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ABSTRACT: Phosphoinositolglycan (PIG) molecules have been implicated to stimulate glucose and lipid
metabolism in insulin-sensitive cells and tissues in vitro and in vivo. The structural requirements for this
partial insulin-mimetic activity remained unclear so far. For establishment of a first structure-activity
relationship, a number of PIG compounds were synthesized consisting of the complete or shortened/
mutated glycan moiety derived from the structure of the glycosylphosphatidylinositol (GPI) anchor of the
GPI-anchored protein, Gce1p, from yeast. The PIG compounds were divided into four classes according
to their insulin-mimetic activity in vitro with the typical representatives: compound41, HO-SO2-O-
6ManR1(ManR1-2)-2ManR1(6-HSO3)-6ManR1-4GluNâ1-6(D)inositol-1,2-(cyclic)-phosphate; compound
37, HO-PO(H)O-6ManR1(ManR1-2)-2ManR1-6ManR1-4GluNâ1-6(D)inositol-1,2-(cyclic)-phosphate; com-
pound7, HO-PO(H)O-6ManR1-4GluN(1-6(L)inositol-1,2-(cyclic)-phosphate; and compound1, HO-PO-
(H)O-6ManR1-4GluN(1-6(L)inositol. Compounds41 and 37 stimulated lipogenesis up to 90% (at 20
µM) of the maximal insulin response but with differing concentrations required for 50% activation
(EC50 values 2.5( 0.9 vs 4.9( 1.7 µM) as well as glycogen synthase (4.7( 1 vs 9.5( 1.5 µM) and
glycerol-3-phosphate acyltransferase (3.5( 0.8 vs 8.0( 1.1 µM). Compound7 was clearly less potent
(20% of the maximal insulin response at 100µM), whereas compound1 was almost inactive. This relative
ranking in the insulin-mimetic potency between members of the PIG classes (e.g.,41 > 37 . 7 > 1) was
also observed for the (i) activation of glucose transport and glucose transporter isoform 4 translocation in
isolated normal and insulin-resistant adipocytes, (ii) inhibition of lipolysis in adipocytes, (iii) stimulation
of glucose transport and glycogen synthesis in isolated normal and insulin-resistant diaphragms, and (iv)
induction of tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) in diaphragms. The complete
glycan core structure (Man3-GluN) of typical GPI anchors including a mannose side chain and the
inositolphosphate moiety was required for maximal insulin-mimetic activity of the PIG compounds with
some variations possible with respect to the type of residues coupled to the terminal mannose/inositol as
well as the type of linkages involved. These data argue for the potency and specificity of the interaction
of PIG molecules with putative signaling component(s) (presumably at the level of the IRS proteins) in
adipose and muscle cells which finally lead to insulin-mimetic metabolic activity even in insulin-resistant
states.

Insulin resistance occurs in a wide variety of pathological
states and is a central component of non-insulin-dependent
diabetes mellitus (for a review, see ref1). The frequent
clustering of insulin resistance, hypertension, central obesity,
hypertriglyceridemia, and accelerated atherosclerosis has led
to the definition of a common metabolic condition often
referred to as syndrome X (for a review, see ref2). Ex-
tensive efforts have been devoted to the identification of in-
sulinomimetic agents that bypass the putative insulin resis-
tance defect assumed to be located in one of the initial com-
ponents of the insulin signaling cascade and that can stim-
ulate glucose transport and metabolism in normal as well as
insulin-resistant adipose and muscle cells. Introduction of
nonhydrolyzable GTP analogues, muscle contraction/exer-

cise, okadaic acid, anoxia, and osmotic shock can all stim-
ulate glucose transport activity in isolated and cultured adi-
pocytes or skeletal muscle cells (3-8). Furthermore, PIG1

structures, the polar headgroups of a special class of gly-
colipids, free or protein-bound GPI lipids, have been dem-
onstrated to modulate or even mimic metabolic insulin action
to a certain degree (for a review, see ref9).

We recently prepared PIG molecules as PIG-P by sequen-
tial lipolytic and proteolytic digestion of the GPI anchor of
Gce1p (10), which is a cell wall-associated cAMP-binding
ectoprotein from the yeastSaccharomyces cereVisiae (11)
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but during its biosynthesis transiently resides as a GPI-
anchored protein at the plasma membrane (12). Interestingly,
rat and 3T3-L1 adipocytes contain a similar cAMP-binding
ectoprotein, the GPI anchor of which is lipolytically cleaved
upon insulin challenge (13, 14). The corresponding PIG-P
is structurally completely defined and consists of the typical
PIG structure identical for mammalian and yeast GPI-
anchored proteins which is coupled via a phosphoethanola-
mine bridge and amide linkage to the tripeptide, NH2-Tyr-
Cys-Asn, derived from the carboxy-terminus of Gce1p.
When assayed for insulin-mimetic activity in cellular sys-
tems, PIG-P stimulates lipogenesis in isolated rat adipocytes
in a concentration-dependent manner up to 80% of MIR (at
10 µM) with EC50 values of 0.5-2 µM (12). Its activity is
hardly reduced in cells which have been desensitized for
insulin action either by proteolytic removal of the insulin
receptor or by induction of insulin resistance during course
of primary culture with high glucose and insulin concentra-
tions. In addition, PIG-P exerts partial insulin-mimetic ac-
tivity on a number of key metabolic pathways in rat adipo-
cytes, cardiomyocytes, and diaphragms (12).

Since none of the insulin-mimetic stimuli mentioned above
result in the activation of the insulin receptor kinase itself,
it is anticipated that they converge with the insulin sig-
naling pathway at a more distal step. With respect to PIG
molecules, essentially no data are presently available con-
cerning (i) the molecular target(s) and mechanism(s) of PIG
action besides the apparent circumvention of the insulin
receptor kinase and the use of IRS-1 and phosphatidylinositol
3-kinase (15) and (ii) the structural epitopes of the PIG mole-
cules required for their activity. Such an analysis has been
prohibited by the limited amounts as well as the heteroge-
neous and ill-defined structures of most of the various PIG
preparations available from natural sources so far only.

As a first step in addressing these points, structural variants
of the yeast PIG-P were synthesized. They contain either
the complete or a less complex PIG portion but lack the
peptide portion. Such a structural diversification can be
achieved by chemical means only, since the core glycan of
GPI-anchored proteins from which PIG-P has been derived
is conserved during evolution from yeast to man (for reviews,
see refs16-18). The partial and total syntheses of GPI
structures, i.e., the GPI anchor of the variant surface gly-
coprotein fromTrypanosoma brucei(19-29), the Thy-1
antigen from rat brain (30-35), and Gas1p fromS. cereVisiae
(36, 37), or modified fragments of GPI anchors, e.g.,
(phospho)disaccharides (38-43), have been described previ-
ously, but in no case have significant and concentration-
dependent biological effects exerted by these molecules in
cellular or cell-free assay systems been documented in detail.
As far as we know, the present study provides the first
information on the insulin-mimetic activity of synthetic PIG
compounds with regard to a variety of key metabolic
enzymes and pathways in rat adipocytes and diaphragms
leading to a preliminary structure-activity relationship.

MATERIALS AND METHODS

Materials. The sources of the animals and most of the
materials and radiochemicals used have been described
previously (10-15). All other materials were from Merck
(Darmstadt, Germany) and of the highest purity available.

Synthesis of PIG Compounds

Synthesis of Product3 (Scheme 1, i). Product1 (60 g, 94
mmol) (35) and 21.2 g (42.4 mmol) of product2 (44) were
dissolved in 200 mL of dry methylene chloride and 400 mL
of dry n-heptane. After addition of 70 g of dried molecular
sieves (0.4 nm), the mixture was stirred at room temperature
for 15 min; 5 mL of 0.05 M trimethylsilyltrifluormethane-
sulfonic acid in methylene chloride (described as catalyst
solution in the following procedures) was then added. After
15 min, 300 mL ofn-heptane/ethyl acetate (1:1) was added,
and the mixture was filtered through silica gel. The silica
gel was washed withn-heptane/ethyl acetate (1:1), and the
filtrate was then concentrated. After purification by means
of flash chromatography, 41.0 g (99%) of3 was obtained as
a colorless oil. TLC: n-heptane/ethyl acetate (1:1),Rf )
0.6. MS: (M + Li) + ) 981.1; calculated C55H67N3O11Si,
M ) 974.21.

