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Abstract

Objective: To analyze associations between adiposity and the renin-angiotensin-aldosterone 

system (RAAS) in a large African American (AA) cohort.

Methods: Cross-sectional associations of adiposity (body mass index [BMI], waist 

circumference [WC], waist:height ratio, waist:hip ratio, leptin, adiponectin, leptin:adiponectin 

ratio [LAR], subcutaneous [SAT] and visceral adipose tissue [VAT], and liver attenuation [LA]) 

with aldosterone, plasma renin activity (renin), and aldosterone:renin ratio (ARR) were assessed in 

the Jackson Heart Study using adjusted linear regression models.

Results: A 1-SD higher BMI was associated with a 4.8 % higher aldosterone, 9.4 % higher 

renin, and 5.0 % lower ARR (all p < 0.05). Log-leptin had the largest magnitude of association 

with renin (30.2 % higher) and ARR (9.6 % lower), while the strongest association of aldosterone 

existed for log-LAR (15.3 % higher) (all 1-SD, p < 0.05). SAT was only associated with renin. 

VAT was associated with higher aldosterone, renin, and ARR. Liver fat was associated with 
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aldosterone and renin, but not ARR. Associations of WC, BMI, and SAT with aldosterone were 

greater in men while the association with VAT was greater in women (p-interactions < 0.05).

Conclusion: Multiple measures of adiposity are associated with the RAAS in AAs. Further 

studies should examine the role of RAAS in obesity-driven cardiometabolic diseases.
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1. Introduction

African Americans (AA) have the highest prevalence of obesity in the United States 

(Hales et al., 2020). Obesity influences cardiometabolic diseases through numerous, well-

established mechanisms including inflammation and sympathetic nervous system activation 

(Hall et al., 2015; Hotamisligil, 2006; Koch and Sharma, 1999). Another potential pathway 

is through the renin-angiotensin-aldosterone system (RAAS). Higher levels of plasma 

renin activity and aldosterone are associated with risk of incident CVD (coronary heart 

disease, stroke, and/or heart failure) (Joseph et al., 2017a) and incident diabetes (Joseph 

et al., 2016) among AAs with and without prevalent hypertension. Evidence from basic 

science research supports a relationship between greater adiposity and heightened RAAS 

activity. The discovery of adipocyte-specific aldosterone synthase indicates that adipose 

tissue may directly contribute to elevated circulating aldosterone (Briones et al., 2012). 

Adipokines including leptin and adiponectin, stimulate the aldosterone synthase gene and 

modulate levels of aldosterone in adrenal cells (Huby et al., 2015; Li et al., 2009). Increased 

aldosterone production that is partially independent from classic RAAS activation may lead 

to higher aldosterone:renin ratios (ARR), a key marker used in the diagnosis of primary 

aldosteronism (Maiolino et al., 2017).

Evidence from smaller observational studies regarding the relationship between adiposity 

and RAAS activity is mixed among European and non-Hispanic whites (NHWs) but tend to 

be positively associated (Licata et al., 1994; Rossi et al., 2008; O’Seaghdha et al., 2012). 

In AAs, this relationship is inconsistent with three studies finding either positive or no 

associations between adiposity and the RAAS (Kidambi et al., 2007; Huan et al., 2012; 

Kidambi et al., 2009). Additionally, the relationship between adiposity and RAAS activity 

may be modified by sex but findings are again inconsistent. In NHWs, stronger associations 

have been identified in women compared to men (Goodfriend et al., 1999a, 1999b), but these 

findings were not replicated among NHWs in the Framingham Heart Study (O’Seaghdha et 

al., 2012).

There are significant racial/ethnic differences in both adipose tissue distribution and RAAS-

linked disease risk factor burdens such as hypertension (Hales et al., 2020; Katzmarzyk 

et al., 2010; Joseph et al., 2017a). Thus, it is critical to gain a nuanced understanding of 

how specific measures of adiposity are related to RAAS activity in AAs. However, these 

associations have not been fully elucidated largely as a result of sample size limitations and 

an inability to measure depot specific distributions of adipose tissue and adipokine levels.
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To our knowledge, there are no large cohort studies of AA participants evaluating multi-

detector computed tomography (CT) measures of adiposity and adipokines with aldosterone, 

renin, or the aldosterone-renin ratio (ARR). Thus, the aim of the study was to examine the 

association of anthropometric (BMI, WC), adipokine (leptin, adiponectin, leptin adiponectin 

ratio), and body fat distribution (VAT, SAT) measures of adiposity with aldosterone, and 

renin among AA adults in the Jackson Heart Study (JHS). We hypothesized that adiposity 

measures would be positively associated with aldosterone and plasma renin activity (PRA).

2. Materials and methods

2.1. Study participants

The JHS is a large, prospective, community-based cohort study of cardiovascular disease 

in 5306 AA adults aged 21–94 years within the tricounty area of Jackson, Mississippi. 

Exams were performed between 2000–2004 (Exam 1), 2005–2008 (Exam 2) and 2009–2013 

(Exam 3). The JHS design has been described elsewhere (Taylor et al., 2005). The JHS 

is IRB-approved at participating institutions (Tougaloo College, Jackson State University, 

and University of Mississippi Medical Center), and written informed consent was provided 

by study participants. Participants were excluded if they had missing exposures (body 

mass index (BMI) [n = 5], waist circumference (WC) [n = 2], adiponectin [n = 85], and 

leptin [n = 20]), outcomes (aldosterone [n = 113]) or important covariates (systolic blood 

pressure (SBP) [n = 17], diabetes status [n = 5], education [n = 25], smoking status [n 

= 40]). Participants with supra-physiologic serum aldosterone >2774 pmol/L (100 ng/dL) 

(n = 2) were excluded in aldosterone analysis and participants with missing renin (n 

= 2738) were excluded in renin analyses. After exclusions, 4992 and 2256 participants 

were included in the aldosterone and renin analyses, respectively. The characteristics of 

participants included vs. excluded based on missing renin are presented in Supplemental 

Table 1. Excluded participants were younger, more likely to be female, less educated, and 

had a lower prevalence of diabetes and hypertension. While statistically significant, the 

differences were small and unlikely to be biologically significant. Supplemental Fig. 1 

illustrates the exclusion cascade.

