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he peptide hormone insulin regulates glucose
Thomeostasis by modulating the action of a multi-

tude of metabolic enzymes in the liver, adipose
tissue, and skeletal muscle. Upon insulin receptor acti-
vation and phosphorylation of the insulin-receptor sub-
strates (IRSs), insulin signaling branches into several
pathways leading to glucose uptake, lipogenesis, glyco-
gen synthesis, glycolysis, and other anabolic processes.
The existence of an alternative pathway that involves
an insulin-mimetic species of low molecular weight was
proposed more than 20 years ago (1, 2). Second mes-
sengers referred to as inositol phosphoglycans (IPGs)
are generated in response to insulin (for a review see ref
3). The insulin-mimetic effect of IPGs has been demon-
strated in adipocytes (4), hepatocytes (5), and muscle
cells (4). In addition, IPGs are involved in mitogenic sig-
naling via type | cytokine receptors (6, 7), suggesting a
broader role of IPGs as second messengers in the hor-
mone/cytokine signaling network. However, the mecha-
nistic details of IPG action remain largely unknown. Con-
sidering the proposed insulin-mimetic activity, IPGs
would be the basis for diabetes type 2 therapies. Type
2 diabetes is characterized by the resistance of periph-
eral tissues to insulin due to a combination of defects in-
cluding impaired insulin signal transduction.

Analysis of isolated insulin-mimetic IPGs from insulin-
sensitive mammalian tissue or lower eukaryotes re-
vealed two structurally and functionally distinctive
classes of IPGs (8). Type-A IPGs consist of myo-inositol
and p-glucosamine, whereas type-P IPGs contain 3-O-
methyl-p-chiro-inositol and p-galactosamine (5, 9).
IPG-As mimic the lipogenic activity of insulin in adipose
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ABSTRACT Insulin signaling has been suggested, at least in part, to be af-
fected by an insulin-mimetic species of low molecular weight. These inositol phos-
phoglycans (IPGs) are generated upon growth hormone/cytokine stimulation and
control the activity of a multitude of insulin effector enzymes. The minimal struc-
tural requirements of IPGs for insulin-mimetic action have been debated. Two types
of IPGs were suggested, and the IPG-A type resembles the core glycan of glyco-
sylphosphatidylinositol (GPI)-anchors. In fact, purified GPI-anchors of lower eu-
karyotic origin have been shown to influence glucose homeostasis. To elucidate ac-
tive IPGs, a collection of synthetic IPGs designed on the basis of previous reports
of activity were tested for their insulin-mimetic activity. /In vitro and ex vivo assays
in rodent adipose tissue as well as in vivo analyses in mice were employed to test
the synthetic IPGs. None of the IPGs we tested mimic insulin actions as deter-
mined by PKB/Akt phosphorylation and quantification of glucose transport and li-
pogenesis. Furthermore, none of the IPGs had any effect in in vivo insulin tolerance
assays. In stark contrast to previous claims, we conclude that neither of the com-
pounds tested is insulin-mimetic.
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tissue and inhibit cAMP-dependent protein kinase (8).
IPG-Ps mimic the glycogenic effect of insulin on muscle
and liver and stimulate pyruvate dehydrogenase phos-
phatase (5, 8 10). While the composition of type-A IPGs
implies a structural relationship to the glycosylphos-
phatidylinositol (GPI) glycolipids, the origin of IPG-P
messengers is unclear. The similarity between IPG-A
and GPI glycans is supported by the fact that antibod-
ies raised against GPl-anchors crossreact with IPG
preparations (11). Moreover, insulin-stimulated glyco-
gen synthesis in K562 cells requires the biosynthesis of
GPI anchors (12). GPl-anchored proteins are found in
lipid rafts on virtually all eukaryotic cell surfaces (13).
They are particularly abundant on the surface of proto-
zoan parasites. GPIs anchor proteins to the outer leaf-
let of the plasma membrane or occur in free from. The
GPI core structure consists of EtN-P-6-Man-a1,2-Man-
al,6-Man-al,4-GlcN-a1,6-myo-p-inositol-1-P-lipid that
can be decorated by many different species- and tissue-
specific modifications (14). Lipolytically and proteolyti-
cally degraded GPl-anchored proteins from parasites
(15-18) and yeast (4, 19, 20) have been shown to regu-
late glucose homeostasis in the rodent animal model.
A number of active IPG-As carry a 1,2-cyclic phosphate
at myo-inositol (19, 21-24). It has been suggested that
IPG-As are generated by cleavage of GPI anchors
through the action of a phospholipase C (PLC) (25).
However, only indirect evidence for the existence of en-
dogenous mammalian GPI-PLCs has been obtained by
monitoring GPI-PLC action (26, 27). The gene for mam-
malian GPI-PLC has never been identified. The details of
both generation of IPGs and IPG downstream signaling
remain unclear.

