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Phosphodiesterase-5A and neutral endopeptidase
activities in human adipocytes do not control atrial
natriuretic peptide-mediated lipolysis
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Background and purpose: Atrial natriuretic peptide (ANP) stimulates lipolysis in human adipocyte through a cGMP signalling
pathway, the regulation of which is poorly known. Since phosphodiesterases (PDE) and neutral endopeptidase (NEP) play a
major role in the regulation of the biological effects of natriuretic peptides in the cardiovascular and renal systems, we
investigated whether these mechanisms could regulate cGMP signalling and ANP-mediated lipolysis in human adipocytes.
Experimental approach: The presence of cGMP-specific PDE and NEP in differentiated pre-adipocytes and in mature
adipocytes was evaluated by real-time qPCR and Western blot. The effect of non-selective and selective inhibition of these
enzymes on ANP-mediated cGMP signalling and lipolysis was determined in isolated mature adipocytes.
Key results: PDE-5A was expressed in both pre-adipocytes and adipocytes. PDE-5A mRNA and protein levels decreased as pre-
adipocytes differentiated (10 days). PDE-5A is rapidly activated in response to ANP stimulation and lowers intracellular cGMP
levels. Its selective inhibition by sildenafil partly prevented the decline in cGMP levels. However, no changes in baseline- and
ANP-mediated lipolysis were observed under PDE-5 blockade using various inhibitors. In addition, NEP mRNA and protein
levels gradually increased during the time-course of pre-adipocyte differentiation. Thiorphan, a selective NEP inhibitor,
completely abolished NEP activity in human adipocyte membranes but did not modify ANP-mediated lipolysis.
Conclusions and implications: Functional PDE-5A and NEP activities were present in human adipocytes, however these
enzymes did not play a major role in the regulation of ANP-mediated lipolysis.
British Journal of Pharmacology (2007) 152, 1102–1110; doi:10.1038/sj.bjp.0707485; published online 1 October 2007
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Introduction

Lipolysis in human adipocytes is an important physiological

process to provide energy substrates as fuel for various

situations associated with increased energy expenditure. The

regulation of lipolysis has been extensively studied in the

past 30 years (Arner, 2005; Langin, 2006). And the role of

catecholamines in the lipolytic process has been well

defined. Lipolysis is activated by catecholamines through

stimulation of b-adrenoceptors and inhibited through

a2-adrenoceptor stimulation (Lafontan and Berlan, 1993).

The simultaneous activation of both receptors modulates the

intracellular cAMP concentration, which activates cAMP-

dependent protein kinase, leading to the phosphorylation

and activation of the hormone-sensitive lipase (Lafontan

and Berlan, 1993). Our group have shown that natriuretic

peptides (NP) are potent activators of lipolysis in human

adipocytes (it is specifically observed in primate adipocytes)

(Sengenès et al., 2000, 2002). The physiological relevance of

the atrial natriuretic peptide (ANP)-dependent lipolytic

pathway has been demonstrated in various conditions in

men (Moro et al., 2004a, 2006). ANP stimulates adipocyte

plasma membrane receptors (NPR-A subtype) bearing an

intrinsic guanylyl cyclase activity and increases intracellular

levels of cyclic GMP (cGMP) that activates a cGMP-

dependent protein kinase (cGK). cGK-mediated phosphory-

lation of hormone-sensitive lipase stimulates lipolysis

(Sengenès et al., 2003).

The functional regulation of ANP/cGMP pathway in

human adipocytes has been poorly studied so far. It is clear
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that cGMP turnover is regulated by specific phosphodi-