2.2. Exposures: anthropometric, adipokine and body fat distribution adiposity measures

Anthropometric parameters analyzed included WC, BMI, waist: height ratio from Exam 1, 

and waist: hip ratio from Exam 2. WC was measured at the level of the umbilicus (cm) 

(Taylor et al., 2005). The waist: height ratio was calculated by dividing WC (cm) by height 

(m). Hip circumference was measured at the level of the maximal protrusion of the gluteal 

muscles and the waist: hip ratio was calculated by dividing WC by hip circumference. 

BMI was calculated as weight (kg) over height squared (m2). A subset of participants with 

aldosterone (n = 2709) and renin (n = 1146) measures assessed at Exam 1 underwent CT 

assessments at Exam 2. CT measures of body fat distribution analyzed included VAT, SAT, 

and liver attenuation (inverse relationship with liver fat and fibrosis) (Liu et al., 2012). The 

CT protocol in the JHS has been previously described (Liu et al., 2010, 2012). Given that 

CT measures and waist: hip ratio were collected at Exam 2, we tested for the stability of 

adiposity between Exam 1 and 2 (median 4 years) using intraclass correlation coefficients 

(ICC). The ICCs for BMI, WC, and waist: height ratio were 0.90, 0.83, and 0.8, respectively, 
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suggesting consistency between visits (Supplemental Table 2) (Cicchetti, 1994). Thus, CT 

measures and waist: hip ratio were included in cross-sectional analyses.

Biomarkers analyzed included adiponectin, leptin, and leptin: adiponectin ratio from Exam 

1. Fasting venous blood samples were collected after a minimum of 20 min in the supine 

position and processed using a standardized protocol (Taylor et al., 2005). Samples were 

stored at −80 °C before serum adiponectin and leptin was measured via an ELISA 

assay (R&D Systems, Minneapolis, MN; interassay coefficient of variation [CV] 8.8 %) 

and Human Leptin RIA kit (Millipore, Billerica, MA; interassay-CV 10 %), respectively 

(Bidulescu et al., 2011; Musani et al., 2013).

2.3. Outcomes: aldosterone, renin and the aldosterone-renin ratio (ARR)

Plasma and serum samples were centrifuged within 2 h of fasted blood collection, stored at 

−70 °C, and sent to central laboratories (University of Minnesota). Serum aldosterone was 

measured by radioimmunoassay (Coat-a-count aldosterone, Siemens, Munich, Germany) 

and the intra-assay-CV were 8.7 % and 6.2 % for low and high concentrations, respectively 

(Musani et al., 2013). Renin (plasma renin activity) was measured using immunoradiometric 

assays in ng/mL/h with an intra-assay-CV 8.0 % (Joseph et al., 2017a). The ARR was 

calculated by dividing aldosterone by renin.

2.4. Covariates

Cross-sectional analyses were adjusted for baseline covariates including age, sex, occupation 

(management/professional versus not), level of education (≥Bachelor’s degree versus < 

Bachelor’s degree), tobacco use (current smoking versus non-smoking), SBP (measured 

twice at 5-min intervals using an appropriately sized cuff with standard Hawksley 

random-zero instruments and averaged for analysis, calibrated to the Omron device), 

physical activity (AHA 2020 guidelines) (Lloyd-Jones et al., 2010), and RAAS modulators 

(angiotensin converting enzyme [ACE] inhibitors, angiotensin II receptor blockers [ARB], 

and mineralocorticoid receptor antagonists). The covariates were chosen on the basis of 

confounding associations with the adiposity (exposure) and RAAS (outcome) measures.

2.5. Statistical analysis

Baseline characteristics of participants were presented in three BMI categories defined by 

the World Health Organization (WHO), <25, 25–29.99 and ≥30 kg/m2. Differences across 

categories of BMI were tested using chi-square (χ2) for categorical variables, one-way-

ANOVA or Kruskal-Wallis test for continuous variables. Due to skewed distributions, renin, 

aldosterone, ARR, adiponectin, leptin, SAT, VAT, and liver attenuation were log-transformed 

prior to analysis. Tobit models were employed to examine the association of adiposity 

measures with log-aldosterone and log-renin adjusting for age, sex, education, occupation, 

SBP, smoking, physical activity, and RAAS modulators accounting for left censoring in 

aldosterone and renin due to lower limits of detection.

Sensitivity analyses were performed on a sample that excluded individuals taking RAAS 

modulating medications (Supplemental Tables 3, 4, and 5). We tested for interaction by age, 

sex, and hypertension status as the associations may be modified by these factors (Table 
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4). To confirm the robustness of findings and explore potential physiological relationships, 

secondary analyses examined the associations of adiposity: 1) with log-ARR as the outcome, 

and 2) across renin phenotype categories of renin (ng/mL/h) of ≤0.50 (suppressed renin 

phenotype), 0.51–0.99 (indeterminate renin phenotype), and ≥1.0 (unsuppressed renin 

phenotype) (Brown et al., 2017; Joseph et al., 2021). Interpretations of beta-coefficients 

in the text were transformed as follows: 1) [(1:01)β − 1] * 100 % (Both dependent and 

independent variables are log transformed) and 2) (eβ − 1) * 100 % (Dependent variable 

is log transformed). No adjustments were made for multiple comparisons as doing so was 

considered too conservative for correlated hypotheses. Statistical significance was defined as 

two-sided p-value < 0.05 in the main analysis and p <0.10 for interactions (Joseph et al., 

2017b). Analyses were performed using SAS software (version 9.4, SAS Institute Inc., Cary, 

NC).

3. Results

3.1. Baseline characteristics

Baseline characteristics of the 4994 study participants at Exam 1 are presented across BMI 

categories (Table 1). Those with a BMI ≥30 kg/m2 were more likely to be female, non-

smokers, and less physically active with higher percentages of diabetes and hypertension 

versus lower BMI categories. Levels of WC, waist: hip ratio, waist: height ratio, leptin, 

leptin: adiponectin ratio, serum aldosterone, and renin were higher in those with higher 

BMIs while adiponectin and liver attenuation were lower (all p < 0.05). Higher ARRs were 

driven by lower renin (Fig. 1).

