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Abstract 

Iron oxide nanoparticles (Fe2O3NPs) have shown wide biological applications in magnetic resonance imaging (MRI), 
drug delivery, gene therapy, cancer treatments, in vitro diagnostics (IVD), and vaccine and antibody production. 
Although Fe2O3NPs have a variety of applications, few studies have demonstrated that exposure to Fe2O3NPs may lead 
to adverse effects, such as reproductive toxicity. Silver nanoparticles (AgNPs) are widely used in products across 
industries; they are often used for their antimicrobial activity in medicine and are also often found in detergents. Few 
studies have demonstrated that exposure to AgNPs may lead to adverse effects, such as reproductive toxicity. There is 
no enough results on the reproductive toxicity induced by Fe2O3NPs and AgNPs, especially in combination. Therefore, 
the present study aimed to investigate the reproductive toxicity of iron oxide nanoparticles, silver nanoparticles and 
their combination in male rats. In the present study Wistar male rats were used. Animals were divided into 4 equal 
groups, 10 rats each. Group 1 served as control, group 2 was administered orally with Fe2O3NPs (5 mg/kg BW; >50 nm), 

group 3 was treated intraperitoneally with AgNPs (50 mg/kg BW; >100 nm) and group 4 was administered with the 
mixture of Fe2O3NPs with AgNPs. Animals were treated with doses every day for 79 days. Treatment with Fe2O3NPs, 
AgNPs and their combination caused significant (P < 0.05) changed in gene expression of mitochondrial transcription 
factor-A (mtTFA) and   uncoupling protein 2 (UCP 2) in testes compared to control group. 

Keywords: Iron oxide nanoparticles; Silver nanoparticles; Male rats; Gene expression 

