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ABSTRACT

Despite of many benefits of nanoparticles induced, their increasing usage raises concern about the consequences
and health threats that it might bring to humans. So, the current study evaluated the testicular defects after i.p.
injection of silver naoparticles (AgNPs). Male mice, weighing 31-34 g, and of 3 months old were randomly assigned
into three groups with respect to concentration of nanoparticles (100, 500 and 1000 mg/kg) for 28 days. Control
animals received saline solution as a vehicle. Sperm aspects, oxidative stress, testosterone assay and the testicular
histopathology were performed. Results obtained no significant differences in body weight, testes and epididymes
weights in all treatments, compared to the control. Silver nanoparticles deteriorated reproductive function of male
mice by reduction daily sperm production, viability, progressive sperm motility, and increased sperm DNA integrity
and sperm shape abnormalities. All these could affect the fertility. High concentrations (500 & 1000 mg/kg) of
AgNPs induced reduction in testosterone hormone, reduced the activity of superoxide dismutase, and increased
the level of lipid peroxidation. Histologically, high concentrations of AgNPs caused some disruption in the testicular
architecture, testicular atrophy, sloughing and detachment the spermatogenic epithelium. Ultrastructurally, there
was an increase in the intercellular spaces between spermatogenic cells, and a considerable degree of deformation
in the acrosomal sheath. In conclusion, AgNPs could impair stability of sperm chromatin and stimulated oxidative
damage, resulting in the disruption of spermatogenesis at any stage of cell differentiation.
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INTRODUCTION

With the increasing utilization of nanoparticles (NP), people have a greater opportunity
to be exposed to nanoparticles through the occupational environment and consumer products
in daily life. Nanoparticles are materials with at least one dimension €100 nm. They have very
specific chemical and physical characteristics of size, shape and large surface-to-volume ratio
results in unique characteristics compared to their corresponding bulk materials [1]. These
properties facilitate its medical and biological applications.

Despite of many benefits that nanoparticles bring to the society, e.g. in drug delivery
systems, medical devices, food products, cosmetics, etc., their increasing usage raises concern
about the consequences and health threats that it might bring to humans. These particles can
enter the body of an organism through various routes such as dermal, oral and respiratory tract
to other parts of the body [2]. Once entered the body, NPs are absorbed and translocated to
different organs through the circulatory and lymphatic system [3].

Nanotoxicology refers to the study of the interactions of nanostructures with biological
systems with an emphasis on elucidating the relationship between the physical and chemical
properties of nanostructures with induction of toxic biological responses [4][5]. Hubbs et al. [6]
explained that size (and hence the surface/mass ratio) has been considered as the most
important factor for the toxicity of NPs, while small particle size does not necessarily lead to
better uptake and hence increased toxicity [7].

In vivo, studies showed that these materials may have systemic complications such as
weight loss and inflammation [8]. Song et al. [9] reported that metal nanoparticles —induced
micronuclei and oxidative DNA damage in mice. Roy et al. [2] explained that nanoparticles
toxicity is compellingly related to oxidative stress, alteration of calcium homeostasis, gene
expression, pro-inflammatory responses and cellular signaling events. Among these detrimental
substances are silver nanoparticles (AgNPs), which have become one of the most commonly
used nanomaterials in consumer products mostly due to its antibacterial properties [10].

Silver nanoparticles are found in cosmetics and used in food packaging [5], medical
devices and bandages [11], clothing and washing machines [12], dental restoration material
[13] and water treatment facilities [14]. Also, they are used in many domains, such as some
imaging and therapeutic purposes, medical implants, catheters, wound dressings and the
treatment of burns [15].

Many investigators explained that silver nanoparticles can be accumulated and
redistributed between various organs, leading to changes in blood biochemical parameters and
inflammation [8][16]. Several studies described the effects of subchronic oral or inhalation
toxicity of silver nanoparticles in rodents [17][18]. In these studies, the accumulation of silver
was observed in the blood and all tested organs, including the liver, spleen, kidneys, thymus,
lungs, heart, brain, and testes. In vivo studies have shown that AgNPs are related to injuries to
the brain, liver, and lung [19].
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Silver nanoparticles can cause cytotoxicity in vitro on macrophages and generate free radical
production inducing DNA damage [20], decrease mitochondrial function [21], disturb cell cycle
progression [22], and depress cellular proliferation [23]. Some reports showed that AgNPs
induce apoptosis, necrosis and induce changes in the gene expression, especially in the
oxidative stress related genes [24].

In vitro studies demonstrated that AgNPs are cytotoxic by their effect on cellular
metabolism and membrane integrity, and inhibit embryonic stem cell differentiation [25].

While there are some reports of AgNPs affecting complex organisms, their effects on
reproduction and development have been largely under studied. Silver nanoparticles are
concern for male fertility because they have been found to reach the testes after
administration [16-18].

Different studies found that AgNPs exposure resulted in morphological abnormalities in
a variety of mammalian cell types [4], apoptosis in Drosophila larvae [26] and an increase in
malformations in fish [27][28]. Li et al. [29] showed that AgNPs induced apoptosis in mouse
embryos at the blastocyst stage, reduction of implantation frequency and delay in post-
implantation development of embryos. Philbrook et al. [30] showed that administration of
AgNPs to the pregnant CD-1 mice resulted in the reduced fetus viability.