Synthesis of Product4 (Scheme 1, ii, iii). Product3 (41
g, 42.0 mmol) was dissolved in 400 mL of tetrahydrofuran
(THF) and 9 mL of acetic acid. After addition of 70 mL of
1 M TBAF/THF solution, the mixture was allowed to stand
at room temperature for 8 h. The acetic acid was removed
by freezing (16 h at-30 °C), and the filtrate was purified
by means of flash chromatography after concentration (yield
34.1 g) 94% of deprotected product). This was dissolved
in 300 mL of dry methylene chloride. After addition of 50
mL of trichloroacetonitrile and 20 g of potassium carbonate,
the mixture was stirred at room temperature for 4 h. It was
filtered through silica gel, the silica gel was washed with
n-heptane/ethyl acetate (1:1), and the filtrate was concentrated
(crude yield: 42.1 g). TLC:n-heptane/ethyl acetate (2:1),
Rf ) 0.5. 1H NMR (CDCl3): characteristic signals for
imidate; δ ) 8.78, for NH and 5.63 for the anomer (â-
imidate).

Synthesis of Product6 (Scheme 1, iV, V). Product4 (33.2
g, 33.0 mmol) and 13.3 g (25.0 mmol) of product5 (45, 46)
were dissolved in 120 mL of dry methylene chloride and
360 mL of dry n-heptane. After addition of 100 g of
molecular sieves, the mixture was stirred at room temperature
for 15 min. It was cooled to-20 °C under argon and then
treated with 20 mL of catalyst solution. After 30 min, the
mixture was allowed to thaw to room temperature. For
workup, it was filtered through silica gel, and the silica gel
was washed withn-heptane/ethyl acetate (1:1). The filtrate
was concentrated, and the crude product (46.2 g) was
dissolved in 150 mL of methylene chloride. After addition
of 400 mL of methanol and 15 mL of 1 M NaOMe/MeOH
solution, the mixture was allowed to stand at room temper-
ature for 16 h. The solution was treated with 1 mL of water
and concentrated. The oil obtained was dissolved in 50 mL
of ethyl acetate, diluted with 200 mL ofn-heptane/ethyl
acetate (1:1), and filtered through silica gel. After concen-
tration, the residue was purified by flash chromatography
(yield 32.5 g) 97% of white foam as an anomer mixture).
TLC: n-heptane/ethyl acetate (2:1),Rf ) 0.5. MS: (M +
Li) + ) 1336.7; calculated C80H87N3O15, M ) 1330.59.

Synthesis of Product7 (Scheme 1,Vi, Vii) . The anomer
mixture of product 6 could only be easily separated
chromatographically as the product7; 32.4 g (24.4 mmol)
of product6 was dissolved in 200 mL of methylene chloride.
After addition of 500 mL of 0.5 M HCl/MeOH (from 17.5
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Scheme 1: Strategy for the Chemical Synthesis of PIG Compoundsa

a (i) 2/TMS-Trf/4 Å molecular sieves, 99% crude product; (ii) TBAF/AcOH2aq/THF, 94%; (iii) Cl3CCN/K2CO3, 99% crude product; (iv)
4/TMS-Trf/4 Å molecular sieves; (v) NaOMe; (vi) HCl/MeOH; (vii) TBDMSCl, imidazole; (viii) dimethoxypropane, TsOH; (ix) TBAF, 61%â
and 19%R from products3-5; (x) 6/TMS-Trf/4 Å molecular sieves; (xi) NaOMe, 76% from product5; (xii) 7/TMS-Trf/4 Å molecular sieves;
(xiii) NaOMe; (xiv) TBDMSCl/imidazole, 95% over three steps; (xv)9/TMS-Trf/4 Å molecular sieves; (xvi) HCl/MeOH; (xvii) TBDMSCl,
imidazole, 84% over three steps; (xviii) tris(1,2,4-triazolyl)phosphate, 97%; (xix) TBAF, 99%; (xx) P(OH)3/PivCl, 91%; (xxi) NaNH3(I), NH4Cl,
78% from product16 which corresponds to compound37.
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mL of AcCl in 500 mL of MeOH) and 20 mL of ethylene
glycol, the mixture was allowed to stand at room temperature
for 17 h. After concentration, the residue was purified by
flash chromatography. The product obtained (26.9 g, 88%)
was dissolved in 300 mL of methylene chloride; 3.0 g of
imidazole and 4.6 g of TBDMSCl were added. After 16 h
at room temperature, the mixture was diluted with 500 mL
of n-heptane/ethyl acetate (2:1) and filtered through silica
gel. The silica gel was washed withn-heptane/ethyl acetate
(2:1), and the filtrate was concentrated. The crude product
obtained was purified by flash chromatography [yield 21.1
g ) 72% of product7 and 6.3 g (22%) ofR-product].
TLC: n-heptane/ethyl acetate (2:1),Rf ) 0.5 for7 andRf )
0.3 for theR-product. MS: (M+ Li)+ ) 1370.6; calculated
C80H93N3O15Si, M ) 1364.71.

Synthesis of Product8 (Scheme 1,Viii, ix) . Product7 (21.2
g, 15.5 mmol) was dissolved in 60 mL of methylene chloride
and 180 mL of dimethoxypropane; 250 mg of TsOH was
added, and the mixture was allowed to stand at room
temperature for 1 h. After addition of 2 mL of triethylamine,
it was concentrated and 23.1 g of crude product was obtained.
This was dissolved in 150 mL of THF and treated with 30
mL of 1 M TBAF/THF solution. After 16 h, it was
concentrated and purified by flash chromatography (yield
20.0 g ) 99% of product8 as a white foam). TLC:
n-heptane/ethyl acetate (2:1),Rf ) 0.4. MS: (M+ Li) + )
1296.7; calculated C77H83N3O15, M ) 1290.51.

Synthesis of Product10 (Scheme 1, x, xi). Product8 (20.0
g, 15.4 mmol) and 15.0 g (23.5 mmol) of product9 (36)
were reacted analogously to the procedure for product6, and
20.3 g (76%) of product10 was obtained as a white foam.
TLC: n-heptane/ethyl acetate (2:1),Rf ) 0.6. MS: (M +
Li) + ) 1770, calculated C107H115N3O20, M ) 1763.09.

Synthesis of Product12 (Scheme 1, xii, xiii, xiV). Product
10 (20.3 g, 11.8 mmol) and 12.0 g (20.3 mmol) of product
11 (36) were reacted analogously to the procedure for product
6, and 19.4 g (80%) of deacylated product was obtained.
This product was dissolved in 200 mL of methylene chloride
and treated with 3.4 g (50.0 mmol) of imidazole; 6.0 g (40.0
mmol) of TBDMSCl was added, and the mixture was stirred
at room temperature for 15 h. After addition of 5 mL of
methanol, it was allowed to stand for 10 min, then diluted
with 200 mL of n-heptane/ethyl acetate (1:1), and filtered
through silica gel. The silica gel was additionally washed
with 200 mL ofn-heptane/ethyl acetate (1:1), and the filtrate
was concentrated and purified by means of flash chroma-
tography (yield: 19.4 g) 95% of product12 as a white
foam). TLC: n-heptane/ethyl acetate (2:1),Rf ) 0.7. MS:
(M + Li) + ) 2226; calculated C133H151N3O25Si, M )
2219.75.

