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Abstract
Adiponectin and, especially, its oligomeric complex compo-

sition have been suggested to be critical in determining insulin

sensitivity. Pro-inflammatory cytokines play an important role

in the development of insulin resistance in obesity and associated

diseases. Therefore, we investigated the effect of long-term

exposureof tumour necrosis factor (TNF)-a, interleukin (IL)-6,
IL-1b, and interferon (IFN)-g on total insulin-sensitizing

adiponectin secretion and adiponectin complex formation

from human adipocytes. In parallel, adipocyte delipidation

and leptin production levels were monitored. The present study

demonstrates that TNF-a, IL-1b, and IFN-g dose and time

dependently suppressed total adiponectin secretion within

7 days (60, 70, and 35% reduction respectively). IL-6 was also

able to reduce (50%) adiponectin production, although only in

combination with exogenous soluble IL-6 receptors (sIL-6R).

However, the oligomeric distribution (high, middle, and low
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molecular weight (HMW) complexes) of secreted adiponectin

was not altered by any of these cytokines. All studied pro-

inflammatory cytokines resulted in delipidation and reduction

of lipid-laden adipocyte numbers. Despite this reduction of

lipid-laden adipocytes, TNF-a, IL-6/sIL-6R, and IL-1b
stimulated leptin release. Our data indicate that (i) long-term

pro-inflammatory cytokine exposure downregulates total

adiponectin secretion from delipidizing adipocytes and (ii)

pro-inflammatory cytokines are not important regulators of

adipocyte-derived adiponectin oligomerization. Hence, their

individual contribution to lowexpression ofHMWadiponectin

found in insulin-resistant conditions seems unlikely.

Furthermore, delipidizing adipocytes and preadipocytes are

active leptin producers when stimulated by TNF-a, IL-6/sIL-
6R, and IL-1b.
Journal of Endocrinology (2007) 192, 289–299
Introduction

Adiponectin is a hormone that is produced predominantly by

adipocytes (Scherer et al. 1995), and has been shown to have

anti-diabetic, anti-atherogenic, and anti-inflammatory prop-

erties (Trujillo & Scherer 2005). In addition, serum levels of

adiponectin are reduced in obesity, coronary artery disease,

and insulin-resistant and type 2 diabetic patients (Trujillo &

Scherer 2005). Lowered serum adiponectin can also act as a

predictor of future development of insulin resistance, type 2

diabetes, and cardiovascular disease (Trujillo & Scherer 2005).

Adiponectin protein (30 kDa) structurally belongs to the

complement C1q-like family, which comprises of a carboxyl-

terminal globular region and an amino-terminal collagenous

region (Scherer et al. 1995). Adiponectin in its basic form is a

trimer (90 kDa), also called low molecular weight (LMW)

adiponectin. Two trimeric subunits associate (via disulphide

bonds within the collagen stalk) to hexamers (180 kDa) or

middle molecular weight (MMW) adiponectin. TheseMMW

oligomers further assemble into bouquet-like 12–18meric

(O360 kDa) high molecular weight (HMW) adiponectin.
Recent studies have suggested that the various oligomeric

adiponectin isoforms activate different signaling pathways

and exert different functions (Trujillo & Scherer 2005).

Importantly, the ratio of HMW:total adiponectin, but not

absolute levels of adiponectin, has been proposed to correlate

with insulin sensitivity in mice and humans (Pajvani et al.

2004). Accordingly, a selective reduction in HMW adipo-

nectin was observed in insulin-resistant type 2 diabetic and

coronary heart disease patients (Kobayashi et al. 2004, Pajvani

et al. 2004). In addition, HMWadiponectin was demonstrated

as the most active form in modulating hepatic insulin

sensitivity, since only the HMWoligomers decreased glucose

levels in adiponectin knockout mice (Pajvani et al. 2004). The

vascular protective property of adiponectin has also been

reported to be restricted to the HMW component (Kobayashi

et al. 2004). In contrast, lipid oxidation and glucose uptake in

muscle seem to be attributed to LMW adiponectin or a

proteolytic cleavage product thereof, the so-called globular

head fragment (Trujillo & Scherer 2005).

