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Abstract

Context—Adipose tissue inflammation has been implicated in the pathogenesis of obesity related 

co-morbidities. Adiponectin, an anti-inflammatory protein, improves insulin sensitivity and lipid 

levels systemically. Because adiponectin is secreted by adipocytes, it may also act locally to 

counteract insulin resistance and dyslipidemia worsened by inflammation.

Objective—To determine whether associations between adiponectin and insulin sensitivity and 

lipids are stronger with increasing adiposity.

Design—A cross-sectional study of participants in the “The Princeton School District Study.”

Setting—Princeton City schools (Cincinnati, OH, 2001–2002 school year).

Participants—1196 non-Hispanic white and black students in grades 5–12.

Main Outcome Measure—The relationships between adiponectin and high-density lipoprotein 

cholesterol (HDL), triglycerides, and insulin. To test our hypothesis we: 1) compared correlation 

and regression coefficients of lean and non-lean individuals and 2) incorporated an adiponectin by 

adiposity interaction in regression models.

Results—For HDL and triglycerides, the relationship with adiponectin, while present among 

lean adolescents, strengthened with increasing adiposity. However, with insulin, a relationship 

with adiponectin was only present among non-lean adolescents.

Conclusions—These analyses suggest that adiponectin’s relationship with insulin and lipids 

strengthens with increasing adiposity, such that heavier adolescents have a greater benefit from 

high levels of adiponectin than their lean counterparts.
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INTRODUCTION

Obesity has reached epidemic proportions in the United States, and is now affecting 

individuals at younger ages. This is problematic because even in adolescents overweight is 

associated with increased dyslipidemia, hypertension, and insulin resistance (1). However, 

not all obese individuals suffer from these co-morbidities. Thus, identification of factors that 

confer increased risk is essential to developing strategies to prevent or limit obesity-

associated morbidity.

The pro-inflammatory environment of obesity has been implicated in the pathogenesis of 

obesity related co-morbidities. With increasing adiposity, adipose tissue undergoes marked 

morphologic and physiologic changes including the infiltration of macrophages and the 

release of pro-inflammatory cytokines (2). In physiologic studies, these pro-inflammatory 

cytokines, such as tumor necrosis factor alpha (TNF-α), decrease insulin sensitivity and 

increase lipolysis (3, 4). Thus, adipose tissue changes may contribute to insulin resistance 

and dyslipidemia.

In such an environment, anti-inflammatory factors such as adiponectin may play a central 

role in modulating obesity related co-morbidities. Although produced exclusively in adipose 

tissue, plasma adiponectin levels are paradoxically lower in obesity (5), for reasons that have 

not been fully elucidated. Adiponectin is a major circulating protein in blood and has 

important endocrine functions, including improving hepatic insulin sensitivity and lipid 

levels (6–8). Adiponectin also has strong anti-inflammatory properties, as it inhibits 

macrophage activation and TNF-α action (9–11). Because adiponectin is secreted by 

adipocytes, it may have the opportunity to act within adipose tissue to counteract the pro-

inflammatory cytokines associated with insulin resistance and dyslipidemia.

We hypothesized that adiponectin may have a more important role in improving insulin 

sensitivity and lipid profiles in obese individuals, despite their lower plasma adiponectin 

levels. Our objective was to explore these relationships in a large epidemiologic cohort of 

adolescents and test whether associations between adiponectin and both insulin sensitivity 

and blood lipids are stronger with increased adiposity.

METHODS

Data collection

Sample—We randomly selected 1236 non-Hispanic white and black students from 2501 

students participating in a prospective, urban-suburban school-based study of carbohydrate 

metabolism (PSD Study)(12). In this larger study, students in grades five through twelve in 

2001–2002 in the Princeton City School District (Cincinnati, OH) were invited to 

participate. Exclusion criteria included chronic disease, medication use known to affect 

carbohydrate metabolism, and pregnancy. Our cohort consisted of 1196 students with 

complete data. This cohort did not differ from the overall PSD Study population with regard 

to age, sex, race, adiposity or family history of diabetes (data not shown). The Institutional 

Review Boards of Cincinnati Children’s Hospital Medical Center and the University of 

Cincinnati approved this study. Written informed consent was obtained from all participants 
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≥ 18 years of age or from the parents/guardian with written assent obtained from participants 

< 18 years of age.