Gromadzka-Ostrowska et al. [31] investigated the acute effects of intravenously
administration of a single bolus dose of AgNPs on the sperm count, frequency of abnormal
spermatozoa, germ cell DNA damage in sperm cells and testis morphometry in the male Wistar
rats. Asare et al. [32] studied the cytotoxic and genotoxic effects of silver nanoparticles in
testicular cells.

Nanosilver particles can interact with membrane proteins and activate signaling
pathways, leading to inhibition of cell proliferation [27]. The nanosilver particles can also enter
the cell through diffusion or endocytosis to cause mitochondrial dysfunction, generation of
reactive oxygen species (ROS), leading to damage to proteins and nucleic acids inside the cell,
and finally inhibition cell proliferation [33]. Asharani et al. [27] suggested that the disruption of
the mitochondrial respiratory chain by nanosilver increases ROS production and interruption of
ATP synthesis, thus leading to DNA damage.

Oxidative stress is known to play a crucial role in the aetiology of defective sperm
function via mechanisms involving the induction of peroxidative damage to the plasma
membrane [34]. The main cellular components susceptible to damage by free radicals are lipids
(peroxidation of unsaturated fatty acids in cell membrane) and proteins (denaturation); this in
turn can impair cellular structure and function [35].

McShan et al. [36] made a review summarized recent advances about the molecular
mechanism of nanosilver toxicity. They explained that the toxicity is due to that the surface of
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nanosilver can easily be oxidized by O, and other molecules in the environmental and biological
systems leading to the release of Ag’, a known toxic ion. Nanosilver has been shown to
penetrate the cell and become internalized. Thus, nanosilver often acts as a source of Ag inside
the cell.

Ahamed et al. [37] showed that NPs are capable of binding to cells as well as
macromolecules like proteins and DNA, leading to alterations in DNA integrity or affecting its
synthesis, resulting in formation of mutant or tumorigenic cells. When such processes concern
germ line cells, the result may be altered spermatogenesis and fertility, subsequently affecting
the reproduction rate and health of the offspring [38].

Although some studies have reported adverse effects of silver nanoparticles on rodent
testes as observed by the light microscope, detailed analysis of the morphological effects by the
electron microscope has not been reported. Therefore, the present study investigated the
effects of intraperitoneally injection of AgNPs at different concentrations on sperm
manifestation including count, motility, morphology and viability. Also, biochemical, histological
and detailed TEM observations of mouse testes after exposure to these particles were carried
out.

MATERIALS AND METHODS
Materials

Characterization of silver nanoparticles (AgNPs)

Silver nanoparticles were provided by the Biophysical Department, Medical Research
Institute, Alexandria University, Egypt. The particles were prepared and synthesized by the
seeding method (the chemical reduction method) as a suspension of citrate-coated AgNPs [39].
Using the TEM, 90% of the particles were spheres in shape, having smooth surfaces; low level of
agglomeration or adhesion, high level of uniformity, and their sizes were ranged from 21 - 41
nm.

Animals and treatments

Forty sexual matured male mice, 3 months old, weighing 31-34 g, were obtained from
Faculty of Agriculture, Alexandria University, Alexandria, Egypt. They were housed in
polypropylene cages (maximum of 4 mice per cage) in controlled temperature (23 + 2 2C) and
relative humidity (55 + 5%), with a 12-h light/12-h dark cycle. Animals were fed pellets of a
commercial rodent diet and tap water was available ad libitum throughout the study. All
animals were cared for in accordance with the internationally accepted guidelines for the Care
and Use of Laboratory Animals [40]. After two weeks of acclimatization, and according to the
approximately equal mean body weight, the animals were assigned to one control and three
experimental groups (10 mice each). Experimental mice were injected intraperitoneally with
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the prepared AgNPs (dissolved in saline solution) at concentrations of 100, 500 and 1000 mg/kg
(dissolved in saline solution) for 28 days [41]. The control animals received saline solution.

Methods
Toxicological assessment of nanosilver

During the time of dosing (28 days), all the experimental mice were inspected for clinical
signs of toxicity, which were included: the emotion (excitability, aggressiveness) and
autonomous functions (diarrhea, dieresis, salivation) and also mortality.

Body and organs weight

The body weight of each mouse was recorded on day 0 (initial) prior to dosing, and at
the end of experiment, all experimental mice and the controls were sacrificed; the reproductive
organs (testes and epididymis) were removed, stripped from fatty tissues, blotted, examined
macroscopically and weighed. The organs weight coefficient (wet organ weight/bw) X 100 for
testes and epididymis of each animal were calculated and tabulated [42].

Blood collection for hormonal assay

Blood was collected immediately after anesthesia. Sera were separated by
centrifugation the blood at 4500 rpm for 30 min and kept at -20 2C for subsequent use for
biochemical hormonal profile and oxidative stress assay. Testosterone assay was determined
using radioimmunoassay (RIA) following the procedure of the kit introduction [43].

Testicular tissue preparation for the biochemical assays

The left testes were rinsed in ice-cold 50 mM sodium phosphate buffer (pH 7.4)
containing 0.1 mM ethylene diamine tetra acetic acid (EDTA). The supernatant was separated
by means of centrifugation at 1000g for 20 min at 4 2C. The supernatants were used for analyze
the antioxidant enzymes.

