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Association of Circulating Adipokines With Echocardiographic
Measures of Cardiac Structure and Function in a Community-Based
Cohort

Beatrice von Jeinsen MD; Meghan I. Short, MA; Vanessa Xanthakis, PhD; Herman Carneiro, MD; Susan Cheng, MD; Gary F. Mitchell, MD;
Ramachandran S. Vasan, MD

Background—Adipokines mediate cardiometabolic risk associated with obesity but their role in the pathogenesis of obesity-
associated heart failure remains uncertain. We investigated the associations between circulating adipokine concentrations and
echocardiographic measures in a community-based sample.

Methods and Results—We evaluated 3514 Framingham Heart Study participants (mean age 40 years, 53.8% women) who
underwent routine echocardiography and had select circulating adipokines measured, ie, leptin, soluble leptin receptor, fatty acid—
binding protein 4, retinol-binding protein 4, fetuin-A, and adiponectin. We used multivariable linear regression, adjusting for known
correlates (including weight), to relate adipokine concentrations (independent variables) to the following echocardiographic
measures (dependent variables): left ventricular mass index, left atrial diameter in end systole, fractional shortening, and E/¢’. In
multivariable-adjusted analysis, left ventricular mass index was inversely related to circulating leptin and fatty acid—binding protein
4 concentrations but positively related to retinol-binding protein 4 and leptin receptor levels (P<0.002 for all). Left atrial end-
systolic dimension was inversely related to leptin but positively related to retinol-binding protein 4 concentrations (P<0.0001). E/¢’
was inversely related to leptin receptor levels (P=0.0002). We observed effect modification by body weight for select associations
(leptin receptor and fatty acid—binding protein 4 with left ventricular mass index, and leptin with left atrial diameter in end systole;
P<0.05 for interactions). Fractional shortening was not associated with any of the adipokines. No echocardiographic trait was
associated with fetuin-A or adiponectin concentrations.

Conclusions—In our cross-sectional study of a large, young to middle-aged, relatively healthy community-based sample, key
indices of subclinical cardiac remodeling were associated with higher or lower circulating concentrations of prohypertrophic and
antihypertrophic adipokines in a context-specific manner. These observations may offer insights into the pathogenesis of the
cardiomyopathy of obesity. (/ Am Heart Assoc. 2018;7:e¢008997. DOI: 10.1161/JAHA.118.008997.)
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besity is a key risk factor for heart failure (HF) in
multiple studies.”™ The underlying mechanisms by
which excess adiposity elevates HF risk are multifactorial,
ranging from increased hemodynamic pressure and volume
overload, adverse cardiac remodeling, neurohormonal alter-
ations, concomitant cardiometabolic disturbances and small

vessel disease, to coexistent comorbidities such as sleep
apnea.’

Attention has recently focused on the potential existence
of a distinctive cardiomyopathy related to obesity that
is characterized by structural and functional cardiac
remodeling.” Excess adiposity has been associated with
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Clinical Perspective

What Is New?

» Data from the Framingham Heart Study indicate that
circulating  concentrations of adipokines, hormones
secreted by the adipose tissue, are associated with
echocardiographic markers of cardiac remodeling.

Higher leptin and fatty acid—binding protein 4 levels are
associated with lower left ventricular mass index, and leptin
is also associated with lower left atrial end-systolic dimen-
sion, which suggests possible antihypertrophic effects of
leptin and fatty acid—binding protein 4.

Higher retinol-binding protein 4 was associated with both
higher left ventricular mass index and higher left atrial end-
systolic dimension, suggesting possible prohypertrophic
effects of retinol-binding protein 4.

What Are the Clinical Implications?

The link between obesity and heart failure, so-called obesity
cardiomyopathy, might be mediated via the effect of several
adipokines on cardiac remodeling.

* The observation that serum leptin levels increase with
higher body mass index but are associated with lower left
ventricular mass index could be explained by leptin
resistance in obesity and may be important when leptin-
activity blockers are considered as potential therapeutic
targets in cachectic conditions.

Retinol-binding protein 4 may be a potential therapeutic
target in the cardiomyopathy of obesity.

concentric and eccentric left ventricular (LV) hypertrophy
(LVH), LV diastolic dysfunction, left atrial enlargement,
pulmonary hypertension, and right ventricular hypertrophy.®
In this context, it is noteworthy that the adipose tissue is an
endocrine tissue which secretes hormones (referred to as
adipokines) that mediate several of the cardiometabolic
consequences of obesity. Several adipokines have receptors
on cardiac myocytes,”? exhibit prohypertrophic and antihy-
pertrophic effects on the myocardium,'®'® and have been
associated with risk of overt HF.'* Prior investigations relating
adipokines to cardiac structure and function have focused on
single adipokines'®'"">"?! and related them to traditional
measures of cardiac remodeling (such as LV mass [LVM]).
These studies often focused on obese individuals with
comorbidities'®?%728 or the elderly’>?"?’ and were limited
by modest sample sizes. To our knowledge, no prior
investigation has related a panel of adipokines of contempo-
rary interest to a range of cardiac remodeling indices in a
younger sample relatively free of comorbidities.

