




ABSTRACT
Background: Previous studies have reported that leptin increases the risk of atherogenesis and cardiovascular (CV) disease. However, the role that leptin plays in the development of atherosclerosis and the risk of CV events is complex in patients with type 2 diabetes. 
Objective: Evaluate the association between altered baseline leptin profiles and baseline atherosclerosis measurements in Bypass Angioplasty Revascularization Investigation Type 2 Diabetes (BARI 2D) patients with type 2 diabetes mellitus (T2DM) and determine if the association between baseline leptin and subsequent CV events was modified by the severity of baseline atherosclerosis.

Methods: BARI 2D was a clinical trial with 2x2 factorial design that simultaneously randomized 2,368 participants with T2DM to prompt or delayed revascularization and to insulin sensitizing or insulin providing treatment. Atherosclerosis at baseline was quantified with the Myocardial Jeopardy Index (MJI). The cross-sectional associations between baseline leptin and MJI accounting for other demographic and clinical characteristics were tested using chi-square tests, Wilcoxon tests, and linear regression models. The effect of baseline leptin on subsequent CV events was assessed using Kaplan-Meier estimates, log rank tests and Cox proportional hazard regression models. 
Results: Patients with lower leptin levels had significantly higher baseline BMI, insulin and C-reactive protein levels. In multivariate linear regression models with the adjustment for demographics and clinical risk factors of CVD, each SD increase baseline leptin levels were significantly associated with the estimated 1.92% increase in MJI scores (β(se): 1.92 (0.67), p-value=0.004); however, upon inclusion of BMI, the association was attenuated β(se): 0.31 (0.77), p-value=0.69). Unadjusted Kaplan-Meier survival analyses indicated that the risk of MI was greatest for patients with low leptin levels (mortality rate=14%, p-value=0.06). The association between baseline and subsequent CV outcomes was not modified by severity of baseline atherosclerosis (MJI).
Conclusion: Low leptin could serve as a clinical predictor of future MI among participants with T2DM, which may potentially lead to an intervention.  This has public health significance when considering the large disease and economic burden of both T2DM and CVD morbidities in the United States.
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1.0  Introduction

Obesity is pandemic at the current time. Its prevalence has increased about three-fold worldwide since 1975 (1). Today, one out of three people worldwide is overweight or obese 
 ADDIN EN.CITE 
(2)
. In the United States, 70.9% of men and 61.9% of women are overweight or obese 
 ADDIN EN.CITE 
(2)
. Obesity has also affected 17.2% of the U.S. children aged 2-19 years(3). Unfortunately, excess weight predisposes people to numerous chronic diseases. Previous research has demonstrated that obesity is positively associated with metabolic syndrome (4), diabetes mellitus (5), and an independent risk factor of cardiovascular disease 
 ADDIN EN.CITE 
(6)
.  In 2010, high body mass index (BMI ≥25) alone attributed to 3.4 million deaths, 4% of years of life lost (YLL), and 4% of disability-adjusted life-years (DALY) worldwide 
 ADDIN EN.CITE 
(7)
. 
However, in a prospective cohort study (see Appendix 1) with 71 middle aged healthy participants, Biasucci et al. found that carotid intima-media thickness is significantly lower in people with extreme obesity compared to obese or normal-weight participants
 ADDIN EN.CITE 
(8)
. The obesity paradox phenomenon, when obese individuals have surprisingly better outcomes than lean counterparts, has been noted with multiple cardiovascular outcomes including myocardial infarction 
 ADDIN EN.CITE 
(9)
, heart failure (10), and hypertension (11). The underlying mechanisms through which excess body fat puts some, but not all, people at higher risk for morbidity and early mortality are still unclear. The answer to this puzzle may lay in a hormone that is released by fat tissue itself, that is, leptin.

1.1 Leptin Biology

Adipose tissue is a fat repository that controls energy metabolism 
 ADDIN EN.CITE 
(12)
. Adipose tissue responds to body needs by releasing hormones often referred to as adipokines. Leptin is one of the prominent adipokines with a polypeptide chain and is secreted by white fat cells (13). Recent studies demonstrate that leptin is vital for human survival to regulate food intake and metabolism 
 ADDIN EN.CITE 
(14, 15)
. In times of hunger and less food intake, the level of serum leptin decreases signaling hypothalamus to increase appetite and reduce energy expenditure. In times of food abundance, the leptin level increases triggering satiety feeling in the brain to stop food uptake and increase fat storage. Thus, body weight stability is influenced by leptin, and its levels are strictly proportional to the amount of fat in the body.
Although obese people have elevated leptin levels, these circulating leptin levels seem to fail to maintain body fat stores within normal ranges (16). This concept is referred as leptin resistance, or hyperleptinemia, when the feedback loop that exists between leptin signals and hypothalamus response attenuates, and the body receptors develop poor responsiveness to the change in plasma leptin levels 
 ADDIN EN.CITE 
(16, 17)
.
Twenty-four years of research on leptin has revealed that leptin’s role is not limited to appetite control, rather leptin has a wide range of physiological effects on human reproduction, immune system, metabolism, heart function, and even hematopoiesis (18). The reason for leptin’s plethoric effects could be in the biology of the hormone. For example, leptin has six isoforms of membrane receptors. Only one of them has a long structure (Ob-Rb), and the rest of the five isoforms have a short structure (Ob-Ra, Ob-Rc, Ob-Rd, Ob-Rf, and Ob-Re) 
 ADDIN EN.CITE 
(13, 19)
. Due to its structure, the long isoform can activate the Janus kinase (JAK) pathway and trigger hypothalamus to exhibit the central effect of leptin, while the short isoforms cannot activate this pathway, and subsequently, they are mostly expressed throughout the body tissues, such as liver, kidney, pancreas, heart and lungs, to exert the peripheral effects of leptin (13).
1.1.1 Leptin is a Link between Obesity and Cardiovascular Disease
Since leptin is an adipose tissue secreted hormone, many researchers hypothesized that effects of leptin on obesity-accompanied diseases, such as CVD, depends on BMI. However, the results have varied. For instance, in a cross-sectional study with 1,016 community dwelling elderly people (see Appendix 1), Gonzalez et al. found that adjusting for gender, risk factors of coronary artery disease and insulin resistance, leptin was significantly inversely related to endothelial independent and dependent vasodilatation; however, this association was not independent of BMI 
 ADDIN EN.CITE 
(20)
. 
By contrast, in a prospective study (n = 644) (see Appendix 1), Van der Vleuten et al. found that high leptin (>90th percentile) was an independent risk factor for heart disease in participants with familial combined hyperlipidemia (FCH), a composite term for hypocholesteremia and hypertriglyceridemia, compared to low leptin (< 90th percentile), after controlling for adiposity, insulin resistance, and gender 
 ADDIN EN.CITE 
(21)
. Therefore, despite being one of the adipokines, leptin effects on CVD are not always dependent on body mass, and more research is needed to determine its role in development of obesity-related diseases, such as atherosclerosis, heart disease, and diabetes mellitus.
1.1.2 Effects of Leptin on the Development of Atherosclerosis
Atherosclerosis is a chronic disease of arteries and a major risk factor of cardiovascular disease 
 ADDIN EN.CITE 
(22)
. Atherosclerosis starts from endothelial damage in early life and continues as chronic subclinical inflammation and gradual plaque accumulation inside arteries (23). The disease manifests itself only when arteries become occluded due to increased formation of lesions slowing down blood flow to body tissue and causing different clinical diseases, such as heart disease, stroke and peripheral artery disease 
 ADDIN EN.CITE 
(22, 24)
. It is therefore crucial to investigate the causal pathway from subclinical atherosclerosis to clinical disease manifestation to be able to intervene with a preventive therapeutic approach.