1. Introduction

In recent years, reproductive and developmental toxicity has increasingly become recognized as an important part of 
overall toxicology. In fact, adverse effects of environmental chemicals on the reproductive success of wildlife 
populations have been noted [1]. It is reported that nanoparticles can pass through biological Membranes raising fears 
that they can affect the physiology of any cell in the body. The possibility of chemicals entering biological systems is of 
great concern to the public with regard to possible reproductive and developmental toxicity [2, 3]. Mitochondria contain 
their own genome. Mitochondrial DNA (mtDNA) is located in the mitochondrial matrix and is present in multiple copies 
per mitochondrion (4). It consists of a light strand, a heavy strand (rich in guanine) and a small fragment called the 
displacement loop or D-loop. mtDNA does not contain introns and both strands of circular mtDNA are transcribed as 
long primary transcripts corresponding to several genes. These primary transcripts are processed to release the 
individual tRNA, rRNA and mRNA [5]. The mitochondrial function and biogenesis is under the control of nuclear 
encoded proteins; mainly mitochondrial transcription factor A (mtTFA) and uncoupling proteins (UCPs) [6, 7]. 
Mitochondrial transcription factor A (mtTFA) gene is a single copy nuclear gene which encodes for an activator of 
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mitochondrial transcription in mammals. The gene encoding mtTFA is located on the chromosome 10 at the locus 
10q21.1.  mtTFA gene in mammals is estimated to span about 10 kb and is structured in seven exons and six introns in 
rat, mouse and human  [8]. mtTFA is widely distributed in mammalian tissues as well as highly conserved, short (741 
base pair) and guanine cytosine (GC) poor. The gene expression of mtTFA is altered depending on the cellular conditions 
and directly regulated by several transcription factors such as nuclear respiratory factor (NRF)-1 and NRF-2. The full-
length cDNA of this nuclear gene encodes 246 amino acids of mtTFA (precursor form). The N-terminal 42 amino acids 
function as mitochondrial targeting signal and are cleaved during mitochondrial translocation. Thus, the mature mtTFA 
functional form   is composed of 204 amino acids (25 kDa) [9]. “The mtTFA protein not only plays an important role in 
the maintenance of mtDNA integrity but also in mtDNA   replication and transcription [10]. The Mitochondrial 
transcription factor A (mtTFA) binds mtDNA with an affinity compatible with the idea of the protein coating the genome, 
shows a strong preference for DNA with protein already bound, and is sufficient to compact and assemble DNAs into 
multigenomic nucleoid-like structures [11]. Transcription of mtDNA occurs following interaction between nuclear-
encoded regulatory proteins and regions within the D-loop of mtDNA [6]. “Requirements for transcription include the 
mitochondrial RNA polymerase, mitochondrial transcription factor A and one of the recently identified TFB1M and 
TFB2M [8]. Once initiated, transcription generates a polycistronic precursor RNA transcript, allowing coordinated 
transcription of all genes on the same strand. Excision of the polycistronic precursor by endonucleases produces 
precursor rRNAs and tRNAs, which are then processed further to allow them to translate the precursor mRNAs [5]. 
Uncoupling proteins (UCPs) are other nuclear encoded proteins that play a pivotal role in controlling mitochondrial 
functions. Mitochondrial uncoupling refers to the dissociation of electron-dependent oxygen consumption to ATP 
generation on the respiratory chain. The most efficient way to induce mitochondrial uncoupling is to allow protons to 
circulate freely across the inner mitochondrial membrane, in other words to create a proton leak [12]. In this regard, the 
UCPs are a professional mitochondrial uncoupler dissipating the proton gradient by allowing the re-entry of protons into 
the mitochondrial matrix during oxidative ATP generation, resulting in the uncoupling of the respiratory chain and heat 
production [13]. UCPs are a family of mitochondrial transport proteins located in the inner mitochondrial membrane. 
Here are five UCPs (named UCP 1 to 5) found in mammals. These anion-carrier proteins transport protons (H+) to the 
mitochondrial matrix and in turn dissipate the proton motive force as heat and uncouple the substrate oxidation from 
the production of ATP. These proteins have similarities in their structures, but different tissue distributions in mammals 
[14]. The UCPs are integral membrane proteins, each with a molecular mass of 31-34 kDa and a tripartite structure in 
which a region of around 100 residues is repeated three times; each repeat codes for two transmembrane segments and 
a long hydrophilic loop. The functional carrier unit is a homodimer [15]. In 1997, Fleury et al. [16] cloned and sequenced 
a gene homologous to Uncoupling proteins 1 (UCP1) gene, later called Uncoupling proteins 2 (UCP2). UCP2 gene covers 
a 6.3 kb region on chromosome 11 (region 11q13), and has eight exons and seven introns [16]. In humans, region 11q13 
is linked to basal metabolic rate and body fat percentage. The transcriptional gene unit is constituted by two non-coding 
exons followed by six exons that encode the 308 amino acids of the protein. Human UCP2 share 57% amino acid-
sequence identity with human UCP1, and it is 71% identical to human Uncoupling proteins 2 (UCP3). In addition, the 
amino acid sequence of human UCP2 is 95% identical to mouse UCP2 [17]. An accumulating set of data, suggested that 
the new UCPs should be considered as mitochondrial carriers beside uncoupling proteins. The genetic loss of 
Uncoupling proteins 2 (UCP2) leads to a faster proliferative rate associated with decreased mitochondrial fatty acid 
oxidation and increased glucose metabolism. The idea that UCP2 acts as a regulator of mitochondrial fatty acid oxidation 
is consistent with previous studies suggesting that UCP2 plays a role in lipid metabolism by promoting a shift from 
carbohydrate to lipid metabolism during fasting or by transporting free fatty acids out of mitochondria [18]. Parton et 
al, have shown that UCP2 negatively regulates glucose sensing in neurons and its absence prevents obesity-induced loss 
of glucose sensing [7].  

The objective of this study was to investigate the effects of iron oxide nanoparticles, silver nanoparticles and their mixture 

on testicular gene expression of genes regulating mitochondrial biogenesis and function; mitochondrial transcription 
factor-A and uncoupling protein 2 in male rats. 

2. Material and methods 

2.1. Materials 

Iron oxide nanoparticles (Fe2O3NPs), Nano powder >50 nm particle size (TEM) and Silver nanoparticles (AgNPs), Nano 
powder >100 nm particle size were purchased from Sigma-Aldrich Chemical Company, (St Louis, MO, USA). Iron oxide 
nanoparticles was dissolved in distilled water and orally treated at a dose of 5 mg/kg BW [19]. Silver nanoparticles was 
dissolved in distilled water and intraperitoneally injected at a dose of 50 mg/kg/day according to Sharma et al. [20].  
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2.2. Animals 

