
Cytokine-induced metabolic effects in human adipocytes are independent
of endogenous nitric oxide

Philippe Linscheid,1 Dalma Seboek,1 Henryk Zulewski,1,2 Arnaud Scherberich,1,3

Nenad Blau,4 Ulrich Keller,1,2 and Beat Müller1,2

1Department of Research, 2Division of Endocrinology, Diabetology, and Clinical Nutrition, 3Institute for
Surgical Research and Hospital Management, University Hospital, CH-4031 Basel; and 4Division of
Clinical Chemistry and Biochemistry, University Children’s Hospital, Zurich, Switzerland

Submitted 11 August 2005; accepted in final form 20 December 2005

Linscheid, Philippe, Dalma Seboek, Henryk Zulewski, Arnaud
Scherberich, Nenad Blau, Ulrich Keller, and Beat Müller. Cyto-
kine-induced metabolic effects in human adipocytes are independent
of endogenous nitric oxide. Am J Physiol Endocrinol Metab 290:
E1068–E1077, 2006. First published December 27, 2005;
doi:10.1152/ajpendo.00374.2005.—Nitric oxide (NO) has been rec-
ognized as a potential mediator of inflammation-induced metabolic
alterations, including insulin resistance. However, expression mech-
anisms and potential roles of endothelial and inducible NO synthases
(eNOS and iNOS, respectively) in human adipocytes are poorly
understood. In the present study, we aimed to analyze several aspects
of NO-related gene expression and metabolite synthesis in basal and
inflammation-activated human adipocyte models. eNOS mRNA was
highly expressed in omental and to a lesser extent in human subcu-
taneous adipose tissue biopsies, but not in purified adipocytes, in
mesenchymal stem cell (MSC)- and in preadipocyte-derived adipo-
cytes, respectively. Trace amounts of iNOS mRNA were detected in
adipose tissue samples of donors with abdominal infection, as op-
posed to noninfected subjects. Interferon-�, in combination with
interleukin-1� or lipopolysaccharide, evoked a transient (4 h �
time � 24 h) iNOS mRNA expression in human MSC and preadipo-
cyte-derived adipocytes, respectively. This induction was preceded by
cytokine-specific mRNAs. In addition, it was accompanied by an
activation of the tetrahydrobiopterin synthesis pathway and by inhi-
bition of peroxisome proliferator-activated receptor-�2. In contrast to
murine 3T3-L1-derived adipocytes, iNOS protein and NO oxidation
products remained undetectable in iNOS mRNA-positive human adi-
pocytes. Accordingly, coadministration of NOS inhibitors (i.e., N�-
nitro-L-arginine methyl ester, N�-monomethyl-L-arginine, and
1400W) had no effects on insulin-mediated glucose uptake and
lipolysis. We conclude that, in human adipocytes, endogenous NO is
not involved in metabolic regulation during either basal or cytokine-
activated conditions.

adipose tissue; nitric oxide synthase; insulin resistance; cytokines;
lipolysis

INFLAMMATORY PROCESSES PLAY A PIVOTAL ROLE in translating
obesity to metabolic disturbances (10, 36, 47). However, de-
spite the overwhelming clinical evidence for such a relation-
ship, very little is known about the molecular mechanisms
linking obesity to insulin resistance and finally diabetes. Ex-
cessive nitric oxide (NO) production has been proposed as a
mediator for insulin resistance in muscle (35, 44), liver, and
adipose tissue (37, 38). Three NO synthase (NOS) isoforms
produce NO in a tightly regulated, cell-specific manner (3, 8,
33). Activity of the constitutively expressed endothelial and

neuronal isoforms is regulated by Ca2�-mediated calmodulin
binding. A complex regulation mechanism requires both nu-
clear factor (NF)-�B and interferon (IFN)-� mediated STAT1
activations for triggering inducible NOS (iNOS) transcription
in humans (19). Reflecting the potential toxicity resulting from
the enzyme’s high activity, the expression is additionally
regulated on mRNA stability and translational and posttrans-
lational levels (8, 40).

Basal endothelial NOS (eNOS) and iNOS expressions were
reported in human adipose tissue and in adipocytes obtained
from collagenase-digested adipose tissue (14, 15, 43). iNOS
expression and activity was induced in white adipose tissue of
lipopolysaccharide (LPS)-treated rats and in murine 3T3-L1
adipocytes subjected to combined LPS, tumor necrosis factor
(TNF)-�, and IFN-� (25, 39). Tetrahydrobiopterin (BH4) is
essential and rate-limiting on NOS activity in several cells,
including activated 3T3-L1 adipocytes (29).

