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1 Possible nitric oxide (NO)-mediated e�ects on lipolysis were investigated in vivo in human
subcutaneous adipose tissue using microdialysis, as well as in vitro on isolated fat cells of non-obese,
healthy volunteers. NO donors were added to the ingoing dialysate solvents.

2 Changes in lipolysis and local blood ¯ow were investigated by measuring glycerol levels and
ethanol ratios, respectively, in the microdialysates.

3 It was shown that the NO synthase inhibitor, NG-monomethyl L-arginine (L-NMMA), but not
the biologically inactive enantiomer NG-monomethyl D-arginine (D-NMMA), increased glycerol
levels in the microdialysates without causing a change of local blood ¯ow. In addition, L-NMMA
increased glycerol levels in the microdialysate when local blood ¯ow was stimulated with
hydralazine.

4 Nitric oxide gas as well as the NO donor, nitroglycerine, reduced glycerol release from isolated
adipocytes in vitro.

5 Expression of inducible nitric oxide synthase (iNOS) in human adipose tissue was shown by
Western blot analysis. Biologically active NOS was demonstrated by measuring total enzymatic
activity.

6 In conclusion, the data demonstrate that inhibition of NO release in subcutaneous adipose tissue
results in an increased lipolysis in vivo. These e�ects, which were also observed in vitro, are
independent of local blood ¯ow changes. Furthermore, the demonstration of enzymatic NOS
activity and the expression of inducible nitric oxide synthase (iNOS) in adipose tissue indicate that
locally synthesized NO may play a role in the physiological control of lipolysis in human adipose
tissue.
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Introduction

Nitric oxide (NO) is formed in cells from L-arginine, which in

the presence of oxygen, is converted to L-citrulline by NO
synthases (NOS). Three di�erent isoforms of NOS have been
cloned and sequenced (reviewed in Michel & Feron, 1997).

Two of the isoforms, neuronal NOS (nNOS) and endothelial
NOS (eNOS), are constitutive, and produce small amounts of
NOS following stimuli that raise intracellular Ca2+ concentra-
tions. The third isoform, inducible NOS (iNOS), is expressed

after induction by such agents as cytokines and bacterial
lipopolysaccharide.

The action of NO is di�cult to study since it reacts readily

with oxygen, superoxide radicals or hydrogen peroxide to
produce NO2, peroxynitrite and nitrate/nitrite, respectively
(Henry et al., 1991). However, the e�ects of NO can be studied

indirectly by adding NO donors, using scavengers, or by
reduction of NO synthesis using NOS inhibitors such as the L-
arginine analogue, NG-monomethyl L-arginine (L-NMMA).

NOS isoforms are expressed in several di�erent cell types

and NO is believed to be involved in the regulation of many
events, including in¯ammation, vascular tone and metabolism
(reviewed in Christopherson & Bredt, 1997; Michel & Feron,

1997). However, it is not known if NO also regulates lipid
metabolism. Adipose tissue is the largest reservoir of lipids in
the body. These are mobilized by lipolysis in fat cells. Lipolysis
in adipose tissue is under hormonal regulation, the most well

known being insulin and catecholamine e�ects on antilipolytic
and lipolytic mechanisms. Recently, we suggested a dual
cholinergic mechanism that also regulates lipolysis in vivo

(Andersson & Arner, 1995). In theory, the latter regulatory
system could utilize NO as a mediator, since NO plays a role in
the parasympathetic modulation of myocardial contractility

(Hare et al., 1998). Nitric oxide synthase has been demon-
strated in white adipose tissue of the rat (Ribiere et al., 1996)
indicating this tissue as a potential source of NO production.
To date, no evidence for an involvement of NO in lipolysis has

been presented. The major aim of this study was therefore to
investigate whether NO has e�ects on lipolysis in vivo. We used
microdialysis to investigate the e�ects of L-NMMA on local

lipolysis in situ in human abdominal subcutaneous adipose
tissue (Lafontan & Arner, 1996). We also studied total NOS*Author for correspondence; E-mail: peter.arner@medhs.ki.se
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activity and expression of NOS in this tissue, as well as the
e�ect of NO on lipolysis in isolated fat cells in vitro.

