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Abstract According to undiscovered toxicity and safety of
magnesium oxide nanoparticles (MgO NPs) in isolated pan-
creatic islet cells, this study was designed to examine the ef-
fects of its various concentrations on a time-course basis on
the oxidative stress, viability, and function of isolated islets of
rat’s pancreas. Pancreatic islets were isolated and exposed to
different MgO NP (<100 nm) concentrations within three dif-
ferent time points. After that, oxidative stress biomarkers were
investigated and the best exposure time was selected. Then,
safety of MgO NPs was investigated by flow cytometry and
fluorescent staining, and levels of insulin secretion and cas-
pase activity were measured. The results illustrated a consid-
erable decrease in oxidative stress markers such as reactive
oxygen species (ROS) and lipid peroxidation (LPO) levels
of pancreatic islets which were treated by MgO NPs for
24 h. Also, in that time of exposure, cell apoptosis investiga-
tion by flow cytometry and insulin test showed thatMgONPs,
in a concentration of 100 μg/ml, decreased the rate of apopto-
tic cells via inhibiting caspase-9 activity and made a signifi-
cant increase in the level of insulin secretion. Data of function

and apoptosis biomarkers correlated with each other. It is con-
cluded that the use of MgO NPs in concentration of as low as
100 μg/ml can induce antiapoptotic, antioxidative, and antidi-
abetic effects in rat pancreatic islets, which support its possible
benefit in islet transplantation procedures.
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Abbreviations
AO Acridine orange
BSA Bovine serum albumin
DCFH-DA 2′,7′-Dichlorodihydrofluorescein diacetate
EB Ethidium bromide
FRAP Ferric reducing antioxidant power
LPO Lipid peroxidation
MgO NPs Magnesium oxide nanoparticle
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide
NPs Nanoparticles
ROS Reactive oxygen species
TAP Total antioxidant power
TBA Thiobarbituric acid
TEM Transmission electron microscope
TPTZ 2,4,6-Tripyridyl-s-triazine
UV-Vis Ultraviolet visible

Introduction

Scientists are always exploring novel materials for biolog-
ical applications, especially in the field of medicine as
new therapeutic strategies. One of these new compounds
that many researches are being done on it is nanoparticles
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(NPs). Any sub-classification of ultrafine particle which
has lengths (in two or three dimensions) greater than
1 nm and smaller than 100 nm is called NPs. Metallic
NPs have recently attracted scientists because of their great
potential in nanotechnology. Nowadays, NPs have been
used in biomedical, engineering, and science as well [1].
In vivo and in vitro studies have recently focused on NPs’
medical effects, as toxic or safe agents. One study has
shown that zinc oxide (ZnO) NPs not only are safe in
low concentrations but also can cause a huge increment
in rat pancreatic islets’ viability and insulin secretion [2].
Also, two other studies have shown that cerium oxide NPs
[3] and yttrium oxide NPs [4] can cause a significant
enhancement in cells’ viability and improve function of
the islets.

Magnesium oxide (MgO) NP is one of the nanomaterials
which its effects on live cells have fairly remained undiscov-
ered. Studies have different approaches toward MgO NPs.
One study has claimed that exposure to MgO NPs reduces
the total antioxidant defense mechanisms by inducing oxida-
tive stress [5]. On the other side, there are a lot of studies
claiming that MgO NPs can play a positive role in cells and
animals. It seems that MgO NPs have an analgesic effect and
also can play an anti-inflammatory role through both central
and peripheral mechanisms in mice [6]. MgO NPs also have a
noticeable antibacterial effect. A huge inhibition of bacterial
growth was seen using Vibrio cholerae that causes intestinal
infection [7]. In the other study, water-dispersibleMgONPs at
a dose of 150 μg/ml did not show significant changes in glu-
tathione S-transferase and catalase gene expression in human
cancer cell lines [8]. Also, the positive effect of MgO NPs on
various cell lines, such as human intestinal cell line (INT407)
and human cervical cancer cell line (SiHa), has been proved.
Using a viability test, it was shown that there was no signifi-
cant cytotoxicity at the range of 0–350 μg/ml in INT407.
Also, for SiHa, the range with no cytotoxicity effect was lower
than 300 μg/ml [7].