NO-releasing chemicals (e.g., sodium nitroprusside) and NO
gas increase basal lipolysis in rat adipocytes (20). Catechol-
amine-stimulated lipolysis, however, is inhibited by NO donors
but not by authentic NO gas, indicating additional, not yet
well-defined, regulatory mechanisms on NO-mediated meta-
bolic effects. Administration of N�-nitro-L-arginine methyl
ester (L-NAME), an NOS inhibitor, increases lipolysis in
vivo in humans (4). In contrast, diphenyliodonium
(DPI)-mediated NOS blockade decreases both basal and
dibutyryl cAMP-stimulated lipolysis (21). In LPS- and cy-
tokine-challenged 3T3-L1 adipocytes, iNOS-derived NO
was proposed as a negative lipolysis modulator (34). NOS
inhibition resulted in impaired insulin-mediated glucose uptake
in rat adipocytes and myocytes (41). However, iNOS�/�

knockout mice are protected against obesity-induced insulin
resistance (35).

In view of these complex and partially conflicting find-
ings, we herein aimed to clarify the presence and relevance
of endogenous NO synthesis in human adipocytes. There-
fore, we analyzed NOS expressions in adipose tissue biop-
sies, in freshly isolated and in cultured mature adipocytes, in
preadipocyte-derived adipocytes, and in mesenchymal stem
cell (MSC)-derived adipocytes. In addition, BH4 synthesis
was assessed in basal and activated adipocytes. Finally, we
tested the potential influence of NOS inhibitors on lipolytic
activity and on insulin-mediated glucose transport in human
adipocytes.
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METHODS

Patients. Omental and subcutaneous adipose tissue biopsies were
obtained from four donors requiring elective surgery (mean age 46 yr,
range 19–71). Informed consent was obtained. Two of the patients
had abdominal infections resulting from perforated sigmoid divertic-
ulitis and perforated appendicitis. Harvested tissues were immediately
incubated in RNA-later (Ambion, Austin, TX) to prevent RNA
degradation. The samples were snap-frozen in liquid nitrogen and
stored at �70°C. Tissues were powdered under liquid nitrogen before
RNA extraction using Tri Reagent.

Adipocyte cultures. Human preadipocyte-derived adipocytes were
obtained from patients undergoing plastic surgery, as previously
described (30). Bone marrow aspirates (20–40 ml) were obtained
from healthy donors (18–63 yr) during routine orthopedic surgical
procedures, in accordance with the local ethical committee (Univer-
sity Hospital Basel) and after informed consent. Nucleated cells were
isolated from the aspirate by Ficoll density gradient centrifugation
(Histopaque1; Sigma, Buchs, Switzerland). Human MSC were there-
after selected within the nucleated cells in culture on the basis of
adhesion and proliferation on the plastic substrate. Cells were ex-
panded in DMEM supplemented with 10% FBS and 5 ng/ml basic
fibroblast growth factor (all from Invitrogen, Basel, Switzerland). For
experiments, cells between passages 4 and 10 were seeded in six-well
plates or 100-mm dishes. Adipogenic differentiation was induced by
incubating confluent cells in DMEM-F-12 (Invitrogen) containing 3%
FBS and supplements as follows: 250 	M 3-isobutyl-1-methylxan-
thine, 1 	M dexamethasone, 0.2 nM 3,3,5-triiodo-L-thyronine, 5 	M
transferrin (all from Sigma), 100 nM insulin (Novo Nordisk,
Küsnacht, Switzerland), and 1 	M rosiglitazone (GlaxoSmithKline,
Worthing, UK). Typically, 80–90% of MSCs underwent adipogenic
differentiation as assessed by lipid droplets formation. Expression of
adipocyte-specific mRNAs [e.g., peroxisome proliferator-activated
receptor-(PPAR)�2, leptin, adiponectin, GLUT4] was confirmed by
RT-PCR. After 15–18 days, supplements were removed by washing
three times with warm PBS. Adipocytes were kept in DMEM-F-12
containing 3% FBS for three additional days before initiation of
experiments in fresh medium.

Human IFN-� and interleukin (IL)-1� were purchased from Pepro-
Tech (London, UK). LPS (Escherichia coli 026:B6), N�-monometh-
yl-L-arginine (L-NMMA), L-NAME, N-[3-(aminomethyl)benzyl]ac-
etamidine, and 1400W were from Sigma. Sepiapterin was from
Schircks Laboratories (Jona, Switzerland). Viability of adipocytes
after treatments was assessed with trypan blue staining, with viable
cells excluding trypan blue and dead cells staining blue.

