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Acute Regulation of Adiponectin by Free Fatty Acids

Elizabeth L. Bernstein, Polyxeni Koutkia, Karin Ljungquist, Jeff Breu, Bridget Canavan, and Steven Grinspoon

ittle is known about the acute regulation of adiponectin in humans. In animal studies, adiponectin increases the clearance

f free fatty acids (FFA) from the circulation by increasing skeletal uptake and oxidation of lipid, thereby regulating the FFA

oncentration. However, it is unknown if FFA regulate adiponectin. The aim of the present study was to investigate the effect

f an acute reduction in free fatty acids on adiponectin concentration in healthy subjects. Ten normal male subjects were

dmitted for 2 inpatient visits and randomized to receive either acipimox (500 mg orally at 2 AM and again at 6 AM) or placebo

n the first visit and vice versa on the second visit. Adiponectin, FFA, insulin and glucose were measured at 7:45 AM. FFA

oncentrations were significantly lower after acipimox than placebo administration (0.08 � 0.02 mEq/L v 0.35 � 0.53 mEq/L,

< .05). Adiponectin concentrations were also significantly lower after acipimox than placebo administration (7.4 � 1.2

g/mL v 10.3 � 1.7 �g/mL, P < .05). The change in FFA between acipimox and placebo correlated significantly with the

hange in adiponectin (r � 0.66, P < .05), eg, the larger the reduction in FFA in response to acipimox, the larger the reduction

n adiponectin. These results suggest that acute lowering of FFA is associated with decreased adiponectin concentrations.
2004 Elsevier Inc. All rights reserved.
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DIPONECTIN, a recently recognized adipocyte-deri
cytokine, is the most abundant gene product in adi

issue and is present in high levels in the plasma. It is tho
o play an important role in both glucose and lipid metabol
nlike other adipocytokines, adiponectin is found to be p
oxically low in patients with obesity,1 type II diabetes,2 and
oronary artery disease.3 Plasma adiponectin concentratio
orrelate with insulin sensitivity1,4,5 and predict the develo
ent of type II diabetes.6 Replacement of recombinant a
onectin in diabetic rats and adiponectin knock-out mice
roves insulin sensitivity.7,8 In animal studies, adiponec

ncreases clearance of free fatty acids (FFA) from the bl
ikely by increasing skeletal muscle uptake of FFA8 and by
ncreasing FFA oxidation.7,9 Studies in humans have reporte
egative association between adiponectin and triglyceride
ls2,10and have demonstrated that reduced adiponectin co

ration is a marker of increased intramyocellular lipid conc
ration in obesity.11

Although animal models have elucidated some of the m
olic effects of adiponectin, little is known about its ac
egulation. Adiponectin concentrations increase chroni
ith weight loss, either through changes in lifestyle12 or gastric
ypass,13 and in response to peroxisome proliferator–activ
eceptor gamma (PPAR�) administration.14,15 In contrast, in
ulin acutely lowers adiponectin concentrations during the
lycemic hyperinsulinemic clamp procedure.16 Because ad
onectin regulates metabolism of FFA, we hypothesized
FA may in turn regulate adiponectin. Our data demons
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hat acute lowering of FFA by acipimox is associated w
ecreased adiponectin concentrations.

MATERIALS AND METHODS

ubjects

Ten male healthy subjects were enrolled in the study betwee
ober 2001 and July 2003. All subjects had a waist-to-hip ratio (W
ess than 0.95. Subjects with diabetes mellitus, defined by fasting
lucose greater than 126 mg/dL and/or 2-hour glucose over 200 m
n 75-g oral glucose load, were excluded. Other exclusion cr

ncluded body mass index (BMI) less than 20 kg/m2, hemoglobin les
han 9 g/dL, and use of oral or parental glucocorticoids, ana
teroids, growth hormone, or antidiabetic agents within the 3 mo
rior to study initiation.
Written and informed consent was obtained from each subject b

esting, in accordance with the Committee on Use of Human
xperimental Subjects of the Massachusetts Institute of Techn
nd the Subcommittee on Human Studies at the Massachusetts G
ospital.

utpatient Screening Visit

After a 12-hour overnight fast, subjects reported to the Ge
linical Research Center (GCRC) for a screening visit, at which
ligibility was determined based on fasting blood glucose level
-hour glucose level on a 75-g oral glucose tolerance test. H
eight, BMI, and WHR were determined.

npatient Visits

Within 2 weeks of the screening visit, each subject was admitt
he GCRC at the Massachusetts General Hospital for 2 inpatient
eparated by 1 week. During each visit, subjects underwent an
ight fast and were randomized to receive either acipimox (Olbe
harmacia, Milan, Italy), 500 mg at 2AM and again at 6AM at the firs
isit and placebo at the second, or vice versa (Fig 1). Fasting
lucose, insulin, adiponectin, and FFA levels were determined at
M at each visit, 1 hour and 45 minutes after the second do
cipimox or placebo.