Accordingly, we investigated the cross-sectional associa-
tions between a panel of adipokines and echocardiographic
indices of cardiac remodeling in a community-based sample of

young to middle-aged adults. We hypothesized that antihy-
pertrophic adipokines would be associated with lower LVM,
left atrial diameter in end systole (LAD), and better LV systolic
and diastolic function, whereas prohypertrophic adipokines
would demonstrate a reverse pattern of associations.

Methods
Study Sample

The design and selection criteria of the Framingham Heart
Study (FHS) Third Generation and Omni 2 cohorts have been
previously published.®® The study sample for this investigation
was comprised of participants enrolled in these cohorts who
attended their first examination cycle (2002-2005). The
institutional review board of Boston University Medical Center
approved the study protocol and all participants provided
written informed consent. The data, analytic methods, and
study materials will not be made available to other
researchers for purposes of reproducing the results or
replicating the procedure.

We evaluated 3634 attendees at the first examination who
had data on echocardiographic measures and circulating
adipokine concentrations (see below). We excluded individu-
als with prevalent cardiovascular disease, previous heart valve
disease, coronary bypass surgery, or missing covariates
(n=120), leaving 3514 individuals eligible for the present
investigation.

Measurements of Covariates and Adipokines

At their FHS examinations, participants provided a detailed
medical history and underwent phlebotomy (after an overnight
fast) for laboratory assessment of standard cardiovascular
risk factors (including a lipid panel and renal function) and a
cardiovascular-targeted physical examination that included
anthropometry and blood pressure measurements performed
using standardized protocols. We defined hypertension as a
systolic blood pressure >140 mm Hg or a diastolic blood
pressure >90 mm Hg or the current use of antihypertensive
medications. Participants were classified as having diabetes
mellitus if they had fasting glucose concentrations >126 mg/
dL, nonfasting glucose concentrations >200 mg/dL, or used
any hypoglycemic medication. Current smoking was defined
as smoking regularly during the year antedating the FHS
examination.

We assayed (on stored blood samples frozen at —80°C)
plasma concentrations of fetuin-A and fatty acid—binding
protein 4 (FABP4) using sandwich ELISA (BioVendor Research
and Diagnostic Products), and leptin, its soluble leptin
receptor (LR), retinol-binding protein 4 (RBP4) and adiponectin
concentrations using ELISA (R&D Systems).®’ The average
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interassay coefficients of variation for the adipokines were
<5%.%" The ratio of leptin to LR concentrations yielded the
free leptin index (FLI), which is a measure of bioavailable
leptin that is not bound to its soluble receptor.

Echocardiographic Indices

All participants underwent routine transthoracic echocardio-
graphy with Doppler color flow and Tissue Doppler imaging
during their examination using a Hewlett-Packard 5500
machine (Philips Healthcare). We investigated the following
echocardiographic indices: primary measures (see below):
LVM index (LVMI), LAD, LV fractional shortening (FS), and
diastolic function (E/e’); and secondary measures: LV end-
diastolic dimension (LVDD), LV end-systolic dimension
(LVSD), and LV wall thickness (LVWT).

We used 2-dimensionally guided M-mode digital images
and a leading edge-to-leading edge technique (recommended
by the American Society of Echocardiography)®? to measure
end-diastolic thicknesses of the LV septum and posterior wall
(summed to calculate wall thickness [LVWT]), LVDD, LVSD,
and LAD. LVM was calculated using the method by Devereux
et al as equal to (0.8x1.04 ((LVDD+septal wall thick-
ness+posterior wall thickness)*—LVDD?*)+0.6).>®> LVM was
indexed to height (as an obesity-independent measure) in
meters to create LVMI.

To assess LV systolic function, we used FS defined as
[(LVDD—LVSD)/LVDD]x 100. E' was measured using tissue
Doppler imaging at the lateral mitral annulus and E was
measured using transmitral Doppler flow velocities.>* The
ratio of early transmitral flow velocity (E) and early systolic
mitral annulus velocity (¢') was used as an indicator of LV
diastolic function. The reproducibility of echocardiographic
measurements at FHS has been previously reported.®*>°

