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Hydrogen peroxide-induced translocation of
glycolipid-anchored (c)AMP-hydrolases to lipid
droplets mediates inhibition of lipolysis in rat
adipocytes

G Müller, S Wied, C Jung and S Over

Sanofi-Aventis Pharma Deutschland GmbH, TD Metabolism, Frankfurt am Main, Germany

Background: The insulin-independent inhibition of lipolysis by palmitate, the anti-diabetic sulphonylurea glimepiride and
H2O2 in rat adipocytes involves stimulation of the glycosylphosphatidylinositol (GPI)-specific phospholipase-C (GPI-PLC) and
subsequent translocation of the GPI-anchored membrane ectoproteins (GPI-proteins), Gce1 and cluster of differentiation
antigen (CD73), from specialized plasma membrane microdomains (DIGs) to cytosolic lipid droplets (LDs). This results in cAMP
degradation at the LD surface and failure to activate hormone-sensitive lipase. Reactive oxygen species (ROS) may trigger this
sequence of events in response to palmitate and glimepiride.
Experimental approach: The effects of various inhibitors of ROS production on the release of H2O2, GPI anchor cleavage and
translocation of the photoaffinity-labelled or metabolically labelled Gce1 and CD73 from DIGs to LD and inhibition of lipolysis
by different fatty acids and sulphonylureas were studied with primary rat adipocytes.
Key results: Glimepiride and palmitate induced the production of H2O2 via the plasma membrane NADPH oxidase and
mitochondrial complexes I and III, respectively. Inhibition of ROS production was accompanied by the loss of (i) GPI-PLC
activation, (ii) Gce1 and CD73 translocation and (iii) lipolysis inhibition in response to palmitate and glimepiride. Non-
metabolizable fatty acids and the sulphonylurea drug tolbutamide were inactive. NADPH oxidase and GPI-PLC activities
colocalized at DIGs were stimulated by glimepiride but not tolbutamide.
Conclusions and implications: The data suggest that ROS mediate GPI-PLC activation at DIGs and subsequent GPI-protein
translocation from DIGs to LD in adipocytes which leads to inhibition of lipolysis by palmitate and glimepiride. This insulin-
independent anti-lipolytic mechanism may be engaged by future anti-diabetic drugs.
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membrane ectoprotein; hcDIGs and lcDIGs, high- and low-cholesterol-containing detergent-insoluble
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Introduction

Hydrogen peroxide (H2O2), long-chain fatty acids and

certain anti-diabetic drugs of the sulphonylurea class, such

as the third-generation sulphonylurea, glimepiride, have

been known for a long time to reduce hormone-stimulated

lipolysis in primary and cultured rodent adipocytes

(Maragno et al., 1971; Little and de Haen, 1980; Mukherjee,

1980; Muchmore et al., 1982; Vallano et al., 1983; Jepson and

Yeaman, 1992; Müller et al., 1994c; Lei et al., 2004; Müller,

2005; Guo et al., 2006). Different molecular mechanisms

have been proposed for each of these apparently anti-

lipolytic agents. However, very recently, it has been

suggested that the inhibition of the isoprenaline-, adenosine

deaminase- or forskolin-induced lipolysis in isolated rat

adipocytes by H2O2 and glimepiride and, in part, by
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palmitate may rely on the same mechanism, based on the

finding that the anti-lipolytic activity of each agent critically

depends on the upregulation of a (c)AMP-degrading activity

associated with cytosolic lipid droplets (LDs) (Müller et al.,

2008a, b). The missing protein kinase-A-dependent phos-

phorylation may ultimately lead to impaired access of

triacylglycerol lipases, such as hormone-sensitive lipase

Yeaman (2004), to the LD. Upregulation of the LD-associated

cAMP degradation is based on the translocation of the two

glycosylphosphatidylinositol (GPI)-anchored membrane ecto-

proteins (GPI-proteins), the cAMP-specific phosphodiester-

ase, originally called glycolipid-anchored cAMP-binding

ectoprotein-1 (Gce1), and the 50-nucleotidase, cluster of

differentiation antigen (CD73), from high-cholesterol-con-

taining detergent-insoluble glycolipid-containing mem-

brane rafts (hcDIGs) to the LD (Müller et al., 2008c). The

activation of a GPI-specific phospholipase-C (GPI-PLC),

which cleaves the GPI anchors of Gce1 and CD73, represents

the most proximally located step shared by palmitate, H2O2

and glimepiride so far identified. However, the (common)

molecular mechanism(s) underlying the upregulation of the

GPI-PLC and, in consequence, GPI-protein translocation and

inhibition of lipolysis in response to these stimuli remain

unknown.

A candidate mechanism may represent the production

of reactive oxygen species (ROS), in general, and H2O2, in

particular, for the following reasons: (i) the anti-diabetic

second-generation sulphonylurea drug, glibenclamide, has

been shown to stimulate ROS production in cultured b-cells

through protein kinase-C (PKC)-dependent activation of the

NAD(P)H oxidase (Tsubouchi et al., 2005). (ii) Pretreatment

of 3T3-L1 adipocytes with 1 mM octanoate or linoleate has

been reported to increase the level of intracellular H2O2 (Guo

et al., 2006). This was dependent on nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase activity and (CPT-

1-independent) b-oxidation, and accompanied by inhibition

of isoprenaline-stimulated lipolysis (Furukawa et al., 2004).

(iii) Exposure of cultured aortic smooth muscle and endo-

thelial cells to 0.2 mM palmitate has been found to trigger

ROS production. This was paralleled by elevated levels of

diacylglycerol, PKC activity and PKC-dependent NAD(P)H

oxidase activity (Inoguchi et al., 2000). (iv) Challenge of

cultured human umbilical vein endothelial cells with

0.25 mM palmitate has been demonstrated to elicit ROS

production (Bellin et al., 2006). (v) In adipocytes during

various anti-lipolytic (submaximal) challenges, inverse cor-

relations between H2O2 production and the release of fatty

acids have been consistently observed (Little and de Haen,

1980; Mukherjee, 1980; Muchmore et al., 1982; Guo et al.,

2006). Taken together, these findings suggest that both

sulphonylureas of the second- and third-generation and

exogenous fatty acids inhibit lipolysis by the induction of

ROS and H2O2 production.