Superoxide dismutase (SOD)

The specific activity of superoxide dismutase (SOD) was assayed according to Misra and
Fridovich [44]. Ten microliters of tissue homogenate were added to 970 ul EDTA—sodium
carbonate buffer (0.05 M) at pH 10.2. The reaction was started by adding 20 ul of epinephrine
(30 mM). The assay procedure involves the inhibition of epinephrine auto-oxidation in an
alkaline medium (pH 10.2) to adrenochrome, which is markedly inhibited by the presence of
SOD.
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Lipid peroxidation (LPO) level

The extent of Lipid peroxidation in supernatant of the homogenate testicular tissue was
determined by the quantity of malondialdehyde formation (MDA) using the method of Ohkawa
et al. [45]. Tissue supernatant was mixed with 1 ml TCA (20%) and 2 ml thiobarbituric acid (TBA,
0.67%) and was heated for 1 h at 100 °C. After cooling, the precipitate was removed by
centrifugation. The absorbance of the sample was measured at 535 nm.

Epididymal sperm characteristics
Sperm count

To measure sperm reserves, the semen contents of epididymdes were minced and
diluted in 2 ml of physiological saline solution containing 4% trypan blue [46]. 20 pl aliquots
were placed on the Neubauer hemocytometer for counting the number of sperms/mg of
epididymis. The total sperm count in squares of 1Imm?® each was determined to express the
number of spermatozoa/epididymis.

Sperm viability

One drop of freshly collected semen (10 ul) was placed on a slide and stained with two
drops of freshly prepared staining solution of eosin—nigrosin (1 g eosin + 5 g nigrosin/100 ml
deionized water) [47]. The live unstained (intact) and dead spermatozoa (purple to red-stained
head) were analyzed under the microscope at X 400.

Sperm motility

Sperm motility was assessed by counting all progressive motile (effective), the non-
progressive motile (non-effective or sluggish) and the immotile (dormant) spermatozoa in the
same microscopic field (400 X). In each semen sample, at least 10 microscopic fields were
examined with at least 100 sperm/field was counted. The percentage of motile spermatozoa
was determined by dividing the number of motile sperm cells in each field on the total sperm
number X 100 [48].

Sperm morphology

To assess the spermatozoa morphologic abnormalities, a drop of sperm suspension was
smeared on a slide, air-dried and stained with 1% eosin Y and 5% nigrosin. The morphological
sperm defects were examined under the light microscope using 400X [48]. At least one hundred
spermatozoa from different fields in each slide were examined and classified for criteria of
morphological abnormalities (head and tail) according to Filler [49]. Abnormal sperm shape in
head and tail was counted, photographed and the percentage was calculated and tabulated.
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Epididymal sperm chromatin (DNA integrity)

Acridine orange staining was used to display the effects of AgNPs on epididymal sperm
chromatin (DNA quality and integrity). Smears of epididymal suspensions were fixed in Carnoy’s
fixative for at least two h. The slides were stained with acridine orange for 5 min and gently
rinsed with deionized water. Two-hundred sperms from each staining slide were evaluated as
follows: green sperm heads as normal DNA, yellow or orange to red sperm heads as damaged
DNA [50].

Histopathological studies

At the end of the experiment, the testicular tissue samples were collected just after
sacrifice, fixed in 10 % formalin, dehydrated, embedded in paraffin wax according to the
routine processing protocol. Sections of 5 um slices were stained with hematoxylin and eosin
[51], examined and photographed by the light microscopy.

Electron microscopic investigation

Small pieces of testes were fixed in 4% formalin and 1% glutaraldehyde (4F1G) fixative
mixture in 0.1 M phosphate buffer (pH 7.4) for 24 h at 4 2C. Then, specimens were post fixed in
2% osmium tetroxide (OsO4) at the same buffer for 2 h at 4 2C Tissues were washed in the
buffer and dehydrated at 4 2C through a gradual series of ethanol, embedded in Epon-araldite
resin mixture. Semithin sections (1um) stained with Toluidine blue were examined and
photographed using LM. Ultrathin sections (60 nm thick) were double stained with uranyl
acetate for 1/2 hr and lead citrate for 20-30 min and examined by Joel TEM [52].

Statistical analysis

For statistical analyses, the SPSS for windows software package version 18.0 (SPSS, Chicago,
IL, USA) was used. Data was given in the form of arithmetical mean values and standard deviations.
One-way analysis of variance (ANOVA) was performed and variant groups were determined by
means of the Duncan test. p value was assumed to be significant at 0.05.

RESULTS
Animal observation, body weight and the reproductive organs weight

The overall behavior of animals belonging to the all experimental mice injected i.p. with
the different concentrations (100, 500 & 1000 mg/kg) of silver nanoparticles (AgNPs) were
similar. During the first few days after treatment, several stress symptoms (poor appetite and
increased aggression) were observed in all AgNPs-treated groups. Only one mouse was died at
the third week of treatment with 1000 mg/kg AgNPs and the results exerted no significant
decreases in body weight changes, coefficient-relative testes or epididymes weights in all
treatments, relative to the control (Table 1).
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days.
Parameters Silver nanoparticles (AgNPs) (mg/kg)

0 mg/kg 100 mg/kg 500 mg/kg 1000 mg/kg

Assigned male mice 10 10 10 10

Lethality 0 0 0 1

Body weights (g)
Initial 32.7+2.98 31.6+2.11 33.4+2.89 33.5+3.01
Final 48.5+4.11 46.7 £ 3.98 48.9+4.11 49.1 +3.69
Body weight change % 48.32+4.65 47.78+4.1 46.41+3.98 46.57+4.21
*Organ weight coefficients (mg/g)