Statistical Analysis

We generated baseline characteristics separately for men and
women and compared the respective means, medians, or
proportions using 2-sided ¢ test, Wilcoxon rank sum test, or
chi-square test, as appropriate. All adipokine levels were
standardized within sex, and subsequent analyses were
performed for pooled sexes. LVMI and E/e’ were natural-
logarithmically transformed to normalize their skewed distri-
butions. In our primary analysis, we examined the association
between the adipokines (independent variables, modeled
individually as continuous variables to maximize statistical
power) and LVMI, LAD, FS, and E/€¢’ as the dependent
variables (separate models for each trait) using multivariable
linear regression models. We chose these specific echocar-
diographic measures as our primary traits because they
reflect complementary aspects of cardiac structure and LV

function, and have been associated with obesity in prior
reports.® 38 Generalized estimating equations were used in
all regression analyses to account for relatedness among
individuals in the Gen 3 cohort. Multivariable models adjusted
for cohort type (Third Generation versus Omni 2), age, sex,
height, weight, systolic and diastolic blood pressure, antihy-
pertensive medications, heart rate, diabetes mellitus, smoking
status, blood lipids (high-density lipoprotein, low-density
lipoprotein, and triglycerides), and serum creatinine. Addi-
tional models were evaluated where body mass index was
incorporated as a covariate instead of height and weight.

For the adipokines that demonstrated a statistically
significant association with any echocardiographic trait, we
fitted additional models incorporating the adipokines con-
jointly. As leptin, LR, and FLI are correlated markers (the latter
being derived as the ratio of the concentrations of the 2
former biomarkers), we did not include all of them in the same
model. We tested for effect modification by body weight of
any potential association between adipokines and echocar-
diographic measures by incorporating appropriate interaction
terms into the models (adipokines xweight, where the primary
effects for the adipokines were statistically significant). If the
interaction term was statistically significant (P<0.05), we
stratified analyses by the sex-specific median weight.

To gaininsightsinto potential associations of adipokines with
LVMI or FS, we performed secondary analyses relating adipoki-
nesto LVDD and LVWT (components used to estimate LVMI) and
LVSD (used with LVDD to calculate FS). To better interpret the
effect sizes from the regression analyses, ie, the quantitative
changes in echocardiographic measures with increments in
circulating adipokine concentrations, we estimated additional
multivariable models that fitted sex-specific tertiles of those
adipokines that were associated with echocardiographic traits,
and pictorially displayed the adjusted least square means and
their standard errors for the corresponding echocardiographic
traits. Log-LVMI and log-E /e’ were exponentiated back to their
native units for ease of interpretation.

To account for multiple statistical testing, we used a
Bonferroni-corrected P value of <0.002 (0.05/24, the denom-
inator being 6 [number of adipokines tested]x4 [number of
primary echocardiographic traits analyzed]). All analyses were
performed using SAS version 9.4 (SAS Institute).

Results

Clinical Characteristics

The clinical characteristics of our young to middle-aged (mean
age 40 years, 53.8% women) study sample are presented in
Table 1. The sample was relatively healthy, with a low preva-
lence of hypertension, diabetes mellitus, smoking, and dyslipi-
demia. Approximately 20% of the participants were obese.

DOI: 10.1161/JAHA.118.008997

Journal of the American Heart Association 3

HDOYVHASHY TVYNIDIYO



Adipokines and Echocardiographic Measures

von Jeinsen et al

Table 1. Baseline Characteristics of the Study Sample

(2277, 6940)

Men Women
(n=1625) (n=1889)
Clinical characteristics
Age, y 40+9 40+9
Nonwhite, % 59 6.8
Height, cm* 178+7 164+6
Weight, kg* 87+15 68+15
Body mass index, kg/m?* 27.4+4.3 25.5+5.4
Obesity, %* 22.4 17.3
Heart rate, beats per min* 58+9 61+9
Systolic blood 120+13 113+14
pressure, mm Hg*
Diastolic blood 78+9 72+9
pressure, mm Hg*
Hypertension, %* 19.8 11.5
Current smoking, % 15.0 13.6
Fasting blood glucose, 96 (91, 101) 89 (85, 95)
mg/dL*
Diabetes mellitus, %* 3.4 2.0
Serum creatinine, mg/dL* 0.91+0.13 0.70+0.11
Low-density lipoprotein, 120+31 105430
mg/dL*
High-density lipoprotein, 47+13 62+16
mg/dL*
Triglycerides, mg/dL* 105 (71, 154) 80 (59, 112)
Lipid-lowering treatment, %* | 8.7 3.3
Circulating adipokine concentrations
Leptin, pg/mL* 4027 11 912

(6401, 22 215)

Leptin receptor, ng/mL*

18.5 (13.1, 23.9)

19.4 (137, 25.2)

Free leptin index*

237 (113, 478)

632 (302, 1356)

FABP4, ng/mL*

14.8 (10.7, 19.4)

17.9 (13.2, 25.4)

RBP4, png/mL*

42.6 (36.4, 49.1)

36.5 (30.3, 44.6)

Fetuin-A, pg/mL*

422 (332, 531)

447 (346, 575)

Adiponectin, ng/mL*

5119
(3276, 7897)