Forty adult male Wistar rats weighing 160-170 g and 5-6 months of age of were used in the present study. Animals were 
obtained from Faculty of Medicine, Alexandria University, Alexandria, Egypt. Animals were kept on basal diet and tap 
water which were provided ad libitum. Rats were fed pellets consisted of 30% berseem (Trifolium alexandrinum) hay, 
25% yellow corn, 26.2% wheat bran, 14% whole soybean meal, 3%molasses, 1% CaCl2, 0.4% NaCl, 0.3% mixture of 
minerals and vitamins (0.01 g/kg diet of Vitamin E) and 0.1%methionine. The vitamin and mineral premix per kilogram 
contained the following vitamins: A, 4,000,000 IU;D3, 5000,000 IU; E, 16.7 g; K, 0.67 g; B1, 0.67 g; B2, 2 g;B6, 0.67 g; B12, 
0.004 g; B5, 16.7 g; pantothinc acid,  6.67 g; biotein, 0.07 g; folic acid, 1.67 g; choline chloride,400 g; minerals: Zn, 23.3 
g; Mn, 10 g; Fe, 25 g; Cu,1.67 g; I, 0.25 g; Se, 0.033 g; Mg, 133.4 g (rabbit premix produced by Holland Feed Int. Co.). The 
chemical analysis of the pellets [21] showed that they contained 17.5% crude protein, 14.0% crude fiber, 2.7% crude 
fat and 2200 kcal digest able energy/kg diet. After two weeks of acclimation, animals were divided into 4 equal groups, 
10 rats each. Group 1 served as control, group 2 was administered orally with Fe2O3NPs (5 mg/kg BW; >50 nm), group 

3 was treated interpersonal with AgNPs (50 mg/kg BW; >100 nm) and group 4 was administered with the mixture of 
Fe2O3NPs with AgNPs. The doses of iron oxide nanoparticles and silver nanoparticles were treated every day for 79 
days. Rats were observed carefully during the acclimatization and experimental periods to monitor any animal showing 
signs of toxicity, stress, physical damage or mortality.At the end of the 79th day of the experimental period, all animals 
of each group were anaesthetized with diethyl ether and sacrificed. This work was approved by the ethical committee at 

the Institute of Graduate Studies and Research, Alexandria University, Egypt. 

2.3. Sample collection 

Blood samples were collected from anaesthetized rats in test tubes containing heparin   as an anticoagulant and placed 
immediately on ice. The blood samples were centrifuged at 860 Xg for 20 min for the separation of plasma. The plasma 
was kept at - 80C until analyses of the tested parameters. Testes were immediately removed, washed using chilled 
saline solution (0.9%), and removed the adhering fat and connective tissues. Testes were minced and homogenized 
(10%, w/v), separately, in ice-cold sucrose buffer (0.25 M) in a Potter–Elvehjem type homogenizer. The homogenates 
were centrifuged at 10,000 Xg for 20 min at 4 C, to pellet the cell debris and the supernatant was harvested and stored 
at −80 °C for the determination of tested parameters. The epididymis was removed and cleaned from fat adhesive tissue, 

washed in cold physiological saline repeatedly and kept in physiological solution for spermatological analysis by using a 

computer assisted semen analyzer (CASA). Pieces of both right and left testes were kept in formalin 10% for histopathological 

studies. 

2.4. Molecular assay 

Total RNA was isolated from testicular tissues using GF-1. Total RNA Extraction Kit (Vivantis, Malaysia) according to 
the manufacturer instructions. The GF-1 Total RNA Extraction Kitis designed for the isolation of total RNA (longer than 
200 bases) from animal tissues. Samples are   lysed in the presence of a specially formulated buffer which inactivates 
cellular RNases. Meanwhile, fragments of DNA are simply removed by applying the sample into a specially designed 
homogenization column followed by DNaseI treatment. Optimized buffer and ethanol are added to provide selective 
binding of RNA onto the column matrix while contaminants are efficiently washed away. High-quality RNA is then eluted 
in RNase-free water [22].  

2.5. Statistical analysis 

Results are reported as means ±SE. Statistical analysis for all studied parameters were performed using the general 
linear model (GLM) produced by Statistical Analysis Systems Institute. Duncan's New Multiple Range Test was used to 
test the significance of the differences between means [23]. Values of p0.05 were considered statistically significant.. 

3. Results and discussion 

Table 1 and Figures 1 summarize the results of the quantitative real time RT-PCR gene expression analysis of mtTFA 
and UCP2 in the testicular tissues obtained from control rats and rats treated with nanparticles. The results showed 
suppression of the testicular gene expression of mtTFA in the rats treated with iron oxide nanoparticles (Fe2O3NPs) to 
be about one third its levels in the control rats, while silver nanoparticles (AgNPs) treatment significantly suppress the 
expression of mtTFA by about the half. The treatment with the combination of iron oxide and silver NPs results in 
significant suppression of the expression of mtTFA to the extent similar to that observed with the iron oxide 
nanoparticles treatment. 
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Table 1 The effect of iron oxide nanoparticles (Fe2O3NPs), Silver nanoparticles (AgNPs) and their combination 
treatments on the testicular gene expression of genes regulating mitochondrial biogenesis and function; mitochondrial 
transcription factor-A (mtTFA) and uncoupling protein 2 (UCP2). 