Although the involvement of adiponectin in the develop-

ment of insulin resistance is now emerging, little is known
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about the factors that regulate the adiponectin oligomeric

complex formation in adipocytes. The insulin-sensitizing

drug thiazolidinedione enhanced circulating total and HMW

adiponectin levels in healthy volunteers and diabetic patients

(Pajvani et al. 2004). Furthermore, testosterone selectively

suppressed the secretion of total and HMWadiponectin from

adipocytes, which explains the sexual dimorphism in serum

adiponectin oligomer profiles, i.e. females having higher

serum levels of total and HMWadiponectin than males (Xu

et al. 2005). Since multiple pro-inflammatory cytokines,

produced by either adipocytes or stromavascular cells and

macrophages within adipose tissue, contribute to the chronic

low-grade inflammatory state found in obesity and related

diseases (Lyon et al. 2003, Schmidt & Duncan 2003), we

investigated the possible role of long-term exposure of

tumour necrosis factor (TNF)-a, interleukin (IL)-6, IL-1b,
and interferon (IFN)-g on the secretion of total adiponectin

and its oligomers from human in vitro differentiated

adipocytes.
Materials and Methods

Subjects

Subcutaneous white adipose tissue samples were obtained

from healthy 29- to 52-year-old women (43G9 years,

meanGS.D.; nZ5) undergoing elective liposuction surgery

in thighs/hips. The body mass index (BMI) range of the

donors was between 19 and 36 kg/m2 (28G7 kg/m2,

meanGS.D.; two lean, one overweight, and two obese

donors). All women were otherwise healthy and free of

metabolic (e.g. lipid storage disorder or diabetes) or immune

diseases. Informed consent was obtained from each partici-

pating donor by Zen-Bio, Inc., Research Triangle Park, NC,

USA (see Cell culture).
Cell culture

Frozen purified subcutaneous white adipocyte tissue-derived

preadipocytes (see Subjects) were purchased from Zen-Bio.

These preadipocyte preparations (passage 2) were devoid of

endothelial cells and macrophages as exemplified by negative

staining for vascular endothelial growth factor receptors and

macrophage markers (CD14 and CD68) respectively.

Generation of mature lipid-storing adipocytes from these

preadipocytes was performed as described previously (Simons

et al. 2005). Briefly, preadipocytes were thawed and suspended

in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12

medium (17.5 mM D-glucose) supplemented with 10% (v/v)

fetal calf serum (FCS), 15 mM HEPES and antibiotics

(preadipocyte medium from Zen-Bio), and subsequently

seeded in 96-well flat-bottomed culture plates (Costar-

Corning, Schiphol-Rijk, The Netherlands). After reaching

100% confluence, preadipocytes were put on differentiation

medium (Zen-Bio) containing DMEM/Ham’s F12
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supplemented with 3% (v/v) FCS, 15 mM HEPES, 1 mM
dexamethasone, 100 nM human insulin, 250 mM isobutyl

methylxathine (IBMX), 10 mM proprietary peroxisome

proliferator-activated receptor-g (PPAR-g) agonist (an indo-

methacin-derived compound), 33 mM D-biotin, 17 mM
potassium pantothenate, and antibiotics to initiate adipocyte

differentiation. After a 3-day initiation period, differentiation

medium was replaced by adipocyte medium (Zen-Bio)

containing the same substances as described for differentiation

medium, but devoid of IBMX and PPAR-g agonist. Every

2–3 days, cells were fed with fresh adipocyte medium. After

14 days, preadipocytes were fully differentiated into adipocytes

(40–80% of surface area was covered with adipocytes, see

Fig. 2). These adipocytes were gently washed five times with

adipocyte medium, and subsequently replenished (referred to

as day 0)with adipocytemediumwith orwithout recombinant

IFN-g (U-Cy-Tech, Utrecht, The Netherlands), IL-1b
(PeproTech Ltd, London, UK), IL-6 (PeproTech), or TNF-a
(PeproTech) at various concentrations (as indicated in the

Results section and figures). In some experiments, IL-6

(10 ng/ml) was also studied in the presence of 100 ng/ml

soluble recombinant human IL-6 receptors (sIL-6R; RDI

Research Diagnostics, Inc., Concord, MA, USA). On days 3

and 5, the adipocyte cultures were fed with fresh adipocyte

medium supplemented with corresponding cytokines as

described previously. Harvested supernatants (on days 3, 5,

and 7) were stored at K20 8C for total adiponectin and its

complexes, and leptin analysis (see below). Fully differentiated

adipocytes were cultured for a total period of 7 days in the

presence of cytokines, and each condition was performed in

triplicate. On day 7, two independent observers (P V D P and

P J S) counted the numbers of adipocytes (characterized by

round/oval cells completely filled with lipid droplets) in each

well, and these are expressed as adipocyte numbers/cm2.
Quantification of lipid accumulation by Oil Red O staining