The work presented here aims at clarifying the mini-
mal active structure of GPI-derived insulin-mimetic IPGs
using synthetic inositol phosphoglycans. Chemical syn-
thesis, though challenging, provides analytically pure
material in milligram quantities. Synthetic IPGs are an in-
dispensable tool to shed light on a field where many
contradicting reports can be found in the literature. The
insulin-mimetic properties of synthetic IPGs have been
investigated before (21, 23, 24, 28-30). Despite inten-
sive efforts, there is no agreement on the composition of
an active IPG-A molecule. An anionic GPI-type
pseudotetrasaccharide (IPG 3, vide infra) that stimu-
lates lipogenesis in rat adipocytes to 78% of maximal in-
sulin response (MIR) has been described (24). Modest
insulin-like activity of a GlcN-a1,6-myo-p-inositol-1,2-
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cyclicP pseudodisaccharide (IPG 2, vide infra) was also
reported (21, 22). In contrast, the GPI core glycan pseu-
dopentasaccharide without any modifications was
shown not to have biological activity (31). The most
comprehensive study published by Frick et al. (23) re-
vealed a pseudohexasaccharide termed PIG 41 that dis-
played an insulin-mimetic activity of 90% MIR on lipo-
genesis in rat adipocytes (23). The structure of PIG 41-
type molecules is related to GPI-glycans that bear
different anionic modifications. However, the linkage
between p-glucosamine and myo-inositol exhibits an un-
natural B-configuration. Therefore, PIG 41-type mol-
ecules are not GPI-derived.

In this report, we investigated the insulin-mimetic po-
tential of five GPI-type IPGs with diverse structural fea-
tures. By analyzing an array of different compounds, we
aimed at elucidating the structural requirements for
IPGs to act as insulin-mimetics. We prepared type-A
IPGs as they are structurally similar to GPI glycans and
their source is evident. IPG-A activity can be monitored
in rodent adipocytes (21, 23, 24). The synthetic GPI frag-
ments differed in the lipidation state and the modifica-
tion pattern and ranged from pseudodi- to pseudohex-
asaccharides. Two compounds that had been reported
to exhibit insulin-mimetic activity were synthesized to
serve as active controls. The ability of the IPGs to mimic
insulin action in adipose tissue from mouse and rat
was examined. PKB/Akt activation and glucose uptake
were monitored in 3T3-L1 adipocytes, and PKB/Akt acti-
vation, glucose uptake, and lipogenesis were assessed
in primary adipocytes from mice and rats. In addition, in-
sulin tolerance tests were carried out in wild-type and
diabetic mice. Our combined analysis conclusively
shows that none of the tested IPGs mimic insulin ac-
tion in vitro or in vivo, suggesting that the minimal ac-
tive IPG structure remains elusive and new standards
will be required for the study of insulin-mimetic IPGs.

RESULTS AND DISCUSSION

Synthesis of IPGs 1—5. To determine the structural
features responsible for IPG insulin-mimetic activity, a
small collection of structurally diverse inositol phospho-
glycans (IPGs 1—5) was prepared (Figure 1). Pseudodis-
accharide IPG 2 (21, 28) and pseudotetrasaccharide
IPG 3 (24) with reported insulin-mimetic activity were re-
synthesized and used as controls. The chemical synthe-
ses followed the routes depicted in Figure 2. IPG 2 was
prepared from known pseudodisaccharide 1 (32) in
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Figure 1. Overview of the synthetic inositol phosphoglycans (IPGs) tested in this study.

four steps via benzylation, acid hydrolysis of the isopro-
pylidene, phosphorylation, and hydrogenation. IPG 3
was constructed from key intermediates 1, 4 (32), and
6 (33). Glycosidation of pseudodisaccharide 1 with
mannosyl trichloroacetimidate 4, saponification of the
O-acetyl group, benzylation, and silyl ether cleavage pro-
vided pseudotrisaccharide 5, which was glycosylated
with mannosyl trichloroacetimidate 6 and hydrolysis of
the isopropylidene group yielded pseudotetrasaccha-
ride 7. Phosphorylation of 7 followed by O-sulfation and
global deprotection furnished IPG 3.

Additional IPGs used in this study include fully lipi-
dated IPG 1 (34) and GPI-like IPG 4 and IPG 5. Fully lip-
idated IPG 1 carries an ester-linked fatty acid at the C2
hydroxyl of inositol. Inositol acylation occurs during GPI
biosynthesis and is usually reversed in mammals upon
chain maturation. Nevertheless, there are inositol acy-
lated GPI-modified proteins on the cell surface such as
human erythrocyte acetylcholinesterase. The presence
of this modification makes the anchor inherently resis-
tant to the action of bacterial PI-PLC (35). Accordingly, no
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myo-inositol 1,2-cyclic phosphate, the long-lived inter-
mediate of PLC (36), will be formed. The GPI-like glycans
IPG 4 and IPG 5 that we had prepared previously were
included (37, 38). An IPG 4 conjugate had been suc-
cessfully used for malaria vaccination in mice (37). Ma-
laria is often accompanied by hypoglycaemia. This com-
plication is thought to be induced by Plasmodium
falciparum GPIs, one of the antigenic determinants of
the malaria parasite (39, 40). Considering the protec-
tive effect of IPG 4 against murine malaria and its close
structural similarity to PIG 41-type IPGs, insulin-mimetic
activity of IPG 4 was conceivable. IPG 5 was included be-
cause it is specifically recognized by anti-GPI antibod-
ies in the serum of malaria-exposed individuals (41).
Moreover, IPG 5 carries an inositol with an unlipidated
1-phosphate in contrast to the 1,2-cyclic phosphate
present in the other unlipidated compounds. We

