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Mouse embryonic stem cells were caused to dif-
ferentiate into insulin-producing cells by 2 methods:
Stem cells were cultured with or without feeder cells.
In both cases, after confirmation of their differenti-
ation into the insulin producing cells, the effects of
the addition of 10µl of 50 mM glucose, 10µl of gly-
cated fetal bovine serum (GFBS) and 10µl of GFBS +
20 mM iron on the differentiated stem cells were ex-
amined. The addition of GFBS or GFBS + iron to
the cultures with or without the feeder cells caused
them to produce a significantly higher amount of in-
sulin than did the addition of glucose. However, this
enhancement by GFBS or GFBS + iron stopped af-
ter 12 hr of addition; and the culture medium was
turned yellow after 15 hr and at that time the cells
died, which may be due to the cytotoxicity of GFBS
or GFBS + iron.
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INTRODUCTION

Ever since methods for the measurement of lipid
peroxide in serum were first published1, 2) many re-
ports on the cytotoxicity of glycated fetal bovine
serum (GFBS) or GFBS + iron, especially associ-
ated with atherosclerosis3, 4) diabetes5, 6) and can-
cer7) have been reported. Type 1 diabetes occurs
as a result of high blood glucose levels in an in-
sulin deficient condition. Several approaches have
been used to reverse the disease process for Type
1 diabetes, including whole organ pancreas trans-
plants and islet transplants.8) One article described
the toxic effects of advanced glycation end-products
(AGEs) on insulin-secreting cells. Chronically high
intracellular oxidative stress, due to the accumula-
tion of AGEs, affects the insulin secretion machin-
ery.9) As for as the effect of AGEs on the differenti-
ation of stem cells is concerned, the AGE attenuate
human mesenchymal stem cells and prevent cognate
differentiation into adipose tissue, cartilage, and
bone.10) Previously we have reported that glycated
protein/iron chelate induced toxicity in human um-
bilical vein endothelial cells in vitro.11) During hy-
perglycemia, body proteins undergo increased gly-
cation where in glucose reacts non-enzymatically
with protein amino groups to form a labile Schiff
base that rearranges to form a stable Amadori prod-
uct. This Amadori product undergoes further reac-
tions involving dicarbonyl intermediates such as 3-
deoxyglucosone and ethyl-glyoxal to form AGEs.
The level of glycoproteins is known to increase in
diabetic patients, and the fructosamine value (FV)
of serum is regarded as an index of blood glucose
level. Diabetes mellitus is a chronic metabolic syn-
drome characterized by increased levels of blood
glucose, referred as hyperglycemia. Type 1 diabetes
results from the body’s failure to produce insulin,
which presently requires insulin injection as treat-
ment: Type 2 diabetes results from insulin resis-
tance, a condition in which cells fail to use insulin
properly, sometimes combined with an absolute in-
sulin deficiency. For Type 1 diabetes, especially in-
sulin injection therapy is the principal current treat-
ment; and patients suffer from various complica-
tions generated by insufficient control of blood glu-
cose levels over a long period.

Embryonic stem (ES) cells have been proposed
to be a powerful tool for the treatment of diabetes
mellitus. ES cells are pluripotent cells derived from
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the inner cell mass of the mammalian blastocyst. ES
cells are uniquely endowed with the capability for
unlimited self renewal and multi-lineage differen-
tiation. These characteristics make ES cells a po-
tential source of insulin-producing cells for trans-
plantation therapy. The cytotoxicity of AGEs stim-
ulates the generation of reactive oxygen species, but
does not arrest the proliferation of the INS-1 cell
line (a pancreatic beta cell line) or islets cells in
primary culture, both of which possess a receptor
for AGE (RAGE); and the expression of this recep-
tor increases after AGE treatment.12) According to
the results of a literature survey, we could find no
study on the effect of GFBS or glycated protein-
iron chelate on stem cells differentiated into insulin-
producing like cells. Therefore, we studied this is-
sue and found that GFBS had a stimulatory effect
on these differentiated cells. However, the mecha-
nism remains unclear. Our findings suggest that the
toxicity of GFBS needs to be studied further at the
molecular level.

MATERIALS AND METHODS

Stem Cell Culture and Differentiation —— The
embryonic stem cell line used for this project was
CMTI-1 (Millipore Co., Billerica, MA, U.S.A.).
Briefly ESCs were maintained on precoated gelatin
T flasks (Nunc., Roskilde, Denmark) with or with-
out mitotically inactivated feeder layer of primary
culture of mouse embryonic fibroblast (PMEF-P3
cells; Millipore Co.) in ESC medium contain-
ing knockout Dulbecco’s modified Eagle medium
(KO-DMEM; Invitrogen, Paisley, U.K.), supple-
mented with 100 U/ml penicillin, 100 µg/ml strep-
tomycin, 100 µM β-mercaptoethanol, 2 mM L-
glutamine, 1% non-essential amino acids, 15%
FBS, and 1000 U/ml leukemia inhibitory factor
(LIF; Chemicon, Temecula, CA, U.S.A.). Cultures
were grown in 5% CO2 at 37◦C and were checked
frequently and the medium was changed every two
days. All chemicals used were of analytical grade,
and water was purified by using a Millipore Milli Q
system (Millipore Co.).
Glycation of FBS —— For the glycation of FBS,
100 ml of FBS was incubated with 50 mM glucose
at 37◦C for 50 days under sterile conditions. Af-
ter the incubation, the mixture was dialyzed against
67 mM phosphate buffer (pH 7.4) at 4◦C. The
dialysate was used as GFBS after having been con-
centrated by using an Aquacide II (Calbiochem-