Testes 0.52 +0.042 0.54 +0.061 0.51 +0.041 0.49 +0.031
Epididymes 0.09 +0.003 0.08 +0.002 0.06 + 0.004 0.04 +0.001

All data are measured in mean +SD
°*Organ weight coefficient (mg/g) = wet organ weight (mg) / Body weight (g) x100%
Notice: No statistic significant differences are recorded among all treatments in the different measurements

Effects of AgNPs on the reproductive hormone

In concentration-dependent of AgNPs, there were decreases in testosterone levels in
sera of mice administered i.p. for 28 days, comparing to the control. This decrease was

significant in animals exposed to 500 & 1000 mg/kg of AgNPs (Fig. 1).
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Fig. 1. Serum testosterone levels of male mice administered intraperitoneally with three different
concentrations of silver nanoparticles (AgNPs) for 28 days.
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Biochemical parameters

Compared to the control mice and 100 mg/kg bw of AgNPs-treated mice, the results
revealed significant decrease in superoxide dismutase (SOD) activity and significant increase in
the level of lipid peroxidase (LPO) in the testicular tissue of mice treated with 500 and 1000
mg/kg AgNPs (Fig. 2 A, B).
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Fig. 2 (A,B). Activities of superoxide dismutase (SOD) and Lipid peroxidation expressed by malonaldehyde
(MDA) in the testicular tissues of mice administered intraperitoneally with three different concentrations of
silver nanoparticles (AgNPs) mg/kg for 28 days.
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Sperm characteristics

The results revealed a concentration dependent significant reduction in sperm
production, viability as well as in the non-progressive and immotile sperms in the epididymis of
500 & 1000 mg/kg AgNPs-treated mice, compared with the control. However, there was
significant decrease in the progressive sperm motility in the epididymes mice treated with 1000
mg/kg AgNPs (Table 2).

Further, there were significant increases in percentage of sperms with abnormal
morphology, depending on concentrations of nanosilver particles (Table 2), and these increases
were prominent in the head region more than the tail. Of such results, most spermatozoa end
up with a variety of abnormal morphologies, where the various head abnormalities included
amorphous, calyculate, and inverted head. However, the major tail abnormalities were curved,
irregular or coiled (Fig. 3 (1A & 2B-K)).

Table 2: Sperm characteristics of male mice after i.p. exposure to three different concentrations of silver
nanoparticles for 28 days.

Silver nanoparticles (AgNPs) (mg/kg)
Sperm Parameters 0 100 500 1000
Count/epididymis (x10°) 96.1 + 8.98° 94.7+7.26° 73.746.25" 45.6+3.11°
Motility (%)
Progressive 79.946.25° 75.5 £6.07° 76.3+7.11° 71.1 +6.98°
Non-Progressive 10.4+0.89° 11.2 +0.97° 12.4 +1.08° 15.5 +1.62°
Immotile 9.740.89° 13.3 +1.21° 11.2 +0.98° 13.4 £1.05°
Morphology (%)
Normal 94.5+9.11° 92.4 +8.96° 68.8+5.98" 34.62.68°
Abnormal head 2.6 +0.23° 43+0.36" 24.9+0.21° 46.8+3.98°
Abnormal tail 2.9+0.29° 3.2 40.365° 6.3 +0.58" 18.6 +1.36°
Total abnormalities 5.5+0.56° 7.540.81° 31.242.01 ¢ 65.4%5.98 °
Viability (%) 97.8+9.98° 96.549.79° 83.1+8.01° 52.3+2.98°
DNA integrity (acridine orange) 84.3+7.58° 86.2+6.98° 76.846.25 " 54.5+4.39°

All data are measured in mean * SD

Letters ( a,b,c): means that there is significant differences in all treatments, compared to

at p<0.05.
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Fig. 3. Showing, 1A: Normal sperm shape in the epididymal semen of mice showing: (H): Head; (T): Tail.
(2): Different pattern of abnormalities in epididymal semen of AgNPs-treated mice, showing: B: amorphous head
(H); C: calyculate head (H); D & E: inverted heads (H) and curved tails (T); F & G: curved tails (T); (K) irregular tail
(T) and cytoplasmic droplet (arrow). X 1000.

DNA sperm chromatin
By using Acridine orange stain, the results revealed that most sperm heads in the epididymes of
500 and 1000 mg/kg AgNPs-treated mice appeared red in color, indicating to the significant

decrease in DNA sperm quality, However, in the control mice as well as in 100 mg/kg AgNPs-
treated mice, the color was green (Table 2).
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Histotological observations of testes of control mice

Hematoxylin and eosin-stained sections of control mice showed mostly normal
testicular architecture with an orderly arrangement of germinal cells (spermatogonia,
spermatocytes, and different stages of spermatids in addition to spermatozoa) and Sertoli cells.
These tissues are separated from one another by a delicate connective tissue stroma
(interstitial tissue) containing interstitial Leydig cells that secrete the testicular hormones (Figs.
4&5).

Fig. 4: Light micrograph of section of control testis showing, the appearance of seminiferous tubules (ST)
revealing the normal testicular architecture and intact interstitial tissue (arrows). H& E, X 400.

