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Abstract

Background: Silver nanoparticles (AgNPs) have increased interest in various medical applications
after it was found that they have a high capacity to inhibit many types of pathogenic bacteria and
have anti-inflammatory and even anti-tumor activity.13 Also, gold nanoparticles (AuNPs) have
been found to inhibit transforming growth factor-p and have anti-hyperglycemic/antiglycation,
anti-inflammatory, antiangiogenic, and antioxidant effects.

Aims & Objectives: Investigating the effect of synergistic combination of nanotechnology
together with metformin treatment in rats with high fat diet induced diabetes.

Methods: Sixty adult male albino rats, were obtained from the animal house in the Faculty of
Medicine of Zagazig University. They were divided into groups. Control group (I): rats fed on
normal diet. High fat diet induced diabetic obese group (II) for 3 months, was subdivided into,
Untreated (Ila), Metformin treated (IIb), Combined metformin and gold nanoparticles treated (Ilc),
Combined metformin and silver nanoparticles treated (IId), Combined metformin, gold
nanoparticles, and silver nanoparticles treated (Ile). Blood was collected for measurement of serum
levels of glucose, insulin, HOMA IR (Insulin Resistance), HOMA f (B Cell Function), Serum total
cholesterol, high-density lipoprotein- cholesterol, triglycerides, low-density lipoprotein-
cholesterol and inflammatory markers.

Results: The mean values of insulin and glucose and HOMA IR were significant decreases in
HFD/obese metformin, and gold nanoparticles treated (P< 0.05, P< 0.05 .P< 0.001respectively)
and HFD/obese metformin, and silver nanoparticles treated groups (P< 0.001). In addition, there
were significant increases in HOMA B in HFD/Metformin and gold nanoparticles (P< 0.05) in
comparison to HFD/obese metformin treated groups. There were significant decreases in Serum
total cholesterol, triglycerides, low-density lipoprotein-cholesterol and inflammatory markers in
HFD/obese metformin, and gold nanoparticles treated.

Conclusion: combination of nanotechnology together with metformin improves glucose tolerance
and dyslipidemia.
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Introduction

Diabetes mellitus (DM) is a rapidly growing
health problem worldwide that is expected to
impact 592 million people by 2035.! It is
associated with an increased risk of a chronic
inflammatory state and oxidative stress that
affect many tissues.? The most common form
of diabetes, type 2, is characterized by a
systemic inflammatory disease accompanied
by insulin resistance (IR) or decreased
metabolic response to insulin in several tissues,
including the adipose tissue, liver, and skeletal
muscle, as well as by reduced insulin synthesis
by pancreatic beta cells.?

Metformin
(https://go.drugbank.com/drugs/DB00331), a
biguanide, is an oral anti-diabetic drug (first-
line therapy) used to treat type 2 diabetes and
has been shown to improve glycemic control,
reduce hyperglycemia, and prevent the
occurrence of diabetes-related complications.*
The mechanism of action of metformin may
include the inhibition of glucose production in
the liver, together with enhancing insulin
sensitivity.S New research has suggested that
nanomedicine can improve the effectiveness of
metformin therapy for type 2 diabetes. ©

Nanomedicine is a branch of medicine that
utilizes nanotechnology for the diagnosis,
treatment, and prevention of diseases.” The use
of nanomedicine for drug delivery has shown
promising results with lower dosages and
increased efficacy of drugs.® The unique
properties of nanoparticles, such as their small
size and high surface area-to-volume ratio,
allow them to bind to specific targets in the
body and release drugs more efficiently. This
specificity can reduce drug toxicity and
improve bioavailability.’

One possible way to use nanotechnology to
improve metformin therapy is by using
nanoparticles (NPs) to deliver the drug directly
to the target tissues.!® Studies have shown that
nanoparticles  can  effectively  deliver
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metformin to the liver, the primary target for
treating diabetes.!! In this way, the dose
required to achieve therapeutic effect can be
reduced, and the side effects can be
minimized.!? Silver nanoparticles (AgNPs)
have increased interest in various medical
applications after it was found that they have a
high capacity to inhibit many types of
pathogenic  bacteria and have anti-
inflammatory and even anti-tumor activity.!3
Also, gold nanoparticles (AuNPs) have been
found to inhibit transforming growth factor-f3
and have anti-hyperglycemic/antiglycation,
anti-inflammatory, antiangiogenic, and
antioxidant effects.!4

The authors of this study were interested in
evaluating the potential effect of the
synergistic combination of nanotechnology
(AgNPs/AuNPs) and the standard metformin
treatment in albino rats with high-fat diet-
induced diabetic obesity.

Material and Methods
Animals

Sixty adult male albino rats 12 weeks old,
weighing 180-200 g, were obtained from the
animal house in the Faculty of Medicine of
Zagazig University. About six rats per cage
were kept under hygienic conditions. Animals
had free access to water; they were kept at
room temperature and were maintained on a
12-light/dark  cycle.’ The rats were
accommodated in animal house conditions for
one to two weeks before the experiments were
conducted.

