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Graphical Abstract 

 
Abstract 
Diabetes mellitus is one of the most common chronic medical conditions in the world. Increasing evidence 

suggests that chronic hyperglycemia can cause excessive production of free radicals, particularly reactive 
oxygen species (ROS). Free radicals play important roles in tissue damage in diabetes. The relationship 
between exposure to nanoparticles (NPs) and diabetes has been reported in many previous studies. 
Evaluation of the potential benefits and toxic effects of NPs on diabetic disorders is of importance. This 
review highlights studies on the relationship between NPs and oxidative stress (OS) as well as the possible 
mechanisms in diabetic animal models and humans. 
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Purpose and Rationale 
The relationship between exposure to 

nanoparticles (NPs) and diabetic disorders is of 
importance. The evaluation of both potential 
benefits and toxic effects of NPs on diabetic 
disorders have been reported in a number of 
previous studies. This review highlights studies 
on the link between NPs and oxidative stress (OS) 
in diabetic animal models and humans as well as 
describes possible mechanisms. 

Introduction 
In recent years, nanomedicine is a new aspect of 

nanotechnology applying NPs for therapeutic 
purposes, such as drug delivery to various tissues, 
imaging, and diagnosis of diseases, and treatment 
(Cho and Borgens, 2012, Chandra et al., 2011, 
Kreuter, 2005). Metallic and metal oxide 
nanoparticles (NPs), such as silver, chromium, 
zinc oxide, and cerium oxide have created 
enormous challenges in medicine (Hirst et al., 
2013). Oxidative stress (OS), an unbalance 
between the generation of reactive oxygen 
species (ROS) and antioxidants in the body, is 
involved in the pathogenesis of many diseases, 
including diabetes mellitus (DM), 
neurodegenerative diseases, age-related macular 
degeneration, and inherited retinal diseases (Zhou 
et al., 2011). Most of the previous studies focused 
on type I diabetes in which the level of insulin 
hormone, the most important hormone involved 
in regulating glucose, is reduced due to the 
destruction of the pancreatic β-cells and their 
inability to produce insulin. The destruction of 
pancreatic β-cells results from an OS-induced 
immune response and secondary apoptosis 
(Hosseini et al., 2013). In recent years, 
antioxidants have been considered as 
preventative, curative and most importantly, 
counteracting factors for OS. The main function 
of antioxidants is converting ROS and reactive 
nitrogen species (RNS) to non-reactive products 
(Pellegrini et al., 2003) (Ghadermazi et al., 2018). 
Since orally delivered antioxidants are destroyed 
by enzymes and gastric acid and only a small 
percentage of them are absorbed, they have a 
small bioavailability with low concentrations in 
target cells (Souto et al., 2013). Therefore, there 
is an instant need to develop efficient methods to 
deliver antioxidants to the target sites. For this 
purpose, advanced NPs carriers, such as 

liposomes, polymeric NPs, solid lipid NPs or self-
emulsifying drug delivery systems have been 
used (Watal et al., 2013). NPs containing 
antioxidants have been suggested as high-
performance therapeutic nanomedicines in 
attenuating OS with potential applications in 
treating and preventing DM (Sandhir et al., 
2015). The objective of the present mini-review 
is to summarize existing knowledge on the 
efficacy of NPs on OS-induced DM.  

 Oxidative Stress and Diabetes Mellitus 
ROS are produced as a result of the normal 