esterases (PDE) such as PDE-5, PDE-6, PDE-9 in various cell

types (Maurice et al., 2003). PDE-5 is encoded by a single

gene and PDE-5A is the main cGMP-specific PDE in humans

(Soderling and Beavo, 2000). PDE-5A is highly expressed in

various tissues such as pancreas, skeletal muscle, heart,

thyroid, stomach, small intestine, penis and adrenal cortex

(Loughney et al., 1998; Soderling et al., 1998; Yanaka et al.,

1998). A rapid and sustained activation of PDE-5A occurs in

platelets and vascular smooth muscle cells after nitric oxide

(NO) or ANP stimulation (Mullershausen et al., 2001). This is

followed by a dramatic lowering of cGMP levels. Activation

of PDE-5A constitutes a physiological counter-regulatory

mechanism to modulate the amplitude and the duration of

the cGMP signal. To our knowledge, the presence and the

functionality of PDE-5A has never been explored in adipose

tissue. Enzymatic processing of the NPs by neutral endo-

peptidase (NEP) represents an alternative way to regulate the

biological action of the peptide. NEP (EC 3.4.24.11), known

also as neprilysin, enkephalinase, common acute lympho-

cytic leukaemia antigen (CALLA) or CD10, is a membrane-

bound metallo-endopeptidase widely expressed in the

vasculature (Turner, 2003). Increased NEP activity that could

induce a biological resistance to NP action has been reported

in heart failure patients (Knecht et al., 2002). In the present

study, we investigated the putative presence and the

functional role of PDE-5A and NEP in the regulation of

cGMP signalling and in the lipolysis mediated by ANP in

isolated human adipocytes.

Material and methods

Subjects

The study was carried out in accordance with the Declaration

of Helsinki and under the ethical regulations of Toulouse

University Hospital and the National Institute of Health and

Medical Research (INSERM). Human subcutaneous adipose

tissue was obtained from moderately overweight women

undergoing plastic surgery. Their mean age was 34.171.4

years and mean body mass index was 26.071.2 kg m�2. To

limit variability between samples, functional studies includ-

ing cyclic nucleotide production, lipolysis measurement and

gene expression were done on the same adipocyte batches.

Isolation of adipose tissue stromal cells and mature adipocytes

and pre-adipocyte differentiation

Stromal cells and adipocytes from human adipose tissue were

obtained by collagenase digestion as described previously

(Hauner and Entenmann, 1991). After digestion, the suspen-

sion was centrifuged (200 g, 10 min), filtered (210 mm filter)

and adipocytes were washed three times with PBS. The pellet

containing the stroma vascular fraction was incubated for

10 min in erythrocyte-lysing buffer (155 mM NH4Cl, 5.7 mM

K2HPO4 and 0.1 mM EDTA), resuspended in PBS/2% fetal calf

serum (FCS) and sequentially filtered through 100, 70 and

40 mm filters. The stromal cells were then resuspended in

DMEM/F12 supplemented with 10% FCS and plated at

60 000 cells cm�2. After incubation (37 1C) for 24 h, the

medium was changed for medium consisting of DMEM/F12

supplemented with 33 mM biotin, 17 mM pantothenate and

50 mg ml�1 gentamycin (basal medium) in the presence of

66 nM insulin, 1 nM triiodothyronine, 100 nM cortisol,

10 mg ml�1 human transferrin (adipogenic medium) and,

for the first 3 days, 1 mg ml�1 ciglitazone (PPAR-g agonist).

After the 3-day priming period, the cells were cultured in the

adipogenic medium. Pre-adipocytes were collected in RLT

lysis buffer (Qiagen, Courtaboeuf, France) at various stage of

differentiation (days (D), �3, 0, 5, 10) and stored at �80 1C

until RNA analyses.

Kinetics of intracellular cAMP and cGMP in response to IBMX

treatment

One volume of packed adipocytes was exposed to 0.5 mM of

3-isobutyl-1-methylxanthine (IBMX, non-selective PDE in-

hibitor) in 3 ml Krebs Ringer bicarbonate HEPES 10 mM and

albumin 0.2 g ml�1 (KRBHA) buffer for 30 min at 37 1C. Then,

adipocytes (2000–3000 cells per assay) were incubated with

5 ml of either 1mM of ANP or 10 mM of isoprenaline in a final

volume of 100ml KRBHA at 37 1C under gentle shaking (120

cycles min�1) in a water bath. Control cells were treated

similarly in the absence of IBMX. The reaction was stopped

at various times (0, 5, 10, 20 and 30 min), and then cAMP

and cGMP were extracted in a mixture of chloroform/

methanol/HCl 1N (2:1:0.1, v/v) containing 0.5 mM of IBMX.

After centrifugation (3000 g, 5 min), the aqueous phase of

each sample was collected, freeze-dried and redissolved in

the EIA buffer (Cayman Chemical Company, Ann Arbor, MI,

USA) according to the manufacturer’s instructions.

