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Abstract

It has been previously reported that aglycin, a natural bioactive peptide isolated from soybean, is stable in digestive enzymes and has an antidiabetic
potential. With a view to explore the pharmacological activity of aglycin in vivo, studies have been conducted to examine its therapeutic effect in diabetic mice, in
which it was administered intragastrically as an oral agent. Diabetes was induced in BALB/c mice fed with a high-fat diet and a single intraperitoneal injection of
streptozotocin. With onset of diabetes, the mice were administered daily with aglycin (50 mg/kg/d) for 4 weeks. Blood glucose was monitored once a week.
Subsequently, skeletal muscle was isolated for assessment in terms of levels of gene and protein IR, IRS1, Akt and glucose transporter 4 (GLUT4). In addition,
C2C12 muscle cells as an in vitro diabetic model were used to investigate the effect of aglycin on glucose uptake. Treatment with aglycin was found to be
significantly effective in controlling hyperglycemia and improving oral glucose tolerance. Furthermore, aglycin enhanced glucose uptake and glucose transporter
recruitment to the C2C12 cell surface in 10 min in vitro. Consistent with these effects, aglycin restored insulin signaling transduction by maintaining IR and IRS1
expression at both the mRNA and protein levels, as well as elevating the expression of p-IR, p-IRS1, p-Akt and membrane GLUT4 protein. The results hence
demonstrate that oral administration of aglycin can potentially attenuate or prevent hyperglycemia by increasing insulin receptor signaling pathway in the

skeletal muscle of streptozotocin/high-fat-diet-induced diabetic mice.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a multifactorial metabolic
disorder disease, which results from defects in both insulin secretion
and insulin action [1,2]. Insulin stimulates uptake, utilization and
storage of glucose in cells throughout the body by inducing multiple
signaling pathways in the tissues that express the transmembrane
insulin receptor [3], especially in skeletal muscle that accounts for 75%
of whole-body insulin-stimulated glucose uptake [4,5]. The reduced

Abbreviations: Akt, protein kinase B; GLUT4, glucose transporter 4; OGTT,
oral glucose tolerance test; IR, insulin receptor; IRS1, insulin receptor
substrate 1.
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responsiveness of cells to insulin is due to defective intracellular
signaling processes [3]. It is therefore highly desirable to explore the
agents that would be beneficial in restoring insulin signaling pathway
of the skeletal muscle to treat diabetes.

Even though oral antidiabetic agents such as thiazolidinedione
and biguanide that enhance insulin sensitivity in both peripheral and
hepatic tissues are effective in the treatment of hyperglycemia [6],
these chemical agents normally show unwanted effects during long-
term medication. Previous studies have indicated that amino acids
and peptides are key regulators in various cellular and intercellular
physiological responses and therefore possess enormous potential for
the treatment of various pathologic conditions [7]. However, most
peptides in clinical settings are only administered by injection [8,9].
Since systemic long-term medication by oral administration is the
preferred mode for treating diabetes, the development of oral
antidiabetic peptide therapeutics from natural source that are
stomach juice resistant is therefore expected.

Soybean peptides have been widely used as a natural health food
and supplement. It should be good for preventing obesity and
diabetes because long-term feeding of soy peptide induced weight
loss in obese mice [10]. In healthy and diabetic animal models,
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soybean peptides decreased blood glucose by increasing insulin
sensitivity and improving glucose tolerance [11,12]. Aglycin is a 37-
amino-acid peptide isolated from soybean. Structurally, it has a high
stability with six cysteines embedded in three disulfide bonds [13]. It
is also resistant to digestion by trypsin, pepsin, Glu-C and bovine
rumen fluid [14]. Encouraged with these findings of aglycin, the
present investigations were designed to examine the possibility of
preventing diabetes by oral administration of aglycin and the
underlying mechanisms.

2. Methods and materials
2.1. Animals

Male BALB/c (stock number: 0004771) mice weighing 18-22 g each were used and
maintained under specific pathogen-free conditions at the experimental animal center
of Tongji Medical College, Huazhong University of Science and Technology, China. The
animals were kept in cages at 23°C4-2°C with 12-h of light/dark and tap water ad
libitum. The experiments were all carried out according to the National Institutes of
Health's Guide for the Care and Use of Laboratory Animals.

2.2. Chemicals

Aglycin is a 37-residue polypeptide with a single chain, containing six half-cystine
residues at positions 3, 7, 15, 20, 22 and 32, an N-terminal alanine and a C-terminal
glycine. The molecular mass was 3742.3 Da, and amino acid sequence was
ASCNGVCSPFEMPPCGSSACRCIPVGLVVGYCRHPSG (37 residues) (Fig. 1A). Aglycin is
a kind of white amorphous powder. High-performance liquid chromatographic
(HPLC) analysis showed that the purity of aglycin was above 99%. The peptide was
provided by the School of Life Science and Technology, Huazhong University of
Science and Technology.