Protocol of the experiment and diabetes
induction

The animals were divided into two main
groups: Group I (control; n = 10): the rats were
fed on a regular diet, which consisted of 25.8%
protein, 62.8% carbohydrate, and 11.4% fat.
Group II (n=24): the rats were fed on high-fat
diet-induced obesity; (58% of diet calories
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derived from fat, 18% from protein, and 24%
from carbohydrates; 5.6 kcal/g) for 12 weeks.
These animals were subdivided into four
subgroups (each n = 10): (1) Group Ila: rats
were fed HFD, (2) Group IIb: rats were fed
HFD with metformin therapy 500 mg/kg, IP,
daily for four weeks,® (3) Group Ilc: rats were
fed HFD with Metformin therapy and gold
nanoparticles by oral administration of 0.75
mg/kg gold nanoparticles synthesized using C.
cuspidatus for 21 days,!” and (4) Group IId:
rats were fed HFD with metformin therapy and
silver nanoparticles by oral administration (10
mg/kg b.w daily) for 28 days.!® Then the rats
were sacrificed by decapitation after 12 h of

fasting under anesthesia [ketamine (80
mg/kg)].
Blood  samples were  obtained by

exsanguination at the time of the sacrification,
collected, and allowed to clot for two hours at
room temperature before centrifugation. Sera
were stored at —20°C until analysis.

Laboratory analysis

For all animals, the following parameters were
measured: fasting serum insulin level, fasting
serum  glucose level, Calculation of
homeostasis model assessment (HOMA) and
B-cell function (HOMA- B) [HOMA-IR =
insulin (uU/mL) x glucose (mmol/L) / 22.5]
and B-cell function [HOMA- = 20 x insulin
(b0 U/mL) / (glucose (mmol/L) - 3.5)].
Estimation of serum total cholesterol levels,
Estimation of serum  HDL-cholesterol
immune-enzymatic assay technique,
Estimation of serum triglycerides an enzymatic
assay , Determination of low-density
lipoprotein cholesterol Friedewald’s formula,
Estimation of serum highly sensitive C-
reactive protein (HS-CRP) level was done by
immune-enzymatic assay technique described
by Buduneli et al., Serum tumor necrotic
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factor-a (TNF-a) level was determined by
using rat ELISA kits, Measurement of serum
malondialdehyde: It was performed by mixing
1 ml PBS (pH 7.0) with 100 mg of tissue using
a micro pestle in a microtube until the mix is
homogenous, then 20% trichloroacetic acid
(TCA) precipitated the protein before being
centrifuged, solution of thiobarbituric acid was
added to the resulting supernatant once
separating it in a different container, then the
mix was boiled for ten min in a bath of water
to record the absorbance and the ordinary curve
was utilized to evaluate the concentration of
MDA.?

Statistical analysis Results were presented as
mean + SD. Statistical analysis was performed
using the statistical package for the social
sciences (IBM SPSS Statistics for Windows,
Version 19.0. Armonk, NY: IBM Corp.)
Repeated variance analysis measures were
applied, followed by least significance
differences for multiple comparisons. Levels
of significance (p) were considered statistically
significant when the p-value was less than
0.05.20

Results

Impact nanoparticles (gold &  silver)
administration on insulin levels in HFD/obese
rats the mean values of serum insulin were
significant decreases in HFD/obese metformin
injected (IIb), then more decreases in
HFD/obese metformin, and gold nanoparticles
treated (IIc) and more and more decreases in
HFD/obese metformin, and silver
nanoparticles treated groups (I1d). In addition,
there were insignificant decreases in serum
levels of insulin in HFD/Metformin, gold and
silver nanoparticles treated (Ile) in comparison
to HFD/obese metformin and silver
nanoparticles treated groups (IId) (Figure 1).
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Figure 1: n=10 in each group. Data are represented as mean+ SD, Impact nanoparticles (gold &
silver) administration on insulin levels HFD/obese metformin injected (IIb), HFD/obese
metformin, and gold nanoparticles treated (Ilc) and HFD/obese metformin, and silver
nanoparticles treated groups (IId) and HFD/Metformin, gold and silver nanoparticles treated (Ile)

Impact nanoparticles (gold & silver) administration on glucose levels in HFD/obese rats
The mean values of serum levels of glucose were significant decreases in in HFD/obese metformin
injected (IIb), HFD/obese metformin, and gold nanoparticles treated (IIc), then near to normal in
HFD/obese metformin and silver nanoparticles treated groups (IId) and HFD/Metformin, gold and
silver nanoparticles treated (Ile) (Figure 11)
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Figure 11: n=10 in each group. Data are represented as mean+ SD, Impact nanoparticles (gold &
silver) administration on glucose levels HFD/obese metformin injected (IIb), HFD/obese
metformin, and gold nanoparticles treated (Ilc) and HFD/obese metformin, and silver
nanoparticles treated groups (IId) and HFD/Metformin, gold and silver nanoparticles treated (Ile)
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Impact nanoparticles (gold & silver)
administration on HOMA levels in
HFD/obese rats

The mean values of HOMA IR were significant
decreases in HFD/obese metformin injected
(ITb) P< 0.001, HFD/obese metformin, and
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HFD/obese metformin, and silver
nanoparticles treated groups (I1d) P< 0.001. In
addition, there were significant increases in
HOMA B in HFD/Metformin and gold
nanoparticles (IIc) P< 0.05 in comparison to
HFD/obese metformin treated groups (IIb)

gold nanoparticles treated (IIc) P< 0.001 and

(Table 1).