Kinetics of intracellular cGMP and lipolysis in response to

sildenafil

One volume of packed adipocytes was exposed to 10 mM of

sildenafil (PDE-5 selective inhibitor) in 9 volumes of KRBHA

buffer for 30 min at 37 1C. Then, adipocytes (2000–3000 cells

per assay) were incubated with 5 ml of 10 nM of ANP in a final

volume of 100 ml at 37 1C under gentle shaking (120

cycles min�1) in a water bath. Control cells were treated

similarly in the absence of sildenafil. Then, 50 ml aliquots of

medium were collected at various times (0, 5, 10, 20, 30, 45,

60, 75 and 90 min) for determination of glycerol and non-

esterified fatty acids (NEFA). Afterwards, the reaction was

stopped in ice and cGMP was extracted as described

previously in the paragraph above.

Effect of sildenafil on ANP-mediated cGMP production and of

various PDE-5 inhibitors on lipolysis

After collagenase digestion, adipocytes were incubated in the

presence of 10 mM of sildenafil in 3 ml KRBHA buffer for

30 min at 37 1C. Control cells were treated similarly in the

absence of sildenafil. Then, adipocytes (2000–3000 cells per

assay) were incubated with 5 ml of increasing concentrations

of ANP in a final volume of 100 ml for 90 min at 37 1C under

gentle shaking (120 cycles min�1) in a water bath. Then,

aliquots of medium and cell lysates were collected for

glycerol, NEFA and cGMP determination. The effects of

various PDE inhibitors such as vardenafil and zaprinast
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(PDE-5 selective inhibitors) or OPC 3911 (PDE-3 selective

inhibitor) were tested by performing concentration–response

curves on isolated adipocytes as described above. Their

effects at 10 mM on ANP-mediated lipolysis were studied after

30 min of pretreatment like for sildenafil.

Gene-expression analysis

Gene expression was performed on the stroma vascular

fraction (see above) before and during the time course of

adipose differentiation (D-3, D0, D5, D10), and on mature

adipocytes. Total mRNA and reverse transcription were

performed as described previously (Arvidsson et al., 2004).

Real-time quantitative PCR (qPCR) was performed on ABI

PRISM 7500 Sequence Detection System (Applied Biosystems,

Foster City, CA, USA). A set of primers was designed for PDE-

3B using the software Primer Express 1.5 (Applied Biosystems)

and used at a final concentration of 300 nM with SYBR-

Green-based chemistry. To verify that genomic DNA was not

amplified, qPCR was performed on reverse transcription

reactions with no addition of reverse transcriptase. Primers

and probes for NEP, PDE-5A, PDE-6 and PDE-9 were obtained

from Applied Biosystems using TaqMan probe-based assays.

For each primer pair, a standard curve was obtained using

serial dilutions of human adipose tissue cDNA prior mRNA

quantification. We used 18S ribosomal RNA (Ribosomal RNA

Control TaqMan Assay kit, Applied Biosystems, Foster City,

CA, USA) as control to normalize gene expression. Each

sample was performed in duplicate and 10 ng of cDNA were

used as a template for real-time PCR. When the difference

between the duplicates was above 0.5Ct, qPCR was per-

formed again.

Neutral endopeptidase activity assays

For determination of NEP activity in mature adipocytes,

approximately 20 ml of packed cells were lysed in 5 mM EDTA,

5 mM Tris–HCl at pH 7.4. Crude membranes were pelleted by

centrifugation (45 000 g, 15 min at 4 1C) and resuspended in

NEP buffer (50 mM Tris–HCl, pH 7.4). NEP activity was

measured in 96-well black fluorometric plate by adding 50ml

of crude membrane homogenate to wells containing 25ml of

NEP buffer. Plates were warmed (37 1C, 30 min) and then

25ml of N-dansyl-D-alanyl-glycyl-p-nitrophenylalanyl-glycine

(DAGNPG, Sigma, France) fluorogenic substrate was added to

each sample to obtain final concentrations from 0 to 500mM

DAGNPG. The plate was then incubated for 60 min at 37 1C

and the fluorescence read every 5 min at lex: 355/lem: 538 nm

excitation in a fluorometer (Fluoroskan Ascent FL, Labsystems,

France). Standard curves were generated using N-dansyl-D-Ala-

Gly in buffer. Homogenate protein was measured with the

BCA protein assay kit (Perbio Science, France), and product

synthesis was corrected for protein. NEP inhibition was

performed using increasing concentrations of thiorphan in

the presence of 100mM DAGNPG.

