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Nonenzymatic glycation is increased in diabetes and
leads to increased levels of glycated proteins. Most stud-
ies have focused on the role of glycation products in
vascular complications. Here, we have investigated the
action of human glycated albumin (HGA) on insulin sig-
naling in L6 skeletal muscle cells. Exposure of these
cells to HGA inhibited insulin-stimulated glucose up-
take and glycogen synthase activity by 95 and 80%, re-
spectively. These effects were time- and dose-depend-
ent, reaching a maximum after 12 h incubation with 0.1
mg/ml HGA. In contrast, exposure of the cells to HGA
had no effect on thymidine incorporation. Further, HGA
reduced insulin-stimulated serine phosphorylation of
PKB and GSK3, but did not alter ERK1/2 activation.
HGA did not affect either insulin receptor kinase activ-
ity or insulin-induced Shc phosphorylation on tyrosine.
In contrast, insulin-dependent IRS-1 and IRS-2 tyrosine
phosphorylation was severely reduced in cells preincu-
bated with HGA for 24 h. Insulin-stimulated association
of PI3K with IRS-1 and IRS-2, and PI3K activity were
reduced by HGA in parallel with the changes in IRS
tyrosine phosphorylation, while Grb2-IRS association
was unchanged. In L6 myotubes, exposure to HGA in-
creased PKC activity by 2-fold resulting in a similar
increase in Ser/Thr phosphorylation of IRS-1 and IRS-2.
These phosphorylations were blocked by the PKC inhib-

itor bisindolylmaleimide (BDM). BDM also blocked the
action of HGA on insulin-stimulated PKB and GSK3�.
Simultaneously, BDM rescued insulin-stimulation of
glucose uptake and glycogen synthase activity in cells
exposed to HGA. The use of antibodies specific to PKC
isoforms shows that this effect appears to be mediated
by activated PKC�, independent of reactive oxygen spe-
cies production. In summary, in L6 skeletal muscle cells,
exposure to HGA leads to insulin resistance selectively
in glucose metabolism with no effect on growth-related
pathways regulated by the hormone.

Insulin plays a major role in regulating metabolic pathways
associated with energy storage and utilization and with cellu-
lar proliferation. Following insulin binding, insulin receptor
tyrosine kinase is activated, leading to the phosphorylation of
several intracellular protein substrates, including IRS-1/2/3/4
proteins and Shc1 proteins. These initial events generate mul-
tiple signaling cascades that mediate the final cellular re-
sponses to insulin (1, 2). Insulin-activated signaling modules
include the Ras/ERK (3), the PI3K/PKB (4), and the PKC
pathways (5, 6).

Resistance to insulin action is a common abnormality pres-
ent in major human diseases such as diabetes mellitus and
obesity. Insulin resistance in diabetes is genetically deter-
mined, but its incidence is also affected by environmental con-
ditions and by factors secondary to diabetes itself (7). These
acquired and secondary factors further impair insulin action in
the diabetic individual. For instance, chronic hyperglycemia
per se promotes insulin resistance (8, 9). A number of mecha-
nisms have been proposed to explain hyperglycemia-induced
insulin resistance. These include abnormalities in the PKC
signaling system (10) and activation of the NF-�B transcription
factors by chronically elevated glucose concentrations (11, 12).
However, the molecular mechanism(s) through which hyper-
glycemia exacerbates insulin resistance in diabetes have only
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partially been elucidated. An additional deleterious effect of
chronic hyperglycemia is the increased production of advanced
glycation end products (AGEs). Chronic high intracellular glu-
cose concentrations cause an increase in both intracellular and
extracellular AGEs (13, 14). AGE precursors are formed by
several reactions including intracellular auto-oxidation of glu-
cose to glyoxal (15) and breakdown of glyceraldehyde-3-phos-
phate and dihydroxyacetone phosphate to methylglyoxal (16).
AGEs are generated through the interaction of these intracel-
lular �-dicarbonyl precursors with the amino groups of both
intra- and extracellular proteins (17). Chronic hyperglycemia
also leads to the production of Amadori products through the
nonenzymatic glycation reactions between glucose and reactive
amino groups of serum proteins. Depending on the protein
turnover rate and glucose concentration, these Amadori prod-
ucts undergo further irreversible reactions to form AGEs. The
modifications of proteins that lead to their glycation induce
alterations in their biological properties as compared with their
non-glycated counterparts. Several studies have shown that
elevated concentrations of Amadori products such as glycated
albumin are associated with diabetic atherogenesis by activat-
ing vascular smooth muscle cells (18). Glycated albumin has
also been implicated in the development of diabetic retinopathy
(19) by induction of vascular endothelial growth factor expres-
sion (20, 21) and the stimulation of choroidal endothelial cell
proliferation (22). Finally, glycated albumin has been shown to
participitate in the development of diabetic nephropathy by the
induction of the cellular formation of cytokines and growth
factors (23), which may themselves contribute to diabetic renal
disease (24). Glycated albumin and AGEs exert their effects
through specific cellular receptors found in different cell types
and through the activation of several signaling pathways (25,
26). Thus, glycated albumin-receptor binding elicits a signal
transduction pathway leading to the generation of oxygen free
radicals. These reactive oxygen species activate the redox-sen-
sitive transcription factor NF-�B (18), a pleiotropic regulator of
many genes. Recently, Naitoh et al. (27) demonstrated that, in
human monocytic cells, glycated albumin induces the release of
TNF-�, a factor involved in insulin resistance (28). Although
glycated albumin has been linked to the vascular complications
of diabetes, it is presently unclear whether exposure to glycated
albumin induces resistance to insulin and at which step in the
insulin-signaling cascade this may occur. We hypothesized that
glycated albumin may be involved in the modulation of insulin
signaling and hence in the generation of insulin resistance. To
investigate this hypothesis, we analyzed the action of human
glycated albumin (HGA) on insulin signaling in L6 skeletal
muscle cells. We demonstrated that, in these cells, exposure to
human glycated albumin selectively inhibits the PI3K/PKB
branch of the insulin signaling cascade, while leaving the Ras-
ERK pathway and mitogenic action of the hormone unaltered.
Mechanistically, HGA-mediated PI3K/PKB inhibition is de-
pendent on a PKC�-mediated serine/threonine phosphoryla-
tion of IRS-1/2 proteins that leads to a strong decrease in
insulin-regulated metabolic responses, such as glucose uptake
and glycogen synthesis. Interestingly, activation of PKC� by
chronic HGA treatment appears to be independent of ROS
production. Thus, by deregulating intracellular insulin signal-
ing, human glycated albumin exacerbates the insulin-resistant
state.

