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Abstract: The study was designed to investigate the anti-hyperglycemic activity of selenium 

nanoparticles (SeNPs) in streptozotocin-induced diabetic rats. Fifty-five mg/kg of streptozo-

tocin was injected in rats to induce diabetes. Animals either treated with SeNPs alone or with 

insulin (6 U/kg) showed significantly decreased fasting blood glucose levels after 28 days of 

treatment. The serum insulin concentration in untreated diabetic animals was also enhanced 

by SeNPs. The results demonstrated that SeNPs could significantly decrease hepatic and renal 

function markers, total lipid, total cholesterol, triglyceride and low-density lipoprotein cholesterol 

levels, and glucose-6-phosphatase activity. At the same time, SeNPs increased malic enzyme, 

hexokinase and glucose-6-phosphate dehydrogenase activity, liver and kidney glycogen con-

tents, and high-density lipoprotein cholesterol levels. In addition, SeNPs were able to prevent 

the histological injury in the hepatic and renal tissues of rats. However, insulin injection also 

exhibited a significant improvement in diabetic animals after 28 days of treatment. This study 

suggests that SeNPs can alleviate hyperglycemia and hyperlipidemia in streptozotocin-induced 

diabetic rats, possibly by eliciting insulin-mimetic activity.
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Introduction
Diabetes mellitus (DM) is a chronic progressive metabolic disorder and a multifacto-

rial disease associated with many pathological alterations including microvascular and 

macrovascular complications that affect almost every part of the body.1 The International 

Diabetes Federation have recently indicated that 8.3% of adults worldwide (387 million 

people) have diabetes and the same organization predicts that by 2035 this figure will 

rise to nearly 600 million people.2 Observational evidence from experimental and clini-

cal studies indicates that oxidative stress is involved in both the pathogenesis and the 

complications of DM.3,4 Based on observations of the beneficial effects of overexpres-

sion of antioxidant enzymes in transgenic mouse models, catalytic antioxidants such as 

the family of superoxide dismutase/catalase mimetic compounds are the most logical 

choice for preventing diabetes-induced reactive oxygen species.4

Streptozotocin (STZ) is well known for its selective destruction of pancreatic 

β-cells in islets of Langerhans, resulting in insulin deficiency and hyperglycemia and 

has been extensively used in animals as a model to study the pathology and complica-

tions of DM, and the effectiveness of potential interventions.1 STZ induces diabetes 

by inducing rapid and irreversible necrosis in β-cells, but the induction of both type 1 

and 2 diabetes is dependent on the dose of STZ and the animal and species used.5

Elemental selenium (Se) nanoparticles (SeNPs) have received great attention 

because of their unique biological activities and low toxicity.6 These SeNPs also exhibit 
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high biological activity and good absorptive ability due to the 

interaction between –NH
2
, C=O, −COO, and –C–N– groups 

of proteins and the nanoparticles of Se.7 Se is an essential 

element for humans and can enhance the activities of the 

selenoenzymes and antioxidant enzymes, such as glutathione 

peroxidase (GPx), while also protecting cells and tissues from 

damage by free radicals in vivo. Its interaction with GPx is 

particularly important and well-understood, since GPx is 

known to play a significant role in scavenging various per-

oxides and protecting membrane lipids and macromolecules 

from oxidative damage.8,9 In the human diet, Se is particularly 

associated with the immune system, helping to enhance the 

immune response in both the innate and acquired immune sys-

tems.10 It also stimulates cell cycle progression and prevents 

cell death.6 Furthermore, McNeill et al11 demonstrated that 

Se like vanadium appeared to have insulin-like effects when 

administered in rats and markedly stimulated glucose trans-

port and insulin-sensitive cyclic adenosine monophosphate 

phosphodiesterase when incubated with rat adipocytes.12

In this study, we designed new therapeutic strategies for 

DM which combined SeNPs with insulin in order to investi-

gate whether SeNPs can show antidiabetic activity, or even 

improve the therapeutic effect in vivo. The results obtained 

have the potential to provide a new type of adjuvant agent for 

antidiabetic treatment. In addition, we investigated the effect 

of SeNPs on diabetes-related lesions and on oxidative damage 

in the hepatic and renal tissues of STZ-diabetic rats.

Materials and methods
Preparation and characterization of SeNPs
SeNPs were purchased from the Institute of High Energy 

Physics, Beijing, People’s Republic of China by Prof Dr 

Xueyun Gao. In brief, a suspension of red amorphous SeNPs 

was synthesized by the reduction of sodium selenite with 

glutathione in the presence of bovine serum albumin (BSA). 

This suspension was diluted ten times with deionized water 

and a drop of the suspension was applied to a formvar-coated 

copper grid. A Philips CM100 transmission electron micro-

scope (TEM) (FEI, Eindhoven, the Netherlands), operating 

at 80 kV accelerating voltage was then used to image the 

size and shape of the SeNPs.13

Animals
Adult male albino rats of the Wistar strain weighing 

110–140 g were obtained from the Holding Company for Bio-

logical Products and Vaccines (VACSERA, Cairo, Egypt). 

After acclimatizing for 7 days, the animals were divided 

into seven groups (with seven rats per group) and housed in 

wire-bottomed cages in a room kept at 25°C±1°C and under 

a 12 hour light/12 hour dark cycle. The rats were provided 

with water and a standard diet ad libitum. The experiment 

abided by the standards of animal care set out in Egypt and 

in the European Community Directive (86/609/EEC) and 

the National Institutes of Health Guidelines for the Care 

and Use of Laboratory Animals, 8th edition. This study was 

approved by the Ethical Committee of Zoology and Entomol-

ogy department, Helwan University, Cairo, Egypt.