Leptin interacts with vasculature system at several levels. First, leptin exerts central actions through Ob-R receptors in sympathetic nerve system (SNS) 
 ADDIN EN.CITE 
(25, 26)
.Constant activation of SNS under hyperleptinemia could be one of the pathways leading to hypertension and consequent damage of endothelium. Second, leptin exhibits peripheral actions through short-isoform receptors widely expressed on the endothelial cells, vascular smooth muscle cells, macrophages and foam cells 
 ADDIN EN.CITE 
(27, 28)
. Consequently, leptin may participate in the development of thrombosis, platelet aggregation, calcification of plaques, and overall regeneration of endothelium after vascular injury 
 ADDIN EN.CITE 
(29-31)
. 

In addition to the vascular effects of leptin, leptin might cause atherosclerosis via involvement in oxidative stress and low-grade inflammation of arteries. In a cross-sectional study with normal weight normotensive individuals (n=30, age=53.5±3.5 years), obese normotensive individuals (n=45, age=55.5±5.5 years), and obese hypertensive individuals (n=50, age=55.4±4.5 years), in multivariate regression analyses, lipid peroxidation was significantly associated with leptin levels in both normotensive (0.58±0.08, P<0.01) and hypertensive (0.65±0.09, P<0.01) obese participants, which suggests a possible role of leptin in generation of reactive oxygen species (ROS) in obesity (32). Previously, studies reported that ROS over-generation is causally related to atherogenesis (33)  ROS levels are generally increased in insulin resistance (34); therefore, excess ROS levels under hyperleptinemia could be a serious issue in patients with obesity and diabetes, since these two conditions, insulin resistance and hyperleptinemia, may be synergistic in their effects on ROS stimulation to accelerate atherosclerosis in obese people with diabetes mellitus (34). 

Additionally, leptin is involved in low-grade inflammation through promotion of inflammatory cytokines, such as TNF-alpha, IL-6 and CRP 
 ADDIN EN.CITE 
(13, 35)
. Chronic inflammation of arteries is a major factor that leads to the progression of atherosclerosis. In a cross-sectional study, 1,460 healthy overweight participants, Martin et al. reported that among participants with CRP levels ≥3 mg/l, leptin was associated with a 2.18 times greater risk of CAC (OR= 2.18, 95% CI 1.29-3.66), than in individuals with CRP levels <3 mg/l 
 ADDIN EN.CITE 
(36)
. These findings suggest that people with high levels of leptin and CRP could be at increased risks of atherosclerosis. 

Finally, atherosclerosis is the result of long-term inflammation in endothelium, and leptin may promote atherosclerosis through its effects on blood pressure, oxidative stress and pro-inflammatory cytokines.
1.1.3 Effects of Leptin on the Risk of Cardiovascular Disease
Cardiovascular disease (CVD) is the leading cause of death worldwide 
 ADDIN EN.CITE 
(37)
. Over one third of the world population or 17.3 million people died from CVD in 2013 
 ADDIN EN.CITE 
(37)
. In the United States, 92 million Americans live with some type of CVD 
 ADDIN EN.CITE 
(37)
. In the last two decades, obesity and type 2 diabetes have become most prevalent major risk factors of CVD (38). As two-thirds of the United States population are considered overweight or obese (39), more Americans could be at a greater risk for CVD in the future. Indeed, it is estimated that 44% of the people in the United States will be living with CVD by 2030 
 ADDIN EN.CITE 
(37)
. Therefore, it is a significant public health issue to determine the underlying pathways linking obesity and CVD.

Since leptin was discovered over 20 years ago, leptin has been a target of much research. Cardiovascular actions of leptin have been debated repeatedly, as some studies reported leptin as a predictor of CVD 
 ADDIN EN.CITE 
(40-45)
, while others claimed that leptin is beneficial for vascular health 
 ADDIN EN.CITE 
(46-48)
. For instance, in a cross-sectional study of healthy adolescents (see Appendix 1), Singhal et al. reported that every 10% elevation in leptin significantly increased the risk of arterial distensibility by 1.3%, which is an indication of early atherosclerosis, controlling for adiposity, blood pressure, CRP, fasting blood sugar levels, and lipid profile (43).

In a nested case-control study of 62 men aged 24 – 65 years with acute myocardial infarction (AMI) and 124 controls (see Appendix 1), using the multivariate logistic regression models, Söderberg et al. found that patients with high leptin (> 6.4 ng mL) had 8.97 times greater risks of AMI (95% CI 1.73- 46.5) than participants with low leptin (≤3 ng mL) taking into account BMI, hypertension, history of diabetes, smoking, cholesterol, and insulin (41).
In another nested case-control study based on a large prospective study (the West of Scotland Coronary Prevention Study-WOSCOPS) with 56-year-old 377 male cases and 783 controls (see Appendix 1), Wallace et al. demonstrated the highest leptin quintile significantly predicted first coronary outcome (RR= 1.18, 95% CI 1.0-1.39, p-value= 0.05) compared to the lowest leptin quintile  controlling for BMI, age, SBP, glucose, and CRP after five-years of follow-up 
 ADDIN EN.CITE 
(42)
.

However, other studies revealed contradicting results. A prospective cohort (N=981) study with 67 years-old mostly male veterans diagnosed with stable coronary artery disease (CAD) (see Appendix 1), using fully adjusted Cox proportional hazards models, Ku et al. reported low leptin levels (below sex-specific median values) baseline leptin posed 37% greater hazards of the composite outcome of myocardial infarction, stroke, transient ischemic attack or death (HR=1.37, 95% CI 1.06-1.76, p-value= 0.02), compared to high leptin levels (above sex-specific median values) independent of age, race, adiposity, CVD risk factors, and biomarkers after six years of follow-up 
 ADDIN EN.CITE 
(46)
. 

Additionally, another prospective study with 59 participants hospitalized with CVD (see Appendix 1), using unadjusted Kaplan-Meier survival analyses, Simiti et al. demonstrated that high baseline leptin (> 2000 pg/ml) was related to 70% survival rate from a composite outcome of angina, heart failure, and non-fatal myocardial infarction (HR= 0.38, 95% CI 0.17-0.83, p-value= 0.01) compared to 41% in participants with low baseline leptin (< 2000 pg/ml) over two years of follow-up (48).

 These findings suggest that the direction of the leptin effect is still unclear. The reason for conflicting results could be due to the evaluation of different populations, as some studies had participants free from CVD at baseline while others recruited patients with known CVD. Also, studies varied in the sample sizes and study designs, and we know that prospective observational studies are better in assessing temporality of events and that cross-sectional and case-control studies are limited in this respect. Finally, there could be discrepancies regarding the covariates included in the models to adjust for bias. To sum-up, more advanced research with a larger sample size is needed to determine if leptin is a beneficial or a detrimental cytokine for cardiovascular function.
1.1.4 Effects of Leptin on the Risk of Type 2 Diabetes