Novabiochem Corp., La Jolla, CA, U.S.A.). Pen-
tosidine content was evaluated as a measure of gly-
cations. The concentration of pentosidine in GFBS
was 0.03 µg/ml in experimental media. The ex-
tent of glycation of GFBS was assayed with a com-
mercial kit (Nippon Roche, Tokyo, Japan) and ex-
pressed as the FV. The FV of the prepared GFBS
was 12 mM, whereas that of the original FBS was
0.16 mM.
Two Different Methods Used to Differentiate
Mouse ES Cells into Insulin-producing Cells

Method 1. Stem Cells Were Differentiated with
Feeder Cells: Stage 1: mouse ES cells were cultured
on a gelatin-coated culture surface with a feeder
layer in ESC medium for 4 days to maintain the cells
in the undifferentiated state.

Stage 2: to induce differentiation and to se-
lect Nestin positive cells the medium was ex-
changed to DMEM/F12 medium (GIBCO 10565,
Carlsbad, CA, U.S.A.) supplemented with 50 µl of
ITS (Sigma-Aldrich, 11884, St. Louis, MO, U.S.A.)
and 25 µl of fibronectin (Sigma F0635) per flask
containing 5 ml of culture medium. The culture
medium was renewed every two days. Nestin pos-
itive cells were selected after cultivation for further
7 days.

Stage 3: the stem cells were then sequentially
incubated in DMEM/F12 medium along with Ac-
tivin B (10 ng/ml; R&D system Inc., Minneapolis,
MN, U.S.A.) for 4 days; the medium was changed
every two days. The differentiation of insulin
secreting cells was induced by DMEM/F12 with
10 mM Nicotinamide (Sigma N5535) for 7 days.
The medium was changed every two days. The
differentiation of stem cells into insulin-producing
cells was determined by an insulin release test. In-
sulin release was induced in the differentiated cells
by addition of glucose.

Method 2. Stem Cells were Differentiated with-
out Feeder Cells: Stage 1: mouse ES cells were
cultured on a gelatin-coated culture surface with a
feeder layer in ESC medium for 4 days to maintain
the cells in the undifferentiated state.

Stage 2. Stem cell separation on Histopaque
density gradient: ES cells grown on the feeder cell
layers were collected by centrifugation after trypsin
treatment, resuspended in 4 ml of ES medium, and
subjected to Histopaque density-gradient separa-
tion13) (Fig. 1).

Stage 3: separated ES cells were transferred
to flasks coated with poly-L-ornithine and laminin
peptide. To select nestin-positive cells, ES cells
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were maintained for 7 days in culture flasks contain-
ing serum-free medium supplemented with ITS so-
lution having final concentrations of 10 mg/l insulin,
56 mg/l transferrin, 6.7 mg/l selenium, and 5 mg/l
fibronectin. Nestin-positive cells were cultured
for 4 days in the presence of Activin B (10 ng/ml,
GIBCO/BRL) in serum-free medium to expand the
pancreatic progenitor cells. In order to induce the
differentiation of the cells into insulin-producing
cells, 10 mM nicotinamide (Sigma) was added to
the cultures. The differentiation of stem cells into
insulin-producing cells was determined by stimu-
lating the cells for insulin production using glucose
and by subjecting the cells for an insulin release test.
As our interest is strongly set on the effect of AGEs
and iron on stem cell, our data was collected only
using stem cells differentiated by method 2.
Measurement of Insulin —— Insulin was mea-
sured using architect insulin assay system from Ab-
bott. This assay is a chemiluminescent microparti-
cle immunoassay (CMIA) for the quantitative deter-
mination of insulin.

Effect of GFBS and GFBS + Iron: The cells
differentiated by method 1 and method 2 were
grouped as follow. Group 1: control (cells in 5 ml
of DMEM/F12 medium). Group 2: cells in 5 ml
of DMEM/F12 medium treated with 10 µl GFBS.
Group 3: cells in 5 ml of DMEM/F12 medium
treated with 10 µl GFBS and 20 mM iron. Group
4: cells in 5 ml of DMEM/F12 medium treated with
10 µl glucose.

