International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

DIBc, a nanochelating-based nano metal-organic
framework, shows anti-diabetic effects in high-fat
diet and streptozotocin-induced diabetic rats

Saideh Fakharzadeh'-?
Somayeh Kalanaky?
Maryam Hafizi?
Mohammad Hassan
Nazaran?

Homeira Zardooz'?

'Department of Physiology, School

of Medicine, Shahid Beheshti
University of Medical Sciences,
Tehran, Iran; 2Department of
Research and Development, Sodour
Ahrar Shargh Company, Tehran, Iran;
3Neurophysiology Research Center,
Shahid Beheshti University of Medical
Sciences, Tehran, Iran

Correspondence: Mohammad
Hassan Nazaran

Department of Research and
Development, Sodour Ahrar Shargh
Company, flat2, No.I, Afshin Alley,
Abdollah zade Ave, Keshavarz Blvd,
Tehran, 1415944341, Iran

Tel/fax +98 21 8899 2123

Email mnazaran@
nanochelatingtechnology.com

Homeira Zardooz

Department of Physiology, 4th Floor,
School of Medicine, Shahid Beheshti
University of Medical Sciences,
Koodakyar Dead End, Daneshjoo
Blvd, Chamran Highway, Tehran,
19839-63113, Iran

Tellfax +98 21 2243 9971

Email homeira_zardooz@sbmu.ac.ir

This article was published in the following Dove Medical Press journal:
International Journal of Nanomedicine

Aims: Despite daily increase in diabetic patients in the world, currently approved medications
for this disease, at best, only reduce its progression speed. Using novel technologies is a solu-
tion for synthetizing more efficient medicines. In the present study, we evaluated anti-diabetic
effects of DIBc, a nano metal—-organic framework, which is synthetized based on nanochelating
technology.

Methods: High-fat diet and streptozotocin-induced diabetic rats were treated by DIBc or
metformin for 6 weeks.

Results: DIBc decreased plasma glucose, triglyceride, cholesterol, high-density lipoprotein,
and low-density lipoprotein compared with diabetic and metformin groups. In DIBc-treated rats,
significant homeostasis model assessment of insulin resistance index, malondialdehyde, and
tumor necrosis factor-o, decrease was observed. H&E staining showed increased islet number
and area in DIBc-treated rats compared with diabetic controls.

Conclusion: The results showed anti-diabetic effects of nanochelating-based framework.
So DIBc, as a nano structure, has the capacity to be evaluated in future studies as a novel anti-
diabetic agent.

Keywords: DIBc, nanochelating technology, metal organic framework, diabetes, streptozotocin,
high-fat diet

Introduction

“Despite the significant scientific advances of the last century, diabetes remains a major
health challenge across the world, is responsible for millions of deaths annually and
limits many lives with life-threatening complications”.! Unfortunately, the available
drugs, including metformin, which is the first-line drug in diabetes, can only delay
the disease progression.?

Other than that, hypoglycemic adverse effects, lactic acidosis, overweight, and
liver dysfunction are the side effects in patients using these drugs.>* In many patients,
after the treatments start, tolerance is seen, so it is necessary to combine multiple drug
regimens to control the disease.*

Oxidative stress, inflammatory conditions (increase in inflammatory cytokines,
eg, tumor necrosis factor [TNF]-o) and impaired metabolism of metal ions, such as
iron, zinc, selenium, and magnesium are the factors involved in the initiation, progres-
sion, and development of diabetes and also its complications, which have already been
investigated and proven by numerous studies.’™®

In recent years, nanotechnology and smart nano structures have shown considerable
potential for a large number of biomedical applications like monitoring, diagnosis,
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repair, and treatment of human biological systems.’ Nanoscale
metal—organic frameworks (NMOFs) are categorized as one
group of hybrid materials, which are created by self-assembly
of polydentate bridging ligands and metal-connecting points
having a number of benefits compared with conventional
nanomedicines, including their intrinsic biodegradability
and structural and chemical variety.'®!!