Methods

Subjects

The experimental group comprised of 15 healthy, drug-free,
non-obese subjects (four men and 11 women), none of whom

were receiving medication. The ages ranged from 20 ± 50 years
(mean+s.e.mean=33+2.4 years) and body mass indices from
18 ± 25 kg m72 (mean+s.e.mean=22.2+0.66 kg m72). The

subjects were investigated on one or two occasions. For the
in vitro experiments on isolated fat cells and tissue pieces, we
used subcutaneous adipose tissue obtained from the abdom-

inal area during elective surgery for non-malignant disorders.
Subjects were fasted overnight and received only intravenous
saline until the biopsy was taken at the start of the operation.
Anaesthesia was induced with a short-acting barbiturate and

then maintained with fentanyl in combination with a mixture
of oxygen and nitrous oxide. Subjects were not selected on the
basis of age, sex or body-weight.

The study was approved by the Ethical Committee at
Karolinska Institutet. The subjects were given a detailed
description of the study prior to their consent being obtained.

Microdialysis probes

Microdialysis probes were supplied by CMA Microdialysis,
Stockholm, Sweden. A detailed description of the micro-
dialysis method (Lafontan & Arner, 1996) and the micro-
dialysis probes used (Tossman & Ungerstedt, 1986) have been

presented elsewhere. Brie¯y, a dialysis tube (1060.5 mm,
20,000 mol.wt. cut-o�) was glued to the end of a double-
lumen steel cannula and perfused with neutral dialysis solvent

at low speed using precision pumps (CMA Microdialysis,
Stockholm, Sweden). With these probes the perfusion solvent
enters through the inner cannula, passes the dialysis

membrane, and leaves through the outer cannula, from which
it is collected.

Experimental design

The volunteers participating in the microdialysis experiments
were investigated, in a supine position between the hours of

08.00 ± 12.00, following an overnight fast, as described by
Galitsky et al., (1993). Four to six probes were inserted into the
abdominal adipose tissue surrounding the umbilicus, at a

distance of at least 30 mm from each other. Throughout the
experiment, including a pre-experimental period of 30 min, the
inlet tubings of the probes were connected to microinjection

pumps (CMA Microdialysis, Stockholm, Sweden) and probes
continuously perfused with an ethanol-based (50 mmol l71)
Ringer-solution, composed as described by Arner et al. (1991).
L-NMMA (1 ± 10 mmol l71) or D-NMMA (10 mmol l71) was

added to the ingoing solvent perfusate during periods of 1 h
(60 ± 120 min) or 2 h (60 ± 180 min) of the 3 h experimental
period. The e�ects of the vasodilator agent hydralazine

(12.5 mg ml71) alone were tested by adding the drug to the
perfusate during a 1 h period (60 ± 120 min). In the experi-
ments investigating the e�ects of NOS inhibition during

hydralazine clamping, the drug was included in the solvent
perfusate throughout the entire experiment (0 ± 180 min). In
these experiments L-NMMA was added to the ingoing
perfusate over 2 h (0 ± 120 min).

Determination of glycerol levels and ethanol ratios in the
microdialysate

In each experiment, fractions of the outgoing dialysate were
collected for glycerol analysis using a bioluminometric method
(HelmeÂ r et al., 1989) or ethanol analysis using an enzymatic
method (Bernt & Gutman, 1974). Ethanol was also determined

in the ingoing perfusate and the ratio of ethanol leaving versus
that entering calculated. Changes in this ratio re¯ect changes in
local blood ¯ow of the adipose tissue (as discussed by Arner &

BuÈ low, 1993). It has been demonstrated that 50 mmol l71

ethanol does not alter lipolysis and has no e�ect on adipose
tissue blood ¯ow (Galitsky et al., 1993). This microdialysis

technique also gives similar results to those obtained with local
injection of xenon, when the two techniques to measure local
blood ¯ow in human subcutaneous adipose tissue are

compared (FellaÈ nder et al., 1996). The coe�cient of variations
for baseline glycerol levels and ethanol ratios were 10% and
5%, respectively.