3.2. Association of standardized adiposity measures with renin, aldosterone, and the 
aldosterone: renin ratio

Adjusted associations of standardized adiposity measures with log-aldosterone, log-renin, 

and log-ARR are presented in Table 2, Model 1. A 1-SD higher BMI was associated with a 

4.8 % higher aldosterone, 9.4 % higher renin, and 5.0 % lower ARR (all p < 0.05). A 1-SD 

higher WC was associated with a 6.9 % higher aldosterone and 8.1 % higher renin (both p 

< 0.05), but was not associated with ARR. A 1-SD higher waist: height ratio was associated 

with a 6.4 % higher aldosterone, 11.0 % higher renin, and 5.1 % lower ARR (all p < 0.05). 

The waist: hip ratio was associated with an 11.2 % and 11.8 % higher aldosterone and renin 

(both p < 0.05), respectively, but was not associated with ARR.

A 1-SD higher log-SAT was associated with a 9.8 % higher renin (p = 0.03), but there 

was no association with aldosterone or ARR. Liver fat was negatively associated with 

aldosterone and renin (both p < 0.05) but not log-ARR. VAT was positively associated with 

aldosterone, renin, and negatively associated with ARR across all models (all p < 0.05) 

and had the largest effect size of the CT measures. Supplemental Table 3 shows that theses 

associations were similar following exclusion of taking RAAS modulators. However, the 

ARR was only significant for VAT in Supplemental Table 3.

A 1-SD higher log-adiponectin was associated with a 9.9 % and 14.2 % lower aldosterone 

and renin (both p < 0.05), respectively, but was not associated with the ARR. A 1-SD higher 
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leptin was associated with a 14.6 % higher aldosterone, 30.2 % higher renin, and 9.6 % 

lower ARR (p < 0.05). A 1-SD higher log-leptin: adiponectin ratio was associated with a 

15.3 % higher aldosterone, 28.3 % higher renin, and 7.1 % lower aldosterone: renin ratio (all 

p < 0.05).

All prior models were further adjusted for either renin in aldosterone models (Model 

2) or aldosterone in renin models (Model 3). Associations with aldosterone were mildly 

attenuated, but remained significant for adiponectin, leptin, LAR, waist: hip ratio, and VAT. 

Associations with renin were also slightly smaller in magnitude but remained significant for 

adiponectin, leptin, LAR, BMI, VAT, and liver attenuation.

These associations were similar after excluding participants taking RAAS modulators. 

However, WC was associated with aldosterone (p = 0.03) but VAT became non-significant (p 

= 0.08). The findings for renin were also consistent, but BMI and liver attenuation became 

non-significant (p = 0.09 and p = 0.10, respectively).

Associations of categorical adiposity measures with aldosterone, renin, and ARR are 

presented graphically in Figs. 2A, 2B, and Supplemental Table 4. Adiponectin, leptin, 

LAR, WC, BMI, Waist: Height Ratio, and VAT in Quartile-4 were associated with higher 

aldosterone and renin compared to Quartile-1 (all p < 0.001; Figs. 2A, 2B). SAT was only 

significant for renin (Quartile-4 vs. Quartile-1, p = 0.026).

3.3. Association of adiposity measures and aldosterone stratified by renin phenotypes

Associations of adiposity measures and aldosterone stratified by renin phenotypes 

(suppressed, indeterminate, and unsuppressed) are presented in Table 3. Renin phenotype 

significantly modified associations between BMI, adiponectin, leptin, and SAT (all p < 

0.10). BMI (β = 0.01, 95 % CI: 0.002, 0.018) and SAT (β = 0.27, 95 % CI: 0.09, 0.45) were 

only associated with aldosterone among individuals with unsuppressed renin. In contrast, 

the waist: hip ratio (β = 0.88, 95 % CI: 0.135, 1.628) and adiponectin (β = −0.137, 95 % 

CI: −0.203, −0.072) were associated with aldosterone only among those with suppressed 

renin. Finally, leptin and leptin:adiponectin ratio were associated with aldosterone only 

among those with either suppressed or unsuppressed renin. Both leptin and LAR ratio 

were more strongly associated with aldosterone in the unsuppressed versus the suppressed 

renin phenotype. The associations of adiposity measures and aldosterone stratified by 

renin phenotypes among individuals taking medications that interact with the RAAS are 

presented in Supplemental Table 5. All aforementioned associations in the Table 3 remained 

significant and their effect sizes generally increased. In addition, WC (β = 0.0084, 95 % 

CI: 0.0031, 0.0136) and the waist:height ratio (β = 1.4626, 95 % CI: 0.5904, 2.3348) were 

significantly associated with aldosterone only among individuals with unsuppressed renin. 

In contrast to the primary analysis, the LAR (β = 0.0772, 95 % CI: 0.0034, 0.1509) was 

associated with aldosterone among those with the indeterminate renin phenotype, in addition 

to the suppressed and unsuppressed renin phenotypes.

3.4. Effect modification of the associations by age, sex and hypertension

Effect modification of the association of adiposity measures with aldosterone and renin by 

age, sex, and hypertension are presented in Table 4. The magnitude of positive associations 
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of WC, BMI, and waist:height with aldosterone were at a minimum 2–3-fold greater in men 

compared to women (p-interaction ≤ 0.01). The association between SAT and aldosterone 

was statistically significant in men only (p-interaction = 0.03). The association between 

VAT and aldosterone was positive for both men and women; however, the effect size was 

approximately 2-fold greater among women (p-interaction = 0.03). Age only modified the 

association of leptin (p-interaction = 0.097) and adiponectin (p-interaction = 0.035) with 

aldosterone. Hypertension only modified the association of adiponectin and leptin with 

aldosterone (p-interaction = 0.003 and 0.004, respectively) and renin (p-interaction = 0.088 

and 0.028, respectively). There was no evidence for effect modification of the relationship 

between measures of adiposity and renin by age or sex.

4. Discussion

In this large study of AA adults, adiposity measures including BMI, WC, waist:height 

ratio, waist:hip ratio, VAT, and leptin were positively associated, while adiponectin and liver 

attenuation were negatively associated with both aldosterone and renin. The associations 

were robust after controlling for demographic characteristics, cardiovascular risk factors and, 

RAAS-altering medications. The greatest magnitude of associations was with the adipokines 

and RAAS.

