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Objective: To test in humans the hypothesis that part of the
association of adiponectin with insulin sensitivity is inde-
pendent of lipid availability.

Research Methods and Procedures: We studied relation-
ships among plasma adiponectin, insulin sensitivity (by
hyperinsulinemic-euglycemic clamp), total adiposity (by
DXA), visceral adiposity (VAT; by magnetic resonance
imaging), and indices of lipid available to muscle, including
circulating and intramyocellular lipid (IMCL; by 'H-mag-
netic resonance spectroscopy). Our cohort included normal
weight to obese men (n = 36).

Results: Plasma adiponectin was directly associated with
insulin sensitivity and high-density lipoprotein-cholesterol
and inversely with plasma triglycerides but not IMCL.
These findings are consistent with adiponectin promoting
lipid uptake and subsequent oxidation in muscle and inhib-
iting TG synthesis in the liver. In multiple regression mod-
els that also included visceral and total fat, free fatty acids,
TGs, and IMCL, either alone or in combination, adiponectin
independently predicted insulin sensitivity, consistent with
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some of its insulin-sensitizing effects being mediated
through mechanisms other than modulation of lipid metab-
olism. Because VAT directly correlated with total fat and all
three indices of local lipid availability, free fatty acids, and
IMCL, an efficient regression model of insulin sensitivity
(R* = 0.69, p < 0.0001) contained only VAT (part R* =
0.12, p < 0.002) and adiponectin (part R> = 0.41, p <
0.0001) as independent variables.

Discussion: Given the broad range of total adiposity and
body fat distribution in our cohort, we suggest that insulin
sensitivity is robustly associated with adiponectin and VAT.

Key words: adipokine, body composition, intramyocel-
lular lipid, magnetic resonance spectroscopy

Introduction

Disturbances in lipid metabolism are thought to contrib-
ute to insulin resistance and other aspects of the metabolic
syndrome. Skeletal muscle is the primary site for insulin-
stimulated glucose disposal, and many studies in animals
and humans have associated excess accumulation of tri-
glycerides (TGs)' (and/or other lipid moieties) within mus-
cle with insulin resistance. Although TGs per se are unlikely
to directly affect insulin action, excess TG content indicates
increased availability of intracellular fatty acids and their
derivatives, which may impede glucose metabolism through
substrate competition, inhibition of insulin signaling path-
ways, or modulation of gene transcription (1).

In previous studies (2,3), we have shown that direct
indices of local lipid availability, such as muscle lipid
content and circulating lipids, are related to whole body

! Nonstandard abbreviations: TG, triglyceride; FA, fatty acid; AMPK, adenosine monophos-
phate-activated kinase; MRS magnetic resonance spectroscopy; MRI, magnetic resonance
imaging; IMCL, intramyocellular lipid; VAT, visceral adiposity; GIR, glucose infusion rate;
I, prevailing plasma insulin concentration; FFM, fat-free mass; HDL, high-density lipopro-
tein; IL, interleukin; CRP, C-reactive protein.
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insulin sensitivity independently of the size of various fat
depots. These results strongly suggest that remote fat depots
can influence skeletal muscle insulin sensitivity by secretion
of circulating factor(s) other than fatty acids (FAs). Adipose
tissue produces cytokines (adipokines), many of which are
putative modulators of insulin sensitivity. An abundant cir-
culating adipokine, adiponectin (4), has been associated
with protection against cardiovascular disease, obesity, and
type 2 diabetes (5-8). Produced predominantly in adipo-
cytes, circulating adiponectin levels in humans are paradox-
ically inversely related to adiposity, but directly with insulin
sensitivity (6).

Results from in vitro and animal studies suggest that
adiponectin improves insulin sensitivity in skeletal muscle
by promoting FA oxidation leading to reduced intracellular
TG and circulating lipids (9), primarily by activation of
adenosine monophosphate-activated kinase (AMPK) (10),
but activation of peroxisome proliferator-activated receptor
a may also be involved (11). Adiponectin may have addi-
tional effects on glucose metabolism that are independent of
modified lipid metabolism, and our group has recently
shown that acute AMPK activation (in addition to promot-
ing FA uptake) stimulates muscle glucose uptake (12).
Moreover, adiponectin may have anti-inflammatory proper-
ties through modulating nuclear factor-«B signaling (13).
These actions could potentially affect insulin sensitivity
independently of modulation of FA metabolism. Impor-
tantly, the actions of adiponectin have been studied predom-
inantly in cellular or rodent models.