Type 2 Diabetes (T2DM) is a chronic disease associated with global burden for public health. In the United States, 23 million people live with diagnosed T2DM, with an additional 8 million individuals with undiagnosed T2DM, and an additional 82 million people at high risk for T2DM 
 ADDIN EN.CITE 
(37)
. In 2015, T2DM attributed to 79,535 deaths ranking the seventh deadliest disease in the US (49).
Leptin and insulin are major metabolic hormones. Leptin is primarily responsible for lipid metabolism, while insulin controls glucose metabolism. Both hormones control each other’s actions through “adipo-insular axis”(50). Through this mutual interaction, leptin inhibits insulin production in pancreas, and insulin, in turn, increases adiposity and stimulates leptin secretion (Figure 1). Therefore, leptin and insulin regulate each other to maintain metabolic homeostasis in the body.
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Figure 1. A Relationship between Leptin and Insulin
Reprinted from Kieffer TJ et al. (51), page E3. Copyright 2000 by the American Psychological Society (Permission Not Required)
Autonomous Nervous System (ANS); A negative sign “-” indicates an inhibitory effect, and a positive sign shows “+” a stimulatory effect.
There have been a handful of studies that focused on the relationship between leptin and CVD risks among patients with T2DM 
 ADDIN EN.CITE 
(52-54)
. For instance, a cross-sectional study with 145 Kuwaiti patients with T2DM aged 57-66 years (Appendix 1), using logistic regression models, Abdella et al. showed leptin levels were not associated with the risk of CVD compared to people with non-CVD (the effect size was not published, p=0.49) controlling for CRP, glucose, traditional risk factors of CVD and biomarkers 
 ADDIN EN.CITE 
(52)
. 
Also, a prospective cohort study with 1,194 females with T2DM (Appendix 1), using the fully adjusted Cox models, Brennan et al. demonstrated that leptin quintiles were not related to the incidence of a combined outcome of fatal MI, non-fatal MI, stroke, CABG, PTCA or all-cause mortality in this cohort of women (respectively RR=1.02; p-trend= 0.83 and RR=1.0; p-trend=0.54) controlling for demographics, lifestyle factors, history of CVD, hypertension, lipids, medication use, such as aspirin, insulin, oral contraceptives, and fasting status, after 12 years of follow-up 
 ADDIN EN.CITE 
(53)
.

In another cross-sectional study with veterans (174 males and 26 females) aged 35-75 years with confirmed T2DM (Appendix 1), using the fully adjusted ordinal regression models, Reilly et al. reported that 5 ng/ml increase in leptin level was associated with the 32% increased risk of being in the highest CAC category in the veterans (95% CI: 1.09-1.58, p-value= 0.004) after adjusting for demographics, lifestyle factors, lipids, insulin resistance, history of CVD, BMI, waist circumference, and medication intake, such as aspirin, insulin, metformin, sulfonylureas, thiazolidinedione, beta-blockers, and angiotensin-converting enzyme inhibitors 
 ADDIN EN.CITE 
(54)
.
The above studies have heterogeneous study populations and study designs. For example, the study participants in the cross-sectional study by Abdella et al.
 ADDIN EN.CITE 
(52)
 were comprised of the Kuwaiti ethnicity, while the cross-sectional study by Reilly et al. 
 ADDIN EN.CITE 
(54)
 enrolled mostly male veterans, and the prospective study by Brennan et all.
 ADDIN EN.CITE 
(53)
 recruited only females. Also, there were discrepancies in major confounding factors, such as adjustment for T2DM treatment, as in the study of Reilly et al. and Brennan et al. the association between leptin and the primary outcomes were controlled for insulin, metformin and sulfonylureas use, while in the study of Abdella et al. this adjustment was not made. To sum-up, heterogeneity of the study participants and inconsistent adjustment for confounding factors could play a major role in obtaining dissimilar results, which makes comparison of these studies difficult. Therefore, it is significant to conduct more advanced research in this cohort of people with dual co-morbidity-CVD and T2DM, to examine the effect of leptin levels on CVD development in the presence of T2DM. 

1.2 this study’s objectives

So far, we have discussed the associations between leptin, a hormone produced by fat tissue, and various obesity-related diseases, such as atherosclerosis, cardiovascular disease, and diabetes mellitus. The relationship of leptin levels with these diseases is as complex as the complicated nature of these multifactorial conditions. Nevertheless, it is vital for public health to conduct more research on the effects of leptin on the development of these obesity-accompanied diseases, to understand and separate the causal pathways between them, to ideally develop a therapeutic solution for both CVD and T2DM.

Little research has been conducted on the effect of baseline leptin on atherosclerosis severity and follow-up CV outcomes among patients with confirmed CVD and T2DM diagnoses. Also, most of the previous data analyses were cross-sectional and with inconsistent adjustment for T2DM treatment. Therefore, this study focuses on the two unique hypotheses that were sparsely addressed in this cohort of dual morbidity of CVD and T2DM using the BARI 2D data. Finally, no study measured the effect of leptin on severity of atherosclerosis at study entry using the Myocardial Jeopardy Index (MJI) scores. 

In the context of randomized clinical trial, the Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D), which is a 2X2 factorial randomized clinical trial, we proposed two objectives:

The first objective was to examine the cross-sectional association of baseline leptin and baseline severity of atherosclerosis, assessed by the MJI scores, in the BARI 2D trial patients with diagnosed CVD and T2DM.
The second objective was to identify if the association between baseline leptin and subsequent CV events was modified by MJI scores over five-years of follow-up.
2.0  methods
2.1 the study design

The BARI 2D trial has been previously described (55). The trial was coordinated by the University of Pittsburgh and collaborated internationally with 49 clinical sites. The institutional ethics committee approved the study, and all participants provided voluntary informed consent. Recruitment was carried out between January 2001 and March 2005, and patient follow-up ended in November 2008.
2.1.1 Eligibility Criteria

Participants were eligible for participation if they were adults over 25-years, diagnosed with T2DM and angiographically confirmed coronary artery disease (CAD) with at least one significant lesion (≥ 50% artery occlusion). Also, patients were also eligible for the study if they were diagnosed with classic angina with physical exertion, negative pre-procedure stress test results and ≥ 70% artery occlusion. However, participants were ineligible for participation if they were referred to have immediate coronary revascularization or another cardiovascular intervention, had a history of previous coronary revascularization within one year or were diagnosed with functional class III or IV congestive heart failure according to New York Heart Association. Patients were also ineligible for participation if they had ≥50% occlusion identified in the left main coronary artery, liver disease, HbA1c levels were greater than 13%, or serum creatinine was higher than 2.0 mg/dL.

2.1.2 Interventions

For CAD treatment, participants were randomized into either prompt revascularization with intensive medical therapy or intensive medical therapy alone with delayed revascularization if required. For the revascularization procedure, the physician could select either coronary artery bypass graft (CABG) surgery or percutaneous coronary intervention (PCI) based on the patients’ anatomy and clinical profile, and the randomization was stratified based on this pre-specified choice. Simultaneously, for T2DM treatment, patients were assigned to receive either insulin sensitizing (IS) or insulin providing therapy (IP). For glycemic control, the aim was to keep hemoglobin A1c (HbA1c) level lower than 7%.

2.1.3 The Ancillary Study
The leptin data analyzed in this paper were obtained from a BARI 2D ancillary study that focused on measuring adipokines. The study details, blood sample collection and assessment methods were published earlier 


(56) ADDIN EN.CITE . The blood samples were collected following an overnight fast. Of the 2,368 randomized BARI 2D patients, 2,330 participants had blood samples available at study entry for the analysis of the selected adipokines, including leptin, adiponectin, monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and C-reactive protein (CRP). The blood tests were conducted at the Core Laboratory of Clinical Biochemistry Research at the University of Vermont. Leptin was analyzed using a bead-based multiplex assay system (Millipore Adipokine Panel B). The intra-assay coefficients of variation ranged between 5% and 8.5%. Blood measurements were taken at baseline, year 1, and last visit.