Western blots

NEP and PDE-5 protein levels were investigated by western

blot. Crude pellet membranes were solubilized in buffer

containing 10 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1%

Nonidet P-40, 0.1% SDS, 1% Triton X-100, 2% Na deoxy-

cholate and a mix of protease inhibitors (Complete mini,

Roche, France) for 30 min at 4 1C. Non-solubilized proteins

were removed by centrifugation (10 000 g, 5 min). The

protein concentration in the supernatant was determined.

Proteins (40 mg) were loaded and separated by electrophoresis

using 8% SDS-polyacrylamide gel (SDS-PAGE) under dena-

turing conditions and resolved proteins were electrotrans-

ferred on to nitrocellulose membranes. Ponceau staining was

performed to verify equal loading of the lanes. Membranes

were then blocked (for 90 min) in Tris-buffered saline

containing 0.1% Tween 20 (TBST) and 5% defatted dried

milk and incubated overnight with either mouse anti-

human CD10 (NEP) antibody (Serotec, Oxford, UK) or rabbit

anti-human PDE-5A (Santa Cruz Biotechnology Inc., Santa

Cruz, CA, USA). After several washes in TBST nitrocellulose

membranes were incubated with the HRP-conjugated goat

anti-rabbit or mouse secondary antibody for 60 min. The

immunocomplexes were detected using a chemilumines-

cence reagent kit (ECL plus, GE Healthcare Europe GmbH,

Munich, Germany) and acquired on a Chemi-Smart 3000

station (Vilbert & Lourmat, Marne-la-Vallée, France). For

western blot-based quantitative analysis, the intensities of

immunoreactive bands were determined with Bio1-D soft-

ware (Vilbert & Lourmat) and normalized to b-actin that was

detected on the same membrane after stripping.

Biochemical determinations

The concentration of glycerol in medium was determined

using an ultrasensitive radiometric method (Bradley and

Kaslow, 1989). NEFA were assessed with an enzymatic

method (Unipath, Dardilly, France). Intracellular concentra-

tions of cAMP and cGMP were determined using EIA kits

(Cayman Chemical Company, Ann Arbor, MI, USA), the

detection limit was 4 pmol ml�1 and intra-assay variability

was less than 5%.

Statistical analyses

Data are presented as means7s.e.mean. Statistical analysis

was performed using SPSS 12.0 for Windows (SPSS Inc.,

Chicago, IL, USA). Gene expression during the time-course

of differentiation was analysed with a one-way ANOVA

followed by Tukey’s multiple comparison test. Effect of drug

treatment was analysed using a two-way ANOVA (drug

concentration and treatment as criteria) followed by

Bonferroni’s multiple comparison test. The level of signifi-

cance was set at Po0.05.

Results

Expression of PDE-5A in human differentiated pre-adipocytes and

mature adipocytes

PDE-5A was expressed in stromal cells including pre-

adipocytes. Its mRNA levels decreased during pre-adipocyte

differentiation (Figure 1a). Figure 1b depicts a comparative

evaluation of mRNA levels of PDE-3B, PDE-5A, PDE-6 and

Regulation of cGMP-mediated lipolysis
C Moro et al1104

British Journal of Pharmacology (2007) 152 1102–1110



PDE-9. PDE-3B (the main cAMP phosphodiesterase in human

adipocytes) is abundantly expressed whereas PDE-5A is

poorly expressed in mature adipocytes. The gene expression

ratio between PDE-3B and PDE-5A is about 1/750. PDE-6 and

-9 were not detectable. Figure 1c shows both a representative

immunoblot of PDE-5 and quantification of PDE-5 protein

levels normalized to b-actin levels during the time course of

pre-adipocyte differentiation. This graph shows that PDE-5

protein level drops during the time course of differentiation

as already shown for gene expression (ANOVA, P¼0.02).

Effect of IBMX on the kinetics of cAMP and cGMP in human

adipocytes

The methyl xanthine, IBMX, has been described as a potent

inhibitor of PDE-3B. To verify the specificity of PDE-5A in the

regulation of cGMP, a comparative study was conducted on

mature adipocytes. IBMX treatment did not change baseline

cGMP concentrations (1.770.2 versus 2.370.2 pmol

(100 mg�1) lipid for control and IBMX respectively). Also

cGMP increases induced by ANP remained unaffected by

IBMX whatever the incubation time (Figure 2a). In contrast,

IBMX markedly increased, as expected, baseline (12.072.0

versus 50.0711.9 pmol (100 mg�1 lipid) for control and

IBMX respectively, P¼0.01) and isoprenaline-stimulated

cAMP concentrations (Figure 2b).

