 16% and 20% of the effect in the 
pathway of aldosterone on risk of incident T2D, respectively. These 
findings suggest that aldosterone is implicated in mediating the effect of 
ICH (physical activity, diet, cholesterol, BMI, smoking) on incident 
diabetes and aldosterone’s effect on incident diabetes may be partially 
mediated by BP and glucose. 

In recent years, aldosterone has gained significant attention as a 
contributor to various diseases including diabetes, CVD, hypertension, 
kidney disease, and obesity [16]. Aldosterone causes inflammatory and 
fibrotic changes in the heart, kidneys, vasculature and adipose tissue 
[35]. Lower attainment of ICH also impacts similar organs and disease 
states [36]. The RAAS system is targeted in cardiovascular and renal 
pathophysiological states; further insights into its role in metabolic 
disease may advance the development of new strategies to manage 
diabetes. We assessed the effects of aldosterone as mediator in the 
pathway for ICH and incident diabetes in this novel study. The risk of 
incident T2D was 33% lower in ≥3 ICH category compared to the 0–2 
ICH category (Table 2). This is consistent with prior studies among AAs 
in JHS and across other ethnicities [7,8]. This emphasizes the protective 
role of ICH on the development of diabetes. In the conceptual model for 

Table 3 
The Association of Aldosterone with Incident Diabetes and the Mediational Role 
of Blood Pressure and Fasting Glucose.   

Hazard Ratio (95% CI) p-valuea 

Per 1-unit increase in log-Aldosterone 1.44 (1.25, 1.64) <0.001      

Percentage mediated (%) p-valueb 

Blood Pressure (Mediator) 16.3 (7.0, 31.0) <0.001    

Fasting Glucose (Mediator) 19.7 (6.5, 34.0) 0.002 

Adjusted for age, sex, education, occupation, alcohol use and eGFR. 
a p-value is obtained using Cox proportional hazards model. 
b p-values are obtained using mediation analysis 

Interpretation: 
A 1-unit increase in log-aldosterone was associated with a 44% higher risk of 

diabetes (p<0.001). The interpretation with conversion to aldosterone is a that a 
10% higher aldosterone was associated with 3.5% higher risk of diabetes. 16.3% 
(p<0.001) of the effect of aldosterone on incident diabetes is mediated through 
blood pressure and 19.7% (p = 0.002) is mediated through fasting glucose. 

Fig. 3. The Association of Aldosterone with Incident Diabetes Pathway with Blood Pressure and Glucose as mediators. Blood pressure and glucose mediate 16.3% 
and 19.7% of the effect in the risk attributed by aldosterone on incident diabetes, respectively. The figure was created with BioRender.com. 
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the primary mediation analysis, BP and glucose were excluded due to 
the known effect of aldosterone increasing BP and altering glucose [3]. 

To our knowledge, this is the first study to explore mediating factors 
in the association between ICH and incident diabetes. Previously, a 
study of middle-aged Europeans found that the mediating effect of BMI, 
alcohol consumption, hypertension, triglycerides, HDL-cholesterol, 
physical activity, and smoking in the association between educational 
attainment and lower risk of incident diabetes ranged from 1.0% to 
17.7% with BMI having the greatest effect [37]. Another study in the 
Framingham Offspring Study found that metabolic risk factors (waist 
circumference, triglycerides, HDL cholesterol, blood pressure, and blood 
glucose) and genetic risk scores mediated 11% and 9% of diabetes risk 
for individuals with a parental history of diabetes, respectively [38]. 
Thus, aldosterone mediating 7% of the effect of ICH attainment on 
incident diabetes (Central Illustration) is comparable to the mediation of 

established risk factors and further elucidates biological mechanisms in 
type 2 diabetes prevention. 

Since aldosterone is known to alter BP and glucose levels (BP and 
glucose are downstream of aldosterone), we examined the mediation 
effects of BP and plasma glucose in the pathway of aldosterone and 
incident diabetes. Sixteen percent and 20% of the effect of aldosterone 
on incident T2D is mediated by BP and glucose, respectively (Fig. 3). 
Thus, aldosterone exerts part of its effect on incident T2D through 
altering BP and glucose. High blood pressure is known to induce 
microvascular and endothelial dysfunction, which are both tied to in
sulin resistance, as one pathway of increasing diabetes risk [39,40]. 
Aldosterone can decrease beta-cell function and impair insulin sensi
tivity as has been reviewed previously [3]. The observational findings 
presented here provide further evidence for human clinical studies with 
detailed metabolic assessment to further delineate the role of aldoste
rone in cardiometabolic disease. 

4.1. Strengths and limitations 

Strengths of our analysis include use of a large AA cohort with lon
gitudinal data available on aldosterone, diabetes and ICH, comprehen
sive ascertainment of diabetes status (using A1C, glucose value, 
medications and self-reported physician diagnosis). This study is not 

Table 4 
The association of 3+ vs. 0–2 Ideal Cardiovascular Health Metrics with Incident 
Diabetes Stratified by Age, Sex, and Estimated Glomerular Filtration Rate.  