10 047
(6653, 14 656)

Echocardiographic characteristics

LV wall thickness, cm* 2.0+0.2 1.7+0.2

LV systolic 3.3+0.3 3.0+£0.3
dimension, cm*

LV diastolic 5.2+0.4 474+0.3
dimension, cm*

LV mass index, g/m* 104 (93, 117) 77 (69, 88)

LAD, cm* 3.9+04 3.5+0.4

Fractional shortening, %* 35+3 36+3

E/e’* 5.4 (4.7, 6.3) 5.6 (4.9, 6.7)

Data are shown as means+SD or median (quartile 1, quartile 3) for continuous variables
and as frequency (percentage) for categorical variables. Left ventricular (LV) mass is
indexed to height. FABP4 indicates fatty acid—binding protein 4; LAD, left atrial diameter
in end systole; RBP4, retinol-binding protein-4.

*Statistically significant differences between men and women (using 2-sided ¢ test,
Wilcoxon rank sum test, or chi-square test, as appropriate).

Association Between Adipokines and
Echocardiographic Indices

In multivariable-adjusted analyses, LVMI was inversely asso-
ciated with circulating leptin, FABP4 concentrations and FLI,
but positively related to LR and RBP4 concentrations. LAD
was inversely related to plasma leptin levels and FLI, but
positively associated with blood RBP4 concentrations. Blood
concentrations of LR were inversely associated with E/e’.
These results remained essentially unchanged in secondary
analyses adjusting for body mass index instead of height and
weight (Table S1). Analyses of components of LVMI and LVSD
yielded findings concordant with our primary analyses: leptin,
FLI, and FABP4 were inversely associated with both LVDD and
LVWT, whereas LR was positively associated with LVWT, and
RBP4 with LVDD (Table S2). Associations of these adipokines
with LVSD mirrored their associations with LVDD. Figures 1
and 2 and Figure S1 display the relationship of sex-specific
tertiles of the adipokines significantly associated with LVMI,
LAD, and E/€’ in Table 2 to values of these traits in their
native units, respectively.

FS was not associated with any of the adipokines.
Circulating concentrations of fetuin-A and adiponectin were
not associated with any of the echocardiographic traits.

Modeling Adipokines Conjointly in Relation to LV
Traits

When modeled conjointly, LVMI was associated inversely with
circulating leptin (and FLI) and FABP4 concentrations, but
positively with RBP4 and LR levels. In these analyses, the
adipokines recapitulated the results of the main analyses in
terms of the statistical significance, effect size, and direc-
tionality of associations (Table 3).

Effect Modification by Weight and Stratified
Analyses

We observed several statistically significant interactions:
between LR and weight for LVMI (P=0.007), FABP4 and
weight for LVMI (P=0.03), and leptin and weight for LAD
(P=0.01). Accordingly, we stratified individuals into 2 groups
based on the sex-specific median weight (65.3 kg in women
and 84.8 kg in men). In these analyses, directionality of
associations for the adipokines were similar to the main
analyses and statistical significance was maintained in both
weight strata (using a P<0.05 threshold for these secondary
analyses). Effect sizes for leptin (in relation to LAD) and
FABP4 (with LVMI) were of a greater magnitude in the stratum
with weight below the sex-specific median, ie, standardized
regression coefficients were 2- to 3-fold compared with that
for the group at or above the median weight. For LR, the
association with LVMI was larger (effect size) in the group

DOI: 10.1161/JAHA.118.008997

Journal of the American Heart Association 4

HDOYVIASHY TVYNIDIYO



Adipokines and Echocardiographic Measures von Jeinsen et al

Sex-specific tertiles of leptin

A p<0.0001 for trend p=0.006 for trend

96 94
.E94 $ 93

92 E 92 }
5z i £ }
S 88 =9 }
= 86 t E 89
- 84 88

82 - . . 87 4

T T2 T3 T T2 T3

Sex-specific tertiles of leptin receptor

Sex-specific tertiles of free leptin index

(o] p<0.0001 for trend p<0.0001 for trend

96 96
—94 94
Ew t $ 92 t
Y t
= ! 90
S 88 }
> 86
- g4 86

82 . 84 4 .

T T2 T3 T T2 T3

E p<0.0001 for trend

9%
=%
5 92 } t
So }
2 88

86 - :

T T2 LE

Sex-specific tertiles of RBP4

Sex-specific tertiles of FABP

Figure 1. Least squares means and their standard errors of left ventricular mass index (LVMI) according
to sex-specific tertiles of (A) leptin, (B) leptin receptor, (C) free leptin index, (D) fatty acid—binding protein 4
(FABP), and (E) retinol-binding protein 4 (RBP4). All models were adjusted for cohort, age, sex, height,
weight, systolic blood pressure, diastolic blood pressure, heart rate, diabetes mellitus, antihypertensive
treatment, smoking, creatinine, high-density lipoprotein, low-density lipoprotein, and triglycerides.

with weight above the median, but the quantitative estimates
were close (Table S3).