Effect of PDE-5 inhibition on the kinetics of cGMP, ANP-mediated

cGMP production and lipolysis in human adipocytes

The effect of sildenafil, a potent and selective PDE-5

inhibitor, was tested on cGMP level and lipolysis induced

by ANP in human mature adipocytes (Figure 3). In the
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Figure 1 (a) Change in mRNA levels of the PDE-5A during the time
course of differentiation (days (D) �3, 0, 3, 5,10). *Po0.05
compared to stroma vascular fraction (SVF); n¼6. (b) Gene
expression of different PDE isoforms specific for cGMP and of PDE-
3B, the main camp-specific PDE in human mature adipocytes (n¼5).
(c) Change in PDE-5 protein level during adipocyte differentiation;
normalized to b-actin. Inset is a representative western blot of one
experiment. *Po0.05 compared to D0; n¼4; ND: non-detectable;
AU: arbitrary units.
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Figure 2 (a) Changes in intracellular concentrations of cGMP
(expressed in pmol (100 mg�1 lipid)) in response to a stimulation
with ANP (1 mM) in presence or absence of the non-selective
PDE inhibitor IBMX (0.5 mM) in human adipocytes (n¼5). (b)
Changes in intracellular concentrations of cAMP (expressed in
pmol (100 mg�1 lipid)) in response to a stimulation with isoprenaline
(10 mM) in presence or absence of the non-selective PDE inhibitor
IBMX (0.5 mM) in human adipocytes. *Po0.05, compared to
control; (n¼3).
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control condition, a rapid increase in intracellular cGMP was

observed (about 400–500 times over baseline values), with

maximal level at 10 min, followed by a progressive reduction

after 30 min incubation (Figure 3a). In presence of sildenafil,

the rise in cGMP was similar during the first 30 min. The

level of cGMP then started to decrease but remained higher

than in the control experiment. Calculated areas under the

curve were 29 66372323 and 41 06874194 (P¼0.06) for

control and sildenafil, respectively. However, when looking

at the time-course of ANP-dependent lipolysis, assessed by

glycerol (Figure 3b) and FFA (Figure 3c), no differences were

found between control and sildenafil conditions. As pre-

viously shown during the cGMP kinetic experiment, baseline

cGMP concentrations were unaffected by sildenafil treat-

ment, 1.970.4 versus 1.770.2 pmol (100 mg�1 lipid) for

control and sildenafil respectively (Figure 4a). Intracellular

cGMP increased dose-dependently with increasing concen-

trations of ANP (Figure 4a). Pre-treatment with sildenafil

potentiated ANP-induced cGMP production significantly at

1 nM. Pre-incubation of adipocytes with three different PDE-

5 selective inhibitors (sildenafil, vardenafil and zaprinast) did

not modify baseline lipolysis at any concentration tested up

to 10 mM, while OPC3911, a potent PDE3 selective inhibitor,

stimulated baseline lipolysis in a concentration-dependent

manner (Figure 4b). It is to be noted that sildenafil and

vardenafil exhibited a weak non-specific lipolytic effect at

high doses of 100 mM. Moreover, ANP-mediated lipolysis

(evaluated by the glycerol release) remained unaffected in

presence of the PDE-5 inhibitors (Figure 4c).

Expression of NEP in human differentiated pre-adipocytes and

mature adipocytes

The neutral endopeptidase (NEP) is a membrane-bound

metallo-endopeptidase involved in the hydrolysis of many

circulating peptides. We studied the expression of NEP in

differentiated pre-adipocytes and mature adipocytes.

Figure 5a shows that the NEP was extensively expressed in

mature adipocytes, comparable with mRNA levels for PDE-

3B, which is an abundant transcript in human adipocytes. In

addition, a progressive increase of NEP mRNA level was

observed during pre-adipocyte differentiation (Figure 5b).

We investigated NEP protein levels by western blot during

the time course of pre-adipocyte differentiation. Figure 5c

shows a representative immunoblot of NEP and a graph of

its quantification normalized for b-actin in four separate

experiments. In line with the gene-expression data, NEP

protein levels gradually increased during the time course of

pre-adipocyte differentiation (ANOVA, P¼0.05).

