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4. Rationale:  
  
 Obesity is a major risk factor for cardiovascular diseases (CVD) by means of contributing to 
the development of metabolic risk factors, in addition to its direct effects on the cardiovascular 
system.  It is frequently accompanied by other metabolic abnormalities, clustering of which is 
defined as metabolic syndrome. Metabolic syndrome predisposes to a 5-fold higher risk of type 2 
diabetes and an up to 2-fold higher risk of CVD1. Individuals with obesity but without metabolic 
syndrome, described as having metabolically healthy obesity (MHO), have lower risk of adverse 
cardiovascular outcomes than individuals with metabolically unhealthy obesity (MUO). 2,3. 
However, MHO is an inherently unstable phenotype, with approximately half developing MUO 
over a few years of follow-up4.  
 
 Public health interventions to facilitate weight reduction have not yet mitigated the obesity 
epidemic, and individuals with obesity suffer from a high CVD burden. Thus, novel approaches 
are needed to better understand the mechanisms by which excess adiposity increases metabolic 
risk to mitigate the cardiovascular risk in the general population. 
 
 Adipokines are cytokine-like molecules secreted from adipose tissue, which have paracrine 
and endocrine effects on target tissues5. Excess adiposity, particularly visceral obesity, leads to 
adipose tissue dysfunction, which manifests as altered production and secretion of pro- and anti-
inflammatory adipokines5,6. Two of the most studied adipokines are leptin, with mainly pro-
inflammatory properties and adiponectin,  an anti-inflammatory adipokine7.  
 
 These adipokines mediate cardiovascular risk through effects on insulin resistance, 
hypertension8,9, dyslipidemia10, and other direct end-organ effects11,12. It is therefore plausible 
that among individuals with similar weight, adipokines might help explain the heterogeneity in 
metabolic risk status (metabolically healthy vs unhealthy), and in the development of metabolic 
syndrome and diabetes. 
 
 In this study, we aim to assess the associations of adipokines with prevalent metabolic risk 
status (metabolically healthy or unhealthy), and prevalent metabolic syndrome and diabetes, 
among middle-aged Atherosclerosis Risk in Communities (ARIC) study participants with and 
without obesity. Furthermore, we will assess how adipokine levels relate to incident metabolic 
syndrome and diabetes, and transitions in metabolic health, among individuals with similar 
weight status. Our study will provide valuable insights regarding the heterogeneity in metabolic 
risk among individuals with obesity and help guide therapeutic strategies targeting adipokines to 
address adverse health outcomes associated with obesity. 
 
 
5. Main Hypothesis/Study Questions: 
Aim 1: To investigate and compare the associations of adipokines with prevalent metabolic risk 
status (metabolically healthy vs metabolically unhealthy), and with prevalent metabolic 
syndrome and diabetes 

Aim 2: To investigate how adipokines are related to the development of metabolic syndrome and 
diabetes and to transitions in metabolic risk status over time. 
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Aim 3: To examine the associations of adipokines with individual components of metabolic 
syndrome  
 
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present). 
 
Study design: We will evaluate the cross-sectional associations between adipokines 
(adiponectin, leptin, and leptin/adiponectin ratio) and prevalent metabolic risk status among 
ARIC participants who attended ARIC Visit 2 (1990-1992) and have variables of interest 
measured. We will further evaluate the prospective associations of adipokines with incident 
metabolic syndrome and diabetes at Visit 4 (1996-1998), among individuals with and without 
obesity. We will also evaluate the associations of adipokines with transitions in metabolic risk 
status from Visit 2 to Visit 4. 
 
Exclusions: We will exclude individuals missing measurements of adipokine levels. We will 
also exclude a small number of individuals who are not of black or white race, and those who are 
missing covariates of interest. For the primary analyses, we will exclude the relatively small 
number of individuals with diabetes without metabolic syndrome (as most individuals 
developing type 2 diabetes progress from having metabolic syndrome), but these individuals will 
be included in secondary analyses. For prospective analyses examining the risk for incident MetS 
and diabetes, we will exclude participants with MetS and/or diabetes at Visit 2.  
 
Exposures: Our main exposures will be adipokines: adiponectin, leptin, and leptin-adiponectin 
ratio. Adipokines are measured from stored samples from ARIC Visit 2 participants using Slow 
Off-rate Modified Aptamer (SOMAmer)-based capture array, that has been shown to correlate 
highly with ELISA-based targeted protein measurements of adiponectin and leptin. We will 
model adipokines as tertiles in primary analysis, but will also consider analyses with adipokines 
modeled continuously with log transformation as needed for skewed distributions. Obesity will 
be defined as having a body mass index (BMI; defined by weight in kg / height in meters 
squared) of ≥30 kg/m2. Individuals with a BMI of <30 kg/m2 will be classified as individuals 
without obesity. 
 