Table 1: HOMA levels in all studied groups

Control HFD HFD/Metformin HFD/Metformin HFD/Metformin HFD/Metformin,
(1)) (ITa) treated and gold and silver gold and silver
(ITb) nanoparticles nanoparticles nanoparticles
treated treated treated
(Ilc) (I1d) (I1e)
HOMA IR X 1.75£.0.31  4.5+£.0.76 3.18+.0.022 2.57+.0.024 1.83+.0.35 1.63+.0.20
S P< 0.001 **@® P<0.001 ** ® P< 0.001**© P<0.001 **@ P=10.134©
HOMA B X 36.4748.7 44.79+7.25 29.394£5.25 29.59+3.36 33.3446.05 32.6+.4.45
® P< 0.05® P<0.001 ** ® P<0.05© P=0.109 P>=0.76

n=10 in each group. Data are represented as meant SD. HDL-C, *, Significant; ** highly
significant. ++. (a) P value between group (I) and group (I1a), (b) P value between group (I1a) and
group (IIb), (¢) P value between group (IIb) and group (Ilc), (d) P value between group (Ilc) and
group (IId), (e) P value between group (IId) and group (Ile)

Impact nanoparticles (gold & silver)
administration on Lipid profile in
HFD/obese rats

There were significant decreases in serum
levels of total cholesterol, triglyceride and
LDL levels in HFD/obese metformin injected
(Ib) (P< 0.001), HFD/obese metformin, and
gold nanoparticles treated (IIc) (P< 0.001 , P<
0.05, P< 0.001, respectively) ,HFD/obese

metformin and silver nanoparticles treated
groups (IId) (P< 0.001) . In addition, There
were significant increases in serum levels of
HDL levels in HFD/obese metformin injected
(ITb) P< 0.05, HFD/obese metformin, and gold
nanoparticles treated (Ilc) P< 0.05, HFD/obese
metformin and silver nanoparticles treated
groups (IId) P< 0.001 and HFD/Metformin,
gold and silver nanoparticles treated (Ile) P<
0.05 (Table 2).

Table 2: Serum changes of lipid profiles in all groups

Control HFD HFD/Metformin HFD/Metformin HFD/Metformin HFD/Metformin,
@D (ITa) treated and gold and silver gold and silver
(ITb) nanoparticles nanoparticles nanoparticles
treated treated treated
(Ic) (I1d) (ITe)
Total X 173+£14.06  264.2+20.2 238.9+14.6 200+6.5 186.746.7 184.7£.5.4
cholesterol D b P< 0.00] **@ P<0.001 ** ® P< 0.00%*© P<0.001 **@ P=0.47 ©
(mg/dl)
HDL X 62.7+8.8 37.945.36 44.3045.10 51.5£5.42 69.616.11 62.1+.5.3
(mg/dl) t P< 0.001 **@® P<0.05 *® P<0.05@ P<0.001 **@ P<0.05©
SD
Triglycerides X 86.9+£12.7 123.1+4.38 109.746.33 97.4+£5.87 86.7+5.77 78+.5.24
(mg/dl) iy t P< 0.001 **@® P<0.001 ** ® P< 0.001**© P<0.001 **@ P<0.001**©
LDL Y 65.8+14.5 139.14£9.12 104.8+5.89 97.3+4.92 88.3+4.67 86.5+.3.9
(mg/dl) D t P< 0.001 **@® P<0.001 ** ® P< 0.001**© P<0.001 **@ P=0.36©
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n=10 in each group. Data are represented as
meant SD. HDL-C, *, Significant; ** highly
significant. ++. (a) P value between group (I)
and group (Ila), (b) P value between group
(ITa) and group (IIb), (¢) P value between group
(ITb) and group (Ilc), (d) P value between

group (IIc) and group (IId), (¢) P value
between group (I1d) and group (Ile).
Impact nanoparticles (gold &  silver)

administration on inflammatory markers in
HFD/obese rats There were significant
decreases in serum levels of CRP, TNF-o and
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MDA in HFD/obese metformin injected (IIb)
P< 0.001, HFD/obese metformin, and gold
nanoparticles treated (Ilc) (P< 0.05, P<0.001 ,
P< 0.05 respectively) and HFD/obese
metformin, and silver nanoparticles treated
groups (IId). In addition, there were
insignificant decreases in serum levels of CRP,
TNF-a and MDA in HFD/Metformin, gold and
silver nanoparticles treated (Ile) in comparison
to HFD/obese metformin and silver
nanoparticles treated groups (I1d) (Table 3).