cellular metabolism of oxygen. Under the 
physiological conditions, basal levels of ROS in 
cells play an important role in cell signaling, 
defense mechanisms, and homeostasis (Miller et 
al., 2005). OS occurs as the result of the 
imbalance between produced endogenous ROS 
and their cleansing by endogenous antioxidant 
defense systems (Mitra et al., 2016, Sharifzadeh 
et al., 2017). Complete destruction of pancreatic 
β-cells by autoimmune mechanisms leads to type-
1 diabetes (T1D). Type 2 diabetes (T2D) is the 
result of relative degeneration of these cells, 
caused by multiple issues, such as the failure of 
peripheral metabolic tissues to respond to insulin 
action, the liver’s inability to control the 
production of glucose and the demise of islet β-
cells (Halban et al., 2014). Thus, substitute 
treatments were offered to reduce insulin 
resistance and improve blood glucose control. 
NPs were used as a biologically based therapy for 
this purpose (Neuhouser, 2003, Mehta et al., 
2008). β-cells are invaded by ROS and RNS 
produced by phagocytic cells. Also, secreted 
cytokines from immune cells exacerbate 
oxidative damage of β-cells. It has been well 
documented that this is a decisive process in 
chronic autoimmune disease, type 1 diabetes 
mellitus (T1DM) (Eizirik et al., 2009). 
Autoreactive T helper 1(TH1) cells play a crucial 
role in the autoimmune demolition of β-cells. The 
immune cells secrete various types of cytokines 
that cause ROS/RNS formation in β-cells (Lortz 
et al., 2000, Suarez-Pinzon et al., 1996, Suarez-
Pinzon et al., 1997). The pathogenesis of type 2 
diabetes is not completely different from that of 
type 1 diabetes. Prolonged fuel overload induces 
a state of systemic low-grade inflammation that is 
linked to cytokine production (Donath et al., 
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2003, Feuerer et al., 2009). Cellular secretion 
capacity and its viability are affected by the OS, 
and both of these parameters lead to beta-cell 
damage (Drews et al., 2010). 

Nanoparticles Containing Antioxidants 
Different materials, such as metal salts, 

proteins, polysaccharides, and synthetic polymers 
are used in the preparation of NPs. Various 
factors affect the selection of matrix materials, 
including (a) the size of NPs, (b) the intrinsic 
properties of the drug, such as its aqueous 
solubility and stability, (c) surface characteristics, 
such as charge and permeability, (d) the degree of 
biodegradability, biocompatibility and toxicity, 
(e) the desired drug release profile, and (f) the 
antigenicity of the final product (Mohanraj and 
Chen, 2006). NPs have the potential to ameliorate 
disease management due to the ability to 
overcome multiple biological barriers and create 
therapeutic effects within the optimal dosage 
range (Alexis et al., 2008, Ranjbar et al., 2017). 

Vanadium NPs 
Vanadium (V) is a trace element widely 

distributed in nature. It occurs in polyvalences 
and presents many biological effects (Nielsen, 
1995, French and Jones, 1993, Gruzewska et al., 
2014). About a century ago, Vanadium was first 
used to treat DM (Thompson and Orvig, 2006). 
Vanadium compounds have also been able to 
treat parasitic diseases, malignant tumors, and 
bacterial and viral infections (Rehder, 2015). 

Non-insulin dependent DM developed through 
increased insulin resistance and beta-cell 
dysfunction, which led to a gradual decrease in 
insulin secretion (Talchai et al., 2009, Tanaka et 
al., 2011). Vanadium converted cationic type 
vanadyl into its anionic type vanadate in cells. 
Vanadate as a potent inhibitor of Na

+
–K

+ ATPase 
enhances insulin secretion from the pancreatic b-
cells (Crans et al., 1995) and stimulates GTUT 4 
so that glucose transports across the cell increases 
(Brichard and Henquin, 1995).  

 Cerium oxide NPs 
Cerium oxide NPs (CeNPs) are ROS 

scavengers (nanoceria, CeNPs) that mimic the 
activities of superoxide dismutase (SOD) and 
(CAT) (Zhou et al., 2011). CeNPs are a good 
example of oxygen buffers because of their redox 

behavior. When synthesized as NPs (3–5 nm in 
diameter), they cerium oxide increase oxygen 
vacuity and can regenerate ROS scavenger 
activity (Karakoti et al., 2008).  