Experimental induction of diabetes
Rats were fasted for 18–24 hours. STZ was freshly prepared 

in a 0.05 M citrate buffer, pH 4.5, and a single intraperitoneal 

injection of 55 mg/kg (Sigma, St Louis, MO, USA) was used 

to induce diabetes in each rat, as described previously.14 

Blood glucose level was monitored every 3 days using an 

Accu-Chek® blood glucose meter (Roche Diagnostics, Basel, 

Switzerland). Stable hyperglycemia was established in the 

rats (denoted by blood glucose levels $200 mg/dL [15 mM]) 

7 days after the STZ injection. Fourteen rats were injected 

with a citrate buffer, which served as a control.

Experimental design
One week after the verification of diabetes, four groups of 

diabetic rats were established in addition to two control groups 

as described in Figure 1 (with seven rats in each group). An 

untreated group received a physiological NaCl solution (STZ 

group). A STZ-SeNPs group consisted of diabetic rats treated 

with SeNPs at 0.1 mg of SeNPs/kg administered orally.13 A 

STZ-insulin (Ins) group consisted of diabetic rats treated with 

standard drug insulin (6 U/kg, subcutaneous [sc] administra-

tion). Finally, a STZ-SeNPs-Ins group consisted of diabetic rats 

treated with SeNPs and the standard drug insulin. Additionally, 

the 14 normal rats, which had received the citrate buffer injec-

tion as a control, were now divided into two equal groups, with 

one being administered a physiological NaCl solution (Control 

‘Con’ group) and the other daily administered with SeNPs (0.1 

mg/kg, oral administration) (SeNPs group).

After 28 days of daily administration, overnight fasting 

animals were euthanized with mild ether anesthesia. Blood 

was collected from the abdominal aorta, using a syringe 

puncture, and the serum was isolated. The liver, kidney, and 

pancreas were promptly excised, washed in chilled saline, 

blotted, and processed for biochemical and histological 

investigations. All the animals were weighed both prior to 

the treatment and prior to sacrifice.

Preparation of tissue homogenate
A known weight of liver and kidney tissues was homogenized 

in a 50 mM Tris–HCl buffer, pH 7.4 at 4°C. The homogenates 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6743

Hypoglycemic effects of selenium nanoparticles

were centrifuged at 3,000× g for 10 minutes at 4°C. The total 

protein content of the homogenized sample was determined 

using the method by Lowry et al15 with BSA acting as a 

standard.

Se concentration
The Se concentration in the liver, kidney, and intestine were 

determined using the standard method. In brief, a mixture 

of nitric acid, perchloric acid, and sulfuric acid in a ratio 

of 6:1:1 was used to dissolve the tissues. Se concentration 

was then measured by means of atomic spectrophotometry 

at 196.0 nm (Perkin-Elmer model 5000, PerkinElmer Inc., 

Waltham, MA, USA). The estimated limit of Se detection 

by this method was 0.002 mg/L.

Glucose and insulin levels
Blood glucose level was determined by the glucose oxidase 

method.16 Blood serum insulin concentrations were measured 

by an enzymatic immunoassay method (ELISA ALPCO 

insulin rat).

Liver and kidney functions and lipid 
profile tests
The presence of transaminases (alanine aminotransferase 

[ALT] and aspartate aminotransferase [AST]) in blood serum 

was estimated by measuring the amount of pyruvate or oxalo-

acetate produced by forming 2,4-dinitrophenylhydrazine 

according to the method of Reitman and Frankel,17 the color 

of which was measured spectrophotometrically at 546 nm. 

Belfield and Goldberg’s method was used to assay levels of 

alkaline phosphatase (ALP), making use of kits provided by 

Randox Laboratories Co. (Crumlin, Antrim, UK),18 Schmidt 

and Eisenburg’s method was employed to determine the total 

bilirubin in serum.19 Serum uric acid, urea and creatinine, 

total lipid, triacylglycerols, total cholesterol, and high-density 

lipoprotein cholesterol (HDLc) contents were determined 

with commercially available diagnostic kits (Biodiagnostic, 

Cairo, Egypt) as per the manufacturer’s instructions.

Low-density lipoprotein cholesterol (LDLc) was calcu-

lated using the following formula:

	
LDLc Total cholesterol HDLc

triglycerides
= − +

5
















�

Biochemical assay of GPx
Paglia and Valentine’s method was used to determine 

whether or not Se affects the activity of GPx.20 In this method, 

900 μL of GPx assay buffer (consisting of 50 mM potassium 

phosphate buffer pH 8.0, 0.5 mM ethylenediaminetetraacetic 

acid), 50 μL of nicotinamide adenine dinucleotide phosphate 

(NADPH) assay reagent (5 mM NADPH, 42 mM reduced 

glutathione, and 10 units/mL glutathione reductase) and 

50 μL of the sample homogenate supernatant were mixed 

by inversion in a spectrophotometer cuvette. The reaction 

was then initiated by the addition of hydrogen peroxide, 

provoking the oxidation of NADPH to NADP+, which is 

accompanied by a decrease in absorbance at 340 nm.

Biochemical assay of glycogen
Glycogen analysis was performed following the anthrone 

method as previously described.21 In this method, 0.5 g of wet 

weight from liver or kidney tissues was isolated and boiled in 

a 1.5 mL solution of 30% KOH for 20 minutes until the tissue 

was completely dissolved. Subsequently, the samples were 

centrifuged, and 2.0 mL 95% ethanol solution and 0.25 mL 

of saturated Na
2
SO

4
 were added to the tube after cooling. 