Table 3: Serum changes of inflammatory markers in all groups

Control HFD HFD/Metformin HFD/Metformin HFD/Metformin HFD/Metformin,
(1)) (ITa) treated and gold and silver gold and silver
(ITb) nanoparticles nanoparticles nanoparticles
treated treated treated
(IIc) (I1d) (ITe)
CRP X . 385.2+.48 481.5+38.33 422.3+.44.08 403.5+.55.12 383+.41.47 373.5+£.40.88
(mg/l) =
D P< 0.001 **@® P<0.001 ** ® P< 0.05*© P> 0.05¢ P=0.61¢
(TNF-a) X " 33+.5.14 60.2+.3.46 47.5£.2.76 40.8+2.47 40.3£.2.98 31.2+.2.44
(pg/ml) =
D P<0.001 **@ P<0.001 ** ® P<0.001** © P>0.05 @ P<0.001 ** ©
(MDA) 8.17+£.0.28 11.55+.0.93 10.51£.0.72 9.9+.0.59 9.46+.0.56
Xz 18.39+.0.38
D .39+.0.
(mmol/l) P< 0.001 **@ P<0.001 ** ® P< 0.05*© P<0.05* @ P=0.1°

n=10 in each group. Data are represented as meant SD. HDL-C, *, Significant; ** highly
significant. ++. (a) P value between group (I) and group (I1a), (b) P value between group (I1a) and
group (IIb), (¢) P value between group (IIb) and group (Ilc), (d) P value between group (Ilc) and
group (IId), (e) P value between group (IId) and group (Ile).

Discussion

This study is a preliminary step to see how
innovative therapies such as nanoparticles can
be wused in conjunction with existing
medication to improve health outcomes. Our
present study revealed marked disturbance in
the glucose and lipid profile of rats fed with a
fat-rich diet manifested by increased serum
levels of glucose, insulin, HOMA IR, TC, TG,
LDL-C, as well as serum levels of C reactive
protein, tumor necrosis factor,
Malondialdehyde, and decrease in HDL-C
level. These results agree with others who
reported that on a high-fat diet, the plasma
levels of triglycerides, total cholesterol, LDL-
cholesterol, AST, ALT, LDH, and TNF-a are
potententially raised.?! Also, as expected an

improvement in glycemic control and lipid
profile with a decrease in inflammatory
markers after metformin treatment was
observed. Consistent with Mariél et al??
metformin in the liver cause an overall
improvement in lipid metabolism by reducing
triglycerides, LDL-C, and total cholesterol.
These effects could be mediated via activation
of activated protein kinase (AMPK) which
then stimulates free fatty acid oxidation,
promotes  glucose transport, accelerates
glycolysis, and inhibits synthesis of both
triglyceride and proteins.?

Moreover, the present results showed that
administration of metformin and gold
nanoparticles significantly improved
dyslipidemia produced by HFD in agreement
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with MTF-GNPs (glycation-derived
synthesized gold nanoparticles).?* Similarly,
Husam M. Edrees et al.2® who investigated that
AuNPs improved blood glucose level, liver
enzymes and pro-inflammatory cytokines
causing control of hyperglycemia by
administration of gold nanoparticles (10 nm
size) through an intraperitoneal injection of 2.5
mg/kg b.w./day for 7 day for 30 albino rats

In the current study, we found significant
decrease of serum levels of inflammatory
markers and serum levels of malonaldehyde.
Our findings are similar to Karthick et al. 25
who showed that the serum levels of TNF-, IL-
6 and CRP were decreased significantly to the
normal level after treatment by gold
nanoparticles. Therefore, gold nanoparticles
has role in reducing the levels of pro-
inflammatory cytokines and suppressing the
inflammation. 26

Furthermore, administration of AuNPs
exhibited an insistent control over the blood
glucose level, lipids and serum biochemical
profiles in diabetic rats near to the control
group provokes their effective role in
controlling and increasing the organ functions
for better utilization of blood glucose and the
possible mechanism for the hypolipidmic
effect and hypoglycemic effects of AuNPs
might be by insulin-stimulating effect on
pancreatic B-cells 2’

In addition, gold nanoparticles inhibit lipid
peroxidation and reactive oxygen species
generation, significantly reduced blood
glucose levels, and protected the pancreas and
liver from oxidative stress-induced injury.?

In addition, our results are supported by the
findings that suggest the non-cytotoxic effect
of gold nanoparticles, and the ability of gold
nanoparticles to reduce the production of
reactive oxygen and nitrite species, which
do not elicit secretion of pro-inflammatory
cytokines TNF-a and IL1-B. The protective
effect induced by C. speciosus nanoparticles
on the prostate of diabetic rats might be directly
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mediated through the down-regulation of
inflammatory cytokines and the up-regulation
of antioxidant activity and indirectly mediated
through the anti-hyperglycemic effect through
enhancing insulin secretion.?’

In contrast to our study Selim et al, who
indicated that there was no difference between
the blood glucose level and control level.>* The
therapeutic effects that these nanoparticles
provide are limited due to the lack of specific
protocols dictated by international
organizations to evaluate the risks of using
these nanoparticles.®!