Anti-IR, anti-IRS1, anti-Akt, anti-glucose transporter 4 (GLUT4) and anti-actin
antibody were purchased from Santa Cruz Biotechnology (CA, USA). Glucose and
sodium chloride were purchased from the Beijing Chemical Reagents Company
(Beijing, China). Insulin was obtained from Eli Lilly (Indianapolis, IN, USA). The primers
were synthesized by AuGCT Biotechnology (China). H-2-deoxy-p-glucose was
provided by ICN Biochemical (Canada). The mouse muscle myoblast cell line C2C12
was from ATCC (USA).

The blood glucose level was tested by glucose analyzer (OneTouch Ultra, Johnson &
Johnson, USA). Insulin concentration was detected using ultrasensitive mouse insulin
enzyme-linked immunosorbent assay (ELISA) kit for small sample volumes (Crystal
Chem., Chicago, IL, USA).

2.3. Determination of aglycin in BALB/c mice using reversed-phase (RP)-HPLC method

For oral delivery, aglycin was dissolved in saline at a concentration of 5 mg/ml and
given at a dose of 50 mg/kg to BALB/c mice. Sixty minutes after peptide administration,
blood samples (n=6) were withdrawn and collected in sterile heparinized plastic
centrifuge tubes. Samples were extracted as follows: 200 pl of peptide/plasma solution
was added to 400 pl acetonitrile in the tube; tubes were vortexed for 10 min and then
centrifuged for 10 min at 12,000g; 500 pl of the supernatant was transferred to a clean
tube and evaporated at 37°C under a stream of nitrogen. Dried samples were
redissolved in 50 pl 30% acetonitrile, 0.1% trifluoroacetic acid before RP-HPLC analysis.
The injection volume was 10 pl.

RP-HPLC were performed using a Zorbax C18 column (4.6x150 mm, 5-um
particles), with mobile phase A containing 0.1% trifluoroacetic acid in water and mobile
phase B containing 0.1% trifluoroacetic acid in acetonitrile. Flow rate was 1 ml/min. A
gradient was 30%-39% B, 0-20 min; and detection was at 214 nm.

2.4. Induction of type 2 diabetes in BALB/c mice [15,16]

After a 1-week acclimation to our facilities, mice were randomly divided into two
groups. The normal control mice were fed with chow diet. The diabetic mice were
induced by feeding with a high-fat diet consisting of 40% fat, 41% carbohydrate and 18%
protein for 5 weeks, and then injected with a single dose of streptozotocin (STZ) [100
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Fig. 1. Primary structure of aglycin (A) and experimental design (B).
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mg/kg, intraperitoneally (ip)] without fasting. This diet continued until the end of the
experiment. During this period, the mice had free access to food and water except
special operations for experiment. Three days later, the glucose concentrations of
model mice after fasting for 6 h were measured to make sure that diabetes was induced
in all the mice with blood glucose concentration above 7.8 mmol/L.

2.5. Animal treatments

To evaluate antidiabetic effect of aglycin in vivo, aglycin (50 mg/kg/d) was orally
administered to diabetic mice daily at 9:00 a.m. Metformin (100 mg/kg/d) was used as
positive drug. The model and normal control mice were treated with the same volume
of saline every day. The injection of aglycin on days 0, 7, 14, 21 and 28 were taken after
completion of blood glucose in order to avoid any short-term drug effect. The dosage of
aglycin was determined according to previous experimental results (data not shown).
This regimen lasted for 4 weeks. Body weight and food consumption were monitored
to evaluate variables among groups. The blood glucose was measured on days 0, 7, 14,
21 and 28 at 9:00 a.m. by the glucose analyzer. The regimens used in this study are
shown in Fig. 1B.

A

2.6. Oral glucose tolerance test (OGTT) and insulin release in vivo

On day 29, eight mice in each group were subjected to OGTT. After fasting
for 6 h, mice were given 2.5 g/kg glucose orally. A total of 20 pl of blood
samples from each mouse were collected from the caudal vein at time 0, 30, 60,
90 and 120 min after glucose loading for the determination of glucose level. The
values of area under the glucose-time curve (AUC) were calculated. Blood
samples were centrifuged, and the plasma was stored at —20°C for the
determination of insulin concentration by using ultrasensitive ELISA kit for
small sample volumes.