The Oil Red O staining method was performed as described

previously (Ramirez-Zacarias et al. 1992) with slight

modifications. On day 7, cells were rinsed with PBS

(BioWhittaker-Cambrex, Verviers, Belgium), fixed with

3.7% (v/v) formaldehyde (Sigma Europe) in PBS for 1 h,

and stainedwith filtrated 0.6% (w/v)OilRedOdye (Sigma) in

60% (v/v) isopropanol (ICN, Zoetermeer, The Netherlands)

for 1.5 h (40 ml/well). Hereafter, wells were extensively

washed with water, and excess of water was evaporated at

60 8C for 1 h. Oil Red O dye in differentiated adipocytes was

extracted by adding 100% isopropanol (100 ml/well) for

10 min, and the optical density of this solution was measured

at a wavelength of 490 nm (and referenced at 655 nm).
Adiponectin and leptin ELISA measurements

Total adiponectin and leptin levels in culture supernatants

were determined by using specific ELISAs (from R&D

Systems, Inc., Minneapolis, MN, USA, and from Biosource
www.endocrinology-journals.org
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International, Inc., Camarillo, CA, USA respectively)

according to the manufacturer’s protocols.
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Separation of adiponectin complexes

Culture supernatants were diluted in ‘adipocyte medium’ (see

Cell culture) resulting in equal absolute amounts of total

adiponectin protein (as determined by ELISA) in order to

determine possible effects of cytokines on the relative

adiponectin isoform distribution within each donor. These

diluted supernatants were incubated in a non-reducing

NuPAGE SDS sample buffer (Invitrogen) at room temperature

(RT) or at 95 8C (to establish specificity of adiponectin bands,

seeResults) for 10 minas describedpreviously (Waki et al.2003),

and subsequently, electrophoretically separated by a NuPAGE

4–12% gradient Bis–Tris SDS/PAGE gel (Invitrogen) using

NuPAGE morpholinepropanesulfonic acid running buffer

(Invitrogen). Molecular weight standards (BlueRanger from

Pierce,Rockford, IL,USA)were run in parallel.After transfer of

proteins onto nitrocellulose and a 5% (w/v) BSA blocking step,

the adiponectin complexes were detected using biotinylated

goat anti-human adiponectin polyclonal antibodies (R&D

Systems; 0.2 mg/ml IgG in PBS/5% BSA/0.05% (v/v)

Tween 20, overnight at 4 8C), followed by a streptavidin poly-

horseradish peroxidase step (Sanquin, Amsterdam, TheNether-

lands; 10 ng/ml streptavidin in PBS/5%BSA/0.05%Tween 20,

1 h at RT). Immunoblots were exposed to X-ray film using

SuperSignal West Pico chemiluminescent substrate (sensitivity

in the low picogram region) according to the manufacturer’s

instructions (Pierce Biotechnology).
sIL-6R

B

0·05

0·1

0·15

0·2

0·25

0·3

O
il 

R
ed

 O
 u

pt
ak

e 
(O

.D
. 4

90
 n

m
)

*

* *

*

Cell proliferation assay

Theproliferative rateof cells,whichwere culturedunder various

conditions (see above, Cell culture), was established using a

bromodeoxyuridine (BrdU) incorporation ELISA (Roche

Molecular Biochemicals). Briefly, on ‘day 6’ after initiating

cytokine treatments, 10 mM BrdU (Roche) was added to the

cells. After an overnight labeling period, cells were fixed and

DNA denatured in FixDenat solution (Roche). Subsequently,

BrdU incorporation was determined by adding anti-BrdU

antibodies conjugated to peroxidase (Roche). Immune

complexes were detected by a subsequent substrate/chemilu-

minescence reaction (H2O2, luminal, and 4-iodophenol;

Roche) in a luminometer (Perkin&Elmer, Boston,MA,USA).
0
Control IFN-γ IL-1β TNF-α IL-6 IL-6

sIL-6R
sIL-6R

Figure 1 Effect of pro-inflammatory cytokines (at 10 ng/ml; TNF-a
(nZ5), IL-1b (nZ5), IFN-g (nZ3), IL-6 (nZ4), IL-6/sIL-6R (nZ3))
and sIL-6R (at 100 ng/ml; nZ3) on adipocyte numbers (A) and lipid
accumulation (B) on day 7. Dashed line represents background Oil
Red O staining in cultures containing confluent preadipocytes only.
Values are meansGS.D. for three to five independent subjects. Each
condition was tested in triplicate. Asterisk (*) means significantly
different when compared with control adipocytes without addition
of cytokines, P!0.05 (ANOVA and Tukey–Kramer’s test).
Statistical analysis