Nanochelating technology is a modern field capable
of designing and synthetizing efficient nano structures by
self-assembly method. In the previous studies, therapeutic
aspects of nanochelating-based structures were evaluated
in vitro and in vivo.'>** In the current study, we assessed
the effects of DIBc, a nanochelating-based NMOF on high-
fat diet and streptozotocin (STZ)-induced diabetic rats.'®!”
According to the beneficial effects of selenium, zinc, and
chromium supplementation on diabetic patients and also
diabetic animal models, the NMOF structure contained these
elements.!*2* We compared anti-diabetic effects of DIBc
NMOF with metformin as a first-line medication of diabetic
patients and evaluated their effects on key blood parameters
and pancreatic islets’ tissue as well as hepatic iron content.

Materials and methods

DIBc NMOF synthesis

Sodour Ahrar Shargh company designed and synthesized
DIBc by using nanochelating technology, registered at
USPTO (US20120100372A1). DIBc is a structure from the
family of MOFs in which carboxylic ligands are used. The
clusters used in it include chrome, zinc, and selenium. Due
to the chelate form of these elements and their nanoscale and
porous structure, they have taken a new spatial structure with
new and specific properties. First, 3 g of Zn (NO,) and 1 g of
CrO should be completely dissolved in distilled water. Then,
the solution should be heated a little and kept, and stirred
at 40°C for 15 minutes. After that, 20 g of carboxylic acid
should be slowly added to the solution while it is still being
stirred. After stirring is finished, 0.5 g of Na SeO, is added to
let the reaction start. The heater should be turned off exactly
when the exothermic reaction is finished and then the solution
should be allowed to get mixed gently and lose its temperature
during 8 hours so that it slowly reaches the temperature of
the surrounding environment. The resulting solution contains
nano MOFs of DIBc, which will be separated from the solu-
tion through dialysis and then dried slowly at 40—45°C.

Brunauer, Emmett and Teller (BET) test was done on
this drug to specify its porosity; the test showed that the
porosity of the drug is 4,460 m?/g, which is the best amount
of porosity for carboxylic MOFs (Table 1).

Table | BET test results on DIBc NMOF

Material

DIBc

Ligand BET value (m%/g)

4460

Pendant carboxylate

Abbreviation: NMOF, nano metal-organic framework.

High-resolution transmission electron
microscopy (HRTEM)

DIBc HRTEM images were captured by a transmission
electron microscope (Philips CM30-250KV model) in the
University of Tehran Science and Technology Park.

Evaluation of DIBc toxicity

To assess the toxicity of DIBc, standard tests were carried out
to evaluate the median lethal dose (LD50) according to the
guidelines of the Organization for Economic Co-operation
and Development (guideline 420), in the School of Pharmacy
at Tehran University of Medical Sciences.

Animal model and treatment protocols

Male Wistar rats (150-180 g) were used in this study. The
study started 1 week after animals’ environmental adapta-
tion. All animals were maintained under 12-hour dark/light
cycles with proper access to food and water, 3 animals in
every polycarbonate conventional cages. The grouping
pattern is shown in Table 2 and the time line of the study
is shown in Figure 1. The high-fat diet consisted of 65%
normal chow and 35% butter. The composition of normal
chow and high-fat diet is shown in Table 3. Regular diet
was given to normal control groups. Following 2 weeks of
dietary intervention and 12 hours of fasting, the rats in groups
C to G were injected intraperitoneally (i.p) with low dose of
STZ (35 mg/kg, dissolved in 0.1 M sodium citrate buffer,
pH 4.4), while the normal control group received injection of
citrate buffer vehicle in a dose volume of 1 mL/kg. Fasting
blood glucose was measured 3 weeks after the injection.
The rats with fasting blood glucose levels >250 mg/dL
were considered diabetic. The diabetic rats were divided
into five groups: low (n=8), medium (n=8) and high dose
(n=8) DIBc groups, Metformin (n=8), and control groups
(n=8). All diabetic groups were fed on the high-fat diet for
another 6 weeks. DIBc was dissolved in distilled water and
injected i.p once a day during 6 weeks (Figure 1). Body
weight and food and water intake were measured at weeks
5,8, and 11 (Figure 1) by measuring the difference between
food or water amount in the cage and the remaining amount
after 24 hours. At the end of the study, rats were euthanized
using an overdose of isoflurane anesthesia. All the animal
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Table 2 Groups of rats and their regimen