2.7. Insulin tolerance test

On day 30, for the insulin tolerance test, a group of mice was fasted for 2 h and
injected with human insulin (0.5 U/kg) subcutaneously, and blood samples were
collected from the caudal vein at time 0, 30, 60 and 120 min for the determination of
glucose concentration. The values of AUC were calculated.
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Fig. 2. Plasma concentration of aglycin after oral administration in BALB/c mice. Sixty minutes after oral administration of aglycin, the plasma concentration of aglycin was determined
using RP-HPLC method. (A) Blank plasma; (B): blank plasma plus with aglycin; (C) plasma sample at 60 min.
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2.8. Ex vivo insulin signaling studies by immunoblotting and quantitative real-time
polymerase chain reaction (RT-PCR)

In order to evaluate the effect of aglycin on insulin signaling, on day 29, after a 12-h
fast, another group of mice was intraperitoneally injected with 1 U/kg of human insulin
and killed 10 min later [17]. Hind-limb skeletal muscles were dissected and frozen in
lipid nitrogen for immunoblotting and RT-PCR analysis of insulin signaling.

The skeletal muscle was homogenized in different lysis buffers to obtain different
proteins including total protein, membrane protein and phosphorylated protein. The
protein content was measured by the Bradford assay, and 50 pg of protein was
subjected to sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis. After
probing with specific antibodies — IR, p-IR, IRS1, p-IRS1, Akt, p-Akt and GLUT4 (Santa
Cruz Biotechnology, CA, USA) — immunoreactive bands were detected by a gel analysis
system (Elurochem 5500, Alpha Innotech, USA).

Total RNA was isolated from the skeletal muscle of mice in Trizol reagent, and cDNA
was synthesized from total RNA by RT using the Super Script First-Strand Synthesis
System kit (Invitrogen Life Technology, CA, USA). Quantitative detection of specific mRNA
transcripts was carried out by RT-PCR detection system (SLAN, Hongshi, Shanghai, China).
The primer pairs were as follows: IR (forward, 5’GCCGCTCCTATCTCTGGTAT3'; reverse, 5’
GAGTGATGGT GAGGTTGTGTTTG3'), IRS1 (forward, 5’AGTGGTGGAGTTGAGTTGGG C3';
reverse, 5’GAAGAGGCTGTGGAGATGGA3'), Akt (forward, 5'TAGGCATCCCTTCCTTACG3';
reverse, 5’GACACAATCTCCGCACCATA3’) and GLUT4 (forward, 5'TTCCTTCTATTTGCC
GTCCTC3’; reverse, 5 CTGTTTTGCCCCTCAGTCATT3’). All samples for RT-PCR were
assayed in triplicate, and data were normalized to the relative levels of 3-actin mRNA
transcripts in the same experiment.

2.9. Cell culture and 2-deoxyglucose (2-DOG) uptake

To evaluate whether aglycin could directly enhance glucose uptake in skeletal
muscle, we performed the study in insulin-resistant C2C12 skeletal muscle cells.

The C2C12 skeletal muscle cells were cultured in Dulbecco's modified Eagle's
medium supplemented with 4.5 mg/ml glucose, penicillin 100 IU/ml, streptomycin 100
pg/ml and 10% fetal bovine serum (Sigma Chemical, St Louis, MO, USA) in 5% CO, at
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37°C. When the cells achieved 70% confluency, they were differentiated by lowering
the serum concentration to 2% horse serum for 3 days. To develop insulin resistance
state, the C2C12 cells were differentiated in an equal mixture of two serum-free media
(MCDB 201 and Ham's F-12 medium) in the absence and chronic presence of 100 nM
insulin for 3 days as described previously [18]. The media were changed after every 12
h. Aglycin was dissolved in 0.1% (v/v) dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO,
USA). On day 4, the cells were co-cultured with 0.1 mM aglycin or vehicle (the same
concentration of DMSO without aglycin) for 24 h. The C2C12 myotubes were fully
differentiated by day 3, the characteristics of which were checked by testing the
expression of various muscle markers, like myosin, myo D and myogenin. After
treatment with aglycin, the cells were washed twice with the Krebs-Ringer phosphate
buffer (KRP). The cells were further incubated in KRP buffer containing 100 nM insulin
without glucose for 15 min. 2-DOG (0.5 uCi of 2-deoxy-D-[>H] glucose) was added, and
cells were incubated for 10 min. The reaction was terminated by placing the plates on
ice and adding ice-cold phosphate-buffered saline (PBS). After washing three times
with PBS, the cells were dissolved in 0.1% SDS. Trace activities were determined by
liquid scintillation counter.

2.10. Statistical analysis
All results were presented as means+SD. The one-way analysis of variance (SPSS

version 11.0, SPSS Inc., Chicago, IL, USA) was performed to analyze data, and a P value
of less than .05 was considered to be statistically significant.

