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In recent years, anti-cancer and stem cell differentiation properties have been
reported for some molybdenum derivatives such as molybdenum disulfide
(Mos,). Diabetes mellitus as a chronic metabolic disorder has symptoms such
as insufficient insulin secretion or insulin dysfunction due to B cell destruction.
Each of the current diabetes treatment methods has limitations. In the present
research the effects of MoS,—PEG on survival rate, expression of genes involved
in glucose metabolism, and insulin secretion in diabetic RIN-5F 8 cell was studied.
Synthesized MoS,-PEG nanosheets was used for possible effects of MoS, on RIN-
5F cells induced by STZ (40 mM). MTT assay, RT-PCR, and hormonal analyses were
used to investigate the anti-toxicity effect of MoS, and its role in improving the
function of diabetic RIN-5F cells. The results showed that MoS, is biocompatible
and non-toxic at the dose used in the present study and significantly increased
the expression of GLUT4, GCK, and INS genes involved in glucose metabolism as
well as anti- apoptotic gene BCL, in the diabetic RIN-5F cells. Also, treatment with
Mos, increased insulin secretion in diabetic RIN-5F cells. It could be concluded
that MoS, —PEG represents a protective role in the diabetic cells and significantly
improve the treatment of diabetic cells mouse model. These results demonstrate
the increased expression genes involved in glucose metabolism in pancreatic

damaged cells.
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INTRODUCTION

Diabetes mellitus (DM), insulin-dependent
diabetes (Typel), with symptoms of hyperglycemia,
mainly occurs due to a decrease in the efficiency of
pancreatic cells, which results in insufficient insulin
secretion or insulin dysfunction in the body [1, 2]
In type 2 diabetes the body does not use insulin
effectively, resulting in abnormal blood glucose
levels.

Diabetes as 7th cause of death in the world
is one of the most important causes of diseases
such as Alzheimer’s and cardiovascular diseases
in aging with symptoms of hyperglycemia and
hyperlipidemia [3, 4]. Since the main feature of
diabetes (both type 1 and type 2) is the decrease
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in the number of healthy insulin-secreting cells,
therefore, one of the main ways to treat it can
be a method to proliferation and differentiation
of beta cell mass[5]. People with diabetes 1 and
2 need to take insulin daily and continuously
use blood glucose-lowering drugs respectively,
both of which have side effects [6, 7]. Today, the
use of nanomaterials has helped to treat some
diseases [8-10]. Recently, molybdenum disulfide
(Mos2) and the other two-dimensional materials
have attracted a lot of attention in regenerative
medicine due to high efficiency to convert light
to heat[11-16]. They have properties such as
biocompatibility, high surface ratio, chemical
and mechanical performance with medical and
pharmacological applications. Their potential has
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also been shown in the treatment of Alzheimer’s
and Corona [17].The mentioned properties are
largely dependent on their synthesis method [18].
There are conflicting studies about the toxicity and
biocompatibility of MoS,, some have reported it as
non-toxic and others as toxic [19-21]. In order to
increase the stability of MoS,, PEG is added to it.
In the present study, the effects of MoS, covered
by PEG was used to improve glucose metabolism
in RIN-5F pancreatic B cells induced by STZ, a
diabetes inducing compound.

MATERIALS AND METHODS

H MoN,O, 4HO, 99%, CHNS, 99%,
and PEG, M =400 kDa were obtained from
Sigma- Aldrich. MoS,-PEG were synthesized by
hydrothermal method based on our previous
protocol [22]. XRD, FT-IR using an ABB Bomem
MB-100 FT-IR, and scanning electron microscopy
(FE-SEM, TE-SCAN, MIRA3) was used to
characterize the synthesized MoS,. The absorbtion
of nanosheets was measured with Perkin Elmer

(lambda 950) (UV-VIS-NIR-spectrophotometer).

Cell line and reagents

The cells used in this study was obtained from
the national cell bank of Iran. STZ and MTT were
obtained from Sigma-Aldrich Chemical Co. RPMI
and FBS medium cell culture were obtained as a
gift. The present study was approved by Ethical
Committee of Kharazmi University (Code:
IR.KHU.REC.1401.84.