Diabetes is a major systemic disease with a high-growing
prevalence in the world [9]. Islet transplantation would be
called as a successful remedy to reduce risk of hyperglycemia
without insulin injection. The most severe problems threaten-
ing islet transplantation success is loss of healthy cells during
this process. It is believed that the two major causes of trans-
plantation failure are enzymatic-mechanical damage during
the experience and hypoxia. A physiological concentration
of reactive oxygen species (ROS) products protects cells and
keeps them live. But, as it is clear, when the number of ROS
increases, they can damage different parts of a healthy cell,
such as membrane lipids, proteins, and nuclear nucleic acids
[10]. Many different studies have been done for decreasing
bad effects caused by ROS on cells. On a study working with
Nigella sativa, it was shown that this plant has a positive effect
on decreasing oxidative stress and protecting beta cells and

can be used for treating diabetes [11]. On the other experience,
the positive effects of Iranian indigenous plant extracts have
been proved. These compounds not only made a great incre-
ment in cells’ survivorship but also increased their functional-
ity and insulin levels by decreasing the level of ROS [3].

In the current study, we aimed to measure the effect of
various concentrations of MgO NPs on a time-course basis
on the oxidative stress, viability, and function of isolated islets
of rat’s pancreas in order to achieve an optimum dose of that
for using in increments of pancreatic islets’ viability during
islet transplantation.

Material Methods

Chemicals

A solution of MgO NPs (<100 nm) was obtained from Nano
Zino (Tehran, Iran). Rat-specific insulin ELISA kit was pur-
chased from Mercodia (Sweden), and all other chemicals
which were used in this study, including 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), thio-
barbituric acid (TBA), bovine serum albumin (BSA), RPMI
1640 medium, HEPES sodium salt, 2,4,6-tripyridyl-s-triazine
(TPTZ), DNA-binding dyes acridine orange (AO) and
ethidium bromide (EB), and 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), were obtained from Sigma-Aldrich
(GmbH Munich, Germany).

Characteristic Analysis of MgO NPs

For using MgO NPs, it is needed to make sure whether the
particle has the proper size and morphology or not, so after
sonication of NP suspension for 2 h, the particle size and
morphology of MgO NPs were measured using transmission
electron microscopy (TEM) and, also, the ultraviolet visible
(UV-Vis) spectra of MgO NPs were recorded. The absorption
of MgO NPs was investigated in the wavelength of 200–
700 nm at room temperature.

Animals

All experimental procedures were approved according to an
institutional review board (IRB) with a code number of 94-01-
45-28957. Before the experiment, male adult Wistar rats (age
2–3 months, weight 200–250 g) were acclimatized for 1 week
in laboratory conditions. The housing temperature was
25 ± 1 °C with a 12-h dark/light cycle and 50 % humidity.

Pancreatic Islets Preparation

After an acceptable period of time that animals spent in the lab
environment, they were anesthetized by intraperitoneal
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injection of a ketamine-xylazine combination in a ratio of 10:1
(100 mg/kg ketamine/10 mg/kg xylazine). After laparotomy, a
fresh Krebs buffer was injected into the pancreatic duct and
made the pancreas baggy and easy to distinguish for isolation.
In the following, the isolated pancreas was propped in the
Krebs buffer in the ice bath and homogenized by cutting them
off into small pieces. Then, after washing the chopped parts
with the Krebs buffer, they were centrifuged at 3000g for 60 s
at 4 °C. Collagenase enzyme was used to provide completely
separated islets. Ten-minute shaking in a 37 °C bainmarie was
done. After that, to fix the digestion, BSAwas added and then
they were washed twice. In the next step, islets were picked up
by a stereomicroscope in which every group had a similar size
of islets. Finally, hale islets were cultured in RPMI 1640 for
24 h at 37 °C for overcoming all of the negative effects of
these stressful procedures and restoring in refreshed and
nourished media [2].