Group name High-fat diet STZ Medications
Controls A - - _
(normal control)
B + - -
(high-fat control)
C + + -
(diabetic control)
Treatments D + + 0.4 ug/kg/day DIBc (i.p)
(DIBc low dose)
E + + 4 ug/kg/day DIBc (i.p)
(DIBc medium dose)
F + + 40 pg/kg/day DIBc (i.p)
(DIBc high dose)
G + + 80 mg/kg/day metformin (orally)
(metformin)

Abbreviations: i.p, intraperitoneally; STZ, streptozotocin.

studies were conducted according to the relevant national
and international guidelines of Shahid Beheshti University of
Medical Sciences for the care and use of laboratory animals
and Shahid Beheshti University of Medical Sciences also
approved the experiments (SBMU.REC.1392.73).

Blood sampling and biochemical analysis

The sample collection was performed at weeks 5, 8,
and 11 (Figure 1). The samples were put in micro tubes,
which contained 0.5% heparin, centrifuged at 3,000 rpm

for 5 minutes and then stored at —20°C for the analysis of
glucose, insulin, total cholesterol (TC), triglycerides (TG),
low-density lipoprotein (LDL), and high-density lipoprotein
(HDL) (commercial ELISA kits, Pars Azmoon, Tehran,
Iran). On the basis of fasting plasma insulin and glucose
levels, homeostasis model assessment of insulin resistance
(HOMA-IR) index was calculated according to the formula:
HOMA-IR = fasting insulin (ug/L)x fasting blood glucose
(mg/dL)/405.2** The contents of plasma malondialdehyde
(MDA) and TNF-o (ELISA kits, Zellbio, Ulm, Germany)

End of the fifth week of study:

Starting high fat diet

consumption starting the treatment

Weighing the animals and measuring the water and food consumption

End of the second week
of study: diabetes
induction by STZ

injection

separating of diabetic rats and

End of the eleventh week of study:
end of study

End of the eighth week
of study

Bleeding after 12 hours fasting

*
v

Figure | The timeline of study.
Abbreviation: STZ, streptozotocin.
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Table 3 Composition of normal and high-fat diet

Control High-fat diet

g% kcal% g% kcal%
Protein 17.5 18.48 11.38 | 8.11
Carbohydrate 7272 | 76.77 47.27 | 33.69
Soybean oil 2 4.75 1.3 2.08
Butter - - 35 56.12
Fiber 6.6 0 4.29 0
Total phosphate 0.42 0 0.28 0
Total calcium 0.56 0 0.37 0
Other minerals 0.1 0 0.6 0
Vitamins 0.1 0 0.6 0
Caloric density (kcal/g) 38 5.8

were determined by commercially available kits according
to the manufacturer’s directions at week 11.

Hepatic iron level and the hematologic

param eters

The blood samples collected at week 11 were used for hema-
tologic parameters assay. The hepatic iron level and hemato-
logic parameters were assayed based on the previous study.?

Histopathological examination of the
pancreas

Optical microscopy was applied to conduct histopathologi-
cal analyses on paraffin material. The fixation of pancreas
tissue sections was carried out in 10% buffered formalin.
After fixation, water was used to clean the sample, then it
was soaked in 70% ethyl alcohol for 3—4 days and submerged
in paraffin. Paraffin sections of 5 um were obtained from
rotational microtome and stained with H&E to evaluate the
size and number of Langerhans islets.

Statistics

One-way ANOVA was performed followed by post hoc
tests (Bonferroni’s test) for multiple comparisons. P-value
of <0.05 was considered statistically significant.

Results

DIBc characteristics
Imaging and analytical characterization of nanoparticles by
HRTEM is carried out to determine the nanoparticle size.
The image of DIBc indicates that the size of the NMOF is
almost 25-30 nm (Figure 2).