Cell culture conditions

RIN-5F cell line (5 x10* cells/well) cultured in
RPMI containing FBS in a humidified environment
of 5% CO 2 at 37 °C. STZ was dissolved in cell
culture medium. After 48 h the cells received
STZ (40 mM) dissolved in medium. The samples
divided to 3 groups; (1) control group no received
any treatment, (2) STZ group, and (3) MoS, group
treated with STZ and 60 pg/ml MoS, [22].

Insulin secretion assay
Rat RIN-5F cells were cultured at 5 x 10* cells/

well. The cell culture medium contained low glucose
supplemented with MoS -PEG. After 12 h, insulin
concentration was analyzed by ELISA assay [23].

The effect of MoS, on STZ-induced cytotoxicity

Three types of experiments were performed as:
RIN-5F cells without any treatment (control group)
(a), induced by STZ (b) and STZ incubated with
MosS, (c). Finally, cell viability was evaluated with
MTT assay.

The effect of MoS, on apoptosis of RIN-5F cells
induced by STZ

MoS, ability to prevent apoptosis of diabetic
RIN-5F cells was investigated in the next step.
Apoptosis of RIN-5F cells induced by STZ and
treated cells with MoS, was investigated by real
time RT-PCR. Also, the expression of Bcl, gene was
investigated in different groups.

The effects of intraperitoneal injection of MoS, on
glucose and insulin concentration in model rats
induced STZ

A number of 18 male Wistar Albino rats (180-
220 g) were kept at 12 h of light-dark cycles with
controlled temperature (24 + 3 °C). The study
groups were as follows: 1) control group (n=6)
that did not receive any treatment, 2) STZ group
(n=6) that treated with STZ at a dosage of 40 mg/
kg intraperitoneally, 3) STZ + MoS, group that
received 1.5 mg/kg MoS, after STZ injection [24].

RNA extraction, cDNA synthesis, and real-time
polymerase chain reaction

The expression of glucose transporter (GLUT4),
Insulin (Ins), glucokinase, and BCL2 was analyzed
according to our previous study [25].

Statistical analysis

Statistical evaluation was done using one-way
analysis of variance with SPSS version 16.0 software.
Significant differences were considered as P < 0.05.

RESULTS
The XRD pattern of MoS,-PEG nanosheets is

Table 1. Primer sequences used in real-time PCR

Gene Forward (5'>3') Reverse (5'>3’)

GCK TCTAGTCAACCTGATTGCCAT CATTTCAACCGACTCCGCTA
GLUT4 TTTCCTCGCAGCACTTTAGCC CTCCAGCTTCCCAGTTCCC

Ins ATCTTCAGACCTTGGCACTGG GTAGAGGGAGCAGATACTGGT

BCL2 CCCCACAGACGCTCAACATC TCGGAGGTCTCGGTATGTACT

244 Nanomed Res J 9(3): 243-250, Summer 2024
(@) |



F. Ghafariet al. / MoS, Improves the Function of Pancreatic 8-cells in Type 2

shown in Figure 1A. Diffraction peaks at 14.0°
35.5°% and 58.3° are related to (002), (100), and
(110) crystal planes of MoS, (JPDCF No.37-1492)
which confirms the successful synthesis of MoS,
with a hexagonal crystal structure [22].

FT-IR spectrum of MoS, -PEG is shown in
Figure 1B. Absorption peaks at 1100, 1630, 2900,
and 3400 Cm! corresponded to C-O, C-O-C, C-H,
and O-H stretching vibrations which confirm
the successful modification of MoS, nanosheets
surface with polyethylene glycol molecules as
described in or previous report [24]. Moreover, the
absorption peak at 480 and 900 Cm™ are related to
S-S and Mo-S bonds which confirm the synthesis
of MoS,. As shown in the UV-Vis-NIR spectrum
of MoS,-PEG (FigurelC), the absorption of
nanosheets increases by decreasing wavelength
which can be due to the existence of the trigonal
phase of MoS, in the structure [16]. Figure 1C
Shows that MoS,-nanosheets can highly absorb
ultraviolet, visible, and near-infrared light. As it
is obvious from the FE-SEM image of synthesized

(A) | B)

MoS,-PEG (FigurelD), the nanostructure consists
of nanosheets which are randomly distributed in
the sample. Figure 2 shows schematic illustration
of synthesis mechanism of MoS,-nanosheets and
MoS,-nanoflower.

