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ABSTRACT: The insulin signal transduction cascade provides a number of sites downstream of the insulin
receptor (IR) for cross-talk from other signaling pathways. Tyrosine phosphorylation of the IR substrates
IRS-1/2 and metabolic insulin-mimetic activity in insulin-responsive cells can be provoked by soluble
phosphoinositolglycans (PIG), which trigger redistribution from detergent-insoluble glycolipid-enriched
raft domains (DIGs) to other areas of the plasma membrane and thereby activation of nonreceptor tyrosine
kinases (NRTK) [Mu¨ller, G., Jung, C., Wied, S., Welte, S., Jordan, H., and Frick, W. (2001)Mol. Cell.
Biol. 21, 4553-4567]. Here we describe that stimulation of glucose transport in isolated rat adipocytes
by a different stimulus, the sulfonylurea glimepiride, is also based on IRS-1/2 tyrosine phosphorylation
and downstream insulin-mimetic signaling involving activation of the NRTK, pp59Lyn, and pp125Fak, as
well as tyrosine phosphoryation of the DIGs component caveolin. As is the case for PIG 41, glimepiride
causes the concentration-dependent dissociation of pp59Lyn from caveolin and release of this NRTK and
the glycosyl-phosphatidylinositol-anchored (GPI) proteins, Gce1 and 5′-nucleotidase, from total and anti-
caveolin-immunoisolated DIGs. This results in their movement to detergent-insoluble raft domains of
higher buoyant density (non-DIGs areas). IRS-1/2 tyrosine phosphorylation and glucose transport activation
by both glimepiride and PIG are blocked by introduction into adipocytes of the caveolin scaffolding
domain peptide which mimicks the negative effect of caveolin on pp59Lyn activity. Tyrosine phosphorylation
of the NRTK, IRS-1/2, and caveolin as well as release of the NRTK and GPI proteins from DIGs and
their redistribution into non-DIGs areas in response to PIG is also inhibited by treatment of intact adipocytes
with either trypsinplus salt or N-ethylmaleimide (NEM). In contrast, the putative trypsin/salt/NEM-
sensitive cell surface component (CIR) is not required for glimepiride-induced glucose transport, IRS-1/2
tyrosine phosphorylation, and redistribution of GPI proteins and NRTK. The data suggest that CIR is
involved in concentrating signaling molecules at DIGs vs detergent-insoluble non-DIGs areas. These
inhibitory interactions are relieved in response to putative physiological (PIG) or pharmacological
(sulfonylurea) stimuli via different molecular mechanisms (dependent on or independent of CIR,
respectively) thereby inducing IR-independent positive cross-talk to metabolic insulin signaling.

A number of physiological, pharmacological, and bio-
chemical stimuli have been reported to increase glucose
uptake and metabolism in a variety of primary and cultured
mammalian cells. Glucose transport activation by many (e.g.,
insulin), but not all, stimuli (e.g., exercise) is accompanied
by increases in phosphatidylinositol 3-kinase (PI-3K)1 activity
(1-3). Stimulation of glucose disposal by insulin requires
the activation of PI-3K inducing elevated activity of PIP3-
dependent kinases such as protein kinases PDK, PKB, and
PKC (isoformsú/λ)(4, 5). Most metabolic actions of insulin,
including activation of glucose transport and metabolism,
are blocked by PI-3K inhibitors, such as wortmannin, or by
dominant-negative PI-3K mutants (2, 6). However, despite
the general agreement on the necessity of increased PI-3K
activity for insulin-stimulated glucose transport, it is now
clear that additional signals are required. (i) Cell-permeable
PIP3 analogues fail to elevate glucose transport (7). (ii) Two

naturally occurring IR mutations which retained the ability
of fully activating PI-3K are inactive in mediating glucose
transport upregulation (8). (iii) PDGF, interleukin-4 and en-
gagement of integrin receptors do not effect glucose transport,
although they stimulate PI-3K (9, 10). These stimuli/mutant
IR stimulate PI-3K, as does insulin and wild-type IR by
inducing tyrosine phosphorylation of IRS (11) which bind
to and activate PI-3K.
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1 Abbreviations: CBD(P), caveolin-binding domain (peptide); CIR,
trypsin/salt/NEM-sensitive cell surface component involved in redis-
tribution of DIGs components; CSD(P), caveolin-scaffolding domain
(peptide); DIGs, detergent-insoluble glycolipid-enriched raft domains;
eNOS, endothelial nitric oxide synthase; Gce1, GPI-anchored cAMP-
binding ectoprotein-1; (G)SL (glyco)sphingolipids; GPI, glycosyl-
phosphatidylinositol; GPI protein, GPI-anchored plasma membrane
protein; IR(â), insulin receptor (â-subunit); IRS(-1/2), insulin receptor
substrate proteins (1/2); KRH, Krebs-Ringer-Hepes-based buffer; NEM,
N-ethylmaleimide; NRTK, non-receptor tyrosine kinase(s); Nuc, 5′-
nucleotidase; PI 3-kinase, phosphatidylinositol 3-kinase; PIG, phos-
phoinositolglycans; PIP3, phosphatidylinositol-trisphosphat; PKB/C,
protein kinase B/C; SDS-PAGE, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis; TX-100, Triton X-100.
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There are two putative explanations for the apparent lack
of coupling of tyrosine-phosphorylated IRS and bound/
activated PI-3K to downstream signaling to the glucose
transport system. (i) The wild-type IR phosphorylates the
IRS at tyrosine residues in addition to those required for
PI-3K binding which are not affected by the mutant IR or
the PDGF, cytokine and integrin stimuli. In fact, IRS-1
harbors 18 putative tyrosine phosphorylation sites (1, 11) in
amino acid sequence motifs that directly bind to SH2
domains in several adaptor/regulatory proteins, including p85
of PI-3K, Grb-2, Nck, Crk, PLCγ, SHP-2. Those phospho-
rylated in response to factors other than insulin have not been
determined so far. (ii) The wild-type IR phosphorylates
substrates in addition to IRS, e.g., caveolin or Cbl (12-14).
Recently, a candidate pathway for generation of a second
IRS- and PI-3K-independent insulin signal to the glucose
transport system has been identified (14, 15). It emerges from
DIGs, spezialized domains of the plasma membrane with
distinct structure and functions, and is based on the in- and
out-movement of signaling proteins.

DIGs can be isolated as low-density, TX-100-insoluble
membrane complexes that are enriched in (G)SL, cholesterol,
and GPI proteins (16). Studies with model systems suggest
that DIGs represent liquid-ordered phases with reduced
membrane fluidity (17). DIGs have been proposed to be
involved in membrane trafficking, cell morphogenesis, and
signal transduction mechanisms (18, 19). A variety of
signaling molecules are concentrated at DIGs, including
NRTK of the Src family, heterotrimeric and Ras-like G
proteins, cell surface receptors, and Ca2+ channels/transport-
ers. The existence of DIGs in situ is strongly supported by
the clustered distribution of GPI proteins and GSL, recently
visualized under appropriate fixation conditions (20) and their
confined diffusion in the plasma membrane (21). In situ,
DIGs may be related in terms of composition and/or
topography to caveolae, originally defined as flask- or bulb-
shaped invaginations (50-100 nm diameter) of the plasma
membrane found in many differentiated cells, such as en-
dothelial, epithelial, muscle, and adipose cells (18, 22-24).
It has been shown that DIGs can be detected as caveolae-
independent structures in cells that either contain or are
devoid of caveolae. In cells lacking morphologically recog-
nizable caveolae, such as lymphocytes and certain neuronal
and hematopoetic cells, the concentration of (G)SL, choles-
terol, GPI proteins, and signaling molecules (e.g., NRTK)
in DIGs has been clearly demonstrated (25). Caveolins,
21-25-kDa integral membrane proteins (26) with isoforms
1 and 2 ubiquitously expressed and isoform 3 expressed in
muscle (19, 24), are the structural and marker proteins of
caveolae and are dramatically enriched in DIGs. Direct
binding of cholesterol to caveolin may stabilize the genera-
tion of caveolin homooligomers, which upon interaction with
each other within DIGs drive the formation of invaginated
caveolae (27). Thus, DIGs lacking caveolin may represent
the biogenetic precursors for caveolae (precaveolae or
caveolae-related microdomains), and DIGs containing ca-
veolin can be considered as the biochemical correlate of
caveolae (23, 28).

In 3T3-L1 adipocytes, the protooncogene Cbl is bound to
the adaptor protein CAP via association of the carboxy-
terminal SH3 domain of CAP with a proline-rich domain in
Cbl (13, 14). CAP expression correlates well with insulin

sensitivity in insulin-responsive cells and is upregulated
during adipocyte differentiation (29). The Cbl/CAP complex
is targeted to the IR in the basal state but migrates to DIGs
upon tyrosine phosphorylation by the IR (14, 15). The
interaction of the Cbl-CAP complex with DIGs is mediated
by flotillin, another resident and structural protein of DIGs/
caveolae (30). Overexpression of a dominant-negative CAP
mutant (lacking the SH3 domain) in 3T3-L1 adipocytes leads
to inhibition of the ternary complex formation and thereby
of translocation of Cbl-CAP to DIGs. This leads to complete
blockade of insulin-stimulated glucose transport despite
functionality of the PI-3K pathway (15). The translocation
of phosphorylated Cbl recruits additional signaling proteins,
such as the GDP/GTP exchange factor C3G, to DIGs
resulting in activation of the G protein TC10. This may
ultimately provide the second PI-3K-independent signal for
glucose transport stimulation by insulin. Thus, DIGs seem
to harbor insulin signaling components and to regulate their
activity by interaction with flottilin.