Using state-of-the-art techniques, we previously studied
the relationships in humans between insulin sensitivity and
various aspects of FA metabolism. Here we have measured
adiponectin levels, in baseline samples from two previously
published studies (14,15) that used the same protocols (to-
gether with some unpublished data), to determine whether
adiponectin is related to insulin sensitivity independently of
indices of FA availability and adiposity in humans.

Research Methods and Procedures

Subjects

Thirty-six men, ranging from normal weight to obese,
were studied. All subjects undertook <2 h/wk of strenuous
exercise. Physical activity was assessed from questionnaire
response detailing time spent each week on specific activ-
ities. Total activity was calculated by multiplying time spent
on activities by estimates of their intensity expressed in
metabolic equivalents. (One metabolic equivalent is basal
energy expenditure.) Subjects were excluded if they had a
history of any major illness or use of systemic steroids or
lipid-lowering agents within the preceding year. All sub-
jects underwent an oral glucose tolerance test; frank diabe-
tes, but not impaired fasting glucose or impaired glucose
tolerance, was an exclusion criterion.

The studies were approved by the St. Vincent’s Hospital
Human Research Ethics Committee (conducted according
to the Declaration of Helsinki). All subjects gave written
informed consent before participation.

Overview

The following procedures were performed (in the order
described) in a single morning, after an overnight fast.
"H-magnetic resonance spectroscopy (‘H-MRS) and mag-
netic resonance imaging (MRI) were used to determine
intramyocellular lipid content (IMCL) and abdominal fat
content, respectively. DXA was used to assess total body
fat. Fasting blood was sampled for assay of circulating
factors. A euglycemic-hyperinsulinemic clamp was per-
formed to estimate whole body insulin sensitivity.

Intramyocellular Lipid Content by '"H-MRS

As previously described (16), a 1.5-T medical magnetic
resonance scanner and extremity coil (General Electric,
Milwaukee, WI) were used to acquire spectra from a right
soleus voxel (2.0 X 2.0 X 2.0 cm; PRESS sequence; echo
time, 135 ms; repetition time, 1500 ms). Proton resonance
quantitation with AMARES (MRUI version 99.2, European
Union, available at http://sermn02.uab.es/mrui/) used con-
straints comparable to recent approaches (17). IMCL was
expressed as intramyocellular CH, peak area as a percent-
age of water peak area.

Anthropometry

BMI was calculated as weight (kilograms)/height
(meters) squared. Overall body composition was estimated
by DXA (Lunar DPXL, software version 1.35 y; Madison,
WI). Visceral fat volume was determined by MRI (General
Electric) as previously described (16). Briefly, 12 TI-
weighted axial scans (5 mm thickness, 5-mm intervals) were
performed between the levels of L4/5 and L1/2 interverte-
bral discs. For each scan, the area of visceral adipose tissue
within the inner margin of abdominal wall (VAT) was
determined by planimetric analysis (NIH Image 1.62; NIH,
Bethesda, MD). Total VAT volume was calculated by in-
terpolating between slices (18).

Euglycemic-hyperinsulinemic Clamp

A 150-minute clamp was performed as previously de-
scribed (19). Insulin (Actrapid HM; Novo Industries,
Copenhagen, Denmark) was infused at a rate of 50 mU/m?
per minute to achieve serum insulin ~100 mU/liter. Plasma
glucose was monitored every 10 minutes (YSI 2300; Stat-
Plus, Yellow Springs Instruments, Yellow Springs, OH) and
maintained at ~5.0 mM by a variable infusion of 25%
dextrose. The steady-state glucose infusion rate (GIR) and
prevailing plasma insulin concentration (/) were determined
over the last 40 minutes of the clamp. Indices of whole body
insulin sensitivity were calculated as M = GIR/FFM, where
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FFM is the fat-free mass determined by DXA, and M/I to
correct for any variation in clamp plasma insulin.

Basal fat oxidation rate was estimated using indirect
calorimetry (GE Medical Systems, Rydalmere, Australia).
Measurements were taken 30 minutes before commence-
ment of the clamp.