Synthesis of Product14 (Scheme 1, xV, xVi, xVii) . Product
12 (19.4 g, 8.9 mmol) and 14.0 g (20.0 mmol) of product
13 (36) were dissolved in 100 mL of dry methylene chloride
and 300 mL of dryn-heptane. After addition of 40 g of
molecular sieves (0.4 nm), the mixture was stirred at room
temperature for 15 min; 10 mL of catalyst solution was
added, and the mixture was stirred for a further 15 min. For
workup, it was filtered through silica gel and the silica gel
was washed withn-heptane/ethyl acetate (1:1). The filtrate
was concentrated, and 33 g of crude product was obtained.
This was dissolved in 200 mL of methylene chloride and
treated with 500 mL of 0.5 M HCl in methanol. After 2 h

at room temperature, the mixture was concentrated several
times with methylene chloride. The intermediate obtained
was dissolved in 200 mL of methylene chloride and treated
with 3.4 g (50 mmol) of imidazole and 6.0 g of (40 mmol)
of TBDMSCl. After 16 h, the mixture was worked up
analogously to product12 (yield 20.2 g) 85% of product
14 as a white foam). TLC:n-heptane/ethyl acetate (2:1),
Rf ) 0.3. MS: (M+ Li)+ ) 2669; calculated C161H177N3O30-
Si, M ) 2662.26.

Synthesis of Product15 (Scheme 1, xViii, xix) . Triazole
(30.0 g) was dissolved in 800 mL of dry THF; 13.5 mL of
phosphorus oxychloride was added dropwise at 10°C; 60
mL of triethylamine was then added dropwise, and the
mixture was stirred at room temperature for 15 min. The
precipitate was filtered and washed with a little dry THF.
The filtrate was added to 19.1 g (7.2 mmol) of product14.
The solution was concentrated to 100 mL. After 15 min, it
was diluted with 500 mL of ethyl acetate and washed twice
with 100 mL of water. The organic phase was dried over
magnesium sulfate, filtered, and concentrated. After flash
chromatography, 19.0 g (97%) of cyclic phosphate derivative
was obtained as a white foam. TLC: methylene chloride/
methanol/33% NH3 (100:7:1),Rf ) 0.3. MS: (M+ 2Li -
H)+ ) 2737; calculated C161H174N3O32PSi, M ) 2724.22.
The cyclic phosphate was dissolved in 350 mL of THF, and
100 mL of TBAF (1 M in THF) was added. After 20 h, the
mixture was concentrated and the residue was purified by
flash chromatography (yield 18.1 g) 99% of product15 as
a white foam). TLC: methylene chloride/methanol/33%
NH3 (100:7:1), Rf ) 0.3 (runs identically to the starting
material). MS: (M + 2Li - H)+ ) 2622; calculated
C155H162N3O32P, M ) 2609.96.

Synthesis of Product16 (Scheme 1, xx, xxi). Phosphorous
acid (14 g) was concentrated four times with pyridine and
then taken up in 200 mL of dry pyridine; 16 mL of pivaloyl
chloride was added dropwise at 10°C. This reaction solution
was allowed to stand at room temperature for 15 min; 18.1
g (6.9 mmol) of product15 was introduced into the reaction
solution as described above. After 1 h, it was diluted with
200 mL of toluene and 150 mL of methylene chloride/
methanol/33% NH3 (30:10:3). After concentrating, residual
pyridine was distilled out a further three times with toluene.
The residue was suspended in 200 mL of methylene chloride/
methanol (20:1). The nonsoluble constituents were filtered
and washed twice with 50 mL of methylene chloride/
methanol (20:1). The filtrate was concentrated and purified
by flash chromatography (yield 16.9 g) 91% of protected
final product). TLC: methylene chloride/methanol/33% NH3

(100:7:1),Rf ) 0.25. MS: (M + 3Li - 2H)+ ) 2691;
calculated C155H163N3O34P2, M ) 2673.94. For deprotection,
600 mL of ammonia was condensed at-78 °C; 4.7 g (204
mmol) of sodium was dissolved therein. This solution was
diluted with 300 mL of dry THF, and 16.9 g (6.3 mmol) of
protected final product dissolved in 100 mL of dry THF was
then slowly added dropwise at a reaction temperature of-78
°C. After a reaction time of 15 min (blue color must not
disappear), the mixture was treated cautiously with 10 g of
ammonium chloride. When the blue color had disappeared,
the mixture was diluted cautiously with 100 mL of water
and 300 mL of methanol. It was allowed to thaw and then
concentrated to around 150 mL. This solution was diluted
with 2 mL of methylene chloride/methanol/33% NH3 (3:3:
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1) and added to a flash silica gel column (700 mL of silica
gel). It was eluted with 3 L of methylene chloride/methanol/
33% NH3 (3:3:2) and then with 3 L of methylene chloride/
methanol/33% NH3 (3:3.5:3). The product eluted was then
chromatographed using n-butanol/ethanol/water/33%
NH3 (2:2:2:1) (yield 5.5 g) 78% of product16 as a
white solid). TLC: (2:2:2:1),Rf ) 0.4. MS: (M+ H)+ )
1116.5; calculated C36H63NO34P2, M ) 1115.83. 31P NMR
(D2O) δ ) 16.3 ppm for cyclic phosphate and 7.9 for
H-phosphate.

Preparation and Incubation of Rat Adipocytes. Rat
adipocytes were obtained by collagenase digestion of epid-
idymal fat pads from male Wistar rats (140-160 g) (unless
indicated otherwise) or Zucker fatty rats (350-400 g) as
described previously (47, 48) and finally washed and
suspended at the cell titer indicated in KRP-Hepes buffer
(25 mM Hepes free acid, 25 mM Hepes sodium salt, 130
mM NaCl, 1.4 mM MgSO4, 2 mM CaCl2, 6 mM KCl, 10
mM KH2PO4, 1 mM sodium pyruvate, 1% BSA, pH 7.4,
bubbled with 95% O2/5% CO2) containing glucose as
appropriate for the subsequent assays (see below). For
desensitization of adipocytes toward insulin action, rat
adipocytes were incubated in Hepes-buffered salt solution
containing either 5 mM glucose (control cells) or 20 mM
glucose, 16 mM glutamine, 10 nM insulin (desensitized cells)
for 16-20 h at 37°C and further processed as described
previously (49). For proteolytic removal of the insulin
receptor, rat adipocytes were incubated with 40µg/mL
trypsin (trypsinized cells) or trypsin plus a 4-fold molar
excess of bovine trypsin inhibitor (control cells) for 20 min
at 37 °C and further processed as described recently (12).
Control and treated adipocytes were handled in identical
manner during the subsequent washing and flotation cycles.
Isolated and washed rat adipocytes were incubated with PIG
compound or insulin in KRP-Hepes buffer (3.5× 105 cells/
mL) containing 0.1 mM glucose for 20 min at 37°C under
constant mild shaking in a water bath and continuous
bubbling with 95% O2/5% CO2.

Preparation and Incubation of Rat Diaphragms. Intact
diaphragms (with rib cage attached) were dissected from
male Wistar rats (60-80 g, fed ad libitum) or Zucker fatty
rats (110-130 g) killed by cervical dislocation as described
previously (15) and washed once with saline and once with
KRO buffer (140 mM NaCl, 6 mM KCl, 2 mM CaCl2, 1
mM MgSO4, 1.2 mM KH2PO4, 0.1% BSA, 25 mM Hepes/
KOH, pH 7.5, equilibrated with O2) containing 5 mM
glucose. The diaphragms were then dissected into halves
(hemidiaphragms) and incubated in 20 mL, each, of KRO
buffer containing 5 mM glucose for 30 min at 30°C under
continuous bubbling with 95% O2/5% CO2, followed by two
15-min periods of incubation in the presence of insulin/PIG
compound with fresh buffer, each, under the same conditions.
Subsequently, the diaphragms were washed with KRO buffer
containing 2 mM pyruvate and 5 mM sucrose.

