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Little is known about the acute regulation of adiponectin in humans. In animal studies, adiponectin increases the clearance
of free fatty acids (FFA) from the circulation by increasing skeletal uptake and oxidation of lipid, thereby regulating the FFA
concentration. However, it is unknown if FFA regulate adiponectin. The aim of the present study was to investigate the effect
of an acute reduction in free fatty acids on adiponectin concentration in healthy subjects. Ten normal male subjects were
admitted for 2 inpatient visits and randomized to receive either acipimox (500 mg orally at 2 Am and again at 6 Am) or placebo
on the first visit and vice versa on the second visit. Adiponectin, FFA, insulin and glucose were measured at 7:45 am. FFA
concentrations were significantly lower after acipimox than placebo administration (0.08 = 0.02 mEq/L v 0.35 *+ 0.53 mEq/L,
P < .05). Adiponectin concentrations were also significantly lower after acipimox than placebo administration (7.4 + 1.2
pg/mL v 10.3 = 1.7 pg/mL, P < .05). The change in FFA between acipimox and placebo correlated significantly with the
change in adiponectin (r = 0.66, P < .05), eg, the larger the reduction in FFA in response to acipimox, the larger the reduction
in adiponectin. These results suggest that acute lowering of FFA is associated with decreased adiponectin concentrations.
© 2004 Elsevier Inc. All rights reserved.

DIPONECTIN, a recently recognized adipocyte-derived that acute lowering of FFA by acipimox is associated with
cytokine, is the most abundant gene product in adiposalecreased adiponectin concentrations.
tissue and is present in high levels in the plasma. It is thought

to play an important role in both glucose and lipid metabolism. MATERIALS AND METHODS
Unlike other adipocytokines, adiponectin is found to be para-Subjects
doxically low in patients with obesity type Il diabete$, and Ten male healthy subjects were enrolled in the study between Oc-

coronary artery diseasePlasma adiponectin concentrations toher 2001 and July 2003. All subjects had a waist-to-hip ratio (WHR)

correlate with insulin sensitivity*5> and predict the develop- less than 0.95. Subjects with diabetes mellitus, defined by fasting blood
ment of type Il diabete$.Replacement of recombinant adi- glucose greater than 126 mg/dL and/or 2-hour glucose over 200 mg/dL
ponectin in diabetic rats and adiponectin knock-out mice im-on 75-g oral glucose load, were excluded. Other exclusion criteria

proves insulin sensitivity:# In animal studies, adiponectin ncluded body mass index (BMI) less than 20 k§/memoglobin less

increases clearance of free fatty acids (FFA) from the blood,than 9 g/dL, and use of oral or parental glucocorticoids, anabolic

likely by increasing skeletal muscle uptake of FFand by ;tr?c:?'tisét%?ﬁr:t:;%r ::]One’ or antidiabetic agents within the 3 months
increasing FFA oxidatiof? Studies in humans have reported @ * \wyiten and informed consent was obtained from each subject before
negative association between adiponectin and triglyceride leviesting, in accordance with the Committee on Use of Humans as
el19and have demonstrated that reduced adiponectin concerexperimental Subjects of the Massachusetts Institute of Technology
tration is a marker of increased intramyocellular lipid concen-and the Subcommittee on Human Studies at the Massachusetts General
tration in obesityt? Hospital.
Although animal models have elucidated some of the meta- . . -
bolic effects of adiponectin, little is known about its acute Outpatient Screening Visit
regulation. Adiponectin concentrations increase chronically After a 12-hour overnight fast, subjects reported to the General
with weight loss, either through changes in lifestgler gastric C[iqic_gl Research Cehter (GCRC) for a s_creening visit, at which time
bypassi3 and in response to peroxisome proliferator—activatede“g'b'l'ty was determined based on fasting blood glucose level gnd
receptor gamma (PPAR administratior#15 In contrast, in- Z—hour glucose level on a 75-g ora_l glucose tolerance test. Height,
. 4 . . . weight, BMI, and WHR were determined.
sulin acutely lowers adiponectin concentrations during the eu-

glycemic hyperinsulinemic clamp procedufeBecause adi- |npatient Visits
ponectin rggulates metabollsm of F'_:A’ we hypothesized that Within 2 weeks of the screening visit, each subject was admitted to
FFA may in turn regulate adiponectin. Our data demonstratg,e GCRC at the Massachusetts General Hospital for 2 inpatient visits,

separated by 1 week. During each visit, subjects underwent an over-
night fast and were randomized to receive either acipimox (Olbetam,
Pharmacia, Milan, Italy), 500 mg at& and again at 8m at the first