Biochemical Analysis

Radioimmunoassays were performed for insulin and adi-
ponectin (Linco Research, St. Charles, MO). Serum total
and high-density lipoprotein (HDL)-cholesterol, TGs, and
free FAs were measured by enzymatic colorimetry (Roche
Diagnostics Corp., Indianapolis, IN, and Wako, Osaka,
Japan). Interleukin 6 (IL-6) concentrations were determined
using a high sensitivity IL-6 ELISA system (Amersham
Pharmacia Biotech, Piscataway, NJ). C-reactive protein
(CRP) was measured by a highly sensitive particle-en-
hanced turbidimetric immunoassay technique (Dade Behr-
ing Diagnostics, Sydney, Australia) as previously described
(18). Inter- and intra-assay coefficients of variation were
<10% for all assays.

Statistical Analyses

Unless stated otherwise, values are presented as mean =*
SE.

Associations among continuous variables were studied
using simple or multiple regression analyses. The unique
contribution of an independent variable to a multiple regres-
sion model was assessed using the standard F-test based on
the incremental sum of squares when the variable was added
last to the regression equation (20). Analyses were per-
formed using general-purpose statistical software (JMP;
SAS institute, Cary, NC). p < 0.05 was regarded as signif-
icant.

The distributions of plasma TGs, CRP, and IL-6 were
highly skewed. In all analyses, log-transformed values of
these variables were used.

Results

Subjects
Subject characteristics are shown in Table 1.

Bivariate Relationships

The set of simple correlation coefficients for insulin
sensitivity, adiponectin, and indices of lipid availability and
inflammation is shown in Table 2. This includes a direct
correlation (R* = 0.27, p = 0.0003) between insulin sensi-
tivity and fasting plasma adiponectin consistent with nu-
merous previous reports (21). Also, as expected, total fat
was associated inversely with insulin sensitivity (R* = 0.50,
p < 0.0001) and adiponectin levels (R* = 0.12, p = 0.04).

In addition to the correlations involving lipid substrates
(Table 2), relationships were also detected among circulat-
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Table 1. Subject characteristics (n = 36)

Characteristics Mean = SD

Age (years) 352 £8.0
BMI (kg/m?) 28.6 4.2
FFM (kg) 592 + 6.7
Total body fat (kg/kg FFM) 0.441 £ 0.163
VAT (mL/kg FFM) 21.51 £10.33
VAT/total fat (mL/kg) 48.0 £ 14.1
IMCL (soleus) 1.80 £ 0.59
Plasma adiponectin (ug/mL) 8.16 = 4.67
Plasma CRP (ug/mL) 3.10 = 0.30
Plasma IL-6 (pg/mL) 1.09 = 0.26
Plasma glucose (mM) 5.55 £047
Plasma insulin (mU/liter) 14.0 £ 6.7
Plasma cholesterol (mM) 443 £ 094
Plasma HDL-cholesterol (mM) 0.866 = 0.278
Plasma TGs (mM) 1.86 = 1.87
Plasma FFAs (mM) 0.397 = 0.133
Fat oxidation (g/day/kg FFM) 1.10 = 0.07
Physical activity (MET/h/wk) 341 +0.26
Glucose infusion rate

(wmol/min/kg FFM) 40.7 £ 15.1
Clamp plasma insulin

(mU/liter) 109 = 21.0
Ml 0.398 = 0.190

FFM, fat-free mass; VAT, visceral adiposity; IMCL, intramyocel-
lular lipid; CRP, C-reactive protein; IL, interleukin; HDL, high-
density lipoprotein; TG, triglyceride; FFA, free fatty acid; MET,
metabolic equivalent.

All plasma concentrations are fasting values. M/I (umol/min/kg
FFEM)/(mU/liter) is the glucose infusion rate normalized by the
clamp plasma insulin. IMCL was determined in the soleus muscle
by "H-MRS. Values shown are the intramyocellular CH, peak area
expressed as a percentage of water peak area. Values for plasma
TG, CRP, and IL-6 values were log-transformed before the anal-
ysis. One MET is the energy expenditure of an individual at rest.

ing cholesterol, adiponectin, and insulin sensitivity. There
were direct relationships between HDL-cholesterol and adi-
ponectin (R2 = 0.28, p = 0.0008) and insulin sensitivity,
M/I (R* = 0.46, p < 0.0001). An inverse (R* = 0.27, p =
0.001) correlation between total cholesterol and M/I was
also observed.