The precipitate resulting from centrifuging the sample was 

resuspended in distilled water and boiled in 0.2% anthrone 

reagent, and the absorbance at 620 nm was measured after 

Figure 1 Scheme of the experimental groups.
Abbreviations: SeNPs, selenium nanoparticles; STZ, streptozotocin.
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cooling. Glycogen (Sigma) was used for the glycogen stan-

dard curve. The glycogen content was expressed per gram 

wet weight of tissue.

Biochemical assay of hexokinase
Hexokinase (HK) activity in liver and kidney tissues was 

determined spectrophotometrically.22 Briefly, the assay 

mixture contained 3.7 mM glucose, 7.5 mM MgCl
2
, 11 mM 

thioglycerol, and 45 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer; 0.9 mL of this mixture 

and 0.03 mL of 0.22 M adenosine triphosphate was mixed 

well in a cuvette; 0.1 mL of the tissue supernatant was then 

added into the cuvette and absorbance noted at 340 nm. One 

unit of HK was expressed as unit/mg protein.

Biochemical assay of glucose-6-phosphate 
dehydrogenase
The glucose-6-phosphate dehydrogenase (G6PD) activity 

in the liver and kidney samples was measured spectropho-

tometrically at 340 nm, using glucose-6-phosphate as a 

substrate.23 One unit of enzyme activity is defined as the 

quantity that catalyzes the reduction of 1 µM of glucose-6-

phosphate per minute.

Biochemical assay of glucose-6-phosphatase  
activity
Glucose-6-phosphatase activity in the liver and kidney samples 

were measured according to the standard protocol;24 0.1 mL 

of 0.1 M glucose-6-phosphate solution and 0.3 mL of 0.5 M 

maleic acid buffer (pH 6.5) were combined in a calibrated 

centrifuge tube, and incubated in a 37°C water bath for 

15 minutes. The reaction was stopped by the addition of 1 mL 

of 10% trichloroacetic acid. The mixture was then chilled in ice 

and centrifuged at 3,000× g for 10 minutes. The absorbance at 

340 nm was recorded and enzyme activity was expressed as 

mg of inorganic phosphate (K
2
HPO

4
) liberated/mg protein.

Real-time polymerase chain reaction
Total RNA was isolated from the liver and kidney tissues using 

an RNeasy Plus Minikit (Qiagen, Valencia, CA, USA). cDNA 

synthesis was undertaken using the RevertAid™ H Minus 

Reverse Transcriptase (Fermentas, Thermo Fisher Scientific 

Inc., MA, USA) with 1 μg total RNA and random primers. The 

cDNA samples were run in triplicate for real-time polymerase 

chain reaction (PCR) analysis. β-Actin (accession number: 

NM_031144.3; 5′-GGCATCCTGACCCTGAAGTA-3′; anti-

sense: 5′-GGGGTGTTGAAGGTCTCAAA-3′) was used as the 

reference gene. Real-time PCR reactions were performed using 

Power SYBR® Green (Life Technologies, Carlsbad, CA, USA) 

on the Applied Biosystems 7,500 system. The typical thermal 

profile for the PCR reaction was 95°C for 4 minutes, followed 

by 40 cycles of 94°C for 60 seconds and 55°C for 60 seconds. 

For relative quantitation of gene expression, the log 2 of 2-ΔΔCt 

was used based on the method of Pfaffl,25 where ΔCt was calcu-

lated by subtracting the β-actin cycle threshold value (Ct) from 

each of the target gene Ct. The ΔΔCt value was then calculated 

from subtraction of the resultant ΔCt values from the mean ΔCt 

value of the control. The PCR primers for the following genes 

were synthesized by Jena Bioscience GmbH (Jena, Germany): 

glucokinase (GK; accession number: NM_001270850.1; 

s ense :  5 ′ -GTGGTGCTTTTGAGACCCGTT-3 ′ ; 
antisense: 5′-TTCGATGAAGGTGATTTCGCA-3′), 

HK (accession number: NM_012734.1; sense: 5′-AGGG 

GGATTTCATTGCCCTG-3′; antisense: 5′-TCTTCT 

C G T G G T T C A C C T G C - 3 ′ ) ,  G 6 P D  ( a c c e s s i o n 

number: NM_017006.2; sense: 5′-GTATGTGGGG 

AACCCCAGTG-3′; antisense: 5′-AGGGACAGAC 

TGATAGGCGT-3′), pyruvate kinase (PK; accession number:  

NM_012624.3;  sense:  5 ′ -CCTCTGCCTTCTGG 

ATACTGACT-3′; antisense: 5′-GCAAGACTCCGGT 

TCGTATCT-3′), fatty acid synthase (accession number: 

NM_017332.1; sense: 5′-GCTTGGTGAACTGTCTCCGA-3′; 
antisense: 5′-GGGTCCAGCTAGAGGGTACA-3′), 

lipoprotein lipase (accession number: NM_012598.2; 

sense: 5′-CCAGCTGGGCCTAACTTTGA-3′; antisense: 

5′-AACTCAGGCAGAGCCCTTTC-3′), phosphoinositide-3-

kinase, regulatory subunit 2 (beta) (PIK3R2; accession number: 

NM_022185.2; sense: 5′-TACCAGCACGCATCACTTGT-3′; 
antisense: 5′-ATGGCTTGAAGAACTCGGGG-3′), insu-

lin receptor (IR; accession number: XM_006248753.2; 

sense: 5′-GTTTTTGTTCCCAGGCCATCC-3′; antisense: 

5′-AATGCTTCCGGGAGACACAG-3′), and insulin 

receptor substrate 1 (accession number: NM_012969.1; 

sense: 5′-CTGCATAATCGGGCAAAGGC-3′; antisense: 

5′-CATCGCTAGGAGAACCGGAC-3′). Primers were 

designed using the Primer-Blast program from the National 

Center for Biotechnology Information.

