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Insulin receptor (InsR) and GLUTSs play a very important role in pathophysiological changes in terms of

diabetes and insulin resistance, and metformin can regulate their expression and activity in order to

alleviate insulin resistance. By reference to the molecular structure of metformin, chitosan biguanidine
hydrochloride (CSGH) was synthesized by reacting chitosan (CS) with dicyandiamide under microwave
irradiation and characterized by FT-IR, *C NMR spectroscopy and XRD. The substitution degree (DS) of
CSGH, measured by potentiometric titration method, varied in the range of 41.8% to 68.5%. After
cytotoxicity testing of CSGH, nontoxic samples were selected. Then insulin resistance (IR) model using
human hepatocarcinoma HepG2 cells was established, and the effect of CSGH on glucose consumption
was investigated. Moreover, the expression of InsR and the signal protein glucose transporters-2 (GLUT2)
were further investigated to study the mechanism. Results showed that CSGH samples with DS 43.2%

and DS 52.7% were nontoxic and could improve the vitality, markedly promoting the glucose
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consumption of HepG2 cells. Besides, the effect of CSGH (DS 52.7%) on promoting glucose

consumption was better than metformin and not dose-dependent. It is also found that CSGH could

DOI: 10.1039/c6ra25998g
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1. Introduction

Diabetes mellitus is a metabolic disorder characterized by
chronic hyperglycemia with disturbances in the metabolism of
carbohydrates, lipids and proteins,' and 90-95% is accounted
for as non-insulin-dependent diabetes mellitus (Type 2 diabetes
mellitus, T2DM).* The main characteristic of T2DM is insulin
resistance (IR), which is defined by reduced expression and/or
sensitivity of insulin receptors to insulin.’ The liver is one of
the most important organs involved in insulin resistance,
because of its central role in lipid metabolism and glucose
homeostasis.*” Characteristic manifestations of hepatic insulin
resistance are suppression of glucose uptake and decrease of
insulin sensitivity,>® which are associated with the abnormal
expression and activity of multiple signaling factors, such as
insulin receptor (InsR), insulin receptor substrate (IRS),
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induce the expression of InsR protein and significantly inhibit the over-expression of GLUT2 transport
protein, which was probably the mechanism of the therapeutic effect of CSGH on IR HepG2 cells.

phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt),
GLUTs (glucose transporter proteins), and so on.>™?

In the liver, reduction of insulin receptor (InsR) is a typical
performance of IR. The InsR is a heterotetrameric membrane
glycoprotein that is activated by insulin," and the insulin-
bound InsR further promotes the binding and activation of
downstream proteins, which plays an important role in stimu-
lating glucose uptake.'® There is evidence suggesting that the
down-regulation of InsR is related to the aggravation of insulin
resistance and T2DM.'**® Additionally, some hormones and
nutrients can regulate expression of InsR. For example low
concentration glucose induced InsR mRNA expression®>** and
high-insulin treatment made the InsR on the surface of HepG2
cells decreased and flawed.”

Except for reduction of InsR, over-expression of GLUT2 is
also an important sign of hepatic insulin resistance.*® GLUT2,
one of the thirteen glucose transporter proteins (GLUTSs) iden-
tified in human, is expressed at high levels in the liver, small
intestine, kidney, and pancreatic cells.** It is glucose sensitive,
and plays a role in mediating both glucose influx and efflux in
hepatocytes by altering the rate of glucose uptake.” Over-
expression of hepatic GLUT2 was found in streptozocin-
induced diabetes animals®**® and in oleic acid treated HepG2
cell line.”® The excess GLUT2 in liver cells made glucose trans-
port activity enhanced, thus promoting hepatic glucose out of
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the cells and into the bloodstream. Consequently, elevated
blood glucose exacerbated insulin resistance.*

Metformin is widely used in the current treatment regimen
for T2DM,** which can decrease endogenous glucose produc-
tion in liver and can regulate the expression and activity of InsR
and GLUTs in hepatocytes.®** However, this treatment is
accompanied by common adverse side effects and limitations,
such as acute infections of the nose and throat, diarrhea,
swelling of the abdomen, and in individuals with kidney
disease.**** Therefore, a new drug with higher biological
activity is urgently needed.