The numbers of independent experiments are given in the

figure legends. Data are expressed as meansGS.D. Because of

inter-individual variation of adiponectin production found in

adipocyte cultures from studied donors (nZ5), adiponectin data

are presented as percentages of adiponectin production with

cytokines when compared with corresponding control adipo-

cyte cultureswithout cytokines (set at 100%) for each time point

(Figs 3 and 4).UsingGraphPad Instat software, theANOVAwas
www.endocrinology-journals.org
conducted to check whether differences among experimental

groupswere significant (adiponectin resultswere logarithmically

transformed to obtain Gaussian distribution). The Tukey–

Kramer multiple comparison post testwas conducted to identify

differences between two experimental treatments. In both the

cases, P values!0.05 were considered statistically significant.
Results

Effect of pro-inflammatory cytokines on lipid-containing adipocyte
numbers and lipid storage

All investigated pro-inflammatory cytokines (at 10 ng/ml),

with the exception of IL-6, resulted in decreased lipid-laden
Journal of Endocrinology (2007) 192, 289–299
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adipocyte numbers and triglyceride contents after an

exposure time of 7 days (Fig. 1A and B respectively).

However, the effect of these cytokines was relatively modest

on adipocyte number reduction (ranging from 20 to 45%

reduction in comparison with non-treated adipocytes), while

delipidation was much more pronounced (ranging from 45 to

70% reduction). Interestingly, IFN-g was the most potent

factor to induce delipidation, and resulted in fibroblast-like

cells containing relatively large lipid droplets (when compared

with control adipocytes, which were typically round to oval

cells containing multiple lipid droplets; Fig. 2). TNF-a and
Figure 2 Effect of pro-inflammatory cytokines (10 ng/
O/hematoxylin staining) accumulation on day 7. Note the
IL-1b (nZ5) and IL-6/sIL-6R (nZ3) treatment, and the larg
comparison with round/oval control adipocytes without a
representative for three tofive independent subjects. Each c

Journal of Endocrinology (2007) 192, 289–299
IL-1b treatment both showed elongated adipocytes (Fig. 2).

In addition, preadipocyte cell densities seemed to be

enhanced after TNF-a and IL-1b exposure (see Effect of

pro-inflammatory cytokines on preadipocyte proliferation).

Noteworthy, these TNF-a-, IL-1b-, and IFN-g-mediated

effects were dose-dependent, since 1 and 100 ng/ml gave

similar results as found with 10 ng/ml, but gradually

disappeared after exposure to lower cytokine concentrations

(i.e. 0.1, 0.01, and 0.001 ng/ml; data not shown). Endogen-

ous TNF-a, IL-1b, and IFN-g concentrations were always

below 0.01 ng/ml in control adipocyte cultures.
ml) on adipocyte morphology and lipid (Oil Red
elongated cell morphology after TNF-a (nZ5),
e lipid droplets after IFN-g (nZ3) treatment in
ddition of cytokines or with IL-6 (nZ4). Results are
ondition was tested in triplicate.Magnification,!400.

www.endocrinology-journals.org
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As stated previously, IL-6 demonstrated no effect on

adipocyte delipidation. However, when adipocytes were

treated with IL-6 (10 ng/ml) plus sIL-6R (100 ng/ml),

adipocyte numbers and lipid contents decreased (Fig. 1) in a

similar manner as observed with TNF-a and IL-1b.
Furthermore, adipocyte morphology after IL-6/sIL-6R

treatment also resembled that of TNF-a- and of IL-1b-treated
adipocytes (i.e. elongated adipocytes and higher preadipocyte

numbers; see Fig. 2). sIL-6R alone did not result in adipocyte

delipidation, although low endogenous IL-6 levels (range:

w0.025–0.1 ng/ml) were detected in control adipocytes.
Pro-inflammatory cytokines dose and time dependently suppress
total adiponectin secretion

Differentiated control adipocytes gradually increased their total

adiponectin secretion levels during a culture period of 7 days

(Fig. 3A). We observed a considerable inter-donor variation of
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adiponectin production (five donorswere used in our study, and

a range of approximately 10–400 ng/ml adiponectin on day 7

was found). This inter-donor variation was not related to age or

BMI, or to adipocyte numbers or lipid accumulation.