Here, the putative requirement for ROS production at

distinct subcellular sites during lipolysis inhibition by palmi-

tate, glimepiride and insulin was studied in isolated rat

adipocytes. The results argue for the need of localized action

of ROS at plasma membrane hcDIGs for the activation of the

GPI-PLC and induction of the translocation of the GPI-

proteins, Gce1 and CD73, from hcDIGs to cytosolic LD.

Materials and methods

Determination of intracellular ROS levels

Intracellular ROS generation was determined using a

derivative of 6-carboxy-20,70-dichlorodihydrofluorescein

(6-carboxy-20,70-dichlorodihydrofluorescein diacetate; H2-

DCFDA), which enters the cells and is hydrolysed by

intracellular esterases to H2-DCF. ROS, such as H2O2 and

other peroxides, cause oxidation of the non-fluorescent

H2-DCF to the fluorescent product, 20,70-dichlorofluorescein

(DCF). The method used has been described previously

(Wang and Joseph, 1999; Talior et al., 2003) with some

modifications. Briefly, H2-DCFDA was dissolved in DMSO as

10-mM stock solution and kept frozen at �20 1C. Prior to

loading of the adipocytes with H2-DCFDA, the stock solution

was mixed with KRH buffer (140 mM NaCl, 4.7 mM KCl,

2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4 and 20 mM

HEPES/KOH, pH 7.4), containing 1% (w/v) BSA, 100 mg mL�1

gentamycin and 10 mM sodium pyruvate to yield an H2-

DCFDA concentration of 1 mM. The adipocytes (5�106 cells)

in 5 mL of KRH buffer containing 1% BSA and glucose as

indicated were incubated (1 h, 37 1C) with the various stimuli

under continuous bubbling with 5% CO2, 95% O2 and mild

shaking (50 cycles per min). After addition of the 1 mM

solution of H2-DCFDA to a final concentration of 100 mM, the

incubation was continued for an additional 45 min in the

dark. Incubation with H2O2 served as a positive control, and

known concentrations of H2-DCF incubated with 20 mM

NaOH were used as standards. Adipocytes were separated

from the medium by flotation (200 g, 2 min, 25 1C), washed

twice with 20 mL of KRH buffer each by flotation and then

suspended in 0.5 mL of 10 mM HEPES/KOH (pH 7.4) and

1 mM EDTA to disrupt the plasma membranes. Subsequently,

the fluorescence of DCF was measured in 100 mL samples in

triplicate with a multiplate fluorescence reader (CytoFluor

Series 4000 multiwell; PerSeptive Biosystems Inc., Framingham,

MA, USA) at 37 1C and excitation/emission set at

485±10 nm:530±12.5 nm. The measured fluorescence was

digitized using CytoFluor software (Version 4.0; PerSeptive

Biosystems).

Determination of NADPH oxidase activity

Collected plasma membranes or hcDIGs or low-cholesterol-

DIGs (lcDIGs) were washed in 30 mM MES (2-(N-morpholino)

ethanesulphonic acid) buffer (KOH, pH 5.8) 120 mM NaCl,

4 mM MgCl2, 1.2 mM KH2PO4, 1 mM NaN3 and 10 mM FAD,

suspended in the same buffer at 0.1–0.3 mg protein per mL

and then incubated (30 min, 37 1C) with NADPH (final

concentration 0.25 mM) in 50 mL of the same buffer. After

addition of HCl (final concentration 0.1 M), the samples were

diluted by 10- to 100-fold with assay buffer (0.1 M Na2HPO4;

0.1 M KH2PO4, pH 8.2, 1 mM EDTA, 12.5 mM luminol and

0.1 U mL�1 horseradish peroxidase) and then assayed for the

peroxidase-catalysed oxidation of luminol by H2O2 (Kather

et al., 1987; Krieger-Brauer and Kather, 1992). The reactions

were carried out in the absence or presence of 110 U mL�1

catalase to account for nonspecific reactions. External

standards (10–100 nM) contained all components except

that protein was omitted. Reaction kinetics was followed
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using a luminescence analyzer (LB 950T; Berthold, Wildbad,

Germany). Integrated counts from 5 to 10 s (light output

stable for 20 s) were taken as a measure for H2O2 concentra-

tion. The detection limit for H2O2 was 5–10 nM, and light

output was linearly related to H2O2 concentrations to up to

100 nM. Linear increases in NADPH-dependent H2O2 produc-

tion were limited to 5–15 mg protein mL�1 and measured

using 3–4 different concentrations.

Determination of GPI-PLC activity

Adipocyte GPI-PLC was assayed according to previously

published protocols (Müller et al., 1994a, 2005) with

modifications. Briefly, collected plasma membranes and

non-DIGs (10–40 mg protein) or hcDIGs and lcDIGs

(5–25 mg protein) were suspended in 90 mL of buffer (20 mM

HEPES/KOH, pH 7.8, 144 mM NaCl, 0.1% TX-100, 0.2 mM

MgCl2) and then incubated (1 h, 25 1C) with 10 mL of (bovine

erythrocyte) acetylcholinesterase solution (0.12 U). After

addition of 5 mL of acetic acid and then 0.4 mL of 10 mM

Tris (HCl, pH 7.4) and 144 mM NaCl, the mixture was

subjected to partitioning into TX-114 (non-ionic detergent;

Merck, Darmstadt, Germany; Müller et al., 2008a).

Cleavage of Gce1 and CD73 by GPI-PLC was determined

by separating their uncleaved amphiphilic versions

(harbouring the intact GPI anchor), which partition into

the TX-114 detergent phase, from their cleaved hydrophilic

versions (lacking the GPI anchor), which partition into the

aqueous phase, upon phase separation induced by warming

up of the mixtures up to the clouding point of this non-ionic

detergent.

For this, protein samples (25–100 mg protein in 0.5 mL)

were partitioned between TX-114-enriched and TX-114-

depleted (aqueous) phases by mixing with 0.5 mL of ice-cold

25 mM Tris/HCl (pH 7.4), 140 mM NaCl containing 2% TX-

114. After incubation (1 h, on ice), the mixture was layered

onto a cushion of 0.4 mL of 0.25 M sucrose and 25 mM

Tris/HCl (pH 7.4) on ice. Phase separation was induced by

warming up to 37 1C and subsequent centrifugation

(10 000 g, 1 min). The re-extracted lower TX-114-enriched

phase and the pooled upper TX-114-depleted phase were

precipitated by sequential addition of BSA (fraction V;

Sigma, Deisenhofen, Germany) to a final concentration of

0.1 mg mL�1 and polyethylene glycol 6000 (25% in Mops/

KOH, pH 7.4, 0.5 mM DTT and 0.5 mM MgCl2) to a final

concentration of 12%. After incubation (1 h, on ice), the

precipitated proteins were collected by centrifugation

(12 000 g, 10 min, 4 1C), then washed with 0.5% polyethylene

glycol 6000 and finally dissolved in 20 mM Tris/HCl (pH 7.4),

1 mM EDTA, 0.5 mM DTT, 20 mM octylglucoside and 0.1%

b-amidotaurocholate (Sanofi-Aventis Pharma, Frankfurt am

Main, Germany) containing protease and phosphatase

inhibitors at 0.5–1 mg protein per mL.