Study Design and Islets Treatment

After isolating the pancreatic islets, three concentrations of
MgO NPs (10, 100, and 1000 μg/ml) were made in a RPMI
medium and then were exposed to each of ten islets for 24, 48,
and 72 h at 37 °C. After treatment, oxidative stress biomarkers
were investigated and, according to these data, the best time
exposure was selected. Then, the safety of MgONPs and their
effects on the function of pancreatic islets were studied.

Assay of Oxidative Stress Biomarkers

Measuring Cytosolic ROS

DCFH-DA was used to measure production of ROS. After
homogenizing each group of islets using an extraction buffer,
they were centrifuged at 2375g for 15 min. Then, a 50-μl
supernatant of the islet extractions was added to the mixture
of 10 μl DCFH and 162 μl assay buffer. These solutions were
incubated at 37 °C for 15 min. At the end, with a microplate
reader, absorbance of samples was read every 10 min up to
60 min. The remaining islets were collected for measurement
of protein concentration, which was used to normalize the
concentrations as described previously [3].

Protein Assay

For normalizing the activity of enzymes and other markers such
as total antioxidant power (TAP), total protein concentration
per sample was determined. In this case, standard protein con-
centrations between 0 and 10 μg/ml BSA in buffer were pre-
pared. Then, 5 μl of the sample supernatant was diluted with
795 μl of distilled water and 200 μl of Bradford reagent was
added to standard and each sample. The absorbance was mea-
sured by the spectrophotometer at 595 nm after 5 min [12].

Determination of Lipid Peroxidation Level

In lipid peroxidation (LPO) assay, TBA-reactive substances
(TBARSs) were measured. The reaction between TBA and
lipid peroxides in the samples leads to a measurable pink color.
Briefly, the samples were diluted by buffered saline (1:5) and
800 μl of trichloroacetic acid (TCA, 28 % w/v) was added to
400 μl of this mixture and centrifuged at 3000×g for 30 min.
Then, 600 μl of the supernatant was added to 150 μl of TBA
(1 % w/v). The mixture was incubated for 15 min in a boiling
water bath, 4 ml n-butanol was added, the solution was centri-
fuged and cooled, and absorption of the supernatant was read
by the ELISA reader at 532 nm as set up in our lab previously
[13]. The activity was shown as micromolars.

Total Antioxidant Power Assay

TAP was determined by measuring the ability to reduce Fe3+

to Fe2+. The complex between Fe2+ and TPTZ gives a blue
color with absorbance at 593 nm. The following procedure
leads to the preparation of the ferric reducing antioxidant pow-
er (FRAP) react: mixing 300 mM acetate buffer (pH 3.6),
10 mM TPTZ in 40 mM HCl, and 20 mM FeCl3·6H2O in
the ratio of 10:1:1 just before testing. The standard was 0.1–
1.5 mM FeSO4·7H2O in methanol. After preparing the FRAP
solution, 50 μl of the homogenized islets was added to 1.5 ml
reagent and the samples were kept in 37 °C for 30 min. At the
end, concentrations were calculated by using calibration curve
[14]. Data were shown as nanomoles per microgram protein.

Islets’ Viability Assay

MTT Assay

This assay is based on the reduction of MTT, a yellow tetra-
zole to purple formazan, by mitochondrial respiration in via-
ble cells. After removing the medium, the pretreated islets
were washed twice by Krebs–HEPES buffer and incubated
with 50 μl of MTT (0.5 mg/ml) at 37 °C. This yellow solution
was reduced and became purple in viable cells. After 4 h,
DMSO was added and shaken for 30 min and then the absor-
bance of the samples was measured at 570 nm using a micro-
plate reader as set up in our lab previously [15].