DIBc toxicity

DIBc toxicity report showed that intraperitoneal and oral
LD50 of this NMOF was 37 and 130.5 mg/kg in mice,
respectively.

Figure 2 HRTEM image of DIBc NMOF, which indicates that the size of the NMOF
is about 25-30 nm.

Abbreviations: HRTEM, high-resolution transmission electron microscopy; NMOF,
nano metal-organic framework.

DIBc effects on food and water intake
and weight gain

The high-fat diet induced significant weight gain and
decreased water intake in group B (High-fat diet group with-
out STZ injection) compared with normal controls (P<<0.05).
The consumption of this diet decreased food intake, but it
was not significant (Table 4). In group C (diabetic control
group), STZ injection induced significant water intake and
decreased weight gain (P<<0.05).

DIBc in group D (low dose) significantly decreased water
intake compared with group C (diabetic controls) (P<<0.05).
It had no significant effects on food intake and weight gain.
DIBc in group E (medium dose) had no significant effects
on weight gain, and water and food intake. The DIBc NMOF
in group F (high dose) significantly increased weight gain
and decreased water intake compared with group C (diabetic
controls) (P<<0.05). It had no significant effects on food
intake (Table 4).

Metformin had no significant effects on water and food
intake and weight gain compared with group C (diabetic
controls).

DIBc effects on plasma glucose, insulin,
TG, cholesterol, LDL, and HDL level

The high-fat diet induced significant increase in level of
plasma glucose, insulin, TG, TC, LDL, and HDL (high fat
diet group without STZ injection) compared with normal
controls (P<<0.05).

In group C (diabetic control group), STZ injection
induced significant increase in level of plasma glucose, TG,
TC,LDL, and HDL (P<<0.05). At the end of week 5 and 8 of
the study, significant increase in plasma insulin level was seen
in this group, but at the end of the study (P<<0.05), there was
no significant difference between group C and A (Table 5).
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Table 4 DIBc effects on food and water intake and weight gain

Group Week of Normal High-fat Diabetic DIBc low DIBc DIBc high | Metformin
study control group control dose medium dose | dose
Weight gain (g) I 29.6+6 41.7£5.2* —10.3+6.3% —1443.1 -7+2.8 1+0.05*% -5+1.5
Food intake (g) 5 16.9+2.5 13.2£2.1% 15.5%1.3 15+2.3 14+1.9 13.5%1.7 14.7+2.6
8 16.2+3.25 13.61.86 15.7+2.9 15+1.6 13+2.5 14+2.4 15+1.8
I 16.4+2.88 14.1£2.2 15.1£1.7 13+2.5 15+2.4 16+2.2 15.2%1.3
Water intake (mL) | 5 31.5+43 22.1+4.5% 54.6x10.1% 62+7.6 58+9.6 54184 68+12.5
8 24.1£5.1 19.3+2.8% 58.9+11.9% 65+10.4 46+7.3 5547.1 6618.5
I 25.4+4.9 19.7£3.1% 67.8+7.3% 48+6.5% 52+48.6 50+6.7* 55+13.8

Notes: Each number shows mean + SEM for eight rats. Significant differences vs the normal control group have been specified by square (*) meaning P-value <0.05. Significant
differences vs the diabetic group have been specified by asterisk (¥) meaning P-value <0.05.

DIBc at all three doses significantly reduced glucose
levels compared with diabetic control group (P<<0.05). The
high dose of DIBc increased insulin level compared with dia-
betic controls (P<<0.05). This NMOF decreased HOMA-IR
index at low and medium dose significantly (P<<0.05), while
it increased HOMA-IR index at high dose. The greatest
hypoglycemic effect was observed in the low-dose group
(Table 5 and Figure 3).

