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Abstract

High doses of glucosamine have been known to
induce apoptosis of pancreatic beta cells. The
mechanism for this phenomenon has not been clearly
elucidated. We aimed to explore the potential
mechanisms for glucosamine toxicity in the rat
insulinoma cell line INS-1 and in rat native beta cells.
We also investigated whether glucagon-like peptide
(GLP)-1 could be protective against glucosamine.
Glucosamine exhibited dose-dependent inhibition of
cell survival and an increase in the cell population at
the sub-G1 phase. Glucosamine was revealed to
inhibit cellular glucose uptake, resulting in the
activation of AMP-activated protein kinase (AMPK).
Accordingly, phosphorylation of P70S6K and
ribosomal protein S6 (S6RP) was decreased. Protein
glycosylation appeared not to be involved in this
cytotoxicity. Pretreatment with GLP-1 alleviated
glucosamine-mediated inhibition of glucose uptake
and lessened AMPK activation, thus allowing recovery
of the phosphorylation levels of P70S6K and S6RP.

The effect of GLP-1 was blocked by the adenylyl
cyclase inhibitor MDL12330A but not by the protein
kinase A inhibitor H89. Taken together, these data
demonstrate that glucosamine may inhibit beta-cell
survival by diminishing cellular glucose uptake
independent of glycosylation. This glucosamine
toxicity can be blocked by GLP-1, which leads to
recovery of the glucose uptake through a PKA-

independent, cAMP-dependent mechanism.
Copyright © 2010 S. Karger AG, Basel

Introduction

Glucosamine has been widely used as a supportive
therapy to alleviate symptoms of degenerative arthritis,
since it is a substrate for proteoglycan formation in cartilage
and exerts anti-inflammatory effects [1]. It also has been
considered as a potential supportive agent against some
cancers [2]. However, in vitro and in vivo studies have
revealed that, at its pharmacological doses, glucosamine
increases peripheral insulin resistance [3, 4] and decreases
the function and survival of pancreatic beta cells [5, 6].
This diabetogenic effect may be primarily due to
hyperactivity of the hexosamine biosynthesis pathway
(HBP), in which glucosamine is a precursor of N-
acetylglucosamine (Glc-NAc) for the enzymatic and non-
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enzymatic glycosylation of various proteins [7]. In skeletal
muscle and adipocytes, certain O-glycosylated proteins
were shown to decrease cellular glucose uptake, thereby
leading to insulin resistance [8-10]. In beta cells,
glucosamine-induced N-glycosylation of F1-FO-ATP
synthase resulted in less glucose-dependent ATP
production and insulin secretion [5]. However, several
reports have suggested that there may be another
mechanism of glucosamine besides protein glycosylation
[11-13]. In support of this hypothesis, rare beta-cell
apoptosis was shown to occur along with peripheral insulin
resistance in 8-wk-old transgenic mice with overexpression
of glucosamine:fructose-6-phosphate amidotransferase
(GFAT), which is the rate-limiting enzyme of HBP [14].
An investigation [15] also showed that, despite a
significant increase in protein glycosylation levels, rat islet
cell apoptosis or pathology was not observed 8 h after
intravenous high glucose infusion, whereas it was
observed after administration of glucosamine.
Physiologically, high glucose levels in beta cells appeared
to induce insulin hypersecretion without cellular apoptosis,
at least in the early period of glucose exposure [16],
suggesting that a much longer time may be needed for
beta cells to develop glucotoxicity than glucosamine
toxicity. Moreover, the types of glucose transporter
(GLUT) should be considered in order to better
understand differential mechanisms of glucosamine in
beta cells. Glucosamine was shown to have greater affinity
for GLUT?2, which is responsible for glucose uptake of
insulin-independent beta cells, than for other types of
insulin-dependent GLUT [17]. These data raised the
hypothesis that we have addressed in this study, which is
that glucosamine toxicity in beta cells may be mainly due
to a competition of glucosamine with glucose for entry
into the cells, rather than a result of HBP-mediated protein
glycosylation.