Outcomes: We will use AHA/NHLBI criteria to define metabolic syndrome13. Presence of 3 or 
more of the following 5 risk factors will be classified as having metabolic syndrome: (1) waist 
circumference ≥102 cm in males and ≥88 cm in females; (2) HDL cholesterol <40 mg/dL in 
males and <50 mg/dL in females; (3) triglycerides ≥150 mg/dL; (4) elevated blood pressure 
(systolic blood pressure ≥ 130 mmHg and/or diastolic blood pressure ≥ 85 mmHg and/or use of 
anti-hypertensive medications); and (5) fasting hyperglycemia (fasting glucose ≥ 100 mg/dl 
without diabetes mellitus). To be consistent with prior ARIC studies, diabetes status will be 
defined based on self-reported physician diagnosis, anti-diabetic medication use, or elevated 
plasma glucose (fasting ≥126 mg/dL; non-fasting ≥200 mg/dL). Our three primary outcomes are 
as follows: 

1) Metabolically healthy, defined as no metabolic syndrome or diabetes (reference) 
2) Metabolically unhealthy, defined as the presence of metabolic syndrome 
3) Metabolically unhealthy (metabolic syndrome present) with diabetes 
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We will also evaluate overall prevalent metabolic syndrome and prevalent diabetes at Visit 2. 
 
In prospective analyses we will evaluate the associations of Visit 2 adipokines with transitions in 
metabolic risk status from Visit to Visit 4, as well as with incident metabolic syndrome and 
diabetes from Visit 2 to Visit 4. We will consider further analyses examining incident diabetes 
any time after Visit 2 as an additional outcome.  
 
Covariates: We will adjust for Visit 2 measures of age, sex, race-center, smoking status, 
socioeconomic status, C-reactive protein. We will conduct analyses stratified by obesity status.  
 
Main analyses:  

1) We will present baseline characteristics of the participants as means for continuous 
variables and proportions for categorical variables, stratified by metabolic risk category 
and baseline obesity 

2) In cross-sectional analyses, we will use multinomial logistic regression to evaluate the 
associations of adipokines with prevalent metabolic risk status at Visit 2 using the 
following categories: 

a. Metabolically healthy, defined as no metabolic syndrome or diabetes (reference) 
b. Metabolically unhealthy, defined as the presence of metabolic syndrome 
c. Metabolically unhealthy (metabolic syndrome present) with diabetes 

 Analyses will be performed in the overall study population, and also 
stratified by obesity status 

 We will conduct sensitivity analyses including a category for persons 
with diabetes but without metabolic syndrome. 

 We will also perform logistic regression analyses examining the 
association of adipokines with prevalent metabolic syndrome and 
prevalent diabetes at Visit 2. Adipokines will be modeled continuously 
in cubic spline models in secondary analyses. 

3) We will demonstrate the cross-sectional univariate associations between measures of 
adiposity (BMI and waist circumference) and adipokine levels comparing adipokine 
distributions by obesity status and using restricted cubic splines. 

4) In prospective analyses, we will use relative risk regression (or logistic regression) to 
estimate the relative risks and confidence intervals for the association of tertiles of 
adipokines and incident MetS and diabetes at Visit 4. 

5) For each of the metabolic risk categories at baseline (Visit 2), we will investigate the 
associations between adipokines and transitions between metabolic risk categories (from 
Visit 2 to Visit 4). Analyses will be performed in the overall population and stratified by 
obesity status. Metabolic risk transitions of particular interest are: 

a. Odds of progression in metabolic risk from metabolically healthy to unhealthy 
b. Odds of any increase in metabolic risk category: from metabolically healthy to 

unhealthy or from metabolically unhealthy to metabolically unhealthy with 
diabetes 

c. Among those with metabolically unhealthy status at Visit 2, odds of progression 
(to metabolically unhealthy with diabetes) vs regression (to metabolically healthy) 
in metabolic risk  
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6) We will examine associations of adipokines with individual components of metabolic 
syndrome, and with overall metabolic syndrome severity as defined by an established 
metabolic syndrome Z-score14. 

7) We will test for effect measure modification by obesity status, sex (male, female) and 
race (White, Black). We will report stratified results if statistically significant effect 
measure modification is present. 

 
 
Limitations:  

- We may not be able to fully eliminate residual confounding due to the observational nature 
of the study. 

- We cannot assess the directionality of a potential causal association in cross-sectional 
analyses. 

- We may have limited statistical power to evaluate further interactions by different 
covariates after stratification by metabolic risk and obesity status. 
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