Hazard Ratios (95% CI) Ideal vs non-ideal p-value* 

All participants 0.63 (0.47, 0.84)  
Sex  0.0058 
Men (N = 990) 0.90 (0.61, 1.33)  
Women (N = 1801) 0.39 (0.25, 0.61)  
Age (median=53 years)  0.0338 
≤median (N = 1389) 0.80 (0.56, 1.15)  
>median (N = 1402) 0.40 (0.24, 0.68)  
Estimated Glomerular Filtration Rate 

(median=97 ml/min per 1.73 m2)   
≤median (N = 1395) 0.43 (0.27, 0.70) 0.0625 
>median (N = 1396) 0.77 (0.53, 1.12)   

* p-value for the interactions. 
Significant interactions existed for sex, age and estimated glomerular 

filtration rate in the association of ideal vs. non-ideal cardiovascular health with 
incident diabetes (all p<0.10). There was greater magnitude of the association in 
women vs. men, age greater than 53 years compared to less than or equal to 53 
years and estimated glomerular filtration rate less than or equal to 97 ml/min 
per 1.73 m2 compared to greater than 97 ml/min per 1.73 m2. For instance, the 
3+ ideal cardiovascular health metrics in women was associated with a 61% 
lower risk of incident diabetes compared those in the 0–2 group. 

Table 5 
Percent Mediation of 3+ vs. 0–2 Ideal Cardiovascular Health Metrics by Aldosterone, Stratified by Age, Sex, and Estimated Glomerular Filtration Rate.  

Mediation analysis % 
mediated 

Estimated effects p-value 
* 

Estimated difference 
Men – Women or ≤median - >median 

ADEa ACMEb ADE ACME 

All participants 6.98 12.21 (3.87, 
22.33) 

0.9 (0.23, 1.78) 0.006   

Sex       
Men (N = 990) 10.7 1.46 (− 6.84, 

11.27) 
0.84 (− 0.002, 
2.13) 

0.644 − 29.65 (− 53.82, 
− 12.97) 
P = 0.02 

− 0.32 (− 2.36, 
1.88) 
p = 0.68 Women (N = 1801) 2.76 31.34 (12.55, 

54.57) 
0.94 (− 0.13, 
2.46) 

0.1 

Age (median=53)       
≤median (N = 1389) 11.7 4.98 (− 4.84, 

16.27) 
1 (0.05, 2.5) 0.29 − 22.5 (− 47.1, − 3.39) 

P<0.001 
0.38 (− 1.79, 
2.74) 
p = 0.72 >median (N = 1402) 1.67 26.99 (9.31, 

50.72) 
0.47 (− 0.64, 
1.84) 

0.38 

Estimated Glomerular Filtration Rate (median=97 ml/min 
per 1.73 m2)       

≤median (N = 1395) 6.17 22.57 (6.84, 
42.63) 

1.53 (0.14, 3.41) 0.036 14.06 (− 2.67, 34.57) 
p = 0.14 

2.05(− 0.17. 4.5) 
p = 0.08 

>median (N = 1396) 0.44 7.45 (− 2.33, 
19.02) 

0.08 (− 0.39, 
0.65) 

0.78  

* p-value for mediated effects. 
a Average Direct Effect. 
b Average Causal Mediation effect 

Interpretation: Overall, 6.98% of the effect of ideal cardiovascular health (3+ vs. 0–2) on incident diabetes are estimated to be mediated by aldosterone (p = 0.006). 
Examining the interactions, the average direct effects were significantly different by sex and age groups (p = 0.020 and <0.001, respectively), but the average causal 
mediation effects were similar. The mediation effect of aldosterone is larger for patients with EGFR below the median (p = 0.036). 

Central Illustration. The Association of Ideal Cardiovascular Health Metrics 
(excluding BP and glucose) with Incident Diabetes Pathway with Aldosterone as 
a Mediator. 
The 5 ideal cardiovascular health (ICH) metrics include weight, smoking status, 
diet, cholesterol and physical activity. Aldosterone mediates 6.98% of the effect 
in the risk attributed by ICH on incident diabetes. The figure was created with 
BioRender.com. 
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without limitations. Given that the JHS is focused in southeastern USA, 
generalizability to all AAs is restricted. JHS does not include other 
racial/ethnic groups to allow for racial/ethnic comparisons. We were 
unable to include renin and other potential factors that would influence 
aldosterone and RAAS system due to inconsistency of the availability of 
data. 

5. Conclusion 

In conclusion, aldosterone partially mediated the association of ICH 
with incident diabetes among AAs. Targeting biological factors like 
aldosterone for primary prevention in addition to addressing primary 
prevention through lifestyle interventions in support of ICH may help to 
reduce the risk of diabetes. Further studies evaluating aldosterone and 
other biological factors in the development of T2D are needed for pre
cision prevention strategies. 
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