LA

Fig. 5: Enlarged part of the previous figure showing, an orderly arrangement of germinal cells and Sertoli cells
(arrows); interstitial tissue contains interstitial Leydig cells (L). H& E, X 630.

Sections of testes of mice administered with 100 mg/kg AgNPs, showed nealy normal

histological architecture as shown in the control sections. The spermatogenic layers in
seminiferous tubules were arranged normally, and contain the different stages of
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spermatogenic epithelium, in addition to the presence of interstitial Leydig cells in the
interstitium (Figs. 6, 7).

Fig. 6: Light micrograph of section of testis mice administered with 100 mg/kg AgNPs, showing the normal
arrangement of spermatogenic cells and Sertoli cells in ST. H& E, X 400.

X vy T F
L |

Fig. 7: Enlarged part of the previous figure showing, the different spermatogenic cells; Sertoli cells (S); and the
interstitial Leydig cells (L). H& E, X 630.

However, sections in testes of mice administered with 500 and 1000 mg/kg AgNPs
revealed disturbed spermatogenic layers. Moderate histopathological changes were seen, such
as vacuolation, detachment, and intercellular dissociation of spermatogenic cell lines that
caused sloughing of germ cells into the tubular lumen. The degenerative tubules were lined by
very few spermatogenic cells. In addition there was marked decrease in spermatozoa in the
lumen of seminiferous tubules (Figs. 8 - 11).
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Fig. 8: Light micrograph of section of testis mice administered with 500 mg/kg AgNPs, showing, moderate
degenerative changes in ST such as vacuolation (arrows) of the spermatogenic cell lines; Notice: the intact
interstitial tissue (). H& E, X 400.

4

Fig. 9: Enlarged part of the previous figure showing, vacuolation and detachment of the spermatogenic cell lines;
Note the marked decrease in the formation of spermatozoa in the lumen of seminiferous tubules (ST) and intact
Leydig cells (L) in the interstitial tissue. H& E, X 1000.

."v

TS

Fig. 10: Light micrograph of section of testis mice administered with 1000 mg/kg AgNPs,, showing the
degenerative changes (arrows) in many seminiferous tubules; Note the marked loss in spermatozoa in the
lumen of these tubules . H& E, X 200.
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Fig. 11: Enlarged part of the previous figure showing, detachment, sloughing and loss in spermatogenic cells
(arrows); Note that the absence of mature spermatozoa in the lumen of ST. H& E, X 1000.

Semithin sections of control testes revealed the orderly arrangement germinal cells in
most seminiferous tubules (Fig. 12), and the presence of normal stages of zygotene
spermatocytes, secondary spermatocytes and different steps of spermatids. Such spermatids
appeared projecting into the lumen but still adherent to the Sertoli cells (Fig. 13). Figure 14
reveals the nearly normal testicular architecture of mice treated with 100 mg/kg AgNPs, where
most spermatogenic stages are observed, and the mature spermatozoa are projected towards
the Sertoli cells.

Fig. 12: Light micrograph of a semithin section of control testis, showing the normal testicular architecture with
an orderly arrangement of germinal cells (arrows). Toludine blue stain, X 200.
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Fig. 13: Light micrograph of a semithin section of control testis, showing the presence of normal stages of
zygotene spermatocytes (arrows), spermatogonia (g); different steps of spermatids (P)(rounded and elongated);
Note that such spermatids are projecting into the lumen of ST and still adherent to the Sertoli cells (S). Toludine

blue stain, X 200.

Fig. 14: Light micrograph of a semithin section of testis mice administered with 100 mg/kg AgNPs, showing the
normal testicular architecture with an orderly arrangement of germinal cells; Note that the mature spermatozoa
(arrows) are projected to the Sertoli cells. Toludine blue stain, X 200.

Further, administration with high doses AgNPs (500 & 1000 mg/kg), revealed some
disruption in the testicular architecture and there was marked loss in spermatogenic stages,
testicular atrophy and loss in height of spermatogenic epithelium (Figs. 15-17). This indicates
the decrease in the different stages of spermatids and mature spermatozoa.
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Fig. 15: Light micrograph of a semithin section of testis mice administered with 500 mg/kg AgNPs, showing
disruption and degeneration of spermatogonia (arrows) the testicular architecture with marked loss in
spermatogenic layers. Toludine blue stain, X 200

Fig. 16: Light micrograph of a semithin section of testis mice administered with 1000 mg/kg AgNPs, showing
severe degeneration in most spermatogenic stages (arrows) and marked loss in spermatogenic stages. Toludine
blue stain, X 400.

Fig. 17: Light micrograph of a semithin section of testis mice administered with 1000 mg/kg AgNPs, showing
testicular atrophy and loss in height of spermatogenic epithelium. Toludine blue stain, X 400.
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The electron micrographs of testis of control mouse showed the presence of tightly and orderly
arranged spermatogenic stages, namely the spermatogonia, spermatocytes, spermatids, and
finally mature spermatozoa (Figs. 18, 19). Spermatogonia are the stem cells of the germ cell
population that divide mitotically to produce the primary spermatocytes. These cells appeared
close to the basement membrane of the tubules, and their nuclei appeared small and dark. The
primary spermatocytes are large cells, having large spherical nuclei which are characterized by
the presence of chromosomes in various dividing stages (Fig. 18).

Fig. 18: Electron micrograph in testis of control mice, showing the tightly and orderly arrangement of different
spermatogenic stages, namely spermatocytes (S), spermatids (P) and spermatozoa (Z). X2000.