In this group of men, there were no associations between
estimated physical activity and insulin sensitivity, adiponec-
tin, or any of the indices of lipid availability considered in
Table 2. However, the range of activity was small because
subjects were recruited for this study only if they were
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Table 2. Correlation matrix of insulin sensitivity, indices of adiposity and inflammation, and adiponectin

Plasma Plasma

M/T Total fat VAT IMCL  free FAs TGs CRP IL-6 Adiponectin
Ml 1
Total fat —-0.71 1
VAT —0.76 0.71 1
IMCL —-0.34 0.34 0.38 1
Plasma free FAs —0.49 0.43 0.41 0.24 1
Plasma TGs —0.58 0.30 0.52 0.01 0.19 1
CRP —-0.49 0.44 0.43 0.24 0.23 0.17 1
IL-6 -0.19 0.07 0.05 —0.04 0.34 0.09 0.32 1
Adiponectin 0.55 —0.36 —0.30 0.11 —-0.28 —0.50 —-0.23 —-0.24 1

VAT, visceral adiposity; IMCL, intramyocellular lipid; FFA, free fatty acid; TG, triglyceride; CRP, C-reactive protein; IL, interleukin.
Numbers shown are Pearson product-moment correlation coefficients (R). Values shown in bold are significant (p < 0.05). Critical R
value = 0.33. Indices of insulin sensitivity (M), total body fat mass, and visceral adiposity have been normalized by FFM. Values for plasma

TG, CRP, and IL-6 values were log-transformed before the analysis.

sedentary (<2 h/wk of strenuous exercise), specifically to
avoid the confounding effects of exercise.

Despite the putative action of adiponectin to promote
lipid oxidation, there was no association between fasting
adiponectin levels and absolute basal fat oxidation (R* =
0.0002, p = 0.93). However, there was a strong positive
association between basal fat oxidation and circulating free
FAs (R?> = 0.35, p = 0.0001). Moreover, when rates of fat
oxidation were normalized by circulating lipid substrate
levels, direct correlations (free FAs: R? = 0.14, p = 0.03;
TGs: R?> = 0.12, p = 0.04) with adiponectin concentration
were observed.

Somewhat unexpectedly, there was also no simple rela-
tionship between IMCL and adiponectin. However, in a
previous study (22), we showed that many of the relation-
ships observed between indices of fatty acid availability and
insulin action in lean individuals are absent or reversed in
obese subjects. To determine whether a similar phenome-
non was occurring here, IMCL was modeled as a fully
factored function of adiponectin and total fat. A strong
relationship was evident (R2 = 0.48, p < 0.0001), with all
independent variables, including the interaction term, being
highly significant (p < 0.0005). The model predicted an
inverse relationship between adiponectin and IMCL in lean
subjects but a direct association in obese individuals.

Multivariate Relationships

The degree to which adiponectin independently predicted
insulin sensitivity (M/I) was studied by the series of multi-
ple regression models shown in Table 3. These results
indicate that adiponectin is a significant predictor of insulin

sensitivity independently of each of the major indices of
lipid supply (total fat, VAT, IMCL, plasma free FAs, and
plasma TGs). Moreover, when adiponectin was included as
an independent variable together with all five of the above
indices, it alone was significant (p < 0.04). This result is of
physiological importance because it shows that adiponectin
also predicts insulin sensitivity independently of the above
indices of lipid supply in combination. However, this model
has little statistical value because it is clearly overparam-
eterized. To identify a parsimonious model of insulin sen-
sitivity, the best of the simpler models (R* = 0.69), which
included adiponectin and VAT as independent variables,
was assessed more closely.