DIBc in group D (low dose) significantly decreased
plasma level of TG, TC, HDL, and LDL (Table 5) compared
with group C (diabetic controls) (P<<0.05). DIBc in group E
(medium dose) significantly decreased plasma level of TC,
HDL, and LDL compared with group C (diabetic controls)
(P<0.05). It had no significant effects on plasma level
of TG. The DIBc NMOF in group F (high dose) signifi-
cantly decreased plasma level of TC, HDL, and LDL and

Table 5 DIBc effects on plasma glucose, insulin, TG, cholesterol, LDL, and HDL level

Group Week of Normal High-fat Diabetic DIBc low DIBc medium | DIBc high | Metformin

study control group control dose dose dose
Insulin (ug/l) |5 0.2340.09 0.63%0.07* 0.48+0.08" 0.54+0.12 0.52+0.13 0.5240.9 0.43+0.07

8 0.2+0.038 0.52+0.08" 0.37+0.09* 0.37+0.07 0.3520.06 0.72+0.08* | 0.63+0.09*

I 0.29+0.06 0.4+0.06* 0.3140.07 0.29+0.03 0.28+0.04 0.57+0.7* 0.2140.06
Glucose 5 90.5+15.2 83.2+16.2 272.3+35.9% | 344+61.8% | 274+452 266141.3 352+67.3%
(mg/dL) 8 82.3+12.3 138.3423.3% | 376.1449.5" | 338+42.3 29245 4% 332450.5% | 258+43.1*

I 100.9£16.5 143.2421.2% | 380.4450.2" | 281+46.2*% | 267+39.8* 2941+49.4% | 404+72.8*
HOMA-IR 5 0.05140.02 | 0.13+0.03* 0.3240.06" 0.45+0.03* | 0.35+0.07 0.34+0.09 | 0.37+0.05
index 8 0.04+0.01 0.17+0.02* 0.3140.09* 0.3+0.06 0.25+0.09 0.59+0.08* | 0.4+0.07

I 0.072+0.03 0.14%0.04* 0.29+0.05" 0.240.03* 0.18+0.05* 0.41+0.05% | 0.2+0.08
TG (mg/dL) 5 39.2+12.8 154.9421.3% | 2256+43.2% | 230+39. 134£23.6* 204+31.4% | 2204385

8 59.5+16.3 129.1425.2% | 180.2433.4* | 205+33.6* 155+30. 1% 200+36.2 173£31.7

I 70.6x17.9 [13.5£18.6% | 130.3422.9% | 172428.3* 144£19.3 215435.5% | 1414284
Total 5 36.6x11.1 473123 93.6x19.2" 102421.3 89+13.9 96+18.7 89151
cholesterol 8 36.1+10.9 89.6+17.5% 131.9426.3% | 123+26.1 106+17.4% 121+15.9 110+19.6
(me/dL) I 56.5%15.1 86.4120.4" 134.8421.9% | 97+15.9% 88+9.5% 101£17.3% | 141£22.7
LDL (mg/dL) |5 18.5+4 20.3+4.5 42.145.2* 48482 47472 486.| 41468

8 18.4+3.5 29.4+8.23* 50.349.6* 4146.9% 47+8.9 45%7.2 4847.

I 23.616.5 36.747.2% 55.5+8.8" 37+4.8* 3746.1% 4045.9% 51£9.4
HDL (mg/dL) |5 18.343.5 15.6+5.2 29.145.4* 35+6.4 3345.2 3617.6 31463

8 19.8+4.3 33.1%6.1% 35.747.2% 3245.1 29+4.9% 33454 36487

I 21.4+3.8 34.4+4.9% 40.8+6.9" 27+4.5% 22451 24+6.8* 42496

Notes: Each number shows mean + SEM for eight rats. Significant differences vs the normal control group have been specified by square (¥) meaning P-value <0.05. Significant
differences vs the diabetic group have been specified by asterisk (¥) meaning P-value <0.05.
Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; TG, triglycerides.
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Figure 3 The percentage of HOMA-IR index and plasma glucose and insulin changes in each group at week || compared with the fifth week of the study. Each column

shows mean * SEM for eight rats.
Abbreviation: HOMA-IR, homeostasis model assessment of insulin resistance.

increased TG level compared with group C (diabetic con-
trols) (P<<0.05).