4.1. The association of BMI, waist:height and waist:hip ratios, and WC with aldosterone, 
renin, and ARR

Previous studies in AAs investigating associations of BMI and WC with aldosterone have 

revealed inconsistent findings. Among 397 normo- and hypertensive AAs, WC and BMI 

were positively correlated with aldosterone (Kidambi et al., 2007). Among 466 normo- 

and hypertensive AAs aldosterone was associated with WC (r = 0.13, p < 0.01), but not 

BMI (Kidambi et al., 2009). Finally, in another study of 483 young AA men and women, 

continuous measures of WC or BMI were not significantly associated with categorical 

aldosterone (Huan et al., 2012).

Smaller studies among Europeans and NHWs have identified positive associations between 

anthropometric measures of adiposity and components of the RAAS. Italians with central 

obesity (female waist:hip ratio ≥ 0.81 and male ≥ 0.92 + BMI ≥ 30 kg/m2) compared to 

lean individuals (BMI ≤ 25 kg/m2) had higher renin and aldosterone (Licata et al., 1994). 

In another group of Italians, BMI was positively associated with plasma aldosterone in 

those with primary hypertension (Rossi et al., 2008). In a study of US men (n = 23) and 

women (n = 7), BMI and waist:hip ratio were strongly correlated with plasma aldosterone. 

Notably, the correlation between waist:hip ratio and aldosterone was greatest when renin 

was suppressed through a high salt diet (Goodfriend et al., 1999a). However, these findings 

were not replicated in the Third Generation Framingham Heart Study, where no significant 

associations of BMI and WC with aldosterone or renin were identified (O’Seaghdha et al., 

2012).

Evidence suggests that the association between anthropometric measures of adiposity and 

RAAS components may be modified by sex due to greater adrenal sensitivity to angiotensin 

II in women (Fisher Naomi et al., 1997). In the current study, all anthropometric measures 

Lee et al. Page 7

Endocr Metab Sci. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of adiposity were positively associated with aldosterone in both sexes but effect sizes were 

2-fold greater in men for aldosterone with no differences in renin by sex. Previously, in a 

small sample of NHWs aldosterone was higher in women with obesity by BMI but not men 

(r = 0.55, p < 0.05) (Goodfriend et al., 1999b). In another small study of US men (n = 27) 

and women (n = 28), BMI was positively correlated with aldosterone among women but 

not men (Goodfriend et al., 1999a). Thus, there may be racial and sex differences in the 

association of adiposity with RAAS, possibly due to known underlying differences in body 

fat distribution (Katzmarzyk et al., 2010).

4.2. The association of SAT, VAT, and liver attenuation with aldosterone, renin, and ARR

To our knowledge, the association of VAT and SAT with components of the RAAS in 

a large cohort of AAs has not been previously investigated. The relationship of SAT 

and VAT with aldosterone and renin is inconsistent in other racial/ethnic groups. Among 

obese Japanese men and women, SAT but not VAT was positively correlated with urinary 

aldosterone excretion (Harada et al., 2013). Among majority NHWs in the Third Generation 

Framingham Heart Study, no association between VAT and aldosterone or renin was 

identified (O’Seaghdha et al., 2012). However, in other smaller studies of NHWs, there 

was a positive association of VAT and aldosterone among women (Goodfriend et al., 1999b; 

Goodfriend et al., 1999a). In the current study, the association between VAT and aldosterone 

was 2-fold greater among women.

The relationship between liver attenuation and aldosterone has previously been investigated 

in the JHS (Kumar et al., 2017). Investigators identified a negative association between 

aldosterone and liver attenuation which was significant only among women. In the current 

analysis, liver attenuation was negatively associated with aldosterone and renin but there 

was no association with the ARR in the main analysis. Consistent with the prior study 

in the JHS, the association of liver attenuation with both aldosterone and renin was only 

significant among women when stratified by sex. To our knowledge, mechanisms regarding 

sex differences in the association between CT measures of adiposity and aldosterone have 

not been clearly elucidated and remain an area for further investigation.

4.3. The association of adiponectin, leptin and leptin:adiponectin ratio with aldosterone, 
renin, and ARR

The majority of studies provide evidence for a relationship between adipokines and the 

RAAS system. Adiponectin is protective of insulin resistance and has anti-inflammatory 

properties. It is produced by adipocytes, but its production is paradoxically decreased in 

obesity (Frühbeck et al., 2017). Similarly, leptin is produced primarily by adipocytes. It has 

anorectic effects and regulates numerous physiological processes. In contrast to adiponectin, 

leptin levels are profoundly increased in obesity but individuals are resistant to its anorectic 

effects due to central leptin resistance. Recently, the LAR has been shown to be predictive 

of metabolic syndrome and is a stronger correlate of insulin resistance than either measure 

alone (Frühbeck et al., 2017).

Our findings extend those of a Multi-Ethnic Study of Atherosclerosis analysis where 

Allison et al. (Allison et al., 2015) reported that leptin was positively associated with both 
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aldosterone and renin. Our findings diverge slightly regarding associations of leptin and 

adiponectin with renin. While adiponectin was negatively associated with aldosterone, no 

significant associations were identified with renin (Allison et al., 2015). In a small group 

of normo- and essential hypertensive Turkish individuals, a positive correlation between 

leptin and renin was identified in both groups (Üçkaya et al., 1999). Similarly, a study 

of normo- and hypertensive NHWs identified a correlation between leptin and renin but 

this was only significant among women with hypertension (Adamczak et al., 2000). In the 

present analysis, leptin was associated with renin irrespective of hypertension status, but the 

magnitude was greater in the hypertension group. Sex also did not modify this association 

indicating that racial/ethnic differences by sex may exist in the interaction between leptin 

and the RAAS. An inverse association between adiponectin and aldosterone has been clearly 

identified in both rodents and humans (Flynn and Bakris, 2011). Our data further supports 

this finding and, interestingly, we show that the negative association between adiponectin 

and aldosterone was only significant in the suppressed renin phenotype group.

4.4. The association of adiposity with aldosterone and renin: classic vs. non-classic 
RAAS activation mechanisms

To explore whether classic or non-classic RAAS activation may be driving associations: 1) 

Regression models were mutually adjusted for aldosterone and renin; and 2) Aldosterone 

associations were examined across categories of renin phenotypes. All adiposity measures 

except for SAT were associated with both renin and aldosterone prior to mutual adjustment. 