Chitosan (CS), a copolymer of glucosamine and N-acetylglu-
cosamine units linked by 1-4 glucosidic bonds,* was reported to
ameliorate insulin resistance by improving the carbohydrate
metabolism and lipid metabolism in diabetic rats.*®**' Hsieh
et al.*® indicated that long-term administration of chitosan may
reduce insulin resistance through suppression of lipid accumu-
lation in liver and adipose tissues in diabetic rats. Our previous
research® found that chitosan not only lowered the level of
plasma leptin, glucose, insulin and total cholesterol in vivo, but
regulated mRNA expression of leptin and resistin, adiponectin
and PPAR-y in vitro, to achieve insulin resistance therapy.
Moreover, CS and its complexes can enhance antioxidant
capacity of tissues and cells, protect the pancreas, and was likely
to have a role on GLUTs management.**** Chitosan is the only
natural polysaccharides containing amino, and the existence of
living amino makes it prone to guanidination reaction. Hu et al.*®
found that chitosan/guanidine polymers exhibited excellent
antimicrobial properties. Sang et al*® synthesized quaternized
carboxymethyl chitosan containing guanidine groups, which
demonstrated strong antimicrobial activity. Our previous studies
found that biguanidine hydrochloride displayed excellent anti-
oxidant ability,"” and chitooligosaccharide guanidine was likely
to promote transmembrane of GLUT4 by improving the phos-
phorylation level of Akt, thereby increasing glucose uptake of
skeletal cells.*®* However, up to now, there are few reports about
the effect of chitosan guanidine derivatives on insulin resistance
hepatic cells.

In this study, chitosan biguanidine hydrochloride (CSGH)
was prepared via the introduction of biguanide onto chitosan
under microwave irradiation. And the products were expected to
promote the uptake and utilization of cell glucose by means of
modulating the expression of InsR and GLUTSs. The experiment
investigated the effects of CSGH and metformin on glucose
consumption, insulin receptor (InsR) and glucose transporters-
2 (GLUT2) in high-insulin-induced insulin resistance HepG2
cells and then led to a proposed mechanism of therapeutic
effects on insulin resistance with CSGH.

2. Experimental

2.1. Chemicals and materials

Chitosan (CS), with a weight-average molecular weight (M,,) of 50
kDa and a deacetylation degree (DD) of 0.85, was provided by
Qingdao Medicine Institute, Shandong, China. Dicyandiamide,
was purchased from Aladdin Chemical Co. Concentrated hydro-
chloric acid, 37% (wt%) and ethanol were obtained from Jiang
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Tian Chemical Technology Co., Tianjin, China. Metformin was
supplied by Squibb Pharmaceuticals Co., Shanghai, China.
HepG2 cell line was purchased from Academy of Sciences Cell
Bank, Shanghai, China. Fetal bovine serum, Dulbecco's Modified
Eagle's Medium (DMEM) culture and trypsin were obtained from
Gibco, Grand Island, NY. Methyl thiazolyl tetrazolium (MTT) and
dimethyl sulphoxide (DMSO) were procured from Sigma, USA.,
San Francisco. Cell lysis buffer was supplied by Cell Signaling
Technology, Inc., USA, Danvers. BCA protein assay kit were ob-
tained from Boster biotechnology Co., Wuhan, China. Coomassie
protein kit, GLUT2 monoclonal antibody of rat, glucose assay kit,
insulin receptor B subunit monoclonal antibody, horseradish
peroxidase-labeled goat anti-rabbit IgG, standard protein marker,
GADPH internal reference, bovine serum albumin (BSA) were
purchased from Jiancheng Institute of Biotechnology, Nanjing,
China. All other reagents were of analytical grade provided by No.
3 Chemical Reagent Factory, Tianjin, China.