History and Physical Examination—Parents and/or students completed a medical 

history documenting chronic disease, medication use and history of menarche for the girls. 

Trained study personnel conducted physical examinations in school facilities, behind 

portable screens. Height and weight were measured in street clothes without shoes and with 

empty pockets. Participants were weighed to the nearest 0.01 kg (Seca 770 scale) and height 

was measured to the nearest 0.1 cm (Road Rod stadiometer). Waist circumference was 

measured at the level of the umbilicus to nearest 0.1 cm after an overnight fast. Two 

measurements were taken (by the same study personnel), and the average was used in the 

analysis. Axillary hair was documented in boys as none, minimal, or adult distribution (13–

15).

Laboratory Measurements—After a minimum 10-hour fast, venipuncture was 

performed. Laboratory methods for assaying insulin, testosterone, estradiol, HDL, and 

triglycerides (TG) were previously described (12, 16). Plasma adiponectin levels were 

measured using a commercial RIA kit (Linco, St. Louis MO), with a sensitivity of 0.5μg/ml 

and intra- and inter-assay CVs of 5% and 15%, respectively.

Puberty—Pubertal status determination was described previously (12). Briefly, sex 

hormone cut points for testosterone and estradiol were established to distinguish pre-puberty 

(Tanner I) from puberty (Tanner II–IV) using data from two large Cincinnati-based 

adolescent cohorts with full Tanner staging (17, 18). Post-puberty was defined in girls with 

menarche duration ≥2 years and in boys with an adult distribution of axillary hair.

Calculated Variables—Body mass index (BMI) was calculated (weight (kg)/height 

(m)2). BMI percentile (BMI %) and z-score (BMI-Z) were determined using Centers for 

Disease Control and Prevention (CDC) growth charts, which take age and sex into 

consideration (19). Lean (<85th BMI %) and non-lean (≥ 85th BMI %) categories of 

adolescents were defined, consistent with the clinical threshold of risk for overweight in 

children (20).

As nationally representative age- and sex-specific waist z-scores have not been established, 

we calculated waist z-scores (waist-Z) based on our population distribution of waist 

circumference by age and sex (n=1196).

Statistical Analyses

Analyses were conducted using SAS, version 9.1 (SAS, Cary, NC). As the outcomes are 

HDL, TG, and insulin, we used Bonferroni-adjusted p-values (0.05/3) resulting in a 

significance level of 0.017.

Data preparation—All continuous variables were examined for normality, and natural 

logarithm (ln) transformations of insulin and TG were used in the analysis.
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Correlation analysis—Partial correlations were calculated, using race, sex and puberty as 

partial variables for the full sample and subsets of lean and non-lean adolescents. A partial 

correlation is the correlation of two variables while controlling for the covariate relationship 

between variables. For our sample, the ability to remove covariate effects on the relationship 

is crucial, as sex, puberty, and race may all influence adiponectin, insulin, and lipids. Thus, 

these covariates may alter the level of correlation. Significant differences between Pearson 

correlation coefficients in various subgroups were ascertained using Fisher’s Z-

transformation. The differences between Z-transformed scores for the subsets were 

compared with a standard normal distribution, and two-tailed probabilities were calculated.