aimed at analyzing different phosphodiesters since the
requirement and nature of the phosphate at the inositol
to confer insulin-mimetic activity is still debated (5, 22,
23).
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Figure 2. Synthesis of IPG 2 and IPG 3. The reagents (a—n) were added at the indicated interme-
diates of glycan synthesis 1—8. (a) NaH, BnBr, DMF (73%); (b) AcCl, MeOH, DCM (92%); (c)
MeOP(0)Cl,, pyridine; (d) 20% Pd(OH),/C, H,, THF, MeOH, H,0 (70%, 2 steps); (e) 4, TMSOTTF,
DCM (95%); (f) NaOMe, MeOH; (g) NaH, BnBr, DMF; (h) TBAF, THF (76%, 3 steps); (i) 6, TMSOTT,
DCM (95%); (j) PTSA, MeOH (70%); (k) MeOP(0)CL,, pyridine; () NaOMe, MeOH; (m) SOs-NEts,
DMF (57%, 3 steps); (n) 10% Pd/C, H,, MeOH, H,0 (88%). NaH, sodium hydride; BnBr, benzyl
bromide; DMF, N,N-dimethylformamide; AcCl, acetyl chloride; MeOH, methanol; DCM, dichlo-
romethane; THF, tetrahydrofuran; TMSOTTF, trimethylsilyl trifluoromethanesulfonate; NaOMe, so-
dium methoxide; TBAF, tetrabutylammonium fluoride; PTSA, p-toluenesulfonic acid; OBn,
0-benzyl; TIPS, triisopropylsilyl; OAc, O-acetyl.

PKB/Akt Activation in 3T3-L1 Cells and Primary
Adipocytes. We sought to determine the insulin-mimetic

cytes in response to IPGs 1—5 was ob-
served. As expected, PKB/Akt was activated
by the addition of 100 nM insulin, and the
insulin effect was inhibited by further addi-
tion of LY-294,00, which inhibits the genera-
tion of phosphatidylinositol 3-phosphate by
blocking PI-3 kinase activity. To exclude that
the negative result is due to reduced sensi-
tivity of the 3T3-L1 cell line, we subjected
IPG 3 to the same assay with primary mouse
adipocytes (Figure 3, panel B). Again, no
insulin-mimetic activity was observed. Con-
sidering this result in combination with the
fact that there is no precedence for the PKB/
Akt activation approach in the literature, we
concluded that PKB/Akt activation is not
suitable for IPG screening.

Glucose Transport in 3T3-L1 and Primary
Adipocytes. IPGs were previously shown to
stimulate glucose uptake in primary adipo-
cytes (23). Thus, we decided to quantify the
effect of IPGs 1—5 on glucose uptake in fat
cells. Glucose transport is the immediate
and most important consequence of insulin
action and the rate-limiting step in glucose
utilization. In this assay, cells were stimu-
lated with increasing concentrations of IPGs
1-5, and transport of 2-deoxy-1-*H]-o-
glucose and p-[1-1“C]-glucose, respectively,
was monitored in 3T3-L1 (Figure 4, panel A)
and primary murine adipocytes (Figure 4,

panel B). None of the synthetic IPGs induced glucose
transport. In contrast, insulin led to a significant in-
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potential of IPGs 1—5 in adipose tissue since an insulin-
mimetic effect in adipocytes had been reported previ-
ously forIPG 2 and IPG 3 (21, 24). Accordingly, we moni-
tored the phosphorylation of PKB/Akt in 3T3-L1
adipocytes by Western blotting. The 3T3-L1 adipocytes
are differentiated from fibroblasts of murine origin and
have an adipocyte-like morphology. PKB/Akt is a major
downstream target of PI-3 kinase. PI-3 kinase/PKB/Akt
signaling controls most of the metabolic actions of insu-
lin. Since IPG signaling has been shown to activate
IRS-1 in rat diaphragms (23), we considered PKB/Akt a
good target to analyze the insulin-mimetic activity of the
IPG compounds. As depicted in Figure 3, panel A, no
dose-dependent activation of PKB/Akt in 3T3-L1 adipo-
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crease of glucose uptake and the myotoxin cytochala-
sin B inhibited glucose transport. The glucose transport
assay for IPG 3 and IPG 5 with rat adipocytes did not
show stimulation either (Supplementary Figure 1).
Co-stimulation of IPG 3 and 1 nM insulin was tested
to determine additive effects on glucose uptake.
No signal increase resulted in primary rat adipocytes
(Supplementary Figure 2). Taken together, these data
imply that IPGs 1—5 have no insulin-mimetic effect with
regard to glucose transport in adipose tissue.
Lipogenesis in Primary Adipocytes. Next, we per-
formed lipogenesis assays in mouse and rat primary ad-
ipocytes. This assay was the method of choice to ana-
lyze insulin-mimetic IPGs in previous studies by other