2.2. Preparation of CSGH

The preparation was conducted according to our previous
report with slight modifications.** The synthetic process of
CSGH was prepared as follows (Fig. 1a). Briefly, 2 g CS and 60
mL HCI aqueous solution (0.2 mol L") were taken together in
a 250 mL four-neck flask equipped with a mechanical stirrer.
The flask was placed in a microwave reactor, and the reaction
was run with stirring for 10 min at 50 °C. The microwave power
was set to 400 W while working. Then, different grams of
dicyandiamide was added into the above solution and the pH of
system was adjusted to 1, 2, 3 and 4 with HCI, respectively. After
that, the prepared sample was placed in the microwave reactor
at different temperature for 5-20 min. After it was cooled to
room temperature, the mixture was concentrated by reduced-
pressure distillation. The product was obtained by dialysis for
three days in a dialysis bag with molecular weight cut-off of
10 000 followed by lyophilization.

To study different factors that affect DS of CSGH, we
analyzed and discussed the temperature (70 °C, 80 °C, 90 °C,
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Fig.1 Synthesis and effect of experimental conditions on DS of CSGH.
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Table 1 Experimental conditions in synthesis of CSGH

T/°C t/min pH Ratio
70 15 1 1:1
80 15 1 1:1
90 15 1 1:1
100 15 1 1:1
100 5 1 1:1
100 10 1 1:1
100 15 1 1:1
100 20 1 1:1
100 15 1 1:1
100 15 2 1:1
100 15 3 1:1
100 15 4 1:1
100 15 1 1:0.5
100 15 1 1:1
100 15 1 1:2
100 15 1 1:3
100 15 1 1:4

100 °C), reaction time (5, 10, 15, 20 min), reaction pH (1, 2, 3, 4)
and ratio of raw materials (the amount of amino group in CS:
the amount of dicyandiamide =1:0.5,1:1,1:2,1:3,1:4)of
CS, the experimental conditions were shown in Table 1.

2.3. Characterization

The structure and composition of chitosan and CSGH were
characterized by FT-IR with a Bio-Rad FTS 6000 spectrometer.
After being dried completely at 50 °C, the samples could be used
for FT-IR analysis with the standard KBr pellet method. The 'H
and *C NMR spectra of chitosan and CSGH were recorded on
a Bruker Avance 400 NMR spectrometer. In order to compare
the characteristic signals of the biguanide in CSGH with those
in metformin, the *C NMR spectra of metformin was also
conducted. Chitosan and CSGH were dissolved in DCI/D,0, and
metformin was dissolved in D,0O. Wide angle X-ray diffraction
analysis was carried out on CS and CSGH powder. Test condi-
tions: test angle 5-40 degree, copper target, step 0.02, tube
pressure 40 kV, pipe flow 100 mA. The potentiometric titration
was employed to investigate the DS of CSGH according to our

previous report.*®

2.4. Cell culture and treatments

Human hepatocarcinoma HepG2 cells were cultured in high
glucose DMEM containing 15% fetal bovine serum (FBS).
Besides, HepG2 cells were divided into normal control group
and sample groups. Sample groups were further supplemented
with 100 pL of the intervening solution, according to which ten
groups were set up: CSGH1-L, CSGH1-M, CSGH1-H (represent-
ing CSGH, DS of which was 43.2%, at 50, 250, 500 pg mL™" in
DMEM solution, respectively), CSGH2-L, CSGH2-M, CSGH2-H
(representing CSGH, DS of which was 52.7%, at 50, 250, 500
ng mL~" in DMEM solution, respectively), CSGH3-L, CSGH3-M,
CSGH3-H (representing CSGH, DS of which was 68.5%, at 50,
250, 500 ug mL~' in DMEM solution, respectively) and met-
formin (representing metformin at 50 pg mL~' in DMEM
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solution). Instead of the intervening solution, control group was
treated with 100 puL of DMEM solution. The interference was
conducted at 37 °C for 24 h in a humidified atmosphere of 5%
CO,. For each group at least six wells were used.