The GPI-PLC activity was calculated as the amphiphilic-to

hydrophilic conversion of the acetylcholinesterase from the

ratio of its activity measured in the TX-114-depleted phase

(and corrected for the 10–20% hydrophilic acetylcholines-

terase activity as revealed by incubations lacking protein)

and the total activity measured before partitioning.

Other experimental procedures

Published procedures were used for the preparation and

incubation of rat adipocytes with insulin, sulphonylureas

and fatty acids (Müller et al., 1994a, 2003, 2008a), metabolic

labelling of rat adipocytes with myo-[14C]inositol (Müller

et al., 1993, 1994a, b), extraction and precipitation of

LD-associated proteins under native and denaturing condi-

tions, affinity purification of Gce1 and CD73 on (c)AMP-

sepharose (Müller et al., 2008a), determination of lipolysis as

glycerol and fatty acid release (Müller et al., 2003), SDS-

polyacrylamide gel electrophoresis (SDS-PAGE), phosphor-

imaging and immunoblotting (Müller et al., 2001, 2002),

determination of the protein concentration using the BCA

method (Pierce, Perbio Science, Bonn, Germany) with BSA as

standard and the preparation of LD, plasma membranes,

hcDIGs, lcDIGs and non-DIGs (Müller et al., 2002, 2008b, c).

The identity and purity of the hcDIGs, lcDIGs and non-DIG

plasma membranes were confirmed by the distribution of

known marker enzymes with relative enrichment of Gce1,

CD73, p59Lyn, caveolin, insulin receptor b-chain and GLUT4

at hcDIGs vs lcDIGs vs non-DIG plasma membranes as

described previously (Müller et al., 2002, 2008a). Figures of

phosphor-images and lumi-images were constructed by

using Adobe Photoshop software (Adobe Systems Inc.,

Mountain View, CA, USA).

Data analysis

Concentration–response curves were fitted by using GraphPad

Prism 4.03 software. Results are shown as means±s.d.

Differences between experimental groups were determined by

ANOVA with statistical significance set at P-values of p0.05.

Materials

Glimepiride, glibenclamide, tolbutamide, glimepiride M1

and GPI-2350 were made available by the Pharma synthesis

department of Sanofi-Aventis Pharma; N-acetyl-cysteine,

apocynin, oxpurinol, TTFA, No-nitro-L-arginine methyl ester

(L-NAME), antimycin A, rotenone, dinitrophenol and DPI

were obtained from Calbiochem (Bad Soden, Germany).

Catalase, peroxidase, xanthine oxidase, creatine kinase,

acetylcholinesterase, creatine phosphate, myristate, stearate,

oleate, linoleate, dodecanoate and 8-bromopalmitate were

purchased from Sigma. NBD-dodecanoate was synthesized as

described previously (Müller et al., 2003). H2-DCFDA was

delivered by Molecular Probes (Eugene, OR, USA). H2O2 was

bought from Merck. Pre-mixed protease (complete EASY-

pack) and phosphatase (PhosSTOP) inhibitor cocktails (one

tablet each for 10 mL) were purchased from Roche Molecular

Biochemicals (Mannheim, Germany). All other materials

were obtained as described earlier (Müller et al., 1994a, 2001,

2002, 2005, 2008a, 2008b).

Results

Insulin, palmitate and glimepiride induce ROS production in rat

adipocytes via different mechanisms

Palmitate, glimepiride and H2O2 are known to inhibit

lipolysis in rodent adipocytes (see Introduction). Recent
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findings indicate that the anti-lipolytic activity of each of

these stimuli depends on the stimulation of the GPI-PLC that is

located at hcDIGs of the adipocyte plasma membrane (Müller

et al., 2008c). ROS, such as H2O2, may act as the common

signalling molecules triggering activation of the GPI-PLC and

in consequence lipolysis inhibition via the translocation of

Gce1 and CD73 to LD in response to these stimuli.

To study this putative molecular mechanism, the genera-

tion of H2O2 and other radical or non-radical ROS was

studied in isolated rat adipocytes exposed to various types of

fatty acids and sulphonylureas by determination of the

oxidation of H2-DCFDA to fluorescent DCF (see Materials

and methods). The production of cell-associated DCF by

basal adipocytes during 1 h increased with increasing glucose

concentrations to up to twofold at 16 vs 0.5 mM glucose

(Figure 1a). Treatment of the adipocytes with insulin,

palmitate or glimepiride led to significant upregulation of

the ROS production in glucose-dependent (Figure 1a) and

concentration-dependent (Figure 1b) fashion. Glimepiride

was considerably more potent than palmitate and insulin.

It stimulated ROS production by up to 5.5-fold compared to

3.4- and 1.9-fold, respectively, above the basal state with

EC50 values of 6.2 mM compared with 0.7 mM and 0.07 nM,

respectively, at 5.5 mM glucose (Figure 1b). The specificity of

DCF as indicator for ROS was demonstrated by the addition

of catalase to the incubation mixtures, when the increase in

the fluorescence signal was completely prevented irrespec-

tive of the type of stimulus and glucose concentration used

(Figure 1, filled bars). Furthermore, the extracellular produc-

tion of H2O2 during treatment of rat adipocytes with glucose

oxidase (GO) at concentrations (10–100 mU mL�1), which

are known to elicit anti-lipolytic activity (Mukherjee, 1980;

Muchmore et al., 1982; Müller et al., 2008a), was monitored

as concentration-dependent rises in the DCF signal (Figure 2),

which were not observed in the presence of catalase. This

argues for the specificity and sensitivity of the method used

for the detection of ROS.

Different types of fatty acids and sulphonylureas exhibited

distinct potencies in stimulating ROS production (Figure 2).

Stearate, oleate and linoleate were approximately as effective

as palmitate, whereas myristate, dodecanoate and the poorly

or non-metabolized fatty acid analogues, NBD-dodecanoate

and 8-bromopalmitate, had almost no effect (hatched bars).