Discussion

Obesity has been consistently associated with LVH and subtle
myocardial dysfunction in numerous studies.®®*® Recent
reports® have proposed the existence of a distinct condition
termed the cardiomyopathy of obesity, which has been
hypothesized to be an adipocyte-mediated “paracrine”
disorder.® Accordingly, investigators have related circulating
concentrations of adipokines to imaging indices of cardiac
remodeling. These prior studies have typically been conducted
in small samples, or samples with an overrepresentation of
obese individuals or elderly people, and usually focused on a
single adipokine,'%'"13:21-26

Principal Findings

We related a panel of established and novel adipokines to a
group of echocardiographic traits that reflect distinct aspects
of cardiac structural and functional remodeling in a young to
middle-aged cohort relatively free of comorbidities.

Our principal findings are 4-fold. First, we observed that
leptin and FABP4 concentrations were inversely related to
LVMI, whereas LR and RBP4 concentrations were positively
associated. The standardized regression coefficients for leptin
levels (for LVMI) were almost twice that for FABP4 and RBP4
concentrations. Figure 1 suggests that the absolute incre-
ment in LVMI from the first to the top tertile was modest
(2-5 g/m). Evaluation of components of LVMI revealed
associations of these adipokines with LVDD and LVWT that
were directionally concordant with those observed for LVMI.
These associations for LVMI were maintained when the
adipokines were conjointly modeled, consistent with the
potential independent influences they may have on cardiac
remodeling traits. Overall, these findings are consistent with
the concept that some adipokines are antihypertrophic,
whereas others are prohypertrophic (see below). They are
also in line with putative influences of the adipokines on both
LV cavity size and wall thickness. We speculate, therefore,
that LV geometry in obese individuals may be determined by
the relative balance of the antihypertrophic and prohyper-
trophic mediators because levels of both types of adipokines
are elevated in obesity. This premise warrants further
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Figure 2. Least squares means and their standard errors of left
atrial diameter in end systole (LAD) according to sex-specific
tertiles of (A) leptin, (B) free leptin index, and (C) retinol-binding
protein 4 (RBP4). All models were adjusted for cohort, age, sex,
height, weight, systolic blood pressure, diastolic blood pressure,
heart rate, diabetes mellitus, antihypertensive treatment, smok-
ing, serum creatinine, high-density lipoprotein, low-density
lipoprotein, and triglycerides.

evaluation in future studies of larger samples of elderly
individuals and in individuals with a greater burden of
comorbidities.

Second, associations of LAD with circulating leptin, FLI,
and RBP4 concentrations were directionally concordant with
the relationship of these adipokines with LVMI, ie, adipokines
inversely associated with LVMI were associated inversely with
LAD, and vice versa. The concordant directionality of asso-
ciations makes physiological sense as a greater LVMI is
typically accompanied by an increased LAD, and both LVH and
left atrial enlargement are common echocardiographic fea-
tures associated with excess adiposity.*°

Third, we observed effect modification of associations of
select adipokines with LVMI and LAD by body weight.
Associations in the 2 weight strata were directionally
concordant with those in the main analyses, yet effect sizes
were modestly different, quantitatively speaking. For instance,
the magnitude of association for leptin with LAD was twice as
large in the group with weight below the sex-specific median
(consistent with the concept of leptin resistance in obesity
[see below]). These observations are consistent with the
concept that the effect of adipokines on cardiac remodeling
may be context-specific, with the degree of obesity being a
distinctive modifier.

Fourth, fetuin-A and adiponectin were not associated with
any of the echocardiographic measures. On a parallel note, FS
was not associated with any of the adipokines. It is
conceivable that the range of values for echocardiographic
measures was too narrow in our relatively healthy young to
middle-aged sample to permit elucidation of putative associ-
ations with adipokines. As noted above, associations for
select adipokines may be more evident given a background
with greater obesity and/or comorbidity.

Comparisons With the Published Literature

Associations of leptin, its soluble receptor, and FLI with
cardiac remodeling

We observed an inverse association of leptin concentrations
with LVMI and LAD, and of FLI with LVMI, whereas LR was
positively associated with LVMI and inversely associated with
E/e’. These results are consistent with an antihypertrophic
effect of leptin on cardiomyocytes.'®"®