2.1.4 Coronary Anatomy Angiographic Outcomes

Coronary angiography was performed for each BARI 2D patients at study entry at the participating clinical sites using standard protocols. The baseline angiograms were sent to a Core Laboratory at Stanford University where the MJI was calculated based on a previously developed algorithm 
 ADDIN EN.CITE 
(57)
. An angiographer, who was blinded to baseline characteristics, randomization, and outcomes, assessed baseline angiograms of the participants 
 ADDIN EN.CITE 
(58)
. Another  reader, who was blinded to the results of the previous angiogram interpretations, adjudicated the angiogram results for the second time (59).  The MJI was originally developed within the BARI trial to describe angiogram results in patients assigned for revascularization (59). A lesion with the 50% occlusion of the vessel was considered significant. Each occluded branch was assessed and scored, and afterwards, the summed scores were divided by the total number of left ventricular territory (59). Thus, the MJI estimates the proportion of myocardium at risk for ischemia due to an upstream major lesion localized in branches relative to the total healthy left ventricular score. MJI ranges from 0 to 100, and the higher score suggests more severe jeopardized myocardium and extent of coronary artery disease (CAD) with the following ranges: ≤25 – low, 26-50% - moderate, 51-75% - mid, 76 - 100% - high.

2.1.5 Clinical Event Outcomes

The long-term cardiovascular outcomes analyzed in this study include the following major endpoints over 5-years of follow-up:

	1) Fatal and non-fatal myocardial infarction (MI)  

	2) Cardiac death (CD)

	3) The composite outcome of MI or CD

	4) The composite outcome of MI, cardiovascular death (CV death) or stroke.


Myocardial infarction was confirmed based on a two-fold increase in creatinine kinase MB or troponin, and 12-lead electrocardiography and/or imaging results 
 ADDIN EN.CITE 
(58)
. A Core Laboratory at St Louis University determined myocardial infarction diagnoses, and the cause of death was adjudicated by a central Mortality and Morbidity Committee 
 ADDIN EN.CITE 
(58)
. 

2.2 statistical analysis

Continuous variables were reported as means and ± SD for normally distributed variables, and as median and interquartile range (Q1, Q3) for variables with a non-normal distribution. Categorical variables were summarized as frequencies and percentages. Baseline serum leptin levels were continuous measurements with a right skewed distribution, with a median and a IQR: 17823.97 ng/ml (8728.66 ng/ml, 34332.50 ng/ml). Leptin was log-transformed and afterwards, standardized using sex-specific mean and SD of baseline log leptin. The log standardized leptin levels were then categorized into quartiles in order to test for linear or non-linear relationships between baseline leptin and baseline covariates. 
Baseline continuous covariates were examined by leptin quartiles using Student t-tests and Wilcoxon tests. Baseline categorical covariates were assessed by leptin quartiles using chi-square tests and Fisher’s tests. Correlations between two continuous variables were measured using Spearman and Pearson correlation coefficients. 
The MJI was a main dependent variable with a normal distribution and treated as both a continuous and a categorical variable categorized into two groups based on a previously identified cut-point of 50: MJI <50 vs. ≥50 (59).  BMI was computed as body weight (kg) divided by squared height (m2). Linear regression models were used to assess the cross-sectional association between baseline leptin and baseline clinical atherosclerosis measurements (MJI). 
Cox proportional hazard models and log-rank tests for Kaplan-Meier survival curves were used to assess if the association between baseline leptin quartiles and subsequent CV clinical outcomes was modified by the severity of baseline atherosclerosis (MJI). Interaction terms of baseline leptin quartiles with the dichotomous atherosclerosis measurement (MJI <50 vs. ≥ 50) were included into Cox proportional hazard models.
2.2.1 Adjustment Variables

First unadjusted linear regression and Cox proportional hazard models were created. Then, a series of models were developed that adjusted for various levels of pre-specified set of covariates that were known to vary by leptin quartiles and to be risk factors for CVD outcomes. In particular, the second models were adjusted for demographics: age, race, and education. 
The third models were additionally adjusted for major risk factors of CAD: currently smoking, history of myocardial infarction, history of chronic heart failure, history of hypertension, chronic renal dysfunction, the triglyceride to high-density lipoprotein cholesterol (TG/HDL) ratio, left ventricular ejection fraction (LVEF), sulfonylurea and currently taking insulin. The triglyceride to high-density lipoprotein cholesterol (TG/HDL) ratio is a surrogate marker of unbalanced lipid profile and insulin resistance 
 ADDIN EN.CITE 
(60)
.
The fourth models were additionally adjusted for BMI.
2.2.2 Sensitivity Analyses
The relationship between baseline leptin and baseline BMI was explored for interaction and mediation effects. To test for interaction, the interaction terms of leptin and BMI were included in the fully adjusted linear regression models 4. To test for mediation, the total effects of leptin on the MJI were examined using univariate linear regression models with leptin as an independent variable and MJI as a dependent variable. The indirect effects of leptin on the MJI mediated by BMI were also assessed using univariate linear regression models with a leptin as an independent variable and BMI as a dependent variable. A Sobel test was used to test if the mediation effect of BMI is statistically significant. A statistical significance was determined at alpha level of 0.05.
2.2.3 Missing Observations

For baseline leptin values, 38 observations were missing, and 30 extreme observations were excluded (> 3 SD from the mean), leaving 2,300 baseline leptin values available for this analysis (Figure 2). 

For a primary dependent variable, 2,298 participants had measured MJI scores (Figure 2). Two participants had missing MJI scores due to the absence of baseline angiograms results (n = 2) (Figure 2). For baseline covariates with <10% missing observations, missing values were imputed with mean values.  Statistical data analyses were performed with the software package SAS 9.4. 
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Figure 2. Flow Diagram for BARI 2D Patients Included in the Analysis
3.0  results

Of the 2,300 participants, 70 % of the participants were males and 70% were Caucasians. The average participant was 62.4±8.9 years old.  Almost half of the participants (55%) were former smokers and 12% were current smokers. 82% of the participants had a history of hypertension requiring treatment, and 88% had history of classic angina ever. Most of the patients were on long-term medications, such as beta-blocker, biguanide, angiotensin-converting-enzyme inhibitor (ACE inhibitor), statin, and sulfonylurea. Importantly, 28% of the participants needed insulin therapy for type 2 diabetes.

With an average of 4.9 years of follow-up for mortality, 6% (130) of the people had cardiac death (CD), and with an average of 4.0 years of follow-up for other outcomes, 12% (269) of the patients developed myocardial infarction (MI). Also, 15% (344) of the study population had the combined outcome of either MI/CD, and 17% (396) of the people had the composite outcome of CV death/MI/ stroke.

Table 1 summarizes the baseline demographic and clinical characteristics of the study participants by leptin quartiles. Baseline serum leptin level was significantly associated with race and education. Specifically, a greater proportion of patients with low leptin levels were Caucasians and African-Americans compared Other races. Other races consisted of Native Hawaiians, Pacific Islanders, American Indians, and Native Alaskans. Participants with higher education had lower leptin levels.
There was a significant inverse relationship between baseline leptin quartiles and measures of adiposity (BMI, % obese and waist circumference). Also, baseline serum insulin, CRP, and TG/HDL ratio had significant inverse relationships with leptin quartiles.