EXPERIMENTAL PROCEDURES

General—Media and sera for tissue culture were from Invitrogen.
Phospho-PKB, phospho-ERK, IRS-1, and IRS-2 antibodies were pur-
chased from Cell Signaling Technology (Beverly MA). PI3K and phos-
pho-GSK-3 antibodies were from Upstate Biotechnology Inc. (Lake
Placid, NY). Antibodies directed against PKC isoforms were used as
previously described (29). All other antibodies were from Santa Cruz

Biotechnology (Santa Cruz, CA). Electrophoresis and Western blot re-
agents were from Bio-Rad (Richmond, VA), chloro-methyl-2�7�-dichlo-
rofluorescein diacetate was a gift from C. Maziere (Faculté de Médecine,
Amiens, France). [�-32P]ATP (3,000 Ci/mmol), [14C]UDPG, [3H]thymi-
dine, 2-deoxy-D-[3H]glucose, [32P]orthophosphate, and ECL reagents
were from Amersham Biosciences. Other reagents were from Sigma.

Characterization of Glycated Human Serum Albumin—Glycated and
nonglycated human serum albumin were purchased from Sigma Chem-
ical Co. The glycated serum albumin contained 2.7–3.5 mol of fruc-
tosamine per mol of albumin. The human glycated and nonglycated
albumin preparations were tested for (i) fluorescent advanced glycation
end products concentrations, determined by fluorescence assays (from
360 to 600 nm) upon excitation at 370 nm or 350 nm (30), (ii) CML
concentrations were determined by using a CML-ELISA kit which uses
carboxymethyl caproate as standards as described in (31), and (iii) the
extent of lysine and arginine modifications, measured using the 2,4,6-
trinitrobenzen-suffonic acid and 9,10-phenanthrenequinone methods,
respectively (32, 33). Each batch was tested for possible insulin-like
growth factor-I contamination by IGF-I-D-RIA-CT (BioSource Europe,
Nivelles, Belgium) and the absence of endotoxin (LPS) by the use of
Limulus amebocyte lysates assay (Sigma). Each human glycated albu-
min batch was reconstituted at 10 mg/ml with sterile PBS, and in order
to avoid glycoxydation, immediately thereafter frozen at �30 °C until
use (34).

Cell Culture—The L6 skeletal muscle cells were plated (6 � 103

cells/cm2) and grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2% (v/v) fetal bovine serum and 2 mM glutamine.
Cultures were maintained at 37 °C, in a humidified atmosphere con-
taining 5% (v/v) CO2. Under these culture conditions, L6 myoblasts
spontaneously differentiate into myotubes upon confluence. For PKC
inhibition studies, cells were pretreated with 100 nM BDM for 30 min
followed by combined pretreatment with HGA and BDM. Unless oth-
erwise stated all experiments were performed with L6 cells at the
myotube stage of differentiation.

Immunoblot Analysis—Cells were solubilized for 20 min at 4 °C with
lysis buffer containing 50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 10
mM Na4P2O7, 2 mM sodium orthovanadate, 50 mM NaF, 1 mM phenyl-
methylsulfonyl fluoride, 10 �g/ml aprotinin, 10 �g/ml leupeptin, pH 7.4,
and 1% (v/v) Triton X-100 (TAT buffer). The lysates were clarified by
centrifugation at 12,000 � g for 15 min at 4 °C, and aliquots were either
directly separated by SDS-PAGE or incubated with the indicated anti-
bodies for 18 h at 4 °C. Immune complexes were then precipitated with
protein A beads, and resuspended in Laemmli buffer. Proteins were
separated by SDS-PAGE and blotted on Immobilon-P membranes (Mil-
lipore Corp., Bedford, MA). Membranes were blocked for 1 h in TBS (10
mM Tris-HCl, pH 7.4, 140 mM NaCl), containing 4% (w/v) bovine serum
albumin and then incubated with the indicated antibodies. Detection of
blotted proteins was performed by ECL according to the manufacturer’s
instruction.

In Vivo Phosphorylation Experiments—Myotubes pretreated or not
with HGA for 24 h were washed twice with phosphate-free DMEM and
labeled for 12 h in this medium containing 500 �Ci of [32P]orthophos-
phate (1.7 mCi/ml). At the end of labeling, after three washes with
ice-cold PBS, proteins were solubilized for 15 min at 4 °C in TAT buffer.
The lysates were clarified by centrifugation at 12,000 � g for 15 min at
4 °C and subjected to immunoprecipitation with anti-IRS-1 or IRS-2
antibodies. Immunocomplexes were washed four times with solubiliza-
tion buffer, boiled in Laemmli sample buffer, and separated by SDS-
PAGE. For KOH treatment, the gels were incubated for 1 h at 55 °C in
1 M KOH as described (35). [32P]orthophosphate-labeled IRS-1/2 frac-

TABLE I
Physicochemical properties of glycated human albumin

Extent of lysine modifications was determined with TNBS and argi-
nine modifications by the 9, 10 phenanthrenequinone method as de-
scribed with ‘‘Experimental Procedures.’’ The modification ratio of HGA
was expressed as a percent of nonglycated human albumin modifica-
tions used as control.