Previous publications reporting the associations between
leptin and cardiac mass and function have yielded varying
results. Similar to our observations, several population-based
studies, including MESA (Multi-Ethnic Study of Atherosclerosis) '°
and a previous study of elderly participants in the original
cohort of FHS,? have reported an inverse association between
circulating leptin concentrations and LVM but no association
with measures of LV systolic function.?’ In contrast, other
observational studies of men with hypertension,?? of severely
obese patients,?® and of patients with myocardial infarction®*
have reported a positive association between leptin and cardiac
hypertrophy. Furthermore, in patients with CAD'® and acute
myocardial infarction,24 a positive association has been
reported between circulating leptin levels and markers of LV
diastolic dysfunction. This inconsistency in the published
literature might be potentially explained by the possible
development of leptin end-organ resistance in the heart with
increasing obesity or in the context of ischemic injury. Leptin
resistance at the hypothalamic level is well described in
obesity,*' yet it is unclear whether such end-organ resistance
extends to other tissues with LRs.
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Table 2. Associations Between Circulating Adipokine Concentrations and Echocardiographic Indices

Cardiac Structural Measures LV Function Measures

Log-LVMI LAD FS Log-E/€

Estimate P Value Estimate P Value Estimate P Value Estimate P Value
Leptin —0.037 <0.0001* —0.039 <0.0001* 0.009 0.92 0.009 0.14
LR 0.009 0.002* 0.008 0.21 —0.107 0.08 —0.016 0.0002*
FLI —0.024 <0.0001* —0.028 0.001* 0.050 0.52 0.014 0.0055
FABP4 —0.019 <0.0001* —0.010 0.18 0.047 0.52 0.002 0.61
RBP4 0.012 <0.0001* 0.025 0.0001* —0.068 0.29 —0.007 0.09
Fetuin-A —0.002 0.45 —0.006 0.24 0.1 0.04 0.005 0.13
Adiponectin —0.002 0.57 0.008 0.20 —0.061 0.34 0.004 0.26

Estimates are P coefficients per 1-SD increase for each within-sex standardized adipokine. Models are adjusted for cohort, age, sex, height, weight, systolic blood pressure, diastolic blood
pressure, heart rate, diabetes mellitus, antihypertensive treatment, smoking, serum creatinine, high-density lipoprotein, low-density lipoprotein, and triglycerides. FABP4 indicates fatty
acid-binding protein 4; FLI, free leptin index; FS, fractional shortening; LAD, left atrial diameter in end systole; LR, leptin receptor; LV, left ventricular; LVMI, LV mass index; RBP4, retinol-

binding protein 4.
*Bonferroni-corrected P<0.002.

The negative association between circulating LR concentra-
tions and E/e’ might indicate a favorable effect of LR and,
therefore, an adverse effect of leptin on LV diastolic function (as
suggested by some reports noted above'®?%). This finding is
challenging to reconcile with the inverse relationship of leptin
and LVMI because typically an increase in LVMI is a frequent
concomitant finding of LV diastolic dysfunction. However,
circulating leptin levels have been associated with increased

Table 3. Association Between Log-LVMI and Adipokines:
Conjoint Modeling of Circulating Leptin, LR, FLI, FABP4, and
RBP4 Concentrations

Estimate P Value

(A) Model including leptin, FABP4, and RBP4

Leptin —0.034 <0.0001*

FABP4 —0.014 <0.0001*

RBP4 0.012 <0.0001*
(B) Model including LR, FABP4, and RBP4

LR 0.009 0.0013*

FABP4 —0.020 <0.0001*

RBP4 0.012 0.0001*
(C) Model including FLI, FABP4, and RBP4

FLI —0.022 <0.0001*

FABP4 —0.017 <0.0001*

RBP4 0.012 <0.0001*

Estimates are B coefficients per 1-SD increase for each within-sex standardized
adipokine. Left ventricular mass index (LVMI) was log-transformed. Models are adjusted
for cohort, age, sex, height and weight, systolic blood pressure, diastolic blood pressure,
heart rate, antihypertensive medication, smoking, serum creatinine, high-density
lipoprotein, low-density lipoprotein, and triglycerides. FABP4 indicates fatty acid—binding
protein 4; FLI, free leptin index; LR, leptin receptor; RBP4, retinol-binding protein 4.
*Bonferroni-corrected P<0.002.

risk of HF,*>*® an observation that may be consistent with an
adverse effect of leptin on cardiac remodeling and diastolic
function.

In summary, the putative effects of leptin on the cardio-
vascular system are likely complex** and need further
investigation and careful consideration, especially as leptin-
activity blockers are viewed as potential therapeutic targets in
cachectic conditions.*’

Associations of circulating FABP 4 with
echocardiographic measures

FABP4 binds hydrophobic molecules including fatty acids and
facilitates their transport across membranes. It is highly
expressed in and secreted by the adipose tissue*® but is also
expressed in several other tissues including the heart.® We
observed an inverse association between circulating FABP4
levels and LVMI. Prior studies analyzing associations between
FABP4 levels and LVMI have been inconsistent with reports of
both no associations'' and of positive associations.?*> %’

The previous publications are not directly comparable to our
investigation because of their smaller sample sizes'' (N<200),
referral bias,?> 2’ and focus on obese individuals,?> 2 whereas
our study sample comprised relatively healthy individuals. In
this context, it is noteworthy that experimental studies have
also yielded variable results. A recent investigation reported
that FABP4 overexpression in mice was associated with cardiac
hypertrophy only in the presence of aorta constriction,®
whereas another study noted a dose-dependent negative
inotropic effect of FABP4 on rat cardiomyocytes.*” It is
therefore possible that FABP4 has different effects on the
heart based on underlying hemodynamic conditions. A recent
population-based study linked higher FABP4 levels to an
increased risk of HF.'* Thus, the effects of FABP4 on the heart
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remain unclear and additional studies of larger samples are
warranted to replicate (or refute) our observations.