RT-PCR. Total RNA was extracted from liquid nitrogen-powder-
ized tissues or adipocyte cultures with TRI Reagent (Molecular
Research Center, Cincinnati, OH). Extracted RNA was quantified

spectrophotometrically at 260 nm with a Biophotometer (Vaudaux-
Eppendorf, Schönenbuch, Switzerland). Ratio of extinction at 260 and
280 nm was between 1.5 and 2.0, and the quality was assessed by gel
electrophoresis. Total RNA (1 	g) was subjected to reverse transcrip-
tion (Omniscript RT kit; Qiagen, Basel, Switzerland). PCR was
performed on a conventional thermal cycler (TGradient; Biometra,
Göttingen, Germany) using PCR Taq core kit (Qiagen). Human
gene-specific, intron-spanning primers and conditions were as indi-
cated in Table 1. Amplification products were visualized on 1.5%
(amplicons 
250 bp) or 2.5% (amplicons �250 bp) agarose gels
containing 0.5 	g/ml ethidium bromide. A 100-bp Molecular Ruler
(Bio-Rad, Reinach, Switzerland) was run as size reference. PCR
product identity was confirmed by nucleotide sequencing (Mi-
crosynth, Balgach, Switzerland).

Determination of total NO. NO is rapidly oxidized to nitrite (NO2
�)

and nitrate (NO3
�). After incubation periods up to 72 h, cell culture

supernatants were supplemented with 60 mU nitrate reductase and 50
	M NADPH and kept for 2 h at room temperature in the dark. NO2

�

were detected by Griess assay (22). NaNO3 dilutions were used as
concentration reference.

Pterin analysis. MSC- and preadipocyte-derived adipocytes were
cultured in 100-mm dishes, treated with IFN-�-IL-1�-LPS for 48 h,
washed with PBS, and scraped in 200 	l of 0.1 M HCl. Cells were
lysed by three cycles of freeze/thaw. Lysis supernatants obtained by
centrifugation and culture supernatants were oxidized for 5 min with
MnO2 and deproteinized by filtration through Ultrafree-MC 5,000
NMWL filters (Millipore, Volketswil, Switzerland). Samples of 200
	l were supplemented with 15 	l of 1 M HCl. Pterins (i.e., BH4 and
neopterin) were analyzed by HPLC as described previously (9). BH4

was measured as total biopterin (sum of biopterin, dihydrobiopterin,
and BH4).

Western blot analysis. MSC-derived adipocytes from two 100-mm
dishes were scraped in 500 	l buffer containing 150 mM NaCl, 10
mM Tris �HCl (pH 7.4), 1 mM EGTA, 0.5% Nonidet P-40 (Igepal; all
from Sigma), and 1% Triton and protease inhibitor cocktail (Roche
Diagnostics, Rotkreutz, Switzerland). Lysis was carried out on ice for
30 min. Alternatively, cytosolic lysates were obtained by repeated
freeze/thawing in 25 mM Tris �HCl (pH 7.4) supplemented with
protease inhibitor cocktail. After 30 min cold centrifugation at 14,000
rpm, a 21-gauge needle was used to aspirate lysates. When needed,
centrifugation was repeated for 15 min to clear lysates of floating
lipids. Protein concentrations were determined using Bradford reagent
as indicated by the supplier (Sigma). Lysate aliquots containing 40 	g
total protein were mixed 1:1 with Laemmli buffer and run on 7.5%
SDS-PAGE (Ready Gel; Bio-Rad). Proteins were transferred to ni-
trocellulose (Optripan BA-S 85; Schleicher & Schuell, Dassel, Ger-
many) in a Mini Trans-Blot system (Bio-Rad). Blots were blocked for

Table 1. List of human gene-specific primers for RT-PCR analysis

mRNA Sense Primer Antisense Primer
Size,
bp GeneBank No.

Annealing
Temperature, °C

No. of
Cycles

eNOS CACCGCTACAACATCCTGGAG CTGTGTTACTGGACTCCTTCC 799 M95296 55 35
iNOS ACGTGCGTTACTCCACCAACAA CATAGCGGATGAGCTGAGCATT 114 L09210 55 35
GTPCH TTGGTTATCTTCCTAACAA GTGCTGGTCACAGTTTTGCT 226 U19523 50 35
TNF-� GGCCCAGGCAGTCAGATCAT GGGGCTCTTGATGGCAGAGA 310 M10988 65 35
IL-1� TTCCCTGCCCACAGACCTTC AGGCCCAAGGCCACAGGTAT 298 BC008678 65 35
IL-6 GCAAAGAGGCACTGGCAGAAA CAGGCTGGCATTTGTGGTTG 284 M54894 60 25
PPAR�2 GCGATTCCTTCACTGATAC GCATTATGAGACATCCCCAC 580 NM_015869 55 28
PPAR�1 TCTCTCCGTAATGGAAGACC GCATTATGAGACATCCCCAC 474 NM_138712 55 30
Leptin TGCCCATCCAAAAAGTCCA GAAGTCCAAACCGGTGACTTTCT 121 NM_000230 58 35
Adiponectin TGGGCCATCTCCTCCTCA AATAGCAGTAGAACAGCTCCCAGC 102 NM_004797 58 35
�-Actin TTCTGACCCATGCCCACCAT CCTCGCCTTTGCCGATCC 198 NM_001101 65 28