Microscopic Assay by AO and EB Double Staining

DNA-binding dyes AO and EB were used for the morpholog-
ical detection of apoptotic and necrotic cells. AO is taken up
by both viable and non-viable cells, and it emits green fluo-
rescence if intercalated into DNA. EB is taken up only by non-
viable cells, and it emits red fluorescence by intercalation into
DNA. After treating the islets with MgO NPs for 24 h, the
cells were washed and then stained with a mixture of AO
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(100 μg/ml) and EB (100 μg/ml) at room temperature for
5 min. The stained cells were observed with a fluorescence
microscope (Olympus, Japan) at ×40 magnifications [16].
Intensity of AO and EB has been measured by ImageJ analy-
sis software.

Assay of Apoptosis vs Necrosis by Flow Cytometry Assay

After 24 h, for separating beta cells from exocrine tissue and
preparing single cells from pancreatic islets, trypsin was used
and, after that, BSAwas added to block the digestion process.
Then, cell suspension was washed two times by PBS and, for
investigating apoptosis vs necrosis, dual staining was done by
using ApoFlowEx® FITC kit. Cells with the approximate
density of 3 × 105 cells/100 μl were incubated with 5 μl of
annexin V–fluorescein isothiocyanate (FITC) and 5 μl of
propidium iodide (PI) in room temperature for 15 min. At
the end, the samples were analyzed with a flow cytometer
(Apogee Flow Systems, UK) [2].

Measuring Activities of Caspase-3 and Caspase-9

Caspase-3 and Caspase-9 activities were measured by colori-
metric assays based on the identity of specific amino acid
sequences by these caspases. The tetrapeptide substrates were
labeled with the chromophore r-nitroaniline (ρNA). ρNA is
released from the substrate upon cleavage by caspase and
produces a yellow color that is monitored by an ELISA reader
at 405 nm. The amount of caspase activity presented in the
sample is proportional to the amount of yellow color produced
upon cleavage. Briefly, the pretreated pancreatic islets were
lysed in the supplied lysis buffer and were incubated on ice for
10 min. The whole cell lysates were incubated in caspase
buffer (100 mM HEPES (pH 7.4), 20 % glycerol, 0.5 mM
EDTA, 5 mM dithiothreitol) containing 100 mM of caspase-
3 and caspase-9-specific substrate (Ac-DEVD-ρNA and Ac-
LEHD-ρNA, respectively) for 4 h at 37 °C. Then, absorbance
was measured at 405 nm. The caspase-3 and caspase-9 activ-
ities of the treatment groups were shown as the percentage of
the controls which is assumed to be 100 % [4].

Functional Tests

Insulin Secretion Assay

After treatment of islets with 10, 100, and 1000μg/ml ofMgO
NPs and a 24-h incubation, they were translocated in a 1 ml
Krebs medium to vials. After centrifuging (3000g for 1 min)
and removing the supernatants, the islets were incubated by
2.8 mM glucose for 30 min. After that, the vials were derived
into two groups: one for adding 2.8 mM glucose (basal dose)
and the other one for 16.7 mM glucose (stimulant dose). After
1 h, the vials were centrifuged and the supernatants were

collected for measuring the insulin secretion amount using
an insulin kit, according to the manufacturer’s protocol, and
were reported in micrograms per milligram of protein per hour
[2].

Statistical Analysis

Three independent experiments were carried out in duplicate.
Data are performed as mean ± standard error. Tukey’s multi-
comparison tests were done for statistical analysis and calcu-
lation correlation. The P value of <0.05 was considered sig-
nificant. StatsDirect software version 3.0.171 was used.

Results

Characteristic Analysis of MgO NPs

In Fig. 1, micrograph indicates that the approximate size of
particles after a 2-h dispersion was 100 nm. Also, as it is
shown in Fig. 2, the maximum absorption of NP suspension
in a range of 200 to 700 nm was 246 nm. It shows that MgO
NPs are able to absorb ultraviolet light.