2.5. Evaluation of cytotoxicity and selection of nontoxic
samples

The MTT assay is a standard colorimetric method used to
determine the effects of potential agents or compounds on the
proliferation of cells.*” In the present study, we employed this
method to assess the cytotoxicity and cell growth of HepG2 cells
treated with CSGH. Percentage cell viability, reflecting the
relative number and relative viability of cells, was calculated
according to eqn (1), where OD,qo(sample) reflects a measure-
ment from a well treated with CSGH and OD,4¢(control) repre-
sents a well without any sample treatment.

After cytotoxicity test, we selected the nontoxic samples for
further experiments.

ODyg(sample)

Percentage cell vialibility = m
490

100 (1)

2.6. Determination of glucose consumption

After incubation, the cell culture supernatant was drawn to
detect the dose of glucose levels, following the instructions of
kit. The blank group was set as control and the glucose
concentration of the wells with cells was subtracted from the
glucose of the blank wells to obtain the amount of glucose
consumption,*® that is: glucose consumption in each dose
group per well = glucose levels of control group-glucose levels of
each experimental group. At the same time, five holes were set
as a parallel group.

The glucose consumption per well can be measured by the
above method. Considering that the cell viability value
measured by MTT method can reflect the relative number of
cells in each well, a novel calculation method [eqn (2)] was
designed to calculate the glucose consumption of each indi-
vidual cell.

Glucose consumption per cell =

glucose consumption per well

(2)

percentage cell viability

2.7. Establishment of insulin resistance model

HepG2 cells in the logarithmic growth phase were cultured and
high-glucose DMEM was added to each well. Besides, the cells
were divided into normal control group and insulin interven-
tion group. Insulin intervention group was interposed with
high-glucose DMEM culture solution containing different
concentration insulin (10 nM, 100 nM and 1000 nM, respec-
tively) for different time (12 h, 24 h, 36 h, 48 h, and 60 h,
respectively) while normal control group was dealt with the
same method except for the insulin. Afterwards, we utilized
these conditions in which cells exhibited the lowest level of
glucose uptake to develop the cell model of insulin resistance
(IR). The experimental scheme of insulin resistance model was
shown in Table 2.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Experimental scheme of establishment of insulin resistance
model

Insulin

concentration (nM) Time/h

10 12 24 36 48 60
100 12 24 36 48 60
1000 12 24 36 48 60

In addition, to detect the effect of CSGH on IR HepG2 cells,
samples were classified into control group, insulin resistance
(IR) group, metformin group (metformin at 50 pug mL™ ' in
DMEM solution) and CSGH groups (nontoxic CSGH samples at
50, 250, 500 ng mL™"' in DMEM solution, respectively). Ulti-
mately, samples and insulin were dissolved in high glucose
DMEM culture with 15% fetal bovine for 24 h.

2.8. Western blot and immunofluorescence analysis

Cells were washed with PBS three times and collected with cell
lysis buffer according to the manufacturer's protocol. Protein
concentrations were determined according to BCA assay kit
instructions. Then protein was separated using SDS-PAGE and
transferred onto nitrocellulose membranes. Afterwards, the
nitrocellulose membranes were blocked in blocking buffer for
2 h at 37 °C, followed by incubation with the primary antibodies
overnight at 4 °C. The blots were subsequently rinsed with TBST
three times and incubated with secondary antibodies for 2 h at
room temperature. The resultant signals were detected through
chemiluminescence using ECL Hyperfilm. The ratio of target
proteins to GADPH was used to reflect the relative levels of the
targeted proteins.

2.9. Statistical analysis

Values were presented as mean £ SD. Data were analyzed
statistically by one-way analysis of variance (ANOVA) followed by
LSD test. Probability values were considered significant when p
< 0.05.