3. Results

3.1. Plasma concentration of aglycin after oral administration in
BALB/c mice

The bioanalysis was performed to measure plasma aglycin levels
in BALB/c mice orally dosed with 50 mg/kg. Intact aglycin was
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Fig. 3. Effects of aglycin on fasting blood glucose (A), body weight changes (B) and oral glucose tolerance (C, D) in diabetic mice. (A) On days 0, 7, 14, 21 and 28, fasting blood
glucose concentration were measured 24 h after treatment with aglycin. (B) The final body weights of all groups were compared. (C, D) OGTT was performed on day 29 after
aglycin was omitted for 24 h. The mice received 2.5 g/kg glucose orally after a 6-h fasting period, and blood samples were collected from the caudal vein at t=0, 30, 60, 90 and
120 min for the determination of glucose concentration (C). The AUCs are shown in the right panels. (D) 7, 7T, {ifP<.05, .01, .001 vs. normal group. *, **P<.05, .01 vs. model group
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detected in plasma by RP-HPLC after oral administration for 60 min,
which indicated that aglycin was resistant to enzymatic hydrolysis in
the gastrointestinal tract and was absorbed into the systemic
circulation (Fig. 2).

3.2. Aglycin reduced blood glucose levels after long-term treatment

Before initiation of the treatment, there was no significant
difference in the blood glucose among different groups. After
injection with STZ and feeding with high-fat diet, the BALB/c mice
developed hyperglycemia significantly and had a steady increase in
blood glucose compared with the normal group. The model mice
showed a noticeable higher fasting blood glucose compared with
normal mice (day 28, normal vs. model: 5.840.4 vs. 12.440.6
mmol/L, P<.001). Although blood glucose levels of aglycin-treated
mice were higher than the normal control (day 28, normal vs. aglycin:
5.840.4 vs. 7.14+0.2 mmol/L), those between the aglycin group and
the model one were significantly different (aglycin vs. model: day 21:
7.34+0.5 vs. 11.34+0.4 mmol/L; day 28: 7.14+0.2 vs. 12.44-0.6 mmol/L,
P<.01), respectively. Moreover, aglycin and metformin had similar
effect on diabetic mice (Fig. 3A). The body weight of mice fed with
high-fat diet increased significantly compared with that of ones fed
with chow food. Both metformin and aglycin had no effect on body
weight control (Fig. 3B). In addition, the amount of food intake was
almost the same among all groups fed with high-fat diet.
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3.3. Aglycin improved OGTT and insulin tolerance, but had no significant
effect on insulin release

Impaired glucose tolerance is one major characteristic of insulin
resistance. In OGTT, as compared to normal control, model mice had
impaired glucose tolerance, while the metformin-treated mice had
improved glucose tolerance. Aglycin and metformin had similar effect
on glucose tolerance improvement in diabetic mice when the
glycemic response was expressed as the AUC (Fig. 3C and D, aglycin
vs. metformin: 18.540.7 vs. 21.940.9 mmol/L*h, P>.05).

To evaluate the effect of aglycin on peripheral insulin action, we
carried out an insulin tolerance test in diabetic mice by determining
blood glucose concentration after subcutaneous injection of insulin
(Fig. 4A). After insulin loading, the AUC value in the model mice
was much higher compared with that in the normal mice (Fig. 4B,
model mice vs. normal mice: 22.2 4+ 1.5 mmol/L*h vs. 9.740.8
mmol/L*h, P<.01). Compared with those in the model mice,
metformin and aglycin lowered the AUC values by 45.0% and
45.9%, respectively.

In order to assess the effect of aglycin on insulin secretion, we
measured the insulin concentration during OGTT. As shown in
Fig. 4C, during the course of OGTT, the model mice had an
abnormal insulin response to oral glucose challenge compared
with the normal mice. However, insulin secretion in aglycin-
treated mice was not affected.
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Fig. 4. Effect of aglycin on insulin tolerance (A, B), insulin release in vivo (C) and glucose uptake in C2C12 cells (D). (A, B) Insulin tolerance test was performed on day 30 after aglycin
was omitted for 48 h. The mice were injected with insulin (0.5 U/kg) subcutaneously after being fasted for 2 h. Blood samples were collected from the caudal vein at t=0, 30, 60 and
120 min for the determination of glucose concentration. The AUCs are shown in the right panels (B). T7P<.01 vs. normal group. *, **P<.05, 0.01 vs. model group (n=38 for each group).
(C) On day 29, the plasma insulin concentration was measured during OGTT using an insulin ELISA kit. fP<.01 vs. normal group. **P<.01 vs. model group (n=8 for each group). (D)
C2C12 cells, differentiated in the absence or chronic presence of insulin, were washed with KRP buffer and then simulated by insulin. A total of 0.1 mM aglycin was added during the
last 24 h of differentiation. Glucose uptake was measured as described in Methods. Results are expressed as the fold change in glucose uptake normalized to control based on four

independent experiments. *P<.05.
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Fig. 5. Effects of aglycin on the gene expression in skeletal muscle using absolute quantification RT-PCR method. On day 29, mice were fasted overnight and injected with human insulin
(20 U/kg body weight ip) to stimulate insulin signaling. Then mice were killed 10 min later. Skeletal muscle was obtained for analysis of gene expression. Actin was used as endogenous
control to normalize for mRNA levels. 117P<.001 vs. model group. *, **, ***p<05, .01, .001 vs. normal group (n=8 for each group).