ROS Level

As it is represented in Fig. 3, after a 24-h exposure, a conse-
quential change was observed in ROS production. At a dose
of 10 μg/ml, a huge reduction was seen (P < 0.001) and the
reduction was to 73.47 % compared to the control group. This
result was also repeated for a concentration of 100 μg/ml
(P < 0.001) with a slight change in percentage, which was
reduced to 75.77 %. On the other side, the reduction in ROS
production was reduced to 80 % when treated with the con-
centration of 1000 μg/ml (P < 0.01). After a 48-h disposal of
doses 100 and 1000 μg/ml, no meaningful change in ROS
productions was perceived; on the other hand, at the dose of
10, there was a significant alteration (P < 0.01), which shows

Fig. 1 TEM image of MgO nanoparticles
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the reduction of ROS production to 84.84 % of the control
group. As indicated, in the treatment of incubated islets after
72 h, no significant change in ROS was detected.

LPO Level

Administration ofMgONPs after 24 h at the dose of 1000 μg/
ml had no considerable effect on islets; however, the other
concentrations showed a satisfactory reduction. At a concen-
tration of 100 μg/ml, a fulfilling decline in LPO was detected
in comparison to the control group (P < 0.01) and also a
considerable reduction was detected in the dose of 10 μg/ml
(P < 0.05) which is shown in Fig. 4. The exposure of MgO
NPs after 48 and 72 h showed no significant change.

TAP Level

With regard to Fig. 5, after 24 h, all the doses showed a
noticeable increase in TAP level. The dose of 100 μg/ml

had a great effect on the percentage of TAP (P < 0.001)
which increased the TAP from 53.625 to 93.125 nmol/μg
protein. On the other hand, a dose of 10 μg/ml showed
exactly the same effect as a dose of 1000 μg/ml
(P < 0.01). As demonstrated, after 48 h, not only was
there a satisfactory change in TAP level at the dose of
100 μg/ml (P < 0.001) but also the concentrations of
1000 and 10 μg/ml showed a noticeable change
(P < 0.01 and P < 0.05, respectively). In the last period
of time (72 h), the concentration of 10 μg/ml increased
the level of TAP up to 68.875 nmol/μg protein
(P < 0.01), the dose of 100 μg/ml made a punctual in-
crease in TAP (P < 0.001), and at the last dose, the
enhancement was up to 66.37 nmol/μg protein (P < 0.05).

As it is obvious, the 24-h exposure time had the most pos-
itive effect on islets, so that another experiment was done after
the 24-h exposure.

Fig. 2 UV-Vis spectrum of MgO
nanoparticles
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Fig. 3 Effect of different concentrations of MgO nanoparticles (NPs) on
level of reactive oxygen species (ROS) in rat pancreatic islets after 24, 48,
and 72 h of exposure. Data are represented as mean ± standard error with
a number of replicates, n = 3. ***P < 0.001; **P < 0.01, statistically
significant decrease when compared with the control group

Fig. 4 Effect of different concentrations of MgO nanoparticles (NPs) on
level of lipid peroxidation (LPO) in rat pancreatic islets after 24, 48, and
72 h of exposure. Data are represented as mean ± standard error with a
number of replicates, n = 3. *P < 0.05; **P < 0.01, statistically significant
decrease when compared with the control group
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Viability

As seen in Fig. 6, MgO NPs at the dose of 100 μg/ml caused a
noteworthy change in the metabolic activity of treated islets.
This dose increased viability up to 166.04 % compared to the
control group (P < 0.001).

AO/EB Staining

The control group shows necrosis and apoptosis in the islets
by absorbing EB, while majority of cells (83.02 %) in islets
which were exposed to MgO NPs exhibited green fluores-
cence (AO), and the rate of dead cells (16.97 %) is much less
than that of the control group (Fig. 7).