Fig. 19: Electron micrograph in testis of control mice, showing different spermatogenic stages, namely the
spermatogonia, primary spermatocytes (arrow), spermatids (P) and part of cytoplasm of Sertoli cell (S). X 2000.
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The secondary spermatocytes exhibited a pale stained homogeneous chromatin, and
centrally located large clumps of chromatin material (Fig. 19). These cells are rarely observed,
where they are resulting from the first meiotic division of the primary spermatocyte. Their life
span is short and enters into the second meiotic division producing the spermatids. Also, they
exhibited a pale stained homogeneous chromatin, and often exhibited centrally located large
clumps of chromatin material.

Two types of spermatids are recognized (early and late). The early stages of developing
acrosomal cap are small in size and rounded in shape, having large spherical nuclei with an area
of condensed chromatin. The late stages showed different degrees of nuclear elongation and
variable positions in relation to the surface of the supporting Sertoli cells (Fig. 19). Each Sertoli
cell rests on/and adheres to the basal lamina, filling the narrow space between the cells of the
spermatogenic series and their apical ends frequently extended into the lumen of the
seminiferous tubules (Fig. 19).

Marked ultrastructural changes are observed in the testicular tissue of mice treated
with 100 mg/kg AgNPs, except small intercellular spaces were observed among spermatogenic
stages (Fig. 20). The primary spermatocytes, secondary spermatocytes and spermatozoa are
clearly observed in many sections (Fig. 21).

Fig. 20: Electron micrograph in testis mice administered with 100 mg/kg AgNPs, showing, the presence of
intercellular spaces (arrows) between the spermatogenic cells; spermatogonia (g) having small condensed
chromatin (arrowhead). X 3000.
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Fig. 21: Electron micrograph in testis mice administered with 100 mg/kg AgNPs, showing the nuclear elongation
of spermatids (N); Note the formation of the microtubularmanchette (arrow) and the presence of chromatoid
body (arrowhead) near the base of the nuclei. X2000.

Ultrastructural appearance of testes of mice administered with 500 mg/kg showed the
presence of intercellular spaces between the spermatogenic cells (Fig. 22). Most spermatogenic
stages appeared normal, and the spermatozoa are extending to the Sertoli cells. However,
marked vacuolation in the cytoplasm of most spermatids was observed; in addition to the
appearance of many stages of secondary spermatocytes (Figs. 23, 24).

Fig. 22: Electron micrograph in testis mice administered with 500 mg/kg AgNPs, showing wide intercellular space
(arrow) among spermatogenic stages; nuclei (N) of primary spermatocytes; Note the already organized
spermatozoa (Z) having mitochondrialsheath (in the midpiece) and the fibrous sheath (in the principal piece).
X2000.
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Fig. 23: Electron micrograph in testis mice administered with 500 mg/kg AgNPs, showing the appearance of
vacuolation(arrows) in the cytoplasm of spermatids (P); Note the appearance of abnormal formation of
acrosomal sheath (arrowhead) in spermatozoa. X 2000.

Further, the more developed spermatids exhibited some structural alterations and
considerable degrees of deformation in the formation of the acrosomal sheath, where the
acrosomal vesicle was found inside the nucleus instead of been on it (Fig. 24).

Fig. 24: Electron micrograph in testis mice administered with 500 mg/kg AgNPs, showing the appearance of
many stages of secondary spermatocytes (arrows); Note: the acrosomal vesicle (arrowhead) found inside the
nucleus instead of on it (arrowhead). X 2000.

In sections of testes of mice treated with 1000 mg/kg AgNPs, there was marked
disruption in the arrangement of spermatogenic layers. The ultrastructural alterations recorded
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coincide with the histological findings, where the dissociation of germ cells are in parallel with
the appearance of wide intercellular spaces  (Fig. 25). The spermatogenic cells, especially the
primary spermatocytes showed degenerative changes where they contained abnormally
condensed nuclei (Fig. 26).

Fig. 25: Electron micrograph in testis mice administered with 1000 mg/kg AgNPs, showing the appearance of
wide intercellular spaces (arrow) among the the dissociated spermatogenic stages; Note the appearance of
acrosomal vesicle (arrowhead) found inside the nucleus instead of on it. X 2000.

Fig. 26: Electron micrograph in testis mice administered with 1000 mg/kg AgNPs, showing the abnormal
condensation of chromatin in the nuclei of spermatocytes (arrows); Note: the appearance of abnormal-shaped
spermatozoa (Z). X 3000.

Also, the spermatids exhibited severe alterations, and numerous large vacuoles
appeared inside the cytoplasm. In addition, there was variety of abnormal-shaped late
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spermatids and spermatozoa, such as with irregularly shaped acrosome and/or nuclei. In late
stages of spermatids, the acrosome stretched (elongated) unusually (Figs. 27, 28).

f.‘fg

Fig. 27: Electron micrograph in testis mice administered with 1000 mg/kg AgNPs, showing a variety of the
nuclear shape in the formation of spermatozoa (Z); arrows point at acrosome are stretched unusually. X 3000.

Fig. 28: Electron micrograph in testis mice administered with 1000 mg/kg AgNPs, showing the appearance of
spermatozoa in cross section of the highly vacuolizedSertoli cell (S); Note the small, blunt or deformed-shaped
nuclei (N) of the developing spermatozoa (arrows). X 3000.