Figure 1 Subcutaneous adipose tissue microdialysate glycerol levels
(top panel) and ethanol ratio (bottom panel) following L-NMMA
treatment. Experimental protocol: 1 h of pre-treatment (probes
perfused with Ringer-ethanol), 1 h of solvent or L-NMMA (1 or
10 mmol l71), 1 h of post-treatment with solvent. L-NMMA versus
solvent was statistically tested using ANOVA, followed by Fisher
PLSD-test as post-hoc analysis. *Signi®cant di�erences (P50.05)
from control group (Ringer alone). Microdialysate glycerol levels for
both doses of L-NMMA were signi®cantly increased compared to
Ringer's solution and also di�ered from each other. No statistical
signi®cant di�erences were found comparing ethanol ratios. n=9±12
in each group. Mean glycerol levels (mmol l71) during the pre-
treatment period for the di�erent groups were 29+2, 32+3 and
30+3, respectively.
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Determination of glycerol release from isolated human
adipocytes

In additional experiments, lipolysis was investigated in vitro (as
described by LoÈ nnqvist et al., 1992). Brie¯y, isolated fat cells
were prepared from a subcutaneous fat biopsy and incubated
for 2 h at 378C in diluted conditions (2%, v v71) in an

albumin-containing bu�er (LoÈ nnqvist et al., 1992). Aliquots of
the medium were taken after 2 h for determination of glycerol
as an index for lipolysis (HelmeÂ r et al., 1989). In one set of

experiments, the isolated fat cells were exposed to nitric oxide
gas for either 5 or 15 min. The tubes were then sealed and
glycerol levels determined after a total experimental period of

2 h. Isoprenaline (10 mmol l71) was added to the incubation
medium in order to stimulate lipolysis. In another set of
experiments, e�ects of the nitric oxide donor, nitroglycerine

(1 ± 10 mmol l71) in the presence of dl-cysteine (10 mmol l71)
(Feelisch, 1991), were studied. Initial experiments showed that
the rate of glycerol release was linear with incubation times of

at least 2 h in both the absence and presence of NO gas or
isoprenaline.

Measurement of total NOS activity

NOS activities were measured as described previously (Ribiere
et al., 1996). Human adipose tissues were homogenized at 48C
using an Ultra-Turrax in a freshly prepared bu�er containing
Tris-HCl (10 mmol l71) bu�er (pH 7.4), EDTA
(1.5 mmol l71), dithiothreitol (0.5 mmol l71) and protease

inhibitors (10 mmol l71 benzamidine and 100 mmol l71 phe-
nylmethyl-sulphonyl¯uoride). Homogenates were then centri-
fuged at 5006g for 10 min at 48C, the supernatants collected

and then centrifuged again at 100,0006g for 45 min at 48C.
The resulting supernatants (soluble fraction) were used for
assays of NOS activity and Western blotting.

Nitric oxide synthase activities were quanti®ed by following
the conversion of [3H]-arginine into [3H]-citrulline, as described
elsewhere (Slater et al., 1991). Control samples of soluble
fractions (100 to 300 mg protein in 50 ml) were incubated at

378C for 15 min in 50 ml of 50 mmol l71 HEPES bu�er
(pH 7.4) containing L-valine 50 mmol l71, NADPH
1 mmol l71, CaCl2 1 mmol l71, L-arginine 20 mmol l71 and

[3H]-arginine 97 nmol l71 (speci®c activity: 68 Ci mmol71,
Amersham, France). Total NOS activity was determined as
the di�erence between [3H]-citrulline produced by control

samples and those containing 2 mmol l71 EGTA plus
2 mmol l71

L-NAME, an inhibitor of NOS. All reactions
were stopped by addition of 1.5 ml of 1 : 1 (v v71) H2O/Dowex

50W-X8 (Na+ form) resin. Four ml H2O was added to the
resin incubate mixtures, which were left to settle for 10 min.
Aliquots of the supernatants were removed, liquid scintillation
cocktail added (emulsi®er Safe-Packard) and samples counted

for radioactivity. Enzyme activities were expressed as pmol
[3H]-citrulline min71 mg71 protein. Protein concentrations
were determined according to the method of Bradford

(Bradford, 1976).