Non-glycated human
albumin

Glycated human
albumin

Fluorescent AGEs Undetectable Undetectable
CML/mg protein 60 ng 170 ng
Lys modification (%) 100 91.9 � 5.2
Arg modification (%) 100 98.6 � 0.5
IGF-1 Undetectable Undetectable
LPS Undetectable Undetectable
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tions were detected with a PhosphorImager (Molecular Dynamics) and
quantified (ImageQuant software).

2-Deoxy-D-glucose Uptake, Glycogen Synthase Activity, and Thymi-
dine Incorporation Assays—These assays were performed in L6 myo-
tubes as described in (36). Briefly, cells were incubated in serum-free
�-Dulbecco’s modified Eagle’s medium supplemented with 0.2% (w/v)
bovine serum albumin for 24 h in the presence or absence of 0.1 mg/ml
HGA. Cells were incubated in glucose-free 20 mM HEPES, pH 7.4, 140
mM NaCl, 2.5 mM MgSO4, 5 mM KCl, 1 mM CaCl2 (HEPES buffer) and
then exposed or not to 100 nM insulin for 10 min. Glucose uptake was
measured by incubating cells with 20 �M 2-deoxy-D-[3H]glucose (1 �Ci/
assay) for 10 min in HEPES buffer. The reaction was terminated by the
addition of 10 �M cytochalasin B, and the cells were washed three times
with ice-cold isotonic saline solution prior to lysis in 0.1 M NaOH.
Incorporated radioactivity was measured in a liquid scintillation coun-
ter. Glycogen synthase activity was assayed by a modification of the
described method (36). Briefly, L6 myotubes were incubated in HEPES
buffer for 3 h before the assay, the cells were then stimulated with 100
nM insulin, resuspended in 10 mM EDTA and sonicated for 10 s at 300
watts. The cell suspension was centrifuged for 10 min at 2,000 � g, and
20-�l aliquots of the supernatants (20 �g of cell protein) were added to
60 �l of a reaction mixture containing 40 mM Tris-HCl, pH 7.8, 25 mM

NaF, 20 mM EDTA, 10 mg/ml glycogen, and 7.2 mM uridine 5�-diphos-
phate-glucose (UDPG) and 0.05 mCi [14C]UDPG in the absence or the
presence of 6.7 mM glucose 6-phosphate. The supernatant reaction
mixture was incubated for 20 min at 30 °C and terminated by spotting

on p81 phosphocellulose filter followed by precipitation with ice-cold
ethanol, and the radioactivity was counted by liquid scintillation. En-
zyme activity was expressed as percent of the glucose-6-phosphate
independent form (% I form).

Thymidine incorporation assays were performed as previously de-
scribed (37). Briefly, cells were seeded in 6-well plates at a plating
density of 105 cells/well. After 24 h, the culture medium was replaced
with serum-free Dulbecco’s modified Eagle’s medium containing 0.2%
(w/v) bovine serum albumin in the presence or absence of HGA, as
specified for an additional 24 h. 100 nM insulin and [3H]thymidine were
added, and the cells were incubated for an additional 16 h.

Kinase Assays—L6 myotubes were deprived of serum for 24 h in the
presence or absence of HGA and then exposed to 100 nM insulin for 10
min. For PI3K assays, after insulin stimulation, the cells were solubi-
lized for 30 min at 4 °C in TAT buffer. After lysate clarification by
centrifugation at 12,000 � g for 15 min at 4 °C, aliquots of the lysates
were subjected to immunoprecipitation with anti-IRS-1 or anti-IRS-2
antibodies coupled to protein A-Sepharose for 2 h at 4 °C. PI3K activity
was determined in IRS-1/2 immunoprecipitates as described in Filippa
et al. (38).

For PKB assays, after insulin stimulation, the cells were solubilized
for 30 min at 4 °C in TAT buffer. The lysates were clarified by centrif-
ugation at 12,000 � g for 15 min at 4 °C, and PKB was immunoprecipi-
tated using antibodies to PKB. The immune complexes were washed
and assayed for PKB activity using Crosstide substrate as previously
described (38). PKC activity was assayed as previously described (29).

FIG. 1. HGA action on 2-DG uptake, glycogen synthase in myotubes and thymidine incorporation in L6 myoblasts. L6 cells were
incubated with HGA or HA at different concentrations and/or different times and then stimulated with 100 nM insulin. 2-DG uptake (A and B),
glycogen synthase activity (C), and thymidine incorporation (D) were then assayed as described under “Experimental Procedures.” Symbols and
bars represent the mean � S.D. of triplicate determinations obtained in four (A–C) and three (D) independent experiments. A and C, *, p � 0.001
versus control insulin-stimulated group.
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Briefly, cells were solubilized in 20 mM Tris-HCl, pH 7.5, 0.5 mM EDTA,
0.5 mM EGTA, 0.5% (v/v) Triton X-100, 25 �g/ml aprotinin, 25 �g/ml
leupeptin. Cell lysates were clarified by centrifugation at 12,000 � g for
20 min and then supplemented with lipid activators (10 �M phorbol
12-myristate 13-acetate, 0.28 mg/ml phosphatidylserine and 4 mg/ml
dioleine, final concentrations). Phosphorylation reactions were initiated
by addition of 50 �M acetylated myelin basic protein (residues 4–14)
substrate in 4 mM Tris, pH 7.5, 1 mM CaCl2, 20 mM MgCl2, 20 �M ATP,
and 10 �Ci of (3,000 Ci/mmol) [�-32P]ATP per ml (final concentrations).
The reaction mixtures were further incubated for 10 min at room
temperature, and then rapidly cooled on ice and spotted onto phospho-
cellulose discs. Disc-bound radioactivity was quantitated by liquid scin-
tillation counting. PKC activity was calculated by subtracting the non-
specific kinase activity obtained in the absence of lipid activators.
Activity of the specific PKC isoforms was assayed as described above,
after immunoprecipitation using specific PKC isoform antibodies.