Apoptosis Evaluation by Flow Cytometry

Flow cytometry assay was done in order to determine
the rate of apoptotic cells during the procedure of
isleting. In apoptotic phase, phosphatidylserine trans-
ferred from inner parts to outer parts of plasma mem-
brane, and then, annexin V–FITC can conjugate with
that. In this plot, the upper right field shows the late
stage of apoptosis, and the results show a significant
reduction in the group exposed to MgO NPs (16 %
down to 6.57 %). On the other hand, the lower left
field is related to viable cells, and as it is shown, they
have not started any apoptotic reactions. In this study,
the percent of viable cells by using MgO NPs is

Fig. 5 Effect of different concentrations of MgO nanoparticles (NPs) on
level of total antioxidant power (TAP) in rat pancreatic islets after 24, 48,
and 72 h of exposure. Data are represented as mean ± standard error with
a number of replicates, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001,
statistically significant increase when compared with the control group

Fig. 6 Effect of different concentrations of MgO nanoparticles (NPs) on
viability of rat pancreatic islets after 24 h of exposure. Data are represent-
ed as mean ± standard error with a number of replicates, n = 3.
***P < 0.001, statistically significant increase when compared with the
control group

Fig. 7 Pancreatic cells, shown by fluorescence microscopy
(magnification ×40), were stained with acridine orange (AO) plus
ethidium bromide (EB) after exposing to 100 μl/ml MgO nanoparticles
(NPs) compared to the control group. Live cells show green fluorescence,
and dead cells show red fluorescence. The intensity of fluorescent stains
is also shown in the graph

Protective Effects of MgO NPs in Pancreatic Islets 151



83.3 %. This result shows an increment in the number
of live cells, compared to the control group (Fig. 8).

Caspase-3 and Caspase-9 Activities

Figure 9 represents the enzyme activities of caspase-3 and
caspase-9. MgO NPs have no meaningful effect on the level
of caspase-3 activity, but it is shown that 100 μg/ml of MgO
NPs causes a significant reduction in the level of caspase-9
activity compared to the control group (P < 0.01).

Insulin Secretion

As it is represented in Fig. 10, although there is no remarkable
change in insulin secretion at doses of 10 and 1000 μg/ml,
there was a substantial change at the dose of 100 μg/ml. This
dose not only increased insulin secretion (P < 0.01) in the
stimulated phase (16.7 mM glucose) but also made a funda-
mental increment (P < 0.001) in the basal state (2.8 mM
glucose).

Correlation Between Results

Table 1 shows a positive correlation (P < 0.05) between via-
bility and insulin secretion in both stimulant and basal con-
centrations of glucose and also a fine-negative correlation
(P < 0.05) between viability and caspase-9 activity. No corre-
lation between the level of insulin in basal dose of glucose and
stimulant dose or caspase activity was seen.

Discussion

Nowadays, one of the attractive strategies to remedy
diabetic patients is islet transplantation, and the main
challenge of that is to reduce cellular antioxidant

Fig. 8 Flow cytometry evaluation of rat pancreatic cells exposed toMgO
NPs on the percent of live, early apoptotic, late apoptotic, and necrotic
cells. In the above plots, FITC− and PI− in the lower left field show live
cells, FITC+ and PI− in the lower right field indicate early apoptotic cells,
FITC+ and PI+ in the upper right field represent late apoptotic cells, and
FITC− and PI+ in the upper left field express necrotic cells. Percent of
cells in the stage of early apoptosis and live cell is also shown in the chart.
*P < 0.05; ***P < 0.001, statistically significant changes when compared
with the control group

Fig. 9 Effect of different concentrations of MgO nanoparticles (NPs) on
level of caspase activities of rat pancreatic islets after 24 h of exposure.
Data are represented as mean ± standard error with a number of replicates,
n = 3. **P < 0.01, statistically significant changes when compared with
the control group
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defense system and generation of ROS products in islets
and attenuation of their functions [17]. In this study, the
safety of MgO NPs and their other effects on oxidative
stress and function of isolated rats’ pancreatic islets
were investigated to obtain a new option for improving
the efficiency of islet transplantation and reduction of
risk factors during that process.