The second-generation sulphonylurea, glibenclamide, as

well as the major metabolite of glimepiride, M1, which both

exhibit considerably lower anti-lipolytic activity than the

third-generation sulphonylurea, glimepiride (Müller et al.,

1994c; data not shown), were significantly less active in

inducing ROS production compared with glimepiride (filled

bars). This was also reflected in the 2.5- to 4.5-fold lower

EC50 value of glimepiride vs glibenclamide (data not shown).

The first-generation sulphonylurea, tolbutamide, which does

not exert anti-lipolytic activity (Müller et al., 1994c, 2005),

did not affect intracellular ROS levels (Figure 2). These

observations suggest that in rat adipocytes ROS production is

stimulated by those metabolizable fatty acids and sulphony-

lureas, which are capable of inhibiting lipolysis in vitro.

Next, the subcellular sites of the insulin-, fatty acid- and

sulphonylurea-induced ROS production in rat adipocytes

were studied. For this, the ROS-producing enzymes, plasma

membrane NADPH oxidase, mitochondrial xanthine oxi-

dase, mitochondrial respiratory complexes and NOS were

blocked with inhibitors at concentrations exceeding the

corresponding IC50 values by 10- to 20-fold (Figure 3). The

presence of the general ROS scavenging agent, N-acetyl-

cysteine, dramatically reduced the fluorescent DCF signals

observed with glimepiride, palmitate and insulin. This

confirmed the upregulation of ROS production by these

agents in rat adipocytes and the specificity of the ROS

detection method. Diphenylene iodonium (DPI), apocynin

and vanillylnonanamide, three widely used inhibitors of the

plasma membrane NADPH oxidase, significantly diminished

the glimepiride-, palmitate- and insulin-induced ROS pro-

duction by 80–90, 60–70 and 25–40%, respectively. Inhibi-

tion of the mitochondrial complex I by rotenone or TTFA

and complex III by antimycin A significantly reduced

palmitate-induced ROS production by 30–40% and insulin-

induced ROS levels by 45–55%, but had no effect on the

induction by glimepiride. Inhibition of the NOS by L-NAME

and of xanthine oxidase by oxpurinol did not significantly

Figure 1 Effect of insulin, palmitate and glimepiride on reactive
oxygen species (ROS) production. Isolated rat adipocytes were
incubated (1 h, 37 1C) with 0.5, 2, 5.5 or 16 mM glucose (a) or
5.5 mM glucose (b) in the absence or presence of insulin (5 nM),
glimepiride (10mM) and palmitate (1 mM) (a) or with increasing
concentrations of insulin, palmitate and glimepiride as indicated (b)
in the absence or presence of catalase (0.5 U ml�1). After addition of
6-carboxy-20,70-dichlorodihydrofluorescein (H2-DCF) and further
incubation, the adipocytes were separated from the medium,
washed and then analysed for fluorescence as described in Materials
and methods. Means±s.d. of three adipocyte preparations with
incubations in duplicate; *indicates significant difference compared
with basal treatment at the same glucose concentration (a) or at
5.5 mM glucose (b, left bar).
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impair ROS production in response to glimepiride and

palmitate, but moderately lowered insulin-induced ROS

levels. These data suggest the involvement of distinct cellular

sites of ROS production in rat adipocytes in response to

insulin (NADPH oxidase, complex I and III, NOS and

xanthine oxidase, to varying degrees), palmitate (NADPH

oxidase and complex I and III, with comparable degree) and

glimepiride (NADPH oxidase). In consequence, simultaneous

inhibition of the NADPH oxidase and complex I by DPI and

rotenone almost completely prevented the rise in ROS levels

induced by glimepiride or palmitate, but was less efficient

with regard to insulin. Taken together, NADPH oxidase,

mitochondrial complex I and III, xanthine oxidase and NOS

contribute to the total ROS production in rat adipocytes and

are differentially engaged by insulin, palmitate and glimepiride.

ROS generation is required for the induction of the translocation of

Gce1 and CD73 from hcDIGs to LD and stimulation of the

GPI-PLC by palmitate and glimepiride

On basis of the observed upregulation of ROS production by

palmitate and glimepiride in combination with the pre-

viously reported activation of the GPI-PLC and translocation

of Gce1 and CD73 from hcDIGs to LD in response to H2O2

(Müller et al., 2008c), it was tempting to speculate that ROS

may also mediate the corresponding effects of palmitate and

glimepiride.

To study the role of ROS in the activation of the GPI-PLC,

rat adipocytes were metabolically labelled with myo-[14C]in-

ositol and then incubated with various inhibitors of ROS

production. After exposure to glimepiride or palmitate,

plasma membranes were prepared and then subjected to

TX-114 partitioning. Gce1 and CD73, which harbours the

lipolytically cleaved GPI anchor including the terminal

inositol moiety, were recovered from the aqueous phase by

affinity purification. As revealed by the phosphor-images

from SDS-PAGE, the amounts of hydrophilic [14C]inositol-

Figure 2 Effect of various fatty acids, sulphonylureas and glucose
oxidase (GO) on reactive oxygen species (ROS) production. Isolated
rat adipocytes were incubated (1 h, 37 1C) with 2 mM glucose in the
absence or presence of various sulphonylureas (10 mM) and fatty
acids (1 mM) or various concentrations of GO as indicated. After
addition of 6-carboxy-20,70-dichlorodihydrofluorescein (H2-DCF) and
further incubation, the adipocytes were separated from the medium,
washed and then analysed for fluorescence. Means±s.d. of two
adipocyte preparations with incubations in duplicate; *indicates
significant difference compared with basal treatment (left bar).