Glucagon-like peptide (GLP)-1, its analogues and
DPP-IV inhibitors have received attention as new
therapeutic drugs to manage type 2 diabetes. In beta cells,
they enhance insulin gene expression and biosynthesis,
glucose-dependent insulin secretion, and cell survival [18].
GLP-1 in beta cells acts through its G-protein-coupled
receptors (GPCR), thereby activating adenylate cyclase
and producing cAMP. Another beta-cell receptor
transactivated via GLP-1 appears to be the epidermal
growth factor receptor (EGFR), which activates the
phosphoinositide (PI) 3-kinase pathway to promote cell
growth and proliferation. In extrapancreatic tissues from
normal dogs [19] and diabetic rodents [20-22], GLP-1
has been shown to increase cellular glucose uptake,

probably via the mechanisms for recruiting PI3-kinase
[23] and/or protein kinase B (Akt) [24]. However, there
have been no studies with beta cells that have focused
on whether GLP-1 can enhance glucose uptake,
particularly in a situation in which glucose availability is
compromised. Since the mechanism of glucose
transportation into beta cells is different from that of
glucose transportation into the cells of extrapancreatic
tissues, the potentiating mechanism of GLP-1 could also
be different. Hence, we have also evaluated whether GLP-
1 could protect against beta-cell glucosamine toxicity,
which may interfere with cellular glucose uptake.

Materials and Methods

Materials

Glucosamine-hydrochloride (GleN-HCI), glucagon-like
peptide-1, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), methyl pyruvate, and tunicamycin (an inhibitor
of N-glycosylation) were purchased from Sigma Chemical
Co. (St. Louis, MO). The non-specific DPP IV inhibitor (10 pM),
which was purchased from Linco Research (St. Charles, MO),
was co-treated with GLP-1. Benzyl-2-acetamido-2-deoxy-alpha-
d-galactopyranoside (BADGP; an inhibitor of O-glycosylation)
and O-(2-acetamido-2-deoxy-d-glucopyranosylidene) amino-
N-phenylcarbamate (PUGNAc; an enhancer of O-glycosyla-
tion) were purchased from Sigma and Carbogen (Bubendorf,
Switzerland), respectively. Anti-Akt, anti-phospho-Akt, anti-
phospho-P70S6K, anti-phospho-S6RP, anti-acetyl-CoA
carboxylase (anti-ACC), anti-phospho-ACC (Ser79), anti-
AMPK, anti-phospho-AMPK-a (Thr172), and LY294002
were purchased from Cell Signaling Technology (Beverly, MA).
The anti-glycosylation antibody (CTD 110.6) was purchased
from Abcam (Cambridge, MA). H-89 was purchased from
Cayman Chemical (Ann Arbor, MI), and MDL 12330A (an
adenylyl cyclase inhibitor) was purchased from RBI (Natick,
MA).

INS-1 cell and islet cell culture

Rat insulinoma INS-1 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 2
mM L-glutamine, 1 mM sodium pyruvate, 50 uM B-
mercaptoethanol, penicillin (50 U/ml) and streptomycin (50 U/
ml) in a humidified atmosphere with 5% CO, at 37°C. Islets of
Langerhans were isolated from the pancreas of male Sprague-
Dawley rats using a collagenase digestion technique. The islets
were placed into Krebs Ringer Bicarbonate (KRB) buffer
solution containing 10% BSA, penicillin (100 U/ml) and
streptomycin (0.1 mg/ml). To collect single islet cells, the islets
were further triturated and incubated in RPMI-1640 media with
11.1 mM glucose, 10% FBS and the antibiotics in a humidified
incubator at 37°C with 5% CO, and balanced air. All procedures
were approved by the Institutional Guideline Committee for
Animal Experiments.
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Adenoviral infection

INS-1 cells were infected with an adenovirus expressing
the wild type of AMPK-a (Ad-AMPK-WT) and the dominant-
negative form of AMPK-a (D157A; Ad-AMPK-DN), which
were generously provided by Dr. Joohun Ha, Kyung Hee
University, Korea. Following 2 h incubation with the
adenoviruses (multiplicity of infection 100), INS-1 cells in 24-
well culture plates at a density of 2 x 10° cells/well were incubated
with fresh medium under normoxic conditions (95% air, 5%
CQO2) at 37°C for 24 h. Then, the cells were further treated with
7.5 mM glucosamine for the indicated times.