Linear regression in lean and non-lean subsets—Linear regression models for each 

of the three outcome variables were evaluated in lean and non-lean subsets. Sex, puberty, 

age, race, and adiponectin were considered in the models, with male, pre-puberty, and non-

Hispanic white as reference categories. To identify the most parsimonious model, we first 

used best subsets selection with adjusted R2 as the criterion. Variables not reaching marginal 

significance (p > 0.10) were eliminated. Additionally, as many variables were correlated, 

variables exhibiting high collinearity (variance inflation factor > 10) were identified and the 

one with the higher p-value was removed. Then, variables in the model were exchanged for 

correlated variables that had been eliminated from the model (e.g., age might be substituted 

for puberty). The Bayesian Information Criteria (BIC) from these models were compared 

and the model with the lowest BIC was selected. BIC differences greater than 6 were 

considered “strong” evidence for the model with the lower BIC (21). Differences in BIC 

values less than 2 were considered equally likely models and all models within this window 

were combined to create the most parsimonious model. Regression coefficients are reported 

as β ± standard error (SE).

To compare the regression coefficients for adiponectin in lean versus non-lean groups, the 

following equation was used:

Where bi is the regression coefficient for adiponectin and MSerror is the sum of the sum of 

squares of the error term in the two groups divided by the sum of the degrees of freedom for 

the error term in the two groups. This statistic is distributed as a Student’s t with ntotal – 4 

degrees of freedom (22).

Testing interaction terms in the whole cohort—To evaluate interactions, models 

including the whole cohort for the three outcome variables were developed allowing for 

interactions between adiponectin and adiposity (waist-Z, BMI-Z, and non-lean) to enter the 

model. Model selection followed the criteria described above, except the interaction terms 

were evaluated separately due to issues with collinearity, and non-significant main effects 

were retained in the model if interactions were significant.
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Interpretation of interaction terms is an important consideration in this study. The β estimate 

of an interaction between a categorical and a continuous variable indicates the difference in 

slope of the continuous variable between the non-reference and reference categories. The β 

estimate of an interaction between two continuous variables indicates that as one continuous 

variable increases (e.g., BMI-Z), the relationship between the other variable and the 

outcome (e.g., adiponectin and HDL) changes.

RESULTS

Descriptive statistics of the study population, as well as lean and non-lean subsets, are 

reported in table 1. Adiponectin and HDL concentrations are higher in the lean group, while 

insulin and triglycerides are higher in the non-lean group (all p < 0.0001). Lean subjects are 

more likely to be Non-Hispanic white than non-lean subjects (p < 0.0001).

Correlation analyses

In the full dataset after accounting for the effects of sex, race and puberty, plasma 

adiponectin was significantly negatively correlated with ln(insulin) and ln(TG), and 

positively correlated with HDL cholesterol (Table 2).

After stratifying by lean versus non-lean status, all partial correlations, except ln(insulin) in 

leans, were significantly different from 0 (Table 2). In addition, partial correlations between 

adiponectin and ln(insulin), HDL, and ln(TG) were significantly higher among non-lean 

than lean adolescents (p <0.002 for all), indicating a significantly stronger relationship 

between adiponectin and these outcomes in the non-lean subset.

Regression Analysis

To further explore this finding, linear regression models were created separately in lean and 

non-lean subsets.

After adjusting for puberty, age, sex, and race, adiponectin was significantly associated with 

HDL in both lean and non-lean subsets (β ± SE: 0.47 ± 0.01 and 0.94 ± 0.13, respectively, 

both p<0.0001). In addition, the relationship between adiponectin and HDL was 

significantly stronger in non-lean versus lean adolescents (p = 0.0013, figure 1A), 

confirming our partial correlation findings.

Similarly, after adjusting for puberty, sex, and race, adiponectin was associated with ln(TG) 

in both lean and non-lean subsets (β ± SE: −0.05 ± 0.01 and −0.036 ± 0.005, both p < 

0.0001). Also supporting our partial correlation findings, the relationship was significantly 

stronger in non-lean versus lean adolescents (p < 0.0001, figure 1B).