Histological investigations
The liver, kidney, and pancreas were washed in saline and 

fixed in 10% neutral buffered formalin for 24 hours. Ascend-

ing grades of ethyl alcohol were then used to dehydrate the 

samples, and xylene was used as the clearing agent. The sam-

ples were then mounted in molten paraplast at 58°C–62°C;  

4–5 µm slices were cut from the prepared blocks and 

stained with hematoxylin and eosin. The preparations were 
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visualized using a Nikon microscope (Eclipse E200-LED, 

Tokyo, Japan).

Immunohistochemical procedures
Pancreatic tissue samples were fixed in 10% neutral buffered 

formalin, embedded in paraffin and cut into 5 μm thick sec-

tions. Immunocytochemical reactions were performed using 

the peroxidase/anti-peroxidase method.26 Nonspecific peroxi-

dase reactions were blocked with methanol containing 0.1% 

H
2
O

2
 and the sections were also incubated with normal goat 

serum to avoid nonspecific reactions with the background 

once the samples were incubated with the specific antibody 

against insulin (dilution, 1:2,000; Santa Cruz Biotechnology,  

Santa Cruz, CA, USA). The sections were then washed with 

a phosphate-buffered saline (PBS) buffer and incubated with 

a secondary antibody (goat anti-rabbit IgG, dilution, 1:2,000; 

Sigma), before being washed in PBS again and, finally, incu-

bated with the peroxidase/anti-peroxidase complex (dilution, 

1:200). The peroxidase reaction was carried out using a solu-

tion of 3,3′-diaminobenzidine tetrahydrochloride containing 

0.01% H
2
O

2
 in Tris–HCl buffer (0.05 M, pH 7.6). After 

immunostaining, the sections were lightly counterstained 

with hematoxylin and observed under a light microscope.

Statistical analysis
Results were expressed as means ± standard error of the 

means (SEM). Data were analyzed using one-way analysis of 

variance. Duncan’s post hoc test was used as a post hoc test 

to compare significance between groups, using the Statistical 

Package for the Social Sciences 20 (Version 20, SPSS Inc., 

Chicago, IL, USA). All figures were drawn using PRISM 6 

(Version 6, GraphPad, San Diego, CA, USA).

Results
SeNP characterization
Figure 2 shows the size distribution of the SeNPs in BSA 

solution determined by dynamic light scattering. Most of the 

nanoparticles had a diameter between 10 and 80 nm with a 

maximum size distribution (mean ± one standard deviation) 

at 19±1 nm. However, a minority were found as micrometer-

sized aggregates that could not be dispersed by ultrasound. 

TEM (Figure 2) confirmed the determined diameter and 

showed that the particles had a spherical shape.

Body weight
STZ treatment, the positive treatment control, caused a signif-

icant body weight reduction in rats compared with the control 

rats on day 35 after the injection. Treatment with SeNPs for 

28 days, however, significantly (P,0.05) reduced the body 

weight compared with the control rats observed at 28 days. 

Moreover, coadministration of SeNPs and insulin injection 

(6 U/kg, sc) failed to prevent the reduction in body weight 

and exhibited a significant reduction in body weight of the 

diabetic animals following 28 days of treatment (Table 1).

Se concentrations and GPx activity
Treatment of rats with SeNPs for 28 days significantly 

increased (P,0.05) the Se content in the liver, kidney, 

and intestine of the SeNPs, STZ-SeNPs, and STZ-SeNPs-

Ins groups. On the other hand, no change in Se content 

was detected in the STZ group when compared with the 

control rats (Figure 3A). GPx activity in the liver and 

kidney tissues of the SeNP-treated groups was markedly 

increased (Figure  3B), whereas GPx activity in the liver 

and kidney tissues was significantly inhibited in the STZ-

untreated group.

Fasting blood glucose level
STZ-induced diabetes resulted in significant elevation 

(P,0.05) in fasting blood glucose levels (.287 mg/dL) com-

pared with untreated control animals. When diabetic animals 

were treated with SeNPs for 28 days, a significant reduction 

(P,0.05) in the fasting blood glucose level was noted com-

pared with the untreated diabetic animals (Figure 4). Indeed, 

in this case, the blood glucose level returned to the control 

level after just 18 days of SeNPs treatment. This compares 

to treatment with standard drug insulin (6 U/kg, sc), which 

was also associated with a significant (P,0.05) improve-

ment in fasting blood glucose levels in diabetic animals, 

with levels returning to the control measurements after just 

12 days of treatment. Moreover, a combination of SeNPs and 

Figure 2 Size characterization of SeNPs by DLS and TEM.
Notes: The upper insert is the magnified TEM image of SeNPs. Scale bar =100 nm.
Abbreviations: DLS, dynamic light scattering; SeNPs, selenium nanoparticles; TEM, 
transmission electron microscope.
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Table 1 Changes in body weight of different groups

Body weight (g) Con SeNPs STZ STZ-SeNPs STZ-Ins STZ-SeNPs-Ins

Initial 123.0±3.0 119.2±1.9 118.2±5.9 124.6±5.8 121.6±7.0 128.2±4.1
Final 217.2±8.1 190.2±3.9* 153.6±2.3* 160.6±7.6* 155.2±10.3* 163.4±5.6*

Notes: Values are mean ± standard error of the mean (n=7). *P,0.05, significant change with respect to control group.
Abbreviations: Con, control; Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.