Ameliorate transplantation consequence and 
graft function by control of OS damage could 
result in pretreatment with a combination of 
CeNPs/sodium selenite (Pourkhalili et al., 2012). 
Although a significant increase in cells viability, 
secretion of insulin, and adenosine 
triphosphate/adenosine diphosphate (ATP/ADP) 
ratio and reduction in ROS can be achieved by the 
use of sodium selenite, CeNPs and especially the 
combination of, CeNPs /sodium selenite 
(Pourkhalili et al., 2012, Moridi et al., 2018, 
Hosseini et al.). 

 Chromium NPs 
Chromium (Cr) is an essential trace element 

needed for the preservation of normal 
carbohydrate metabolism, as shown in animal and 
humans studies (Wang and Cefalu, 2010). The 
role of Cr as a critical trace element required for 
normal glucose metabolism looks to be well 
certified from studies in deprivation conditions 
(Schwarz and Mertz, 1957). 

Moderate diabetic state in rats is a result of 
partial dietary deficiency of Cr represented by an 
increase in fasting serum glucose and glycosuria 
and low tolerance to glucose, which could be 
returned by supplemental Cr (Schwarz and Mertz, 
1957). Some studies refer to conditions of dietary 
deficiency of Cr, including the diagnosis of Cr 
deficiency with the use of total parenteral 
nutrition in humans (Schroeder, 1966, Freund et 
al., 1979, Anderson, 2000).  

Cr increases the number of insulin receptors and 
the sensitivity of β-cells even though enhance 
insulin binding. Some studies showed the 
isolation of a protein termed chromodulin that 
linked Cr to receptor signaling (Anderson, 2000, 
Anderson, 1997, Vincent, 2000b, Vincent, 1999, 
Vincent, 2000a).  

 Zinc oxide NPs  
One of the major causes of pancreas β  cell’s 

disability in synthesizing and secreting insulin to 
the blood is Zn deficiency (Meyer and Spence, 
2009). According to the antioxidant role of zinc, 
zinc deficiency can result in aggravating OS 
interceding complications of diabetes (Hussein et 
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al., 2014). Afifi et al. showed the antioxidant 
ability of ZnNPs in diabetic rat brain. Diabetic 
rats treated with zinc oxide showed an increase in 
the activity and mRNA expression levels of SOD, 
CAT, glutathione reductase GRd, glutathione 
peroxidase (GPx), and GSH and decreased 
malondialdehyde (MDA) levels in the brain 
(Afifi and Abdelazim, 2015).   The antioxidant 
ability of ZnNPs may explain the potent 
antidiabetic effects of ZnNPs. ZnNPs resulted in 
significantly increased levels of insulin in serum, 
reduced levels of blood glucose, and activation of 
glucose oxidation, inhibiting hyperglycemia in 
diabetic rats (Alkaladi et al., 2014). This 
decreases the generation of advanced glycation 
end products such as SOD (Warboys et al., 2009). 
Only a few studies investigate the effects of 
ZnNPs on insulin levels or secretion. Reports 
show that ZnNPs could increase insulin secretion 
from rat isolated pancreatic islets stimulated by 
glucose (Richards-Williams et al., 2008)  .  

Curcumin NPs 
Curcumin is an active principle present in the 

yellow spice turmeric. Various pharmacological 
benefits such as antimicrobial, antioxidant, anti-
inflammatory, and anticarcinogenic activities 
have been reported for it (Grama et al., 2013). 
Encapsulating curcumin in the NPs has been 
envisaged as a new delivery method to treat a 
spectrum of diseases (Rabanel et al., 2015). 
Rabanel et al. showed that encapsulated curcumin 
is an effective method to protect cells against 
hydrogen peroxide OS (Rabanel et al., 2015). 
Grama et al. reported considerable useful effects 
of chronic nanocurcumin therapy for the delay in 
cataract formation as a consequence of diabetes 
in animals. The delay in the progression of 
diabetic cataract by nanocurcumin was defined 
by its ability to modify biochemical mechanisms 
and pathways that are connected to the 
progression of cataracts, such as protein 
precipitation, protein glycation, OS, crystallin 
dispensation, and polyol pathway. The 
therapeutic function of nanocurcumin on these 
biochemical pathways is distinguished in 
comparison to curcumin.  