Baseline leptin had significant, but non-linear relationships with major risk factors of CVD, such as systolic blood pressure (SBP), total cholesterol, HDL, triglycerides, and smoking. By contrast, leptin had significant and inverse linear associations with co-morbidities, such as hypertension, history of congestive heart failure, previous coronary revascularization and chronic renal disease. That is, participants with low leptin levels at baseline had a higher proportion of these comorbidities. Moreover, more participants with low leptin were currently taking insulin and TZD, whereas more patients with high leptin were prescribed sulfonylurea.
Table 1. Baseline Characteristics of the Study Population by Baseline Leptin Quartiles
	Leptin quartiles

	
	Q1

N=575 (25%)
	Q2

N=575 (25%)
	Q3

N=575 (25%)
	Q4

N=575 (25%)
	p-value

<0.05

	Demographics

	Age, mean (SD)
	62.7 (8.7)
	62.3 (9.0)
	62.8 (8.8)
	61.9 (9.1)
	0.39**

	Race, n (%)
	
	
	
	
	<.0001*

	    White
	421 (73.2%)
	404 (70.3%)
	403 (70.1%)
	394 (68.5%)
	

	    Black
	110 (19.1%)
	117 (20.3%)
	93 (16.2%)
	71 (12.3%)
	

	    Other
	44 (7.7%)
	54 (9.4%)
	79 (13.7%)
	110 (19.1%)
	

	Education, n (%)
	
	
	
	
	<.0001*

	            ≥ Higher Education
	292 (50.8%)
	240 (41.7%)
	210 (36.5%)
	203 (35.3%)
	

	CVD Risk factors

	BMI, mean (SD)
	36.0 (6.1)
	33.4 (5.5)
	30.3 (4.5)
	27.7 (3.8)
	<.0001*

	Obese, n (%)
	500 (87.6%)
	410 (72.2%)
	260 (45.4%)
	130 (22.8%)
	<.0001**

	Waist circumference cm, 
                       mean (SD)
	118.3 (13.5)
	110.7 (12.8)
	104.4 (10.9)
	98.5 (9.8)
	<.0001**

	Systolic BP, mean (SD)
	132.4 (19.4)
	132.1 (19.6)
	132.7 (21.0)
	129.8 (19.7)
	0.02**

	Diastolic BP, mean (SD)
	74.3 (10.9)
	74.5 (12.0)
	74.6 (11.1)
	74.7 (10.8)
	0.76**

	Currently Smoke, n (%)
	59 (10.3%)
	53 (9.2%)
	69 (12%)
	91 (15.8%)
	0.003*

	Biochemical features

	Insulin micro IU/ml,
              median (Q1, Q3)
	14 (8.6, 22)
	11 (7.4, 19)
	9.2 (5.8, 16)
	6.2 (3.9, 11)
	<.0001**

	
	
	
	
	
	

	Table 1 Continued
	
	
	
	
	

	HbA1c %,
             median (Q1, Q3)
	7.3 (6.5, 8.4)
	7.4 (6.5, 8.6)
	7.5 (6.6, 8.7)
	7.5 (6.5, 8.9)
	0.34**

	CRP µg/ml, 
               median (Q1, Q3)
	3 (1.3, 7.2)
	2.9 (1, 6.8)
	2.1 (1, 4.8)
	1.4 (0.6, 3.5)
	<.0001**

	Total cholesterol mg/dl,
               median (Q1, Q3)
	170 (147, 195)
	175 (151, 207)
	176 (148, 213)
	172 (147, 198)
	0.03**

	HDL mg/dl,
              median (Q1, Q3)
	39 (33, 44)
	41 (35, 48)
	40 (34, 47)
	39 (33, 46)
	<.0001**

	Triglycerides mg/dl,                 

               median (Q1, Q3)
	159 (112, 234)
	162 (113, 230)
	153 (107, 222)
	150 (105, 214)
	0.07**

	TG/HDL, 
               median (Q1, Q3)
	4.4 (2.8, 6.7)
	4 (2.5, 6.2)
	4 (2.5, 5.9)
	3.9 (2.5, 6)
	0.03**

	CVD history

	LVEF, mean (SD)
	56.7 (9.9)
	57.3 (11.0)
	57.8 (9.7)
	57.4 (10.8)
	0.09**

	Family History of Coronary Disease, n (%)
	245 (42.6%)
	257 (44.7%)
	236 (41%)
	215 (37.4%)
	0.08*

	History of Myocardial Infarction, n (%)
	169 (29.4%)
	164 (28.5%)
	186 (32.3%)
	201 (35%)
	0.07*

	History of Hypertension, n (%)
	509 (88.5%)
	489 (85%)
	474 (82.4%)
	410 (71.3%)
	<.0001*

	History of Congestive Heart Failure, n (%)
	52 (9%)
	49 (8.5%)
	24 (4.2%)
	20 (3.5%)
	<.0001*

	Prior Revascularization, n (%)
	153 (26.6%)
	147 (25.6%)
	128 (22.3%)
	115 (20%)
	0.03*

	History of classic angina, n (%)
	379 (89.2%)
	377 (89.1%)
	404 (89.8%)
	364 (82.5%)
	0.003*

	Medication use

	Sulfonylurea, n (%)
	279 (48.5%)
	300 (52.2%)
	325 (56.5%)
	330 (57.4%)
	0.008
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	Currently taking insulin, n (%)
	225 (39.1%)
	177 (30.8%)
	142 (24.7%)
	93 (16.2%)
	<.0001

	History of insulin use, n (%)
	226 (39.3%)
	189 (32.9%)
	152 (26.4%)
	102 (17.7%)
	<.0001

	Thiazolidinedione, n (%)
	155 (27%)
	108 (18.8%)
	99 (17.2%)
	78 (13.6%)
	<.0001

	Biguanide, n (%)
	300 (52.2%)
	321 (55.8%)
	311 (54.1%)
	317 (55.1%)
	0.6243

	Comorbidities

	Chronic Renal Disease, n (%)
	39 (6.8%)
	19 (3.3%)
	5 (0.9%)
	5 (0.9%)
	<.0001*

	Duration of DM, 
median (Q1, Q3)
	9.4 (3.8, 15)
	8.5 (3.9, 16)
	8.4 (3.6, 15)
	8.7 (3.6, 15)
	0.38**


* p-values for Chi-Square tests

**p-values for Wilcoxon tests
Table 2 presents the results for the first hypothesis on the unadjusted cross-sectional association between baseline serum leptin and baseline MJI scores. Baseline leptin levels had significant positive linear associations with continuous and categorical MJI scores (respectively p=0.001 and p=0.004). 

Table 2. Unadjusted Baseline MJI Scores by Baseline Leptin Quartiles 
	Leptin quartiles

	
	Q1

N=575 (25%)
	Q2

N=575 (25%)
	Q3

N=575 (25%)
	Q4

N=575 (25%)
	p-value

	

	Categorical MJI, n (%)
	
	
	
	
	0.004*

	Low/ Moderate MJI Score (<50)
	366 (63.8%)
	349 (60.8%)
	322 (56%)
	313 (54.4%)
	

	Mid/High MJI Score (≥50)
	208 (36.2%)
	225 (39.2%)
	253 (44%)
	262 (45.6%)
	

	Continuous MJI, mean (SD)
	41.9 (23.0)
	43.1 (25.2)
	45.5 (23.9)
	47.2 (24.7)
	0.001**


* p-values for Chi-Square tests

**p-values for Wilcoxon tests

Table 3 displays Spearman correlation coefficients for sex standardized log-leptin at baseline with insulin, lipid phenotype, adiposity and MJI scores also at study entry. Leptin levels were significantly negatively correlated with BMI (r= -0.58, p-value= <0.0001) and waist circumference (r= -0.56, p-value= <0.0001). Leptin values were also negatively and moderately correlated with insulin (r=-0.34, p-value= <0.0001) and C-reactive protein (CRP) (r=-0.21, p-value=<0.0001). A continuous measure of clinical atherosclerosis- MJI scores (r=0.08, p=0.0003) were significantly positively correlated with baseline leptin levels.