eNOS, endothelial nitric oxide synthase; iNOS inducible nitric oxide synthase; GTPCH, GTP cyclohydrolase; TNF-�, tumor necrosis factor-�; IL-1�,
interleukin-1�; IL-6, interleukin-6; PPAR�2, peroxisome proliferative-activated receptor-� transcript variant 2; PPAR�1, peroxisome proliferative-activated
receptor-� transcript variant 1.
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1 h in PBS with 0.1% Tween 20 and 10% nonfat dry milk and exposed
overnight at 4°C to primary antibody in PBS with 0.1% Tween 20 and
1% nonfat dry milk. A monoclonal mouse anti-iNOS antibody reac-
tive for both human and mouse iNOS (BD Transduction Laboratories,
Basel, Switzerland) was diluted 1:2,500. Monoclonal mouse anti-
PPAR� was diluted 1:200 (Santa Cruz, Heidelberg, Germany). Bound
antibodies were visualized by the Immun-star horseradish peroxidase
chemiluminescent kit (Bio-Rad).

Insulin-mediated glucose uptake. On day 1, differentiation medium
was removed from MSC-derived adipocytes. Cells were washed three
times in warm PBS and kept in DMEM-F-12 containing 5 mM
glucose and 3% FBS. Supplements were added on day 2. On day 3, at
t � 0 min, 100 nM insulin was added to one-half of the wells. At t �
20 min, 1 	C 2-deoxy-D-[3H(G)]glucose (PerkinElmer, Boston, MA)
was added to all wells. After 15 min, cells were washed three times in
ice-cold PBS and lysed in 0.1% SDS. Radioactivity was measured in
a scintillation counter. Results are expressed as the ratio of insulin and
noninsulin-mediated glucose uptake (RIMGU).

Glycerol release in culture medium. On day 1, differentiation
medium was removed from MSC-derived adipocytes. Cells were
washed three times in warm PBS and kept in phenol red-free DMEM-
F-12 (Invitrogen) containing 3% FBS. Medium was changed on day
2, and supplements were added. On day 3, 800 	l supernatant aliquots
were collected and kept frozen at �20°C until used for glycerol
measurement (Glycerol UV-method; Boehringer Mannheim/R-Bio-
pharm, Darmstadt, Germany).

Statistical analysis. Data are presented as means � SD. Two-group
comparisons were performed using the Mann-Whitney U-test. For
multigroup comparisons, one-way ANOVA was used with Dunnett’s
Multiple Comparison posttest.

RESULTS

eNOS and iNOS mRNA expression in human adipose tissue.
eNOS mRNA was detected in subcutaneous and omental
human adipose tissue. The transcript abundance was higher in
omental fat biospies compared with subcutaneous samples
(Fig. 1A). Lipid-laden mature adipocytes were separated from
stromal cells (e.g., preadipocytes, endothelial cells) by colla-
genase digestion and several cycles washing and centrifugation
at 400 g. Low eNOS mRNA levels were found in adipocyte
preparations after the first wash but not after repeating the
procedure five times (Fig. 1B). In contrast, eNOS mRNA was
abundant in stromal cells in which adipocyte-specific PPAR�2
mRNA was absent.

Trace amounts of iNOS mRNA were detected in adipose
tissue biopsies from patients with abdominal infection when 40
PCR cycles were applied instead of the usual 35 cycles (Fig.
1A). In contrast, iNOS mRNA was absent in noninfected
subjects.

Transient iNOS mRNA induction in human adipocytes. In
addition to visible lipid accumulation, the adipocyte character
of MSC-derived adipocytes was documented by RT-PCR
analysis. Several adipocyte marker genes, including adi-
ponectin, leptin, and PPAR�2, were induced during adipo-
genic differentiation (Fig. 2). In contrast, adipocyte-unspe-
cific PPAR�1 transcripts were also detected in undifferen-
tiated MSC.

Fig. 1. RT-PCR analysis of endothelial (e) and inducible (i)
nitric oxide synthase (NOS) mRNA. A: subcutaneous (s) and
omental (o) adipose tissue biopsies were obtained from donors
with infection (1 and 2) or without infection (3 and 4). Isolated
RNA was subjected to RT-PCR analysis for eNOS and iNOS
mRNAs. Absence of genomic DNA contamination was verified
by performing reactions without RT (RT�). B: eNOS, iNOS,
and peroxisome proliferator-activated receptor (PPAR)-�2
mRNA were analyzed in mature explanted adipocytes at initial
and final purification steps. In addition, eNOS mRNA content
was assessed in adipocytes kept in ceiling cultures (preadipo-
cyte) and in mesenchymal stem cell (MSC)-derived adipocytes.
�c, positive control; M, 100-bp Molecular Ruler.
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iNOS mRNA was induced in MSC-derived adipocytes after
6 h exposure to combined IFN-�-IL-1� and IFN-�-LPS but not
by single treatments (Fig. 3A). In contrast, guanosine triphos-
phate cyclohydrolase (GTPCH) mRNA, the rate-limiting en-
zyme for BH4 synthesis, was also induced by single treatments.
TNF-�, IL-1�, and IL-6 mRNAs were induced by IL-1� and
LPS alone but not by IFN-� alone. Administration of IFN-�-
IL-1� and IFN-�-LPS did not evoke iNOS mRNA induction
when adipocytes were kept in adipogenic differentiation me-
dium (data not shown).