By contrast, after adjusting for puberty, sex, and race, adiponectin was significantly 

associated with ln(insulin) in the non-lean subset (β ± SE: −0.050 ± 0.008, p < 0.0001) but 

not in the lean subset (β ± SE: −0.008 ± 0.005, p = 0.13). These regression coefficients were 

significantly different from each other (p < 0.0001, figure 1C), again supporting the partial 

correlation analyses.
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Regression Analysis with Interaction

To test for interaction between adiponectin and adiposity in the whole cohort, linear 

regression models were developed for HDL, ln(TG), and ln(insulin) including adiponectin 

by adiposity interaction terms. The best models for HDL included either adiponectin*BMI-Z 

(BIC = 5505) or adiponectin*non-lean (BIC = 5506), which were better than the model 

without an interaction (BIC = 5510). The best models for ln(TG) included either 

adiponectin*non-lean (BIC = −2307) or adiponectin*waist-Z (BIC = −2305), which were 

better than the model without an interaction (BIC = −2300). The best models for ln(insulin) 

included adiponectin*non-lean (BIC = −1375) or adiponectin*BMI-Z (BIC = −1375), which 

were superior to the model without an interaction (BIC = −1368). Table 3 reports the model 

for each outcome with the lowest BIC value. For each outcome, the adiponectin by adiposity 

interaction acts to increase adiponectin’s effect with increasing adiposity. However, given 

the similarities in BIC values, we are not able to address whether this is a function of central 

(waist) or overall (BMI) adiposity.

DISCUSSION

Previous research has demonstrated an association between adiponectin and adiposity, blood 

lipids, and insulin sensitivity in adults (6, 23, 24) and children (25–27). Our results are 

consistent with these findings. Adiponectin levels were lower in non-lean individuals and 

adiponectin was positively correlated with HDL and negatively correlated with insulin and 

triglycerides.

However, our results go beyond the concept that the level of adiponectin, insulin, and lipids 

are different in lean and non-lean adolescents. Rather, these data suggest that the 

relationship between adiponectin and insulin and lipids strengthens with increasing 

adiposity. This is the first report of the relationship of adiponectin with insulin and lipids 

being conditional on adiposity. Weiss and colleagues found that adiponectin’s association 

with intramyocellular lipid content was present only in their non-lean group (28), however, 

they did not formally test for interactions.

The relationship between adiponectin and HDL and ln(TG) were present in both lean and 

non-lean adolescents but were strengthened with increasing adiposity. The existence of an 

effect in both groups was supported by the partial correlations and the regression 

coefficients for adiponectin, which were significant in both lean and non-lean groups. 

Strengthening of the relationship was supported by statistically higher correlations and 

regression coefficients for the non-lean adolescents as well as statistically significant 

interaction terms between adiponectin and adiposity measures, suggesting that as adiposity 

increases the relationship between adiponectin and lipids strengthens.

Adiponectin’s relationship with insulin resistance is complex. We demonstrated a 

strengthening of the association with increasing adiposity, as the partial correlations and 

regression coefficients were significantly higher in non-lean than lean adolescents. 

Additionally, the adiponectin by adiposity interaction was highly significant. However, our 

results from the partial correlations and regression subsets suggest that adiponectin and 

insulin are only significantly associated in the non-lean group. Additionally, the main effect 
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for adiponectin became insignificant after including the interaction term. Our non-significant 

results in the lean group are not due to low power given that there were nearly twice as 

many lean individuals as non-lean individuals. The lack of an effect of adiponectin on 

insulin sensitivity in the lean state has been noted in adiponectin knockout mice. On the 

standard diet, these mice fail to exhibit insulin resistance, but insulin resistance can be 

induced on a high fat diet (7).

We speculate that adiponectin’s associations with lipids and insulin are strengthened in non-

lean adolescents because of the pro-inflammatory, macrophage-rich environment associated 

with obesity (29). This pro-inflammatory state has been implicated in the pathogenesis of 

type 2 diabetes and dyslipidemia (30–32). Adiponectin, by contrast, has strong anti-

inflammatory properties, including suppression of pro-inflammatory cytokines and their 

actions in adipose tissue and the inhibition of macrophage accumulation and activity (9–11, 

29). Thus, in overweight individuals, the anti-inflammatory, macrophage-inhibiting actions 

of adiponectin are likely very important in influencing insulin sensitivity and lipid 

metabolism given the pro-inflammatory adipose tissue milieu. However, in lean individuals, 

the absence of adipose tissue inflammation attenuates the impact of adiponectin on insulin 

and lipids.