Effect of MoS, on viability, BCL2, INS, GLUT4, and
GCK genes expression in RIN-5F induced by STZ

Diabetic RIN-5F were treated with 60 pg/ml
MoS, and their viability was measured by MTT
assay (Figure 3). Control group were cultured
in equivalent amount of culture medium alone.
RIN-5F induced by STZ treated with MoS,
showed higher viability compared to STZ group
(P < 0.01). Analysis of glucose metabolism genes
including insulin, glucose transporter GLUT4,
and GCK of RIN-5F cells induced by STZ treated
with MoS showed significant increase compared
to STZ group (Figure 4). MoS, increased BCL2
gene expression, an anti-apoptosis gene, in RIN-
5F induced by STZ significantly (P<0.001) (Figure
4D).
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Fig. 1.A: XRD pattern of MoS,- nanosheet. B: FT-IR spectra. C: UV-VIS-NIR spectrum of MoS2-PEG of MoS,-nanosheet. D:
Field-emission scanning electron microscopy of MoS,-nanosheet.
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Fig. 2. Synthesis mechanism of (A) MoS,-nanosheets and (B) MoS -nanoflower.
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Fig. 3. A: Light microscopy image from RIN-5F cells (100 x). B: The effect of MoS, on viability of RIN-5F induced by STZ. Diabetic

RIN-5F were treated with 60 ug/ml MoS, and their viability was measured by MTT assay. Control group were cultured in equivalent

amount of culture medium alone. The results show the mean + SD from triplicated experiments. MoS, group shows a higher viability
compared with STZ group (**P < 0.01).

Glucose and insulin secretory assay

The amount of insulin secreted by RIN-5F
induced by STZ in culture medium and in vivo was
increased markedly after treatment with MoS, in
examined doses (Figure 5).

DISCUSSION

The results of the present research showed
the non-toxic effect of PEG-MoS2 on RIF-5 cells,
which can be concluded that adding PEG to MoS2
reduces its toxicity. Various applications of MoS, in
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biological and medical fields have been reported.
In confirmation of this result, other studies have
also reported the non-toxicity of MoS, in low
concentrations [11, 12]. Another study reported
that although MoS, has good biocompatibility,
cancer killing, and anti-bacterial effect, it is highly
toxic [13]. The MoS, used in this study was covered
by PEG that reduces MoS2 toxicity [12]. Another
study showed hepatocyte toxicity when treated
with uncapped MoS, even at doses less than 30 pg/
ml [26]. In addition to toxicity, increased ROS and
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Fig. 4. The effect of MoS, on INS, BCL2, GLUT4, GCK, and BCL2 genes expression in RIN-5F induced by STZ. An increase in all genes

expression is evident in MoS, group compared to STZ group. Increased expression of Glut4 and BCL2 genes is observed in MoS, group

compared to control and STZ groups. Increased expression of GCK and INS genes is observed in MoS, group compared to STZ group
1: control, 2: STZ, and MoS, groups. *P < 0.05; **P < 0.01, ***P < 0.001 compared with STZ group.
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Fig. 5. Intraperitoneal injection of MoS, increased glucose (left) and insulin secretion (right) in model rats induced by STZ significantly.
MoS, increased glucose stimulated insulin release in RIN-5F cells induced by STZ (below). *P < 0.05, **P < 0.01, and ***P < 0.001 show
difference between STZ and control group. #P < 0.05, ##P < 0.01, and ###P < 0.001 show difference between MoS, and STZ group.

increased cellular inflammation were also reported
in hepatocytes cells [14]. It may be concluded that
adding PEG to MoS, reduces its toxicity [22].