Figure 3 Effect of inhibitors of oxidases, mitochondrial respiratory
chain or NOS on the induction of reactive oxygen species (ROS)
production by insulin, palmitate and glimepiride. Isolated rat
adipocytes were incubated (5 min, 37 1C) with 5.5 mM glucose in
the absence or presence of N-acetyl-cysteine (0.5 mM), diphenylene
iodonium (DPI; 20mM), apocynin (100mM), vanillylnonanamide
(100mM), antimycin A (10mM), rotenone (1 mM), thenoyltrifluoroa-
cetone (TTFA; 10mM), No-nitro-L-arginine methyl ester (L-NAME;
25mM) and oxpurinol (100mM) prior to addition of insulin (5 nM final
concentration), palmitate (1 mM) or glimepiride (10mM) as indi-
cated. After addition of 6-carboxy-20,70-dichlorodihydrofluorescein
(H2-DCF) and further incubation, the adipocytes were separated
from the medium, washed and then analysed for fluorescence. The
stimulus-induced production of ROS in the absence of inhibitor was
set at 100% in each case (left bars). Means±s.d. of three adipocyte
preparations with incubations in duplicate; *indicates significant
difference compared with the corresponding induction in the
absence of inhibitor (left bars).
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Figure 4 Effect of the inhibition of reactive oxygen species (ROS) production on the insulin-, palmitate- and glimepiride-induced lipolytic
cleavage of glycolipid-anchored cAMP-binding ectoprotein-1 (Gce1) and CD73. Isolated rat adipocytes were metabolically labelled with myo-
[14C]inositol and then incubated (5 min, 37 1C) with 2 mM glucose in the absence or presence of N-acetyl-cysteine (NAC; 0.5 mM), antimycin A
(10 mM), rotenone (1mM), thenoyltrifluoroacetone (TTFA; 10mM), diphenylene iodonium (DPI; 20mM), oxpurinol (100mM), No-nitro-L-arginine
methyl ester (L-NAME; 25mM), apocynin (100mM) and GPI-2350 (50 mM) prior to the addition of palmitate (1 mM final concentration) or
glimepiride (10 mM) as indicated. After further incubation (20 min), the adipocytes were separated from the medium. Plasma membranes were
prepared and then subjected to TX-114 partitioning. Proteins of the aqueous phase were precipitated under native conditions. Solubilized
Gce1 (a) and CD73 (b) were affinity purified, then precipitated under denaturing conditions and after solubilization analysed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and phosphorimaging. Quantitative evaluation is given with the amphiphilic-to-hydrophilic
conversion calculated by subtraction of the basal value in each case and for each stimulus in the absence of inhibitor set at 100% (left bars).
Means±s.d. of three adipocyte preparations with incubations in triplicate; *indicates significant difference compared with the corresponding
induction in the absence of inhibitor (left bars). GPI, glycosylphosphatidylinositol.
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labelled Gce1 (Figure 4a) and CD73 (Figure 4b) generated in

glimepiride- and palmitate-treated adipocytes were signifi-

cantly reduced by N-acetyl-cysteine, DPI and apocynin, but

remained almost unaffected by antimycin A, rotenone,

thenoyltrifluoroacetone (TTFA), oxpurinol and L-NAME.

The amphiphilic-to-hydrophilic conversion of Gce1 and

CD73 as monitored by the TX-114 partitioning was com-

pletely abolished in the presence of the GPI-PLC inhibitor,

GPI-2350. This demonstrates the specific lipolytic cleavage of

the GPI anchors of Gce1 and CD73 by the GPI-PLC, which

can be assayed by TX-114 partitioning of the [14C]inositol-

labelled GPI-proteins. As expected, the induction of the

GPI-protein translocation and activation of the GPI-PLC in

course of H2O2 production by GO was compromised by the

presence of N-acetyl-cysteine and catalase rather than by DPI

and apocynin (data not shown). This confirms that the

observed inhibition of the palmitate- and glimepiride-

induced GPI-PLC activation and GPI-protein translocation

(see below) by DPI and apocynin was due to (site-specific)

interference with the ROS production.

To study the role of ROS in the induction of GPI-protein

translocation, rat adipocytes were metabolically labelled

with myo-[14C]inositol (for the detection of the GPI anchors

of Gce1 and CD73) and then incubated with various

inhibitors of ROS production. After exposure to glimepiride

or palmitate, LD were prepared and then used for the affinity

purification of Gce1 and CD73. As revealed by the phosphor-

images from SDS-PAGE, the amounts of LD-associated

[14C]inositol-labelled Gce1 and CD73 were considerably

higher in glimepiride- and palmitate-treated, compared with

basal adipocytes (Figure 5). These increases were significantly

reduced in the presence of inhibitors of NADPH oxidase,

N-acetyl-cysteine, DPI and apocynin, but remained almost

unaffected by rotenone, TTFA, antimycin A, L-NAME and

oxpurinol.

The sulphonylurea-dependent GPI-PLC and NADPH oxidase are

colocalized at hcDIGs

Our findings that the induction of the translocation of Gce1

and CD73 to LD by glimepiride depends on the NADPH

oxidase-dependent activation of the GPI-PLC raised the

possibility of a causal relationship between the two plasma

membrane enzymes in rat adipocytes. As the first evidence

for the mechanistic coupling of NADPH oxidase and

GPI-PLC, their putative colocalization at plasma membrane

DIGs of basal adipocytes was studied (Figure 6). Both the

GPI-2350-sensitive GPI-PLC and the DPI-sensitive NADPH

oxidase activity were found to be significantly enriched

compared with plasma membranes at hcDIGs and lcDIGs but

not non-DIG plasma membranes. The specific enrichments

were higher for hcDIGs than for lcDIGs and comparable for
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Figure 5 Effect of the inhibition of reactive oxygen species (ROS) production on the insulin-, palmitate- and glimepiride-induced translocation
of glycolipid-anchored cAMP-binding ectoprotein-1 (Gce1) and CD73 to lipid droplet (LD). Isolated rat adipocytes were metabolically labelled
with myo-[14C]inositol and then incubated (5 min, 37 1C) with 2 mM glucose in the absence or presence of N-acetyl-cysteine (NAC; 0.5 mM),
diphenylene iodonium (DPI; 20mM), apocynin (100mM), rotenone (1mM), thenoyltrifluoroacetone (TTFA; 10mM), antimycin A (10mM),
No-nitro-L-arginine methyl ester (L-NAME; 25mM) and oxpurinol (100mM) prior to the addition of insulin (5 nM final concentration), palmitate
(1 mM) or glimepiride (10 mM) as indicated. Thereafter, the adipocytes were separated from the medium. Proteins were extracted from the
prepared LD and precipitated under native conditions. Solubilized glycolipid-anchored cAMP-binding ectoprotein-1 (Gce1) and CD73 were
affinity purified, then precipitated under denaturing conditions and after solubilization analysed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and phosphorimaging. Quantitative evaluation is given with the amount of LD-associated Gce1 and CD73 for each stimulus in the
absence of inhibitors set at 100. Means±s.d. of two adipocyte preparations with incubations in triplicate; bold numbers indicate significant
difference compared with the corresponding induction in the absence of inhibitor (set at 100).
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both activities. This argues for colocalization of the NADPH

oxidase and the GPI-PLC at hcDIGs of the adipocyte plasma

membrane.