Trypan blue assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay

INS-1 cell viability was measured by trypan blue and MTT
assays. INS-1 cells were seeded in 96-well culture plates at a
density of 6 x 105 cells/well. On the next day, the culture media
was replaced with serum-free media and incubated for 24 h.
After serum starvation, the cells were treated as indicated in
the figure legends and incubated for 48 h. For the trypan blue
assay, cells were trypsinized and suspended in growth media.
Then the cells were mixed with the same volume of 0.4% trypan
blue stain (Gibco, Carlsbad, CA) and counted on a
hemocytometer. The percentage of viable cells [(total cells-
dead cells)/ total cells] x 100 was calculated. For the MTT assay,
cells were labeled with MTT solution (2 mg/ml stock solution)
for 4 h and the resulting formazan was solubilized with DMSO
(100 ul). The absorption was measured at 570 nm (620 nm as a
reference) using a Bio-Rad microplate reader (Hercules, CA).

Flow cytometry assessment of the cell cycle

For flow cytometric analysis of DNA content,
approximately 6 x 103 INS-1 cells/well were fixed in 80% ethanol
at-20°C. Ethanol-fixed cells were stained with a propidium iodide
(PD) staining solution (50 pg/ml PI and 100 pg/ml RNase A,
0.1% sodium citrate (w/v), and 0.1% NP-40 (v/v)) for 30 min.
Cytometric analysis was performed with a flow cytometer (FACS
Caliber, Becton Dickinson, San Jose, CA) and Cell Quest
software.

ATP measurement

ATP was assayed by luciferase measurement (Invitrogen,
Carlsbad, CA), according to the manufacturer’s protocol. INS-
1 cells in 35-mm tissue culture dishes at a density of 6 x 10°
cells/well were starved for 20 min in glucose-free KRB buffer.
After without or with 100 nM GLP-1 pretreatment for 20 min,
cells were exposed to 3 mM or 20 mM glucose for 10 min and
then harvested.

Measurement of cellular 2-deoxy-[°H]-glucose uptake

INS-1 and beta cells cultured in 35-mm tissue culture
dishes at a density of 1 x 10° cells/well were washed with and
incubated in KRB (136 mM NaCl, 4.7 mM KCI, 10 mM NaPO,,
0.5 mM MgCl,, 1 mM CaCl,) for 20 min. After treatment of the
cells as indicated in the figure legends, the cells were then
incubated in KRB containing 0.5 pCi/ml 2-deoxy-[*H]-glucose
(PerkinElmer Life and Analytical Science, Waltham, MA) for 10
min. The reaction was terminated by washing with ice-cold

phosphate buffered saline (PBS). The cells were lysed in 1 N
NaOH, and the radiation was assessed by scintillation
counting. The values were normalized according to the total
amount of cellular protein and expressed as percentage of the
control values.

Western blotting

INS-1 cells were seeded in 60 mm-tissue culture dishes at
a density of 6 x 10° cells/well and allowed to attach to the
dishes for 24 h. The cells were cultured in serum-free RPMI
media for 24 h. After treatment of the cells as indicated in the
figure legends, the cells were maintained in culture for the
indicated times. Then the cells were washed twice in ice-cold
PBS and lysed in 50 pl RIPA lysis buffer (20 mM Tris-HCI, 137
mM NacCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM
PMSF). The protein concentrations were measured using the
Bio-Rad protein assay (Hercules, CA). An equal amount of
protein was electrophoresed on SDS-PAGE (10%) gels and
transferred to nitrocellulose membranes (Schleicher & Schuell,
Keene, NH). The membranes were blocked in Tris-buffered
saline -0.05% Triton X-100 (TBS-T) -4% (w/v) milk for 1 h at
room temperature. The membranes were then incubated with
primary antibodies diluted in TBS-T -4% (w/v) milk for 1 h at
room temperature or overnight at 4°C (in the case of phospho-
specific antibodies). Subsequently, the membranes were
washed with TBS-T and incubated with horseradish peroxidase
secondary antibody (1:2,000; Amersham Biosciences, Fairfield,
CT) diluted in TBS-T -4% (w/v) milk. The membranes were
washed in TBS-T, and bound antibody was detected by
enhanced chemiluminescence (Amersham). The experiments
were repeated at least three times, analyzed by NIH-Image
software, and then normalized to the band density of the
respective total protein when necessary.

Statistical analysis

The results are expressed as means = SEM. The SPSS
(release 14.0) software package (SPSS Inc., Chicago, IL) was
used for the statistical analyses. Comparisons between two
groups were performed with the Student’s two-tailed #-test for
paired or unpaired data. For comparisons of more than two
groups, significance was determined using ANOVA with
Bonferroni correction. Differences between groups were
considered significant when p < 0.05.