The superiority of VAT over other indices of adiposity in
the models considered in Table 3 is at least partly caused by
the significant correlations between central fat and each of
total fat, IMCL, plasma TG, and plasma free FA levels,
which themselves also correlate with insulin sensitivity
(Table 2). VAT, therefore, acts as a single efficient surro-
gate for multiple predictors of insulin sensitivity. Indeed,
the two-parameter model is only marginally inferior (R* =
0.69) to an overparameterized model that also included total
fat, IMCL, plasma free FAs, and plasma TGs as indepen-
dent variables (R* = 0.71). We also studied whether it was
possible to add a third independent variable to the two-
parameter model, but none of the adiposity indices consid-
ered above, physical activity, or the inflammatory markers
IL-6 and CRP contributed significantly.

The degree to which the regression model containing
only VAT and adiponectin predicts insulin sensitivity in our
cohort is shown in Figure 1.
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Table 3. Binary regression models with insulin sensitivity M/l as the dependent variable and adiponectin and a
single index of adiposity as the two independent variables

Dependent variable: M/I

Independent Standardized Independent Standardized

variable 1 coefficient  Part R? )/ variable 2 coefficient ~ Part R” p Model R?
Adiponectin 0.31 = 0.19 0.09  0.0123 Total fat —0.60 £0.19 0.32 <0.0001 0.59
Adiponectin 0.35 = 0.10 0.12  0.0016 VAT —0.65 £ 0.10 041 <0.0001 0.69
Adiponectin 0.57 = 0.13 0.32  0.0001 IMCL —0.41 £0.13 0.17 0.0033 0.44
Adiponectin 042 =0.14 0.16 0.0052 Plasma free FAs —0.37 £0.14 0.13 0.0128 0.40
Adiponectin 0.33 = 0.16 0.08 0.0442 Log,, (plasma TGs) —0.39 = 0.16 0.11 0.0202 0.39

Model R? is the fractional variance explained by the complete model. For each independent variable, part R” is the increase in the model
R? when it is added last to the regression equation that already contains the other term. It represents that proportion of the model R that
can be assigned uniquely to a given variable and hence quantifies the extent to which each variable independently contributes to the
prediction of insulin sensitivity (20). The standardized regression coefficients result from analyses where all variables have been scaled to

have a mean of 0 and SD of 1.

Discussion

This study confirmed previously reported associations
(5,6,21) among plasma adiponectin concentration, insulin
sensitivity, and indices of adiposity and lipid availability in
a diverse cohort, consisting of normal weight to obese
sedentary men. Such correlations, by themselves, cannot
show causation. Hence, we did not seek to deduce mecha-
nisms but to study whether the observed relationships in our
human population were consistent with mechanisms previ-
ously shown in animal and cellular systems.
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Figure 1: The relationship (R* = 0.69, p < 0.0001) between
measured whole body insulin sensitivity and that predicted by
plasma adiponectin and VAT (Table 3, model 2).
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Adiponectin is thought to act predominantly by promot-
ing lipid oxidation (9), thereby reducing local lipid avail-
ability in insulin-sensitive tissues. However, as previously
reported (23), no association was detected between basal
lipid oxidation and adiponectin levels in our data. However,
lipid oxidation is also limited by substrate supply (24).
When rates of fat oxidation were normalized by plasma free
FA or TG levels, direct correlations with adiponectin con-
centration were apparent, most likely reflecting the action of
adiponectin to increase the efficiency with which lipids are
extracted from the circulation and subsequently oxidized.

The inverse relationship observed (Table 2) between
plasma adiponectin and circulating TGs supports this view.
It is of particular interest because it was accompanied by a
direct association with HDL-cholesterol (R2 =028, p =
0.0008). Although very-low-density lipoprotein-cholesterol
was not measured in this study, it is a relatively constant
fraction (~1/5) of total circulating TGs (25). Thus, together,
these results support the concept (26) that adiponectin,
through activation of lipoprotein lipase, promotes the re-
moval of TGs from the circulation, with a concomitant
conversion of very-low-density lipoprotein particles to
HDL.

Although our plasma data are consistent with the hypoth-
esis that adiponectin promotes the removal of lipids from
the circulation, overall there was no association between
adiponectin and soleus IMCL. However, a reduction (or
accumulation) of intracellular lipid requires an imbalance
between influx and oxidation, and if adiponectin simulta-
neously increases both of these processes (26), changes in
lipid stores need not occur. We previously showed (22) that
obesity can distort the usual relationships between lipid
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availability and insulin action. These results also indicate
that the relationship between plasma adiponectin and IMCL
is different in obese and lean subjects, possibly because of
an altered balance between the dual actions of adiponectin
to promote lipid influx and oxidation in the myocyte.