Following inclusion of renin, the associations of BMI, WC waist:height ratio, and liver 

attenuation with aldosterone become non-significant. Thus, elevations in these measures 

likely lead to higher serum aldosterone through the classic RAAS pathway, which may 

be explained via several mechanisms. First, sympathetic nervous system activity is greater 

among individuals with obesity and causes activation of the juxtaglomerular cells and 

subsequently activates renin production (Hall et al., 2015). Second, excess adipose tissue 

in the abdominal compartment may compress the kidneys, causing sodium reabsorption in 

the loop of Henle and decreased salt concentration in the filtrate which activates the macula 

densa cells of the juxtaglomerular apparatus and increases renin production (Hall et al., 

2015).

Mutual adjustment for aldosterone and renin led to the attenuation of associations between 

the adipokines and RAAS components. However, they remained significant in both models. 

These findings indicate that the adipokines may modulate RAAS activity and aldosterone 

production through both classic and non-classic pathways. Leptin upregulates sympathetic 

nerve outflow to the kidneys, thereby upregulating renin production (Simonds et al., 

2012). Alternatively, aldosterone production can occur directly in adipocytes that express 

aldosterone synthase (Briones et al., 2012). Aldosterone synthase is activated in the adrenal 

zona glomerulosa via adipokines (leptin, CTRP1) and oxidized VLDL particles (Jeon et 

al., 2008; Xie and Bollag, 2016). Adiponectin may decrease aldosterone through the classic 

pathway, as intravenous and intra-cerebroventricular injections of adiponectin in rats dose 

dependently suppress renal sympathetic activity, thus plausibly reducing renin production 

(Tanida et al., 2007). Additionally, adiponectin lowers aldosterone in a receptor-dependent 

pathway at the level of the adrenal glomerulosa (Li et al., 2009) and conversely, blocking 
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the mineralocorticoid receptor increases adiponectin levels (Guo et al., 2008). In the current 

study, adiponectin was negatively associated with aldosterone only among individuals with 

the suppressed renin phenotype suggesting that the negative association was driven through 

a general reduction in RAAS activity which is consistent with adiponectin acting through 

the classic pathway. Leptin and the LAR were positively associated with aldosterone in both 

the suppressed and unsuppressed renin groups which reinforces the hypothesis that these 

measures may influence RAAS activity through both classic and non-classic mechanisms.

Similar to the findings observed with the adipokines, VAT remained significantly associated 

with renin and aldosterone following mutual adjustment. VAT is metabolically active and 

produces adipokines which can activate aldosterone synthase expression and aldosterone 

secretion from the adrenal cortex (Huby et al., 2015). Furthermore, expression of cathepsin 

D, an angiotensin cleavage enzyme, is upregulated in VAT in obese rodents and humans 

(Masson et al., 2011). Thus, increased VAT may increase aldosterone via increased 

production of RAAS intermediaries that are downstream of renin.

4.5. Strengths and limitations

The strengths of this study include a large contemporary population with comprehensive, 

well-characterized data on a wide variety of adiposity measures, serum RAAS levels, 

medications, and covariates. The limitations of this study warrant discussion. First, analyses 

are based on a single-site cohort of AAs located in the Jackson, MS metropolitan area, 

thus findings may not be generalizable to other AA populations. Second, CT data (Exam 

2, 2005–2008) were not obtained at the same exam as the anthropometric and biological 

estimates (Exam 1, 2000–2004). However, the high ICC for BMI, WC, and waist:height 

ratio between Exams 1 and 2 suggests that measures of adiposity were stable over time. 

Thus, the CT measures likely did not change significantly between exams. Third, the 

findings for effect modification by age, sex, and hypertension status would benefit from 

further confirmation, given these were preliminary secondary analyses. Fourth, the primary 

interest was in estimating the association between adiposity measures and RAAS. We 

present effect estimates and confidence intervals to quantify these associations. We were 

not specifically focused on making binary decisions based on a significance test. Thus, p-

values were presented to be informative rather than as a strict criterion for decision-making. 

P-values were presented at the nominal level, allowing the reader to take multiplicity into 

consideration if they choose to interpret the results in terms of a test with a binary decision 

rule. Finally, analyses were cross-sectional and therefore could not assess temporality.

5. Conclusions

In conclusion, associations of multiple measures of adiposity with both aldosterone and 

renin exist in AAs. Generally, adipokines had the strongest associations with the RAAS. 

In models developed to evaluate potential mechanistic relationships with classical and non-

classical RAAS activation, we found greater associations of anthropometric measures of 

adiposity with renin and potential classical RAAS activation, while adipokines and body 

fat distribution, including adiponectin, leptin, and VAT, were associated with both renin and 

aldosterone, indicating potential for classical and non-classical RAAS activation. Given the 
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high rates of obesity in the US, further studies are warranted to evaluate the role of the 

RAAS system in the development of obesity driven cardiometabolic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The JHS is supported and conducted in collaboration with Jackson State University (HHSN268201800013I), 
Tougaloo College (HHSN268201800014I), Mississippi State Department of Health (HHSN268201800015I/
HHSN26800001), University of Mississippi Medical Center (HHSN268201800010I, HHSN268201800011I and 
HHSN268201800012I), and contracts from the NHLBI and the NIMHD. The project was supported by NCATS 
(UL1TR002733). Preparation of this manuscript was supported by NIDDK (K23DK117041, JJJ) of the NIH and 
The Robert Wood Johnson Foundation Harold Amos Medical Faculty Development Program ID# 76236. The 
authors also wish to thank the staff and participants of the JHS. The content is the sole responsibility of the authors 
and views expressed in this manuscript do not necessarily represent the views of the NHLBI, NIH, NCATS or U.S. 
Department of Health and Human Services.

Supporting grants or fellowships

Preparation of this manuscript was supported by National Institute of Diabetes and Digestive and Kidney Diseases 
(K23DK117041, JJJ) of the National Institutes of Health and The Robert Wood Johnson Foundation Harold 
Amos Medical Faculty Development Program ID# 76236. The JHS is supported and conducted in collaboration 
with Jackson State University (HHSN268201800013I), Tougaloo College (HHSN268201800014I), Mississippi 
State Department of Health (HHSN268201800015I/HHSN26800001), University of Mississippi Medical Center 
(HHSN268201800010I, HHSN268201800011I and HHSN268201800012I), and contracts from the NHLBI and the 
NIMHD. The project was supported by NCATS (UL1TR002733). The content is the sole responsibility of the 
authors and views expressed in this manuscript do not necessarily represent the views of the NHLBI, NIH, NCATS 
or U.S. Department of Health and Human Services.