From the Massachusetts General Hospital Program in Nutritional

Metabolism and Neuroendocrine Unit. Harvard Medical School. Bos- visit and placebo at the second, or vice versa (Fig 1). Fasting blood

ton. MA: and the General Clinical Research Center Massachusetts  9ucose, insulin, adiponectin, and FFA levels were determined at 7:45

Inséituteyof Technology, Cambridge, MA AM at each visit, 1 hour and 45 minutes after the second dose of
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Fig 1. Schematic diagram of the study design.

intra-assay CV ranged from 3.5% to 8.9%. Nonesterified fatty acid
concentrations were measured using an in vitro enzymatic colorimetric
assay kit (Wako Chemicals USA, Richmond, VA). The intra-assay CV
for fatty acids ranged from 1.1% to 2.7%. The published normal range
for fatty acidsis 0.1 to 0.6 mEg/L (mmol/L). Glucose and triglyceride
concentrations were measured by standard techniques.?” Homeostasis
model assessment (HOMA) was calculated as an estimate of insulin
resistance as described by Matthews et al.18

Satistical Analysis

Changes in adiponectin, FFA, HOMA, and fasting insulin concen-
tration before and after treatment with acipimox were compared using
paired t tests. The change in adiponectin was compared to the change
in FFA and HOMA using a nonparametric multivariate Hoeffding's D
test. All statistical analyses were made using SAS JMP Statistical
Database Software (version 4; SAS Institute, Cary, NC). Statistical
significance was defined as a 2-tailed a value of P < .05. Results are
mean = SEM unless otherwise indicated.

RESULTS
Subject Characteristics

The subjects’ ages ranged from age 32 to 46 years with a
mean of 39 years. Characteristics of the study subjects are
shown in Table 1. Mean BMI was 28.0 = 1.0 kg/m? and WHR
was 0.91 + 0.10. The fasting insulin, glucose, and triglyceride
concentrations were normal.

Change in Response to Acipimox

FFA concentrations were significantly lower after acipimox
than placebo administration (0.08 = 0.02 mEg/L v 0.35 = 0.53
mEg/L, P < .05). Adiponectin concentrations were also signifi-
cantly lower after acipimox than placebo administration (7.4 + 1.2
pg/mL v 103 = 1.7 ug/mL, P < .05) (Table 2 and Fig 2). The
change in FFA between acipimox and placebo was positively
correlated with the change in adiponectin. Larger reductions in
FFA in response to acipimox were associated with greater reduc-
tionsin adiponectin (r = 0.66, P < .05). There was no significant
change in fasting glucose, insulin, or HOMA between acipimox
and placebo administration (Table 2).

DISCUSSION

Our study shows that acute administration of acipimox low-
ers FFA and simultaneously decreases adiponectin concentra-
tion in healthy male subjects. This finding contrasts with the
observation that higher triglycerides and FFA are associated
with lower adiponectin levels.210.11 While an inverse relation-
ship between adiponectin and FFA may exist in chronic equi-
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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/m?) 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 (mlU/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 (mEg/L) 0.35 = 0.05 0.07-0.61

librium, the acute regulation of adiponectin by FFA remains
largely unknown. Peake et al demonstrated that an increase in
FFA produced by a high-fat meal did not change adiponectin
postprandially over a 6-hour period.1® The investigators used a
high-fat, low-carbohydrate diet in an attempt to maintain steady
insulin levels, since fasting insulin levels are correlated with
adiponectin. Despite the content of the meal, insulin increased
by approximately 200% while FFA increased by approximately
only 25%. The absolute change of FFA may not have been
adequate to produce a detectable change in adiponectin. Fur-
thermore, hormonal changes in the setting of a meal may have
acted as potential confounders to obscure the relationship be-
tween FFA and adiponectin.