aboratory Methods

Serum adiponectin concentration was measured using a radioi
oassay (RIA, Linco Research, St. Charles, MO). The inter-

ntra-assay coefficients of variation (CVs) ranged from 6.4% to 8
nd 3.6% to 6.9%, respectively. Insulin concentrations were d
ined in serum by radioimmunoassay (Diagnostic Product Corp

ngeles, CA). The interassay CV ranged from 4.9% to 9.4%. The

Metabolism, Vol 53, No 6 (June), 2004: pp 790-793
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791ACUTE REGULATION OF ADIPONECTIN BY FREE FATTY ACIDS
ntra-assay CV ranged from 3.5% to 8.9%. Nonesterified fatty acid
oncentrations were measured using an in vitro enzymatic colorimetric
ssay kit (Wako Chemicals USA, Richmond, VA). The intra-assay CV
or fatty acids ranged from 1.1% to 2.7%. The published normal range
or fatty acids is 0.1 to 0.6 mEq/L (mmol/L). Glucose and triglyceride
oncentrations were measured by standard techniques.17 Homeostasis
odel assessment (HOMA) was calculated as an estimate of insulin

esistance as described by Matthews et al.18

tatistical Analysis

Changes in adiponectin, FFA, HOMA, and fasting insulin concen-
ration before and after treatment with acipimox were compared using
aired t tests. The change in adiponectin was compared to the change
n FFA and HOMA using a nonparametric multivariate Hoeffding’ s D
est. All statistical analyses were made using SAS JMP Statistical
atabase Software (version 4; SAS Institute, Cary, NC). Statistical

ignificance was defined as a 2-tailed � value of P � .05. Results are
ean � SEM unless otherwise indicated.

RESULTS

ubject Characteristics

The subjects’ ages ranged from age 32 to 46 years with a
ean of 39 years. Characteristics of the study subjects are

hown in Table 1. Mean BMI was 28.0 � 1.0 kg/m2 and WHR
as 0.91 � 0.10. The fasting insulin, glucose, and triglyceride

oncentrations were normal.

hange in Response to Acipimox

FFA concentrations were significantly lower after acipimox
han placebo administration (0.08 � 0.02 mEq/L v 0.35 � 0.53
Eq/L, P � .05). Adiponectin concentrations were also signifi-

antly lower after acipimox than placebo administration (7.4 � 1.2
g/mL v 10.3 � 1.7 �g/mL, P � .05) (Table 2 and Fig 2). The
hange in FFA between acipimox and placebo was positively
orrelated with the change in adiponectin. Larger reductions in
FA in response to acipimox were associated with greater reduc-

ions in adiponectin (r � 0.66, P � .05). There was no significant
hange in fasting glucose, insulin, or HOMA between acipimox
nd placebo administration (Table 2).

DISCUSSION

Our study shows that acute administration of acipimox low-
rs FFA and simultaneously decreases adiponectin concentra-
ion in healthy male subjects. This finding contrasts with the
bservation that higher triglycerides and FFA are associated
ith lower adiponectin levels.2,10,11 While an inverse relation-

Fig 1. Schematic diagram of the study design.
hip between adiponectin and FFA may exist in chronic equi-
ibrium, the acute regulation of adiponectin by FFA remains
argely unknown. Peake et al demonstrated that an increase in
FA produced by a high-fat meal did not change adiponectin
ostprandially over a 6-hour period.19 The investigators used a
igh-fat, low-carbohydrate diet in an attempt to maintain steady
nsulin levels, since fasting insulin levels are correlated with
diponectin. Despite the content of the meal, insulin increased
y approximately 200% while FFA increased by approximately
nly 25%. The absolute change of FFA may not have been
dequate to produce a detectable change in adiponectin. Fur-
hermore, hormonal changes in the setting of a meal may have
cted as potential confounders to obscure the relationship be-
ween FFA and adiponectin.

Staiger et al investigated the acute effects of FFA on adi-
onectin and, in contrast to our study, demonstrated no effects
f acute reduction in FFA by acipimox on adiponectin.20

taiger et al used a smaller total dose of acipimox (500 mg
ompared to 1000 mg in our study) but achieved a similar
uppression of FFA levels.20 The explanation for the contrast-
ng results between our study and that of Staiger et al is not
lear. However, different results may relate to the clinical
haracteristics of the study subjects (mixed male and female in
he study by Staiger et al v all male in our study, lean subjects
n the study of Staiger et al v healthy but moderately over-
eight subjects in our study), dosing issues, or other factors,

ncluding timing of acipimox administration and adiponectin
etermination (midmorning v early morning), or study design
open label administration v randomized, placebo-controlled
rossover design). The significant correlation between change
n FFA and change in acipimox seen in our study argues for a
iological effect of FFA on adiponectin regulation, but further
tudies will be necessary to answer this important question.