 Selenium NPs 
Selenium (Se) is a necessary element for 

humans and can increase the activities of the 

selenoenzymes and antioxidant enzymes, such as 
GPx. In vivo studies showed that Se is a defense 
tissue against free radicals. Se interaction with 
GPx is notably critical and well-understood 
because GPx is recognized to have an important 
function in scavenging different peroxides and 
support membrane lipids and macromolecules 
from oxidative damage (Klotz et al., 2003, Valko 
et al., 2006). Saleh Al-Quraishy et al. found that 
the stimulation of glycogen synthase activity in 
rats treated with SeNPs is due to increased 
glycogen contents in the liver and kidney. SeNPs 
have strong therapeutic effects by restoring 
severe biochemical and histochemical changes in 
the liver and kidney induced by DM. This 
protection may be provided by imitation of 
insulin and/or because of its free radical 
scavenging effect (Al-Quraishy et al., 2015).  

Nanoparticles Containing Insulin  
In recent years, the prevalence of diabetes has 

grown dramatically worldwide. The most 
common treatment for T1DM  is the daily 
injection of insulin. At this point, researchers are 
working to develop insulin delivery systems, with 
special attention to nanoparticulate delivery 
systems through oral and lung pathways. The new 
generation of drugs for T1DM may assist in 
enhancing the quality of life of diabetic people 
who inject insulin. In this review, we have 
summarized a new generation of NPs containing 
insulin. These nanocarriers include  chitosan-
insulin NPs (Shashavari et. al., 2014) LGA-
insulin NPs, dextran-insulin NPs, 
polyalkylcyanoacrylated-insulin NPs, and solid 
lipid-insulin NPs. Modulation of these insulin 
nanocarriers may lead to successful oral or 
pulmonary insulin nanoformulations 
formulations in the future clinical settings. 
Therefore, applications and limitations of these 
NPs in delivering insulin to the target cells have 
been thoroughly discussed. 

Nanotechnology is a tool to reduce the 
limitations of carriers and various strategies that 
use natural polymers such as chitosan, alginate, 
poly-γ-glutamic acid and their derivatives, or 
synthetic polymers such as poly(lactide-co-
glycolide), pluronic/poly(lactic acid), poly(ϵ-
caprolactone) and L-lysine/L-leucine-based 
poly(ester amide) have been used for 
development of insulin nanoparticles.  
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Figure1. Schematic representation of nanoparticles as a vehicle for therapeutics and their innate antioxidant properties for the 
effective treatment of type 1 diabetes mellitus (DM). 

An interesting approach has recently been put 
forward that combines nanotechnology with 
pharmaceutical formulation technology. In this 
approach, a pellet host insulin-loaded 
polyethylenimine NPs is a pretty good example 
(Salvioni et al., 2016). The pellet is formed by 
three-layer release technology platform, which 
merges an outer gastro-resistant layer with a 
flexible film of a neutral polymethacrylate 
Eudragit®NE and sodium starch glycolate 
Explotab®, applied to a hydroxypropyl 
methylcellulose coating (Palugan et al., 2015, 
Maroni et al., 2013, Del Curto et al., 2014). The 
only combination can mediate the colonic release 
of insulin and obtaining a long-lasting 
hypoglycemic effect, is the three-layer 
technology with poly ethylene imine 
nanoformulation (Salvioni et al., 2016). Many 
studies showed the crucial role of the 
combination of three-layer technology and NP-
mediated insulin delivery and pave a new way to 
obtain therapeutic efficacy for oral insulin. 

By using a protective pH-sensitive coating, the 
insulin degradation in the stomach is prevented 

and its absorption in the intestine is facilitated. 
While mucoadhesive materials increase the rate 
of insulin absorption from the paracellular 
pathway by reducing intestinal movements, some 
studies have been performed to develop targeted 
NPs against enterocytes, mucus layer and M cells, 
through the functionalization with lectin. 
However, the oral delivery of insulin is still an 
unresolved challenge (Luo et al., 2016). 