Western blot analysis

Western blotting was used to characterize iNOS in human
adipose tissue. Soluble fractions (100 mg protein of adipose

Figure 2 In the top panel subcutaneous adipose tissue microdialy-
sate glycerol levels are shown following a 2 h L-NMMA or D-
NMMA treatment. Experimental protocol: 1 h of pre-treatment (the
probe were perfused with Ringer-ethanol), 2 h of solvent, L-NMMA
(10 mmol l71) or D-NMMA (10 mmol l71). L-NMMA or D-NMMA
versus solvent were statistically tested using ANOVA, followed by
Fisher PLSD-test as post-hoc analysis. *P50.05. n=8±10 in each
group. Mean glycerol levels (mmol l71) during the pre-treatment
period for the di�erent groups were 60+4 (Ringer), 45+4 (L-
NMMA) and 47+6 (D-NMMA), respectively. In the lower panel
subcutaneous adipose tissue microdialysate ethanol ratio are shown
following a 2 h L-NMMA or D-NMMA treatment. No statistical
di�erences were found on ethanol ratio (ANOVA, followed by Fisher
PLSD-test as post-hoc). Number of probes=8 ± 10 in each group.

Figure 3 Subcutaneous adipose tissue microdialysate ethanol ratio
following hydralazine treatment. Hydralazine (12.5 mg ml71) was
given during 1 h in accordance with the experimental protocol
described in Figure 1. The microdialysate ethanol ratio for
hydralazine was signi®cantly decreased, compared to Ringer's
solution. *P50.05. n=5±6 in each group.
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tissue) were subjected to SDS ±PAGE (7.5% acrylamide)
(Laemmli, 1970). After electrophoresis, proteins were trans-
ferred to nitro-cellulose membranes. Blots were blocked with

2.5% gelatine in Tris-saline bu�er containing 0.05% Tween 20
and then incubated with polyclonal iNOS antibodies
(Transduction Lab Lexington, KY, U.S.A.). Previous studies
have shown that iNOS is the major NOS form expressed in rat

fat cells (Ribiere et al., 1996). After washing, membranes were
incubated for 1 h with goat anti-rabbit secondary antibody
conjugated to peroxidase. Speci®c proteins were detected by

enhanced chemiluminescence (ECL, Amersham, France).

Materials

The following agents were added to the microdialysate solvent
as sterile solutions: NG-monomethyl L-arginine acetate (L-

NMMA, Research Biochemicals International, Natick, MA,
U.S.A.), NG-monomethyl D-arginine acetate (D-NMMA,
Research Biochemicals International, Natick, MA, U.S.A.),
hydralazine (Ciba-Geigy, Basel, Switzerland). In the experi-

ments on isolated fat cells isoprenaline (ACO, Stockholm,
Sweden), nitroglycerine (Research Biochemicals International,

Natick, MA, U.S.A.), dl-cysteine (Sigma Chemical Co., St.
Louis, MO, U.S.A.) and NO gas (AGA AB, Stockholm,
Sweden) were added to the incubation medium. In the analysis

of NOS activity NG-nitro-L-arginine methylester (L-NAME,
Research Biochemicals International, Natick, MA, U.S.A.)
and ethylene blycol-bis (b-aminoethyl-ether) N,N' tetraacetic
acid (EGTA) (Sigma Chemical Co., St. Louis, MO, U.S.A.)

were used to obtain total inhibition of NOS activity. Other
reagents were of highest purity available (Kebo, Stockholm,
Sweden).

Statistical analyses

Values (mean+s.e.mean) for glycerol in the microdialysates
are presented as a percentage of the mean glycerol levels during
the ®rst 30 min of microdialysis (pre-experiment baseline

value). Due to the variability in absolute microdialysate levels
between individuals, the statistical calculations were made on
percentage changes using analysis of variance (ANOVA)
followed by post-hoc Fisher's PLSD-tests. P50.05 was

regarded as signi®cant. Comparisons were made to percentage
changes obtained from intra-individual control microdialysis
probes perfused with Ringer-ethanol solution alone. Data were

also transformed to summary measurements in terms of peak
e�ects. When two groups of values were compared, a Student's
t-test was used.