www.acschemicalbiology.org
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Figure 3. PKB/Akt activation assay. IPGs 1—5 do not stimulate PKB/Akt phosphorylation. Cells were treated with insulin, LY-294,002
inhibitor and insulin, or IPG in varying concentrations and subjected to Western blot analysis. A) Activation assay in 3T3-L1 cells. —I:
cells without prior treatment, +1: cells treated with 100 nM insulin, +1, LY: cells pretreated with 100 nM LY-294,002 and treated with
100 nM insulin, IPG [LM]: IPG in varying concentrations. B) Activation assay in primary murine adipocytes for IPG 3. The labeling is
the same as in panel A. Western blot antibody against serine-phosphorylated Akt and total Akt.

laboratories (21, 23, 24). Insulin controls de novo lipo-
genesis in a dual way. First, the concentration of glyco-
lytically produced acetyl-CoA, which is the source for
fatty acid synthesis, is determined by the availability of
glucose. Second, insulin causes dephosphorylation of
acetyl-CoA-carboxylase (ACC), which catalyzes the first
step of fatty acid synthesis. From the previous experi-
ments we can exclude an influence of IPGs 1—5 on glu-
cose availability. However, IPGs might stimulate lipogen-
esis by activating ACC. To test this hypothesis, we
stimulated primary adipocytes with the synthetic com-
pounds and measured conversion of radiolabeled glu-
cose into lipids. Stimulation with IPGs 1—5 failed to in-
crease lipogenesis (Figure 5). This result deviates from
the reported insulin-mimetic activity for IPG 2 (30—40%
MIR) (21) and IPG 3 (78% MIR) (24) with respect to lipo-
genesis in rat adipocytes. Use of IPG 3 in rat adipo-
cytes also failed to stimulate lipogenesis (Supplemen-
tary Figure 3). We also tried to reset lipogenesis in the
cells to zero by incubation with 90 nM isoproterenol and
subsequent washing steps prior to stimulation as sug-
gested by d’Alarcao (personal communication). Under
these conditions, however, neither IPG-induced nor
insulin-induced lipogenesis occurred. The isoproterenol
prestimulation was abandoned since this kind of treat-
ment generates an unphysiological metabolic state in
the cells and is not meaningful for the in vivo situation.
In combination, these results indicate that IPGs 1—5
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lack insulin-mimetic activity in fat tissue in vitro and
ex vivo.

Insulin Tolerance Test. To substantiate our findings,
the whole-body effect of IPG administration was deter-
mined by in vivo insulin tolerance tests in wild-type and
ob/ob mice. To this end, glucose clearance was mea-
sured after intraperitoneal injection of insulin and the
IPGs, respectively. Wild-type animals were fasted for 8 h,
and ob/ob animals were fasted for 16 h prior to the ex-
periment. Wild-type mice injected with insulin displayed
gradually dropping glucose levels reaching a trough af-
ter 90 min. In contrast, synthetic IPGs 1—5 did not alter
blood glucose concentration significantly (Figure 6,
panel A). The fluctuations observed in the glucose con-
centration curves are explained by stress-induced glu-
cose release. In addition we performed insulin tolerance
tests in ob/ob mice because purified IPG-As have been
shown to induce hypoglycaemia in different diabetic
mouse models including ob/ob mice (42). Over a pe-
riod of 8 h none of IPGs 1—5 decreased glucose levels
(Figure 6, panel B). Although IPGs 2—5 are assumed to
be reasonably stable, we cannot exclude phosphodi-
ester hydrolysis in IPG 1 by GPI-PLD activity in the se-
rum. Taken together, our data clearly demonstrate that
IPGs 1—5 exhibit no insulin-mimetic activity.

Discussion. In this comprehensive study we investi-
gated the insulin-mimetic potential of five synthetic GPI-
type inositol phosphoglycans in mouse and rat in vitro

VOL.5 NO.11

¢ 1075-1086 ¢ 2010

1079



1080

VOL.5 NO.T11

A IPG 1 IPG 2 IPG 3

100 100 100
[ [ [
s s s
2 50 B B
0 0 0
C & 2 & & & 8 SRR AR IR SRS I I
N SO R NS SEFCOR N IS S T T
o\& \“\Qa @o‘? oF S % °\°°\*‘ o\(\e “\Qe §o‘§ oY OF o & & o\& @\09 §€ﬁ NI
Q@“ o < \@‘\ L3 Q'se“ D
IPG 4 IPG 5
100 100
x 2
s s
X 5 X 50
o o
S & Q@ & & & & ¢ & &S e
N Q S N & X
& & @@‘ RS m@} o & ¢ @(’* o ,LQQ @\s &
PONEONN & &N
o< D o
N S
B PG 1 IPG 2 IPG 3