iNOS mRNA induction was detectable 4 h after IFN-�-
IL-1� and IFN-�-LPS administrations (Fig. 3B). Under iden-
tical conditions, GTPCH, TNF-�, IL-1�, and IL-6 mRNA
induction was observable after 2 h. iNOS and IL-1� mRNA
were no longer detected after 24 h. GTPCH and TNF-� mRNA
expression declined after incubation periods exceeding 10 h.
IFN-�-IL-1�- and IFN-�-LPS-induced IL-6 mRNA remained
elevated compared with controls for at least 48 h. In contrast,
administration of IFN-�-IL-1� and IFN-�-LPS diminished
PPAR�2 mRNA abundance.

In preadipocyte-derived adipocytes similar mRNA expres-
sion patterns were observed (Fig. 3C).

NO2
� and NO3

� analysis in culture supernatants. Putative
cytokine-induced iNOS enzyme activity was assessed by ana-
lyzing NO-derived stable oxidation products NO2

� and NO3
� in

adipocyte culture supernatants. Detection limit for NO3
� after

nitrate reductase treatment was 1 	M as determined in NaNO3

dilutions (data not shown). Murine 3T3-L1 adipocytes served
as controls: NO2

� were increased at least 10-fold in 24-h
conditioned supernatants from IFN-�-TNF-�-IL-1�-treated
3T3-L1-derived adipocytes compared with basal conditions. In
contrast, no NO2

�/NO3
� induction was found in supernatants

from MSC-derived adipocytes incubated for up to 72 h with
several combinations of inflammatory mediators, including
IFN-�-IL-1�, IFN-�-LPS, IFN-�-IL-1�-TNF-�, and IFN-�-
IL-1�-LPS. NO2

�/NO3
� induction was also negative in the

additional presence of exogenous 10 	M sepiapterin, which is
converted intracellularly to iNOS cofactor BH4.

NOS activity was not detected in IFN-�-IL-1�-TNF-�-
exposed preadipocyte-derived adipocytes, even in the presence
of sepiapterin (data not shown).

BH4 synthesis in MSC- and in preadipocyte-derived adipo-
cytes. Cytokine-induced BH4 synthesis was assessed in MSC-
and in preadipocyte-derived adipocytes. In basal cells, BH4

concentrations were below the detection limit in lysates and
5.4 � 0.5 nM in supernatants (Fig. 4). Upon 48 h exposure to
combined IFN-�-IL-1�-LPS, BH4 concentration was 67.6 �
13.2 nM in cell lysates. Under the same conditions, BH4

secretion was increased 7.1-fold (38.4 � 2.8 nM) in superna-
tants compared with untreated controls.

In basal cells, neopterin concentrations were 4.4 � 2.8 nM
in lysates and below the detection limit in supernatants. Neop-
terin concentration was augmented 36.2-fold (159.5 � 38.13
nM) in cell lysates upon 48 h treatments with IFN-�-IL-1�-
LPS. In the respective supernatants, neopterin concentration
was 14.9 � 1.4 nM.

iNOS and PPAR� protein analysis in human adipocytes. We
aimed to determine cytokine-induced iNOS protein expression
by Western blot analysis. Basal and IFN-�-TNF-�-IL-1�-
treated 3T3-L1 adipocytes served as negative and positive
controls, respectively (Fig. 5A). iNOS protein was not detected
in protein lysates from MSC-derived adipocytes treated with
IFN-�-IL-1� for 8, 10, or 24 h. In addition, iNOS was neither
found in IFN-�-LPS (data not shown) nor in IFN-�-, IL-1�-,
and TNF-�-treated adipocytes (Fig. 5B). Lysates were probed
in parallel for PPAR� protein to confirm integrity of lysates
and the activity of administrated treatments. PPAR�1 and
PPAR�2 were detected in lysates from basal adipocytes (Fig.
5, A and B). In accordance with mRNA data, PPAR�2 protein
was downregulated by inflammatory treatments, including
IFN-�-IL-1� and IFN-�-IL-1�-TNF-�.

Insulin-mediated glucose uptake. The RIMGU was mea-
sured in the presence or absence of IFN-�-IL-1� and IFN-�-
LPS, respectively. After 2 h in fresh culture medium, basal
RIMGU was 3.75 � 0.32 (Fig. 6A). The addition of IFN-�-
IL-1� and IFN-�-LPS diminished RIMGUs to 2.0 � 0.1 (P
0.01) and 1.7 � 0.1 (P � 0.01), respectively.