The cells differentiated by method 1 were sub-
jected to insulin release test after 10 hr of treatment
while the cells differentiated by method 2 were sub-
ject to insulin release test at time intervals of 5, 10

Fig. 1. Separation of ES Cells

and 12 hr respectively. The insulin release test was
considered to exhibit the effect of GFBS and GFBS
+ iron on differentiated insulin producing cells.
Measurement of Protein —— The differentiated
ES cells were lysed using total protein cell lysis
buffer (Amresco-M329, Solon, OH, U.S.A.) and the
total cell protein was measured using a DC Protein
Assay Kit from Bio-Rad (Bio-Rad, Hercules, CA,
U.S.A.). The method is a colorimetric assay for
determining protein concentrations following deter-
gent solubilization. The reaction is similar to the
well-documented Lowry’s method.14)

RESULTS

Determination of the Effect of GFBS and Iron
on Differentiated Mouse ES Cells into Insulin-
producing Cells

Cells differentiated at the end of method 1 were
examined for insulin release potential after 10 hr of
incubation with GFBS, GFBS + iron and glucose,
respectively. The insulin production was signifi-
cantly increased in group 2 and group 3 when com-
pare with group 1 and group 4 (Fig. 2).

Cells differentiated at the end of method 2 were
examined for insulin release potential at time inter-
vals of 5, 10, and 12 hr of incubation with GFBS,
GFBS + iron and glucose, respectively. The insulin
production was significantly increased in group 2
and group 3 when compare with group 1 and group
4 (Fig. 3).

But after 15 hr incubation with GFBS or GFBS

Fig. 2. Effect of GFBS, GFBS + Iron, and Glucose on Insulin-
producing Differentiated Stem Cells

Stem cells were cultured with feeder cells. Values shown are the
mean±S.D., n = 6). Units: µU/mg protein. a: as compared with
group I (control), b: as compared with group II (GFBS). Statistical
significance: ∗p < 0.01, ∗∗p < 0.001, NS: not significant.
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Fig. 3. Effect of GFBS, GFBS + Iron and Glucose on Insulin-producing Differentiated Stem Cells after 5, 10 and 12 hr Incubation
(Time Course)

Stem cells were cultured without feeder cells. Values shown are the mean±S.D., n = 6. Units: µU/mg protein. a1, a2, a3: as compared with group
I (control), b1, b2, b3: as compared with group II (GFBS). Statistical significance: ∗p < 0.01, ∗∗p < 0.001, NS: not significant.

+ iron, the colour of the medium gradually changed
to yellow which could be due to the cytotoxicity of
GFBS or GFBS + iron on the stem cells.

DISCUSSION

Diabetes mellitus is a chronic incurable condi-
tion due to insulin deficiency, and it affects 10% of
the population worldwide. The number of diabetic
people is expected to rise from the present estimate
of 150 million to 230 million by 2025.15) ES cells
provide an excellent in vitro system for the gener-
ation of organ-specific cell types and are an attrac-
tive source of material for the development of novel
cell-based therapeutics. Recent studies have shown
that mouse ES cells can differentiate into insulin
producing cells and form structures that resemble
those of pancreatic islets by varying the culture con-
ditions.16, 17) However, it was later shown that the
observed insulin immunoreactivity was due to in-
sulin uptake from the medium or due to contami-
nation by other types of insulin-positive cells (e.g.,
neuronal cells) rather than endogenous biosynthesis
of insulin.18, 19)

Glucose and Amadori products can undergo au-
toxidation in the presence of transition metals to
generate free radicals. Similarly, Amadori products
undergo metal-catalyzed oxidation (glycoxidation),
generating reactive dicarbonyl compounds capable
of forming AGEs and free radicals.2) The levels of

AGEs are increased in the serum of patients with
diabetes. AGEs have been linked to retinopathy,
nephropathy, and neuropathy, as well as to large
vessel disease. The mechanisms leading to micro-
and macro-angiopathy are thought to occur by an in-
teraction of AGE with a receptor (known as RAGE)
expressed on the cell-surface membrane of vascu-
lar endothelial cells.20) The present study demon-
strated that ES cells could differentiate into func-
tional pancreatic beta-like cells and that after the ad-
ministration of GFBS alone or with iron showed a
time-dependent increase in insulin secretion into the
medium. Earlier Luciano9) reported that, glycated
fetal calf serum gradually decreases the amount of
insulin secretion, inhibits the proliferation, and re-
duces the viability of cells of beta cell line HIT-T15
after 5 days exposure to the glycated serum.

AGEs inhibit the proliferation of mesenchymal
stem cells, cause apoptosis and prevent their cog-
nate differentiation into adipose tissue, cartilage,
and bone with partial involvement of the AGE-
RAGE interaction.10) On the other hand, AGEs have
the ability to promote proliferation of cells under
specific conditions. In bovine retinal endothelial
cells, AGEs enhance reactive oxygen species (ROS)
generation, protein kinase C activation, and vascu-
lar endothelial cell growth factor expression.21, 22)

It has been shown that AGEs inhibit cell growth in
several cell lines. In this study, we observed that
AGEs stimulated pancreatic beta-like cells to se-
crete insulin but that after 12-hr exposure to GFBS
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and GFBS + iron, the insulin secretion gradually de-
creased, with a reduction in cell viability. Thus it’s
clear that the effects of AGEs presumably vary ac-
cording to the source of the AGEs, the type of cells
used, and the culture conditions. However further
studies are in progress to delineate the mechanism
of AGE-mediated stimulation of insulin production
by differentiated mouse ES cells.
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