TNF-a, IL-1b, and IFN-g dose and time dependently

inhibited total adiponectin production levels (Fig. 3). TNF-a
and IL-1b already showed a significant inhibition of

w30–35% within 3-days of culture (TNF-a at 10 ng/ml,

and IL-1b at 0.1 and 10 ng/ml). After 7 days of exposure

to TNF-a and IL-1b, these inhibitory levels increased to

w50–70%. Rather surprisingly, IFN-g (at 10 ng/ml) resulted

in maximum adiponectin suppression of w35% after 7 days,

despite its above-described superior effect on delipidation.

Moreover, 1 and 100 ng/ml TNF-a, IL-1b, or IFN-g
demonstrated a similar decrement of adiponectin secretion

when compared with corresponding cytokines at 10 ng/ml;

lower concentrations (0.1, 0.01, and 0.001 ng/ml) were less

effective or ineffective (Fig. 3; data not shown).
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IL-6 (0.001–100 ng/ml) could not influence adiponectin

release from adipocytes (at 10 ng/ml, see Fig. 4A; at all other

concentrations; data not shown), however, the combination of

IL-6 (10 ng/ml) and sIL-6R (100 ng/ml) resulted in an

adiponectin suppression of w40–50% on days 5 and 7

(see Fig. 4A). When sIL-6R was added to adipocytes, w20%

(PO0.05) inhibition of adiponection secretion was shown on

day 7 (Fig. 4A), which probably reflected the effect of low

endogenous IL-6 production in our adipocyte culture system

(and also indicated dose-dependencyof the IL-6/sIL-6Reffect).

Altogether, delipidizing cytokines – TNF-a, IL-6/sIL-6R,

IL-1b, and IFN-g – clearly suppressed the release of total

adiponectin from adipocytes after long-term exposure, i.e.

longer than 3 days.
Pro-inflammatory cytokines do not influence adiponectin
oligomeric complex release

In order to determine a possible effect of pro-inflammatory

delipidizing cytokines on adiponectin oligomerization, we used
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Figure 4 Effects of IL-6 (10 ng/ml) and sIL-6R (100 ng/ml) on
adiponectin (A) and on leptin (B) production from (pre)adipocytes.
Red boxes, control adipocytes (nZ4); white boxes, IL-6 (nZ4); grey
boxes, IL-6 plus sIL-6R (nZ3); black boxes, sIL-6R (nZ3).
Adiponectin data are presented as percentages of adiponectin
production with IL-6 and/or sIL-6R when compared with corre-
sponding control adipocyte cultures without IL-6 and/or sIL-6R, see
Fig. 3 for explanation. Values are meansGS.D. for three to four
independent subjects. Each condition was tested in triplicate.
Asterisk (*) means significantly different when compared with
control adipocyte cultures without addition of IL-6 and/or sIL-6R on
the same day, P!0.05 (ANOVA and Tukey–Kramer’s test).
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the method ofWaki et al. (2003). As shown in Fig. 5A, multiple

adiponectin isoforms were secreted by control adipocytes on

day 5, which comprised dimeric, trimeric, tetrameric,

pentameric, hexameric, and HMW adiponectin oligomeric

complexes. Furthermore, trimeric LMWadiponectin was the

most abundantly released isoform. The aforementioned

adiponectin oligomer profile was found using in vitro differ-

entiated adipocytes from all five tested donors (data not shown).

Analysis of adiponectin containing supernatants collected on

days 3 and 7 gave identical outcomes (nZ3; data not shown),

when compared with day 5.

Although investigated pro-inflammatory cytokines inhib-

ited total adiponectin levels from adipocytes, TNF-a, IL-
1b, and IFN-g (all at 10 ng/ml) were not able to change

the relative secretory adiponectin oligomer composition

(Fig. 5A). This ineffectiveness on adiponectin oligomeriza-

tion was donor-independent (data not shown). Moreover,

adiponectin profiles after cytokine exposure were found to

be identical when days 3, 5, and 7 supernatants were

compared (data not shown). The specificity of adiponectin

signals was also investigated: denaturated samples (see

Materials and Methods section) resulted in two typical

adiponectin bands (Waki et al. 2003, Richards et al. 2006b),

one migrated to w60 kDa and the other to w30 kDa,

which represented dimeric and monomeric adiponectin

respectively (Fig. 5B).