Staiger et a investigated the acute effects of FFA on adi-
ponectin and, in contrast to our study, demonstrated no effects
of acute reduction in FFA by acipimox on adiponectin.20
Staiger et a used a smaller total dose of acipimox (500 mg
compared to 1000 mg in our study) but achieved a similar
suppression of FFA levels.20 The explanation for the contrast-
ing results between our study and that of Staiger et al is not
clear. However, different results may relate to the clinical
characteristics of the study subjects (mixed male and female in
the study by Staiger et a v al malein our study, lean subjects
in the study of Staiger et a v healthy but moderately over-
weight subjects in our study), dosing issues, or other factors,
including timing of acipimox administration and adiponectin
determination (midmorning v early morning), or study design
(open label administration v randomized, placebo-controlled
crossover design). The significant correlation between change
in FFA and change in acipimox seen in our study argues for a
biological effect of FFA on adiponectin regulation, but further
studies will be necessary to answer this important question.

Table 2. Hormone Concentrations in Response to Acipimox
and Placebo

Placebo Acipimox P Value*
Adiponectin (ug/mL) 10.3 = 1.7 74+12 <.05
FFA (mEg/L) 0.35 = 0.53 0.08 = 0.02 <.05
Fasting insulin (mIU/L) 7415 7317 NS
Fasting glucose (mg/dL) 92 +2 87 +3 NS
HOMA 1.7 =03 1.6 + 0.4 NS

*Paired t test. NS, not significant.
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Staiger et al also studied the acute effects of lipid infusion on
adiponectin. Intralipid administration resulted in a 5.5-fold
increase in FFA and a statistically significant increase in adi-
ponectin 360 minutes after initiation of the lipid infusion.2°
Increased adiponectin after lipid infusion suggests potential
acute regulation of adiponectin by FFA or related metabolic
variables.

Animal studies suggest that adiponectin increases oxidation
of FFA in skeletal muscle”® and stimulates muscle fatty acid
transporter,t8 resulting in accelerated FFA clearance from the
blood. Mice fed a high-fat diet or intravenous intralipid with
concomitant recombinant adiponectin showed blunted in-
creases in FFA and triglyceride concentration compared to
mice treated with a high-fat diet or intralipid alone.® In human
studies, plasma adiponectin correlates inversely with intramyo-
cellular lipid concentration.2! Prior data, therefore, suggest that
adiponectin may regulate FFA and lipid metabolism through
effects on fat oxidation in the muscle. We now demonstrate that
FFA may, in turn, acutely regulate adiponectin. This negative
regulation of adiponectin by FFA may be useful to limit FFA
clearance from the circulation, eg, areduction in FFA resultsin
reduced adiponectin and reduced clearance of FFA from the
circulation. Conversely, our model would predict that an acute
elevation in FFA may stimulate adiponectin to increase FFA
clearance from the circulation as shown recently by Staiger et
al,20 athough we did not directly investigate this question.

Adiponectin’'s effects on FFA may at least partially mediate
its effects on insulin sensitivity. Weiss et a showed that the
relationship between adiponectin and glucose disposal rate was
lost when investigators controlled for triglycerides, suggesting
that adiponectin’s effects on glucose disposal may be mediated
through changes in triglycerides.’t Among obese subjects,
higher endogenous FFA have been shown to correlate with
hyperinsulinemia.2223 FFA impairs glucose uptake in periph-
eral muscle leading to decreased muscle glycogen synthesis
and decreased glucose oxidation.2425 Studies have also sug-

gested that FFA impair insulin’s suppression of hepatic glucose
output.26.27 Administration of acipimox in obese and diabetic
subjects results in lowered plasma insulin and glucose, and
improved insulin-stimulated glucose uptake.28.29