Assays for Insulin-Mimetic ActiVity. Lipogenesis was
measured as incorporation of glucose into toluene-extractable
lipids after addition of [3-3H]glucose (0.4µCi) to the
adipocyte suspension adjusted to 140 M (low glucose) or 2
mM (high glucose) total final glucose concentration as
described previously (48) and incubation for 90 min at 37
°C. GPAT activity was determined as incorporation of [3H]-
glycerol-3-phosphate (0.5µCi, 0.2 mM final concentration)

into butanol-extractable lipids using a crude microsomal
fraction (150000g/60 min pellet of a defatted postmitochon-
drial fraction from rat adipocytes) during incubation with
150 µM palmitoyl-CoA for 3 min at 30°C (according to
refs 50, 51) with modifications introduced previously (12).
GS activity was assayed as incorporation of [14C]glucose
from UDP-[14C]glucose (4µCi, 130µM final concentration)
into ethanol-precipitable glycogen by a postnuclear fraction
from total defatted adipocyte homogenate (5500g/2 min
supernatant) during incubation in the presence of 0.066/6.6
mM glucose-6-phosphate for 20 min at 30°C as described
(12) and calculated as fractional velocity according to ref
52. Glucose transport in adipocytes was measured as uptake
of 2-deoxy-[3H]glucose (0.5µCi, 100µM final concentration)
in the absence or presence of 20µM cytochalasin B for 5
min at 25°C using the oil centrifugation method as described
(49, 53). GLUT4 translocation was studied by determination
of the amount of GLUT4 in plasma membranes isolated from
the defatted homogenate of rat adipocytes by sucrose gradient
centrifuation (according to refs49, 54). After incubation of
the adipocytes with insulin or PIG compound, the cells were
treated with potassium cyanide (2 mM) to prevent GLUT4
redistribution. GLUT4 was identified by quantitative im-
munoprecipitation with anti-GLUT4 antibodies (raised in
rabbits against the carboxy-terminal 16 amino acids of rat
GLUT4) and subsequent separation of the immunopellets by
SDS-PAGE and analysis by immunoblotting with the same
antibodies and [125I]protein A followed by phosphorimaging
as described recently (12, 49). The values were normalized
by measuring protein concentration in each sample using the
bicinchoninic acid assay (Pierce, Rockford, IL). Inhibition
of lipolysis was assayed as the amount of glycerol in the
defatted and perchloroacetic acid-treated homogenate (10000g
supernatant, 15 min) from rat adipocytes which had been
treated with isoproterenol (1µM) and adenosine deaminase
(1 U/mL) in KRP-Hepes containing 5.5 mM glucose for
120 min at 37°C after prior incubation with PIG product or
insulin for 20 min (see above) as detailed previously (55).
Protein synthesis was determined as incorporation of [35S]-
methionine into trichloroacetic acid-precipitable protein in
adipocytes which have been incubated in DMEM depleted
of methionine in the presence of insulin/PIG compounds for
20 min at 37°C (0.7 × 105 cells/mL) prior to addition of
[35S]methionine (6.5µCi) and further incubation for 120 min
as outlined recently (48). Glucose transport in diaphragms
was measured by incubation of the washed hemidiaphragms
in the presence of insulin/PIG compound with 20 mL of KRO
buffer containing 1 mM 2-[3H]deoxyglucose (2µCi), 4 mM
[U-14C]sucrose (2µCi), 2 mM pyruvate for 20 min at 30°C
under bubbling with 95% O2/5% CO2. Subsequent process-
ing of the hemidiaphragms (blotting, removal of rib cage,
solubilization, liquid scintillation counting) and calculation
of the specific glucose transport rate as the difference
between the total amount of deoxyglucose and sucrose
associated with the diaphragm were performed as described
previously (15). Glycogenesis was determined by incubation
of the washed hemidiaphragms in the presence of insulin/
PIG compound with 15 mL, each, of KRP-Hepes buffer
containing 2 mM [U-14C]glucose (5µCi) for 20 min at 30
°C under continuous bubbling with 95% O2/5% CO2.
Subsequent processing of the hemidiaphragms (removal
of rib cage, washing, homogenization, centrifugation) and
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determination of the amount of radiolabeled glycogen
(precipitation, liquid scintillation counting) were performed
as described previously (12).

Tyrosine Phosphorylation of IRS-1. After incubation with
insulin/PIG compounds, the hemidiaphragms (80-100 mg
wet weight) were rapidly liberated from the rib cage, rinsed
once with homogenization buffer (25 mM Hepes/KOH, pH
7.4, 140 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM
sodium vanadate, 50 mM sodium pyrophosphate, 100 mM
NaF, 10 mM glycerol-3-phosphate, 0.2 mM PMSF, 10µg/
mL leupeptin, 10µg/mL pepstatin, 5µg/mL antipain, 25µg/
mL aprotinin), frozen in liquid N2, and then homogenized
in 2 mL of ice-cold homogenization buffer in a porcelain
mortar on ice. After centrifugation (1500g, 10 min, 4°C),
the fat-free supernatant was supplemented with TX-100
(0.5% final concentration), incubated (30 min, 4°C), and
centrifuged (18000g, 20 min, 4°C). One milliliter of the
supernatant was precleared by addition of 50µL of protein
A/G-Sepharose (Pharmacia/LKB, Freiburg, Germany; 50 mg/
mL of the same buffer) and centrifugation (see above). The
supernatant was incubated with rabbit anti-rat carboxy-
terminal IRS-1 antibodies (Upstate Biotechnology, Lake
Placid; 1:500) for 2 h at 4°C and then with protein A/G-
Sepharose (5 mg) for 16 h at 4°C. The precipitates were
collected by centrifugation (12000g, 2 min) and washed three
times with 1 mL, each, of homogenization buffer containing
1% TX-100, 250 mM NaCl and lacking glycerol and then
twice with homogenization buffer lacking TX-100 and all
salt ingredients. The immunoprecipitates were suspended
in Laemmli sample buffer, heated (95°C, 5 min), and
centrifuged (12000g, 2 min). The supernatant was subjected
to SDS-PAGE (8%) and immunoblotting with either mouse
monoclonal anti-phosphotyrosine antibodies (Biomol, Ham-
burg, Germany; clone 3B12, 1:2000) or anti-IRS-1 antibodies
(see above; 1:200) using decoration with [125I]protein A (15
µCi/5 mL; Amersham-Buchler, Freiburg, Germany) and
autoradiography according to published procedures (56).
Quantitative evaluation was performed by phosphorimaging
(Molecular Dynamics, Storm 840).

Calculation of Insulin-Mimetic ActiVity. Data from meta-
bolic assays were calculated as stimulation factor above basal
activity (absence of insulin/PIG compound) for lipogenesis,
GPAT, glucose transport, and GLUT4 translocation or as
difference between the basal and insulin/PIG compound-
induced values for inhibition of lipolysis or vice versa for
stimulation of GS and in each case normalized to the basal
(set at 0%) and maximal insulin action (set at 100%; elicited
at 10 nM insulin). At least four different adipocyte or six
diaphragm preparations, respectively, with two to four
independent incubations with insulin/PIG compounds for
each preparation were performed. Each incubation was
assayed at least in quadruplicate. Each point represents the
medium value for the different cell preparations with(SD
indicated as bars. Concentration-response curves were fitted
to the equationy ) a + b[x/(x + k)] using a Marquardt-
Levenberg nonlinear least-squares algorithm. When plotted
on linear-log axes, this equation gives a sigmoidal curve
where the parameters are associated with the following
properties:a ) basal response;a + b ) maximal response;
k ) half-maximal concentration (EC50); x ) concentration
of insulin.

RESULTS AND DISCUSSION

Chemical Synthesis of PIG Compounds of Varying Struc-
tural Complexity. A typical method for the synthesis of a
PIG molecule is given in Scheme 1. The glycosidic linkages
have been made stereoselective by the trichloroacetimidate
methodology. For introduction of the phosphates, the
tetrabenzylpyrophosphate/sodium hydride or the phosphity-
lation/oxidation protocol was preferred. The H-phosphonates
were synthesized in reasonable yields with phosphoric acid/
pivaloyl chloride. For introduction of the sulfates, a solution
of trimethylamine-sulfur trioxide complex in pyridine was
used. All compounds were characterized by mass,1H NMR,
and31P NMR spectroscopy.