Treatment of differentiated adipocytes with IL-6

(10 ng/ml; Fig. 5A), sIL-6R (100 ng/ml), or a combination

of both factors (data not shown) did not show any effect on

the adiponectin oligomer distribution (irrespective of tested

time point or donor).
Effect of pro-inflammatory cytokines on leptin secretion

Since we have previously reported a leptin-enhancing effect

of TNF-a and IL-1b on preadipocytes (Simons et al. 2005),

the influence of various pro-inflammatory cytokines on leptin

production was also monitored in adipocyte cultures. Our

adipocyte cultures consisted of a mixture of preadipocytes and

lipid-loaded adipocytes (typically 40–80% of surface area was

covered with adipocytes on day 0). As expected, increasing

levels of leptin were found in control adipocyte cultures

during a 7-day culture period (Fig. 6). TNF-a and IL-1b,
however, dose and time dependently enhanced leptin

secretion (w200 and w400% increment on day 7 respect-

ively; Fig. 6B and C) by a mixed population of delipidizing

adipocytes and preadipocytes (see above, Effect of pro-

inflammatory cytokines on lipid-containing adipocyte num-

bers and lipid storage). IFN-g suppressed leptin production

from these cultures (w60% inhibition; Fig. 6A). IL-6 alone

showed no effect on leptin release, but IL-6/sIL-6R resulted

in an upregulation of leptin secretion (Fig. 4B). sIL-6R also

increased leptin levels (Fig. 4B), again, exemplifying the

activity of endogenously synthesized IL-6.
www.endocrinology-journals.org
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Effect of pro-inflammatory cytokines on preadipocyte proliferation

TNF-a, IL-1b, and IFN-g induced low proliferative responses

(IL-1b and TNF-aOIFN-g; all at 10 ng/ml) from preadipo-

cytes, and, most probably, from fully delipidized adipocytes (see

Fig. 7). These results are in agreement with our previous work

(Simons et al. 2005), which showed that confluent, growth-

arrested preadipocytes re-entered the S-phase of the cell cycle

during pro-inflammatory cytokine treatment. Further, IL-6 (at

10 ng/ml; see Fig. 7) and sIL-6R (at 100 ng/ml) demonstrated

no mitogenic effect, whereas the combination of IL-6 and sIL-

6R resulted in a BrdU labeling comparable with IL-1b and

TNF-a exposure (data not shown).
Discussion

Obesity is defined as an excess of adipose tissue, and is a strong

risk factor for development of insulin resistance, hyperten-

sion, type 2 diabetes, and cardiovascular disease (Lyon et al.

2003, Schmidt & Duncan 2003). Obese animals and

individuals typically express increased levels of pro-inflam-

matory TNF-a, IL-6, and leptin, and, in contrast, decreased

levels of anti-inflammatory insulin-sensitizing adiponectin.

Additionally, intra-adipose macrophage infiltration has been

described to be elevated in obesity (Weisberg et al. 2003).

Obesity is therefore considered as a chronic and low-grade

inflammatory condition that leads to insulin resistance, and

subsequently to the above-mentioned diseases. Diet-induced

weight loss in obese individuals results in lowering of

macrophage infiltration (Bruun et al. 2006) and of TNF-a,
IL-6, and leptin levels (Lyon et al. 2003), whereas total and

HMW adiponectin levels increase (Kobayashi et al. 2004,

Bobbert et al. 2005). Particularly, low HMW adiponectin

oligomer expression is suggested to play an important role in

the development of insulin resistance (see Introduction).

While many studies have investigated factors that influence

total adiponectin secretion levels, e.g. thiazolidinedione

(Pajvani et al. 2004), testosterone (Xu et al. 2005),

dexamethasone (Degawa-Yamauchi et al. 2005), TNF-a
(Kappes & Loffler 2000, Bruun et al. 2003, Degawa-Yamau-

chi et al. 2005, Wang et al. 2005), and IL-6 (Bruun et al. 2003),

only a few studies have addressed their effect on secretory

adiponectin complexes (Pajvani et al. 2004, Xu et al. 2005,

Bodles et al. 2006). This prompted us to examine the effect of

pro-inflammatory cytokines, including those that are

mplicated in the chronic inflammatory obese status, on

total adiponectin production and its oligomeric complexes

from human adipocytes. Although plasma levels of
Figure 5 Effect of pro-inflammatory cytokines (10 ng/ml) on the relative a
Equal absolute amounts of total adiponectin protein were loaded onto
separated, and then immunoblotted using polyclonal antibodies agains
heating and non-reducing conditions, dimeric, trimeric, tetrameric, pen
were detected in supernatants from control adipocytes. IL-1b, IL-6, IFN
oligomers. (B) Heating of these supernatants resulted in adiponectin mo
shown (of in total five independent subjects studied). C, control.
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pro-inflammatory cytokines are generally very low (below

0.1–0.01 ng/ml; Hotamisligil et al. 1995, Sopasakis et al.