Upon 10 h exposure to either basal medium, IFN-�-IL-1�,
or IFN-�-LPS, RIMGUs were 2.23 � 0.06, 1.49 � 0.07 (P �
0.01), and 1.30 � 0.06 (P � 0.01), respectively (Fig. 6B).
IFN-�-IL-1�- and IFN-�- and LPS-mediated RIMGUs re-
mained virtually unchanged when agents known to block NOS
activity were coadministered (i.e., L-NAME, L-NNMA, and
1400W).

In further experiments we measured insulin-mediated glu-
cose uptake after 24 h.

In untreated control cells, RIMGU was 2.21 � 0.24 (Fig.
6C). Exposure to IFN-� and IL-1� alone slightly reduced
RIMGU to 1.56 � 0.12 and 1.70 � 0.21, respectively. Com-
bined IFN-�-IL-1� administration clearly reduced insulin-
mediated glucose uptake throughout the experiments, with a
RIMGU of 1.184 � 0.05 (P � 0.01). Coadministration of
L-arginine-derived NOS inhibitors L-NAME and L-NMMA
had no influence on basal or IFN-�- and IL-1�-modulated
RIMGUs.

Glycerol release. Lipolytic activity in MSC-derived adipo-
cytes was assessed by measuring glycerol accumulation in
culture medium. IL-1�-induced glycerol release was time de-
pendent for at least 24 h (Fig. 7A). Coadministration of IFN-�

Fig. 2. Induction of adipocyte markers in MSC-derived adipocytes. MSC were
subjected to RT-PCR analysis before and after adipogenic differentiation.
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Fig. 3. Induction of iNOS and cytokine mRNAs in human adipo-
cytes. MSC-derived adipocytes were subjected to inflammatory
agents. RT-PCR analysis was performed after 6 h (A) or at the
indicated time points (B). Similar experiments were performed in
preadipocyte-derived adipocytes (C). Results are representatives
from at least 3 separate experiments. TNF, tumor necrosis factor; IL,
interleukin; IFN, interferon; LPS, lipopolysaccharide; �, with; �,
without.
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reduced IL-1�-mediated glycerol secretion by 38% (P � 0.05),
40% (P � 0.05), and 47% (P � 0.05) after 12, 16, and 24 h,
respectively. Glycerol release remained at basal levels in the
presence of IFN-�, L-NAME, or L-NMMA alone (data not
shown). Administration of L-NAME, L-NMMA, and 1400W
had no effect on IL-1�- and IFN-�-modulated lipolysis after 12
and 16 h (Fig. 7B).

DISCUSSION

In the present study, we analyzed expression kinetics and the
potential role of NOS enzymes in several human adipocyte
models before and after inflammatory stimulation. In contrast
to rodent adipocytes, the presented data raise serious doubts on
a relevant endogenous NO production in human adipocytes
under both physiological and inflammatory conditions.

Adipose tissue is a complex conglomerate of several cell
types, including adipocytes, preadipocytes, vascular endothe-
lial cells, smooth muscle cells, macrophages, nerve endings,
and others. Mature adipocytes account for only 16% of adipose
tissue cells (23). In our hands, eNOS mRNA was not present in
the final, purest adipocyte fraction. The contrast to published
data (14, 15) is most likely because of contaminating stromal
cells, which were still present in the adipocyte fraction after
initial washes. To decontaminate adipocytes from adhering
stromal cells, the negative buoyancy, lipid-laden fraction from
collagenase-digested adipose tissue was washed five times.
Moreover, the efficiency of centrifugation was increased by

applying 400 g instead of 200 g as we generally used for
adipose tissue stromal cell isolation (30). Accordingly, the
abundant eNOS mRNA signal found in stromal cells disap-
peared after expansion of preadipocytes and differentiation to
adipocytes. During the process of differentiation, preadipo-
cytes and MSC adopted several characteristics of adipocytes,
including insulin-mediated glucose uptake, inflammation-in-
duced lipolysis, PPAR�2, leptin, and adiponectin mRNA ex-
pression. In contrast, eNOS mRNA was not induced. Insulin-
and ANG II-modulated NO formation was recently demon-
strated in human primary preadipocyte preparations (15). How-
ever, this report contained no evidence on functional NOS
expression and NO synthesis in differentiated adipocytes.
Taken together, the above-mentioned observations advocate
that eNOS expression is restricted to the endothelium in adi-
pose tissue. Our finding of increased eNOS mRNA abundance
in omental compared with subcutaneous adipose tissue is in
agreement with previous data (43). We hypothesize that this
finding is attributable to the high density of vascular vessels in
omental fat.