Assay for Reactive Oxygen Species Production—Intracellular produc-
tion of ROS was measured by CM-DCF fluorescence as described (39).
The cells were treated with H2O2 (500 �M) for 15 min in the absence or
presence of the antioxidant PDTC (200 �M), and then exposed to 10�5 M

CM-DCF in phosphate buffered saline for 45 min. The cells were
washed three times in PBS, solubilized in H20, and sonicated. The
fluorescence was determined at 503/529 nm, normalized on a protein
basis and expressed as percentages of control.

Statistical Analysis—Results are expressed as means � S.D. Statis-
tical significance was evaluated using the Student’s t test for unpaired
comparison. A value of p � 0.05 was considered statistically significant.

RESULTS

Physicochemical Properties of HGA—Table I summarizes the
physicochemical properties of the human glycated albumin
used in this report. We find that HGA does not contain meas-
urable amounts of fluorescent advanced glycation end prod-
ucts. The CML concentrations observed in our HGA prepara-
tions are lower than the level of CML observed in diabetic
plasma (32.6 � 8.3 �g CML/ml) (40). Nagai et al. (41) have
observed that methylglyoxal and glyoxal preferentially modi-
fied arginine rather than lysine residues. To detect the pres-
ence of modified aldehyde in human albumin, the extent of
lysine and arginine modifications in human glycated and non-
glycated albumin were determined. The results obtained are
summarized in Table I and show the absence of significant
modifications in the extent of free lysine and arginine residues
between the two preparations. Lastly, the batches were found
not to contain IGF-I and to be bacterial endotoxin-free. To
summarize, the physicochemical properties determined for our
HGA preparation demonstrate that this preparation does not

contain significant AGEs products and that therefore the ef-
fects observed in L6 myotubes after 24 h of preincubation with
0.1 mg/ml of HGA are the consequence of glycated albumin
present essentially as a glycated Amadori product.

Effect of HGA on Insulin Action—Insulin-resistant states are
associated with alterations affecting glucose metabolism of
muscle cells (42, 43). To determine whether HGA could induce
insulin resistance in L6 myotubes, the effect of preincubation
for 24 h with 0–0.2 mg/ml HGA on glucose transport was
studied. Control cells were treated with nonglycated albumin.
In control myotubes not treated with HGA or treated for 24 h
with 0.1 mg/ml HA, insulin induced a 2-fold 2-DG uptake. HGA
decreased insulin-stimulated glucose uptake in a dose-depend-
ent manner without affecting basal glucose uptake. Maximal
inhibition was achieved starting from 0.1 mg/ml HGA (Fig. 1A).
To study the time course for HGA-induced insulin resistance in
myotubes, cells were preincubated with 0.1 mg/ml HGA for
0–24 h. Insulin-induced glucose uptake was reduced by 60 and
75% upon HGA incubation for 4 and 8 h, respectively (decreas-
es significant at the p � 0.001 level). A 12-h preincubation with
0.1 mg/ml HGA completely abolished insulin stimulation of
2-DG uptake in L6 myotubes, an inhibition conserved for at
least 12 additional hours (Fig. 1B). Glycogen synthase activa-
tion by insulin was also inhibited by preincubation with HGA
(300% increase in the absence of HGA and only 50% upon 24 h
HGA preincubation, as shown in Fig. 1C). Similar to 2-DG
uptake, the HGA-induced inhibition of glycogen synthase acti-
vation was also time- and dose-dependent, reaching a maxi-
mum after 12 h of exposure (data not shown). On the contrary,
HGA pretreatment did not affect insulin-stimulated thymidine
incorporation in L6 myoblasts (Fig. 1D).

Insulin Signaling in HGA-exposed Cells—To investigate the
mechanism underlying these different actions of HGA, we fo-
cused initially on early events in insulin signaling. HGA pre-
incubation of L6 myotubes for up to 24 h did not change insulin
receptor protein levels or insulin-dependent receptor autophos-
phorylation on tyrosine (Fig. 2A). In vitro kinase activity of
insulin receptors also remained unchanged (Fig. 2B). On the
contrary, insulin-dependent IRS-1 and IRS-2 tyrosine phospho-
rylation was severely reduced in cells preincubated with HGA
for 24 h (Fig. 3, A–D). HGA action on IRS-1 and IRS-2 phos-
phorylation was time-dependent with maximum inhibition