%MIR
%MIR
%MIR

IPG 4 IPG 5

100

%MIR
%MIR

&
S
¢

Figure 4. Glucose transport in (A) 3T3-L1 adipocytes and (B) primary adipocytes. IPGs 1—5 have no effect on glucose
transport in adipocytes. Cells were stimulated with 100 nM insulin, 20 M cytochalasin B (Cyt B), or varying concentra-
tions of IPGs 1—5. Stimulation of radiolabeled glucose uptake into cells was measured by liquid scintillation. Glucose
transport is expressed relative to the maximal insulin response (%MIR). Each value represents the mean of at least
three independent experiments = SD.
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Figure 5. Lipogenesis in primary murine adipocytes. [PGs 1—5 have no effect on lipogenesis in primary adipocytes. Cells were stimulated with 100 nM
insulin, 20 uM cytochalasin B (Cyt B), or varying concentrations of IPGs 1—5. The conversion of *“C-labeled glucose into toluene-extractable lipids was
measured by liquid scintillation. Incorporation of heavy carbons into lipids is expressed relative to the maximal insulin response (%MIR). Each value

represents the mean of at least three independent experiments =+ SD.

and in vivo. The synthetic IPG set analyzed included
two compounds, IPG 2 and IPG 3, that had previously
been attributed insulin-mimetic activity in single assays
(21, 22, 24). Our approach included two in vitro assays,
three ex vivo assays and two in vivo tests. PKB/Akt acti-
vation and glucose transport were measured in 3T3-L1
and primary murine adipocytes, lipogenesis was ana-
lyzed in primary adipocytes from mouse and rat, and in-
sulin tolerance tests were performed in wild-type and
obese mice. Our data reveal that none of the com-
pounds we tested is capable of inducing insulin effec-
tor functions in adipose tissue.

Previous studies have identified two different types
of active IPGs. IPGs type-A are structurally related to GPI-
anchors although the configuration of the linkage be-
tween p-glucosamine and myo-inositol is debated (31).

www.acschemicalbiology.org

Type-P IPGs, the other class of IPGs comprising
p-galactosamine and 3-O-methyl-p-chiro-inositol, were
not considered in this study. We chose to investigate
GPI-type synthetic inositol phosphoglycans because (i)
purified GPl-anchors from lower eukaryotes have been
shown to induce hypoglycaemia in wild-type (16, 43)
and diabetic rodents (78) and to mimic insulin actions
in adipocytes, hepatocytes, and muscle cells (4, 15, 17,
19); (i) antibodies raised against the GPI core glycan in-
hibit insulin action in BC3H1 cells (11); (iii) hypoglycae-
mia is a commonly observed condition of patients in-
fected with the notoriously GPI-rich malaria parasite P.
falciparum (44) and mice challenged with the murine
malaria parasite P. yoelli (45, 46); and (iv) synthetic GPI-
like core glycan and fragments thereof carrying anionic
modifications have been shown to mimic insulin action
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Figure 6. Insulin tolerance tests. A) IPGs 1-5 do not lower glucose
concentration in wild-type mice. Fasted C57BL/6 mice were injected
with 0.25 IU insulin and 0.14 pmol kg~? of IPGs 1—5, respec-
tively. B) IPGs 1—5 do not lower glucose concentration in ob/ob
mice. Fasted C57BL/6 ob/ob mice were injected with 0.75 IU insulin
and 0.07 pmol kg~? of IPGs 1—5, respectively. Glucose concentra-
tion was measured from blood taken from the tail vein at the indi-
cated time points. Each value represents the mean of four indepen-
dent experiments = SD.

invitro (21, 23, 24). We are aware of the fact that the un-
modified GPI core glycan has been shown not to be
insulin-mimetic (31). It was suggested from other re-
ports, however, that the presence of anionic modifica-
tions is crucial for bioactivity (23, 24).

The results presented here are in stark contrast to pre-
vious reports. Plourde et al. claimed an insulin-mimetic
activity of IPG 2 of 30—40% MIR in lipogenesis of rat ad-
ipocytes (21). Chakraborty et al. reported an insulin-
mimetic activity of IPG 3 of 78% MIR in lipogenesis in
rat adipocytes (24). However, the two reports both
present only one ex vivo assay. In contrast to these stud-
ies, we have conducted a thorough biological investiga-
tion, and our results show no significant, dose-
dependent insulin-mimetic activity of IPG 2 or IPG 3. It

¢ 1075-1086 ¢ 2010 HECHT ET AL.

is conceivable that the compounds that were tested
are not identical. We confirmed the structure of the syn-
thetic molecules by nuclear magnetic resonance spec-
troscopy and mass spectrometry. In the case of IPG 3,
we noted minor deviations in the *H NMR spectrum com-
pared with published data (24). The authors confirmed
an error in their reported *H NMR data that they intend to
correct. For IPG 2 the NMR spectra are in good agree-
ment with the published data of Martin-Lomas and co-
workers (22). Whereas Marc d’Alarcao and co-workers
(21) reported a doublet at 19.9 ppm in the 3P NMR, in
our case a singlet at 16.4 ppm was observed (17.7 ppm
reported by Martin-Lomas and co-workers). We believe
that we prepared the correct molecule since the chemi-
cal shift of the cyclic phosphate is around 16 ppm in
comparable structures (24, 37). Minor variations in the
range of 1—2 ppm caused by differences in the NMR in-
struments are plausible, yet deviations in the range of
2—3 ppm are rather unlikely.