3. Results and discussion

3.1. Effects of different conditions on the DS of CSGH

As we can see in Fig. 1b, with the increase of reaction temper-
ature, the DS value of CSGH increased gradually. When the
temperature is low, the activation energy was not enough for CS
and dicyandiamide to react adequately. Therefore, the DS value
of CSGH increased with the rising of temperature. As the reac-
tion time extended, the DS value of CSGH increased initially and
then became constant (Fig. 1c). Probably because after reaction
for 15 min, the reaction was almost complete, then increasing
the reaction time would not contribute to promoting the DS
value of products. Moreover, when heated for too long, CS and
CSGH would be degraded under high temperature and acidic
conditions.*

Fig. 1d showed that with pH increasing, the DS value of
CSGH decreased. The reason may be that -NH, was protonated

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

easily in acidic environment, which was beneficial for the
reaction of chitosan and dicyandiamide. And the increment of
dicyandiamide improved the DS value of CSGH gradually, but
when the ratio of raw materials was more than 1 : 3, the DS
value of the products reached the limit (Fig. 1e).

After series of experiments discussed above, we obtained
CSGH products with DS value ranging from 41.8% to 68.5%. In
order to study the effect of CSGH with different DS value on
hepatocytes, samples with low DS (41.8%), medium DS (52.7%)
and high DS (68.5%) were selected for the following
experiments.

3.2. Characterization of chitosan and CSGH

As shown in the FT-IR spectra of CSGH (Fig. 2), two new peaks at
1640 cm ' and 1320 cm™ ' were assigned to the stretching
vibration of C=NH and the stretching vibration of C-N in
guanidine group [-HNC(=NH)NH,]. It was observed in CSGH
that there was stronger characteristic absorption at 1543 cm™"
and 1072 cm™ " due to the -NH- group, indicating that the
guanidine reaction occurred on chitosan group. Moreover, the
peak at 3417 cm ™! is wider, which reflected the increment of the
amount of -N-H. It can be deduced that CSGH had been
successfully synthesized.

Further evidence supporting a successful guanidinylation of
chitosan is provided by the "*C NMR (Fig. 3a) and '"H NMR®!
(Fig. 4). Comparing the spectrogram of chitosan with that of
CSGH, the distinct signals at 157.9 (C8) and 165.4 (C7) ppm
were assigned to the carbons of biguanidine groups, which
roughly corresponded to the signals (158.48 (C1) and 160.21
(C2) ppm) representing carbons of biguanidine groups in met-
formin (Fig. 3a). There is a little gap between the chemical shifts
of C7, C8 in CSGH and chemical shifts of C1, C2 in metformin,
which was most likely due to the electronegativity of the chito-
san structural unit in CSGH was different from the methyl in
metformin.” The signals at 56.6 (C2), 62.4 (C6), 72.8 (C3), 77.4
(C5) and 79.1 (C4) and 100.2 (C1) (ppm) were attributed to the
polysaccharide structures, and the signal at 22.45 ppm was the
characteristic peak of methyl group (CHj;). After amplification of
the ">C NMR spectrum of chitosan and CSGH (Fig. 3b), the

(a) CS

(b)CSGH

1072

s
&

4500 4000 3500 3000 2500 2000 1500 1000 500 0

r -1
Wavenumber/cm

Fig. 2 FT-IR spectra of (a) CS and (b) CSGH.
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Fig. 3 C NMR spectra of CS, CSGH and metformin. (a) **C NMR
spectra of CS (top), CSGH (middle) and metformin (bottom) (b) partial
magnified view of the *C NMR spectrum of CS (top) and CSGH
(bottom).

characteristic peaks of the carbonyl group (C=0) in the acetyl
group were found near 174.9 ppm.* The *C NMR spectra
confirmed that the amino groups of chitosan were partly
guanidinylated.