Parameter 
Experimental groups 

Control Fe2O3 Ag Fe2O3 +Ag 

mtTFA (Fold control) 1± 0.05a 0.37± 0.06c 0.52 ± 0.02b 0.35 ± 0.04c 

UCP2 (Fold control) 1± 0.06d 4.07 ± 0.31b 1.93 ± 0.11c 5.2 ± 0.47a 
Mean values within a row not sharing a common superscript letters (a, b, c) were significantly different, p < 0.05. 

mtTFA =Mitochondrial transcription factor-A, UCP2= Uncoupling protein 2. 
 
 

 

 

Figure 1The effect of iron oxide nanoparticles (Fe2O3NPs), Silver nanoparticles (AgNPs) and their combination 
treatments on the testicular gene expression of genes regulating mitochondrial biogenesis and function; 

mitochondrial transcription factor-A (mtTFA) and uncoupling protein 2 (UCP2). 

On the other hand, the testicular gene expression of UCP2 showed significant induction in the rats treated with each one 
of the two NPs (iron oxide and silver NPs). The iron oxide nanoparticles showed great induction of the UCP2 expression 
by about 4-fold the control level while silver nanoparticles treatment results in about 2-fold increase. The treatment 
with the combination of iron oxide nanoparticles and silver nanoparticles showed the highest induction (more than 5-
folds the control value). Mitochondria are the eukaryotic cell’s powerhouses, for they generate roughly 90% of the 
energy the cells utilizes, in the form of ATP [24].The generation of ATP is one of the dozens of key roles mitochondria 
play in maintaining cell viability. As such, it comes as no surprise that the disruption of mitochondrial homeostasis is a 
key event in a wide variety of diseases and toxicological effects, and in even normal events such as aging [25]. Sperm 
mitochondria generate energy for sperm flagellar motility through oxidative phosphorylation [26]. Normal 
mitochondrial function is also required for earlier stages of mammalian spermatogenesis [27]. Abnormal function of 
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the sperm mitochondria during spermatogenesis has been associated with infertility.The mitochondrial genome 
operates in a semi-autonomous manner as it is co-regulated by nuclear transcription factors. Mitochondrial 
transcription factor A (mtTFA) is a key transcription factor. During spermatogenesis in the mouse, mtTFA is expressed 
up to the late spermatocyte and early spermatid stage [28]. Mitochondrial transcription factor A, as a transcription 
factor is a multi-functional protein plays an important role in the maintenance of mitochondrial DNA (mtDNA) integrity, 
replication and transcription [10]. 

It has been suggested that irregularities in mitochondrial function may result in male infertility possibly due to 
mitochondrial respiration defects [27]. In the present study, the decreased expression of mtTFA in testicular tissues of 
rats treated with iron oxide nanoparticles and silver nanoparticles may indicate a decreased mitochondrial biogenesis 
and mtDNA replication and transcription that may lead to mitochondrial dysfunction. In line with this assumption, 
Teodoro et al. [29] recently documented that, sub chronic AgNPs exposure upon hepatic, renal and cardiac 
mitochondria. This exposure caused impairment of rat liver mitochondrial function, mainly due to alterations of 
mitochondrial membrane permeability. The enhancement of H+ leak resulted in an uncoupling effect of the oxidative 
phosphorylation system which are in agreement with the present results that demonstrated an enhanced expression of 
the uncoupling protein 2 (UCP2).The mechanism by which nanoparticles induce the gene expression of UCP2 is unclear 
however we can postulate that it may a direct consequence of oxidative stress and increased free radicals and lipid 
peroxide which confirmed in this study. It was proposed that higher levels of superoxide or superoxide-derived lipid 
peroxidation products are UCP2 activators and, therefore, induce proton leak that would decrease ROS production [30]. 

4. Conclusion 

It was concluded that the result of this study provided insight into the important crosstalk between the gene expression 
of nuclear transcription factors involved in mitochondrial biogenesis and function (namely; mtTFA and UCP2) and the 
reproductive toxicity of iron oxide and silver nanoparticles. 
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