Data availability

Data will be made available on request.

References

Adamczak M, Kokot F, Wiecek AW, 2000. Relationship between plasma Renin profile and leptinaemia 
in patients with essential hypertension. J. Hum. Hypertens. 14 (8), 503–509. [PubMed: 10962518] 

Allison Matthew A., Jenny Nancy Swords, McClelland Robyn L., Cushman Mary, Rifkin Dena, 2015. 
The associations of adipokines with selected markers of the renin-angiotensinogen-aldosterone 
system: the multi-ethnic study of atherosclerosiS. J. Hum. Hypertens. 29 (2), 127–133. 10.1038/
jhh.2014.40. [PubMed: 24919752] 

Bidulescu Aurelian, Liu Jiankang, Musani Solomon K., Fox Ervin R., Samdarshi Tandaw E., 
Sarpong Daniel F., Vaccarino Viola, et al. , 2011. Association of Adiponectin with left 
ventricular mass in blacks: the Jackson heart study. Circ. Heart Fail. 4 (6), 747–753. 10.1161/
CIRCHEARTFAILURE.110.959742. [PubMed: 21840935] 

Briones Ana M., Cat Aurelie Nguyen Dinh, Callera Glaucia E., Yogi Alvaro, Burger Dylan, 
He Ying, Corrêa Jose W., et al. , 2012. Adipocytes produce aldosterone through calcineurin-
dependent signaling pathways: implications in diabetes mellitus-associated obesity and vascular 
dysfunction. Hypertension 59 (5), 1069–1078. 10.1161/HYPERTENSIONAHA.111.190223. 
[PubMed: 22493070] 

Brown Jenifer M., Robinson-Cohen Cassianne, Fernandez Miguel Angel Luque, Allison Matthew A., 
Baudrand Rene, Ix Joachim H., Kestenbaum Bryan, de Boer Ian H., Vaidya Anand, 2017. The 
Spectrum of subclinical primary aldosteronism and incident hypertension: a cohort study. Ann. 
Intern. Med. 167 (9), 630–641. 10.7326/M17-0882. [PubMed: 29052707] 

Lee et al. Page 11

Endocr Metab Sci. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cicchetti Domenic V., 1994. Guidelines, criteria, and rules of thumb for evaluating normed and 
standardized assessment instruments in psychology. Psychol. Assess. 6 (4), 284–290.

Fisher Naomi DL, Claudio Ferri, Cesare Bellini, Anna Santucci, Ray Gleason, Williams Gordon H., 
Hollenberg Norman K., Seely Ellen W., 1997. Age, gender, and non-modulation. Hypertension 29 
(4), 980–985. 10.1161/01.HYP.29.4.980. [PubMed: 9095087] 

Flynn Colleen, Bakris George L., 2011. Interaction between adiponectin and aldosterone. Cardiorenal 
Med. 1 (2), 96–101. 10.1159/000327023. [PubMed: 22258396] 

Frühbeck Gema, Catalán Victoria, Rodríguez Amaia, Gómez-Ambrosi Javier, 2017. Adiponectin-
leptin ratio: a promising index to estimate adipose tissue dysfunction. Relation with obesity-
associated cardiometabolic risk. Adipocyte 7 (1), 57–62. 10.1080/21623945.2017.1402151. 
[PubMed: 29205099] 

Goodfriend TL, Egan BM, Kelley DE, 1999a. Plasma aldosterone, plasma lipoproteins, obesity and 
insulin resistance in humans. Prostaglandins Leukot. Essent. Fat. Acids 60 (5–6), 401–405.

Goodfriend Theodore L., Kelley David E., Goodpaster Bret H., Winters Stephen J., 1999b. Visceral 
obesity and insulin resistance are associated with plasma aldosterone levels in women. Obes. Res. 
7 (4), 355–362. 10.1002/j.1550-8528.1999.tb00418.x. [PubMed: 10440591] 

Guo C, Ricchiuti V, Lian BQ, Yao TM, Coutinho P, Romero JR, Li J, Williams GH, Adler GK, 2008. 
Mineralocorticoid receptor blockade reverses obesity-related changes in expression of adiponectin, 
peroxisome proliferator-activated receptor-, and proinflammatory adipokines. Circulation 117 (17), 
2253–2261. 10.1161/CIRCULATIONAHA.107.748640. [PubMed: 18427128] 

Hales Craig M., Carroll Margaret D., Fryar Cheryl D., Ogden Cynthia L., 2020. Prevalence of obesity 
and severe obesity among adults: United States, 2017–2018. NCHS Data Brief 360 (February), 
1–8.

Hall John E., do Carmo Jussara M., da Silva Alexandre A., Wang Zhen, Hall Michael E., 2015. 
Obesity-induced hypertension: interaction of neurohumoral and renal mechanisms. Circ. Res. 116 
(6), 991–1006. 10.1161/CIRCRESAHA.116.305697. [PubMed: 25767285] 

Harada Eisaku, Mizuno Yuji, Katoh Daisuke, Kashiwagi Yusuke, Morita Sumio, Nakayama Yoshiharu, 
Yoshimura Michihiro, Masuzaki Hiroaki, Saito Yoshihiko, Yasue Hirofumi, 2013. Increased 
urinary aldosterone excretion is associated with subcutaneous not visceral, adipose tissue area 
in obese individuals: a possible manifestation of dysfunctional subcutaneous adipose tissue. Clin. 
Endocrinol. 79 (4), 510–516. 10.1111/cen.12083.