As shown in Fig. 4, the peak at 6 = 4.7 ppm is the solvent
peak. It was observed that the typical peaks at 3.1-3.9 ppm were
assigned to the glucosamine unit (H3, H4, H5, and H6) of chi-
tosan, that at 2.97 ppm corresponds to H2 and that at 4.5 ppm is
related to the methyl protons of the N-acetyl group.®* In the
spectrum of CSGH, the typical peak of H2 is at 3.06 ppm and the
peak shape becomes lower, which demonstrates the existence of
biguanide groups in CSGH. The results were in consistent with
our previous research.*®

Guanidylation reaction of chitosan was also supported by
XRD (Fig. 5). The diffraction peak at 11.6° in the XRD patterns
of the CSGH disappeared but the peak at 20.8° was much
broader with a much lower peak intensity. This is because
plenty of hydroxyl and amino groups exist in the chitosan
structure, which can form stronger intermolecular and intra-
molecular hydrogen bonds, and the structure of chitosan
molecules has certain regularity, so that chitosan molecules

10112 | RSC Adv., 2017, 7, 10108-10117

View Article Online

Paper

6.0l
D0
SR 4
(C3~C6)-H
32 1 s
TSN LY c-m

A

[ —

C2-H
ls 8=3.06 ppm

8L=—\H'CI'
5

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
S(ppm)

Fig. 4 H NMR spectra of CS (top), CSGH (bottom).

form crystalline regions easily, but the introduction of
biguanide groups destructed the intermolecular hydrogen
bonds and the crystalline regions of chitosan. Furthermore,
the characteristic peak at 36.7° clarified the existence of
biguanide, which suggested the successful fabrication of
CSGH.*®

3.3. Cytotoxicity analysis and selection of nontoxic samples

As indicated in Table 3, CSGH1, CSGH2, and metformin were all
demonstrated to be nontoxic to the normal HepGz2 cells because
no significant inhibition but slightly promotion was observed
when compared to control. However, CSGH3 inhibited HepG2
cell viability in a dose-dependent manner, suggesting that
CSGH with excessive biguanidine groups had high cytotoxicity
on HepG2 cells. The cytotoxicity of CSGH3 may be related to the
biguanide toxicity as reported in previous studies,***” but the
specific mechanism is unclear. Consequently, CSGH1 and
CSGH2 were selected to perform subsequent experiments on
insulin resistance HepG2 cells.

—CS

20.8°

Intensity (a.u.)

20 (degree)

Fig. 5 XRD patterns of CS and CSGH.
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Table 3 Viability of normal HepG2 cells at different concentrations of  Table 4 Impact of CSGH on the viability of insulin resistance HepG2
CSGH cell

Dose Dose
Group (ng mL™Y) N oD Group (ng mL™1) N oD
Control — 6 0.516 £ 0.013 Control — 6 0.513 £ 0.032
Metformin 50 6 0.512 £ 0.015 IR — 6 0.446 + 0.026
CSGH1-L 50 6 0.526 + 0.018 Metformin 50 6 0.472 £+ 0.023
CSGH1-M 250 6 0.533 £ 0.023 CSGH1-L 50 6 0.501 £ 0.026
CSGH1-H 500 6 0.545 + 0.016 CSGH1-M 250 6 0.515 % 0.017”
CSGH2-L 50 6 0.538 £ 0.026 CSGH1-H 500 6 0.522 =+ 0.034”
CSGH2-M 250 6 0.546 + 0.033 CSGH2-L 50 6 0.536 + 0.024°
CSGH2-H 500 6 0.541 £ 0.027 CSGH2-M 250 6 0.561 =+ 0.020”
CSGH3-L 50 6 0.492 + 0.020 CSGH2-H 500 6 0.545 + 0.036°
CSGH3-M 250 6 0.479 4 0.012¢ a b
CSGH3-H 500 6 0.403 + 0.011% P < 0.05 vs. control group. ” p < 0.05 vs. IR group.

¢ p < 0.05 vs. control group.

3.4. Establishment of insulin resistance model

As shown in Fig. 6, cells exhibited the lowest level of glucose
consumption upon treatment with 100 nM insulin for 24 h.
Therefore, we utilized these conditions to develop the cell
model of IR. Then the effect of CSGH1 and CSGH2 on high-
insulin-induced IR HepG2 cells was investigated.