Results

Effect of glucosamine on beta-cell survival

INS-1 cells were incubated for 48 h in serum-free,
11.1 mM glucose-containing media with various
concentrations of glucosamine, and then cell survival was
evaluated using cell counting and the MTT assay (Fig.
1A and B). The results showed that glucosamine dose-
dependently inhibited cell survival. At 7.5 mM
glucosamine, the inhibition was about 50% (p < 0.001).
To evaluate the causes of glucosamine-induced
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cytotoxicity, INS-1 cells were treated with 100 pM
PUGNAC alone, a protein glycosylation facilitator, for 48
h. As shown in Fig. 1C, no significant cell death was
observed, although 7.5 mM glucosamine significantly
decreased cell viability. Interestingly, the extent of protein
O-glycosylation was much more severe in the cells treated
with PUGNACc than with glucosamine (Fig. 1D).

Effect of GLP-1 and methyl pyruvate on

glucosamine-induced cell death

Exposure of INS-1 cells to 7.5 mM glucosamine for
48 h resulted in an increased cell population at the sub-
G1 phase of the cell cycle (Fig. 2). Pretreatment with
GLP-1 (10 nM or 100 nM) significantly alleviated the
effect of glucosamine. Consistently, when assessed by
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Fig. 3. Effects of GLP-1 on cell survival and cellular ATP levels against glucosamine (GlcN) toxicity in INS-1 cells. Cells were
incubated in serum-free RPMI media for 24 h. After pretreatment with GLP-1 (panel A) and/or methyl pyruvate (MP; panel B) at
the indicated concentrations for 1 h, cells were then treated with 7.5 mM GIcN for 48 h. Percent cell survival was determined using
the MTT assay. For measurement of cellular ATP levels (panel C), cells were preincubated in KRB buffer for 20 min and then
incubated for an additional 20 min without or with 100 nM GLP-1. Then, 3 mM or 20 mM glucose was added with or without GIcN,
and maintained in culture for 10 min. The results are expressed as means = SEM, n=5-18 separate wells of cells in at least three
separate experiments. *p < 0.05, ***p < 0.001 compared with control values without GIcN treatment; *p < 0.05, **p < 0.001

compared with the values for cells treated with GlcN alone.

Fig. 4. Effects of A
glucosamine (GIcN)
and  GLP-1 on
phosphorylation
levels of cellular
signaling proteins in
INS-1 cells. Cells were
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h. After a 1-h
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were further treated
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indicated times (panel
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indicated times and
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blotting.
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the MTT assay, GLP-1 led to recovery of cell viability
following glucosamine treatment (Fig. 3A). As an
alternative cellular energy entering the cells independently
of GLUT?2, methyl pyruvate was added to glucosamine-
containing media during a 48-h incubation period. As
expected, glucosamine cytotoxicity was greatly
ameliorated, to an extent that was comparable to the effect

of GLP-1 (Fig. 3B). Hence, we measured cellular ATP
levels in the presence of 3 mM or 20 mM glucose. Cellular
ATP levels were significantly lower in glucosamine-treated
cells than in control cells. Pretreatment with GLP-1
remarkably restored cellular ATP levels decreased by
glucosamine, although they did not reach to the control
ATP levels (Fig. 3C).
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Fig. 6. Alleviating effect of GLP-1 on glucosamine-mediated decrease in 2-deoxy-[*H]-glucose uptake in
INS-1 and native rat beta cells. INS-1 and native beta cells were preincubated in KRB buffer for 20 min and
then incubated for an additional 20 min with or without each indicated drug. Then, 2-deoxy-[*H]-glucose
was added with or without GlcN, and maintained in culture for 10 min. In panel F, cells were treated with
GlcN for 48 h without or with GLP-1. The results are expressed as means + SEM, n=5-10 separate wells of
cells in at least three separate experiments. **p < 0.01, ***p <0.001 compared with control values without
GIcN treatment; *p <0.01, *p < 0.001 compared with the values for cells treated with GlcN alone under the

indicated conditions.