Values for ethanol in the microdialysate are presented as
percentage of the concentration in the perfusion solvent since
these values have been demonstrated to mirror local blood

¯ow (Arner & BuÈ low, 1993).

Results

To investigate if changes in local adipose tissue NO levels
could in¯uence lipolysis in vivo, changes in glycerol levels

following NOS inhibition were studied with L-NMMA
(Knowles & Moncada, 1994). Figure 1 (upper panel) shows
the e�ects of 1 h L-NMMA exposure on microdialysate

glycerol levels. A concentration-dependent increase in
glycerol was observed during L-NMMA treatment (peak
e�ects 129+4 and 142+7% for L-NMMA at 1 mmol l71

and 10 mmol l71, respectively, compared to baseline peak

e�ect levels of 110+3%) which was followed by a return to
baseline levels 1 h after termination of L-NMMA adminis-
tration. However, L-NMMA had no e�ect on the ethanol

ratio (an indirect measurement of local blood ¯ow, Figure 1
lower panel). Figure 2 (upper panel), shows the e�ects of
10 mmol l71 of L-NMMA during a 2 h perfusion period. In

these experimental conditions, a pronounced and sustained
increase in dialysate glycerol levels to approximately 150%

Figure 4 In the upper panel hydralazine (12.5 mg ml71) was present
during the whole experiment. L-NMMA (10 mmol l71) was added to
the microdialysate after 1 h. Microdialysate glycerol levels for
hydralazine+L-NMMA were signi®cantly increased as compared to
hydralazine+Ringer (*P50.05, ANOVA). n=5 in hydralazine+R-
inger group, n=8 in hydralazine+L-NMMA group. Mean glycerol
levels (mmol l71) during the pre-treatment period for the di�erent
groups were 39+2 (Ringer) and 39+5 (L-NMMA), respectively. In
the bottom panel hydralazine (12.5 mg ml71) was present during the
whole experiment. L-NMMA (10 mmol l71) was added to the
microdialysate after 1 h. No statistical di�erences were found on
ethanol ratio (ANOVA, followed by Fisher PLSD-test as post-hoc).
n=5 in hydralazine+Ringer group, n=8 in hydralazine+L-NMMA
group.

Figure 5 Identi®cation of iNOS in the soluble fraction of human
adipose tissue homogenates by Western blot analysis. Lines 1 and 2
(women), lines 3 and 4 (men).
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of baseline (peak e�ect=159+10%) as compared with
Ringer's solution (peak e�ect=117+5%) was observed.
Again, no signi®cant change in the ethanol ratios were

found (Figure 2 lower panel). To test the speci®city of L-
NMMA, the e�ect of the biologically inactive enantiomer D-
NMMA were compared. D-NMMA (10 mmol l71) did not
signi®cantly change glycerol levels (peak e�ect=125+4%,

compared to 117+5% for Ringer's solution) or ethanol
ratios in the microdialysates during the 2 h perfusion period
(Figure 2 upper and lower panels).

To test if blood ¯ow could in¯uence the lipolytic action of
NO, we investigated the e�ect of NOS inhibition by L-NMMA
during hydralazine-stimulated blood ¯ow. In other words, in

conditions in which local blood ¯ow was `clamped' by
hydralazine prior to the addition of L-NMMA. Hydralazine
(12.5 mg ml71) treatment reduced the ethanol ratio by

approximately 15% indicating that hydralazine itself slightly
increases local blood ¯ow (Figure 3). During hydralazine-
clamping, treatment with L-NMMA resulted in a rapid
increase in glycerol levels that reached a plateau level of

150 ± 160% of hydralazine baseline levels by 30 min (Figure 4
upper panel, peak e�ect=177+10%). No change in the
ethanol ratio caused by L-NMMA treatment was observed

(Figure 4 lower panel).