Associations of circulating RBP4 with cardiac
remodeling

RBP4 is secreted by the liver and the adipose tissue (it is both
a hepatokine and an adipokine), and higher blood levels have
been linked to insulin resistance, diabetes mellitus, and
coronary artery disease in some reports.**>' We observed
that circulating RBP4 levels were positively associated with
LVMI and LAD. These findings are in line with 2 previous
experimental studies that reported an association between
RBP4 and cardiac hypertrophy.”'? However, our observations
are in contrast to another report that noted lack of any
association of circulating RBP4 with echocardiographic traits
(including LVM) in a moderately sized elderly cohort of men.?°
These differences across reports may be related to differ-
ences in the study sample characteristics (such as age) and
also sample size. In summary, the putative association
between circulating RBP4 levels and cardiac hypertrophy
needs further investigation in larger samples with a wider age
range.

Associations of circulating fetuin-A with
echocardiographic traits

Fetuin-A is a phosphorylated glycoprotein mainly secreted by
the liver but is expressed in adipose tissue as well (it is also a
hepatokine/adipokine). Circulating fetuin-A levels increase
with increasing body mass index. As a tyrosine kinase
inhibitor, fetuin-A is linked to insulin resistance and diabetes
mellitus but it is also an inhibitor of calcification by building
complexes with calcium and phosphorus.’>°® Circulating
fetuin-A concentrations were not associated with any of the
echocardiographic traits we evaluated in our sample. It is
challenging to compare our reports with the published
literature because prior studies of fetuin-A and LV remodeling
have largely focused on patients with varying degrees of CKD,
in which context inverse associations with LV diastolic
dysfunction®® and LVH>* have been described. Future inves-
tigations of blood fetuin-A concentrations and cardiac
remodeling in community-based samples are warranted to
replicate our findings.

Associations of circulating adiponectin with cardiac
remodeling

In the present investigation, we did not observe any
associations between adiponectin and the echocardiographic
indices evaluated. These observations are consistent with
some prior reports®® but not with others that have reported
both inverse'® and positive'® relationships of circulating
adiponectin concentrations with LVM. One potential reason
for the inconsistent results in the literature may be because

adiponectin associations are context-specific, with an inverse
association being observed in individuals at low risk for LVH
but a positive association in patients at higher risk. '8¢

Experimental results are more consistent in this regard. In
adiponectin-deficient mice, pressure overload leads to an
increase in LVH and cardiomyocyte size compared with wild-
type mice. These findings are consistent with increased
extracellular signal-regulated kinase and diminished AMP-
activated protein kinase signaling in the myocardium in
adiponectin-deficient mice.>” Additional studies of larger
samples that encompass a wider distribution of cardiovascu-
lar disease risk factors and comorbidities may yield additional
insights into context-specific effects of adiponectin on cardiac
remodeling.

Limitations and Strengths

Our study sample was comprised of young to middle-aged
relatively healthy participants with a low prevalence of
cardiovascular disease risk factors and comorbidities. As
such, our results may not be generalizable to other age groups
or to samples of individuals at higher risk with a greater
prevalence of comorbidities. In addition, our study design was
cross-sectional, which precludes any causal inferences.

Despite these limitations, our investigation is strengthened
by its large community-based sample, assays of an array of
adipokines (including several of contemporary interest), and
our evaluation of a range of echocardiographic traits reflecting
distinctive aspects of cardiac structural and functional
remodeling.

Conclusions

In our investigation of a large, young to middle-aged, relatively
healthy community-based sample, we observed a distinctive
pattern of association of adipokines with cardiac remodeling.
Higher circulating leptin and FABP4 levels were associated
with lower LVMI, whereas higher LR and RBP4 concentrations
were positively associated with LVMI. Associations with LAD
were directionally consistent (with inverse association with
leptin levels and positive association with RBP4 concentra-
tions). We observed effect modification of these associations
by weight consistent with a context-dependent influence of
adipokines on cardiac remodeling that may vary with the
degree of adiposity and presence/absence of comorbidities.
These observations suggest that the potential role of
adipokines as paracrine mediators of obesity-induced
cardiomyopathy®® is likely complex and warrants further
investigation against a varying background of cardiac stres-
sors (including age, obesity, insulin resistance, and other
comorbidities, as our study sample was relatively healthy).
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Supplemental Material



Table S1. Associations between circulating adipokine concentrations and echocardiographic indices: adjusted

for BMI instead of height and weight.