Figure 3 (A) Effect of SeNPs on selenium concentration in the liver, kidney, and intestine of control and experimental groups. (B) Effect of SeNPs and insulin on glutathione 
peroxidase activity in the liver and kidney of control and experimental groups.
Notes: Values are mean ± standard error of the mean (n=7). aP,0.05, significant change with respect to control group; bP,0.05, significant change with respect to diabetic group.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.
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standard drug insulin (6 U/kg, sc) exhibited a significant and 

more potent antidiabetic activity than SeNPs alone, with a 

maximum percentage reduction of blood glucose compared 

with the diabetic SeNPs group. In general, the blood glucose 

values of diabetic rats showed a return to normal levels after 

18 days of SeNPs administration.

Blood serum insulin levels
Figure 5 showed that there was a significant (P,0.05) 

reduction in insulin levels in diabetic control rats 5 weeks 

after the STZ injection, but that insulin levels in normal rats 

treated with SeNPs were significantly elevated. Four weeks 

of treatment with SeNPs and insulin also increased insulin 

levels in diabetic rats. The insulin level increased by 5.6% 

in the STZ-SeNPs group, 18.1% in the STZ-Ins group, and 

16.7% in the STZ-SeNPs-Ins treatment group.

Levels of liver and kidney functional 
markers
Diabetic rats showed elevated activities of hepatic (serum 

ALT, AST, and ALP) and renal (serum uric acid, urea, 

and creatinine) functional markers and a reduction in total 

bilirubin (Table 2). These markers were maintained at close 

to normal levels in the diabetic SeNP-treated group, although 

a similar effect was observed with insulin treatment.

Glycogen and carbohydrate metabolic 
enzyme activities
A significant reduction (P,0.05) in glycogen contents and 

in the activities of malic, HK, and G6PD was noted in STZ-

induced diabetic animals, along with a significant elevation 

(P,0.05) in glucose-6-phosphatase activity in hepatic tissue 

compared with the untreated control. After treatment with 

SeNPs, the diabetic rats exhibited a significant recovery 

(P,0.05) in glycogen and the activities of HK, glucose-6-

phosphatase, and G6PD compared with the diabetic control 

(Figure 6).

Serum lipid profile
STZ-induced diabetes in rats resulted in a significant 

increase (P,0.05) in serum total lipid, triacylglycerols, total 

cholesterol, LDLc, and reduction in HDLc levels compared 

with the untreated control. As shown in Figure 3, however, if 

these diabetic animals were treated with SeNPs, a significant 

recovery (P,0.05) was evident, compared with the control 

(Table 3), with the exception of serum HDLc level. If SeNPs 

treatment was combined with standard drug insulin (6 U/kg, 

sc), the anti-hyperlipidemic activity was significantly more 

potent than with SeNPs alone, with maximum recovery 

levels seen in most of the tested parameters compared with 

the diabetic-untreated group.

Gene expression
The current study was conducted to determine how SeNPs 

lower blood glucose levels by altering the expression of genes 

involved in glucose and lipid metabolisms. In hepatic tissue, 

the expression of GK, fatty acid synthase, and lipoprotein 

lipase genes in diabetic control rats was significantly lower 

than that in the overall control rats, whereas the expression of 

Figure 4 Effect of SeNPs and insulin on the blood glucose levels over 28 days in 
control and experimental groups.
Note: Values are mean ± standard error of the mean (n=7).
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.

Figure 5 Effect of SeNPs and insulin on the blood serum insulin level of control and 
experimental groups.
Notes: Values are mean ± standard error of the mean (n=7). aP,0.05, significant 
change with respect to control group; bP,0.05, significant change with respect to 
diabetic group.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.
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Table 2 Serum ALT, AST, ALP, total bilirubin, uric acid, urea, and creatinine of the studied groups

Groups ALT
(IU/L)

AST
(IU/L)

ALP
(IU/L)

Total bilirubin
(mg/dL)

Uric acid
(mg/dL)

Urea
(mg/dL)

Creatinine
(mg/dL)

Control group 55.27±3.0 47.22±1.5 88.22±4.7 1.41±0.07 5.68±0.1 7.91±0.4 0.93±0.02
SeNPs group 43.92±2.3a 50.02±2.5 87.94±4.1 1.14±0.07a 4.98±0.6 8.35±0.6a 0.82±0.02a

STZ group 62.18±2.0a 61.04±1.9a 117.59±9.8a 1.03±0.04a 7.00±0.3a 9.87±0.8a 1.01±0.02a

STZ-SeNPs group 45.32±2.4a,b 59.09±1.9a 71.80±4.4a,b 1.20±0.09a 6.11±0.5b 7.26±0.4b 0.86±0.01a,b

STZ-Ins group 45.88±2.0a,b 53.77±2.9a,b 85.55±5.8b 1.14±0.06a 5.80±0.4b 6.79±0.2b 0.92±0.03b

STZ-SeNPs-Ins group 52.91±1.4b 63.66±2.1a 65.13±4.9a,b 1.34±0.04b 6.05±0.3b 8.58±0.3 0.94±0.02b

Notes: Values are mean ± standard error of the mean (n=7). aP,0.05, significant change with respect to control group; bP,0.05, significant change with respect to STZ 
group for Duncan’s post hoc test.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.

Figure 6 (Continued)

PK, PIK3R2, IR, and insulin receptor substrate 1 genes was 

significantly higher. In contrast, the expression of PIK3R2 

and IR genes in renal tissue was significantly lower. SeNPs 

also significantly stimulated the mRNA expression of these 

genes in diabetic rats compared with diabetic control rats 

(Figures 7 and 8).