In order to determine whether the e�ects of L-NMMA
noted above resulted from NOS inhibition in adipose tissue,
we investigated total NOS activity and iNOS protein in

adipose tissue from three subjects. Enzyme activities in these
subjects were 2.2, 0.86 and 0.52 pmol citrulline min71 mg71

protein. Western blot analysis of human adipocyte extracts
with antibodies against iNOS (Ribiere et al., 1996) gave an

immunoreactive band of about 130 kDa, which was clearly
detected in both female and male adipose tissues. These data
con®rm that iNOS is expressed in human adipose tissue

(Figure 5).
Lipolysis can be determined in vitro by studying glycerol

release in isolated adipocytes. The lipolysis rate can be

increased by stimulation of fat cell b-adrenoceptors by
isoprenaline. We also investigated if NO as a gas could alter
lipolysis when administered to isolated fat cells. Gaseous

exposure of fat cells to NO gas resulted in a signi®cant and
time-dependent reduction of glycerol release (Figure 6, upper
panel).

The e�ect of nitric oxide was also studied by adding the

nitric oxide donor nitroglycerine in the presence of cysteine. In
Figure 6 (lower panel), it is clear that nitroglycerine caused a
concentration-dependent reduction of the isoprenaline-in-

duced increase in glycerol levels.
In further experiments, it was noted that NO gas

signi®cantly inhibited glycerol release from adipocytes in-

cubated in vitro in the absence of isoprenaline, representing
basal lipolysis (control=100+4% and NO gas
60 min=18+4%).

Discussion

In this study, we investigated whether NO is involved in the
regulation of lipolysis in human adipose tissue. It is suggested,
that NO mediates an inhibitory action on lipolysis in human

subcutaneous adipose tissue in vivo. The role of NO in human
lipolysis is supported by the present demonstration of (i) an
inhibitory role of NO on lipolysis in fat cells in vitro and (ii)

demonstration of the expression and biological activity of
NOS in human adipose tissue. The in vivo e�ect was
demonstrated with a well established method, involving
blocking NO synthesis with L-NMMA (Knowles & Moncada,

1994).
Glycerol levels, as determined by microdialysis were used as

an index of lipolysis in adipose tissue, with increased dialysate

glycerol levels being interpreted as an increased lipolysis and
vice versa (Lafontan & Arner, 1996). We were also able to
demonstrate increased adipose tissue-derived glycerol levels

following inhibition of NOS by L-NMMA. This e�ect
appeared to be concentration-dependent, sustained and
speci®c, as indicated by the lack of e�ects of the inactive

enantiomer D-NMMA. Moreover, e�ects of L-NMMA were
abolished when the drug was removed from the dialysate.

In order to investigate whether NO has direct actions on
adipocytes, isolated fat cells were exposed to both NO gas and

to the NO-donor nitroglycerine. NO gas exposure of fat cells
reduced glycerol release, as early as 5 min following gas
exposure. Moreover, nitroglycerine treatment, in the presence

of cysteine (Feelisch & Noack, 1987), gave a concentration-
dependent reduction of isoprenaline-induced lipolysis. How-
ever, it must be noted, that the e�ects of NO gas requires

cautious interpretation due to the instability of NO, which can
be converted by oxygen into nitrite and nitrate (Feelisch,
1991). In the present experimental set-up, where it is
impossible to achieve a complete absence of oxygen in order

Figure 6 E�ects of NO gas and nitro-glycerine on adipocyte
lipolysis. Glycerol levels are shown as a percentage of basal (without
isoprenaline) from isolated fat cells exposed to NO gas during 5 or
15 min on isoprenaline-induced lipolysis during 2 h (top panel).
Means+s.e.mean are given as a percentage of basal glycerol levels,
100%=0.89+0.07 mmol g71 triglycerides. n=6 experiments. In the
bottom panel glycerol levels are shown from isolated adipocytes
exposed to nitro-glycerine (1 or 10 mmol l71) on isoprenaline-
induced lipolysis during 2 h. Means+s.e.mean are given as a
percentage of basal glycerol levels, 100%=0.45+0.06 mmol g71

triglycerides. n=6 experiments. Dose versus time was statistically
tested using ANOVA, followed by Fisher's PLSD-test. *P50.05.
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to still have viable fat cells, a signi®cant conversion of NO into
nitrite and nitrate is unavoidable.