2004), local intra-adipose tissue TNF-a and IL-6 concen-

trations are known to be potentially high (O1 ng/ml;

Hotamisligil et al. 1995, Sopasakis et al. 2004), hence,

conceivably reaching concentrations used in our study. We

clearly showed that long-term TNF-a, IL-6/sIL-6R, IL-1b,
and IFN-g treatment gradually suppressed total adiponectin

release from human adipocytes. The strong TNF-a-induced
adiponectin inhibition found by us seems to be in contrast to

what has been reported by others (Degawa-Yamauchi et al.

2005, Wang et al. 2005). However, in these studies, human

in vitro differentiated or ex vivo isolated adipocytes were treated

with TNF-a for only short periods of time (i.e. 24–48 h),

which resulted in minimal (w7%) to no reduction of

adiponectin secretion. In contrast, adipocyte-derived adipo-

nectin mRNA levels were found to be suppressed within

24–48 h after TNF-a exposure in two independent studies

(Bruun et al. 2003, Wang et al. 2005), and Kappes et al.

demonstrated strong inhibition (w50%) of adiponectin

protein release from TNF-a-treated human adipocytes after

48 h. These discrepancies may be the result of different

culture techniques. Nonetheless, our data favor the idea that

long-term TNF-a exposure downregulates total adiponectin

secretion by human adipocytes. In addition, IL-6 alone was

unable to influence adiponectin synthesis, and the presence of

sIL-6R was obligatory in order to demonstrate IL-6

bioactivity in human adipocytes (see also below, leptin

secretion and adipocyte delipidation). This observation is in

agreement with another study (Bruun et al. 2003) using

human adipocytes: adiponectin gene expression (adiponectin

protein secretion was, however, not investigated) was reduced

by the IL-6/sIL-6R combination within 48 h, whereas IL-6

was ineffective.

To evaluate whether pro-inflammatory cytokine-induced

decrement of total adiponectin is associated with a change of

adiponectin oligomeric profiles, we studied adiponectin

oligomers in supernatants from our adipocyte cultures.

Control adipocytes produced multiple adiponectin isoforms,

which were detected using the electrophoresis/blotting

technique initially described by Waki et al. (2003). Apart

from the commonly detected trimeric, hexameric, andHMW

adiponectin (Scherer et al. 1995, Tsao et al. 2002, Waki et al.

2003, Xu et al. 2005, Richards et al. 2006a,b), we also observed

dimers, tetramers, and pentamers. This adiponectin profilewas

found in all studied donors. After denaturation, only

monomeric and dimeric adiponectin isoforms were observed,

a phenomenon that evidenced adiponectin specificity of all
diponectin oligomer distribution secreted from adipocytes on day 5.
a 4–12% gradient Bis–Tris SDS/PAGE gel and electrophoretically
t human adiponectin, see Materials and Methods. (A) Under non-
tameric, hexameric, and HMW multimeric adiponectin isoforms
-g, and TNF-a did not affect the relative distribution of adiponectin
nomers and dimers. A representative experiment from one subject is
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Figure 6 Dose- and time-dependent effects of pro-inflammatory
cytokines on leptin secretion from (pre)adipocytes. IFN-g sup-
pressed (A), and both IL-1b (B) and TNF-a (C) stimulated leptin
production from preadipocytes and delipidizing adipocytes.
Cytokine added at: white boxes, 10 ng/ml (nZ5); grey boxes,
0.1 ng/ml (nZ3); black boxes, 0.001 ng/ml (nZ2). Values are
meansGS.D. for two to five independent subjects. Each condition
was tested in triplicate. Asterisk (*) means significantly different
when compared with control cell cultures without addition of
cytokines on the same day (red boxes), P!0.05 (ANOVA and
Tukey–Kramer’s test).
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bands in our blotting experiments (Waki et al. 2003, Richards

et al. 2006b). Apparently, the usage of our polyclonal anti-

adiponectin antibody in combination with a highly sensitive

chemiluminescent substrate Super Signal facilitated recog-

nition of dimeric, tetrameric, and pentameric adiponectin

isoforms. Interestingly, [35S]methionine/cysteine-labeled

3T3-L1 adipocytes also revealed secretory dimeric, tetrameric,

and pentameric adiponectin after immunoprecipitation

(Scherer et al. 1995). In accordance with the previous studies

(Tsao et al. 2002, Richards et al. 2006a,b), trimeric adiponectin

oligomers were the most predominant adiponectin isoforms

that were secreted from in vitro differentiated adipocytes.