FIG. 2. Effect of HGA on insulin receptor autophosphorylation and kinase activity. L6 myotubes were incubated with 0.1 mg/ml HGA
for the indicated times and then stimulated with 100 nM insulin (10 min). Cell lysates were immunoprecipitated with antibodies to the insulin
receptor �-subunit (A). Precipitated proteins were separated by SDS-PAGE and blotted with antibodies either to phosphotyrosine or to insulin
receptor, as indicated. Results shown are representative of three independent experiments. Alternatively, in B, insulin receptors were partially
purified by wheat germ agglutinin-agarose chromatography from the cell lysates and in vitro kinase activity toward the poly(Glu-Tyr) substrate
was measured as described under “Experimental Procedures.” Bars are the mean � S.D. of duplicate determinations of four independent
experiments.
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FIG. 3. Effect of HGA on IRS-1 and IRS-2 signaling in L6 myotubes. L6 myotubes were incubated with 0.1 mg/ml HGA or HA for the
indicated times and then stimulated with 100 nM insulin (10 min). The cells were then solubilized, and the cell extracts were subjected to
immunoprecipitation with antibodies to IRS-2 (A) or to IRS-1 (C), followed by blotting with antibodies to phosphotyrosine or to p85 as indicated.
Aliquots of the immunoprecipitates were also subjected to blotting with antibodies to IRS-2 or to IRS-1. In E, cell extracts were subjected to
SDS-PAGE followed by immunoblotting with antibodies to phosphotyrosine, to IRS-1 or to IRS-2. F, PI3K activity associated with IRS-1 and IRS-2
in basal and insulin-stimulated cells pretreated or not with 0.1 mg/ml HGA. Immunoblots of total IRS-2 (B) and IRS-1 (D) were analyzed by
densitometry and means � S.D. are shown. The experiments shown are representative of three independent experiments. An arrow (in B and D)
indicates the basal tyrosine phosphorylation level. B, D, and F, *, p � 0.05; **, p � 0.01 versus control insulin-stimulated group.
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reached within 12 h of HGA exposure (Fig. 3E). Quantification
of the total IRS-1/2 proteins indicated that the HGA-induced
decrease in tyrosine phosphorylation of IRS-1/2 did not result
from a reduction in these proteins as no significant differences
in protein levels were observed in the HGA-treated group as
compared with the untreated one (Fig. 3, B and D). No modi-
fication in the insulin-dependent tyrosine phosphorylation of
IRS-1/2 was observed when L6 myotubes were pretreated with
nonglycated human serum albumin (Fig. 3E). Western blotting
of IRS-2 and IRS-1 immunoprecipitated with antibodies to p85
revealed that PI3K-IRS association decreased in parallel with
IRS-2 and IRS-1 tyrosine phosphorylation in HGA-exposed
cells (Fig. 3, A–D). Next, we determined the PI3K activity in
IRS-1 and IRS-2 immune complexes. As expected, insulin in-
duced a 7.5-fold increase in IRS-1 and IRS-2-associated PI3K
activity in control cells. However, the stimulatory action of
insulin on PI3K activity was virtually abolished when cells
were pretreated for 24 h with HGA (Fig. 3F). Interestingly,
IRS-Grb2 co-precipitation was not affected by exposure to HGA
(Fig. 4A), suggesting that HGA differentially affects the tyro-
sine binding sites of p85 versus those of Grb2. Shc is also an
important insulin receptor substrate with a major role in mi-
togenic signal transduction (1, 2). As with Grb2, HGA did not
affect insulin-stimulated Shc phosphorylation in L6 myotubes
(Fig. 4B).

To further investigate HGA action on insulin signaling, the
activation state of ERK1 (p44) and ERK2 (p42), PKB and
GSK3, one of the known targets of PKB, were analyzed in
HGA-exposed cells. In the absence of HGA, insulin induced an
increase in phosphorylation of Ser473 of PKB associated with a
2.5-fold increase in PKB activity (Fig. 5, A and B). HGA treat-
ment induced a time-dependent inhibition of this PKB phos-
phorylation. Indeed, while Ser473 phosphorylation was not

modified within 6 h of preincubation with HGA, it decreased to
30% of the control value within 12 h of HGA exposure (p �
0.05). Thereafter it remained unchanged for at least 12 addi-
tional hours (Fig. 5, A and B). In contrast, no effect of nongly-
cated albumin (HA) pretreatment (0.1 mg/ml) on the serine
phosphorylation of PKB was observed (Fig. 5A). This decrease
in serine phosphorylation was not accompanied by changes in
the level of PKB protein expression in these cells (Fig. 5A). As
expected, the HGA-induced block of PKB phosphorylation on
Ser473 was associated with the disappearance of the stimula-
tory action of insulin on PKB activity (Fig. 5B). Similar results
were observed when the effect of HGA on Ser-PKB phospho-
rylation was tested on the undifferentiated L6 myoblasts (Fig.
5C). GSK3, an enzyme implicated in insulin-induced glycogen
synthesis, is present in two highly homologous isoforms
(GSK3� and GSK3�) both of which are inhibited by PKB phos-
phorylation on a N-terminal serine residue (Ser21 in GSK3�

and Ser9 in GSK3�). The serine phosphorylation of these two
GSK3 isoforms by insulin-stimulated PKB was also inhibited
by preincubation of the cells with HGA (Fig. 5D). As was the
case for PKB phosphorylation, the effect of HGA on the phos-
phorylation of GSK3 was observed while the level of GSK3
protein remained unchanged. On the contrary, no effect of
either HA or HGA on ERK 1 (p44) and ERK 2 (p42) expression
and on insulin-stimulated phosphorylation of ERK1/2 was ob-
served (Fig. 5E).

PKC Activation by HGA—In different states associated with
insulin resistance, IRS serine/threonine phosphorylation de-
creases insulin-stimulated tyrosine phosphorylation and atten-
uates insulin signaling and action (44–50). To address the
possibility that HGA inhibits IRS signaling through a similar
mechanism, we examined the phosphorylation status of IRS-1
and IRS-2 in HGA-exposed cells. In [32P]orthophosphate-la-
beled cells, immunoprecipitated IRS-1 and IRS-2 showed a
marked basal phosphorylation (Fig. 6A). Quantification of the
data from four individual experiments indicated that the in-
tensity of phosphorylation increased by about 1.5- and 2.5-fold
upon 24 h of exposure to HGA for IRS-1 and IRS-2, respectively
(Fig. 6B). Alkaline treatment of the gels completely eliminated
both the basal and the HGA-induced phosphorylation of IRS-1
and IRS-2 (Fig. 6B) indicating that this phosphorylation occurs
mainly on serine/threonine residues rather than on tyrosine
residues. Interestingly, as shown in Fig. 6, the HGA-induced
IRS serine/threonine phosphorylation was inhibited by pre-
treatment of the cells with bisindolylmaleimide (BDM), a gen-
eral PKC inhibitor.