Due to the effects of FFA on insulin sensitivity, it is possible
that the decrease in adiponectin seen in the current study
resulted from changes in insulin sensitivity, rather than directly
from FFA reduction. While in vitro data on the effects of
insulin on adiponectin are controversial, Mohlig et al demon-
strated an acute reduction of adiponectin in the setting of
hyperinsulinemic euglycemic clamps in 5 healthy control sub-
jects.16 In our healthy population, however, acipimox did not
significantly change fasting insulin levels or insulin sensitivity
measurable by HOMA. Moreover, acipimox would be expected
to lower insulin levels thus raising adiponectin, the opposite of
the observed effect. This suggests that the change in adiponec-
tin resulted from either the lowering of FFA, as supported by
the significant correlation between change in adiponectin and
change in FFA, or from a direct effect of acipimox itself.

This study was limited to men because of the potentialy
different physiology of adiponectin in men and women. Sub-
jects were in the fasting state, and changes during fasting may
not duplicate the effects of FFA or triglyceride fluxes postpran-
dially. Further studies are needed to investigate the relationship
between FFA and adiponectin in women and in the postpran-
dial state.

In summary, our data suggest that adiponectin concentrations
decrease in association with acute lowering of FFA. Further
studies are needed to clarify the acute regul ation of adiponectin,
the potential role of FFA in adiponectin regulation, and the
molecular mechanisms whereby FFA might regulate adiponec-
tin.

ACKNOWLEDGMENT

The investigators would like to acknowledge the nursing staff of the
MGH General Clinical Research Center for their dedicated patient care.

REFERENCES

1. Weyer C, Funahashi T, Tanaka S, et al: Hypoadiponectinemia in
obesity and type 2 diabetes: Close association with insulin resistance
and hyperinsulinemia. J Clin Endocrinol Metab 86:1930-1935, 2001

2. Hotta K, Funahashi T, Arita Y, et a: Plasma concentrations of a
novel, adipose-specific protein, adiponectin, in type 2 diabetic patients.
Arterioscler Thromb Vasc Biol 20:1595-1599, 2000

3. Kumada M, Kihara S, Sumitsuji S, et al: Association of hypoa-

diponectinemia with coronary artery disease in men. Arterioscler
Thromb Vasc Biol 23:85-89, 2003

4. Ryan AS, Berman DM, Nicklas BJ, et a: Plasma adiponectin and
leptin levels, body composition, and glucose utilization in adult women
with wide ranges of age and obesity. Diabetes Care 26:2383-2388,
2003

5. Fernandez-Real JM, Lopez-Bermegjo A, Casamitjana R, et al:



ACUTE REGULATION OF ADIPONECTIN BY FREE FATTY ACIDS

Novel interactions of adiponectin with the endocrine system and in-
flammatory parameters. J Clin Endocrinol Metab 88:2714-2718, 2003

6. Spranger J, Kroke A, Mohlig M, et a: Inflammatory cytokines
and the risk to develop type 2 diabetes: Results of the prospective
population-based European Prospective Investigation into Cancer and
Nutrition (EPIC)-Potsdam Study. Diabetes 52:812-817, 2003

7. Yamauchi T, Kamon J, Waki H, et al: The fat-derived hormone
adiponectin reversesinsulin resistance associated with both lipoatrophy
and obesity. Nat Med 7:941-946, 2001

8. MaedaN, Shimomural, KishidaK, et d: Diet-induced insulin resstance
in mice lacking adiponecti/ACRP30. Nat Med 8:731-737, 2002

9. Fruebis J, Tsao TS, Javorschi S, et a: Proteolytic cleavage
product of 30-kDa adipocyte complement-related protein increases
fatty acid oxidation in muscle and causes weight lossin mice. Proc Nat!
Acad Sci USA 98:2005-2010, 2001

10. Matsubara M, Maruoka S, Katayose S: Decreased plasma adi-
ponectin concentrations in women with dyslipidemia. J Clin Endocri-
nol Metab 87:2764-2769, 2002

11. WeissR, Dufour S, Groszmann A, et al: Low adiponectin levels
in adolescent obesity: A marker of increased intramyocellular lipid
accumulation. J Clin Endocrinol Metab 88:2014-2018, 2003