Our data are substantiated by different assays in dif-
ferent rodent animal models. All test systems were sen-
sitive to insulin. Variations in the efficiency of insulin
stimulation are normal and can be explained by small
deviations in the experimental conditions. Standard pro-
tocols for adipocyte isolation were used. In order to
economize animals, a mixture of visceral (epididymal)
and subcutaneous fat was isolated. Pure epididymal fat
might have been more responsive to insulin and pre-
sumably the IPGs, but the stimulation achieved with our
protocol was sufficiently high to assess significant
insulin-mimetic activity. Moreover, highly sensitive
Western blot analysis did not reveal any activation of in-
sulin signaling either. Degradation of the insulin or puta-
tive IPG receptor by trypsin in the collagenase prepara-
tion can be excluded since addition of trypsin inhibitor |
to the digest of fat tissue did not alter the responsive-
ness of the cells (data not shown). In addition, insulin re-
sponsiveness of the adipocytes indicates that the insu-
lin receptor and thus the cell surface proteins in general
are intact and not affected by other protease contamina-
tions. The in vivo studies were conducted similar to
Elased et al. (42), who suggested an effect of purified
IPG-A on serum glucose concentration in different dia-
betic mouse models. Serum-stability of the adminis-
tered IPGs was not investigated. Ester hydrolysis of IPG
1 is likely given the presence of GPI-PLD phosphodies-
terases in the murine plasma (47). For the unlipidated
GPI-derived glycans, i.e., IPGs 2—5, it can be assumed
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from reference studies that the half-life is sufficiently
long to mediate effector functions.

Our results strongly support the notion that GPI-
derived inositol phosphoglycans lack insulin-mimetic
activity. Even IPG 4, which is structurally similar to the
PIG 41-type pseudohexasaccharides presented by Miil-
ler (23) except for the a-glycosidic linkage connecting
p-glucosamine to o-myo-inositol and the nature and the
exact distribution of anionic modifications at the nonre-
ducing end, is not an insulin-mimetic. We did not syn-
thesize PIG 41 since the B-configuration of
p-glucosamine has never been described in GPI-glycans
(for reviews on GPl-anchors see ref 48) except by Miil-
ler (20). The origin of such a glycan species remains elu-
sive. We conceive three possible explanations that
could account for the lack of observed insulin-mimetic
activity of the synthetic IPGs 1—5: (i) cleaved GPI mol-
ecules are further modified in situ before taking action;
(ii) a completely novel type of GPI-anchors exists that
has never been described; or (iii) the entire concept of
insulin-mimetic inositol phosphoglycans is flawed and
a different, yet unknown, molecular species was copuri-
fied in the numerous reports about isolated, bioactive
IPGs.

The structure—activity relationship of insulin-mimetic
inositol phosphoglycans remains elusive. In fact, there
are partly conflicting data, and in many cases the bio-
logical testing is rudimentary and/or the molecules are
poorly characterized. Some published results remained
ireproducible (21, 24), yet without a minimal active
structure the field cannot progress. All of the molecules
tested have to be characterized thoroughly even if they
are known, and biological results have to be cross-

validated with multiple assays. Although in vitro experi-
ments can be useful in analyzing IPGs and investigating
the corresponding signaling pathway, only in vivo ex-
periments can finally give information on whether a cer-
tain substance can be classified as an insulin-mimetic.
After all, insulin is a systemic player that has a clear-cut
effect: lowering glucose levels after food intake. The ul-
timate test for any potential insulin-mimetic agent has to
be an in vivo experiment that assesses the ability of
this substance to lower blood glucose concentration.

Signaling via GPI-derived IPGs has been suggested
to modulate insulin signaling. An alternative pathway
for insulin signaling could have implications on future
diabetes type 2 therapies. However, there is still a long
way to go. It is unclear how IPGs are composed and ac-
tivated. Although many studies point toward the fact
that IPGs are generated by insulin-induced cleavage of
GPl-anchors, the details of this mechanism remain elu-
sive. Questions concerning the topology of IPG signaling
remain open. Miller and co-workers showed that IPGs
bind to a 115 kDa protein on the outer leaflet of the
plasma membrane (49), and d’Alarcao and co-workers
demonstrated that fluorescently labeled IPGs exert their
function from the outside of the cell (29). In contrast,
IPGs have shown to regulate various intracellular en-
zymes in cell-free systems (10, 50-52). Along the same
lines, there is no consensus about the identity of the
IPG receptor. With sufficient quantities of a potent
insulin-mimetic IPG in hand these pending questions
could be addressed. Ultimately, advances in the field
could provide novel means to defeat diabetes type 2,
which has become a burden to human health around
the globe.