Considering the noninsulin glucose transport stimuli which
use the PI-3K pathway, one may assume that these manage
to elicit the same set of substrate tyrosine phosphorylations
(e.g., Cbl) as provoked by insulin in addition those required
for PI-3K stimulation (IRS). Previously, we demonstrated
that two factors structurally totally different from one another,
synthetic PIG and the sulfonylurea glimepiride, potently
activate glucose transport and non-oxidative glucose me-
tabolism in primary and cultured adipocytes, diaphragms and
cardiomyocytes (31-34). (i) Hydrophilic PIG induce tyrosine
phosphorylation of IRS-1/2 and PI-3K activation (32, 35)
by activating the Src family NRTK, pp59Lyn (36). In the basal
state, this dual-acylated NRTK is associated with caveolin
via the interaction of the CSD of caveolin with the CBD of
pp59Lyn and is thereby kept in the inactive state (37). In
response to PIG, pp59Lyn dissociates from caveolin resulting
in its activation. Interestingly, introduction of a synthetic
peptide corresponding to the CSD blocks pp59Lyn activation
and PIG-stimulated but not insulin-stimulated glucose trans-
port (37). Thus, the DIGs-caveolin-pp59Lyn pathway, which
is required for PIG but not insulin signaling to the glucose
transport system, may succeed in inducing all the tyrosine
phosphorylation events downstream of IR at the level of both
IRS-1/2 and the other substrate proteins typical for insulin.
(ii) The blood glucose-lowering lipophilic sulfonylurea drug,
glimepiride (38, 39), increases glucose transport and me-
tabolism to a limited degree without causing activation of
the IR (33, 34, 40-42) but in close correlation to tyrosine
phosphorylation of caveolin and to direct interaction of the
drug with glycolipids residing in DIGs (43, 44). The IR-
independent glimepiride signaling pathway to the glucose
transport system including the putative involvement of IRS
tyrosine phosphorylation and PI-3K activation has not been
elucidated so far, but may rely on the DIGs-caveolin-pp59Lyn

pathway which is used by PIG.
Here we present evidence that, in isolated rat adipocytes,

glimepiride actually causes tyrosine phosphorylation of IRS-
1/2 and consequent downstream signaling to the glucose
transport system via release from DIGs and caveolin of
pp59Lyn resulting in its activation. Thus, the DIGs-caveolin-
pp59Lyn pathway engaged by both glimepiride and PIG
stimulate the PI-3K-dependent (via IRS-1/2) and, in addition,
may stimulate the PI-3K-independent pathway (possibly via
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Cbl) mediating metabolic insulin-mimetic action. Upregu-
lation of pp59Lyn by its redistribution from DIGs to detergent-
insoluble non-DIGs areas apparently substitutes for IR acti-
vation. The redistribution process per se rather than the
underlying molecular mechanism is critical for the cross-
talk to the metabolic insulin signaling cascade, since inac-
tivation of a trypsin/salt/NEM-sensitive plasma membrane
component in adipocytes blocks the migration/dissociation
of signaling proteins from DIGs/caveolin as well as down-
stream insulin-mimetic signaling in response to PIG but not
glimepiride.

EXPERIMENTAL PROCEDURES

Materials. Anti-CT-PKBR antibody (1:2000 dilution;
immunoaffinity-purified, generated in sheep against a peptide
corresponding to aa 466-480 of rat PKBR) and anti-phos-
pho-PKBR(Thr308) antibody (1:500 dilution; immunoaffin-
ity-purified, generated in rabbits against a peptide corre-
sponding to aa 301-312 of mouse PKBR and containing
phosphothreonine at position 308) were delivered by Upstate
Biotechnology (Lake Placid, NY). Anti-caveolin-1 antibody
(1:500 dilution; monoclonal, clone C060, raised against a
peptide corresponding to aa 1-97 of human caveolin-1) was
purchased from Transduction Laboratories (Lexington, KY),
anti-Nuc antibody (1:750 dilution, polyclonal, raised against
purified soluble rat liver Nuc [cleaved by bacterial PI-specific
phospholipase C] were obtained from Dr. M. Remlinger
(University Munich, Germany). All other materials were
obtained as described (31-37, 45).

Preparation of Rat Adipocytes and Incubation with PIG/
Sulfonylureas.Adipocytes were isolated by collagenase
digestion from epididymal fat pads of male Sprague-Dawley
rats (140-160 g, fed ad libitum) and incubated in KRH (0.12
M NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2
mM KH2PO4, 20 mM Hepes/KOH, pH 7.4, containing 2%
(w/v) BSA, 100 µg/mL gentamycin, 100 nM 1-methyl-2-
phenylethyladenosine, 0.5 units/mL adenosine deaminase, 0.5
mM sodium pyruvate and 5 mMD-glucose) in the presence
of PIG (dissolved in 20 mM Hepes/KOH, pH 7.4) or
glimepiride (dissolved as a 10 mM stock solution made daily
by suspending 9.95 mg of glimepiride in 1.94 mL of aqua
bidest., followed by addition of 60µL of 1 N NaOH and
warming up to 50-70 °C) or were electroporated with
peptides (dissolved in DMSO at 30 mM, final DMSO con-
centration 1% which was also contained in control incuba-
tions and did not affect adipocyte viability), at 37°C in a
shaking water bath at constant bubbling with 5% CO2/95%
O2 for the periods indicated (33, 36, 45).

Preparation of DIGs and non-DIGs Areas.DIGs were
routinely isolated from PIG/glimepiride-stimulated adipocytes
using the detergent method (36, 37). Separation of detergent-
insoluble glycolipid rafts into DIGs and non-DIGs areas was
accomplished by the carbonate method and subsequent
sucrose gradient centrifugation as described previously (36,
37). Briefly, plasma membranes were suspended in 1.5 mL
of 0.5 M Na2CO3 (pH 11) and sonicated. The suspension
was then adjusted to 45% sucrose in 15 mM Mes/KOH (pH
6.5), 75 mM NaCl, 0.25 M Na2CO3, overlayed with 2 mL
each of 35, 25, 15, and 5% sucrose in the same medium,
and centrifuged (230000g, Beckman SW41 rotor, 18 h).
Gradient fractions of 0.85 mL were collected to yield a total

of 14 fractions. The individual gradient fractions were pooled
into DIGs (fractions 4-7) and non-DIGs areas (fractions 10-
14). The raft domains from the pooled gradient fractions were
diluted 5-10-fold with 25 mM Mes (pH 6.5), 150 mM NaCl,
1% TX-100, collected by centrifugation (50000g, 30 min, 4
°C) and resuspended in nondissociating buffer (10 mM Tris/
HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 5 mM EDTA,
0.5 mM EGTA, 1 mM sodium orthovanadate, 50 mM NaF,
and protease inhibitors) or dissociating buffer () nondisso-
ciating buffer supplemented with 60 mMâ-octylthiogluco-
side, 0.3% deoxycholate) as indicated, incubated (1 h, on
ice) and used for (co)immunoprecipitation, immunoblotting,
or photoaffinity labeling.

Treatment with Trypsin plus Salt or NEM of Rat Adipo-
cytes. For trypsin/salt treatment, 2.5 mL of adipocyte
suspension (3.5× 106 cells/mL) in KRH containing 5 mM
glucose was incubated (20 min, 30°C) in the presence of
100 µg/mL trypsin. After addition of soy bean trypsin
inhibitor (final concentration 100µg/mL) and 2.5 mL of
KRH containing 1 M NaCl and 0.5% BSA and further
incubation (10 min, 22°C), the cells were centrifuged
(1500g, 5 min, swing-out rotor). For NEM treatment, 1 mL
of adipocyte suspension (3.5× 106 cells/mL) in KRH
containing 5 mM glucose was incubated (30 min, 22°C)
with NEM (1.5 mM final concentration) and then with DTT
(15 mM final concentration, 5 min, 15°C). After removal
of the infranatant, the cell suspension of both treatments
(about 0.5 mL) was supplemented with 10 mL of KRH
containing 0.5% BSA and then centrifuged again (500g, 1
min, swing-out rotor). After two additional washing steps,
the final cell suspension was adjusted to 25 mL of KRH
containing 0.5% BSA, 50µM glucose, and 1 mM sodium
pyruvate. Portions or 0.2 mL were assayed for lipogenesis
to monitor the loss of responsiveness toward PIG 41 (see
ref 46). Control cells received water instead of trypsin/NaCl/
NEM and were subjected to the same centrifugation and
washing procedures as the treated cells.

Preparation of the Trypsin/Salt-Extract.For preparation
of the extract from intact adipocytes, 10 mL of adipocyte
suspension (3.5× 106 cells/mL) in KRH containing 5 mM
glucose and 0.5% BSA was incubated (20 min, 22°C) with
100 µg/mL trypsin. After addition of 10 mL of KRH
containing 1 M NaCl, 100µg/mL soy bean trypsin inhibitor,
1 mM PMSF, 25 mM benzamidine, 2µM leupeptin, 5µM
pepstatin and 10µg/mL antipain, the cells were centrifuged
(1500g, 5 min, swing-out rotor). The infranatant was removed
by aspiration, dialyzed (4× 500 mL of 25 mM Hepes/KOH,
pH 7.4, 1 mM EDTA, 5% glycerol, 0.2 mM PMSF,
overnight), and then supplemented with the same volume
of ice-cold 25% poly(ethylene glycol) 6000 in the same
buffer. After incubation (2 h, 4°C), the precipitates were
collected by centrifugation (48000g, 30 min, 4°C), washed
twice with 6% poly(ethylene glycol) 6000, and stored in
liquid nitrogen until use.