The current study revealed hypoglycemic
effect after combined treatment of metformin
and silver nanoparticles. These findings are in
agreement with silver nanoparticles induce a
significant reduced blood glucose, higher
serum insulin, higher glucokinase activity and
higher expression level of insulin. 3

In addition, another study revealed that AgNPs
are known for their beneficial effects owing to
their anti-diabetic, anti-oxidative, antibacterial,
and cytotoxic activities.3%

Side by side to glycemic control, there were
improvement of dyslipidemia after combined
treatment by  metformin and  silver
nanoparticles. 3% 1In addition the silver
nanoparticle was improved lipid profile,
energy compensation, oxidative stress and the
glycemic in diabetes. In addition, Silver
nanoparticles and rosuvastatin have the
beneficial effect on hyperlipidemia by
improving the lipid profile in the male rats fed
on high fat diet. 3

In contrast to our result, another study reported
that Ag-NPs could exert their toxic effect on
the  human  body  through  several
mechanisms.*® Nano-silver affects the lipid
peroxidation and  structure  of  cell
membranes, so that, the structural fat of
membrane break and this lead to changes in
the concentration of plasma lipids.?’
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In agreement of our study, another study
indicated that Nanotechnology in diabetic
research is heading towards the novel
techniques, which can help in continuous
glucose control and improve compliance of
diabetic cases.’®

Recent studies revealed that nanoparticles
might treat diabetic complications such as that
study which showed that nanoparticle-based
approaches for the treatment of diabetic
retinopathy.  Furthermore, the nephron-
protective effect of NPs reduces the blood
glucose level, regulates the renal parameters,
decreases the cytokine levels and reduces the
mRNA expressions level of different genes
related to diabetic nephropathy.?®

In agreement with our study, the application of
Ag-NPs in animal models resulted in
displaying the anti-diabetic effects. AgNPs
stimulated uptake of glucose in Hep-2 cells,
implying that they have excellent therapeutic
and potential anti-diabetic properties In
agreement with our findings, Nanoparticles are
known to exploit potential biological
properties in producing anti-inflammatory and
antibacterial activities. Also they activate
cellular mechanisms towards the healing of
chronic wounds#

It's important to note, however, that further
research would be needed to determine the
generalizability of our findings, as well as to
assess the safety and potential adverse effects
of these interventions as proposed for example
by Liao C et al.*! who reported that AgNPs are
toxic to several human cell lines, including
human bronchial epithelial cells, human
umbilical vein endothelial cells, red blood
cells, human peripheral blood mononuclear
cells, immortal human keratinocytes and liver
cells. AgNPs induce a dose-, size- and time-
dependent cytotoxicity.

Conclusion

The results of the current study propose that
treatment with gold and/or silver nanoparticles
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for 28 days in rats with induced diabetes
improved blood glucose level, insulin
resistance, and insulin sensitivity. In addition,
combining nanoparticles and metformin
treatment could be effective in glucose
monitoring and dyslipidemia. We concluded
that nanoparticles could have anti-diabetic and
anti-inflammatory effect.

Funding

Deanship of scientific research, Northern
Border University, Arar, Saudi Arabia

Acknowledgement

The authors gratefully acknowledge the
approval and support of this research study by
grant no MEDA 2022-11-1571 from the
“’Deanship of Scientific Research” at
Northern Border University, Arar, KSA.

References

1. Dogru A, Buyrukoglu S, Ar1 M. A hybrid
super ensemble learning model for the
early-stage prediction of diabetes risk. Med
Biol Eng Comput. 2023 Mar;61(3):785-
797. doi: 10.1007/s11517-022-02749-z.
Epub 2023 Jan 5. PMID: 36602674.

2. Mohammad NS, Nazli R, Zafar H, Fatima
S. Effects of lipid based Multiple
Micronutrients Supplement on the birth
outcome of underweight pre-eclamptic
women: A randomized clinical trial. Pak J
Med Sci. 2022 Jan-Feb;38(1):219-226. doi:
10.12669/pjms.38.1.4396. PMID:
35035429; PMCID: PMC8713215.

3. Makowski L, Chaib M, Rathmell JC.
Immunometabolism: from basic
mechanisms  to  translation. Immunol
Rev. 2020; 295:5-14.

4. https://go.drugbank.com/drugs/DB00331

. Li DJ, Huang F, Lu WJ, et al. Metformin

promotes irisin release from murine
skeletal muscle independently of AMP-
activated protein kinase activation. Acta
Physiol (Oxf). 2015; 213(3): 711-721, doi:
10.1111/apha.12421, indexed in Pubmed:
25382002.

N

36|Page



Fahmy et al.

10.

11.

12.

Simos YV, Spyrou K, Patila M, Karouta N,
Stamatis H, Gournis D, Dounousi E,
Peschos D. Trends of nanotechnology in
type 2 diabetes mellitus treatment. Asian J
Pharm Sci. 2021 Jan;16(1):62-76. doi:
10.1016/5.ajps.2020.05.001. Epub 2020
Jun 4. PMID: 33613730; PMCID:
PMC7878460.

Joo J. Diagnostic
Nanomedicine. Adv Exp Med Biol.
2021;1310:401-447. doi: 10.1007/978-
981-33-6064-8 15. PMID: 33834444.
Nethi SK1, Das S2, Patra CR2, Mukherjee

and Therapeutic

S3.Recent  advances in  inorganic
nanomaterials for wound-healing
applications. Biomater Sci.2019; Jul

1;7(7):2652-2674.