METHODS

General. Unless otherwise specified, chemicals were pur-
chased from Sigma-Aldrich. Gibco-DMEM (containing GlutaMAX
I, 4500 mg L™ ! glucose and 110 mg L™* sodium pyruvate), Gibco
Penicillin-streptomycin (10,000 U mL™*) and Gibco Trypsin-
EDTA (0.25%) solutions were purchased from Invitrogen. Acryl-
amide 4K-solution (30%) Mix 37.5:1 was purchased from Appli-
Chem. Ammonium persulfate, N,N,N',N'-tetra-
methylethylenediamine (TEMED), sodium dodecyl sulfate ultra-
PURE SDS, glycine ultra, BSA, and methanol were obtained from
Fluka. Tris(hydroxymethyl)aminoethane (Tris) was purchased
from Acros Organics. pAkt (Ser“’?) and Akt antibodies were pur-
chased from Santa Cruz Biotechnology. Anti-rabbit horseradish
peroxidase conjugated antibody from donkey was obtained from
Amersham Biosciences. Protease inhibitor cocktail Complete,
EDTA-free was purchased from Roche. 2-Deoxy-1-[*H]-o-glucose
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and [1-**C]-p-glucose were purchased from PerkinElmer. IPG 1
was dissolved in DMSO, and IPGs 2—5 were dissolved in wa-
ter. IPG 5 was reduced by adding equimolar amounts of tris(2-
carboxyethyl)phosphine (TCEP) prior to the experiment.

Synthesis of IPGs. IPG 1, IPG 4, and IPG 5 were prepared as re-
ported (34, 37, 38). The syntheses of IPG 2 and IPG 3 are de-
scribed in detail in the Supporting Information. The identity and
purity of compounds were assessed by nuclear magnetic reso-
nance (NMR) spectroscopy.

Cell Culture. 3T3-L1 fibroblasts were grown and differenti-
ated into adipocytes, as previously described (53, 54). Cells
were used for experiments 11—13 days after induction of differ-
entiation. In a typical experiment, 3T3-L1 adipocytes were prein-
cubated in DMEM containing 4500 mg L™! glucose without se-
rum for 18 h in a humidified atmosphere with 5% CO, at 37 °C.
After preincubation, 3T3-L1 adipocytes were washed three times
with phosphate buffered saline (PBS) buffer (4.3 mM NaHPO,,
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1.4 mM KH,PO,, pH 7.4, 137 mM NacCl, 2.7 mM KCl) and then
used for the experiment.

Western Blotting in 3T3-L1 Adipocytes. Serum-starved 3T3-L1
adipocytes were incubated in 500 pL of medium containing in-
sulin (100 nM), LY-294,002 hydrochloride (100 wM) and insulin,
or varying concentrations of IPG, for 60 min at 37 °C. Cells were
washed twice with 1 mL PBS, 500 pL of ice-cold lysis buffer
(1% Triton100 in PBS containing protease and phosphatase in-
hibitors) was added, and cells were scraped from the wells and
transferred to tubes. Cells were lysed by shaking for 45 min at
4 °C. Suspensions were centrifuged for 15 min at 14,000 rpm at
4 °C. Cytosolic proteins were precipitated by addition of 50 uL
100% (w/v) trichloroacetic acid (TCA). After 45 min of incubation
on ice the samples were centrifuged for 15 min at 14,000 rpm
at 4 °C, and the pellets were washed twice with ice-cold acetone
and allowed to dry. Pellets were resuspended in Laemmli SDS
sample buffer. Protein concentrations were determined by Brad-
ford analysis and adjusted. Samples were subjected to SDS-
PAGE and transferred to nitrocellulose membrane (GE Health-
care). Membranes were blocked with 5% (w/v) BSA in Tris
buffered saline (TBS) buffer (0.025 M Tris/HCl, pH 7.4, 0.137 M
NaCl and 0.0025 M KCl) containing 0.1% (v/v) Tween20 for 1 h
at RT. Membranes were incubated with the primary antibody
overnight at 4 °C, followed by HRP-conjugated secondary anti-
body for 1 h at RT. Proteins were visualized by enhanced chemi-
luminescence (ECL). Subsequently, membranes were incubated
in stripping buffer (62.5 mM Tris/HCl, pH 6.8, 100 mM
2-mercaptoethanol and 2% SDS) for 15 min at 50 °C and rep-
robed with primary and secondary antibody.