At the end of the third week of the treatment (eighth week
of the study, Figure 1), metformin significantly reduced glu-
cose level (P<<0.05). But at the end of the treatment (eleventh
week of the study), glucose level increased significantly in
this group (Table 5 and Figure 3), in a way that glucose
level was significantly higher in metformin-treated group
compared with group C (P<0.05). At the end of the study,
insulin level and HOMA-IR index in the metformin group
were lower than the diabetic control group, but not significant.
Metformin had no significant effects on plasma level of TG,
TC, HDL and LDL compared to group C (diabetic controls).
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DIBc effects on plasma TNF-o and
MDA level
In high-fat diet group (B), no significant change of TNF-o

was seen compared with normal controls (Figure 4). But
combination of high-fat diet and STZ injection increased
TNF-o level significantly (P<<0.05). DIBc significantly
decreased this cytokine in three doses compared with diabetic
controls (P<<0.05)

In high-fat diet (B) and diabetic groups, plasma MDA
level increased (Figure 4) compared with normal control
(P<0.05). DIBc high-dose treated rats had lower MDA
concentration compared with diabetic controls (P<<0.05).

B

T4

£ .

<=3

QzZ -I—

= c

o

Tk

o S

C = *

ag! E

o

5 H

o0 -
A B C D E F

Group

B A (normal control) B B (high-fat diet)
l D (DIBc low dose) M E (DIBc medium dose)

C (diabetic control)
F (DIBc high dose)

Figure 4 The plasma level of TNF-o. (A) and MDA (B). Each column shows mean + SEM for eight rats.
Notes: Significant differences vs the normal control group have been specified by square (#) meaning P-value <0.05. Significant differences vs the diabetic group have been

specified by asterisk (*) meaning P-value <0.05.
Abbreviation: MDA, malondialdehyde.
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DIBc effects on liver iron level and Hemoglobin concentration and mean corpuscular volume
hemaf_ological indices in different groups were not significantly different from
Liver iron level significantly increased in the high-fat diet ~ each other (Figure 6). But the number of red blood cells and
group (Figure 5) compared with the normal control group  hematocrit percentage in the diabetic control group signifi-
(P<0.05). However, no significant difference in the liveriron ~ cantly decreased compared with the normal control group

level of all diabetic groups was observed (P<<0.05). (P<<0.05). DIBc significantly increased (P<<0.05) the red
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Figure 6 Hemoglobin concentration (A), RBC count (B), hematocrit (C) and mean cell volume (D). Each column shows mean + SEM for eight rats.
Notes: Significant differences vs the normal control group have been specified by square (¥) meaning P-value <0.05. Significant differences vs the diabetic group have been
specified by asterisk (*) meaning P-value <0.05.
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differences vs the diabetic group have been specified by asterisk (¥) meaning P-value <0.

blood cells count and hematocrit percentage compared with
diabetic control group.

DIBc effects on islet count and area
The results showed that the consumption of high-fat diet
significantly increased the area of the islets of Langerhans in
group B compared with the normal control group (P<<0.05).
The number of islets in the two groups was not significantly
different from each other (Figures 7 and 8).

The number and area of Langerhans islets in the diabetic
control group decreased significantly (P<<0.05). H&E stained

samples of pancreatic islet in diabetic control group showed
cells with degenerated hydropic cytoplasm in unclear
boundaries.

Treatment with DIBc in low-dose group significantly
increased the number and area of islets compared with
diabetic control group (P<<0.05). In the group treated with
the intermediate dose of NMOF, no significant difference
in these two parameters was observed compared with
diabetic control group. In the group treated with high doses,
the number of islets decreased compared with diabetic

control group.

Figure 8 H&E images from pancreatic islet of rats in different groups: normal control group (A), high-fat diet group (B), diabetic control group (C), DIBc low-dose

group (D), DIBc medium-dose group (E), and DIBc high-dose group (F).
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Discussion
The global spread of diabetes and disorders of glucose
metabolism have strongly motivated the international
communities to solve this problem. Also, the International
Diabetes Federation has announced research on new medica-
tions as priorities.