Reconstitution of Trypsin/Salt-Treated Adipocytes.The
precipitated trypsin/salt extract was dissolved in 1 mL of 25
mM Hepes/KOH (pH 7.4), 1 mM EDTA, 1 M NaCl. One
milliliter of extract was added to 1-mL portions of adipocyte
suspension (3.5× 106 cells/mL of KRH containing 5 mM
glucose, 1% BSA). The reconstitution was initiated by
supplementation with 8 mL of KRH containing 5 mM
glucose. After incubation (1 h, 22°C) under an atmosphere
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of 95% O2/5% CO2, the cells were centrifuged (500g, 1 min,
swing-out-rotor), washed twice with KRH and finally
suspended in 10 mL of KRH containing 1% BSA, 50µM
glucose and 1 mM sodium pyruvate for assaying PIG-
dependent lipogenesis (0.2-mL aliquots) to monitor success-
ful reconstitution (see ref46).

Photoaffinity Labeling.Solubilized plasma membranes and
DIGs (5-10 µg of protein) were incubated (30 min, 4°C)
with 50 µCi of 8-N3-[32P]cAMP (0.5 nmol) in 50µL of 10
mM Tris/HCl (pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 140
mM NaCl, 10 mM MgCl2, 2 mM MnCl2, 1 mM isobutyl-
methylxanthine, 1 mM DTT, 1 mM AMP, and protease
inhibitors in the wells of microtiter plates (96-formate) and
then irradiated with UV light (254 nm, 8000µW/cm2) at a
distance of 0.5 cm for 1 min (47, 48). Subsequently, the
photoaffinity labeling reaction was quenched by addition of
100µL of the same buffer containing 10 mM cAMP. Gce1
was precipitated (5% trichloroacetic acid, 1 h onice, 10000g
for 15 min) and solubilized in sample buffer for SDS-
PAGE. Radiolabeled Gce1 was visualized by phosphorim-
aging.

Glucose Transport.Glucose transport was assayed as
described (33, 45). Washed adipocytes (two cycles with KRH
containing 0.5% BSA) were incubated with 2-deoxy-D-[2,6-
3H]glucose (50µM, 0.33 µCi/mL; 20 min at 37°C) in the
absence or presence of 10µM cytochalasin B and then
centrifuged through a oil layer prior to liquid scintillation
counting.

Immunoprecipitation.Total cell lysates (25-50 µg of
protein) or DIGs in nondissociating/ dissociating buffer (10-
15µg protein) were precleared (1 h, 4°C) with protein G/A-
Sepharose (50 mg/mL) in a total volume of 100µL and then
supplemented with appropriate antibodies (pp125Fak, 2 µg/
sample; IRS-1, 1:50 dilution; IRS-2, 10µg/sample; pp59Lyn,
5 µg/sample; caveolin-1, 0.7µg/sample; IRâ, 1:175 dilution)
preadsorbed on protein G-Sepharose (monoclonal antibodies)
or protein A-Sepharose (rabbit antibodies) in a total volume
of 100µL. After incubation (4 h, 4°C, end-over-end rotation)
and centrifugation (3000g, 2 min, 4 °C), the collected
immune complexes were washed twice with 1 mL each of
immunoprecipitation buffer (50 mM Hepes/KOH, pH 7.4,
500 mM NaCl, 100 mM NaF, 10 mM EDTA, 10 mM sodium
pyrophosphate, and 1 mM sodium orthovanadate) containing
0.2% Nonidet P-40 and 0.3% deoxycholate, then twice with
1 mL each of immunoprecipitation buffer containing 150
mM NaCl and 0.2% Nonidet P-40 and once with 1 mL of
immunoprecipitation buffer lacking salt and detergent and
finally suspended in 50µL of Laemmli buffer (4% SDS,
115 mM Tris/HCl, pH 6.8, 1 mM EDTA, 10% glycerol, 4
mg/mL bromo-phenol blue) supplemented with 1.2%â-mer-
captoethanol (except for anti-caveolin immunoprecipitates),
heated (95°C, 2 min), and centrifuged. The supernatant
samples were analyzed by SDS-PAGE (4-12% Bis-Tris
precast gel, pH 6.4, Mes/SDS running buffer) under reducing
conditions. The centrifugation conditions used for collection
of the protein A/G Sepharose-bound immune complexes did
not lead to sedimentation of nondissociated DIGs to any
significant degree according to caveolin immunoblotting. The
coimmunoprecipitation of proteins with caveolin from dis-
sociated DIGs was specific for caveolin-interacting DIGs
components, such as pp125Fak and pp59Lyn. They were not
immunoprecipitated using nonimmune IgG instead of anti-

caveolin antibody. In contrast, Gce1 was recovered only from
nondissociated DIGs either directly or via coimmunopre-
cipitation with caveolin. Caveolin immunoprecipitates from
dissociated DIGs did not contain appreciable amounts of
Gce1. This is compatible with localization of Gce1 in DIGs
on basis of interactions between its GPI anchor/protein
moiety and lipid/polypeptide constituents (e.g., receptor) at
DIGs rather than directly between its GPI anchor and
caveolin (see ref37).

Immunoblotting.Immunoblotting was performed as de-
scribed previously (35, 36) with minor modifications. Briefly,
after SDS-PAGE and transfer of the proteins to poly-
vinylidene difluoride membranes (2 h, 400 mA in 20%
methanol, 192 mM glycine, 25 mM Tris, 0.005% SDS), the
blocked membrane [1 h in 20 mM Tris/HCl, pH 7.6, 150
mM NaCl, 0.05% Tween 20, 0.1% Brij, 0.01% Nonidet P-40
supplemented with 1% ovalbumin and 1% BSA (anti-
phosphotyrosine, anti-pp59Lyn, anti-IRâ) or with 5% nonfat
dried milk (anti-caveolin, anti-pp125Fak, anti-IRS-1/2)] was
incubated (2 h, 25°C) with antibodies against pp125Fak

(1:200), IRS-1 (1:500), IRS-2 (1:750), caveolin-1 (1:2000),
pp59Lyn (1 µg/mL), or IRâ (2 µg/mL) diluted in the same
medium and then washed five times with the same medium.
After incubation of the membranes (1 h, 25°C) with
horseradish peroxidase-coupled goat anti-mouse IgG anti-
body or goat anti-rabbit IgG antibody diluted in the ap-
propriate blocking buffer (1:5000 or 1:2500) and subsequent
washing with detergent-containing (see above, two times)
and detergent-free (two times) buffer (20 mM Tris/HCl, pH
7.6, 150 mM NaCl), the labeled proteins were visualized by
the enhanced chemiluminescence method.

Miscellaneous.Synthesis of the peptides CBDP and CSDP
(37), electroporation of isolated rat adipocytes with CBDP
and CSDP (36, 37), preparation of total adipocyte lysates
and plasma membranes (33, 36, 37, 47, 48), immune complex
kinase assays (37), analysis of caveolin tyrosine phospho-
rylation (44) and SDS-PAGE (36) have been performed as
described previously. Protein concentration was determined
using the BCA protein determination kit from Pierce
(Rockford, IL) with BSA used for calibration. Chemilumi-
nescent detection using ECL reagents (Amersham, Freiburg,
Germany) and the LumiImager system (Roche Molecular
Diagnostics, Penzberg, FRG) was performed according to
the manufacturers’ instructions. Autoradiographs and phos-
phorimages were processed and quantified by computer-
assisted video densitometry using the Storm 860 Phospho-
rImager system (Molecular Dynamics, Gelsenkirchen, FRG).
Figures of phosphor- and chemiluminescent images were
constructed using the Adobe Photoshop software (Adobe
Systems Inc., Mountain View, CA).

RESULTS

Recent studies have demonstrated that insulin-mimetic
action by PIG in isolated rat adipocytes depends on the
presence of CIR at the cell surface which is inactivated by
combined trypsin/salt or NEM action (46). Incubation of
intact isolated rat adipocytes with 100µg/mL (final concen-
tration) trypsin and subsequent washing of the cells with 0.5
M NaCl or treatment of the adipocytes with 1.5 mM NEM
resulted in 30-70% reduction of glucose transport activation
at 1-10 µM PIG 41 as assayed after removal of trypsin,

14606 Biochemistry, Vol. 40, No. 48, 2001 Müller et al.



salt, and NEM (Table 1, Figure 1). Basal glucose transport
was increased 7-8-fold in trypsin/salt- or NEM-treated
adipocytes compared to control cells approaching and even
exceeding the maximal stimulation by the structurally related
but less potent PIG derivatives (32), PIG 7 and 37 (at 10
µM) (Figure 1). The derivative PIG 1 was used as a negative
control to demonstrate specificity. Treatment of intact
adipocytes with trypsin alone or NaCl alone or NEM in the
presence of DTT did not significantly affect both basal and
PIG-stimulated glucose transport demonstrating that the
incubation/washing conditions per se do not lead to stress
activation of the glucose transport system or blockade of PIG
signaling. Remarkably, addition of trypsin/salt-extract con-
taining CIR to trypsin/salt-treated adipocytes and subsequent
lowering of the NaCl concentration restored PIG-stimulated
glucose transport in the reconstituted cells (Figure 1, Table
1). This strongly argues for the specificity of inactivation of
CIR and its requirement for insulin-mimetic metabolic PIG

action. In contrast, the concentration-dependent activation
of glucose transport by glimepiride was not affected by
trypsin/salt or NEM treatment of the adipocytes (Table 1).