3.5. Impact of CSGH on the viability of insulin resistance
HepG2 cells

As we can see in Table 4, cell viability with 100 nM insulin
treatment alone decreased compared with the control (p <
0.05). The viability increased in a small degree when metfor-
min was dropped into the system, whereas CSGH1 and CSGH2
with different concentrations can all significantly improve
the viability. From the perspective of cell viability, CSGH2
possessed better activity than CSGH1. Markedly, the OD
value of the cells in medium group of CSGH2 were 0.561 +
0.020, 9.4% (p < 0.05) higher than that of the control. In
summary, CSGH1 and CSGH2 can both be used to improve
vitality of IR HepG2 cells, while metformin can't achieve the
same effect.

100

--e--10 nM
- A--100 nM
- #--1000nM

® ©
=3 o
T T

Glucose consumption (% of control)
3
T

1 1 1 1 1 1
10 20 30 40 50 60

Time (h)

Fig. 6 Dose- and time-dependent effects of insulin on glucose
consumption.

This journal is © The Royal Society of Chemistry 2017

3.6. Impact of CSGH on the glucose consumption of insulin
resistance HepG2 cells

Fig. 7a demonstrated that glucose consumption of HepG2 cells
that were treated with 100 nM insulin was significantly (62.6%
of the control, p < 0.01) lower than that in control. And HepG2
cells treated for 24 h with metformin, CSGH1, and CSGH2
at all tested concentrations increased glucose consumption.
Compared with the IR group, cells treated with CSGH2 increased

Glucose consumption per well(% of control)

Glucose consumption per cell(% of control)

Fig. 7 Impact of CSGH on the glucose consumption of insulin resis-
tance HepG2 cell. (a) Glucose consumption per well (b) glucose
consumption per cell, ® p < 0.01 vs. control group, ® p < 0.05 vs. IR
group, € p < 0.05 vs. control group.
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glucose consumption by 55.7% (p < 0.01), 58.0% (p < 0.01), and
13.2% (p < 0.05), respectively, indicating that CSGH2 could
significantly enhance the glucose uptake, and this effect was not
dose-dependent (Fig. 7a). CSGH has high molecular weight and
large volume, thus not easily absorbed by the cells. High
concentration of extracellular CSGH resulted in the increased
osmolality, consequently inhibiting cell viability (Table 4),
adversely affecting the intake and utilization of glucose of cells.
Therefore the improvement effect of 500 ug mL™* CSGH2 on
glucose consumption was not obvious. Fig. 7a also indicated that
CSGH1 could improve the glucose consumption, but the effect of
CSGH1 was smaller than metformin and CSGH2 under the same
dose. Fig. 7b showed the effect of CSGH on glucose consumption
of individual cell. Consistent with the circumstances in Fig. 7a,
CSGH2-L and CSGH2-M demonstrated better effect than CSGH1.
However, metformin displayed as good promotion effect on
glucose consumption of individual cell as CSGH2-M, which was
better than its effect on per well.

According to the above discussion, metformin enhanced
glucose consumption of each cell, while CSGH not only can
promote glucose consumption of individual cell, but can
improve cell growth, thereby promoting the glucose absorption
and utilization of the whole cell population. Overall, the
promotion function to the glucose consumption of IR cells was
ordered as following: CSGH2 > metformin > CSGH1.

3.7. Impact on the expression of InsR protein

InsR is the beginning of an insulin signal transduction, which
plays an important role in stimulating glucose uptake.'*** To
investigate the molecular mechanism responsible for CSGH-
stimulated glucose uptake, we examined the expression of InsR
in HepG2 cells. Fig. 8 showed the effects of CSGH on InsR
expression in IR HepG2 cells. In the IR group, stimulation
with 100 nM insulin for 24 h resulted in significant (42.6% of
the control, p < 0.001) decrease in protein expression levels
of InsR. However, this reduction was reversed after cells were
incubated with metformin and different concentrations of
CSGH2. Compared with the IR group, level of InsR was increased
markedly by 1.7-fold (p < 0.01) in presence of metformin, and 1.4-
fold (p < 0.01), 1.7-fold (p < 0.01), 1.5-fold (p < 0.01), respectively,
in presence of CSGH2 at different concentration. Obviously, cells
treated with CSGH2 showed higher activity in comparison to
those treated with CSGH1 at the same dose. In summary, the
InsR improvement order of the samples was: metformin >
CSGH2 > CSGH1.