Rizvi SAA, Saleh AM. Applications of
nanoparticle systems in drug delivery
technology. Saudi Pharm J. 2018
Jan;26(1):64-70. doi:
10.1016/j.jsps.2017.10.012. Epub 2017

Oct 25. PMID: 29379334; PMCID:
PMC5783816.
Simos YV, Spyrou K, Patila M, Karouta N,

Stamatis H, Gournis D, Dounousi E,
Peschos D. Trends of nanotechnology in
type 2 diabetes mellitus treatment. Asian J
Pharm Sci. 2021 Jan; 16(1):62-76. doi:
10.1016/5.ajps.2020.05.001. Epub 2020
Jun 4. PMID: 33613730; PMCID:
PMC7878460.

Kenechukwu FC, Nnamani DO, Duhu JC,
Nmesirionye BU, Momoh MA, Akpa PA,
Attama AA. Potential enhancement of
metformin hydrochloride in solidified
reverse micellar solution-based PEGylated
lipid nanoparticles targeting therapeutic
efficacy in diabetes treatment. Heliyon.
2022 Mar 13;8(3):¢09099. doi:
10.1016/j.heliyon.2022.¢09099.  PMID:
35309393; PMCID: PMC8927942.

Chen, Y., Shan, X., Luo, C. et al. Emerging
nanoparticulate drug delivery systems of
metformin. J. Pharm. Investig. 50, 2020;

13.

14.

15.

16.

17.

18.

International Journal of Medical Science and Diagnosis Research

219-230.
020-00480-1
Yuntao Liu, Siqi  Zeng, Wei Ji, Huan
Yao, Lin Lin, Haiying Cui, Hélder A.
Santos, Guoqing Pan. Emerging
Theranostic Nanomaterials in Diabetes and
Its Complication. 2021;
https://onlinelibrary.wiley.com/doi/10.100
2/advs.202102466

X.-M. MENGI, 2, 3, X.-X. MA4, Y.-L.
TIAN4, Q. JIANG4, L.-L. WANGH4, R.
SHI4, 5, L.DING2.,4,S.G.PANGI.
Metformin improves the glucose and lipid
metabolism via influencing the level of
serum total bile acids in rats with
streptozotocin-induced type 2 diabetes
mellitus. European Review for Medical
and Pharmacological Sciences 2017; 21:
2232-223.

Ghada Alomari, Salehhuddin Hamdan,
Bahaa Al-Trad. Gold nanoparticles as a
promising treatment for diabetes and its
complications:  Current and  future
potentials. Braz. J. Pharm. Sci. 57 « 2021,
https://doi.org/10.1590/s2175-
97902020000419040

Dray C, Knauf C, Daviaud D, Waget A,
Boucher J, Buléon M, Carpéné C. Apelin
stimulates glucose utilization in normal and
obese insulin-resistant mice. 2008; Cell
Metab; 8:437-445.

MohamedIbrahim Ponnanikajamideen
PhD a; Shanmugam Rajeshkumar PhD b,*;
Mahendran Vanaja PhD a; Gurusamy
Annadurai PhD.In Vivo Type 2 Diabetes
and Wound-Healing Effects of Antioxidant
Gold Nanoparticles Synthesized Using the
Insulin Plant Chamaecostus cuspidatus in
Albino Rats Canadian Journal of Diabetes
xxx.2018;(1-8).

Alkaladi Al, Abdelazim AM2, Afifi M3.
Anti-diabetic activity of zinc oxide and
silver nanoparticles on streptozotocin-
induced diabetic rats. Int J Mol Sci. 2014
Jan28;
15(2):201523.d0i:10.3390/ijms15022015.

https://doi.org/10.1007/s40005-

37| Page


https://www.ncbi.nlm.nih.gov/pubmed/?term=Nethi%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=31094374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Das%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31094374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Patra%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=31094374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mukherjee%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31094374
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mukherjee%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31094374
https://www.ncbi.nlm.nih.gov/pubmed/31094374
https://doi.org/10.1007/s40005-020-00480-1
https://doi.org/10.1007/s40005-020-00480-1
https://onlinelibrary.wiley.com/authored-by/Zeng/Siqi
https://onlinelibrary.wiley.com/authored-by/Ji/Wei
https://onlinelibrary.wiley.com/authored-by/Yao/Huan
https://onlinelibrary.wiley.com/authored-by/Yao/Huan
https://onlinelibrary.wiley.com/authored-by/Lin/Lin
https://onlinelibrary.wiley.com/authored-by/Cui/Haiying
https://onlinelibrary.wiley.com/authored-by/Santos/H%C3%A9lder+A.
https://onlinelibrary.wiley.com/authored-by/Santos/H%C3%A9lder+A.
https://onlinelibrary.wiley.com/authored-by/Pan/Guoqing
https://doi.org/10.1590/s2175-97902020000419040
https://doi.org/10.1590/s2175-97902020000419040

Fahmy et al.

19.

20.

21

22.

23.

24.