Table 3. Correlation Coefficients for Sex Standardized Log Transformed Leptin and Clinical Determinants
	Variables
	Leptin

r (p-value)

	Risk factors 

	Baseline insulin micro IU/ml 
	             -0.34 (<0.0001)

	Baseline CRP µg/ml
	-0.21 (<0.0001)

	HbA1c %
	0.04 (0.05)

	Total cholesterol mg/dl
	0.007 (0.76)

	Triglycerides mg/dl
	-0.06 (0.004)

	TG/HDL
	-0.07 (0.002)

	Adiposity measures

	Average waist circumference cm
	-0.56 (<0.0001)

	BMI 
	-0.58 (<0.0001)

	Sitting systolic BP average
	-0.06 (0.002)

	Atherosclerosis measures

	MJI
	0.08 (0.0003)


Tables 4 and Figure 3 present results from linear regression models on the cross-sectional relationships between leptin levels and MJI scores. In univariate linear regression models, baseline MJI was significantly associated with leptin levels (Table 4). In particular, every SD increase in the log-transformed sex-specific leptin values was associated with the estimated 2.3% increase in the MJI score (β (se): 2.3 (0.64), p=0.0003). Adjustment for age, race, and education had a little impact on the estimates (β (se): 2.2 (0.65), p=0.0008) After controlling for baseline demographic covariates and clinical CVD risk factors in the model 3, the association between baseline levels and MJI scores remained statistically significant. In particular, taking account all the variables in the model 3, each SD increment in log-transformed sex-standardized leptin was significantly associated with the estimated 1.92 % increase in the MJI scores (β (se): 1.92 (0.67), p-value=0.004). Finally, when BMI was included in the model 4, baseline leptin was not associated with MJI (β (se): 0.31 (0.77), p-value=0.69). The R-Square values for both model 3 and model 4 were small respectively 0.025 and 0.033, which indicates that small amount of variation of the severity of atherosclerosis was explained by the variables in the model, although a p-value for overall F-tests were statistically significant p<0.0001 for both model 3 and model 4.
Table 4. Linear Regression Models on the Association of Baseline Leptin with MJI scores
	Continuous MJI
 
	Model 1*
	Model 2**
	Model 3***
	Model 4ƚ

	
	β (se)
	p-value
	β (se)
	p-value
	β (se)
	p-value
	β (se)
	p-value

	Leptin
	2.3 (0.64)  
	0.0003
	2.2 (0.65)
	0.0008
	1.92 (0.67)
	0.004
	0.31 (0.77)
	0.69


* unadjusted

**adjusted for age, race, education

*** additionally, adjusted for currently smoking, history of myocardial infarction, history of CHF treatment, history of hypertension, chronic renal dysfunction, TG/ HDL ratio, LVEF, sulfonylurea, and currently taking insulin
ƚ additionally adjusted for BMI.
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Figure 3. A Regression Line with Slope and Intercept for MJI and Leptin
To test for interaction between leptin and BMI, interaction terms of leptin with BMI were added in the fully adjusted linear model 4; however, the interaction terms were not statistically significant.
Table 5 reports the results of the sensitivity analysis on the indirect effects of leptin on clinical atherosclerosis explained by BMI. Using unadjusted linear regression models, leptin levels were significantly associated with the MJI scores with the total effect of 2.28 (beta-coefficient), of which 93% was explained by BMI. This effect of BMI was statistically significant with a p-value of less than 0.0001.
Table 5. Univariate Linear Regression Models on the Sensitivity Analyses for the Total and Indirect Effects of Leptin on the MJI
	Independent variable 
	Indirect effect
of leptin
mediated by
BMI
	Direct effect
of Leptin
	Total effect
(direct and indirect)
of Leptin
	Proportion of
total effect
mediated
	Ratio of indirect
to direct
	p-value for Sobel test

	Leptin
	2.11
	0.17
	2.28
	0.93
	12.7
	< 0.0001


Addressing the second objective of the study, the effect of baseline leptin on follow-up cardiovascular events did not vary by the baseline atherosclerosis measures in unadjusted or in adjusted Cox proportional hazard models. That is, the interaction term between baseline leptin quartiles and categories of atherosclerosis severity (MJI <50=ref. vs. ≥50) was not statistically significant for any of the CV clinical outcomes, including as MI, CD, the composite endpoint of MI/ CD, and the combined outcome of MI/ CV death /stroke (tables are not shown). All Cox models were adjusted for demographic, clinical characteristics, and BMI of the study participants at baseline. The 4th quartile of leptin (i.e. high leptin levels) was a reference group for this analysis. 

Table 6 reports results from unadjusted 5-year Kaplan-Meier survival analyses and log-rank tests regarding the association between of baseline leptin quartiles and subsequent cardiovascular outcomes. From the unadjusted Kaplan-Meier survival estimates, low leptin levels were indicative of higher rates of cardiovascular events.  Over five years of follow-up, participants with the lowest leptin quartiles had higher mortality rates from MI by 16% (log rank p-value= 0.06), the composite endpoints of MI /CD by 19% (p-value= 0.16), and the composite events of CV death/MI/stroke by 21% (p-value= 0.21) than participants with the highest leptin quartiles- respectively 13%, 5.9%, 16%, and 18%. 
Table 6. Kaplan Meier 5-year Survival Analyses on the Effect of Baseline Leptin Quartiles on Follow-up CV outcomes*

	Leptin quartiles

	
	Q1

N=575 (25%)
	Q2
N=575 (25%)
	Q3
N=575 (25%)
	Q4
N=575 (25%)
	log-rank

p-value

	
	

	Fatal or Non-fatal MI
	16%
	12%
	9%
	13%
	0.06

	Cardiac Death
	6.3%
	5.8%
	4.7 %
	5.9%
	0.96

	MI or Cardiac Death
	19%
	16%
	12%
	16%
	0.16

	CV Death/MI/Stroke
	21%
	19%
	14%
	18%
	0.21


*Indicated percent (%) in the table is the proportion of people who had subsequent CV outcomes during follow-up
Figure 4 helps to visualize high mortality rates from MI (16%) among participants with low baseline leptin quartiles (shown in a blue color line) in comparison to patients with the other leptin quartiles, and log-rank p-value is 0.06.
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Figure 4. Kaplan Meier 5-year Survival Curves for Baseline Leptin Quartiles in relation to Follow-up MI events
4.0  Discussion

The major findings of this study were 1) unique inverse relationships of circulating serum leptin levels with BMI, CRP and insulin; 2) the association between baseline leptin and severity of atherosclerosis dependent on BMI; 3) higher risks of MI among people with low leptin levels.
First, circulating baseline leptin quartiles were inversely associated with baseline BMI, insulin, and CRP (table 1). These findings were supported with the continuously transformed sex-standardized log-leptin correlation values; BMI (r= - 0.58, p-value=<.0001), insulin (r= - 0.34, p-value= <.0001), and CRP (r= - 0.21, p-value= <.0001) (table 3). Also, participants with low leptin level at baseline had a higher share of clinical morbidities such as, hypertension, heart failure, and history of prior revascularization (table 1). 
It is imperative to note that the present inverse relationships between leptin and BMI, insulin and CRP levels are quite uncommon, as studies with obese participants and known CVD and/or T2DM diagnoses demonstrated that leptin levels are positively correlated with adiposity 
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, fasting insulin (62) and CRP 
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. However, this phenomenon presented by our study could be explained by the positive effect of long-term medication use, such as metformin. For instance, a prospective cohort study with T2DM participants, compared the correlation coefficients of CRP levels with fasting leptin among healthy controls, participants with new diagnosis of T2DM within six months, and patients with T2DM diagnosis for at least three years (62). In healthy subjects, the correlation coefficient between CRP and leptin was r=0.48 and p-value<0.01 (62). However, in patients with long-term T2DM, the correlation coefficient for leptin and CRP was weak and statistically insignificant (r=0.15, p-value=0.55) (62). These findings could imply that presence of insulin resistance may reverse the association between leptin and CRP. The authors also compared the correlation coefficients for leptin and CRP among newly diagnosed patients with T2DM before and after metformin intake (62). The results showed that metformin use can strengthen the correlations between CRP and leptin (before metformin: r = 0.35, p<0.05 vs. after metformin r = 0.55, p<0.001). Therefore, in the presence of diseases, such as T2DM and long-term medication use, the relationship between leptin and insulin/CRP levels may reverse its direction or weaken. Similarly, in the present study, a majority of the participants were on long-term medications, such as beta-blockers, biguanide, angiotensin-converting-enzyme inhibitor (ACE inhibitor), statin, and sulfonylurea, which may have impacted the associations of baseline leptin levels with insulin and CRP levels.
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Figure 5. A Relationship between Leptin and Atherosclerosis in People with Obesity and Type 2 Diabetes
Second, the fully adjusted linear regression analyses indicated that leptin does not add additional information for severity of clinical atherosclerosis (MJI) beyond BMI. Moreover, the results showed that leptin levels explain only small amount of variation of clinical atherosclerosis. Therefore, leptin could be a weak predictor of the severity of atherosclerosis in individuals with T2DM. Similarly, the results of the Rancho Bernardo prospective study by Larsen at el. with 409 Caucasian healthy 44-84 aged older adults confirm our study results (8% of the participants had T2DM). In particular, using ordinal logistic regression models, each SD baseline leptin was also significantly related the baseline severity of atherosclerosis (OR=1.23, 95% CI 1.02-1.49, p-value=0.03), measured by computed tomography (CAC scores ranged between 0-10, 11-100, 101-309, and >400), and controlling for demographics and lifestyle factors. However, upon additional adjustment for body size, this association was also nullified (OR=1.07, 95% CI 0.83-1.38, p-value=0.59). To sum-up, the results of previous studies and the current analysis suggest that the effects of leptin on atherosclerosis are highly likely to depend on BMI.