In animals, adiponectin has major effects on lipid metab-
olism of the liver, where it promotes FA oxidation (10) and,
through AMPK activation, inhibits TG production (27).
These actions would be expected to contribute substantially
to the observed association between plasma TGs and adi-
ponectin. In addition, by lowering overall lipid availability
to muscle (despite unaltered IMCL), they could also con-
tribute to the correlation between insulin sensitivity and
adiponectin.

Other actions of adiponectin to affect insulin sensitivity
have been proposed, including enhancement of glucose
uptake through AMPK activation (12,28) and a reduction of
subclinical inflammation (29,30). Although our results do
not provide mechanistic detail, they are consistent with a
mode of action of adiponectin in humans that is independent
of altering lipid availability, because, in a regression model
that included multiple indices of lipid availability, adi-
ponectin was an independent predictor of insulin sensitivity.

The relationship between inflammatory markers and in-
sulin resistance is the subject of much recent discussion in
the literature. A previous study from our group (18) argued
against a role for inflammation, suggesting instead that
associations between insulin sensitivity and markers of in-
flammation such as CRP are largely secondary to the rela-
tionship between insulin sensitivity and measures of lipid
availability. This argument is very consistent with the re-
sults presented here, where CRP was not an independent
predictor of insulin sensitivity.

To explore the ability of adiponectin to predict insulin
sensitivity independently of lipid availability and adiposity,
we initially considered regression models that included mul-
tiple indices of these traits either alone or in combination.
However, a parsimonious model including only VAT and
adiponectin was selected for further study. As reported in
numerous previous studies (31), there was a stronger (sim-
ple) correlation between visceral fat and insulin sensitivity
than between total fat and insulin sensitivity. From a statis-
tical point of view, this occurs, at least in part, because
central fat is significantly correlated with total fat, IMCL,
plasma TG, and plasma free FA levels, which themselves
correlate with insulin sensitivity (Table 2). The associations
between total fat and IMCL and plasma TGs are weaker. In
a multiple regression model, VAT may, therefore, act as a
single efficient surrogate for multiple predictors of insulin
sensitivity.

The model may also have mechanistic implications. Al-
though the action of lipid to modulate insulin sensitivity
could occur within the myocyte by a variety of mechanisms
(1), any response would ultimately depend on the lipid

supply from local stores such as circulating lipid and IMCL.
However, increased central fat could either be the cause of,
or the response to, increased lipid availability to non-adi-
pose tissues. Central fat is sensitive to adrenergic stimuli
and is, therefore, more labile, releasing FAs more readily
than remote fat beds (32). It is possible, therefore, that
increased central adiposity would raise circulating lipid
levels and increase tissue lipid deposition, resulting in the
observed associations between central fat, and plasma lipids
and IMCL. Alternatively, the labile central depot could be
acting merely as a buffer, responding to excess body lipid
availability; i.e., excess circulating lipid simultaneously
promotes lipid deposition in central fat stores and muscle.

We showed (Figure 1) a close association between insulin
sensitivity and the independent effects of adiponectin and
visceral adiposity in a cohort of men with a large range of
adiposity. We were unable to detect additional independent
effects of other indices of adiposity or circulating factors,
but this does not definitively preclude their existence. The
number of subjects considered in this study is relatively
small, and the power to detect subtle effects is, therefore,
limited. It is likely that additional effects would be evident
in a larger population. Other probable extensions to the
model include the effect of lifestyle factors such as exercise
and diet. In this study, we deliberately avoided the con-
founding effects of exercise by studying only sedentary
individuals, and nutritional data were not available for all
our subjects. However, irrespective of how the model might
be further refined in the future, we established here the
existence of a broadly applicable dependence of insulin
sensitivity on both adiponectin and VAT.

The broader objective of this study was to investigate
how adiponectin interrelates with local indices of lipid
availability to predict insulin sensitivity. In all of the models
considered, adiponectin was a strong independent predictor
of insulin sensitivity, suggesting significant insulin-sensitiz-
ing actions of adiponectin through mechanisms other than
modulation of lipid metabolism.
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