Furthermore, in the interstitial tissue, some Leydig cells contained are apparently
irregular and deformed in shape and the chromatin was found as thin patches in the electron
lucent nucleoplasm. The cytoplasm of these cells contained many vacuoles (Fig. 29).
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Fig. 29: Electron micrograph in testis mice administered with 1000 mg/kg AgNPs, showing, thenuclei (N) of
Leydig cells (L) in the interstitial tissueare apparently irregular and deformed in shape and the chromatin was
found as thin patches in the electron lucent nucleoplasm; Note that the cytoplasm contains many vacuoles
(arrows). X 2500.

DISCUSSION

The reproductive and developmental toxicity of nanomaterials has become increasingly
recognized as an important part of the nanotoxicology [38]. In the current study we evaluated
the possible damaging effect of silver nanoparticles (AgNPs) on the reproductive performance
and the testicular tissue of mice was examined.

Daily intraperitoneal administration of AgNPs for 28 days at concentrations of 100, 500
and 1000 mg/kg showed no statistically significant differences in body weight as well as testes
and epididymis weights, compared to the control animals. Gromadzka-Ostrowskaa et al. [31]
revealed that intravenous exposure of rats to AgNPs caused no change in body weight and
organs weight between experimental groups and control animals. Garcia et al.[10] found
that low dose (1 mg/kg/dose) AgNPs that intravenously injected into male CD1 mice over 12
days, resulted in no changes in body and testis weights as well as sperm concentration.
However, Shahare and Yashpal [53] observed that oral exposure in mice for 21 days.

Most striking finding in this study is the reduction in the number of sperm count,
viability, forward progressive sperm motility in the epididymis of AgNPs-treated mice,
depending on concentration. However, dead sperms, and DNA sperm damaged were increased
markedly. Sperm count is considered to be one of the important factors that affect fertility [54].
Gromadzka-Ostrowskaa et al. [31] found that a size-dependent (20 nm and 200 nm), dose-
dependent (5 and 10 mg/kg body mass) and time-dependent (24 h, 7 and 28 days) decrease the
epididymal sperm count in rats, and an increase in number of dead sperms after treatment with
AgNPs. These results are in consistence with the suggestion of Kruszewski et al. [55] who
reported that AgNPs could react with cellular DNA and stimulated inflammation, oxidative
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damage and cellular dysfunction that created genetic mutation and sperm cells with abnormal
morphology. Moreover, Aitken and De luliis [56] reported that damage to the sperm DNA
increases the risk of infertility, miscarriage, or serious disease in the offspring. Pothuraju and
Kaul [57] postulated that in vitro evaluating of buffalo sperm parameters, a dose-dependent
decrease in sperm viability and no change in sperm motility.

Moreover, in the present results, spermatozoa end up with variety of abnormal
morphologies in both heads and tails, and this increase in abnormalities has reached to
maximum at concentration 1000 mg/kg AgNPs. These results are in consisting with the
suggestion of Mangelsdorf et al. [58] who reported that the decrease in the total sperm count,
increase in abnormal sperm shape, impair in stability of sperm chromatin or damaged in sperm
DNA results in the disruption of spermatogenesis at any stage of cell differentiation.

Furthermore, the biochemical mechanisms in the current findings indicated that
injection with high concentrations (500 & 1000 mg/kg) of silver nanoparticles could heighten
the level of lipid peroxidation and reduced the activity of antioxidant status as manifested in
the primary antioxidant enzyme (superoxide dismutase (SOD)) (indicative of oxidative stress).
SOD is the primary step of the defense mechanism in the antioxidant system against oxidative
stress by catalyzing the dismutation of 2 superoxide radicals (O) into molecular oxygen (O,)
and hydrogen peroxide (H,0,) [59]. The decrease in SOD suggests an increased superoxide
radical production and other ROS induce oxidative damage.

Induction of the oxidative stress is one of the most commonly proposed mechanisms of
NPs toxicity [60]. Asharani et al. [27] suggested that AgNPs can induce disruption of the
mitochondrial respiratory chain, therefore increased ROS production and interruption of ATP
synthesis, and finally leading to DNA damage. EI-Tohamy [61] reported that overproduction of
ROS can be detrimental to sperm as it is may be associated with male infertility. This could be
coincides with the current finding where there was an elevation in the level of lipid
peroxidation in the testicular tissue of mice administered with high concentration of AgNPs.
The cellular lipid peroxidation indicates that AgNPs induced oxyradicals in the testes tissues.
Spermatozoa are susceptible to peroxidative damage because of the high concentration of
polyunsaturated fatty acids and a low level of antioxidants [34]. This was consistent with the
current results where there was marked reduction in the number of spermatozoa that reflects
the fact that AgNPs can impair both sperm cell viability and acrosome reaction.

Plasma testosterone is released from Leydig cells under LH stimulation from the
pituitary gland, and it is the principal male sex hormone. Its levels are highest during fetal
development during the first few neonatal months; at puberty, when it is required for the
development of male secondary sexual characteristics; and throughout the next three to four
decades. Also, testosterone is the major androgen, necessary for fetal male sexual
differentiation, pubertal development, and the maintenance of spermatogenesis and inhibition
of germ cell apoptosis [62][63]. Moreover, testosterone helps in the maturation of round
elongated spermatids by promoting the conversion of round spermatid between stages VIl and
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VIl of the spermatogenic cycle [62]. Also, it acts at the Sertoli cells to regulate spermatogenesis
and at the seminiferous tubules to regulate semen production.