Determination of a specific NEP activity in human adipocytes

We measured NEP activity on human adipocyte membranes

using a fluorescent substrate. The estimated Vmax was

1.8070.06 nmol min�1 mg�1 protein and the Km was

191728 mM. NEP activity was inhibited in a dose-dependent

manner in presence of thiorphan, a specific NEP inhibitor

(Figure 6a). Despite a high NEP activity in human adipocyte

membranes, its inhibition did not modify the lipolytic effect

of increasing doses of ANP, assessed by glycerol release

(Figure 6b). Finally to delineate the possible functional effect

of PDE-5A and NEP, ANP-mediated lipolysis was evaluated

after pretreatment of mature adipocyte with a combination

sildenafil (10 mM)þ thiorphan (1 mM). As shown in Figure 6c,

simultaneous inhibition of the two enzymes did not modify

the lipolytic effect of increasing doses of ANP, assessed by

glycerol release.
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Figure 3 (a) Changes in intracellular concentrations of cGMP
(expressed in pmol (100 mg�1 lipid)) in response to stimulation with
ANP (10 nM) in the presence or absence of a selective PDE-5 inhibitor
(sildenafil, 10mM) in human adipocytes (n¼4). Time course of
glycerol (b) and FFA (c) release in response to stimulation with ANP
(10 nM) in the presence or absence of a selective PDE-5 inhibitor
(sildenafil, 10mM) in human adipocytes (n¼6). *Po0.05, compared
to control.
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Discussion

In the present study, we investigated the presence and the

functional role of PDE-5 and NEP in human adipocytes

obtained from moderately overweight women. We identified

mRNA expression, protein and functional activity of both

enzymes in human adipocytes. However, they do not play a

major role in the regulation of ANP-mediated lipolysis. These

results raise the question of the mechanism that regulates

ANP lipolytic pathway in human adipocytes.

The atrila and brain NPs (ANP and BNP) regulate blood

pressure and cause natriuresis, diuresis, vasorelaxation and

inhibition of the renin–angiotensin–aldosterone system

(Potter et al., 2006). Their biological effects are mediated

through cell-surface guanylyl cyclase receptors (NPR-A and

NPR-B). ANP and BNP bind preferentially to NPR-A receptors.

We have previously demonstrated that the NPs, including

ANP and BNP, also exert a potent control of human

adipocyte lipolysis through the activation of the type A

guanylyl cyclase receptor (Sengenès et al., 2000; Moro et al.,

2004b). Lipolysis is mediated by a cGMP-dependent pathway

that induces the phosphorylation of hormone-sensitive

lipase and perilipin A (Sengenès et al., 2003). cGMP has
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Figure 4 (a) Intracellular concentrations of cGMP in response to
increasing doses of ANP in the presence or absence of a selective
PDE-5 inhibitor (sildenafil, 10mM) in human mature adipocytes
(n¼4). (b) Concentration–response lipolytic effect of PDE3 inhibitor
(OPC3911) and PDE-5 inhibitors (sildenafil, vardenafil, zaprinast) in
human mature adipocytes (n¼5). (c) Concentration–response
lipolytic effect of ANP in human adipocyte in presence or absence
of 10mM of PDE-5 inhibitors (Sildenafil, Vardenafil and Zaprinast).
Mean s.e. have been omitted for clarity *Po0.05, compared to
control.
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been established as an important modulator of tissue

function (such as vascular smooth muscle tone) acting

through a dynamic balance between its synthesis by

guanylyl cyclases and its enzymatic degradation by PDEs

(Murthy, 2001).

PDEs differ in their structure, tissue distribution and

affinities for cyclic nucleotides. PDE-1, PDE-2 and PDE-3

display different substrate affinity for cAMP and cGMP

(Beavo, 1995; Maurice et al., 2003) and PDE-3B is the main

PDE regulating cAMP turnover in human adipocytes, with

its activity being stimulated by the antilipolytic hormone

insulin (Degerman et al., 1990). This enzyme is often

described as cGMP-inhibitable in various cell types but we

have failed to demonstrate any effect of cGMP on PDE-3

activity, or any molecular interaction between cAMP and

cGMP signalling pathways in human adipocytes in previous

studies (Sengenès et al., 2000; Moro et al., 2004b). PDE-4,

PDE-7 and PDE-8 are highly specific for cAMP whereas PDE-

5, PDE-6 and PDE-9 are highly specific for cGMP (Murthy,

2001; Maurice et al., 2003). PDE-5 was previously demon-

strated as a specific and potent phosphodiesterase of cGMP

in various animal and human tissues (Rybalkin et al., 2002,

2003b). PDE-5A is the major isoform of PDE-5 involved in

vascular, uterus and small intestine muscle function. The

potential role of PDE-5A in the regulation of cGMP signal

and lipolysis had never been studied in human adipocytes

so far.