Histopathological findings
Normal histological architecture is seen in the pancreatic 

islet of the control group (Figure 9). In untreated diabetic 

rats, degenerative and necrotic changes were consistently 

found, such as shrunken islets of Langerhans, hydropic 

degeneration, and degranulation in the cytoplasm and 

lymphocyte infiltration. The nucleus of the necrotic cells 

indicated marginal hyperchromasia or either pyknosis 

(Figure 9). In the SeNPs, insulin, or SeNPs and insulin 

treatment groups, however, the majority of the cells of the 

islets of Langerhans were protected, although some hydropic 

degeneration, degranulation, and necrosis was still observed, 

and the diameter of the islets of Langerhans area remained 

reduced. The rats treated with SeNPs alone, meanwhile, 

showed normal β-cells, indicating that the Se did not cause 

any damage to the pancreas.

The liver of the diabetic rats showed evidence of hepatic 

vein congestion, inflammatory cell invasion, variability in 

nuclear size, pyknosis, and Karyolysis. In addition, mild fat 

deposition was also seen in the sections (Figure 10). These 

pathological alterations were dramatically ameliorated in 

sections of the liver in diabetic rats treated with SeNPs, 

insulin, or SeNPs and insulin, where the sections showed 

hepatic lobules appearing in radiating plates of strands of 

hepatocytes, and the central vein.

Kidney sections from the STZ-treated group appeared 

with shrunken or completely lost glomeruli, intratubular 

blood congestion, loss of glomerular lobulation, tubular 

cytoplasmic vacuolation, and some pyknotic nuclei 

(Figure 11). Treatment with SeNPs, insulin, or SeNPs and 

insulin reversed these changes to near normalcy.
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Figure 6 (A) Effect of SeNPs and insulin on carbohydrate metabolism enzyme activities in the liver and kidney of control and experimental groups. (B) Effect of SeNPs and 
insulin on glycogen contents in the liver and kidney of control and experimental groups.
Notes: Values are mean ± standard error of the mean (n=7). aP,0.05, significant change with respect to control group; bP,0.05, significant change with respect to diabetic group.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.
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Table 3 Effect of SeNPs and insulin on lipid profile in serum of control and experimental groups

Groups Triglyceride
(mg/dL)

Cholesterol
(mg/dL)

LDL
(mg/dL)

HDL
(mg/dL)

Total lipid
(g/L)

Control group 6.22±0.4 137.5±8.4 98.3±4.3 37.94±1.7 5.71±0.2
SeNPs group 5.55±0.4a 154.7±6.7 119.7±5.9 34.00±3.1 4.83±0.2a

STZ group 7.17±0.4a 201.7±13.9a 174.7±14.1a 25.62±1.9a 8.45±0.6a

STZ-SeNPs group 5.59±0.3b 146.0±9.5b 119.1±5.3b 25.80±1.3a 4.12±0.2a,b

STZ-Ins group 6.16±0.3b 147.9±8.4b 120.1±7.3b 26.24±1.6a 4.26±0.2a,b

STZ-SeNPs-Ins group 5.74±0.3b 141.5±10.6b 104.1±9.0 36.24±1.2b 4.31±0.2a,b

Notes: Values are mean ± standard error of the mean (n=7). aP,0.05, significant change with respect to control group; bP,0.05, significant change with respect to STZ group 
for Duncan’s post hoc test.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Figure 7 Effect of SeNPs and insulin on hepatic mRNA expression of candidate genes in control and experimental groups.
Notes: Results (mean ± standard error of the mean of three assays) were normalized to β-actin RNA level and are shown as fold induction (in log 2 scale) relative to the mRNA 
level in the control. aP,0.05, significant change with respect to control group; bP,0.05, significant change with respect to STZ group for Duncan’s post hoc test.
Abbreviations: FAS, fatty acid synthase; G6PD, glucose-6-phosphate dehydrogenase; GK, glucokinase; HK, hexokinase; Ins, insulin; IR, insulin receptor; IRS1, insulin 
receptor substrate 1; LpL, lipoprotein lipase; PIK3R2, phosphoinositide-3-kinase, regulatory subunit 2 (beta); PK, pyruvate kinase; SeNPs, selenium nanoparticles; STZ, 
streptozotocin.
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Figure 8 Effect of SeNPs and insulin on renal mRNA expression of candidate genes in control and experimental groups.
Notes: Results (mean ± standard error of the mean of three assays) were normalized to β-actin RNA level and are shown as fold induction (in log 2 scale) relative to the 
mRNA level in the control. aP,0.05, significant change with respect to control group; bP,0.05, significant change with respect to STZ group for Duncan’s post hoc test.
Abbreviations: FAS, fatty acid synthase; G6PD, glucose-6-phosphate dehydrogenase; GK, glucokinase; HK, hexokinase; Ins, insulin; IR, insulin receptor; IRS1, insulin receptor 
substrate 1; LpL, lipoprotein lipase; PIK3R2, phosphoinositide-3-kinase, regulatory subunit 2 (beta); PK, pyruvate kinase; SeNPs, selenium nanoparticles; STZ, streptozotocin.

Immunohistological findings
In the control group, β-cells represented the major cell popula-

tion of the islets, mainly occupying the central zone. Positive 

insulin expression was seen in the form of moderate brown 

granules present in the cytoplasm of β-cells (Figure 12A). 

Interestingly, SeNPs treatment alone caused a marked increase 

in the number of insulin immunopositive cells (Figure 12B). 