Depending on AgNPs concentrations, the present finding showed significant decrease in the
level of serum testosterone, and this decrease has strengthened the phenomenon of
generation of oxidative stress in the testicular tissue. This could be caused by adverse effects of
nanoparticles in the Leydig cells. The reproductive activity in male mammals is dependent on
hormonal factors [64]. O'Donnell et al. [65] explained that the decrease in testosterone seems
to disrupt several mechanisms of germ cell development, and may be the possible cause behind
the spermatogenic impairment.

Garcia et al. [10] found that sub-acute (short-term) intravenous administration of
AgNPs in male mice could be toxic to male reproduction and altered Leydig cell function and
testosterone levels.

In the current study, the histological examination and semithin sections of the testis
sections taken from 500 & 1000 mg/kg AgNPs-treated mice revealed the loss of the normal
cytoarchitecture of seminiferous tubules, detachment and sloughing of seminiferous cellular
component, loss in height of spermatogenic epithelium indicating the decrease in the different
stages of spermatids and mature spermatozoa.

The nanosilver particles can enter the cell through diffusion or endocytosis to cause
mitochondrial dysfunction, generation of reactive oxygen species (ROS), leading to damage to
proteins and nucleic acids inside the cell, and finally inhibition cell proliferation. Takeda et al.
[66] explained that the damaged seminiferous tubules in high dose treated AgNPs may be
related to the inhibitory role of the particles in cell proliferation, the effect of nanoparticles on
cell cycles and significant decrease of sperm precursor cells or release of them to the mid duct
of seminiferous tubules. Many investigators [67][68] suggested that sloughing is caused by the
effects of the chemical on microtubules and intermediate filaments of the Sertoli cells, and
these effects spread to dividing germ cells and naturally lead to tubular atrophy. The marked
decrease in the number of germinal epithelial cells might cause a decrease in the number of
spermatocytes and spermatids, which would eventually result in a decrease of spermatozoa.
This indicates incomplete spermatogenesis and degeneration of germ cells.

The studies of Hofmann et al. [69] and Braydich-Stolle et al. [21] showed that AgNPs
interfere with spermatogonial stem cell proliferation in a dose-dependent and particle size-
dependent manner. They added that, small AgNPs (10-25 nm in diameter) are more likely than
larger sized AgNPs (80—130 nm in diameter) to promote apoptosis or the production of reactive
oxygen species in these cells. This result is in line with the results of Liu et al. [70], suggesting
that the small-sized NPs enter the epididymal sperm cells more easily than the larger ones.

Braydich-Stolet et al. [21] showed that nanoparticles such as silver and aluminium
nanoparticles were able to cross sperm membrane and connect to mitochondria and acrosome
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of sperm cells. Also, McAuliffe et al. [71] reported that nanoparticles can pass through cell
membrane easily and even pass through blood-brain barrier and blood testes barrier.

In the current results, the degenerative histological changes were coincided with the
ultrastructural alterations in testes of mice under the effect of different concentrations of
AgNPs. One of the most important ultrastructural changes in the testicular tissue of AgNPs-
treated mice was the increase in the intercellular spaces between spermatogenic cells. This
means dissociation of the Sertoli cells. At any differentiation step (stage), there are complex
cellular interactions between the germ cells and the Sertoli cells [72]. In addition, disruption in
the spermatogenic cells especially the primary spermatocytes and appearance of much more
secondary spermatocytes were observed in many sections. This explains the damaging effect of
AgNPs on creating more spermatozoa.

Furthermore, the more developed spermatids exhibited severe structural alterations
and variable and considerable degree of deformation in the acrosomal sheath, and the
appearance of numerous large vacuoles inside the cytoplasm of most spermatids. These
changes may be the results of DNA damage in sperm cells, and the increased frequency of
abnormal sperm shape. These data suggest that AgNPs could impair spermatogonial stem cells,
since treatment resulted in significant decreases in testis weight and sperm concentrations.

Spermatids are the products of the final meiotic division and found near the lumen of
the seminiferous tubules, and they have small spherical nuclei. The more developed
spermatids, having the early stages of developing acrosomal cap, and the acrosomal vesicles
spread to cover the anterior half of the condensing nucleus and are then known as the
acrosome. Also, they undergo an elaborate process of maturation, spermiogenesis to become
spermatozoa. Spermatozoa are highly specialized motile cells, each with a single large flagellum
formed by maturation (i.e., without further cell division), and it is emerged at the lower region
below the nucleus, and a cylindrical bundle of microtubules limits the nucleus laterally. These
spermatozoa have very small, highly condensed, oval to conical nuclei. Miresmaeili et al. [73]
found acute and significant effects of AgNPs on spermatogenesis and on acrosome reaction in
sperm cells.

In conclusion, the present study showed that i. p. injection of AgNPs could deteriorate
reproductive function of male mice by reduction in sperm production and increased sperm
abnormalities. High doses of AgNPs had a negative effect on spermatogenesis process and can
influence reproductive potential in mice, while it could not affect fertility of male mice. Also, it
was indicated that exposure to AgNPs caused decrease in testosterone and elevation in
oxidative status of the testicular tissues as indicated by the reduction in the activity of SOD and
the increase in levels of LPO. These results indicated that the effect of AgNPs may be attributed
to its oxidative stress.
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