Third, although leptin has a positive relationship with severity of atherosclerosis in the cross-sectional analysis, in the prospective analysis, low levels of circulating leptin were related to the high incidence of MI in the patients with T2DM.  A prospective cohort study of Ku et al. with 981 patients diagnosed with history of CVD also reported that low baseline leptin independently increased 37% risks of the composite CV events over six years of follow-up (Appendix 1) 
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. Therefore, leptin should not be regarded simply as a pro-atherosclerotic hormone. Also, since the BARI 2D study individuals with low leptin at baseline also had heavier BMI, more severe CVD history, and high inflammatory cytokine levels, a low level of leptin could be a clinical sign of CVD severity in people with T2DM.

4.1.1 Strength and Limitations

The present study has several strengths and limitations. First, most previous studies on leptin and CVD/ T2DM had cross-sectional designs. In contrast, the BARI 2D study is a 2x2 factorial randomized clinical trial, which was analyzed as a prospective cohort study. The BARI 2D participants had been examined thoroughly at study entry and followed-up rigorously over five years. 2,300 people had baseline data on leptin and angiography results at study entry to assess coronary heart disease of the participants. Also, the study participants were intensively treated against complications of T2DM and maintain HbA1c levels lower than 7%, which allows us to estimate the effects of baseline leptin on long-term CV outcomes in patients with stable T2DM. Even though the results of this study may not be generalized to healthy population or individuals with only either CVD or T2DM, the presented findings could be applied to people with both CVD and T2DM comorbidities, which includes 1.5 million people in the United States (64).

However, since the BARI 2D participants already had been diagnosed with CVD at study entry, it could inhibit the assessment of temporality in the relationship between leptin and CVD. Nevertheless, our study adds more knowledge about these unique associations in patients with both diagnoses.  Also, the MJI is a surrogate marker of severity of clinical atherosclerosis, while most studies use carotid-intima thickness as a measure of subclinical atherosclerosis 
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. In addition, this study is the first study that attempted to assess the effect of serum leptin on severity of clinical atherosclerosis, measured by MJI scores.  Therefore, comparability of the study results across studies could be limited.
4.1.2 Conclusion

In conclusion, patients with lower leptin levels at baseline had poor clinical profile - higher BMI, higher levels of fasting insulin and C-reactive protein (CRP). In multivariate linear regression models, each SD increase baseline leptin levels were significantly associated with the estimated increased in MJI scores (β(se): 1.92 (0.67), p-value=0.004) adjusted for demographics and traditional risk factors of CVD. However, upon additional inclusion of BMI, these associations were attenuated (β(se): 0.31 (0.77), p-value=0.69). Unadjusted Kaplan-Meier survival analyses indicated that the risk of MI was greatest for patients with low leptin levels (mortality rate=14%, p-value=0.06). 
4.1.3 Public Health Significance

The public health significance of the presented findings is low circulating leptin levels may serve as a clinical predictor of advanced metabolic dysfunction and the adverse CV outcomes people with T2DM. Therefore, current study results may help to identify high risk groups with both co-morbidities of T2DM and CVD to prevent future adverse MI outcomes and implement therapeutic measures targeting this double burden, considering large disease and economic burden of both T2DM and CVD in the United States.

4.1.4 Recommendations

Although our study was carried out within context of a 2x2 factorial randomized clinical trial, the association between baseline leptin and clinical atherosclerosis was analyzed at cross-sectional level. It is therefore recommended that future researchers conduct more studies with a longitudinal design to determine whether BMI explains or confounds the association between leptin and atherosclerosis.
APPENDIX: CHARACTERISTIC OF THE REVIEWED STUDIES
	First author, year
	Location
	Study design
	Follow-up duration, years
	Participants

Sex

Age, years
	Comparison


	Leptin levels
	Outcome 
	Results

	Biasucci LM, 2010 
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	The Catholic University, Rome, Italy.
	Observational cohort study
	2007-2008
	71 healthy (35 men and 36 women) aged 43-62 years
	Normal weight (N) (n = 13; 
BMI = 23.2 ± 1.6)

Obese (O) (n = 35; BMI = 32.6 ± 2.5)

Severely obese (SO) (n = 23; BMI = 49.0 ± 7.9) 
	Leptin, median-range (ng/L):

N-9.04

(1.90-25.70)

O-3.10 

(2.00-55.50)

SO- 71.95 
(28.10-100)
	Flow-mediated dilation (FMD) 

Carotid intima–media thickness (IMT)
	Peak FMD, mean ± SD (%): 

N (7.33 ± 3.68), 

O (7.53 ± 5.47), 

SO (13.02 ± 6.50) 

SO vs. N: P=0.01

SO vs. O: P=0.02

Mean IMT, mean ± SD, mm:

N (0.54 ± 0.12), 

O (0.66 ± 0.21),

SO (0.58 ± 0.15)

SO vs. O: P=0.04

	Gonzalez M, 2013
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	Uppsala, Sweden
	Cross-sectional study

The Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS).        
	Baseline examination 2001-2004
	1,016 (507 men and 509 women) aged 70 years community dwelling elderly people
	Mean BMI among men: 26.7 
vs.
Mean BMI among women: 26.7


	Mean leptin levels among men (ng/mL): 6.4

Mean leptin levels among women (ng/mL): 16.0

P= <0.001


	Endothelial dependent vasodilatation (EDV)

Endothelial independent vasodilatation (EIDV)

Flow mediated vasodilation (FMD) 

The aortic augmentation index (AoAI) 
	EDV (β±se): 
−0.15± 0.03,

P=<0.001 adjusted for sex, Framingham score (FS) and homeostasis model assessment-estimated insulin resistance (HOMA-IR) 
EIDV (β±se): −0.11±0.03, P=0.001

adjusted for sex, FS and HOMA-IR

After additionally adjusting for BMI, these associations were attenuated.

	van der Vleuten GM, 2005 
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	The Radboud University Nijmegen Medical Centre 
	Cross-sectional study


	
	37 families, comprising 644 subjects, of whom 158 familial combined hyperlipidemia (FCH) patients and 470 normolipidemic (NL) relatives/spouses
	FCH patients (n = 158), mean (SD): 27.3 (4.4)

NL relatives (n = 389), mean (SD): 24.2 (5.2)