The immunoreactivity of β-cells from the STZ untreated group 

showed a markedly weaker staining intensity in insulin secret-

ing cell population (Figure 12C). An apparent increase was 

observed in the number and size of reactive β-cells in each of the 

SeNPs-, Ins-, and SeNPs-Ins-treated groups compared with the 

control diabetic group (Figure 12D–F). In these groups, the islets 

of the SeNPs- and SeNPs-Ins-treated rats presented increased 

β-cells populations and size areas, while Ins-treated rats had size 

areas of β-cells comparable to untreated diabetes group.

Discussion
Since Se has been reported to have properties that mimic 

insulin, the current study has attempted to elucidate the 
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Figure 10 Histology of the liver.
Notes: (A) Control group, showing normal portal triad along with normal hepatocytes with a central vein. (B) SeNP-treated group, showing normal portal triad along with 
normal hepatocytes with a central vein. (C) STZ group, showing hepatic vein congestion, invasion of inflammatory cells, variability in the nuclear size, and mild fat deposition. 
(D) STZ-SeNP-treated group, SeNPs treatment showing arranged hepatocytes. (E) STZ-Ins-treated group, insulin treatment protected the majority of hepatocytes. (F) STZ-
SeNPs-Ins-treated group, SeNPs and insulin treatment showing normal portal triad along with normal hepatocytes with central vein. Sections stained with hematoxylin and 
eosin. Scale bar =50 µm.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.

hyperglycemia and atherogenesis effects of Se in STZ-diabetic 

rats. The intraperitoneal administration of STZ (55 mg/kg)  

selectively destroys some of the pancreatic β-cells, result-

ing in insulin deficiency and thus type 2 diabetes.27 It also 

causes necrosis of pancreatic β-cells through DNA alky-

lation and, to a lesser extent, generation of nitric oxide 

and reactive oxygen species, leading to further insulin 

deficiency and hyperglycemia.28 Diabetic rats that were 

left untreated showed a marked reduction in their body 

weight compared with control rats, and this could be due 

to poor glycemic control. It has been shown, for example, 

that the excessive catabolism of protein to provide amino 

acids for gluconeogenesis during insulin deficiency results 

in muscle and weight loss in diabetic rats.29 The rise in 

Figure 9 Histology of the pancreas.
Notes: (A) Control group, showing normal cells in the islet of Langerhans. (B) SeNP-treated group, showing normal cells in the islet of Langerhans. (C) STZ group, shrunken 
islets of Langerhans displaying degenerative and necrotic changes in diabetic rats, in addition, there are delicate collagen fibers around the islets of Langerhans. (D) STZ-SeNP-
treated group, SeNPs protected the majority of cells in the islet of Langerhans. (E) STZ-Ins-treated group, insulin protected the majority of cells in the islet of Langerhans; 
however, the diameter of the islet of Langerhans is small. (F) STZ-SeNPs-Ins-treated group, SeNPs and insulin protected the majority of cells in the islet of Langerhans. 
Sections stained with hematoxylin and eosin. Scale bar =50 µm.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.
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Figure 11 Histology of the kidney.
Notes: (A) Control group, showing normal glomeruli with normal baseline and tubules. (B) SeNP-treated group, showing normal glomeruli with normal baseline and tubules. 
(C) STZ group, showing shrunken or completely lost glomeruli, intratubular blood congestion, loss of glomerular lobulation tubular cytoplasmic vacuolation, and some 
pyknotic nucleus. (D) STZ-SeNP-treated group, SeNPs improved the glomeruli with no infiltration of lymphocytes. (E) STZ-Ins-treated group, insulin treatment showing 
normal glomeruli with no infiltration of lymphocytes. (F) STZ-SeNPs-Ins-treated group, SeNPs, and insulin showing normal glomeruli with no infiltration of lymphocytes and 
with improved structure of tubules. Sections stained with hematoxylin and eosin. Scale bar =50 µm.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.

Figure 12 Rat pancreas stained with insulin antibody.
Notes: (A) Control group, showing β-cells in the islet of Langerhans that are strongly stained with the anti-insulin antibody. (B) SeNPs group, showing β-cells in the islet of 
Langerhans that are very strongly stained with the anti-insulin antibody. (C) STZ group, weak insulin-immunoreactivity is observed in a few β-cells in the islet of Langerhans in 
diabetic rats. (D) STZ-SeNP-treated group, SeNPs has protected the majority of β-cells in the islet of Langerhans, and strong staining with the anti-insulin antibody is shown. 
(E) STZ-Ins-treated group, insulin has protected the few of β-cells in the islet of Langerhans, and moderate staining with the anti-insulin antibody is shown. (F) STZ-SeNPs-
Ins-treated group, SeNPs, and insulin has protected the majority of β-cells in the islet of Langerhans, and strong staining with the anti-insulin antibody. Scale bar =50 µm.
Abbreviations: Ins, insulin; SeNPs, selenium nanoparticles; STZ, streptozotocin.

insulin levels in diabetic rats once they are treated with 

SeNPs and/or insulin results in improved glycemic control, 

thereby preventing weight loss. The moderate decrease 

in body weight observed in the SeNPs group compared 

with the control group is probably due to a reduction in 

food intake, similar to the anorexigenic effect experienced 

by diabetic rats treated with vanadate, a well-established 

insulin-like agent.30

Se is capable of eliciting insulin-mimetic effects by 

activation of Akt and other kinases of the insulin signaling 

cascade such as p70 S6 kinase.31 With regard to the regulation 

of carbohydrate metabolism, the insulin-mimetic properties 

of Se compounds bear a close resemblance to the effects of 

vanadium. The hypoglycemic action of Se could, however, 

be supported by other mechanisms, such as an inhibition 

of intestinal glucose transport, which has been observed 
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in vitro in the case of selenate. Se has also been shown to 