Our data showed that MoS, increases the
expression of insulin and GLUT4. ROS causes a
decrease in insulin secretion response in P-cells
depending on glucose concentration [20,21,27,28].
Some reports indicate the role of some MoS,
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nanomaterials in the production or removal of
ROS [29]. For example, Chen et al. reported that
MoS, nano sheet acts as an antioxidant at dose of
30-350 pg/ml and accelerate the electron transfer
and thus remove and scavenge reactive oxygen
species [30]. Other researcher showed antioxidant
role of fullerene-like MoS, dose of (10-200 ug/ml)
in facilitating electron transfer and subsequently
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cleaning ROS.”!

Considering the harmful role of ROS in the
regulation of gene expression, it seems that the
increased expression of genes involved in glucose
metabolism after using MoS2-PEG is due to its
effect in reducing the amount of cellular reactive
oxygen species. Since the removal of ROS can be
one of the solutions for the treatment of diabetes,
the use of MoS, -PEG compounds can be a good
solution for reducing the harms of diabetes. Insulin
resistance can have some reasons such as oxidative
stress, which can cause the death of pancreatic cells
and disrupt insulin secretion [18, 22].

For example, the presence of oxidative stress
biomarker H202, has been introduced as one of
the symptoms of diabetes [33]. Since B cells have
a very low antioxidant capacity, adding MoS,-PEG
increases the antioxidant properties of these cells,
thus they show more resistance to apoptosis [32].
Therefore, the increase in the expression of BCL2
and also insulin can be caused by the increase
in the antioxidant activity of beta cells after the
adding of MoS,. It has been demonstrated that
MoS, acts as a nanozyme with functions similar to
catalase and superoxide dismutase [30]. Further,
MoS, has shown activity similar to peroxidase
through electron transfer, thus preventing ROS
production. In fact, MoS, nano-enzymes act as a
cascade for efficient intracellular antioxidation and
prevent the production of ROS [34]. Molybdenum-
based biomaterials have been introduced as one
of the promising candidates for healing wounds
such as diabetic wounds, and considering their
effective role in the overexpression of some genes
[35]. perhaps the results of present study in
increasing gene expression can be attributed to
these properties.

Chen and colleagues designed a nanozyme
antioxidant system using MoS, to reduce cellular
threats such as oxidative stress, etc [30]. These
results indicate the ability of MoS, to protect
cells against possible damages. They concluded
that MoS, as an antioxidant play a role in the
pathological processes and it can have applications
in biocatalysis and nano-biomedicine [30].

Recently, a decrease in butyrate-producing
bacterial species has been shown people with type 2
diabetes [35]. Cui and colleagues reported that one
type of bacteria found in the gut may be involved in
the development of Type 2 diabetes, while another
may protect from the disease [35].

Although our results revealed that under
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MoS2 induction the expression of genes involved
in insulin metabolism (such as Glut4, GCK, Ins)
in diabetic B cells are increase, but there is still
no report on the cause of this issue. GLUT4 is an
insulin-dependent glucose transporter. GCK in
pancreatic B-cells is known to maintain glucose
homeostasis by acting as a glucose sensor in the
glucose metabolism pathway [36]. The increase
in its expression after treatment with MoS, can
indicate the increase in insulin expression, which
our results also confirmed it. Perhaps one of the
reasons is the ability MoS, to enter cells efficiently
to deliver the therapeutic cargo owing to their
nanosize [37]. The cargo can be the growth factors
in the medium containing the { cells, which
facilitate their entry into the cells by MoS, can help
the treatment. Another reason can be high surface-
area-to-volume ratio of MoS, that provides high
cargo or drug loading capacity.

CONCLUSION

The present study demonstrated that MoS -PEG
protected RIN-5F cell line from STZ cytotoxicity
and significantly potentiated the insulin secretion
and expression of glucose metabolism genes.
Also it could increase BCL, expression as an anti-
apoptotic factor for proliferation of  pancreatic
cells. These results could translate into beneficial
effects of MoS, in the management of diabetes. In
future, clinical studies are suggested.
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