Tight regulation of iNOS activity is cell- and species-
specific (19, 27). In rodent adipose tissue and adipocytes, the
cytokine- and LPS-induced sustained NO production is well

Fig. 4. Tetrahydrobiopterin (BH4) and neopterin synthesis induction in human
adipocytes. Human MSC- and preadipocyte-derived adipocytes were exposed
to IFN-�-IL-1�-LPS for 48 h. BH4 and neopterin were measured both in cell
lysates and in culture supernatants. Data were combined from experiments
performed in MSC (n � 4)- and preadipocyte (n � 2)-derived adipocytes.
Results are expressed as means � SD. ND, not detectable. *P � 0.01
compared with untreated controls.

Fig. 5. iNOS and PPAR� protein expression in MSC-derived adipocytes.
Adipocytes were subjected to iNOS mRNA-inducing treatments as indicated.
Whole cell lysates (or cytosolic lysates where indicated) containing 40 	g
(MSC-derived adipocytes) or 10 	g (3T3-L1) total protein were subjected to
iNOS and PPAR�2 detection by Western blot. A: adipocytes were exposed for
8, 10, or 24 h to IFN-�-IL-1�. B: adipocytes were treated for 10 h with
IFN-�-IL-1�-TNF-�. Results are representatives from 4 (A) and 2 (B) separate
experiments.
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established (25, 29, 34, 39). Obesity is increasingly recognized
as an inflammatory condition (10, 47), and human obesity-
related iNOS induction in adipose tissue has been proposed
(14, 15, 43). In agreement with previous data on iNOS protein

expression in adipose tissue biopsies, we found trace amounts
of iNOS mRNA in some donors (4). Interestingly, rodent
obesity is associated with macrophage accumulation in adipose
tissue (46, 48). Therefore, it may be hypothesized that obesity-
related inflammatory processes, including iNOS expression,
are attributable to macrophages and other nonadipocytes within
adipose tissue. In human preadipocytes, a modest increase in
iNOS mRNA abundance was recently reported during the
initial 8 days of in vitro adipogenesis (15). However, data of
functional iNOS enzyme induction were not provided. The
transcriptional iNOS activation may be explained by differen-
tiation-related NF-�B activation, as observed in 3T3-L1 (7).

Primary preadipocyte-derived adipocytes are a well-estab-
lished, albeit laborious, cell model allowing in vitro studies of

Fig. 6. Insulin-mediated glucose uptake is not affected by NOS inhibitors.
MSC-derived adipocytes were exposed to IFN-�, IL-1�, LPS, N�-nitro-L-
arginine methyl ester (L-NAME), N�-monomethyl-L-arginine (L-NMMA), and
1400W as indicated for 2 h (A), 10 h (B), and 24 h (C). Glucose uptake was
measured in the presence or absence of 100 nM insulin. Results are expressed
as means � SD of the ratio of insulin- and non-insulin-mediated glucose
uptake (RIMGU). Cells from at least 2 separate donors were used; n indicates
the no. of separate wells. *P � 0.01 compared with untreated controls.

Fig. 7. Lipolysis is not affected by NOS inhibitors. IFN-�, IL-1�, LPS,
L-NAME, L-NMMA, and 1400W were added to MSC-derived adipocytes as
indicated at time � 0. Glycerol concentration was measured in culture
supernatants. A: time dependence of IL-1�- and IFN-�- and IL-1�-induced
glycerol release. B: IFN-�- and IL-1�-induced glycerol release in the presence
or absence of NOS inhibitors. Results are expressed as means � SD from n �
4 (A) and n � 6 (B) separate wells. Cells from 2 separate donors were used.
*P � 0.05 compared with IL-1� alone.
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human fat cells (24). Expanding MSC cultures appear as a
useful alternative for adipocyte precursor cells. MSC-derived
adipocytes express and secrete several adipocyte markers,
including immunodetectable leptin and adiponectin, and ex-
hibit inducible lipolytic activity (42). In addition to adipocyte-
specific mRNA expression (e.g., PPAR�2, leptin, adiponectin),
lipid storage, and lipolytic activity, the herein presented insu-
lin-mediated glucose uptake experiments further document the
adipocyte character of the MSC-derived model. The observed
inflammation-mediated PPAR�2 mRNA and protein down-
regulation validates previous observations made in 3T3-L1-
derived adipocytes (17, 45).

To our knowledge, induction of NO generation in human
adipocyte models exposed to inflammatory mediators has not
yet been addressed. In MSC- and in preadipocyte-derived
adipocytes, iNOS mRNA was induced by combined IFN-�-
IL-1� and IFN-�-LPS, respectively, but not by IFN-�, IL-1�,
and LPS alone. IL-1�- and LPS-mediated gene induction
occurs mainly via NF-�B, whereas STAT1 mediates IFN-�
signaling (1, 13). Accordingly, the human NOS-2 gene is
known to depend on both STAT1- and NF-�B-mediated pro-
moter activation (19). In agreement with previous human data,
inflammation-induced iNOS mRNA expression was transient
in the present human adipocyte models (12). However, at the
time points with the highest iNOS mRNA abundance, iNOS
protein was not detected by Western blot analysis using a
monoclonal antibody suitable for human iNOS detection (31,
32). Accordingly, we failed to measure cytokine-induced NO
oxidation products. Thus, similar to other human cells, trans-
lational mechanisms appear to block human adipocyte iNOS
expression (31). In human monocytes and macrophages, the
activity of existing iNOS protein is blocked by low BH4