Effect of glucosamine and GLP-1 on

phosphorylation of cellular signaling molecules

When INS-1 cells were treated with 7.5 mM
glucosamine for 48 h, the phosphorylated forms of Akt
(p-Akt), P70S6K (p-P70S6K) and S6RP (p-S6RP) were
significantly decreased compared with those in the control
cells without glucosamine (Fig. 4A and B). The
phosphorylated form of AMPK (p-AMPK) was
increased by the treatment with glucosamine, suggesting
that the cells chronically have high AMP/ATP levels.
GLP-1 led to recovery of the glucosamine-induced

decrease in p-Akt, p-P70S6K and p-S6RP and increase
in p-AMPK. To elucidate the mechanism that is critical
for glucosamine cytotoxicity in INS-1 cells, we observed
time-dependent changes in the phosphorylation levels of
cellular signaling molecules in the presence of 7.5 mM
glucosamine. When measured at 5 min after glucosamine
exposure, the increased AMPK phosphorylation was
evident (Fig. 4C), suggesting that cellular ATP levels
decreased acutely. The levels of p-P70S6K and p-S6RP
exhibited a time-dependent decrease. Interestingly, p-Akt
levels were increased at this early time period, suggesting
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that Akt signaling is not preferentially involved in
glucosamine-mediated inhibition of protein synthesis.
Pretreatment with 100 nM GLP-1 was able to block the
early activation of AMPK (Fig. 4D). Glucosamine-
mediated inhibition of the phosphorylation of P70S6K and
S6RP was also alleviated by GLP-1.

Effect of glycosylation inhibitors or GLP-1

against glucosamine blockade of glucose uptake

in INS-1 and native beta cells

Next, the effect of glucosamine on glucose uptake
of INS-1 cells was evaluated. Cellular uptake of glucose
was inhibited by acute treatment with glucosamine (Fig.
5A). The inhibition was not blocked by a 20-min
pretreatment with the O-glycosylation inhibitor BADGE
(0.5 mM) or the N-glycosylation inhibitor tunicamycin (4
ug/ml) (Fig. 5B and C). However, pretreatment with 100
nM GLP-1 significantly ameliorated glucose uptake in
INS-1 cells (Fig. 6A) and native beta cells (Fig. 6B) when
compared to glucose uptake in cells treated with
glucosamine alone. This effect of GLP-1 was observed
even in the presence of LY294002 (Fig. 6C) or H-89
(Fig. 6D). In contrast, the adenylyl cyclase inhibitor
MDL12330A significantly blocked the effect of GLP-1
(Fig. 6E), suggesting that GLP-1 may exert its effect
through generation of cAMP. To confirm that cellular
glucose uptake was also impaired 48 h after glucosamine
treatment, glucose uptake was measured in INS-1 cells
exposed to glucosamine for 48 h. The glucose uptake
was shown to be impaired to a similar extent and showed
significant recovery after pretreatment with GLP-1 (Fig.
6F).

Effect of glucosamine on viability of cells

genetically suppressing AMPK activity

Cell survival during inhibition of glucose uptake by
glucosamine may require a metabolic readjustment against
decrease in cellular ATP concentrations [25]. We
hypothesized that AMPK would be activated in response
to ATP depletion by glucosamine in order to reduce cellular
energy consumption, which would often involve the
deceleration of protein synthesis rate. To this end, we
infected INS-1 cells with an adenovirus either expressing
the wild-type form of AMPK (Ad-AMPK-WT) or the
dominant negative form of AMPK (Ad-AMPK-DN) (Fig.
7A), as described in the Materials and Methods. When
cell viability was compared between the two groups after
7.5 mM glucosamine treatment, time-dependent decrease
in cell survival was greater in the Ad-AMPK-DN cells
(Fig. 7B), indicating that AMPK is activated by

A
7.5 mM GlcN
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WT DN
62 kDa pe— ] p-AMPK
-w
280 kDa - p-ACC
— e ACC
- e Actin
B
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100 - 3 Ad-AMPK-DN
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(=]
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(=]
L

Fig. 7. Effect of glucosamine (GIcN) on viability of INS-1 cells
possessing either adenovirally-mediated AMPK-wild type (Ad-
AMPK-WT) or AMPK-dominant negative (Ad-AMPK-DN)
form. Cells were infected with adenovirus for 2 h, and then
washed and incubated in serum-free RPMI media for 24 h. Cells
were further treated with 7.5 mM GIcN for 1 h (panel A) or the
indicated times (panel B) in the serum-free media. The whole-
cell lysates were then collected and analyzed by immunoblotting
(panel A). Percent cell survival was determined using the MTT
assay (panel B). ***p <0.001 compared with the values of Ad-
AMPK-WT obtained at the same time point.

glucosamine, which lowers cellular ATP levels, to
rearrange cellular metabolism to match the reduced
energy.