Upon challenge of the adipocytes with glimepiride, both

the DPI-sensitive NADPH oxidase (Figure 7a) and the GPI-

2350-sensitive GPI-PLC (Figure 7b) activity at hcDIGs

increased in concentration-dependent fashion to up to

11.5- and 5.9-fold, respectively, above basal with similar

EC50 values (11.5 and 8.1 mM, respectively). Glibenclamide

and the glimepiride metabolite, M1, were considerably less

potent as revealed by their higher EC50 values and lower

maximal responses (Figure 7). Tolbutamide was almost

ineffective. The identical ranking of the various sulphony-

lureas in stimulating the NADPH oxidase and GPI-PLC at

hcDIGs of the adipocyte plasma membrane are in agreement

with their mechanistic coupling, which may rely on their

colocalization at hcDIGs. Insulin stimulation of the NADPH

oxidase and GPI-PLC was only moderate (Figure 7) making a

major role of these enzymes in metabolic insulin signalling

unlikely.

ROS production is required for the inhibition of lipolysis by

glimepiride and palmitate

The apparent involvement of ROS in the glimepiride- and

palmitate-induced GPI-PLC stimulation and GPI-protein

translocation predicts a role for ROS in the inhibition of

lipolysis by glimepiride and palmitate in adipocytes too. To

study this, isolated rat adipocytes were incubated with

various inhibitors of ROS production prior to challenge with

glimepiride or palmitate and then assayed for isoprenaline-

stimulated glycerol and fatty acid release (Figure 8). The

about half-maximal inhibition of lipolysis by glimepiride

and palmitate was almost completely abolished by DPI,

apocynin and vanillylnonanamide. Their specificity for

inhibition of ROS production rather than interference with

the regulation of lipolysis per se was confirmed by their

failure to counteract the potent lipolysis inhibition exerted

by GO (data not shown). Rotenone, antimycin A, TTFA,

oxpurinol and L-NAME did not impair lipolysis inhibition by

glimepiride and palmitate. In contrast, scavenging or

degradation of ROS by N-acetyl-cysteine or catalase, respec-

tively, completely blocked the anti-lipolytic activity of

glimepiride and palmitate as well as of GO (data not shown).

Remarkably, each of these inhibitors of ROS production had

no significant effect on the almost complete inhibition

of the isoprenaline-induced lipolysis by insulin (100±8%

in the absence of inhibitors vs 93±5% after DPI, 87±6%

after apocynin, 95±8 after vanillylnonamide, 79±9 after

N-acetyl-cysteine and 82±6% after catalase). These

data suggest that lipolysis inhibition by glimepiride and

palmitate is mediated by ROS, which is produced predomi-

nantly by the plasma membrane NADPH oxidase. In

contrast, lipolysis inhibition by insulin does not depend on

ROS production.

Discussion and conclusions

Stimulation of localized ROS production by insulin,

sulphonylureas and fatty acids

Previous studies indicated that ROS, such as H2O2, are

generated transiently in mature and differentiated 3T3-L1

adipocytes in response to insulin (Krieger-Brauer and Kather,

1992; Mahadev et al., 2004; Goldstein et al., 2005). The

enzyme responsible is assumed to be one of the plasma

membrane NADPH oxidase (Nox) homologues (Mahadev

et al., 2004; Park et al., 2005; Quinn et al., 2006). However,

the mechanism of its coupling to the insulin receptor remain

ill defined. Recently, the sulphonylurea drug, glibenclamide,

has been found to stimulate ROS production in cultured

MIN6 b-cells, most likely via the PKC-triggered activation of

Nox (Tsubouchi et al., 2005). For other cell types, inhibition

of carnitine palmitoyltransferase-1 and mitochondrial fatty

acid oxidation by glibenclamide has been reported (Lehtihet

et al., 2003), which may lead to enhanced formation of

diacylglycerol and in turn activation of PKC. Palmitate

(0.1 mM) has previously been shown to increase the

Figure 6 Distribution of the GPI-specific phospholipase-C (GPI-
PLC) and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activities between high-cholesterol-containing detergent-
insoluble glycolipid-containing membrane rafts (hcDIGs), low-
cholesterol-containing detergent-insoluble glycolipid-containing
membrane rafts (lcDIGs) and non-DIG plasma membranes in rat
adipocytes. Plasma membranes (PM), hcDIGs, lcDIGs and non-DIG
plasma membranes were prepared from isolated rat adipocytes and
then assayed for GPI-PLC and NADPH activities in the absence or
presence of GPI-2350 (50 mM) and diphenylene iodonium (DPI;
20mM) as indicated. Relative specific activities of the GPI-PLC and
NADPH oxidase measured with the PM in the absence of inhibitors
were set at 1 each. Means±s.d. of three adipocyte preparations with
activity determinations in quadruplicate; *indicates significant
difference compared with the PM in the absence of inhibitors
(hatched bars). GPI, glycosylphosphatidylinositol.
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expression and activity of a DPI-sensitive Nox in rat

pancreatic islets and a clonal b-cell line apparently during

palmitate-driven diacylglycerol de novo synthesis and PKC

activation (Morgan et al., 2007). PKC-dependent phosphor-

ylation and activation of a Nox has previously been

demonstrated (Kadri-Hassani et al., 1995; Bedard and Krause,

2007). Alternatively, coupling of the insulin-stimulated

plasma membrane Nox to the Pertussis toxin-sensitive Gai2

has been described (Krieger-Brauer and Kather, 1992, 1995).

It remains to be elucidated whether one of these mechan-

isms and which Nox homologue is involved in the

upregulation of ROS production by insulin and sulphonylur-

ea drugs and, in part, by fatty acids in rat adipocytes as

revealed in the present study (Figures 1–3).

Nicotinamide adenine dinucleotide phosphate oxidases

are targeted to specific subcellular sites, which is required

for localized ROS production and temporally and spatially

controlled activation of specific redox-signalling pathways.