Access to innovative technologies has opened new doors
to designing efficient methods for the treatment of this dis-
ease. For example, by using nanocarriers, nanotechnology
has introduced non-invasive methods for insulin therapy.?’
Recently, in dozens of studies in animal models induced
by STZ, with or without high-fat diet, multiple herbal or
synthetic compounds have been evaluated compared with
metformin. In many of these articles, like the study done by
Ugochukwu and Babady, the tested compounds had similar
anti-diabetic studies compared to metformin'>* and a very
small handful of studies have shown better effects than
metformin.?’ In the present study, the anti-diabetic effect
of DIBc metal framework, synthesized based on the novel
technology of nanochelating by self-assembly method, was
evaluated in a diabetic animal model, and its higher thera-
peutic potency in controlling plasma glucose and lipids level
was proved compared with metformin.

In the present animal model of diabetes, we used a combi-
nation of high-fat diet and low dose of STZ.'5**! In the pilot
study, hyperinsulinemia appeared 2 weeks after high-fat diet
consumption similar to the study by Skovse.'” As shown in
Table 5, the combination of high-fat diet and STZ induced
hyperglycemia, hyperinsulinemia, and HOMA-IR index
increase (as a parameter, which shows insulin resistance)
at weeks 5, 8, and 11. So it can simulate diabetes disease
in animals.

The NMOF reduced glucose level and insulin resistance
at low and medium dose and suppressed hyperglycemic
process at high dose, while increased HOMA-IR index at
high dose. According to histopathological examination in
the group treated with low dose of DIBc, the number and
area of Langerhans islets were improved. It should be men-
tioned that studies have shown that nano structures evoke
nonlinear responses in living systems and sometimes low
vs high doses of a nanoparticle can exert effects in opposite
directions.* So in the present study, low, medium, and high
doses showed different effects, and as mentioned previously,
low dose of DIBc decreased HOMA-IR index and high dose
increased it. But all three doses decreased plasma glucose
compared with diabetic control group. Various studies have
proved the link between oxidative stress and diabetes.***
Kamalakanthan et al in a diabetic model with STZ showed

that the decrease in MDA is one of the mechanisms through
which the complications of diabetes can be avoided.*® Also,
studies show that, in people with diabetes, the level of inflam-
matory cytokines increases®® and a direct link has been found
between chronic inflammation and diabetes.’” TNF-o was the
first cytokine whose direct impact on the development of dia-
betes was detected.’® In the present study, DIBc in all doses
decreased TNF-o and in high dose, reduced MDA level. So
it seems that one mechanism of anti-diabetic effects of this
NMOF can be its anti-oxidative and immunomodulatory
effects (Figure 9). In the previous studies, it was revealed that
nanochelating-based structures could protect cell viability
against oxidative stress.!3¥40

Numerous studies have reported pivotal role of iron in
diabetes and also its complications. Free iron can make a
vicious cycle, which progresses more oxidative stress and
more inflammation.*! So modification of iron metabolism
and using structures with chelating property can be a can-
didate to affect this cycle.** But it should be noted that due
to the importance and vital physiological role of iron in the
body, chelating the iron should not lead to the removal of
this element. In diseases, such as diabetes, real iron overload
does not exist and true purpose of chelating the iron should
be redistribution of iron and not its disposal.* In the present
study, DIBc improved glucose and lipid metabolism in dia-
betic animals but did not have any negative effects on liver
iron level and also hematological indices. So another benefit
of DIBc metal framework is its chelating property. However,
in the study by Kalanaky et al, in vitro and in vivo studies
showed that another nanochelating-based structure, named
TLc-A nano chelator, had greater performance in hepatic
iron decrease than the commercially available and exten-
sively used deferoxamine for iron removal in thalassemia
models. The difference between structures comes from the
technology, which is used for synthesis of the noted nano
structures because self-assembly is defined as engineering the
interactions among particles by functionalizing their surfaces
chemically in a way that the desired structure is formed by
this method. Self-assembly, as a strategy, is full of merits.
This method can be used to perform the most difficult steps
in nanofabrication such as atomic-level modification of struc-
tures by fully developed techniques of synthetic chemistry.
Due to the need for target structures to be thermodynamically
stable and open to the system, this method mostly produces
defect-free and self-healing structures.* So DIBc benefits
from the advantages of this method of synthesis.