3.4. Aglycin restored insulin signaling in diabetic mice

For examining effects of aglycin on insulin signaling in the skeletal
muscle of diabetic mice, hypothesis-driven targeted insulin signaling
gene and protein expression events known to influence insulin
sensitivity within skeletal muscle were compiled by using RT-PCR and
Western blotting methodology. Hyperexpression of IR, IRS1 and Akt
in insulin-sensitive tissues created sensitivity to insulin-elicited
disposal of blood glucose. As shown in Figs. 5 and 6, IR, IRS1 and
Akt gene and protein expression were down-regulated in model mice
compared with that in normal mice. A significant increase in the
expression of IR and IRS1 gene, as well as total IR and IRS1 protein,
was found in the skeletal muscle of aglycin-treated mice as compared
with that of model mice. Aglycin could not affect Akt gene and total
Akt protein expression. However, compared with that in the model
mice, tyrosine phosphorylation of IR and IRS1, and serine phosphor-
ylation of Akt expressions were remarkably enhanced by aglycin.
There were no changes in either gene expression or activating
tyrosine and serine phosphorylation of IR, IRS1 and Akt in the muscle
of metformin-treated mice.

Enhanced expression and posttranslational activation of key
insulin signaling components — IR and IRS1 — in the experiments
above prompted us to investigate its downstream player, GLUT4. The
gene, total protein and membrane protein expression of GLUT4 in the
skeletal muscle were diminished significantly in model mice.
Although GLUT4 at the transcriptional and total protein level varied
less, membrane GLUT4, the actual transporter in glucose transport,
was enhanced markedly in the skeletal muscle of aglycin-treated
mice. Our results suggest that aglycin promotes GLUT4 translocation
to the cell surface upon insulin or other stimuli, which is in accord

with an increase in the function of GLUT4 to reduce blood glucose.
Metformin showed no effect on GLUT4 gene and protein expression
(Figs. 5 and 6).

3.5. Effect of aglycin on glucose uptake in C2C12 cells

We examined the effect of aglycin on the basal and insulin-
stimulated glucose uptake in normal and insulin-resistant C2C12
cells, respectively. Compared with normal C2C12 cells, the glucose
uptake was increased 75% in the cells stimulated with insulin, but not
in insulin-resistant C2C12 cells in our study. Therefore, aglycin
resulted in enhancement of basal glucose uptake as well as insulin-
stimulated glucose uptake in both normal and insulin-resistant C2C12
cells (Fig. 4D).

4. Discussion

Since aglycin has a potential as an oral antidiabetic peptide [14], it
is desirable to determine the therapeutic effect of aglycin on blood
glucose in diabetic mice by administering it intragastrically. Indeed, in
our work, aglycin treatment was effective in preventing hyperglyce-
mia in a diabetic animal model with impaired glucose tolerance and
insulin resistance, which were induced in BALB/c mice that were fed
with a high-fat diet and received a single intraperitoneal injection of
STZ [19]. We found that aglycin administration increased the mRNA
expressions of IR and IRS1, which corresponded to elevation in
protein and activity of IR and IRS. In addition, protein levels of p-Akt
and membrane GLUT4 were also better maintained.

It is known that peptide agents have usually been administered by
subcutaneous or intramuscular injection because of poor absorption

Fig. 6. Effects of aglycin on the protein expression in skeletal muscle using Western blotting method. On day 29, mice were fasted overnight and injected with human insulin (20 U/kg
body weight ip) to stimulate insulin signaling. Then, mice were killed 10 min later. Skeletal muscle was obtained for analysis of protein expression. Representative immunoblots and
quantification expressed as means=+S.D. were shown. The band intensities of protein were quantified by densitometry. (A) Total IR, total IRS1, total Akt, total GLUT4. (B) p-IR: insulin-
induced IR tyrosine phosphorylation. p-IRS1: insulin-induced IRS1 tyrosine phosphorylation. p-Akt: insulin-induced Akt serine phosphorylation. Membrane GLUT4: membrane
GLUT4. T, 1, T1TP<.05, .01, .001 vs. normal group. *, **, ***P< 05, .01, .001 vs. model group (n=8 for each group).
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in the gastrointestinal tract [8,9]. However, many studies have also
shown that peptides with molecular weight above 3000 Da have the
ability to cross the intact intestinal wall and could be detected in
plasma [20,21]. Actually, aglycin is a 3742.3-Da peptide and resists
digestive enzymes [14]. These features indicated that aglycin would
be a potential novel oral pharmacologic agent. Accordingly, in the
present study, we showed that aglycin was resistant to enzymatic
hydrolysis in the gastrointestinal tract and was absorbed into the
systemic circulation. Our discovered pharmacodynamic effects of
aglycin on glycemic control in diabetic mice also provided evidence
supporting bioactivity of aglycin following oral delivery.