The insulin-mimetic activity of glimepiride in insulin-
responsive cells in vitro is reflected in (i) stimulation of
glucose transport in normal and insulin-resistant isolated rat
adipocytes (to up to 40% of the maximal insulin response at
10 µM; see ref33), cultured 3T3-L1 adipocytes (34), and
isolated rat cardiomyocytes (40) based on elevated translo-
cation of glucose transporter molecules from intracellular
vesicles to the plasma membrane (33), (ii) upregulated
expression of glucose transporter molecules (40), (iii)
increase of non-oxidative glucose metabolism in response
to modulation of the activity of key regulatory enzymes, and
(iv) inhibition of lipolysis based on lowering of cytosolic
cAMP (34). So far, there is no evidence that glimepiride
activates the IR tyrosine kinase (43) raising the question on
the molecular mechanism(s) of its pleiotropic effects and

Table 1: Differential Effect of Inactivation of CIR on PIG- and Glimepiride-Induced Glucose Transporta

[µM] 0.1 µM 0.3 µM 1 µM 3 µM 10 µM

control PIG 41 6.7( 0.5 12.4( 1.8 44.8( 6.1 84.6( 6.5 100( 7.7
Gli 8.6 ( 0.7 8.1( 1.0 34.7( 4.6 69.4( 4.8 100( 6.2

NaCl PIG 41 6.6( 1.7 14.7( 1.5 52.3( 4.9 89.3( 7.1 110.4( 9.7
trypsin PIG 41 8.3( 1.4 16.8( 1.3 56.7( 3.8 91.4( 6.9 114.4( 8.8
trypsin+ NaCl PIG 41 24.9( 1.7 28.0( 1.5 32.5( 1.8 45.3( 3.3 44.5( 2.9

Gli 24.0( 0.5 29.1( 1.3 36.9( 5.2 74.4( 5.9 96.7( 8.3
NEM PIG 41 21.4( 0.8 25.1( 1.8 38.9( 3.1 46.4( 4.8 49.6( 3.7

Gli 24.5( 0.9 30.2( 1.5 41.6( 3.9 70.8( 5.1 107.6( 9.4
NEM + DTT PIG 41 8.9( 1.1 14.7( 1.0 40.2( 3.1 78.4( 5.9 95.3( 7.7

a Isolated rat adipocytes were incubated in the absence (Control) or presence of NaCl, trypsin, trypsinplusNaCl, NEM or NEMplusDTT (see
Experimental Procedures). Subsequently, the adipocytes were incubated (20 min, 37°C) in the absence or presence of increasing concentrations of
PIG 41 or glimepiride (Gli) as indicated and then assayed for 2-deoxyglucose transport. Quantitative evaluations of three different adipocyte incubations
with measurements in quadruplicate each (mean( SD) are given as a percentage of maximal glucose transport (difference between 10µM PIG
41/glimepiride and basal) which is set at 100% in each case and was 3.7-fold higher for PIG 41 compared to glimepiride.

FIGURE 1: Inactivation of CIR induces constitutive glucose transport. Isolated rat adipocytes were incubated in the absence (Control) or
presence of trypsinplus NaCl or NEM (see Experimental Procedures). A portion of the trypsin/NaCl-treated adipocytes was subjected to
reconstitution with trypsin/NaCl-extract. The four portions of adipocytes were incubated (20 min, 37°C) in the absence or presence of 10
µM PIG 41, 37, 7, and 1 and then assayed for 2-deoxyglucose transport. Quantitative evaluations of four different adipocyte incubations
with measurements in quadruplicate each are given as fold stimulation (mean( SD) with basal values (absence of PIG) for the control
cells set at 1.
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signal convergence upstream of the glucose transport and
diverse metabolic effector systems. Interestingly, incubation
of isolated rat adipocytes with glimepiride (0.1-10 µM)
induced pronounced tyrosine phosphorylation of IRS-1 and
IRS-2, association of the regulatory p85 subunit of PI-3K
with IRS-1 and IRS-2 as well as phosphorylation of PKB at
threonine 308 in concentration-dependent fashion (Figure 2).
As expected, tyrosine phosphorylation of IRâ was not
affected by glimepiride. Comparable recoveries of the indi-
vidual immunoprecipitations were confirmed by homologous
immunoblotting. Thus, the insulin-mimetic metabolic activity
of glimepiride seems to be based on the typical insulin-
mimetic signaling downstream of tyrosine phosphorylation
of IRS-1/2 (by a kinase different from IR) and its binding
to and activation of PI-3K. This in turn leads to phospho-
rylation (at threonine 308) and activation of PKB where the
signal apparently diverges to the various metabolic effector
systems (1, 3, 11). Studies with knockout mice suggest that
IRS-1 (49, 50) and IRS-2 (51) are not functionally inter-
changeable in tissues that are responsible for glucose pro-
duction and glucose disposal such as liver and skeletal
muscle. Thus, IRS-2 appears to play a major role in regu-
lating hepatic insulin action, whereas in skeletal muscle and
adipose tissue, IRS-2 may be unable to entirely compensate
for defects in IRS-1 signaling (52). Data obtained with mice
with combined heterozygous null mutations in IR, IRS-1,

and IRS-2 further argue for IRS-1 playing a major role in
skeletal muscle and adipose tissue and IRS-2 in liver (53).
Thus, the engagement of both IRS-1 and IRS-2 during
glimepiride signaling (see Figure 2) may explain the pleio-
tropic insulin-mimetic metabolic activity of this hypoglyce-
mic drug as demonstrated in adipose/muscle/liver tissues in
animal studies.

The insulin signaling pathway downstream of IR is also
activated by PIG (35) which have been reported to exert
potent insulin-mimetic metabolic activity in insulin target
cells (see Figure 1 and ref54). In agreement, in isolated rat
adipocytes PIG 41 increased tyrosine phosphorylation of IRS-
1/2 (at 0.1 µM to about the same degree as 10µM
glimepiride; Figure 3). Combination of glimepiride and PIG
41 at concentrations which elicit maximal responses each
(10 and 1µM, respectively) did not significantly exceed the
tyrosine phosphorylation of IRS-1/2 observed with either
stimulus alone, whereas submaximal concentrations (1 and
0.1 µM, respectively) led to about additive effects (Figure
3). This suggests that the signals elicited by glimepiride and
PIG converge at IRS-1/2.

Next we studied whether PIG and glimepiride use the same
pathway for IRS-1/2 tyrosine phosphorylation a component
of which may be CIR. Inactivation of CIR by both trypsin/
salt and NEM moderately increased basal but drastically
dampened PIG-induced tyrosine phosphorylation of IRS-1/2
(Figure 4, panels A and B). In reconstituted adipocytes, the
very low basal tyrosine phosphorylation as well as its
pronounced responsiveness toward PIG 41 (to 65-80%
compared to mock-treated control cells for IRS-2; to 40-
60% for IRS-1) was restored. Thus, inactivation (and
reconstitution) of CIR is closely correlated to increased basal/
reduced (and restored) PIG-induced tryosine phosphorylation
of IRS-1/2 and glucose transport (see Figure 1 and Table
1). As expected, PIG 41 did not elicit tyrosine phosphory-
lation of IRâ in normal, trypsin/salt-treated, and reconstituted
adipocytes to any significant extent (Figure 4, panels A and
B). This confirms lack of involvement of CIR in insulin
signaling via IRâ and vice versa of IRâ in insulin-mimetic
signaling by PIG. Apparently, rather low tyrosine phosphor-
ylation of IRS-1/2 is sufficient (Figure 4, trypsin/salt- or
NEM-treated adipocytes in the basal state) to provoke
significant glucose transport in isolated rat adipocytes (see
Table 1). This is compatible with studies on the correlation
of IRS tyrosine phosphorylation and glucose transport in
various insulin-responsive cells (2, 6).

Tyrosine phosphorylation of IRS-1/2 in response to
glimepiride in isolated rat adipocytes was not impaired by
trypsin/salt or NEM treatment or a combination of both
(Figure 5). Again, these treatments increased basal IRS-1/2
tyrosine phosphorylation by 30-40% compared to control
cells. Insulin-mimetic PIG signaling in adipocytes has been
demonstrated to critically depend on the dissociation of the
NRTK pp59Lyn from caveolin resulting in its activation (36).
In fact, pp59Lyn represents a candidate kinase for PIG-
dependent IRS-1/2 tyrosine phosphorylation, since it is
activated by PIG in intact rat adipocytes and accepts IRS-
1/2 as substrate (36, 37). Synthetic CSDP, which corresponds
to the region of interaction of caveolin with a number of
signaling proteins (for its structure, see ref37), introduced
into isolated rat adipocytes by electroporation interfered with
PIG-stimulated (37) and glimepiride-stimulated IRS-1/2

FIGURE 2: Glimepiride induces insulin-mimetic signaling without
activating IR. Isolated rat adipocytes were incubated (20 min, 37
°C) with increasing concentrations of glimepiride. IRâ, IRS-1/2,
and PKB were immunoprecipitated from total cell lysates and then
probed for phosphotyrosine (pY), p85 subunit of PI-3K (p85), or
phosphothreonine 308 of PKB (pT) by immunoblotting using
chemiluminescent detection. The efficiency of each immunopre-
cipitation was analyzed by homologous immunoblotting. The figure
shows representative blots/chemiluminescent images repeated two
to four times with similar results.
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tyrosine phosphorylation (Figure 5) and glucose transport
(Table 2) by 55-65 and 45-60%, respectively. This is likely
caused by binding of CSDP to the CBD of pp59Lyn thereby
mimicking the negative regulatory potential of endogenous
caveolin as demonstrated for a variety of protein kinases
(55-58). The blockade of both IRS tyrosine phosphorylation
(Figure 5) and glucose transport (Table 2) was abrogated
by excess of synthetic CBDP, which corresponds to the
putative region of binding of pp59Lyn to CSD (for its
structure, see ref37), thus competing for the inhibitory
pp59Lyn-CSDP interaction. CBDP alone had no effect (Figure
5). Taken together, induction of insulin-mimetic signaling
and metabolic action by glimepiride does not depend on CIR,
but appears to require the dissociation of signaling proteins,
among them NRTK such as pp59Lyn from caveolin. This may
lead to their activation. In fact, pp59Lyn and pp125Fak activities
recovered from total plasma membranes increased signifi-
cantly and in concentration-dependent fashion upon incuba-
tion of isolated rat adipocytes with glimepiride (Table 3).
Stimulation of these NRTK was accompanied by pronounced
tyrosine phosphorylation of caveolin-1 with similar depen-
dence on the glimepiride concentration (Table 3). Caveolin-1
may act as substrate for pp59Lyn and pp125Fak in addition to
IRS-1/2.