Table 1. Demographics of Study Population

Mean Range

Age (yr) 39 � 2 32-46
Race
Caucasion (n) 7
Black (n) 2
Asian (n) 1
BMI (kg/m2) 28.0 � 1.0 22-32
WHR 0.91 � 0.10 0.84-0.98
HOMA 1.94 � 0.26 0.93-3.66
Fasting insulin (mIU/L) 8.0 � 1.0 4.2-13.6
Fasting glucose (mg/dL) 98 � 3 87-111
Fasting triglycerides (mg/dL) 124 � 30 27-324
Fasting FFA (mEq/L) 0.35 � 0.05 0.07-0.61

Table 2. Hormone Concentrations in Response to Acipimox

and Placebo

Placebo Acipimox P Value*

Adiponectin (�g/mL) 10.3 � 1.7 7.4 � 1.2 �.05
FFA (mEq/L) 0.35 � 0.53 0.08 � 0.02 �.05
Fasting insulin (mIU/L) 7.4 � 1.5 7.3 � 1.7 NS
Fasting glucose (mg/dL) 92 � 2 87 � 3 NS
HOMA 1.7 � 0.3 1.6 � 0.4 NS
*Paired t test. NS, not significant.
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792 BERNSTEIN ET AL
taiger et al also studied the acute effects of lipid infusion on
diponectin. Intralipid administration resulted in a 5.5-fold
ncrease in FFA and a statistically significant increase in adi-
onectin 360 minutes after initiation of the lipid infusion.20

ncreased adiponectin after lipid infusion suggests potential
cute regulation of adiponectin by FFA or related metabolic
ariables.
Animal studies suggest that adiponectin increases oxidation

f FFA in skeletal muscle7,9 and stimulates muscle fatty acid
ransporter,1,8 resulting in accelerated FFA clearance from the
lood. Mice fed a high-fat diet or intravenous intralipid with
oncomitant recombinant adiponectin showed blunted in-
reases in FFA and triglyceride concentration compared to
ice treated with a high-fat diet or intralipid alone.9 In human

tudies, plasma adiponectin correlates inversely with intramyo-
ellular lipid concentration.21 Prior data, therefore, suggest that
diponectin may regulate FFA and lipid metabolism through
ffects on fat oxidation in the muscle. We now demonstrate that
FA may, in turn, acutely regulate adiponectin. This negative
egulation of adiponectin by FFA may be useful to limit FFA
learance from the circulation, eg, a reduction in FFA results in
educed adiponectin and reduced clearance of FFA from the
irculation. Conversely, our model would predict that an acute
levation in FFA may stimulate adiponectin to increase FFA
learance from the circulation as shown recently by Staiger et
l,20 although we did not directly investigate this question.

Adiponectin’ s effects on FFA may at least partially mediate
ts effects on insulin sensitivity. Weiss et al showed that the
elationship between adiponectin and glucose disposal rate was
ost when investigators controlled for triglycerides, suggesting
hat adiponectin’ s effects on glucose disposal may be mediated
hrough changes in triglycerides.11 Among obese subjects,
igher endogenous FFA have been shown to correlate with
yperinsulinemia.22,23 FFA impairs glucose uptake in periph-
ral muscle leading to decreased muscle glycogen synthesis

24,25
nd decreased glucose oxidation. Studies have also sug- M
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ested that FFA impair insulin’ s suppression of hepatic glucose
utput.26,27 Administration of acipimox in obese and diabetic
ubjects results in lowered plasma insulin and glucose, and
mproved insulin-stimulated glucose uptake.28,29

Due to the effects of FFA on insulin sensitivity, it is possible
hat the decrease in adiponectin seen in the current study
esulted from changes in insulin sensitivity, rather than directly
rom FFA reduction. While in vitro data on the effects of
nsulin on adiponectin are controversial, Mohlig et al demon-
trated an acute reduction of adiponectin in the setting of
yperinsulinemic euglycemic clamps in 5 healthy control sub-
ects.16 In our healthy population, however, acipimox did not
ignificantly change fasting insulin levels or insulin sensitivity
easurable by HOMA. Moreover, acipimox would be expected

o lower insulin levels thus raising adiponectin, the opposite of
he observed effect. This suggests that the change in adiponec-
in resulted from either the lowering of FFA, as supported by
he significant correlation between change in adiponectin and
hange in FFA, or from a direct effect of acipimox itself.

This study was limited to men because of the potentially
ifferent physiology of adiponectin in men and women. Sub-
ects were in the fasting state, and changes during fasting may
ot duplicate the effects of FFA or triglyceride fluxes postpran-
ially. Further studies are needed to investigate the relationship
etween FFA and adiponectin in women and in the postpran-
ial state.
In summary, our data suggest that adiponectin concentrations

ecrease in association with acute lowering of FFA. Further
tudies are needed to clarify the acute regulation of adiponectin,
he potential role of FFA in adiponectin regulation, and the
olecular mechanisms whereby FFA might regulate adiponec-

in.
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