Some Nox subunits have been shown to be included in DIGs

in various cell types (Li and Shah, 2002; Hilenski et al., 2004;

Vilhardt and van Deurs, 2004). Furthermore, ROS

production was severely compromised in intact cells or in a

cell-free reconstituted system following cholesterol deple-

tion (Vilhardt and van Deurs, 2004). This is compatible with

the present findings that the glimepiride-dependent Nox

(and GPI-PLC) activity is located at DIGs (Figure 6) and gets

destroyed upon disruption of the DIGs by cholesterol

depletion (G Müller and S Wied, unpublished data). The

apparent association of Nox proteins with DIGs may explain

why H2O2, which is assumed to be produced at the

extracellular face of the plasma membrane, can affect

intracellular targets. Plasma membrane DIGs may continue

to produce H2O2, after internalization as caveolar vesicles,

which then leaves the lumen of the caveolae into the

cytoplasm by diffusion.

The Nox-dependent ROS production may be supported by

impaired ROS degradation. Interestingly, phosphoinositol-

glycans prepared from plants and bacteria have been shown

to inhibit the peroxidase and haeme-containing catalase in

non-competitive fashion (Thomasz et al., 2007). Strikingly,

similar phosphoinositolglycan structures may be released

from the GPI anchors of GPI-proteins, such as Gce1 and

CD73, upon lipolytic cleavage by the GPI-PLC (Stralfors,

1997; Jones and Varela-Nieto, 1998), which is apparently

activated by palmitate, glimepiride and H2O2 (Müller et al.,

1993, 1994a, 2008c; Movahedi and Hooper, 1997; see

Figure 4). This would open the possibility for a feed-forward

cycle in which ROS would dampen their own degradation

via activation of the GPI-PLC and inhibition of peroxidases

or catalases through the generated phosphoinositolglycans,

thereby further amplifying the concentration of ROS.

Activation of the GPI-PLC and GPI-protein translocation by ROS,

sulphonylureas and fatty acids

The present study suggests that in rat adipocytes, ROS, in

particular H2O2, mediates the activation of the GPI-PLC and,

in consequence, of the GPI-protein translocation. First, the

reduction of ROS levels by inhibition of Nox as well as

scavenging or degradation of ROS (Figure 3) is accompanied

by impaired cleavage of the GPI anchors of Gce1 and

CD73 by the GPI-PLC (Figure 4) and translocation of the

GPI-proteins, Gce1 and CD73, from hcDIGs to LD (Figure 5)

in response to palmitate and glimepiride. Second, Nox and

GPI-PLC are colocalized at hcDIGs of the adipocyte plasma

membrane (Figure 6), and, third, stimulated by different

Figure 7 Effect of insulin and various sulphonylureas on the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and GPI-specific
phospholipase-C (GPI-PLC) activities in high-cholesterol-containing detergent-insoluble glycolipid-containing membrane rafts (hcDIGs) of rat
adipocytes. Isolated rat adipocytes were incubated (20 min, 37 1C) in the absence or presence of increasing concentrations of various
sulphonylureas as indicated with 2 mM glucose as described in Materials and methods. hcDIGs were prepared and assayed for the NADPH
oxidase (a) and GPI-PLC (b) activities in the absence or presence of diphenylene iodonium (DPI; 20 mM) and GPI-2350 (50mM), respectively.
Relative NADPH oxidase and GPI-PLC activities were calculated as the difference between the absence and presence of DPI or GPI-2350,
respectively. Relative activities in the absence of stimulus were set at 1. Means±s.d. of two adipocyte preparations with three incubations each
and activity determinations in quadruplicate. GPI, glycosylphosphatidylinositol.
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sulphonylureas with similar sensitivity and responsiveness

(Figure 7). Thus, upregulation of the GPI-PLC and

GPI-protein translocation upon challenge of isolated rat

adipocytes with palmitate and glimepiride depends on H2O2

production by Nox located at the plasma membrane. ROS

produced by mitochondrial complexes I and III in palmitate-

and insulin-treated adipocytes (Figure 3) do not contribute

significantly to stimulation of the GPI-PLC and GPI-protein

translocation. Apparently, mitochondrial and plasma

membrane ROS do not exchange to equilibrium but remain

compartmentalized in rat adipocytes. Remarkably, even

though DPI and apocynin reduced the glimepiride- and

palmitate-induced ROS production to similar extent

(Figure 3), DPI was more potent than apocynin in inhibiting

the corresponding activation of the GPI-PLC (Figure 4) as

well as the translocation of Gce1 and CD73 to LD (Figure 5).

Control experiments demonstrated that the simultaneous

generation of H2O2 by GO completely abolished the DPI

inhibition, whereas the simultaneous presence of catalase or

N-acetyl-cysteine enhanced the apocynin inhibition to the

extent observed with DPI alone (data not shown). These

findings exclude additional ROS-independent and nonspe-

cific effects of DPI on the mechanisms of GPI-PLC activation

and GPI-protein translocation. The reason for the apparently

different downstream efficacies of the two non-selective Nox

inhibitors remains unclear. It could be related to interference

of DPI with another production site of compartmentalized

ROS, which contribute to the GPI-PLC activation and

GPI-protein translocation to a limited degree, but do not

equilibrate with total cellular ROS and thereby escape

assaying.

The molecular mechanism(s) of downstream signalling of

ROS remain(s) a matter of speculation at present, but may

be related to the regulation of oxidation-sensitive enzymes,

such as transcription factors and signalling proteins

(Goldstein et al., 2005). An increasing number of protein

tyrosine phosphatases has been shown to be regulated by

oxidative modification, owing to their invariant catalytic

cysteine, such as PTP1B in response to insulin (Meng et al.,

2002, 2004). It remains to be investigated whether

activation of the GPI-PLC by ROS involves an oxidative

mechanism, which would require oxidized cysteine thiol

side chains being essential for the catalytic activity of the

GPI-PLC.
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Figure 8 Effect of the inhibition of reactive oxygen species (ROS) production on the inhibition of lipolysis by palmitate and glimepiride.
Isolated rat adipocytes were incubated (5 min, 37 1C) with 2 mM glucose in the absence or presence of N-acetyl-cysteine (0.5 mM), diphenylene
iodonium (DPI; 20mM), apocynin (100mM), vanillylnonanamide (100mM), rotenone (1mM), antimycin A (10mM), thenoyltrifluoroacetone
(TTFA; 10mM), oxpurinol (100mM), No-nitro-L-arginine methyl ester (L-NAME; 25mM) and catalase (0.5 U ml�1) prior to the addition of
palmitate (final concentration 1 mM) or glimepiride (10 mM) as indicated. After further incubation (5 min), isoprenaline (final concentration
1 mM) was added and the incubation continued (2 h). Thereafter, the medium was separated from the adipocytes and analysed for the glycerol
and fatty acids released. Isoprenaline-induced glycerol and fatty acid release in the absence of stimulus or inhibitor was set at 100% (hatched
bars). Means±s.d. of three adipocyte preparations with incubations in duplicate; *indicates significant difference compared with the
corresponding stimulus in the absence of inhibitor (filled bars).
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Inhibition of lipolysis by palmitate, glimepiride and localized ROS