Therefore, we further investigated the hypothesis that PKC
might mediate the HGA effect on insulin signaling and action
in L6 myotubes. To this end, the effect of HGA on total PKC
activity was first analyzed. As shown in Fig. 7, HGA incubation
induced a time-dependent increase in PKC activity in the L6
myotubes. This increase was already significant within 4 h
incubation with HGA, reached a maximum within 12 h (data
not shown), and remained unchanged for at least 12 additional
hours. No effect of HGA on PKC activity was detectable in
BDM-preincubated cells. Preincubation with BDM also caused
complete rescue of insulin action on IRS-1 and IRS-2 phospho-
rylation in cells exposed to HGA for 24 h (Fig. 8, A and B).
Similarly, BDM prevented the HGA-induced blockade of PKB
and GSK3� serine phosphorylation by insulin (Fig. 8, C and D).
It should be noted that the levels of expression of these proteins
were not affected by the different treatments.

Next, we analyzed whether inhibition of PKC interfered with
the ability of HGA to decrease glucose transport in L6 myo-
tubes. Importantly, PKC inhibition with BDM almost com-
pletely rescued the insulin-stimulated glucose uptake in HGA-

FIG. 4. Effect of HGA on Grb2 and Shc in L6 myotubes. L6
myotubes were incubated with 0.1 mg/ml HGA for the indicated times
and thereafter stimulated with 100 nM insulin (10 min). Cell lysates
were subjected to immunoprecipitation with antibodies to IRS-1 (A, top
panel) or to IRS-2 (A, bottom panel) and to Shc (B). Immunoprecipitated
proteins were separated by SDS-PAGE followed by immunoblotting
with antibodies to Grb2 (A) or to phosphotyrosine (B). The experiments
shown are representative of three (A) and four (B) independent
experiments.
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exposed L6 myotubes, while it marginally decreased basal and
insulin-stimulated glucose uptake (Fig. 9A). Similarly, with
BDM treatment insulin-stimulated glycogen synthase activity
was not affected by exposure to HGA for 24 h (Fig. 9B). There-
fore, it would appear that PKC mediates the alterations in
insulin signaling and action that result from exposure to HGA.

Previous studies have implicated conventional and novel PKC
isoforms in the development of insulin resistance. These nega-
tive effects are thought to be due to serine phosphorylation of
the insulin receptor (51–53) or of IRS-1/2 (44–47). To investi-
gate the mechanisms responsible for HGA-induced impairment
of glucose metabolism in skeletal muscle cells, we determined

FIG. 5. Effect of HGA on PKB, GSK-3�, GSK-3�, and ERK1/2 in L6 cells. L6 cells were incubated with 0.1 mg/ml HGA (A–E) or HA (A and
B) for the indicated times and thereafter stimulated with 100 nM insulin (10 min). The cells were then solubilized, and the cell extracts were
subjected to SDS-PAGE followed by immunoblotting with antibodies to phosphoserine 473 PKB from myotubes (A, B, D, E) or myoblasts (C),
phosphoserine 21 (GSK3�), and phosphoserine 9 (GSK3�) (D), or phospho-ERK1/2 (E). Aliquots were also subjected to blotting with antibodies to
PKB, GSK3 or ERK1/2. B, left, serine phosphorylation of PKB in myotubes pretreated or not with 0.1 mg/ml HGA was analyzed by densitometry.
Results are expressed as % of the non-stimulated condition � S.D. B, right, PKB activity was measured using Crosstide as substrate according to
“Experimental Procedures.” Results are expressed as arbitrary units. The experiments shown are representative of five (A–D) and six (E)
independent experiments. B, *, p � 0.05; **, p � 0.01 versus control insulin-stimulated group.
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the activities of PKC isoforms associated with diabetic compli-
cations (PKC�II) (54) and with inhibition of insulin receptor
signaling (PKC�) (55), or which contribute to the stimulation of
GLUT4 translocation (PKC�) (5). As shown in Fig. 10A, follow-
ing 24 h of stimulation with 0.1 mg/ml HGA, no modifications
in enzyme activities of the �II and � isoforms of PKC were
observed. However, an elevated activity and increased serine
phosphorylation of the PKC� isoform was found after 12 h of
incubation (Fig. 10B), corresponding with the time of maxi-
mum HGA action on IRS-1 and IRS-2 phosphorylation. We

conclude that the negative effects of HGA on insulin metabo-
lism signaling are specifically mediated by PKC�.

The stimulation of cells with AGEs has been shown to pro-
duce reactive oxygen species (56). Moreover, at high concentra-
tions (1 mg/ml) HGA could induce NF-�B activation (18). To
elucidate the roles of reactive oxygen species production in
PKC� activation by HGA, we investigated whether the antiox-
idant could modulate activation of PKC�. L6 cells were treated
with HGA (0.1 mg/ml) in the absence and presence of antioxi-
dant PDTC (200 �M), which is described as inhibiting inducible
nitric oxide synthase expression in RAW 264.7 macrophages
treated with AGEs (57). As shown in Fig. 11A, PKC� activation
was not influenced by PDTC addition. As expected, addition of
PDTC inhibits ERK1/2 activation, previously demonstrated as
activated by AGEs via a ROS-dependent mechanism (58). This
result was confirmed by the inhibition of ROS production, after
stimulation of cells with H202 in the presence of PDTC (Fig.
11B). Moreover, similar inhibition of ROS production was ob-
served in C2C12 skeletal muscle cells treated by etomoxir in the
presence of this inhibitor (59).