3.8. Impact on the expression of GLUT2 protein

Though CSGH2 at low and medium doses displayed better
improvement function on glucose consumption of IR hepatic
cells than metformin, the level of InsR expression of CSGH2-L
group and CSGH2-M group was lower than that of metformin
group (Fig. 8), indicating that the hypoglycemic effect of met-
formin and CSGH was not only affected by the total amount of
InsR. Studies have shown that not only promotion of glucose
uptake but also inhibition of glucose output was an important
anti-insulin-resistance mechanism in hepatocytes.*® Considering
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Fig. 8 InsR expression levels in HepG2 cells. * p < 0.001 vs. control
group, ° p < 0.05 vs. IR group, € p < 0.05 vs. metformin group.

GLUT?2 served as a route to control glucose output in IR liver,>**°
GLUT2 was introduced to our system to discuss the effects of
CSGH on it.

As shown in Fig. 9, the protein expression of GLUT2 in IR
group increased by 2.1-fold (p < 0.001) as compared with the
control, which was in agreement with previous results.”*
CSGH2-treatment at three doses markedly decreased the GLUT2
expression by 36.9% (p < 0.01), 45.5% (p < 0.01), and 30.8% (p <
0.01), respectively, relative to the IR HepG2 cells, whereas the
decline rate of CSGH1 groups were 12.6% (p < 0.01), 23.4% (p <
0.01), and 27.7% (p < 0.01), respectively, apparently lower than
CSGH2 groups. However, the GLUT?2 level was only inhibited by
12.3% (p < 0.05) after metformin stimulation. Above all, the
order of inhibition function on GLUT2 was CSGH2 > CSGH1 >
metformin, which can explain why the glucose consumption in

GLUT e S o o S mm— T S S—

GADPH Sl S wiis W S S S s
>

> p
& \Q-_‘Q v

GLUT2/ GADPH (% of control)

Fig.9 GLUT2 expression levels in HepG2 cells. ? p < 0.001 vs. control
group, ® p < 0.05 vs. IR group, € p > 0.05 vs. control group.
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CSGH2-L group and CSGH2-M group were higher than that in
metformin group. Based on the results above, it was guessed
that CSGH played a role in inhibiting the over-expression of
GLUT?2, leading to down-regulation of glucose output, thus
improving the glucose consumption of IR liver cells.

4. Conclusions

In this study, chitosan biguanidine hydrochloride (CSGH) was
synthesized by chitosan and dicyandiamide under microwave
irradiation. CSGH with low DS (43.2%, CSGH1) and medium DS
(52.7%, CSGH2) were nontoxic, and able to improve the viability
of insulin resistance HepG2 cells. Compared with metformin
and CSGH1, CSGH2 displayed excellent improvement function
on glucose consumption of IR HepG2 cells. In order to explore
the mechanism of CSGH in stimulating glucose consumption in
hepatocytes, we examined the expression of InsR and GLUT2.
Results indicated that metformin possessed a better increment
effect on the protein level of InsR than CSGH, while CSGH
exhibited a more substantial inhibition effect on the over-
expression of GLUT2 than metformin.

In summary, CSGH was likely to be effective by accelerating
the expression of InsR and inhibiting the high-insulin-induced
over-expression of GLUT2, thereby increasing glucose consump-
tion of HepG2 cells. Therefore, our results may provide a new
possible approach for the treatment of diabetes and a new insight
into the mechanisms by which chitosan guanidine derivatives
ameliorate insulin resistance hepatocytes.
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