MohamedIbrahim Ponnanikajamideen
PhD a; Shanmugam Rajeshkumar PhD b, *;
Mahendran Vanaja PhD a; Gurusamy
Annadurai PhD.In Vivo Type 2 Diabetes
and Wound-Healing Effects of Antioxidant
Gold Nanoparticles Synthesized Using the
Insulin Plant Chamaecostus cuspidatus in
Albino Rats Canadian Journal of Diabetes
xxx.2018;(1-8).

Husam M. Edreesl, Ayman Elbehiry,
Yousif M. Elmosaad. Hypoglycemic and
Anti-Inflammatory Effectof Gold
Nanoparticles in Streptozotocin-Induced
Type 1 Diabetes in Experimental Rats
International Journal of Diabetes, 2017,
6(1): 16-23.

. Fki I, Sayadi S, Mahmoudi A, Daoued I,

Marrekchi R, Ghorbel H. Comparative
Study on  Beneficial Effects of
Hydroxytyrosol- and Oleuropein-Rich
Olive Leaf Extracts on High-Fat Diet-
Disturbance and Liver Injury in Rats.
Biomed Res Int.2020 Jan 8;2020:1315202
Mariel F. van Stee, 1, 3 Albert A. de Graaf,
1 and Albert K. Groen 2, 3. Actions of
metformin and statins on lipid and glucose
metabolism and possible benefit of
combination therapy. Cardiovasc Diabetol.
2018; 17: 94.

Xi Luo,1 ,2Rong Hu,1 ,2Ying
Zheng, 3 Shiping Liu,@ 1, 2 and Zhiguang

Zhou 1.Metformin shows anti-
inflammatory effects in  murine
macrophages through

Dicer/microribonucleic acid-34a-5p and
microribonucleicacid-125b-5p.J Diabetes
Investig. 2020 Jan; 11(1): 101-109.
Alenazi F, Saleem M, Khaja ASS, Zafar M,
Alharbi MS, Hagbani TA, Ashraf JM,
Qamar M, Rafi Z, Ahmad S. Metformin
encapsulated gold nanoparticles (MTF-
GNPs): A promising antiglycation agent.
Cell Biochem Funct. 2022 Oct; 40(7):729-
741. doi: 10.1002/cbf.3738. Epub 2022 Sep
13. PMID: 36098489.

25.

26.

27.

28.

29.

30.

31.

International Journal of Medical Science and Diagnosis Research

Karthick, V., Kumar, V.G., Dhas, T.S,
Singaravelu, G., et al, Effect of
biologically synthesized gold nanoparticles
on. Alloxan-induced diabetic rats— An in
vivo approach., Colloids and Surfaces B:
Biointerfaces, 2014, 122, 505-511. ].

Di Bella D, Ferreira JPS, Silva RNO,
Echem C, Milan A, Akamine EH, Carvalho
MH, Rodrigues SF. Gold nanoparticles
reduce  inflammation in  cerebral
microvessels of mice with sepsis. J
Nanobiotechnology. 2021  Feb  19;
19(1):52. doi: 10.1186/512951-021-00796-
6. PMID: 33608025; PMCID:
PMC7893894.

Hasan F.Al-Azzawie, Laith A.Yaaqoob
Hypoglycemic and Antioxidant Effects of
gold nanoparticals in alloxan-Induced
Diabetes Rats. International Journal of

Research  in  Biotechnology  and
Biochemistry, 2016; 6(1): 12-20.
Koushki K, Keshavarz Shahbaz S,

Keshavarz M, Bezsonov EE, Sathyapalan
T, Sahebkar A. Gold Nanoparticles:
Multifaceted Roles in the Management of

Autoimmune Disorders. Biomolecules.
2021 Aug 30;11(9):1289. doi:
10.3390/biom11091289. PMID:

34572503; PMCID: PMC8470500.
Bakhshwin D, Faddladdeen KAJ, Ali SS,
Alsaggaf SM, Ayuob NN. Nanoparticles
of Costus speciosus Ameliorate Diabetes-
Induced Structural Changes in Rat Prostate
through Mediating the Pro-Inflammatory
Cytokines IL 6, IL1p and TNF-a.
Molecules. 2022 Feb 2; 27(3):1027. doi:
10.3390/molecules27031027. PMID:
35164292; PMCID: PMC8839105.

Selim, M.E., Hendi, A.A. and Alfallaj,
E.The possible counteractive effect of gold
nanoparticles  against  streptozotocin-
induced type 1 diabetes in young male
albino rats., Pak. J. Pharm. Sci,2016.,
29(3), 823-836.

Martinez-Esquivias F, Guzman-Flores JM,
Pérez-Larios A, Rico JL, Becerra-Ruiz JS.

38| Page


https://www.ncbi.nlm.nih.gov/pubmed/?term=Luo%20X%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hu%20R%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=31102492
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6944836/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6944836/

Fahmy et al.

32.

33.

34.

35.

36.

A Review of the Effects of Gold, Silver,
Selenium, and Zinc Nanoparticles on
Diabetes Mellitus in Murine Models. Mini
Rev Med Chem. 2021; 21(14):1798-1812.
doi:
10.2174/1389557521666210203154024.
PMID: 33535949.