Prevention of aglycin against the loss of glucose tolerance and
abnormal glucose levels in diabetic mice was hence in line with some
studies that soybean peptide could improve glucose tolerance [22].
The possibility that aglycin maintained normoglycemia in these mice
by increasing insulin secretion was ruled out because aglycin failed to
increase insulin release in response to glucose challenge. However,
glucose levels were lowered after insulin loading in aglycin-treated
mice in the insulin tolerance test, indicating that glucose control
induced by aglycin is largely mediated by enhancing glucose
utilization and insulin sensitivity in peripheral insulin target sites.
The results were also supported by our in vitro study that
demonstrated aglycin directly promoted glucose uptake in insulin-
resistant C2C12 cells, the state of which was developed with chronic
presence of insulin [23].

Insulin resistance is largely associated with dysfunction of
intracellular insulin signaling cascades and defect of multiple
intracellular postreceptor in peripheral tissues such as skeletal
muscles [24], which are the primary site for blood glucose disposal
and a vital target tissue for the therapy of type 2 diabetes [25].
Furthermore, recent data have also suggested that soybean peptides
improve insulin action via increasing the expressions of GLUT4 and
insulin regulatory genes in diabetic animals [11,26]. Thus, it is critical
to determine the role of insulin signaling and GLUT4 on glucose
uptake in the skeletal muscle of aglycin-treated mice.

IR and IRS1 are two vital molecules involved in this insulin
signaling pathway linking peripheral insulin action: IR recruits and
phosphorylates cellular substrates to initiate signal transduction [27],
while IRS1 controls insulin action by binding with upstream common
proteins [28]. In addition, Akt is a key enzyme transmission of the
insulin signal and an essential downstream signaling molecule [29],
playing a vital role in insulin-stimulated GLUT4 translocation [30]. In
our research, we observed that the expressions of IR and IRS1 in
aglycin-treated mice were up-regulated at gene level as well as total
and tyrosine phosphorylation protein ones. With respect to Akt, we
did not find any changes in gene expression; nevertheless, we
observed an increase in serine phosphorylation protein levels. This
discrepancy between gene and protein expression may be due to
posttranslational modification. Although the possibility exists that
improved metabolic state associated with diabetes indirectly affects
insulin signal activity, our findings indicated that aglycin had a direct
effect on IR and IRS1 gene, leading to increase of posttranslational
modification, especially phosphorylation.

Since several previous studies strongly suggest that the insulin
resistance at skeletal muscle level is a defect in the insulin signaling
pathways that regulate the translocation of GLUT4, their docking and
fusion with the membrane [31,32], the GLUT4 protein that assesses
insulin signaling is responsible for the entry of glucose to the muscle
cells. GLUT4 can translocate to the cell membrane where it inserted,
and results in the facilitated glucose uptake [33]. However, GLUT4
translocation could be impaired in the diabetic skeletal muscle
followed by the reduction of autophosphorylation or substrate
phosphorylation of the IR kinase, IRS1 and Akt [34-37]. In our
study, we observed that the expression of plasma membrane GLUT4
protein was enhanced in aglycin-treated mice, yet no significant

changes were found in gene and total protein levels. Together with
increased expression of IR and IRS1, we suggest that aglycin promotes
insulin action in skeletal muscles by enhancing insulin signaling
pathway that leads to the translocation of GLUT4.

It was of interest to note that metformin treatment was effective
on controlling hyperglycemia, but no significant effect was found on
genes and proteins levels of IR, IRS1, Akt and GLUT4 in our research,
which consistent with studies performed in diabetic human subjects
[38]. Thus, it is indicated that the mechanism of aglycin enhancing
glucose utilization differed from that of metformin.

In summary, this study investigated the antidiabetic effect of
aglycin in vivo when administered orally to experimentally diabetic
mice induced by STZ/high-fat diet. Our results suggest that aglycin
exerts its effect by enhancing insulin signal at gene levels of IR and
IRS1, which in turn promoting activation of IR, IRS1 and Akt at
phosphorylation levels. Aglycin also increased the number of GLUT4
at the cell surface, thereby increasing glucose uptake in peripheral
tissues (particularly skeletal muscle). Although the exact mechanism
involved in the insulin action by aglycin remains to be elucidated,
aglycin, as a natural and nontoxic soybean peptide, is still a promising
candidate for the treatment of T2DM.