accelerate renal glucose excretion in rats.30 Early studies 

have been performed in isolated rat adipocytes, finding that 

sodium selenate stimulated glucose uptake by translocating 

glucose transporters to the plasma membrane and activating 

serine/threonine kinases, including the p70 S6 kinase.12,32 

In addition, whole-body insulin sensitivity has been shown to 

improve in type 2 diabetic db/db mice in receipt of supranu-

tritional sodium selenate doses.33 Moreover, sodium selenate 

improved glucose homeostasis in STZ-treated rodents.30 The 

antidiabetic effects of selenate in STZ-treated rats have been 

attributed to partial reversal of abnormal expression and 

the activity of glycolytic and gluconeogenic liver enzymes, 

whereas plasma insulin levels did not increase upon selenate 

administration.30

Another mechanism attributed to the hypoglycemic action 

of Se is GPx-1 expression. Among the selenoproteins, GPx-1 

was the first identified and the most abundant and GPx-1 over-

expression in wild-type animals afforded protection from STZ 

treatment. For example, mice that overexpressed GPx-1 were 

protected from STZ-induced β-cell damage. GPx-1 overex-

pression in db/db mice, a model of increased genetic diabetes 

susceptibility, led to initial amelioration and then reversal 

of hyperglycemia without the use of hypoglycemic agents. 

Moreover, reducing oxidative stress in the β-cell with GPx-1 

preserves intranuclear musculoaponeurotic fibrosarcoma 

oncogene homolog A, enabling it to transactivate the insulin 

gene. Musculoaponeurotic fibrosarcoma oncogene homolog 

A has been shown to be a critical transcription factor in the 

regulation of the insulin gene. This outcome was accompanied 

by significant increases in β-cell volume, as well as increased 

insulin staining and granulation in SeNP-treated groups.34

Insulin regulates metabolism by controlling the uptake and 

consumption of glucose in organs such as the liver and kidney 

and in adipose tissue and skeletal muscle. This  regulation 

is achieved by controlling the actions of various metabolic 

enzymes. A reduction, or even total absence of insulin secre-

tion, causes a disruption in carbohydrate metabolism, thereby 

diminishing the activity of a number of key enzymes includ-

ing HK, G6PD, and PK.35 The HK enzyme is involved in the 

glucose phosphorylation step in glycolysis by converting 

glucose to glucose-6-phosphate. Since diabetes is associated 

with a significant reduction in its activity, this decrease in 

glucose utilization may explain the increased blood glucose 

level.36 Glucose-6-phosphatase is also an important enzyme 

in regulating the gluconeogenic pathway and its activity has 

been shown to increase in diabetic rats.37 Therefore, the hypo-

glycemic action of SeNPs is evidenced by the effects in the 

liver, where treatment with SeNPs partially restored mRNA 

levels and the activities of key glycolytic enzymes.

Glycogen serves as a primary intracellular storage form of 

glucose in various tissues, with its deposition depending on 

insulin. In normal physiological conditions, insulin activates 

glycogen synthase and suppresses glycogen phosphorylase, 

thus promoting its deposition.38 In this study, it is shown that 

the SeNP-treated rats exhibited enhanced glycogen contents 

in the liver and kidney through the stimulation of glycogen 

synthase activity.

The liver is the main effector organ for maintaining blood 

glucose levels within narrow limits, in addition to its vital 

function in metabolism, detoxification, storage, and excretion 

of xenobiotics and their metabolites. Transaminases (ALT 

and AST) are highly sensitive biomarkers and have been 

closely linked to hepatic damage and toxicity.39 Maiti et al36 

have proposed that such increases in the activities of ALT, 

AST, and ALP in the serum of diabetic rats may be mainly 

due to leakage of these enzymes from liver cytosol into the 

bloodstream as a consequence of hepatic injury associated 

with STZ.36 The increased levels of ALT and AST associ-

ated with insulin deficiency has been related to increased 

gluconeogenesis during diabetes.40 This study, however, 

has shown that treatment with SeNPs restored the activities 

of ALT, AST, and ALP toward normal levels. This finding 

could be explained due to the radical scavenging property of 

Se and the importance of Se in protecting the integrity and 

the functions of tissues.41

The kidney has been the focus of much of the study regard-

ing the common complications associated with diabetes, since 

many of the same factors are involved in the development of 

diabetic nephropathy, microvascular disease, and retinopathy.  

In our study, elevated levels of serum uric acid, urea, and 

creatinine were observed in untreated diabetic rats, which 

are clear indicators of renal dysfunction.40 Such dysfunc-

tion of the kidney are also reflected in the histological  

characteristics of early diabetic nephropathy, including 

mesangial expansion, diffuse glomerular basement 

membrane thickening, and increased mesangial cellularity.42 

In the present study, renal dysfunction in STZ rats occurring 

at the end of 4 weeks was reversed by treatment with SeNPs. 

The hypoglycemic effect of SeNPs may at least partially 

explain the ameliorated renal function in the SeNP-treated 

diabetic rats. Furthermore, supplementing diabetic rats with 

Se-rich diet for 6 months could help in delaying the onset of 

diabetic nephropathy by modulating the endogenous antioxi-

dants and activating several selenoproteins.43
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In conclusion, the findings of the present work indicate 

that DM-induced severe biochemical and histochemical 

changes in the liver and kidney and SeNPs have a protective 

effect and minimize the risk of diabetic complications. This 

protection may be due to the free radical scavenging effect of 

this metal and/or its insulin-mimetic effect. However, further 

studies are needed to get a deep insight into the hypoglycemic 

activity of SeNPs and/or the possible toxicity increases after 

SeNPs are administered for a long time before starting any 

clinical trials.
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