Structural Requirements for Insulin-Mimetic ActiVity of
PIG Compounds on Glucose Metabolism and Transport.
Forty-six PIG variants were synthesized consisting of the
complete or shortened/mutated glycan moiety but lacking
the peptide portion (Figure 1). They were tested for insulin-
mimetic effects on key metabolic pathways and enzymes of
lipogenesis (stimulation of lipogenesis at high glucose
concentrations reflecting overall esterification and stimulation
of GPAT activity representing the rate-limiting step of
esterification), glycogenesis (stimulation of GS activity), and
lipolysis in isolated rat adipocytes, which exhibit an exquisite
sensitivity and responsiveness toward insulin. The PIG
compounds were divided into four classes according to their
insulin-mimetic activity with respect to stimulation of
lipogenesis at high glucose concentration (Figure 1 and
corresponding legend). Typical representatives of the four
classes are compound41, HO-SO2-O-6ManR1(ManR1-2)-
2ManR1(6-HSO3)-6ManR1-4GluNâ1-6(D)inositol-1,2-(cyclic)-
phosphate; compound37, HO-PO(H)O-6ManR1(ManR1-2)-
2ManR1-6ManR1-4GluNâ1-6(D)inositol-1,2-(cyclic)-
phosphate; compound7, HO-PO(H)O-6ManR1-4GluN(1-
6(L)inositol-1,2-(cyclic)-phosphate; and compound1, HO-
PO(H)O-6ManR1-4GluNR1-6(L)inositol (Chart 1). Com-
pounds41 and37 increased lipogenesis in a concentration-
dependent manner up to 90% and 80% of MIR (at 20µM),
respectively, with EC50 values of 2.5( 0.9 and 4.9( 1.7
µM, respectively (Figure 2A). Compound7 stimulated
lipogenesis up to 20% of MIR (at 100µM) only, whereas
compound1 was completely inactive. The same ranking of
the four compounds (41 > 37 . 7 > 1) was derived from
the corresponding concentration-response curves for activa-
tion of GPAT (Figure 2B), GS (Figure 2C), and antilipolysis
(Figure 2D) both with respect to MIR (GPAT: 90%, 90%,
25%, 0%; GS: 90%, 82%, 22%, 3%; inhibition of lipolysis:
95%, 95%, 42%, 0%) and the EC50 values (GPAT: 3.5(
0.8, 8.0( 1.1 µM, -, -; GS: 4.7( 1, 9.5( 1.5 µM, -,
-; antilipolysis: 1.6( 0.5, 2.5( 0.5 µM, -, -). The
maximal insulin-mimetic activity of compound41, as
manifested in the assays for lipogenesis (at high glucose) as
well as GPAT and GS activities, was comparable with that
of the authentic PIG-P prepared from yeast Gce1p (12) with
respect to the maximal response. However, the EC50 values
of compound41 were 5-10-fold higher than those of PIG-
P. This, presumably, reflects the absence of the peptide
moiety in the synthetic PIG compounds (W. Frick, A. Bauer,
G. Müller, manuscript in preparation). Since under eugly-
cemic as well as hyperglycemic conditions glucose transport
is regarded as rate-limiting for lipid and glycogen synthesis
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in fat and muscle tissues (57), we studied whether the PIG
compounds exert insulin-mimetic activity on glucose trans-
port in isolated rat adipocytes. Compound41 was the most
potent compound in stimulating glucose transport [measured
as uptake of 2-deoxyglucose (Figure 3A) or as lipogenesis
at low glucose concentration (Figure 3B)] approaching 45-
50% of MIR (at 50µM) with EC20 values of 4-6 µM in
comparison to compound37 (35-40% of MIR; EC20 values
of 10-20µM), compound45 (25-30% of MIR; EC20 values
of 15-30 µM), compound 7 (10-15% of MIR), and
compound1 (almost inactive).

Glucose transport stimulation by insulin in insulin-sensitive
muscle and fat cells is based on increased translocation of
GLUT4 from internal stores to the plasma membranes (for
a review, see ref58). Compounds41, 37, 45, and7 increased
the amount of GLUT4 at the cell surface in a concentration-
dependent fashion up to 50% of MIR as revealed by im-

munoprecipitation and subsequent immunoblotting of GLUT4
from plasma membranes of adipocytes treated with the com-
pounds (Figure 4). GLUT4 translocation was not induced
by compound1. The maximal responses and EC50 values
of these compounds closely match those for glucose transport
activation, the relative ranking of the compounds with regard
to both parameters (41 > 37 g 45 . 7 > 1) is identical for
stimulation of glucose transport and GLUT4 translocation
(Figure 3C).

Numerous studies have described a discrepancy between
glucose transport activation and GLUT4 translocation pro-
voked by insulin in isolated rat adipocytes (59, 60). This
has been interpreted as the presence of glucose transporter
molecules that are catalytically inactive or partially occluded
from the plasma membrane (61). The PIG-induced glucose
transport activation, however, can be fully explained with
GLUT4 translocation (see Figures 3 and 4). This suggests
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FIGURE 1: Structure and insulin-mimetic activity of various PIG compounds. Isolated rat adipocytes were incubated with increasing
concentrations (0.1-200 µM) of compounds1-46 and then assayed for lipogenesis and glucose transport as described in Materials and
Methods. MIR and EC20/50values were derived from the corresponding concentration-response curves. The compounds are arranged according
to increasing maximal activity (lipogenesis) and divided into four classes according to the following criteria: class A, MIR< 20%; class
B, MIR 20-49%, EC20 25-200 µM; class C, MIR 50-80%, EC50 10-100 µM; class D, MIR> 80%, EC50 3-30 µM.
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that PIG compounds efficiently trigger (i) movement of
GLUT4 vesicles to the plasma membrane, (ii) their fusion
with the plasma membrane and thereby proper cell surface
exposure of GLUT4 molecules, and, finally, (iii) activation
of the GLUT4 intrinsic transport function. The observed
about half-maximal insulin activation of glucose transport
and GLUT4 translocation but almost full insulin activation
of the key enzymes of lipid and glycogen synthesis, GPAT
and GS, respectively, suggests that regulation of these en-
zymes is the primary and predominant effect of potent PIG
molecules, like compounds41 and37, on glucose and lipid
metabolism in adipocytes.

The 46 PIG compounds have been divided into four
classes, A, B, C, D, according to their insulin-mimetic
activity in isolated rat adipocytes (Figure 1). The analysis
of the relationship between structure and activity suggests
that the complete authentic core glycan consisting of the
backbone of three mannose residues, the glucosamine, and
inositol moieties including the mannose side branch in correct
glycosidic linkage is required for potent insulin-mimetic
activity (classes C and D). In contrast, both termini of the
core glycan with regard to the presence and position of
phosphate/sulfate moieties as well as the type of linkage
determine in a very distinct and barely predictable fashion
the insulin-mimetic activity ranging from no negative impact
at all (e.g., class Cf C) to significant decreases (e.g., class
D f C) or increases (e.g., class Bf C) in activity. This
was exemplified in a considerable loss in insulin-mimetic
activity upon exchange of the terminal sulfate moiety for
H-phosphate, phosphate, or carbamide, in that order (41 >
40 > 38 or 39 > 37 > 36), and in the surprising finding
that aâ-glycosidic linkage between inositol and glucosamine

affected the insulin-mimetic activity in a positive fashion
compared to the corresponding naturally occurringR-gly-
cosidic bond (Figure 1B). In contrast, the presence ofD- or
L-inositol within a given PIG structure had a minor impact
on its insulin-mimetic activity only. In agreement with the
necessity of a certain structural complexity for induction of
pronounced insulin-mimetic activity (i.e., classes C and D)
is our finding that the activities of the simple compounds
42and43 (Figure 1C), consisting of (phospho)disaccharides
only and synthesized previously also by other laboratories
(38, 43), were very low (class A) compared to that of PIG
molecules harboring the complete core glycan. Despite these
obvious limitations in structural simplification of PIG
compounds retaining almost full insulin-mimetic activity, we
succeeded in considerably reducing the structural complexity
and thereby the synthesis expenditure for compounds with
quite pronounced activity. This is exemplified best by
compounds37vs15, the synthesis of which required 52 and
33 steps, respectively. Nevertheless, both molecules exhib-
ited almost the same insulin-mimetic activity in the range
of class C compounds.