What is the source of NO that inhibits lipolysis? Although

this study was not primarily designed to answer this question,
several possibilities can be discussed. NO produced by nNOS
in nerves is thought to act as a neurotransmitter (see Bredt &
Snyder, 1992). Although knowledge about adipose tissue

innervation is limited, the existence of sympathetic catechola-
minergic, probably noradrenergic, terminals has been docu-
mented in adipose tissue (Lindh & HoÈ kfelt, 1990). The local

noradrenergic neuronal network is considered to mediate, at
least in part, lipolysis induced by physical exercise through
stimulation of fat cell b-adrenoceptors (Arner, 1995; Arner et

al., 1990; Wahrenberg et al., 1991). It has also been suggested
that as many as 20% of postganglionic sympathetic neurones
could be cholinergic (Lindh & HoÈ kfelt, 1990). The existence of

a cholinergic innervation of adipose tissue may relate to our
previous demonstration of a dual cholinergic mechanism
regulating lipolysis (Andersson & Arner, 1995). However, it
remains to be determined whether human adipose tissue nerve

terminals contain NO.
Another source of NO could be local adipose tissue

production. In this respect, NOS activity was recently

demonstrated in rat fat tissue. Most of this activity could be
accounted for by iNOS, some by eNOS and none by nNOS
(Ribiere et al., 1996). In the present study, we measured total

NOS enzyme activity and iNOS protein. Data showed that
human adipose tissue expresses iNOS indicating that the tissue
per se is a potential source of NO. We did not try to measure

selectively iNOS enzyme activity because recent data suggests
that rat adipose tissue and several non-adipose human cells
contain an inducible form of NOS, which is partly calcium-
dependent (see Ribiere et al. (1996) for discussion and

references).
One source of NO in adipose tissue could be the endothelial

cells belonging to the blood vessels that irrigate adipose tissue.

Since NO is a potent vasodilator, some of the e�ects of L-
NMMA could be related to blood ¯ow changes in adipose
tissue. It has previously been shown that NO is released

following activation of vessel wall cholinoceptors inducing
vasodilatation (Furchgott & Zawadzki, 1980; Ignarro et al.,
1987; Palmer et al., 1987). In the present study, we did not
observe any changes in local blood ¯ow following L-NMMA

treatment, as determined using the ethanol escape technique

(Galitsky et al., 1993; Hickner, 1995; Hickner et al., 1991).
Local blood ¯ow can also be measured by microspheres or
xenon washout. On the other hand, there is no alternative to

the ethanol technique for the present type of experiments
where local blood ¯ow must be measured at the place where
the microdialysis probe is situated. However, to address
further the issue of blood ¯ow, we performed a hydralazine-

clamping experiment. Hydralazine is known to markedly
increase blood ¯ow through an unknown NO-independent
mechanism, that involves an as yet unidenti®ed molecule in the

vascular endothelium (Wei et al., 1997). Hydralazine itself
increased local blood ¯ow, as monitored by an approximately
15% reduction in ethanol ratio. During this hydralazine-

induced stimulation of blood ¯ow, perfusion of the micro-
dialysis probe with L-NMMA still produced a marked increase
in dialysate glycerol levels. In relative terms, L-NMMA was as

e�ective in increasing adipose tissue glycerol levels in the
absence and presence of hydralazine, i.e. approximately 60%
increase above baseline. No changes in ethanol ratios were
observed during the L-NMMA treatment, again indicating

that the L-NMMA-induced changes in glycerol levels are
independent of blood ¯ow changes. These data taken together,
strongly suggest that the action of L-NMMA on lipolysis is

independent of NO e�ects on local blood ¯ow.
In summary, this study provides evidence that NO is

involved in the in vivo regulation of lipolysis in man. Nitric

oxide synthase enzyme activity is present in human adipose
tissue and may produce NO through iNOS. This NO is
suggested to inhibit lipolysis both in vivo and in vitro. The

demonstration of an interaction between NO and lipolysis
represents a new principle for metabolic regulation with
potential physiological and pathophysiological implications.
In addition, adipose tissue derived NO could be a future target

for pharmacological treatment of lipid disorders.
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