The apparent involvement of pp59Lyn and pp125Fak in
insulin-mimetic signaling by PIG and glimepiride prompted
us to investigate the role of CIR in regulating NRTK activity.
Inactivation of CIR by both trypsin/salt and NEM increased
to a limited extent basal but considerably reduced PIG-
induced tyrosine phosphorylation of pp59Lyn, pp125Fak, and
caveolin (Figure 6, panels A and B). In reconstituted
adipocytes, basal tyrosine phosphorylation was reduced to
control level and PIG 41-induced tyrosine phosphorylation
was restored to 60-85% compared to control cells for
pp59Lyn and caveolin and to 45-55% for pp125Fak. Thus,
CIR appears to be required for low basal and high PIG-

responsive tryosine phosphorylation of pp59Lyn, pp125Fak,
caveolin (Figure 6) and IRS-1/2 (Figure 5).

The reported dissociation of pp59Lyn and pp125Fak from
caveolin in response to PIG challenge of isolated rat adipo-
cytes (ref37) in combination with the observed inhibition
of insulin-mimetic signaling by PIG and glimepiride after
introduction of CSDP (Figure 5) raised the possibility of a
role of CIR in (PIG-dependent) regulation of the localization
of signaling components at DIGs. We therefore investigated
the impact of inactivation of CIR on the association of DIGs
components with caveolin residing in DIGs (Figure 7, panels
A and B). DIGs are characterized by a unique lipid
composition consisting of cholesterol, (G)SL, and GPI lipids
which determines their relative detergent resistance (in the
presence of 1% TX-100 at 4°C for 1 h) and low buoyant
density (according to sucrose gradient centrifugation). Their
biochemical isolation and purification from mammalian cells
and tissues, including adipocytes, have been described
previously (16, 17, 20, 21, 37). Treatment of intact rat
adipocytes with either trypsin/salt or NEM led to drastic
reductions in the amounts of GPI protein Gce1 (by 70-80%,
Figure 7A and B), which was coimmunoprecipitated with
caveolin from nondissociated DIGs in the basal state. In
reconstituted adipocytes, the amount of Gce1 in caveolin
immunoprecipitates from nondissociated DIGs approached
control levels. Challenge of trypsin/salt- or NEM-treated
adipocytes with PIG 41 further decreased the amount of Gce1
from anti-caveolin-immunoisolated nondissociated DIGs by
70-95% (at 10µM) (Figure 7). In reconstituted adipocytes,
PIG 41 provoked loss of Gce1 from anti-caveolin-immu-
noisolated DIGs to about the same degree and with similar
potency (EC50 0.1-0.3µM) as in control cells. The efficien-
cies of the individual caveolin immunoprecipitations from
nondissociated DIGs as well as Gce1 photoaffinity labelings
from total plasma membranes of the differentially pretreated
adipocytes in the absence and presence of PIG 41 were

FIGURE 3: Glimepiride and PIG induce IRS tyrosine phosphorylation in additive fashion. Isolated rat adipocytes were incubated (20 min,
37 °C) with different concentrations of glimepiride or PIG 41 or combinations thereof. IRS-1/2 was immunoprecipitated and probed for
phosphotyrosine (pY) by immunoblotting using chemiluminescent detection. The efficiency of each immunoprecipitation was analyzed by
homologous immunoblotting. Typical blots/chemiluminescent images are shown repeated three times with similar results.
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comparable (Figure 7, panels A and B). These data provided
first evidence that CIR is involved in the colocalization of
GPI proteins, such as Gce1, together with caveolin in DIGs
of the adipocyte plasma membrane. Its inactivation (by either
trypsin/salt or NEM) and reconstitution (with active CIR)
lead to redistribution of a GPI protein from DIGs and to
DIGs, respectively. Furthermore, the apparent additive effects
of trypsin/salt, NEM and PIG treatment on the redistribution
of these components suggest that PIG may regulate their

localization at DIGs by reversible inactivation of CIR through
an unknown mechanism.

We next studied whether insulin-mimetic signaling by
glimepiride is correlated to redistribution of DIGs compo-
nents. Incubation of isolated rat adipocytes with 10µM
glimepiride considerably reduced the amounts of Gce1,
pp125Fak, and pp59Lyn recovered from both total DIGs and
caveolin immunoprecipitates from nondissociated DIGs by
60/70, 40/35, and 30/40%, respectively, compared to basal

FIGURE 4: Inactivation of CIR inhibits PIG-dependent tyrosine phosphorylation of IRS-1/2. Isolated rat adipocytes were incubated in the
absence (Control) or presence of trypsinplusNaCl or NEM. Portion of the trypsin/NaCl-treated adipocytes was subjected to reconstitution
with trypsin/NaCl-extract. The four portions of adipocytes were incubated (20 min, 37°C) in the absence or presence of increasing
concentrations of PIG 41. Total cell lysates were prepared for immunoprecipitation (IP) of IRS-1/2 and IRâ. The immunoprecipitates
were immunoblotted (IB) for phosphotyrosine (pY) using chemiluminescent detection. (A) Chemiluminescent images of a typical experi-
ment are shown repeated two times with similar results. (B) Quantitative evaluations of three different adipocyte incubations with measure-
ments in quadruplicate each are given as fold stimulation (mean( SD) with basal values (absence of PIG 41) for the control cells set at
1 in each case.
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cells (Figure 8, panels A and B). The first generation
sulfonylurea, tolbutamide (which does not significantly
trigger IRS-1 tyrosine phosphorylation and insulin-mimetic
activity; see below and ref59) was ineffective even at 100-
fold higher concentration than glimepiride (which corre-
sponds to the described therapeutic potency ratio between
the two sulfonylureas; see ref44). The amounts of IRâ,
glucose transporter Glut4 and caveolin (used for normaliza-
tion of the slightly different efficiencies in the DIGs
preparations and immunoprecipitations) in total or anti-
caveolin-immunoisolated DIGs was not affected by sulfo-
nylurea treatment. These data argue for the specificity of
the glimepiride effect. The apparent redistribution from
(caveolin-immunopurified) DIGs of Gce1, pp125Fak, and
pp59Lyn in response to glimepiride but not tolbutamide was
accompanied by corresponding increments in tyrosine phos-

phorylation of caveolin and IRS-1/2 in glimepiride- but not
tolbutamide-treated adipocytes compared to basal cells
(Figure 8, panels A and B). This is correlated to activation
of pp125Fak and pp59Lyn and tyrosine phosphorylation of
caveolin by glimepiride (Table 3) but not tolbutamide (data
not shown).

The concentration-dependent loss of NRTK from caveolin
immunoprecipitates obtained from dissociated anti-caveolin-
immunoisolated DIGs (pp59Lyn) or nondissociated anti-
caveolin-immunoisolated DIGs (pp125Fak) and of Gce1 from
total DIGs in response to glimepiride was not significantly
impaired upon treatment of isolated rat adipocytes with either
trypsin/salt or NEM (Figure 9). Glimepiride and inactivation
of CIR did not affect the recovery of caveolin from DIGs,
arguing for maintenance of their structural integrity as
caveolae. Taken together, these findings suggest that in
adipocytes tyrosine phosphorylation of IRS-1/2 in response
to glimepiride is mediated via redistribution/activation of
pp125Fak and pp59Lyn which occurs independent of CIR. Fur-
thermore, the efficient coimmunoprecipitation of pp59Lyn with
anti-caveolin-1 antibodies from dissociated DIGs demon-
strates direct interaction of this NRTK with caveolin,
presumably mediated by binding of its CBD to CSD rather
than a mere colocalization of pp59Lyn and caveolin in DIGs.
In contrast, Gce1 and Nuc (data not shown) are efficiently
recovered with caveolin immunoprecipitates from nondis-
sociated DIGs but not dissociated DIGs (see Experimental
Procedures) arguing for residence of GPI proteins in DIGs
which does not rely on direct binding to caveolin. This mode
of targeting is compatible with the missing topological
relationship between GPI proteins and caveolin, the fatty acyl
chains of the GPI protein anchor embedded in the outer
leaflet of the DIGs membrane and the hydrophobic membrane-
anchoring domain of caveolin traversing the inner leaflet only
(18, 23).

Glimepiride was most efficient in triggering redistribution
of pp59Lyn from total DIGs in isolated rat adipocytes (92%
at 3 µM) followed by the second generation sulfonylureas,
glibenclamide (81% at 7.5µM), gliclazide (46% at 120µM),
and glipizide (22% at 300µM), whereas tolbutamide (at 1
mM) was virtually inactive (Figure 10). The ratio of the
sulfonylurea concentrations used corresponded to that of
equipotent blood glucose-lowering doses during treatment
of rabbits and rats (44). The ranking of the sulfonylureas in
inducing movement of pp59Lyn out from DIGs was identical
to that of redistribution of Gce1 (Figure 10) and to their
relative blood glucose-lowering potency in diverse animal
models of type II diabetes and type II diabetic patients (59).
This may be taken as evidence for operation of the sulfo-
nylurea-induced redistribution process also in vivo and its
involvement in promoting insulin-independent peripheral
glucose disposal as demonstrated for glimepiride in acute
animal studies (44, 59).