Acknowledgments

This work was financially supported by the National Natural
Science Foundation (30772580).

References

[1] Lin Y, Sun Z. Current views on type 2 diabetes. ] Endocrinol 2010;204:1-11.

[2] DeFronzo RA. Pharmacologic therapy for type 2 diabetes mellitus. Ann Intern Med
2000;133:73-4.

[3] Ruiz-Alcaraz AJ, Liu HK, Cuthbertson DJ, McManus EJ, Akhtar S, Lipina C, et al. A
novel regulation of IRS1 (insulin receptor substrate-1) expression following short
term insulin administration. Biochem ] 2005;392:345-52.

[4] Bjornholm M, Zierath JR. Insulin signal transduction in human skeletal muscle:
identifying the defects in type Il diabetes. Biochem Soc Trans 2005;33:354-7.

[5] Pessin JE, Saltiel AR. Signaling pathways in insulin action: molecular targets of
insulin resistance. ] Clin Invest 2000;106:165-9.

[6] Mizuno CS, Chittiboyina AG, Kurtz TW, Pershadsingh HA, Avery MA. Type 2
diabetes and oral antihyperglycemic drugs. Curr Med Chem 2008;15:61-74.

[7] Witt KA, Gillespie TJ, Huber JD, Egleton RD, Davis TP. Peptide drug modifications to
enhance bioavailability and blood-brain barrier permeability. Peptides 2001;22:
2329-43.

[8] Nestor Jr JJ. The medicinal chemistry of peptides. Curr Med Chem 2009;16:
4399-418.

[9] Hamman JH, Enslin GM, Kotze AF. Oral delivery of peptide drugs: barriers and
developments. BioDrugs 2005;19:165-77.

[10] Ishihara K, Oyaizu S, Fukuchi Y, Mizunoya W, Segawa K, Takahashi M, et al. A
soybean peptide isolate diet promotes postprandial carbohydrate oxidation and
energy expenditure in type II diabetic mice. ] Nutr 2003;133:752-7.

[11] Davis J, Higginbotham A, O'Connor T, Moustaid-Moussa N, Tebbe A, Kim YC, et al.
Soy protein and isoflavones influence adiposity and development of metabolic
syndrome in the obese male ZDF rat. Ann Nutr Metab 2007;51:42-52.

[12] Wagner JD, Cefalu WT, Anthony MS, Litwak KN, Zhang L, Clarkson TB. Dietary soy
protein and estrogen replacement therapy improve cardiovascular risk factors
and decrease aortic cholesteryl ester content in ovariectomized cynomolgus
monkeys. Metabolism 1997;46:698-705.

[13] Jouvensal L, Quillien L, Ferrasson E, Rahbe Y, Gueguen ], Vovelle F. PA1b, an
insecticidal protein extracted from pea seeds (Pisum sativum): 1H-2-D NMR study
and molecular modeling. Biochemistry 2003;42:11915-23.

[14] Dun XP, Wang JH, Chen L, Lu J, Li FF, Zhao YY, et al. Activity of the plant peptide
aglycin in mammalian systems. FEBS ] 2007;274:751-9.

[15] Zhang X, Wang Z, Huang Y, Wang J. Effects of chronic administration of alogliptin
on the development of diabetes and beta-cell function in high fat diet/strepto-
zotocin diabetic mice. Diabetes Obes Metab 2011;13:337-47.

[16] Srinivasan K, Viswanad B, Asrat L, Kaul CL, Ramarao P. Combination of high-fat
diet-fed and low-dose streptozotocin-treated rat: a model for type 2 diabetes and
pharmacological screening. Pharmacol Res 2005;52:313-20.

[17] Koulmanda M, Bhasin M, Hoffman L, Fan Z, Qipo A, Shi H, et al. Curative and beta
cell regenerative effects of alphal-antitrypsin treatment in autoimmune diabetic
NOD mice. Proc Natl Acad Sci U S A 2008;105:16242-7.

[18] Kumar N, Dey CS. Development of insulin resistance and reversal by thiazolidi-
nediones in C2C12 skeletal muscle cells. Biochem Pharmacol 2003;65:249-57.



J. Lu et al. / Journal of Nutritional Biochemistry 23 (2012) 1449-1457 1457

[19] Reed M]J, Meszaros K, Entes L], Claypool MD, Pinkett JG, Gadbois TM, et al. A new
rat model of type 2 diabetes: the fat-fed, streptozotocin-treated rat. Metabolism
2000;49:1390-4.

[20] Daniel H. Molecular and integrative physiology of intestinal peptide transport.
Annu Rev Physiol 2004;66:361-84.

[21] Gilbert ER, Wong EA, Webb Jr KE. Board-invited review: peptide absorption and
utilization: implications for animal nutrition and health. ] Anim Sci 2008;86:
2135-55.