The current study has several limitations. First, the proportion of the variability accounted 

for in our models is modest, indicating that other unmeasured factors also impact insulin and 

lipid profiles. In particular, genetic and environmental influences are likely, some of which 

we will be considering in future analyses, and some of which (e.g., diet, physical activity) 

were not measured in the current study. While adiponectin may not account for the majority 

of variability in HDL, TG or insulin in our population, it remains a strong independent 

factor, and one that improves the model R2 and BIC. Second, the use of epidemiologic and 

anthropometric measures may limit our ability to precisely characterize the physiologic 

mechanism involved. However, large epidemiologic studies such as this provide important 

clues to interactions between factors that are not discernable in smaller cohorts or in vitro 

studies. Alternate study designs and populations should thus validate the proposed 

mechanisms suggested by our data.

In conclusion, we have provided novel evidence to suggest that the relationships between 

adiponectin and insulin and blood lipids (e.g., HDL and TG) are strengthened with 

increasing adiposity, representing a paradigm shift. The current philosophy with adiponectin 

is that higher levels are associated with better lipid and insulin profiles regardless of 

adiposity. Our data suggest that heavier individuals have a greater benefit from high levels 

of adiponectin than their lean counterparts. This could have important diagnostic and 

therapeutic implications, which should be explored in future research.
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Figure. 
Relationship between adiponectin and HDL (A), ln(triglycerides) (B), and ln(insulin) (C) in 

lean and non-lean adolescents (not adjusted for other factors). Solid lines represent the 

predicted regression lines; dashed lines represent 95% confidence limits on the regression 

lines. To convert insulin, HDL, and triglycerides to SI units, multiply the level by 6.0, 

0.02586, and 0.01129, respectively.
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Table 1

Characteristics of the study population. Categorical data are reported as percentages, continuous data are 

reported as means ± SD.

Total Lean Non-Lean

N 1196 754 442

Age (years) 14.3 ± 2.2 14.4 ± 2.2 14.2 ± 2.2

Sex (% male) 49.9 50.3 49.3

Race (% Non-Hispanic 53.2 58.2 44.6*

Puberty stage (% Pre, Peri, Post) 12/ 39/ 49 12/ 39/ 49 12/ 39/ 49

BMI (kg/m2) 23.0 ± 5.6 19.8 ± 2.4 28.3 ± 5.5

BMI Z-score 0.67 ± 1.02 0.05 ± 0.69 1.73 ± 0.47

Waist (cm) 77.3 ± 13.8 70.0 ± 6.9 89.7 ± 13.8

Adiponectin (μg/mL) 9.42 ± 4.10 10.33 ± 4.04 7.87 ± 3.73*

Insulin (μU/mL) 21.49 ± 19.76 15.96 ± 11.77 30.91 ± 26.07*

HDL (mg/dL) 47.03 ± 11.22 49.15 ± 11.08 43.40 ± 10.52*

Triglycerides (mg/dL) 78.65 ± 38.17 72.16 ± 31.33 89.71 ± 45.58*

*
significantly different from lean (p < 0.0001)

BMI, BMI Z-score, and waist were not compared between lean and non-lean individuals. To convert insulin, HDL, and triglycerides to SI units, 
multiply the level by 6.0, 0.02586, and 0.01129, respectively.
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Table 2

Partial correlations between adiponectin and insulin and blood lipids adjusted for sex, race and puberty stage.

Full cohort Lean Non-Lean

N 1196 754 442

Ln (insulin) −0.24 −0.06 −0.28*

HDL 0.29 0.17 0.34*

Ln (TG) −0.26 −0.13 −0.31*

All correlations in the full cohort, lean and non-lean subgroups were significantly different from 0 (p<0.0004), except ln(insulin) in leans.

*
significantly different from lean (p < 0.002)
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