DISCUSSION

The present study shows, for the first time to the best of our
knowledge, that HGA impairs insulin activation of glucose
transport and of glycogen synthase in cultured L6 skeletal
muscle myotubes. HGA action requires 4–12 h of exposure to
HGA concentrations of at least 0.1 mg/ml and persists at 24 h.
The concentration of HGA used throughout our study has been
used previously by several investigators to study other HGA-
mediated responses such as the regulation of vascular endo-
thelial growth factor expression (20, 60), the redox-responsive
transcription factors NF-�B and AP-1 (18) and the inducible
nitric-oxide synthase (iNOS) expression in macrophages (57).
The specificity of HGA action on the insulin-stimulated glucose
metabolism was demonstrated by the lack of effect observed
when the muscle cells were pretreated by nonglycated human
albumin rather than HGA. Taken together, our findings sug-
gest that HGA may cause, or at least participate in, skeletal

FIG. 6. Effect of HGA on IRS-1 and IRS-2 Ser/Thr phosphorylation in L6 myotubes. L6 myotubes, incubated with 0.1 mg/ml HGA for 24 h
in the absence or the presence of 100 nM BDM as indicated, were labeled with [32P]orthophosphate for the last 12 h. The cell lysates were
immunoprecipitated with antibodies to IRS-1 or to IRS-2. Immunoprecipitated proteins were separated by SDS-PAGE and 32P-proteins revealed
by autoradiography. Potassium hydroxide treatment of the gels was performed as described under “Experimental Procedures.” In A, the
autoradiographs shown are representative of four independent experiments. In B, the means � S.D. of the radioactivity of IRS-1/2 before and after
alkaline treatment are shown. *, p � 0.05; **, p � 0.01 versus control HGA-pretreated group.

FIG. 7. Effect of HGA on PKC activity in L6 myotubes. L6
myotubes were incubated with 0.1 mg/ml HGA for the indicated times
in the absence or presence of 100 nM BDM, as described under “Exper-
imental Procedures.” The cells were then solubilized and PKC activity
measured in the cell lysates as described under “Experimental Proce-
dures.” Bars represent the mean � S.D. of duplicate determinations of
four independent experiments. *, p � 0.01 versus control non HGA- and
non BDM-pretreated group.
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muscle insulin resistance at the level of glucose metabolism
in vivo.

Exposure of L6 myotubes to HGA did not affect either the

insulin receptor protein level or insulin-induced receptor ki-
nase activation. Consistent with this, hormone-induced phos-
phorylation of Shc occurred at comparable levels in both the

FIG. 8. Effect of HGA on IRS-1/2, PKB, and GSK-3� phosphorylations in L6 myotubes upon blockade of PKC. L6 myotubes were
incubated with 0.1 mg/ml HGA for 24 h in the absence or the presence of 100 nM BDM, as described under “Experimental Procedures,” and then
stimulated with 100 nM insulin for 10 min. The cells were then solubilized and phosphorylation of IRS-1 (A), IRS-2 (B), PKB (C), and GSK3� (D)
were analyzed. The immunoblots shown are representative of four (A and B) and three (C and D) independent experiments.

FIG. 9. Effect of HGA on 2-DG uptake and glycogen synthase activity in L6 myotubes upon blockade of PKC. L6 myotubes were
incubated with 0.1 mg/ml HGA for 24 h in the presence or absence of 100 nM BDM, and then stimulated with 100 nM insulin for a further 10 min.
The cells were then assayed for 2-DG uptake (A) or glycogen synthase activity (B) as described under “Experimental Procedures.” Bars represent
the mean � S.D. of duplicate determinations in three (A) and four (B) independent experiments.
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presence and absence of HGA. However, the insulin-induced
tyrosine phosphorylation of IRS-1 was reduced, and that of
IRS-2 was almost completely abolished upon incubation with
HGA for 12 h. These decreases in tyrosine-phosphorylated IRS
proteins were not caused by impaired IRS synthesis or degra-
dation since IRS-1 and IRS-2 protein expression levels were
unchanged after HGA treatment of cells. Tyrosine dephospho-
rylation was also unlikely to cause the reduction in IRS phos-
phorylation. Indeed, no difference in phosphotyrosine phospha-
tase activity was detected either in total cell extracts or in
immunoprecipitated IRS proteins from HGA-treated versus un-
treated cells (data not shown). Thus, in L6 myotubes, which are
chronically exposed to HGA, IRS-1, and IRS-2 appear to have a
reduced ability to be tyrosine-phosphorylated by the activated
insulin receptor kinase.

In HGA-treated cells, decreased IRS-1/2 tyrosine phospho-
rylation was associated with increased phosphorylation of IRS-
1/2 on serine/threonine residues and with increased activation
of cellular PKC function. Importantly, inhibition of PKC activ-
ity appears to prevent this HGA-induced increase in serine/
threonine phosphorylation and the decrease in tyrosine phos-
phorylation of IRS-1/2. This indicates that (i) HGA-induced
serine/threonine phosphorylation of IRS-1/2 by PKC inhibits
tyrosine phosphorylation of the proteins by the insulin receptor
kinase and (ii) HGA impairs insulin-dependent IRS tyrosine
phosphorylation by activating PKC signaling.

Previous studies using specific inhibitors of PKC isoforms
have demonstrated that the effects of HGA on the development
of diabetic nephropathy result from the glycated albumin-in-
duced activation of mesengial PKC�II isoform which leads to
the stimulation of collagen IV production (61, 62). The same
PKC isoform has been implicated in vascular dysfunction (63)
and development of retinopathy (64). Other studies have shown
that PKC activation desensitizes insulin signaling by increas-
ing serine/threonine phosphorylation of IRS-1 and IRS-2 (46–
49). Our present study demonstrates that increased serine/