Treatment by DIBc in three doses decreased TC, HDL,
and LDL, and in the group treated with low-dose plasma,
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Figure 9 The schema of the proposed mechanism for the inhibitory effects of DIBc on diabetes.

TG level was also reduced. Studies show that high-fat diet,
by increasing acetyl coenzyme A in the liver, increases the
production of cholesterol in the body leading to increase in
the plasma density of cholesterol, LDL, and HDL. Any dis-
orders in insulin secretion or function and an increase in the
density of free fatty acids cause the liver to pick the fatty acids
in plasma and make more cholesterol. In this case, the density
of plasma lipoproteins increases.* In a survey conducted by
Hayek et al, it was found that the consumption of high-fat
diet increases HDL serum concentrations due to an increase
in transferring speed and slows down the catabolism of HDL
A-esters and apolipoprotein A-1.% Nicholls et al found that
dietary intake of saturated fatty acids results in disruption
of anti-inflammatory properties of HDL.*” Thus, based on
the findings of the present study, DIBc could improve fat
metabolism in diabetic animals by reducing LDL, HDL,
and TC levels. Metformin failed to decrease lipid profile
in the present study. In the study by Erejuwa et al and also
Salemi et al on diabetic rats, metformin could not decrease
cholesterol and even increased it.*** Furthermore, in several
clinical trials, metformin failure in decreasing TC level
is reported.*® It is recommended that initiating metformin
consumption soon after diabetes diagnosis is important to
prevent failure of metformin monotherapy.® As we started

treatment 3 weeks after STZ injection in all groups, met-
formin failure may have been due to the starting time of
treatment and also type of animal model. On the other hand,
the role of supplementation of micronutrients like selenium,
zinc, and chromium in lowering plasma lipids is mentioned
in several studies.’’* Moreover, Matthews et al showed that
iron chelator deferiprone (L1) significantly decreased total
plasma cholesterol and LDL cholesterol.® Since DIBc has
iron chelating property and contains selenium, zinc, and
chromium, maybe its lowering effects on lipid parameters
could be related to the previously mentioned items, but the
exact mechanisms should be evaluated in future studies.

In numerous studies, beneficial effects of selenium, zinc,
and chromium supplementation in diabetic patients and also
diabetic animals were evaluated. In the study by Dkhil et al,
they demonstrated the effects of selenium nanoparticles in
attenuating diabetes-induced oxidative damage."” Shahin
et al, evaluated anti-diabetic effects of chromium picolinate
and showed anti-diabetic activities of this supplement in
high-fat diet and STZ animal model.* Pattar et al reported
that “chromium picolinate positively influences the glucose
transporter system”.’” Also, Barman et al demonstrated that
zinc supplementation can ameliorate the severity of dia-
betic hyperglycemia and insulin resistance in STZ-induced
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diabetic rats.”! So it seems that DIBc anti-glycemic effects
and insulin sensitivity increase can be partially because of
having these minerals.

Toxicity evaluation survey showed that DIBc i.p LD50 is
equivalent to 37 mg/kg. The highest dose used in this study
was 40 mg/kg. The highest dose used for this NMOF in the
present study was >900 times less than LD50. DIBc low dose
of the active ingredient proves it as a biocompatible NMOF.

In conclusion, the DIBc showed anti-diabetic effects,
probably through its antioxidant, iron chelating properties
and also delivery of three beneficial elements: zinc, selenium,
and chromium. Even, its anti-diabetic effects were more
potent than metformin and could be considered a novel anti-
diabetic agent, which should be further evaluated in future
studies. Because this is the first study on DIBc NMOF, we
could only evaluate anti-diabetic effects of this nanostructure.
In further studies, it is needed to study the pharmacokinetic
and pharmacodynamics of DIBc, the effects of DIBc on
complications (nephropathy, neuropathy, etc.) of diabetes
and also other detailed mechanisms of this nano structure.
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