Hotamisligil Gökhan S., 2006. Inflammation and metabolic disorders. Nature 444 (December), 860–
867. 10.1038/nature05485. [PubMed: 17167474] 

Huan Yonghong, DeLoach Stephanie, Keith Scott W., Goodfriend Theodore L., Falkner Bonita, 2012. 
Aldosterone and aldosterone: renin ratio associations with insulin resistance and blood pressure in 
African Americans. J. Am. Soc. Hypertens. 6 (1), 56–65. 10.1016/j.jash.2011.09.005. [PubMed: 
22024666] 

Huby Anne-Cécile, Antonova Galina, Groenendyk Jake, Gomez-Sanchez Celso E., Bollag Wendy 
B., Filosa Jessica A., de Chantemèle, Belin Eric, J, 2015. Adipocyte-derived hormone leptin is 
a direct regulator of aldosterone secretion, which promotes endothelial dysfunction and cardiac 
fibrosis. Circulation 132 (22), 2134–2145. 10.1161/CIRCULATIONAHA.115.018226. [PubMed: 
26362633] 

Jeon Jun Ho, Kim Kun-yong, Kim Jae Hyeong, Baek Ahmi, Cho Hyungin, Lee Young Ho, Kim Jong 
Wan, et al. , 2008. A novel adipokine CTRP1 stimulates aldosterone production. FASEB J. 22 (5), 
1502–1511. 10.1096/fj.07-9412com. [PubMed: 18171693] 

Joseph Joshua J., Echouffo-Tcheugui Justin B., Kalyani Rita R., Yeh Hsin-Chieh, Bertoni Alain 
G., Effoe Valery S., Casanova Ramon, et al. , 2016. Aldosterone, renin, and diabetes mellitus 
in african americans: the Jackson heart study. J. Clin. Endocrinol. Metab. 101 (4), 1770–1778. 
10.1210/jc.2016-1002. [PubMed: 26908112] 

Joseph Joshua J., Echouffo-Tcheugui Justin B., Kalyani Rita R., Yeh Hsin-Chieh, Bertoni Alain G., 
Effoe Valery S., Casanova Ramon, et al. , 2017. Aldosterone, renin, cardiovascular events and 
all-cause mortality among African Americans: the Jackson heart study. JACC. Heart Failure 5 (9), 
642–651. 10.1016/j.jchf.2017.05.012. [PubMed: 28822744] 

Lee et al. Page 12

Endocr Metab Sci. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Joseph Joshua J., Echouffo-Tcheugui Justin B., Talegawkar Sameera A., Effoe Valery S., Okhomina 
Victoria, Carnethon Mercedes R., Hsueh Willa A., Golden Sherita H., 2017. Modifiable lifestyle 
risk factors and incident diabetes in African Americans. Am. J. Prev. Med. 53 (5), e165–e174. 
10.1016/j.amepre.2017.06.018. [PubMed: 28818415] 

Joseph JJ, Pohlman NK, Zhao S, Kline D, Brock G, Echouffo-Tcheugui JB, Sims M, Effoe VS, 
Wu WC, Kalyani RR, Wand GS, Kluwe B, Hsueh WA, Abdalla M, Shimbo D, Golden SH, 
2021. Association of serum aldosterone and plasma renin activity with ambulatory blood pressure 
in African Americans: the Jackson Heart Study. Circulation 143 (24), 2355–2366. 10.1161/
CIRCULATIONAHA.120.050896. [PubMed: 33605160] 

Katzmarzyk PT, Bray GA, Greenway FL, Johnson WD, Newton RL, Ravussin E, Ryan DH, Smith SR, 
Bouchard C, 2010. Racial differences in abdominal depotspecific adiposity in white and african 
american adults. Am. J. Clin. Nutr. 91 (1), 7–15. 10.3945/ajcn.2009.28136. [PubMed: 19828714] 

Kidambi S, Kotchen JM, Grim CE, Raff H, Mao J, Singh RJ, Kotchen TA, 2007. Association of 
Adrenal Steroids with Hypertension and the metabolic syndrome in blacks. Hypertension 49 (3), 
704–711. 10.1161/01.HYP.0000253258.36141.c7. [PubMed: 17159085] 

Kidambi Srividya, Kotchen Jane M., Krishnaswami Shanthi, Grim Clarence E., Kotchen Theodore 
A., 2009. Aldosterone contributes to blood pressure variance and to likelihood of hypertension 
in normal-weight and overweight African Americans. Am. J. Hypertens. 22 (12), 1303–1308. 
10.1038/ajh.2009.167. [PubMed: 19763119] 

Koch Rainer, Sharma Arya M., 1999. Obesity and cardiovascular hemodynamic function. Curr. 
Hypertens. Rep. 1 (2), 127–130. 10.1007/s11906-999-0006-9. [PubMed: 10981053] 

Kumar Aditi, Blackshear Chad.., Subauste Jose S., Esfandiari Nazanene H., Arioglu Oral, Elif, Angela 
R Subauste., 2017. Fatty liver disease, women, and aldosterone: finding a link in the Jackson heart 
study. J. Endocr. Soc. 1 (5), 460–469. 10.1210/js.2017-00055. [PubMed: 29264501] 

Li Ping, Sun Fei, Cao Huang-Ming, Ma Qin-Yun, Pan Chun-Ming, Ma Jun-Hua, Zhang Xiao-Na, 
Jiang He, Song Huai-Dong, Chen Ming-Dao, 2009a. Expression of adiponectin receptors in 
mouse adrenal glands and the adrenocortical Y-1 cell line: adiponectin regulates steroidogenesis. 
Biochem. Biophys. Res. Commun. 390 (4), 1208–1213. 10.1016/j.bbrc.2009.10.122. [PubMed: 
19878661] 

Licata G, Scaglione R, Ganguzza A, Corrao S, Donatelli M, Parrinello G, Dichiara MA, Merlino G, 
Cecala MG, 1994. Central obesity and hypertension. Relationship between fasting serum insulin, 
plasma renin activity, and diastolic blood pressure in young obese subjects. Am. J. Hypertens. 7 (4 
Pt 1), 314–320. [PubMed: 8031546] 

Liu Jiankang, Fox Caroline S., Hickson DeMarc A., May Warren D., Hairston Kristen G., Carr J 
Jeffery, Taylor, Herman A., 2010. Impact of abdominal visceral and subcutaneous adipose tissue 
on cardiometabolic risk factors: the Jackson heart study. J. Clin. Endocrinol. Metab. 95 (12), 
5419–5426. 10.1210/jc.2010-1378. [PubMed: 20843952] 

Liu Jiankang, Musani Solomon K., Bidulescu J. Aurelian, Carr Jeffery, Wilson James G., Taylor, 
Herman A., Fox, Caroline S., 2012. Fatty liver, abdominal adipose tissue and atherosclerotic 
calcification in african americans: the Jackson heart study. Atherosclerosis 224 (2), 521–525. 
10.1016/j.atherosclerosis.2012.07.042. [PubMed: 22902209] 