threonine IRS phosphorylation by PKC can be triggered by
chronic exposure to HGA and is accompanied by decreased
insulin signaling. While there is also evidence that PKCs phos-
phorylate the insulin receptor leading to inhibition of insulin
signaling (51–53), our findings in L6 myotubes demonstrate
that HGA does not alter insulin receptor autophosphorylation
or kinase activity. The decrease in insulin-induced tyrosine
phosphorylation of IRS-1 and IRS-2 caused by HGA was ac-
companied by a decrease in insulin-stimulated PI3K activity,
PKB activity, serine phosphorylation of both GSK3 isoforms
and by a reduced stimulation of glucose uptake and glycogen
synthase activity. As is the case for insulin-induced tyrosine
phosphorylation of IRS-1/2, the effect of HGA on all of these
downstream events was prevented by inhibition of PKC activ-
ity. Interestingly, IRS-Grb2 association was unchanged in cells
exposed to HGA, indicating that HGA differentially affects
phosphorylation of the tyrosine binding sites on the insulin
receptor substrate p85 and Grb2. Consistent with this finding
and with the unchanged phosphorylation of Shc in HGA-ex-
posed versus unexposed cells, insulin activation of ERK1/2 was
also unaffected by HGA. Similarly, the effect of insulin on
thymidine incorporation was identical in cells exposed or not to
HGA. Thus, HGA induces resistance to insulin action specifi-
cally in metabolic responses but not in proliferative ones, and
these effects are independent of the differentiation status of the
muscle cells. Interestingly, our observations are supported by a
recent study showing that restricted intake of dietary glycoxi-

FIG. 10. Effect of HGA on the activity of PKC isoforms in L6
myotubes. L6 myotubes were incubated in the absence or presence of
0.1 mg/ml HGA for the indicated times. A, cells were solubilized and
immunoprecipitated with isoform-specific PKC antibodies. The activity
of PKC isoforms present in the immunoprecipitates were assayed as
described under “Experimental Procedures.” B, cell lysates were sub-
jected to SDS-PAGE followed by immunoblotting with antibodies spe-
cific to the phosphorylated form of PKC� isoform. Bars represent the
mean � S.D. of duplicate determinations of four independent experi-
ments. A, *, p � 0.01 versus control non-HGA-pretreated group.

FIG. 11. Effect of HGA on PKC� and ERK1/2 activation in the
presence of PDTC in L6 myotubes. A, L6 myotubes were preincu-
bated with 200 �M PDTC for 30 min and then incubated with 0.1 mg/ml
HGA for 1, 4, and 24 h. The cells were solubilized, and the cell extracts
were subjected to SDS-PAGE followed by immunoblotting with anti-
bodies either specific to the phosphorylated form of PKC�, to determine
PKC� activation (upper blot) or to phospho-ERK1/2 (lower blot). Results
shown are representative of three independent experiments. B, the cells
were preincubated or not with 200 �M PDTC for 30 min and then
incubated for 15 min in presence of H202 (500 �M). ROS were deter-
mined with the fluorescent probe CM-DCF. Results shown are repre-
sentative of five independent experiments performed in triplicate. *,
p � 0.001 versus non-PDTC-pretreated group.
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dation products improves insulin sensitivity of metabolic re-
sponses in db/db mice (65).

HGA could specifically stimulate certain PKC isoforms, re-
sulting in the selectively increased serine/threonine phospho-
rylation of the IRS proteins as well as of the insulin receptor.
However, as previously shown in PKC-transfected cells, an
increase in PKC activity to levels similar to those occurring in
HGA-exposed cells may not be sufficient to inhibit the insulin
receptor kinase, while being fully capable of blocking IRS func-
tion (29, 53). Several studies have shown that the PKC family
of serine/threonine kinases may be implicated in development
of insulin resistance. The PKC family is composed of at least 11
isoforms, which are categorized into three groups according to
their structure and mechanisms of activation. The atypical
isoforms (� and �) appear to play a stimulatory role in the
regulation of glucose transport. In contrast, isoforms of conven-
tional and novel groups appear to be implicated in generation
of reduced insulin sensitivity. Indeed, PKC�, �, and � have
been shown to inhibit insulin receptor tyrosine phosphoryla-
tion (66). Our findings demonstrate that HGA pretreatment
induces a selective activation of PKC�. The intracellular sig-
naling mechanisms by which HGA induces PKC� activation
remain to be determined, however, our results obtained after
stimulation of PKC� in the presence of PDTC, a potent antiox-
idant and inhibitor of NF-�B, show that this pathway is inde-
pendent of ROS production. This observation, in contrast to the
induction of iNOS expression in macrophages after AGEs treat-
ment (57), could be explained by the “early glycation products”
nature of human glycated albumin and by the low concentra-
tion used in this study. PKC� appears to phosphorylate IRS-1
and IRS-2 on serine/threonine residues. These serine/threonine
phosphorylations would then lead to a reduced interaction be-
tween the IRS proteins and the regulatory p85 subunit of PI3K
without affecting the interaction between IRS and Grb2. To our
knowledge, the present study provides the first indication that
IRS serine/threonine phosphorylation by PKC� specifically in-
duces an inhibition of insulin-stimulated glucose metabolism
that is triggered by chronic exposure to HGA. This specific
inhibition of glucose metabolism occurs without changes in
growth-related pathways regulated by the hormone.

Hyperglycemia is thought to activate cellular PKCs through
direct and indirect mechanisms (46–48). Chronic hyperglyce-
mia also leads to impaired insulin responsiveness in the hor-
mone target tissues (46, 48, 53), and is associated with most
diabetic complications (53, 67). While the molecular basis of
long-term diabetic complications is complex, glucose-induced
insulin resistance has been linked to an increased flux of glu-
cose through the hexosamine biosynthetic pathway (68–72). In
addition, in the present report, we show that HGA induces
resistance to insulin at the IRS level by activating the PKC�
isoform. Therefore, HGA and hence AGE products, which re-
sult from chronic hyperglycemia, may participate in the devel-
opment of insulin resistance.

Further studies are needed to determine the mechanisms of
PKC� activation and the identification of IRS-1 and IRS-2
serine/threonine residues phosphorylated by PKC� implicated
in the impairment in insulin signaling after HGA treatment.
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