The observed release of Gce1 and pp125Fak from anti-
caveolin-immunoisolated DIGs and dissociation of pp59Lyn

from caveolin immunoprecipitates of PIG- and glimepiride-
treated adipocytes raised the question about the subsequent
localization of the former free (Gce1, pp125Fak) or caveolin-
bound (pp59Lyn) DIGs components. Apparently they are
released from DIGs in response to sulfonylureas of the
second and third generation as revealed by direct immuno-
blotting of total DIGs proteins omitting prior caveolin

FIGURE 5: CIR is not required for glimepiride-induced insulin-
mimetic signaling. Isolated rat adipocytes were incubated in the
absence (Control) or presence of trypsinplus NaCl or NEM or
electroporated with 100µM CSDP, 300µM CBDP, or a combina-
tion of both (see Experimental Procedures). The four portions of
adipocytes were incubated (20 min, 37°C) in the absence or
presence of 10µM glimepiride as indicated. IRS-1/2 was immu-
noprecipitated from total cell lysates and probed for phosphotyrosine
(pY) by immunoblotting using chemiluminescent detection. The
efficiency of the IRS immunoprecipitation was analyzed by
homologous immunoblotting. Chemiluminescent images of a typical
experiment are shown repeated two times with similar results.
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immunoprecipitation (Figures 8 and 10). The same experi-
mental design demonstrated that PIG 41 also triggers the
redistribution of pp59Lyn, Gce1, and another adipocyte GPI
protein, Nuc, from DIGs in concentration-dependent fashion
(Figure 11, panels A and B). Interestingly, during sucrose
gradient centrifugation, the redistributed proteins were
recovered from fractions 10-14 exhibiting considerably
higher buoyant density than typical DIGs (fractions 4-7).
This material, called non-DIGs areas in the following, is
characterized by a significantly lower caveolin content
compared to DIGs, which was not affected by PIG treatment
(Figure 11B), and a polypeptide composition different from
both DIGs and total plasma membranes of rat adipocytes
(G.M., C.J., S.W., W.F., manuscript in preparation). Since
non-DIGs areas are derived from detergent-insoluble (1%
TX-100 at 4°C for 1 h) plasma membrane complexes (as is
the case for DIGs), rat adipocytes apparently harbor two
distinct species of raft domains differing in their constituent
proteins and presumably cholesterol content (non-DIGs areas
< DIGs). A subset of DIGs components exemplified by the
GPI proteins, Gce1 and Nuc, and the NRTK pp59Lyn became
efficiently redistributed (up to 60-85%) from DIGs to non-
DIGs areas in response to PIG 41 (Figure 11, panels A and
B) and glimepiride (Figure 11C) but escaped distribution over
the total plasma membrane.

Finally, we studied the involvement of CIR in the PIG-
and glimepiride-induced redistribution of components from
DIGs to non-DIGs areas (Figure 11). In control cells
harboring active CIR, PIG 41 and glimepiride triggered a
dramatic enrichment of Gce1, Nuc and pp59Lyn in non-DIGs
areas (8-18-fold and 3-6-fold, respectively, with resident
caveolin used for normalization) accompanied by corre-
sponding pronounced deprivement in DIGs (5-10-fold and
2-3-fold, respectively; Figure 11C). Upon inactivation of
CIR with either trypsinplusNaCl or NEM, the amounts of
Gce1, Nuc, and pp59Lyn decreased 1.6-5-fold in DIGs and
increased 3-8-fold in non-DIGs areas in the absence of any
stimulus. Treatment of adipocytes harboring inactive CIR

with PIG 41 did not significantly affect the elevated portion
of these proteins in DIGs vs non-DIGs areas. In contrast,
glimepiride induced a further 2-5-fold loss of Gce1, Nuc,
and pp59Lyn from DIGs and a concomitant 2-3-fold gain at
non-DIGs areas (Figure 11). The apparent additive effects
of glimepiride and inactivation of CIR on the redistribution
of these proteins argue for the engagement of distinct
mechanisms by the two stimuli. In reconstituted adipocytes,
the distribution of Gce1, Nuc, and pp59Lyn between DIGs
and non-DIGs areas was similar to that of control cells with
regard to both their low/high abundance in non-DIGs areas/
DIGs in the basal state and vice versa high/low abundance
in non-DIGs areas/DIGs in the PIG 41- and glimepiride-
stimulated cells (Figure 11). These data strongly argue for a
role of CIR in retention of a subset of components at DIGs
in basal adipocytes as well as in their redistribution from
DIGs to non-DIGs areas of the adipocyte plasma membrane
in response to PIG but not glimepiride.

DISCUSSION

Biochemical and Pharmacological Stimuli for Release of
Signaling Molecules from DIGs/CaVeolin and Insulin-
Mimetic Signaling/Action.The present study together with
previously published data (37) reveals five different bio-
chemical or pharmacological stimuli for triggering the
redistribution of signaling proteins, such as NRTK and GPI
proteins, from DIGs in isolated rat adipocytes. Independent
of the type of stimulus, the redistribution leads to insulin-
mimetic signaling via specific tyrosine phosphorylation
processes to the glucose transport system. Treatment of intact
cells with (i) trypsin and subsequently NaCl (Figure 7) or
(ii) NEM (Figure 7), short-term incubation of intact cells
with (iii) PIG (Figure 7, ref37) or (iv) the blood glucose-
lowering third generation sulfonylurea glimepiride (Figures
8-11) or (v) introduction of CBDP derived from pp59Lyn into
intact cells (37) significantly reduces the amount of the GPI
proteins, Gce1 and Nuc, and of the NRTK, pp125Fak and
pp59Lyn residing in DIGs as well as the direct interaction of

Table 2: Inhibition of PIG and Glimepiride Stimulation of Glucose Transport by Electroporation of Adipocytes with CSDPa

[µM] - 0.3µM 1 µM 3 µM 10 µM

control PIG 1 1.7( 0.2 4.2( 0.3 6.9( 0.4 7.8( 0.5
Gli 1 0.9( 0.1 1.4( 0.1 2.9( 0.3 3.4( 0.2

CSDP PIG 0.8( 0.1 1.3( 0.1 1.9( 0.1 2.8( 0.3 4.0( 0.3
Gli 0.9 ( 0.1 1.1( 0.1 1.1( 0.2 1.5( 0.2 1.8( 0.2

CSDP+ CBDP PIG 0.9( 0.1 1.5( 0.1 3.5( 0.2 6.1( 0.3 7.0( 0.6
Gli 1.1 ( 0.1 1.0( 0.1 1.2( 0.1 2.5( 0.2 3.2( 0.4

a Isolated rat adipocytes were electroporated in the absence (control) or presence of 100µM CSDP without or with 300µM CBDP, subsequently
incubated (20 min, 37°C) with increasing concentrations of PIG 41 (PIG) or glimepiride (Gli), and then assayed for 2-deoxyglucose transport.
Quantitative evaluations of three different adipocyte incubations with measurements in duplicate each (mean( SD) are given as fold stimulation
of glucose transport above basal which was set at 1 for adipocytes electroporated in the absence of CSDP/CBDP.

Table 3: Increase of pp59Lyn and pp125Fak Activities and Caveolin Tyrosine Phosphorylation in Response to Glimepiridea

glimepiride [µM] - 0.1µM 0.3 µM 1 µM 3 µM 10 µM

pp59Lyn 1 ( 0.1 1.2( 0.1 1.6( 0.2 2.9( 0.2 4.5( 0.6 4.9( 0.4
pp125Fak 1 ( 0.2 0.9( 0.1 1.3( 0.1 1.8( 0.2 2.7( 0.4 3.6( 0.3
caveolin 1( 0.2 0.9( 0.1 1.4( 0.2 2.3( 0.2 2.8( 0.3 3.1( 0.4

a Isolated rat adipocytes were incubated (20 min, 37°C) with increasing concentrations of glimepiride. pp59Lyn and pp125Fak activities were
determined from total solubilized plasma membranes by immune complex kinase assay using [32P]ATP and recombinant human IRS-1 and rabbit
muscle enolase, respectively, as substrates. Caveolin tyrosine phosphorylation was measured by immunoprecipitation of caveolin-1 and subsequent
immunoblotting for anti-phosphotyrosine using chemiluminescent detection. The amount of32P-labeled IRS-1 or enolase and tyrosine-phosphorylated
caveolin obtained with pp59Lyn, pp125Fak, and caveolin from basal cells was set at 1. Quantitative evaluations of three different adipocyte incubations
with measurements in triplicate each (mean( SD) are given.
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pp59Lyn with caveolin in DIGs. The release/translocation from
caveolin/DIGs of the signaling proteins elicited by stimuli
I-IV correlates well to increased tyrosine phosphorylation
and activity of pp59Lyn and pp125Fak (for points i and ii, see
Figure 6; for point iii, see ref37; for point iv, see Table 3).
Tyrosine phosphorylation and activation of pp125Fak and
pp59Lyn is accompanied by elevated tyrosine phosphorylation
of IRS-1/2 (for points i and ii, see Figures 4 and 5; for point
iii, see Figures 3 and 4; for point iv, see Figures 2, 3, and
8). The induction of these tyrosine phosphorylation processes
is in parallel to stimulation of glucose transport (for points
i-iv, see Figure 1 and Table 1).