Potent PIG Compounds Exhibit Insulin-Mimetic ActiVity
in Adipocytes and Diaphragms with Reduced ResponsiVeness
toward Insulin. Next we studied whether the synthetic PIG
compounds are functional in two in vitro models for cells
desensitized toward insulin. For this, the adipocytes were
subjected to limited digestion with trypsin (Figure 5A,B) or
made insulin-resistant by primary culture with high concen-
trations of glucose and insulin (Figure 5C,D) and then
assayed for glucose transport activation by increasing
concentrations of insulin and compound37 (open circles)
in parallel with control adipocytes which had been mock-

Chart 1: Structures of41, 37, 7, and1, Typical Representatives of the Four Classes of PIG Compounds with Varying
Insulin-Mimetic Activity
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treated under the same incubation conditions (closed circles).
Both treatments led to drastic reductions of MIR and insulin
sensitivity (i.e., rightward shift of the concentration-response
curves; Figure 5A,C, open circles) with the trypsin-treated
cells being almost completely unresponsive toward insulin.
In contrast, both the trypsin-treated and cultured adipocytes
maintained almost full sensitivity and responsiveness toward
compound37 (Figure 5B,D, open circles) compared to
control cells (closed circles), which accounted for about 40%
of MIR measured in control cells. Glucose transport
activation by compound41was also not impaired in trypsin-
treated or cultured adipocytes compared to control cells (data
not shown). Thus, the synthetic PIG compounds seem to
bypass the insulin receptor kinase and the putative insulin
signaling defect in insulin-resistant cultured adipocytes.

Consequently, we studied whether the PIG compounds
manage to induce GLUT4 translocation in adipocytes derived
from a typical animal model of non-insulin-dependent
diabetes mellitus, the Zucker fatty rat, which is characterized
by pronounced insulin resistance of their muscle and adipose
tissue (62, 63; for a review, see ref64). Insulin increased
the amount of GLUT4 recovered with the plasma membranes
by 3.6 ( 0.6-fold at maximum (Figure 6, lane 9) with a
concentration-response curve considerably shifted to the
right (lanes 7-9) in comparison to that of adipocytes from
normal Wistar rats (see Figure 3C). This impaired insulin

responsiveness and sensitivity reflect the insulin-resistant
state of adipocytes from Zucker fatty rats. In contrast,
GLUT4 translocation was stimulated by compounds41
(Figure 6, lanes 2-6) and37 (lanes 14-16) in a concentra-
tion-dependent manner to up to 5.9( 0.9-fold and 2.1(
0.3-fold, respectively, with no apparent loss of sensitivity
toward these agents compared to adipocytes from normal
rats. Compound7 showed a very moderate effect (1.4(
0.2-fold) on GLUT4 translocation only (lanes 11-13). Thus
PIG compounds exert insulin-mimetic activity in adipocytes
from insulin-resistant rats with maximal responses compa-
rable to and a relative ranking of their potency identical for
cells from insulin-sensitive animals. Remarkably, compound
41 was more potent in provoking GLUT4 translocation in
adipocytes from Zucker fatty rats than insulin (see Figure 6,
compare lanes 4-6 with 7-9).

Many compounds (e.g., lipids, denatured proteins, ions)
activate glucose metabolism in rat adipocytes in vitro, but
they do so at high concentrations (at least millimolar range)
with rather low efficiency (10-30% of MIR). Moreover,
in most cases, these irrelevant compounds are used as
complex and crude mixtures (e.g., complete lipid or protein
extracts from cells). So far there is no report on a defined
ion, lipid, protein, or sugar solution that exerts almost full
insulin-mimetic activity at concentrations of 10µM. Incuba-
tion of isolated rat adipocytes with chemically defined

FIGURE 2: Effects of compounds41, 37, 7, and1 on key metabolic pathways and enzymes in adipocytes. Isolated rat adipocytes were
incubated with increasing concentrations of compounds41 (open circles),37 (closed circles),7 (closed squares), and1 (open squares) or
10 nM human insulin and then assayed for stimulation of lipogenesis at high glucose (A), GPAT (B), and GS (C) and inhibition of lipolysis
(D). The insulin-mimetic activity was calculated as percent of the maximal stimulation factor provoked by insulin (A, B), of the maximal
insulin stimulation of GS (C, difference of fractional velocity between presence and absence of insulin/PIG compound), and of the maximal
insulin inhibition of isoproterenol-stimulated lipolysis (D, difference of glycerol release between the absence and presence of insulin/PIG
compound). Maximal insulin stimulation of lipogenesis was 5.9-fold corresponding to 3.7 nmol of glucose incorporated into lipids per 3.5
× 105 cells and 90 min, of GPAT was 2.7-fold corresponding to 0.8 nmol of glycerol-3-phosphate incorporated into lipids per 100µg of
microsomal protein and 3 min, and of GS was 4.5-fold corresponding to an increase of the fractional velocity from 0.06 to 0.27 [a fractional
velocity of 1 (presence of glucose-6-phosphate) corresponds to 23 nmol of glucose incorporated into glycogen per mg of homogenate
protein and min]. Maximal insulin inhibition of lipolysis corresponds to 2145 nmol of glycerol released per 3.5× 105 cells and 1 h (difference
between isoproterenol-induced cells in the absence and presence of insulin).
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molecules at concentrations in the micromolar range has to
be regarded as a reliable and specific system. To further
substantiate the specificity of the insulin-mimetic activity of
the PIG compounds, we used a different model system for
assaying insulin action, the isolated rat diaphragm, which
may be regarded as less sensitive toward irrelevant com-
pounds. Furthermore skeletal muscle tissue is the predomi-
nant site for nonoxidative insulin-dependent glucose disposal.
We studied the effects of the PIG compounds on glucose
metabolism (as manifested in glucose transport and glyco-
genesis) in isolated diaphragms from normal Wistar rats and

insulin-resistant Zucker fatty rats. Compounds41 and 37
increased 2-deoxyglucose transport in normal diaphragms
to up to 90-95% (at 20µM) of MIR (at 300 nM) with EC50

values of 3.5( 0.6 and 8.3( 1.5 µM, respectively (Table
1). Compound7 was less efficient with 40% (at 20µM) of
MIR. Compound1 was completely ineffective (data not
shown). In diaphragms from Zucker fatty rats, the insulin
stimulation of glucose transport was rather modest (1.5-fold
above basal) compared to 4-fold in diaphragms from Wistar
rats. This was based on both significantly increased basal
and drastically diminished insulin-induced transport. Thus
diaphragms from Zucker fatty rats display a pronounced
insulin resistance of glucose transport. Remarkably, in
contrast to the magnitude of insulin resistance, the loss of
responsiveness of glucose transport toward compounds41,
37, and7 in diaphragms from Zucker fatty rats vs normal
rats was moderate (2.4( 0.5-fold vs 3.8( 0.8-fold and 2.1
( 0.4-fold vs 3.7( 0.5-fold). In consequence, the incre-
mental stimulation of glucose transport by compounds41,
37, and7 exceeded that of insulin by up to 260%, 210%,
and 120%, respectively.

The data on the activation of glycogen synthesis in normal
and insulin-resistant diaphragms led to similar conclusions.
Compounds41, 37, and7 increased glycogenesis in normal
diaphragms to up to 70%, 65%, and 33% (at 20µM),
respectively, of MIR (at 300 nM) with EC50 values of 3.3(
0.5 µM (compound41) and 7.1( 2.0 µM (compound37)
(Table 2). Again, compound1 was inactive (data not
shown). As expected, the diaphragms from Zucker fatty rats
exhibited significant insulin resistance as manifasted in

FIGURE 3: Effects of compounds41, 37, 7, and 1 on glucose
transport in adipocytes. Isolated rat adipocytes were incubated with
increasing concentrations of compounds41 (open circles),37
(closed circles),7 (closed squares), and1 (open squares) or 10 nM
human insulin and then assayed for glucose transport (A), lipo-
genesis at low glucose (B), and GLUT4 translocation (C). The
insulin-mimetic activity was calculated as percent of the maximal
stimulation factor provoked by insulin. Maximal insulin stimulation
of glucose transport was 17.6-fold corresponding to 0.35 nmol of
deoxyglucose transported per 3× 104 cells and 5 min, of lipogenesis
was 24.9-fold corresponding 22.3 nmol of glucose incorporated into
lipids per 0.5× 105 cells and 90 min, and for GLUT4 translocation
was 6.9-fold (the amount of GLUT4 in the plasma membrane of
basal cells was set at 1).