12. Esposito K, Pontillo A, Di Palo C, et d: Effect of weight loss and
lifestyle changes on vascular inflammatory markers in obese women: A
randomized trid. JAMA 289:1799-1804, 2003

13. Yang WS, Lee WJ, Funahashi T, et al: Weight reduction in-
creases plasma levels of an adipose-derived anti-inflammatory protein,
adiponectin. J Clin Endocrinol Metab 86:3815-3819, 2001

14. Yu JG, Javorschi S, Hevener AL, et al: The effect of thiazo-
lidinediones on plasma adiponectin levels in normal, obese, and type 2
diabetic subjects. Diabetes 51:2968-2974, 2002

15. Maeda N, Takahashi M, Funahashi T, et a: PPARgamma li-
gands increase expression and plasma concentrations of adiponectin, an
adipose-derived protein. Diabetes 50:2094-2099, 2001

16. Mohlig M, Wegewitz U, Osterhoff M, et a: Insulin decreases
human adiponectin plasma levels. Horm Metab Res 34:655-658, 2002

17. Kratz A, Lewandrowski KB: Case records of the Massachusetts
General Hospital. Weekly clinicopathological exercises. Normal refer-
ence |laboratory values. N Engl J Med 339:1063-1072, 1998

793

18. Matthews DR, Hosker JP, Rudenski AS, et a: Homeostasis
model assessment: Insulin resistance and beta cell function from fasting
plasma glucose and insulin concentrations in man. Diabetologia 28:
412-419, 1985

19. Peake PW, Kriketos AD, Denyer GS, et a: The postprandia
response of adiponectin to a high-fat meal in norma and insulin-
resistant subjects. Int J Obes Relat Metab Disord 27:657-662, 2003

20. Staiger H, Tschritter O, Kausch C, et a: Human serum adi-
ponectin levels are not under short-term negative control by free fatty
acids in vivo. Horm Metab Res 34:601-603, 2002

21. Thamer C, Machann J, Tschritter O, et a: Relationship between
serum adiponectin concentration and intramyocellular lipid stores in
humans. Horm Metab Res 34:646-649, 2002

22. Opie LH, Walfish PG: Plasma free fatty acid concentrations in
obesity. N Engl J Med 268:757-760, 1963

23. Golay A, Swislocki AL, Chen YD, et al: Effect of obesity on
ambient plasma glucose, free fatty acid, insulin, growth hormone, and
glucagon concentrations. J Clin Endocrinol Metab 63:481-484, 1986

24. Dresner A, Laurent D, Marcucci M, et a: Effects of free fatty
acids on glucose transport and IRS-1-associated phosphatidylinositol
3-kinase activity. J Clin Invest 103:253-259, 1999

25. Griffin ME, Marcucci MJ, Cline GW, et a: Free fatty acid-
induced insulin resistance is associated with activation of protein
kinase C theta and alterationsin the insulin signaling cascade. Diabetes
48:1270-1274, 1999

26. Boden G, Chen X, Ruiz J, et a: Mechanisms of fatty acid-
induced inhibition of glucose uptake. J Clin Invest 93:2438-2446, 1994

27. RebrinK, Steil GM, Getty L, et d: Freefatty acid asalink in the
regulation of hepatic glucose output by peripheral insulin. Diabetes
44:1038-1045, 1995

28. Andreotti AC, Lanzi R, Manzoni MF, et a: Acute pharmaco-
logic blockade of lipolysis normalizes nocturnal growth hormone levels
and pulsatility in obese subjects. Metabolism 43:1207-1213, 1994

29. Santomauro AT, Boden G, Silva ME, et al: Overnight lowering
of free fatty acids with acipimox improves insulin resistance and
glucose tolerance in obese diabetic and nondiabetic subjects. Diabetes
48:1836-1841, 1999



	Acute Regulation of Adiponectin by Free Fatty Acids
	MATERIALS AND METHODS
	Subjects
	Outpatient Screening Visit
	Inpatient Visits
	Laboratory Methods
	Statistical Analysis

	RESULTS
	Subject Characteristics
	Change in Response to Acipimox

	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