Regardless of the adiponectin distribution found in our study,

long-term exposure to TNF-a, IL-6/sIL-6R, IL-1b, and

IFN-g could not change adiponectin oligomer composition

from human adipocytes.

We confirmed previous in vitro studies on TNF-a-induced
adipocyte delipidation (reviewed in Sethi & Hotamisligil

1999). Additionally, we demonstrated similar effects after

IL-6/sIL-6R, IL-1b, and IFN-g exposure. The latter factor,

however, resulted in a dissimilar adipocyte morphology than

former factors, which indicates differential mechanisms of

action. Although not the scope of our study, future specific

analysis on adipocyte insulin signaling and on adipogenic and

apoptotic markers could be helpful to determine whether

these cytokines exhibit merely anti-insulin activity (i.e.

induction of lipolysis/suppression of lipogenesis in fully

differentiated adipocytes) or induce a disputed process called

dedifferentiation (i.e. the capacity of differentiated lipid-laden

adipocytes to revert to undifferentiated lipid-free fibroblast-

like preadipocytes; Fernyhough et al. 2006), or apoptosis.

Nevertheless, all these pro-inflammatory cytokines stimulated

immature preadipocyte proliferation. Moreover, high leptin
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Figure 7 Effect of pro-inflammatory cytokines (10 ng/ml) on the
proliferative capacity of preadipocytes and delipidized adipocytes
on day 7. Proliferation was measured by using BrdU labeling, and is
expressed as arbitrary chemiluminescent units (ACU). Values are
meansGS.D. for three independent subjects. Each condition was
tested in triplicate. Asterisk (*) means significantly different when
compared with control cell cultures without addition of cytokines,
P!0.05 (ANOVA and Tukey–Kramer’s test).
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levels were detected in our adipocyte cultures (containing a

mixture of preadipocytes and delipidizing adipocytes) treated

with TNF-a, IL-6/sIL-6R, or IL-1b, which is in agreement

with our recent finding that slowly proliferating undiffer-

entiated preadipocytes are potent leptin producers under

these culture conditions (Simons et al. 2005). Most likely,

delipidizing adipocytes found in our study also contributed to

these high leptin levels. Interestingly, genes that are associated

with lipid metabolism were suppressed in adipose tissue

obtained from various obese and type 2 diabetes animals

(Nadler et al. 2000), while the expression of cell cycle-related

genes were found to be raised in obese animals and humans

(Nadler et al. 2000, Lee et al. 2005). Further, Cancello et al.

(2005) described leptin mRNA expression in dedifferentiated

fibroblast-like adipocytes, and concluded that leptin gene

expression was independent of cellular lipid content.

In conclusion, we have demonstrated that long-term

exposure to TNF-a, IL-6/sIL-6R, IL-1b, and IFN-g
suppresses total adiponectin secretion from delipidizing

adipocytes, without affecting the relative distribution of

secreted adiponectin isoforms. Simultaneously, preadipocytes

slowly expanded and leptin production increased under these

circumstances. Based on our findings, we speculate that

autocrine/paracrine pro-inflammatory cytokines, in particu-

lar obesity-related TNF-a and IL-6, may be directly

responsible for low total adipocyte-derived adiponectin

plasma levels; however, aberrant adiponectin oligomer

profiles in insulin-resistant individuals are probably formed

after adiponectin release from adipocytes. This concept

contrasts the mechanism of action ascribed to thiazolidine-

dione and testosterone, which both have direct effects on

adiponectin oligomer shifts in adipocytes within 24 h (Pajvani

et al. 2004, Xu et al. 2005). Intriguingly, acute concanavalin

A-induced TNF-a stimulation (!24 h) resulted in a

reduction of total circulating adiponectin levels in mice,

while adiponectin oligomer profiles remained unaltered

(Morris et al. 2006). Evidently, identification of the exact

mechanism(s) that controls extracellular bioavailability and

clearance of adiponectin complexes by pro-inflammatory

cytokines will provide better understanding of the develop-

ment and treatment of obesity-related insulin resistance.
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