Lloyd-Jones Donald M., Hong Yuling, Labarthe Darwin, Mozaffarian Dariush, Appel Lawrence 
J., Horn Van, Linda Greenlund Kurt, et al. , 2010. Defining and setting National Goals 
for cardiovascular health promotion and disease reduction: the American Heart Association’s 
strategic impact goal through 2020 and beyond. Circulation 121 (4), 586–613. 10.1161/
CIRCULATIONAHA.109.192703. [PubMed: 20089546] 

Maiolino Giuseppe, Rossitto Giacomo, Bisogni Valeria, Cesari Maurizio, Seccia Teresa Maria, 
Plebani Mario, Rossi Gian Paolo, et al. , 2017. Quantitative value of aldosterone-renin ratio for 
detection of aldosterone-producing adenoma: the aldosterone-renin ratio for primary aldosteronism 
(AQUARR) study. J. Am. Heart Assoc. 6 (5), e005574. 10.1161/JAHA.117.005574. [PubMed: 
28529209] 

Masson Olivier, Prébois Christine, Derocq Danielle, Meulle Aline, Dray Cédric, Daviaud Danielle, 
Quilliot Didier, Valet Philippe, Muller Catherine, Liaudet-Coopman Emmanuelle, 2011. 
Cathepsin-D, a key protease in breast cancer, is up-regulated in obese mouse and human adipose 

Lee et al. Page 13

Endocr Metab Sci. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissue, and controls adipogenesis. PLOS ONE 6 (2), e16452. 10.1371/journal.pone.0016452. 
[PubMed: 21311773] 

Musani Solomon K., Vasan Ramachandran S., Bidulescu Aurelian, Liu Jiankang, Xanthakis Vanessa, 
Sims Mario, Gawalapu Ravi K., et al. , 2013. Aldosterone, C-reactive protein, and plasma B-type 
natriuretic peptide are associated with the development of metabolic syndrome and longitudinal 
changes in metabolic syndrome components: findings from the Jackson heart study. Diabetes Care 
36 (10), 3084–3092. 10.2337/dc12-2562. [PubMed: 23757435] 

O’Seaghdha Conall M., Hwang Shih-Jen, Vasan Ramachandran S., Larson Martin G., Hoffmann Udo, 
Wang Thomas J., Fox Caroline S., 2012. Correlation of renin angiotensin and aldosterone system 
activity with subcutaneous and visceral adiposity: the Framingham heart study. BMC Endocr. 
Disord. 12 (1). 10.1186/1472-6823-12-3.

Rossi Gian Paolo, Belfiore Anna, Bernini Giampaolo, Fabris Bruno, Caridi Graziella, Ferri Claudio, 
Giacchetti Gilberta, et al. , 2008. Body mass index predicts plasma aldosterone concentrations in 
overweight-obese primary hypertensive patients. J. Clin. Endocrinol. Metab. 93 (7), 2566–2571. 
10.1210/jc.2008-0251. [PubMed: 18445663] 

Simonds Stephanie E., Cowley Michael A., Enriori Pablo J., 2012. Leptin increasing sympathetic 
nerve outflow in obesity. Adipocyte 1 (3), 177–181. 10.4161/adip.20690. [PubMed: 23700530] 

Tanida Mamoru, Shen Jiao, Horii Yuko, Matsuda Morihiro, Kihara Shinji, Funahashi Toru, Shimomura 
Iichiro, 2007. Effects of adiponectin on the renal sympathetic nerve activity and blood pressure in 
rats. Exp. Biol. Med. (Maywood) 232 (3), 390–397. [PubMed: 17327472] 

Taylor Herman A., Wilson James G., Jones Daniel W., Sarpong Daniel F., Srinivasan Asoka, Garrison 
Robert J., Nelson Cheryl, Wyatt Sharon B., 2005. Toward resolution of cardiovascular health 
disparities in African Americans: design and methods of the Jackson heart study. Ethn. Dis. 15 (4 
Suppl. 6) S6–4–17.

Üçkaya G, Ozata M, Sonmez A, Kinalp C, Eyileten T, Bingol N, Koc B, Kocabalkan F, Ozdemir IC, 
1999. Plasma leptin levels strongly correlate with plasma renin activity in patients with essential 
hypertension. Horm. Metab. Res. 31 (07), 435–438. 10.1055/s-2007-978769. [PubMed: 10450836] 

Xie Ding, Bollag Wendy B., 2016. Obesity, hypertension and aldosterone: is leptin the link? J. 
Endocrinol. 230 (1), F7–F11. 10.1530/JOE-16-0160. [PubMed: 27252389] 

Lee et al. Page 14

Endocr Metab Sci. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Aldosterone and renin contributions to the aldosterone:renin ratio. Abbreviations: ARR 

= aldosterone:renin ratio, units of aldosterone are ng/dL, units for renin are ng/mL/h. 

Interpretation: Data points were represented by colors where the highest value of log (ARR) 

was bright red, the mid-range values were yellow and the lowest value of log (ARR) are 

green. The clustering of the high log (ARR) values around the zero point for renin indicates 

that the log (ARR) is driven primarily by low renin values. The black line denotes the slope.
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Fig. 2A. 
Categorical associations of biomarkers, anthropometric estimates, and CT measures of 

adiposity with log-aldosterone. Model adjusted for age, sex, education, occupation, systolic 

blood pressure, smoking, and physical activity (AHA-Life’s Simple 7). Aldosterone, 

biomarkers, and CT images were log-transformed. Abbreviations: SAT = subcutaneous 

adipose tissue; VAT = visceral adipose tissue, WC = waist circumference, LA-Ratio = 

leptin:adiponectin ratio.
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Fig. 2B. 
Categorical associations of biomarkers, anthropometric estimates, and CT measures of 

adiposity with log-renin. Model adjusted for age, sex, education, occupation, systolic blood 

pressure, smoking, and physical activity (AHA-Life’s Simple 7). Aldosterone, biomarkers, 

and CT images were log-transformed. Abbreviations: SAT = subcutaneous adipose tissue; 

VAT = visceral adipose tissue, WC = waist circumference, LA-Ratio = leptin:adiponectin 

ratio.
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