production

The present finding that blockade of the plasma membrane

Nox leads to complete or partial abolition of the lipolysis

inhibition by glimepiride and palmitate, respectively, in rat

adipocytes (Figure 8) can be reconciled together with

previously published observations (Müller et al., 2008a, b, c)

into a unifying hypothesis about the molecular mechanism

underlying the anti-lipolytic activity of agents structurally as

diverse as fatty acids, sulphonylureas and H2O2. The

common mediator seems to be ROS, in particular H2O2,

which is produced by Nox in response to palmitate and

glimepiride. ROS activate the GPI-PLC, presumably favoured

by its colocalization with Nox in plasma membrane hcDIGs.

Activated GPI-PLC then triggers the translocation of the

GPI-proteins, Gce1 and CD73, from hcDIGs to the surface of

cytosolic LD leading to cAMP degradation on the basis of

their intrinsic cAMP-specific phosphodiesterase and

50-nucleotidase activities. Lowering of the cAMP concentra-

tion in the vicinity of the LD may lead to unphosphorylated

neutral lipases and LD coat proteins (Müller and Petry,

2005). Thereby, upregulation of lipolysis by cAMP-raising

stimuli, such as isoprenaline, adenosine deaminase and

forskolin, is blocked. Remarkably, although apocynin

turned out to be less efficient than DPI in reducing the

glimepiride- and palmitate-induced GPI-PLC activation

(Figure 4) as well as GPI-protein translocation (Figure 5),

both Nox inhibitors reversed the lipolysis inhibition by

glimepiride and palmitate to 90–95% (Figure 8). This

suggests that partial (that is, 40% compared with maximal)

upregulation of the expression of Gce1 and CD73, and,

thus, presumably of the accompanying (c)AMP degradation

activity at LD is not sufficient for significant down-

regulation of the isoprenaline-stimulated lipolysis in

rat adipocytes.

A number of different molecular mechanisms for lipolysis

inhibition by fatty acids and H2O2 in adipocytes have been

proposed. Prolonged elevation of b-oxidation of fatty acids

might increase the generation of H2O2 that activates

mitochondrial uncoupling proteins or increases the oxida-

tion state of mitochondrial pyridine nucleotides. The

resulting decrease in ATP synthesis and levels (Vallano

et al., 1983) may interfere with ATP-dependent lipolytic

mechanisms, such as the phosphorylation and activation of

neutral lipases and LD coat proteins. However, blockade of

the isoprenaline- and adenosine deaminase-induced lipolysis

has still been observed by using the non-metabolized fatty

acid analogue, bromopalmitate or palmitate in the presence

of the fatty acid oxidation inhibitor, etomoxir (Spurway

et al., 1997). This suggests that the anti-lipolytic activity of

fatty acids does not depend on their b-oxidation. Alterna-

tively, palmitate has been shown to directly inhibit the

isolated hormone-sensitive lipase (Jepson and Yeaman,

1992). However, this putative feedback mechanism has been

observed only at high concentrations (exceeding those used

in the present study) and seems unlikely to operate in

intact cells. The anti-lipolytic activity of H2O2 has previously

been explained by the direct covalent inhibition of PTP1b,

which dephosphorylates and inactivates the insulin receptor

(Mahadev et al., 2001; Meng et al., 2002, 2004). This

mechanism should result in the potentiation of insulin

inhibition of lipolysis only and be ineffective in the absence

of insulin. However, as shown in this study, the anti-lipolytic

activity of palmitate and glimepiride does not depend on

insulin.

It seems to be paradoxical that localized and transient

production of ROS can mediate beneficial effects, whereas

chronically elevated levels of total cytoplasmic superoxide

and H2O2 have been assumed to mediate ageing processes

(Frisard and Ravussin, 2006; Giorgio et al., 2007) and, if

associated with hyperglycaemia, to have an important

pathophysiological role in the development of type II

diabetes including vascular-associated pathologies

(Brownlee, 2005). However, numerous studies support the

hypothesis that cellular signalling via ROS is mediated by

discrete localized redox circuitries (Terada, 2006; Ushio-

Fukai, 2006; Zhang et al., 2006), which are distinct from the

general ‘oxidative stress’ effect (Li and Shah, 2002; Hilenski

et al., 2004; Zhang et al., 2006; Morgan et al., 2007). The

repeatedly reported insulin-induced transient increase in

ROS production in various insulin target tissues

(Krieger-Brauer and Kather, 1992, 1995), including adipo-

cytes as shown here (Figure 1), further supports the

hypothesis that cellular ROS may exert beneficial and

detrimental effects depending on the cell type and the

sites and time courses of their generation and destruction.

Thus, localizing the ROS signal at distinct subcellular

compartments, such as at the DIGs, for a limited period of

time, such as during acute glimepiride administration, in

adipocytes, which harbour the complete machinery for the

translocation of the (c)AMP-degrading enzymes, Gce1

and CD73, to LD including the ROS-stimulated GPI-PLC,

may be essential for some of the specific and ROS-mediated

beneficial downstream signalling processes in these cells,

such as the inhibition of lipolysis. Interestingly, preliminary

results indicate that glimepiride fails to augment ROS

production in cultured human vascular endothelial cells

(N Schughardt and G Müller, unpublished data). In light of

the assumed detrimental roles of ROS in vascular

pathology, the apparent cell type-specific regulation of the

Nox isoforms may be of advantage for the glimepiride

therapy. Future animal studies have to address the potential

involvement of up- or downregulated ROS production at

DIGs and other production sites in adipocytes and other

cell types in hyperlipidaemic and hyperglycaemic states

as well as during their therapy, in general. It is tempting

to speculate that the adipocyte-specific ROS production

at DIGs with the resulting GPI-PLC activation and

GPI-protein translocation forms the molecular basis for

some of the demonstrated advantages of the third-

generation sulphonylurea drug, glimepiride, compared

with sulphonylureas of the first and second generation

in the therapy of diabetes (Davis, 2004; Korytkowski,

2004; Müller, 2005; Koshiba et al., 2006; Matsuki et al.,

2007).
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