synthesis capacity (28). This appeared not to be the case in our
adipocytes: the inflammation-induced expression of the BH4-
synthesizing enzyme GTPCH evoked the production of both
BH4 and its side product neopterin. The presence of a func-
tional BH4 synthesis pathway was previously described in
rodent (18, 29), but not in human, adipocytes. In the absence of
functional NOS, the role of inflammation-induced BH4 in
human adipocytes remains to be elucidated.

Low NO synthesis may occur at undetectable levels and
modulate glucose metabolism and lipolytic activity. Therefore,
we performed additional experiments with metabolic read outs
(i.e., glucose uptake and glycerol release). MSC-derived adi-
pocytes exposed for 2 h to IFN-�-IL-1� or IFN-�-LPS dis-
played markedly reduced insulin-mediated glucose uptake. A
role of iNOS-derived NO can be ruled out since iNOS mRNA
induction initiated approximately after 4-h incuabtions. Further
glucose uptake experiments were performed after 10-h expo-
sures when iNOS mRNA reached highest abundance. How-
ever, the additional presence of NOS inhibitors (i.e., L-NAME,
L-NMMA, and 1400W) had no effect on insulin-mediated
glucose uptake. Similar results were previously shown in
murine 3T3-L1 and T37i adipocytes (38). Interestingly, obesity-
induced insulin resistance is not ameliorated by NOS-2 gene
inactivation in mouse adipose tissue (35). In contrast, muscle
tissue is protected against obesity-linked insulin resistance in
the same animal model. Accordingly, L-NAME-mediated NOS
inhibition prevents cytokine- and LPS-induced insulin resis-
tance in L6 myocytes (6). Thus NO may play a role in glucose

metabolism in muscle. A similar role appears unlikely in
adipocytes.

Complex and partially conflicting data have been presented
on NO as a potential modulator of adipose tissue lipolysis (4,
14, 20, 21, 25, 34, 37–39, 41, 43). The interpretation of
experiments using exogenous NO sources appears to be prob-
lematic. Different NO-generating chemicals (e.g., S-nitroso-N-
acetyl-penicillamine, NO gas, PAPA-NONOate) give raise to
distinct, highly reactive NO-related molecules (e.g., nitroso-
nium, NO�, nitroxyl anion). Consequently, experiments using
different NO donors have suggested both pro- and anti-lipolytic
NO-mediated effects (20). Moreover, the proposed NO-mediated
attenuation of isoprotereonol-mediated lipolysis (2) might be
because of extracellular, oxidation-linked inactivation of the
�-adrenergic agonist (11, 26). The impact of endogenous NOS
inhibition in adipocytes and adipose tissue has been addressed
in other reports. L-NMMA administration increases lipolysis in
human adipose tissue, as shown in a microdialysis study (4).
The absence of eNOS expression and the ineffective NOS
inhibitor administration in the present adipocyte models indi-
cates an indirect effect possibly mediated by vascular eNOS. In
contrast, basal and dibutyryl cAMP-induced lipolysis were
decreased by DPI, another NOS inhibitor, in isolated rat
adipocytes (21). These conflicting results may be explained by
species specificity, different adipose tissue models, and the
different NOS inhibitors.

Inflammatory cytokines have pro-lipolytic effects (16, 42).
In accordance with this view, IL-1� induced a time-dependent
glycerol release in MSC-derived adipocytes. As opposed to
previous 3T3-F442A adipocyte-related observations, IFN-�
had no effect on basal lipolysis in MSC-derived adipocytes.
Surprisingly, glycerol release was markedly reduced in IFN-�-
and IL-1�-administered cells compared with IL-1� alone.
Based on studies in murine adipocyte models, including 3T3-
L1, T37i, and adipose tissue explants from NOS 2�/� knock-
out mice, iNOS-derived NO has been proposed as a negative
feedback inhibitor containing excessive inflammation-induced
lipoysis (34). In contrast, the lipolytic activity under inflam-
matory conditions appears to be NO independent in the present
human adipocyte model.

In summary, we conclude that, in human adipocytes, endog-
enous NO does not play a mandatory role during IL-1�- and
IFN-�-induced gene expression and metabolic modulation. In
adipose tissue, however, NO from other sources (e.g., endo-
thelial cells, macrophages) may exert effects on neighboring
adipocytes. The present study provides further support for the
species-specific regulation of adipose tissue metabolism, such
as the previously reported production and release of cytokines
and adipokines (5), emphasizing the importance of investigat-
ing human adipose tissue to improve our understanding of
human physiology.
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