Ali  Alkaladi 1, f, Aaser Mohamed
Abdelazim 2, ¥ and Mohamed Afifi 1.
Anti-diabetic Activity of Zinc Oxide and
Silver Nanoparticles on Streptozotocin-
Induced Diabetic Rats. Int. J. Mol. Sci.

2014, 15.

Gitishree ~ Das  ,l Jayanta ~ Kumar
Patra,1 Trishna ,Debnath 2, Abuzar
Ansari,3 and Han-Seung Shin.

Investigation of antioxidant, antibacterial,
anti-diabetic, and cytotoxicity potential of
silver nanoparticles synthesized using the
outer peel extract ofAnanas. PLoS One.
2019; 14(8): €0220950.

Nagaraja S, Ahmed SS, D R B,
Goudanavar P, M RK, Fattepur S,
Meravanige G, Shariff A, Shiroorkar PN,
Habeebuddin M, Telsang M. Green
Synthesis and Characterization of Silver
Nanoparticles of Psidium guajava Leaf
Extract and Evaluation for Its Antidiabetic
Activity. Molecules. 2022 Jul 6;
27(14):4336. doi:
10.3390/molecules27144336. PMID:
35889209; PMCID: PMC9319605.

Ul Haqg MN, Shah GM, Gul A, Foudah AI,
Algarni MH, Yusufoglu HS, Hussain M,
Alkreathy HM, Ullah I, Khan AM, Jamil S,
Ahmed M, Khan RA. Biogenic Synthesis
of Silver Nanoparticles Using Phagnalon
niveum and Its In Vivo Anti-Diabetic
Effect against Alloxan-Induced Diabetic
Wistar Rats. Nanomaterials (Basel). 2022
Mar 1; 12(5):830. doi:
10.3390/nan012050830. PMID: 35269321;
PMCID: PMC8912534.

Saratale R. G., Shin H. S., Kumar G.,
Benelli G., Kim D. S., Saratale G. D.
Exploiting anti-diabetic activity of silver

37.

38.

39.

40.

41.

International Journal of Medical Science and Diagnosis Research

nanoparticles synthesized using Punica
granatum leaves and anticancer potential
against human liver cancer cells
(HepG?2) Artificial Cells, Nanomedicine,
and Biotechnology . 2018; 46(1):211-222.
doi: 10.1080/21691401.2017.1337031.
Majeed S, Danish M, Zakariya NA,
Hashim R, Ansari MT, Alkahtani S,
Hasnain MS. In Vitro Evaluation of
Antibacterial, Antioxidant, and Anti-
diabetic Activities and Glucose Uptake
through 2-NBDG by Hep-2 Liver Cancer
Cells Treated with Green Synthesized
Silver Nanoparticles. Oxid Med Cell
Longev. 2022 May 17; 2022:1646687. doi:
10.1155/2022/1646687. PMID: 35620573;
PMCID: PM(C9129982.

Torabian F, Akhavan Rezayat A, Ghasemi
Nour M, Ghorbanzadeh A, Najafi S,
Sahebkar A, Sabouri Z, Darroudi M.
Administration of Silver Nanoparticles in
Diabetes Mellitus: A Systematic Review
and Meta-analysis on Animal Studies. Biol
Trace Elem Res. 2022 Apr; 200(4):1699-
1709. doi: 10.1007/s12011-021-02776-1.
Epub 2021 Jun 10. PMID: 34114175.
Choudhury H, Pandey M, Lim YQ, Low
CY, Lee CT, Marilyn TCL, Loh HS, Lim
YP, Lee CF, Bhattamishra SK, Kesharwani
P, Gorain B. Silver nanoparticles:
Advanced and promising technology in
diabetic wound therapy. Mater Sci Eng C
Mater Biol Appl. 2020 Jul;112:110925.
doi: 10.1016/j.msec.2020.110925. Epub
2020 Apr 11. PMID: 32409075.

Torabian F, Akhavan Rezayat A, Ghasemi
Nour M, Ghorbanzadeh A, Najafi S,
Sahebkar A, Sabouri Z, Darroudi M.
Administration of Silver Nanoparticles in
Diabetes Mellitus: A Systematic Review
and Meta-analysis on Animal Studies. Biol
Trace Elem Res. 2022 Apr; 200(4):1699-
1709. doi: 10.1007/s12011-021-02776-1.
Epub 2021 Jun 10. PMID: 34114175.

Liao C, Li Y, Tjong SC. Bactericidal and
Cytotoxic Properties of Silver

39| Page


https://www.ncbi.nlm.nih.gov/pubmed/?term=Das%20G%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pubmed/?term=Patra%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pubmed/?term=Patra%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pubmed/?term=Debnath%20T%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ansari%20A%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ansari%20A%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shin%20HS%5BAuthor%5D&cauthor=true&cauthor_uid=31404086
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6690543/

Fahmy et al. International Journal of Medical Science and Diagnosis Research

Nanoparticles. Int J Mol Sci. 2019 Jan 21;
20(2):449. doi: 10.3390/1jms20020449.
PMID: 30669621; PMCID: PMC6359645.

40| Page