Previous studies showed that metal particles, due to their
size, have different effects. Karlsson et al. found that a nano
size of CuO and Fe2O3 has more cytotoxicity on alveolar type
II-like epithelial cell line, compared to their micro size [18].
On the other hand, positive effects of ZnO NPs on pancreatic
islet cells, by preventing apoptosis and oxidative stress, have
been shown [2]. Except size of NPs, shapes and their surface
area [19], concentration [20], and also the duration time of
exposure [21] are effective in giving them toxic or safety
features.

AboutMgONPs, there are many researches which show its
various roles on cell lines and animal models. A study had
discovered that MgO NPs have a toxic effect on rats by

reducing antioxidant capacity and superoxidase enzymes,
dose dependently [5]. On the other hand, there are some pub-
lished papers claiming that MgO NPs have positive effects as
well [6].

In the first phase of the study, MgO NPs have been
characterized. As it was shown in TEM micrograph, the
average diameter of MgO NPs was 100 nm. Previous
studies revealed that this size is in the range which is
suitable for pharmacological studies and has therapeutic
effects [22]. Also, as shown in Fig. 2, the UV-Vis spec-
trum of MgO NPs indicates the range of pure MgO NPs
[23].

In the second phase of the study, oxidative stress tests were
assayed on rat pancreatic islets. Results showed thatMgONPs
had the best positive effect on decreasing ROS level after a 24-
h exposure, which is obviously more effective than the other
periods of exposure. In the other oxidative stress tests, the
LPO level had the most reduction after 24 h either.
Surprisingly, in both ROS and LPO assays, the most effective
concentration, reducing stress oxidative, was 100 μg/ml.

But, what makes MgO an effective particle in this proce-
dure? It has been claimed in a study that Mg plays a vital role
in protecting cells against oxidative stress. It also has been
claimed that there is a direct relation between Mg deficiency
and increasing oxidative stress, which results in the increment
of ROS and LPO level. So, this would be logical, if we claim
that cells exposed to MgO NPs can act highly better when
facing oxidative stress [24]. Also, it has been reported that a
metal form of Mg reduced LPO level in cadmium-induced
oxidative stress rats. The authors concluded that Mg by
effecting glutathione peroxidase enzyme can decrease LPO
level [25]. Another study revealed that a metal form of Mg
has neuroprotective effects and reduces LPO after spinal cord
injury in rats [26]. For sure, to avoid any toxic effects, expo-
sure of MgO NPs has to be in a specific period of time and a
specific concentration. In the other concentrations or in differ-
ent exposure times, MgO NPs can induce oxidative stress to
islets, which is followed by a reduction in total antioxidant
capacity, and as it is obvious, all these make ROS and LPO
levels increase [5]. Maybe that is why in some studies, they
had found toxic effects in MgO NPs.

Fig. 10 Effect of different concentrations ofMgOnanoparticles (NPs) on
level of insulin secretion in rat pancreatic islets after 24 h of exposure.
Islets were incubated for 1 h in the presence of 2.8 mM glucose as a basal
concentration and 16.7mMglucose as a stimulant concentration. Data are
represented as mean ± standard error with a number of replicates, n = 3.
*P < 0.05; **P < 0.01; ***P < 0.001, statistically significant changes
when compared with the control group

Table 1 Correlations between the results of MTT assay, caspase-9 activity, and releasing insulin (in basal and stimulated glucose concentrations)

MTT assay Caspase-9 activity Insulin (16.7 mM glucose)