In the study performed by Cui et al., (2007), 
insulin-containing nanoparticles prepared from 
PLGA (PNP) and PLGA-Hp55 (PHNP) were 
studied as an alternative approach for deduction 
of glucose level. It was demonstrated that the 
relative bioavailability of PNP and PHNP 
compared with subcutaneous injection (1 IU/kg) 
in diabetic rats observed was 3.68  ±  0.29 and 
6.27  ±  0.42%, respectively. It was seen that, after 
12 hours of administration, the plasma glucose 
level was reduced to 23.85% from the initial 
level, and this conditioned was maintained for 24 
hours. Sodium oleate is an anionic surfactant 
which forms an ionic complex with positively 
charged insulin at suitable pH and improves the 



 

Prnano.com, https://doi.org/10.33218/prnano2(4).190809.1   Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 

 

387 
 

apparent liposolubility of insulin. These 
approaches can be provided in a single oral dose 
which could eliminate the need for repeated 
insulin doses for 24 hours. In a study, folate (FA) 
coupled PEG-PLGA nanoparticles were used to 
encapsulate insulin by the solvent evaporation 
method and showed that once-daily 
administration would be sufficient to control 
diabetes for at least 24 hours (Jain et al., 2012). 

In one study, nanoparticles made of lauryl 
succinyl chitosan were developed, and it was 
found that the presence of succinyl carboxyl 
groups had inhibitory effects on in vitro release of 
insulin at pH 1.2 (Rekha and Sharma, 2009). Such 
nanoparticles, when administered to diabetic rats, 
were also able to reduce blood glucose levels for 
approximately 6 hours. Alginate has also been 
applied for oral insulin delivery. Insulin-
encapsulated into alginate nanoparticles reduced 
the basal serum glucose levels by 40% after oral 
administration to diabetic rats (Sarmento et al., 
2007). In another study, insulin complexed with 
cationic β-cyclodextrin polymers in 
alginate/chitosan nanoparticles showed the 
ability of cationic β-cyclodextrin polymers to 
protect insulin from degradation under simulated 
gastrointestinal conditions and to have 
controlled-release properties (Reis et al., 2007). 
Nanoparticles formulated with polylactic acid, 
ethylene oxide, and propylene oxide triblock 
demonstrated potential capacity in delivering 
insulin orally, decreasing blood glucose 
concentration in diabetic animals and maintaining 
a significant hypoglycemic effect for 24 hours 
(Xiong et al., 2007). The nanoparticles were 
administered to diabetic rats and reduced the 
plasma glucose levels to 40% of the basal values, 
with a sustained hypoglycemic effect over 24 
hours. Furthermore, a dose of 50 IU/kg showed 
an oral bioavailability (13%) three-fold higher 
than orally administered insulin.  

Pan et al. (Pan et al., 2002) prepared insulin-
loaded chitosan nanoparticles by ionotropic 