Glucose Transport in 3T3-L1 Adipocytes. Serum-starved 3T3-L1
adipocytes were incubated in 300 pL of Krebs-Ringer bicarbon-
ate/HEPES (KRBH) buffer (30 mM HEPES, pH 7.4, 120 mM NacCl,
1 mM MgSO0,, 0.75 mM CaCl,, 4 mM KH,PO,, 10 mM NaHCO5)
for 80 min at 37 °C. Insulin (100 nM), cytochalasin B (20 wM),
or varying concentrations of IPG were added for 30 min. Glucose
transport was initiated by the addition of 100 p.L of KRBH con-
taining 0.125 w.Ci of 2-deoxy-1-[>H]-p-glucose for 4 min at 37 °C.
After 4 min the transport was terminated by placing the cells
on ice and removal of the supernatant. Wells were washed three
times with ice-cold PBS. Cells were lysed by addition of 200 uL
of lysis buffer (1% Triton100, 0.1% SDS in PBS) for 40 min at
4 °C, while shaking. Lysates were transferred to scintillation vi-
als and mixed with 5 mL of toluene-based scintillation cocktail.
3H concentrations were determined by liquid scintillation
spectroscopy.

Animal Models. Animal experiments were performed with
male wild-type or ob/ob C57BL/6 mice and male Sprague—
Dawley rats, respectively. Animals were maintained on a 12-h
light/dark cycle. All animal experiments were approved by the
Veterinary Office in Zurich (Switzerland) or the Landesamt fiir
Gesundheit and Soziales, LAGeSo, in Berlin (Germany).

Isolation of Primary Adipocytes. Subcutaneous and visceral
fat pads were dissected from freshly sacrificed animals and
kept in PBS until use, no longer than 0.5 h. Fat pads were cut
into small pieces and incubated for 1 h in Krebs-Ringer Bicar-
bonate (KRB) buffer (purchased from Sigma, substituted with
2.5% BSA, 1% penicillin/streptomycin and 2 mg mL™! collag-
enase type 2 from Clostridium histolyticum) at 37 °C, while shak-
ing. The digested fat pads were filtered through a 350 pm?
mesh and washed three times with KRBH buffer lacking glu-
cose (30 mM HEPES, pH 7.4, 120 mM NaCl, 1 mM MgS0,,
0.75 mM CaCl,, 10 mM NaHCOs, 4 mM KH,PO, 1% BSA).

Western Blotting in Primary Adipocytes. Primary adipocytes
were serum starved for 3 h and subsequently incubated in
500 L of medium containing insulin (100 nM), LY-294,002 hy-
drochloride (100 wM), or varying concentrations of IPG, for
60 min at 37 °C. Cells were lysed by incubation in lysis buffer
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(50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.1% SDS, pro-
tease and phosphatase inhibitors) for 30 min at 4 °C. Protein
concentrations were determined by BCA analysis and adjusted.
Suspensions were mixed with Laemmli SDS sample buffer and
subjected to SDS-PAGE. Visualization of proteins was performed
as described above.

Glucose Transport in Primary Adipocytes. Adipocyte suspen-
sion was mixed, diluted with KRBH containing 1% BSA, and dis-
tributed to a 24-well plate (300 p.L per well). Insulin (100 nM),
cytochalasin B (20 wM), or varying concentrations of IPG were
added to the cells. After a preincubation period of 10 min at
37 °C, 50 pL of a 7 mM glucose solution containing 0.1 uCi p-[1-
4(]-glucose was added. The cells were incubated for 1 h at
37 °C, with mild shaking. An adipocyte solution of 200 plL was
mixed with 300 pL of phthalate oil. The aqueous phase was
separated from the cells by centrifugation for 1 min at 6000 X
g. Adipocytes were washed with 100 pL PBS. Adipocytes were
transferred to scintillation vials, and 4 mL of toluene-based scin-
tillation liquid was added. B-decay was counted by liquid
scintillation.

Lipogenesis in Primary Adipocytes. Adipocytes were incu-
bated as described for glucose transport. After incubation,

150 pl of adipocyte suspension was mixed with 7 mL of
toluene-based scintillation cocktail (2.5 g of 2,5-
diphenyloxazole (PPO) and 0.15 g of 1,4-bis(5-phenyl-2-
oxazoly)benzene (POPOP) per 500 mL toluene) followed by vig-
orous mixing. The emulsion was centrifuged to expedite phase
separation, 5 mL of the organic phase was removed, and
B-decay was measured by liquid scintillation.

Insulin Tolerance Test. Wild-type mice, 10 weeks of age, were
fasted for 8 h. Ob/ob mice, 9 weeks of age, were fasted for 16 h.
Glucose levels were determined before injections with a Con-
tour glucometer (Bayer) using blood from the tail vein. After i.p.
injections of 0.25 U insulin kg~! bodyweight and IPGs 1—5
(0.14 wmol kg™, respectively, in C57BL/6 mice, glucose lev-
els were monitored after 15, 30, 60, 90, and 120 min. After i.p.
injections of 0.75 U insulin kg~* bodyweight and IPGs 1—5
(0.07 wmol kg™1) in C57BL/6 ob/ob mice, glucose levels were
monitored after 2, 4, 6, and 8 h.
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