Caspase-9 activity Pearson correlation −0.983a – –

significance (2-tailed) 0.017 – –

Insulin (16.7 mM glucose) Pearson correlation 0.955a −0.963a –

significance (2-tailed) 0.045 0.037 –

Insulin (2.8 mM glucose) Pearson correlation 0.974a −0.941 0.864

significance (2-tailed) 0.026 0.059 0.136

a Spearman R value is significant at the 0.05 level (two-tailed)
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Viability, rate of apoptosis, and also the release of insulin
were investigated in the third phase of the study. The results of
MTT assay showed that MgO NPs in all three concentrations
are safe and 100 μg/ml of MgO NPs even increases viability
more than the control group (P < 0.001). Interestingly, the
perfect correlation between MTT and other tests can be seen
and it has a good correlation with other studies. In one of our
references, on HUVE cells, it was shown that MgO NPs in a
concentration up to 200 μg/ml not only have no toxic effect
but also promote proliferation in cells [27]. Fluorescent stain-
ing showed that islets exposed to 100 μg/ml MgO NPs
absorbed EB less than the control group. So, the rate of ne-
crosis and apoptosis decreased by using this concentration of
NPs. Statistical comparisons of viability and caspase-9 activ-
ity with the results of insulin secretion show a significant
Pearson correlation (P < 0.05) which means that controlling
apoptosis pathway and cell death has a key role in improving
the function of the islets. Also, the significant negative corre-
lation between MTT and caspase-9 activity suggests that ap-
optosis of the islets may be due to the intrinsic apoptotic sig-
naling pathway [28].

The above results have been confirmed by flow cytometric
evaluation. The process of isolating islets by adding collage-
nase enzyme and making single beta cells by adding trypsin
disturbs beta cells and infuses apoptosis (16 %) in the control
group. As we have expected, exposing cells to 100 μg/ml of
MgO NPs caused cells’ resistance and decreased rate of apo-
ptosis down to 6.57% and increased viable cells up to 83.3 %.
Annexin V binds to phosphatidylserine which is translocated
to the outer side of cell membrane [2];MgONPs by increasing
the stability of plasma membrane can prevent this binding and
decrease apoptosis. Also, previous studies showed that Mg
sulfate made a reduction in apoptosis of nerve cells [29] and
MgO NPs reduced apoptotic cells in lymphocytes by suppres-
sion of caspase activity [23]. Another mechanism in apoptosis
cascade is increasing levels of cytochrome C and apoptosis-
inducing factor (AIF) by making dysfunction in mitochondria
[30]. For the MTTassay of this study, it can be concluded that
improvement of mitochondrial function may lead to cyto-
chrome C and AIF reduction.

It has been proved that the increment in ROS level in short
time canmake an obvious increase in glucose-stimulated insulin
secretion (GSIS), but when time passes and after a long period
of time, this increment will play a negative role and decrease
insulin secretion [31]. As mentioned above, MgO NPs play an
important role in reducing oxidative stress, which helps ROS
and LPO levels reduce, and as a result of this reduction, insulin
secretion increases. Other studies have investigated antidiabetic
effects of silver and ZnO NPs on streptozotocin-induced diabet-
ic rats. These NPs increased the activity of glucokinase and
raised the expression level of GLUT-2 glucokinase genes and
also insulin receptors [32]. MgONPsmay also make changes in
the abovementioned genes.

Therefore, MgO NPs in a concentration of 100 μg/ml are
able to increase insulin secretion and viability of the cells and
also decrease apoptosis, ROS production, and LPO level.

Conclusion

The most severe problem in islet transplantation to reduce risk
of hyperglycemia without insulin injection is loss of healthy
cells during this process, and oxidative stress is one of these
problems. Antioxidant compounds such as metal NPs can
overcome this problem.

In this study, positive effects of MgO NPs on rat pancreatic
cells were investigated. Interestingly, our results together with
the previous studies demonstrate that MgO NPs in approxi-
mate 100 nm diameter and in low concentration (100 μg/ml)
not only are safe but also attenuate oxidative stress.
Furthermore, these NPs are able to reduce apoptosis, which
are investigated by flow cytometry and fluorescent staining,
via caspase suppressing and making cell membrane resis-
tance. The other effect of them is increasing the level of insulin
in basal and stimulant concentrations of glucose. So, this nov-
el approach supports the use of MgO NPs as antiapoptotic,
antioxidative, and antidiabetic compound in rat pancreatic is-
lets during an islet transplantation procedure for improving its
effectiveness.
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