Spouses (n = 90), mean (SD): 

26.3 (4.2)
	FCH patients (n = 158) mean ng/ml:

Males: 8.9 

Females: 25.8

NL relatives (n = 389), mean ng/ml:
Males: 3.9

Females: 18.4

Spouses (n = 90), mean ng/ml:

Males: 5.5

Females: 23.3
	CVD among FSH and non-FSH  
	The standardized (sex, BMI, HOMA-index) leptin levels above 90th percentile was related to increased risks of CVD among FCH (OR=2.9, 95% CI =1.1-8.0) and non-FCH (OR=3.4, 95% CI=1.3-9.0)

	Singhal A, 2002 (43)
	London, UK
	Cross-sectional 
	
	294 adolescents (134 boys and 160 girls) aged 13-16 years 
	Boys vs. Girls
	Leptin, μmol/L, mean ± SD:

5.7 ± 100
	Arterial distension 

Flow-mediated endothelial-dependent vasodilation (FMD) 
	β=−1.3% change in arterial distension per 10% increase in leptin concentration; 95% CI −1.9% to 0.8%, P<0.001

	Söderberg S, 1999(41)
	Sweden
	Nested case-control study

(Monitoring of Trends and Determinants in Cardiovascular Disease-MONICA and Vasterbotten Intervention Program-VIP)


	Baseline population-based surveys in 1986, 1990, 1994
	62 men 24-64 aged years with Acute Myocardial Infarction (AMI) and non-AMI controls matched on sex, age, type of survey 

(MONICA vs. VIP), date of survey, and geographical region
	Cases vs. Controls
	Leptin ng mL:

Cases – 6.1, 95% CI 5-7.4

Controls- 4.4, 95% CI 4-4.9
	AMI vs. non-AMI
	High leptin (> 6.4 ng mL) had AMI OR=8.97, 95% CI 1.73- 46.5 than low leptin (≤3 ng mL) 

	Wallace AM, 2001 
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	Scotland
	Prospective, nested, case-control study

West of Scotland Coronary Prevention Study (WOSCOPS)
	5 years of follow-up
	377 men (56.6±5.3 cases and 56.7±5.2) who experienced a coronary event during the trial were compared with age- and smoking-matched 783 controls (1:2 matching)
	Cases vs. Controls
	Leptin levels in cases: 5.87±2.04 ng/mL 

Controls: 5.04±2.09 ng/mL, P<0.001

The cut-off points for quintiles were computed based on  the controls’ leptin levels
	Incident of a coronary event
	The highest leptin quintile was significantly associated with the incidence of coronary events (RR, 1.18; 95% CI, 1.00 to 1.39; P=0.05) compared to the lowest leptin quintile, after controlling for BMI, age, SBP, glucose, CRP

	Ku IA, 2010 
 ADDIN EN.CITE 
(46)

	Clinics at the San Francisco Veterans Affairs (VA) Medical Center
	Prospective cohort study
The Heart and Soul Study 
	A mean of follow-up years: 6.2±2.1 years
	981 mostly male veterans (67±12 years-old) with history of coronary artery disease

	Low leptin (below sex-specific median values) vs. high leptin (above sex-specific median values)
	Leptin was dichotomized based on sex-specific median values
A median of leptin was 8.1 ng/mL with IQR 3.8-16.6 ng/mL
	Composite outcome of myocardial infarction, stroke, transient ischemic attack or death
	Low leptin levels were associated with 37% of the risk of the composite outcome (HR 1.37, CI 1.06–1.76, p = 0.02) adjusting for age, sex, race, BMI, waist circumference, history of hypertension, congestive heart failure, aspirin use, statin use, ACE inhibitor/ARB use, diuretic use, smoker, physical activity, diabetes, glucose, insulin, HbA1c, creatinine, HDL, triglycerides CRP, adiponectin

	Simiti LA, 2016(48)
	The County Emergency Clinical Hospital of Cluj-Napoca 
	A prospective cohort study
	2 years of follow-up (2009-2011)
	59 hospitalized patients with CVD (29 men and 30 women) 
A mean age of men: 64.9±1.99 years

A mean age of women: 68.2±1.98 years
	Below vs Above 2000 pg/ml

A cut-point of 2000 pg/ml was corresponded to the lowest p-value
	A mean leptin level for men:

2875.1±490.5 pg/ml

vs. a mean leptin level for women: 2888.7±573.8 pg/ml

	Predicted readmission due to a composite outcome of angina, nonfatal myocardial infarction or heart failure
	Leptin levels (cut-off 2000 pg/ml, HR 0.38, 95% CI 0.17–0.83; p=0.01) were significantly associated with the lower incidence of the combined outcome

	Abdella NA, 2005 
 ADDIN EN.CITE 
(52)

	Kuwait, Diabetic Clinic at Mubarak Al Kabir teaching Hospital 
	Cross-sectional study
	
	145 Kuwaiti patients with Type 2 T2DM including 58 with CVD (31 males, 27 females) and without 87 CVD (36 males, 51 females)
	T2DM patients with CVD vs.  without CVD
	A median and IQR values for leptin levels (ng/mL) among patients with CVD:
Males: 16.3 (8.5-30) and

Females: 40.3 (30.5-75.6)

vs.

without CVD:

Males: 15.96 (8.6-36.5)

Females: 46.7 (30.1-60.5)


	CVD
	Using conditional logistic regression models, leptin was not significantly associated with the risk of CVD compared to people without CVD (P=0.49) adjusting for CRP, HOMA-IR, glucose, HbA1c, ApoA1, ApoB, TC, HD, LDL/TC ratio, TG, creatinine, urinary, albumin/creatinine ratio

	Brennan AM, 2007 
 ADDIN EN.CITE 
(53)

	Nurses’ Health Study (NHS), USA
	Prospective cohort study
	Baseline examination b/w 1989-1990 and followed for

12 years 
	1,194 females aged 30-55 years with the T2DM diagnosis at baseline
	CVD vs. non-CVD
	Cut-points of leptin levels by quintiles (ng/ml):

Q1 (n=195): <21.2
Q2 (n=201): 21.43-37.39
Q3 (n=188): 37.5-53.28,

Q4 (n=194): 53.29-70.02

Q5 (n=179): >70.02


	CVD events (fatal MI, stroke, CABG, PTCA) and mortality 
	RRs for CVD across the quintiles of leptin were
Q2 RR=0.96 (0.61-1.53), 
Q3 RR=0.99 (0.61-1.61),
Q4 RR=1.04 (0.63-1.71), 
Q5 RR=1.02 (0.59-1.75) (p for trend = 0.83)
Q1 is reference

	Reily MP, 2004 
 ADDIN EN.CITE 
(54)

	The Veterans Affairs Medical Center, University of Pennsylvania
	Cross-sectional study
	
	174 male and 24 female veterans with confirmed T2DM aged 36-75 years
	Cut-points for CAC scores: 0, 1-100, 101-400, >400
	Cut-points for leptin quartiles:

Q1 < 6.25

Q2 6.25-<10.57

Q3 10.57- <16.1
Q4 >=16.1 ng/ml
	CAC was computed by the Agatston method using computed tomograms


	After adjusting for MI, PAOD, CRP, waist, age, gender, BMI, waist circumference, race, SBP, LDL, HDL, glucose, HbA1c, family history of CVD, cigarette smoking status, exercise, alcohol intake, urinary microalbuminuria, serum creatinine, and use of the following medications: daily aspirin, statins, insulin, metformin, sulfonylureas, thiazolidinedione, β-blockers, angiotensin-converting enzyme inhibitors, OR of being in the highest CAC group 1.32 (1.09-1.58), P=0.004 for 5 ng/ml increase in leptin levels 
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