We report here that, in contrast to PDE-3B, PDE-5A is

poorly expressed in mature adipocytes (Figure 1b) and that

its level of expression decreases during adipocyte differentia-

tion (Figure 1a). In addition, the mRNAs for PDE-6 and PDE-

9 are not detectable in mature adipocytes. PDE-5 protein

levels fell during the time course of pre-adipocyte differ-

entiation in agreement with the gene-expression data

(Figure 1c). Then, the functional role of the PDE-5A was

studied in human adipocytes. cGMP rates of production

strongly (about 500 times over baseline) and rapidly (about

5 min) increase in response to ANP stimulation. The cGMP

signal is downregulated after 20 min of incubation. This

effect was partly reversed under selective PDE-5 inhibition by

sildenafil (Figure 3a). These results are in favour of the

presence of a functional PDE-5 in human adipocytes the

activation of which downregulates cGMP levels. It has been

demonstrated that activation of the PDE-5 requires phos-

phorylation on a Ser-92 residue (Mullershausen et al., 2003).

This effect could be mediated by cGMP-dependent protein

kinase (cGK). Additionally, according to Rybalkin et al.

(2003a), cGMP might directly stimulate PDE-5 activity

through interplay with the N-terminal regulatory GAF

(mammalian cGMP-binding phosphodiesterase, Anabaena

adenylyl cyclases, Escherichia coli FhlA) domain. Pharmaco-

logical blockade of the enzyme by sildenafil increases

smooth muscle cell relaxation and this inhibitor is clinically

approved for the treatment of erectile dysfunction in

humans (Corbin and Francis, 2002; Corbin et al., 2002).

The IC50 of sildenafil for PDE-5 is in the range of 4 nM and

this compound is about 4000 times more selective for PDE-5

than PDE-3. Other highly selective PDE-5 inhibitors have

been developed lately such as vardenafil and tadalafil for

the treatment of erectile dysfunction in humans. In human

adipocytes, selective inhibition of PDE-5 using various

inhibitors (sildenafil, vardenafil and zaprinast) did not

change baseline- and ANP-mediated lipolysis (Figures 4b

and c), while selective inhibition of PDE-3 by OPC3911 dose-

dependently stimulated baseline lipolysis (Figure 4b). It is to

be noted that high concentrations of vardenafil and

sildenafil (100 mM) could increase lipolysis probably by n

non-specific mechanism involving PDE-3B inhibition.

Indeed, even if the selectivity of sildenafil for PDE-5 is
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Figure 6 (a) Concentration-dependent inhibition of human
adipocyte membranes NEP activity by a selective NEP inhibitor
(thiorphan) (n¼4). (b) Concentration–response lipolytic effect of
ANP in human adipocyte in presence or absence of a selective NEP
inhibitor (thiorphan, 1 mM) (n¼11). (c) Concentration–response
lipolytic effect of ANP in human adipocytes in presence or absence of
a cocktail containing the selective NEP inhibitor (thiorphan, 1mM)
and the selective PDE-5 inhibitor (sildenafil 10mM) (n¼3). (b and c)
Values are expressed in percentage of the maximal lipolytic effect of
ANP in the control experiment. *Po0.05, **Po0.01 compared to
control.
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4000-fold higher than for PDE-3, sildenafil is likely to inhibit

about 50% of the PDE-3 activity at concentrations higher

than 10 mM. Together, this suggests that even if PDE-5

modulates cGMP turnover in human adipocytes, it does

not play a major role in the regulation of lipolysis.