Discussion
The present findings suggest that glucosamine might

persistently decrease cellular glucose uptake during an
exposure period of 48 h, thereby leading to beta-cell death
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Fig. 8. Schematic representation of the effect of GLP-1 against
glucosamine (GIcN) toxicity in the beta cell. GIcN competes
with glucose for GLUT2 and increases AMP/ATP ratio, which
in turn activates AMPK. AMPK can inhibit cellular growth
signaling. GLP-1 increases cAMP, which in turn leads to the
recovery of glucose uptake through PKA-independent
mechanisms that have yet to be elucidated.

(Fig. 8). This conclusion is supported by the findings that
alternative energy supplementation using methyl pyruvate
alleviated the glucosamine-induced deterioration of cell
survival [13]. The mechanism by which glucosamine
inhibits glucose uptake may originate from certain
glycosylated proteins made through HBP, as seen in
extrapancreatic tissues. However, at least in beta cells,
glycosylated proteins appeared not to be primarily involved
in the effect of glucosamine, because neither BADGE
nor tunicamycin hindered the effect of glucosamine.
Furthermore, treatment with PUGNAc for 48 h at a
concentration high enough to nourish intracellular
glycosylated proteins did not exert a significant inhibition
of beta-cell survival. These results suggest that
glucosamine may have another pathway for its negative
effect on beta-cell survival, such as through the
competition of glucosamine with glucose for GLUT?2,
which would diminish the entry of glucose into the beta
cells [17]. In addition, it may be worth pointing out that,
with time dependency, intracellular glucosamine might
affect the glucose uptake of beta cells through an allosteric
inhibition of GlcN-6-P for glucokinase [26] or a
glucosamine-induced increase in reactive oxygen species
[27]. In this regard, it may be ineffective to employ acute
treatment with glucosamine in beta cells for the purpose
of mimicking glucotoxicity. Rather, glucosamine may be
acutely used in beta cells to mimic a glucose-depletion
status, such as hypoglycemia or metabolic inhibition, which

could activate the AMPK signaling pathway.

Beta-cell growth signals have been known to be
inhibited by AMPK activation associated with energy
depletion [28]. Consistent with this observation,
glucosamine increased AMPK activity and decreased the
phosphorylation of P70S6K and S6RP. Of particular
interest, the phosphorylation of Akt was shown not to
decrease; rather, it increased during the early period of
glucosamine exposure. This change may act as negative
feedback that follows the inhibition of other growth signals
by glucosamine, as seen with other chemicals in certain
cancer cells [29] as well as in beta cells [30]. In contrast,
decreased Akt phosphorylation observed 48 h after
glucosamine exposure might offer evidence for its
eventual participation in the cellular apoptotic process,
since the total amount of Akt was not decreased at that
time.

The protective effect of GLP-1 was the amelioration
of the decreased glucose uptake of beta cells caused by
glucosamine, according to the cell viability assay, which
was comparable to the effect of methyl pyruvate. This
suggests that GLP-1 may lead to recovery of the ATP/
AMP ratio. This was shown to occur via cAMP-dependent
mechanisms, probably through its G-protein-coupled
receptors and adenylate cyclase activation [31]. Beta-
cell GLP-1 has been shown to be important for facilitating
ATP production in response to administered glucose by
increasing mitochondrial glucose metabolism [31]. In
addition, the expression of glucokinase and GLUT2 were
shown to be increased by GLP-1-mediated signaling [32-
34].

GLP-1 can also transactivate EGFR in the beta-cell
membrane. Subsequently, it activates PI3-kinase to
facilitate cell growth and proliferation [35]. It is unlikely
that this pathway is involved in the effect of GLP-1 on
alleviating impaired glucose uptake by glucosamine, as it
was demonstrated to occur even in the presence of
LY294002. It is interesting that GLP-1 exhibits different
mechanisms for beta-cell protection from glucosamine
toxicity and glucolipotoxicity, in which GLP-1 was noted
to exert its effect preferentially through the PI-3 kinase/
Akt pathway [35]. This also suggests that glucotoxicity
and glucosamine toxicity in beta cells may have different
mechanisms, at least during the early period of exposure.
Hyperglycemia in type 2 diabetes was shown to induce
gradual loss of beta-cell insulin, glucokinase and GLUT2
expression, resulting in the further deterioration of insulin
secretory capacity [36]. This impairment may be
ameliorated by the mechanism of GLP-1 which is shown
in the present study.
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