FIGURE 4: Effects of compounds41, 37, 7, and 1 on GLUT4
translocation in adipocytes from normal rats. Isolated rat adipocytes
from Wistar rats were incubated in the absence (lane 1) or presence
of increasing concentrations of compounds41, 37, 45, 7, or 1 (lanes
2-6) for 20 min at 37°C. Plasma membranes were isolated from
the total defatted homogenate, and identical amounts of protein were
assayed for GLUT4 content by successive quantitative immuno-
precipitation (using anti-GLUT4 antibody and protein A-Sepharose)
and immunoblotting (using anti-GLUT4 antibody and [125I]protein
A). An autoradiogram from a typical experiment is shown thrice
repeated with similar results.
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elevated basal and reduced insulin-stimulated glycogenesis
resulting in a 1.9( 0.3-fold MIR compared to 4.1( 0.7-
fold MIR in normal diaphragms. Compounds41 and 37
exceeded the insulin action on glycogenesis in insulin-

resistant diaphragms with 2.4( 0.3-fold and 2.2( 0.3-fold
increases, respectively. In conclusion, PIG compounds
apparently manage to activate glucose transport and glyco-
genesis in diaphragms from insulin-resistant and normal rats
with almost the same potency and with the identical relative
ranking between them. These observations with cells from
insulin-resistant animals nicely complement the presented
data obtained with cells desensitized for insulin action in
vitro (see above) and our previous observations with PIG-P

FIGURE 5: Effect of desensitization of adipocytes toward insulin action on the insulin-mimetic activity of compound37. Control (A, B;
closed circles) and trypsinized adipocytes (A, B; open circles), control adipocytes (C, D; closed circles), and adipocytes cultured in the
presence of glucose and insulin (C, D; open circles) were incubated with increasing concentrations of insulin (A, C) or compound37 (B,
D) and then assayed for glucose transport; 1000 dpm correspond to 93 pmol of 2-deoxyglucose transported per 3× 104 cells and 5 min.

FIGURE 6: Effects of compounds41, 37, and 7 on GLUT4
translocation in adipocytes from insulin-resistant rats. Isolated rat
adipocytes from Zucker fatty rats were incubated in the absence
(lanes 1, 10) or presence of increasing concentrations of compounds
41 (lanes 2-6), 37 (lanes 14-16), and7 (lanes 11-13) or human
insulin (lanes 7-9) for 20 min at 37°C. Plasma membranes were
isolated from the total defatted homogenate, and identical amounts
of protein were assayed for GLUT4 content by successive quantita-
tive immunoprecipitation and immunoblotting as described in
Materials and Methods. An autoradiogram from a typical experi-
ment is shown repeated twice with similar results.

Table 1: Effects of Compounds41, 37, and7 on Glucose Transport
in Isolated Diaphragms from Normal and Insulin-Resistant Ratsa

glucose transport in diaphragms (pmol/mg/min)

normal
insulin-
resistant normal

insulin-
resistant

basal 175( 24 249( 59
Insulin (nM) Compound41 (µM)

1 239( 30 266( 44 0.5 198( 22 239( 30
3 330( 52 285( 37 1 255( 31 308( 39
10 448( 45 322( 32 2 374( 48 397( 42
30 582( 70 353( 49 5 559( 60 496( 51
100 651( 63 370( 39 10 619( 52 552( 71
300 697( 105 381( 77 20 670( 49 599( 63

Compound37 (µM) Compound7 (µM)

0.5 205( 33 263( 26 0.5 177( 23 235( 39
1 226( 27 282( 30 1 186( 20 242( 33
2 267( 29 339( 27 2 244( 31 269( 30
5 383( 40 390( 38 5 307( 38 336( 44
10 530( 45 481( 44 10 369( 29 368( 39
20 654( 38 533( 50 20 396( 34 402( 35

a Isolated rat diaphragms from normal Wistar or insulin-resistant
Zucker fatty rats were incubated in the absence or presence of increasing
concentrations of human insulin or compounds41, 37, and7 and then
assayed for glucose transport as described in Materials and Methods.
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from yeast using the same cellular models for insulin resis-
tance (12). Taken together, these data suggest that in rat
adipocytes and diaphragms the PIG compounds share a com-
mon site of interference within the insulin signaling cascade,
which is located downstream of the putative insulin resistance
block but upstream of the branching point between the
signaling pathways to the glucose transport system and GS.

PIG Compounds and Insulin HaVe Some Signaling Steps
in Common. In a previous study for elucidation of the
molecular basis of the insulin-mimetic activity of PIG-P from
yeast, we analyzed its effect on the early steps of insulin
signaling in isolated rat cardiomyocytes and adipocytes (15).
It was found that PIG-P does not stimulate the insulin
receptor tyrosine kinase but induces significant tyrosine
phosphorylation of IRS-1 and activation of phosphatidyli-
nositol 3-kinase which is prerequisite for glucose transport
activation by the compound. Thus, insulin and PIG-P sig-
naling seems to be divergent upstream of IRS-1 but may
converge at that level. As a first indication for the existence
of common steps in signaling by the PIG compounds and
insulin, we studied whether there is interference of the insu-
lin-mimetic activity of the PIG compounds with insulin ac-
tion and vice versa. For this, rat adipocytes were pretreated
with various concentrations of compounds37 and 41 or
insulin and then tested for sensitivity toward insulin or
compounds37 and 41, respectively, by incubation with
increasing concentrations of agent and subsequent assay for
lipogenesis (in the presence of high glucose). Low concen-
trations of PIG compound (Figure 7A, 1µM 37; B, 0.5µM
41), which per se led to an intrinsic insulin-mimetic activity
of 5-10% of MIR only, increased significantly both the
maximal response (from 100% to about 140% of MIR) and
the insulin sensitivity (EC50 value from 0.3 to 0.07µM) of
the cells (Figure 7A,B). Thus, compounds37 and41 in the
low micromolar range increased the sensitivity of rat
adipocytes toward insulin action. At higher concentrations
(2-20 µM), the insulin-mimetic activity of the compounds
was additive to the insulin action to up to 0.1 nM insulin

concentration (i.e., to up to about 130% of MIR) and
subadditive at insulin concentrations above. A similar
phenomenon was observed with the reciprocal experimental
design, i.e., when the effect of insulin on the sensitivity of
adipocytes toward the synthetic PIG compounds was mea-
sured (Figure 7C,D). Insulin at a concentration of 0.05 nM,
which elicited 15-20% of MIR, significantly enhanced the
maximal37- and41-induced effects (Figure 7C,D) from 85%
to 140% of MIR accompanied by a reduction of the EC50

values from 3 to 0.07µM. Thus, insulin at subnanomolar
concentrations increased the sensitivity of rat adipocytes
toward PIG action. At 0.2 nM, the insulin effect was roughly
additive to the PIG action over the total PIG concentration
range. At 2 nM insulin, this was true for up to 1µM PIG,
the total maximal effect approaching 130% of MIR under
both conditions. Insulin (2 nM) combined with PIG con-
centrations above 1µM provoked subadditive effects which
did not exceed 160% of MIR. Taken together, the potentiat-
ing effects of compound41 or 37 and insulin at low
concentrations on insulin and PIG action, respectively, as
well as the subadditive effects of the PIG compounds and
insulin at high concentrations suggest that the signaling
pathways used by the synthetic PIG compounds and insulin
have some signaling steps and components in common.
These may include tyrosine phosphorylation of IRS-1, a key
component of the insulin signal transduction cascade in
insulin-sensitive mammalian tissues located immediately
downstream of the insulin receptor (for recent reviews, see
refs 65, 66), and all the subsequent events leading to
activation of the glucose transport system (for a review, see
ref 67), and the key metabolic enzymes, GS and GPAT.