Hydrolysis by NEP represents another pathway of regula-

tion of the biological action of ANP. NEP is a membrane-

bound glycoprotein of 94 kDa that belongs to the family of

zinc metallo-peptidases (Turner, 2003). This enzyme is

widely expressed in the vasculature and inactivates a wide

range of peptides and peptidic neuro-hormones such as

enkephalins, neurotensin, bradykinin, glucagon, adreno-

medullin and the NPs. Racecadotril, which is rapidly

metabolized to its active metabolite thiorphan, is a NEP

inhibitor used in clinical practice for the treatment of acute

diarrhoea. Thus, it has been found that ANP degradation

could be affected by various soluble proteases or by those

linked to the membrane of blood cells or renal cells of the

proximal tubule (Walter et al., 1997). Interestingly, increased

NEP activity is believed to contribute to the resistance of the

physiological effect of NP. We hypothesized that the

presence of NEP in human adipocytes might regulate the

lipolytic effect of ANP. In the present study, we observed a

significant level of expression of NEP in human mature

adipocytes, close to that of PDE-3B (Figure 5a). The enzyme is

expressed in pre-adipocytes and its level of expression

increases during differentiation of pre-adipocytes

(Figure 5b). Additionally, western blotting analyses revealed

a gradual increase in NEP protein levels during the time

course of pre-adipocyte differentiation (Figure 5c). A high

NEP activity was found in human adipocyte membranes and

it was dose-dependently inhibited by the selective NEP

inhibitor thiorphan (Figure 6a). NEP is the primary enzyme

responsible for the degradation of ANP (Mishima et al.,

2002). It is well documented that pharmacological inhibi-

tion of NEP increases in vitro and in vivo the half-life of NP

and extends their biological action. However, maximal

blockade of adipocyte NEP activity with thiorphan did not

modify ANP-mediated lipolysis (Figure 6b), even in the

presence of PDE-5 blockade (Figure 6c).

We can finally conclude that adipocyte NEP activity does

not acutely regulate ANP-mediated lipolysis in humans. One

possible explanation is that supra-physiological concentra-

tions of ANP used in lipolytic assays did not permit the

observation of a subtle regulation of lipolysis by the NEP. In

addition, the substrate affinity (Km) of NEP for various

peptides ranges from 50 to 200 mM, which is much higher

than the maximum lipolytic effect of ANP in human

adipocytes. In the present study, adipose tissue was obtained

from moderately overweight women. Several studies have

suggested that there is a reduced biological activity of NP in

obesity, maybe due to increased clearance of the peptides

(Sarzani et al., 2004; Wang et al., 2004). A negative

correlation between circulating NP levels and the body mass

index has been shown. The potential role of the NP clearance

receptor, NPR-C, has been proposed in this event. Indeed,

NPR-C in highly expressed in human adipose tissue and

could contribute to increased clearance of circulating or

adipose tissue NP in obesity (Sarzani et al., 1996, 2004). On

the basis of our results, one can hypothesize that, in adipose

tissue, NEP activity might also increase in obesity and

contribute to the clearance of circulating NP.

Taking into account that the functional regulation of ANP

lipolytic pathway in human adipocytes does not involve

either PDE-5A or NEP, another regulatory process has to be

proposed. It has been previously demonstrated that the

change in the phosphorylation state of NPR-A and NPR-B

modulate their activity and that dephosphorylation induces

their desensitization (Potter and Garbers, 1992; Potthast and

Potter, 2005). This apparent desensitization mechanism of

NP receptors is in contrast to other cell-surface receptors like

adrenoceptors that are desensitized by phosphorylation. We

have observed that exposure of adipocytes to ANP leads to

homologous desensitization of ANP-dependent lipolysis and

lipid mobilization in vitro and in vivo (Moro et al., 2005).

When compared to adrenoceptors, we also observed that this

desensitization process occurs over a longer period of time

with ANP compared to catecholamines, and we attributed

this phenomenon to a decrease in the intrinsic guanylyl

cyclase activity of the NPR-A (Potter and Garbers, 1992),

which does not appear to involve internalization of the

receptor into the cell (Fan et al., 2004). Finally, homologous

desensitization of the NPR-A receptor might represent an

efficient short-term regulatory mechanism of ANP-mediated

lipolysis in human adipocytes.

In conclusion, the present study shows evidence for

functional PDE-5A and membrane-bound NEP enzyme

activities in human adipocytes. However, these enzymes do

not play a major functional role in the regulation of ANP

lipolytic pathway in human adipocytes. Increased expression

and/or activities of these enzymes could contribute to

reduced circulating levels of NP and blunted ANP-mediated

lipolysis in obesity. Thus, it would be of interest to assess

the functionality of these enzymes in human adipocytes

obtained either from obese or morbidly obese subjects or

from heart failure patients in whom plasma NP levels are

dramatically increased.
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