For glimepiride, we show here for the first time the
induction of tyrosine phosphorylation of IRS-1 and IRS-2,
association of PI-3K with IRS-1/2, and serine phosphoryla-
tion of PKB in a typical insulin target cell, the isolated
adipocyte (Figure 2). From activated PI-3K and PKB, the
signal may diverge to the various terminal effector systems
which would explain the reported pleiotropic effects of
glimepiride on both glucose and lipid metabolism in adipose
and muscle cells in vitro (59) in the absence of a direct effect
on the phosphorylation state of IRâ (Figure 2). This confirms
earlier findings by Kobayashi and co-workers that glime-
piride does not significantly alter the autophosphorylation

FIGURE 6: Inactivation of CIR induces PIG-independent tyrosine phosphorylation of pp59Lyn and pp125Fak. Isolated rat adipocytes were
incubated in the absence (Control) or presence of trypsinplusNaCl or NEM. Portion of the trypsin/NaCl-treated adipocytes was subjected
to reconstitution with trypsin/NaCl-extract. The four portions of adipocytes were incubated (20 min, 37°C) in the absence or presence of
increasing concentrations of PIG 41. pp59Lyn, pp125Fak, and caveolin were immunoprecipitated (IP) and then probed for phosphotyrosine
(pY) by immunoblotting (IB) using chemiluminescent detection. (A) Chemiluminescent images of a typical experiment are shown repeated
four times with similar results. (B) Quantitative evaluations of five different adipocyte incubations with measurements in triplicate each are
given as fold stimulation (mean( SD) with basal values (absence of PIG 41) for the control cells set at 1 in each case.
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of the human insulin receptor heterologously expressed in
rat fibroblasts (41). Taken together, these findings strongly
suggest a causal relationship between the localization in
DIGs/interaction with caveolin and low signaling activity of
Gce1, pp125Fak, and pp59Lyn and vice versa between their
redistribution/release from DIGs/caveolin and high signaling

activity. Since introduction of excess CSDP into adipocytes
efficiently blocks tyrosine phosphorylation and activation of
pp59Lyn, tyrosine phosphorylation of IRS-1/2, and glucose
transport activation in response to both PIG (37) and
glimepiride (Figure 5, Table 2), weakening of the interaction
between caveolin and pp59Lyn and concomitant movement

FIGURE 7: CIR is required for PIG-induced redistribution of Gce1 from DIGs. Isolated rat adipocytes were incubated in the absence (Control)
or presence of trypsinplus NaCl or NEM. Portion of the trypsin/NaCl-treated adipocytes was subjected to reconstitution with trypsin/
NaCl-extract. The four portions of adipocytes were incubated (20 min, 37°C) in the absence or presence of increasing concentrations of
PIG 41. Plasma membranes and DIGs from total cells (carbonate method) were prepared, suspended (nondissociating conditions), and used
for photoaffinity labeling (PL) of Gce1 with 8-N3-[32P]cAMP (based on its cAMP-binding characteristics) or immunoprecipitation (IP) of
caveolin. The immunoprecipitates were probed for caveolin by homologous immunoblotting (IB) using chemiluminescent detection or for
Gce1 by photoaffinity labeling. (A) Phosphor/chemiluminescent images of a typical experiment are shown repeated three times with similar
results. (B) Quantitative evaluations of four different adipocyte incubations with measurements in duplicate each are given as a percentage
of basal values (absence of PIG 41) for control cells (mean( SD) set at 100% in each case.
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out from DIGs seems to be required or may even be sufficient
for potent insulin-mimetic signaling and metabolic action.
It remains to be elucidated whether the DIGs-caveolin-
pp59Lyn pathway is directly coupled to both the PI-3K-
dependent and independent pathways which are necessary
for glucose transport stimulation by insulin (see the introduc-
tory portion of this paper). Alternatively, activation of the

PI-3K-independent pathway by PIG and glimepiride may be
based on additional mechanisms distinct from redistribution
and the DIGs-caveolin-pp59Lyn pathway.

Localization of and SignalingVia GPI Proteins. The DIGs-
caveolin-pp59Lyn pathway in adipocytes characterized in the
present study and previous data on antibody cross-linking
of GPI proteins in T cells (63-66) suggest the operation of

FIGURE 8: Sulfonylurea-induced redistribution of Gce1, pp125Fak, and pp59Lyn is correlated to tyrosine phosphorylation of caveolin and
IRS-1/2. Isolated rat adipocytes were incubated (4 h, 37°C) with 1 mM tolbutamide (Tol) or 10µM glimepiride (Gli). DIGs (detergent
method) or total cell lysates were prepared for immunoprecipitation (IP) of caveolin and IRS-1/2. The caveolin immunoprecipitates from
DIGs (CavIP) and portions of the suspended DIGs (nondissociating conditions) were then assessed for the presence of Gce1 by photoaffinity
labeling with 8-N3-[32P]cAMP or of pp125Fak, pp59Lyn, caveolin, IRâ and Glut4 by immunoblotting (IB) using chemiluminescent detection.
The caveolin and IRS-1/2 immunoprecipitates from total lysates were immunoblotted for phosphotyrosine (pY) using chemiluminescent
detection. (A) Phosphor/chemiluminescent images of a typical experiment are shown repeated three times with similar results. (B) Quantitative
evaluations of four different adipocyte incubations with measurements in quadruplicate each are given as a percentage of basal values (set
at 100% in the absence of sulfonylurea in each case, mean( SD) after normalization for caveolin recovery (determined by homologous
immunoblotting).
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(at least) two different modes for transmembrane signal
transduction via GPI proteins using apparently mutually
exclusive molecular mechanisms depending on the cell type
(insulin-responsive vs hematopoetic) and the type of signal-
ing (metabolic vs proliferative): (i) release of GPI proteins
from DIGs and (ii) clustering of GPI proteins within DIGs.
It is important to stress that both PIG 41 and glimepiride
trigger the redistribution of two typical GPI proteins, Gce1
and Nuc, and of the dually acylated NRTK, pp59Lyn, from
DIGs to non-DIGs areas but not to the bulk detergent-soluble
plasma membranes of adipocytes. The effect of both stimuli
on the localization of other GPI proteins and acylated proteins
and its tissue specificity remains to be studied as well as the
biochemical/morphological nature and physiological rel-
evance of non-DIGs areas. Nevertheless, the observed
residence of Gce1 and Nuc with detergent-insoluble raft
domains being either DIGs of low buoyant density or non-

DIGs areas of higher buoyant density is compatible with the
current view that essentially all GPI proteins can be recovered
from detergent-insoluble plasma membrane domains (17, 25,
67). In fact, several purified GPI proteins and dually acylated
signaling proteins (e.g., heterotrimeric G proteins) incorpo-
rated into DIGs-containing liposomes have been shown to
form detergent-insoluble raft complexes without the require-
ment for binding to any other proteins (68-70). This
reconstitution was found to critically depend on the presence
of cholesterol in the phospholipid mixture and of long
saturated fatty acids in the GPI moieties.

The available data are most easily reconciled with the
assumption of general accumulation of GPI proteins as well
as of dually acylated signaling proteins, such as the NRTK
pp59Lyn, at detergent-insoluble cholesterol-rich plasma mem-
brane raft domains relying solely on the physical character-
istics of their saturated acyl side chains (63-70). However,
the fine-tuning of their distribution between DIGs and non-
DIGs areas involves additional protein-mediated and regula-
tory mechanisms. For GPI proteins, a wide variability in the
strength of their association with DIGs of low buoyant
density has been reported (71, 72), which may in fact reflect
their differential intrinsic partitioning behavior between those
and the detergent-insoluble non-DIGs areas of higher buoyant
density. It remains to be studied whether the partitioning of
GPI proteins other than Gce1 and Nuc is also modulated by
PIG and glimepiride.

The present studies have elucidated the involvement of
CIR in retention of Gce1, pp59Lyn and pp125Fakat DIGs under
the negative control of PIG based on the following results.
After trypsin/salt or NEM treatment of intact adipocytes, we
observed considerable release of pp59Lyn (Figure 11) and
Gce1 (Figures 7 and 11) from DIGs/caveolin and DIGs,
respectively, already in the basal state (absence of PIG) which
can be further stimulated by PIG to a very moderate degree,
only (Figures 7 and 11). This increased basal (but impaired
PIG-induced) redistribution after inactivation of CIR is
correlated well to elevated basal (but reduced PIG-stimulated)
tyrosine phosphorylation of pp59Lyn, pp125Fak (Figure 6), and
IRS-1/2 (Figure 4) as well as glucose transport activation
(Figure 1). After reconstitution of the pretreated adipocytes
with extract containing active CIR, both the low basal
activities and the high responsiveness toward PIG is restored
to about the level observed in mock-treated cells. This is
correlated well to the regained association of Gce1, pp59Lyn,
and pp125Fak with DIGs and of pp59Lyn with caveolin in the
basal state as well as to their regained ability of being
released in response to PIG (Figures 7 and 11). These
findings are compatible with involvement of CIR in keeping
certain signaling components (e.g., pp59Lyn) in the basal
inactive state (by recruitment to caveolin-containing DIGs).

Mechanism of PIG-Induced Redistribution of GPI Pro-
teins. CIR is presumably identical with p115 which is
released from the adipocyte surface by trypsin/salt treatment
and labeled by [14C]NEM treatment of intact adipocytes (46).
The molecular mode of CIR action on the localization of
GPI proteins remains unclear, but the following explanations
can be envisioned. Since PIG structures represent the
conserved polar core glycan headgroup of the GPI anchor
of GPI proteins (31, 32), it is reasonable to suggest that the
DIGs resident CIR recognizes the PIG moiety within intact
GPI protein anchors thereby recruiting GPI proteins to DIGs.

FIGURE 9: CIR is not required for glimepiride-induced redistribution
of DIGs components. Isolated rat adipocytes were incubated in the
absence (Control) or presence of trypsinplus NaCl or NEM. The
three portions of adipocytes were incubated (20 min, 37°C) in the
absence or presence of increasing concentrations of glimepiride.
DIGs from total cell lysates (carbonate method) were prepared and
used for photoaffinity labeling of Gce1 with 8-N3-[32P]cAMP, direct
immunoblotting (IB) for caveolin or immunoprecipitation (IP) of
caveolin (dissociating conditions for analysis of pp59Lyn; nondis-
sociating conditions for analysis of pp125Fak). The immunopre-
cipitates were assessed for the presence of pp59Lyn and pp125Fak

by immunoblotting using chemiluminescent detection. Phosphor/
chemiluminescent images are shown repeated three times with
similar results.
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Preliminary binding experiments using radiolabeled PIG
derivatives or BiaCore interaction analysis indicate that CIR
partially purified from octylglucoside-solubilized adipocyte
DIGs interacts with high affinity and specificity with PIG
41 (but not PIG 1), arguing for a role of CIR as PIG receptor
in adipocytes (M. Gerl, M. Quint and G.M., unpublished
data). Consequently, active PIG added to the incubation
medium of intact adipocytes would cause concentration-
dependent competitive displacement of GPI proteins from
CIR resulting in movement from DIGs to non-DIGs areas
of those GPI proteins, at least, with low inherent affinity for
DIGs, representatives of which may be Gce1 and Nuc.
Alternatively, the higher cholesterol content of DIGs vs non-
DIGs areas may be sufficient for enrichment of GPI proteins
at DIGs, and this DIGs-targeting function of cholesterol may
be masked by CIR upon treatment of adipocytes with PIG,
trypsin plus NaCl or NEM through direct sequestration of
cholesterol or some other means. We are currently investi-
gating the effect of cholesterol depletion of the adipocyte
plasma membrane on (PIG-regulated and CIR-dependent)
GPI protein distribution.