gelation method and although they showed the 
hypoglycemic effect was prolonged for more than 
15 hours, the bioavailability of the NPs was only 
14.9% when compared to a subcutaneous 
injection of insulin. Following this study, another 
group performed similar studies with insulin-
encapsulated chitosan nanoparticles and 
evaluated their pharmacological impact in rats 
(Ma et al., 2005) Since it was found from a 
previous study that the pH of the formulation had 
a significant impact on the association efficiency 
and in vitro release of insulin from CS-NPs (Ma 
et al., 2002), the researchers altered the pH of the 
formulation to pH of 5.3 and 6.1. However, the 
results obtained were similar to the previous 
study, and the formulation was unable to maintain 
the hypoglycemic effect for more than 11 hours. 
Insulin-loaded chitosan-alginate nanoparticles at 
a dose of 25, 50, or 100 IU/kg were orally 
administered to the diabetic mice (Sarmento et 
al., 2007), it showed a significant reduction in 
plasma glucose level (8 to 14 hours after 
administration) when compared to the empty 
NPs. A dose-dependent effect was observed; 
however, no significant difference was seen 
between the dose of 50 and 100 IU/kg probably 
due to saturation of the insulin absorption sites. 
More importantly, when empty NPs were 
administered in insulin solution (50 IU/kg), only 
a minor hypoglycemic effect was observed 
between 2 and 8 hours after administration. Thus, 
the results emphasized on nanoencapsulation of 
insulin into the alginate–chitosan nanoparticles, 
since this protected the protein from enzymatic 
degradation. Secondly, the results indicated a 
prolonged hypoglycemic effect up to 24 hours 
when compared to previously formulated insulin-
encapsulated CS-NPs where the effect was only 
up to 12 hours or less (Papadimitriou et al., 2008). 
A summary of the studies conducted on the 
effects of nanoparticles on DM is presented in 
Table 1. 
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Table 1. Summary of Studies Conducted on the Effect of Nanoparticles on Diabetes Mellitus 
Row Authors Year of study Location Nanoparticle Efficacy of NPs on DM 

1 Crans et al. 1995 Colorado State 
University 

Vanadium increases the release of insulin 
from the pancreatic β -cells 

2 Pourkhalili et al. 2012 Pharmaceutical 
Sciences Research 
Center, Tehran, Iran 

Cerium oxide increase in cells viability, 
secretion of insulin, and 
ATP/ADP ratio and reduction in 
ROS 

3 Moridi et al. 2018 Hamadan University 
of Medical Sciences 

Cerium oxide increases secretion of insulin 

4 Anderson 2000 Beltsville Human 
Nutrition Research 

Chromium increases the number of insulin 
receptors and the sensitivity of β-
cells 

5 Vincent 2000 The University of 
Alabama 

Chromium enhanced insulin binding 

6 Afifi et al. 2015 University of Jeddah Zinc oxide increased of SOD, CAT, GRD, 
GPx and GSH mRNA expression 
levels 

7 Alkaladi et al. 2014 King Abdulaziz 
University 

Zinc oxide increased levels of insulin in 
serum and reduced levels of 
blood glucose 

8 Richards-Williams et 
al. 

2008  University of 
Alabama at 
Birmingham 

Zinc oxide increase the insulin secretion 
from rat isolated pancreatic islets 

9 Grama et al. 2013 University of 
Strathclyde 

Curcumin Causes significant delay in 
progression of diabetic cataract 

10 Al-Quraishy et al. 2015 King Saud 
University 

Selenium Enhanced glycogen contents in 
the liver and kidney through the 
stimulation of glycogen synthase 
activity 
 

ATP/ADP = adenosine triphosphate/adenosine diphosphate; CAT = catalase; DM = diabetes mellitus; GPx = 
glutathione peroxidase; GRd glutathione reductase; GSH mRNA = glutathione messenger ribonucleic acid; ROS = 
reactive oxygen species; SOD = superoxide dismutase 

Conclusion 
Nanotechnology has provided a promising platform for engineering insulin carriers. The present brief 

review aims to analyze the effects of nanoparticles on oxidative stress in diabetes mellitus. Elevated levels 
of ROS are related to DM in the hyperglycemic pathways. Some NPs are antioxidants and may improve 
DM disorders. However, some outstanding problems remain in diabetes care, such as the need for improved 
glucose sensing, oral insulin formulations, and transplantation of islets with enhanced survival are likely to 
have nanomedicine  solutions and research is already very active  in these areas. Many studies have 
contributed to the ability of colloidal NPs to increase insulin absorption in the colon; however, these drugs 
are limited due to the inability of NPs be safely transported through the intestine and stomach. There have 
been many new investigations and discoveries of potential NPs to oral administration of insulin, and these 
formulations are continuously being improved for OS reduction, the future of oral insulin looks promising. 
However, very few studies have focused on the effects of NPs on diabetes, and further research is needed 
to clarify the mechanism of these NPs.  
Funding: No funding was received for this research. 
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