Cardiac structural measures Left ventricular function measures
Left atrial
Log left ventricular Fractional
dimension at end- Log E/e'
mass Index shortening
systole
Estimate | p value Estimate | p value Estimate | p value | Estimate | p value
Leptin -0.035 | <0.0001* -0.032 0.0005* 0.005 0.95 0.008 0.17
LR 0.007 0.0097 0.004 0.51 -0.105 0.09 -0.016 0.0002*
FLI -0.022 | <0.0001* -0.022 0.0082 0.046 0.55 0.013 0.007
FABP4 -0.018 | <0.0001* -0.006 0.42 0.044 0.55 0.002 0.73
RBP4 0.012 0.0001* 0.025 0.0002* -0.067 0.30 -0.007 0.11
Fetuin-A -0.001 0.60 -0.005 0.41 0.113 0.04 0.005 0.15
Adiponectin | -0.0006 0.83 0.011 0.10 -0.063 0.32 0.004 0.30

Estimates are beta coefficients per sex-standardized 1 standard deviation increase for each adipokine.

Models are adjusted for cohort, age, sex, BMI, systolic blood pressure, diastolic blood pressure, heart rate, diabetes,
anti-hypertensive treatment, smoking, serum creatinine, high density lipoprotein, low density lipoprotein, triglycerides.
* Bonferroni corrected p< 0.002.

FABP: Fatty Acid-Binding Protein; FLI: Free Leptin index; LR: Leptin receptor; RBP: Retinol-Binding Protein.



Table S2. Secondary analysis of associations between adipokine levels and the

components of LVMI and LV end-systolic dimensions.

Left ventricular Left ventricular Left ventricular wall

diastolic dimension systolic dimension thickness

Estimate | p-value Estimate | p-value Estimate p-value
Leptin -0.066 <0.0001* -0.044 <0.0001* -0.021 0.0003*
LR -0.004 0.44 0.003 0.57 0.014 <0.0001*
FLI -0.035 <0.0001* -0.025 <0.0001* -0.017 <0.0001*
FABP4 -0.030 <0.0001* -0.022 0.0002* -0.014 0.0001*
RBP4 0.019 0.0009* 0.016 0.002* 0.008 0.008
Fetuin-A -0.0002 0.96 -0.006 0.17 -0.002 0.42
Adiponectin 0.001 0.83 0.003 0.50 -0.003 0.38

Estimates are beta coefficients per 1 standard deviation increase for each sex-standardized
adipokine.

Models are adjusted for cohort, age, sex, height, weight, systolic blood pressure, diastolic blood
pressure, heart rate, diabetes, anti-hypertensive treatment, smoking, serum creatinine, high
density lipoprotein, low density lipoprotein, triglycerides

* Bonferroni corrected p value: p< 0.002.

FABP: Fatty Acid-Binding Protein; FLI: Free Leptin index; LR: Leptin receptor; RBP: Retinol-

Binding Protein.



Table S3. Associations of circulating adipokine concentrations and

echocardiographic indices stratified by sex-specific median weight.

Overall sample Stratified by sex-specific median

Estimate | p-value | Stratum Estimate | p-value

Left ventricular mass Index

LR 0.009 0.002 <median weight | 0.008 0.0263

=median weight | 0.011 0.0095

FABP4 | -0.019 <0.0001* | <median weight | -0.035 <0.0001

=median weight | -0.011 0.0026

Left atrial end-systolic diameter

Leptin | -0.039 <0.0001* | <median weight | -0.062 0.0046

2median weight | -0.028 0.0053

Estimates are beta coefficients per sex-standardized 1 standard deviation
increase for each adipokine. See Table 1 for sex-specific median weight.
Models are adjusted for cohort, age, sex, height, weight, systolic blood pressure,
diastolic blood pressure, heart rate, diabetes, anti-hypertensive treatment,
smoking, serum creatinine, high density lipoprotein, low density lipoprotein,
triglycerides.

* Bonferroni corrected p< 0.002

FABP: Fatty Acid-Binding Protein; LR: Leptin receptor.



Figure S1. Least square means of E/e’ according to sex-specific tertile of

circulating concentrations of soluble leptin receptor.
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Least squares means and their standard errors of E/e’ according to sex-specific tertiles
of leptin receptor, adjusted for cohort, age, sex, height, weight, systolic blood pressure,
diastolic blood pressure, heart rate, diabetes, anti-hypertensive treatment, smoking,

serum creatinine, high density lipoprotein, low density lipoprotein, triglycerides.