Mechanism of PIG-Induced Redistribution of NRTK. The
partitioning of NRTK and other acylated signaling proteins
between DIGs and non-DIGs areas within detergent-insoluble
raft domains may be determined by interaction of their CBD
with the CSD shifting the equilibrium toward DIGs. Con-
sequently, competitive displacement of this interaction by
excess of CBD will result in movement of pp59Lyn from DIGs
to non-DIGs areas. However, it is difficult to understand how
PIG via GPI proteins manage to disrupt the association of
NRTK with caveolin and DIGs given the fact that GPI
proteins are restricted to the outer leaflet of the membrane
bilayer and cannot interact with inner leaflet proteins
(including caveolin). Part of the proposed DIGs-targeting
function of cholesterol may rely on increasing the efficiacy

of the CSD-CBD interaction. Consequently, masking of
cholesterol by PIG-activated CIR will lead to release of CBD-
containing proteins from DIGs to non-DIGs areas. Alterna-
tively, CIR may operate as the postulated transmembrane
linker protein by direct simultaneous binding to the GPI
anchor of GPI proteins and the protein moiety and/or acyl
chains of NRTK (73) and this linker function may be
subjected to regulation by PIG. Furthermore, it cannot be
excluded that the PIG-induced redistribution of GPI proteins
may somehow interfere with the tight and parallel packing
of the long saturated fatty acyl chains of GPI proteins (16,
17, 74) and NRTK simultaneously at the outer and inner
leaflets within DIGs, respectively. It is conceivable that the
apparent loss of saturated GPI protein-bound fatty acids at
the outer leaflet may result in passive diffusion of saturated
NRTK-bound fatty acids at the inner leaflet from DIGs to
non-DIGs areas. Future studies have to address the molecular
link between the release of GPI proteins from DIGs and the
dissociation of NRTK from DIGs and caveolin as well as
the causal relationship between release of NRTK from DIGs
and caveolin.

Mechanism of Glimepiride-Induced Redistribution of
Signaling Proteins. In contrast to PIG, sulfonylureas trigger
redistribution independent of CIR provided they manage to
interact with GPI lipids. Glimepiride has been demonstrated
to intercalate into DIGs of the adipocyte plasma membrane
in a time-dependent and nonsaturable fashion. This is based
on direct interaction with two distinct GPI lipid species
(identified by photoaffinity labeling) rather than on high-
affinity binding to a receptor protein (44), such as one of
the sulfonylurea receptors in case of pancreaticâ-cells (75,
76) or CIR in case of PIG and adipose cells (see above).
The accumulation of glimepiride at DIGs vs non-DIGs areas
seems to rely in part on its pronounced lipophilicity. In
contrast, the second and first generation sulfonylureas,

FIGURE 10: Different sulfonylureas trigger redistribution of Gce1 and pp59Lyn from DIGs with different efficiency. Isolated rat adipocytes
were incubated (20 min, 37°C) with glimepiride (Glim), glibenclamide (Glib), tolbutamide (Tol), glipizide (Glip), or gliclazide (Glic) at
the concentrations indicated. DIGs were prepared from total cell lysates (detergent method), suspended (dissociating conditions), and then
probed for the presence of Gce1 by photoaffinity labeling with 8-N3-[32P]cAMP and of pp59Lyn by immunoblotting using chemiluminescent
detection. The figure shows phosphor/chemiluminescent images repeated two times with similar results.
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FIGURE 11: PIG- or glimepiride-induced redistribution of Gce1, Nuc, and pp59Lyn is based on their movement from DIGs to detergent-
insoluble non-DIGs areas of the plasma membrane. Isolated rat adipocytes were incubated in the absence (Control) or presence of trypsin
plus NaCl or NEM. Portion of the trypsin/NaCl-treated adipocytes was subjected to reconstitution with trypsin/NaCl-extract. The four
portions of adipocytes were incubated (20 min, 37°C) in the absence or presence of increasing concentrations of PIG 41 (A, B) or 3µM
PIG 41 and glimepiride (C). From total plasma membranes DIGs and non-DIGs areas were prepared (carbonate method), suspended
(dissociating conditions) and used for photoaffinity labeling (PL) of Gce1 with 8-N3-[32P]cAMP or immunoblotting (IB) of Nuc, pp59Lyn

and caveolin using chemiluminescent detection. (A, B) Phosphor/chemiluminescent images of a typical experiment are shown repeated two
times with similar results. (C) Quantitative evaluations of three different adipocyte incubations for each treatment (absence or presence of
3 µM PIG 41 or 3µM glimepiride) with measurements in quadruplicate each are given as fold-enrichment (mean( SD) of each protein
vs caveolin which was used for normalization of each treatment. Basal values (absence of PIG 41 or glimepiride) for control cells were set
at 1 for DIGs (open bars, left abscissa) and non-DIGs areas (closed bars, right abscissa), respectively, for each protein.
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glibenclamide and tolbutamide, characterized by medium and
low lipophilicity, respectively, were found to be photocross-
linked to GPI lipids, to induce redistribution of Gce1,
pp125Fak, and pp59Lyn, to stimulate tyrosine phosphorylation
of IRS-1/2 and to activate glucose transport to moderate and
very low level, respectively, compared to glimepiride
(Figures 8 and 10; see refs44 and 59). Thus, glimepiride
and to a limited degree glibenclamide (and other second
generation sulfonylureas), but hardly tolbutamide, may
physically interfere with the structural organization of
adipocyte DIGs by direct intercalation thereby triggering
release of signaling molecules from DIGs. As an alternative
to a certain threshold of lipophilicity as requirement for
intercalation into the lipid core, sulfonylureas may directly
bind to the glycan headgroups of the GPI anchor. Either of
the two properties may elicit physical interference with the
highly ordered DIGs structure, which leads to weakening of
the tight parallel packing of the saturated acyl chains within
the lipid core of DIGs. The consequences on the partitioning
of GPI proteins between DIGs and non-DIGs areas may be
similar to the putative CIR-mediated masking of cholesterol
function in response to PIG. However, despite unraveling
of a clear-cut positive correlation between the insulininde-
pendent blood glucose-lowering activity and potency in the
redistribution of signaling proteins exhibited by structurally
different sulfonylureas of the first, second, and third genera-
tion (see Figure 10), no unambigious structure-activity
relationship could be delineated so far for interference with
the function/structure of DIGs as well as activation of the
DIGs-caveolin-pp59Lyn-IRS pathway.

The functional role of tyrosine phosphorylation of caveolin
in rat adipocytes in response to PIG 41 (Figure 6) and
glimepiride (but not tolbutamide) (Figure 8) remains unclear.
It may facilitate the dissociation of caveolin from pp59Lyn

and other DIGs components and/or stabilize their disas-
sembled state. pp59Lyn may function as caveolin kinase in
PIG-treated adipocytes since other Src family protoonco-
genes, such as c-Src and Fyn, have been reported to be
responsible for tyrosine phosphorylation of caveolin-1 in
transformed cells (12, 60, 61). In cultured endothelial cells,
oxidative stress and tyrosine phosphatase inhibitors caused
phosphorylation of caveolin at tyrosine-14 accompanied by
internalization of caveolae (62). This raised the intriguing
possibility that dissociation of caveolin from DIGs compo-
nents is promoted/regulated by endocytosis of caveolae
harboring caveolin but leaving back at the plasma membrane
DIGs lacking caveolin but harboring GPI proteins and
derepressed pp59Lyn which would constitute a positive
feedback loop. It is tempting to speculate that internalization
of vesicles enriched in caveolin with bound cholesterol but
deprived of other DIGs components will result in conversion
of DIGs into non-DIGs areas. These finally represent the
location of GPI proteins and NRTK as observed after PIG
and glimepiride stimulation of adipocytes. The mechanism
of DIGs-to-non-DIGs areas conversion represents an alterna-
tive to the active movement of components from DIGs to
non-DIGs areas. In addition, tyrosine-phosphorylated caveo-
lin may act as an adaptor protein from which (insulin-
mimetic) signaling to an as yet unknown (metabolic) pathway
is initiated.

It is amazing that lipophilic sulfonylurea drugs and polar
PIG may induce the same structural/functional alterations

in DIGs by completely different molecular mechanisms,
direct partitioning into DIGs and binding to CIR/p115,
respectively. Interestingly, preliminary data argue for a
considerable upregulation of flottilin and/or caveolin gene
expression in skeletal muscle of insulin-resistant animals
(stroke-prone spontaneously hypertensive rats) and humans
(polycystic overian syndrome) (77). Thus, pharmacological
suppression of the inhibitory role of caveolin/flottilin on
insulin signaling (via the Cbl pathway) or insulin-mimetic
signaling (via the DIGs-caveolin-pp59Lyn pathway) in insulin
target cells may be helpful for the therapy of insulin
resistance, the hallmark of type II diabetes mellitus.
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