To test this possibility, we studied the tyrosine phospho-
rylation state of IRS-1 in isolated diaphragms from normal
rats after exposure to PIG compounds at about half-maximal
and maximal effective concentrations with respect to stimu-
lation of glucose transport and glycogenesis (see Tables 1
and 2). Total cellular IRS-1 was immunoprecipitated with
anti-IRS-1 antibodies from the defatted supernatant of the
homogenized and solubilized diaphragms and subsequently
immunoblotted with anti-phosphotyrosine antibodies to
identify tyrosine-phosphorylated IRS-1 or, alternatively, with
anti-IRS-1 antibodies to demonstrate the amount of immu-
noprecipitated IRS-1. The autoradiogram (Figure 8) dem-
onstrates that compounds41, 37, 45, and7 induced tyrosine
phosphorylation of IRS-1 in a concentration-dependent
fashion (upper section). When corrected for the amounts
of IRS-1 recovered with each immunoprecipitated sample,
which actually differed to a minor degree, only (see lower
section), compounds41, 37, 45, and7 approached up to 95%,
65%, 55%, and 30% (at 10µM) of MIR (at 100 nM) in
inducing tyrosine phosphorylation of IRS-1. Taken together
(this study and ref15), in isolated rat adipocytes, cardi-
omyocytes, and diaphragms, there is a strict correlation
between the ability of PIG compounds to stimulate tyrosine
phosphorylation of IRS-1 and to activate glucose transport
and glucose metabolizing enzymes/pathways. Additional
experiments demonstrated that the ability of the PIG
compounds to trigger tyrosine phosphorylation of IRS-1 in
diaphragms from Zucker fatty rats was not significantly
impaired compared to that in diaphragms from normal rats
(data not shown). Thus, induction of IRS-1 tyrosine phos-
phorylation by PIG compounds may form the molecular basis

Table 2: Effects of Compounds41, 37, 7, and1 on Glycogenesis in
Isolated Diaphragms from Normal and Insulin-Resistant Ratsa

glycogenesis in diaphragms (dpm/mg of wet weight/20 min)

normal
insulin-
resistant normal

insulin-
resistant

basal 2134( 397 3045( 505
Insulin (nM) Compound41 (µM)

1 2487( 488 2896( 471 0.5 2684( 578 3314( 507
3 3074( 522 3183( 555 1 3302( 522 3974( 634
10 4266( 604 3471( 504 2 4511( 680 5038( 813
30 6580( 577 4121( 688 5 5673( 802 6107( 888
100 8124( 979 5285( 845 10 6407( 915 6891( 904
300 8650( 1105 5760( 803 20 6855( 893 7186( 995

Compound37 (µM) Compound7 (µM)

0.5 2355( 401 3199( 506 0.5 2206( 510 3196( 588
1 2564( 499 3406( 611 1 2488( 467 3055( 523
2 3122( 610 3893( 570 2 2972( 602 3587( 634
5 4231( 557 4850( 713 5 3585( 762 4359( 714
10 5508( 734 5996( 844 10 4031( 665 4784( 770
20 6350( 814 6511( 789 20 4260( 709 4949( 748

a Isolated rat diaphragms from normal Wistar or insulin-resistant
Zucker fatty rats were incubated in the absence or presence of increasing
concentrations of human insulin or compounds41, 37, and7 and then
assayed for glycogenesis as described in Materials and Methods.
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for their capability to bypass insulin resistance of nonoxi-
dative glucose metabolism in muscle and adipose tissue
provided the putative insulin resistance block is located
upstream of IRS-1 as may be the case in the cellular models
of insulin resistance used in the present study. The detailed
characterization of the signaling pathway leading from the
IRS proteins to the terminal effector systems used by the
synthetic PIG compounds is the subject of current intensive
investigation (W. Frick, J. Bauer, A. Bauer, S. Wied, G.
Müller, in preparation).

During the initial period of the discovery of PIG molecules
as insulin-mimetic compounds, it has been speculated that
following generation by insulin-induced lipolytic cleavage
of GPI lipids or membrane protein anchors at the outer or
inner face of the plasma membrane of insulin-sensitive cells,
these molecules bind directly to regulatory proteins (e.g.,
phosphatases) or enzymes (e.g., pyruvate dehydrogenase) of
glucose and lipid metabolism thereby allosterically affecting
their activity in an insulin-like manner. Although there is
some experimental evidence for the insulin-dependent cleav-
age of GPI structures, leading to polar headgroups which
exert partial insulin-mimetic activity in various cell-free and
cell-based assay systems (for recent reviews, see refs9, 68),
definite proof for the existence of soluble intracellular
mediators of (metabolic) insulin action is still missing.

Previously we demonstrated that the (potent) insulin-
mimetic activity of the PIG-P from yeast in isolated rat
adipocytes strictly depends on the presence of a trypsin/salt-
andN-ethylmaleimide-sensitive protein at the outer face of
the plasma membrane (69). Competition experiments with

untreated adipocytes incubated in the presence of excess of
the trypsinized soluble fragment of this protein strongly
argued for a function of this protein as a receptor for PIG-P
(69). This putative receptor may initiate the PIG signaling
pathway which is coupled via downstream-located elements
to the insulin signaling cascade; the point of interference may
represent tyrosine phosphorylation of IRS-1. Currently we
are studying whether the synthetic PIG compounds studied
here also use this putative receptor protein. The demonstra-
tion of a direct interaction of radiolabeled synthetic PIG
compounds with this protein would facilitate its identification.

CONCLUSIONS

Taken together, the synthetic PIG compounds presented
here are capable of mimicking insulin action on major
pathways of lipid and glycogen synthesis (stimulation of GS,
GPAT, glucose transport, glycogenesis; inhibition of lipoly-
sis) in four cellular models of insulin resistance: (i)
adipocytes lacking a functional insulin receptor, (ii) adipo-
cytes desensitized for insulin action by long-term incubation
with high glucose and insulin, (iii) adipocytes from Zucker
fatty rats, and (iv) diaphragms from Zucker fatty rats.
Cellular insulin resistance can be caused by defects at each
level of the signal-transmitting chain. At the level of insulin
binding to its receptor, there is no evidence for a significant
reduction of the number of functional receptors or of the
insulin binding affinity in muscle and adipose tissues of type
II diabetic patients (e.g., ref70). At the level of the receptor
kinase itself, a number of defects or inactive states have been
found in several cellular and animal models of insulin

FIGURE 7: Effect of insulin on the insulin-mimetic activity of compounds41 and37. Isolated rat adipocytes were incubated in the absence
(closed circles) or presence of 0.5 (open circles), 2 (closed squares), and 20µM (open squares) compound37 (A) or 41 (B) with increasing
concentrations of human insulin or, alternatively, in the absence (closed circles) or presence of 0.05 (open circles), 0.2 (closed squares), and
2 nM (open squares) insulin with increasing concentrations of compound37 (C) or 41 (D) for 20 min at 37°C. Subsequently, the cells were
assayed for lipogenesis at high glucose. The insulin-mimetic activity was calculated as percent of the maximal stimulation factor provoked
by 10 nM insulin alone which was 5.5-fold corresponding to 3.5 nmol of glucose incorporated into lipids per 3.5× 105 cells and 90 min.
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resistance (e.g., ref71-73). Moreover, a kinase defect or
inactivity in the skeletal muscle of type II diabetic patients
and insulin-resistant Pima indians compared to nonobese
control subjects was concluded from the observed rightward
shift of the insulin concentration-response curve and the
50% reduction of the maximal autophosphorylation (74-
80). A number of modulator systems have been identified
which control the insulin receptor kinase activity (for a
review, see ref81). An increase in inhibitory modulators
might be an important mechanism causing insulin resistance
through an inactive insulin receptor kinase. According to
the structure-activity relationship derived from the present
study, the synthetic PIG compounds interact with high
potency and specificity with an as yet unidentified signaling
machinery of rat adipocytes and diaphragms, which does not
involve the insulin receptor kinase, and may therefore be
helpful for finding a strategy to induce insulin-mimetic
signaling in insulin-resistant cells.
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