[22] Veloso RV, Latorraca MQ, Arantes VC, Reis MA, Ferreira F, Boschero AC, et al.
Soybean diet improves insulin secretion through activation of cAMP/PKA pathway
in rats. ] Nutr Biochem 2008;19:778-84.

[23] Kumar N, Dey CS. Metformin enhances insulin signalling in insulin-dependent
and -independent pathways in insulin resistant muscle cells. Br ] Pharmacol
2002;137:329-36.

[24] Karlsson HK, Zierath JR. Insulin signaling and glucose transport in insulin resistant
human skeletal muscle. Cell Biochem Biophys 2007;48:103-13.

[25] Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and lipid
metabolism. Nature 2001;414:799-806.

[26] Nordentoft I, Jeppesen PB, Hong ], Abudula R, Hermansen K. Increased insulin
sensitivity and changes in the expression profile of key insulin regulatory genes
and beta cell transcription factors in diabetic KKAy-mice after feeding with a soy
bean protein rich diet high in isoflavone content. ] Agric Food Chem 2008;56:
4377-85.

[27] White MF. Insulin signaling in health and disease. Science 2003;302:1710-1.

[28] Lanner JT, Bruton JD, Katz A, Westerblad H. Ca(2+) and insulin-mediated glucose
uptake. Curr Opin Pharmacol 2008;8:339-45.

[29] Saito T, Jones CC, Huang S, Czech MP, Pilch PF. The interaction of Akt with APPL1 is
required for insulin-stimulated Glut4 translocation. ] Biol Chem 2007;282:32280-7.

[30] Elmendorf ]S. Signals that regulate GLUT4 translocation. ] Membr Biol 2002;190:
167-74.

[31] Farese RV. Function and dysfunction of aPKC isoforms for glucose transport in
insulin-sensitive and insulin-resistant states. Am ] Physiol Endocrinol Metab
2002;283:E1-11.

[32] Sesti G. Pathophysiology of insulin resistance. Best Pract Res Clin Endocrinol
Metab 2006;20:665-79.

[33] Hilder TL, Baer LA, Fuller PM, Fuller CA, Grindeland RE, Wade CE, et al. Insulin-
independent pathways mediating glucose uptake in hindlimb-suspended skeletal
muscle. ] Appl Physiol 2005;99:2181-8.

[34] Kido Y, Nakae J, Accili D. Clinical review 125: the insulin receptor and its cellular
targets. ] Clin Endocrinol Metab 2001;86:972-9.

[35] Draznin B. Molecular mechanisms of insulin resistance: serine phosphorylation of
insulin receptor substrate-1 and increased expression of p85alpha: the two sides
of a coin. Diabetes 2006;55:2392-7.

[36] McCurdy CE, Cartee GD. Akt2 is essential for the full effect of calorie restriction on
insulin-stimulated glucose uptake in skeletal muscle. Diabetes 2005;54:1349-56.

[37] Karlsson HK, Zierath JR, Kane S, Krook A, Lienhard GE, Wallberg-Henriksson H.
Insulin-stimulated phosphorylation of the Akt substrate AS160 is impaired in
skeletal muscle of type 2 diabetic subjects. Diabetes 2005;54:1692-7.

[38] Hallsten K, Virtanen KA, Lonnqvist F, Sipila H, Oksanen A, Viljanen T, et al.
Rosiglitazone but not metformin enhances insulin- and exercise-stimulated
skeletal muscle glucose uptake in patients with newly diagnosed type 2 diabetes.
Diabetes 2002;51:3479-85.



	The soybean peptide aglycin regulates glucose homeostasis in type 2 diabetic mice via IR/IRS1 pathway
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Chemicals
	2.3. Determination of aglycin in BALB/c mice using reversed-phase (RP)-HPLC method
	2.4. Induction of type 2 diabetes in BALB/c mice [15,16]
	2.5. Animal treatments
	2.6. Oral glucose tolerance test (OGTT) and insulin release in vivo
	2.7. Insulin tolerance test
	2.8. Ex vivo insulin signaling studies by immunoblotting and quantitative real-time polymerase chain reaction (RT-PCR)
	2.9. Cell culture and 2-deoxyglucose (2-DOG) uptake
	2.10. Statistical analysis

	3. Results
	3.1. Plasma concentration of aglycin after oral administration in �BALB/c mice
	3.2. Aglycin reduced blood glucose levels after long-term treatment
	3.3. Aglycin improved OGTT and insulin tolerance, but had no significant effect on insulin release
	3.4. Aglycin restored insulin signaling in diabetic mice
	3.5. Effect of aglycin on glucose uptake in C2C12 cells

	4. Discussion
	Acknowledgments
	References


